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Thank you!

® to the organize

® and

= Yuri Alexahin, C
Blondel, Dave C

I'S

nuck Ankenbrandt,Valeri Balbekov, Alain
ine, J]-P Delahaye, Slava Derbeney, Rick

Fernow, Juan Gallardo, Steve Geer, Gail Hanson, Rol Johnson,

Yoshi Kuno, Ken

Long, Yoshi Mori, Dave Neuffer, Bob Palmer,

Mark Palmer, Tom Roberts, Carlo Rubbia, Andy Sessler, Sasha
Skrinsky, Pavel Snopok, Diktys Stratakis, Don Summers,
Yagmur Torun, Katsuya Yonehara, Mike Zisman...

® and, of course,

- DOE, NSE STFC...
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Muon Accelerators in a2 Nutshell

=As the first speaker on muon cooling, let me briefly
summarize its motivation:

e High-energy e*e™ colliders radiatively limited « m™

—> need heavier fundamental fermions — i.e., muons

o and an effective cooling scheme for them

® Muon storage rings could then serve as uniquely
powerful /*/~ colliders

C. Rubbia, “A Complete Demonstrator of a
Cooled-Muon Higgs Factory,”

— 111 I 1 https://indico.fnal.gov/conferenceDisplay.py?
e.g., for sensitive Higgs studies htsiindico.ial goviconferenceDisplay.py®

e Only a muon collider can definitively

® And neutrino sources investigate Higgs physics

® And potentially, improved low-energy muon experiments

P‘Cce/er

&
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https://indico.fnal.gov/conferenceDisplay.py?confId=9752

Late 1970s — early 1980s: Muon Collider concepts
S ome proposed (Skrinsky, Parkhomchuk, Neuffer)

1995: Muon Collider Collaboration (later, NFMCC)

H IstO ry formed (Snowmass96)

- comprising over 140 scientists at labs and universities in
U.S. and abroad

1998 — 2004: CERN muon cooling studies
1999: Neutrino Factory Feasibility Study |

2001: Neutrino Factory Feasibility Study Il
2003: MICE approved
2004: Neutrino Factory Feasibility Study 2a

2006: Fermilab Muon Collider Task Force formed to
study site-specific MC design

2010: (On DOE initiative) NFMCC and MCTF join
forces — interim MAP & proposal to DOE

201 I: MAP formally approved
2014: Start of MAP rampdown in response to P5 advice."y;
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VF and pC

® Recent MAP designs:

Neutrino Factory (NuMAX) |

Proton Driver Front End |Cool- | Acceleration U Storage Ring v Factory Goal:
ing , O(102") u/year
NN within the accelerator
BT et sGev ) acceptance
S &5 |8-T 5 5| w: 0.2-1 1-5 ————
B g |53 5 B|S: GeV GeV K .
2 s |- g_s 9o 8 ~0.35 km u-Collider Goals:
S £ (829 @ G|9: 126 GeV =
S S |G<B $|S: |Accelerators: ~14.000 Higas/vr
< ;‘US £1'€: |Single-Pass Linacs ,JUU MIggSTy
S i |(Opt. RLA or FFAG) Multi-TeV =
— Lumi > 1034cm2s
< Share samecomplex & = T~ .
Muon Collider e l
Proton Driver Front End ECooIing Acceleration Collider Ring
—
]
S 5 |83 =~ 5|w 9 —
5 g |®moc 2 2|E E w o W
s ¢ |s9&8¢ E|g s = £ 3
[oX - <
s E 32985298 ks 3
L Oox w . () (] = ¥
< o 98g 2|F 2 8 8> 8 2 | Accelerators: R
§ o &= 2 “ | Linac, RLA or FFAG, RCS

® Note strong similarities! (Front ends very similar)

= both start with ~ MW p beam on high-power tgt = 11 = ,
then cool, accelerate, & store

