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A b s tract 
T h e  non - l i n e a r  c oup l i n g  d u e  to  th e  b e a m - b e a m  in te rac t ion  

wi th c ross ing  a n g l e  h a s  b e e n  stu d i e d . T h e  m a jo r  e ffect o f a  
sma l l  ( - 1 2 m r a d )  c ross ing  a n g l e  is to  exc i te 5 Q x*Q s= i n t ege r  
c oup l i n g  r e s o n a n c e  fa m ily o n  l a r g e  a m p litu d e  p a r ticles, wh i ch  
resu l ts i n  b a d  life tim e . O n  th e  C E S R , a  sma l l  c ross ing  a n g l e  
( - 2 . 4mr )  was  c r ea t ed  a t th e  IP  a n d  a  r e a s o n a b l e  b e a m - b e a m  
tune-sh i f t  was  ach i e ved . T h e  d ecay  r a te  o f th e  b e a m  is 
m e a s u r e d  as  a  fu n c tio n  o f ho r i zon ta l  tu n e  wi th a n d  w i thout  
c ross ing  a n g l e . T h e  th e o r e tica l  ana lys is,  sim u la t ion  a n d  
e x p e r i m e n ta l  m e a s u r e m e n ts h a v e  a  g o o d  a g r e e m e n t. T h e  
r e s o n a n c e  s t reng th  as  a  fu n c tio n  o f c ross ing  a n g l e  is a l so  
m e a s u r e d . 

I. INTRO D U C T IO N  
A  p r ima ry  ob jec t ive  o f m o d e m  e + e -  co l l i de r  d e v e l o p m e n t 

is to  ach i eve  ve ry  h i g h  luminos i ty  to  m e e t th e  r e q u i r e m e n ts 
o f h i g h  e n e r g y  physics. T h e  d es i g n  luminos i ty  o f th e s e  
co l l iders,  so  ca l l ed  B -Fac tor ies,  @ -Factor ies,  e tc., is a b o u t 5 0  
tim e s  as  h i g h - as  th a t a ch i e ved  i n  cu r ren t  co l l iders.  T o  o b ta i n  
th is  luminos i ty,  th e  n e w  des i gns  e m p loy two r ings,  wi th e a c h  
r i n g  b e i n g  fille d  wi th l a r g e  n u m b e r  o f b u n c h e s  to  m a k e  th e  
co l l is ion r a te  a t th e  s i ng l e  in te rac t ion  p o i n t l a r g e . T h e  n a tu r a l  
way  to  b r i n g ’ th e  two b e a m s  in to  co l l is ion a n d  s e p a r a tin g  

. th e m  th e r e a fte r  is to  h a v e  a  sma l l  c ross ing  a n g l e . Howeve r , 
stud ies l l l  s h ow  th a t synch robe ta t r on  r e s onances  a r e  exc i ted  by  
c ross ing  a n g l e  b e a m - b e a m  interact ion.  Th is  p a p e r  ana l yzes  
th is  p r o b l e m , a n d  p r ov i des  th e  resu l ts o f a n  e x p e r i m e n ta l  
m e a s u r e m e n t. T h e  conc l us i on  o f ana lys is,  sim u lat ion,  a n d  
e x p e r i m e n t a g r e e s  r e asonab l y  wel l .  

II. A N A L Y T ICAL  A N A L Y S IS  A N D  S IM U L A T IO N  
T h e  r e a s o n  why  synch robe ta t r on  coup l i n g  is i n t r oduced  

by  a  c ross ing  a n g l e  is th a t, d u e  to  th e  a n g l e , th e  d is tance  
b e tween  a  p a r t icle a n d  th e  c e n te r  o f th e  c o u n te r  b u n c h  is 
m o d u la ted  by  th e  p a r t icle’s l ong i t ud i na l  pos i t ion.  As  a  result ,  
th e  b e a m - b e a m  kick, wh i ch  is a  fu n c tio n  o f th e  d is tance,  is 
m o d u la ted  by  th e  l ong i t ud i na l  m o tio n  to o . 

A  r e s o n a n c e  ana lys is  m e th o d  c a n  b e  d e v e l o p e d  b a s e d  o n  
d i f fe rence  e q u a tio n s [2 ]. Cons i d e r i n g  ho r i zon ta l  a n d  l ong i tud i -  
n ,a l  p l a n es , p a r t icle m o tio n  i n  a  l i nea r  r i n g  wi th a  th in ,  
n o n l i n e a r  kick c a n  b e  desc r i b ed  by  
xt+ i -  2 ~ 0 s ~ ~  xr +  x l -1  =  -&s i npXF (x r  + ta n @ *s, ) cos2@ , 
S t+ 1  -  2cos/. ls S t +  S t -1 =  0 . ( 1 )  
W h e r e  F( r )  is th e  b e a m - b e a m  kick, @  is th e  c ross ing  a n g l e , 
a n d  t sta n d s  fo r  tu r n  n u m b e r . Fo r  sma l l  c ross ing  a n g l e , th e  
l ong i t ud i na l  c o m p o n e n t o f th e  kick is n e g l e c te d . It is easy  to  
s e e  th a t th e  l i nea r  so lu t ions  o f ( 1 )  a r e : 

xt =  A , cos(&t) ,  st =  A , cos (p& .  (2 )  
As  th e  first ste p  a p p r o x i m a tio n , inser t  ( 2 )  in to  th e  r igh t -  
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h a n d  s i de  o f ( l), a n d  d o  a  Fou r i e r  e x pans i o n . T h e n , th e  r igh t -  
h a n d - s i d e  o f first e q u a tio n  o f ( 1 )  is wr i t ten as: 

