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ABSTRACT

Relativistic kiystrons are being developed as a power source
for high gradient accelerator applications which include lurge
linear electron-positron colliders, compact accelerators, and
FEL sources. We have attained 200MW peak power at
11.4GHz from a relativistic klystron, and 140MV /m longi-
tudinal gradient in a short 11.4 GHz accelerator section. We
report here on the design of our first klystrons, the tesults of
our experiments so far, and some of our plans for the near
future,

1. INTRODUCTION

Large Jinear electron-positron colliders, compact accelera-
tors, and FEL sources reguire a new generation of high gra-
dient accelerators Concepilval designs for lasge linear elec-
tron colliders for research at the frontier of particle physics,
for example, czll for center-of-mass eoergies of 1-2 TeV and
luminasities of 10°-10% cm~%sec ). Accelerating gradients of
150-200MV/m are desired in order to keep the mccelerator
length within acceptable limits. Frequencies of 11-17 Gz are
desired in order to keep peak power requirements and beam
loading reasonably small. The peak power necessary to drive
a traveling wave structure in the desired frequency range with
the desired gradient is of order 1 GW /m with a pulse length of
50-100ns.

Pulsed beams of such high peak power can be obtained
using the technologies of magnetic pulse compression and in-
duction acceleration.? Beam pulses of 1kA current and 50-
100 neec duration are routinely accelerated to several MeV
at Lawrence Livermore National Laboratory (LLNL). These
beams contain several gigawatts of peak power.

The firss demonstration of RF power extraction from such
a beam yielded ac impressive 1 GW at 35 GHz, using & free
electron laser.? A. M. Sessler and S. §. Yu, following a sug-
gestion by W. K. H Panofsky, proposed a mere direct method
for energy extraction by bunching a relativistic beam and pass-
ing it through extraction cavities.? Sessler and Yu suggested
that if only part of the beam energy wers extracted, the beam
could be reaccelerated and energy again could be extracted.
Repeated reacceleration and extraction was the concept they
called a “relativistic klystron two-beam accelerator.” 3 The idea
of a relativistic klystron, however, is not limited to the two-
heam accelerator concept. Relativistic klystrons can be imag-
ined which span the range from a 1 GW device powering 1 m of
accelerator, 10 a 10 GW device powering 10m, to & two-beam
device extending several kilometers.
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76SF00098 {LBL), and W-7405-ENG-48 (LLNL}, and by the
U.8.-Japan Collaboration on High Energy Physics.
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These ideay have led to » collaboration between Stanford
Linear Accelerator Center (SLAC), Lawrence Berkeley Lab-
oratary {LBL), and LLNL to study the combination of the
klystron conceps with induttion accelerator and magnetic pulse
compression technology. The first experiments have been done
at the Accelerator Research Center (ARC} at LLNL using as
& gun an induction accelerato: designed to produce 1kA cur-
rents with 1.2MeV kinetic energy for up to 75nsec duration
Three klystrons have been tested with this injector. They ase,
in chronological order as tested,

{3} SL3, a multicavity klystron with & conventional gun de-
signed to operate at 8.6 GHz (three times the frequency
of the SLAC linac).

(2] SHARK, a gub-hgrmonic drive gelativistic klystron with
relatively low gain,

{3) SL4, & high gain relativistic klystron at 11.4 GHs (four
times SLAC frequency) designed specifically for the high
power pulsed beam.

In this paper we discuss the design of these klystrons, re-
por?t on the recults of our experiments so far, and discuss some
of our plans for the near future.

