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1. IN .10DUCTI0H 

The Exper imenta l Test A c c e l e r a t o r (ETA) i s an i n d u c t i o n a c c e l e r a t o r of 

e l e c t r o n s o p e r a t i n g from the same p r i n c i p l e s as the Astron machine p ionee red 

by C h r i s t o f i l o s ^ and o t h e r s c o n s t r u c t e d at Livermore in 1963. An improved 

v e r s i o n of the Astron a c c e l e r a t o r o p e r a t i n g a t 4 MeV was completed i n 1968 and 

extended to 6 MeV in 1970. The peak Astron pa ramete r s achieved were 850 Amps, 

6 MeV, 300 nsec p u l s e w i d t h , and an average r a t e of 5 p u l s e s pe r second . 

Normally t h i s machine ran a t 400 Amps and 2 pps . Like ETA the Astron machine 

had a b u r s t c a p a b i l i t y of as many as 20 p u l s e s s e p a r a t e d by 1.2 msec. The ETA 

is s i m i l a r to the ERA a c c e l e r a t o r 2 developed a t Berkeley in 1971 in 

appearance and p u l s e shape . The p r i n c i p a l d i f f e r e n c e is the h i g h e r c u r r e n t of 

the ETA and the p r o v i s i o n for a r ap id p u l s i n g b u r s t mode. 

The des ign pa rame te r s of the ETA a r e 10,000 Amps, 5 MeV, 30 nsec p u l s e 

width wi th a b u r s t c a p a b i l i t y of 5 p u l s e s s e p a r a t e d by one m i l l i s e c o n d . The 

machine i s capable of one b u r s t every second or i t can be run a t the 

con t inuous r a t e of 2 p u l s e s per second. When o p e r a t i n g p r o p e r l y , the ETA 

shows e x c e l l e n t r e p r o d u c i b i l i t y from p u l s e - t o - p u l s e . Our d i a g n o s t i c s use 7000 

s e r i e s Tek t ron ix o s c i l l o s c o p e s t r i g g e r e d e x t e r n a l l y . Even a t 10 nsec / d i v i s i o n 

sweep speeds , s u c c e s s i v e v o l t a g e or beam c u r r e n t p u l s e s a r e u s u a l l y 

i n d i s t i n g u i s h a b l e on photographs of the o s c i l l o s c o p e t r a c e s . 

As much of the Astron a c c e l e r a t o r as p o s s i b l e was used to c o n s t r u c t the 

ETA. The X-ray s h i e l d for both a c c e l e r a t o r s i s composed of the same c o n c r e t e 

b l o c k s . I n i t i a l l y , almost a l l of the vacuum pumps and v a l v e s wer j o r i g n a l l y 

p a r t of the Astron vacuum system. The high power vacuum tube modula to rs t h a t 

were used wi th Astron a r e used wi th ETA. Even the t h y r a t r o n s used wi th Astron 
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are used as primary switches in the circuits that charge the ETA Blumleins. 

This "horrowing" resulted in a considerable cost saving in the construction of 

ETA at the expense of some initial problems with system reliablity. 

Initial testing of the ETA injector began on November 11, 1978 and 

continued through March 1979. During this period beams of 5 kA at 2.2 MeV 

were generated and delivered to the exit of the gun. The 10 accelerator units 

that constitute the remainder of the ETA were installed in April and May and 

testing of the complete accelerator began in June 1979. 

In October we experimented with beams at the accelerator output at 

currents up to 6.5 kAmps and 4 MeV in a single pulse mode. This is nearly 10 

times the current ever accelerated by the Astron machine. During this month 

alone more than 150,000 pulses were put on Che machine at the rate of 

0.5 pps. 

The final installation of the electronics necessary to provide a five 

pulse burst capability was completed in February 1980. The earthquake that 

jolted the Livermore area in late January caused considerable mechanical 

damage to the ETA, particularly the anode, and delayed further beam 

experiments until April. While the earthquake damage was being repaired, the 

5 pulse burst electronics were completely checked out at 70% of the design 

voltage. 

At this time we estimate that over 1.1 million pulses have been put on the 

injector with nearly 450,000 pulses on the accelerator units. Most of this 

running has been at an average rate of one pulse/second. A prime function of 

the ETA is to develop accelerator technology so that larger more powerful high 

current linacs can be constructed with as little risk as possible. 

Accordingly, these tests have revealed several technological weak points in 

our original ideas or how to build a high current linac. The large 10 inch 

diameter oxide cathodes have continuously shown evidence of poisoning and, 
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although 10 kAmp cathode emission in ETA has been achieved, to date these 

cathodes have operated re l iab ly at only 6-8 kAmps. The use of extremely short 

t r igger pulses required more tr igger amplitude than anticipated which caused 

breakdowns in the t r igger cables . A glue joint in a p las t ic interface that 

must withstand the high pressure of the spark gap gas was shown to be 

inadequate e t c . Many of these problems and the i r resolut ions are described in 

de t a i l in section 7. 

Although the above d i f f i c u l t i e s have as yet prevented our obtaining the 

full design parameters of the ETA, machine operation at about 65% of the 

design current and 80-90% of the design voltage has been obtained and the beam 

transport is in full accord with the physics design. As anticipated 

theore t ica l ly and shown experimentally, the gun must be operated at voltages 

near or above 2.5 MV to produce a 10 kAmp beam. Operation at too low a gun 

voltage resu l t s in the foriaation of a v i r t u a l cathode in the gun that destroys 

the beam emittance resul t ing in beam s p i l l in the accelerator . Theory and 

experiments have shown that beams at currents up to 5 kAmps can be transported 

through the accelerator uni ts with or without energizing these u n i t s . (Theory 

indicates no problems in transport ing beams at 10 kAmps and above through the 

ETA t ranspor t . ) 

As yet no clear evidence ex i s t s for the presence of unstable accelerator 

modes. However, modes do exist that may disrupt the beam in ATA and not be 

important in ETA because of i t s shorter length. Consequentaly, r . f . 

experiments aimed a t elucidating the po ten t ia l ly important i n s t a b i l i t i e s of 

high-current electron linacs wil l receive high p r io r i ty in future ETA 

experiments. 

This report does not contain information on the development of several key 

components of the accelera tor that have already been published. A descript ion 

of the spark gap Blumlein switch and i t s developmental t e s t s is contained in 
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reference 3. Reference 4 presents the development of the transformer used to 

charge the Blumlein. Tests of the ferrite cores used in the ETA are described 

in reference 5. The ETA gun and associated pulse power system is also 

described in reference 6. 

This report does cover a description of the system and diagnostics, a 

comparison of design codes with experiments on beam transport, and the 

experience in several special problem areas. Section 2 of this report 

contains a mechanical, and section 3 an electrical description of the 

accelerator. Section 4 describes the ETA diagnostic system and section 5 

contains some of the more relevant pulse power tests and measured waveforms of 

the machine. A description of the operation including both theory and 

experiments is presented in Section 6. Comments on some of the special 

problems and their status are contained.in Section 7. 
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2 . ETA MECHANICAL DESCRIPTION 

The ETA has two major s e c t i o n s ; a 2 .5 MeV 10 kA e l e c t r o n gun and a 2 .0 MeV 

10 kA a c c e l e r a t o r assembled from e i g h t 250 keV a c c e l e r a t i n g c e l l s . The 

complete sys tem i s des igned to produced a 40 ns 4 .5 MeV 10 kA e l e c t r o n beam 

p u l s e . The system can o p e r a t e in a s i n g l e pu l se mode a t up to two p u l s e s per 

second and in a b u r s t mode of f ive p u l s e s a t up to ] kHz with a maximum time 

average of f ive p p s . The system uses a n e a r l y con t inuous s o l e n o i d a l magnetic 

t r a n s p o r t . A cut-away ske tch of the ETA showing the l o c a t i o n and o r i e n t a t i o n 

of the components of the machine i s shown in F igure 1. 

2 .1 ELECTRON GUN 

The e l e c t r o n gun (F igure 2) has f ive major subassembl ie s - t h r e e hous ing 

s e c t i o n s , the c a t h o d e / g r i d assembly and the anode assembly . The t h r e e hous ing 

s e c t i o n s b o l t t o g e t h e r to form a c y l i n d r i c a l tank with r e - e n t r a n t ends . Each 

end has a mounting f lange for e i t h e r the c a t h o d e / g r i d assembly or the anode 

assembly . 

There a re f ive i n d u c t i o n u n i t s in both end s e c t i o n s of the t a n k . The 

i nduc t i on u n i t s have o i l - immersed t o r o i d a l f e r r i t e co r e s and o p e r a t e in s e r i e s 

to produce a 1.25 MV p o t e n t i a l a c r o s s a ceramic a c c e l e r a t i n g column. The 

ceramic column i s the i n t e r f a c e between the o i l d i e l e c t r i c in the i n d u c t i o n 

u n i t s and the high vacuum in the a c c e l e r a t i n g r e g i o n . The c e n t e r spool 

s u p p o r t s the h igh v o l t a g e e l e c t r o d e and vacuum pumping m a n i f o l d s . 

