SLAC-R-576

Generation and Use of Coherent Transition Radiation from
Short Electron Bunches

Chitrlada Settakorn
Stanford Linear Accelerator Center
Stanford University
Stanford, CA 94309

SLAC-Report-576
August 2001

Prepared for the Department of Energy
under contract number DE-ACO03-76SF00515

Printed in the United States of America. Available from the National Technical Information
Service, U.S. Department of Commerce, 5285 Port Royal Road, Springfield, VA 22161.

! Ph.D. thesis, Stanford Linear Accelerator Center OR Stanford University, Stanford, CA 94309.



Abstract

When accelerated, an electron bunch emits coherent radiation at wavelength longer
than or comparable to the bunch length. The coherent radiation intensity scales
with the square of the number of electron per bunch and its radiation spectrum is
determined by the Fourier Transform of the electron bunch distribution squared. At
the SUNSHINE (Stanford UNiversity SHort INtense Electron source) facility, electron
bunches can be generated as short as 0, = 36 pm (120 femtosecond duration) and
such bunches can emit coherent radiation in the far-infrared. Since a typical number
for the electron population in a bunch is 10® — 10%, the coherent radiation intensity
is much higher than that of incoherent radiation as well as that of a conventional

far-infrared radiation source.

This thesis concentrates on coherent transition and diffraction radiation from short
electron bunches as a potential high intensity far-infrared radiation source and for
sub-picosecond electron bunch length measurements. Coherent transition radiation
generated from a 25 MeV beam at a vacuum-metal interface is characterized. Such a
high intensity radiation source allows far-infrared spectroscopy to be conducted conve-
niently with a Michelson interferometer and a room temperature detector. Measure-
ments of the refractive index of silicon are described to demonstrate the possibilities
of far-infrared spectroscopy using coherent transition radiation. Coherent diffraction
radiation, which is closely related to coherent transition radiation, can be considered
as another potential FIR radiation source. Since the perturbation by the radiation
generation to the electron beam is relatively small, it has the advantage of being a
nondestructive radiation source. The coherent diffraction radiation, therefore, can

be generated at several experimental stations along the beam trajectory. To further

il



increase the intensity of the radiation, stimulated coherent transition radiation is con-
sidered. The stimulation can be done by circulating radiation pulses generated by
previous electron bunches in an optical cavity while adjusting the cavity length such
that these radiation pulses coincide at the radiator with incoming electron bunches
to stimulate more radiation from the electrons. In this thesis, detailed studies on
this subject are presented with the goal of obtaining as high a stimulation as possi-
ble. Experimental results confirming the expected performance of stimulation will be
discussed.

Not only does the high intensity of coherent transition radiation make the radia-
tion by itself outstanding, its radiation spectrum carries information of the particle
distribution which allows a bunch length measurement technique capable of measur-
ing sub-picosecond electron bunches. The technique extracts bunch length informa-
tion from an autocorrelation of the coherent transition radiation generated from the
electron bunch. Impact of experimental conditions on the measurement have been
investigated. These effects can lead to wrong experimental conclusions and need to
be evaluated to interpret the measurement correctly. By featuring coherent radia-
tion properties, coherent diffraction radiation can be used for autocorrelation bunch
length measurement as well with the great advantage of being nondestructive. How-
ever, subtleties of diffraction radiation spectrum impact the accuracy of bunch length
measurement and data analysis must be done carefully. Autocorrelation bunch length
measurements with diffraction radiation, evaluation, and limitation of the technique

will be discussed in this thesis.
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Chapter 1
Introduction

This thesis presents experimental and theoretical investigation on the generation,
characterization and use of high intensity far-infrared radiation from short electron
bunches. The work has been done at the SUNSHINE (Stanford UNiversity SHort
INtense Electron source) facility. The facility is dedicated to study the generation
of femtosecond electron bunches and their use in other fields. Most of the past and
on-going projects at the SUNSHINE facility are efforts to providing high intensity
radiation in the far-infrared, where only a few high intensity radiation sources exist.

When accelerated, an electron bunch can emit coherent radiation at wavelengths
longer than or comparable to the bunch length with an intensity proportional to the
square of the number of electrons per bunch. Since a typical electron population in a
bunch is 10® — 10°, the coherent radiation intensity generated from electron bunches
of some 100 pm is expected to be much higher than incoherent radiation as well as
conventional far infrared radiation sources like synchrotron radiation or black body
radiation. In principle, any methods to produce radiation from charged-particles can
be used to generate coherent radiation. In this thesis, we concentrate specifically on
the generation of coherent transition and coherent diffraction radiation.

The generation and characterization of femtosecond electron bunches at the SUN-
SHINE facility has been studied in the earlier stage of the project [1]. Short electron
bunches are generated from an rf-gun with a thermionic cathode and an alpha-magnet.

A compressed bunch can be as short as 0, = 40 ym and thus allows us to generate

1
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coherent radiation in the far infrared regime. Coherent radiation from an electron
bunch and an overview of femtosecond electron-bunch generation will be described
in Chapter 2. Experimental characterization of coherent transition radiation gener-
ated from short electron bunches at SUNSHINE will be presented in Chapter 4. The
characterization covers coherent intensity, total energy measurement, spatial distri-
bution, polarization, spectral distribution and effects of electron beam sizes on the
coherent radiation. These studies are significant to complete the characterization of
the radiation source at the SUNSHINE facility.

Along with the generation of femtosecond electron bunches, a bunch length mea-
surement technique using autocorrelation of coherent transition radiation has been
developed at the SUNSHINE facility [2]. The technique is capable of measuring bunch
lengths well below one picosecond and it has been recognized and implemented in
many facilities. The impacts of experimental conditions on the measurement have
been investigated in this thesis. These impacts can lead to wrong experimental con-
clusions and need to be considered to interpret the measurement correctly. The effect
of humid air to the measurement has been investigated by comparing autocorrelation
bunch length measurements made in and outside of the vacuum chamber. The results
show significant broadening of radiation pulses after propagating through ambient air.
The effects of the pyroelectric detector used in the measurement on the bunch length
measurement has been analyzed and is resolved. Transverse effects on the bunch

length measurement have been investigated experimentally as well as theoretically.

Coherent diffraction radiation generated from short electron bunches is another
subject which has been studied. The radiation itself can be used as a high intensity
far-infrared radiation source. Since the electron is less perturbed by the radiation
generation, it has the advantage of being a nondestructive radiation source. The ra-
diation, therefore, can be generated at many experimental stations along the beam
trajectory. Furthermore, coherent diffraction radiation can be used for nondestruc-
tive autocorrelation bunch length measurements. However, subtleties of diffraction
radiation spectrum impact the bunch length measurement and the data analysis must
be done with care. Autocorrelation bunch length measurements with diffraction ra-
diation at SUNSHINE and the limitations of the technique will be discussed in this



thesis.

To further increase the intensity of the radiation, stimulated coherent transition
radiation was considered. The stimulation can be done by circulating radiation pulses
generated by previous electron bunches in an optical cavity while adjusting the cavity
length such that these radiation pulses coincide at the radiator with an incoming elec-
tron bunch to stimulate more radiation from the electrons. The stimulated coherent
transition radiation principle has been demonstrated in Ref. [3]. In this thesis, more
detailed studies of this subject are presented with the goal of obtaining as high a
stimulation as possible. The experimental results confirm the expected performance

of stimulation and will be discussed.

High intensity coherent far-infrared radiation from short electron bunches pro-
vides a great radiation source for far-infrared research. Far-infrared spectroscopy and
some experiments that can be conducted easily with coherent far-infrared radiation
generated from short electron bunches at SUNSHINE are discussed in Chapter 8.
Optical property measurements of silicon with Dispersive Fourier Transform Spec-
troscopy technique are presented. Using the same technique, the refractive index of

the pyroelectric detector crystal can also be obtained.

The thesis will discuss the generation of coherent radiation from short electron
bunches at SUNSHINE in Chapter 2. Chapter 3 describes the experimental setup
and instrumentation. Chapter 4 presents a characterization of coherent transition
radiation. Chapter 5 reveals important issues concerning an autocorrelation bunch
length technique using coherent transition radiation. Chapter 6 presents the coherent
diffraction radiation itself as a far-infrared radiation source and the coherent diffrac-
tion radiation for nondestructive bunch length measurements. Chapter 7 describes
theoretical aspects of the stimulated coherent transition radiation and experimenta-

tion. Chapter 8 covers a possible use of the radiation for far-infrared spectroscopy.
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Facility Wavelength tuning range | Peak power
UCSB mm-FEL [5] 338 pm—2.5 mm 1-15 kW
UCSB pum-FEL [5] 63 — 338 um 1-6 kW
Stanford FIREFLY [6] | 15 — 65 pm 100 - 500 kW
CLIO FEL [7] 3 — 50 pm 4-100 MW
FELIX [§] 4 — 250 pm 0.5-100 MW

Table 1.1: Operating far-infrared FEL facilities

1.1 Far-infrared Radiation

The electromagnetic radiation spectrum between wavelengths of 10 pm -1000 pm
is commonly called the far-infrared regime and located between microwave and the
infrared band (1 pgm - 10 pum). The far-infrared is the spectral range where, for
example, the molecule-surface-bond vibrations, intermolecular cluster vibrations, and
transition in semiconductor quantum-wells can be excited. It is also the region for
probing transitions between adjacent high-lying Rydberg states of atoms and low-
frequency motions in large biomolecules. Some far-infrared applications are pump-
probe surface science, pump-probe studies of materials, studies of mode-selective
chemistry, studies of carrier dynamics of high-Tc superconductors, studies of low-

frequency modes of large biomolecules, and plasma diagnostics [4].

There are a few FELs operated in the far-infrared regime. These facilities and
their radiation output are listed in Table 1.1. Although FELSs are capable of covering
most of the far-infrared spectral band within their tuning range, the FEL spectrum is
narrow band. A broadband far-infrared radiation source which is commonly used is a
thermal source which is considered as a black body radiation source. There are two
broadband thermal sources: silicon carbide and mercury lamps, that are convention-
ally used. The hot silicon carbide source used in commercial infrared spectrometers,
commonly called “glowbar”, is limited to wavelengths shorter than 100 gm. The mer-
cury discharge lamp is used for wavelengths longer than 100 pum. For reference, the

radiance of a black body radiation source is shown in (1.1). The black body radiation
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radiance [9],

2.4
2he v ope2t L (1.1)

R(W/Sr/m*/100%BW) = Teher AT — 1] hev

where T is black body temperature in Kelvin, v is wavenumber, h is the Plank con-
stant and k is the Boltzmann constant. The black body radiation will be compared

to the coherent transition radiation generated from short electron bunches at SUN-
SHINE later in this thesis.

1.2 Transition Radiation (TR)

Transition radiation, first predicted by Ginzberg and Frank [10], occurs when a
charged particle passes through an interface between media with different dielectric
constants. The transition of the dielectric constants of the media along the electron’s
path causes a discontinuity in the electric field at the interface. This discontinuity
readjusts itself as radiation spreading out from the point where the electron passes
through the discontinuity. The angular spectral energy density of the transition ra-
diation depends on the dielectric constants of the two media [11],[12]. In this thesis,

however, we concentrate only on the vacuum-conductor interface.

1.2.1 General Theory

The simplest case in the theory of transition radiation is an electron traveling at
a constant velocity ¥ across the boundary between vacuum (e = 1) and a perfect
conductor (¢ — 00) in a direction normal to the boundary. The schematic diagram of
this case is shown in Figure 1.1. Since the boundary is a perfect conductor, one can
simplify this physical model and replace the conductor by a positive image charge
on the other side of the conductor surface. The problem can then be described by
a two-charged-particle collision problem. The radiation emitted when two charges
collide can be derived from the radiation emission when charged particles change

their velocities instantaneously.
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vacuum perfect conductor

Figure 1.1: Transition radiation emitted when an electron moves from vacuum to
metal in a direction normal to the interface. The process can be considered as a two-
charged-particle collision problem. The dashed-arrow shows the emitted radiation.

The radiation energy W emitted in the frequency range dw into the solid angle
d() can be obtained from the expression for radiation emission for a sudden change

of the charge velocity by [12].

2
dw 1 Viag X1 Vi1 X1

_ [ Y _ Y , 1.2
dQdw  4n?c? [Zq <1—n-ﬁi72 1—n':6z',1)] 2

where ¢; is the charge of i'" particle, v;.1 is the velocity before the sudden change,v; »

is the velocity after the sudden change, n is the unit vector in the direction of the
emitted radiation and B = v/c. The “sudden” change in the velocities implies that
the collision time (7), the time in which the velocities change, is satisfying 7 < 27 /w,
where w is the frequency of the emitted radiation. The condition is generally satisfied

for the frequencies in the far-infrared regime.

With the expression (1.2), the radiation emitted from the two-charged-particle
collision can be obtained by considering e charge of an electron moving with velocity
v and —e charge of a positron moving with velocity —v collide at the boundary. The

components vis = Voo = 0, vi; = v and vy; = —Vv. The energy radiated per unit
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electron

Figure 1.2: Transition radiation emitted from an electron moving through the inter-
face between vacuum and a medium in a direction normal to the interface.

angular frequency per unit solid angle during the collision becomes

daw e23% sin? 0
dQdw — 72¢(1 — 5% cos?6)?’

(1.3)

Here 6 is the angle between —v and the direction n. The radiation is polarized in the
radiation plane which is defined as the plane containing the vector n and the direction
normal to the interface. The spectral energy does not depend on the frequency and
seems flat for all frequencies. In reality, a conductor can not be treated as perfect at
high frequency. The condition € — oo is violated for frequencies close to the plasma

frequency of the medium [12].

A more general case is an electron moving across an interface between a vacuum
and a finite dielectric constant medium e with normal incidence as shown in Figure
1.2. The angular spectral energy density for the backward transition radiation emitted

by an electron is [13]
AW  e?3’sin’fcos?d y
dQdw  7w2¢(1 — % cos2h)?
(e —1)(1 — B+ By e —sin0)
(1+ Bve—sin?0)(ecosf + /e — sin? 0 .

(1.4)



8 CHAPTER 1. INTRODUCTION

€=1 €~ €
1
(vacuum)

!
W

oo
oM
e\e

Figure 1.3: An electron moves from vacuum to a medium with a dielectric constant
€ at an incident angle ¥ with respect to the z axis.

Again, 0 is the angle between the direction of emitted radiation n and —v. The
radiation polarization is the same as the case for the previous case. The spectral
energy density for the particular case of vacuum-perfect conductor in (1.3) can be

recovered by setting € in (1.4) to oo.

For transition radiation from oblique incidence, we consider an electron moving
from vacuum to a medium with a dielectric constant € at an incident angle 1) with
respect to the z axis. The schematic diagram for this case is shown in Figure 1.3.
Unlike the transition radiation for the case of normal incidence () = 0), in which
the emitted electric fields lie in the radiation plane; the radiation, in this case, has
an additional component. As a consequence, there may be two polarizations. The
first one whose electric field lies in the radiation plane is referred to as the parallel
polarization with the index ||. The second type whose electric field is perpendicular
to the radiation plane is called the perpendicular polarization with the index L. The
derivation of transition radiation for an oblique incidence interface can be found in

Ref. [11] and only some results will be shown here.

Radiation intensity for backward transition radiation contributed from the parallel
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and perpendicular polarization can be expressed as

dW awl  dw+t

= . 1.5
10dw  dQdw | d0dw (15)
For a perfectly conducting medium (¢ — o), the two components are
AWl e23% cos? ¢ sin® — (3 cos ¢sin 2 (1.6)
dQdw m2c (1 — Bsinf cos ¢psinp)? — 3 cosfcos? | '
AWt €3 cos? ¢ 3 cos 6 sin ¢ sin v 2 (1.7)
dQdw m2c (1 — Bsinfcos psineh)? — % cos2fcos?ep | .

For a case of 45° incidence (¢ = 45°), which is used extensively in our experimental

setup, the two components reduce to

awl e3? 2sin6 — /23 cos ¢ : (1.8)
dQdw — 2m2c | (/2 — Bsinf cos )2 — 52 cos? O '
awt e’ V203 cos fsin ¢ : (1.9)
dQdw — 272c | (/2 — Bsinf cos )2 — 2 cos2 0| '

In these formulas, 6 represents the angle between the direction of emitted radiation
n and the —z axis while ¢ is the azimuthal angle defined in the xy-plane with respect

to the —x axis.

1.2.2 Transition Radiation Properties

In the following sections, some properties of transition radiation emitted from a
vacuum-conductor interface will be discussed. In our experiments, we use aluminum
as a conducting surface. Since the dielectric constant of aluminum is much more than
that of vacuum in the far-infrared regime (see Appendix A), we will use the formulas

for a perfect conductor to discuss the transition radiation properties.
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Figure 1.4: Angular distributions of normal incident transition radiation generated
by 5 MeV, 10 MeV and 25 MeV electrons.

Angular Distribution

In the case of normal incidence, the angular spectral distribution of the transition
radiation can be explained by (1.3). The expression suggests that there is no radia-
tion in the forward direction (6 = 0). The radiation intensity reaches its maximum
at sinf = 1/(B7), where ~ is the Lorentz factor with v = l/m At this spe-
cific angle, the radiation intensity is e?v?/(4m?c). For relativistic electrons (y > 1
and # — 1), we can approximate sin # ~ 6 and the maximum intensity is therefore
located at § ~ +1/v. The angular distributions of transition radiation generated by
various electron energies are shown in Figure 1.4. The distributions show no radiation
emitted at 6 = 0 and the radiation distribution becomes more collimated for higher
electron energies. In case of a 25 MeV electron, the maximum intensity is expected
to be at 8 = £20.4 mrad, comparing to that of 5 MeV, which has the maximum

theoretical intensity at § = £102 mrad. The radiation angular distribution has no ¢
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Figure 1.5: Angular distribution of transition radiation for the case of normal inci-
dence.

dependence indicating an azimuthal symmetry of the distribution. Angular distribu-
tion of transition radiation for normal incidence is shown in Figure 1.5 displaying an

azimuthal symmetry of the distribution.

For the case of oblique incidence, the angular distribution has some azimuthal
dependence and thus has an azimuthal asymmetry. Figure 1.6 shows the angular
distribution of forward and backward transition radiation generated by a 25 MeV
beam from 45°-oblique-incidence. The center of the distribution or the center of
the radiation cone is directed along v for the forward radiation. Unlike the angular
distribution for normal incidence which has an azimuthal symmetry, the distribution
for 45° incidence is both 6 and ¢ dependent. The asymmetry appears only along
horizontal angles but not along the vertical ones because the electrons intercept the
interface with oblique incidence on the xz-plane; the horizontal angles for forward
and backward radiation are defined in the diagram,. The distribution cross sections
at the zero horizontal angle and the zero vertical angle are shown in Figure 1.7 for the
case of normal incidence and for the forward radiation from 45°-incidence. The solid
lines represent the angular distributions for 45°-incidence while the dashed-lines are
representing that of normal incidence. It can be clearly seen that only the horizontal

cross section of the distribution (along the zero vertical angle) is asymmetric. Even
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Figure 1.7: Angular distribution cross sections of the transition radiation emitted by
a 25 MeV electron for the case of normal incidence (dashed-line) and 45°-incidence

(solid).
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Figure 1.8: Angular distribution along the zero vertical angle of the radiation emitted
from a 25 MeV (a) and a 5 MeV (b) electron for the case of normal incidence (dashed-
line) and 45°-incidence (solid).
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though the vertical cross section (along the zero horizontal angle) is symmetric, it
differs from that of normal incidence. The maximum radiation intensity for the case
of 45° incidence is located further from the center than the intensity peak for the case
of normal incidence. In other words, the intensity is maximum at an angle larger
than 1/7.

The asymmetry in angular distribution, however, vanishes for highly relativistic
electrons. The angular distribution becomes closer to that of normal incidence as
the electron energy becomes higher. Figure 1.8 shows the angular distribution along
the zero vertical angle of the transition radiation emitted from a 25 MeV and 5
MeV electron for normal and 45° incidence displaying a significant asymmetry in the
radiation distribution of a low energy beam. As for a 25 MeV beam, the radiation
distributions for both cases of incidence are very similar. Therefore, it is reasonable
for us to use the radiation distribution for normal incidence which is in a much simpler

form to describe the transition radiation distribution in this thesis.

Transition Radiation Collection

Transition radiation has a specific angular distribution which must be taken into
consideration when observing the radiation. Generally, the radiation is collected over
a certain solid angle. Although the radiation has its maximum intensity around the
angle of 1/7, much of the radiation is emitted at larger angles. The collection of
the radiation within an experimental acceptance angle is therefore important By
integrating the angular distribution in (1.3) over solid angles to the limit determined
by an acceptance angle 6,, we can obtain the total radiation emitted within the

acceptance angle as

dw b QW
E(QQ) = /0 /0 040 sinf df do
o2

= — 1.1
27rc>< ( 0)

2(1 — %) cosf, (1+ ?) (1—Bcosba)(1+5)\
[(1—ﬁ200829a) * 154 ln((1+50089a)(1—ﬁ)> 2}
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Figure 1.9: Collection efficiency of transition radiation emitted from a 25 MeV elec-
tron as a function of acceptance angle.

To get a clear picture of the radiation collection in terms of acceptance angles and
electron energy, we consider the collection efficiency which is defined by the ratio of
the radiation collected within 6, to the total radiation. The total radiation is the
radiation emitted into the left half space according to Figure 1.1 and Figure 1.2. The

integration of radiation energy over the left half space yields

dWw
w - / / dewsmedQ do

_ Zic{lzﬁ)m(ig) 2] (1.11)

For high energy electrons with v > 1 and 8 — 1, the term (1 — 3)"' ~ 292
Thus (1.11) also suggests that for high energy electrons the total radiation energy
is proportional to In~y.

