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1. Introduction

Our current main research includes aspects of simulation studies on 6D cooling of
muon beams. There are several on novel concepts in our muon 6D cooling effort such as
the first study of an achromatic solenoid dipole ring cooler. With the help of Al Garren
we study the lattice of the muon collider using open mid-plane dipoles. All our muon
collider projects have been included in the MAP program to date.

During the past two years the muon collider and neutrino factory group has been
reorganized into the FNAL-led Muon Acceleration Program (MAP). Recently this project
was included in the FY 12 president’s budget and a letter of approval has been sent by the
DOE. The UCLA team has been recommended for MAP supplemental funding by the
MAP leadership and had signed a SOW for our activity that will be discussed during this
proposal. We hope this will continue during the duration of the current proposal.

In the past year, we have concentrated on the MAP program and made significant
progress. We published one paper of “6D u+ cooling using a solenoid-dipole ring cooler
for a muon collider” in Oct. 2011 issue of NIMA journal. Another paper of “Optimization
of a mercury jet target for a neutrino factory or a muon collider” will also be published in
Nov. 2011 issue of PRSTAB journal. There are also several key proceedings, notes and
talks from our group and they are listed in the following.

1. Al Garren, J.S. Berg, D. Cline, X. Ding, H.G. Kirk, “Robust 6D p* cooling using a
solenoid-dipole ring cooler for a muon collider”, Nuclear Inst. and Methods in
Physics Research, A 654 (2011) 40-44.

2. X. Ding, D. Cline, H.G. Kirk and J.S. Berg, “Optimization of a Mercury Jet Target
for a Neutrino Factory or Muon Collider”, BNL-96471-2011-JA, MAP-doc-4313,
IDS-NF-AWG-004, 2011 (in Press at Physics Review Special Topics - Accelerator
and Beams).

3. D. Cline, X. Ding, A.A. Garen, F.Mills, “Estimate of the parameters for the
injection system into the solenoid/dipole ring cooler and the heating of the cooling
absorbs”, MAP-doc-4304, 2011.

4. X. Ding, D. Cline, A.A. Garren, H.G. Kirk, J.S. Berg, “Status of studies of
Achromat-based 6D lonization Cooling Rings for Muons”, IPAC11, MOPZ030, San
Sebastian, Spain, 2011.

5. R. Palmer, R. Fernow, Jon Lederman, “Muon collider final cooling in 30-50 T
solenoids”, in Proceedings of PAC 11, New York, 2011. (BNL-94919-2011-CP)

6. X. Ding, D. Cline, A. Garren, H. Kirk, J.S. Berg, “Robust 6D muon cooling in
four-sided ring cooler using solenoids and dipoles for a muon collider” in
Proceedings of PAC 11 (MOP055), New York, 2011.

7. X. Ding, D. Cline, A. Garren, H. Kirk, J.S. Berg, “Racetrack muon ring cooler
using solenoids and dipoles for a muon collider”, in Proceedings of PAC 11
(MOPO054), New York 2011.

8. R. Weggel, D. Cline et al., “Open Midplane Dipoles for a Muon Collider” in
Proceedings of PAC 11 (TUP177), New York, 2011.

9. D. Cline, “A/H Higgs Factory, Possible CP Violation and 6D Cooling”, Muon



Collider 2011 (Physics-Detectors-Accelerators), Telluride, June 27-July 1, 2011.

10. H. Kirk, X. Ding, “Power Deposition in the Open Middleplane Dipole”, Muon
Collider 2011 (Physics-Detectors-Accelerators), Telluride, June 27-July 1, 2011.

11. X. Ding, “Power Density Study for Open Midplane Dipole”, MAP Collider Ring
Magnets Mini-Workshop, FNAL, May 19-20.

12. D. Cline, “Search for A/H at LHC and Implication for a Muon Collider Higgs
Factory”, Muon Accelerator Program-Winter Meeting, Jefferson Lab, Feb. 28-March
4,2011.

13. X. Ding et al., “Advances for a Solenoid/Dipole 6D Cooling Ring”, Muon
Accelerator Program-Winter Meeting, Jefferson Lab, Feb. 28-March 4, 2011.

14. Jon Lederman, “Final Cooling Studies”, Muon Accelerator Program-Winter
Meeting, Jefferson Lab, Feb. 28-March 4, 2011.

15. A. Garren, “6D Cooling Ring Lattice Strategies”, Muon Accelerator Program-
Winter Meeting, Jefferson Lab, Feb. 28-March 4, 2011.

16. K. Lee et al., “Simulation Study of Solenoid-Lithium Lens Channel”, Muon
Accelerator Program-Winter Meeting, Jefferson Lab, Feb. 28-March 4, 2011.

17. K. Lee, D. Cline, A. Garren, “Study of Li Lens Channel for Final Muon
lonization Cooling Stage”, MAP note, 2011

1.1 Past work

Over the past decade we have been working on variants of 6D final muon cooling
or muon collider R&D: A solenoid/dipole ring cooler; a Li lens final cooler; a final cooler
that uses high field solenoids (40-50T); the open midplane dipole and the lattice of the
collider; studies of the target optimization for the u+ production; and the MICE project.

We are working on developing components for the following so-called Neuffer-
Fernow plot that shows the required transverse and longitudinal emittance for a muon
collider. Our major goal is to reach the emittance needed for a muon collider Higgs
factory or higher energy muon collider. Work has been done largely in collaboration with
the group at BNL and the company Particle Beam Lasers Inc. and the MAP team. The
modern muon collider was started in 1992 based on ideas of Budker and Skrinsky at a
much earlier time. For the first ten years we had extensive numbers of workshops, many
organized by UCLA and concentrated on transverse muon cooling, believing that this
was the easier cooling process.

New schemes are needed for final transverse cooling. One is to use a Li lens final
cooler, which we describe below. The other is a string of very high field solenoids (~40-
50T) to achieve the final cooling. Our group is working on both methods and this will be
described later in the proposal and is the PhD thesis work of Jon Lederman.
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Figure 1. A complete scheme of ionization cooling for a muon collider.
1.2 Physics motivation for a muon collider

The motivations for building a muon collider are considerable. Such a machine
promises the exploration of new physics by expanding the energy frontier. A muon
machine also provides a fertile environment for studying Higgs physics, SUSY and CP
violation. The coupling to the S channel is larger by M,*/M”.

Higher Energy Physics Studies: Reduced synchrotron radiation allows for more
focused acceleration of muons than electrons. Because muons are point particles, they
offer advantages over composite particles such as hadrons.

Higgs Factory: This idea was formed in our first UCLA workshop in 1992. The
theorized Higgs particles, which may be discovered at the LHC, are responsible for the
generation of mass for fermions via the Yukawa couplings. Muons are strongly coupled
to the hypothesized Higgs particles.

SUSY: A special type of Higgs Bosons are predicted, A and H. We have been a
strong proponent of the A/H muon collider Higgs factory.

1.3. 6D muon cooling

In order to maximize the event rate, the goal is to maximize the luminosity at the
interaction point. In order to achieve maximum luminosity, the emittance of the beam in
both transverse and horizontal dimensions should be as low as possible. Accordingly, the
final stage of the muon collider is 6D cooling, which is designed to reduce the beam
emittance. 6D cooling refers to the reduction of the phase space volume of the muons.
Muon cooling presents significant technical challenges due to the fact that the muon
lifetime is on order of microseconds and thus the cooling must occur on this timescale.

