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Abstract

High-power, pulsed, coherent, far-infrared (FIR) radiation has many scientific applica-
tions [1], such as pump-probe studies of surfaces, liquids, and solids, studies of high-T,
superconductors, biophysics, plasma diagnostics, and excitation of Rydberg atoms.
Few sources of such FIR radiation currently exist. Superradiant undulator radiation
produced at the SUNSHINE (Stanford UNiversity SHort INtense Electron-source)
is such a FIR source.

First proposed in the mm-wave spectral range by Motz [2], superradiént undu-
lator radiation has been realized in the 45 pym to 300 pm spectral range by' using
sub-picosecond electron bunches [3] produced by the SUNSHINE facility. The exper-
imental setup and measurements of this FIR radiation are reported in this thesis.

In addition to being a useful FIR source, the superradiant undulator radiation
produced at SUNSHINE is an object of research in itself. Measured superlinear
growth of the radiated energy along the undulator demonstrates the self-amplification
of radiation by the electron bunch. This superlinear growth is seen at 47 ym to 70 ym
wavelengths. These wavelengths are an order of magnitude shorter than in previous

self-amplification demonstrations [4,5].
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Chapter 1

Introduction

This thesis presents an experimental investigation of the superradiant FIR (far-
infrared) radiation generated by passing a relativistic electron beam through a mag-
netic undulator. By “superradiant” it is meant that the radiation is due to the high
degree of phase coherence between the radiating electrons [6, page 548]. The su-
perradiant emission is both spatially and temporally coherent, and its intensity is
proportional to the square of the number of radiating electrons. In itself, this radi-
ation is of value as a tool for physics, biology, and chemistry, and in the future the
SUNSHINE (Stanford University SHort INtense Electron source) facility, where this
work was done, is intended to be offered to the scientific community as a light source.
Therefore this thesis (specifically Chapter 5) describes the measured energy spectral
density, spatial distribution, polarization, and time structure of the radiation so that
the potential user will understand the capabilities of the SUNSHINE facility.
Additionally this experiment observes gain in the radiated power as the elec-
tron beam traverses the undulator. This process is often referred to as SASE (Self-
Amplified Spontaneous Emission), and is crucial to the development of X-ray FELs
(Free-Electron Lasers) which depend on such a mechanism to achieve lasing. Self-

amplification has been seen previously in mm-waves [4] down to 600 ym [5]. In this

1




2 CHAPTER 1. INTRODUCTION

wavelength range | molecular significance
near infrared 0.7 to 3 ym electronic transitions
mid infrared 3 to 40 pm vibrational modes
far infrared 40 t0 1000 pm | rotational modes

Table 1.1: Definition of various IR bands.

experiment self-amplification is observed for the first time at wavelengths as short as
47 pm.

The structure of this thesis follows the pattern of overview (Chapter 1), theory
(Chapters 2 and 3), experimental setup (Chapter 4), measurements (Chapters 5 and
6), discussion (Chapter 7), and summary (Chapter 8). Chapters 1, 4, and 8 are
self-explanatory. Chapter 2 describes the theory and computation of superradiant
undulator radiation, which was the expected result of this experiment. Chapter 3
describes single-pass FEL theory, which predicts self-amplification from a sufficiently
intense electron beam!. Chapter 5 describes measurements characterizing the FIR ra-
diation, and may be of particular interest to potential users of the radiation. Chapter
6 describes measurements of self-amplification (gain). Finally, Chapter 7 describes

the effects of the non-ideal nature of the electron beam and instrumentation.

1.1 Far Infrared Radiation

In infrared science a typical division of the electromagnetic spectrum is shown in Table
1.1. Although the division is somewhat arbitrary, the various sub-bands correspond to
qualitatively different molecular processes as shown [7]. The superradiant undulator
radiation at SUNSHINE is tunable from 45 pum to 300 pym, hence falls into the far-
infrared (FIR) band.

!The single-pass FEL theory predicts self-amplification at the levels observed in this experi-
ment. However since 3-dimensional effects ignored in the theory are expected to reduce the self-
amplification, the low or zero-gain limit of the theory, which is the superradiance described in
Chapter 2, was the expected experimental result.




1.1. FAR INFRARED RADIATION : 3

1.1.1 Applications of FIR sources

There are many applications of pulsed high-power FIR such as that produced at
SUNSHINE. These include, for example:

e pump-probe surface science,

e pump-probe studies of gases, liquids, and solids,

e non-linear solid state physics,

e studies of carrier dynamics of high-T, superconductors,
e studies of modes of large bio-molecules,

¢ plasma diagnostics, and

e excitation of Rydberg atoms.

In fact, the 1994 free electron laser study by the National Research Council concluded
that, “The scientific case for a tunable, short-pulse (picosecond) source in'the far

infrared is compelling...”[1].

1.1.2 Operational Facilities

High-power, pulsed FIR sources are rare; there are only a few FEL user facilities in
the far-infrared range. They and their output powers are listed in Table 1.2, as are

the SUNSHINE parameters, for comparison.

1.1.3 Superradiant Undulator Radiation as a FIR Source

Superradiant undulator radiation has many desirable features as a FIR source. It is

temporally and spatially coﬁerent, polarized, intense, and at SUNSHINE it is pulsed

in picosecond-long bursts. Achieved parameters of the radiation are listed in Table 1.3.
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facility wavelength | micropulse | macropulse | average | ref
tunability power power power

UCSB FIRFEL | 63 to 338 1-6 1-6 500@4 | [§]

SUNSHINE 45 to 300 10-40 0.2-1.5 3-50 @ 30

FIREFLY 19 to 65 300 0.004 400 @ 20 | [9]

FELIX 5 to 110 ~1000 10 500@ 5 | [10]

units pm kW kW mW @ Hz

Table 1.2: Power output at operating far-infrared facilities.

It is useful to compare the brightness of the SUNSHINE undulator radiation with
that of a 2000 K blackbody, which approximates the commonly-used Globar source.
From the listed parameters, the average brightness of the undulator radiation at

~ 50 pm is

3 x 10~3W/16%bandwidth 8 x 105 [W]

m(3 x 1073m)2n (5 x 10-3rad)? - [m?][sr][100%bandwidth]’ (11)
and at = 200 um
50 x 10~3W/16%bandwidth 9 x 10° [W] 12)

7(3 x 10-3m)2r(20 x 10-3rad)? _ [m2][sr][100%bandwidth]’
The brightness of the 2000 K blackbody is given by the Planck distribution as [7]

W]
B(v,T) ( [m?][sr][100%bandwidth]

(1.3)

) _ 2wt 1 _2°%T
T T2 ew/kT 17T 2
which gives 1.3 x 10? [W/m?/sr/100%bandwidth] at 50 um (6.0 THz) and 2.1 x 10°
[W/m?/sr/100%bandwidth] at 200 um (1.5 THz). The average SUNSHINE undulator
radiation is thus 4-6 orders of magnitude brighter than the blackbody source, and the
peak SUNSHINE brightness is 10-12 orders of magnitude brighter than the blackbody

source.
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Parameter Value
Wavelength tunability 45 to 300 ym
Micropulse power 10-40 kW (50-200 pm)
Macropulse power 0.2-1.6 kW (50-200 pm)
Average power 3-50 mW (50200 pm)
Angular divergence 5-20 mrad (50-200 pm)
Effective source size 3 mm 1/e? radius
Polarization 80 % linear
Micropulse length 26 radiation wavelengths
Micropulse separation 350 ps
Macropulse length 0.7-1.1 ps (50-200 um)
Macropulse repetition rate 4-30 Hz
Macropulse linewidth 12-20% FWHM

Table 1.3: Parameters of superradiant undulator radiation at SUNSHINE.
1.2 Self~-Amplification

Self-amplified spontaneous emission? (SASE) refers to a process by which an electron
beam, spontaneously radiating as it travels through an undulator magnet, can bunch
itself as a result of energy modulation caused by the spontaneous emission [11]. This
bunching leads to greater emission, which leads to more bunching. A signature 6f
this process is exponential increase of the radiated power along the length of the
undulator: P = Pye™/Ns, where N, is the gain length and N is distance in number of

oscillation periods along the undulator.

Figure 1.1 shows measurements both of gain and no gain, and Fig. 1.2 summarizes
gain length measurements at several different wavelengths. In these figures, the fit
function is not a pure exponential, but instead is of the form y(N) = m1 x (e¥/Ns —1).
This is a modification of the exponential that goes linearly to zero as N approaches

zero, as discussed in Chapter 6.

2For the purposes of this thesis, it is assumed the term “SASE” applies to self-amplification
arising from either shot-noise in the electron beam distribution, or, as is the case in this experiment,
from coherent structure in the electron beam distribution.
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Figure 1.1: Gain measurements at short wavelengths. The dates of the measurements
and wavelengths are indicated in the graph titles. The gain length in units of undu-
lator periods is the quantity m2 in the equation tables of the graphs. The graph in
the lower right-hand corner is the condition before optimization.
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The crosses indicate measurements from 1995, the circles are from 1996. The errors
from the gain length fits give the error bars.
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1.2.1 SASE experiments

Table 1.4 summarizes the parameters of the two previous SASE experiments along
with the results of the SUNSHINE experiment. The SUNSHINE data are discussed
in detail in Chapters 4-6 of this thesis. Some differences between the SUNSHINE

experiment and the other two in the table are:
e SUNSHINE experiment is at much shorter wavelength,
e electron source is a short pulse beam (rf-bunched),
e SUNSHINE electron beam emittance is much lower,

¢ SUNSHINE SASE can start up from strong coherent structure of the electron

beam,

e short-pulse effects may be important as the bunch length is only at most 4-5

radiation wavelengths long, and

o the radiation wavelength is 1/30 to 1/200 of the chamber radius so free-spacé

propagation is expected rather than waveguide modes.
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experiment Livermore MIT SUNSHINE units
reference [4] [5] [Chapters 4-6)

e-beam parameters:

energy 3.6+ 0.5 20+ 0.5 15 MeV
Lorentz factor ~y 8.0 4.9 29.4

energy spread 0.2-0.4 0.8 %
current 450 780 53 A
pulse length 15 30 0.0006 ns
normalized emittance | 4.7 x 1073 edge | 5.2 x 1074 2.0 x 1073 7 m-rad
radius 8 34 1 mm
p-parameter 0.063 0.029 0.0092

undulator parameters:

geometry planar helical planar

length 3 1.5 2 m
period 9.8 3.1 7.7 cm.
field 4.8 1.3 0.8 kG
K 4.4 0.5 0.6

chamber cross-section 2.9 by 9.8 0.4 radius 1.0 radius cm
radiation parameters:

wavelength 8700 800 50 pm
mode TEq; TE; over-moded
measured gain length 3.3 2.1 4tob periods

Table 1.4: Comparison of SASE experiments.
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Chapter 2

Theory of Superradiant Undulator

Radiation

A unique feature of the SUNSHINE facility is its ability to generate sub-picosecond
pulses of relativistic electrons. A typical pulse lasts about 600 fs which corresponds
to 180 pum. If radiation at wavelengths much greater than 180 ym can be generated
by the undulator, the electrons will radiate in phase, the field will be proportional
to the number of electrons, and the power will be proportional to the square of the
number of electrons [2]. This superradiance also occurs at wavelengths of the order
of and less than the pulse length, although at reduced amplitude due to destructive
interference between some of the radiating electrons. For wavelengths much less than
the bunch length the phase between radiating electrons becomes random and the
radiated power becomes proportional to the number of electrons, not the number
squared. This incoherent radiation cannot be observed in this experiment because
the sensitivity of the detectors used requires the large (typically ~ 10%) coherent
enhancement of superradiance in order to have a measurable signal.

In its simplest form the undulator is a device that makes the electron follow a

sinusoidal trajectory. Although the trajectory is simple, relativistic effects make the

11
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el [2]T]€jd]e o o oool(—ll-)lf'(—@-)h

Figure 2.1: Schematic of the undulator showing the zyz coordinate system, orienta-
tion of the permanent magnets, and trajectory of the electron beam.

computation of the radiation distribution somewhat involved. In this chapter the
well-known quantitative results of the theory of undulator radiation from a single

electron are presented, and the effect of coherent enhancement is discussed.

2.1 TUndulator Radiation Theory

As at SUNSHINE, consider a planar undulator (as shown schematically in Fig. 2.1)
with magnetic field B which is entirely in the y direction and which varies sinusoidally

in the z direction with period Ag:
B(z) = Bycos(2nz/X)¥, (2.1)

and consider an electron that enters the undulator at z = 0 with velocity ¥ = v2,
where the notation Z denotes a unit vector in the z direction. If the deflection of the
electron by the magnetic field is small enough so that its velocity in the z direction

can be taken to be constant and equal to the speed of light ¢, then the trajectory
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followed by the electron can be found from the Lorentz force law to be sinusoidal:

dr K .
o= 5 sin(27z/ o) (2.2)
where
_ 4BoXo
K= 2rme (23)

is the undulator strength parameter, q is the magnitude of the electron charge, m
is the electron mass, and v = (electron energy)/mc? is the Lorentz factor for the
electron. Here, as everywhere else in this thesis, SI units (rationalized MKSA [12]

units) are used.

2.1.1 The Analytical Formula for Undulator Radiation

Once the trajectory is known, the spectral and spatial distribution of radiation from a
single electron traversing a planar undulator is calculated from the Liénard-Weichert

potentials [13-15, for example] with the following result [14):
d27 q2 72 N2 =

dew = 471'606 ,,;Gn(K? 79a ¢)Hn(K7 7070‘})7 . (24)
where \
_ {sin[Nm(w/wy —n)]
Hn(Ka 705"0) - { WN(W/UJ] _ n) ) (25)
4n? 2 Y S
Gn(K,~0, ) = el { [Slacosqs — (Sl + 55'2) 520 oo d)} + Sjofsin‘gp, (2.6)
+00
Sy = E Jk("&z)J2k+n(n§z)7 (27)
k=—00
+00
Sy = Z kJk(n&:) Jokn(nz), (2.8)
k=—o0
K? 2Kacos¢ , K?
fz—ma §x'——"A_, A=1+a +"§—, Ol——’)’@, (29)
2
w1 2wy 2me (2.10)

T ity K22 °T Ny

and
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I = radiated energy,

2 = solid angle,

w = angular frequency,

N = number of undulator periods,

€o = permittivity of free space,

8 = angle with respect to the undulator axis (# = 0 in the forward direction),
¢ = angle about undulator axis (¢ = 0 in the zz plane),

J, = the Bessel function of the first kind of order n.

In the forward direction (i.e. # = 0) with the fundamental frequency,

2’)’2(,00 .
Wi = m, (2.11)

the Egs. (2.4)—(2.10) simplify to:
d’r _ q272N2F (K sin[N7(w/wio — n)] | > (2.12)

dQdw|,_, 4meoc 7N (w/wio — n) ’ )
where
292 K2/4 nK2/4\1%2 . _
ey | o e (2508) = g (A tn =185,
0 otherwise

(2.13)

2.1.2 Discussion of the Undulator Radiation Formula

Some comments can be made about the physical interpretation of the above formu-

las. The frequency distribution at a particular observation angle 8 is determined by
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Eq. (2.5), which is a sharply peaked function that actually becomes a é-function for
an infinitely long undulator [14]:

- {sin[Nw(w/wl —n)] }2 .y (_U_{ _ n) . (2.14)

|
N-oo | 7N(w/w; —n)

Iéim H,(K,v0,w) =
For example, when 6 = 0 and n = 1 Eq. (2.14) is non-zero only when
wip = 2’)/2(.4)0/(1 -+ K2/2),

which is the formula for the fundamental wavelength of undulator radiation:

A= 2’\—7"2 (1+£§-2-). (2.15)
For a finite-N-period undulator with § = 0 and n = 1 then Eq. (2.5) is recognizable
as the square of the Fourier transform of an /N-period sinusoid at the fundamental
wavelength.

The fundamental wavelength and other properties of undulator radiation can be
understood by considering that the radiated field measured by an observer is propor-
tional to the apparent transverse acceleration [16] of the electron as viewed‘ by the
observer. Consider an observer on the z axis. The electron trajectory is periodic
with period Ag, but because the electron is moving almost as fast as the radiation,
the pulses from successive periods will appear to the observer time-compressed by a
factor of

(1-0)=~ o7 (2.16)
where 8 = v/c is the velocity of the electron relative to the velocity of light. This
gives the first term in Eq. (2.15). Because it follows a sinusoidal trajectory with
amplitude proportional to K/vy < 1, the electron travels further than the radiation
by an amount proportional to K?2/+2, which gives the second term in Eq. (2.15).

