Workshop on Beam Cooling and Related Topics

Sept. 28 - Oct. 2, 2015

Jefferson Lab

Muon Accelerators: R&D Towards Future Neutrino
Factory and Lepton Collider Capabillities

with acknowledgments to the MAP, MICE and IDS-NF
Collaborations

2% Fermilab




Why Muons?

* Intense and cold muon beams = unique physics reach
« Tests of Lepton Flavor Violation m =1057MeV | c?
* Anomalous Magnetic Moment (g-2) K
« Precision sources of neutrinos = Neutrino Factories T,=22us
* Next generation lepton collider

* Opportunities
 s-channel production of scalar objects ;
 Strong coupling to the Higgs ~ | =4 %10
* Reduced synchrotron radiation = multi-pass acceleration feasible m,
* Beams with small energy spread
» Beamstrahlung effects suppressed at IP

* BUT accelerator complex/detector must be able to handle the impacts of u decay

2

* High intensity beams required for a long-baseline Neutrino Factory
are readily provided in conjunction with a Muon Collider Front End M+ —s €+V v
e’ u

» Such overlaps offer unique staging strategies to guarantee physics _ o
output while developing a muon accelerator complex capable of u —=e VeVM
supporting collider operations (Muon Accelerator Staging Study — MASS)
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Outline

* The Muon Accelerator Program

* MAP Neutrino Factory Thrusts
« Short baseline = vSTORM
« Long Baseline = IDS-NF and NuMAX

* Beyond Neutrino Factories
— Possibilities for a future Muon Collider Capabilities
— Higgs Factory to >5 TeV

« Key Accomplishments of the MAP R&D Effort

 Conclusion
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MAP Feasibility Assessment: 2012-2015 sj'l}(’(

« Scope — A focused effort to demonstrate feasibility -
— Provide:
» Baseline design concepts for each accelerator system (cf. block diagram on slide 3)
= Specifications for all required technologies to guide the R&D effort

— For novel technologies:
» Carry out the necessary design effort and technology R&D to assess feasibility

 Note: a program of advanced systems R&D required after completion of the
feasibility assessment

— Technology R&D and feasibility demonstrations have included:
MERIT@CERN (pre-MAP): Demonstration of high power liquid metal jet target
concepts
MuCool Test Area (MTA) research program (FNAL): RF in high magnetic fields
Muon lonization Cooling Experiment (MICE@RAL):

— Demonstration of transverse cooling
— Validation of cooling channel codes and parameters
Advanced magnet R&D

— Very high field magnets (cooling channel and storage rings)
— Rapid cycling magnets for acceleration of short-lived beams
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MAP NEUTRINO FACTORY
THRUSTS
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The Critical Issues

 What must we understand in the neutrino sector?

— Ocp: Can this be done with the same g ;Y' o AMeSAM. e -
precision as the quark sector??? N | R
: oy Sehenco
— The mass hierarchy 0 3 I\
= 75 SO & 3
— The value of 0,;-n/4: +, - or zero? e 4P ) Vsl E
— Resolve the LSND and other short = 0 E
baseline experimental anomalies W SN WA
— And enable the search for new 10 ) ?
physics il
O‘io's nusTorM / /7
S /
//
S LBNF (2E7s p.a.)

w— NUMAX (1E7s p.a.)
NuMAX+ (1E7s p.a)
=== NUMAX+ (2E7s p.a)

baseline NF capabilities

GLOBES 2014

GLoBES Comparison of Potential
Performance of the Various "o
Advanced Concepts (courtesy P. Huber) 20 [degree]

10 15

0

20




Microscopes for the v Sector

« Superbeam technology will continue to drive observations
in the coming years

* However, anomalies and new discoveries will drive our
need for precision studies to develop a complete physical
understanding

* Neutrino Factory capabilities (both long- and short-
baseline) offer the route to controlled systematics and
precision measurements, which are required to fully
elucidate the relevant physics processes

= Precision Microscopes for the v sector
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vSTORM Option for the CERN Neutrino Platform

under study: M. Nessi, et al.

