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at current densities of about 40 A /em?, which is within the state of the 5
with a microperveance of 1.4 (which is comparable to the micropetrvean
of the SLAC tubes shown in Table 9.3). The design voltage is 600 kv, ang
the total current is 6.7 kA, with a projected pulse length of 1 psec 4
repetition rate of 10 Hz. The beams pass through four common sta gger-tune
cavities, as well as an individual second-harmonic cavity for each beam
enhance bunching. Internal feedback and a gain of 30 dB would allow fh
tube to oscillate at a frequency of 1.5 GHz without a separate driving soyre
PPM focusing is used for each beam line separately. With a design ougs
power of 2 GW, the efficiency is to be 50%; fields of 200 kV/cm in the oy
cavity are comparable to those in previous SLAC klystrons. Although’
project was terminated before the tube was constructed, it was tg hav,
length of about 1.5 m and a mass of about 82 kg, both parameters sy
without including the power supply and auxiliary equipment such as ¢z
ode heaters and vac¢uum pumps. 7
The GMBK is oné~direction of possible development for conver
(SLAC) klystron development aimed at genuine HPM performande.
sheet-beam klystron is another suggested direction for development aj
at producing a simpler, lower-cost alternative to SLAC klystrons ope
around 100 MW. The sheet-beam klystron employs a planar, strip-lik
tron beam, much wider in one cross-sectional dimension than the
Although first proposed in the Soviet Union in the late 1930s, and d
the advantages its large lateral dimensions offer in terms of reduced
current density and lower power density in the cavities, sheet-bear
operation is complicated by the need for large drift tubes and over
cavities and by the attendant questions about beam transport. Furt
design of a sheet-beam electron gun promises to be a demanding erig;
challenge, and to date, none have been built for this application.
less, the cost-driven requirement of the Next Linear Collider for a
peak, 50-kW average, 11.4-GHz klystron was regarded as poten
demanding for a pencil-beam klystron with a 1-cm bore in the
which led to the recommendation for the double sheet-beam klys
in Figure 9.32.% This device features two sheet-beam Klystrons oper,
by side, each generating 75 MW of X-band radiation for a total
assuming roughly 50% power efficiency. Each klystron in this'p
input cavity followed by two gain cavities, a penultimate cavi
output cavity. In this design concept, the beams from 450-kV, 320
guns with a cathode current density of 5 A /cm? are magnetically c
to a current density of 50 A/cm? The beam cross-sectional ditne
0.8 x 8 e, and the drift tube has a height of 1.2 cm. The input,
penultimate cavities are so-called triplets, consisting of three clo;
cavities, as one can see in Figure 9.32, a cavity design that solve
of inadequate cavity coypling for a singlet cavity. The output
other hand, has five of these cavities, and output from each bea
cavity is coupled out through its own window. Calculations in
isolation of 50 dB over 5 cm, and MAGIC simulations point fo a

Vacuum manifold ™,

Focus electrode —, Collector

- Output cavity

- Penultimate cavity

¥

Gain cavities

*~ Nickel cathode

Gun insulator

gain. Although the gun design issues were not yet fully addressed, the
S??ted petformance, the greater simplicity of the device relative ’to a
beam klystron, and the technical rigk associated with a pencil-beam

uppressed — and they
this geometry can support
nce between the inner and
vacuum wavelength of the
, the space-charge-limiting current for this
the coaxial geometry, which
-charge-linﬁtmg current for a

(9.35)
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: vity of the experimental triaxial klystron of Figure 9.33. The field pattern was calculated
UPERFISH. (From Pasour, ]. et al., High Energy Density and High Power RF, 6th Workshop,

g Springs, WV, 2003, p. 141. With permission.)

