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Wo = (kzo ry )vb +Q, = (kzO - ho)vb + mr;es (8 ins of BWO operation in a space of nrormalized device current and normalized device
b : -

%glth, assuming a combined reflection coefficient of 0.7 at the two ends of the device. {From
- vush, B. et al,, IEEE Traus. Plasma. Sci, 20, 263, 1992. With permission.)
Since the Cerenkoy resonance occurs where the beam line of Equation :

iIsn" =0, B._is gi . ici
res 15 g1ven by duct of magnitudes of the complex reflection coefficients at the ends, (2)

and (3) the group velocity of the slow-wave-structure wave at resonance.
ote that there are regions where one expects (1) single-frequency operation,
he cross-excifation instability, or (3) the overbunch instability.
e cross-excitation instability parameter space extends upward from the
sin the lower boundary of the single-frequency region for values of L
. On physical grounds, this happens because those cusps reflect rapid
1ges in 1; as the system shifts from one lowest-order axial mode to the
s the normalized length, L, /v, increases. This instability results from
inear reduction in the start current for a competing axial mode in the
ity of this region where axial modes shift. It manifests itself as shown in
¢ 8.12, where the system begins oscillating in a iower-frequency mode,
umping to a slightly igher frequency in a different axial mode: note
-a sense, system performance is improved by the higher-power oper-
oniin the latter mode. This instability has been observed experimentalty.s
overbunch instability, on the other hand, is a nonlinear effect resulting
le very strong beam bunching that occurs when I, is substantially larger
v this leads to operation in the primary mode as well as a sideband
tifted in frequency (similar to behavior observed in Klystrons and other
> 'sources). This sideband strongly modulates the output signal. Levush
ote that for much larger currents, with I, ~ 301, the microwave fields
€50 large that electron velocities are actually reversed.
rule of thumb, to avoid nonlinear instabilities that create mode hop-

nd sideband formation, it is desirable to operate an oscillator of this

Although T, must exceed L in order for an oscillator to
to have too much of 4 good thing. Levush et al,
assumptions different from those of Swegle,
bilities will modify, and in many cases degrade
BWO for I, appreciably above I,,. Figure 8.11 is a map of the rég
mstability in a two-dimensional parameter space of dimensionless va
t}}e.normalized length on the horizontal axis is the actual SWS e
divided by v, /a,, with @y the operating frequency, while the vertical
proportional to the length of the system and the beam current div:
the cube of N=1./ z,.* For the plot, the following parameters are ﬁx_é'_'_

* . ¥ ¥
* The normalization Parameter for I, is rather complex, and in the interest of brevity;:
reader to Levush et al 2 for details. iR




: ptimize a device that is being built and tested, we turn to computer simu-
Tation. Before we consider the conversion of beam power to output micro-
wave power, let us first consider the beam as the energy source to be tapped
to make microwaves. We focus here on the current-voltage relationship for
the beam, or more accurately, the relationship between current I and electron
kinetic energy (v, — 1)mc?, when it Passes through the SWS. Remember from
the discussion in Chapter 4 that space-charge effects from the beam will
reduce ¥, from its value in the absence of space-charge forces, 1, = 1 + eV,/
mc?, with V the anode—cathode volta ge in the beam diode. For a thin annular
beam, ¥, is a function of vy, I, 1y, and the wall radius, which we approximate
by the average radius r,. Because the kinetic energy decreases as the current
ncreases, the maximum power carried by the beam is a nonlinear function
of these parameters; a useful expression for the maximum beam power is

given in Vlasov et al.;%

=
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=
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FIGURE 8.12 ) W(Yo)?é (8.14)

ln(ro/rb

sefs in during BWO operation. (From Levush, B. et al., JEEE Trans. Plasma Sci,, 20, 263, 7995
With permission.) e ere the nonlinear function W(x) is plotted in Figure 8.13. Note that P,
ends only on the anode—cathode voltage and the ratio of the wall and
i radii. As the beam approaches the wall, the maximum beam current
omes unlimited, although practically the beam-—wall spacing is limited
the fact that with finite magnetic fields, one must allow enough spacing
imit the amount of beam current striking the wall (see Problem 7). As an
e, we note also that as the beam approaches the wall, sources with strong
1l fields near the wall — SWOs and MWCGs, as well as RDGs operating
r the Wood’s anomalies discussed in conjunction with Figure 8.9 — will
e stronger beam-—field coupling because the axial field in those devices
rongest near the wall.

 understand how one uses Equation 8.14 in the context of a real problem,
sider the following example. A reasonable device efficiency is about 20%.
5 GW of electron heam power is required to produce T GW of micro-
We have a foil-less diode that delivers a beam for which the ratio r,/
Using Equation 8.14 and the plot in Figure 8.13, we see that 5 GwW

type at I, about three 1o five times 1. Above about 30 times I, stochag
Operation with broad Spectral content results.

As we mentioned in the last section, the issue of start currents does}-. '
apply to amplifiers, since i is the goal of amplifier designers to prevent th
device from breaking into oscillations, The important parameter for oggi]l;
tors is the gain, defined as the ratio of output to input microwave power
Equation 8.10. At low-input power levels, G is roughly a constant thaf ¢
be calculated approximately from the dispersion relation using a real vaj
for ® (so that there is no temporal growth, which would make it an oscilla

for fields that vary as exp(ik,z), the imaginary part of k,, Im(k,), will
negative, so that the field grows exponentially with length. Becaiis
power is proportional to the square of the electric field, for smal] valu
Py, and a SWS of length I, : i

G=exp[2(Im k.)L]

As P, is increased, P out Will begin to saturate, approaching some ma,
value for a given beam current I, accelerating voltage and devicé &ffi

& Py, = VoI, =V} / Z, the beam voltage must be about
Both diodes deliver about the same 5 GW of beam power to the
The difference between the approximately 500-kV, 50-Q beam and the
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FIGURE 8.13
The function W in Equation 8.14. In the figure, we retain the original notation, with ¥, in

figure corresponding to v, in our notation, (From Vlasov, AN. et al,, IECE Trans. Plasmg §
550, 2000, With permission.)

E 8'14 . . . .
U'dRependence of the signal calculated numerically for a BWO with an infinite axial magnetic

e vertical axis is calculated by integrating the radial component of the microwave signal.
rom Swegle, J.A. et al., Phys. Fluids, 28, 2882, 1985. With permission.)

