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Abstract

We examine the various high power RF sources on the ba-
sis of the next linear collider requirements. The discussion
is based on classification of the sources according to what
we consider the most informative criteria. In the conven-
tional acceleration scheme (e.g. SLAC) multiple sources
generate the RF power. A variety of sources are consid-
ered and they cover the spectrum from 9 to 19G H z. In the
two beam accelerator scheme all the modules are driven
by the same beam which has multi MeV (LBL/LLNL)
up to a few GeV (CERN) electrons; the current carried
by the beam is of order of kA. Two types of RF sources
have been suggested: traveling wave (TW) structures and
free electron laser (FEL). The operating frequency varies
from device to device in the range of 9 to 35GH 2.

I. INTRODUCTION

The typical requirements from an RF source for the next
linear collider (NLC) are: 200M W/m at 10—30G H z with
an efficiency above 40%. The pulse duration varies from
one scheme to another, but the net pulse for accelera-
tion is expected to be above 100nsec and to generate a
gradient on the order of 100MV/m. The luminosity re-
quirements determine the repetition rate and according
to the system it can vary from 50 — 1400H z(1). The de-
tailed specifications of any RF source are established as
part of the design of an entire system. According to the
acceleration system one can divide these sources into two
groups: sources which drive (z) a Two Beam Accelera-
tor (TBA) e.g. at LBL/LLNL/MIT, KEK, JINR(Dubna)
and CERN in which a single beam generates the whole
required power and (i¢) a conventional multiple sources
system e.g. SLAC, KEK, DESY, VLEPP, Cornell and
Univ. of Maryland; see Fig. 1. This is our first classifica-
tion criterion.

If in the past the klystron was practically the only RF
source used for acceleration purposes, the beam-wave in-
teraction in today’s systems tends to expand beyond the
limits of a fraction of the (vacuum) wavelength. The main
reason for this trend is the breakdown problem associated
with the high power, frequency and efficiency imposed by
the NLC requirements. The approach followed to over-
come the breakdown problem provides our second classi-
fication criterion. There are several such approaches. (%)
It is possible to increase the frequency (to 30GHz and
above as is the case for the TBA); doing so the power
level required is much smaller since for the same gradient
the power scales like f~2. Thus an increase by a fac-
tor of 3 in the frequency lowers the power requirement
by almost an order of magnitude. However a problem
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with this approach is that the geometrical (alignment
and manufacturing) tolerances at small dimensions, as-
sociated with the increased frequency, become very tight
(0.5um). (ii) Another approach is that of pulse compres-
sion adopted by SLAC and KEK in which an X-—band
(11.4GH z) klystron generates 50 MW for 1.5usec. This
pulse is then compressed 4 times in power and 6 times in
time such that the nominal pulse is 200M W for 250nsec.
A similar approach was adopted at VLEPP which oper-
ates at 14GH z and the compression method is different;
we shall discuss this system later in more detail. (i1i) The
last approach to overcome the breakdown problem is to
use a distributed interaction in a TW structure. This ap-
proach has proven to be successful at SLAC®, Cornell®
and with the Choppertron{*) (Haimson/LLNL). The idea
here is to generate a high power pulse (100 —400M W) for
the duration required for acceleration (> 100nsec). TW
structures are also part of the CLIC extraction section.

The issue of distributed interaction leads us to the third
classification criterion namely, we would like to distin-
guish here between (i) slow wave devices (Cerenkov) and
(i1) fast wave devices (FEL, CARM®, Gyrotron(®=" and
Magnicon(®=®). This is schematically presented in Fig.2.
Each of these categories has its own advantages and dis-
advantages. If we limit for a moment the discussion to
traveling wave amplifiers (TWA) and gyrotrons then the
former operates in a single TM mode whereas in the latter
a massive higher mode suppression is necessary for ”sin-
gle mode operation”. On the other hand, in the TWA
the breakdown at the corrugated walls remains a concern
(though not as severe as in the klystron) whereas in a gy-
rotron the smooth walls minimize this problem. As for
now it is difficult to assess what weight to attribute to
the cost of the applied magnetic field and its required
accuracy(”) since the power levels reported so far are al-
most one order of magnitude lower than the TWA().
For 2TMW at 9.85GHz a field less than 6kG was re-
quired with an accuracy of 50G. This magnitude is similar
to that of the guiding field in either TWA or relativistic
klystron but these two are practically insensitive to varia-
tions in the magnetic field - on the scale mentioned above.