Diode-
stack

ming to the experimental layout of Figure 9.33, we see first that the
e voltage pulse is fed to a corona ring to which the cylindrical cathode
ched. This configuration allows RF feed to the first cavity, as well as
p'port for the grounded inner conductor, to pass through the cathode
ind cylinder. The cathode emitter is Csl-coated graphite fiber, which
iices a 4-kA beam at 400 kV, for a beam impedance of 100 Q. The cathode
is 7.2 cm; a slightly converging magnetic field of 0.2 to 0.3 T reduces
m radius to r, = 6.25 cm, at which it was optimized for microwave
a_ﬁ@n in the downstream cavities. The beam dump at the far end of the
ibe s a tapered graphite ring between the inner and outer conductors.
ignal is fed through a coax to a radial input cavity with a radius
o be an odd number of quarter wavelengths in order to maximize
dal component of the electric field at the beam radius. The cavity and
RFISH calculation of the field lines are shown in Figure 9.34. For
Hz frequency of the experimental klystron, the cavity extended
the radial direction; the field structure was reinforced by placing
ducting pins at the expected location of the field nulls. These pins
ovide additional mechanical support for the inner conductor as well
turn path for the beam current along the inner conductor. The
ng cavity downstream of the input cavity is a five-gap standing wave
_operating in the n-mode with a cavity spacing of 1.3 cm and a
a quarter wavelength, measured from the axis of the drift tube to
ity wall. The field pattern for this structure is shown in Figure 9.35.
gap version of the output cavity is shown in Figure 9.36a. The gaps
outer wall extract microwave power into a coaxial line; the gap
$ tapered to maintain synchronism with the beam electrons as they
gy and slow down. Slots cut into the inner wall match the gaps
ter wall. Conducting pins in the outer gaps reinforce the desired
ern there and also provide added mechanical strength for the
SUPERFISH calculations were used to establish the basic field

Modulator €
HVY

FIGURE 9.33
Layout of an experimental version of the triaxial Klystron. (From Pasour, J. et al’, Hr
Density and High Power RE, 6th Workshop, Berkeley Springs, WV, 2003, p- 141, Withp

The expression for I is given by Equation 9.3a for a coaxial Klyst
beam radius r, and drift tube radius of r; in a triaxial klystron, wij
and outer drift tube radii of r, and r,, however, 3

1 1

i’n(ra /rb)Jr é’n(rb /r,-) KA

I,=85

(see Problem 9.27). On a practical basis, though, if beam transpox
ments limit the beam-wall standoff to a distance A that is appr
independent of beam radius, then s

N 21 Vs 2
Ioe, =85 A ('YQ _1)

This expression shows that the freedom to build large-radiu
klystrons while maintaining the cutoff condition between caviti
an open-ended scaling with radius of the current-carrying capa
device. Two additional advantages of the triaxial device are (1)
magnetic field can be used for beam confinement, in a geometr
allow permanent magnets to be used, and (2) the inner conc
stabilize streaming and velocity-shear instabilities of the electr




