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Summary 

This paper at tempts t o  summarize t h e  present  
s t a t e  of understanding of e l e c t r o n  l i n a c  i n s t a b i l -  
i t i e s  which r e s u l t  i n  beam l o s s  along t h e  acce le r -  
a t o r .  The major emphasis i s  placed on t h e  type of 
i n s t a b i l i t y  which i s  caused by cumulat ive i n t e r -  
ac t i on  of t h e  beam with a mul t i sec t i on  acce le ra to r ,  
as d is t inguished from t h e  e f f e c t  observed i n  shor t  
h igh-current acce le ra to rs  where t h e  i n s t a b i l i t y  i s  
due t o  l o c a l  regenerat ive i n t e r a c t i o n .  The mani- 
f e s t a t i o n s  of t h e  e f f e c t  a r e  f i r s t  descr ibed and 
phys ica l  models a r e  proposed. The p roper t i es  of 
t h e  HEM11 mode which i s  responsib le  f o r  t h e  i ns ta -  
b i l i t y  a r e  discussed i n  d e t a i l .  Following, a 
shor t  summary of t h e  Panofsky theory is presented 
t o  i l l u s t r a t e  var ious sca l i ng  l a w s  which have been 
v e r i f i e d  exper imental ly on t h e  SUC acce le ra to r .  
Measured r e s u l t s  a r e  a l s o  compared with a d e t a i l e d  
computer study made by R.  Helm and agreement i s  
genera l ly  found t o  be very good. A f te r  t h e  d i s -  
cussion of beam break-up gain,  a few conjectures 
a r e  presented on t h e  poss ib le  s t a r t i n g  mechanisms 
of t h e  e f f e c t .  I n  conclusion, t h e  program pres- 
e n t l y  underway at  SLAC t o  increase t h e  current  
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threshold of t h e  i n s t a b i l i t y  i s  ou t l i ned  and e a r l y  
r e s u l t s  of t h i s  program a r e  presented. 
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During t h e  past  year,  t h e r e  has been a con- 
s ide rab le  upsurge of i n t e r e s t  i n  t h e  problem of 
e lec t ron  l i n a c  i n s t a b i l i t i e s .  While manifesta- 
t i o n s  of t h e  phenomenon known a l t e r n a t i v e l y  as 
beam break-up, beam blow-up or pulse shortening, 
had been observed1 as e a r l y  as 1957 i n  var ious 
shor t  commercially b u i l t  l i nacs ,  t h e  problem has 
now generated concern throughout t h e  f i e l d  because 
it appears t h a t  t h e  e n t i r e  new generat ion of long 
and high a u t y  cycle l i n e a r  acce le ra to rs  i s  af- 
f ec ted  by some form of i n s t a b i l i t y .  This f a c t ,  
which became p a r t i c u l a r l y  evident at t h e  1966 
Linear Accelerator Conference held at  Los Alamos 
last October, i s  i l l u s t r a t e d  i n  Table I .  This 
t a b l e ,  whi le perhaps incomplete, a t tempts t o  sum- 
marize t h e  var ious types of i n s t a b i l i t i e s ,  t h e i r  
threuholds,  t h e  categor ies of machines which a r e  
a f fec ted  and t h e  respect ive t h e o r i e s  and remedies 
which have been proposed. P r i o r  t o  1966, with t h e  
exception of t h e  Kharkov and Desy l i nacs ,  only t h e  

Table I 

Mode 

lransverse 

lef l e c t  ing 

Hmll 

A. Sess le r  Unknown I P. Morton 
Coupling wi th  r e s i s -  Severa l  Not ye t  

t i v e  w a l l  l -  Amperes b u i l t  

* 
Work supported by t h e  U.S. Atomic Energy Commission 

SLAC-PUB-0289



IEEE TRANSACTIONS ON NUCLEAR SCIENCE, JUNE 1967 

regenerat ive type of beam break-up had been c l e a r l y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
' recognized. I n  t h i s  respect ,  it can be s t a t e d  t h a t  

t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASLAC acce le ra to r  where t h e  mu l t i sec t i on  type of 
break-up was i d e n t i f i e d  s h o r t l y  a f t e r  turn-on 
(Apr i l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1966), has served as t h e  longest  guinea-pig 
i n  t h e  world. 
(Saclay),  LASL and superconducting machines w i l l  no 
doubt p r o f i t  from t h i s  experience even though t h e  
appl icable theo r ies  and remedies may not be en- 

Accelerators  such as t h e  MIT, ALS 

t i r e l y  t h e  same. The r e s i s t i v e  w a l i  i n s t a b i l i t y  
which should not plague any of t h e  e x i s t i n g  or 
planned l i nacs ,  is mentioned here f o r  completeness 
because it w i l l  probably c o n s t i t u t e  t h e  next stum- 
b l i ng  block i f  t h e  present  t ransve rse  mode 
thresholds can be superseded. 

While t h e  t i t l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof t h i s  paper would c l e a r l y  
requi re  t h a t  a l l  t h e  above i n s t a b i l i t i e s  be d i s -  
cussed here, both t h e  l a c k  of space and t h e  present  
incompleteness of knowledge make such a t a s k  i m -  
psss ib le .  For t h i s  reason, a f t e r  a b r i e f  compari- 
sm of t h e  regenerat ive and t h e  cumulative i ns ta -  
b i l i t i e s ,  t h i s  repo r t  w i l l  be devoted almost ex- 
c lus i ve l y  t o  t h e  SLAC type of beam break-up. 
Furthermore, because of t h e  d i f f i c u l t y  i n  summa- 
r i z i n g  t h e  e x i s t i n g  a n a l y t i c  and computer 
theor ies172,3,4,  t h i s  paper w i l l  l ean  heavi ly  on 
phys ica l  models and experimental evidence. 
necessary, use w i l l  be made of  t h e  Panofsky theory 
even though, admittedly, it does. not t ake  d e t a i l e d  
account of a l l  t h e  phys ica l  f a c t s  such as t h e  in-  
t e r a c t i o n  mechanism and lumped quadrupole focusing. 
I n  tu rn ,  f o r  a more exact comparison between theory 
and experiment, use w i l l  be m a d e  of t h e  r e s u l t s  of 
t h e  Helm computer s tud ies .  

