punched. In magnetic tapering, the field near the entrance of the cavity is

e ”‘{ E | “held below a value at which strong resonance can occur, so that bunching
o [," " Moy A 7 is not accompanied by significant energy extraction. Further into the cavity,
ok T Ty -1 (-El)—(]—) i though, the magnetic field is increased to the resonance value, so that higher-
/ \\\ efficiency extraction is accomplished by the bunched beam.

50 ’:‘"’ﬂ YL cm\\ - - Because of the very high internal power levels in modern gyrotrons,
& ! Yoo—1 R ‘depressed collectors are now used quite frequently to raise efficiency and
] — “thus reduce power loss to the cavity and collector walls, as well as to reduce
Y : u radiation generation.® Depressed collectors are placed downstream of the
;' iateraction cavity, where the spent electrons are collected and their remaining

2001 ] kinetic energy is converted back to electrical energy to be recycled in the

10 “: _ ystem. Efficiencies of 50% are now regularly seen in megawatt-class

eyrotrons using this component (see Problem 10).
1.0 11 12 1.3 14

W fou 0.3.3 Gyrotron Operational Features

this section, we consider both megawatt-class long-pulse or continuous
rotrons and the relativistic gyrotrons developed at the NRL.

FIGURE 10.24
Calculated efficiency of a gyrotron in'a frame of reference moving with the axial beam VEloy
in which v, = 0. The analytical estimate shown in the dashed line to the left is based on rota
energy depletion as the saturation mechanism, while the estimate to the right assume
phase trapping is the sole saturation mechanism. (From Sprangie, P. and Drobot, A.

. . .3.1 High-Average-Power Gyrotrons
Trans. Microwave Theory Tech., MTT-25, 528, 1977. With permission.) 0.3.3 & g y

e pace of development for the former is impressive. Consider the devel-
pment of gyrotrons in the U.S. at CPI in Palo Alto, CA, by comparing the
arameters and performance of a 110-GHz gyrotron described in a 1996
aper®” and a 140-GHz gyrotron described in 20045 A schematic of the
rmer is shown in Figure 10.25. The notable features there are operation in

trons to microwaves, 1,. The electronic efficiency is computed from
making a Lorentz transformation back to the laboratory frame of referet

_To (Vﬂi — 1) . e TE,, ¢, mode, with a peak thermal wall loading of about 0.8 kW /cm?2 an
C Y (Ya - 1) ternal mode converter using the dimpled-wall or Denisov converter devel-

ed at the Institute of Applied Physics in Nizhny N. ovgorod, which has an
ficiency of 95%, as opposed to the earlier Vlasov converter with an effi-
cy of about 80%; output windows of double-disc sapphire with coolant
ninning between the two discs; and a passive beam collection system. With
am voltage and current of 86 kV and 37.6 A, and an output of 1.013 MW,
e efficiency of this gyrotron was 31%. To compare, the 2004 gyrotron
rated in the TE,;, mode with a peak thermal wall loading of 0.3 kW/
* measured in tests at only 500 kW of output; a dimpled-wall converter
pable of coupling out 99% of the tube output; output windows of edge-
oled CVD diamond,; and a single-stage depressed collector to recover beam
ergy. At 80 kV and 40 A in the electron gun, and an output power expected
e 1 MW, the efficiency is actually a bit smaller, at about 31%; however,
depressed collector raises the overall system efficiency to almost 42%.
FZK Karlsruhe, work on a 1.5-MW, 165-GHz tube is aimed at ultimately
king it possible to produce a 2-MW, 170-GHz tube that was expected for
R, the international tokamak.®> The 165-GHz tube operates in the TE,, |,
e, with a 90-kV, 50-A electron gun and a nominal output of 1.5 MW, for

where v, =(1-B;, —B;,) ™", For a weakly relativistic beam (i.e., m K
than 500 keV per electron), Equation 10.19 can be approximated by

2 2
i _ o
> AL=

Bo +Ba T+o

Tle 2 n_L

with o = By, /By, = v /v, N

Two primary means of increasing the efficiency of these deV1Cf:$__
tapering either the radius of the cavity or the applied magnetic fiel
axial direction.® In either case, the basic idea is to begin bunching
under less than optimal conditions for maximum energy extraction, :
to pass the bunched beam into a region where it can more effectiv
render its energy to the microwaves. In cavity tapering, the e_l___e._ ‘
profile in the cavity is tailored i such a way that the highest amplitut
reached toward the downstream end, by which point the beam
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FIGURE 10.25
Schematic diagram of a 110-GHz gyrotron from CPI described in 1996, (From Felch, X'«
IEEE Trans. Plasma Sci., 24, 558, 1996, With permission.) o

an efficiency of 33%; a depressed collector raises the system efficiency stil
higher, to 48%. This system uses a coaxial cavity. i
i,

B, (104G); e

10.3.3.2  Relativistic G yrbtrons

A series of papers dating to 1985 described high-peak-power experi
at 35 GHz with a relativistic gyrotron at the Naval Research Laborators
The most recent configuration of the experiment is shown in Figure 10
An electron beam is gengrated on an annular, explosive emission cath;
on the VEBA pulse-line accelerator. Waveforms for the current and volta
from the accelerator are shown in Figure 10.27; the beam is emitted froi;
cathode at 1.2 MV and about 20 kA, but the apertured anode passes
about 2.5 kA. In this role, the anode also acts as an emittance filter.
leaves the diode gap, the beam has very little v, so it is passed throug]
pump magnet coil, which imparts the perpendicular rotational mode
to the electrons, as can be seen in the figure. Downstream, the gyrotro
is cylindrically symmetric, with a diameter of 3.2 cm and a calculate
180 for the TE,, mode, in the absence of the beam. Beyond, there
oufput taper transition to a drift tube 120 cm in length and 14 em india
followed by a 1-m output horn flaring to an output window 32
diameter. Operating in this geometry, with a cavity field of 3.2 T,
levels of up to 250 MW at efficiencies as high as 14% have been achi
The 40-nsec duration of the microwave pulse means that microwa
produced for roughly the duration of the flat part of the VEBA voltag
current pulse.
The NRL experiments began in the mid-1980s. In the first set o
ments, a 350-kV, 800-A beam was emitted across a magnetic field
explosive emission cathode to supply some initial transverse ene
then the beam was adiabatically compressed by the field. At 8% _
20 MW was generated, but the experiment lacked the necessary fle
to improve that value markedly.® In a second version,®! a high
beam, 900 kV and 1.6 kA, was generated in a foil-less diode ane

z {cm)

GURE 10.26

onfiguration of the relativistic gyrotron experiments conducted on the VE i
: BA pulse-line ac-
ffrator at NRL. {From Black, W.M. et al., Phys. Fluids B, 2, 193, 1990, With pern}:jssion.) ¢

