SECTION:

Beam Cooling Channel Optics design

     The experiment is designed to test the performance of two cells of the much longer cooling lattice that could be used in a neutrino factory. Specifically, it was decided to test cells that are as near as practical to those designed for the “Second Feasibility Study of a Muon Based Neutrino Factory”. In practice, as the design for the experiment has progressed, some changes have been introduced. But in all cases these are changes that could be incorporated in a longer channel. 

Figure 1 shows a schematic of one cell
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Figure 1   Schematic of one cooling lattice cell

Table 1   Dimensions and current densities of Cooling Cell


[image: image2.png]lenl | gap dl rad dr /A
m m m m m  A/mm’

0.120 | 0.120 0.200 0.255 0.090 -105.60
1.195 |0.875 0.360 0.690 0.071 -104.58
2.430 |0.875 0.200 0.255 0.090 -105.60





The simulations assumed four 46.6 cm long pill-box cavities per 2.75 m long cell, with axial peak fields of 15.48 MV/m. The RF windows were of berrillium. The end windows were 200 microns thick to 12 cm radius and 400 microns thick to their limit at 18 cm. The other three windows were 700 microns thick to 14 cm and 1.4 mm to their limit at 21 cm. The hydrogen windows were 18 cm radius and 360 microns of aluminum. These are all parameters from the first section of cooling in Study-2. For comparison with the experiments performance with two cells, it is interesting to look at a simulation of 10 cells in a continuous channel.
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Figure 2Transmission and emittances vs. Length in Cooling Channel

Figure 2 shows transmission and  emittances as a function of length in such a long lattice.

The initial transverse cooling rate is 5.9 % per cell, the longitudinal heating is 1.4 % per cell and the 6D initial cooling is 12.4 % per cell.

Design and Simulation of Cooling Experiment

The cooling experiment will consist of two complete cooling channel cells, plus one extra absorber. In order to measure the performance of two cells, we must match from those cells into and out the detector systems. Beam optical matching was achieved using two matching solenoids whose currents could be varied. A minimizing program (AMOEBA) was used to adjust these current to match the Twiss parameters (alpha and beta) from the cell into the long detector solenoid. The match is performed at the central momentum, with no attempt being made to correct for chromatic (i.e. momentum dependent) effects 


[image: image3.png](cm)

radii

0.75

0.50

0.25

0.00

Tunll [

0l

L

U0 waf

2.5

5.0
length (m)




Figure 3 Experiment Layout

Figure 1 shows the experiment layout with detector solenoids at left and right, and the matching solenoids indicated in magenta. The absorbers are indicated in blue outline. The RF is indicated (shown here as rectangular) in red. A line is drawn at the maximum aperture of the RF windows.

The matching was performed from the center of the experiment. Particles were started with the closed orbit parameters for a long lattice, and matched out into the end solenoid.
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Figure 4 Beta Function vs Length through the Match

Figure 2 shows the beta function for the central momentum of 0.2 GeV/c, as a function of length through the match. It is seen that it is essentially constant in the detector solenoid, indicating the required matching. The matching procedure, besides adjusting the matching coils, also adjusted the end coil of the solenoid such as to maintain a flat field in the detection region.

The Super-FOFO lattice used here, and in Study-2, has the property that the beta parameter in the absorber can be changed by adjusting the currents in its end focus, and central coupling, coils. 

Table 2  Focus and coupling Coil current Densities for Different Betas


[image: image5.png]jfocus jcoupling beta dp/p ref. mom

A/mm’ A/mm’ cm + % MeV/c
1 107 105 44 25 200
2 126 93 26 20 200
3 140 67 16 18 200
4 154 50 10 14 200
5 177 0 5.5 8 200





Table 1 shows the current densities for the different cases. The current densities for cases 3, 4, and 5 are too high for the superconductor in the coils. However, such low betas can still be studied if lower momenta, and correspondingly lower currents, are used.

Figure 3 shows the beta functions in the absorber, as a function of momentum, for various current choices.
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Figure 5  Beta functions in the absorber vs Momentum for Different Current Cases

Table 3   Current densities For different Beta Examples


[image: image7.png]# Mom ﬁ Bsol 6317 jfoc jcouple jml ij jendl jsol jendZ
MeV/c ecm T % A/mm’
la| 200 42 4 12107 106 65.0 97.2 100.0 80.9 128.9
1b| 240 42 4 11128 127 74.3 103.6 97.9 80.9 128.9
2 200 25.4 4 112|127 93 66.7 744 104.4 80.9 128.9
3 175 16.7 3.5 14|123 69 53.1 47.8 97.2 70.8 112.8
4 150 10.5 3.0 13117 44 409 14.0 89.7 60.7 96.7
5 140 5.7 2.8 10|124 0 20.8 -18.9 91.8 56.7 90.2





Matching has been done for each of these cases. In Table 2 the current densities in the different coils are given for a number of examples. Examples 1 and 1a have the standard beta in the absorber, but are operated at different momenta and lattice fields. The detector field, however, were the same for the two cases, and thus a different match was performed for each.

