
2.4 Measurements, beam dynamics and performance

The goal of MICE is to demonstrate the cooling – the reduction of the normalised emittance – of a muon beam. The cooling is expected to take place in the transverse plane and the amount of cooling depends on the absorber material and the beta functions at the absorbers. In the approximation of continuous cooling the rate of change of normalised emittance, n, is:
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where 
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 and X0 are the energy loss and radiation length of the material and t is the transverse beta function. A normalised equilibrium emittance, equal to 
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, will be reached when the two terms in the above expression are equal. The equilibrium emittance is at a minimum for hydrogen at fixed t. It is therefore important to control the beta function of the beam at the absorbers as well as matching the beam in the cooling section to the spectrometers.

2.4.1 Magnetic field configuration, beta functions and matching

As discussed above, the MICE cooling section is based on one full lattice cell of the Study-II cooling channel with spectrometers at the entrance and exit of the channel. The beam is confined within the channel by a solenoidal magnetic field. The important beam-optical criteria are that: 

the desired value of the beta function is achieved at the absorbers

the beta function in the spectrometer solenoids is small and constant

the longitudinal magnetic field in the spectrometer solenoids is sufficiently uniform to allow precise measurements of the momentum of the muons to be made.

The magnetic field is generated by 18 coils in the full (Stage VI) configuration. The positions and dimensions of the coils for Stage VI are discussed in section 4.
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Figure 2.4‑1: Longitudinal magnetic field, Bz, versus z along the MICE channel for the baseline case of p=200MeV/c and β = 42 cm at the centre of the absorbers.

The longitudinal magnetic field, Bz, in the entire channel is shown in Figure 2.4‑1 for the baseline Stage VI case of pμ = 200 MeV/c, βt = 42 cm in flip mode. The field in the detector region of the spectrometer magnets (Figure 2-6) is 4 T and meets the criterion that it is uniform to better than 1% over the 1 m length of the tracker. 
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Figure 2.4‑2: Transverse beta function for the baseline case of p=200MeV/c and β = 42 cm at the centre of the absorbers. The blue curve has been calculated from the evolution equation for a paraxial beam; the red curve is the result of an ICOOL simulation with a beam of 6(π) mm emittance.
Figure 2.4‑2 shows the behaviour of the transverse beta function, βt, along the entire channel for the baseline case at the central momentum of 200 MeV/c. It has been calculated in two ways: from the evolution equation for βt for a paraxial beam in a solenoidal channel [Penn-Muc-71] and from an ICOOL [Fernow99] simulation using a large emittance (6 π mm rad) beam, which is not strictly paraxial. The desired βt of 42 cm is achieved at the absorbers. The beta function is essentially constant in both detectors, indicating that the required matching is achieved. 

The cooling channel and detector solenoids can be matched over a momentum range from 140 to 240 MeV/c, and the beta function at the absorbers can be tuned down to a few centimetres in non-flip mode. At momenta lower than 200 MeV/c the currents in all the magnets can be scaled with pμ. However, the maximum current density in the detector solenoids is limited and they will be operated with a maximum field of 4 T for higher central momenta. It is nevertheless possible to match the detectors to the cooling section in this case.

2.4.2 Expected performance
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Figure 2.4‑3: 1σ and 3σ beam profiles for the baseline configuration and a beam of 6(π) mm emittance. The black line indicates the inner radius of the channel. UB to provide a ‘max’ envelope.

The simulations and estimates of the performance of the channel described in this section have been made with ICOOL which includes energy loss, multiple scattering, straggling in the hydrogen absorbers and realistic descriptions of all magnetic fields. The materials used in the ICOOL simulation are listed in Table2.4‑1 and include the aluminium safety windows of the liquid hydrogen absorbers and the beryllium windows of the RF cavities.

Figure 2.4‑3 shows the 1σ and 3σ beam profiles for a 200 MeV/c beam of 6 (π) mm emittance; the limiting apertures are found to be located at the central iris of each 4-cavity RF module. For a fixed value of βt , the rms size of the beam is proportional to 
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and will therefore increase for beams with a larger input emittance or lower central momentum.

Table2.4‑1. Materials included in the ICOOL simulation of MICE Stage VI.

