%0 Q, R ° °
}(’ (J' Collider Scheme with Bunch Merging
T- & R. B. Palmer, J. S. Berg, R. Fernow, J. Gallardo (BNL)
“on CoW S. Kahn (Muons Inc)
e New Collider Parameters FNAL
e Current Scheme
— Pre-Merging RFOFO Cooling July 2006
— Merging

— Post-merging RFOFO Cooling

— HTS Solenoid Cooling

— Acceleration with ILC Linacs
e Potential problem

e Alternative technologies
— Gas filled Helix
— PIC and similar lattices for low €

— Lithium Lenses
— Wedge inverse emittance exchange

e Conclusion



Luminosity Dependence

e Luminosity limited independent of emittance:

N? N
L o Nturns Shunch 72/1 Av oc —-=
O_J_ GJ_
1
L Bring Pheam AV —
b1

e Higher £/ P .., requires lower 3| or correction of Av

e But lower emittance helps by lowering muons per bunch



Neutrino Radiation Constraint King

R Ring Earth
Radiati 1, oy 1 ’73 L5 ’72
adlatlon <o« X ——
o R2 ) D Av <B> D

For fixed Av, 3, and < B >; and £ WQ:

G A
Av < B> D

Radiation o<

Use: 1/10 Federal limit = 10 Mr/year
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Phase 0 Phase 1 Phase 2

cf 97

C of m Energy 2 4 8 3 |TeV
Luminosity 1 4 3 7 110% ecmZsec™!
Tune Shift .05 0.1 1 .05

Bunches 1+1 1+1 1+1 242
Muons/bunch 2 2 2 2 101

Ring <bending field> 5.18 5.18 10.36 | 5.18 | T

Ring circumference 4.1 8.1 8.1 6.1 |km

Trans Emittance 50 25 25 50 |pi mm mrad
rms momentum spread 12 0.12 0.06 | 0.16 %

Beta at intersection 3 3 3 3 'mm

Beam sigma at IP 5.6 2.8 2.0 3.2 | um

Long Emittance 36 72 72 72 | pi mm rad
Repetition Rate 0 0 3 15 |Hz

Muon Beam Power 4.5 9 9 37 |MW
Required depth for v rad| 32 135 (ILC) 540 | 300 |m

Proton Driver power ~15 =~18 =~0.8 4 MW
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1) Bunched Beam Phase Rotation
As in Neutrino Factory

Use only 21 of 56 used in Study 2a
53 bunches

Relative muons per bunch

21
bunches

70%
of 91.5 %

50

100
ct after 50 m cooling (m)

150



2) 50 m of Study 2a Linear Cooling

Reduces Transverse emittance from 20 to 10 pi mm
Longitudinal emittance rises from straggling

0.6 200 MHz RKH
. 16 MV /m
g 107
Aémm_2
o= 0.4 — S CDll
o
®
S
02 i 1 21 cm radius
1 cm LiH
or 1.5 cm L1
0.0
0.0 0.5 1.0 1.5

length (m) |



3) & 4) 6 D cooling in ”RFOFO” Rings with Wedges

e Bending gives dispersion

e \Wedge absorbers give memittance exchange: Cooling also in longitudinal

Injection/Extraction
Vertical Kicker

= | =
o i ~a Alternating 3T Solenoids
& B = Y >—— Tilted for Bending B,
N
S 201 MHz rf 12 MV/m
L Hydrogen Absorbers
33 m Circ =)
=
y, N
1) 2 e Use as 'Guggenheim’ helix
S

— Because bunch train fills ring
— Avoids difficult kickers

— Better performance possible by tapering
Not yet assumed



3) with 201 MHz 4) 402 MHz and 1/2 scale
|[COOL Simulations of real fields Balbakov was first

201 MHz 402 MHz

10°
—
n/no 0.45

10.0

Wyl

\\_ € \141.1 to 1.7 (pi mm)
- 12.1 to 1.4 (pi )

10 | |

0 5 10 15
turns

e 201 MHz RFOFO as published, but Guggenheimed (B=3T)
e 402 MHz RFOFO has all dimensions halved (B=6 T)

e Equilibrium emittances both halved



dE

5) Bunch Merging

Phase rotate Chirp with Drift
each bunch low freq RF and recapture
I ——————= " =

dt

e First rotation with sawtooth RF rotates all bunches individually

e Second rotation with single ramp rotates all bunches
e Merged bunches captured with standard 201 MHz RFOFO RF

201 MHz RF
38 m wiggler
5 MHz RF
170 m wiggler

— N NSNS\

Using ICOOL simulated wigglers to maximize momentum compaction

10



dp/p (%)

First Rotation
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dp/p (%)

Before Second Rotation

1.0

0.5

0.0

-0.5

.
L]
. ® o . ® e o, o
° - N .ﬂ K %
of
g‘ % 3 Y
% o Pooe o
. .
. . .