Collection efficiency as a function of acceptance angle for a 25 MeV electron is

shown in Figure 1.9. The acceptance angles are shown in terms of 1/v (1/y = 20.4
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mrad for a 25 MeV electron) with the maximum angle of 7/2 (7/2 ~ 77/v). The
radiation collection efficiency depends greatly on the acceptance angle 6, which is
specified by an experimental setup. Although the maximum intensity of the radiation
is located at the angle of 1/, the energy contained within this angle is only 2% of
the total radiation energy. In our experimental setup, we collect the radiation within
acceptance angles of at least +6/+. These acceptance angles allow us to collect at
least 35% of the total radiation.

Polarization of Transition Radiation

The description of the polarization components was given in Section 1.2.1 for transi-
tion radiation from normal and oblique incidence. For the case of normal incidence,
the radiation has only one component which is parallel to the radiation plane. Since
the radiation for all radiation planes are symmetric about the axis of incidence, the
radiation is radially polarized. On the other hand, the transition radiation from
oblique incidence has two polarization components, expressed in (1.6) and (1.7).
Equation (1.8) and (1.9) describe the two components of transition radiation gener-
ated by an electron with a 45° incident angle at the interface between vacuum and

perfect-conductor.



Chapter 2

Coherent FIR Radiation at
SUNSHINE

When considering the radiation emitted by a bunch of many electrons, contribution
from each electron must be taken into account. The total radiation intensity can be
derived by adding all the radiation fields emitted from each single electron with a

phase factor determined by its position in the bunch.

At wavelengths shorter than the bunch length, emitted radiation fields from each
electron add up incoherently and the total intensity is proportional to the number of
electrons in the bunch. On the other hand, emitted radiation fields at wavelengths
longer than the bunch length will add up coherently since they are emitted at roughly
the same phase. The total intensity in this case is proportional to the number of
electrons squared. The coherent enhancement makes the radiation intensity higher
than that of an incoherent one by the number of electrons in the bunch. With
the typical number of electrons per bunch on the order of 108 — 10° electrons, the
enhancement is significant and thus becomes of great interest for the development of

high intensity radiation sources.

17
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2.1 Coherent Radiation from Electron Bunches

Electromagnetic radiation from an electron bunch can be derived by superimposing
the radiation field emitted by each electron in the bunch [14]. Let r; be the positional
vector from the center of the bunch to the j electron. The total radiation field from
a bunch of N electrons at a frequency of w is the sum of the field emitted from each

electron with a proper phase factor.

Ey (w)ei(wt—k]"l‘j) .

NE

Eiotal (w ) =
1

.
I

Ej(w)ei(wt—knj-rj)’ (21)

WE

Etotar (W) =

1

.
Il

where k; = kn; = (w/c)n; is the wavevector of the j' electron with the direction
n; to the observer. With a far-field approximation, we then have n; = n and E;(w) =
E;(w)n. The total radiation intensity is proportional to absolute value of the total

electric field squared.

I(w) o |Et0m1(w)|2

= YIB@I+ Y BB (22)

We denote I.(w) as the radiation intensity from one electron at the frequency
w. This I.(w) relates to the emitted field by I.(w) = |F.(w)|?*, where E.(w) is the
radiation field emitted by one electron. Assuming that all electrons in the bunch have

the same energy, we can express the total radiation intensity emitted by the bunch
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as

I(w) = NL(w) + L(w) > ekt (2.3)

Jm=1, j#m

For wavelengths much longer than the electron bunch length, the phase difference
of the emitted fields are very small. The electric fields, therefore, add in phase and the
total radiation intensity in (2.3) becomes I (w) = NI .(w)+N(N—1)I.(w) = N*I.(w).
On the other hand, the radiation fields with wavelengths much shorter than the bunch
length adds up randomly. The total intensity for this case is then I(w) = NI (w).
Between the two limits, the total intensity depends on number of electrons per bunch

and positions of each electron with respect to the center of the bunch.

In a continuum limit, we describe the positions of the electrons in the bunch by
the bunch distribution. A given bunch distribution S(r) is the probability density
for the electrons at the position r from the bunch center and satisfies [ S(r)d*r = 1.

The radiation intensity from an electron bunch in term of the bunch distribution is

2

Tiotar (W) = ‘ / NE(w)e*™*S(r)dr

/eik“'rS(r)d‘D’r
= N’L(w)f(w). (2.4)

2

= NI (w)

The from factor f(w) is defined by

2

flw) = ‘/ei’m'rS(r)d‘o’r ) (2.5)

which is the Fourier transform of the normalized bunch distribution squared.

If we use a continuum limit in (2.3), the second term which represents coherent

radiation from the bunch becomes

Lon(w) = Ie(w)/Neik“'rS(r)dBT/Neik“'r’S(r')dBT’ (2.6)



20 CHAPTER 2. COHERENT FIR RADIATION AT SUNSHINE

for r # r. With a large number of electrons in the bunch, the expression is often

written as

2

Icoh(w)

Q

Q

N(N —-1)I.(w) ‘/eik“'rS(r)dgr
— Dle(w) f(w),

N(N (2.7)

with the same definition of f(w) as in (2.5). The total radiation following this ap-

proach becomes
Litar(w) = NI, (w) [1 + (N = 1) f(w)] . (2.8)

Equation (2.8) is often used to show explicitly the enhancement of coherent radiation
over incoherent radiation. Both (2.5) and (2.7) are valid as long as there are a large

number of electrons in the bunch.

2.1.1 Coherent Enhancement in the Forward Direction

In the forward direction, the form factor in (2.5) can be reduced to

2

flw) = ’/e““h(z)dz , (2.9)

where h(z) is the longitudinal distribution of the bunch.
For example, let us consider the form factor for two typical bunch distributions:

a uniform and a Gaussian distribution. A uniform distribution, with a width of [, is
defined as

h(z) = { 1/l , for |z| <1 } (2.10)

0 , otherwise

The from factor for this bunch is

flw) = [%r (2.11)
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For a Gaussian bunch with the distribution
h(z) = ——e /%%, (2.12)
its form factor is

flw) = e~ o=/, (2.13)

2.1.2 Coherent Enhancement in Arbitrary Direction

If the observation point is not in the forward direction, there is contribution from
the bunch transverse distribution and the form factor is evaluated from the three
dimensional bunch distribution, S(r). To simplify the problem, we assume S(r) can
be expressed as S(r) = S,(z)S, (r,),where S,(z) is the longitudinal distribution and
Sy (r,) is the transverse distribution of the bunch. The longitudinal and transverse
positional vectors (z and r ) relate to the directional vector to the observation point
byn-z=zcosf and n-r; =r, sinf, where 6 is the angle between n and the z axis.
With these relationships, the form factor in (2.5) becomes

2

f(w’g) _ ’/SLeik”'SinedTL/Szeikzcosedz (214)

In a cylindrical coordinate system, where S(r) = S,(z)S . (r.) = h(2)g(p, d), we

can write the form factor as

2

2w 00 00
f(w’g) _ / / g(p’ ¢)eikjpcos¢sin9pdpd¢/ h(z)eiijCOSGdZ ’ (215)
0 0 —00

where 6 is the angle between n and the z axis and ¢ is the angle between the projection

of p on the xy-plane and the x axis.

For a bunch with azimuthal symmetry, the transverse distribution is only a func-

tion of p, therefore g(p, #) = g(p) in this case. Equation (2.15) can now be evaluated
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using the identity

1 2w -
Jo(u) / e Pdyp, (2.16)
0

T or

which is known as the Bessel function of the zero order. The form factor then becomes

2

o0

/ g(p)Jo(kpsin Q)pdp/ h(z)eik20059dz
0

—0o0

f(w,0) = 4x? (2.17)

In case of a cylindrical bunch distribution with a length of [ , a radius of a, the

transverse distribution defined by

g(p):{l/a ,for()ﬁpﬁa}7 (2.18)

0 , otherwise

The bunch form factor at a frequency w and an observation angle 6 is

2J1 (wasinf/c)]? [sin(wl cosf/2¢)]”
0) = 2.19
f(w,6) { wasinf/c wl cos @ /2¢ ’ (2.19)
where J; is the Bessel function of the first order.
For a Gaussian bunch with the transverse distribution
93, y) = e 20} (2.20)
’ 2mo? '

and the longitudinal distribution as (2.12) as the one, the bunch form factor is

f(w) — e—(wopsinﬁ/C)Qe—(w(rz 0059/0)2' (221)

2.2 FIR Radiation from Short Electron Bunches

At wavelengths longer or comparable to the electron bunch length, the radiation
emitted from the bunch is coherent. With a typical number of electrons per bunch

on the order of 10® — 10°, the coherent radiation intensity greatly exceeds that of
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incoherent radiation. Especially at long wavelengths compared to the bunch length,
the radiation intensity is proportional to the number of electrons in the bunch squared.
Therefore, it is possible to generate coherent radiation in the far-infrared spectral
range from short electron bunches with bunch lengths of hundreds microns or less.
Moreover, the shorter the bunch length, the broader the radiation spectrum that can

be generated.

Not only does the spectral distribution of coherent radiation depend on the bunch
distribution in terms of the form factor, but it also depends on spectral distribution of
the radiation specified by the radiation generation process. For a special case where
the radiation spectral distribution itself is not frequency dependent, the coherent
radiation spectrum is then determined solely by the bunch distribution. Transition
radiation generated at the interface between a vacuum and perfect-conductor hap-
pens to be one of these special cases. Although the frequency independence is not
completely true for all frequencies of the transition radiation generated at a vacuum-
metal interface, it is essentially valid for the transition radiation in the far-infrared
regime.

The spectral energy density of incoherent and coherent transition radiation gen-
erated from a 25 MeV electron bunch containing 1 x 10? electrons is shown in Figure
2.1. The coherent radiation spectrum is calculated by (2.4) for a Gaussian bunch
with 0, = 50 pm and for a rectangular bunch with a width of [ = 50 um. The
coherent radiation intensity for either bunch distribution is nine orders of magnitude
higher than that of the incoherent radiation. The coherent radiation spectra from
the two bunch distributions are determined by the form factors which are the Fourier

transform squared of the bunch distributions.

2.3 The SUNSHINE facility

To generate the far-infrared radiation from electron bunches, the bunch lengths should
be of the order of a hundred micron or shorter. At the SUNSHINE facility, electron

bunches are generated from an rf-gun with a thermionic cathode. The bunches are
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Figure 2.1: Incoherent and coherent transition radiation generated from a 25 MeV
beam (— : Gaussian bunch with ¢, = 50 um, - - : Rectangular bunch with a width
of | =50 pm.).

compressed to less than one picosecond (1 ps ~ 300 pm) by an alpha-magnet, accel-
erated to some 30 MeV in a S-band linac and guided to the experimental stations.
Detailed explanation of the rf-gun and the bunch compression can be found in Refs.
[15] and [1]. Reference [1] and [16] also describe the SUNSHINE facility in detail.

2.3.1 Generation of Femtosecond Electron bunches

Our electron source and compression system consist of an rf-gun and a magnetic bunch
compressor. The schematic diagram of the system is shown in Figure 2.2. The rf-gun
has 1%cavities operating at 2856 MHz with a thermionic cathode attached to one wall
of the first half-cell [15], [1]. The fields in both cavities are designed specifically to
generate short electron bunches. After electrons are emitted from the cathode, they
get accelerated or decelerated from electromagnetic fields depending on cycle of the
oscillating fields. The first particle reaches the end of the first half-cell just before the

field changes sign so that it gains maximum acceleration. The particles that follow
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Figure 2.2: Schematic diagram of our electron source and compression system (the
rf-gun and the alpha-magnet).

the first one experience some deceleration and have less and less energy.

At the exit of the rf-gun, electrons have been accelerated to about 2.6 MeV with
a well-defined correlation between energy and time [Figure 2.3(a)]. Higher energy
particles are emitted first, followed by lower energy particles. The electrons are then
guided to an alpha-magnet, in which bunches are compressed. The beam enters
the alpha-magnet at an angle of 49.29° with respect to the magnet axis, follows an
alpha-like path, and exits again at the entrance point with a total deflection angle
of 278.58°. In the alpha-magnet, higher energy particles follow longer paths while
lower energy particles follow shorter ones. The lower energy particles therefore have
a chance to catch up with the higher energy particles in the front, causing the bunch
to shorten. By adjusting the alpha-magnet strength, it is possible to compress part
of the electron bunch to less than one picosecond. The desired part of the electron

bunch is selected by a pair of energy slits located in the alpha-magnet. The bunch is
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Figure 2.3: The electron momentum-time distribution (a) at the exit of the gun, (b)
at the exit of alpha-magnet, and (c) at the radiation point.

then accelerated in a 3-m-single-section S-band linear accelerator and guided to the

experimental stations.

Due to some variation in the electron velocities, the bunch spreads as it travels
through the beam line. Therefore, it is necessary to overcompress the bunch in
order to compensate for this effect. With an overcompression, the bunch length
reaches its minimum at the experimental station. The principle of bunch compression
is demonstrated in Figure 2.3. At the exit of the gun [Figure 2.3(a)], the highest
energy particle is in the front followed by lower and lower energy particles. Bunch
compression occurs as the bunch travels within the alpha-magnet. By applying an
overcompression, the bunch length has not reached the minimum at the exit of the
alpha-magnet. The distribution is shown in Figure 2.3(b) with the highest energy
particle having a little lag in time. Further downstream at an experimental station,
where the minimum bunch length is desired, part of the electron bunch gathers in less
than one picosecond time frame. By selecting only this part of the bunch through the

adjustment of the energy slits located in the alpha-magnet, we are able to generate
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Parameters
macropulse length | ~ 1 us

number of bunches | ~ 3000 bunches per macropulse
repetition rate 2 — 30 Hz

beam energy 25 — 30 MeV

number of electrons | 10® — 10° electrons per bunch
bunch length (rms) | 100 — 200 fs

Table 2.1: Typical operating parameters of the electron beam at SUNSHINE.

femtosecond electron bunches. The momentum-time distribution at the radiation
point is shown in Figure 2.3(c) displaying, for example, a group of electrons within a

certain energy spread which are contained in 300 fs time frame.

2.3.2 The Electron Beam

Table 2.1 shows typical operating parameters of the electron beam at SUNSHINE. In
Figure 2.4 a schematic diagram of the macropulse structure is shown. The macropulse
is approximately 1 us long generated at a repetition rate of 2 — 30 Hz (for most of

the work in this thesis, the repetition rate is 10 Hz). Within a macropulse, there is a

Electron bunches

~330 fs~-— »‘ T%O P
T 11 T

Macropulse Macropulse

1ps 1lus
100 ms

Figure 2.4: A schematic layout of the macropulse containing 3000 electron bunches
spaced at 350 ps. At a repetition rate of 10 Hz the macropulses are 100 ms apart.

train of about 3000 electron bunches which are spaced at 350 ps (1/2856 MHz). The
length of the bunches is limited by the bunch compression described in the previous
section. The highest microbunch peak current of 300 A were reached for the bunch

containing 5.3 x 108 electrons and having o, = 113 fs.
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Chapter 3
Experimental Setup

A schematic diagram of the beam line is displayed in Figure 3.1 showing the rf-gun,
the alpha-magnet, the linear accelerator and the experimental stations. There are
several experimental stations downstream from the LINAC, including the stations
for transition radiation, for diffraction radiation and for stimulated transition radia-
tion. Several stations are set to generate coherent transition radiation from electron
bunches both to investigate the coherent radiation characteristics and to characterize
the bunch using the coherent transition radiation. This chapter describes the exper-
imental setup and instrumentation in general. Specific features of the setup for each

experiment will be described in detail later.

3.1 Beam Instrumentation

The electron beam characteristics determine some properties of the radiation be-
ing generated by the beam and thus these parameters become crucial for radiation
characterization. This section introduces some of the beam instruments utilized at
SUNSHINE including a current monitor, a beam profile monitor, a bunch length

measurement system and an energy spectrometer.

29
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Figure 3.2: Schematic diagram of a current monitor (Toroid).

3.1.1 Current Monitor

The beam current is measured by a current monitor (toroid), which is a pulse trans-
former with a ferromagnetic core made of ferrite material. A schematic diagram of the
current monitor is shown in Figure 3.2. The electron beam acts as a primary winding
and the secondary winding of N turns is used to pick up the signal. The toroid is
installed around a non-conduction section of the beam pipe to avoid image currents
in the vacuum chamber which would cancel the signal from the beam current. The
beam current I, is related to the measured current I, by I, = NI,. For convenience,
we measure the voltage V; across a load resistance of R = 50() instead of measuring
the current. In most of our toroids, there are N = 8 turns in the secondary winding.

The beam current is therefore
I,(A) = 0.16V4(V). (3.1)

The toroid does not have the temporal resolution to measure the current of each
individual electron bunch, but, it gives a true image of the current pulse for the
macropulse as shown in Figure 3.3. Not only does it provide beam current informa-
tion, but it is also used as a criteria to ensure reproducible electron beam conditions

by reproducing the current pulse. There are several toroids installed along the beam
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Figure 3.3: A measured current pulse of a macropulse at T3.

line to monitor the beam current at various locations.

3.1.2 Beam Profile Monitor

The transverse beam profile is viewed by projecting the beam on a fluorescent screen
which gives off visible photons when irradiated by electron beams. The image is
then captured by a CCD camera and observed on a TV monitor. A diagram of
the beam profile monitor system is shown in Figure 3.4. A fluorescent screen is
mounted on the back of the radiator allowing us to monitor the beam position and
get an estimation of the transverse beam size at the locations where the experiments
take place. The arrangement of the camera and the screen compensates the aspect
ratio of the projected beam profile on tilted screen and therefore the measured beam
profiles require no correction. Since the screen is placed very close to the radiator,
the scattering of the electron beam through the radiator can be ignored.

For a precise beam profile measurement, the image of the beam is captured with a
computer equipped with a frame grabber (DT322 from Data-Translation). Window-
based software, compatible with the frame grabber has been developed and used to
catch an image of the beam. The software synchronizes the frame grabber to the

macropulse cycle to ensure it catches a beam image. The image of the beam can then
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Figure 3.4: A schematic layout of the beam profile monitor system.
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Figure 3.5: A transverse beam profile showing an image of the beam, its horizontal
profile, and its vertical profile (— : beam profile and - - : Gaussian fit).
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be analyzed to get the transverse beam profile. Figure 3.5 shows an image of the
beam with its horizontal and vertical beam profiles. These beam profiles are cross
sections through the beam core (the most intense part). Each profile looks more or
less like a bell-shape. By fitting the profile to a Gaussian, we can obtain the standard
beam sizes (04,0,). In Figure 3.5, the Gaussian fits are shown by dashed-lines. It
has been found that, in most of the cases, we have oblong beam cross sections with a
larger height than width (o, > 0,). The effective beam radius o, is then somewhat

between o, and the arithmetic average of both half axes £ (o, + o) .

3.1.3 Bunch Length Measurement System

The bunch length measurement system is one of the main topics presented in this
thesis and will be discussed in details in Chapter 5. The system will be briefly
introduced here to complete the beam instrumentation.

We measure the bunch length using an autocorrelation of the coherent transition
radiation. This technique extracts the bunch length information from the spectrum
of coherent transition radiation generated by the electron bunch. The radiation spec-
trum is obtained by a Michelson interferometer which will be described later in this
chapter. This bunch length measurement technique is capable of resolving bunch

lengths well below one picosecond.

3.1.4 Energy Spectrometer

In a bending magnet, electrons with different energy will follow different trajectories
because the bending angle is associated with the beam energy. Therefore, the energy
distribution can be measured by bending the beam and observing the beam current as
a function of bending angle. It is, however, more convenient to monitor the collected
beam current at a fixed bending angle and obtain the energy distribution by varying

the magnetic field.
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Figure 3.6: Cross-sectional diagram of a radiator for transition radiation.

3.2 Setup to Generate Transition Radiation

At SUNSHINE, we generate transition radiation by inserting a radiator in the beam
path. The radiator is made of a stretched 25-pum-thick aluminum foil supported by
two aluminum rings using the drumhead stretching principle. The transition radiation
is then generated at the vacuum and Al-foil interface. The diagram in Figure 3.6
displays a cross-sectional diagram of the radiator showing the top and the bottom
supporting rings. The aluminum foil is placed between the two rings and can be
stretched over the edge of the bottom ring. The inner diameter of the supporting
ring which represents the size of the conducting surface is 24 mm.

As described in Chapter 1, the spectral intensity of transition radiation is deter-
mined by the dielectric constant of the two mediums. Since this thesis is focused
on the far-infrared transition radiation generated from the interface between a vac-
uum (e = 1) and Al- foil, the dielectric constant of aluminum in this regime should
be considered. Using Drude’s model, the dielectric constant of aluminum €,4;, in the
far-infrared spectral range is calculated and is presented in Appendix A. Its value, in
this spectral regime, is higher than e4;, = 1 x 10°. We may, therefore, assume that
€47, > 1 in the far-infrared regime, and will treat the Al-foil radiator as a perfect
conducting surface (e — o).

By tilting the radiator by 45° with respect to the electron path, the backward
transition radiation is emitted at 90° with respect to the beam axis and exits through
a high density polyethylene (HDPE) window. According to the data sheet [17] and
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Figure 3.7: A schematic diagram of the setup for generating backward transition
radiation.

Ref. [18], the high density polyethylene window transmits most of the radiation in the
far-infrared range. A schematic diagram of the setup to generate transition radiation
is shown in Figure 3.7. The thickness and the size of the window are different in some
experimental setups and will be mentioned specifically for each experiment.

