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A concept for a neutrino factory muon accelerator driver is presented. Acceleration of a muon beam is a challenging task because of a large source phase space and short species lifetime. In the design concept presented here, acceleration starts after ionization cooling at 210 MeV/c and proceeds to 20 GeV where the beam is injected into a neutrino factory storage ring. The key technical issues, beyond the basic physics parameters of Table 1, are: 1) choice of acceleration technology (superconducting versus normal conducting cavities) and related to it RF frequency choice, 2) choice of acceleration scheme, 3) capture, acceleration, transport and preservation of the large source phase space of the fast decaying species, and 4) accelerator performance issues such as potential collective effects (e.g., cumulative beam breakup) resulting from the high peak current. To counteract muon decay the highest possible accelerating gradient is required. That is the major driver for the proposed scheme. The muon accelerator driver (MAD) consists of a 2.83 GeV linac and consecutive four-pass recirculating linear accelerator as shown in Figure 1.

Table 1. Main Parameters of the Muon Accelerator Driver

Injection momentum/Kinetic energy
210/129.4 MeV

Final energy
20 GeV

Initial normalized acceptance

     rms normalized emittance
15 mm(rad

2.4 mm(rad

Initial longitudinal acceptance, pLb/m 

     momentum spread, p/p 

     bunch length, Lb
     rms energy spread

     rms bunch length
203 mm

(0.275

(372 mm

0.11

149 mm

Number of bunches per pulse
67

Number of particles per bunch/per pulse
4.4(1010 / 3(1012

Bunch frequency/accelerating frequency
201.25/201.25 MHz

Average repetition rate
15 Hz

Time structure of muon beam
6 pulses at 50 Hz with 2.5 Hz repetition rate

Average beam power
150 kW
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Figure 1. Layout of the muon accelerator driver


Very large transverse and longitudinal accelerator acceptances drive the design to low RF frequency. Were normal-conducting cavities used, the required high gradients of order of 15 MV/m would demand unachievably high peak power of RF sources. Superconducting RF (SRF) cavities are a much more attractive solution. RF power can then be delivered to the cavities over an extended time, and thus RF source peak power can be reduced. Another important advantage of SRF cavities is that their design is not limited by a requirement of low shunt impedance and therefore their aperture can be significantly larger. Taking into account the required longitudinal and transverse acceptances and that the beam is already bunched at 201.25 MHz at the source (ionization cooling) the 201.25 MHz RF-frequency has been chosen for both the linear accelerator and the recirculator. This choice also provides adequate stored energy to accelerate multiple passes of a single-pulse bunch train without need to refill the extracted energy between turns.  
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Muon survival demands either a high-gradient conventional or recirculating linac.  While recirculation provides significant cost savings over a single linac, it cannot be utilized at low energy for two reasons. First, at low energy the beam is not sufficiently relativistic and will therefore cause a phase slip for beams in higher passes, thus significantly reducing acceleration efficiency for subsequent passes. Secondly, there are major difficulties associated with injection of a beam with the large emittance and energy spread associated with a muon source. Beam pre-acceleration in a linear accelerator to about 2.3 GeV makes the beam sufficiently relativistic and adiabatically decreases the phase space volume so that further acceleration in recirculating linacs is possible. 

Cost considerations favor multiple passes per stage, but practical experience commissioning and operating recirculating linacs dictates prudence.  Experience at Jefferson Lab suggests that for given large initial emittance and energy spread, a ratio of final-to-injected energy below 10-to-1 is prudent and the number of passes should be limited to about five
. We therefore propose a machine architecture (see Figure 1) featuring a 0.13-to-2.39 GeV straight “preaccelerator” linac, and 2.35-to-20 GeV four pass recirculating linac (RLA). Figure 2 shows loss of muons in the course of acceleration. One can see that although RLA gives significant contribution the major fraction comes from the linac. One can also see that arcs (vertical drops in Figure 2) do not contribute much in the decay, which justifies the choice of normal conducting bends, and triplet focusing discussed below. 

1. Linear accelerator

1.1 Linac general parameters and lattice period layout 


Initial large acceptance of the accelerator requires large aperture and tight focusing at its front-end. In the case of large aperture, tight space, moderate energy and necessity of strong focusing in both planes the solenoidal focusing is superior to the triplet focusing and has been chosen for the entire linac. To achieve manageable beam size the first third of the linac uses short focusing cells and, consequently, short cryo-modules. In comparison with the standard 10 m cryomodules these cryo-modules have increased aperture and, consequently, reduced accelerating gradient. The beam size is adiabatically damped with acceleration and long cryomodules are used for the rest of the linac. Main parameters of the linac and its periods are presented in Tables 2 and 3. Figures 3-6 depict the layouts of short and long cryomodules, beam envelope and beta-function along the linac.