Diede voltage
{~500 kv/div)

Diode current
(~10 kA/div)

Gyrotron current
{~1000 A/div}

Microwave sighal
{50 mVv/ div)

20 nsec/div

RE 10,27

.L’giltOr and beam voltage and current waveforms from the experiment of Figure 10.26
ack, WM, ef al., Phys. Fluids B, 2,193, 1990. With permission.) -
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Step tuning of the NRL relativistic gyrotron through the TE,, whisperingga]lery modes
varying the cavity magnetic fleld: Points are experimental data, the straight line is a best 0.1 4 L
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through a magnetic wiggler to pump up v,, which was then f 4
increased by magnetic compression. This version produced 100 MW {GURE 10.29

efficiency in a TE,, mode. Further, the gyrotron was shown to be step tun,
through the whispering-gallery modes TE,,, with n = 4 to 10, by v
the cavity magnetic field, as shown in Figure 10.28. Open-shutter p]
graphs of the gas breakdown pattern in a low-pressure cell verified the
patterns associated with the expected modes. In this same experim
MW was produced in the TE; cavity mode by cutting a stot on eith
of the cavity to eliminate competition from the whispering-gallery: m
A shortcoming of this experiment was the rather low beam quality. Fol
ing those experiments, in experiments configured as shown in Figure
the group produced 250 MW at 14% efficiency.” An additional featy
those experiments was a set of computer simulations (using a single:
mode) designed to test the response of the gyrotron to the temporal vo
fluctuations of the electron beam (assuming that the current varie
voltage V3/2). Calculations of the microwave power envelopes for diff
magnetic fields and voltage waveforms with temporal variations tha!
eled the fluctuations seen in real experiments (i.e., without assun
constant voltage during the pulse) showed varying sensitivities of the
to the voltage glitches of real waveforms, with different microwav
maxima for different portions of the voltage waveform — depending
magnetic field — and complete interruptions of output power in 1€s
to certain voltage variations. '
As a final point with regard to the issue of step tuning magnétr.
interesting to compare the rather clean behavior of the NRL gyrotr
ating in relatively low order whispering-gallery modes to the situa
much higher order modes in a higher-frequency gyrotron at MIT* 1h
for the latter are shown in Figure 10.29, plotted somewhat different}

k output power measured at the frequencies shown by step tuning a gyrotron at MIT through
TEp 1 modes. Operation in the different modes was achieved by varying the cavity magnetic
d. (From Kreischer, K.E. and Temkin, R.J., Phys. Rev. Leit., 59, 547, 1987. With permission.)

Figure 10.28. Nevertheless, we see the complexity of step tuning TE,,
des (remembering that m is the index on azimuthal field variations and
5 the index on radial variations) by varying the magnetic field when m
ges as high as 25 for p = 2 to 4, with overlaps in frequency (albeit at
ferent values of the magnetic field).

.4 CARMs and Gyroklystrons
ile gyrotrons are the most well known and studied ECMs, they are by

3.4.1  CARMs

turning to Figure 10.22, we note that at sufficiently high electron energies,
lich implies large v,, and resonant phase velocities, the ECM interaction
ds to a CARM. The important conceptual feature of CARMs is autoreso-
ice. To understand this concept, we consider the behavior of the cyclotron
ve dispersion as the wave loses energy. Differentiating Equation 10.18 for
1, we determine the time rate of change of the resonant frequency as
gy is drawn from the electrons into the microwave fields:



dm dv, dw do, 1dy
— =k —Z'+W—C':kz ~.;0)C i
dt G dt i di (y dt
The derivatives of both v, = p./myand ¥ = [1 + pep/(mc)?j2 are detep /
mined from the equation of motion, from which we find i with a spread of 0.05. The resonator had Bragg mirrors on either end of the
interaction region®; the diffractive and ohmic Qs for the TE,; mode in this
cavity were 3000 and 1000, respectively. At B, = (.2, the computed starting

2
dw = O L eE 1— ke (10 cutrent for oscillation was 300 A, while the calculated efficiency was 4%. In
dt oyt ] g éxperiments, a starting current of about 500 A was measured, and the 10-

MW output represented an efficiency of 2%. For beam currents below the

L ' start current, there was no appreciable microwave emission.
where E, is the electric field component of a TE wave. Thus, dam/dt Vanisk fart ¢ PP

as the phase velocity, w/k,, goes to the speed of light. In this event, ag
electrons lose energy to the microwaves, the decrease in the term k,
compensated by an increase in o, with its inverse dependence on .71
Alternatively, this effectig viewed as a cancellation of the effects of axjaf
azimuthal bunching (via the changes in v, and vy, respectively), Thus,
electrons remain in resonarice even as they surrender energy to the mi
wave fields. By contrast, note that in a gyrotron, k, = 0, and the energy.
to azimuthal bunching is uncompensated. A calculation similar to th
FELs shows that in CARMs, the basic electron oscillation frequency, i
case @, is strongly Doppler upshifted by an amount proportional to y. N
however, that since the cyclotron frequency is also proportional to
upshift in the CARM only scales as 7. R

The CARM shown in Figure 10.30, an oscillator from the Instity
Applied Physics, was one of the first high power devices of this type.
shorten the output wavelength from the 4.3 mm of early experiments ys;
the lowest-order TE,, mode of the resonator, the CARM shown in the fi
employed the TE,; mode to achieve a 2-mm output. The electron beam
generated with a pulse-line machine at a voltage of 500 to 600 kv
current of about 1 kA. The sysiem was immersed in a pulsed 2-T ma

10.3.4.2  Gyroklystrons

hase of the electrons about their guiding centers.

‘Significant effort has been devoted to the exploration of gyroklystrons for
illimeter-wave radars at the 100-kW level; however, the investigation of
igh power gyroklystrons at powers approaching 100 MW has been sup-
orted by the need for a high power and high-efficiency driver for high-

in near 30 dB in an amplifier — was described in a 1998 paper by Lawson
al% The device is shown schematically in Figure 10.31. It is a coaxial
vice, with the center conductor supported by the two tungsten pins,

H@ 6 @ & © fended to cut off propagation of microwaves at the TE;; working mode

[ / f r \ tween cavities. Additional absorber, lossy ceramics made of carbon-

! 1 egnated aluminosilicate (CIAS) and 80% BeQ/20% SiC, is used to fur-
L= e —

't prevent the propagation of the parasitic, lowest-order TE;; mode

:
g ELE | R | o L e . )
' o and was 4.7 dB/cm (see Problem 13). The Parameters of this device are

FIGURE 10.30 ©
CARM from the Institute of Applied Physics: (1} cathode, (2) pulsed axial field_co_l H
copper rings, (4) resonator with rippled-wall Bragg reflectors, (5) beam collector, and (®
window,

e éhanging the radius on both the inner and outer walls, and it is bounded

€ right by a lip with radii matching those of the upstream drift tube.