In a setup, collection of the transition radiation is limited by the acceptance angle
which may differ in each experimental setup depending on the component configu-
ration. Mostly, the acceptance angle is determined by the size of the polyethylene
window and the distance from the radiator to the window. The smallest acceptance
angle in our experiments is +120 mrad in a setup using a small window (18 mm
diameter) and the window is 74 mm away from the radiator. This small acceptance
angle is close to £6/v and has a radiation collection efficiency of 33% for a 25 MeV
electron beam. The acceptance angle for each experiment setup will be specified
where appropriate.

A transition radiation experimental station is usually located after a quadrupole
doublet focusing system. This focusing is necessary to minimize the beam spot size
at the radiator. The effects of the beam sizes on the radiation properties will be

discussed in Chapter 4.
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3.3 Pyroelectric Detector

We use a room temperature pyroelectric detector to measure the far-infrared radiation
intensity. The detector can be separated into two parts; the pyroelectric sensor and
the amplifier. The pyroelectric sensor is manufactured by Molectron (Molectron P1-
65). The sensor consists of a 100 um thick LiTaO3 pyroelectric crystal and a built-in
impedance transformer [a field effect transistor (FET) and a resistor] which control
the overall electrical time constant of the sensor. When a pyroelectric crystal is
exposed to incident radiation, radiation absorption causes the temperature of the
element to rise. As a result, the crystal expands and generates a polarization current.
The polarization current is then neutralized through an external circuit by electrodes
attached to the front and back surfaces of the sensor. The output signal from the
sensor is therefore proportional to the change of the crystal temperature which is
determined by the incident radiation energy [19]. The Signal from the pyroelectric
sensor is amplified by a signal amplifier [3] with an adjustable gain of 1 to 200. The
time response of the detector is not fast enough to measure the radiation energy from
each microbunch. The signal from the detector is, therefore, proportional to the total
radiation per macropulse (3000 microbunches). The detector has been calibrated
against a Scientech thermopile power meter. There are three pyroelectric detectors
used in the measurements and the three detectors have slightly different voltage-to-
power conversion. Results of some measurements will be presented in term of power
where appropriate, otherwise we will present relative power in term of the measured
voltage.

According to the Molectron data sheet [19], the detector has a uniform spectral
response from a few pym to some 100 pm wavelength. However, in our experiments
we found that multiple reflections inside the crystal cause some interferences and re-
sult in a periodic modulation of the detector spectral response. The effects of these

multiple reflections will be described in detail in Chapter 5.
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3.4 Translation Stage and Controller

Translation stages and controllers are used to move components such as the mov-
able mirror in a Michelson interferometer, mirrors to adjust the cavity length in the
stimulated transition radiation cavity, or a detector. A precision-ball-bearing trans-
lation stage (Newport Model 443) is moved by either a Newport 850B or a Newport
850F linear actuator. The system is capable of moving in precise steps as small as
0.1 um. The actuators are controlled by a Newport PMC2000-P motion controller
connected to a PC through a GPIB interface. Through the interface the actuator can
be controlled by a computer program written in the LABVIEW environment which

can move the actuator in steps or in continuous motion.

3.5 Michelson Interferometer

A Michelson interferometer, sometimes refered to as a two beam interferometer, is
used to analyze the radiation spectral distribution. The interferometer is also part
of the bunch length measurement system and will also be used for far-infrared spec-
troscopy. In this section, we will describe the general characteristics of a far-infrared
Michelson interferometer. Details will be provided with specific remarks when dis-
cussing the bunch length measurement in Chapter 5 and far-infrared spectroscopy in
Chapter 8.

A schematic diagram of a far-infrared Michelson interferometer is shown in Figure
3.8. The interferometer consists of a beam splitter, a fixed mirror and a movable
mirror, arranging as the diagram shown. Radiation entering the Michelson interfer-
ometer is split into two parts by the beam splitter. The two parts then travel in two
different directions to be reflected back by mirrors. After reflection, the two radiation
pulses are combined again and sent to a detector for measuring the intensity.

At an optical path difference of §, the combined radiation pulses are the radiation
pulse from the fixed arm, Ey;,(t) = TRE (t) ; and the radiation from the movable arm
delayed in time by /¢, Emowe(t) = RTE (t +6/c). Here R and T are the reflection

and transmission coefficients of the beam splitter. The intensity measured at the
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Figure 3.8: A schematic diagram of a Michelson interferometer.

detector is then

2

Sp(8) o / ‘TRE(t)JrRTE(tJrg) dt

— 2/|RT|2E(t)E*(t+%)dt+2/|RTE(t)|2dt.
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(3.2)

The second term is independent of the path difference and will determine the baseline

whose intensity is half of the maximum intensity when 6 = 0. The first term is an

autocorrelation of the radiation pulse [20]. We call the variation of the radiation

intensity above the base line as a function of path difference an interferogram. An

interferogram is, therefore, just a representation of the radiation autocorrelation.

I(6) x 2Re / |RT|2E(t)E*(t+§)dt.

(3.3)

The interferogram can be expressed in frequency domain by a Fourier transformation
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as
+o0o _ 2 )
1(6) = 2Re / ‘R(w)T(w)E(w) e=oledy, (3.4)

From (3.4), the radiation power spectrum is then the Fourier transform of the inter-

ferogram.

S o / " 1(8)e™%/°ds = FT{I(6)}. (3.5)

In a far-infrared Michelson interferometer, a thin film beam splitter is commonly
used. Thin film beam splitters have a strong frequency dependence due to interfer-

ences of multiple reflections. The total amplitude reflection and transmission (R and



3.5. MICHELSON INTERFEROMETER 41

T) of a beam splitter with refractive index n and a thickness of d are [9]

1 — e
1 — r2eiv’
eigp/Q

1 — r2eiv’

(3.6)

Tw) = (1-7% (3.7)

where ¢ = (2wd/c)\/n? — 1/2 for a 45° incident angle and r is the amplitude reflec-
tion coefficient at the air-beam splitter interface which is different for parallel and
perpendicular polarization components. With an incident angle of 45° and assuming

the refractive index n,;,. =~ 1 for air, the two components of r are [21]

1—v2n2 -1

r, = — Y 3.8

- 1+v2n2 1 (3:8)
n?>—+v2n2 -1

TH = (3.9)

n2+v2n2—1

The beam splitter efficiency is defined as |R (w) T (w)|” and it has a specific fre-
quency dependence depending on the thicknesses and refractive index of the beam
splitters. The efficiency for some typical thicknesses of Kapton beam splitters, which
are used in our measurements, is shown in Figure 3.9. The efficiency becomes zero at
certain frequencies, where destructive interferences occur. The thickness of the beam
splitter is usually chosen so that the frequencies of interest stay between the first two
minima. A Michelson interferometer for the bunch length measurement, however, has
different criteria for choosing a beam splitter. The beam splitter effects on the bunch

length measurement will be discussed in Chapter 5.

To show the effects of the beam splitter interference on an interferogram and on
the spectrum, we compute the interferogram of a Gaussian pulse with and without
the beam splitter response. Figure 3.10 shows the interferogram and the spectrum
if an ideal beam splitter is used. Figure 3.11 shows the interferogram and the spec-
trum obtained from the same Gaussian pulse with the beam splitter interference. In
the calculation, the parameters for a 25.4-um-thick Kapton beam splitter have been

used. Suppression of frequencies where the beam splitter efficiency becomes zero are
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Figure 3.12: The Michelson interferometer setup with the white trace representing
the radiation path.

evident. In the interferogram, the beam splitter interference causes negative valleys
near the main peak. The beam splitter efficiency must be considered when using the

information obtained from the Michelson interferometer.

Figure 3.12 shows the setup of a Michelson interferometer including part of the
beam line with the polyethylene window. The main components of the Michelson
interferometer; a fixed mirror, a movable mirror, a beam splitter, and a detector
are shown in the Figure. The fixed mirror M1 and the movable mirror M2 are Al-
coated front surface mirrors. We use an Al-coated parabolic mirror P1 to convert
divergent radiation in to a parallel beam. The collimated and parallel beam is then
deflected 90° by a flat mirror M3 into the beam splitter. The recombined radiation
from the beam splitter is collected with a copper cone and is directed to a pyroelectric
detector. The movable mirror is mounted on a translation stage and the movement
is control through a PC as described in 3.5. An interferogram is obtained by moving

the movable mirror in steps while recording the radiation intensity from the detector.
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Figure 3.13: (a) interferogram and (b) radiation spectrum obtained from the Michel-
son interferometer set up in ambient air.

The mirror scan and the detector signals are controlled and recorded through the

computer interface with LABVIEW environment.

Figure 3.13 presents an interferogram and its spectrum obtained from the Michel-
son interferometer setup in ambient air (the setup is shown Figure 3.12). The valleys
resulted from the beam splitter interferences are apparent in the interferogram. The
two signatures on both sides of the main peak are a detector artifact. This artifact
results in a periodic modulation in the spectrum and will be discussed in Chapter 5
in more detail. Many water absorption lines are also visible in the spectrum. The
cross marks in the graph indicate the locations where strong water absorption lines
are expected. Water absorption appears in the interferogram as small oscillations at

the absorption frequencies along the baseline of the interferogram.
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3.6 In-vacuum Michelson Interferometer

An in-vacuum Michelson interferometer was assembled for experiments in evacuated
environments. The evacuated environment will allow us to separate the effect of water
absorption from others in the measurements. The interferometer is set up in a vacuum
chamber which is connected to the main beam line. Figure 3.14 shows a side-view
schematic diagram of the setup. In the diagram, the electron beam is moving in the
direction toward the paper generating backward transition radiation in a downward
direction. A gold coated off-axis parabolic mirror P1 which has a diameter of 25
mm and a focal length of 75 mm is used to collimate backward transition radiation
generated by the electron beam. The mirror P1 is placed exactly one focal length
below the radiator and its focal point aligns at the center of the radiator. Such
an arrangement has a radiation acceptance angle of 160 mrad. The collimated and
parallel beam then travels through a high density polyethylene window and enters the
in-vacuum Michelson interferometer. The window separates the high vacuum system
of the beam line from the vacuum system of the interferometer. Figure 3.15 shows
a top-view diagram of the setup including the Michelson interferometer inside the
vacuum chamber. In this setup, a gold coated off-axis parabolic mirror P2 is used
to collect the radiation into the detector. The mirror P2 has a diameter of 25 mm
and a focal length of 50 mm. A picture of the in-vacuum Michelson interferometer is
displayed in Figure 3.16 showing its components as specified in the schematic diagrams

and a translation stage with an actuator to move the movable mirror.
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Figure 3.14: A side-view schematic diagram of the in-vacuum Michelson interferom-
eter setup.
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Figure 3.15: A top-view schematic diagram of the in-vacuum Michelson interferometer
setup showing components of the interferometer.
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Figure 3.16: A picture of the in-vacuum Michelson interferometer showing its com-
ponents inside the vacuum chamber.
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Chapter 4

Characterization of Coherent TR

This chapter provides the characterization of coherent transition radiation (TR) at
SUNSHINE. First, the coherent radiation intensity is illustrated, and then the mea-
sured properties of the radiation such as spatial distribution, spectral distribution
and polarization are discussed. The electron beam size effects will be discussed later

in this chapter.

4.1 Coherent Radiation Intensity

A signature of coherent radiation from short electron bunches is that its intensity
scales with the number of electrons in the bunch squared. Measurements of the
coherent transition intensity generated from our electron bunches as a function of
the number of electrons per bunch have been conducted to verify this quadratic
dependence. The radiation intensity is recorded as a function of the electron beam
current which is directly proportional to the number of electrons in the bunches. It
was found that the most practical way to adjust the beam current at SUNSHINE with
the least effect on the electron bunch length is to scrape the beam in the alpha-magnet
with the high energy filter while keeping the low energy filter fixed [3].

The beam current is measured with the current pulse monitor T3 (toroid3), located
close to the transition radiation radiator. The measured current pulse of a macropulse

allows us to estimate the number of electrons in each microbunch. Due to temporal
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resolution limitation of the current monitor, we do not know the intensity of each
individual microbunch. On the other hand, we have no reason to assume that the
intensity changes dramatically from bunch to bunch. The current pulse is therefore
a good measurement of the bunch intensity for the duration of the macropulse. To
include the temporal variation of the microbunch intensity, a recorded current pulse
is sliced into about 400 slices in time and the sum of number of electrons in each
slice squared is then calculated. The sum of number of electrons in each microbunch

squared

Nb N Nsh',ce
N2 ~ ( b ) N2 4.1
Z Nslice ; J ( )

where N, is the number of microbunches in a macropulse and Ng;. = 400 is the

number of current pulse slices.

The coherent transition radiation intensity from a bunch of N, electrons scales

linearly with the number of electrons per bunch squared,
I.rr (per bunch) oc N?2. (4.2)

Since we have N, electron bunches,

Nb N Nsh',ce
Irr (per macropulse) o ZNEQZ ~ (N b ) Z NZ. (4.3)
i1 slice 1

We measure the intensity of the backward transition radiation as a function of
beam current. The radiation is passed through a 19-mm-diameter, 1.25-mm-thick
HDPE window and is collected toward the detector by a copper cone. The acceptance
angle is 120 mrad which is limited by the size of the window. The transition
radiation intensity as a function of the sum of number of electrons in each microbunch
squared is shown in Figure 4.1. The measurement confirms that the radiation intensity

scales with the number of electrons squared as expected for the coherent radiation.
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Figure 4.1: Transition radiation intensity as a function of the sum of number of
electrons in each microbunch squared. The circular marks represent the measurement
and the solid line represents a linear fit.

4.2 Spectral Distribution

The spectral distribution of incoherent transition radiation is uniform up to very high
frequencies well beyond our range of interest. The spectral distribution of coherent
transition radiation, on the other hand, has a limited range from very long wavelengths
down to wavelengths comparable to the electron bunch length. In general, radiation at
long wavelengths is suppressed by the vacuum chamber [22]. Wavelengths comparable
to and longer than the chamber radius (10 — 15 mm in our case) cannot propagate.
It is worth mentioning that this effect limits the generation of coherent synchrotron
radiation in a storage ring since the bunch length in a storage ring is on the order of
a few centimeters or longer. Only recently, burst of coherent synchrotron radiation
has been observed [23].

The spectral distribution of coherent transition generated from femtosecond elec-

tron bunches at SUNSHINE is measured using a Michelson Interferometer. After



52 CHAPTER 4. CHARACTERIZATION OF COHERENT TR

1.0 +
0.8 -
0.6
0.4 4

0.2 4

spectral intensity (a.u.)

0.0 ||||=||||=||||=||||=||||=|||||||||||||||

0 10 20 30 40 50 60 70 80
wavenumbefl/cm)

Figure 4.2: Coherent transition radiation spectrum obtained from the in-air Michelson
interferometer.

recording an interferogram of the backward transition radiation, the spectral distri-
bution of the radiation is calculated by taking the Fourier transform of the inter-
ferogram. The relationship between the radiation power spectrum and the interfer-
ogram is shown in (3.5). Figure 4.2 shows the spectral distribution obtained from
an interferogram recorded by a Michelson interferometer set up in ambient air. In
the interferometer, a 25.4-pm-thick Kapton film has been used as a beam splitter.
Such a beam splitter has non-zero frequency response, shown in Figure 3.9, over the
frequencies of our interest. The measured radiation spectrum indicates that the ra-
diation obtained from short electron bunches at SUNSHINE covers the far-infrared
regime. In addition to the suppression by the vacuum chamber, the low frequency
suppression in the spectrum is due to the beam splitter interference as described in
3.5. The spectrum exhibits absorption from the water vapor in air and also reveals
strong features of a periodic absorption. This periodic absorption is the result of the
interference in the pyroelectric detector used in the Michelson interferometer. The
interference causes constructive interferences and destructive interferences at specific

frequencies. More details of this effect will be discussed in Chapter 5.

To eliminate the absorption by water vapor, an in-vacuum Michelson interferom-
eter has been constructed. In this case, the measured radiation spectrum is free of

water absorption lines as shown in Figure 4.3. Other than the water absorption lines,
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Figure 4.3: Coherent transition radiation spectrum from the in-vacuum Michelson
interferometer.

the spectrum in Figure 4.2 and Figure 4.3 show some differences at low frequencies.
The low frequency components in the spectrum taken from the in-vacuum seem to be
more suppressed even though the two Michelson interferometer are set up with the
same kind and same thickness of the beam splitter. This extra suppression at low

frequency can be explained by diffraction from the mirrors used in the setup.

The setup of the in-air and in-vacuum Michelson interferometers has been de-
scribed in Section 3.5 and Section 3.6. Due to space limitations of the in-vacuum
setup, smaller parabolic mirrors (25-mm diameter) are used to collimate the coherent
transition radiation generated at the radiator and to focus the radiation beam onto
the detector. Figure 3.14 shows the first parabolic mirror P1 and Figure 3.15 shows
the second parabolic mirror P2. These mirrors however cause some low frequency
suppression by diffraction. The low frequency suppression of the system can be es-
timated by considering two circular apertures placed at 90-cm apart which is the
distance between the parabolic mirror P1 and P2. Diffraction from the first aperture
results in intensity distribution described by a Bessel function (considering Fraun-
hofer diffraction). The fraction of total energy contained within an area of the second
aperture then can be estimated [24]. The solid line in Figure 4.4 shows the effect of
diffraction of two 25-mm-diameter aperture separated by 90 cm, clearly displaying

the suppression at low frequency. Frequencies below wavenumbers of 15 cm™! are
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Figure 4.4: Calculation of the diffraction limited spectral transmission through the
in-vacuum Michelson interferometer with two 25 mm diameter mirrors P1 and the P2
at a distance of 90 cm apart (solid), and through the in-air Michelson interferometer
with a 63 mm diameter mirror P1 and a 25 mm diameter aperture copper cone at a
distance of 50 cm apart (dashed-line).

heavily suppressed. For comparison, we estimate the diffraction effect of the in-air
interferometer, whose setup shown in Figure 3.12, with the first parabolic mirror P1
having a diameter of 63 mm. In this setup, a copper cone has been used to collect the
radiation into the detector instead of a second parabolic mirror. The copper cone has
a circular aperture of 25 mm and the distance between the cone and parabolic mirror
P1 is 50 cm. Considering the size of the mirror P1, the circular aperture of the cone,
and the distance between them, the diffraction effect can be estimated. The result is
shown by the dashed-line in Figure 4.4. The low frequency suppression is less severe

than that of the in-vacuum interferometer.

Figure 4.5 shows again the radiation spectrum obtained from the in-vacuum
Michelson interferometer (in solid) along with the spectrum computed from a 2-mm-

long interferogram excluding the signatures from the detector artifacts. By using

1

the 2-mm-long interferogram, the spectral resolution is 5 cm™" and can not resolve
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Figure 4.5: Coherent transition radiation spectrum and the spectrum without the
detector interference effect (dashed-line).

the interferences of the pyroelectric detector. This spectral distribution therefore
represents the emitted coherent transition radiation from the electron bunches. The
radiation is a broadband spectrum reaching from microwaves to wavenumbers of 80
cm !, Since the radiation intensity collected in the Michelson interferometer depends
on the beam splitter efficiency and other factors, the spectrum intensity have been
presented in arbitrary units. The corrected spectrum, after applying the correction for
beam splitter efficiency and mirror diffraction, is shown by a solid curve in Figure 4.6.
The dashed-line represents the raw spectrum obtained from the in-vacuum Michelson
interferometer. The dotted-sections in the corrected spectrum show sections which
are near singularities in the beam splitter efficiency and thus are overcorrected. The
corrected spectrum shows the spectral energy density available in an acceptance an-
gle of 165 mrad which is equivalent to collecting 39% of the transition radiation

generated from a 25 MeV beam.

4.3 Total Energy Measurement

The total radiation energy can be obtained by collecting the backward transition ra-

diation over a large solid angle. A schematic diagram of the experimental setup for
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Figure 4.6: Coherent transition radiation raw-spectrum (dashed-line) and the cor-
rected spectrum (solid line) after applying the correction for beam splitter effciency
and mirror diffraction.

this measurement is shown in Figure 4.7. The backward transition radiation is gen-
erated as described in 3.2. A pyroelectric detector is moved across the photon beam
in the xy-plane collecting the radiation coming form a 32 mm diameter polyethylene
window. The detector is mounted on two orthogonal translation stages and the move-
ment is controlled through a PC as described in Section 3.4. Through a computer
interface under the LABVIEW environment, the detector can be moved in x or y di-
rection with a selectable step size and the detector signal at each location is recorded.
The scanning plane is 178 mm away from the center of the radiator. Scanning over an
area of 55 mm x 55 mm, the total collected radiation is about 400 uJ per macropulse.

The expected value of radiation energy can be computed using (1.3), (1.4), and
(2.13) assuming a Gaussian bunch with o, = 40 pm. With 87% transmission of
the polyethylene window, the expected radiation energy is 745 pJ which is twice of
the measured value. Most of the discrepancy is believed to be due to variation of
the bunch length along a macropulse. Since optimum bunch compression works for

a narrow range of central momentum, a macropulse with momentum variation will
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Figure 4.7: Experimental setup diagram for the total energy meaurement and for
the radiation distribution measurement.

result in bunch length variation after compression. This variation of bunch length,
in principle, can be derived through simulations of electron bunch generation [1].
Correction of the total radiation energy generated by a macropulse due to the bunch

length variation is discussed in Refs. [16] and [1].