100m from the front face of the detector

1400m from the / N : Existing detector-Extension EHN1

upstream limit of CERN land

Option 1

100m from the front face of the detector

1400m from the 8 v 7, Z ' Existing detector-Extension EHN

upstream limit of CERN land

Option 2

100m from the front face of the detector

. Pos_sible
1400m from the P2 3 ‘ Existing detector-Extension EHN1 e aaons

upstream limit of CERN land

Option 3
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v Beams at nuSTORM

n* > u*+v,, mdecays in injection straight
« v beams from n decay at a _@0m__ b @ZOQOW. —
NUSTORM: I vorl e S =
High flavor purity with flux ' ow=s, | 2 :
known to <1%
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vStorm as an R&D platform

* A high-intensity pulsed muon
source for accelerator R&D

—100<p,<300 MeV/c muons

 Using extracted beam from ring
* 10" muons per 1 usec pulse

— Beam available simultaneously with

physics operation o j

* A platform to test instrumentation & s
for characterizing high intensity oo T
muon beams

DECAY RING - PLAN

2% Fermilab




The Long Baseline Neutrino Factory

. IDS-NF an Ideallzed NF Accelerator facility
« Muon Accelerator Staging  [Fesiimse

Production straight muon decays in 107 s
Stu d . Maximum RMS angular divergence of muons in production straight 0.1/~
y . Distance to long-baseline neutrino detector 1500-2 500 km

An incremental approach -
NuMAX@5 GeV=>SURF Magnetized Iron Neutrino Detector (MIND):

IDS-NF baseline:

. - — Intermediate baseline detector: Segmentation: 3 cm Fe +2 cm
Neutrino ' « 100 kton at 2500—5000 km scintillator

Beam Magic baseline detector: — 50-100 m long
Proton Driver: * 50 kton at 7000—8000 km — Octagonal shape
: Appearance of “wrong-sign” muons Welded double-sheet

L’_nac opflon Muon Decay Toroidal magnetic field>1T ¢ Width 2m; 3mm slots between plates
Ring option Rin * Excited with “superconducting
' 9 transmission line”

737 m

Phase Rotation

ko .
2
O
@ B
Linac to 0.8 GeV 0.8-2.8 GeV RLA

(COrmma)
2.8-10 GeV RLA

> ) '

13 COOL'15 - Jefferson Laboratory, Newport News, Va, USA September 28, 2015 # Fermllab




The MAP Muon Accelerator Staging Study §
= NuUMAX

5 GeV Storage Ring
optimized for
Fermilab-to-SURF
baseline

+
_H

vV,
u pre-Linac / ><( NuMAX ):
_— > v

ut & u” Chicane

Dual-Use
(p & u) Linac

i

Target &

Capture
Solenoid Q O

Buncher | Accumulator |

31000 Q9 |

-
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MASS NF Parameters

Neutrino Factory Parameters

Parameters

| v, or v, to detectors/year

Unit

nuSTORM

NuMAX

Commissioning

4.9x10"

NuMAX
1.8x10°%°

NuMAX+

Stored p+ or y-/year

SuperBIND

1.25%x10%°

4.65x10%°

Distance from Ring

1.9

Mass

1.3

100/ 30

100/ 30

100/ 30

Magnetic Field

2

0.5-2

0.5-2

0.5-2

Near Detector:

SuperBIND

Suite

Suite

Suite

Distance from Ring

50

100

100

100

Mass

0.1

1

1

2.7

Magnetic Field

Yes

Yes

Yes

Yes

Accelerator:
Ring Momentum (P,)

3.8

S

S

S

Circumference (C)

480

737

737

737

—Tonzation Coolng|_— - | No | No | 6D Infial _|_6D Initial_|

2% Fermilab




SURF

-

SURF

27
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"555’\

o™~
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vs to SUR

O\@)

0.8 GeV Proton
Linac (PIP-II)

—

- - Possibilities for NF Capabilities
‘ at Fermilab:

vSTORM =2 NUMAX

1 GeV Muon
Linac (325MHz)

~
RS

Muon Bea
£ 'R&D Facility

—""“D x
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0 15?0ft

wport News, Va, USA
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-~ ~,
~
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Possible to deploy subsequent
muon collider capabilities
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Summary of Neutrino Factory Thrusts

« Short Baseline NF

— NnuSTORM

» Definitive measurement of sterile neutrinos

* Precision v, cross-section measurements (systematics issue for long baseline
SuperBeam experiments)

» Beam line concept = higher purity beams for current experimental program
« HEP muon accelerator proving ground...

