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Neutrino Factory - Study 2A

> Proton driver Proton Driver
= Produces proton bunches
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- ~10 GeV, ~10%p/s, ~50bunches Hg Target
. Capture
» Target and drift Drift v A beam
= n—u (>0.2 u/p) Buncher
Bunch Rotation 1 Storage
> Buncher, &-E rotation Cooling Ring

= Cool
> Accelerate p to 20 GeV or more |
= Linac, RLA and FFAGs FFAG
/—J\Acceleration |
> Store at 20 GeV (0.4ms) N Eratmn:,--’ 10-20 GeV

" U etV v,

Acceleration
Linac

> Long baseline v Detector
> >10%0 v/year




> Protons on target produce large
number of ='s
= Broad energy range (O to 10+GeV)
= More at lower energies

= Tpransverse momentum
(up to ~0.36eV/c)

> Capture beam from target
> Options:
= Lilens

= Magnetic horn

= Magnetic Solenoid

n capture from target

secondary
Particles

Collection
Lens

Primary
Protons

Meson Production - 16 GevV p + W
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Solenoid lens capture

» Target is immersed in high field solenoid

> Particles are trapped in Larmor orbits
= B=20T -> ~2T
= Spiral with radius r = p,/(0.3 B,,) =Bp,/B
= Particles with p, < 0.3 B |R,,/2 are trapped

" P max < 0.225 GeV/c for B=20T, R,, = 0.075m
= Focuses both + and - particles

| | lShielding
| matching solenoids $ l

SuEereon ducting sclenoid | |
ative

resi solenoid | RF Li
' nac

, liquid metel target I
protons decay solenocids
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Solenoid
(x-y view)
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> n-lifetime is 2.60x10-8y s  04GeV

= L=78pBym
> For w 2> H+v,
<Pt s> is 23.4 MeV/c, E=0.6 o 1.0E,
> Capture relatively low-energy
™ > H
= 100 - 300 MeV/c

> Beam is initially short in
length

= Bunch on target is 1 to 3 ns rms
length

» As Beam drifts down beam
transport, ener'gy-posiﬂen (time)
correlation dequaor St = —

val ﬂ

n—yv decay in transport

FJE
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Phase-energy rotation

T
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—10.5GeV/c
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> To maximize number of e P

Fifrms)=18101 L= 1.000m

dE =0.2343 GeV Ebar= 0.3386GeV

~monoenergetic Y's, neutrino factory: i .
designs use phase-energy rotation
> Requires:
= "short"” initial p-bunch (o # 3ns)
= Drift space
= Acceleration (induction linac or rf)
* at least +100 MV - s em
> Goal: T
= Accelerate "low-energy tail" mme—n e
= Decelerate “high-energy head:

= Obtain long bunch
* with smaller energy spread

L=112m

L e i U.iw . 05.:;?3
oL =0— -50m SL 50m

B(p,) 7
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Phase Energy rotation options

> Single bunch capture
= Low-frequency rf (~30MHz)
= Best for collider (?) (but ~ only u* or u-)

» Induction Linac
= Nondistortion capture possible
= Very expensive technology, low gradient
= Captures only pu* or W

» "High Frequency” buncher and phase rotation
= Captures into string of bunches (~200MHz)
= Captures both p* and p-

T
L. 3
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Phase/energy rotation #1 —
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> Low-frequency rf;
capture into single long S

| ——
= 2hbMHz - 3SMV/m

= +25% H50MHz Target - 25 (+50) MHz If + cool-325 MHz
= 10m from target o 50m
> But:
= Low-frequency rf is very
expensive
dT vs P dT ve P
E | : — | z Li1i
+

— L n Tﬂ' = I;_. == . )
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Ve ] °l 12m ‘
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Capture into high-frequency bunches

&
4%’0!1 coW®
4T v= P

> Cooling requires high- - _imm
gradient rf | '
= (IIOMV/m)

» =>~200MHz rf frequency

0.6

P [GeV/c]

> Capture into string of rf |
bunches
= j.e.,b~12 325 MHz bunches
* K. Paul MuCool Note 518
= >~0.1 p/p (~10 GeV p)
= C. Yoshikawa continuing study o A B

325 MHz

YieldrkanPOT]

> For collider, cool and
recombine to minimum number
of bunches R S

= Only captures one sign ...

