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Abstract. The baseline target system for a Neutrino Factory or Muon Collider is a free liquid-metal (mercury) jet inside a
20-T capture solenoid magnet. A peak solenoid field of 15 T at the mercury target location is being considered as an alternative
to simply the target system. The tapering field profile, from Bi = 15− 20-T down to B f = 1.5− 2-T over distance z f − zi,
is optimized to maximize the muon yield at 50 m downstream of the mercury target within a defined energy window. The
axial magnetic field is specified analytically using a inverse-cubic form, and the off-axis field is computed from a series
expansion based on axial derivation of the axial field. The simulation is performed using the MARS15 code, and results of the
dependence of the muon yield on the field profile are discussed.
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INTRODUCTION

A Neutrino Factory offers an appealing opportunity to
study neutrino oscillations with unprecedented high sen-
sitivity [1, 2], and would be a first step towards a Muon
Collider. The intense high-energy neutrinos of the Neu-
trino Factory are generated from a muon beam derived
from the decay of pions produced in a target for a 4-MW
proton beam of energy ≈ 8 GeV.

The baseline design of the Neutrino Factory (see
Fig. 1) generates 5×1020 neutrinos per year in the beam
directed to a distant neutrino detector [1, 2]. Low-energy
pions produced in the target are captured in a 20-T
solenoid magnet, which leads adiabatically into a 1-5-T
solenoid channel where they decay to muons. Thereafter,
the low-energy muons pass through bunching and phase
rotation stages, followed by ionization cooling. Finally,
muons are accelerated to 25 GeV in multiple accelerat-
ing stages and stored in a decay ring.

The current baseline design of the muon-production
target system is shown in Fig 2. The target material in
consideration is a liquid mercury jet which intercepts the
multi-GeV proton beam within the confines of a 20-T
solenoid field. The disrupted region of the mercury jet,
due to the interaction with the proton beam, is replaced
before the arrival of the following proton pulse, at repe-
tition rates up to 50 Hz.

Alternative target capture-solenoid field profile have
been investigated and a comparison to the current base-
line is presented.

FIGURE 1. Neutrino Factory layout (From [2].

FIGURE 2. Neutrino Factory/ Muon Collider Target Layout.
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INTRODUCTION

A Neutrino Factory offers an appealing opportunity to
study neutrino oscillations with unprecedented high sen-
sitivity [1, 2], and would be a first step towards a Muon
Collider. The intense high-energy neutrinos of the Neu—
trino Factory are generated from a muon beam derived
from the decay of pions produced in a target for a 4—MW
proton beam of energy % 8 GeV.

The baseline design of the Neutrino Factory (see
Fig. l) generates 5 x 1020 neutrinos per year in the beam
directed to a distant neutrino detector [1, 2]. Low—energy
pions produced in the target are captured in a 20-T
solenoid magnet, which leads adiabatically into a 1—5-T
solenoid channel where they decay to muons. Thereafter,
the low-energy muons pass through bunching and phase
rotation stages, followed by ionization cooling. Finally,
muons are accelerated to 25 GeV in multiple accelerat-
ing stages and stored in a decay ring.

The current baseline design of the muon—production
target system is shown in Fig 2. The target material in
consideration is a liquid mercury jet which intercepts the
multi—GeV proton beam within the confines of a 20-T
solenoid field. The disrupted region of the mercury jet,
due to the interaction with the proton beam, is replaced
before the arrival of the following proton pulse, at repe-
tition rates up to 50 Hz.

Alternative target capture-solenoid field profile have
been investigated and a comparison to the current base—
line is presented.
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TABLE 1. Baseline target parameters [5].

