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Abstract—Experimental and theoretical studies at the University of
Maryland on the production of high-power microwave radiation in
cusp-injected, large-orbit devices are reviewed. Three classes of de-
vices belonging to this category are discussed. In the first case, an axis-
encircling rotating electron beam interacts via the negative mass insta-
bility with the modes of a smooth cylindrical waveguide, producing
broad-band radiation at multiple harmonics of the electron cyclotron
frequency. In the second case, the beam interacts with a multiresona-
tor magnetron circuit designed to provide mode control, resulting in
high-power radiation at a desired cyclotron harmonic. In the third case,
the beam interacts with a transverse wiggler magnetic field produced
by samarium-cobalt magnets placed interior and/or exterior to the
beam. In this case the interaction is analogous to a circular geometry
free-electron laser. The most recent experimental results from all three
configurations are reviewed and compared with theoretical expecta-
tions. The possibility of enhanced operational efficiency in all of these
devices by electron energy recovery is discussed, and a design for a
first experiment to test this concept is presented.

I. INTRODUCTION

ICROWAVE RADIATION from axis-encircling

rotating electron beams or E-layers was first ob-
served in early studies of the electron ring accelerator
concept in laboratories at Berkeley, Dubna (Soviet
Union), Garching (West Germany), Karlsruhe (West Ger-
many), and the University of Maryland [1]-[4]. In these
experiments, where the goal was the production of dense
electron rings or E-layers with self-electric fields suffi-
ciently large to allow for ion trapping and acceleration, a
substantial loss in average beam radius was observed over
a time scale of 2-100 gyroperiods. This reduction in ra-
dius was attributed to electron energy loss due to coherent
synchrotron radiation produced by an azimuthal bunching
of the beam electrons. This azimuthal bunching was at-
tributed to the negative mass instability.

The first experimental investigation of the possible ex-
ploitation of this radiative mechanism to efficiently pro-
duce microwaves was reported by Jory [5], who investi-
gated azimuthal bunching of large-orbit rotating electron
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beams due to negative mass effects and associated cavity
excitation at frequencies in the range 48-96 GHz. The
first pulse line experiment of this type was reported by
Granatstein et al. [6]. In these experiments, a rotating

‘beam was produced by passing a hollow nonrotating beam

through a narrow magnetic cusp. Observed microwave
power was about 1 percent of the injected beam power
and radiation was observed at various harmonics of the
electron cyclotron frequency. Sprangle [7] reported a re-
lated theoretical analysis based on a resonant interaction
of beam cyclotron modes with the TE or TM waveguide
modes of the downstream drift chamber. Uhm and Da-
vidson have also reported related theoretical studies of the
negative mass instability in rotating electron beams [8].

At the University of Maryland, interest in axis-encir-
cling rotating electron beams as high-power microwave
sources developed as an outgrowth of the Maryland Elec-
tron Ring Accelerator project, where ring quality was ob-
served to be severely degraded by electron energy losses
due to microwave radiation. A program to investigate such
configurations as high-power microwave sources was ini-
tiated in 1977, and related experimental and theoretical
work has continued to the present time [9]-[16]. This
work has been complemented by theoretical and experi-
mental studies undertaken at numerous other laboratories
[17]-[23].

To date, we have investigated radiation production from
rotating electron beams in three different experimental
configurations. In the first, the rotating beam interacts res-
onantly with the modes of a smooth cylindrical conduct-
ing boundary, and broad-band radiation is produced by
the interaction of beam cyclotron modes with the TE and
TM modes of the cylindrical waveguide. In the second,
the beam interacts with a multiresonator magnetron cir-
cuit, which provides mode control and allows for opera-
tion at a specified cyclotron harmonic. We refer to both
of these configurations as large-orbit gyrotrons. In the
third, the beam interacts with a transverse wiggler mag-
netic field produced by samarium—cobalt magnets located
interior and/or exterior to the beam. This configuration is
basically a circulating free-electron laser.

In this paper, the major experimental configurations that
have been studied under this program at the University of
Maryland are reviewed and compared with the results of
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related theory. New results from an experiment con-
structed at Los Alamos National Laboratory to investigate
microwave radiation in such devices at low harmonic
number are also described, as are the first results from a
program that is currently being initiated to investigate the
possibility of increasing overall device efficiency by re-
covering a significant fraction of the energy in the spent
electrons.

A discussion of the formation of high-quality rotating
electron beams by cusp injection is contained in Section
IT of this paper. Large-orbit gyrotrons are described both
theoretically and experimentally in Section III, and the
circulating free-electron laser experiments are described
in Section IV. A discussion of electron energy recovery
in such devices is contained in Section V, and conclusions
are drawn in Section VI.

II. Cusp-INJECTED BEAMS

The rotating beams used in the large-orbit experiments
were generated by passing annular, linearly streaming
beams through nonadiabatic magnetic transitions (mag-
netic cusps). This technique has proven to be an efficient
way to generate high-current beams with large perpendic-
ular energies. Studies performed to further both the the-
oretical and the experimental understanding of cusp-in-
jected beams are reviewed in this section.

A. Theoretical Discussion [24]-[27]

1. Analytic Modeling: The axial field for an ideal mag-
netic cusp is depicted in Fig. 1(a) and is given by

—Blzs

+B,2,

z2<0

Br2) - | (1)

z>0.

Such a field could be generated by two semi-infinite so-
lenoids extending to oo in the £ direction which are sep-
arated by an infinitesimally thin iron plate with p, = o
in the z'= 0 plane.

An ideal diode is located upstream (in the half-plane
defined by z < 0) and accelerates all electrons to the same
velocity 7 = v, (see Fig. 2(a)). The cathode emitter strip
has an average radius ry and a radial width Ar. An elec-
tron emitted at a radius r (where | r — ry| < Ar/2)
passes through a slit in the anode and continues through
the cusp. Downstream (in the half-space z > 0), the elec-
tron executes a helical orbit characterized by a Larmor
radius r, = r [1 + (B;/B,;)1/2; a guiding center radius
re = r [1 — (B,/B,)]; a perpendicular velocity v, =
r.Q, where @y = eB,/(myy,) and vy = [1 —
(12)0/1022]"/2; and a parallel velocity v, = (v} —
vi)’-.

Several conclusions follow immediately from the ideal
model. First, for any beam with finite thickness, the cusp
introduces a velocity shear in the beam (with Av, /v ¢
= Ar/ry). Second, there is an energy cutoff defined by
vo = v, , below which particles are reflected by the cusp.
Finally, the electrons encircle the axis (large-orbit oper-
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Fig. 1. Axial field profiles: (a) ideal cusp, (b) linear cusp, and (c) mag-
netic compression after cusp.
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Fig. 2. Diode configuration: (a) ideal case, (b) incoherent off-centering,
and (c) beam thickness reduction.
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ation) if and only if B, /B, > 0; i.e., a field reversal must
occur.

