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> IDS front end
= Tntroduction

= Baseline-
* International Scoping Study (ISS)
* 20* 6eV NuFactory
= Variations
* Shorter cases
* Collider capability

= Difficulties
> rf Compatibility
= Large gradient with large B
" Open-cell? Insulated? g
> 4 GeV NuFactory option - ([ (- | e
= Qverview e
= Variations
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> International Scoping Study s
v-Factory parameters el T B
= ~4MW proton souce producing e i

muons, accelerate to 20+ GeV,
long baseline mu decay lines

Buncher

1.1 km

(2500/7500km) Bunch Rotation
Cooln/ 755 m
°'9'§‘ffev Linacto .
""""" Mucn Sterage Ring

(-5

> International Design study-
develop that into an
engineering design

= cost specification =
Figure 1: Schematic drawing of the |SS baseline for the Neutrino Factory accelerator

complex. The various systems have been drawn to scale.

Neutrino Beam :

> Front end (Target to Linac)
is based on ISS study
¢-E Rotator Cooler

= capture/decay drift  Target Drift
*= u buncher/rotator I _

= jonization cooling 1107 m 51 m 54m 78 m
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> Proton source is somewhat |
site-dependent ...

> AMW _ﬁ
= 50Hz, 5x10'3, 10 GeV

u bunch rotation M= 71 M Proton tareet

> Three proton bunches per )
CYCIe Acceleration of trains of 80 1~ bunches  Injection

" SeparaTed by ?? 40 To NFFAG sequential ejection delays: /\}l
70|JS (p+mn) Tgtorm=11t0n(=3or3) "";- %

Decay Rings

L 4

NFFAG
2Ry, Ty = T4/2
f=24 (4

Final. 80 1~ or 80 . bunch trains 3 and

= Rf needs to recover (?) \ h= 25
Pulse < 40 ps for a liguid-Hg target Period 74
beTween passages Pulse < 70 :JH for a solid metal target \ /
?‘\ v

> Hg-jet target scatters in
40us



Solenoid lens capture #
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> Target is immersed in high field solenoid

> Particles are trapped in Larmor orbits
= B=20T ->~2T
= Particles with p, < 0.3 B,,R,,/2=0.225GeV/c are trapped
= Focuses both + and - particles
= Drift, Bunch and phase-energy rotation

MERCURY JETiE 100 MRAD

8C1
N CRYOSTAT PERCONDUCTING
OUTER BOUNDARY /E?ms
AE
oomonoarooe R i.
..... ¥ i Lt
- ’
PR P Drift ik Buncher .. 1f-Rn:ntatiun' . ' ' ' . .
: ’
L
L)
¢
L ot
RYQSTAT BEAN

SUPPORT STRLCTURE

i " (WOH20 FILLED)
SECTION 24
2 L CWER SEGMENT
! EXTRA WC SHIELONG ZE10CH 5
W SHELDNG EAV ABSORBER

NRAIY | IME




L
%’Dn cod®

> Form bunches first

> &-E rotate bunches

Study2 (F52) with Induction Linacs

AE
Dirift Ind. Linar o DBuncher . ' ' . . ' '-
ot
Neuffer's Bunched Beam Rotation
with 201 MHz rf
AE
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Dirift ri-Buncher ... 1‘f—1_‘-'.-:-tntic111. ' l ' ' ' '
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] Study2B (and ISS)
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> Drift -110.7m

¢-E Rotator Cooler

> Bunch -51m

= §(1/B) =0.008 -
= 12 rf freq., 110MV \

= 330 MHz —» 230MHz

> ¢-E Rotate - 54m - (416MV total)
= 15 rf freq. 230— 202 MHz
= P;=280, P,=154 6N, = 18.032

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

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

51m 54 m Bm

f [Mhz ]

110 120 130 140 150 160 170
z [m]

E COOLING LATTICE
B SC 106 A/mm?
col

E‘ﬂ_ =
| | rfcavity
201.25 MHz

25— } 15.25 MV/m

|
0 25 50 75 100 125 150 Z(cm)
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¢ Study 2B ICOOL simulation (Ng=18) (=

oV ‘66
“5o5" :

