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Abstract

The following study attempts to quantify a few tunable and easily understood parameters
that determine the design and performance of the pion capture and decay channel in current US
neutrino factory schemes. This study considers a variety of designs with various design parameters
that describe the field strength profile in the channel and computes the muon yield at the end
of the decay channel for each design using MARS. It is found that muon yields of as large as
Y,, = 0.53 /P are achievable with a carbon target. Crude cost considerations are made for the
different designs, as well.



1 Introduction

With the completion of the second neutrino fac-
tory feasibility study (FS2) [1], and with the
upcoming third feasibility study looming on the
horizon (FS2a), some effort should be made to
reanalyze the pion and muon collection scheme.
The pion capture section proposed in the sec-
ond feasibility study includes a 20 T solenoid
surrounding the target, designed to capture pi-
ons with a transverse momentum less than 225
MeV/c in a beampipe with a radius of 7.5 cm
surrounding a mercury jet target. The capture
section is then followed (downstream) by a 18.62
m tapered solenoid, adiabatically taking the pi-
ons (and muon decay products) from the 20 T,
7.5 cm radius region at the target to a 1.25 T, 30
cm radius decay channel. The overall length of
the capture and decay channel is 50 m, including
a 3 m matching section between the downstream
end of the decay channel and the upstream end
of the buncher and phase-rotation system that
follows.

Final optimization of the pion capture and de-
cay channel requires a detailed knowledge of the
upstream and downstream elements in the neu-
trino factory design, such as the apertures and
momentum acceptances of the buncher/phase-
rotation system and the cooling channel, as well
as the beam energy and power of the chosen pro-
ton driver. These elements are, themselves, still
in development, which means that the final word
on the pion capture and decay channel has yet
to be said. Ideally, the final optimization should
be done simultaneously with all elements in the
design, and work in this direction is being done.

However, there are still useful statements to
be made regarding the optimizable properties
of the capture and decay channel, if simply to
fully understand its behavior. While the general
properties of the capture and decay channel are
well understood—namely, adiabaticity and pion
decay—a continuum of design options still exist
and have yet to be explored. Most of these op-
tions differ in the specific shape and strength of
the field in the channel, all of which contribute
to the overall cost and performance of the chan-
nel. This study is designed to explore a number
different design schemes in an attempt to bet-
ter understand the detailed principles involved

in the generation of the muon beam and design
a channel in terms of easily tunable, and under-
standable, parameters that can be determined at
a later stage.

In the next section, Section 2, we discuss the
general design of the capture and decay chan-
nel used in this study, for the most part review-
ing the design proposed in the second feasibility
study. The following section, Section 3, discusses
the design of the tapered solenoids and the ef-
fects of adiabaticity on the total muon yields
at the end of the decay section. Then, in Sec-
tion 4, we expand on this design by considering
increased magnetic field strength in the decay
channel, studying the effects of the field strength
on capturing the muons produced from pion de-
cay. In the next section, Section 5, we comment
on the method of fitting short current coils to
the field strength profiles discussed in the prior
sections, and in the final section, Section 6, we
summarize the results, make what conclusions
can be made, and comment on the direction of
future work.

2 Channel Design

For the purposes of this study, we will assume a
1 MW incident beam of 16 GeV protons on an 80
cm carbon target, as discussed in the first neu-
trino factory feasibility study (FS1) [2]. There
is no doubt that a mercury target will have sig-
nificantly better charged pion yields, as would
a more energetic incident proton beam. How-
ever, we have decided to be very conservative in
this study, avoiding the inherent difficulties as-
sociated with the mercury jet target and opting
for a 16 GeV beam in order to more easily com-
pare results to prior findings, such as those in the
first and second feasibility studies. In the end,
the target section that we consider is essentially
identical to that considered in FS1: an 80 c¢m
long, 1.5 cm wide graphite target suspended in
a 20 T solenoid at an angle of 50 mrad with re-
spect to the central axis of the solenoid. The in-
cident proton beam, therefore, enters at 50 mrad
with respect to the central axis of the solenoid
such that it travels along the central axis of the
target.! No changes to this target design are

!The configuration chosen in FS1 actually considers a
carbon target tilted at 50 mrad in order to place the pro-



considered, and only the elements of the capture
and decay channel that are downstream from the
target region are modified in this study.