* Long Baseline NF with a Magnetized Detector

— IDS-NF (International Design Study for a Neutrino Factory)

* 10 GeV muon storage ring optimized for 1500-2500 km baselines
» “Generic” design (ie, not site-specific)

— NuMAX (Neutrinos from a Muon Accelerator CompleX)
Site-specific. FNAL = SURF (1300 km baseline)

4-6 GeV beam energy optimized for CP studies

— Flexibility to allow for other operating energies

Can provide an ongoing, high statistics, short baseline measurement option
Magnetized Detector

— LAris the goal but magnetized Fe provides equivalent CP sensitivity with ~3x the mass
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GOING BEYOND NEUTRINO
FACTORY CAPABILITIES
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Collider Physics with utu”

w -
e+e- no beamstrahlung
e+e- w. beamstrahlung

1% of ECM

T e —

h—bb

rh=
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0.05 !

R=0.003%]

—.03 -015 126 +.015 +.03

Vs (GeV)

0
2900

2920 2940 2960 2980 3000
center of mass energy (GeV)

Effect of Beamstrahlung on
CoM Energy Distribution at
3 TeV

h—s W | ]

i Lstepz 1
4.21 MeV 0.05 fb~!
R=0.003%]

0 2 1 R
—.03 —-.015 126 +.015 +.03

Vs (GeV

Energy Resolution:
« OE,/E,~4%x10° @Higgs
« OE/E ~1%10° @TeV-scale

Vs > 1 TeV: Fusion

processes dominate

« EW Boson Collider

« Discovery machine
complementary to
very high energy pp

« At >5TeV: Higgs
self-coupling
resolution <10%
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Muon Colliders —

Efficiency at the multi-TeV scale

600.00
cuc 1000
Lepton Colliders Lepton Colliders Figure of Merit:
, Wall Plug Power e .., Luminosity per wall plug power |
500.00 ‘ Muon Colliders
J,P"\}V‘FA

400.00
M 00 PWFA WA o
w - S

Muon Collider
e
20000 @ Aloncolider Mo ol
Muon Collider :
~ PWFA 3 Muon Coljilers
100.00
Efficiency of multi- ~
i 5.00 Muon-tottiders m
pass acceleration
0.0
010 100 1000 0.00
010 100 1000

C.M. colliding beam energy (TeV)

C.M. colliding beam energy (TeV)
—=1C =@=ClIC -PWFA  ===|PA DIA  =@=Muon Collider —4=C ~@=ClIC -PWFA  ===I|PA DIA  =#=Muon Colliders
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Muon Collider Parameters w‘l

Muon Collider Parameters
Higgs Multi-TeV
Accounts for
Production Site Radiation
Parameter j Operation Mitigation
CoM Energy 0.126 1.5 3.0 6.0
Avg. Luminosity 27! 0.008 1.25 4.4 12
Beam Energy Spread 0. 0041 0.1 0.1 0.1
Higgs Production/10”sec ﬂ3 SOOk 37,500 200,000 820,000
Circumference 3\ 2.5 4.5
No. of IPs / 1 \ 2 2
Repetition Rate 15] | 15 12
p* 1.7[1)0.5-2) [0.5(0.3-3)
No. muons/bunch 4] \ 2 2
Norm. Trans. Emittance, €4y 0.2 \ 0.025 0.025
Norm. Long. Emittance, € 1.5 \ 70 70

Bunch Length, o, 6.3 \ 0.5
Proton Driver Power 4 \ 4 4
Wall Plug Power 200 \ 216 230

Exquisite Energy Resolution Success of advanced cooling

32
Allows Direct Measurement concepts = several x 10
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MUON ACCELERATOR R&D

Key Accomplishments
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Critical Feasibllity Issues