The theory of ionization cooling demonstrates that reduction of transverse
emittance also brings about heating in the longitudinal dimension. The longitudinal

S . aE S
heating is directly related to the negative slope of the = (relative ionization) curve.
e

Thus, in the final cooling, maximizing the luminosity requires reducing the transverse



emittance while minimizing the growth of the longitudinal emittance. Because the
transverse emittance is proportional to the beta function, it is desired to reduce the beta
function of the beam.
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Figure 2. Schematic drawings from the Muon Collider MAP in a) schematic of 20 GeV NF and in b)
schematic of 1.5 TeV MC.

Table 1. Parameters for two muon collider options.

c.m. Energy 15TeV 4 TeV
Luminosity (cm™sec™) 1x10* 2x10%
H’s per bunch 2x10" 2x10"
Ring Circumference (km) 3.0 8.1
Betatron at IP (mm) 10 3
r.m.s. Ap/p 0.001 0.0012
Repetition Rate (Hz) 12 6

€, (m-mm-mrad) 25 25

g (m-mm-mrad) 72,000 72,000

Since 2010 the previous collaboration has been subsumed into the MAP program
that is now approved by the DOE. All of the methods studied in this proposal were in the
MAP proposal and are consistent with the current MAP program.

2. MICE: Recent progress on the international muon ionization cooling experiment

The UCLA members have been involved in the Muon lonization Cooling
Experiment (MICE) from the initial conception in 2000. X. Yang helped Alan Bross with
the tracker development. D. Cline and K. Lee will help with the MICE data analysis. X.
Yang will take shifts.

The muon beam at the Rutherford lab will be low enough intensity for the
trackers. Over the two decades of simulation studies show that there will be transverse
cooling. The R&D experiment will not only verify the known results from simulation
studies but also will be a significant development project of the necessary technology



towards a future Neutrino Factory or a muon collider construction. Our funding has been
tight so we have had problems paying the MICE fee. We hope to send some funds
now.

Figure 3. MICE channel 3-D and schematic layouts.

3. Research progress on 6D muon cooling with a Dipole-Solenoid ring

6D ionization cooling of muons is needed to achieve the necessary luminosity for
a muon collider. If that cooling could occur over multiple turns in a closed ring, there
would be significant cost savings over a single-pass cooling channel. We propose to use a
ring that employs both dipoles and solenoids with the additional requirement that the arcs
of the ring to be achromatic. We find robust 6D cooling in the simulation.

The lattice design has evolved from the original concept shown in Fig. 4 (left) to a
lattice design that is much more effective for cooling by Al Garren. Our first design of an
achromatic cooling lattice, which had a two-sided “racetrack” shape, had rather poor
cooling performance. We identified two causes for this: a very low dynamic aperture, and
a small momentum passband. Particles that were being lost showed significant signs of
coupling between the transverse and longitudinal planes. Furthermore, since the
minimum of the time of flight as a function of momentum was at a relatively low
momentum, we were forced to operate at a low momentum (145 MeV/c) to stay on one
side of the minimum so as to have synchrotron oscillations. These observations, plus
experience from the RFOFO cooling ring that dynamic aperture was reduced when there
was more bending, led us to reduce the dispersion in the ring by using a four-sided shape,
but otherwise the same structure. This would allow us to operate at a higher momentum,
improving the sum of the damping partition numbers. We also designed the lattice so the
design tune was 1.75 (instead of the original 1.68), so as to center the design momentum
in the passband. The dynamic aperture did not improve when we did this, indicating that
the dynamic aperture was dominated by the solenoid part of the lattice, and that the
symmetry breaking from the bending was a minor contribution.

We then made a modified lattice where each superperiod was close to having an
internal eight-fold symmetry. The original lattice lacked this symmetry since it was
desirable to have a long distance between solenoids in the straight sections to allow space
for injection and extraction hardware, while it was desirable to have low beta functions at
the absorbers in the arcs. The resulting lattice had a significantly improved dynamic
aperture, and a significantly improved momentum passband arising from the reduced
chromaticity of the lattice. In addition, we used a four-sided lattice to improve the sum of
the damping partition numbers as described above. The resulting cooling performance
was a significant improvement over that of the original lattice.
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Figure 4. Schematic drawing of the racetrack (left) and four-sided Solenoid-Dipole ring (middle) and
beta function and dispersion in a ring quadrant of four-sided ring (right).

The four-sided ring is shown in Fig. 4. It has four 90 deg arcs and 8 dipoles
separated by solenoids in each arc. The arcs are nearly achromatic both horizontally and
vertically. The result is that the dispersion is zero in the straight sections between the
arcs. In order to cool the beam, the liquid hydrogen (LH;) wedge coolers are inserted into
a region with low B and high dispersion. For each LH, wedge absorber, it has a length of
19.5 cm, energy loss rate of 0.3 MeV/cm and wedge angle of 23 deg. Four 201.25 MHz
accelerating cavities (RF) are placed in the superperiod. Its accelerating gradient is 15
MV/m and RF phase is 30 deg. The RF cavities will restore the energy of muon beam lost
in the LH, absorbers. Our compact four-sided ring has positive dispersion, which means
that higher momentum particles have longer paths around the ring, and thus lose more
energy per turn, than the low energy particles do. Consequently, cooling takes place in
the longitudinal as well as the transverse dimensions. Evolution of the beam parameters
in the cooling process during 15 turns of the four-sided ring cooler is presented in Fig. 5.
If we time the entire horizontal, vertical and longitudinal invariant emittance together, we
see the 6D emittance has fallen by a factor 31.9 after 15 revolutions with a transmission
of 42% (64% without muon decay) and the Merit factor is 13.2. So we see there is a
robust 6D cooling for the circulating muon beam in each of the three space and three
momentum dimensions [1].
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Figure 5. Beam emittance and transmission (left) and Merit factor (right) as a function of full ring
turns. Note that the figure of merit has greatly improved.
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4. Study on injection scheme of the Dipole-Solenoid ring cooler

Now we look at the injection requirement of the above dipole-solenoid ring cooler
[1, 2]. First, as shown in Fig. 6, we increase the length of solenoids in the straight section
of original lattice in Fig. 1 from 0.25 m to 0.5 m. This will keep the circumference and
the 6D cooling behavior no change. But it can reduce the hard edge focusing of solenoids
and make the larger deflected beam by the kicker go through this solenoid without being
lost. Second, we simulate the real beam from our previous 6D cooling study with
normalized horizontal emittance of 1.26 cm and vertical emittance of 1.48 cm and its plot
of X-Y and Px-Py at the beginning of first straight section before the K1 is shown in Fig.
7. Our simulation (see Fig. 8) shows we can’t obtain necessary separation in front of the
Sol2 if this entire initial beam is launched. In our lattice, a 90 degrees in betatron phase is
already designed for some point in the straight section in front of the Sol2 relative to the
middle point of the kicker.

We found the high horizontial momentum is harmful for the separation between
the extracted beam and circulating orbit. By limiting the Px to 0.03 GeV/c to pick out the
remaining 85% from the entire initial beam, we found a clear separation between this
beam and the circulating orbit. Fig. 9 show this simulating result and we see this selected
beam can be tracked and arrive at the location in 100% just before the second solenoid
with a clear separation for inserting the flux tube. By the way, we found the strength of
1st kicker (K1) can be neither too high nor too low. If too low, the deflection is not
enough for separation in the following straight section. If too high, the solenoids will
bring some beam to center axis in negative slope in the following straight section. Our
best value of K1 and K2 in the beam case is around 0.28 T and 0.65T, respectively.

Because a solenoid will rotate the median plane and give the beam a tilt, the r-z
plot in Fig. 9 can’t exactly reflect the real beam separation between the injected/extracted
beam and closed orbit. We must use x-y plot to directly see if the beam is separated or
not in space. Fig. 10 is a x-y plot at the end of K2. We see the beam has already enough
separation using only strength of 0.3 T for each of K1 and K2.