Fi =18163 L= 1.000
MeV/c | Fitms) m .
dE =02352 GeV Ebar= 0.3393GeV -

Xrms=0.041147Tm Px,rms=0.1

T 1 T
region 165 4353 particles 0.5000
1770 between 0.0800 and 02500GeV

.6 4995 particles 0.5000 ;
1661 between 0.0800 and 0.2600GeV Fifrms) =1.8169 |
dE =0.1890 GeV

s=1m s=109m

—
e .
i
4000 40.00 10.00 60.00
0 'J‘ﬁ' il 1 | 1 - 500
T . =
iE i region 491 T ' region 1019 4053 particles | 05000
Fllmsagos  L=166.190m -'-m-)nm L=215630m 2700 betwesn 0.0800 and 0.2600GeV MeV/c
dE =0. Vv Ebar= 02464GeV ‘W& 1593 Gev Ebar= 02294Gev
x:tm- §098508m  Pxms = 0.026184GeVic
§ s=216m

| Rotate

40.00 10.00 60.00 4000 10.00 —_—
0.0000 000008
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ﬁfé‘% Features/Flaws of Study 2B Front End .#

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

» Produces long trains of ~200 MHz bunches
= ~80m long (~50 bunches)
® Transverse coolingis ~2%2 in x and y, no longitudinal cooling

" Initial Cooling is relatively weak ? -

> Requires rf within magnetic fields
" in current lattice, rf design; 12 MV/m at B = ~2T, 200MHz
= MTA/MICE experiments to deTermme if prac’rlcal

500 MeV/c

region 1881 1978 particles Oﬁ
Fi{rms) =1.0384 = 314960 m VBT Gt DRI arnd O 2S00 Y
dE =0.0366 GeV ED. = 0.1381GeV
Xrms= 0.09626Tm Px,rms = 0.008017GeVic

> For Collider (Palmer)
= Select peak 21 bunches

= Recombine after cooling
= ~1/2 lost

-40 60m
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ol Try Shorter Buncher #

L.

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

= 217m = 125m Drift

[N Tarqget

= 57m drift, 31m buncher, 36m rotator o
= Rf voltages up to 15MV/m (x2/3)
» Obtains ~0.25 u/p,, in ref. acceptance
31.5m

> 80+ m bunchtrain reduced to < 50m
= ANg: 18 -> 10
> More suitable for collider

otator
3B m

Cooler

e s ‘ +a00MeV/c
" pto 100 m

30.00 5.00 4000 30.00 5.00 4000

-30 40m



T"./[ Front End in G4beamline: w. C. Yoshikawa Y

*’o;, Co\\‘e’
2 129m | 43.5m | 31.5m | 36 m
capture drift buncher rotator
50 cm
201.25 MHz
1 cm LiH RF cavity

75 cm cell

23 cm vacuum ‘ \

Rotator 36 mlong | «Cool and Match” 3 m (4x75 cm cells) | “Cool” 90 m of
| 75cmecells 11

A
A




Comparisons of ICOOL and G4BL #
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> Simulations of front end and cooling agree
= TCOOL and G4Beamline results can be matched
= dE/dx is larger in ICOOL, Phasing of rf cavities uses
different model
» Buncher - rotator - cooler sequence can be
developed in both codes

> Optimization: Reduce number of independent freq.
= Buncher- 42 cavities, Rotator- 48 cavities
* 360 1o 202 MHz
= Reduce # by 1/3 (14 in buncher; 16 in rotator)
= Nearly as good capture (<5% less)

= But: Reduce by 1/6 is ~20% worse
* (7 buncher, 8 rotator frequencies)

12



Rf in magnetic fields?
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> Baseline has up to 12 MV/m in Solenoidal coils

B=1.75%0 2T solenoid o ” " " "