We shall now examine some of the RF sources which have
been investigated recently in the view of the classification
mentioned above.

II. TWO BEAM ACCELERATOR

The TBA concept first suggested in 1982 by A. Sessler(11)
relies on the interaction of a single high power beam with a
radiation field in the presence of a wiggler. The radiation
power is extracted from discrete (extended) cavities, thus

PAC 1993



NLC Requirements:
0O0OMW/m, 100MV/m , > 100ns
10-30GHz , >40% , 50-1500Hz

@ONVENTIONAL: multiple sour§

EWO BEAM ACC. : single sour@

v v
Cﬁo Compressi@ CfEL & Re-accj

v
GW & No Re-aca

SLAC & JLC Cornell LBL /LLNL & MIT CERN / CLIC
@ stron(NLCTA)\ [ Narrow Band TW 3.3MeV,lkA,91 85ns G(500GeV)
0.44MeV,0.35kA 1MeV,1kA,70ns LLNL FEL 1985 3.3GeV.
1.5 usec, 180(150)Hz| | 200MW,20%,9GHz) | 1GW,34%,34 6GHz || buncher i OMeX,
S0MW,45%,11.4GH LBL: SW-FEL N 11
70, L z MIT: 60MW FEL TW: 40MW, 11.4ns
SLED II: 1400Hz rep. rate
T: x6->250ns __.BNL
Q x4 ->200MW_J :' Cluster - klystron . KEK (Japan)
.0.45MeV,0.1kA, 1l S| (75 e MeV.0.5-0.7KA
VLEPP (Russia) | 27MWx 424= 1GW, | 80ns, 30MW at
@stron / TW ﬁ ‘710%at114GHz - | 9.4GHz

IMeV,0.3kA,0.7u s
63MW at 14GHz,

C TW & Re-ach

21%, 50Hz JINR(Dubna, Russia) CIBLNL r/t Haimson
VPM: oppertron:
T: x6.5->107ns ggﬁ%’v’%%?dﬁ)fs | 2.5MeV,1kA,70nﬂ
E ? / 1Hz rep. rate 420MW at 11.4GHz
Maryland

Gyrotro-klystron
0.43MeV,0.2kA,1n s

2TMW, 32%,
9.85GHz

Fig.1: Classification of RF sources according to acceleration scheme,
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the notion of standing wave FEL. The proof of principle
dates back to 1985 when a 3.3M eV, 1kA beam generated
LGW of power for 15nsec at 34.6GH z corresponding to
34% efficiency(!?). Recently 30M W at 9.4GH z were gen-
erated at KEK(3) for 80nsec with 0.8MeV, 0.5 — 0.7kA
in an FEL. At JINR(Dubna)®), a similar amount of
power was generated for TOnsec but at 35GHz with a
3MeV, 0.5kA beam. All three have the FEL interaction
in common. The beam is planned to be re-accelerated by
induction linac cells which are crucial for the adequate
operation of the following RF extraction units. Accord-
ing to our third classification the standing wave FEL is a
fast wave device. There is no reason why the fast-wave
interacting cells can not be replaced with slow-wave type
cells. This is the case in the LLNL/Haimson(*) exper-
iment (Choppertron) in which a 2.5MeV, 1kA, TOnsec
beam is injected in two consecutive traveling wave struc-
tures, power in excess of 400M W at 11.4GHz was mea-
sured in this case. Similar structures are used at CLIC
following a very unique design. The electrons are bunched
by an FEL when injected with an initial energy of 10MeV
(1kA of current). They are bunched at 30GHz in this
stage and then accelerated to 3.3GeV. This beam feeds
short traveling wave sections which generate about 40MW
of power, each for 11.4nsec. Note that the 40M W in this
design can generate a similar gradient as the 400M W of
the Choprertron at 11.4GHz.

s

discret
( ¢) (slow wave)

Klystron

SLAC, DESY, KEK
BNL/cluster

Cornell, MIT
TBA: CERN/CLIC

(fast wave)

Gyrotron
CARM
FEL
Magnicon

2: Classification of RF sources according to iterac-
Livis type.

