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is teir.; - " j \ t i t . . i i . ro " " . : .y-. :-- i -Jh.'i-'.torv. 
""•a Switching system '"rs n.it '. -i"Ing 10 c-?-nT7l(iriiJ p-ilse 
an-l auulifies i t to obtain the voltaoe necessary for 
rel iable, low. j i t ter tringer'ng of the accelerator 
components. This system consists of two major sufi-
systems: ' 1 ! the 3i:niein Charo^o Subsystem which 
f i r s t triggers th:r',c°n Vyx generators, ?nd then 
charr.es r̂  ^ater-f {!1od 31 nleins, ?.M [2) the 
Blumiein Tricgerinq SjpsysteTi which thinners the 
already-charged Blu.-nl = ins to produce "< 90 rnnn-
s,econ:J, WO kv pals? in each of 34 ferrite-loaded 
accelerator modules. The f i rs t subsystem consists 
of cnargec Inch voltage canl'na w'th two parallel 
switch gaos sith'T cf wi'"?' • f i l l t•• iagcr the ''irx 
generUc-'j. Tte najor cr-p-jsents of 'he second sub­
system are three stages of switch gaps aloni .'iith 
the necessary high vol tag" caoling. Two parallel 
f i r s t stats switcn qjos trigger thirteen second 
stage gaps, which in tu'n trigger ;.*; third Sc.age 
Slur-Jem switch gaps synchronous with the passage of 
t ie electron p?a.T, pulse. These spark gaps arc 
operated at a voltac- of UO to 25H kV with a 1/3 
hgrtz repetition rate. Varying the cable lenqths 
creates the act;;!'. i-i\yj ti"»s in the triqger'nq of 
each deponent, Redundancy ;s bui l t into t ' l " system 
to i r s u ^ t*>e hign 'a l ia;) : ' ' ' ty which is essential 
for the flash radioiraahy mp l ' c i t i cn . 

lnt-o.fijcticn 

flash X-Sav (FUR) is a ?fJ Mev, 2 KA linear 
induction accelerator cO-T.oosed of H jcceWatinq 
cavities. 31/ of these cavities make jp a 1.5 (lev 
electron injector and the regaining a.3 cavit ies, 
arranged in four nodule sections, each accelerate 
the electron team 380 VI. The accelerator has an 
overall li.rqth of 3? met-'rs. FXR use: thirteen Vir* 
generators for energy storage and 5£ water-f i l led 
j lunleins as pulse-for-iinq network? to Supoiy >. 90 
ns, 3S0 k',' pulse to each of the 5'i fn r r i to lcaoi>:l 
acceleration cavities. Die operating sequence is as 
follows. Fach of the '-'ar* generators charges up 4 
cavity Ulumle'ns. When the Slumleins are U Pea* 
charge they are triggered and send a 99 ns gqn l V 
pulse to the accelerating cavities. A -ii'-.it,-y 
Petween the G'.nlein and cav'ty results in a 1" r s 
3.33 VI ojlse acoss each or the cavi'v up; r .» i , ' ; . 
ing in an overall oe.vi energy of ?0 "pV. 

An overview of Ihe Fffl acrel-rUc" ;s qi/"M 'w 
B, Koike* and specifics )r» given hy g. '.. Vn.ul'o 
an^ z . w. Kuonning1- ind : l . II, '•'act l r l inn ml 

p^cd'ice the icce !•'•-)'. I no vo ' t ig" icr^ss ?K'\ iccel-
erator ••.ocuie 'jap came', lent * i th the oa'.sino of '.re 
electron !:ean. Since this machine w i l l be i.̂ ed for 
radiography shots, wnich if^ expensive one-ti"e 
shots, i t is essential that the accelerator be very 
rel iuple. Therefore the Switching System i tsel f 
must have a htqh r» lUb l i l 1 t y . 

The predicted l i fetime of th's acceleratcr is 
about twenty years, f ter this t i re the accelerator 
wi l l have f i red several mil l ion shots. (Most of 
these shots wi l l Po for machine tuning and hardware 
checv.ing, and a small percentage wi l l actually be 
radiograph/ s'lots). Therefore i t is necessary for 
the Switcnir.n 'ysten to have a long l i fetime (ap-
orositately - i j l l ipns of shots) »i*.n very l i t t l e 
down-time for periodic maintenance ano repairs. 
Another r e a u i r M ' " '< that the system readily 
accept machine upgrades, since at p'ese-t "Jcfiine 
upqrad"S are expected which would increase the beaa 
energy fron JO Xe'1 to as .njch as 50 HeV. 

