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Abstract 
Kicker magnets are required for all ring-to-ring transfers 

in the 5 rings of the proposed KAON factory synchrotron. 
The kick must rise from 1% to 99% of full strength dur- 
ing t,he time interval of gaps created in the beam (80 ns 
00 160 ns) so that the beam can be extracted with min- 
irrlum losses. In order to achieve the specified rise-time 
and ‘flatness’ for the kick it is necessary to utilize sperd- 
up nct,works, comprising a capacitor and a resistor, in t,hr 
electrical circuit,. Speed-up networks may he connect,ed 
electrically on both the input and output of t.he kicker mag- 
net. In addition it, is advantageous to connect a ‘speed-up 
network on the input. of t,he resistive t,erminator(s). A se- 
qucncc which may minimize the number of mathematical 
simulations required to optimize the values of the 8 pos- 
sible speed-up components is present,ed. PE’LD has been 
utilized to determine inductance and capacit,ance values 
for the resist,ivr terminator; this data has been used in 
PSpice transient analyses. Results of the PE2D pretlic- 
t,ions are also present,d. The research has culminated in 
a predict,ed kick rise time (1% to 99%) of less than 50 ns 
for a TRIIJMF 10 cell prototype kicker magnet,. The pro- 
posed inipi-ovements are currently being implementd on 
our prot,ot,ypc kicker system. 

I. INTRODUCTION 

The magnetic field rise time of a transmission kicker mag- 
net results from a superposition of the the rise time of the 
pulse frolri the pulse generator and the proya ation time 
of the pulse t,hrough the magnet, (fill time) [1 . ‘I Many of 
t.he kicker magnets for the proposed KAON factory syn- 
chrotron require 1% to 99% kick rise/fall times of less than 
82ns [2,3]. 

In order t,o compensate for unavoidable impedance mis- 
Illatchcs it is necessary to include several ‘speed-up’ net- 
works in the design of the pulse generator. In the case of 
a kicker magnet, which is terminated in a short-circuit on 
it,s output., for example the booster extraction kicker mag- 
net, for t,hc KAON factory [l], only one or two speed-up 
tlc,tworks are required [4]. 

TII~~ collector injcct#ion kicker magnet, for the KAON fac- 
t,ory requires both a 1% to 99% rise and fall time of 8’Lns [‘L]. 
In order to achieve both the specified rise and fall time! a 
kicker magnet which is t,erminated resistively may reqmre 
four speed-up networks, which results in eight components 
whose values are to 1)~ optimized. A methodology has heen 
developed which permits optimum values to be determined 
for these eight components, with a minirnmrr number of 
rnat~licliiat~ical sirriulations. 

As part of the KAON Factory project definition study 
a prot,otype transmission line type kicker magnet has been 
built, at TRIIJMF [‘2]. This kicker magnet is based on the 
design of those of (:ERN F’S division [3,5]. The prototype 
kick& is a 10 cell magnet with a design value of 30 s1 for 
t Ire charaderistic impedance [ 11. The prot,otype magnet, 
has heen sirriulated for the PSpice studies reported in this 
paper. 

I I. EQUIVALENT CIRCUIT 

Fig. i shows a block diagram of the equivalent circuit for 
the kicker nlagnet and pulse generator; connections, cable 
plugs anti sockets, as well as losses in the ferrite and mu- 
tual coupling hdwcen adjacent cells of the kicker magnet 
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Figure 1: Block diagram of pulse generator and Inagllet 

are simulated [6] but, not shown in Fig. 1. The equiva- 
lent circuit of the tnain switch and dump switch thyra- 
tron allows for both anode and cathode displacement cur- 
rent [1,7]. The D.I.S.I. (Displacement Current, Saturating 
Id&&j shown in Fig: I r-educes the magnit,ude of pre- 
nulse cathode disnlacement, current which flows throulrh 
ihe kicker magnet’to an acceptable level [l], therefore srg- 
nificantly decreasing the 1% t,o 99% field rise-time in Lhc 
kicker magnet) [1%8] 

As mentioned above four speed-up networks are required 
in order to achieve the specified rise and fall t,imes for 
the collector injection kicker magnet. Speed-up networks 
connected on the output, and input of t,he kicker magnet 
mainly effect the leading and trailing edge, respect,ively, of 
the kick [9]. 