2. ELYSTRON SCALING

To motivate the increase ‘o euergy of the beam in an oth-
erwise canventional kivstror, it is vseful to discuss the physics
of the kivatron interaction. ‘a a kiystron, the beam ia velocity
modulated by an RF drive cavity and allowed to drift until the
velocity modulation bunches the beam. The bunched beam
then iz passed through anothes cavity which may be used to
extract RF power. In practice, suzh a two cavity device has low
gain. In most kiystrons, there are seveszl intermediate “idler”™
cavities. Tke first cavity bunches the beam. The bunched
beam drives the second cavity to an RF voltage an order of
magnitude greater than the Grst, which in turn bunches the
beam wore strongly. This process continues uatil the fnal
idler cavity of the “linear gain region® of the klystzon. The
bunching is determined primarily by the voltage on the final
idler eavity. After this cavity the bunckrs are allowed to drift
untii the RF current is maximum. At this point the beam is
passed through two more cavities: a highly detuned “penulti-
mate” cavity which sweeps stil] unbusched electrons into the
bunch, and an output cavity which extracts energy by decel-
erating the beam. The output cavity could be replaced by a
series of cavities or by a traveling wave structure.

An imporianl parameter in klystron scaling is the beam
plasma wavelength. Vefocity moduiation bunches a DC beam.
However, space charge repulsion (modiSed by the drift tube)
causes the beam to debunch. In the linear region, this pro-
cess produtes oscillations. The distances between cavities in
2 klystron are chosen to be approximately one-quarter of a
plesma wavelength for optimal burching. For a long relativis-
tic bearn of currect [ and radius a in a narrow tube of radius
b the piasma wavelength or axis is
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where # = v/e and 7 = 1/4/1 - 82, Increasing the beam en-
ergy ameliorates longitudinal space charge effects but increases
the bunching distance. Increasing the {requency reduces the
bunching distance. Our choice of 2.6cm RF wavelength makes
possible a muticavity klystron design that can bunch a 1MV,
LkA beam efficiently and extract power from it in a total dis-
tance of 1m. For higher energy beams, bending magnets can
be used to create differences in path length for particles of dif-
ferent energies. This permits bunching of higher energy beams
even though their velocity is nearly independent of energy.
Another important parameter in klystron scaling is the
magnetic Seld necessary to focus the beam. For a space charge
dominated beam of uniform cross section the sol:noid Geld B
necessary to confine the beem current [ to radivs o is

podme (20 1 _34xGem [21 1
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In the relativistic klystrona discussed here both 4 and 7 are
greater than in conventionalklystrons. Atshorter wavelengths
higher magnetic fields are needed to focua the beam since the
radius of the drift tube scales with the wavelength. An estimate
of the required Geld must include the effects of beam bunching.
The peak current in the bunched beam typically is about four
times the initial DC current. Thus the magnetic field required
is typically twice that calculated for focusing a DC

8. EXPERIMENTAL APPARATUS

3.1 Induction Accelerator

Most of the experimental studies described here were per-
formed using the SNOWTRON injector at the ARC facility at
LLNL. SNOWTRON is a linear induction injector composed of
ten 150kV induction cells driven by pulsed magnetics.! For
klysiron experiments, a triode elecirode configuration was used
with a cathode of 12.5¢m diameter and 35.6cm spherical =»-
dius. The inner diameter of the anode drift tube was B.8cm.
The cathode was placed 35cm from the downstream end of the
injector. Accelerating voltages up to 1.2MV, beam currentsup
to 1.4kA, and pylse widths up to 75nsec have been obtained
for the klystron experiments. The greatest stress on the injec-
tor is 260kV /cm on the cathode shroud at peak voltage. The
DPC computer tode, whicth was used to design SNOWTRON,
predicts peak currents of 2.3kA at 1.2MV.4 However, the op-
erating pressure of the injector lest to cathode contamination
which precluded uniform space charge limited emission.

3.2 Beam Transport

The distance from cathode to klystron was 4 m for the SL3
test and is 1.5m for the SHARK and SI4 tests. Just down-
stream from the injector is a 30¢m tuper where the beam pipe
narrows from 8.8 to 1.9cm diameter. The pipe diameter is
narrowed further 40 9.2 mm in the SHARK and SL4 klystrons.
Nine 2.5 kG solenoid coils powered by fve separate powez sup-
plies focus the beam between the ¢athode and the kiystron.
Three independently controlled 5kG solenoids focus ths beam
in the relativistic klystron. Four sets of dipole magnets for hor-
izontal and vertical steering are used to correct for beamline
misalignments.

