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Abstract

In this thesis we report the results of temporal and spatial measurements of phase of
a pulsed free electron laser amplifier (FEL) operating in combined wiggler and axial
guide magnetic fields. The 33 GHz FEL is driven by a mildly relativistic electron
beam (750 kV, 90-300 A, 30 ns) and generates 61 MW of radiation with a high
power magnetron as the input source. The phase is measured by an interferometric
technique from which frequency shifting is determined. The results are simulated
with a computer code.

Experimental studies on a CERN-CLIC 32.98 GHz 26-cell high gradient accel-
erating section (HGA) were carried out for input powers from 0.1 MW to 35 MW.
The FEL served as the r.f. power source for the HGA. The maximum power in the
transmitted pulse was measured to be 15 MW for an input pulse of 35 MW. The
theoretically calculated shunt impedance of 116 MQ/m predicts a field gradient of 65
MeV /m inside the HGA. For power levels > 3 MW the pulse transmitted through the
HGA was observed to be shorter than the input pulse and pulse shortening became
more serious with increasing power input. At the highest power levels the output
pulse length (about 5 nsec) was about one quarter of the input pulse length. Various
tests suggest that these undesirable effects occur in the input coupler to the HGA.
Light and X-ray production inside the HGA have been observed.

Thesis Supervisor: George Bekefi
Title: Professor
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Chapter 1

Introduction

1.1 Introduction

Free electron lasers are by now well studied sources of electromagnetic radiation that
use the kinetic energy of free electrons to produce light. The coupling of the electron
energy into radiation is achieved by making the electron beam oscillate in the plane
perpendicular to the direction of the electron beam propagation by the action of a
periodic transverse magnetic field provided by a wiggler device. The combined action
of wiggler and r.f. fields on the beam causes axial bunching of electrons that makes
them radiate coherently. Section 2 of Chapter 1 of this thesis presents a simple
physical picture of the FEL interaction. In Section 3 of Chapter 1 the application of
the FEL to High Gradient acceleration is discussed. Section 4 of Chapter 1 and section
1 of Chapter 2 describe the MIT 33 GHz FEL, its design features and parameters.
Some comprehensive review papers [1, 2, 3] will give a reader a good feeling for
FEL physics and describe important developments in the field up to date. They also
include an extensive bibliography.

Two advantages of FELs with respect to the conventional atomic and molecular
lasers are tunability of the radiation frequency and the absence of a fragile lasing
medium. The absence of atoms or molecules is responsible for the high power handling
capability of the device. Frequency tuning, achieved by changing the energy of the

electron beam or the wiggler field, is crucial for a number of applications of the FELs,
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high gradient r.f. acceleration among them.

Sensitivity to phase jitter of r.f. driven accelerators imposes a strict requirement
on FEL phase stability. FEL sources have been proposed [4] with an extremely tight
requirement on the bandwidth of the radiation and, for acceleration applications, on
its phase and its shot to shot repeatability. One of the goals of this experiment was
to try to deal with this question. Also the recent reports of frequency upshifts in
FEL [5, 6, 7] prompted this more detailed temporal measurement of phase. The
experiment and results from a study of phase shift in the MIT 33.39 GHz FEL are
described in Chapter 2 along with a qualitative theoretical explanation and some
results from numerical simulations [8].

There is great interest in today’s high energy physics community to push the limit
of particle acceleration to ultra high electron energies (> 1 TeV ). However, by the
standards of present day accelerators which generate accelerating gradients of at most
17 MV/m (SLAC), a device with length of the order of hundreds kilometers would
be necessary. One of the alternatives is to increase the accelerating gradient.

In the types of accelerators used currently, the maximum radiation power one
can use for acceleration is limited by energy requirements and r.f. breakdown. One
of the ways to reduce energy needs and increase the r.f. breakdown threshold is to
increase the frequency of the r.f. drivers. This requires novel high power sources
as for example the free electron lasers. Thus, as a part of CERN-CLIC project, a
32.98 GHz (to be compared with 3 GHz used at SLAC) accelerating structure was
manufactured. It was designed to achieve 80 MV /m gradient for input powers of 30
MW easily available with the MIT FEL. Chapter 3 presents the experimental results
of high gradient testing of the CERN-CLIC 32.98 GHz accelerating section.

1.2 FEL theory

A brief theoretical presentation of Free Electron Laser (FEL) will be given in this
section. For an excellent, detailed review of FEL theory and recent experiments,

please refer to reference [2].
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An FEL is a device that transfers a part of the kinetic energy of a relativistic beam
of free electrons into the energy of a radiation field. To achieve coupling between the
electron beam and the electromagnetic radiation the electrons are made to oscillate
transversely (in the plane perpendicular to the direction of beam propagation) by
action of transverse periodic static or r.f. magnetic fields produced by a wiggler
device.

To better understand the nature of the interaction let us imagine that a monoener-
getic electron beam is propagating in a wiggler field with spatial period of oscillation
Ay (i.e. a transverse magnetic field that changes as B, = 3chos(§—:z), where z is in
the beams direction of propagation). Let each electron in the beam be characterized
by a relativistic energy factor of v = \/1__;1}—;; , where v is the axial electron velocity.
In the frame where the electrons are stationary the wiggler field acts very much like
a plane wave of period A, /v (Lorentz transformation for highly relativistic speeds).
This wave is partially scattered back by the electrons. The frequency of this back-

scattered wave is further increased by the transformation into the laboratory frame

2c
Aw

of reference (Doppler effect). Thus the frequency becomes 2. This demonstrates
an important issue namely the tunability of the device. By changing v or A, (the
latter is rarely an option) one changes the frequency of the radiation produced by the
FEL.

To understand the dynamics of the interaction consider the forces that act on
the electrons. The wiggler magnetic field makes all electrons describe wiggly (hence
the name wiggler) trajectories that oscillate in the transverse plane with the same
spatial periodicity as that of the wiggler. Take for example a planar wiggler with the
B-field in y direction: B, = j’chos(% ). Let the beam of electrons propagate in
the z-direction. The electrons will experience a force in the z direction proportional

to chos(%z). As a result the electrons will oscillate in the X-Z plane with a steady-

state velocity vxsin(i—Zz).
If a radiation wave is present, propagating in z-direction, with its E-field in z-
direction E = %Esin(wt — kz + ¢), and the B-field B = }'Bsm(wt — kz + ¢), the

electrons will experience a 7' x B force in the z-direction that is proportional to
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F, 5~ sin(%z)sin(wt—-kz-{—qﬁ) = -;—(cos(wt—(k-kkw)z-i-q&)—cos(wt—(k—kw)z+¢)).

(1.1)
Where k,, = —ff The second term in this equation (as well as several other forces
that are not considered here) oscillates with a very high frequency > w in the frame
of the electrons and thus it barely affects the electrons, but the first term could affect
the motion of electrons appreciably if the phase velocity of the force (often referred to
as the ponderomotive force) is close to the beam velocity. If that is true an electron in
the beam will see a nearly constant force as it moves along and the electrons will start
to bunch in the potential wells of the ponderomotive force. The bunches oscillating
in the z-z plane create a net transverse current that will drive the radiation field by
coupling to the E-field of the wave. This indicates that the optimum growth of the
wave is achieved when

w = (k+ ku)v,. (1.2)

Equation (1.2) is far from complete in describing an FEL. To obtain a more
accurate description of FEL interaction other important phenomena such as the space
charge force, finite physical dimensions of the electron beam, and the guide magnetic
field must be taken into consideration.

From linear theory it is possible to derive a FEL dispersion relation. It relates the
wavenumber k of an electromagnetic wave and its frequency w when interacting with
a beam of free electrons with initial energy v = (1 — v,0?/ cz)_% and particle number
density ng in a presence of a wiggler of period 2 /k,, that creates a field B,,. For a
helically polarized wiggler field in a one-dimensional representation [2] the dispersion

relation is

k— W i
c? Yoc?
(1.3)

Where c is the speed of light, F' is the “filling factor” associated with the radiation

w \2 Pw? wi/c? -
k+k,,,—-—) ———L—]=—F” 2 (0:0/¢) k.
[( V20 V2027072 27 Bulvao/e) "k

_1
field, w, = 47|e|’no/my is the electron beam plasma frequency, v, = (1 — "—’2%3) 2

b
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Bw = |e|Bu/(kwyomoc?) is the normalized electron wiggle velocity, P; is a space-
charge reduction factor.

