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ABSTRACT 

The Lav/re nee Livennure Laboratory undertook an 
investigat ion of the properties of f e r r i t e materials 
to be used in a 5-MeV, 50-n<= linear induction acceler
ator. The invest igat ion, on a part-lime basis, lasted 
about one year and had the cooperation and helpful 
suggestions of several manufacturers: TDK of Japan, 
Phi l l ips of Holland, and Stackpole of the U.S.A. 

Ferrites have been widely used as tuning cavi t ies 
for proton synchrotron accelerator!, at radio frequen
cies. In such an appl icat ion, the uQf factnr is used 
in describing the f igure of merit for ferrit.es where 
a high duty fat.tor require?- >ow loss fe r r i t es . In 
our l inear induction dccoloutor with an average rep-
rate of 5-Hz, the f e r r i t e losser. sri- negl igible and 
the concept of awplox permeability in describing the 
losses w i l l not be introduced, but a large signal 
AB//H w i l l he used to describe their properties. The 
properties of inter i - . t in dcsiqiiinq the decelerating 
cavity were: a) f l u / swing .'B ^ B r -t fi„, > .5T b) a 
residual f lux density fy • . 1 fiT with a reset no greater 
than 2 Oer. c) rj r e l a t i v i t y high incremental p > 400 
to keep the co-citation ' c u m nt s^.all in rp la t ion to 
the load current, d) a high res i s t i v i t y for the 250-kV 
voltage hold-off. 

I . INTRODUCTION 

The pr inciple of r-scnetic induction has been ap
pl ied to the aci i ' lerot icn of electrons in betatrons as 
well as l innar accelerators such as the Astron 1 at 
Livermore and the ( RA? nt RcrLcley. The Astron u t i l 
ized .0025-cm thick Ni-fe tape wound into cores and the 
ERA u t i l i zed f c r r i t e as magnetic na tc r ia l . The p r inc i 
ple can easi ly be described by referr ing to F ig. l a . 
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A toroidal r ing of f e r r i t e MI? t e n a 1 forms essen
t i a l l y a 1:1 transformer, and the change in f lux in 
the magnetic core induces an axial e lec t r ic f i e l d which 
accelerates the electron beam. The volt-seconds ava i l 
able depend upon the magnetic notor ia l and the cross 
sectional area of the toroidal r ing as given by Faraday's 
law A r 

§E • df = -%, M • da (1) 

or s imp l i f ied 

"dt (2) 
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whore A is the f e r r i t e cross sectional area. Fig. lb 
shows the actual cross section of an accelerating cav
i t y with symmetric voltage feed points. The cavity 
contains seven f e r r i t e toroids 2.5-ctn th ick , 23-cm I .D. , 
and 50-cm O.D. These toroid were Manufactured by 
Stackpole Carbon Co. The accelerating voltage across 
the 2.5-cm gap is 250-kV for 5Q-ns. Concentric wi th 
the f e r r i t e cores is a solenoidal magnet to provide 
beam focusing. These accelerating cavi t ies dm stacked 
in series to obtain thr : desired output beam energy. 
The electron oun for the accelerator also u t i l i zes the 
induction pr inc ip le . Because of rest r ic t ions dictated 
by the gun electron beam dynamics, and ceramic insu la tor 
gradients, the f e r r i t e core dimensions were .96-m I.D. 
and 1.28-m O.D. These cores were manufactured by TDK of 
Japan to very close tolerances in twelve segments and 
glued in pairs to form a to ro id . The gap at the j o i n t 
was less than .04-mm. 

**This work is j o i n t l y supported by the U.S. Department of Energy under Contract No. W-7405-Eng-48 and the 
Department of the Havy under Contract Ml PR P0002477MP7120U. . 
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I I . CORE TESTER 

"The choice of magnetic material was made af ter 
considerable test ing to determine the properties 
which wore important for this appl icat ion. A core-
test ing device was therefore bu i l t to duplicate the 
drive system of the accelerator. A schematic of the 
core tester is shown on Fig. 2. 

I t consists of n 5-'; water - f i l led Blumloin 40-cm 
In diameter aui\ 83-cm long. The Blimilein energy is 
delivered tn the load by a sparkgap which switches the 
middle conductor to ground. Output voltage was varied 
by changing pr.'-^suro in the sparkejap. The sparkgap 
used in this apparatus was borrowed from an ear l ie r 
experiment and a low inductance unit had not yet been 
developed. This resulted in a pulse with slow r ise 
tiin<:' and -Minost sinusoidal shape. Although the f u l l 
energy of the pulser was never used, i t could de
l i ve r a ?r.O-kV, 50-ns pulse into a 12.5-s: load. The 
Blumlein wa* uiarged to f u l l voltage by a resonant 
transformer with a step-up of ten to one. The primary 
voltage to the transformer was supplied by discharging 
a 3-;iI : ?5~kV capacitor with a thyratron. Since the 
f e r r i t e cor^s r eh i r ed only a few kiloamps of magnnti?-
ing current, to avoid voltage doubling, a 25-fi duii-my 
load was provided for the filtmilein, the exci tat ion 
current into the core was monitored by means of a 
.001-Q resistor in series with the corn; the voltage 
to the cr-ro was derived from capacitive divider con
centr ic with the inner conductor. I t was not possible 
to apply these signals in obtaining B-H loop plots d i 
rect ly so a l l the information about the coies is in the 
form voltage and current photographs. 