> Appears to be outside what is
permissible?
V'max o (frf)l/z 277

=40
: N e
;20X i E - Specifie
> Buncher may only need ~5MV/m g, S
= Rotator needs more i |l fif} Xx @ S
[ Data % 201 MHz
i o Specified
5 } S
T\ |. oo ywwral 1 L1 1wl I Loy on vl
0 10

0.1 1.0 10.0
Max (along z) Magnetic Field (T)

COOLING LATTICE

B SC 106 A/mm?
coil

5‘]_ -
| | rfcavity
201.25 MHz

L

—

|
0 25 50 75 100 125 150 Z(cm)
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> Pillbox cavities
= Cannot hold high enough gradient
at high B (?)
> Open cell cavities
= can hold high gradient with B-
Field (?)
= 200 Mhz experiment needed
> Gas-filled cavities ?
= Suppresses breakdown

= Would beam-induced
electrons/ions prevent use?

> “"magnetically insulated” cavity
= also open-cell (?)
= fields similar to alternating
solenoid T l

A/ ™ Solenoids
j=42 (201)
~ =168 (402)

Axis

[ i
rfcell =64 cm (201 MHz) =32 cm (402 MHz)

SO0 A/mne (MHz)

Gradient (MV/m)

Need rf option

) Open Cell Diata 179 < 477001
il.é\‘\/&—‘

MuCool data

OMHz

Max Surface Fields (MY/m)
[
=

0 [ Pillbox data 2002 - 2004
[' ..... i i i
0 L 2 3 4
B field. T
15 1% p—1] i ‘ | r(j£\| W J, W aey \A—;{;—' I :_L\ Ja
= / ‘}:ﬁif// 1L \;1': \“[ \\.-’/ \%
3 X =
" bl 0 Voo~ T -,,,5% hil
O s | Windew S Dage
Axi O. = BT == BT | 8 - L& i |
Magnet Center Length (m)

Pressure (psia) at T=293K

4] 20 400 a00 00 1000 1200 1400 1600
].m T T T T T T T T
%0 CuDaia: max gradient 19.9 MY/m
50 - Mo Data: max gradient 63.8 MY/m 800M HZ
- Be Data: max gradient 52.3 MV/m
. Me Daty. maa gradient 65.5 MY/mat B=31" | f7 . !
i v
=0 | =+
40 L
30 - Electrode breakdown region
0 - 14
1o ] | Paschen region of >
0 ikl Gas breakdown J

0 0001 002 003 00H 0003 0.e 0007 0008 0009 001

Density (g/cm”)



Gas-filled rf cavities ?2?

B3¢

> Breakdown suppressed, v o e TS e e
even in magnetic fields . [C.I:.T m\st.uimm:q‘.-;;:.::{m | A VA T
S T S—————
> electrons produced in gas A AL
may drain cavities? Sa j ] :
= at high intensities? e+H,»H+H &
= without recombination? 1: gy 1 Faschen region " |
- Tollestrup o aen ol W o oo o T oo oams oot
> gas-filled rf cavities cool 3 MeV/m
eam
= H, is best possible cooling
maTer‘ial Rf Cavities Rf Cavities
= improves performance
over LiH cooling ... l*mm*-*%"m*l
> Need detailed design
= Be windows /grid ?
. "‘ZOOMHZ H: Gas H: Gas
e onm - - - - — e 0/m- - - - — - >
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> “magnetically insulated” lattice
similar to alternating solenoid

» Study 2A ASOL

" B, 2.8T,p=0.7m,
P.in= 81MeV/c
2T for initial drift

= Low energy beam is lost

* (P <100MeV/c lost)

* Bunch train is truncated
= OK for collider

> Magnetic focusing
similar fo magnetically
insulated

Z 050

—

B

(.00

025 F

Solenoid cails

16 MVYim

Be on LiH
absorbers

™~

201 MHz rf
B

~

7

0.0

(LA

1.0
length  (m)

L5

=42 (201)
12168 (402)
P\ A/m (MHz)