. °o
Q .
oS .od,

b+~ 41 . A

a Q0

T W xR A
.
.

b}

., L
BREP
¢ ,"',

.
e
Jon
Ale

)
.
.

1.0 |

-20
ct

12

20



After Both Rotations

20

dp/p (%)

o

10

-20

not decayed (%) 97.09896 87.72808

in accept (%) 94.57606 eff (%) 80.56277

long acceptance (pi mm) 134.0572

long beta (m) 1.330435 emitlong (mm) 23.18362
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6) and 7) 201 MHz and 402 MHz RFOFOs

Cooling in rings now possible because
e Single bunch allows time for kicker rise

e Small transverse emittance assures low kicker energy

6) Cool longitudinally with 201 MHz RFOFO Ring

Transverse emittance rises slightly, but longitudinal cools fast

7)Cool further longitudinally with 402 MHz 1/2 scale RFOFO Ring
Slight transverse cooling, strong longitudinal cooling

14



radii (cm) Bz (T)
bh o o o o

—
o

8)New low beta 805 MHz RFOFO Ring

5 -
805 MHy rf 10 T Coils
+ - + - 2
¢/=1.2 (pi mm)
RN Wi rgss\siu)er L0
vi n/no = 0.760
A s [
5 L
B 4 L €,=0.40 (pi mm)
3L
= | | |
0.0 1.5 2 —

0.5 lengh? (m)

0 200 400 600
length (m)

e Uses 10 T high current density solenoids

e Appears the lowest transverse emittance achievable with SFOFO

15



9) Cooling in linear sequence of 50-60 T solenoids
Muons Inc. Proposal

e Layer wound allowing current to vary with radius
e Vary ss support with radius to keep strain constant

® c.g. use existing American superconductor HTS tape

B

" 1.00 -

8075 | Costs for HTS only / 0.79 (7.6 M$)
5

30201 0.43((3.0 M$)

0.00 ————— '
20 30 40 50 60 70
B (T)

e Much work needed, but 50 T seems practical

16



Achievable emittances vs muon energy

Minimum emittance (pi mm mrad)

AL  Serious Minimal Slight
- L(I)_Ingltpdlnal L(I)_Ingltpdlnal LoCngl’lc_udlnaI
- eating eating ooling Solenoid ( 30 T)
103 o :
g - Solenoid ( 60 T)
4
2+ ]
//
- = Required for 2 TeV
4L
2k ?/ Required for 4 & 8 TeV
[ B B I R B B B ! ! |
100 ;56789 2 3 4 56789 7 3 4

0.1 1.0
Momentum (GeV/c)

e 50 m mm achievable without much longitudinal growth
e 25 m mm requires lower momenta and long. growth

e Minimizing number of solenoids requires allowing momentum to
fall and longitudinal growth, but this seems acceptable

17



Conceptual Lattices

Liquid Hydrogen Liquid Hydrogen
60 T Solenoids
/RF Linacs \
= IE_“_I

i/

Focus Solenoids

18



ICOOL Simulations (without matching & accel.)

e 6 Solenoids with hydrogen absorbers inside
e Better performance if more than current 6 stages used
e Matching and acceleration not yet done

e But adiabatic solenoid matching should be easy

1000

e.g. Simulation of \\\ Transmission 83.1 (%)
Final Solenoid 0k Long Emit 71 (pi mm)
Cooling c00 |
250 Trans Emit 25 (pi mm mrad)
Kin Energy 8.3 (MeV)
0 I I I I I