707-kV, 100-Q beam is that the former is optimized to deliver the maxim

beam power possible at 500 kV, while the 707-kV beam is not optimizad:

impedance for the BWO jtself, i
Computer simulation with the 2-1/2-D MAGIC particle-in-cel] (PIC) &
shows the large-signal behavior of an overdriven BWQO in Figure 8,143
output signal from a BWO with a sinusoidally rippled SWS is express
terms of a potential obtained by integrating the radial electric field compon
from the axis to the wall. The initial potential jump is an el

2.50 % 104

i
A
P
1.25><10“;_\/\/\ i

TVz (cm/sec)
o
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_ I =
space plot for the beam electrons given in Figure 8.15, plotted at’abg 12510

momenta. Near the entrance to the slow-wave structure, the axial mo
are strongly modulated, leading to bunching of the electrons. As the el
move farther into the structure, the strong potential wells of the m_ic

begin to trap some of the electrons, as we see from the large num
particles beyond about z = 15 cm that are bunched with small axial'm
The fraction of the total population of electrons that are trapped trad
back and forth with the waves with little net exchange, so that they m
the microwave signal amplitude. Overall, at appreciable distanc

~250 x 101 h ' L

z {cm)

8.15

Pace plot of the electron momenta vs. position in a 25-cm-long SWS at t = 10 nsec in
€, with output as shown in Figure 8.14. (From Swegle, J.A. et al., Phys. Fluids, 28, 2882,
Ppetmission. )




at the relative efficiency of microwave production varied by a factor of
ve in a periodic fashion. Although not shown, the frequency showed a
similar variation, from about 9.7 GHz at 1 mm to 9.4 GHz at 6 mm io

bout 9.63 GHz at 17 mm. The simulations helped elucidate the role of the
onresonant space harmonic of the SWS mode in adjusting the pha-se
Letween the beam current and the RF voltage to create the effects seen in
e figure, effects that had also been considered elsewhere. 184 This tech-
n:i'que has now become a standard for optimizing BWQ output power and
efficiency, as well as for providing mechanical tunability. A 670—MW X-
pand BWO operating at 25% power efficiency was built on the basis of

this work, for example.

FIGURE 8.16 ‘
BWO at the University of New Mexico with both forward and backward shifting. (1) Capacs
Vcltage. dilvider, (2) Rogowski coil, {3) cutoff neck, {4} cathode, (5) anode-cathode poct
magnetic field coils, (7) slow-wave structure, {8) smooth circular waveguide and shiftin %{ap,-
Lyand L,, (9} electron beam, (10) output horn antenna, and (11) reflection ring. (From Mg erfg't '
L.D. et al, fEEE Trans. Plasmg 5ci,, 24, 852, 1596, With Permission,) o

4: Operational Features

is section, we consider the operational features for three different types
ources: {1} large-diameter multiwave devices, (2) much more compact
BWOs, and (3) TWTs. The first two types represent two very different

roaches to soutrce construction. The ambitions of the former effort have
ent directed toward the maximization of peak power and energy per pulse

ta very broad frequency range from 10 to 60 GHz, almost without regard
e volume and mass of the system. Much of the most important work
dbne on a mammoth test bed offering great, but not unlimited, tlexibility
rsuing these ambitions. The latter has focused on a very different, but
ess ambitious, set of goals: optimization of a multigigawatt BWO-based
system in a compact package that Operates repetitively and can be taken into
1d. We compare some of the major results achieved for each system in
8.2. Finally, TWTs remain something of a work in progress, although
ffer some unique features, such as an internal mode converter to get

structure, there are more electrons with momenta Jess than the injection .VaI'
at z = 0 than there are electrons with momenta over the injection valy;

(;omputer simulations with the TWOQUICK PIC code were also'y
to investigate the effect of inserting smooth-walled drift sections befo
and after the SWS in 4 BWO, as shown in Figure 8.16.7 When the Ieﬁg
of the upstream section L, was varied from 0'to 40 min, Figure 8,17 she

1.2 .
> 10 ane-wave output and the long-term possibility of master oscillator/
£ er amplifier (MOPA) arrays that could offer high power without stress-
B 08 y one source beyond its limits.

2 06 g

g

3 04

& 02 MWCGs, MWDGs, and RDGs
0.0

peak power and frequency range over which gigawatt-level output
has been produced in the centimeter and millimeter regimes is very
sive: 15 GW at 9.4 GHz in an MWCG™; 0.5 to 1 GW at 17 GHz in an
G*; 3 GW at 31 GHz in an MWCG operating in a superradiant TWT-
Mode”’; and 3.5 GW at 46 GHz and 1 GW at 60 GHz in a two-section
" In the series of shots that produced these last results, pulses of up
~IBecin duration were produced at somewhat lower power, and pulse
s.of up to 350 J were radiated. The efficiencies claimed for these

Shifting (mm)
+ Twoquick = Experimental
FIGURE 8,17

Vafiatif)ns in BWO power efficiency creatpd by forward shifting with variations
L, in Figure 8.16. Results of both simulations with the TWOQUICK code and experi
shown. (From Moreland, 1., et al., IEEF Trans. Plasma Sci., 24, 852, 1996, With pi_%




1ABLE 8,2

Power Generators
E-Beam SINUS-6 i
Generator GAMMA  GAMMA GAMMA (NAGIRA) SINUS.g
Voltage 2.1 MV 1.2 My 1.5 MV 600 kV 1MV &
Current 15 kA 12 kA 20kaA 5kA 14 ka .
Impedance 146 Q 100Q 750 120 710
Pulse length 1 psec 1 psec 2.5 psec 10 nsec (150-Hz 45 nsec -

repetition rate)
Slow-Wave
Structure
Diameter 14 cm 11.8 em 11.8 cm 15 em -
Period 15 em

4 mm 7 mm 1.61
Total length 9.7 cfnm(sz
Magnetic field 245 T 28T 37T

Source MWwCe

Waveiength 3.15 em 9.72 mun 6.5 mm 32 em
Power 15 GW 3GW 28 GW 0.5 Gw IGW .-
Duration 60~70 nsec 60-80 nsec 700 nsec 5 nsec 6 nsec.
Pulse eneray 5207 257 207

Efficiency 48% 21% 9% 17%

iese devices use two (or more) slow-wave sections, separated by a drift
ce, each with a length roughly comparable to its diameter; in contrast to
strons, the intervening drift space is not cut off and allows radiation to

w_between sections. Examples are shown in Figure 8.19. Basically, the
GAMMA, 1 5 large, Marx-driven, single-shot, pulsed power machine capab stream section acts as a buncher, and the df)wnstream section is an extrac-
of producing 1-usec voltage pulses when the output was crowbarred, section in which the bunched beam radiates; the driving beam current
pulse of up to 15-usec duration in a rundown mode when the Marx ¢4 utficient to start oscillations in either section alone, but exceeds I, for
i ggregate. In the MWCG, each section operates in the m-mode {see Prob-
), like an SWO below its individual start condition, while in the MWD,
upstream section operates in a backward wave mode and the downstream
operates in a 3m/2 diffraction mode (vy = 0). In RDGs, each section
on mode. These sources have large
sections, with diameters D of up to 13 wavelengths in practice. The

The test bed for many of the major achievements with these devices:

Wwave structure. The slow-wave structure itself has an inner diameter o
15 cm, and the output window at the left is 120 cm in diameter. G
has since been shuyt down, and subsequent eXperiments with MW C
the SINUS-7M machine, 5 shorter—pulse, somewhat Iower—voltage m
—__—_1___ ' .

