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SIMULATION STUDIES OF A KLYSTRONLIKE AMPLIFIER
OPERATING IN THE 10-100 GW REGIME

I. Introduction

| Recent experiments at the U.S. Naval Research Laboratory have shown
that a hollow annular intense relativistic electron beam could be E;lly
modulated by a moderate external rf source at a frequency f = 1.3 GHz and
that the interaction of this beam with a structure generated a 3 GV rf
pulse that was radiated into the atmosphere.1 Several unusual properties
wvere discovered in these and in previous experimentsl—3 namely, the high
degree of phase and amplitude stability in the output signal, the ease with
vhich the current modulation can be achieved and controlled, and the
avoidance of electrical breakdown at the gaps, even at high modulation
levels.

The experimental configuration <consisted of an annular beam
(rb = 6.6 cm, I = 16 kA, Vo = 500 kV) propagating within a hollow drift
tube (rw = 7.0 cm). A gap in the drift tube fed into a coaxial radial
cavity, which was energized by an external rf source with power ~ 0.5 MV,
This cavity partially modulated the beam. A second radial cavity, 30 cm
downstream, was energized by the partially modulated beam in such a way as
to obtain a fully modulated beam immediately following the second gap.
Both cavities were tuned to a frequency f = 1.3 GHz.

The interaction between the beam and each of the external cavities has
been studied in some detail in both the linear and nonlinear regimes.1’3’4
The deviations in these interactions from the classical klystron arise from
the intense space charge of the beam and the fact that the kinetic, rf, and
potential energy of the beam are all of the same order of magnitude,
rendering the classical picture of beam bunching invalid.

Recent efforts have been directed toward increasing the rf power of

the modulated intense relativictic electron beam (HIREB).5 Naturally,
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increasing the dimensions of the drift tube and the beam would allow a
highef beam current. However, the use of a hollow drift tube dictates the
permissible size as the drift tube radius must be small enough that the
TMO1 wvaveguide mode is cut off at the frequency of modulation.

To overcome these limitations, a coaxial geometry has been proposed.6
This is shown schematically in Fig. 1. This configuration has two major
advantages: a) the limitation on the outer wall radius is relaxed as long
as the inner and outer walls are sufficiently close and b) the limiting
current in a coaxial geometry is approximately twirce as 1large as in a
hollow drift tube. These features of the coaxial geometry allow
propagation of beam currents in the 100 kA range. The advantage of
electrostatic insulation at the gap is retained in this new configuration.
The major issue, which is favorably resolved in this paper, is that the
beam can be modulated with good efficiency and phase and amplitude
stability, in spite of the fact that TEM modes are admissible solutions in
a coaxial geometry. That is, despite the possible presence of TEM modes,
the cavities must remain isolated electromagnetically as far as the beam-
cavity interactions are concerned.

In this configuration (see Fig. 1) an annular IREB is generated and
guided throughout by a 10 kG axial magnetic field. The IREB enters the
drift region between the outer drift tube wall and the large radius center
conductor, both of which are grounded. One or more pairs of radial
cavities are exposed to the drift region via gaps in the inner and outer
walls. A moderate power external source "pumps" rf power into one or more
of these cavities. The IREB, vwhich is partially modulated by these driven

cavities, resonantly excites subsequent cavities so as to produce a fully




modulated beam. The rf power of the modulated IREB (MIREB) may then be
extracted. .

Note that this coaxial geometry is quite similar to the sheet-beam
klystron of Eppley et al.7 In the sheet beam klystron the geometry was
also motivated by the need to increase the total beam current while
maintaining a low current density. This allows the sheet beam klystron to
avoid space charge effects and thus behave 1like a classical klystron.
This is contrary to our case, in which the space charge effects of the
intense beam are beneficial (for bunching and electrostatic insulation) as
was suggested repeatedly by our previous experimental, theoretical and
numerical results.

In this study ve consider a coaxial design with only two cavities, the
first of which is externally driven. Ve will first choose parameters for
wvhich the TMO1 mode is cut off even if the center conductor is removed, so
as to obtain direct comparisons betwveen the hollow and coaxial geometries.
Ve discuss the theoretical differences between the twvo g ometries and
present numerical results. Finally, we show that the new geometry is
easily scalable to high power by significantly increasing the diameter and

current of the annular beam.

