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Abstract.  An electron model of a 50 Hz, 4 MW, 3-10 GeV, NFFAG, Proton Driver for a Neutrino Factory is described.
INTRODUCTION
The 50 Hz, 3-10 GeV, proton driver proposed for an ISS, Neutrino Factory design [1] uses a new type of FFAG, with a non-linear, non-scaling and non-isochronous, cell focusing structure. The design aims for the electron model of the driver are to check the following aspects of the NFFAG design:

·   The effects of the non-linear magnetic fields

·   The constancy of tune at 17 reference energies

·   The halo growth during the 50 Hz acceleration

·   The range of momentum for the acceleration

·   Adiabatic bunch compression to < 1 ns rms

·   Longitudinal space charge limited operation

·   The effect of (Q = 0.1 at the injection energy 

·   The effect of (Q = 0.1 for a compressed bunch

    During the ISS study, the 10 GeV, proton driver has been modified to allow a uniform, bunch filling compatibility with the booster injector and the muon decay rings. It has also been simplified by removal of the insertions, which were described previously at FFAG05 [2]. 
    The non-linear lattice cells are designed to have fixed betatron tunes at each of 17 reference energies, with the electron model having the same tunes as the proton driver. Other parameters have changed to allow a reasonably compact ring. In particular, the length and number of lattice cells are reduced from those of the driver, resulting in larger bend angles and smaller bend radii, and a reduced ratio of final to initial gamma (total energy). A blow-up of the longitudinal bunch area is needed after injection so that all design aims of the model may be met, and a scheme to achieve this is discussed.
ELECTRON MODEL PARAMETERS

In the proton driver, there are 66 cells, each with (νh = 4/13, νv =3/13), so that the ring betatron tunes are (20 4/13, 15 3/13) and a group of 65 cells has integer tunes (20, 15). This choice is made to cancel the non-linear effects over most of the length of the closed orbit, at each reference energy. A similar scheme is used for the model, but the number of cells is reduced to 27, so that the ring tunes are (8 4/13, 6 3/13), and non-linear cancellations occur for 26 of the 27 cells. 
    The bend angle per cell in the proton ring is 5.4545°, while that in the electron ring is 13.3333°. Short magnets are used in the model, resulting in increased edge focusing and a restricted energy range: the protons have β( = 4.197 to 11.658, while the electrons have β( = 6.8708 to 11.658, for an energy range from 3 to 5.44632 MeV. Use of more cells in the model would result in very low magnetic fields. The NFFAG cell layout is shown in Figure 1. Three magnet types are used in the basic cell, which has five magnets (bd, BF, BD, BF, bd, O). The bd and BD units are non-linear, vertically focusing, parallel edged, combined function magnets, but with the bd and BD providing, respectively, reverse and positive bending. The BF is a non-linear, horizontally focusing, combined function unit whose edges are parallel to those of bd and BF. There is a zero entry and a zero exit angle, respectively, for the upstream and the downstream, bd magnets. The orbit circumference for the 27 lattice cells varies from 23.778 m at 3 MeV to 23.760 m at top energy, with the corresponding cell lengths equal to 0.88067 m and 0.88 m. 
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FIGURE 1. Magnet bend angles and cell lengths for the 5.44632 MeV, electron reference orbit.
    The magnet bend angles for the maximum energy orbit are given in Figure 1, and are needed for a high gamma-transition value (19.9545). Angles are very different from those of the proton driver, where they are –1.65°, 3.5523°, 1.65°, 3.5523° and –1.65°. Reference energies (17) are selected at ≈ 2 to 4 %, momentum intervals. At each reference energy, the small amplitude, betatron tunes are constant. For the orbits nearby, the tunes vary with the momentum, but return to the set values at the reference energies. There is also a variation of tune with amplitude. Magnet parameters are given in the Table 1 below:
                     Electron kinetic energy (MeV)                 3.0000                   5.4465
                     Field in bd magnets (gauss)                –411.9239              –502.6101
                     Field in BF magnets (gauss)                   72.2348                471.1970
                     Field in BD magnets (gauss)                582.1691                450.2549
                     Maximum beta (v) value (m)                   0.8843                    1.4629
                     Maximum beta (h) value (m)                   0.7044                    0.6047