Where 

To guide t h e  reader,  t h e  main paragraphs of 
t h i s  repo r t  a r e  l i s t e d  below: 

- Physical  mani festat ion of beam break-up 

- Models f o r  regenerat ive and cumulative 
break- up 

- Charac te r i s t i cs  o f  t he  HEM11 mode i n  t h e  
SLAC disk-loaded waveguide 

- Theory vs experiments on mult isect ion beam 
break-up gain 

- Discussion of noise sources 

- Remedies and expectat ions 

Physical  Manifestat ion of Beam Break-Up 

While t h e  mechanism of beam break-up may vary 
from one acce le ra to r  t o  another,  t h e  bas i c  phys ica l  
manifestat ion of t h e  phenomenon as shown i n  Fig.  l a  
is  t h e  same f o r  a l l .  A s  seen from t h e  t h r e e  video 
pulses,  t h e  i n jec ted  beam pulse length,  shown here 
t 3  be 1 . 5  Dsec for t h e  top  pulse,  i s  shortened 
e r r a t i c a l l y  when t h e  beam current  i s  increased 
above a c e r t a i n  value. The shortening becomes 
more pronounced as t h e  current  from t h e  i n j e c t o r  
is increased. I n  t h e  case of a mult i -sect ion 
acce le ra to r ,  t h i s  pa t te rn  of pulses can be observed 
at  any loca t i on  along t h e  acce le ra to r  and t h e  onset 

of beam break-up is determined by t h e  beam cu r ren t  
t ransmi t ted through t h a t  po in t .  Under such con- 
d i t i o n s ,  t h e  beam p r o f i l e s  along t h e  SLAC acce le r -  
a t o r  appear as shown i n  F ig .  lb. The o rd ina tes  of 
t h e  do ts  represent  t h e  amount of chelge t r a n s -  
mi t ted pas t  t h e  end of each of t h e  t h i r t y  acce le r -  
a t o r  s e c t o r s .  I n  t h e  lower t r a c e  (17 m A ) ,  t h e  
beam current  from t h e  i n j e c t o r  is at a l e v e l  below 
t h e  break-up threshold f o r  t h i s  p a r t i c u l a r  set of 
energy, pulse l eng th  and focusing condi t ions and 
no current  i s  l o s t  along t h e  acce le ra to r .  I n  t h e  
upper t r a c e  (52 mA), t h e  i n j e c t e d  current  has been 
increased t o  a l e v e l  far above t h e  break-up 
th resho ld .  A s  can be seen, t h e  current  t r a n s -  
mi t ted pas t  Sec tb r  8 becomes e r r a t i c  and an  i n -  
creas ing ly  l a r g e  f r a c t i o n  of t h e  e lec t ron  bunches 
i s  l o s t  t o  t h e  acce le ra to r  and co l l imator  w a l l s .  
Those bunches which get  beyond Sector  8 correspond 
t o  increas ing ly  e a r l i e r  p a r t s  of t h e  i n jec ted  
pulse.  

Models for Regenerative and Cumulative Break-Up 

A s  s t a t e d  above, beam break-up was f i rst d is -  
covered i n  sho r t  h igh current  acce le ra to rs .  A f te r  
a per iod of bewilderment, workers i n  t h e  f i e ld5 -9 ,  
both i n  England and i n  t h e  U.S.A., began t o  recog- 
n i ze  t h e  s i m i l a r i t y  of t,he phenomenon with back- 
ward-wave o s c i l l a t i o n s  observed and generated i n  
microwave tubes.  
disk- loaded acce le ra to r  s t r u c t u r e  showed t h a t ,  
above t h e  TMol acce le ra t i ng  mode, t h e r e  are indeed 
many o the r  propagat ing modes, some of which ex- 
h i b i t  t r ansve rse  de f l ec t i ng  p roper t i es .  The f i rs t  
one is "TM11-like" and w i l l  h e r e a f t e r  be c a l l e d  
HEN11 because of i ts  mixed "E" and "H" nature.  
I ts frequency, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw-B diagram, Q and i n t e r a c t i o n  i m -  
pedance d i f f e r  from one a c c e l e r a t o r  s t r u c t u r e  t o  
another  but i t s  frequency r a t i o  t o  t h e  fundamental 
acce le ra to r  frequency is roughly constant and i n  
t h e  neighborhood of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 /2 .  The long i tud ina l  e lec -  
t r i c  f i e l d  i s  zero and changes s ign on t h e  a x i s .  
Now t h a t  many microwave experiments have been 
c a r r i e d  o u t l l ,  it appears t h a t  a jud ic ious design 
of t h e  s t r u c t u r e  can minimize i t s  i n te rac t i on  
p roper t i es  wi th t h e  beam. 
these  p roper t i es  w i l l  appear i n  t h e  next paragraph. 

Both t h e  regenerat ive and cumulative t ypes  of 

Careful i nves t i ga t i ons lo  of t h e  

Fur ther  d iscuss ion of 

beam Ch.eak-up a r e  caused by i n t e r a c t i o n  w i th  t h e  
HEMll-mode. Both i n s t a b i l i t i e s  start  from noise 
which cons is t s  of or r e s u l t s  i n  a small t r ansve rse  
modulation of t h e  e lec t ron  bunches a t  t h e  break-up 
frequency. However, t h e  growth mechanisms a r e  
d i f f e r e n t .  Regenerative break-up occurs i n  one 
sec t i on .  I ts mechanism is i l l u s t r a t e d  i n  Fig.  2a. 
It requi res a negat ive group ve loc i t y  s t r u c t u r e  
f o r  o s c i l l a t i o n  build-up. 
generated HEM11 wave t r a v e l i n g  wi th  a phase 
v e l o c i t y  i n  t h e  same d i r e c t i o n  as t h e  e lec t rons  
but s l i g h t l y  slower than them so t h a t  they s l i p  
ahead by 180" i n  t h e i r  travel along t h e  acce le r -  
a t o r  sec t i on .  I n  t h e  f i r s t  h a l f ,  t h e  phase of 
t h e  wave i s  such t h a t  t h e  fo rce  on t h e  e l e c t r o n  
bunches i s  s t rong ly  de f l ec t i ng .  Depending on 
t h e i r  phase and t h e  plane of po la r i za t i on  of t h e  
wave, they a r e  de f l ec ted  t o  e i t h e r  one s i d e  or t h e  

Consider a noise- 
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o the r  i n  t h a t  p lane. A s  t hey  ge t  def lected,  they 
a l s o  s l i p  ahead i n  phase and i n  t h e  second ha l f  of 
t h e  sect ion,  t hey  f i n d  themselves i n  a longi tud i -  
n a l l y  dece le ra t i ng  f i e l d  t o  which they  give up 
energy. Because of t h e  backward-wave character-  
i s t i c  of t h e  mode, t h i s  energy t r a v e l s  back up- 
stream where it re in fo rces  t h e  o r i g i n a l  de f l ec t i ng  
f i e l d .  Above a c e r t a i n  s t a r t i n g  current  and pulse 
length,  t h e  process becomes regenerat ive12 and 
b3th t h e  f i e l d  and t h e  d e f l e c t i o n  grow exponen- 
t i a l l y .  A s  a r e s u l t ,  t h e  beam i s  l o s t .  