=y é}\) \’ )
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Muon Cooling

. . ‘Target
® Desired evolution of € 4 £ 1o acceleration for 5 ¢
P multi-TeV collider L .
o Ph . f I . T V £ 102 To acceleration for NuMAX ‘ICE; Shase
),SICS Oof mu tl- € % g (injector acceptance 3mm,24mm) - Rotator
lepton collisions calls ¢ 4 Final )
34 2 ] = 2 Cooling Initial
for £ > 10°** cm™ s E Cooling
= 10.0 pre-merge
£ g ggsgmelrge 6D Cooling
S oolin i
—> must cool both €1 & ¢ 2 4 9 pre(_rr%\gﬁgg)
6 : 9 2 To acceleration 6D Cooling
= need factor ~10° in total 10 for Higgs Factory Bunch
6D emittance reduction: ; L e e e
S : |
€L~ 25 um, € * 60 mm 10.0 10° 10° 10

Transverse Emittance (microns)

e Higgs physics requires £ ~ 10°2 and Ap/p ~ 107>

= €1.<200 um, € 1.5 mm

® Neutrino factory (with “dual-use” linac)
requires more modest, ~ |10 6D cooling factor

S
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The Challenge:
Ty=2.2 us!

Q: What cooling technique works in microseconds?

A There is only one, and it works only for muons:

Ionization Cooling

dE dE dE

u ar ar ar
dx dx dx
r.f. r.t. r.f. r.t.

-

G. |. Budker and A. N. Skrinsky, Sov. Phys. Usp. 21, 277 (1978)
A. N. Skrinsky and V. V. Parkhomchuk, Sov. J. Part. Nucl. 12, 223 (1981)

A brilliantly simple idea!

0 P\CCe/@/_
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lonization Cooling:

® Two competing effects

— (cf. synch. rad. damping,
opposed by quantum
fluctuations)

u

® How it works:

Absorbers:

— Absorbers reduce p,

— RF cavities replace p,

dE dE dE

dx dx dx

T

rl

(G
E ] —
d

96+ HS;";;@,‘\\

Ju—
o

L A O ®
|

dE/dx (MeV g lem®)

b
|

100 1000 10000
By = p/Me

LIl 1 1 IIIIII| 1 1 IIIIII| 1 L1t
1.0 10 100 1000
Muon momentum (GeV/ie)

ijonization energy loss

multiple Coulomb scattering

— Reduction in muon p. at constant p| is transverse cooling:

de 1

(0.014 GeV)?

o=

7

Note: 1t’s “just Maxwell’

But in practice 1t’s subtle and complicated...
S0 a test is essential!
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(emittance change

dE > LB
ds E,U QﬁBEumﬂXO

s equations,”

so 1n principle it aas to work!

per unit length)




Some lonization Cooling Details

| Effect is transverse only RN
. L . Bt A

— might hope to cool longitudinally via dE/dx curve’s =t

slight positive slope above 1onization minimum :F

8 2 S =i Fan ]
— but dE/dx “straggling” tail leads to heating :
2. Optimal cooling requires: e B

— low 3, at absorber de 1 JdE,\ ey . (B2)(0.014GeV)? e e

_ ds 32 < ds > E, T 20E,m X

— large absorber Xo (low Z)

< 400 MeV/c) Emittance exchange example (D. Neuffer):
Dipole (bend)

— low E, (typ. 150 < p,

+p >

u—beam 0 >
dp

—>

— allows all 6 phase-space dimensions |
Dipole Wedge Absorber

, dp
to be cooled g‘ltsr::r‘:j: -~ X% *1M"/, reduces energy spread

Accey
e

... S YA
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Preparing for lonization Cooling

Example: International Design Study (IDS) VvF design [hep-ex/1112.2853]

® [onization cooling requires bunched beam with dp/p = 10%

SC Coil

- W “born” with small Az but large AE

75 ~ T

- first, bunch, then phase-rotate: 50
AE

Be

RE ¢ Window
25 Cavity

0
... 0 25 50 ] [(:7:] | 100 125 150
Drift RF Buncher .. RF Rotation . . . ' . . .
.Q
&
g

K
Cct Uﬁe‘ ‘a\

r [cm]

- efficient bunching via RF “vernier” [D. Neutfer]

o uses several RF frequencies starting at = 500 MHz, decreasing to 325

o PCCelg,.