This dispersion relation has three roots for a given set of parameters. They cor-
respond to three possible ¥ numbers for a fixed value of w (assumed to be real).
Each such k¥ number describes an electromagnetic wave with fields that change as
E = Eyet®*=“!) The roots could be all real, corresponding to propagation without
growth or decay. For a certain set of FEL parameters two of the roots could come
out complex. One of the two would correspond to an exponentially growing wave,
while the other would describe an exponentially decaying solution.

Two distinct limits corresponding to different relative values of current density
and of the wiggler field strength exist. When the current is low and the wiggler field
is high the dispersion relation takes a form of a cubic. This is called the high gain
Compton Regime. When the electron beam current density is high the dispersion
relation takes a form of a quadratic. This is known as the Raman Regime. A more
detailed discussion and a comparison of these two regimes is given in Section 1 of
Chapter 2.

Let us assume that the FEL is tuned so that the dispersion relation has a root
that corresponds to a growing wave. It could be written in a form of k¥ = w/c — Ak.
The imaginary part of Ak determines how fast the wave amplitude will grow spatially
(w is taken to be purely real). (The rate of the growth of the wave’s intensity (the
growth rate) is T = 2ImAk.)

The real part of Ak corresponds to shift in the wavenumber, and, after many
exponentiation lengths, gives a phase shift A¢ = ReAk! (after propagating for a
distance !). This phase shift of the radiation pulse is similar to that in a dielectric
medium (such as glass or air). If the refraction index of such medium is n then we
define the phase shift acquired over a distance [ to be A¢ = —M’;—“lﬁ, where A is the
wavelength of the radiation in vacuum. The phase shift defined in this way (with a
minus sign) is convenient for the discussion of frequency shifts in the Chapter 2 (see
for example equation (2.22)).

The FEL interaction changes the index of refraction in a more complicated manner
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than a dielectric. The phase shift depends on the beam energy, wiggler period and
strength, guiding field strength, and other parameters as well as the electron beam
plasma frequency (density). This is the phase shift that was measured as a part of

the experiment described in this thesis.

1.3 Application of the FEL to Acceleration

To date the most common device used for electron acceleration is the linear r.f.
accelerator. A typical linear accelerator is a slow wave or a standing wave structure
powered by an r.f. source. The radiation input into the structure creates electric
field gradients inside the structure that accelerate electrons. The r.f. fields oscillate
with high frequencies (~ 1 — 3 GHz). An electron in such field cannot be effectively
accelerated because the field direction and hence the accelerating force direction are
apt to change quickly unless some special measures are taken. In case of a standing
wave accelerator one introduces a shift in phase of electric field oscillation between
the adjacent cavities, such that the electron as it leaves one cavity is continued to
be accelerated in the same direction by the field in the next one. Traveling wave
accelerators utilize slow wave structures to decrease the phase velocity of the r.f.
wave to the speed of light or less. Then energetic electrons (with velocities close
to the speed of light) can stay on the crest of the accelerating wave for many r.f.
oscillations.

A useful quantity for describing accelerating structures is the shunt impedance.
It determines the accelerating field gradient inside a structure for a given r.f. input
power. It is a function of the geometry of the structure, the mode, and the frequency
of the r.f. For a shunt impedance r and input power P one determines the maximum

accelerating electric field on axis of the structure, of magnitude E, by

E ~rP. (1.4)

(The fields at the surface of the structure are considerably larger).

The higher the driver frequency the smaller the size of the structure (it scales
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linearly with the r.f. wavelength for a given design). The smaller the size of an
accelerator the higher the shunt impedance. The reason is that if the same amount of
energy is injected into a smaller volume, the field inside that volume will be greater.
The fields inside a structure are proportional to the square root of the power devided
by the crossectional area of the structure. The crossectional area of the structure is
porportional to the r.f. wavelength squared. Thus from the accelerating field scales

with the frequency w and the power P as
E ~ wP2, (1.5)

The performance of r.f. accelerators is limited by the r.f. breakdown of the accel-
erating structures. The maximum achievable accelerating gradient scales favorably
with frequency. Although data for short pulses at high frequency is sparse, the scaling

is expected to roughly follow the semi-empirical relation of Kilpatrick [9]
W[E?exp(—K,/E)] = K, (1.6)

where W is the maximum possible ionic energy (dc or r.f.) in electron volts, E is
the electric cathode gradient, K; = 1.7 x 10° V/cm, and K, = 1.8 x 10, The
relationship (1.6) is valid for r.f., d.c. and pulsed d.c. fields. In the r.f. case, the
maximum possible ionic energy must include transit-time and phasing effects [9]. For
a given gradient the maximum possible energy W that a charged particle can aquire
decreases rapidly with the frequency: the higher the frequency of the r.f. the less time
there is for the charge carriers inside the structure to be accelerated to sufficiently
high energies to cause an avalanche-like current growth (r.f. breakdown) by secondary
emission or other processes.

The above discussion illustrates that the accelerating gradient can be maximized
by designing a structure that can be driven by a source with the combination of high
input power and high r.f. frequency. The demand for ultra-high electron energies
(gradients) pushes the development efforts into the high frequencies, up to ~ 100
MV/m and higher.
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However, the power of conventional r.f. sources (klystrons, TWT’s) decreases
dramatically with increasing frequency. It was only in recent years that FELs were
discovered to radiate up to 1 GW at microwave frequencies, making them a very
attractive power source for High Gradient Accelerators (HGAs) [10]. Table 1.1 is
a summary of r.f. devices-candidates for driving HGAs. After the demise of the
ELF experiment at LLNL, MIT’s FEL stands alone as a high power r.f. source in
the frequency range higher than 20 GHz. And thus when a slow-wave structure was
being developed at 33 GHz by the CERN/CLIC group it was decided to begin a
collaboration with MIT.

This structure is a prototype of a single section of a novel two-beam accelerator
that is being developed by the CERN/CLIC group [11, 12]. In this accelerator the
energy from a beam with a large current density of 3-5 GeV electrons, drive beam, will
be coupled to a high energy electron beam with a much smaller current density. The
transfer will be achieved by converting the energy of the drive beam into r.f. radiation
of ~ 30 GHz frequency and then accelerating the electrons in the high energy beam
in slow-wave accelerating high-gradient r.f. structures similar to the one described in

this thesis.

1.4 The Experiment

1.4.1 Summary

If the FEL is to meet the stringent phase and frequency stability requirement of an
r.f. driver its phase behavior must be fully characterized and controlled. We have
performed detailed spatial and temporal phase measurements of our FEL.

In Chapter 2 of this thesis we describe phase measurements on the FEL. A brief
theoretical description of the important FEL physics for our study is presented in sec-
tion 2.1. A description of different regimes of FEL operation is given, and their main
physical features and differences are highlighted. In section 2.2 the experiment and

the experimental results are described and a comparison with numerical simulations

17



Table 1.1: A summary of amplifier candidates for HGA tcsting.>l<

*Adapted from: V.L. Granatstein and C.D. Stiffler "Advanced Accelerator Concepts,"J.S. Wurtele,
Editor (AIP Press, 1992) p. 16.



is presented.

Chapter 3 is devoted to the description of the CERN/CLIC HGA testing with the
FEL as a driver. The goal of this test is to find the highest power level the struc-
ture could support without breakdown (or some other process that would make it
unsuitable for electron acceleration) and to study the process. Section 3.1 describes
the experimental setup for the testing. Section 3.2 presents the results of high power
testing as well as the X-ray and light emission studies. An undesirable pulse shorten-
ing was found to take place at high power levels. In section 3.3 we present the results
of various tests designed to isolate where the shortening occurs. Section 3.4 describes
the results of a test of the feasibility of “conditioning”, that is, improving the perfor-
mance of the HGA by taking repetitive power shots with the FEL. There appears to
be evidence that conditioning may improve the HGA’s performance. Conclusions are
in Chapter 4.

The rest of this Chapter contains a description of the FEL and the HGA and their

characteristics.

1.4.2 MIT FEL

A schematic of the Free Electron Laser amplifier setup is shown in figure 1-1.