As 6 increases from zero in the zz plane, the time-compression seen by the ob-

server decreases, so the observed wavelength increases, as seen in the decrease of w;
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x 10 Energy spectral density computed two ways; K=0.6
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Figure 2.2: Angle-integrated energy spectral density. This figure demonstrates that
the N — oo approximation used in calculating the undulator radiation energy spec-
tral density agrees well with the more accurate N = 26 calculation. Also noteworthy
is that the radiation is dominated by the horizontally-polarized (o-polarization) com-
ponent.

with 8 in Eq. (2.10). Additionally, the magnitude of the apparent transverse accel-
eration decreases, dropping to zero near § = K/v, where the observer’s line-of-sight
is tangent to the zero-crossings of the sinusoidal trajectory (there is no bending, so
no acceleration at these points). So the observer measures radiation out to about
6 = K/v (in the zz plane). Finally, because the apparent acceleration is mainly
in the zz plane, the observer measures radiation mainly polarized in the zz plane.

The polarization terms appear in Eq (2.6), where |Siacos¢ — (S; + 28,) —4 ?
n

20.cos @

refers to the horizontal polarization (o0-mode) and S?a?sin? ¢ refers to the vertical

polarization (w-mode).
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2.1.3 Numerical Evaluation

In order to numerically evaluate Eqs. (2.4)-(2.10), it is convenient to take advantage
of the 8-like nature of Eq. (2’.5) by assuming it s a é-function and doing the integral
with respect to sinfdf, thus avoiding the computational expense associated with
integrating across a sharply-peaked function. This approach has been shown to give
good results for large N [17, pages 60-65]. The resulting equation for the energy
spectral density of undulator radiation is [17]

dI  ¢*¥*Nuwy 27 & »
T Ty X GalE A0 )9, (2.17)
where
2
9n=\/2”“’°_(1+§ /2 (2.18)
w Y

Equations (2.17) and (2.18) are used to compute the expected radiation from
one electron passing through a K = 0.6 undulator, which is of relevance to the

experimental results of this thesis. The computational method is as follows:

e For the frequency w, find the minimum postive integer 7,,,, if it exists, such

that 0, is real.

o If n,,;, exists then find the maximum positive integer 7,4, such that 6, is within

an acceptance angle 6,.

o If Ny = Npin, then evaluate Eq. (2.17) for the frequency w where the sum

within the integral becomes ¥ "'ma=

N=Nmin

Figure 2.2 shows 4L computed from Eqgs. (2.17) and (2.18) and also from Egs. (2.4)-
(2.10), with a 10/~ acceptance angle [18]. This demonstrates that the approximation
of Egs. (2.17) and (2.18) is sufficiently accurate for the purposes of this project.

Applying Egs. (2.17) and (2.18) to understand the spectral and spatial distribution

of the radiation gives Fig 2.3, which shows the energy spectral density of undulator
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radiation for K = 0.6 as the acceptance angle 8, is increased. It is worth noting that
as the acceptance angle increases, very much radiation appears at angles greatér than

the so-called ‘opening angle’ [19, Sec. 4, Eq. (15)] of

_lja+K22) [ A
0open—-7\[ 5 —\[NAO, (2.19)

which is the ‘opening angle’ only for the radiation within a relative frequency band

of :l:% of the fundamental frequency; that is, it is the opening angle for which the
linewidth is not significantly broadened beyond the minimum natural linewidth. If all
frequencies are considered, then the spatial distribution appears as in Fig. 2.4, which
shows Egs. (2.17) and (2.18) evaluated for n = 1, and clearly exhibits substantial

radiated energy out to angles ~ %

2.2 Coherent Enhancement: the Form Factor

The formalism for calculating the coherent radiation from a bunched beam was worked
out by Nodvick and Saxon [20] by adding the radiated fields from each electron in
the bunch. Following this approach, consider N, electrons travelling through an
undulator, entering at times ¢; and transverse offsets 7; . Assume the electrons have
the same injection angle —so that they follow parallel trajectories— and assume that
they have the same energy. Then for radiation at frequency w in direction fi the
observer will see a field By (k) equal to the sum of the fields from each electron:

Ne -

Bion(k) = Bio(k) Y @t +F ), (2.20)

=1
Here F) (k) is the field radiated by a single electron and & = fiw/c is the wavevector to
the observer, where 11 is a (constant) unit vector from the undulator to the observer.

Equation (2.20) can be written more simply by relating time and transverse postion

coordinates to, for example, the first electron entering the the undulator. The other
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Figure 2.4: Peak energy spectral density as a function of angle. The peak energy
spectral density (energy spectral density at w = w;) per solid angle evaluated for
K =0.6, N =26, v = 29.35, and n = 1 shows that the radiation does not drop to
zero until # > L. The n = 1 term accounts for over 60% of the radiated power when
K=0.6.
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electrons will then enter at times t; = z;/c and Eq. (2.20) becomes
Eiu(F) = Bro(R) 3 €7, (221)

where 7; = 71 + z;Z locates the j-th electron with respect to the first electron. The

power radiated is proportional to the square of the field so

Ne
=1

In the continuum limit one defines a probability distribution S(7)for the charge den-

2

Po(E) = Py (k) (2.22)

sity of the electron bunch:

1= / S(Adr, (2.23)

and the total power (at the frequency w = ck in direction l::) then can be expressed
as

- - . 2

Pur(R) = Pr(B)NZ | [ S(Rescr| .

Thus coherent enhancement, and in fact the entire effect of the bunch structure, is

(2.24)

characterized by the form factor f(k) defined as
-— s 2 l )
FOR) = ‘ [ s@eEnd (2.25)

which is the square of the 3-dimensional Fourier transform of the bunch distribution.
In this derivation the only assumptions are equal and constant particle energies and
parallel trajectories (that is, equal injection angles); the form factor then just follows
from the principle of superposition.

With the form factor and total power defined in this way, a random N_-particle
distribution has a form factor of 1/N,, as is familiar from the random walk problem for
example, and thus Eq. (2.24) shows that the incoherent radiated power is proportional
to the number of electrons. If all the electrons are at an identical phase with respect to

E, then the form factor has its maximum value of one, which is the case of maximum

coherent enhancement.
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2.3 Coherent Enhancement of Undulator Radia-
tion

A possible point of confusion is that the form factor can show coherent enhance-
ment from electrons that are causally separated. For example consider the forward
radiation from two electrons, separated by an integer M > N fundamental wave-
lengths, travelling through an N-period undulator. Then the form factor is one, and
Eq. (2.24) predicts the maximum coherent enhancement—yet the observer sees just
two N-period wave-packets completely separated in time/space, so there can be no co-
herent enhancement in the radiated energy. If one realizes that E (w) in the derivation
is really the Fourier amplitude of the field, and therefore P(w) is the power spectral
density, then the apparent contradiction is resolved: there is coherent enhancement of
the energy spectral density at the fundamental, but there is no coherent enhancement
of the total energy because the bandwidth of the radiation has been reduced exactly .
enough so that the total energy is just the sum of the energies in the two causally
separated wave-packets. Since this example is of fundamental importance in calcu-
lating coherent enhancement of undulator radiation, a mathematical demonstration

is now presented.

2.3.1 Coherent Enhancement in the Forward Direction

Consider an undulator which causes an electron to radiate an N-period sine wave in
the forward direction at the fundamental frequency wyg. The Fourier transform of

the radiated field is then !

2wN/fwio uumt —iwt
Ele(w) 0.8 / € dt = = TN @=w10
wio

w—w i Neg=%10
I (g[S

Wig

lhere units are dropped as they are irrelevant to the argument.
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so the energy spectral density from one electron is

(dI)le N (sz)"’ [sin(ﬂNﬁm)r . (2.27)

dw W10 N “’—;‘l"am

The energy radiated by one electron will then be the integral over frequency of

Eq. (2.27) which gives
2
L o< TN (2.28)
Wio

that is, the total energy is proportional to the number of oscillations multiplied by
the period of the oscillations. Now consider 2 electrons separated by M fundamental

wavelengths. The form factor of this ‘bunch’ is then

+oo (§(t) + 6(t + 2 ol
f(LU) — / ( ( ) + ( + WM/WIO)) e~ “tdtl = cos? (WMi) : (229)
- 2 )
and the energy spectral density will be given by
dI w \ (2rN\? [sin(rNeswe)1®
— x 22 cos? (wM——) ( ) [ 10 } , 2.30
(dw) tot W10 W10 N ﬁ:‘;ﬁm : )
by application of Eq. (2.24). Defining the variable u = m(w — wyg)/wip leads to
00 I 00 2 in2
Itot (6.6 / d— dw = 16—7‘-2/ cos (MU) S (NU) du, (231)
—oo \ dw Wig 0 u2

and using integral tables [21, Eq. (3.828.11)]

wio . (2.32)
1672 :
(N _ M) fM<N

qCN i M>N

Itot 15,8
w10

So, as expected, when the wave-packets do not overlap (M > N) the energy from

two electrons is twice the energy from one, that is there is no coherent enhancement

of the energy. But as the electrons move together so that the radiated wave-packets

overlap the energy increases proportionally to the overlap, reaching a maximum of

4 times the single-electron energy when the two electrons are at the same location

(M = 0), also as expected.
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Figure 2.5: Long bunch vs. short bunch form factors. The form factor for a long
harmonically bunched beam is §-like, compared to the undulator response, while that
of a shorter bunch is wide.

This shows that the form factor, after integration over frequency, correctly handles
arbitrarily long or short bunches. This is important at SUNSHINE, where the undu-
lator operates in the short-bunch regime: typically M < 5 and N = 26 and similarly
to the above development it is expected that the radiated energy is proportional to

the number of undulator periods N.

In contrast to the short-bunch regime at SUNSHINE, the FEL community often
works with bunches much longer than N radiation wavelengths, having density mod-
ulation at the radiation wavelength. In such a case the form factor becomes very
narrow in frequency space, much narrower than the bandwidth of the single-electron
response of Eq. (2.5). Thus when the frequency integral of Eq. (2.24) is taken, the

total energy is determined by the amplitude of the single-electron energy spectral

density at the radiation wavelength, which, according to Eq. (2.4) is proportional to
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N2, the square of the number of undulator periods. This is not the case at SUN-
SHINE, where the form factor of the electron bunch is usually much broader than the
single-electron response. At SUNSHINE, when the frequency integral of Eq. (2.24)
is taken, the 1/N bandwidth of the single-electron response applies and makes the
expected energy proportional only to N, not N2. The diagram of Fig. 2.5 illustrates
this.

2.3.2 Coherent Enhancement in Arbitrary Direction

The same principles of coherent enhancement discussed for the forward direction of
course apply to any direction. The 3-dimensional form factor is defined in l_c.—space and
together with the g—space distribution of the radiation from a single electron (i.e., the
impulse response of the undulator) completely characterizes the radiation from the
bunch. To get the total energy radiated by the bunch one simply multiplies the form
factor by the single-electron response and integrates the result (which is Eq. (2.24))
over k-space.

To model the electron beam distribution, it is reasonable to use a uniform—dehsity
cylinder. Of course real bunches do not follow such a hard-edge distribution, but their
basic shapes agree with this model. The sharp edges of the cylinder may produce
more high-frequency components than are present in the real bunch; an alternate
model, that avoids this, is the much smoother Gaussian distribution. The measured
longitudinal distribution at SUNSHINE has been found to be somewhere between
these two models, tending to be closer to the uniform-density distribution {22, page
96] than to the Gaussian distribution.

The form factor of a uniform-density cylindrical electron bunch can be found easily
in cylindrical coordinates:

f&) = (7rr21 1)2

2

+l/2 2T Tmaz .3 .,
/0 /0 e*Trdrdedz (2.33)

~1/2

mazr
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where [ is the bunch length and 7., is the bunch radius. Since there is cylindrical

symmetry k - 7 can be evaluted in the yz plane (with the correct final result) giving
E-7=kirsingy + k,z2

where k) is the magnitude of the cémponent of k in the zy plane. Then

7 1 ? +/2 ikoz Tmaz m ik rsin¢g ?
f(k) = (7r1”2 l) /—1/2 e dz[) (/0 e dqb) rdr

mazr

which evaluates to

sin(k,l /2)} ? [2J1 (rmaxkl)} g (2.34)

Funsgorm (k) = [ k]2 Tmazky
The first term in brackets is recognized as the Fraunhofer diffraction pattern of a
slit of width / in the 2-direction, and the second term in brackets is recognized as
the Fraunhofer diffraction pattern of a circular aperture of radius 7y,q,. (This is not
suprising since the Fraunhofer diffraction pattern of an aperture can be calculated
from Huygens’ principle by considering the aperture to be filled with radiating sources,
in the same way that the form factor of an electron bunch is calculated.) The first
term has a maximum of one if k, — 0 and falls to zero when k, = 27/l while the
second term has a maximum of one if k; — 0 and falls to zero when k3 = 3.832/7q2.

If the beam distribution is Gaussian in each of the three dimensions with standard
deviations o, 0y, and o, respectively, then each of the three rectangular coordinates
are independent. In the z-direction,

1 oo _ 22 . 2
flks) = [ ] Qe’k‘zdz} .

This evaluates to

f(kz) = e—oﬁkﬁ’

and so overall

Ffoauss(B) = e o2 M etk em02k: (2.35)
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Figure 2.6: Peak energy spectral density vs. angle with form factor effect. The
form factor of a 1 mm radius, 180 ym long bunch multiplies the incoherent radiation
distribution to produce the coherent distribution. The parameters of this calculation
are N = 26, K = 0.6, v = 29.35, and n = 1. This figure can be compared directly
with Fig. 2.4.

2.3.3 Numerical Evaluation of Superradiant Undulator Ra-

diation

The expected superradiant undulator radiation from SUNSHINE can now be calcu-
lated. The undulator strength is taken to be K = 0.6 as in many of the experiments
discussed later in this thesis, and the electron bunch is modeled as a uniform-density
cylinder of 1 mm radius and 180 ym length. 4

To visualize the coherently-enhanced spatial distribution the n = 1 term in G,
of Eq. (2.'6) is computed with a resulting single-electron spatial distribution of peak
energy spectral density as shown in Fig. 2.4. By ‘peak’ energy spectral density is

meant the energy spectral density at w, for the given angle §. The n = 1 term shown
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in the figure includes over 60% of the total radiation for K = 0.6. In Fig. 2.4 each
direction corresponds to a specific frequency of radiation which allows straightforward
application of the form factor for a cylindrical bunch of radius r,,,, = 1mm and length
180um, giving Fig. 2.6.

Figure 2.6 shows the effect of shape of the bunch in the ripples. The zero at angle
0.4/~ is because angle 0.4/~ corresponds to radiation at frequency 60 pm, which is at
a zero of the 180 ym uniform distribution form-factor. The zero at v = 1 is the first
zero of Jy(u)/u. At larger angles, the increase in (relative) intensity compared to the
single-electron distribution of Fig. 2.4 is a consequence of the lower frequency of the
large-angle radiation, which allows more coherent enhancement. At angles greater
than the 2/v shown even lower frequencies become enhanced but these angles are
well outside of the acceptance of the experimental apparatus used in this project.

To visualize the effect of the coherent enhancement on the observable energy
spectral density, the form-factor-enhanced version of the single-electron distribution‘
of Fig. 2.3 is displayed in Fig. 2.7, showing that some of the lower frequencies are
enhanced by the coherent effect while others are cancelled.

Finally, for future reference, Table 2.1 tabulates the radiated energy in Joules
expected from a single electron in each polarization mode (second and third columns),
then the same quantities after including the form factor (fourth and fifth columns),
as a function of increasing values of acceptance angle (first column). Note that at
3/v acceptance the total energy for a single electron is tabulated as 3.06 x 10722 J,

which agrees well with the formula:

E _ 7.‘.q2 N’72K2

=3.18x 1072 J. (2.36)

(The missing 4% appears at angles greater than 3/7.)
While Table 2.1 uses the N — oo approximation, Eq. (2.12) is more accurate

(in the # = 0 direction) and predicts the forward energy into an accepting solid
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Figure 2.7: Coherently-enhanced energy spectral density as acceptance angle is in-
creased. The acceptance angle is measured in units of 1/ and the frequency is
measured in units of the fundamental frequency wyo = 3.57 x 10'® rad/s. The pa-
rameters for this calculation are K = 0.6, N = 26, v = 29.35, [ = 180 pym, and
Tmee = 1 mm. The N — oo approximation is used, with n = 1 to 15. This figure can
be directly compared with Fig. 2.3.
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angle of 702 = 7(%})? = 3.646 x 107, over a relative bandwidth of 1/N, will be
5.356 x 10~2¢ J, which is close to the 6.866 x 1072* J obtained (in the N — oo
monochromatic approximation) in the first row of Table 2.1. The discrepancy is due
to the finite step size of integration used in computing Table 2.1 (a step of 0.5% of the
fundamental frequency was used) which creates some error with the extremely sharp
frequency spectrum that occurs at small opening angles in the N — oo approximation.