; CC?P l ,n  cos [ ( ~pu , +~~u , ) ~  l+ & ,n  c o ~ [~ w w w s ) ~  1  ( 3 )  
m ,n  

N a tura l ly,  a  sim i la r  fo r m  o f so lu t i on  o f ( 1 )  is e xpec te d : 

w ; C % l,. c os r ( ~px+wu , ) ~  l+ b n ,, cos r ( q . knp&  1  ( 4 )  
m ,n  

S u b s titu te  (3) ,  ( 4 )  in to  (l), th e  re l a t i on  b e tween  d r i v i ng  te rms  
a n d  r e s p onse  te rms  is fo u n d : 

( a & ,,, =  
w h n , n  

2 s i n ~ [(m + l)~ ~ ~ n ~ ,lsin~ [(m - l ) ~ ~ ~ n ~ ,l 
( 5 )  

N e a r  r e s onances  ( n til> Q x*nQ s=  in teger ,  th e  d e n o m i n a to r  is 
smal l .  T h e n , ( a , b ) ,,,, h a s  s t r ong  r e s p onse  to  (c,d),,, . 
T h e r e fo r e , w e  c a n  say  th a t cm ,n  a n d  d m ,n  d r i ve  th e s e  
r e s onances . 

Spec tmn  of c ross ing  ang l e  b e a m - b e a m  kick 

F i gu r e  (1) .  T h e  p o w e r  spec t r um o f th e  c ross ing  a n g l e  b e a m -  
b e a m  kick. 

F i g u r e  ( 1 )  s hows  th e  two -d imens i ona l  FFT  p o w e r  
spec t r um o f th e  b e a m - b e a m  kick. F r o m  th e  p icture,  o n e  c a n  
eas i ly  s e e  th a t th e  s t rongest  d r i v i ng  te rms  a r e  a t m  = 4 ,n  = l 
a n d  m  = 6 , n  = l. Acco r d i n g  to  th e  p r ev i ous  ana lys is,  b o th  
th e s e  two te rms  wi l l  d r i ve  5 Q xfQ s=  i n t ege r  r e s onances . It is 
n a tu r a l  to  c onc l u de  th a t th e  5 Q & Q s=  i n t ege r  r e s onances  a r e  
th e  s t rongest  c oup l i n g  r e s onances . 

In  o r d e r  to  ana l ysze  th e  e ffect o f a  c ross ing  a n g l e , a  
c o m p u te r  sim u la t ion  sim i la r  to  P iwinski’s w o r k 1 3 1  was  m a d e . 
T h e  sto r a g e  r i n g  was  m o d e l by  a  l i nea r  r i n g  a n d  a  th in -k ick 
b e a m - b e a m  in te rac t ion  wi th c ross ing  a n g l e . T h r e e  
d imens i o na l  m o tio n  is sim u lated.  P a r t icles a r e  l a u n c h e d  i n  6  
d imens i o na l  p h a s e  s pace  wi th 6 0  a m p litu d e s . T h e  p r o g r a m  
scans  th e  ho r i zon ta l  f ract iona l  tu n e  f r om 0  to  1 . T h e  
m a x i m u m  a m p litu d e  o f a l l  p a r t icles eve r  r e a c h e d  d u r i n g  th e  
lO O O - tu rn  t rack ing  is r e c o r d e d  as  a  fu n c tio n  o f ho r i zon ta l  tu n e . 
F i g u r e  ( 2 )  p lo ts th e  m a x i m u m  ho r i zon ta l  a m p litu d e  ve rsus  
f ract iona l  tu n e . It s hows  th a t, b es i des  th e  o n e - d imens i o n a l  
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fractional tune. It shows that, besides the one-dimensional 
resonances which exist also in head-on collision, the strongest 
coupling resonances are 5Qx&Qs= integer family. 
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Crossing angle collision 
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Figure (2) Maximum horizontal amplitude vs. tune for 
crossing angle collision. (Qs=O.OSl) 

II. EXPERI~&TAL MEASUREMENT 
The experiment is designed to observe the 5Q,+Qs 

resonance excited by the crossing angle collision, which is 
predicted by-me theory in previous section. The experiment 

. is based on the setup of the CESR crossing angle 
experimenti4]. CESR has been running with multi-bunch 
mode (7 bunches of e- on 7 bunches of e+). The key point of 
making multi-bunch mode possible is to separate bunches at 
crossing points around the ring except at the interaction point 
where the detector is located. In CESR, four electrostatic 
separators are used to separate electron and positron orbits at 
parasitic crossing points. As shown in figure (3), the orbits 
(thin lines) are separated at 13 would be collision points, but 
merged between the two south (lower) separators, including 
the IP where the collision takes place. The crossing angle 
lattice is essentially a modified version of the normal 
operation lattice with the bunches separated at the collision 
points except the IP. An anti-symmetric voltage applied to 
the south separators will create anti-symmetric orbits about 
the IP.- This is displayed in figure (3) as the thick lines. 