The mildly relativistic electron beam (750450 keV, 30 ns) of the FEL is produced
by a Physics International pulse generator (Pulserad 110A). It consists of a Marx
capacitor bank followed by a Blumlein transmission line. In the Marx, twenty-two
0.1 mF capacitors are charged in parallel and discharged in series by triggered SF6
pressurized spark gaps. Although the capacitors are connected in series by the spark
gaps, the SF6 keeps the gaps open (i.e.: in parallel) until triggered. The voltage thus
generated proceeds down the Blumlein pulse-forming line to a hemispherical graphite
cathode where electrons are emitted by an explosive field emission process. The
electrons travel through a concave-faced anode of length 62 mm and radius 2.54 mm.
The anode, located 8 mm from the cathode serves as the emittance selector, limiting
the Larmor radius of accepted electrons. Less than 2% of the electrons generated

passes through the anode and into the interaction region (a circular drift tube of
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Figure 1-1: The schematics of the FEL set-up.

inner rading' 0.51 cm). '

The 2 meter long stainless steel drift tube is located inside a 50 period, bifilar
(double helix, concentrically wound) wiggler magnet. Current in each helix flows in
the opposite direction resulting in zero net axial field. The remaining net transverse
field of the wiggler rotates with the periodicity of the helix (3.18 cm). To insure that
the electrons enter the drift tube adiabatically, the wiggler is up-tapered in amplitude
over the first six periods. The on-axis wiggler field can be adjusted up to 1.8 kG. A
high power magnetron provides the input r.f. radiation to be amplified by the FEL.
It operates at 33.39 GHz for the phase shift measurements and 32.9659 GHz for the
HGA measurements. The technique for calibrating the frequency of the magnetron
is described in section 3.2. The linearly polarized microwave radiation from the
magnetron has approximately 40 kW of power. It is injected in the interaction region
via a wave launcher. The wave launcher is a short section of a circular waveguide of
0.31 mm in radius which supports only the fundamental T E; ; mode at the operating
frequency. It is adiabatically up-tapered to the drift tube radius, thereby injects a
linearly polarized wave into the FEL. The drift tube, with a cut-off frequency of 17.2
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33.39 33.39 33.39
750 750 750
90 300 300
4.06 10.9 -10.9
{0.63 0.63 1.47
5.8 4.2 61
2.3x10-2 2.3x10-2 2.3x10-2

04 0.4 04
0.898 0.898 0911

Table 1.2: A summary of the MIT’s FEL parameters. A<,/7,, the rms spread in
the longitudinal energy of the beam electrons, and the rms emittance are defined in
reference [7], v,/c is the normalized electron axial velocity component calculated for
the stable orbits of electrons with energy of 750 keV.

GHz, acts as a circular waveguide for the radiation for the rest of the interaction
region. The cathode, anode, drift tube, and wiggler are all immersed in focusing
axial magnetic field generated by a solenoid. This field can be adjusted up to 11.6
kG.

The system (electron gun and drift tube) is maintained under a vacuum of < 107°
Torr during operation. This is made possible by two turbo-molecular pumps, one
located near the FEL diode and the other at end of the drift tube.

The summary of the FEL’s operating parameters is given in Table 1.2. Three

different regimes of FEL operation are described in subsection 2.1.1.
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1.4.3 HGA

The 32.98 GHz disc-loaded constant gradient traveling-wave accelerating structure
was built as a prototype of an element in the accelerating line of the two-beam
CERN-CLIC accelerator. It is a 27/3 mode, v, = c constant gradient iris disc-loaded
waveguide structure. It consists of 26 cells, each of 3.029 mm in length and 2 coupler
cells 3.56 mm long. The total length of the structure is 0.08587 m. The fill time of
the structure is 3.42 ns, with the group velocity of 0.083c. The two side-couplers are
at right angles to the axis of the structure. They couple the power from a standard
Ka-band rectangular waveguide into the desired mode of the structure. The HGA
possesses a wide transmission band of about 500 MHz. However for acceleration
purposes the frequency must be held at 32.988 GHz with possible variations of less
than 1 MHz. A photograph of the HGA is shown in figure 1-2.

The high vacuum of around 1 x 10~7 Torr is maintained by two 30 liters/sec ion-
pumps. The structure was designed to have shunt impedance of 116 M/ m. This
means that for the input power level of 30 MW the maximum accelerating gradient
is approximately 80 MV /m.. Some of the key parameters of the HGA are shown in
Table 1.3.

A schematics of the experimental setup for powering the HGA with the MIT’s
FEL is presented in figure 1-3. The radiation output of the FEL is mode-converted
to match the input coupler of the HGA and the transmitted radiation is dumped in a
reflection-free chamber. A more detailed description of the setup is found in section

2 of Chapter 3.
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Figure 1-2: HGA. Installed with the pumping manifold and incoming and outcoming
waveguides.
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frequency f 32.988 GHz
wavelength A 0.009088m
cell length Lco=A/3 3.029 mm
shunt impedance r 116 MQ/m
number of cells N 26+2
section length ‘ L 0.08587 m
section fill time tf 3.33ns

Table 1.3: A summary of the HGA parameters.
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Chapter 2

MIT FEL

2.1 FEL with Axial Guiding Magnetic Field

In practice electrons in an electron beam will always have transverse components to
their velocities of random and therefore destructive nature. Among the processes
that lead to generation of the transverse velocity components, thermal spread, space-
charge induced spread, and spread due to the cathode nonuniformities are the most
common. An error of alignment can cause a beam to exit the interaction region
prematurely. We use a uniform axial magnetic field to overcome the electrostatic
repulsion of the electrons and transport the beam through the wiggler.

This guide field B'g = kB, not only counterbalances the electrostatic repulsion of
the electrons, but also affects, in a very important way, the dynamics of the particles
traversing the wiggler magnet and the FEL interaction.

We use a bifilar helical wiggler magnet. It consists basically of two helices of period
Aw that are displaced axially by A, /2 and have electric currents flowing in opposite
directions. The resulting wiggler magnetic field Ew is essentially perpendicular to the
axis of the helices (assumed to be along the z-direction) and rotates with periodicity

Aw- In first approximation this field is

By, = By[icos(kyz) + jsin(kyz)] (2.1)
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when transverse field variations are neglected. Here B,, is the wiggler field amplitude,
and ky = 27/ Ay

Electrons propagating in the z-direction and subject to an axial field superimposed
on the helical field of equation ( 2.1 ) are known to have steady-state orbits [13, 14, 15]
with constant, time independent axial and transverse velocities. It is not difficult
to find these velocities in a simple, one-dimensional approximation (in which it is
assumed that the wiggler field does not have any z or y dependence). As it will
be seen later, this is not a bad approximation, but it does not encompass all the
important relevant physical phenomena.

These steady orbits must have the same period as the driving wiggler field and so
a steady orbit is a helix with period A,. The net force acting on an electron on such
an orbit is radial and its magnitude is determined by the electrons acceleration as it

traverses the helix:

2
YoMoV3

= e(—v. B, +v,By), (2.2)

-1
2

where v = (1 — ﬂc%i)

-
electron velocity vy = kvg, my is the electron rest mass, v; and v, are the particle

is the relativistic energy factor associated with the initial

transverse and axial velocities, e is the absolute value of the electron charge, and r
is the radius of the orbit (i.e. the radius of the helical orbit in the transverse plane).
We have assumed the positive sign for transverse components of the vectors to be in
the direction of the wiggler field, and the positive z-axis to be in the direction of the
wiggler field helicity (cork-screw like) as shown in figure 2-1.

These helical orbits of period A, have angular velocities of 8/8t = k,v,, from
which it follows that

= UL

kyr = (2.3)

'Uz
Eliminating  between equations ( 2.2) and ( 2.3) leads to the sought-after orbit

equation:
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Figure 2-1: Projection of the helical orbits onto the transverse plane (z,y) indicating

the directions of B:,,, B;, and V; a) With the guide field in the same direction as the
wiggler field’s helicity. b) Reversed.
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(8

LI (2.4)
Uz

= Iml,
where Q, = eB,/(yomy) is the relativistic electron cyclotron frequency in the axial
field B,, and Q,, = eB,,/(vomy) is defined by analogy with the cyclotron frequency
but with the wiggler field amplitude B,, in place of B,.

This equation has a singularity at k,v, = {2, which corresponds to a resonance-
like growth of the transverse velocity component and the orbit radius. This creates
an unstable region often called gyroresonance where the electrons are driven out of
the interaction region by the combined action of wiggler and axial fields. This region
divides the steady state orbits into two classes (regimes) Group 1, when the B, field
is small ( k,v, > €,), and Group II when the guiding field is large such that the
cyclotron frequency €2, is greater than k,uv,.

There is nothing that should prevent operation at negative axial fields i.e. Q, <0
[7]. The regime with negative guide field, in the direction opposite to the direction
of wiggler field helicity, we will call the Reversed Field regime. This regime of
operation was discovered by M.E. Conde and G. Bekefi [16].

