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Abstract 

Me w i l l review the performance o f the Advanced 

Test Acce le ra to r , a 50 MeV, 10 KA i n d u c t i o n l i n a c . 

The d iscuss ion w i l l cover the opera t ion o f the 

plasma cathode e lec t ron source, beam t r a n s p o r t 

throughout the acce le ra to r , and t ransverse 

i n s t a b i l i t i e s . P a r t i c u l a r emphasis w i l l be placed 

on the beam breakup i n s t a b i l i t y and on the methods 

used to minimize i t . These inc lude a program of 

design changes that lead to an order o f magnitude 

reduc t ion i n the Q's of the acce le ra to r c a v i t y modes 

and o p t i m i z a t i o n of the t ranspor t t une . 

I n t r o d u c t i o n and Summary o f Performance 

The Advanced Test Acce lera tor (ATA) i s a 

50 MeV, 10 KA, 70 nsec. pulse w id th e l e c t r o n l i nea r 

i nduc t ion acce le ra to r cons i s t i ng o f 170 acce le ra t i ng 

c a v i t i e s and a 2.5 MeV i n j e c t o r . The i n j e c t o r has 

achieved i t s design goal of genera t ing a 10 KA, 

2.5 HeV beam. Thus f a r 10 KA has been accelerated 

to 15 MeV and 1.5 KA has been acce le ra ted to 

50 MeV. The beam breakup (BBU) i n s t a b i l i t y has been 

observed and i s under ac t i ve i n v e s t i g a t i o n . 

I n i t i a l Operat ion 

I n i t i a l operat ion o f ATA concentrated on 

c h a r a c t e r i z a t i o n of the i n j e c t o r and a s tudy of beam 

dynamics up to the 10 MeV po in t i n the acce le ra to r . 

A diagram o f the beamline i s shown i n F i g . 1 . The 

e l ec t r on source is a surface d ischarge plasma 

cathode shown i n F i g . 2 [ 1 ] . A sketch o f the 

cathode i l l u s t r a t i n g i t s mode of ope ra t i on i s shown 

i n F i g . 3 . Sixteen hundred double r i n g s are etched 

onto the sur face of a p r in ted c i r c u i t board that 

c o n s t i t u t e s a ground p lane. A h igh vo l t age pulse i s 

app l ied through * r e s i s t o r t o the cen te r pad of each 

double r i n g . A discharge across the double r i n g 

then developes which desorbs and i on i zes some 

adsorbed gas. The beam cur ren t i s then ex t rac ted 

from the plasma by applying a p o t e n t i a l to a nearby 

*Performed j o i n t l y under the auspices o f the U.S. DOE 
by 1LNL under W-7405-ENG-48 and f o r the DOD under 
0A3PA, ARPA order No. 4395, moni tored by NSWC. 
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Fig. 1. Schematic of the ATA showing the 2.5 MeV 
Injector and 20 accelerating blocks. The first b 
blocks contain 5 cavities each while the remaining 14 
contain 10 cavities each. 

Fig.2. Photo of an older type plasma cathode. The 
active region (containing the rings) is 10 inches in 
diameter. 



Insulation 

13 W2? 

Floating ring 
One of 1600 trigger electrodes 
on 10 in. cathode 

Ground 
plane 

Fig. 3. Drawing of the ATA cathode. A high voltage 
pulse applied to the center of each double r ing | 
i n i t i a tes a discharge to ground desorbing and ioniz ing 
surface gases from which the beam is extracted. i 

g r i d . The measured emittance is close to the 
anticipated value and is shown in F ig . 4 . ; 

The accelerator beamline is instrumented with 
resist ive wall current monitors [2 ] which measures 
beam current and X and Y components of the beam 
centroid as functions of t ime, and also with RF 
loops which measure the time derivative of B g 

produced by the bean [ 3 ] . In addition there are 
ports for x-ray dot probes which are used to 
determine beam p r o f i l e s . 

Data from the i n i t i a l operation of ATA revealed 
several undesirable features which are evident in 
Figs. 5 and 6. Figure 5a shows the beam current and 
X and Y positions just downstream of the injector * 
while Fig. 5b shows the corresponding data at the 
10 MeV point. The deter iorat ion of the beam 
centroid offset is obvious. Figure 6a shows a 
typical "quiet" RF loop signal at the injector 
output while Fig. 6b shows the worst ( largest) BBU 
signal seen to date at the 10 MeV point. The BOO 
MHz. signal in the body of the pulse is the beam 
breakup i n s t a b i l i t y and Is of substantially larger 
amplitude than that expected on the basis of 
previous injector noise measurements [ 3 ] . Also 
v is ib le on the head of the RF loop signal in 6b is a 
lower frequency "hash" of several mil l imeters in 
amplitude. 

