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Abstract

This experiment tests Quantum Electrodynamics in the strong field regime. Non-
linear Compton scattering has been observed during the interaction of a 46.6 GeV
electron beam with a 10'® W/cm? laser beam. The strength of the field achieved was
measured by the parameter n = €&, /wmc = 0.6. Data were collected with infrared
and green laser photons and circularly polarized laser light. The timing stabilization
achieved between the picosecond laser and electron pulses has 0,p,s = 2 ps.

A strong signal of electrons that absorbed up to 4 infrared photons (or up to 3
green photons) at the same point in space and time, while emitting a single gamma
ray, was observed. The energy spectra of the scattered electrons and the nonlinear
dependence of the electron yield on the field strength agreed with the simulation over
3 orders of magnitude.

The detector could not resolve the nonlinear Compton scattering from the mul-
tiple single Compton scattering which produced rates of scattered electrons of the
same order of magnitude. Nevertheless, a simulation has studied this difference and
concluded that the scattered electron rates observed could not be accounted for only
b.y multiple ordinary Compton scattering; nonlinear Compton scattering processes

are dominant for n > 3.
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Chapter 1

Theory and Motivation

1.1 Introduction

Quantum Electrodynamics is a theory tested extensively in the weak field regime,
where perturbative methods can be employed to make very precise predictions. These
methods are less reliable when one extends the study of QED into the strong field
regime where the onset of many interesting phenomena that scale nonlinearly with
the field intensity is expected [1, 2]. '
Nonlinear (multiphoton) Compton scattering is one of the processes that should
take place in strong electromagnetic fields. Although multiphoton effects have been
studied extensively in atomic systems, before this experiment there were only a few
attempts at the observation of such effects on free electrons [3, 4]. In this process a
free electron absorbs many laser photons, in distinction with the well known Compton
scattering where a high energy electron only interacts with one photon, recoils and
emits a high energy gamma ray. Multiphoton effects become important in a wave

field of frequency w when the dimensionless invariant parameter

egrms

n= (1.1)

wmece

approaches or exceeds unity. Here e and m are the charge and mass of the electron, ¢
the velocity of light and &,ns the rms electric field of frequency w. 7 plays the role of

an expansion parameter in the field strength. This is intuitive since weak interactions
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of electrons and fields would mean that not only the interaction constant o should
be small, but also the field should be weak.

In the non-relativistic regime the electron performs an oscillatory motion under
the influence of the Lorentz force from the field. If the maximum amplitude of this

motion is zo and the field wavelength is A then it can be shown that

_ 2mxo _ Vosc
7’ - A -

(1.2)

C

The last equation leads to the following interpretation: For 7 larger than one the
maximum amplitude of the oscillation is larger than the wavelength of the field and
the dipole approximation does not apply. In this case the electron emits multipole
radiation. From the same equation it is also seen that 7 is equivalent to the electron’s
velocity.

Instead of increasing the strength of the field, we also get n>>1 by decreasing the
frequency of the field. For a static magnetic field multiphoton absorption can be used
to describe synchrotron radiation [1].

These multiphoton effects also have a semiclassical origin and are present in strong
fields where they lead to a sizable ‘transverse mass’ correction [5] - [10]. This correc-
tion increases the mass of the electron (so called ‘mass shift’) and could be observed
experimentally. The parameter 7 is proportional to the magnitude of the classical
vector potential of the wave field, and characterizes the transverse veloci.ty induced
on an electron by the wave. When this transverse motion becomes relativistic, higher
multipole radiation becomes important [11].

The behavior of an electron in a strong field can be theoretically formulated by
using the exact (Volkov) solution of the Dirac equation for a particle in an electro-
magnetic field {12, 13]. An analytic expression for the probability and intensity of
photon emission in these processes has been obtained and is relatively simple for cir-
cularly polarized waves, [14] - [16]. This approach of Narozhnyi et al. is used in this
experiment in order to compare the theory with the data.

The theory of multiphoton Compton scattering of free electrons from photons was
formulated many years ago; but, until recently it lacked experimental testing due to

the nonexistence of sources of very intense fields. In this experiment a state of the
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art terawatt laser is used to create an electromagnetic intense field at its focus, where
relativistic (46.6 GeV) electrons are brought into collision with the laser field to study
nonlinear aspects of QED. The scattered electrons were detected, their momentum
and energy being measured in a magnetic spectrometer and a silicon calorimeter. In
ordinary Compton scattering there is a cutoff minimum energy for these scattered
(recoil) electrons while their spectrum, due to multiphoton Compton, extends below
this cutoff permitting an identification of the nonlinear process. The number of high
energy scattered photons was also measured by a gas-Cerenkov monitor. The energy
spectra of the scattered electrons and their nonlinear dependance on the field strength
were found to be in agreement with the theoretical prediction. The experiment was
done at two laser wavelengths, infrared (IR) and green (GR), and electrons that
absorbed up to 4 laser photons in the IR and up to 3 in the GR were observed.
Apart from nonlinear Compton scattering this experiment characterized the pro-
duced gamma ray beam to be used in a future light by light experiment where colli-
sions of this beam with laser photons will be studied. The products of this interaction
are expected to be electron-positron pairs according to the Breit - Wheeler (B-W)
theory [17]. The current experimental setup provided a first look into these positron
production processes due to the subsequent interaction of the gamma (produced al-
ready by Compton scattering) with the laser photons while still in the focus of the
laser. The theory of the B-W process and of the related process of beamstrahlung,
[20, 21] 1s summarized here, while the results of the experiment on these processes

are a subject of another thesis [22].

1.2 Electron in a strong field

The field that the electron experiences in this experiment 1s indeed very strong and
close to the critical field of QED defined in Appendix B. The laser intensity, in terms
of the energy stored in the field of the laser, is given by

I=uc (1.3)
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The energy of the field can be expressed as

1 ., 11
== B2 14
u 2605 + 2 Lo ( )
where €y and po are the permittivity and permeability of free space and £ and B are
the instantaneous electric and magnetic components of the field. The velocity of light

is also given by

1
v/ €oHo

By using the above eq. the intensity becomes

€ 1
I=1/—-SZ=—£2 1.6
Ho Zy ( )

where Zp = 3770 is the vacuum impedance. Since £ is the instantaneous field it can

(1.5)

c=

be written as

€& =& coswt - (17

so that .
I= -Z-Sg cos? wt (1.8)

0

and the average (in time) laser intensity is
11, 1.,

= —=8= — 1.9
< I > ZO 280 ZO grms ( )

But the root-mean-square electric field as viewed by the counter-propagating electrons
is :

Eerestframe = 2YErms (1.10)
where v >~ 10° is the Lorentz boost in this experiment. The electric field as.viewed by
the electrons that is achieved with laser intensity in the lab equal to 10'® Watts/cm?
1s

€ = /472 ZpI s = 0.4 x 10'*V /cm (1.11)
An interesting fact is that at this intensity the photon density becomes 10?7 / cm?,
and the radiation length of this ‘photon gas’ is about 100 um, i.e. the photon density
is 50 times that of the electron density of lead!
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1.2.1 Classical analysis

The steady-state motion of an electron in a plane electromagnetic wave is simple
in a frame where the electron is at rest on the average, especially for the case of
a circularly polarized wave. Then the electromagnetic field vectors £ and B have
constant maghitude and rotate at the angular frequency of the wave in the plane
perpendicular to the direction of the wave propagation. The electron moves in a circle
at angular velocity w, with its velocity parallel to B. Allowing for the possibility of

relativistic velocities, F' = ma becomes
yomwir =y mw = eE (1.12)

where v, = 1/4/1 — 32 and B, = v/c. Hence we can write:

e

leading to v, = /(1 +n?). In weak fields the quantity e£/mwc is equal to v,s/c,
and can be found in this formalism in plasma physics studies. Due to its transverse

oscillation in the field, the electron acquires an ‘effective mass’
m? = m?y? = m?(1 +9?) (1.14)

The radius of the electron’s orbit is

e 7 _/_\_
yimw? T VI n? 27
where ) is the wavelength of the EM field.

Although from the above treatment it seems that multiphoton phenomena on free

(1.15)

r=

electrons can be studied in the focus of an intense laser beam, while the electron
is at rest, this is in practice difficult. In a focused beam the intensity has a strong
transverse gradient, called the ponderomotive force, which will push the electron away
from the optical axis and will expel it from the strong field region. This happens
during the stage in time the electron absorbs energy and momentum from the wave,
while shifting its mass from m to 7, according to the above. The electron will be

able to penetrate the photon beam only with initial velocities such that v8 > 5, i.e.
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multiphoton phenomena in intense laser beams can only be probed by relativistic
electrons.
For waves with other than circular polarization we redefine the parameter 7 as
€< &>
m2w?c?

(1.16)

Ui

where the average is with respect to time, and all the above hold for any polarization
of the field.
In terms of the power of the laser pulse and the aperture ratio of the focusing

system f/d, n becomes:

8 x 1075, /P[Watt
_ b _eex °X [Watts] (1.17)

1= o 2mm = (f/d)

where the rms peak electric field strength was used as:

8 .
Erms[Volts/cm] = \[Zo] = W,/P[Waus] (1.18)

Le. n is independent of the laser wavelength for fixed power and focusing strength.

1.2.2 Quantum mechanical description

Although we have motivated the mass shift classically it was first noted in solutions
to the Dirac’s equation for an electron in a plane electromagnetic wave as in [12]
and in [1]. It also arises naturally in studies of nonlinear scattering processes in the
presence of a quantized radiation field [23] - [25]. For the rest of this chapter we set
h=c=1.

If A* = (9, f-f) is the 4-potential of the external EM field, & is the field wavenum-
ber, p is the electron momentum and 1 its wavefunction in the field, then Dirac’s

equation is written as
[v(p~eA)—m)]y =0 (1.19)

and by using identities of the Dirac 4 matrices it can be transformed into the second

order eq.

[(p — eA)2 —-m?— %zeFu,,cr“"]z/) =0 (1.20)
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that can be solved exactly for a plane wave. F}, is the EM field tensor and o#” the

matrix related to the 4 matrices as:
o™ = Sy~ 77 (1.21)
A solution to eq. 1.20 of the form |
P = e F(¢) (1.22)

was first introduced by Volkov and can be found to be

€ u .S

| ¥y =[14 W('Yk)(')’/l)] X V2P0 xe (1.23)
where the exponent § is given by
¢=kz 2z
S=-pa— [ 7 P4 = Sy 4146 (1.24)

and from boundary conditions we deduce that u is the bispinor amplitude of the free
wave, and can have the normalization ut = 2m.
Using the Volkov states of the electron in the presence of an EM field, its mass
shift in this field can be calculated as follows:
The expectation value of the canonical momentum of the electron p — eA is given
by .
V(" — eA¥)b, (1.25)

and it can be shown that the time average of the canonical momentum, i.e. g*, of the

electron in the plane wave is

¢=#—8ﬁ
2(kp)

k* (1.26)
The effective mass m of the electron is defined by ¢¥ = m? and so it is given by:

m? = g = m? — 242 (1.27)

242
= myfl - —. (1.28)

and we may write
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and after substitution of -
2 12
9 e

n=— (1.29)

the effective mass of the electron can be written as

m=my/1+n2 _ (1.30)

In this way the parameter 7 is introduced to characterize the mass shift of the electron

in the field of a plane EM wave.

k,e k',E'

Figure 1.1: Feynman diagram for linear Compton scattering

1.3 Compton scattering

Compton scattering refers to scattering of photons by free electrons and has been
treated in many textbooks [1], [26]. An incoming photon with four-momentum &,

and polarization vector € is absorbed by an electron with four momentum p and a
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second photon with four momentum k' and polarization vector €' is emitted, while the
electron recoils with momentum p’. The corresponding Feynman diagram is shown

in Figure 1.1 and the conservation of 4-momentum is expressed by the equation:
p+k=p’+kl (131)

Momentum and energy conservation lead to the formula for the energy of the

emitted photon:
w

T 1+ (1 + cos 6)

wl

(1.32)

where w, W’ are the energies of the incoming and the outgoing photon respectively, ¢
is the angle between them in the rest frame of the incoming electron and mg is the
rest mass of the electron.

The traditional form of the unpolarized cross section for Compton scattering in
the electron’s rest frame is the Klein - Nishina (KN) equation: [27]

2
do 1

! !
5= 2P+ = — sin®6) (1.33)
where 2 is the solid angle where one observes the emitted photon and the quantity
o is the ‘classical radius of the electron, a name that originates from the incorrect
notion that the rest mass of the electron can be explained in terms of the electrostatic

energy of an extended charge sphere. Its value is:

1 e h e?
g = Q— = ——— =

= ~ 2. 13 :
e = hommee - mad? 8 x 107“cm (1.34)

In the classical limit (w — 0 or § — 0) Eq. 1.33 becomes the Thomson cross section:

2
-g% = -7:29(1 + cos? §) (1.35)

while in the high-frequency limit w, w’ >> mp , Eq. 1.32 becomes:

mo my

o = 1.36
Y T T cos o 2sin® -g— (1.36)
valid for angles §2 >> 2mg/w. In this limit the KN equation becomes:
1
do _ 2o (1.37)

a0~ % dsin?

LS
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Figure 1.2 is the Compton result between the two limiting cases. Clearly at higher
energies of the incoming photon, the angular distribution of emitted photons peaks
in the forward (incoming photon) direction.

In this experiment it is more useful to write the differential Compton cross section

w.r.t. the outgoing photon energy as in reference [14].

do 2wrl 1 4y 4y?
g 1-y)+ - + 1.38
dy =z =9 (1-y) 2z(1-y) 2*(1- y)z] (1.38)
where
s —m?
T=—:3

2
y=14-""" (1.39)

s—m

The kinematic invariants s, ¢, u are defined as in [1] using the 4-momentum

ds _ ,
an (o)
1
0.8
Thomson
0.6
0.4
0.2
0° 45° 90° 135°* P 180°

Figure 1.2: Limiting cases of linear Compton scattering cross section as a function of
final scattering angle of photons.
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conservation law stated above:

s=(p+k)? = +k) =m?+2pk =m?+ 2p'¥
t=(p~p) = —k)?=2(m*-pp') = -2k (1.40)
u=(p—k)? = —k)?=m?-2k' =m?-2p'k

and
s+t+u=2m? (1.41)

Since s and u are invariants, the functions = and y are dimensionless invariants and
the last form of the differential cross section for Compton scattering applies to any
frame. It can be shown that Eq. 1.38 reduces to the KN expression (Eq. 1.33) [28].

In the laboratory frame one can make some realistic approximations for the func-

tions = and y. There z becomes

20(E — pcosa)  2wE
T = —~ ~— (1 ~cosa) (1.42)

where a is the complement of the crossing angle of the electron and the photon and

is & = 163° in this experiment. Also in the lab frame y becomes:

(1.43)

ta &

y=

A plot of the differential Compton cross section with the substitution of z and y as
above, is shown in Figure 1.3. The total cross section can be found by integrating
the differential Compton cross section over all scattered photon energies. Such an
integration yields:

8__1
z 201+ :c)2]

27rrg[(1_4 8
2

1
& = - <)n(l+2)+5+ (1.44)

O, =

For E = 46.6 GeV initial electron energy and w = 1.17 eV, i.e. infrared laser photons,
the total Compton cross section is o, = 1.8x 10725 cm?. It becomes o, = 3x 10-%
cm? for green laser light.

An analytic calculation of the linear Compton rates for this experiment is possible,
if both the laser and the electron beam are treated as cylindrical Gaussians in space.

In reality the laser is directed onto the electron beam at an angle of 17°, which
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2510
- ]
L d
210 i
F =46.6 GeV, 0| =1.17ieV, -
“c L 001, o, ~1.8e-25 ’
- n=0.01, 0 _=1.8e-25zu* i
§1.5 1028 = ]
i X
= | / ]
% 1102 F 7 ]
© N ]
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0 5 10 15 20 25 30
photon energy (GeV)

Figure 1.3: Differential linear Compton scattering cross section as a function of scat-
tered photon energy.

complicates the geometry at the scattering region, and is not treated in the analytic
calculation. In order to increase the photon density at the interaction point to enhance
higher order processes with much smaller cross section than the linear Compton
cross section, the laser is focused onto the electron beam. Due to the focusing, the
assumption of the cylindrical Gaussian beam in space for the laser pulse is worse for
the higher order processes, but is acceptable for the estimate of the linear Compton
scattering rates for the following reasons:
The diameter of the laser at its focus in the interaction region is given by:

V2fy (1.45)

(e

T‘f=

For infrared laser photons A = 1.053 ym. The diameter of the laser beam in the input
of the focusing optics, which is an Off Axis Paraboloid (OAP), at the 1/e? point in
intensity is 5 cm and the focal length of the OAP is 30 cm, so that fu = f/d =6
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. For these parameters equation 1.45 gives a diameter r; = 3 ym. This diameter
projected on the transverse to the electron beam plane due to the 17° angle, is much
smaller than the electron beam dimensions. The Rayleigh range of the laser is given
by:

2p = %f;,\ (1.46)

and for the above parameters is equal to zg = 0.5 mm. This also is much smaller
than the length of the electron bunch projected on the laser direction. So, indeed,
the dimensions of the focal region are much smaller than the electron beam size and
for this reason one can assume the laser pulse as a cylindrical Gaussian in space.

With the above assumptions one can write the electron density as

2 2 2
- x ] z—ct
ne(7,t) = —m—————ezp— {— + = 1.47)
e( 3 ) 7r3/.2acz‘7ey0'ez 14 {Uez.r Uezy Uezz } (
and the photon density as
- N, zcosf+zsinb® y?  zcosf — xsinh + ct’
nu(Z:t) = a7 ezp —{ 2 + 5+ ; }
T of wr Uuy Uwz awx awy awz

(1.48)
The linear Compton rate is given by integrating over the region of overlap of the

two beams at any fixed time and then integrating over time:

+o00
N = o 2! / dZ - cdt - no(%,1) - nu(Z,1) (1.49)

[+ o0

where the total Compton cross section is as given previously o. = 3 x 107% cm?®

for green laser photons and o, = 1.9 x 10% cm? for infrared. Assuming counter-
propagation of the laser and electron beams we get vre/c =~ 2. For electron beam
dimensions of 60 pm x 60 pum x 870 pm and infrared laser focused to 70 pm?
with pulse-length of 2 ps fwhm and energy of 100 mJ the integration yields a linear
Compton rate of Ny = 1.9 x 10° gamma rays per shot and at green N; = 7.5 x 10°.
During the run-taking-period the parameters of the interaction were varied; the rate
was increased 8-fold for the data ..t the highest laser energy in the IR, and 4-fold in
the green. These rates agree with the experimental data as will be shown in chapter
4.
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The probability of laser photon - electron interaction per pulse can be estimated
as follows: The size of the electron bunch for the particular configuration described
above gives a volume of 3.9 x 10° um3. The spatial volume of the laser in the green
in rms was 2.5 pm x 2.5 gm X 230 um , i.e. 1.5 x 10* ym>. Since the number of
electrons per bunch is 5 x 10°, the number of the electrons interacting each laser pulse
from the above estimates is Niper = 1.9 x 108, For 100 mJ of greeﬁ and interaction
conditions as stated above the total gamma flux is 7.5 x 10° gammas per pulse. So,
electrons that passed through the focus of the laser at peak intensity had close to

40% probability of interacting!

no. of laser photons, n | 7=0.0 | 7=0.2 { n=0.5 | n=1.0

Infrared laser: w=1.176 eV

253 | 25.9 | 27.9 32.8
17.4 17.8 19.9 | 25.3
13.2 13.6 15.5 20.6
10.7 | 11.0 12.6 17.4
9.0 9.3 10.7 15.0

Green laser: w=2.353 eV
17.4 17.8 19.9 25.3
10.7 11.0 12.6 174
7.7 8.0 9.7 13.3
6.0 6.3 7.3 10.7
5.0 5.1 6.0 9.0

ol col ol

onf x| cof pof

Table 1.1: The kinematic edges namely minimal energy of the recoil electrons for IR
and green in GeV for 46.6 GeV incident electron energy.
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1.4 Nonlinear Compton scattering

In this experiment we studied nonlinear Compton scattering in the interaction of a
laser pulse with the electron beam. The electron absorbs n, rather than only one,

laser photons to produce a high energy gamma ray:
e+ nw — e +w, (1.50)

The diagram for this process is shown in Figure 1.4. If multiphoton Compton scat-
tering takes place in the presence of a strong field, then it can not be described by
simple perturbation methods. Furthermore, the four momenta conservation equation

can be written for the lab frame as
nw, + pu =W +p, (1.51)

where w, is the laser photon momentum, p, is the electron 4-momentum, and the

primes refer to quantities after scattering. A calculation using kinematic arguments

Figure 1.4: Diagram for nonlinear Compton scattering
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and equations 1.26 and 1.29 gives the scattered photon’s energy:

, 2ny2w(1 + B cosb)

W =
292(1 — Bcos ') + (22 + —I—)(1 + cos O cos 0" + sin Osin ')

(1.52)

Here § = 17° = 7 ~ a where a is the angle of the laser direction of propagation
with respect to the electron direction of propagation in the laboratory frame; ¢’ is
the angle of the scattered gamma ray direction of propagation with respect to the
electron direction of propagation; since the electrons have ¥ ~ 10°, #' is very small,
the same way as in the linear Compton scattering. The number of laser photons
absorbed is denoted by n and 7 is the parameter defined in the last section. The

maximum energy of the scattered gamma rays is given by:

,_ 2n7%w(1 + Beosb)

;= (1.53
: 1 + ﬂn:z’ﬂ + l+ﬁzosﬂ )

Equivalently one can detect the scattered electrons, which emerge with energy £ =
Eo — w' where E, is the initial electron energy; therefore E,;, = Eo — w! ... In this
experiment Ep = 46.6 GeV and we observed electrons with energies lower than the
minimum of the n = 2, 3 and 4 kinematic edges. Table 1.1 gives the kinematic edges
for our experiment up to 5 absorbed laser photons and with various realistic 5 values.
Since n depends on the laser intensity, which is variable in space and time in the
interaction region due to focusing, the integration performed over the volume of the
interaction in the experiment smears these edges.

A process comparable in rate with nonlinear scattering, is multiple Compton scat-
tering in which an electron undergoes successive ordinary (linear) Compton scatter-
ings at different points as it traverses the laser focus. The diagram for this process
is shown in Figure 1.5. There is also a possibility of linear Compton scattering in
the laser focus after the electron has already undergone nonlinear scattering of some
order. The contribution of all possible scattering combinations has the visible effect of
decreasing the slope of the kinematic edges. This is shown in Figure 1.6 a simulation
of recoil electron spectra at realistic laser and electron beam parameters for a sum of
these processes. As will be discussed in a later section, the rates for n=2 nonlinear

Compton scattering and double ordinary Compton scattering are of the same order
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of magnitude in the energy range 20 - 25 GeV. Double Compton scattering depends
on the width of the interaction region. In this experiment double Compton scattering
presents a serious background, since it can not be resolved from nonlinear Comp-
ton scattering when detecting only the recoil electrons. In a future experiment, the
gamma spectrum will be measured by converting them in a thin target and studying

the resulting pairs with a CCD pair spectrometer {29].