* Proton Driver

~_RF in Magnetic Field
in Magnetic Fields
@ooli\/ Magnet Requirements (Nb;Sn vs

ng >
e Acceleration ~

HTS)
>400 Hz AC Magnets

« MDI SC Magnet Heat Loads (u decay)
@etec@ Backgrounds (u decay)

2= Fermilab




Accumulator Ring
Layout & Injection Orbits
(Alexahin, Kapin)

kicker for
vertical

uncher Ring
Layout & Optics

(Alexahin) o,
Dm | IR

VE

fast kicker
(inj-painting)

\J

fast kicker
(inj-painting)

fast kicker
| (inj-painting)

ending coords of elements

fast kicker
(inj-painting) =

Y2 staight +
1 arc cell

v' Based on 6-8 GeV Linac
Source

v" Accumulator & Buncher
Ring Designs in hand

v H- stripping requirements
same as those
established for
Fermilab’s Project X

Fermilab




TN POWE
o : Solenoid  JetCl
Secondary Syringe Pump \ o
conemet NG| ‘ v MERIT Expt:
= . «LHg Jet in 15T

= . . ..\ _a
‘_{ £y . —o O f « Capability: 8MW
. | | @70Hz

:[E qol F v" MAP Staging aims at
x - 1-2 MW = C Target

MERIT +F Y == TR v Improved Compact

CERN ™ ! | 2 Taper Design

3 _ _ * Performance & Cost

Compact
2r “Taper Design ‘
B! l—n 15 T superconducting coil outsert

1057 SR [ |
= . 5\ B7=2'.5T " " ' Proton beam tube /] .
> Stainless-steel target

= . ¥ 4l Il vessel with graphite target
1 — 5 B ! il | and beam dump, and
- — B\ downstream Be window.
0 0 Upstream proton
beam window

—2* - : : : :

_3 x J , , “ C Target

-5 0 5 10 15 20 25 i

Z[m] 5 T copper-coil insert W-bead shieldin Optlon



Control of FE Energy Deposition proton

— o ™ Front End

arget
= T bend
Statlonlfield taper ] down

Chicane

RF . ' :
Taper\ Drift Capture ~ Cooler e proon o secton sysiem 1 & 2y No Chicane

Chicane v Energy Deposition
FE Energy pie noselection system 1 M \/ Fu” 325 MHZ RF
Deposition— e

particie selection s|

Design

v" Validation of gas-
filled RF cavity
performance

Transmission losses per unit length [kW/m]

Number of protons

T 1T !‘ IHH‘ T \I[HW TT H\‘ TT H[ LI

R e mamerm e am:
Ly 1.0 1. 2.0 25 3.0 35
400
mean z [m] Proton Momentum, P (GeV/c)

* Buncher and Phase mu's within acceptances
. Rotator Matched to a Validation of FE
325 MHz Initial Cooling | | perform;
with gas
cavities

N: £,<0.03; A <0.2




Front End

For acceleration to NUMAX
(injector acceptance 3mm,24mm)

—
N

Final xit Front End
Cooling (15mm,45mm)
Initial
Cooling
post-merge pre-merge
6D Coqling 6D Cooling
(to optimize)
pre-merge

Advanced techniques 6D Coolin
Improved HF L?z;ty Bunch . g

3 Simplified Final Zooling requwements Merge (original deS|gn)
1 |1(11111 Ll i1 J
16-0 2 10° “NMAP Higgs 10*

Assumeajln Carlo
Rubbia’s Proposal Transverse Emittance (microns)FaCtory Target
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coils: R,=42cm, R,,=60cm, L=30cm; RF: f=325MHz, L=2x25cm; LiH wedges

absorber coil cavities TOP VIEW

les b e f wp Bx o
JE- - -
SIDE VIEW

T m—— e — T —— o pr— o —
mA-m-m-m-ml
200 300 400 500
—— e — —

= A= [ — = S ,
. Distance, z (m)

-
T

Emittance, & (mm)

6D Rectilinear Vacuum Cooling Channel (replaces Guggenheim concept):

er= 0.28mm, ¢, = 1.57/mm @488m
Transmission = 55%(40%) without(with) bunch recombination