at appeared to increase the pulse length, suggesting that multipactoring
ght be occurring in the output cavity. Multipactoring in the input cavity
a5 a problem that was solved by polishing the cavity surfaces and reducing
¢ sharpness of the cavity edges. In future experiments, multipactoring was
nected to be reduced further by the use of polished copper cavity walls,
ther than bronze and brass; improved vacuum; and better isolation of the
am dump. It was also expected that a redesign of the structure to allow
ter field penetration by the pulsed magnetic field, or even the adoption
ermanent magnet focusing, would reduce beam interception by the
s, increasing efficiency further.
'fhis set of experiments clearly demonstrated the desirable features of the
axial klystron for high-frequency operation in the X-band. The triaxial
etry allowed the use of a beam with a radius almost as large as that of
-band coaxial system (see Table 9.6). The impedance of roughly 100 Q
mparable to that of the S-band coaxial Klystron in Table 9.6, but at three
3 that of the L-band klystron, the X-band triaxial klystron does not have
eam power to produce multigigawatt output. Nor, in this initial set of
riments, does it have the necessary efficiency. Although the authors were
oined about the magnetic field penetration in the structure and the
ting effect on beam transport through the device, it was also not clear
‘multigap bunching cavity produced the necessary total gap voltage to
advantage of the unique bunching mechanism described by Equations
and 9.18. Nevertheless, multigap cavities reduce the field stresses that
aad to breakdown.
e slight pulse shortening observed in this device is much less pro-
ced than that seen in the coaxial klystrons. When Friedman’s NRL
raised the output power of their coaxial klystron to 15 GW, the output
e was shortened to about 50 nsec, with dubious reproducibility.
atable power levels of about 6 GW in 100-nsec pulses were achieved.
problem of pulse shortening appears to be common to all high power
ave devices. As we have discussed, many of the problems in low-
dance, annular-beam klystrons have been identified. The triaxial con-
on, which aliows lower-impedance operation, solves some of these
ms by reducing the required operating voltage to achieve a given
1, thus reducing the voltage stresses that can create breakdown con-
at a number of locations, while also reducing both the generation
ys in the beam collector and the linear, circumferential current
ty‘of the beam, which eases beam transport problems. The foregoing
erode the microwave pulse from the back. Beam loading of the
 the other hand, tends to erode the head of the pulse; this problem
ddressed with the use of large gaps. Multigap cavities may address
blem as well, although achieving adequate gain with such cavities
quire additional cavities. The need for better vacuum has been
zed, although to date a system operating at higher vacuum has not
plored.

FEGURE 9.35
Five-gap standing wave bunching cavity for the experimental triaxial klystron of Figure
(From Pasour, J. et al, High Energy Density and High Power RE, 6th Workshop, Berkeiey S
WV, 2003, p. 141, With permission.) p_.
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FIGURE 9.36
(a) Geometry of the output cavity used in a MAGIC simulafion of the triaxial klystron
9.33. (b} Energy loss of electrons from a 440-kV, 5-kA b
computed with MAGIC, (From Pasour, J. et al.,, High Energy Density and High Pow
Workshop, Berkeley Springs, WV, 2003, p. 141 With permission.)

structure in the output cavity, then MAGIC particle-in-cell simulatio
employed to optimize the energy extraction efficiency from a pre
beam assumed to have 75% current modulation, based on simu
the upstream beam dynamics. MAGIC results indicated 50% energ
tion from a 440-kV, 5-kA beam, for a calculated output of 1.1
computed loss of electron energy in the output cavity is illustrated
9.36b, which shows that the bulk of the energy is lost in the first th
The peak electric field of about 400 kV in the output gaps is abc
the Kilpatrick breakdown field.

In actual experiments, a commercial 250-kW pulsed magnetron
the input signal. Current modulation from the first cavity reach
mum about 10 cm downstream. An output power of about 300
reached, for a gain of just above 30 dB. For a 420-kV, 3.5-kA elec
the efficiency was about 20%. Increasing the beam power also in
output microwave power, biit at the expense of pulse shortening
at the tail end of the microwave pulse. Decreasing the magnetic fi
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9.6 Fundamental Limitations

~1
o
L

The maximum power output that can be obtained from a klystrog is
smaller of two limits; that available from the beam and that determine
the breakdown strength at a number of points in the device. The fopi
expressed in terms of the efficiency, n, and the beam power: :

1 {percent)
o
&
1

Pout = T.lv[)‘rb

4‘0 T T T T T T L}
0 0.5 1.0 1.5 2.0 2.5

Microperveance

Here, we use the anode—cathode voltage in the electron beam diode, V.
the electron beam current, I,. The power efficiency for both high- ang
impedance klystrons has reached about 50%. We can expect that
practically about the limit for high power klystrons, although, as:
cussed in the case of higﬁ‘-impedance klystrons employing PPM f
overall system efficiencies can be improved somewhat with the use),
manent magnets, which draw no electrical power, in comparison with:
or superconducting electromagnets. L
For several reasons, it is more desirable to increase the current rathe
the voltage in Equation 9.38. According to the simplified model unda
Equation 9.11, lower voitages correspond to shorter bunching length
reduces device length. We also know that lower voltages reduce & 98 contain a comparison of the 150-MW, S-band SLAC klystron pro-
size of the pulsed power and the chances for breakdown ther d
reducing the voltage limits the generation of x-rays in the beam colle¢
well as those generated by beam interception within the klystron ¢