Beam transport calculations with the ST code have been
used to estimnate the required strengths of the focusing felds
for 100% transmission of current through the kiysiron.t The
result of such s calculation in shawn in Figure 1.

3.3 Klystrons

Parameters of the three relativistic klystrons tested are
summarized in Table 1. Further deseriptions are given below.
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K'ystron SL3  SHARK  S[4
Output freq. (GHz) B.57 11.4 11.4
Drive freq. (GHz) 8.57 57 k14
Quzput power (MW,
Peak (max.} 75 47 200
Flat pulse (max.) 75 47 68
Design gain (dB) 54 20 65
Efficiency (%)
Design 60 20 40
Operstion (max.) 55 25 50
Beamn Voltage (kV)
Design 330 1200 1200
Operation (max.) 1000 1200 1000
Beam Current {A)
Design 300 1000 1000
Qperation (max.) 350 750 750
Number of cavitiea 5 2 )
Total length (cm) 31 25 98
Beam-off loaded Q
Input cavity 50 725 280
Idler cavities 4000 — 120
Peaultimete cavity 4000 - 3800
Output cavity 44 40 20
Drift tube diam. (mm) 1 19,92 14, 9.2

TABLE 1. Parameters of relativistic klysirons teated.

SL3 is a conventional high gain klystron designed to oper-
ate «t 8.8 GHz with a conventional gun. With its design gun
replaced by an induction accelerator, it served as an expedient
first demonatration of » relativistic klystron. SL3 waa driven
by a 1kW X-band TWT amplifier.

SHARK is a two cavity sub-harmonic drive relativistic
kiystron. The input cavity is driven by an RF sousce of sev-
eral MW at 5.7 GHr which modulates the beam velocity. Af-
ter drifting, the beam current has large Fourier components at
5.7, 114, and 17.2 GHz. Resonant cavities tuned 1o the higher
harmonice can be used to extract power and measure break-
down fields at the higher frequencies. The 11.4 GHz output
cuvity is positioned after 3 25cm drift for optimal bunching
at that barmonic. Witk only two high @ resonant structures
in this klystror. problems with beam breakup instabilities are
minimized. However, the gain of a two cavity tube is low.
Therefore, in order to achieve beam-to-RF power conversion



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
Unied States Government. Neither the United Siates Government nor any agency
thereof. nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the iccuracy, completeness, or use-
fulness of any information, apparatus, product. or rocess disclosed, or represents
that its use would aot infringe privately owned rights. Refetzace herein (o any spe-
cific commeecial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute ot imply its endorsement, recom-
mendation, or favering by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agercy thereof.



comparabie to that i malticavity 1ubes, a convenional 3 MW,
5 7 GHz kisstron [ e RF
ar-l

RETALS

SLs voa Rz Y
TL4CH whirn wie £ (*ECC Putses
12MV (kA ENOWTRUY heam uniiac mest
kiystrons, it was designed without an integral gun assemnbly.
In order to make the RF filling time of the SL4 cavities much
shorter than the 5Unsec beam pulses, theee of the gain cavi-
Lies are coupled by irises and waveguides 1o absorptive ceramic
wedges. This results in loaded Qs of 120, and filling times of
2-3nsec for these cavities.

To reduce the difficulty of maintaining a we!l-focused elec-
trun beam over a 1 m drift length, the SL4 drift tube was ta-
pered. The drift tube diatneter in the first four cavities is
rather wide, 14 mm. The tube then is tapared to 9.2 mm just
upstream of the penultimate cavity. Tapering permits the use
of solenoid raagnpets with axial field of 2.7 kG for most of the
length of the klystron A 5&G solenoid susrounds the region
of the penultimate and output cavities.
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FiG. 2. MASK simulations of 5L4 output power.

The design gain and efficiency for SL4, 65dP and 40%,
respectively, are obtained using the MASK computer code.®
MASK simulations were used to optimize the SL4 design pe-
rameters and to predict the efficiency and gain at several dif-
ferent beam currents and voltages. Some simulation results
are shown in Figure 2. The paturation RF drive power is ap-
proximately 200 W, which is supplied by a 1xW X-band TWT
amplifier.