Subsequent i n s t a l l a t i o n of colHmatlng 
apertures in the beamline and modification of the 
injector operating conditions have substant ia l ly 
af ferted the beam transport , and at least one of the 
troublesome mechanisms 1s now understood. 

Beam Breakup (BBU) I n s t a b i l i t y 

This transverse i n s t a b i l i t y arises from the 

beam excitation of the dipole (m-1) transverse 

magnetic modes of the accelerator c a v i t i e s [ 4 ] , BBU 
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Fig. 4. Normalized emittance vs. beam current 
determined from in jector measurements. 
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Fig. 5. Current and current weighted X and Y 
displacements (a ) ( l e f t ) out of in jector and (b) 
( r igh t ) at the 10 MeV point . 

F ig . 5. (a) typical RF (B 9 ) loop signal at In jec tor 
output, (b) worst ( largest ) BbU signal observed thus 
fa r (800 MHZ osc i l l a t ions in the pulse body). 
Transverse displacement for BBU a l mm. 
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has b=en ex tens i ve l y studied on the 8 c a v i t y 

Experimental T - t Accelerator (ETA). Mod i f i ca t ions 

were made to the c a v i t i e s in order to reduce the q 's 

o f the t ransverse modes. This was accomplished by 

i n s e r t i n g pieces of f e r r i t e at several loca t ions as 

shown in F i g . 7. Also i n s t a l l e d was a r e f l e c t o r to 

permi t b e t t e r matching of r a d i a l l y propagat ing waves 

around the corner of the cav i t y and i n t o the damping 

f e r r i t e . The Q of the ATA c a v i t i e s was reduced from 

40 to about 4 [ 5 ] . 

The t ransverse shunt impedance o f the c a v i ^ ' . » , 

Z . /Q, was measured dynamically on ETA by using a 

beam exc i ted t i c u l e r cav i t y to i n j e c t a BBU signal 

i n t o the acce le ra to r and measuring the r e s u l t i n g BBU 

gain [ 3 ] . Our best determinat ion f o r the ATA cav i t y 

Z^/q i s - 6.9 ohms. 

Corner 
1 reflector 

70 n j 250 kV input 
(2 drive points per call) 

ATA 250 kV Induction cell 

F i g . 7 . ATA c a v i t y showing mod i f i ca t i ons made to 
reduce q ' s o f the TMjnn, modes. Shown i s the corner 
r e f l e c t o r which permits the modes to penet ra te the I 
i n t e r f a c e and reach the mode damping f e r r i t e s . 

The dominant mode has a frequency of 785 KHz. 

Under these condi t ions a n a l y t i c and code resu l t s 

p r e d i c t a BBU growth through the e n t i r e ATA of 

rough ly 10 4 a t a beam c u r r e n t of 10 KA. Ear ly 

noise measurements of the ATA i n j e c t o r y ie lded 

785 MHZ amplitudes of - 1 . 8 x 10~ 4 cm leading to 

expec ta t ions of cent imeter s ize t ransverse 

displacements at the end o f ATA. The dependence of 

BBU growtn on the re levan t parameters is made 

e x p l i c i t by the asymptotic f o r m u l a ' 

E«£ (i exp 
11.16 x 1 0 " 1 3 N u q ( Z l / q ) ' K A 
1 ^ (1) 

where N i s the number of c a v i t i e s , I i s the bea~ 

c u r r e n t i n KA, u is the angular frequency of the 

mode and B is the average so leno ida l f i e l d in 

k i l o g a u s s . 

Resu l ts of the i n i t i a l 10 MeV ATA runs sho*n i n 

F i g . 6 reveal a BBU amplitude some 30 times greater 

than a n t i c i p a t e d . However, a d d i t i o n a l RF loops 

placed upstream revealed t h a t the growth of the 5cJU 

as a f u n c t i o n of d istance was as expected po in t ing 

towards an e x c i t a t i o n leve l 30 times larger than has 

been p rev ious l y measured. As w i l l be shown 

subsequently changing the i n j e c t o r operat ing 

cond i t i ons and c o l l i m a t i n g the beam at the output of 

the i n j e c t o r d ramat ica l l y reduced the BBU ampl i tude. 