The field strength of the capture solenoid,
By = 20 T, is chosen to contain charged pions
with a transverse momentum of pr < 225 MeV/c
within a beampipe of radius Ry = 7.5 cm. As one
can see from Figure 1, this constitutes most of
the charged pions produced from the carbon tar-
get. Then, by adiabatically decreasing the field
strength while simultaneously increasing the ra-
dius of the beampipe such that the magnetic flux,
® = wBR?, is conserved as one moves down-
stream from the target, the charged pion beam
will increase in radius while decreasing in diver-
gence. By demanding that the magnetic flux
remain constant downstream of the target, the
field strength at the end of the decay channel,
where the beampipe has a radius of Ry = 30 cm
to match into the buncher/phase-rotation sys-
tem, will be

Ry

2
B; = By (R—f> =125T . (1)

Decreasing the field strength adiabatically
means decreasing the magnetic field slowly such
that the Larmor radius of the particles, a = 2%
where p, is the magnitude of the momentum
perpendicular to the magnetic field B , satisfy the

adiabatic constraints

a < Rp , (2)
where Rp is the radius of curvature of the mag-
netic lines of force, and

oB\!

a<B(50) (3)
where s is the arc length measured along the cen-
tral axis of the solenoids. It can be easily seen
that these constraints are more difficult to sat-
isfy in low-field regions where the Larmor radius,
a, can be large.

Once the charged pions are transfered from
the high field region into the low field region, a
length of uniform solenoid is needed to contain

ton beam dump approximately 6 m downstream from the
target. However, increasing the tilt angle 150 mrad pro-
vides approximately 30% greater than pion-muon yields.

the beam while the majority of charged pions de-
cay into muons via their dominant decay mode,
7t — uT v, or 0 — p~ Uy, with a lifetime of
Tr = 26 ns. The resulting muons will begin decay
via their dominant decay mode, ™ — e™ v, 7,
or i~ — e~ Ve 1y, with a much longer lifetime of
T, ~ 2 ps. A crude approximation of the neces-
sary overall length of the channel can be made by
assuming a monochromatic beam of Ny charged
pions produced from the target. Assuming no
losses other than decay, the fraction of pions in
the beam after a longitudinal distance s is tra-

versed will be fr(s) = exp — - (7;1:)‘35, where the

pions have longitudinal momentum (p,)s. Then,
the fraction of muons in the beam will be

5o = 1o (-5
X exp (-i m“C) . @

CTy (pu)s

where we assume all of the muons are pro-
duced with roughly equal longitudinal momen-
tum, (p,)s. The maximum of this function oc-
curs at the distance

Smax = CTx <(p7r)s> In ll +
myC

Based on the momentum distribution of pions
produced from the target, shown in Figure 2,
one can crudely approximate the longitudinal
momentum of the pions and muons as (p;)s ~
(pu)s = 250 MeV/c, which results in an opti-
mal channel length of s,,4; ~ 65 m. Throughout
this study, we assume a 50 m overall channel
length, after which 99%/97%/95% of the pions
with longitudinal momenta 200/250/300 MeV /¢
have decayed.

At the end of the capture and decay chan-
nel, we expect a matching section to transfer
the beam efficiently into the next stage in the
design, such as the buncher and phase-rotation
system. As already mentioned, current designs
for the buncher and phase-rotation system in-
corporate a 1.25 T solenoid field. This means
that if we match the 1.25 T field strength and
the beampipe aperture at the beginning of the
buncher and phase-rotation system to the end
of the decay channel, no additional matching
section should be required. If a different field
strength is used in the decay channel, as will be

(Pu)s M T
(pﬂ)s my 7'7r‘| ’ (5)
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Figure 1: Transverse momentum distribution of the forward-going charged pions produced from
an 80 cm carbon target with 16 GeV incident protons, divided by the total number of protons on
target.
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Figure 2: Momentum distribution of the forward-going charged pions produced from an 80 c¢m
carbon target with 16 GeV incident protons, divided by the total number of protons on target.



