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Abstract

This thesis describes experimental research on a 17 GHz photocathode RF gun. This
work represents the first operation of a photocathode electron gun at a frequency
above 3 GHz. Photocathode RF guns have the potential for achieving record high
values of electron beam quality. The 1 cell, 7r-mode, copper cavity was tested with
5-10 MW, 100 ns, 17 GHz pulses from a 24 MW Haimson Research Corp. klystron
amplifier. Klystron power is stable to within ±5% up to 8 MW. The klystron output
was made stable by the implementation of a Bragg filter as a replacement for a short
as the termination to the RF gun coupling waveguide. The output of the klystron
amplifier is phase locked to the input to within ±8' from shot-to-shot and less than
±40 on a single-shot basis. Conditioning of the RF gun structure with high power
microwaves resulted in a maximum surface field of 250 MV/m, corresponding to an
average on-axis gradient of 150 MV/m. Field emission or "dark" current of 0.5 mA
was observed at 175 MV/m, consistent with Fowler-Nordheim field emission theory if
a field enhancement factor of about 100 is assumed. Electron bunches were generated
by a regenerative laser amplifier that produces 1.9 ps, 1.9 mJ pulses at 800 nm with
±10% energy stability. These pulses were frequency tripled to 46 pJ of UV with an
efficiency of approximately 12%. Shot-to-shot ultraviolet pulse energy stability was
20%. Faraday cup beam measurements indicate that 0.12 nC bunches were produced
with a kinetic energy of about 1 MeV. The electron bunches are approximately 0.3
mm long and 1 mm in diameter. This corresponds to a peak current of about 120 A,
and a density at the cathode of 8.8 kA/cm2 . Phase scans of laser induced emission
reveal an overall phase stability of better than ±20' corresponding to synchronization
of the laser pulses to the microwave field with an error of less than ±3 ps.

Thesis Supervisor: Richard J. Temkin
Title: Senior Scientist, Dept. of Physics
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Chapter 1

Introduction

1.1 Motivation

The goal of the 17 GHz photocathode RF gun research performed at M.I.T. and

described in this thesis is to demonstrate the production of high quality electron

beams. This research is motivated by the need for high quality electron beams in

future high-energy linear electron colliders and next generation free electron lasers.

The free electron laser is a source of tunable coherent electromagnetic radiation.

It derives its name from the fundamental difference between it and traditional lasers.

In a traditional laser some type of material is used which contains atoms having (at

least) two accessible quantum states. An external energy source, for example a flash-

lamp, is used to excite atoms from a lower energy state to a higher energy state. The

occupation of a higher energy state by a substantial fraction of the atoms in the lasing

medium is called a population inversion. The lasing medium can be gaseous, solid,

liquid, or even a plasma. In each case, however, the color of the laser output is defined

by the energy difference between the upper and lower state electron energies. These

are the states of electrons which are bound to the nuclei of their respective atoms. The

free electron laser works as follows. High-energy electrons are propagated through a

region of space in which a periodic magnetic field acts to accelerate the electrons

transverse to their direction of motion. They emit radiation in the direction of their

motion. The frequency of the radiation is fixed by the periodicity of the magnetic



"wiggler" field and the energy of the electrons[54]. The wavelength, A, of the emitted

radiation is

A = A,(1 + K 2 )/272  (1.1)

where Aw is the periodicity of the magnetic wiggler whose strength is, in normalized

units, K = BA. The relativistic factor 7 is the total electron energy divided by the

rest mass energy of an electron, mc2.

The free electron laser requires high peak current, high electron density beams

with low transverse beam emittance[13]. In order for the electrons in the beam which

drives the free electron laser interaction to remain in phase synchronism through

the length of an N-period wiggler, it is necessary that the beam be nearly mono-

energetic[65]. The fractional energy spread should fall below the limit,

A < 1 (1.2)
7 - 4N

The transverse emittance of the beam, a measure of the area of phase space

occupied by the beam must be low as well[65]. Here, the normalized transverse

emittance of the beam is denoted by ,,n corresponding to the x axis transverse to the

beam motion along z. Define the angle between the particle motion and the z axis by

xi = . The "trace space" of a beam is the projection of the distribution functionS= -z

of the beam onto the x - xl space. The area subtended by the beam in trace space

defines the transverse emittance as shown in Figure 1-1.

1 f A,
E = - dxdx = (1.3)

The normalized emittance is defined as follows,

'x = (!3x'Y)Ex (1.4)

Here i3 = O is the x velocity of the beam normalized to the speed of light and 7

is the total energy of the electrons in units of the electron rest mass energy.
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Figure 1-1: Trace Space Profile of Electron Beam

For a free electron laser to operate efficiently it is necessary that,

<xn,n • A3-Y (1.5)

in order to obtain coherent radiation from the electrons making up the bunch

where the output radiation has wavelength A.

The second main area for which high quality electron beams are of interest is

for use in high energy linear accelerators. The goal behind the construction of ever

larger and more costly particle accelerators in physics is to probe unexplored regimes

of energy and distance to elucidate fundamental physical law. To date, this approach

has been incredibly successful and has resulted in the construction of a theory which,

to the best of our knowledge, accurately describes three of the four fundamental

forces known to physics called the Standard Model[19]. However, the cancellation

of the construction of the Superconducting Super Collider or "SSC" in the United

States has demonstrated that there are limits to the financial support which society

is willing to provide to physics research of this kind. Therefore, it is necessary to con-

sider novel accelerator technologies which may continue to allow physicists to explore

I- A.,

S X



high energy physics in cheaper ways than brute-force scaling of existing accelerator

technologies[72].

High frequency, high gradient RF guns are of interest to the accelerator physics

community because they provide a possible avenue for creating a future linear col-

lider using high frequency to reduce the size and increase the maximum accelerating

gradient simultaneously. However, several accelerator schemes are currently under in-

vestigation which are intended to achieve high gradient acceleration to produce high

quality beams. Other possibilities include collective effects devices such as the laser

plasma beatwave accelerator[62]. Regardless of the specific design of a future accel-

erator, a short, high-brightness input pulse is necessary. An accelerating structure

with time-varying fields has an acceptable "window" during which injected particles

achieve maximum acceleration. Therefore, a test of such a structure is performed

by injecting a high-quality bunch of electrons within the allotted time span and ex-

amining the energy and quality of the bunch at the exit of the device. RF guns,

intrinsically capable of producing short bunches with high-brightness are especially

suitable for use in testing novel accelerator concepts.

1.2 Approach

In this experimental research, a 17 GHz photocathode RF gun is chosen as the means

by which high quality electron beams may be generated. First, a comparison is made

with other types of injectors. Second, the argument is made for operation of the

photocathode RF gun at high frequency.

In accelerator terms, an injector is a source of particles which are subsequently

accelerated in an extended structure for use in some device. There are, broadly

three types of injectors[65]. The first type is a direct current or D.C. injector. In

this case, a continuous beam of electrons is emitted from a cathode. The beam is

passed through an accelerating gap whose voltage varies with time. The result is

a beam with an imposed velocity modulation which, after passage through a drift

space, results in spatial bunching. The bunched beam is subsequently injected into
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Figure 1-2: RF Gun Cross Section View

an accelerator structure. Alternatively, D.C. beams can be bunched using magnetic

bunchers. Magnetic bunchers ideally retain the beam shape but increase peak current

by delaying energetic electrons relative to less energetic electrons.

The second type of injector is the thermionic RF gun[71]. These injectors are

a hybrid between photo-injectors and D.C. injectors. A cathode is typically heated

to a fixed temperature. The temperature is low enough that the cathode does not

continuously emit appreciable current but high enough so that an applied alternating

current or A.C. voltage will yield sufficient beam current when the applied voltage

results in a force on the electrons away from the cathode surface. As a result, the

thermionic pulse lasts one-half of the alternating current period. The shape of the

pulse is not sinusoidal but more sharply peaked due to the Schottky field enhancement

effect. However, a substantial portion of the emitted beam will be out of phase with

the accelerating structure and will back-bombard the cathode.

Lastly, there is the photocathode RF gun, the subject of the experimental work

reported in this thesis[13]. In the photocathode RF gun, TMo0 0o-like resonators are

excited by sidewall coupled microwaves. A laser pulse whose duration is short relative
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Figure 1-3: RF Gun Three Dimensional View with cutaway to show interior features

to the period of the microwave fields is incident on a photoemissive surface located on

the axis of one resonator. Electrons are emitted from the cathode by the photo-electric

effect and are accelerated by the electric field of the microwaves in the resonator cavity.

The axisymmetric shape of a 11 cell RF gun is shown in cross section in Figure 1-2.

Note that the axial length of the structure is determined by the microwave wavelength.

A three dimensional view of the RF gun structure and coupling waveguide is shown

in Figure 1-3.

The key to low emittance in the RF gun is the use of high accelerating gradients

to take a very low emittance and low energy beam and accelerate it to relativistic

energies quickly to prevent space-charge blowup. The high initial current density and

low initial emittance of the electron beam is made possible by using a laser pulse and

the photo-electric effect to generate the electron bunch. The initial emittance of the

photo-emitted bunch is, to good approximation, zero since the energy of the emitted

electrons is of the order of the difference in the photon energy used to liberate them

and the work function of the cathode material, on the order of electron-volts. The

significant added expense and complication to the injector system is the laser which

is used to illuminate the photocathode material.



The photocathode RF gun has several advantages over the other two classes of

injectors. The accelerating gradient possible in a D.C. injector is low due to the

possibility of breakdown which is lessened in an A.C. accelerator. The lower voltage

results in a non-relativistic beam which can suffer space-charge blowup without fur-

ther acceleration. The D.C. injector also requires a buncher which requires microwave

power and adds complexity to the system[65]. The thermionic gun suffers from the

problem of back-bombardment which can reduce cathode lifetime and necessitates a

reduction in duty factor to avoid excessive cathode heating. The photocathode RF

gun can achieve a higher beam quality than the other injector types since the beam

emittance at emission from the cathode is low since the electron energy at emission

is typically of the order of the difference between the photon energy and the work

function of the cathode. Both other injector types require warm cathodes with higher

initial emittance. Lastly, the use of a photocathode permits extremely high initial cur-

rent density. The D.C. injector pulse length cannot be short due to the capacitance

between the cathode and any grid used to pulse the emission. The photocathode

pulse length is determined by the laser pulse length. Because the photocathode RF

gun beam has high current density, low energy, and short duration at emission, it

occupies a small region of phase space. If the high phase space density is preserved

in the subsequent acceleration a high quality beam can be produced.

1.3 RF Gun Frequency Scaling Laws

The most unique property of the M.I.T. photocathode RF gun is the high frequency

of operation. All previous photocathode RF gun experiments have been performed

at frequencies of 3 GHz or below. From an analysis of the Vlasov-Maxwell equations

governing the dynamics of the photocathode RF gun, scalings of RF gun parameters

have been found[38]. Table 1.3 summarizes the frequency dependencies.

The logic of the RF gun scaling laws is as follows. The goal of the analysis is to

understand the quality of the beam which can be produced by a photocathode RF

gun operating at a particular frequency. The frequency of the RF gun dictates the



dimensions of the accelerating structure which vary with w- 1 or the corresponding

wavelength, A. Similarly, the electron beam dimensions scale with the wavelength, A.

The Lorentz force equation describing the acceleration of the electrons along the axis

of the RF gun can be written in normalized form where

eEoA
27rmc2

is the only tunable parameter as will be shown in Chapter 2. Therefore, the same

longitudinal beam dynamics are obtained if the accelerating gradient, E 0, is scaled

linearly with w. Multiplying the variation of accelerating gradient with the scaling

of the size of the cavity shows that the bunch energy is constant with frequency. We

demand that the divergence angle of the beam be constant with frequency. The space-

charge divergence of an electron beam scales with the square root of peak current,

as will be discussed in Section 4.7 if energy is held constant. Therefore, the peak

current must remain constant with frequency. Since the length or duration of the

bunch varies as A, the charge in the electron bunch must also scale as A. The peak

power of the laser pulse used to generate the electron bunch is proportional to the

peak current of the beam which is invariant with frequency. Because the emittance

of the beam is proportional to the product of the transverse dimension of the beam

and the divergence angle of the beam, emittance scales with w- 1. Immediately, we

obtain the variation of beam brightness, B oc _ c w2 . Energy spread arises when

the electrons in different parts of the bunch gain different energy. But the length of

the electron bunch is scaled with wavelength so that the energy spread of the beam

remains invariant. Lastly, the focusing force of the magnetic field used for emittance

compensation must scale with the strength of the accelerating field which acts to

defocus the electron bunch. Therefore, the solenoidal field scales as w.

While the theoretical analysis indicates that the same beam dynamics will be

observed if the operating parameters are scaled as indicated there is no guarantee

that it is practical to scale the operating parameters of a real experimental system.

In particular, the scalings in Table 1.3 require that the electric field gradient scale



Parameter Scaling
Cavity Dimensions w-1

Accelerating Gradient w1

Solenoidal Field w1
Peak Current wo
Bunch Charge w- 1

Bunch Energy w_
Bunch Energy Spread wo

Bunch Emittance w-

Bunch Radius w-1
Bunch Length w-1

Bunch Divergence wo
Bunch Brightness w2

Laser Peak Power Uo

Table 1.1: RF Gun Frequency Scaling
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High Voltage
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Figure 1-4: D.C. Acceleration Concept



linearly with frequency. This assumption raises a technological issue concerning all

accelerators which are made of conducting surfaces enclosing evacuated spaces. The-

oretically, an accelerator could be made simply by using a pair of conductive plates

with a small hole in one of them under perfect vacuum. A constant or "D.C." voltage

difference between the plates will create an electric field which can draw current from

one plate and accelerate it towards the other as shown schematically in Figure 1-4.

However, in practice, only a certain field strength can be sustained before an elec-

trical discharge occurs and brings the two plates to the same potential. A stronger

alternating electric field can be sustained without breakdown than a constant electric

field. Basically, as the arc begins to propagate in one direction, the field reverses

direction and stops it. The higher the frequency, the stronger the field that can

be sustained. A semi-empirical scaling law, the Kilpatrick criterion[33], states that

the so-called "breakdown field" scales roughly as the square root of frequency. The

Kilpatrick limit Ek in MV/m is related to the frequency, f in MHz by,

f = 1.643E2 exp (v•) (1.6)

This equation predicts a breakdown threshold of 106 MV/m at 17 GHz and 47

MV/m at 3 GHz. The breakdown threshold has been experimentally studied for

several frequencies[69]. Extrapolating these studies to 17 GHz suggests a breakdown

threshold of 800 MV/m. To prove the feasibility of high frequency acceleration, the

breakdown threshold scaling must be demonstrated by experiment.

Also, it is necessary to scale the bunch length and beam size with wavelength.

In a photocathode RF gun, the electron bunch length and transverse dimension are

dictated, at least initially, by the duration and spot size of the laser pulse. Since

recently developed ultrafast lasers are capable of producing pulses on the order of

tens of femtoseconds with nearly divergence limited infrared wavelength output, this

requirement should not pose difficulties for frequencies up to at least 50 GHz[26].

Since the peak laser power remains constant with changes in frequency, photocathode

optical damage should not be a problem.



Complicating the frequency scaling, there are two scale lengths in the RF gun

system which do not scale linearly with wavelength. First, the skin depth of ordinary

conducting metal scales as the square root of frequency. Secondly, the polarizability of

the coupling holes used to feed microwave power into the RF gun scales as the third

power of the linear hole dimension according to Bethe's small aperture theory[I].

Therefore, the coupling structure at a given frequency must be modified in a non-

trivial manner to operate at a new frequency.

Lastly, if one adopts the emittance compensation scheme described by Carlsten

then it is necessary to provide a solenoidal magnetic field in the RF gun system[8]. If

the focussing force imposed by the solenoid is scaled with the defocussing force from

the accelerating microwave field of the RF gun then the magnetic field scales with

w[56, 53]. In particular, over 1 T fields are estimated to be necessary at 17 GHz.

Superconducting magnets will probably be necessary for frequencies much greater

than 17 GHz. However, the volume of the required magnetic field drops as the cube

of the frequency reducing the difficulties posed by magnetic emittance compensation

at high frequency.

The variation of root-mean-square or "rms" normalized emittance with frequency

is shown in Figure 1-5 according to scaling laws including the assumption of emittance

compensation (solid curve) [36]. Data points indicate experimental results[48]. Note

that it is possible to achieve lower emittance than the scaling law suggests at the

cost of lower charge in an electron bunch [56]. Rosenzweig has studied the charge

scaling of RF guns and has shown by numerical simulation and analytical arguments

that for low charge (below 1 nC at 3 GHz or 0.2 nC at 17 GHz), emittance varies

as the ý power of charge and for high charge as the 1 power. Figure 1-6 shows the

theoretical variation in beam brightness with frequency using the same experimental

data in Figure 1-5.

According to the arguments described above, higher frequencies are better. There-

fore, it is natural to ask why an even higher frequency than 17 GHz was not chosen

for this experimental research. High frequency operation is desirable but is not nec-

essarily easy to achieve. In addition to the technological issues already described, the
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Figure 1-6: Brightness Scaling with Frequency

availability of high power microwave sources at high frequency is an issue. Smaller

size cavities are more fragile and more difficult to construct. Mechanical tolerances

are more stringent. For example, a 25 micron error in the radius of a cylindrical

cavity at 17 GHz gives rise to a 34 MHz change in the TM010 resonant frequency.

Even smaller mechanical errors can dramatically perturb the field structure of the

resonant cavities. Lastly, because time scales as the inverse of the frequency of the

RF gun, timing constraints become harder to satisfy at higher frequency.

1.4 Layout of Thesis

The RF gun experimental apparatus can be logically divided into several categories,

the RF gun, the microwave source, the laser, and the timing apparatus which synchro-

nizes them. Figure 1-7 is a simplified schematic diagram of the system components

and their relationship to one another. The RF gun itself is located in a large vacuum

vessel shown at the bottom of the diagram. The theory and design of the RF gun
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Figure 1-7: RF Gun Experimental System Schematic



are described in Chapter 2. Chapter 3 contains a description of the experimental

setup. Chapter 4 contains the results of the experiment. Chapter 5 describes the

conclusions and future directions for the M.I.T. 17 GHz RF gun research program.

Appendix A contains calculations of the Bragg Filter whose use is described in Chap-

ter 3. Appendix B contains calculations of the nonlinear optics used in this work.

Lastly, Appendix C contains an analysis of phase jitter in modelocked lasers.



Chapter 2

Theory and Design of RF Gun

The M.I.T. 17 GHz photocathode RF gun experiment is comprised of a substantial

number of components working in concert. The heart of the experiment is the RF

gun structure itself. This chapter contains a description of the theory and design of

the RF gun. First, the microwave properties of the RF gun structure are analyzed in

detail. Second, the relationship of the RF gun design to electron beam dynamics are

considered. Lastly, simulations of the RF gun and the electron beam dynamics are

described.

The M.I.T. 17 GHz photocathode RF gun structure is shown in cross section in

Fig. 2-1. A few gross features of the RF gun geometry should be noted. The first

of the two cylindrical cavities is approximately half the length of the second cavity

and is referred to as the "half-cell." It is in this cell that the photocathode surface

is located. The ratio of the length between the cells is fixed by beam dynamics in

the RF gun as will be explained below. Secondly, the cells are connected by small

rounded apertures through which the electron beam will be accelerated out of the

structure travelling from left to right. The structure is axisymmetric except for the

presence of two coupling holes. It is through these holes that the microwave power

from the rectangular waveguide shown at the top of the diagram is coupled into the

accelerating structure.

It is useful to understand the RF gun structure in simple terms at first and later in

greater detail. First, each of the two "cells" of the RF gun will be described as if they
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were independent cylindrical electromagnetic resonators. Next, the effect of coupling

between the two cavities will be considered. The relationship between the choice of

RF gun geometry and electron beam dynamics will be described. Simulations of the

RF gun structure will follow.

2.1 Uncoupled Cylindrical Resonator Approxima-

tion

Because the aperture connecting the two cavities, whose diameter is denoted by A

in Figure 2-1, is smaller than the wavelength corresponding to 17 GHz and is of

finite length, the two RF gun cells can be approximated as independent cylindrical

resonators, to zeroth order. The lowest frequency mode of these resonators is the

TM 1oo mode. This mode has only two-nonvanishing field components, the electric

field Ez along the symmetry, 2, axis and magnetic field Be encircling the axis of

symmetry.

Ez(r, t) = EoJo(kolr) sin(wt + 0o) (2.1)

Be = Ji(kolr) cos(wt + o0) (2.2)

Here, kol = J where zol P 2.405 is the first root of the zeroth ordinary Bessel

function. Note that the resonant frequency of each cavity is determined only by the

radius, a, of that cavity, in this approximation.

XO 1 C
fTMo10 2ra

Numerically, to obtain a pillbox cavity with TMolo mode frequency at 17.14 GHz,

we find a = 6.7 mm.



The stored energy in the TM010 mode is given by,

W = / E2dV = eo 2 LE02J 2 (x01) (2.3)
V

The power dissipated in the walls, assuming a material with surface resistivity,

R,, is

P = fH,2dS = raRE (a + L) J12 (01) (2.4)

where Zo = 377 Q is the impedance of free space. For copper, R, = 2.61. 10-• 'f

if f is in Hz[59]. Note that the energy stored in the cavity is proportional to the power

dissipated in the walls of the cavity which is in turn proportional to the square of the

electric field strength.

Pdissipated ' Wstored -- Eo (2.5)

2.2 Coupled Resonator Approximation

A more accurate description of the RF gun cavity structure includes the effects of

the aperture between the "half-cell" and "full-cell" and the exit hole located in the

"full-cell." Coupling between the two resonators is created by the iris between the

two cells. This means that if we were to excite the TM010 mode of the "half-cell" the

on-axis axial electric field would excite the TM010 mode of the "full-cell" to a degree

related to the difference in the resonant frequencies of the two resonators. From an

eigenmode standpoint, the coupling causes the TMolo-like mode frequencies of both

cavities to shift. The sign and magnitude of the frequency change can be estimated

from Slater's perturbation theory[61]. The sign of the change in the volume of a

closed cavity, 6V, is defined to be positive when the cavity volume is increased by the

perturbation. Then, the fractional change in mode frequency is given by equation 2.6.
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The aperture between the two cells and the exit hole are located nearly on the

axis of the cavities where the electric field is largest and the magnetic field is weak-

est. Therefore, the sign of the change of the frequency is positive for an increase in

the effective volume of both cavities. Therefore, the frequencies of the two TMolo

resonances rise. The full-cell frequency experiences a larger shift than the half-cell

frequency since it has an exit hole as well as the iris between the two cells.

Any system of N coupled harmonic oscillators will exhibit a total of N eigenmodes.

Therefore, the two resonant modes which were previously identified with the "half-

cell" and the "full-cell" are replaced with a "zero-mode" and a "ir-mode." In the

- - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - -



first case the electric fields of the two cells point in the same direction, along 2, the

symmetry axis of the cavities, at the same time. In the second case, they are 1800 out

of phase and point in opposite directions. When the frequencies of the two modes are

sufficiently far apart, the zero and 7r modes decouple and can be viewed as independent

resonances of the two physical cells. When the frequencies of the two modes are close

together, the energy of the modes is shared between the two physical cells. The shapes

of the two modes are shown in Figure 2-2. The lengths and directions of the arrows

on the two sub-figures represent the strength and direction of the electric field.

2.3 Choice of Exact RF Gun Shape

The actual RF gun cavities are not simple cylindrical pill-boxes with right-angle

edges. Instead curved irises are present between cells. The shaping of the cavities

satisfies two requirements. First, curved surfaces are necessary to avoid electric field

enhancement which causes RF breakdown at high field strength. Additionally, the

cavity shape plays a role in the forces on the electron bunches and affects beam quality.

The RF gun cavity shape is a compromise to a theoretical cavity shape which has

the property of yielding an electric field which varies linearly with the distance of a

particle from the axis of symmetry[43]. Any distortion of the beam which results from

linearly varying forces can be corrected using linear optics subsequent to acceleration.

However, nonlinear variations in the electric field give rise to emittance growth

First, assume that a cylindrically symmetric accelerating cell extends over -d <

z < d and that z = 0 is a symmetry plane of the system. Then Ez can be expanded

in a form which satisfies the wave equation,

Ez (r, z, t) = : anIo (knr) cos ((2n - no) sin (wt + o0) (2.7)
n=lW

Where

n= (2n - no) 2 (2.8)



is the wavenumber of the nth mode. Note also that I,(x) is the modified Bessel

function defined by,

Im(x) = j-mJm(jX) (2.9)

The case of no = 1 corresponds to an axial electric field which vanishes at the

ends of the cell, Ez (r, d, t) = 0 whereas no = 2 corresponds to 8E(r,d,t) = 0. The

radial electric field and azimuthal magnetic field are

Er (r, z, t) = r (2n - no) anil (kr) sin (2n - no) 2d sin (wt + qo) (2.10)

B(rz,) = ani(kr) cos ((2n - no)-2 cos (wt + o) (2.11)

where

2/1 (z) (z/2)2 (z/2)4

i () (z) 1 + (z/2)2 + (z/2)4  .. (2.12)
z 12 23

If we impose the condition that Er and Be remain linear in radius then it is

necessary that kn = 0. We choose n = 1 and no = 1 which requires that

d = - (2.13)
4

The resulting fields are as follows.