In conclusion, we have simulated the extraction process with both single particle
and the beam. We find two kickers and a superconducting flux exclusion tube are
required in our extraction system. At this stage, our simulation shows a clear separation
can be created in front of the Sol2 between the extracted beam from 85% of the entire
initial beam for 6D cooling and the circulating orbit. The injection is exactly a reverse of
extraction process. So we can envision the beam can be injected from the right to left
inside this flux exclusion tube, go through the Sol2 with field-free path and then merged
into the cooling orbit utilizing two kickers.
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Fig. 6. Layout of K1, K2, Soll and Sol2 for injection/extraction (Modified lattice with 0.5m of
solenoids in straight section).
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Fig.7. Plot of X-Y and Px-Py with initial beam found in the 6D cooling study.
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5. Final cooling with PBL-BNL 40T magnet and simulation of full channel with RF

6D coolers do an excellent job of cooling in the longitudinal emmittance but fail
to give strong transverse cooling. For a muon collider small transverse emmittance is
crucial. For this reason the MAP group is studying additional transverse cooling or final
cooling. In order to give strong final cooling a system of very low B is needed. The
leading system is to use very high field solenoids (50T) to produce this low .
Coincidentally the PBL Company is developing a 40T system under an SBIR grant.

Jon Lederman will do his PhD thesis on the study of this cooling. Due to space
restriction in this proposal we cannot lay out the full calculations involved. One is an
attempt to lower the magnetic field.

One use of this final cooling is to produce a Higgs factory muon collider. D. Cline
has proposed that the A/H Higgs Boson could be studied with such a collider and
possibly discovers the origin of CP violation in nature.

We propose a final cooling scheme utilizing lower momenta, which allows for
operating at lower magnetic fields. The transverse emittance may then be reduced using
progressively higher solenoid fields to drive down the beta function. Operating at lower
energy also reduces the beta function.

Operating at lower momentum, however, introduces longitudinal heating because
this translates to operating at progressively higher negative slopes on the dE/dz curve.
Longitudinal emittance growth is also caused by energy straggling and bunch length
growth due to time of flight effects.

Fig. 1 shows a plot of longitudinal emittance vs. transverse emittance for a muon
collider. The final cooling (shown by the red line toward the left of the plot) depicts the
final cooling. Note that the reduction of transverse emittance is accompanied by grown
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in longitudinal emittance due to the longitudinal heating effects described above (see
Figure 1 for reference).

Fig. 11 shows one final cooling stage. The stage includes a liquid hydrogen
absorber to achieve ionization cooling followed by a drift section and then an RF linac to
restore the energy lost in the transverse dimension. The focusing is achieved via solenoid
fields. The field flip is introduced in order to reduce the accumulation of canonical
angular momentum.

Fig. 12 is a plot of longitudinal emittance vs. transverse emittance for a final
cooling channel (the plot should be read left to right in moving along the cooling
channel). Thus, this data reflects a series of cooling stages. The data was generated
without simulating full RF for each stage. Instead, the RF effects were generated
manually.

Note that the higher fields curves exhibit lower slope and thus lower longitudinal
emittance growth. Based upon the plot in Fig. 12, it is clear that the desired emittance
goals may be achieved with 50T solenoids. However, importantly, the simulations
results also show the emittance goals may be reached with 40T solenoids and possibly
30T solenoids. This is a significant simulation result for it indicates the more technically
challenging 50T solenoids may not be required for final cooling.
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Figure 12. The different transverse emittances for a high field final cooler.

6. Study of the constraints on a muon collider for a study of the A/H Higgs Bosons

The current status of the search of the standard model Higgs boson is this: both
CMS and Atlas have limited the Higgs to be less than 140 GeV to 95 percent confidence
level. There is excess of background and signal in the 120 GeV region where the standard
model Higgs should exist. It will take some time to sort this out.

Other teams are searching for the A Higgs boson (UCLA et al). This may be
easier than the low mass Higgs. Should the A be discovered we have shown long ago that
the A and H having different CP status could interfere in indicating large CP violation.
This could in part motivate an S channel Higgs boson.

After the study we will submit a paper to Phys. Rev. Letters. Jon Lederman will
include this in his PhD thesis at UCLA (with Gail Hanson).

7. Simulation of meson production on the muon collider target

We have been asked by the MAP team to work with the target studies to perform
the pion production simulation for a 4-MW target station. Using the MARS code, we
simulate particle production initiated by incoming protons below with Kinetic energies
between 2 and 100 GeV. For each proton beam energy, we optimize particle production
by varying the target parameters: the mercury jet radius, the incoming proton beam angle,
and the crossing angle between the mercury jet and the proton beam. With an 8 GeV
proton beam, we study the variation of meson production with the direction of the proton
beam relative to the target. In addition, the correlation between pion production and
multiple beam entry points for the proton beam onto the jet has been examined. We also
examine the influence on the meson production by the focusing of the proton beam.
Finally, the number of muons surviving through the Neutrino Factory front end channel is
determined as a function of the proton beam energy.

Recently, we have revised our optimization procedure to make sure the proton
beam always exactly below the mercury jet when the beam approaches the jet at the
intersection point of z=-37.5 cm. We are also required to study the meson production
with the Ga target. In the second year of MAP, we will optimize the target parameters for
both cases of HG and GA target with Kkinetic energies between 2 and 15 GeV in order to
compare their performance. In addition, H.G. Kirk et al. developed a new target system
baseline [2] for a Muon Collider or a Neutrino Factory. This revised baseline requires a
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new configuration of the target SC magnets. We will also perform the meson production
simulations and optimization studies of target parameters for this new configuration.
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8. Heating study of muon collider ring dipole with shielding pipe or open midplane

A key R&D component in MAP is the design of muon collider lattice and the
development of the technology required to cope with radiation from the decay of muons
circulating in the collider ring. In 1995 the first study of the lattice of a muon collider was
carried out by A. Garren et al. Very recently, the MAP is very interested in the study of
superconducting magnets for the collider and Alexahen et al. have studied the new
candidate lattices. To shield the magnets from the radiation of energetic synchrotron
photons and electromagnetic showers, we’ve studied the open-midplane dipole (OMD)
with no conductor near the plane of the accelerator or storage ring, where most of the
muon decay takes place. Our preliminary simulation (see Fig. 13) using MARS15 for a
unidirectional muon beam exiting an open-midplane dipole of 6-m length and 15-mm
half-gap shows the peak power density on SC coils is within the nominal quench limit of
1.6 mWi/g [1, 2].

In addition to OMD, there are two different shield and dipole magnet concepts are
proposed. The first would have an elliptical tungsten shield pipe within an elliptical
‘cosine theta’ dipole magnet. The second concept would be for a rectangular room
temperature tungsten shield pipe within a new ‘Inside Support Free’ rectangular block
dipole, using concepts from Open Mid-Plane designs.

We will continue our study of muon collider ring dipole with shielding pipe or
OMD. We will set up a simulation, using the MARS code, of the energy leakage from the
different design. Our goal is to iterate the designs until the specification of less than 1 %
leakage is achieved with the minimum shield dimensions. Al. Garren and R. Weggel will
be the lead person in advising and establishing the ring lattice and ring dipole parameters
to provide better specification of dynamic aperture and field-quality requirements.

