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1.

Introduction

In previous experiments Carmel [1] and Denisov [2] have recorded high-
frequency microwave radiation that was attributed to a two-stage back-
ward-wave oscillator/free-clectron laser (FEL), but this report repre-
sents the first careful study of the detailed frequency spectrum pro-
duced by such a device. In these experiments, a backward wave os-
cillator driven by a high-power relativistic electron beam was used to
produce a high-intensity pulse of microwave radiation that propagates
antiparallel to the electron beam. The ensuing microwave spectrum
was then scanned from 50 to 130 GHz, with the unexpected result
that the spectrum was composed of an array of regularly spaced peaks
whose positions varied with changes in the applied magnetic guide field.
The measured data show excellent agreement with a three-wave FEL
interaction model utilizing a backward propagating pump wave and
cyclotzon harmonic idler waves. Although this is primarily an experi-
mental report, a brief derivation and discussion of the interaction medel
will be presented.

First, some perspective is provided by a brief review of the classical
FEL (magnetostatic wiggler) and its historical development. This is
followed by a short description of the electromagnetically pumped FEL.
Later sections provide an “in depth” look at the experimental setup, the
basic theory that was used to describe the interaction, and a complete
discussion of the results.

The most basic model of a FEL is a two-wave interaction in which
a transverse, periodic, magnetic field induces oscillations on an intense,
energetic electron beam. In the configuration shown in figure 1. an
electron beam is injected along the 2-axis so that it will pass through
the spatially varying magnetic field generated by the permanent bar
magnets labeled N and S. At the point of interaction, the electrons have
random phase and radiate incoherently. However, a ponderomotive
force is produced by the action of the induced vy (often called the
quiver velocity) and the radiation or scattered wave. That is, from the
Lorentz force law,

Fpond‘—"'lelleBn (1)

where e is the electronic charge, vy is the quiver velocity, and B, is
the magnetic component of the electromagnetic wave. This 2-directed
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Figure 1. Basic magnetostatically pumped free electron laser (FEL)
interaction.

force acts to push the electrons into axial bunches. The ponderomo-
tive force causes some electrons to be accelerated and others to be
decelerated. If the axial velocity v.o is such that more electrons are
decelerated, then the average energy of the electrons decreases and the
radiation field is enhanced. Clearly, this process will proceed only when
the oscillating electrons are properly synchronized with the electromag-
netic wave. The synchronism condition also leads to a relation for the
frequency spectrum of the ideal magnetostatic model given by

w = /9(1 + ﬂ)'TeCkwy (2)

where § is the normalized axial beam velocity, ¢ is the speed of light,
and k, = 2x/A,, where A, is the magnetic wiggler period. This is
equivalent to

A=A/ 245 (3)

The above analysis is appropriate for a low-density electron beam in
which single particle equations can be used to describe the interaction—
this is called the Compton regime. For higher density electron beams,
collective effects become important and beam waves or “idlers” can par-
ticipate in a three-wave interaction—this is called the Raman regime.
FEL devices are also categorized by the type and strength of the “wig-
gler.” Although a magnetostatic wiggler was used in the above example,
any field that leads to a transverse velocity modulation of the electron
beam can be used as a wiggler. Several other types of wigglers have
been proposed—including electrostatic 3], magnetic quadrupole [4-5),
and of course the electromagretic pump wave, which will be discussed
more thoroughly in this report.
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This classical FEL was first described by Motz in 1951, when he
proposed a method for generating high-frequency radiation via the syn-
chrotron radiation from electron oscillations in a periodic magnetic field
[6]- Although Motz conducted several experiments to test his theory
[7), the first practical devices to exploit this approach were developed
in the late 1950’s and ecarly 1960’s by R. M. Philips, who called his de-
vice the “ubitron” [8-10). While propagating a 110- to 140-kV electron
beam through a linear wiggler, Phillips was able to generate 1 MW of
power at 10-percent efficiency by operating the device as an amplifier
(gain ~ 13 dB). Because of strong competition from gyretrons, ubitron
rescarch was halted in 1964, but has recently been restarted [11).

Theoretical analyses of FEL configurations began to appear in the
late 1960’s and early 1970’s {12-16]. These papers featured quantum
mechanical models to predict that FEL-type devices could be oper-
ated as both oscillators and amplifiers at infrared and millimeter wave-
lengths; that is, they could “fill the gap” by providing high-power
sources in the region between conventional lasers and conventional mi-
crowave tubes. Interest in these calculations led researchers at Stanford
University to the operation of both a Compton FEL amplifier [17] in
1976 and an oscillator {18] in 1977.

Although Compton FEL experiments have been successful in gener-
ating respectable power levels at very high frequencies, they are inher-
ently low-gain devices which require long (inany wiggler period) interac-
tion regions and large sophisticated particle accelerators to produce the
high « beams. As a result, researchers began to study millimeter-wave
FEL’s which operated in the Raman regime, where higher gain and
efficiency can be achieved. The first experiments in the Raman regime
used high-power cyclotron maser radiation as tne pump field for the
FEL interaction [19]. Initially, a 2-MV, 30-kA electron beam was used
to generate 1 MW of power in the 400- to 500-um range [20]. Later a
magnetostatic undulator was used on a 1.2-MV, 25-kA electron beam to
produce ~1 MW of power at 400 um (21]. Further experiments at the
Naval Research Lab (NRL) generated as much as 100 MW of power at
frequencies ranging from 50 to 100 Gz [22;23]. Recently, more sophis-
ticated experimental setups [24,25] with better quality electron beams
have begun to show excellent agreement with the more sophisticated
three-dimensional [26] and nonlinear [27,28] theories that have been
developed.

Although difficulties in generating a sufficiently strong pump wave
have kept the electromagnetically pumped FEL in the background, the
scheme remains attractive because of the larger frequency shift factor
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associated with electromagnetically pumped rather than magnetostati-
cally pumped FEL’s. That is, for an eleciromagnetically pumped FEL,

w = 47%w,, )
in the high « limit where space charge effects have been ignored and w,,
is the pump frequency. Note that this frequency shift is twice as large
as the factor for the magnetostatically pumped case given in equation

(3)-

Interest in electromagnetically pumped FEL’s has recently been

rekindled by the development of high-power backward wave oscillators 2 ‘
(BWO?s) [1,29-31]. These devices produce an intense electromagnetic i
wave that propagates counter to the electron beam and acts as an elec- _{A'
tromagnetic pump on the electron beam. In experiments at NRL [1}, "
a 500-MW, 12.5-GHz pump wave was used to produce radiation at )
frequencies greater than 140 GHz via an FEL interaciion. Similar ex- ,,
periments by Denisov et al. using a 500-MW, 10-GHz pump and a 600- ?
to 650-keV, 3- to 5-kA electron beam have produced as high as 10 MW ;
at frequencies between 50 and 100 GHz [2,32]. This report focuses on a by
detailed examination of the high-power-microwave frequency spectrum Y
produced by an electromagnetically pumped FEL. 5
From the schematic representation shown. in figure 2, we see an :-:a
electron beam guided through a slow-wave structure by an applied B.. ;‘
The BWO pump wave grows and interacts with the electron beam until ’ \\

S

it reaches the slow-wave structure’s beam entrance section which has
a cutoff frequency beyond that of the 8.4-GHz pump wave. The pump
-wave is then reflected and propagates back with the electron beam
through the slow-wave structure. As the electron beam exits the slow-
wave structure, the divergence of the axial field causes the beam to
“dump” on the side walls while the reflected pump wave coniinues 1o
propagate to the right, where it passes through a region of high power
microwave diagnostics that are not shown on the figure. In addition to
guiding the clectron beam, the applied magnetic field also enables the
growth of cyclotron waves on the beam, which will play an important
role in the analysis of the data. ’

Theoretical models and descriptions of the experiment are intro-
duced in section 2. Section 3 provides a detailed overview of the ex-
perimental setup that was used to record the data used in this report.
This is followed by a presentation and discussion of the experimen-
tal results. The final section summarizes key points, conclusions, and
recommendations for future work.
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Figure 2. Basic electromagnetically pumped FEL configuration.

Calculation of Expected Frequency Shifts

Although a presentation of the full theory of the electromagnetically
pumped FEL is beyond the scope of this report, the portions of theory
needed to predict the simple output spectrum are presented in detail.
First. some perspective is provided by a brief review of the “classical”
magnetosiatic FEL. This is followed by a description of the electromag-
netically pumped FEL and, finally, a discussion of some related pro-
cesses such as the cyclotron harmonic autoresonant maser (CHARM).

The most basic model of a FEL is a two-wave interaction in which
a ‘ransverse. periodic, magnetic field induces oscillations on an intense,
energetic electron beam. Again, using the configuration shown in fig-
ure 1, an electron beam is injected along the Z-axis so that it will pass
through the spatially varying magnetic field gencrated by the perma-
nent bar magnets labeled N and S. At the point of interaction, the
electrons have random phase and radiate incoherently. However, a
ponderomotive force is produced by the action of the induced vy (of-
ten called the quiver velocity or wiggler velocity) and the radiation or
scattered wave. That is. from the Lorentz force law,

Fpond = —IEIV_L X B,, “)
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where |e] is the electronic charge, vy is the wiggler velocity, and B, is
the magnetic component of the scattered electromagnetic wave. This
3-directed force acts to push the electrons into axial bunches. The pon-
deromotive force causes some electrons to be accelerated and others to
be decelerated. If the axial velocity of the beam v.g is such that more
clectrons are deceierated, then the-average energy of the electrons de-
creases and the radiation field is enhanced. Clearly, this process will
proceed only when the oscillating electrons are properly synchronized
with the electromagnetic wave. This synchronism condition leads di-
rectly to a relation for the expected frequency spectrum of the ideal
magnetostatic FEL model.

