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Abstract
We present theoretical and experimental results from a Smith-Purcell radiation ex-
periment using the electron beam from a 17 GHz high gradient accelerator. Smith-
Purcell radiation occurs when a charged particle travels above a periodic grating
structure. The electron beam consists of a train of 15 MeV, 9 pC bunches of bunch
lengths varying from 600 fs to 1 ps. The radiated energy for one electron travelling
above a periodic grating is solved. The effects of multiple electrons in a bunch and
multiple bunches in a train are introduced. The Smith-Purcell resonance condition
and the dependence of the radiated energy upon beam current and beam height above
the grating are presented. Measurement of the angular distribution of the Smith-
Purcell radiation resulted in bunch length measurements of 0.60 ± 0.1 ps and 1 i
0.1 ps under different accelerator operating conditions. This demonstrates the use
of Smith-Purcell radiation as a non-destructive bunch length diagnostic with 100 fs
resolution. Smith-Purcell radiation is comparable to other sources of radiation, such
as transistion radiation, synchrotron radiation, etc. except that it has an inherent
enhancement by a factor of Ng, the number of grating periods. Additional enhance-
ment occurs when the electron bunch length is short compared with the radiation
wavelength, resulting in coherent emission with an enhancement by a factor of Ne,
the number of electrons in the bunch. Finally, the electron beam consists of a regu-
lar train of Nb bunches, resulting in an energy density spectrum that is restricted in
frequency space to harmonics of the bunch train frequency, with an increase in the
energy density at these frequencies by a factor of Nb. We report the first observation
of Smith-Purcell radiation displaying all three of these enhancements, that is, with
a total enhancement of Ng.Ne.Nb. This total enhancement provides a simple method
of generating powerful THz radiation at specific frequencies, which can be detected
with a high signal to noise ratio by a heterodyne receiver.

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

Introduction

1.1 Smith Purcell Radiation

Smith-Purcell radiation (SPR), which occurs when a charged particle passes over a

periodic structure as shown in Fig. 2-1 was first observed in 1953 [1]. In the 50 years

since it was first observed many authors have reported incoherent SPR ranging from

the visible to millimeter spectrum [2-6]. Only recently (1990's) was coherent SPR

in the millimeter regime [7,8] observed. SPR has been proposed as both a source in

the THz (submillimeter) regime and a bunch length diagnostic [9,10]. This thesis

describes the work performed in regard to using SPR to measure sub-picosecond

electron bunches and the generation of high power coherent THz radiation from these

bunches.

1.2 High Gradient Accelerators

High gradient accelerators are of interest for a wide range of applications including

TeV colliders, Free Electron Lasers (FELs) and other high energy electron beam

applications such as medicine, materials processing and food irradiation. While

the Large Hadron Collider proton collider at CERN is being built, the international

high energy physics community has agreed that the next accelerator should be an

electron-positron linear collider. An electron collider in the TeV class would be of

13
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Figure 1-1: Schematic of the Smith-Purcell problem, a charge travelling near a peri-
odic grating structure.

great interest for exploring the frontiers of high energy physics, specifically the search

for the Higgs particle. Historical progress in accelerator center of mass energy is

illustrated by the "Livingston Chart" shown in Fig. 1-2. Many reports have been

given on the general considerations of a TeV linear collider [11-18].

TeV collider designs have been proposed by a number of major laboratories in

Europe, Japan, Russia and the United States. Proposed concepts include room

temperature copper accelerators, superconducting accelerators and two-beam accel-

erators. As a result of this initiative, MIT, along with Haimson Research Corporation

(HRC), has developed and tested a 17 GHz, 10-30 MeV linear accelerator. 17 GHz

is 6 times the frequency, 2.856 GHz, of SLAC. One interesting feature of this high

frequency accelerator is that it is designed to produce electron bunches as short as

10, or '180 femtoseconds. The accelerator is described in detail in Chapter 3.

-
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Figure 1-2: Livingston Chart showing the historical progress of accelerators.

1.3 Bunch Length Measurement Techniques

One of the many technical challenges for FELs, linear colliders and advanced ac-

celerators such as laser or plasma wakefield accelerators is the measurement and

diagnosis of extremely short bunch lengths. The next generation of light sources

will require subpicosecond, kA bunches for operation [19,20]. Efforts to extend the

operating wavelength range of several FELs to XUV (extreme ultraviolet) and soft

x-ray continue [21, 22]. The success of these projects requires the demonstration

of self-amplified spontaneous emission (SASE). In the SASE mode of operation, an

ultrashort, high peak-current, relativistic electron bunch is used to amplify its own

spontaneous emission radiation in one pass through an undulator. For these FELs a

critical factor for computing, measuring and optimizing the gain is the peak current.

The measurement of charge is a straight forward procedure, however, an online diag-

nostic for measuring bunch length is required to obtain an accurate measurement of

peak current.

. . . . I . ..
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Figure 1-3: Summary of bunch length measurements. Plotted as bunch length in ps
versus the observation wavelength. Adapted from [25]

Numerous methods have been developed to measure bunch length including:

streak cameras, rf deflecting structures, laser techniques, and coherent and incoher-

ent radiation methods [23, 24]. The many different techniques and their respective

bunch length measurements as of 2000 are summarized in Fig. 1-3 [25]. The reader

should note from Fig. 1-3 that there are many different techniques being used to mea-

sure bunch length, the majority of which have measured picosecond or longer bunch

lengths. Unfortunately, many of the demonstrated techniques do not work well for

measuring hundred femtosecond bunch lengths. Additionally, most measurement

techniques are destructive to the electron beam. A Smith-Purcell radiation (SPR)
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bunch length diagnostic can effectively measure femtosecond bunches with minimal

effect on the bunch. A brief summary of the existing bunch length techniques is

given in the remainder of this section.
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Figure 1-4: Schematic of the operating principle of a streak camera. Picture adapted
from http://www.hpk.co.jp/Eng/products/SYSE/pdfs/StreakGuide.pdf

1.3.1 Streak Camera

Perhaps the most widespread and well known bunch length measurement technique

involves using a streak camera [26-28]. The use of a streak camera requires the

production and imaging of optical radiation from the electron beam. Typically, the

optical radiation is produced via Cherenkov or transition radiation, but any type of

radiation can be used as long as the radiation mechanism is short compared to the

bunch length. The optical pulse is subsequently imaged by the streak camera to

obtain the bunch length as shown in Fig. 1-4. The state of the art streak camera

from Hamamatsu (FESCA-200), which has a minimum resolution of 200 fs, has been

used to measure electron bunches of length 500 fs [29].

However, streak cameras have several disadvantages. Errors in the bunch length

measurement can be introduced due to dispersion in the optics, the bandwidth of

filters used in the radiation transmission line, and the finite size of the source. More-

over, for very short bunch lengths the synchronization between the camera and the

18



accelerator RF can further add difficulty to the measurement. Lastly, the streak cam-

era is a relatively expensive ($100,000) device and typically requires the destruction

of the beam to produce the optical pulse.

1.3.2 RF deflecting structures

The use of an RF deflecting structure to measure the bunch length was first demon-

strated in 1965 [30,31]. The RF deflecting technique requires a series of RF acceler-

ating cavities, a magnet/spectrometer and a profile measuring device. Electrons at

various positions in the bunch are given a time correlated momentum kick along the

longitudinal length of the bunch. The spectrometer then translates the momentum

spread into horizontal position spread. The bunch length can then be determined

directly from a profile monitor. This technique has been revisited recently with the

need to measure ultrashort electron bunches and has been demonstrated to measure

84 fs (rms) bunches [32]. The major disadvantage of this technique is that mixing

between the energy and phase distributions may result in an inaccurate measurement

of the bunch length.

An RF deflecting technique is concurrently being implemented by Dr. Jake Haim-

son for the HRC accelerator here at MIT [33] that specifically addresses the mixing

problem stated above. This technique passes the electron beam through a circu-

larly polarized beam deflecting RF structure. The bunched beam interacts with two

quadrature phased, orthogonally polarized, transverse magnetic deflection fields such

that particles of equal energy populating a sequential array of thin slices cut trans-

versely through the bunch will experience identical transverse momenta impulses but

at incrementally changing (rotating) radial directions that depend only on the RF

phase of the cavity fields at the time of traversal of each slice. Moreover, within each

slice, particles having different energies will be deflected in the same radial direction

but at different deflection angles. The phase and energy distributions are then dis-

played in orthogonally separate azimuthal and radial directions as shown in Fig. 1-5.

This technique is being tested in parallel with the SPR experiment resulting in a

comparison between the two techniques.

19



(p, 1 per mm

Figure 1-5: Diagram of the HRC RF Deflecting Structure. Adapted from [33].

1.3.3 Laser Techniques

The use of lasers as a means of particle beam characterization was first proposed in

1963 [34,35]. Recent advances in producing short pulse (00fs), high peak power

(TW) lasers has rekindled the idea of using lasers to diagnose electron beams, specifi-

cally the longitudinal distribution. There are two techniques that have been demon-

strated. The first technique produces 90° Thomson scattering between the electron

and laser beams as shown in Fig. 1-6. The resulting x-ray profile as a function of

position with respect to the electron beam in space and time produces a transverse

and longitudinal beam profile. The Thomson scattering technique has measured

10-15 ps electron bunches [36].

The second method uses an electro-optic crystal which interacts with the wake

fields of the electron bunch. The presence of an electric field in the crystal due to

the electron bunch at the same time as the laser pulse results in a rotation of the two

polarizations of the laser pulse. The direction and degree of the polarization rotation

is proportional to the amplitude and phase of the electric field. An experimental

setup is shown in Fig. 1-7. Several different analysis techniques of the laser pulse

have been implemented in order to retrieve the electron bunch length. Experiments

have demonstrated the use of this technique to measure 2 ps and 650 fs electron

bunches [37-39].

20
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Figure 1-6: Schematic of a Laser Scattering Experiment.

Figure 1-7: Schematic of an Electro-Optic Experiment.
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Figure 1-8: Schematic of an Incoherent Radiation Experiment.

1.3.4 Incoherent Radiation

Properties of charged particle bunches can be determined through measurement of

fluctuations of incoherent emissions from the bunches [40]. The emissions can be

produced by an interaction of the particles with either electromagnetic fields or media

as shown in Fig. 1-8. The radiation spectra are composed of random spikes of width

Aw 1/rb. This technique has be used to measure 1-5 ps bunches [41].

1.3.5 Coherent Radiation

Another widespread bunch length measurement technique uses the generation of co-

herent radiation in which the radiation intensity scales as N', where Ne is the number

of electrons in the bunch. The radiation is typically produced via transition or syn-

chrotron radiation mechanisms, however, diffraction, undulator and SP radiation can

be utilized. The emitted radiation is only coherent for wavelengths longer than the

bunch length and a measurement of the cutoff frequency allows the bunch length to

be determined. Typically, the emitted radiation is collected by a Michelson interfer-

ometer and an interferogram is produced, which when Fourier transformed gives the

radiation spectrum.

Coherent transition radiation bunch length measurements were first demonstrated

in [42] and [43] for bunches of length 10 ps and 45 ps, respectively. Coherent
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synchrotron radiation has been used to measure bunch lengths of 900 fs [44] and 90

fs - ps [45]. Coherent diffraction radiation has also been used to measure bunches

of 600 fs 46] and 450 fs [47].

The use of coherent SPR for a bunch length diagnostic was first proposed by

Nguyen and Lampel [9,10]. Until recently (2002), the bunch length had not been

measured via SPR. Doucas, et.al. [48] measured bunches of 14 ps. This experiment

demonstrates the use of SPR as a bunch length diagnostic for sub-picosecond electron

bunches.

1.4 Terahertz Radiation

Research into the Terahertz (THz), or submillimeter regime, which corresponds to

1 mm to 100 m (300 GHz to 3 THz), has been ongoing for many years. Located

between the microwave and visible and having limited atmospheric propagation there

has been little commercial emphasis on THz sources, detectors and other components.

Historically, THz technology has been used by spectroscopists and astronomers to

measure and catalog thermal emission lines from various molecules. One of the

newest applications, THz imaging, utilizes THz radiation for noninvasive medical

imaging and the probing of biological materials or electronic parts. THz radiation has

several characteristics which make them useful for imaging applications. Terahertz

radiation penetrates most dry, nonmetallic and nonpolar materials such as plastics,

paper, and nonpolar organic substances. In contrast, metals are completely opaque

and polar liquids like water are strongly absorptive. Several articles exist which

describe the history and applications of this frequency regime [49, 50].