I n  con t ras t ,  t h e  cumulative, mul t isect ion 
type of break-up i s  i l l u s t r a t e d  i n  Fig.  2b. Here, 
because of t h e  same small. i n i t i a l  t ransverse 
modulation of t h e  e lec t ron  bunches o r  i n i t i a l  
cav i t y  exc i ta t i on ,  t h e  e a r l y  acce le ra to r  sec t i ons  
undergo ind iv idual  o s c i l l a t i o n s  at  some KFs.I11 
resonant frequency. As a r e s u l t ,  t h e  next e l e c t r o n  
bunches which see t h i s  f i e l d  receive an add i t i ona l  
amount of t ransve rse  momentum which over a given 
d i s tance  t r a n s l a t e s  i tsel f  i n t o  displacement modu- 
l a t i o n .  !I'his modulation f u r t h e r  exc i tes  t h e  
resonant f i e l d s  i n  t h e  downstream c a v i t i e s  and 
these,  i n  turn,  d e f l e c t  t h e  bunches even more u n t i l  
f i n a l l y  t hey  scrape t h e  a c c e l e r a t o r  walls. 
t h e  i s o l a t e d  resonances w i th in  ind iv idual  sec t i ons  
are due t o  mul t ip le  r e f l e c t i o n s ,  t h e  waves need 
n s t  be of t h e  backward type. The mechanism i s  
i l l u s t r a t e d  i n  g r e a t e r  d e t a i l  i n  F ig .  3 where, f o r  
s imp l i c i t y ,  each acce le ra to r  sec t i on  i s  lumped 
i n t o  a s ing le  cav i t y  and snapshots of t h e  e l e c t r i c  
f i e l d  a r e  taken at t h e  time of passage of t h e  
bunches. The t ransve rse  arrows ind i ca te  t h e  magni- 
t ude  of t h e  corresponding t ransve rse  momentum i m -  
pulse.  The h i s t o r y  of a f i n i t e  number of bunches 
i s  followed dur ing t h e i r  passage through 3 c a v i t i e s  
wi th  t h e  ensuing resonant f i e l d  build-up. It 
should be not iced t h a t  ind iv idual  bunches can be 
at any phase wi th  respect  t o  t h e  f i e l d .  Independ- 
e n t l y  of t h e  i r . i t ial  phase, t h e  asymptotic phase 
f3r maximum bui ld-up is 45", such t h a t  t h e  bunches 
a r e  half-way between t h e  phase of maximum momentum 
t r a n s f e r  and maximum f i e l d  exc i ta t i on .  Within 
each beam pulse,  t h e  e f f e c t  i s  coherent and cmu-  
l a t i v e  as a funct ion of l eng th  and t i m e .  
acce le ra to r  cu r ren t  i s  increased, break-up at  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASLAC 
appears f i r s t  i n  t h e  v e r t i c a l  d i r e c t i o n  because 
t h e  Q of t h e  mode i s  s l i g h t l y  higher i n  t h e  plane 
perpendicular t o  t h e  couplers.  A t  higher cu r ren t ,  
h2wever, t h e  o r ien ta t i on  of t h e  break-up plane 
becomes i s o t r o p i c  and random from pulse t o  pu lse.  

Since 

A s  t h e  

Charac te r i s t i cs  of t h e  WE5111 Mode 

i n  t h e  SLAC Disk-Loaded Waveguide 

A s  discussed above, t h e  frequency a t  which 
t h e  HEM11 mode g e t s  exc i ted  i n  t h e  regenerat ive 
case, i s  approximately such t h a t  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"n" phase s l i p -  
page takes  p lace between t h e  wave and the  e lec t ron  
bunches over t h e  sec t i on  I n  t h e  mul t i -  
sec t i on  cumulative case, t h e  frequency depends on 
whatever resonances t h e  beam can set up i n  t h e  
s t ruc tu re .  The c h a r a c t e r i s t i c s  of t h e  SL4C con- 
s tant -gradient  s t r u c t u r e  have been extens ive ly  
d iscussed e l ~ e w h e r e ' 3 , ~ ~  and only t h e  e s s e n t i a l  
p roper t i es  re levant  t o  these  resonances w i l l  be 

reviewed here.  The acce le ra to r  mode i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof t h e  
TMol type with 2n/3 phase s h i f t  p e r  cav i t y  at  
2856 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMHz. 
t h a t ,  over each ten- foot  sec t i on  cons is t i ng  of 
86 c a v i t i e s  of decreasing cross-sect ion from input  
t o  output,  t h e  group ve loc i t y  decreases l i n e a r l y  
i n  t h e  range 0.0204 > vg/c > 0.0061. Because of 
t hese  tapered dimensions, f o r  any frequency o the r  
than 2856 MHz, t h e  phase s h i f t  p e r  sec t i on  changes 
from cav i t y  t o  cav i ty .  
s p e c i f i c  c a v i t i e s  can be obtained wi th  equiva lent  
cav i t y  s tacks.  
mode i n  c a v i t i e s  a t  t h r e e  d i f f e r e n t  l oca t i ons  are 
shown i n  F ig .  4. 

The constant-gradient design i s  such 

Br i l l ou in  diagrams f o r  

Experimental data for t h e  HFM11 

The f i rst resonant frequency at  which beam 
break-up has been observed at t h e  present  oper- 
a t i n g  currents  (< 100 mA) i s  4139.6 MHz, roughly 
4140 MHz. Sincp t h e  e lec t rons  a r e  bunched at 
2856 MHz, t h e  growing sine-wave represent ing t h e  
envelope of t h e i r  displacement appears not only 
a t  4140 MHz but a l s o  at t h e  d i f f e rence  frequency, 
4140 - 2856 = 1284 MHz. It a l s o  appears at  t h e  
d i f f e rence  between t h e  t h i r d  harmonic of 2856 
minus 4140, namely 4428 MHz and at  4428 - 2856 
= 1572 MHz ( e t c .  .. .) .  Hence, whi le t h e  bas i c  
microwave in te rac t i on  takes  p lace only a t  4140MHz, 
t h e  other  f requencies are always present  on t h e  
beam. They can be detected by means of microwave 
probes and can a l s o  be used t o  p r e c i p i t a t e  o r  
sharpen t h e  break-up by a r t i f i c i a l l y  s t imulat ing 
t h e  beam at  t h e  beginning of t h e  machine w i th  a n  
ex te rna l  source. The mechanism by which t h e  f i rst 
and higher resonances can be exc i ted  i s  understood 
by f u r t h e r  examining Fig.  4 .  A t  4139.6 MHz, t h e  
phase s h i f t  of t h e  f i r s t  cav i t y  beyond t h e  coupler  
i s  0.76571. 
gresses along t h e  guide, t h e  phase s h i f t  p e r  
cav i t y  reaches zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx and then becomes cu t -o f f .  It has 
been found, both t h e o r e t i c a l l y  and exper imental ly,  
t h a t  t h e  lowest resonance occurs when t h e  phase 
s h i f t  through t h e  f i rst 8 t o  10 c a v i t i e s  adds up 
t o  a mult ip le  of n. Fig.  5 shows t h a t  t h e r e  is 
excel lent  agreement f o r  t h e  f i r s t  t h r e e  resonances 
between t h e  computer ca l cu la t i ons  c a r r i e d  out by 
Helm1 (Fig.  5b) and t h e  VSWR measured at t h e  input  
of t h e  s t r u c t u r e  (Fig. 5a ) .  The amplitude f o r  t h e  
f i rs t  mode has a l s o  been measured by means of a 
bead per turbat ion t e s t  and again,  good agreement 
has been found. The phase angle i s  p l o t t e d  f o r  
t h e  wave with respect  t o  a r e l a t i v i s t i c  beam. The 
f a c t  t h a t  it i s  not zero can be understood s ince  
i n  F ig .  4, t h e  crossover of t h e  vp = c l i n e  al lows 
only quasi-.synchronism. 

