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A theory of relativistic large signal rf interaction phe- 
nomenon in klystrons has been developed by Tore Wessel- 
Berg. Based on that theory the SLACKLY computer program 
was written and is usedsuccessfully inthe design of improved 
klystrons for use at SLAC. Good correlation between thepre- 
dictions of the SLACKLY program and the experimental re- 
sults has been obtained. 

Introduction 

High energy physics demand for new accelerator sys- 
terns and improvements has put considerable emphasis on in- 
creasing the operating efficiency of tubes used for accelera- 
tor power sources. The klystron hasplayedavery important 
role in most linear accelerators due to its capability to pro- 
vide efficient and stable microwave power. Intrinsic proper- 
ties of the klystron due to the separation of the various func- 
tions (beam generation, rf input, interactionregion, rf output, 
and beam collection) make it ideally suited to applications 
where high phase stability. low harmonic content and long 
life are desired. At the Stanford Linear Accelerator Center 
several accelerator improvement programs all requiring new 
klystron designs (RL.4, SPEAR) or significant efficiency im- 
provements to the present designs are under way. 

Since the beginnire of operation in1966, the 245, 21 XW 
klystrons originally installed on the accelerator have been 
gradually improved. By 1967 the efficiency had been increased 
by minor modifications in drift distances, and it was planned 
to upgrade the accelerator energy by increasing the rf power 
output at each station to 30 MW.1 This increase in power out- 
put was made possible by a combination of the efficiency im- 
provement (from 36% to 40% approximately) and of an increase 
of 8% in the klystron operating beam voltage. 

Any further increase in rf power oulput and accelerator 
beam energy beyond that point cannot be accomplished without 
:I major redesign of the modulators nnd power distribution 
sys tern, unless a further substantial improvement in klystron 
efficiency is realized. To determine the feasibility of such 
an improvement, a theoretical investigation of relativistic 
large signal rf interaction phenomena in the klystron was un- 
dertaken with the help of Tore Wessel-Berg, of the Piorwegian 
Institute of Technology, Trondheim, Norway. With support 
originally from MIT Lincoln Laboratories, and then from 
sue, hc :L-,&rtc,-k, in 19G7. to r. g:-k 2::: ?, theory of the iA?- 
teraction region. 

The results of the theoretical work of Wessel-Berg 
were then analyzed at SLXC!, and a computer program was 
designed and written based on his algorithm. This program 
has been used successfully in the redesign of the high power 
k!!;strons now in operation al SLAC as well as in the design 
of other klystrons contemplated by SLIC for other accelcra- 
tor improvtmcnts (i. c., RLA. SPEAIR II). 

This paper \\ill briefly discuss the theory, thr computer 
program and some experimental results. 

Description of the Algorithm 

Polarization variables were chosen to formulate the 
:inal!, b is irk p8.cfcNllci. it3 EUlet-iZi1 Oi’ L~gi~Ziiigi~~ll -v~~~t~iZlhli~S 
in order to sclparatc and reduce the non-lincnrities. In po- 
larization y.-:triahles, tht> position of an element is t~eprescntecl 
1,~ th<* sum of a vector Fe(t) rc:presvnting the undisplacedposi- 
lion and 3 -;ector z(t) rcprc%senting the displaced position of 
the cl~mcnt. 
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FIG. l--Sketch showing the undisplaced and displaced volume 
elements in the one--dimensional and two-dimensional 
cases. 

In the one-dimension case the I-atio of the new charge 
density p(t) to theoldchnrgedensity(P9) is related torlisplace- 
ment F(z) by 

pt:ps =[l + <%(z),;a(z)]-l (1) 

where the rf charge density 1:~) = pt - ~0. S(t) can be shown 
to be the difference bebeen simple small signal analysis and 
the complicated large signal case. In fact if S = 0 the formu- 
lation is exactly small signal. The basic elements to extend 
the theory to the second dimension is indicated in Fig. lb. 

