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1, Preface

In 1982, one of the authors (Okazaki), of Toshiba Corporation, wrote a “one-
dimensional, rigid-disk model” computer program <1> to serve as a reliable
design tool for the 150 MW klystron development project. This is an introductory
note for the users of this program.

Whie reviewing the so-called disk programsl:? presently available, hypothe-
ses such as gridded interaction gaps, a linear relation between phase and position,
and so on, were found. These hypotheses bring serious limitations and uncer-
tainties into the computational results. JPNDISK was developed to eliminate
these defects, to follow the equations of motion as rigorously as possible, and to

obtzin self-consistent solutions for the gap voltages and the electron motion.

Although some inaccuracy may be present in the relativistic region, JP-
NDISK, in its present form, seems a most suitable tool for klystron design; it is
both easy and inexpensive to use.

The following features are present in JPNDISK:

1) A full time-stepping formulation® is used to integrate the equation of mo-
tion, from the entrance to the exit of the drift tube.

2) A gridless gapd is assumed. A Gaussion function formulation, developed
by Prof. T. Wessel-Berg, simulates the field distribution.

3) Relativistic effects are included in the equation of motion.

4) The space charge field is computed, with corrections for relativistic effects,

as given Dr. P. Tallerico.?

< 1> This program is presently called “DISK” by the SLAC klystron group.
The “DISK” model is used in many programs; to avoid confusion, it seems
advisable to give it a different name. In this note, it is called “JPNDISK”.



In addition, to accomodate new ideas for high efficiency klystrons, the fol-

lowing features have been introduced:

5) Aklystron with a double output gap can be simulated, using an impedance
matrix? to define the coupling between the two gaps.

6) A second (or higher) harmonic cavity can be incleded in the simulation.

The JPNDISK program is now on the publie disk of the klystron group, and
has been used by people designing a high power klystron.

2. Algorithm

The algorithm used in the JPNDISK program to obtain a self-consistent
solution of the electron motion and the gap voltages is as follows:

1) Read out the input data from the defined disk file.

2) Set the initial values of the gap voltages at small ﬁxéd values.

3) Integrate the equation of motion for each disk, from the entrance to the
exit of the drift tube, summing the induced current for each cavity.

4) Expand the induced current into Fourier components.

5) Compute the gap voltages, using the gap impedances and the fundamental
or harmonic component of the induced current, as obtained in 4).

6} Using the new values of the gap voltages, compute as in 3), but taking the

space charge forces into consideration.

Following this, compute steps 4), 5) and so on, until all of the gap voltages
have converged. As it is reasonable to believe that the gap voltages near the
input of the tube converze faster than those at the penultimate or output gap,
convergence is examined for only one gap at the input end during one iteration
cycle. If the voltage has converged, the next iteration step is started from the
next cavity, the voltage of which will be used to test convergence in the next

iteration step. Thus, computation time is saved.

When the voltage of the output gap has converged, the program leaves that
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iteration loop and the computation of the electric 2nd kinetic efficiency starts;
this is followed by a graphic display of the computational results. Fig. 1 show
the flow-chart of the JPNDISK program.

3. Working Equations

In this section, the working equations of JPNDISK are explained.
3.1 DISKS

As described in the preface, the program simulates the one-dimensional mo-
tion of rigid disks. Each disk is infinitely thin in the direction of travel and has
an electric charge, g, where

-I
1= fop Nd
Here, Ip is the beam current, f;, is the operating frequency, and Ny is the

number of disks. The mass of each disk is

q
m = - 1m,
EO

where ¢ is the charge of the electron and my its rest mass.
3.2 EQUATION OF MOTION

Taking the relativistic mass factor into account, the equation of motion for

(- =-14m

where cg is the speed of light, and v is the axial velocity of the disk. The dot

each disk is:

represents time differentiation. E;, the electric field in the z direction (direction
of electron travel), includes both the cavity circuit field E¢, and the space charge
field E;. These will be discussed below.