1.4.1 Sources

Perhaps the most difficult component to realize in the submillimeter regime has been

the THz source [50]. Electronic solid-state sources based on semiconductors are

limited by reactive parasitics or transit times that cause high-frequency rolloff. Tube

sources suffer from physical scaling problems, metallic losses and the need for high
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magnetic fields. Optical style sources need to operate at low energy levels of the

order of meV which is comparable to the relaxation energy of the crystal.

The most successful techniques have used a frequency conversion technique: up

from microwave or down from optical/IR. These sources can typically produce mW

power levels. Other techniques that produce narrow-band, iW power levels include:

optical mixing in non-linear crystals, photomixing, picosecond laser pulsing, laser

sideband generation, quantum cascade lasing, direct semiconductor oscillation, direct

lasing of gases, and Josephson junction oscillators.

Recently interesting work has come from the production of coherent THz radiation

via ultrashort ( 100 fs) near-infrared laser pulses [51]. The THz radiation is

produced when the laser pulse hits a semiconductor which then converts the incident

pulse into broadband THz radiation. These sources are the basis for THz time

domain spectroscopy (THz-TDS) which allows for measurement of both the intensity

and phase of the electric field. Many laboratories are now performing THz-TDS

experiments and several articles describe the state of the field [52-54].

Short electron bunches ( 1 ps) have the ability to directly produce high inten-

sity coherent radiation in the THz regime. THz radiation has been generated using

electron beams in FEL's and via synchrotron radiation [55-57] and transition radi-

ation [58]. SPR has the inherent advantage of Ng, the number of grating periods,

over other radiation mechanisms. This experiment demonstrates the use of SPR to

create a high intensity, broadband, frequency selective Terahertz source.

1.4.2 Frequency Locking

The accelerator macropulse has a steady state width of -40 ns which means there are

> 500 bunches in a pulse. Interference between the radiation from periodic electron

bunches was first predicted for Cherenkov radiation [59] such that harmonics of the

RF frequency would be observed. Interference between bunches has been measured

for coherent synchrotron radiation [60] and transition radiation [61]. Researchers

have also seen interference in several FEL experiments [62, 63] and an experiment

that uses picosecond electron pulses to excite a rectangular waveguide [64]. All of
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these experiments except [64] used a Fabry-Perot Interferometer to measure the in-

terference. The resolution in [60] and [63] was 2.7 GHz with an accelerator frequency

2.856 GHz so the interference was just above the observable threshold. The authors

in [62] report measuring a linewidth of < 1.5% for an accelerator operating frequency

of 3 GHz. A transform-limited bandwidth of 200 kHz (RF frequency of 2.853 GHz)

is reported to be observed by [64] using a microwave spectrum analyzer, although no

data were supplied. This experiment uses a double heterodyne receiver to measure

the linewidth to part in 10,000 (2 MHz for an RF frequency of 17.14 GHz) of fre-

quency locked SPR (FL-SPR). A transform limited bandwidth at harmonics of the

accelerator frequency is demonstrated.

1.5 Thesis Outline

The remainder of this thesis consists of four sections. In Chapter 2 the theory of SPR

is developed starting with a general description of the problem for one electron and

continuing with a solution of the problem via several different methods. Subsequently,

the effects of multiple electrons in a bunch and multiple bunches in a pulse are treated.

Lastly, several computer codes are discussed which are used to compute the intensity

and distribution of radiation and from which a bunch length is determined. Chapter 3

presents the experimental design and includes a description of the accelerator system

in addition to PARMELA simulations of the accelerator. The remainder of the

chapter describes the SPR vacuum chamber, designs for several gratings and the

radiation detection system. The experimental results including verification of the

SPR resonance condition, dependence on beam height and current, bunch length

measurements, and measurements of frequency locked SPR are presented in Chapter

4. Finally, Chapter 5 contains a discussion and the conclusions from this research.
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Chapter 2

Smith-Purcell Radiation Theory

2.1 Introduction

Smith-Purcell radiation, which occurs when a charged particle passes over a periodic

structure as shown in Fig. 2-1 was first observed in 1953 [1]. Since then, many

authors have reported incoherent SPR ranging from the visible to millimeter spectrum

[2-6] and coherent SPR in the millimeter regime [7,8]. The dispersion relation for

SPR is a well known relation,

no = 1( - Cos 0) (2.1)

where A is the wavelength of the radiation, 1 is the grating period, n is the order of

radiation, 3 is the ratio of the electron velocity to the speed of light, and 0 is the angle

of emission. The dispersion relation can be derived by considering the constructive

interference that occurs between two successive grating periods as in Fig. 2-2.

There are two widely accepted methods to solving the SPR problem. The first

method, the image charge theory, considers the radiation emitted by the surface

currents induced on the grating. This radiation mechanism was suggested by Smith

and Purcell [1]. More recently Walsh, et.al. developed the image charge theory for

a strip grating [65] and Brownell et.al. generalized it for an arbitrary grating profile

[66]. The second method, diffracted wave theory, describes SPR as the diffraction
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Figure 2-1: Schematic of the Smith-Purcell problem, a charge travelling near a peri-
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Figure 2-2: Schematic of the interference from successive grating periods.



of evanescent waves in the electron wakefield from the grating. The diffracted wave

theory was first derived by Toraldo di Francia [67] who treated the wakefields as

Cerenkov radiation. A rigorous solution was obtained by van den Berg [68] who

treated the case of a point charge moving parallel to an infinite grating and solved

a set of integral equations using a periodic Green's function. Recently, a diffracted

wave theory that includes the effects of finite grating size was initiated by Amit Kesar

at MIT. The author of this thesis assisted in the development of the theory and is a

coauthor on one paper submitted for publication and one paper in preparation.

The validity of both theories have been tested experimentally and very good agree-

ment for the resonance condition and the dependence of the radiation on b, the beam

height above the grating was found. A comparison of the theoretical radiated energy

to the measured energy has been performed by several groups [2,4,8,48]. Order of

magnitude agreement between theory and experiment for both the image charge and

diffracted wave theories has been demonstrated. However, the determination of en-

ergy typically involves some estimation of losses in the radiation transmission line and

when the theories are compared to each other the predicted energy can differ by as

much as an order of magnitude. Fortunately, the distribution of the radiated energy

agrees reasonably well between the various theories and if the energy is normalized a

bunch length can be determined.

The remainder of this chapter develops both the image charge theory and the

diffracted wave theories to describe the radiated energy. Except for simple grating

geometries, i.e. a strip grating, a calculation of the radiated energy requires a com-

puter. One advantage of the image charge theory is that it can compute the radiated

energy very quickly (1 s) on a desktop computer. The finite grating diffracted

wave theory can take more than 24 hours. Due to the short computation time and

the fact that the finite grating diffracted wave theory did not exist at the time, the

image charge theory was used to design the gratings for the experiment. The image

charge theory could be used to perform a bunch length measurement. However,

since the finite grating diffracted wave theory is considered more rigorous, it was used

to determine the bunch length from the experimental data. Another advantage of
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Figure 2-3: Diagram of the footprint of the charge on a grating facet.

the image charge theory is that the equation for the radiated energy can be written

such that various dependencies on parameters such as beam height, grating length

are transparent.

2.2 Image Charge Model

In the image charge model an electron bunch travels parallel to a periodic grating

structure as in Fig. 2-1. The electrons travel at a constant velocity, -v = vz parallel

to the grating surface and perpendicular to the planar rule, . An image charge is

induced on the surface that follows the electrons as in Fig. 2-3. Variations in the

surface cause the image charge to accelerate and thus radiate.

In the far field the energy radiated per unit frequency per unit solid angle for a

current density J is [69]

2 d xxn Jr(2.2)
awO = 4s23 dt d 3 X n X J ( r, t)em(st- k) (2.2)

where n - sin 0 cosb + ± sin 9 cos b + $cos 0 is the direction of emission, k = n/c,
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c is the speed of light, and w is the radiation frequency. For a grating that is periodic

in z (Ng periods) the total current becomes the sum over the currents in each grating

period,

Ng ml

j( ,t) = J ooth( -t (2.3)
m=1

Using Eq. (2.3) in Eq. (2.2) and transforming the coordinates to 'r = r- mlI and

t' = t - ml//3c the total energy radiated becomes

2
021 2 Ng 2. 2

awa2= 4ir2C3 S eim w(/v/c) ] dt] d3xn x iJ x 7
toth(7, t)e|(wtk

(2.4)

The term which sums over the grating facets has a well known expression

Ng 2 *2
_ ~sin2 [ Ngl/2c (1//3 - cos )] Ng > 1 WL

m=1e sin2 [w1/2c (1//-cosO)l n#O 

(2.5)

which reproduces the Smith-Purcell relationship:

sn [ 2(1 - cos) (2.6)