A s  t h e  wave at t h i s  frequency pro- 

Another c h a r a c t e r i s t i c  of t h e  s t r u c t u r e  i s  
t h a t  break-up for low cu r ren ts  (-25 m a )  and long 
pulses (1.6 psec) occurs only i n  t h e  v e r t i c a l  
p lane, perpendicular t o  t h e  plane of t h e  couplers .  
It i s  only after increas ing t h e  beam current  above 
t h e  v e r t i c a l  threshold i n  a r a t i o  of approximately 
3 t o  2 t h a t  t h e  break-up plane for a 1.6 p e c  pulse 
becomes random. This f a c t  can be understood 
because t h e  Q i s  higher i n  t h e  v e r t i c a l  d i r e c t i o n  
where no coupler leakage occurs. It appears t h a t  
t h e  value of Q0 i s  of t h e  order of 8000 ana t h a t  
QL , t h e  loaded Q i n  t h e  hor izonta l  plane, i s  
roughly two-thirds of t h i s  value. The one-way 
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t r a v e l  t ime of t h e  resonant wave i s  of t h e  order  
of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50 nanosec. Hence, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor very sh,ort high current  
i n j e c t o r  pu lses,  t h e  beam s t i l l  breaks up i n  one 
plane but s ince t h e r e  i s  no t ime f o r  resonant 
build-up, t h e  o r ien ta t i on  of t h e  plane becomes 
random from pulse t o  pu lse.  It i s  a l s o  probable 
t h a t  t h e r e  i s  a s l i g h t  d i f f e rence  between t h e  
ho r i zon ta l  and v e r t i c a l  xesonant f requencies.  For 
t h i s  reason, t h e  VSWR minima i n  F ig .  Sa exh ib i t  
double k inks.  A s  t o  t h e  shunt impedance which 
w i l l  be d iscussed i n  t h e  next paragraph, it 
appears t o  be c lose  t o  12.5 MQ/meter. 

Theory vs  Experiments on 

Mul t isect ion Beam Break-Up Gain 

There a r e  present ly  two t h e o r e t i c a l  ap- 
proaches t o  t h e  mul t isect ion beam break-up prob- 
lem. 
asymptotic so lu t i ons  for c e r t a i n  cases. However, 
it assumes only one resonant mode, it i s  based on 

One i s  a n a l y t i c 2 ~ 3  and can y i e l d  c losed 

a s imp l i f i ed  model where each acce le ra to r  sec t i on  
is lumped i n  a s ing le  cav i t y  and it can only take  
i n t o  account focusing i f  t h e  focusing fo rce  is 
spread out along z ( r a t h e r  than being lumped as i s  
t h e  case with r e a l  quadrupole ?rises). The other  
uses a comouter c a l c u l a t i o n l J l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
t a t i o n  of t h e  acce le ra to r  i s  much more exact s ince  
a coupled cav i t y  model can be used and lumped 
focusing can be handled by means of t h e  usual  
beam t ranspor t  program. I n  addi t ion,  t h e s e  calcu- 
l a t i o n s  have t h e  v i r t u e  t h a t  t h e  i n i t i a l  condi- 
t i o n s  can be e a s i l y  modified and t h e i r  e f f e c t  
t e s t e d .  The purpose of t h i s  sec t i on  i s  t o  show 
t h e  genera l  dependence of t h e  rat,e of growth on 
such va r iab les  as t ime ( t ) ,  d i s tance  ( z ) ,  current  
(i), energy gradient  ( y zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI )  and be ta t ron  wavelength zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( h  ) and t o  compare some of t h e  t h e o r e t i c a l  re-  
su!ts and computer ca l cu la t i ons  wi th exper imental  
r e s u l t s .  

Here, t h e  represen- 

The Panofsky theoy? i s  ou t l i ned  i n  Table 11. 
A so lu t i on  of equat ion ( 4 )  i n  terms of s p e c i f i c  

Table I1 

Summary of Panofsky Theory 

Transverse impulse received 
by e lec t ron  passing through 
i n t e r a c t i o n  region 

Ap, = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGIbEz w ZT dz 

Equation of motion 

Cavi ty f i e l d  equation 

Coupled equat ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
U J  --- 

Momentum Magnetic Transverse 
Change Focusing Impulse 

Loss Beam Coupling 

(3 )  

(4) 

z / 3  2 

w 1  
Asymptotic so lu t i on  without 
focusing ( k  = 0 )  and phase t - l og  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2- 
v a r i a t i o n  YO 

x = xo exp 11.64 (C Io t)1/3( 
1/2) - 

Def in i t ions:  
F o e 2  = e lec t ron  energy 

w = frequency zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
x = t ransverse e lec t ron  coordinate L = d is tance  between i n t e r a c t i o n  regions 

I = beam current  

kB = r;- = be ta t ron  propagation constant O zn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
B 

Q = cav i t y  loss f a c t o r  

c = v e l o c i t y  of l i g h t  

c = + - -  c r t 4  &I2 
where r = t r ansve rse  shunt 

L& 2c impedance 
m c  

0 

5 = e f f e c t i v e  i n t e r a c t i o n  
l eng th  
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s t a r t i n g  condi t ions cannot be obtained i n  c losed 
a n a l y t i c  form. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANor has it been obtained so far  
f o r  t h e  case of medium o r  s t rong focusing which 
app l i es  under most operat ing condi t ions.  
3 ther  hand, it is possib le  t o  evaluate t h e  funct ion 
x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 2 ,  t )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, f i r s t  by assuming an ad iaba t i c  v a r i a t i o n  
3f 7 wi th  z (WKB approximation) t o  ge t  a genera l  
so lu t i on  of ( 4 )  and then by generat ing an asymp- 
t o t i c  so lu t i on  by t h e  method of s teepes t  descent.  
This asymptotic so lu t i on  i s  given i?l ( 5 ) .  
term xo which represents  t h e  i n i t i a l  condi t ions 
w i l l  be discussed i n  t h e  next sec t i on .  The f i r s t  
term i n  t h e  exponent is dominant and f o r  most prac- 
t i c a l  cases i s  of t h e  order  of 20. The second i s  

On t h e  

The 

computed or measured exper imental ly from f i g u r e s  
such as Fig.  7. A reasonable approximation can a l -  
s o  be obtained from t h e  expression 

1 s  
COS k S = 1 - - - B 2 f  

where f i s  t h e  f o c a l  length of t h e  quadrupole 
doublets.  Empir ical ly,  it has been found t h a t  t h i s  
r e l a t i o n  can be wr i t t en  approximately as 

t h e  decay term and i t s  magnitude f o r  a t y p i c a l  
SLAC pulse l eng t  (1 .5  ksec)  is  of t h e  order  of 2 .  

term and a f o u r t h  term of t h e  The l o g  [7/70]-174 
form 

where A i  i s  t h e  quadrupole current  increment pe r  
s e c t o r  i n  amperes and E, is t h e  energy increment 
pe r  s e c t o r  i n  MeV. 

which has been le f t  out for s impl ic i ty ,  vary slowly 
wi th t h e  parameters of i n t e r e s t .  This can be seen 
s ince  they  appear i n  t h e  form e l W [  1 and t h e  p a r t s  
i n  brackets  simply a c t  as m u l t i p l i e r s  of xo . Scal-  
i ng  laws on beam break-up gain can now be deduced 
fo r  var ious cases: 

a )  
t h e  i n t e g r a l  i n  t h e  f i r s t  term i n  t h e  exponent ia l  
can be evaluated. The beam zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwill start  t o  scrape 
t h e  w a l l s  ( I . D .  = 1.7  cm) when 

For constant acce le ra t i on  ( 7  = y ’z  , z >> zo) , 

(7) 

This impl ies t h a t  t o  t h e  extent  t h a t  t h e  other  
terms and focusing can be neglected, t h e  t rans -  
mi t ted charge Iot i s  roughly conserved, and t h e  
p l o t s  of Io vs 1/z and 7 ’  a r e  s t r a i g h t  l i n e s .  
These r e s u l t s  have been verified’’ and two examples 
are shown i n  F igs.  6a and 6b. 

b )  
and coast ing from t h e r e  t o  22 , t h e  exponent 
becomes 

For acce le ra t i on  up t o  71 = y’zl (zl >> zo) 

1 . 6 4 ( w  (zl + z2) 2)”3 - 20. 
71. 

