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An ionization cooling channel is a tightly spaced lattice containing absorbers for reducing the
momentum of the muon beam, rf cavities for restoring the longitudinal momentum, and strong solenoids
for focusing. Such a lattice can be an essential feature for fundamental high-energy physics applications. In
this paper we design, simulate, and compare four individual cooling schemes that rely on ionization
cooling. We establish a scaling characterizing the impact of rf gradient limitations on the overall
performance and systematically compare important lattice parameters such as the required magnetic fields
and the number of cavities and absorber lengths for each cooling scenario. We discuss approaches for
reducing the peak magnetic field inside the rf cavities by either increasing the lattice cell length or adopting
a novel bucked-coil configuration. We numerically examine the performance of our proposed channels
with two independent codes that fully incorporate all basic particle-matter-interaction physical processes.
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I. INTRODUCTION

Muons are charged particles with mass between those of
the electron and proton and can be produced indirectly
through pion decay by interaction of a particle beam with a
target [1]. Beams of accelerated muons are potentially of
great interest for fundamental research as well as for
various industrial applications. For instance, accelerated
muon beams can enable unique element analysis via
muonic x rays and muon radiography [2]. In addition,
compact muon accelerators are desired for medical [3] and
material detection applications [4]. Moreover, muon accel-
erators are being explored for a Neutrino Factory [5] and a
Muon Collider [6]. Unfortunately, most of the created
muons have diffuse energies and are spread in all directions
from the target [7]. Thus, the common task is to capture a
large fraction of a divergent muon beam from a production
target and cool it promptly so that it will fit within the
acceptance of downstream accelerators.

Given the short muon lifetime, ionization cooling is the
only practical cooling method that can be realized [8,9]. In
ionization cooling, the beam loses both transverse and
longitudinal momentum as it passes through a material
medium. Subsequently, the longitudinal momentum can be
restored by reacceleration, leaving a net loss of transverse
momentum. For muon accelerator applications, this trans-
verse cooling is achieved in a series of cells. Each cell
consists of solenoids for focusing, disk-shaped absorbers
where cooling takes place, and rf cavities to replenish the
energy lost in the absorbers. Another variant of this
technique is to replace the disc absorbers with a continuous
absorber [10] wherein all of the cooling section, including
the rf cavities, is filled with dense hydrogen gas [11,12].
It is important to emphasize that vacuum rf cooling lattices

designed so far require normal conducting 201–805 MHz
cavities to operate within strong magnetic fields [13–16]. For
instance, nominal rf gradients in the Neutrino Factory
baseline cooling channel are 16 MV=m at 201 MHz, while
the magnetic field alternates between −3 T and 3 T [16].
Experimental [17] and numerical [18] studies have indicated
that the vacuum rf gradient may be limited by the magnetic
field, and it is uncertain whether the gradients specified for
the cooling sections can be achieved. For this reason it is
important to examine possible mitigation techniques, so that
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we can avoid any rf voltage suppression due to the presence
of strong magnetic fields [19].
In this paper we discuss in more detail novel lattice

designs that allow the operation of an rf cavity within
subtesla magnetic fields. We numerically examine the
performance of four individual cooling lattices by con-
structing a complete simulation model with two indepen-
dent codes that fully incorporate all basic physical
processes such as energy loss, scattering, straggling, and
muon decay. Then, we evaluate the different lattices by
systematically comparing various lattice parameters such as
the required magnetic fields, the transverse beta functions
and the absorber lengths for each specific case.
Our studies indicate the sensitivity of the channel

performance to variations in the design parameters. For
instance, we numerically study the impact of rf gradient
limitations on the overall performance for each ionization
cooling scheme. We show that by using a novel radial
bucked coil (RBC) [20] configuration we can reduce the
magnetic field on the cavity iris by a factor of 3, while at the
same time we obtain a muon yield that is only 5% lower
than that of the baseline cooling channel.
The layout of this paper is as follows: In Sec. II, we give

an overview of the ionization cooling concept. In Sec. III we
provide details of the design parameters for our proposed
cooling channels. Then, with the aid of two independent
codes we demonstrate the cooling efficacy of each lattice
(Sec. IV). Finally, we present our conclusions in Sec. V.

