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Outline

 Motivation

* Final Cooling for a Collider & Simulation
— R. Palmer & H. Sayed

 Final scenario variations

— w/D. Summers & T. Hart
— round to flat and slicing ....
— emittance exchange

— bunch combination
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P5 Goals: Long-Range Accelerator R&D 1@/

* “For e*e- Colliders the primary goals are:

— improving the gradient and lowering the power consumption”
 P5, Building for Discovery , p. 19 (May 2014)
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P5 Goals: Long-Range Accelerator R&D 1@/

» “For e*e" Colliders the primary goals are:
— improving the gradient and lowering the power consumption”
- P5, Building for Discovery , p. 19 (May 2014)
« Both goals are achieved by increasing the mass of the electrons

— Higher mass electrons will not radiate; enabling multipass acceleration;
gradient is improved by number of turns

— Non-radiating electrons, multipass acceleration, consume less power

» Changing the electron mass ... (m, is quantized)
— 0.911,105.6, 1777 MeV
* 105.6 MeV is optimum for next generation e*e- Colliders

— requires E’>> m,/ct, =0.16 MV/m
3& Fermilab



Towards multi-TeV lepton colliders

Collider (fepte= Accelerator Staiging Study) M. Palmer, FRXC3 J'

Proton Driver Front End :Cooling Acceleration Collider Ring
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Buncher l

Phase Rotator

60 Cooling [ [}

Accumulator
Compressor

Capture Sol.
Decay Channel

Accelerators:
Linac, RLA or FFAG, RCS

Initial Cooling
Final Cooling

MW-Class Target

___Parameter | __Unit | Higgs factory KREANEEILICE ST

Beam energy TeV 0.063 1.5 3.0
Number of IPs 1 2 2
Circumference m 300 2767 6302
B* cm 2.5 1 1
Tune x/y 5.16/4.56 20.13/22.22 38.23/40.14
Compaction 0.08 -2.88E-4 -1.22E-3
Emittance (Norm.) mm-mrad 300 25 25
Momentum spread % 0.003 0.1 0.1
Bunch length cm 3 1 1

H. electrons/bunch 1012 2 2 2
Repetition rate Hz 30 15 e 12
Average luminosity 1034 cm-—2s- 0.005 4.5 71
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High-Luminosity Lepton Colliders need coollnq@(

* light e

— radiation damping

1. LoseP,.in bends -
synchrotron radtatton
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2. Regainonly P, in rf
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* heavy e
— “tonization cooling”
1. Lose P, in material -

Energy loss in low z i
0 i B e
1\

p, va Py AE decre’ase

2. Regainonly P, in rf

dey _ 1dP,_  BE

€
ds P, ds = 2B’m,c’L.E

Heating by
multiple sca_ttering
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« Cooling for High Energy » Collider @1@(

pFOQra‘“

Initial .G §

* Need Beam Cooling to reach high luminosity £ Fe....e s £ | &

v 1[&'2 | Tel' Colliders g . ;_En_g E ﬁﬂ
Early stages: Cool &\ ~ 0.02 m -->0.0003 m P = ; 17 8 A \

* (10cm x 0.1 rad)>(1cm x0.02rad) 2 ,[ %
— enough for 0.125 TeV Collider s !"
— Established by simulation, MICE 319

« uses 325/650 MHz rf - e \
- solenoidal focusing; B 2T 14T | -

THPFO042, IPAC14

~ Final C%oling more difficult:
* more extreme parameters
« B> XO0T; fs 2024MHz; E-> 4 MeV

LH, Absorber

Longitudnal phase space

Acceleration RF rotation RF cavities

cavities

Drift for developing energy- lb
time correlations



Final cooling baseline Ny

(R. Palmer et al. ipac12)

Progras®
° ° ° i Solenods i ) s
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R PCCe/g,.

Detailed simulation of final cooling 1@(

(H..Sayed et al. IPAC14)

pFOQra‘“

* G4Beamline simulation of RF cavities
final cooling scenario il L
— System is ~135m long |
— &n:3.020.510“%m
— g :1.0275mm

P,:135 > 70 MeV/c
B: 25 232 T, 325> 20MHz

Energy loss in low z i

* not quite specs 0 ey E \
— Transmission ~ 50% "I\ Mmoo W .
) o= el
50 ! : ___:,_,_ LoV
* Predominantly g, /¢ S | e s
. r ‘:x_ Final coaling 8 E
emittance exchange ! = 3
0

0 20 4 60 BD 100 120 140
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* Keep P, B, E’, f; within ~current technology

10

Variant Approaches

— P > 100MeV/c; B~8=>15T; f; > ~100MHz

Explicitly use emittance exchange in final cooling

— Round to flat beam transport

— bunch coalescence

— thick wedge energy loss

— Beam slicing and recombination
Vary technology choices

— “Flat beam” variations

— solenoid - quad focussing

Not (yet) including extreme methods
— Li lens, parametric resonances

D. Neuffer
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Round to flat transformation %,

Light electron source ~MeV * Heavy Electron source ~100MeV
Cooled within solenoids

— cools transverse P,

— large canonical L (if no field flips)