Because of the scope of this paper, the major equation to 
be solved in this analysis is given without proof?. 3 
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[Ip-, + lc+p”1] f(z. S) (2) 

b(z) 1s an mfmite si,a~e \ eclor’ rt,presenLing the nolmaiizcd 
modes of a klystron at a point z on the axis. The theory dis- 
cussed in this paper is one-dimensional and therefore neglects 
transverse effects. A -n 

de 
A(z) :-- 

Ll 
A1 

L ‘0 
A v-.x- 1 

\+hcre An contains the nth harmonic: component of the fundn- 
x-cntxl. ;Z 0 con+?in? + “. .he dc !,enm information. Each &, rna- 
trir: contains two c!lemenls The component of displacement 
s,(e) defined by 

S(%: t) = c Sn(“) e jh?t 

- I 5 n 2: -I 
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and the nth component of the polarization velocity defined by 
the beam velocity. (u,~(z),‘i~O), \\here tin(z) and 1’0 are the har- 
monic rf T;elocity and dc beam velocity respectively. These 
two elements are related to An by .- 

U,JZ), 1’0 

[ 1 

-Q&z 

snw 
= ,Sne A,(z) 

The matrices are normalized by beam propagation and rcduc- 
Lion factors appearing in thesn and I& matrices and thus the 
state vector A in differential form represents the complete 
state of the hTj,stron at any point. The state vector is stepped 
through the internclion region starting at the input cavity, 
through the first drift section, second cavity nndso on through 
the output cavity. In the absence of any electric fields such 
LIS in the drift sections the interaction of the harmonic com- 
ponents among themselves is calculated by the first term in 
the differential equation (dA(z),?dz). 

:$ is the plasma propagation constant and 01 is the in- 
verse of the relativistic mass correction factor. 

;(z. S) is the large signal space charge coupling matrix 
Under small signal conditions this term vanishes because 
S = 0 and therefore, the first term in the differential equation 
vanishes, 

,V is a partitioned diagonal matrix consisting of 2 x 2 
matrices: 

r.. 

-1 

u 1 v = I! I&p) u -, ,--I 
Where 

and Eo( z) = r-1 1 
-,j 

P +P 1 
The final term in this equation represents the effects of 

the gap voltage king impressed on the beam and all other 
terms arc propagation and reduction factors except for I(z, 9 
tvhich represents the distribution of the gap voltage (VI) to 
the \-arious harmonics. 
f(z, 3 oblained from 

The tertn fq is the component of 

f(Z. q = 
c vjqwt -‘“<cl < L 

TIrrc f(z) is a Iunction of the stall:: volt:tge distribution across 
Ihc gsp n11d 

f(Z) = 1 

The potcnt;al at an!- Point (z) in Ihe :;np is Vif(z). $ is a di- 
:igonnl matrix specifving the various plnsina reduction fat to:*s. 
r; :l.lcl %~,I arc partit’ioncd di:tgon:tl matrices ‘,\ host clemcnls 
ha\ e ti;e form 

.ll:cl !ihc~rc the: Cl~meIlts iIt I;.,;! art’ displ&~ctl t:+ 3 plac:c+ to 
the li~l‘t of 5. The 1 oltage (Vi) intluc(:d :tcross :t g’rp is 

\- 
(Y; -7 S;!j 2\-Yc,,:\* 

1 (Yc -1 Ycj(YE -T- -iej - Yia,,Y; ,) ,.- 
11h~~rc the term:: Y,, 
~Xlli; O\,.(‘i‘ IIlk, gap 

Y,, ., and .\ arc dcfincd 1)~. various inte- ,- 

A = 2j@,Io i[J Zl- 
f* (2, $e-jRzdz 

zO I 
2 ;?(z,) 

1 3,1’:! 
+p “0 J 

3 -_ f+(z, g,e-j-Dz 

zO 
J 

‘1 23(x. k) &)&(x) dx dz \ 

zO ) 
PI e0 7 3/2 

Ye = -“8, ;z cYo’ J 
zl: qz, Bje-jlZz 3Qx~-1~*~~, 8jd~ dz 

0 zO 
J 

zO 

Y e,2 

Y, determines the beam loading admittance, Ye, 2 is a small 
correction to the beam loading occurring only in the large 
signal case, A is the state vector at z. 
mittance. 

