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Abstract. Muon colliders could provide the most sensitive measurement of the Higgs mass and return the US back to the Energy Frontier.  Central to the capabilities of muon colliders are the cooling channels that provide the extraordinary reduction in emittance required for the precise Higgs mass measurement and increased luminosity for enhanced discovery potential of an Energy Frontier Machine.  The Helical Cooling Channel (HCC) is able to achieve such emittance reduction and matching sections within the HCC have been successfully designed in the past with lossless transmission and no emittance growth.  However, matching into the HCC from a straight solenoid channel poses a challenge, since a large emittance beam must cross transition.  We elucidate the challenge and present evaluations of four solutions.   
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[bookmark: _Toc396998260]Introduction
One of the most challenging components in a muon collider is the 6D cooling channel that must cool muons by six orders of magnitude in phase space before they decay (τ=2.2µs).  The Helical Cooling Channel (HCC) [1,2] is able to achieve such emittance reduction via continuous emittance exchange that enables the most efficient design of a 6D cooling channel.  The HCC operates above transition, while the preceding Front End (FE) and Initial Cooling channels operate below it.  Hence, transition must be crossed in matching into the HCC.  Our first attempt to match into the HCC took beam out of the Front End (FE) and adiabatically crossed transition during the match into the HCC, while subsequent designs took advantage of a colder beam that went through Initial Cooling [3] and crossed transition instantaneously.  In all cases, it is assumed that a Charge Separator had split the beam into two separate beams of single charge sign with 100% efficiency and no emittance growth, since an earlier study successfully demonstrated charge separation on the higher emittance FE beam [4].
[bookmark: _Toc396998261]Adiabatic Match
The first attempt to match out of the HCC followed an adiabatic approach suggested by an earlier study [5] and operated on the hotter FE beam.  We first note that a beam having large momenta spread will suffer more distortion and potentially more losses as it crosses transition compared to a beam with a lower momenta spread due to asymmetric slip below and above transition, where an idealized design would have kinematics above transition cancel the accumulated slippage below it.  A linear approximation that describes the possible cancelation is given by:

			(1)
where
· κ = helix pitch = ptransverse/pz = 2πa/λ
· p is the reference momentum; a is reference radius
· a is reference radius; λ is helix period
· 
; B is the solenoid field
· 
; k = 2π/λ

The layout and performance of a design utilizing the above concept are shown in Figure 1.  The appropriate B in the HCC for muons exiting the FE is 5.9 T.  The coils that generate the helical field components are used upstream in the matching section, where the helical pitch, κ, is linearly ramped down to zero (solenoid) at z=4m.  The current is changed from that in the HCC to that of a straight solenoid supporting 2T from z=4m to z=3m.
The beam quality degrades upon entry into the matching section, where particle losses begin and εL grows.  Entry into the transition region where RF is absent shows an immediate increase in εL and a correspondingly increase in particles loss.  We recognize the inherent difficulty in designing a lattice that accommodates a beam with large momentum spread to cross transition efficiently.  Hence, going forward, we will leverage the capabilities of the Initial Cooler to design the match into the HCC with the colder beam.  Another concept we will investigate is to cross transition instantaneously.

[image: ]
Figure 1: Layout and performance of an adiabatic match of muons exiting the Front End channel into the HCC.
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The first non-adiabatic matching design that crosses transition instantaneously uses a bent solenoid to create dispersion that, along with dispersion created in the gap, matches the dispersion of the HCC.  This is the matching-in design for the HCC that was submitted to the Initial Baseline Selection (IBS) process for the Muon Accelerator Program (MAP) [2].  The design is shown in Figure 2.  The RF-free bent solenoid is preceded with RF gymnastics consisting of:

· A 3m long section with RF and 2T that serves as a buffer for fringe fields between the Front End (FE) 2T and matching section 5.8T.
· A 1m long ramp up of coil currents from 2 to 5.8 T with RF.
· A 2m long RF-free drift in 5.8T.
· A 3m long section with RF to induce an over-compensating tilt in longitudinal phase space that results in an upright ellipse at the end of the RF-free bent solenoid and start of the HCC.