Table 2.1 rapidly becomes more accurate at larger opening angles.
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o= 'YBa O1e Mie Ocoh Teoh
0.1 6.866e-24 | 3.738e-27 | 4.873e-26 | 3.052¢-30
0.2 2.357e-23 | 5.659e-26 | 1.434e-25 | 7.434e-29
0.3 4.907e-23 | 2.593e-25 | 2.193e-25 | 3.027e-28
04 7.717e-23 | 7.092e-25 | 2.34e-25 | 4.059e-28
0.5 1.091e-22 | 1.539e-24 | 2.451e-25 | 6.442e-28
0.6 1.406e-22 | 2.815e-24 | 3.08e-25 | 3.126e-27
0.7 1.682e-22 | 4.504e-24 | 3.917e-25 | 9.051e-27
0.8 1.911e-22 | 6.623e-24 | 4.411e-25 | 1.477e-26
0.9 2.09e-22 | 9.013e-24 | 4.5e-25 | 1.627e-26
1 2.225e-22 | 1.157e-23 | 4.53e-25 | 1.713e-26
1.1 2.33e-22 | 1.436e-23 | 4.756e-25 | 2.514e-26
1.2 2.403e-22 | 1.688¢-23 | 5.115e-25 | 4.085e-26
1.3 2.462e-22 | 1.948e-23 | 5.552e-25 | 6.352¢-26
1.4 2.505e-22 | 2.184e-23 | 5.892e-25 | 8.385e-26
1.5 2.541e-22 | 2.418e-23 | 6.107e-25 | 9.826e-26
1.6 2.565e-22 | 2.593e-23 | 6.169e-25 | 1.028e-25
1.7 2.59e-22 | 2.789%¢-23 | 6.179e-25 | 1.036e-25
1.8 2.606e-22 | 2.923e-23 | 6.194e-25 | 1.048e-25
1.9 2.62e-22 | 3.05e-23 | 6.271e-25 | 1.116e-25
2 2.633e-22 | 3.168e-23 | 6.472e-25 | 1.296e-25
2.1 2.642e-22 | 3.259%-23 | 6.746e-25 | 1.549e-25
2.2 2.65e-22 | 3.342e-23 | 7.158e-25 | 1.937e-25
2.3 2.658e-22 | 3.421e-23 | 7.737e-25 | 2.492¢-25
2.4 2.664e-22 | 3.472e-23 | 8.229e-25 | 2.97e-25
2.5 2.67e-22 | 3.541e-23 | 9.137e-25 | 3.862¢-25
2.6 2.675e-22 | 3.587e-23 | 9.862e-25 | 4.582e-25
2.7 2.679%e-22 | 3.629e-23 | 1.068e-24 | 5.403e-25
2.8 2.681e-22 | 3.652e-23 | 1.113e-24 | 5.851e-25
2.9 2.685e-22 | 3.689e-23 | 1.208e-24 | 6.819¢-25
3 2.687e-22 | 3.709e-23 | 1.25%e-24 | 7.338e-25

Table 2.1: The angle-integrated frequency-integrated radiated energy in the 2 po-
larizations. The acceptance angle (first column) is measured in units of 1/y. The
radiated energy is measured in Joules. The first and second columns are the results for
one electron, the third and fourth columns are the one electron results multiplied by
the form factor. The parameters for this calculation are K = 0.6, N = 26, v = 29.35,
! = 180 pm, and rpe, = 1 mm. The N — oo approximation is used, with n = 1 to
15.
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Chapter 3

Theory of Self-Amplified

Spontaneous Emission

The key assumptions in deriving the superradiant undulator radiation formulas of
the preceding chapter were that the electrons had equal energies and followed parallel
trajectories. One consequence of these assumptions is that the bunch emerges from
the undulator with the same shape as it had when it entered. If the bunch does
change shape, for example due to different electrons radiating different amounts of
energy and following slightly different trajectories, then large changes in the radiated
energy may be seen due to the powerful effect of coherent enhancement. To model
this type of behavior, theory must account for the effect of the radiation on the bunch
dynamics.

High-gain FEL theory is concerned with this bunch/radiation dynamics. When
there is no external (seed) radiation field, the high-gain FEL dynamics is referred to
as SASE (Self~Amplified Spontaneous Emission) [31, for example].

The basic physics involves the interaction between the radiated field, the energy
distribution of the electron beam, and the charge density of the electron beam. In

a typical FEL the beam enters the undulator randomly bunched. The individual

33
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electrons radiate at the fundamental frequency but with random phases, creating
radiation at the fundamental frequency with power proportional to the current. As the
beam continues to propagate, electrons which radiate in phase with the spontaneous
field do work on it and lose energy, and consequently take a longer path through the
undulator. Other electrons gain energy from the field and take shorter paths through
the undulator. This energy-dependent path length provides a mechanism whereby
the beam can become bunched at the radiation wavelength thus greatly increasing
the radiated power, and is the source of gain in a single-pass FEL.

In a low-gain FEL an external field at frequency somewhat lower than the funda-
mental frequency is amplified because particles that lose energy spend more time in
phase with the field, causing them to lose more energy, whereas particles at a phase
to gain energy spend less time at that phase and tend to move to a phase in which
they lose energy. Thus the particles tend to bunch at the radiation frequency, at a
phase in which they amplify the field. In a high-gain FEL bunching can occur at the ‘
fundamental frequency because the radiation is slowed down by the beam where it is

being amplified [23, page 53].

3.1 Single-Pass FEL Theory

The simplest single-pass FEL model to examine computationally is a one dimen-
sional model. This provides insight into the physics and a quantitative prediction of
radiation gain that can be compared with experiment. The theoretical literature on
high-gain FELs is voluminous [24-29,11,30,31, for example] including review articles
(23,32, for example] and even books [33, for example]. For the purposes of this project
linearized, scaled FEL equations [11] are applied as these permit a straightforward
analytical formulation covering the cases of no-gain, low-gain, and high-gain opera-

tion. The no-gain limit corresponds to the coherently-enhanced undulator radiation
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discussed in the previous chapter, and was originally the expected behavior for this
experiment.

There exists a one-dimensional theory specifically describing the short-pulse super-
radiant regime [34], but to the author’s knowledge this theory has not been formulated
in a manner that covers the low and zero-gain limit, nor does it include the effects of
energy modulation of the initial electron bunch. Therefore, the theory of Ref. [34] is

not applied in this thesis.

3.1.1 Mathematical Formulation

Qualitatively, it is expected that the radiation field is mathematically related to
the bunching and energy modulation of the beam. In a linear model therefore one
would expect three equations relating the development of the three quantities (field,
bunching, and energy modulation), with particular solutions depending on the initial
conditions of the three quantities. Such a model exists and is documented in- many
places [11,35, for example]. A review article by Murphy and Pellegrini [23] is the ref-
erence for this section. A definition of variables used in the mathematical formulation

is given in Table 3.1.

Table 3.1: Definition of SASE parameters

Definition of SASE parameters
T = 2w0p%§‘t normalized time
wo = 2me/ro = koc undulator frequency
p = (LKL‘%)-%’Q—){)]@EE)W?’ Pierce parameter
v = k—’%@ resonant energy
ky radiation wavenumber
Yo ) initial energy of beam

Continued on the next page
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Definition of SASE parameters, continued
[JJ] Jo (l—f—;é'j—z) - (—L planar undulator coupling correction
1/2
Q, (fﬂf%) relativistic plasma frequency
Ne number density of electron bunch
X qaéé°t3n(c—1§%% normalized slowly varying amplitude
og —i E,get¥ro slowly varying amplitude
I Xlz €o|Br |2
me2pyone
. _ 72
Bo Wo (1 77'05')
Y <e‘“¢’°i 0j> bunching parameter
() i () averaging
J 1,2,... N, indexing
o; 27(j — 1)/N, reference phase
0; Yo; — V; phase perturbation
~ o,
Z <-e———£z—"i> normalized energy distribution
7; 12;1_31"- relative energy deviation
1 K 2
o? 4p2( -:;_:)22) ) space charge parameter
2
) 1'2?%1’-%1 detuning parameter
YrP

The three equations which describe the interaction between the radiated field X, -
the bunching parameter Y, and the energy distribution Z in the linear model are

derived in the reference [23]:
. 1
X —i(6— -2—02)X +1iY 4+ pZ =0, (3.1)
—ipX+Y - Z =0, (3.2)

. 2 .
X+'—I;Y+Z=0.
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The solution of these equations (3.1-3.3), including the effects of the initial con-
ditions, can be found by taking their Laplace transforms, defined by

X(s) = /0 ~ X (r)e~Tdr.

This gives
s—i(6—30%) i »p X(s) Xo
—ip s -1 Yi) |=1 Yo | (3.4)
1 % s Z(s) Zy

where Xy, Yy, and Z; are the initial conditions. Setting determinant of the matrix to
zero gives the poles (natural response, homogeneous solutions) of the system via the

dispersion relation:

[s —i (6 - %02)] (32 + -(%2) —2ps —ipo? —i= (5 —8)(s— s2)(s— s3) =0, (3.5)

where sy, s, 53 are of course the solutions of the dispersion relation. The solution for

the Laplace transform of the field variable, X(s), is

Xo i P v
(s—s1)(s—s2)(s—s3)X(s)=det| YV, s -1 (3.6)
ZQ o'_:_ S

e)
Xo(s? + Z) — Yo(is — %) — Zo(ps + i)

(s — 51)(s — 83)(s — 83)
After partial fraction expansion and transformation back to the 7 domain the result

X(s) =

(3.7)

for the field as a function of 7 is
Xo(s2 4+ ) — Yy(is, — 02) — Zo(psy + i
X(r) = ( os1 + 5) — Yolis1 — o) — Zolps1 +9)) .,

(51— 52)(s1 — 83)
+ (Xo(sz + ) — Yy(iss — 0%) — Zo(psz + z'))

(82— s1)(s2 — 83)
(Xg(sg + 5’;) ~ Yo(isz — 0?) — Zo(pss + z)) 57
(s3— s1)(s3 — s2) '

(3.8)
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Equation (3.8) includes the effect of initial perturbations in the field, bunching, and
energy modulation via the three initial conditions Xy, Yy, and Zy. The author has not
found inclusion of the energy modulation terms elsewhere in the literature. Typically
it is assumed that Zp = 0, when Eq. (3.8) can be shown to give the correct low gain
and zero gain limits [23].

As a simple example of the solution of Eq. (3.8) consider the case of small §, o,

and p. Then Eq. (3.5) becomes

which has solutions
81,23 = ei”/e, 6i57{/6, ei97r/6 = (\/5/2 + 2/2), (—\/5/2 + 2/2), (—Z)
and so in Eq. (3.8)

82X0 ;
X (1) = 1 (V3f2+i/2r .
") ((81 —83)(81 — 33)) ° *

The e(V3/27 term gives exponential growth of the field as 2V3?" and thus exponential ‘

growth of the radiated energy as e¥/N¢ where

1
N o= —— 3.9
s 47r\/§p ( )

is the energy gain length in terms of the number of undulator periods N. After
several gain lengths the exponential growing term will dominate, but at the beginning
of the undulator the exponentially damped and the oscillating terms must also be
considered.

Along with Eq. (3.8) for the field variable, similar expressions can be derived for
the bunching parameter Y
Xo(ipsy — 1) + Yo(s] —is1(6 — "-;) — p)+ Zo(sy — (6 — 12%) — ip?)

(81— s2)(51 — s3)

Y(r) =

X e

+ similar terms for e**”and e*” (3.10)
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and for the energy modulation Z

Xo(~i0” ~ 81) = Yo(Z (51 = i(6 = §)) = 9) + Zols] — is:(6 = §) = »)

(81— s2)(51 — 83)

Z(t) =
X e817’

+ similar terms for e®*"and e®”. (3.11)

The slowly-varying envelope approximation used in obtaining the above formulas

assumes the radiation field can be written in the form
E(z,t) = E (2,t)e/¥r(ztgilkrz—uwrt) (3.12)

where the time (and spatial) variation of E, and 1, are much slower than w, (and k,).
Thus Eq. (3.8) describes the development of the Fourier amplitude X corresponding to
a particular radiation frequency w,. To get the complete solution X, (7) is computed
for each frequency w, of interest. These X, give the radiated energy spectral density
per solid angle in the forward direction as a function of undulator length.

To link the theory to experiment, the initial conditions Xy, Yo, and Zj for the field,
bunching, and energy modulation must be specified. The initial field X, is simply

zero. The bunching parameter is defined in Table 3.1:
Y = (eig;). (3.13)

For the purposes of determining the inital condition Y; for continuous finite-length
distributions, the definition
r
Y = / e~ *25(2)dz, (3.14)
0
where [ is the bunch length and S(z) is the longitudinal particle density normalized
to one, is used. This gives a non-zero value for a rectangular distribution (S(z) = 1/1)

if it is not an integral number of wavelengths long:

—imt. SR/ A
/A

Yo=e

(3.15)
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which is the square root of the form factor (see the first factor in Eq. 2.34) up to a
phase factor.
Similarly, the initial condition for the energy modulation due to a linear energy

chirp from 7y t0 “Ymqz occurring over the bunch length [ is with

6F = T, (3.16)
Yo
1 ! —ikz 5EZ
This evaluates to
_ B —inlfxr | —iml/Ar sinl/ )\,
%= Spmi ¢ (e )’ (3.18)

which will be used later in analyzing the experimental data.

Another step in linking the one-dimensional theory to experiment is to convert the
one-dimensional solution to three-dimensions. One way to do this [30] is to consider
that the theory has found a Fourier amplitude E,( for a particular frequency wy., Which
can be interpreted in three-dimensional Fourier space by considering the solution to’
be in the volume occupied by the beam, with periodic boundary conditions. Then

Parseval’s theorem will give

= ¢ / |E(F)[? V) 7‘;)3 / |E(k) Pw?dwdS, (3.19)

where € is the volume energy density in beam volume V and V/(27)3 is the density

of states in k-space. In the forward direction then,

d21 v: o, )
m oo = 60'(270)§u) IE(W)I ; (320)

where |E(w)|? is given by the one-dimensional theory. This allows comparison with

the coherently-enhanced version of Eq. 2.12:

d?1 9 >y N? sin?[N7(w/wio — n)]
- F,
e R e XS

where n = 1,3,5... is the harmoni¢ number. The low particle density (p — 0) limit

of the FEL equations (3.8) agrees with Eq. (3.21) with n = 1 [30].

(3.21)
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Scaled SASE parameters as a function of undulator length
T T T T Ll

0.4
~— Field variable
= ~ Bunching parameter
0.35F |-—-- Energy moduiation P 1
0.3+ 4

0.25F

Scaled variable
o
a (o]
o N
T T

°©
=Y
T

0.05

30

Period number

Figure 3.1: Calculated magnitude of variables X, Y, and Z vs. undulator length
at the resonant wavelength. The bunch is of length 180 ym and radius 1 mm and
contains 2 x 10® electrons of energy o = 29.35. The wiggler is at strength K = 0.6
and has 26 periods each of length A\g = 0.077 m. The initial conditions are that Z; =0
and Xy = 0; Yj is the square root of the form factor at the radiation frequency w;,.