II. COOLING IN PARTICLE-MATTER-
INTERACTION SYTEMS

Ionization cooling involves passing the beam through
some material in which the muons lose both transverse and
longitudinal momentum by ionization energy loss, com-
monly referred to as dE=dx. The longitudinal momentum
can be restored by reacceleration, leaving a net loss of
transverse momentum. The equation describing transverse
ionization cooling is a balance between cooling (first term)
and heating (second term) effects [21]:

dεn
ds

≈ − 1

β2
dEμ

ds
εn
Eμ

þ 1

β3
βTE2

S

2Eμmμc2LR
; ð1Þ

where εn is the normalized transverse emittance, Eμ is the
muon energy, mμ is the muon mass, βT is the transverse
betatron function at a discrete absorber, β is the relativistic
beta, c is the speed of light, dEμ=ds is the energy loss per
unit length, LR is the radiation length of the material, and
Es is the characteristic scattering energy (∼13.6 MeV).
The minimum normalized transverse emittance (known

as equilibrium emittance) that can be achieved for a given
absorber in a given focusing field is reached when the
cooling term equals the heating term in Eq. (1):

εn;min ≈
βTE2

s

2βmμc2LRj dEμ

ds j
: ð2Þ

One wants to use absorber materials for which the
product of radiation length and energy loss is large.
Hydrogen and lithium hydride (LiH) are the most common
choices. Another parameter that can be controlled is the
beta function, which we want to keep as small as possible
over the length of the absorber.
Transverse ionization cooling can take place in principle

at any momentum. However, at low momentum the slope of
the dE=dx curve causes lower momentum particles to lose
more energy than higher energy particles. This increases
the energy spread and leads to a blowup in the longitudinal
emittance. Cooling at high momentum is uneconomical
since a lot of rf power is required to replace a fixed fraction
of the initial energy. For these reasons cooling channels are
typically designed with a reference momentum near the
minimum of the dE=dx curve (≈200 MeV=c) [22].
For the Neutrino Factory, the transverse emittance of the

muon beam must be reduced in order to fit into the
downstream accelerators and storage ring. Ionization cool-
ing is achieved in a series of cells [23] that (1) lower the
beam energy by ∼10 MeV in Lithium Hydride (LiH)
absorbers, (2) use 201 MHz rf cavities to restore the lost
energy, and (3) use solenoids with ∼3 T peak field on-axis
to strongly focus the beam at the absorbers. Each lattice cell
contains one solenoid and the direction of the solenoidal
field reverses with every cell repetition in order to prevent
the buildup of canonical angular momentum. The lattice
efficiency can be evaluated by calculating the muon yield,
which is defined as the number of particles that fall within a
reference acceptance, which approximates the expected
acceptance of the downstream accelerator. For the Neutrino
Factory case, the transverse normalized acceptance is
30 mm and the normalized longitudinal acceptance is
150 mm [16]. At the end of the cooling channel the rms
normalized emittance is expected to drop by a factor of 3,
while the accepted muon yield will rise by a factor of ∼2.
As mentioned in the Introduction, technical risks to the

existing cooling channel designs are presented by the
operation of rf cavities in the presence of strong magnetic
fields. Three experiments at the Fermilab MuCool Test
Area [17] studied the effect of the external magnetic field
on the breakdown behavior of cavities. The first experiment
had a single pillbox [17], the second had a box cavity
[24,25], and the third an all-season cavity [26,27]. The all-
season refers to a modular pillbox with replaceable end
walls designed for both vacuum and high-pressure experi-
ments. In all experiments, operating the rf cavity in a
magnetic field caused either a decline in the achievable
gradient or surface damage, or both. For this reason,
it seems prudent to begin investigating new cooling
schemes that not only manage to reduce significantly the
muon transverse emittance and obtain adequate muon
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transmission, but that also achieve a small magnetic field at
the rf cavity wall.