Berause of the high peak electric Selds in the penultimate
and output cavities good vatuum is necessary to prevent cavity
breakdown. Consequently, a 500 liter/sec cryopump evacuates
the k!, stron collectar section and two B liter /sec » =c-ion pumps
evacuaie the output waveguide. In this configuration waveg-
uide and collector pressures can be maintaized at 10-8 Torr.
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L e exzet.ment, b ¢ tack frem e hiph pradiert
aoreielator Mot sect vre sampied using 04N wavemnde
directionai couplers The sampled RF signals are transporsed
on individually calibrate 1. ¢35 m long, high quality heiax cables
from the couplers to the ranttol room where they are measured
with calibrated HP 83708 crysial diode detectors. Calnrimet-
ric tneasurement methods so Tar have beer precluded by a ) Hz
pulse repetition rate necessitated Oy inadequate shielding,

3.5 High Gradient Accclerator

Tocorrplement the SL4 experiment, a 26 cm long section of
11.4 GHz accelerator structure operating in the 27/3 traveling
wave mode has been buiit. The consiant impedance structure
consists of 30 cells and has r/Q = 14.2kM1/m. The attenuation
parameter is 0.136 nepers. The graup velocity is 0.031c, giving
a filling time of 28.4 nsec. The iris diameter was chosen to be
T.5mm. Parameters were caleulated by the SUPERFISH code
and confirmed by cold test measurements. Coupler camensions
were approximated by extrapolation from S-band data, and
finalized by cold tess. The accelerator was fabricated from
machined “cups™ which were stacked and brazed. A special
too] permitted each cavity to be tuned up or down in frequency
in order to obtain the correct phase advance per cell.

4. EXPERIMENTAL KESULTS
4.1 Beam Transmission

The design goal of 100% beam transmission through the
klystrcns has not been achieved experimentally, evon afier fo-
cusing adjustinents were pesformed by empirical optimization
using a diagnostic such as transmitted current or output RF.
The maximum current transported through SHARK is 730 A,
only 65% of the maxunum current entering the klystron. Up
to 80% transmission has been achieved at 400 A. Transmis-
sion achieved through SL4 (which is four times longer than
SHARK) is 55% at 800 A, and is 65% at 500A. Transmis-
sion is observed to be independent of RF drive for SHARK.
However, for SL4, a slight decrease in transmission was noted
at high RF output levels. (There was no downstream current
monitor in the SL3 tests; transmission through SL3 was not
measured.)

4.2 SL3 Demonstration

The SL3 test was designed to be a demonstration of the
effects of putting a conventional klystron tube (stripped of
its gua) in » high power pulsed beam. No unusual or unex-
pected phenomena were observed. No evidence of multipactor,
breakdown, parasiiic oscillations, nor other instabilities was
observed. RF pulse risetimes were 5-10nsec. RF pulses repro-
duced the shape of the beam current pulses quite well. SL3
performance at beam energies much greater than design is il-
lustrated in Figure 3. Peak power of 75 MW was attained with
an 80O kV, approximately 250 A beam. Qutiput power observed
agreea well with the predictions of the MASK simulation code.

4.3 SHARK and SL4

Peak output power of 2005 W at 11.5 GH2 was atzained
with the SL{ relativistic klystron design voing a $230LV, 420 A
beam. SL4 has not yet operated 2t its 1000 A desipr. current.
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However, agreement is excellent between output power mea-
sured at lower currents and the MASK predictions (Figure.z)
for operation at these curreats. The 200MW prak power deliv-
ered by SL4 to the 11.4GHz accelerator corresponds‘ to a lo.m_u—
tudinal accelerating gradient of M0OMV/m. Early indications
are that there is appreciable dark current in the accelerator
when the accelerating gradient exceeds 90MV /m.

Beam voltage = 950 kV
Drive power = 1.4 MW
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F lG? :.i RF pulse shortening observed in SHARK tests.