"Corkscrew" Mode 

One fea tu re of the RF loop waveforms in F ig . 6b 

can be understood in terms o f a s imple model. 

Consider a beam having a v a r i a t i o n o f energy over 

i t s length which is un i fo rmly t ransverse ly 

d i s p l a c e d . As the beam propagates i n a solenoioal 

f i e l d var ious por t ions of i t * i l 1 r o t a t e through 

d i f f e r e n t angles because each p o r t i o n has a 

d i f f e r e n t i . A f te r enough c y c l o t r o n turns tne beam, 

which was o r i g i n a l l y un i f o rm ly o f f s e t , w i l l resemble 

a corkscrew. 

For example i f X = 2X Q , aY/aZ =. KXQ, and 

Y-aY/aZ-0 a t Z-0 then f o r Z > 0 , X(Z) = XQ (1+C0S(KZ)) 

and Y(Z) -X Q SIN(KZ). Now i f we take •f=yQ x 

(1 + &• SINut) so t h a t K=K Q / ( 1 + ^ SINut) and 

cons ider Y (Z , t ) o n l y , ° 

we have 

Y ( Z , t ) = XQSIN V 
1 + £*• SINut 

Y 0 

(2) 

I f KnZ[^-) « 1 we may approximate Y (Z , t ) as 
u T 0 

Y(Z.t) =, X0SIN L z / l - f- SlNutj-1 . (3) 
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Using the expansions COS(XSINe) = JQ(X) + 2 x 
[J2(X)C0S2e + J4(X)C0S4e • . . . ] and SIN(XSINo) 
. 2 [JjfXlSINs + J3(X)SIN3s + . . . ] we see that 
the amplitude of the nth harmonic of u is 

2 *0 W # ' 2X„ 
KQZAT 

(4) 

Thus the or iginal uniform offset gives r ise to a time 
varying displacement whose frequency upshifts with 1 
eventually attaining the amplitude of the original 
o f fset . This is important for BBU since the frequency 
w i l l eventually upshift enough to excite the mode even 
i f the injector noise at 800 MHZ is small. 

In the ATA the source of the gamma variation is 
the beam loading of the accelerator cavit ies which 
leads to variations of r on the head and t a i l of the 
pulse as is seen 1n Fig. 8. When this gamma variation 
is folded together with the observed offsets in 
simulations good agreement with the RF loop data is 
obtained. However, the original source of the beam 
offset is not accounted for by th is picture. 

Fig. 8. Typical signal proportional to cavity 
accelerating voltage showing the loading of the drive 
by the beam current. The voltage change is largest at 
the head and t a i l of the pulse. 

"Notching11 

Examination of Fig. 5 reveals several other 
interesting features. First the beam offsets which 
are f a i r l y small at the in jeet j r output have grown 
downstream. Secondly the r is ing and fa l l i ng edges of 
the downstream current signals have notches. The I 
interpretation of the notches Is not yet clear. At i 
least some of the signals can probably he explained as 
arising from current loss on the wal ls . Some of the 
data Indicates possible bunching. In addition, there 
is a small degree of current loss as the beam 
propagates down the machine that is evident from 
regularly spaced wall current monitors. 

CollinBtion Experiments j 

I n i t i a l x-ray prof i le measurements indicated that 
the beam was non-uniform as 1t emerged from the 

in jector . For this reason a set of 3 collimating 
apertures 6 cm 1n diameter spaced approximately 50 era 
apart was placed in the beamline just downstream of 
the in jector. Although only 5 to 10% of the beam 
current was lost on the apertures there was a ' 

s ignif icant decrease in beam offset downstream. 
The apertures were replaced with ones that were 

4 cm in diameter and some further improvement was 
noted. At this point injector operating condition 
sensitivety tests were performed and the operating 
length of the accelerator was extended through 20 
additional cavities to the 15 HeV point. 

Injector Operating Condition Experiments 

The basic variables adjusted in this series of j 
experiments were the igni ter to grid timing and the 
gt id to anode timing. In normal operation the igniter 
pulse which creates the cathode plasma is appliea some 
60 nsec. prior to the grid pulse. This permits the 
cathode plasma to advance a signif icant distance 
towards the grid before beam current is extracted. 
The anode pulse is applied before the grid pulse so 
that the extracted beam w i l l have a relat ively 
constant energy. 

