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A two-dimensional quasianalytic model has be
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high-efficiency traveling-wave amplifier operating a
spread of less than 5% is sufficient to reach high e
magnetic field for a given geometry of the slow-wav

PACS number~s!: 41.75.Fr

INTRODUCTION

The next linear collider~NLC! will require acceleration
gradients in excess of 100 MV/m. The lower limit of the
necessary gradient is achievable with theX-band klystrons as
developed at Stanford Linear Accelerator Center~SLAC! @1#.
For higher gradients (.200 MV/m) the source will have to
operate at a higher frequency. The obvious question is wh
should be the operation frequency of the future system
There is no optimal value which can be established from
single or simple criterion. The complexity of the analysis an
the variety of criteria involved were discussed more than te
years ago by Palmer@2#, who concluded that a good tradeoff
is operation close to 14.5 GHz. More recently Wilson@3# has
analyzed the requirements of a 5–15 TeV accelerator and t
conclusion was in favor of operation at 34 GHz. However
higher energies would require even higher operating freque
cies.

The spectrum of possibilities, with regard to what rf
source should be utilized, is quite limited if we assume tha
conceptually NLC will operate in a similar way as the Stan
ford Linear Collider~SLC!. One possibility is to scale the
presentklystrontechnology to 35 GHz. This may prove to be
a difficult approach since the diameter of the drift tube be
tween cavities has to be scaled down according to the fr
quency increase, in order to keep the waveguide below cuto
for all electromagnetic modes. At the same time the curre
in the electron beam has to be comparable to that in prese
day klystrons and therefore the propagation of the electro
beam imposes severe constraints on the guiding magne
field. Furthermore, the closer the beam is to the extern
wall, the larger the variation of the rf field across the beam
consequently affecting the efficiency of the system. To avoi
these difficulties the beam radius is expected to be one ord
of magnitude smaller than the vacuum wavelength~i.e.,
Rbeam;l/8 @3#!. In spite of these constraints the klystron
may still have a significant contribution to the next genera
tion of accelerators. In fact Wilson@3# indicates that since
most of the difficulties of the klystron arise from its pencil
beam, the alternative, namely, a sheet beam,@4# may elimi-
nate many of the obstacles.
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ents for a high-power traveling-wave amplifier
t 35 GHz

chter
Israel Institute of Technology, Haifa 32000, Israel

ation
nell University, Ithaca, New York 14853
manuscript received 2 February 1998!

developed for the investigation of the performance of a
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t 35 GHz. Simulations indicate that a relative energy
fficiency. It is also shown that there is an optimal guiding
e structure.@S1063-651X~98!11206-0#
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A second possibility is thegyrotronwhich is under inten-
sive investigation at the University of Maryland@5#. It has
inherent advantages over all other rf sources at high fre-
quency with regard to continuous operation at high power
levels. However, the presence of lossy materials required for
the massive mode suppression may become an obstacle in
obtaining an overall high efficiency. An interesting concept
which utilizes the advantages of the klystron at low fre-
quency and these of the gyrotron at high frequency is being
developed by Hirshfield and co-workers@6#. It relies on con-
version of low-frequency power from a regular klystron by
bunching an electron beam which in turn generates, after
being isolated from the input rf, a higher harmonic of the
input frequency. The conversion mechanism is similar to that
which occurs in a gyrotron. Obviously the constraints on this
conversion scheme with regard to efficiency are high since
the overall efficiency is the product of that of the converter
and the klystron.

The third possibility is to exploit the advantages of a
traveling-waveamplifier and this will be the topic of this
theoretical study. As an acceleration structure, the traveling-
wave amplifier consists of a disk-loaded waveguide but con-
trary to an acceleration structure where the aperture’s diam-
eter has to be reduced according to the increase in the
operating frequency, in this case~35 GHz! the aperture may
be comparable to the dimensions required in anX-band
structure. In this way we have eliminated one major con-
straint which is unavoidable in a pencil-beam klystron. The
price we pay for using at 35 GHz the same disk aperture as
in an X-band structure is operation at relatively high group
velocity and low interaction impedance. The latter has two
effects: for a given current and for maximum efficiency it
makes the required interaction length longer, which leads to
a higher sensitivity to beam quality. On the other hand, it
makes the transverse motion of the particles less ‘‘violent,’’
in this way reducing the probability of particles hitting the
structure’s wall at a given guiding magnetic field.

In addition to the iris aperture, which has not been re-
duced in the present design~35 GHz!, the amount of current
carried by the beam remains of the same order of magnitude
~as in theX-band case! implying that a typical guiding mag-
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