	Module
	Function
	Material
	Upstream

z (m)
	Thickness (mm)
	Radius (mm)

	Upstream Absorber
	Safety Window
	Aluminium
	-3.0833
	0.15
	213.0

	
	Absorber Window
	
	-2.9266
	0.15
	150.0

	
	Absorber
	Liquid hydrogen
	-2.9265 ?
	353.00
	150.0

	
	Absorber Window
	Aluminium
	-2.5735
	0.15
	150.0

	
	Safety Window
	
	-2.4168
	0.15
	213.0

	RF-Cavity & Coupling Coil
	Cavity Windows
	Beryllium
	-2.2763
	0.38
	213.0

	
	
	
	-1.8460
	0.38
	213.0

	
	
	
	-1.8190
	0.38
	213.0

	
	
	
	-1.3887
	0.38
	213.0

	
	
	
	-1.3617
	0.38
	213.0

	
	
	
	-0.9313
	0.38
	213.0

	
	
	
	-0.9044
	0.38
	213.0

	
	
	
	-0.4740
	0.38
	213.0

	Central absorber
	Safety Window
	Aluminium
	-0.3333
	0.15
	213.0

	
	Absorber Window
	
	-0.1767
	0.15
	150.0

	
	Absorber
	Liquid hydrogen
	-0.1765
	353.00
	150.0

	
	Absorber Window
	Aluminium
	0.1765
	0.15
	150.0

	
	Safety Window
	
	0.3332
	0.15
	213.0

	
	Cavity Windows
	Beryllium
	0.4737
	0.38
	213.0

	
	
	
	0.9040
	0.38
	213.0

	
	
	
	0.9310
	0.38
	213.0

	
	
	
	1.3613
	0.38
	213.0

	
	
	
	1.3883
	0.38
	213.0

	
	
	
	1.8187
	0.38
	213.0

	
	
	
	1.8456
	0.38
	213.0

	
	
	
	2.2760
	0.38
	213.0

	Down-stream absorber
	Safety Window
	Aluminium
	2.4167
	0.15
	213.0

	
	Absorber Window
	
	2.5733
	0.15
	150.0

	
	Absorber
	Liquid hydrogen
	2.5735
	353.00
	150.0

	
	Absorber Window
	Aluminium
	2.9265
	0.15
	150.0

	
	Safety Window
	
	3.0832
	0.15
	213.0


The expected behaviour of a large emittance muon beam in Stage VI of MICE is shown in Figure 2.4-4. These results have been obtained from ICOOL simulation of 10,000 muons in the MICE channel. The simulation includes all the material in the cooling channel (but not the detectors), including the safety windows for the absorbers and the windows of the RF cavities. The RF fields used are those from perfect pillbox cavities.

The kinetic energy of the beam is reduced by ~12 MeV at each absorber and correspondingly increased in the RF cavities. Since an extra absorber (compared with the nominal lattice) has been included, the RF cavities do not compensate fully for the energy loss in the absorbers and the momentum of the outgoing beam is less than that of the incoming beam. The normalized emittance decreases at each of the absorbers. Scraping losses occur at the apertures of the central RF cavities. The overall reduction in transverse emittance is ~13% for this input beam. The experiment must measure the emittance of the incoming and outgoing beams and, most importantly, their ratio, with a precision much better than the expected reduction in emittance.

Figure 2.4‑5 shows how the transmission and fractional cooling expected in the MICE channel vary with the emittance of the input beam for the baseline configuration and a central momentum of 200 MeV/c. For very large input emittance, the output emittance is reduced substantially, but the transmission decreases because large amplitude particles are lost by scraping in the channel. At very low input emittance, the beam is heated rather than cooled. The longitudinal emittance increases by ~10% in all cases. 