1.4.1 Nonlinear Compton scattering cross section

The ponlinear Compton scattering cross section is easier to calculate for the special

case of an electron in a circularly polarized EM field, i.e. circularly polarized laser

light:[14]

2 run 2
ons = 208 [ AR 2 ) () T ()220 (159)

uyn?

Figure 1.5: Diagram for double linear Compton scattering
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204/ u(tn—-u)
u14/14n2
Since the photons emerge with very small angles § ~ 1/, but also have a broad

wyw'? 2w, g%
whereu:-‘ﬁq—,‘;, U = =4, u, = nu; and z =

range of energies, it is more interesting to express the differential scattering cross
section as a function of the scattered photon energy, rather than the scattering angle.

For this one relates the invariant u to the photon energy by:

du dw’
—— = — (1.55)
(1+u?) m

>
G 6 n=1
o 10
5 n=1 multiple
§ 10° scattering
] werenn, Nn=
A Y o 2
> .
g 10
8 .......
L -.. Na
e} L IR

10° S

2 R
10 "-Q\\\:s{ . ]
10 4 R
I_l_!J_[IlLllIl1l'|_llll'lLilllLll"l'lllJ_l_l‘{lill!.lllJ

0 5 10 15 20 25 30 35 40 45 50
electron energy [GeV)

Figure 1.6: Recoil electron rates for linear, nonlinear and multiple Compton scattering
for 400 mJ IR laser energy, 70 um? and 2 ps laser parameters and standard electron
beam parameters for this experiment. The cross section from Narozhnyi et al. for
circularly polarized field was used in the simulation. The solid line is the sum of
all possible processes. The n=2, n=3 and n=4 processes are depicted by the dashed
lines as pointed in the figure. Single photon linear Compton scattering has a cutoff
at about 25 GeV, but due to multiphoton and multiple Compton scattering electrons
with smaller energies can be recorded.
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in order to get

u2

14u

When 7 — 0 the nonlinear Compton scattering differential cross section given above

don, 211y
dw' uin?ym

[-473(2) + n*(2 + )(Jaoi(2) + T2 (2) = 2222 (1.56)

approximates the linear Compton. The differential cross section with respect to the
recoil electron energy can be found by substituting the energy of the scattered gamma
in the above equation with the initial electron energy minus the recoil electron energy.
Then the scattered electron rate can be found after integrating over the interaction
volume as was done for the linear Compton rates. The multiphoton scattering electron
rates are shown in Figure 1.6 for 400 mJ of infrared laser focused to 70um? with pulse-
length of 2 ps fwhm and with electron beam dimensions of 60pm X 60pm x 870 pxm.

The dependence of the cross section on both parameters 1 and n reveals the
interplay of strong field and multiphoton phenomena. Although theoretically these
can be formulated independently, experimentally they are coupled. In this experiment

we observed multiphoton processes from free electrons in the presence of a strong field.

1.4.2 Nonlinear and double Compton scattering rates

An analytic calculation of the nonlinear Compton rates can be given following the
same assumptions as for the linear rate calculation. It can be shown that the multi-
photon Compton scattering rate (P;), involving only 2 laser photons (n = 2), has a

relative probability to the ordinary Compton scattering (n = 1) rate (P;) equal to
P, = 0.87° P, (1.57)

But for circular polarization 7 is dependent on the laser photon density n,, as

e€ e e [ng

View = —

mwc mwc mcyv w

n= (1.58)

or n®? = An, with A = (=£)?% and A = 2.2x 107%" cm® for green wavelength

w
laser pulses. Then taking into account the treatment of the linear Compton rate we
conclude that the number of n=2 scatters is:

Uy

+oo
) / d7 - edt - no(3,1) - n2(Z, 1) (1.59)
c ~o0

Ny = 0.840.(
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Assuming green laser photons and laser and electron beam dimensions as in the
linear rate calculation we estimate that N ~ 2 x 10* for laser energy of 400 mJ.

The competitive to n=2 multiphoton scattering process is the double scattering
of the electron off the laser photons, as previously discussed and can be calculated

through:

Upet2 [T = ¢ ’ g -»1. ’
Ny = o, / dz-cdt-nw(m,t)-/ cdt’' - n (T, 1) - n, (7', t') (1.60)

C o
Using the same electron and laser parameters as above we estimate the double scatters
yield to be of the same order as the n=2 multiphoton scatters yield. This result is

compatible with the simulation as shown already in Figure 1.6.

1.5 Critical electric field of QED and multiphoton

Breit-Wheeler process

In an electromagnetic field with strength that approaches the critical field, QED
phenomena scale nonlinearly with this strength. This critical field is defined as the
field in which an electron in one Compton wavelength gains energy equal to its rest

mass:
m2cd

eh

The corresponding critical magnetic field is

Eerit = =1.3 x 10'® V/cm. (1.61)

Bt = 4.4 x 10" Gauss. (1.62)

By requiring that the rms electric field in the laser focus is equal to the critical field
in the electrons’ rest frame the laser intensity required in the lab is given by

1 €2,

I= _Z;%;_t = 1.4 x 10'® Watts/cm?, . (1.63)

This intensity can be achieved using the Table Top Terawatt laser (7°) described in
a later Chapter.

Critical electromagnetic fields can be found in nature at the surface of neutron

stars [30, 31], or in the rest frame of very high energy cosmic ray electrons entering the
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earth’s field. In the laboratory apart from this experiment they can also be present in
collisions of MeV heavy ions due to the combined Coulomb field from the two nuclei
[32].

It is valid to view the interaction of the electrons in the laser field as a two step
process: First nonlinear Compton scattering; second Breit-Wheeler pair production.
In the Breit-Wheeler process a gamma ray absorbs many laser photons and creates a

pair. Pair creation by real photons

tem (1.64)

Nnwg + W — €

is a cross-channel process from nonlinear Compton scattering, and for circular polar-
ization of both the laser photons and of the high energy photon the cross section is
given by: [17, 18]

g 2 .
T = L) + (0= Ul + T (2) 22 (165)

where (for nwp << w )

__4LUOL<) _Ee ‘_1:]: 1
T = m? ay—w’ymaz,mm"’2 1

nz ' y(l-y)
and z is defined as in Eq. 1.54.

The thresholds for pair production in this experiment are calculated as follows:
When a backscattered photon with energy w absorbs n laser photons w; and produces
an e*e” pair, the invariant s can be written before and after the interaction:

Before:

— e

s = (w+ nwi)? — (P = np.,)? = 2n(ww; + Pupu,) = 4nww; (1.66)

After:
s = (2m)? (1.67)

By also introducing the effect of the mass shift of the electron as discussed before,
the expression for the gamma energy required for threshold pair production from n

laser photons now becomes:
_m*(1+7?%)
- Wy

E, (1.68)
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For example, a gamma ray produced in the interaction of a green laser photon with
a 50 GeV electron beam due to linear Compton scattering, has a maximum energy
of 36.5 GeV. At this energy at least four more laser photons are required for pair
production using Eq. 1.68.

Since we have only one interaction region, it is difficult to distinguish experimen-
tally this process from direct trident production. However under the experimental
conditions the trident rate is at least 10 times lower than the two step process. The
study of pair production could be extended in the future to explore the structure, if
any, in the invariant mass spectrum of the pair. For this purpose one can use the
same CCD pair spectrometer that would also investigate the gamma spectrum of the
nonlinear Compton scattering, as discussed in a previous section. The measurement
of the mass spectrum of the pairs produced in the scattering of light by light (in the
low mass region of 1.0 - 2.0 MeV, with a mass resolution of 10 keV) could reveal the
existence of a new phase of QED at these high fields {32, 33].

The creation of positrons by direct pair production can be of use at future ete~
accelerators [34]. At present positrons are produced with high emittance by scattering
electrons on a solid target. Then the positron beam emittance is reduced in damping
rings. In our geometry the laser focus can also be considered as a target that produces
positrons, but due to the absence of heavy nuclei the positrons created preserve the
geometric emittance of the electron beam. Therefore, damping rings are not required
and the potential luminosity and cost of the collider will be more favorable.

Finally it has been recognized that linear e*e~ colliders could also be operated as
v — e or 4 —~ colliders [35] - [37]. For such operation the high energy v beam will be
best provided by an intense short-pulse laser as used in this experiment. The present
experiment has already demonstrated a conversion efficiency of 40% for the electrons

traversing the laser focus into high energy photons.

1.6 Beamstrahlung

An alternate view to consider pair production was given by Chen and Telnov [21}. In

future linear colliders, the electron bunches will be tightly focused and during collision
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the electrons of one of the colliding bunches will be experiencing the Coulomb field
of the other bunch. That will create high energy gammas in a similar fashion that
an electron scattered from the field of a nucleus generates bremsstrahlung radiation.
These high energy gammas can now interact again with the EM field of the other
bunch and produce pairs. These lower energy pairs can cause background problems
and constrain the geometry of the detector of the experiment. A detector for positrons
was used in the experiment and recorded a weak signal. Since the pair production
has a highly nonlinear dependence on the laser intensity, future experiments with
increased laser energy will study this process extensively.

From simulations, this kind of ‘beamstrahlung pair production’ is possible, if the
laser intensity is increased to a level where T =~ 0.3 as defined in Appendix B. The
dependence of the number of pairs per incoming electron to this parameter is [21]:

n, = ‘;;/5 """T]?:('r)]r <<1 (1.69)

where o, is the root-mean-square longitudinal length of the laser focal region, o is
the fine structure constant, A, is the electron Compton wavelength and the function
Z(Y) decreases exponentially for T << 1. The last equation is obtained from the
re-scattering of real photons and, therefore, depends quadratically on o, since it
describes a two-step process. Also the contribution of virtual photons (tridents) is

very. much suppressed for T << 10. For T =0.3,7 = 10° and o, = 100pm
n, =~ 8 x 1077 pairs per incoming electron. (1.70)

In this experiment the number of electrons interacting in every laser shot is 5 x 10°.

Therefore, the rate of pairs produced should be substantial.

1.7 Summary

As discussed above, the theory of the nonlinear Compton scattering and pair produc-
tion mechanisms can be investigated in the field of the laser of this experiment. In the
following chapter the experimental setup that allowed for such studies of nonlinear

QED phenomena is preseuted. The data and conclusions only from the investigation
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of the nonlinear Compton scattering process will be described in the third and fourth

chapters, while results for the pair production process are a subject of another thesis

[29).
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Chapter 2
Apparatus

The experimental ingredients necessary to study multiphoton Compton scattering are
two: A high energy electron beam, in order to probe strong electric fields which also
become even stronger in the electrons’ rest frame due to the relativistic boost and an
intense laser in order to achieve the necessary electric fields at its focus.

For the first reason this experiment was performed in the Stanford Linear Ac-
celerator Center, Figure 2.1, located in Stanford, California. This linear accelerator
(LINAC) delivers 46.6 GeV electrons with the ability of polarizing them using a pho-
tocathode rf gun as their source. Our experiment is located at a newly constructed
line, the Final Focus Test Beam (FFTB). This facility is a prototype used to address
some of the challenges of the construction of the Next Linear Collider (NLC) and
especially to study the focusing of high energy electron beams in spot sizes that are
ten times smaller than the wavelength of visible light.

For the second reason the laser is a solid state laser that can reach terawatt
intensities, with satisfactory high repetition rates. It is a Table Top Terawatt (T3)
laser since it can fit on the top of four optical tables. It delivers the laser pulses at the
interaction point with high timing and spatial stability due to an elaborate optical
transport system. A timing system to tune the synchronization of the laser with the
electron beam at the ps level is employed by locking the laser to the accelerator rf
using both an electronic feedback on the laser pulse timing and an optical delay to

scan this timing.
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Figure 2.1: The Stanford 2 mile Linear Accelerator (SLAC)
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Figure 2.2: Schematic of the experimental setup: The laser pulses interact with the
electrons in the interaction point (IP). The scattered electrons are bent by the dump
magnets into the electron calorimeter (ECAL). The scattered photons are detected

by the Cherenkov counter (CCM1)
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Figure 2.3: Picture of the experimental setup in the FFTB tunnel
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The main detectors of the experiment are a calorimeter that collects the multi-
photon Compton scattered electrons and a monitor that detects the forward scattered
total photon flux. A PC based data acquisition system efficiently collects and ana-
lyzes the data that are presented in subsequent chapters. Figure 2.2 gives an overview
of the experimental setup and Figure 2.3 is a picture inside the electron beam tunnel,

looking downstream with respect to the electron motion.

2.1 Electron beam

The FFTB setup is particularly suitable for this experiment due to: (a) the 46.6
GeV energy of the electrons. (b) the low emittance of the electron beam, and (c) its
tunability (regarding spot sizes, low backgrounds, and electron charge per bunch).
Moreover, the existing equipment, such as the dump magnets of the electron beam,
were useful for the electron spectrometer. Table 2.1 gives some of the electron beam
parameters.

Although the interaction point is located 12 m downstream of the final focus, we
were able to tune the beam to small bunch sizes of the order of 40um x 40um x .8mm

in 0, x 0, X 0. where z is along the electron beam path. This can be seen in Table

Parameter FFTB

Beam Energy (GeV) 46.6
Emittance ve,(rad —m) | 3 x 107°

Focusing B;(um) 100
Demagnification 380
Beam Height o,(nm) 60
Aspect Ratio 15

Bunch Length o,(um) 500
Bandwidth ép/p(%) +0.3
Bunch Population (10%) 5-20

Table 2.1: Parametc s of the Final Focus Test Beam
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Run no. oz(pm) | o,(pm) | o.(pm) | nominal e~ config.
12101 - 12223 60 80 650 1
12224 - 12287 60 80 1080 2
12292 - 12304 85 40 870 3
12305 - 12358 67 32 870 4
12359 - 12435 47 85 1080 5
12436 - 12470 127 40 870 6
12471 - 12503 40 43 870 7

Table 2.2: The dimensions of the electron bunch, during the running period of March
95
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Figure 2.4: Length of the electron bunch as a function of the bunch compressor
settings
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2.2 where the electron size is shown for some of the runs of this experiment. The
horizontal and vertical dimensions were measured by scanning the electron beam
over the wire in the interaction point (IP). The longitudinal dimension of the bunch
is tunable by varying the energy compressor settings and was measured using the
calibration of Figure 2.4 from [39]. The effect of timing jitter in the synchronization
of the 1.5 ps laser pulses with the electron bunches is smaller for longer electron
bunches. For this reason, the electron beam bunch length was increased to 3.6 ps
(rms) for the nonlinear Compton scattering experiment. Figure 2.5 is a wire scan
of the electron beam at the interaction point for a typical run configuration. The
beam configuration was changed when we searched for positrons in order to have the
smallest possible spot in IP and the lowest backgrounds. We must note that beam
backgrounds can be due to scattering from the electron pipe, collimators etc., but
mostly originate in the collimators of the electron beam, upstream of the IP, and
propagate with the beam to the interaction point; therefore, are difficult to eliminate.

The electron beam parameters recorded in a typical run are the charge distribu-
tion, the energy spread of the beam relative to the 46.6 GeV central energy and the
position and angles of the beam as measured by beam position monitors (BPMs)
located close to the IP. The beam charge and energy is plotted in Figure 2.6. The
shape of the energy distribution is typical for a linear accelerator [40]. Apart from
the double peaking of some of these parameters, which is due to the various tuning
conﬁgurations of the electron beam in the IP, they are very stable and within the
tolerances of the experiment.

Although the repetition rate of the electron beam can be as high as 30 Hz, the
experiment is limited by the laser repetition rate which is 0.5 Hz in normal operating
conditions. For this reason, and for collecting electron beam background data when
the laser is not firing, we operate the electron beam at 10 Hz. At the detector
calibration runs we have increased the beam rate as high as 120 Hz. Some data
were taken with a new mode of LINAC operation in which pulses of as few as 10°
electrons were transmitted at 1 Hz for 9 seconds, alternated with 30 Hz pulses of

5 x 10° electrons for 1 second, while the LINAC feedback system was operational.
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Figure 2.7: The laser system schematic
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2:2 Laser

The laser is a 0.5 Hz repetition rate, table top terawatt (7°) laser, that operates at
1.053 um wavelength (IR) or after efficient (~ 45 %) frequency doubling at 0.527 pm
(green){43]. While it has delivered 2.4 J in the IR at the interaction point, during the
nonlinear Compton studies described here the maximum energy achieved was 800 mJ
of IR and 320 mJ of green. The laser has been focused to a minimum of 1.4 times
the diffraction limited area. The smallest pulse-length achieved during the running
period was 1.5 ps FWHM. With an average power of 1 Watt, intensities above 10'®
W /cm? at the laser focus have been produced. The laser is based on the Chirped Pulse
Amplification (CPA) technique ([44, 45]) and it consists of a mode-locked Nd:YLF
oscillator, a Nd:glass regenerative amplifier, a two pass Nd:glass rod amplifier and

finally a flashlamp-pumped Nd:glass slab amplifier. A schematic of the laser system

is shown in Figure 2.7.
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Figure 2.8: Resonance frequency and quality factor ) estimate of the ML crystal
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In order to collide a laser pulse with an electron bunch the front end of the laser,
i.e. the oscillator, must be locked to the accelerator rf. For that purpose we transport
the 476 MHz reference signal from the accelerator master clock into the laser room,
with a system described in a later section. After frequency dividing, this signal is
used to drive the acoustooptic mode-locker of the cw-pumped oscillator at 59.5 MHz,
while the phase of the laser pulses with respect to the reference is maintained by a
phase-locked loop.

The low-Q mode-locker [46] is driven from the reference 59.5 MHz signal after
amplification from a power amplifier to 4W. The  was measured to be @ ~ 1400.
with the following setup: A synthesizer operating at frequencies around 59.5 MHz
was amplified to 4W and used to drive the ML. A He-Ne laser was aligned through
the center of the ML and a fast photodiode was positioned to detect the He-Ne laser
light after the ML on the Oth order Bragg reflection. The signal from the diode was
send to a spectrum analyzer and to a 400 MHz oscilloscope. The frequency of the
synthesizer was varied and Figure 2.8 gives the fractional modulation depth of the
He-Ne light. From the last Figure we see that at FWHM of fractional modulation
Af = (59.515 - 59.430)M H: = 85k H2z and the peak is centered at 59.47 MHz. Then
the quality factor of the ML is:

2% fy
Af

Q= = 1400 (2.1)

The optimum temperature of the ML is measured to be 30.5 C° after a study where
the power in the ML was kept at 4W, while the temperature was varied and the
reflected power from a forward coupler using a power meter was monitored, Figure
2.9.

The oscillator produces a 119 MHz train of 50 ps pulses at a wavelength of 1053.5
nm. The oscillator pulse train goes through a Faraday rotator to ensure minimal
reflection backwards into the cavity, and then through two wave-plates that can be
adjusted to vary the polarization and power into an optical fiber. The optical fiber
is 1 km long, single mode with a 9 um core [47]. In the fiber the pulses undergo a
stretching in time and also a chirping in frequency due to the effects of self phase

modulation (SPM ) and group velocity dispersion (GVD) [48]. The pulses out of the
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Figure 2.10: The oscillator pulse after dispersion in the optical fiber
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optical fiber are detected by a large bandwidth photodiode (20 GHz), and recorded
on a sampling scope. Typically they have a pulse-width of 250 ps as shown in Figure
2.10. The bandwidth of these pulses is 27 A at the FWHM point, centered around
1054 nm, as measured by a grating spectrometer in Figure 2.11.

The grating spectrometer consists of a narrow vertical slit to allow only a fraction
of the laser pulse for spectral analysis, a lens to match the distance to the detector
and a grating with 1000 lines/mm and its grooves positioned vertically. The detector
is a reticon [49] with only horizontal resolution and is 14 mm long. The spectrometer
is calibrated with a red laser diode as follows: The grating equation is

A
sin#; + sin g = nb- (2.2)

where §; = 23° and 6, = 80° are the input and output angles of the laser on the grating
measured from the perpendicular to the grating axis, n is the order of dispersion, A
= 1.05 um and D is the grating groove spacing. The angular spread of the dispersion

after the grating is given after differentiation of Eq. 2.2 and substitution:

dx 1
d0o = D cos 9o

=5.99 x 10" rad. (2.3)

This angular spread translates to a spread horizontally on the face of the reticon.
located at distance [ = 33 cm away, equal to 6._r = dfpl = 20 mm. Since the reticon
is 14 mm, it can detect a total of 70 A. On the other hand, the total length of the
retic‘on corresponds to 1.85 ms on the oscilloscope . Thus a calibration of 3.8 A/100
us for the spectrometer applies to Figure 2.11.

The pulse after the fiber is also partially collected by a 2.5 GHz photodiode that
provides one input to the Time Stabilizer phase locked loop, as described in detail at
the timing system section. A cw autocorrelator monitors pulses compressed by a small
grating stage, in order to ensure the compressibility of these pulses before they are
transmitted through the rest of the laser chain. Figure 2.12 shows a measurement of
1.2 ps laser pulse-length taking into account the calibration of the cw autocorrelator.

The pulse exiting the fiber is further dispersed by an expansion grating pair. Pulse-
widths recorded by a streak cameia [50] after the expansion stage as seen in Figure

2.13, show that the pulse in time follows the shape of the pulse in frequency domain
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recorded by the grating spectrometer. Furthermore, the chirping of the expansion
can be measured by studying the total width of the pulse in time as a function of the
FWHM of the bandwidth. From this linear correlation we estimate that the pulses
are chirped approximately 700 ps across a 28 A bandwidth:

At ps
= =28 (2.4)

which is compatible within error with the standard theoretical treatment [51, 52|, and
the geometry of the expansion stage setup.