The previous study of this FEL [16, 17, 18, 7] has shown that the FEL performance
is at its best in the Reversed Field regime, where an efficiency of 27% (60 MW in
power) was achieved. Groups I and II proved to be much less efficient. As one can
see from the Table 1.2, the output powers and efficiencies for these two regimes are
much worse than those for the Reversed Field regime. The poor performance in Group
I is attributed to particle loss due to closeness of the unstable region. The Group
II operation was proved in course of this study to be very dependent on the beam
alignment. After realigning the beam in the drift tube it was possible to observe power
levels around 10-11 MW, to be compared with 4 MW measured to be the maximum
in Group II before alignment. The gyroresonance seems to strongly influence the

performance of the FEL.
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2.1.1 Realistic Wiggler Model and Finite Beam Thickness

So far we have considered the case of an idealized wiggler (see equation 2.1), whose
field has no transverse dependence and an infinitely thin electron beam injected on
axis. A realistic representation of the magnetic field generated by a bifilar helical
wiggler includes higher order harmonics of the period A, and also a radial dependence
of the field amplitude. In cylindrical coordinates (r, , z), with the helix axis coincident

with the z axis, the magnetic field B,, can be expressed [14, 19] as

B, = 2ugzkwa Z sm Yeos(m(6 — ky2)) X K| (mkya)ln(mkyr)], (2.5)

where pg is the permeability of free space, i is the electric current in the wiggler, a is
the radius of the helices, K], is the derivative of the modified Bessel function of the
second kind (of order m), and I, is the modified Bessel function of the first kind (of
order m).

The expression for the particle transverse velocity in response to a single harmonic

component of the wiggler field was calculated ( [20, 21]) to be

’U_z - nk (’Uz) 29wIl( wT)IO(kng)

In—l(kwrg)7 (26)

where n is the harmonic number, and r, is the radial displacement of the particle
guiding center. This is the more general form to be compared with the idealized case
given by equation (2.4).

In the case of axis-centered motion (r, = 0), all but the fundamental harmonic
component (n = 1) vanish, because the Bessel function I,_;(k,r,) is zero. For the off-
axis electrons the harmonic components are of the order of (kwrg)l”“ll for small k1,
and, in regions far removed from resonances, the fundamental harmonic is dominant
because k,r, < 1 under our experimental conditions.

At and near the harmonic resonances where
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nkyv, — Q, — 2Qy 11 (kyr) Io(kyry) =~ nkyv, — Q, >~ 0, (2.7)

v1n becomes large (see equation( 2.6)) and the dynamics of the particles cannot be
calculated from the fundamental harmonic only.

From equation ( 2.7) one finds that for n = —1 there is a resonance for kv, = -,
(Reversed Field regime). Since it is only the off-axis electrons that are affected by this
resonance and the magnetic field amplitude of this n = —1 component is much smaller
that the fundamental harmonic’s for the beam parameters used in our experiment
(beam radius 7, = 2.5 mm is small compared to the wiggler radius r,, = 2.5 cm)
one expects the effect of this resonance to be less dramatic than the gyroresonance.
The figure 2-12 b) presents a plot of FEL output power scanned in B,. As one can
see from this figure there is a significant loss of efficiency for fields at and about the
resonance field value (this was first seen by M.E. Conde [16]). But the interaction
is not destroyed completely. This makes this regime, referred to as antiresonance,
especially attractive for the study of unstable, possibly chaotic particle motion. C.
Chen and R. Davidson [22] claimed that there is a possibility that for sufficiently high

magnetic fields electron orbits exhibit chaotic motion at and near such resonances.

2.1.2 Space charge effects

As the ponderomotive potential (combined action of the wiggler field and the B-field
of the electromagnetic wave) acts to bunch the electrons, the space-charge forces
of the electrons counteract it. Depending on the density of the electron beam and
the wiggler field strength these space-charge effects are more or less important. To
quantitatively describe the effect of space charge let us once again consider the FEL

dispersion relation (1.3). It can be rewritten in a form

(k- kem)(k — k_)(k — ki) = —a? (2.8)
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where

o = F(w;/c*/270) B3 Bz kw (2.9)

is the coupling coefficient,
2 2 1/2
kem = (w® — Fwi /7)) " /c (2.10)
is the electromagnetic mode wavenumber, and

kx = [w — (Vaokw = P %ws/ (Yar/70))] V20 (2.11)

is the wavenumber of the space-charge shifted beam ponderomotive wave. We can now
distinguish two high-gain operating regimes of the FEL referred to as the high-gain
Compton (weak space-charge) and Raman (collective, strong space-charge) regimes.
High-gain Compton regime
In this regime the force on the electrons due to the ponderomotive potential dom-
inates that due to the collective space-charge effects, and the gain length is shorter
than the distance for a beam space-charge wave oscillation. In this limit the dispersion

relation (2.8) reduces to
(k — kem)[k — (w/v,0 — ky))* = —a?, (2.12)

where the space-charge term Pll/ 2w/ (¥24/70) has been neglected. The maximum
spatial growth rate occurs when k., is equal to (w/v,0 — k), reminiscent of equation
(1.2). If, for a given set of FEL parameters, the beam current and energy were varied
the real and imaginary parts of the roots of the dispersion equation would vary as
well. The change in the ki is most crucial. It effectively determines whether there
will be growth at all. Thus, even very high relative variation of beam density would
not affect the roots of the dispersion (2.12) if the density remained small. A variation
in energy, though, would drastically change the coefficients in the dispersion relation

and hence its roots. To be able to neglect the space-charge term in the dispersion
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relation (2.12) it is necessary to satisfy the following inequality [2)

Bw > Berit = FY2(2Pwic? [v3v3/okw) 2. (2.13)

In the Compton regime the growth rate and the phase shift depend strongly on
the electron beam energy (v,) and weakly on electron beam density (current).

Raman regime

In this regime the growth length is less than the oscillation distance for the space
charge wave and the beam-plasma frequency is sufficiently high that for a given set
of parameters the electromagnetic wave couples to only one of the two beam space-
charge waves. The dispersion relation describing the interaction between the space
charge beam mode and electromagnetic wave is obtained from (2.8). For the most
effective coupling to take place the phase velocity of the ponderomotive force has to
be equal to the phase velocity of the slow space-charge wave of the electron beam.
The effect of the fast beam mode on the coupling in the Raman regime is weak and
therefore (k — k) can be approximated by (k_ — k) = 2P}/%w,/ (Y24/ToUz0) in (2.8).

The resulting dispersion relation is

(k = kem)(k — k=) = —02Y2/A0v0/ 2P 2w, (2.14)

It is necessary that

B K Berit (2.15)

for equation (2.14) to be a good approximation to the equation (2.8). Here one sees
that the space-charge wave cannot be neglected. In the Raman regime the growth rate
and the phase shift depend both on the electron beam energy (v,0) and on electron
beam density (that is the current or the plasma frequency, ws).

Our FEL operates in both Raman ( Group IT and the Reversed Field regimes which
are mainly Raman) and the Compton regime (for the Group I mode of operation)

regimes.
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Figure 2-2: The measured beam current and voltage overlaid with an r.f. power-pulse,
timed within 2 nsec, arbitrary units.

2.1.3 Chirping

If the phase shift A¢ of the amplified TF,; waveguide mode depends on time, it
produces a change in frequency (dw = a—%?). And indeed, in reality, in a pulsed system
there will always be variations in the beam energy and current that would cause
frequency changes. In our case both beam energy and current change appreciably over
the length of the radiation pulse (see figure 2-2) . This effect is studied experimentally
in this thesis. The derivation of the phase shift and frequency changes in a FEL
amplifier was done by G. Shvets and J. Wurtele [23]. The linear theory presented
there allows one to calculate the frequency changes explicitly.

To illustrate how a change in a parameter of a dispersive system can lead to
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temporal phase variation and therefore to changes in frequency let us consider the
example of dielectric beam loading. When the FEL interaction is absent the dispersion
relation for the radiation pulse propagating in a waveguide is changed by the presence
of the beam. This effect is of the same nature as the change of the refractive index
when a wave propagates in a plasma. It seems natural that a plasma should increase
the cut-off frequency of a waveguide. An easy derivation gives wc_o_2ef 5= w? , + pw,?,
where p is a factor less than unity that depends on geometry. The change in the

index of refraction of a radiation of frequency w in this case is

C.0.

c 1 1
bn = =((0" = Wioesp)® — (W = wio)?)- (2.16)

For small beam densities the change in the index of refraction is proportional to w,?.
This effect is referred to as the beam loading.