In our tests of both SHARK and SL4, we observe that as
the beam cur-ent through the klystron is increased up 1o a
certain Jevel, the output power pulses remain relatively flat.
However, if the beam current is increased beyond this level,
the trailing edges of the output power pulses diminish in am-
plitude, while the leading edges continue to grow with the beam
current. This behavior in SHARK tests is illustrated in Fig-
ure 4. We have demnonstrated that our ability to abtain flat

output power pulses s affected by beam current, RE dnve
level, and focusing magnetic Seld srrength The pracucal un-
purtance of these ohservatians s that even though 200MW of
RF was produced witn SL4, the muoomun reasopably fla RE
pulse achieved was only 60NN Low atl high peal ower 514
pulses are iliustrated o Figure 5 The pulse shortenung grhie
nomenon is a secwous upeditnent to makung flat high power
RF pulses. It is not heam breahup because the transmitted
DC beam current pulse does not shorten with the RE pulse
Two possible pulse shortening mechannins. {a) “anomalous”
beam loading and {b) transwent effects ace described below

Wide pulse Peak power
- somears ] T -1COma e
i
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By = 68 MW Py = 202 MW
€y = 930 kv Ey = 830 kV
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FIG 5. Low and high peak power pulses in SL4 tests

(a) Pulse Shortening by Avomalous Beam Loading

To understand the mechanism for the limited power ontput
and pulse shortening in SHARK, an experiment was performerd
in which simultancous data on reflected power from the input
cavity and on output power were recorded at a critieal point
for the onset of the shortening phenomenon With no external
changes in the beam condition and/or input power, the vutput
alternates from pulse to pulse between the rectangular pulse
and the triangular pulse.

When the beam turns on, there i a significant dip in the
drive power reflected from the SHARK input cavity. Two
distinctly different states have been observed in the reflected
drive, as shawn in Figure 6, one having a much greater re-
Bection during the beam-on time. Furthermore, the state with
large reflection is correlated repeatably with the narrow output
pulse.

"Normal” “Anomalous™

i 1M 3D
Rellected power Reflected power
PoralDre Tae v n; |

Quiput power from SHARK Output power fram SHARK
L-HE

(ALY

F1G. 6. SHARK reflected drive and oulput power. Arrows
indicate the 50 nsec beam time in the reflected power.
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This observation can be reproduced with our computer
code for transient analysis. In the code, we use a circuit model
to compute the time varying voltage across the input gap. The
teflected power is caleulated from the time varying voltage by
power balance.

Results of the transient calculation are shown in Figure 7
where the relatively flat antput pulse with the fow beam-on
reflected power was abtained by using a beam loading generally
consistent with MASK calculations and measurements. The
narrow gutput pulse and increased refection wese obtained by
arbitrarily incr beam loading by a factor of 2.5.
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F1G. 7. Calculations of the effect of anomalous beam loading
on SHARK reflected drive and output power.

A proposed mechanism follows. Dusing the beam-on time,
secondary electrons produced by impinging x-rays are emit-
ted from the high field regions around the cavities, When the
cavity field is low, these secondaries ocecillate in trajectories
close to the cavity walls with no net absorption of energy. At
higher field gradients, the secondary electrons have longer path
lengths. Above a eritical field value, the path lengths are long
enough for secondaries to hit the opposite nose cone, depositing.
their kinetic energy in the walls in the process, which consti-
tutes a loading phenomenon.

The proposed mechanism is qualitatively consistent with
several observations: Pulse shortening does not occur below an
input power of 500 kW. The voltage across the gap at this crit-
ical drive power level is 360kV. If secondary electrons move
in straight lines, the path length during half a period is ap-
proximately 1cm. This is consistent with the gap length being
8mm at the peck. As the focusing Geld is reduced, the see-
ondary electrons have curved paths, and require higher feld
gradients to hit the opposite wall. This is consistent with the
observed increase in threshold power with reduced eolencid B
field.