4.4 Spatial Distribution

The spatial distribution of transition radiation is obtained from the same setup and
procedure described in the previous section. The center of horizontal scan is located
at 90° with respect to the beam trajectory while that of the vertical scan is level
with the beam trajectory. The center of the scanning plane is expected to be the
center of the backward radiation cone emitted from 45° oblique incidence. A 2.5-
mm-diameter iris has been placed in front of the pyroelectric sensor to provide higher
resolution of the distribution from a scan. The detector and the iris are moved in steps

across the transition radiation beam; and the radiation intensity at each position is
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recorded. In the measurement, the scanning step is 2.5 mm for both direction. The
radiation distribution, obtained from the measurement, is shown in Figure 4.8. The
radiation pattern is similar to that shown in Chapter 1 where transition radiation
properties were discussed. The distribution is hollow at the center of the radiation
cone, reaching maximum at the distant around 6 mm from the center. Figure 4.9
shows the horizontal and vertical cross-sections of the radiation distribution which
are easier to visualized. The circular marks show recorded intensity while the lines
are just connecting them. The vertical cross section seem to be more symmetric than
the horizontal cross section. Although one would expect an asymmetry only in the
horizontal cross section for the transition radiation from 45° incidence in out setup,
it is not clear that the asymmetry observed here is the result of the oblique incidence
or others variation that might occur during the scan which took about 1 hour to
complete. For a 26 MeV beam, the theoretical asymmetry is of the order of 10 — 15%
[Figure 1.7(a)].

From the radiation pattern, we found the maximum intensity at the position 6.5+
0.5 mm from the center of the radiation cone. According to the theory of transition
radiation (using now TR from normal incidence for simplicity), its maximum intensity
is located at 6 ~ 1/7, where 6 is the angle between the radiation direction and the
center of the radiation cone. For a 26 MeV beam, which is the average energy of the
beam in the measurement, this theoretical maximum intensity should be at 3.5 mm
from the center of the radiation cone. Possible reasons for this large discrepancy are
correction for oblique incidence, energy spread of the beam, interference of transition
radiation generated from a beam with a finite beam size, a finite size of a radiator
[25], and a finite absorption area of the detector. Estimate of all this effects can
explain a widening of the distribution from having a maximum intensity at 3.5 mm

to around 5 mm which is still smaller than the observation.

4.5 Polarization

The angular spectral intensity of transition radiation from normal and from oblique

incidence, particularly for 45° incidence, are described in Chapter 1. For the case
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Figure 4.10: Horizontal and vertical polarization of the backward transition raditaion
from a 26 MeV electron, 45° oblique incidence.

of normal incidence the radiation has only one component which is parallel to the
radiation plane, defined as the plane containing radiation direction k and the direc-
tion normal to the interface. The whole radiation distribution is therefore radially
polarized. Although the radiation from 45° incidence is composed of two components
(parallel and perpendicular to the radiation plane the radiation), the distribution of
transition radiation generated by a 26 MeV beam from 45° incidence is very similar
to that from normal incidence. To analyze the radiation pattern for the geometry
defined in Figure 4.7, we call for the distribution of horizontally polarized radiation
(along the x axis) and the distribution of vertically polarized radiation (along the
y axis). The horizontally and vertically polarized components can be obtained by

decomposing the parallel and perpendicular components expressed in (1.8) and (1.9)
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Figure 4.11: Horizontally and verticlaly polarized radiation components measured
using a wire grid polarizer.

onto each axis. The radiation distributions for horizontal and vertical polarizations
are illustrated in Figure 4.10, showing that the radiation is very close to be radially
polarized.

The polarization of the transition radiation is measured using a wire-grid polar-
izer from Graseby-Spec (Model IGP223). The polarizer consisted of 4 pm wire-grid
photo-lithed onto a polyethylene substrate. The spatial distribution is measured first
with the polarizer oriented such that it allows the horizontally polarized radiation to
pass, then measured with the polarizer rotated 90°, allowing the vertically polarized
radiation to pass. Figure 4.11 shows the experimental results of the horizontal and
vertical polarizations. It can be seen that the radiation distributions for the horizon-
tal and vertical polarizations resemble those of the theoretical ones shown in Figure
4.10.
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4.6 Effects of Beam Sizes

The spectral intensity of coherent transition radiation is determined by distribution of
the electron bunches emitting the radiation. It is often evaluated by assuming that the
contribution from transverse distribution is negligible so that the spectral intensity
can be described only by the bunch longitudinal distribution. In general, minimizing
the beam size will reduce transverse effects to coherent radiation properties as will

be discussed in this section.

For a Gaussian bunch with the distribution as defined in (2.12) and (2.20), its

form factor can be written as
Flw,0) = e—[(w(rpsine/c)Q—l-(wO'zCUSH/C)Q]' (4.4)
The transverse distribution can be neglected under the condition that
o,cos0 > o,sinf , (4.5)

where 6 is the observation angle. This condition indicates that transverse effects can
be reduced by a small transverse beam size at the radiation source and a small ob-
servation angle. Let us apply our experimental parameters, a typical bunch length
of o, = 40 pm and a typical well-focussed beam size with o, = 0.5 mm, to the con-
dition (4.5). If we choose to observe the radiation at 1/~ for the maximum intensity
(0 =1/~ =20.4 mrad for a 25 MeV beam), the right hand side of (4.5) becomes 10.2
pm while the left hand side yields 39.9 pm. Thus the condition in (4.5) is roughly

valid for this case but it may not satisfy if the observation angle become larger.

Experiments to investigate the effects of the beam size on coherent transition
radiation intensity have been conducted. The beam size is measured by taking an
image of the beam on a fluorescent screen which is mounted behind the radiator.
Details of the beam profile monitor and how to obtain the transverse beam profile
are described in Chapter 3. In this experiment, electron beam sizes are varied using a
pair of quadrupole magnets located 60 cm upstream from the radiator. The spectral

distributions of coherent transition radiation generated from electron bunches with
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Figure 4.12: Coherent transition radiation intensity from various beam sizes (— :
theoretical estimate).

different transverse beam sizes are recorded using the in-vacuum Michelson interfer-
ometer. To obtain the total intensity we integrate the radiation spectrum over all
frequencies. The total intensity as a function of beam size is shown in Figure 4.12,
where the effective beam radius o, is between the two limits discussed in Section
3.1.2. Evidently, the radiation intensity decreases as the beam size increases. The
solid line in the figure represents the theoretical intensity obtained from the following

calculation.

The theoretical intensity can be computed starting from the expression of coherent

transition radiation intensity at an observation angle
Lirg (w,0) = NyNZrg (w,0) f (w,0), (4.6)

where N, is the number of bunches, NN, is the number of electrons per bunch and f (w)
is the form factor (4.4) for a Gaussian bunch. For simplicity, I7g (w, 0) is the transition
radiation intensity generated by an electron from normal incidence on the interface
between vacuum and perfect conductor which has no frequency dependence. The

collected radiation within an acceptance angle of 6, can be obtained by integrating
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over the solid angle as
2w 0
Ly .00 = N2 [ [ 17 (6) £ (,0)sin 0606 (4.7)
o Jo

Since the frequency response of the instruments impacts on the radiation intensity,
it must be included in the estimation. This frequency response is due to the beam
splitter efficiency |R(w)T(w)|?, described in Section 3.5, and the transmission factor
from the mirror diffraction M (w), described in Section 4.2. The radiation intensity

collected by the in-vacuum Michelson interferometer is then

2m 04
Lon(w,02) = NoN?|R(w)T(w) M(w) / / Lrn (6) f (w, 0) sin 6d9d
0 0
Oa

x |R(w)T(w)|* M(u))/ Ik (0) ¢ [(wopsind/e +(wo=cos0/] iy p g,
0
(4.8)

The expression indicates that the contribution from the transverse distribution causes
the coherent radiation spectrum to drop at lower frequencies as the beam size becomes

larger. The radiation spectral width, thus, becomes narrower.

After the integration of (4.8) over all frequencies, the total intensity becomes

o0 0a 2 2
Ln (6) o / | R(w)T(w)[2 M(w) / Lo (6) e~ [onsin0/0+ o o0/ 1 00
0 0
(4.9)

The expected intensity of various transverse beam sizes can now be computed using
(4.9), assuming a 25 MeV monochromatic beam and a Gaussian bunch of o,= 26
pm (refer to Section 5.5 for the estimation of ¢.). The Amplitudes of the expected
intensity are scaled to the measurement by a constant factor obtained from a least
squares fit to 0, cenrer Which is the value of o, in the center between the two limits.

The measurement agrees with theoretical expectation.

The spectral distribution associated with each beam size is shown in Figure 4.13.

The measurement confirms that when the beam size increases, the radiation intensity
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Figure 4.13: Spectral intensity of coherent transition radiation from the bunch with
various beam sizes.
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Figure 4.14: Calculated spectral intensity of coherent transition radiation from a
Gaussian bunch with o, = 0, coxri-
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decreases and the high frequency components of the radiation are more suppressed due
to interference effects. The smallest beam size in the measurement gives the highest
intensity and the broadest spectrum. For comparison, the spectral distributions of
coherent transition radiation obtained from a Gaussian bunch are calculated using
(4.8) and 0, = 0, cenrer, Using the same normalized factor obtained earlier from the
least squares fit. The calculated spectra are shown in Figure 4.14. The decrease in
intensity as well as the narrowing of the spectrum, as the beam size increases, in the

measurement and in the calculation agree within the limits of the effective beam size.

Effects of the electron beam size to the coherent radiation intensity and spectrum
have just been demonstrated experimentally as well as theoretically. For a Gaussian
bunch distribution, the condition shown in (4.5) can be used to estimate how strong
the contribution is from transverse distribution. In the following discussion, we look
closely into the relationship between transverse beam sizes, bunch lengths, observation

angles, and coherent radiation spectral width of a Gaussian bunch.

Define the critical frequency w, in a Gaussian form factor f(w) = e~(“o=/ 9’ as
wi=— (4.10)

which represents the frequency at which the form factor drops down to 1/e* or 13.53%
of the maximum. Note that the above is for the case of an infinitely thin beam
(0,=0).

For a Gaussian bunch with o, # 0, its form factor is shown in (4.4) and the critical

frequency for this case becomes

2
Wl = c (4.11)

©  o2cos?f +02sin® 0

Since the transition radiation has its maximum intensity at 1/ which is very small

for relativistic electrons (even an observation angle of a few times 1/ gamma is still
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Figure 4.15: Normalized critical frequency as a function of ¢,6/0..

considered small), the critical frequency in (4.11) can be simplified to

2
2 C

Wi~ . 4.12
‘o2 (1 + 0%92/02) (4.12)

Equation (4.12) shows effects of the beam size and the observation angle on the critical
frequency of the coherent transition radiation. When 0,0 — 0, the critical frequency
is determined solely by o,.. As 0,0 is getting larger, the critical frequency becomes
lower. Figure 4.15 shows the critical frequency v. = w./2mc, normalized to that of
an ideal case when 0,0 = 0, as a function of 0,0/0,. One can see that the critical
frequency is lower as 0,0 becomes larger compared to o,. When 0,0/, = 10, for
example, the critical frequency reduced to only 10% of the ideal case. Figure 4.16
displays coherent spectral distribution when 0,0/, = 0.1, 1, and 10. For a larger
0,0/0, the spectral width is narrower. To obtain the full coherent radiation spectrum
which is bunch length limited, the electron beam size should be as small as possible.
For the same reason, smaller angles would also be preferred. However limiting the
acceptance angle to a small one will reduce the collected radiation intensity. The
optimum choice therefore depends on the particular interest of either broad spectrum,

high intensity or both.
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Figure 4.16: Coherent radiation spectral distribution for ¢,0/0, = 0.1 (solid), 1
(dashed-line), and 10 (dotted-line).

4.7 Coherent TR Summary

The measured properties of the coherent transition radiation generated at SUNSHINE
is summarized and presented in Table 4.1. The radiation covers much of the far-
infrared spectral range and high intensity radiation from millimeter waves up to 100
cm ™! can be detected with a room temperature detector. The radiation pulse duration
(0.) is as short as 120 femtosecond which is equivalent to 35 pm. We observed the
radiation energy of about 400 pJ per macropulse, containing about 3000 radiation
pulses. The radiation is collected within an acceptance angle of 154 mrad which is
equivalent to 38% collection efficiency for a 25 MeV electron beam. An average power
about 4 mW is yielded when operate at 10 Hz repetition rate. The radiation radiance,
estimated from the collected radiation within 4154 mrad, is shown in Figure 4.17 and
compared to black body radiation at 1000K and synchrotron radiation. The radiation
radiance (W/mr?/mm?/100%BW) is four to seven orders of magnitude above that
of back body radiation and is at least three orders of magnitude above that of the
synchrotron radiation estimated using parameters from a typical VUV ring (E = 800
MeV, I,= 500 mA, and B =1.4 T). It is possible to extend the spectral range of

coherent transition radiation further by using shorter electron bunches.
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Parameter value unit
Spectral range 5—100 | cm™!
Energy per macropulse 400 wd
(38% collection effeciency)

polarization radial
Macropulse power 400 W
Microbunch power 440 kW
Average power (at 10 Hz rep. rate) 4.0 mW
Micropulse duration (o) 120 fs
Micropulse separation 350 ps
Macropulse duration 1 JIES
Number of radiation pulses/macropulse | ~ 3000 | pulses

Table 4.1: Measured properties of coherent transition radiation generated at SUN-

SHINE.
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Figure 4.17: Far-infrared coherent transition radiation from femtosecond electron

bunches compared to black body radiation and synchrotron radiation.
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Chapter 5
Bunch Length Measurement

Coherent radiation is closely related to the bunch distribution since the Fourier trans-
form of the particle distribution determines the spectrum of coherent radiation. Fur-
thermore, the shorter the bunch length , the broader a coherent radiation spectrum
is generated. At SUNSHINE, we measure bunch lengths using coherent transition
radiation emitted at wavelengths longer than or equal to the bunch length. By ana-
lyzing the autocorrelation of coherent transition radiation, the bunch length can be
determined [26]. The basic methods and experimental technique has been described
elsewhere ( [2],[3]) and are briefly repeated here. Some important issues regarding the
technique and data analysis have been investigated in more detail during this thesis
program. These issues include effects of the pyroelectric detector to the measurement,
dispersion of the radiation pulse as it propagates through humid air, and effects of
beam sizes to the measurement. Pulse reconstruction will also be discussed in this

chapter.

5.1 Basic Principle

The coherent radiation spectrum is determined by the spectral distribution of the
particular radiation emission process used and the bunch form factor. The spec-
tral distribution of transition radiation, generated from a vacuum-metal interface,

is considered to be frequency independent within the spectral range of our interest.
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Therefore, the coherent transition radiation spectrum is determined solely by the
bunch form factor. Since the bunch form factor relates to the particle distribution as
its Fourier transformation squared, defined in (2.5), the coherent transition radiation

spectrum relates directly to the particle distribution.

Log (W) = Nppf(w)

/ez’k ﬁ'FS(F)dBT

2

= NIrg , (5.1)

where N, is the number of electrons in the bunch and S (r) is the particle distribution.

A special case arises when the transverse distribution can be neglected,

Lo (W) = Nrgf(w)

/ e*h(z)dz

= NSQITRVL(CU)'Q, (52)

2

- NEQITR

where h (z) is the longitudinal distribution of the bunch and h (w) is its Fourier

transform.

The coherent transition spectral distribution can be obtained using a Michelson
interferometer. This has been described in Section 3.5 and the Fourier transform of
the interferogram, which is the autocorrelation of the radiation pulse, is the radiation

power spectrum.

2

FT{I(8)} o | R@)T(@)Ew)| | (5.3)
where
1(6) o 2 Re / \RTJ? E(t)E*(t + g)dt. (5.4)
From (5.2) and (5.3), we can write

FT{I(8)}  |h(w)]*. (5.5)
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Since the power spectrum of coherent transition radiation is the Fourier transform
of the particle distribution squared, an interferogram directly represents the auto-
correlation of the particle distribution. The bunch length can then be derived from
the interferogram. For example, the interferogram of a rectangular pulse has a Full
Width at Half Maximum (FWHM) equal to the pulse width and the interferogram
of a Gaussian pulse has a FWHM equal to 4vIn 20, [3]. Since this method is based
on optical principles, it works for any short bunch length for which optical elements

are available.

5.2 Overview of the Technique

A schematic diagram of the bunch length measurement based on the coherent transi-
tion radiation autocorrelation technique is shown in Figure 5.1. Backward transition
radiation is generated from a 45° tilted radiator. The radiation exits through a high
density polyethylene window from the beam pipe and enters a Michelson interferome-
ter. A typical interferogram obtained by scanning a movable mirror is also presented.

In order to analyze the interferogram efficiently, one must eliminate all effects that
disturb the radiation spectrum and may therefore lead to erroneous bunch length mea-
surements. The beam splitter has a particular spectral response, which comes from
interferences of multiple reflections within the beam splitter. The spectral response
can be calculated from optical constants of the material as discussed in section 3.5.
The theoretical and experimental evaluations of beam splitter effects on the bunch
length measurement have been reported in Refs. [2] and [3]. Corrections to this effects
can be applied with the knowledge or assumption of the actual electron distribution.
The studies in Ref. [3] show that the corrections are different for different particle
distributions, for example, a Gaussian or a uniform distribution. For thick beam split-
ters, the bunch length can be obtained directly from the width of the interferogram
measured in terms of optical path difference. Corrections must be applied if a thin
beam splitter is used. The required correction becomes negligible if one uses a beam
splitter which is thicker than about half the equivalent bunch length [3]. There is a

similar concern related to water absorption for a bunch length measurement system
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Figure 5.1: Michelson interferometer setup for bunch length measurements with a
typical interferogram.

in ambient air. An interferogram and radiation spectrum obtained from the mea-
surement in air is shown in Figure 3.13; many water absorption lines are visible in
the spectrum. Although we believe that water absorption does not affect the overall
shape of the spectrum, eliminating the effects will help us gain more information
from the measurement. Not only do we obtain the bunch length from the interfero-
gram and the radiation spectrum, but we also expect to get some information of the
particle distribution. For this purpose, an in-vacuum Michelson interferometer has
been assembled at SUNSHINE. The system in vacuum has allowed us to gain more
information from the measurement and to study effects of ambient air on the bunch

length measurement.
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Figure 5.2: Corrected FWHM as a function of measured FWHM taken by the in-
vacuum Michelson interferometer.

5.3 The In-vacuum System

The in-vacuum Michelson interferometer has been described in Section 3.6. In order
to obtain an accurate result for a bunch length measurement, it is necessary to analyze
some known impacts of the system on the measurement. In the in-vacuum Michelson
interferometer, the radiation spectrum is perturbed by beam splitter efficiency and
mirror diffraction. Since any perturbation to the radiation spectrum yields inaccurate
bunch length measurements, we will first discuss effects of beam splitter response and

mirror diffraction to bunch length measurement.

Low frequency suppression due to the beamsplitter interference is discussed in
Section 3.6 and that due to the mirror diffraction in Section 4.2. Both effects cause
the negative valleys to merge into the interferogram main peak similar to the effects

of the beam splitter alone as demonstrated in Figure 3.11. As a consequence, the
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Figure 5.3: Interferograms and the radiation spectrums taken from the in-air inter-
ferometer and from the in-vacuum interferometer.

measured FWHMs will appear to be narrower than the real value. The correction
can be obtained by considering the frequency response of the beam splitter and the
low frequency suppression of the mirror diffraction. By applying both effects to the
power spectrum of a Gaussian bunch, the corrected FWHM as a function of measured
FWHM for a Gaussian bunch can then be obtained from simulated interferograms

and is shown in Figure 5.2.

5.4 Bunch Length Measurement in Vacuum

Figure 5.3 shows interferograms and radiation spectra obtained from the in-air Michel-
son interferometer and the in-vacuum Michelson interferometer. Small oscillations in
the interferogram from water absorption have vanished in the in-vacuum interfero-

gram. The radiation spectrum taken in vacuum is also free from water absorption
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Figure 5.4: (a) interferogram and (b) radiation spectrum taken from the in-vacuum
Michelson interferometer.

lines. The spectrum however is not smooth as we first expected. Instead, a strong
feature in the radiation spectrum is now clearly visible. The feature has been ob-
served in the radiation spectrum at all times but it was mistakenly identified as part
of water absorption since the minima almost coincide with known strong water ab-
sorption lines. The periodic-like structures in the radiation spectrum become clear
once the water absorption has been eliminated from the radiation spectrum and we
can now understand the feature. An interferogram and the radiation spectrum taken
from the in-vacuum Michelson interferometer are shown again in Figure 5.4. The
spectrum clearly displays a periodic structure which could possibly be an outcome
of interferences. The signatures in the interferogram also suggest that multiple re-
flections might occur. Since thin film interference of a 25-um Kapton beam splitter
features a zero efficiency at 112 cm™!, the feature observed here does not result from
the beam splitter. We believe that this feature is a result of the pyroelectric detector

response.



78 CHAPTER 5. BUNCH LENGTH MEASUREMENT

~100pm
(a) (b) >
lectrod
electrode electrode o
Chromium Iaye/ Gold layer Gold layer

Chromium layer

LiTao, Chromium layer LiTao, Chromium layer

Figure 5.5: Scheamatic diagrams show structures of the pyroelectric sensor and the
radiation absorption mechanism.

5.4.1 Internal Reflection in a Pyroelectric Crystal

The general description of the pyroelectric detector used in the interferometer has
been described in Section 3.3. The sensor (Molectron P1-65) is made of a 100 pm thick
LiTaOg3 pyroelectric crystal. The P1-65 has a metallic coating containing chromium
applied to the front surface of the crystal to increase the response time. The metallic
coating is partially reflecting, partially transmitting and partially absorbing over a
broad spectral range from 0.1 to 1 pm [19]. Since the coating is metal and is in
intimate contact with the crystal, heat transfer occurs on the order of picosecond.
The rear surface is also coated with a chromium layer and a heavy layer of gold which
absorbs radiation through the visible region to 1 pum [27]. The schematic diagram in
Figure 5.5(a) shows the structures of the pyroelectric sensor.