A number of experiments f o r  t h i s  case have a l s o  
been c a r r i e d  out wi th  only fa i r  agreement. 

I n  t h e  presence of medium o r  st rong focusing, 
t h e  above sca l i ng  laws break down and one must 
r e s o r t  t o  t h e  computer programs. Experimental 
d a t a  can be taken and presented i n  a va r ie t y  of 
ways. For  example, it i s  possib le  t o  measure t h e  
beam break-up current  a t  a given z and t while 
varying t h e  energy gradient  and t h e  quadrupole 
cu r ren t .  
t i o n  of  be ta t ron  phase sh i f t  
l eng th  S . The betat ron wavelength can be 

The data can then be p lo t ted  as a func- 
k p  per  sec to r  of 

Fig.  8 i s  a p l o t  of beam break-up cu r ren ts  as 
a funct ion of kgS a t  Secicor 19. 
agreement wi th  t h e  computer ca l cu la t i on  i s  excel-  
l e n t .  The f a c t  t h a t  t h e  graphs a r e  ve ry  c lose  t o  
s t r a i g h t  l i n e s  f o r  k S < 0 . 4 ~  suggests t h a t  a 
reasonable f i t  f o r  t8e Panofsky so lu t i on  (Eq. 5)  
extended t o  t h e  case of medium o r  st rong focusing 
and constant 7 ’  , could be of  t h e  form 

It i s  seen t h a t  t h e  

(.%J )I!I = constant . 
I n  a l l  t h e s e  examples, it should be not iced 

t h a t  t h e  term C contains r t / Q  which i s  simply 
a funct ion of cav i t y  geometry, independent of t h e  
l osses .  

Discussion of Noise Sources 

The term xo i n  equat ion (5)  has not been d i s -  
cussed so  far. It represents  t h e  input  t o  t h e  
mu l t i sec t i on  amp l i f i e r  and depends on t h e  s t a r t i n g  
condi t ions.  A s  t h i s  paper is being wr i t t en ,  t h e r e  
seem t o  be f ive competing contenders as noise 
sources a t  t h e  beginning of t h e  acce le ra to r .  They 
are i l l u s t r a t e d  i n  somewhat s imp l i f i ed  form i n  
Fig.  9 .  A s  w i l l  be seen below on t h e  b a s i s  of 
theory,  at  least f o u r  of them appear t o  be of ap- 
proximately t h e  same order  of magnitude. Experi- 
ments a r e  being conducted t o  d iscover  i f  one of 
them i s  dominant. Whether t h i s  i s  t h e  case or  not, 
it should be pointed out t h a t  it would take  a s ig -  
n i f i c a n t  reduct ion i n  noise power before t h e  e f f e c t  
on t h e  current  threshold could become not iceable.  

Hence, l e t t i n g  t h e  dominant term i n  t h e  expo- 
n e n t i a l  of equat ian (5) be c a l l e d  F, it can be 
shown t h a t  a reduct ion i n  no ise power R i n  dB cor-  
responds t o  a r e l a t i v e  increase i n  beam break-up 
threshold 
T=(l+A) 3 

Thus, for example, l e t t i n g  R - 20 dB and F - 20, it 
i s  seen t h a t  T = 1.39, giv ing l e s s  than  4% i m -  
prmement. W e  s h a l l  now d i scuss  b r i e f l y  t h e  na tu re  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of each of t h e ’ n o i s e  sources, by r e f e r r i n g  t o  
F ig .  9. 
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Shock Exc i ta t i on  

While expression (5 )  is pure ly  asymptotic, it 
has been poss ib le  t o  obta in  a so lu t i on  by i t e r -  
a t i on l5 ,  assuming an i n i t i a l  8- funct ion impulse a t  
i n s t a n t  T, i . e .  x ( z  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAzo, t )  = 6( t -T )  . 
computer s tud ies ,  Helm and Herrmannsfeldtlt have 
a l s o  s tud ied t h e  e f f e c t  of var ious s t a r t i n g  condi- 
t i o n s .  For example, t hey  have found t h a t  once t h e  
cav i t y  f i e l d  conf igurat ion i s  assumed, it i s  enough 
t o  l e t  t h e  bunched beam be in jec ted  s l i g h t l y  o f f  
axis t o  get  t h e  build-up mechanism s t a r t e d .  Speci- 
f i c a l l y ,  they have found t h a t  i f  t h e  beam is o f f s e t  
by 1 mm and has a r i s e  t i m e  of seve ra l  nanaieconds, 
t h e  e x c i t a t i o n  i s  equivalent t o  an  i n i t i a l  modula- 
t i o n  i n  x of t h e  order  of 10-7 cm. With e- fo ld ings 
corresponding t o  -107 as have been assumed above 
and a l im i t i ng  aper ture rad ius of t h e  order  of 1 cm, 
t h i s  i n i t i a l  modulation would be s u f f i c i e n t .  Ex- 
per imental ly,  seve ra l  conclusions would have t o  be 
drawn from t h i s  r e s u l t .  One is  t h a t  t h e  beam 
break-up threshold should be q u i t e  sens i t i ve  t o  
misalignment or mis-steer ing i n  t h e  beginning of 
t h e  acce le ra to r .  While t h i s  f a c t  has been ob- 
served, it has been d i f f i c u l t  t o  measure it. I n  
any case, t h e  e f f e c t  does not appear t o  be very 
s t rong.  The second i s  t h a t  t h e  threshold shoulr? be 
s t rongly  dependent on gun pulse shape. Hence, 
i n t u i t i v e l y ,  a slowly r i s i n g  ramp pulse should 
y i e l d  a higher  threshold than  a square pulse con- 
t a i n i n g  t h e  same t o t a l  charge. Experiments of t h i s  
type have been c a r r i e d  out but ,  again,  perhaps 
because of t h e  d i f f i c u l t i e s  i n  obtaining c lear-cut  
pu lse shapes f o r  comparison, t h e  r e s u l t s  have not 
been conclusive.  
is t h a t  i f  xo is l i n e a r  wi th Io , 
equivalent noise power must be quadrat ic  wi th 
cu r ren t .  A s  w i l l  be shown i n  t h e  next paragraph, 
it i s  not c l e a r  t h a t  t h i s  i s  t h e  case. 

