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1. INTRODUCTION
The cooling section of FNAL’s electron cooler (4.3 MeV, 0.1 A DC) [1] is composed of ten (10) 2 m‑long, 105 G solenoids. When it was first installed at the Recycler ring, the magnetic field of the cooling solenoids was carefully measured and compensated to attain the field quality necessary for effective cooling [2]. However, over time, changes of the electron beam trajectories for otherwise constant conditions indicate that the field quality deteriorates. A technique which uses the cooling strength as an indication of the relative field quality was developed and used successfully to re-align the magnetic field in the cooling section (CS) [3].

While apparently successful, the method described in Ref. [3] had some inconsistencies that needed to be resolved. Thus, an improved procedure has been devised [4], for which each individual solenoid of the CS is now being measured. In this paper, we address the question of the preparation of the adequate electron beam trajectory necessary to carry out the magnetic field alignment procedure. Details and results of the new procedure are being discussed in Ref. [4].
2. PRINCIPLE OF THE METHOD AND PROCEDURE

The underlying assumption for the beam-based alignment procedure is that the reason for the beam trajectories to change with time is because of ground motion in the tunnel, which moves the solenoids independently to one another. As a result, solenoids are shifted and tilted with respect to one another effectively introducing a new transverse component to the magnetic field. This induced field can be corrected by varying the transverse field inside each solenoid (using a set of 20 dipole correctors available in each solenoid module) while maintaining the beam on-axis at its entrance and exit.
A measurement of the cooling force as a function of the corrector settings in each solenoid is the basis for the method. Since we want to characterize the cooling force of each solenoid independently of the others, the trajectory of the electron beam must be such that the cooling force is negligible outside the region of interest.
Therefore, to re-align the magnetic field in each solenoid of the CS, we need to:

1. Prepare adequate trajectories, schematically shown on the Fig. 2.1, for each solenoid. The trajectory can be described as having 3 distinct regions: a parallel shift of 4 mm over most of the cooling section for which the cooling force is negligible; a region on-axis in the solenoid to be measured; a transition from the on-axis region to the 4 mm parallel shift region over the distance L.


[image: image46.emf]
Figure 2.1: Schematic of the trajectories needed to carry out the cooling force measurements in a single solenoid. P0 - change of momentum in the solenoid; 
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 - change of momentum over the transition region L; N – solenoid number (1-8)
For the alignment procedure to be successful, the contribution to cooling of the transition region must be relatively low (
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<< P0).
2. Measure the cooling force as a function of the dipole corrector settings and find the maximum value for each solenoid.
3. ‘Zero’ the trajectory in each Beam Position Monitor (BPM) in the CS with the ‘end correctors’.
3. TRAJECTORIES PREPARATION
To obtain the trajectory shown in Fig. 2.1, several preliminary measurements and manipulations had to be performed.
3.1 Keeping the beam on axis with the Autotune program
For cooling to be effective the electron beam should be on the axis. Before the cooling section we have 4 dipole correctors (CX,YB01 and CX,YB02 (Fig. 3.1.1)), which are used in the Autotune program to keep the beam at a constant position in the first and second BPM of the cooling section. We can use these same correctors in conjunction with the Autotune program [5] to keep beam on axis at the beginning and at the end of a module.
[image: image1]In order to use the Autotune program, the response matrices of the 4 dipole correctors had to be measured along the CS. To do so, for each corrector independently, the beam displacement in each BPM was recorded as a function of the corrector current. Note that to improve statistics, the procedure was repeated several times. Once the data of the BPMs responses to all four correctors were collected, the slopes of the linear fits, k in [mm/A], were calculated, For instance, the dependence of BXC10 to CXB01 is shown on the Fig. 3.1.2 along with its linear fit.
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These coefficients can be combined into the matrix equations:
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(3.1.1)

where MN is the 4x4 response matrix composed of the coefficients k corresponding to a beam displacement in BPMs N and N+1.
Now, we can multiply equation 3.1.1 by 
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and rewrite it as:
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(3.1.2)