3.3 CaviTYy CIRCUIT ELECTRIC FIELD

The field E,, due to the cavity circuit, is expressed as:

E;. = fnoVy cos(wal + Op)



where
+
Vo=-f : Eedz

is the voltage across the n — ¢k gap and wy, is the angular frequency of the gap
voltage. If the cavity is tuned to the second harmonic frequency, wqa = 2m(2f,p).
¢ is the time variable. @y, is the phase of the gap voltage, relative to the phase
of the input gap voltage. f, is the normalized field distribution function. This
function car be a square function, an hyﬁerbolic function, ete., 23 in many other

programs. In this program, fy is a Gaussian function:

Jale) = = k expl—k¥(z = z0))

where
K2 = (a® 8% + 46%8)7,

a is the radius of the drift tube, b is the beam radius, and 52 represents a
coefficient expressing the shape of the nose tip; i.e., blunt or sharp. Usually, & is
ic the range of 1/4 to 1/6. &; is half the length of the gap, while z5 specifies the
pusition of the gap center. This formulation was developed by Prof. T. Wessel-
Berg. It is believed that, in case of low g, = w/v, this approximation results in

a reliable representation of the coupling coeflicient, M.

3.4 SPACE CHARGE FIELD
Using a Green's function metl:lod,2 the space charge field at zp, due to a disk

at z;, is found to be:

E, = oM - l( Si(mea) )2

€ Jop Ny {p1a)11(p10)

ezp (— llz:h—_z’o)) sgn(z; — z)

where pg is the average charge density of the beam, ¢ is the dielectric constant
of the vacuum, J| is the Bessel function of first kind and zero order, (u14) is the




root of Jo(pia) = 0, and 7, is the radial propagation factor. The summation

over { is taken for + 0.5 of the beam wavelength.
3.5 INDUCED CURRENT

The induced current in the n — th gap, at time ¢, is computed as follows:

+o0
Il'nd,n(t) = /—oo pvfndz

{
= 3 qvifalz)
where p is the charge density. A conventional Fourier expansion is used to extract
the fundamental and harmonic components.
3.6 GAP [MPEDANCE

Zy, the gap impedance of n — th gap, as seen from the drift tube is given by:
7. = (R/Q)n O

o rﬂ nn
1+ jQn(gee - fpm

where (R/Q)n is the character’~tic impedance of the n — th cavity, @, is the
loaded @ of the n — th cavity, j is the unit imaginary number, and f; » is the

resonant frequency of n ~ th cavity.

Qn is computed from the relation:

Qe,n
1+ (R/Q)"Qexn Gbr n

Qe, 1 is the external @ of n — th cavity, which is measurable, and Gy, n is the

Qn=

beam conductance, as derived from linear theory:

Ipsin @y (sin Oy
Gbn =

1
= ——t —1—————cos—9¢, )
' 2V0%9;n ( 3O, 2 e

Here, Vy is the DC accelerating voltage of the electron beam, and 6, is the
effective transit angie for the n — ¢th gap:

dn
et,n = Wwp —
v



The eflective gap distance, dy, is defized by:

dn = V7 [k,

where & is the coefficient appearing in the Gaussian function defined previously.

3.7 GAP VOLTAGE

The gap voltage is derived from the induced current and tke gap impedance:
Ve = Imd,n Zn ,

where, I

indn
cavity; m is 1 for those cavities resonant at the fundamental frequency and 2 for

is the mh Fourier component of the induced current of the n — tk

the 2nd harmonic cavities.
‘The gap voltage, Vq, for the input cavity, is computed from the available

input power, P;:

1
2

8P,
Vi = (G 214°%)
! u(RfQ),
Here, * represents complex conjugation.

In the case of a double-gap output cavity, the above expression has to be

modified:
(Vn.l) _ (Zu 212) (11 n'nd,n,l)
Vae Zn Zn) \Pngu s
where, Vy 1 means the voltage of the m — th gap of the n — th cavity and

similarly for I}nd,n,m‘ The elements of the 2 X 2 Z-matrix can be determined by

measurements.

3.8 EFFICIENCY

This program computes two kinds of efficiency: the kinetic efficiency and the

electronic efficiency.




This kinetic efficiency, gy, is obtained from the change in tke kinetic energy
of the electrons between the inlet and the outlet of the output gaps:

f:, 7i(z2) - 1

me=1-=
PIEACHES

Here, « is the relativistic mass factor, z; and zp are the positions of the input

and output, respectively.