discussed in Section 4, an additional matching
section (tapered solenoid) must be added to take
the beam from the field strength in the decay
channel to the matched 1.25 T field strength.
For the purposes of clarity, we will from here
out refer to the 20 T solenoid surrounding the
target as the capture solenoid. The uniform,
low-field solenoid that allows for the necessary
50 m of decay straight will be called the de-
cay solenoid. The tapered solenoid that trans-
fers the charged pions from the high-field cap-
ture solenoid into the low-field decay solenoid
will be called the primary matching section, and
if a matching section is required following the de-
cay solenoid to take the beam into the buncher
and phase-rotation system, this will be called the
secondary matching section. While the individ-
ual lengths of each section may vary with the
considered design, we will assume that the over-
all length of the channel is 50 m for all designs.

3 Adiabatic Matching Sections

As was already mentioned in the previous sec-
tion, the matching sections are designed to be
adiabatic, as defined by the conditions for adi-
abaticity given in Equations 2 and 3. If these
conditions are met, then the motion of the parti-
cles in the adiabatically varying region can best
be understood in terms of the adiabatic invari-
ants Ba? and %4 [3]. That is, as the beam travels
downstream from the target, its divergence de-
creases. Simultaneously, since the Larmor radius
of the particles, a, increases, the spot size of the
beam must correspondingly increase.

To ensure that the conditions for adiabaticity
are satisfied, we must design the matching sec-
tions to decrease the curvature and gradient as
much as possible. To do this, we parametrize the
beampipe radius as a function of arc length along
the central axis of the channel, R(s), in terms
of a few design parameters that can be tuned
to provide optimal performance (e.g., length of
the matching section, initial and final beampipe
radii, field shape parameters, etc.) while remain-
ing simple enough for the physics of the design to
be easily understood. This radius function effec-
tively describes the trajectory of the outermost
lines of force, the lines of force running paral-
lel to the beampipe. It is these lines of force

that have the largest curvature and are, there-
fore, the lines of force whose curvature we are
attempting to minimize.? Once a parametriza-
tion for the radius function is devised, the on-
axis field strength in the matching section can
be computed from conservation of flux.

For the purposes of this section, let us con-
sider a 1.25 T decay solenoid, such that the up-
stream and downstream end radii of the primary
matching section are fixed due to conservation of
magnetic flux through the beampipe,

7.5cm
30 cm

(6)
(7)

where s; and s are the arc length positions
of the upstream and downstream ends of the
matching section, respectively. The secondary
matching section can be neglected since no
matching is required to take the beam from
the 1.25 T decay solenoid into the 1.25 T
buncher/phase-rotation system. To remain gen-
eral, we will leave s; undefined, and s9 — s, the
overall length of the matching section, will be
one of the tunable parameters used to optimize
the channel.

In addition to matching the strength of the
field at the upstream and downstream ends of the
solenoid, we will also consider two constraints
on the radius function that match the direction
of the lines of force at the upstream and down-
stream ends of the matching section. The de-
signs in the first and second feasibility studies
consider a divergence in the field at the upstream
end of the matching section, even though such a
design is impossible to reasonably fit with real-
istic fields. Thus, for the sake of comparison, we
allow for the lines of force at the upstream end
of the matching section to be divergent, mean-
ing that the slope of the radius function at the
upstream end can be non-zero,

OR

—(81) =A.

5 (8)

This slope parameter, A, will be another tunable
parameter used to optimize the channel, though
only A = 0 designs can be reasonably fit with

2Tt should be noted that the physical beampipe radius,
R,(s), need not exactly match the beampipe radius func-
tion, R(s), described above. The physical radius function
need only satisfy the condition R,(s) > R(s).



realistic fields. More will be said on this in Sec-
tion 5.

At the downstream end of the matching sec-
tion, the lines of force should be parallel, so we
demand that the slope of the downstream end of
the radius function be zero,

OR
D5 9)

The choice for the radius function used in the
second feasibility study was

(SQ) =0 .

