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Introduction

 Space charge effects in high intensity beam of LHC injectors are serious. Compensation of space charge effects with electron lens was discussed in LUMI06. Basic idea is that the space charge effects in high intensity beam would be compensated by applying an opposite charged particle beam, for instance, high intensity proton beam and electron beam (electron lens). Some items that I have investigated are described below.
Space charge force and compensation
 The materials from F. Giuliano are the works concerning nonlinear electromagnetic force in an electron cooler beam. The electromagnetic force due to electron beam will be nonlinear force except for the case that the distribution of electron is uniform and the electron beam size is larger than that of proton beam. It implies that the distribution of electron beam should be the same to one of proton beam. With the same distribution in both beams, a compensation for not only linear tune shift but also nonlinear tune shift will be achieved.
 For free space, the electromagnetic field due to beam particle, proton, is quickly obtained;
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where r is the radius of beam, e is the unit charge, 0 is the permittivity in vacuum, 0 is the permeability in vacuum, v is the velocity of beam particle and p is the density of proton. Here we assume that the uniform distribution in longitudinal direction, that the beam is in free space, and that the particle distribution depends only on the beam radius. The force affecting proton in the beam is,

[image: image3.wmf](

)

1

0

1

1

0

2

2

)

(

)

1

(

)

(

)

(

)

(

dr

r

r

r

e

r

B

v

r

E

e

r

F

r

p

p

p

r

p

ò

-

=

-

=

r

e

b

q


where p is the Lorentz beta of proton beam.
The force due to electron beam affecting proton is obtained in a similar way,
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where subscripts ‘e’ means electron. We assume the same distribution in both beams but different magnitude, namely,
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where A is the ratio between the line densities of electron and proton.
 For compensation, the integral of space charge force should be zero. With a first order approximation taking into accounts only a balance of forces,
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where 2R is the circumference of ring and s is the independent variable for longitudinal position. 
 The electron lens would be localized in the ring, not for full circumference. The forces around the ring are described in Fig.1 for single electron lens.
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Figure1. Compensation of space charge force
 The ratio A will then be
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 From this equation, we found that the ratio A will be much larger than unity because the factor 2R/d will be somewhat large number.
Existing electron cooler specification

 In order to judge whether the compensation is realistic or not from the hardware point of view, the existing electron cooler specifications are researched.
	
	Current(mA)
	Energy(eV)

	Fermi
	500
	4.30E+06

	Kyoto
	400
	5.00E+03

	BINP
	500
	2.00E+03

	LEAR
	2500
	2.00E+04

	BudkenINP
	1000
	1.00E+06

	SIS
	1500
	6.30E+03
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Figure2. Existing electron cooler spec.

From this figure, for example, (10keV, 2000mA) would be a realistic specification. This example results in the electron line density of 2.1*10^11/m.
If we assume a line density of 5*10^10/m (peak value in PS for nominal LHC) for typical ‘high intensity proton beam’, the ratio A will be about 4. The factor d/2R, which is the ratio of electron beam length to the circumference of ring, is plotted for A=4 and e=0.2(10keV).
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Figure3. Occupation ratio of electron lens for A=4, 10keV, 2000mA .

The occupation ratio seems reasonable when the beam energy is larger than 1GeV. For lower energy, enough space for electron beam should be secured.
Resonance driven by space charge force

 It is well known that even order resonances are excited by space charge force itself. When single electron lens is applied as shown in Fig.1, all harmonics of even order resonances arise. That is to say, 
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are excited.
 To calculate resonance widths, space charge force is described as Fourier expansion,
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where S(s) is the pulse which is 1 within electron lens (–d/2<s<d/2) and 0 for the outside of lens. We assume in the approximation in the second line of above equation that space charge force due to proton beam does not depend on longitudinal position. This approximation can be justified in our case (except for structure resonances) since the s-dependence of Fsc(s) is almost due to S(s), in other words, due to localized electron lens. The approximation in the last line will be applicable when the length of electron lens is negligibly short and the harmonics p is not so large.
 Specifically, a resonance width of 4x=p is estimated assuming Gaussian distribution. It is
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Where 2Jx is the Courant-Snyder invariant, x is the beta function, rp is the so-called classical radius of proton, np is the line density of proton beam, p is the Lorentz factor of proton beam, Bf is the bunching factor, x,y are the rms beam size in x and y and x is the betatron phase. It is noteworthy that the factor 2 at the beginning of right hand comes from the Fourier expansion of Fsc. Again we apply the approximation that the dependence of Fsc is almost due to S(s),

[image: image14.wmf]R

B

n

r

J

y

x

x

y

x

f

p

p

p

p

x

x

p

s

s

s

s

s

g

b

b

p

e

2

)

(

12

2

4

2

2

2

3

3

2

2

+

+

»


Let us input the parameters of PS, for example,
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The width of 4x=p is then about 0.1. With this estimation, it is obvious, with localized electron lens, that beam loss will be considerable since even resonances are excited with large widths. We could conclude that several electron lenses, not single, is needed to reduce the widths of resonances. The widths of resonance is proportional to 1/n (n is number of lens) and the harmonics p are restricted to be multiples of n.
Neutralization of proton

 The last item of this memorandum is the neutralization of proton, H++e-→H0. This process results in directly beam loss. In a ring equipped electron cooler, beam loss due to neutralization, especially due to recombination for heavy ion, would not be negligible. In our case, however, beam loss due to this process should be negligible because the speed of proton is much faster than that of electron.
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