3.1.2 Numerical Evaluation

The theory can now be evaluated for the SUNSHINE experiment, and its output
compared with the superradiant formulas of the preceding chapter. As in the previous
chapter, numerical calculations are made for a cylindrical bunch of length 180 pym
and radius 1 mm. The bunch contains 2 x 108 electrons of energy v, = 29.35. The
wiggler is at strength K = 0.6 and has 26 periods each of length Ag = 0.077 m. The
initial Qonditions are that Zy = 0 and Xy = 0; Y}, is taken from the form factor at the
radiation frequency w, as Yy = \/}_(w—r/c—i) . The scaling parameters at frequency wqp
are 6 = 0, p = 0.009423, ¢ = 0.04825, 7 = 0 to 3.079 over 26 periods of undulator,
Xo = 0, Yo = 0.08986, and Zy = 0. The resulting behavior of the SASE variables
X, Y, and Z is shown in Fig. 3.1.
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x 107 Energy per solid angle in the forward direction
1.2 T T T T
=0.6; gamma=29.35; Ne=2e8; I=180micron; r_max=tmm
1 - -
——— FEL theory
~~~~~ Coherently-enhanced undulator radiation
0.8 E
% 0.6 J
0.4} E
0.2+ ]
0 " " N L .
(4] 5 10 20 25 30

15
Number of undulator periods N

Figure 3.2: Frequency-integrated energy per solid angle radiated in the forward di-
rection as a function of undulator length calculated from Eq. (3.8) compared with
coherently-enhanced undulator radiation calculated from Eq. (3.21) with n=1. The
non-linearities for N < 5 occur because when the undulator is short the radiation
spectrum becomes dominated by the form factor of the bunch rather than the undu-
lator response, as discussed in Section 2.3.1.
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The calculated energy per solid angle in the forward direction, after integrating
over frequency, is plotted in Fig. 3.2, along with the coherently-enhanced Eq. (3.21).
The FEL theory agrees with the superradiant calculation at the beginning of the
undulator, but diverges from it and predicts exponential increase in energy towards

the end of the undulator.
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Chapter 4

Experimental Setup

The previous two chapters have described the simplest theory of what might happen as
a short bunch travels through the undulator: one expects to see superradiant coherent
emission depending linearly on the length of the undulator, and possibly the startup of
the SASE process which would give a measurable greater-than-linear radiated energy
versus length. The present chapter describes the setup of the experiment and the

properties of the electron beam.

4.1 The SUNSHINE facility

The SUNSHINE facilty consists of the following main components, as shown in

Fig. 4.1:
e A thermionic-cathode rf gun [36] provides a 2.5 MeV electron beam.

e An alpha magnet bends the beam about 270 degrees and allows energy colli-

mation via beam scrapers at the high-dispersion point.

e A SLAC 10-foot linac section is phased to accelerate the beam to about 15 MeV
for undulator radiation, although up to about 32 MeV is possible.

45
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e A planar 26-period permanent magnet undulator creates superradiant radiation.

e Immediately after the undulator, an Al screen reflects the undulator radiation

out of the vacuum chamber to allow measurements of the spatial diatribution.

e Downstream of the electron beam dump, an Al-coated Mylar film reflects the

radiation into a Michelson interferometer for spectral analysis.

The thermionic rf gun, electron-beam optics, alpha magnet, linac, and the beam
dynamics of bunch compression are discussed at length in the references by Borland
[36] and Kung [37]. In particular reference [36] describes the experimental setup in

detail. Articles [38] and [39] also discuss the facility.

4.1.1 Rf Gun and Alpha Magnet

The features necessary to produce short bunches begin with the rf gun which is
adjusted (run at about 2 MW input power) to produce an = 2.5 MeV beam in which
there is a strong, almost linear, energy-time correlation, with first particles exiting
having the highest energy. The alpha magnet makes the higher energy particles
travel longer paths and reverses the energy-time correlation so that the higher energy
particles are later in time. As the beam drifts, the higher energy particles eventually
catch up to the lower-energy particles and a short bunch is formed. Energy collimation
in the alpha magnet removes particles which do not contribute to the short bunch.
The rf gun and the longitudinal dynamics of the beam have been extensively simulated
by Michael Borland {36] and Pam Kung [37], using MASK to model the gun and then
using elegant [36] or longi [37] to track the MASK output particles through the
rest of the beam line. The simulation results of longi shown in Figure 4.2 illustrate

the bunching process — note the change of scale in the figure.
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Figure 4.1: Block diagram of the SUNSHINE facility.
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Figure 4.2: Simulation of bunch compression for superradiant undulator radiation
at SUNSHINE. The dots show the energy vs. time distribution of the simulation
macro-particles. The solid line with circles shows the projection onto the time axis.
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4.1.2 Linac

The beam can be accelerated up to as much as about 32 MeV in the linac section,
which is a standard SLAC 10-foot section [40] powered by about 14 MW of 2856 MHz
rf power. There are two effects which must be considered concerning the high-current
non-ultra-relativistic beam from the rf gun. First, since the beam has some velocity
spread upon entering the linac and the acceleration is not infinite within the linac, the
longitudinal dynamics of the beam becomes important, particularly when the beam
is run far off the crest of the rf, as is necessary to achieve low energies. Secondly,
since the linac requires a finite time to fill with rf energy, which the beam can remove
almost instantaneously, beam-loading effects are important. The first effect causes
bunch lengthening/compression and energy spread within the micropulse. The second

effect causes a large energy spread across the macropulse.

4.1.3 Undulator

The undulator used in this experiment is a planar 26-period permanent magnet de-
sign with an adjustable gap. The samarium-cobalt (SmCos) permanent magnets are
arranged in a M = 4 block per period Halbach configuration [41] with filling factor
€ = 1, as shown in Fig. 2.1. The magnetic field has the form [41]

—B, +iBy = 2iB, ) cos [mko(z + iy)] g~ "kog/2 (1 _ e—mkoh) sin(mer /M)

) e e RCR)

where g is the (full) gap distance, h = A\¢/4 is the height of the permanent magnets,
B; is the remnant field of a single magnet, and m = 1 4+ pAM. The vertical field due

to the dominant y = 0 term is
B, = 1.4263B,e™/* cosh(koy) cos(koz) (4.2)

which in the y = 0 plane simplifies to

By = Bgcos(koz). (4.3)
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As shown in Fig. 2.1, the undulator begins with a half-block at the phase of maximum
field. Defining z = 0 at this point and neglecting fringe-field effects, the field does
indeed depend on z as B, = Bjcos(koz).

For the SUNSHINE undulator {17]
By = 13.1e7™9/% [k(G], (4.4)

the period is A\g = 7.7 cm and the gap is adjustable from 8 cm to 2.5 cm, so By varies

from 0.050 kG to 4.72 kG. The strength parameter K, given in practical units by
K = 0.0934B[kG]A,[cm] , (4.5)

can be varied from 0.36 to 3.4.
In order that the undulator introduce no change in angle or transverse position
of the beam exiting the undulator as compared with entering the undulator, the

following conditions must be met:

L L z
/ By(z)dz=0 and / [/0 By(u)du] dz = 0. (4.6) -
0 0
The first condition guarantees that the change angle is zero, the second that the

change in offset (ie the integral of the angle) is zero. The condition of no net angle

is met by using an integral number of undulator periods as then obviously
No
/0 By cos(kgz + ¢o)dz = 0.

Here ¢ is the phase of the undulator where the beam enters. The condition of no
net offset is met by having the beam enter at the phase of field maximum (ie ¢g = 0)

as then

NA
/ ° Bo [sin(kou) — sin(0)] du
0 ko

NXo By
= /0 T sin(kou)du

N> ru
/0 : /0 By cos(koz)dzdu

= {(,

as is true for the SUNSHINE undulator, when fringe-field effects are negligible.
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Figure 4.3: The time format of the SUNSHINE electron beam.

4.2 The Electron Beam

The properties of the electron beam are typically separated into logitudinal and trans-
verse categories where the momentum (or energy) and z-position, or equivalently time,

are the longitudinal variables and the offsets and angles are the transverse variables.

4.2.1 Time Format

The time format of the electron beam produced at SUNSHINE for the superra-
diant undulator work is shown in Fig. 4.3. The beam consists of an ~ 1 us long
macropulse at a repetition rate of from 4 Hz to 30 Hz. The repetition rate is de-
termined by dividing the 60 Hz power-line frequency, to which the beam pulse is
synchronized, by an integer from 2 to 15. The repetition rate was 15 Hz for much of
the superradiant undulator work.

Each macropulse consists of a set of microbunches spaced at 350 ps (1/2856 MHz).
The microbunches are not necessarily equally populated, as seen in Figure 4.4, which
illustrates the measured macropulse current at the undulator. The measurement used
the induced current in a ferrite-core toroid encircling the electron beam.

The superradiant emission is proportional to 3-; Nezj, where N,; is the number of
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Figure 4.4: A measured SUNSHINE electron beam macropulse for superradiant un-
dulator radiation. The parameters of this pulse are 3 N, = 3.08 x 10!}, > N2 =
5.28 x 10'%, N,ps = 1.52 x 108, pulse duration = 800 ns, maximum current = 102
mA. There is electronic noise evident as the slight sawtooth on the leading edge of the
waveform. The small circles denote the time window over which the pulse parameters
were calculated, the small ‘x’ is the peak current.
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electrons in the jth microbunch, and where the sum is over all the microbunches.
Therefore the macropulse is characterized in this thesis by either ¥; N2, or by the

ejs

rms (root-mean-square) current value.

4.2.2 Bunch Form Factor

The microbunches have a time structure of their own, which is measured at SUN-
SHINE by interferometry of coherent transition radiation [3,42,22]. It is of course
this structure that provides the superradiance and the seed for SASE. The references
[42,22] describe the bunch-length measuring system in detail. Here, the principles
relevant to this thesis are briefly discussed.

The bunch structure is obtained from transition radiation that occurs when the
electron bunch strikes a conductor. Imagining a single electron striking a perfect con-
ductor, one sees that the (backward) transition radiation is mathematically equivalent
to the radiation from the instantaneous longitudinal decceleration of the image charge,
and is thus a é-function in time. From the many electrons in a bunch the radiation
would then be the sum of many such é-functions leading to the conclusion that the
transition radiation is the time-replica of the electron bunch.

Thus by optical methods applied to the transition radiation, the bunch structure
can be determined. At SUNSHINE, a Michelson interferometer is used to study the
transition radiation. The interferometer consists of a beam-splitter that creates two
pulses whose relative times-of-arrival at the detector are adjusted by a moving mirror.
The detector responds to the energy it receives, which is proportional to the square
of the magnitude of the electric field; the phase information is lost. Therefore in
princible, one cannot say with certainty what the bunch shape is from the interfero-
gram, but it can be shown that (within a constant factor) the Fourier transform of

the interferogram is the form factor of the bunch.

Figure 4.5 shows the measured and simulated form factors. The essential feature
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Measured (960612sp.046) and simulated bunch spectrum

— Measured
~~~~ 240 micron pulse
e = = Simulated

Energy spectral density [J-cm/macropulse]

Wavenumber {1/cm}

Figure 4.5: The measured and simulated bunch spectrum are compared to the spec-
trum expected from a 240-pm rectangular bunch. The envelope of the 240-ym bunch,

2
defined as (%{\7) where | > A\/2, is a convenient approximation of the measured form
factor.
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is that the form factor falls off rapidly with wavenumber (wavenumber is defined as
1/wavelength), at a rate of about 20 dB/decade. That is, the form factor falls 2
orders of magnitude with every one order of magnitude increase in wavenumber. The
simulated form factor at the undulator entrance, shown in Fig. 4.2, agrees with the
main feature of the measurement: the form factor rolls off at about 20 dB/decade.
This is what would be expected from an approximately rectangular pulse, and in fact a
240 pm rectangular pulse describes the measured form factor well, provided the zeros
of the rectangular pulse’s form factor are removed by taking only the envelope. This
does not mean that the pulse is 240 pm long, but rather this is a simple approximation

which describes the measured form factor:
. Ao
f(kz) = (H) for 1 > A/2, (4.7)

and
F(k2) = “T’i(;ﬁ for 1 < M2, (4.8)
'X .

where | = 240 pym.

It is also helpful to have a simple approximation of the bunch structure in the
spatial domain. At SUNSHINE it is assumed that the bunch is either Gaussian or
rectangular, making it possible to estimate its length from the FWHM (full-width
half-maximum) of the interferogram. Assuming a rectangular distribution, the bunch
length estimated from the FWHM of the interferogram is 180 pum. The difference
between this number and the 240 um above is easily explained as due to the non-
rectangular shape of the real bunch, which may resemble the simulation shown in
Fig. 4.2. As pointed out earlier, the spatial structure cannot be uniquely determined
from the measured interferogram, but the form factor, as approximated in Eq. (4.7),

is a reliable measurement.
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Momentum distribution of the macropulse
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Figure 4.6: The measured energy versus time distribution of the SUNSHINE electron
beam macropulse. ’

4.2.3 Energy

The energy spread of the beam over the macropulse is greatly affected by transient
beam loading. The rf gun starts emitting before the linac has filled, so there is an
energy ramp up at the beginning of the macropulse. Then the beam current draws
energy from the linac and causes an energy droop at the end of the macropulse. The
linac-filling time constant is about 800 ns, whereas the beam can extract energy almost
instantaneously, so one expects that a constant current is required for several 800 ns
fill times to achieve equilibrium. However, the SUNSHINE macropulse, as shown in
Fig. 4.4, has large current variation within 800 ns, and therefore the macropulse has
a large energy variation, as shown in the measurement of Fig. 4.6.

Figure 4.6 shows ‘ghosts’ at lower and higher energies than the real beam. These
ghosts result from gaps at the edges of the energy collimator such that when the beam

is directed towards the edge of the collimator, about 20% of the current finds its way to
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Measured, fit, and simulated microbunch momentum distribution
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Figure 4.7: The energy versus time distribution of the SUNSHINE electron beam mi-
cropulse has osg/g = 0.9%. The measured satellites are an artifact of the momentum
collimator. The simulated energy spread is the energy-shifted version of Fig. 4.2, and
has OsE/B = 0.2%.

the Faraday cup that measures the transmitted current. The ghosts can be eliminated
from the data by fitting each time slice of data with a Gaussian distribution having
two satellite Gaussians of 20% amplitude shifted in energy by £7%. The standard

deviation of the fit Gaussian then characterizes the energy spread of the microbunch.

Figure 4.7 displays the Gaussian plus satellites fit for the time slice with the
highest peak current. This 10 ns time slice has a standard deviation of energy of
0.9%, which includes broadening due to the +0.5% aperture of the collimator. Taking
the collimator as a Gaussian aperture of o.z; = 1%/+/27 gives o5 = v/0.92 — 0.42 =
0.8% as fhe measured energy spread of the micropulse. This measurement is an
overestimate since the collimation is not perfect and appears to let twice as much

current to the Faraday cup than would be expected from a hard-edge collimator
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model.

The measured energy spread is much larger than the about 0.2% simulated energy
spread. It is not possible to say from the measurement whether the micropulse energy

spread is correlated or random, but simulations suggest a correlated energy spread.

4.2.4 Transverse Emittance

At the time of writing the transverse structure is the least-measured feature of the
SUNSHINE electron beam. This is because the large variation in energy over the
macropulse (see Fig. 4.6) makes it difficult to interpret measurements made with the
relatively slow phosphor screens !. However previous measurements done on a similar
setup at SSRL have shown a normalized 1-c emittance of the microbunch of about
207 mm-mrad [36].

In this thesis, simulation results combined with phosphor screen measurements
before and after the undulator are used to characterize the transverse size of the bunch .
through the undulator. Despite the above 20m mm-mrad emittance measurement at
SSRL, TRANSPORT runs corresponding to a 57 mm-mrad [37] microbunch yield
reasonable agreement with the observed beam sizes at the entrance and exit of the
SUNSHINE undulator. This may be because large offset particles are being scraped
within the linac section, effectively reducing the emittance of the transmitted beam.

The measured electron beam transverse full widths were 2.9 mm horizontal and 2.5
mm vertical at the phosphor screen before the undulator and 4.5 mm horizontal and
1.9 mm vertical at the screen after the undulator, which are comparable to 40 where
o is from TRANSPORT output shown in Figs. 4.8 and 4.9. From TRANSPORT, the
average transverse sizes of the beam within the undulator are about o, = 0.6 mm and

oy = 0.4 mm. Taking o, = 0.5 mm, the beam can be modelled as a cylinder with a

Work is underway on a wire-scanner system that will be able to resolve the details of the
microbunch at SUNSHINE.
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radially Gaussian density distribution where the distance from the center (maximum
density) to the 1/e? point is 1 mm. This 1 mm radius contains 86% of the electron
beam. The average angular spreads from TRANSPORT are o, = 0.5 mrad and

oy = 0.5 mrad.

4.3 Instrumentation

A detailed schematic of the setup to measure the undulator radiation is shown
in Fig. 4.10. Starting from the undulator itself (17), the first feature is a travelling
steering magnet (18) to kick the beam out of the undulator chamber and thus allow
measurements of the radiated energy as a function of effective undulator length. The
magnet consists of two air-core coils of about 100 turns powered at 5 amps and
producing a measured [ Bdl of 2 kG-cm (integrated over about 20 cm) at the center
of the undulator chamber. This is enough to kick the beam by an angle of 1/, and
thus separates the beam and the radiation by the end of the corrector. In this project
the beam is considered dumped at the downstream end of the corrector. The corrector
location is monitored by a TV camera (19) and the position is changed remotely by

an electric motor.

The undulator is immediately followed by a screen that reflects the radiation out of
the vacuum chamber (22), through a high-density polyethelyne (HDPE) window, and
finally to a pyroelectric detector (‘bolometer’) mounted on a 3-dimensional translation
stage (20) capable of over 1 m of longitudinal motion, approximately 4 inches of
horizontal métion, and 2 inches of vertical motion. This allows measurement of the

spatial distribution and divergence of the radiation.