E, = Eo cos (- sin (wt + ¢o) (2.14)
x2d1

Er = Eo sin i -n sin (wt + Oo) (2.15)
4d 2d /

Be = -Eocos cos (wt + q0) (2.16)
4d k( 2d )
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Figure 2-3: Comparison of Ideal Cavity Aperture to Simple Circular Iris

The surfaces perpendicular to the electric field lines define the shape of the accel-

erating structure as follows.

T2 2 _ 2 log sin (2.17)

Here, a is the radius of the aperture at z = d. The idealized cavity shape is non-

physical because it requires a radius which goes to infinity at z = 0. However, the

idealized shape can be approximated without substantially changing the paraxial RF

fields using the modified pillbox structure employed in our experiments. Figure 2-3

shows the similarity of the ideal cavity aperture shape to the simple circular form

used in our experiment.
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2.4 Relationship of Geometry to Beam Dynamics

As has been stated already, the length of the first cell in the RF gun is approximately

half the length of the second cell. In fact, the relative sizes of the RF gun cell lengths

and radii are fixed by the dynamics of the acceleration of electrons. Consider the

electron beam which is intended to be accelerated. The electron bunch, created by a

laser beam striking the center of the "half-cell" wall will be accelerated by the quasi-

TM010 fields. Electrons injected at the correct phase of the microwave field will be

accelerated along 2 since the TMolo mode has a nonzero axial electric field. If the

length of the cavity is chosen correctly, the particles will reach the opposite end of

the half-cell at the moment when the electric field along 2 falls to zero. If the system

is excited in the 7r-mode, the full cell will be phased so that the electrons will have

just had time to reverse direction and the electrons will continue to be accelerated.

Since the electrons are accelerated almost immediately to the speed of light in the

"half-cell", it must be one-quarter a vacuum wavelength corresponding to the the

7r-mode frequency. Using the definitions in Figure 2-1,

L+ • r,vacuum (2.18)
2 4 4f,

This condition results in the length of the full cell being such that the electron

bunch will reach the exit aperture when the 7r-mode axial electric field is zero.

2.5 RF Gun Coupling Structure

The RF gun is coupled to the WR-62 waveguide by two small holes in the side-wall of

each of the two cavities as shown in Figures 2-1, 2-4, and 2-5. This coupling scheme

has been extensively studied using both an equivalent circuit model and a simplified

coupled harmonic oscillator model[36, 37]. These analyses used as a starting point

the small aperture coupling theory of Bethe[1]. More recently, the theoretical analysis

has been extended to include the effects of the finite thickness of the wall in which

the coupling hole is located[60, 52].



Figure 2-4: HF Gun Structure in Perspective

Figure 2-5: Top View of MIT RF Gun Showing Coupling Hole Dimensions



The theoretical analysis of the RF gun coupling to the rectangular waveguide

is solved using the Lorentz reciprocity theorem[11, 60]. Instead of attempting to

calculate the excitation of the 0-mode and ir-mode of the RF gun structure due to

fields in the waveguide, the fields in the waveguide are calculated due to excitation

by the RF gun. The coupling holes are modelled in the quasi-static approximation

as magnetic dipoles. According to Bethe's theory, an elliptical hole has a magnetic

dipole moment mi proportional to the magnetic field.

i = aH (2.19)

The proportionality constant, a is called the magnetic polarizability of the ellip-

tical hole. In Bethe's theory for an infinitely thin-wall, an elliptical hole with major

and minor dimensions 2a and 2b respectively has a polarizability equal to,

a3 2

a = (2.20)6[K(e) - E(e)]

where e = /1 - b2/a 2 is the ellipticity of the hole and K and E are elliptical

integrals. To calculate the excitation of the RF gun modes by the microwaves in

the waveguide, the equations describing the field in the waveguide are required. The

waveguide is excited in the fundamental TE1 o mode with the following fields[11].

E= j Eoasin( ) (2.21)
7r a

H = Eo cos( ) (2.22)

H - k sin(X) (2.23)
ir a

kg = 2 2 (2.24)

The RF gun coupling holes are excited by the H_ component of the fundamental
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TE1o waveguide mode. In order to insure that the H, component is at a maximum

at the position of the coupling holes, a short is placed an integral number of quarter-

guide wavelengths downstream from the coupling holes. Figure 2-6 shows the RF

gun coupling geometry. The fact that the H, field component is maximized with

this configuration can be deduced from the boundary conditions at the plane of the

short. At the short, which is assumed to be a perfect conductor, nz.. B = 0 and

El = x E = 0. Therefore, H, = 0 at the short plane and will be maximized -Ag4

away from the short if n is an integer.

2.6 Effect of Losses in the RF Gun

A further modification to the simple model of the RF gun structure arises from

the various losses in the RF gun system. The finite resistivity of the oxygen free,

high-conductivity (OFHC) copper from which the cavity is constructed results in

ohmic losses described by the resistive or ohmic quality factor, Qohmic of the cavity.

electromagnetic energy can also leave the full-cell is through the exit aperture which,

while small enough to be "cut-off' to 17 GHz microwaves, is not infinitely long so

that tunneling of microwaves can occur to some extent. These losses are known as

diffractive losses and contribute to the diffractive "Q" of the full cell. However, the

5
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diffractive quality factor of the RF gun is dominated by the coupling holes to the

WR-62 waveguide. The finite quality factor of the RF gun resonances does create a

slight frequency down-shift as well, denoted as 6w such that fo --+ fo + 6w and

2Q

2.7 Simulation of M.I.T. RF Gun Structure

Numerical simulations of the RF gun are performed in two steps. First, the coupling

holes are left out of the problem and the RF gun is considered to be a closed ax-

isymmetric structure. Numerical simulation is used to provide approximate values of

the frequencies, quality factors, stored energies, and field shapes of the two resonant

modes of the RF gun structure. Secondly, the RF gun is modelled as a coupled-

harmonic oscillator which is in turn coupled to the rectangular waveguide though

the apertures located in the side-walls of the two cells. By simulating the coupling

of the RF gun to the waveguide, it is possible to calculate the superposition of the

eigenmode fields which occurs when the RF gun is driven by microwaves of a given

amplitude and frequency. These fields can be used to perform numerical simulations

of the electron beam dynamics in the RF gun.

The theoretical simulation of the axisymmetric RF gun structure has been per-

formed using three computational codes. The first code is URMEL[22] which is now

part of the MAFIA group of accelerator codes. The second program is Superfish[70].

Both of these codes calculate the eigenmodes of axisymmetric structures and cannot

model the effects of the RF gun coupling holes which break the axial symmetry of the

RF gun system. Lastly, MAGIC [12], produced by Mission Research Corporation,

was used by C.L. Lin to study the M.I.T. 17 GHz RF gun[36]. This code models the

electromagnetic fields in two dimensions while the electron motion is treated in three

dimensions.

This author did not have access to URMEL or MAGIC which are currently avail-

able only on a for-fee basis. For consistency, Superfish was benchmarked against



Parameter Variable URMEL Superfish
0-Mode

Frequency fo 17192.714 MHz 17184.742 MHz
Stored Energy e0 5.26 pJ 5.28 pJ
Quality Factor qo 4647 4709

Dissipated Power po 122.1 W 121 W
Peak Field at cathode Ezo 2.04 MV/m 2.04 MV/m

r-Mode
Frequency f_ 17207.192 MHz 17198.095 MHz

Stored Energy e_ j 5.33 pJ 6.05 pJ
Quality Factor q_ 4662 4697

Dissipated Power p, 123.5 W 139 W
Peak Field at cathode Ez,, 2.03 MV/m 2.19

Table 2.1: Comparison of XURMEL on CRAY with Superfish on IBM PC Compatible for a 17 GHz
RF Gun with dimensions {IDi, ID 2, L, D, A, ET} = {13.8455, 13.8455, 2.7076, 3.350, 3.4620, 2.7076}
mm, respectively

previous 17 GHz RF gun simulations performed using a version of URMEL available

on the NERSC CRAY computers named XURMEL. It is important to note that this

benchmark case does not correspond to the RF gun geometry used in the experiments

reported in this thesis. The results of the Superfish simulations are in close agreement

with the results of URMEL simulations as shown in Table 2.1.

The results of Superfish simulation for the actual RF gun dimensions used in this

experiment are summarized in Table 2.2. The 0-mode and w-mode axial electric field

profiles are shown in Figure 2-7. Note that the energies of the 0-mode and w-mode

are stored predominantly in the full-cell and half-cell respectively. This localization

of modes reflects the fact that in the absence of coupling holes, the two modes are

well separated in frequency and are not degenerate.

2.8 Mechanical Design

The primary design goals of the RF gun are to create a 7r-mode resonance whose

frequency is nearly equal to 17.136 GHz with a coupling factor nearly equal to unity.

Also, it is necessary that the 0-mode of the RF gun have a frequency nearly equal



0-Mode
Frequency fo 17281.1 MHz

Stored Energy eo 8.23 pJ
Quality Factor qo 6045

Dissipated Power Po 148 W
Peak Field at cathode Ezo 0.16 MV/m

r-Mode
Frequency f, 17451.8 MHz

Stored Energy e,_ 16.1 ttJ
Quality Factor q_7 3861

Dissipated Power p_ 458 W
Peak Field at cathode Ez, 5.12 MV/m

Table 2.2: Superfish Simulation Results for RF Gun Dimensions Used in Experiment
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Figure 2-7: Axial Electric Field Shape for 0,7r-mode of RF Gun Axisymmetric Structure



Figure 2-8: Three Pieces of RF Gun Cavity (American quarter coin for scale)

to that of the ir-mode in order to create an axial electric field profile which will

result in nearly uniform acceleration through the structure. The RF gun used in the

experiments described in this thesis was constructed in 1993 and used for experiments

described in the theses of Leon Lin[36] and J. Gonichon[17].

An iterative approach was taken to construction of the RF gun. The inner diame-

ters of the two cells were initially chosen to be the same value. After cold-testing the

RF gun structure, the diameter of the full-cell was increased by enlarging its inner

diameter until the zero-mode and ir-mode resonances were close together. In order

to use this technique, the RF gun is composed of several pieces which are clamped

together as shown in Figure 2-1 instead of being brazed together to form a single

inseparable structure. The 3-piece RF gun structure is clamped as a single piece to

the WR-62 coupling waveguide. Photographs of the pieces which compose the RF

gun and the clamped structure are shown in Figures 2-8 and 2-9.

The 3-piece unbrazed RF gun cavity design used in this experiment provides flexi-

bility in precise tuning of the 0-mode and 7r-mode frequencies. However, the unbrazed



Figure 2-9: RF Gun Cavity Clamped to WR-62 Waveguide

gun quality factor is substantially lower than the value predicted by Superfish cal-

culation. The reduced quality factor results in an increased power requirement for

the experiment. Also, the breakdown field limit for the RF gun would probably be

significantly higher in a brazed structure. The RF gun was not brazed after the final

machining iteration because it was believed that the resulting change in the quality

factor of the RF gun would significantly perturb the resonant mode frequencies and

coupling factors.

The final dimensions of the axisymmetric RF gun structure are listed in Table 2.8.

The RF gun was constructed with machining tolerances of 0.0127 mm. Perturbation

of the half-cell and full-cell diameters by errors equal to the machining tolerance did

not result in a significant change in the eigenmode shapes in Superfish simulations.

The insensitivity to the axisymmetric structure eigenmodes is consistent with the

lack of degeneracy between the 0 and 7r modes in the absence of coupling holes. The

dimensions of the coupling holes are listed in Table 2.8. Note that the positions of

the coupling holes are measured relative to the side-wall of the waveguide. The RF



Parameter Label Value
Length L 2.7051 mm

Half-Cell ID ID1 13.6525 mm
Full-Cell ID ID2 13.7800 mm
Iris Length D 3.3401 mm

Iris Diameter A 3.4671 mm
Exit Length ET 3.8100 mm

Exit Aperture B 6.7945 mm

Table 2.3: RF Gun Dimensions

Parameter Label Value
Major-Axis 1 dzl 5.0800 mm
Major-Axis 2 dz 2  5.0800 mm
Minor-Axis 1 dxl 1.6510 mm
Minor-Axis 2 dx 2  2.2860 mm

Hole location 1 x1  3.5300 mm
Hole location 2 x2  10.9200 mm

Table 2.4: RF Gun Coupling Hole Dimensions

gun dimensions are defined in Figures 2-1 and 2-5.

The polarizabilities of the half-cell and full-cell coupling holes in the M.I.T. RF

gun are predicted to be 16.9276. 10- 4 cm 3 and 20.329. 10- 4 cm3 using Bethe's theory.

However, if one includes the effect of the finite-thickness of the wall in which the

coupling apertures are located, the polarizabilities are significantly reduced[52]. For

example, a 0.3 mm thick wall reduces the polarizability of the elliptical apertures by

50%. Also, the RF gun coupling holes are not exactly ellipses in a constant thick-

ness wall. Instead, they are chamfered rectangular holes in a wall which is planar

on the side next to the waveguide but curved on the inside of the cavities. There-

fore, the exact magnetic polarizabilities are not calculated from theory but are fit

to experimental data. The half-cell and full-cell coupling hole wall thicknesses are

approximately 0.35 mm and 0.25 mm, respectively. The empirically derived polariz-

abilities are 10.97801 10- 4 cm 3 and 11.616.10 - 4 cm 3 for the first and second coupling

holes. Both are approximately 40% of the analytically predicted values, consistent
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Figure 2-10: S11 Reflection Coefficient of RF Gun versus Frequency

with the finite-thickness wall theory.

The polarizabilities of the coupling holes are empirically found as follows. Su-

perfish simulations are used to provide the frequencies, stored energies, and quality

factors of the 0-mode and ir-modes of the RF gun. Also, the value of the azimuthal

magnetic field of each mode is obtained at the position of the center of the coupling

holes in each cell, Hj,1,o, HO,2,0, HO,1,, and H,,2,.. Using the RF gun coupling the-

ory,these values, and Bethe's theoretical predictions for the polarizabilities of the two

coupling holes, the S 11 reflection coefficient of the RF gun is calculated as a function

of frequency. The curve is compared to the result of cold test measurements made

with the RF gun. The polarizabilities are adjusted until the theoretical curve matches

the measured curve as closely as possible. When the polarizabilities have been found,

the theory yields a prediction of the amplitude of excitation of the 0 and ir-modes of

the RF gun as a function of frequency.

The accuracy of the coupling theory described above can be verified by comparison

of the predicted reflection coefficient of the RF gun with experimental cold test data
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Figure 2-11: Theoretical Mode Amplitudes of RF Gun versus Frequency

as shown in Figure 2-10. The correct choice of polarizabilities is reflected in the close

agreement in the position of the 0-mode and 7r-mode frequencies. The depths of the

two curves differ because the theory does not include the experimentally measured

values of the RF gun quality factor which are substantially lower than the theoretical

values predicted by Superfish.

Figure 2-11 shows the amplitude of excitation of the two RF gun eigenmodes as

a function of frequency. The imaginary part of each mode amplitude describes the

degree to which the electric field associated with that mode is excited. Therefore, the

axial electric field in the RF gun resulting from the superposition of the two modes

is calculated as follows,

Ez (r = 0, z) = Im (bo) Ez,o (r = 0, z) + Im (b,) E.,, (r = 0, z) (2.25)
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where the axial electric fields associated with the 0-mode and wr-mode are those

shown in Figure 2-7. Figure 2-12 shows the axial electric field profiles calculated using

Equation 2.25. The upper graph describes excitation of the RF gun at the peak of the

-r-mode resonance, 17.1401 GHz. The lower graph describes excitation of the RF gun

by 17.14627 GHz microwaves, the frequency used in the experiment. The horizontal

axis is the distance from the photocathode surface in the RF gun in centimeters. The

vertical axis is marked in units of MV/m. In each graph, three traces are shown. The

first is the ideal RF gun electric field shape, cos(kz) described by Equation 2.14. The

remaining two shapes are the superposition fields calculated for the RF gun. Because

the RF gun was constructed with finite mechanical accuracy, the eigenmodes and

eigenmode amplitudes are not known to infinite accuracy. Therefore, two cases were

considered. The first case, labeled "unperturbed" in this figure, corresponds to the

nominal RF gun dimensions. The second case, labeled "perturbed" corresponds to the

same RF gun dimensions except that the diameters of the half-cell and full-cell were

increased by 0.0127 mm and decreased by 0.0127 mm, respectively. This perturbation

corresponds to the mechanical tolerance with which the RF gun was constructed. It

is apparent that the perturbation has a non-negligible effect on the resulting field

shape. In both cases, however, the field shape in the RF gun is not balanced between

the half-cell and full-cell. The field strength at the cathode is higher than desired and

weaker in the half-cell. In effect, the half-cell accelerates the electrons very strongly

and the half-cell has a much weaker effect on the beam. However, numerical analysis

reveals that the net acceleration in the RF gun is over 1 MV for an input power of

7.2 MW, consistent with observations described in Chapter 4 of this thesis.

In order to experimentally determine the axial electric field profile in the RF gun,

"bead-pulling" measurements need to be performed. The axial electric field profile

of an accelerating structure is typically measured as follows. A small dielectric or

metallic object, the "bead," is introduced to the resonant cavity and the perturba-

tion of the resonant frequency is observed as a function of the axial position of the

perturbing object[67]. The change in the resonant frequency is proportional to the

square of the electric field strength at the position of the perturbing element. At 17



GHz, a 0.1 mm3 metallic bead is expected to create an 8 MHz change in the TM010

mode frequency. While it is clearly possible to obtain a suitably small object to use as

the perturbing element, the experimental challenge is to position the perturbing bead

in a reproducible manner in the RF gun cavity without creating a larger perturbation

due to the support for the bead than that created by the bead itself. This technique

has been successfully applied to the study of 12 GHz structures[42].

2.9 Transient Response of the RF Gun Cavity to

a Microwave Pulse

2.9.1 Motivation

Thus far, analysis of the RF gun has focused on the static response of the RF gun

structure to excitation by a given microwave frequency. However, a transient theory

of the RF gun response is necessary to understand the experimental results presented

in this thesis. The following is a derivation of the equations which describe the

response of the RF gun cavity to a microwave pulse. The theory of the RF gun

cavity "filling" is instrumental in this experiment because of the constraints imposed

by operation at high gradient and high frequency. The 17 GHz RF gun is intended

to support electrical fields of 250 MV/m at the cathode. Electrical breakdown is

always a possibility and care is taken in the design of the gun to reduce electrical

field enhancement due to sharp edges or points. Therefore, introduction of a pickup

loop or other types of antennae used to measure the field strength into the RF gun

cavity are not viable options. Secondly, the high frequency of the RF gun would

necessitate an extremely small antenna in order to minimize the perturbation of the

field structure and resonant frequency of the accelerating mode.

The alternative to direct measurement of the cavity field strength is the use of

the cavity filling theory to infer the electric field from microwave directional coupler

measurements. It will be shown that a power conservation law relates the power

directed towards and reflected from the RF gun to the stored field energy in the RF
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Figure 2-13: RLC Circuit Model of RF Gun

gun. Numerical simulation provides the proportionality between the stored energy in

the RF gun structure and the square of the electric field strength at the cathode.

2.9.2 RLC Circuit Model

The cavity is modelled simply as an RLC parallel circuit attached by a transmission

line with impedance Zo to a source labelled Vs as shown in Figure 2-13. This is a

reasonable model for single-mode excitation of the coupled cavity 7r-mode[11]. Each

pillbox cavity has ends which act like the plates of a capacitor. The walls of the

pillbox are inductive elements. The resistance of the system arises from resistive

losses in the walls of the cavities. The RLC circuit has a resonance at an angular

frequency of

wo = (LC) - .1 (2.26)

The impedance of the RLC circuit, as seen by the source is

Z ( = i+ jC + (2.27)

This results in a complex reflection coefficient,

S( () - Zo (2.28)
Zin (w) + Zo

such that the voltage across the capacitor V is



V (w) = V~Vs (w) e-j•l (1 + (w)) (2.29)

And the current is

I (w) = (2.30)jwL

For simplicity we define normalized variables as follows,

A (w) V (w) + j I (w) = V (w) 1 + (2.31)

s+ () () -k (2.32)

S (w) IF (w) S+ (w) (2.33)

where kg denotes the guide wavenumber of waves with frequency w on the trans-

mission line whose length is 1. The variables S+ and S_ denote power flow towards and

reflected from the RF gun respectively. A represents the amplitude of the 7r - mode

excitation in the RF gun. We will be interested in the response of the RF gun to

microwaves near the resonant frequency of the gun so we make the approximation

that w f wo.

Then the RLC load impedance is approximately

1 11 -- 2j (w - wo)C + (2.34)
Zin R

And the reflection coefficient is

1

F 1 + z (2.35)
j (W - Wo) + 2~R + 2CZo

Then using the definitions of A(w) and S+(w) we find

SS + (w (2.36)
j (w - wo) + C + 2CZ

and



S_ (w) ,a -1 +
1

SzoC lz 1 S+ (J)
S(w - o) + 2C) 2Co

Define the ohmic and diffractive time-scales of the RLC circuit by

1
To -RC

2

1

The ratio is the coupling coeff By substitution we finZoC

The ratio is the coupling coefficient 3c -,. By substitution we findTe

(w - wo) + -
TO

2
1e

(w)

(2.37)

(2.38)

(2.39)

(2.40)

S_ (w) -S+ (w) + -A (w) (2.41)
Te

Thus far we have been calculating the frequency domain response of the RLC

circuit. To convert to the time domain we identify d ++ jw and denote time domain

variables using lowercase symbols. Then,

d a (t) +[-jwo+ a (t) sP- -+ (t)
Te

(2.42)

(2.43)8s (t) e -s+ (t) + va (t)
Te

Multiplying Equation 2.43 by its complex conjugate we find

S(t) 2  (t)12 + a (t)2
-9_ tTe

C ((as++ a*s+) (2.44)

Multiplying Equation 2.42 by s* and adding to its complex conjugate yields

d
dt

+ - ja12 = Is+12 - Is12
TO

(2.45)

Combining Equations 2.44 and 2.45 we find

1 A .+ -] A(w)
Te



d 2
d a12 + la1 = 1+12  _ 1s-12 (2.46)
dt TO

We can rewrite this result in physical terms. Denote the stored energy in the RF

gun by W.

dW (t) wo
dW (t) = Pincident (t) - Preflected (t) - W (t) (2.47)dt QO

where we have introduced the unloaded Q of the resonator. The unloaded and

external quality factors of the RLC circuit are defined by

1 Pohmic 2 2
(2.48)

Qo woW woRC wor0o

1 Pexternal 2
(2.49)

Qe woW wor'e

Equation 2.47 is a statement of the law of power conservation in the RF gun

system. The left hand side denotes the change in the stored energy in the gun while

the right hand side of the equation describes the net flow of power towards the RF gun

and the dissipation of energy in the walls of the gun. For computational convenience,

the differential equations describing the transient response of the RF gun to a known

impulse are rewritten trading real variables for complex variables. Equation 2.42 is

decomposed into real and imaginary components by assuming that the incident power

is described by

s+, (t) = Pincident (t) cos (wt) (2.50)

S+j (t) = Pincident (t) sin (wt) (2.51)

The coupled equations are

da (t) 1 1 2
d + + - ar (t) - woai \ -s+ (t) (2.52)dt TO Te e

da (t) 1 1) 2
da (t) -+ a1 (t) + woar (t) , -s+j (t) (2.53)dt 700o r e



These can be written in matrix form as

d a, (t) A B ar (t) 2 8+r (t)

dt ai (t) C D ai (t) e s+i (t)

where the constant matrix is given by

A B wo 10(2.55)A B) 1 )( 1)CTO e 01 -1 0

The boundary condition for this first order system is that at time zero, the stored

energy in the gun is zero. Integration of the equations is a straightforward numerical

task.

2.9.3 Steady State Case

We can first solve this system in the steady state case where s+ (t) = TP;-,ej t . From

Equation 2.42 we find,

a - (t) ( -T •o)]~ jeJWt (2.56)
[1+0. + % (W - WO)]

Taking the magnitude-squared of a we find the stored energy, W.

1 1
W = ! Cv2 (t)+ Li2 (t)= la(t)12  (2.57)

2 2

la (t)12 - 2 TO Pi (2.58)

(,+c )2 + (W - Wo) 2

The power dissipated in the walls of the cavity is equal to

Pohmic = 2 la (t)12  (1+3) 2 2 Pi (2.59)
To (1 + 0c)2 + (W-WO)22

The power coupled into the cavity is maximized when the frequency of the driving

signal equals wo and the coupling coefficient is equal to unity. When the coupling

coefficient, 3c, equals unity the cavity is said to be critically coupled. Exactly at reso-



nance we find that the ratio between the incident power and the ohmically dissipated

power is

( + 2 (2.60)
Pohmic wwo n c•

2.10 Simulation of Electron Beam

In order to choose the best set of operating parameters and make predictions concern-

ing the resulting beam quality, it is useful to perform numerical simulations of the

acceleration of the electron beam in the RF gun. First we consider a simplified one-

dimensional model of the RF gun dynamics and then use Parmela, a two-dimensional

simulation code with multiple particles, space-charge forces, and realistic field profiles.

2.10.1 One Dimensional RF Gun Dynamics

A basic understanding of the longitudinal dynamics of a photocathode RF gun can

be gained from a one-dimensional simulation of the relativistic equations of motion.

Assume that an electron moves in one dimension under the influence of the longitu-

dinal electric field excited in the ir-mode of the RF gun structure with 11 cells. The

magnetic field of the -r mode is zero on-axis, ideally.