The ca thode g r i d assembly c o n s i s t s of the ca thode , a wire mesh g r i d , the 

g r i d i n d u c t i o n u n i t and a bucking c o i l . The cathode is a 25 cm d iamete r oxide 

b u t t o n ope ra t ed a t 850-950"C. The hot oxide ca thode was s e l e c t e d as a 

c o n s i s t e n t e l e c t r o n source a t h igh r e p e t i t i o n r a t e s . The bucking c o i l i s used 

to c o u n t e r a c t any a x i a l magnetic f i e l d a t the cathode f ace . 
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The anode is a hollow re-enterant s t ructure . The inner bore tapers from 

25 cm diameter to 15 cm diameter at the beam ex i t . The beam size through the 

t ransi t ion is controlled by magnet coi ls wrapped around the inner tube of the 

anode. 

2.2 ACCELERATOR 

The a c c e l e r a t o r c o n s i s t s of 8 ( o r i g i n a l l y 10) u n i t s each of which adds 

250 kV to the beam energy . Each u n i t i s d r i ven on each s ide by a t r ansmis s ion 

l i n e coupled to a Blumlein pulse source . On the top and bottom of the u n i t s 

arc r e s i s t i v e loads t h a t p a r a l l e l the a c c e l e r a t i n g gap and l imi t the v o l t a g e 

ac ross the a c c e l e r a t o r . The a c c e l e r a t o r u n i t s are pa i red in t h a t two Blumlein 

pu l ses d r ive two a c c e l e r a t o r u n i t s . This was done to improve the d r i v e 

symmetry to the a c c e l e r a t o r s . 

The e i g h t a c c e l e r a t i n g c e l l s (Figure 3) a re induc t ion u n i t s with t o r o i d a l 

f e r r i t e c o r e s . The 250 kV a c c e l e r a t i n g f i e ld i s produced ac ross a one inch 

gap. The f e r r i t e cores are o i l submerged and a ceramic i n s u l a t o r i s used as 

an o i l /vacuum b a r r i e r . The two puise power l i n e s i n t o the c e l l are 

az imutha l ly symmetric to e l i m i n a t e p o s s i b l e t r a n s v e r s e magnetic f i e l d s . The 

e l l con t a in s a magnet c o i l to main ta in c o n t i n u i t y of the s o l e n o i d a l beam 

t r a n s p o r t - Tine beam tube s e c t i o n s between a c c e l e r a t i n g c e l l s inc lude vacuum 

pumping p o r t s , beam p o s i t i o n and c u r r e n t mon i to r s , and vacuum gauges . These 

tubes are surrounded wi th t r a n s p o r t magnet c o i l s . 

2 .3 BLUMLEIN PULSE FORMING NETWORKS 

The 250 kV pu l ses t h a t d r ive the ETA are obta ined from Blumlein pulse 

forming ne tworks . These use low c o n d u c t i v i t y water as a d i e l e c t r i c and have 

an e l e c t r i c a l " l e n g t h " of 40 nsec on the gun and 48 nsec on the a c c e l e r a t o r . 

Each of 10 gaps in the gun is dr iven by two Blumleins to produce the neces sa ry 



- 1 0 -

2,5 MV. With the t h r e e t r i g g e r Blumleins and the g r i d - d r i v e Blumlein , t h e r e 

a re a t o t a l of 24 Blumleins mounted on the gun. The a c c e l e r a t o r u s e s 8 

Blumleins and one t r i g g e r Blumlein . The spark gaps t h a t d i s c h a r g e a i l of t he 

Blumleins a re f i l l e d wi th a mix of N2 w i C h 8% SF 6 and c i r c u l a t e d by t h r e e 

250 K.P. t u r b i n e b l o w e r s . 

2 .4 AUXILIARY SUPPORT SYSTEMS 

The ETA has s e v e r a l a u x i l i a r y suppor t systems t h a t can be d e s c r i b e d 

b r i e f l y . Ten c ryogen ic pumps m a i n t a i n a system p r e s s u r e of 1 x 10 - 5 x 

10"° t o r r in the a c c e l e r a t i n g and t r a n s p o r t s e c t i o n s . An ion-exchange 

p o l i s h i n g system i s used to supply 18 MJ2-cm d e - i o n i z e d water to the 

B lumle ins . An o i l f i l t r a t i o n and d e g a s i f i c a t i o n system c i r c u l a t e o i l through 

the gun and a c c e l e r a t o r i n d u c t i o n u n i t s . A low c o n d u c t i v i t y wate r system 

p r o v i d e s c o o l i n g water for the focusing magnets , r e sonan t t r a n s f o r m e r s and 

anode t u b e s . 
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3 . POWER CONDITIONING SYSTEM 

The power cond i t i on ing diagram for the 2 .5 MeV ETA gun is shown in 

F ig . 4 . The primary power system must supply the beam energy as wel l as the 

i n t e n t i o n a l los ses in the compensation network, f e r r i t e , and s v i t c n i n g 

system. Past exper ience has shown t h a t in order to achieve a s t a b l e and 

r e p e a t a b l e beam p u l s e , a 0.1% or b e t t e r r e g u l a t i o n is necessary from the pu lse 

power system. The high degeee of r e g u l a t i o n i s provided by a hard tube 

modulator in s e r i e s with the main charging supply . The modulator t a i l o r s the 

charging v o l t a g e to the primary c a p a c i t o r s which d e l i v e r the bu r s t energy . 

These c a p a c i t o r s are s e q u e n t i a l l y discharged a t the des i r ed r e p - r a t e by a 

t h y r a t r o n switch i n t o a t e n - t o - o n e , s tep-up t ransformer t h a t r e sonan t ly 

charges the Blumlein. The Blumlein energy i s d e l i v e r e d to the ten s e r i e s 

f e r r i t e loaded c a v i t i e s by means of a c o a x i a l a i r blown sparkgap. 

3.1 MODULATOR AND POWER SUPPLY 

With an output requirement of 22 kV and a l lowing a tube drop of 5 kV, the 

power supply would have to be opera ted a t a minimum of 27 kV. To supply the 

f u l l v o l t a g e a t 57 .8 A would have meant a c o s t l y mod i f i ca t ion to the power 

system u t i l i z e d for the Astron a c c e l e r a t o r . A compromise was reached where 

the r a t i o of peak- to -average power requirements were s a t i s f i e d by e n l a r g i n g 

both the energy s torage and power i n p u t . By r e a r r a n g i n g the c o n f i g u r a t i o n of 

t h e Astron c a p a c i t o r bank, we were ab l e to o b t a i n a t o t a l of 1770 pF a t 

40 kV. The vo l t age sag when o p e r a t i n g in the b u r s t mode i s about 7 kV. 

The r egu la t ed v o l t a g e to the pu lse forming c a p a c i t o r s i s genera ted by f ive 

hard tube modulators opera ted as cons t an t cu r r en t d e v i c e s . The bas i c 

modulator i s the same as for the Astron a c c e l e r a t o r except t h a t the WX4852 
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ou tpu t tube d e l i v e r s c o n s t a n t c u r r e n t by c a l l i n g for a l i n e a r v o l t a g e rarap > 

i n t o the c a p a c i t o r s . Five such modula tors p rov ide an o v e r a l l cha rg ing c u r r e n t i 

of 25 A to a t o t a l of 578 F over a .5 sec charge t ime . 

3.2 SWITCH CHASSIS, RESONANT TRANSFORMER AND BLUMLEIN 

The a c c e l e r a t i n g p o t e n t i a l of 250 kV a t 50 ns d u r a t i o n i s d e l i v e r e d from a 

Blumlein by a s h o t t i n g switch ( spa rk gap) - The pu lse c o n d i t i o n i n g components 

a r e shown in F ig . 5 . They c o n s i s t of a 3 u.F c a p a c i t o r d i scha rged by a dual FX 

2508 t h y r a t r a n i n t o the primary of a s t ep -up t r ans fo rmer which cha rges the 

Blumlein . 

The Blumlein is a 10 Q wa te r l i n e . This impedance is determined by the 

load r e q u i r e m e n t s : 20 kA t o t a l d r i v e a t 250 kV. The choice of water a s the 

d i e l e c t r i c pe rmi t s the c o n s t r u c t i o n of high energy d e n s i t y ne tworks . Water 

has the added advantage of be ing ab l e to recover from a breakdown wi thou t 

having formed conduc t ing b y - p r o d u c t s . However, wate r does r e q u i r e a 

c i r c u l a t i o n system to remove d i s s o l v e d gases and conduc t ing i o n s . The 

breakdown s t r e n g t h of wate r i s a weak func t ion of the time the v o l t a g e has to 

be he ld of f . By s e l e c t i n g a 15" o u t e r d i ame te r pipe the v o l t a g e g r a d i e n t s 

were l imi t ed to 100 kV/cm. 