II. Beam Modulation in Coaxial Geometry

The physics of IREB modulation in a hollow drift tube geometry was
discussed in an earlier atticle.3 Here we will concentrate on the way the
presence of the center conductor changes the bunching mechanism in the
linear and nonlinear regimes. Again we consider a two cavity system in
vhich only the first is externally driven. The bunching mechanism at each

of the two gaps is strongly influenced by the electric and magnetic fields




of the intense beam. At high current levels, the potential energy of the

beam may be a sizable fraction of its kinetic energy. Ve find

3
Yinj = Yo * To/Isfy = Yo* %Y o
vhere
% = To/(IYg8y) 2)
3
m,.C
0 1 1
I - 2ne [ . (3)
[ 0e 1n(rw/rb) ln(rb/rc)] '

I0 is the IREB current, mocz(yo—l) is the electron kinetic energy,

2.-172 . . .
Yo = (1-80) ’ BO = vO/c, vg is the electron drift velocity,
eVo = mocz(yinj-l) is the electron total energy at injection, and T, Ty

and r, are the respective radii of the drift tube, the annular beam and the

center conductor. At a current level Ic’ vhere

2/3 372
I, = Is(Yinj -

1) (4)

the beam has zero kinetic energy and beam propagation is disrupted.

Note that except for the scale current, Is’ these relations describe
the beam in the hollov as well as the coaxial configurations. 1In the

. 3 . .

hollow drift tube case, IS = 2nsomoc /eln(rv/rb), where r, is the drift
tube radius. In the situation where r, << L Iy the two cases are nearly
identical. For a large radius center conductor which we will consider
here, I, - T, =Ty - T, << Ty and wve find that Is[coax1al] = ZIslhollov].
This means that relative to the hollow drift tube, the coaxial

configuration carries less potential energy. Equivalently, the parameter «




in Eq. (1) is reduced by approximately a factor of two by the presence of
the lﬁrge—radius center conductor.

The effect of the first, externally-driven cavity in this device is.to
excite linear fast and slov space charge waves on the beam. Except for the
parameter «, the dispersion relation for these waves is identical to the

8,93 Jnd will not

relation already derived for the hollow drift tube case
be rederived here. Ve merely quote the result that with the boundary
conditions at the first gap, I1 = 0 and V1 = Vloexp(jwt) one obtains the

modulated current and voltage at z = z,:

v10 m&zl
Vi = Vyglcos(an®)) + jisin(amdp)] , (6)

vhere w is the radian frequency of the external rf voltage,

o = (uz + a/YS)I/Z/BO ) N
2 2
8 = By/(By - o) , (8)
C=(1- 8)/amd (LL0), (%
and
Z = moczygﬁgw/elo . (10)

In a typical case, a is small compared to unity and Yo is moderate such

that o ~ allz. Ve see that for the coaxial case, relative to the hollow




drift tube case, o' decreases slightly. This has the effect of increasing
by this same factor (= 21/2 in our "typical case") both the drift length
required for peak linear modulation and the amplitude of the modulati;n.
The relatively small modulation level from the first gap serves to excite a
strongly nonlinear interaction at the second gap. Because previous
experimental and numerical results show that the second gap interaction is
not a strong function of V103’10, small changes in the linear regime
modulation are expected to have a minimal impact on the final modulation
level.

The interaction at vthe second gap, wherein the partially modulated
beam resonantly excites the second cavity to obtain a very high voltage,

has been previously studied in some detail.3’11

As in the linear regime,
the nonlinear interaction in the coaxial geometry closely resembles that of
the the hollow drift tube case. The most significant difference governs
the voltage that must be sustained on the second gap before the gap voltage
stops the forward propagation of the slowv space charge wave, resulting in
strong current modulation immediately beyond the gap exit. Strong current
modulation without the need of a drift region is a unique property of an
intense beam.