TABLE 10.1

System Parameters at the Nominal Operating Point for the University of
Maryland Gyroklystron Shown in Figure 10.31

Magnetic Field Parameters Output Cavity Parameters
. Cathode axial field (T) 0.059 Inner radius (cm) 1.01
Input cavity field (T} 0.569 Outer radiug (cm) 3.59
Buncher cavity field (T) 0.538 Length (cm) 1.70
Output cavity field (T) 0.499 Quality factor 135 + 10
Cold resonant frequency (GHz) 8.565
Input Cavily Parameters Lip Zength (cm) 0.90
¢ Inner radius (em) 1.10 Beam Parameters
Quter radius (cm) 3.33
Length (cm) 2.29 Beam voltage (kV) 470
Quality factor 73+10 Beam current (A) 505
. Cold rescnant frequency (GHz) 8.566 Average velocity ratio (o) 1.05
S Axial velocity spread (%) 44
e e % Drift Tube Parameters Average beam radius (cm) 2.38
_’/ Vi ) Beam thickness {¢cm) 1.01
Tungsten OFHC copper Stainless steel Inner radius (cm) 1.83
Quter radius (cm) 3.33 Amplifier Results
FIGURE 10.31 o Length, input to buncher {cm) 5.18
Schematic of the three-cavity microwave circuit for the 80-MW gyroklystron amplifie Length, buncher to output (cm) 5.82 Drive frequency (GHz) 8.60
the University of Maryland. (From Lawson, W. et al., Phys. Rev. Lett., 81, 3030, 199; : ) Output power (MW) 75
permission.) Buncher Cavity Parameters Pulse length {usec) 1.7
. Efficiency (%) 31.5
nrer radius {cm) 110 Gain (dB) 29.7

OQuter radius (cm) 3.33
Length (cm} 226
Quality factor 7510

the buncher cavity was determined by ohmic losses in the nearby abso _
Cold resonant frequency (GHz} 8.563

ceramics. The Q of the output cavity was essentially a diffractive Q
could be adjusted by changing the length of the lip at the right of the ca
Figure 10.32 shows the voltage and current waveforms and microwa
put envelope. We note the relative constancy of these parameters-i
parison, for example, to the much higher voltage, current, and powe
of a pulse-line-driven experiment such as that shown in Figure 10.
Figure 10.27. The gyroklystron gun was driven by a modulator, and
matches there were the source of the voltage drop in Figure 10.32. Al
noise on the pulses, particularly notable in the output envelope, was
uted to ground-loop noise. f

Subsequent work on this gyroklystron has concentrated on the
tion of a higher-frequency version operating at 17.1 GHz.”” The ra
for increasing the frequency was the scaling for the number_qﬁ
required to drive a linear electron-positron collider of a given-:"f‘;n
power and pulse length can be held constant as the frequency_f:_._l_
the number of sources decreases as 1/f2. The follow-on four-cavit
featured a TE,; input cavity driven at half the output frequency___@
by three cavities operating in*the TEy,, with frequency doublin,
GHz. The device operated at the second harmonic of the cyc_lo
quency, allowing a Jower magnetic field to be used. An output p

0 MW was planned, although problems with the electron gun limited the
tput in early experiments.

Lawson considered the general issue of frequency scaling for devices of
s type in a 2002 paper that looked at 100-MW class K,-band (17-GHz), K.-
nd (34-GHz), and W-band (91-GHz) devices.® He concluded that for a
mber of reasons — cathode loading, beam axial spread caused by increas-
g magnetic compression of the beam, /2 scaling of cavity wall power
ses in circular modes, manufacturing tolerances, and mode competition
the W-band — that the gyroklystron as it has been designed is probably
ible up to the K,-band, around 34 GHz.

Another issue with general application for devices of this type is beam
iformity in MIGs with thermionic cathodes. Variations in the temperature
d in the local work function for emission contribute to beam nonuniformi-
8 that can drive beam tunnel instabilities where none are expected. Con-
tently, the group at the University of Maryland is exploring the design
a space-charge-limited, rather than temperature-limited, electron gun.®
Additional prototype experiments at the NRL with a different gyroklystron
strated another strength of this type of device in achieving phase locking
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of multiple sources.'® In a single-cavity device, the fractional bandwi 1073 3
over which phase locking can occur, Af/f, is related to the external Q-_q ] F
cavity, the drive power of the input, P, and the output power, P, 1 I
given by the Adler inequality (Equation 10.14). Theory shows, though, 40 S0 00 o 20

injection of the drive signal into a prebunching cavity in a gyroklystr
allows a wider phase-locking bandwidth than Adler’s inequality woule
prediction was tested in a prototype experiment with the results sh
Figure 10.33. Note that for injection into the third of three cavities, the pl
locking points fall very near the Adler curve. For injection into the
cavity (results plotted in the lower graph), the power required to ach
given bandwidth is lower than the value indicated by Adler’s relatio

fd - {0 (MHZ)
{b)

URE 10.33

ze-locking bandwidth for (a) direct injection to a cavity with an external Q of 1100 and (b)
ction into a three-cavity gyroklystron with a final cavity external Q of 375. The solid line is
prediction from Adler’s inequality. (From McCurdy, A.H. et al., Phys. Rev. Lett., 57, 2379,
6. With permission.)

m beam collection; and the continued development of chemical vapor
osition (CVD) artificial diamond windows to get the strength, low loss
gent, and thermal conductivity required for the high power fluxes they
ttransmit. This last element is particularly important, because the failure
a window breaks the vacuum of the assembly, which not only compro-
€s its cleanliness, but also destroys the cathodes in the electron guns.
yroklystrons provide an alternative to klystrons for X-band amplifiers
th power in the 100-MW regime and pulse lengths of the order of a
Microsecond. At higher frequencies, in the K- and K_-bands {up to 35 GHz,
ghly), they quite possibly provide the superior alternative to klystrons.
with klystrons, the future development of these sources, at least at this

10.3.5 Outlook for Electron Cyclotron Masers

Research and development in this class of sources continues to be dom
by 1- to 2-MW-class gyrotrons in the 100- to 200-GHz range fo;r
magnetic confinement fusion experiments. The developments achiey
an international group of organizations from Russia, Germany, Franc
US., and Japan have been remarkable over the past decade. thﬁ
accomplishments of this effort have included the use and mode col
very high order azimuthal modes in cavities that are tens Of__.- fre
wavelengths in diameter; the development and routine inclusmn_
grated quasi-optical output couplers that allow the separation Qf-=



power level, might be called into question by the demise of the Next 1 ;

. Cutput
Collider concept in favor of the International Linear Collider, with low i

B radiation

power and frequency requirements. Radar and other applications, howey Eggzz
might continue to drive the development of this source at lower power leyg 1

CARMs offer an interesting possibility for the production of high.. | .
quency sources in the HPM regime. Nevertheless, at this point, they rema <~ Spent

immature, with relatively little development, and it could be that the re
ment they pose for high beam quality could limit the prospects for ch
this situation.

