Electron Cooling Group Note

September 26, 2005

Effect of image charges in the beam line of the Recycler electron cooler
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Abstract

Formulae describing an interaction of a DC relativistic electron beam with the vacuum chamber and the magnetic shield in the Electron cooling beam line are derived. The effect is clearly visible in measurements performed in a free space of the cooler’s return line, but a quantitative comparison with the model is unreliable because of an unstable trajectory of the incoming electron beam. 
Introduction

The electron cooler is used in the Fermilab’s Recycler ring to store and cool 8.9 GeV antiprotons. Cooling of the beam is needed for increasing of the rate of antiprotons accumulation that, in turn, will increase the Tevatron luminosity. In order to maximize the stacking efficiency of the Fermilab antiproton Accumulator, small stacks of antiprotons will be periodically (every 0.5 hour) transferred to the Recycler. In the Recycler, the stacks are initially cooled by stochastic cooling and then stored and cooled by electron cooling until the antiprotons are ready to be used in the Tevatron. 
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Figure 1: Mechanical schematic of the setup. 

[image: image1]The mechanical schematic of the setup is shown at the Fig.1. All devices of the cooler setup can be grouped in several larger sections: the acceleration line, supply line, cooling sections, return line, transfer line and deceleration line. The electron beam produced by the electrostatic accelerator, Pelletron, passes through the beam lines, and, after being decelerated in the second Pelletron tube, is absorbed at the collector at the kinetic energy of 3.2 keV.
To maximize the efficiency of antiproton’s cooling, trajectory of electron beam in cooling section should be straight and parallel to the trajectory of antiproton beam, and envelope scalloping must be as low as possible. Hence, one of the difficulties in the cooling process optimizing and the electron beam recirculation is an electron beam position dependence on the beam current in a DC mode (Fig.2). At low currents positions are identical to those measured in a pulse mode, where such effect is not found. The effect may be explained by the beam interaction with its image-charges, which is suppressed by (2 times in a pulsed mode due to interaction with image-currents.
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Figure 2: X-displacement of beam center as a function of beam current for BPMs of the return line.

The beam-chamber interaction
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For the analysis of the beam-chamber interaction we consider a simplified system of axial-symmetric uniformly charged electron beam in absolutely conductive vacuum chamber. The image-charge and the image-current formations in the case of vacuum chamber with the magnetic shield are shown at the Fig. 3.
Figure 3: The image-charge and the image-current formation.

One can consider three different cases for the beam interaction with the vacuum chamber: 

· DC beam in the vacuum chamber,

· DC beam in the vacuum chamber with magnetic shield,

· Pulse beam.

DC beam in the vacuum chamber

The electrical image of the electron beam offsets from the center of the vacuum chamber by the distance l:
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where r is a displacement of the beam center from the vacuum chamber center, and Rch is the inner chamber radius. The value of the transverse electric field induced by this charge-image is:
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where n is the electron density, 
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 is the beam center radius-vector, a is the beam radius, e is an electron charge .
The equation describing the electron beam center motion can be written as:
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which is equivalent (if change 
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) to the equation:
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where
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, I is the beam current. Hence, in the Cartesian system of coordinates, an electron beam center motion in the both transverse directions is independent. So we can write a solution of motion equation in case of DC beam for each transverse coordinate independently, for the x-coordinate as:
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where xo and x'o are the initial x-displacement of  the beam center and the initial angle between beam trajectory projection to the x-axis and chamber axis, respectively. And λ is the electron beam oscillation wave length:
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In addition to the image effects, charge neutralization effects also take place. The electron beam produces ions by ionizing the residual gas in the vacuum chamber. These ions are easily accumulated in the potential well formed by the electron beam space charge. So for the case of charge compensation, the expression for λ follows:
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where α=ni/n is the ratio of the ion density to the electron density. Stored ions produce the electric field with transverse component:
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Solving equations for beam transverse motion in this field yields the electron beam oscillation wave length 
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where Rbm is the beam radius. Effect on the electron beam caused by ions is γ2 times greater then one caused by its own space charge, so these ions are very dangerous. But stored ions accumulating in the electron beam potential well are moved very quickly with beam displacement and effect value of ions’ electric field is only dipole range, because beam center and ions center of gravity are very close.
So, the foregoing equation describing the electron beam center motion is correct only for the case of a DC beam without a magnetic shield.
In the case of a pulse beam or a DC beam with a magnetic shield, the image current also takes place and the influence of this current partially compensate the image-charge effect for the pulse beam.
Compensation takes place only for the charge-image, not for current, because ions average longitudinal velocity is about zero and full current are formed only by electrons.