                     Maximum dispersion (h) (m)                   0.0793                    0.0635
                     Full emittance εn ((π) mm mr)                10.0000                 10.0000

                     Maximum vert. beam size (mm)              2.2811                   2.2445
                     Maximum horz. beam size (mm)             2.9082                   2.4591
                     Maximum aperture height (mm)                              4.5000
                     Maximum orbit separation (mm)                           38.5000
                     Magnet v x h gap size (mm x mm)                     10.0  x  45.0
TABLE 1. Main magnet parameters of the 3.0–5.4465 MeV, NFFAG electron model.

GAMMA-T AND ACCELERATION FREQUENCIES
In Table 2, the proton driver and the model are compared for both gamma-t values and rf frequencies, at nearly equal (. The gamma-t are imaginary at low energies, real in mid cycle, decrease at high energies and are set at ≈ 20 for the compression studies at top energy. The frequency ranges are comparable.
                          Proton Driver (h =40)                                    Electron Model (h =3)

                   ( =E/Eo       gamma-t       F(MHz)                     ( =E/Eo     gamma-t        F(MHz)

                   11.658      21.6563       14.90741                    11.658      19.9545       3 x 12.57103

                   10.805      23.1154       14.90039                    10.980      22.4864       3 x 12.56654

                   10.379      23.9225       14.89598                    10.393      24.2936       3 x 12.56150

                     9.953      24.8996       14.89082                      9.806      28.9955       3 x 12.55509

                     9.100      27.6544       14.87762                      9.219      51.1918       3 x 12.54676

                     8.673      29.7066       14.86920                      8.632      34.7566 i     3 x 12.53577
                     8.247      32.5945       14.85921                      8.045      19.6996 i     3 x 12.52101
                     7.608      40.0939       14.84049                      7.458      14.2350 i     3 x 12.50091

                     6.968      64.0158       14.81571                      6.871      11.8527 i     3 x 12.47367
                     4.197      18.9302 i     14.52924                         –                –                   –
TABLE 2. Gamma-t and acceleration frequencies in the proton driver and the electron model.
    The non-linear lattice program used for the model calculates the values of L(δ) and αo (= (t -2), where L(δ) is the orbit length for the p = po(1 + δ) closed orbit, and L(δ)  = Lo(1 + δαo(1 + α1δ  + α2δ2 ..........). Hence it is possible to solve for the non-linear, longitudinal motion parameters, α1 and α2. For example: Lo(3 MeV, ( = 6.871) = 0.88067033 m, L(3.15 MeV) = 0.88040339 m, and L(3.3 MeV) = 0.8801886 m, so that αo (= (t -2) = –0.00711816, α1 ≈ 0.277441 and α2 ≈ –18.79563. For the bunch compression stage, αo = 0.0025114, α1  ≈ 8.02196 and α2 ≈ 73.9689, with α1  and α2 ≈ twice the values for the proton driver.
    The frequency, F + (F, between the (po, Co) reference orbits is F = hcβ(δ)/C(δ), with the rf harmonic number, h=3, cβ(δ) the particle velocity and C(δ) = 27 L(δ). The frequency ratio, (F/Fo , may be written: ( = ((o -2 - αo) δ + ((o -2 (αo - 1 - βo2/2) - α1) δ2 -(α2 + (o -2 (αo (1 + βo2/2) + α1 + 5βo2/2 - βo4/2 + (o -4)) δ3 +.. where ( is a function of δ alone, but is less accurate than a direct use of the expression, F = hcβ(δ)/C(δ).  
BUNCH AREA BLOW-UP, SPACE CHARGE LEVELS AND BUNCH COMPRESSION