I T B
AoF & B
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» Induction Linac can provide long
pulse for ¢-E rotation

> Arbitrary voltage waveform

possuble

Induction Linac W(z)

> Limited to < ~IMV/m
= need > ~200MV, > 200m

> Very expensive, large power
requirements

» Only captures one sign

Induction Linac for ¢-E Rotation

T
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Study 2 system

> Drift to develop Energy- phase correlation

> Accelerate tail; decelerate head of beam,
non-distortion (280m induction Imacs (l))

1.0 \
Lnedl 3%

0

Gradient (MV /m)

-1.0 t/.'ll I

1 1 1
0 l(l(]' (n 2‘[]0 300 400

> Bunch at 200 MHz
= ~0.2 u/p (24 GeV p)
= Only g* or y-

> Inject into 200 MHz cooling system

SAa)a L

BLE L9Y 98T

Fer

proton { beam

T
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h [ target station

matching drif

st induction linac

minicooling

2nd induction linac

3rd induction linac

buncher

cooling
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Y%, High-frequency buncher and ¢-E Rotator

S
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> Form bunches first

> &-E rotate bunches

Study2 (F52) with Induction Linacs

AE
Dirift Ind. Linar o Buncher . ' ' ' . ' '
ct
Neuffer's Bunched Beam Rotation
with 201 MHz rf
AE
> ..
Drift rf-Buncher ... 1'f—Rc.tn,1;in11' ' l. ' ' ' '
»
k2
. ct

13



N0 Fay,
Ry oz,
o o3

High-frequency Buncher + ¢—0E Rotation #

S
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» Drift (110m)
= Allows t—u beam to decay;
beam develops ¢—dE correlation Drift (110.7m) “oim B2 oo 100m)

(~333-5230MH2) L | e

P.¢ = 150 to 280 MeV/c

ref =
= V;increases gradually from 0 to ~6 MV/m

» 0—0OE Rotation (-233—-200MHz)
= Adiabatic rotation

.V, =~10 MV/m Replaces Induction Linacs

with medium-frequency rf

(~200MHz)
» Cooler(=100m long) (-200 MHz)

= fixed frequency transverse cooling system
Captures both u*and p-!
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» Want rf phase to be zero for
reference energies as beam
travels down buncher

> Spacing must be N A
=A.¢ increases (rf frequency
decreases)

» Match to L= ~1.5m at end:

» Gradually increase rf gradient
(linear or quadratic ramp):

Adiabatic Buncher overview

FJE
L. 3

0.1250 GeV | L 0.30
SErms £ 0.05672 GeV 6000 parficles GeV
Sct (r;ﬂ,: 1.500 m
eminnclé;;: 0.4350 m—GeV Z = 150.00 m
=20m 8 0m
0.00

Example: A+ : 0.90—1.5m
For 90 — 150m drift

Bunches are equally spaced in 1/B(p)
15



»—O0E Rotation

» At end of buncher, change rf to

decelerate high-energy bunches,
accelerate low energy bunches

> Central bunch at zero phase, set A.; |

less than bunch spacing
(increase rf frequency)

> Place low/high energy bunches at !
accelerating/decelerating phases

> Can use fixed frequency (fast rotation)

or

> Change frequency along channel to

maintain bunching

= High-energy bunch decelerated

= Low-energy accelerated

FJE
L. 3

0.1250 GeV ' o 0.30
ZErms % 0.05672 GeV 8000 particles GeV
sct (rf),=  1.500m
eml‘r‘roncle = 0.4350 m—GeV Z = 150.00 m
AR ERE T U
—20m 20m B O
0.00
0.1250 GeV ' o 0.30
SErms = O. 03319 GeV 6000 particles GeV
sct (r‘f)‘ =
eml’r’rcmc:e = O 4557’ m—Gey Z= 158.74 m
P
BEEAE |
L o "7 Act = 10.1 iy _
—20m 20m T BO
0.00
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» At end of buncher, choose:
= reference particles Py Py
= N wavelengths apart, offset §
> Example:
= P, =280, P,, =154 MeV/c
= Choose N= 10, 6=0.08
» InICOOL
* To=To+Ey'z.;Ty=Ty+Ey 2
= Rotate until Py = Py
» Along rotator, keep reference
particles at (N + 8) A spacing
= E, =eV' sin(2md)
> A ~1.4 to 1.5 m over buncher

- ~Adiabatic
- Particles remain in bunches as
bunch centroids align
-Match into 201.25 MHz Cooling