S — 81

). (o)

Rrsa(s) = \/R% + (RS - RY) < -
S9 S1

defined over the range s; < s < so. With the
upstream and downstream radii fixed by field
strengths, this design has only one tunable pa-
rameter: the length of the matching section,
89 — 81. It does not match the direction of the
magnetic field at the upstream ends, so it does
not satisfy the constraints given by Equations 8
and 9.

In this study, we opt to define a more general
general radius function,

R(s) = (ap + 15 + ags? + ags?’)% ,

(11)

defined over the range s1 < s < s9. Using the
four constraints given above, we can solve for the
polynomial parameters «;(R1, Ra, 1,52, A, k).
Then, we can separately study the performance
of the channel for various values of k, X\, and
s9 — s1. For the second feasibility study, s; = 0
m, so = 18.62 m, k = 2,

S1

o = R?’—(R2-R? = 56.25 cm? |

82 — 81

= 0.4531 cm |

(B3 — RY)

a1
§2 — 81

as =0, and a3 =0 cm™.

To study the effects of adiabaticity on the
performance of the channel, full simulations of
the target region, matching sections, and de-
cay solenoid were done using MARS [4]. Hence,
pion production and decay, as well as trans-
port of the beam to the end of the decay chan-
nel (50 m downstream from the target), were
all done in the same code. The muon yield,
Y, =Y,++Y,-, at the end of the decay channel
was computed for a wide range of design parame-
ters: so = 250,500, 1000, 2000 cm, 0 < A < 0.30,

and k£ = 1,2. For all of the designs considered
in this section it is assumed that R; = 7.5 cm,
Ry =30 c¢m, and s; =0 m.

Given a choice of parameters defining the
channel, the on-axis magnetic field down the cen-
ter of the channel is assumed to be

B(s) = B, <%>2 ,

where By = 20 T and Ry = 7.5 cm. Then, the
magnetic field is computed using an off-axis ex-
pansion in the distance from the central axis, as-
suming cylindrical symmetry. This ideal field is
used for the numerous MARS simulations made
in this study, and these runs should be thought
of as an attempt to find the preferred on-axis
field strength profile to which we will then fit a
long series of short current coils.

Figure 3 shows the muon yields from MARS
simulations for a variety of design parameters,
plotted as functions of the slope parameter, .
As on can see from the figure, the longer match-
ing sections result in larger yields, as one might
have guessed since longer matching sections nat-
urally have smaller curvature and normalized
field gradient. It is also interesting to note that

the optimal vyield, for a given length match-
f od J ? O (o]

(12)

ing section, seems independent of the choice of
k = 1,2. However, the dependence of the yield
on the initial slope parameter, A, is dramatic
and becomes more dramatic as the length of the
matching sections are increased. Most impor-
tantly, since the A = 0 designs are the only de-
signs that can be realistically fit, one should ob-
serve that the longer matching section designs
appear to prefer smaller \.

While yield is significantly important to the
physics potential of the design, cost is important
to its feasibility. With this in mind, we must
consider the overall cost of the capture and de-
cay channel as well as its performance. The cost
of the channel is roughly proportional to the en-
ergy stored in the magnetic field of the solenoids.
To consider both cost and performance simulta-
neously, we construct a merit factor equal to

(13)

where Y), is the muon yield of the channel (1/P)
and W is the energy stored in the channel’s
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Figure 3: Muon yields at the end of the 1.25 T decay solenoid for designs with various matching
section parameters: R; = 7.5 cm, Ry = 30 cm, s; = 0 m, so = 250, 500, 1000, 2000 cm, and k = 1, 2.
The yields are shown as functions of the slope parameter, A, with the largest yields coming from
the designs with longer matching sections. The single data point shows the yield expected from

the design considered in the second feasibility study.

magnetic field. For purposes of comparison,
Yrge = 0.311 p/P3 is the yield of the FS2 chan-
nel and Wrgo &~ 15 MJ is the energy stored in the
FS2 magnetic field.* Therefore, the FS2 channel
would have a merit factor of frgo = 0.033 p/P
MJ~L