During the post-pulse period the D.I.S.I. is unsaturated 
(relatively high impedance); in order to obtain a sat- 
isfactory post-pulse kick, any reflections from the non- 
ideal main-switch resistive terminator must be suppressed. 
Hence it is advantageous to connect a speed-up network 
on the input to the kicker magnet, between the magnet 
and the D.I.S.I. In addition, connecting the speed-up net,- 
work between the magnet and the D.I.S.I. helps to sup- 
press impedance resonances which the beam might, other- 
wise ‘see’ [lo]. 

In order to be able to select optimum component values 
for the speed-up networks, Figures of Merit (FOM) are 
calculated for the kick [ll]. The int,egral with respect to 
time of t.hr deviation of the kick from the ideal levels (O%# 
and 100% of full kick strength) and outside of specified 
levels (&l% deviat,ion of full kick st,rengt,h from t,he ideal 
levels) is used t,o determine two FOM’s for each of the pre- 
pulse, ‘flat-top’ and post-pulse periods: these FOM’s also 
take into consideration the predicted and specified risc- 
times. 

The resulting complex equivalent. circuit, has been anal- 
ysed in the time domain by utilizing t,he t,ransicnt, analysis 
capabilities of PSpice [ 121. The Analogue Behavioral Motl- 
clling cayabilit,y of PSpice has been utBilized to calculat,e t.he 
time integral of t,he deviation of the preclict,ed kick from the 
ideal and specified levels. The powerful Goal Funrt,ion ca- 
pabilities of the Probe 121 post-processor are then ut,ilizrd 
to determine the 1 FOb ‘s. The Goal Funct,ion capal)ilit,y 
of f’robe has been used in conjunction with the Paramet- 
ric Analysis capability of F’Spice to rapidly delermine the 
value of a component which results in a tninimmn FOM. 

III. PROPOSED DESIGN METHODOLOGY 

The D.I.S.I. may significantly effect the optimum values of 
the speed-up network components connected on the input 
to the kicker magnet, hence it is necessary to simulate the 
D.I.S.I. throughout the optimization process. The follow- 
ing design methodology has been developed for identifying 
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Figure 2: (ZEHN F’S Division Kesistive Ttx-urinator 

‘optimum’ values for speed-up network components, for 
a rcsistivelv t,erminated kicker magnet with a minirnum 
numhcr of inathrmatical simulations [9]: 

1. Simulate the main switch and dump switch resistive 
t,erminator as being ideal. The ideal main-swit,ch re- 
sistive t,erminator must be simulated as being directly 
conncctpd on the output of ideal transmission line rs 

1 
$‘tq;e kicker rnagnet only: 

Simulate a speed-up network on the out,put 

l this speed-up network is modelled as having a 
rrsist,or whose value is equal to the characteristic 
impedance of the Pulse Forming Network (PFN). The 
value of the speed-up capacitor is swept, through a 
range of values to identify an optimum; 
l subsequently simulate this speed-up network as hav- 
ing a capacitor whose value is equal to the optimum 
value identified above. The value of the speetl-up re- 
sistor is swept through a range of values to identify an 
ok)tirniim value. 

2. A speed-up network with optimized values for the ca- 
nacitor and resistor is simulated on the outnut of the 
kicker magnet. A speed-up network is sim’ulated on 
the input of the magnet too: 
. this input speed-up network is modclled as having 
a resistor whose value is equal to the characteristic 
impedance of t,he PFN. The value of the speed-up ca- 
pacitor is swept through a range of values to identify 
an optimum; 
. subsequently simulate the input, speed-up network 
as having a capacitor whose value is equal to the opti- 
rrlllm value identified above. The value of the speed-up 
resistor is swept through a range of values to identify 
an opt8imum. 