Now imagine an electron beam that is moving to the right with a density increasing
towards its tail. At the head of the pulse, the peaks of the EM wave have a phase
velocity slower than those further back (due to the beam loading). This results in
peaks at the tail catching up with peaks at the head, and, therefore, in a frequency
upshift (see figure 2-3 where a radiation pulse envelope is laid over the beam density
profile as they propagate together along the z-axis).

The FEL interaction results in a more complex dependence of the index of refrac-
tion on the FEL parameters as one can infer from the form of the dispersion relation
(1.3). Variations in current and energy produce shifts in the detuning from FEL
resonance and in the beam-wave coupling. It is shown in reference [23] that it is
primarily detuning that determines the frequency evolution and, thus, in the Raman
regime, the frequency is sensitive to both current and energy, while in the Compton
regime the frequency changes depend mostly on the change in the beam energy.

The Raman FEL interaction produces a downshift with the same moving den-
sity gradient shown in figure 2-3. The radiation couples to the slow space-charge
wave, whose phase velocity becomes slower as the beam density increases. Adjacent

radiation peaks now move farther apart with increasing interaction distance, and the
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Figure 2-3:

frequency downshifts. For a Compton FEL, the only resonant contribution to phase
shift comes from the energy variation. Yet in the Raman regime resonant contribu-
tions to the phase shift come from both current and energy variations. As shown in
[23] if the slope of the current and the energy variation both have the same sign, the

resulting frequency shifts will have opposite signs and will tend to cancel.
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2.2 Experiment

The amplified microwave radiation from the FEL is dumped into an ”anechoic” (re-
flection free) chamber via a conical horn as shown in figure 1-1. A small fraction
(approximately 30 dB down in power) of this radiation is collected by a receiving
waveguide on the opposite side of the box. The radiation collected by this receiving
waveguide is then measured with the view of determining the total output power level
and the time history of the phase shift of this FEL system.

Power measurement

The power level is determined from the response of a calibrated crystal detector
(HP R422A). The radiation that enters the receiving WR-28 waveguide goes through
calibrated fixed attenuators, a variable attenuator, a sharply ramped band-pass filter
(1.7 GHz full width at 3 dB points) and is finally rectified by the crystal detector.
The precision calibration of all the microwave components was done using a network
analyzer. The attenuation in the air gap between the horn and the receiving waveg-
uide, necessary for determining the absolute power output of the FEL was measured
by a substitution method by Conde [7].

The kicker magnet is used to change the length the electron beam is allowed
to interact with the radiation before it is deflected into the drift tube’s wall. This
magnet produces strong transverse magnetic field (approximately 1 kG). It serves as
an important tool in measuring the power, phase shift, and chirping of the FEL as a
function of interaction length.

Phase measurements using a Double Balanced Mixer

The phase shift was measured using an interferometric technique. A hybrid-T
junction served as the interferometer. The attenuated FEL output was the test signal.
A fraction of the microwave power from the magnetron, used to drive the FEL, was
tapped to provide the reference signal (see figure 2-4).

The hybrid-T junction is a common piece of microwave hardware which is discussed
in most reference books on microwave engineering [24]. The device is illustrated in

figure 2-4. The signal from an input arm (either the reference or the test arm) is
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split evenly between the two output arms but cannot couple to the other input arm
since the electric fields in the input arms are cross-polarized with respect to each
other. The signal from the input which has its E-field plane perpendicular to the
E-field plane of the output arms splits evenly but is 180° out of phase into the two
output arms. The signal from the other input arm ( E-field parallel to the output
arms E-field ) splits evenly and in phase into the two arms. The electric fields in the

two output arms add:

E,1 = E;sin(wt + ¢1) + E; 2stn(wt + ¢9), (2.17)

E,3 = E;1sin(wt + ¢1) + Ejzsin(wt + ¢, + ), (2.18)

where E;); is the field in the jth input (output) arm. The power flow in each arm
can be calculated from the time averaged square of the electric field. The power in

each output arm is

1

Po1 = Opi[Ei,lz + E;2® + 2E; 1 E; 5c03(¢1 — ¢2)] (2.19)
1

P,p = CpE[Ei,lz + E;2® — 2E; 1 E; 5c08(¢1 — ¢2)] (2.20)

where C), is a dimensional factor that relates power to field value for the lowest TE; o
mode of the WR-~28 waveguide.
Difference between the power in the output arm 1 from the power in the output

arm 2 depends on the relative phase difference between the two input signals:
AP = szEi,lEi,zCOS((bl — ¢2) (221)

The setup

If the phase measurement is desired, the radiation collected by the receiving waveg-
uide passes through a 1.7 GHz wide band pass filter, a phase shifter, and into a hybrid
T junction.

The reference magnetron signal (~ 500 ns FWHM) is delayed such that the FEL
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Figure 2-4: A hybrid T device. The arrows indicate the direction of electric fields in
the lowest T'E; o mode.

output is mixed with the 18 ns portion of the magnetron pulse that was amplified.
The phase of the magnetron radiation fluctuates throughout the 500 ns wide pulse.
The measured shifts are not affected by the fluctuations of the phase of the magnetron
radiation throughout the 500 ns wide pulse, because when the delay is in effect the
phase in the reference signal is exactly the same as the phase in the FEL signal at
interaction length z = 0 m.

For maximum sensitivity, the two microwave pulses are tuned by variable atten-
uators to be approximately equal in amplitude. The resultant output powers from
the hybrid T are measured by calibrated crystal detectors. In order to minimize re-
flections from the crystal detectors and hence the mismatch in the T (when powers
from the input arms are split unevenly) two 10 dB couplers are placed between the
detectors and the hybrid T output arms.

From equation ( 2.21) the difference between the signals from the two detectors
is proportional to the product of the cosine of the phase shift and the field ampli-
tudes in the input arms. In order to remove the dependence on the field amplitudes
(they may vary in time) in the input arms we measure the four power pulse-shapes,

P,1,P,2,P;1, P 3, and construct a quantity \1}’~—];1P—————;;—2 that is proportional to the cosine

1,145%,2

of the phase shift only.
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At each phase shifter setting, three FEL shots are fired and P,;, P, 2, P;1, Pi2
recorded on oscilloscopes. The phase shifter is then advanced by 60° and the above
measurements repeated. The resolution of the oscilloscopes allows us to take data for
about 18 time positions in a pulse, separated by 1 ns intervals. After six successive
settings of the phase shifter the data at each time position is fitted by a least squares
method to a sinusoid. An example of a sinusoidal fit for a certain time in the pulse
is shown in figure 2-5. The same procedure is performed with the electron beam
turned off. The phase shift in the FEL is determined for each time position from the
phase difference between the two sinusoids.

A total of 18 shots are necessary for a single phase measurement. The phase is
recorded as a function of time in the pulse and the interaction distance (z) down the
drift tube. This removes the 27n ambiguity (where n is an integer), because we know
that for the case of zero interaction length, (or no beam), the phase shift is zero and

that the phase changes continuously with the interaction distance.

2.3 Results

In this section the results of the intensity and phase shift measurements of the FEL
system are presented. We compare power output, phase and more importantly fre-
quency shifts (they are proportional to the temporal derivative of the phase shifts)
accumulated in the three basic regimes of operation of the FEL (see the previous
section): Groups I and II, and the Reversed field regime. A comparison with the
theoretical predictions and the computer simulation results is made. This section

also contains results of the measurements in the anomalous ’Antiresonance’ regime.

2.3.1 Intensity measurements

The output power was measured as a function of the length of the interaction region.
Figures 2-8 b), 2-9 b), and 2-10 b) show the result of this measurement for the

three different regimes.

The small signal growth is the highest in Group I (44 dB/m) but the power level
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Figure 2-5: An example of a sinusoidal fit to determine phase at a certain time in the
pulse.
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reaches saturation with an efficiency (the percentage of the beam power beam voltage
times beam current, converted into the radiation power) of ~ 9%. Operation in Group
II shows the lowest growth rate and the lowest efficiency of ~ 5%. The Reversed Field
regime has a by far the highest efficiency (27%) with the highest power level of 61
MW.

2.3.2 Phase in the three Regimes

Figure 2-6 shows the temporal behavior of the FEL phase shift A¢(¢) in all three
regimes for 15 descrete times during the voltage pulse. The data shown corresponds to
the central fifteen nanoseconds of approximately 15 ns (FWHM) wide radiation pulses
like the one in figure 2-2. The measurements shown were taken for an interaction
length z of approximately 160 cm. Similar measurements were made for a wide series
of interaction lengths.