A special case of interest is balanced cusp operation,
where By = B,. For this case, r, = 0, which means that
all electrons have their guiding centers on the axis and the
beam thickness remains Ar. In gyrotron operation, r, =
0 facilitates high harmonic operation because an mth har-
monic beam density perturbation interacts only with TE,,,
waveguide modes at grazing intersections (see Section
III-A).

Incoherent off-centering occurs when we assume that
the cusp is ideal but that electrons obtain finite perpendic-
ular energy in the diode (Fig. 2(b)). If we denote the up-
stream and downstream Larmor and guiding center radii
Trus Teus Tid> and rgy, respectively, then for balanced cusps,
Yea = Ty, and rpy; = ry,. This result also implies that a
second cusp can be used to convert a rotating beam to a
linear beam for energy recovery, as will be discussed in
Section V.

Coherent off-centering, on the other hand, occurs when
the cusp has a finite transition length from —B, to B, and
the diode is ideal (Fig. 1(b)). Assuming a piecewise (bal-
anced) linear model for B, with a full-width transition
length of 2¢, an approximate expression for the guiding
center is

Ary = I{Zn ~ (- 1) - 97 sin”! (%)] @)

where 7 = vy /(7). For a thin beam, this off-centering
results in an oscillatory beam envelope, with a wave-
length given by

N = 2xry(n? - 1)1/2. (3)

Efficient large-orbit microwave production requires a
low velocity spread, which in turn limits the relative beam
thickness. For a given cathode emitter radius Ar, beam
current is limited by the maximum cathode loading pos-
sible. This may depend on cathode material, peak electric
field capability, emission process, etc. Two possible
methods for increasing beam power have been consid-
ered. The first method involves the use of focus electrodes
to uniformly compress the beam thickness in the diode
while maintaining the average beam radius (Fig. 2(c)). If
the final thickness is | c, | Ar, then for thin beams,

Av,  Ar(1=f)e + 2
1+ f,

where f; = B, /B,. There are two important conclusions.
First, a balanced cusp has f; = 1, and there is no reduc-
tion in velocity spread. Second, if ¢, = —2f,/(1 — f;),
then Ay, = 0 after an ideal cusp, and large emitter strips
could be used. The second method involves adding an
adiabatic compression region after the cusp to increase the
field from + B, to the microwave circuit value of By, as
in Fig. 1(c) (By = B, in the preceding discussion). For
B,/B, = f,, the average cathode radius satisfies r, o

(4)

Vio Iy

f,',/z and current capability increases linearly with f,,. This
enhancement is limited by the ability to create a suitable
compression field profile.

2. Numeric Modeling: For tenuous beams, self-fields
can be neglected in the transition region when it is suffi-
ciently narrow. Thus, single particle techniques can be
used to numerically integrate electrons through general
magnetic cusps. Profiles are assumed for B,(ry, z) and
B, (ry, 2), and the magnetic field elsewhere is found using
an expansion about ry that guarantees a zero divergence
of B for all truncated series. This method is convenient
for experimental purposes: The B, and B, field profiles can
be measured at the average beam radius and fit to analytic
models by least squares techniques so that particle simu-
lations can be compared to beam envelope measurements.

For design purposes, analytic forms for B,(r,, z) and
B,(ry, z) can be assumed and used to examine particle
motion in finite transitions. For narrow transitions, a
piecewise-linear model is used:

Bz(rO’Z)
(% I:(Bz—Bl)'*‘(Bz'*'Bl)E:lv lz| = ¢
iy ¢
1
2 [(Bz~Bl)+(Bz+B,)|—j—l], 2] > ¢
(5a)
and
o
~— (B, + By), 7| =¢
B - | BBl (5b)
0, lz| > ¢

For longer transitions a smooth model is used:
1
B.(ro, 2) = 5 [(B, — B)) + (B, + B)) tanh (z/{)]

(6a)

and

B.(ry, 2) = —Z—}’_(Bz + B)) exp [—g <§_>2] (6b)

In Fig. 3, the guiding center radius due to coherent off-
centering is plotted as a function of transition width ¢.
The solid line indicates the analytic prediction from (2),
the circles indicate the piecewise-linear simulation results
(5), and the squares indicate the hyperbolic tangent sim-
ulation results (6), with an effective transition length found
by a least squares fit of the two models. All estimates
agree well. The parameters are taken from the hot cathode
experiment (see Section III).

Modeling of electron guns and adiabatic compression
regions must be done with electron trajectory codes that
include self-fields, since they usually cannot be ne-
glected. For this purpose, a square mesh code developed
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Fig. 3. Coherent off-centered guiding center radius as a function of cusp
width. The line represents the analytic model, the circles indicate the
piecewise-linear numeric model, and the squares indicate the hyperbolic
tangent numeric model.

0

by W. B. Herrmannsfeldt [28] is used. Simulations of the
compression region indicate that it is straightforward to
design field profiles to compress beams from both bal-
anced and unbalanced cusps. For r, = 0 beams, velocity
spread remains essentially unchanged in the compression
region. However, intense r, # 0 beams can undergo dras-
tic changes in velocity spread during compression. With
proper adjustment of beam thickness in the diode, it has
been shown that these self-field effects can be used to fur-
ther reduce velocity spread.

B. Experimental Discussion [16], [24], [25], [29], [30]

1. Cold Cathode Experiments: There are two field-re-
versal devices in operation at the University of Maryland.
The cold cathode device generates 1-2-MV, 4-10-kA, 35-
ns pulses via a Marx generator/Blumlein system. The
beam is generated by field emission from a graphite knife-
edged cathode having a radius of 6 cm. The field is gen-
erated by two sets of pancake coils separated by an iron
plate (see Fig. 4) and has a transition length of { = 0.91
cm. :

Several experiments were performed to check the ana-
lytic models. The threshold energy requirement coupled
with a large variation in the pulse voltage implies that the
pulse length should be substantially narrower downstream
(since all particles with insufficient energy are reflected).
The 10-ns downstream pulse length was in rough agree-
ment with predictions. The time evolution of beam width
at various (z = constant) observation planes was studied
with a streak camera. The maximum particle off-centering
was shown to agree well with theory when the self-B, field
was negligible. Time-integrated measurements of beam
thickness as a function of magnetic field imbalance also
agree well. Finally, aperturing the beam to measure single
particle coherent off-centering resulted in good agreement
between experimental and analytical values for n and Ar,.

2. Hot Cathode Experiments: The hot cathode device
(Fig. 5) generates 26-kV, 1.0-A, 3-us pulses, and the
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Fig. 6. Hot cathode beam envelope from fluorescent screen data.

beam is produced by a thermionic cathode with r, = 1.5
cmand Ar = 0.2 cm. The cusp is generated by pancake
coils upstream and by a solenoid downstream, and the
transition is shortened to { = 0.48 cm by an iron plate.
The evolution of beam thickness with axial location was
measured with a movable fluorescent screen. Fig. 6 shows
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a typical plot for a balanced cusp. The results agreed well

with numeric simulations in both balanced and unbal--

anced operation. Estimates of A7, and \ also agreed fairly
well with the analytic theory.