where RF is identical to that in the Front End (FE), which consists of 325 MHz cavities of length 25 cm, operating with maximum electric field 20 MV/m and all magnetic fields are created by coils with currents to generate the appropriate solenoidal field.  The HCC being matched into operates with H2 gas density of 160atm at 293K, 20 RF cavities per helix period λ=1m, 60 µm thick shared Be cavity walls, and maximum E field of 20 MV/m.  The transmission for matching into the HCC from the output of the Initial Cooler with pref = 204.8 MeV/c is ~60% as shown in Figure 3.  The output at 18m in the coil based HCC in Figure 3 is propagated through 50 m more of analytic field based HCC in Figure 4, where beam is extracted at 32 m and ready to be matched into a subsequent downstream HCC segment with a smaller λ and equilibrium emittance.
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Figure 2: Matching section between Initial Cooler and HCC.  Top view in (a) shows location of particle launch from Initial Cooler exit with the red arrow and end of the bent solenoid with the green arrow.  The gap between end of bent solenoid and start of HCC is shown in (b) with direction of view indicated by the green arrow in (a).
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Figure 3: Transmission and emittances of muons in the non-adiabatic matching in section that uses a bent solenoid to match dispersion.
[image: ]
Figure 4: Transmission and emittances of muons propagated through the first HCC segment following the non-adiabatic matching-in section using bent solenoid.
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The non-adiabatic matching method using a bent solenoid to match dispersion grows the transverse size of the beam.  A practical HCC design may be limited by the aperture size.  So, we consider matching in directly out of a straight solenoid into the HCC.  Fringe fields between the end of the straight solenoid and start of the HCC will bend particles in ways that cannot be calculated analytically.  Hence, this design will be driven by simulations.  We will design after the bulk of the muon distribution that emerge after the Initial Cooler.  This is as opposed to designing after the reference discussed in the next section which has the added complication for the reference to accurately describe the bulk of the muon distribution and account for non-linearities away from the reference.
The optimization procedure removed RF and H2 gas with the assumption that there is relatively little cooling achieved over the short matching distance and that the purpose of the RF is to compensate for energy loss from the gas.  RF and H2 gas are added back in when analyzing the transmission and emittances for the optimal configuration.  Figure 5 shows the top view of the apparatus undergoing optimization with respect to rotation about the y-axis followed by rotation about the x’-axis and displacements in x and y.
[image: ]
Figure 5: Top view of configuration under optimization with RF and H2 gas removed.
Error! Reference source not found. shows the optimal configuration and preliminary (no RF/H2 gas) transmission for particle input distributions from the Front End, a cooled Front End distribution that maintained the reference momentum of 242 MeV/c, and one traversing the Initial Cooler that lowered the reference momentum to 204.8 MeV/c.  The evaluations used an aperture of 238 mm that was driven by geometry for RF that would fit inside helical coils for matching out of the Front End with reference momentum 242 MeV/c.  The helical coil configuration for a reference momentum of 204.8 MeV/c allows the aperture to increase by ~30 mm.
Table 1: Optimized configurations without RF nor H2 gas designed after the bulk of various initial distributions of muons.  The optimal combination of match-in configuration and beam is indicated by the red box and is further evaluated with RF and H2 gas. 
	Particle Input
	Front End (FE)
	~FE Mom. w/ Init Cooling
	Init. Cooling to low mom.

	Pref (MeV/c)
	242
	242
	204.8

	θY (○)
	30
	30
	25

	θX (○)
	5
	5
	10

	Δx (mm)
	40
	40
	50

	Δy (mm)
	30
	30
	45

	Transmission
	0.668
	0.990
	0.996



Results of incorporating RF and H2 gas into the optimal configuration for particles traversing the Initial Cooler are shown in Figure 6, where the transmission has increased to 67% at 35 meters from 60% at 30 meters for that using the bent solenoid on the same input.  However, note that ironically εT has grown larger than that for the Bent Solenoid match, which was a motivator to eliminate the bent solenoid.  Furthermore, Figure 6 shows large oscillations in εL.  The reference suffers large oscillations in helical pitch and radii as shown in Figure 7 and these likely offer insights to the cause of the undesired emittance evolutions. 

