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The necessity to create the RF sources operating in the multifrequency mode is supported by the proposals con-
cerning the suppression of the emittance growth generated inside the RF gun and the possibility to increase the lim-
ited accelerated charge by involving into the interaction with the beam, in addition to the fundamental harmonic, the
highest harmonics of a RF field with the power ratio up to 10: 1 and the absolute synchronism of changing phase
and amplitude ratios of signals. In this paper we present the preliminary results on studying the possibilities of mul-
tiple-frequency RF power generation by a single klystron through installation of supplementary high harmonic cavi-
ties to the exit one after the main output cavity along the beam direction. The physical motivation of the proposal
consists in the effect of lengthy bunch rearrangement due to the interaction with the high-strength decelerating RF
fields. The previous experimental data, the 2.5D Particle-In-Cell ARSENAL-MSU code concise description and

computer simulation results are given.
PACS: 84.30.Jc

1. INTRODUCTION

One of the fundamental problems of the physics of
accelerators is the one of increasing the accelerated
beam current. As is known, the main limits for the per-
missible accelerated charge values are caused, first of
all, by the beam emittance blow up in the injector sys-
tems and by the increase of radiated fields amplitude,
including that of HEM-type in the accelerating struc-
tures. The apparent method to enhance the limited ac-
celerated charge consists in the decrease of the charge
density in bunches by increasing their phase length. In
this case the emittance growth suppression in the RF
injectors can be provided by the multi-frequency opera-
tion mode of the RF gun cavity [1] or with a single-
mode RF gun, including the correcting cavity in the
injector setup. The identical condition for acceleration
of all the particles in the lengthy bunch, when the level
of radiation fields is considerably decreasing with the
form-factor value decrease, can be obtained in the mul-
ti-mode acceleration regime in the resulting RF field of
a "rectangular" form [2]. In particular the same is
performed in the accelerating interval of proton syn-
chrotrons for widening the region of phase stability and
lowering the space charge effect [3]. In both cases one
of the most important problems of a practical realization
is the generation of absolutely cophased RF fields of
sufficiently high levels at multiple frequencies.

In this paper presented are the preliminary results on
studying the possibilities of multiple-frequency RF
power generation by a single klystron through installa-
tion of the supplementary high-harmonic cavities into
the exit one after the main output cavity along the beam
direction. The physical motivation of the proposal con-
sists in the effect of lengthy bunch rearrangement due to
the interaction with the high-strength decelerating RF
fields in the output cavities.

2. THE PREVIOUS EXPERIMENTAL
RESULTS

It is obvious that during interaction of the bunches of
a large phase length with the field of the output cavity,

when the total time of interaction is more than a half of
RF oscillation period, one part of particles in the bunch
is accelerating. In the further passing of the drift space
the possibility exists of outgoing the main braked part of
bunch ("flipping" effect). As a result, the beam may be
rearranged so that instead of one bunch formed by the
field of a fundamental frequency there will be two fly-
ing away bunches in the flow.

It is clear that changing the length of the drift tube
one can attain the multiplicity to the wave length in the
location of these bunches, i.e. to provide the beam mod-
ulation at the multiple frequencies.

P, MW
\
— 7,0
— — | . B
[
P2 kW [ S D e S R
1.4 /‘240k\v ]
|
11 [
1.0 - | 220 kV
1) a)
et
0.6 /R B\
’ I L \_200 kV
/7% 3 \‘ \
- - 180 kV
2 b : S
= s o
18,1 18,5 18,9 193 197 L.cm

Fig.1. The pulse output power at the frequency of second
harmonic as a function of the length of the latter drifi
space for various anode voltage (a); the output power at
the frequency of fundamental harmonic as a function of
the drift space for the anode voltage 200 kV (b)

Previously, we observed this effect investigating the
beam parameters at the bunching system exit of the kly-
stron ("Aurora"-type: 2.797 GHz; 20 MW; 35% effi-
ciency) [4]. The investigations were performed by a
well-known method of reconstruction of the modulated
flow structure on a level of spectral components of the
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output RF power with changing the length of the drift
tube. The effect of resonance excitation of the second
harmonic signal depending on the space length was dis-
covered [5] (Fig.1).