One may evaluate this simple model by approximating the magne-
tostatic “pump” field as

B, = B, cos(k,z), (3)

where k,, = 27/L, L is the magnet period, and B,, is the magnitude of
the “pump” field. The equa’"~n of moticn is given by

my, = -E[vy X B. —v. X By}, v: > v, (6)

where 7 is the relativistic factor, m is the mass of an electron, and c is
the speed of light. With B; = 0, this has solution
eB,

Uy = g cos(kyz)vzo = ~Qyv:0 cos(kyz), (7

which may be integrated by assuming that w, = k,v.0 and z = vl
This yields a form for the wiggler velocity given by

Qu.:v:O
v = t:w—;m(wwi)' )

The radiation field may be expressed as

B, = B, [sin(k,z = w;t)], (9)

where (w,, k,) represents the frequency and wavenumber of the scat-
tered wave. The ponderomotive force then becomes

F _ EQIUUZO

pond == P was

The sine factors that comprise the phase portion of the ponderomotive

force can now be combined via trigonometric identities to yield a term

sin(kyz)sin(kyz = w;t). (10)
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proportional to cos(kyz + k.z —w,t). Clearly, the ponderomotive force
will reach a maximum when the phase (3 = kyz+k,z —=w,t) — 0. The
phase velocity of the ponderomotive wave can then be written as

W,

Synchronism between the electron beam and the ponderomotive
force can be achieved when v s = v,9, the velocity of the electron beam.
For a relatively high-frequency wave (wavelength is small compared to
external bouidaries), one may write w, = k,c, where ¢ is the speed of
light. This may be combined with equation (11) to give

Vph =

kwﬂ = ks(l "ﬂ): ' (12)

where § = v,g/c. Noting that v, the relativistic factor, may be ex-
pressed as v~? = (1 + B)(1 — B), and recalling that A = 2z/k, one may
rewrite equation (12) as

A
Ay = 13
72B(1 + B) (13)
For # — 1, this reduces to the familiar form
Aw
Ay = o - (14)

For an electromagnetic pump, By — By sin(koz —wot), which results
in a ponderomotive force phase of

Yem = kyz + k2 + wyt — wit. (15)
The resulting phase veloci.y is then

Wy = Wy
kw + k$
Again assuming that w, = k,c and now writing that w,, = kv, one
can combine to form (33}

Uph = — V0. (1())

wy = 721+ )L + vio/vpr)ws. (17)

With the usual but not always justifiable assumptions that § — 1 and
Vpn = ¢, this expression can be further reduced to the familiar

Wy = 472ww- (18)
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A more rigorous derivation of the quiver velocity or wiggler velocity
produced by an ciectromagnetic pump wave can be found elsewhere
[34.35]. As expected, the more rigorous derivation produces an identi-
cal reiation for the frequency of the scattered radiation.

These same results may also be reached by modeling the process
as Compton scaltering in the rest frame of the electron beam. The
sinusoidally varying magnetostatic pump ficld of figure 3 will appear
as a Doppler-shifted propagating electromagnetic wave in the electron
beam’s rest frame. This wave will scatter off the electron beam and
be frequency-shifted a second time by the transformation back to the
laboratory frame of reference.

In the laboratory frame, incoming pump and scattered waves are
represented by (wy, ky) and (wy. k). In the rest frame of the electron
beam,

(Wm. k,‘.) 3 (u)’l‘” k:u)

and
(‘V's-l".s) - (“";J‘;) (19)

The overall wave traffic is shown in figure 3. One may ‘now coustruct
the invariant -vector as in Jackson [36],

R

= (Z.k). (20)

Up-scattered wave

Down-scattered wave (VACAVAVA . 4
e AVAVAVa W
7> Pump wave

Electron beam

Figure 3. Wave direction conventions in two-wave
clectromagnetically pumped FEL interaction model.
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Then with & as the lab frame and K’ as the beam frame, one can look
at the waves in the rest frame of the electron bram. That is,

w ), V20

'_U'=7('£+'—"w)’

¢ ¢

W W, Vs

= = qg(—=4 =k 21
=9+ k), (21)

where v.o is the velocity of the electron beam. Now use the Manley-
Rowe equations to write

7Y V:0
’7’((.')“, + v:O—ﬂ) = 7(“’3 - "_w.s)
Uph [
or

W = 72(1 -+ 6)(1 + U:O/Uph)ww- (22)

For the static magnctic wiggler case, w,, — 0 and one uses w, = k,c to
eliminate w, and form

Y(v:ky) = y(kse = ksvs),
which can be combined to form the familiar

A
Ay = —o—— . 23)
T EN:) | (
Since these experiments are generally carried out inside some sort of
waveguide, the electromagnetic mode w, = k,c should be replaced with

[

W = 1\'302 + wz, (24)

ta

where w, is the effective cutoff frequency of the waveguide. This cor-
rection will be used in later sections and in all computations.

It is also constructive to consider a graphical representation of the
FEL interaction. From cquation (16) with vps = v, the resonance
condition yields

Wy = Uy = “s + kw)v:o- (25)

This resonance condition may then be plotted with the electromagnetic
waveguide mode represented by equation (24) to obtain the dispersion
relation shown in figure 4. The two points (w, k) where the electron
beam and the scattered wave are in phase represent points where energy
can be transferred fiom the beam to the wave.
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This analysis is appropriate for low-density electron beams in which
single particle equations can be used to describe the interactions—the
Compton operating regime of the FEL. For higher density electron
beams, collective effects become important and beam waves or idlers
can participate in a more complicated three-wave interaction—the Ra-
man regime. The FEL described in this report operates in this high-
beam-density Raman regime.

The basic approaches used to describe the expected output from
a two-wave I'EL interaction can be expanded to include the effect of
the third “idler” wave that participates in the three-wave interaction
described in this report.

A high-current electron beam propagating through an axial mag-
netic field can support several types of “beam idlers” [37). The most
important types (and the only ones that will be considered in this re-
port) are the negative-cnergy space-charge and cyciotron waves. They
are called negative energy because they grow in amplitude as energy
is lost from the electron beam. They are imporiant because they can
act with the pump wave to efficiently couple energy from the electron
beam into “scattered radiation” via a three-wave interaction.

In the following approach adapted from Marshall {38}, the three-
wave FEL is studied in the rest frame of the electron beam by con-
sidering the interaction of the pump wave («!,, &%), the scattered wave:

7w

ws=wwikwVy+ksVs

t

Up-shuft
7o
w= —kc N (( ‘V-'C ) -
[~ ]
/ — k
- Down-shult_ - ~

Figure 4. Dispersion diagram for two-wave FEL interaction.
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(w:. k), and the beat or idler wave (w}, &). The idler arises from the
ponderomotive bunching of the electrons via the force term given by

“vi(el) x B (26)

where the primes indicate the shift to the electon-beam rest frame. The
interaction occurs at w!, ~ w!, leading to

7 1 s
@; = (Jw "(:JJ

and

ki=k, + K (27)

for the idler frequency and wavenumber. The idler or “beat” wave
is always present, but the interaction is enhanced whenever & corre-
sponds to a "natural” resonant frequency of the system; i.e., w! = e
or wj = {y, where « and Q; represent the beam plasma frequency and
electron cyclotron frequency in the rest frame of the electron beam.
The three-wave interaction ), = ), — ] is referred to as “stimulated
Raman scattering.” This effect is shown graphically in figure 5. The
parallelogram relating the three waves follows from equation (28):

and
ki =k, + k. (28)

It should be remembered that this model is somewhat oversimplified.
involving uncoupled modes of the system. The actual situation is far
more complicated when mode coupling occurs.

One can also study the effect of idlers by their influence on the beam
resonance condition. Based on equation (28). there will be an additional
shift in the frequency, so that the resonance rondition becomes

Wy, = ku.v" + k,v" — Whdlers (29)

The derivation of similar relations is described in more detail in the
references {39).
For the space charge idler, the relation becomes

Wy = Wy = kg kst F o, (30)

where wy is the plasma frequency of the electron beam and the 4/~
signs represent the positive/negative-energy space charge waves which
are alsd discussed in detail by Johnson {39]. This effect has recently
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been the subject of careful study in a series of Raman regime experi-
ments at the Massachusetts Institute of Technology [25.10].

A typical dispersion relation for a Raman-regime FEL with space
charge idlers is shown in figure 6. The wave of interest is the slow
or negative-cnergy space charge wave because it is able to grow by
“feeding” from the electron beam’s kinetic energy. Note that two inter-
sections or operating points are possible which yield both an up-shifted
and a down-shifted frequency. Although (in a classic FEL) one is gener-
ally interested in the up-shifted frequency, the down-shifted frequency
is also present [25.10).

Although frequency shifts in Raman FEL experiments have been
traced to cyclotron wave idlers [41-43], the observation of cyclotron
wave harmonics as idlers is new [44]. Their effect is similar to the space
charge waves with a resonance condition now given by

Wy — iy, = k,,.l'" -+ /\‘,l’|| + (. (31

where g is the effective relativistic electron cyvclotron frequency and €
is the integer harmonic number.