URE 9.37 .
“tion of the efficiency with increasing perveance in low-impedance, pencii-beam klystrons.
‘Patmer, R. et al., Part. Accel., 30, 197, 1990. With permission.)

approaches to increasing the power of this class of klystron were
ssed in Section 9.5.1: multibeam and sheet-beam klystrons. The former
hﬂy represents the lower-risk approach, both because there is greater
ence with multibeam klystrons at lower voltage and power and
use even sheet-beam devices would probably have to use multiple

perate at comparable voltages, and the perveance per beam in the
s actually somewhat lower than that in the lower-power device. By
10 individual beams, though, the total current in the MBGK is actually
10 times higher, and the output power, assuming that 50% efficiency

9.6.1 Pencil-Beam Klystrons

The scaling of current with voltage and the terms in which that
expressed vary with both voltage and the preferences of the resear
munities associated with different device technologies. At nonrel
voltages below about 500 kV, and even at voltages somewhat hig ! . ed for Each, the GMBK and Triaxial RKA, Respectively
community associated with high-impedance, pencil-beam klys

i SLAC/DESY GMBK Triaxial RKA
common to express the current in terms of the perveance, K: I S-Band {(proposed) RKA (proposed)
Thus, we can rewrite Equation 9.38: - ey, Giz 2998 15 13 13

tage, KV 525 600 1,000 700

- 572 rent, A 704 6700 30,000 100,000

Py =MKVG™, Vo < 500 kV croperveance, A/ V32 1.85 140 30 171

: pedance, 746 90 33 7
In the case of the high-impedance and low-perveance pe gnetic field, T 0.20 L0
klystrons, experimental ‘data from Thomson CSF (now Thales) ut power, GW 0.15 20 150

. . . g o . . . R gain ~55 dB 36 dB
shown in Figure 9.37 indicafé that the efficiency declines as the p - 50% 0% 5%

grows”; however, the reference shows that the efficiency can be
by adding more bunching cavities, at the cost of added length and

am, for each of 10 beams.
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Obviously, employing multiple beams brings its own complexity .
devices of this type, although this technology base will continue to grg;
lower power levels, since multibeam klystrons are currently a front-py
for the new S-band superconducting approach for high-energy elo:

positron colliders.®

ﬁng the drift region with impurities released there; one must also address
esue of x-ray generation in the collector.
Fhird, one must address the issues of cavity design. In the second phase
annular-beam Klystron development, capacitive loading in the bunching
ity — which erodes pulses from the leading edge — and potential energy
gvery in the extraction region were addressed at gigawatt levels in coaxial
ices. In addition, practical matters of cavity wall materials and radiusing
harp gap edges were found to increase pulse lengths by preventing erosion
1 the trailing edge of the pulse. In the set of experiments performed with
.axial klystron, multigap standing wave cavities were employed to dis-
ate the power and reduce the electric fields. This raises the issue of
other a cavity of this type will generate the unique bunching mechanism
cribed by Equations 9.16 through 2.18. If not, this might well raise a fourth
o achieving adequate gain in these amplifiers. The lower the gain, the
‘ghef the required input power to achieve a given output power, and gains
0 dB in these devices (as opposed to the gains of 50 to 60 dB in pencil-
 klystrons) would require more input power than commercial micro-
-sources could supply. The issue was raised somewhat in passing in the
erimental paper on the triaxial klystron: it may be necessary to use more
one intermediate bunching cavity to raise the gain if one were to desire
of gigawatts in a large device maximized for power production.
fifth issue is one that has been appreciated for some time, but one that
g ot been fully explored in annular-beam klystrons: improving the vacuum
perveance therefore do not apply, and we can see that the perveances for s from typical values of about 107 torr. This engineering matter involves
annular-beam klystrons are much higher. _ - e of ceramic, as opposed to plastic, insulators; different vacuum-pump-
Producing high power with an annular-beam klystron while's; e’chnology; and greater attention to system cleanliness, perhaps even