Y, is the cavity ad- 
The integrals above depend on the \ alue of f(z, S) 

which is a function of d(t), The displacement B(t) depends on 
the state vector A(z) and the state vector depends on the volt- 
age (V,) across the gap. Therefore we have a circular defi- 
nition in which VI determines VI. Upon entering a gap a cal- 
culation of the small signal values of Ye, Ye, 2 and VI are 
made from 

f;(Z) fo(x) [I; I) e-j~(z-x)[~] dx dz 

f;(z) [l. l] e-jzz dz i\,(z,) 

Knowing VI, the differential equation is stepped through the 
gap and A(z) is determined across the gap by integrating the 
differential equation. Large signal values for Ye, Ye 2 and 
VI are thus calculated. Upon convergence of VI the s’tate 
vector at the end of the gap is used to continue the problem 
through the following drift space. The problem is continued 
to the output gap where once the voltage has converged a cal- 
culation of power output is made 

Power OUtpUt (PO) = + /Ye + Yc / V~Vi 

This theory has several nice features. The main advantage 
is the inclusion of non-linear harmonic interactions charac- 
teristic of large signal, high efficiency klystrons. Using po- 
larization variables additionally provides tao other advantages. 
Electron overtaking is automatically taken care of because of 
lhc relation of the displaced and undisplaced charge elements. 
Analysis is made using displaced elements but all the summa- 
tions are taken ovel- _ undisplaced ,-lcmcnts, Sicsndlr , ilie 
same variables are used for both drift and gap regions makirg 
it not necessary to change from time based variables in the 
drift sections to space oriented variables in the gap. 

SLACKLY, SLAC Klystron Inleraction Program 

SLACKLY, the code name for the Ccrter’s large signal 
rclutivisitic Ii1j.S tron progl.am \v:ts clesigtic-id and \v riltcn in 
1970 by D. L. 12t1~scll and R. L. Slringall of SL;\C. The pro- 
gram is mritrcn in Forl.rar, IV and malics use of five other sub- 
programs. 

The tiisphiccd pas i 1 ion rcferenccti to lhe undlsplaccd 1,‘~ i- 
tion for one phase angle of the rf cycle is graphically demon- 
strated in I’%. 3. The 450 lint indicates the small signal 
C:LSC rvherc s( 1) 0 or FO( t) =: ?o( t) + i(t) and the ciashed lines 
rcprcsrnt the Ilndisplacscd loc:atiou cf the ,lth and 5th cak.ilic,s, 
in this klystron &sign. The 5th cavity- is the output. Ideall! 
to have maximum officicncy ior iavcr,v phase angle of the rf 
cycle the Plot of ?O( t) _- s(t) should have a slope of zero in the 
output, i. c. for 1007, off’icicncy no clrctrons sl~oulcl Icavc 
this gap region. 
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FIG. Z--Displacement curve (single phase angle). 

This plotting fenture of the program is extremely valu- 
able for establishing the output gap when designing il klystron. 

Figure II gives a typical phase diagram of elements at 
the center of the output gnp. The two plots demonstrate the 
effect of beam loading ic the output in a slightly overdriven 
case. The plot ichere Vs = 1. 2 \‘O is determined by the nor- 
mal output impedance and when 1’5 = . 1 VO the output cavity 
Q was decreased to 5’5 of normal gi\ ing essentially no inter- 
action of gap voltage with the beam 
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FIG. :J-- Elerm~nt phase tli:tgr:~m 

Comparison of Theorr and Espel,imenlai Results 

Excellent correlation has been esttiblished bet\\ een cal- 
culated and fabricated designs using the same parameters for 
the interaction re ion up to voltages of 300 MT nith pervennces 
of 2. 0 :\. lo-GA/V 5 ,2, Calculated results at voltages greater 
than 400 IiV appear to be questionable due to the relativistic 
correction approsimations used and are being studied for im- 
provement. 