* It a number of instances, there is some ambiguity in the claims for output powe
mstances, the quoted value i for power leaving the source and entering the waveguid
port to an antenna, while in others, the value is for actual power radiated. Obviously, a
a high radiated Power requires optimjzation of both source and antenna operation
eXperiments, antenna efficiencies of about 50%, below optimal, reduced the radiated pr
below that produced in the source. Here, we do not attempt to resclve this ambigui
source, but rather notify the reader and assurmne that the quoted power levels would
be quite close to the value that would be radiated if the antenna performance were'0)

-handling capability of the slow-wave structure. The operating modes
he MWDG and RDG further reduce the fields at the walls because they
lume modes with field maxima closer to the axis (except in the case of
devices Operating at the special Wood’s anomalies}).”

rtunately, this point about mode patterns is beyond the scope of our treatment, since it

an understanding of the details of the relative weighting of each spatial harmonic in the
King up the expressions for the mode fields, but it is discussed in the MWDG and RDG
as;




higher frequencies and smaller values of A, it was possible to demonstrate
GW-level production for D/A = 13, With these higher-frequency results in
hand as a demonstration of mode control at this large value of D/, a series
of initial experiments were performed with a larger, 38-cm-diameter struc-
wre” At this larger diameter, GAMMA was capable of currents of 60 to 7(
kA at voltages of 1.3 to 1.6 MV in 500~ to 600-nsec pulses. Significantly, a 4-
MJ Marx bank was needed to power the solenoidal field coil providing guide
ields of up to 2.25 T. The system was shut down without optimizing the
lew configuration, however, and preliminary results of 3 GW in the X-band
n an MWCG were unremarkable in themselves. We note that the operating
eam impedance of almost 25 Q is much less than the typical 100-Q value
or devices of this type. One other parameter that we shall discuss shortly,
he linear beam current density, I,/27r,, is about twice that for the 15-GW
MWCG of Table 8.2, which had an efficiency of 48%, but comparable to that
for the 2.8-GW MWCG with an efficiency of 9%.

“The higher-frequency devices of Table 8.2 use quite small values of the
rall period z,. In Equation 8.12, we see that the resonant magnetic field for
st-cyclotron-wave effects scales as 1 /z;. At higher frequencies it thus
omes difficult to operate at magnetic fields well above the resonant value,
hat the field becomes a strong determinant of the operating frequency.
the RDGs of Bugaev et al.,*¢ the magnetic field was a strong determinant
‘the frequency. Between 2.3 and 2.4 T, the output frequency was predom-
:ly in the 9- to 11.3-mm range, although there was considerable variation

Sl G g e D ermnals e By

(a) Multiwave Cerenkov generator (MWCG)

dy dy

(b} Multiwave diffraction generator (MWDG)
FIGURE 8.19

Sc}}ematic of the walls of the cylindrical two-section slow-wave structures for an (a) MW
(with 4, = d%) and (b) MWDG {or RDG). The electron beam enters from the Jeft. The lengths @
the two sections in each structure are, in general, different. i

of, and rationate for, three-section structures is discussed, ag well ag

apparent inverse Proportionality between the optimum guiding magn

able, with frequency content near 7.2 and 9 to 10 mm. At higher fields,
field and beam spacing from the wall

reen 2.6 and 2.8 T, the signal was concentrated in the 6.5- to 6.8-mm
e. The longest pulse and greatest pulse energy were achieved with a
ld'of 28T, at a voltage of 1.5 MV and a current around 20 kA At 46 GHz,
0.8 GW in a 700-nsec pulse was generated, with a pulse energy of 520
rer the course of the microwave output pulse, the bearm current rose and
oltage dropped continuously; we will return to this subject when we
S pulse-length issues later in the next section,

issues of beam control and pulse shortening are very important for
evices, Because these issues are still under investigation, and because
are of general interest, we cover them in Section 8.5.

width of a 9.4-GHz, 5-GW MWCG* with D/, = 5 voo 0.2 t0 0.5%; at 3
and 1. 5 GW, with D/A = 13, the width was still only 0.5%,4 which
latter case was on the order of, or less than, the spacing between thé
modes of the slow-wave structure in the absernice of the beam.

The experimentally observed increase in both peak power and prls
with increasing /% is also remarkable. In a 9.4-GHz MWCG, when
5, the output power and pulse length® were 5 GW and 30 to:5
increasing D/ to 5 increased both power and pulse length to 15
60 to 70 nsec, while increasing efficiency as well. Further increases in

BWOs

gh power BWQOs such as those used in the NAGIRA system are more
act and tend to operate for shorter pulses than the MWCG at power
5 Up to several gigawaits. Historically, the BWOs from the Institute of

wrrent Electronics have been driven by electron beams generated
SINUS pulsed power machines, many times in a repetitively fired mode.
' nary of SINUS machines is given in Table 8.3, which was compiled
experiments were performed at 31 and 35 GHz with the same D number of references,52-5 The largest SINUS machine, the SINUS-7,




TABLE 8.3

Operating Parameters Quoted for High-Current, Pulse-Periodic Nanosecond
Accelerators in the SINUS Family

Pulse Pulse Average
Voltage  Current Length  Energy PRR Power

(V) kA) (nsec) m {(pps) (kkw) Refereng
SINUS-200 350 35 3 3.7 1000 3.7 52
SINUS-M-3 220

0.7 3 0.5 1 0.0005 53
Not named 400 8 25 80 100 8 54
SINUS-£ 500 3 30 45 50 23 55
SINUS-5 600 10 5 30 100 3 53 .
SINUS-6 700 7 20 98 100 9.8 56
SINUS-6L 800 8 25 160 1 0.2 53
SINUS-K 450 45 25 51 1000 51 53
SINUIS-7 1500 50 50 3750 50 188 52"
SINUS-700 1000 10 30 300 200 40 52
SINTIS-8 200 15 20 60 400 24 53
SINUS-881 610 54 25 80 100 8 57
SINUS-13 200 7 7 9.8 100 1 58
SINUS-550-80 550 5

220 50 11 AV, Guri;

RE 8.20 L o
SINUS-6 accelerator at the University of New Mexico in Albuguerque. The large section

ed “SINUS-6" is the integrated pulse-forming line and Tesla transformer; th(-? cylindrical
6n the top is used to trigger the gas switch between the pulse-forming line and the
mission line at the left of the figure.

is quite large, but the SINUS-500 and SIN US-6 are sized for field deploymer
in a complete system the size of a large shipping container. A SINUS-4

-d by properly positioning the resonant reflector be‘tween' the dif)de and
ength of the slow-wave structure, a technique mentioned in Section 8.34
was developed to.optimize the phase relationship between the resonant
ward space harmonic of the wave and the nonresonant forward space
onic in the expansion of the fields. %74 We note that the resonant
ector used in these and other Russian BWO experiments differs from the
d reflector used in a number of other experiments.”” The resonant reflector
ists of a short section of the smooth-walled waveguide between the
fe and slow-wave section that has a significant step increase in radius.
opntimized device length was actually quite short: 6z, = 9.7. cm (three
65 the vacuum output wavelength), and it radiated a T 1~11kfe output
The 3-GW, 9.4.GH>, pulses lasted 6 nsec, with about 20 J radiated per
A plot of pulse length vs. output power is shown in Figure 8.21. The
he data indicates that the energy per pulse is apparently limited by
hortening to about 20 I, regardless of the output power. The authors
that at 3 GW, the peak wall fields in a smooth-wall waveguide are abogt
/em, and previous work indicates that wall breakdown occurs in
0 nsec for fields of 1 MV /cm.,

band device was referred to as a resonance BWO, because its opera-
pends on propeily tailoring the interaction within the device by
Ully: choosing the length of the slow-wave structure and the length of

Ekaterinburg®™; a modification of the SINUS generator :
pulse-forming line, which raises the impedance, to better match the im
ance of the BWO, and shortens the system for a given pulse lengtheo,
even a one-shot explosively driven generator.5!