The model needs to be able to simulate the proton driver, betatron tune shifts of (Q = 0.1 at compression and injection, and longitudinal space charge, ηsc values > 0.1 during the initial acceleration. Bunching factors must be found and, for these, Hofmann-Pederson, longitudinal beam distributions are assumed for 5 109 electrons in a single, h = 3, beam bunch. The same beam momentum spread, δ = ± 8 10-3, as for the compressed beam bunches in the proton driver is assumed, together with a final bunch time duration of   < 1 ns rms. This sets the longitudinal bunch area, and allows the rf voltage to be found for the required bunch compression. The same bunch area is assumed at injection, and this enables the rf voltage to be determined for an injection tune shift of 0.1, at an ηsc value of < 0.4.
    At compression, when ( = 11.658 and the above conditions hold, a space charge (Q of 0.1 occurs at a bunching factor of Bf  = 0.0322, assuming gaussian transverse distributions. The bunch phase and time extents needed for h =3 at 37.713 MHz are then: (φ = ± 0.425, (T = ± 1.899 ns (~ 0.85 ns rms) and the resulting bunch area A((E, (T ) is 0.266554 10-3 eV sec. Assuming that the inductive wall fields cancel the longitudinal space charge forces, the required bunch compression voltage is found to be 195.3 V.
    At injection, when ( = 6.870 and the above conditions hold, a space charge (Q shift of 0.1 occurs at a   bunching factor of Bf = 0.0934, assuming gaussian transverse distributions. The bunch phase and time extents needed at 37.421 MHz are (φ = ± 1.159, (T = ± 4.93 ns (~ 2.2 ns rms). The longitudinal space charge fields are not cancelled and ηsc = 0.1004 for the assumed bunch area, with a peak voltage per turn at injection of 44.0 V and a (p/p of ± 5.5 10-3. To achieve this (p/p, it appears necessary to blow up the longitudinal bunch area by a sideband excitation scheme, such as that proposed [3] at TRIUMF. 
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FIGURE 2. Broadband, centre-fed (or travelling wave), drift tube rf system.
    The use of three, broad band mini-drift tubes is proposed, located in cells 1, 4 and 7 (120° apart in rf phase for h = 3). Each unit is in a 0.35 m straight section, and a schematic drawing of the 0.29 m long, drift tube, of phase extent ± 6.59°, is given in Figure 2. The voltage gain reduction due to the short phase extent is 0.2281, so each drift tube needs 285 V for compression and 64 V at injection. Alternatively, a single system at 193 V may be used at injection, freeing two drift tubes for the emittance blow-up. 
    Bunch mode excitation is proposed for the blow-up, using synchrotron sidebands of a high, revolution frequency harmonic, k. [3] Since only one bunch is involved, k need not be an integer multiple of h = 3, and k = 31 is chosen, with a drift tube phase extent of ± 68.1° at 386.684 MHz. Most efficiency is found by omitting a carrier frequency and using just two sidebands, (k – m Qs) fo, where Qs is the synchrotron tune, fo is the revolution frequency and mode number m = 4 stimulates motion at the bunch centre, while m = 8 affects the periphery. Varying the ratio of the mode amplitudes gives tailoring of the bunch shape. The small amplitude, Qs value at injection is 0.00109 but, during bunch blow-up, the ensemble average value of Qs falls, and the sideband frequencies have to follow in step to obtain large emittance growths. Tracking of longitudinal bunch motion is planned to define the mode amplitudes and the specifications of the (commercial) broadband distributed amplifiers, needed for powering the drift tube systems.      
SUMMARY
An electron model is proposed for a 50 Hz, 3–10 GeV, NFFAG proton driver. The model has 27 cells, in comparison with the 66 of the driver. The cell tunes at each reference energy are as in the driver, but the smaller bending radii restrict the model energy range to 3–5.446 MeV. A space charge simulation code is needed to study beam blow-up, acceleration and compression and to confirm that model design aims are all met. The circumference is 23.76 m, which appears too large for the Daresbury Laboratory hall. The studies have raised the question of whether an NFFAG ring is feasible for rapid muon acceleration. 
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