[image: ]
Figure 6: Transmission and emittances after incorporating RF and H2 gas into the optimal configuration designed after the bulk of the distribution of muons traversing the Initial Cooler.
[image: ]
Figure 7: Oscillation in helical pitch κ in left and radius on right for the reference in “optimal” configuration using H2 gas (160 atm at 293 K) based on bulk of muon distribution.
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As noted above, the reference particle in the optimal configuration obtained by designing after the bulk of the distribution of muons suffers large oscillations in radii and helical pitch κ.  A straight forward method to derive a configuration that should, in principle, result in a reference that does not oscillate in a long HCC is to initiate a reference particle (of opposite electric charge) from the middle of a long HCC backwards towards the upstream straight solenoid and tune that configuration to achieve a trajectory that traverses down the center of the upstream straight solenoid.  Figure 8 shows the configuration of such a scheme where the optimization involved minimizing the sum of squared distances between the simulated reference and the center of the solenoid across five planes.   The parameters describing the optimal configuration are given in Table 2.  The performance of this configuration is shown in Figure 9 where it is seen that the result is much more stable and that the muon beam begins cooling at a short distance of only 12 m inside the HCC!


[image: ]
Figure 8: Backward reference of opposite charge with 5 virtual detectors used for the best fit in (a).  Resultant forward reference initiated at location where particles exit the Initial Cooler in (b).
Table 2: Optimal parameters for configuration derived from the backward reference.
	Particle Input
	Initial Cooling to low momentum

	Pref (MeV/c)
	204.8

	θY (○)
	28.4

	θX (○)
	8.2

	Δx (mm)
	33

	Δy (mm)
	1.7

	RF phase (○)
	153.2

	Transmission
	0.996




[image: ]
Figure 9: Transmission and emittances after incorporating RF and H2 gas into the optimal configuration designed after the reverse reference.   The vertical red line at z=12m demarcates the boundary where trends for both longitudinal and transverse emittances fall and number of muons within acceptance cuts remain constant, indicating capture and cooling in the HCC.  The red horizontal line indicates the 70.6% transmission as determined by the average over data points that are consistent with the equilibrium.
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The evolution of this study began with output from the Front End that utilized RF with 20 MV/m and evolved to the use of particles out of the Initial Cooler that incorporates 25 MV/m.  For consistency, comparisons in the HCC were maintained with RF using 20 MV/m.  Now that an optimal configuration amongst the candidate techniques has been determined, we re-evaluate the optimal system with RF that is consistent with the upstream Initial Cooler using 25 MV/m.  Figure 10 shows the results of such a re-evaluation, where there is a slight increase in transmission from 70.6% to 72.3% in going from 20 MV/m to 25 MV/m.

[image: ]
Figure 10: Transmission and emittances of the optimal configuration designed after the reverse reference using RF with 25 MV/m.   The red vertical line at z=12m demarcates the boundary where trends for both longitudinal and transverse emittances fall and number of muons within acceptance cuts remain constant, indicating capture and cooling in the HCC.  The red horizontal line indicates the 72.3% transmission as determined by the average over data points that are consistent with the equilibrium. 
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The dynamics of the best configuration studied shows large longitudinal oscillations at the start in Figure 10.  One potential solution to increase the number of muons accepted into the HCC is to enlarge the RF bucket area by operating nearer to zero crossing at the start of the match into the HCC and adiabatically migrate toward the reference design.  To maintain a constant reference momentum, this corresponds to varying the H2 gas pressure from low at the start to that of the design downstream in the channel.   In order to determine whether such a design would be worth considering in the future, we evaluate the configuration that determines the upper limit: operating with an RF phase of 180○ in vacuum.  Figure 11 shows that we can expect 75.5% transmission, which is an increase over the 72.3% achieved in utilizing full gas pressure of 160 atm at 293K.  There is also another benefit of using variable gas pressure where the pressure difference supported by individual walls is decreased, allowing thinner walls and reducing multiple scattering of the muon beam.


[image: ]
Figure 11: Transmission and emittances of the optimal configuration designed after the reverse reference with vacuum and RF phase 180 degrees and V’max of 25 MV/m.  The red horizontal line indicates the 75.5% transmission as determined by the average over data points that are consistent with the equilibrium.
[bookmark: _Toc396998267]Summary and Future
A summary of the performances of the schemes studied is provided in Table 3.  The Reverse Reference method clearly produced the best results for matching into the HCC.  In particular, the improvements of that configuration over the one presented for the Initial Baseline Selection process (IBS) in February 2014 to MAP shown in blue are:
· Transmission increases from 56% to 70.6%
· Length is shortened by 50 m: 62m-12m
· Emittances are lowered:
· εT: 3.44 mm  3.31 mm
· εL: 6.82 mm  6.25 mm

Table 3: Performance Summary of Various Schemes to Match into the HCC
	Non-Adiabatic Match Method
	V’max (MV/m)
	Length (m)
	Transmission
	εT (mm)
	εL (mm)

