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A B S T R A C T 

Experimental work is urderway by a SLAC-LLSLLBL 
coHabaratron to investigate the feasibility of using re la t iv is ts 
klystrons as a power source for future high gradient accelera­
tors. Two different relativjstic klystron configurations have been 
built and tested to date: a high gain multicavity klystron at 11.4 
GHz and a lou; gain two cavity siibharrnonic bunchcr driven 
ai 5.7 GHz. In both configurations power is extracted a! 11.4 
GHz. In order to understand the basic physics issues involved 
in extracting R F from a high power beam, we have used both a 
single resonant cavity and a multi-cell traveling wave structure 
for energy extraction. We have teamed Iiow t o overcome our 
previously reported problem of high power R F pulse shortening, 
and have achieved peak R F power levels of 170 MW with the 
R F pulse of the same duration as the beam current pulse. 

1. I N T R O D U C T I O N 

As part of an effort to develop a high gradient R F accclera 
Lor. work is underway to investigate several concepts for gener­
ating large amounts of R F power at X-band frequencies. One of 
these schemes is the relativistic klystron approach. The relativ­
ist if klystron, as conceived by Sessler and Yu is a longitudinal 
bunching device in which the drive beam is sufficiently relativ­
ist k tha t fpace charge forces are unimportant , and such that 
beam, velocity changes little dur ing significant energy extrac­
tion and, perhaps, ^accelerat ion. Repeated reacccluration and 
extraction was th** concept Sessier and Yu called a H rr l*t iv»-
lic klystron two-beam accelerator." The idea of a re la t iv is ts 
klystron, however, is not limited to t he two-beam accelerator 
concept. Rela t iv i s t s klystrons can be imagined which span the 
range from a 1-GW device powering ]-m of accelerator, to a 
lti-GW device powering 10-m. to a two-beam device extend­
ing several kilometers. The relaiivistic klystrons with which we 
have been experimenting are designed to extract power from 
l-kiloampere, 1.2-Megavolt electron beams. 

f Work supported by the I'.S. Department of Energy under contract* 
DE-AC03-7fiKF005!5 (SLACi, VV 7405-I^NC-IS (I.LNL). HM! Til. 
Ar03-7fiSK0009H d . B l j . and by the L'.H.-Japan Collaboration on 
High hnttgy Physics, 
Visitor from Ishikawajiuia-Ilariiiia Heavy Industry Co.. Ltd.. 

Japan. 
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In previous papers " we have reported results obtained with 
three exj>erimental re la t iv is ts klystrons: a multicavity klystron 
at &.6-CIU ("SL3"J designed for a conventional gun but te-'»«d m 
a 1-MV. 350-Amp beam; a two cavity subhannon k im i e ; rel 
at ivist icklystron ("SHARK") with 11.4-GIUoutpi and a nuii 
ticavity klystron at I1 .4GH2 (**SL4") designed to aerate with 
high efficiency and high gain in a 1.2-MV, 1-kAmj -earn, Tin-
pulsed high power elerlron beam for our klystron ;;erinn'iit> 
is produced by a linear induction injector at the . relerator 
Research Center a t Lawrence Livpimore National Laboratory. 

Since then, we have built and are testing several variants of 
SHARK and SI.l with the goals of improving their performance 
and understanding some of problems we observed. Here, we 
discuss power gain in subharmonir drive klystrons and energ> 
extraction in relativistic klystrons, we recap briefly our previous 
results with SHARK and SL4. and we report new result!) from 
our modifications of SHARK and 5L4. These modifications ::t 
elude: using cavities with iron magnetic shielding and slotted 
noses to combat muHipactor. adding a penult imate cavity to 
SHARK to improve gain and efficiency, and replacing the single 
output cavity of a re la t ivis ts klystron with a six cell traveling 
wave (T\V) output structure to reduce electric fields We have 
also begun to make measurements of phase stability in relativ­
istic klystrons. 

2. G A I N I N S U B H A R M O N I C D R I V E K L Y S T R O N S 

Bunching is a non- linear process in which the beam is mod­
ulated at harmonics of the drive frequency. The theory of mod­
ulating a relaiivistic beam at the fundamental frequency of a 
bunching cavity ha* been discussed in our previous r e p o r t s " A 
single bunching cavity, such as the SHARK input cavity which \> 
resonant at 5.7-GH2. can produce second harmonic (11.4 (11!/1 
RF currents with GQ% of the magnitude of the fundament af. 