We will help R. Palmer with study of the Tungsten fill collider magnet.
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Figure 13. Energy deposition at the downstream end of a 6-m-long OMD.
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9. Proposed progress over a year

The approval of the MAP program by the DOE has been a dream of ours since
our first meeting in 1992. MAP funds at UCLA are focused on the muon collider design
studies. Activities include simulations of muon collider cooling channels, including
cooling rings and the 40T final cooling channel. Other work includes optimization studies
for high-power MC/NF targets and energy deposition in collider ring targets.

The supervision of the team at BNL is made by H. Kirk (Ding, PhD student

Lederman).

The SOW between FNAL and UCLA for the next year could include (see Table

2):

Table 2. Muon collider and cooling research

6D ring cooler using dipoles/solenoids

Goal: To reach a merit factor of 100 (D. Cline, X. Ding, A.
Garren, K. Lee, BNL group) to advance the state of the
injection/extraction system design.

The heating of muon collider ring dipole and muon
collider lattice

Goal: To study the heating due to the circulating muon beam
for several ring dipoles in a row (D. Cline, X.Ding) to study
a modified lattice to reduce the heating (Al. Garren and
BNL group)

The injection and extraction into the ring cooler

Goal: To continue the injection studies started last year and
described in Fig. 8/9 (K.Lee, X. Ding, D. Cline, BNL
Collaboration)

The study of final cooling using high field solenoids

Goal: To simulate the transverse emittance using high field
solenoids (J. Lederman, PhD student, D. Cline, R. Palmer,
J.S. Berg)

The MICE project

Goal: To take shifts and help analyze data (X. Yang, K.Lee,
D. Cline)

Target studies

Goal: To assist the BNL group in studies of muon
production with a mercury jet and GA target (X.Ding, BNL

group)

Study of the Constraints on a Muon Collider for the Study
of the A/H Higgs Bosons

Goal: To study the parameters of an S channel muon collider
for CP violation at the A/H particles (D. Cline, J. Lederman,
Gail Hanson)

10. Budget

11. Appendix (key papers in the past year)
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1. Introduction

A p'po collider could provide new opportunities, both as a
discovery machine as well as providing for precision testing of poten-
tial LHC discoveries such as SUSY Higgs particles (200-600 GeV) in
the s channel and new high mass particles such as Squarks (TeV)[1].
Further, a p* p~ collider could be placed on established laboratory
sites such as FNAL, BNL, or CERN (Fig. 1).

The Muon collider concept was first deemed to be practical
when it was realized that a collected muon beam could be cooled
by a process utilizing energy losses during the beams passage
through an appropriate material [2-4]. In this technique, referred
as ionization cooling, the magnitudes of 3-dimensional momen-
tum vectors of each of the muons are reduced via energy loss in
an ionizing medium followed by the subsequent restoration of
only the longitudinal momentum component utilizing RF cavities.
The attainment of this cooling reduces the beam emittance, which
leads ultimately to a useful luminosity in the muon collider.

The modern vision of a high-luminosity machine was devel-
oped by Neuffer and Palmer in 1994 |5]. Subsequently, it was
realized that a muon storage ring could produce a powerful
neutrino beam [6] and this idea was further developed into the
concept of a neutrino factory [7]. Key differences between the
muen collider and neutrino factory are that a muon collider
requires substantially more cooling and that the cooling for a
muon collider should apply to the full six dimensional phase
space of the beam. In order to realize longitudinal cooling via
the energy loss process, it is necessary for the beam to have

* Corresponding author, Tel.: + 16313442042,
E-mail sses: xding gov, dingxp@li

.com (X Ding).

0168-9002/5 - see front matter @ 2011 Elsevier BV, All nghts reserved,
doi:10.1016/j.nima.2011.06.084

Six dimensional cooling of large emittance p™ and p~ beams is required in order to obtain the desired
luminosity for a muon collider. We propose to use a ring cooler that employs both dipoles and solenoids
with the additional requirement that the arcs of the ring be achromatic. We describe the lattice and the
beam dynamics of the proposed ring, and demonstrate that the lattice gives substantial cooling in all
G phase space dimensions,

& 2011 Elsevier BV, All rights reserved.

dispersion. This is because dispersion gives the beam a correlation
between energy and transverse displacement. The placement of
absorbing wedges in the beam creates a favorable correlation
between particle energy and energy loss, and this allows long-
itudinal cooling.

Most scenarios currently envisioned for a muon collider
envision a single-pass cooling system. Such a system requires a
large number of RF cavities and their power supplies to restore
the energy lost in the absorbers during the ionization cooling
process, as well as the associated focusing magnets for the
system. This will make the cooling system a substantial fraction
(if not the majority) of the cost of a muon collider. If one could
re-use that hardware, by making multiple passes through the RF
cavities and absorbers, one would expect to substantially reduce
the cost of a muon collider. The ideal way to achieve such re-use
would be to cool in a ring, where one injects the beam into
the ring, allows the beam to cool for some number of turns, then
extracts the cooled beam.

Several authors have studied such cooling rings. The first
ionization cooling ring for muons that was studied significantly
was a racetrack-shaped ring, which ran on a linear resonance [8].
The performance of a solenoid-focused ring working on that
principle was limited by chromaticity, which meant that off-energy
particles would not be on that linear resonance [9). A later
solenoid-focused design by Balbekov [10,11] did not rely on
running on the linear resonance, and achieved good performance
with an idealized field model. Unfortunately, once more realistic
fields were included, particularly in the field flip region, the
performance suffered significantly [12,13]. Furthermore, removal
of RF cavities to allow for injection and extraction resulted in
significantly degraded performance [11].
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Fig. 1. Schematic diagram of a p*p~ collider,

Other authors have studied rings that used either quadrupoles
or weak/edge focusing in dipoles [14-17]. These rings had a wide
range of performance, but suffered from lacking any provision for
injection and extraction. For the designs that used dipole edges
for focusing, the designed fields proved difficult to realize [18].

The cooling ring design that is most similar to our proposed
cooling lattices is the RFOFO cooling ring | 19]. It consists of solenoids
tightly interleaved with (overlapping, in fact) RF cavities. Injection
into that lattice was studied by removing RF cavities from the
injection region. The result was a significant loss of performance,
and an extremely powerful kicker was required.

Clearly the biggest challenges in these cooling rings have been
injection and extraction, Attempts to add injection to a design,
which has little space in its basic lattice cell have negatively
impacted performance. We propose a design, which has a long
straight section in its cell structure. While some of that straight
section will be used for RF, the remainder can be left open for
injectionfextraction kickers. We also suggest that in place of a
septum, a superconducting flux pipe [20] be used to bring the
injected beam close to the circulating beam and thus reduce the
strength required for the kicker.

We examine here the possibility of utilizing a lattice based on
dipoles to provide dispersion and solenoids to provide focusing
but with the additional attribute that the bending arcs be
achromatic. This allows one to provide longer straight sections
between the bending arcs and also to easily exercise the option to
reverse the bending directions of subsequent arcs. Thus, addi-
tional flexibility to the layout of the system is provided allowing
the use of completely open structures in which injection into and
ejection out of a ring are not required. We describe the lattice and
the beam dynamics of this dipole-solenoid system. We also show
the results of 6D cooling simulations with liquid hydrogen
absorbers installed.