The expression for the total energy radiated becomes

a a= 4ir2c3 En (a - n) J tooth(r, t)e
~~~~~~~~~n

(2.7)

At this point the expression for the energy radiated is independent of the form of

the image current travelling on the grating. Following the literature two different

types of gratings, and thus solutions for the image current, will be considered: a strip

grating (see Fig. 2-2) and a general grating which is composed of a periodic array of
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F infinitely conducting planar facets (see Fig. 2-3).

2.2.1 Image Current

Strip Grating

A closed, analytic solution can be obtained for a strip grating and will be derived

first. Consider the well known problem of a charge q a distance b above a perfectly

conducting plane. The surface charge is described by

1 2qb

(y, z) 47r (b2 + y2 + z2) 3/ 2 (2.8)

For a charge trajectory of 7(t) = b + 3ctz and an infinitely conductive metal,

the image charge moves in a similar fashion to the charge. In the relativistic case

t = -y (t --- 3cz), z' = (z - /3ct) and the surface charge a -y 7a because of the

Lorentz contraction in z. Additionally, the surface current can be constrained to the

surface with a Dirac 6 function. The surface current becomes

-4 -+ 6~~~~~(x)2q-yb/47rJ(x,y,z,t) = - (c) 6()qr/'r(2.9)
(X ) ( ) [b2+ y2+y2(z -ct)2]3 / 2 (2.9)

For a strip grating one can assume that the image current is identical to that for

an uninterrupted metal plane when the charge is above the strips and zero in the

gaps. This can be accomplished with the Heaviside step function such that

g(z;a,b) = O(z-a)-e(z-b) (2.10)
if a < z < b

10 if zza or z>b

The strip grating is composed of width d and periodicity I and has Ng strips which

are indexed by m, running from 1 to Ng. Thus, the grating is described by

Ng

9tot(Z) = g (z; ml, ml + d) (2.11)
m=1
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and the total surface current on the strip grating is

6(x)2q-yb/4r
7J (x,y,z,t) = -gtot(Z) (c) (x)2qb/4r (2.12)

[b2 + y2 + y2 (z - ICt)2] 3 /2

Comparing Eq. (2.12) to that of the current density from each tooth, Eq. (2.3), gives

-- 4 -- + 6~~~~(x)2q-yb/47r
oot(h(X, t) = - (/ ) g(z; 0, d) (x)2qyb/47r (2.13)

[b2 + y2 + v2 ( t) - ]/

The last term in Eq. (2.7) can be defined as

7 = Jdt dx n x n x Jtoothed( t -). (2.14)

The cross products reduce to I x x 2 = x 2 sin2 0. Performing the x

integration and substituting r = y (3ct - z) gives

-+q b f~ f g (z;O0,d)
na = n sin2 0 d dz d (;(2.15)

27r -CO J0O 0o O (b2 + y2 + r2) 3 /2

x ec (-+*+ysinHsin+zcosO)]

This equation can be simplified by recognizing the integration over y as that of a

modified Bessel function of the second kind 70] such that

--. qbw sin2 0 in 0 1 8 r,- _.o= qbwsin2 sin s dzet (1l-cos)] (2.16)
7rc 

0 0 K1 (() sin 0 sin v/b+ ) ibr
x ]dr exp 'r.

The z integration is an integral of an exponential over the interval [0, d]. The r

integration gives another modified Bessel function that reduces to the exponential

function K1 /2 (z) = e -z . The total current on each strip becomes
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y-4 2qc sin9 0 Ws(1 -fcos9) (
w = -,3cos sin 2c e- (2.17)

where the evanescent length is defined as Ae-[(-c) /+ (7y/sin9sin b)2]

Using Eq. (2.17) in Eq. (2.7) gives the total radiated energy per unit frequency

and solid angle:

AI 2 WL 2qoc sin wd(1 - cos0)) b 2

WOQ =4 2c 3 wnl( ) W 1-lcos0 2c e 
n#o

(2.18)

The total radiated energy per solid angle can be determined by integrating over

frequency such that

dI jo w _ 2 wL 2q/c sinG sin d ( - cos ) b 2

dQ Jo r 4XC3 Eno go Inj I n W I 1-0cos0 t 2,c

fl~ / 3 sin2f3 1+(lyl-sis )2 2 (dir InI)

n540inl (l-/cos)~ yl-/3c sin t I)(.9
The last term in Eq. (2.19) is the dependence on the particular grating geometry.

The term sin2 (adn) is valid for a strip grating and is different for other types of

gratings.

General Surface

The surface current for a generalized surface can also be developed. Consider an

electron travelling above an arbitrary grating tooth as in Fig. 2-3. The grating

profile is composed of F planar facets where the fth facet extends from {xif, zlf} to

{X2f, z2f} and the grating is infinite in the y plane. Note that 2f - z11 < and we

will assume that facets are not inverted or covered, Zlf < Z2f < Zlf+l. The angle of

each facet is a = tan - 1 [2f - Xf ]. The current density for a single tooth is
tZ2f-Zlf
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F

J tooth = E (,t t, Sf) v t, s) (2.20)
f=l

where p and v are the image charge density and velocity and sf is the set {Xlf, zlf, z2f, Z2f}.

The image charge model assumes that the total image charge can be described by a

linear superposition of the images due to a single electron and that the image charge

on each facet equals that for an infinite conducting planar surface which was described

in the previous section.

Similar to the strip grating case, a relativistic electron travelling with a velocity

--+ ^ - induces anv = vz travelling above a conducting plane defined by tana = induces an2

image charge which is proportional to the normal component of the electric field such

that the charge density is

( t s) qy (x - x)cosa - (z-zo -vt)sinal
2ir [(x - Xo)2 + (y - yo)2 + 72 (z - Zo - vt)2]3 / 2

xS [(z- zl) sin a- (x-xi) cos a] (2.21)

where q is the electron charge and rO = (o, yo, zo) is the charge position at t = 0.

In order to derive an expression for the image charge velocity consider that the

image charge becomes a point when the electron intercepts the facet at time t' =

[z1 - zo + ( - xo) cot a] /v and since the electric field lines are radial the charge

distribution scales with the distance of the electron from the surface. Thus the

velocity of each image charge is the distance to the intersecting point divided by the

transit time,

( ,(xo -x ) X (o )+ Y(Yo- Y) + (Zo + vt'- z) (2.22)
The image current density within a single tooth becomes

The image current density within a single tooth becomes
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Jtooth = dt dz dy dxp (- r o7 t, s) (, r, t, sX2.23)
f=l -0 00 00

F -- | dz | dy du (x tana + ) ± tana
2f 5 ]dz] dy du27f= z 0 - 0O - [d2 + y2 + 2u2]3/ 2

X i[w(U-Zo)/v+ky (Y-yo)+Z] e-ik (x -zl tan a) (2.24)

where u -vt - z- zo, Y Yo - y, d _ Ixl - xo + (z - z) tanal, and w/v-kz -

kx tan a. The upper sign in Eq. (2.24) is chosen if the electron is above the facet (xl,

x2 < xo), the lower sign if the electron is below the facet (x1 , x2 > Xo). Using [70]

the current density on each tooth can be reduced to

F
J tooth -qle+e-i(kvYo+wzo/)G (, ii, s) (2.25)

f=1

where

G(w, i, s) (xtana + i2kyAe tana + ) (2.26)
e(±l/Ae-ikx)(xlZ1 tan) (tanaa/A+iK)z2

X (+ tan a/Ae + iK) IZ

The expression for the total radiated energy per unit frequency and solid angle be-

comes

4a c m 16 (w- Wm) in x n x (-qle6e e
-i(k yyo+wzo/v) G

Owfl 47r 2 C3 jmjf1---- f=l
(2.27)

N 2LF 2q-Ll p2 ( ,
4 r 2 C3e Ae6(-wm) i x i x G (2.28)

m=If the special case of a strip grating with strips of width d separated by length 
If the special case of a strip grating with strips of width d separated by length 
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is considered integrating Eq. (2.28) over frequency gives the same result as in Eq.

(2.19). Eq. (2.28) readily shows that the radiated energy scales as the total length

of the grating (i.e. Ng). Additionally the exponential dependence of the radiation

on the beam height, b, is seen. Lastly, the final factor x n x EF _d is typically
I =

called a grating efficiency factor and is a function of the grating profile and wavelength

of radiation.

2.3 Diffraction of Plane Waves

The theory of diffraction of plane-waves was first developed by Toraldo di Francia [67]

and adapted for the case of SPR by van den Berg [68]. Van den Berg uses an

integral method 71, 72] in the first complete solution of the SP problem. Van den

Berg computes the reflected electric and magnetic fields from an infinite grating by

developing a set of two integral equations for the electric and magnetic fields. The

radiated energy is subsequently computed by calculation of the Poynting vector. The

van den Berg approach is generally followed in much of the literature [8, 73] and is

considered to be a rigorous solution. The increase in computing power has enabled

the ability to solve the SPR problem with increasing precision.

An integral method similar to van den Berg's was developed by Kesar [74, 75]

with the collaboration of the author. The new theory takes into account the effects

of the finite size of the grating. The far field radiation is computed after finding

the surface current by solving an integral equation for the electric field. The van

den Berg approach for infinite gratings will first be described, followed by the Kesar

approach for finite gratings. Since the van den Berg approach is considered rigorous

it was used to benchmark the 3D theory in the infinite grating limit.

2.3.1 Electric and Magnetic Field Integral Equations

Consider a point charge travelling in free space, which produces the field incident upon

the grating, E = Ei(x, y, z, t) and H i = Hi(x, y, z, t). The electric and magnetic

fields can be describe as Fourier integrals such that
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E (x, y, z, t)

H (x, y, z, t)

1

(27r)2= 
1

(27r)2

fW
/ dw& _

I CC

'(x,
co

d t H(x,
x oo

z; ky, w)e(ikvy-iwt)dky

z; ky, w)e(ikyy-iwt)dky.

These can be rewritten as

E "(x, y, z, t)

Ht (x, y, z, t)

1
= -- Re

27r
2I
1-- Re

27r

[! W ._ (x, z;ky, )e(ikuy-iwt)dkydo £i~x~ky,-00
ldw 'H e(x, z; ky w)e (ikyy-""t)dky]

o 0

(2.30a)

(2.30b)

since E i and Hi are real and only positive frequencies are considered.

components satisfy Maxwell's equations:

(V + ikyy) x + ieo 

(V + ikyy) x £'- iwt H' = 

The Fourier

(2.31a)

(2.31b)

where V = + 0z& and J is the Fourier transform of the current density,

J(x, z; k, ) =
I00 o

dt J (zxy z, t~e(ikuy-iwt)dy
- Joo

(2.32)

A charge, q, moving with velocity V = vz at the position y = 0, x = b produces

a current density that can be written as

J (x,y,z,t) = qv6 (x -b,y,z - vt) (2.33)

The Fourier transform of the current becomes

J(x, z; ky, w) = qeikz6 (x - b) z^ (2.34)
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where kz- w/v = k/fl. Note that J (x, z; ky, w) is independent of ky and only has

a z component. Using Eqs. (2.31a) and (2.31b) the x and z components of E and

Hi can be expressed in terms of i and 7'. The y components of the electric and

magnetic fields can then be written as

28 i + a2o + k2 £

O2 ij ±02 i+k2iOx'y z+ aZ2'y + kly

where k2 k2 - ky2 . The solutions of

(2.34), are

L(x,z;ky, w) = 2q(

q7[i(x, z; kyIw) = -sgn
2

(2.35)=- ( /,E 1/2(kylk) az z

= J,

Eqs. (2.35) using the current density, Eq.

(2.36a)

(2.36b)

where

k=i(k2+ 2- k2)/2 and (k2 + k2 - k2) > O. (2.37)

o(x- b) eikzz+ikixx-bb
,(x- b)e ik~z+ikxjx-bj

Since v < c and kz > k, k is imaginary and the solutions are evanescent waves that

decay exponentially away from the particle.

In the presence of a reflecting grating the evanescent waves can be diffracted and

become propagating plane waves. These propagating waves are the Smith-Purcell

radiation. The total field above the grating can be described using the incident and

reflected fields such that

Er-E-Ei and Hr - H -Hi.

The reflected fields can also be represented as Fourier integrals and the Fourier com-

ponents satisfy the source free electromagnetic field equations
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(V + iky) x tr + ieo"6 r = 0

(V + iky) x gr _ ioHtr = 0.

(2.39a)

(2.39b)

Moreover, the total fields must satisfy the boundary condition on the surface S of the

grating such that

x (i + ) =0.n~x (£t+ or)= . (2.40)

Two findamental cases arise: E polarization and H

polarization case, where Ey / 0 and Hy = 0, Eyr satisfies

a2er + 02gr + kr = 0Xv Yz Y Y

with the boundary condition Ey = 0 on the surface of

polarization case, where Hy $ 0 and Ey = 0, Hy satisfies

polarization. For the E

(2.41)

the grating. For the H

2Hr + 02THr + k2 H- = 0 (2.42)

with the boundary condition n vHy = 0 on the surface.

The reflected field above the grating can be represented as a Rayleigh expansion

of propagating and evanescent waves,

E;(x, z; ky, )

Hyr(x, z; ky, z)

(2.43)
00

- E Er, (ky, )e(kzz+kxx)
n=-oo

--- ~ E;rn(ky,(2))
i (k zz + k x x )

n=-oo

where kzn = k + 2rn/l and kxn = (k2 - kzn 2)1 /2. SPR is the sum of all the

propagating waves, which have Im(kxn) = 0, such that k2n + k 2 = k2. The emission

angles (0, ¢) of the SPR are related to kn k, and kn by
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kzn= k cos((n)

ky = ksin(0,)sin(0n) (2.45)

k=n = k sin(On) cos(0nq). (2.46)

Using A, = 2, kz = ko + 2irn/l, and Eq. (2.44) the Smith-Purcell relationship can

be reproduced:

-nAo = I (1/f - cos(On)). (2.47)

To find the intensity of the SPR the coefficients E;yn and H, in Eqs. (2.43) must

be calculated. An integral representation for the electric and magnetic fields using

Green's theorem is found. The Green's function is chosen such that on the surface S

only n. VHy or Ey contribute. Additionally, the Green's function must be composed

of waves travelling in the x direction. The Green's function is then

00

G(x,z, ky,w)= E - eikzn(z - z) +ik nIxp -Xl (2.48)
n=-oo 2knl

The Eyn and HYn coefficients are then functions of the total field at the surface of

the grating

Er _ e - ~~~~~~~~ik,,nz-ik,,nx dEy,= 2k 1 ( vE) e-ikznziknds (2.49a)
2kl n I

= 2k1 HY (n nxds. )(2.49b)Hy~~n - .( -7 

The path of integration s is on the grating surface and for grating period. (xp, zp) is

on s. Applying Green's theorem gives the following equations of the second kind [68]
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np VpEy(Xp, zp) + P (n vEy) (-np. v.pG) ds = np V.E(xp, z-X2.50)

H(xp,zp) + P (n VG)ds = Hy(xz)

where P denotes the Cauchy principal value of the integral. The set of integral

equations, Eqs. (2.50), are solved by discretizing the unknown functions n VEy and

Hy into N points on the surface, leading to a matrix equation of order N.

The energy of the radiated SPR is calculated from the Poynting vector of the

reflected fields. The energy lost by a single electron when traversing one grating

period is the sum of the x components of the Poynting vector integrated over all w

and k [73]:

dI e2 sin 2 0cos 2 2 1. (2.51)

d~ 3, ( 2cos) (51)

The radiation factors IRI2 correspond to the classical reflection coefficients of a grat-

ing and are given by [68]

R. (k 0, )12 4 e2kob { o Er2in2 Hsin 22
I\Y''I= e2ko E0 Ej+ j} (2.52)

-Y~ ~~~o [E2e +_[H (1 - sin2 0 sin2 ¢5)
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2.3.2 Electric Field Integral Equation

The electric field integral equation method is a new approach developed by Kesar [74,

75] with the collaboration of the author. The method entails determining the surface

current from the incident electric field and then calculating the far field radiation due

to that surface current. For a charge travelling above a grating as in Fig. 2-1, the

electric and magnetic fields incident on the grating can be written as

E(x, y, z, t)

H (x, y, z, t)

q3 x(x - xo) + (y - y) + (z - z - vt)
41rEo [(x - X) 2 + (y - y) 2 + 2(z - Zo - t)2]3/

qv (x - Xo) + (y - Yo)
41r [(x-xo) 2 + (y _ y) 2 + y2 (z - Zo - Vt)2]3/2 '

Assuming an ei( t - k r) dependence the temporal Fourier transform can be written

as

= Ei(t)e-iwtdt (2.5,
-00

e~y ik,(-z[J 00-y - x0,) + -Yf(y - YO) k
-os -cos dr±

iEo -iz- [ | [2 + 2]3/2 Y- (2)

i | /2 sin -T dr (2.54
o. [p2 + 2]a/ si

where p2 (x - Xo) 2 + (y - yo)2 and r- 7(vt + zo - z). Using [70] (17.33-9 and

17.34-10), Eq. (2.54b) can be rewritten as

4a)

4b)

£P(x,z;y,w) e k -ik(z-zo) [(x-xo)+ Y K)K (p)
2irEKyc L P 7 

+i-Ko kP
,Y7
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£9(x, z; y, w)
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where K1 and K0 are the modified Bessel functions of the second kind.

Fourier transform becomes

/ Ei(x, z, y; w)eikvYdy

- 2 e - i(k(z- z°)- k Y° +kal
Z

x -x l) 2 + Y ka
2e/~c k.

The spatial

(2.56a)

+ i2- ] (2.56b)
z y kaJ

where k + ku. For an electron travelling above the grating the (-) in Eq.

(2.56b) is chosen.

The vector potential is

A( r) I| JJi(r')

e-ik- - '
-, d'47r I -r - r

= J, J(s, y') G D(r - 7')ds'dy'

(2.57a)

(2.57b)

where J is the surface current density and the integration is over the grating surface,

s. The reflected electric field can be computed from the vector potential,

VV-A+ k2 A
iWeo

= -i k (VV.A +k2A

which gives the electric field components

Er = (-i-Z°)

E~r = (-i Z°)1/

Elr = (-i-Z°)/(I• ~ J( k • ~ J

[J G ± JyOyG + JyOyZG + JG + Jk 2G] ds'dy' (2.59a)

[JXOy.G + JyOyyG + JOyzG + Jyk2G] ds'dy' (2.59b)

[JXOzXG + JyOzyG + JZOzzG + Jzk2G] ds'dy'. (2.59c)

The boundary condition for the electric field on the surface is
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Ell = Ei + E = 0

such that

Ei = rll= -Si (2.61a)

(2.61b)

The components of the surface current and electric field are

J_ = J, sin a' and J = J, cos a'

and

E = E} sin a + Ez cos a.

Using Eq. (2.62) the incident electric field on the surface can then be written as

ESI1 = i {sinaj
+ cos ca x

ds'dy'Js sin a',9OG + JyOXayG + Js cos a'OazZG + J, sin a'k2G
, y'

J ds'dy'J, sin a'OzXG + JyOaZyG + J, cos a'azG + Js cos a'k2G}

Ev = i°| s'y [J sin a'&yG + JyOyyG + Js cos a'OyzG + Jyk2G] ds'dy'.

Applying a spatial Fourier transform to both sides gives

44

(2.62)

(2.63)

(2.64)

(2.60)



£/S (x, z; ky, ) = i {J ds'x

J, [k2 cos (a - a') + cos a cosa'Ozz + sin a sin a'&x + sin (a - a') &z] g
- ik J ds'J ( + z) } (2.65)

and

£y(x,z;ky, w) = i { Jzt ds'J, (-iky) (cos a'Oz + sin a'O) + dsJyk }

(2.66)

where the grating has been assumed to have a width 2w which is wide enough such

that f° . Eqs. (2.65) and (2.66) can then be written in matrix form

Lwhere the elements Zmn are defined as
where the elements Zmn are defined as

Z1
mn

2
mn

3
Zmn

4
mn

mn n

Zmn L Jyn]
(2.67)

= i J ds' [k2 cos (a - a') + cos a cos a'zz + sin a sin a'Ox + sin (ac a') Oz] g~~~~~sa'
= Z. ds'k( x+Oz)G

k

= Z ds'ky (cos a'aOz + sin a'&9) g

= ikJdsk
=- Tio d~ s'k 6

The 2D Green's function is = (2) (kL /(x - x) 2 + (z - z)2) . The matrix

equation is solved computationally to obtain values for the surface current. Once

the surface current is obtained it can be substituted into the far field (r > r') vector

potential
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A - eikr J ) (s',y)eik 'r 'dy'ds' (2.68a)A- () 41rr W ( e 26a

eit f , -yo , ) i(kxx'+kzz')ds. (2.68b)
47rr Js..

The magnetic component of the far field radiation is

H (r, 0, w) = V x A (2.69)

and the power spectrum is

P8(0 ) = Z'r2 H . (2.70)

The angular distribution of the average radiated energy per groove per meter is given

by Parseval's Theorem,

EAv(O, ) = No-r - Ps(w, )dw. (2.71)

Eq. (2.71) shows that the radiated energy travels with the radiated magnetic field

due to the surface current induced by the incident electric field.

2.4 Coherence Effects

2.4.1 Single Bunch

The effect of multiparticle coherence was first considered in [76] and was further

generalized in [77]. For Ne electrons in a bunch the radiated energy can be considered

by summing the electric field of each electron such that Eq. (2.2) becomes

021 e22 N - --
= ~dt ~i x x 3 ( r ,t)e ' (wt- k) (2.72)

TWIOQ i~~~~~~~~rj---e w [fj=
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where/3j is the ratio of the electron velocity to the speed of light and rj is the position

for the jth particle. If/3j is assumed to be the same for all particles and the center

of mass of the bunch is described by 7r(t). Eq. (2.72) can be rewritten as

2 2 Ne 2 2
~~~~~~~~~~~~~~~~--- __ -- P _ _ ItT)21 -2-----2 | i °r j / ~c dtn x n x ( r, t)e (wt- k r(t))Ou0Q 47 2 s J X X (je ~(2.73)