	Bent Solenoid (BS)
	20
	30
	0.60
	4.37
	7.09

	BS + HCC cont. (1st seg)
	20
	30 + 32
	0.56
	3.44
	6.82

	Bulk Match
	20
	35
	0.67
	4.73
	6.64

	Reverse Reference
	20
	35
	0.706
	2.60
	4.89

	Reverse Reference
	20
	12
	0.706
	3.31
	6.25

	Reverse Reference
	25
	12
	0.723
	3.30
	7.66

	Reverse Reference Vac
	25
	12
	0.755
	-
	-



While we re-analyzed the optimal configuration at 25 MV/m for consistency with the Initial Cooler, operating with the conservative V’max of 20 MV/m provides similar transmission (0.723 for 25 MV/m to 0.706 for 20 MV/m).  Hence, the best configuration and result achievable under a conservative value for V’max are indicated in red in Table 3.
The transmission could also be increased by starting at a low gas pressure and raising it to the designed value to provide a larger RF bucket area by operating the RF phase closer to zero crossing.  Another benefit of this graduated increase in gas pressure is that the pressure difference supported by individual walls is decreased and allows for thinner windows which reduce multiple scattering of the muon beam.
Other parameters that have not been explored, but may increase acceptance into the HCC are:
· Lowering κ
· Lengthening λ
Both of these evolve toward a straight solenoid, which has large acceptance.  However, one must be cognizant to maintain a lattice that operates above transition, else the initial difficulty of crossing transition with a high emittance beam remains.
[bookmark: _Toc396998268]Acknowledgments
Research was supported by Department of Energy STTR grant DE-SC0007634.
[bookmark: _Toc396998269]References
1.	Y. Derbenev and R. Johnson, Phys. Rev. ST – Accelerators and Beams 8 (2005) 041002, http://www.muonsinc.com/reports/PRSTAB-HCCtheory.pdf
2.	C. Yoshikawa, Y. Alexahin, C. Ankenbrandt, R. P. Johnson, Y. S. Derbenev, S. Kahn, F. Marhauser, V. Morozov, D. Neuffer, A. Sy, K. Yonehara “Status of the Complete Muon Cooling Channel Design and Simulations,” IPAC14, TUPME016
3.	Y. Alexahin, “H2 Gas-Filled Helical FOFO Snake for Initial 6D Ionization Cooling of Muons,“ MAP doc-4377-v1
4.	C. Yoshikawa, C. Ankenbrandt, R. P. Johnson, Y. S. Derbenev, V. Morozov, D. Neuffer, K. Yonehara “A Charge Separation Study to Enable the Design of a Complete Muon Cooling Channel”, NA-PAC13, THPHO19
5.	K. Yonehara, Y. S. Derbenev, R. P. Johnson, M. Neubauer, “A Helical Cooling Channel System for Muon Colliders”, IPAC10, MOPDO76
	Page 2 of 12
oleObject1.bin

image2.wmf
p

B

k

c

/

1

2

k

+

=


oleObject2.bin

image3.wmf
1

)

/

(

-

=

k

k

q

c


oleObject3.bin

image4.png
Rate and €’s of Mu+ in B2T(0to3m) B2t07.76T(3to4m)
Match7.76t05.9T(4-9&14-24m) HCC5.9T(24to34m)

Match w/ RF except transition

—n1
—=—cperp
——elong 020
~—e6Dx10"3

4,000

3,500

=2
£go(m3)

3,000
2,500
2,000
1,500

1,000
s00 e

Niat per 20k POT £,<0.03m £,<0.15m





image5.png




image6.png
N+ per 20k POT £,<0.03m £,<0.15m

Rate and €’s of Mu+ in Match with Drift of 2m and

Prepatory RF of 3m Pref(BS)=204.8 Pref(HCC0=209.15)

RF(HCC) Centered on Reference

6,000

5,000

4,000

3,000

2,000

1,000

Bent Solenoid

3mof 2T & 1m 2->5.8T

~-nl
—=-eperp
—+=elong
—+e6Dx1e!