Through a self-consistent nonlinear formulation for space charge waves
on an intense beam in the long-wavelength approximation, it has been shown
that wvhen the local current perturbation is large enough to stop the

propagation of the slow space charge wave, the 1local drift speed of the

electrons VNm is determined by solving

2 3
BNmYNm = IO/IsBO : (11)




where»yNm = (1 - ﬁém)_ll2 and BNm = va/c. The threshold voltage at the

gap required for this to occur has been estimated and is given by

m.C I
_ 0 - e DY (12)
s

Vhen the gap voltage, Vl, exceeds vth’ we obtain rf current at the gap

exit:

2 ,4y2,1/2

(Il) = IO(Z/n)(l - Vth/vl) . (13)

exit

Physically, for V1 > Vth' the propagation of the slow space charge wave is
interrupted once per cycle, during which time the beam slows to B = aNm'
The gap thus acts as a "gate" for the beam current. This rather simple
physical model is discussed in greater detail in Ref. 3.

The increase in Is in the coaxial geometry (relative to the hollow
geometry) will have the effect of lowering ﬁNm and increasing Vth but,
unlike the linear regime, it is not clear how this will effect the
resulting modulation. These effects if any, will be seen in the simulation

results below.

III. Numerical Results
12

Ve use CONDOR™™, a fully electromagnetic, fully relativistic particle
simulation code, to simulate IREB generation in two dimensional (r,z)
geometries. In simulating the hollow drift tube and coaxial geometries, we
wish to learn, firstly, how the presence of the center conductor effects

the nonlinear behavior as discussed above and, secondly, to what degree, if

any, do the radial cavities couple to the TEM coaxial waveguide mode. This




second question is of the utmost importance, since coupling to the TEM mode

would considerably weaken the modulating action by the individual cavities
and may even allow rf energy from the cavities to propagate out of ;he
system. These processes would be disastrous to the beam-gap interactions.

Here, we directly compare modulation in the coaxial and hollow drift
tube geometries for identical parameters. The hollow drift tube geometry
in is shown in Fig. 2; the coaxial geometry, with the added center
conductor, is also shown. The outer wall radius is r, = 6.8 cm, the beam
radius is ry = 6.3 cm and the inner conductor radius in the coaxial case is
r. = 5.8 em. In each case, we will present a series of simulations of a
constant impedance beam for which the current is varied from 16 kA to
26.7 kA (Vo = 500 to 850 kV). Note that in the simulations, the inner and
outer cavities in the coaxial geometry have the same radial and axial
dimensions. Because of the variation of cavity volume, etc. with radius,
these cavities are not precisely tuned to one another. This is allowvable
in the simulations because the numerical cavities are quite lossy (Q of
order 10) and have a wide bandwidth. Note also that the simulations in the
hollow drift tube geometry were discussed in Ref. 5. 1In that paper, we
found that as the current is increased, the rf current level saturates,
perhaps due to beam loading effects. These issues were addressed in some
detail, but have not been completely resolved. Here, we only note that the
saturation persists in the newv geometry.

Each simulation procended as follows. The first cavity was driven by
an external RF source, starting at t = O nsec. The lowv Q of the numerical
cavity was such that at t = 6 nsec, the fundamental) TEM mode of the cavity

saturates, producing a gap voltage of 40 kV at a frequency f = 1.24 GHz

(f = 1.42 GHz in the coaxial case). At this time the beam was injected




with a current rise time of 5 nsec. The simulation continues until
t = 20 nsec in the hollow drift tube runs and until t = 18 nsec in thc
coaxial runs. The shorter time in the c(oaxial cases was dictated.by
unstable particle "noise" which grew such that it would interfere with the
resv.ts for t > 18 ns.

In the hollow drift tube cases, the return currznt path crosses the
radial transmission line from which rf energy is pumped into the first
cavity. The impedance of this transmission 1line is 6.25 ohms, so that the
dc energy of the beam is lowered as it crosses the first gap. 1In the
coaxial case an alternate return current path is available such that very
little of the dc beam energy is 1lost at the first gap. Injection energies
for the 16, 21.3 and 26.7 kA beams were chosen such that the total dc beam
energies were approximately 500, 675, and 850 keV after the first gap for
both the hollow drift tube and coaxial geometries. This variation in dc
voltage on the beam does not effect the small-signal current modulation
from the first gap. The gaps are located at 2z = 2.8 and z = 34.8 em. In
each case the first gap voltage was V10 = 45 kV.