{w's. K's)
Scattered wave

(W) Stokes w’p Anli-Stokes
Idler

k'
Figure 5. Stokes diagram of three-wave scattering relationship in
clectron rest frame with a space charge idler.
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The idealized dispersion relatior: for the electromagnetically pumped
FEL with cyclotron harmonic idlers is shown in figure 7. There are
two allowed interaction frequencies for cach harmonic number: an “up-
shifted” frequency and a “down-shifted” frequency. Actually, both in-
teraction frequencies are generally higher than the pump frequency, but
convention refers to the higher as up-shilted and the lower as down-
shifted. In figurc 7, the up-shifted interaction frequencies are marked
with squares while the lower down-shifted interaction frequencies are
marked with circles. In either case, the interaction would be expected
to produce a spectrum of regularly spaced peaks. In the next section,
these predicted [requency spectra are examined in more detail, with
emphasis on their dependence on the applied axial magnetic ficld.

w

Cyclotron
wave idier

Up-shuft /

Cyclotron

Fast space-charge ;
wave idler

wave idler
Slow space-charge wave dler
k
// Down-shift

0

Figure 6. Idealized dispersion diagram for electromagnetically
(EM; pumped FEL with space charge idler.
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, u.'52 = k52C2 + u.‘cz

Figure 7. Idealized dispersion diagram for EM pumped FEL with
cyclotron harmonie idlers.

Frequency Spectra

In order to facilitate the calculation of the frequency spectra in different
physical situations, a result will be derived in terms of an effective &,,
that will be designated k.;;. Plots of the spectra from appropriate
physical situations will be used to analyze the experimental results in a
later section. In the equations that follow, 8) = v:e/c and 7"‘2 =1 -—/3,2'-
will be used to emphasize the difference between §) and Bpa.

Magnetostatic Wiggler

For the case of the magnetostatic wiggler, it is appropriate to use equa-
tion (25) with w, = 0 and k, = k.5;. This can be combined with
equation (24) to yield

Bkl 2 By 1 - (=2 —)
Wy = Ojc e!ﬂ'll[ By - (3||7|iCkc/I) ],

WG e £
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4d A

”

R e




which is the normal result for a magnetostatic pump wave. Note that
the +/~ signs represent the up/down-shifted branches of the interac-
tion. that is, the square/circle points in figure 6.

2.2.2  Eleciromagnetic Wiggler

In order to cast the electromagnetic wiggler in terms of k., it is useful
to define Boa = —wy/kye, where the minus sign indicates that the pump
is a backward propagating wave. This can be used in conjunction with
equation (25) to produce

Le/f—a"c[l ﬂﬁl] , (33)

which may be used in equation (32) to produce a spectrum given by

wy = w, 721+, + 1—(——&—)2]. 34
s = @y Y1+ 5y/Bon) [1 ﬁu\J Frncker; (34)
Note that when the waveguide effects are ignored (w, = 0), equation
(34) reduces to the familiar result given by equation (....). These formu-
las must now be further “corrected” to include the effects of the beam
idlers.

For space charge waves, the effective k,, is given by

: A .
et = ﬁuc[l Bon iﬂuc %9)

where the +/— signs represent the fast/slow, positive/negative-energy
space charge waves. In actual practice, only the slow. negative-energy
wave can help to couple the beam’s kinetic energy into electromagnetic
radiation.

For cyclotron harmonic idlers, the effective k,, is given by

' A, K
keyy =
1 5"0[1 Boh " e Bye’

which results in a frequency spectrum represented by

wy = 7ﬁ [ww(l -+ %) + [Qo] [l + !3||(wge)].
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Although they were included in the calculations, the waveguide effects
(wge) are generally unnoticeable at high frequencies (€ > 4); however.
they modify the final g term by

)

{

A -*Bu[l (ww 1+;://;ll;,)+ (QO)T/?' (38)

It is important to note that equation (37) gives the expected frequency
spectra versus applied magnetic field for four situations of interest: a
"backward” propagating pump wave, up or down shifted, and “for-
ward” propagating pump wave, up or down shifted. The forward pump
situation must be considered because (as we sce in the next section)
in the actual experiment, the BWO pump wave reflects off a section of
waveguide beyond cutoff (near the diode) and travels back through the
slow-wave structure before finally exiting the system.

A graphical representation of equation (37) is provided in figure
3. If a value is chosen for the applied magnetic field, a whole spec-
trum of regularly sp2ced peaks should be produced by the interaction.
Although some of the even harmonics were omitted from the plot in
order to reduce overcrowding, all harmonics should be present in any
spectrum which can be modelcd by equation (37).
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2.3

The CHARM Interaction

In the previous section, cyclotron harmonic waves were considered idlers
in a three-wave FEL interaction. The possibility also exists that the
observed spectrum of regularly spaced high-frequency peaks may be
due directly to the cyclotron waves—with no FEL type of interaction.

The cyclotron autoresonant maser (CARM) is a well known pro-
ducer of high-power microwave radiation [43, 46}. The term “CHARM”
was coined to describe harmonic radiation from the basic CARM pro-
cess. Although the history and detailed theory of the CHARM lie be-
von the scope of this report, it is necessary to consider the frequency
spectrum of such a device in order to help prove that the proper model
has been chosen to explain the experimental data.

The simplest approach is to begin with equation (37) in the previous
section. If the FEL term is deleted and the ®idler” term is retained,
the effective k,, is given by

£y
eff = =, 39
"= 3 (39)
which yields a properly Doppler-shifted frequency spectrum of
w, = 7,”;590[1 + g/l - (“-’—/Jﬂ)] (40)
RPN

Clearly this relation leads to the same spacing between peaks, and at
high frequencies where {Qo 3> wy [l + 3/3,4}, the FEL and CHARM
spectra will be virtually identical—except for a relatively small fre-
quency shift. However, at low {requencies (¢ = 1 or 2), the frequency
difference is significant and the differences are readily apparent. In a
later section. these differences are more fully explored when the actual
experamental data are presented.

3. Experimental Configuration

3.1

This section provides an overview of the basic experimental setup, fol-
lowed by a detailed look at the major individual components and the
diagnostics used to measurc and record the data.

Introduction and Qutline

The basic experimental configuration is shown in figure 9. An intense
relativistic electron beam (650 kV, 2 kA, 100 ns) is produced by driving
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an annular, ficld-emission cathode with the Dragon pulse generator.
The axial magnetic field then guides the beam through the foilless anode
and slow-wave structure to the beam dump region. The rippled-wall
slow-wave structure allows the beam to couple kinetic energy into the
structure’s Tl backward propagating mode at 8.4 Gllz, providing
the pump wave for the FEL interaction.

In the principal mode of operation illustrated in figure 10, the back-
ward pump wave grows in strength and drives the FEL interaction as
it propagates towards the “cutofl” region. The scattered radiation fol-
lows the same path, except that its reflection from the cutoff region is
not as complete as for the lower frequency pump wave. Thus it is the
reflected waves that finally reach the microwave diagnostics region. In
a later section, it is also shown that the reflected waves do not interact
with the clectron beam.

The Intense Relativistic Electron Beam

The intense relativistic clectron beam used in these experiments is pro-
duced by an annular ficld-emission cathode driven by the Dragon pulse
generator [47]. In the Dragon machine, a capacitive energy store is res-
onantly discharged through a voltage step-up transformer to a coaxial,
water diclectric, transmission line. When the voltage on the transmis-
sion line reaches its peak, a self-breaking switch feeds the stored energy
to the diode. A more detailed description of the Dragon pulser is given
in appendix A,

Magnetxe lielg solencd

Z ik ///Z T j,j’/// 7] vinn

:{//’-/—":: iy C /,////, o wavequide
)
goup'mg >=>¥-°
ole
A midhmeter
s Vacuum wave
3 % -
Cathode / 7
/ // 2

%/AW////// W 2

Anode Wavemme Stow wwe <qtugture
deyong cutoft

Figure 9. Basic experimental configuration used for EM-pumped
FEL experiments.
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.
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Cutoff
region

Diagnostic

Slow-wave structure :
region

Figure 10. Principal wave traffic in the EM-pumped FEL
experiment.

1he Dragon pulser is tuned to deliver a relatively flat 100-ns-wide
voltage pulsc across the anode-cathode gap. This pulse is measured by a
capacitive voltage probe, and a self-magnetic field current probe, which
are located along the cathode shank, about 30 ¢m from the anode-
cathode gap. It is important to remember that the measured voltage
is not equal to the kinetic energy of the electrons. Although this would
be true {or a single electron, the situation is different for an intense
electron beam. In the dense beam case, electrons will split their energy
between kinetic energy and selt-field energy. Thus. the space charge or
self-field encrgy must be subtracted from the accelerating potential in
order to determine the clectron beam’s kinetic energy.