Axis

i
s |
rf cell =64 cm (201 MHz) =32 cm (402 MHz)
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Jarmty : : :
4508 particles 0.50001 3896 particles 0.5000
Fi(rms)=1.8043 L= 6 1767 between 0.0800 and 0.2500GsV Fi(rms) =18167 L= 63 1692 between 0.0800 and 0.2500GeV
dE =02008 GeV Ebar= dE =0.1944 GeV Ebar 3,
Xrms=0.086860m Px,m Xrms= 0.08578Tm
30.00 5.00 o‘°-°° 30,00 5.00 40.00
i : . 0.0000
-:l."' "y T T
- T e region 1096 2699 particles 0.6000
£ region 43¢ 3328 particies D00 Fi{rms)=13952 L=196.893m 1862 between 0.0800 and 0.2500GeV
A0 i L=126767m 1891 between 0.0800 and 0.2600GeV ’#_0 IS B Wi SINTOMN
. = e A,
dE 0. 10304y Ever= 0.3027GeV ififti= 0.065970m  Px,rms =0.021735GeVic
Xrms= 0] m  Px,;rms=0027441GeVic e
) ! g )
850 T i
; 5 ivl Ty o ':r H H
;:i'}_i-ﬂ;‘..t__ : ¢ H
i 'TEF e - & v
T3 gl e | :
il rec e : L
3000 5.00 40.00 30.00 5.00 40,00
0.0000 . . 0.0000




ot j ASOL results #
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> Simulation results

= 2T -> 2.8T ASOL > Baseline (2T -> ASOL) had
= 0.18 /24 GeV p, 0.06 p/8 GeV p = ~0.25 p/24 GeVp
= Cools 0 0.0075m = ~0.08 p/8 GeV p

= shorter bunch train

» Try weaker focusing
= 1.3T->1.8T ASOL
= 0.2u/24 GeV p, 0.064 pu/8 GeV p
= ~10% more p/p
= bunch train not shortened
= Cools to 0.0085m; less cooling

> Variation
= Use 2T -> 2.8T ASOL

= capture at higher energy

18



Fifrms)=18167 L= 5955
dE =05193 GeV Ebar

region 46

Om
=.4303GeV

9268 particles
6228 between 0.0800 and 0.4500GeV

2 region 66
Fijrms)=1.7963 L= 00 m

dE =0.5283 GeV Ebar$r0.4666GeV

6143 between 0.0800 and 0.4500GeV

8449 particles

Xrms=008742Tm  Pxjiihs =0.032342GeVic Xrms=0087140m  Pms = 0.045707GeVic
L L L .
2T — 2.8T ASOL
M'—-’abs”w‘. e i ]
30.00 500 A v TENEA 2000 -30.00 40.00
0 0 . . . 0.0000 i 0.0000
.
|~
1.0GeVfe . . 5 ' ' ' -3.0GeV/c
b region 400 7454 particles 1.0000 'l‘.‘_ region 1082 5691 particles 1. "
Fifrms) 28262 L =125650 m 2949 between 0.0800 and 0.2500GeV Fifems) =12062 L =198776m 4092 between 0.0800 and 0.3500GeV
dE=0504FGeV Ebar= 0.4977GeV J£+0.3911 GeV Ebar= 0.3683GeV
Xrms=0, 72m  Px,rms =0.049809GeVic Xflps=0.068094m  Px,rms = 0.022182GeVic
30,00 5.00 40.00 40.00
0.0000 ; . . 0.0000

+40m -30m



Capture at 280 MeV/c #

> Captures more muons than 220 MeV/c
= For 2.T ->2.8T lattice
= But in larger phase space area
= Less cooling for given dE/ds As

> Better for collider

= Shorter, more dense bunch train
= If followed by longitudinal cooling

o 220 MeV/c | 280 MeV/c

150 | 1 —

L0 F
il ﬂTHHan 20
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> Use magnetized totally
active scintillator detector