Current modulation was analyzed as

I(t) = IO + Ilsin(mt) + Izsin(Zwt) F oeeenn

vhere w = 2nf. Current modulation at the fundamental frequency, Il’ is
plotted versus z in Figs. 3 and &4 for the hollow drift tube and coaxial
cases respectively. In each case, the first gap produced rf current I1 in
the 1 to 2 kA range. Values vere within 10¥ of the theoretical predictions
from small signal theory for the hollow drift tube case and within 20% for

the coaxial case.




As in the previous studies, the partially modulated beam energized the
second cavity in such a way as ‘o generate very high voltages and very high
current modulation, as is clear from Figs. 3 and 4. These voltage.and
current modulation levels quickly reached a steady-state level which was
very stable from cycle to cycle. In fact, the second cavity modulation
differed only in the details, such as gap voltage and modulated beam
energy, in ways easily suggested by the theory. Table 1 shows the
threshold voltage for full current modulation, from Eq. (12), and the
second gap voltage as measured in the simulations. Except for the 26.7 kA
runs, vhere the interaction saturated, the second gap voltage builds up to
the point that it surpasses the threshold voltage but stops short of the
formation of a virtual cathode. In fact, a higher threshold voltage
appears to allow a higher gap voltage during steady-state operation. For

those runs in which Vg > Vth was observed (the I, = 16 and 21.3 kA runs), a

0
small population of particles emerged from the gap region with B = ﬁNm as
expected from theory.

Figures 5 and 6 shov current and beam kinetic energy measured at
2 = 70 cm plotted versus time over o cycles for the hollow drift tube and
coaxial cases respectively. Both figures are for I0 = 16 kA beams. Ve see
that in both cases the modulated current is highly peaked, indicating
strong harmonic content and allowving for efficient energy extraction for
high power rf pulse generation. It is also evident that the beam in the
coaxial configuration has a higher degree of energy modulation than is
observed in the hollow drift tube case. This is caused by the difference
in gap voltage and by the fact that the beam potential energy is greater in

the hollow drift tube case. Note that because the transit time across the

gap is finite, an electron does not gain the full energy, eVg, but a

10




fraction of this energy, Mevg, vhere M is called the coupling coeficient of
the gap; M is unity for low current beams and narrow gaps and decreaseg as
the gap length 1is increased or as the current approaches the critical
value. Our results indicate M = 0.5, which is larger than can be accounted
for via the width of the fringe fields of the gap (effective gap
length = 4 cm). Instead we recall that for Vg > Vth’ the beam energy drops
to the critical value such that the critical current is approached or
exceeded once per cycle.

Note that in the coaxial geometry, no TEM mode was observed. By this

ve mean that a) measurements of Er and Be did not show contributions from
sources other than the modulated intense beam and b) the modulation had no
unexpected features that might indicate the presence of a TEM mode. We do
not consider this a definitive result, however, because of the shortness of
the simulation pulse in comparison with a typical laboratory beam pulse.

For completeness, we mention that many of the favorable properties of
MIREB generation that were observed in our previous studies appear to be
retained in the coaxial geometry. These include:

(1) The bunching mechanism reaches steady-state after.a fev RF cycles.
Phase-space plots, electrostatic potential plots, and modulated current are
identical from RF cycle to RF cycle.

(2) Transients are of no importance and reflections are not necessary
for the mechanism.

(3) During each cycle, the energy of the beam is decreased at the gap
to a critical value at which point theoretical analysis indicates that the
propagation of the slow space charge wave is halted and electrons are

sloved to a nonlinear limiting velocity, aNm’

11




{4) Half a cycle 1later, the energy of the particles is increased
beyohd the injection value. These particles have a narrow energy spread.

(5) The particle energy, modulated as E(t) = Eo + Elsin(wt), is st;ble
from cycle to cycle. The energy modulation appears to be out of phase with
the current modulation, but the fact that the current is in phase with the
pover shows that the small population of particles at high energy and low
current carry very little power.