Case 2 is tuned to a lower beta and the standard momentum of 200 MeV/c. Cases 3,4 and 5 have lower betas, and momenta sufficiently reduced to remain within the capability of the coils.

It must be noted that these are only examples of matches that can be obtained using the two matching coils. Other choices for beta or momentum can also be matched.

Many different cooling experiments can be performed with this apparatus. Besides the choices of momentum and lattice, different RF voltages and phases, and different absorbers and fillings can be used. Maximum cooling will be obtained if all three absorbers are full. The experiment would then reproduce the long cooling lattice most faithfully if the RF is operated at 16 MV/m (as in Study-2) at a phase angle of close to 60 degrees off crest. In this case a longitudinal bunch and corresponding longitudinal emittance can be defined. If, as is expected in this experiment, this gradient is not initially available, then the same maximal transverse cooling can be achieved with RF gradients about half the Study-2 values, but the phase at crest. This is the example that will be simulated in section ***.

If one or more absorbers are left unfilled or are made shorter, then the RF can be operated at an angle sufficient to define a longitudinal acceptance, but there will be less transverse cooling. The experimental program would be expected to study a number of such options.

NEW SECTION:    

Simulations of the Experiment

Simulations of the complete experimental lattice have been carried out using the code ICOOL. The beam particles are introduced in the center of the first detector solenoid and tracked through to the end. Figure 4 shows the components of the experiment, together with the rms and maximum radii for a case in which the initial normalized emittance was 8.71 pi mm.

The simulation includes energy loss scattering and straggling in the hydrogen absorbers, 0.5 mm thick aluminum absorber windows (their thickness has been increased to include effects from some secondary safety windows), and stepped beryllium rf windows as described in section ***. The RF fields used were those from perfect pill-box cavities (as drawn). The limiting apertures, defined by the windows are indicated in the figure. The maximum beam radius was defined using 10,000 tracks with Gaussian distributions for the matched beta and the specified emittance. This example had an initial momentum spread of 3 %, and the bunch length sigma was 5 cm. The RF gradients were 8.3 MV/m and the phase was such that maximum acceleration was obtained in each cavity.


[image: image8.png]rms max radii (cm)

0.75

0.50

0.25

0.00

B 0
| —ooll 10 I ooi=—
e

length (m)




Figure 6  RMS Beam radii and Maximum Beam Radii in a Simulation of the Experiment
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Figure 7   Momentum, Loss, and Emittance vs. length

Figure 7 shows the average momentum, loss, and normalized transverse emittance as a function of length from the initial to final detector solenoids. 

The momentum is seen to rise in the RF and fall in the hydrogen absorbers. The initial momentum is higher than the final. This is a simple result of the fact that the experiment is testing a section of the lattice that is 2 and one half cells long: containing 3 cells worth of absorber, but only 2 cells worth of RF. 

It is seen that the main losses occur at the centers of the RF cavities. It is caused by the aperture restriction at the Be Window. 

The emittance shown is calculated only for particles that had passed from detector to detector without loss. The observed emittance reduction is thus a pure cooling effect, and not contributed to by scraping. This simulation was done using one particular initial emittance, but other initial emittances were also tried.
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Figure 8   Various Emittances vs. length

Figure 8shows emittance vs. length for a number of different initial emittances. It is seen that the larger initial emittances are reduced, while the smallest emittances increase. This is the expected behavior since there is competition between scattering in the absorbers, (that is increasing the emittance), and energy loss that is decreasing it. There is an equilibrium between the two effects at a particular “equilibrium emittance”. If the emittance is above this value, the emittance falls. If it is below the value, the emittance rises.
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Figure 9   Transmission (top) and % Cooling (bottom) vs. Initial Emittance

Figure 9shows the transmission and % emittance reduction for a number of these cases. 

The red line shows the transverse emittance change obtained from the ICOOL run with RF included. It can be seen that transverse emittances above 2.5 pi mm are cooled while those below are heated. 2.5 pi mm is the equilibrium emittance for this cooling channel.

The change of longitudinal emittance in this case is not easily determined. The beam is being accelerated on crest so there is no stable bucket, and thus no stable emittance to measure. The green line is a determination of the longitudinal emittance change obtained by observing the change in momentum spread obtained without RF. 

The 6D emittance change is 2 $\times$ the transverse change + the estimated longitudinal change. It is seen to be cooled for transverse emittances greater than 3.5 $\pi$ mm.
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