III. LARGE-ORBIT GYROTRON

The results of studies at the University of Maryland on
cusp-injected large-orbit gyrotron (LOG) systems are pre-
sented in this section. Theoretical discussions appear in
subsection A and two different sets of experimental stud-
ies are presented in subsection B. ’

A. Theoretical Discussion

In this subsection, the theoretical research performed in
our group on the LOG system is summarized. The equi-
librium state is described in Section III-A-1, the results of
single particle motion in a single EM mode of a hollow
cylindrical drift tube are detailed in Section HI-A-2, and
a self-consistent linear growth rate analysis for various
wall configurations is presented in Section III-A-3. In
Section III-A-4, brief comments on related issues are dis-
cussed. ’

1. The Equilibrium. System: Particle Orbits-Wall

* Structures: We consider a rotating electron beam propa-
gating in a cylindrical waveguide which is immersed in a
uniform magnetic field By£. The beam is assumed to be
cold such that all electrons move on helical orbits cen-
tered about the system axis. The beam is assumed to have
zero thickness with its equilibrium density given by

ny(r) = nd(r — ro) (7

where r, is the equilibrium beam radius and n, is the sur-
face particle density. The beam is assumed to be tenuous
so that the dc self-fields are neglected. Each electron has
an initially unperturbed normalized velocity of (O,
Boo» B), where vy = By c = rofly.

The various cylindrical wall configurations considered
are displayed in Fig. 7. In Fig. 7(a), the smooth wall con-
figuration is shown. In addition to coaxial conductors of
radii r;, r,, a dielectric liner along the outer wall with
inner radius r, is shown. The dielectric liner is considered
as a means to ‘‘slow down’’ the velocity of EM waves so
that they. can resonantly interact with a low-energy rotat-
ing electron beam. In Fig. 7(b) and (c), the two periodic
multiresonator magnetron-type wall structures that have
been examined are shown. The first is called a vane res-
onator (VR) and the second a hole-and-slot resonator
(HASR). The appropriate geometric quantities are indi-
cated and labeled in the figures. The interface between the
periodic structure and the interaction space that contains
the rotating electron beam is at r = r,, in both cases. We
label this interface as the entrance to the ‘“slots’’ for both
geometries.

2. Single Particle Motion in Electromagnetic Fields
[31]: The results of analytic and numeric studies of single
particle motion in a given mode of the EM fields of a
hollow cylindrical conductor are presented here. The
model assumes that the E-layer is injected into a long drift

©

Fig. 7. Cross section of wall configurations: (a) coaxial system with a di-
electric liner, (b) 20-slot VR, and (c) 10-slot HASR.

tube where asingle empty waveguide TE mode is present
with an azimuthal field component given by

Ey(r, 8, 2, t) = E,J} (o) sin (wf — k,z — 18) (8)

where J; represents the derivative of the ordinary Bessel
function of order I, ay, = p}, /7., Where pj, is the nth root
of J, and k, and w are the wavenumber and frequency of
the EM wave, respectively. For the empty waveguide
mode, k, and w are Iyélgted by the dispersion equation

w=c(k? + al)'”. (9)

Upon linearizing the relativistic single particle equations
of motion and treating the EM field components as a lin-
ear term, a beam wave given by wp = Iy + k,v,, arises.
Resonant interaction occurs at points in -k, space where
the beam line intersects the dispersion curve (i.e., wp =
w); this can happen only if

< YoBso
ol 1+ (1084)’]

There are generally two resonant intersections, denoted
(%, K£_) and (w%,%,). The grazing condition occurs
when k,_ = k,, and is generally the location of strongest
EM-beam interaction.

The analysis is simplified if we transform to the beam
frame. For resonant. interactions near the grazing condi-
tion, the dominant force on the particle is due to the E,
field. In Fig. 8, wedisplay the beam. frame particle tra-
jectories with the cald cathode parameters chosen, with /
=7,n=1,r,=0075m,k =27m', and E, = 10°
V /m. The cyclotron period is about 1.0 ns for these pa-
rameters. Specifically, we have plotted the azimuthal lo-
cation of the particle in its cyclotron frame versus time.
If the EM magnitude were zero, the particle trajectories
would be straight horizontal lines. The dashed straight
lines correspond to the azimuthal motion of the zeros of

r N3
2L <

(10)

172°
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Fig. 8. Particle trajectories in one wave period. Cold cathode parameters
with!=7,n =1,k =27m ", E, = 10°V/m.

the E, field of the EM wave. The region between —180°
and 0° is the region of positive E, field. The following
observations can be seen from Fig. 8. Bunching due to
the negative mass effect (dvy /dt term) is easily seen. This
bunching is in phase (8), but for a LOG produces strong
spatial bunching as well. Trapping can also be seen as
some particles do not cross the outer boundaries of the
wave period, whereas some particles are untrapped and
cross many wave periods. Another observation is that the
particles bunch in the location of peak positive field for
the example shown. If results for exact resonance were
displayed, all particles would be trapped but the bunch
would form in the region of zero field, resulting in no net
energy transfer.

This simple analysis, though not self-consistent, dem-
onstrates the trade-off between the percentage of trapped
particles and the relative location of the bunch in the wave
for net transfer of energy. In addition, this analysis indi-
cates the dominant role that trapped particles play in en-
ergy transfer, being approximately an order of magnitude
more important than untrapped particles. These expres-
sions can be used to calculate the optimum frequency de-
tuning from resonance for maximum energy transfer. For
the parameters examined (which were optimized), about
S5 percent of the particles are trapped, with the bunch
forming near the peak positive E, field.

3. Self-Consistent Linear Growth Rate Analysis [10],
[12], [13]-[16]: In this section, we summarize a general
self-consistent linear stability analysis of the interaction
of a thin rotating beam in a cylindrical waveguide. Since
the beam is thin (see (7)), a single particle analysis of the
beam motion can be used in conjunction with Maxwell’s
equations. In Section III-A-3a, the analysis is described
and a summary of results is given for the case of smooth
wall geometries. In Section III-A-3b, the main result from
which growth rates can be calculated for the periodic
structures is presented.

a. Smooth walls [13]: The linear growth rate prob-
lem is simplified in axisymmetric, large-orbit systems be-
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cause perturbations with different harmonics do not inter-
act. The Lorentz force equation is used to write the
perturbed current in terms of the EM fields. When the
synchronism condition is satisfied (Y, = o — wg << @),
the beam perturbations lie on the r = r, surface, and the
equations are closed by calculating the discontinuity of
the EM fields across the E-layer. The effects of the wave-
guide geometry are encapsulated into the geometry pa-
rameters:

& = CBz(rJ) — ¢B,(rg) (11a)
708,¢B; | n Ex(r0)=0

2, = rOarEz | ré rOarEz |r6 (llb)