The NAGIRA system discussed in Chapter 2, which also uses 2 §
machine, has a number of interesting system features, First, the imp

appeared® in the late 1970s, As we wil] discuss in the next section, consi
effort has been devoted to reducing the magnetic field requirementt fors
of this type. Third, the system uses quasi-optic transmission to the ou
BWOs of this type have produced gigawatt-level output in very co
microwave sources: 3 GW in an X-band device®® and 5 GW in an S-ban
device.5 Both were driven by a SINUS-7 machine: the X-band BWO
MYV, 14-kA pulses, and the S-band BWO with a 1.2-MV, 15-kA voltag
current pulse. The X-band BWO was fired repetitively, although it
ited to subherty firing rates by thé magnet of the BWO. The pulse
standard deviation of output power was 3%. The output power,




where £ is the cutoff frequency for the given mode and Suo =1 if

40 m = (t and is zero otherwise.
@ 30 '
& 50 Note that P scales as the area of the guide, .
Having chosen D, the authors of Reference 30 considered several walf
10

hapes (none of which was the sinusoida] wall of Equation 8.8), plotied the
lowest-frequency dispersion relation for each, and then chf)se one that gave
them an SWO. To enhance power, efficiency, and tunab1hty, they used an
upstream reflector with a movable smooth—walled~wavegq1de sechc?n. _Fc.)r
details of the design process, refer to the referen‘.ce. In experiments 'Wlfh this
device, a peak output of 500 MW was achieved in a 10.2-] puise with a 570-
&V, 5.8-kA beam. The efficiency was about 15%, and a tunable range of abput
2(3 MHz was achieved about the 8.3-GHz center frequency. Pulse shortenmg

05 1 15 2 25 3 35

BGw

FIGURE 8.21

Microwave pulse duration v, OWput power in g4 single-mode, 3-Gw X-band B, (Frdm
Gunin, AV, et al., IEEE Trans Plasmg Sci,, 26, 326, 1998, With Permission.)

can be made to be quite short; the SWS was only about 2.5, with ), the frg,
Space wavelength of the radiated output, while the smooth-walled i
added about 0.7), to the tength. At peak output power of 3.3 GW, the ¢
ciency of the device Wwas about 30% and the pulse length wag 25 nsec, wi
peak energy Per shot around 100 I Remarkably, the efficiency wag ra
constant as a function of electron beam Power over the range between 5
19 GW of electron beam pPower. The mean diameter of the Swg for thi
band device was about one free-space wavelength,

One fOmpromise route for balancing high output Power and sigzg _

ipples, where peak fields exceeded 400 kV/cm.

, while the other had trouble controlling oscillations. Here we concen-
eon (1) a Cornell effort using solid “pencil” beams, rather thfm the more
on annular beams, in a two-section, severed structure* (unlike the two-

achieving about 1 Gy output at a voltage of 500 kv Two estimates |
motivate the choice of 5 larger-diameter SWS;

have a 5-mm standoff from the wall leads one to the estimate D /

* Inasmooth-walled waveguide, the refationship between the p
carried in a T mp TNOde P and the maximum field at the wal].
is (using our expression from Table 4.4) :

tructures, which grew
gan with single-stage TWTs, is summarized in Shiffler
-wave structures had an average radius of 1.32
- and a period of 7 mm, and Operation was in
t each end, the ripple depth tapered to zero to
d the possibility of breaking into oscillation.

TCI’z Ei’ﬂ max
e = hﬂ_(l ¥ 6’"’”) : band at a center frequency of 8.76 GHz. The electron

4z, 72




Master
oscillator

Magnetron

mﬁth an acctuiacy of £8°. Above 70 MW, sideband formation occurred
Phase control problematic. Bandwidth was quite narrow: 2()
dB points on the gain curve, ! W 20 Mz at the :

tTk'?e two-stage severed amplifier was adopted to prevent self-oscillation
a 1gh‘0peratmg currents. Two amplifiers, each with center sectig /! Mode 4
ripples in length and tapers t the end 15 BWA TWT Horn
o p Pers at the ends, were connected through a ¢ modalator converter amplifier anfenna
; ;gsd 0co graphite sever 13.6 cm long that attenuated the microwave gj TE Drift HE HE

¥ 30 dB, but allowed the Space-charge waves on the beam to Pass unatte . space u 1L, Collector

uated to couple the two amplifier sections. The tota] signal output of ab
409 MW, averaged over the pulse, was produced at an efficiency of 4500
&4m was 37 dB. Bandwidth was considerably larger than that of the gipg
stage amplifier, of the order of 200 MHz. Unfortunately, sidebands -
obsel-"ved at all signal levels; at peak power, roughly half of the total o
was m‘the sidebands. Computer simulations indicated that the buzf (I)i
length in this system was quite long, and that the sideband develg ;
could be traced at Jeast in part to finite-length effects and end refleptm
Rema‘rkably, €ven at instantaneous power levels up to 500 Mw andc'
durations of about 70 nsec, no pulse shortening was observed, B
The more complex amplifier from Tomsk Nizhny , 3 5

GURE 8.22
ook diagram of the 1.1--GW TWT amplifier developed by the Institute of Applied Physics in
:'zhny Novgerod and the University of New Mexico. Jindicates the direction of beamn-current
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atic of the 1.1-GW TWT amplifier developed by the Institute of Applied Physics in Nizhny

od and the University of New Mexico. (1) Cathode, (2) vacuum chamber wall, (3)
g horn, (4) backward wave amplifier modulator, (5) microwave input and drift space,
ling wave amplifier, (7) input rectangular waveguide, (8) outpuit homn, (9 and 10) input
utptt microwave windows, and (11) magnetic field-producing solenoid. Scale is in milli-

if one wishes to use a conventional microwave source with power in |
(From Abubakirov, F.B, et al., IEEE Trans. Plasma Sci., 30, 1041, 2002. With permission. }

to 100-kw rfange as the master oscillator, High gain, however, increas
chances that the source will break into self-oscillation, particularly und,

relatively high noise conditions associated with relativistic electron _'s;an'beam from a horn antenna. The preamplifier has a mean diameter

i (D /) ~ 1.8), while the mean diameter of the traveling wave amplifier
46 cm. Axial magnetic fields up to 5T could be applied. Gains in excess
B are possible, but over a narrow range of operating parameters. More