3. A realistic mathematical model of the main-switch re- 
sistive t,errninator is simulated, and speed-up networks 
with optirnized values for the capacitor and resistor, 
as identified above, are simulated on both the output 
and input of the kicker magnet. A ‘speed-up’ network 
is simulated on t,he input of the main-switch resist,ive 
terminator: 
l the ‘speed-up’ network on the input to the main- 
switch terminator is modelled as having a resistor 
whose value is equal to the characteristic impedance of 
the PFN. The value of the capacitor is swept through 
a range of values to identify an optimum. 
. the ‘speed-up’ network on the input to the main- 
switch terminator is modelled as havin 
whose value is equal to the optimum va ue identified B 

a capacitor 

above. The value of t,he ‘speed-up’ resistor is swept 
through a range of values to identify an optimum. 

A S.L.S.I. (Switching Loss Saturating Inductor) may be 
connected adjacent t,o the anode of the main switch thyra- 
trons [1,7]. The S.L.S.I. h as several beneficial effects such 
as reducing switching-losses in the thyratron, improving 
current, rise-time, and reducing the effect of anode dis- 
placement current [1,7]. If a S.L.S.I. is to be incorporated, 

experience has shown that the S.L.S.I. should be simulated 
prior to optimizing the values of the components associat,ed 
with the ‘speed-up’ network connected in parallel with thf 
dump-switch resistive terminator. This ‘speed-up‘ nct,work 
mainly compensates for the tail which the S.L.S.I. may 
otherwise introduce: as the S.L.S.I. comes out of sat.ura- 
t,ion magnetically stored energy is released int,o t,he syst,cm. 
When optimizing these component, values, the optimum 
values for the other three speed-up net.works, as idrnt,ificd 
above, are modelled. 

Experience has shown that it is not necessary to re- 
optimize the values of the speed-up capacitors after the 
resistor values have been optimized. 

The predicted results for the kick are relatively insensi- 
tive to the exact value of the parasitic inductance associ- 
ated with the speed-up networks. 

IV. RESISTIVE TERMINATOR 
The inner diameter (D) of t,he coaxial housing of t,he ( IERN 
resistive terminator is tapered (see Fig. 2). This design 
permits the resistive terrriinator to withstand the pulse 
voltage while minimizing the parasitic inductance of the 
terminator. PE2D 131 has been utilized to calculate t)lle 
inductance of the ; .:ERN PS Division resistive termina- 
tor [9]. Since PE’LD is a t,wo dimensional electrom;lgnetic 
analysis package, it cannot simulate a tapered terminator. 
Hence the PE2D analysis is repeated for several diameters, 
between the minimum and maximum inner diameters, of 
t,he tapered housing. 

The overall inductance per metre lengt*h (Lf,,n) of t,hr 
resistive terminator is calculated by using the stored en- 
ergy/unit length (integral B.H/2 ds), as determined using 
PE’LD. The effective radius (ye of current flow in t,he re- 
sistor disks is calculated from t, lis inductance: 

?F( ; -;,) LPm (1) 
2xe 2x10 

Analysis of the results of PE2D simulat,ions, for a given 
driving frequency, shows that, r, is independent of the mner 
diarneter of the coaxial housing. Thus, for a given driving 
frequency and resistivity of resistor disks, t,he PE2D anal- 
ysis need only be c.arried out for one diameter of a tapered 
housing: from a knowledge of T, the inductance per mctrc 
length can then be calculated for any inner diameter along 
the len@h of the tapered housing. 

The inside diameter of the resistor disks is :~4.hrn. Al>- 

proximately 30 disks, wit,h a resistance of 1 I2 each, may be 
used for a 3052 terminat,or. For a disk of resistivity 0.68R.n1 
(as per the CERN PS Division resistive terminator) the ef- 
fective radius of the current sheath is approximately 6. lcm, 
and only increases by about 1% as frequency is increased 
from 1MHz to 6OMHz. At GOMHz the current8 density in 
the disk increases linearly, by about 16%: from t,he inside 
to the outside diameter of the resistor disks. As a result 
of proximity effect image current, flows on the inside di- 
ameter of the coaxial housing. Assuming a dissipat,ion of 
6OW per resistor disk, cooling of O.O~W~IC-‘.CI~-~ on all 
surfaces of a disk, thermal conductivity of the resistor ula- 
terial of 0.0334W,K-‘.cm-2 [14], and a disk thickness of 
25.4mm, the maximum predicted temperature: which is 
10°K above bulk fluid temperatur?, occurs at, a radius of 
45mm and halfway t,hrough the t,hlckness of the disk [15]. 
For a disk of resistivity 0.3452 . m the effective radius of 
the current sheat,h increases by about, 4% as frequency is 
increased from 1MHz to 6OMHz. 