Al l s u r f a c e s a t the h igh g r a d i e n t p o i n t s a re r ad iu sed and e l e c t r o p o l i s h e d 

to remove whiskers and p r o t r u s i o n s . All Blumlein components a r e c o n s t r u c t e d 

of s t a i n l e s s s t e e l which i s l e s s l i k e l y to s u f f e r s u r f a c e damage in the event 

of a breakdown. 

The d e s i g n of a charg ing t r ans fo rmer for the Blumlein i s i n f luenced by the 

load , s w i t c h , s t e p - u p , and charge t i m e . The load is the Blumlein c a p a c i t a n c e , 

about 10 nF . The swi tch for the t r ans fo rmer is a FX2508 t h y r a t r o n capab le of 

6 kA peak c u r r e n t a t 25 kV. The use of t h i s t h y r a t r o n imposed a f u r t h e r 

c o n s t r a i n t for a n o n - r e v e r s i n g c u r r e n t u n l e s s c o s t l y a u x i l i a r y c i r c u i t s such 

as d iodes were u t i l i z e d . Based upon the t h y r a t r o n 
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capabi l i t ies and l imitat ions, the transformer is required to have a minimum 

step-up of ten-to-one and a non-reversing current of 10 kA. The 10 kA 

required use of two para l le l thyratrons operating at 5 kA, for which ample 

test ing in the millions of shots existed. 

Since the load is capacitive, a resonant charging transformer was 

logical . The most commonly used transformer of this type has a coefficient of 

coupling K = .6 . This yields energy transfer efficiencies over 90X. 

Unfortunately, this requires a bi -di rect ional switch. After a thorough 

c i rcu i t analysis, computer generated curves showed that a par t icular set of 

transformer parameters did indeed satisfy a l l the requirements. The voltage 

and current waveforms in Fig. 6 correspond to a coupling coefficient K - 0.525 

and a ra t io of primary to secondary frequency ra t io of 0.69. The waveforms 

show that the current in the primary is non-reversing and near zero at the 

secondary voltage peak. The primary voltage has actually reversed 60% of this 

time, but this energy remains in the capacitor since the thyratron opens at 

the zero current point. Although this case is not optimum from an energy 

transfer itandpoint, the remaining energy has no adverse effects on the spark 

gap recovery time and does satisfy the step-up and primary current 

requirements. The final transformer consisted of a 7-1/2 turn primary wounct 

on the outside of 150 turn secondary. The 7 mil, 2" wide capacitor grade 

aluminum foil was insulated by 6" wide, 7 mil mylar with .5 mil Kraft paper 

(for o i l wicking). A cross section of the final transformer is shown in 

Fig. 7. Other components in the transformer consist of mid-potential biasing 

for the tr igger electrode, coupling capacitor for the t r igger , var i s tors 

damping and decoupling inductor for high frequencies. 

3.3 SPARK GAP DESIGN 

A cross section of the coaxial spark gap is illustrated in Fig. 8. The 

spark gap bolts on to the lower end of the Blumlein line and switches (shorts) 

the mid conductor to ground. The coaxial cylindrical geometvy was adopted for 
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two main reasons—long life and high rep-rate. The trigger electrode is 

expected to wear uniformly in the axial direction with no change in the 

electrical characteristics resulting in tens of millions of shots before 

replacement. The coaxial geometry further assures high gas velocities and low 

pressure drop to achieve the 1 kHz burst rate. The chamber on the outside of 

the spark gap reduces the pressure drop and allows uniform gas flow. The 

interface insulators were made of polycarbonate resin because of their 

stiength and resistance to high voltage tracking. The trigger electrode and 

sparking area for anode and cathode are made of tantalum for easy replacement 

after wear. 

The development tests showed that a 1 kHz burst rate could be achieved 

with a mixture of 6-8% SF 6 a n d Nitrogen flowing at about 4 cni/ms. The gaug* 

pressure for full voltage operation was about 100 psi. With the spark gap 

running at about 75% of stif break, the jitter was in the few nanosecond range 

and the rise time was 12 ns. 

3.4 FERRITE CORES 

The total 2.5 MeV gun voltage is obtained by stacking ten accelerating 

cavities (250 kV each) in tandem. Because of the re-entrant structure of the 

gun, the ferrite cores had to be manufactured in twelve segrents glued in 

pairs to form a toroid .96 m I.D. and 1.28 m O.D. The gap at the joints was 

less than .04 mm. The ferrite segments were PEllB supplied by TDK. Eight 

such segments maintain the required 250 kV for 50 ns on the accelerating gap. 

The total flux swing from this ferrite is about 5 kG with a coercive force of 

about .25 Oersted. The ferrites are immersed in oil which is outgassed and 

filtered. 
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4. ETA DIAGNOSTIC SYSTEMS 

The ETA accelerator has a standard set of diagnostics that tell the status 

of the vacuum in various areas, pressure in various parts of the system, etc. 

This section is devoted to diagnostics developed especially for the ETA 

accelerator. 

4.1 PULSE POWER MONITORING 

Pulsed voltages in various sections of the accelerator are measured with 

the aid of a capacitor voltage probe. A sketch of this probe is presented in 

Figure 9. This probe has a risetime faster than our oscilloscopes and 

"droops" at E rate determined by the load on the probe. For fast pulse 

applications this time is adjusted to 1.5 psec. This gives a sensitivity into 

50£2of from lO4 to 10 volts/volt depending on whether the probe is 

installed in water or oil. The probe consists of a capacitor formed by 

painting a conducting epoxy coating over a parylene insulator as shown in 

Fig. 9. This forms approximately a 1 nF capacitor which is connected via a 

resistor (=1.5 kfj) to a coaxial line and patched into the control room. 

Capacitor probes are used to measure the output voltage of each of the 35 

Bluraleins on the ETA accelerator. The outputs of those Blumleins that drive 

the gun is measured in the gun across the 10 gun gaps. For the accelerator 

the voltage is measured across the accelerating gap. Capacator probes are 

also used to measure t'ae Blumlein charge voltage on each Blumlein. In this 

application a passive compensation at the oscilloscope is used to extend the 

droop time to 150 usee More than 70 probes are used on the machine. 

Figure 10 shows a diagram of the system for switching these probes to two 

oscilloscopes. A single control selects which Blumlein charge and output 

pulse voltages are connected to the oscilloscope. A pair of switches exists 

for the gun and the accelerator. 



The capacitor probes that monitor the voltage across the gun are coupled 

through the selector switch to a summing amplifier whose output is coupled to 

an oscilloscope in the control room. In this way the total output voltage of 

the gun is measured. A similar system exists for the voltages across the 

accelerator cavities. 

The ability to make jitter measurements on every spark gap to within one 

nanosecond is a third feature of this system. The gun or accelerator voltage 

pulse selected by the 30 channel switch is also patched to a digital counter. 

This is then used to measure the firing time delays between the master trigger 

and any sparkgap. 

4.2 BEAM MONITORING 

The current emitted by the cathode is measured by a resistive shunt in the 

cathode assembly. A capacitor probe is used to measure the grid voltage. 

This is located just behind the vacuum-oil interface approximately 3 ns from 

the cathode plane. 

The beam in the accelerator is measured by a resistive wall current 

monitor. These are located at the gun output, in the center of the 

accelerator, and at the acceleration output. These monitors employ a 12.7pm 

thick stainless steel foil resistor that encircles the beam tube. The voltage 

developed by the beam image current passing through the resistor is measured 

at four positions around the circumference of the beam tube. These voltages 

are used to determine the beam current as well as the location of the beam 

centroid in the pipe. These devices have a rise time less than one nanosecond 

with a sensitivity of 1000 A/volt. 
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4.3 ENERGY ANALYZER 

The energy analyzer used with the Astron accelerator has been modified 

for use with the ETA. New detectors were purchased in order to increase the 

frequency response of the system. 

4 . 4 BEAM SI2E AND EMITTANCE MEASUREMENTS 

Measurements of the beam size and emittanc<5 are made with the device that 

stops the beam. After acceleration, =95% of the beam stops on a water-cooled 

carbon plate. A pattern consisting of several hundred thin slots cut in the 

carbon plate forms many retangular "beamlets" of the current that passes 

through the plate. After drifting about 20 cm, these are allowed to pass 

through a .25 ram aluminum plate—the back of which is covered with a fast 

phosphor with a light decay time constant of approximately 0.5 ns. A closed 

circuit television system is used to scan the image produced by the 

rectangular beamlets. A gateable intensifier with a minimum window of 5 ns is 

located in front of the television camera. 

The beam size is obtained by measuring the number of rectangular beamlets 

on the television monitor. The beam divergence is obtained by measuring the 

width of the rectangular beamlets and subtracting the known width of the 

rectangular slots. If the beam "tune" is adjusted so that a beam antiwaist 

exists at the plane of the carbon stop, the beam emittance is obtained from 

the product of the beam area and angular divergence. 