This is a system of 4 equations with 4 unknown values. The vector of currents 
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 corresponding to the vector of positions 
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 can be calculated.
In the Autotune program, the user enters the target positions and the matrix MN. Then, the program reads the beam positions periodically and calculates the vector
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 corresponding to the deviations of the actual positions with respect to the target positions. Finally, it calculates the vector 
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 needed to move the beam back to the target positions and automatically changes the corrector currents. To keep the beam on axis in a given solenoid N, the target positions are kept at zero and the appropriate response matrix MN is employed.
3.2 Parallel shift and 4-Bump
Once the positions at the entrance and exit of a solenoid are fixed with Autotune, the second step in order to obtain the trajectory shown on Fig. 2.1 is to shift the beam away from the axis in the rest of the cooling section. This trajectory was achieved in three independent steps:

1. Moving the beam away from the axis by 4 mm, as shown schematically on Figure 3.2.1.
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The parallel shift is a standard manipulation in our current mode of operation. To obtain this type of trajectory, two group of correctors are used: one before the CS (R:CX,YS04I, R:CX,YS05I) and one after the CS (R:CX,YQ01I, R:CX,YR01I, R:CX,YR03I), where X,Y indicate correctors in the X (horizontal) and the Y (vertical) directions, respectively). The respective strengths of these correctors for a given offset were compiled during commissioning of the cooler and the method employed was the same as the one that is described below for constructing a ‘local’ 4 bump.
2. Creating a ‘local’ 4-bump of the same (but opposite) amplitude as the parallel shift of step 1 for only one module, as shown schematically on the Fig. 3.2.2.
[image: image34.emf]a
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Transverse fields in the regular part of each 2-m long module are compensated by 8 identical pairs of dipole correctors, and transverse fields in each gap are compensated by 2 pairs of dipole correctors (Fig. 3.2.3). We use these correctors to make a 4-bump Note that the maximum current values of these correctors are ±1 A. One consequence is the need of using more correctors than the minimum required theoretically for a 4-bump (8 because of coupling).

[image: image11]
First, the response matrix of each corrector within a module was measured in the same manner as described in Section 3.1 using the Java application called ‘Ecool Correctors Response’ [6]. Once acquired, this matrix is used in another Java application, ‘Ecool Calibrator’ [6], which computes the relative strength of correctors needed to achieve the desired orbit bump. The output of this program is a set of coefficients Cn (where n is the corrector number within a solenoid) normalized to one of the corrector, so that 
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 is the current change of the chosen normalizing corrector and 
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 the change of current in each individual corrector. Once the coefficients were obtained, a MULT was prepared on an ACNET page.
3. Finally, to get the trajectory, which is shown on Fig. 3.2.1, we merely need to sum the trajectories of both steps 1 and 2. In practice, that meant moving the beam to 4 mm off axis in a standard manner and then use the MULT obtained for the ‘local’ 4-bump in order to bring the electron beam on axis in the desired module. Then, the Autotune program is turned on to ensure that the positions stay at zero (i.e. on axis) at the entrance and exit of the solenoid.
At this point, all the corrector settings were recorded using an Excel MACRO [6] so that they can be used for the preparation of input files (one per solenoid) for a program called ‘Waveform Generator’ [6]. The ‘Waveform Generator’ is a relatively simple Java application that uses text files as inputs to set multiple devices through ACNET following a given time line. This ‘Waveform Generator’ was extensively use during the actual alignment procedure to set the proper trajectories prepared according to the procedure described here. Figure 3.2.4 shows real trajectories obtained for SPC50.


[image: image15]
                     Figure 3.2.4: Electron beam trajectories for measurement of module SPC50

4. Estimations of the Cooling force

An example of the trajectories required to carry out drag rate measurements in each solenoid independently is shown in Fig 2.1 for the random module #N. 