neously controlling the processes that contribute to pulse shortenir ving in situ discharge cleaning. The improvements to be gained by
ring the vacuum levels remain to be fully explored in these devices.

‘issue that has not been addressed in these devices is tunability. The
avity structure — input cavity, bunching cavity, and output structure
its the opportunities for stagger tuning, as one would in conventional
gh power, high-impedance klystrons. Mechanical tuning of the cavities,
e addition of cavities if higher gain or stagger tuning is desired, is a
bility if the intrinsic bandwidth is found to be too narrow for some

9.6.2 Annular-Beam Klystrons

In the case of low-impedance, annular-beam klystrons, which operét
voltages of about 500 kV and up, the impedance Z is more appropriate
more commonly used, I = V,/Z; now :

o VZ
P =M, Vo2 500 kV

Once again, to achieve high power while limiting the voltage, one
to operate at low impedance. The right two columns of Table 9.8i]
the parameters for both the 15-GW coaxial klystron and a proposgdf
power triaxial device. These two klystrons differ from the penci
devices in two important ways: the beams are generated with exp]
emission cathodes, and the annular beam is topologically more simila

at or below a megavolt. Theoretically, the triaxial configuration has tw
limiting current of the coaxial device, although, as we discussed ea
practical current limit for the triaxial geometry is much larger still, g i
requirement for a certain beam standoff distance from the wall of the dn
tube. Explosive emission diodes can produce the requisite current,
the expense of their well-known problems with gap closure. A th
gun operating at 400 Q (300 kV, 750 A), with a cathode loading o
A/ cm?, has been considered for further experiments with a triaxial kly:
although operation at this higher impedance negates the advantag
devices have in current-carrying capacity in order to ensure m:
repetitive operation, e

Second, having generated the beam, one must properly align t
and the magnetic field withjn the drift tube, and the magnetic fie.l_
quite uniform along the drift tube as well. These issues were di
Friedman et al®! Poor alignment can cause beam electrons to b
walls, which in turn causes outgassing, compromising vacuum
the device. Similarly, the beam collector must be isolated to preven

ns to date have been compact workhorse tubes capable of producing
hdreds of megawatts of output for a very broad range of frequencies,
possible by changing out key parts to achieve large frequency jumps,
using mechanical tuning for finer frequency adjustment within differ-
quency bands. In this power range, either no magnetic field is required
the higher power levels requiring higher beam currents, permanent
ets have been adequate. At lower repetition rates, of the order of 10
Ivet cathodes have been employed. If higher power is required, up to




space—charge-limited current, I, as a function of the drift tube

1 GW or beyond, higher current and voltage in the injector may CIEéte
' radius, 1y, 1, and the factor v, = 1 + eV,/mc=

need for a guiding magnetic field. Certainly higher repetition rate
demand metallic explosive emission cathodes (outgassing from the Ve

Compute the space-charge-limited current Iy, (see Problem 2) for
limits repetition rates) or perhaps thermionic emitting cathodes,

VD_—_lMV,rO=5cm,and

a I, = 3 cm
b. n,=4cm
For each value of I, < I, Equation 9.2 yields two values of y,. Which

value of ¥, — the larger or the smaller — is the physically significant
solution to Equation 9.2 (i.e., the real one)? Explain your choice.