This system is capable of measuring the beam size and emittance over times 

as short as 5 ns. As a consequence the evolution of the beam during the pulse 

can be studied. 

When gas propagation experiments are in progress, this system will also be 

used as removable beam dump. In preparation for experiments the beam stop 

will be inserted and final tuning adjustments made. The beam stop will then 

be remotely removed allowing the beam to pass into the experimental gas cell. 
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5. PULSE POWER TESTING AND MACHINE C0MF2NSATI0N 

This section contains the checkout and testing of the most relevant 

components of the accelerator. In particular section 5.1 contains tests and 

characteristics of the Spark gaps used throughout the machine. Section 5.2 

contains measurements and computor modeling of the voltage that accelerates 

the beam in the gun. Section 5.3 presents measurements and analyses of the 

voltage that appears across each accelerator unit and Section 5.4 contains a 

discussion of the grid drivo circuit. 

5.1 JITTER TESTS OF THE ETA SPARK GAPS 

This section contains tests of the ETA spark gaps and analyses of the 

voltages used to accelerate the ETA beam. 

ETA contains 35 high gas pressure spark gap switches, 34 of which should 

fire at as i.early reproducible time delays as possible (see Fig. 11). There 

are two separate mechanisms which contribute to the distribution of firing 

time delays of a system consisting of many spark gap switches. 

1. Identical spark gaps which should have equal mean times have a random 

distribution of firing time delays. Several comments follow about this width 

of the firing time delay distribution of a single gap with fixed parameters. 

a. Under optimum conditions, the width for the ETA gap is 

impressively good, (only 2 or 3 ns)—see Figs. 12 and 13. 

b. The narrowest widths measured on ETA gaps are significantly 

better than those for the ETA test gap.** We attribute this 

difference to the fact that the ETA trigger pulses have a faster rise 

time and a larger amplitude than the test gap trigger pulse. The 

switched Blumlein triggers on ETA produce pulses with a 20 ns rise 

time and 80 kV amplitude, which voltage doubles to 160 kV. The test 
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gap trigger transformer produces pulses with 80 kV amplitude and 

100 ns rise time. In this case the voltage at the open end of the 

trigger cable does not double because the cable is too short. 

c. There is evidence that the jitter of the ETA gaps would be 

improved for some sets of parameters if the trigger pulses had a 

still larger amplitude or a longer time duration. Under optimum 

conditions, the time delay from the head of the trigger pulse until 

main gap fire is about 50 ns. Most of this delay is the time for the 
tri-gger gap to breakdown—the additional delay until main gap fire is 

only 1 or 2 ns. 

2. The mean time delay is a function of the parameters (main gap voltage, 

trigger pulse amplitude, gas density and composition, and gap geometry). In 

general, the time delay decreases with increasing gap voltage, increasing 

trigger pulse amplitude and decreasing gas density. With the test gap," 

significant variations of the mean time were sometimes found when we attempted 

to repeat measurements with identical parameters in tests separated by many 

firings. On ETA under optimum conditions, the 20 gun gaps have a 15 ns 

distribution of mean times. 

All of the time delay distributions are measured with a quartz oscillator 

controlled timer which is started by the trigger pulse and stopped by the 

firing pulse. The timer has 0.1 ns resolution and records to the nearest 1 ns. 

Figure 12 shows a typical variation of mean time delay and jitter obtained 

at three charge voltages and gas pressures. Note that as the firing delay 

exceeds the trigger pulse width, the jitter worsens. Figure 13 shows 

optimized distributions for a trigger Blumlein and for a gun-drive Bluralein 

cascaded. These data show that cascading the trigger and drive Blumleins does 

not contribute significantly to the jitter. 
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Figure 14 shows data obtained at 20 psig with the Blumlein charged Co 

20 kV. This data shows the time for the triggered gap to close (+} and the 

time for the spark gap to close (x) as a function of the amplitude of the 

trigger pulse. At large trigger voltages, the sparkgap closes within 5 nsec 

of the closure of the triggered gap. As the voltage is lowered, the closure 

time for both gaps lengthens until they both became approximately equal to the 

pulse width. The gap could not be fired at lower trigger voltages. 

The time duration of the ETA trigger pulsus is about 50 ns. If the 

trigger pulse ends before the trigger gap breaks down, the jitter is much 

worse than if the trigger gap breaks down while the trigger voltage is still 

up. 

5.2 ETA GUN WAVEFORMS AND COMPENSATION 

Experiments have shown that the ETA gun voltage pulse resembles a 

half-sine wave with an amplitude at half-maximum of approximately 40 nsec (see 

Fig. 17). This waveform results because; A) The inductance of the sparkgap 

limits the rise time (e-folding) of each Blumlein output pulse to =10 nsec; 

and B) Small differences in the firing time delays between the 20 gun 

Blumleins further slow the voltage risetime and broaden the pulse. 

A simple electrical model of the gun containing the most important circuit 

elements is shown in Figure 15. 

The ETA Elumleins do not generate square pulses principally because of the 

inductance of the closing switch and because the inner and outer coaxial lines 

that form the Blumlein pulse forming network are not of equal electrical 

length. The rise time T of the output pulse is given by the switch 

inductance divided by the characteristic impedance of the outer line of the 
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Blumlein. If T, is twice the transit time of the inner coax and T is 
9 twice the transient time of the outer coax, Briggs shows that the output 

voltage waveform is given by 

V /V t = 2(l-exp(-t/ T ) ) U,(t) s charge 

- (1-expC-t,/ T)) U,(t,) 

- (l-expC-t2/ T)) - 2 t 2/ Texp(-t2/T) U,(t2> (1) 

with t , = t - 'C , , t , - t -T„ , and U , ( t ) is the un i t s t ep func t ion . For 

the ETA gun Bluraleins T = 10 nsec , T, = 40ns, T, = 46 n s e c . 

F ig . 15 

Simpl i f ied Model of ETA Gun 

The e q u i v a l e n t ou tpu t impedance (R ) of the source vo l t age in f igure 15 

is 53 fi. The c i r c u i t i s loaded by the grading r e s i s t o r s a long the i n s u l a t i n g 

column of the gun. These have an es t imated inductance (L ) of 300 Q and a 

r e s i s t a n c e (Rj) of 250 12 . In p a r a l l e l with these is the compensation 

c i r c u i t s which are shown as a s e r i e s r e s i s t a n c e (R ) and inductance (L ) . 
c c 

The beam load is modeled as a c u r r e n t source as shown. 
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The voltage V^ will have a faster risetime than the source voltage due 

to the inductors L, a n (j L].. jr, order to avoid overshoot t h e f i m e 

constants of these circuits should be adjusted to equal the rise time T of the 

source voltage V g, i n this limit analysis shows that tha voltage V s will 

rise with a time constant reduced by the factor 1 + R
0/R Vij. However, 

the Blumlein charge voltage necessary to generate the 2.5 MV at the ETA anode 

will be increased by the same factor. Figure 16 showr the Blumlein charge 

voltage necessary Co produce 2.5 MV across the grid-anode gap with and without 

beam as a futiction of the values of the compensation resistors for the 

parameters of the ETA gun. Also shown is the relative improvement in pulse 

risetime as the value of the compensation resistor is varied. 

The compensation circuits presently installed in the- gun consist c-f a 36ft 

resistor in series with a 360 nH inductor in each of 20 compensation cans 

located on the top and bottom of the gun. Thus across each gap the equivalent 

circuit is 18 £2 in series with 180 nH. By removing all the circuits from the 

top cans Ca relatively easy chore), the equivalent resistance and inductance 

can be doubled. These points are indicated in Figure 16. 

Testing has shown that, although the jitter in firing of all the ETA spark 

gaps is usually less then 3 ns, the 20 gun sparkgaps fire at times that differ 

by up to 20 ns as discussed in Section 5.1. This situation was modeled using 

the "Septre" circuit-solving computer code available on the LLL computer 

system. The voltage drive for each gun gap was that given by Eq. (1). 

However, the time at which each gap voltage was applied was taken from 

experimental measurements. The model includes the ferrite inductance Lf 

the gap capacitance C 0 f a n 10 gun gaps. The gun model contains the 

compensating circuits on each end of the gun and the resistance (R ) a n cj 

inductance (Lj) 0 f the resistor that grades three large ceramic insulators 

of the gun. Because of the size of the gun, the transit time of a wave from 



-23-

one end of the gun to the other is approximately 20 nsec. Also the time for a 

wave to travel around the gun circumference is about 6 ns. Waves of this 

nature can not be studied with this model. Only the shunt capacitors between 

the gun gaps and the inner cylindrical shell of the gun were retained. Other 

models in which the finite size of the gun was modeled by an L-C transmission 

line showed the need for the gun compensation circuits. 

Figure 17a shows the experimental voltage waveform obtained by 

electronically summing the voltages across all 10 gun gaps. Figure 17b shows 

a normalized voltage waveform obtained with the aid of the "Septre" computer 

code using the experimentally obtained firing times listed in the figure 

caption. Figure 17c shows the normalized gun waveform that the computer 

predicts is obtainable if all 20 gun Blumleins could be fired simultaneously. 