The effert of DC beam current on klystron output is com- I 
plicated by two issue*: beam loading of the input cavity, and 
voltage gain from input cavity to output cavity. At lower cur­
rents the input cavity loading i* dominated by thr externa] Q. 
At higher currents the input cavity loading is dominated by the 
beam conthiclance. J/M-feasing rfce lilyfittm be&tw current it; 
Teas*.? the voltage gain of t he Uytt r«>». However. The addil luiial 
beam current increases the loading **f the drive cavity wljicli 
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decreases the input cavity voltapc. As beam current through 
the SHARK klystron is increased above about 400 Amps, the 
itu rease in beam loading decreases the input cavity voltage suf­
ficiently to overcome the increase in gain. 

800 

600 

400 -

£ 200 -
UJ rr cc 
o 0 
LL 
X 
u 
z 300 

200 -

100 -

1 I I I 

• (a) x > 

• i ' 1 ' 1 

- Time = 0 / —1000 Amps 

/ / ^ "*• 600 

- // y^~~ - - 300 

• w 
_ Time = 50 ns 

i 

450 Amps • w 
_ Time = 50 ns 

i 

''§00 "" x -
- '^oT v \^ -

1 
i 

Tooo^\ ~ 

- **^T i i 

Output 
J Cavity 

I , I 
0 0.1 0.2 0.3 0.4 0.5 

li?*u DISTANCE FROM INPUT CAVITY (meters) 

FIG. 1. Calculated second harmonic (11.4-GH2) RF cur­
rent downstream from the SHARK input cavity for several 
different DC beam currents (a) immediately after turn-on of 
a DC beam of 1-MeV kinetic energy, and (b) after 50 nscc 
of uniform DC beam current. 

We have used a computer simulation to calculate the 11,4-
GHz RF current downstream from the SHARK 57-GHz input 
cavity. Figure 3 shows the calculated RF current for several 
different DC beam currents. Figure 1(a) shows the RF current 
immediately after the turn-on of a DC beam which has 1-MeV 
kinetic energy and fills 6-mrn of a 10-mm diameter beam tube. 
Figure 1(b) shows the RF current after 50 nsee of uniform DC 
beam current. The input cavity becomes loaded by the beam 
during the 59-nsec interval between Figures 1(a) and (b). The 
figure shows that, at the location of the SHARK output cav­
ity, the RF current after 50 nser is approximately 200 Amps 
for DC beam currents between 300 and 600 Amps, li the DC 
current is increased to 1000 Amps, the RF current is decreased 
to 150 Am|>&. 

3 . E N E R G Y E X T R A C T I O N 

We have used both a single resonant cavity and a multi-cell 
T\V structure to extract RF power from a bunched relativist)! 
beam. Here, wc discuss the relative merits of these two extrac 
tion methods. 

Energy extraction characteristics and scaling relationships 
for a single resonant cavity and a TW structure an- compared 

in Table 1. Since the output electric fields are inversely propor 
tional to the respective circuit interaction lengths, the multi 
cell structure in general will exhibit significantly lower electric 
fields for equal power levels. Thus, for electric field limiting 
applications, the TW structure will be capable of operating at 
significantly higher power levels than a single resonant caviu 
Conversely, the longer interact ion length makes the TW si rue 
ture more susceptible to higher order n.ode difficulties and. in 
particular, to the buildup of HF.Mn (beam breakup) field* 

TABLE 1. Comparison of Output Structures at 11.4 fill?.. 

Single Rpjvonaut Cavity TW-Strurtim.' 

Parameter Scaling Value Scaling Value 

Breakdown power Ms' 80 MW • » / * ' 400 M W 

Surface E-field* 1/9 190 M V / B I 2/A 80 MV/ni 

Average E-fieW* • i l / 9 75 MV/m 2SV/1. 25 MV/m 

Filling time *Q1*> '2 ns to 9h% I.Jv, 1 ns to 10(Kf 

(*/<?k 9 20ft I iOOll 

Notes: * Field at 80-MW power level. f Extrapolated. 
g — Effective cavity gap length. L = TW structure length. 
SV = Beam energy loss. va - Group velocity. 
{RJQ)x — HEMn m ° d e transverse shunt impedance. 