The energy of a laser pulse at this stage of the system is about a nanojoule and
after it travels through a prism on a mechanical stage (which is the optical delay line
for the fine adjustment of the timing overlap of the laser pulse with the electrons) is

ready to be injected in the regenerative amplifier. A single pulse is selected out of
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the 119 MHz pulse train by a Pockels cell and seeded into a Q-switched, end-mirror-
dumped regenerative amplifier. The amplifier medium is a 6-mm diameter Nd:glass
rod [54]. The pulse train out of the amplifier is shown in Figure 2.14. One more
Pockels cell is used to select one of these pulses, with energy about 1 mJ, pulse-
width of 700 ps and repetition rate of 0.5 Hz. Although the regenerative amplifier
is operational at even larger repetition rates, the rest of the amplifier chain presents
limitations in this repetition rate. These limitations come from thermal effects that
create stresses on the amplifier’s active medium and for this reason define a preferred
direction for the laser polarization. If the input to the amplifier polarization does not
coincide with the preferred axis, depolarization effects occur that destroy the laser
pulse wavefront. For this purpose the repetition rate must be low in order to allow
for sufficient cooling. Another consideration at this part of the laser system is gain
narrowing in the regenerative amplifier [58]. This effect reduces the spectrum to a
Gaussian with bandwidth of approximately 12 A, as seen in Figure 2.15 which is
measured using the grating spectrometer on a single pulse out of the regenerative
amplifier. The bandwidth necessary to produce 1.0 ps pulses after compression at
the end of the laser system is 16 A, and due to gain narrowing to 12 A, we can only
achieve 1.3 ps after compression which is consistent with the experimental data.

An air spatial filter up-collimates and spatially cleans the pulse before it is am-
plified by a double-pass, 6 mm diameter and 160 mm long amplifier [54]. Due to
depolarization effects on this amplifier, the maximum energy per pulse achieved is
10 mJ. Burn-marks of the amplifier when is operated at a high voltage setting of
1900 V clearly show the ‘Maltese cross’ due to depolarization effects as seen in many
textbooks [58]. For this reason the highest voltage setting is set empirically where
depolarization effects are absent.

A 1 m long vacuum spatial filter with equal focal length lenses cleans the spatial
profile of the beam, which had picked up intensity variations from scattering by optical
defects or particles in the air or on the optics upstream in the laser system. In the
focus of the first lens, an image of the ‘source’ is produced with all the imperfections

in the optical path de-focused in an annulus centered on the optical axis with radius

FA

T dn

Dn,
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Figure 2.16: Anamorphic expansion setup
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where F=50 cm is the focal length of the lens, A = 1053 nm the IR wavelength and
d, is the wavelength of the noise of the beam intensity, which ideally has a Gaussian
profile. If the radius of this ideal profile at the 1/€? point is o, then a pinhole at the
focus with diameter

-2

a
blocks all noise with spatial wavelengths smaller than 2a; therefore, the outgoing

beam has a profile very close to the ideal and 99% of the initial intensity remains.
In this experiment amer =~ 3 mm as defined by the aperture of the 2-pass amplifier.
which gives a pinhole diameter of 170 um. As we found during the course of the
experiment we could use larger diameter pinholes, since the input beam to the spatial
filter has a radius less than 1.5 mm. Currently a 400 pym diamond pinhole is used
due to the high intensities produced in the focus of the laser and its mount allows
scans vertically and along the laser pulse direction. The pressure in the spatial filter
is 10~¢ Torr, in order to avoid ionization of air molecules in the focus of the first lens.

The beam exiting the spatial filter is anamorphically expanded with aspect ratio
4:1 using prisms as shown in Figure 2.16. This is done in order to extract as much
energy as possible from the last amplifier that has a slab geometry. The anamorphic
prism expansion makes use of the Brewster law to give a magnification factor equal to
the refractive index for each prism: From simple geometry the refracted and incident

angles are related to the dimensions of the input and output beam diameter as

D cos 6
M=== i
D;  cosé;
with M being the magnification from a single prism. From Snell’s law we get:
9,- — Sin_l(Sln 9,)
n

with n the refraction index of the prism material. Also since the input face of the

prism is aligned to the Brewster’s angle we get:
tanfg =n

and so

n?

n? 41

siné =
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and the magnification factor then becomes indeed M = n. For fused silica n = 1.41
and a series of 4 prisms gives an aspect ratio of (1.41)*:1, close to the desired 4:1. A
Galilean expander further expands the beam by a factor of two.

The last amplifier of the laser system is a Nd:glass [57] slab amplifier. A character-
istic of the slab geometry is the Brewster angle input and output faces. This geometry
(55, 56] has the advantage of excellent phase front transmission, while retaining high
gain and repetition rate in a compact unit. This is due to more efficient cooling com-

pared to a rod of large diameter. The slab geometry eliminates depolarization effects
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Figure 2.18: The cur

rent supplied to one of the slab lamps by

its PFN

49



CHAPTER 2. APPARATUS

6000

r B o o
L - i ]

5000 L % Simulation_parameters: 7

C . R=.2 Ohms, L=25.7 uH, 3

4000 E . C=790 uF, V=1.8kV 1

S e 5
~ 3000 F - ]
E L . :_"
2 2000 | . .
1000 : . ]

0 : .‘Vm ---------------- —:

.1000 >1 Y - bl |j I | I bk lj4 it '.{
-500 0 500 1000 1500 2000 2500 3000

Time (us)

Figure 2.19: Simulation of the current of one of the slab amplifier lamps



CHAPTER 2. APPARATUS

T

YTy

LA BLARAN SRAN B B

T rYy Yyl ryrjryyry] MR SR TYY v vyl vy

TP PPN ST P AT Sl IV AP AP S AU

0 -

2000 2500 3000 3500 4000 4500 5000 5500

Capacitor Bank Energy

Figure 2.20: The slab amplifier gain

)



CHAPTER 2. APPARATUS 52

if the electric field is perpendicular to the large surface of the slab. In our case the
clear aperture is 1.1 cm X 6.5 cm, so that large beams can be used, reducing peak
intensity and related nonlinear effects. The large aperture allows us to use 3 passes
into the amplifier in a bow-tie configuration. Using the Brewster angle input window,
in each pass the beam internally reflects 12 times from the surfaces of the slab, and
so increasing the optical path in the active medium. Of these, 8 bounces are in the
20.3 cm pumped length. A simplified drawing of the amplifier frame, which is made
of stainless steel, is shown in Figure 2.17. Small signal gain of the triple pass slab has
been measured to be of the order of 600 for 6 kJ of flashlamp energy, as is shown in
Figure 2.20. The choice of Nd:glass over crystal materials as Nd:YLF and Nd:YAG is
justified due to its availability in high optical quality and large sizes and its capdbility
of storing very high energy densities before reaching the limit of super-fluorescence.
The slab active medium is ‘pumped’ by four lamps that discharge a high voltage
which at peak laser power provides approximately 6 kJ of energy. This discharge lasts
about 200 us due to each lamp’s current pulse shaping circuit called Pulse Forming
Network (PFN). Figure 2.18 shows the current as a function of time as measured by
a coil current probe for one of the lamps. The general nonlinear differential equation
that gives the current of the PFN and lamp system is [59] :
LRI+ oI 4 l/t Idr =V, (2.5)
dt C Jo
Where L is the inductance, R the resistance, C the capacitance, I the instantaneous
current and V; is the initial voltage stored in the capacitors. The lamp itself is
nonlinear and Ko depends on characteristics of the lamp such as gas pressure and
dimensions. Approximate parameters for the PFN components of each lamp are a
790 uF capacitor bank, an inductor of 19 pH, a resistor of 0.2 2, including the cable
to the lamp. The above nonlinear equation can be very well approximated for our
system with a critically damped LCR circuit with the current given by the following

equation:

I= —\/_2—__V°—-2—Le’°’ sin (Vw? — a?t) (2.6)
w?—a

with @ = R/2L and w = (V' LC)™!. The simulation of the current shown in Figure 2.19

is based on the last equation and well approximates the shape and time dependence
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of the discharge.

Since the beam exiting the slab amplifier is elliptic we re-circularize it by two
cylindrical lenses, which also up-collimate the beam to a size of a 3 cm in diameter at
the 1/e? intensity point. The first of the cylindrical lenses is made of fused silica which
has a high damage threshold, while the second is made out of BK7 with lower damage
threshold. The beam size has increased and hence its energy density has decreased
on the second cylindrical lens and so one can afford using there a more inexpensive
material like BK7. The alignment of the cylindrical lenses is critical to the wavefront
quality downstream in the laser system and especially to the astigmatism introduced
in the beam.

Following the cylindrical lenses a wave-plate rotates the polarization from vertical
(imposed by the geometry of the slab), into horizontal to match the groove orientation
of the grating compressor. Immediately after the wave-plate a Galilean expansion
stage brings the beam into a diameter of about 4.5 cm. This Galilean expander was
aligned with a test interferometer for better wavefront quality. Then the laser pulses
are cleaned again by another vacuum spatial filter. It is 2.7 m long and also up-
collimates the laser beam to a maximum of 7.5 c¢m in diameter. The spatial filter’s
vacuum is maintained at 107® Torr. A burn at full power of the slab amplifier before
and after this filter indeed shows that the high frequency spatial noise is reduced by
the filter.

The laser pulse is then directed through the compression stage, which consists of
two 1760 lines/mm, gold-coated 160 mm Xx 220 mm holographic gratings {60] used
in the near Littrow, double pass configuration with a separation distance of 164 cm
[52]. They compress the laser pulse to 1.5 ps. A grating scan where the compressed
laser pulse-length was measured with a streak camera is shown in Figure 2.21. The
grating distance is set at the minimum laser pulse-length point. This distance is
different for various oscillator bandwidth settings which results in variations of the
compressed laser pulse-length, therefore every effort was made to keep this bandwidth
fixed during the running period.

After compression we have the possibility to double the frequency of the laser.

For this purpose we use a 4 snm or a 8 mm thick Type II KDP crystal [63], with
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the thicker crystal used at lower intensities (< 30 GW/cm?). A doubling curve is
shown in Figure 2.22 for the 8mm crystal. The 45% efficiency compares well with the
theoretically predicted 50% [61, 62]. '

For the data analyzed here the laser was circularly polarized, using a Liquid Crys-
tal Polarizer (LCP). Since the energy densities of the laser are high at this point of the
laser system, the LCP has a Sol - Gel coating. This coating though, is very sensitive
to temperature and humidity conditions in the room and easy to destroy from minor
scratches.

Finally the laser pulse is then transported to the interaction point and then re-
turned to the laser room in order to measure its energy, pulse-width and focal area.
The laser energy is measured both by a leakage monitor behind one of the mirrors
before the transport line and behind a flat in the diagnostic line after the transport.
Figure 2.23 shows a histogram of the IR laser energy for a 1700 shot run with an
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Figure 2.23: The laser energy in a 1700 event run at 1.053 um wavelength
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Figure 2.26: A typical focal spot in the interaction point as measured by the ETP

technique



CHAPTER 2. APPARATUS ' 60

[ M)

14

12

10

FWHM (Pixels)
(o]

Horizontal cut on focal spot
Vertical cut on focal spo

14

12

-

10

o o2 1 8

D, '6

o0 D -4

T

L 4

® D..Bg -
®
. 1%ee® " .

2

50 100 150 200
Nominal stage pos. (mm)

Figure 2.27: The different positions of the focus of the horizontal and vertical axis of
the laser spot are an indication of astigmatism in the laser chain.



CHAPTER 2. APPARATUS 61

average energy of 2.4 £ 0.4 J at the input to the transport line.

The IR pulse-width is measured with a single shot autocorrelator in the diagnostic
line. For a 500 mJ, IR laser pulse we measured 1.5 ps FWHM as in Figure 2.24. A
streak camera was also available during the run and gave similar values for pulse-
width measurements. In the green a single shot autocorrelator was not available
during the run, so the green pulses were measured by the streak camera. A typical
streak camera profile for a green pulse is shown in Figure 2.25.

The focal spot at the interaction point is measured indirectly by using the Equiv-
alent Target Plane ( ETP ) technique after the return of the laser beam into the laser
room. For this purpose the beam is refocused after the transport with a 4m focal
length lens, reflected off four flats which attenuate the beam energy by 10® and by
using neutral density filters is further attenuated. The focus is imaged with a § x
microscope objective onto a CCD camera. For 500 mJ IR laser pulses, the focal spot
has 4 pm radius at the 1/e point in intensity and so has a 50 um? area. Degradation
of the focal spot was observed at energies above 1 J. For the frequency doubled pulses
the area decreases to about 20 um?. A typical focal spot measurement of the laser at
the interaction point is shown in Figure 2.26. The diffraction limit of the radius of

the focal spot is given by

Mg
Waif = 2= (2.7)
and.we define the diffraction limited area as
Ad,'j = 2%11)17 (2.8)

So we achieved 1.4 times diffraction limited pulses in the IR and 3 times in the green.

The ETP technique proved also valuable in monitoring the astigmatism introduced
in the laser system. When the CCD is scanned over a range around the focal point
then in case of astigmatism the horizontal and vertical dimensions focus in separate
places. This is shown in Figure 2.27. Normally the cylindrical lenses are the largest
source of astigmatism and their alignment is tuned by minimizing the separation of
the minimum waists of the two axis.

The peak focused laser intensity was obtained for IR pulses of energy U = 1.2
J, focal area A=80 pm? and pulse-width A¢ = 1.5 ps, for which I = 10'® W/cm?
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corresponding to a laboratory field of 20 GV/cm. At these conditions the sfrong field
QED parameter 1 becomes n = 0.6 and the critical field parameter T becomes T =

0.4.

2.3 Laser transport system and interaction point

The laser pulse is brought into collision with the electron bunch after being trans-

ported 12 m from the laser room optical tables to the electron beam in the FFTB
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Figure 2.28: The optical transport system
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dimensions are in inches

Figure 2.29: The interaction point box;
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tunnel as shown in Figure 2.28. The laser pulse is raised to a height of 2.5 m using a
periscope inside the laser room, then passes through a glass window coated for anti-
reflection at the appropriate wavelength (green or IR) and a 10 m long tube under
medium vacuum which was better than 1073 Torr. Just above the electron beam pipe
the laser pulse is deflected downwards using a mirror on stepper motors, that can be
adjusted from a controller in the laser room. The mirror is located in the upper
deflection (UD) box which also includes the return mirror. The pulse then travels
downwards through one more window that separates the medium vacuum region of
the transport with the high vacuum region in the electron pipe, and enters the inter-
action point (IP) box which is shown in Figure 2.29. There it is reflected horizontally
by a 45° mirror, is focused by an Off Axis Paraboloid (OAP) mirror with 30 cm focal
length onto the incoming electron beam; the laser beam is re-collimated by a similar
OAP after the interaction and is sent horizontally into another mirror that reflects
the laser pulse upwards into the UD box. All the optics inside the IP box are mounted
on an invar plate to reduce optical path changes due to temperature variation. The
electron direction of motion and the laser path have a 17° angle between them.

The IP box was placed on a magnet mover which can position the IP in the
horizontal (x) and vertical (y) directions and can also introduce a roll in the xy plane
but it does not provide a motion along the electron beam path (z). The three motors
used for the IP mover are interfaced into the SLAC Control Program (SCP) and were
used to scan the laser focus with respect to the electron beam, since the laser path is
fixed with respect to the IP box. The limits on the range of the IP box motion, in the
3 axis, are coupled due to the magnet mover hardware and this is shown in Figure
2.30. The UD box and the IP box are decoupled by bellows to avoid stresses on the
IP box and to allow its free motion. Some stability issues are of concern since the IP
box is on top of a column siiting on the FFTB concrete floor. Long term drifts of the
order of pm have been measured that are due to diurnal thermal expansion of the
tunnel. From the UD box the laser pulse is sent into the room with a system similar
to the input transport and in the same vacuum.

The window located in the entrance to the optical transport as well as the one

that separates the medium vacuum of the transport line from the high vacuum of the
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IP box could contribute to an increase in the B-integral effect and to a deterioration
on the wavefront of the laser pulse. From [64] the B-integral is given by :

h
= 3;— ny(z)I(z)dz — 21r-f%n21 (2.9)
0

where the approximation is valid for constant laser intensity and n; is the 2nd order
index of diffraction. The laser beam diameter at the 1/e? point of the intensity is
estimated to 5 cm at the input to the optical transport and for 1 J energy and 1.5 ps
pulse-length we get an intensity of I = 3 x 10'© W/cm? By substituting ny = 3x
10~ cm?/W, A = 1053 nm and total path-length in the 2 windows h = 5 cm we get
that B = 3 which is the critical value at which wavefront distortion is tolerable [64].
The two return windows have the same thickness as the input ones and contribute in
the deterioration of the wavefront in the returned beam.

Good wavefront quality of the beam returning to the laser room is an indication
that the alignment of the OAP pair is correct and that the pointing of the beam inci-
dent on the first OAP coincides with the QAP axis. If the wavefront quality is better
than )\/4 over the entire beam, the spot at the IP is diffraction limited. Rather than
trying to measure the beam quality of the IR pulsed beam we use a co-propagating cw
frequency stabilized He-Ne beam with a large enough diameter (~7.5 cm). A beam-
splitter co-injects part of the He-Ne laser beam into the transport and after its return
from the IP interferes it with the part kept in the laser room, in a configuration of a
Mach - Zehnder interferometer. Figure 2.31 shows two interferograms, one when the
transport system is slightly misaligned and one when is well aligned. The alignment
of the optical transport can deteriorate in a 24 hour period and depends mostly on
ambient temperature variations, transport vacuum losses, and IP motion.

The transport system was modeled by an optical ray tracing, and Gaussian beam
propagation software package COMP [42] that allowed us to set limits on the mis-
alignment of the laser pointing and orientation of the OAPs. There are 5 degrees
of freedom over which the OA Ps must be aligned: 3 displacements so that the focal
points will coincide and 2 rotations to set the optical axis parallel to the OAP axis.
The tolerances in position in the x, y, z directions are 3 um, 3um and 10 um respec-

tively. The tolerance on the incident beam rotation about the horizontal axis is 5



68

CHAPTER 2. APPARATUS

Focal Plane of OAP
source fotated vertically by 25urad
Qreen wavelength

310°%

210°%

1108
0 10°
-110°%

(W) sixe je3juep

-2 10°%

-310°

-410°  .210%  010°  210% 410° 610° 810"
Horizontal axis (cm)

-6 10°

green wavelengt

Focal Plane of OAP
source rotated venicalxwurad

TiTT TFTY TTTY TETT L AL

sssednoonceetenzy,,

savesfoscssisscsafee,,,

I Y AL 4 ) I NN NN I

i1 11

0 s ! '

o o (@] o
-~ - -~ -
(O] N -— Al

(w) syxe jeajuap

-2 10°

-310°®

o
o
-
<
)
(@]
L i
N
——
E
(%]
S
Cun
»
(-]
© ®
Ot
— 8
o=
Q
0 T
(@]
A d
<
1
)
o
-—
[Te]
[ ]

Figure 2.32: Simulation of the IP focus with and without misaligned OAP



CHAPTER 2. APPARATUS 69

urad and about the vertical axis is 15 urad. The most precise method for aligning
the elements of the system within these tolerances is by using the interferometer as
a diagnostic. Figure 2.32 shows the aberrations in the focal plane of the OAP with a
well aligned and a slightly misaligned optical transport as simulated by COMP.

2.4 Spatial overlap of the laser pulse with the elec-
tron beam

For collisions to occur the focus of the laser must be in the path of the electron
beam. For this purpose a 3-axis stepper motor mounted on the IP box above the
interaction point and remotely controlled from the laser room, can drive a ‘flag’ into

the interaction point. The flag consists of a fluorescent screen, a 3 wire cross hair and
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Figure 2.33: The IP flag with the calibration foil, the cross hair and the fluorescent
screen
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an Al foil, Figure 2.33. When the fluorescent part intercepts the electron beam, a
CCD camera, which is mounted on the side, outside of the IP box, gives the position
of the electron beam. The He -Ne laser, which is co-injected with the main laser pulse,
is also visible to the camera. By moving the flag in z, i.e. in the electron direction,
the laser focus is scanned and the flag can be set visually at the focus. Next the
electron beam is steered to overlap with the laser. The IP box mover was used for
final alignment.

The spatial overlap is fine tuned using the cross-hair of the flag. Since the wire
of the cross-hair has a diameter of 20 pm, it can be easily damaged by the Terawatt
laser, therefore, the red He-Ne laser is used for this alignment. When the wire is
scanned through the laser focus, the equivalent of a razor scan is observed in the
laser room, i.e. when the wire is exactly at the focus, the He-Ne beam has totally

disappeared. With that method the focus of the laser, located at the same point as the
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Figure 2.34: The calculated rate of bremsstrahlung gammas produced by the the Al
foil in IP
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focus of the co-injected He-Ne light, can be found with accuracy. Then the electron
beam is scanned over the wire and is set accurately on the wire, by the method of
wire scanning: Due to bremsstrahlung of the beam electrons with the wire, gamma
rays are generated and are collected by the downstream gamma monitor. This is also
used as the linear Compton monitor of the experiment and will be described in the
detector section. The number of gammas is proportional to the transverse electron
density of the beam at the wire position, so by scanning the electron beam over it,
one can achieve a very good alignment. The flag is removed from the interaction
point and the IR laser unblocked. This procedure is repeated whenever the electron
beam configuration is modified.

The purpose of the aluminum foil mounted on the flag is to calibrate the gamma
flux monitor. The bremsstrahlung differential cross section in the extreme relativistic

case is given by:

do _ 423 E, 2E ~
= k[( (E)z—g—E-—;)(ln(ISZ}Z \/—)+-—— (2.10)

where E, and E are the initial and final electron energies in units of electron rest
mass, k is the energy of the emitted photon also in units of electron rest mass, Z is
the atomic number of the target material and ro is the classical electron radius. Due

to energy conservation one can substitute in equation 2.10

E k

E=0-F) (2.11)

By integration of equation 2.10 over the emitted photons (and using a low energy
cutoff so that the integral will not diverge) one can calculate the total cross section
0101 for bremsstrahlung for Al with Z=12. Then the total number of bremsstrahlung

gammas is
N, = 046tpodNe (2.12)

where po = 6.03 x 10?2 cm™3 is the density of target (Al) nuclei, d = 50 um the
thickness of the foil and N, = 5 x 10° is the number of initial electrons. Figure 2.34
shows the differential and the total number of gammas from the above calculation

which is used in the calibration of the linear rate monitor.
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2.5 Synchronization of the laser pulse with the

electron beam

One of the primary technical challenges for the experiment is the synchr.onization of
the laser pulse with the electron beam in order to achieve collisions at the interaction
point. Since the laser pulse has a pulse-width as short as 1.5 ps FWHM, and the
electron bunches can have a longitudinal rms of 1.0 ps, it is necessary to control the
relative timing of the two counter-crossing pulses at the 1 ps level. The strategy used
to time the beams is shown in Figure 2.35. A sub-multiple of the master accelerator
frequency drives the mode-locker of the laser oscillator that sets the time for the laser
pulse launching. An electronic feedback locks the phase of the oscillator pulses to
the accelerator rf. The delay of the rf driving signal of the ML is adjusted and the
laser pulse fine timing is found by scanning with an optical delay line. At the same
time the products of the laser-electron interaction are monitored, i.e. the linearly
Compton scattered gammas into the gamma monitor or the more sensitive signal of
the nonlinearly scattered electrons into the electron calorimeter (ECAL). When the
interaction yield is plotted versus the timing delay, the best overlap timing is at the

peak of this plot.