0.00.10.2 ?éggot'# O.Em)

e Lengths up to 1 m in earlier stages

19



9) Acceleration using ILC

Muon Source 6 T average field 4 TeV Collider Ring
2 T average bend arcs 135 m down
ILC IP
. . @\
Part of ILC accelerates muons to 100 GeV Rest of ILC (400 GeV) used as 5 pass
with phases matching changing betas Dog-Bone RLA from 100 GeV to 2 TeV CO|||L|der
S
| | | I
10 km 10 km

e 4 TeV design assumes 500 TeV ILC gradients (30 MV /m)

e Decay losses from 1 GeV to 2 TeV only 8 %

e 8 TeV design will depend on nature of 1 TeV |ILC upgrade

e [f no ILC, then RLA to 1 TeV, then pulsed synchrotron (Summers)

20



Muon Survival (a first guess)

Transmission Cumulative
21 vs 54 bunches 7 7
Pre-merge RFOFO cooling ~ .5 .35
Merging 0.8 0.28
Post-merge RFOFO cooling ~ 0.5 0.14
Final 50 T solenoid cooling 7 0.1
Acceleration to 2 TeV 0.7 0.07
Required Muons per bunch 2 102
Muons per bunch after merge 8 1012
Initial Muons per bunch 2.8 1013
Initial muons per 24 GeV proton 0.4
Initial 24 GeV protons 7 101
Proton power for 4 TeV (MW) 1.5
Proton power for 8 TeV (MW) 0.8

e Proton power < ISS Neutrino Factory

e But lower rep rate — more charge/bunch
Need E> 8 GeV to get 1-3 ns proton bunch of 7 103

e Loading with 8 10!2 muons per bunch needs study

21



Potentially serious problem in above SFOFO Lattices

e In above RFOFO Guggenheims: RF in high Mag Fields
e Inconsistent data: may/may not be a problem

e If it is a problem, all RFOFOs need redesign to lower fields

fﬂ}; Open Cell Data 8/29 - 9/7/2001
@

50 | oo *° 805 MHz
= 40 [ (Norem Fri
> _ 5/12/06)
= 30
% ' i Pillbox data 2002 - 2004
= 90t
1 ._'D' \

10 ¢

0 ................... A & s s s

0 1 2 3 4 5

B field. T
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Conclusion
e Good Muon Colliders at 2, 4, and 8 TeV defined

Consistent with Neutrino radiation and Tune shifts

e First complete cooling scheme
Preliminary simulations of all components

To Do

e Design matching and accel between final solenoid coolings
e Study loading, wake, space charge and impedance problems
e Design lattices with lower fields on RF

e Consider alternative technologies

— Gas filled Helices vs. RFOFO Rings
— PIC and Similar lattices vs. High Field Solenoids
— Lithium Lenses Vs. High Field Solenoids

— Reverse emittance exchange with wedges vs. High Field Solenoids

23



Needed experimental work

1. Demonstate mercury jet target - MERIT
2. Demonstrate transverse emittance cooling - MICE
3. Demonstrate emittance exchange: wedge and dispersion in MICE

4. R&D on Magnetic fields on RF cavities

5. R&D on high current density small Nb35Sn solenoids
6. R&D on very high field HTS solenoids

7. R&D on high field (open mid plane?) accelerator magnets

e Ongoing work on 1-4

e But no current work on 5-7
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1) Helical Gas filled Channels vs. RFOFO Rings
ICOOL Simulations, Helix from Katsuya Yonehara (Muons Inc May 06)

HELIX RFOFO
10° n/no = 0.69 102
— n/no=0.36
10.0 €| = 7.3 (m mm) 10.0
€|=2.4 (7 mm)

10 e, = 1.809 (m mm) 1.0; €,=2.17 (7 mm)

0.1 F 0'1§
10_2 | | 1l 66| = 17 (Wmm>3 10_2_ 66:12 (7'(' mm)3

0 25 50 75100125 0 5 10 15 20

length  (m) turns

e Helix Merit (from 5 to 100 m) = 166 cf RFOFO 188
e High RF Fields: 31 MV/m  cf 15 MV/m RFOFO

e Less longitudinal cooling

25



Problems

e Simulation used acceleration independent of r
Merit dropped to 60 when real fields simulated

e High magnetic fields at coils, if outside RF

~~ 05 B
E
>) .. .
0.0 - "\ ’ \ /
cavity
-05
| | elds given on line

26



Fields within ’Pipe’

20 _
PIpe
ElS -
S
i 10 - beam
4
<
5 - ]
O - | | |
-0.25 0.00 0.25

Dist from axis (m)
e Max Field 15 T

e Higher than SFOFO (~ 5T at coils)

e But not impossible
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Fields Outside Cavity

