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HEPAP Outline
2020

» Next Heavy Lepton Collider
= up to~14 TeV in LHC tunnel

= Needs muon source
® PS or new MW proton Linac/storage ring
= cooling ...
® or LEMC??
= Affordable !

> neutrino radiation
= for 14 TeV in LHC collider

» Comments on (45 GeV e* + e ) source

= jnteresting problems
® Liouville ...



HEPAP MAP = HEPAP status
2020

» MAP produced initial designs for muon storage ring
neutrino sources and heavy lepton colliders

= -including initial beam delivery designhs for mu2e and
NnuSTORM

> P5 happened -MAP did not fit 2013 physics priorities

= too ambitious for US resources >>

» US Flagship is DUNE
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HEPAP
2020

» CERN needs world-class
collider
> Use LHC tunnel

Fill with accelerator and
collider ring(s)

> Result:
7 x 7 TeV collider

» Reuses existing
Infrastructure
= ~100 m deep tunnel
= cost possible ?

» Must add a muon source
= high intensity

14 TeV “Next Muon Collider” 7x7 TeV
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dind 14 TeV machine muon sources #
2020
» Possible beam sources > Proton-based source uses
= proton based MAP-like cooling system
= CERN PS-~0.13 MW = ~1km long single pass
® 24 GeV *~1-2G$
® 6 bunches/1.2s ® verified by simulation
= 5Hz " gy 225p; g > 60mm
= new MW scale proton source s ? T T
(~MAP)
® 58 GeV linac + storage ring Decay{hanne.
» 5Hz afm % “;
_g_ 10!% = Rotato
= Electron based Boscolo et al. : o e
® 45 GeV e* > 22GeV pt w RE i i i

| | 2 . 2 kHZ Transverse Emittance (microns)
® ho cooling ...



HEPAP
2020

14 TeV Collider scenarios ..

T
L. 3

» Collect parameters from Collider scenarios:

various scenarios
= limit pu to ~10%3/s
= 7,=0.15s
» Accelerate in LHC
tunnel
» Collider in tunnel
= small B, lattice
= 800 luminosity turns (n,)

fOantNMNﬂ_;f

L = _
Are, P,

Parameter “PS” “MAP” |“LEMC”

Luminosity 1.2-10%3 |3.5-10%° |2.4-10%

cm=2s1

Beam dE/E 0.1% 0.1% 0.2%

Rep rate, Hz 5 5 2200

N, /bunch 1.2-104% 2-1012 4.5%x107

N, 1 1 1*

& n MmM-mrad 25 25 0.04

B", mm 1 1 0.2

o'(IR), ym 0.6 0.6 0.011

Bunch length, m | 0.001 0.001 0.0002

M production 24GeVp |8GeVp [(45GeVet

source

p or e/pulse 8-1012 2-1014 3-1013

Driver beam 0.15MW | 1.3MW 40 MW

power

Acceleration, 1-3.5,3.5- | 1-3.5,3.5- | 75 GV, RLA
7 RCS 7 RCS 100 turn

v rad. 0.02 0.30 0.003

(unmitigated) m§v/yr




HEPAP
2020

> T TeV L lifetime =0.15s -_

= RCS frequencies are

: T
Acceleration. ... 2L

B,..:DC B, ., :pulsed from -8B, to+ B,
manageable: 5 /20 Hz ) Packing factor T1<1 ”
® high-field fixed magnets + B4 <B>C= 21 E,,,,,, /0.3 eg.146 T Xkm
+27T rapid'cyCIing for 7 TeVand 26.7 km
® ~18GV rf ——————————— .
Table 1: Muon RCS Accelerator Parameters
= could also use RLA TS T e
Eper, TeV 7 7 4 0.45
® nhonscaling FFAG arcs ?? Eyj, TeV 0.45 i 045  0.03
freps HzZ 5 4 4 20
AE/turn, GeV 14.0 3.5 9.2 3.7
_ Bse, T 16 16 16 8
= LEMC with 2 kHz . source Lsc, km 4.8 7.1 29 0.63
: : By, T 3.8 2.0 1.9 0.8
needs fixed-field accelerator s 4 76 M 26
® 20 turns = 350GV rf dB,/dt, T/s 180 52 112 615
= 100 turns - 70GV
® LHC =11 kHz