Hg Jet Proton Beam
(Gaussian Distribution)

θjet = 0.137 rad θbeam = 0.117 rad
Rjet = 0.404 cm σx,y = 0.1212 cm

THE TARGET SYSTEM

The main requirement of the target system is to deliver
an intense, low-energy muon beam of 1014 muons/s from
the incident proton beam (≈ 4 MW proton beam power;
1015 p/c at 8 GeV). The incident proton beam interacts
with the mercury target jet producing pions. Low-energy
pions are then collected and transported to decay channel
using a tapered solenoid field. The 20-T solenoid field is
generated by a set of coils (5-T copper magnet insert,
10-T Nb3Sn coil and 5-T NbTi outsert). Subsequent su-
perconduction coils taper the field down to 1.5 T over a
distance of 15 m.

The proton beam is tilted with respect to the solenoid
magnetic axis (and with respect to the mercury jet), and
directed to the mercury collection pool which addition-
ally serves as the proton beam dump. Superconducting
coils (particularly their organic insulation) can tolerate
radiation doses up to 10 MGy (0.1 mW/g over an opera-
tional life of 10 years of 107 s each [3]). He-gas-cooled
tungsten beads are used to shield the superconducting
coils from radiation damage. The 4-MW beam power re-
quires the outer radius of the shield and subsequently the
inner radius of the superconducting coils near the target
to be ≈ 120 cm [3, 4]. It is of interest to eliminate the re-
sistive coils (which would reduce the peak field to 15 T)
and use the freed space for shielding.

The beam-target parameters used in this study are
given in Table 1 [5]. The baseline configuration of the
target produces 0.4 Nµ/Np at the end of the decay chan-
nel (z = 50 m).

Target Capture Tapered solenoid

The current baseline (20-T peak field) solenoid field
along the solenoid axis is shown in Fig. 3 along with one
of the proposed alternative options. Alternative solenoid
field profiles effect on particle production and capture
was studied. The axial field was modeled by an inverse-
cubic taper eq. (1) [6].

Bz(0,z) =
Bi

[1+a1(z− zi)+a2(z− zi)2 +a3(z− zi)3]p
,

(1)

a1 =−
B
′
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pBi
, (2)
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FIGURE 3. 20-T and 15-T target solenoid field maps.

a2 = 3
(Bi/B f )

1/p−1
(z f − zi)2 − 2a1

z f − zi
, (3)

a3 =−2
(Bi/B f )

1/p−1
(z f − zi)3 − a1

(z f − zi)2 , (4)

where Bi and B f are the initial (peak) and final axial
fields at z = zi and z f respectively, and p is the power
to which the cubic fit is exponentiated. The off-axis field
was calculated from the series expansions, based on the
axial field (1), given in eqs. (5)-(6),

Bz(r,z) = ∑
n
(−1)n a(2n)

0 (z)
(n!)2 (

r
2
)2n , (5)

Br(r,z) = ∑
n
(−1)n+1 a(2n+1)

0 (z)
(n+1)(n!)2 (

r
2
)2n+1 , (6)

where a(n)0 is the nth derivative of a0,

a(n)0 =
dna0

dzn =
dnBz(0,z)

dzn . (7)
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TABLE 1.

Hg Jet
Baseline target parameters [5].

Proton Beam
(Gaussian Distribution)

Shem : 0.117 rad
a” : 0.1212 cm

Bjet : 0.137 rad
Rjet : 0.404 cm

THE TARGET SYSTEM

The main requirement of the target system is to deliver
an intense, low-energy muon beam of 1014 muons/s from
the incident proton beam (z 4 MW proton beam power;
1015 p/c at 8 GeV). The incident proton beam interacts
with the mercury target jet producing pions. Low—energy
pions are then collected and transported to decay Channel
using a tapered solenoid field. The 20-T solenoid field is
generated by a set of coils (5-T copper magnet insert,
10-T Nb3Sn coil and 5-T NbTi outsert). Subsequent su-
perconduction coils taper the field down to 1.5 T over a
distance of 15 m.