0.014
0.012
0.010
0.008

0.006

colm3)

Eiong(M)

0,004 _
£





image7.png
Np+ per 20k POT £;<0.03m g,<0.15m

Mu+ in the Analytic Field Based HCC A=1.0 325 MHz
Following the Coil-Based HCC Used in Matching into HCC

2,950

2,900

2,850

2,800

2,750

2,700

2,650

2,600

==nl

—=-eperp

—+—elong

0 10

20 3
z(m)

T

6 '\ 40 50

32m in HCC

0.012

0.010

0.008

0.006

0.004

0.002

0.000

ELong(m) €5p(mM3)

Enrans(M)




image8.png
scored at z=5m

* No RF nor absorber in HCC.
« Capture is purely transverse.





image9.png
Transmission(p+) £,<0.03m g,<0.15m

Survival Rate and Emittances for 6,=25° 8,=10° Ax=50mm Ay=45mm
for Init Cooled P,.=204.8 MeV/c 170<p<260MeV/c 844<t<944nsec

100<Pz_ecalc9f<300 3sigcut

1.0
——nl
09 - —B-eperp
——elong -
08 - ——e6Dx1E5
0.7
0.6
0.5
0.4 1
0.3
0.2
0.1 i
0.0 T T T T T
0 10 15 20 25 30 35

zin HCC (m)

1.60E-02

1.40E-02

1.20E-02

1.00E-02

8.00E-03

6.00E-03

4.00E-03

2.00E-03

0.00E+00

£Lt:ng(rn) £GD(rns)

£Trans(m)




image10.png
SQri(Px*Px+Py*Py)/Pz vs. z

=152.506297| Lﬂef Mu+: Rot'

sqrt(x*x+(y+159.155)*(y+159.155)) vs. z
Y=25 RotX=10 DelX=50 DelY=45 P204.8 RFpha=152.506297

Ref t_I:IIu+: RotY=25 RotX=10 DelX=50 DelY=45 P204.8 RFpha
T3

P ans/P2 = K VS. Z(mm)

1.4

1.2

0.4

300

250

200

150

100

50

ol L

r(mm) vs. z(mm)

L il L L
5000 10000 15000 20000

L L L
25000 30000 35000 [

L L I I I I |
5000 10000 15000 20000 25000 30000 35000




image11.png




image12.png
Transmission(p+) £;<0.03m g <0.15m

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

Transmission and Emittances for 6,=28.4° 6,=8.2° Ax=33mm
Ay=1.7mm RFpha=153.1936241 for Init Cooled P,=204.8 MeV/c
170<p<260MeV/c 844<t<944nsec, 100<Pz_ecalc9f<300 3sigcut

i 1.20E-02
4 =l-eperp
—4—elong L 1.00E-02
1
f 8.00E-03
) ’ 6.00E-03

- 4.00E-03

2.00E-03

0.00E+00

15 20
zin HCC (m)

35

€Long(M) €gp(m?)

Eqrans(M)




image13.png
Transmission(p+) £,<0.03m £,<0.15m

Transmission and Emittances for 6,=28.4° 6,=8.2° Ax=33mm Ay=1.7mm

RFpha=158.8 25MV/m for Init Cooled P, =204.8 MeV/c
170<p<260MeV/c 844<t<944nsec, 100<Pz_ecalc9f<300 3sigcut

1.0
——nl
0.9 1 ~m-eperp
=—elong [
0.8 - €6DXLES
0.1
0.0 T T T T T T
0 5 10 15 20 25 30 35

zin HCC (m)

1.40E-02

1.20E-02

1.00E-02

8.00E-03

6.00E-03

4.00E-03

2.00E-03

0.00E+00

€Long(M) £gp(m?)

E1rans(M)




image14.png
Transmission(p+) £,<0.03m £,<0.15m

Transmission and Emittances for 6,=28.4° 6,=8.2° Ax=33mm

Ay=1.7mm RFpha=180 25MV/m for Init Cooled P,
170<p<260MeV/c 844<t<944nsec, 100<Pz_ecalc9f<300 3sigcut

ref’

10 —=n1

09 | ~m-eperp
~A-elong

0.8

0.7

0.6 L

0.5

0.4 -

0.1

0.0

3 10 15 20 25
zin HCC (m)

35

=204.8 MeV/c

3.00E-02

2.50E-02

2.00E-02

1.50E-02

1.00E-02

5.00E-03

0.00E+00

€1ong(M) £gp(m?)

E1rans(M)




image1.wmf
(

)

dz

q

q

dz

m

z

z

2

2

2

2

3

1

1

1

1

k

g

k

k

gb

g

g

g

s

+

÷

÷

ø

ö

ç

ç

è

æ

-

-

+

D

=

D

=

D

ò

ò

-