As can be seen the Ck.inputor model that includes variations in turn-on times of 

the different voltage sources produces waveforms practically indistinguishable 

form the experimental waveforms. 

The reason for the relatively large differences in firing times of the 

sparkgaps is not completely understood. Experiments have shown that a typical 

sparkgap requires 40-60 nsec to close after being triggered. Variations in 

firing time can result from: variations in the alignment of the sparkgap 

electrodes; small differences in the values of the resistors used Co bias the 

trigger electrode; variations in sparkgap electrodes resulting from spark 

erosion; or blown trigger cables. Further experiments are needed to sort out 

this issue. 

5.3 ETA ACCELERATOR WAVEFORMS AND COMPENSATION 

At present, the compensation for ETA accelerator cavities consists of 

resistive loading only, with the resistor value determining the cavity gap 

voltage. The equivalent circuit is 
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44 kA 6 (ion) "TfoTnFlV i ) ' b e a m 

Figure 18 

Equivalent Circuit of an ETA Accelerator 

We need 250 kV (gap voltage) for 220 kV BLumlein charge voltage. The 

ferrite inductance is large enough that for the pulse duration only slight 

voltage droop will occur. The gap capacitance effects only the voltage 

risetime (RC time constant is in the - 1.0 ns regime). For the purpose of 

determining the acceleration voltage effects of both may be ignored. The 

output voltage is then defined by the source voltage and impedance, the value 

of the compensation resistance and the amplitude waveshape of the beam 

current. With the beam present, 34 kA drives the parallel impedances. With 

the required gap voltage = 250 kV one obtains R = 28 Si . Note that if 

the beam is not present the voltage across the cavity is 323 kV. 

This analysis does not consider that the Blumlein output voltage pulse 

duration is longer than the beam current duration. Experimental data show the 

beam current to have a risetime of ~ 5 ns and a full-width half-max of ~ 30 ns 

while the acceleration voltage FWHM is 50 ns with a risetime of 10 ns. 

Depending on the relative timing of the two pulses the gap voltage will be of 

the form: 
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258 kV 

10 k A -

Fig. 19 Sketch of Expected Waveforms of Accelerator voltage with Bea 

Tht maximum t;ap voltage (323 kV) appears when there is no beam, otherwise the 

voltage will peak between 32? and 268 kV as a function of beam arrival. 

The gap voltage risetime may be decreased by inductive peaking in the 

compensation circuit as shown by Ian Smith10. Inductive peaking is achieved 

by adding an inductance in series with the compensation resistor such that 
l./K • i 

r ' 10 ns 
L = 375 nH 

However, this has a detrimental effect on the transient response to the beam. 

As Ian shows, the input voltage risetime will be reduced to 7.9 ns. However, 

the inductor will induce a transient as the beam current rises (the amplitude 

of this inductive kick will decrease as beam risetime increases) plus a L/R 

decay on the constant current portion of the beam. 
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Figure 20 shows an oscillogram of the voltage across an accelerator unit 

measured with a 500 mHz band width system. This is the waveform that exists 

with no beam present. The front porch on this signal results from the feed 

through of the spark gap trigger pulse. The slight notch is due to 

reflections in the transmission lines feed to the accelerator cell. The back 

porch clearly shows the effect of the unequal length Blumleins. 

20 40 60 

Nanoseconds 
80 100 

Figure 20 

Measured "Jave form of Voltage Across an Accelerating Unit-

r.4 GRID VOLTAGE: CIRCUIT AND WAVEFORMS 

A grid biased positive wi'i. respect to the cathode is used to extract the 

ETA beam from the oxide cathode. Several grids have been used. Among these 

are a woven pattern of one mil tungsten wires in approximately a one 

millimeter mesh, a grid formed of 10 mil tungsten wires in a j millimeter 
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mesh, and a honeycomb structure found of one mil thick stainless ribbon 

approximately one cm wide in a honeycomb structure of 5 millimeter mesh. The 

transmission of of electrons through the fine tungsten meeh is approximately 

95%. Transmission through the titanium mesh is 90X while the transmission 

through honeycomb structures is near 70%. The grid is located 1.5 cm in front 

of the cathode plane. If the cathode emit." according to the Child-Langmuir 

relation, a beam of 11.7 kAmps at a grid voltage of 80 kV will be extracted 

from the cathode. 

This voltage is generated by a standard ETA Blum]ein charged to 200 kV. 

The 200 kV pulse is attenuated by 0.4 and coupled through 8-55 Q trigger 

cables to the grid. Care was taken to match the 10.5 52 output impedance of 

the Blumlein to the S,S £1 of the eight cables in parallel. The circuit is 

shown in Fig. 21. Notice that the only load on the circuit is the b^am 

itself. If no current is emitted by the cathode (i.e., the cathode is dead), 

the voltage will double at the cathode to 160 kV. This is near the maximum we 

can safely place on the cables without breakdown- The attenuator is aiso 

matched in the reverse direction in that energy which reflects aue to a 

mismatch at the grid is not reflected at the attenuator. As a consequence 

waves in this circuit are rapidly damped. 

6.5S1 

X)—-^vv—, cr 
200 kV { V 

10.5 n 2 1 0 5 n e.s n 

ID ' O X) 1 
75 ns 15 ns 

F igure 21 
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Since the grid voltage originates from a standard Blumlein pulser, its 

risetime is inductively limited to 10 tisec. The inductance L is used to 

improve the rise time to approximately 7 nsec as explained in 6.2 

The circuit can be analyzed by using the transmission line equations and 

the Child-Langmuir equation for the relation between the grid voltage (V ) 

and the cathode current (I). The results are presented graphically in 

Fig. 22. In Fig. 22a the expected cathode current is plotted as a function of 

the voltage pulse (V +) c o u p i e d through the attenuator in the forward 

direction. This current is shown for several cathodes emitting as fractions 

of the design Child Langmuir current 

I , = 500 x 2.33 x 10~ 6 V 3 / 2 / ( 1 . 5 ) 2 <2> 
cL g 

Figure 22b shows the relation between the voltage that appears across the 

grid-cathode gap and the forward voltage V + f o r t h e s a m e multiples of the 

Child-Langmuir current. A match occurs when the forward voltage equals the 

grid voltage (V ). 

These calculations show that the system should be reasonably well matched 

at the design values. Th> • are also useful for interpreting the voltages and 

rurrents that are observed j.t the cathode emits as some factor of the Child 

Langmuir value. 
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6. BEAM DYNAMICS IN ETA: THEORY AND EXPERIMENT 

This section is devoted to discussions of the beam physics of the ETA 

accelerator. Results of experiments are compared with predictions of two 

computer codes in order to understand the operation of the machine. 

6.1 OPERATION OF THE GUN 

In this section we describe theoretical predictions of the characteristics 

of the ETA gun, and compare these predictions with experimental data. 

Computational studies of the beam dynamics in the ETA gun were carried out 

using the computer code EBQ. Some of the work carried out prior to March, 

1979 is described in Ref. 11. 

6.2 CODE MODEL 

The compute-, code EBQll is a steady-state, aaimuthally symmetric, self 

consistent code. In the design of the gun. the code was used to determine the 

equilibrium flow of electrons from the cathode, through the extraction grid, 

across the grid-anode region and into the hollow anode. The geometric model 

of the gun that is used in these calculations is shown in Fig. 23. The washer 

shown is an electrode with potential equal to one-half the anode voltage. 

Focusing solenoids are placed outside the anode, and a "bucking" coil {not 

shown) is located back of the cathode to reduce the axial magnetic field on 

the cathode surface to a minimum. Particle trajectories in the gun design 

were followed a distance of about 2 m from the cathode. The calculations end 

60 cm from the cathode. The finite grid structure is not considered. 

During actual operation of the gun, both the grid voltage V and the 

anode voltage V g vary in time over a period of about 50 ns (see section 

5.1). The variation of V^ with time approximates one-half of a sine wave, 
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so t h a t the s t e a d y - s t a t e c o n d i t i o n s s imu la t ed wi th the code a r e never 

a ch i eved . In o r d e r to ga in some i n s i g h t i n t o t he behav io r of e l e c t r o n s as 

v

g and V a a r e v a r i e d , we make s e p a r a t e c a l c u l a t i o n s wi th the code for 

v a r i o u s v a l u e s of V a m i y a J t j , u s g e n e r a t i n g c h a r a c t e r i s t i c cu rves of the 

gun. 

6 .3 SIMULATION OF IDEAL OPERATION 

In a l l c a l c u l a t i o n s the c u r r e n t I drawn from the ca thode by the e x t r a c t i o n 

g r i d fol lows the Child-Langmuir law. For a ca thode of a r ea A we have 

I = 2.3 x 10~6AV 3 / V . O ) 
g 

In this relation V is the grid voltage in volts and d is the cathode-grid 

separatijn taken to be 1.5 cm in all calculations. 