T
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region 194 4468 particles

e 0s00d
Fi{rms)=1.8048 : ‘ ',.q7220 m 1760 between 0.0800 and 0.2600GeV
dE =0.1969 GeV .. {EHal="0.2644GeV
Xrms= 0.087487r &
EIT .
30.00 ’ 5.00 40.00
0.0000
PR region 382 4389 particles 0.5000|
Fi(rms)-:=.'1.§' - L=126970m 2889 between 0.0800 and 0.2500GeV
dE =0.1780 F3BY". Ebar= 0.2568GeV
Xrms=0.087 M. Px,rms=0031666CGeVic
I Pl ’
15m
-30.00 5.00 40.00
0.0000
1 1 1




Tty Study2A June 2004 scenario
@Qonco\'i‘é‘é
> Drift -110.7m L
Drift (110.7m) B1m __(52m) Cool (to 100m)

> Bunch -51m
= 5(1/B) =0.008
= 12 rf freq., 110MV
= 330 MHz —» 230MHz

> ¢0-E Rotate - 54m - (416MV total)
= 15 rf freq. 230— 202 MHz
= P;=280,P,=154 N, = 18.032

» Match and cool (80m)
= 0.75 m cells, 0.02m LiH

> Captures both p*and pr
= ~0.2 p/(24 GeV p)

Foda

I T T \
200 250 300 350
ct (m)

..r"wﬂ
400 450

€qp-040127 —p. 1
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> Lattice is weak-focusing
= B .= 2.5T, solenoidal
= B, = 0.8m

» Cools transversely

= ¢, from ~0.018 to ~0.007m
= in ~80m

> Should be improved for Collider

Before

region 381 4437 particles

dE=0.1518 Ebar= Se
¥rms=0.083213m  Pxrms = 0031888 GeVic

B o
235

v-Factory Study 2A cooling channel

T
L. 3

E COOLING LATTICE
el SC 106 A/mm?e
coil
50_ .
| | rfcavity
201.25 MHz
25— [15.25 Mww t
0 |
0 25 50 75 100 125 150 Z(em)
After cooling
-0.4m +0.4m
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704 Features/Flaws of Study 2A Front End

S
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> Fairly long system ~300m long (217 in B/R)

» Produces long trains of ~200 MHz bunches
= ~80m long (~50 bunches)
= Transverse cooling is ~2% in x and y, no longitudinal cooling
= Tnitial Cooling is relatively weak ? -

> Requires rf within magnetic fields
= in current lattice, rf design; 12 MV/mat B=175T
= Marginal for pillbox cavities; OK for open-cell cavities ??

T
L. 3

- V ol f'II, | A T T T 00000, 500MGVIC
Gas-T1iliea caviTties’s — e we
b it i
§1itd '::'.*3;3' 5 sl
g
XUl 0'08Q32AW  bX'UNE = 0'0080JLCSAKC
QE =0'03€@ CSA EPSL= 0'138IC%,
EHunE) =i030¢ M=3i9320 W Las OWOD B
80U g8 1318 bsucjes o‘ulq 20



Another example: ~88 MHz JE
other example -

mn Target

S
Pon cons®

> Drift - 90m

> Buncher-60m
= Rf gradient O to 4 MV/m (6MV/m in cavities)
= Rf frequency: 166—100 MHz Drift
= Total rf voltage 120MV

> Rotator-60m
= Rf gradient 7 MV/m - 100—87 MHz (10.5 x %4)
= 420MV total 60 m

> Acceptance ~ study 2A (but no cooling yet)
= Less adiabatic

Rotator
B0 m

N [ 7>
‘ ; ' 2N ‘ - U.2eVvi/ic
region 417 7083 particles 0.5000| ;.‘ Seo- b region 733 7026 particles o
2904 between 0.0800 and 0.2500GeV Fi(rms) =1;8 5_§ L. =210.000 m 4827 between 0.0800 and 0.2600GeV
dE =0.1716 Ge\" £bar= 0.2534GeV
Xrms= 0.0866 X 0.033529GeVic
e ¥ 2
IS ;
(i
ot
EEREURE
£50.00 25.00 100.00 | 50.00 25.00 100.00|
0.0000 , ‘ ' 0| ) GeV/c
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» Use front end as start of
cooling channel R. Palmer et al.
= Have both signs (u*+ p-)
= Natural upgrade of facility

> Use only first ~21 bunches
(70% of y's)

53 bunches

bunches

Relative muons per bunch
—_— _
=

1]
] ey,
d or et dﬂ J-L—LI'I_L_'J-L-I"—LJ-L T T e

50 10D 150
ct after 50 m coolime (1)

> After initial 6-D cooling:
recombine bunches

Study 2A to y*y- Collider

he

Protons from Driver
Mercury Target

#| Form 20 Bunches
& Phase Rotate

pug ua.a4
Alo1oey
OUIIINDN]

#2 Initial Trans Cooling

0«

#3 200 MHz 6D Cooling
#4 400 MHz 6D Cooling

#5 Merge to Single Bunch

#6 200 MHz 6D Cooling

#7 400 MHz 6D Cooling
#8 800 MHz 6D Cooling

#9 Transverse Cool in50T

To Acceleration
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> Recombine cooled bunches
= Buncher "wiggler” (k=-3 FFAGs)

= 21 = 1 bunch (after ~200m) + 2 rf systems

= ~50% losses in rebunching ...