Eic;iv'l?ﬁzi ;[1? ah?f’il:?e? modi, which is prearpp]jfied in t.he l?ackwarc% wavea ably, lower gains of 43 to 44 dB can be achieved at comparable efficiencies
slow-w. It:)r . whenrun below s start oscillation conditior Ot more and over a much wider range of operating parameters.
ave structure with a cor in Fig - System can be run with the backward wave tube either above its
illation threshold, in which event an output is produced without input
modulaii i m = ; ‘ . :'e conventional magnetron, or below it, so that an input is required
on on the beam with th ‘ 2¢ anoufput. The parameter governing the transition to self-oscillation
backward wave tube is the radius of the electron beam; given a
ar beam current and voltage, there is a minimum beam radius for

The input signal from g 100-kW, 9.1- t0 9.6-CT1z tunable magn




involving a relativistic BWQ driv_ing two relativistic TWTs. Unfortunately, a
of the i ! umber of technical problems prevented the system from successful realiza-
- COupling between the beam and the structure reaches a requig gon, but we discuss the configuration to illustrate the concept. Three cath-

with a i i vdes energized by a single pulsed power unit were to provide three beams
radial velocity of 1 to 2 em/usec over the course of the 500-nse z}r a BWO and two TWTs; the BWO was to be the master oscillator for the

igh-voltage operation at much lower impedances than those of individual
BWOs and TWTs, which are typically about 100 Q (although we note that
the Cornell pencil-beam TWT was an order of magnitude higher in imped-
f about 1 . N ice). Two TWTs were coupled to a BWO at the upstream coupling junctions
otaboul I GW were seen over 4 TArTow range of fields below the dip. Giye : fh)rectangular waveguide sections. The TM,,-like mode of the BWO was
nverted to a rectangular-guide TE,; mode, and then reconverted to a TM,-

ke mode of the TWTs,

Up to a 5% bandwidth could be teached through a coordinated tynijn
theI magnetic .field and the beam radius. Pulse Shortenjng is observed __-g ;
E tu IS; Ig;%ﬂ(;;s 125562:22;?33 3;12\71(7‘:5 Jj beagl rac}lllus of 2 cm) and 7 hse iis is a relatively mature class of devices, but there are three major areas
benefits of incre;ts' the device d:. " — but the authors offer that'th esearch and development: (1) pulse shortening, which is a affliction for

. g the device diameter have yet to be fully exploited HPM sources to one degree or another; (2) operation at lower magnetic
i s . . lds, below the cyclotron-resonant field value, with a long-term eoal of
oscillator /power amplifier (MOPA) configuration shown in Figure §; d;lower—powerydirect current (DC) electromagnets or evg;n perrianent
and (3) axially varying the SWS in order to raise device efficiency.
B_é'yond those three topics, there is the additional issue of the less mature
urces in this class that deserve at least mention: the DCM, PCM, and even
asma-filled BWOs. We will mention these at the end. TWTs are also a less
hure source, and in that regard, they qualify as an R&D issue, but we have
ady discussed the major research in this area. :

Research and Development Issues

Magnetic field coi]

Coupling

junction ~ Microwave samplers

Cathode  Cathodes

stalk . l
= | f ;
< Nl W-_
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1° Pulse Shortening

e shortening involves a suite of factors: (1) breakdown in the power feed

. — o

/ d AT L TwWT
Water [£E¢ !-‘}nnular 0y RN lectron beam diode; {2) plasma motion in the diode that either closes
Vacuum - €FECHON - Agjugrgbe Rogowskii ode-cathode gap or causes the electron beam radius to increase with
sam anodes coils e ) iy
-(3) breakdown processes in the SWS; and (4) beam stability issues

N the SWS that cause anomalous electron beam loss. Three issues we
tconsider here are plasma formation processes in the beam collector
eak plasma into the SWS; breakdown in the waveguide carrying micro-
away from the source; and breakdown in the antenna under the stress
remely high power,

teakdown in power feeds is an occupational hazard in the pulsed power
ess. One more subtle form of breakdown that caused early problems

-~
/ l ! X-ray ports

FIGURE 8.24
Layout of the Cornel] master oscillator/potver ampiifier experiment. (From Butl
Wharion, C.B., Proc, SPIE, 1226, 23, 1990, With Ppermission. ) o




yacuum system. As a result, the microwave pulse length was increased from
6 to 26 nsec, and the energy per pulse grew from 20 to about 80 I
In computer simulations, electrons alone reduced the output power, but
. did not terminate the pulse. When ions were emitted, however, the output
ower became strongly dependent on the current density of electron emis-
- gion from the walls, and above a certain electron current density, microwave
‘emission ceased. The location of the plasma emission was significant: the

n some experiments involved parasitic current flow from the cathode, or
cathode feed, of the foil-less diode that creates the beam to the opposite wal]
of the transmissjon line, which sits at the anode potential.* This problem
was solved rather straightforwardly by shaping the magnetic field near th
electron—emitting surface so that the field lines intercepted a shield on the
cathode side designed to catch electrons before they could leak acrogs to the
anode side of the feed or transmission line.

Plasma motion in the diode and the effect that it has on gap closure and “closer the release of the plasma to the input end of a BWO, the more it
beam radius growth are more difficult. The electron beam is generated by 5 affected the microwave output. Plasma at the Input end, perhaps due in part
process of explosive emission that creates a plasma at the emitting surfaca to beam interception by the input iris, was most damaging. Thus, BWOs in
from which the beam is drawn. This plasma is confined by an axjal magnetic. which the efficiency and power are optimized by adjusting the location of
field, and it can expand across the magnetic field, causing beam radiyg: the input-end reflector are most susceptible to this effect,
growth, or forward along the magnetic field toward the anode, causing g Additional contfirmation for the processes described in Korovin et al.®

closure. When the beam radius grows and the beam approaches the waj] might be drawn from the RDG work of Bugaev et al. There, diagnostics
owed that the current received at the output end of these devices grew
ith time. Further, x-ray diagnostics revealed that the additional current,
into oscillation and could no longer effectively amplify the input signal. In eyond that of the electron beam, consisted of low-energy electrons carrying
much or more current than the beam by the end of the beam pulse.
uring the production of very high power microwaves in the MWCG
excitation or overbunch instability — becomes a problem. Finally, tHe periments producing X-band radiation at the level of 10 GW or more, beam
increase in Iy, can cause the beam to intercept the input iris to the slow-wav sport during the microwave pulse was clearly seen to terminate.” This
structure, exacerbating gap closure problems and causing beam terminatiop nation occurred despite the fact that a beam of the same current and
Experiments have shown that cross-field éxpansion is exacerbate ltage propagated through a smooth-wall structure of the same radius with
penetration of microwave fields into the anode—cathode region.s7 the same guide field when no microwaves were generated. Striated damage
Two basic approaches have been taken to reduce cross-field expansi patterns were observed on the slow-wave-structure walls. It was postulated
One method was to increase the magnetic field strength as a function of tim hat the beam broke into filaments and that E x B drifts involving the
in order to hold the plasma in place as it diffused across the field: in effe owave fields drove these filaments to the wall: however, this phenom-
these researchers “brought the field to the plasma.”® Another approach; n is still not clearly understood.
been to reduce the density of the plasma at the cathode. In thig reg creasing the diameter of the slow-wave structure clearly helps in one
multipoint cathode consisting of an array of resistor-ballasted carbon, fib : Equation 8.15 shows that the maximum electric field at the wall for
was used to reduce the overall plasma density well below that create “microwave power drops as (D/A)2 With regard to that field, we note
the surface of standard annular “cookie cutter” cathodes. s Consequ the maximum fields at the walls of the 3-GW BWO were approximately
the cathode plasma den51ty was reduced by two to three orders of : '/com. There was also an indication, on the basis of rather limited data
tude, and an §-jisec pulse was produced, albeit at the low power of 10 M e MWCG experiments, that lower values of the linear beam current
' ity 1,/nD, are more desirable than higher values, and there may even
ptimal value.”® The value in the 15-GW experiment was about (.35
L This is an area where more research is needed.