For far-infrared radiation, such as our radiation pulses, a fraction of radiation at
the front surface is either reflected, absorbed, or preferably transmitted through the
chromium coating. Part of the transmitted radiation may later be reflected by the
gold layer at the rear surface. The schematic diagram in Figure 5.5(b) illustrates
the absorption and reflection mechanism. At unequal optical path lengths in the
interferometer, part of the radiation from one arm is reflected on the rear surface of
the crystal and travels toward the front surface. This reflected radiation can interfere
with the radiation coming later from the longer arm of the interferometer. This

leads to either an increased or decreased signal at the detector as evident from the
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Figure 5.6: The interferogram showing multiple reflections in the pyroelectric sensor.

signatures in the interferogram. The following along with Figure 5.6 and Figure 5.7
will describe these signatures.

In Figure 5.6, the main peak (signature 0) is the result of the autocorrelation of
the radiation pulse while the other signatures are cross-correlations of the radiation
pulse and reflected pulses. The schematic diagram in Figure 5.7 shows how these
signatures occur. The diagram in Figure 5.7(a) demonstrates a situation for zero path
difference giving an autocorrelation as a consequence. Cross-correlation can occurs
when a radiation pulse from one arm is reflected on the rear surface of the sensor and
then interferes with the radiation pulse coming from the longer arm. The signature
+1 and the signature -1 illustrate the cross-correlation. Figure 5.7(b) shows cross-
correlation of the reflected radiation from the movable mirror yielding the signature
+1. Similarly, Figure 5.7(c) shows cross-correlation of the reflected radiation from the
fixed mirror causing the signature -1. Evidence of the signature 42 , signature +3,
signature -2, and signature -3 confirm that multiple reflections within the detector
crystal can occur.

The locations of the signatures in the interferogram depend on the thickness and
the refractive index of the pyroelectric crystal. The centers of the signatures +1
and -1 are located at the distance d = 2t n from the main peak, where t is the

thickness of the crystal and n is the average refractive index. From the interferogram,
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Figure 5.7: Demonstration for the signatures in the interferogram: (a) autocorre-
lation, (b) cross-correlation of the reflected pulse from the movable mirror, and (c)
cross-correlation of the reflected pulse from the fixed mirror.

we find d = 1.37 mm given an average refractive index of the LiTaOj3 crystal n =
6.85. Similar estimations can be made using the other signatures with the proper
travelling distances. Alternatively, the average refractive index can be estimated from
the spectral response. The period of the spectral response (Figure 5.4) averaged over

8 minima is 7.35 cm !

suggesting that the average refractive index of the detector
crystal is 6.80. The feature in the frequency response, however, is not perfectly
periodic with a constant frequency interval which indicates a small dispersion in the
crystal. By further analyzing the interferogram signatures, it is possible for us to
calculate the refractive index of the detector crystal as a function of frequency using
the Dispersive Fourier Transform Spectroscopy (DFTS) technique. More details of
this study will be present in Chapter 8.

To support the above model of multiple reflections in the detector crystal, we
compare the interferogram taken by a Molectron P1-62 which is constructed in a
similar way as the Molectron P1-65 but the pyroelectric crystal is only 25 pm thick.
This P1-62 sensor has an absorption area of 2 mm diameter and is manufactured as a
test version by the manufacturer. Due to some alignment difficulty, this measurement
is performed in a Michelson interferometer set up in air. The interferograms taken
from both detector are compared in Figure 5.8 while their spectra are shown in Figure

5.9. The signature 41 and -1, which are the cross-correlation of the reflected radiation

pulses, move closer to the main peak when using the P1-62 sensor. This is as expected
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Figure 5.8: Interferograms taken by (a) P1-65 detector with a 100 um thick pyroelec-
tric crystal and (b) P1-62 with a 25 pm thick pyroelectric crystal.

when a thinner detector crystal is used since the reflected radiation pulses travel a
smaller distance in the crystal. From the thicknesses of both detector crystals, the
distance between the signature 4+1 and the main peak in the interferogram taken by
the detector P1-62 should be a quarter of that observed with the detector P1-65 (if the
thickness specification is precise). Note that many ripples shown in the baselines of
both interferogram are the outcome of water vapor absorption. As for the spectrums,
the frequency interval in the frequency response for P1-62 is larger than that of P1-65.
Some water absorption lines are observable in the spectrums. Since the resolution
of the spectrums are limited by the total length of the interferogram, the absorption
lines visible here are not as clear.

Multiple reflections in the pyroelectric detector crystal results in signatures of
cross-correlation in the interferogram. As long as the cross-correlation signatures do
not merge into the main peak, the pyroelectric detector, such as the P1-65 detector,

can be used for the autocorrelation bunch length measurement. It is also clear that
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Figure 5.9: Spectral intensity obtained from (a) P1-65 and (b) P1-62 detector.

the bunch length information is contained in the main peak of the interferogram
which is an autocorrelation of the coherent transition radiation. Therefore a short
interferogram including only the main peak and the clear base-line level gives sufficient

information for bunch length measurements.

5.4.2 Dispersion in Humid Air

To study effects of humidity in ambient air on the bunch length measurement, we
compare interferograms taken in air and in vacuum. After taking bunch length mea-
surements in vacuum, the interferometer is opened up to the atmospheric environ-
ment. The measurements in air are then taken. Interferograms for both cases are
shown in Figure 5.10, displaying the increase of the interferogram width for the mea-

surement in the air. The average FWHM of the interferograms measured in vacuum
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measurement | FWHM (um) | corrected FWHM (um)
in vacuum 8712 126 £ 4
in ambient air 101 £3 158 £ 6

Table 5.1: The average FWHMs of the interferograms taken in vacuum and in ambient
air with and without corrections for 1 mil beam splitter and mirror diffraction .

detector signal (a.u.)

opticalpath difference (mm)

Figure 5.10: Comparison of the interferograms taken in vacuum (solid) and in humid
air (dash-line).

is 87 £ 2 pm while the measurements in the air give an average FWHM of 101 + 3
pm. Note that the deviations shown here are due to statistical errors. In general, the
resolution of the bunch length measurement is determined by the step size which is
5 pm in this measurement. Applying the correction from low frequency suppression
discussed in Section 5.3, the corrected bunch lengths for both measurements can be
obtained and are shown in Table 5.1. The corrected FWHM for the measurement in
vacuum is 126 pum, while that of the measurement in the air is 158 mm, which is 32
pm larger than that taken in vacuum. This broadening can be explained by disper-
sion due to water vapor in humid air. Since the refractive index of humid air is not

constant over the far-infrared regime, different frequencies propagate with different
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velocities. Consequently, the radiation pulse is spreading, as it travels through the
air.
Variation of propagation velocities and pulse spreading can be related by
Av Al
— = — (5.6)
(vg) $
where Al is the increase of the pulse length as the radiation pulse is travelling a
distance s in air, Av, is the variation of the group velocity, and (v,) is the average
group velocity within the radiation spectral range. From the measurement, the pulse

spreads from 126 pym to 158

pm after travelling 80 cm in humid air. Approximated by (5.6), the variation of
group velocity contributed to the spreading should be in the order of

Av, Al (158 — 126) pm 4% 105,

(v) s 80 cm

To estimate the variation of the group velocity, we first consider the group velocity
vy = dw/dk which can be written as [28]

v, = ﬁ {1 + %j—ﬂ _1, (5.7)

where n (w) is the refractive index of humid air and c is the speed of light in vacuum.
The real refractive index of humid air at room temperature and 1.5 Torr partial
pressure reproduced from [29] is shown in Figure 5.11. By knowing the refractive
index of the air, the group velocity can now be estimated using (5.7) and is shown in
Figure 5.12. Note that the variation of group velocity between the two dashed-lines
is Av, =4 x 107°.

The variation of the group velocity in air (ignoring narrow absorption bands) is
contained within the two-dashed lines, indicating that it is reasonable to describe the
observed pulse spreading by dispersion in humid air. It is worth noticing that the
pulse spreading depends on the radiation spectral range. For example, a long bunch

generating coherent radiation within 17 ecm~! wavenumber will not be vulnerable to
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the dispersion since the group velocity variation within the radiation spectral range is
very small. A very short bunch, on the other hand, generates a broad spectrum and
is subjected to large pulse spreading when it traverses the humid air. In any case,
to avoid the pulse spreading and for precise bunch length measurements, either the

interferometer must be placed under vacuum or corrections must be applied.

5.5 Effects of Beam Size

The principle of the autocorrelation bunch length measurement is based on extracting
the frequency information from the coherent radiation. Perturbations to the coherent
radiation spectrum from the transverse distribution, therefore, disturbs the bunch
length measurement. The effects of the beam size on the coherent radiation spec-
trum have been discussed in Section 4.7. In general, it is important to minimize the
contribution of transverse distribution to fully obtain the coherent spectrum that is
determined solely by the longitudinal particle distribution.

The experiment to investigate effects of the beam size on the bunch length mea-
surement has been conducted in a similar way as the study of the beam size and
coherent radiation properties (Section 4.7). In this experiment, the bunch lengths
are measured as a function of the beam size. The beam size is varied using a pair
of quadrupole magnets located 60 cm upstream from the radiator and is measured
by analyzing an image of the beam on the fluorescent screen mounted behind the
radiator. The image of the beam is analyzed to give horizontal and vertical beam
profiles. Details of the beam profile monitor setup and its analysis are described
in section 3.1.2. Interferograms of the coherent transition radiation, generated from
the electron beams focused to different beam sizes, are recorded using the in-vacuum
Michelson interferometer. The FWHM of each interferogram gives us a measured
value o, associated with each beam size in the measurement. The beam size is rep-
resented by the effective beam width o, where 3 (0, + 0,) < 0, < 0, as discussed in
Section 3.1.2.

The experimental results are shown in Figure 5.13 with the effective beam sizes

bound between the two limits and the measured bunch lengths o,,, are within Ao, ~ 3



5.5. EFFECTS OF BEAM SIZE 87

-
o

D
o

O (M)
N w SN o1
o o o o

[
o

o

1000 1500
Op (M)

o
(81
o
o

Figure 5.13: Measured bunch length o, as a function of beam size.

pm. As a beam size decreases, the measured bunch length becomes smaller. The
measured values should approach the real bunch length when the beam size is small
enough so that the contribution of the transverse distribution becomes negligible
compared to that of the longitudinal distribution. The condition for this particular
case for a Gaussian bunch is shown in (4.5) and has been discussed in Section 4.6.
In our measurement, the beam sizes can not be focussed small enough to be in that
regime. This focussing limitation is due to the energy droop along a macropulse, i.e.

the beam size varies along the macropulse.

A theoretical comparison of the beam size effect can be obtained from the follow-
ing consideration. The form factor of a Gaussian bunch, given in (4.4), yields the

measured bunch length o, (0) of

m

oo, (0) = 02 cos® 0+ o7 sin* 0, (5.8)

where 6 is the observation angle. In the measurement, the radiation is collected over

the acceptance angle 6, and thus the measured bunch length o, is the average over
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Figure 5.14: A simplified representation of the low frequency suppression by rep-
resenting the spectral distribution with the function [1 - e*(2”p”)2] [67(27“721/)2] with

p =50 pum (— : the function with o, = 30 ym and x : measured radiation spectrum).

all angles from zero to 6,.

foea I.rr (0) o (6)sinddd

Om = {om (0 = 5.9
7 (D)o, 1Y% Ly (6) sin 646 (5:9)
where I (0) is the coherent transition radiation intensity observed at 6.
I 0 > R T 2M 7(wapsin9/c)2 7(wazc059/0)2 Sin29 d
CTR( ) X 0 | (L&J) (w)l (w)e € (1 _ 62 cos? 9)2 w-.
(5.10)

The function |R(w)T(w)|” and M(w) describe the low frequency suppression of the
beam splitter and of the mirror diffraction in the Michelson interferometer. For
simplicity, we fit the low frequency spectrum to the function [1 — e~ o/ C)Q] where p
is the fitting parameter. Figure 5.14 shows the function [1 - e_(Q“p”)Q} [6_(27“72”)2},
where v = w/2mc, fitted to a measured radiation spectrum obtained from the in-
vacuum Michelson interferometer. The best fit for the low frequency suppression

can be achieved with the fitting parameter p = 50 pym. The high frequency roll
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Figure 5.15: Bunch length o, as a function of beam size ( — : theoretical estimate)

off associated with the form factor is not of concern at this point since it will be
determined by the measurement parameters. A more practical expression of (5.10)

becomes

o) e
i : 0
ICTR (0) = / |:1 - e*(wp/c)2i| e*(wap sm 9/0)28*(4.«)0'2 cos 9/0)2 S1n
0

(1 — 3% cos?f)? “
AL sin® @ 1 1
2 (1 - p*cos26)?

TN

where y? = 02sin” @ + 02 cos? 0. The (0, (0)) in (5.9) can now be evaluated.

: (5.11)

The value of 0, = (o.m (0)),, as a function of o, is evaluated for the transition
radiation generated by a 26 MeV monochromatic beam, collected over the acceptance
angle of £160 mrad. The calculation is fitted to the measurement and both results
are shown in Figure 5.15. The trend in the experimental results and the calculation
suggest that the bunch length o, is about 26 ym. For a precise bunch length mea-
surement, it is important to focus the beam well to achieve a small beam size at the
radiator so that the transverse distribution is negligible. Bunch length measurement

as a function of beam size, similar to what has been done in this experiment, can be
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Figure 5.16: A measured interferogram for bunch length measurement.

used to separate longitudinal and transverse contribution for more accurate estimate
of the bunch length.

5.6 Pulse Reconstruction

The width of the interferogram peak resembles the bunch length, yet, the particle
distribution is not well defined in this frequency domain observation. However, par-
ticular features of an interferogram correlate with features of the particle distribution.
For example, a triangular interferogram is expected from an autocorrelation of a rect-
angular pulse and a Gaussian interferogram corresponds to a Gaussian pulse. This
gives us some indications about the particle distribution. More information of the
distribution can be obtained by fitting the measured radiation spectrum to that of a
known distribution.

Figure 5.16 shows a measured interferogram with a FWHM of 86 pym. From the
interferogram, the bunch distribution is unlikely to be a rectangular bunch since the
interferogram differs from triangular which is that expected from a rectangular bunch.
After applying corrections for the low frequency suppression from the beam splitter
and mirror diffraction, the corrected FWHM of the interferogram is 126 pum for a

Gaussian bunch. To obtain more information on the bunch distribution we fit the
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Figure 5.17: Measured power spectrum (a) in linear scale and (b) in logarithmic scale
together with power spectrum of a Gaussain pulse (o, = 38 pm) shown in solid.

radiation power spectrum to the spectrum of a Gaussian bunch. Figure 5.17 shows
the spectrum fitting in both linear and semilogarithmic scales. The best fit is achieved
with a Gaussian distribution bunch with ¢, = 38 pm giving 4v/In 20, = 126.5 which
agrees with the corrected FWHM from the interferogram. Note that the calculated
spectrum includes the beam splitter interferences and the mirror diffraction. The
spectrum plotted on a linear scale shows the over all fit of the spectrum while that
shown on a semilog scale gives a clearer image of the spectral distribution when the
radiation intensity falls off. In Figure 5.17(b), the power spectrum at the detectable

level covers two order of magnitude in the intensity. The noise floor is also shown



92 CHAPTER 5. BUNCH LENGTH MEASUREMENT

in the figure. The spectrum fit displayed on the semilog scale show some deviations

from being a pure Gaussian bunch.

It is important to point out that in the autocorrelation bunch length measure-
ment technique, the interferogram is the average results for all microbunches in many
macropulses. This is so because of the long time constant (ms) of the detector sys-
tem and because a full auto correlation scan continues over a time span of minutes.
Therefore, the measured bunch length is an average bunch length. Since we know
that the bunch length varies due to the energy droop along the macropulse, we cannot
be certain that the radiation spectrum represents the particle distribution of a single

microbunch.

5.6.1 Kramers-Kronig Pulse Reconstruction

Pulse reconstruction can be carried out using Kramers-Kronig analysis [30]. An
asymmetry in the particle distribution is included by expressing the Fourier spectrum

of a general distribution as
E (W) = A(w)e?®), (5.12)

While the phase ¢ (w) is lost in autocorrelation, it may be calculated from Kramers-

Kronig relation.

b(w) = —2w /0°° In[A (W) /A (w)]duf, (5.13)

T W — w2

where the amplitude of Fourier spectrum A (w) is obtained from the measured radi-

ation power spectrum

A ((,U) = IcTR ((,U) (514)
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Figure 5.18: (a) corrected power spectrum and exponential extrapolation to high
frequencies; and (b) Kramers-Kronig reconstructed pulse.

Here the radiation power spectrum I,z (w) is just the Fourier transform of the mea-

sured interferogram. The particle distribution can then be reconstructed by

hiz) = — /0 " A (W) 008 [6 () — wz/d] do. (5.15)

e

Kramers-Kronig Reconstructed Pulse

In principle, the Kramers-Kronig analysis requires a known radiation spectrum from
zero to infinite which is practically impossible. However, for femtosecond bunches

at SUNSHINE the coherent spectrum covers quite a broad range and thus make
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it possible for us to extrapolate the spectrum to zero and to high frequency with
some confidence. Figure 5.18(a) shows the corrected spectrum and high frequency
extrapolation using the exponential function. The reconstructed pulse is computed
by (5.13) — (5.15) and is shown in Figure 5.18(b) suggesting an asymmetric pulse
with a tail. However, we believe Kramers-Kronig analysis can only unambiguously
reconstruct certain classes of distribution from the power spectrum. Therefore, the
result shown in 5.18(b) is, therefore, just one possibility of the pulse shape. Pulse
reconstruction simulations using Kramers-Kronig analysis for some pulse distributions
will be discussed in the next section demonstrating the limitations of the Kramers-

Kronig analysis.

Pulse Reconstruction Simulation

The following are results of pulse reconstruction simulations using the algorithm based
on the Kramers-Kronig analysis with some pulse distributions constructed from two

Gaussian pulses.

Simulation #1 The original pulse is composed of two Gaussian pulses with the

same width, different amplitudes, and different centroids with the larger pulse ahead.
The longitudinal pulse distribution can be expressed as

2 z—2.50 2

f(z) = 875(”_1) -+ %67%( o1 1) ,

where o7 = 30 pum. The pulse shape, simulated interferogram, power spectrum and

the reconstruction pulse are shown in Figure 5.19. The reconstruction successfully

recovers the original pulse shape.

Simulation #2 The original pulse is composed of two Gaussian pulses with the
same width, different amplitudes, but now the weaker Gaussian leads (Figure 5.20(a)).

The longitudinal pulse distribution can be expressed as

1 (z+2.501 ) 2

71

fo) = et (&) 1 ges ,
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Figure 5.20: Pulse reconstruction simulation #2.
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Figure 5.21: Pulse reconstruction simulation #3.

where 07 = 30 um. The original pulse in this case is just a mirror image of the
previous simulation. The original pulse distribution and simulated results are shown
in Figure 5.20. The reconstructed pulse features the stronger Gaussian leading which

is completely the opposite of the original pulse.

Simulation #3 The original pulse is composed of two Gaussian pulses with the
different widths, different amplitudes, but the same center position. The longitudinal

pulse distribution can be expressed as

where 07 = 30 pum. This original pulse distribution is in fact a symmetric one. The
reconstruction simulation shown in Figure 5.21, however, retrieves an asymmetric
pulse featuring a tail structure.

The simulations show that unique pulse reconstruction based on Kramers-Kronig

analysis is not possible. The analysis preferably retrieves an asymmetric pulse having
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a leading higher amplitude followed by a tail. This analysis, therefore, cannot fully

retrieve the phase nor reconstruct the pulse with out any ambiguity.

5.6.2 Other Phase-retrieval Methods

There are other techniques that have been developed to resolve the actual shape
of ultrashort pulses. The goal of these techniques is to extract the phase informa-
tion that cannot be obtained from autocorrelation measurement. Phase information
can be obtained from two or more measurements, of which one is the autocorrela-
tion measurement and the others are cross-correlation of a pulse after propagating
through known dispersive mediums [31, 32, 33]. More sophisticated techniques which
can determine amplitude and phase of a pulse without significant ambiguity are, for
example, Frequency Domain Phase Measurement (FDPM) [34] and Frequency Re-
solved Optical Gating (FROG) [35]. FDPM employs a spectral filter technique and
cross-correlation to obtain phase information of a particular frequency component of
a pulse. FROG measures the spectrum of a particular temporal component of the
pulse through a nonlinear-optical effect. In general, these methods require the avail-
ability of dispersive materials or nonlinear effects in the frequency range of interest.
To implement such phase-retrieval methods for the bunch length measurement based
on coherent transition radiation in far-infrared, suitable dispersive materials must be

available. So far no such materials could be identified.



98

CHAPTER 5. BUNCH LENGTH MEASUREMENT



Chapter 6

Coherent Diffraction Radiation

(DR)

Diffraction radiation (DR) is emitted when a charged particle travels in the neigh-
borhood of some inhomogeneity. Specifically, the radiation can be generated when
an electron travels past a metallic structure such as a transition in beam line cross
sections. The theory of diffraction radiation was developed in the late 1950s [36, 37,
38, 11], examining charged particles passing through simple structures including cir-
cular apertures and slits. In 1995, Ref. [39] reported the first observation of coherent
diffraction radiation in the millimeter and submillimeter wave region. The diffraction
radiation was generated from a 150 MeV beam passing through a circular opening or
iris. The experiment was set to observe the forward diffraction radiation and used a
mirror to deflect the diffraction radiation to the observer. The mirror was in the path
of the electron beam and acted as a radiator of transition radiation. The observed
radiation was then the superposition of diffraction radiation and transition radiation.