S X
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Alternating-Gradient Lattices

R.

Alternating Solenoic—~
T :
B. (maw? =34 {T] —
/\/_/\/\ dB./dz(max) = 15 (&
0 c
©
. i c
= 2
it S
N [}
A -10 ] | ] .Q
10 P 2 1 6 ]
len (m) f_ﬂE
5 FOFO
B.(max) = 3.4 (T)
/_\ dB. /II]IRHIB.X] =944
0
g T
b
= 10 ! ! ! |
10 G0 0.5 1.0 1.5 2.0
len (m)
g Super FOFO
B;{maxe — 2.8 [T) _
/\/\ dB./dz(max) = 7 (T/m)
0
5 5 F
5
m _10 1 ] | 1 ]
0 1 2 3 4 5
len (m)

Palmer (BNL) et al.
50 ———T1——— | L L A LR L R B R B
—— Stage B1
—— Stage B3
40 Stage B6
—— Stage B8
30 +
20 +
10 |
140 160 180 200 220 240
Momentum, P (MeV/c)
_|_
L+ +

FOFO

® Resonances — low B with less superconductor
CO0L'15, JLab 9/28-10/2, 2015

ILLINOIS INSTITUTE‘

D. M. Kaplan

OF TECHNOLOGY

+ -

O A O O

Super-FOFO
+ RFOFO, DFOFO, .

12 /27

. O“ P\Cce/e/'

Prograc®

%.



Simple Transverse Cooling Scheme

IDS design [hep-ex/1112.2853]:

75 SC Coil
® Alternating-solenoid (“RFOFQO”) ~
. 50
focusing (Study 2a) _
5 RF
. . =25 Cavity — LiH
® Thin, Be-coated LiH absorbers w { w { Absorber
dOU.b1€ asS RF_CaVity WiIldOWS 00 25 50 75 100 125 150
Muon yield per incident proton, G4beamline and ICOOL, useful muons z [cm]
0.3 !
— G4beamline, u
025_ _G4beam||ne’ u+ ..................................................................................................................
— G4beamline, p* and W ol
—mICOOL, i =1  u*r+pu-| ® Performance:
>Q. 02H_._. + e "5 e
= ICOOL, w _ : Cool | :
I |lricooL, wtandw d | - = 100-m-long cooling channel
+Q:015_. ................. -CCU .. .............. - z doubles muon intensity
= T capture A | )
= 0. & decay — accepts and cools ut and W
simultaneously, in interspersed
005 _. ..........
RF buckets
| i —

aRccelg,,

0 50 100 150 200 250

=1 & \y %
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6D Cooling Approaches

® Effective transverse ionization cooling designs proposed ~2000
® 6D harder — many lattices explored to find current, successful ones:

[=l=0=| [=1=l=] = | =

.

| “Snake” design:
'|* Coil diameter 1.0 m
~|* Max field >I10T

7wy R = e ey

=

=
=l
Si=]

| Bending magnet: R=52 cm
field : B=1.4548

EEI] RF freq = 198.5 MHz [IE [
! RF gradv=18.0 MV/m —>

Hard edge, clssic solen field |
4

=

200 MeV/c

“Injection
. possible”