(6) The beam was not modulated by the full amplitude of the voltage at
the second gap, indicating a finite transit time effect. The coupling
coefficient, M, appears to be = 0.5.

(7) Significant compression of RF power has occurred, with more than
60% of the power compressed into less than 30 of the RF cycle.

Finally, we considered modulation of a very 1large diameter,
r, = 26.1 cm, I0 = 100 kA, V0 = 460 kV beam. The simulation geometry in
this case is shown in Fig. 7. Vith r, = 26.4 and r, = 25.8, the critical
current in this case is Ic = 575 kA, well in excess of 100 kA. The
cavities, located at z = 2.4 and 26.4 cm are tuned to a frequency of
f = 1.36 GHz. As before, the external rf is turned on at t=0, and beam
injection starts at t = 6 ns, reaching full current at t = 11 ns. The
simulation continues until t = 17 ns. Modulated current, I1 is shown
versus z in Fig. 8. Modulation from the first gap voltage, V10 = 20 kV,
reaches I1 = 6.5 kA at a distance of 24 cm from the first gap in good
agreement with theory. The second gap voltage reaches a value of 280 kV,
approaching the threshold voltage vth = 330 kV. The modulated current

rises very sharply after the second gap, reaching I1 = 68 kA at the exit of

the simulation region at z = 50.4 cm. At this point, the beam carries

12




31 GW of rf power. As before, the current is highly peaked, indicating a

strong harmonic content.

IV. Discussion

Ve have shown that the essential physics of intense beam modulation
carries over to the new geometry. This is an encouraging result. 1In the
simulations where the two geometries were directly compared, the most
significant change introduced by the added center conductor was an increase
in voltage at the second gap. This increase is suggested by the increase
in the threshold voltage for nonlinear disruption of slow space charge wave
propagation (Eq. 12). It is interesting to note that there is nothing in
the theoretical work to date that specifies that the gap voltage will
always build up to a point where the nonlinear threshold voltage is
exceeded but not to a point where a virtual cathode is formed. This appears
to be the case in the simulations, however. Thus the threshold voltage
calculation, crude as it is, indicates scaling for the steady-state gap
voltage with beam energy, current, and geometrical factors.

The simulations also revealed differences in the linear regime (first
gap) modulation, which were in agreement with the theory. These should not
be considered significant, however, because the nature of the second gap
interaction is such that the steady state second gap voltage and modulation
levels are not affected by small changes in the first gap modulation.

A possible negative impact of the increased gap voltage observed in
the coaxial drift tube geometry is the difficulty of avoiding breakdown at
the gaps. This has been previously avoided by the convenient property of
electrostatic insulation, wherein the space charge potential of the intense

3,13

beam near the gap provides insulation. This has been observed in

13




simulations and is required to explain the experimental results to date.
The practical 1limits of electrostatic insulation have not yet been
determined so it is difficult to predict the effect of a 20% increas; in
the gap voltage that was observed in several of the simulations presented
here. It is important to realize that a great deal of freedom exists to
design an experiment with the appropriate values for beam kinetic energy,
potential energy, curren:i, and nonlinear threshold voltage such that the
desired second gap voltage is obtained.

An additional encouraging result is that no TEM mode was observed.
This suggests that the TEM mode does not couple strongly to the cavities,
vhich is not surprising, and further suggests that the TEM mode, if
present, would have to reach large amplitude before it could interfere with
the electromagnetic isolation of the two cavities. This speculative
argument presupposes that the TEM mode is initially zero in amplitude as in
the simulations. If a spurious TEM mode proved problematical, preventive
measures, such as tuned cavities, could be introduced to disrupt the mode.

Another issue which might be affected by the change to coaxial

geometry is the issue of beam 1loading. It has been suggested1’5’14,

for
instance, that nonlinear beam loading may be responsible for the saturation
in the modulated current levels. One difficulty here is that significant
nonlinear beam loading has been demonstrated as the critical value of the
current is approached.14 At these mildly relativistic energies, however,

the ratio IO/IC becomes smaller as I0 increases at constant impedance.