2. The achromatic solenoid-dipole ring cooler

The basic cell structure we propose consists of an arc and a
straight section. The arc is achromatic at a particular reference
energy, which allows the cell to be used in a closed ring or in an
open single-pass configuration, and even to switch between the
two. Transverse focusing is primarily provided by solenoids, and

bending is provided by the dipoles in the arcs. Wedge-shaped
absorbers are placed in the arcs where there is dispersion, while
RF cavities are in the straight sections. We envision a series of
rings for cooling from large to small emittances, with an open
version of the lattice matching (and probably cooling) the beam
between stages. We show a schematic of the ring cooler in Fig. 2
with an injection system that uses a superconducting flux pipe.
The lattice design has evolved from the original concept shown
in Fig. 2 to a lattice design that is much more effective for cooling,
Our first design of an achromatic cooling lattice, which had a
two-sided “racetrack” shape, had rather poor cooling perfor-
mance. We identified two causes for this: a very low dynamic
aperture, and a small momentum passband, Particles that were
lost showed significant signs of coupling between the transverse
and longitudinal planes. Furthermore, since the minimum of the
time-of-flight as a function of momentum was at a relatively low
momentum, we were forced to operate at a low momentum
(145 MeV/c) to stay on one side of the minimum so as to have
synchrotron oscillations. These observations, plus experience
from the RFOFO cooling ring [19] that dynamic aperture was
reduced when there was more bending, led us to reduce the
dispersion in the ring using a four-sided shape, but otherwise the
same structure. This would allow us to operate at a higher
momentum, improving the sum of the damping partition num-
bers [4]. We also designed the lattice so that the tune was 1.75
(instead of the original 1.68), so as to center the design momen-
tum in the passband. The dynamic aperture did not improve
when we did this, indicating that the dynamic aperture was
dominated by the solenoid part of the lattice, and that the
symmetry breaking from the bending was a minor contribution.
We then made a modified lattice where each superperiod was
close to having an internal eight-fold symmetry (see Figs. 3 and
4). The original lattice lacked this symmetry since it was desirable
to have a long distance between solenoids in the straight sections
to allow space for injection and extraction hardware, while it was
desirable to have low beta functions at the absorbers in the arcs.
The resulting lattice had a significantly improved dynamic aper-
ture, and a significantly improved momentum passband arising
from the reduced chromaticity of the lattice. In addition, we used
a four-sided lattice to improve the sum of the damping partition
numbers as described above. The resulting cooling performance
was a significant improvement over that of the original lattice.
In Fig. 5, we show the ring quadrant for the four-sided solenoid-
dipole ring cooler. This four-sided ring has four 90° arcs with
8 dipoles separated by solenoids in each arc. The arcs are achromatic
both horizontally and vertically. The result is that the dispersion is
zero in the straight sections between the arcs. To generate disper-
sion primarily in one of the two transverse phase space planes,
thereby simplifying the task of making the arc achromatic, we
alternate the field directions of successive solenoids. In Table 1, we

wedge absorber

Selenoids

/r' o Mu beam
-
/

Injection superconductor prpe

EF cawities

Esraction/Tnection Eicker

wedge absorber

Fig. 2. Schematic drawing of an achromatic 6D ring cooler with superconducting
flux pipe injection system.
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provide the lattice parameters for this design. In Fig. 6, we show
the dynamic aperture at a working momentum of 220 MeV/c. The
normalized action in the plot is defined as follows: if M is the
4 x4 linear map for the transverse variables about the energy-
dependent closed orbit, define A to be a symplectic matrix that

block-diagonalizes M, with the blocks being 2 =« 2 rotation matrices
(A~ '"MA=R, where R is the block-diagonal matrix). The phase space
variables for M should be coordinates and momenta divided by mc,
where m is the particle mass and c is the speed of light. If a particle
has a phase space vector z, and u=A"'z, then the normalized
actions are (ui+u3)/2 and (ud+u3)/2. If the beam were matched
to the lattice, the average of the normalized actions would be the
transverse normalized emittances.

3. Beam dynamics in the 6D cooling ring

After linear lattice solutions of the four-sided ring cooler are
obtained using the code SYNCH [21], we perform tracking
simulations using ICOOL [22]. Our working momentum of the
muons is chosen to be 220 MeV/c. In order to cool the beam,
liquid hydrogen (LHz) wedge absorbers are inserted into a region
with low f§ and high dispersion. In the arcs, the absorbers occupy

a
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Table 1

Parameters of the four-sided and achromatic ring cooler,
Momentum [MeV/c) 220
Superperiods 4
Number of dipoles 32
Mumber of straight solenoids 16
Mumber of arc solenoids 16
Arc length (m) [

Straight section length (m)

Dipole length and field

Dipole bend and edge angles (deg.)

Arc solenoid length and feld

Straight section selencid length and field
Superperiod length and xytunes
Circumference [m)

5

02m, 0.72045T
11.25, 28,125
025m, 338290 T
025m, 2.91,555T
1Mm, 175

44

4
Wy g

Fig. 3. Schematic drawing of the modified racetrack achromatic ring {top) and
four-sided ring (bottom) utilizing dipoles and solenoids.
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Fig. 4. Beta funcrion and dispersion of the four-sided ring.

S+ SOLS-

SOL. SOL+ SOL-
1 LH
. RF RF B
’ AL
: (]

200 T T T v

£
£
.S 150
kil
w . . ¢
g :,
k| 100 _.".
- il
: | .
'Tgu 50 :
5 !
° LU I!lli”
o Lot RRRREEEE
200 210 220 230 240 250

Total momentum (MeV/c)

Fig. 6. Dynamic aperture for the four-sided ring cooler at working momentum of
220 MeV/c. There is no dynamic aperture below 201 MeV/c or above 250 MeV/c
due to integer and half-integer stopbands, respectively. arising from the depen-
dence of the tune on momentum.
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Fig. 5. Schematic drawing of the ring quadrant in the four-sided and achromatic ring cooler.
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Fig. 7. Beam emittance and transmission as a function of full ring turns,

Table 2
Beam parameters vs. number of turns,

Number of turns ] 15
Normalized horizontal emittance {em) 1.26 051
Mormalized vertical emittance (cm) 1.48 036
Normalized longitudinal emittance [cm) 232 0.81
Transmission (%) without decay 100 65.9
Transmission (%) with decay 100 41.3

the straight sections between the second and third dipole and
between the sixth and seventh dipole. Each LH; wedge absorber
has a length of 19.5 cm along the closed orbit of the working
momentum. The energy loss rate at the absorber is 0.303 MeV/cm
and the total angle of each wedge is 23" Four 201.25 MHz
accelerating cavities (RF) are placed in the superperiod. Each
cavity has a maximal axial accelerating gradient of 15 MV/m and
the RF phase is set at 30°. The RF cavities will restore the energy of
the muon beam as it is lost in the LH, absorbers. The four-sided
ring has positive dispersion, and the absorber wedges are oriented
such that higher-energy particles traverse more absorber material
and thus they lose more energy per turn than the lower energy
particles do. Consequently, cooling takes place in the longitudinal
as well as the transverse dimensions.

Evolution of the beam parameters in the cooling process
during 30 turns of the four-sided ring cooler is presented in
Fig. 7. The initial input beam is selected by first generating a beam
with large spreads in all 6 dimensions and following the passage
of each particle through 15 full-turns of the ring with stochastic
processes (multiple Coulomb scattering and energy straggling)
turned off. We then identify the beam particles which success-
fully traverse the complete 15 turns of the ring and recover their
initial starting values. We then re-launch these recovered parti-
cles with the stochastic processes turned on. The initial and final
beam parameters for the 6D cooling are given in Table 2. Note
that the emittance reduction is confined mainly to the first 15
full-turns of the ring at which point the emittances are approach-
ing an equilibrium value for each of the three dimensions. The
cooling rate in the vertical plane is higher than that in the
horizontal plane, and the equilibrium emittance in the vertical
plane is lower than that in the horizontal plane. This is because

M-factor

0 TP R R R T SO SO SO TP TP S S R
0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30
Turns

Fig. 8. Merit factor [19] (see text above) with muon decay considered.

the dispersion and wedges primarily couple the horizontal and
longitudinal planes together, and thus the longitudinal plane
achieves its cooling primarily at the expense of the cooling in
the horizontal plane. One could potentially create a more equal
performance in the two transverse planes by generating disper-
sion in both transverse eigenplanes, which will be a subject for
future studies.