[=l=]
=

|[== R =g ==

RFOFO “Gugg_enheim”

o [ I - *—"_:.—.l.-...
| P .
Helical fap  Injection (e
. e % Fiag e
Slollslplo][cpmugy .\ __ friﬂf’af unnecessary
T £ \ : g - e
| ( ) RN« voichara (FNAL), el R £
radius = 13m , L \ kﬁ?'f e
- 2) R Johnson (u, Inc.), ;33{* e & T_..:gﬁ*-f s
_ _ i S i o i - i B
circonf. =84.4 m * Ya. Derbenev (JLab) f}}.’hﬁ}, b"l‘;’%—_ﬂj’
Helical FOFO “Snake” [N
\‘":']‘\-.&v'-r,’ﬁ-ﬁr
AR = =,
ﬁﬁﬂhﬁ?i J'" -r-_l" F
L-; - L= —'!-d:.__- n--'.-'.‘!‘-l

R. Palmer, D. Stratakis (BNL), A. Klier,
G. Hanson (UCR), P. Snopok (UCR/IT)

Y. Alexahin (FNAL) S .
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Initial Cooling

® Helical (Guggenheim etc.) channels need p*/p-
charge separation — hard at large emittance

coils: R;=42cm, R,,=60cm, L=30cm; RF:f=325MHz, L=2x25cm; LiH wedges

= Y.Alexahin Helical FOFO
“Snake” accepts both signs,
via rotating, tilted solenoids

giving (small) rotating dipole -»

200xB, —_—7 — ——
= —— . 3 L
100 S 2007 300 0 z(cm|

oh "N T y T
03 \\ e | | |
. o _05F T -\\-\\ 30'0 P m /,/ ‘,..~--""_"'-----foo z (cm)
- 3 120° orientation steps Nl
D (cm)
give isomorphic y"and P~ e o~
orbits with half-period offset -~ * " —"2/ Fe
= Neuﬁer ta“( N \) “e.
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Current 6D Schemes

® Guggenheim scheme neatly avoided difficult
injection and allowed tailoring of 3, to €

- but engineering looked hard!

® V.Balbekov (201 3):“R_FOFO snake channel
fOI" 6D mMuon COOIing,” http://map-docdb.fnal.gov/cgi-bin/ShowDocument?docid=4365

r Gae gy
e Bl
o Y )

oS
@c
v@}

r O(\;xcc o7
.. \& \L S\
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Rectilinear FOFO

_-I_l_ i_J I_Fi_--.

= ] - = —

= —1—|—| j
- = - - - -"
= i-- " E EE BB

(b)

-i

FIG. 2. Conceptual design of a rectilinear channel: (a) top view; (b) side view.

o Q [D. Stratakis, R. Palmer, PRSTAB 18, 031003 (2015)]



http://map-docdb.fnal.gov/cgi-bin/ShowDocument?docid=4365

Current 6D Schemes

® R FOFO performance: g ! paseromanio | -
— £ F multiple bunches ]
Ve
-5 ; 0 2
Stages _} X In 5 Cooling berore
'S recombination
)
[ J [ ] o
6D emittance in 500 M = ol [comome ._
Ll L | recombination ]
o)
——— c
10 § 9 Merge to singe bunch
[ 5
— 1 Lol , Lol \ L0
g 1 10 100
vy . Trans Emit (mm) Jarget
QO 1 [ To acceleration for 2 .
=2 : 2 L multi-TeV collider L .
© - . € |Phase
= E 10° q E To acceleration for NuMAX O  |Rotator
- % g = (injector acceptance 3mm,24mm) L
LJ 2 4 F Final it
+ ; It
g 2 F Coaling Cooling
o [ P S TN T TN %10,08_— sost-merge pre&:merge
’ £ = - 6D Cooling
0 100 200 300 400 500 S S F 6D Cooling (revised)
Distance, z (m 2 - pre [nerde
( ) § 2 F To acceleration 6D Cooling
for Higgs Factory Bunch
= reaches €.~ 280 um, €~ 1.6 mm 10g & Merge
- 1 Lol ] Lo aurnud | L ornnd |
10.0 10 10° | 10*