Ez(z, t) = Eo cos( ) sin(wt + 0o) (2.61)
C

The Lorentz force equation including relativistic effects yields,

__# __# dpz
f(F, t) = qE(;, t) - = qEz (2.62)

d(m~=v) eEo cos( ) sin(wt + qo) (2.63)
dt c

The charge on an electron is defined by e such that e < 0. The standard definitions

ofp - * and -y --  1 are utilized.C V1 _p



d(my'v) d(7~)
= Cddt dt

d(yp))mcdt
dt

(2.64)

(2.65)wz
= eEo cos(-) sin(wt + qo)

C

In order to generalize the one-dimensional analysis, it is useful to transform to

normalized coordinates. We define the phase or time variable as:

S= wt

and the normalized axial position by:

Z ZV ZW

A c 27rc

Then, substituting into equation 2.65 we obtain,

d(yQ)
dt

eEo
-- cos(2ir() sin(0 + 0o)
mc

(2.66)

But using the above definitions and denoting time derivatives with a dot,

d(-Py)
dt

1 - o2

(1 - P2)2

(2.67)

(2.68)

(2.69)

(2.70)

Therefore, 2.66 becomes,

eEo
S e= cos(21r() sin(¢ + ¢o)

mc73 (2.71)

/1-2
v/l- '2+

d [ I
-- t [ •/1_ ý-O

[(1 -2)+ 02



And by the chain rule,
dp d¢ dpLd do d#- (2.72)
do dt do-

Substitute, w 2=•-

Define a normalized field strength parameter,

eEo0 A
aM.I.T. - 2 rmc2  (2.73)

Note that our definition is such that aM.I.T. = 2 aK.-J. Kim[34]. Hereafter we will

drop the "M.I.T." subscript and write a alone. The fact that the one dimensional RF

gun dynamics are governed by a single parameter proportional to the product of the

accelerating gradient and the RF wavelength shows that if the electric field strength

is scaled as the frequency of the RF gun, then the dynamics will remain invariant.

Finally we have,
d3 ad - cos(2ir) sin(o + 0o) (2.74)

The other equation of motion, implicit in our definition of P above, is as follows.

1 d(Al) d<-/P = 2r (2.75)
c dt do

Therefore,

(2.76)
do 2rx

We now have a normalized acceleration equation, 2.74, and a normalized velocity

equation, 2.76. These coupled differential equations can be solved numerically using

the initial conditions that the particle begins at rest at the cathode, / = 0 and

6 = 0. A choice of injection phase, 0o, and normalized field gradient, a completes the

simulation parameters. The test particle's acceleration is calculated in the laboratory

rest frame and used to change the velocity. In turn, the velocity yields the change

in position. The particle is tracked until it either escapes from the gun, 6 > 0.75,

corresponding to a 1½ cell gun, or collides with the cathode surface, ( < 0.
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Figure 2-14: 1-D Simulation of RF gun (a = 1.0, €o = 20.00)

Figure 2-14 is an example of the one-dimensional dynamics in the RF gun. The

horizontal coordinate is ¢ or normalized time and the three curves describe the nor-

malized position, normalized velocity, and kinetic energy of the electron. This simu-

lation was performed with a = 1.0 and 0o = 200. At 17.15 GHz, this normalized field

gradient corresponds to Eo = 184 MV/m.

A more complete understanding of the RF gun dynamics for a particular value

of the normalized field gradient can be obtained by integrating a range of injection

phases. Figure 2-15 shows the variation in the kinetic energy of electrons escaping

from the full cell of a 1.5 cell RF gun with a = 1.0 and the phase at which they

escape. At small values of ¢o the electrons gain the maximum kinetic energy. Also,

the output energy is relatively flat for small injection phases. At phases approaching

90' the electrons escape with rapidly diminishing energy. The exit phase curve has a

concave-upward shape about a minimum value at qo = 0*. For a = 1.0, 0* • 500. For

phases from 0 to 0* particles will bunch together. From 0* to 900 they will debunch.

It is important to note the range of injection phases for which particles are cap-
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Figure 2-15: 1-D Simulation of RF Gun (a = 1.0, 0 < qo < 900)

tured by the RF "bucket" and escape from the accelerating structure. In the above

example, a = 1.0, all particles injected from 0 to 900 escape nearly within one RF

period. Particles injected just "before" 00 and just "after" 900 back-bombard the

cathode. That is to say, they move backwards until ( < 0. However, there are cer-

tain ¢0 for which particles remain inside the gun more than one period but escape

in subsequent periods. Figure 2-16 shows the values of 0o outside the range 0 -* 900

for which particles escape within 5 periods. While these particles can escape with

substantial kinetic energy, they tend to spend significant time at low energy which

would result in the space-charge blowup of the beam and a reduction in beam quality.

Figure 2-17 shows the evolution of a particle for a = 1.0 and 0o = 1070. For q from

about 200 to 3000 the kinetic energy of the particle is negligible. The one-dimensional

results can only be taken as an indication that unusual behavior may occur in these

cases. These regions of phase space must be studied in a more realistic simulation en-

vironment with multiple particles, off-axis motion, and the inclusion of space-charge

forces in order to resolve beam quality issues.
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Parameter Symbol Value
Field at Cathode Eo 250 MV/m
Kinetic Energy Ek 1.6 MeV

Laser pulse length 0.5 ps
Laser spot size ar,I 0.6 mm
Injection Phase 0o 120

Electron Bunch length at,e 0.5 ps
Electron Bunch radius 0 r,e 0.8 mm

Bunch Divergence Ur, 20 mrad
Energy Spread aAy 0.3%

Transverse Emittance Er 0.53 wmm-mrad
Brightness B 400 A/(irmm-mrad)

Table 2.5: Parmela Simulation Results

2.10.2 Parmela Simulation Results

Previous authors have performed exhaustive surveys of the parameter space of the

MIT 17 GHz RF gun experiment by numerical simulation with the code Parmela[36,

17]. The variation of beam quality with laser pulse length, spot size, and duration,

field gradient, and bunch charge have all been explored.

The measured infrared laser pulse length is 1.9 ps. As discussed in Appendix B,

this implies a UV pulse length of approximately 1.0 ps. The infrared spot size is 1

mm in radius at the entrance to the RF gun vacuum vessel. The ultraviolet spot size

is approximately 1 = 0.6 mm in radius due to the variation of conversion efficiency

to the ultraviolet with intensity.

The space charge effect on the beam dynamics was calculated assuming 0.1 nC

of charge, the amount measured with the Faraday cup diagnostic in laser induced

emission pulses. The strength of the electric field is 250 MV/m peak field at the RF

gun cathode. The laser is injected at 120 in simulation, a choice which is predicted to

provide the highest beam quality. Table 2.10.2 summarizes the results of simulation.



Chapter 3

Experimental Design

This chapter contains a description of the experimental apparatus which is used in

conjunction with the RF gun described in Chapter 2. This chapter is organized as

follows. The design of the microwave source used to drive the RF gun is described

first. The second section of this chapter contains a description of the laser and optical

system used to illuminate the photocathode surface in the RF gun. The synchronism

between the microwave and laser systems is described in the timing section of this

chapter. Lastly, diagnostics used to measure microwave power and electron beam

properties are described.

3.1 Klystron Amplifier and RF Gun Coupling

3.1.1 Background

Previous high power experimentation with the 17 GHz RF gun was hindered by

problems associated with the performance of the microwave source used to excite the

resonant mode in the RF gun cavities. Early experiments were performed using a 17

GHz gyro-amplifier[10, 45]. During these tests, a maximum of 2-3 MW of power was

produced at 10-15 ns pulse widths in the TE31 circularly polarized output mode with

a rotating polarization. Several cascaded mode-converters were used to convert this

output to the TE1 o fundamental rectangular waveguide mode for coupling into the



RF gun[17]. The maximum inferred electric field in the RF gun was 35 MV/m at the

RF gun photocathode. No RF breakdown was observed in these tests and no field

emission was recorded.

The inability of the gyro-amplifier to provide sufficient microwave power to reach

the design level fields of the RF gun experiment, 250 MV/m peak field at the cath-

ode, necessitated the use of another microwave source. The microwave source used

for all subsequent experiments including those described in this thesis is the Haim-

son Research Corporation model 7100 travelling wave relativistic klystron amplifier

or TWRKA[21] This device proved capable of producing up to 26 MW of 17 GHz

power for a 150 ns duration pulse during testing with a water-cooled matched load.

However, operation of the klystron was subject to instabilities and a lack of shot-to-

shot reproducibility when connected to the RF gun. Previous studies were limited

by the fact that any particular "shot" using the klystron amplifier had only an ap-

proximately 60% chance of producing appreciable gain. The lack of power and pulse

length stability greatly hampered operation of the 17 GHz RF gun.

Subsequent to early experiments using the unstable but high power output from

the klystron amplifier, the klystron was modified by Haimson Research Corporation

to include a number of substantial design improvements. The modified klystron was

installed at M.I.T. in November of 1995. The most notable changes were the use of

dual WR-62 waveguide outputs with ceramic windows to isolate the klystron vacuum

system from that of the RF gun and the addition of higher order mode damping

to the klystron tube in an attempt to stabilize operation with the RF gun. Also,

this author replaced a failing high-impedance aluminum wire, water-cooled solenoid

magnet used to focus the electron beam from the Thomson gun through the klystron

tube with a lower impedance magnet capable of running at lower temperature and

higher field strength. These modifications did not succeed in stabilizing the klystron

output.

This author was responsible, with the assistance of other M.I.T. researchers, for the

analysis and cure of the klystron output instability. It was found that a combination

of certain settings of the magnetic optics in the klystron amplifier and a modification



to the RF gun coupling structure resulted in highly stable operation of the klystron

amplifier when attached to the RF gun. The following discussion details the solution

to this problem.

3.1.2 Microwave Source

The microwaves used to power the RF gun are produced by a continuously emitting,

or "CW", source, a gating system, and a pair of amplifiers. During testing, an H.P.-

8671B synthesizer produces milliwatt levels of 17 GHz microwaves. In the actual

experiment, the 17 GHz microwaves are produced by the laser using a frequency

multiplier box whose detailed function is discussed in Section 3.3.

Operation of the RF gun using the laser derived 17 GHz microwaves was com-

plicated by electrical interference. It was discovered that when the high voltage

modulator used to drive the klystron was fired, electrical noise propagated from the

experimental control area along the coaxial cable used to carry the 84 MHz photo-

diode signal from the laser lab to the RF gun experiment to the photo-diode located

inside the laser oscillator. The result was a reduction of the spectral quality of the

84 MHz signal at the moment that it was needed to create the 17 GHz microwaves.

The noise appeared to have frequency components near 3 MHz, much lower than the

primary 84 MHz signal. It was decided to attempt to use a hi-pass filter to remove

the noise. A Pasternack "inner DC-block" was inserted between the laser photo-diode

connector on the laser oscillator and the variable gain amplifier which increases the

level of the 84 MHz signal for input to the frequency multiplication device located in

the RF gun experimental control area. The DC-block is a 50 Q impedance transmis-

sion line which passes 10 MHz to 4 GHz but blocks lower frequency signals using a

capacitor. The hi-pass filter successfully isolated the 84 MHz signal allowing it to be

used to generate 17 GHz microwaves during the modulator firing.

The microwaves are gated using an H.P.-11720A Pulse Modulator. This device

has a voltage controllable impedance to 17 GHz microwaves and can create nearly

square shaped pulses from tens of nanoseconds to arbitrarily long pulses.

The RF gun experiment uses a pair of microwave amplifiers to create sufficient



Figure 3-1: H.R.C. Travelling Wave Relativistic Klystron Amplifier

drive power for the desired field strength. The first of the two amplifiers is an Applied

Systems Engineering Model 117 X/Ku travelling wave tube amplifier or TWTA which

receives the milliwatt level microwaves from the H.P. pulse modulator and produces

about 10 W of power for input to the second amplifier.

The second, high power amplifier, is the Haimson Research Corporation model

7100 travelling wave relativistic klystron amplifier or TWRKA as shown in Figure 3-

1[21]. The HRC klystron differs from typical klystron amplifiers in the use of a travel-

ling wave output structure designed to avoid high field gradients and RF breakdown.

Also, the output from the klystron is transmitted through dual WR-62 waveguides.

The WR-62 waveguides each contain a high-power ceramic window and feed into a

high power combiner. The combined power from the two output arms passes through

a directional coupler and travels on to the RF gun. The klystron is driven by a 560

kV, 1 ps flat-top modulator pulse[46]. A Thomson CSF gun produces a 100 A pulse.

The beam is space-charge limited and the gun perveance is 0.24 pperv. The klystron

gain is approximately 60 dB in typical operation with the RF gun but has demon-

strated up to 24 MW output with 67 dB of gain and 49% efficiency. A block diagram

showing the integration of the microwave components is shown in Figure 1-7.
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3.1.3 Stabilization of Klystron Output

The klystron amplifier has been found to generate power in two spurious modes when

connected to a mismatched load. This effect is common to amplifiers which, in the

presence of feedback, can exhibit oscillatory behavior. The presence of these modes

results in a destabilization of the output power from the klystron on a shot-to-shot

basis. In order to eliminate or reduce the effect of the modes, frequency bracketing

and heterodyne measurements were performed. By using waveguides of successively

smaller dimension, the frequency of these microwaves was bracketed between the

cutoff frequencies of two different size waveguides. These measurements suggested

that the spurious modes frequencies were much higher than the operating frequency

of the klystron and the RF gun. Therefore, the RF gun short was replaced with

a high-pass filter which would eliminate the reflection and buildup of energy in the

spurious modes. Three high-pass filters were designed and tested. None of the high-

pass filters succeeded in eliminating the spurious modes and stabilizing the klystron.

Heterodyne measurements revealed that the spurious modes generated significant

power near 17 GHz in addition to the high-frequency power measured by bracketing

techniques. Therefore, the high-pass filters were simply reflecting the spurious mode

content along with the operating frequency of the klystron. A Bragg filter with a more

selective bandpass characteristic was implemented in order to eliminate the spurious

modes while reflecting the operating frequency of the klystron. The details of these

measurements are described as follows.

The klystron amplifier exhibits two distinct spurious modes which can occur sep-

arately or in unison. One mode is referred to as a "glitch" because of a characteristic

spike in the current measured in the collector of the klystron as shown in Figure 3-2.

This spike suggests that for a moment, the electron beam is displaced transversely

and impacts part of the klystron structure instead of the collector. This mode has

frequency components within the range of 40 to 48 GHz. It appears regardless of the

quality of the impedance match of the klystron load but can be translated in time

by adjustment of the magnetic optics. Therefore, it can be delayed to occur after the



RF gun drive pulse where it has little or no effect.

The second spurious mode is referred to as the "precursor" because it appears

before the RF gun drive pulse. The precursor is a high power oscillation exhibiting

up to 10 MW of power before the RF gun drive pulse when the amplifier is operated

with mismatched load, for example the waveguide short used with the RF gun. An

example of the precursor mode is shown in Figure 3-3. The precursor mode cannot

be delayed in time by adjustment of magnetic optics in the klystron. The precursor

contains output frequencies of 17.51 GHz and 17.6 GHz It is believed to occur due to

a resonance in the travelling wave output structure of the klystron. The presence of

the "precursor" results in a destabilization of the output power from the klystron.

The difference in the operating frequency and the spurious mode frequencies sug-

gested the use of a frequency selective filter to eliminate the spurious modes. In

particular, a high pass filter could reflect the operating frequency while transmitting

spurious high frequency modes as shown in Figure 3-4. Any filter used in this con-

figuration would need to produce a net phase shift of 1800 for the reflected operating

mode frequency to maximize the coupling to the RF gun as explained above.

Before attempting to implement a high-pass filter, the hypothesis that reflection of

the spurious modes from the RF gun coupling short to the klystron was responsible

for the lack of klystron output power stability was verified. The RF gun coupling

short was removed and the klystron was operated so that the operating frequency

power simply passed by the RF gun coupling holes and left the system along with

any spurious mode power. In this mode of operation, the RF gun did not exhibit

the characteristic reflected signal indicating filling with microwave power described

previously. However, the "precursor" mode was suppressed and it was possible to

shift the "glitch" mode in time to occur after the driven output from the klystron. In

this configuration, the klystron output power was stable up to 14 MW. Three designs

for high-pass filters were considered and tested but none proved able to reproduce the

stable output observed in the open ended configuration. The design and performance

of each filter are described below.

The first high pass filter was a two-vane filter as shown in Figure 3-5. The effect
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Figure 3-5: Two Vane Filter

of the two-vane filter can be approximated by considering the regions between the

vanes as individual waveguides with dimension x. Since the cutoff wavenumber of a

waveguide with broad dimension x is kc = M, the cutoff wavelength is A, = = 2x.

Two slits were cut along the length of a piece of standard WR-62 waveguide. Thin

copper sheet was soldered into the slits to form the vanes of the filter. The vane

filter dimensions were L = 1.0 cm, t = 0.813 mm, and x = 4.72 mm. For WR-62

we have a = 2b = 15.80 mm. As a result, microwaves with frequency greater than

32 GHz propagate through the filter while 17 GHz microwaves are almost completely

reflected.

The two-vane filter was unusable as a high-pass filter due to high voltage break-

down. The edges of the copper vanes on the filter are not rounded and create local

electric field enhancement. As a result, the megawatt power level microwaves from

the klystron amplifier resulted in sufficient field strength in the filter to cause electri-

cal breakdown. Since the filter was intended to propagate spurious modes out of the

RF gun vacuum vessel through a window, a television camera was located outside the

vacuum vessel looking towards the klystron source through the two-vane filter. When

breakdown occurred, a visible flash was observed near the vane edges. This flash was

accompanied by large increases in the pressure inside the vacuum vessel, from 10-8

to 10-7 torr.

The second high-pass filter design was intended to avoid the problem of high

voltage breakdown present with the vane filter. The post filter, shown in Figure 3-
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6, is a section of WR-62 waveguide with a single cylindrical post extending across

the shorter dimension of the guide. This problem has been analyzed by Marcuvitz

using an equivalent circuit model in the limit of small post diameter[41]. In our

case b = 2a = 15.80 mm and d = 2.54 mm. A more general theory is required to

account for posts for which d > 0.25[35]. Marcuvitz' theory is applicable in thisa

case since d = 0.161. At the operating frequency of 17.1 GHz, the reflectivity of thea

filter is calculated to be 87%. The phase shift of the reflected signal is calculated

to be approximately 1 degree at 17.1 GHz. The reflectivity drops with frequency as

shown in Figure 3-7. However, the single post filter did not succeed in stabilizing the

klystron operation. With the post filter in place, both the "precursor" and "glitch"

modes were still present at high power levels and power output was highly variable

from shot to shot.

The third high-pass filter was a tapered piece of rectangular waveguide. A transi-

tion from WR-62 to WR-28 waveguide, which has a cutoff frequency of 21.1 GHz, was

placed at the end of the RF gun coupling waveguide. Unlike the previous two filters,

the taper does not closely approximate a short for the operating frequency. The other

filters have a metal obstacle or obstacles that reflect the 17 GHz microwaves abruptly

with a nearly 1800 shift in phase. Instead, the slow taper of the waveguide will result

in an arbitrary phase shift which must be calculated to insure optimal coupling to

the RF gun. In particular, using the theory of small reflections we can calculate the

phase shift of the reflected wave as follows[11],

jZcutoff ZCUtoff 2irf 2

/ 2kg (z) dz = N 1 - dz (3.1)

where f, (z) = is the cutoff frequency at position z along the taper. The

broad dimension of the waveguide is a(z) = al + (a2-• and the length of the taperLT

is LT. In our case, al = 1.580 cm for WR-62 and a2 = 0.711 cm for WR-28. A taper

9.6 cm in length results in a phase shift of 1033 degrees or 47 degrees less than 3

full cycles. Unfortunately, the waveguide taper did not result in a stabilization of the

klystron output power. Both spurious modes were present during operation.
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Figure 3-8: Schematic of Heterodyne Measurement Setup

In order to investigate this possibility, a heterodyne experiment was performed

as shown in Figure 3-8. The high power output from the klystron was split into

two parts. The first branch was connected to a taper from WR-62 waveguide to a

smaller dimension rectangular waveguide with a microwave detector. The presence

of a signal on this diode was used to indicate that the klystron output contained

frequency components higher than the cutoff for the narrow waveguide. The second

branch from the power splitter was used as input to a Watkins-Johnson Model WJ-

M14A Double-Balanced Mixer. The local oscillator signal for the mixer was the TWT

amplified output from the 17 GHz H.P. 8671B synthesizer. The mixer output was

viewed on a LeCroy 7200 scope which was capable of performing a real-time Fourier

transform of the signal. Thus, the frequency components of the klystron output near

17.0 GHz, referred to as "in-band" components, were visible as energy in the Fourier

spectrum of the mixer output.

The heterodyne experiments revealed the presence of substantial output power

near 17 GHz associated with the spurious modes of the klystron amplifier. In partic-

ular, the "glitch" mode contained 1-2 MW power at 17.43 GHz as shown in Figure 3-9.

At the same time that this mode produced "in-band" microwaves, output was ob-

served between 40 and 48 GHz. The "precursor" mode contained approximately 10

MW power at 17.51 GHz and 17.6 GHz. It is hypothesized that this mode may be due
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Figure 3-10: Three Dimensional View of Bragg Filter

Parameter Label Value
Number of Periods N 21

Period Length Ab 1.080 cm
Corrugation Depth 6 0.635 mm

Corrugation Thickness t 2.54 mm

Table 3.1: Bragg Filter Dimensions

to a resonance in the travelling wave output structure of the klystron. Measurement

of the power in the "in-band" components is made assuming that diode calibrations

performed at 17.1 GHz are valid at frequencies up to 17.6 GHz.

The failure of the high-pass filters to stabilize the klystron output is consistent

with the heterodyne experiment results. The high power of the in-band spurious mode

microwaves would be expected to reflect from the high-pass filters along with the op-

erating frequency of the klystron. Therefore, a new filter type was required that could

discriminate more precisely between 17.1 GHz and all spurious mode frequencies.

One type of microwave filter capable of handling high power and exhibiting the

desired frequency discrimination is the Bragg filter. A Bragg filter is a microwave

transmission line which has perturbations placed periodically along the length of the

line. The perturbations result in small reflections which add constructively for waves

whose guide wavelength is twice the periodicity of the perturbations[49]. A detailed

calculation of the Bragg filter reflectivity can be found in Appendix A.

Table 3.1.3 shows the physical dimensions of the Bragg filter. The periodicity of

the perturbations was chosen to create a reflection or "stop" band centered at 16.83

m
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GHz. Figure 3-11 contains two plots comparing the theoretical and experimental

performance of the Bragg filter. The upper plot shows the power transmission curve

of the Bragg filter as a function of frequency. The theoretical prediction is compared

with "cold test" data taken using an H.P.-8510 vector network analyzer and "warm

test" data taken using the output of the TWTA and measuring the reflected power

using a directional coupler. The cold test data is more accurate and was taken

subsequent to the preliminary warm test data. There is good qualitative agreement

between the theoretical and measured transmission curves. However, the reflectivity

of the Bragg filter is slightly less than 90% at the center of the stop-band which is

centered at 16.72 GHz instead of 16.83 GHz as expected. Also, the width of the stop-

band is slightly narrower than expected. The power transmission is 70% at 17.15

GHz according to the cold test data. Therefore, the resulting electric field in the RF

gun, in steady state, is reduced to vI = 55% of the value which would be obtained

if the Bragg filter was 100% reflective at the operating frequency.

The theoretically calculated phase of the reflection coefficient of the Bragg filter

indicates that at 17.15 GHz, the phase of the reflected power is -59 degrees. To make

the reflection phase 1800 and maximize coupling to the RF gun, a straight section

of WR-62 was included in the Bragg filter design between the WR-62 flange used to

connect the filter to the RF gun coupling waveguide and the first corrugation. The

length of the straight section is equal to one full guide wavelength of 17.15 GHz, 21

mm, minus ! or 1.7 mm. The net length is 19.3 mm to create the same effect at

the operating frequency as if a short were in place instead of the Bragg filter. The

bottom plot in Figure 3-11 is a comparison of the predicted phase of the reflected

power with the measured value. The measured reflection phase is 1790 at 17.15 GHz,

as desired.

Operation of the klystron with the Bragg filter succeeded in stabilizing the klystron

output. The precursor mode was suppressed and the glitch mode was delayed to occur

after the driven output pulse. The RF gun IS1|1 reflection curve was measured when

the coupling waveguide was terminated by the Bragg filter instead of a WR-62 short.

The results are shown in Figure 3-12. The frequencies of the 0-mode and r-mode are
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Figure 3-12: Results of RF Gun Cold Test with Coupling waveguide terminated by Bragg Filter

visible at 17.118 GHz and 17.144 GHz respectively. The fact that the Bragg filter

is not completely reflective at these frequencies results in a distortion of the usual

RF gun reflection curve and a broadening of the RF gun ir-mode resonance. The

asymmetry of the resonance curve makes the usual definition of quality factor related

to the full-width at half-maximum (-3 dB points) of the reflectivity inapplicable in this

case. Because the frequencies of the RF gun modes are not significantly perturbed

by the losses associated with the Bragg filter, the losses can be considered simply a

reduction of the power coupled into the RF gun relative to the power present in the

RF gun coupling waveguide.