The electronic efficiency, 1, is given as:
n
fle = Z V"Iilnd,n
€ 2VDID 1)
where Vj is the dc beam voltage.

3.9 NORMALIZATION

All quantities used in the program are normalized according to the following

scheme: (barred variables are normalized quantities)

a. Axial position 2

3= 2
=5
where,
up
e = —
e fap
is the beam wavelength, and ug is the dc beam velocity.
b. Time?
= fopt
¢. Force F

2
F= ue}’lop %E (%;)



where 5 is the charge to mass ratibn of the electron.

All other quantities are normalized by introducing the variables shown above.

4. Input Data
Table 1 is an example of an input file, in this case, for the 150MW klystron
with a double output gap. This example is due to T. Lee.

The corresponding variables and FORTRAN formats are shown in Table 2.
The functions that describe the input data are shown in Table 3.

5. Execution
S. Hutton of SLAC wrote a universal EXEC program, named RUN, which
makes it very easy to use the JPNDISK program. The sequence that one uses is:

1. Make an input data file, as shown in chapter 4 on your disk. (Assume it
is named as: FN FT FM)

2. GIME KLYGRP 210

3. RUN DISK FN FT FN (options: BATCH TIME HOLD VERSATEC TEK-
TRONIX, ete. More information is available in HELP RUN, or RUN?

That’s all one has to do.

The machine time for a typical computation of a 5 cavity klystron is about
2 mig. or less, using the IBM3081 Vi /CMS system of SLAC.

6. Output Displays

Computational resvits are summarized in two forms: output from the line
printer and also in graphic printcts. The graphics are available from either the
Verss! <e or the Tektronics machines.

Graphic displays

1) Phase diagram, which shows the deviation of each disk from its de location.
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2)

3)
4)
5)

6)
7)
8)
9)

Fundamental and second harmonic components of beam current, vs axial
position, z.

Merit figure, defined by Mihrar, vs 2.

Velocity spread of beam vs z.

Induced current in the output gap, and its Fourier components, as func-

tions of time.

Energy distribution of the spent beam.
Applegate chart in the vicinity of the output gap.
Electric field distribution in the output gap.

Amplitude and phase of the output gap voltage and current. (In case of
multi-output gz ooly)

Figure 2, Fig. 3, and Fig. 4 show examples of the output graghics for the

input data in chapter 4.

1)
2)
3)

Printouts
Gap voltage and phase.
Fourier components of the induced currents in all cavities.

Efficiencies. (kinetic and electronic)

Fig. 5 and Fig. 6 show examples of the printouts.

7. Comparison with Experiments

A comparison with the experimental results is presented here, in order to

emphasize the capability of the JPNDISK prog-am. The availaktle test data at

.SLAC covered four klystrons: the PEP, the XK-5, the 150MW, and the 5045. All

are 5 cavity klystrons, except the 5045. The operating beam voltage ranges from
62 KV for the PEP klystron, to 450KV for the 150MW Lkiystron. The perveance
varies from 0.74 for the PEP klystron, to 2.14 for the XK-5. Thus, Klystrons
designed to be operated in a variety of conditions were analyzed.

The power transfer characteristics of the klystroms, computed with the JP-

11



NDISK program, are shown in Fig. 7 through Fig. 10. The operation conditions
are given in the figure captions.

The computation results on the saturation efficiency show good agreement
for the PEP and 150MW klystrons, although they tend to predict a higher gain
than observed.

In the case of the XK-5 klystroa, the agreement of toth gain and efficiency
are excellent.

Howeve:, the 5045 klystron, designed with the JPNDISK program, shows a
rather large discrepancy from the calculated efficiercy. Although the reascn is
not clear so [ar, it may b~ attributed to the 5045’s high gain design (6 cavities).
It should be recalled that the 5045, at this stage, needs critical focusing control
because of instabilities.

Concluding this comparison, one sees that the JPINDISK program has accu-
rately predicted the efficiency of 5 cavity klystroms. In the case of a G-cavity
klystron, more experimental and theoretical work should be done.
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TABLE 1. INPUT DATA OF THE JPNDISK SR0GRAM

150MW 2P1 DiISK
450. 603. 2856.