The single resonant output cavities used in our experiments 
were of reentrant geometry with 9-mm apertures and fi-mni fifi^ 
The 11.4-GHz TW structure is comprised six 2ff/3-mode cells 
with beam apertures of 14-mm (0.27 free-spare wavelengths), an 
electrical length of 4-5 cm, a filling Lime of 1 n&er, and a varying 
phase velocity tapering from 0.94c at entry to 0.90c at the out­
put coupler. The TW circuit was designed to generate 250 MW 
of output power when operating under synchronous conditions 
at an RF current of 520 Amps. At this power level the aver­
age electric fieJd in the output coupler is 37.5 MV/m, and the 
loss of beam energy traversing the circuit is approximately 0 9 
MeV. Initial RF power measurements using this TW structure 
in configuration with SHARK and SL4 are described below in 
Sections 4.6 and 4.7. 

4- R F P O W E R E X P E R I M E N T S 

4.1 Original SL4 Exper imen t 

In our previous reports." peak RF power of 200 MW had 
been achieved, but only with an RF flat top much shorter than 
the beam pulse (930 kY. 420 Amp). The maximum reasonably 
flat RF pulse achieved in our initial tests was only 70 M W from 
a 930-kV. 300-Amp beam. The high power pulse shortening 
phenomenon was by far the most serious problem encountered. 
It was clearly not beam breakup since it did not correlate with 
shortening of the 1)1" current pulse. 

The shortened 200 MW peak RF pulses were transmitted 
into a 26cm long high gradient accelerator structure"' This 
power corresponds to an accelerating gradient of 140 MV/m 
Appreciable dark current was observed at accelerating gradients 
above 90 MV/m. 

Our studies of the SL4 relaiivisijc klystron demonstrated 
anomalous input cavity loading by charged particles (presum 
ably mullipactor) when the R|" drive level exceeded 40 W- This 
loading phenomenon, on re initiated hv electrons from the warm 
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g» i • ai liode. was obserwd »-• }-i*rM-t. even with the cathode cold 
an-! ih-' beam off, being *u-i.iiiied by the presence* of an axial 
tti. liiicMic focusing field. I'lie .monifiltms power absorption was 
.1 lumijoii of drive leveh .md of axial magnetic field surround­
ing the cavil v. No anomalous pnwr absorption was present 
«hi-n the axial inagnelK M d HA- 2<-ro. This rarity loading 
phenomenal!, which we ohserved i:i the SL-i input cavity both 
with and without beam, may occur in any of the cavities of a 
mullicarily klystron and may be related lo pulse shortening. 
However, anomalous loading of the SL4 input cavity does not 
srrm to aflVe i the RF pulse width 

In our must recent experimental work, we have increased 
the available input power from 700 W to 1400 W, and observed 
th.it the anomalous loading of the SL4 input cavity is reduced 
at the neulv available 1-IU0-W input power level. This supports 
our su-pu ion of multipaclor. 

4.2 Original S H A R K Exper iment 

Experimental v\ idnne fuuii SI1AHK indicated that pulse 
shortening w;t> caused t»y loading of the input cavity by anoma­
lous i*harped particle currents. The loading was believed to he 
due to either secondary electrons or to photoelectrons produced 
b> the ropiiJi!:. supply of x-rays caused by beam interception, and 
hence was named anomalous beam loading. The power thresh­
old for pulse shortening was sensitive to magnetic focusing field 
and to RF ti<-l<I strength The maximum RF power level attained 
in our original SHARK experiments was 50 MW. 

4.3 Iron Cavity S H A R K Exper imen t s 

In the original SHARK experiments, the power threshold 
for RF pulse- shortening was observed to increase with decreas­
ing magneti> focusing field. Consequently, we tested a SHARK 
(5.7GHz subhannonic) input ravity surrounded by iron which 
shunts the focusing field away from the beam axis in the region 
of the cavity gap. Figure 2 shows the effect of the iron on the 
axial magnetic field profile near the SHARK input cavity. 