An experiment was performed in which the igniter 
timing was delayed by approximately 40-48 nsec. so 
that the grid pulse was applied only 12 to 20 nsec. 
after the igniter pulse. There was a dramatic 
reduction in the BBU levels measured downstream. 
Figure 9a shows the downstream current, X, Y and RF 
loop signals at the 10 HeV point with ncvual timing 
while the corresponding signals for delayed timing are 
shown in Fig. 9b. j 

Normally the cathode is shielded from the 
solenoidal f i e ld by two bucking co i l s . An interesting 
series of experiments was done in which one of the 
coi ls was reversed permitting some B, to thread the 
cathode, the resulting f i e l d was so large 
(—100 gauss) that the beam was no longer space charge 
dominated and the beam radius upon entrance to the 
aperture set was Increased result ing in lower current 
transmission through the apertures. This resulted in 
less beam offset downstream and in less sweep, or 
var iat ion of the offset throughout the pulse. The 
comparison is shown in Fig. 10. An experiment was 
performed to see i f coherent beam-cavity interactions, 
which presumably depend on current, were contributing 
s igni f icant ly to notching or to the development of 
beam offsets. The magnetic f i e l d in the v ic in i ty of 
the apertures was greatly weakened permitting al l but 
about 500A to be lost on the apertures. The notcning, 
offsets and sweep were found tc be qual i tat ively 
simi lar for the two cases. 
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(a) (b) 

Fig. 9. Current, current weighted X and Y effsets and 
RF loop signals at the 10 MeV point for (a) normal 
in jector timing and (b) delayed injector timing. Note 
the disappearence of the BBU. 
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U) (b) 
Fig. 10. Current and current weighted X and Y offsets 
at the 10 MeV point for (a) normal bucking coil 
operation anu (b) reversed bucking coi l operation. 
Note the reduced sweep in (b). 

An x-ray dot probe was used to look at tne oearr. 
p ro f i le at the 10 MeV point under conditions of normal 
injector timing and a beam current of 5KA. The raw 
data and reduced data are shown in Fig. 11. The 
current prof i le is quite broad. | 

Much of the experimental evidence collected to 
date indicates that the injector is generating a 
non-uniform noisy beam which proper collimation snould 
improve. 

F ig. 11. Beam prof i le as determined from x-ray probe 
measurements at 10 MeV point during the peak of tne 
pulse (a) raw data and (b) average current density vs. 
radius. 

Present Status 

The collimating apertures are being replaced with 
a continuous 110 cm long 4 cm diameter pipe which 
should provide more rel iable collimation than three 
separate apertures. The operating beamline w i l l be 
extended from the 15 MeV point through 20 additional 
cel ls to the 20 MeV point for further experimentation 
before operation of the ent i re accelerator. In 
addition a wire zone w i l l be installed at the 6.0 MeV 
point to damp out beam offsets and sweep and to 
symmetrize the beam. This experiment w i l l serve to 
decouple the Injector from the accelerator, providing 
information on the degree to which the observed beam 
problems are due to some aspect of the source. 
Hire Zone 

An electrostat ical ly charged wire has been 
routinely used to strongly guide, focus and oamp up to 
8KA beams at the output of ETA [ 6 ] . A sketch of the 
system 1s shown in Fig. 12. A highly resist ive, 
conducting wire is stretched out between two 
conducting end f o i l s . In the presence of a beam the 
wire becomes positively charged to the degree 
necessary to maintain i ts potential at the same value 
as that of the wal l . This typical ly results in a 
linear charge density on the wire that is of order 1/2 
of the beam linear charge density. Extremely strong 
lenses are required to properly match the beam into 
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and out of the zone. The rms matched radius for 
injection is I 

1/2 
(S) «m ' E (^) 

where E is the rms omittance, I A = 176-rKA, I - is 

the beam current in KA and f is the r a t i o of the wire 

l inear charge density to the beam l inear charge 

density. R is typical ly on the order of a few 

mi l l imeters . The beam radius strongly diverges upon 

exi t ing the wire zone since the rms perpendicular 

veloci ty is large, 

1/2 
(6) 

2 f I l 

The wire very strongly phase mixes electron 
orbits because of its highly anharmonic potential so 
its use is expected to symmetrize the beam in ATA. 

LSI 
- Graphite foil-

Beam 

a ^ . 

z Beam pipe-( 

tS3 
Input matching 

lens 
Carbon wire- Output matching 

lens 

Fig. 12. Schematic of wire damping zone showing wire, 
supporting end foils and Input and output matching 
magnets. 
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