Efficiency curves are shown in Fig. 4 for both calculated 
and measured results on the SLAC 3431 l<lystron.J These 
values are plotted ngainst the drive poher. A nxxximum ef- 
ficiency of 5, 3?0 was calculated and mean of 46. 6’2 nns me%- 
ured in test on a sample of 12 klystrons run in electromn~nets. 
This tube operates at a frequency of 2666 biHz, a bettrn,;ol- 
tage of 270 kV: a micropexveance of 2.02 X 10-C A, V3 -. 
37 MW of rf power output was obtained on an average. 

@J ~-----~..-‘. - .~__- 
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FIG. I--Compulcr comp:lrative results 

It was unfortunately not possible to take full advantage of 
the computed and measured efficiency of the 3431 SLAC klys- 
tron because marginal stability was obtained at the output gap. 
Excessive gradients nt the gap noses caused occasional rf 
breakdown. Decreased rf fields gradients at the output gap 
eliminated the breakdown problem. but also reduced the coup- 

ling coefficient, resulting in a loss in efficient;: to approxi- 
mately .157> in electromagnet. 

The use of the SLACKLY program in the redesign oi :he 
klystron indicated that the thcoreticnl efficiency could be in- 
creased to between 58 and a@‘?; II)- the use of a much longer in- 
leraction region. Based on these results an experimcnral 
p:*ogram \\as undertaken to demonstrate the feaeibiiit~~ of olr 
taining better than 40 MW peak poucr at 270 kV. and npproxi- 
mately 60 SW at 300 kV. Seceral tulws have hcen built anti 
tested to verify the accuracy of the p;~ogrvm’s predictions of 
these higher powers, To date, we have measured pov\ers in 
excess of 42 RIW at 270 kV and in excess of 55 IIW at SO0 kV. 
at efficiencies of bctneen 52 and .X,~b. 

These results were obtained 121; using lov. rf ~r:ttiicnts :11 
the output gap and no instahilitics wcrc obscr\~cd. -1 study of 
matcrinls uhich \rouIcl allou US to inc,reasc the -olLa~c ~l~tli- 
ent 2nd the <.oupling co2Cfic it,nt is HUM unclc~~ \%a;; in the hope 
of achieving further efficiency increases. 

Good correlation has been also obtainctl in lhc :cpplitr:~ti~ 
of this computer program to thu &sign of l.cci rcul:1~i~n Imcai, 
accclcfntor klystrons. 
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Conclusion 

X relativistic theory including large-signal nonlinear 
harmonic interactions, electron overtaking, and the same 
variable system for both drift and gap regions has been de- 
veloped. A computer program, SLACKLY, based on that 
theory has proved a most useful tool in the design and under- 
standing of klystron interaction problems. 

Confirmation of the validity of the SLACKLY program 
was first obtained with the analvsis of the SLAC 30 MW klvs- 
trons now in use in the accelerator. On the basis of the cbr- 
relation observed a klystron redesign was undertaken to a- 
chieve efficiencies well in excess of 50% at a microperveance 
of 2. E.xperimentnl verification of the accuracy of the com- 
puter program has again been obtained through the tests of 
the first 3 sample tubes built following the SLACKLY program 
design. 

It is expected that SLACKLY will give us still better 
understanding of harmonic interactions by the use of the plot- 
ting features which can be produced on-line or as the output 
of the computer program. We are planning further klystron 
efficiency improvements through SLACKLY, through the im- 
provement of materials to give us better rf breakdown voltage 
characteristics and through further improvements of the 
beam characteristics which can be detained using the SLAC 
electron gun design computer program. 5 
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