 Helical Cooling Channel (Gas-filled RF Cavities):

= 0.6mm, g = 0.3mm

RF cavities

LH, Absorber

Energy phase rotation

 Final Cooling with 25-30T solenoids (emittance exchange):
er=55um, g = 75mm
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o ;xcce/e r

Muon lonization Cooling (Design) gt

Progras®
BunCh Merge ‘ sl 3)- ! . B i Incoming beam -
£~ i R ¢ rfavites(123m) —— = -
: prittiasm — | |83
. . N L. & rf cavities (4.4 m) —— % g
MAP Baseline Designs offer AR pit223m) — | |35
— Factor >105 in emittance reduction AR N A TR T
« Alternative and Advanced PR B
Concepts (PG Bunch
— Hybrid Rectilinear Channel . Merge
(gas-filled structures) y
— Parametric lonization Cooling .
— Alternative Final Cooling 2
One example: g
N B ——
% **j Funnel ——
=> Considerable promise to exceed SR i z
our original target parameters ST = B7 —— 5
. " : : S 3
MASS identified extension of the 6D cooling concepts - ’ =
To cooling ——

and modification of Final Cooling scheme to be one of
- most likely areas of performance improvement mber 28, 2015 J¢ Fermilab



Longitudinal Emittance (mm)

o o
(-
o o

=
o
oo N SO N OO N D

Cooling: The Emittance Path &%

AcCCe/,

Progras®

‘Tar.get

- @ Specification * Achieved (simulations)
= For acceleration to
multi-TeV collider

For acceleration to NUMAX Phase
(325MHz injector acceptance Rotator

Smm,24mm Exib Front End
mm,45mm)

Initial

Front End

Initial Initial Cooling
= Final _—7 (X*)
E Cooling post-merge
6D Cooling pre-merge
- 6D Cooling
- For gcceleration *X, (original design)
B to Higgs Factory\ﬁ: 3 Iic Bunch
= Hybrid Merge
L el L oLl AN ]
10.0 102 10° 10*

Transverse Emittance (microns , ]
3¢ Fermilab




1 Cooling Technology R&D %%
! * >20MV/m operation  °
[ ] ] P 05T Brfield

15

!!!!! ) 10

5

nnnnnnnnnn

MICE 201 MHz RF Module -
MTA Acceptance Test in B-field Complete

g

f

”'IO/d’Dryg’Air'(O'.Q%’O' C ”””””””

Y Pure GH,

1 1% Dry Air
——————————————— (o 2% 2)

E/Eo

~50X reduction in
RF power dissipation

20
g 25MVO/m Time [us]
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Cooling Channel
Commissioning
Underway for
MICE Step IV




lonization Cooling Summary

ﬂD lonization Cooling Designs \
» Designs in hand that meet performance targets in simulations with

stochastic effects
 Ready to move to engineering design and prototyping
« Able to reach target performance with Nb;Sn conductors (NO HTS)
v" RF operation in magnetic field (MTA program)
Gas-filled cavity solution successful and performance extrapolates to
the requirements of the NF and MC
Vacuum cavity performance now consistent with models
MICE Test Cavity significantly exceeds specified operating
requirements in magnetic field
v" MICE Experiment now in commissioning phase
~ Final Cooling Designs
» Baseline design meets Higgs Factory specification and performs
within factor of 2.2x of required transverse emittance for high energy

K MC (while keeping magnets within parameters to be demonstrated

within the next year at NHMFL).
Alternative options under study

2e rermilab




Acceleration

* Muons require an ultrafast accelerator chain
Technologies include: -« Superconducting Linacs (NuMAX choice)
== * Recirculating Linear Accelerators (RLAS)
WJ‘  Fixed-Field Alternating-Gradient (FFAG) Rings
¥ - (Hybrid) Rapid Cycling Synchrotrons (RCS)

for TeV energies
High Energy Orbit

RCS requires

2 T p-p magnets
Magnet coil wrapped ) ' R~ = at f > 400 HZ
with 30 layers of M ; 4 " : y - t;‘ ‘ (U MISS & FNAL)

255 m /o Zae ] v Design concepts in hand

2GeVlpasy s

v' Magnet R&D indicates
parameters achievable

September 28, 2015 Fermilab
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Collider Rings