We also compute the merit factor as defined in [19]. This factor
is the ratio of the initial product of the horizontal, vertical, and
longitudinal emittances to the final value of that product, multi-
plied by the fraction of the muons that survive. This merit factor
vs, the number of turns is shown in Fig. 8. While this merit factor
appears to compare poorly to those of other lattices [10,15,17,19],
the performances become more comparable once those other
lattices make provisions for injection [11,19] (our lattice already
has space set aside for that). Furthermore, we have not yet
completed a full optimization of parameters for this lattice, and
we expect to achieve improved performance by doing so.

4. Conclusions

We have described an achromatic ring cooler using solenoids
and dipoles as lattice elements. Beam dynamics simulations show
that the four-sided ring has a substantial dynamic aperture. In
addition, the insertion of LH; wedge absorbers into the arcs of this
ring results in the 6D cooling of the phase space of the circulating
muon beam.
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A snly of tangel parameters for a mercury et tagel for a neatrino factory o muon collider 15 presented.
W simulate particle producton tmtated by oascommg protons with Kisetie energies between 2 and
Dk GVl For each proton beam Kinetie energy, we maximize production by varying the geomelric
parameters of e larget: the mercury jet rabiog, the ooming proton beam angle, and the crosmg angle
between the mercury et and the proton beam, With an 8-GeV protan beam, we study the variaton of
meson producton with the entry direction of the proton beam nelatve o the jet. We also examine the
influenes on the meson production by the (ocusang of the proten beam. The number aof muons surviving
through the neatrinog fscory front end channel 15 determined a5 a function of the proton beam kinetic
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L INTRODUCTION

Future facilities based on intense beams of muons—
the muon collider and the neutring factory—offer the
promise of extraordinary physics capabilities [1,2]. The
muon collider (MCy provides a possible approach o o
multi-Te¥ lepton collider, and hence a way to explore
new physics beyond the reach of present colliders. In
addition, a neutring factory (MF) gives the opporunity to
perform extremely sensitive neotring oscillation experi-
ments while alss opening expanded avenues for the study
of new physics in the neotrino sectorn.

MC and NF accelerator complexes are shown sche-
matically in Fig. 1 [1.3.4]. Both the MC and NF require
a target solotion that can convert a muli-MW proton
beam into an intense muon scurce. The requirements for
a muon collider and a newutring factory capable of deliv-
ering a large number of muons in order to achieve
acceptable performances pose significant challenges e
a target. For instance, the target must be a high-Z
material in order to produce pions copiously, yet not
be g0 large as to result in a signifcant rate of absorption
of secondary pions within the target material. Second,
the target system must survive in the extreme conditions
of a powerful MW-class proton beam, where the target
will have to dissipate large amounts of energy, survive
the strong pressure waves induced by the shont beam
pulses, and also survive long-term effects of radiation
damage. A concept of wtilizing a free-flowing mercury
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e puekdished ertiele’s e, jowrned citation, and DO
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jet target has been proposed to accomplish the task [5].
The MERIT collaboration [6] built such a target and
tested it with an intense proton beam. The experiment
validated the concept of a free mercury jet inside a high-
field solenoid magnet as o target for a pulsed proton
beam of 4-MW power. Figure 2 shows a schematic of
the target concept. The target is inside solenoids that
generate 4 20-T magnetic field that tapers to lower
values of 1.5 T for 22 15 m [5]. Pions are produced
when a proton beam is delivered onto the mercury jet
target. The pions are captured in the high-field solenoids
and then transported into a decay channel in which the
pions  decay to produce both positive and  negative
TONS.

The production of pions at the target depends on the
size of the target. the orientation of the proton beam
relative to the magnetic field. and the angle of the beam
and jet relative to each other. In the present paper, we will
report cur efferts on the meson production simulations for
this mercury jet target (o provide an optimized solution
for the conversion of a powerful MW-class proon beam
o an intense muon beam, The meson production is
defined to be the collection of charged muens and charged
picns at the end of a 50 m decay channel. In this paper,
Bec. Il describes an optimization study of these geometric
target parameters for the liguid mercury jet target system
and the meson production efficiencies as a function of the
primary proton kinetic energy. In Sec. 101, we examine the
correlation between meson production and multiple beam
entry points for the proton beam onto the jet. In Sec. IV,
we present the relation between the 8° of the focused
prion beam and the resulting meson production. In
Bec. V. we determing the number of muons surviving
through the MF front end channel as a function of the
proton beam energy and, finally, we conclude with a
summary in Sec. VI
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IL OPTIMIZATION OF GEOMETRIC TARGET
PARAMETERS AND MESON PRODUCTION
EFFICIENCY A% A FUNCTION OF
PROTON BEAM KINETIC ENERGY

The mercury jet target geometry is shown in Fig. 3. For
this serics of simulations the proton beam s launched
under the mercury jet at 7 = —75 cm. The proton beam
and mercury jet will intercept at (0 cm, 0 em, —37.5 cm).
We run MARS15 [T], a Monte Carlo code capable of simu-
lating particle intersctions and transport., and count all the
mesons that cross atransverse plane 50 meters downstream
from the beamdet interaction. We then select the muons
whose kinetic energies are in the range of 40 to 180 Mel.
This is done because we find that the number of mesons in

FIG. 2 Concepl of a 4-MW targel station with a conlimuous
mercury gel Largel for an inlense prodon bearm. The msercury el s
tilted by 100 mrad wath respect 1w a 20-T solenoad magner that
caplures amd conducts low-momentum preons inke a decay chan-
ael. The mercury 15 collected s o pol that also serves as the
proton beam dumg:.

this kinetic energy band is proportional to the number of
mesons which evenmally survive the subsequent down-
stream phase rotation and transverse cooling sections,
independent of other parameters such as the proton beam
kinetic energy and target geometry [£].

T find the optimal values for the geometric parameters,
we first make several simulations with different valees for
a single parameter. We then fit a curve (using least-squares
fitting with a third erder polynomial) through the data for
mescn production {with uncertainties, which can be com-
puted from the MARSLS results since each incoming beam
prodon is independent) as a functicn of the parameter in
question. We take the parameter value at the maximum in
the fitted curve o be the corrent optimal value for that
parameter. We repeat this process for each parameter, and
then cycle through the parameters again until the parameter
values have converged. As a result of the least-squares
fitting process, we are able to obtain uncertainties in the
aptimal parameter values and the productien values,

The parameters we vary are shown in Fig. 4. They are the
jet radius, the angle between the proton beam  and
the magnetic field at 1 = —75 cm, and the angle between
the jet and the proton beam at their intersection point, 2 =
—37.5 ¢cm. The proton beam is Gaussian, with an mms
radiug set to 003 tmes the target radins. When the proton
beam angle relative to the magnetic field is adjusted. care is

Fraton Baam

A

Sakenuid Axis '*m%

"t

-T5cm =375 om Dem

FIG. 3 The sercury et target geametry. The proton beam amd
mmErcury pel oross al z o= =305 ¢m.
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taken o ensure that the launch positions and directions at
= —75 cmare properly set so that the beamdjet intercept
15 always at x = ¥ = 0 cm. For cach energy, we start with
the proton beam at an angle of 67 mrad with respeet to the
magnetic field, a crossing angle of 33 mrad between the jet
and the proton beam, and a target radius of 5 mm [5,9].
Using the described optimization methed (an example
shown in Fig. 53, we get the optimal values and the un-
cenainties for target radivs, beam angle at 7 = —75 cm,
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angle i each cvele 15 ron a Moo 2, No. 5, Mo, B No. 11, and
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and crossing angle at the beamdjet intercept point of
2= —37.5 cm for proton Kinetic energies between 2 and
100 GeW. These results are shown in Fig. 6. Figure 7 shows
meson production before and after optimization for proton
energics between 2 and 100 GeV. Each curve has been
normalized o the beam power, We see that the meson
production is most efficient near proton beam kinetic
cnergies of & GeW.