Vith the present results one can speculate that a) because the switch from
hollow to coaxial geometry involves a drop by a factor of two in the value
of IO/Ic’ nonlinear beam loading effects, which vary strongly with I/Ic,

cannot easily explain the way the saturation time at the second gap

14




increases with IO and b) whatever effect beam loading has on the steady-
state rf voltage and current levels it appears to persist through the
change from the hollow to the coaxial geometries. The close agree;ent
between the hollow drift tube geometry simulations presented here and in
ref. 5 and the experimental results, also presented in ref. 5, remains
somevhat of a mystery. One difficulty is that the Q factor is so low in
the simulations (of order 10) in comparison to the experiments (of order
1000) that it is not clear that we should expect agreement in the first
place. Relativistic klystron amplifier research would clearly benefit from
an enhanced theoretical understanding of beam loading for intense
relativistic beams, especially with respect to the applicability of
parallel plate modelsll'—17 to the more complicated geometries considered
here.

A point that was not addressed in the simulations is the fact that
rich harmonic content is predicted for these highly modulated beams and is
observed in the simulations and in the experiments. It has been shown
experimentally that through the use of a third, tuned cavity, the ratio of
the second harmonic amplitude to the fundamental, 12/11, could be increased
from ~ 0.3 to ~ 0.8.3 Similar results have been demonstrated for the third
harmonic in some cases. The difficulty is that with the hollow geometry,
these harmonics may be above the cutoff frequency of the drift tube such
that the rf power will radiate in an uncontrolled way, reducing the
efficiency. In the coaxial drift tube, this problem is easily avoided.
This is a further advantage of the coaxial geometry.

Finally, we should comment on the arbitrariness of our choice of 100

kA for the high power modulation result of Figs. 7 and 8. Ve find nothing

in the simulation results that suggests a limitation on the current in this

15




geometry. In fact we speculate that the rf power carried by the beam in
this geometry will be 1limited only by the experimental difficulties

associated with generation and transport of such ultra-high current beams.
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Run geometry Io(kA) Vo(kV) Vth(kv) Vg(kV)

1 hollow 16.0 500 280 420
2 hollow 21.3 675 400 410
3 hollow 26.7 850 525 400
4 coaxial 16.0 500 360 500
5 coaxial 21.3 675 500 490
6 coaxial 26.7 850 645 400

Table 1. Simulation geometry, dc beam current and voltage, nonlinear
threshold voltage from Eq. (12) and voltage observed at the
second gap is tabulated for each of six simulations.
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Fig. 2 — Simula.io.. geometry for a) hollow drift tube configuration with outer wall radius 6.8 ¢m and beam radius 6.3 cm

and b) coaxial configuration with outer wall radius 6.8 cm, beam radius 6.3 cm and inner conductor radius 5.8 cm
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Fig. 3 — Fractional current modulation at the fundamental frequency, 1,/l, plotted versus z for the hollow drift tube
geometry for I, =16 kA, Vo =500kV (solid line), 1l =21.3kA, Vo =675 kV (dashed line) and
I, = 26.7 kA, V, = 850 kV (dotted line).
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Fig. 4 — Fractional current modulation at the fundamental frequency, I,/I,, plotted versus z for the coaxial drift tube
geometry for I, = 16 kA, Vo = 500 kV (solid line), Iy = 21.3 KA, Vo = 675 kV (dashed line) and I, = 26.7 kA,
Vo = 850 kV (dotted line).
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Fig. & — Beam current (solid line) and kinetic energy (dashed line) measured at z = 70 cm and plotted versus time over two
cycles for the hollow drift tube case. Here, I, = 16 kA and V, = 500 kV.
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Fig. 6 — Beam current (solid line) and kinetic energy (dashed line) measured at z = 70 cm and plotted versus time over two
cycles for the coaxial drift tube case. Here, I, = 16 ka and V, = 500 kV.
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Fig. 7 — Simulation geometry for high current modulation with outer wall radius 26.4 cm, beam radius 26.1 cm and inner
conductor radius 25.8 cm
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Fig. 8 — Modulated current amplitude, I, plotted versus z for an I = 100 kA, V, = 460 kV beam
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