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Ab s t r a c t  

Spin t r a n s f e r  matr ix  method is appl ied t o  c a l c u l a t e  the  proton po la r i za t ion  

of resonance jumping. -Our r e s u l t s  agree w e l l  wi th  the  experimental  da t a  of AGS. 

Problems and poss ib l e  improvements of t he  resonance jumping are discussed.  

1. In t roduct ion  

Polar ized  proton beam becomes an important t o o l  f o r  the study of the  

fundamental i n t e r a c t i o n  between protons.  Unfortunately the re  are a number of 

resonances of the a c c e l e r a t o r ,  which could depolar ize  p a r t i c l e s  of the beam. To 

maintain the p o l a r i z a t i o n  of  the p a r t i c l e s  during the acce le ra t ion  through the 

resonance, the  v e r t i c a l  tune is  s h i f t e d  by a set  of quadrupoles.  This method 

i s  ca l l ed  resonance There are t h e o r e t i c a l  c a l c u l a t i o n s  of resonance 

jumping based on per tuba t ion  expansion .l y 4  

only v a l i d  f o r  1EI2/a << 1 ,  where E i s  the resonance s t r e n g t h ,  and a i s  the beam 

Unfortunately,  the  ca l cu la t ion  i s  

p a r t i c l e  acce le ra t ion  rate.  However, many resonances have the property t h a t  

s 1. 

There are several experimental  da t a  a v a i l a b l e  a t  p re sen t ;  it is 

the re fo re  t imely t o  c a l c u l a t e  the p o l a r i z a t i o n  of the  beam with the tune s h i f t  

near  resonance. Recently,  we have developed a sp in  t r a n s f e r  matrix method t o  
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c a l c u l a t e  the p o l a r i z a t i o n  of the beam  particle^.^ 

ca lcu la t e  the p o l a r i z a t i o n  of the beam with resonance jumping e a s i l y ,  provided 

Using t h i s  method, we can a 
t h a t  the  tune s h i f t  can be modeled as a l i n e a r  funct ion of t i m e  o r  p a r t i c l e  

r o t a t i o n a l  angle  i n  the acce le ra to r .  I n  f a c t ,  t h i s  simple tune s h i f t  model i s  

very  c lose  t o  the experimental  r e a l i t y . 3  I n  t h i s  sho r t  no te ,  w e  a i m  t o  study 

the physics of the resonance jumping and the  geometrical  p i c t u r e .  

cu l a t ion  s h a l l  be discussed f u l l y  i n  r e f .  5.  I n  Sec t ion  2 ,  we present  the model 

Method of ca l -  

and d iscuss  the r e s u l t  of resonance jumping. Sect ion 3 discusses  the calcula-  

t i o n  of  resonance jumping including slow quadrupoles. Conclusion and d iscuss ion  

are given i n  Sec t ion  4 .  

2. P o l a r i z a t i o n  with a Simple Tune-shift Model 

A resonance jump is  obtained by f i r i n g  a s p e c i a l  set  of quadrupoles, which 

s h i f t  the tune of  the machine upward o r  downward suddenly and decay approxi- 

mately l i n e a r l y  so t h a t  the  tune r e t u r n s  t o  i t s  nominal va lue  wi th in  a charac te r -  

i s t i c  t i m e  A t .  This tune s h i f t  can be represented by a simple model fo r  reso- 

nance tune s h i f t  A(kP 2 V) as 

1 ,  elsewhere 

where ~1 

quadrupoles.  

machine is  back t o  i t s  nominal value.  

L e t  us assume f u r t h e r  t h a t  the p a r t i c l e  i s  acce lera ted  uniformly with 

= AW/(R2 - el> = AV/(mAt> corresponds t o  decay s lope of t he  jumping 
V 

A t  f9 = e l ,  the  quadrupoles were f i r e d .  A t  F) = e2 ,  the tune of the 

yG = (YG)resonance + cle 

F 
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where a is the  acce le ra t ion  rate. 

measured i n  rad ian ,  which corresponds t o  160 keV energy ga in  per  t u rn  f o r  pro- 

For AGS a t  BNL, a = 4.86 loe5 with 0 * 
ton.  We assume t h a t  a t o  be somewhat smaller than a. 