“ E (o) 3rcB: | oo
arEz l rd arEz t ro

8 = 2L (11¢)

‘ id,¢B, | E«(ro)=0
and

gb=CBz(r0+)_CBz(r0_)' (lld)

“ iEZ(rO) a,chiro=0

The general dispersion relation is found from the analysis
to be

14
‘plz(gbbgee + gbegeb) =2 <%> [geeng - (gbe + geb)

(12)

The empty waveguide dispersion relation is obtained from
(12) when n; = 0:

De(w’ kz) = 8bb8ee + 8be8eb = 0 (13)
and the general solution at resonance (13) is given by

223
Yo

where v = nge’ropo/2mq is Budker’s parameter, Q,
k,c — wB,, and the prime denotes the derivative with re-
spect to w. We note that the frequency shift , depends
only on »/y,, the frequencies 2y and Q,, and the geom-
etry parameters. We write ¢, = w, + [’ sothatI' > 0
represents a growth in beam amplitude with time. Assum-
ing the RHS of (14) to be real, the growth rate and fre-
quency shift are given by

© Q0 — gbei]-

8ee25 = (8be + 8op) DoDs — 200
(gbbgee + gbegeb)l

(14)

r =‘/7§- L] (152)
_ —sen (¥i)T
w, = NG (15b)

where sgn denotes the signum function.
For the case of only a smooth outer conductor, the hy-
brid parameters g,. and g, are zero and the dispersion
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relation decomposes into TE modes defined by g,, = 0
and TM modes defined by g,, = 0. From (14) and (15),
the growth rates at resonance are

8,2 e/ sty "

Qo 2 Yo Qow [1- (l/xw)z]l/zJ,(xw)
(16a)

and

T V3[, v (e/r) 1" dx) [

[ 7[2% Q0 ] Ji (%) (165)

where x(r) = r[(w/c)? = k1'%, J} (x,) = 0O for TE
modes, and J, (x,,) = 0 for TM modes. Two points de-
serve comment. First, these results (16) agree with the
analysis of Sprangle in [6]. Second, grazing intersections
are characterized by @, = 0, resulting in zero TM
growth rates. In Fig. 9(a), the TE resonant growth rates
as given by (16a) are plotted versus harmonic number /
for the first radial mode. The parameters represent the cold
cathode experiment. For these parameters, resonant inter-
action does not occur until the / = 7 harmonic. The TM
modes do not have resonant interaction until the | = 26
harmonic (Fig. 9(b)), first radial mode, and so on for
higher radial mode numbers. The figure indicates that the
radiation spectrum will be rather broad-band, because the
resonant growth rates decrease rather slowly with mode
number.

The analysis leading to (12) is also valid in the syn-
chronous nonresonant limit. However, nonresonant
growth rates have ' o n!/? whereas resonant growth rates
have T' o n!/3 so that the latter dominate the former in
the tenuous limit. In Fig. 10(a), the general growth rate
is plotted versus k,, with resonant points (from (16)) in-
dicated by the squares. The corresponding beam line and
the four lowest empty waveguide curves are plotted in Fig.
10(b). The interaction is strongest for the second TE ra-
dial mode, where the grazing condition is almost satis-
fied. The growth rates drop abruptly to zero at synchro-
nous points below the empty waveguide curves. Above
the dispersion curves, the growth rates drop off rapidly to
small but finite values. In this example, interaction results
in five frequency bands of instability.

When a dielectric liner is present, the empty waveguide
cutoff frequencies are reduced, resulting in resonant in-
teraction at lower harmonic numbers. In addition, the
growth rates decrease substantially whenever the resonant
intersection point occurs in w-k, space between the veloc-
ity of light line in free space and that in the dielectric. In
this region, the field energy is mostly in the dielectric,
with weak field amplitudes at the beam location. Calcu-
lations with the hot cathode parameters have indicated that
growth rates drop off rapidly with harmonic, as expected.

b. Periodic walls: VR and HASR [14], [16]: For
azimuthally periodic systems (with period 27 /n), the
general solutions can be written as a sum over the har-
monic numbers /, which in general are all coupled to-
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Fig. 9. Linear resonant growth rates versus harmonic number / for cold
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and (b) TM mode. The thin line represents the low-frequency intersec-
tion, and the thick line represents the high-frequency intersection. Pa-
rameters: n, = 10" m~2, B, = 0.935, 8., = 0.305, r, = 0.06 m, and
r. = 0.075 m.

gether. However, in the synchronous limit, the actual EM
frequency is near one of the beam frequencies, say [ =
ly. Then y,, is small, but ¥,,, ~ nfly is not small. Thus,
the perturbed current contribution at / = /, dominates over
all other [ terms (because J; & ¥; 2 ) and the smooth wall
results are applicable. In addition, we restrict ourselves
to only the fundamental mode interior to the periodic
structure region. Since this implies that the fields across
the slots are constant, we use an impedance matching
technique for the boundary conditions at this interface.
Also, in general, there can be a uniform phase shift be-
tween adjacent slots, provided that the total phase shift
around the structure is a multiple of 2.

VANE structure: Using the results presented in
Section III-A-3a), the resonant growth rate is given by

=7 () (9)
[l o

where the geometry is depicted in Fig. 7(b) and 1 < [,
< n. Recall that in leading up to this result, we must find
the empty waveguide dispersion relation solution, given
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by

D(¢) = D(¢) - Di(§) =0 (18a)
where the slot term is

_ JO(xw) Y(')(xs) — YO(xw) J(’)(xs) (18b)

T J(l)(xw) Y(')(-x:) - Y(’)(xw) J(')(xs)
and the interaction region term is
b= (%) 5 Joca(n) { [Go + qn)Ao/Zl}z
' b,/ q=-o Jl,o+qn(xw) (10 + qn)AG/z
(18¢c)

Here £ = [(w/c)? — k2}'/2. Because the dispersion re-
lation depends only on £, the solutions are hyperbolas in
the w-k, plane. Furthermore, the waveguide mode based
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on harmonic /, has the same cutoff frequency as the mode
based on harmonic n — [; thus, modes are labeled exclu-
sively by their azimuthal content with acknowledgment of
the above-mentioned degeneracy in the following man-
ner: (g, n — lp). In this notation, the 27 mode would be
labeled (n, 0) and the = mode (n/2, n/2). After finding
the eigenfrequencies from (18a), the fields can be plotted.
In Fig. 11, we have plotted the azimuthal electric field
versus radius for a 27 mode. In Fig. 11(a), the I = 0
contribution is plotted, and in Fig. 11(b) the I = n = 20
contribution is shown. It is desirable to have the beam
located at a maximum in the / = 0 term in addition to the
strong direct coupling to the ! = 20 term, which results
in the unstable resonant interaction. As shown, this hap-
pens to be the case for the parameters chosen.