where rj refers to the particle position with respect to the center of mass. Further

assume that the particles are travelling with 1. This equation is identical to Eq.

(2.2) except for the summation over the particle positions,

Ne~ 2

T(w) = ei / . (2.74)
j=1

This can be rewritten as

Ne Ne

T(w) = E eiwrI3/c E eiWrk/c (2.75)
j=l k=l

and can be further simplified to

NV~~~ e Ne ~Ne
T(w) = eiw(rj - rk)/c + E eiw(r j - r k) C = N + E eiw(rj -rk)/c (2.76)

j=l(j=k) j,k=l(jhk) j,k=l(j4k)

Eq. (2.76) can be rewritten as

T(w) = Ne + Ne(Ne - 1)f(w), (2.77)

where f(w,) is defined as

Ne

f 1 Nej ei(rrk)/c. (2.78)
The -- a N(N,- j,k=l(jak)

The total radiated energy can be rewritten as
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( 02I ) = [Ne + Ne(Ne - 1)f(w)] MI' (2.79)
toSa N, awa 1

which is simply an incoherent term plus a coherent term multiplied by the power

radiated by a single electron. The coherent radiation is described by the factor

f().
Consider a specific particle configuration

NeSi(r) = - 6(r -rj) (2.80)
Nej=l

where S(r) is a continuous probability distribution (i.e. Gaussian, parabolic, etc.)

function such that NeS(r)d 3r is the probability of finding a particle in the region d3r

about r. In other words, S(r) is a particular ensemble average, (Sl(r)), of Si(r).

The ensemble average of Eq. (2.78) becomes

fw = N 1 eiw(rj -rk)/c (2.81)fNo: N(N,, l) ~j,k=1(j~k)

Two assumptions are used to evaluate Eq. (2.81). The first assumption is that f(w)

is independent of Ne for large Ne such that

f(w) = lim 1 eiw(rj-rk)/c. (282)
Ne*oo N2 \~ e j,k=1(jAk) 

The double sum in Eq. (2.82) will contain terms proportional to N and N2, however

only the N 2 terms will be kept and Eq. (2.82) can be written as

N,~O

f(w) = lim ( eircSl(r)d3r) (2.83)Ne-oo \j,k=l

The second assumption is that the ensemble average can be evaluated by replacing

the particle configuration S1 (r) with the continuous particle distribution S(r) so that

f (w) = J eiwr/CS(r)d3r (2.84)
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and the form factor becomes the square of the Fourier transform of the particle

distribution..

If the transverse size of the beam is considered as well Eq. (2.79) can be written

as

( 4 2I = [NeSinc + Ne(Ne - 1)Soh] ,2 (2.85)
aw'a' Ne 1wQ 

where the incoherent factor, Sin, is defined as

Sinc 1 e- e- [(_b)2/2]dx (2.86)

The coherent factor, Scoh, is

00 2
S h = | 1 X e-Aee-[(-b) /2a2]X

i/J0
2 00 2I/r~o~y 1 e-ikpe-[(Y-Y°_)/2a ]dY|

x ] eikzzS(z)dz (2.87)

2.4.2 :Multiple Bunches

The beam from the HRC accelerator is a train of electron bunches and the effect

of multiple bunches should be considered. For periodic multiple bunches emission

at harmonics of the bunch frequency was first predicted in [59]. For a train of Nb

bunches the total current can be written as a sum of individual currents in each bunch

Nb

Jtotal = E J1e
i27rm k A z

m=l

where Az is the spacing between each bunch. The radiated energy, Eq. (2.85),

becomes

49



,92I 92I ~Nb 2

(1a- ) Nb (= OQ ( ) Z N|Eexp [im2rwsp/wrf] (2.88a)
aV ,09-5a /Ne m=1

[sin(7rNbwsp/Wrf ] (2.88b)

sin(rwprf )(2.88b)

Nb 0 Nb6(wsp- nWr) (2.88c)

where wrf is the RF frequency and wsp is the SPR frequency. The second term in

Eq. (2.88b) has an amplitude of Nb2 and a bandwidth of NU1; at the harmonics of

the RF frequency. The effect should be measured by any coherent detector that

is phase sensitive. Eq. (2.88c) shows that only frequencies at harmonics of the

accelerator frequency should be measured. The measurement of the effect due to

multiple bunches using a phase sensitive heterodyne receiver is described in Section

4.6. For incoherent detectors the radiation from each bunch adds linearly such that

the radiation is enhanced by Nb.

2.5 Computer Codes

2.5.1 Image Charge Code

A code to calculate the SPR emitted from a bunch charge, Eq. (2.28), was written

by Brownell [78]. The output of this code computes the radiant Smith-Purcell

energy per steradian per cm of grating length as a function of either polar angle

(0) / wavelength or azimuthal angle (). The code solves Eq. (2.28) for an echelle

grating, which consists of two planar facets that intersect at right angles as in Fig.

2-1. The code considers both the incoherent and coherent contributions to the

radiation as in Eq. (2.85). The input for the code is the grating period, blaze angle,

number of electrons, beam energy, height of the beam center, FWHM normal to the

grating, FWHM parallel to the grating, longitudinal bunch shape (square, triangular,

parabola, double-sided exponential, Gaussian) and length, order of emission and angle
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of emission. The code typically takes one second to run and was used to design the

gratings for the experiment as described in Chapter 4.

2.5.2 Electric Field Integral Equation Code

A code which solves Eq. (2.67) and computes the radiated energy, Eq. (2.71), was

written at MIT. The code computes the radiated SPR energy per steradian. The

parameters for the code are grating period, blaze angle, number of electrons, beam

energy, height of beam center, longitudinal bunch length. The longitudinal bunch

shape is assumed to be Gaussian. The code typically takes one day to run and was

used to analyze the data.
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Chapter 3

Experiment Design

This chapter discusses several aspects of the experiment. The HRC accelerator is

described in detail in order to fully understand the mechanisms of short bunch pro-

duction. The accelerator was simulated with the electron dynamics code PARMELA.

Simulations of the output beam from the accelerator are presented for various oper-

ating regimes. The designs for several gratings are discussed and simulations of each

grating using the image charge code are shown. Finally, the radiation beamline in-

cluding the vacuum chamber, mirrors, windows and filters are described. Finally,

the various detectors employed in the experiment are discussed.