2.5.1 Experimental setup for laser - electron timing

The accelerator master oscillator located in the injector area, i.e 3 km from the
laser room, provides 20 Watts of rf power at 476 MHz. A fiducial of 360 Hz is also
superimposed on the 476 MHz signal in order to define the klystron firing timing.
This signal is transmitted via the Main Drive Line (MDL) [65] in a rigid coax cable
that runs the length of SLAC’s klystron gallery and is the source for both the RF
drive and reference signals for all klystrons and rf devices in the LINAC. The internal
frequency of 476 MHz is multiplied by 6 at each sub-booster to produce the rf for
S-band systems, as shown in the schematic of Figure 2.36. The performance of the
accelerator is sensitive to any drifts in the phase of the rf provided by the MDL, so a

feedback loop is employed to compensate for any changes in the electrical length of the
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MDL. This loop is controlled by the software tools that support all slow feedback loops
in the SLC, and is a feed-forward loop, i.e. the environmental effects which change
the phase stability of the MDL are not controllable and can only be compensated for.
The measurement of the phase length of the MDL is done with a single interferometer
by introducing a modulated reflection of the rf at the end of the LINAC (sector 30),
allowing instrumentation in the front end (sector 0) to compare the phase of the
reflected rf with that of the source. Thus, the accelerator rf signal which is used
to synchronize the laser with the electrons, contains, apart from the main 476 MHz
signal, a sideband of 750 Hz (originating from the interferometer), and sidebands of
the harmonics of 360 Hz (originating from the fiducial).

. The 476 MHz reference signal is amplified by a low noise rf amplifier and is then
fed into a Fiber-optic Transmitter (F/T) [66]. The rf modulates the current into a
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Figure 2.37: Power spectrum of the laser reference 119 MHz rf
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distributed feedback laser diode (DFB), which in turn produces an intensity modu-
lated optical signal at 1300 nm wavelength that is coupled into an optical fiber and
transported 600 m to the laser room. The fiber solution was preferred over an rf
cable due to the low losses, low dispersion and small length variations resulting from
ambient temperature changes. In the laser room the optical signal is collected by the
Fiber-optic Receiver, which utilizes a high speed photodiode to convert it into the
476 MHz reference. The transmitter/receiver setup is interfaced and monitored by
SCP.

The 476 MHz output of the F/O Receiver is then amplified and used to drive
the Fiducial Output module (FIDO), which contains circuits that extract the fiducial
pulse (T-zero) from the reference signal and others that produce the 4th sub-harmonic
at 119 MHz. The output of the FIDO consists normally of a 119 MHz sine wave with
a missing half cycle to indicate the T-zero. In our case, an externally supplied circuit
inhibits the fiducial pulse, so that a cleaner 119 MHz signal is produced. Figure
2.37 is the spectrum of the 119 MHz signal where the sidebands of 360 and 750 Hz
described before can be seen.

The 119 MHz is then sent to the timing stabilizer (TS) module [53]. A simplified
block diagram of this module is shown in Figure 2.38. The output of this module is a
59.5 MHz signal in phase with the reference, that after amplification to 4W drives the
laser oscillator mode-locker. A 2 GHz bandwidth photodiode collects the oscillator
119 MHz pulse after it has undergone the chirping and expansion through the fiber
and after compression from the diagnostic grating compression stage, which is also
used by the cw autocorrelator. The diode signal is then phase compared in the TS
module with the reference 119 MHz, which was already subdivided and filtered. The
output signal of the phase comparator drives the phase shifter circuit that in turn
changes the phas‘e of the rf sent to the mode-locker in order to keep the laser pulses
in phase with the reference rf. The positioning of the photodiode is critical, since the
two signals that are phase compared must be close to their zero crossing in the time
domain. Also it collects the laser pulse train after it has traveled into the 1km fiber
in order to compensate for changes in the optical path-length due to temperature

variations. Finally it is placed after the compression gratings since there the FWHM
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CHAPTER 2. APPARATUS : 78

of its pulse is less than 2 ps and for this reason the timing information from the rising
slope of the pulse is more accurate than if it were 200 ps, which is the case just after
the 1km fiber.

The setup described above locks the oscillator pulse train to the accelerator master
clock. One of these laser pulses is chosen every 2 seconds in order to collide with one
of the electron bunches using the following scheme:

The laser triggering is based on the software-defined triggers of SLC which are
synchronized also with the master accelerator clock. These triggers can be tuned
in both repetition rate and delay from a starting time 7o, which coincides with the
injection of the electron beam. Currently the laser trigger starts as a 10 Hz trigger
and its delay is adjusted with a Pulse Delay Unit (PDU), interfaced with SCP. The
finest timing step of a PDU is 8 ns.

The PDU signal is frequency divided to 0.5 Hz, split and then fed into two com-
mercial delay units [68] that can be timed in picosecond steps. One of them is used
to trigger the lamps of the laser amplifiers and is irrelevant for timing purposes since
the lamp flash lasts for approximately 200 us. The other delay unit triggers the 3
Pockels cells of the laser system. The last Pockels cell in the path of the laser defines
the switch-out time of the regenerative amplifier pulse train and sets the timing of
the laser pulse that will collide with the electron beam. The timing of the other two
Pockels cells is then adjusted relative to the switch-out Pockels cell in order to achieve
good amplification in the regenerative amplifier and good single pulse contrast.

After the regenerative amplifier the laser pulse travels on the optical table through
the rest of the laser chain and finally enters the input periscope in order to travel
to the IP through the optical transport line. The laser pulse leakage from the first
mirror of the periscope is detected in a photodiode, which is permanently positioned
behind the mirror. The signal from this diode is the timing reference laser pulse
(TRLP) (assuming no path length changes take place in the optical transport) and
is compared with an electron beam based signal.

The electron beam based signal is provided by a ‘ringing cavity’ installed in the
electron beam line, 2 feet downstream of the interaction point. A schematic of this

cavity, that has a resonant mode at 2856 MHz and quality factor Q = 1300, is shown
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Figure 2.39: Schematic of the ringing cavity
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in Figure 2.39. It is made of copper and it normally operates at a temperature
of 116° Fahrenheit. Figure 2.40 shows the response of the cavity after an electron
bunch passed through it. The cables of the ringing cavity signal and the photodiode
patch cables are measured using Time Delay Reflectometry (TDR), while the optical
transport length is measured by sending the laser pulse into the IP and measuring
with 2 photodiodes the relative delay of the input and return signals. Then the
TRLP signal is compared in a 400 MHz oscilloscope with the cavity signal and a
coarse timing of the laser - electron pulse is achieved by stepping the laser trigger
delay using the PDU in 8 ns steps. When needed the phase of the reference rf before
the timing stabilizer is adjusted by using a cable delay box with ns steps. The timing
using this method can be set to £ 0.5 ns.

As discussed in the laser section the oscillator pulses before the regenerative am-
plifier will enter the variable optical delay line, which is used to fine adjust their
timing with respect to the electron beam. The timing is achieved by positioning the
stage with um precision either manually or through an HPIB interface of the stage
driver with a PC. Since the stage is 25 cm long it can cover the range of & 0.5 ns. A
PC broadcasts through Ethernet the stage position and receives commands for stage
motion from the Data Acquisition System of the experiment. Thus we could perform
a rea] time scan of the laser pulse timing and online correlate the optical delay with
the yield of the products of the laser - electron interaction. The relative timing of
the laser to the electron beam was established by fitting the signal as a function of

optical delay. Figure 3.2 shows a timing scan as seen by the gamma counter.

2.5.2 Studies of timing jitter and long term drift

Both timing jitter and longer term drift are evident at the picosecond timing scale
required in this experiment, and they were studied with several diagnostics and ul-
timately through their effect on the data. Measurements of timing jitter were done
both in the time and in the frequency domain, resulting in oym, = 2 ps. Three meth-
ods were used for measuring the timing jitter and drift of the laser pulses with respect

to the accelerator rf. First timing jitter is measured from the power spectrum of the
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laser oscillator pulse train as it is revealed by sidebands off a high harmonic of the
main 119 MHz frequency. Secondly, it can be measured directly in an oscilloscope as
the time jitter of the rising slope of one of the laser oscillator pulses. Thirdly, a phase
noise measurement is employed by comparing a high harmonic of the oscillator train
with a high harmonic of the accelerator reference rf in a mixer. If the two signals
compared are of the same frequency, the DC output of the mixer is proportional to
the phase drift between the two signals. Finally the electron beam timing jitter and
drift is also measured with respect to the accelerator rf using also a phase comparison
technique. From the above measurements we measured the jitter of the laser pulse
with respect to the electron bunch itself and compared to the results from the data.
These methods are described in detail in the following paragraphs.

In the spectrum of the 476 MHz 1f reference in sector 30 all the sidebands can
translate into phase noise for any system that utilizes this signal. An estimate of the
phase noise or equivalently of the time jitter from an analysis of the power spectrum
can be obtained as follows [69]:

The spectrum of a microwave signal of frequency wy is a series of the harmonics
of wo, at frequencies nwy, plus a series of amplitude noise sidebands Sy(w — nwo)
and phase noise sidebands n?w2Sy(w — nwg). At harmonics of sufficiently low order
the amplitude noise sidebands dominate, while the phase noise sidebands have power
proportional to n? and predominate for harmonics at higher order. The relative
power of the sidebands of a high nth harmonic to the power of the nth harmonic itself
determines the spectral density Sj(w) of the timing jitter of the signal. Then the rms

time jitter is given by

oy =< I(t) > = \/% /w ” Si(w)dw (2.13)

where all the sidebands from frequency wj, close to the nth harmonic up to frequency

Whigh away from the nth harmonic have been included in the measurement. The low
limit is specified by the resolution of the spectrum analyzer used for the measurement
and can vary from 50 - 200 Hz, while the high limit is practically taken as 25 kHz. In

reality, though, frequencies above 2 kHz contribute little to the timing jitter integral.
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We calculate S;(w) using standard methods from the theory of microwave oscilla-
tors {71] whose phase stability when operating in some frequency w is usually specified
by parameter L,(w). This is the total single-sideband phase noise spectral density of
the nth harmonic of w. In practice one defines L,(Aw) as the ratio of the power at
frequency nwp to the power at frequency Aw away from the nwp, in 1Hz integration
bandwidth. Since most of the spectra are easier given in decibels this ratio becomes
a difference and following the terminology in the microwave literature one specifies
from Figure 2.37 that L(w) = -50 dB at w = 360 Hz recorded using a 30 Hz bandwidth
of the spectrum analyzer. Then an integration of the L,(Aw) over Aw from wioy to
Whigh, EiVes 0.

From the above discussion it is obvious that.-instead of the power spectrum at 119
MHz of Figure 2.37 it is better to measure time jitter from a high harmonic of this
signal. Since the ringing cavity has a resonance at 2856 MHz, the 24th harmonic of
the reference is chosen and the time jitter calculated with the above method: The
power spectrum is segmented in 50 Hz bins from wi,, = 100 Hz up to waign = 1.5 kHz.
For each bin the difference of the power to the peak power at the reference frequency
is found by also taking into account the resolution bandwidth of the spectrum ana-
lyzer. Then by an integration over all the bins and from eq. 2.13 the timing jitter is
calculated to have o,,,, = 2.0 ps. This is an upper estimate since we have not taken
a high enough harmonic and most probably there still remains some amplitude noise
in this spectrum.

In the time domain a measurement was performed with a sampling scope [72].
The laser pulse was monitored with a fast photodiode with 20 GHz bandwidth [73]
and its output was the signal into the sampling scope. The oscilloscope is triggered
by the reference 119 MHz rf signal. The diode was positioned both before and after
the laser pulsewidth diagnostic compression grating setup with no particular change
in the measured time jitter result. The resolution limit of the time domain technique
is set by the jitter of the external triggering module of the scope, which was measured
by generating trigger and signal from the 119 MHz using a power splitter and delaying
the signal by 34 ns to compensate for the internal scope delay. This measurement

gave a time jitter of 077 = 3.5 ps.
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Figure 2.42: Power spectrum of the laser oscillator pulse train
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An individual laser pulse of the 119 MHz pulse train which was shown in Figure
2.10 can be studied in order to measure its time jitter. To avoid amplitude noise
effects one would like to study the low part of the rising edge of this pulse or even
its zero crossing with the time axis when a low pass filter is introduced in the signal.
Both techniques gave equivalent results. Figure 2.41 shows the leading edge of a laser
pulse and gives a nominal (before resolution subtraction time jitter of o2/ = 4.3 ps).
After quadrature subtraction of the scope limit we are left with the real time jitter

of the laser pulses with respect to the accelerator rf:
Orms = 2.0ps (2.14)

The time jitter induced by the FIDO module can also be measured by comparing the
119 MHz output signal with a fraction of the 476 MHz input in the sampling scope;
it was found to be within the scope limit.

The output of the 20 GHz diode was used as an input to a spectrum analyzer
[78] and the power spectrum of the laser pulses was measured directly. The main 119
MHz frequency is shown in Figure 2.42. A time jitter measurement from the 24th
harmonic spectrum gives a 0,ms = 2.5 ps, which again is an upper limit.

A further diagnostic of the timing stability of the system is a phase comparison of
the laser pulse train and the drive rf. This is done at the LINAC frequency of 2856
MHz. The 476 MHz output of the optical fiber is multiplied by 6 and fed to an arm of
a double balanced mixer (DBM). The other input to the mixer is the 24th harmonic
of the laser pulse train detected by the diode and selected by a 2856 MHz Bessel filter
and subsequently ampliﬁed by 60 db, being input before the mixer. Then the output
of the mixer is filtered for DC with a low-pass 50 MHz filter in order to avoid leakage
of both the main 119 MHz frequency and its sub-harmonic 59.5 MHz through the
mixer and fed into the sampling scope. Figure 2.43 is a block diagram of this setup.
The theory of DBMs [79] suggests that when two signals of identical frequency but
of different phase are applied to the inputs of a balanced mixer, the output at the IF
port will be DC voltage proportional to the phase difference. The calibration of the
mixer used in this setup is shown in Figure 2.44 and corresponds to 1.1 mV/ps. The

limit in the sensitivity of the measurement can be found by introducing the reference
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signal in both the RF and LO ports of the mixer, and zeroing the mixer output with
the phase shifter.

A typical output signal of the phase comparison of the laser and rf reference signals
is shown in Figure 2.45. From the width of the trace, after subtracting in quadrature

the measurement limit, we deduce that the timing jitter has
o= 12ps

For longer time scales the output of the mixer is sampled by an ADC card in a PC
and shows variations of the order of few ps during 30 min of data collection as shown
in Figure 2.46. In contrast, when the timing stabilizer loop is deactivated, drifts of
order 100 ps in a time scale of minutes are evident as seen in Figure 2.47.

The stability of the electron beam with respect to the reference rf is checked using
the ringing cavity. The 2856 MHz signal is transported to the laser room, amplified by
30 db and phase compared with the 476 MHz driving frequency (already multiplied
by 6). The system records a phase jitter measurement based on approximately 100
consecutive electron beam bunches and is interfaced with SCP. The rms jitter recorded
by the cavity is about 0.3 degrees in S-band, while when the electron beam is absent
a pedestal RMS noise of 0.1 degrees is observed. Variations on a time scale of 30
minutes are less than 2 ps rms, while diurnal effects that change the length of the
LINAC do change the electron timing on a time-scale of hours. Figure 2.48 shows
the phase noise of the electrons with the reference to the laser rf together with the
ambient barometric pressure over the period of 6 days, and the ‘phase ramp’ which is
used by the accelerator operators to vary the phase of the electron beam manually in
case the MDL feedback is inadequate or needs to be opposed. This adjustment has
an instantaneous effect in the laser-electron timing.

Since this experiment utilizes the accelerator and the laser technology, it inherits
all the possible noise sources from both. As a result, the frequencies of the timing
jitter sources span the range from the low to the high acoustic frequencies, which
makes it difficult to isolate and correct. In addition, there are also long term timing
_ drift sources that affect the data collecting process of this experiment.

The accelerator contributes to the timing jitter with frequencies at 360 and 750
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Figure 2.49: Signal of the fast photodiode that monitors the leakage from the curved

oscillator cavity mirror. The 360 Hz Fiducial Leakage detunes the ML and creates
the instability shown as Spikes
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Hz and their harmonics. As mentioned above one possible source of timing jitter
is the 360 Hz of the fiducial pulse which shows as a sideband in a power spectrum
of the reference rf. Its effect on the oscillator pulse train is immediately noticed on
the photodiode that monitors the leakage from the curved oscillator cavity mirror
as seen on Figure 2.49. Although the timing stabilizer module filters the input 119
MHz, the 360 Hz is a sideband on the carrier and usual bandpass passive filters
have a much broader acceptance [79]. The solution for this problem is to inhibit the
fiducial generating circuit inside the FIDO module. The 750 Hz which results from the
electron interferometer, can only be inhibited with expensive Phased Locked Loops
(PLLs) and it was not corrected for in this experiment. The main 750 Hz sideband on
the 24th harmonic of the reference signal has a substantial amplitude and contributes
to the phase noise, while its harmonics are steeply falling in amplitude.

Most of the jitter on the laser pulses stems not from the reference signal but
from individual components and collective effects of the laser itself. For similar mode
locked oscillators these effects are discussed in [69, 74, 75, T6].

Since the oscillator cavity optical path length defines the frequency of the laser
pulse train, possible variations on it are a source of timing jitter. This path length
varies due to mechanical vibration of the cavity mirrors or refractive index changes
of the Nd:YLF rod, the Brewster polarizer or the ML. Thermal changes in the cavity
length which would show as long term drift, are unimportant, since the cavity is on
top-an invar plate which has a small thermal expansion coefficient. A slight detuning
of the cavity length increases the noise floor of the power spectrum. This shows that
in the frequency domain, the cavity length variations affect the laser pulse train in a
broad range of frequencies from as low as a few Hz, the resolution of the spectrum
analyzer, and as high as 5 kHz.

The mechanical stability of the oscillator invar plate was checked with an ac-
celerometer. A quiet noise floor of 3.2x1071° ym?/Hz was detected when all the
equipment in the laser room was turned off. It increases in specific frequencies when
the water re-circulator to the oscillator lamp or the chiller to the ML heat sink are on,
as shown in Figure 2.50. Possible vibrations created by the ML chiller are detected at
100, 200, its harmonic at 400 and at 550 Hz, while the lamp’s cooling system increases
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Figure 2.51: The Low Frequency Spectrum of the Laser Pulse Train



CHAPTER 2. APPARATUS : 98

10-fold the noise floor in the frequency range of 100 to 500 Hz. The mechanical vi-
bration from the water to the lamps was eliminated by using a flexible hose system
that decoupled the laser head from the rest of the system, while the ML chiller was
positioned on rubber mats.

A low frequency spectrum analyzer [80] records the rms average of 16 traces from
the 20 GHz diode on a 10 kHz span in Figure 2.51. These spectra identify noise sources
in other frequencies and especially at 60 Hz, 360 Hz, 1.05 kHz and its 2nd harmonic
at 2.1 kHz, and higher frequencies. All these frequencies are discernible as sidebands
of the 24th harmonic of the 119 MHz pulse train frequency, which establishes their
contribution to the phase noise in the experiment.

Apart from mechanical noise a possible source of timing jitter is the oscillator
power supply that results in amplitude fluctuations in the flashlamps. This amplitude
noise could couple into phase noise due to the presence of Raman gain in the Nd:YLF
which produces an intensity dependent shift of the laser frequency [77]. The 60 and
360 Hz peaks in the power spectrum are identified as this source for noise. The larger
source of noise is the 1 kHz sideband, which is only speculated to be originating in
the TS circuit feedback loop response.

Longer term drift due to the thermal expansion of the CPA fiber was not detected
since the TS diode was positioned both before and after the fiber resulting in similar
drifts of 0.5 ps /min. This kind of drift is within the specifications of the TS [70].
A slow change in the polarization of the light after the fiber was detected which
results in intensity variation of the light in the time-stabilizer diode diode due to
its sensitivity only in S polarization. This change possibly drives the feedback loop
with less than the optimal level and so affects its performance. Relaxation of the
optics mounts on the optical tables and mainly of the end mirrors of the oscillator
cavity can also result in a long term drift. The thermal stability of the ML is critical
to its performance and subsequently to the timing jitter of the oscillator pulses, as
described in the laser setup, even though the temperature changes of its water re-
circulator were maintained to approximately 1° C. The main reason of long term
instability in the timing is the electron beam path length changes due to ambient

temperature variations, as observed in Figure 2.48, and due to the IP box motion
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which translates into timing drift of the two beams with respect to each other.

In conclusion, there were two main sources for timing jitter: the 750 Hz noise
from the electron interferometer and the 1kHz noise, which is only speculated to be
the TS phase shifting electronic board. The main source for drift is the TS resulting
in 0.5 ps/min timing drift and the electron accelerator length resulting in 2 ps/hour
timing drift. During running periods of this experiment, we try to correct for drift
by stopping the data taking process and re-timing the laser with the electrons using
time scans. The timing jitter was obvious in the data as described in Appendix D

and could not be corrected better than o,ms = 1.5 ps.
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2.6 Detectors

At the interaction point the high energy electron beam absorbs one or more laser
photons and loses energy while emitting a high energy gamma ray in the forward
direction, due to either linear or nonlinear Compton scattering. If the laser field
is strong enough in the electrons’ rest frame to exceed the critical QED field then
electron-positron pairs are expected as well. All the products of the interaction are
moving in the forward direction (at an angle 1/v), but a magnetic spectrometer based
on the electron permanent dump magnets deflects the electrons and positrons on op-
posite directions onto two similar calorimeters. An electromagnetic shower sampling
[83] calorimeter (ECAL) [81] detects the backscattered electrons. The gamma ray
flux, dominated by the linear Compton scattered gammas, is detected by a photon

counter (CCM1) located on the gamma line, downstream of the IP.

Al Converter
Y \4 ete
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Figure 2.52: A schematic of the forward gamma counter (CCM1)
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proves the linearity of the monitor. The two distinct slopes correlate well with the
change in the electron beam parameters.

2.6.1 Forward gamma monitor

The detector that measures the linear gamma rate and is used to normalize the
nonlinear scattered electron rate is similar to the ones used in the SLC wire scanning
setup. Figure 2.52 illustrates the counter design. A shower converter, in this case 0.2
radiation lengths of Al from an electron beam flange located in front of the detector,
precedes a length of 25 mm of air. The gammas convert into pairs and in turn emit
Cherenkov radiation in air. A 45° mirror made of polished aluminum directs the
Cherenkov light downwards towards another similar mirror which in turn deflects it
into a photo-multiplier tube with the total light path being 1 m. The cross section of
the initial light channel is 25 mm X 25 mm and this is increased after each additional
90° reflection to retain rays within 7° of the axis. This design places the PMT far

from the electron beam line to reduce backgrounds and allow for shielding by lead.