The1 iron input cavity does not exhibit anomalous loading, 
wiili or with,in beam. Output pulse shortening continues to 
oo-ur above- a threshold in output power. The output pulse 
shortening in the configuration with the iron input cavity occurs 
at a higher power threshold than in the original SHARK all-
copper configuration The evidence that pulse shortening occurs 
in I he output cavity is that no correlation is observed between 
the output pulse shortening and either the input cavity reflected 
power or the RF current as monitored by an RF probe in the 
drift downstream" from the input cavity. 

Siiue *•• have shown that pulse shortening in the SHARK 
input cavity can be alleviated by shunting the magnetic field at 
the cavity. u»< plan to apply the same technique to the output 
cavity when* RF* pulse shortening remains a problem. 

4.4 Slotted Input Cavity S H A R K Exper iment 

The iron SHARK input cavity suppressed anomalous beam 
loading by ii'during axial focusing at the input gap. However, 
problems in relativistic beam dynamics arise from perturbing 
the .. ial foe list tig fieid with iron. As an alternative to the iron 
inag,nt*tic «d»int. we are considering using an input cavity with 
radially slutted noses to suppress multipactor by reducing the 
probability of elertron emission from one nose and arrival at the 
o'her iiosr- In order to allay our rmicerns that slotting may lead 
to inrrea>*-.l •iectric h«-UI ^trencth- and cause RF breakdown, we 
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SHARK input cavity with and without iron. The raviiv 
noses are at 1.1 cm radius. 

have tested without beam a SHARK input cavity with 'XX radial 
slots at 2.2 MW input power and found no breakdown problems 
to occur. We plan to incorporate this slotted nose cavity in 
future relativistic klystron beam tests. 

4.5 S H A R K - 2 Expe r imen t 

The observation that RF pulse shortening did not occur 
in the iron SHARK input cavity but did occur in the copper 
SHARK output cavity, as discussed in the previous section, 
prompted us to test a three cavity subharmonic drive klystron 
configuration consisting of the iron SHARK input cavity and 
copper penultimate and output cavities. (The penultimate and 
output cavities are the output section of the modular!}' designed 
SL4 relativistic klystron.) In this configuration we expect leaver 
electric fields in the output cavity for fixed output power be­
cause the external Q of this cavity in SHARK-2 is half that of 
the original SHARK output cavity. 

Output pulse shortening is observed in the three cavity 
SHARK-2 at some point downstream from the iron input cavity. 
However, the power threshold is higher than in the two-cavity 
iron input SHARK, presumably due to the lowered external Q of 
the output cavity. Flat output pulses of SO MW amplitude and 
45nsec duration (FWHM) have been obtained from a 1.2-MV. 
360-Amp beam using the three cavity subharmonic SHARK-2 
before the onset of pulse shortening. This is 70% more flat­
top RF power than we obtained from the original two cavilv 
SHARK. 

4.6 S H A R K / T W Experinienf 

In order to reduce the electric field levels present in the 
SHARK output cavity and, consequently, to raise the output 
power threshold for pulse shortening, the SHARK output cavity 
was replaced by a six-cell traveling wave (TWJ output structure. 
The SHARK/TW configuration consists of an iron-shielded in­
put cavity, and a six-ceil TW output structure. Beam diagnos­
tics include u pair of ET probes located between the final gain 
cavity and the TW output structure, and, downstream from the 
output cavity, a resistive foil current monitor. 

The RF output h-vel obtained using SHARK/TU was HM 
MW from a 1.1-MV. 100-Amp beam. At this current, output 
power was limited by saturation At higher currents, output 
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po t t r r wa> l imited b> b-«*«.in loading of the itiput «'avii> Rl-
phase m e a s u r e m e n t s wt-u* performed, and a r e de^-r ibed behiw 
in Sect ion 5. 

4 . 7 S L 4 / T W E x p e r i m e n t 

III order t o reduce t he electric field levels present in the 
.Sl,4 o u t p u t cavity aiid, consequent ly , t " raise t he output power 
th resho ld for pulse shor ten ing , t he Sl.4 o u t p u t cavi ty was re­
placed bv a six-cell t ravel ing wave ( T W l o u t p u t s t r uc tu r e Trie 
S I . l /TW" configuration consists of an input cavity. t h ree gain or 
idler cavi t ies , ami a six cell T W outpu t s t r uc tu r e Heani cliag 
tiostics i m l u d e a pair of A, probe*, located between the- final grins 
cavi ty and t h e T W ou tpu t s t r u c t u r e , and , d o w n s t r e a m from tin-
o u t p u t cavi ty, a pair of dl^jtU loops and a resistive foil cur ren t 
m o n i t o r 