The 'jwUchinq System is coxosc1- of two major 
su&syst"nis, the Blunlein Charging and tne Olinlein 
Trigcc-inq SuPs/stoms. The f i r s t tricgers the Mar* 
generators which in tarn rjiarq/j the accelerator 
^ l i ^ lems. and the secons triggers these ilrej-ly 
cr^'ged 31-jiili'i-s ; r : g . ! J . 

Tii( ,m*a Wtfi<W SUBSYSTEM Masts ?»<r 
/KCUt&ITCe ZW,WVS 76CMtnx. WWte 
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acceleration creates a beam of maxln.um energy with 
minimum energy spread. 

The Trigger Subsystem can be broken down into 
three levels or stages. The purpose of each stage 
1s to amplify the trigger signal of the previous 
stage, IniMally a single one kilovolt trigger 
signal is fed into the f irst stage. This stage 
amplifies the signal into thirteen 125 kV trigger 
pulses. These thirteen trigger pulses enter the 
second stage and are further amplified to fifty-four 
HO kV trigger pulses. The signals then go on to 
trigger each of the fifty-four Slumleins (Fig. 2) . 

B.-MSV{/p/A/it> ma was <M>smees. 
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FIGURE 2 

a. Stage 1 

The block diagram of the f irst stage of the 
Trigger Subsystem 1s rhown in Fig. 3. The first 
stage consists of an array of 13 High Voltage 
Cables, two spark gaps, and the output from two 
Marx generators, all connected at a common point. 
These two Marx generators, or trigger Marxes, are 
two-stage, 250 nf devices. They are modified ver­
sions of the thirteen Marx generators which charge 
the accelerator Blumleins. Each of these thirteen 
Marxes 1s a five stage, 75 kV per stage, 100 nf Marx 
generator. The trigger Marx is a single five stage 
Marx split into two two-stage trigger Marxes, (one 
complete stage is dropped), each having its own 
charging and triggering circuit. The capacitors, 
spark gaps, and remaining circuit elements of the 
trigger Marxes are identical to those of the five 
stage Harxes, rainimizing the number of on-hand spare 
parts needed. The trigger Marx charging supply is 
also identical to the charging supplies of the 
accelerator Marxes. 

The spark gaps for this f i rst stage are identi­
cal to the spark gaps that will be used to trigger 
the accelerator Slumleins. The spark gap electrodes 
are coaxial with the trigger electrode located mid­
way os'ween and concentric with the two nain elect­
rodes. Past testing has Shown that this type of gap 
has an inductance of about 60 nanohenrys. H. 8. 
McFarlane-* has completed a set of exoerraents in 
the gap which show it has iow no-fire, pre-fire 
characteristics and has an RMS j i t ter of less than 1 
ns when operated witn SF5 at voltaos of 325 Vi. 
Since the spark gaps on the switching system will 
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FIGURE 3 

be operated at 125 kV, further testing at this lower 
voltage is necessary. 

A -120 kV pulse with a 10-90* rise time of 10 
ns or less will trigger these spark gaps. This 
pulsj will be generated by a four stage 4.2 nf 
Marx. A three-stage version of this Marx has had 
extensive use at the Lawrence Berkeley Laboratory 
Electron Ring Accelerator*. There 1t has proven 
itself to be highly reliable with a tested lifetime 
of over 10 million shots. The only design change we 
will make will be adding another stage, making it a 
four stage -30 kV/stage unit. 

The cable array will be high voltage cable 
rated at 350 kV dc. This cable has a characteristic 
impedance of 67.6n,a capacitance of 23 pf/ft and a 
phase velocity of .63 times the speed of light in 
vacuum. 

The cable array consists of thirteen cables 
varying in length from 30.2 to 48.2 meters. The 
difference in length between each of the thirteen 
cables corresponds to the electron transit time 
between the adjacent four cavity sections (Fig. 4). 