HASR structure: The procedure is similar to that
above after making the additional assumption that the
opening to the hole is small (Ay << 2x). The growth
rate equation (17) is still valid provided we use

D(&) = Dy(%) + Dy(§) — Di(§) (19a)

where.
D' (®) = (§) 5wt 1J4() FiCs) = %) Jo(s)
) {["(I)(xw) Yo(x;) — Yo(xw) JO(xs)]

+ 2 () Bo(x) — YaCm) J5(5)]

+0oo

LR o

Again, through proper selection of geometry parameters,
strong coupling can be realized with modes dominated by
the holes. Analytic results are shown and compared with
experimental results in the next section.

4. Discussion of Related Issues: There are three issues
that deserve comments. The first is related to the finite
radial thickness of the E-layer. A fluid analysis for finite
thickness E-layers was presented in [32], where it was
concluded that thick, tenuous beams in resonant systems
must be operated near cutoff, k, = 0. The rapid decrease
in growth rate as-the axial wavelength decreases is attrib-
uted to the loss of synchronism with a large fraction of
the E-layer particles because of the spread in canonical
angular momentum resulting from cusp injection.

The second issue is related to the low-energy LOG de-
vice, where we find that linear growth rates are extremely
small. That is, in one pass through the RF structure, the
beam electrons give up only a small portion of their en-
ergy. However, the beam pulse is relatively long (= 1 ps )
for the low-energy device and thus the EM fields build up
gradually with time. There have been many calculations
[18], [34], [35] related to start-up conditions in such de-
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vices, and they appear to have more relevance than linear
growth rates.

The third issue is related to overall system design con-
siderations and related nonlinear effects. The procedures
relative to gyrotron devices were presented in [26] and
[33], the former giving a very detailed analysis for a LOG
amplifier.

B. Experimental Discussion

1. Cold Cathode Experiments [9]-[12], [14], [15]:
Early experiments were performed on a high-voltage pulse
line accelerator (2-3-MeV, 20-30-kA, 30-ns FWHM), in
a configuration shown schematically in Fig. 4. Two so-
lenoids are used to form the magnetic cusp, and the down-
stream solenoid is extended to provide a drift region in
which the electron motion is essentially adiabatic. A hol-
low, nonrotating electron beam of radius 6 cm is field
emitted from a carbon knife-edge cathode located 7.5 cm
from a planar anode mounted on the iron plate. The elec-
trons pass through an annular slit on the anode, and the
effective area of the slit may be varied to provide some
control over the amount of current that passes through the
cusp into the downstream region. In addition, all elec-
trons below the threshold energy for transmission through
the cusp transition are reflected, and the resultant down-
stream current pulse is considerably shorter in duration

TABLE I
CoLp CATHODE LOG PARAMETERS

Smooth Wall Vane Resonator Hole and Slot

Electron Energy (MeV) 2.2 2.2 2.2
Beam Radius (cm) 6 6 6

Axial Magnetic Fleld (gauss) 1,400 1,450 1,300
a=8,/8, 3 3.8 1.75

Cyclotron Frequency (MHz) 739 765 686
r, (em) 7.5 6.5 6.8
LR (cm) N/A 7.0 7.0
L (em) N/A N/A 1.2

N (No. of slots) N/A 20 10
AG/@r N/A 0.535 0.147

than the diode current waveform. The observed micro-
wave pulse duration is comparable to the downstream cur-
rent pulse duration. Typical downstream beam parameters
are 2-3 MeV, 1-8 kA, and 5-15 ns.

Microwave radiation was extracted axially from the de-
vice by way of a transitioning horn antenna and a large-
diameter vacuum window. A fraction of the output power
was then picked up by an open-ended waveguide and dis-
persed through 40 m of waveguide to determine the fre-
quency spectra of the microwave pulses. Total microwave
power inferred from these measurements was confirmed
in several cases by microwave calorimetry.

Table I lists relevant experimental parameters for three
different experimental configurations investigated using
this facility. In the first case, the rotating electron beam
interacts with a simple cylindrical conducting boundary,
and radiation is produced by resonant interaction between
beam cyclotron modes and the TE and TM modes of the
cylindrical waveguide. The experimental results for this
configuration are shown in Fig. 12, and indicate that in
the absence of any mode control mechanism, the observed
radiation is broad-band, as expected from the theoretical
results. Although the integrated power over all frequen-
cies can be high (1-100 MW) in this configuration, the
peak power at any one frequency is fairly low (10-400
kW), and overall electronic efficiency is only 1-2 percent.

In the second case, the rotating beam interacts with the
modes of a 20-slot multiresonator vane-type magnetron
circuit, shown in Fig. 7(b), designed to operate in the 27
mode at approximately the 20th cyclotron harmonic, about
16 GHz. Results of both theory and experiment for this
case are shown in Fig. 13 and indicate the dramatic im-
provement in mode control, peak power, and overall elec-
tronic efficiency (about 10 percent) that the resonant
structure provides.

The third case studied is microwave production from
rotating beams interacting with a 10-slot HASR, shown
in Fig. 7(c). Results of both theory and experiment for
this configuration are shown in Fig. 14 and indicate that
the HASR system can perform at a level comparable to
the vane resonator system described previously.

Recently, a similar experimental configuration was
constructed at Los Alamos National Laboratory. This ex-
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spectrum from the ten-slot HASR system. Magnetic field 1300 G.

periment is designed to operate at about 600 kV, 1-10
kA, 70 ns FWHM, and is unique in that the field coils
were placed within the vacuum envelope, resulting in a
very compact device. Initial experiments, summarized in
Table II, were designed to operate at the third cyclotron
harmonic (2 GHz) using a three-slot vane resonator. The
theoretically predicted growth rate for the device in this
configuration is shown in Fig. 15. As waveguide at this
frequency to efficiently extract the radiation was not im-
mediately available, the radiation field was sampled by a
small-diameter (1 cm) magnetic B probe and fed directly
to a Tektronix 7104 oscilloscope for frequency determi-
nation. A typical waveform is shown in Fig. 15, and in-
dicates that operation has been achieved at the predicted
frequency of 2 GHz. Although the device is currently
being operated unloaded, the amplitude of the radiation
field sampled by the small magnetic probe is consistent
with total microwave power at this frequency of 10-50
MW, implying an electronic efficiency of several percent.
Experiments to more carefully determine the actual ex-
tractable power from the device are currently in progress.

2. Hot Cathode Experiments [16], [36]: A similar
configuration was constructed to investigate microwave
production at more modest electron energies and currents
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TABLE 11
Los ALaMos LOG PARAMETERS

Electron Energy (keV) 600
Beam Radius (cm) 6.52
Axial Magnetic Field (gauss) 478
a = Be/Bz 3
Cyclotron Frequency (MHz) 615
T, (cm) 7.63
LR (cm) 9.3
N (No. of slots) 3
AG/Or 0.5
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Fig. 15. (a) Linear growth rates for the three-slot Los Alamos VR system.
Beam parameters: n, = 1.7 X 10, B4, = 0.842, 8., = 0.281, r, = 0.0652
m. The two growth rates are for near grazing intersection with the 27
mode for n = 1. (b) Microwave waveform indicating 2-GHz operation
from a B probe output fed directly into a Tektronix 7104 oscilloscope.

using conventional thermionic cathode technology. This
experiment, shown schematically in Fig. 5, was designed
and constructed by Namkung [36], who first reported suc-
cessful operation employing a six-slot vane resonator sys-
tem. Recent experiments on this device by Chojnacki et
al. [16] have confirmed the potential of the configuration
to produce high harmonic wave generation at relatively
high electronic efficiency levels. The basic experimental
parameters are summarized in Table III.