III. ALTERNATIVE LATTICE DESIGNS FOR
MUON COOLING

Figure 1 displays a representative portion of the cooling
channel that is currently considered to be the baseline
(BASE) for the Neutrino Factory Front-End cooling sce-
nario. The channel consists of a sequence of identical cells,
each containing one 50 cm long pillbox cavity and two
thick disk-shaped absorbers that cause energy loss. This
configuration is a revised version of the IDS-NF baseline
published in Ref. [28] with the only difference being that
the two adjacent 25 cm long 201.25 MHz cavities were
replaced with a single cavity since this would represent a
more realistic configuration. Each cell contains one
solenoid coil, the polarity of which flips from cell to cell,
yielding an approximately sinusoidal variation of the
magnetic field with a peak value of ∼3 T on axis (red
dashed curve). The axial length of the solenoid is 15 cm,
with an inner radius of 35 cm, an outer radius of 50 cm, and
a current density of 105.6 A=mm2. Six cells of the channel
are displayed in Fig. 1 and more information can be found
in Tables I and II. In order to allow sufficient space between
cavities and coils and to allow easier removal of parts of the
lattice the cell length is set to 86 cm and an empty cell is

FIG. 1. Schematic representation of the baseline lattice: (a) Con-
figuration in 3D; (b) side view. Note that six cells are shown. The
magenta cylinders are solenoids, the red cylinders are the active
volume of the rf cavities, and the blue blocks are lithium hydride
(LiH) absorbers. The dashed red line shows the magnetic field
along the axis. The current density of each coil is 105.6 A=mm2.

TABLE I. Lattice parameters of four alternative muon ionization cooling scenarios. Transverse beta functions are
calculated at the reference momentum.

BASE RBC LBC ICL

Reference momentum (MeV=c) 230 230 230 230
Cell length (cm) 86 105 86 300
rf (MHz) 201.25 201.25 201.25 201.25
Absorber type LiH LiH LiH LiH
Absorber length per cell (cm) 1.8 1.9 2.2 4.4
rf phase (deg.) 35 43 43 30
Minimum beta function (cm) 72 85 95 89
Beta function at absorber center (cm) 79 92 101 89
Equilibrium emittance (mm) 5.0 5.8 6.4 5.6
Length of cooling channel (m) 148 148 100 183
Number of cavities 143 117 97 122
rf gradient (MV=m) 16.0 16.0 16.0 16.0
rf length (cm) 50 50 50 50
Total rf length/total absorber length 23.0 22.0 19.0 22.7
Muon yield 1.97 1.86 1.76 1.55
Final trans. emittance (mm) 6.5 6.5 6.7 7.0

TABLE II. Lattice characteristics of each cooling scenario.

BASE RBC LBC ICL

Current density (A=mm2) 105.6 120.0=90.0 167.0=200.0 19.3
Maximum total field on coil (T) 7.2 6.9 12.2 2.0
Maximum total field on axis (T) 3.0 2.8 2.8 1.8
Maximum hoop stress (MPa) 270 340 470 15
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added after five cavities. The same pattern is repeated as
necessary until the desired emittance reduction is achieved.
The cavities have a frequency of 201.25 MHz and a

nominal gradient of 16MV=m. The cooling channel was
designed to have a transverse beta function that is relatively
constant with position and this allows the use of the rf
cavity windows as the cooling absorbers. The window
consists of a 0.9 cm thick LiH absorber with a 100 μm thick
layer of beryllium (Be) on the side facing the cavity, and a
25 μm thick layer of Be on the opposite side.
Next, we explore lattices with shielded cavities where the

magnetic field within the cavity is significantly lower. Two
lattices are examined, one with shielding provided by
bucked coils [29] arranged radially (Fig. 2) and one with
shielding provided by bucked coils arranged longitudi-
nally (Fig. 3).
Figure 2 displays the layout of six cells of a RBC

scheme. Notice that each lattice cell consists of the same
components as the BASE cell but has a longer length and
uses a pair of bucked coils rather than a single coil. The two
coils have different radii, opposite polarities, and are placed
at the same position along the beam axis. Like in the BASE,
the polarity of each coil flips from cell to cell.
Each RBC lattice cell is 105 cm long and contains two

0.95 cm thick disk-shaped LiH absorbers and a 50 cm long
201.25 MHz cavity. The axial magnetic field peaks at 2.8 T
and provides transverse focusing with βT ≈ 85 cm. The

FIG. 2. Schematic representation of the RBC lattice: (a) Con-
figuration in 3D; (b) side view. Note that six cells are shown. The
magenta cylinders are solenoids, the red cylinders are the active
volume of the rf cavities, and the blue blocks are LiH absorbers.
The dashed red line shows the magnetic field along the axis. The
current densities for coils 1 and 2 are 90 and 120 A=mm2,
respectively.