3.2 Laser

3.2.1 Requirements

At first glance, the laser system of the RF gun appears conceptually to be the least

complicated aspect of the experiment. It serves only to liberate the correct amount of

charge from the photocathode surface at the right moment for acceleration. However,

it will be shown that the physics of the photo-emission process couples the microwave

field strength and phase to the charge emitted for a given energy pulse. Secondly,

this RF gun experiment uses the wall of the cavity itself, made of "oxygen free high

conductivity" or OFHC copper, as the photocathode. Using the cavity wall as the

photocathode simplifies the experiment. Copper is not poisoned by exposure to air

and is resistant to optical damage. But copper is a material reluctant to give up

its electrons when illuminated by low energy photons. Therefore, the laser system

must ultimately create a pulse of short wavelength light. The following analysis is

intended to describe the quantitative requirements on the energy, wavelength, and

spatial mode of pulses emitted by the laser system.

The amount of charge liberated from the photocathode is primarily a function

of four parameters, neglecting polarization effects. These variables are pulse energy,

work function of the cathode, electric field on the cathode, and the wavelength of the

laser light. According to the photo-electric effect, the number of electrons liberated

is a multiple, called the quantum efficiency, 77, of the number of incident photons.

We neglect multi-photon processes in this analysis since the laser pulses considered

are not sufficiently intense to excite two or three photon absorption[5]. The quantum

efficiency describes the ease by which a photon can liberate an electron from a par-

ticular material. With greater quantum efficiency the laser pulse needed for a given

charge can be less energetic. We have,

Ne = 7rN1 (3.2)

where Ne is the number of liberated electrons and N, is the number of incident
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Figure 3-13: Density of States of Electrons in Metal photocathode

photons. However, q7, is not strictly a constant property of the cathode material.

Instead, the quantum efficiency varies quadratically as the difference between the

incident photon energy and the effective work function[7].

The photo-current, I, is proportional to the number of electrons near the cathode

surface which satisfy two conditions. First, the electrons must be bound to the metal

before absorbing a photon. If we write the wavenumber of the electron k, the effective

mass of the electron in the metal as m, and the Fermi energy as Ef then,

h2  2
2m I•2 Ef (3.3)

Secondly, the electron must have enough energy to escape the metal surface after

absorbing a photon. We decompose the wave-vector of the electron into two com-

ponents. The component perpendicular to the metal surface is labelled k1 . The

component parallel to the metal surface is labelled k,. The kinetic energy of the

electron is equal to (k±2 + k 2). Only that part of the electron kinetic energy

which describes the motion perpendicular to the surface of the material is relevant

here. Denoting the work function of the material by ( and the energy of the incoming

photon by hw we have,

h2
Ik±I2 > - + Ef - hw (3.4)

2m

We assume that the temperature of the metal cathode is low and that the photon

Energy
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energy is only slightly larger than the work function of the material. This regime is

called emission near threshold. The electrons occupy, with probability nearly equal

to unity, all states up to the Fermi energy and none above it as shown in Figure 3-

13. The slight variation of occupation is of order kT, the thermal energy scale. The

parabolic shape of the density of states curve represents the fact that there are more

states which electrons may occupy at higher wave-numbers. The dependence of the

current density, j, on the photon energy is calculated by integrating over all states

that satisfy the two conditions described above.

j c JdI (3.5)
V

where the integration volume is given by

V ={kE kik' Ik2 < E 2k Ef-(hw - P)} (3.6)

and the density of states is n (k).

Define a normalized vector '= k with transverse and parallel components ?i

and xz and 6 - ~ The photo-current, j, is proportional to the following integral
Ef

j oc f dx xzdx (3.7)

where we have made use of the cylindrical symmetry of the situation and ignored

factors of -L. Expanding to lowest non-vanishing order in 6 we find that

j oc 62 (3.8)

Going back to our definition of quantum efficiency we can write this result as

follows. Note that in the presence of an electric field, the work function 4P, is the

effective work function including the effect of an electric field. The work function is

effectively decreased because the lowest energy unbound states of electrons will be

more easily accessible. This is known as the Schottky effect.



= A (Ephoton - €effective) 2  (3.9)

Here, A is a constant related only to the cathode material.

•effective = o - (3.10)

By substitution,

S=A Ephoton - E0 + 2 (3.11)

Complicating matters is the fact that, experimentally, the photocathode is not a

perfectly pure sample of a chosen material. The oxidation of metal cathodes, for ex-

ample, can lead to changes in the measured quantum efficiency. Polishing compounds

can be left behind after cathode preparation and yield variations from sample to sam-

ple. Cathodes can be cleaned using intense laser pulses after machining and polishing.

Such cleaning has been shown to yield a factor of two increase in quantum efficiency

for copper[5]. Even ostensibly identically prepared copper photocathodes can exhibit

variations in quantum efficiencies up to 30%[64]. Variation due to the choice of copper

alloy and varying the cleaning and polishing procedure yielded quantum efficiencies

varying by a factor of 44 in one study[64].

Experimental determination of the constant, A, requires, according to Equa-

tion 3.11, knowledge of the electric field at the photocathode surface. In a direct

current or DC photocathode experiment two copper sheets are placed a known dis-

tance apart to form a parallel plate capacitor at a fixed voltage. The electric field

should be simply the voltage between the plates divided by the separation. However,

any given sample of copper will have a non-planar surface at small distance scales.

Small pits and bumps will result in a variation of the microscopic electric field strength

relative to the average macroscopic field strength. The ratio of the local surface field

to the macroscopic applied field is denoted by f,n. The net result is a substitution

of 3ffE for E in the previous equations. A measurement of 3f" for a given sample

can be performed by relating the field emission current to the strength of the applied



macroscopic electric field or, in an RF gun, by measuring the dark current emitted

from the RF gun as a function of power coupled into the RF gun. This measurement

is discussed in the experimental results section of this thesis.

In order to accurately predict the current emitted from a photocathode in an RF

gun, it is necessary to consider the time variation of the electric field during the laser

pulse. The electric field at the RF gun cathode center varies as E(t) = Eo sin(wt + 0o)

where 0o is a constant phase shift. If the laser pulse duration, Tpulse is short relative

to the RF period,
27r

"pulse << TRF = w

then the variation in emission can be predicted by substituting the time varying

electric field for the static value in the previous equations. If the pulse length is

comparable to the RF period then it becomes necessary to integrate the laser pulse

shape in time. If P(t) is the power in the laser pulse as a function of time, the total

charge emitted will be given by,

Q = eNe = e (q) N, (3.12)

Q -P (t) (t) dt P (t) A hv - Do + • 3f,,Eo sin (wt + 0o) dt (3.13)

In our case, the measured duration of the infrared laser pulse is approximately 60

of phase at 17 GHz. The ultraviolet pulse duration is shorter due to nonlinear optical

effects as discussed in Appendix B. Therefore, the laser pulse can be approximated

as an impulse.

3.2.2 Laser System Design

This author was responsible for the design and construction of the laser system and

all optical components used in the 17 GHz photocathode RF gun experiment. At

the time that the laser system was being designed in 1991 ultrashort lasers were on



the brink of becoming widely available commercial products. Therefore, a detailed

"RFP" or Request for Proposal was written detailing the requirements of the laser

system and was distributed to several major manufacturers. The lowest bid satisfy-

ing the experimental requirements was selected and the system was purchased from

Spectra-Physics, Inc. and Positive Light. In practice, the laser system could not be

considered a stable commercial product with turn-key operation during the first two

years of operation. The laser amplifier and timing system were, in fact, nearly at

the experimental stage and required significant hardware modification by this author

and a considerable level of expertise in order to obtain performance at the specified

output levels.

The author was also responsible for the implementation of the remaining optical

system components. An optical table was selected and purchased to provide a sta-

ble platform for the laser system. The laser was installed in a room converted from

prior use as a climate-controlled and Faraday cage enclosed computer room. A water

cooling system and high power electrical connections were installed to accommodate

the requirements of the laser. The author was responsible for the design and con-

struction of the Harmonic Generation System used to convert the infrared amplified

laser pulses to the ultraviolet described in this chapter and Appendix B of this thesis.

Lastly, the author was responsible for the implementation of all laser diagnostics and

optics used to transport the laser beam into the RF gun.

The Ti:Sapphire laser system is composed of multiple optical components acting

in concert. The laser system is schematically shown integrated with the entire RF

gun experiment in Figure 3-14. A continuous wave or CW Argon-Ion laser pumps

a regeneratively mode-locked Ti:Sapphire oscillator. The oscillator produces a con-

tinuous train of 2 ps, 800 nm, approximately 10 nJ pulses. A regenerative amplifier

pumped by a frequency doubled neodymium:yttrium aluminum garnet (Nd:YAG or

simply YAG) laser operates at 10 Hz to increase the energy of the seed pulses to

approximately 2 mJ. The amplifier uses the chirped pulse amplification technique[40]

to avoid excessive power density levels. The laser system parameters are summarized

in Table 3.2.2.
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Figure 3-14: Detailed Schematic of RF Gun System including Laser Components

Parameter Design Measured
Initial Wavelength 800 nm 800 nm
Tripled Wavelength 267 nm 267 nm

Repetition Rate 10 Hz 10 Hz
IR Energy per pulse 1.5 mJ 1.9 mJ
UV Energy per pulse 10 [tJ 20LJ typical, up to 46 LuJ

Energy Fluctuation (IR) ±10 % ±10 %
IR Pulse Length 2 ps 1.9 ps

Phase Jitter < 1 ps <5 ps
Timing Jitter <1 ns <1 ns
Polarization >99 % >99 %

Beam divergence 0.5 mrad 0.2 mrad
Laser Spot Radius 0.5 mm in UV 1 mm IR, .6 mm UV inferred

Beam pointing error <50 prad <50 prad
Mode-lock frequency 84 MHz (tunable) 84 MHz (tunable)

Table 3.2: Laser System Parameters
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Figure 3-15: Harmonic Generation System

From a quantum mechanical viewpoint, the photons used to liberate electrons

from a cathode surface must have sufficient energy to overcome the work function

barrier of the material which makes up the cathode. In particular, the work function

of copper necessitates the use of ultraviolet light to illuminate the cathode surface

even with the strong Schottky effect present in the 17 GHz RF gun[63]. The output

wavelength of the Ti:Sapphire laser system is, however, in the infrared portion of the

spectrum. Conversion of light from one wavelength to another wavelength is achieved

with nonlinear optical crystals[2]. They permit the combination of two photons to a

single photon whose energy is the sum of the two input photons. A pair of nonlinear

crystals is used to achieve conversion of 800 nm light to 267 nm light in two steps.

First, second harmonic generation in a 10 mm cube of KDP is used to convert two

800 nm photons to produce one 400 nm photon. Second, sum frequency generation in

a 5 mm crystal of BBO is used to combine 800 nm photons with 400 nm photons to

produce 267 nm photons. The crystals are arranged collinearly as shown in Figure 3-

15. Appendix B contains detailed calculations of the nonlinear optical processes.

The UV pulses each contain up to 46 pJ of energy which is more than sufficient

to create 0.1 nC from a copper cathode under the strong microwave field enhance-

ment of the photo-electric effect[63]. Equation 3.11 gives the dependence of quantum

efficiency on field strength and photon energy for copper where A = 1.3. 10-3eV -2

and Ework function = 4.65 eV. If we assume that the laser pulses contain 10 1J of

energy, are 267 nm wavelength, and are of duration much less than the RF period of

58 ps, then Figure 3-16 shows the variation of total charge emitted from the cathode

for several field strengths and injection phases ranging from 0 to 90 degrees. The
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Figure 3-16: Variation of Charge Emission with Injection Phase - calculated according to Equa-
tion 3.11

field-enhancement factor is assumed to be unity in this diagram.

The laser is located in a lab down the hall from the accelerator due to space

constraints and requires stable beam transport over about 40 m to the RF gun. The

beam travels in air through opaque plastic tubing the majority of this distance. The

plastic tubing is intended as a safety device but may also improve the stability of the

laser propagation due to fluctuations in air temperature, pressure, or the presence of

dust. The laser beam is propagated to the RF gun before conversion to ultraviolet to

reduce attenuation in the atmosphere. After propagation to the RF gun experimental

area, the laser pulse must be tailored before injection into the RF gun vacuum vessel.

The laser must be focused to obtain the desired spot size. Also, the laser must be

converted to ultraviolet using the Harmonic Generation System (HGS).

There are several factors which influence the desired spot size of the final laser

pulse used to illuminate the photocathode. These are electron beam quality, optical

damage, and nonlinear conversion efficiency. The laser spot size must be small relative



to the vacuum wavelength of 17.14 GHz, 1.75 cm in order to obtain high beam quality.

If the electron beam extends significantly away from the axis of the RF gun cavities

then it will have reduced quality due to variations in the accelerating fields with

radius. However, a very small spot size will result in large space-charge forces and

reduced beam quality. The limit on the amount of charge that can be extracted before

the space-charge force becomes comparable to the accelerating field on the bunch can

be approximated as follows [66].

Qmax[nC] =- Eo[MV/m] sin (0o) a2[mm] (3.14)
90

The corresponding maximum current density is

Jmax[A/cm 2] = 1 11 1 Eo[MV/m] sin (0) (3.15)
Ub [PS]

Figure 3-17 is a plot of the maximum charge that can be extracted from the RF

gun with a 0.5 mm Gaussian laser spot size as a function of injection phase for several

field strengths. It is important to note that these curves all lie below the predicted

emitted charge for 10 MJ UV laser pulse energy indicating that less ultraviolet pulse

energy is not only satisfactory but advisable to obtain high beam quality. We find

that Qmax = 0.14 nC if Eo = 250 MV/m, 0o = 120, and the Gaussian shaped spot

size, Ua = 0.5 mm. According to Figure 3-16, 10 pJ UV laser pulse energy will

produce 0.24 nC at 120, 250 MV/m. To obtain the maximum charge of 0.14 nC, only

5.8 MJ UV is required. For Eo = 250 MV/m,0o = 120, and a pulse duration ab = 0.5

ps we find a maximum current density of 120 kA/cm2.

In addition to space-charge considerations, the laser spot size should not be arbi-

trarily small to avoid damaging the nonlinear optical crystals and the copper photo-

cathode surface. Experimentally, it is found that a 2 mJ, 2 ps pulse does not damage

KDP or BBO when focused to 2 mm diameter. While the damage threshold for ma-

terials is often quoted as a power density limit, the effect of ultrashort laser pulses

must be characterized differently. The damage threshold for copper is defined by the

energy density of the laser pulse for laser pulses shorter than 20 ps. This reflects
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Figure 3-18: Fixed-Ratio Laser Telescope

the fact that on very short time-scales, heat does not have time to travel through

the metal and localized heating can occur. The damage threshold of copper is 50

mJ/cm2 tested with pulses as short as 100 fs[51]. For comparison, the damage flu-

ence of aluminum is 400 mJ/cm2 for 100 fs pulses[50]. For a 30 pJ UV pulse focused

to 1 mm diameter, the energy density is 4 mJ/cm2 , well below the damage limit.

Also, the reduced infrared beam size results in higher efficiency in converting the

laser pulse into ultraviolet. A spot size of 2 mm diameter was found empirically

to maximize the conversion efficiency. Since the laser spot size is approximately 1

cm after travelling from the laser lab to the RF gun area, a 5 to 1 fixed reduction

telescope was constructed as shown in Figure 3-18. The design of the telescope is

chosen to avoid passing through a beam waist where the peak power density of the

laser beam could pose a threat to optics. The telescope is constructed assuming that

the input beam is nearly collimated. A bi-convex lens with focal length f, > 0 causes

the beam with initial diameter D to converge. The uncollimated beam passes through

the second, bi-concave, lens with focal length f2 < 0 a distance fi + f2 from the first

lens and exits collimated with diameter equal to -D . In this case, fi = 500 mm,

f2 = -100 mm, and the distance between the lenses is 400 mm.
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Figure 3-19: Pulse Length Measurement using Autocorrelation

3.2.3 Laser Diagnostics

Pulse Length

The infrared laser pulse duration is measured using a CW autocorrelator before am-

plification and a single shot autocorrelator after amplification. The CW autocorre-

lator, a Femtochrome Research, Inc. Model FR-103 XL, is essentially a standard

non-collinear second-harmonic generation type as described in [58] with a scan rate

of 10 Hz. However, it uses a rotating pair of mirrors to produce the variable delay

between the two halves of the pulse. Many autocorrelators utilize a rotating glass

block or other transmissive elements to produce a variable delay. The advantage of a

reflective system is the reduced distortion of ultrashort pulses through group velocity

dispersion effects in the transmissive element.

A simplified schematic of the CW autocorrelation setup is shown in Figure 3-

19. This diagram does not reflect the geometry of the rotating mirror pair used

in this experiment but serves only to illustrate the general technique of pulse length

measurement using autocorrelation. The incoming laser pulse shown at the top of the

diagram is split into two parts which travel through two optical paths with a variable

time delay, AT between them. The pulses are recombined and used to generate

the second-harmonic of the pulses in a nonlinear crystal. The second-harmonic is

filtered out from the fundamental harmonic laser beam. Lastly, the energy in the

de
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second harmonic pulse is measured in a detector as a function of the delay, AT.

The following derivation illustrates the connection between the measurement of the

second-harmonic intensity and the original laser pulse length.

The electric field of the second-harmonic pulse is proportional to the square of the

field due to the two overlapping pulses. Denote the fundamental field by E (t) and

the second-harmonic by E 2 (t, AT). Note that the second-harmonic depends on the

delay between pulses, AT. The constant of proportionality is written as k.

E2 (t, AT) = kE 2 (t)

The fundamental field is the superposition of the fields of the two pulses including

the phase due to the delay between them.

E (t) = El (t) + El (t + AT) ejWAT

The intensity of the second-harmonic pulse is related to the field of the second-

harmonic signal as follows,

12 (t,AT) = •LJE 2 (t,AT)12

2V E0

By substitution the intensity of the second-harmonic signal can be calculated.

JE2 (t, AT) 2 = IkE2 (t)12 2 E 2 2t)

JE2 (t)12 = [E2 (t) + E12 (t + AT) cos (2wAT) + 2E 1 (t) El (t + AT) cos (wAT)]2

+ [E (t + AT) sin (2wAT) + 2E 1 (t) E1 (t + AT) sin (wAT)]2

The detector in the autocorrelator measures the intensity of the second-harmonic

signal integrated over the duration of the laser pulse which is calculated as follows,



2 (t, AT)
-oo

dt = Io E2 (t AT) 2dt= k2
2 _oi-00 2 Fo6

0E02 1t2
- (t, AT)

Most terms in the integration vanish and the signal measured by the autocorrela-

tor, S (AT) can be written as follows,

00
S (AT) - 0 2 (t, AT) dt oc 1 + 2G (AT)

The function G (AT) in the above equation is the background-free second-order

autocorrelation function,

G (AT) - f -fo I, (t) I, (t + AT) dt
f00 I12 (t) dt

Now, assume that the fundamental laser pulse has the following Gaussian shape

in time,

El (t) = Eoe-t221n2/t2

Taking the square of the field we find that this pulse has an intensity full-width

at half-maximum (FWHM) equal to tp,

Il (t) = E2e-t 24 In2/t2

The resulting autocorrelation function is as follows,

G (AT) e-21n2(AT)2/t

The full-width at half-maximum of the autocorrelation pulse is proportional to

the pulse length,

FWHM = /2t,

Or,
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Figure 3-20: Beam-sampling for CW Autocorrelation Measurements

tp = FWHM/l/2 V 0.707 FWHM

It should be noted that another choice of laser pulse shape would result in a

slightly different "form factor" of order unity than the value V/ which results from

the Gaussian profile examined here. For example, a hyperbolic secant squared laser

pulse with intensity profile I(t) = Iosech2(t/tp) yields a form factor of 0.65.

The CW autocorrelator is incorporated into the laser system using a sampling

optic as shown in Figure 3-20. A wedge shaped optic is used to avoid etalon effects

and is anti-reflection coated so that approximately 4% of the power is directed into

the autocorrelator by reflection from the first face of the optic. The majority of the

power, 95%, is transmitted through the optic and is directed into the regenerative

amplifier. The remaining power is lost to higher order reflections.

It is useful to monitor the laser pulse length continuously to ensure stable output

from the amplifier. However, use of the beam-sampling optic can have a detrimental

effect on the laser pulse duration. Propagation of an ultra-short pulse through a

dielectric material can result in the broadening of the pulse length[14]. The short

pulse is the superposition of a range of frequencies. The Fourier component of the

pulse, E(w) becomes E (w) e- ikz(w)z after travelling a distance z through the material.

The central frequency of the pulse is wo. We can expand the propagation constant in



a Taylor series,

12
kz (w) = kzo + kzo (w - wo) + -kzo (w - Wo) 2 + higher orders

2

Since kz= ",

Oann OA On
ckz = n + w = n + wA = n- OAOW aA aw aA

ckz =
02n A3

OA2 27rc

Assume that a Gaussian pulse with FWHM to enters the dielectric,

E (t) = exp
2t2 n 2

o
In order to find the duration of the pulse after propagation through a length L of

dielectric material, we Fourier transform the pulse, examine the propagation of each

frequency component, and invert the Fourier transformation.

E(w)=J EEoo(t) eiWtdt =
"-- O

exp(

E (w) = to expAT2In 2 x

2t2 In 2

t2

82 )

exp (iwt) dt

After propagating a distance L through the material,

E (w) = to exp

Integrating using the previous results,

E(t) = exp 2t 21n2)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

tg2 ) exp (-ikz (w) L) (3.22)

where

(3.23)



t = to t1 - (3.24)

and the "critical pulse-width" is defined as,

A3 d2n k2
tc = 2 L In = 2 L In 2 (3.25)

27rc2 dA2  d 2

If to < tc then pulse broadening becomes significant. We can numerically evaluate

the pulse broadening effect using published Sellmeier equation fits to the index of

refraction of the dielectric material as a function of wavelength. We find that the

critical pulse-width for a 1 cm thick optic made of BK7 or fused silica is about 30 fs

which is much less than the 2 ps oscillator output pulse length. Therefore, this effect

can be disregarded.

The infrared laser pulse length is measured after amplification using a Positive-

Light model SSA single shot autocorrelator. Unlike a scanning autocorrelator, this

device can create an autocorrelation trace from a single laser pulse. The pulse is

split into two beams which are non-collinearly doubled in frequency using a nonlinear

optical crystal. The tilted beam path results in a spatial time delay between the two

half-pulses. When the pulses are overlapped to create the second harmonic generation

signal, the time delay yields an autocorrelation signal. The second-harmonic pulse is

recorded by a CCD array and sent to an oscilloscope for viewing.

Pulse Energy

Infrared laser pulse energy is measured two ways. The average pulse energy is mea-

sured with a Melles-Griot Broadband Power/Energy meter using the fact that the

amplifier repetition rate is 10 Hz.

The infrared laser pulse energy is measured on a single-shot basis using a Molec-

tron Model J9-LP Joule-meter. The Joulemeter converts the energy of the photons

into heat which generates current in a piezoelectric element. The current is integrated

in a capacitive load to yield a voltage proportional to the energy. The output voltage

is dependent on the external resistance and capacitance of the load, in this case an
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Figure 3-21: Single-Shot Laser Pulse Energy Setup

oscilloscope channel. The Joulemeter is calibrated for a particular coaxial cable and

50 Q termination. The sensitivity of the Joule-meter is approximately 500 V/J, al-

lowing precise measurement of extremely low pulse energies. Since the Joulemeter is

a thermal device, it has a flat response across a wide range of laser wavelengths. Since

the harmonic generation system (HGS) output includes the infrared, blue, and ultra-

violet wavelengths travelling collinearly, it is necessary to separate the ultraviolet light

from the remaining beam in order to measure the ultraviolet pulse energy. Figure 3-

21 shows the geometry which is used. The three colors of laser light travel towards a

dichroic optic which reflects over 99% of the ultraviolet light and transmits over 97%

of the remaining infrared and blue light. The ultraviolet light is directed towards the

first Joule-meter while the rest of the energy is measured in a second Joule-meter. The

fact that 3% of the infrared and blue energy is mixed with the ultraviolet beam neces-

sitates a calibration procedure to avoid overestimating the ultraviolet pulse energy.

During operation of the RF gun experiment with laser injection, the first Joule-meter

is removed from the beam path and the ultraviolet light is allowed to pass into the

RF gun[30].



3.3 Timing

One of the key aspects of the 17 GHz RF gun experiment is the synchronization of

events in order to allow the accelerator to function properly. Previous researchers

studied the operation of the RF gun in the absence of the laser pulses which create

the actual electron beam. Therefore, the timing system which insures that the laser

pulses arrive at the correct moment in the RF gun was constructed and tested by this

author.

3.3.1 Experimental Time-scales

In order to produce a high quality electron beam, emission of the electron bunch via

the photo-electric effect must be synchronized with the electromagnetic field inside

the RF gun. Synchronization of the UV laser pulse with the microwaves in the RF

gun has two components, amplitude and phase. Amplitude corresponds to cavity

filling on a time-scale of tens of nanoseconds. Phase corresponds to the phase of the

accelerating field on a picosecond time-scale. (A picosecond is 60 of RF phase at 17

GHz.) These two physical constraints are illustrated in Figure 3-22. Errors at the

time-scale of microwave phase are referred to as phase jitter. Errors on the longer

time-scale of microwave amplitude are referred to as timing jitter. We will first discuss

the simpler problem of timing jitter.

3.3.2 Timing Jitter

The goal of the experimental timing system is to make the laser pulse hit the cathode

during the time that the electric field in the gun is strongest. This task would be

simple if either the laser or the microwave system required negligible time to perform

their respective tasks and could fire with no advance warning. If this were the case

then, for example, the microwave amplifier could be fired at an arbitrary moment

and the high power microwave output could be used to trigger the firing of the laser.