Figure 4 shows the merit factors for each
of the designs considered above, normalized to
the merit factor of the design considered in the
second feasibility study. Values in the figure
above unity describe a design with an improved
performance-to-cost ratio over the design sug-
gested in the second feasibility study. The first
thing that can be observed by the curves shown
in the figure is that the normalized merit factor
peaks at larger values of the slope parameter,
A, than does the yield. This comes from the
fact that smaller slopes result in a longer high-
field region at the upstream end of the primary
matching section, or, alternately, larger slope pa-
rameters mean higher field gradients, resulting in

3This number is obtained by taking the quoted pion-
plus-muon yields in the second feasibility study for a 16
GeV proton beam on a mercury target and dividing by a
factor of 1.9 to compensate for the carbon target consid-
ered in this study.

4Only the field inside the beampipe is considered.

a more rapid decrease in the field strength im-
mediately following the target. A similar argu-
ment applies to the length of the primary match-
ing section. A longer matching section has a
smaller field gradient, resulting in a longer high-
field region near the target. We can see this ef-
fect in the figure as well, noting that the k = 2,
s2 = 500, 1000, 2000 cm designs all have similar
peak merit factors, though the so = 1000 cm
design appears to have the largest. The reader
should keep in mind, though, that these merit
factors are only meaningful if very good fits to
the design can be made with realistic fields, and
we will reiterate this in Section 5.

4 Field Strength

As the pions decay, the resulting muons continue
down a trajectory similar to that of their parent
pions, though not exactly the same. On aver-
age, the muon will be given a small momentum
kick perpendicular to the pion’s initial momen-
tum. In the center-of-mass frame of the pion,
the momentum of the muon will be

1 m;
p=§m7r<1—m—72r> )

(14)
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Figure 4: Normalized merit factors for the 1.25 T decay solenoid design with various matching
section parameters: R; = 7.5 cm, Ry = 30 cm, s; = 0 m, so = 250,500, 1000,2000 cm, and
k = 1,2. The merit factor for each design is normalized to the merit factor of the second feasibility
study design such that values above unity describe an improved performance-to-cost ratio. The
designs considered in this figure are equivalent to the designs considered in Figure 3.

and in the pion center-of-mass frame, the muon’s
emission will be uniformly distributed in all di-
rections since the pion has no spin. In the
pion center-of-mass frame, the component of the
muon’s momentum perpendicular to the direc-
tion of the pion in the lab frame will be

2
pL = % M (1 - %) sinfor 5 (15)
where ¢ is the angle between the muon mo-
mentum in the center-of-mass frame and the di-
rection of the pion in the lab frame. Boosting
into the lab frame leaves the perpendicular com-
ponent invariant. Averaged over all directions
in the center-of-mass frame, we find the aver-
age component of the muon perpendicular to the
pion momentum in the lab frame to be

1 2
(1) = ms (1 - %) ~15MeV/e . (16)

In an ideal case, the pions will be close to the
central axis of the beampipe with zero transverse
momentum, meaning that the muons will receive
an average transverse momentum kick from pion
decay equal to (pr) ~ (p.) ~ 15 MeV/c.

In a B = 1.25 T decay solenoid with a
beampipe radius of R = 30 cm, the largest trans-

verse momentum that a particle can have and
remain contained by the solenoidal field is given
by

pr<eB (g) ~56MeV/e ,  (17)
assuming the particle starts near the central axis
of the beampipe. This is less than four times the
average transverse kick given to a muon resulting
from pion decay, and many of the parent pions
will decay off of the central axis with non-zero
transverse momentums of their own. Hence, it
is reasonable to assume that a noticeable frac-
tion of the produced muons will be given a large
enough transverse momentum kick from pion de-
cay to eject them from the beampipe.