We see that the largest phase changes occur in the Group I regime of opera-
tion, and that there is a very pronounced phase upshift followed by a strong phase
downshift. The largest variations take place as the beam voltage first ramps up and
then ramps down as expected. In Group II and the Reversed field regimes the phase

changes are seen to be relatively small.

2.3.3 Frequency shift

The temporal history of A¢(t) allows one to determine the instantaneous frequency

shift from the relation

1 9A4(1)

Af= 2r Ot

(2.22)

The results are illustrated in the figure 2-7 as a function of interaction length z
for all three regimes of FEL operation. The data were obtained from equation ( 2.22)
and measurements like those shown in figure 2-5. In the case of Group I we show
the mazrimum measured frequency upshifting, early in the pulse, followed by maxi-

mum frequency downshifting that occurs later in the pulse. The frequency gradients
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Figure 2-6: The phase shift at 15 discrete times in a pulse in the Group I, Group II
and Reversed Field regimes.
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as function of interaction length are respectively, 0Af/0z = +50 MHz/meter and
dAf/8z = —32 MHz/meter length of interaction region. Note that the frequency
shift changes inside the pulse, which is often referred to as chirping.

In the Group II regime the chirping is considerably less than that in the previous
case and the maximum upshift and downshift are A f/0z = +23 MHz/meter and
O0Af/dz = —8.6 MHz/meter.

In the Reversed Field regime the phase increases almost linearly with time so that
Af is nearly constant over the duration of the pulse. One finds that 0Af/0z = +8
MHz/meter.

The strong observed frequency shifting in Group I and the much weaker effect
in the other two regimes is consistent with earlier spectroscopic measurements [25].
In the latter, frequency shifting (about 100 MHz) was seen only in Group I; in the
remaining two regimes the sensitivity, unlike in the present studies, was too poor to

resolve any frequency changes.

2.3.4 Comparison with theoretical and numerical results

The fact that shifts in Group I (closer to Compton regime) are larger than those in
Group II and Reversed field regimes (mainly Raman) is consistent with the argument
[23] that in the Compton FEL it is the energy (beam voltage) that affects the phase the
most, while in the Raman regime the detuning contains an equally large contribution
from the current, whose effect however is to counteract the phase change caused by
electron energy variations.

A comparison of data with the predictions of a numerical code WTDI [8] has
been made. This is a time independent, three-dimensional, nonlinear, slow time-scale
amplifier code which assumes a single waveguide mode (in our case the T'E; ; mode of
a circular waveguide). The code also takes into account the dispersion characteristics
of the right (left) circularly polarized wave on the electron beam (i.e. dielectric beam
loading), and models, in an approximate way, for a.c. space charge effects from the
bunched beam. Space-charge effects are important in our FEL, since they affect the

magnitude of the detuning in the Raman regime and the saturation power.
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Figure 2-8 illustrates the results for operation in the Group I regime. The lower
graph shows the peak measured r.f. power during the pulse. The upper diagram gives
the phase at two separate instances of time in the pulse; early in the pulse at t=2 ns
where the beam energy is well below its maximum value (see figure 2-2), and later
in the pulse at t=22 ns, past the maximum in the beam energy. This illustrates the
great sensitivity of the phase to the instantaneous value of the beam energy. The solid
lines represent simulations using parameters of table 1.2. The agreement between
measurements and simulations is at best fair.

Figure 2-9 shows experimental and numerical results in the Group II regime. The
r.f. power shown is again the maximum measured during the pulse.

Figure 2-10 gives results for the Reversed Field regime. The simulations are for the
parameters listed in Table 1.2 . The agreement with measurements is fair. However,
parameter modification in the simulations such as in emittance €, and/or in the beam
energy v can lead to vast improvements in the agreement between experiment and
theory. We illustrate this fact in figure 2-11 in which the normalized emittance was
taken to be 0.8 x 1072 cm-rad instead of 2.3 x 10~2 cm-rad as given in Table 1.

As pointed out above, the WTDI code is time independent and is thus, in general,
unable to give information about chirping. However analytical calculations [23] show
that the measured chirping is in qualitative agreement with theory. Since the group
velocity of the waveguide mode is, for our parameters, near the axial beam velocity,
the phase shift at each point in time, calculated with the assumption of steady state

operation, can be used to estimate the chirping.

2.3.5 Antiresonance

At the Antiresonance the r.f. power level drops precipitously as is seen in figure 2-12
. Here any erratic behavior of Af may possibly be used as a signature of unstable
FEL operation. Such may be due to current or voltage fluctuations or due to chaotic
particle orbits [22]. Figure 2-13 a illustrates the lack of the reproducibility of Af
on a series of successive shots. This is to be compared to the good reproducibility of

measurements taken in a FEL parameter range slightly removed from the precise po-
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sition of the antiresonance, shown in figure 2-13 b. We note that such measurements
are not possible at gyroresonance because there the instability is so strong as to drive

the electrons into the waveguide walls, thereby terminating the FEL interaction.
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Chapter 3

HGA

The two-beam accelerator [26] is a promising candidate for achieving the ultra-high
electron energies (of the order of or higher than 1 TeV) required in the next-generation
linear colliders.

The field gradient achievable in a r.f. accelerator is probably limited by electrical
discharge breakdown-like processes. It has been argued [9] that the higher is the
frequency of the driving radiation the higher will be the gradients that could be
achieved without breakdown or other kinds of failure. That is one of the motivations
for creating a High Gradient Accelerating (HGA) structure at such high frequency.
The other is the reduced energy expenditure required to power a 1 TeV linac.

For driving the HGA we used the FEL described in Chapter 2 of this thesis. It
produces 60 MW r.f. power, 18 ns long pulses. A high power magnetron is the input
power source for the FEL amplifier. It essentially determines the tunability of the
FEL. The operating frequency range of the magnetron is from 30 to 35 GHz. The
frequency of the magnetron pulse is stable to within at least 5 MHz. However the
frequency shift induced by the FEL interaction could be of some concern (see Chapter
2). In the FEL used in the tests the frequency shift is measured to be 16 MHz with
5 MHz scatter in the Reversed Field regime. The bandwidth of the HGA is greater
than 500 MHz. Thus the MIT’s FEL is acceptable for the purposes of the experiments
described in this Chapter. For actual acceleration however, where the phase stability

is of much greater importance, a phase stability better by one order of magnitude

54



(< 1 MHz) would be needed.

3.1 The HGA

The 32.98 GHz disc-loaded constant gradient traveling-wave accelerating structure
(its photograph is shown in figure 1-2) was built as prototype of an element in the
accelerating line of the two-beam CERN-CLIC accelerator. It is a 27/3 mode, v, = ¢
constant gradient iris disc-loaded waveguide structure. It consists of 26 cells, each of
3.029 mm in length and 2 coupler cells 3.56 mm long. The total length of the structure
is 0.08587 m. The fill time of the structure is 3.42 ns, with a group velocity of 0.083c.
The two side-couplers are at right angles to the axis of the structure. They couple
the power from a standard WR-28 rectangular waveguide into the desired mode of
the structure. The high vacuum of around 1 x 10~7 Torr is maintained by two 30
liters/sec ion-pumps and two smaller auxilliary ion pumps with pumping speed of
2 liters/sec. The structure was designed to have shunt impedance of 116 M{/m.
This means that for input power level of 60 MW the maximum accelerating gradient
is approximately 110 MV/m. However the CERN-CLIC structure was designed for
accelerating gradients of approximately 80 MV/m. Note that the r.f. fields at the
metal discs are expected to be higher. Some of the key parameters of the HGA are

shown in table 1.3.

3.2 Experimental Setup

3.2.1 Frequency Calibration of the FEL

The magnetron frequency was set to the desired value by mixing with a local oscillator.
A small portion of the magnetron output was sampled by means of a directional
coupler. Then, much like the phase measurements of the Chapter 2, it is “mixed”
with the output of a Hewlett Packard 8690A Sweep Oscillator in a hybrid “T” junction
(see figure 3-1). The oscillator frequency is determined by a Hewlett Packard 5353A

Microwave Frequency Counter.
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Figure 3-1: Schematic of the measurement setup for the magnetron frequency.