In the forward direction after the undulator, the dump magnet (25) bends the

electron beam down to the Faraday cup and the undulator radiation continues to an
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aluminum-coated Mylar film (27) which reflects the light into a Michelson interferom-
eter (28-32), discussed in the next section. At this point there can be no interference
from transition radiation and there is very little acceptance of synchrotron radiation
from the dump magnet. Thus this Michelson is ideal for measuring the radiated
energy as a function of undulator length.

Not shown in the figure is another screen 2 m downstream of the dump Michelson
which was used for interferometry and xy measurements at various stages of the

investigation.

4.3.1 Pyroelectric Detector and Electronics

The superradiant undulator radiation was measured using Molectron P1-65 room-
temperature pyroelectric bolometers. These devices consist of a 5 mm active diameter
LiTaOj3 crystal which expands when it absorbs energy. The crystal has net electric
polarization, which changes as the crystal expands, giving a AC signal which is am--
plified by electronics [22] having a gain of from 1 up to 200 into a 50 §2 load and
from 2 up to 400 into a high-impedance load. The relative spectral response of the
detector is flat from at least 3 um to about 100 pm according to the Molectron data
sheet.

The responsivity of the detector is quoted by the manufacturer to be typically 25
V/W at 25 Hz at 632.8 nm and is measured by the manufacturer to be between 28
and 32 V/W at 15 Hz at 632.8 nm for the devices used in this work. In the factory
calibration mode the response of the detector is given as

RE ]QWfRTH
1+j2nfRgCrl1+j2rfRrH

R[V/W] = aR; (4.9)

where

R; = current responsivity in A/W
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o = absorption coefficient (assumed = 1 in calibration)
Rg = load resistor or feedback resistor in ohms (10%Q2)
f = frequency in Hz (15 Hz for factory calibration)
Cr = Cp + Cump in F in voltage mode (75 pF) and Cy in current mode
H = heat capacity in J/°C (RrH = 1/7 s)
Ry = thermal resistance in °C/W
Putting in the numbers at 15 Hz gives the calibration value of
(R pactory = 0.37 £ 0.02 [uA /W]
for the uncoated detectors used in this experiment, and
(Ri)ec factory = 0.61{uA /W]

for the detector equipped with a black absorbing coating. The manufacturer also °

directly quotes the typical current responsivity as

(Ri)datasheet = 0.25 [NA/W]

so there are some discrepancies. 7

In any case it is necessary to calibrate the response of the entire detection system
including electronics and cables, as the responsivity can easily be degraded by stray
cépacitance, and the electronic amplification can be degraded by the high output
impedance of the FET included with the detector.

In this experiment the detectors respond to a 1 us macropulse of radiation, which

is much faster than the RgCr = 108 x 75 x 107'2 = 7.5 ms time constant. The
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Calibration with condensed radiation:

Pyroelectric detector and amplifier
= Power meter 20cm
Beam direction 15em
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Figure 4.11: Detector system calibration setup.

response is then that the detector integrates the input radiation pulse over the entire

macropulse with a voltage responsivity of

(aR;)

(Rv)sactory = Tn
. 037x10°°
T 75 x 10712

= (4.9%0.3) x 10° [V/]]
for the uncoated detector and
(Rv)ce, factory = 8.1 x 10% [V/]] (4.10)

for the coated detector according to the manufacturer’s calibration at 632.8 nm, and
3.2 x 103 [V/J] if the manufacturer’s data sheet number for the current responsivity
is used.

The calibration was done at FIR wavelengths by comparing the signal from the

pyroelectric detector and its electronics with the response of a Scientech laser power
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170 pm on-axis radiation condensed rad. units
power meter voltage 46.8+£1.5 558 £ 16 [1V]
power meter average power 0.498 - (0.016 5.87+0.17 [mW]
avg. energy per macropulse 49.8+1.6 587 £ 17 [d]
uncoated pyroelectric (1.99+£0.04)/20 (1.12+0.07)/1 [V]/(amp gain)
coated pyroelectric (1.94+0.04)/20 (2.03+0.13)/2 [V]/(amp gain)
uncoated calibration 2.00+0.10 1.91 £0.17 [V/mJ]
coated calibration 1.95+0.10 1.73+0.16 V/mJ]
overall calibration 1.9+0.1 V/mJ]

Table 4.1: Detector system calibration with 170 pm undulator radiation.

meter. The Scientech is basically a thermopile detector which has a quoted response
of 93 uV/mW input power. That is, the Scientech produces 93 pV when it absorbs
1 mW of average power. This response was checked by inputting a known amount
of electrical power, and measuring the Scientech’s output. This calibration gave
95 uV/mW, verifying the Scientech was working correctly.

The undulator and beamline were set up to produce an = 2 V/macropulse signal
at ~ 170 pym with the pyroelectric detector electronics at a gain of 2. The detector
system was calibrated in two different ways with two different pyroelectric elements.
The two calibration methods are shown in Fig. 4.11.

The first method was to use the high average power, at 170 pym, collected by a
condensing cone, to compare the Scientech power meter measurement to the average
power measured by the detector system (the macropulse energy multiplied by the
repetition rate, which was 10 Hz for the calibration).

The second method did not use the cone; the power propagating directly to the 5-
mm diameter active surface of the pyroelectric element was compared with the power
allowed through a 5-mm diameter aperture to the power meter. The two pyrolelectric
elements were a standard P1-65 detector and a P1-65 detector with a black absorbing
coating.

The results of the calibration measurements at 170 ym are shown in Table 4.1
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and show an overall responsitivity of
(Rv)170um = 1.9 £ 0.1 [V/m]] (4.11)

for the entire detection system using the nominal gain of the electronics. This is
about a factor of two less responsive than would be expected from the manufacturer’s
claims for the uncoated detector, and a factor of four less than the claims for the
coated detector. |
The explanation for this discrepancy is that the detectors, and in particular the
coated detector, are less sensitive to long (ze > 10 um) wavelengths than to the optical
wavelengths at which the manufacturer calibrates the device. A calibration done at

50 pm (Table 4.2) showed a much greater
(RV)cc,BOum =4340.3 [V/mJ] (412)

responsivity for the coated bolometer, which is more consistent with the data sheet
and with the 632.8 nm calibration. Calibrating the uncoated bolometer with respect
to the coated one gives

as the responsivity of the uncoated bolometer at 50 um.

Neither of these calibrations is corrected for atmospheric absorption, which is
assumed zero, or for the absorptivity of the Scientech power meter, which is assumed
perfectly absorbing. Both of these factors reduce the amount of power the Scientech
receives with respect to the pyroelectric, and thus make the pyroelectric appear more
sensitive than it really is. Consequently the calibration numbers quoted in Table 4.1
and Table 4.2 represent upper limits on the responsivity of the pyroelectric detector.
The calibrations do account for electronic effects, such as cable attenuation and scope
calibration.

Typically the coated bolometer was used for forward and total power measure-

ments while the uncoated bolometer was used in the Michelson interferometer. When
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coated pyroelectric

50 pm condensed rad.  units
power meter voltage 51.8+ 3.6 (V]
power meter average power  0.546 + 0.038 [mW]
equiv. energy per macropulse 54.6 +3.8 [1d]

(4.65 +0.24)/20 [V]/(amp gain)

coated calibration
uncoated calibration

43%0.3 [V /m]]
25405 [V/mJ]

67

Table 4.2: Detector system calibration with 50 ym undulator radiation.

results are expressed “in bolometer volts”, what is meant is that the measured voltage
has been divided by the nominal gain of the electronics. The calibrated energy is re-
covered from “bolometer volts” by dividing by the calibration factor 4.3 + 0.3 [V/mJ]
for the coated detector and 2.5 + 0.5 [V/mJ] for the uncoated when the wavelength
is &~ 50 pm, or by 1.9+ 0.1 [V/mJ] when the wavelength is ~ 170 pm.

4.3.2 Michelson Interferometer

To measure the frequency spectrum of the FIR radiation a Michelson interferometer
was employed. The interferometer consisted of 1/4-mil Mylar beam splitter, a station-
ary Al-coated front-surface mirror, a moving Al-coated front-surface mirror stepped
by a Newport motion-control system capable of sub-micron steps, and a paraboloidal
mirror that focussed the re-combined light into the P1-65 detector. Since it had less

frequency dependence, the uncoated detector was used in the Michelson.

The interferometer was not directly calibrated. However, the expected interferom-
eter efficiency can be calculated from the optical properties of the Mylar beam-splitter.
The effect of the beam splitter is calculated from the index of refraction of the My-
lar, assuming no absorption in its 1/4 mil thickness. The energy, given unit incident

intensity, transmitted to the detector when the two arms of the interferometer differ
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in path length by phase § is given by [43]

4(1+ cosé) (1 — cosa)r? (1 —r2)°
(1—r22cosax +74)?

1(6) =

, (4.14)

with
cos 8; — Ny cos Oy,
cos8; + n,, cos by,

T=7) (4.15)

for radiation polarized perpendicular to the plane of incidence with respect to the

beam-splitter, and
Ny, COS B; — cos O,

r= r“ = (4.16)

cos 8; + n,, cos b,

for radiation polarized parallel to the plane of incidence. Here n,, = 1.61 is the
index of refraction of the Mylar as given by the manufacturer (Goodfellow), I, =

6.35 x 1075 m its thickness, and

4lm1r( Nm
o =—

Y \costr, — tan #,, cos Bi) , (4..17)
where 6; = m/4 is the angle of incidence and 6,, = sin™'(sin6;/n,,) = 0.454 is the -
angle of transmission within the Mylar.

When § = 7 the detector receives no energy, when 6 = 0 it receives the maximum,
which is two times the efficiency of the interferometer M,s;. If a pure frequency sine

wave is input into the Michelson then as the moving arm goes from § =0tod =7

the detected energy varies from 0 to 2M,;s. That is
I(6) = 2M,gs cos®(6/2) = Mz (1 + cos(6)), (4.18)

where half of the energy in the interferogram is in the DC component, and the other
half of the energy is in the harmonic component, and the efficiency is defined in terms
of the harmonic component.

Figure 4.12 shows the interferometer efficiency including the beam splitter effect.
Since the undulator ra,diatidn is polarized horizontally and the beam splitter is re-

flecting it horizontally, the radiation is polarized parallel to the plane of incidence
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Michelson interferometer efficiency: n=1.61, I=1/4mil, 45 degree incidence

- - Perpendncularpolanzahon
— Parallel polanzatlon :
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Figure 4.12: Michelson interferometer efficiency. The undulator radiation is polanzed
parallel to the plane of incidence, so the lower curve applies.

(the zz plane in this case) and so the lesser of the two curves shown applies,'giving

a maximum efficiency of less than 0.10.
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Chapter 5

Characterization of Superradiant

Undulator Radiation

The intent of the present chapter is to provide a reference of the FIR radiatian proper-
ties which may be of interest to a potential user. This chapter catalogs the measured
properties of the superradiant undulator radiation at SUNSHINE, beginning with
proof of superradiance (and therefore coherence), and continuing with the energy
spectral density, spatial distribution, angular divergence, and polarization. The time

format of the radiation follows that of the electron beam as illustrated in Fig. 4.3.

5.1 Demonstration of Superradiance

In principle the demonstration of superradiance is straightforward: measure the
radiated energy as a function of e-beam current and show that the radiated energy
varies as the square of the charge. At SUNSHINE the only complication is that the
device used to reduce the current is the energy collimator in the alpha magnet, which

can potentially change the bunch structure by scraping off particles of a particular

71
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Figure 5.1: Bolometer voltage vs charge squared at ~ 170 pym. The circles are the
measurement, the line is a fit line of slope one, demonstrating the superradiance of
the radiation. :

energy that correspond to a particular position in the bunch. With the undulator ra- |
diation it was found that the high-energy scraper, which was normally not used, could
produce a slow and relatively uniform change in current across the macropulse with a
similar slow and steady change in the radiated energy. Reducing the current with the
high energy scraper, the radiated energy tracked the sum of particles squared very
linearly over three orders of magnitude in the bolometer voltage (volts to millivolts)
as shown in Fig. 5.1. As usual in this thesis the sum of particles squared, 3" N2, is

taken over each microbunch as
2 ply 2
SNz= YN,
j=1

where Ny, is the number of microbunches in the macropulse and N; is the number

of particles in the jth microbunch.

In addition to the above measurement, superradiance is indicated by the amount
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Figure 5.2: Measured auto and cross correlations demonstrating coherence of the
radiation. This was one of the first measurements made with the superradiant un-
dulator radiation, and required ~2 hours to complete. The stability of the radiation
has been greatly improved since then, due to installation of a high-voltage regula-
tor, temperature regulator for the rf gun, and active feedback directly stabilizing the
current pulse out of the gun by adjustment of the thermionic cathode heating.

of energy in the radiation. The total incoherent radiation in the forward direction
expected for the beam parameters of Fig. 5.1 (K = 3.1,7 = 36, N, = 5.9 x 10'})
is given by Eq. (2.12) to be 13 nJ/sr which corresponds to 0.14 pJ into the 1 x 1075
st acceptance of the bolometer, or equivalently 0.26 nV of bolometer voltage. The
measured 0.269 V is thus nine orders of magnitude greater than is expected from the

incoherent radiation.

Additionally, since superradiant emission is by definition coherent, it should be
possible to generate interference patterns of the radiation from one microbunch with
the radiation from another, and this is shown in Fig. 5.2. In the figure, the auto-

correlation refers to the interference of radiation from each microbunch with itself,
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Example measured interferogram
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Figure 5.3: Example measured interferogram of 52 yum radiation.

and the cross-correlation is the interference of the radiation from each microbuﬁch
with the radiation from the adjacent bunch in the macropulse. The beamline was
not fully optimized at the time the data was taken and there was drift (which has
subsequently been greatly reduced) in the radiation signal, but even so one can clearly
see that the cross-correlation exists and is basically the same as the autocorrelation,

demonstrating that the radiation is coherent.

5.2 Energy Spectral Density

Potential users will be interested in the bandwidth of the undulator radiation,
which in principle will not be less than 0.9/26 = 3.5% FWHM from the 26-period

undulator !. A typical interferogram and its corresponding spectrum are shown in

1For users interested in a broadband FIR source, work is progressing on a transition-radiation
laser which is expected to produce a half-cycle of THz radiation at 10 MW peak power or greater
[44).
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Example measured spectrum
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Figure 5.4: Example measured spectrum corresponding to the interferogram of
Fig. 5.3. The circles are the measurement, the line is a fit of the sin®u/u? func-
tion.
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t
Coherently-enhanced third harmonic
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Figure 5.5: Coherent enhancement of the third harmonic. The circles connected by
the dotted line are the measurement, the solid line is a fit of the fundamental plus
third harmonic.

Figs. 5.3 and 5.4. The linewidth of the superradiant undulator radiation is broader
than the theoretical minimum, for example 12% in Fig. 5.4. This is expected from
the large energy variation across the electron beam macropulse, as shown in Fig. 4.6.

Figure 5.5 may be of interest to accelerator physicists as well as potential users:
it shows coherent enhancement of undulator radiation at the third harmonic. The

fundamental was tuned to a very long wavelength (~ 300 um) in order to achieve this

(K =3.2).

5.2.1 Wavelength Tunability

One of the advantages of free-electron radiation sources is their tunability, and
this is certainly true at SUNSHINE, where the superradiant undulator radiation is

tunable over more than a factor of 5 in wavelength (from ~ 50 to ~ 300 pm) merely




5.2. ENERGY SPECTRAL DENSITY : 77

Wavenumber vs K (24 Apr 96)
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Figure 5.6: Wavenumber as a function of K. This data was taken with constant elec-
tron beam energy. The strength parameter K was changed by closing the undulator
gap. The circles are the central wavenumbers, and the errorbars are the FWHM of
the measurements.
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Figure 5.7: Spatial distribution at 170 ym. The distribution is measured 0.7 m from
the undulator exit. '

by changing the undulator gap, as shown in Fig. 5.6. Further tunability is possible "

by changing the electron beam energy.

5.3 Spatial Distribution

The spatial distribution of the superradiant undulator radiation was measured by
(remotely) moving the pyroelectric detector across the radiation beam using a two-
dimensional translation stage. From the downstream end of the undulator chamber,
the radiation travelled 66 cm in vacuum, through a 1 mm HDPE window and then
through 4 cm of air to reach the detector. The measured distribution when the beam
was optimized for 170 um radiation is shown in Fig. 5.7. This measurement corre-

sponds to a total energy of 1.65 mJ in the macropulse; distributed over approximately

3000 microbunches, each of 26 cycles of 170 um wavelength, it corresponds to 40 kW
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Figure 5.8: Saturated spatial distribution at 170 gm. The undulator chamber was ef-
fectively extended to the measurement point using light pipes to do this measurement.
This can be compared directly with Fig. 5.7.

peak power averaged over all the microbunches.?

