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STUDY OF EDDY ELELCTROMAGNETIC FIELDS GEXERATION FROCESSES IN LINEAR
THDUCTION ACCELERATORS (LIA)

M.I.Demskiy, A.L.Miroshnichenko, A.X.Orlov

D.V.Efremov Scientific Research Institute
of Electrophysical Apparatus,

P,0.Box 42, 189631,

Abstract. Methods for analysis and
synthesis of circuits for accelerating vol-
tage formation in linear induction accele-
rators (LIA) are given., Tre results of com-
putations, physical gimuletion and experi-
ment are presented.

Introduction

High cogt and labour consumption of full-
scale tests and many other factors make ne-
cessary to perfcrm thorough computer anelysis
and synthesis /1/, physical simulation /2/
and optimization in the region of eddy cur-
rents fields generation in LIA. In this re-
port the computational and experimental re-
sults on elecsron scurce accelerating voltage
formation in applied linear induction accele-
rators are given. Tre computational procedure
of the current threshold value for the bean
transverse instability evolution is also desc-
rived.

1. Solution for a synthesis problem

Let's suppose that the voltage pulse
U(t)=I(t)+R should be formed at load R.

Let's represent the generator eguivadent
scheme as the seriesly conngeted forming cir-
cuits Z(p), voltage source 2, commutator in-
ductance pl, load R. T

Then the ferming circuits paraneters
(Fig.1) will be computated by the following

formulae:
1) for 2~cell circuits
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where W, - 1s the main harmonics for expansi-
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2) for 3-cell circuits:
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Fig.1. Pulse forming circults

The synthesized circuilt parameters de-
pend upon load-R resistance, including non-
lirear incuctor parameters and beam current.
R-magnitude, in its turn, depends upon for-
ming circuit configuration and parameters.
Therefore, forming circuit parameters are
defined more exactly by iterations, incliu-
ding aboveconsidered circuit synthesis and
anslysis by obtained parameters.

wag constructed by the results of phys

Leningrad, USSR

2. Analysis of voltage pulse formation

Mig.? shows the physical model principal
schene. Inductance L displays total thyrat-
ron and storage copacitance spurious induc-
tence. lurther two or three cells forming
line model was used instead of Lp.
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Fig.2. Principal scheme of modeld
generator for accelerator LIA-L,
injector trarsformer module

inductor secondary winding 1z ¢
five zections comnected with the
means of Cq-Cg - capacitances ¥
distributed capacity of inductor
turn, cennected with the clectron source cnd
electrorn source capacitance. Investigation
carried out on the physical model permitted
to define exactly necessary elementg of ac-
celerating module ecuivalent scleme and
thelr paremeters, Then the zccelerati
dule equivaelent scheme for computer an
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zimulation., Further each syanthesis itere
included analytical computation by the for-
qulae (1) or (2) =nd numerical sinulation by
equivalent scheme shown on Fig.>.

Pig.3. Bquivalent scheme of accelerator
LIA-T,25-200 injector transformer module

3, Algorithm For circuit snalysis

As there are a lerge number of elements
in equivalent scheme of ecccelersting voltage
ation system (up to 48 in studied scheme)
computer was used to forn and integrate
state equations.
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The state cquations are set up defining
the circuit directed graph, described by com-
plete incidence metrix /Aa/. Matrix dimensio-

nal representasion is nxb, where n - is the
nuaber of urits, b - number of elementg.
/ha/ watrix coluwmns are filled with the fol-~
lowing priority: E,C,R,L,I. Writing the
Kirckhoff's equutions in the matrix form:
8.1 =c¢, (DIT) =¢
voltage drop vector, i

the following matwchs were used.jhwp[h,@u

D] = fﬁ.DLl, where 7 znd L mean belonging to
the tree and communications e=n-1, i=b-n.1,

s
,2where € ig the
-~ currents vector,

b - number of graph branches., To obtain the
system of differential equations let's intro-
duce such matrix /Aq/ tha

(Al = L T e lede |7 = |By \]-f\ (3)

KMatrices /Ay/ ¢ Id /Bq/ are obtained by block

filling from wmatrices /Ba/ and /D/. Having
solved the system of uwigeb: aic PquuLLOLu TB)
relatively to UL‘ ;U,L»‘ ” .U;, . o owe

find;
[ S O S
IJLLCLIJLE Ul = \haH

2

I IT" }Az'\\:;[zlr (4)

As e, =L %% feo and ;= , then /4/ umay be

f
Jc.thteL as follows:

o AT 22 s .
Léiﬁf:ﬁ* =He MeD 1 =1l | (5)

On the b: of this equality the systen of
cifferenticl equations in normal form, inte-
ated by the 4-th order RUNGH-KITLA method
been fcound.

£
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4. Computational and experimental
resulils

shown the synthes
o o Ll

A computations have
process converges alter iree itera-
ticns. The foz circuit obtaired from the-
se conputatio:z tested on the accelerat-
13 i physical nodel. vo-cell circuit
ion for voltaege pulage formation at the
crectrons source casnode wi 30C kV caplitu-~
ds w3 - 1 ing wes realized in accele-
riator in,cclior.s Fore cbiained pulses the top
fall in tre middle purt is typical.