In our experiments, we use backward radiation to avoid this superposition. The
backward diffraction radiation from a circular opening can be observed by rotating
the iris 45° with respect to the beam trajectory. Since the electron trajectories are
not disturbed passing through the opening, it is then possible to generate diffraction
radiation at several experimental stations as the beam is travelling along the beam

line. This makes coherent diffraction radiation of great interest for nondestructive

99
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bunch length measurements using the autocorrelation technique. In this chapter, we
present the observation of coherent diffraction radiation at SUNSHINE and discuss
the autocorrelation bunch length measurement based on coherent diffraction radia-

tion.

6.1 DR from a Circular Aperture

The radiation intensity emitted from an electron moving with velocity v passing
through a circular aperture radius r in an ideal conducting screen can be expressed
as [39]

Ipr (W) = Iri (w) D (w), (6.1)

where Iy (w) is the spectral intensity of transition radiation and D (w) is the correc-

tion for diffraction radiation.

Dw) = lJo (sino) (%) K1 (%)F (6.2)

Here, 6 is the observation angle with respect to the beam axis, 8 = v/e¢, v is the
Lorentz factor, Jy is the Bessel function of the zeroth order and K; is the modified
Bessel function of the first order. For the backward diffraction radiation the angle 6 is
the angle between the radiation direction and —v. The radiated intensity approaches

that of the transition radiation when the aperture decreases (r — 0).

6.2 Coherent DR at SUNSHINE

The diffraction radiation is generated by a 26 MeV electron beam moving past a
circular aperture in a 1.5 mm thick aluminum plate. The schematic diagram of the
setup is illustrated in Figure 6.1. Three aperture sizes, 1.5 mm, 3 mm and 5 mm
in diameter, are available. The aperture size can be selected by moving the plate

vertically to center the selected aperture on the beam trajectory. The Al-plate is
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Figure 6.1: Schematic diagram of the setup to generate diffraction radiation. The
target plate can be moved in the direction normal to the plane of the figure to selected
different apertures.

tilted by 45° with respect to the beam path and the backward diffraction radiation,
emitted at 90°, exits through a 19-mm-diameter and 1.25-mm-thick polyethylene
window. Also available on the Al-plate is a fluorescent screen which can be selected
to monitor the beam position. The beam profile is observed through a CCD camera
(not being shown in the diagram) located on the opposite side of the polyethylene
window. The beam is adjusted to pass through to the center of the screen by upstream

steering magnets.
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Figure 6.2: Diffraction radiation intensity as a function of the sum of number of
electrons in each microbunch squared. The circular marks represent the measurement
and the solid line represents a linear fit.

6.2.1 Coherent DR Intensity

Similar to the coherent transition radiation intensity, the intensity of coherent diffrac-
tion radiation is expected to scale with the square of the number of electrons. To
verify the coherence of diffraction radiation generated at SUNSHINE, measurements
have been conducted in a similar manner as described in Section 4.1. The diffrac-
tion radiation is generated using the 5-mm-diameter aperture which is the largest
one available in the setup. Backward diffraction radiation is collected by a copper
cone, with an acceptance angle of 120 mrad limited by the size of the window. The
radiation intensity as a function of beam current is measured. The beam current
is measured through toroid4 (T4) located just after the diffraction radiation exper-
imental station. By closing the high energy slit in the alpha-magnet to scrape off
some electrons, the beam current can be varied. The sum of the number of electrons

squared >~ NZ? is determined using the method described in Section 4.1. The result
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aperture diameter (mm) | normalized intensity | T4,..x(mA)
0 (Al plate) 1 108
1.5 0.92 169
3.0 0.75 218
5.0 0.61 220
open N/A 220

Table 6.1: Relative intensity of coherent transition radiation and coherent diffraction
radiation form 1.5 mm, 3.0 mm, and 5.0 mm diameter apertures.

is shown in Figure 6.2 in which the radiation intensity scaling with Y  N? confirms

the coherence of the diffraction radiation.

6.2.2 Intensity and Aperture Size

Using the same setup as shown in Figure 6.2, we investigate the diffraction radiation
intensity generated from different aperture sizes. The radiation is collected over
+120 mrad acceptance angle. Table 6.1 shows the intensity normalized to that of
transition radiation for the radiation generated by different aperture sizes. The beam
currents are recorded by T3 at the upstream location and by T4 located after the
experimental station. The amount of beam current passing through T3 and T4 allows
us to monitor whether parts of the electron beam have been intercepted by the Al-
plate. The peak current at T3 is 259 mA while the peak current passing through T4
without any obstacle is 221 mA. The peak currents at T4 are also shown in the table
to indicate whether the electron beam is intercepted by the apertures. For the case
of 5-mm aperture, the electron beam passes through the aperture without significant
interception. This is still true for the case of 3-mm aperture. However, the 1.5-mm
aperture seems to intercept some of the electron beam.

The measurement shows that the collected radiation intensity decreases as the
aperture size increases. To compute the theoretical intensity, we use (6.1) and the
coherent radiation intensity shown in (2.4). For simplicity, we use the expression

for transition radiation generated from normal incidence on a vacuum and perfect
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Figure 6.3: Normalized diffraction radiation intensity as a function of aperture radius
(o : measurement and — : calculation).

conductor interface. The coherent diffraction radiation intensity can be expressed as
I.pr (w,0) = NyN2Ipg (w,0) f (), (6.3)

where N, is the number of bunches, N, is the number of electrons in each bunch,
Ipr (w) is diffraction radiation intensity defined in (6.1), and f (w) is the form factor
which depends on the electron bunch distribution. The collected radiation within an
observation angle 6, can be obtained by integrating over the solid angle as

21 Oa 2122 : 29
Lok (w,0,) = NyN? / / e’f sin D inddode. (6.4
pr (W, 0,) e | 21— oo 0)? (w) f (w) sin o (6.4)

In the calculation, we use a monochromatic beam of 26 MeV with a Gaussian lon-
gitudinal distribution of ¢, = 80 pm. The parameter is obtained from the autocorre-
lation bunch length measurement. This measured bunch length is in fact the result of

both longitudinal and transverse distribution which was described in Chapter 5. We
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do not have enough information to separate the longitudinal and transverse distribu-
tions in this case. The calculation is therefore performed using only the longitudinal
form factor with o, approximated from the bunch length measurement representing
an effective bunch length. Note also that the bunch at the diffraction radiation ex-
perimental station is generally longer than the one at the transition radiation station
since it is located further downstream in the beam line. With the limitation of our
beam line transport system, it is turned out to be difficult to preserve the short bunch
along a long beam line. The results of the calculation, normalized to those obtained
for D (w) = 1, are shown in Figure 6.3 along with the measured values obtained for
D (w) = 1. The measured intensity appears to be higher than the calculation. This
discrepancy comes from the finite beam size. Even though the transverse distribu-
tion has been included in the form factor, the effects of a finite beam size has not
been included in the distribution of diffraction radiation. The expression of D (w) in
(6.2) is valid for electrons moving past the center of the circular aperture. In reality,
the electron beam has a finite width and some electrons are closer to the metallic

boundary than the aperture radius as theoretically assumed.

6.2.3 Spectral Distribution

The frequency dependence of diffraction radiation intensity is shown in (6.1) and
(6.2). The radiation intensity normalized to that of transition radiation is just the
function D (w) shown in (6.2). The spectral distributions of diffraction radiation for
a 26 MeV beam at the observation angle 1/, generated by 1 mm, 3 mm, and 5
mm diameter apertures, are presented in Figure 6.4. The high frequency components
are suppressed by interference as the aperture size increases. It can be seen in the
figure how the spectral distribution of diffraction radiation from a 26 MeV beam
suffers from the high frequency suppression. This spectral distribution will limit the
spectral range of coherent diffraction radiation that can be generated. The spectral

distribution of a higher energy beam will be discussed later in this chapter.

The spectral distribution of coherent diffraction radiation generated by a 26 MeV

beam at SUNSHINE is measured with a Michelson interferometer and is shown in
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Figure 6.5: Spectal distribution of coherent transition radiation and coherent diffrac-
tion radiation generated by a 26 MeV beam st SUNSHINE.
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Figure 6.5. The backward diffraction radiation is generated by the 1.5 mm, 3.0 mm,
and 5.0 mm diameter apertures on an Al-plate while the backward transition radiation
is generated by the vacuum-aluminum interface. The low frequency suppression in
the spectrum is due to thin film interference effect in the 25-um Kapton beam splitter
which has been discussed in Chapter 3. The high frequency suppression is caused by
the diffraction radiation spectral distribution expressed in (6.2) and it becomes more

severe as the aperture size increases.

6.3 Bunch Length Measurement Using Coherent
DR

The autocorrelation bunch length measurement technique, described in Chapter 5,
retrieves frequency information of the bunch from the spectrum of coherent transi-
tion radiation. The coherent diffraction radiation generated by the electron bunch
also carries such frequency information. Moreover, generation of coherent diffraction
radiation can be done in a nondestructive way which is not possible for ordinary
transition radiation. Desirable beam characteristics, like bunch length, are preserved
and therefore the beam can be used again further downstream.

The spectral distribution of diffraction radiation, however, has a frequency de-
pendence even for the case of an aperture in a perfect conductor. As shown in (6.1),
the spectral distribution of diffraction radiation from a circular aperture depends on
the aperture sizes and beam energy. To use coherent diffraction radiation in an auto-
correlation bunch length measurement, we must consider this frequency dependence
carefully.

The effects of the diffraction radiation spectral distribution on the interferograms
can be demonstrated by simulations. We apply diffraction radiation spectral distri-
bution to the power spectrum of a known bunch distribution and use inverse Fourier
transformation to retrieve a simulated interferogram of diffraction radiation. Simu-
lated interferograms of diffraction radiation from various aperture sizes are shown in

Figure 6.6. The simulations are based on a Gaussian bunch of 26 MeV beam and
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Figure 6.6: Simulated interferograms of a Gaussian bunch for (a) coherent transition
radiation; and coherent diffraction radiation generated from (b) 1.5 mm, (c) 3.0 mm,
(d) 5.0 mm, and (e) 7.0 mm diameter apertures.
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Figure 6.7: Simulated interferograms of a rectangular bunch for (a) coherent transi-
tion radiation; and coherent diffraction radiation generated from (b) 1.5 mm, (c) 3.0
mm, (d) 5.0 mm, and (e) 7.0 mm diameter apertures.
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Radiation source Measured FWHM (pum)
TR: 0 mm aperture 164
DR: 1.5 mm aperture 176
DR: 3.0 mm aperture 189
DR: 5.0 mm aperture 209

Table 6.2: Results of autocorrelation bunch length measurements with coherent tran-
sition radiation and with coherent diifraction radiation.

are using an observation angle of 1/7. An ideal interferogram would be the same as
the case obtained by coherent transition radiation [Figure 6.6(a)]. As the aperture
size becomes larger, the FWHM of simulated interferograms increases. An explana-
tion for this is that high frequency components of the diffraction radiation spectrum
are suppressed by interference as the aperture size increases (demonstrated in Figure
6.4). The suppression of high frequency components results in a seemingly broader
pulse in time domain. The effect is similar in case of a uniform distribution. An
ideal interferogram would be as the one in Figure 6.7(a) for a rectangular bunch
while interferograms in Figure 6.7(b-e) are those include diffraction radiation spec-
tral distribution. Again, the width of the interferogram increases as the aperture size

increases.

6.3.1 Experimental Investigation

To investigate the lengthening of measured bunch lengths in the autocorrelation tech-
nique based on coherent diffraction radiation, we measure the bunch length using
coherent diffraction radiation generated in the experimental setup shown in Figure
6.1. Interferograms have been taken with a Michelson interferometer in ambient air
equipped with a 25.4-um-Kapton beam splitter. Interferograms obtained from the
radiation generated are displayed in Figure 6.8. The results are also summarized in
Table 6.2 displaying the lengthening of measured bunch length as the aperture size
increases. The bunch length measured by transition radiation is the most precise
among all measurements since all the high frequency components of the coherent ra-
diation spectrum are preserved (neglecting the transverse effect discussed in Chapter
5).
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Figure 6.8: Measured interferograms from (a) coherent transition radiation generated
from Al-plate; and from coherent diffraction radiation generated from (b) 1.5 mm,
(c) 3.0 mm, and (d) 5.0 mm diameter apertures on the Al-plate.
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The theoretical value of the FWHM for each measurement can be estimated,
however it is not straightforward. Since the spectral distribution depends on the ob-
servation angle, interferograms taken at different observation angles feature different
widths. In our experiments, we collect the radiation over the acceptance angle of
0, = 120 mrad. Therefore, the FWHM must be averaged over the acceptance angle
after being folded by the angular spectral distribution of coherent diffraction radiation

intensity.

[ FWHM (¢ fo Lok (w,0) |R (W) T (w)]* dwdd

(FWHM) = :
I S5 Lepr (W, 0) |R (w) T (w)|” dwdd

, (6.5)

where FWHM(0) is the FWHM at an observation angle 6, I (w) is angular spectral
intensity of coherent diffraction radiation defined in (6.3) and |R (w) T (w)|* is the
beam splitter efficiency. The FWHM as a function of observation angle for a Gaussian
bunch can be obtained by simulations described earlier. The o, of the Gaussian
bunch is chosen such that an ideal interferogram features a similar width as that of
the measurement with coherent transition radiation. Theoretical estimates of FWHM
are shown in Table 6.3 along with the measured values. Although the angular spectral
distribution of diffraction radiation used in the model is valid for an infinitely thin
beam passing through the center of a circular aperture, the theoretical and measured
FWHDMs show good agreement. The measured FWHM increases with a slower rate
because some electrons in a finite beam width appear closer to the metallic boundary

than the aperture radius and thus reducing the high frequency suppression.

It has been shown that the accuracy of autocorrelation bunch length measure-
ment based on coherent diffraction radiation depends greatly on preservation of high
frequency components in the radiation spectrum. Diffraction radiation spectral dis-
tribution, determined by aperture sizes and beam energy, must be taken into account
for the bunch length measurement. Limitations regarding the accuracy of the mea-

surement will be developed in the next section.
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radiation source Measured FWHM (um) | Theoretical FWHM (um)
TR: 0 mm aperture 164 164
DR: 1.5 mm aperture 176 179
DR: 3.0 mm aperture 189 194
DR: 5.0 mm aperture 209 219

Table 6.3: Measured FWHM and theoretical estimate of FWHM for autocorrelation
bunch length measurements with coherent transition radiation and coherent diifrac-
tion radiation.

6.3.2 Limitations

Incoherent transition radiation has no frequency dependence in its spectral distribu-
tion over the far-infrared and infrared regime while the spectral distribution of the
coherent transition radiation generated from short electron bunches is determined by
the form factor. Therefore, the coherent transition radiation is perfect to use for
autocorrelation bunch length measurement. Unlike transition radiation, diffraction
radiation spectral distribution expressed by (6.1) and (6.2) features a frequency de-
pendence. The spectral distribution depends on aperture sizes and beam energy; and
that of a 26 MeV is shown is Figure 6.4. To determine whether the diffraction radi-
ation can be used effectively for bunch length measurement, its spectral distribution
should be considered together with the bunch form factor. The spectral distribution
of diffraction radiation from a 26 MeV beam is shown again in Figure 6.9(a) along
with that from a 100 MeV beam in Figure 6.9(b). In comparison, the form factor
of a Gaussian bunch with o, = 50 pum is displayed in Figure 6.9(c). It is assumed
here that only the longitudinal distribution contributes to the form factor. Coherent

diffraction radiation intensity can be expressed by (6.1) and (6.3) as

ICDR(CU) = NbNngRD(w)f<w)
x D(w)f(w), (6.6)

where f (w) is the form factor defined in (2.9), and D (w) is defined in (6.1). In-
terferogram broadening discussed in the previous section can be avoided when the

diffraction radiation spectrum, determined by the function D (w), approaches unity
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over the range of coherent radiation. In other words, D (w) f (w) should be as close
as possible to f (w) to preserve the frequency information especially high frequency
components in the coherent radiation spectrum. It can be seen from Figure 6.9 that
the high frequency components of the coherent spectrum are suppressed for the case
of coherent diffraction radiation generated by a 26 MeV beam from a 3-mm-aperture
and a b-mm-aperture. As a consequence, the bunch length measured with this setup
can not be obtained directly without large corrections. On the other hand, the co-
herent diffraction radiation generated by a 100 MeV or higher energy beam suffers
less from high frequency suppression of D (w), especially with a 1-mm-diameter aper-
ture (Figure 6.9(b)). The bunch length measurement for this case is, therefore, more

reasonable.

In general, the beam energy and bunch length are given for a particular system
but an aperture size is a more flexible parameter. To investigate a feasibility of using
autocorrelation bunch length measurement based on coherent diffraction radiation in
terms of beam parameters and aperture sizes, we analyze the form factor and function

D (w) qualitatively.

If observing the radiation at 1/ and considering a relativistic beam with sin 1/y ~
1/~ and 8 — 1, the function D (w) in (6.2) can be simplified to

v [n(2) (5)m (3)] 67

For a precise bunch length measurement, D (w) should be close to unity over the
entire range of coherent radiation spectrum. Let us use the cut-off frequency of a
Gaussian form factor w. = ¢/o,, defined in (4.10), to represent the range of coherent
radiation spectrum. Applying the condition that D (w) at the cut-off frequency w,
should be at least 90% of the maximum so that D (w) causes only small perturbation

to coherent radiation spectrum and to the bunch length measurement. The condition

() () ()] 2o 63

leads to
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Figure 6.9: Spectral distribution of diffraction radiation generated by different aper-
ture sizes for (a) 26 MeV beam and (b) 100 MeV beam. The form factor of a Gaussian
bunch with ¢, =40 pm is shown in (c).
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Figure 6.10: Bunch length, aperture radius and beam energy in autocorrelation bunch
length measurement based on coherent diffraction radiation. On the curve, a mea-
surement results in 5% longer than the measurement taken by coherent transition
radiation.

The solution for (6.8) is

2o <02 (6.9)
ey oy

and Figure 6.10 expresses o, and r/v under this condition. The shade area below
the curve /o,y = 0.2 satisfies the condition in (6.9). Simulations show that along
this curve, the error in the bunch length measurement by autocorrelation of coher-
ent diffraction radiation is +5% and less than that below the curve. Measurements
aiming for higher accuracy should stay below the curve as much as possible. It is rec-
ommended that the bunch length is first measured using coherent transition radiation

to calibrate the coherent diffraction radiation bunch length measurement system.



Chapter 7
Stimulated Transition Radiation

Coherent transition radiation from femtosecond electron bunches is a very promising
high intensity source in the far-infrared spectral range. The radiation intensity is
far greater than that of available conventional sources. In order to further increase
the radiation intensity, a new method has been studied at SUNSHINE. This method
combines the emission of coherent transition radiation from electron bunches with
the stimulation of such radiation by an external field. With an optical cavity, we can
use the radiation emitted by an earlier electron bunch as the source of the external
field. The principle of stimulated transition radiation (STR) has been demonstrated
in Refs. [3] and [40]. In this chapter, we describe further studies on this subject.
The studies intend to investigate the generation of stimulation transition radiation in

more detail with a goal of maximizing the radiation intensity from the stimulation.

7.1 Working Principle

One possible way to further increase the intensity of the coherent far-infrared transi-
tion radiation is to stimulate the emission process with an external electromagnetic
field [12],[3]. To obtain stimulated transition radiation, we recycle the transition ra-
diation generated from an electron bunch such that the radiation pulse arrives back
at the radiator at the same time another electron bunch arrives there. The recycled

radiation pulse serves now as an external stimulating field. In case of perfect temporal

117
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Figure 7.1: The stimulation using the radiation from a previous electron bunch as an
external field.

coincidence between the external field and an in-coming electron bunch, this external
field acts on the electrons to radiate extra energy. This extra energy is the stimulated

radiation due to the work done by the external field on the electrons.

The schematic diagram in Figure 7.1 illustrates stimulation using the radiation
from a previous electron bunch as an external field. We start with a train of electron
bunches, in which the distance between two adjacent bunches is L. An electron bunch
generates transition radiation, which is then recycled in a optical cavity with a total
path length L,;. By adjusting the path length such that the recycled radiation pulse
coincides with an in-coming electron bunch, stimulation can occur. The resonance

condition for this stimulation can be expressed as
nl, = mT, (7.1)

where T, is the time that the radiation pulse takes to complete one passage through

the optical cavity, 7. is the time interval between the two adjacent electron bunches
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and parameters m and n are integers. This condition states that when a radiation
pulse has travelled n times through the cavity, it will coincide with the m®* incoming
electron bunch. Assuming that the electrons move with a velocity which is close to
the speed of light, the expression can be written in term of distances instead of time

as
nLd = me, (72)

where Ly is the length of a round trip through the optical cavity and L, is the distance
between two adjacent electron bunches.

The frequency content of the stimulated transition radiation will be the harmonics
of the revolution frequency. In other words, the cavity length must be an integer
multiple of the radiation wavelength. The resulting spectrum of stimulated transition

radiation therefore is a line spectrum with rather narrow spacing between lines.

7.2 Energy in the cavity

Stimulation can occur once the resonance condition is met. This section describes
how the energy builds up in the cavity under such a condition. At the radiator, an
electron bunch radiates a transition radiation field Erg. In the presence of electric
field in the cavity E.q,, the bunch radiates extra energy of Eg;» which depends on
the electric field in the cavity. This radiation field from stimulation can be expressed
as Esrr = aE.4,, where a is the stimulation factor. The radiation field in the cavity
after each bunch has passed is the total field that builds up in the cavity before a
new bunch arrives. This total radiation field is, however, subjected to losses in the
cavity as it circulates back to the radiator. We define the factor d < 1 to represent
the remaining fraction of the radiation field after one circulation in the cavity.