—10% & \ |
— - cavity
o -
o -
2 10° = - pipe/iris
wn [
< I beam
102 3 —
100 E
10 i I I I

-0.5 0.0 0.5
Dist from axis (m)

e Only usable without RF, alternating with Accel in linear systems
e To avoid diluting exchange, accel in vacuum, loosing advantage
e Also then hard to maintain bunch structure

e Not a proof, but life is hard
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2) PIC and other cooling in thin absorbers at foci
As alternative to Final High Field Solenoids

Absorber plates Parametric resonance lenses

I/ M \‘n PIC

e =il |

Bi-Pt’a/riO(iic IZOCUS\\AI)sorbers \at focii
PP rore

e Both require strong focus to the local low beta
e Both require attention to momentum dependence
e Either could suffer from space charge effects

e Both probably limited by solenoid’s spherical aberrations

29



Beam Divergence Angles Required for Cooling

€xy(min) = C(mat, F)

so for a beam in equilibrium

S JC’(mat, F)

5 independent of emittance

By
for 75 % of maximum cooling rate, an aperture at 3 o, the required
angular acceptance A of the system must be

C'(mat, E)
A =
W J By

For p=200 MeV/c:
Material H2 Li Be C

Ang Acceptance (Rad) 0.28 .38 .43 .58 These are very large

30



Bz (T) or r (cm)

Track through low beta focus

i solé%OaMiéi??cp Coil j=112 a/mm? - 1.5
dashed at corrected|p O

- 10 ¢

n /\ 3,
05 F
A\ X
| = VAV 0.0 |1

0 1 2, (m) 3 4 1.96 198 2.00

z (m)

e Focus coil used has highest reasonable current density
e Tracks shown have divergencies from 70 to 520 mrad

e Spherical aberrations large (1cm) at such high divergencies
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Aberrations compared with sigmas

sigmas at emittances 4.0 7mm Aberations at 30

— B 2.
= 15 0 7mm
2
>
_S 1.0 + 1.0 7mm
.= 0. WN

05 -

0.0

0 200 400 600

Angle (mrad)
e Suggests problems with H2 at €| < 0.4 mmm
e Suggests problems with Liat €| < 1.0 7mm Not a proof
e Suggests problems with Be at €| < 1.6 mmm Ryt life is hard

e Suggests problems with C at €| < 5.0 7mm
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3) Lithium lenses vs. High Field Solenoids

C Ser Minima Slight
;1— L?_ng(’g_lljjéinalL?_Plgni:’ETc?inal Lo Igglfudinal

< I caHne caHne eoling Solenoid ( 30 T)

£ 10 g; / Solenoid ( 60 T)

2 I P

=10%gE —

o Al / Required for 2 TeV

é o // Required for 4 & 8 TeV

100 56780 >3 556780 23 4

0.1 1.0
Momentum (GeV/c)

e Li Lens Performance similar to 30 T Solenoid
e Acceptable for 50 m mm for 2 TeV Collider

e But matching in and out is more difficult
e Much R&D Required on Li Lens
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10°

o -
o <

Long Emittance (mm)
—
o

0.1

ICOOL Simulations (without matching or accel.)

Final (1 & 2)

/ /
/ ’

724
//10 T Li Lenses

0)

Final

//

e Lithium Lenses with 10 T
surface fields not as good

as 50-60 T solenoids

e R&D might increase sur-
face fields

e OK for Phase 0, but still
needs R&D

2> 4 6

8 2 4
10

Trans emittance (mm mrad)
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An intriguing possibility

A Helical Li Lens

~WW

e Emittance exchange possible at lower emittances than SFOFO
e Should allow substantially lower final 6D emittances

e But still needs 50 T Solenoid for 25 7 mm emittance

35



Reverse emittance exchange with wedges vs. High
Field Solenoids

e Requires both low beta and high dispersion

e Worse non linear problems than PIC

36



Conclusion on Alternatives

e Gas filled Helix with RF does not seem practical
Only useful if alternated with separate RF
Loses advantage of gas in RF
And hard to maintain bunch structure

e PIC or other low beta focus schemes hard for ¢ < 500 mmm

e Lithium Lenses could be alternative to High Field Solenoids

but difficult matching in and out
Needs serious R&D
Only advantage is possibility of helical lens