The experiment was performed in a way similar to the 
simulation. The strong-weak beam-beam interaction is 
achieved by colliding a 2mA beam on 1OmA beam. The 
beam size and beam current decay rate is measured while 
scanning the horizontal tune in the 5Q,-t-Qs resonance region. 
A high decay rate peak was observed on the resonance when 
the crossing- angle was turned on. However, the peak 
disappeared when the crossing angle was turned off. Figure 
(4) shows the tune scan data with and without crossing angle. 
For comparison, the simulation results are shown in figure 
(4) too. One can easily see the agreement between them. 
Note that the vertical axis represents different quantities in 
experimental data and simulation. The reason is that the 
calculation is only qualitative. Nevertheless, they both reflect 

the same physical phenomena. Meanwhile, the vertical beam 
size is measured. No beam blow up is observed at the same 
resonance, with or without crossing angle. This implies that 
this effect applies only on beam tail, which is what the 
theoretical analvsis and simulation predicted. 

- electron orbit 
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Figure(3). Diagram of the orbits for crossing angle 
experiment 
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Figure (4). (a)upper: Simulation result, maximum amplitude 
versus horizontal tune. (b)lower: Experimental data, decay 
rate as a function of horizontal tune. 

A two dimensional tune scan was also performed to check 
the resonance. The result with crossing angle on is shown in 
figure (5). In this part of experiment, strong-strong beam- 
beam interaction was employed, because, a weak beam cannot 
survive after crossing the resonance many times. The 
5QX+Qs resonance corresponds to the light vertical line on 
the left. With this result, the resonance is better identified due 
to its consistent appearance and independent of vertical tune. 

The resonance strength, in terms of peak decay rate, is 
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Figure (5) Electron decay rate measured in two dimensional 
tune scan with 2 m rad crossing angle. The lighter shade 
indicates higher decay rate. The horizontal and vertical tune 
frequencies, the product of the tune and the revolution 
frequency, are-in kHz. (The revolutiofi frequency is 390 kHz). 
also measured as a function of crossing angle. Figure (6) 
plots the measured result. Each line in the picture is from a 
single tune scan with certain crossing angle. The crossing 
angle rati@< from  about f1.4 m rad to f2.5 m rad. For 

.crossing angle smaller than f1.4 m rad, there is no clear decay 
rate peak being measured. 

Crossing Angle Experiment 

Figure (6).Tuxie scans versus crossing angle. 
The max imum decay rate from  figure (6) is plotted as a 

function of the half crossing angle in figure (7), one can 
easily see the rise of the resonance strength as the crossing 
angle increases. The simulation result is also plotted for 
comparison. Again, the quantities in vertical axis are 
different, so that the comparison is only qualitative. 
However, from  both plots, a saturation effect can be seen. 
Simulation shows that the saturation goes up to +12 m rad. 

3 
Unfortunately, the crossing angle in the experiment cannot go 
larger, because it is lim ited by machine aperture. The last 
data point raises again. The reason may be that the crossing 
angle has been pushed to the lim it of the physical aperture at 
this angle. The tight physical aperture certainly enhances the 
decay rate. We also cannot exclude other driving sources. 
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(a)Maximum amplitude on the resonance vs. crossing angle. 
Experimental data 
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(b). Peak decay rate on the resonance vs. crossing angle 
Figure (7). Resonance strength as a function of crossing 
angle. 

IV. CONCLUSIONS 
The study shows a good consistency among analytical 

analysis, computer simulation and experiment on the 
strongest coupling resonance fam ily excited by the crossing 
angle beam-beam interaction. This resonance fam ily, 
SQ&Qs=integer, will result in a bad lifetime  in operation. 

V. ACKNOWLEDGMENT: 
Authors would like to sincerely thank CESR accelerator 

physicists and operation group for their help for the 
experiment. 

VI. REFERENCES 
[l] A. Piwinski, IEEE Trans. NS-24, ~1408 (1977). 
[2] Peggs, S. and Talman, R., “Nonlinear Problems in 

Accelerator Physics,” Ann. Rev. Nucl. Part. Sci. , vol. 
36, 287, 1986. 

[3] Piwinski, A., “Simulations of Crab Crossing in Storage 
Rings,” SLAC-PUB-5430, Feb. 1991. 

[4] Rubin, D. and et al, “Beam-beam Interaction with a 
Horizontal Crossing Angle,” to be published in Nuclear 
Instruments and Methods A  or CLNS 92/l 183. 