E e-beam

Interaction

i/// length
FIGURE 10.34

e basic FEL configuration. Beam electrons undulate in the periodic magnetic field of the
ggler. The elecirons radiate and bunch in the ponderomotive potential well formed in the
<ombination of pump and radiation fields.

10.4 Free-Electron Lasers

Free-electron lasers (FELs)effer an almost unlimited frequency range, an
this regard they are the highest-frequency producer of gigawatt-leve] m;
wave power, with an output of 2 GW at 140 GHz while firing repet ;
and achieving some tens of percent efficiencies. This remarkable- pej
mance comes at a cost in size and volume: FELs require very high

quality, which militates against high-current, and toward high-voltage; ope
ation. In addition, they are relatively complex sources. More compact d
operating at lower frequencies in the high-current Raman regime
applied axial magnetic fields have been demonstrated as well. All of
sources operate as amplifiers, and as such, they provide tunable altern
to relativistic Klystrons and gyroklystrons for applications with freq
requirements above the X-band. A number of reviews of the field are
able, for example, Freund and Antonsen.1™

10.6-um light was announced in 1976.1% A year later saw the achievement
of laser oscillation at 3.4 ym,'%”

In the 1970s, work continued in the microwave and millimeter-wave
egimes, with the production of some tens of megawatis of power by groups
the NRL, the Khar’kov Physico-Technical Institute, the Lebedev Institute
and the Institute of Applied Physics, and Columbia University. In the 1980s,
ork continued on relatively high-current FELs at the NRL and MIT, notably,
hile lower-current, higher-energy beams were employed at the Lawrence
vermore National Laboratory (LLNL) to produce 1 GW at 35 GHz, fol-
lowed later by 2 GW at 140 GHz, which is the highest brightness experiment
nducted, by the measure of the product of power and the square of the
quency, Pf2 These latter experiments, which we will describe in detail
ter, also involved the generation of 1-GW pulses at a repetition rate up to
several kilohertz.

The LLNL experiments have been discontinued, but work continues in
Russia with the Budker Institute of Nuclear Physics in Novosibirsk produc-
g hundreds of megawatts in millimeter-wave radiation in work also
volving the Institute of Applied Physics. Also, at the Institute of Applied
ysics, the SINUS-6 generator has been employed in research on a new
type of FEL concept that has produced power levels approaching 10 MW.

10.4.1 History

Although the possibility of using the Doppler upshift of radiation to;
very high frequencies was realized as early as the 1930s by Kapits:
Dirac,** followed by the recognition that Doppler-upshifted undulator
ation could be used to generate coherent millimeter-wave outpui
serious development of the FEL occurred on two fronts, beginningw,
Phillips in the late 1950s. Working at the General Electric Microwav
ratory in Palo Alto, he experimented with the ubitron,'® a device:
permanent magnet undulator. This work produced a number of m
class devices, both amplifiers and oscillators, at frequencies between
15.7 GHz. . .

On the second front, researchers at Stanford using higher-energy,
current beams from a linear #ccelerator developed the device thgy :
free-electron laser. Madey proposed his concept in 1971, and an

4.2 Free-Electron Laser Design Principles

\ FEL is configured as shown in Figure 10.34. An electron beam with a z-
rected velocity v, = v, at the input is injected into a wiggler* magnetic field
tha period A,,. On the axis, the y component of the wiggler magnetic field

iere is some debate about the uses of the terms undulator and wiggler for the periodic magnet
ucing radiation in an FEL. We simply use the term wiggler everywhere without apology.



deflects the electrons in the x direction. This oscillatory motion has a Wa.V“
number k,, and a wiggle frequency Q,, given by

1-B2 = (1+B ) (10.27)

P 2n ( 10." Here, given that the wiggler induces electron motion in the x-z plane, B, =
A _‘23 e This transverse wiggle velocity is calculated from the equation of
motion, using the fact that for a time-independent wiggler field, d/dt =
T - [(d/dz), and assuming a planar wiggler with B, sin(k,z) the y component

Q, =k,7, (1023 { the field:

and the transverse acceleration of the moving charges results in forws
directed radiation. The beating of the radiation with wavenumber k;
frequency ® with the “pump” field of the wiggler creates a potential:
{(known as the ponderomotive potential well’™) moving at a phase Veloc1ty
(k, + k,,), within which the:electrons form bunches. It is this bunchlng
enforces the coherence of the emitted radiation. _

The relationship between the wavelength of the wiggler and the w
length and frequency of the output radiation is determined approxim
from the location of the resonant interaction between the dispersion ¢
for the Doppler-shifted electron oscillation, which is the wiggler-shifted
space-charge wave on the beam, and an electromagnetic normal m(_)'d
an initial cut at this estimate, we assume first that the beam density i
and use a wiggler-shifted beam line to approximate the space-charge

] d(;‘f") = minZBw sin(k,z) (10.28)

v
This equation is integrated straightforwardly, and the result has a z depen-
ence of cos(k,z). Rather than reinsert this term into Equation 10.27, we use
the spatial average, with <cos*(k,z)> = 1/2:

2
epzy L[ €By | _ 1.
(v BI%Z( w) =5 (10.29)

- Finally, using the fact that k, = 2t/ in free space and k,, = 2/}, Equations
026, 10.27, and 10.29 are combined to yield the characteristic wavelength
f the FEL output:

M 1, Ay 1,

netic wave by the free-space dispersion relation for a wave traveling A= B.(1+B, )7 (1 5 “w] 2y (1"' 2%] {10.30)
the z axis, thus ignoring the effect of the cutoff frequency for @ >> @

In the latter expression, we have made the common replacement as J3,
proaches unity for large electron energies, but we note that at the lower
nergies common for microwave experiments this approximation could
introduce some error. Qur derivation was for planar wigglers, but the same
relat1on holds for helical wigglers, except without the factor of 1/2 prior
0a;, provided B, represents the peak value of the field. Equation 10.30 is
important relatlonship, given the output wavelength as a function of ¥,
Ly and b, Note that the strong energy dependence of the output frequency,
¥, makes device operation very sensitive to spreads in the energy of the
lectrons in the driving beam. Electrons at energies other than the resonant

In Equation 10.24, note that the wiggler shift is shown by the add
k,, to k,, and that the space-charge term splitting the fast and slow
charge waves has been omitted, consistent with our assumption of lo
density. The simultaneous solution of Equations 10.24 and 10.25 p
the frequency and wavenumber at which resonance occurs:

O, = (1 +B. ) 2, ergy do not contribute to microwave generation at the predominant output
1-p2 frequency. As a consequence, FELs demand a beam of relatively low emit-
= ce for efficient operation; this requirement becomes increasingly stringent

with B, = v,/c. Using the definition of the relativistic factor ¥, Wé_'__W' shorter wavelengths.



k,
FIGURE 10.35 e

The uncoupled dispersion curves for a waveguide mode given by o =k2c?+ @2 (Whlc‘
asymptotic to the light line, » = k.¢) and the wiggler-shifted beam line of Equation 10,24,

Our derivation of Equation 10.30 ignored three important features of Man
HPM FELs: (1) the fact that the electromagnetic normal modes involved
the interaction are actually wave guide or cavity normal modes (see Proble
15), (2) the effect of beam space-charge, and (3) the application of a const
axial magnetic field in many devices. With regard to the first topic, we'i
that the beam in an FEL can interact with either TE or TM modes; in:fa
at high currents, the transverse displacement of the beam couples the
and TM modes. In general, the wiggler-shifted beam line will interse
hyperbolic waveguide mode dispersion curve in two places, as illustr
in Figure 10.35. The existence of these two resonances has been experim
tally verified.'® The experimental scaling of the upper resonant freque
with beam energy and the wiggler field is shown in Figure 10.36.10 In Fig
10.36a, the calculated resonance frequencies for the TE,; and TM,, o
compared with output frequencies measured in experiments at the N
Figure 10.36b, the power measured in separate frequency bands us
millimeter-wave grazing spectrometer with a resolution of abouit 1
shown; note that as the wiggler field increases in magnitude, the peak
shifts to lower frequencies, consistent with Equation 10.30.

The issue of selecting between the higher- and lower-frequency mg
an FEL is treated elsewhere.™ The lower-frequency resonance occu
point of negative group velocity on the waveguide mode if Q> a,
is potentially problematic, because this interaction with a negativ
velocity mode can support an absolute instability, which can gro
to large amplitudes.”” Possible solutions include modifying the
frequency to push it below thescutoff frequency and keeping the
below a critical length to prevent the oscillation from exceeding its
current threshold! {see Problem 16). In many instances, the lower-freq

(a)

Frequency (GHz)

{b)

Output power (Arb. units)

Solid curves: calculated FEL resonanc
des. Xs: experimentally determined o
arbitrary units)
al, Phys. Cluids,

co -

Bl + B v esd (sec))

Mﬂ\;\

t
84.2 GHz ' J
Ty,
‘ 1 ‘ A

es with the light line and the TR, and TMy, waveguide
perating points in the reference. (b) FEL output power
in six detector bands as a functon of the wiggler field, B,. (From Gold, $.H.
26, 2683, 1983. With permission.)



o B i i LT R . 407

absolute instability will grow more slowly than the ZEEL interaction, preven
ing it from becoming a problem in short-pulse dev1ce§,“4 .

Space-charge effects are particularly important at microwave frequencie
because many of the experiments in this frequency range use intense electrp
beams. Depending on the strength of the space-charge and wiggler Effects
three regimes of FEL operation are identified: the Compton, szman, and strong,
pump or high-gain Compton regimes.'® In the Compton regime, th.e elec{-r_o
beam current and space-charge are very low, coherqnt smgle-parhcle effect,
dominate, and device gain is low. Compton operation is most appropria
for experiments performed at high energies for Waveie?gthg much shorte
than those in the microwave spectrum. The Raman regime is applicable
intense beam experiments where the high space-charge plays a dominan
role in the interaction. In this case, the frequencies of the wiggler-shifted”
and slow space-charge waves are split about the frequency given in Equ'a’tj_éj
10.24, and the interaction ogcurs at the lower frequency. The strong-p:_jm
regime is applicable to cases where the effect pf a very strong wiggle_r fial;
overpowers space-charge effects in an otherwise intense electron beam &

The application of an axial magnetic field B, aids in thg transport of th
intense electron beam through an FEL. It also has a significant effect o
electron trajectories and, consequently, on the output. A calculation _'0'_ __th‘
single-particle trajectories shows them to be qf two ty‘pes,. called grouPI
group 1.6 For both types, the wiggle velocity perpendicular to the z
has the magnitude

Group I |\, Group II
Q. <k,v, /".f Q> kv

Z

N, Realizable wiggier

Bz (k&)

IGURE 10.37

An example of the variation of B, with the axial magnetic field for group I and group II orbits,
~Calculations were made for bofh jdeal wiggler fields and realizable wigglers, taking account

f the off-axis variation of the fields. (From Jackson, R.H. et al., JEEF I. Quantitm Electron., QE-
19, 346, 1983. With permission.)

modified cyclotron wave interactions producing wave growth. "8 Experimen-
tal results indicate that even higher power can be achieved by reversing the
xial field, in the sense that the cyclotron motion of the electrons in the axial
ield has an opposite rotational sense than the motion in the wiggler field
removing the possibility of a wiggler cyclotron resonance, since Q, < 0).120
The growth of electromagnetic waves in an FEL occurs at the expense of
the kinetic energy of the beam electrons. The beating of the signal against
he wiggler field pump forms a ponderomotive potential with phase velocity
[k, + k). As the electrons lose energy and the ponderomotive potential
ells deepen, the electrons’ axial velocity drops to the phase velocity of the
onderomotive potential, and some fraction of the electrons are trapped in
e potential wells. The process is depicted in the schematic phase-space plot
f Figure 10.38."2 Trapping is seen in the swirling of electrons near the
ottom of the ponderomotive potential well. The axial velocity of the trapped
lectrons oscillates about the ponderomotive or space-charge wave phase
elocity. This periodic variation, known as synchrotron oscillations, is gov-
tned by a nonlinear pendulum equation, 103 Figure 10.39 illustrates the effect
f these trapped electrons on the saturated signal: note the variation in the
gnal amplitude after it reaches its maximum.'2 This is due to the periodic
xchange of energy between the wave and the trapped electrons, with the
ster of either the wave or the trapped electron accepting energy from the
ther at any point in the synchrotron oscillation period. :
The output power and efficiency of an FEL can be further increased after
e onset of trapping by continuing to extract energy from the trapped
ectrons, This is done by decreasing the phase velocity of the ponderomotive