V 

By assuming the l i n e a r  tune s h i f t ,  the  sp in  precess ion  equat ions developed 

by F r o i s s a r t  and Stora, '  and Courant and Ruth 4 can be solved a n a l y t i c a l l y  i n  

t e r m s  of confluent  hypergeometric func t ions  by using s p i n  t r a n s f e r  matrix 

method . 5 

The upper p a r t  of Fig.  I shows the experimental  da t a  obtained by AGS da ta  

group3 by measuring the  p o l a r i z a t i o n  a t  momentum p = 10.3 GeV/c as a funct ion of 

quadrupole f i r i n g  t i m e  ( o l d  Gauss c lock) .  

t h e o r e t i c a l  c a l c u l a t i o n  fo r  yG = V resonance with 

The lower p a r t  of Fig.  1 shows our 

AV = .2 

A t  = 2 .5  m s  

E = -.007862 - i.00004 

4 where E is s t r eng th  of t he  resonance f o r  yG = v ca l cu la t ed  by program DEPOL 

with normalized emittance E 
7 = 8.03 nmrmrad and i n i t i a l  p o l a r i z a t i o n  60%.  N 

We observe i n  Fig.  1 t h a t  t he re  are three  d i s t i n c t i v e  regions.  Region I 

has the f e a t u r e  with f l a t  p l a t eau  of n e g l i g i b l e  depolar iza t ion .  Here the reso- 

nance is  indeed success fu l ly  jumped. Region I1 has the f ea tu re  of spin f l i p .  

This is  because the e f f e c t i v e  acce le ra t ion  rate of p a r t i c l e  acce le ra t ion  through 

resonance is a - a which is  much smaller than a .  Thus t h e  dimensionless reso-  

nance s t r eng th  T I E !  /2(a-a i s  much l a r g e r .  Region 111 appears t o  be 

i n t e r e s t i n g  side-peaking . 

V '  
2 

V 

These three  regions can be  separated by three  c h a r a c t e r i s t i c  " t i m e s " ,  0, ea  

b '  and P ind ica ted  on Fig.  1; Fig.  2 shows the  schematic quadrupole f i r i n g  fo r  
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- O1 - ea; 
sponds to the  f i r i n g  t i m e  Aa < O1 < 0 and Region I1 corresponds t o  

- < ea, where the  e f f e c t i v e  acce le ra t ion  ra te  i s  01 - aV. 

e a s i l y  t h a t  

= Ob and O1 = 0 r e spec t ive ly .  W e  see e a s i l y  t h a t  Region I corre-  

- - 5 el  
From Fig.  2 ,  we f ind  

l e  I = Av/a (3) a 

c"v \3 
Thus the width of sp in - f l i p  reg ion  w i l l  be smaller f o r  smaller 01 - 

The physics of Region 111 i s  least understood. The o s c i l l a t o r y  s t r u c t u r e  

5 i n  Fig.  l b  i s  due t o  in t e r f e rence  wi th in  the  asymptotic region of the  resonance 

( e ,  But the  reason t h a t  t he  s i d e  peak of 

Fig.  l a  appears t o  be the  envelope of the o s c i l l a t o r y  s t r u c t u r e  i n  Fig. l b  i s  

500 rad  away from the resonance).  

not c l e a r  t o  us.  Note a l s o  t h a t  our resonance s t r eng th  appears t o  be somewhat 

too s t rong  i n  comparison with the  da t a .  Fig.  3 i l l u s t r a t e s  t he  f a c t  t h a t  when 

the  resonance s t r eng th  becomes weaker the envelope of s i d e  peak a l s o  becomes 

l a r g e r  i n  Region 111, while the sp in - f l i p  s t r eng th  i s  a l s o  decreased i n  Region 

11. 

3 .  Slow Jump 

To ob ta in  an edge of l a r g e r  AV jumping without c ross ing  in t ege r  or h a l f  in- 

teger  tunes,  slaw quadrupoles are set up t o  increase  the  tune of the  machine i n  

the  t i m e  s c a l e  of 10 * 20 msec. Within t h i s  t i m e  the  f a s t  quadruvol-es are f i r e d  

with t i m e  constant  t o  be 2.5 msec ( see  Fig. 4 ) .  Our method can be extended eas- 

i l y  t o  c a l c u l a t e  the  p o l a r i z a t i o n  of t h i s  tune jump. We f ind  no advantage f o r  

improving po la r i za t ion .  However, i f  the nominal tune i s  too c lose  t o  an i n t e g e r  

or h a l f  i n t e g e r ,  then the slow quadrupole i.s indeed requi red  t o  gj.ve room f o r  

f a s t  quadrupole performing i t s  tune s h i f t i n g .  Frm our s tudy,  w e  found t h a t  t he  



most favorable  condi t ion  is shown in  Fig.  4 .  Fig. 5 shows the  degree of po la r i -  

z a t i o n  with the following parameters,  

le1 = 0.0138 

A t  = 2.5 ms 

A t s  = 10 ms 

with the assumption of i n i t i a l  p o l a r i z a t i o n  t o  be  60%. The s t r eng th  corresponds 

t o  the 36-V resonance of AGS. W e  note  t h a t  t he re  are two f l a t - top  regions,  

which correspond t o  jumping through resonance v i a  AV and AV respec t ive ly .  