3.1 Haimson Research Corp. Accelerator

The ongoing collaboration with HRC began in the early 90's when a 17 GHz klystron

built for Science Research Laboratory (SRL) of Somerville, MA by HRC was relocated

to the MIT Plasma Science and Fusion Center (PSFC). In addition to the klystron

[79,80] HRC has built many of the components in use for the 17 GHz linac including:

a series of microwave waveguides, loads, phase shifters and a four-port hybrid coupler,

a DC, 550 kV thermionic electron gun [81], and the 17 GHz, 0.5 meter long linac [82].

The accelerator and klystron are driven by the MIT high voltage modulator [83] which

produces 1 s long pulses at voltages up to 700 kV at a repetition rate of 4 Hz.
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3.1.1 HRC Klystron

The power for the accelerator is supplied by the high power klystron. A schematic

of the klystron and accelerator is shown in Fig. 3-1. The HRC relativistic klystron

is designed to produce up to 25 MW of RF power at 17.136 GHz for pulse lengths

up to 1 ss in length. An electron gun, built for MIT by Thomson Co. for a free

electron laser experiment [84], is used as the source for the 100 A electron beam

in the klystron. The beam is space-charge limited and the gun perveance is 0.27

pperv. The drive for the klystron is provided by a travelling wave tube amplifier

(TWTA) built by Applied Systems Engineering which provides 1-10 W. The input

to the TW'TA is a 2-18 GHz HP 6871B synthesizer which can produce between 1 iW

and 10 mW of power. The synthesizer is typically run at - 1 mW which produces

10 MW of klystron power.

The klystron consists of the input RF cavity, a gain section, and a travelling wave

output section. The output connects to dual WR-62 waveguides. The tube is

designed to have a gain of between 60 and 70 dB. Initial klystron experiments into a

matched load produced output powers up to 26 MW with a saturated gain of 67 dB.

However, subsequent use of the klystron found that there were several spurious modes

and higher frequency modes present in the klystron. The klystron was rebuilt and

damping circuits were added to suppress the modes. The klystron now achieves high

power, stable operation and typically operates at 12 MW to supply enough power to

the linac. A comparison of the design and measured klystron characteristics is shown

in Table 3.1.

The klystron output power is fed into a four-port hybrid coupler specifically de-

signed by HRC to allow the klystron power to be directed into two separate arms with

incrementally varying power levels in each arm. The forward and reflected power to

the linac are measured with a 65 dB directional coupler combined with additional at-

tenuator chains terminated by low-barrier Schottky diode detectors. The attenuator

chains, usually about 20-30 dB, and diode responses were calibrated at 17.140 GHz

with the HP 8617B CW microwave source and an HP 4323B power meter.
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Figure 3-1: Schematic of the HRC klystron and accelerator.
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Parameter Design Measured (1995) Current
Frequency (GHz) 17.136 17.136 17.136
Voltage (kV) 580 560 550
Current (A) 100 95 88
Input RF Power (W) 20-25 5 2.8
Output RF Power (MW) 20-25 26 14
Gain (dB) 60 67 67

Pulse width (ns) 1000 150 150

Table 3.1: HRC Klystron Operating Parameters
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Figure 3-2: Picture of the HRC klystron and accelerator.

3.1.2 HRC Linac

The linac consists of a 550 kV electron gun, a chopper-prebuncher and three lens

injector and a quasi-constant gradient accelerating structure consisting of 94-cavities

that operate in the 27r/3 mode. A comparison of the design and measured accelerator

parameters is shown in Table 3.2. A picture of the klystron and accelerator is shown

in Fig. 3-2.

The DC, 550 kV electron gun currently serves as the input for the linac. The gun

was designed to produce a 1-2 A beam with an normalized RMS emittance between

2 and 3 ir mm-mrad. Measurements of the emittance were performed using two

collimators (0.8 and 3.4 mm radii) separated by 37 cm. The measurements indicate



Parameter Design Measured Operation
Input Beam Energy (MeV) 0.5 0.5 0.515
Output Beam Energy (MeV) 20-30 17.5 15
Average Current (A) 0.25 0.1 0.15
Peak Current (A) 80 ? 5-20
Bunch Length (degrees) 1.1(180 fs) ? 4-6
Energy Spread (%) 1.1 1 ' 1
Electrons per bunch 1x108 1x108 6x107

Miacropulse width (ns) 1000 150 100
Bunch Separation (ps) 59 59 59
Micropulses/macropulse 1.7x104 2.5x103 1700

Table 3.2: HRC Accelerator Operating Parameters

that the gun produces a beam of current 0.94 A at 550 kV with a normalized RMS

emittance of 1.8 r mm-mrad.

The chopper-prebuncher system [85] was designed to produce a high quality beam

[3-/ 5r mm-mrad, A3o < 0.3%(-5 keV) and AO,, < 20°] at the entrance to the

linac. A schematic of the injection system is shown in Fig. 3-3 and a picture in

Fig. 3-4. A DC magnetic dipole, located at the chopper cavity, is used to bias the

RF scanned beam vertically below the centerline. With this biasing technique, the

RF scanned beam is returned to the centerline once during each RF cycle so that

a fraction of the incident beam is transmitted through a small diameter collimator.

This allows injection into the linac during the period when both the energy spread

and the rate of change of the transverse momentum introduced by the chopper cavity

are tending to zero (i.e. - Pva , pt 0). The high field prebuncher cavity isawt ~ ±' wt

designed to produce a 10:1 charge compression and reduce the 50 keV energy spread

to < 10 keV prior to injection in the linac. Simulations predict that the injection

system will allow > 90% of the charge to be injected into the linac with an energy

spread of 8.8 keV and a longitudinal phase space of less than 15° [86].

The chopper cavity is designed to produce 100° bunches using a peak RF input

power of 1.4 kW. The prebuncher was designed to produce bunches of length 15°

using a peak power of 1.5 kW. Independently controlled phase shifters and power

attenuators are used to adjust the phase relationship between the injector cavities
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Figure 3-5: Schematic of the accelerator beamline.

and the linac and the power levels of each cavity. The 15° input bunch is further

compressed during acceleration in the linac down to 1, which corresponds to 180

ferntoseconds or 60 microns at 17 GHz.

The linac can also run with power only into the prebuncher (i.e. no chopper

power). In this mode the DC beam is prebunched directly. As a result two 120°

bunches are formed per RF period. When the prebuncher is phased properly one

bunch is accepted by the linac (in phase with the capture field in the first cell) and

the second bunch is rejected. As a result of the longer input phase, 120° , a longer

output bunch is produced, 6°.

3.1.3 Electron Beamline

After the exit of the accelerator the beam travels for - 0.5 m before reaching a toroidal

focusing lens as shown in Fig. 3-5. The lens can produce a peak field of up to 0.6

T. At 0.6 T the minimum beam spot size should be 1 mm. A set of vertical and

horizontal steering coils are located 10 cm downstream from the focusing lens. The

grating is located - 2.5 m downstream from the lens and a faraday cup to measure

charge is located 40 cm past the grating. There are also two beam monitors located

before and after the linac to measure the beam current.
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3.2 Accelerator Simulations

Although several simulations of the HRC accelerator under certain operating condi-

tions are published in [86] it was necessary to perform more simulations under various

operating conditions using the publicly available PARMELA code [87]. PARMELA

is a multiparticle 2D beam dynamics code that includes the effects of cylindrically

symmetric RF field distributions as well as space charge forces. The accelerator was

originally designed to reach gradients of 50 MeV/m, however, the accelerator was not

operated above 35 MeV/m, in order to prevent breakdown damage to the structure.

For the experiments described in this thesis the beam energy was 15 MeV (gradient

-30 MeV/m).

3.2.1 50 MeV/m

The first procedure involved creating a PARMELA input file for the accelerator struc-

ture that reproduced identical results to those in [86]. A plot of the emergent electron

energy for various injection energies is shown in Fig. 3-6. A similar plot reproduced

from [86] is shown in Fig. 3-7. Good agreement is obtained between the PARMELA

simulations and HRC-ELOR [88] indicating that PARMELA can be used to simulate

the accelerator.

Simulations were also performed to predict the output phase length of the electron

bunch at the accelerator exit. A plot of the output bunch length (rms) is shown in

Fig. 3-8. According to PARMELA, the minimum output bunch length from the

accelerator is predicted to be 50 pum, which is in close agreement with the value of 60

pm given in [86]. The injection beam into the accelerator was specified as 0.5 MeV

and 20° input phase length.

3.2.2 30 MeV/m

Since the beam energy for these experiments was 15 MeV the accelerator was simu-

lated for 30 MeV/m gradients in order to have an estimate of the output bunch length.

The gradient that the accelerator was set to 30 MeV/m, resulting in an output beam
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Figure 3-6: Plot Showing Emergent Energy vs. Injection Phase of the 17 GHz TW
Linac for a Range of Injection Energies produced by PARMELA.

energy of -14 MeV. A plot of the output energy versus input phase is shown in Fig.

3-9. The output bunch length approaches 70 ,am under these operating conditions

as shown in Fig. 3-10. An input beam of 0.5 MeV and 200 input phase length was

used.

3.2.3 Linac Operating with PreBuncher Only

The simplest mode of operation for the linac is to operate with only a prebunched

beam (no chopper power). This allows the proper phase relationship between the

prebuncher and accelerator to be found by scanning the phase of the prebuncher with

respect to the linac and observing the amount of charge exiting the linac. The ideal

phase is found when the maximum beam transmission is observed. The input phase

length for - 1.5 kW prebuncher power should be - 60' [89]. PARMELA simulations

were run for 32 MeV/m gradient, 0.5 MeV, 600 input beam and the output bunch

length was simulated to be 200 pum as shown in Fig. 3-11.
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Figure 3-7: Phase Orbit Plots Showing Cut-off and Acceptance of the 17 GHz TW
Linac for a Range of Injection Energies. Adapted from [86].
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Figure 3-8:: Output bunch lengths from the 17 GHz TW Linac for a Range of Injection
Phases. The Linac was simulated with 50 MeV/ m gradient and an input beam energy
of 0.5 MeV and 20° input phase.
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Figure 3-9: Output Energy from the 17 GHz TW Linac for a Range of Injection
Phases. The Linac was simulated with 30 MeV/m gradient and an input beam
energy of 0.5 MeV and 20° input phase.
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Figure 3-10: Output Bunch Length from the 17 GHz TW Linac for a Range of
Injection Phases. The Linac was simulated with 30 MeV/ m gradient and an input
beam energy of 0.5 MeV and 20° input phase.
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Figure 3-12: Schematic of the SPR Diagnostic Chamber.

3.3 Chamber Design

A general description of the SPR diagnostic vacuum chamber is useful to understand

the necessary components to the experiment and how each component fits together.

The purpose of the vacuum chamber is to allow for the generation and collection of

SPR from a grating. The necessary components are: the grating, a mirror/focusing

element and a window through which the radiation is extracted from the vacuum

system. An schematic of the vacuum chamber is shown in Fig. ??. The ability to

adjust the height of the grating with respect to the beam was incorporated into the

design. The front and back of the grating are independently controlled to allow for

alignment of the beam along the grating. Also, a means of adjusting the mirror is

necessary in order to ensure that a specific angle of radiation is transmitted out of

the vacuum chamber. The grating and mirror movement are controlled via remotely
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Figure 3-13: A picture of the SPR Diagnostic Chamber. The beam enters from the
right and stops in a faraday cup (covered by lead bricks).

controlled stepper motors. A control system that allows for the movement of both

the grating and mirror from the control room was built by the author. A picture of

the SP chamber on the beamline is shown in Fig. 3-13.



3.4 Grating Design

The procedure developed by Trotz [90] for optimizing the grating parameters for a

particular set of beam characteristics (energy, bunch length) was followed for the HRC

beam parameters described in Table 3.2. Several gratings were designed to allow for

measurements of various bunch lengths ranging from 100 fs to 1.5 ps.

3.4.1 2.1 mm Grating (200 fs bunch)

The first grating was designed for the minimum bunch length that the accelerator

would be able to produce, namely 200 fs. Additionally, an energy of 15 MeV (y = 30),

waist of 1 mm, and emittance of 2.5 r mm-mrad are assumed. A 200 fs bunch will

have a peak in the radiation at 60 microns, which corresponds to the bunch length.

The optimum impact parameter is

'As
b = 'y = 300 iLm. (3.89)

2ir

The optimum waist diameter is approximately

b4v/i-n2 1 mm (3.90)

which is comparable to the existing beam waist ( 2 mm) at the exit of the linac

and achievable with the focusing lens. The optimum grating period is = Ay = 2.1

mm. The total grating length is restricted to 10 cm in order to be able to extract

most of the radiation from the chamber through the 10 cm window. The blaze angle

is found by determining the peak emission angle from the overlap of the form factor

and the grating efficiency function. The form factor peaks at 0 /7 = 13.7°.