FIG. 3. Schematic representation of the LBC lattice: (a) Con-
figuration in 3D; (b) side view. Note that six cells are shown. The
magenta cylinders are solenoids, the red cylinders are the active
volume of the rf cavities, and the blue blocks are LiH absorbers.
The dashed red line shows the magnetic field distribution along
the axis. The current densities for coils 1 and 2 are 200 and
167 A=mm2, respectively.

FIG. 4. Schematic representation of the ICL lattice: (a) Con-
figuration in 3D; (b) side view. Note that two cells are shown. The
magenta cylinders are solenoids, the red cylinders are the active
volume of the rf cavities, and the blue blocks are LiH absorbers.
The dashed red line shows the magnetic field distribution along
the axis. The current density of each coil is 19.3 A=mm2.
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configuration of the coils leads to a notable reduction of the
magnetic field within and near the rf cavity (red dashed
curve). Quantitatively, the axial magnetic field at the cavity
wall is just 1.0 T, which is a factor of 2 less than the BASE
field. One can see from Fig. 3 that a very similar drop of the
magnetic field near the cavity region can be achieved by
using a longitudinal bucked coil (LBC) scheme. The only
difference is that the cell length is now reduced to 86 cm.
From the results in Table II it becomes clear that, unlike

the BASE and RBC lattices, the maximum field on the coil
for the LBC scheme is close to the published engineering
limits [30] for NbTi based solenoids. In addition, the coils
are placed very close to each other, causing the maximum
hoop stress, σt, to be 470 MPa, which is notably higher
compared to the BASE and RBC configurations. On the
promising side, this value is below the reported [31]
working maximum hoop stress for NbTi composites, which
is 500 MPa. Note that for our estimates we use the “current
sheet approximation” [32] where the current flows in a thin
surface around the coil circumference. The approximate
hoop stress acting on a solenoid is σt ¼ JtBzr, where Jt is

the current density, Bz is the longitudinal magnetic field
component, and r is the radius.
Another option for ionization cooling is to modify the

BASE channel by increasing its cell-length so that the rf
cavities no longer sit in intense magnetic fields. A key
advantage of this method is that the technical risk asso-
ciated with the design is greatly reduced compared to the
BASE since the maximum hoop stress drops to values that
are below 20 MPa. On the downside, as predicted in
Ref. [33] and confirmed by simulations presented below,
the increased cell length leads to either weaker focusing
and worse cooling performance, or decreased acceptance
and worse transmission.
Figure 4 shows the layout of two cells of a cooling

channel with an increased cell length (ICL) configuration.
More information about the lattice parameters can be found
in Tables I and II. Notice that now the length of each cell is
increased to 300 cm, which is a factor of 3.5 longer than the
BASE lattice cell. Each cell contains two 50 cm long rf
cavities which are separated by a 4.4 cm long LiH absorber.
The lattice consists of identical solenoids with 200 cm

FIG. 5. Color map plot of the total magnetic distribution, BTOTAL (in T) versus z along one cell for (a) BASE lattice; (b) RBC lattice;
(c) LCB lattice, and (d) ICL lattice. Dashed line indicates the position of the wall of the rf cavity.
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separation, with adjacent coils having opposite polarities.
This yields a sinusoidal variation of the axial magnetic field
in the channel with a peak value of 1.8 T, providing
a transverse beta function smoothly varying along each
cell, with a minimum value of 89 cm. The axial length of
the coil is 100 cm, with an inner radius of 40 cm, an outer
radius of 50 cm, and a current density of 19.3 A=mm2. The
low current density relative to that of the BASE lattice is
seen as an advantage, as it may enable a more conservative
temperature margin to be used in a linac that may have
significant losses.
Previously conducted numerical studies [18] have