[\EPRP Costs ??
2020

> Affordable? 2 m .
Z T o
= according to Shiltsev cost 2 59 3 i .3 !
& E O :
model (JINST 9 T07002 (2014)): < fBop & S o ¢
L L L E _ Sl I
2 2 2 g - ‘
TPCzozL + [ = + P &,;m_ & -
10km 1TeV 100 MW 2 2 3
« az 2B$ for civil construction, f = L TTIIEH FTT0 1 T
B=1,2or10 B$ for NC, SC magnets or SRF z " : 4 109
o C.o.M. Energy (TeV)

« y=2B$ wall plug power

Figure 4: Cost estimates of various future colliders.

= ~9G$

® after ~3 G$ savings from
using exiting tunnel(s)

» LEMC case ?
= Larger powet, rf ?
= needs further design



[\EPRP ‘ iati B.King PAC 99 G
bl Neutrino radiation (CERN99-12) . .. o cERNG AL

v—Radiation from a p*-u” Collider

» Decay neutrinos are
emitted with a 1/y angle

h~?2R0 =2R/ y
= 2RO =2R17, CH
» 102 p/lyr (103u/beam/s) ﬁ@ T g

NV_ 2 n B N Mfo N SPdecay v—Radiation appears in a disk of thickness ~R/ y
at a radius R around the collider

(+1.5m thick at ~30km from a 4 TeV Collider)

Dose = N, o, ,10°N,E, o =710 E (TeV) m”
27hR ' k
_ EzE /3
» Dose is ~0.15 mSv/yr/beam NCE @
= 7TeV u, D=100m, 36km Dose = 0.57 ——~—mSv/ year
® CERN LHC limit is ~1mSv/yr R,

1 rem/yr =6.25-10¢ TeV/kg/fyr
1mSv/yr= 6.25-10° TeV/kg/fyr

R |
R=,2R, D




HEPAP Oddities of the neutrino radiation JE
2020 A

» 100 m deep ring=>
= R=36km band, 0.5m thick

v-Radiation from a p*-u” Collider

o .+ _ . _
K and.u banc.ls differ )
» LHC-100 m tilted ring = -

= tilt into Lake Geneva and Jura
® effectively a bit deeper .. e meconan
» Model assumes target stays within band
within material
= |lying in bed in a basement room
= jnside a basement swimming pool

» Could spread out by adding vertical
oscillation

R=\2R_ D

10



HEPAP

2020 Decay along straight sections?

» Downstream intensity enhanced by L?y

» small number of straights

= most point very far away, or outside habitation
zones

= |R straight beams have large divergence
» afew close emergences
= 0.5m radius beam at 30k

= Buy locations; insert neutrino detectors
® multi-TeV neutrino beams
® great beam monitors - need 2

» For LHC muon Collider, a feature !!
= not a bug

11



';E';gp Application to 14 TeV Muon Collider

» CERN standard is ~1 mSv/year
= (approved for LHC)
» Fermilab standard is 0.1mSv/yr
= 1/10 DOE limit
» High-Luminosity LHC muon collider is ~0.3 mSviyear
= 102 u/year/beam
» Can be reduced by orbit modulation
= ~1/10
» Is a significant consideration
= |imits luminosity, and energy

o
L. 3

12



HEPAP
2020

» Scenario has very
Interesting features

= and problems
® and solutions ?

» Requires
= positron source
= 45 GeV positron ring

= 22 GeV muon
accumulator rings

= ~Cw acceleration
= collider ring
» no cooling
= Liouville’s theorem

Positron Beam

LEMC scenario (Boscolo et al.)