For a blazed grating the grating efficiency factor peaks at twice the blaze angle giving

an optimum blaze angle of 7° . A compromise value of 10° was settled on.

The Brownell Image Charge code was run with the grating and beam parameters

shown in Table 3.3. Several plots of the emitted SPR per solid angle per cm were

produced. The energy as a function of polar angle (0) for several different bunch
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Parameter Value
Grating Period 2.1 mm
Grating Blaze Angle 10°

Beam Energy 15 MeV
Beam Waist - Normal 1.0 mm
Beam Waist - Parallel 1.0 mm
Number of Electrons x108
Impact Parameter 0.75 mm
Longitudinal Profile Gaussian

Table 3.3: 2.1 mm Grating Parameters

lengths is shown in Fig. 3-14. The energy as a function of wavelength for several

different bunch lengths is shown in Fig. 3-15. Normalized energy as a function of

angle for several different bunch lengths is shown in Fig. 3-16. The energy as a

function of azimuthal angle () for several different bunch lengths is shown in Fig.

3-17. The energy from various orders of emission as a function of polar angle for a

200 fs bunch is shown in Fig. 3-18. Fig. 3-18 shows that the 2 nd order emission is an

order of magnitude smaller than the 1St. The energy as a function of polar angle for

a 200 fs bunch and a 0.75 mm impact parameter but various beam waists is shown

in Fig. 3-19.
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Figure 3-14: S-P radiant energy vs. Angle (0) for Various Bunch Lengths for a 2.1mm
grating period.
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Figure 3-15: S-P radiant energy vs. Wavelength for Various Bunch Lengths for a 2.1
mm grating period.



0.2

0

0 10 20 30 40 50 60

Angle (0)

Figure 3-16: Normalized S-P radiant energy vs. Angle (0) for Various Bunch Lengths
for a 2.1mm grating period.
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Figure 3-17: S-P radiant energy vs. Azimuthal Angle (q) for Various Bunch Lengths
for a 2.1mm grating period.
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Figure 3-18: S-P radiant energy vs. Polar Angle (0) for Various Emission Orders for
a 2.1mm grating period.
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Figure 3-19: S-P radiant energy vs. Polar Angle (0) for Various Beam Waists for a
2.1mm grating period and 200 fs bunch.



Parameter Value
Grating Period 10 mm
Grating Blaze Angle 10°

Beam Energy 15 MeV
Beam Waist - Normal 1.0 mm
Beam Waist - Parallel 1.0 mm
Number of Electrons x10
Impact Parameter 0.75 mm
Longitudinal Profile Gaussian

Table 3.4: 10 mm Grating Parameters

3.4.2 10 mm Grating (1 ps bunch)

A 10 mm grating was designed for the longest bunch length that the accelerator would

produce (- 1 ps bunches) while operating with only the prebuncher. The other beam

parameters were still considered to be identical i.e. E = 15 MeV ( = 30), waist of

1 mm, and emittance of 2.5 r mm-mrad. A 1 ps bunch will have a peak in the

radiation at 300 microns, corresponding to the bunch length. The optimum impact

parameter is

b = 2-yA 1.6 mm. (3.91)
27r

The optimum waist diameter is approximately

b4Vn _ 5 mm (3.92)

which is slightly larger than the existing beam waist. The optimum grating period

is 1 = A)y = 10 mm. The grating length is still limited to 10 cm in order to be able

to extract most of the radiation. An identical blaze angle was chosen.

Several plots of the emitted Smith-Purcell radiation per solid angle per cm were

produced. The energy as a function of polar angle (0) for several different bunch

lengths is shown in Fig. 3-20. The energy as a function of wavelength for several

different bunch lengths is shown in Fig. 3-21. Normalized energy as a function of

angle for several different bunch lengths is shown in Fig. 3-22. The energy as a
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Figure 3-20: S-P radiant energy vs. Angle (0) for Various Bunch Lengths for a 10mm
grating period.
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Figure 3-22: Normalized S-P radiant energy vs. Angle (9)for Various Bunch Lengths
for a 10 mm grating period.

function of azimuthal angle (q) for several different bunch lengths is shown in Fig.

3-23. The energy from various orders of emission as a function of polar angle for a

800 fs bunch is shown in Fig. 3-24. The energy as a function of polar angle for a 800

fs bunch and a 0.75 mm impact parameter but various beam waists is shown in Fig.

3-25.
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Figure 3-23: S-P radiant energy vs. Azimuthal Angle (q) for Various Bunch Lengths
for a 10 mm grating period.
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Parameter Value
Grating Period 6 mm
Grating Blaze Angle 10°

Beam Energy 15 MeV
Beam Waist - Normal 1.0 mm
Beam Waist - Parallel 1.0 mm
Number of Electrons x10
Impact Parameter 0.75 mm
Longitudinal Profile Gaussian

Table 3.5: 6 mm Grating Parameters

3.4.3 6 mm Grating (600 fs bunch)

The third grating was designed for the middle range of bunch lengths that the ac-

celerator would produce ( 600 fs bunches). The other beam parameters were still

considered to be identical i.e. E = 15 MeV ( = 30), waist of mm, and emittance

of 2.5 r mm-mrad. A 600 fs bunch will have a peak in the radiation at 180 microns,

which corresponds to the bunch length. The optimum impact parameter is then

7YAb = 2 = 1.0 mm. (3.93)
27r

The optimum waist diameter is approximately

b4x/i-n2 3 mm (3.94)

which is slightly larger than the existing beam waist. The optimum grating period is

1 = Ay = 6.3 mm. The grating length is still limited to 10 cm in order to be able to

extract most of the radiation. An identical blaze angle was chosen. Similar plots for

the emitted SPR energy per solid angle per cm were produced but will not be shown

here.
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3.5 Mirror Design

Two different mirror designs were developed, a flat mirror and a curved mirror (in

the xz plane). The advantage of a flat mirror is that one emission angle is directed

out perpendicular to the window perpendicular to the window. The advantage of a

curved mirror is that the radiation can be focused and more radiation can be collected.

The design parameters for each mirror are presented.

3.5.1 Flat Mirror

A schematic of the flat mirror is shown in Fig. 3-26. Theoretically, the detector

can be placed at any distance from the window. Using a flat mirror requires that

the angle of the mirror be changed in the vacuum chamber in order to observe a

different angle at the detector location. A CAD drawing of the grating, flat mirror

and detector is shown in Fig. 3-27. The major disadvantage of the flat mirror is

that the grating "image", i.e. the SPR at a particular angle, is spread out in space

and can not be collected by the detector at one location. Thus, the detector must

be scanned along the window.

3.5.2 Curved Mirror

A schematic of the grating and curved mirror system is shown in Fig. 3-28. The focal

plane of the mirror was chosen to be the window to allow for maximum transmission

through the window. Based on the distance from the mirror to the window the focal

length of the mirror should be 24 cm. The range of SPR angles necessary for

collection are 15°-40° , which gives an average angle of 27.5° . Thus, the radius of

the mirror is then

1
R = 2f 1 49 cm. (3.95)

Cos(Gave)
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Figure 3-26: Schematic Showing the Radiation Trajectories from the Grating and
Flat Mirror for Two Different Emission Angles.
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Figure 3-27: CAD drawing of the grating, mirror and radiation system.
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3.6 Radiation Detection System

Two different detectors were used to detected the SPR: a bolometer and a heterodyne

receiver. The bolometer is classified as a thermal detector and as such has a very flat

and broad responsivity. The heterodyne receiver is a coherent detector which responds

to the electric field strength of the signal and can preserve phase information about

the signal. The bolometer was used to verify the SPR resonance condition, the

dependence on beam height and current and to measure the angular distribution of

the radiation. The heterodyne receiver was used to measure the frequency locking

of the SPR. to the accelerator frequency and the bandwidth of each of the harmonics.

A description of each detector follows.

3.6.1 Bolometers

The bolometer is a thermal detector that absorbs photons and thermalizes their en-

ergy. The absorbed energy changes the electrical resistance of the detector material

subsequently changing the electric current passing through the material. The change

in current is measured and amplified. The wavelength dependence of the responsivity

is very flat and as broad as the photon-absorbing material allows. A schematic of

a simple bolometer is shown in Fig. 3-29. Since the bolometer signal is generated

electronically it is subject to fundamental electronic noise mechanisms. Additionally,

the bolometer suffers from thermal fluctuations across the link between the element

and heat sink. As a result good performance can only be obtained at very low

temperatures, i.e. liquid helium ( 4 K).

The bolometer utilized in the Smith-Purcell experiment is a Infrared Laboratories

Silicon Bolometer. A picture of the bolometer is shown in Fig. 3-30. The bolometer

is mounted in a side looking configuration with a Winston cone collector, a three

position filter wheel, far-infrared cut-on type filters and an outer vacuum window.

The bolometer is a composite type with a small silicon element thermally bonded

to a blackened 2.5 mm diamond absorber mounted in a cylindrical cavity. The

absorbing layer thickness has been especially selected to minimize fringing effects.
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Figure 3-29: Schematic of a simple bolometer.

Figure 3-30: Picture of the Infrared Laboratories bolometer.



Power [W] Pulse Response Signal [mV] Gain Responsivity [V/W]
Length [s] Time [ms]

2 5 2 400 1000 8x 104

2 5 2 92 200 1.84x10 4

2 1 2 100 1000 1x10 5

2 1 2 20 200 2x 104

Table 3.6: Measured Detector Responsivity

The Winston cone features an entrance aperture of 12.7 mm at a focal ratio of 3.8

and an exit aperture of 1.8 mm and has been gold plated to prevent tarnish and to

improve thermal properties. Three cut on filters were available: 30 um, 100 lm, 330

/m. The outer vacuum window was a wedged type mm HI density polyethylene

with diamond (5-10 pm) coating on one side.

The responsivity of the detector was measured electrically by Infrared Laboratories

to be 2.63x105 V/W. The detector was tested at MIT with a 250 GHz (A = 1.2mm),

2 mW, CW solid state source built by Millitech. The source power level was measured

with a calibrated Scientech calorimeter. The source has the ability to be pulsed via

a TTL input. When the source was pulsed at 1 Hz with 5 Is pulse lengths the

detector measured 400 mV on a gain setting of 1000 and 92 mV on a gain setting

of 200. When the source was pulsed at 1 Hz with 1 s pulse lengths the detector

measured 100 mV on a gain setting of 1000 and 20 mV on a gain setting of 200. The

detector response time was 2 ms, measured from the start to the peak of the signal.

The responsivity can be written as

S_ = Vv]
P[W] (P[W] X T[s]) /d[s]

Table 3.6 shows the measured signals and the respective responsivity values. The

detector responsivity was taken to be 2x104 V/W on the low gain setting. The

discrepancy between the Infrared Laboratory number and our measured number is

due to the fact that they simply measured the electrical responsivity of the silicon

element and not the response to radiation which includes the collection losses.

These measurement values also agree well with separate measurements of respon-
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sivity of three Si bolometers built by Infrared Laboratories performed by Brownell [78]

who measured responsivities of 2.5x104 V/W at both 119 um and 433 um wavelengths.

3.6.2 Heterodyne Receiver

Heterodyne receivers are coherent receivers which mix the electromagnetic field of

the incoming photons with a local oscillating (LO) field producing a signal at the

difference, or intermediate, frequency (IF). This measurement technique encodes

the spectrum of the incoming signal over a range of input frequencies and retains

information about the phase of the incoming wavefront. The resulting IF signal

contains frequencies from the original signals but the amplitude is modulated at the

difference frequency as shown in Fig. 3-31. Weak signals can be detected because

the IF signal is downconverted to frequencies where low noise electronics can amplify

the signal.

The heterodyne receiver employed in this experiment is a two stage heterodyne

system such that the first IF signal is mixed with a second LO allowing for subsequent

amplification. A diagram of the double heterodyne system is shown in Fig. 3-32.