THE TIME IT TAKES FOR THE TRIGGER 
PULSE TO REACH EACH STAGE $ GAP 
/? PEPENPENT UPON THE LENGTH OF 
EACH TRIGGER CABLE. 
THE DIFFERENCE IN LENGTH BETWEEN 
EACH CABLE CORRESPONDS TD THE ELECT­
ION rmisa TIME BETWEEN EACH SECTION 
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The Junction where the trigger cables, trigger 
Marxes and Stage I gaps come together is called the 
fanout assembly. The trigger cables plug into cera­
mic damping resistors which are attached to the 
center conductor of the fanout assembly. The fanout 
assembly is shown in Fig. 5 and is 71 cm. long by 19 
cm wide by 20 cm deep. The cables are arranged in 
two rows of eight. (The three extra connectors are 
for minor upgrades to the accelerator.) The two 
coaxial spark gaps are arranged on either side of 
the fanout housing while the output from the trigger 
Marxes enter from the bottom. This entire assembly 
is mounted on top of an oil filled tank containing 
the trigger Marxes, charging inductor along with the 
rest of the Stage 1 hardware. < 

STAGE 1 FAHOUT A^EMBLY 

FIGURE 5 

Mien the Marx generators are triggered, they 
resonant-charge the cable array to 125 kV in 2 
microseconds. At peak charge, the two spark gaps 
are triggered, shorting the cable array to ground, 
and setting up a -125 kV traveling wave in each of 
the 13 cables. Each of these cables is terminated 
in a 100 pf isolation capacitor. Since these 
capacitors are much smaller than the cable capaci­
tance, the -125 kV trigger pulse effectively sees an 
open circuit and is almost enirely reflected. The 
forward traveling «ave combined with the reflected 
wave results in a >125 kV pulse which is used in the 
second stage of the Trigger Subsystem. In order to 
minimize the ringing in the cable array, 15 ohm 
resistors will be placed in series with each of the 
cables. This design was modeled by computer simula­
tion and the resulting waveform ts shown in Fig. li. 
Notice that there is an acceptable voltage reversal 
on the cable, i t is believed that this will result 
in an increase in the average cable's lifetime. The 
unwanted effect of this series resistor is that i t 
drops t t amplitude of the trigger pulse by 
ZQ/UQ + r ) , where r is the resistor and Zg is 
the line impedence. for the present case the 
trigger pulse is dropped to 0,82 of its initial 
amplitude. These inline resistors will be cerraic, 
6 inches long and i inch in diameter. 

In jrder to resonant charge the cable array in 
2 microseconds, a 15 microhenry inductor will be 
placed in series with the Marx and cable array. The 
Marx itself has an inductance of about 2nh. The 
cable array contains 1683 feet of cable at 22.3 
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FIGURE 6 

pf/ft corresponding to a total capacitance of 38,4 
nf. Since the electron transit time in the largest 
cable (48.2 m) is much shorter than the 2|S charging 
time, the cable array can be treated as a single 
capacitor of 38.4 nf, Therefore the cable charging 
circuit can be represented simply by a Marx 
capacitance, a charging inductor, and a lumped cable 
capacitance as shown 1n Fig. 7. This figure repre­
sents the two possible conditions: first, if only a 
single Marx erected and second, if both Marxes 
erected. The voltage gain on the trigger cable is 
given by: 

where C m is the Marx capacitance and C c is the 
cable capacitance. The charging time, t c, of the cable is given by 

t c = W l C (2) 
where L is the equivalent charging inductance and C 
is the equivalent circuit capacitance. The actual 
voltage gain and cable charging tine will depend on 
whether one or both of the Marx generators erect. 
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The reason for redundant trigger Marxes 1s to 
ensure that the cable array will be charge I. [f the 
cable array is not charged then the entire accel­
erator will not function leading to a failure of the 
radiograpy shot. 

It can be shown that both the charging times 
and voltage gains are relatively insensitive to 
having one or both Marxes erect. (The voltage gain 
in the cable array varies by 6% dependent on whether 
one or both Marxes erect, while the charging time 
varies by less than IS.) 