From Gauss’s law and the simple beam model shown in figure 11,
the self-electric field can be written as

I
E. = ——_—'Zze:v:r for 1o 1>r (41)
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Figure 11. Idealized electron-beam geometry.

where [, is the beam current, v, is the beam’s axial velocity. ¢ is the
free space permittivity, and r is the radial measurement position. Note
that £, =0 for r < r,. Integrating E, from the beam to the wall yields

Io
'3. = e 42
Pse Areou: In(r,/r) (42)

where r, and r, are the radii of the wall and the beam. The conservation
of energy gives

(7 = Drec? = (0 = D = coy,

(43)
where (v ~ 1)mc? is the kinetic energy of the beam, (y — I)mc? 1s
the accelerating potential, ed,. is the space charge energy, and 7 is the
standard relativistic factor v = (1 ~ 8%)~V/2,

For the experiments described in this report, the space charge de-
pression represents the principal correction needed to extract the beam
parameters v and S from the accelerating potential. One should also
aote that the space charge depression is mimmized when the beam
propagates near the cuter wali. Taking r, equal to the average radius
of the ripples in the slow-wave structure yields a correction of approx-
imately 75 kV.
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In order to anaiyze the FEL interaction and differentiate between
FEL effects and those arising from cyclotron maser type interactions,
the beam’s perpendicular energy must be estimated. The principal
source of this energy is the E x B drift [36] given by

ET‘

Vg = —E (44)

2

Here B. represents the applied axial field and F; is provided by either
the angled electric field lines in the diode, the beam self-fields, or the E.
ficlds associated with the TAfy; pump wave. For an applied field of 10
kG. and typical beam parameters, the E x B drift in the diode and from
self-fields yields a maximum drift velocity of 85 < 0.05. From estimates
of the electric ficld component of the TMq wave (48], Fgm, < 0.02. An
experimentally measured upper limit of 81 < 0.05 was obtained by
methods more fully described in the diagnostic section.

3.3 The Backward Wave Oscillator Pump Wave

The backward wave oscillator (BWO) used in these experiments is a
physically simple device in which an intense relativistic eiectron beam
is passed through a rippled-wall type of slow-wave structure as shown
in figure 12. The slow-wave structure interacts with the beam in such
a way that some of the beam’s kinetic energy is coupled into the prop-
agating electromagnetic modes of the slow-wave structure. This is ac-
coruplished through the growth of negative-enerzy space charge waves
on the beam. The mode, frequency, and intensity of the generated
microwave radiation are determined by the geometry of the slow-wave
structure, the electron beam, and the applied magnetic guide field.
Magnetic field cotls

A
/’
/\

Slow-wave structure
Anaular electron W / Beam
dump

beam ~—

Wavequide cutoff ——
region

/
\

Figure 12. Rippled-wall slow-wave structure.
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An important feature of BWO operation is the dependence of the
power on the applied axial magnetic field. The charactenstic field sig-
nature shown in figure 13 has been observed by several experimental
teams 2, 31, 32, 19, 50]. The dip in the output power is duc to the
resonant reradiation into fast cyclotron waves on the electron beam
£32].

Comparisons of the electromagnetic wiggler with its magnetostatic
counterpart are facilitated by expressing the strength of the magnetic
ficld component of the pump wave in gauss (G). A simple estimate is
made by noting that the 50-MW, T My, pump wave must flow through
a corrugated-wall waveguide with r,,, & 0.5 in. From the Poynting
vector with sinusoidal time variation [36],

P.JA = =Re(E, x Iff). (45)

Lof o~

Assuming that P is constant over an arca A and

|Ex| =/ cj o] (46)

with B = ;tH. one finds that

2Pp1'/?
|Bu] = [ ] .
Ac
For the above parameters, B = 300 G. A more detailed exposition of
the BWO pump wave generator is found in appendix B.
\
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Figure 13, Plot of power versus applied
magnetic field strength for BWO pump
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3.4

3.5

~t

Support Systems

A background vacunm pressuse of ~1 x107% Torr was maintained in
the beam propagation sections of the experiment by a standard 6-in.
diffusion pump. .

The ficld-emission diode and slow-wave structure are immersed in
an applied axial magnetic guide field. A 1-m-long solenoid was used to
produce fields up to 23 kG on axis. Energy for the coil was stored in a
capacitor bank C. as shown in figure 1. When the capacitor bank was
fully charged (and the Dragon pulser was also ready). switch 5y was
closed and coil I, was energized. When the current in the coil reached
its peak. the switch Sy was closed--"crowbarring™ the circuit. This
gives the magnetic field more time to diffuse into the beam paths and
prevents the system from “ringing™ which decreases the lifetimes of the
cnergy storage capacitoss.

Diagnostics

The diagnostics used on this experiment fall into three basic categories:
clectron-beam diagnostics. microwave diagnostics. and support system
diagnostics. This section focuses on the actual physical quantitics that
were measured and the parameters that can be inferred from them.
Figure 15 shows the positions of the different diagnostics used in this
experiment.

Beam Dingnostics

Information about the electron beam is provided by D and B probes
that are located on the cathode stalk ~30 ¢m from the anode-cathode
gar This places them jnst inside the magnedc gnide field which helps
to protect the capacitative D probe from strav electzons, The D s
B probes are mounted on a 6-in. ~ection of vacuuin bavdware that
shown in figure 16, ‘

o

S
Capacitor Solenaid
bank - S2 L
C 7
l

Fignre 1.4, Schematie drawing of applied magnetic
fiold system.
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Figure 15. Diagnostic positioning on the EM-pumped FEL

oxperiment.
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Figure 16. Detail of D and B electron-beam voltage and current
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The D probe is a cylindrical capacitive divider whose output is
proportional to the time derivative of the voltage pulse traveling down
the transmission line formed by the cathode stalk and the 6-in. outer
diameter (OD) vacuum hardware. The pickoff is a thin, I-in.-wide
picce of copper tape insulated from the vacuum wall by a 0.125-in.-
thick piece of Teflon. The copper tape is “terminated” in 10 Q by
four 30-Q resistors and the 50-Q signal cable that are evenly spaced
around the circumference of the cylinder. The signal is then fed into
a passive analog integrator and stored on a computer disk via a fast
signal digitizer. Careful calibration of the probe yielded a sensitivity of
477 KV per volt of input when the probe was connected to an integrator
with a 3-us time constant.

The current probe. which is also shown in figure 16. consists of
a small loop which is aligned to intercept the sclf-By of the current
flowing down the cathode stalk. The probe is formed by breaking the
continuity of the loop. then connecting a picce of coaxial cable across
the “break.” Since the voltage induced into the cable is proportional to
the time derivative of the current. the output of this probe must also
be integrated. Carcful calibration of this probe yielded a sensitivity of
7.9 KAV when the probe was operated into a 3-us integrator. Some
typical voltage and current traces are shown in figure 17.

More information about the beam can also be obtained by exami-
nation of witness plates that were placed as shown in figure 15. The
time-integrated position of the beam is etched directly on the plates.
Typical values for these experiments were a beam inner diameter (1D)
of 1.65 cm and an OD of 1.85 ¢m. The width of the beam fixes an
| upper limit on the amount of perpendicular energy possessed by the
- beam. An electron with transverse energy will gyrate in the applied
’ magnelic field with a gyroradius given by

.7’_1_(‘
‘ r, =

! Qofv’

! where y is the nonrelativistic electron cyelotron frequency. As indi-
cated in figure 18, the maximum value for r; is one-half the beam thick-
ness or ~1 mm. For an applied magnetic field of 10 kG and 4 = 1.9,
equation (-43) yields a maximum value for 3y of =0.05. A photograph
of one of the actual targets is shown in figure 17. In principle, one conld
also consider the beam a rigid rotor. In this case r, ~ 0.9 cm (max)
and equation (-18) yvields a value of D15 for 3, !

(13)
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Figure 17. Typical experimental data showing (a) voltage.
(b) current. (¢) BWO pump wave. (d) high-frequency
sadiation, and (¢) witness plate.

~

3.2 Meerownare Dwgnosties

In these experiments, highspower microvwave radiation was measured
in the frequency ranges from 7 to 18 GHz and from 50 to 130 Gllz
Microwaves in the low range (7 to 18 GHz) were studied via the counling
hole shown in figure 15 while the high range was collected with the
horn—also shown n figure 15.
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Figure 18. Idealized electron beam cross section. .

The detection methods for the low-frequency microwaves are illus-
trated in figure 19. A small aperture in the side of the vacuum cylinder
allows some of the high-power microwave radiation to enter a section
of WR-90 (X-band) rectangular waveguide which carries the signal to
the ri-shiclded data collection room. A 20-dB waveguide directional
coupler then splits part of the signal into a “prompt”™ path and a sec-
tion of coiled dispersive waveguide. Wavegunide-to-coaxial adapters were
nsged to bring both the prompt and dispersed signals into coaxial cable.
Coantal conplers were then used to further split the signals for analysis.

An array of bandpass and low-pass filters was used to isolate and
study different portions of the frequency spectrum from 7 to 12.4 GHa.
Higher frequency high-pass filters were constructed with sections of
WR-62 waveguide (f, = 9.486 GHz) and WR-42 waveguide (f. =
14.047 GHz). The WR-90 waveguide has a cutoff frequency of 6.557
GHz. The filters were especially useful for identifving peaks in the
dispersed signals.

In addition to the standard dispersion line and filter techniques.
microwave mixers 31} were also used to study the frequency spectrum of
the observed radiation. As indicated in figure 19, a known. convenient
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Figure 19. Schematic drawing of low-frequency high-power
microwave diagnostic system.
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frequency is applied to the local oscillator (L.O) input, and the difference
frequency between the LO and if appears at the intermediate frequency
(IF) port and is recorded directly on a fast oscilloscope. By changing
the LO and observing the corresponding change in the IF, one can
accurately determine the rf input frequency—especially if one is. adle
to Fourier analyze the IF signal.