The system consists of a first stage with a 110-170 GHz Hughes mixer, a 110-170

GHz Insight Products BWO acting as the first LO, 38 dB gain (2 x P/N ZJL-3G)

and a 800 MHz high pass (HP) filter (P/N SHP-800). The second stage consists of

a Mini-Circuits 0.3-4.3 GHz mixer (P/N ZEM-4300), a 2.018 +0.001 GHz oscillator

(P/N POS-2120W) acting as the second LO, 62 dB gain (2 x P/N ZFL-500HLN and

P/N ZFL-500LN), and 150 MHz HP (P/N SHP-150) and 550 low pass (LP) (P/N

SLP-500) filters. The RF input and LO1 were mixed in a 3 dB coupler before the

first mixer. The output of the heterodyne system was analyzed using a FFT on a

8GS/s, 500 MHz oscilloscope.

The procedure for finding the SPR frequencies is to scan the BWO (LO1) fre-

quency until a peak enters the active area of the FFT (< 500 MHz). A frequency is

identified by finding the four peaks on the oscilloscope such that

fsp = mfLo01 fL02 A
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Figure 3-31: (a) Mixing of two signals, S1 and S2, with the result shown (solid).
(b) The mixed signal illustrating the beating at the difference frequency. Adapted
from [91].
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Figure 3-32: Schematic of double heterodyne frequency system.
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where f.sp, is the SPR frequency, fLl01 and fL02 are the frequency of the first and

second LOs respectively, m is the harmonic of the first LO and A is the frequency

separation.

The BWO frequency is controlled via a high precision (0.5 mV) voltage sup-

ply and was calibrated using a different heterodyne receiver designed specifically for

the frequency range 110-170 GHz. BWOs are typically unstable in both frequency

and output power. The frequency drift was measured to be 5 MHz over 5 minutes.

Identification of one fp typically took 5 minutes. Due to the large fluctuations

in BWO output power and the lack of a broadband, calibrated THz source the het-

erodyne system was not able to be calibrated for energy. However, for a point of

reference two sources were measured: a 140 GHz, - 50 mW Impatt oscillator and the

250 GHz, 2 mnW Gunn diode multiplier. The RF was input via WR7 (110-170 GHz)

waveguide for both sources. For the 140 GHz source the amplitude of the FFT was

2V. No signal was measured for the 250 GHz source. The FFT was set to obtain

the magnitude of the power spectrum using Blackman Harris windowing (for good

sideband rejection). This gives a general idea of the power levels measured by the

heterodyne receiver at the first harmonic of the first LO.

3.6.3 Radiation Beamline Components

Absorption

The emergent SPR passes through several components while travelling from the grat-

ing to the detector. It is important to note the absorption characteristics of each of

these components. The radiation is reflected off the copper mirror, passes through

a fused silica window, air, a wedged polyethylene window at the bolometer entrance,

and a 100 Mmrn high pass filter. Most of the components have relatively flat absorption

characteristics across the wavelength range of the measured SPR spectrum (300 /m

- 3 mm).

The reflection of the radiation off the copper mirror is assumed to be close to

100%. The transmission plot for the wedged polyethylene window is shown in Fig.
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Figure 3-33: Plot of the measured Transmission (at 300 K) for 1 mm HI density
Polyethylene Window coated with 5-10 m diamond on one side. Data supplied by
Infrared Laboratories.

3-33. Above 300 /m the transmission is expected to approach 90% due to the

reflections from the two surfaces of the window. The transmission plot for the 100

,/m filter is shown in Fig. 3-34. Above 300 ,um the transmission is expected to be

80% due to reflections from the four surfaces in the filter (the filter consists of two

separate pieces). A 330 ,um filter was supplied by Infrared Laboratories, however, no

transmission plot was supplied. The transmission is assumed to be 90% above 330

/m due to the two surfaces.

The transmission through air has been measured in the literature [92,93]. Several

plots of the different measurements are shown in Fig. 3-35 and Fig. 3-36. While

the two figures do not match exactly they have generally similar shapes. In Fig.

3-35 the attenuation at the 1 THz absorption resonance is 800dB/km = 0.8 dB/m.

For Fig. 3-36 the transmission is defined as 10 x optical density so at 1 THz the

attenuation is 16 dB/10m = 1.6 dB/m. In this experiment the SP radiation travels

less than 20 cms in air so the expected attenuation at 1 THz is 0.2 dB. For lower

frequencies (down to 200 GHz) the attenuation should be about a factor of 10 lower.

At frequencies higher that 1 THz the attenuation levels are approximately the same
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Figure 3-34: Plot of the measured Transmission (at 4 K) for the 100 /m filter com-
posed of (0.8 mm crystalline Quartz with Garnet Powder. Data supplied by Infrared
Laboratories.

as at 1 THz. Additionally, it is unlikely that we will notice the sharp absorption

spectra due to atomic and molecular resonances because the SPR is broadband. We

have chosen to ignore the effects of atmospheric absorption because the radiation is

travelling over such a short distance.

The fused silica window is expected to contribute the most absorption of the SPR.

Various authors have measured the absorption coefficient of fused silica [94-97]. A

summary of data from several sources is shown in Table 3.7. It should be noted

that is some disagreement between the authors measurements that is probably a

result of measurement techniques and differences in sample. The only data point for

the absorption coefficient that appears to be in good agreement between the various

authors is that for 900 GHz, giving a value of 1.5 cm-1 . The thickness of the fused

silica window on the SPR diagnostic chamber is 0.635 cm which can give transmission

of e- (15 ) (0 635) 40% at frequencies close to 900 GHz and e- (0 1)(0 635 ) : 95% at

frequencies close to 300 GHz. Clearly, this absorption can produce a wavelength

dependent affect on the measured SPR and the absorption must be factored into the

measurements. A plot of the absorption coefficients from the literature and those
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Figure 3-35: Plot of the measured absorption of the atmosphere. Adapted from [93].
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Figure 3-36: Plot of the measured absorption of the atmosphere. Optical density is
defined as the logarithm to the base ten of the ratio of the incident to transmitted
intensity. The data was taken for atmospheric air of thickness 10 mn at a temperature
of 20 C, pressure 760 torr, and absolute humidity of 10.5 gm/m 3 . [92]
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Figure 3-37: Fused Silica Absorption Coefficients used in the Data Analysis.

used in the data analysis are shown in Fig. 3-37.
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Figure 3-38: Schematic of the Mirror Measurement.

Alignment

The angle for the flat mirror was measured in two different ways. The first technique

measured the physical location of the mirror. The second technique used a laser.

For the first technique the distance of each end of the mirror from the base flange

was measured as shown in Fig. 3-38. Additionally, the distance between the grating

and mirror was measured. For the second method an alignment laser was placed at

the detector location and the laser beam was reflected off the mirror. The location

of the laser on the grating was then measured and the angle determined.

Detector Position

The location of the bolometer in relation to the vacuum chamber is shown in Fig.

3-39 . Two 3/8" collimators were placed between the window and the bolometer in

order to restrict the measured radiation to a small angular aperture. The bolometer

could be scanned along the window at a fixed distance from the window for a range

of 4". The heterodyne receiver horn was placed 1.44" from the window and 0.4" left

of center (upstream).
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Figure 3-39: Location of the Bolometer with respect to the SPR vacuum chamber.
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Chapter 4

Experimental Results

This chapter presents the experimental results obtained from the SPR experiment.

The operation of the accelerator and determination of several beam parameters is

described. Several experiments verifying that the radiation is SPR are described in-

cluding measurement of the SP resonance condition, dependence on beam charge and

dependence on beam height. The measurement of the angular distribution of SPR

and subsequent bunch length determination are presented. Lastly, measurements of

the frequency locked SPR with the double heterodyne receiver are shown.

4.1 HRC Accelerator Operation

Due to the nature of the accelerator facility at the PSFC the author operated the

HRC accelerator. As a result, it was necessary for the author to understand and

optimize the operation of the accelerator. First the correct settings for the three

injector focusing lenses, the bias current and gun steering coils were determined.

This involved maximizing the currents on beam monitor 1 (BM1) and beam monitor

2 (BM2). A typical BM2 trace is shown in Fig. 4-1. The beam monitors are

calibrated so that mV corresponds to mA. The next step involved scanning the

phase of the prebuncher while observing the current transmitted through the linac to

obtain the correct injection phase.

Prior to the SPR experiment installation a spectrometer was located on the beam-
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Figure 4-1: Plot of the beam monitor 2 signal.

line. The spectrometer allowed for a calibration of the beam energy from the total

input power into the linac. The beam energy can subsequently be determined by

E 2 -- E P (4.1)
P1

A typical trace of the forward power into the linac for a beam energy of 15 MeV is

shown in Fig. 4-2.

In addition to the beam monitors, a Faraday cup (FC) was installed at the end

of the beamline in order to observe beam interception on the grating. The FC was

terminated i 25 Q so the current can be determined from the trace. A typical FC

signal is shown in Fig. 4-3 corresponding to 150 mA of current. The FC signal

was also used to optimize the toroidal focusing lens and steering coil settings.

A plot of a typical signal from the bolometer is shown in Fig. 4-4. The maxi-

mum value of the bolometer signal was taken to be the value for the signal intensity.

Averaging over five shots was performed to obtain a final value, in order to minimize

the shot to shot variations in charge, injection voltage and klystron power. These
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Figure 4-2: Plot of the linac forward power.
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Figure 4-4: Plot of the bolometer signal.

fluctuations could lead to shot to shot variations in the signal as large as 10 percent

if the linac settings were on the edge of a point of "stable" operation.

A typical IF signal from the heterodyne receiver is shown in Fig. 4-5. The IF

signal was FFT with a 8 GS/s, 500 MHz oscilloscope. The L01 frequency was

scanned and the emission frequencies were determined by finding the four peaks that

corresponded to a particular RF harmonic.
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Figure 4-5: Plot of the IF signal from the double heterodyne receiver.
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4.2 S-P Resonance Condition

The S-P resonance condition, A = 1( - cos 0), was measured with several band pass

filters at the frequencies 183 GHz, 400 GHz, and 800 GHz, which were manufactured

by Virginia Diodes. The theory of transmission of metal mesh filters in the far

infrared was initially developed in [98] and [99]. The theoretical transmission curves

(supplied by Virginia Diodes) for each of these filters is shown in Fig. 4-6, Fig. 4-7,

Figure 4-6: Theoretical transmission curve for the 183 GHz filter.

Fig. 4-8. The experimental transmission was measured by changing the angle of

the mirror while keeping the detector fixed. Several of the transmission vs. angle

measurements using the 6 mm grating are shown in Fig. 4-9. In order to account for

long term drift (- 10 minutes) in the modulator voltage and toroidal focusing lens the

transmission is measured by scanning the mirror without the filter, then scanning the

mirror with the filter twice and finally scanning the mirror without the filter again. A

transmission value was computed by averaging the signal size with the filter divided

by the signal without the filter. Based upon the transmission curves and the angle
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Figure 4-7: Theoretical transmission curve for the 400 GHz filter.

of observation three data points can be placed on the resonance curve as shown in

Fig. 4-10. The measurement was repeated for the 10 mm grating and the resonance

curve is shown in Fig. 4-11.
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Figure 4-11: Plot of Smith-Purcell resonance condition for the 10 mm grating.
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Figure 4-12: Plot of the dependence of SPR Intensity on beam height at a given
observation angle. The beam has an energy of 15.5 MeV and the observation angle
is 23.50.

4.3 Beam Height

The dependence of the intensity of the Smith-Purcell radiation on the beam height,

Eq. (2.19), scales as

021 4 4rb
Se • 1(1- c°oso) (4.2)

The beam height was varied by moving the grating away from the beam while the

mirror and detector remained stationary. The mirror was kept at an observation

angle of 23.50 and the grating period was 10 mm. The beam energy was 15.5 MeV

and the current was held constant at 150 mA as well. A plot of the measured

dependence of intensity on beam height is shown in Fig. 4-12. The fitted curve

agrees well with the theoretical value of ai 2 e-0. 4887b for 7 = 31, O = 23.50, and

1 = 10 mm.
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4.3.1 Beam Width

The beam transverse size at the grating location was measured by moving the grating

into the beam and observing the FC signal. The beam spot size was adjusted via the

toroidal focusing lens. The beam size was measured at the typical current setting

for the toroidal focusing lens, 21 A, which corresponds to a magnetic field of 6 kG.

The perpendicular beam profile can then be fitted via the current transmission. For

a lens current of 21 A the beam FWHM was 1 mm as shown in Fig. 4-13.
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Figure 4-13: Least squares fit for the beam profile.

4.4 Beam Current

The beam current can be varied by adjusting either lens 1 or 2 (or both) in the

injection system. This allows the input beam current to be raised or lowered without

affecting the beam energy or pulse length. The beam parameters are considered

constant until the current is increased enough to produce beam loading in the linac.