III. CONVENTIONAL SOURCES

When examining conventional sources it is convenient to
divide them according to the interaction type. We shall
discuss first the fast wave devices. In this presentation we

shall limit the discussion to a single representative from
this family namely, the gyrotron. The gyrotron(®=7) or its
combination with TW and klystron version called gyro-
twystron has a significant appeal since the TW structure
helps to keep the magnetic field at relatively low levels
when the RF power levels (and thus the current) are sig-
nificantly higher. The operation of the extraction section
designed to fit the second frequency harmonic is also in
progress.

In the category of the bare klystron we would like to men-
tion the Cluster Klystron. As presently envisaged it is
to be driven by a 0.45MeV, 0.1kA, lusec beam. There
will be 42 such beams generated on the same cathode by
magnetron injector guns which will generate beams with
a local current density as high as 40A/em?. At about
70% efficiency each klystron will generate 26 MW with
an overall 1.1GW RF power at 11.4G H z; this is the first
system discussed so far that has not been tested exper-
imentally. Basically there are two major obstacles this
system has to overcome: the generation of controllable
multiple beams from a single cathode and, assuming that
this was accomplished, the combination of all outputs in
a single waveguide at a well defined phase.

As illustrated in Fig.2 the VLEPP klystron lies some-
where between the slow wave devices and the klystron
fa:nily. It consists of a series of cavities but its extraction
section consists of a traveling wave section. Its injection
section is unique: the electrons are generated and guided
by a 25kV electrostatic optic system and afterwards ac-
celerated by a 1MV dc voltage source. Since the driving
voltage is high, the required power can be supplied by in-
jecting a modest amount of current (300A4). This fact has
two implications: (i) the beam can be guided by a per-
manent periodic magnetic field and (i) according to V.
Balakin(*® it has the potential of a very efficient device
due to its low (0.3) micro-perveance. The dc guiding of
the beam makes the device very attractive from the finan-
cial point of view since a significant portion of the cost of
an RF generator is the cost of the magnets. The design
of this system is very ambitious and it is planned to reach
almost 80% efficiency. At the present time the output
is 63M W which corresponds to 21% efficiency. This is
the typical efficiency one can expect from an uniform TW
section without any optimization.

The last subject to be considered in the category of con-
ventional sources is the traveling wave amplifier (TWA).
We have investigated this device at Cornell both exper-
imentally and theoretically in the past several years. In
a two stage TWA we have reported generation of more
than 400M W in the X-band for a pulse duration of 7T0nsec
using a 1MV, 1kA beam. However the spectrum of the
signal was unacceptably broad (300M H z) due to the pres-
ence of asymmetric sidebands. Theoretical studies indi-
cated that these effects are a result of amplified noise at
frequencies which are selected by the interference of the
two waves which bounce between the two ends of the TW
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structure. In order to eliminate the problem of the re-
flections (the increased noise is unavoidably part of the
modulation process) we suggested(!®) building an ampli-
fier in which the time it takes the EM energy to reach the
input end after being reflected from the output end, is of
the same order of magnitude as the electron pulse dura-
tion. In order to satisfy the above condition the group
velocity has to be very small (in our case less than 0.01c).
This subject is presented in Ref.10. The output in the
most recent experiments indicate power levels of about
200MW at 9GH z in a frequency range which is less than
50M H z. This has been achieved in an uniform structure
in which the only optimization was making the last disk
Imm thick instead of 6mm. This allows the EM mode to
leave the system since for the disk radius this wave is well
below cutofft!®), This result can be probably improved
significantly by a better design of the output TW section.