III. MULTIPLE PROTON
BEAM ENTRY DIRECTIONS

In the previous sectien, the proton beam is launched
beneath the mercury jet as shown in Fig, 3. Alternative
proton beam entry points are also possible. We consider
now the case of an § GeV proton beam and compare meson
production rates for each entry point. Based on the resalts
depicted in Fig. 6. we fix the mercury jet radius to be
(4 cm and the beamfjet crossing angle at 7 = —37.5 cm
to b 27 mrad. The mercury jet angle to solenoid axis is
9.7 mrad. In addition, we define a rell angle to describe on
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which side of the jet the proton beam approaches. The roll
angle is defined to be 0 1f the proton beam enters the target
from above.

Wi define the clearance to be the distance between the
pridon beam center and the surface of mercury jet target
divided by the rms radius of proton beam. Figure 8 depicts
the calculated proton beam positions at 7 = —75 cm for 15
cases cach of which keep the same crossing angle of

4

0 10 20 30 40 S0 EO FO 80 90100
Praten Kinafic Ensegy (Qe]

FIG. 7. Producton with erigoal geometry and with aptimzed
Zeomelry.

27 mrad at ; = —37.5 ¢m. The proton beams are not all
the same distance from the jet at 2 = —75 cm since the
prodon beam is bent by the magnetic field. For example, at
= —75 cm, the {x, ¥) coordinates of the mercury jet, pl
and pT are (0, 3.64), { — 0L56, 4.62), and [ — 0L103, 2.638),
respectively, in units of cm. All entry directions of the
proton beam and mercury jet at 7 = —75 cm are inclined
relative to the solenoid axis. The incident beam orientation
used in the previous optimization study for the § GeV case
{grey spot in Fig. 8) is very close o the pb case. Figure %
shows the trajectory of the beam relative to the mercury jet
in the x-v plane as it moves in 2, for varioos initial beam
positions at 7 = —75 cm. Figure 10 shows the clearance
and the meson production for varocus roll angles. We see a
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FIG. & The layout of muliple proton beam entry directions
relative 1o the mercury jet at - = =75 cm
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correlation between the clearance and the meson produc-
tion. The peak meson production is 8% higher than for the
lowest case and about 4% higher than for the original case
with the proton beam entering from below the jet.

IV. FOCUSED INCIDENT PROTON BEAM

Owr simulations are based on a simple Gaussian incident
proton beam with an infinitely large Courant-Snyder &
parameter. We consider now @ focused 8-GeV proton
beam and study the comelation between the & function of
the proton beam and the generated mesons.,

In Fig. 11 we show the transverse dimensions of the
meident proton beam with a normalized emittance of
25 mm-mrad at three longitudinal positions for the case
of horizontal and vertical § functions of 10 cm at =2 =
=375 cm. We can clearly see the beam is focused and the
beam waist 15 at 7= —37.5 cm. Figure 12 shows the
meson production as a function of 8% of the proton
beam. We see that the meson production loss is negligible
(= 1%} for 7 =03 m
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parameters of o, = a, =0, 8, = W em, and §, = 10 conoa1
= =375 tmn.
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V. MUON SURVIVAL THROWGH
THE NF FRONT END CHANNEL

W compute the number of muons surviving the subse-
quent phase shaping system for a neatrino factory using
version 320 of the code 000l [10]. We compare the
cocling channel performance in the three muon front end
lattices (8T2a-BML for Feasibility Study 2A [11], 5T2a-
155 for the International Scoping Swdy [12], and IDR for
the Intermational Design Report of the International Design
Study) [13]. The number of mucns surviving as a function
of the proton beam energy is shown in Fig. 13 We see that
the IDR front end lattice has an improved transmission
over the ST2a-BNL lattice and the ST2a-ISS lattice. In
addition, for constant beam power, the yield is maximum
for a beam energy arcund 7 GeV, but it is within 10% of
this maximum for 5 < KE < 12 GeV. This result is con-
slatent with the analysis of a tantalum target by Strait e al.
[14] in which the cross-section data from the HARP
experiment | 15] was considered.

VL CONCLUSIONS

We optimize the mercury jet target parameters: the
mercury jet radius, the incoming proton beam angle, and
the crossing angle between the mercury jet and the incom-
ing proton beam with varying kinetic energies. The opti-
mized target radius varies from about (L35 to (L6 cm as the
proton beam energy increases. The optimized beam angle
atz = —75 cm varies from 75 to 120 mrad. The optimized
crossing angle at 7 = —37.5 em is near 20 mrad for en-
ergiea above 10 GeW., These values differ from earlier
choices of 67 mrad for the beam angle and 33 mrad for
the crossing angle. These new choices for the beam pa-
rameters increase the meson production by about 20%
compared to the carlier parameters. Our study demaon-
strates that the maximum meson production efficiency
peer unit prodon beam power eocurs when the proton Kinetic
energy is in the range of 5-15 GeW.

An examination of multiple proton beam entry direc-
tions relative to the mercury jet for the #-GeV proton beam
case demonstrates that an asymmetric layout is required in
arder to achieve the same beamdSjet crossing angle at the jet
axis. The peak meson production is 8% higher than for the
lowest cose and about 4% higher than for the original case
with the proton beam entering from below the jet.

An examination of the influence on the meson produc-
ton by the focusing of the proton beam shows the meson
production loss is negligible (= 15 for a 8 of 0.3 m or
higher for the proton beam.

Finally, a simulation of muon transmission through the
neutring factory phise rotation and ionization cooling chan-
nel shows that the highest meson production efficiency
acurs for proten kinetic energies between 5 and 12 GeV.
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MUON COLLIDER FINAL COOLING IN 30-50 T SOLENOIDS*

Robert B. Palmer, Richard C. Fernow, BNL, Upton, New York, USA
Jon Lederman, UCLA, Los Angeles, California, USA

Abstract

Muon ionization cooling to the required normalized rms
emittance of 25 microns transverse, and 72 mm longitu-
dinal, can be achieved with liquid hydrogen in high field
solenoids, provided that the momenta are low enough. At
low momenta, the longitudinal emittance rises from the
negative slope of energy loss versus energy. Assuming
initial emittances that have been achieved in six dimen-
sional cooling simulations, optimized designs are given us-
ing solenoid fields limited to 30,40, and 50 T. The required
final emittances are achieved for the two higher field cases.

INTRODUCTION

A multi-TeV muon collider would be smaller, use less
power, and hopefully be cheaper than an e™ — ¢~ collider
with the same performance, but there are significant chal-
lenges. Muons are made by pion decay with large emit-
tances. These emittances must be reduced (cooled) in all 6
dimensions.