e \Wedge Reverse Emittance Exchange also hard
But Muons Inc is funded to try
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Appendices

e Assumptions

e Bunch Merge Parameters

e High Field solenoids from Summers Fri talk
e Parameters of Final Solenoid Cooling Stages
e Collider ring

e Insertion

e Decay losses

e Shielding

e Detector

e Cooling Beam Divergence vs Mom

e Helix field solutions
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Assumptions

e Energy is the physicist's highest priority
Consider center of mass E of both 4 TeV and 8 TeV
Add Phase 0 at 2 TeV

e Determine best Luminosities achievable at these energies

e Tune shift ~ 0.1 probably ok (vs. of 0.044 in Snowmass 96)
Concensus at Fermilab Low Emittance Workshop Feb 06

e A depth of 135 m "straightforward” for 4 TeV version
This is the depth proposed for ILC

e Fix Neutrino radiation < 10 mem//year
1/10 of Federal limit < 100 mem /year

e Use same proton driver and muon cooling for all phases

e Allow higher field magnets, and greater depth for 8 TeV case
Ave. bending of 10 T vs 5 T, depth of 540 m vs 135 m

e Use same Collider Ring design as in Snowmass 96 Study
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Bunch Merge Parameters

First Rotation

Second Rotation

Length 38 m
Circumference 45 m
Turns 0.85

k -3

width + 80 cm

RF Freq. 201 MHz
Harmonics 402 603 805 MHz
Average Gradient 0.3 MV /m
Momentum 201 MeV/c
Initial Long Emittance 1.7 X 21 mm
Decay Loss 3.0 %

Wiggler parameters

Sinusoidal Periodic Dipole T
Period

Overall Fixed Quadrupole T/m 0.5
.96
m 2.08

40

Length 169 m
Circumference 45 m
Turns 3.7

Kicker rise time 50 nsec

k -3

width + 80 cm
RF Freq. 5 MHz
Wave form generator

Average Gradient 0.3 MV/m
Momentum 201 MeV/c
Decay Loss 123 %
Scraping Loss 55 %
Final Long Acceptance 134 pi mm
Final Long Emittance 23  pi mm




Existing HTS Solenoids

from Summers friday Talk

Location BSCCO ID/OD/Length B IEEE T.A.S.

Florida Bi-2212 41/165/209mm 2045=25T 13 (2003) 1396
Karlsruhe Bi-2223 50/185/177mm 124-5=17T 15 (2005) 1484
MIT Bi-2223 78/126/402mm 1.7T 15 (2005) 1299
Tohoku Bi-2223 90/180/250mm 19T goal 15 (2005) 1512
MIT Bi-2223 40/108/113mm 22.541.5=24T 67 (1995) 1923~
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Proposed 30T HTS Solenoid

Proposed NHMFL 30 Tesla
NMR Solenoid for Florida

e IEEE Trans. Ap. Supercon. 16 (2006) 1523
e Bi-2223 Oxford Superconductor wire

or Bi-2223 American Superconductor tape

e Dispersed SS reinforcing + Stronger Silver

alloved with Mg, Sb, Ti, or Nb nanoparticles

B Temp 1D 0D Length Energy
30T 42K 100mm 1100mm 1750 mm 90 NI

BSCCO Strain J. NbsSn NbT1
304 kg 0.275% T0% 1882kg 1552kg
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Existing Hybrid 45T Solenoid

Florida 45 Tesla Hybrid Magnet I

e Physics Today (Dec 1994) 21
e 32mm bore, 20 Mwatts, Cu/Nb3Sn/NbTi
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Parameters of Final Solenoid Cooling Stages

Emittances are at ends of each stage

emit emit dp/p dp/p E1 E2 dE sigmaz min
trans long 1 2 freq
mmmrad mm % % MeV MeV MeV cm MHz
1 278 25 33 8 53 11 42 35 800
2 182 4 2.7 8 5 15 41 6.1 400
3 115 (4 25 11 60 22 38 9.4 200
4 68 185 2 15 64 28 36 21 100
5 37 50 2 20 68 33 35 50 100
Note