In order to estimate the relative contribution to cooling of the transition region with respect to the strictly on-axis section, we can, with the very rough assumption that the electron beam does not undergo Larmour rotation within the module, write the change of momentum P0 , in the solenoid as
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where 
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 is a normalized constant drag rate, 
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, the average longitudinal velocity of the antiprotons in the beam frame, Ls, the solenoid length and 
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~100 μRad, the electron beam rms angle (including temperature, aberrations, etc.) assuming that the antiprotons and the electrons are collinear. Similarly, we can write the change of momentum 
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 over the transition region L as:
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where 
[image: image22.wmf]a

(z) is the component of the total angle induced by the dipole correctors, which kick the beam towards or away from the axis and z, the longitudinal coordinate.
The distribution of the transverse magnetic field of an individual corrector is close to Gaussian. The field distribution of the correctors installed in the regular part of the solenoids can be described by Eq. (4.3), while Eq. (4.2) holds true for the correctors in the gap (or ‘end’ correctors) [7]:
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By definition:
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where B is the transverse magnetic field and y, the transverse coordinate. Assuming that the transverse magnetic field is otherwise fully compensated, B(z, I1..In) can be calculated from Eqs. (4.3) and (4.4) where 
[image: image26.wmf]n

I

I

..

1

are the change of currents in the dipole correctors required to obtain the trajectory shown in Fig. 2.1.

In order to estimate 
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, we used the 2-D model in the ideal case where the magnetic field in the cooling section has only a longitudinal componen and the change of current in any corrector only result in the corresponding transverse component of the magnetic field. The angle α(z) and 
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 were calculated according the set of equations discussed above using MathCAD (“Correctors.xmcd” in eleccool.bd\common\Yuriy).
[image: image35.emf]20 M. long cooling section 20 M. long cooling section

The transverse magnetic field in module 60 is shown on Fig. 4.2, where I, I1 are the vectors of currents for the dipole correctors (Fig. 4.1). Note that all correctors were not used. Also, in Fig. 4.2, z = 0 is the very beginning of the module and z = 2 is the end. This magnetic field is positive in the left part of the figure (0<z<0.8), to kick the beam out of the axis, then it becomes negative, to compensate the angle and move the electron beam back parallel to the axis.
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The corresponding value of 
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 is13.5. However, this calculation is for one transition region only and needs to be divided by two, because there are two such regions, Therefore, 
[image: image31.wmf]tr

P

P

D

D

2

0

~6.75, which implies that the contribution to the cooling force from the transition region may be of about 10%.

7. CONCLUSION
The straightness of the magnetic field in the cooling section degrades with time. A new procedure that involves measuring the cooling force in each solenoid has been devised. But, in order to carry it out, adequate electron beam trajectories in the cooling section were needed such that the contribution of the cooling force outside the solenoid module being measured would be as small as possible.
Preparation of these trajectories entailed measuring response matrices of all correctors in the cooling section, as well as some outside the cooling section, forming the appropriate MULTs needed to create a parallel shift (4-bump) in a single solenoid module and finally preparing input files with the corresponding corrector settings. A simple estimate of the contribution of the cooling force outside the measured module indicates that ~10% of the measured cooling force may be attributed to the transition from on-axis to a 4 mm offset for the trajectories obtained.
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                           Figure 3.2.1.The electron beam is shifted by 4 mm out of the axis.
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Figure 3.2.2. 4-bump 4 mm out of axis for module #N.
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             Figure 3.1.2. Dependence of BXC10 to CXB01 and linear fit.
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Figure 3.1.1.Cooling section, B- beam position monitors (BPMs), C- correctors.
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Figure 4.1: Corrector currents [A] in module 60.





� EMBED Mathcad  ���





Figure 4.2.: Transverse magnetic field in the module following the solenoid, in which we want to measure the cooling force.
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           Figure 3.2.3.Correctors distribution in one module of the cooling section
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