To compensate for this, one must observe that
the average transverse momentum kick given to
a muon due to pion decay is independent of the
field strength in the channel. Hence, one might
hope to hold on to more muons by increasing the
field strength in the decay channel. With this in
mind, we reproduced the designs considered in
the previous section with a 2.00 T and 3.00 T
decay solenoid. In these designs, we still assume
that the channel must be matched into a 1.25 T
buncher and phase-rotation system, so the last
10 m of the decay channel is replaced with a sec-
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Figure 5: Muon yields at the end of the 2.00 T decay solenoid for designs with various matching
section parameters: R; = 7.5 cm, Ro = 30 cm, s; = 0 m, s5 = 250, 500, 1000, 2000 cm, and k = 1, 2.
The yields are shown as functions of the slope parameter, A, with the largest yields coming from
the designs with longer matching sections. The single data point shows the yield expected from a
2.00 T decay channel design based on the design considered in the second feasibility study.
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Figure 6: Muon yields at the end of the 3.00 T decay solenoid for designs with various matching
section parameters: R; = 7.5 cm, Ro = 30 cm, s1 = 0 m, s9 = 250, 500, 1000, 2000 cm, and k = 1, 2.
The yields are shown as functions of the slope parameter, A, with the largest yields coming from
the designs with longer matching sections. The single data point shows the yield expected from a
3.00 T decay channel design based on the design considered in the second feasibility study.



ondary matching section taking the beam from
the field in the decay channel to the 1.25 T field
required.’® The overall length of the capture and
decay channel, therefore, is still 50 m.

The yields for the 2.00 T decay solenoid de-
signs are shown in Figure 5 for various de-
sign parameters. Again, for reference, we note
the quoted yields from second feasibility study.
The results are similar to the results found in
the case with the 1.25 T decay solenoid. The
yield of the shorter matching section designs
(s2 = 250,500 cm) improve significantly in the
higher field, but the long matching section de-
signs (s9 = 1000,2000 cm) have optimal yields
only a few percent greater than the lower field
designs.

The yields for the 3.00 T decay channel designs
are shown in Figure 6 for various design param-
eters. Again, the results are similar, showing a
significant increase in yields for shorter match-
ing section designs, and little increase in optimal
yields for the long matching section designs.

Increasing the strength of the field, however,
increases the cost of the channel. So, we must
also consider the merit factors of the higher-field
designs. The normalized merit factors for the
2.00 T and 3.00 T decay channel designs are
shown in Figures 7 and 8, respectively. These
figures suggest that the slight performance in-
crease provided by an increased field decay chan-
nel is not enough to compensate the increased
cost since the data suggests an overall decrease in
the normalized merit factor as the field strength
in the decay solenoid increases.

5 Realistic Fields

The data accumulated for this study was done
using non-Maxwellian fields. Namely, the field
in the beampipe is computed using an off-axis
expansion from the ideal on-axis field strength
profile computed from a radius function, R(s),
with a discontinuity at s = s;. This naturally
raises the question of the validity of the simula-
tions and of the numbers quoted in the previous
sections. Thus, some discussion of fitting to the
on-axis field strength profile should be given.

5The secondary matching section, in all cases, has de-
sign parameters k =1 and A = 0.

For small slope parameters designs, A ~ 0, a
Maxwellian fit to the on-axis field strength, B(s),
can be made without difficulty. For the specific
case of zero slope, the on-axis field, B(s), has no
discontinuity in its derivative, and the field pro-
duced from the off-axis expansion is almost iden-
tical to that found from a fitted series of short
current coils, assuming the inner radius of the
coils is slightly larger than the beampipe radius
itself.

As the value of the slope parameter increases,
it becomes increasingly difficult to find an accu-
rate fit to the ideal on-axis field strength profile,
B(s). At some point, one must compromise the
idealized uniform field at in the target region.
This presents some new problems because the
design of the target, which was not altered in
this study, was chosen assuming a uniform 20
T field in the target region. Thus, by changing
the field in the target region, one runs the risk
of producing fewer pions from the target, and
based on runs made with a number of different
fits to profiles found in this study, the decrease
in pion yield from the target can be dramatic
depending on the shape of the field in the tar-
get region. In fact, realistic fits to some of the
high-\ designs suggested an inherent danger in
creating “spikes” in the target-region field. Such
sudden increased in the field near the target can
act as a magnetic mirror for high-py pions pro-
duced at the upstream end of the target. This
results in fewer pions being transfered into the
decay channel.

