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Abstract 
For high intensity circular proton machines, one of the 
major limitations is the charge exchange injection foil.  
The number of foil hits due to circulating beam may 
cause the foil to fail and cause radiation due to multiple 
nuclear scattering and energy straggling.  This paper will 
describe methods to estimate these quantities without 
going through lengthy simulations. 

INTRODUCTION 
In the charge exchange injection generally used for proton 
accelerators, one start with H- ions from the source after 
reaching an appropriate energy by means of linear 
accelerator or cyclotrons, H- ions are injected into the 
circular machine (either synchrotrons or accumulator 
ring) with a thin foil which can stripped two electron from 
the H- ions[1].  With this technique, it is possible to inject 
many (thousands by turns [2]) into restricted acceptance 
by increasing space charge density to inject. This method 
is widely used in the accelerator chain all around the 
world. 
This method is used for the half century successfully, 
with increase in demand for more intense beam now foils 
are becoming a limiting factor. For Higher intensities one 
has to accumulate large number of turns the ring. When 
charge particle go through the foil, they suffer from 
physical processes like elastics, un-elastic & nuclear 
scattering, and energy straggling.  These processes are 
harmful for both foil and beam itself [3].  The most 
fundamental quantity to estimate this damage is average 
number of foil traversal per unit area of the foil.  

. 

TURN FACTOR 
  For given number of particles (NP) per pulse, the 

number of injected turns (NT) proportional to particle 
velocity (βc), and inversely proportional to linac current 
(IL) and ring circumference C 

 ்ܰ ൌ ቀ ଵூಽቁ ቀఉ௖஼ ቁ ௉ܰ݁                                                (1) 
 
Where c is the velocity of light and e is the charge of 

the particle. Since the particles in the leading edge of the 
linac pulse make NT turns by the last particles go through 
the foils. Therefore on the average every particle will go 
through the foil at least NT/2 times. The betatron motion 
in the ring will follow a circular path, if we choose the 
coordinate normalizations as 
 ൫௑௑′൯ ൌ ൭ඥߚ௫ 0ఈೣඥఉೣ ඥߚ௫൱ ቀݔݔ′ቁ                                       (2) 

where αx and βx are the Courant –Snyder parameters at 
the injection point.    
In this coordinate system the matched linac emittance ε 
and ring acceptance A will be circles with radius √ε =r 
and √A=R.  To ensure a minimum number of proton 
traversal through the foil during the injection period, it is 
necessary to inject H- ions at maximum of the proton 
betatron amplitude i.e.  
 
ݔ߂௫ߚ  ′ ൅ ߙ௫ݔ߂ ൌ 0        ൌ൐ ߙ௫=0                               (3) 
 
Figure 1 show a matched beam from an injector into the 
ring acceptance when the equilibrium orbit is displaced 
and rotated 2πνx, one turn later.  Since the injection time 
is much higher than the betatron frequency and if mνx/n ≠ 
1, where m and n are integer, injected turns will be 
smoothly spread around the annulus (r1, r2).  The Turn 
factor TF is define as the ratio of shaded area to the 
annulus in figure 1 
ܨܶ  ൌ  θ௥మమି௥భమ ୲ୟ୬ θ

π൫௥మమି௥భమ൯ θ ݁ݎ݄݁ݓ             ൌ cosିଵ ቀ௥భ௥మቁ             (4) 

 
 

 
 

 
Figure 1: The injector beam stripped by a foil located at 
the edge of the ring acceptance precesses 2πνx per turn. 
Continuous injection over many turns fills an annulus, the 
fraction interacting with foil in any turn is indicated by 
the shaded area. Normalized coordinate are used. 
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After NT turns have been injected into the ring the first 
turn has traversed the foil 1+ (NT -1)TF times while last 
turn has traversed the foil once. The average number of 
traversal being  
 ~ ே೅  ்ிଶ                               (5) 

 
For simplicity, if we have uniform space charge density 
after the painting processes turn factor will be the ratio of 
foil area which intercepts the acceptance of the ring to the 
acceptance of the ring, i.e. shaded area in figure 1 divided 
by the acceptance of the ring  
 

ܨܶ         ൌ ߠ ቀ߳ܣቁ െ ቆට߳ܣ െ 2ቇଶ ߨߠ݊ܽݐ ܣ߳     
θ ݁ݎ݄݁ݓ ൌ cosିଵ ቌටಲചିଶටಲച ቍ                       (6) 

 
If the closed orbit collapsed rate equal to (t/Ntτ)1/2, the 
distribution will be uniform, if the rate is faster than  
distribution will be hallow and for slower rate, 
distribution will be peaked. 
 

NUMBER OF FOIL TRAVERSAL 
 
Let us consider at the injection point transverse cross-
sectional area is  Λ, and foil area which intersect Λ is af.  
Let us further assume the transverse density of injected at 
end of the injection is uniform over areaΛ.  From the 
geometry the average number of foil traversal for NT  
injected turn per particle is  

 ݄ ൌ ଵଶ ௔೑
Λ

்ܰ     (7) 
 

The factor of ½ is there because head of the linac pulse 
will make NT turn and tail of the pulse only once.  
 