All waveguide runs and components were casily calibrated from 7 to
18 GHz with a network analyzer system. The coupling holes that fed
the WR-90 waveguide could not be calibrated by such simple means.
Since the hole coupling is highly mode sensitive, a T Mg, mode launcher
was constructed [52). The need to physically tune the mode launcher re-
stricted the range of frequencies over which it could be swept. However,
excellent data were obtained near $.4 Gllz, vhe operating frequency of
the BWO pump wave.

Measurements of {he high-frequency microwave spectrum were made
from 30 to 130 Gliz. For these nicasureraents, a small horn (area ~0.88
cm?) was placed just behind (~25 cm away) the polyethylene window
that provided the vacuum-to-air interface in the experiment. The out-

2Tt R Oy FLM- TH Y . R IS LB Y R TN L S T

A3

R At i

2

%

o3

34

ey oo gl T o ”» Yoy g " '
et TR EN AR ORI DV MtD i s 04 o e e ety RO IEL S i (e B SO i Ot 4 CUa s oty R S e T A g P G T ety ctw st 0 AL
.3
<

e A s b3 1, ol A it s b AL St L R bk L e e s St Y FYPTRIRRT S PERI IO IR 1) - PR NI i T T O 3 =




3.6

put of the horn was fed into the microwave grating spectrometer [53]
which acts like a bandpass filter. By changing the grating angle and
using different gratings, it was possible to study “frequency windows”
from 59 to 130 GHz. Crystal detectors were mounted directly on the
spectrometer. and their detected output was fed back to the shielded
data room where it was recorded on a fast oscilloscope. Some typical
traces for the BWO pump wave and the high-frequency radiation are
shown in figure 17. The spectrometer is described in more detail in
appendix C.

Support System Diagnostics

In addition to such obvious parame 1< as vacuum pressure and machine
charging voltage. two other el cirical signals are routinely recorded on
cach shot: magnetic field and the voltage on the Dragon machine’s
charge line.

A single-loop pickup coil located just outside the vacuum cylinder
near the diode is used to gencrate a signal proportional to the time
derivative of the applied magnetic guide field. This signal is fed into
a digitizer and integrated numerically. A small correction factor is
applied to account for the diffusion time of the magnetic field into the
region traversed by the electron beam. -

The charge line voltage is monitored by a self-integrating D probe
(34] that is also fed into a digitizer in the computer data acquisition
system.

Experimental Operation

Before the experiment described in this report began, the Dragon ma-
chine was tuned to provide relatively flat voltage and current pulses.
AMthough some ninor re-tuning was required in the later stages of
the experiment, the voltage and current traces were very reproducible
throughout the experiment. Despite considerable variation in signal
amplitude (factors of 2 to 3 were not uncommon) on a shot-to-shot
basis, the positions of the frequency peaks were quite reproducible—to
1.5 Glz, the resolving power of the spectrometer. In fact, the general
experimental procedure was to scan frequency ranges from low to high
and then back to low to ensure that the frequency peaks were repro-
ducible. It was also possible to reproduce the same peaks on a day-
to-day basis.
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Studies were also conducted on the magnetic field_system [55] to
ensure that the field emission diode and the slow-wave structure would
reside in the flat-field region of the solenoid. These studies also quan-
tified the relation between the field monitor pickup loop outside the
vacuum cylinder and the actual field inside the slow-wave structure.
Shot-to-shot reproducibility of the magnetic field system was excellent;
the only problems came from the transient digitizers that.were used to
record the data signals. Frequent air-conditioning problems and a hot-
ter than normal summer often resulted in equipment overhez_xting which
caused basclines to drift, affecting the integration of the B magnetic
field monitor.

The stainless-steel cathode and carbon anode were periodically in-
spected, but no damage or significant deterioration was evident. The
anode and cathode were approximately 2000 shots “old” by the con-
clusion of the experimental period.

Four Tektronix 7612 transient digitizers [36] were used to record the
magnetic field signal, the voltage on the Dragon charge line, and the
voltage and current on the cathode stalk. A DEC PDP-11/34 computer
was then used {o store the data on remevable disk cartridges and finally
on tape. This system allowed convenient examination and later storage
of the slower data signals without the costs and troubles of recording
them on film.

Three Tektronix 7104 oscilloscopes (1-GHz bandwidth) [56] were
used to record the faster microwave signals. This limited the amount
of data that could be recorded on any given shot but still provided
enough flexibility so that the lower frequency (7 to 20 Gliz) signals
could te thoroughly studied.

The high-power-microwave output from the experiment leaves the
vacuum cylinder (after passing the coupling hole) by passing through
a polyethylene window and then into a mini ancchoic chamber. Af-
ter approximately 1500 microwave shots, some discoloration is evident
on the polyethylene window, but it does not appear to have had any
significant impact on the experiment. The mini anechoic chamber not
only eliminates any safety problems that might be caused by high levels
of nonionizing radiation, but also reduces the noise level at the high-
irequency spectrometer.
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4. Results and Discussion

4.1

NS
o

Introduction

The high-frequency spectrum from 50 to 130 GHz is composed of an
array of regularly spaced peaks. The frequencies of the peaks and their
variation with the strength of the axial magnetic guide field indicate
that the spectrum is due to a three-wave FEL interaction in which cy-
clotron harmonic beam waves act as “idlers.” A detailed examination of
low-frequency, low-harmonic-number data will be used to demonstrate
that the emission spectrum is due to an FEL interaction and not to a
CHARM interaction. This is important because of the close similarity
between the FEL and CHARM spectra—especially at high frequencics
The raw data are presented in the next section, followed by a com-
parison of the data with the model of an electromagnetically pumped
FEL with cyclotron harmonic idlers. The last sections provide a more
complete justification for choosing the FEL rather than the CHARM
as the interaction model that best describes the experimental results.

The Measured High-Frequency Spectrum

The experimental procedure was to select a value for the magnetic
guide field, and then use the grating spectrometer to sweep through
the frequency range appropriate to the particular grating and detector.
This process yielded tables of power versus frequency for different values
of applied magnetic field. The electron-beam parameters were held
constant throughout the experiment. Some typical power spectra are
shown in figures 20 through 22.
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Figure 20. Measured frequency spectrin

from 80 to 120 GHz for an applied ficeld
of 9.89 kG.
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Figure 21. Measured frequency spectrum from 50 to
25 GHz for an applied field of 10.3 kG.
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Figure 22. Measured frequency spectra from 80 to
25 GHz for applied ficlds of 9.89 and 10.3 kG showing
frequency shift caused by a change in applied field.
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Figure 20 shows the simple set of regularly spaced peaks present
between 80 and 120 GIz for an applied magnetic field of 9.89 kG. The
data have been normalized to the highest peak present in the frequency
range.

In figure 21, two measured spectra have been joined together. Al-
though the same magnitude of magnetic field was applied in both cases,
different gratings and detectors were required to cover the two contigu-
ous frequency ranges. Also, both data sets were normalized separately.
This is the reason for the “hump” in relative magnitude at approxi-
mately 82 GHz. In general, the power decreases monotonically as the
{requency increases.

In figure 22 the specira corresponding to two different values of
magnetic field are plotied on the same axes. It can be clearly seen
that the entire frequency spectrum is shifted when the magnitude of
the guide field is changed. The data sets were normalized separately
even tnough the same diagnostic components were used in both cases.
Although not shown in this section, spectra were also measured for
several other values of the magnetic field, including 11.4, 19.4, and 20.3
kG. Regularly spaced peaks were always present.

The EM-Pumped FEL Model

In this section the experimental data are compared to the theoretical
model of the electromagnetically pumped FEL with cyclotron harmonic
idlers that was developed in the last section.

Expected Spectrum

The frequency spectrim was expressed in section 2 by equation (37).
For the data presented in the previous section, the minimum frequency
was 50 GHz and waveguide effects can be ignored. Equation (37) can
then be reduced and cast in terms of frequencics to become

fa ='Y|2| fw(l +l{gu’)+€fce](l i/jﬂ): (‘;9)
oh
where f; and f,, are the frequencies of the scattered and pump waves
and [ is the relativistic electron cyclotron frequency.
The dispersion diagram for the model is shown in figure 23. Note
that the interaction sites of interest lie along the “down shifted” branch.
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The lines representing the different resonance conditions for each har
monic (labeled ¢ = 1 through 12) will move up and down as the mag-

- netic field, and hence f,., is charged. Recall in equation (49) that 2
positive value for J,; represents a backward propagating wave. The
spacing of the frequency peaks indicates that the down-shifted branch
will best match the experimental data; thus the minus sign must be
favored in the last factor. The formula for the frequency peaks as a
function of magnetic guide field is then

i

o
v
YR

B 1 .
fo= o[£l + 2Ly + €)1 - ) (59)

gph

The following parameters were used in the above expression:

‘)’" ~19 )

By ~0.85,

fu~84GHz,

Bon ~ 1.054 ,

and of course f. is 2.8/ (GHz/kG).

y=1.9 P
14 J
/12 10 /
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W2 = K2C2+ %

=200 =10 . 0 10 20
Wave number [1/cm]

Figure 23. Dispersion disgram for EM-pumped FEL
with cyclotron harmonic idlers with theoretical
intersection points marked with circles.