Pulse beam mode
For a pulse beam the skin-effect takes place. Time of a field spread in the wall of a vacuum chamber is:
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where σ is the chamber material conductivity, t is the chamber wall thickness, c is the speed of light. This time-spread is about 300 μsec and the beam pulse duration is about 2 μsec, so it’s a case of strong skin-effect. Hence, the current-charge effect take place and the equation describing the electron beam center motion can be written as:
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where λ'=γ·λ. So, in the case of a pulse current, the beam-chamber interaction is suppressed by the factor of γ2 than for the direct current.
DC beam with a magnetic shield
For a DC beam in a vacuum chamber with a magnetic shield, the resulting equation describing the electron beam center motion can be written similar to the case of a pulse beam, but sign of the image-current is different, because high conductive material and a ferromagnetic have different boundary conditions for the magnetic field:


[image: image17.wmf]x

R

R

I

I

x

sh

ch

÷

÷

ø

ö

ç

ç

è

æ

+

-

×

+

-

=

¢

¢

1

1

1

1

2

2

2

2

0

m

m

b

a

bg

,
where Rsh  is the magnetic shield radius, µ  is the magnetic conductivity of the shield. 
Stored ions
One of the problems in the cooling process is the stored ions which are produced by ionizing the residual gas in the vacuum chamber. These ions partially compensate the space charge of the beam and belong to the problem of beam-chamber interaction, beam scattering on the stored ions are also take place. The rate of these effects is depend from the ions density and can be describing in terms of compensation coefficient which is the measurable quantity. So it’s very important to know the compensation coefficient as precisely as it possible.
Idea of image-charge measurements
From the formula for the beam center motion the power series expansion for the expression for the beam position dependence from the initial angle can be written (with precision up to a second symbol) as:

[image: image18.wmf]÷

÷

ø

ö

ç

ç

è

æ

+

×

=

¢

2

2

0

6

1

1

l

L

L

x

d

dx

,

where L  is the final longitudinal beam coordinate, λ is the electron beam oscillation wave length in case of a DC beam with a magnetic shield. So we know the theoretical slope angle for the curve of beam position as a function of an initial beam angle.
In experiments we can change the initial beam angle by the changing kickers’ currents. Hence, for a linear link between the initial beam angle and the kicker current 
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 the expression for the slope angle for the curve of beam position as a function of corrector current follows:
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where k is the  coefficient of  initial beam angle linear dependence from the corrector current. Coefficient k can be found from an experimental slope angle for the low beam current, because in this case a beam-chamber interaction is a very weak, so an initial beam angle formed only by the kicker and a final beam position doesn’t depend from the charge-space compensation factor. After that 
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 can be calculated for the voluntary value of beam current. Comparing theoretical slope angle with experimental we can receive a value of a compensation factor for anyone beam current:
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where data_angle is the experimental slope angle, corresponding to value of beam current I.

Experiments
Beam displacements as a function of the corrector current were measured for different beam currents from 20 mA to 300 mA. In all experiments the intensity in BPM’s was equal; consequently, the sensitivity of BPM’s was equal too.
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All experiments were made in the return line section between BXR03 and BXR04 BPM’s. Initial beam angle was changed in the x-direction by the CXR03 corrector and the final beam x-position was measured by BXR04 beam position monitor.
Figure 4: Section of the return line where measurements were made.

Length of the experimental section between centers of CR03 corrector and BR04 beam position monitor is 590 cm, and length of section between x-direction corrector CXR03 and beam position monitor BXR04 is 593.5 cm. Dimensions of the vacuum chamber and the magnetic shield for the cross-section A-A are shown at the figure 5: inner radiuses of the vacuum chamber and the magnetic shield are 36.45 mm and 65.65 mm respectively.
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Figure 5: Cross-section A-A of the return line.

Experimental results
Experimental results are shown at the table 1: theoretical and experimental slopes for the beam position dependences from the corrector currents, experimental errors, differences between slopes for low and high beam currents in each measurement, theoretical limits of compensation factor limits. At the figure 6 experimental dependences of beam position in BXR04 from the corrector CXR03 current for the beam currents 26 mA and 310 mA are shown.
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Figure 6: BPM position as a function of corrector current.

Table 1: Experimental data, analysis and theoretical prediction for measured slopes. 
	 
	CURRENTS

	
	26
	310
	20
	200
	20
	100
	200

	theory slope, mm/A
	16,821
	17,156
	16,895
	17,107
	17,732
	17,832
	17,956

	experiment slope, mm/A
	16,821
	17,115
	16,895
	17,188
	17,732
	17,647
	17,793

	difference between theory(α=0) & experiment, %
	─
	0,238
	─
	-0,471
	─
	1,036
	0,91

	experiment error, %
	0,27
	0,74
	0,34
	0,21
	0,84
	0,69
	1,1

	compensation factor limits
	─
	-0.6 ÷  0.9
	─
	-1.1 ÷  0.086
	─
	-1.1  ÷ 2.5
	-0.9 ÷  2.9

	difference between slopes for low & high current,%
	─
	1,75
	─
	1,73
	─
	-0,48
	0,34


Experimental slopes and error values were found by using EXCEL built-in function “LINEST”.
As it shown at the table, difference between slopes for low and high beam current is more than experimental error only in the first two experiments, in the third experiment this difference is less than error. There are some problems in the all measurements:
· Nonreproductivity of experimental data even for low beam currents at the same conditions. So, all experimental slopes of low beam currents, which were used as a calibration curves for coefficient k calculation, are different in all experiments and theoretical slopes for high beam currents couldn’t be calculated precisely.