III. EXPERIMENTAL RESULTS 
I t was observed early in this investigation that 

there was not always a one-to-one correlat ion between 
the properties of small test toroids and fhe large 
cores required by the accelerator. Hence, a l l the 
tests performed were done on actual f u l l size cores 
provided by d i f ferent manufacturers. 

The requirement for a f e r r i t e with high res i s t i v 
i t y (p > 106f(-cm) stemmed from the fact that 250-kV 
appears across the seven 2.5-cm toroids and one can 
avoid elaborate insulation techniques. A high resis
t i v i t y , however, is no guarantee that a high voltage 
can be applied across the toroids. A separate test 

apparatus was used to determine the voltage holding 
properties of the f e r r i t e . A high voltage was applied 
by means of two 1-cm bal ls across the f e r r i t e under 
Oil to see i f i t would hold the required voltage. Al l 
f e r r i t es held at least twice the required minimum of 
15-kV/cm. Arc-through typ ica l l y occurred at SO-kV/cm. 

This type of f e r r i t e would ord inar i ly be consi
dered too lossy for use in synchrotrons. In our ap
p l i ca t ion however, th is is an advantaga since i t pro
vides damping for beam induced transients. As the beam 
traverses the accelerating cav i ty , a voltage transient 
is induced which could have frequency components in the 
low GHz range. Those modes which propagate into the 
cavity are e f fec t ive ly damped by the terminating resis
tors and the f e r r i t e . A spectrum analyzer was used to 
study the absorption properties of the f e r r i t e . A 
spectrum of the accelerating cavi ty was taken from the 
low MHz to a few GHz with and without the f e r r i t e . Al l 
f e r r i t es tested were ef fec t ive in attenuating the Q of 
higher frequency modes by 20-4Q Db. 

In designing the induction accelerator, i t is de
sirable to have a high ef f ic iency of energy transfer. 
That i s , the exc i ta t ion current required to produce a 
given flux change should he sfrall co l o red to the lo;jd 
current. I t is also desirable that thn ferr- ' te behave 
as nearly as possible to a l inear inductor. The re
quirement of energy unif »"'iuy during the beam pulse 
makes i t nf--,i'S?sry to ap; iy compensation to the pulsing 
system tc '.cc: a constant voltage pulse. The- more non
l inear the f e r r i t e , the more d i f f i c u l t the compensation. 

A sped l iga t ion was placed on the pe rm i t t i v i t y , n, 
to be greater than 100. This value of u is not the 
i n i t i a l permeabil i ty, but a pulsed or average value 
from - B r to BJ(|. The inductance of the f e r r i t e cavity 
is given by 

L = £3 o r L = 200 pin / (3) 
V Oi 

L - inductance in nll/m 
2 - impedance of coaxial f c r r i t e cavity 
v - veloci ty of propagation in f e r r i t e 
d j - outside diameter of f e r r i t e 
dn - inside diameter of f e r r i t e 

Fig. S 

i n nanohenres/m. A u of 400-1000 results in --bout one 
to two k i . "?, iperes of exci tat ion current or 5 to 1C" of 
the to ta l c rent. Fig. 3 shows a typical plot of cur
rent and voyage into a single test to ro id . The cur
rent waveshape is f a i r l y l inear indicat ing the core to 
be a l inear inductor up to the saturation point. 



Calculated inductance 

200 (100) (infU) (.025) W 
' = 1 .5 -pH/core f o r the des ign vo l tage-seconds t h i s 
would r e s u l t i n Ai - 120D-A. One impor tan t p r o p e r t y 
o f t he f e r r i t c , i n c o n j u n c t i o n w i t h our p a r t i c u l a r 
d r i v e sys tem, i s i t s r e s e t t a b i l i t y . As can be seen 
f rom F i g . 2 , d u r i n g the B l u w l e i n charge c y c l e , a d i s 
placement c u r r e n t P w s th rough the one t u r n p r i m a r y 
t o charge the i n s i c " coax. Tor our c h a r g i n g system 
t h i s r e s e t t i n g c u r r e n t i s about 220 amperes, f rom 