Since the cable array is not a single capaci­
tor, but is, instead, a set of thirteen transmission 
lines having round trip transit times of 320 ns to 
510 ns. As a result the voltage waveform will be 
distorted from the ideal [ l - c a : at) waveform charac­
teristic of a resonant-charge oecause of voltage 
reflections at the cable ends, h order to study 
this distortion, a computer code was used to model 
the real situation. A plot of the charging wave­
forms at the common end is Shown in Fig. 8. From 
the plot you can see that there are only minor dis­
tortions. When the cable array is at its peak 
Charge, the two coaxial stage 1 spark gaps are 
triggered, setting up a traveling wave though the 
cable array. A 16 ohm resistor is put in series 
with the trigger Marxes in order to critically damp 
the oscillations set up a a result of the stage I 
gaps firing. Two gaps are used 1n parallel opera­
tion in order to increase system reliability. 

charged to 150 kV as the Blumleins themselves are 
being charged to 300 kV. The trigger electrodes of 
the stage It gaps are located at the midplane and 
will be charged to 75 kV. A capacitor is needed in 
the trigger circuit to isolate the trigger electrode 
at 75 kV from the stage I trigger cable at 125 kV. 
This capacitor will be 100 pf or roughly 10 times 
the capacitance of the trigger electrode and either 
main electrode of the stage II gaps. A trigger 
pulse from the stage I cable triggers the stage II 
gap, shorting the stage II cables to ground and 
setting up a -150 kV traveling wave in the cable. 
The wave will then trigger the stage III gap and 
fire the Blumleins. 

EACH TRIGGER CRBL61$ TEfMlNAm? IN 
A STACE £ Sfmt GAP W6&6R CIRCUIT. 
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FIGURE 8 

The switching system is designed to function 
properly if either of these gaps trigger. 

b. 

The diagram for the seconJ stage of the Trigger 
Subsystem is shown in Fig. 9. This stage consists 
of thirteen spark gaps. A set of four trigger 
cables are attached to each of 12 of the stage II 
gaps. Each of these .ables is terminated in the 
trigger circuit of the Blumlein stage III spark 
gaps. A set of six trigger cables is attached to 
the thirteenth spark gap and Is used to trigger the 
Blumlein spark gaps on the six injector Blumleins. 
The stage It gaps and the associated trigger cabling 
will be charged from a tap-off from the accelerator 
Marxes which charge the 31umleins. Therefore, the 
trigger cables leading to the stage III gaps are 

FIGURE 9 

c. Stage III 
This stage is made up of the 54 Blumlein spark 

gaps. The Stage II trigger cables are connected to 
the trigger electrodes of the gaps through a resis­
tor. The purpose of this resistor is to minimize 
cable ringing in the Stage III triggering cable. 

Order of Firing 
Varying the cable lengths to each gap deter­

mines the timing of the triggering of each 81um1ein 
spark gap. After the stage '. gap is fired, the 
trigger pulse reaches each of the stage II gaps at 
the appropriate time depenoent upor the cable length 
and sends negative trigger pulse to each of the 54 
Blumlein stage III gaps. These trigger pulses 
reaci' each stage III gaps at different times again 
dependent on the length of each of the stage III 
trigger cables. 

The Blumlein Charging Subsystem 
The purpose of the Blumlein Charging Subsystem 

is to trigger the thirteen accelerator Marxes so 
that each accelerator BlumlPin is at its peak charge 
coincident with the time that the stage III gap is 
triggered. The charging Subsystem is Identical to 
the first staqe of the Blumlein Trigger Subsystem. 
Each of the thirteen trigger cables is terminated in 
the trigger circuit of each of the Marx generators. 
Since the Marx trigger electrodes are maintained at 
ground potential, a 100 pf isolation capacitator is 
placed at the trigger cable termination. 



The overall Switching System is shown in Fig. 

OVMMJL T<iGc£ft irsfon 

FIGURE 10 
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The FXR accelerator must be highly reliable if 
it 1s to be a successful radiography machine. The 
Switching System, with its redundant systems, should 

prove to be very reliable. The system is easily 
modified for accelerator upgrades by adding slmHiar 
subsystems in parallel with the existing systems. 

FXR is scheduled for completion late in 1981. 
The building and testing of the Switching System 
will begin in the next few months. 
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