Por pulse vetter shape series of
tatlions hLaes been pe
) j scule-nodel hes been developed
; ihe uivalent scheme for comp
tion uLif s from that on Fig.3, third cell
iz wdded. Seve: iterations aoimed at defini-
Liow ef fosming line parameters have been
made. The computational result of the trensi-
ent process with uvhthe lZOd forming line is
snown on Fig.4,e; pulse apes, obtalned on
the physical 1l - on Fig.#,b and experi-
mental results cbtained on real accelerating
module - on Fig.4,6. These results testity
to good correlation of computational and ei-
rerimental dato.

compu—

ormed ana 3-cell fopr-
and

5. Gradient-ravine optimizasion

For various applications different time
dependencies of accelerated particles energy
are neecded. To realize the preset pulse sha-
pe gradient-ravine optimization method has
been developed.

cell line):

Fig.4. Pulse shapes (3~
of computated load voltage and thyratron cur-

a - graphs

rent pulses; b - load voltage and inductor
current pulse waveforms (paysical model);
¢ ~ pulse waveforims of inductor primary
winding voltage and thyratron cuxrcnt
Jcale: horizontal - 100 ns/division (b,c);
vertical - 5 V/division (b);
5 kV/division (c)

with
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electric circuit
and parcreters.
ctors:

Let's congider the
the preset configuration
troduce thne following
- ; a4 -
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vhere L,C,R.E,I,3 - vector0 compenents repre-

seny the induct,qceu, capacitances, resistan-
ces, voltage and current sources, core in-
ductions, respectively; XNL,NC,UR,NE,NI,NB -
their nwnber.

The fol Joulm) dependence:

/ 1% (8 =X (8| 4t (6)
ty
will be oonsidered as &« functional where
X3(t) - is a preset dependency and Xi(t)
Vd ue of "K'"~th vector of the component.
To define the antigradient direction
the following procedure was used:
1. Trensient process in a circuit was
computated with initially preset controls.
2. Components of gradient vector was
defined by the difference formaula:

ap/’:;y;’:Ap/ﬂX?: (ﬁvgn = Fora ) /Y {7

All the having been found,
dient vector was normalized per unit
Ty
DRL5Y|x 80X /5 (35/5Y)° (8)
and then new controls were found:
Yinwtn Yoora ~h P77/ 3., where h>C and
"h" numerical value defines trne step length
in the antigradient direction.

The initial computations have shown
that P-functicn spatial relief in a control
space 1s of ravine character. Therefcre gra-
dient methoc appeared to be low efficient.
So, the minimum search strategy was changed.
Supposing approximate SJmmetry of ravine
slopes in proximity to its bottom, the vec-
tor of ravine gradient will be found as the
sum of normelized gradients at revine oppo-
slite slopes.

tlie gra-



Computational results are illustrated
on Fig.5. Te rise the functional sensitivity
to controls change, weight coefficients, de-
pending upon time, were used. Obtained re-
sults show thnat such method is effective foxr
electrophysical apparatus Torming circuits
synthesis.
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Fig.5. Pulse shapes: a - accelerating volta-
ge at the rod; b - at the core; A - initiel,
& - preset, B - resulting

6. Analysis of the beanm Interuciion
with asymmetric modes of an
mccelerating tract

Particles in linear induction machincs
are accelerated with azimuthally symaetric
electric field Fo,excited by pulsed generator,
taking into account the beam loading effect.
Besides, RF-cscilletions of dipole type (m=1)
ere possible, what nay result in trunsverse
beam instabilizy /4/.

For pulse shortening prenonenor
study applied to LIA de¢ en, developed in
Efremov Institute, cavity model was used /5/,

The cquation for field amplitude isg:

2 ~ L Jwk e
ot =go (e b (9

P

Jurther

where ofsw/dt ;3 w - frequency; Q - quality
factor; L - vector eigenfunction.
Perticles dynamics was defined from equation:

X=le

where X = x rjdl

(10

O == R ‘7__"1 .
N (I//)}bll ,(r"'(,’vf‘B,)Z,,

h - cavity length; & - channel radius;
3, - focusing field.

rrom (9),(10) follows thut instability
evolutior depends upon current constant com-
ponent with the threshold value for a gingle
gsecvion:

Z

Toe Ll [Bz1 )

T g R /ee}' A
~ i_(»/-caj@ (5 6 1ol W
PTelTE e -’/)i’ G%’(ﬁv =)

(11

where

The field amplitude for n-th section is
varied according to ratio /5/:

B 7t

f;;), + ol P = ” E»:,’D'(/T) (12
XK=
4
where 7= f‘(/?'/)';

Values of «w, Aw: end @ were defined
experimentally, measurements were performed
at low-power level, Por 13.0 cm multisectio-
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nel vacuum tube made of X-22C ceramics with
covar cones, applied in LIA-5/5000, dipole-
type resonance was revealed at 3.555 GHz -
frequency with Q =10 and Rus/Q = 1 k /m.
These values al h=l m; =2 and Byz=0.05 T
correspond to threshold currens I41,.=500 A.

Conclusion

Ags the experimental investigations
snow, described methods for accelerating vol-
sage pulse formation permit 1o reduce signi-
ficantly +the time for tuning of LIA pul-
sed generators forming circuits. Developed
method of gradient-ravine optimization makes
possible to define parameters of generators
forming voltage pulse of arbitrary shape.
Relationship obtained analyzing the beem
interaction wit: RF-modes of an accelerating
tract permit to evaluate threshold current
for the beam trunsverse instability cvolu-
tlon.
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