LHeC-class e+
source & e+
acceleration at
45 GeV
(circular /Enear
options)

e+ ring
arget
ronous
rings

isochrono
ing

100 KW targ

Acceleration

Accelerators:

Linacs, RLA or FFAG, RCS

$

Econst
iges Factory
to
?? Tev

P
w o

e’ (45 GeV) +e” (rest)2u* + u

« small g : Imrad *0.2*10° m

ate, =0 o

T o0asf
7

02F
015

0.1F

=
T
0.05F /i
B
-

o
L. 3

Collider Ring

0

1
0.21 0215 0.22

I
0.225

Vs (GeV)

« large g : 2 GeV*0.003m

A

0.23



HEPAP 45 GeV positron ring on Be target

2020
> A Problem is Be Target 3mm) 4, ¢ & gy p 4(0.7)
N _ It —e + L
= e + nuclei ds B°E ds 2 ds
= Lifetime is < 50 turns /Y
® 31016 45 GeV e*/s (200MW)  Ewl)

20|

o'l SR AL 1 0
150 160 170 180 1% 200 210 220 230 240

= multiple scattering &deeo ) -
Bremstrahlung - tg = f,(4-107) /—- e+ injector
= 3mm Be = ~1% X,
® ~1% energy loss /turn Positron ring
= emittance increase
®if 3,>0.2m
=~610°

o
at 8x,geo,e

L1+ accumulator
u- accumulator



o

HEPAP positron and muon beams must match
2020 e
gs $E.be:n;=45.oaev Im > sl’geo’ué 0.2'10'9 "
= 2— Width : 0.3 cm 60 = |F SL,geo,e =0 (and Oe+:0)
1_ —50 m but gx’geo,e = ~6 10'9 m +
Df_ -40
lei s :322 _20 > In IPAC 17 (Boscolo et al.)
’ 2_ [Geantd] ::;:J;E I10 . Oe+ = ~01 _03 mm at
TR NN target
x [um]

® should be < 1um

» To avoid large g, need:
n < 109

Ex ,8eo,e+

= B,<~0.003m

15



HEPAP An
2020

» Produce bunches every 500 us
= accelerate into 7 TeV ring with RLA/FFAG; collide

other Problem - high energy stacking #

» Bunch combination at high energy?

» The actual number of u/bunch in the muon collider can be larger by a
factor ~ t 2°(HE)/500 us (~100 @6 TeV) by topping up.
Antonelli, ICHEP2016

= “topping up” works in electron rings because of radiation damping
= Does not work in muon rings because of Liouville's theorem
= canh have multiple bunches in collider ring (but not combined)
» stacking in longitudinal phase space is limited
= 1 bunch = ~ MAP goal longitudinal emittance

» stacking in transverse phase space reduces luminosity

16



HEPAP
2020

» For multi turn accumulation (at ~ 2 kHz)
= g y=410%m, g, =~3 mm - 2GeV/0.1-> ~0.06m
» C =60m 2290 turns

» |If accumulating muons are recirculated through target,
can multiturn inject without increasing €

= But....
® needs matched lattice at target (= 3mm ?),
® momentum acceptance — 10% - isochronous /matched rf

* Closest example is 62.5 GeV Higgs collider lattice

® Y. Alekhin et al.
® 300m, B=3cm, g, =2:10*m, 5 < 0.1%

22 GeV muonrings

Interaction Point

with Detector




HEPAP
2020

» 2000 turn multiple scattering is not small
® even with 3,=3mm, gy, =4- 108 m

But ... Liouville....

2
d(c"N :_'_ﬂj_ ES 52 - —~ 10—9
dI\Iturn 2 ﬂgj/LR (mﬂcz)

® &> 2 10% 2?

= dE/turn ~ 1.5 MeV - 2 GeV total

® need rf for reacceleration

> Solution

= Use Third Law of Beam physics
® does not fit in the margins of this talk

18



HEPAP
2020

» ~14 TeV u* u Collider in LHC tunnel is possible

2%

Summary

» Can use proton driver from PS or new Linac

= high luminosity requires muon cooling
® more cooling is better...