Beam loading effects were typically observed at currents above 200 mA. The 10 mm

grating was used and the mirror and detector positions were held fixed. The beam
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Figure 4-14: Plot
observation angle.
23.50.
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of the dependence of SPR Intensity on beam current at a given
The beam has an energy of 15 MeV and the observation angle is

energy was 15 MeV. According to Eq. (2.79) the radiated energy should scale as

J2. The bolometer signal versus beam current is shown to scale as the square of the

current in Fig. 4-14.

109



4.5 Angular Distribution

The angular distribution of SPR was measured by adjusting the mirror angle while

moving the detector across the window in 3/8" steps. The measured intensity was

then summed up for each detector position and angle to give the total radiation

emitted at a particular angle. The values were then adjusted for absorption due

to the fused silica window and normalized before comparing to the 3D EFIE code.

Based on the calibration of the bolometer and the measured signal size (1 V) the

typical energy values measured were - 0.1 pJ.

4.5.1 Prebuncher Only

A plot of the angular distribution of SPR for the 10 mm grating is shown in Fig. 4-15.
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Figure 4-15: Comparison of the measured angular distribution of SPR to theory.

The beam was 15 MeV, 150 mA and 1 mm spot size. The power in the prebuncher
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was 0.4 kW. Several different theoretical curves are plotted versus angle in Fig. 4-16.
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Figure 4-16: Comparison of the measured angular distribution of SPR to the theory
for various bunch lengths.

The most important part of the curve for determining the bunch length is the drop off

at high frequencies due to the loss of coherence. The bunch length was determined

to be 1.0 + 0.1 ps.

4.5.2 Chopper and Prebuncher

A plot of the angular distribution for the 6 mm grating is shown in Fig. 4-17. The

beam was 15 MeV, 100 mA and 1 mmr spot size. The power in the prebuncher was

1.2 kW while the power in the chopper was 1.1 kW. Several different theoretical

curves are plotted versus angle in Fig. 4-18. The bunch length was determined to

be 0.60 + 0.1 ps.
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Figure 4-17: Comparison of the measured angular distribution of SPR to theory.
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4.5.3 Absolute Energy

A preliminary comparison of the measured absolute energy to theory can be per-

formed. The 3D finite grating theory predicts a peak intensity of i nJ/str/groove/bunch

for the 10 mm grating. The angular collection aperture is 5 x 10 - 4 str due to the

1 cm diameter collimator, 40 cm from the grating. The grating also has 10 grooves

and there are 500 bunches. This gives an energy of 2.5 nJ at the detector. The

peak signal measured by the bolometer is 1.2 V. The electrical responsivity of the

detector is 2.63x105 V/W, the time constant of the detector electronics is 0.5 ms and

the absorption of the beamline elements is 0.7. This gives a measured energy of

3.25 nJ.

4.6 Heterodyne Measurements

The double heterodyne receiver was used to measure the frequency spectrum of the

SPR. A search in frequency space found only frequencies at integer multiples of the

accelerator frequency. A table of all the measured frequencies is shown in Table 4.1.

Each of the frequencies was identified by finding the four corresponding peaks. Each

peak had a width of 25 MHz. Several harmonics were not able to be measured

due to the available frequency range of the first LO and characteristics of the WR6

harmonic mixer.

For a mirror angle of 28° and a accelerator frequency of 17.140 GHz the measured

frequencies are a plotted in Fig. 4-19. The slope of the fitted line matches the

accelerator RF frequency to within MHz. Small changes of order 5 to 10 MHz

in the 17.140 GHz accelerator frequency resulted in comparable and reproducible

changes in the FL-SPR frequencies.

The FFT for one of the peaks at 240 GHz is compared to theory in Fig. 4-20. The

theoretical curve, Eq. (2.88b), which is computed for Nb = 550 (-32 ns) matches the

data extremely well, even showing the 2nd maxima in detail. The measured peak has

a FWHM of 28 MHz. This is the first measurement of a transform limited bandwidth
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Frequency [GHz] RF Harmonic
120.09 7
137.23 8
154.35 9
240.07 14
257.22 15
291.49 17
308.62 18
325.75 19
377.04 22
394.29 23
411.44 24
428.58 25
462.89 27
480.05 28
514.26 30

Table 4.1: Frequencies Measured with the Double Heterodyne Receiver
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Figure 4-19: Plot of the SPR as measured by the double heterodyne receiver.
harmonics were not able to be measured with the existing frequency system,
presumed to be present.
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but are
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Figure 4-20: Comparison of the measured power in the FFT of the IF signal from the
SPR and the theoretical prediction. The peak corresponds to a radiation frequency
of 239.96 GHz (14th harmonic) and has 28 MHz FWHM. The theoretical curve is
calculated using Nb = 550. The small peak at 170 MHz is due to low frequency noise
in the heterodyne system and is present at all times.

116



due to the number of bunches in a pulse train. The small peak at 170 MHz is due

to low frequency noise in the heterodyne receiver and is present at all times.
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Chapter 5

Conclusion and Discussion

5.1 Conclusion

An experiment to measure SPR from a train of 15 MeV, 9pC bunches of electrons

produced by a 17 GHz high gradient accelerator was designed, built and operated.

The accelerator is unique because it can produce a variety of bunch lengths ranging

from - 200 fs to 1.5 ps. The SPR experiment demonstrates three unique results:

1) the ability use SPR radiation as a non-destructive bunch length diagnostic for

sub-picosecond electron bunches, 2) measurement of frequency locked SPR with a

transform limited bandwidth and an overall intensity enhancement of NgNeNb, 3) the

possibility of using SPR for the production of powerful THz radiation.

Two theoretical models for SPR were presented: the image charge theory and

the diffracted wave theory. The author collaborated on the development of a new

diffracted wave theory that takes into account finite grating effects. The effects of

having multiple electrons in a bunch and multiple bunches in a train were discussed.

PARMELA simulations of the accelerator under different operating conditions were

presented. The image charge theory was used to design several different gratings

measure bunch length over the expected range.

The SP resonance condition was measured for the 6 and 10 mm gratings using a

set of three bandpass filters. The quadratic dependence of the SPR on beam current

was measured as well as the exponential dependence on beam height. Comparison
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of the angular distribution of radiation from the 6 and 10 mm gratings with theory

obtained bunch lengths of 0.60 ± 0.1 ps and 1.0 0.1 ps, respectively. This is the first

subpicosecond bunch length measurement using SPR and improves upon the previous

measurement by almost two orders of magnitude. The experiment demonstrates the

use of SPR as a non-destructive bunch length measurement technique with 100 fs

resolution. The measured values agree with an independent measurement using the

HRC beam deflection technique [100].

The SPR from the 10 mm grating was measured using a double heterodyne re-

ceiver. These measurements are the first demonstration of frequency locking at the

RF harmonics for SPR. Frequencies up to 514 GHz (30th harmonic) were observed.

The measurement was also the first demonstration of a transform limited bandwidth

due to the 30-40 ns of steady state beam for any coherent radiation generation tech-

nique. A linewidth of 28 MHz was measured with an accuracy of 1 part in 10,000.

The radiation intensity enhancement factor of NgNeNb has been measured for the

first time. Energies of 0.15 yJ in a collection aperture of 10 mrad were measured

with the Si bolometer, which corresponds to > 1 W average power during the pulse.

A relatively flat power level over a wide frequency range was seen. These power

levels are very high when compared to other THz radiation sources. A summary of

several of the most common THz sources and their respective power levels is shown

in Table 5.1.
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5.2 Discussion

This experiment advances the understanding and potential uses for SPR however,

some questions and issues are still left unanswered. Perhaps the biggest question is

the agreement between theory and experiment for the absolute energy radiated. The

radiated energy predicted by the image charge and electric field integral equation

theories can differ by as much as one to two orders of magnitude. While it is not

necessary to know the absolute energy for a bunch length measurement the possibility

of performing a measurement by direct comparison of the measured energy exists.

Order of magnitude agreement was obtained in this experiment, however, if good

agreement is desired a separate experiment would need to be designed to specifically

account for radiation losses and use well calibrated detectors. Additionally, the

measurement would be best performed at a lower frequency (< 150 GHz) due to the

availability of sources and the lower losses in the fused silica window.

Several sources of noise were present in this experiment and should be discussed.

The background noise that was present was usually about 10% of the peak signal.

This noise was observed when either the mirror angle was adjusted to a range where no

radiation should be reflected out of the chamber or when the detector was moved to a

section of the window where no radiation should be exiting. This noise is most likely

SPR that is emitted from the grating and bounces around the vacuum chamber before

exiting the window (e.g. radiation emitted at higher angles). The overall sensitivity

of the bunch length measurement to this noise was considered small because it was

present at all detector locations. In several experiments there occasionally was noise

seen at angles slightly higher and lower than 20° . This is most likely transition

radiation from edge or halo electrons impinging upon the grating. The transition

radiation should be directed at angles of twice the blaze angle ±1/7. The transition

radiation noise was typically small and could be reduced by moving the beam away

from the grating.

The uncertainty in the value of the absorption coefficient of fused silica could lead

to errors in the bunch length measurement. The effect due to small changes, i.e. less
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than a factor of 2 in the values of the window absorption coefficient produced changes

of less than a few percent in the intensity at each angle. These small intensity changes

resulted in shifts the peak intensity of less than 1. The calibration of the mirror

angle could also give an error in the bunch length. When the mirror position was

measured multiple times there were occasionally small differences in the measured

angle, typically of the order of 1. While the method of changing the mirror angle

was sufficient for this experiment a different mirror scheme which rotates the mirror

angle around an axis centered on the grating may perform better.

Several limits on the bunch length measurement system were encountered. The

primary limit occurs when the accelerator is run for very short bunches. Short

bunches are produced by sweeping the injected beam across a collimator with the DC

bias field. For very high DC bias settings, i.e. short bunches, the amount of charge

is reduced by a factor of three. The results is an order of magnitude reduction

in radiated energy. The signal becomes of the order of the noise and prevents a

measurement of very short bunches. Fortunately, this is not a problem with the

measurement technique but rather the beam properties of the accelerator.

Although the curved mirror was utilized several times the measured results were

difficult to interpret. This could be a result of poor alignment or diffraction of

the SPR. Even though the energy levels were quite high (- J) the SPR was not

detectable with the Scientech pyroelectric detector. Lastly, only Gaussian beam

profiles for the longitudinal distribution were used in the 3D diffracted wave theory

and the theory could be expanded to include other profiles. However, from the

circular deflection cavity experiments the beam was seen to have a Gaussian shape.

The bunch lengths observed here are in agreement with independent measurements

from the HRC deflecting cavity 100]. Unfortunately, due to laboratory constraints,

it was not possible to run both experiments simultaneously to obtain an immediate

comparison. It would be very interesting to make this comparison. By decreasing

the noise and improving the error in angle the sensitivity of the measurement could

potentially be improved. The results of this experiment show that a SPR diagnostic

could have a big impact on FEL's and next generation linear colliders.
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Figure 5-1: Plot of the calculated energy density for various radiation mechanisms
using the MIT beam parameters: a 15 MeV beam consisting of 1500 bunches of 6 x 101
electrons (9pC) with 0.5 ps bunch length.

One of the most promising uses of SPR is as a THz source. Due to the inherent

enhancement by N,, SPR has the potential to produce higher power radiation than

other techniques like synchrotron or transition radiation. A theoretical comparison

of the three radiation mechanisms using the MIT electron beam is shown in Fig.

5-1. For the SPR calculation the beam centroid is 0.5 mm above the grating. The

grating consists of 10 periods, having 1 cm periodicity and 100 blaze angle. The

frequency locked SPR is show as points for clarity. Each point is actually a delta

function of width 1/Nb. Although the energy density in each peak is Nb higher,

the power is the same for both the frequency locked SPR and normal SPR. For the

synchrotron radiation (SR) calculation the bending magnet radius is 1 m and for the

transition radiation (TR) calculation the foil is considered to be infinite in width.

It is clear from the figure that the energy densities for the FL-SPR are four orders

of magnitude higher than that of SR. SPR also has the added advantage that a
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specific frequency can be chosen by restricting the collection optics to a small angular

range. Frequency step tuning could then be obtained by tuning the mirror. This

SPR experiment uses a compact RF accelerator to produce high power levels (>1 W)

comparable to those seen at larger facilities like Jefferson Lab. Coherent SPR can

produce several orders of magnitude higher energy and power levels than coherent

SR and should be considered for THz radiation production at light sources.
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