CHAPTER 2. APPARATUS : 102

The walls of the Cherenkov section and the first few cm of the light pipe are painted
flat black. Beyond that the walls are made highly reflective by applying aluminized
Mylar. The PMT was chosen for its ability to deliver large peak currents, and the
voltage division was selected to optimize this for gains of order 10* while the tube
operates at 1500 to 1800 V. A filter, made out of Al with a regular pattern of 36
holes, can be inserted remotely in the light path. This induces an attenuation of a
factor of 10 and is available in order to prevent the PMT space charge saturation
which can occur with small spots. The whole gamma counter is on rails and can be
remotely taken out of the path of the gamma rays. The PMT reading is sent to an
ADC counter on a CAMAC crate, and from there to both the SCP control program
and to the data acquisition system of the experiment.

A calibration of the gamma counter is done by inserting the IP Al foil as shown
in a previous section. The calibration is based on the assumption that the CCM1 ac-
ceptance is the same for bremsstrahlung and linear Compton gammas. Furthermore,
the total gamma flux from bremsstrahlung with that foil is calculated to be about
equal to that of linear Comptons. Then one can conclude that although the spectra
of the two processes are different the calibration based on the bremsstrahlung rate is
valid.

Figure 2.53 shows the linearity of the counter with the laser energy during a
typical run. The two distinct slopes in this figure correspond to two electron beam
configurations with different electron beam horizontal dimensions. Since the laser is
colliding with the electron beam in the horizontal plane more gammas are produced
if the electron beam extends further horizontally. The gamma rays that the counter
detects are primarily from linear Compton scattering and, therefore, should scale
linearly with laser energy as long as the geometry of the interaction region, e.g.

electron beam configuration, is not changing.

2.6.2 Magnetic spectrometer

The magnetic spectrometer is located downstream of the IP consisting of 6 permanent

magnets that also direct the un-scattered electron beam to the electron dump. A
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Figure 2.54: A schematic of one of the permanent magnets

scaled schematic of one of these magnets is shown in Figure 2.54. The field map of one
of the magnets is shown in Figure 2.55. A particle tracking code was developed and
the results are shown in Figure 2.56 where also the position of the two calorimeters and
their acceptance is drawn. The electron calorimeter (ECAL) is positioned downstream
of the 6th magnet, under the electron beam-pipe and is on a remotely controlled
stage that increases its effective acceptance to a range of 5 - 30 GeV. The positron
calorimeter is positioned on top of the chamber after the 4th magnet in order to

detect positrons with energies in the range 16 - 5 GeV [22].
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2.6.3 Electron calorimeter

The electron sampling calorimeter (ECAL) is made of layers of absorber (tungsten)
and detector (silicon) with total of 23 layers as in Figure 2.57 [81]. The tungsten
layer has 1 radiation length of thickness. Each of the silicon layers is segmented
into 12 rows and 4 columns of 1.6 cm x 1.6 cm active area pads. Every 4 rows are
separated by 1 mm of inactive silicon. Some of the calorimeter design parameters
are shown in Table 2.3. Since the electron calorimeter is centered with respect to the
electron beam-line we expect the signal to be measured by the two middle columns
(inner pads), while the two outer columns (outer pads) give an estimate of the various
backgrounds as will be discussed in the data analysis section. The longitudinal layers

of ECAL are wired into four segments in a pattern suggested by an EGS simulation
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Figure 2.55: Field map of one of the permanent magnets
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Figure 2.56: Electron and positron trajectories after the interaction point

(a particle propagation simulation code for detectors)[84] to balance the signal in the
first three segments and use the last segment to estimate possible backgrounds. This
configuration also creates a smaller load on the data acquisition system.

The readout of the calorimeter is done with electronics that had been used at ex-
periment E706 of Fermilab. The Redundant Analog Bus Based Information Transfer
(RABBIT) system reads the charge collected by the silicon pads and amplifies it using
modules designed also for the E706 Liquid Argon Calorimeter (LACAMP modules).
The whole system is interfaced with a PC that is part of the data acquisition system
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Figure 2.57: Schematic of the electron calorimeter

described in a later section.

The fraction of the total incident energy which is deposited in the silicon is given

by [82]:
e lsds

%‘,,_.E‘lwdw + %lsds

E,
—= = (2.15)
where %I,d, is the minimum ionizing loss in the medium : and d, is its depth. So
from the parameters given in Table 2.3 we calculate that E,/E ~ 0.1% which confirms
the ‘sampling fraction’ of the same Table. The amount of energy needed to create
one electron-hole pair in silicon is 3.6 eV and since holes drift 3 times slower than
electrons, the total charge seen by the integrating electronics is approximately 3 x 108
electrons per GeV of incident energy. This signal corresponds to 490 fC and due to
the range of electron momenta we would like to explore (5 - 30 GeV/c) we have a
limited dynamic range of the electron rate detected by the single amplifier and ADC
card. The saturation limit of the ECAL electronics was 10 TeV.
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Parameters ECAL
no. of layers 23
wafer size 6.4 cm x 6.4 cm
pad size 1.6 cm x 1.6 cm
height 19.5 cm
width 6.4 cm
inactive area 0.15 cm
sampling fraction 1.1 %
silicon area 2820 cm?
acceptance ~ 5 - 30 GeV
long. segm. 4
channels 192

Table 2.3: Characteristic parameters of the electron calorimeter (ECAL)

ECAL was calibrated in parasitic running of the FFTB to the SLC program in
which LINAC-halo electrons of energies between 5 and 25 GeV were transmitted
by the FFTB when tuned to a lower energy. The number of such electrons varied
between 1 and 100 per pulse, which provided an excellent calibration of the ECAL
over a wide dynamic range. Figure 2.58 shows the ECAL response to a beam of 19

GeV electrons. The resolution of the calorimeter can be found from these data to be

AE _ 25%

E  VE

Also in calibration runs the longitudinal profile of the shower in the calorimeter is
shown to agree with EGS simulations. The transverse profile of the shower showed

very small leakage ~ 1% from the inner pads to the outer pads.

2.7 'Triggers and data acquisition system

The triggers for the experiment were provided by a single PDU which, as described

before, is tunable both in time delay and in repetition rate and is synchronized with
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Figure 2.58: ECAL response to 19 GeV electrons in calibration mode

the fiducial of the accelerator rf. A 10 Hz rate is used as the primary trigger for the
experiment. This frequency is divided to 0.5 Hz to provide the laser trigger and to
3 Hz to create 3 trigger pulses in between the laser firing for the DAQ system. The
main purpose is to collect data in the following cases:

(a) The laser fires and the electron beam is present at the interaction point. This is
the trigger for measuring the signal events.
(b) The laser does not fire but the electron beam is still present. This provides the
electron beam background measurement.
(c) Neither the laser nor the electron beam are present in the IP, allowing electronic
pedestal measurements. '
(d) The laser fires but the electron beam is not present at the IP to look for laser
associated electronic noise. No noise was detected during the running period.
A 3-bit trigger is used in the DAQ in order to accommodate the above possibilities.

A schematic of the trigger electronics is shown in Figure 2.59.
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The data acquisition system [87] was capable of recording all the relevant laser
and electron parameters and the signal from the detectors, moving the IP box both
in the vertical and horizontal plane, scanning the optical delay, and stepping the
electron calorimeter in the vertical direction. Due to the relatively low data rate it
was possible to base the DAQ system on PC’s interconnected via a local Ethernet
network as shown in Figure 2.60. The ‘Front-End’ PC’s are interfaced to detector
electronics and the diagnostic equipment of the laser and electron beam parameters.
The ‘Back-End’ PC collects the data from the FE’s and creates the event block.
The event blocks are stored on disk and broadcasted over the Ethernet to SLAC
mainframes, at the end of a shift, every 8 hours. A number of ‘Display’ PC’s were
used to monitor the data online. This system is modular and can easily adapted
to new detector configurations, while at the same time it is built with off-the-shelf
components and thus is inexpensive. ,

The event size is approximately 1 kByte for the calorimeter data, 200 Bytes for
the laser parameters and a similar number for the electron beam parameters. For this
reason the total storage area in the Main PC was two 2 GByte hard disks allowing
for approximately 10 days of non-stop running at a 3Hz readout rate.

The data structure is the following: One data file is recorded for each run that lasts
from some minutes to one hour depending of its kind (see data analysis section). Each
file consists first of the Run Header which contains a summary of the run parameters
and averages of some measured data. Then the data file records the Start-Of-Run
Data which gives the structure of each event. And after that each event buffer follows.
The structure of the event buffer is similar to that of the run file, i.e. has first the
Event Header and then the equipment buffers follow. Finally each equipment buffer
contains the header and the equipment data.

A PC based program is used for the off-line analysis that utilizes the PAW graphics
and analysis package [88]. It generates large two dimensional arrays (n-tuples) which
columns contain the parameters of each event. The analysis was done by applying
cuts or selection criteria on the n-tuples and utilizing PAW’s arithmetic and boolean
operators and mathematical functions. This analysis of the data is described in the

following chapter.
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Chapter 3

Data analysis

3.1 Introduction

3.1.1 Data collection strategy

Experiment E144 collected data in three periods: March ’94, September 94 and May
95 with the data taking periods lasting 1 to 2 weeks. In addition, the calorimeters
were calibrated in 2 separate runs, using the FFTB test beam. Also a part of the
first running period was devoted to a measurement of the polarization of the electron
beam with results described in Appendix E. The data analysis presented here regards
only the March '95 data when the experimental conditions were optimum and all the
relevant parameters were recorded.

In each data taking period the goals of the experiment were multiple and the run
strategy was as follows: Most of the time was devoted to measuring the recoil electron
spectrum from nonlinear Compton scattering with n=2, 3 and 4 photons absorbed
by the incoming electrons. This study was done for linear and circular polarizations
of the laser pulse in order to further check the existing theory; only results obtained
with circular polarization will be described here. Data were taken using both infrared
(1054 nm) and green (527 nm) wavelengths. For each laser wavelength the energy of
the laser was varied from 10 mJ up to 800 J in the infrared (IR) and up to 350 mJ in

the green, in discrete steps by setting the gain on the laser amplifiers. For each gain
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setting the vertical position of ECAL was adjusted in order to study various sections
of the recoil electron spectrum. The linear monitor CCM1 recorded the number of
scattered gammas in the range of 10* to 107 gammas per laser shot depending on
the laser intensity. The dynamic range of CCM1 was enhanced with the use of filters
in front of the PMT or changes in the PMT bhigh voltage setting. The linear rate
was used off-line to normalize the number of nonlinear Compton scattered electrons
measured by ECAL.

The data collection process was limited for two reasons: First the spectrum to
be measured is dropping very fast in higher order scattering processes; secondly, the
electromagnetic shower propagation in the calorimeter and the various backgrounds
limit the calorimeter’s dynamic range.

The drop of the electron rate beyond the linear Compton edge is very fast even
in a logarithmic scale as can be seen in Figure 1.6. As explained in the last chapter
the gains of the amplifier boards could not cover such a broad dynamic range that
could record both the n=1 linear Compton rate and the n=2 multiphoton .Compton
rate. So the gains were only tuned for the lower rates of the nonlinear part of the
spectrum. That is the reason why the gamma monitor is important since it measures
the linear rate in every shot. Furthermore, even the n=2 rate is at least an order of
magnitude higher than the n=3 rate. This presents the following problem: If ECAL
is positioned with its top rows in the n=2 spectrum and its lower rows in the higher
order processes spectrum, then electromagnetic shower spreading from the top rows,
that collect a large number of recoil electrons, increases the energy detected in the
lower rows of ECAL. This makes it difficult to reconstruct the real signal from the
observed one in the lower rows. For this reason only the top four rows of ECAL are
useful at each ECAL position.

Even with only the top four rows of ECAL well reconstructed we still cannot
measure clearly the drop of the spectrum from one order to the the next higher order.
This happens because each row of the calorimeter spans a momentum range (‘bite’)
of about 2.5 GeV for electrons with energy of approximately 20 GeV down to 1.5
GeV for 10 GeV electrons. Since the kinematic edges of the higher order processes

are separated by approximately 2 GeV also, a measurement of the steep falling edges



CHAPTER 3. DATA ANALYSIS 114

of the recoiled electron spectrum is smeared due to the ECAL row width.
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Figure 3.1: Overview of the laser intensity and scattered electron momentum map
studied in IR nonlinear Compton scattering

For high laser energies up to 107 linear scatters are produced per collision and
these can create an immense background, when hitting the electron beam pipe or
other obstructions even behind the ECAL position. At even higher laser energies,
the nonlinear rate of some order is high enough to produce a large background that
inhibits the measurement of the part of the spectrum corresponding to the next

scattering order. So one needs to lower the position of ECAL as increasing the laser
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energy in order to map the higher order nonlinear Compton processes.
For all the above reasons the dynamic range of ECAL is approximately two or-
ders of magnitude and the limitations in the range of field intensity and electron

momentum stemming from this fact are best shown in Figure 3.1.

3.1.2 Description of run types

To overcome the dynamic range problems of the calorimeter and to achieve the max-
imum recoil electron yield by tuning the spatial and timing overlap of the two beams
various running modes were employed. The modes depend on whether the timing
stage, the x and y positions of the IP box, the position of ECAL, or a combination of
the above, were varied during the data taking period. These modes will be referred
to as run types and can be summarized as follows:

(a) The ‘X position scans’ (XS), where the x position (horizontal) of the IP1 box is
varied, in order to scan the focus of the laser over the electron beam and measure the
horizontal size of the electron beam.

(b) The ‘Y position scans’ (YS), similar as the XS’s but on the vertical axis.

(c) The ‘Timing scans’ (TS), where the position of the optical stage was varied.
This allowed us to set the synchronization of the laser pulse with the electron beam.
Due to a long term drift observed in the timing of the two beams, a TS was repeated
between runs collecting nonlinear data, i.e. about every hour. Although the main
monitor in TS is the gamma rate, ECAL is much more sensitive to the timing of the
pulses, since the nonlinearly recoiled electron yield is highly dependent on the focus
characteristics. Figure 3.2 shows the rate of gammas during a TS.

(d) The ‘Data Runs’ (DR), where the data are collected with the ECAL position,
timing setting and IP box position fixed. In a DR we collected up to 2000 events and
the statistics are very high. The drawback of this kind of running is the drift of the
timing during the run that lessens the quality of the data, and needs to be corrected
off-line by the overlap factor (defined in Appendix D).

(e) The ‘ECAL scans’ (ES), where the position of ECAL is scanned in mm steps col-

lecting 10 events in each step. Although these scans have low statistics, are extremely
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Figure 3.2: Time scan

useful when scanning a kinematic edge, since they enhance the calorimetetr’s dynamic
range.

(f) The raster scans of both the IP x position and the relative timing of the two
beams, ‘XT scans’ (XT), as shown in Figure 3.3. In this mode we measure the energy
deposited in ECAL (positioned below the linear Compton edge) and in the gamma
monitor for a 2-dimensional grid in x-t space of the interaction, where dx is the spatial
offset in x-direction of the laser focus with respect to the center line of the e~ bunch
and dt is the temporal offset of the laser pulse center with respect to the e~ bunch
center. This way we not only get the rates at dz = dt = 0 as in a DR, but we also
measure the n = 1 related background in ECAL. Due to the timing jitter between
the laser pulse and the electron beam we used an 11 x 11 space-time grid and 10
laser pulses at each point. The drawbacks of this run type are the low statistics and
the long time needed to complete a run, especially during the setting of a new box

position.
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3.2 Nonlinear Compton scattering with circularly

polarized infrared laser.

Most of the data was collected at a laser wavelength of 1.053 um , and circular
polarization as can be seen in Appendix C. Combining data runs and ECAL scans we
collected 18000 laser ON events at various laser energies and ECAL positions. After

the appropriate cuts we are left with 7000 Laser ON events. The distribution of

no. of events per bin
o
“

102

10

7.5 10 12.5 15 17.8 20 22.5 25
Recoiled e” Momentum [ GeV )

Figure 3.4: The event distribution over the scattered electron momentum range for
data taken with IR, circularly polarized laser

the events over the momentum bins is shown in Figure 3.4. Figure 3.5 is a plot of
the range of the electron momentum and laser energy covered by the experiment and
reflects the overview map of Figure 3.1 on the data.

In this chapter the distributions for the parameters recorded at each event, their
analysis and correlations amongst them and the cuts emerging from this analysis will
be described. The energy of the events that survive the cuts is studied for each row
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Figure 3.5: The laser energy - electron momentum map for data taken with IR,
circularly polarized laser

and segment of ECAL as well as the number of gammas from CCM1. This motivates
the creation of a useful quantity to compare with the theoretical results that will be

introduced and studied in the next chapter.

3.2.1 Measurement of electron beam parameters

The electron beam was discussed in the experimental setup and some of its param-
eters were measured. The distribution of the beam charge during the runs with IR,
circularly polarized laser is shown in Figure 3.6. The few very low beam charge events
possibly occured when the electron beam was not delivered at the interaction point.
These are excluded by admitting only events that have less than 3o deviation from
the mean charge of the run from which they belong. The same cut can be applied to

beam position and angles, shown in Figure 3.7, as measured by the BPMs upstream
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and downstream of the interaction point. The energy distribution of the electron
beam after a 3 rms cut was shown in Figure 2.6. |
The size of the electron beam wa: also measured directly by wire scanning as
described in the apparatus section and also by performing x and y scans of the IP
box. The complete measurement of the beam sizes over the course of IR running is

given in Table 2.2.

3.2.2 Measurement of laser parameters, 7 and T

The laser energy during the infrared running was recorded in almost every shot and
its distribution over the total IR, circular running period is shown in Figure 3.8. The
laser amplifier settings were changed so that the laser energy varies in discrete steps
from run to run. Nonetheless, for each energy setting there is a spread in the energy
distribution, that in most of the runs is of the order of 10%; some events that ‘drift ’
in laser energy are also observed within each run. Figure 3.8 shows the laser energy
distribution over all runs and this distribution for only one low energy run (12192).
Although this drift is undesirable from the laser stability point of view, it produced
events that uniformly spread the range of 1mJ to 800 mJ. The quality of the events
that drift far from the mean laser energy of their run is questionable. For that purpose
a loose cut on the ratio of the event’s laser energy over the mean energy (RLENE) of
the run is employed. The range admitted after cuts is given by: 0.5< RLENE <1.5

The trace of the single shot laser autocorrelator was also recorded in every shot,
together with an estimate of its FWHM mostly for online information. A more
accurate fit of the autocorrelator pulse-width was performed off-line and Figure 3.8
shows the distribution of the pulse-widths with a valid fit, over the total infrared,
circular polarization running period. An equivalent to a x? distribution for this fit is
shown in Figure 3.9. The smaller this parameter the better the fit, so we defined an
absolute cut for the data so that the reduced pulse-width x? < 1.5. A correlation of
laser pulse-width with laser energy is shown in Figure 3.10.

The laser area was recorded as well. The image of the CCD camera that performed

the measurement of the focal area in the IP using the Equivalent Target Plane (ETP)
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technique was recorded in every shot and fit off-line. The algorithm used locates the
peak intensity area of the CCD, then sums two rows in the vertical and two in the
horizontal diameter of the CCD, fits the sums with Gaussians plus a background and
finally estimates the area of the focus from the standard deviation of the Gaussian.
The x? of the area fit and of the individual axis are shown in Figure 3.9. An absolute
cut of the reduced focal area y* < 1.5 was used in the construction of the Data
Summary N-tuple (DSN). The distribution of the laser area over the course of the
infrared laser running is shown in Figure 3.8. The diffraction limit in area for 1.054
pm wavelength and effective f-number 6 is 26 um?, so the data show a variation of 2
- 5 times diffraction limited area over all events, which is expected for a T2 laser. No
clear dependence of the area on the laser energy as shown in Figure 3.10, although one
could expect a deterioration of the focal spot at high laser energies (due to thermal
effects in the last two laser amplifiers, that could affect the quality of the laser pulse
wavefront).

From the knowledge of the laser parameters in every shot, we can calculate the
parameter 7 of the strong field produced by the laser on the electrons. The distribution
of n over the total IR, circular running is shown in Figure 3.11. The maximum 7
achieved was approximately 0.6. By definition 2 is proportional to the laser intensity,
and its correlation with the laser parameters is shown in Figure 3.11. Also the critical
field parameter T was measured to be T = 0.4. From the range of the values of the
two parameters we can conclude that this experiment operates in the regime of QED
were 7 =~ T =~ 0.5 and therefore the study of both nonlinear Compton scattering and

pair production effects is possible.

3.2.3 Cuts on laser and beam parameters and data binning

The cuts applied on the data are consistent with the above discussion of the laser
and electron beam parameters measured in this experiment. These cuts are stated in
Table 3.1. The saturated ECAL channels excluded from the cuts are recorded during
ECAL scans where the detector approached the linear Compton edge. The cut on the

overlap factor is empirically deduced from Figure D.3, but necessary to ensure a valid
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energy (mJ) | pulse-width (ps) | area (um?) | e beam config. | overlap | 7n | events left
15 2.2-27 48 - 56 1 06 |0.07 128
27 1.6-1.9 45 - 60 1 0.6 |0.11 215
35 1.7- 23 50 - 70 142 0.6 |0.11 155
43 1.8-23 50 - 70 142 0.6 |0.12 487
51 1.7- 2.2 50 - 70 1 0.6 0.13 141
65 1.7-2.3 55 - 75 1 06 |0.15 73
85 1.7-23 55 - 75 1 0.6 0.16 51
105 1.6-2.0 60 - 90 142 0.6 0.18 121
130 1.6 - 2.0 60 - 90 2 0.6 0.20 184
260 1.8-22 50 - 90 2 0.6 |0.27 463
400 1.6 - 2.1 60 - 100 2 06 |0.34 862
750 1.2-2.0 60 - 100 4 0.6 |0.45 149

Table 3.2: The Laser parameter bins chosen for analysis, together with an estimate
of n and the respective electron beam configurations for the IR circularly polarized

runs
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3.2.4 Linear rate monitor

The dependence of the linear rate monitor (CCM1) on laser energy is shown in Fig-
ure 2.53 for the total IR, circularly polarized laser data. The correlation, although
linear, reveals two distinct slopes which are due to the change of the electron beam
parameters during the running period. The number of gammas is especially sensitive
to the horizontal spread of the electron beam; for larger o, of the electron beam the
laser pulse interacts with more electrons. This can be seen by comparison of Figures
3.12 and 3.13 where the change in electron beam angle coincides in run number with
the increased gamma flux.