« Can develop large difference in
emittance modes

Cold source immersed in solenoid
— large canonical L

solenoid to skew quad triplet

Changes “round” beam to flat

E,p =E7 =E.E_ =(8P +L)(5P —L)

B, =5 T in solenoid
cathode SC Tesla Cavity OTR Screens & Sllls B.=(r, fz}[aB,ja )= fz}[5T,f5 mm]
AP \

for 5 mm after solenoid e Erg = 25 mm-mrad with o
1 :

vy =42mm
mmmmm =125 mm-mrad when leaving solenoid
[ r03= y
. T2 = M = : = A
L] Round Beam Flat Beam e =
for= =

p = 115 MeV/c muon beam

RF Gun w Solenoids Skew Quad Triplet Transformer

11

D. Edwards et al., _o @
Linac2000 p.122 |

X3
P.Piot et al.,

PRSTAB 9, 03 1001
2006

y (mm)

~
0 0
X (mm)

10

Q1 pole tipfield=0.54 T

Q2 poletipfield=0.12 T
Q3 pole tip field = 0.10T

Try for (g,/g ) = [2(125)/25]*
= 100 after skew-quadrupole triplet

2% Fermilab
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Beam Dynamics: Syp%
Eigenmodes in solenoid 7%

pfera"(\
 Round to Flat transform « Alternative canonical
requires round beam coordinates:
formation in a solenoid — Cyclotron mode
* In solenoid: [Klj_ /i[kyJ_ | c[py+52x
— Coordinates are x, p, Yy, Ky eB\ k, eB\ py — eBy
Py — Drift mode
« =k +§y p, =k, _B, (éjlj: /ﬁ(dx]_ /eB 27w Py
2¢ 2¢ 52 C dy )2; + e_Bpx
* k.= myv,
dy y + ei? kx O
References Cyclotron mode Drife mode
A. Buroy, S. Nagaitsev, A. Shemyakin, PRSTAB 3
094002 (2000) .
A. Buroy, S. Nagaitsey, Y. Derbeney, Phys. Rev. E 66, Round to flat: (k’ d)}‘(")r'()e(i'l‘)l/])“ab
Qzl6503 (2002) D. Neuffer hl

K.J. Kim, PRSTAB 6 104002 (2003)
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Cooling within solenoids by

 lonization cooling « With field flips:

— Absorbers within solenoids — ky k, and d,, d, change

. Cools ki, k, identities with each flip
— Cyclotron mode is — Both modes are equally

preferentially cooled damped
* Angular momentum is
_ With 0 damped
t=—{w,-p.) + Without field flips
— One mode is

— Typically (at &,= €,= €,) preferentially cooled

* £,& =€ £4= (§-F) (+F) — Canonical angular

’ momentum not damped
£16, =86, !

£ Fermilab
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Example: Front End Cooling

» With field flip
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Variant: Quad focusing for final cooling *1@(

Prograc®
T. Hart, D. Summers TUPWI044

* Focusing onto short s s e
absorbers (LiH /Be) | M e

— Can obtain small §° ‘
» Quad focusing Forarsi

|
¥-cell: 70 cm

— use higher energy (0.8 GeV) | 0" .. swe  sisoen
- Bx # By - Obtai'ns flat beam get through one quactupole el 1 has =5 o beam coverage for both quactupotes.
?

 cools mostly 1-D ?
— useB . =8T-> 14T £
— cool in rings (multipass)

[=}

2 : 7 IJ7§.GL:S 1 975 c?;l‘:‘mk ;o-sCs
ﬂ t E Ky -1000 0 1000 2000 3000 4000 5000 6000
s (m)
€.y~ = (0.0714, 0.141, 2.418) mm. egp = 0.024 < 0.044 mm?
A —_— LL A | ae » ] 1 - - = 1 1

2B8mc*Lo(dE/ ds -
2 k! ) 2% Fermilab
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Variant: “thick” wedge transform "%,

. "ogras®
p = 100 MeV/c X-Zview p = q0pMeV/ic y-2view
If 6p/p introduced by wedge | anen p—
> > ap/pbeam; —
— can get large emittance exchange @~
* exchanges x with 6p (Mucool 003)
Example:
— 100 MeV/c; dp=0.5MeV/c Tl
* £,=10%m, B,=1.2cm LQ ) ’/ B
* Be wedge 0.6cm, 140° wedge T e
— obtain factor of ~5 exchange oosen e
— g,20.2 X10“*m; dp=2.5 MeV/c ——€ -

Much simpler than equivalent
final cooling section

5252 ~1/2

, o

51250{(1—7705)24' 5 }
%

£ Fermilab
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Variant scenario: cCool, Round-to-flat, Slice, Recombine < %6@
(w/ D. Summers, T. Hart)

1. Cool
— Cool until system parameters are difficult
* &, (&) 2~10*m, g, > ~0.004 m
2. Round to flat beam transform
—- & > g,=0.0004; ¢, =0.000025m ?