In ideal operation of the gun, the anode voltage is constant in time while 

the beam current is turned on by applying voltage to the grid. As the grid 

voltage increases the beam current increases from zero to the desired maximum 

value. In practice, testing has shown that the anode voltage rises too slowly 

to achieve this mode of operation with the present gun configuration. Ideal 

operation is simulated by making separate calculations with the same value of 

^ a and different values of V„. Particle trajectories from a 10 inch 

diameter cathode are displayed in Figs. 24 and 25 for V = 2 MV. In these 

figures the approximately vertical curves are equipotentials and the 

approximately horizontal curves are particle trajectories. The bell-shaped 

curve is the axial magnetic focusing field at r = 0. In Fig. 24 we have V 

= 40 kV and I = 4.27 kA, and in Fig. 25 we have V = 60 kV and I = 7.82 kA. 

In these calculations the focusing solenoids are set to provide a maximum 

axial magnetic field &z = 520 Gauss on axis at a point about 40 cm from the 
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cathode as shown in Fig. 21. The trajectories display the focusing from the 

azimuthal magnetic self-field in the grid-anode region. This focusing force 

increases with the total current. 

6.4 WAVEFORM LIMITED TRANSPORT 

The code calculations indicate that under certain circumstances current 

can be accelerated in the grid-anode region, but not be transported past the 

peak of the axial magnetic field. This occurs at low anode voltage . This 

peak value of B z j s s e t to transport particles with higher energy, and the 

low energy particles are over-focused. The beam collapses radially and the 

code results become unreliable because particles are removed from the 

calculation when their axial velocity becomes negative. Figure 26 shows the 

calculated beam envelope for various anode voltages. The maximum B o n a x i s 

is 520 Gauss, and the beam current values are chosen just below the limiting 

current for virtual cathode formation. At V g < i m V the beam collapses 

downstream from the peak magnetic fieid, while for V = 1,5 HV all of the 

current is transported. 

Experimentally this phenomenon can easily be seen by changing the strength 

of only the first gun focus coil and observing the current pulse at the gun 

output. Figure 27 shows experimental results obtained on December 5, 1979, 

when a 10 inch diameter cathode was used. As shown in Fig. 27a the system 

timing was such thac the current pulse emitted from the cathod° was delayed by 

approximately 20 nanoseconds with respect to the anode voltage pulse. As a 

result, particles in the leading edge of tl'-e current pulse had more energy 

than those in the trailing edge. Figure 27b shows oscillograms of the gun 

output current as the current in the gun focus coil was varied. Transmission 

of the low energy particles in the trailing edge of the current pulse is 

improved by 
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lowering the current in the coil, while transmission of the relatively high 

energy particles in the leading edge and central portion of the current pulses 

is degraded. The dotted envelope of these oscillograms is the current pulse 

emitted from the cathode, and represents the maximum current that could be 

expected at the gun output. Our usual procedure is to "tune11 the transport 

for maximum peak current. This procedure results in the selection of a 

waveform such as that labled "0". 

These oscillograms also illustrate two other phenomena that deserve 

comment. First, the pulse width of the beam current injected into the 

accelerator is determined by the relative timing of the cathode current and 

anode voltage as well as by the waveforms of these pulses. In general this 

timing depends on many factors in the operation of the system, and as a result 

the timing adjustment has been difficult to optimize (a continuously variable 

delay time has been constructed and installed to improve this situation). 

Second, as the field produced by the first focus coil is adjusted higher than 

optimum, the pulse width narrows further and the peak amplitude decreases. As 

shown by the code, this causes the beam to be overfocused producing a virtual 

cathode at the first waste. 

6.5 VIRTUAL CATHODE FORMATION 

The formation of a virtual cathode limits the maximum current that can be 

accelerated by the gun. The current drawn from the cathode by the grid enters 

the grid-anode region and is accelerated if the anode voltage is sufficiently 

high. If the anode voltage is not sufficiently high, the results of the 

calculations show that a virtual cathode forms near the axis a few cm 

downstream from the grid. The code is not capable of calculations beyond this 

point. The limiting current that can be accelerated is very nearly a linear 

function of V it i s shown to be linear in the artist's rendition in 
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Fig. 28 for various diameter cathodes, but the actual theoretical curves drop 

slightly below the lines at higher values of V a s shown in Fig. 30 for a 

10 in. diameter cathode. All experimental results discussed in this section 

were obtained with a 10 in. diameter cathode. 

For each value of the limiting current shown in Fig 28 there is a 

corresponding value of V f o u nd f r o m Eq. (3). In Fig. 29 the value of V 

required to extract the limiting current is plotted vs V . Values of V 

above a given curve result in virtual cathode formation. Calculations 

indicate that the value of V g i s critical, and a variation of 1 kV in V g 

is sufficient to cross from a region of good beam production (below the curve) 

to virtual cathode formation (above the curve). 

It is not surprising that the maximum current that can be accelerated does 

not obey the relativistic Child-Langmuir law for a one dimensional diode in 

the grid-anode region^. The grid-anode spacing is less than the diameter 

of the anode. The equipotential surfaces are complicated and change 

significantly as the current changes, so that the configuration of 

accelerating electric field bears scant resemblance to a planar diode. 

Experiments wi'" a 10 in. diameter cathode show that there is a definite 

difference in the beam behavior between operating above or below the limiting 

grid voltage. In the calculations, the code will not run once a virtual 

cathode is formed. In the experiment, current is indeed accelerated and some 

of it is transported to the end of the gun (about 2.5 m from the cathode). 

However, the transported current decreases drastically in the full 10 m of the 

ETA accelerator. When operating below the limiting grid voltage, the fraction 

of the cathode current transported to the end of the accelerator is high. 

These results are shown in Figs. 30 and 31. Figure 30 shows values of cathode 

current vs V g f o r eight experiments. Three data points represent cathode 

current above the theoretical limiting current, and five data points represent 
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cathode current below the theoretical limiting current. Figure 31 shows the 

beam current measured at the cathode and various positions along the entire 

accelerator for the experimental parameters shown in Fig. 30. When the 

cathode current lies above the limiting current in Fig. 30, only one-fourth to 

one-third of the current extracted from the cathode reaches the current 

monitor 6 m from the cathode. When the cathode current lies below the 

limiting current in Fig. 30, at least three-fourths of the cathode current 

reaches the end of the machine. 

A possible explanation of these results is that indeed a virtual cathode 

does form down stream from the grid, but the virtual cathode can act as a 

source of electrons. No calculations can be performed with the EBQ code in 

the regime of virtual cathode formation, but it is known that plasma 

oscillations occur in a virtual cathode. Particles can be emitted with large 

random velocities so that any beam accelerated from a virtual cathode would 

have poor quality (i.e., the emittance is high) and be impossible to transport 

efficiently. The virtual cathode forms in a small region near the axis, but 

the time dependent electric field generated in this region extends over the 

entire beam cross-section, distorting the trajectories of particles outside 

the region. Thus the emittance of the entire beam is increased to the point 

that only a small fraction of the particles emitted from the cathode are 

transported to the end of the accelerator. 

6.6 BEAM TRANSPORT THROUGH THE ACCELERATOR 

In the design of the beam transport for the rest of ETA, the EBQ code was 

employed primarily to verify analytic calculations and calculations made with 

the computer code TRANSPORT. Some of the design calculations employing 

TRANSPORT are described in the following section, where the calculations begin 

0.25 m from the cathode. Reiser's theory of relativistic laminar flow was 

quite useful in the analytic work. 3 
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Th e transport system in the accelerator must satisfy three c r i t e r i a : 

1. Maintain a beam radius sufficiently small to perm't passage through 

the 7.4 cm radius beam pipe, the solenoidal magnetic field B in kG, the beam 

radius a in cm, beam current I in kA, and energy y are related by the 

approximate expression 

Ba = (1.36 I / Y ) 1 / Z (O 

2. Maintain a beam radius large enough to avoid formation of a virtual 

cathode. If the pipe radius b is such that b/a s2, the limiting current for 

virtual cathode formation is given approximately by 

i 7 ( r 2 ' 3 - n 3 / 2 ,,, 
1 1 + 2ln(b/a) ' ° J 

3. Compensate for the image displacement ins tab i l i ty ."* If the width 

of the accelerator gaps is w and the length of the solenoid between gaps is L, 

the cr i te r ion can be written as 

Bb jl .36 IYw/LJ 1 / 2 . (6) 

Ihe second and third c r i t e r i a conflict somewhat in that the second places a 

lower limit on a, and thus an upper limit on B, while the third places a lower 

liwit on B. The solution is to satisfy the limiting current c r i t e r i a and 

adjust the separation L to satisfy the third c r i t e r i a . It turned out that the 

convenient choice of the distance L determined from mechanical considerations 

was more than sufficient to resolve the confl ict . 