The proton beam is tilted with respect to the solenoid
magnetic axis (and with respect to the mercury jet), and
directed to the mercury collection pool which addition—
ally serves as the proton beam dump. Superconducting
coils (particularly their organic insulation) can tolerate
radiation doses up to 10 MGy (0.1 mW/g over an opera-
tional life of 10 years of 107 5 each [3]). He-gas-cooled
tungsten beads are used to shield the superconducting
coils from radiation damage. The 4-MW beam power re-
quires the outer radius of the shield and subsequently the
inner radius of the superconducting coils near the target
to be m 120 cm [3, 4]. It is of interest to eliminate the re-
sistive coils (which would reduce the peak field to 15 T)
and use the freed space for shielding.

The beam-target parameters used in this study are
given in Table 1 [5]. The baseline configuration of the
target produces 0.4 N” /Np at the end of the decay chan-
nel (z = 50 m).

Target Capture Tapered solenoid

The current baseline (20-T peak field) solenoid field
along the solenoid axis is shown in Fig. 3 along with one
of the proposed alternative options. Alternative solenoid
field profiles effect on particle production and capture
was studied. The axial field was modeled by an inverse-
cubic taper eq. (1) [6].
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FIGURE 3. 20—T and 15—T target solenoid field maps.
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MARS SIMULATION SETUP

The MARS15 simulation code [7] was used to simulate
the particle production off the target. The beam-pipe
geometry was simplified to have a constant 30-cm radius
for z = 0-50 m to simulate particle loss due to scraping.

MUON PRODUCTION OFF THE
TARGET

The particle production was simulated using a variety of
solenoid field profiles, using peak field of 20 T and 15 T
while varying the taper length (z f − zi) from 5 m up to
40 m. The final constant field. B f , was varied in 3 steps
(1.5, 1.66, and 1.8 T) as well. The number of muons (and
remaining pions) with kinetic energy in the range 80-140
MeV, and in the aperture r < 30 cm), at z= 50 m from the
target (entrance to the buncher/phase rotator) was used as
the figure of merit in comparing the performance of the
capture solenoid profile. Future studies will use the muon
yield at the end of the buncher/phase rotator as the figure
of merit).

Figure 4 shows the number of positive mesons (muons
and pions) as function of the taper length for vari-
ous values of the axial Bi. The simulations show that
Nmeson/proton decreased by 8% when the peak solenoid
field was decreased from Bi = 20 to 15 T, if the final
field was kept constant at B f = 1.5 T. As the final con-
stant field was increased to 1.8 T for the 15-T peak field
case, the ratio Nmeson/proton matched that of the Bz = 20-
1.5-T case.

The solenoid taper length has a distinct influence on
the number of the transported meson to the decay chan-
nel. The ratio Nmeson/proton increases linearly with the ta-
per length, based on the figure of merit used here. As the
taper length increases to 40 m, Nmeson/proton rises by 6%.

The distribution of the meson radii at z = 0, shown in
Fig. 5(top), extends out to 10 cm for peak solenoid fields
of 15-20 T. In the current baseline design the aperture at
the target is set to 7.5 cm. In instances where the peak
solenoid field is 15 T the distribution slightly shifts to
larger radii as expected; in these cases it is recommended
that the aperture at the target be increased to 10 cm.
As the solenoid field tapers down to 1.5 T (or 1.8 T)
the maximum radius of the muon distribution extends to
30 cm.

The transverse-momentum distributions, shown in
Fig. 5(bottom), verify that the target solenoid cap-
tures mesons with maximum transverse momentum of
0.25 GeV/c at the target, and the exchange of transverse
and longitudinal momentum in the tapered-field region
down to 1.5 T (1.8 T) reduces the spread of transverse
momenta.
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MARS SIMULATION SETUP

The MARSlS simulation code [7] was used to simulate
the particle production off the target. The beam-pipe
geometry was simplified to have a constant 30-cm radius
for z = 0-50 m to simulate particle loss due to scraping.