The secondary electrons in the anomalous beam loading
mechanism may be caused by x-rays from the beam. Hence,
they turn on and off with the beam. Note that during the ex-
periment, roughly 200 A of currerit was lost in traversing the
taper-kiystron system. Preliminary calculations indicate that
the x-rays produced are consistent with secondary electron cur-
rents required to account for the additicnal loading (5-10 A}.
This hypothesis is also consistent with the observation of re-
duced power output with increasing bean curreat, since the
x-ray dosage is generally increased with beam current.

(b) Pulse Shortening by Transient Efects:

1n addition w anomalous beam loading, transient effects
due to normal resistive loading and reactive detuning of cavi-
ties by a high power pulsed beam influence the output power
pulse shapes in relativistic kiystrons. The transient nature of
the pulsed beam energy and current make the loading and de-
tuning time dependent. The beam-cavity coupling is sensitive
to the radial charge density distribution in the beam. Since
this distribution is unknown and sensitive to focusing, it 1s de
sirable to measure, rather than to calculate, the beam loading
and detuning.

Measurements made on the SL4 input cavity so far indicate
a beam loading @ of 670 and detuning by +22MHz at 500 A
bearn current snd 9504V beam voltage. These measurements
differ from the predictions of MASK simulations, most likely
due to the sensitivity of the calculation to the true radial dis-
tribution of charge in the beam.

‘The beam pulses from the induction accelerator have a
“rounded” energy distribution, dominated by the rise and fall
times of the accelerating voltage (which are comparable ta the
switching time of the magnetic energy compressor that drives
the induction cells). C: quently, t effects of beam
loading and detuning are expected to be more significant near
the beginning and end of the pulse, where beam energy and
current are reduced and are changing rapidly. In the SL4
kiystron, for which we have begun to measure the input cavity
beam loading and detuning, the minimum beam loading Q is
camparable to the external @ values of the drive and idler cav-
ities, and the maximum detuning is comparable to the stagger
tuning differences beiween cavities.

We analyze the ¢ffect of transirat beam loading and de-
tuning aa the shape of the output powes pulse in the following
way. Using a resonant circuit model, we calculate the time-
development of the voliage on a driven cavity. Then, by cal-
culating the beam velocity modulation produced by the cal-
culated cavity voltage, we estimate the RF current that drives
another cavity downstream. Following this analysis through all
nix cavities of the SL4 klystron, we can atudy how the shape of
the output power pulse develops as a function of the different
time dependent @'s and detunings of the individual klystron
caviiies.

The output palse shapes we have calculated look strikingly
simjlar to some of the pulses we have observed. The shapes
may be described qualitatively as being composed of transient
precursors followed by a flat pulses. The precursor primar-
ily is due to the transient detuning that results from reactive
beam loading and, in some cases, may be of much larger ampli-
tude than the trailing fat part of the RF pulse. The precursor
peak power level has broad bandwidth and is minimized by
appropriate choice of driving frequency. High power flat-top
RF pulses have emerged in our calculations with a driving fre-
quency bandwidth narrower than, and shifted vpward from,
the bandwidth of the large precursor phenomenon. The shift
in driving frequency necessary to oblain rectangular pulses in
our calculations is the typical cavity detuning. We have not ob-
served these rectangular pulses from S14 yet at any frequency,
presumably due to the “anomalous” beam loading described
in the previous section.




4.4 Otuer Cbservations

SHARK 1uput Cavity Breakdown: The drive eav.
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threshoid the arcs weic ocoyr on every peise and start early
in the drive pulse. It was possible to raise the threshold from
1MW o about 1.5MW by RF processing at 15-20ppa with
the beam ofl. The cavity wis processed in this way for 1-2
hours. However, when the repetition rate was reduced to I pps
and the beam was turned on (inadequate radiation shielding
limited the repetition rate to 1 pps with beam on) the thresh-
old would quickly decrease again to about 1} MW, The arcing
was a scrious limitation for the kiystron tests and limited the
maximum output power which could be obtained.

SHARK Input Cavity Cyclotron Resonance: There
was also evidence of multipactoring or some other electronic ac-
tivity in the SHARK input cavity. The pressure in the SHARK
vacuum system was monitored while the solenoid field was var-
ied with the RF drive on and the beam off. A sharp rise
in pressure was cbserved at a field strength of about 1035G.
The cyclotron dipole resonance for the 5.7 GHz drive occurs at
2041 G. However, the linear dependence of the radial electric
field produces a quadrupole re<onance at half that Geld.