Table 2. Main parameters of linear accelerator

Injection momentum/Kinetic energy
210 / 129.4 MeV

Final momentum/Kinetic energy
2453 / 2350 MeV

Total linac length
450 m

Acceptance: initial / final (5% emittance dilution)
7.5 / 0.674  mm(rad

Momentum spread: initial / final
(0.275 / (0.1

Total bunch length:  initial / final
  745 / 220 mm

180 / 41 deg 

Total installed accelerating voltage
2.83 GeV

Table 3. Parameters of the long and short periods of linear accelerator


Short cryo-module
Long cryo-module

Number of periods
26
23

Total length of one period
6 m
12.5 m

Number of cavities per period
1
4

Number of cells per cavity
4
2

Number of couplers per cavity
2
2

Accelerating gradient in the cavity
10 MV/m
15 MV/m

Aperture in cavities (2a)
460 mm
300 mm

Spacing between cavities within one period
-
1 m

Spacing between cavities of different periods
3 m
3 m

Aperture in solenoids (2a)
460 mm
360 mm

Solenoid length
1 m
1.5 m

Solenoid maximum field
1.8 T
4.2 T


The layout of cryo-modules and the arrangement of SC cavities are determined by the requirement to have cavities sufficiently decoupled and to keep power of the fundamental coupler at acceptable level (below 1 MW). The coupling coefficient determined as 
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 (see Figure 7) should be at least,
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Figure 3. Short cryomodule layout. Blue lines present SC walls of cavities. Solenoid coils are marked by red color, and BPMs by the yellow.
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Figure 4. Long cryomodule layout. Blue lines present SC walls of cavities. Solenoid coils are marked by red color, and BPMs by the yellow.
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Figure 5.  Beam envelopes of the entire beam (2.5) along linear accelerator 
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Figure 6. Beta-functions along the linear accelerator. The beta-functions are computed in the frame, which rotates with angular frequency equal to 
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to have a possibility to by-pass not properly functioning cavities. Figure 8 demonstrates effects of cavity coupling and detuning on the cavity voltage. Thus for loaded Q of  5(105 the required cavity decoupling should be below 2(10-6. 


A two-cell cavity with power couplers at both ends is optimal from the power coupler point of view. But in the case of short cryomodules the required aperture is so large that the length of vacuum chamber between adjacent cavities should be more than about 1.7 m to decouple cavities (see Figure 9).  That causes a significant reduction of the real estate gradient. In this case a four-cell cavity with gradient reduced due to power coupler limitations is a better choice. In the case of long cryomodules the aperture is already sufficiently small so that the distance of about 0.75 m is sufficient to decouple cavities. Here we additionally took into account that for zero length coupling depends on aperture and usually does not exceed a few percent. 
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Figure 8. Dependence of cavity voltage on frequency. Solid lines – voltage for normally powered cavity; dashed line – voltage for not properly functioning cavity with corresponding power  generator off; a)&c) - cavity is not detuned, b)&d) - cavity is detuned by five bandwidth; a)&b)  = 0.1/ Q , c)&d)  = 1/ Q ; Q=5(105 .  


The beam focusing is performed by solenoids. Taking the large aperture required by the beam size the question of focusing linearity has to be addressed. The dependence of solenoid focusing strength on radius can be approximated by the following expression:
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where L and a are the solenoid length and radius. As one can see from Eq. (2) to reduce the non-linearity one needs to increase the solenoid length and aperture. Increasing length directly decreases the real-estate gradient; while increasing aperture requires larger distance between the solenoid and cavity to shield magnetic field and in the final score also decreases real-estate gradient. Aperture increase makes solenoids more expensive and less reliable. The layout of the short solenoid and plots of magnetic lines are shown in Figures 10 and 11.
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Figure 9. Attenuation of the electromagnetic wave between two cavities for short (left) and long (right) cryomodules. The attenuation is estimated by the following formula: 
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Figure 10. Layout of short solenoid

1.2 Longitudinal beam dynamics
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Figire 1.
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1.3 Transverse beam dynamics