[image: image8.png]5 CEICH g lg Jo
Je B
Jociosay m
o o o
-
=
soquos ° o o
qiosay g 1
-
o Ja Ja
) i
=
soquos
q n(l
- -+ -+
. B 41
| :
Lt I Ll Lt
[ w o % o oo ooy
2333 2g8ge¢ 283 3°8%:
(w2 (2/n9M) wnyuawows (jusasad) sso (P02 ww 1) souDPE

pasiewou

z(m)




Figure 2.4-4. a) Layout of the components of the cooling channel and detectors, b) average muon momentum <pz>, c) fractional loss and d) normalised transverse emittance versus z for the baseline configuration and a beam of 6π mm rad emittance.
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Figure 2.4‑5. Transmission and fractional cooling in the MICE channel versus the emittance of the input beam for the baseline configuration.
The equilibrium emittance can be reduced by tuning the channel to achieve a smaller beta function at the absorbers. The limiting factor is the current density in the superconducting coils; it will be possible to achieve a βt of 25 cm for a momentum of 200 MeV/c in flip mode and to reach values down to a few cm at lower central momenta, and in the semi-flip and non-flip modes. Current densities for other operating conditions in flip mode and other cases are described in Section 4.

It is intended to study other absorber materials as part of the MICE measurement programme. Liquid helium can be contained in the current design of the absorber, and solid materials can be used in place of the absorber module (Section 6). The cooling performance using these materials is worse than that of the liquid hydrogen, but will provide additional information with which to benchmark the simulations.
Table 2.4‑2 compares the relative performance of different low-Z materials in the MICE channel estimated from the continuous cooling formula for a channel containing three absorbers. The amount of cooling depends on the emittance of the incoming beam and will be measurable for all absorbers up to Z = 6 (carbon) in the baseline case; with higher Z materials or for beams with a lower input emittance, heating is expected.

In Table 2.4‑2, columns 8 – 10 show the equilibrium emittance for a number of materials for three values of t at the absorbers and a muon beam with a central momentum of 200 MeV/c. Columns 11 – 13 show the estimated fractional reduction in normalised emittance for each material for t  = 42 cm and p200 MeV/c for three values of input emittance. A negative value implies that the beam will be heated. These estimates do not include the aluminium windows for the liquid absorbers nor the beryllium windows of the RF cavities. With the exception of helium, the absorber thicknesses have been chosen to give the same energy loss as the baseline 35 cm liquid hydrogen absorbers, which can also be used for running with liquid helium. The values in the shaded columns refer to the baseline configuration.
Table 2.4‑2. Properties of some low-Z elements and compounds which will be used as absorbers in MICE.

	Material
	Density
	dE/dX
(min
	Radiation

length, X0
	X0 dE/dX
	E  in

absorber
	Absorber

Length
	Equilibrium

emittance
	Fractional  cooling

t = 42 cm

	(units)
	(gm cm-3)
	(MeV/cm)
	(cm)
	(MeV)
	(MeV)
	(cm)
	cm-radians)
	nn

	
	
	
	
	
	
	
	Transverse beta function

t  (cm)
	Normalised input emittance

(cm-radians)

	
	
	
	
	
	
	
	42
	25
	10
	1.2
	0.6
	0.3

	H
	0.071
	0.286
	  865.5
	247
	10.0
	35.00
	0.168
	0.100
	0.040
	0.146
	0.122
	0.075

	He
	0.125
	0.242
	755.2
	183
	8.5
	35.00
	0.228
	0.135
	0.054
	0.116
	0.089
	0.035

	Li
	0.534
	0.875
	155.0
	136
	10.0
	11.42
	0.307
	0.182
	0.073
	0.126
	0.083
	-0.004

	Lithium

-hydride
	0.820
	1.556
	97.1
	151
	10.0
	6.43
	0.275
	0.164
	0.066
	0.131
	0.092
	0.014

	Be
	1.848
	2.946
	35.3
	104
	10.0
	3.39
	0.400
	0.238
	0.095
	0.113
	0.056
	-0.057

	C
	2.265
	3.952
	18.9
	75
	10.0
	2.53
	0.558
	0.332
	0.133
	0.091
	0.012
	-0.146

	Poly-ethylene
	0.935
	1.941
	47.7
	93
	10.0
	5.15
	0.449
	0.267
	0.107
	0.106
	0.043
	-0.084

	Al
	2.700
	4.361
	8.9
	39
	10.0
	2.29
	1.072
	0.638
	0.255
	0.018
	-0.133
	-0.437
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