shown that when the magnetic field exceeds 1 T, field-
emitted electrons can deposit enough energy on the
cavity surface to create damage and initiate breakdown.
Consequently, the primary goal of our study is to imple-
ment a new lattice design so that the rf cavities are placed
in a region with total magnetic field BTOTAL ≤ 1 T. To

examine this, in Fig. 5 we show the total magnetic field
profile along the cell of each of the aforementioned
lattices, from the coil center to 30 cm in radius. A common
feature of all lattices is that the magnetic field is zero at the
cell-center since the polarity of the coils flips in the middle
of the cell with every coil repetition. However, there is a
noticeable difference in the field strength within the cavity
region. For instance, the area with BTOTAL < 0.5 T extends
to less than 12 cm radius at the center of the cavity for the
BASE, while for both RBC and ICL schemes it exceeds
30 cm. In the longitudinal direction, in the case of the LBC
lattice, more than 60% of the cavity sits in a region where
BTOTAL < 0.25 T, while for both RBC and ICL schemes
the whole cavity is positioned in an area where the total
field is ≤1 T.
Figure 6 displays the total magnetic field versus radius

for the z position corresponding to the wall of the cavity.
This position has been chosen since the magnetic field
strength at the cavity wall, and particularly the iris
(R ¼ 0.3 m), has been long considered to be the main
parameter which limits the accelerating gradient, because
of its direct role in field emission [18,19]. Note that the
magnetic field at the iris for the BASE lattice cell is 3 and
12 times greater compared to the RBC and ICL schemes,
respectively. In addition, the magnetic field at the edge of
the rf cavity for the ICL and RBC schemes is ≤0.25 T and
≤1 T for any radius, respectively. The fact that the field on
the wall rises steadily for R > 0.15 m for the LBC scheme,
in combination with the engineering constraints discussed
earlier, makes this lattice the most challenging option.
Figure 7 shows the transverse betatron function,

βT , versus axial position [Fig. 7(a)] and momentum
[Fig. 7(b)]. Note that z ¼ 0 cm corresponds to the center
of the lattice cell for all cases. Clearly, βT becomes
minimum at the cell center for all scenarios and since
the lattice equilibrium emittance is proportional to the beta
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FIG. 6. Total magnetic field with respect to the radius, R, for the
z position corresponding to the wall of the rf cavity.

FIG. 7. Evaluation of lattice functions for the different cooling schemes: (a) Transverse betatron function along the beam axis at
230 MeV=c; and (b) transverse betatron function with respect to the total momentum. The cell center is at z ¼ 0.
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function at the absorber, ideally one would like to place the
absorber at this location. While the absorber is located at
the cell center in the ICL scheme, in the other lattices it is
offset by 25 cm (from the center) due to the placement of
the rf cavity. Nevertheless, the beta value at the absorber is
still low enough to provide an equilibrium emittance that is
below 7.0 mm for all cases (see Table I), which meets the
Neutrino Factory cooling criterion [16]. Figure 7(b) shows
the dependence of beta on momentum for the BASE, RBC,
LBC, and ICL schemes. The BASE and both bucked-coil
schemes have better acceptance compared to the ICL since
the range of momentum over which beta is nonzero
is wider.

IV. PERFORMANCE OF LATTICES

The performance of the cooling channels was simulated
using both the ICOOL [34] and G4beamline codes [35].
Both are standard codes for the Muon Accelerator Program
(MAP) [36] that tracks all relevant physical processes (e.g.
energy loss, straggling, multiple scattering) and include
muon decays. For each cell, we generated 2D cylindrical
field maps by superimposing the fields from all solenoids in
the cell and its neighboring cells. The resultant field
components were shown to satisfy Maxwell’s equations
to a high level of accuracy and agreed with independent
calculations. The rf cavities were modeled using cylindrical
pillboxes running in the TM010 mode and a reference
particle was used to determine each cavity’s relative phase.
Both irises were covered by a thin Be window in order to
produce the maximum electric field on axis for a given
amount of rf power [37]. The absorber material was LiH,
which was enclosed in Be safety windows. For simplicity,
we assumed that the windows are planar and located axially
on both sides of the absorber.
The input beam in the simulations has a normalized