= or novel low-emittance source

> neutrino radiation is a constraint
= manageable ...

» new muon source (45 GeV e*+ e > u*f u ) poses
interesting challenges
= more beam physics study ...

® use 3" Law

19



HEPAP

T
2020 Ed

heersal Uclick

by U

I DECIDED NOT IF YOU USE 3 WHEN SCIENTISTS
TO BUILD CARDBOARD. | FAIL TO CONFIRM MY
A PARTICLE SOUNDS ' DISCOVERIES, I WILL
ACCELER— EXPEN-— MY PLAN IS TO SAY I | SAY THEY NEED BETTER

DISCOVERED ONE NEW
PARTICLE PER

ATOR IN THE  SIVE ACCELERATORS.

BASEMENT.

@ScoltAdamsSays

WEEK.

Dilbert.com

a-2¢-16 ® 2016 Scott Adams, Inc. /Dist

Thank you for your attention
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HEPAP
2020

High Energy to 14 TeV at LHC

> CERN is interested in p*u- site-filler
= fits in LHC tunnel
= 7x7TeV -14TeV Collider

» Could consider for muon source:
= PS-based proton source + cooling
= MAP 8GeV 2MW p + cooling

= threshold 45 GeV e* ring + e production

® LEMC- Boscolo et al. -no cooling

Muon Collider ] _
Proton Driver Front End iCooling Acceleration Collider Ring
OO . ECDM:
| I— ] S ) '
== { iggs Factory
@ 5 5 & |moc 2 2|f & w w0 to
@ £ E = Pl = S | 3 = £ C i=
= 2 5 5 |Fefcglo8F T8 @B 14TeV
T 2 5 £ [y3232=|°258 @3 &
z =z o
“ 3 @ 8 [2%F 4fgo 52ao ® 7o
&‘j S EE £lE % ©® @2 o £ | Accelerators:
z 0 =2 % | Linacs, RLA or FFAG, RCS
= (W]
T s ® Acceleration Collider Ring
+
< ? Econt
iges Factory
A )
od ®y Fo2 o W3 { to
B8 59 c9 g 2. ~10 TeV
TeEs =0 bef o o
SgBY oo EE
8332 3 g 3 A
I E = 2 2 Accelerators:
— —

Linacs, RLA or FFAG, RCS

D
CERN _//
Site de Prévessin

Shiltsev & Neuffer, IPAC 18
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HEPAP
2020

Syncrotron frequency 2415.31

pos_Ring
Parameter Units e+
Energy GeV 45
Circumference m 6300
Bending radius m 709.6
Magnetic rigidity Tm 150
Lorentz factor 88062.62
Coupling (full current) % 1
Emittance x (from model) m 5.73E-09
Emittance y m 5.73E-11
Bunch length (zero current) mm 3.6
Beam current mA 240
RF frequency Hz 5.00E+08
RF voltage GV 0.768
Revolution frequency Hz 4.76E+04
Harmonic number # 10508
Revolution period s 2.10E-05
Number of bunches # 100
N. Particle/bunch # 3.15E+11
Syncronous phase # 0.73

Hz
#

Synchrotron tune 5.08E-02
synchrotron period turns 19.70
Overvoltage 1.50
Transverse damping time turns 175.00
Transverse damping time s 0.0037
Longitudinal damping time turns 87.50
Longitudinal damping time s 1.84E-03
Energy Loss/turn GeV 0.511
Momentum compaction 1.21E-04
B field T 0.211
Rf energy acceptance % 3.98
Energy spread (SR) dE/E 1.00E-03
SR power loss GW 0.12
SR power/Circumference kW/m 19.48

22



HEPAP 3 Laws of Beam Physics
2020

1. Beam Phase Space cannot decrease
= Liouville’s theorem cannot be violated

2. Beam Phase Space increases
=  bunch combination is inefficient

3. Break the 1t Law wherever possible
1. radiation damping

stochastic cooling

electron cooling

ionization cooling

charge-exchange injection

“stochastic injection” (1> u decay)
77

No o s WD
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