3. Slice transversely in large emittance

— using “slow extraction-like” septum to form 16 (?)
bunches

« £,=0.000025; ¢, =0.000025

4. Recombine longitudinally at high energy

— bunch recombination in 20 GeV storage ring (C. Bhat)
» £,=0.000025; £, =0.000025, ¢,=0.07/m

£ Fermilab
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QO P\CCe/e
S ':96

1. Cool ol

Progra®
 Start with “final cooling” Stage | P e |Bmax | Lad®) | fe
scenario R U N S
— or quad alternative or ... 1 T s o
« Stop at ~step 5 - where % ié EE ; }%}é
parameters are still reasonable... : I 23 jg }522
— &. ~0.0000lm 10 98 30 35 120
t 1 804 |30 20 110
- g~ ~0.0025m O I R
- Beam is at ~100--135 MeV/c T T I o N e T
— 66> 40 MeV kinetic energy T Tm v T
* No field flips to obtain high- Y
canonical momentum L, o .©
— Hisham has a simulation with O
- £,=0.001; €= 0.000025 Cyclotron mod orift mode
- N6 more cooling ~—aFrermiab



2. Round to Flat beam transform

Example:
* Solenoid to quad +skew-quad transport

 Factor of 16 transform ratio:
- &~ 4x10%m, g, ~2.5x 10> m

Solenoid: B,=2.5T i I
0o5m
02m

—i
5 21 Y
?saxi!f

0.25m 0.50 m B H
Skew Quadrupole Triplet

* Accelerate to energy for next transformation

19 D. Neuffer
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3. Slice transversely ™y

match into Slicer optics (~linear or ring)
— small storage ring (?) with extraction optics
* slicer is thin; slices in large emittance

* Slice beam transversely into n bunches
— g, ~4x104/16 > 2.5 x 105 m (for n=16)

Deflector HV deflector

Circulatingbeam

| Septum foil

v

Electrode

= Deflected

> +
?[ i E beam 1
z I
Foil suppoﬁ Electrode

Septum foil 2& Fermilab
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4. Recombine Longitudinally "%

 Recombine Longitudinally
— within High Energy Storage ring

e snap coalescence -«-‘.._\
— modeled on pbar |
» Accelerate to higher energy N &

— recombine train of bunches to single |
« Coalescence example (R. Johnson, C.Bhat et al. PAC07)
— Inject 17 € bunches into 21 GeV ring
— Long wavelength rf gives each bunch a different energy

— merge in 20 orbits (capture with short wavelength rf)
« emittance dilution, decay loss ~10%

* 0.25 X 10*meg, X g, . ~70X10? ¢ ---

 HLHEC parameters
3& Fermilab
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Without Round to Flat transform.... 7%,

« 1. Cool bunch to ~10*m ¢;
— ~3x103¢g

« 2. Transverse slice to 10 bunches:
— 104, X 10°m g,
— Separated longitudinally

« 3. Accelerate as bunch train; recombine longitudinally
- 10“*meg, X 10°m g,
~ ~3%x102¢,

* Collide as flat beams;
— luminosity ~ same as g,= ~3 X 10>

£ Fermilab
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Flat beam Collisions ?

IF x-y emittance product same as for baseline
(round) Collider scenario

— Can obtain ~ same luminosity

Advantages

— May be more natural result of final cooling
— Flat beam could simplify beam/background

Chromatic correction easier

collimation

Some Disadvantages

hourglass effect is worse
loss of symmetry

D. Neuffer
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Summary

* Final Cooling for High-luminosity HEC explored

— Baseline approach possible; confirmed by simulation
» inefficient, pushes state of art

 Variations can greatly improve the scenarios

— use more practical parameters
« explicit emittance exchange procedures
 Round to flat beam transformations, beam slicing,
 bunch coalescing, quadrupole-based cooling,
« flat beams

— More extreme methods not (yet) included

 Lilens, plasma lens, parametric resonance focusing
— could greatly increase Luminosity from baselines

2= Fermilab
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P5 - Heavy Electron Particle Accelerator Progran‘?@?

1. multi MW proton source
— needs CDO

2. multi MW target facility
— producing heavy leptons > 10%1/yr. (mt>8+v)

3. GARD- high B magnets, normal rf, SRF
— HEPAP is only program that can use all of these ...

4. LHC > HE/HL LHC - 100 TeV
— need signs of new physics to build multiTeV HEC

£ Fermilab
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N P\Cce/e 7,

“Use the Higgs as a tool for Discovery” *1@(

Prograt®

180

* Higgs Mass and Width can
be directly measured at .

174

125 GeV s- channel €*¢-

170

Collider e
— mass and width, spin 0 R

Figure 1: The stability phase diagram obtained according to the standard analysis. The My — M,
plane is divided in three sectors, stability (green), metastability (yellow), and instability (red)

[ ) co u p l.ln g to le pto n ma SS regions (see text). The dot is for My ~ 125.7 GeV and M, ~ 173.34 GeV {c.'u:_rent e.rper[mem.a]

values). The 1o, 20 and 37 ellipses are also shown, the experimental uncertainties being AMy =
+0.3 GeV and AM, = £0.76 GeV.

* Higgs and top mass omy to < 0.0001GeV
— Do we need to know om; to <0.001 GeV
them to hlgh precision ?? measured by spin precession
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