24 30 18

1 1 1
150. 2000. 2000.
95. 75. 89.

0.0157 0.0104 0.0158
0.0 0.135 0.270

[4. 9. 14.
800. 0. 800.
800. 0. 800.

| 200.

0.

2000.
109.
0.0157
0.566
84.

0.0187 0.013

-1 -1

0.03187  0.0187

0.682  0.7505
0. 0.

T

-0.85  100.

TABLE 2. CORRESPONDING VARIABLES AND FORMAT

FORMAT

l ITLE
{EB Al FMHZ FCARRI
NDISK NSTEP ITERMX
TYPE] TYPEz TYPEj
QFE) QE2 QE3
RBQ; RBQ2 RBQs
GAPD; GAPDs; GAPDj3
GAPZ) GAPZy GAPZ3
DELF) DELF3 DELF4
ZZ1 FAll ZZIy
27231 FAlgy 2ZZg2

PIN

'ﬁ VARIABLES
T

RDRFT RBEAM BETA PIN

IPLOT IDEBUG

TYPE4 TYPE; TYPEg
QE4 QEs  QEg
RBQ4 RBQs RBQg

GAPDy GAPD5 GAPDg

GAPZ4 GAPZ5 GAPZg

DELF5 DELFg

ZZyo FAlo

FAlag

{5A4)
(8r8.4)
(515)
(818)
(8r8.4)
(8r8.4)
(8r8.4)
(8Fr8.4)
(8F8.4)
(8F8.4)
(8r8.4)

(F8.4)

14
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TABLE 3. MEANINGS OF THE VARIABLES

TUNAME

EB

Al
FMHZ
FCARRI
RDRFT
BETA

PIN
NDISK
NSTEP

ITERMX
IPLOT

TYPE(M)

QE(M)
RBQ(M)

GAPD(M)
GAPZ(M)

DELF(M)
z2(1, J)

FAI(L, J)
PIN

=0:
#0:

W

-4:

=]

Tube name or title (no more than 20 char. )

Beam voltage
Beam current (
Frequency (
Not used in this program, set= 0. (
Drift radius (
Radial oean coupling constant
(if beta < 0, BETA is calculated)
Available input power (W)
Number of disks, { max = 32)
Integration steps per rf cycle,

(usually 25 to 40) ( max = 50 )
Maximum number of iterations
Tektronix 4013
Versatec plotter

Cavity gap type ( integer )

: Fundamental mode cavity
: Second harmonic cavity
: Third harmonic cavity (if any)

Output gap

: Unused cavity

External @ of the m — th cavity

R/Q of the m — ¢h cavity

Gap distance ( actual length ) (m)

The position of the m — th gap center (m)

measured from the center of the input gap

Detuned freq. minus operation freq. (MHz )

Impedance matrix of output gap; ( ohm )

if all impedances = 0., no energy exchange calc.

Phase of impedance of output gap (deg.)

Available input power for further comp. (W)
PIN is not given or is negative, comp. stops

15



10.

Figure Captions

Flowchart of the JPNDISK program.

m : Cavity number where the iteration starts
k : Iteration cycle number

n .+ Relaxation factor (default—0.8)

§ : Convergence criterion (default=0.004)

MCAV : Number of cavities

Graphic display (No. 1) from JPNDISK (Phase diagram, Beam RF current,
and Velocity spread).

Graphic display (No. 2) from JPNDISK (Induced current, Spent beam
energy, Applegate chart, Electric field).

Graphie display {No.3) fross sTNDISK (Induced current and Voltage of
the output gap).

An example of the printouts. (The first page from the 3800)
An example of the printouts. (The last page from the 3300)

Output efficiency of PEP2A kiystron, Comparison of “%e results from
computation and experiment. 82kV, 11.5A, P, = 0.74, Freq. 353.2MHz

Output efficiency of XK-5 klystron. Comparison of the results from com-
putation and experiment. 27CkV, 300A, Py, = 2.14, Freq. 2856MHz.

Output efficiency of 150MW klystron. Comparison of the results from
computasion and experiment. 450kV, 600A, P, = 1.99, Freq. 2856MHz.