It should be noted that equation (50) can also be reached directly via
the appropriate Stokes diagram shown in figure 24 and the conservation
equations. From the conservation of energy,

Wy = W; + wy, (51)

and irom the conservation of momentum,

k, = k; + k,. (52)
The dispersion relation of a slow, negative-energy cyclotron harmonic
wave is given by
Wy = k,’ A A er (53)
For v = 3, equations (33) and (51) may be combined to yield the
relation
Wy = wy, — ki - v+ 0, (54)

or
W, = wy, = (Ku = k,)v + (. (55)

However, from the Stokes diagram in figure 24, both the pump wave
and the down-shifted branch of the scattered radiation are backward
propagating. Thus, equation (55) becomes

wy =y, + (ky — k,)v" + {0y, (56)

where k, &~ w,/c and ky, = wy, [vys. Substitutiug for &, and k,, leads to

“)s(l - ﬂll) = ww(l + ﬁﬂ/aph) + Qy, (57)

or

o = ',2[%(1 + ;)i') ¥ CQO](I -

ph
which is identical to equation (50).
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Figure 24. Stokes diagram of three-wave FEL interaction with
backward propagating pump wave, slow cyclotron harmonic wave

idler, and seattered radiation along “down-shifted™ branch.

> Comparison of Theary and Erperoncnt
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The excellent mateh between the experimental data and the predictions
of the simple model represented by equation (30) is shown graphically
in figures 25 and 26. In these figures, crosses are used to dencte the
positions of the measured peaks on the theoretical scales. The even
and odd harmonics were plotted separately to prevent crowding on the

graphs.
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Figure 25. Dependence of frequency peaks on magnetic
field for odd harmonic numbers from 1 through 15 with
crosses marking positions of measured peaks.
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Figure 26. Dependence of frequency peaks on magnetic
field for even harmonic numbers 4 through 14 with crosses

marking positions of measured peaks.




The two most convincing aspects of the fit between theory and ex-
periment are the peak spacing and magnetic field dependence. Peaks
representing harmonic numbers £ = 1 and £ = 5 through 1 can be
clearly identified on the figures. Data showing the change in frequency
corresponding 1o changes in the applied magnetic guide field also fit well
into both figures 25 and 26. This variation in frequency with magnetic
guide ficld is especially important because it not only climinates several
prospective mechanisms for high-frequency-microwave production but
also eliminates the possibility that the peaks were due to 1esonances in
the diagnostic system.

Powcer Estimates

For the high frequencies. the signal strength times the detector sensi-
tivity times the in-line attenuation yields a level for the peak power
entering the pickup horn (shown in fig. 15 and 27) that feeds the grat-
ing spectrometer and hence the rest of the high-frequency detection
system. Tor the £ = 9 peak at 32 GHz, this calculation gives a re-
sult of approximately 20 W at the pickup horn (0.9-cm? cross-sectional
arca). Although this is a very small fraction of the total power (at
32 GHz) produced in the experiment, realistic measurements wouid re-
quire mode and radiation pattern information that is beyond the scope
of this report. However, a crude estimate can be made by considering
the idealized model shown in figure 27. Here the actual radiation source
in the cylindrical waveguide has been replaced by a “point source” lo-
cated at the center of the end of the guide. This yields a geometric
attenuafion factor of ~4400, which would imply a power of ~90 kW in
the wavegnide (at 82 GHz). This estimate could be considerably higher
or lower, depending on the actual radiation pattern.

The low-frequency measurements were based on energv coupled
through a hole in the <ide of the evlindrical waveguide, as discussed
in section 3.5.2. For the 8.1-GHz pump wave. unambiguous power
fevels of 30 MW were routinely measured. However, the other “low™
frequency peak occurred at ~16.5 Gllz. In this case, mode uncertainty
precludes any simple estimate of the power. The best guess is to assume
that power drops by ~10 to 15 percent cach time the mode number is
increased. Then working back from the high-frequency estimate at 82
GHz (f = 9). one can crudely determine that 200 to 300 kW should be
found at 16.5 Gllz for the { = 1 harmonic.
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4.4

4.4.1

High frequency
pick-up horn

/

Point source

_75 cm

~

Figure 27. Ilustration of model used to construct crude estimate
of high-frequency microwave power levels.

Other Models

Although the experimental data clearly fit the down-shifted branch of
the backward wave electromagnetically pumped FEL model. it must
also be shown that other competing theories are inappropriate. The
principal contenders are the forward prump wave FEL interaction and
the CHARM. Models based on the excitation of higher order modes
in the BWO can easily be dismissed by considering the experimental
frequency shift versus magnetic field. The high-order BWO modes
are solely a function of the geometry and do not depend on applied
wagnetic field strength. In the next sections. the possibility of a forward
pump wave interaction or a CHARM is considered in more detail.

Forward Pump Wave FEL Inleraction

The operation of the experiment is such that the “normal™ backward
propagating pump wave passes through the slow-wave structure (as in
fig. 10), reflects frem a section of waveguide beyond cutoff, and again
passes through the slow-wave structure—his time moving with the
clectron beam. Clearly, an interaction is theoretically possible, and the
spectra can be computed from equation (37) or (49) with Ju, — =3ps.
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Although equation (37) will be used in all calculations (because wave-
guide effects may not always be ignorable). equation (49) is casier to
“look at™ and it contains the same basic physics-—except for the wave-
guide effects. Table 1 contains the up- and down-shifted interaction
frequencies for beth forward and backward pump waves. Clearly, the
measured spectra are not due to any interaction based on the up-shifted
branch of either the forward or backward pump waves. As a result, only
the down-shifted branches will be considered from this point onward.

Table 1. Interaction frequencies (in gigahertz) of an electromag-
netically pumped FEL with eyclotron harmonic idlers for an ap-
plied field of 10 kG

l Backward pump Backward pump Forward pump  Forward pump

up-shifted down-shifted up-shifted down-shifted
| 199.0 170 107.7 10.4
2 2977 247 206.9 17.6
3 396.3 323 305.6 253
‘ 494.8 404 404.2 33.2
5 5933 48.3 502.7 41.0
6 691.8 56.2 601.2 48.9
7 790.2 & 699.7 569
b 888.7 72.1 798.1 64.8
9 987.1 80.1 896.6 722
10 1088 38.0 995.0 80.7
11 1184 96.0 1093 88.6
12 1282 103.9 1192 96.6
13 1381 1119 1290 104.5
14 1479 1198 1389 1125
15 1578 1278 1487 120.5

At high frequencies (£ > ). the spacing between the peaks and the
magnetic field dependence is virtnally identical for both the forward
and backward pump waves - when viewed locally. When data are taken
i a wide range of magnetic field, identifsing the peaks with specitic
mode numbers becomes very difficult. This is complicated by the fact
that even though the harmonic numbers are different, the forward and
backward pump models predict almest identical spectra. However, the
situation is significantly different at lower frequencies ({ < 3). The
forward wave model predicts interactions at both 10.4 and 17.6 Glla,
while the backward wave model predicts only a single interaction at 17
GHz. Careful study of the frequency range from 7 to 20 Gllz revealed
peaks at ouly S.4 GHz (the pump frequencey) and 16.5 Gil4. There was
no mcrowave power detected in the frequeney range near 10.4 Gliz. A
graphical representation of the low harmonie interaction frequencies is
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given in figure 28, where the lone experimentally observed frequency is
denoted by the circled cross. The £ = 0 (no idler) interaction was also
absent.

In addition. there was no clear evidence of the three-wave FEL
with space charge idler that was briefly discussed in section 2.2. The
interaction frequency for the down-shifted branch was ~6.5 GHz, which
is below the cutofl frequency of the waveguide used to transport the
microwave signals and it was therefore not detectable. The up-shifted
interaction frequency should have produced a peak at ~80 GHz that
would not change with the applied magnetic field, but no such peak was
observed in the hf spectrum. Thus. the electromagnetically pumped
FEL with space charge idlers did not produce observable power in these
experiments.

Frequency (GHz)

t=0 back wave

! i i 1 { H

6 8 10 12 14 16

Applied axial magnetic field (kG)
Figure 28. Low-harmonic interaction frequencies versns applied
magnetic field for down-shifted branches of EM-pumped FEL with

cyclotron harmonic idler waves.
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4.4.2 The CHARM Model

The expected frequency spectrum from a CHARM interaction was
shown in scction 2.3 to be given by equation (40). Table 2 shows
some interaction frequencies predicted by equation (40) with similar
frequencies representing the down-shifted backward EM-pumped FEL
interaction. Once again, the down-shifted branch of the CHARM in-
teraction predicts a high-frequency spectrum quite similar to that of
the FEL. In fact, figure 29 shows the measured data on a plot of the
interaction frequencies generated by the CHARM model via equation
(40). However, there are once again significant differences in the low
frequency (€ < 3) spectrum. These differences are clearly seen in figure
30 in which the down-shifted spectra are plotted for the CHARM and
backward pump wave FEL interaction. The solid lines represent the-
ory and the crosses denote experimentally measured peaks. A careful
search of the microwave spectrum was able to detect power only at the
single frequency marked by the circled cross. The CHARM model fails
to adequately predict the measured frequency spectrum.
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Table 2. Interaction frequencies (in gigahertz)
for a cyclotron harmonic auto-resonant maser
with an applied field of 10 kG

St BRI Uiy AT RS TR

Hanmonic CHARM CHARM ) £
{ up-shifted down-shifted =
1 94 12,5 x
2 195 18.1 7
3 294 253 ¥
4 393 329 |4
5 491 40.7
6 590 48.5
7 688 564
8 87 643
9 886 722
10 98+ 80.1
1 1082 88.0
12 1181 95.9
13 1279 103.9
14 1378 1mnsg
15 1476 119.8




Frequency (GH2)

Figure 29. Frequency versus applied field for CHARM
intevaction with experimental data points represented
by crosses.
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Figure 30. Low-harmonic interaction frequeuncies

versus applied magnetic field for down-shifted
branches of CHARM and EM-pumped FEL with
backward puinp wave and eyclotron harmonic idlers.
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4.5

In addition to the poor match between low-frequency predictions
and experimental measurements, the CHARM model is inappropriate
for another reason—insufficient B,. In order to drive the CHARM
instability, a large amount of perpendicular energy is required in the
clectron beam. In fact, the resonance point occurs when 8y = 1/7
(45, 46). TFor the parameters of this experiment, 3; ~ 0.5 would be
required. However, the witness plate measurements of the clectron
beam (sect. 3.5.1) showed a measured value of 8y < 0.03, which is
much less than the perpendicular energy needed to efficiently drive the
CHARM interaction.