e dp/p increases in each stage
and must be reduced by phase rotation in linacs

e Bunch lengths are increasing
e Acceleration Frequencies must fall

e But acceleration required is small

44



Collider Ring

EXPERIMENTAL INSERTION

ARC ARC

0,=/6 L,=1512 m
0, =14 L, =105 m
R,=1142 m , =268 m
R, =1084 m L, =134 m

CIRCUMFERENCE=80/6 m

UTILITY INSERTION

e Much work on ring design
e Requires low beta at intersection (3 mm)

e and goof momentum acceptance (+ 0.5%)
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Low Beta Insertion

e |nsertion design follows Linear
Collider concepts

e Smaller betas and larger dp/p ac-
ceptance would reduce required
beam power

e Tune shift correction was studied

(Skrinsky)
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Decay losses

Table 8.2: Muon decay parameters for varions parts of a muon collider

Component Peak Number Ly(km) Total Heating  Peak
Energy if Muon Power Heat per
(GelV) Turns Decay (W) unit L
Rate (Wm™)
1018 g1
Linac 1.0 -NA- 0.12 1.9 0.6 -NA-
First Ring a.6 ¥ 2.17 1.2 3.6 1.64
Second Hing 74 12 11.3 0.5 19.7 1.75
Third Ring 250 18 20,2 0.4 6.8 1.26
Fourth Ring 2000 15 227 0.6 378 1.66
Collider Ring 2000 1000 7.0 13.1 14600 1540
Cold Iron

e Heavy shielding only
needed for Collider Ring

Water Cocled 300 K
Tungsten Shield

e 6.5 cm of tungsten ap-
pear sufficient

e Must be warm and wa-
ter cooled

100 mm L Superconducting Coil f N Spacer

20 mm Dia. Beam Pipe
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Elaborate Detector Shielding Required (Stumer)

Q33 Q44 Q55 Q66 Q66

[

i

T34 T45 T56
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Detector

T wr T

' - B T T wa - 4 = - a . a a £ -
| - ‘. - . ot - " & : - & g, . & 1'_ L) " . u - L - * L :‘

1

R - « *." .+ CONCRETE I T I AL S,
- - a - " - h ag = i * - Hod * .-' - - T- - s B
i L
|+ + -+ + + + + + + + + + + + + + + s .
" . | f | ' . [ | | | . | | f | ' . I
|+ + + + + + + + + + + + + + + + + + ..
|+ - + — -+ — — + + + + - + + — + - + .
v+ + -+ + + + + + + + + + + + MUON + + .
| 4 1 1 b | b ; i + 1 | i | b PEIECTOR 4 ; M
e + + + + + + + + + + + + + + +
+ + + + + .
~ Coit + + .
: i | + r r .
: + + + + + -3
' HADRON CALORIMETER + + + + +
: + + + + + .
I POLYETHYLENE BOROMN t )
' -+ - - + + T
3392933933339 T .
ELECTROMAGNETIC 1 I t 1 f 1 Py
H&m + + -+ + -+ - -]
ENDCAP + + + + + -
\"\E:\mi\\i\
v x TUNGSTEN SHIELDING
QUADRUPOLE
ERTEX \\‘:\\3\\\:\%
2000 |
6500

e Note forward 20 degrees is lost to detector
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Parameters of Helix and RFOFO Channels
Look at example from Katsuya Yonehara (May 23 06)

Helix RFOFO
Absorber 400 atm H2 gas|H2 liquid
RF frequency MHz 200 200
RF gradient MV /m 31.5 18
Max axial B, T [ 3
Max axial B | T 1.8 0.5
Min Trans Emittance T mm 1.8 2.2
Min Long Emittance T mm 5 2.4
Merit (€2/€1 X transmission) 166 188




Beam Divergence Angles vs. Momentum
Even if beta could be made arbitrarily small

€| C(mat, E)
B1 Buy il
For 50 % of maximum cooling rate, an aperture at 3 ¢

0.75

\ Beryllium

Acceptance angle (rad)

0.25F
0.00 L I Lol I L R
> 3 4 56789 2> 3 4 56789
10.0 102 103

Kinetic Energy (MeV)



Helix Fields vs R By = 2B, I{(z) sin(¢ — as)

For: A =1 m B¢:2BO
B, =05T

;/961044

Coil IR with 200 MHz RF

0.1
O.dO 0.25 0.50 0.75 1.00
Rad (m)

e Increasing pitch: hurts ds/dp
e Decreasing helix B: hurts ds/dp
e Lowering RF A — lower emit + higher B's

e Exploring emittance exchange before bunching and RF
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