cookie cutter, cathodes.®

Breakdown in the slow-wave structure is evidenced by damage m
the SWS, and it has received a great deal of attention. In an extensive
of the problem,” the emission of plasmas from the wall, and the ambi
diffusion driven by ions in that plasma, were identified as a primar
of pulse shortening. Explosive emission is at least one source o
plasma, as indicated by the observation of pits on the wall suggestiv; W BWO is shown in Figure 8.25.5 The drop in power around 2 T
process. Another is adsorbed gases on the slow-wave-structure from the cyclotron resonance dip at the field given in Equation 8.12.
reduce this latter effect, the slow-wave structure of a 3-GW, X-ban ower peaks around 3.7 T, and from the standpoint of output power
was electrochemically polished and liquid nitrogen traps were a ength, there is o advantage to increasing the magnetic field above




: ':.5-,4 Other O-Type Sources: DCMs, PCMs, and Plasma-Filled BWQOs

Dielectric Cerenkov masers (DCMs) and plasma Cerenkoy masers (PCMs)
operate in smooth-walled waveguides and use different slow-wave struc-
tures. In the DCM, slow waves are realized by using either a dielectric liner

2 3
f?: 15 j: § r rod within a smooth-walled waveguide. The material of the rod of liner
I " is chosen for its high permittivity (or index of refraction), and the slower
4 light speed in the material brings the dispersion curve for this slow-wave
05 2 structure down below the speed of light; Equation 8.4 is modified to
] s} ’

10 20 30 49 50

H, kOe o =kic* +@2 (0,p) (8.16)

FIGURE 8,25

Mierowave power and pulse duration for 5 single-mode, 3-GwW X-band BWQ (F ;
» - rom Gupyg
AV et al, IFEE Trans, Plasmg Sei., 26, 326, 1998 With permission,} v

power around 14 T, although the output power is lower there than it ig
3.7 T. Experiments with 4 larger-diameter SWS ang beam, but 4 jogg Power
electron beam, produced 800 Mw of output at 249, efficiency; this w
intended to reduce the wall fields and show the way toward higher po
and energy per pulse, In that larger-diameter device, though, we alsy no
that comparable Power was produced at magnetic fields below the resona

The use of a larger-diameter SWS and beam is important because be
quality and confinement are algg issues below the cyclotron Tesonance, ]
liminary experiments with g 10-GHz BWO showed that 500 MW of ol
could be produced in a device with a field of 0.7 T near the beam diode:
0.5 T inside the SWs, The DC field coj producing this field consume,
kW, At the larger radius, this device required more care in the selectig
a TM,-like operating mode.” -

gawatts have been produced in PCMs, as indi-

e filling of BWOs with plasma to increase the allowable electron beam
rrent within the SWS is an approach that traces back almost to the genesis
M. The motivation for doing so is that the plasma provides space-
ge neutralization of the beam, permitting one to use currents above the
'e~charge-limiting value for the vacuum SWs. Further, it is hoped that
utralized beam will have higher quality than the beam in the vacuum
/S, In the initial high-current device, 600 MW of microwaves was gener-
bt only at 6 to 7% efficiency. A much higher efficiency of 40% was
ed in later work at 400 MW.7 It the pasotron concept (plasma-assisted
ave oscillator, which was proven out at only tens of megawatts), the
. ; ! ! _ uide field was eliminated on the grounds that space-charge neutral-
number_o_f microwave source types. Axial variations can involve m ' by the plasma would prevent radial expansion of the electron beam.7
the coupling” or the phase velocity of the wave.15 |
sinusoidally rippled slow-wave structure of total length L had ré
shallow ripples over a length I followed by deeper ripples 6
remainder. In the portion of the structure with deeper ripples, the'ma
tield was decreased to allow the beam to approach the wall. By optin
this configuration, the microwave generation efficiency was almos
from 11% without the variations to 29% with them, resulting in'a
- power of 320 MW, In the latter case of varying the phase velocity;
pulse was generated at 459, efficiency. i

e years, a number of groups have developed a substantial under-
g of sources of this type. The values of output power, energy per
nd efficiency achieved within this group rank among the highest for




remarkable range in frequency; from 3 to 60 GH. That range co : ~Pros and Cons of the Two Main Approaches to Dealing with Device Limitations

in the L- and S-bands, although size could become an issue as t ‘Development .
frequency is reduced. In magnetrons, the lowest passband ext ros Cons
In frequency from zero to the m-mode frequency. In the O-t ‘Increase D/ Redl}ljct; Tall fifeéds Tdd lessen the Mode control
: robability of breakdown

d:;"slg;i (;r;(l'?e Fégure 8.6 (;::rfld Equatllops 8.4 and 8.5, we see that LI;wer impedance, both to reduce Existence of optimum linear beam
P n & Upward from a minimum frequency f=115/ Ty, voltage required to get requisite curtent density, I, /2xr,, not fully
Ty measured in gigahertz and centimeters, respectively. We alsg beam power and to better match explored
the upper end of the passband for the lowest-order mode depends on th source impedance to pulsed power
pEI’iOdiCity of the slow-wave structure, and that increasing 7. | owe Lower I relative to space-charge- Beam control issues not fully

- 5 % Is the limiting value and improve heam understood

frequency of the top of the passband. Thus, as the frequency goes down
device size grows both radially and axially. ’

The limitations in pPower, energy per pulse, and efficiency are actually
two classes: absolute and system constrained. Absolute limitations are th

quality and confinement
Start current must be pushed upward

to avoid nonlinear instabilities at
high current

intrinsic limits set by the physics or the state of the technology in the abserc Relduce elecmiai demand for Beam control
i 3 . electromagnets
;f Cor;str?mts on, forl exampl_e, Slze or volume or electrical power co Reduce magss and volume of Output power is optimum only over
on. System-constrained limitations, on the other hand, are thoge impose magnets, including structural a narrow range in B
by specific mission requirements, such as the demand for 4 mobile sys support