Q
) :__va

’ Y(QD ng)

where Q, = eB,/my. The difference between the two orbit types Ii.eg.j i
dependence of v, on B,, as shown in Figure 10.37.1 Thg calculatio
which the plot was taken was for a helical wiggler, assuming tl:te for_: d
ideal wiggler using only the on-axis fields, and an actual.w1ggle1_',.:’s
account of the off-axis variation of the fields. Group I 01':b1ts occur'a
values of the magnetic field, for which €, < £, and have high axial ve
that decline with B, until the orbits become unstable, when (2=
—v2 /v?%). The ideal group Il orbits exist for all positiv_e values of_B
an axial velocity that increases with the axial field and is large only 2
axial fields. The resonance Q, = Q,, does not occur for either group of
tories, but it can be approached, in which case the transverse ngglgl‘;?e_l
becomes large, according to Equation 10.31, as does the FEL gain:

additional feature of interest is that for smaller values of B,, eleftrof.l
group II orbits have a negative mass characteristic, in that mehaf;al
actually increases as the energy decreases: df, /dy<0. As t e ax
increases, however, the sign of the derivative eventually change
lower field values, the interaction between a beam of group II_el_f}Cf_f
the electromagnetic field is more complicated, with both space-}?h_




option of tapering the axial field as well to increase the power. The reader
seeking more information on this topic is directed to Freund and Ganguly.'”s

Since wiggler tapering increases the power and efficiency of an FEL by
extracting energy from the trapped portion of the electron population, it is
important to ensure that these electrons remain trapped during the extraction
process. One cause of detrapping is the use of an overly rapid taper in the
wiggler parameters. A second cause is the sideband instability =2 This is a
nonlinear interaction between the FEL signal at frequency w, and the syn-
chrotron oscillations of the trapped electrons at @, resulting in the formation
of sidebands at @, + @,,, that grow at the expense of the main output signal.
The frequency spacing between the sideband and the signal is roughly!#.28

Electrons

Ponderomotive wave

FIGURE 16.38 ‘ ) -
A schematic phase-space plot of electrons in an FEL illustrating the energy loss and evéntud

ing i i i i he pump and radiation fields. (Frg ¢
trapping in the growing ponderometive potential well of the pump it ok,
Pa:tin‘, I.A., High-Power Microwave Sources, Granatstein, V.L. and Alexetf, I, Eds., Artech Houss A@ = m (10.32)
Norwood, MA, 1987, With permissié‘r}.) 7 _ Oy

TP S L where v, is the group velocity of the signal at @, and
103 : “‘ ] - EZES Bw v
i csyn = W (1033)
—_ 07 - —
g ' ] E with E; the peak electric field of the microwaves and v, the resonant value
§ ] I of v found in Equation 10.30, given A, A,, and a,,. An example of a signal
& 108 - with a sideband in a long constant-parameter wiggler is shown in Figure
E 10.40.1* There, the shorter wavelength signal is due to the main FEL reso-
nance, while, of the two possible sidebands, that with the longer wavelength
10° 1 i the one observed. The dashed curve shown in the figure is the computed
b - spatial growth rate of the FEL interaction as a function of wavelength; note
Lot - : : that strong sideband formation does not require the main FEL interaction to
0 ] 2 3 have growth at the sideband wavelength. The peak power in the main signal

d the sideband is plotted as a function of the wiggler field in Figure 10.41.
There note the threshold value of the field for FEL output, the analog of the
start current in the case of a fixed beam current, and the growth of the
sideband power with the wiggler strength.

L, {m)

"FIGURE 10.39 . .
The growth and saturation of the microwave signal as a function of distance from g

end of an FEL amplifier. Note the small-signal or linear regime of exponential signql
between (.4 and 14 m and the saturation at peak amplitude. {From Orzechcws_kf, T.
Niicl, Instrim. Methods, A250, 144, 1986, With permission.}

0.4.3 Operational Features of Free-Electron Lasers

potential; the trapped electrons are slowed as Well, surrendermg.-_
energy to the electromagnetic wave. Alternatively, in .terms of Equation
. as v decreases for the elecirons, signal growth at a fixed Wavelengt Lca
maintained if either the wiggler period or the wiggler flel‘d mag.l.l-l_t_’
decreased accordingly. In either:case, the process of varying the‘_”
‘parameters is known as wiggler tapering. In FELs with an ‘appl_l_e_
magnetic field, wiggler tapering becomes more complex, Wlt.h_.th

number of interesting microwave FEL experiments have been performed,
ut we limit ourselves to the discussion of three: the extraordinarily high
ightness experiments, measured by the product Pf%, conducted on the
xperimental Test Accelerator (ETA) at Livermore; a microwave proof of
inciple of the optical klystron configuration at MIT; and the experiments
the Budker Institute of Nuclear Physics in Novosibirsk.
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Speciral output of an FEL with strong sideband growth. The tall pef:lk at shorter waveleng
the main signal, while the peak on its long-wavelength side is the sideband. The dashed cu

is the calculated spatial growth rate. (From Yee, FG. et al., Nucl. Instrum. Methods, A259
1987. With permission.)
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FIGURE 10.41 '

Power at the main signal frequency and in the sideband as a function of wiggler. fie

9
same experiments as Figure 10.40. (From Yee, F.G. et al., Nucl. Instrum, Methods, A25
With permission.} Wy

ft of the figure. This was essentiaily a long, smaller-radius waveguide
ction that scraped off electrons at large radii and large angular divergence.
e maximum normalized emittance acceptance of the

rad-m, and a transmitted 1.6-kA, 10- to 15
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ayout of the FEL amplifier experiments at LLNL, from the emittance selector beam input to

the downstream diagnostic chamber. (From Throop, A.L. et al,, Experimental Characteristic of
High-Gain Free-Electron Laser Amplifier Operating at 8-mm and 2-mm Wavelengths, UCRL-

5670, Lawrence Livermore National Laboratory, Livermore, CA, 1987. With permission.)

The FEL experiments at LLNT, involving a collaboration with researchers
rom the Lawrence Berkeley Laboratory (LBL, now the Lawrence Berkeley
National Laboratory) as weil

» produced a remarkable series of results cui-

n ETA Il upgrade; both were similarly large and complex. ETA was capable
f producing a 4.5-MeV, 10-kA, 30-nsec electron beam''; however, at the
‘avelengths involved, the LLNL FEL required a high-quality, low-emittance
ectron beam. In order to improve the beam quah

nce, the ETA beam was passed into the emittan

selector was 4 x 10-3

-nsec beam had a brightness of

108 A/(m-rad)’. Downstream of the selector,

steering and quadrupole
dgnets matched the beam to the planar wiggler.