The smaller variations in the number of gammas within each of the two slopes in
Figure 2.53 are due to slight changes in the calibration of the gamma counter over
the various run settings. This is due to filter insertion and tuning of the high voltage

on the PMT of the detector in order to increase its dynamic range.
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Figure 3.12: Number of gammas plotted for all the IR runs
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The effect of the timing drift of the laser pulse with the electron beam leads to
less gammas than expected. This overlap effect can be best seen in the distribution
of the ratio of the linear rate over the laser energy for a given run as in Figure D.2,
or in Figure D.3, which shows the ratio of the number of gammas produced over
the number of gammas simulated, for each event, over the course of the experiment
using IR, circularly polarized laser light. This Overlap Factor (O.F.) as defined in
Appendix D, in jitter measurements from the data, peaks at 1 for maxirﬁum overlap

and has a well determined behavior for the bad overlap events.

3.2.5 Electronic noise and electron beam related backgrounds
in ECAL

The noise of the electronic boards was eliminated to the level of 1% and clearly had

a smaller effect than the lateral shower, the back-splash or top fore-splash and the

ecal Ist row GeV
G
!

-2 NI SORUONOOR RSO ST U S OO UU T SO U U TUU U UUUURE SO UURSTOS

ecal, sum of 2nd — 4th rows [ GeV ]

Figure 3.14: Electronic noise in ECAL
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electron beam backgrounds. It can be estimated by parameterizing the correlation of
the signal in one row with the signal in all other rows. with only pedestal triggers
and is shown in Figure 3.14. The round distribution of this data around zero is a
good indication of the low electronic noise.

Although the beam is very stable in position and has relatively low backgrounds,
this experiment requires a measurement of a few recoil electrons in the steeply falling
part of the spectrum of nonlinear Compton scattering. For that reason special care
was taken to reduce the electron beam related backgrounds, that mostly originate
from collisions of the electron beam or its synchrotron radiation with the beam pipe
upstream of the interaction point. The electron beam was tuned occasionally for
better backgrounds on the calorimeter. In addition the electron calorimeter’s position
was lowered in order to avoid saturation from nonlinear Compton recoil electrons
at higher laser energies. This had the effect of lowering the electron beam related
background in ECAL since it was moved further away from the beam pipe. The
combination of these two effects can be seen in Figure 3.15, where the energy in
ECAL is plotted for the total IR running period for beam background events, i.e.
when the laser was not fired (twice between consecutive laser shots).

The electron beam related background is almost constant within each run and is

subtracted on average from the ECAL raw signal.

3.2.6 Laser related backgrounds in ECAL

The most serious background of all is the one associated with the linearly scattered
electrons produced by the laser-electron interaction. These interact with the vacuum
chamber of the magnetic spectrometer before they reach ECAL, but also propagate
behind the detection point were ECAL is located, and mostly interact with the beam
pipe walls producing an extensive shower of electrons and gammas and pair produced
electrons from these gammas. All these products propagate in every direction, in-
creasing the background signal in the ECAL. Figure 3.16 is a simulation using EGS
of the shower from a flange behind the ECAL. Since this background is produced only
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when the laser fires, it can not be subtracted immediately. Apart from this ‘back-
splash ’, there is also a background that affects the front phase of ECAL (fore-splash)
especially when ECAL is on a high vertical position close to the electron beam pipe.

One way to estimate the linear rate background is to correlate the rate from the
linear monitors with the outer pads of the ECAL which do not see any real signal
due to the forward directionality of the nonlinear scatters. On the contrary, the
background events are produced in a larger area and spread over a larger angle easily
reaching the outer pads of ECAL. Figure 3.17 is a plot of the signal in the outer pads
of the first row of ECAL as a function of the rate in the CCM1 for all the IR runs.
The good linear dependence of these two parameters in all runs validates the method
used to correct for the linear rate background.

Another handle used to eliminate the back-splash is the signal in the last longitu-
dinal segment of ECAL (back-segment). The energy distribution of the four ECAL
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Figure 3.20: Dependence of the rms of the ECAL back-segment energy distribution on
the coeflicient k that gives the percent shower leakage of the signal into this segment
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segments is similar for most of the runs, and can be seen in Figure 3.18 for a particular
run. A comparison of the last figure with the predicted by EGS energy distribution
over the ECAL four segments, as in Figure 3.19, shows that most of the back-segment
signal is indeed background due to the laser firing. Indeed, wiring of the back-segment
was chosen to produced an estimate of this background. That the data on the leakage
of the true signal from the first 3 segments into the fourth segment agree with the
EGS simulation is shown as follows:

The signal leakage into the back-segment can be written as:
AE = k * (E,l + Esz -+ E,3) (31)

where the coefficient k is simulated by EGS to be 2%, and E,; is the energy of the
center pads of the top 4 rows accumulated in the j-th segment of ECAL. The energy
distribution of the back-segment can be studied by subtracting from it a variable
leakage and then normalize it by the linear rate given by CCM1. Since the leakage
contributes also to the spread of this distribution due to the fluctuations in the energy
of the shower, we can find the coefficient k that minimizes the rms of this distribution,
as in Figure 3.20. The ky:n is 3.5 % for this specific run and can vary to 1.8% for other
runs, which is very close to 2% simulated by EGS. After subtracting the leakage, a
correlation of the energy in the back-segment with the linear rate monitors is easily
confirmed by Figure 3.21. The correlation of the back-splash with the vertical position
of ECAL is crucial for the reconstruction of the signal and can be shown in Figure
3.22.

In this experiment even the nonlinear rates become so high at high laser ‘energies
that create a large back-splash in ECAL. When ECAL is moved in a low position
that completely avoids the linear rate back-splash we observe a high background in
the back-segment at high laser energies. Also, the top row of the third longitudinal
segment of ECAL shows an increased energy which originates from nonlinear scatters
hitting the top of ECAL. This is due to the angle of the direction of propagation
of the nonlinear scatters, since they are bent by the magnets before ECAL. This
background is hard to eliminate especially since the signal at these low positions, i.e.

low recoil electron momenta, is weak.
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An estimate of a probable ‘fore-splash’ in ECAL can be given by the signal of the
silicon counters mounted on the front of ECAL. Since their thickness is small they
are as sensitive to high energy particles as to low energy particles. A correlation of
their signal with the back-splash is shown in Figure 3.23, which confirms that there
is a general ‘gaseous’ behavior of the background, since backgrounds that originate
from the front and the back of ECAL are well correlated.

3.2.7 Electromagnetic shower propagation in ECAL

The electron calorimeter as described in the last chapter is a sampling calorimeter,
where the absorber is the layers of tungsten and the detector the layers of silicon.
When an electron impinges at the face of ECAL, it will interact with an atom in the
first absorber layer after one mean free path on average [83]. The reaction products,

which are again electrons or an electron and a photon, repeat similar interactions,

-40 <30 =20 -10 0 10 20 30 40 50 60

Distcnce (Center cf the row — Incident point), mm

Figure 3.24: Shower transverse profile in ECAL
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thus increasing the number of secondary electrons. At a certain depth after many
interactions, the average energy of secondary particles becomes low enough to stop
further multiplication; at this depth the maxima of the shower are located. At this
stage and later the ionization loss and Compton scattering are important for the
electrons and photons, respectively. Then the shower decays slowly through these
processes. Figure 3.19 showed the longitudinal shower propagation in ECAL with
its maximum in the second longitudinal segment. The transverse shower propagation
creates a problem for this experiment: The number of electrons that impinge on some
ECAL row, create a shower and a small fraction propagates in the lateral direction
and enters an adjacent row. Due to the steeply falling rates of the primary electrons
with the vertical position on ECAL, this number of electrons is often comparable to
the real signal on this row.

For this reason, the shower propagation in the lateral direction was studied both
in calibration runs using the test beam of the FFTB and in the nonlinear Compton
scattering data. The shower was found to be falling exponentially with the vertical
distance from the hit point. The peak and tails of the shower had different falling
slopes and were modeled with two different exponentials. Finally, the signal at some

distance y, in mm, from the incident point is given by:

1 _ig -
W= w;—=e 8 + w,—e¢ gzd (3.2)

26, 2f,
where w; = 0.7, w, = 0.3, 8; = 2.7 mm and £, = 9.5 mm, and w;, w,; where found
empirically, while ; and §; were found by a GEANT [85] simulation. Figure 3.24 is
a fit to calibration data using the above model [86].

3.2.8 ECAL signal reconstruction and energy distribution

The effect of all the backgrounds and showering among the ECAL rows can be mod-
eled empirically and the signals in ECAL can be reconstructed in order to reveal
the true signal from the steeply falling spectrum of nonlinear Compton scattered
electrons. Two methods were developed for that purpose.

In the first approach [89], the response of the calorimeter to an electron beam

incident at a vertical position y (approximated with a delta function) is written as a
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vector X;(y), where j labels the readout channels of ECAL. This is done by taking
into account the shower functions X;(6v), and assuming that the shower response
is independent of the ECAL position Y. Then the splash coefficients V;, where j
again denotes the readout channel, were found from fitting the xt-scans away from
the nonlinear signal, and correlating them with the Y position of ECAL.

The readout of ECAL under a spectrum f(y) is

Xl = [dyf@)X;()
and the reconstructed signal is

Rilfl = [ duf()RiiX;(v)

where i labels the reconstructed signals. The function g:(y) = Ri; X;(y) is then the
aperture function of the reconstructed signal. We get an estimate of the coeflicients
R;; by adjusting them, such that g:(y) is zero for y outside the region of the ECAL
pad and is one inside. In that way we do not need to assume any function f(y). The

R;; are determined by minimizing x?:

Ri;X;x — Dy)*  (R;V;)?
X2=sz:( g J:;? k) +( ;,21)

tk

where k is the index over the discrete values used for yi, Xix = Xi(yx), Dix =
g¥e*ired(y,) and oy and o' are the tolerances for the deviation of the achieved and
desired aperture function.

Minimization of the x? produces the coefficients R;; used to adjust the signal
in every ECAL channel. This improved the dynamic range of ECAL and made it
possible to observe the kinematic edges of n=2, n=3 and n=4 nonlinear Compton
processes.

A second way [90] of reconstructing the ECAL signals is dependent on the shape
of the spectrum. An exponential shape f(y) for the distribution of energy within an
ECAL row, was assumed. Taking into account the shower spreading among rows,
and the parameterization of the back-splash with the vertical position of ECAL, the
transformation of the total incident energy to the observed readout was found. This

method produced results equivalent to the first one.
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The raw energy distributions of the ECAL signal as taken from the center columns
(center pads, CP) of the electron calorimeter for all 12 rows, for run 12180 is shown
in Figure 3.25. After the application of the data reconstruction techniques the top 4
rows of these distributions for events surviving the cuts are plotted again in Figure
3.26. Similar distributions are recorded and reconstructed for all the other runs with
the mean energy varying as a function of laser intensity and ECAL position.

" Although the scattered electron rate in energies lower than the linear Compton
scattering cutoff correlates nonlinearly with both the linear rate and the laser intensity
given by the parameter 5, it is difficult to observe this behavior directly on the energy
distribution detected by ECAL. First of all, it is difficult to observe this within a run,
since the laser energy varies only over a small range and the jitter in the other laser
parameters and timing contributes in large variation in the laser - electron interaction
volume. Also, although we combine all runs in the data analysis resulting this way in
a larger laser intensity scaling, ECAL at the same time is moved into various ranges
of electron energies to avoid saturation and other effects discussed before. So even
though such a direct nonlinear correlation of ECAL energy with laser intensity, i.e.
quadratic at the n=2, cubic at n=3 etc., would have simplified the data analysis, it
is not possible. Another approach leading to a measured quantity that would have

such correlations has been followed, resulting in the observations of the next chapter.

3.3 Nonlinear Compton scattering with circularly

polarized green laser light.

The data collected for laser wavelength 0.527 ym , and circular polarization can be
seen in Appendix C. Combining data runs and ECAL scans we collected 16000 laser
ON events with various laser energies and ECAL positions. After the appropriate
cuts we are left with 5000 Laser ON events. The range of the ECAL position scanned
and its equivalent recoil electron momentum range are given in Figure 3.27. The
distribution of the events over the momentum bins is shown in Figure 3.28. Figure

3.29 is a plot of the electron momentum - laser energy phase space covered by this
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part of the experiment and reflects an attempt giving an overview map for the green
laser as done previously for the IR. The analysis of the data taken at green laser light
follows the exact steps with the IR, with some exceptions as noted in the following

subsections.

3.3.1 Electron beam and laser parameter measurements

The distribution of the beam charge during the runs with green, circularly polarized
laser is shown in Figure 3.30, where again a 3¢ cut from the average charge at each
run was applied. The sizes of the electron beam during the green circular runs were
shown in section 2.1. The angles and positions of the beam are more stable than in
the IR runs as seen in Figure 3.31.

The laser energy during the green running was recorded in almost every shot and

its overall distribution is shown in Figure 3.32. A cut on the ratio of the event’s laser

per bin
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Figure 3.30: Electron beam charge of the green circular runs
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Figure 3.32: Laser energy for the green circular runs
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Figure 3.33: Reduced x? of the laser area for green runs
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energy over the mean energy (RLENE) of the run is employed in the range: 0.5 <
RLENE < 1.5.

The treatment of the green runs differs from that of the infrared runs due to the
lack of a green autocorrelator. The pulse-width was recorded by a streak camera
placed at the return laser beam after the optical transport. This may overestimate
the laser pulse-width in the interaction point due to the additional windows in the
optical path. The streak camera recorded pulse-widths of 1.9 ps and higher. One of
this streaks was shown in Figure 2.25. Although a slight trend of increasing pulse-
width with increasing laser energy appears, the streaks also show a systematic error
towards larger pulse-widths for some of the data taken due to the increased level
of light intensity on the streak camera CCD. Although the resolution of the streak
camera is specified as 750 fs [50], it was not recently calibrated and a deterioration
is suspected. Furthermore, a theoretical calculation of frequency doubling of an IR
pulse of 1.8 ps (the average laser pulse-width in IR) using the specific doubling crystal
geometry estimates a decrease in pulse-width. For these reasons a constant pulse-
width of 1.9 ps was assumed for the data analysis of the green runs.

The x? of the focal area fit and of the individual spot axis are shown in Figure 3.33.
A cut at x? <1.5 was applied on the data. The distribution of the laser focal spot area
over the course of the green laser running is shown in Figure 3.34. The diffraction
limit in area for 0.527um wavelength and effective f-number 6 of the focusing optic is
Tum?, so the data show a variation of 2 - 5 times diffraction limited focal spot area
over all events. Figure 3.35 does not show a clear dependence of the area on the laser
energy.

The distribution of 5 for the green runs is shown in Figure 3.36. The maximum 7

achieved was 0.3. Its correlation with the laser parameters is shown in Figure 3.37.
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3.3.2 Cuts on the laser and beam parameters and data bin-
ning

The cuts applied on the data are given in Table 3.3, where the names of the variables

are consistent with the ones in the IR.

An appropriate binning on the map of laser parameters and recoil electron mo-
mentum for the events that survive the cuts was applied in the green data. These
bins on the laser parameters together with the corresponding beam configurations
and an estimate of the parameter 7 are shown in Table 3.4.

One can also define adjacent bins of momentum of 0.5 GeV each and construct a
matrix having as entries the reconstructed ECAL signal at each momentum bin, for

a specific laser bin.
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Figure 3.38: Correlation of the linear rate with laser energy for green runs
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Cut parameter Range | Events Remained after cuts
laser energy / run average. (RLENE) | 0.5 - 1.5 15832
laser area / run average. (RLARE) | 0.5- 1.5 12720
electron beam charge cut (BFLA) 0 15745
no. of saturated channels (NSEC) 0 16271
overlap factor (NCCM1/NGMC) 0.5-1.5 7383
Events before cuts 16322
Events after all cuts 5342

Table 3.3: Cuts on laser parameters, electron beam parameters, the overlap factor
and the number of saturated ECAL channels for green runs

3.3.3 Detector studies in the green laser runs

The linearity of the gamma rate with the laser energy is shown in Figure 3.38 for
the green runs. The electron beam related background in ECAL is even lower for
the green laser runs than the one presented for the IR. This is due to a protective
plate inserted on top of ECAL and due to the energy range of the electrons scattered
off green laser photons: Because of the shift of the kinematic edges of the nonlinear
process into lower energies for green photons, the calorimeter needs to be positioned
even further from the electron beam pipe (lower). The electron beam background is
again subtracted on average from the ECAL raw signal similarly to the IR analysis.
The linear correlation of the outer pads of ECAL with the gamma monitors holds
also for green and the reconstruction of ECAL signal due to back-splash is the same

as discussed in the IR section.
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energy (mJ) | anal. width (ps) | area (um?) | e~ config. | overlap | n | events left

8 1.5 40 - 90 5 0.6 0.02 174

14 1.5 40 - 80 5 0.6 0.03 116

32 1.5 25 - 35 ) 0.6 0.06 267

57 1.5 26 - 36 5 06 |0.09 700

85 1.5 29 - 35 ) 0.6 0.10 73
100 1.5 26 - 37 ) 0.6 0.11 425
180 1.5 20 - 60 5 0.6 012 383
230 1.5 35 - 65 5 06 |0.11 62

Table 3.4: Laser parameter bins chosen for analysis, together with an estimate of
n and the respective electron beam configurations for the green circularly polarized

runs
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Chapter 4

Results

4.1 Introduction

4.1.1 Normalized recoil electron rates.

From the energy distribution of the ECAL rows discussed in chapter 3 one can infer
the number of electrons collected pulse by pulse for some recoil electron momentum

by dividing the energy by this same momentum:

N = —E;(p—) (4.1)

p

Since there is a momentum bite dp associated with each ECAL row, p is the average
momentum for this ECAL row. A more physical result is the number of electrons per
momentum interval (bite): |

= — (4.2)

To use this quantity for the study of events having different laser intensities one
needs to normalize it by that laser intensity. Even better one can normalize it by
the number of linear gammas, so that it will also account of the effect of bad overlap

among events. Therefore we have defined the normalized yield:

1 dN

N'v. dp
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We can write the linear rate in terms of the number of beam electrons N., laser
photons N, the area of the electron-laser interaction A., the overlap factor OF and

the total Compton scattering cross section og as follows:

CNW
N, = _]\_’Z__ -(OF)oq (4.3)
The recoil electron rate per momentum interval is therefore
dN dN do NN, do N, do
B @ A NG )
where
1do
oo dp

is the differential nonlinear Compton Scattering normalized by the total Compton

scattering cross section and equals to the normalized recoil electron yield:

1 do 1 dN
0dp "N, & (49

The final result of the analysis is the normalized electron yield studied as a function
of electron momentum for various laser energies (or intensities) and as a function of
laser energy for fixed momenta. This reveals the spectrum with the kinematic edges
discussed in chapter 1 and the nonlinear dependence of the process on the laser
intensity. The normalized yield is useful because the time jitter between the electron
and the laser beam contributes to the variations of the nonlinear yield in a way that
can not be calculated by electron and laser measurements only. So although as an
average we calculate the correct number of gammas, in an event by event analysis
(such is the one presented here) we need to normalize the nonlinear rate with the
linear rate which reflects not only the change in the beam parameters but also the
timing jntter.

Furthermore, while generally in high energy physics experiments the final result
is the differential cross section of the process studied, in this experiment this can not
be done. The reason is that the cross section of the nonlinear Compton scattering
process of order n scales as

n(2n-—1)
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i.e it varies with laser intensity. But since the laser is focused in the interaction point
the intensity of the field varies both in space and in time. In the following section
we will see that the simulation integrates over this space time volume in order to
calculate the rate of the process. A cross section that varies in space and time in the

interaction region is ill defined and for this reason it is not used in this experiment.

4.1.2 Numerical simulation of nonlinear Compton scattering

Some results of an analytic calculation of the nonlinear Compton rates were given
in the first chapter, and the assumptions made there approximate the experimental
conditions. Nevertheless, a simulation was developed for this experiment [91] that can
calculate recoil electron yields for any laser intensity over a range of recoil electron
momentum. It is a numerical integration of the rates given in [14] over a space-
time grid around the focus of the laser in the interaction point, taking into account
the geometry of the scattering. The crossing angle between the laser pulse with the
electron beam is 17° and is one of the complications entering the analytic calculation,
but can be successfully simulated. The numeric integration also takes into account
the laser focusing angle and its Gaussian characteristics, while the analytic calculation
could only assume cylindrical Gaussians for both beams.

Furthermore, the attenuation of the electron beam density as the electrons enter
the laser field is calculated using the Klein-Nishina approximation. The primary pro-
cess products of the laser - electron interaction are either the linear Compton scatters
(the rate for this process is also estimated using the Klein-Nishina formula) or the
nonlinear Compton scatters; the latter rate is calculated using the cross section of
the nonlinear Compton scattering. The secondary processes are stemming from the
further interaction of the recoil electrons and gammas emitted in the primary pro-
cess. One of the secondary processes is pair creation from the interaction of a primary
gamma (created by the dominant linear Compton scattering); this is calculated using
the Breit-Wheeler cross section. Another secondary process calculated by the simu-
lation is the nonlinear Compton scattering due to the electrons that recoil from the

first interaction. Gammas can also be produced by a secondary interaction of the
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linearly or nonlinearly primarily scattered electrons, which is also taken into account

in the numerical integration.

4.2 Nonlinear Compton scattering results for in-

frared, circularly polarized laser light

4.2.1 Energy spectra of recoil electrons

The results shown here will be the normalized electron rate as a function of the
electron energy for a given laser energy range, and as a function of the laser intensity
for various electron energy ranges. These data will be shown using two approaches
in a natural order as followed during the data analysis.

The first approach called the ‘unreconstructed ’ (UR) method uses the raw data
and regards as real signal the energy deposited in the center-pads after subtracting a
portion of the outer pad signal and the electron beam background. In this way the
 laser associated background which is the main contribution to the outer pad energy
is subtracted from the signal. This does not account for showering phenomena in
the calorimeter, so there is still leakage of energy from one pad to the other that
contributes to our so called ‘signal’. Instead of reconstructing further our signal using
the methods described in the last chapter, we apply a shower spreading algorithm
to the simulation output, that takes into account the shower coeflicients in ECAL
described previously. This algorithm reads the momentum - position map, constructs
the ECAL energy as a function of position, applies the showering on the energy then
calculates the number of electrons for each momentum bin and finally gives an output
of normalized electron yield as a function of momentum. Since the spreading varies
even at the same momentum bin depending on the position of ECAL, the spreading
algorithm also moves the ECAL position in steps of mm, and calculates the yield
in each momentum bin for each ECAL position. To compare with the data that
are integrated over 0.5 GeV bins for presentation purposes (apart from the natural
integration of the ECAL row acceptance), we average the yield over a number of mm

after correction of shower spreading. Since this method of inputing the shower of the
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ECAL energy in the simulation is not done event by event, an average of the laser and
electron beam parameters is used; this is the limitation for this method for comparing
the data with the simulation.