I t h e i r  

A t h i r d  consequence of t h i s  model 
t h e  i n i t i a l  

Shot Noise 

There a r e  two ways i n  which shot noise from 
t h e  gun can couple t o  t h e  HE?dll mode. 
the beam centered on a x i s  but containing t ransve rse  
modulation at t h e  HEM11 frequency. The other,  
similar t o  shock exc i ta t i on ,  i s  through longi tud i -  
n a l  modulation at t h e  KFMll frequency with t h e  beam 
l i n e  s l i g h t l y  o f f  axis. The lat ter  example had t o  
be shown i n  Fig.  9 i n  an oversimplified. way 
(one small bunch between two l a r g e  ones) s ince it 
would have taken a l a r g e r  number of bunches and 
many d o t s  of d i f f e r e n t  s i z e s  t o  show modulation at  
4140 MHz. 

One i s  with 

Using t h e  usual  formulas f o r  temperature 
l im i ted  shot no ise power i 
two e f f e c t s  can be lumpedlg i n  t h e  expression 

a bandwidth f/Q, t h e s e  

where f i s  t h e  break-up frequency and r is t h e  
rad ius  of t h e  beam whose cen te r  of charge i s  o f f -  
s e t  by 6 .  Taking an equivalent lumped value f o r  
t h e  bracket of ( mm)2, it i s  seen t h a t  xo i s  of 
t h e  order  of lo-' cm, i n  s t rong competit ion wi th 
t h e  shock exc i ta t i on  discussed above. Several  con- 

c lus ions can be drawn from t h i s  r e s u l t .  One i s  
t h a t  t h e  break-up threshold should change as t h e  
gun goes from temperature t o  space charge l im i ted  
operat ion.  Severa l  experiments were c a r r i e d  out 
and indeed t h e  break-up threshold was found t o  be in-  
creased by about 12% from t h e  temperature t o  t h e  
space charge l im i ted  case. Unfortunately,  under 
normal condi t ions,  t h e  gun i s  al ready operat ing 
under space charge l im i ted  condi t ions and no f u r -  
t h e r  improvement seems e a s i l y  obta inable.  

The o the r  conclusion is t h a t  t h e  noise power 
must be l i n e a r  wi th  i n j e c t e d  current  (as opposed 
t o  quadrat ic  f o r  shock no ise ) .  To t e s t  t h i s  idea, 
t h e  fo l lowing experimsnt w a s  devised. 
40 f t .  point ,  downstream of t h e  i n j e c t o r ,  power Po 
a t  4143 MHz was i n j e c t e d  i n t o  an  i n - l i n e  C-band 
cav i t y  ( f o r  more details on t h i s  equipment, see 
Ref. 11). 
downstream, beam induced power '5 was ex t rac ted  
from a similar cav i t y .  I n  t h e  absence of any ex- 
t e r n a l  exc i ta t i on ,  t h i s  induced power P5 was 
measured f o r  a given beam current .  Then, t h e  in-  
j ec ted  p m e r  Po was increased u n t i l  P 
doubled. This measurement was repeated over a 
range of b.eam cu r ren ts .  Although t h e  experiment 
w a s  d i f f i c u l t  t o  perform and t h e  d a t a  may be i n  
e r r o r  by as much as 5% because of t h e  inherent  
i n s t a b i l i t y  of t h e  induced pulse,  t h a t  f r a c t i o n  of 
i n jec ted  power Po which a c t u a l l y  a c t s  on t h e  
bunches must be of t h e  same order  of magnitude as 
t h e  n a t u r a l  no ise power c a r r i e d  by t h e  beam. 
a relative, normalized measure of noise power can 
be i n fe r red .  The r e s u l t s  a r e  p l o t t e d  i n  F ig .  10. 
Disregarding t h e  unce r ta in t i es  i n  t h e  da ta ,  it 
appears t h a t  t h e  noise power i s  l i n e a r  wi th  current  
r a t h e r  than  quadrat ic .  

A t  t h e  

A t  t h e  end of Sector  5, roughly 1600 f t .  

was roughly 5 

Hence, 

F ina l l y ,  another  observat ion should be men- 
t i oned .  Referr ing back t o  F ig .  3, it can be seen 
t h a t  s ince  t h e  HEM11 frequency (4140 MHz) i s  c lose 
t o  t h e  3/2 frequency (4284 MHZ) of t h e  acce le ra to r  
bunch frequency (2856 MHz), every t i m e  a bunch 
goes through t h e  middle of a cavi ty ,  t h e  f i e l d  has 
reversed i t s e l f  by almost 180" ( a c t u a l l y  - 162").  
It t akes  roughly twenty bunches t o  r e t u r n  t o  t h e  
i n i t i a l  f i e l d  condi t ion.  If now t h e  beam is longi -  
t u d i n a l l y  modulated i n  such a way t h a t  it conta ins 
frequency harmonics which i n t e r a c t  wi th t h e  r ing ing 
frequency of t h e  cav i ty ,  t h e  threshold may be de- 
creased.  
wi th  t h e  a i d  of an rf sweeper i n s t a l l e d  downstream 
of t h e  gun f o r  t ime-of - f l ight  measurements. This 
rf sweeper le ts  only every 36th bunch i n t o  t h e  
acce le ra to r .  Under these  condi t ions of sub- 
harmonic bunching, it has been found t h a t  t h e  t o t a l  
t ransmi t ted  current  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( o r  charge) below break-up 
threshold is only 4 6  of t h e  current  t ransmi t ted  
when t h e  beam i s  modulated a t  2856 MHz. It should 
be noted, however, t h a t  whi le t h i s  observat ion 
d e f i n i t e l y  shows t h a t  t h e  s t a r t i n g  noise i s  r e l a t e d  
t o  t h e  cu r ren t ,  it favors t h e  hypothesis of shock 
r a t h e r  than  shot  no ise s ince t h e  t o t a l  current  1, 
remains t h e  same. 

Such an experiment has been performed 
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Thermal and Klystron Noise 