Built of pulsed (1-msec)
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air-core electromagnets with a period A,, = 9.8 cm, the original wiggler
a total length of 3 m (later increased to 4 m) and peak amplitudes of 4.3
(a, = 2.4) for experiments at 35 GHz and 0.17 T (a,, = 1.1) for experimg
at 140 GHz. Independent variation of the wiggler field for each of the
periods allowed for tapering of the wiggler strength at constant A,. At
highest power levels, optimization of the tapering profile was perform;
empirically. There was no axial magnetic field; horizontal focusing of #;
electron beam was provided by the quadrupole doublets. The microw.
interaction region was a rectangular stainless steel waveguide with a ¢ro
section of 3 x 10 ¢cm?. S
The keys to maximizing the output power of the Livermore FEL wer
first, to minimize the emittance and beam velocity spread so that substag
numbers of electrons would be trapped in the ponderomotive ponten
wells and, second, to taper the parameters of the wiggler to continue to dra
upon the energy of the trapped electrons. As the beam energy and y decréas
a corresponding decrease in a,, as seen in Equation 10.30, can maintain
constant-wavelength resonance condition. Obviously, smaller initial spre
in the electron energies improve the usefulness of this technique by reduic
thermal spreading of the trapped bunches. Tapering of the wiggler amp]
tude at constant A, was responsible for raising the output power of th
LLNL/LBL FEL from 180 MW without tapering to 1 GW, as shown in Fig
10.43.132 In terms of the current that entered the wiggler after passage thron
the emittance filter (Figure 10.42), 850 A at 3.5 MeV, the efficiency was rai
from 6% without tapering to 35%. Note that the linear gain over the first
cm was about the same in either case: 0.27 dB/cm.'* The tapeting pro
for the wiggler is shown in Figure 10.44 (see Problem 17). Significantl
wiggler tapering does not begin until near the point of saturation of the n
taper signal, because this is the point at which the fraction of electr
trapped in the ponderomotive potential reaches its maximum. Num
simulations indicated that about 75% of the beam electrons were tra
and that 45% of their energy was removed. C
A further improvement of ETA II, to ETA III, was used for experime
140 GHz.'* The accelerator produced a 6-MeV, 2-kA beam, and peak out
power of 2 GW was achieved in single pulses. Bursts of up to 50 pulses
also produced at 2 kHz. Microwave output pulses from such a 45-pulse
are shown in Figure 10.45.% Although higher power levels were predic
in computer modeling of the system, the primary focus of effort was th
of the output for plasma heating in the Microwave Tokamak Expefim
(MTX), so the device was not optimized. SR
Another means of increasing the gain within an FEL draws on a; cotu
proposed originally by Vinokurov and Skrinskiy of the Institute of:
Physics in Novosibirsk.!® In order to enhance the low-signal gain of C
FELs driven by high-energy electron beams, the opfical klystron employ
wigglers separated by a dispersive section. The electron energy mod
imposed in the first wiggler section initiates beam bunching, which pro
in the dispersive section. The output section then runs at a higher gat
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HGURE 10.43

Microwave power in the LLNL/LBL FEL as a function of distance along the wiggler, both with
‘and without (lower curve to the right) wiggler tapering. (From Orzechowski, TJ. et al., Phys.
Rev. Lett., 57, 2172, 1986. With permission.)

ashed line) and theoretically (solid line). (From Orzechowski, T.]. et al., Phys. Rew. Lett., 57,
72, 1986. With permission.) ’
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FIGURE 10.45 B
Pulses from a 45-shot, 2-kHz burst fired on the 140-GHz Livermore FEL powered by the ¥T,
I accelerator. (From Lasnier, C.J. et al., Burst mode FEL with the ETA-IIT induction ]ina'c;"
Proceedings of the 1993 Particle Accelerator Conference, 1993, Washington, D.C., p. 1554, W

permission.) 0.10

RF output power (watts)

efficiency with a prebunched beam. Although the initial experiments Wit
this concept were conducted-at high energies and short wavelengths;
concept can be adapted as well for operation at microwave frequencies, a

0.01 - .
was demonstrated in low power, proof-of-principle experiments at MIT! Mesh
A collimated electron beam with axial energy spreads of less than 0.3% passe l
into an interaction region that was split into two halves by a thin tunigs —
0 80 160 240

mesh. The mesh allowed the beam to pass almost unaffected from one‘ha
to the other, while the microwaves from the first section were attenuated
20 dB. In the first section, an injected microwave signal was amplified, an
the electron beam began to bunch. The bunched beam passed into the secon
section, where it began to amplify the small microwave signal that mad
through the mesh. The downstream output power as a function of the ef
tive wiggler length (Figure 10.46) was determined by using a movable kic
magnet to eject the beam from the wiggler region after traversing differe
distances. It must be remembered that power produced upstream of the mes
was measured downstream after it had been attenuated 20 dB by the m
The gain per unit length increased dramatically downstream of the m
from 0.069 to 0.32 dB/cm for the 188-G wiggler field, thus demonstrating
concept; however, we note that if the mesh were removed, the overall quj‘
power would be higher, despite the lower gain due fo the removal of the
dB attenuation of the mesh. As a proof of principle, the experiment shov
the applicability of the optical klystron configuration at microwave frequ
cies in the Raman regime of operation. Further, the technique could be
to suppress parasitic oscillations in an FEL.1® S

The FEL experiments in Novosibirsk® involving collaborators from th
Budker Institute of Nuclear Physics and the Institute of Applied Physic
Nizhny Novgorod are interesting in three regards. First, this team’ has
duced 200-MW, 200-] output pulses at 75 GHz. Second, they use a:
beam — albeit with the small dimensions of 0.3 cm- thickness ar’ld. T
width — which is often proposed, but not as often seen. Third, their sys
is quite rich in energy, so that thef#propose to produce multigigawatt 0
using a very large sheet beam 140 em in width, which the authors_dal
been demonstrated with this system. The weakness of the expe

Distance Z {cm)

FIGURE 10.46
RF output power as a function of interaction length in the MIT experiment with a prototype

optical kiystron. (From Leibovitch, C. et al,, IEEE . Quantum Electron., 24, 1825, 1988. With
permission.)

described in their 1998 publication is that while the voltage is quite constant
during a pulse, the current rises linearly for almost the full duration of the
pulse. Thus, the microwave output envelope is quite irregular.

10.4.4 OQOutleck for Free-Electron Lasers

FELs are a very important source for the production of millimeter-wave
HPM output, but the application demanding this output may not exist yet.
While plasma heating was the goal for the exiraordinary experiments in
Livermore, the focus of the effort in support of plasma heating remains the

velopment of long-pulse or continuous gyrotrons. Simply put, the com-
plexity of HIPM makes a high-peak-power system with rapid pulsing an
uneconomical way to achieve high average power. Nevertheless, FELs retain
some untapped potential. For example, the electronic tunability afforded by
the ability to vary the wiggler field could offer rapid frequency agility.
Yurther, if the particle accelerator community ever returns to a desire for a
Nigh-frequency RF linac to reduce accelerator length, FELs would quite
Possibly be a superior source for W-band (94-GHz) concepts.