This method produced the plots in Figures 4.1 to 4.3 for the electron yield as a
function of momentum and Figure 4.4 for the dependence of the yield on the laser
energy. The nonlinear rates of the data that are dominated by scattering at nth order
will scale with the laser intensity as I™ and after normalization by the number of
gammas we expect an I""! scaling. At the UR representation a simulation can only
be used with average parameters for laser area and pulse-width. For this reason a
plot of normalized yield as a function of laser energy contains the same information
as with laser intensity and the same power law will be true. The simulation deviates
from a straight line due to the shower spreading.

This kind of presentation (UR) gives us confidence that the direct raw signal
is first of all not corrupted and second agrees very well with the simulation when
considering the resolution of the calorimeter. Although the kinematic edgés are not
as easily discernible as in the reconstructed data (shown in a later section) it is still
easy to see the drop in yield at the n=2 to n=3 transition. The errors on the data
are the sigma of the distribution of the yield for each momentum bin, all rows and
events included. No horizontal error is shown for the simulation since it is already

smeared over the ECAL momentum acceptance.
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Figure 4.1: Recoil electron yield (unreconstructed) vs momentum for fixed IR laser
energy. The large, dark squares are the data points while the line connects the
simulation points (small dark dots). The errors on the data represent the statistical
error of the electron yield distribution for each laser energy - electron momentum bin.



CHAPTER 4. RESULTS : 170

S s i
[ ] r Q
R~ R, -
- 10 & = 10
w E W
° r R
N i N
c - [
v - v =5
10 E “ 10 &
Z E Z
~N C N
-6 -6
10 & 10
10_ Illilll[illllillllill 10- lllillliillllillllilL
15 175 20 225 5 175 20 225
recoil electron energy {GeV] recoil electron energy [GeV]
10" 10"
L oo,
o -5 : - - :
[ g S— o 10k *
o E ; o E
N F : N r
C o : C o
he) N : v L
-6 : £ -6
Z 10 ; 4Z 10
S EL Sk
10 bt 10k
10_—/Iilllilllilllil 10-8hllilllilllilllil
0 12 14 16 18 10 12 14 16 18
recoil electron energy [GeV] recoil electron energy [GeV]

Figure 4.2: Recoil electron yield (unreconstructed) vs momentum for fixed IR laser
energy (cont’). The large, dark squares are the data points while the line connects the
simulation points (small dark dots). The errors on the data represent the statistical
error of the electron yield distribution for each laser energy - electron momentum bin.
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Figure 4.3: Recoil electron yield (unreconstructed) vs momentum for fixed IR laser
energy (cont’). The large, dark squares are the data points while the line connects the
simulation points (small dark dots). The errors on the data represent the statistical
error of the electron yield distribution for each laser energy - electron momentum bin.
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In the second approach the electron yield was calculated by ‘reconstructing’ the
energy deposited in the calorimeter. The data are now compared with the yield
predicted by the simulation, using the event by event parameters of the data. For this
reason the simulation results are shown as isolated points with a 1-1 correspondence
with the data. This simulation includes both nonlinear Compton scattering and
multiple ordinary Compton scattering. In most of the data it is easy to discern
the kinematic edge of the n=2 to n=3 transition. Due to the high rates of linear
electrons we could not map the n=1 kinematic edge. For n=4 and higher the edges
are not any more clear since they are packed closer together from the physics of these
processes and due to the limited dynamic range of ECAL and the limitations of the
reconstruction algorithms in uncovering these edges. Instead, we see a slower drop in
the spectrum. (Note that the vertical axis is a logarithmic scale which reduces the
visual impact of a step in the presented form, but is necessary in order to view several
orders of magnitude of data simultaneously).

The error bars shown on the data points present the statistical uncertainty in the
number of scattered electrons and the systematic uncertainty in the correction for
backgrounds in the calorimeter due to the two reconstruction methods. These errors
were measured as follows:

For a bin in laser energy and electron momentum we have

1 dNG)

S Ay o

where y; is the normalized electron yield in the i-th row. We still distinguish between
events that come from different rows (since each momentum bin contains data from
several ECAL positions) because otherwise a weighted error estimate for the events
diverges, i.e. single events in this momentum bin but coming from low ECAL rows
can have electron yields far from the mean of the distribution that would completely
dominate the error. By weighting all events according to their rows we approach the
real error of the data. The event weights are given by:

1

; (&.7)

w; =
g
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with 0? =< y? > — < y; >2. The electron yield is

> Yiw

llevents

<y >= dlevents (4.8)

Ny
alle‘uzents '

The error on < y > from the statistical variations is og;s, is given by

2 <y >—<y>?
Odistr =

(4.9)

Negquiv

where
(T wi)?

Nequiv =
! Tw?

is the equivalent number of events when each event is weighted by w;.

The difference between the two reconstruction methods is included in the error
estimate by forming the sigma of the average of the two distributions (which is the

quantity plotted) produced by the two methods i.e.

<y>1~—<y> ‘
o .. = 5 )2 (4.10)

recon

Finally the total error o is calculated as the quadratic sum of the above two errors:
02 = agistr + 012'econ ’ (411)

The horizontal error bar on the simulation denotes our uncertainty in measuring
the momentum due to the ECAL pad width (note that the momentum bite varies
from 2.8 GeV at 20 GeV to 1.5 GeV at 10 GeV). Figures 4.5 - 4.9 show the data
and the simulation as discussed above for circularly polarized IR laser for fixed laser
energies.

The systematic error for the linear rate measurement from CCM1 is taken to
be 10% and is not included in the plots but is relatively small compared to all other
errors. Also significant is the uncertainty in the quoted peak laser energy which is also
of the 10% order. Since the simulation takes into account the interaction geometry
it also depends on the laser spot size and the laser pulse-width and therefore carries
an uncertainty stemming from the measurement errors of these parameters. Since in
the IR all three laser parameters were measured in each pulse the uncertainty for the

laser intensity can be estimated at the 30% level.
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In the results plotted the solid circles are the data points with horizontal and
vertical error bars as described above. The open boxes are the simulation where the
vertical and horizontal heights are the magnitude of the error bars. The horizontal
bar is the same as for the data points corresponding to the width of the ECAL rows.
The vertical bar is the statistical uncertainty since each point is an average over many
events as was done for the data points. In this representation the simulation can not
be approximated with a line since it corresponds to data laser and beam parameters
and the data collected do not span the whole laser energy - electron momentum range.

The reconstructed data for the IR are presented in 19 laser energy bins and 20
momentum bins. This is a finer binning in laser energy (we still apply a 0.5 GeV
momentum binning) than the one presented in the data analysis and used for the
unreconstructed data. This is possible in the reconstructed data due to the better

error treatment.
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Figure 4.5: Recoil electron yield (reconstructed) vs momentum for fixed IR laser
energy. The data are represented with solid circles with horizontal error bars corre-
sponding to the ECAL row width and vertical error bars corresponding to statistical
uncertainties and systematic due to the two methods used for signal reconstruction.
The open boxes are the simulation where the vertical and horizontal heights are the
magnitude of the error bars.
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Figure 4.6: Recoil electron yield (reconstructed) vs momentum for fixed IR laser
energy (cont’). The data are represented with solid circles with horizontal error
bars corresponding to the ECAL row width and vertical error bars corresponding
to statistical uncertainties and systematic due to the two methods used for signal
reconstruction. The open boxes are the simulation where the vertical and horizontal
heights are the magnitude of the error bars.
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Figure 4.7: Recoil electron yield (reconstructed) vs momentum for fixed IR laser
energy (cont’). The data are represented with solid circles with horizontal error
bars corresponding to the ECAL row width and vertical error bars corresponding
to statistical uncertainties and systematic due to the two methods used for signal
reconstruction. The open boxes are the simulation where the vertical and horizontal
heights are the magnitude of the error bars.
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Figure 4.8: Recoil electron yield (reconstructed) vs momentum for fixed IR laser
energy (cont’). The data are represented with solid circles with horizontal error
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reconstruction. The open boxes are the simulation where the vertical and horizontal
heights are the magnitude of the error bars.
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4.2.2 Scaling to standard electron and laser beam parame-
ters

As we have seen in the last chapter the parameters of the electron beam and of the
laser pulses varied during a run and so did the overlap in time and space of the
two beams. The effect of jitter has been already discussed and by normalizing to
the number of gammas from the linear Compton we become less sensitive to this
effect. The data already shown were compared with a point by point simulation
because the simulation was done for the parameters of each event and then averaged
(as done for the data) in laser energy and momentum bins. This uniform approach
of data and simulation showed that data and simulation agree. In order to present
the data in a form corresponding to fixed electron beam and laser parameters we
create a simulation corresponding to these fixed parameters. Scaling the data to
these standard parameters, which is only over a small interval in parameter space, is
equivalent with eliminating pulse by pulse variations of the interaction volume.

For this purpose the numerical integration produced lookup tables [91] used to
scale the data for each event to fixed parameters of 2 ps pulse-width, 70 um? focal
area and 60um x60 pm x800 um electron beam size (standard deviation). The
data shown in Figures 4.10 to 4.14 have been scaled to these parameters. Now the
simulation is a line instead of points. This technique is particularly useful comparing
the data with the simulation as a function of laser energy shown later in this chapter;
note that from the standard parameters we can calculate the laser intensity for a
given laser energy. When the data are scaled the error bars include in addition to the
errors discussed for the un-scaled data also the uncertainties in the normalization to
standard beam and laser conditions.

In Figures 4.10 - 4.14 the solid circles are the data and the solid line is the simu-
lation that includes both nonlinear Compton scattering and multiple linear Compton
scattering. The dashed line is the simulation for multiple linear Compton scattering

only.
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Figure 4.10: Recoil electron yield (scaled and reconstructed) vs momentum for fixed
IR laser energy. The solid circles are the data, the solid line is the simulation that
includes both nonlinear Compton scattering and multiple linear Compton scattering.

The dashed line is the simulation for multiple linear Compton scattering only.
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Figure 4.11: Recoil electron yield (scaled and reconstructed) vs momentum for fixed
IR laser energy (cont’). The solid circles are the data, the solid line is the simula-
tion that includes both nonlinear Compton scattering and multiple linear Compton
scattering. The dashed line is the simulation for multiple linear Compton scattering
only.
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Figure 4.12: Recoil electron yield (scaled and reconstructed) vs momentum for fixed
IR laser energy (cont’). The solid circles are the data, the solid line is the simula-
tion that includes both nonlinear Compton scattering and multiple linear Compton
scattering. The dashed line is the simulation for multiple linear Compton scattering

only.
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Figure 4.13: Recoil electron yield (scaled and reconstructed) vs momentum for fixed
IR laser energy (cont’). The solid circles are the data, the solid line is the simula-
tion that includes both nonlinear Compton scattering and multiple linear Compton
scattering. The dashed line is the simulation for multiple linear Compton scattering
only.
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Figure 4.14: Recoil electron yield (scaled and reconstructed) vs momentum for fixed
IR laser energy (cont’). The solid circles are the data, the solid line is the simula-
tion that includes both nonlinear Compton scattering and multiple linear Compton
scattering. The dashed line is the simulation for multiple linear Compton scattering
only.
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4.2.3 Scaled recoil electron rates as a function of laser energy

for fixed recoil momenta

As described before, due to the nonlinear process the yield for events that are domi-
nated by scattering of an electron with absorption of n photons will scale with n or
equivalently with laser intensity as:

dN

— om0 ~J" .
- (4.12)

Therefore the normalized rate will scale as:

1 dN
=~ ) et (4.13)

N, dp

Due to the fast drop of the spectrum with recoil electron momenta, for each n a small
momentum range need be defined in which the laser intensity is varied. Since data and
simulation have been scaled to standard interaction volume parameters as discussed
before we can view the yield as a function of laser energy instead of intensity. A log
- log plot in laser energy and nonlinear yield is more suitable to view this behavior.
Figures 4.15 to 4.19 shows are such plots for various momenta. The momentum range
for each such plot was chosen to be 0.5 GeV. The errors on the data are as discussed
above in the previous sectjon.

If one could see the simulation line in detail then it would be clear that this line
bends as the laser energy increases, since the contribution of higher order scattering
increases for the same momentum bin, and as a result the power Jow changes its slope
in the log-log plot. An attempt to choose the ‘best’ momenta bins and plot for these
the yield vs laser energy is shown in Figure 4.39, where the increasing slope of the
yield for smaller electron momenta is obvious.

A study of the log-log plots reveals that the agreement of the data with the
simulation is better for the two photon process than for the higher order processes.
This is due to the ‘contamination’ of the higher order data by the tail of the energy
spectrum of all the lower orders and their combinatiop. One more reason made clear
also in the presentation of the vield as a function of momentum js that the yield

observed is not reconstructed adequately and energy showering effects contaminate
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scattering. The simulation approximates a straight line that follows the characteristic
power law for the corresponding order of the nonlinear Compton scattering process.
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scattering. The simulation approximates a straight line that follows the characteristic
power law for the corresponding order of the nonlinear Compton scattering process.
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Figure 4.18: Recoil electron yield (reconstructed and scaled) vs IR laser energy for
fixed momentum (cont’). The solid circles are the data and the solid line is the simu-
lation that includes both nonlinear Compton scattering and multiple linear Compton
scattering. The simulation approximates a straight line that follows the characteristic
power law for the corresponding order of the nonlinear Compton scattering process.
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Bagr

4.3 Nonlinear Compton scattering results for green,

circularly polarized laser light

4.3.1 Energy spectra of recoil electrons

The results for nonlinear Compton scattering of electrons from green laser light are
presented the same way as the IR data. First we show the ‘unreconstructed’ data.
Now the simulation is done for 1.9 ps laser pulse-width, 5 times diffraction limited
focal spot area for laser energies up to 200 mJ and 6 times diffraction limited for
higher laser energies due to some degradation in the laser focal spot as discussed in
the data analysis chapter.

This method produced the plots in Figures 4.20 and 4.21 for the electron yield
vs momentum and Figure 4.22 for the dependence of the yield on the laser energy.
Unless mentioned otherwise the ECAL signal has been reconstructed as discussed
before.

In these Figures we can see the shift of the nonlinear Compton scattering energy
spectrum to lower electron energies in the green compared to IR shown before. At
the highest laser energies the ECAL was positioned in order to detect electrons with

energies as low as 7 GeV.
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Figure 4.20: Recoil electron yield (unreconstructed) vs momentum for fixed green
laser energy. The large, solid squares are the data points while the line connects the
simulation points (small solid dots). The errors on the data represent the statistical
error of the electron yield distribution for each laser energy - electron momentum bin.
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Figure 4.21: Recoil electron yield (unreconstructed) vs momentum for fixed green
laser energy (cont’). The large, solid squares are the data points while the line
connects the simulation points (small solid dots). The errors on the data represent
the statistical error of the electron yield distribution for each laser energy - electron
momentum bin.
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Similar to the IR case, Figures 4.23 - 4.26 show the electron yield as a function
of momentum for various laser energies at green wavelength for reconstructed data
using the methods described before. These data have not been scaled. The errors on
them are as described for the IR study. Also the same data after scaling is shown in
Figures 4.28 - 4.31.

The most convincing data for an n=3 process in the green data is shown in the 180
and 220 mJ data and especially Figures 4.31 and 4.32. The clear plateau from about
10.5 GeV to 8.5 GeV coincides with the theoretical prediction of the n=3 and n=4
kinematic edges. Most of these data were collected by ECAL scans which mapped the
details of the kinematic edges in ~0.1 GeV resolution (1 mm ECAL position steps).
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Figure 4.25: Recoil electron yield (reconstructed) vs momentum for fixed green laser
energy (cont’). The data are represented with solid circles with horizontal error
bars corresponding to the ECAL row width and vertical error bars corresponding
to statistical uncertainties and systematic due to the two methods used for signal
reconstruction . The open boxes are the simulation where the vertical and horizontal
heights are the magnitude of the error bars.
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Figure 4.26: Recoil electron yield (reconstructed) vs momentum for fixed green laser
energy (cont’). The data are represented with solid circles with horizontal error
bars corresponding to the ECAL row width and vertical error bars corresponding
to statistical uncertainties and systematic due to the two methods used for signal
reconstruction. The open boxes are the simulation where the vertical and horizontal
heights are the magnitude of the error bars.
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Figure 4.27: Recoil electron yield (reconstructed) vs momentum for fixed green laser
energy (cont’). The data are represented with solid circles with horizontal error
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reconstruction . The open boxes are the simulation where the vertical and horizontal
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Figure 4.28: Recoil electron yield (reconstructed and scaled) vs momentum for fixed
green laser energy. The solid circles are the data, the solid line is the simulation that
includes both nonlinear Compton scattering and multiple linear Compton scattering.
The dashed line is the simulation for multiple linear Compton scattering only.
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Figure 4.29: Recoil electron yield (reconstructed and scaled) vs momentum for fixed
green laser energy (cont’). The solid circles are the data, the solid line is the simula-
tion that includes both nonlinear Compton scattering and multiple linear Compton
scattering. The dashed line is the simulation for multiple linear Compton scattering

only.
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Figure 4.30: Recoil electron yield (reconstructed and scaled) vs momentum for fixed
green laser energy (cont’). The solid circles are the data, the solid line is the simula-
tion that includes both nonlinear Compton scattering and multiple linear Compton
scattering. The dashed line is the simulation for multiple linear Compton scattering

only.
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Figure 4.31: Recoil electron yield (reconstructed and scaled) vs momentum for fixed
green laser energy (cont’). The solid circles are the data, the solid line is the simula-
tion that includes both nonlinear Compton scattering and multiple linear Compton
scattering. The dashed line is the simulation for multiple linear Compton scattering
only.
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Figure 4.32: Recoil electron yield (reconstructed and scaled) vs momentum for fixed
green laser energy (cont’). The solid circles are the data, the solid line is the simula-
tion that includes both nonlinear Compton scattering and multiple linear Compton
scattering. The dashed line is the simulation for multiple linear Compton scattering
only. '
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4.3.2 Scaled recoil electron rates as a function of laser energy
for fixed recoil momenta.

The recoil electron yield for the green wavelength is scaled to the standard interaction
parameters and presented as a function of the laser energy in Figs. 4.33 to 4.36. These
‘power low’ plots deviate from the simulation more than the IR due to the fact that
the kinematic edges for higher order nonlinear Compton scattering are denser in the

momentum space for green than from IR and due to the uncertainty in laser intensity.
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Figure 4.33: Recoil electron yield (reconstructed and scaled) vs green laser energy for
fixed momentum. The solid circles are the data and the solid line is the simulation that
includes both nonlinear Compton scattering and multiple linear Compton scattering.
The simulation approximates a straight line that follows the characteristic power law
for the corresponding order of the nonlinear Compton scattering process.
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Figure 4.34: Recoil electron yield (reconstructed and scaled) vs green laser energy for
fixed momentum (cont’). The solid circles are the data and the solid line is the simu-
lation that includes both nonlinear Compton scattering and multiple linear Compton
scattering. The simulation approximates a straight line that follows the characteristic
power law for the corresponding order of the nonlinear Compton scattering process.
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Figure 4.35: Recoil electron yield (reconstructed and scaled) vs green laser energy for
fixed momentum (cont’). The solid circles are the data and the solid line is the simu-
lation that includes both nonlinear Compton scattering and multiple linear Compton
scattering. The simulation approximates a straight line that follows the characteristic
power law for the corresponding order of the nonlinear Compton scattering process.
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Figure 4.36: Recoil electron yield (reconstructed and scaled) vs green laser energy for
fixed momentum (cont’). The solid circles are the data and the solid line is the simu-
lation that includes both nonlinear Compton scattering and multiple linear Compton
scattering. The simulation approximates a straight line that follows the characteristic
power law for the corresponding order of the nonlinear Compton scattering process.
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4.4 Summary of Nonlinear Compton results

From the data presented above a compilation of some of the electron momenta and
laser energies leads to a comparison of all observed orders of the nonlinear Compton
scattering. For the IR it is easy to see the nonlinear process in comparing the spectra
of the electrons produced from 35 mJ and 400 mJ of laser energy (i.e. approximately
10 fold increase in laser energy). The kinematic edges of the spectrum are evidence
for observation of up to 4 laser photon absorption in a single scatter.

This is shown in Figure 4.37 where the solid and open circles are the 42 and
400 mJ data, respectively and the solid lines are the simulations that includes both

nonlinear Compton scattering and multiple linear Compton scattering for each laser

]
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T 1 lf”ll‘
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Pigure 4.37: Reconstructed and scaled recoil electron yield vs momentum for 2 rep-
resentative laser energies in the IR. The solid and open circles are the 42 and 400 mJ
data, respectively and the solid lines are the simulations that include both nonlinear
Compton scattering and multiple linear Compton scattering for each laser energy.
The dashed lines are the simulations for multiple linear Compton scattering only.
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Figure 4.38: Reconstructed and scaled recoil electron yield vs momentum for 2 rep-
resentative laser energies in the green. The solid and open circles are the 34 and
220 mJ data, respectively and the solid lines are the simulations that includes both
nonlinear Compton scattering and multiple linear Compton scattering for each laser
energy. The dashed lines are the simulations for multiple linear Compton scattering

only
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energy. The dashed lines are the simulations for multiple linear Compton scattering
only.

The plateau at 19 - 21 GeV corresponds to two-photon scatters, and the fall off at
17-18 GeV is evidence for the two-photon kinematic limit at 17.6 GeV as smeared by
the spatial resolution of ECAL. Also in the same figure the shape of the simulation
and data agree for a small shoulder in the 42 mJ data which is the n=3 plateau. This
agreement for n=3 is even stronger at the 400 mJ data, but the plateau is seen only
as a small shoulder as expected. Only a few data points were taken in the n=4 region.
But the evidence for n=4 is best in the dependence of the yield with laser intensity
shown in Figure 4.39.

For green laser light a similar plot can be done but the difference is not as dramatic
although it indeed shows that we observe nonlinear Compton scattering at least of the
3rd order, Figure 4.38. The n=2 plateau at the 34 mJ data and the n=3 kinematic
limit at 10.9 GeV can be discerned. Evidence for the n=3 plateau can be seen in the
220 mJ data.