9.7 Summary

High power klystrons and reltrons are among the most mature of all
sources. The extension of the conventional klystron into the relaty
domain resulted in the production of a 200-MW S-band Klystron; |
significantly, though, an X-band 75-MW klystron was designed to ug
odic permanent magnet focusing of the electron beam, a technoly
advance that eliminatgs the power consumption of pulsed or SUpercon;
ing electromagnets. The next steps in development for these tubes, g
sheet-beam klystron to simplify device design and construction c"os'
multibeam klystron to achieve gigawatt-level operation, are stafis
former because of a decision in 2004 to base the future Internations
Collider on a different technology path, and the latter because of
sponsorship at this time for this approach to high power klystrons,
Low-impedance, annular-beam klystrons have progressed througt
development of annular-beam devices capable of something more’
GW of output in the L-band to a new stage of development basel

For V, = 0.8 MV, r; = 5 cm, and 1, = 4cm, compute 7, and B, for a
beam electron.

For I, > 0, %, < Y. In fact, v, decreases as r, decreases. Where is the
lost” kinetic energy when the kinetic energy of an electron is (y, —
Dme? < eVy?

What magnetic field is required to confine a pencil beam of current
=400 A and radius r, = 2 cm that was generated by a 500-kV
lectron gun? For convenience, assume vy, = v,

‘Which mode has the lowest cutoff frequency in a cylindrical drift
tube (which, of course, acts as a waveguide)? Which mode has the
econd-lowest cutoff frequency in a cylindrical waveguide?

In a cylindrical waveguide, what is the maximum radius at which
aves of the following frequencies are cut off?

proposed triaxial geometry that promises higher-current operati 1GHz
higher output power, as well as better device scaling to higher freqi b. 3 GHz
In addition, this geometry may be amenable to the use of periodic per 5 QHz
magnet beam focusing. The first experiments have been performed 10 CHz

new configuration. Device performance is rather well understoc
several gigawatts of output power, although pulse shortening is‘a
ingly troublesome issue as power increases above that, and the rea
10 GW remains largely uncharted territory. '

the absence of a beam, purely electromagnetic waves propagate
a cylindrical waveguide according to the dispersion relation

o’ = o), +k3c?

here @ = 2nf and k, = 21/}, with A the wavelength along the
aveguide axis. Let f = 1.3 GHz. Suppose that over a distance of 10
m, you want a 1.3-GHz electromagnetic wave to be atienuated by
least 30 dB. Assuming that the waveguide walls are perfectly
nducting (i.e., ignoring resistive losses in the wall), what must the
aveguide radius 1, be to ensure at least that level of attenuation?

Problems

1. For an anode-cathode accelerating voltage V, = 1 MV, drif
radius ry = 5 cm, and beam radius r, = 4 cm for a thin annula
plot the beam current I, vs. the relativistic factor for an elec

2. The curve of I, vs. y, has a maximum, which is the maximum
that can be propagatéil through the drift tube for a given acce
voltage V, and beam radius r,, assuming a thin annular beal
an expression for the maximum current, which is kno

ssuming that the gap capacitance C of a coaxial cavity of charac-
tistic impedance Z, is small (i.e., Z,wC << 1), estimate the three
allest values of the allowable lengths of the cavity at the following
eqliencies:



et us examine the low-impedance relativistic klystron of Priedman

a, 1GHz 0
b. 3 GHz ot al % (a) For a thin annular electron beam of current I, = 5.6 kA
c. 5CGHz and average radius r, = 1.75 cm, accelerated in a 500-kV diode, in a
d. 10 GHz drift tube of radius r, = 2.35 cm, compute the beam relativistic factor

, ¥, within the drift tube and the normalized axial velocity B, = v,/c.

) For that beam, compute the bunching length using Equation 9.15
for a klystron operating at f=1.328 GHz.