At first, beam test* revealed a large a m o u n t of power at 
13 S GH-z rad ia ted from the input cavity into the reflected d r ive 
diagnost ic This signal was present with or wi thout R F dr ive , 
and was sensi t ive to changes in t he focusing configuration for 
t r a n s p o r t i n g t he b e a m th rough t h e klys t ron, Also, t h e beam 
current pulse was reduced in pulsewidth , ind i ra i ive of beam 
b reakup . Analysis of the higher order modes of t h e T W o u t p u t 
sect ion revealed t ha t a b e a m b r e a k u p m o d e exis ted at approx 
innately 13.2 t o 13.7 G H z and could p ropaga te backwards from 
t h e T W s t r u c t u r e t o t h e input cavity causing oscillation. 

A col l imator 11.4-mm in d i ame te r and 2-Vinm in length , 
designed to suppress propaga t ion of 13 s -GHz by .10 d l i was in 
sorted be tween the last gain cavity and the T W ou tpu t *ectioii 
Wi th th is co l l imator in place, no beam b r e a k u p was observed 
a n d the 13-* GHz signal at I he input cavity was reduced signif 
icantly. 

W i t h b e a m b r e a k u p suppressed by the col l imator , peak HI-
o u t p u t power levels u p t o 170 M W have been measured using 
a 1.4-MW 4 0 0 - A m p b e a m . T h e R F pulse wid th is comparab l e 
t o t he full du ra t i on of t h e t r a n s m i t t e d b e a m cur ren t . Th is is 
different from our previous expe r imen t s (performed with a single 
o u t p u t cavi ty ins tead of t h e T W o u t p u t s t r u c t u r e } m which R F 
pulse shor t en ing ( re la t ive t o the beam cu r r en t ) was a significant 
p rob lem. T h e reduct ion in electr ic field s t reng th afforded by t h e 
T W s t r u c t u r e a p p e a r s t o have a l levia ted R F pulse shor t en ing 

4 . 8 S u m m a r y of R F P o w e r E x p e r i m e n t s 

T h e R F power levels a t t a ined with t h e various klystron con 
figurations a r e s u m m a r i z e d in Tab le 'J 

T A B ! . £ 2 . Comparison of RF power experiments at 11-1 ( i l l / 

Klystron Peak RF Out (MW) 

Short WW* 1'ulse 

Limitation 

su 200 70 PuUe shortening 

SHARK 50 50 Anomalous beam Loading 

SHARK2 120 80 Output cavity breakdown 

SHARK/TW 100 Input cavity beam loading 

SL-I/TW 170 Present slatus 

Ins, |dit in to t he re la t ive power levels achieved can be gained 
by consider ing t h e surface electric fields present in tin* n-sonant 
cavi t ies and T W s t ruc ture* . Peak surface electric field*, r a k u 
laled for given power W-vels are shown in Table .'( Several points 

TAHI . t 3 CtnupariMni of-urfitre i-]eftri( fields-

Str iKtun' Peak l*uwer 
I M W i 

Peak Surface 

Field ( M V / m i 

S!.l input (.tvity tlOlH* 4 

SHARK input lavitv •1 1- ITK 

SHARK iiiitput raiil> 20!) 44'. 

SI 1 an<l SHARK 1 output raviti 2 0 0 " 301) 

TW structure 2(io 12'. 

SI.1 anil SHARK 2 output r.mt.v so- inn 

'1"W structure 460 l!»l) 

* Achieved * • Achi<-\cil Willi puUe sdlortchiliK 

can be m a d e about 1'abli* '1 I ! I 1'he anomalous beam loading 
observed wi th S H A R K may be related t«j »r exace rba ted h \ t he 
high e l e i t n . lietds in t h e SHANK input cavi ty (2) Tin- peak 
fields lit t he ou tpu t ravtt> of S H A R K are significant l> g rea te r 
than in SL-1 for equivalent output power level because tin- ex 
terlial Q of tin* S H A R K sinph- ou tpu t rav i ty is twice a> large 
as in SI.1 This may explain why pulse shortening; o r n i r s al 
lower power level*, in S H A R K than in SL4. (3) T h e choice of 
T W o u t p u t s t r u c t u r e ins tead of t h e single resonant cavitv i.*tt 
put for both S H A R K and S M significantly reduces electric field 
s t r eng ths T h e 80-MW power lrsel arhieved with S H A R K "J 
suggests tha t with similar peak fields (and m o r e beam power) 
4f(0 M W may be a t t a i n a b l e using T W o u t p u t However, elei t n 
cal b reakdown in t he gain cavit ies may become a problem before 
4B0 M W of o u t p u t is ac tual ly a t t a ined 