One of the side arms of the “I” is terminated in a matched load while the other
ends in a crystal rectifier, the output of which is displayed on a Hewlett Packard 1
Gsample/sec 54510A Digitizing Oscilloscope. The beat waveform of the two signals
(see equation ( 2.21))is displayed as the varying part of the oscilloscope pulse-shape.
The duration of the magnetron pulse is close to 500 ns, so the frequency of the
magnetron could in principle (were it not for the intrinsic phase jitter of the device)
be set to within 2 MHz of the frequency of the Sweep Oscillator. An example of a beat
signal with magnetron tuned to the frequency of the Sweep Oscillator is presented in

figure 3-2.
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Figure 3-2: Example of the magnetron frequency measurement. The beat signal as
function of time shows few oscillations when the magnetron is carefully tuned to the
frequency of the local oscillator.
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3.2.2 HGA Testing Apparatus

The schematic of the HGA testing apparatus is shown in figure 3-3. The amplified
signal exits the FEL in T E; ; mode of a circular waveguide. It is then converted from
circular polarization to linear polarization by means of mode converter. The converter
is described in the next subsection. The adapter from circular to WR-28 rectangular
waveguide then follows. The HGA operates under the high vacuum of around 1 x 1077
Torr. It has to be separated from the relatively high pressure FEL and the horn dump
section where the pressure is typically 1075 to 10~% Torr. Two ceramic windows are
used to isolate the high and the low vacuum sections. As a preventative measure
against high power breakdown on these windows the surface area of the windows is
increased by gradually uptapering the WR-28 waveguide to WR-187, positioning the
windows at this larger area, and downtapering the waveguides back to WR-28.
Input, reflected and transmitted power diagnostics are made available by placing
high vacuum directional couplers made at CERN immediately before and after the
HGA. Variable attenuators and calibrated crystal-detectors allow one to infer the
absolute power levels. The entire system is calibrated absolutely using a network
analyzer and by a substitution method, i.e. by measuring the received power in

terms of the known input power.

3.2.3 Polarization Converter

The FEL microwave output is produced in a circularly polarized mode. In order to
maximize the fraction of this power available for HGA testing, a high-power circular
to linear polarization converter has been fabricated [27] and was employed. This
converter is a section of circular waveguide, 4.0 inch long, 0.625 inch O.D., 0.550 inch
L.D., squeezed over a 1-1/2 inch length to produce a slightly elliptical cross-section.
Its design analysis is given in reference [28]. The squeeze-direction is at an angle of
45° to the plane of electric field of the linearly polarized TE{’,1 mode produced at the
end of the converter. The final O.D. at the narrow dimension of the squeezed section

is 0.548 inch.
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The polarization converter was tested and squeezed at the LLNL T4325 microwave
laboratory. It was connected [27] at one end to an electroformed circular waveguide
tapering from an ID of 0.625 inch (to match the FEL output guide) to 0.550 inch (to
match the standard circular waveguide size used for the squeezed section), and [29]
at the other end to an electroformed transition from 0.550 inch ID circular guide to
WR-28 rectangular guide (0.280x0.140 inch). Squeezing resulted in a 2.65 dB (84%)
improvement in transmission through the three piece combination as compared to
transmission with an unsqueezed circular waveguide section. The final insertion loss

for the combination is 0.50 £ 0.10 dB.

3.3 High Power Testing

One of the goals of this experiment is to find the highest power level the structure
could support without breakdown or some other process that would make it unsuitable
for electron acceleration. In order to determine whether there is an undesirable process
taking place in the HGA section and to try and learn about the process we had at

our disposal several techniques.

3.3.1 Power Measurements

The most important diagnostic was the measurement of the incident, transmitted and
reflected r.f. power. With use of crystal detectors and variable attenuators attached
to the ports of the high vacuum directional couplers it was possible to sample the
time profile of a radiation pulse at different time intervals: when it is just about to
enter the accelerating structure (the input pulse-shape), when it exits the section (the
transmitted pulse-shape), and of the radiation reflected back from the HGA (reflected
pulse-shape). Any breakdown-like process would then be seen as a change in the
transmitted and reflected power pulse-shapes.

A scan in the input power level ranging from 0.1 MW to about 35 MW was
taken. At low powers the transmitted pulse resembled the input pulse in shape and

the percentage difference in power magnitudes was equal to the ’cold’ attenuation
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as measured with a network analyzer (with very small ~ 1 mW power levels). An
example of input and transmitted power pulses at low input power level is given in
figure 3-4.

As the power levels increased (~ 3 MW) the transmitted power pulse became
shorter than the input power pulse in time duration. The early part of the trans-
mitted power pulse still resembled the input pulse, while the transmitted power was
attenuated stronger and stronger the closer it approached the end of the pulse. The
transmitted power ’rolled off’ at the end of the pulse. An example of input and
transmitted power pulses at a medium input power level is given in figure 3-5.

At power levels from 20 MW and higher the transmitted power pulse shape became
effectively independent of the input pulse shape. The examples of such pulses are
shown in figures 3-6 and 3-7. The transmitted pulse peak power value was no longer
proportional to that of the input pulse. The upper graph of figure 3-8 shows peak
power in the transmitted pulse plotted vs. average power in the input pulse. With the
increase of the input power, the transmitted power pulse saturated at a level of ~ 14
MW. The reflected power shown in the lower part of figure 3-8 rises to a maximum
of about 6 MW.

The plot of the FWHM of the transmitted pulse vs. the average power in the
input pulse is shown in figure 3-9. The fraction of the power in the reflected pulse
would be expected to grow as the input power level increased, because the amount of
the input power transmitted through the HGA was seen to decrease with increasing
input power levels.

It turned out to be only partly true. Power levels of the reflected pulse agreed
with the cold test results when the input power level was small. The reflected power
did grow to become comparable to the input power at high input power levels (see the
bottom graph of figure 3-8). But this growth did not fully account for the difference
in energy between the input and transmitted pulses.

Another representation of our data is in terms of the energy in the pulse obtained
by integerating the measured power over the respective pulse widths. In figure 3-

10 we present the dependence of the transmitted and the reflected energies on the
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average power in the input pulse. Note that at high input energies (corresponding
to power levels of 20 MW) the transmitted and reflected energies together account
for only a half of the input energy. This leads to the conclusion that a substantial

fraction of the radiation energy is dissipated inside the HGA.

3.3.2 X-ray and Visible Light measurements

The input and output couplers into the HGA are at right angles to the direction of
acceleration as shown in figure 3-3. There are two sapphire windows, one on either
end of the HGA. These windows are transparent to visible light and soft X-rays. We
installed two photomultipliers just outside the windows in which detected visible light
and/or soft X-rays.

Covering the aperture of one photomultiplier with black photographic tape re-
sulted in photomultiplier sensitive to the X-rays only. Sheets of aluminum of varying
thickness were used to attenuate the X-ray intensity and thereby remain on the linear
part of the photomultiplier response curve.

The other photomultiplier was turned at 90° to the HGA axis, and a plane mirror
was installed in such a way that a visible photon coming out of the HGA along the
axis of the structure would be redirected to hit the plate of the photomultiplier (see
the photograph of the setup in figure 1-2). This removed contributions from soft
X-rays so that only visible light was detected. Neutral density filters were placed in
the path of the visible photons thereby assuring that the photomiltiplier was used in
its useful, linear regime.

Both light and X-ray induced photomultiplier signals were recorded for a range
of r.f. input powers (0.1 MW to 30 MW) from the FEL. In figure 3-11 we show
plots of the maximum photomultiplier voltage from light and X-ray vs. average r.f.
input power. Both light and X-ray generation starts around 1 MW of input power
and continues to rise exponentially with input power thereafter. To demonstrate this
exponential growth we present the photomultiplier voltage plots on a logarithmic
scale, as shown in figure 3-12. The observed growth of both X-ray and visible light

intensities begin around 1 MW of input power which correlates well with the energy
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Figure 3-4: Transmitted and reflected power pulses at a low r.f. input power level,
typically 100 kW.
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Figure 3-5: Transmitted and reflected power pulses at a medium input r.f. power
level, typically 10 MW.
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Figure 3-6: Transmitted and reflected power pulses at a high r.f. input power level
of ~ 20 MW.
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Figure 3-7: Transmitted and reflected power pulses at a high r.f. input power level,
typically 50 MW.
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plots of figure 3-10.