MUON PRODUCTION OFF THE
TARGET

The particle production was simulated using a variety of
solenoid field profiles, using peak field of 20 T and 15 T
while varying the taper length (zf — z,) from 5 m up to
40 m. The final constant field. Bf, was varied in 3 steps
(1.5, 1.66, and 1.8 T) as well. The number of muons (and
remaining pions) with kinetic energy in the range 80- 140
MeV, and in the aperture r < 30 cm), at z = 50 m from the
target (entrance to the buncher/phase rotator) was used as
the figure of merit in comparing the performance of the
capture solenoid profile. Future studies will use the muon
yield at the end of the buncher/phase rotator as the figure
of merit).

Figure 4 shows the number of positive mesons (muons
and pions) as function of the taper length for vari—
ous values of the axial Bi. The simulations show that
Nm.35011Atom decreased by 8% when the peak solenoid
field was decreased from B,- = 20 to 15 T, if the final
field was kept constant at Bf = 1.5 T. As the final con—
stant field was increased to 1.8 T for the 15—T peak field
case, the ratio Nmeson/proton matched that of the Bz = 20-
1.5-T case.

The solenoid taper length has a distinct influence on
the number of the transported meson to the decay chan-
nel. The ratio Nmeson/proton increases linearly with the ta—
per length, based on the figure of merit used here. As the
taper length increases to 40 m, Nmeson/pmton rises by 6%.

The distribution of the meson radii at z = 0, shown in
Fig. 5(top), extends out to 10 cm for peak solenoid fields
of 15-20 T. In the current baseline design the aperture at
the target is set to 7.5 cm. In instances where the peak
solenoid field is 15 T the distribution slightly shifts to
larger radii as expected; in these cases it is recommended
that the aperture at the target be increased to 10 cm.
As the solenoid field tapers down to 1.5 T (or 1.8 T)
the maximum radius of the muon distribution extends to
30 cm.

The transverse-momentum distributions, shown in
Fig. 5(b0ttom), verify that the target solenoid cap-
tures mesons with maximum transverse momentum of
0.25 GeV/c at the target, and the exchange of transverse
and longitudinal momentum in the tapered—field region
down to 1.5 T (1.8 T) reduces the spread of transverse
momenta.
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CONCLUSION

An alternative capture-solenoid field has been studied for
the mercury jet target for a Neutrino Factory or Muon
Collider. The influence of the field strength and the taper
length on the meson yield within KE of 80-140 MeV at
z = 50 m downstream from the target was examined.

The solenoid field profile with 15-T peak at the
mercury-target location was studied in comparison to the
current baseline value of 20 T. Three parameters were
considered for optimization; the taper length, z f −zi, and
the tapered field strength in both ends, Bi and B f . The
axial magnetic field profile was specified analytically us-
ing an inverse-cubic equation and the off-axis field was
computed from a series expansion. Particle transport and
decay simulations were performed using the MARS15
code. We found that using a field taper of 15 down to
1.8 T will result in the capture of the same number of
mesons as the baseline case of 20 down to 1.5 T, accord-
ing to the criteria used for particle yield as z = 50 m.
In addition, we found that a 10-cm aperture at the tar-
get location would be sufficient for if the peak field were
reduced to 15 T.
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CONCLUSION

An alternative capture—solenoid field has been studied for
the mercury jet target for a Neutrino Factory or Muon
Collider. The influence of the field strength and the taper
length on the meson yield within KB of 80-140 MeV at
z = 50 m downstream from the target was examined.

The solenoid field profile with 15-T peak at the
mercury-target location was studied in comparison to the
current baseline value of 20 T. Three parameters were
considered for optimization; the taper length, zf — Z), and
the tapered field strength in both ends, Bi and Bf. The
axial magnetic field profile was specified analytically us—
ing an inverse-cubic equation and the off—axis field was
computed from a series expansion. Particle transport and
decay simulations were performed using the MARS15
code. We found that using a field taper of 15 down to
1.8 T will result in the capture of the same number of
mesons as the baseline case of 20 down to 1.5 T, accord-
ing to the criteria used for particle yield as z = 50 m.
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