The same compilation can be done for representative momenta bands in order
to compare the slopes of the power law of the nonlinear Compton scattering. This
is shown in Figure 4.39 for the IR data. As the yields are normalized to the total
Compton scattering photon signal, which is primarily linear Compton scattering, data
at electron energies dominated by order n should vary with laser pulse intensity as
1771, The slopes of the four data sets in Figure 4.39 agree reasonably well with this
expectation. The data also agree with the simulated yields within the 30% uncertainty
in the laser intensity and 10% uncertainty in the measurement of the gammas shown
as a band for each electron energy. The signals for the n=2 and 3 processes are strong
and for laser intensities above 2 x 107 W/cm? there is good evidence for the n=4
channel.

Figure 4.40 is the same plot for the green data. The larger experimental uncer-

tainties in this case reflect lower statistics and a larger background subtraction.
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Figure 4.39: Reconstructed and scaled recoil electron yield vs laser intensity for 4
representative momenta in the IR. The solid and open circles are the data for the
two photon absorption nonlinear Compton process. The triangles are the data for
the n=3 process and the open squares for the n=4. The simulation for each process
is shown as bands representing the 30% uncertainty in the laser energy and the 10%
uncertainty in the measurement of the gamma flux. The slopes of the bands are
characteristic of the order of the nonlinear process
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Figure 4.40: Reconstructed and scaled recoil electron yield vs laser intensity for 2
representative momenta in the green. The solid circles are the data for the two
photon absorption nonlinear Compton process. The triangles are the data for the
n=3 process. The simulation for each process is shown as bands representing the 30%
uncertainty in the laser energy and the 10% uncertainty in the measurement of the
gamma flux. The slopes of the bands are characteristic of the order of the nonlinear

process
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Chapter 5
Conclusions

While Quantum Electrodynamics is highly successful in describing the interaction
of electrons with weak fields, QED has not been tested in strong electromagnetic
fields. In the experiment described here, strong field QED was studied and nonlinear
Compton scattering has been observed during the interaction of a 46.6 GeV electron
beam with a 10'® W/cm? laser beam. In this process the electron may absorb =,

rather than only one, laser photons to produce a high energy gamma ray:
e +nw — e +uw,

This phenomenon depends nonlinearly on the field strength and for strong fields
cannot be described by simple perturbative techniques. The strength of the field

created by the laser is measured by the parameter 5 with highest value achieved
n=0.6

In the rest frame of the electron we approached the critical field of QED as given by

the Schwinger parameter T with highest value achieved
T=04

A strong signal of electrons that absorbed up to 4 infrared photons (or up to 3 green
photons) at the same point in space and time, while emitting a single gamma ray, was

observed. The energy spectra of the scattered electrons and the nonlinear dependence
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of the electron yield on the field strength agree with the simulation of the experiment
based on the cross section calculated by Narozhnyi et al. [14)].

This is the first time this process is clearly observed with free electrons in the
relativistic regime. The experiment is done in vacuum, i.e. only the strong electric
field region is in the vicinity of the interacting electron, in contrast with atomic physics
experiments. Evidence of mﬁltiphoton Compton scattering exists in the. classical
(Thomson scattering) regime (keV electron energies and small 5 values) [3, 4], where
the classical radiation spectrum includes the nth harmonic of the frequency of the
field (multipole radiation) at relative strength 5"

The theory of the nonlinear Compton scattering in strong fields was formulated
some 30 years ago and this is the first time that it is compared with experimental
results. This is mainly due to the advances in the last decade of intense lasers, such
as the Table Top Terawatt laser, that allow us to create very strong fields. The
laser system for this experiment is state-of-the-art and only one other system using
the same techniques is known to us [92]. The high repetition rate, compared with
same intensity systems, is particularly favorable for studies of high energy physics
phenomena with small cross sections that otherwise would not be accessible with
finite accelerator running time.

As discussed in the previous chapters an intense laser itself does not provide the
answer to strong field QED phenomena. It has to be probed by an electron beam
which also needs to be relativistic in order to tunnel through the ponderomotive forces
in the laser focus. The 46.6 GeV electron beam used is also unique in that it can be
tuned to a desirable size at the laser - electron interaction point. One of the interesting
features of this experiment is that it spans two areas of physics, laser and high energy
physics. In order to achieve collisions between the two beams a timing stabilization to
Orms=2 ps between the pulses is necessary. The timing jitter was studied extensively
and many cross field technologies applied to decrease it. Regarding this phase of the
experiment it is not clear, although desirable, whether further stabilization could be
achieved.

The electron spectra that this experiment was called to investigate are falling very

steeply with respect to the electron momentum (and of course increase very steeply
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with increasing laser intensity because of the nonlinearity of the process) and so the
detectors used must have both a fine grain and a large dynamic range. A dynamic
range larger than 1:100 was achieved by a sampling calorimeter calibrated by the
same electron beam in a test configuration. By providing a degree of motion for
the calorimeter we increased the range of the spectra that were mapped by almost a
factor of 3.

The main problems of the experiment are reflected in the difficulties in the data
analysis. The first problem is the very high laser related background, particularly, the
gammas from the linear rate that interact with all the beam-line components in the
vicinity of the calorimeter. In order to subtract this background three methods were
developed. In the first method the simulation incorporates the calorimeter response
in the simulation of the rates and so compares the raw data with a prediction. The
results shown in the last chapter confirm the agreement of the theoretical calculations
and the experimental data. The other two methods incorporated the calorimeter
response in the data by introducing reconstruction matrices on the raw data. Again
the experimental data agree with the predictions in the momentum range of 8 - 18
GeV for green and 10 - 25 GeV for infrared laser light. The second problem of the
experiment was the timing jitter which was accounted for by the normalization of the
nonlinear electron yield by the linear gamma flux; the effects of the time jitter were
reduced by using a longer electron bunch. The measured gamma flux agrees with
the predictions of the ordinary Compton scattering taking into account the geometry
of the laser - electron interaction region. Another problem is the multiple ordinary
Compton scattering which produces rates of scattered electrons of the same order of
magnitude as the nonlinear Compton scattering. The recoil electrons are insensitive
to these two processes but a study of the forward gamma rays does differentiate
between the two. For this purpose a CCD pair spectrometer has been constructed
and in the future run will be operational. Nevertheless, the simulation has studied
this difference and in the last chapter we showed that the rates observed could not
be accounted for only by multiple ordinary Compton scattering; nonlinear Compton
scattering processes are dominant for n > 3.

The processes observed in this experiment are directly relevant to other interesting
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phenomena of strong field physics such as photon by photon scattering with real pho-
tons [17]. The products of this interaction will be low effective mass pairs of electrons
and positrons. A study of the invariant mass of the pairs in such processes would
reveal new bound systems of electrons and positrons, if they exist. The production
rate is expected to be extremely high for large laser intensities; investigations in the
use of this process for a possible positron source are underway [34).

In the high energy regime when the colliding photons are in the 100 GeV energy
range, even more interesting phenomena can be observed. Lately, such 4 —+ colliders
are under consideration; although, the cross section of such processes is low, such
collisions are free from the hadronic background. Therefore, high energy photon -
photon collisions are favored for a search for a Higgs boson in the intermediate mass
range [93]. Precision electroweak tests could also be performed in v+ experiments.

Our experiment has looked for production of pairs coming from the interaction of
the electron with the laser; this is a two step process due to the interaction of the
Compton gammas (already produced by linear or nonlinear Compton scattering in
the laser focus) with the laser photons. This last step is what we could present as the
first real photon - photon collider at low energies since the laser photon is only 2.35
eV in the green. An increased signal of 13 positron candidates was measured where a
background of 4 positrons was expected [22]. In the immediate future the focus of the
experiment will be on the positron production. With an expected improvement on
the laser intensity by a factor of 2 and of the electron beam focusing of another factor
of 15 we have a good chance in probing strong field phenomena even further, giving

an answer to the feasibility of some of the proposed research in new QED topics.
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Appendix A
E144 collaboration members

This experiment was under number E144 of SLAC. Some of the E144 collaboration
members, whose names and institutions are stated below, can be seen in Picture A.1.

In the front row:

Glenn Horton-Smith,® Theofilos Kotseroglou,?» Wolfram Ragg,(®) Steve Boege,(?

In the back row: e
Kostya Shmakov(¥), David Meyerhofer®), Charlie Bamber(®, Bill Bugg®), Uli Haug(®,
Achim Weidemann®), Dieter Waltz(®), Dave Burke(®, Jim Spencer®, Christian Bula(®),
Kirk McDonald®) and Adrian Melissinos(?.

Absent from this picture are: Steve Berridge*), Eric Prebys(), Thomas Koffas(?)
and David Reiss®.

1: Joseph Henry Laboratories, Princeton University, Princeton, NJ 08544
2: Dept. of Physics and Astronomy, Dept. of Mechanical Engineering®,

University of Rochester
3: Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309

4: Dept. of Physics and Astronomy, University of Tennessee, Knozville, TN 87996
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Appendix B

Critical field of QED

The critical field was first introduced by Sauter as the characteristic field strength at
which Klein’s paradox becomes important: The solution to the Dirac equation for an
electron wave impacting on a potential step of height V, can give a puzzling result i.e.
the current of electrons that is reflected from the barrier is larger than the incident

current, if

V,>E+mc (B.1)

Here E is the kinetic energy of the impacting electrons. The paradox was explained
by using the so called hole theory; by attributing the increased flux of the reflected
particles to the creation of positrons at the potential barrier. Sauter showed that
is the inclination of the potential barrier that matters and pair production occurs
if d, the distance in which the potential rises from V = E to V = V4, is less than
a Compton wavelength. Since the slope of the potential barrier is the electric field

acting on the electron we get:

F=-gV ~ (B.2)
or V E |
eEepit = —— (B.3)
ACornpto'n

and using Eq. B.1, we again obtain the critical field of QED:

(B.4)
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The critical field was further interpreted by Heisenberg and Euler as the field strength
at which the vacuum ‘sparks’ into electron-positron pairs.
For an electron of energy E and therefore y-factor v = -Z; in a strong electro-

magnetic field, a useful dimensionless invariant is :

Erest 7£Iab
= — = 92 B.5
T gcﬂ't gcﬂ't ( )

where &,.s; and Ejqp are correspondingly the electric fields at the particle’s rest and
lab frames, v is the Lorentz boost and for the final equality we assume a head on
collision of the particle with the field photons.

Parameter 7 of the multiphoton Compton process is simply related with the critical

field parameter Y by:

=t _ e (B.6)

where p is the momentum of the high energy electron. The last eq. shows that T varies
inversely proportional with the laser wavelength for fixed power and focusing strength,
so shorter wavelengths are better in studying the vacuum polarization phenomena.
In this experiment the ratio of 7 to T is near unit and so nonlinear effects can be

probed due to both multiphoton absorption and vacuum polarization.
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Appendix C
The list of runs analyzed

A list of March ’95 runs that were analyzed follows. For each run the vertical position
of the top of ECAL relative to the electron beam is given, which using the electron
tracking map, can translate into momentum information on ECAL. The initial num-
ber of events for each run, i.e. before the cuts applied, is also given. Since the rate of
collecting data is 3 Hz and the laser fires every 0.5 Hz the duration of each run can
be directly calculated. The electron beam sizes for most of these runs were discussed

in chapter 2.

Table C.1: Ecal scans with IR, circularly polarized laser

Run no. | no. events | ecal pos.

12167 402 -40
12179 467 -50
12247 77 -63
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Table C.2: Data runs with IR, circularly polarized laser

Run no. | no. events | ecal pos.
12170 2001 -39
12172 1715 -39
12177 1021 -39
12180 . 2545 -46
12192 1801 -38
12200 1801 -54
12201 1801 -62
12203 1801 -70
12204 901 -132
12207 1801 -62
12208 1801 -81
12227 1001 -38
12228 1130 -38
12229 1624 -38
12239 2038 -71
12240 1910 -80
12245 1001 -63
12246 2001 -63
12249 2001 -71
12251 2001 -8
12254 2001 -70
12258 452 -79
12259 1802 -79
12260 1061 -110
12261 901 -161
12262 1801 -94
12264 1801 -8
12269 515 -36
12270 2001 -38
12354 1801 -97
12356 1801 -121
12308 1801 -121
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Table C.3: Ecal scans with green, circularly polarized laser

Run no. | no. events { ecal pos.
12382 205 -98
12386 608 -98
12392 738 -82
12428 788 -129

Table C.4: Data runs with green, circularly polarized laser

Run no. | no. events | ecal pos.
12378 3447 -81
12380 3001 -98
12391 4187 -81
12393 1001 -98
12399 3001 -81
12401 1658 -98
12403 3001 -82
12405 2010 -98
12408 3001 -98
12409 1001 -143
12412 3001 -81
12414 3001 -98
12415 3001 -113
12422 3001 -114
12423 1351 -130
12427 2314 -130
12433 3001 -113
12434 3001 -130
12435 601 -151
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Table C.5: XT-scans with IR, circularly polarized laser

Run no. | no. events | ecal pos.
12164 3564 -38
12175 3551 -39
12190 3259 -38
12191 1303 -38
12195 717 -54
12197 734 -54
12199 6676 -54
12205 6666 -62
12232 699 -80
12233 5232 -70
12250 6841 -71
12257 6825 -79
12351 3248 -112

Table C.6: XT-scans with green, circularly polarized laser

Run no. | no. events | ecal pos.
12374 3590 -82
12376 2115 -81
12388 6829 -82
12411 6800 -81
12418 539 -114
12419 6813 -114
12430 3601 -113
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Appendix D

Timing jitter estimate from the
data

The jitter of the laser-electron timing can be estimated with the diagnostics described

in the Apparatus chapter, but is also reflected on the data. A study of the jitter in
time scans, data runs and xt scans produced the same result of rms jitter 2.0 ps.

A typical timing delay curve is shown in Figure 3.2. Because the timing jitter is
of the same order as the width of the curve and due to changes in the laser intensity,
several passes are made over the timing curve to reduce fluctuations in statistics.
Figure 3.2 is an average over 4 passes. To estimate the timing jitter one can simply
equate the width of the timing curve to the quadrature of 3 contributions: the width
in time of the laser pulse and of the electron beam and the timing jitter:

1
‘7t2 = '2_(012aser + UZ) + U_?ittcr (Dl)

where o, is the width of the timing curve and the factor 1/2 stems from the counter-
propagation of the two pulses. During the running period we tuned occasionally the
pulsewidth of the electron bunch by the bunch compression knob of the accelerator,
and in summary we have three data taking configurations of o, = 0.67,0.85 and 1.08
mm in length or correspondingly o. = 2.5,3.0 and 3.3 ps in time. Three time scans
taken each in one of these running conditions is shown in Figure D.1. The effect of

the time jitter is less pronounced, when the electron beam is longer and using Eq.
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Figure D.1: Time scans taken with various electron beam longitudinal dimensions.
The overlap as viewed during time-scans is larger for the longer bunch
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D.1 all 3 curves show a consistent value for the timing jitter equal to 1.9 ps.

The most precise measure of the relative timing jitter comes from the analysis
of the data runs. Figure D.2 gives the distribution of the ratio of gammas from the
linear monitor divided by the laser energy, for a specific data run. In the absence of
jitter this ratio should have a fixed value, with a relatively small width corresponding
to fluctuations due to measurement error. If the timing jitter is of the same order as
the width of the timing overlap curve, the ratio will depart from its maximum tending
to lower values. As the jitter increases, the peak is completely washed out. Another
way of studying the jitter in data runs is the ratio of the number of gammas from the
linear monitor over the number of gammas predicted by the simulation for each event,
taking into account not only the laser energy, but also the laser area and pulsewidth
and the electron beam configuration for this event. This ratio will peak at 1 for

all runs for perfect overlap conditions and will drift to zero if the overlap worsens.
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Figure D.2: Ratio of the number of gammas over the laser energy in a data run
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Figure D.3: Overlap Factor estimated from the data: It is defined as the ratio of the
number of gammas detected over the gammas predicted by the simulation
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This ratio is used in the data analysis as a so called ‘overlap factor’ (O.F.) of the

experiment and can be shown in Figure D.3 for all the IR circular events collected.
Under the assumptions that the timing overlap curve from time scans has a Gaus-

sian shape with dispersion oo the ratio of the events observed over the events with

perfect overlap is given as function of time by:
% o
N(t)=¢€ %0 (D.2)

If we also assume that due to timing jitter, t is distributed as a Gaussian with dis-

persion o; then the frequency function for t is given by:

20

! ’ (D.3)
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Figure D.4: Timing jitter estimate from data runs. Parameter P(4) is of the fit is the
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Figure D.5: Drift of the Overlap Factor in the overall IR running period
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The distribution of the overlap factor is then given by:

“ VT N '

where N is the ratio of the events observed over the events with perfect overlap and R
is the ratio oo/0;. After integration of the density over finite bins and smearing with a
Gaussian of variable width as the respond to experimental conditions, a fit of the data
is shown in Figure D.4. The fit gives a ratio oo/c;= 0.98. By substituting op 2.5 ps
fo-r the specific run from the timing scan that preceded this run one deduces a timing
jitter of o; ~2.5 ps. This certainly is an upper limit of the timing jitter since in our
model we can not distinguish between jitter and slow drift. The slow drift is revealed
in Figure D.5, where the overlap factor is plotted for the whole running period. An
increasing run number means a later time and each run is about an hour of data

taking, although diversions and breaks may have happened between the runs.
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Appendix E

Measurement of the electron beam

polarization

In the first running period of March ’94, we measured the asymmetry in the recoil
electron spectrum from linear Compton scattering of polarized electrons off circularly
polarized photons. This experiment was a check for the functionality of the diag-
nostics, the detectors and the data acquisition system before the nonlinear Compton
studies begin.

The asymmetry is defined as :
N, - N_

A= NIV

(E.1)

where N, and N. are the electron yield with electron polarizations along and against
the electron momentum vector respectively. It can be shown [94, 95) that the asym-
metry is proportional to F. P, . '

The laser energy recorded for this runs was only 3 mJ, the pulse-length about 100
ps and the wavelength was 527 nm. For this run a different setup of the last stages of
the laser system was used, i.e. the slab amplifier was bypassed and a smaller in size
compression grating pair was used. The laser was then circularly polarized in better
than 96 % . The polarization state of the returned laser pulse was analyzed with the
setup in Figure E.1. Both the laser and the electron polarization ‘bit’ were recorded

in every shot. The ECAL was positioned high into the linear Compton scatters and
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the momentum map was verified by locating the zero crossing of the asymmetry, i.e.
at 25.4 GeV.
Figure E.2 shows the Compton asymmetry for normal and reversed laser polar-

ization. The deduced electron polarization asymmetry [95] was
P, = 081101

in good agreement with measurements of the SLD collaboration [96). The upper
error of 0.04 on the polarization is due to the uncertainty in the laser polarization,

and could be reduced in a new experiment.
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Appendix F
Analysis of XT-scans

The analysis presented in the 3rd and 4th chapters is based on data runs (DR) and ecal
scans (ES), but it also agrees with the analysis of xt-scans. Since in the methods that
reconstruct the ECAL energy distribution we have implicitly used the information
from the xt-scans, it is only appropriate that they are compared with the rest of the
runs in the ‘raw’ or else ‘unreconstructed’ (UR) method. The following method is
used in extracting the normalized electron yield from an xt-scan:

The linear rate and the energy distributions of the top ECAL rows are plotted as 3
dimensional histograms, where one axis is the fast time scans and the other the slower
IP box scans, and the entries of the histograrﬁ are the average of the gamma flux or
of the energy distributions over the number of events collected. This averaging is due
to the data collection method, where for each xt scan about 10 events are recorded
at each timing stage and IP box offsets, in order to avoid statistical fluctuations of
laser intensity and time jitter effects.

These 3 dimensional histograms constructed for xt-scan run 12205 are shown in
Figure F.1. Each xt-scan can be viewed as many time scans taken for various IP
positions. These time scans are fitted with a Gaussian function as shown in Figures
F.2 and F.3 for the gamma flux and the ECAL energy of the tdp row. From the
peak amplitudes of these fits the normalized electron yield is constructed, as was
done for data runs, for each IP box position. By fitting these normalized electron

yields assuming a Gaussian distribution with linear background, over the IP position,
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Figure F.1: Three dimensional plots of an xtscan (run 12205). The gamma monitor
and the energy detected in the top three rows of ECAL are depicted
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Figure F.4: The electron yield as a function of the IP position from xtscan 12205.
The peak of the fit corresponds to the best timing and spatial overlap of the electron

beam with the laser pulse.
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we extract the maximum normalized electron yield over the course of the run as in
Figure F 4.

The normalized recoil electron yields from two xt-scans are compared to that of
the data runs under similar laser and electron beam conditions as shown in Figure
F.5. This method is robust only for the top 2 rows of ecal, and a more elaborate fit
is needed for the lower ECAL rows with weaker signal. Generally an agreement with

less than 10 % uncertainty is achieved between data runs and xt-scans.

-4
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T Ty

130 mJ $

1/N,dn/dp 11/CeV)

recoil electron energy [GeV]

Figure F.5: The electron yield vs momentum from two xt-scans, shown by the solid
triangles, agrees with the data run analysis as given by the ‘unreconstructed’ method.
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Appendix G

Index of Abbreviations and

Acronyms

ADC:  Analog to Digital Converter

BPM: Beam Position Monitor

CCM1: Cherenkov Monitor

DAQ: Data Acquisition System

DBM: Double Balanced Mixer

DFB:  Distributed Feedback Laser
ECAL: Electron Calorimeter

ETP:  Equivalent Target Plane Technique
F/O:  Fiberoptic

FIDO: Fiducial Output

257
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F/T: Fiberoptic Transmitter
F/R: Fiberoptic Receiver
FE: Front End computers

FFTB: Final Focus Test Beam

GVD: Group Velocity Dispersion
HPIB: Hewlett Packard Interface Bus
He-Ne: Helium Neon laser

IP: Interaction point or region

LACAMP: Liquid Argon Calorimeter Amplifiers

LO: Local Oscillator

MDL; Main Drive Line

ML: Modelocker

NLC: Next Linear Collider
OAP: Off Axis Paraboloids
PAW: Physics Analysis Workstation
PDU: Pulse Delay Unit

PFN: Pulse Forming Network
PLL: Phase Locked Loop
PMT: Photomultiplier

Q: Quality factor of a cavity

RABBIT: Redundant Amalog Bus Based Information Transfer system, readout electroni-

the calorimeter

SCP: SLC Control Program
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SLAC:
SLC:
SPM:
TDR:
TRLP:
TS:
T-zero:
T3:
UD:
XT:

Stanford Linear Accelerator Center

Stanford Linear Colliider

Self Phase Modulation

Time Delay Refractometer

Time Reference Laser Pulse

Timing Stabilizer module or Time Scan when refering to data analysis
timing of the fiducial pulse

Table Top Terawatt laser

Upper Deflection Box

Scan of the IP box in the x direction while at the same time the laser pulse is also

scanned in time