The capacitance per metre length of a coaxial strlirture 
is given by: 

(2) 
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Figure 3: Predicted normalized kick for the 10 cell prototype kicker 
magnet 

In order to calculate capacitance per metre, for use in 
PSpicr simulations, t,. for t,he resistor disks has heen as- 
sumed to be unity. 

Thtx rr,sistive tertninat,or is simulated, in the PSpice anal- 
yses, as five equal length sections connected in series [9] 
(WC Fig. 2). 

V. GENERAL RESULTS 
The presence of resistors in the speed-up networks, co11- 
nectrd on the input and output of the kicker magnet, do 
not, have a significant effect upon the predicted field in the 
flat-top or post-pulse period. However the presence of a re- 
sistor, whose value is equal to the characteristic impedance 
of the PFN, in the speed-up network on the input to the 
kicker tttagnet,: damps some of the impedance resonances 
which the beattt tttay ‘see’ [lo]. The resist,or associated 
with t,he ‘speed-up’ network, connected on the input of 
t.hc tttaitt-swit,ch resist,ive terrttinator, does help to damp 
oscillnt,ions during the flab-top and post-pulse period. 

A ‘speed-up’ network on t,he input of the resistive termi- 
nnt,or is effective at, dealing with the non-ideal characteris- 
t.ics of the terminator. In addition t,he ‘speed-up’ net,work 
cat1 be optitnized t,o permit, the use of a cylindrical housing, 
rather than the tapered coaxial housing associated with the 
(‘ERN F’S division resistive t,errrtinator; the diarrteter of the 
housing would he as per the input, of the tapered housing, 
sr) as to maintain voltage wit,hst,and. Wit,h a suitably op- 
titttizcd ‘speetl-up’ network, a cylindrical coaxial housing 
results in virtually identical FOM’s as a tapered housing. 

Fig. 3 shows t,wo predicted t,irrte-responses for the 300 
llrototvpe kicker tttagnet, connected in a representative elec- 
tric ci”rcuit,. The ‘dashed pulse in Fig. 3 is predict,ecl 
when t,lterr are no D.I.S.I., S.L.S.I. or speed-up networks. 
The ‘continuous’ pulse in Fig. 3 is t,he prediction obtained 
wlteu the D.I.S.I. and S.L.S.I. inductors, and the optimized 
speed-u ) 

1 
net,work values are utilized: the predictled rise- 

time (1 /o to 99%) is less than 50ns, as opposed to 164ns 
\z.it,hout sat,urating inductors or speed-up networks. 

VI. C:ONCLLSION 
A srquence which tnay tttittitnize t,lie number of matthe- 
matical simulat,ions required to opt,imize the values of the 
speed-ul) n&work components has hcen developed. Ini- 
t,ially the main-switch and dump-switch resistive t,ermina- 
tors are tttodelled as being ideal and the speed-up networks 
on the output and input, of the magnet are optimized, re- 
spectively. It is necessary to simulate the D.I.S.I. while 
ol~tirttizing these speecl-up networks. Subsequent,ly a re- 
alist,ic ttiairt-switch resistive terminator is simulated and 
the ‘spee&up’ network ott t,hr input to t,he main-switch 
t,ertttinator is optitttized independent of the other spccd- 
up networks. In order t,o properly opt,imizc values of t,hr 

resistor and capacitor assoriated with the ‘speed-up’ net,- 
work connected on the input to the dump-switch resistive 
terminator it is necessary t,o simulate the S.L.S.l.‘s. 

PE’LD has been utilized t,o determine induct,ance and ca- 
pacitance data for the resist,ive terminat,ors. A ‘speed-ttp’ 
network on t,he input of each resistive terminator is effec- 
tive at dealing wit,h the terminators non-ideal characteris- 
tics. In addition the ‘speed-up’ network can be optimized 
to permit the tapered coaxial housing, associated with t)he 
CERN PS division resistive terminator, to be manufac- 
tured as a coaxial cylinder instead. 
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