The highest measured power achieved was with a temporary setup in which a -
brass light pipe was used to effectively extend the undulator chamber to the HDPE
window. The beam was set up as in Fig. 5.7 and a brass light pipe with 90 degree
reflector was inserted into the undulator chamber and extended to the window where
the distribution was measured. Vacuum difficulties led to abandoning this setup, but
one measurement was completed as shown in Fig. 5.8. There are at least four points
in which the electronics was completely saturated at 160 uJ, but even so 3.39 mJ of
energy in the macropulse was measured, corresponding to over 80 kW of peak power,
3.2 kW average power over the 1.05 us macropulse, and 102 mW averaged over all

time (at 30 Hz repetition rate). These numbers would be higher if the amplifier had

%It has not yet become possible to measure the micropulse (radiated) energy directly at SUN-
SHINE; the macropulse energy is the measured quantity.
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Measurements of radiation divergence at
227, 91, and 52 pm wavelengths.
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Figure 5.9: Measured angular divergence at 227, 91, and 52 ym. The symbols are
measured radiation beam sizes defined as the distance from maximum intensity to
1/e? of the maximum intensity. The lines are fits giving the angular divergences
and waist positions. The bold line indicates the physical aperture of the undulator
chamber.

not saturated.

At shorter wavelengths the spatial distribution is more sharply peaked, as shown
in Fig. 5.10 taken at 55 um wavelength. The full undulator (leftmost plot of the
figure) produced 0.43 volts at the bolometer, which corresponds to 100 uJ. This was
distributed over 2000 microbunches ‘for a peak power of 10 kW over 26 cycles of

radiation.

5.4 Angular Divergence

The angular divegence of the radiation exiting the undulator was measured by
using an zyz translation stage (20) in Fig. 4.10. The spatial distribution was measured

at several distances from the undulator, at several different radiation wavelengths.
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K  wavelength waist size waist position Rayleigh length divergence
[1am] fom]  m] ] fmrad]
0.6 52 31+06 —-191+£053 0.58+0.23 52411
1.6 91 29+£06 —067+032 0.29+0.12 9.8+ 22
2.8 227 38+09 -048+029 0.20+0.09 19.0 £ 4.8

Table 5.1: Angular divergence of radiation. The waist position is measured from the
downstream end of the undulator, where z = 0, and z > 0 in the radiation/beam
direction. The values come from the fits shown in Fig. 5.9.

The pattern at larger distances z from the undulator was compared with that at the
nearest location by doing a least-squares fit in which the near pattern was expanded
in the z and y directions to match the far pattern. This uses the full information of
the ry scan to determine the expansion.

The beam radius, defined as the distance from maximum intensity to 1/e? of the
maximum intensity, of the near data is scaled by the expansion factors frqm the fit
to give the beam sizes as a function of distance, which can then be coml-)ared with

the theoretical expansion equation for a Gaussian beam [6, page 665]:

W = Woy/1 + 22/ 23, (5.1)

where Wy is the beam radius at the waist, defined as the distance from maximum

intensity to 1/e? of the maximum intensity, and
zp = TWZ/A (5.2)

is the Rayleigh length, which is the distance from the location of the waist to the
location where the Gaussié,n beam has expanded in area by a factor of two.

The measurements at 52 pm wavelength shown in Figs. 5.9 demonstrate a rela-
tively small 5.2 £ 1.0 mrad divergence. As the wavelength increaseé by increasing K

the angular divergence increases, becoming 9.8 + 2.2 mrad at 91 ym, and 19.0 & 4.8

mrad at 227 um, as seen in Table 5.1.
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5.4.1 Spatial Distribution vs. Undulator Length

Another way to try to measure the angular divergence is instead of moving the
bolometer in z, move the undulator in z and do zy scans with the bolometer. Of
course it would be impractical to physically move the undulator, but a steering magnet
can be used to deflect the beam out of the undulator and this has a similar effect.
Steering the beam out has the disadvantage of reducing the undulator length, and so
the amplitude of the radiation source will changed as well as the distance. It would be
expected though that the shape of the distribution would change, becoming broader
as the undulator moves away from the detector. Suprisingly, this was not seen in the
measurement.

The measurements of Fig. 5.10 taken at 55 pum show the spatial distribution
of radiation versus undulator length. From the downstream end of the undulator
chamber, the radiation travelled 29 ¢m in vacuum, through a 1 mm HDPE window
and then through 18 cm of air to reach the detector. Undulator length was varied .
by deflecting the beam at the 8th, 15th, and 21st periods within the undulator using
horizontal steering magnets.

The measured distribution is only slightly broader when the beam is deflected out
at the 8th period as compared to propagating through all 26 periods. The FWHMs in
the horizontal direction were 5.9, 6.5, 7.2, and 8.0 mm going from the full undulator
(26-periods) through the 21,15, and 8-period long case, and the corresponding vertical
FWHMs were 8.9, 10.5, 8.1, and 10.0 mm. While there is a trend in that the horizontal
FWHM increased as the undulator ‘moved away’, a subsequent measurement did not
reproduce this trend, but gave FWHMs of 8.2, 6.8 and 7.9 for 26, 9, and 5-period
deflection locations. The shape of the measured distribution is basically unchanged
as the beam is deflected out at different locations in the undulator. The main effect

is just a change in amplitude of the measured distribution.

In the context of comparing measurements with theoretical expectations this result
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Horizontal polarization Vertical polarization
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Figure 5.11: Horizontally and vertically polarized radiation components measured
using a wire grid polarizer. The degree of polarization is greater than 90% at the
peak. '

is suprising, and will be refered to in a subsequent chapter. In the context of angular
divergence measurements this result shows that the shape of the xy distribution

cannot be used by itself to determine the angular divergence.

5.5 Polarization

The polarization of the superradiant undulator radiation was measured with a
wire-grid polarizer manufactured by Graseby-Specac (Model IGP223). The polarizer
consisted of 4 ym wire grid photo-lithed onto a polyethylene substrate. The spatial
distribution was first measured with the wires oriented to pass the horizontal polar-
ization, then measured again with the polarizer rotated 90 degrees. The results, after
subtracting a uniform 300 x4V background due to amplifier offset and stray ionizing

radiation, are shown in Fig. 5.11. Figure 5.11 shows that the degree of horizontal (o)
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polarization, defined as I, /(I + I,) where I, is the intensity of horizontally polarized
radiation and I, is the intensity of the vertically polarized radiation, is 95% where
the beam is most intense. Overall, the measured polarization is 80%. This is not cor-
rected for the 4% transmission (manufacturer data) of ‘unwanted’ radiation through
the polarizer, compared to 80% transmission of ‘wanted’ radiation, which tends to

reduce the measured polarization with respect to the actual polarization.
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Chapter 6

Radiated Energy and Gain

In this chapter measurements of greater-than-linear growth of radiated energy as
a function of undulator length are presented. The degree of superlinearity is used
to characterize the ‘gain’ in a set of a dozen measurements. Gain lengths of five
undulator periods are seen at 50 um. A trend toward decreasing gain (longer gain

length) with increasing radiated wavelength is seen.

Absolute measurements of forward-radiated energy show that at all wavelengths
the forward energy is much greater than expected from superradiant undulator radi-
ation alone. After correction for the efficiency of the Michelson interferometer, the
measured energy per solid angle and the energy per solid angle expected from the
single-pass FEL theory of Chapter 3 are compared absolutely in several of the gain
measurements. It is found that the measured energy per solid angle versus undulator
length, at 50 pum through 70 pm, is consistent with the gain expected from single-
pass FEL theory. The larger-than-expected forward energy at 80 pm, and possibly
at longer wavelengths, is not demonstrated to be the result of gain, but rather may

be the result of waveguiding by the 1 cm radius vacuum chamber.
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6.1 Gain Measurements

6.1.1 Method of Measurement

To measure gain, interferograms of the radiated field were recorded as the effective
length of the undulator was varied. The bolometer voltage in the interferogram,
which was proportional to the energy received in the interferometer, was observed to-
grow much greater than linearly with undulator length. In order to characterize this

non-linearity the function
y(N) =ml x (eN/Ng - 1) (6.1)

was fit to the data. Here N is the length of the undulator measured in undulator pe-
riods, NV, is the gain length measured in undulator periods, and m1 is a fit parameter.
The physical significance of the function y(N ) is that for N > N, it becomes a pure
exponential, as expected from single-pass FEL theory, and for N <« N, it becomes.
linear, also as expected. Thus, Equation (6.1) is an approximation of the complete
single-pass FEL theory discussed in Chapter 3. The complete theory is compared

with measurements in Sec. 6.3.

6.1.1.1 Variation of Undulator Length

Effective undulator length was varied in two ways:

1) In measurements from 1995, ferromagnetic plates were placed between the un-
dulator and the vacuum chamber, thus ‘shorting out’ the field of the undulator’s
permanent magnets. This method had the disadvantage of requiring that the

electron beam be turned off to allow access to the undulator.

2) In measurements from 1996, the electron beam was steered out of the vacuum

chamber as described in Chapter 4.
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6.1.1.2 Use of Michelson Interferometer

Michelson interferometry was used to measure the undulator radiation. By fitting a
Lf;ﬂ function about the radiated wavelength in the interferogram, background due to
stray synchrotron, transition, or X-ray radiation was eliminated. These backgrounds
were the result of steering the electron beam out of the vacuum chamber. They also
occurred when using ferromagnetic shorting plates because nonuniform residual fields,

from non-ideal shorting, missteered the electron beam.

6.1.2 Gain Data

The measured bolometer voltages as a function of undulator length, fit by the func-
tion of Eq. 6.1, are shown in Figures 6.1, 6.2, and 6.3. Figures 6.1 and 6.2 are gain
measurements made at around 50 ufn. Figure 6.3 shows measurements at differ-
ent undulator strengths, and therefore different wavelengths, and establishes a trend
toward less gain at longer wavelengths.

Figures 6.1 and 6.2 show measurements made in 1995 as well as in 1996. The
chronology deserves comment. The first measurement of gain was made in 1995, and
reported in [45]. This was followed by a major change in the rf system which greatly
increased the rf power in the gun. This produced macropulse currents of over 1 A at

the gun and up to 0.5 A after the linac. It was discovered that
1) Measurable 50 um radiation was unobtainable at the highest gun powers.

2) The measurement of gain was correlated with maximizing the radiated energy

per number of electrons at the undulator.

By reproducing the earlier rf power levels and by maximizing the radiated energy per

number of electrons, the 50 ym radiation and gain were reproduced.
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Figure 6.1: Gain measurements at short wavelengths (1 of 2). The dates of the
measurements and wavelengths are indicated in the graph titles. The gain length in
units of undulator periods is the quantity m2 in the equation tables of the graphs.
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Figure 6.2: Gain measurements at short wavelengths (2 of 2). The dates of the
measurements and wavelengths are indicated in the graph titles. The gain length in
units of undulator periods is the quantity m2 in the equation tables of the graphs.

The graph in the lower right-hand corner is the condition before optimization.
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By the end of 1995, the gun cathode had deteriorated with age, and eventually
the cathode had to be replaced. The new cathode became operational and stable in
May 1996, when measurements resumed.

A summary of the gain measurements of Figs. 6.1 through 6.3 appears in Fig. 6.4.
The trend is toward lower gain at longer wavelengths. Gain measurements at wave-
lengths longer than 80 pum were not done because of inadequate clearance between
the vacuum chamber and the undulator magnets which caused difficulties in moving

the steering magnet and in removing ferromagnetic shorting plates.

6.2 Absolute Measurements of Radiated Energy

Absolute measurements of radiated energy were usually made with the coated bolome-

ter, whose calibration is reported in Chapter 4 and repeated here for convenience:

and

(Rv)w’50pm =43+0.3 [V/mJ]

The detector radius was 2.5 mm. The detector could be left stationary or could
be scanned transversely across the FIR beam (an ‘zy-scan’). Alternatively, the FIR
beam could be focussed into the detector.

To calculate the expected total energy, the solid angle acceptance of the detector
must be defined. For a bolometer of radius r, at distance z from the end of an

undulator of length L, the average solid angle accepted is
dQ >= 7r? 1
<dQ >=7ry <§5> , (6.2)

where

1 1 e+l ] 1
<—s_2_> B Z/; ?ds T z(z+ L) (63)
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Figure 6.3: Gain measurements at different wavelengths. The dates of the measure-
ments and wavelengths are indicated in the graph titles. The gain length in units of
undulator periods is the quantity m2 in the equation tables of the graphs.
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Figure 6.4: Summary of gain measurements. The fit gain coefficient, defined as the
reciprocal of the gain length, is plotted as a function of the radiated wavenumber.
The crosses indicate measurements from 1995, the circles are from 1996. The errors
from the gain length fits give the error bars.
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In this section, z = 0 at the undulator exit, and z increases in the direction of the

radiation.

6.2.1 Total Energy Collected at 52 um

When optimized, the measured radiated energy exceeded that expected from super-
radiance without gain. The total radiated energy at the window 0.3 m after the
undulator exit measured by zy scans was 41 pJ. Collected by a focussing paraboloid,
it measured 37 pJ. The conditions for these measurements were K = 0.6, v = 29,
and 3 N2 = 5.3 x 10'°. These measured energies can be compared to the expected
superradiant radiation (with no gain) by multiplying the appropriate entries of Table

2.1 by 3= N2 = 5.3 x 10*°. The window has an acceptance of

< Q) >= 7(0.016)? — 762,

(0.3)(2.3)

so the acceptance angle 6, = 19.3 mrad is 0.6/, and thus 16 uJ is expected; in the
absence of gain. The measured 37-41 pJ within this 19.3 mrad acceptance is thus
2-3 times greater than expected. The measured energy into a smaller acceptance
of 8, = 2 mrad is about 10 times greater than expected, as shown in the following

subsection.

6.2.2 Energy in the Forward Direction

To eliminate possible geometric errors and to take advantage of the simple formula
Eq. (2.12), in this subsection the radiation measurements discussed are confined to
solid angles of the order of 10™° sr, which corresponds to an opening angle of about

2 mrad. This allows straightforward calculation of the expected superradiance via

Eq. (3.21), with the form factor of Eq. 4.7, and allows comparison with the single-
pass FEL theory of Chapter 3.
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K expect meas half  one multiplied expect meas ratio of
4 wvnum wvnum width electron by meas to
formfactor expect
1/em 1l/ecm  1/cm J/sr J /st wud wd

0.46 202.3 202 29 1.073e-19 4.644e-22 (.29 2.6 9
0.60 189.6 192 22 1.457¢-19 7.177e-22 0.44 5.6 13
0.99 150.2 146 26 1.774e-19 1.393e-21  0.86 9.1 11
1.30 121.3 129 27 1.48e-19  1.781e-21 1.09 9.8 9

Table 6.1: Forward energy measurements taken 4.3 m from the undulator exit by zy
scans of a 1 ¢m radius window. The parameters for the expected energy calculation
are v = 29.35, 3" N2 = 5.3 x 10'°, and the solid angle acceptance of the window is
dQgee = 7(0.01)2/(4.3 x 6.3) = 1.16 x 1075 sr. The expected undulator radiation per
solid angle per electron from Eq. 2.12 is multiplied by the form factor from Eq. 4.7
to give the column labelled ‘multiplied by formfactor’, which in turn is multiplied
by 3" N2 and by dQ. to get the expected energy. The measured energy is the
measured bolometer voltage divided by the 4.3 V/mJ bolometer responsivity. Data
taken 960627.

Spatial scans at the 1 cm radius window 4.3 m from the undulator exit were made
at a set of several different wavelengths. The results are presented in Table 6.1 and
show consistently that the detected energy is an order of magnitude larger than can

be explained by coherently-enhanced undulator radiation.