[D. Stratakis, R. Palmer, . ,_
Transverse Emittance (microns)

PRSTAB 18, 031003 (2015 : $ %
17/27 W
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Helical-Channel Dynamics

[Ya. Derbenev, R. Johnson, PRSTAB 8, 041002 (2005)]
A\ Solenoid + Helical dipole + Helical Quadrupole maiﬁf“i

P & .._ \ =g 1
o RN copper
. cavity

HCC

T, pickup
a— . \5 probe

Red: Reference orbit C;,upler

Blue: Beam envelope

// Dispersive component makes longer
/" path length for higher momentum
particle and shorter path length for
lower momentum particle.

_ Py ® Continuous
p. focusing &
/i p X b(p *P-. Repulsive force S eontral = —(b -p.—b_- p¢) (hlgh-pressure-gas)
2 . absorber
fi oC — - p(o Attractive force 500 S|m.ulat(=:=d 6D evolujuon in I;ICC
® HCC performance: ERY S
Z 50
- reaches €1 = 600 um, €= 0.9 mm ¢ bl
[K. Yonehara, ICFA BD Newslett. 65, 63 (2015)] 1.0} ¢
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The Last Mile Problem

‘Last Mile” Problem

Alija/E+/Getty Images
many residences and businesses lay beyond an easy walking distance to a station [...

—1] a barrier to better utilization of a rapid transit network.

While rapid transit solutions
such as light rail, heavy ralil,
commuter rail, and bus rapid
transit (BRT) are popular
ways to increase a particular
area's transit network
coverage, the fact that they
stop only every mile on
average to maintain a high
average speed means that

® But we have a different “last mile” problem

- we’ve shown how to get within an order of
magnitude of the desired 6D emittance!

o what about that last factor of 10??2?

LLNois INsTITUTEY. D, M. Kaplan COOL’15, JLab 9/28-10/2, 2015
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“Beyond” 6D Cooling

Ya. Derbenev (JLab), R. Johnson (Muons), R. Palmer, H Sayed (BNL)
® Can cool beam yet further with new approaches:

— Parametric-resonance Ionization Cooling (PIC)...

! !

& Reverse Emittance Exchange

\

Yy vy

g |
0

Wedge Absorber

P ’

S 7\
S bsorber plabes

Evacuated Dipole — |

|I ramelric resonance lenses

N R s 3
™~ N r "“*:“i
| .
b ¥ N o — or with quad-focused
] Matching solenoids  LH, Absorber Channel and reverse
— or with ~30 T HTS  Acceleration RF

, emittance exchange? ...
solenoids and dE/dx at S

Absorber at :
low energy (~5 MeV) | | By
R Pa’mert Ik 30 Tsolenoids | Q1 Q2Q2 Q1
(thiS PM) longitudinalphase space |
o rotation RF |
ILLINOIS INSTITUTE":' D. M. Kaplan
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“RubbiaVision™

[see e.g. C. Rubbia, “A complete demonstrator of a muon cooled Higgs factory,” arXiv:1308.6612; http://tinyurl.com/oe9yesi]

® Higgs physics is best done at muon collider!

- scan Higgs resonance with precision and nece;?:fg
. . . in Or
precisely (< 1%) measure branching ratios "o out
— s-channel p*u~ Higgs Factory: E = 126 GeV * ¢ alternatives
to SM Higgs
o want L > 1032 — ~50,000 Higgs/yr/detector
—> need new (“beyond 6D") cooling technique need 10
. . inforce
- must also go above 2-Higgs production SR
threshold and measure Higgs self-couplin effort
88 piIng CERN?)
—> IeV muon collider upgrade
@“oofij%fo
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http://tinyurl.com/oe9yesf

Frictional Cooling

® Conventional l
7N 1 on Cu

of
ionization Swp £l
coolingworks = 7~
at the S 1035  Ratae
lonization é_: ll Ny P S e t
mln’mum! n]nm 001 ol : 10 van 000 10°  10°
® Why not work " v " e ™ g

Muon momentum

where dE/dx is
2 orders of magnitude larger,and — — feedback!?