5 . R F P H A S E M E A S U R E M E N T S 

O n e design for a fu tu re linear collider calls fur acce lera t ing 
closely spaced mul t ip le bunches of electron-, wi th t o l e r a n c e on 

R F phase s tabi l r ly of several degrees If re la t iv i s t* k l y s t r o n 
are used to power this collider, they nni>» have this RK phase 
s tabi l i ty . Smcr t he pha.se shif' »ugh a klystron i> invc r seh 
r e l a t ed to t h e average e l ec t c ,ty, sensi t ivi ty of t h e o u t p u t 
phase t o variat ions in bean . . a re less impor t an t with a rel 
a l l viatic b e a m At k m e t u fiiergy *\ ' = 1 -1 M*-V, t he J t r phase 
change in S H A R K is r a h u h t e d to be appn ixuua l e lv .i '_'0°AV/l 

t 

Prta-* / _V| 
6* a.. I ~* * ' 

FfC 3 M*ja.siiMTii«'M "f K) |iow«T and |i|ia.sp in i|i*> 
S I IARK/TW r<*lamn-ti( kl>^:rori S ta tuhu of tin- plia*** 
amplitude prr..!i;rt fMilnl *rar*i i* maintained to witlmi lfi° 
during tin- 'i"i iiw't p«>rt>«l *t( (tl> MVV peak HV amplitudi-
fdasiieil tr;iri-i 
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We haw made measurements of phase stability in the 
S11 \h'K/T\\ klystron (Set lion 4.<i). The phase reference was 
lb, ftvquencv doubled siihharmonic input signal. The phase de­
le, 'ui was a double-balanced mixer which measures the product 
of IU' phase And amplitude. This phase-amplitude product is 
a measure of phase only during periods of constant amplitude. 
The phase bridge was balanced while the beam was on. Fig­
ure 3 shows « simultaneous measurement of RF power and phase 
in the SHAHK/TW klystron. Stability of the phase-amplitude 
product is maintained to within 16° during the 35 nsec period of 
tin MW peak RF amplitude. While the measured phase stability 
is nol sufficient for multibunch tolerances, the phase variation 
is due primarily to beam energy variation and presumably can 
be improved 

e. FUTURE PLANS 

Further -tudies of the high gradient accelerator structure 
detrn'ued in deferences 2 and 3 are planned, using stable high 
jx>« er RF wui put pulses of duration greater than the filling time. 
Tin M- tests will include studies of breakdown at 11.4 GHz and 
measurement of the accelerating gradient. 

In light of the apparent success of the iron magnetic shields 
and traveling wave output structures at suppressing pulse short­
ening in our recent experiments, we are beginning to design a 
high efficiency, high gain, relativistic klystron similar to SL4. 
I he design «ill incorporate some combination of magnetically 
shielded cavities, slotted noses, reduced-field output structures. 
ami beam diagnostics. 

We also hope to test the chopper driven 1].4-Gllz traveling 
wave HF generator described in Reference 5. 

T. SUMMARY 

We have been working to develop a high power (500 MW) 
slmr! wavelength (2.0cm) relalivistic klystron with beam ki­
netic energy greater than 1 MeY. We have attained peak power 
levels of 200 MW at 11.4 GHz with RF pulse shortening, and 
110 MV/in longitudinal gradient in a short 11.4 GHz accelerator 
scrtion. We have overcome our previously reported problem of 
hi^h power pulse shortening by applying multipactor suppres­
sion iechnu|:i«-s and by using traveling wave output structures. 
IV.ik I(F pouer of 170 MW has been achieved with the RF pulse 
of i he same duration as the beam current pulse. We have begun 
tu make measurements of the RF phase stability of relatives tic 
kl\~trons 
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