Bunch Merging

dE Phase rotate Chirp with Dirift
each bunch lowi ?req RF and recapture
HEERERN P —— -
In FFAG #|

Ot

Injection Kicker

Rad=7.5m

Futractian
kicker FFAG #2

Adapt to Collider (R Palmer)

T
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50

good % OB.4

25

dp/p (%)

00 [

25

PR

50 L 1 C I

10

0.5

0.0

UpsE Lon)

-0.5

-1.0

-20 0 20
ct (m)
not decayed (%) OT.0080G &T.72808
in accept (7] O4.57606 off () S0.56277
long acceptance (pi mm) 134.0572
long beta (m) 1.320425 emitlong (mm) 2318362

C AT R P e B
B T Ly

-0.25 0.00 0.25
ct (m)



Difficulties

> >21 200MHz bunches -> 1 is awkward

= Bunch train is too long (21 bunches =31.5m)

= Loses a lot of useful y's
* (decay plus using "only" 21 bunches)

T
L. 3

> Buncher/Rotator is too long (~215m)

= Shorter system will produce shorter bunch train
= More adiabatic than needed ...

24
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Shorter Bunch train example (~2/3) #

S
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> Reduce drift, buncher, rotator to get
shorter bunch train:

= 57m drift, 31m buncher, 36m rotator ofm
= Rf voltages up to 15MV/m (x2/3)

» Obtains ~0.27 y/p in ref. acceptance

= Slightly better ? 18m
* ~0.25 y/p for Study 2A baseline

[==8 Target

. otator
» 80+ m bunchtrain reduced to < 50m %m
= An: 18 -> 10

B ' region 382 4309 particies ' 05000 . region 1122 2368 particies 05000 500MeV/c CUUIEr
g (Lo Trrmmm—— o004 Gov Ere 036G Tmm——
Xrms= 0, i;;:?rxma-ommss-w: Ww"' Px.ma = 0.017834G4VIe p tD 1DD m

‘ fd.

3000 500 Dm x40 600 0‘;’; 25

=30 40m
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> Reduce drift, buncher, rotator to get
shorter bunch train:

= 217m = 86m
= 38m drift, 21m

buncher, 27m rotator

= Rf voltages 0-15MV/m, 15MV/m (x2/3)
» Obtains ~0.23 y/p in ref. acceptance

= 201.25 MHz cooling
= Slightly worse than previous ?

> 80+ m bunchtrain reduced to < 30m
= 18 bunch spacing dropped to 7

ol Even Shorter Bunch train ~(2/3)2

S
Pon cons®

3000

T
L. 3

Drift
ar.7m

21m

E Rotator

500MeVic

Cooler
upto 100m

26
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Details of TCOOL model o
'3
> Drift- 37.7m

= B=2T
> Bunch- 21m

= P..;1=280MeV/c, P, ¢,=154 MeV/c, dn.c = 7

= V.0 to 15MV/m (0.5m rf, 0.25m drift) cells
= 350 MHz — 230MHz

> 0-E Rotate - 27m -
= V.=15MV/m (0.5m rf, 0.25m drift) cells
= 3Ny = 7.1 (230 -> 204 MHz)
> Match and cool (80m)
= Old ICOOL transverse match to ASOL (should redo)
= P..= 220MeV/c, f.= 201.25 MHz

= 0.75 m cells, 0.02m LiH, 0.5m rf, 15.25MV/m, ¢
=30°
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Discussion

T
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> Guess: Optimum is ~ 8—10 bunches
= (for collider) (~12 better for v-factory)

= Looks similar to ~30 MHz large-bunch &-E rotate,
rebunched at ~300 Mhz

» Optimum is ~1/2 x Study2A / ISS example
= 215m -> 90—120m

» Much shorter buncher/rotator will not be as good ~

= Need ~100MV rf for buncher; 200 for rotator
* ~10MV/m real estate gradient

= > 80m needed ?

» Shorter buncher/rotator is cheaper
= costx~2/3 ..
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