SL4 Input Cavity Multipactoring: The refiection co-
efficient of the SL4 input cavity is a function of drive power
even when the beam is off. At low drive levels, less than 40 W,
the reflection coefficient is constant and equal to that measured
during cald testing. Above40W drive, the reflection coefficient
drops rather abruptly. Since the cavity is heavily over-coupled
(9.5 standing wave ratio)} this reflection coefficiznt means that
something is absorbing power from the cavity. The threshold
for the onset is sensitive 1o the solenoid B field. We feel shis
is evidence of multipactor. Nevertheless, stable qutput power
was observed.

SL4 Parasitic Oscillations: Under certain focusing and
steering conditions a large RF pulse at 13.2GHz is radiated
from the SLd4 input cavity, coincident with the beam pulse.
This can occur with or without RF drive, The 13.2 GHz pulse
appears to be much larger than the RF drive pulse, but since
the RF components bave not been calibrated at 13.2 GHz, we
do not know how much power the pulse contains. The 13.2GHz
signal probably arises from dipole mode resonance in the in-
put and one of the downstream cavities. Since 13.2GHz will
propagate (in the TE); mode) through the 14 mm drift tube of
the klystron, a signal can feed back from the idler cavities to
the input cavity. Consequently, the system can oscillate. The
phenomenon does not appear to affect the gain of the klystron.
The 13.2GHz signal has not been observed in the kiystron out-
put.

In addition to the 11.4 GHz drive frequercy, a spurious
11.8 GHz frequency has been observed in the output from SL4
in the presence of drive. Power at this frequency was detected
by measuring the distance between nullz on a slidicg stub tuner
placed in the output path. This parasitic oscillation can be
eliminated by adjusting the beamn focusing and steering.

5. FUTURE PLANS

At present, SL4 and the high gradient accelerator section
are in the experimental area and tests are continuing. To fur-
ther understand transient effects measurements of input cavits
beam loading and detuning as discussed in Section 4.3(b), will
be continued on SL4. Similar studies wil! be initiated on the
high-field S:TARK input cavity when it is reinstalied. We hope

L N S
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at the cavity with a r..gaetic shunt
Several madifications o the current SHARK 11 3 G117 out-
put cavity are planned. The SHARK output cavity will be
replaced by the penultimate and auput cavities of SL4 (which
were designed as a modular section). The addition of a penul-
timate cavity to SHARK in this way should iinprove bunching
and increase output power. A traveling wave output struc-
ture which has been fabricated will also be used to replace the
SHARK output cavity. New output cavities at the 5.7 and
17 GHz harmenics may be built and tested.

6. SUMMARY

We have been working to develop a high power (500 MW)
short wavelength (2.6cm) relativistic kiystron with beatn ki-
netic energy greater than 1MeV. Three different kiystrous
have been tested. Two parasitic oscillations {at 11.8 and
13.2GHz) have been observed but do not appear to be debil-
itating and have been avoided by suitable choice of operating
parameters. Peak RF power of 200MW has been achieved,
but only with an RF flat top much shorter than the beam
current pulse. This pulse shortening phenomenon is by far
the most serious problem encountered. It is clearly not beam
breakup since it does not correlate with shortening of the DC
current pulse. Experimental evidence from onc of the klystrons
(SHARK) indicates that pulse shortening is caused by loading
of the input cavity by anomalous charged particle currents,
Since this loading occurs only when the beam is on, it is be-
lieved to be due to either secondary electrons or to pho.oelec-
trons produced by the copious supply of x-rays caused by beam
interception. A second and perhaps related problem is rather
poor beam transmission through the klystrons, which has not
exceeded 65%. Finally, the 200 MW peak RF pulses have been
transmitted into a 26 cm long high gradient accelerator struc-
ture. This power corresponds to an accelerating gradient of
140MV /m.
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