Output efficiency of 5S0MW klystron. Comparison of the results from com-
putation snd experiment. 320kv, 3624, P, = 2.00, Freq. 2856MHz.
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VISR MODEL SIMULATION INCLUDING EMERGY EXCMANGE PAOCESS TN MULTI-OuiAUT GAPS VERSIDN D8.0 COMMENTS

aucesnenasnsssuen 1504 2PY DISK saawn wen 5 CAVITY KLYSIROH )
£6 = 450.0 KV A1 = 603.0 A € :2656.0 MHZ  FCARRI: 0.0 MHZ
HY U Tiee step
ROPFT 20.0187 1t RDEAM =0.0130 W HT = 0.03313)  BETA = D.918 GAIfRA 1 loamea ® RORFT
Garma :0.7088 GUWB =0.4880 GAMPS ¢ Gumma » RBEAN
Gamia ' Fadial propagation factor
HGAF 1 fhmber of output waps
WTISK =24 NSTEP = 20 NGaP = 2 ITERMX = 25 PLOT = VERSATEC
1 2 3 4 5 6 7 8
14 159.0  2000.0  2000.0  2000.0 0.0 0.0 0.0 8.0
R/0 95.0 75.0 8%.0 105.0 °.0 0.0 o.0 0.0
GAFD (M} 0.0157  0.0104 0158 0.0157  @.0197  2.0197 4.0 2.0
GPZ (A1 0.0 0.1350  0.2700  0.5660  0.6820  ©0.7505 0.0 0.0
DELF 1842} 4.0 ?.0 14.0 8.0 0.0 0.0 0.0 0.0
258P:RONN) w6 5.9 5.2 1.8 0.0 8.0 0.0 0.0 AP ' Gap iepedance
ar 47.1 9.4 0.4 58.1 0.0 0.0 0.0 0.0 or t Total @
FREQ-L 2B60.0  2865.0  2870.0  2%0.0  z856.0  2856.0 .o 0.0 FREQ-L :  Sesorant frequency
wesussons [MPEDANCE MATRIX sawsxmsss
{ 8000, 0.01 | 800.0, 0.0 ¢
SIGH 1 Relativistic wass cactor
¢ 800.0, 0.01 t a&0.0. 0601 ( uz 1 DC beam veloctty
Yez ' 1/1beam wavelength}
S10M : 1.8806 UZ 20.2539¢409 YBZ =0.1125€¢02 BETAE=D.70878£°07  DELSQ=0.1667 BETAE t  Beam propagation factor
NELSA : delta of Gaussiat function
OM3P T0.942640£410  OMGQ =0.044917ECT0  DEGF = 0.2596197  REDUCED PLASAA MAVE LENGTHZ 1.6798a( M C55P + Plasma ansular {requency
OMGQ  t Reduced ORGP
FIN oz 103.0 1 W 1 REOF  t  OHSG/OMGP
IER = 0 WAV =t
V1teration cycle rumber) (starting cavity No. of iteration)
2 3 “ ? Y t Bap number
VGAR  0.1876E404 0.4000E-03 0.4000E-03 D0.4000E-03 0.0 9.0 YGAP i Gap voltase 6-84
THETA 0.0 . [} a.0 0.0 0.0 THETA t  Phase

4826A10

Fig. 5



1TER 212 may =«
1 H 3 a [
YGap 0.1876E*04  0.9707E404  0.5044E405 O.J034E*06 0.4252(¢06 O, 0.0 0.0
THETA e.0 1.739 3.807 1.5%0 4.573 .57 o. n.o
1 2 3 “ H 6
o 0.9t1 t 0.0 1 €4.9(1 ¢ 0.0 0.5811 1 0.0 ) 0.911 ( 0.0 ) 09134 0.0 1 0.913
1 0.900 1 3.211) a.cQ3 ¢ 1.235) 0.016 { 3.337) 0.107 ¢ .23 0.404 ¢ 4.239) .502
< 0.030 1 2.e48) 0.609 t-1.€50) 0.0c0 ¢ 0.014 ¢ ¢.2151 0.045 ¢ 2.3 0.157
3 0 °se  7.3s1 0.0C3 1 1.Cent 0.090 (-0.8°5) 0.001 (~0.85%1 0.011 ( 2.1451 0.0
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