= answer: momentum acceptance = |0 keV

- but still of interest for low-energy applications

unots INsTITuTe V. DL M. Kaplan COOL’15, JLab 9/28-10/2, 2015 22/27 TQ((
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Frictional Cooling

® Can use foil stacks
(or gas, but sparks)

PPAC

® |dea to increase

momentum acceptance: I—r—‘»‘/—%omm > «—— 80mm ——»<— 800mm

................................................................................

o o -

“ Pa rtl C I e Refrlge rato r” [M. MUhlbauer et al., Nucl. Phss. B Proc. Suppl. 51A, 135 (1996)]
(possible use: cooled-muon e

. . . Roberts,
cargo-container scanning?) Muons, Inc.

hm [T. Roberts, D. M. Kaplan,
PAC2009, WEGPFP096]
® Planned surface-muon-

beam application: — |

- increase phase-space density of
stopping muon beam @ PSI

ILLINOIS INSTITUTE‘:;": D. M. Kaplan COO0Ll'15, JLab 9/28-10/2, 2015
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Muon Cooling R&D

® MICE: build and test a section of cooling channel

® Efficient ionization-cooling channel requires high-
gradient RF cavities in strong focusing fields

—> high-gradient NC cavity studies at Fermilab

S e

o large beam = low RF freq. e S

(now 325/650 MHz)

Supercondueting - 201 MHz cavity

AT solenoid e
Wy,
5 i vy MR
|ﬁ|’"‘___"
ly

I'-_-'- i,
A

~/.  Prototype MICE 201-MHz cavity
Lunois INsTITUTEY D, M. Kaplan COOL'15, JLab 9/28-10/2, 2015 ¢
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® Early work showed strong spark-
probability increase with B-field

- suppressed by high-pressure H> fill

RF Cavity R&D

805 MHz Test Cell

‘El"

12" dia, flange

CELL ¥
=| | 11202

® Newer vacuum cavities

perform better

ILLINOIS INSTITUTE\":"
OF TECHNOLOGY

D. M. Kaplan

High-P Electrode Structure

—

Gradient (MV/m)

COoolL

40 - 4040 (Opposing)
37.66 Red
g 35 30
S e (Single Coil)
E 30 20 o ] =
< NG Btack
'q::: 25 - & 255 XS
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8 20 2989
)
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w 10 Yeltow
5
D | | | |
0 1 2 3 4 5
Peak Magnectic Field in T at the Window
Pressure (psia) at T=293K
o 200 00 &0 S0 1000 1200 1400 1600
o | E— —— L E—— L E— T L E— — Lo
F CuData: max gradient 49.9 MV/m
™o |
E Mo Data: max gradient 63.8 MY/ m
B30 |
| Be Data: max gradient 52.3 MV/m
70
E Mo Data: max gradient 65.5 MV/m at B=31 s
o0 | A |
i | .
=0 T * [Hr
§ 1
40 | o
30
20
|
10 |-
oo bbb b b b b b i |
0 0001 002 0003 0004 0005 0006 0007 0.8 0000 0.0l
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Summary

® Muon cooling looks feasible

® Promising facility designs conceived

® Neutrino Factory: best future Vv facility

® “Heavier electron” colliders remain compelling

= cf. C. Rubbia,"A complete demonstrator of a muon cooled Higgs
factory,” arXiv:1308.6612; http://tinyurl.com/oe9yesf

® Appealing solutions to “last mile” problem
proposed

® See coming talks...
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In Memoriam

® VWe lost three pioneering leaders this year

Andy Sessler,
1928-2015

® AII made Dave Cline,

1933-2015

important contributions Mike Zisman
] 1944-2015
to muon collider R&D

® VWe will miss them!
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