While t h e  above observat ions may a l l  be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcor- 
r e c t ,  it i s  s t i l l  possib le  t h a t  t h e  dominant 
noise source stems from rf exc i ta t i on .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABy calcu- 
l a t i o n ,  t h e  thermal exc i ta t i on  of t h e  c a v i t i e s  i s  
probably only one order  of magnitude below t h e  
noise power corresponding t o  t h e  above 10-7 cm 
modulation. On t h e  other  hand, it i s  very d i f f j -  
c u l t  t o  asce r ta in  how much noise power i s  being 
generated by t h e  k lyst rons and what f r a c t i o n  of 
it g e t s  past  t h e  waveguide couplers and onto t h e  
beam. Numerous experiments have been performed. 
The i n s e r t i o n  of low-pass f i l t e r s  at t h e  input of 
t h e  f i r s t  k lys t rons has produced no e f f e c t .  Nor 
has it been poss ib le  t o  de tgc t  beam break-up 
th resho ld  changes as a funct ion of k lys t ron beam 
vol tage i n  t h e  f i r s t  sec t i ons ,  although, admit- 
t ed l y ,  t h i s  experiment cannot be done over a wide 
range before t h e  change i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy '  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, t h e  energy gradi -  
ent ,  begins t o  dominate. The output spec t ra  of 
severa l  types of SLAC k lyst rons have been inves t i -  
gated wi th  some care.  Unfortunately, it takes 
clnly f r a c t i o n s  of m i l l i w a t t s  of i n jec ted  power 
i n t o  t h e  waveguide system (with a l l  t h e  unknown 
mismatches at 4140 MHz) t o  s t imu la te  break-up. 
Hence, wi th 20 MW of k l ys t ron  output power a t  
2856 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM z ,  measurements a t  4140 MHz must be per- 
formed at l e a s t  100 dB below t h i s  l e v e l .  These 
measurements a r e  d i f f i c u l t  because of t h e  unknown 
frequency response of t h e  high-power couplers f o r  
d i f f e r e n t  waveguide modes and have s o  far been 
inconclusive.  A program i s  presen t l y  underway at 
SLAC t o  b u i l d  a f e w  high power waveguide f i l t e r s  
wi th an  a t tenua t ion  of at l e a s t  40 dB at  4140 MHz 
and 4428 MHz. If successfu l ,  t hese  f i l te rs  could 
be i n s t a l l e d  i n  t h e  output waveguides of t h e  f i rst 
few k lyst rons w i t h  t h e  hope t h a t  whatever power i s  
being generated by these  k lyst rons would be at tenu-  
a t e d  by another 40 dB. 
i s  being held a t  t h e  present  t ime for t h i s  solu- 
t i o n  unless t h e  f i l t e r i n g  can be made e f fec t i ve  
over a very wide band t o  include t h e  i n te rac t i on  
wi th harmonics. I n  conclusion, it i s  c l e a r  t h a t  
more work and ingenui ty a r e  s t i l l  needed t o  obta in  
a d e f i n i t i v e  understanding of t h e  beam break-up 
s t a r t i n g  condi t ions and a possib le  reduct ion of 
t h e i r  amplitude. 

Only minor hope, however, 

Remedies and Expectat ions 

A s  discussed i n  t h e  in t roduct ion,  t h e  problem 
of beam break-up has now been recognized as a 
l i m i t i n g  f a c t o r  i n  t h e  design of a l l  present and 
f u t u r e  l i n a c s .  Unless a remarkable and unfore- 
seeable breakthrough is made, e lec t ron  and possibly 
a l s o  proton l i n a c  i n s t a b i l i t i e s  w i l l  have t o  be 
coped with,  whenever a given combination of cur-  
ren t ,  pu lse length and acce le ra to r  length i s  
exceeded. A number of remedies suggest themselves: 
slow-wave s t r u c t u r e  modif icat ions,  se lec t i ve  Q-re- 
duct ion f o r  t h e  dangerous modes, s tagger ing or 
scrambling of d i f f e r e n t  acce le ra to r  sect ions,  
feedback, quadrupole focusing, higher order focus- 
ing,  t i m e  varying focusing, noise reduct ion and 
hopefu l ly  o the rs  t h a t  have not been thought of ye t .  
How t h e  problem i s  t r e a t e d  w i l l  depend t o  a con- 
s ide rab le  extent  on t h e  type of l i n a c  under con- 

s t ruc t i on ,  and economics. The b r i e f  d iscuss ion 
presented below ou t l i nes  some of t h e  advantages 
and disadvantages of t h e  var ious remedies, admit- 
t e d l y  as they a r e  viewed by experience and calcu- 
l a t i o n s  a t  SMC. F ig .  11 i s  a summary of t h e  SLAC 
current  improvement program. It shows beam break- 
up gain as a funct ion of beam current  f o r  a 
1 . 5  psec pulse length.  The f i n e  ho r i zon ta l  l i n e  
i nd i ca tes  t h e  approximate blow-up l e v e l  corre-  
sponding t o  a beam radius equal  t o  t h e  bore rad ius 
of t h e  acce le ra to r .  It i s  seen t h a t  wi thout 
focusing, ba re l y  e igh t  mill iamperes would be 
t ransmi t ted.  A more r e a l i s t i c  s t a r t i n g  pa in t  for 
t h e  d iscuss ion i s  t h e  l i n e  l abe led  "o r ig ina l  
t r i p l e t  focus ing"  which corresponded t o  t h e  avail- 
ab le  focusing condi t ions on t h e  acce le ra to r  a t  t h e  
end o f - t h e  const ruct ion per iod,  around September 
1966. 
threshold was 20 mA f o r  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.5 psec pulse.  

S t ruc tu re  Modif icat ions,  Se lec t i ve  Q-Reduction and 
Sect ion Stagger ing 

A t  t h a t  time, t h e  maximum beam break-up 

It has o f ten  been suggested t h a t  one of t h e  
appeal ing remedies for t h e  SLAC acce le ra to r  would 
be t o  rebu i l d  t h e  f ront-end of t h e  machine. This 
could be done by redesigning t h e  constant-gradient 
sect ions so  t h a t  t h e  m 1 1  mode resonances are 
reduced o r  d isp laced with respect  t o  t h e  rest of 
t h e  machine. The reduct ion could be achieved by 
at tempt ing t o  lower t h e  Q of a l l  t h e  suspected 
modes, e i t h e r  by using a l a r g e r  cut-of f  hole at  
both ends of t h e  ten-foot sec t i ons  o r  poss ib ly  by 
bui ld ing C-band couplers i n t o  t h e  s ides  of t h e  
disk-loaded waveguide which would lower t h e  loaded 
Q of t h e  c a v i t i e s .  The pass-band displacement 
could be obtained by using a d i f f e r e n t  mode for 
t h e  acce le ra t i ng  frequency, e . g .  rr/2 r a t h e r  than 
2n/3. Surpr is ing ly  enough, at  least i n  theory,  
Fig.  11 shows t h a t  such an "rf f ix"  i n  Sectors  1 
and 2 (666 f t )  would only y i e l d  a 25% improvement 
for a reduct ion by a f a c t o r  of 10 i n  t h e  i n t e r -  
ac t i on  s t reng th .  Furthermore, it would be extreme- 
l y  expensive and would requi re a f a i r l y  long accel -  
e r a t o r  shutdown. For these reasons, t h i s  so lu t i on  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
is not being contemplated f o r  t h e  time being. The 
des igner  should a l s o  be caut ioned t h a t  even if 
t h e  HBvI11 mode could be e l iminated e n t i r e l y ,  o ther  
higher modes, e i t h e r  of t h e  forward o r  backward 
type, w i l l  ge t  exc i ted  at higher f requencies.  

Another so lu t i on  which is being adopted for 
shor te r  machines such as t h e  MIT acce le ra to r  de- 
scr ibed at  t h i s  conferencel7 and probably a l s o  t h e  
A X  machine i n  France18, i s  t o  b u i l d  t h r e e  or f ou r  
d i f f e r e n t  types of constant-gradient sec t i ons  
where t h e  HEM11 pass-band i s  progress ive ly  s h i f t e d  
up i n  frequency. Thus, i n  p r i nc ip le ,  whatever mod- 
u la t i on  i s  picked up by t h e  beam over a given leng th  
has no pass-band t o  i n t e r a c t  wi th,  f u r t h e r  down- 
stream. Presumably, s tagger ing should be b e t t e r  
t han  scrambling! Proton machines, because of t h e i r  
inherent tapered phase ve loc i ty ,  a l ready b e n e f i t  
from t h i s  type of const ruct ion.  