We first consider a cavity with a length equal to the distance between two adjacent
electron bunches (Ly = Ly). An electron bunch generates transition radiation energy
which is proportional to |ETR|2. The radiation is guided to circulate in the cavity

and is subjected to some losses. The cavity field (dE7g) coincides with an in-coming
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electron bunch, thus, stimulating the electrons in the bunch to radiate extra energy

(adE7gR). At this point, the total radiation intensity
€0t = |Buor|” = |Erg + d(1 + a)Erg|? (7.3)
and continue circulating in the cavity. Defining b as
b=d(1+a). (7.4)
The radiation intensity after the i** electron bunch has arrived can be expressed as

€toti = |Err +b0Erg + VErg + 0 Erg + ... + b 'Epg|?
= [Eral (1 +b+0*+ 5+ ..+ b1

i—1 2
= |Erg)? (Z b7> : (7.5)
j=0
The expression can be simplified to

1—b\°
Etoti = |Err|? < — b) . (7.6)

where |Erg|? is the transition radiation intensity from one electron bunch and b is

defined in(7.4) which depends on stimulation and cavity losses.

For a cavity with Ly; = mL,, where m is an integer, the energy increases with the
arrival of every m!® bunch and the cavity therefore contains m independent radiation

pulses. The energy in the cavity after the i’* bunch has passed is

lifm)—1 \ 2

Etoti = m|Epp|’ Z b
i=0

1 — pli/mi 2

—) . (7.7)

Here, |i/m| denotes the floor function which round off the value of i/m to the nearest
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lower integer.

In most cases, a macropulse consists of a finite number of electron bunches de-
pending on the macropulse length and the rf-wavelength. After the last electron
bunch in the macropulse arrived, no more radiation can be generated and thus the
radiation energy in the cavity starts to decay while continuing to circulate in the
cavity. The energy in the cavity during the decay phase is thus the energy after the
last (N th)electron bunch that gets attenuated to the factor d during each pass. The
expression can be written as

Etoti = Etot,N (dLi/mJ_LN/me
1 — plv/m)
= m|Erg|? (—

2
- dWmJ—tN/mQ , i>N. (7.8)

The parameter ¢ here is starting from N + 1 since it is in the decay phase.

7.3 Stimulated Transition Radiation cavity

Stimulation of transition radiation emission can be achieved by using the radiation
emitted from a previous electron bunch as an external field to stimulate the radiation
emission of the next electron bunch. This section will describe the design of a cavity

for generating stimulated transition radiation.

7.3.1 Conceptual design

A cavity as shown in Figure 7.2 can be used to generate stimulated transition radia-
tion. It consists of a radiator (R), two off-axis parabolic reflectors (P1 and P2) and
a plane reflector (M). The focal points of P1 and P2 are aligned on the radiator at
point A and on the plane reflector at point B, respectively. P1 converts the divergent
transition radiation emitted from point A to become parallel. P2 focuses the parallel
light onto a point at B. The radiation is then reflected on M and transported back to
P2, P1 and R at point A.

When the loop length starting from the radiator and back to the radiator (e.g.,
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electrons

Figure 7.2: Conceptual design of a stimulated transition radiation cavity

A —-P1 —-P2 —-B —P2 —P1 —A) is equal to the distance between two adjacent

bunches in a train of equidistant electron bunches, stimulation will occur.

7.3.2 Polarization in the cavity

Not only does the radiation in the cavity have to arrive at radiator simultaneously
with another in-coming electron bunch, but also its polarization must have proper
direction to fulfil the stimulation conditions. The external radiation which can be
used for stimulation should have the same polarization as that of the radiation emitted
from the incoming electron bunch. While the timing condition can be accomplished
by adjusting the cavity loop length, the polarization condition requires a specific
arrangement of the cavity components. As the radiation pulse travels through the
cavity whose design is discussed in the previous section, it polarization condition is
traced and shown in Figure 7.3. The polarization of the radiation in the upper half
of the radiation cone is shown in Figure 7.3(a) while that of the lower half is shown
in Figure 7.3(b). The radiation polarization after one round trip travelling through
the cavity has the same direction as that of the radiation emitted from an incoming

electron bunch. That would not be the case if we would use a much simpler cavity
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Figure 7.3: Radiation polarization in the cavity as the radiation travels through
all components: (a) the upper half of the radiation cone and (b) the lower half of
the radiation cone. The numbers indicate chronological events. For example, the
polarization marked number 1 is the polarization of the transition radiation just
emitted from electrons and the polarization marked number 7 (shown by an unfilled
head arrow) is the radiation after one circulation in the cavity. The diagram in (c)
shows a setup that does not meet the required polarization condition.
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Figure 7.4: A schematic layout of the stimulated transition radiation cavity.

with a flat reflector between P1 and P2 [Figure 7.3(c)].

7.4 The cavity setup

Following the conceptual design of the cavity in Figure 7.2, a realistic layout is shown
schematically in Figure 7.4 and is used for the stimulated transition radiation studies
reported here. It consists of a radiator (R), a foil reflector (F), two off-axis parabolic
mirrors (P1 and P2) and a flat mirror (M). The radiator and the foil reflector (R and
F) are made of 20-pm-thick aluminum foils supported by an aluminum ring using the
drumhead stretching principle. All mirrors are gold-coated first surface mirror. The
foil reflector (F) is tilted 45° with respect to the beam axis to separate the transition
radiation generated at R from the electron beam. After being deflected at F, the
radiation is transported to P1 and the rest of the cavity. The effective focal length
of P1 and P2 are 150 mm and 100 mm, respectively. The focal point of P1 is aligned
on the center of R, while the focal point of P2 is aligned on the center of M. The

parabolic mirror P2 and the flat mirror F are mounted on a remote-controlled linear
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Figure 7.5: Setup of the stimulated transition raditaion cavity at the end of the beam
line.
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Figure 7.6: Another view of the stimulated transition radiation cavity.
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translation stage. This allows us to change the cavity path length without affecting

the alignment of the cavity.

Figure 7.5 and 7.6 show pictures of the actual experimental setup of a stimulated
transition radiation cavity. A beam divider (BD) is used to couple out the some
of radiation energy from the cavity. Part of the radiation is deflected by this beam
divider and is extracted out of the cavity for monitoring, while the rest of the radiation
is transmitted through the beam divider and remains in the cavity. The radiation
extraction contributes a cavity loss, which must be chosen carefully to optimize the

stimulation.

As a train of N electron bunches enters the cavity, the radiation energy builds
up while the beam divider is extracting part of the radiation out of the cavity. The
extracted energy after the i"® electron bunch is proportional to the energy in the cavity
at that moment. This extracted energy is determined by the a reflection coefficient

R or a reflectance |R|? of the beam divider and is written as
Eout,i - dz|R|2€tot,i (79)

where €,01; is defined in (7.7) for ¢ < N and in (7.8) for ¢+ > N; and d, is the
remaining fraction of the radiation field as radiation travels from the radiator to the
beam divider. The total extracted radiation energy from this stimulated transition
radiation is the combination of these extracted energies while the radiation energy

builds up and decays.

7.5 Cavity scan

With a beam divider in the cavity, the radiation energy is coupled out at all times
and the extracted energy is proportional to the energy in the cavity. If we look at

this extracted energy, we can monitor the radiation energy in the cavity.

By monitoring the cavity energy as a function of the cavity loop length, called a

cavity scan, we can observe the stimulation. In a cavity scan, we expect a stimulation
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when the cavity loop length fulfills the resonance condition Ly = *L;. The on-
resonance output energy is shown in (7.9) and the off-resonance output energy when

no stimulation occurs is
Eopy = NAZ|RI*[Epg| )y d*¢ (7.10)

Stimulation enhancement G4 can be obtained from the stimulated transition radiation

intensity normalized to the off-resonance intensity. For an integer resonance, GG can

be expressed as

LN/m]
>

1_pli/m|+1 2 +
m 1-b

Gs=—5—— o =1 9 (7.11)
N @261 > (#dwm—wm)
; i=|Njm|+1
Similarly, for the n'® order resonance,
INfzmd i myin ) 2
G il L ) o 12
TN il S 16/ i fm)— (N /m] ) (712
NS @2i-1) Dy b g
; i=|N/nm|+1

7.6 Experimental Results and Analysis

The cavity whose the structures have been described in Section 7.4, is used to observe
stimulated transition radiation at the SUNSHINE facility. The whole cavity is placed
at the end of the beam line after a 75-um-thick stainless steel window, which separates
the evacuated beam line and the ambient air. Electrons pass through the stainless
steel window and enter the cavity. At the radiator, the electrons generate transition
radiation, which is then recycled in the cavity to start the stimulation. Part of the
radiation is extracted from the cavity through a 127-pm-thick polyimide (Kapton)
beam divider. This radiation is detected by a room-temperature pyroelectric detector.
The detector signal indicates the output radiation energy, which is proportional to

the energy stored in the cavity, and by monitoring this output signal we can observe
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Figure 7.7: The cavity scan within 7L, and 8L.
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Figure 7.8: The cavity scan within 7L, and 8L, together with the locations (indicated

by dashed-lines) where resonances up to the 10" order are expected.
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the stimulation.

The path length through the cavity is about 7L, to 8L,. By varying the cavity
length between 7L, and 8L,, stimulation at different resonances can be observed. The
cavity scan is shown in Figure 7.7. The numbers in the figure indicate the order of
resonance; for example, the peak labelled “1” is the first order resonance (integer
resonance or n = 1) and the peak marked by “2” is the second order resonance (half
integer resonance or n = 2). In Figure 7.8, we show the same scan together with
the locations where we expect stimulation up to the 10 order resonance to occur.
The scan confirms the occurrence of stimulated transition radiation. The stimulation
enhancement at an integer resonance for this setup is Gy = 2.5. This enhancement
factor is directly related to how the energy builds up in the cavity. In other words,
this stimulation enhancement is a function of the parameter b = d (1 + a), defined in
(7.4). While the stimulation factor a is undetermined at this point, the remaining

factor d depends greatly on the cavity losses.

To demonstrate the impact of losses in the cavity, the stimulation enhancement
was measured for different thicknesses of Kapton beam dividers. The extracted energy
depends on the reflection coefficient R or the reflectance |R|* of the beam divider
which varies with frequency due to thin film interference effects. Therefore, the
thickness of the beam divider determines its reflectance and thus the extraction of
energy in the stimulated transition radiation cavity. The coherent transition radiation
spectrum at the stimulated transition radiation experimental station is contained
within 20 cm ™! because of the high frequency suppression from the transverse effect
of a large beam size, after the beam scatters through the stainless steel window. In
this frequency range, the average reflectance of a Kapton film beam divider decreases
with the thickness. Therefore, decreasing the thickness of the beam divider results
in a reduction of extracted energy thus reducing cavity losses. Table 7.1 shows the
stimulation enhancement for 127 pym, 76.2 pm, 50.8 pym, and 25.4 ym beam divider.
As expected, when using thinner beam dividers to extract less radiation out of the

cavity, the cavity losses are reduced, and thus the stimulation increases.

So far the maximum stimulation enhancement at an integer resonance is achieved

by using a 25 pym Kapton beam divider. Figure 7.9 shows a cavity scan near an integer
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beam divider thickness (um) | stimulation enhancement G
127 26+0.1
76.2 3.6£0.1
50.8 4.7+£0.2
254 8.2+0.6

Table 7.1: Stimulation enhancement with different beam divider thicknesses.
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Figure 7.9: Maximum stimulation enhancement GG; when a 25-pum-thick beam divider
is used in the cavity.

resonance from this setup demonstrating the stimulation enhancement around nine.

7.7 Conclusion

Stimulated coherent transition radiation by the transition radiation emitted by pre-
vious electron bunches is observed. The radiation pulse emitted from these previous
bunches are cycled in an optical cavity. By adjusting the cavity length such that
the radiation pulse coincides at the radiator with an incoming electron bunch, it can
stimulate more radiation emission from the electrons. The optical cavity, consist-

ing of metallic mirrors and reflectors, is arranged such that the circulated radiation
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pulses arrive with the proper polarization for the stimulation. Measuring the radia-
tion intensity extracted from the cavity while adjusting the cavity length, we observed
stimulated transition radiation up to the 9" order resonance. With a 25-um-thick
Kapton beam divider, we can obtain a factor of nine increase of the on-resonance
radiation intensity over the off-resonance intensity. The cavity, however, still has
high losses, including those from absorption in humid air, from non-perfect reflection
, from mirror diffraction, and from radiation extraction. To improve the cavity per-
formance for high radiation intensity, a better designed and engineered cavity must
be considered. Such a design will have to include optical as well as microwave design
features to properly treat electromagnetic radiation in this transition between both

regimes.
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Chapter 8
Far-infrared Spectroscopy

The coherent transition radiation generated from femtosecond electron bunches covers
much of the far-infrared spectral range and the radiation intensity is far greater than
that of conventional sources available. Therefore far-infrared spectroscopy can be
done easily using such a high intensity source and a Michelson interferometer. In
addition, the high intensity of the radiation source makes it possible for the system

to use a room temperature detector which is simple and convenient.

The far-infrared spectroscopy can be done using a technique called Fourier Trans-
form Spectroscopy (FTS) which measures power transmission or power absorption of
a sample. Figure 8.1 shows a schematic diagram of a FTS setup, in which a sample is
placed between the radiation source and a Michelson interferometer. The water ab-
sorption spectrum shown earlier is an example of this kind of spectroscopy. Although
phase information has been lost in the measurement, optical constants of the sample

can be obtained by some modelling or Kramers-Kronig calculation [20].

Dispersive Fourier Transform Spectroscopy (DFTS) is a technique that allows di-
rect determination of optical constants of a sample. The technique has also been
known as asymmetric Fourier transform spectroscopy. In a DFTS setup, a sample is
inserted in one arm of the interferometer, causing attenuation and dispersion of the
radiation pulse. The attenuated and dispersed pulse can be recorded and its attenu-

ation factor and phase shift can then be recovered. The attenuation and dispersion
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sampl

Figure 8.1: Schematic diagram of Fourier Transform Spectroscopy (FTS).

can be related to optical constants of the sample depending on the optical configura-
tion of the measurements. With the DFTS technique, the phase information can be
recovered in measurements using a Michelson interferometer.

In this chapter, the general theory of DFTS will be described, followed by the
refractive index measurement of silicon obtained from two different measurement
configurations. This technique and the recognition of the multiple reflections in the
pyroelectric detector crystal (described in Chapter 5) also allow us to calculate the
refractive index of the detector crystal. These refractive index measurements demon-
strate far-infrared spectroscopy using coherent transition radiation. More detail of
DFTS can be found in Ref. [41] and the references there in.

8.1 General Theory of DFTS

In order to measure optical properties of a sample, the sample must be introduced in
the beam path. This can be done in many different ways. Although there are some
details that are different in these setups depending on their configurations, DF'TS can
be described for a generalized sample as the following (modified from [41]).

An interferogram of the original radiation obtained in a sample-free interferom-

eter is called the radiation interferogram Iy(6) and it relates to the radiation power
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Figure 8.2: General setup for DFTS: (a) sample-free interferometer, (b) double-pass
transmission measurement , (c) reflection measurement, (d) single-pass transmission
measurement.
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spectrum by Fourier transformation.

= Fy(w)E (w) o /+°° Io(6)e™%/<ds, (8.1)

—0o0

2

E()(CU)

where 6 is the optical path difference, neglecting here the frequency response of the

beam splitter. Equation (8.1) can be written as
FT{Io(6)} o Ey(w)E(w), (8.2)

where FT{f} represents the Fourier transform of a function f .

When a sample is inserted in the fixed arm of the interferometer, the radiation
propagating through the sample will be modified by the sample frequency-response,
defined by

S(w) = |S(w)] €. (8.3)

This sample frequency-response is a complex factor that indicates changes of the
wave amplitude and phase depending on experimental configurations. The modified

electromagnetic wave can be written as
E(w) = S(w)Ey(w) (8.4)

and the interferogram obtained from this arrangement is I; (§) where

FT{11(8)} oc Er(w)E5(w) = S(w)Eo(w) Eg(w). (8.5)

From (8.2), (8.4), and (8.5), one can determine the sample frequency-response from

the measurement by taking the ratio of the two Fourier transforms

£

sy FT{L0))  Biw)Bilw) B (8.6)

=T T BowBiw)  Bolw)

By relating the sample frequency-response S (w) obtained from the measurement to



8.1. GENERAL THEORY OF DFTS 137

that expressed in terms of optical constants, we can calculate the optical constants of
the sample. The relationship of S (w) and optical constants of the sample depends on
the experimental configurations. The simplest experimental configuration is to place
the sample into the fixed arm of the interferometer as shown in Figure 8.2(b). The
radiation in the fixed arm propagates through the sample twice and the configuration
is known as a double-pass transmission measurement. For an opaque sample, how-
ever, the transmitted radiation may be too small. The reflection measurement is then
required for such a sample. The sample replaces the fixed mirror in the interferogram
as shown in Figure 8.2(c). The phase shift in the transmission measurement is gen-
erally much greater than that obtained in the reflection measurement. Transmission
measurements, if possible, are therefore preferred as they offer higher accuracy. For
a sample whose transparency may be insufficient for the double-pass measurement,
a single-pass transmission measurement may be conducted. A schematic diagram of
a single-pass transmission measurement, in which the radiation propagates only once
through the sample, is shown in Figure 8.2(d). The setup is more sophisticated than
that of a double-pass transmission measurement. In addition to these basic measure-
ments, optical constants of a sample can be obtained by considering reflections from
two interfaces of the sample. The measurement can be set up in a similar way as the
double-pass transmission measurement. Since reflection from the sample interfaces
are compared, the radiation interferogram is no longer required. The following sec-
tions will describe the refractive index calculation from basic DFTS measurements
including reflection measurement, single-pass transmission measurement, double-pass

transmission measurement, and two-interface reflection measurement.

8.1.1 Reflection on the First Surface

For a sample with large absorption coefficients, transmission measurements can not
be conducted pragmatically. The refractive index of such a sample may be deter-
mined by measuring reflection from the first surface of the sample. The principle of
the method is to compare the radiation reflected from the sample to the original radi-

ation field. The reflected radiation pulse is modified by the reflectivity of the sample
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and this information can be extracted from the measurement. After recording the
radiation interferogram Iy(¢), the fixed mirror is replaced by a sample and the sample
interferogram I;(0), is then recorded. The replacement should be done such that the
fixed mirror and the front surface of the sample occupy the same plane.

For a highly absorbing sample, only the first term of the amplitude reflection
coefficient (described in Appendix B) will contribute to the recorded signal of I;(6).
The amplitude reflectivity of the sample

F=|r|e?r, (8.7)
while that of a metallic mirror is
Frn = €7 (8.8)

The sample frequency response can then be expressed in terms of the reflection coef-

ficient by

5oy - FTLLO)}  Ei(w) _ [l

3) = Fr(] = B e (8.9)

and can be related to the refractive index of the sample 7 using (B.7) in Appendix B
by

(1-
(1+

)
)7

assuming the interferometer is in an vacuum environment with n; = 1.

N

(8.10)

n =

]

8.1.2 Single-pass Transmission

A schematic diagram of a single-pass transmission measurement is shown in Figure
8.2(d). The measurement requires both radiation interferogram and sample interfero-
gram, taken with the sample placed in the fixed arm of the interferometer. Figure 8.3

shows a schematic of a radiation interferogram and a sample interferogram recorded
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Figure 8.3: Radiation interferogram and transmission interferogram.

in a single-pass transmission measurement. If the sample is sufficiently thick and the
radiation pulse duration is shorter than the travel time through the sample, the signa-
tures associated with multiple reflections and transmissions are well separated. These
signatures are displaced from the center of the radiation interferogram by (7 — 1)d,
(37 — 1)d, etc. Here, d is the sample thickness and 7 is the average value of the
refractive index over the spectral range of interest. The single transmission signa-
ture is displaced from the center of the radiation interferogram by (72 — 1)d as shown
in Figure 8.3. Using the first term of the transmission coefficient in (B.14) we can

expressed the single transmitted radiation field as F; (w) = flgdgfglf?o(w).

The sample frequency-response from the measurement S (w) for this case

Sw) = FT{L(8)}/FT{lo(6)}
= ?™FT{(6 — b)}/FT{I(6)} = |S|e"s, (8.11)

where b = (7 — 1)d is the separation between center of the two interferogram. This

sample frequency-response can be related to optical constants of the sample through
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the transmission coefficient by

N(w> B FT{I1((S)} . E:l(CU) _ t12a2t2le—iwd/c7

=~ FT0) ~ Bl (8.12)

where d is the sample thickness. Using the transmission and reflection coefficients in

(B.8) and (B.10), the sample frequency-response, in terms of optical constants of the

sample, is
. E 47 - ,
S(u)) — ~1(w> _ TL~ 2ezu}nd/cefu.ud/c
Ey(w) (1+n)
AN omidfeio(ne—1)d/ '
- wn;d/c iw(n, c _ S l¢s‘ 813
(1 + ﬁ)Qe € | | e ( )

This relationship and the sample frequency-response from the measurement in (8.11)
allow us to calculate the complex refractive index of the sample. For n, > n;, which is
true for a transparent sample, the phase ¢, can be equated to the phase (n, — 1) wd/c
as well as the amplitudes |S| = 4n,/ (14 n,)>. The real and imaginary parts of the

refractive index as a function of v = w/2w¢, therefore, can be calculated by

n@) = 1+ (6, (). (8.14)

Y 1 " 16n, (v)
= Sd ™ Sl s 0F) &1

Noting that the phase ¢, obtained from the measurement or (8.11) is, however, only
the principal value of the phase different between the two Fourier transforms. It may
be necessary to replace ¢, in (8.11) by ¢, + 2mm, where m = 0,1,2,..., especially
for a highly dispersive sample, to keep the continuity of the true phase value when
the computed phase changes branches. In general, more information is required to
specify m. However, ¢, can be assumed to be approaching zero at low frequencies for

small dispersive samples.
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8.1.3 Double-pass Transmission

The setup for a double-pass transmission measurement requires less complication
since a sample is just inserted into the fixed arm of a Michelson interferometer. A
schematic diagram of the setup is shown in Figure 8.2(b). The measurement can be
done in a similar manner as the single-pass transmission measurement for interfer-
ogram recording and for computation. Since the radiation propagates through the
sample twice, the transmission interferogram is shifted from the center of the radi-
ation interferogram by 2b = 2(f — 1)d and the sample frequency-response is that of

the single-pass transmission squared.