In a pure CHHARM device, there are no rippled walls. The inter-
action is driven by B, and the applied magnetic field. When a thin
foil was inserted into the slow-wave structure (cffectively climinating
the corrugations), all microwave radiation ceased—both high and low
{frequency. This supports the assertion that the observed microwave
spectrum was due to a non-CHARM type of process. Thus, all evi-
dence points to the backward-wave clectromagnetically pumped FEL
with cyclotron harmonic idlers as the model that best explains the
measured data.

Frequency Scaling

An interesting {eature of this novel FEL mechanism is its frequency
scaling with 4, as shown in figure 31. Also shown in the figure are the
up-shifted (+) and down-shifted (=) frequency conversion factors for
magnetostatically (labeled SM) and electromagneticaily (labeled EM)
pumped FEL’s with space charge wave idlers. Note that the behavior
predicted for a down-shifted clectromagnetically pumped FEL with a
cyclotron harmonic idler (labeled CI in fig. 31) is dramatically differ-
ent from the behavior of the other FEL mechanisms since the output
frequency decreases with increasing 4. The figure shows the specitic
scaling law for harmonic number ¢ = 10, but the behavior is typical
for all harmonic numbers. It can casily be understood by referring to
equation (-19). There Qg is the relativistic electron cyclotron frequency
which decreases with increasing v, and the term £, is dominaut. Re-
call that ¥*(1 = 8) = (I + Gp)~" ~ 2. Note also that it is possible
to tunc the frequency of the FEL by varying cither the axial magnetic
guide ficld or 4.
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5. Conclusions

Although the concept of using an electromagnetic wave to pump a FEL
type of interaction has been demonstrated previously (1, 2, 20, 44], the
evperiments discussed in this report represent the first careful study
of a significant portion of the frequency spectrum produced by such
devices. In fact, the spectrum was resolved from 7 to 20 Gllz and from
50 to 130 GHz. Quite unexpectedly, the spectrum was found to be
composed of an array of regularly spaced peaks.

Several interaction mechanisms were used to model the experimen-
tally measured frequency spectrum. The most successful were the
down-shifted branches of the CHARM and FEL with cyclotron har-
monic idlers. The CHARM model was dismissed because it did not
adequately predict the low-frequency portion of the spectrum and the
beam did not appear to possess a sufficient amount of perpendicular en-
ergy. The lone remaining candidate model was the clectromagnetically
pumped FEL with cyclotron harmonic idlers.
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A three-wave FEL interaction with a cyclotron idler wave has been
reported [41-43], but the experiments reported here represent the first
time that cyclotron harmonic idler waves have been observed. The ac-
tual implementation of the experiment allowed both forward and back-
ward waves to interact with the electron beam. Optimistically, this
provided the opportunity to study both the forward and backward in-
teractions. Fortunately, the differences in the spectra predicted by the
two models were sufficiently distinct so that the forward pump wave
model could be eliminated in favor of the backward-wave-driven inter-
action. Thus, it has been demonstrated that backward electromagnetic
wave pumping in the presence of an axial magnetic guide field produced
a three-wave FEL interaction via cyclotron harmonic idler waves.

The production of this coherent, powerful, high-frequency microwave
radiation was achieved with relatively 1aodest magnetic-field and clec-
tron-beam parameters. This FEI, mechanism also features continuous
tunability by varying either the applied magnetic guide field or 7.

At the point where B, = 6 kG, the beam is not stable and the power
in the pump wave drops to zero—as suggested in figure 13. As a result,
10'kG was chosen as the basic operating point; it is not too high and the
beam is stable and a healthy pump wave is produced. The presence
of high-frequency stop-bands in the rippled wall slow-wave structure
could also account for some of the amplitude variation with increasing
harmonic number that is present in figures 21 and 22.

The wide range of frequencies accessible through this mechanism
and its demonstrated tunability provide the basis for a wide range of ap-
plications. Some prospective uses would include spectroscopy, chemical
reaction and process control, and laser isotope separation, in addition
to the more “classical” applications such as remote sensing of the at-
mosphere, high-resolution radars, plasma heating, particle acceleration,
and laser surgery. A more extensive discussion of FEL applications is
given by Mavshall {38].

This experiment represented a venture into unexplored areas of
physics, and it was not always possible to be prepared for some of the
results that were discovered. However, the experience gained in this
series of experiments does provide some basis for structuring futare
studies.

In particular, the region between the slow-wave structure and the re-
flecting waveguide beyond cutoff should be extended to provide a longer
interaction region that would give some of the instabilitics more time
to grow and possibly lead to higher output powers. Some sort of mode
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selective device such as a Bragg cavity [57] could also be introduced to
help maximize the power in some selected frequency range. It should
also be possible to replace the waveguide cutoff region with a coupling
cavity that would extract the pump wave rather than reflecting it back
through the interaction region. This would eliminate the distraction of
being always forced to look for forward wave inieractions, and it could
also lead to more efficient extraction of the power in the pump wave.
The possibilities for operating the device as an amplifier should also be
investigated.

In the diagnostic area, there are many opportunities for further
study. The gap in the frequency measurements between the high and
low ranges should be closed so that the gamut of peaks can be studied.
A more comprehensive survey of the lower frequency range should be
undertaken with axial horns replacing the radial coupling holes. As di-
agnostic sophistication grows, mode and radiation pattern information
should be recorded, and of course the search should be renewed for the
interaction frequencies on the up-shifted branch.

Finally it should be noted that (for the present) this is the only
known area of FEL research in which there is more experimental than
theoretical activity.
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Appendix A.—The Dragon REB Generator

This appendix describes the operation of the Dragon relativistic electron-
beam generator that was used to provide the electron beam used in
the experiments described in {he main body of this report. The ba-
sic Dragon generator is shown schematically in figure A-1. After the
primary capacitors, C'y, have been fully charged. switch S) is triggered
and the energy stored in Cy moves through the transformer to a trans-
mission line represented by Co. When the voltage on C» reaches its
maximum, switch Sy closes (self-breaks). and the energy on transmis-
sion line Cy flows into the electron-beam diode, producing the intense
relativistic electron beam used in the experiments. By properly tuning
the LC circuits on the primary and secondary windings of the trans-
former, one can achieve the “dual resonance™ operating mode in which
all the cnergy stored in the primary capacitor bank will appear on the
transmission line. . A tuning inductor, L,. is used to help ensure
dual-resonance operation. The tuning inductor also helps to protect
the transformer from potentially dangerous high-voltage spikes.

Main capacitor bank (C1) Tuning inductor (Ly) PFL—50-ns water

anary svutch (31) / transmission line (C2)
/ Resistive shunt

Transformer Secondary Diode

switch (S2)  y1anon section

Figure A-1. Schematic drawing of Dragon relativistic electron-
beam gencrator.
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Figure A-2 shows a more graphic view of the Dragon system. The
capacitor bank lives in an isolation box that can be filled with Freon for
additional insulation. The capacitor bank is connected dircctly to the
primary of the step-up transformer through the primary switch. The
output of the transformer is coupled through the tuning inductor to a
6.5-0 water-filled transmission line which is used as a pulse forming line
(PFL). A self-breaking secondary switch connects the PFL te a section
of time-isolation transmission line which feeds the diode. The diode
consists of a variable-impedance dummy load, an axial insulator stack,
and a standard anode-cathode gap electron-beam diode. The remainder
of this appendix describes some of the major individual components in
more detail.

The primary capacitor bank consists of eight 1.85-xF high-voltage
capacitors. When charged to 50 kV, thuse capacitors store 18.5 kJ
of energy. In the actual operating configuration. four capacitors are
charged to +50 kV and four are charged to ~50 kV. Thelr connection
to the primary of the transformer is showa in figure A-3.

A split single-turn primary (isolated from the secondary) was used
in place of the more conventional autotransformer. This allowed the
minimization of insulation, volume, and power supply requirements.
Also in this configuration, the highest voltage with respect to ground
(outside the transformer) is 50 kV, which can be easily insulated with
Mylar and Freon gas. The capacitor cases remain at ground during
discharge.

PRIMARY SWITCH
OUMMY LOAD

g:— ) TRANSFORMER ISOLATION

i SECTION T___ /|NSULATOR
STACK

ﬁ 0\

: ! : |

I

- \DF

SECONDARY SWITCH

/ TUNING INDUCTOR
CAPACITOR BANK

Figure A-2. Graphical representation of Dragon relativistic electron-
beam generator.
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Pnmary swatch
Pnmary winding

Secondary winding
High-voitage plate

Acrylic slab
Ground plate

..... V
Primary

- capacitor
7 banks

Figure A-3. Idealized drawing of Dragon
voltage step-up transformer.