IV. DISCUSSION

Although the variety of concepts and devices is not par-
ticularly helpful in the attempt to identify a global trend,
we believe that there are clear indications of local trends.
The clearer among these trends is that of the TBA source:
neither of the devices under consideration use the klystron
as a basis for their RF generator. In fact it is fairly clear
that the disiributed interaction either in a fast or slow
wave device replaces the local beam-wave interaction of
a klystron. However the cavity effects, say in a standing
wave FEL, are still there, and as was indicated in Ref.(17)
the analogy to klystrons can be quite helpful.

With respect to conventional schemes, the scaling of the
klystron to the X-band and to long pulse operation in
conjunction with the compression scheme indicates that
the klystron is still a potentially viable competitor for
the next linear collider RF source. As an intermediary
stage the compression schemes proposed by SLAC and
VLEPP will probably meet the requirements but they will
not solve the long term problem. Over the long term we
have to remember the limitations of both the klystron
and the compression schemes - especially with respect to
breakdown. One of the alternatives we mentioned in our
second classification criterion was a medium length (100 —
200nsec) high power (100 — 400M W) pulse. This kind
of system eliminates the neccessity for compression and
still provides the required power levels. But to withstand
high electric field associated with these power levels it will
require a TW output section>~%). Since this scheme has
the potential to solve the problem it seems probable that
TW output sections will become an integral part of future
RF extraction systems. It is this trend which we wish to
further discuss next.

The starting point is the constraint imposed by the NLC
requirements on the RF structure. The output frequency
requirement limits the input section of any source to a
very good frequency selective device. From this perspec-
tive the klystron cavity or a combination of a cavity with
a magnetic field as in the case of the Choppertron or an
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FEL, are the natural candidates for the input section of
any RF system. The main section can be a set of isolated
cavities as in a klystron, a TW section or a combination of
the two. However the breakdown problem will force us to
use a TW structure as an oufput section with one or more
extraction ports. This brings us to the last subject which
is discussed in more detail in another work(!® regarding
the beam-wave interaction in quasi-periodic structures.
A high power traveling wave structure is conceived as a
section of a periodic disk loaded structure and its electro-
magnetic characteristics are determined as if the system
was infinitely long. Practically these are a set of cavities
which are coupled through the disk aperture. At the other
extreme, the klystron is a set of a few isolated cavities. In
the former case the beam interacts with a wave continu-
ously, whereas in the klystron the beam interacts with the
field in the close vicinity of the cavity. The interaction in
a uniform periodic structure (TWA) or in a few uncou-
pled cavities (klystron) is relatively well understood. But
we lack analytical or even quasi-analytical tools to accu-
rately investigate the interaction in transition region of a
high power microwave device - which is exactly what is re-
quired for construction of an adequate output section. For
this purpose we have developed an analytical method to
investigate the beam-wave interaction in a quasi-periodic
structure. The method relies on an arbitrary number of
pill-box like cavities of any dimension and an arbitrary
number of radial arms. The only constraint is that the
radius of the coupling pipe has to be fixed. So far we
have successfully employed this method for cold design -
in particular for the extraction region of the two stage
amplifier reported in Ref.(10).

V. SUMMARY

Let us now summarize the main conclusions regarding
high power radiation sources for acceleration applications:
(i) There is a clear advantage to operate at the highest
frequency the alignment constraints permit. (ii) At very
high power local beam-wave interaction (as in a klystron)
is disadvantageous comparing to distributed interaction in
traveling wave structures due to the breakdown problem.
(ii1) Radiation sources need to expand further beyond the
limits of the bare klystron. (iv) The expansion so far is
"equally” divided towards fast and slow wave devices. (v)
In two beam accelerators the klystron, in its present con-
figuration, will play little, if any, role. (v:}In conventional
sources the traveling wave structure with one or multiple
output ports will have an increasing role at least in the
output section of a high power RF source. Accordingly
the interaction in transition regions will require more and
more attention.
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