Compute the threshold voltage for the unique low-impedance
klystron bunching mechanism of Equation 9.18 for the following
parameters {see Table 9.6):

1MV, 35 kA, 1, =66cm, ry=7cm

B 500 kV, 5kA, 1, =235 cm, ry = 2.3 cm

Derive the expression for the quality factor Q given in Equation 9.22
for the cavity in Figure 9.10 in terms of the lumped circuit elements
shown there. Find an expression for the frequency at which the
cavity impedance of Equation 9.20 drops to half of its peak value as
4 function of wy and Q.

ssume we have a cavity with the following parameters: {; = «,/
o = 11.424 GHz, characteristic impedance Z, = R/Q = 27 Q, and
qﬁality factors Q, = 230, Q, = 300, and Q. = < (i.e., we are assuming
the cavity walls are perfectly conducting, so that there are no resis-
tive losses in the walls). (a) What is the cavity impedance at f =
11.424 GHz? (b) What is the cavity impedance at f = 11.4 GHz? (¢}
t what frequencies is the real-valued magnitude of the complex
impedance, [Zl . equal to half of the value at 11.424 GHz? (d) Assum-
ing the rise time of a microwave signal injected into the cavity is
approximately equal to the RC time constant of the cavity (Equation
22), estimate the rise time for the injection of an input signal into
e cavity.

In many klystrons, the designer maximizes power and gain by
detuning the penultimate cavity so that its resonant frequency lies
above the signal frequency, as indicated in Figure 10.7. This tuning
mmakes the cavity impedance appear to be inductive to the bunches
n the beam. This issue is discussed, for example, by Houck et al.?*
Consider the cavity voltage-current relationship of Equation 9.19,
with the impedance given in Equation 9.20. Assuming, as in the
reference, that the electrons in the leading edge of a bunch are
moving faster than those at the trailing edge, show how one adjusts
the phase relationship between the voltage and current, through the
impedance, in order to slow down the electrons at the front of the
bunch and accelerate those at the back.

Plot the space-charge-limiting currents for a thin annular beam as a
function of wall radius, assuming a 2-mm standoff between wall
and beam, for voltages of 1, 1.5, and 2 MV.

12. T_he modulation factor M for a planar beam transiting a thip g
given l‘ay Equation 9.9. Compute M for a gap of width 5 ¢cm g &
following parameter values, assuming 7, = v, ed.
a. Vy=200kV, f =13 GHz
b. V,=500kV, f=13GHz
¢ Vy=500kV f=3GHz
d. V,=500kV, f =10 GHz

13. Derive the expression for the modulation factor M in E uat".'
for a beam of large cross section transiting a gap of widthq béo.
two parallel platés with a time-varying voltage V = v e*imtgz _EW
applied across the'gap. Assume the field does not Vary1 with dis :
across the gap and-that the change in the electron velocity d
the modulation is much smaller than the velocity of the eleg
entering the gap, v,. o

i4. Developers of the low-impedance relativistic klystron fo.und
Iarge gaps could be used to mitigate beam-loading effects &
cavities that were eroding the leading edge of the microwave p
The gaps were so large that the sign of the electric field revérp
the gap. Derive the modulation factor M for a gap across whic
electric field varies as S

E(z)=E 0<z<g/2

:—E,g/ZSzSg

15. Estimate the bunching length for a 500-kV, 300-A pencil .beém
a beam of circular cross section and radius ry) used in a 1.

so that Equation 9.1 holds. Assume the charge density is a const
across the beam. To determine the beam radius, you will n
determine the drift tube radius. For this, choose the cutc
quency for the TE}, mode of the drift tube to be 1 GHz, and m
a 5-mm standoff between the outside of the solid electro
and the wall. - B

16. The perveance of the beam in Problem 15 is K = 0.85 x 10‘?
= 0.85 uperv. Recompiite the bunching length as directed in
15 except for a 300-kV beam of the same perveance, (.85 up