The increase of the negative gradient of the focusing
field in this space region has resulted in decreasing the
amplitude of the excited signal at the second harmonic
frequency (Fig.2) and simultaneously the small increas-
ing the power level at the fundamental frequency mode.
The effect of the power increase at the fundamental
mode was observed for the magnetic field gradient val-
ues within the limits of the situation where the low en-
ergy component of the beam is removed onto the drift
space wall and the main bunch is passed into the output
cavity [6].
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Fig.2. The pulse output power at a frequency of the sec-
ond harmonic (a) and the level of fundamental mode
power increase (b) as a function of the length of the end
drift space (anode voltage 211 kV, beam microp-
erveance 1.05 and various values of the magnetic field
fall off along the axis)

Investigation of the characteristics of a RF field ex-
cited by the beam in the supplementary output cavity,
identical to the main one and installed after it, as shown
besides the other effects, the considerable increase of
the second harmonic level signal (by two order of mag-
nitude greater) as compared to the base model of kly-
stron.

In our opinion the presented data indicate conclu-
sively on the existence of the effect of an electron bunch
rearrangement in the high power amplifiers and confirm
the possibility of creating the multimode operation RF
sources.

3. COMPUTER CODE DESCRIPTION

It means that there are no possibilities for the direct
application of existing computer codes for understand-
ing the physics of intense electron beam energy conver-
sion to electromagnetic radiation energy in view of
space-charge density dynamics from electron gun to
collector. Therefore it is necessary use a new physical
ideas and a new numerical methods, including in self of
achievement from adjacent areas of knowledge. Also
these new ideas must be checked very carefully by ex-
perimental study.

The analysis of interaction between charged parti-
cles and EM fields of electrodynamics systems embod-
ies a mutual solution of the boundary-value problem for
Maxwell’s field equations and equations of motion for a
single particle. The expansion of the field by the modes
of irregular systems (as cavity one) turns to be some-
times impossible. So most of the models are based on
the representation of electrodynamics systems as
equivalent circuits (port approximation). Note that
simulation the motion of charged particles comes to be
extremely difficult if Coulomb interactions are not omit-
ted. Anyway, it can be done using the method of “large”
particles, which treat the electron's flow as a set of sin-
gle groups of electrons. In the case of 1D disk computer
codes (“Disk”, “Japandisk”, “Tube O” and etc.) of the
electron beam one can calculate Coulomb interaction
between particles and some estimates concerned the over-
taking one particle by the other one can be established.
The application of 1.5D disk-ring code (which takes into
account the “stratification” effects) provides the descrip-
tion of some 2D phenomena (such as potential depres-
sion, radial dependencies of the EM fields in the cavities
and radial dependence of space charge forces).

To realize the high efficiency in klystron is possible
only under careful analysis of non-linear interaction
phenomena in all parts of klystron: electron gun, linear
and non-linear bunchers, output circuit and collector.
For this purposes the computer codes "Klystron-MSU",
"Arsenal-MSU" and "Multiwaves-MSU" were devel-
oped on Physics Department at MSU. "Klystron-MSU"
is 1-1.5D disk-ring code of electron beam and is used as
the first step of klystron calculation. The 2.5D PIC code
"Arsenal-MSU" [7] allows to analyze Kklystrons,
containing thermionic and field-emission electron guns,
linear and non-linear bunchers, distributed output struc-
tures, conventional and depressed collectors. This code
is based on the self-consistent analysis of charged parti-
cles dynamics in electromagnetic fields, representation
of electron beam by large particles and modified Galer-
kin's method for Maxwell equations solution. So the
“Arsenal-MSU” code used for the computer simulation of
high power high efficiency klystrons from cathode to
collector with knowledge just geometry of the device.
The computer code "Multiwaves-MSU" developed for
investigation of dispersion characteristics of EM and
electron waves, EM fields structures, problems connected
with RF breakdown and self-excitation of parasitic oscil-
lations in output circuit as a diaphragm waveguide. All
these codes were used for high efficiency conventional
klystrons developed in USSR and were tested at KEK
and Thomson Tubes Electronique” and show the good
agreement with the experimental data.