TABLE III
Hot CATHODE LOG PARAMETERS

Electron Energy (keV) 26
Beam Radius (cm) 1.5
Axial Magnetic Field (gauss) 312
a = Be/Bz 2

Cyclotron Frequency (MHz) 875
T, (cm) 1.8
T, (cem) 2.19
N (No. of slots) 10
Ae/‘)r 0.5

In the experiments, a mildly relativistic rotating elec-
tron beam (25-30-kV, 1-2-A, 5-us FWHM) interacts with
the modes of a ten-slot vane resonator designed to operate
in the 27 mode at 8.9 GHz. Radiation in these experi-
ments was extracted axially as in the cold cathode exper-
iments, and the extraction efficiency was measured by
careful cold-cavity excitation of each mode by a low-
power sweep oscillator. The 60-Hz repetition rate and
longer pulse duration of the experiment allowed use of a
spectrum analyzer for frequency determination. Results
of theoretical calculations, shown in Fig. 16(c), indicate
that operation should be possible in the (8, 2) and (9, 1)
modes as well. In fact, growth rates for the (8, 2) mode
are somewhat higher than those for the 27 mode.

Experimental results, shown in Fig. 16(a) and (b) for
both the 27 and (8, 2) modes, respectively, indicate that
narrow-band (5-MHz line width) operation of the device
has been achieved in both modes by careful variaton of
experimental parameters. Operation in both modes simul-
taneously has not been observed at any significant power
levels. The estimated efficiency of operation in the 27
mode at the tenth harmonic is approximately 14 percent
+ 8 percent. The estimated efficiency of operation in the
(8, 2) mode at or near the eighth harmonic is approxi-
mately 42 percent + 24 percent. The large errors in the
measured efficiencies are associated with possible errors
in the measurement of the microwave extraction effi-
ciency. This latter figure is surprisingly high, and not fully
understood theoretically at the present time.

IV. CirRcULAR GEOMETRY FREE-ELECTRON LASERS

Investigation of circular geometry free-electron lasers
has been conducted in collaboration with researchers at
M.I.T. [37]-[40]. The configuration studied is a refine-
ment of the rippled field magnetron, first proposed by Be-
kefi [41]. In these experiments, the rotating electron beam
interacts with an essentially transverse wiggler magnetic
field produced by samarium-cobalt magnets interior and/
or exterior to the beam, as shown in Fig. 17. The magnets
are placed behind metal cylinders in such a way that the
beam sees only smooth conducting boundaries. Radiation
is then coupled out of the system via one of the TM wave-
guide modes of the coaxial or cylindrical conducting
boundary system.
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tation. Instantaneous microwave power 2.2 + 1.32 kW at 8.85 GHz with
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5.2 kW at 6.78 GHz with efficiency 42 percent + 24 percent at 27 keV
and 0.8 A. (c) Linear growth rates for the ten-slot, hot cathode VR sys-
tem. Growth rates at 8.91 GHz are for the 27 mode, at 6.73 and 7.53
GHz for the (8, 2) mode, and at 7.08 and 8.96 GHz for the (9, 1) mode
(not observed).
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A. Theoretical Discussion

Beyond the cusp, the beam electrons move in the pres-
ence of the combined axial and wiggler magnetic fields,
which can be approximated (subject to the condition that
V - B =V X B = 0in the region between two conducting
boundaries of radius ry and r;) by the expression

N-1 N+1
2 o r

r (N2-1)/2N
. <—0> exp [iN6]

r;

N-1 N+1
%) - ()
2 o r

(N2—=1)/2N
. <—°> exp [iN6] + 2B,.  (20)

r

Here, #, 8, and 7 are unit vectors in the radial, azimuthal,
and axial directions, respectively, N = w(ry + r;)/l is
the number of spatial periods around the azimuth, [; is the
linear periodicity specified midway in the gap, and B, is
the amplitude of the radial component of the field at a

distance r = (rﬁl_lr,N”)'/zN, where the azimuthal com-

ponent vanishes. In this case, the field is primarily radial
near the center of the gap and the undulatory force is
mostly in the z direction.

If only the outer magnets are present, the field may be
approximated by the expression

B ={Bow<:o>]v_1 exp [iN()]}

- (7 + 6i) + 2B, (21)

Single particle motion in the presence of these fields has
been studied numerically, and typical results are shown
in Fig. 18. For the case where the beam electrons rotate
in the presence of both inner and outer magnets, the un-
dulation is primarily axial, as expected, and the orbits are
almost unperturbed in the x-y plane. In the case where the
inner magnets are removed, a significant precession in the
electron orbits is predicted in a direction counter to the
electron motion. Thus, the actual effective beam cyclo-
tron frequency must be reduced by the precession fre-
quency in this case to accurately describe the beam cyclo-
tron modes.

In either case, the radiative process has been identified
as the coupling of a ‘‘synchronous mode,’’ upshifted in
frequency by the wiggler periodicity N,

w=(+N)Q + kv, (22)

to one or more of the TM waves supported by the coaxial
conducting boundary system. If v, and k, are identically
zero (the case where electron propagation and wave prop-
agation are both purely circular), the radiation frequency
is given by
_ NQO _ kw Uy

1= [Bo/w(l,m)] 1 - (vs/0,)

Here k, = 2w /1y and w.(l, m) is the cutoff frequency for
the TM,,, mode, where / and m are the azimuthal and ra-
dial wavenumbers, respectively, and

op = oclt.m) (7)

is the phase velocity in the azimuthal direction of the RF
perturbation. It is interesting to compare this result to the
dispersion relation for a conventional linear free-electron
laser:

(23)

w

(24)

_ ku)vo
11— (vo/c)

where v is the axial electron velocity.