Similar forward energy measurements made at a set of several different wave-
lengths in an earlier stage of the project are presented in Table 6.2 and plotted in
Fig. 6.5 and show a detected energy consistently over twenty times larger than can be
explained by coherently-enhanced undulator radiation alone. The decrease in radiated
energy reported in Table 6.1 with respect to Table 6.2 is related to the replacement
of the cathode of the rf gun. Differences in the cathode appear to have degraded the

electron beam quality.
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K wvnum BoloResp meas expect  meas/expect
1/cm V/J J J

6.020e-01 1.771e+02 4.074e+03 9.205e-06 3.416e-07 27
8.900e-01 1.498e+02 3.568e+03 1.359e-05 6.031e-07 24
1.050e+00 1.348e+02 3.289e+03 1.550e-05 7.391e-07 22
1.240e4+00 1.182e+02 2.982e+03 1.794e-05 8.841e-07 22
1.470e4+00 1.005e+02 2.653e+03 2.790e-05 1.032e-06 31
1.740e+00 8.320e+01 2.331e+03 3.668e-05 1.168e-06 37
2.050e+00 6.744e+4+01 2.038e+03 4.661e-05 1.281e-06 45
2.470e+00 5.163e+01 1.745e+03 4.385e-05 1.378e-06 40
2.710e+00 4.476e+01 1.617e+03 4.298¢-05 1.415e-06 39
3.030e+00 3.741e+01 1.480e4+03 3.208e-05 1.450e-06 29
3.230e+00 3.364e+01 1.411e+03 2.659¢-05 1.465e-06 24

97

Table 6.2: Forward energy measurements taken 0.7 m from the undulator exit by
2.5 mm radius bolometer. The parameters for the expected energy calculation are
v = 28.4, Y N2 = 4.5 x 10'%, and the solid angle acceptance of the bolometer is
dQgee = m(0.0025)2/(0.7 x 2.7) = 1.04 x 1075 sr. The expected undulator radiation
per solid angle per electron from Eq. 2.12 including the fundamental and third and
fifth harmonics for bunches coherently-enhanced by the form factor of Eq. 4.7 is
multiplied by ¥~ N? and by d,. to get the expected energy. The coated bolometer
responsivity in the third column is a linear fit of the responsivity measured at 170 ym
and 50 ym. Data taken 950419.
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Figure 6.5: Plot of the forward energy vs K measurements listed in Table 6.2; see
Table 6.2 for a description of the calculation. The circles are the measurement, the

‘x’-es are expected superradiance, and the asterisks are the calculated radiation from
zero-length bunches.
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6.3 Absolute Gain Measurement

The Michelson interferometer was used to measure the radiated energy since it pro-

sin? u

w7 func-

vided noise immunity. Undulator radiation was distinguished by fitting a
tion to the measured spectrum, as shown for example in Fig. 5.4. The measured
bolometer voltage was the integrated voltage of the %‘—‘ fit. The measured energy
was the bolometer voltage divided by the responsivity of the uncoated detector (2.5
V/mJ at 50 pm).

To compare the measured energy with the energy per solid angle predicted by
theory, the measured energy from the interferogram was divided by the following

correction factors:
1) beam splitter efficiency at the fundamental wavelength from Fig. 4.12,
2) average atmospheric absorption‘in the undulator radiation band from Fig. 7.6,
3) 75 % HDPE window transmission, and
4) solid angle with respect to beam exit from undulator from Eq. (6.3).

With these corrections the measurements were compared with the single-pass FEL

theory discussed in Chapter 3. The parameters varied in the fits were

1) p, the variation of which corresponds physically to varying the particle density
by changing the bunch radius, and

2) the relative energy chirp dF (assumed to occur across a 240 ym distance).

These parameters were varied to minimize the squared error of the theoretical predic-
tion with respect to the corrected Michelson data. All microbunches were assumed

to contribute equally at the rms current value, even though there is reason to believe

many of the microbunches did not contribute, as seen in Fig. 7.4.
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Figure 6.6: Energy per solid angle vs undulator length at K = 0.6. The circles are -
the measurements, the solid line is a theoretical SASE fit, and the dashed lines are

calculated superradiant undulator radiation as discussed in the text. The first three

plots are the result of optimizing the radiated energy. The fourth graph is the result of

setting up the electron beam without optimizing the radiated energy and approaches

the expected linear behavior in the absence of gain.

A summary of the results of this comparison for several data sets at different
wavelengths is shown in Table 6.3. At 52 um the fit p parameter corresponds to the p
parameter that would be expected from a 180 ym-long bunch of radius 0.8 mm, and
at 67 pm the fit corresponds to a 180 um-long bunch of radius 1.2 mm. These radii
are close to what is expected from the measurements of Chapter 4. For a Gaussian
beam with a 1/e? radius W, a uniform radial distribution with the same peak charge
density and same total charge can be defined with an effective radius Wz = W/ V2,

so the the 1 mm 1/e? radius beam of Chapter 4 corresponds to an effective radius of

0.7 mm.
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date K A [pm] dE ) N,

960612 0.6 53 0.0134 £0.001 (9.84 +0.238) x 10~° 4.67 £0.11
960613 0.6 53 0.01754+0.006 (6.16+£5.67) x 1073  7.46 +6.87
960627 0.6 53 0.0172 +0.001 (9.084+0.479) x 102 5.06 £ 0.27
960612 0.99 67 0.0000 £ 0.004 (10.9£0.214) x 10™* 4.22+0.08
960627 0.99 67 0.0000 £ 0.030 (9.86 £ 0.550) x 10~ 4.66 £+ 0.26

Table 6.3: Gain length absolute measurements. This table summarizes the theoretical
fits shown in Figures 6.6 and 6.7 in terms of the energy chirp dE and the p parameter,
which were the only variables in the fits. The p parameter is related to the gain length
N, listed in the table by N, = 1/(4m+/3p).

The measured energy and theoretical fits for the 52 um radiation are shown in
Fig. 6.6. The first three plots show data resulting from experimentally optimizing
the radiated energy; the fourth graph is the result of setting up the electron beam
without optimizing the radiated energy and approaches the expected linear behavior
in the absence of gain. This illustrates that the observed gain is a result of optimiz-
ing the total radiated energy, and experimentally verifies the linear energ};-vs-length
dependence expected from short-bunch superradiance. '

Regardless of theory, this experiment has observed self amplification which is the
cause of a factor of four increase in detected radiation over superradiance as shown
in Fig. 6.6. This factor of four is less than the factor of 13 reported in Table 6.1. It is
possible that in addition to the factor of four from the gain there is a factor of three
enhancement due to guiding of the radiation. This factor of three does not appear
in Fig. 6.6 because the Michelson is only 1/3 as efficient as expected at 50 um, as

discussed. in Section 7.3.3.

6.4 Conclusions

From the gain and forward energy measurements described in this chapter, the fol-

lowing conclusions can be drawn:
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Figure 6.7: Energy per solid angle vs. undulator length at K = 0.99. The circles are
the measurements, the solid line is a theoretical SASE fit, and the dashed lines are
calculated superradiant undulator radiation as discussed in the text. The first graph
is in linear scale, the second is semilog.
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1) The forward energy is more than expected from superradiant emission at all

wavelengths—the radiation is an extremely bright FIR source.

2) At 50 um through 70 pm wavelengths, the higher-than-expected forward energy
is primarily the result of the gain predicted from single-pass FEL theory.

3) At 80 pm, and longer wavelengths if the trend shown in Fig. 6.4 continues,
the higher-than-expected forward energy is not the result of the gain. At these

wavelengths the higher-than-expected forward energy may be the result of wave-

guiding by the 1 ¢cm radius vacuum chamber.
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Chapter 7

Discussion of Measurements

In support of the conclusions of the previous chapter, complicating effects involving
the details of the electron beam and instrumentation are discussed in the present
chapter. Interesting features of the spatial distribution and divergence of the FIR

radiation are discussed as well. Summarizing the points made in this chapter:.

1) At K = 0.6 the bunch shortening/lengthening from energy spread is expected
to change the coherent enhancement at the downstream end of the undulator

by £20%.

2) Energy chirp may increase the total energy emitted from the undulator by a

factor of three due to its effect as a source term in single-pass FEL theory.

3) In order to match the measured energy spread, one must assume that only 40%
of square of the macropulse charge is contributing to the measured undulator

radiation.

4) At K = 0.6 the beam may be twice as wide horizontally when exiting the
undulator (as compared to entering the undulator) causing a 26% increase in

gain length at the exit.

105
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5) At 50 pm, the Michelson measured efficiency is only one third of that expected
from theory.

6) The measured radiation divergence is consistent with a Gaussian beam of 3 mm
effective 1/e? radius, which is larger than the measured 1 mm effective 1/e?

electron beam radius.
7) The radiation divergence increases with wavelength linearly with \.

8) The spatial distribution of radiation is approximately radially symmetric. It
does not exhibit a measurably larger horizontal divergence than vertical diver-

gence, even when there is ~ 100 mrad bending in the horizontal plane.

9) The spatial distribution of radiation measured at the downstream end of the

undulator chamber does not change as the beam is steered out of the undulator.

Items 1, 2, 3, and 4 state that the effects of energy spread and beam size upon
the SASE process are either relatively small, or actually help the process (item 2).
Item 5 states that the Micheson underestimates the full amount of radiation by a
factor of 1/3. Items 6, 7, 8, and 9 are consistent with guided radiation emerging as a

diffraction pattern from the downstream end of the undulator chamber.

Although there is strong evidence of waveguiding, the analysis of these measure-
ments in terms of waveguiding and/or optical guiding is not pursued in this thesis.
The point of this thesis is to experimentally characterize the FIR source and the
self-amplification. If there is sufficient interest in these results, it is hoped that the

theory will be pursued by others in the FEL community.
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7.1 Effect of the Electron Beam

The electron beam has properties not considered in the theory of Chapters 2 and 3.
The electron beam is not mono-energetic, nor is it mono-directional: it has an energy

spread and emittance.

7.1.1 Effect of Energy Spread

The electron beam energy spread within a micropulse is important in the determining
the bunch/radiation dynamics, while the energy spread over the macropulse is less
important and only broadens the observable spectrum (the detector system integrates
the radiated energy over the entire macropulse).

To understand the effect of energy spread it is worthwhile to consider the sinusoidal

trajectory described in Eq. (2.2). The path length through the undulator for an
electron of energy v and velocity 8 = V1—1/~%is

3-/ ,i1+ dz dz—/ \/ +—-sin 2—7rfdz, (7.1)

which becomes
o 272 K?

s s 1 L 1 K?
EPULY § PFRNLEN PO § D =), .
cB c( +2~/2) c( +2'72 (1+ 2)) (7.3)

To the same order of approximation the difference in transit times between particles

of energy ~ and v — év is

T 2
! (1 + 5) & (7.4)

Ljc ¥ 2

Equation (7.4) describes the bunch lengthening 6T due to a fractional energy spread
67;1. Evaluating it for the SUNSHINE conditions, v = 29.35, L = 2.0, K = 0.6, with
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The effect of energy spread on superradiant undulator radiation
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Figure 7.1: Calculated effect of micropulse energy spread on superradiant radiation.
Energy spectral density per solid angle for infinitesimally short bunches entering the
undulator with Gaussian rms energy spreads of 0.01, 0.2, 0.4, 0.8, and 1%

% = 0.01, gives 6T = 77 fs which is negligible in comparison to the ~ 600 fs bunch
length. However for large K values the bunch lengthening (or compression) due to
energy spread (or slew) can be quite large. For example if v = 29.35, K = 3.2, and
67;1 = 0.01, then 6T = 474 {s is of the order of the bunch length itself.

7.1.1.1 Effect on Superradiance

The effect of micropulse energy spread on the emitted superradiant radiation can be
approximated by considering an infinitesimally short bunch with a Gaussian energy
spread entering a 26-period undulator. FEach electron will radiate 26 oscillations
at the fundamental frequency determined by its energy. At first all the particles
radiate in phase, but because they radiate at slightly different frequencies, destructive

interference soon occurs—this is analagous to the way a delta function can be built

out of sine waves. This causes line-broadening, but also reduces the amplitude of the
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Effect of energy slew: 600 fs bunch, 53 micron wavelength
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Figure 7.2: Calculated effect of energy slew on superradiant undulator radiation.
The bunch is of length 180 ym and energy v, = 29.35. The wiggler is at strength
K = 0.6. The energy slew dE/E occurs over the length L of the bunch. A positive
slew corresponds to greater energy particles at later times. Reductions to 62% and
44% of the mono-energetic case occur due to the 1% slew.

coherently-enhanced radiation. As shown in Fig. 7.1, a 1% rms energy spread reduces
the coherent-enhancement to 30% of the ideal value. This can be understood as a
consequence of the reduced form factor of the initially zero-length bunch due to the

bunch-lengthening described by Eq. (7.4).

Micropulse energy chirp can have a helpful or detrimental effect on superradiant
undulator radiation depending on whether it shortens or lengthens the bunch. For a
rectangular bunch of 600 fs (= 180 pm) length radiating at 52 pm, the form factor
is near a local maximum, so energy chirp of either sign is detrimental—as shown in

Fig. 7.2 a £1% energy chirp over the length of the bunch reduces the superradiant

emission to about 50% of the mono-energetic case.
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Scaled SASE parameters as a function of undulator length
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Figure 7.3: Calculated effect of energy slew on magnitude of SASE parameters X
(field) and Z (energy modulation). The bunch is of length 180 pm and radius 1 mm
and contains 2 x 108 electrons of energy o = 29.35. The wiggler is at strength K = 0.6
and has 26 periods each of length A\g = 0.077 m. The energy slew of magnitude dE
occurs over the length L of the bunch.

The measured form factor of the beam is proportional to the square of the wave-
length over the bunch length and has a smoother roll off than that of a pure rectan-
gular pulse. Therefore changes of less than 50% in the radiated energy are expected.
An energy chirp of 1% producing a 77 fs change in a bunch with an effective length
of 800 fs and a form factor given by Eq. 4.7 will produce a 2 x 77/800 = 0.2 = 20%

increase or decrease in the form factor, and therefore in the radiated energy.

7.1.1.2 Effect on SASE

There are two effects of micropulse energy spread on the SASE process. First, random
energy spread reduces the efficiency of the SASE process, and can inhibit it completely
when the rms energy spread is of the order of the Pierce parameter p [23, page 63].

Secondly, non-random energy spread, ie energy modulation, can actually help the
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Figure 7.4: Effect of macropulse energy spread on the observable spectrum

SASE process [46], by way of the Z, source term in Eq. (3.8). As shown in Fig. 7.3,
a one percent energy chirp over the length of the microbunch can result in a.factor
of 5/3 increase in the field variable, and thus a factor of 3 in the energy. This is in
contrast to the superradiant calculation discussed in the previous subsection, where

the energy chirp reduced the superradiant energy under the same conditions.

7.1.2 Expected Effect of Measured Energy Spread

The energy variation over the macropulse is large, as shown in Fig. 4.6. In fact
the measured radiation spectrum, as shown in Fig. 5.4, is narrower than would be
expected if the entire electron beam macropulse were contributing. A 150 ns time-
slice of the macropulse (leading up to and including the peak current) produces an
expected spectrum matching the measured spectrum shown in Fig. 7.4. This time

slice contains 39% of the total 3° N2 over the macropulse. This shows that perhaps

only half of the macropulse is contributing to the 52 um radiation.
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In computing the expected spectrum, each micropulse within the macropulse is
weighted by the square of its charge, because each micropulse is expected to radiate
proportional to the square of its charge. The average, again weighted by the square of
the current, measured micropulse energy spread is 0.9% rms over the 150 ns time-slice.
This is enough spread to cause some effect in the coherent enhancement. From the
previous section, a 1% energy chirp causes a 20% increase or decrease in the radiated
energy at the end of the undulator, but causes a factor of three increase in SASE.

If the the measured energy spread were purely random, theory predicts self-
amplification will not occur. Since self-amplification is seen, theory predicts the
measured energy spread is mostly correlated: ‘slewed’ or ‘chirped’ rather than ran-
dom, and therefore helps the SASE process, as shown in Fig. 7.3. It is not possible
to tell from direct measurements whether the micropulse energy spread is correlated

or uncorrelated.

7.1.3 Electron Beam Size

As discussed in Sec. 4.2.4, TRANSPORT gives an average 1/e? beam radius of 1 mm
in the undulator.

7.1.3.1 Effect on Superradiance

The beam size does not cause line-broadening of the frequency spectrum due to
electrons at different positions experiencing different undulator strengths, because

from Eq. (4.2), the field at the edge of the beam,
B,  cosh(koYmaz) = cosh(27 x 0.001/0.077) = 1.003,

is clearly negligibly close to the field at the center (y = 0). A large offset of the

electron beam within the undulator can cause some effect. For example a 5 mm offset
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increases the B, field by 8%, which for K = 0.6 translates to a 3% shift in radiated
wavelength.

The three-dimensional form factor discussed in Chapter 2 includes the effect of
the beam size on superradiance, which is basically that smaller transverse size means
more off-axis coherent radiation. This is analagous to Fraunhofer diffraction from
the electron bunch. (As mentioned in Chapter 2, that mathematics of Fraunhofer

diffraction is identical to the mathematics of the form factor.)