Make use of nonsuperconducting DC
magnets possible

Eliminate temporal constraints
mandated by the use of pulsed,
high-field magnets

limits for these devices, we outline the pros and cons of the two m
development thrusts in Table 8.4: (1) increasing D/A to raise power, ene
per pulse, and beam-to-microwave conversion efficiency and (2) opera
at lower magnetic fields to reduce size, mass, electrical power demands
temporal operating constraints imposed by pulsed, high-field magnets,
Increasing D/ should improve the performance of the smaller giga
level BWOQs. Increasing the performance of the larger multiwave de
howeve, begins to push the limit of ultimate device performance, Fx

ratio I, /I, and it will be necessary to design devices with higher start
rrents, which involves such measures as shortening the stow-wave structure
litting it into multiple segments, to avoid those instabilities,

Decreasing the operating magnetic field addresses a number of system

as high as D/A = 13. An X-band MWCG at this parameter value would h traints, but at the expense of raising additional issues in beam control.

a slow-wave-structure diameter of about 40 em. Adding magnetic field -ause many systems use either a superconducting magnet for continuous
¢ ation — a system complication — or a long-pulse conventional magnet

limits the number of pulses that can be fired before the magnet pulse
ates, cutting the magnetic field is very desirable.
tole of the beam in pulse shortening is still not tully understood. The
of explosive emission cathodes is a foundation technology for these
€s, since these cathodes are necessary to provide the multikiloampere
nis that are required. The motion of the cathode plasma is a serious
em, however. Diode shorting and the growth of the beam radius may
de intrinsic limitations on pulse length and, as we saw, the ability to
perational TWTs with substantial energies per pulse. Once the beam
efficiency as the source is brought inio a better impedance match wi e the slow-wave structure, the underlying causes for the loss of the
; 0 the wall still need to be better understood before this limitation can
ly addressed.
_ device powers in unconstrained systems could be pushed into
> of gigawatts if there is 4 demand for a system with the associated

tially imposed by system constraints, If indeed the empirical observatio
an optimal linear current density, I, /271, in the range of 0.3 to 0.
holds — and the data are sufficiently limited that this is considered £
to be resolved — then the optimum operating current might increase
and the operating impedance would rop as 1/D, if the voltage could




517€, mass, and electrical power demand. Alternatively, one could build com-
pact, more highly optimized BWO-based systems, with longer pulses a
current output power levels of several, {o perhaps 10 or so, gigawatts, oy
smaller MWCG-based systems offering similar performance. The limiteg
work in TWTs points to some possible advantages in pulse length, given the
lower internal fields in amplifiers, as well as provides a more desirable outpy;.
mode, bui their lower level of development presents more uncertainties,

Problems

1. Some slow-wave structures have a sinusoidaily rippled wall with a
wall radius described by Equation 8.8:

¥

w (z) = +n sin(kgz)
with hy = 21t/z,. Plot 1, (z) over the range 0 <z <3z, forr, = 1.5 cm,
r, =015 cm, and z, = 1.1 em. ’
2. We can approximate the dispersion curve (o vs. k,) for a slow-wave
structure by using the dispersion curves for the TM,, modes of a
smooth-walled waveguide over the appropriate values of k,. Before
we turn to the slow-wave-structure dispersion curves, considgr the
dispersion curves for the TM,, modes of a cylindrical waveguide of
constant radius r,. The dispersion curves for the smooth-walled
- waveguide are given by Equation 8.4:

8.7 Summary

O-type Cerenkov devices are among the most versatile of HPM sources, with
gigawatt power levels demonstrated between 3 and 60 GHz, and possibly
down into the L-band if that were desired. Further, they have been operatea
repetitively when driven by the SINUS series of pulsed power machine;
which can provide pulse rates up to 1000 Hz. In this repetitive mode :

operation over any appreciable time period.
The pursuit of high power operation has taken two directions, one inyg)
ing large-diameter multisection slow-wave structures that operate in a g i .
. . o ng to Equation 8.5,
tiwave mode (MWCGs, MWDGs, and RDGs) and another Involving hig where, according 4

®' =k’ + ol (0,;7)

HG‘U’C
. . . @, 0,7)=
per pulse. This places a burden on the designer to control the output mg ( P ) #

- with the p, solutions to the equation

physics. Devices with power approaching 100 GW would be conceivab Jo (!—L(}p)z 0

transients that accompany the pulsed power producing the beamis.:I\ : - Ky =k, +nh,

as high as 1 GW have been reached, although this latter system was:pl - 2 What are the four smallest values of Hop?

by a tendency to go into oscillation as the beam radius expanded:ovet th 9. For a waveguide radius of r, = 1.5 cm, what are the four lowest
course of a pulse. cutoff frequencies, fo = @,/2x, for the four lowest-frequency
TM,, modes of the waveguide?

Plot the dispersion relation of Equation 8.4 for the four lowest-
Irequency TM,, modes for k, in the range




3u,, (0,1) cr <20 (0)

c c

dispersion relation has the same form as the TM™,, modes, except d.
that tl}e cutoff frequencies for these modes are given by the
following, with Mg Teplaced by Vo, Which are the solutiong to

] 6 (Vﬂp) =0 e

For our 1.5-cm-radius smooth-walled waveguide, what are the
four lowest cutoff frequencies, f_ = 0,/ 2m, for the four lowest: -
frequency TEy, modes of the waveguide?

e. Return to the TM,, modes again. What is the frequency in GHy,
ff = ®/2x, of the TM,;, mode for k, = w,/c? What is the wavelength

same wave?

3. Consider a slow-wave structure with a sinusoidally rippled wal]
described by Equation 8.8, with w=175cm, r, =0.1 cm, and z.-
1.2 em. Sketch, or plot using your computer, the three space har
monics, forn = -1, 0, and 1 in the expression for
three TM,;, modes of a smooth-walled waveguide with radius r. f5
k, between -3h;/2 and 3h,/2. .
wave-structure dispersion curves for that range of k, using the pr
cedure outlined in Section 4.4.1. '

by space harmonics of the smooth-wal
waveguide TMy; mode, we sometimes call it the TM,,-like mod
even the TM,; mode, although we have to be careful what we iia
when we use the latter shorthand. The dispersion curve for ea
mode extends over a range of frequencies known as its passb
Sometimes passbands overlap,-even though the SWS dispersior
curves do not intersect o Cross. |

a. What is the approximate value of the lowest frequency i
passband of the lowest-order, TM,,-like mode of the slow-w.
structure? What are the wavenumbers for which the freque
has this value? o

b. What is the approximate value of the highest frequenc'}f'.m
passband of the lowest-order, TM,,-like mode of the slow

.

b

structure? What are the wavenumbers for which the frequency

has this value?

What is the range of frequencies over which the passband ex-
tends for the next-higher-order mode? What are the wavenum-
bers at the lowest and highest frequencies in the passband?

In the second-lowest-order passband of part (c), over what range
of wavenumbers will the mode have the character of a T™y,
mode of a smooth-wall waveguide? Over what range of wave-
numbers will it have the character of a TM,;, mode of a smooth-
wall waveguide?

Would you expect that the TMy,-like mode would permit oper-
ation as a surface wave oscillator? Check against Equation 8.9.