The laser would arrive at the RF gun in precise synchronism with the RF gun cavity

filling and the problem of timing would be solved.
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Figure 3-22: Timescales of the 17 GHz RF Gun Experiment
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Figure 3-23: RF Gun Timing Sequence

In actuality, neither the laser nor the microwaves is capable of operating in the

manner described above. Both systems produce short pulses of high power electro-

magnetic waves by essentially storing up energy on a long time-scale and discharging

it on a short time-scale. We will identify four time constants for each half of the

experiment. They are the charging time, the firing time, the transport time, and the

repetition rate. The charging time is self-explanatory. The firing time is the interval

required for the system to produce the desired output pulse relative to an external

trigger command. The transport time denotes the time of flight of the pulse from the

source to the RF gun. The repetition rate describes the delay between one output

pulse and the time that the source is ready to emit a new pulse.

For simplicity, we will consider only the slowest elements in the laser and mi-

crowave systems in this discussion. For example, the travelling wave tube amplifier

or TWTA maintains the high voltage between the cathode and anode at all times.

In order to turn on and off the beam, there is a grid between the cathode and anode

which requires on the order of 100 ns to turn on and off effectively the gain of the
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device. This time delay is significant and must be accommodated but by far the

slowest component of the microwave system and the experiment as a whole is the

high-voltage modulator used to power the klystron. After receiving a "charge" com-

mand, it requires about 200 ms to charge its capacitor banks enough to create a 560

kV beam voltage. After the "fire" command is sent to the modulator electronics, the

electron beam current begins to rise from zero and reaches its operating level within

approximately 2 ps. It is during the 1 ps "flat-top" of the 560 kV electron beam

current that the klystron can amplify a microwave pulse which typically is injected

near the middle of this interval and lasts under 100 ns. The transport time for the

amplified 17 GHz microwave pulse is on the order of 10 ns since only a few meters

of WR-62 waveguide must be traversed at approximately the speed of light from the

klystron output to the RF gun. The repetition rate of the modulator is 1 Hz.

The laser system delay is dominated by the operation of the laser which pumps or

energizes the regenerative laser amplifier. The charging time for the laser system is

the interval between the internal trigger for the YAG laser lamps and the time that

a population inversion has built up inside the YAG laser cavity, about 140 ps. The

firing time is on the order of nanoseconds, corresponding to the time required for the

YAG "Q-Switch" to fire. The Q-Switch is a Pockels cell acting in conjunction with a

polarizer to trap energy in the resonator until a high voltage pulse causes the Pockels

cell to change the polarization of the light in the cavity, permitting it to escape in

a nanosecond pulse. The YAG pulse is frequency doubled and creates a population

inversion in the Ti:Sapphire rod in the regenerative amplifier. At this point, the

Ti:Sapphire regenerative amplifier (TSRA) is ready to amplify a stretched pulse from

the Ti:Sapphire oscillator. A pulse is injected into the TSRA resonator where it is

amplified in multiple round trips through the gain medium over about 100 ns. The

transport time for the amplified laser pulse is about 150 ns. The repetition rate of the

laser system is dictated by the repetition rate of the YAG laser and thermal effects

in the regenerative amplifier. The YAG laser is capable of operating at an arbitrary

repetition rate from 1 Hz to 10 Hz. However, the gain of the regenerative amplifier

is significantly reduced at repetition rates under 10 Hz, apparently due to thermal
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Figure 3-24: Schematic of Photodiode in Regenerative Modelocked Laser Oscillator

effects. Since the remainder of the experiment operates at 1 Hz, 9 out of 10 laser

pulses hit the RF gun cathode when no microwaves are present and no acceleration

occurs.

In order to accommodate the various delays in the RF gun system which range

over nine orders of magnitude, a rather complicated electronic timing scheme has

been implemented by this author whose details are outside the scope of this thesis.

In general, however, the key to the timing system is the use of highly accurate elec-

tronic delays. In this experiment two Stanford Research Systems Model DG-535 Four

Channel Digital Delay boxes were used. They are capable of producing delays from

5 ps to seconds with a jitter of 0.01 ppm plus 50 ps. This error is negligible on the

timescale of RF gun cavity filling. Using this scheme, <1 ns timing jitter between

the arrival of the laser pulse at the gun and the microwave output from the klystron

is observed. For reference, the sequence of events leading up to a "shot" in the RF

gun experiment is shown in Figure 3-23.

3.3.3 Phase Jitter

Phase synchronization is achieved in this experiment via a somewhat novel approach

compared to other accelerator experiments. There is no external master clock or oscil-

lator in the RF gun experimental system. The Ti:Sapphire oscillator is regeneratively
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Figure 3-25: Frequency Multiplier Box

mode-locked instead of being externally mode-locked. Externally mode-locked lasers

have an acousto-optic modulator which is driven by an electrical signal from a ther-

mally stabilized external oscillator[73]. The result is that the laser pulse train has a

stable phase relationship with respect to the external oscillator. Regenerative mode-

locking differs from external mode-locking as follows. As laser pulses bounce back and

forth in the cavity, a photo-diode samples a small portion of the light passing along

the axis of the cavity as shown in Figure 3-24. This signal is filtered, amplified, and

used to drive an acousto-optic modulator. As a result, the frequency of mode-locking

is determined by the optical length of the cavity, fml = .• This setup eliminates

possible mismatches between the external driving signal frequency and the natural

cavity round-trip frequency which can give rise to increased phase jitter[25].

The length of the Ti:Sapphire laser optical cavity is made stable by use of an

INVAR metal tube which has a low thermal expansion coefficient. Typically, the

frequency is 84 MHz plus/minus 0.1 ppm over hours of operation measured using an

H.P.-5350A Microwave Frequency Counter. The stability of the laser and the presence

of the photo-diode signal permit the use of the laser as the master clock. The 84 MHz

photo-diode signal is multiplied by 204 using solid-state electronics to 17 GHz for use

as a milliwatt level input to the microwave amplifier chain.

The frequency multiplier box, shown in Figure 3-25, converts the pulsed photo-

diode signal into a nearly pure sine wave at 84 MHz using band-pass filters on the

input. Next, it is multiplied by 12 up to about 1 GHz. A comb generator produces
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evenly spaced harmonics of the 1 GHz signal and the 17th harmonic is selected using

a band-pass filter and amplified for output. Because the mode-lock frequency of the

laser, multiplied by 204, must fall within the bandwidth of the RF gun resonance,

the laser's mode-lock frequency must be tuned. The mode-lock frequency of the laser

is tuned by changing the position of one of the laser cavity mirrors. The sensitivity

of this adjustment is computed as follows. The fractional change in the mode-lock

frequency is proportional to the fractional change in the cavity length, L = - Lf L

The cavity length is 1.79 m using the fact that fML = 84 MHz and fML - '

Therefore, including the factor of 204 arising from frequency multiplication, we find

that a 1 mm increase in the laser cavity length results in a 10 MHz downshift in the

frequency multiplied signal.

3.4 Microwave Diagnostics

In order to monitor the performance of the microwave source and the filling of the RF

gun cavity, directional couplers and microwave sensitive diodes are used to monitor

the flow of power in the RF gun experimental system. Directional couplers sample

a small portion of the microwave power flowing in only one direction in a section

of waveguide. The sampled microwave power is detected using H.P. Model 8473B

crystal detectors. These devices convert RF power levels into direct current voltages.

A low barrier Schottky diode and a thin film matching circuit are used to obtain high

sensitivity. The frequency range of the diodes is 10 MHz to 18 GHz. The diodes

yield a negative voltage proportional to the microwave power. They are not perfectly

linear for large voltages and are calibrated at low power and fitted to a parabola using

a least-squares analysis. The diodes used on the klystron directional coupler have a

response characteristic of

mW = 4.3425 . 10- 4 
. mV 2 + 0.038037 -mV - 0.14687

where the absolute value of mV is used. The small size of the mv2 coefficient

reflects the linearity of the diode response.
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The locations of the directional couplers are shown in Figure 1-7. The first of the

two directional couplers is installed in the drive line leading from the TWTA to the

klystron amplifier. The TWTA output passes through a circulator (used to minimize

the reflection of microwaves into the TWTA output circuit) and the drive directional

coupler. Approximately 34 dB of attenuation is used on the forward coupler. The

second directional coupler is located between the klystron amplifier and the RF gun.

It samples the megawatt power microwave signal passing through the evacuated WR-

62 waveguide on the klystron output. It has integral vacuum tight windows leading

to WR-62 flanges. The forward and reverse attenuations are calibrated to be 64.9

dB and 64.7 dB at 17.15 GHz. In order to further reduce the signals incident on

the microwave diodes, calibrated attenuators are used. An HP-8510 vector network

analyzer was used to measure the S12 scattering matrix element of the WR-62 to SMA

adapter and the stack of attenuators used on each port. The measurement technique

used to measure the attenuation of each stack was the adaptor removal method to

insure the greatest calibration accuracy. Typically, 1 dB of loss was measured greater

than that found by simply adding the nominal attenuation values for each piece. In

particular, the total attenuation of the forward and reverse ports are found to be 96.1

dB and 75.8 dB, respectively.

3.5 Beam Diagnostics

3.5.1 High Speed Faraday Cup

Existing electron beam diagnostics are limited to a high speed Faraday cup shown in

Figure 3-26. The Faraday cup is designed as a conical tapered 50 Q transmission line

with a type-N connector[17, 76]. The central conductor size is chosen to capture the

entire beam emitted from the RF gun and is 10 mm in diameter. The coaxial taper

is necessary to match into the coaxial connector outside the vacuum vessel. The 5

mm diameter hole in the central conductor serves to reduce secondary emission noise.

The stopping distance of electrons is about 1 mm at 2 MeV in copper so that the
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Figure 3-26: Faraday Cup

thickness of the Faraday cup components is more than adequate[18].

The speed of the Faraday cup is essential in order to observe the brief signals

associated with electron beams from the RF gun. If the Faraday cup is a matched

50 Q transmission line then any current which is incident on the central conductor will

result in a signal which will travel up the BNC coaxial cable to the 50 Q digital storage

oscilloscope channel termination. The current through the transmission line can be

calculated from Ohm's law and integrated to yield the total charge incident on the

Faraday cup collector. Therefore frequency domain measurements were made using

a network analyzer from 40 MHz to 40 GHz[17]. These measurements demonstrated

a very flat S 11 curve along the length of the Faraday cup line.

Subsequent to initial testing, the Faraday cup was modified by machining a hole

in the outer conductor and installation of a prism on the central conductor in order to

use the cup as a mirror for injecting the ultraviolet laser pulse into the RF gun. The

length of the straight section of the Faraday cup was also reduced due to geometric

constraints. In order to insure that these modifications did not significantly degrade

the time response of the Faraday cup, time domain reflectometry was performed using

an H.P.-1415A time-domain reflectometer. The resulting curve showed no significant

reflections along the length of the Faraday cup.

During early measurements using the high speed Faraday cup, it was discovered
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Figure 3-27: Arrangement of Faraday Cup and Laser Access Port

that spurious signals were generated in response to high power 17 GHz microwaves. In

order to eliminate this microwave induced "noise" signal, it is necessary to shield the

Faraday cup from the 17 GHz microwaves. The signal to noise ratio of the Faraday

cup was dramatically improved when isolated from microwaves and other electronic

noise using a narrow metal collimator acting as a cutoff waveguide. With a 4.95 cm

long, 5.1 mm inner diameter collimator in place, a reduction of 95 dB is expected at

17.15 GHz. The noise level on the Faraday cup was about 15 mV with the collimator

in place corresponding to a minimum detectable current of 0.3 mA into 50 Q.

Figure 3-27 shows the arrangement of the Faraday cup, the vacuum window by

which the laser pulses enter the RF gun, and the collimator. A dual-axis adjustable

bellow is used to align the Faraday cup with the entrance to the RF gun.

3.5.2 Magnetic Energy Spectrometer

A Browne-Buechner Magnetic spectrometer has been adapted for use with the RF gun

experiment. The spectrometer has a uniform magnetic field with a circular boundary.

It focuses particles entering the field along a hyperbolic focal surface[6]. Figure 3-28
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Electron Beam

Chamber

Figure 3-28: Side View of Magnetic Spectrometer

shows a side view of the spectrometer including the pole pieces, yoke, and vacuum

chamber. The electron beam exits the circular magnetic field region through a port

behind the plane of this diagram travelling into the page.
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Chapter 4

Experimental Results

The major results of the 17 GHz photocathode RF gun experiment can be summarized

as follows. First operation of a photocathode RF gun at 17 GHz has been demon-

strated. This extends the state of the art by a factor of 6 in frequency over other

photocathode RF guns to date overcoming major technical problems associated with

high frequency operation. Mechanical tolerances scale as the inverse of frequency and

timing requirements scale with frequency. The resulting cavity volume is, of course,

a full 63 or 216 times smaller than 3 GHz RF gun cavities. It produces an electron

beam of over 1 MeV kinetic energy in the nC range with reasonable phase stabil-

ity. Dark current emission from the unbrazed copper structure has been measured at

field strengths of up to 200 MV/m and has been shown to be low enough to permit

operation at very high field gradients. In order to achieve these goals, operation of

the laser and microwave components in the experiment were characterized not only

in terms of peak performance but also stability, vital for successful integration of the

relatively complicated system.

This chapter is organized as follows. First, measurements pertaining to the laser

energy, pulse width, and arrival time jitter are described. Next, the high power

microwave power and phase stability are reported. Lastly, the experiments describing

the synchronization of the laser to the microwave field in the RF gun and the resulting

electron beam characteristics and phase stability are described.
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Figure 4-1: Single Shot Autocorrelator Trace - the horizontal axis is time with 0.5 ms/div corre-
sponding to 3.64 ps/ms, the vertical scale is arbitrary

4.1 Laser Measurements

Pulse Energy and Pulse Duration

The amplified infrared laser pulse length is measured using the Spectra-Physics single

shot autocorrelator as shown in Figure 4-1. The full width of the pulse at half-

maximum is 0.8 ms. This value is converted to the actual laser pulse length as follows.

A micrometer controlled translation stage is used to delay the autocorrelation signal

by a known amount, typically a millisecond. The speed of light is used to relate the

shift of the trace to the optical delay of the light due to the change in optical path

length in the autocorrelator, typically a few picoseconds. The calibration indicates a

conversion factor of 3.64 ps/ms. Assuming a hyperbolic secant squared pulse shape

results in a form factor of 0.65 as discussed in Subsection 3.2.3. The net result is a

1.9 ps infrared pulse width.
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Figure 4-2: Histogram of Ultraviolet Pulse Energy

The average infrared pulse energy at the exit of the regenerative amplifier ranges

from 1.5 to 2.0 mJ per pulse depending on the operating characteristics of the laser

on a day-to-day basis. Alignment of sensitive optical components is required on a

daily basis to obtain maximum pulse energy. Pulse-to-pulse laser energy fluctuations

are approximately ±10% at 800 nm. Ultraviolet pulse energy stability is shown in

Figure 4-2. The standard deviation of the ultraviolet pulse energy yields a 20%

stability. However, as the histogram shows, most shots lie within a narrower range.

Simultaneous measurement of the infrared and ultraviolet pulse energy is shown in

Figure 4-3. The slope of this curve indicates a conversion efficiency of 11.9%. A strong

linear correlation between the two pulses is evident despite the fact that theoretically,

the nonlinear optical processes used to generate the ultraviolet pulse should yield a

cubic dependence of ultraviolet pulse energy on infrared pulse energy. It is possible,

however, that a correlation exists between pulse energy and pulse length that causes

a flattening of this scaling law. However, the SSA requires the full infrared 2 mJ
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Figure 4-3: Infrared Pulse Energy Correlated with Ultraviolet Pulse Energy

pulse energy preventing simultaneous measurement of the infrared pulse energy and

duration.

Laser Timing Jitter

The laser pulse arrival has been synchronized with the RF gun cavity filling at the

sub-nanosecond level. Laser synchronization is verified experimentally by using an

Electro-Optics Technology Model ET-2000 infrared photo-diode. It is a PIN type

silicon photo-detector with rise and fall times less than 0.2 and 0.35 ns respectively.

The photo-diode is located near the RF gun which detects a small amount of scattered

light from a turning mirror. The accuracy of the timing jitter measurement is limited

by the speed of the LeCroy 7200 digital storage oscilloscope which is limited to 2

ns/div. From the theory of the RF gun cavity filling, the RF gun is ready to accelerate

electrons when the reflected microwave signal drops to zero. Figure 4-4 demonstrates

that the photo-diode signal occurs when the reflected power from the RF gun has

fallen nearly to zero, as desired. The phase jitter is much smaller than the sub-
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Figure 4-4: Experimental Example of Laser Arrival Synchronized with Cavity Filling

nanosecond timing jitter as described in the next section.

Laser Phase Jitter

The starting point for measurements of phase jitter in the RF gun experiment is the

Ti:Sapphire oscillator. The oscillator is the source of both the picosecond laser pulses

and the 84 MHz signal from which the high power 17 GHz microwaves are ultimately

derived as explained in Section 3.3. The Ti:Sapphire oscillator is regeneratively mode-

locked using a photo-diode connected in a feedback loop to an acousto-optic modula-

tor. The mode-lock frequency of the oscillator is 84.0729 MHz+l0 Hz measured using

an H.P.-5350A Microwave Frequency Counter. This modelock frequency corresponds

to a frequency output of 17.15087 GHz±2 kHz from the "X204" frequency multiplier

box. The photo-diode used for the regenerative modelocking scheme is located in-

ternal to the laser head but the output of the photodiode is externally accessible.

The electrical signal from the photo-diode contains a series of spikes whose width is

not 2 ps like the laser pulses but much broader reflecting the rise and fall time of
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Figure 4-5: Ti:Sapphire 84 MHz Photo-diode Signal

the photo-diode itself. The internal photo-diode signal is shown in Figure 4-5. The

pulses are nearly 1 volt in magnitude and occur approximately 12 ns apart.

By measuring the laser-photodiode signal in a spectrum analyzer, it is possible to

measure indirectly the temporal jitter of the Ti:Sapphire laser oscillator. Appendix C

describes the theory of the laser phase jitter measurements. The internal photo-diode

signal was used as input to the H.P. Spectrum Analyzer. Figure 4-6 shows the shape

of the 1st, 10th, and 20th harmonics. The subfigures on the left of Figure 4-6 are taken

with a resolution bandwidth of 1 kHz while those on the right are taken with a narrow

bandwidth of 100 Hz. The width of the peak in the large bandwidth subfigures is over

10 kHz while the width in the narrow bandwidth subfigures is less than 3 kHz. This

indicates that the width of the central peak is largely a function of the bandwidth of

the spectrum analyzer. The spectrum analyzer used for these measurements had a

minimum bandwidth of 100 Hz.

In order to determine if the laser pulses accumulate any additional phase jitter in
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Figure 4-6: Ti:Sapphire 84 MHz Photo-diode Power Spectra measured in Laser Lab
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Figure 4-7: Ti:Sapphire 84 MHz Photo-diode Power Spectra measured near RF Gun
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Location flow  thigh B aJ
Internal 300 Hz 10 kHz 100 Hz 2.3 ps
Internal 200 Hz 10 kHz 100 Hz 4.6 ps
Internal 5 kHz 200 kHz 1 kHz 4.2 ps
External 300 Hz 10 kHz 100 Hz 1.6 ps
External 200 Hz 10 kHz 100 Hz 2.8 ps
External 5 kHz 200 kHz 1 kHz 5.1 ps

Table 4.1: Laser Phase Jitter

their flight to the RF gun, the photo-diode signal spectra were recorded by placing a

photo-diode functionally identical to that located internal to the laser oscillator near

the entrance of the RF gun vacuum vessel. Section C.3 of Appendix C describes the

effect of fluctuations of the atmosphere on the time-of-flight of a laser pulse in air.

Figure 4-7 shows the spectra of the resulting photo-diode signal. The magnitude of the

laser temporal jitter for several frequency ranges are listed in Table 4.1. Measurements

performed in the laser laboratory are labelled "internal" while those taken at the

position of the RF gun vacuum vessel are labelled "external." In all cases the phase

jitter data is taken from the 20th harmonic in the photo-diode signal power spectrum.

It can be concluded that the laser phase jitter is less than or about equal to 5 ps

from 200 Hz to 200 kHz. This frequency range corresponds to 5 jIs to 5 ms in time.

There is no consistent difference in the phase jitter figures taken in the laser lab and

those taken at the RF gun. Any phase jitter due to time-of-flight variations of the

laser pulses is too small to identify in this measurement.

Another possible source of laser phase jitter is pointing instability. If the laser

takes a slightly different path along the 43 meter flight from the laser lab to the

RF gun, then the path length will change. If the laser spot size moves 2 mm, a

conservative upper bound on its spatial stability at the RF gun, then the laser pulse

will travel only arrive 47 lm farther. Dividing by the speed of light, we find that it

will arrive at the RF gun only 0.2 fs later. Therefore, this effect can be neglected.
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Figure 4-8: Power Spectrum of Laser Derived 17 GHz

Quality of Laser-Derived 17 GHz Signal

Since the theory of laser jitter [68] indicates that the phase noise sidebands increase

as the square of the harmonic number, it would appear advantageous to use the

laser derived 17 GHz signal to study the 204th harmonic of the photo-diode signal.

However, the band-pass filters which are used in the frequency multiplier box to create

a high quality sinusoidal 17 GHz signal necessarily discard the harmonic content of

the photo-diode signal far away from the fundamental frequency of 84 MHz. These

distortions make it unclear if the spectral quality of the 17 GHz signal can be used

to measure the phase stability of the laser oscillator.

It is important, however, to measure the spectral quality of the 17 GHz signal in

order to verify that the microwave amplifier chain will produce a narrow-band signal

at the correct frequency to fill the RF gun cavities. The 84 MHz signal is taken from

the internal Ti:Sapphire oscillator photo-diode, amplified using a Mini-Circuits model
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Figure 4-9: RF Gun Cold Test Results

ZFL-1000GH variable gain amplifier, and transported to the RF gun control room

via BNC cable. The frequency multiplier box converts the 84 MHz to 17 GHz and

the signal is measured in an H.P. spectrum analyzer. As shown in Figure 4-8, the 17

GHz signal is a narrow-band, high quality signal with weak sidebands and wings. The

central peak is 0.2 MHz wide (FWHM) centered at 17.15 GHz, significantly narrower

than the bandwidth of the RF gun 7r-mode resonance whose width is QL = 10 MHz.

The central 17 GHz signal is 22 dB above the wings. The lower and upper 84 MHz

sidebands are 29 and 26 dB below the central peak, respectively.

4.2 RF Gun Cold Test Results

The RF gun and coupling structure have been cold tested using an H.P.-8510 vector

network analyzer. The technique used to measure the quality factor and coupling

coefficient of the RF gun is described in [15]. The magnitude of the S11 scattering

matrix element as a function of frequency is shown in Figure 4-9. The ur-mode of
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Parameter Label Value
Frequency of ir-mode fr 17.1401 GHz

Unloaded Quality Factor Qo 1785
Loaded Quality Factor QL 808
Coupling Coefficient 1c 1.21

Peak Field at Cathode* Eo up to 250 MV/m
*Eo inferred from RF gun filling theory

Table 4.2: RF Gun Measured Parameters

the RF gun is centered at fo = 17.1401 GHz. Frequencies f3 and f4 denote those

points for which the real part of the impedance is equal to the imaginary part of the

impedance. The unloaded quality factor is Qo.

fo
Qo = - = 1785 (4.1)

The loaded quality factor is defined by the full-width at half maximum of the

resonance or the -3 dB points on the plot. These frequencies are denoted by fi and

f2.

fo
QL = - 808 (4.2)

f2 - fl

The unloaded and loaded quality factors are related by the coupling coefficient,

!c.

Qo = QL(1 + Oc) (4.3)

Therefore c = - 1 = 1.21. The measured parameters are summarized in

Table 4.2.

It should be noted that the cold test of the RF gun described above was performed

while the the RF gun and coupling waveguide were not under vacuum but instead

filled with air at standard atmospheric conditions. As a result, the frequency of the

RF gun modes under vacuum will be upshifted due to the fact that the dielectric

constant of air is greater than unity. In vacuum, eo = 1. The dielectric constant
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of air at 760 mm of pressure is E = 1.000590[55]. The frequency shift is computed

as follows. The resonant frequency of a dielectric filled cavity is proportional to the

inverse square root of the dielectric constant of the material[29].

f Oc 6-1/2 (4.4)

Therefore,

Af 1 AeAf (4.5)
f 2E

We find that the 0-mode and 7r-mode frequencies of the RF gun are both upshifted

by 4.6 MHz. Therefore, the peak absorption frequency of the RF gun under vacuum

is expected to be 17140.1 + 4.6 GHz or 17144.7 GHz.

Changes in the temperature of the RF gun can also result in an overall frequency

shift of the resonant modes. The thermal expansion coefficient, a, of copper is 16.7.

10-6/o C. As discussed previously, the frequency of the pillbox cavity is proportional

to the inverse of the cavity radius, R

f oc1 (4.6)
R

Therefore,

Af AR
(4.7)f R

And the thermal expansion coefficient indicates that AR = aRAT where AT is

the change in temperature.