The philosophy followed in designing the transport system was to keep the 

beam radius sufficiently large so that the 10 kA beam current was at least a 

factor of two below the limiting current given by Eq. (5) . This c r i te r ion is 

most stringent at the exit of the gun, where a beam radius of about 4 cm was 

chosen. From that point on, the limiting current increases with energy so 

that the beam radius can be allowed to decrease gradually to about 2 cm at the 

end of the accelerator. 
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It was deemed desirable to have as few gaps as possible in the solenoidal 

coils that provide the guide field, and that the necessary gaps be as narrow 

as possible. A typical "tune" used in the code calculations is shown in 

Fig, 32 where the axial magnetic field on axis is plotted vs. axial distance 

along the accelerator. Ordinarily in the TRANSPORT calculations an 

omittance E = 50 nmrad-cui was assumed at the exit of the gun. The actual 

value is not known, the TRANSPORT calculations with £ = 100 -trmrad-cm indicate 

that the difference does not significantly alter the beam behavior because the 

coherent electric and magnetic self forces dominate the behavior throughout 

the accelerator. This is not true if the eroittance is significantly larger 

than 100 Trmrad-cm. 

6.7 TRANSPORT CODE CALCULATIONS 

TRANSPORT code was used to model the beam of a 10 kA beam from near the 

anode plane through the tapered region of the gun and on through the last 

accelerator unit. The runs start .25 m from the cathode where the major part 

of the beam has fully accelerated. The EBQ code was used to obtain the input 

parameters for the beam radius and outer ray slope. It was then assumed that 

the beam had 100 ii-mr-cm emittance. The magnetic field for the TRANSPORT 

calculations was modeled using 38 solenoid segments that approximately 

correspond to the actual individual solenoids (longer solenoids are simulated 

by two sections). The profile of the magnetic field along the beam axis was 

then chosen to match a "theoretical" magnetic field tune obtained from the 

solution of the beam envelope equation. The segmented magnetic field tune 

used in these TRANSPORT calculations is shown in Figure (33). 

The results of the TRANSPORT run for this matched tune are shown in 

Figure (34). The input parameters are a 10 kA beam injected at 2.5 MeV in an 

8.4 era radius beam at .25 m. The emittance is 100 umr-cia. Each accelerator 
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unit then boosts the beam energy by 25C kV. The final accelerator unit is 

located 10.65 meters from the cathode where the code runs were terminated. As 

can be seen, the match is quite good with only minor oscillations in the early 

part of the accelerator. The beam radius is slowly compressed down the 

transport system to about 2.2 cm at the output. 

6.8 TRANSPORT STUDIES OF WAVEFORM LIMITING 

Since operation of the accelerator began in May, 1979, many calculations 

have been made in which both the current and energy were varied. 

The input current was varied and two code runs were made at 7.5 kA input and 

12.5 kA input. These are shown in figure 35 in a composite plot with the 

matched 10 kA run. This shows that the match does vary with current, but a 

single magnetic tune can easily handle a current variation of 7.5 ItA to 

12.5 kA at 2.5 MeV. 

The voltage input from the gun was also varied for this same magnetic 

tune. Input voltages of 2.0, 2.25, 2.5, 2.75 and 3 megavolts are shown in 

figure 36. Note that at 2.0 MeV the beam hits the wall at the first cyclotron 

oscillation just beyond the end of the gun taper. At 3 MeV the beam does not 

hit the wall but is precariously close. Although the wall is shown in the 

plots, TRANSPORT does not include any effects of the wall interception. 

It can be deduced from these code runs that the acceptance of the gun 

taper and accelerator region of ETA is fairly broad. However, the early and 

late part of the beam where the energy is low would not transport through the 

accelerator when the solenoid magnets were tuned for the peak energy. 

The most difficult region through which to transport the beam is from the 

end of the taper in the gun through the first two units of the accelerator. 
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Here the peaks of the betatron oscillations tend to be the highest. This is 

the area where experiments have indicated the largest loss of beam. 

Oscillograms of beam waveforms are presented in Fig. 37. Notice that Che 

current pulses are approximately one half as wide as the voltage pulse applied 

to the gun. This results from the waveform limiting discussed above. 
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7. PROBLEM AREAS AND STATUS 

During our tests of the ETA several problems arose that required 

modifications to parts of the accelerator. These are described in this 

Section. 

7.1 ETA TRIGGER CABLES 

The ETA, 250 kV Blumlein sparkgaps are triggered by short duration 

high-voltage pulses. To distribute the HV pulses, cables are required. 

Commercial 90 KVDC cable assemblies were purchased as a 125 kV pulse 

capability was thought to be adequate. The two original units operated in the 

prototype experiment without trouble. 

Operation on the ETA machine revealed that due to shorter trigger pulse 

duration, higher trigger voltages are required . (The ETA trigger pulses are 

supplied by trigger Blumleins which have less jitter, shorter duration, and 

faster risetimes than the trigger transformer used on the earlier ETA 

prototype test stand experiment.) The higher operating voltage led to 

peak-to-peak voltages that could exceed 280 kV under certain conditions. The 

type of cables at the connectors began failing. A thorough electrical 

analysis revealed an HV stress area within the connector.1* All the cable 

ends were x-rayed and it was fou -.lJ that the stresses were further enhanced 

by poor electrical connections and poor quality control during connector 

fabrication. 

The immediate solution was to shield the stress area with an electrostatic 

shield cap which could be fitted over the receptacle. The cap effectively 

transfers the HV stress to the dielectric fluids, relaxes to some extent the 

mechanical requirements of the cable connectors and extends the HV standoff 

capability of the assemblies by factors of 2.5 to 4 depending on the 
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dielectric fluid. In addition a modification of the cable end-connector 

reduces the stress by a factor of 10 to 20 (within the cable tip) in 

conjunction vith the corona cap. These modifications are incorporated by the 

supplier in all new and rebuilt cable assemblies. 

Other system changes include the addition of a series attenuator at the 

output of all trigger Blumleins which limits the cable voltage levels and 

damps transients from the trigger cables. The present operating levels are 

-60 kV drive with voltage doubling to -160 kV at the sparkgap (effectively an 

open-circuit). 

To satisfy our needs for quality and to monitor the possible causes of 

failure, each cable end is x-rayed with two orthogonal side views being 

taken. This applies to all existing cables as well as newly received cables. 

The supplie. is also -.omplying with the design changes and quality control 

procedures we recommend. 

While cable failures have not ceased completely, the incidence of failure 

has been enhanced considerably. Many of the subsequent failures have been due 

to improper operating procedures. 

7." COMPENSATION LOAD RESISTORS 

The compensation load resistors initially used in the ETA were type "AS" 

carborundum resistors. The resistors were selected on the basis of their peak 

energy and average power ratings: 20,000 joules and 75 watts at 40° 

ambient. The subsequent testing in the ETA prototype test stand did not 

reveal any failure modes. However, the Carborundum resistors began failing in 

the ETA after approximately 30,000-3 ,000 pulses. Examination of the failing 

resistors showe 1 two major effects. The first is a spalling or flaking of 
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small chips off the resistor surface. The second effect was an erosion at the 

interface of the current contact and the body of the resistor. Both effects 

can eventually lead to catastrophic failure resulting in resistor debri and 

arcing through the liquid dielectric. 

The spelling has been explained^ as being due to a thermal shock wave 

generated by the short HV pulse. Although the resistors only absorb about 100 

joules in 100 ns, the resulting radial shock wave drives the resistor material 

first into compression, and then into tension, creating surface stresses which 

tuay approach 1000 pounds per square inch and result in material fleeing at the 

resistor-dielectric interface. To reduce the peak tension, an intermediate 

material between the res.s'-i and dielectric such as a heat conducting epoxy 

bonded to the resistor was proposed. 

The carborundum representatives have provided information on the other 

failure mode. The erosion between the curreti' contact and the resistor body 

is due to high current densities at that junction. For pulse applications 

carborundum now recommends a maximum peak cjrrent not to exceed 1 kA per 

resistor. 

When the resistor failures began, other types of resistors were examined. 

The 1-watt Allen-Bradley carbon resistors chosen to replace the carborundum 

resistors were selected on the basis of their power handling capability and 

reliability. Using carbon resistors requires a significant number of 

resistors in series to maintain reasonable values of voltage and power 

dissipation. The resistance values needed for the compensation loads (36 in 

the injector; 58 in the accelerator) also require carbon resistors in 

parallel. The resulting load consists of printed circuit board packages in 

series, each rackage having 15 resistors in series, 8 resistors in parallel 

anu capable of holding 50 kV. With a Blumlein output of 250 kV, the maximum 

voltage and energy seen by any single carbon resistor in the compensation load 

is 3.3 kV and 0.28 joules per pulse. 
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Before the compensation resistor packages were built and installed, the 

carbon resistors were given both life and destruction tests. For the life 

tests a small 1 pps pulser driving two resistors in series delivered 800,000-

100 ns pulses at 5 kV/resistor (.64 joules/pulse) without resistor failures 

and a less than 4% long term resistance change. In addition the Blumlein test 

stand supplied more than 40,000-350 kV pulses at a 1 pps rate to a series 

stack of four resistor packages (5.8 kV/resistor and .86 joules/pulse) also 

without failure. 