7.1.3.2 Effect on SASE

The primary effect of beam size on SASE is through the charge density: the higher
the charge density, the greater the self amplification. This can be seen from the
dependence p « nl/® where p and the number density n. are defined in Table 3.1.
The gain length N, o« 1/p then gives N, « n;*/3, so larger n. means shorter gain
length. The beam sizes, measured on phosphor screens (15) and (23) in Fig. 4.10,
were 2.9 mm horizontal and 2.5 mm vertical full width before the undulator (at (15) in
Fig. 4.10), and 4.5 mm horizontal and 1.9 mm vertical full width after the undulator
(at (23) in Fig. 4.10). From these measurements, and from the TRANSPORT model
shown in Figs. 4.8 and 4.9, the beam is approximately constant in vertical size but is
twice as wide horizontally exiting the undulator as compared to entering. Thus the
gain length is expected to be 2!/3 — 1 = 26% longer at the exit than at the entrance
of the undulator.

Another effect is that in SASE theory the diffraction of the radiation from the
finite source size, in this case the size of the electron beam, is expected to cause a
reduction in gain. The radiation divergence at 52 pm from a uniform 1 mm radius

source is expected from the first zero of Jj(u)/u to be

Ogiv = 0.61A/T e = 32 mrad,
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and from a Wy = 1 mm 1/e?radius waist of a Gaussian beam

W A
Oai = -;; = _’ITWQ = 17 mrad.

However, the measurements of Table 5.1 indicate the angular divergence of the radia-
tion is 5 mrad at 52 um, which implies a 3 mm radius source size. This is significantly
larger than the 1 mm radius electron beam, and significantly reduces diffraction ef-
fects.

To explain this discrepancy in radiation source size with respect to electron beam
size, one can argue that there may be waveguiding by the undulator chamber or

optical guiding by the electron beam.

7.1.4 Electron Beam Divergence

The TRANSPORT-modeled average angular spreads of the electron beam within the
undulator are o, = o, = 0.5 mrad. This angular divergence does not broaden the
radiation pattern significantly, and its effect on superradiant emission and SASE is -

therefore ignored.

7.2 Radiation Absorption

FIR radiation is partially absorbed by polyethylene windows and by water vapor in
the atmosphere. The polyethylene windows used to separate the vacuum required for
the electron beam from the atmosphere have (intensity) transmissions of from 75%
at 50 um to 90% at 200 um, according to the manufacturer.

A practical model known as HITRAN [47] is used to compute the effect of atmo-
spheric humidity via the commercial code HITRAN-PC [48]. The transmission at the

wavenumbers of interest is plotted in Fig. 7.5 which shows that the absorption due to
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Transmission spectrum: 1 atm, 25 degC, 60% relative humidity, 1 m path
1 T T Y T

Transmission
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Wavenumber {1/cm]}

Figure 7.5: The effect of humidity as calculated from HITRAN. The energy trans-
mission for wavenumbers 20/cm through 250/cm is shown. The parameters of the
HITRAN run are 1 m path length, 25deg C, 1 atm pressure, and 0.012 atm H,O
vapor pressure corresponding to 60% relative humidity. '

water vapor can be quite severe. Energy measurements must be corrected to account

for this.

For a one-meter path length and 60% relative humidity the transmission averages
30% over the 100-200/cm wavenumber range. In order to see the overall transmission,
Figure 7.6 shows the mathematically smoothed transmission spectrum for several

different path lengths. The smoothed spectrum is used to correct the energy measured

by the Michelson interferometer.
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Transmission: 1'atm, 25 degC, 60% relative humidity, 1, 0.5, 0.3, and 0.1 m paths

Transmission
o)
n

Il L I}
50 100 150 200 250
Wavenumber [1/cm])

Figure 7.6: Atmospheric absorption through 0.1, 0.3, 0.5, and 1 m path lengths.
The other parameters are identical to Fig. 7.5. The transmission spectrum has been
mathematically smoothed to illustrate the overall effect of atmospheric absorption.

7.3 Radiation Spatial Distribution and Divergence-

7.3.1 Spatial Distribution at 52 ym

The measured spatial distribution at 52 um in Fig. 7.7 illustrates a typical distribu-
tion and its Gaussian approximation. The measured distribution is approximately
Gaussian, but is somewhat sharper than the Gaussian, in Fig. 7.7 having 24% greater
amplitude than the fit Gaussian. As shown in Fig. 5.9 and Table 5.1 and discussed
below the size-vs-distance behavior of the distribution is consistent with a Gaussian

beam which fills the undulator chamber at exit.

7.3.2 Angular Divergence

The measurements of the 227, 91, and 52 um radiation as shown in Fig. 5.9 and Ta-

ble 5.1 demonstrate that the angular divergence increases linearly with the radiation
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Figure 7.7: Leftmost plot is measured (960612) spatial distribution at 52 pum taken
0.32 m from undulator exit. A 600 ¢V uniform background has been subtracted from
the measured data. The maximum bolometer voltage is 21 mV and the integrated
voltage over the entire measurement, when corrected for the overcounting due to 2
mm steps of a 5 mm aperture, is 176 mV which corresponds to 41 uJ. The FWHM

measured is 12 mm. The rightmost plot shows a least-squares fit of a Gaussian to
the measurement.
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wavelength, as would be expected from a diffraction-limited source. The angular di-
vergence does not increase as v/A, as would be expected for the quasi-monochromatic

‘central cone’ of Eq. (2.19).

The measurements shown in Fig. 5.9 are for the vertical dimension, which is per-
pendicular to the wiggle plane, so one would not expect broadening from increasing
K. In the horizontal plane the measurements are basically the same: the measured -
spatial distributions are approximately radially symmetric, as shown in Figs. 5.7,
5.10, and Fig. 7.7, for example. Overall the measurements suggest that a Gaus-
sian beam filling the undulator chamber is a reasonable approximation of the spatial

characteristics of the radiation.

In Fig. 5.9 the beam size measurement nearest the undulator for the 52 ym radia-
tion (approximately the same as that shown in Fig. 7.7) is not included. If included,
the measurements showed the shape of the diétribution could be modelled as a Gaus-
sian beam expanding with 2 mrad divergence from a waist some 5.7 m usptream of
the undulator. However there was an obvious problem in that the size of the modelled

beam would be larger than the inner radius of the undulator chamber.

One possible cause of this effect is the structure of the mirror used to reflect the
radiation. The mirror consists of a circular ‘drumhead’ of Al foil, 43 mm in diameter.
The drumhead tension is provided by a 4-mm-thick ring surrounding the drumhead
foil. The ring contains sharp edges which can scatter incident radiation. Near to
the mirror a beam reflected from the ring structure may resemble the incident beam,
with some broadening. Further from the mirror the scattered radiation diverges and
forms a low level background about the remaining core of the beam. The net result
is that the core of the beam looks larger near the mirror and appears to get smaller
further from the mirror. Thus the core of the beam appears less divergent, and may

even appear slightly convergent depending on the degree of scattering.

To get around this problem the 52 ym radiation data taken nearest the mirror was
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ignored. The 91 ym and 227 pym measurements were sensible without the preceding
correction, possibly because these longer wavelengths do not ‘see’ the sharp edges.

The near data was included in the fits for these wavelengths as shown in Fig. 5.9.

In order to independently verify the divergence measured for the 52 um radiation,
energy measurements at different locations were done. Spatial distribution measure-
ments of a total energy of 41 pJ at the window 0.3 m from the undulator compare to
5.6 uJ at a 1 ¢cm radius window 4.3 m from the undulator, and total energies collected

by paraboloids at the same two locations are 37 uJ and 3.9 uJ respectively.

Using the Gaussian beam model

2r2

I(r) = Ine™ w72, (7.5)

where I is the peak radiation intensity in [W/m?], the power within a radial distance

Tmaz 18

7.2
P =Py, [1 e } , (7.6)

where Pj,; is the total power in the radiation beam. With a —1.91 m source location
and 0.58 m Rayleigh length, Eq. (5.1) predicts a 12 mm beam radius at 0.3 m, and
a 33 mm beam radius W at 4.3 m. Within the r = 10 mm window radius at those
locations 97% and 17%, respectively, of the total beam energy are expected. Thus at
4.3 m 17% of the energy measured at 0.3 m should be detected. This compares to

the 11% measured with the paraboloids and 14% measured by zy scans.

To eliminate this discrepancy and match the 14% measured by zy scans, a 36.9
mm radiation beam radius is needed at 4.3 m. This corresponds to a source radius of
2.8 mm, and thus a 0.47 m Rayleigh length. This is not significantly different from the
3.1+ 0.6 mm radius and 0.58 +0.23 m Rayleigh length of Table 5.1. Thus the energy

measurement confirms, within errors, the result of the divergence measurement.
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7.3.3 Experimental Measurement of Michelson Efficiency

The preceding measurements can be éompared to the 165 nJ detected under the same
conditions by the Michelson after the dump. This requires making corrections for the
acceptance, beam-splitter efficiency, and atmospheric absorption of the Michelson.
The Michelson acceptance is determined by a 1 cmm HDPE window, at 2.1 m from
the undulator exit, where a beam width of 2.2 ¢cm is expected, and hence 34% of the
radiation beam energy should be accepted. The beam-splitter efficiency is 7% and
the atmospheric absorption is 60% so 1.4% of the total energy, that is 518 nJ of 37
ud, is expected at the detector. This is greater than the 165 nJ detected, which may
be partially due to a misalighment in the Michelson.

There is about 240 nJ in the DC component of the Michelson interferogram com-
pared to 165 nJ in the undulator radiation (in@egrated energy spectral density), which
may mean that some of the incident radiation is not interfering at the detector.. In
the ideal case the DC component of the interferogram should equal the sum of the .
harmonic components (see Eq. (4.18)), however if the beam spots from the two arms
of the interferometer are offset at the detector, then the harmonic components are
reduced while the DC component of the interferogram remains the same. More com-
monly, if there is an angular error then rather than a uniform spot, fringes will appear.
As the scan progresses the bright fringes exchange positions with dark fringes and
so do not contribute to the harmonic component of the interferogram; the detected
interference is dominated by the amount of the central spot that is imaged to the
detector. This may be happening to some extent in the Michelson, and would explain
why the DC voltage level in the interferogram is greater than the integrated voltage
in the spectrum. It would also help explain why the detected energy is smaller than
expected from comparison with the paraboloids and zy scans.

Whatever the reason, these measurements show that the energy in the interfero-

gram is only a third of what is expected, after correction for beam-splitter efficiency
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and atmospheric absorption. Therefore the efficiency of the Michelson is a factor of

three less than expected.

7.4 Magnitude of Radiated Energy

The totalenergy at 52 pm (and all other wavelengths) was found to be greater than
expected from coherent enhancement alone. To explain the discrepancy at 52 pm
as due to collection of large-angle radiation and match the measured 41 upJ, the zy
scan must collect angles out to 2.1/ = 70 mrad, which is a 9 cm radius at the
scan location (with respect to the undulator midpoint). This is certainly not in any
way consistent with the either 1.6 cm radius of the HDPE window or the 3 cm full
travel of the scan. Of course, the angular divergence measurements discussed in the
previous section directly show that such large-angle radiation is not contributing to
the measurement. With the large acceptance provided by light pipes discussed in
Chapter 5, see Figs. 5.7 and 5.8, it was shown that there can be substantial radiation
at large angles, it was simply not collected with the setup of Fig 4.10.

7.4.1 Energy in the Forward Direction

A remarkable feature of the radiation measurements of Table 6.2 and Fig. 6.5 is that
the measured energy at long wavelengths, if it is all at the fundamental frequency,
is greater even than would be expected from a form-factor of one, the maximum
possible. One factor reducing this discrepancy is that there is substantial coherently-
enhanced radiation in the higher harmonics, especially the third harmonic—evidence
of this is seen in Fig. 5.5.

Another effect that underestimates the expected radiation is that the calculation

has assumed an average accéptance angle defined in Eq. (6.3), which is equivalent

to assuming the radiation propagates as in free space, becoming spherical wavefronts
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after several Rayleigh lengths. If the radiation is being guided within the undulator
chamber then Eq. (6.3) no longer applies and a better approximation is that the ra-
diation is diverging from the undulator exit. Using the acceptance with respect to
the undulator exit results in multiplying the expected and form-factor-one energies
by a factor of 2.7/0.7 = 4, after which the measured energy is less than the calcu-
lated form-factor-one energy, even ignoring the contribution of the third and higher
harmonics.

Other evidence at long wavelengths pointing to guiding, and in particular wave-
guide modes, is that the measured spatial distribution is approximately symmetric, as
shown in Fig. 5.7 for example. What is expected at a wiggler strength K ~ 3, as is the
case in Fig. 5.7, is a distribution that is three times wider horizontally (ie in the wiggle
plane) than vertically and this is not seen at all. The measured spatial distribution
and the angular divergence measurements of Fig. 5.9 suggest that at long wavelengths
the radiation is expanding as an approximately symmetric diffraction pattern from
near the exit of the undulator.

At short wavelengths, the measurement of Fig. 5.10 showed that the spatial distri-
bution of undulator radiation did not change as a function of undulator length. This

is strong evidence of waveguiding even at short wavelengths.

7.5 Gain Measurements and Theory

The quantitative agreement with one-dimensional theory is suprising, as there are
two main effects that would be expected to reduce the measured gain from that
expected from the theory. One is the diffraction of the radiation away from the
electron beam. The other is the forward slippage of the light away from the finite-

length electron bunch, which reduces the time the light can interact with the electron

beam. The diffraction effect is not too severe, since the measured Rayleigh length




7.5. GAIN MEASUREMENTS AND THEORY 123

of 52 pm radiation is about 0.5 m, which means the spot doubles in area (and the
intensity drops by 50%) every 0.5 m. This Rayleigh distance corresponds to about
seven undulator periods hence seven radiation wavelengths and thus is longer than
the slippage time for the light across the approximately four-wavelength-long bunch.
Thus diffraction within a ‘slippage time’ is small, and the effect of slippage is expected
to be greater than that of diffraction.

The gain degradation expected from slippage may be overcome by several fac-
tors. One is the unique properties of very-short bunches which are ignored in the
slowly-varying-envelope approximation (SVEA) which is used in most, if not all, FEL
theories. Theoretical studies suggest that including the terms dropped by the SVEA
will result in an increase in the predicted gain [50].

Another factor which may overcome the losses due to slippage is the energy-time
correlation in the SUNSHINE beam which acts as a source term in Eq. (38) [46]. As
shown in Fig. 7.3 a 1% linear energy chirp over the bunch can result in almost tripling
the radiated energy predicted by the theory. Possibly other coherent structure‘in the
energy distribution is contributing to the measured gain.

Finally, if the radiation is propagating as high-order modes of the 1 cm radius
vacuum chamber, slippage will be reduced due to the slower-than-c group velocity of

such modes.
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Chapter 8

Summary

This thesis has documented the operation and performance of a bright, pulsed FIR
source of potential value to the scientific community. The source uses single-pass su-
perradiant undulator radiation from sub-picosecond electron bunches. The ‘brightness
of this undulator radiation exceeds what is expected from coherent enhacement‘alone.
This can be explained in the 50-70 ym range as mainly due to self-amplification as
evidenced by the measured superlinear growth in radiation with undulator length.

This is the first such measurement at wavelengths less than 600 pm.

8.1 A Bright Source

For reference, the measured radiation parameters of Table 1.3 are repeated here. As
pointed out in Eq. (1.3), these parameters correspond to a peak brightness 10-12
orders of magnitude greater than that of a 2000 K blackbody.

125
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Parameter Value
Wavelength tunability 45 to 300 um
Micropulse power 10-40 kW (50-200 pm)
Macropulse power 0.2-1.6 kW (50-200 um)
Average power 3-50 mW (50-200 pm)
Angular divergence 5-20 mrad (50-200 pm)
Effective source size 3 mm 1/e? radius
Polarization 80 % linear
Micropulse length 26 radiation wavelengths
Micropulse separation 350 ps
Macropulse length 0.7-1.1 ps (50-200 pm)
Macropulse repetition rate 4-30 Hz
Macropulse linewidth 12-20% FWHM

Table 8.1: Parameters of superradiant undulator radiation at SUNSHINE.
8.2 Observation of Self-Amplification

Regardless of the theory, self-amplification has been observed in this experiment,
as shown in Fig. 6.6 for example. The self-amplification is correlated with a greater-
than-expected superradiant power as calculated from the measured beam parameters,
and can be repeatably generated operationally by maximizing the radiated energy

normalized by the square of electron beam current.

8.3 Future Prospects: Another Undulator

The immediate extension of this thesis work is the installation of a second undu-
lator, identical to the first, which is already underway. If the trend seen in Fig. 6.6
is maintained, then extrapolation of those fits will give the curves shown in Figs. 8.1,

and thus an increase of a factor of 10-100 in the FIR power. A peak power of the

order of 1 MW at 50 pum may be achievable.
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Figure 8.1: Measured energy vs undulator length at K = 0.6 and extrapolation to the
case of two undulators. The circles are the measurements, the solid line is a theoretical
SASE fit, and the dashed lines are calculated superradiant undulator radiation.
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