 Detailed optics studies for Higgs,
1.5 TeV, 3 TeV and now 6 TeV CoM

— With supporting magnet designs
and background studies

v Higgs, 1.5 TeV CoM and
3 TeV CoM Designs

;
§‘ Higgs Ring (single IR)

. [B* tuning section

/

chromaticity correction
sextupoles

Matching Section

* With magnet

§

CO n Ce ptS chromaticity correction sextupoles
* Achieve target i st 2SN\
paramete s Dipole/Quad DX(C:); : N/A
v Preliminary 6 TeV CoM . n preiem o o 1.5 TeV
design =y “t
 Keyissue is IR c 3 . h — e
design and impact s T m | oo | s seen T
On |u m i n O Sity . '||m|_|-ﬂ_'“-'“h‘-|““-'“-]““‘n.-"""l.-.“.nl 1 “Idll- | IJI I‘.Ill
- Quad/Dipole i -
« Utilizes lower power N S e | 3 TeV
\ DT N TN ‘ :
on target > N LT TN e = - —
o Optics functions from IP to the end of the first arc cell (6 such cells / arc) for p*=5mm




Machine Detector Interface

v' Backgrounds appear Pixel occupancy in barrel vs fiming cuts.
. . Pixel - 20x20 pum in VXD and 1000x100 pm in Tracker
manageable with suitable
detector pixelation and
timing rejection

v7x2s4 4 sigma

radius (cm)

Layer 1-5 are VXD barrel, 6-8 are Tracker barrel 4

25,49 cm

g
RS .
v' Recent study of hit rates P ' '
comparing MARS, EGS g " :
i

and FLUKA appear

consistent to within factors

of <2

= Significant improvement
in our confidence of
detector performance

-300 =200 =100 0 100 200 300
distance along beam (cm)

.........

PR A ! P
-150 -100 -50 0 50 100 150
20 - entrance of decay electron to shielding (cm)

20 <0

T[T T T

I AP I I 4 ! 1 I
-80 -60 -40 -20 O 20 40 60 80 100
Entrance of gamma to detector (cm)

1
(T
=

20>0

LARARRNRERRELRRRS RAS

L L AP B P Il L L
-100 -80 -60 -40 -20 O 20 40 60 80 100
Entrance of gamma to detector (cm)

<

Particle tracks (> 0.1 - 0.5 MeV) for 15 mu- decays




Dual Readout Projective Calorimeter

e Lead glass + scintillating fibers Dual Readout ILCroot Simulation
e ~1.4° tower aperture angle Calorimeter
e Split into two separate sections
® Front section 20 cm depth
e Rear section 160 cm depth
e~7.5A depth

¢ >100 X depth

e Fully projective geometry
e Azimuth coverage
down to ~8.4° (Nozzle)
e Barrel: 16384 towers
e Endcaps: 7222 towers

10° Nozzle

Aﬂér liming cui

IP muon hit clusters efficiency, %

After timing, edep cuts e All simulation parameters corresponds to
; ; Sl ; 5 5 i ADRIANO prototype #9 tested by
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Conclusion

Neutrino Factory capabilities offer a precision microscope
that will likely be needed to fully probe the physics of the neutrino
sector

A multi-TeV muon collider may be the only cost-effective route to
lepton collider capabilities at energies > 5 TeV

For the last 4 years US Muon Accelerator Program has pursued
options to deploy muon accelerator capabilities

— Near-term (vSTORM)

— Mid-term (NuMAX)

— Long-term: a muon collider capability that would build on the NF complex

Key technical hurdles have been/are being addressed
— Realizable cooling channel designs with acceptable performance

— Breakthroughs in cooling channel technology

— MICE commissioning is now underway

Muon accelerator capabilities offer unique potential for the future of
high energy physics research
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Since COOL 13, we have lost three key
contributors to Muon Accelerator R&D

Andy Sessler, LBNL
April 27, 2014

David Cline, UCLA [ They will be |\sxe Zisman. LBNL

4

June 27, 2015

sorely missed| August 30,2015
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