 
 
 
 
 
 
Figure 2:  At foil, Λ area to be  painted by linac beam in 
time NTτ  in NT turn with linac beam of area ab and 
intersection of foil area and ring area is af. 

 
 The number of foil traversal depends on the number of 
injected turns, acceptance of the ring and the foil size.  To 
find the minimum number of foil traversal we will assume 
following 

(1) Foil size ,af, is equal to the linac beam size,ab, at the 
foil location (hence injection point) in the transverse 
plane,  af = ab =a. 
(2) the H- intensity of the linac (IL) is constant over the 
injected period.   
 The injection time is NTτ, where τ is the revolution 
period of the ring.  The number of particles in the ring  at 
time t , 0 < t < NTτ,  
 
n(t) =IL t   0 < t < NTτ                  (8) 

ோܫ  ൌ ே೛ே೅  ఛ       (9) 
 

Let P(t) be the area occupied (painted area) by the capture 
beam in the ring at injection point at time t , the 
instantaneous number of foil traversal is  
 ݄ሺݐሻ ൌ ݊ሺݐሻ ௔ ௗ௧௉ሺ௧ሻఛ  ൌ ௉ܰ ቀ ௧ே೅ఛቁ ௔ ௗ௧௉ሺ௧ሻఛ ൌ ே೛௔௧ௗ௧ே೅ ఛమ௉ሺ௧ሻ             (10) 
 
The average number of foil traversal is  
 ݄ ൌ ଵଶே೛ ׬ ݄ሺݐሻ݀ݐ ൌ ௔ଶே೟ఛమ ׬ ௧ௗ௧௉ሺ௧ሻே೅ఛ଴ே೅ఛ଴   (11) 

 
Since the particle injected in the first turn will make NT 
revolution and particle injected in the last turn will make 
only one traversal, therefore factor of 2 appear in 
denominator. 
The transverse area for capture particles will depend on 
the painting scheme and will depend on the time.  Let us 
assume that cross-sectional area varies with time as ܲሺݐሻ ൌ Λ ௧భ഍ሺே೅ఛሻభ഍     (12) 

Where ξ a parameter, when ξ=1, painted area will grow 
linearly with time and at end of injection (t=Ntτ) , Painted 
area becomes equal to the ring transverse are t foil, Λ, and 
hence uniform density transverse charge density. 
Substituting this into the equation (11), 
 
 
 ݄ ൌ ௔ ሺே೅ሻభ഍షభሺఛሻభ഍షమଶஃ ׬ ே೅ఛ଴ݐሺଵିభ഍ሻ݀ݐ    

  
 ൌ ்ܰ ௔ଶஃ ଵቀଶିభ഍ቁ     (13) 

 
When parameter ξ=1 (uniform density) we get back the 
answer in the previous section i.e.  
                  ݄ ൌ ଵଶ ்ܰ ௔ஃ    (14) 
 
The minimum number of foil traversal will when 
parameter ξ is very large number, in the limiting case the 
number of minimum foil traversal is given by 
 

Λ 

Foil 

Linac Beam 
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݄௠௜௡ ൌ ଵସ ்ܰ ௔ஃ     (15) 
 

Where a is the transverse area of the linac beam.   
Let us consider the matched case where linac beam is 
matched to the ring beta-function at the foil location. 
 ܽ ൌ ݕݔߨ ൌ ߚඥߨ ߝ ߚ ௫ߝ ௫ ௬ ௬    (16) 
and Λ ൌ ܻܺߨ ൌ ߚඥߨ ܣ ߚ ௫ܣ ௫ ௬ ௬    (17) 

 
Where βx and βy are the beta function at the foil and ε is 
the emittance of the linac beam  and A is the  acceptance 
if the beam.  if  εx = εy and Ax = Ay then the minimum 
number of traversal become 
 

 ݄௠௜௡ ൌ ଵସ ்ܰ ఌA    (18) 
 
 Mismatch injection could be used to further reduce the 

number of foil traversal. The mismatched injection has to 
obey following conditions [3,4] 

 ఈ೔ఉ೔ ൌ ఈೃఉೃ ൌ ௫೔ᇲ௫೔   ܽ݊݀  ఉ೔ఉೃ ൒ ቀఢ஺ቁభయ                                  (19) 
 
 
Hence the minimum number of foil traversal for 

mismatched beam will be  
 

 ݄௠௜௡ ൌ 14 ܰ ቀ் Aቁସଷߝ                                                             ሺ ሻ 
 
From equation (1), one gets  
 ݄௠௜௡ ൌ 14 ൬1ܫ௅൰ ൬ܥܿߚ ൰ ܰ ݁ ቀ௉ Aቁସଷߝ                                        ሺ2 ሻ
 
This is an important result which estimates absolute 
minimum number of foil traversal for NP particles in the 
ring, ring circumference, linac energy and linac current. If 
the number of traversal is unacceptable then one has to 
change a parameter which has least cost impact. 
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