3.4 Locating the problem

To verify that the breakdown takes place in the HGA and not in the measuring
apparatus (the high vacuum directional couplers for instance) we substituted for
the HGA a simple WR-28 waveguide section of about 30 cm long constructed at
CERN/CLIC and evacuated it to a pressure ~ 5 x 107 Torr. The power diagnostic
setup was left unchanged. As figures 3-13 and 3-14 demonstrate no pulse-shortening
was observed. In addition, we measured the reflected power from a CERN/CLIC
high power dump-load. We observed that reflections were low (~ 5%) and no pulse
shortening was observed. Thus we conclude that the measuring apparatus does not
contribute to pulse-shortening.

The fact that in the HGA the transmitted pulse is more attenuated at the later
parts of the pulse (as seen in figure 3-7), and that the reflected power pulse reaches its
peak value at the end of the pulse, suggests that there is a temporal growth of current
(or of charge carriers) somewhere inside the HGA. One of the possible mechanisms
for this growth is discussed below.

At all times there is a number of free charged particles inside a metal structure,
either in the bulk or occluded on the walls. In the presence of high electric fields
the field emission of electrons can be a dominating source. The high electric fields
of the radiation pulse in the HGA would lead to acceleration of such charge carriers.
The charged particles accelerated in this way will hit the metallic walls of the HGA
and by some mechanism (such as, for instance, the secondary emission process) more
charge carriers will be freed inside the HGA. If the losses of the carriers is less than
the creation of new carriers an avalanche-like growth of current inside the HGA will
result.

Part of the incident radiation will be dissipated by the carriers colliding with the
walls of the HGA and the energy transfer to the growing number of carriers. Part of

radiation will be reflected due to the impedance mismatch.
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scale.
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To direct the future design efforts it is essential to know where exactly the pulse-
shortening occurs: does it occur in the structure itself or do the side couplers to the
section (not the directional couplers) break down first? To try to answer this question

the following set of tests are conducted.

3.4.1 Magnetic Field Tests

The losses of charge carriers in an avalanche are partly due to the diffusion of the
charged particles out of the “bad place”. Constant magnetic fields perpendicular to
the electric field of the radiation would change the trajectories of the carriers. The
diffusion of the carriers out of the avalanche region will increase and the energy of
the charged particles when they hit the walls of the HGA will decrease (at least for
near to threshold powers). This could result in a change of the HGA performance.

A series of measurements were attempted where permanent magnets were placed
in close vicinity of the HGA. These magnets create vertical magnetic fields (normal to
the plane of the figure 3-3). 20 shots were taken at ~ 20—30 MW average input power
without any magnets around the HGA. Then we took 20 shots at the same power
levels with magnets placed on the side couplers to and from the structure (not the
directional high-vacuum couplers). Then we took 20 shots with the magnets around
the structure only, and another 20 with the magnets around both the structure and
the couplers. The ratios of the output energy and input energy vs. averaged input
power are shown in figure 3-15 a). Different symbols correspond to different ways we
arranged the magnets. The ratio is definitely affected.

It is difficult to say exactly where the plasma formation is concentrated, but the
effect of placing the magnets around the couplers (those create rather localized fields
~ 400 G) indicates that the couplers is one of the areas that contribute to the pulse-
shortening.

High longitudinal magnetic fields ~ 5 kG were generated inside the structure by
a solinoidal coil wound around it (figure 3-15 b). Virtually no change in the energy
ratio could be seen.

In conclusion, transverse magnetic fields ~ 400 G in the couplers and/or in the
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structure itself affect the pulse shortening, while large ~ 5 kG longitudinal magnetic

fields in the structure make little or no difference.

3.4.2 Operating at a Different Frequency

To further confirm that there is an undesirable process in the input side coupler to
the HGA we detune of the FEL off the 0.5 GHz wide transmission band of the HGA
to a new frequency f = 33.682 GHz.

The 33.682 GHz radiation couples to an evanescent mode in the structure. The
major portion of the pulse is reflected, with only about 10% of the incident energy
transmitted through the structure at this frequency. Thus the electric field gradients
inside the structure itself are now much smaller than those in the input coupler.

If the coupler, rather than the structure, is the cause of the pulseshortening, the
pulse shortening should be seen at the detuned frequency. Indeed, strong pulse-
shortening was observed in reflected pulses. The graph of the FWHM of the reflected
pulse vs. average energy in the input pulse is shown in figure 3-16 a. The reflected and
transmitted energy vs. input energy is seen in figure 3-16 b. For high input energies
~ 0.6 J the reflected energy constitutes only 20% of the input and the transmitted
energy accounts for maybe another 2%. A large fraction of the input energy is thus
dissipated.

The last two subsections have shown that there are strong indications that it is

mainly in the input coupler that the pulse shortening takes place.

3.5 Investigation of the Feasibility of Condition-
ing

In this section we examine if the performance of the HGA improves with the number of

shots, so that future conditioning could perhaps eliminate the pulse shortening. When

fabricated a high gradient system may benefit from Conditioning [30]. Conditioning

means that a large number of shots of radiation through the system is taken with
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increasing r.f. power input. It effectively cleans the system by small discharges with
the incident pulse power slowly increased as the discharges start to subside. In this
way, gas can be removed from the surfaces while avoiding serious surface damage that
could take place had power been injected initially at high levels.

The estimated number of shots required for conditioning varies from a hundred
thousand to several millions. It did not seem feasible to fully condition the HGA
using the existing FEL (for it produces only one shot every two-three minutes and is
manually operated). For example, the conditioning of an 11.4 GHz 30-cell HGA at
the LLNL ARC facility using ~ 40 ns pulses at 1-4 pps repetition rate required more
than 500,000 shots [30]. It is noted, however, that the rate of improvement was much
greater during the first 5,000-10,000 shots. This motivated the following test of the
feasibility of conditioning in our HGA.

A power scan was made of the output and input pulses with the input power level
ranging from 0.1 to 30 MW. An attempt to condition the structure was made with
some 800 shots at power levels gradually increasing from 3-5 MW to around 20 MW
were taken. The power scan was then repeated.

To quantitatively characterize the amount of pulse-shortening we took three si-
multaneous measurements of input and transmitted power at three distinct times:
at the first maximum of the transmitted power pulse, five nanoseconds later in the
pulse, and ten nanoseconds later. Figures 3-17 and 3-18 a) show the dependence
of the output pulse power values on the input pulse power values occurring at the
same time in the pulse. The measurements taken before the conditioning are drawn
as black circles, those taken after are hollow. One can see that after conditioning
the power values at 5 and 10 nanoseconds are closer to the input power values than
before conditioning. The values at the first maximum of the output power seem to
follow the input power values well in both cases.

Figure 3-18 b) shows plots of output vs. input energy before and after the
conditioning. One observes a definite improvement in transmission.

There is evidence in favor of possibility of conditioning, provided a high enough

power and repetition rate source at 33 GHz is available.
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Chapter 4

Conclusions

In Chapter 2 of this thesis detailed measurements of the temporal and spatial phase
behavior of the MIT’s pulsed Free Electron Laser amplifier in three different operating
regimes was described. We believe these were the first such experiments in the high
gain regime. Knowledge of the temporal behavior of phase allows determination of
instantaneous frequency shifting of the device. The sensitive interferometric method
used confirms an earlier, but cruder, investigation [6, 7, 25].

The reversed field regime [16, 17, 18, 7] proved to be best operating regime of
the FEL, with a combination of both high power (60 MW) and low frequency shift
(~ +8 MHz/m) that virtually does not change throughout the bulk of the pulse.

The measured temporal chirping characteristics depend critically on voltage and
current pulse shapes and on the relative timing between the voltage, current, and
onset of FEL radiation. The results are in agreement with theoretical predictions
[23].

Detailed measurements of the spatial variations of the phase and r.f. power with
interaction length are also presented, and compared with time-independent simula-
tions [8]. The overall agreement is fair. The simulation is seen to better agree with
the data if in each regime beam energy and emittance are adjusted (by 10% and 100%
respectively). However we believe that such variances assumed in the code lie outside
acceptable uncertainties in the experiments.

The high power testing of a 33 GHz High Gradient Accelerating Structure yielded
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the maximum accelerating gradient of 65 MeV/m. A pulse-shortening phenomenon
was observed for power levels > 3 MW . At the highest power levels the output pulse
length (about 5 nsec) was about one quarter of the input pulse length. Various tests
suggest that these undesirable effects occur in the input coupler to the HGA. Light
and X-ray production inside the HGA have been observed.

A study of feasibility of conditioning (limited by the low repetition rate of our
FEL) suggest that conditioning is a likely candidate for improvement of the HGA

power handling performance.
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