The purpose of the destruction test was to determine the maximum amount of 

energy a single resistor can absorb before failure.'" Both 2-watt and 

1-watt carbon resistors were tested even though only 1-watt resistors were 

available in the values required for the compensation loads. Testing in 

transformer oil Cas per operating conditions) showed that destruction of all 

values of 2-watt resistors occurred at - 80 joules for short pulses. 

Destruction of 1-watt resistors below 10JJ in value occurred at ~10 joules 

and approached 55 joules for larger values. Of the 30,000 resistors installed 

in the injector and accelerator compensation cans, 8 resis'^rs have failed 

(all in a single resistor package). 

7.3 GAS SEALS FOR THE SPARK GAP BLOWERS 

Over the past year we have had a continuing problem with the shaft seals 

on the spark gap blower system. Oil from the shaft seals drains into the 

blower housing and is blown throughout the 12" manifold and spark gaps. To 

eliminate this problem we contracted with the Crane Packing Company to make 

parts to convert the fluid in the existing shaft seals from oil to gas. 

Essentially this conversion consists of replacing the rotating graphite seal 

with a very similar part which operates with nitrogen gas as the lubricating 

fluid. One half of the axial springs will be removed to reduce the rubbing 
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friction and permit the "air bearing" feature to function on the sl iding 

surfaces. Since the shaft seals must be pressurized 10 to 20 psig above the 

inlet blower pressure and operate with a continuous leakage, consumption of 

nitrogen gas and the pressurizing and dilution of SF, in manifolds had to be 

considered. 

The manufacturer conducted tes ts on a gas seal (single) for a 4" diameter 

shaft and found that at 120 psig (130 psig on shaft seal) the worst case 

leakage was 0.1 scfm inward and 0.3 scfm outward. Therefore the gas 

consumption for the pair of blower seals and for three blowers i s : 

(0.1 + 0.3) x 2 x 3 = 2.4 scfm 

= 144 scf/hour 

= 1150 scf/8 hr. day 

Since a standard 9 x 52 type K cylinder contains only 226 scf of 

N_, we connected our seal gas system to an existing tank t r a i l e r which 

has a capacity of approximately 30,000 scf. 

At 100 psig each seal can be expected to leak no more than 0.1 scfm 

into the system. This causes a dilution of a SF, - N„ mix if N, is 

used as the seal gas. The question is how fast? 
3 

We estimate the volume of each blower system as 125 ft . Thus at 

100 psig there are 

125 x —r-=- = 800 scf in each blower system. The dilution time 

constant is 

d . 1 x 2 
8 0 0 " 4000 min = 67 hrs . 
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Thus if the X SF & i s S ] t h e n this decays as s = s Q e~- d- T f 

we can stand a 4 - 8 % mix of SF & ] „ e raust purge and refill every 46 

hours of running. Note that if the seal leak rate is proportional to 

pressure, the above time constant is independent of pressure. 

The required AP across the blower-shaft seal is 10 to 20 psig. We 

installed a differential pressure switch to maintain a 15 psig 

differential. If for some reason the differential falls to 10 psig or 

below, the blower power will be cut off- To maintain the manifold gas 

system at a predetermined pressure, an adjustable pressure switch 

activates a solenoid valve to vent sufficient gas to maintain pressure. 

The operation of the existing N 2 ) sp^ fin a nd vacuum roughing system 

is not affected. 

7.4 CATHODE DEVELOPMENT 

The ETA injector uses a hot oxide cathode as the source of 

electrons. This is fabricated by spraying a mixture of barium and 

strontium carbonates onto a 10" diameter nickel button containing a trace 

of zirconium. The button is surface flashed with iridium''. The 

cathode is then indirectly heated in vacuum by a tungsten filament to 

near 1200°C to convert the carbonates to oxides. Our development tests 

showed that these cathodes emit up to 40 amps/cm^ at temperatures near 

900°C for up to 1500 hours. Similar cathodes had been used with the 

Astron accelerator at a current density of approximately 4 amp/cm . 

This is 20% of that required for ETA. 

Up until October 1979 our procedure was to activate the cathodes in a 

test stand before installing the cathode in the ETA gun. Despite our 

best efforts, the emission of these cathodes were often seriously 

degraded when checked in the ETA gun. 
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Many factors have contributed to the poisoning of these cathodes. 

These include vacuum system reliability; inadequate pumping near the 

cathode surface (until April 1979); and possibly an oil leak from 

accelerator unit #1. In October we began activating the cathodes in the 

ETA injector and could routinely obtain cathodes that emitted between 60 

and 100X of the Child-Langmuir current. This shows that exposing the 

cathode to air while transferring the cathodes from the test stand to the 

gun also contributed to the poisoning. 

Although we expect hot oxide cathodes to be the source of electron 

for the ETA oeani, we are investigating other possible sources. Cold 

cathodes of the type developed by I.oda^ are being evaluated in our 

cathode test stand. We will install one of these cathodes in the ETA gun 

in the near future. We are also developing a 10" diameter dispenser 

cathode for evaluation in the cathode test stand. 



-46-

8. FIGURE CAPTIONS 

Figure 1 Sketch of the ETA accelerator 

Figure 2 The ETA electron gun 

Figure 3 Drawing of an ETA induction unit 

Figure 4 Diagram of the pulse power conditioning electronics for the 
ETA gun 

Figure 5 Accelerator power conditioning components 

Figure 6 Transformer voltage and current waveforms 

Figure 7 Cross section of the resonant transformer 

Figure 8 ETA Sparkgap 

Figure 9 High frequency capacitor voltage probe 

Figure 10 Switching system used for monitoring various ETA voltage 
pu 1 se s 

Figure 11 Triggering diagram of the ETA accelerator 

Figure 12 100 Pulse distribution in firing time delay at three sparkgap 
pressures 

Figure 13 100 Pulse distribution for single and cascaded blumleins 

Figure 14 ETA sparkgap triggering versus trigger amplitude at p = 20 
psig N 2 , V B l u m l e i n = 70 kV (95% self break) 

Figure 15 Simplified model of ETA gun 

Figure 16 (a) Blumlein voltage required to produce a 2.5 MeV beam 

(b) Risetime improvement due to inductive peaking 

Figure 17 (a) Oscillogram of the anode voltage pulse 

(b) Computed anode voltage pulse using the experimentally 
determined relative firing sequence shown 

(c) Computed anode voltage pulse assuming all gun gaps fired 
at t = 0. 

Figure 18 Equivalent Circuit of an ETA accelerator 

Figure 19 Sketch of expected waveforms of accelerator voltage with beam 
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Figure 20 Measured wave form of voltage across an accelerating unit 

Figure 21 Grid drive circuit 

Figure 22 Loading of the grid drive. 

Figure 23 Geometry of the ETA gun, equipotential surfaces, and particle 
trajectories for anode voltage V a = 2 MV, grid voltage V„ = 
10 kV, and current I = 532 A. 

Figure 24 Equipotential surface and particle trajectories for V a = 2 MV, 
V g = 40 kV, and I = 4.23 kA. 

Figure 25 Equipotential surfaces and particle trajectories for V a = 2 MV, 
V g = 60 kV, and I = 7.75 kA. 

Figure 26 Bean envelopes for various values of anode voltage. In these 
calculations the value of the current is slightly below the 
limiting current for virtual cathode formation. 

Figure 27 (a) Oscillograms of anode voltage and cathode current vs. time. 

Cb> Oscillograms of beam current vs time at the gun output for 
five values of the peak axial magnetic field. The dashed 
curve is the cathode current. 

Figure 28 Limiting beam current for virtual cathode formation vs. anode 
voltage for four cathode diameters. 

Figure 29 Limiting grid voltage for virtual cathode formation vs anode 
voltage for four cathode diameters 

Figure 30 Limiting beam current for virtual cathode formation vs anode 
voltage for a 10 in diameter cathode, and data points indicating 
several separate experiments-

Figure 31 Beam current measured at the cathode and several positions in the 
accelerator for the experiments indicated in Fig. 30 

Figure 32 Magnetic field profile used in transport calculations 

Figure 33 Magnetic field profile input to transport for matching a 10 kA 
beam at 2.5 MeV into the ETA accelerator 

Figure 34 Envelope of a matched 10 kA beam injected into the accelerator at 
2.5 MeV 

Figure 35 Beam envelopes at 2.5 MeV for 7.5, 10 and 12 kA beams 

Figure 36 Beam radius of a 10 kAmp beam extracted at 2.0, 2.25, 2.5, 2.75, 
and 3 MeV 

Figure 37 Various oscillograms showing the grid voltage and cathode current; 
the gun and accelerator voltage; and the beam current pulse at the 
gun output, the accelerator center and the accelerator output. 
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