transverse emittance of 17.0 mm, a normalized longitudinal
emittance of 50.0 mm, and a reference momentum equal to
230 MeV=c. These parameters closely resemble the dis-
tribution of a muon beam after it exits the phase-rotation
section of the Neutrino Factory Front-End [28]. The
normalized emittance has been obtained using ECALC9f
[38], an emittance calculation program customarily
employed by MAP. In the calculation, a factor 1=mμc
was introduced so as to express the longitudinal emittance
in units of length. A histogram of the momentum distri-
bution at the beginning of the channel is shown in Fig. 8.
Next, using both ICOOL and G4beamline we examine

the performance of our cooling schemes as a function of
channel length. We tracked 40,000 particles and included
muon decay. Our main findings are summarized in Table I
and are examined in more detail in the remainder of this
section. We evaluated the cooling performance by counting
the number of accepted particles (muon yield) that fall
within a transverse normalized acceptance of 30 mm and a
normalized longitudinal acceptance of 150 mm. For all

cooling scenarios examined, we performed one-dimen-
sional scans wherein we varied key parameters such as
the rf phase and absorber thickness in order to find the peak
muon yield for each variable. For instance, in Fig. 9 we
show the sensitivity in performance as we vary the length of
the absorber. The rf phase and absorber length that provide
the peak muon yield for each cooling scheme are listed in
Table I. Note that we found the same yield by using the
conventional algorithm “Nelder-Mead” [39,40] by scan-
ning both rf phase and absorber length.
Figure 10(a) shows the number of accepted muons that

fit within the above transverse and longitudinal acceptances
as a function of longitudinal position for the optimum
absorber length derived from Fig. 9. The solid curve is with
the muon decay enabled in the simulation and the dashed
curve is with muon decay disabled. Note that for all cases a
nominal rf gradient of 16 MV=m is assumed and a yield
equal to one corresponds to the yield at the cooler entrance.
Clearly, the BASE lattice achieves the highest muon yield
which peaks at 1.97 according to ICOOL and 1.98
according to G4beamline, at z ¼ 148 m. Not far from this
value is the performance of the RBC lattice. In particular,
ICOOL finds the peak muon yield for this lattice to be 1.86
and G4beamline 1.87, which is only 5% less than that of the
BASE lattice. It is important to emphasize that the total
cooling length that is required to achieve the peak muon
yield is the same for both BASE and RBC schemes. Since
the RBC cell is longer than the BASE cell, an implication of
this result is that the RBC scheme would require 20% fewer
cavities, making it a potentially cost-effective option [41].
On the other hand, it will require twice as many coils per
cell and the added coils are likely to be technically more
challenging compared to the BASE channel. The LBC
channel seems also an attractive option since its peak
performance is at z ¼ 100 m making this channel the
shortest among all. On the downside, its yield is 11%
lower (1.76 in ICOOL and G4beamline) compared to that
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FIG. 8. Histogram of the momentum distribution of the beam at
the entrance of the channel.
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of the BASE lattice. While the ICL lattice has the lowest
peak yield compared to the other schemes, which is 1.55 in
ICOOL (1.50 in G4beamline) at z ¼ 183 m, this scheme
has also the lowest magnetic field on the rf cavity wall,
which is ≤0.25 T.
Figure 10(b) examines the normalized transverse emit-

tance reduction as a function of distance along the channel.
The BASE channel produces a final value of 6.5 mm at
z ¼ 148 m, i.e., almost a factor of 3 smaller than its initial
value. A very similar performance is obtained by the RBC
lattice. The bumps near the start of the LBC lattice are most
likely from particle losses arising from a slight mismatch as
the beam propagates from the phase rotator to the cooling
system. At z ¼ 100 m, it cools to an emittance of 6.7 mm
which resembles closely the performance of the other
lattices. Finally, the predicted emittance for the ICL at z ¼
183 m is near 7.0 mm. Note from Fig. 7(b) that the ICL
lattice accepts particles with a momentum greater than
190MeV=c. On the other hand, it is clear from Fig. 8 that
there are a considerable number of particles (∼8%) with a
momentum ≤190 MeV=c which means that the initial