4. Return to the slow-wave structure of Problem 3 and the dispersion
curves we sketched for it. Now we will include a beam in the problem.

What velocity would a beam have to have in order for its asso-
ciated beam line, @ = k,v,, to intersect the dispersion curve of
the second-lowest-order mode (i.e., the next one up from the
IMy-like mode) at the 27 point? The 2x point is where the wave-
number is such that k z, = 21. A mode with this wavenumber
goes through a phase shift of 2r for each section of the slow-
wave structure.

At what values of @ and k, does a beam line for a beam of the
velocity you found in part (a) intersect the lowest, TM,,-like
mode of the slow-wave structure?

The peak of the lowest mode of the slow-wave structure at k,=hy/
2 is located near the intersection of the n =
armonics of the smooth-walled-waveguide TMy, dispersion curve.
‘However, it is pushed down from that intersection by the formation
‘of a gap between the lowest and the second-lowest dispersion curves
or the slow-wave structure. That
‘the dispersion curve is
! erturbation, in the wall of the slow-wave structure increases in size
e.g. as the ratio of r; /1y, terms given in Equation 8.9, gets larger).

Oand n = -1 space

gap gets larger, and the peak of
pushed downward, as the ripple, or the

For a slow-wave structure with the dimensions given in Problem
3 (=175 cm, r; = .1 cm, and Zg = 1.2 cm) and a beam with
axial velocity v, = 2 x 10" cm/sec, how low does the peak
frequency for the lowest TMy-like slow-wave-structure mode
have to be if the beam line is to intersect that curve at its peak,
as in a surface wave oscillator?

What is the electron kinetic energy, (Y, — 1)mc?, measured in
electron volts?

In this chapter, most of our discussion of the addition of an electron
gam fo the slow-wave structure has used the beam line approximation,




w =ik,

in which we ignore the fact that there are actually two space-charge
waves on the beam -— which we can see clearly in Figure 8.7 — and
ignore the frequency splitting between them. With more accuracy
(but less than if we solved the complete dispersion relation in the
references), it is customary to approximate the dispersion relation
for the slow space-charge wave by

W= kzvb - (Dq

where 0, is an effective plasma frequency for a beam in a waveguide
or SWS. Just as it is a reasonable approximation to ignore the effect
of the beam in estimating the dispersion curves for the slow-wave’
structure, we can estimate the slow space-charge wave dispersion -
by ignoring the SW$ and computing the dispersion curves for 3
beam in a smooth-walled waveguide.

7.

Find the dispersion relation for the space-charge waves for a thi
beam of radius r,, current Iy, and electron kinetic energy (v, — 1)mc2
in a waveguide of radius r, with perfectly conducting walls Assume
that (1} the beam is guided by a large enough magnetic field that
electron motions are only axial along z, (2} all quantities are ind
pendent of the azimuthal variable 0 and depend on z and t as
explifk,z -~ wt)], and (3) the electromagnetic fields are transvers:
magnetic TM,, waves with only E,, E,, and B, components. Furthe
assume that beam quantities can be written as a large zero-orde
piece plus perturbations created by the beam; for example, the el
tron velocity can be written as Vi, = Vg + Vi, With v >> v, There
fore, ignore all products of the small perturbations.

waveguide wall.

b. Use Newton’s law (F = ma) and Maxwell’s equations o'z
the perturbations to the beam quantities vy, Y, and ny, (densi
to the fields of part (a). 2

the radial electric field at the beam. Hint: Because the bea
thin, you only have to ifitegrate the current density across

[

BteE
Jol2mrdr =1,

tp—e

where j, is the current density in the beam.

d. The resulting expression is your dispersion relation. It must be
solved numerically to find @ vs. k,, and the solutions will include
the space-charge waves as well as electromagnetic waveguide
modes. The space-charge modes will have dispersion relations
straddling the beam line. The term ©, in our earlier expression
can be found numerically as a function of the beam paramelers
and k,.

Using Equation 8.14 and the information in Figure 8.13, for a fixed

beam-wall standoff of 5 mm (i.e., 1, - 1, =5 mm), plot the maximum

power that an electron beam can provide as a function of wal] radius
1y in a smooth-walled waveguide for voltages V of (a) 500 kV, (b) 1
MV, and (c) 1.5 MV. Also, for each voltage, plot the beam current I,
and the impedance (V/L)) vs. r,, Remember that many of these
devices operate at an impedance of about 100 Q.

: In this problem, we will scope out some of the major parameters of

a large-diameter MWCG. We start by fixing the following design

parameters:

* Voltage V =2 MV
* Linear beam current density I, /2xr, = 0.4 kA/cm

‘¢ Ratio of diameter D = 21, to free-space wavelength A, D/A = 10

Frequency f = ©/2n = 10 GHz
Magnetic field B=2 T

.. Compute the beam velocity, v,, neglecting any loss of beam en-
ergy to space-charge effects in the slow-wave structure (i.e., sim-
. ply use the voltage to compute ). We need this for our beam line.

An MWCG operates at the peak of the lowest-frequency, TMy,-
- like passband in the n-mode. Find the value of the slow-wave-

- structure period z, that allows for a resonance with the beam
line at the peak. Remember that this is an approximate calcula-
tion and that the exact value would depend on a full solution of
the dispersion relation. How far in frequency below the inter-
section of then =0 and n = -1 space harmonics of the smooth-
- walled-waveguide TM,; modes does the peak of the SWS curve
have to lie?

“1f the beam spacing from the average wall radius, Iy — Ty, is to be
-6'mm, what is the beam current, given the fixed value of linear




beam current density? What is the impedance, V/1,? Is this value
of beam current allowed by Equation 8.14?

d. Given the radius of the SWS, assuming that the field cojls pro-
ducing the guide field are placed up against the structure, what
is the energy per unit length of SWS stored in the magnetic field,
which has energy density B2/2y,?

9. Consider a 100-Q BWO driven by a pulsed POWer generator with
an output impedance of 50 Q. The voltage at the BWO ig 1 MV, and
the BWO generates microwaves with 25% efficiency.

a. What is the output power of this device?

b. What voltage at the pulsed power generator, Vy,, is required to
provide 1 MV at the BWO?

C. While we make much of source efficiency, the ratio of microwaye

output power to the electron beam power, system efficiencies are

Important as well. What is the system efficiency from pulsed -
Power to microwave output? To be specific, what is the ratio of

microwave power output to pulsed power input?
10. Dielectric Cerenkov masers {(DCMSs) use smooth-wall waveguides

sec and Hz, for a cylindrical waveguide with perfectly conduck
ing walls of radius 4 cm, i

b. Now, assume a dielectric liner with relative permittivity g =
fills the inside of the waveguide of part (a) between r = 2¢m a

¢ The dispersion relation in part (b) will require a numerical
lution. Without determining the actual value of the cutoff
quency for the TM,, mode, we can denote it 0. Derive an
pression for the resonant frequency at which the beam line fo
beam of ENergy vy, intersects the dispersion curve for the diel
tric-lined waveguide.

w\———t__
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