Therefore,

Af = -aAT (4.8)
f

At 17.1 GHz, the resulting frequency shift is 0.286 MHz/' C.
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4.3 Application of Cavity Filling Theory to Exper-

iment

As stated previously, the RF gun cavity filling equations can be used to infer the

strength of the electric field inside the resonator structure. We find that the ohmic

and diffractive time constants are To = 33 ns and Te = 27 ns. The RLC equivalent

circuit expression for the stored energy in the RF gun shows that

W oc E0 (4.9)

In order to obtain the proportionality constant for our particular RF gun geom-

etry, numerical simulation is required. The axisymmetric ir-mode obtained using

either URMEL or Superfish yields four numerical values: Qcalculated, W, Pcalculated,

and Eo,calculated. These variables represent the 7r-mode quality factor, stored energy,

dissipated power, and axial component of the electric field at the cathode center.

In order to achieve an axial electric field at the cathode center equal to Eo,required a

non-critically coupled cavity will need to have a steady-state power input of Prequired

where

( Erequired 2 calculated +

Prequired = Pcalculated Eo,required 2/ Qmlc_ d 4 )2 (4.10)
EOcalculated Qmeasured 40c

Note that the required power is scaled linearly as the ratio of the calculated

quality factor to the measured quality factor since the dissipated power will scale

as the inverse of the quality factor of the cavity. Using the results of the numerical

simulation of the RF gun we find that 7.2 MW of power is required in steady-state

conditions to excite a 250 MV/m peak cathode field in the ir-mode.

If the incident microwave pulse power is not constant for a time comparable to

the filling time of the RF gun, then an integration of the time dependent equations is

required to calculate the stored energy in the system. The proportionality constant

between the stored energy and the square of the electric field in the cavity is used as

in the steady-state calculation to infer the field in the gun.
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Figure 4-10: Numerical Example of Cavity Filling

The above calculations of the energy stored in the RF gun have not included the

fact that the electron beam removes energy from the system. This effect, referred to

as "beam loading" can be estimated as follows. The RF gun requires approximately

7 MW for 60 ns to achieve the design gradient of 250 MV/m at the cathode assuming

a pulse length equal to two filling periods. The energy stored in the cavities is the

product of power and time and yields 0.42 J. This is much larger than the energy

removed by the beam which is equal to the charge times the kinetic energy in the

beam, here 0.1 nC at approximately 1 MeV or 10-4 J. Therefore, the electron beam

energy is negligible compared to the stored energy in the RF gun.

Figure 4-10 is a numerical example of the response of the RF gun to a microwave

pulse. In this example, the cavity is driven on resonance by a 7.2 MW, 50 ns long

pulse. Three curves on the graph show the incident, reflected, and dissipated power in

megawatts. The remaining curves represent the electric field strength at the cathode

in megavolts per meter and the stored energy in the cavity in millijoules. It is useful

to note that the reflected power from the RF gun exhibits the characteristic "double
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hump" with peak reflections at the beginning and end of the drive pulse. Between

these peaks, the reflected signal drops nearly to zero.

Analysis of an experimental "shot" is performed by recording the incident and

reflected power as functions of time using microwave diodes, attenuators, and direc-

tional couplers. It is apparent, however, that we have an over-determined system.

Equation 2.43 yields the reflected wave amplitude as a function of the stored energy

(and phase) of the microwaves in the RF gun and the incident wave amplitude. This

can be used to predict the reflected power from the RF gun as a function of time

knowing only the incident power as a function of time. The envelope of Preflected

should be the same as that measured experimentally. Comparison between the pre-

dicted and measured reflection envelope can be used to verify the accuracy of this

theory. Figure 4-11 is an experimental example of the response of the RF gun to a

microwave pulse. The upper graph is the calculated electric field strength in the cav-

ity as a function of time. The lower graph has three traces. The first trace, labelled

Pin, is the power coupled into the RF gun. It is calculated as

Pin = rBragg ' Pforward

where rBragg is the power reflectivity of the Bragg filter at the frequency of the in-

cident microwaves. This correction is necessary to account for the fact that the Bragg

filter is not completely reflective at the operating frequency of the RF gun. At 17.15

GHz, rBragg = 44% according to warm test data. According to cold test measure-

ment, the Bragg reflectivity is 30% at 17.15 GHz. Because the electric field strength

in the RF gun is proportional to the square root of the power coupled into the RF gun,

these measurements result in predicted electric fields which differ by 17% = (1- 3).

In this thesis, the warm test measurement was used for calculations of electric field

strength inside the RF gun cavities. The second trace, labelled Pref,measured is the

measured power reflected back from the RF gun using the directional coupler. The

final trace is Pref,calculated, the predicted reflection signal as a function of time. The

theoretical curve coincides reasonably well with the measurement.
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Figure 4-11: Experimental Example of Cavity Filling
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Figure 4-12: Klystron Output Power Stability

4.4 Klystron and Microwave System

4.4.1 High Power Output

The klystron power stability is better than ±5% at power levels up to 8 MW as shown

in Figure 4-12 when operated using the Bragg filter to eliminate the effect of spurious

klystron modes. This histogram contains the peak klystron power for 60 shots taken

over a few minutes of operation using the H.P.-8671B synthesizer as the source of

the 17 GHz drive input. However, the Bragg filter is not completely reflective at the

operating frequency. As a result, the microwave power coupled into the RF gun is

reduced. Even with the reduced coupling into the RF gun, the available power should

be sufficient to reach the desired field gradient inside the RF gun.

Using the laser derived 17 GHz signal, over 9.3 MW stable power output has been

demonstrated as shown in Figure 4-13. The resulting high power microwaves produced

the signature "double-hump" reflection signal shown in Figure 4-14 indicating filling
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Figure 4-13: Klystron Output using Laser Derived 17 GHz Microwaves
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Figure 4-14: High Power Cavity Filling
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Figure 4-15: Shot to Shot Electric Field Strength Stability

of the RF gun cavity. The peak value of the inferred electric field in this example

is greater than 250 MV/m. The shot-to-shot reproducibility of the cavity filling is

shown in Figure 4-15. A series of 35 shots were taken at a 1 Hz repetition rate. Each

shot was long enough to fill the RF gun cavity. Therefore, the amplitude of the pulse

can be correlated to the electric field strength at the RF gun cathode. Variations in

the klystron output power give rise to fluctuations in the electric field amplitude. The

data indicate 121±7 MV/m fields at the cathode. In the absence of timing or other

fluctuations, this will result in a shot-to-shot stability of the electron beam energy

from the RF gun of ±6%.

4.4.2 High Power Microwave Phase Stability

The relativistic klystron amplifier or RKA is also a possible source of phase jitter.

We can calculate the magnitude of the RKA contribution to the total phase jitter

by making the following assumptions. First, we assume that the microwave phase
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Figure 4-16: Schematic View of Electron Beam Path through Klystron

fronts propagate with the electron beam which drive the klystron amplifier. This is a

reasonable approximation since substantial energy transfer between the electrons and

the microwaves is only possible when the electrons stay in phase with the microwaves.

Therefore, the high power pulse output from the klystron will, necessarily, have been

in phase with the electron beam. Secondly, we ignore the variation of the electron

beam velocity along the length of the klystron. This approximation is quite good

since the beam is relativistic and only slows down slightly. Assuming even a 60%

efficiency in conversion of electron beam kinetic energy to microwave energy, a 560

kV beam will start at 0.88c and decelerate to 0.80c, a reduction of only about 9%.

Moreover, we will be primarily concerned with changes in the propagation time due

to changes in the initial velocity of the electron beam which will be independent of

this approximation.

Designate the time for a particular phase of the 17 GHz microwaves to propagate

through the interaction region of the klystron by t. We can approximate t using

1
t (4.11)

pc

where 0 is the velocity of the electron beam divided by the speed of light at the

exit of the gun and 1 is the length of the interaction region as shown in Figure 4-16.

We are concerned with the possibility that on a shot-to-shot basis the voltage of the

modulator will not be exactly reproducible. The velocity of the electron beam will

fluctuate with the modulator voltage. If the electron beam velocity fluctuates then

the time for phase to propagate through the RKA will vary also. Consequently, the
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microwaves driving the RF gun will change in phase and the RF gun phase will change

with it. The fact that the RF gun phase follows the klystron output phase is clear

if we consider the ir-mode of the RF gun a damped driven harmonic oscillator where

the driving force is the microwave pulse from the klystron amplifier. In the steady-

state, the driven oscillator will be in phase with the driving force. We will relate the

fluctuations in beam velocity A13 to fluctuations in modulator voltage AVmod. Let x

be the kinetic energy of the electron beam divided by mc2 , or 512 keV, the rest mass

energy of an electron. Then y = 1 + x and 3 = V1- 7. So = ." Also,

A- = Ax. By substitution,

(4.12)
t 02 -y(y2 - 1) (1+ X) ((1 + X)2-1)

At A VmodS= 2(4.13)
t 512 kV (1 + (mod) 1 + Vmod 2 - 1)

Measurement of AVmod is performed by close examination of a capacitive divider

on the high voltage modulator. The voltage fluctuations were ±0.1% about an average

of 560 kV. The time of flight of electrons through the klystron is approximately 0.8

meters at 0.84c or 3 ns. This yields At = 0.2ps or 10 of phase at 17 GHz.

The theoretical relationship between changes in the modulator voltage and the

phase of the klystron output can be probed by deliberately changing the modulator

voltage. Figure 4-17 shows the probability of emission from the RF gun as a function

of /shifter, the phase shift between the laser and the microwaves. It is apparent that

the 565 kV curve appears very similar to the 560 kV curve if the 560 kV curve were

translated about 40 degrees to the right (and wrapped around the 360 degree point).

According to equation 4.13, we would only expect a phase shift of about 9o . It is not

clear why the observed shift in emission versus phase is over 4 times greater than the

expected value. The probable explanation is that by changing the modulator voltage,

the electron beam path length through the klystron was changed slightly in addition

to changing the velocity of the beam. Orbital calculations are required to determine
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Figure 4-17: Shift in Emission Curve due to change of Vmod from 560 to 565 kV

if path length changes are the cause of the observed phase shift.

The calculation of RKA phase jitter is corroborated by a direct measurement

using a phase discriminator. An Anaren Model 20759 phase discriminator is used to

examine the phase between the RKA output and the drive signal from the TWTA

as shown in Figure 4-18. Two microwave signals at 17 GHz are input and the phase

between the signals as a function of time is observed. the two input signals are

V1 = A cos (wt + 01 (t)) (4.14)

V2 = B cos (wt + 0 (t)) (4.15)

and 6 = -1 - 0 2 . The four output signals from the phase discriminator are

I, = (A2 + B2) + 2AB cos 0 (4.16)
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Figure 4-18: Phase Discriminator Measurement Setup

I2 = (A2 + B2) - 2AB cos 0 (4.17)

Q1 = (A2 + B2) + 2AB sin 0 (4.18)

Q2 = (A' + B2) - 2AB sin (4.19)

Therefore, a plot of (Q1 - Q2, I1 - '2,) will be a graph of 2AB(sin(9), cos(0)).

This is a polar plot for which the radius of a point is proportional to the product of

the klystron and TWTA outputs and the angle of the point reflects the relative phase

of the klystron output to its input.

Figure 4-19 is a plot of the phase discriminator output from a single pulse from

the klystron as a function of time. The two traces are (Q1 - Q2) = 2AB sin 0 and

(I1 - 12) = 2AB cos 0. The output of the phase discriminator was recorded for about

500 ns. Within this interval, a 100 ns pulse of 17.1 GHz microwaves was injected into

the klystron from the TWTA. The data points during the peak of the klystron output

occur within an interval of about 40 ns beginning at 270 ns. These data points are

taken to represent the phase stability of the klystron. In order to understand the

data, they are plotted in polar format in Figure 4-20. The empty circles are data

points during the peak of the klystron output. The filled circles are data points when

the TWTA output was off. Therefore, the empty circles give the background noise of

the phase discriminator measurement. The filled circles are clustered near the origin

as expected since the klystron output is nearly zero with no input signal. The empty
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Figure 4-19: Phase Discriminator Output versus Time

circles average phase is 195 degrees with a standard deviation of 3.1 degrees. The

total angular spread of the points, indicated by two lines from the origin in the plot,

is 15.7 degrees.

Shot-to-shot measurements of the klystron phase stability have been performed as

shown in Figure 4-21. These measurements reveal a shot-to-shot phase stability of 80.

The precise value of the klystron phase stability appears to be sensitive to operating

conditions including modulator voltage and magnetic optic settings.

4.4.3 Electron Transmission Measurement

An experimental determination of the electric field strength in the RF gun was deter-

mined using an electron transmission measurement. During preliminary conditioning

of the RF gun experiment, RF induced breakdown was observed at high 17 GHz drive

power levels. While the breakdown of the RF gun is not desirable, it permits the rough

verification of the electric field strength inside the RF gun cavities as follows. A stack
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Figure 4-22: Electron Energy Bracketing Setup Using Metal Screens

of thin metal sheets was inserted in the region between the exit to the RF gun and

the Faraday cup as shown in Figure 4-22. Electrons which pass through the stack and

are detected by the Faraday cup must have an energy in excess of the stopping energy

of the type and thickness of the metal in the stack. Therefore, an electron current

transmission measurement was performed to bracket the field strength inside the RF

gun. It is not possible to use the existing energy bracketing system to measure the

energy of laser induced electron beams from the RF gun because the presence of the

metal screens blocks the ultraviolet laser pulses from entering the RF gun. However,

a modified version of this experiment using a material transparent to the ultraviolet

laser pulse such as quartz sheets should be possible.

Figure 4-23 shows a breakdown shot observed early in the RF gun conditioning

process. Only about 2 MW of 17 GHz microwaves were incident on the RF gun for a

pulse lasting about 100 ns. However, less than 40 ns into the drive pulse, the Faraday

cup signal jumps to -10 V, exceeding the range of the oscilloscope channel. At nearly

the same time, the reflected power from the RF gun jumps in amplitude indicating

that the impedance of the klystron load has suddenly changed. The saturation level

signal lasts over 10 ns and then falls back to zero eventually. This shot is interpreted

as a microwave breakdown in the RF gun cavity. It is believed that a plasma forms
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Figure 4-23: Early Conditioning of RF Gun - Microwave Breakdown

inside the RF gun, as suggested by the large vacuum pump signal increase often seen

during this type of shot, and a large amount of charge streams out of the RF gun.

Depending on the buildup of electric field in the RF gun, some breakdown shots

result in the acceleration of breakdown emitted charge to significant kinetic energy.

This charge is believed to be the cause of the signals observed in this case. Also, a

television camera was used to observe visible light emission inside the RF gun cavity

by looking at the prism in the Faraday cup through the laser port. During breakdown

shots, a flash of light was usually visible on the television image at the prism in the

Faraday cup.

The absorption length of electrons of kinetic energy, E, in metal with density, D,

is calculated as follows[18].

RB [cm] = 0.537. E [MeV] 1 0.9815D [g/cm3 ] 1 + 3.12 -E [MeV]

The absorption length describes the attenuation of the electron current travelling
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a distance z through a sheet of metal as

I(z) = Ioexp (4.21)

Figure 4-24 shows the absorption length of beryllium, aluminum, titanium, and

copper for electrons with kinetic energy up to 3 MeV. If two sheets with thicknesses 11

and 12 are placed together with respective densities D1 and D 2 then the attenuation

of the current through the pair will be

I (z = l + 12)= 0 exp - (D1, 12E) (4.22)

The same logic can be extended to include three or four sheets of metal. Using

this result, we calculate the energy at which the current through the layers of metal

are reduced to i of their initial value. The resulting energies are shown in Figure 4-

22. The sheets are vertically spaced 11 mm apart which is sufficient to accommodate

the entire electron beam. We assume a 2 mm initial beam diameter and a 30 mrad

divergence. In this case the beam size would be 4 mm in diameter at the screen

position and 5 mm at the Faraday cup which were 6.4 and 10.2 cm away from the

RF gun exit, respectively. A linear vacuum motion feed-through was used to shift the

stack up and down to make the electron beam path pass through various thicknesses

of metal. The energy of electrons exiting the gun was bracketed in this manner.

The transmission experiment indicated that electron energies were between 1.66 and

2.52 MeV. This result indicates an average on-axis electric field between 121 and 184

MeV/m. Using the RF gun cavity filling theory, the average axial electric field in the

RF gun was calculated to be 130 MV/m during these shots.

4.5 Measurement of Dark Current Emission

It is expected that even in the absence of a laser pulse, the RF gun cathode surface will

emit some electrons in the presence of a strong microwave field. The electrons in the

metal follow a Fermi-Dirac distribution. Electrons near the top of the distribution,
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Figure 4-25: Dark Current Data

in the presence of the electric field normal to the metal surface from the microwaves,

will overcome the work function barrier and escape[39]. The variation of dark current

emission from the RF gun with field should vary in accordance with the Fowler-

Nordheim law[39].

Prior to work by this author, two major obstacles existed which prevented the

measurement of this effect in the 17 GHz RF gun. First, the output stability of

the klystron amplifier was quite poor leading to difficulties in obtaining consistent

and reproducible data. Secondly, the Faraday cup diagnostic signal was dominated

by spurious signals due to the presence of 17 GHz microwaves. Stabilization of the

klystron output power and the elimination of the spurious Faraday cup signals by this

author made it possible to measure the dark current phenomenon. Figure 4-25 shows

the current entering the Faraday cup diagnostic, calculated by dividing the voltage

across the cup by 50 Q and taking the peak value, as a function of the peak electric

field at the RF gun cathode, Eo calculated using the techniques previously described
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in this thesis. The solid curve is a fit to the Fowler-Nordheim equation where the field

enhancement factor, f•p and the overall scale factor, Io have been chosen to match

the experimental data points.

Denote the work function of the cathode material, in electron volts, by 4. The

field-enhancement factor, ofp, is the ratio of the local electric field to the average

electric field on the cathode surface. This parameter is a purely empirical quantity

related to the average surface roughness of the material used to construct the RF gun

cavities.

I=- Io(inEo)2 .5 exp 6.53 - 109(Ibi0 (4.23)
Of nEo

Specializing to the case of copper we find that,

I I(fnEo)2 5 exp Eo65500) (4.24)

These dark current data can be compared with operation of other photocathode

RF guns at lower frequency[4]. In Bossart's note concerning operation of a 1.5 cell

2.9985 GHz RF gun, dark current data are reported as collected charge during a 2ps

pulse. The data are converted to current as shown in Table 4.5. E0 is the peak field

at the RF gun cathode, Q is the charge collected in the Faraday cup, and I3GHz and

I17GHz are the currents for 3 and 17 GHz, respectively. Note that the 17 GHz values

are the 3 GHz data scaled down by the ratio of the surface area of the 17 GHz gun

to that of the 3 GHz gun. This ratio is 17GH 32. Fitting the scaled version of

Bossart's data to the Fowler-Nordheim equation for copper, equation 4.24, we obtain

Io = 1.36 .10 - 9 and /f, = 136. These values are in reasonable agreement with the

M.I.T. values of 4.03. 10-10 and 103, respectively.

4.6 Laser-Induced Electron Beam Emission

The most important achievement in the 17 GHz RF gun experiment has been the

demonstration of laser induced emission. This author was the first researcher to
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Eo (MV/m) Q (nC) IS GHz (mA) 117 GHz (mA)
75 2.3 1.2 0.03
87 6.8 3.4 0.10
94 10 5.0 0.15
100 15 7.5 0.22
107 27 13.5 0.40

Table 4.3: BNL Dark Current Data

operate the 17 GHz RF gun in conjunction with the laser used to illuminate the

photocathode surface and observe the resulting electron beam emission. Production

of an electron beam from the 17 GHz RF gun at M.I.T. marks the first successful

operation of a photocathode RF gun at a frequency higher than 3 GHz.

The goal of laser induced emission was expected to be signaled by the appearance

of an extremely brief Faraday cup signal whose width would be dictated by the

capacitance of the oscilloscope channel, approximately 2 ns, and whose area would

correspond to the total charge emitted from the RF gun. This signal would appear

different from dark current signals whose duration is dictated by the length of the RF

drive pulse or breakdown signals which are wider, appear in the absence of the laser,

and are usually accompanied by a rise in pressure.

In order to understand the experimental observation of the laser induced electron

beam emission, it is useful to examine the data in the form that it is obtained in the

laboratory and the manner in which it is processed. Figure 4-26 illustrates the raw

data typically observed during RF gun operation with the laser. Data are captured

by the digital storage oscilloscopes, transferred to computer by GPIB cable, and

processed. The traces can be interpreted as follows. In all cases, the traces represent

the variation in a signal voltage with time.

Three traces are associated with the operation of the klystron amplifier, VCD,

IB.M., and ICOL. These correspond to the voltage of the modulator pulse measured

using the capacitive divider, the Thomson gun current at the beginning of the kly-

stron measured using a beam monitor, and the current collected at the end of the

klystron. The calibrations for these traces are 73 kV/V, 9.45 A/V, and 8.652 A/V re-
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spectively. The modulator voltage is verified using the capacitive divider. The beam

monitor current is used to verify the proper space-charge limited operation of the

Thomson gun. The collector current is an important diagnostic of the performance

of the klystron. In order to maximize the klystron gain, the magnetic optics which

guide the electron beam through the klystron interaction cavities are optimized while

observing the change in the collector current. In particular it is necessary to limit

the interception of the powerful electron beam by the klystron structures which can

be damaged by the energy contained in a single shot. Also, the ratio of the collector

current to the beam monitor current yields the transmission percentage of the beam

through the klystron.

Next, we have the microwave drive signal which is input to the klystron from the

TWT amplifier. This trace is labelled "Drive FWD" and corresponds to a few watts

of power attenuated by 35 dB. The most significant traces are the remaining four.

First, the forward and reverse directional coupler power data are contained in "KLY

RF FWD" and "Kly RF REV". The configuration of the microwave diagnostics is

described in Section 3.4. In this case, 40 mV on the klystron drive forward signal

corresponds to approximately 8.6 MW of power at 17 GHz. The photodiode signal

marks the arrival of the laser pulse at the RF gun and has an arbitrary vertical scale.

Lastly, the trace labelled "FCup" shows the voltage from the Faraday cup diagnostic.

As explained previously, the Faraday cup is terminated in 50 Q and therefore the

current,in amperes, versus time is found simply by dividing the voltage by 50. The

peak Faraday cup signal is 8.1 volts and has a full width at half maximum of 13 ns.

This is a breakdown shot. The area under the Faraday cup curve yields a total charge

of 2.1 nC.

The previous example can be contrasted with Figure 4-27 which represents laser

induced electron beam emission. In this case, the Faraday cup signal peak is 320 mV

with a full width at half maximum of 1.3 ns. Also, in this shot, the Faraday cup

signal peak follows rather than precedes the photodiode peak by 4 ns.

There are multiple facts which argue for the identification of these narrow Faraday

cup spikes as laser induced electron beam emission. The most obvious evidence for
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Figure 4-27: RF Gun Operation Raw Data - Laser Induced Electron Beam Emission
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the identity of the narrow Faraday cup spikes is the fact that they are never observed

when the laser beam is blocked from entering the RF gun. The integrated area of the

spikes is consistent with expected electron beam bunch charge. Further evidence for

the identity of the Faraday cup spikes is given by multiple pulse emission. Imperfect

dumping of the regenerative amplifier cavity can be used to intentionally produce

multiple UV laser pulses spaced 10 ns apart, the round trip time of light in the

regenerative amplifier cavity. These multiple pulses are observed on the photo-diode

diagnostic and in some cases produce multiple Faraday cup spikes with the same

temporal structure as the light pulses.

An example of multiple pulse emission behavior is shown in Figure 4-28. The

three graphs shown in this figure correspond to a single experimental shot and are

separated for clarity of presentation. There are two large positive photodiode signal

spikes and corresponding negative Faraday cup current spikes. A third Faraday cup

spike corresponds to a near noise level photodiode spike. The integrated current

in the three Faraday cup spikes yields 11.3, 14.8, and 2.5 pC of charge in order.

The middle trace shows the calculated electric field using the procedure previously

described to integrate the forward power coupled into the RF gun. In this example

the laser was not timed optimally relative to the drive pulse so that the electric field

was slightly lower than its peak value of 152 MV/m at the moment of injection. The

field at the moment of the first emission was 147 MV/m and 123 MV/m during the

second emission. During the series of shots from which this example was recorded,

the ultraviolet laser pulses were up to 21 pJ in energy. Using the data in Figure 3-16

we find that from 0 to 1.3 nC could be emitted for ultraviolet pulses of this energy.

However, the maximum charge which can be emitted due to space-charge limitations

is, according to Figure 3-17, 410 pC for a 0.5 mm radius laser spot size at 147 MV/m

and 340 pC at 123 MV/m. The phase of injection of the laser pulse is unknown in

this example because this shot was recorded before the laser pulses were successfully

phase-locked to the microwave field in the RF gun.

As shown in Figure 4-29, an extremely narrow, 2 ns FWHM, negative Faraday cup

signal follows the positive photo-diode signal by about 6 ns. This delay is consistent
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Figure 4-28: Observation of Laser Induced Electron Beam Emission - multiple pulse emission
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Figure 4-29: Observation of Laser Induced Electron Beam Emission

with the physical location of the photo-diode detector relative to the RF gun and

Faraday cup. UV pulses were measured to be about 20 pJ. The integrated Faraday

cup signal indicates 0.12 nC of charge. The calculated electric field for this shot was

130 MV/m at the cathode at the time of laser injection. According to Figure 3-16, 20

MJ should produce between 0 and 1 nC of charge at 130 MV/m cathode field strength

depending on the phase of the laser pulse relative to the microwave field. This shot

was taken prior to phaselocking of the laser to the microwave field so that the actual

injection phase is unknown.
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4.7 Determination of Electron Beam Energy

Because the installation of the electron energy spectrometer was not completed at

the time of these experiments, the energy of the electrons emitted from the RF gun

has not been directly measured. However, there are four pieces of evidence which

indicate that the kinetic energy of the electron beam is approximately 1 MeV.