emittance drop for the ICL is not due to cooling but from
particle loss. We note that for all the cooling scenarios we
discussed, the final values for the transverse emittance, εT ,
meet the Neutrino Factory criterion, which requires
εT ≤ 7.0 mm. Finally, ICOOL and G4beamline provide
results with a high level of agreement for both muon yield
and emittance.
In Fig. 11 we attempt to establish a scaling characterizing

the impact of rf gradient limitations on the achieved
maximum muon yield. As before, a yield equal to one
corresponds to the yield at the cooler’s entrance. It is clear
that the cooling performance strongly depends on the rf
voltage. Quantitatively, a decline of gradient from the
nominal value (16 MV=m) to 12 MV=m in the BASE
lattice would cause a drop in performance by more than
15%. While the BASE achieves a ∼5% higher muon yield
compared to the RBC channel for any rf gradient, results
from previously conducted experimental work [17] suggest
that the maximum achievable rf gradient is correlated with
the value of the magnetic field at the cavity wall and
particularly the iris. That means the RBC scheme could

FIG. 9. ICOOL simulation results of the accepted muon yield for different absorber lengths per cell: (a) BASE, (b) RBC, (c) LBC, and
(d) ICL schemes.
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safely operate at higher gradients since the magnetic field
on the cavity iris is reduced by a factor of 3. In that
scenario, the RBC can perform as well as the baseline. For
instance, the RBC at 19 MV=m closely matches the BASE
at the nominal gradient with a drawback, however, that it
requires more rf power. On the other hand, neither the LBC
nor the ICL scheme exceeds the BASE muon yield for any
voltage.
In conclusion, it becomes evident from Fig. 11 that the

performance of any cooling channel largely depends on the
gradient that can be achieved within a given magnetic field.
In particular, for the Neutrino Factory baseline, it must be
proven experimentally that the 201 MHz pillbox rf cavities
at 16 MV=m can operate safely in magnetic fields of up to
3 T. If 16 MV=m can be sustained only at a ∼1 T magnetic
field then the RBC bucked coil scheme looks more
appropriate, and according to our numerical estimates

the loss of performance will not exceed 5%. On the other
hand, if 16 MV=m can be achieved only in subtesla
magnetic fields (B ∼0.5 T or less) then the ICL lattice
becomes the most viable choice. Accordingly, this will
result in a 15%–20% particle loss compared to the initially
anticipated performance.

V. SUMMARY

Beams of accelerated muons are potentially of great
interest for fundamental high-energy physics research as
well as for medical science, material science, and industrial
applications. Since most of the created muons have diffuse
energies and are spread in all directions from the target,
there is a significant need to cool the beam. In this study we
designed, simulated, and compared four different cooling
schemes based on ionization cooling. We numerically
examined the impact of rf gradient limitations on the
overall performance and reviewed important lattice param-
eters such as the coil configurations, the required magnetic
fields, the number of rf cavities, and the absorber lengths
for each cooling scheme.
In this study we discussed in more detail novel lattice

designs that allow the operation of a rf cavity within
subtesla magnetic fields. In order to cross-check our results
we employed two independent codes that fully included all
basic particle-matter-interaction physical processes such as
energy loss, scattering, straggling and muon decay. The two
codes showed a very good agreement for all cooling
scenarios examined. We showed that by using an ionization
cooling channel with radial bucked coils not only is the
magnetic field on the cavity iris reduced by a factor of 3 but
at the same time the achieved muon yield is only 5% lower
than that of the baseline cooling channel.

FIG. 10. ICOOL simulation results of the cooling performance
as a function of distance along the channel: (a) The accepted
muon yield within a transverse acceptance of AT ≤ 30 mm and
longitudinal acceptance of AL ≤ 150 mm. (b) Normalized trans-
verse rms emittance. In (a) the dashed lines are with muon decay
off and solid lines are with decay on.
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FIG. 11. The degradation of cooling performance with de-
creased rf voltage. The vertical axis shows the maximum
accepted muon yield within a transverse acceptance of AT ≤
30 mm and longitudinal acceptance of AL ≤ 150 mm. The
nominal rf gradient for all cooling scenarios is 16 MV=m.
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