In particular the validity of the ARSENAL-MSU
computer code has been checked on the famous high
efficiency CW klystron TH2089.

The Fig.3 shows the experimental and calculated by
ARSENAL-MSU code efficiency versus drive power
for this klystron. The agreement is quite good.
ARSENAL-MSU computer code calculations present
electronic efficiency value but experimental data corre-
spond to overall tube efficiency. This fact explains dif-
ference near 5% in the efficiency value at the saturation
level.
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Fig.3. Comparison of ARSENAL-MSU calculations and
experimental data for TH2089

4. SIMULATION RESULTS

In order to check the second beam current harmonic
level after the output cavity, the 2.5D Particle-In-Cell
ARSENAL-MSU code has been applied to B-Factory
Lilac 50-MW pulse klystron PV3050, which has been
developed at KEK [8]. This tube produces 51 MW at a
310 kV beam voltage with efficiency 47% at saturation.
But theoretical investigations had show that significant
second harmonic beam current level can be reached not
for optimal regime. So calculations were made for input
power 100 W, which is bellow saturation.
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The electron beam propagation along the buncher is
presented on Fig.4. On the upper slide the magnetic
field (Bz/Bo) distribution is presented. The fundamental
and the second harmonic beam current distribution and
electronic efficiency (middle slide) and momentary
photo of electrons (lower slide) downstream the kly-
stron is shown. Two bunches on the one electron wave-
length with different density after the output cavity can
be seen on this slide.

The electron beam bunching in normalized (over 2m)
phase diagram from the longitudinal coordinate Z/Le is

presented on Fig.5.
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Fig.5. Phase diagram

Obtained efficiency 33% corresponds to output
power 37 MW. Second beam current harmonic level 0,7
from fundamental current is quite high for receiving
high RF power on the second harmonic. This value al-
lows extracting from spent beam second harmonic pow-
ernear 5...10 MW.

CONCLUSION

The foregoing experimental data and numerical
simulation results indicate on the real possibility of cre-
ating the high-power klystron amplifier with simultane-
ous generation of the signal at fundamental and multiple
frequencies. In turn, the existence of such a RF source
can provide the certain progress in the field of accelera-
tors development.
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3®PEKT BO3BYKJIEHUS BBICOKOYACTOTHOM MOIITHOCTHU HA KPATHBIX YACTOTAX
B MIPUBOPAX O-TUITIA