Reduction of transverse phase space is achieved by ion-
ization cooling[1]. Reduction of longitudinal phase space
is achieved using a combination of more transverse cool-
ing, together with emittance exchange. Several schemes
have been studied, and two of them |2, 3] appear capable
of reducing the emittances to 400 pm transverse, and 1 mm
longitudinal (all emittances quoted are rms & normalized).
A 1.5 TeV (c-of-m) collider ring has been designed[4] that
achieves a luminosity of 1 x 10* em™%see™!, using trans-
verse emittances of 25 pm. This is much less than what
is achieved in these 6D cooling schemes. On the other
hand the ring can accept a longitudinal emittance of 72 mm,
which is much larger than that from the 6D cooling. This
allows a complete scheme [5] with final cooling that acts
only in the transverse dimensions, while allowing the lon-
gitudinal to grow.

The minimum transverse emittances achievable in hy-
drogen in a long solenoid field 3 is given by:

E
B LH dElg'ru‘.Z

where L g is the material radiation length, dF/dz is the
energy loss per unit length, and F is the muon energy. Val-
ues of ., for 3 solenoid fields are plotted against energy in
Fig.1a. As the muon energy F falls, aided by the increase
in dE /dz, the minimum emittance can reach below 25 prm
at low enough energies. At these energies, the energy loss
(Fig.1b) has a strong negative slope that increases momen-
tum spread, and thus longitudinal emittance. But providing
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Figure 1: a) Minimum transverse emittances vs. muon en-
ergy for three magnetic fields; b) energy loss vs. energy.
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Figure 2: Schematic of one stage of final cooling.

this slope —de| /de | is not too great, the required trans-
verse emittance can be reached with acceptable longitudi-
nal emittance.

FINAL COOLING SEQUENCES

The proposed final cooling system consists of a dozen or
so stages. Each stage consists (see Fig. 2) of a high field,
small bore solenoid, inside which the muons pass through
a liguid hydrogen absorber. Between each solenoid there is
1f to re-accelerate and phase-rotate the muons, giving the
required energy and energy spread for the following stage.
There is also a field reversal to avoid an accumulation of
canonical angular momentum. Fig. 3 shows a 40 T exam-
ple of an ICOOL[6] simulation of the falling energy and
transverse emittance, and rising longitudinal emittance.
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Figure 4: One half the ratio of longitudinal to transverse
emiltance changes vs. representative initial transverse
emittances. Values < 1.0 give finite 6D cooling; 1.0 gives
constant 6D emittance.

Optimized Stages

For each stage, the initial energy, energy spread, and ab-
sorber length, can be adjusted to minimize the ICOOL sim-
ulated negative slope —de) /de . Fig. 4 shows negative
slopes for manually optimized stages, starting from several
representative initial emittances. These were obtained us-
ing three different solenoid fields: 30, 40, and 50 T.

Assuming that we can use linear interpolation of the
slopes, and other parameters, at intermediate initial emit-
tances, we obtain longitudinal vs. transverse emittances
for full sequences using the three fields (see Fig. 5). The
sequences start from a transverse emittance of 400 pm, and
longitudinal emittance of 1 mm, as achieved at the end of
the earlier systems of 6D cooling.

From Fig. 4, we note that, starting from the right (e =
400 prm), the negative slopes initially fall, i.e. the cooling
improves. Here, the bunch length must be kept up to avoid
emittance growth from amplitude dependent transit times.
With the longitudinal emittance still small, one must use
non-optimally small initial momentum spreads dp/p, and
low initial energies (67 MeV). As the longitudinal emit-
tance rises, more optimum momentum spreads and initial
energies can be used, the cooling becomes more efficient,
and the negative slopes fall. In this regime, the advantages
of raising the magnetic field are largely cancelled by the
worse transit time variations that they produce.

0T
100 o -72 mm

{mm})
E‘—D =
s
—

Long emit
— 25 microns

=

40 60 100 200 400
Trans emit (microns)

Figure 5: Longitudinal vs. transverse emittances for se-
quences of stages using three solenoid fields.

Later (e, < 200 jm), when the increased longitu-
dinal emittances allow sufficient bunch length with opti-
mized momentum spreads, getting a low enough equilib-
rium transverse emittance becomes the dominant problem.
For this, the energy must be further lowered, increasing
the growth of longitudinal emittance, giving less efficient
cooling, and thus rising negative slopes. Now, a higher
magnetic field, by reducing the need for lower energies,
increases the efficiency, and gives lower negative slopes.

From Fig. 5, we note that the 50 T case more than
achieves our requirements, while 40 T just meets them. 30
T just misses the requirement, but could probably be ac-
ceptable with some adj of par

40 T Example

Fig. 6 shows some parameters vs. stage for the 40 T
case. The energy falls in steps from 66 MeV to its final
value of 5.1 MeV, while the bunch length rises from 5 to
400 ¢m. The lengths of hydrogen absorber fall from 77 ¢m
to 1.1 cm, as the energy falls and dF /dz increases. The
final beam 4 is 1.5 cm, giving an rms beam size of 0.6 mm.

Table 1 shows the assumed parameters for the f. For
bunches shorter than .75 m, the rf frequencies were cho-
sentokeepos < A/20. The gradients assumed maximum
surface fields ~ /7, and, assuming reentrant vacuum cav-
ities with surface to aceelerating gradients ~ 7. For
bunches longer than 0.75 m, induction linacs with gradi-
ents of 1 MV/m were assumed.

Fig. 7 shows the lengths of the different elements in this
example. These are obtained by adding magnet lengths to
calculated lengths for phase rotation and re-acceleration.
When correctly simulated, the lengths should be shorter
because some rotation will occur in the magnet ends, and
during acceleration.

The simulated loss, excluding decay, but including 3
sigma cuts, is 17.7 %. The calculated decay loss is 19%,
giving a total transmission of 67%.

Matching and Re-acceleration

The matching, re-acceleration and field flips have been
fully simulated for only one case: that between the last
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Figure 8: Design of matching and acceleration for the last
two stages of the 50 T sequence.
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Figure 9: Simulation of matching and acceleration for the
last two stages of the 50 T sequence.

Table 1: Rf Parameters of 40 T Example

El E2 freq grad  accL
MeV  MeV MHz MV/m m
NCRF 346 666 201 15.5 2.1
NCRF 348 669 201 155 2.1
NCRF 360  067. 201 15.5 20

NCRF 360 545 153 11.1 1.7
NCRF 306 413 110 74 1.5
NCRF 249 324 M 4.7 1.6
NCRF 207 257 53 29 1.7
NCRF 174 200 31 1.5 1.7

Induction | 13.6 150 18 1.0 14
Induction | 103 107 10 1.0 04

Induction | 7.5 72 6 1.0 0.7
Induction | 5.1 70 5 1.0 1.8
Induction | 5.1 74 4 1.0 23

two stages of the 50 T example. Fig. 8 shows a highly
compressed representation of its elements. In this case,
the bunch is very long (= 3 m), and the rf is an induction
linac. Fig. 9 shows the simulated longitudinal and trans-
verse emittances vs. the length. In this example, the simu-
lated emittance dilutions in the acceleration are acceptable:
0.1% transversely and 0.5% longitudinally. The simulated
losses are 7.3%, significantly less than the value of 10% es-
timated from the above assumptions. This is encouraging,
but similar simulations of matching and re-acceleration for
carlier stages are essential.

CONCLUSION & PROSPECTS

Preliminary simulations of transverse cooling in hydro-
gen, at low energies, suggests that muon collider emittance
requirements can be met using solenoid fields of 40 T or
more. It might also be acceptable with 30 T. But these sim-
ulations did not include hydrogen windows, matching or re-
acceleration, whose performance, with one exception, was
based on numerical estimates. Full simulations of more
stages are planned. The design and simulation of hydrogen
windows must be included, and space charge effects, and
absorber heating, caleulated.
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