The first argument for the electron beam energy is based on the RF gun cavity

filling theory. By measurement of the power directed towards and reflected from the

RF gun, the stored energy in the RF gun can be calculated as a function of time.

By simulation of the RF gun eigenmodes and the RF gun coupling theory, the axial

electric field profile can be deduced from the stored energy in the RF gun. Simulation

of the acceleration of the electron beam in the presence of the computed electric field

yields the kinetic energy of the beam. As stated previously, this calculation predicts

a peak axial electric field at the cathode of 250 MV/m for 7.2 MW output power from

the klystron under steady state conditions. The accelerating length of the 1! cell RF

gun is three-quarters of the vacuum wavelength of the ir-mode frequency. In the case

of the M.I.T. RF Gun whose 7r-mode frequency is 17.14 GHz, the length is 13.1 mm.

The second argument for the kinetic energy of the observed electron beam is the

measurement of dark current from the RF gun. The agreement between the scaled

dark current data from RF gun experiments performed at 3 GHz and the M.I.T. data

for the 17 GHz RF gun suggest that the calculated electric field inside the RF gun is

correct.

The third argument that the inferred electric field gradient inside the RF gun

is correct is the electron transmission measurement described in Section 4.4.3. This

measurement demonstrated that electrons were ejected from the RF gun during break-

down shots with a kinetic energy between 1.7 and 2.5 MeV corresponding to an aver-

age on-axis gradient between 120 and 180 MV/m. These same shots were estimated

to occur with an average axial field strength of 130 MV/m using the RF gun cavity

filling theory. This agreement indicates the accuracy of the RF gun cavity filling

theory.
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Collimator Faraday Cup

Figure 4-30: Geometry of RF Gun, Collimator, and Faraday Cup Collector

Lastly, the charge measured in the Faraday cup diagnostic, must have substantial

kinetic energy to travel the distance from the RF gun exit through the narrow aperture

of the collimator and into the Faraday cup collector because a low energy beam would

simply spread apart due to space-charge repulsion and would not pass through the

collimator hole. Figure 4-30 illustrates the geometry of the RF gun, the collimator,

and the Faraday cup inner conductor. We can assume that the divergence of the

electron beam is zero except for the contribution due to space-charge repulsion. This

assumption is quite accurate since the RF gun beam should have very low intrinsic

emittance (not due to space-charge blowup). By making this assumption, the estimate

of the electron kinetic energy will be slightly underestimated. In order to calculate

the divergence of the beam, the total charge, the bunch length, and the bunch radius

are needed. The charge of the bunch is measured using the Faraday cup. The bunch

radius and duration can be estimated from the ultraviolet laser spot size and duration.

Denote the energy of the electrons in units of the electron rest mass energy by

y and the peak current of the beam by I. The half-angle divergence of the beam

in radians, assuming an initially collimated beam whose growth is dominated by

space-charge repulsion, is[53]

1 = (72 _ 1) (4.25)

where IA --= 4 17 kA is the Alfven current for electrons. A beam withq
radius ro at z = 0 will have a radius,
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Figure 4-31: Space-Charge Limited Divergence of Electron Beam

r(z = L) = ro + LO (4.26)

after drifting a distance equal to L.

Figure 4-31 shows the result of this calculation. Two curves are shown. In the

first case the bunch charge is 0.12 nC and the bunch length is 0.5 ps. For the second

curve the charge is 0.12 nC as well but the pulse length is 1.0 ps. The divergence of

the higher peak current beam is the larger of the two. The horizontal line represents

the aperture defined by the exit to the collimator in the RF gun setup as shown

in Figure 3-27. The distance from the exit of the RF gun to the exit side of the

collimator tube is 22 cm. The radius of the collimator hole is 5.1 mm. This aperture

defines a cone with a half-angle of 23 mrad. The intersection of the curves indicates

a lower bound on the electron kinetic energy. If we assume that the radius of the

electron bunch is the same as the radius of the ultraviolet spot size at the cathode,

0.66 mm, an underestimate due to space-charge expansion of the beam inside the RF
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Figure 4-32: Preliminary Observation of Phase Locking of Laser to Microwaves

gun itself, then the lower bound on the electron kinetic energy is 0.89 or 1.2 MeV for

pulse lengths of 1.0 and .5 ps, respectively.

4.8 Phase-locking Measurements

Initial laser induced electron beam emission experiments were performed using 17 GHz

microwaves from an HP synthesizer instead of the laser derived 17 GHz microwaves.

As a result, the laser was injected at random phase with respect to the 17 GHz

electric field in the RF gun. The Faraday cup indicated emission on approximately

1 out of 6 shots. This percentage is consistent with RF gun dynamics which indicate

that emission should occur over one-fourth of the RF period. Also, Schottky field

enhancement will make the effective quantum efficiency of the cathode larger near

peak field strength and narrow the range of angles over which significant emission

will be observed.
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In order to verify that the laser pulses are injected at a nearly fixed phase relative

to the 17 GHz microwaves, scans were performed using the variable phase shifter

shown in Figure 1-7. If the laser was not phase-locked to the microwaves, then ap-

proximately one sixth of the shots would show laser induced electron beam emission

regardless of the phase shifter setting, as in the earlier experiments which utilized the

synthesizer as the 17 GHz source of microwaves. If, instead, the RF gun exhibited

emission only for a limited range of phase shifter settings, we would conclude that

the laser was phase-locked to the microwaves. Experimentally, scans were performed

by two individuals. The first selected the phase shifter setting, 'shift and the second

person counted the number of shots, out of 20 consecutive shots, which showed emis-

sion. To avoid bias effects, the counter was not aware of the value of qshift during

the scans. The shots were taken at a repetition rate of 1 Hz.

The results of the first three scans are shown in figure 4-32. The scans were taken

within a few moments of one another to avoid the effect of any slow time scale drifts

in the system. The first feature to recognize is that the percentage of shots with

emission is not constant with respect to phase. The functional variation of percent

emission with phase is roughly reproducible. Also, the peak percentage of emission

is 100% and the minimum is 0%. This fact suggests that the variation is not simply

due to the phase selectivity of the acceleration process but also due to the locking of

the laser to the microwaves. The range over which emission is over 50% is about 1700

(from 0 to 60 and 250 to 340). This range is broader than expected but these scans

were performed at 2.5 MW power from the klystron or only about 100 MV/m peak

field inside the gun. Thus, the Schottky field enhancement effect is reduced and the

contrast between high and low field phases is blurred. More so, phase jitter in the

laser or klystron can smear out the expected range of emission.

More recently, it was discovered that certain settings of the klystron modulator

voltage appear to have better phase stability than other settings. The improved

phase-locking of the laser pulses to the 17 GHz microwave field in the RF gun is

shown in Figure 4-33. The sharp falling edge of the trace on the right hand side of

the plot is indicative of injection near 900 as deduced from the single-dimensional
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RF gun dynamics studies. The slow rising slope on the left hand side of the plot is

consistent with increased emission due to Schottky field enhancement.

According to the one dimensional studies of the RF gun dynamics described in

Section 2.10, the probability of obtaining laser induced electron beam emission from

the RF gun should be 100% from 0 to 900 and 0 for nearly all other angles. According

to the experimental data, we observe a range of injection phases 600 wide (2100 to

2700) over which all shots exhibited emission. Therefore, the phase jitter in the

system is conservatively estimated by ± 9°0° 6°0 = +200 corresponding to ±3.3 ps.

Furthermore, the emission probability curve is expected to be smoothed slightly by

the finite duration of the laser pulse, 60.

However, the analysis of the longitudinal RF gun dynamics in one dimension

assumed that the axial electric field profile was cos(kz). According to the theory

describing the superposition of the RF gun eigenmodes, the peak axial electric field

strengths in the half-cell and the full cell are not equal. Because the field in the full-

cell is significantly weaker than the field in the half-cell, it is possible that a broader

range of injection phases will allow electrons to escape the RF gun. If there was no

field in the full-cell then emission would be expected over 1800 of phase. Therefore,

the slightly broadened range of injection phase over which emission is observed may

not be indicative of phase jitter between the laser and the microwave field.

4.9 Estimation of Beam Quality

By making a few reasonable assumptions about the duration and size of the electron

beam, it is possible to compare the design parameters of the electron beam with

the beam observed in the experiment to date. First, the electron bunch duration is

assumed to be 1 ps commensurate with no bunching of the 1.0 ps ultraviolet pulse

length. The electron beam radius is assumed to be 1.0 mm at the exit of the RF gun

allowing for expansion of the 0.66 mm radius ultraviolet spot size inside the RF gun.

It is assumed that the injection phase of the laser is approximately 120. This shot

was taken before the laser was locked to the microwave field. Therefore, the precise
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Parameter Design Measured
Bunch Charge 0.1 nC 0.12 nC
Kinetic Energy 1.6 MeV 1 MeV
Bunch Length 0.5 ps 1.0 ps

RF Injection Phase 120 120
Current Density at Cathode 6.7 kA/cm 2  8.8 kA/cm2

Emittance (normalized rms) 0.53 irmm-mrad
Energy Spread 0.18 % -
Peak Current 200 A 120 A

Brightness 400 A/(irmm-mrad)2

Table 4.4: Electron Beam Measured Parameters

injection phase is unknown. The measured charge of the bunch is 0.12 nC. With

these assumptions we immediately find a current density, J = Q, of 8.8 kA/cm 2

and a peak current, I = J, of 120 A. From Parmela simulation we find a normalized

rms emittance of 1.5 irmm-mrad for a peak field gradient of 130 MV/m[17]. The

resulting beam brightness, B = 2, is 110 A/(irmm-mrad)2. Simulation indicates

approximately 3% energy spread for this case. The values of the emittance, energy

spread, and brightness must be verified in future experiments by measurement.
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Chapter 5

Conclusions and Future Directions

5.1 Conclusions

The experimental results reported in this thesis demonstrate the possibility of using

high frequency photocathode RF guns as injectors for future free electron lasers and

linear colliders. While it remains to be shown that the electron beam quality meets the

expectations set by the frequency scaling laws for RF guns, the major technological

hurdles associated with high frequency operation have been overcome. Laser induced

electron beam emission has been demonstrated at the design level of 0.1 nC of charge

and 250 MV/m field strength from a 17 GHz RF gun. The field emission and RF

breakdown phenomena have been characterized at 17 GHz and will permit operation

with minimal field emission beam loading and high field gradient. The phase stability

of the laser drive to the microwave field in the RF gun is approximately ±200. The

electron beam can be estimated to have over 1 MeV kinetic energy from the inferred

electric field strength.

5.2 Future Directions

Two of the most recent improvements in the operation of the 17 GHz RF gun experi-

ment will allow several important issues to be addressed in future experiments. First,

during the period when laser induced electron beam emission was first observed, the

157



laser was not phaselocked to the microwave field in the RF gun. Therefore, the phase

of injection of the laser pulse was unknown. Secondly, there was no laser diagnostic

in place to record the energy of an ultraviolet pulse during injection into the RF

gun. Energy measurements of the ultraviolet laser pulse energy were performed at

the beginning of a day of operation and an average value was recorded. However, the

+20% stability of the ultraviolet pulse energy creates a significant uncertainty in the

energy of any particular laser pulse. With the addition of the laser diagnostic shown

in Figure 3-21, it is possible to monitor the infrared (and blue) laser pulse energy

during operation. If the correlation shown in Figure 4-3 holds, then the ultraviolet

pulse energy injected into the RF gun can be inferred.

Operation of the photocathode RF gun with good phase stability between the

laser and the microwave field will permit many detailed measurements which have

not been feasible to date. In particular, the variation of emitted charge with injection

phase can be studied and compared to the predicted curves in Figure 3-16. This

measurement will require normalization to the injected ultraviolet pulse energy. It

is possible that too much charge is being liberated at the photocathode surface as

shown in Figure 3-17 and that part of the electron beam does not reach the Faraday

cup diagnostic. Also, the scaling of the charge emitted from the RF gun with the

ultraviolet pulse energy can be measured. As discussed earlier, a linear relationship

should exist between the two.

The next step in the 17 GHz photocathode RF gun experiment is the charac-

terization of the electron beam quality. The Browne-Buechner energy spectrometer

is being installed at this time. This diagnostic will provide information about the

average electron kinetic energy and the energy spread in the RF gun beam.

More precise estimates of the phase jitter between the laser pulses and the RF

gun 17 GHz fields may be made by studying the shot-to-shot variation in emitted

charge normalized to laser and klystron output fluctuations. The shot-to-shot energy

stability of the electron bunches can be used to infer phase stability as well.
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5.2.1 Emittance Measurement

The emittance of the electron beam from the 17 GHz RF gun must be measured

in order to evaluate the beam brightness. However, the charge per bunch in pho-

tocathode RF guns scales with frequency, as discussed previously. Therefore, only

about 1/6 of the signal typically obtained in 3 GHz experiments is available at 17

GHz. Several options are described below. A traditional pepper pot and fluores-

cent screen system is being considered. It is an attractive option because it yields

single-shot information concerning beam divergence. However, the small size creates

precise mechanical requirements and the low bunch charge of the 17 GHz RF gun may

not produce sufficient numbers of photons to be easily detected. Optimal phosphor

screen sensitivity is typically a single 440 nm photon per 30 eV deposited energy[44].

Nominal charge and energy bunches from the 17 GHz RF gun would consequently

generate 12 pJ photon energy spread over the spot size of the beam. A scanning

wire technique may prove viable[57]. Experience with the Faraday cup diagnostic

has proven the sensitivity of intercepting beam charge measurements. However, a

coarse upper-bound measurement of the space-charge dominated divergence of the

beam may be performed using a series of collimators with decreasing hole sizes and

the existing Faraday cup diagnostic to measure the bunch spot size at several axial

positions.

5.2.2 Improvements to the RF Gun

Long term plans for the RF gun experiment include modifications to improve the

performance of the RF gun itself. While scaling laws indicate very high beam quality

at 17 GHz without magnetic focusing, beam quality can be further improved with

the implementation of a solenoidal magnetic field[8]. A bucking coil is required to

insure that the magnetic field at the cathode is zero. Reiser has derived an analytical

scaling law for the magnetic field required for emittance compensation as a function

of frequency, field strength and injection phase[53]. This result indicate the need for

about 1 T field strength. Permanent magnets may be suitable considering the small
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field volume required. Coated with nickel, permanent magnets may be placed inside

the RF gun vacuum vessel. Iron pole pieces will be needed to concentrate magnetic

flux.

It would also be useful to implement a brazed RF gun as a replacement for the

clamped design currently being employed. A brazed gun would have an increased

quality factor which would reduce power consumption, perhaps saving enough en-

ergy from the klystron output to drive several additional cells or a travelling wave

accelerating structure. Also, a brazed cavity would probably exhibit an increased RF

breakdown field limit which would result in increased beam quality.

However, the iterative technique used to tune the unbrazed RF gun employed in

this experiment would have to be abandoned if a brazed RF gun is implemented. It

will be necessary to accurately predict the resonant frequency, quality factor, and

coupling coefficient of the brazed structure before brazing. Also, the electric field

profile in the structure must be properly balanced for maximum beam quality. Despite

careful modelling, a brazed gun will probably require tuners to yield an optimal

electric field profile. Implementing a workable mechanical design for a tuner at this

frequency will be difficult. A thin wall pushed by an external pin or ring will probably

be the best option. Alternatively, the cathode surface may be turned into a plug which

can be moved axially.

Much of the analytical and numerical treatment of the RF gun described in this

work is based on the approximation of axisymmetry. As is evident from the design of

this experiment, the symmetry of the RF gun is necessarily broken by the coupling

holes which feed power into the accelerating structure from the side-coupled wave-

guide. The coupling holes result in a perturbation of the resonant mode fields which

degrade electron beam quality. This effect may be lessened by a more sophisticated

symmetric power feed with two or even four coupling holes per RF gun cell. Simu-

lation of the RF gun structure with a fully three dimensional numerical field solver,

such as HFSS, will be necessary to address these issues.
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Figure 5-1: Electron Pulse Measurement Using a Transverse Kicker

5.2.3 Electron Pulse Length Measurement

According to the simulated electron bunch dynamics in the RF gun, the electron

bunch length is a small fraction of the RF gun period assuming that the laser pulse

length is short relative to the RF period, typically 0.5 ps. Therefore, an experimental

determination of the bunch length would probably be quite challenging. State-of-the-

art streak cameras are capable of directly resolving sub-picosecond phenomena but

are prohibitively expensive. Instead, it may be possible to use a transverse kicking

technique as shown in Figure 5-1. Consider an electron beam travelling thru two

small holes located in the narrow sidewall of a rectangular waveguide. The transverse

electric field of the TE10 mode will result in a vertical kick of the electron bunch.

The finite electron pulse length will result in a spatial variation of the position of the

electrons after travelling a distance beyond the exit hole of the waveguide. If a WR-62

waveguide operating in fundamental TE10 mode carries 5 MW of 17 GHz power then

the transverse electric field in the waveguide can produce a 3 mm/ps deflection of the

electrons over a drift length of 3 meters[16]. Measurement of the electron beam spot

size at the end of the drift using a phosphor screen would yield the electron pulse

duration. Of course, this analysis neglects the effects of space-charge which would

cause the electron bunch to become 72 mm in size after a drift of this length for

the nominal bunch charge and current. Therefore, a shorter drift length and a larger

transverse field is required or a magnetic field could be used to avoid the space-charge
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growth of the spot size. A resonant kicker cavity may be an option to enhance the

available deflecting field gradient and reduce the required drift length.

An attractive option for measurement of the electron bunch properties is optical

transition radiation[23]. Transition radiation is produced whenever charged particles

pass through the interface between two materials with different dielectric constants.

By examining the spectrum of radiation produced, the pulse length can be inferred

because the shortest wavelength radiation which can be produced is dictated by the

bunch length. Furthermore, the beam can be imaged with a CCD camera providing

a beam profile measurement. A magnetic optic such as a solenoid could be placed

upstream of the OTR diagnostic and by measuring the variation of the electron beam

spot size with magnetic field strength, the transverse emittance of the beam can

be measured. Optical transition radiation or OTR is quite sensitive, yielding 10-2

photons per electron for electrons with energy from 80 keV to 20 MeV[9].
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Appendix A

Bragg Filter Reflectivity

The TE1o mode of a rectangular waveguide with dimensions a and a = 2b is the

operating mode of the Bragg filter. Figure A-i shows the geometry of the corrugations

in the waveguide. The junction between the normal waveguide cross-section and the

vane section of each period is referred to as an E-plane step since the electric field of

the TE1o mode lies in the plane of the step.

The period of the corrugations is chosen to satisfy the Bragg condition at the

central frequency of the filter band gap. The period of corrugations is d = Ab. The

guide wavelength is Ag.

A 2r Ao
kg 1 - (Ao/2a) 2

Lm -L=Nd

-F

Figure A-1: Bragg Filter Geometry: a and b - rectangular waveguide wall dimensions, d - period of
corrugations, t and 6 - discontinuity thickness and depth
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since the guide wavenumber is

where k0o is the vacuum wavenumber of the incident wave.

2r 2 rf
A0  c

The Bragg condition is written as follows.

Ag = 2Ab (A.1)

To calculate the reflectivity of the N-period section of corrugated waveguide, we

represent the waveguide as a sequence of "four-poles" or 2-port sections assuming

that only the TElo mode propagates in the waveguide. One period of the waveguide

is represented by the four-pole with input and output voltages and currents connected

by a four-pole transmission matrix. This theoretical approach is described in Section

4.9 of [11]. Also, section 8.9 of [11] describes the calculation of TM mode fields and

the dispersion relationship for a corrugated-plane type periodic structure.

= B (A.2)
,out lin

The transmission matrix, B, corresponding to one period of corrugation, is a

multiplication of two matrices which represent two waveguide sections forming the

period of corrugation. The determinant of the matrix representing each element is

unity as is the net transmission matrix of all the elements.

B - i B12 (A.3)
B21 B 22

cos (kCgl2) -iZ 2 sin (k2) cos (kl) -iZ 2 sin (kgli) A.4)
-i sin (kg1 2) cos (kg/ 2) -isi Sin (kgll) cos (kgll)
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where 11 = t and 12 = d - t are the lengths of the waveguide sections. Z1 = A=

and Z2 = A= are the aperture impedances of the TE1 o modes in the two waveguide

sections. A is a constant[24].

The transmission matrix T connects the input and output voltages and currents

of the circuit representing the corrugated waveguide.

(Vout T T12  (Vn(A.5)
out ) T21 T2 2 ) 'in

The transmission matrix of a circuit consisting of N four-piles is the N'th power

of the matrix for one four-pile.

ST11 T12 =BN (A.6)
T21 T22

Since B is a unimodular matrix, T can be expressed as the following[3]:

S-IB1BI sinh(NO)+sinh(N+1)0 B1 2 sinh NO

T sinh0 sinh )
B21 sinh NO B11 I sinh(NO)-sinh(N-1)0

sinh 0 sinh0

Equation A.7 contains a periodic circuit propagation constant, 0, determined by

the expression:

Icosh 0 I  + B221
cosh 9 = (A.8)2

Solving for 0,

(IB11 + B2212 1B21in 2 + -1 (A.9)

when the right hand side of A.8 is larger than unity. This range corresponds to

the band-gap of the periodic circuit. Conversely, outside the band-gap the right hand

side of A.8 becomes less than unity. In this case we use the following expression for

the circuit transmission matrix:

(- Blljsin(NO)+sin(N+1) B12 sin NO
T sin sin0 (A.10)

B21 sin NO IBI11sin(NO)-sin(N-1)
21 sin 0 sin 0
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where

= cs-1 IBn + B221 (A.11)= cos2 (A.11)
2

The Bragg filter can be characterized by means of frequency dependent reflection

and transmission coefficients. Write the input vector with a reflection coefficient, r :

Vo
V5 = Vo (1 +r) , I, = (1 - ) (A.12)

where Vo is the incident field voltage and Zin = Z2 is the input impedance.

The output vector contains the transmission coefficient, t :

V0
Vout = Vt , Iot = t , Zout = Z 2  (A.13)

zout

Using equations A.5, A.12, and A.13, we obtain the reflection and transmission

coefficients:

Tn - T22  T12/Zin - ZinT21
T11 + T2 2 -T12/Zin - ZinT21

2t 2 (A.15)
Tn11 + T22 - (ZinT 21 + T12/Zin)

where the fact that the determinant of the transmission matrix, T is unity, has

been used.

Expressions A.14 and A.15 contain both the amplitude and phase of the reflection

and transmission coefficients. The reflectivity and transmitivity can be simplified:

(2 (cosh2 (N• 2sinha O) -) within band - gap
ItI = sin2 - (A.16)

cos 2 (N) + C sin outside of band - gap

r12 = 1 It2 (A.17)

where

1
C = i 1 (ZiB 21 + B 12/Zin) (A.18)

2
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Equations A.14 and A.15 describing the reflection and transmission coefficients

are evaluated by means of a short computer code in order to predict the transmission

as a function of frequency and the reflected wave phase as a function of frequency.
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Appendix B

Nonlinear Optics Calculations

B.1 Overview

The nonlinear optical processes must generate an ultraviolet laser pulse of the correct

energy, size, and duration to produce a high quality electron bunch in the photo-

cathode RF gun. While a full design analysis of the harmonic generation system is

beyond the scope of this thesis, some details are important enough to merit analysis.

The net efficiency of a harmonic generation system is difficult to predict from first

principles because of the large number of relevant physical effects.

B.2 Phasematching

As explained above, both nonlinear crystals are used for "sum-frequency generation"

or the combination of two photons to form one photon with the combined energy of

its two parents. The conservation of energy equation is

w1 + w2 = W3 (B.1)

since Ephoton = hw relates the energy of a photon to its angular frequency.

In order to have efficient nonlinear conversion, there must be proper phasematch-

ing between wavelengths in the nonlinear crystals[28]. This requirement is equivalent
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to conservation of momentum between the input and output photons[28]. Conserva-

tion of photon momentum is described by,

k3 = k1 + k2  (B.2)

since a photon's momentum is described by f = hk. In a dielectric material we

have k = _. We include the possibility that the three waves will have different

indices of refraction by labelling ni the index of refraction "seen" by the i'th wave.

Multiplying equation B.2 by c,

w3n3i3 = wi ni il+ w2n2 %2  (B.3)

The equation simplifies to a scalar equation in the collinear case used here.

w3n 3 = W1n1 + w2n 2  (B.4)

For second-harmonic generation, wi = w2 - w and w3 = 2w. Substituting into

equation B.3 we find:

n(2w) = n(w) (B.5)

This means that for second-harmonic generation, the index of refraction of the

second-harmonic wave must be equal to that of the fundamental wave.

For the sum-frequency generation of the second-harmonic with the fundamental

beam, w1 = w, w2 = 2w, and w3 = 3w. By substitution into B.3,

3wn(3w) = wn(w) + 2wn(2w) (B.6)

We use what is referred to as Type I phasematching for both crystals to satisfy

equations B.5 and B.6[28]. Type I phasematching utilizes the fact that biaxial crystals

have 2 indices of refraction, the ordinary or no and the extraordinary or ne. Linearly

polarized light with polarization along the "C" or "optic" axis of the crystal "sees"

the extraordinary index of refraction while light whose polarization lies in the plane
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perpendicular to the optic axis exhibits the ordinary index of refraction. Light whose

polarization is at an angle 9 with respect to the "C" axis will have an intermediate

index of refraction, ne(9)[28].

ne (0) os ne (0) sin 21 (B.7)
no ne

Solving for the index of refraction, ne(0), we find:

e (9) Cos2 0 + sin 2  
28)

Furthermore, the indices of refraction are monotonically decreasing functions of

wavelength with n, < no for both crystals used in this experiment. They are classified

as negative uniaxial crystals. The proper choice of crystal orientation and wave

polarization will satisfy the phasematching condition for each process.