A.H. /loéona, 10./1. Typ, B.E. Pooaxun, A.H. Canoanos

Heobxoaumocts coznanusi CBU-ncTouHUKOB, pabOTaIONIMX B PEKHUME OJHOBPEMEHHOW I'eHEepalii MOLIHOCTH
Ha TapMOHHMKaxX KpaTHBIX 4YacTOT, B YaCTHOCTH OIpeAeNseTcs 3ajavyaMu (HU3MKH YCKOPHUTENeH, TaKUMU Kak
nojasieHue d¢pQeKkra Bo3pacTaHUs SMUTTaHCA B HMHXeKTopax ¢ BU-mymkamu W yBenudeHHE NpeiebHOTO
YCKOPEHHOTO 3apsijia. DTO MOXKET OBITh OCYIIECTBJICHO ITyTEM BKJIIOYEHHS BO B3aUMOJICHCTBHE C ITyYKOM, HapsIy C
ocHOBHbIM CBY-curaanaoMm, 31€KTpOMAarHUTHBIX TOJNEH BBICIIMX FAPMOHUK NPU ONPEAETIECHHBIX COOTHOLICHUSX
MOIITHOCTEH M aOCOJIIOTHOM CHHXpOHU3ME. B 3T0i1 paboTte npencraBieHsl npeaBapuTeIbHbIE PE3YJIbTATHl U3yUCHUS
BO3MOKHOCTH MHOIO4aCTOTHOW F€Hepalvy BICOKOYACTOTHOW MOIIHOCTU B IPOJIETHBIX KIUCTPOHAX, COAEPIKALINX
JIOTIOJIHUTENBHBIE BBIXOAHBIE CHUCTEMBl HA BBICHIME TaPMOHUKH, YCTAHOBIICHHBIE 33 OCHOBHBIM BBIXOJHBIM
pe3oHaTopoM 1o Xxony Iydka. dusnmueckoe 0OOCHOBAHHE IMPEAJIOKEHHS OCHOBAHO Ha HCIOJIB30BaHUM d(QeKTa
MEPETPYNITUPOBKA  MPOTHKEHHBIX 3JIEKTPOHHBIX CTYCTKOB TopMmo3smmmu CBY-mossiMu O0nMbIION aMILTHTYIIBI.
IIpuBomuTCs omnmcaHWe MPENBapsSIOIUX OSKCIEPUMEHTANBHBIX PE3YJIbTATOB, KPAaTKOE OMNUCAHHUE MPOrPaMMBbI
pacuetoB APCEHAJI-MI'Y 1 pe3yibpTaTsl MOJSTHPOBAHHUS.

E®EKT 35Y/[)KEHHSI BACOKOYACTOTHOI MOTYKHOCTI HA KPATHHUX YACTOTAX
B TPUJIAJJAX O-TUITY

A.M. /loeons, FI0./1. Typ, B.€. Poosakin, A.H. Canoanos

HeooOxinuHicts ctBOopeHHs HBU-mkepen, npamiolounx B pexkKHMMi OHOYACHOI TeHepalii HOTYKHOCTI Ha KpaTHUX
4acToTax, 30KpeMa 00yMOBIIIOETHCS 33/1a4aMy (Pi3MKH NPUCKOPIOBAYiB, TAKMMH SIK IPUTHIUYCHHS €EeKTy 3pOCTaHHS
eMiTaHcy B iHKekTopax 3 BU-rapmataMu Ta MiJIBUINEHHS T'PAaHUYHOTO IPHCKOpeHoro 3apsny. Lle moxe Oytu
peai30BaHO HUISXOM BKJIIOYEHHS /0 B3a€EMOJII 3 MyYKOM, ypiBHI 3 ocHOBHUM HBY-curnamom, eleKTpoMarHiTHUX
MIOJIiB Ha BUIMX TapMOHIKAaX IPH BiATOBIAHWX CIiBBIAHOMICHHSIX aMILTITYJ Ta aOCONIOTHIM CHHXPOHI3MI. B it
poOoOTi mpHBeneH] MOMepeaHi Pe3yIbTaTH BUBYEHHS CIIPOMOXHOCTI 0araTodacTOTHOI reHeparii BUCOKOYACTOTHOI
MOTY>KHOCTI B TPOJITHUX KIICTPOHAX, $KI MICTATh IONATKOBI BHXiJHI CHCTEMH Ha BHIINX TapMOHIKaXx,
PO3TalIOBaHUX IO XOAy Iy4ka 3a OCHOBHOIO. DizndyHe OoOTpYHTYBaHHS IMPOMO3WIi OCHOBaHE HAa BHKOPHUCTAHHI
e(eKTy meperpynyBaHHsS NPOTSDKHHX CIIEKTPOHHHUX 3TYCTKIB MpH iX B3aemomii 3 ramemyrouumu HBY-momsmu
Benmkoi amrntityau. [IpuBeneHO OMMC TNEPeAyrouuX —eKCIIEPUMEHTAIbHUX Pe3yJbTaTiB, CTHCIUN  OIHC
PO3paxyHKOBOI IpOrpaMHu Ta pe3yJIbTaTiB MOJCIFOBAHHS.
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