Feedback 

Contrary t o  o r i g i n a l  expectat ions,  t h e  idea of 
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cur ing beam break-up at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS U C  by feedback i s  not 
promising. Several  schemes were t e s t e d ,  a s  de- 
scr ibed extens ive ly  i n  Reference ll, but they d id  
not produce s u f f i c i e n t  ' r esu l t s .  It appears t h a t  
t h e  bas i c  d i f f i c u l t y  stems frcm t h e  f a c t  t h a t  i n  
a shor t -pu lse acce le ra to r ,  beam break-up i s  en- 
t i r e l y  i n  t h e  t r a c s i e n t  regime. T o  be e f fec t i ve ,  
t h e  feedback chains must be very wideband, have 
very l a rge  gains (>, 80 dB) and shor t  group delays 
(< 50 nanoseconds). Since, i n  addi t ion,  severa l  
such chains a r e  needed along t h e  machine f o r  cor- 
rec t i on  i n  both t h e  v e r t i c a l  and hor izonta l  p lanes, 
t h e  complexity of t h e  system becomes overwhelming 
and t h e  cos t  p roh ib i t i ve .  On t h e  o the r  hand, feed- 
back schemes may be more promising f o r  c-w super- 
conducting m chines. For t h e  moment, est imates 
made by Helm& i nd i ca te  t h a t  a 100 ka c-w acceler -  
a t o r  of t h e  Stanford Mark I11 type would not s u f f e r  
from break-up i f  t h e  Q of t h e  HEM11 mode could be 
kept under 107 . However, i f  t hese  condi t ions were 
not t o  hold or t h e  current  had t o  be increased, a 
feedback system could probably be made t o  cure t h e  
problem. 

Focusing 

The o r i g i n a l  SLAC focusing system1 consis ted 
of quadrupole t r i p l e t s  at t h e  end of every s e c t o r  
(333-113 f t ) .  
operate at  kgS = n/2 up t o  an  energy of only 
7 GeV or a l eng th  of l/3 of t h e  machine. 
Examples of beam break-up thresholds as a funct ion 
of k S have a l ready been shown i n  F ig .  8. A s  d i s -  
cussed elsewhere'', t r i p l e t s  had been se lected 
because they produce l e s s  s t e e r i n g  than doublets 
of t h e  same length i n  case of alignment d r i f t s  
and i n s t a b i l i t i e s .  Subsequently, it was found 
t h a t  t h e  mechanical s t a b i l i t y  of t h e  d r i f t  sec t i ons  
support ing t h e  t r i p l e t s  was b e t t e r  than expected 
and t h a t  t h e  two ou te r  lenses,  rewired as a dou- 
b l e t ,  gave a per fec t l y  s a t i s f a c t o r y  focusing system 
of equivalent s t rength.  With t h i s  scheme, two new 
quadrupole deployment plans could be achieved. 
F i r s t ,  t h e  l a r g e r  middle quadrupoles could be re-  
moved and used t o  bu i ld  s t ronger  doublets as sh,wn 
i n  F ig .  12a. This plan i s  now w e l l  underway. It 
w i l l  al low operat ion a t  k S - n/2 at ful l  energy 
over t h e  f u l l  length of t8e acce le ra to r .  The re- 
s u l t i n g  break-up threshold as shown i n  F ig .  11 
should be of t h e  order  of 32 mA. Second, t h e  
smal ler  lenses,  obtained through replacement by 
t h e  l a r g e r  ones, are being i n s t a l l e d  as s ing le ts ,  
every 40 f t . ,  i n  t h e  first s ix  sectors ,  as shown 
i n  F ig .  12b. The r e s u l t i n g  s t ronger  focusing i n  
t h e  low energy region where t h e  rate of growth i s  
most rapid,  should y i e l d  a break-up threshold of 
t h e  order  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50 mA, t h e  current  o r i g i n a l l y  speci-  
f i e d  for t h e  SLAC machine. Experiments performed 
recen t l y  wi th a combination of t hese  two schemes, 
both st i l l  incomplete, have y ie lded a threshold a t  
f u l l  energy of about 30 mA. 

The use of sextupoles, octupoles and time- 

This system was  st rong enough t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
B 

vary ing quadrupoles has also been considered. 
Non-linear focusing was  expected t o  produce HEM11 
phase reversal and mixing as a funct ion of length 
by causing e lec t ron  bunches at  d i f f e r e n t  r a d i a l  
d i s tances  from t h e  axis t o  cross over at  d i f f e r e n t  

d i s tances  downstream of t h e  magnet. Time-varying 
quadrupoles were t o  produce t h e  same e f f e c t  as a 
funct ion of t ime wi th in  each 1 . 5  psec pulse.  
Computer ca l cu la t i ons  have shown, however, t h a t  
ne i the r  one of t hese  schemes is promising: on t h e  
one hand, it i s  necessary t o  introduce apprec iab le 
focusing changes over each e- fo ld ing d i s tance  t o  
reduce t h e  gain;  on t h e  o the r  hand, if t h e  per-  
centage of l e n s  modulation i n  space or i n  t ime i s  
t o o  l a rge ,  t h e  r e s u l t i n g  over- or uxCie;.-focus-lEG 
s p o i l s  t h e  beam transmission through t h e  acce le ra to r .  

I n  conclusion, it should be s a i d  t h a t  t h e  
s t rong focus ing quadrupole system now o f f e r s  t h e  
b e s t  s t ra ight forward remedy t o  beam break-up a t  
SLAC. Some of t h e  other  remedies d iscussed here 
a r e  c e r t a i n l y  appl icable t o  o the r  machines but 
f u tu re  a c c e l e r a t o r  bu i l de rs  should t r y  t o  reserve 
ample space along t h e i r  beam axis f o r  extra focus- 
ing elements i n  case a l l  other  schemes should be 
i n s u f f i c i e n t .  
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Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3. Snapshots of three different cavities excited in HEM11-mode at times of bunch passage. Arrow in 
cavity indicates momentum impulse. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 5. Measured and computed HEMil-mode reso- CAVITY NUMBER 

nances in SLAC constant-gradient section. (A) (01 (C I 
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Fig. 6a. Beam break-up current vs. inverse length. 
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Fig. 6b. BBU current vs. energy. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 7. Typical beam trajectory showing betatron os- 
cillations. Dots indicate horizontal position of 
beam at end of each sector with steering off at 
40 ft. point (E = 8.7 GeV, quadrupole current 
taper = 0.5 ampere/sector up to sector zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20, 
AB - 5 sectors). 
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BETATRON PHASE SHIFT PER SECTOR 

Fig. 8. Beam break-up current VS. betatron phase 
shift per sector (sector 19, 1.5 psec). 
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Fig. 10. Starting noise power vs. beam current. 
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Fib. 9. Beam break-up noise sources. 

Fig. 12a. New strong quadrupole doublets. 
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Fig. 11. Summary of SLAC beam transmission im- 
provement program. 

Fig. 12b. New zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40 €t. spaced singlet (sectors 1-6). 