The remainder of the discussion of the nonlinear optics will be specialized to

consider the second harmonic generation process followed by the sum-frequency gen-

eration process.

Second-harmonic generation is performed using a potassium dihydrogen phosphate

(KH 2PO4) or "KDP" crystal. Combining equation B.8 and the fact that KDP is a

negative uniaxial crystal permits matching the ordinary index of refraction at the

fundamental wavelength to the second harmonic wavelength at a particular angle, Op,

called the phasematch angle. Use the expression B.8 for nTe() and define O, implicitly

as follows:

ne , , = no (A) (B.9)

In equation B.9, A is the wavelength of the fundamental beam. Solving equa-

tion B.9 for 9,p we obtain,

(i( no 2 no 2 (A/2)
=O n 2 (A/2) -n 2 (A/2)

In order to evaluate Op, numerical values are needed for no and n, as a function
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Coefficient Fitted Constants no ne
A mx 103 0.03185 0.01152

c 1.44896 1.42691
B m x 103 -0.14114 -0.06139

c 0.84181 0.72722
C m x 105 -0.02139 0.03104

c 0.01280 0.01213
D m x 104 0.00575 -0.00198

c 0.90793 0.22543
E 30.0 30.0

Table B.1: Sellmeier Equation Coefficients for KDP

of wavelength. These are provided by empirical fits to the indices of refraction called

Sellmeier equations. Note that these equations include the variation of the indices of

refraction with temperature, a fact which is used in some experimental configurations

to phasematch nonlinear optical processes.

n2 = A+ B/1- C)+D (1 - (B.11)

The wavelength is specified in microns and temperature dependent coefficients are

specified as x = mT + c with T in Kelvin in Table B.2[55].

At room temperature, 200 C, we find the values shown in Figure B-i for the

phasematching angle for type I SHG in KDP as a function of wavelength for 700 to 900

nm light. At our nominal wavelength, 800 nm, the phasematch angle is approximately

460.

Experimentally, the SHG process is configured as shown in Figure B-2. The SHG

crystal is represented by a square outline. The three optic axes of the crystal are

designated ei where the extraordinary or "C" axis is 63. The laser light enters the

crystal with wave-vector k normal to the crystal face and with the (linearly polarized)

electric field, E, parallel to the cut face. The crystal faces have been cut at the optimal

phasematch angle while slight adjustment is made possible by mounting the crystal

on a rotation stage. Small rotations of the crystal about the ordinary axis, 61 are

sufficient to optimize phasematching experimentally.
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Figure B-1: Phasematch Angle for Second Harmonic Generation in KDP

Figure B-2: Type I Phasematching Geometry
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As shown in Figure 3-15, the infrared and blue light exit the KDP crystal with

vertical and horizontal polarizations, respectively. Since Type I phasematching is used

in the second nonlinear crystal, the polarization of the blue light must be rotated by

900 to be vertically oriented along the ordinary axis as is the fundamental beam. A

single optic is used which rotates the polarization of the blue light but essentially has

no effect on the infrared polarization. That this optic performs as desired was verified

by examining the extinction of infrared and blue light passing through the optic and

crossed polarization sheets.

The nonlinear conversion of the infrared and blue photons to ultraviolet is achieved

via sum frequency generation with Type I phasematching in f-BaB20 4 or BBO[31],

a negative uniaxial crystal with point symmetry 3.

In the type I phasematching scheme, the fundamental and second harmonic beams

are vertically polarized along an ordinary axis of the BBO crystal while the third har-

monic is horizontally polarized and travels at an angle 0 to the "C" axis of the crystal.

This geometry is the same as that depicted in Figure B-2. Therefore, eliminating the

common factor of w in the previous equation we have the following equation which

implicitly defines the phase-matching angle, Op, for the sum frequency generation

process,

3n(-, Op) = 2no( ) + no(A) (B.12)
Using the expression for n ) in equation B.8 and solving for 2wefind,

Using the expression for n,(O) in equation B.8 and solving for O, we find,

Op = sin - 1 (B.13)

For numerical evaluation of the sum frequency generation phase-match angle we

utilize non-temperature dependent Sellmeier equations[31],

no = /2.7359 + 0.01878/(A2 - 0.01822) - 0.01354A2 (B.14)
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Figure B-3: Phasematch Angle for Sum Frequency Generation in BBO

ne = 2.3753 + 0.01224/(A2 - 0.01667) - 0.01516A2  (B.15)

The phasematching angle for 800 nm light is 44.3' at room temperature. The

variation of O, with wavelength is shown in Figure B-3.

B.3 Group Velocity Dispersion Effects

The next issue to be considered in the scheme we have chosen for the harmonic

generation system is the temporal overlap of the waves necessary for the nonlinear

processes to occur. We utilize a collinear arrangement of the KDP and BBO crystals

as shown in Figure 3-15. In order for the BBO crystal to generate ultraviolet light, the

infrared and blue light must overlap in space and time. The issue of time comes about

because the laser pulse has finite duration and the group velocities of the fundamental

and second harmonic laser light in the SHG crystal will not be equal in general. If the

laser pulse is too brief and the crystal length is too great, by the time the pulses exit
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the SHG crystal, they will no longer overlap in time. In this case, a delay line would

be required to bring the pulses into synchronism. This arrangement would require

optical components to separate the fundamental frequency from the second harmonic,

a variable delay line, and a means of re-combining the two beams. Some authors have

considered, alternatively, the use of special pre-delay crystals to compensate for the

group velocity dispersion effects in the nonlinear optical crystals[75].

We will need to know the group velocity of light in a dielectric crystal as a func-

tion of wavelength assuming that we know the variation in the index of refraction

with wavelength. We begin with the relationship between angular frequency and

wavenumber in a dielectric crystal:

ck
S= - (B.16)

Group velocity is the slope of the dispersion relationship curve of w versus k.

Therefore,

dwv d (ck -n-dk (B.17)
Vg dk - dk n2

By the chain rule,

dn dn dA dn d 27r2n dn (dn-k - n- d) = - d - 27 dk  (B.18)
dk dAdk dAAdk k dA dk 2

For convenience define, x = and y dn

S = x2r nk2 (B.19)

We now have an equation for y. Solving it we find,

2wnx
y = i7n ) (B.20)
This expression2 can be substituted into equation B1 to obtain

This expression for d can be substituted into equation B.17 to obtain vy.
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c7 c 21nx c 2 x/k
vg = (n-yk) = n- l) k ) - 1-( /k) (B.21)n2 42 k2 kx2

Let a- = 2,x - A to simplify.k ~n dA

v =9 - 1 - =a (B.22)
n (a - 1) n 1 -a

Finally we obtain a form for the group velocity which, with the Sellmeier equation

fits to the index of refraction as a function of wavelength, permit numerical evaluation.

c( A dnu-
v = - 1 (B.23)

Define the group velocity dispersion coefficient as gvd - - . The proper

index of refraction must be used in this expression in a biaxial crystal such as KDP

or BBO. In our phasematching setup, the fundamental harmonic is polarized along

el and "sees" index of refraction no. However, the second harmonic is horizontally

polarized and will experience an intermediate index of refraction n,(0) as explained

previously. We will want to evaluate the group velocity when the angle made by the

second harmonic with respect to the optic axis of the crystal is the phasematch angle

for the fundamental wavelength. We will continue to designate by A the fundamental

wavelength. We have the following expression for the group velocity of the second

harmonic,

C A/2 On, (A',Op)(B.24)

ee (2,·) O) (,(=2-O)

Using the above results, the group velocity dispersion in KDP is 77 fs/mm at room

temperature for 800 nm light versus 400 nm light. This value is consistent with data

from a nonlinear crystal manufacturer[47]. The variation of gvd with wavelength is

shown in figure B-4. We utilize a 10 mm long crystal of KDP giving rise to a delay

of 0.77 ps. Since our input pulses are 2.0 ps in duration, there is some reduction of
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Figure B-4: Group Velocity Mismatch in Second Harmonic Generation for KDP

efficiency but there is still sufficient overlap to create UV in the BBO crystal.

A more formal calculation of the effect of group velocity dispersion on the shape of

the SHG pulse is made in [27], as follows. Nonlinear optical crystals are characterized

by the fact that the relationship between the polarization of the crystal, P, and

the electric field, E is not described by P = eoXeE [20]. If the nonlinear crystal is

driven with an electric field at frequency w there will be a polarization field at w and a

polarization field at 2w, the second-harmonic polarization. Essentially, the electrons in

the crystal are nonlinear driven harmonic oscillators whose response includes motion

at twice the frequency of the driving signal. The second-harmonic polarization is

proportional to the square of the driving field with an effective nonlinear coefficient

describing the second-order susceptibility[73]. For the long pulse case one writes,

P (2w) = eodeff (2w : w, w) E (w) E (w) (B.25)

In the long pulse case, the driving field is nearly monochromatic. If the driving
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pulse is short, it contains a range of frequencies about the central frequency, wo. The

polarization at the second-harmonic frequency is the convolution of the fundamental

wave with itself.

P (z,w) = eod _ E1 (w - w)E (wl) e-j(k(w-wl)+k(wl))zdwl
Expanding about the central frequency and corresponding wavenumber,00

Expanding about the central frequency and corresponding wavenumber,

(B.26)

k (w - wi) = ko +

k (wi) = ko +

(k)O
9 WO

(W - 1 - wo)

(w1 - Wo)

=- k (w - wi) + k (wi) = 2ko + a (w - 2wo)

where a = (a ) wo = () is the inverse of the pulse group velocity.

Therefore,

P(z, w) = eode- j (2ko+a(w- 2wo))z L E1 (0 -0w)E1 (w1) d

The slow-envelope equation describing the growth of the second harmonic field is

[73, 27],

OE2 (z, w)
Oz

jwod e-j(2ko+a(w-2,o)-k(W))z 0_ El
nc foo

(w - wi)Ei (w1) dw1

Since the integral is large only for frequencies near w = 2wo we again expand k(w).

k(w) = k2 + P(w - 2wo)

where
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W) 2wo () 2wo

Assuming perfect phasematching (k2 = 2ko), negligible depletion of the funda-

mental wave, and a crystal of length £, then:

E 2 (jwode) j(Ak/2) Sin (AkU/2)
nc (Ake/2)

where

Ak = (a - 8) (w - 2wo)

and

F (w) = El (w - w)E1 (wi) dw1

The time dependence of the second harmonic field is calculated by Fourier transfor-

mation. Assume that the fundamental wave is described by E1(0, t) = A,(t)sin(koz -

wot) then,

A2 (e, t) = wod - I o (t - t') dt' (B.27)
4nc (P - a) fa 1

where A 2 (£, t) is the field envelope of the second-harmonic pulse. Since 12 1 A2

and II - A2 we have,

2 ( t) (t - t') dt') (B.28)

Equation B.28 can be used to find the shape and duration of the second-harmonic

pulse exiting the KDP crystal in our experiment. We substitute in the numerical

values of v9 for the group velocity calculated above for the Type I phasematching

geometry. The infrared input pulse length was measured with a single shot autocor-

relator. The pulse length was 1.5 ps FWHM assuming a Gaussian pulse shape. The

Gaussian intensity profile is written,
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P (t) = Poe-t2• (B.29)

Since the relationship between the Gaussian full-width at half-maximum is related

to the constant to by FWHM = 2ton(2), to = 0.9 ps for our case. The input

wavelength is 800 nm and the KDP crystal is 10 mm long. Numerical calculation

shows that I2(t) has a Gaussian shape whose full-width at half-maximum is 1.1 ps.

This result can be verified from a simple scaling argument. Since the SHG intensity

is proportional to the square of the fundamental intensity, a Gaussian input pulse

squared will be shaped like the input pulse except the width will be reduced by V/2.

to
to +

This scaling yields a 1.1 ps SHG pulse length for a 1.5 ps IR pulse (FWHM).

Therefore, we conclude that the group velocity dispersion does not substantially af-

fect the pulse length of the SHG from the KDP crystal. The time lag between the

fundamental harmonic and the second harmonic pulse due to the different group ve-

locities is shown in Figure B-5. The amplitude of the two pulses is arbitrary and

should not be taken to represent the actual power in the two pulses.

A similar analysis of group velocity dispersion effects is needed to extract the pulse

length of the third harmonic pulse generated using the sum frequency generation

process in the BBO crystal. The analysis is complicated by the fact that three colors

of laser light must be considered, each with a different group velocity in the BBO

crystal. Therefore, the concept of group velocity dispersion or GVD must be made

more specific.

First we consider the group velocity dispersion between the fundamental and sec-

ond harmonic pulse in BBO. In this case the fundamental and second harmonic are

both linearly polarized along an ordinary axis of the BBO crystal. Therefore the

group velocity dispersion between the second harmonic and the fundamental pulse is

calculated using no and the its' derivatives. The variation of the "A vs. A" GVD with

fundamental wavelength is shown in Figure B-6. We find that the group velocity dis-
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Table B.2: Group Velocity in BBO Crystal

persion is 327 fs/mm at 800 nm in BBO, consistent with manufacturer data[47]. Our

BBO crystal is 5 mm long yielding a delay of 1.6 ps. This indicates that the pulses

will slip a distance equal to their length during passage through the BBO crystal.

Second we consider the group velocity of the third harmonic pulse to compare it to

the remaining two pulses. The group velocity of the third harmonic pulse is calcu-

lated using the index of refraction in the phasematch direction in the same manner

as used for the calculation of the group velocity of the SHG pulse in KDP. The data

are summarized in Table B.3. Note that while the fundamental and second harmonic

pulses travel at similar velocities, the third harmonic moves substantially faster.

We can approximate the resulting third harmonic pulse length as follows. Define

y as the inverse of the third harmonic group velocity and denote by a subscript of 2

all quantities associated with the BBO crystal. We have,

13 (1, t) A1 (t - t'- al) A 2 (t - t') dt' (B.30)

We find that the third harmonic generation pulse has a FWHM pulse length of

1.0 ps. This is a somewhat surprising result for the following reasons. The naive

calculation of the third harmonic pulse length would be 1 - 0.87 ps where to = 1.5

ps is the duration of the fundamental pulse neglecting all group velocity effects in

both the SHG and SFG processes. Considering the significant (0.4 ps) lag between

the second harmonic and fundamental harmonic pulses on exiting the KDP crystal,

we might expect the third harmonic pulse to be shorter than the naive scaling would

predict due to decreased overlap between the fundamental and second harmonic pulse.
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A = 400 nm vg,ord = 168 fs/mm

A = 267 nm vg,ext (0p) = 624 fs/mm31



In fact, the large difference in group velocity between the third harmonic and the two

remaining pulses in the BBO crystal seems to compensate for this effect causing a

pulse length greater than the naive calculation. This problem should be studied

in greater detail to calculate the effects of GVD on the efficiency of the harmonic

generation system as well and perhaps to choose a better set of crystal dimensions in

order to optimize the efficiency and output pulse length. Such an analysis is, however,

outside the scope of this thesis.
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Appendix C

Theory of Laser Jitter

C.1 Overview

Theoretically, pulses are emitted from a mode-locked laser at a repetition rate equal to

the inverse of the mode-lock frequency with no variation in the interval between pulses.

In reality, the time between pulses is not absolutely constant. Ideally, we would like

to place an unconditional upper limit on the variation of the interval between laser

pulses as follows. Denote by tN the time of the peak of the Nth laser pulse following

a particular pulse whose peak amplitude occurs at time to. The average laser pulse

repetition rate is denoted fML. If it were true that,

N
tN = to + +  (C.1)

fML

for some value of e and all integers, N, from 1 to infinity then the laser repetition

rate jitter could be simply denoted by e. However, it is not possible to measure such

an upper limit for all integers N. This measurement would correspond to watching

the laser for an infinite period of time and measuring with high precision the interval

between any two pulses. At best, it is possible to make a claim that e is less than

or equal to some value in seconds for a certain range of N. In the following analy-

sis, temporal jitter will be reported for a range of frequency [flow, fhigh]. The lower

frequency, flow is limited by the duration of the measurement. The upper frequency
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fhigh is limited by the detection bandwidth of the measurement.

Experimentally, it is not a trivial matter to measure with high precision the in-

terval between two laser pulses which may be many periods apart in time. Just as

auto-correlation can be used to interfere a single pulse with itself to measure laser

pulse length, cross-correlation can be used to study the stability of the interval be-

tween two separate pulses[58]. One pulse is delayed by bouncing it along a delay line

and then intersected with a second pulse in a second harmonic generation crystal.

A second harmonic pulse is generated if the pulses overlap in time. Because of the

magnitude of the speed of light, the required delays can be significant. For example,

to cross-correlate pulses 10 periods apart at an 80 MHz repetition rate would require

an optical delay path of 40 meters. Clearly, cross-correlation, while highly accurate

cannot be used to observe variations over slow timescales since the delay line length

would become prohibitive.

C.2 Spectral Measurement

It is possible to perform an indirect, frequency-domain, measurement to characterize

the variation of a mode-locked laser's repetition rate over a broad frequency range.

This technique uses a photo-diode whose response can be much slower than the width

of an individual pulse. The photo-diode is placed in the path of the laser to monitor

the intensity of the train of mode-locked pulses with time. The resulting electronic

signal will exhibit a series of pulses whose width is dictated by the response char-

acteristic of the photo-diode, not the duration of the laser pulses. But, the interval

between the electrical pulses will mirror the interval between the laser pulses which

generated them. Therefore, the variation in time of the interval between the photo-

diode pulses will carry information about the temporal jitter between the laser pulses.

If the photo-diode signal spectrum is recorded using a spectrum analyzer, quantitative

measurements of temporal jitter can be performed[68].

First, define the usual Fourier transformation by,
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1
X (t) = S00 /1 00] X (w) e 'wdw X (w) = X (t) eiwtdt

In the laboratory, a signal is measured over a finite time interval, A which yields

the "truncated Fourier transform" defined by,

1 (A/2
XT (w) A/2 X (t) eiwtdtv/2--7r I-A/

The power spectrum of the function X(t) is ideally given by,

Px (w)= lim 1 2T (w )

if an arbitrarily large measurement time is assumed.

If we consider a "perfect" finite train of (2N + 1) identical pulses spaced a time

interval T apart whose intensity as a function of time is denoted FOT then,

N

FoT(t) = E f (t + nT)
n=-N

where f(t) describes the amplitude of a single pulse in the mode-locked train. The

Fourier transform of FOT is given by,

FOT sin[(2N + 1)wT/2
sin (wT/2)

Using the following identity,

lim 1 (sin [(2N + 1) wT/2] 2

N-4oo 2N + 1 sin (wT/2)
T -E J (w - 2n/T)

Tn=-oo00

we find that the power spectrum of the perfect train is,

PFo (w) = )2TT S(w)72 =
f=-00

S(w - 2irn/T)

In practice, however, a real laser will exhibit amplitude and time variations. The

noisy laser intensity is,
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F (t) = Fo (t) (1 + A (t)) + Fo (t) TJ (t)

where the term A(t) corresponds to amplitude fluctuation and J(t) represents

temporal jitter of the pulses. It can be shown that the resulting power spectrum is,

PF () =((W2)r) f(W)1 2 T [J6(wn) + PA (wa) + (2rn) PJ (wn)]
n=-oo

where w,n = (w - 2rrn/T) and PA and Pj are the power spectra of the amplitude

and jitter fluctuations respectively. It is important to note the n2 dependence of

the temporal jitter term in the laser power spectrum. This indicates that for high

harmonics, the amplitude fluctuation contribution is negligible and the shape of the

harmonic is determined only by the laser pulse shape and the temporal jitter of the

laser pulses.

In the laboratory, the measurement device, a photodiode connected to a spectrum

analyzer, have a temporal response function and a corresponding bandwidth. The

response function of the photodiode is fixed. Therefore, the overall power spectrum

is multiplied by a broad envelope which causes the higher order harmonics to become

weaker and weaker in amplitude until they cannot be resolved. Therefore, the exper-

imenter chooses a high enough harmonic to avoid the amplitude jitter contribution

to the signal but low enough to still have a reasonable signal-to-noise ratio.

In the laboratory, the spectrum analyzer displays the photo-diode signal power

spectrum, P(f), integrated over the resolution bandwidth of the spectrum analyzer,

B, as a function of frequency, f. Denote the number of a particular harmonic in the

power spectrum of the photo-diode signal by N and the nominal repetition rate of the

laser by fML = L. Figure C-1 is a schematic of the Nth harmonic in the photo-diode

power spectrum. The peak level of the spectrum at the Nth harmonic is labelled by

Pa. The peak level of the amplitude or phase jitter induced sidebands is labelled by

Pc. If the laser were perfectly mode-locked and exhibited no amplitude fluctuations,

the Nth harmonic would appear simply as the central peak in this figure and Pc would

be zero. By integrating the power in the sidebands of the harmonic, the amplitude
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Figure C-1: Diagram of the Nth Harmonic of the Photo-diode signal

and phase jitter of the laser can be quantified[32].

The amplitude fluctuation of the laser output can be measured in the low-order

harmonics of the photodiode signal, N . 1. For the frequency range [fiow, fhigh] the

standard deviation of the amplitude is,

ON [fow) fhigh] =- (C.2)

where

NfgML+fhigh p (f)
Psb = 2 NM df (C.3)

JNfiML+fio B

The timing jitter is measured by examining the higher-order harmonics, N > 1.

j [flow, fhigh] = T Pr ý (C.4)

As shown in Figure C-1, the choice of flow will dominate the magnitude of the

integrals over the power spectrum. If the lower limit of integration is chosen to
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be too close to the central peak, the integral under the curve will be misleadingly

large. Experimentally, a real power spectrum is not as clean as shown in this diagram

and the point in frequency where the central peak ends and the sidebands begin

is not clear-cut. Also, the spectrum analyzer "smears out" features in the curve

over a range of frequencies equal to the resolution bandwidth, B. The better the

quality of the spectrum analyzer, the narrower the available resolution bandwidth.

A narrow resolution bandwidth permits the characterization of the laser jitter over

lower frequencies or, equivalently, longer timescales. Therefore, using a value of flo

which is smaller or comparable to the bandwidth will result in a misleading and large

estimate of the jitter. Therefore, the phase jitter of the laser pulses is reported for

a given frequency range. The choice of the upper frequency fhigh is dictated by the

detection bandwidth of the measurement system.

C.3 Atmospheric Contribution to Laser Jitter

As explained previously, space constraints require that the laser system be located

down the hall from the RF gun in a separate room. The amplified infrared pulses

travel 40 meters to reach the RF gun through air filled laser safety tubes. It is possible

that the laser phase jitter is larger at the position of the RF gun due to variations

in the index of refraction of air, vibration of the optics used to transport the laser

beam, or motion of the building itself.

The atmospheric contribution to the jitter of the laser pulses may be estimated

by analyzing the effects of fluctuations in the index of refraction of air through which

the laser pulses travel. The effect of these fluctuations on the index of refraction is

calculated as follows. Define the index of refraction and the difference between the

index of refraction and unity.

N - index of refraction t 1 (C.5)

n N- 1 <c 1 (C.6)
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According to Cauchy's formula for the index of refraction in air we have,

n I )1 + ( +) C (C.7)

where A = 77.6 - 10-6, B = 7.52 10- 3, and C = 1810 if T is the temperature

in Kelvin, P is the pressure in millibars (1 bar=760 mm Hg), A is the wavelength in

microns, and V is the water vapor pressure in millibars[74]. The fractional change

in n due to small changes in pressure, water vapor pressure, and temperature is

approximately,

Sn 1 On 1 On 1 On
-= ST +  P + --- V (C.8)

n nOT nOP nOV

Or,

Sn _ 1nn 1 1nn 1 1nnS- T + nP + V (C.9)
n OT n OP n OV

Define the fractional change in P,T, and V as follows.

ST = TSt, 5P = PSi, 6V = VSV (C.10)

The parameter x - PTcan be used to simplify this result. We find that,

Sn - 2 x+l]-=n x + 2ST + 1 ) + )BV (C.11)n (X+1 x 1+X
At standard atmospheric conditions, x > 1. Therefore,

Sn
- - -T+ SP (C.12)
n

The fractional change in the time of flight of the laser pulse is associated with a

proportional change in the index of refraction since t = d where d is the distance
C

travelled by the laser pulse.

St 6N 6 (n + 1) Sn Sn
t- -N - = Sn (C.13)t N N N 1
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Rt rn 6n
S n = -n = -2.75. 10- 4  (C.14)

t n n

inserting the numerical value for n assuming 800 nm light, 150 C, 1 atm pressure,

and 1.5 mb water vapor[55]. The time of flight of the laser to the RF gun, located 40

meters away, is 130 ns. Therefore, we find by substitution that,

St = 40 ps -(bj - 5) (C.15)

While the pressure and temperature fluctuations in the RF gun laboratory have

not been measured, they can be conservatively bounded from above. Assume that the

temperature and pressure fluctuations are both less than 1%. The combined effect of

these changes (assuming the worst case in which they fluctuate in opposite directions

for maximum effect) would be a phase jitter of 0.8 ps. Therefore, this effect can be

neglected.
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