· Dramatic experimental errors. In all experiments errors of measurement are more than difference between experimental data and theoretical prediction. So, we can calculate only theoretical limits of compensation factor value; unfortunaly, these limits are very wide.
· BPM sensitivity dependence from the beam modulation amplitude. In each measurement for the all experiments modulation amplitude has been changed in order to approach equal beam intensity in all BPMs and provide theirs identical sensitivity.
For better understanding nonreproductivity of experimental data and errors nature some measurements were made: beam position dependence from the corrector current with equal settings has measured for two values of the beam current – 26 mA and 200 mA. In the all experiments corrector current has changed with equal step at the same range by the using program “Wavegenerator”; part of measurements was made with nonzero value of dispersion function and another part – with very low dispersion, it was approached by the using quadrupole QNQ03. In the table 2 experimental slopes and errors are presented for the two methods of the slope calculation: BPM position dependence from corrector current and beam displacement in return line section between BXR03 and BXR04 as a function of the corrector current. As we can see the difference between these methods for some points is around 0.32 %.
One of the results instability and the experimental errors causes is the nonzero value of a dispersion function in the return line. So, even low deviation of the Pelletron’s energy may be the cause of the electron beam big oscillation. From data of the table 2 we can see that experimental errors are suppressed by 3 times in the case of the quadrupole QNQ03 using in the comparison with its disuse.
Table 1: Experimental data and analysis for the two methods of the slope calculation with different values of quadrupole QNQ03 current.
	Time
	COLLI, A
	position
	displacement
	QNQ03, A

	
	
	slope, mm/A
	error, %
	slope, mm/A
	error, %
	

	15:42
	0,2
	17,979
	0,1258
	17,968
	0,114
	0

	16:25
	0,2
	18,081
	0,139
	18,011
	0,136
	0

	16:58
	0,026
	17,613
	0,187
	17,613
	0,187
	0

	16:47
	0,026
	17,771
	0,065
	17,779
	0,054
	2,3

	17:10
	0,2
	18,113
	0,115
	18,104
	0,137
	0,2

	17:25
	0,026
	17,579
	0,08
	17,635
	0,068
	2,3


Another reason of an experiment instability is a beam initial position and angle deviations during the measurements. In the case of a constant average value of the beam angle before CXR03 corrector the beam position doesn’t depend on it, but at the Fig.7 and Fig.8 we can see that this angle has changed. Difference between experimental slopes (26 mA, QNQ03=2.3 A) for data with equal initial beam angle before CXR03 (from 38th second to 151st second) and for all data is around 0.5 %, that is much more than statistical error of 0.08%. This angle deviation may be caused by the Earth magnetic field influence in the return line section without a magnetic shield between BXR02 and BXR03. Estimation for this angle θ can be calculated as:
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where Bearth is the Earth magnetic field, L is the section length, BR0=1.6∙104 G∙cm for 4.34 MeV electrons. So, maximum angle value is around 2.2∙10-3 rad.
Figure 7: Beam initial x-angle before CXR03.

[image: image29.png]ELECTRON COOL ING/RECYCLER LINE COOL ING SOLENCID 180° BEND SYSTEM

*ﬁ"*ﬁ"ﬂj -
T e D e

90° BEND SYSTEM RETURN L INE MATN INJECTOR LINE




Figure 8: Beam initial y-angle before CXR03.

Conclusion
From experimental data we can see agreement of theory and experiment in errors limits, so, range of the measured effect is the same as for the image-charges influence.
From the beam motion equation analysis we can see that there is a difference between pulse beam and DC beam with magnetic shield. So, we will have different beam displacement as a function of beam current in these modes and we should consider it during the electron cooling process optimizing.
We should increase measurements precision for improvement of the compensation factor calculation; experimental errors must be smaller than difference between slopes for low and high currents in each measurement and nonreproductivity of experimental slopes must be not greater than experimental errors. Hence, beam position and angle should be fixed in BXR02 and BXR03 during measurements, dispersion should be reduced in return line by using quadrupole QNQ03 or something else.
We should isolate sections without a magnetic shield, because for the beam angle deviations like as in our experiments, magnetic field deviations should be around 10-2 G.
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[image: image30.emf]BPM position as a function of corrector current
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