For the most part, the ability to accurately
reproduce the yields quoted in this study with
realistic magnetic fields depends on the configu-
ration of current coils. The number of indepen-
dent parameters available in such a designs is
enormous, including the length, inner and outer
radii, current density, and spacing between each
coil. This makes finding a realistic fit to the ideal
on-axis field strength a challenge for high-\ de-
signs, and it was considered beyond the scope of
this study.

With these disclaimers made, it should be said
that the Y, = 0.53 p/P muon yield quoted for
the optimal performance design has been repro-
duced with realistic fields. Realistic fields have
been found for the designs with higher slope pa-
rameter, but in all cases the muon yields were
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k = 1,2. The merit factor for each design is normalized to the merit factor of the second feasibility
study design such that values above unity describe an improved performance-to-cost ratio. The
designs considered in this figure are equivalent to the designs considered in Figure 5.
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Figure 8: Normalized merit factors for the 3.00 T decay solenoid design with various matching
section parameters: Ry = 7.5 cm, Ry = 30 cm, s; = 0 m, so = 250,500,1000,2000 cm, and
k = 1,2. The merit factor for each design is normalized to the merit factor of the second feasibility
study design such that values above unity describe an improved performance-to-cost ratio. The
designs considered in this figure are equivalent to the designs considered in Figure 6.
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found to be significantly less than the ideal de-
sign. However, better fits could possibly have
been made, so no definite conclusions are drawn
from these results.

6 Conclusions

Making a final decision on the design parameters
of the pion capture and decay channel is difficult
at this stage. Final decisions on the energy of
the proton beam and the design and material
of the target need to be made before final num-
bers can be quoted on the expected muon yield.
However, based on the MARS simulations done
for this study, it appears that to achieve maxi-
mum muon yield reasonable designs consist of a
relatively long primary matching section (20 m)
with a relatively high magnetic field in the de-
cay solenoid (2.00 T). Matching sections much
longer than those considered in this study are
impossible without making the channel, itself,
longer, and many already believe that 2.00 T
is the highest field that the decay channel can
reasonably attain. From the MARS simulations
done for this study, it appears that with these
choices one can easily attain muon yields near
Y, = 0.53 p/P, and this has been verified with
realistic fields.

Assuming that the cost of the channel is pro-
portional to the energy stored in the solenoidal
magnetic field, one can compute a crude
performance-to-cost ratio for a particular de-
sign. Based on these combined physics-financial
considerations, it appears that the optimal cap-
ture and decay channel would have a 1.25 T de-
cay solenoid with only a moderate-to-long length
primary matching section (10-20 m). In these
optimal performance-to-cost designs, the muon
yields can be expected to be near Y,, = 0.45—0.48
p/P, assuming a good fit to the ideal on-axis
field strength can be made. While the yield is
not as large as the purely physics-based optimal
yields, the overall cost of the channel can be re-
duced by approximately 30%. This may save a
few million dollars, but considering the overall
cost of the neutrino factory and the difficulty in
finding realistic field fits to such a high-\ design,
it may be more cost effective overall to choose
the high performance design described above.

One might also imagine simulating longer
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channels, allowing more time for the remaining
pions in the channel to decay, as was suggested
in Section 2. This will increase the cost of the
channel proportionally, but for the same reasons
given above, this may not be a problem. How-
ever, assuming a good match can be made into
the subsequent buncher and phase-rotation sys-
tem, many of the undecayed pions may remain
in the beam, and their muon contribution to the
beam may not be lost, thus eliminating the need
for a longer channel.

This is just one of many reasons to optimize
the capture and decay channel simultaneously
with the buncher and phase-rotation system.
With MARS, this would require a cumbersome
and tedious joining of the MARS simulations to
the ICOOL simulations in which the majority of
the rest of the neutrino factory design has been
implemented. Ideally, one would simulate the
pion production, capture and decay in the same
environment as the rest of the design. With that
in mind, future work on this subject will be done
in GEANT4, first reproducing the MARS simu-
lations of the front-end devices, and then adding
downstream elements in a piece-wise fashion.
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