~ FT{I(6 AR (6 — 2b , E <~ ,
S _ { 1( >} € { 1( >} _ |S|ez¢s _ ~1<W) _ (t12d2t21)26_22u)d/c.

W =BT mE) ~  FTL0) Fo()

(8.16)

The real and imaginary parts of the complex refractive index can then be obtained
from the phase ¢, and the amplitude |S| by

1
(6.0 (517

ni(v) = 1111[ L6n, (v)" ] (8.18)

n.(v) = 1+

drvd S (V)] [1 + ne ()]

8.1.4 Two-interface Reflection

Reflection from two interfaces has been used to determine complex refractive indices
of transparent solids. The setup is just the same as the one for a double-pass trans-
mission measurement, in which a sample is inserted into the fixed arm of a Michelson
interferometer. In this measurement, the interferograms of interest are associated
with reflections from the two interfaces of the sample, the radiation interferogram is
therefore not required. Since the two reflection interferograms can be taken with the
presence of the sample in the interferometer, interruption for setting up the sample
is eliminated. Moreover, both interferograms can be recorded in one scan.

Figure 8.4 shows a schematic diagram of the reflection from the front and rear
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Figure 8.4: A schematic diagram of reflection from two interfaces.

interface of the sample. Having a sample placed in the fixed arm of the interferom-
eter, the reflected field at the front interface is Ep(w) = 712Ep(w) while that at the
rear interface is ER(w) = flgdgfglfglffo(w), where 719, o1, tio, to1 are reflection and
transmission coefficients described in Appendix B. Again, the sample should be suffi-
ciently thick to be able to observe the two reflection interferograms separately. In this
measurement, the concept of sample frequency-responses is not applied since we are
interested in the radiation interferogram. We will use the relative frequency-response
4 (w) , defined as the ratio of the Fourier transforms of the interferograms from the two
interfaces, to calculate the complex refractive index. The relative frequency-response

is

Y(w) = FT{Ir(6)}/FT{Ir(6)}
e 2V ET T (6 — 2b)} JFT{Ix(6)} = || €, (8.19)

where [:(8) and Iz(6 — b) are the interferograms associated with the front and rear

interface reflections. The two interferogram signatures are separated by 2b = 2nd.
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The relative frequency-response can be related to optical coefficients by (Figure 8.4)

FT{Ir(0)} Er(w) - t19@57 01 to

- _ L _ fod3
() FT{Ix(0)}  Fn(w) P12
A sunidfe iun,d/cim) ”
— . W C 1 2WNyp C+T — (2 ’7. '2
(1+ﬁ)26 e |v| e (8.20)

The phase of ¢ and amplitude |y| of 4 (w) from the measurement and (8.20) allow

us to calculate the refractive index assuming n, > n; by

ne (V) = ﬁ[%—w], (8.21)
() — 1 ) 4n,. (v)
) = ! lm [1+nr<u>12} (8:22)

Some refractive index measurements based on the DFTS technique have been
conducted at SUNSHINE to demonstrate the use of transition radiation generated
from short electron bunches to spectroscopy applications. Silicon is selected to be a
sample for the refractive index measurement. It is often used as a window material for
far-infrared spectroscopy of liquid samples due to its high transparency in this spectral
regime. The refractive index of silicon is also high enough so that a thin sample can be
used, resulting in well-separated interferogram signatures. As a demonstration, the
refractive index of silicon is measured by a double-pass transmission measurement and
a two-interface reflection measurement. The determination of the refractive index of

the pyroelectric detector crystal using DFTS will also be discussed.

8.2 Refractive Index Measurement for Silicon

Measurements of silicon refractive index have been conducted as examples of far-
infrared spectroscopy using coherent transition radiation generated at SUNSHINE.
The measurements shown here were not aimed for high accuracy, but rather to demon-
strate the concept. A few simplifications, therefore, have been made in the data anal-
ysis. More measurements of the silicon refractive index will be available in the future,

as the spectroscopy of liquid samples is being pursued at SUNSHINE.
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Figure 8.5: Front and rear interface reflection of the silicon sample.

The silicon sample used in the measurements is 1.12-mm thick, 25-mm in diameter,
undoped, and polished optically flat on both sides. Since silicon is transparent in the
far-infrared, we can use the measurement of the reflection from the two interfaces and
the double-pass transmission measurement. Both measurements can be done using
the same setup by placing the sample in the fixed arm normal to the radiation beam

in a Michelson interferometer.

8.2.1 Two-interface Reflection Measurement

The interferogram containing reflection from the front and rear interface can be ob-
tained in one scan. Figure 8.5(a) shows the interferogram displaying both the front-
interface-reflection signature and the rear-interface- reflection signature. Note that a
negative path difference represents a longer path difference than the zero path dif-

ference. The signature of multiple reflections in the detector crystal, indicated by
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Figure 8.6: Calculated refractive index of silicon from two-interface reflection mea-
surement.

arrows, are clearly visible in the interferogram. These signatures cause zero intervals
in the radiation spectrum as discussed in Section 5.4.2. To avoid these zero inter-
vals in the spectrum, we use only short pieces of the interferogram containing the
signatures of interest. Figure 8.4(b) shows sections of the interferogram containing
the front-interface and rear-interface reflection which will be used in the calculation.
As a short length of the interferogram is considered, the spectral resolution is unfor-
tunately reduced and any narrow absorption lines, which might be there, cannot be
resolved. With the scan length of 2 mm, the spectral resolution is 5 cm~!. This reso-
lution is good enough for the refractive index measurement of silicon which is known
to have no absorption in the far-infrared region. For measurements that require high
resolution, a different kind of detector can be used to avoid the interference signatures
in the interferogram. Another alternative is to use an editing technique described in
Ref. [41] to replace interference signatures by baseline. This technique, however,

should be applied with cautions since it might disturb frequency information in the
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Figure 8.7: Double-pass transmission measurement of silicon: (a) radiation interfer-
ogram and (b) transmission iterferogram.

interferogram.

The complex refractive index of the silicon can be obtained from (8.21) and (8.22)
following the procedures discussed in Section 8.1.4. The real refractive index and the
absorption are shown in Figure 8.6. The real refractive index is quite constant over

! and the absorption o = 47vn; is smaller

the frequencies from 10 cm™! to 70 cm™
than 3.0 cm ™! in this frequency range. A comparison of these results to the results

from other reported experiments will be discussed in the data analysis.

8.2.2 Double-pass Transmission Measurement

Unlike a two-interface reflection measurement, a double-pass transmission measure-

ment requires two scans. First, we record a radiation interferogram and then record
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Figure 8.8: Calculated refractive index of silicon from the double-pass transmission
measurement.

a transmission interferogram after placing the sample in the fixed arm of the interfer-
ometer. The radiation interferogram and the transmission interferogram are shown
in Figure 8.7(a) and Figure 8.7(b), respectively. The transmission interferogram sig-
natured has shifted 5.36 mm from the center of the radiation interferogram. We use
a 2-mm-long interferogram to calculate the refractive index, giving a resolution of 5
cm~!. Following the procedure in Section 8.1.3, we can calculate the real refractive
index and absorption of silicon using (8.17) and (8.18). The results are shown in Fig-
ure 8.8. The real refractive index is again constant about 3.42 and the absorption is

of the same order as that obtained from the double-pass transmission measurement.

8.2.3 Data Analysis

Figure 8.9 shows our experimental results compared to those reported in Refs. [42]

and [43]. The real refractive index obtained from our measurements compares well
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Figure 8.9: Experimental results for refractive index of silicon (o : our measurement,
A : Reference [42], x : Reference [43]).

with the results from others. The measurements confirm that silicon has an almost
constant real refractive index of about 3.42 in the far-infrared regime. The absorp-
tion is, however, higher in our measurements compared to those in the literature.
Both transmission measurement and two-interface reflection measurement give an
absorption for the silicon sample up to 3 cm™!, but the literature values for the ab-

sorption are less than 1 cm™.

It is possible that this increased absorption results
from our particular silicon sample which has a reduced resistivity. Unfortunately, ex-
act information on the silicon crystal is not available from the vendor (Infrared Lab).
According to Ref. [44], a silicon crystal with low resistivity features absorption at
long wavelengths. More studies of a high resistivity silicon crystal will be reported in
future work. A high resistivity silicon is suitable for and will be used as the window

for a liquid sample holder [45].



8.3. REFRACTIVE INDEX MEASUREMENT FOR LITAOs 149

(a) peak 0 : radiation interferogram (b) peak -1 :rear reflection interferogram
1.00 1.00
- ] = ] -1.37
& 050 @ 050
o ey ] l
0 (2]
c 1 c ]
@ 0.00+ & 0.00+
£ 1 £ 1
-0.50 — o050 b+ .
-0.8 0.4 0.0 0.4 0.8 -2.0 -1.6 -1.2 -0.8 -0.4
path difference (mm) path difference (mm)

Figure 8.10: Radiation interferogram and rear interface reflection interferogram of
the pyroelectric detector crystal (LiTaOs).

8.3 Refractive Index Measurement for LiTaO;

We consider the refractive index calculation for the pyroelectric detector crystal
(LiTaO3) as a by-product of the bunch length analysis. After being able to iden-
tify the cross-correlation of multiple reflections in the detector crystal, we realize that
we can consider an interferogram taken by the pyroelectric detector as one obtained
from a DFTS measurement having the detector crystal as a sample. An interferogram
taken by the pyroelectric detector displaying multiple reflections is shown in Figure
5.6 and a detailed explanation of each signature is described by schematic diagrams
in Figure 5.7. The main peak of the interferogram (signature 0) is just a radiation
interferogram while the signature -1 is equivalent to the interferogram taken with the
sample in the fixed arm. Figure 8.10 shows signature 0 and signature -1 of the in-
terferogram taken with the pyroelectric detector which are associated with radiation

interferogram and rear interface interferogram, respectively.

The sample frequency-response for this case is given by

= FT{I,(6)} e*"°FT{I_ (56— 2b)}
STy T FHLO)

:1(60)
Eo(CU)

= 5] e =

= (512d2)28i7r.

(8.23)
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Iy(6) is the radiation interferogram and I_;(6 — 2b) is the rear interface reflection
interferogram being shifted by 2b = 2nd from the radiation interferogram. The trans-
mission coefficient #;» and the propagation factor @, are defined in Appendix B. The
real refractive index can be obtained from the phase ¢, and amplitude |S|of S(w) in
(8.23) by

¢, (v) — 7], (8.24)

Il
=~
3
N
QU

where v = w/2mc.

The calculated real refractive index of the pyroelectric detector crystal is shown
in Figure 8.11. The real refractive index increases from n, = 6.79 at 12 cm™! to
n, = 6.81 at 75 cm~!. The absorption of the crystal can not be calculated because
some of the required parameters are not available. These parameters are, for example,

the absorption, reflection and transmission coefficients of the metallic coatings.
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Figure 8.11: Calculated refractive index of the pyroelectric detector crystal (LiTaOs).



Chapter 9
Summary

This thesis describes the generation, characterization and use of coherent far-infrared
radiation from short electron bunches. The studies are based on two important as-
pects of coherent radiation; high intensity and its radiation spectrum which is deter-
mined by the bunch distribution. High intensity coherent transition radiation emitted
from femtosecond electron pulses has a high potential to become a high brightness,
coherent, polarized far-infrared radiation source for scientific and applied research.
Because the coherent radiation spectrum which carries information of bunch dis-
tribution, the bunch length can be extracted from an autocorrelation of coherent
radiation emitted by the electron bunch. This technique is capable of measuring a

bunch length well below one picosecond.

9.1 FIR Radiation Source

Coherent transition radiation generated from femtosecond electron bunches at SUN-
SHINE covers much of the far-infrared spectral range. The radiation radiance (W /mr?
/mm?/100%BW) is four to seven orders of magnitude above that of back body radi-
ation and is at least three orders of magnitude above that of synchrotron radiation
estimated using parameters from a typical VUV ring; E = 800 MeV, I,= 500 mA,
and B =14 T (Figure 4.17). High intensity radiation from millimeter waves up to

151
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100 cm~! can be detected by a room temperature detector. The radiation pulse du-
ration is as short as o, = 35 pum (120 fs). Up to 400 uJ of radiation energy per
macropulse, which contains about 3000 radiation pulses, has been observed. The
radiation is collected within an acceptance angle of +154 mrad which is equivalent
to a 38% collection efficiency for a 25 MeV electron beam.

Similarly, coherent diffraction radiation can be considered as another potential
high intensity far-infrared radiation source. Although the radiation intensity is some-
what lower than coherent transition radiation when generated by a 25 MeV beam,
the intensity still greatly exceeds that of a conventional blackbody radiation source.
Moreover, the radiation emission process is nondestructive which allows a series of

radiators along the beam line to be driven by the same electron beam.

9.2 Bunch Length Measurement

The bunch length measurement technique based on the autocorrelation of coherent
transition radiation is a frequency-domain measurement and it is capable of measuring
femtosecond bunches. Since bunch lengths are determined by frequency information
obtained from the measurement, any impacts of experimental conditions on the mea-
sured radiation spectrum can potentially disturb bunch length measurements. These
impacts can easily lead to wrong experimental conclusions and need to be considered
to interpret the measurement correctly. This thesis addresses several effects such
as the spectral sensitivity of pyroelectric detector, the absorption in humid air, and
beam size effects. Multiple reflections occur within the pyroelectric detector crystal.
Reflected pulses can interfere with incoming radiation pulses at a non-zero path dif-
ference in an interferogram causing a cross-correlation signature. These signatures
must be identified and ruled out so that the bunch length is determined solely by
an autocorrelation of coherent radiation emitted from the electron bunch. For con-
venience, a bunch length measurement can be done in air but the measured bunch
length may appear longer due to dispersive effects. The dispersion causes the coherent
radiation-pulse to become broader after propagating through ambient air, especially

the radiation emitted from short bunches which extends over a broad spectral range.
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Our measurements show that a o, = 38 um radiation-pulse becomes 25% longer after
propagating through 80 cm of ambient air. In addition, the effects of the beam size
on the bunch length measurement was also demonstrated. Contribution of transverse
distribution suppresses high frequency components of the coherent radiation. Non-
axial observation will make a measured bunch length become a combination of the
transverse and longitudinal distribution. Effects of the beam size on the bunch length
measurement, depends on the beam size, bunch length and observation angle. For an
accurate bunch length measurement, the contribution of the transverse distribution
must be minimized which can be done by limiting the observation angles 8 to a small
angle and by minimizing the spot size o, at the radiator such that o,sinf < o cos 6.

For nondestructive bunch length measurements, coherent diffraction radiation can
be employed. However, subtleties of the diffraction radiation spectrum make a bunch
length measurement and data analysis more elaborate in some cases. Depending on
the beam energy, bunch length, and aperture sizes, more or less corrections must be
applied. Simulations and practical guidelines for measurement have been described to
minimized the need for such corrections. Bunch length measurements using coherent
transition radiation is recommended to calibrate the coherent diffraction radiation

bunch length measurement system.

9.3 Stimulated Coherent TR

Stimulation of coherent transition radiation by the radiation fields of previous elec-
tron bunches is observed. The radiation pulses emitted from previous bunches are
circulated in an optical cavity while adjusting the cavity length such that these ra-
diation pulses coincide at the radiator with an incoming electron bunch to stimulate
more radiation from the electrons. Metallic mirrors and reflectors are arranged in an
optical cavity such that the circulated radiation pulses arrive at the radiator with the
correct phase and polarization. The cavity performance is measured by comparing the
radiation intensity on and off resonance while varying the cavity length. We observed
stimulated transition radiation up to the 9" order resonance. With a 25-pm-thick

beam divider, we can obtain a factor of nine for the stimulation enhancement. The
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cavity, however, still has high losses from absorption in humid air, from non-perfect
reflection, from mirror diffraction, and from radiation extraction. To improve the cav-
ity performance (higher stimulation enhancement), a better designed and engineered

cavity must be considered.

9.4 Far-infrared Spectroscopy

Optical properties of silicon were measured as an example of far-infrared spectroscopy
using our radiation source. High intensity far-infrared radiation from femtosecond
electron bunches allows the experiments to be conducted easily. Far-infrared spec-
troscopy, based on the Dispersive Fourier Transform Spectroscopy (DFTS) technique
can be applied to measure the complex refractive index of solid and liquid samples,
including highly absorbing substances. Such measurements are in progress at the
SUNSHINE facility as part of another Ph.D. program. The high intensity and short

duration of the radiation are essential to conduct such measurements.



Appendix A

Dielectric Constant of Aluminum

The complex dielectric constant of aluminum using the Drude’s model is [46, 47]

Q

W=l T

+ ¢, (A.1)
where w is an angular frequency (27 f), €, is the plasma frequency of aluminum, 7 is
the relaxation time for conducting electrons and e is small contribution from bound-
electron absorption. The plasma frequency expressed in terms of the dc conductivity

oo and the relaxation time 7 is
Q2 = 4dwoo /T, (A.2)

The dielectric constant of Aluminum can be calculated using (A.1) and parameters
listed in Table A.1. The contribution from de for good conductors in the far-infrared
region can be neglected [?]. Figure A.1 shows the absolute value of the dielectric

constants of aluminum in the far-infrared spectral range.

oo(sec™) | T(sec)
3.18 x 107 | 0.801 x 10~

Table A.1: DC conductivity and relaxation time of aluminum .
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Figure A.1: Calculated dielectric constant for aluminum in the far-infrared spectral
range.



Appendix B

Transmission and Reflection of a

Sample

The purpose of this Appendix is to provide the general background for reflection and

transmission of an electromagnetic wave on and through a sample [Ref. [41]].

B.1 At an Interface

The amplitude attenuation and phase shift of an electromagnetic wave due to reflec-
tion on or transmission through a plane interface are described by Fresnel’s equations.
These equations relate these effects to the optical constants, the angle of incidence
and the polarization of the incident wave.

The Fresnel’s equations are:

7, = (Mg cost —nycosby) /(N cosby + fgcosby), (B.1)
7| = (R cosbBy —nycosby) /(Mg cosby + Ny cosby),

t, = 2y cosf/ (7 cosf + fipcosby),

f” = 274 cos b/ (N cos by + g cosby),

where r and t is the amplitude reflection and transmission coefficients for the com-

ponent of the incident wave polarized perpendicular to (L) and for that parallel (]|)
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to the plane of incidence. The equations described the wave which is incident from
medium 1 with an incident angle of #;and transmit to medium 2 with the angle 6.

The two angles are related by Snell’s law
77L1 sin 91 = ’fLQ sin 92. (BQ)

For the case of normal incidence from medium 1 to medium 2 the Fresnel’s equations

can be reduced to

r, = F” :flzz(ﬁl—ﬁg)/<ﬁ1+ﬁ2), (B3)

tL = 1 =to=201/ (R + na). (B.4)

On the other hand, the equations for normal incidence from medium 2 to medium 1

are

Fgl — —flg, (BS)
ty = fotia/f. (B.6)

When the medium 1 is vacuum with n; = 1, the Fresnel’s equations become

Fio = (1 =) /(1+ ), (B.7)
tie = 2/(1+fy), (B.8)
For = —F1g, (B.9)
ty = Tt (B.10)

The more useful forms of Fresnel’s equations are the exponential forms since the
attenuation and phase terms are well separated. The amplitude reflection coefficient

can be written in the form
T12 = |T12] e'or, (B.11)

where |r12| is the magnitude which represent the attenuation and ¢, is the phase shift
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Figure B.1: Multiple reflection from and transmission through a sample (medium 2)
immersed in a medium 1.

from the reflection. The amplitude transmission coefficient can be written in the form
7?12 = |t12| €i¢t, <B12)

where |t12| is the magnitude which represent the attenuation and ¢, is the phase shift

due to the transmission.

B.2 Of a Plane Parallel Sample

The Transmission and reflection of a plane parallel sample is an extended discussion
from the transmission and reflection at an interface. Let us first introduce the complex
propagation factor a of the medium with a complex refractive index n = n, + in,,
defined by

EL — 6—zu.mz/c — 6—27”%1/16227anij (Bl?))

where x is the propagating distance in the medium, w is the frequency of the wave

and c is the velocity of light and the wave number v = w/ (27c).
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Consider, a plane parallel sample of refractive index ns and a thickness of d im-
mersed in a medium of refractive index 7, as shown in Figure B.1. The complex
propagation factor of the medium @, = e~*"%¢. An incident electromagnetic wave
is subjected to multiple internal reflections at the two interfaces between mediums.
The total reflected and transmitted waves are given by the infinite sum of all partially
reflected and transmitted waves. The total amplitude transmission (7) and reflection

(R) coefficients are, then, given by

T = tigloloy + t1o@ars tar + tiaasig oy + ... (B.14)
R = g+ t1odoFortor + t1o@ara o + ... (B.15)
Here, t19,%21, 712,721 are the Fresnel transmission and reflection coefficients at the

interfaces between two mediums in the order defined by the sequence of subscripts

shown.
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