Based on the same geometr ical  argument of eq. (41, t he  sp in  f l i p  region can be 

S 

described by 

where as and aV are the  s lopes  of slow tune s h i f t  and f a s t  tune s h i f t  

respec t ive ly .  Eq. (5) implies  t h a t  the  sp in  f l i p  region of Fig.  5 w i l l  be 

narrower than t h a t  of Fig.  1.  

Fig.  5 a l s o  shows the double-hump s t r u c t u r e  which i s  observed by the AGS 

d a t a  group fo r  36-V resonance. Since the  s t r eng th  of t h i s  resonance is l a rge ,  

the p o l a r i z a t i o n  of the beam w i l l  be  preserved by sp in  f l i p  without resonance 

jump. This is  seen a l s o  on Fig.  5 f o r  < -7000 rad o r  F3 > 3000 rad.  

4 .  Conclusion and Discussion 

In  conclusion,  we have s tudied  the  resonance jumping fo r  po lar ized  beam 

based on a simple model of quadrupole tune s h i f t .  

f i t  f a i r l y  w e l l  with the  experimental  r e s u l t  of p o l a r i z a t i o n  measurement. 

p o l a r i z a t i o n  obtained can be  understood i n  t e r m s  o f  geometr ical  p i c t u r e .  

width of successfu l  resonance jumping is  A V h .  

Resul t s  of our c a l c u l a t i o n  

The 

The 

Our t h e o r e t i c a l  c a l c u l a t i o n  i s  based on a simple model of jumping without 

consider ing the emit tance blow up through the  quadrupole f i r i n g .  Non-adiabatic 
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change in tune gives rise to a mismatch in the phase advance and the emittance 

will grow through tune jump. 

processes of quadrupole firing. Our model does not take into account the 

emittance growth at the time of resonance crossing. We do not understand fully 

the mechanism for the emittance blow up. This is a rather interesting question 

of its own right in accelerator physics. Since strength of resonance increases 

with square root of the emittance, understanding the emittance blow up is impor- 

tant to accelerate the polarized beam to higher energies. 

Fig. 6 shows the emittance measured in AGS in the 

8 To control the emittance growth, one can also use a smaller tune shift for 

these resonances with moderate resonance strength. As an example, the tune 

shift for the first resonance in Fig. 1 can be chosen to be fh = 0.1, At = 1.25 

msec, provided that the tune of the machine is measured to the accuracy of 

2 * However, adiabatic crossing of resonances with strength 

1.1 $ 1 * 
c1 = 4 .86  10 

nance jump quadrupoles (to control the emittance growth) is a preferred proce- 

dure. 

beam, it is interesting to cool the beam emittance in the proposed accumulator/ 

booster ring. 

separated regions of large dispersion and small dispersion respectively. 

fect of cooling to the spin polarization is not yet well understood. 

scale experiments on this problem should yield interesting results. 
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Figure Captions 

Fig. 1. m The experhenal polarization is shown as a function of the quadrupole 

firing time in the upper part of the figure obtained by the AGS data 

group (see ref. 3 ) .  

jumping model is shown below (see text for parameters). 

Representation of simple tune-jump model for the boundaries of Regions 

I, 11, and 111 shown in Fig. 1. 

Calculated polarization of the beam as a function of quadrupole firing 

time with different resonance strength as indicated on the figure. 

Theoretical calculation of a simple quadrupole 

Fig. 2. 

Fig. 3 .  

All 

other parameters of this calculation are the same as that of Fig. 1. 

Schematic representation of a slow quadrupole firing plus a fast 

quadrupole firing, The characteristic times of the slow quad and fast 

quad are 10 ms and 2.5 ms, respectively. 

Calculated polarization as a function of the fast quad firing "time" 8 .  

The slow quad was fired 7.5 ms earlier, Avs = 0.1 and AV = 0.2. 

characteristic time for slow quad and fast quad are 10 ms and 2.5 ms re- 

spectively. 

Fig. 4 .  

Fig. 5. 

The 

All other parameters remain the same. 

Fig. 6 .  Real time and the emittance of the beam as a function of Gauss clock 

are shown on the figure. The data is taken from ref. 7 
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