In the case where v, and k, are nonzero (as in the ex-
periments), the radiation growth occurs near the crossing
points of the beam mode and the waveguide mode given
by

(25)

@

(26)

Maximum growth rate is expected to occur at the tangen-
tial intersection of these two waves. At this point the ra-

W' = k3¢t + Wi(l, m).
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Fig. 18. Computer-generated electron orbits in the x~y and x-z planes for
(a) electrons injected at r = 0.06 m and B4, = 0.96, 8, = 0.20 into
combined axial and wiggler magnetic fields with B, = 1400 G, B,, =
1300 G (n = 6, both interior and exterior magnets), and (b) electrons
injected at r = 0.014 m and 8, = 0.269, 8,, = 0.148 into combined
axial and wiggler magnetic fields with B, = 345 G and By, /ry ™' =
7.153 x 10" T/m® (N = 10, exterior magnets only).

diation frequency is given by

w = 'Yzwc(l’ m) = 73(1 + N)Q (27)
where v, = [1 — (v,/c)17'/2

Schuetz et al. [42] have reported that the interaction can
also occur when the synchronous mode is down-shifted
by the number of wiggler periods:

w= (- N)Q + vk, (28)

Recently, Saito and Wurtele [43] have reported a the-
oretical analysis of this configuration that indicates that
because the rotating electron beam is subject to the neg-
ative mass instability, circular geometry FEL’s of this
type can be expected to have greater gain and efficiency
than comparable linear FEL’s. They do appear to be even
more susceptible to a degradation in performance due to
energy spread in the injected beam electrons than are lin-
ear devices, however.

B. Experimental Discussion

1. Cold Cathode Experiments: Table IV summarizes
the parameters used for the initial high-power cold cath-
ode experiments. Radiation has been observed at both 90
GHz (N = 6) and 180 GHz (N = 12) at peak power
levels in the range 10-20 MW, corresponding to an elec-
tronic efficiency of about 1 percent. Typical radiation
spectra obtained with a grating spectrometer for frequen-
cies above 74 GHz are shown in Fig. 19 for N = 6 and
N = 12. Although the measured radiation frequencies are
in reasonable agreement with theoretical predictions, the
theory also predicts enhanced emission at low frequencies
(about 27 GHz for the N = 6 case). Experiments are cur-
rently under way to determine if the lower frequency
emission can be observed as well.

In an attempt to determine to what extent the close
proximity of the coaxial conducting boundaries is inhib-
iting the negative mass instability, an experiment is cur-
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TABLE IV
CoLD CATHODE CIRCULAR GEOMETRY PARAMETERS

N=¢6 N = 12
Electron Energy (MeV) 2.2 2.2
Beam Radius (cm) 6 6
Axial Magnetic Field (gauss) 1,400 1,400
a= Be/ﬁz 3 3
Cyclotron Frequency (MHz) 739 739
ro (cm) 6.51 6.51
1'i (cm) 5.39 5.39
"0 (em) 6.28 3.14
Wiggler Field Amplitude (gauss) 1,300 1,300

rently in progress in which the gap between the coaxial
conductors has been increased from 11 mm to 17 mm.
This results, however, in an accompanying loss of wig-
gler field strength, reducing the amplitude of the radial
component of the field to about 600 G at the center of the
gap. A preliminary radiation spectrum obtained for this
case (N = 6) is shown in Fig. 20, and indicates that the
emission is decidedly less narrow-band than in the pre-
vious work. Theoretical and experimental investigations
of this phenomenon are currently in progress.

2. Hot Cathode Experiments: For these experiments,
the device constructed for the low-energy large-orbit gy-
rotron studies was modified to replace the multiresonator
magnetron circuit with a smooth cylindrical outer con-
ducting boundary housing ten periods of samarium-cobalt
magnets around the azimuth. As design considerations
prohibited the use of an inner magnet array, the field in
the interaction region has components both transverse and
parallel to the rotation of the beam electrons. In addition,
the absence of the inner magnets results in a significant
precession in the electron orbits, as discussed previously.

Table V summarizes the parameters used in the hot
cathode studies of this configuration. The experiment was
originally designed to operate at the up-shifted cyclotron
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Fig. 20. Measured microwave spectra for cold cathode circular FEL ex-
periment operated with six wiggler periods around the azimuth (ry — r;
= 0.017 m).

TABLE V
Hot CATHODE CIRCULAR GEOMETRY PARAMETERS

Electron Energy (keV) 27

Beam Radius (cm) 1.5
Axial Magnetic Field (gauss) 448
a = Be/Bz 2.23
Cyclotron Frequency (MHz) 1,127
r (em) 1.8
o

LN (cm) 0.942
N (No. of periods) 10

Wiggler Field Amplitude (gauss) 270

harmonic (! + N = 11) in the TM;; mode. Because of
the unexpected precession in the electron orbits, interac-
tion at the up-shifted cyclotron harmonic was not possible
since the beam mode, now represented by

w=(l+N)(Q — ) + kv,

did not intersect the waveguide mode. As a result, the
experimental fields were adjusted to allow for operation
at the down-shifted (N — / = 9) harmonic.

Typical results from the experiment, shown in Fig. 21,
indicate that narrow-band radiation with a linewidth of
about 50 MHz has been produced at the down-shifted (N
— [ = 9) cyclotron harmonic at 10.15 GHz. Unfortu-
nately, to bring the ninth harmonic beam line into tangen-
tial intersection with the TM;; mode line, asymmetric
cusp operation was required and the downstream beam
quality was severely degraded. Total observed microwave
power was about 100 W, corresponding to an electronic
efficiency of about 1 percent.

These results should allow the design of a next-gener-
ation experiment designed to operate more efficiently at
the up-shifted cyclotron harmonic, and such studies are
currently under way.
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Fig. 21. Hot cathode circular FEL experimental results. (a) Microwave
signal (top) and diode voltage waveforin (bottom, 5 kV /division). (b)
Spectrum analyzer trace for TM,, excitation, ~100 W at 10.15 GHz
with efficiency ~ 1 percent at 26 keV, 0.4 A. (c) Intersection in phase
space of ninth harmonic precession-corrected beam line with the TM,
mode.

V. ENERGY RECOVERY FROM SPENT BEAM

A. Conceptual Basis

Large-orbit devices can operate in a high-harmonic
mode with a correspondingly reduced magnetic field.
However, efficiency in high-harmonic operation is usually
lower than for small-orbit gyrotrons operating in the fun-
damental mode. Consequently, a substantial fraction of
the original beam energy remains in the spent beam.

The overall efficiency of the device can be considerably
enhanced by using energy recovery techniques. The over-
all device efficiency 7y is related to the intrinsic efficiency
n and the efficiency of energy recovery 7y by the relation-
ship

i

T e

nr

Thus, a device with an intrinsic efficiency of 10 percent,
if augmented by an energy recovery system of 75-percent
efficiency, can give an overall efficiency of 31 percent.

A technique for energy recovery which is well estab-
lished in linear beam tubes is based on the use of de-
pressed collectors [44]. However, these alone will not suf-
fice in the case of spiraling electron beams. For energy
recovery, the electrons have to do work against an elec-
trostatic field. Thus, conversion of the rotational motion
of the electrons into axial streaming motion becomes nec-
essary before the beam proceeds on to depressed collec-
tors.
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Fig. 22. Schematic diagram of a proposed experimental setup for energy recovery. A Pierce
gun generates an axially streaming hollow beam. The first cusp converts it into a spiraling
beam for RF interaction, and the second cusp unwinds it for delivering a large fraction of

residual energy to depressed collectors.