1 H 6C - i , i t cor responds t c a AH = (5) 

AH ~ 2 Oer. I f t h i s c u r r e n t r ese t s the core f rom +P 
to - B r then the e x t e r n a l r e s e t system can be e l i m i n 
a ted r e s u l t i n g i n c o n s i d e r a b l e cos t sav ings and s i m p l i 
f i c a t i o n . Some of t he o r i g i n a l core samples d i d no t 
meet t h i s requirerrc-nt . Before the end o f our t e s t i n g . 
p r o g r a n , however, a l l manufacLui ers p rov ided us v.' ith 
samples t h a t met our s p e c i f i c n i i r n s . I he aim co ies 
are about tw i ce the d iamete r uf the a c c e l e r a t o r cores 
and thr; c h a r g i n g c u r r e n t i s no t s u f f i c i e n t f o r r e s r l , 
t h e r e f o r e , an e x t e r n a l pu l se must be a p p l i e d f o r t h i s 
purpose. 

I n a puV-rr i f ( - t - " t s ys tem. I n o b t a i i , a iraxirui ' r Aft, 
i t i s i i : ; j o r U n l t l i a t H r a p p r o v e B r, s ince An - !•,- + nm. 
The mrixiriiij"! f l u x M/in-i d c l o n i i " ^ the s i 7 e of the cav
i t y , heric" the l eng th and c r r . t ;-f t he a c c e l e r a t o r . In 
our 5 - t V a c c e l e r ( : t o i . i t w.is net too i r p o r t a n t a '"ac
t o r , bu t i t w o j l d !'(• ' o r h i ' ; : , ' , : energy r a c h i n e s . Our 
goal o f AB > .'A was ach ieved l-y a l l manu fac tu re rs 
w i t h a r e s ^ t equ iva len t , t o 'i Uc»-. The t a b l e below 
sho.'.'s r e p r e s e n t « ! i VP riot a f o r o ' e a c c e l e r a t o r ce re 
w i t h t h e n a r t i c i ; ' ; - . p u l s a r l a v s ^ i ! ? a p p l i e d t o i t . 
This da ta i s oi>i, i ine; i by i n t ' " r a t i n e the osr . i l loi'.cope 
photograph r f the v o l t a y e wcv: f::;- 1. Where: 

Rm Saturation flux density 
B r - Pesidual flux density 
H - Magnetic field 
i - Lxcitalinn current 
t - Puis.' length 
d - Diameter of core 
A - Cross-seelional area in m^ 
V p - Peak induced voltagc-

At(ns) AB(Tesla) 
20 .068 
30 .1/16 
40 .233 
SO .3? A 
60 .4 
70 .45 
80 .466 

AH(Oersteds) 
1.96 
2.83 
4.7 
6.1 
7.S 
9.4 

10.2 

Because of the annost sinusoidal shape of the applied 
voltage one could approximate 

>^\ (S Vp) (At) (6) 

A typical plot of AB vs. AH is shown on Fin. 4. It 
appears that the self resetting current equivalent to 
two Oer. is sufficient to obtain a total flux sv.i g 
AB = .5 Tesla even though a AH ~ 11 Oer. are required 
to drive the ferrite into saturation. 

Within the time allotted for testing, several 
manufacturers had developed a ferrite with the proper
ties desirable for our application. After choosing the 
appropriate ferrites, a full scale accelerating cavity 
was built. This module was tested to 500-1:V to verify 
the saturation levels. Fig. 5 is a phcLograph of the 
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L _ J 
Fig. 5 

v o l t a g e and c u r r e n t j u s t as the c a v i t y beg ins t o s a t u r 
a t e where V - 3 2 0 - H ' . The f u l ? v.id'ch h a l f \m/. i s 
50-ns . 

IV . CUNCIUSIOK 

The a p p r o p r i a t e f e r r i t e o f f e r : riany advantages as 
a magnet ic m a t e r i a l f o r a l i n e a r i n d u c t i o n a c c e l e r a t o r . 
I t i s an e f f e c t i v e absorbe r o f unwaiited h i g h e r f reewen-
cy modes, i t i s a h igh v o l t a g e i n s u l a t o r , i t i s a q u a s i -
l i n e a r i n d u c t o r r e q u i r i n g low e x c i t a t i o n c u r r e n t , hence 
i s an e f f i c i e n t energy t r a n s f e r medium and has low c o 
e r c i v e f o r c e a l l o w i n g i t t o s e l f rese t d u r i n g t h» Rlum-
l e i n charge c y c l e , i t s p r ima ry d i sadvan tage i n compar
i son t o s t e e l . , t s t h e r e l a t i v e l y low f l u * s w i n g -

F u r t h e r s t u d i e s i n magnet ic i v i t o r i a l s f o r a c c e l 
e r a t i n g c a v i t i e s w i l l c o n t i n u e a t the L a b o r a t o r y . 
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