Accelerator System Design 

The initial transverse acceptance of the linear accelerator is also chosen to be 2.5, The initial longitudinal acceptance of the linear accelerator is chosen to be 2.5, i.e. p/p=(27% and RF pulse length =(72 deg. To perform adiabatic bunching, the RF phase of the cavities is shifted by 75 deg at the beginning of the preaccelerator and gradually changed to zero by the linac end. In the first half of the linac, when the beam is still not sufficiently relativistic, the offset causes synchrotron motion, allowing bunch compression in both length and momentum spread to p/p=(6.6% and =(19 deg. The synchrotron motion also suppresses the sag in acceleration for the bunch head and tail. The first frame in Figure 2 shows how the initially elliptical boundary of the bunch longitudinal phase space will be transformed by the end of the linac. To perform a further bunch compression in RLA1 (see Fig. 2) the beam is again accelerated off-crest with phase offsets in the range of 22 – 45 deg for different passes and M56 in the range of 50 to 60 cm for different arcs. Similar RF gymnastics for RLA2 yields the final total energy spread of (1%. The synchrotron motion in the recirculators also strongly suppresses the beam loading effect. At 400 MHz a single pass of the beam takes away about 2.4% of the energy stored in cavities, thus reducing the accelerating gradient for the last bunch in the train by 1.2%. Fortunately, that imposes only about 0.3% energy drop on the last bunch, because bunches with smaller energy arrive earlier and experience larger acceleration due to the RF phase offset. The longitudinal phase space for the first and last bunches at the exit  of RLA2 is depicted in Figure 3

which corresponds to 5200 mm(mrad at the injection energy. To keep the beam radius below the 200 MHz cavity radial aperture of about 20 cm, the beta-functions should be below 8 m. Small beta-functions also suppress a harmful effect of beam focusing due to cavity accelerating fields. To achieve such small beam envelopes, short 5 m cryomodules (2 two-cell cavities at 200 MHz) are used at the beginning of the linac. As the beam energy increases, a transition to 10 m cryomodules (4 two-cell 200 MHz cavities) occurs. Note that this RF building block is used through the remainder of the preaccelerator and throughout RLA1. The beta-functions and horizontal dispersion in the preaccelerator and RLA1 injection chicane are shown in Figure 4. Solenoid focusing is considered to be most appropriate to handle the huge initial emittance. At approximately 1.5 GeV energy the magnetic field of 50 cm SC solenoids achieves 5 T and their further use would not be prudent. Fortunately, at this point the beam radius is sufficiently small (~ ½ the initial beam size) and long cryomodules are introduced, thus increasing the fraction of the accelerator taken by the cavities. Quad triplets then become a preferable choice for the beam focusing. This combination of solenoidal and triplet focusing makes a smooth focusing structure and avoids chromatic growth of the beam envelopes. Despite the large initial energy spread, particle tracking through the linac and the injection chicane exhibits only a few percent emittance growth with 0.5% beam loss from particles at the phase space boundary. One family of four sextupoles is used in the injection chicane to correct its non-linear dispersion.

1.3 General parameters and layout of lattice period

RF considerations

Peak power is then determined by microphonics [4] leading to a choice of long pulse operation of the RF cavities and reducing total power consumption for both RF and cryogenics. The final issue represents the traditional beam dynamics concerns associated with any high brightness accelerator. A very preliminary study suggests that the beam stability is not expected to be a severe problem [5] and will not be further discussed in this article.

Machine Architecture

The RLA1 beam transport system uses a horizontal separation of beams at the end of the linacs to allow independent recirculation of each pass. Individual recirculation arcs are based on a periodic triplet focusing structure, which allows use of longer straight sections (cryomodules as much as 10 m long), simplifies spreader/recombiner design (by easing beam envelop matching from linac to recirculation arc) and reducing vertical beam envelopes and chromatic effects. The required large momentum acceptance necessitates introduction of a three-sextupole family chromatic correction of the off-momentum orbit and path length. As in other recirculating linacs, and unlike storage rings and synchrotrons, correction of betatron “tunes” is unnecessary. Figure 5 shows a spreader (recombiner) layout. Optics for a few first arcs has been built and tracking studies exhibited an acceptable emittance growth.
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Figure 2. Decay of muons in the course of acceleration; dotted line – decay in the linac, solid line – decay in the recirculator. Vertical drops correspond to the beam transport in arcs.





� EMBED CorelDRAW.Graphic.9  ��� Figure 7. Electrical circuitry for calculation of cavity coupling
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� Note that for given parameters further increase of number of passes reduces affective accelerating gradient and consequently leads to higher decay of muons.
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