We have proposed the use of a second magnetic cusp
in a large-orbit gyrotron to perform this beam condition-
ing function. A schematic diagram .of the arrangement is
shown in Fig. 22. A hollow beam of electrons is gener-
ated by a Pierce-type gun with an annular cathode im-
mersed in a field —ByZ,. The first magnetic cusp encoun-
tered by the beam turns it into an axis-encircling beam.
The second cusp returns the magnetic field to —B,Z and
largely transforms the rotational motion of the spent beam
into axial motion. The radial magnetic field component
interacts with the azimuthal velocity to generate the re-
quired axial component of force.

B. Simulation of Unwinding of the Beam

A parameter that provides an index of the rotational
versus axial motion of the beam is «, defined as
AU,

ox = —.
vy

(30)
The changes in its value as the beam passes through the
first cusp (Qmigrange) and then the second cusp (esigual)
have been studied [45] using a single particle trajectory
code. Variations in relevant input parameters relating to
the cusp widths, their mutual separation, the magnetic
field, the accelerating voltage V,, and the starting radius
of the particle ry were simulated one at a time using the
hot cathode LOG experimental values [16]. The magnetic
field in the cusps is modeled by (6). Typical values are V
=26kV, By, = 328.8G, r, = 1.5cm, and { = 4 mm,
and the distance between the two cusps is 30 cm.

The results indicate that the average value of oegqyq 1S
lower than opigrange by a factor of more than 10 in typical
cases, as is shown in Figs. 23 and 24. For low-energy

4 T T T T T
3f .
s Qmidrange 1
2 b ]
o r j
i - L B
= L ]
< |+ —~
[ Qresidual ]
or ]
,l PRSI BT l L1 1 l 11 1 I O l Lol 1)
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z position (m)

Fig. 23. Simulation of the effect of two cusps on alpha defined as v, /v;.
As the electrons pass the first cusp at 0 cm, o rises from zero 10 @pidrange-
When the electrons cross the second cusp at 30 cm, « falls again to a
low value otegigual-

beams, kinetic energy varies as the square of the velocity,
indicating that the energy of rotational motion in the beam
after passage through the second cusp would be less than
1 percent of the energy in axial motion. The finite cusp
widths result in finite values of ogqua, Which in turn re-
sults in finite guiding center radii and scalloping motion.

Simulations indicate that the o .gu varies cyclically
with starting radius, magnetic field, and distance between
cusps. In each case, the parameter affects the scalloping
wavelength and the phase of scalloping in which the par-
ticle enters the second cusp. The oegqua goes through
minima when the scalloping motion of the electrons is in-
wards at the entrance to the second cusp.
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Another conclusion from these studies is that the
Opesiqual Varies slowly with the width of the second cusp.
This cusp can have a width two or three times that of the
first cusp. This in turn makes it possible to have a larger
gap for the spent beam to pass through. It thus takes into
account a likely increase in beam thickness.

C. Energy Sorting and Depressed Collectors

In order to obtain a large collector efficiency, it is com-
mon practice to use a number of depressed electrodes.
This number corresponds to the number of groups into
which the electrons in the beam are sorted. The objective
is to keep the difference between the energy of the elec-
trons and the potential on the depressed collector to the
minimum feasible for each group.

In the present case, the energy sorting is done by the
combined action of a magnetic field and an electrostatic
field. The starting point for the simulation of trajectories
was the output from the single particle code. The values
of ¢ for the first and second cusps were taken to be 4 mm
and 10 mm, respectively. The Herrmannsfeldt code [28]
was used to trace the trajectories in the collector region.

Various geometries and potentials of the electrodes as
well as different magnetic field profiles are being exam-
ined in the simulation of trajectories in the collector re-
gion. Fig. 25 shows one particular case in which there are
three collectors at zero, —12.5 kV, and —20 kV, respec-
tively. Two beamlets are shown, which enter the collector
region at energies of 26 keV and 20.8 keV. In both cases,
the location and angles of trajectories at the output of the
second cusp are those given by the single particle code.
In the latter case, a decrease in energy of 20 percent has
been introduced at the midpoint between the cusps as a
first-order method of simulating energy loss to RF by some
beamlets. It is seen that the two beamlets are collected at
the electrodes at —20 kV and —12.5 kV, respectively,
demonstrating energy sorting. Other beamlets were given

100 I‘ZO 140 160 I8$ 200 220
z (mm) —

0O 20 40 60 80

Location of
second cusp

Fig. 25. An illustration of energy sorting in the region of depressed col-
lectors. Beamlets emerge from the second cusp at angles simulated by
single particle code. Beamlets of energies 26 keV and 20.8 keV are col-
lected on electrodes at ~20 kV and —12.5 kV, respectively.

an energy change of —30 percent, — 10 percent, and +10
percent. They were collected at the electrodes at —12.5
kV, —20 kV, and —20 kV, respectively. When the elec-
tronic efficiency of the device is of the order of 15 per-
cent, the spread in energies would be adequately covered
in this way. If the electronic efficiency is higher, a larger
number of depressed collectors would be appropriate.

In this way, the principles of unwinding the electron
beam by a second cusp, and that of energy sorting in the
collector region, have been verified by simulations. Re-
covery efficiencies of at least 75 percent appear feasible
as a result of these studies. Steps are being taken toward
an experimental verification.

VI. CONCLUSIONS

Large-orbit microwave devices are now well enough
understood to allow for a tentative assessment of their ca-
pabilities relative to other available microwave devices.
For example, LOG oscillators have operated at very high
harmonics (6-20) of the electron cyclotron frequency at
electronic efficiencies in excess of 20 percent. These de-
vices have been operated in both highly relativistic and
mildly relativistic regimes, at microwave output powers
as high as 600 MW at the 20th harmonic. While not as
efficient as small-orbit gyrotron oscillators operating at the
fundamental of the cyclotron frequency, the ability of
LOG devices to operate single mode at high harmonic fre-
quencies with reasonable efficiency is presently un-
matched. In addition, studies that we have conducted in-
dicate that energy recovery from the spent electrons
appears to be somewhat more straightforward for large-
orbit devices than for small-orbit gyrotrons (although en-
ergy recovery in linear devices is considerably easier than
for either gyrotron configuration).

To date, however, less work has been reported on LOG
amplifiers [22], [26]. In addition, although it should be a
straightforward matter, little work has been reported on
microwave power extraction directly from the resonators.
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This approach to power extraction in a vane-resonator de-
vice would result in direct RF extraction in the more de-
sirable rectangular TE;o mode.

Circular geometry FEL’s, on the other hand, are at a
much less advanced state of development. Although the
concept should allow for the construction of an FEL os-
cillator without external mirrors because of the feedback
provided by the recirculation of the wave in the device,
applicable theory and simulation has only recently been
available and initial experiments have not been designed
for optimum operation. An assessment of the attractive-
ness of this new class of FEL’s for specific applications
will have to await the results of new experiments imore
carefully designed for operation in a selected parameter
range.
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