TABLE 106.2

10.5 Summary

Comparison of the Strengths and Weaknesses of the Major Source Types in

Strengths

Weaknesses

Notable
Accomplishments

_ - This Chapter
The sources in this chapter are all somewhat marginalized in the realm of
HPM today, although the reasons for each depend to some degree on factoy
beyond the control of the device designers. Vircators are genuine workhors . Vircators

sources for microwave effect testing and simulation because of their broéd
tunability; however, their low efficiency makes them far less attractive from
the standpoint of going into the field, because of the volume and ma
associated with the power and energy storage required by a iow—efficiency
source. In applications driven by explosive flux compression generators
though, given the energy-rich nature of this prime power source, the issiy,
of poor efficiency may be moot. Rather, the lower characteristic impedan
of these devices may make them a good electrical match to these single-gh
generators. In addition, vircators are enjoying something of a renaissan,
today, with two new souite types — the coaxial vircator and the tunable
vircator — that have excited new interest and that permit new approach;
to the problem of vircator efficiency. o
Gyrotron development is being conducted in a very competitive intern
tional environment today, and the vitality of that environment has led
rapid advances in technology in the realms of the use and mode contro
very high order azimuthal modes in cavities that are tens of free-spac
wavelengths in diameter; integrated quasi-optical output couplers that a
the separation of this task from beam collection; and chemical vapor.d
sition (CVD) artificial diamond windows to get the strength, low loss
gent, and thermal conductivity required for the high power fluxes they.
transmit. Gyroklystrons have become competitors to klystrons for appli

Gyrotr()rls

Free-electron
lasers

Relatively simple
generation
mechanist; broadly
tunable configuration;
can operate without a
magnetic field; low-
impedance, high
power operation

High-frequency (~100
GHz) operation at MW
(CW) levels with high
efficiency

True HPM amplifier;
virtually unlimited
frequency range; high
power operation; high
efficiency

Low efficiency; gap
closure tends to make
frequency chirp
during pulse

Immature at hundreds
of MW, higher
frequencies suffer
significant
atmospheric
attenuation except
near 35 and 94 GHz

Complicated;
multimegavolt
operation to achieve
high frequencies;
demanding beam
quality requirements;
higher frequencies
suffer significant
atmospheric
attenuation except
rear 35 and 94 GHz

Regularly tunable over
an octave, with an
order of magnitude
demonstrated

Multigigawatt output
from 110 GHz

1MW at 100 to 170 GHz
for long-pulse io
continuous operation;
80 MW in an X-band
gyroklystron

2GW in single puises at
140 GHz, 1-GW pulses
at a repetition rate of 2
kHz for 50-pulse
barsts

tions requiring a 100-MW-class amplifier in the X-band. As the freqtie
increases above the X-band, gyroklystrons may have a growing compet
advantage over klystrons. S
Free-electron lasers offer unmatched peak power performance in th
limeter-wave region, but the number of applications requiring gigawa
limeter-wave output from a large, complex system is extremely limite
the particle accelerator community returned to high-frequency concep
FEL might be competitive for that application. At this point, though;
are no applications driving the technology in the HPM realm. o
We summarize the strengths and weaknesses of the sources in this cf
in Table 10.2. S
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L. The simplest expression for microwave power produced from an
electron beam of efficiency 1 is:

The plasma in the diode gap will move across it at velocity Vit

a(t)



where d, is the initial gap. Now, assume the temperature of the
plasma is produced by ohmic heating of the plasma by the current
passing through it:

T, ~pJ*

where p is the resistivity. When the plasma expands across some

fraction of the gap, resonance is destroyed and microwaves cease. -

Therefore, microwave pulse length scales like the cathode plasma
transit time across the gap

where T, is the plasma temperature and m, is the hottest light ion

species, which governs the location of the conducting surface (usu-

ally hydrogen). Assume it’s a Child’s Law diode (Eq. 4.104). Using
these relations, derive a scaling relation between microwave power:
and pulse length:

[ 15,"3

where n = 5/3 for a Child’s Law diode. )
How does pulse energy scale? From this, is there anything to b
gained in energy by making longer pulses? i
2. For voltages between 100 kV and 3 MV, plot Iy, as a function o

voltage for both solid and annular beams, with 1,/ 1y = 0.5 and 0.
Add the plots for an annular beam with r,/r; = 0.3 in both case

3. Assume a constant 5-mm standoff of the beam from the wall: Plot:

I for 1.5-MV solid and annular beams as a function of wall rac.l.lu
from 1 to 5 cm. o
4. A solid-cross-section beam of 30 kA and 1 MV, wiﬂ'} a radluSth
cm, is injected into the interaction regi_on of a virlual C‘E; _t(_)
oscillator. What is your estimate of the virtual cathode osci | atio
frequency? .
5. Inject a 20-kA, 500-kV beam-ef radius 2 cm with a solid.cross sc_‘;'c;_lo
into a circular waveguide. As you increase the waveguide ra 1.1; )

10.

1

what waveguide radius will a virtual cathode form? At what radius
is the beam current equal to 21, ?

- Derive Equation 10.9.
. Using Equation 10.10, assuming an anode-cathode gap of 2 cm, plot

the expected vircator frequency as a function of diode voltage.

. The magnetic moment for an electron in the magnetic field of a

gyrotron is given in Equation 10.15:

(2]

3 BUZ

This quantity is an adiabatic invariant within a gyrotron if the mag-
netic field varies slowly enough, which we will assume to be true.
The statement was made in the text that in designing a gyrotron,
one must be careful not to choose too large a value of v, because
magnetic mirroring could result. Assume that the magnetic field
increases along the axis of a gyrotron from a value By, at z = z, to
a larger value By, at z = z,. Assume also that the electron has a total
kinetic energy eV, where V, is the accelerating voltage in the elec-
tron gun. Let v ; be the perpendicular velocity component at z = z,,
Derive an expression for the maximum value of o = v /vyatz =z
in order to prevent v, at z = z, from vanishing. Assume that the
kinetic energy of an electron is conserved.

- Plot the electron cyclotron frequency of the beam electrons as a

function of accelerating voltage, neglecting space-charge depression,
for a magnetic field of 1 T,

A gyrotron is built to a requirement that it generate 1 MW of output.
If the power efficiency is increased from 33 to 50% by using a
depressed collector, what is the reduction in power loss to the cavity
and beam collector?

What magnetic field is required to achieve resonance in a gyrotron
between a 300-kV electron beam and the TE;, mode of a circular
waveguide 3 cm in radius?

. How much energy is stored in a magnetic field of 0.5 T that fills a

cylindrical volume 5 em in radius and 1 m long?

- In Klystron-like devices, such as a gyroklystron, when it becomes

impractical to reduce the radius of the drift space between two
cavities in order to cut off propagation in the lowest-order TE;
mode, the drift tube is sometimes lined with an absorber. If the
attenuation of the absorber to this spurious mode is 5 dB/ cm, and
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