The voltage step-up transformer is designed to work in the dual
resonance mode (1.2}. When this condition is satisfied, all of the energy
stored in the primary capacitor bank will periodically appear on the
PFL. The conditions for dual resonance are achieved by (1) setting

M
k= e = 0.6, (A-=-1)
La(L2 + L)
where X is the coupling constant and M is the mutual inductance, and
(2) setting

LlCl = LQC’Z. (,1 - 2)

The secondary on the Dragon transformer currently contains 31 turns.

The PFL represented by Cy in figure A-1 is a water-filled transmis-
ston line with an electrical length of 30 ns. The suter and inner diam-
eters are 23.5 and 9 in., which results in a characteristic impedance of
6.3 Q. The 23-ns isolation section separates (by 16 ns) the main pulse
initiated by the secondary switch closure from any postpulse due to
reflection at a mismatched load. The isolation section also serves as a
capacitive divider to suppress any prepulse on the diode.

The pulse forming line is terminated with a dummy load shunted by
the anode-cathode diode. This disk-shaped load provides an approxi-
mately matched termination to the 6.53-Q PFL. With this dummy load
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the high-impedance diode has a miniscule effect on the voltage driving
the diode. Br :ause of the relatively large size of the geometry, alu-
minum electrodes were used with sodium thiosulfate as the electrolyte.
The solution is continuously circulated to the outside world, where its
concentration can be easily adjusted as necessary.

The operation of the Dragon machine is described in more detail by
Kehs [3] and Shpilman [2].
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Appendix B.—The BWO Pump Wave

B-1 Introduction

The backward wave oscillator (BWO) used in these experiments is a
physically simple deviee in which an intense relativistic electron beam
(IREB) is passed through a rippled wall type of slow-wave structure as
shown in figure B-1. The beam interacts with the slow-wave struciure
in such a way that some of the beam’s kinetic energy is coupled into the
propagating clectromagnetic modes of the slow-wave structure. This is
accomplished through the growth of negative-energy space charge waves
on the IREB. The mode, frequency. and intensity of the generated
microwave radiation are determined by the geometry of the slow-wave
structure and the electron beam.

Since the electron beam is discussed in section 3.2 (in the main
body of text), the following scctions present the slow-wave structure
and describe how it was used to couple the beam’s kinetic energy into
the propagating T Moy mode in the structure.

B-2 The Physical Picture

The slow-wave structure used 1n these experiments is the rippled wall
waveguide shown in figure B-1. This type of structure was chosen be-
canse it i< less susceptible to the high field breakdown problems found
in such conventional devices as the helix- and iris-loaded waveguides.
Physically, the actual device was constructed by plating a thin layer of
copper onto an aluminum mandrel that was machined to the desired
inner dimensions of the slow-wave structure on a numerically controlled
lathe. The copper-plated aluminum piece was then cast in an epoxy
support structure and the aluminum was etched away with a sodium
hydroxide solution, leaving the finished slow-wave structure. The phys-
ical dimensions of the structure were chosen to match those of Bondar
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et al. (1] so that analysis techniques (2] could be checked with results
reported by Bondar et al. [1).
R=0.59+0.16 sin (3.5562) {R.z 1n inches)
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Figure B-1. Rippled wall slow-wave structure. %]
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B-3 The Empty-Waveguide Dispersion Relation

In order to analyze the effect of the slow-wave structure on the electron
beam, one must first determine which modes and frequencies are able
lo propagate in the structure. Since the eleciron beam is primarily
directed in the 2 direction and is axiaily symmetric, one anticipates
coupling of beam energy to the TMg, modes of the structure. The
Maxwell equations can be solved for an infinitely long structure with the
ripple given in figure B-1. The results are summarized in the dispersion
relation shown in figure B-2. Note the small extent of the pass bands,
which indicates that |dw/dk.| < c everywhere within the pass band,
implying large E. fields and good coupling to space charge waves. The
next step is to plot the space charge wave dispersion relation

q:.—.ru(k—?::n,/l,). (B—l)

(where vy is the beam axial velocity, n is the spatial harmonic, and L
is the ripple period in the slow-wave structure) on the same axes as the
empty structure dispersion relation.
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Figure B-2. Empty-waveguide dispersion diagram for
low-order T Mo, modes.

B-4 Beam Dispersion Relation

The addition of the space charge waves to the empty waveguide dis-
persion relation results in the plot shown in figure B-3. The space
charge waves which propagate at the beam velocity are the source of
the energy that couples into the structure’s propagating electromag-
netic modes and drives the BWO interaction. The operating frequency
of the BWO is well approximated by the intersection of the n = ~1 spa-
tial harmonic of the space charge wave with the n = 0 spatial harmonic
\—7 < k.L < =) of the empty waveguide mode (i.e., the T My mode).
Note that this point is equivalent to the operating point determined
by the intersection of the n = 0 spatial harmonic (x < k.L £ 3#)
of the empty waveguide mode in the sense that the frequency, fields,
and beam quantities associated with each operating point are identi-
cal. However, the phase veiocity of the BWO wave is different at each
operating point.
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Figure B-3. Empty-waveguide dispersion diagram with
superimposed ideal beam waves added.

Also note that two axially propagating space charge waves are sup-
ported by the electron beam (3]: fast (vpr > ) and slow (vpn < yy)
space charge waves. The actual dispersion relation is approximated by

W= v"(k-—‘?.r.n/L)iw,,, (B - 2)

where wy is the beam electron plasma frequency. Thus, the plot in
figure B-3 is valid only when wy is small.

The intersection point of the space charge wave line with the peri-
odic electromagnetic wave dispersion relation is the operating pomnt «t
the device. The full beam dispersion relation casily yields the possible
frequencies and modes of operation. Note that the intersection point
in figure B-3 lies on a portion of the electromagnetic wave dispersion
relation where dw/dk < 0, which implics a backward propagating wave.

The above discussion of dispersion relations is highly idealized. In
actual practice, coupling between the space charge and electromagnetic
waves results in a far more complicated region of intersection [4,5] in
which the actual operating point will be complex—with the imaginary
portion tepresenting the growth rate of the instability. An “in depth”
discussion is beyond the scope of this report, although moie detailed
expositions are found elsewhere [4-6].
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Appendix C.—The Microwave Grating Spectrcmeter

The spectrometer used in these experiments was the prototype of a sys-
tem that was designed by the University of Maryland’s Lab for Plasma
Fusion Energy Studies for measuring the electron cyclotron emission
from tokamak plasmas {1]. It is similar to the microwave spectrome-
ters used by other researchers in the high-power, high-frequency reigme
[2-4]. The operational frequency range was extended from the original
design of 90 to 140 GHz to 50 to 200 GHz by the construction of addi-
tional gratings. A detailed description of scattering from a diffraction
grating [5-7] is beyond the scope of this report; however, the clementary
theory and operation are developed and discussed in this appendix.

A schematic drawing of the spectrometer configu:ation is shown in
figure C-1. The microwave radiation enters via the input horn and
illuminates the mirror M1 which deflects the radiation through a lens
and onto the grating. The scattered radiation from the grating then re-
flects off mirror M2 and into the pickup horn which feeds the microwave
detector.

The cffective scattering by the grating is given by the condition
for constructive interference. If each grating line is considered a point
source, then by equating the wave path lengths as shown in figure C-
2, the familiar form for the constructive interference condition may be
easily expressed as

d(sin0, - sin0,) = A\, {C -1

where d is the spacing between adjacent gratings and )\ is the wave-
length of the wave under consideration. The local convention has been
to describe the configuratior. in a state in which beth the incident and
reflected rays are on the same side of the norma’ to the grating. Thus,
the condition for constructive interference becomes

d(sin %; +sin0,) = A. (C-2)
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With this convention, the useclul range of grating angles, 0; (for reason-
ably flat frequency response), is approximately —2° to +8°.

Note that in figure C-1, the angle 0, — 0; = a = constant. One may
eliminate 0, in favor of o to obtain

sind; + sin(a + 0;) = A/d. (C-3)

The substitution A = ¢/ f and judicious use of half-angle forulas may
be combined with equation (C-3) to reach

0; = -—g- + arcsin[;z-sé([:/—‘z) , (C -4)

which gives the grating angle 0, needed to detect a given input fre-
quency, f. This formula was used to build the tables of 8, for various
values of j and d that were used to set the spectrometer for the desired
frequency measiurements.

The initial setup of the spectrometer was facilitated by the use of
a small He-Ne laser that was mounted in place of the microwave input
horn. The relative zero angle on the angular scale (attached to the
grating) was determined by the position at which a mirror on the surface
of the grating reflected the laser beam straight back along its original
path. Actually, the laser was slightly tilted so that the reflected beam
did not reenter the source. The grating (with mirror) vas then rotated
until the laser beam struch the center of the receiving horn, providing
a measure of the angle a/2 in figure C-1. In actual practice, the mirror
is attached to the nongrating side of the grating piate, and the zero
angle must be “corrected” by 180°.

Further calibration was achieved by launching a known microwave
signal into the spactrometer and viewing the detector output as a func-
tion of grating angle. The results indicated that equation (C-4) is a
highly accurate predictor of spectrometer operation. The FWHM of
the detector signal divided by the base frequency gave Af/f ~ 0.02,
which is close to the resolving power quoted by Fisher {1]. The linewidth
of the input “calibration” signal was not known.

The grating spectrometer was a reliable “work horse™ that provided
no surprises and always functioned as predicted by the simple models
described above.
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