> 4 GeV muons provide
adequate neutrino beam for
detector

> Fermilab to DUSEL (South
Dakota) baseline -1290km

A. Bross et al.
Phys. ReV D 77, 093012 (2008)

~ DUSEL®

Variation: 4 GeV v-Factory

Proton
Source

Accumulate
& Rebunch

| Hg-Jet Target
Decay
Channel

Buncher
Linear
Cooler

Pre &gggl

Acceleration
0.9-4GeV

Storage
Ring

l

C. Ankenbrandt et al.
Fermilab-Pub-09-001-APC

B3¢
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Detector, Sensitivity
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YIS :
» Factory at Fermilab, - ,/ yd E
Detector at Homestake, SD = o f / E
= ~1290km baseline g —— f, ff E
> Totally Active Scintillator " o ) A -
Detector N A :

= ~20000 m? g
> B=0.5T magnetic field o [ ;
= easily identify charge and -~ of \\::A______;
identify particles N H_(:/’ E

> Vv's from 4 GeV y's T " ineme,. e

= ~0.5GeV v's
= no charged T

15m
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4 GeV v-factory Front End

B3¢

> Proton driver ® IDS

IMW
* 8GeV p, 5x1013 60Hz

> Front End

~same as IDS

Used shorter baseline
example for paper

Transverse emittance

- 018 £t,,N

o01a (M)

0-2 .02
wp L \_Allys ~ T
(8GeV) — N\

// \\ 012
1.5Zp o017 PRI s
/ =2
, / .002
| — il

0 5ID 160 1éD 2{;0

‘S‘ £t = 5

- &
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> Acceleration (A. Bogacz)
= Linac + RLA ~0.3 GeV to 4 GeV

= accelerates both py*and p- <
186 m

= no FFAGs .
Highest arc circumference: 225 m

0.7 GeV/pass

> Storage Ring (C. Johnstone) -

= C=900m,r =15cm
* half the circumference .
) B < ~1T - f Eon
* conventional or permane T
magnet HALF RING OPTICS
= - 2.2 .
= 2.0 =
- 78 =
- 1.3 -
1.2
=70
F 0.8
E 0.5
E 0.2
E 0.0
E 0.2

L4
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> Front End is ~30% of total
costs

> Dominated by transport («L)
and power supply costs (xVZL)

> Shorter B/R ~ 30 MP$ less
= cooling not changed yet

> $ 4 GeV Accelerator (~% )
= saves ~220 MP$
= storage ring ~40MP$ less

> 934 -> 630 MP$

> Upgradeable by adding more
acceleration

;,  Cost savings for 4 GeV v-Factory

(Palmer-Zisman, Mucool 322)

B3¢

Table li‘s‘STdyib Costs ST 2 B
System M§ Mg | %
Target, capture, 18 m drift 07.3 96.1 | 99
Target 91.5 | Target 8O.7
18mDnft 58 | 18mDnft 64
Bunch and Phase Rotate 303.6 148.6 | 3%
Rotator 306.7 | 82 m Dmft 193
Min-Cool 113 | Buncher 44.8
Buncher T5.6 | Rotator 84.5
cool 310.2 185.1 | 60
Acceleration 544.2 4214 | 77
Match 56.7 | Match 21.1
Pre-Ace 136.8 | Pre-Acc a8.5
RLA 3509 | RLA 09.6
FFAG 1 01.1
FFAG 2 109.1
Ring 82.5 52.5 | 100
Total 1427 934 G5

25
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N2 Discussion "'t

» High frequency phase-energy rotation + cooling
can be used for the IDS

= Baseline system is ~300m long

> Shorter system better for Collider
= Shorter bunch train; denser bunches

> Rf in magnetic field problem must be addressed
= Ts open-cell cavity possible?

= "magnetic insulated” lattice could be used rather than B =
2or 175 T lattice

* Slightly worse performance (?)

26
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> Reduce drift, buncher, rotator to get
even shorter bunch train:

= 217m = 86m

= 38m drift, 21m buncher, 27m rotator

= Rf voltages 0-15MV/m, 15MV/m (x2/3)

» Obtains ~0.23 u/p in ref. acceptance
= Slightly worse than previous ?

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

T
region 267 6734 particles
4178 between 0.0800 and 0.2500GeV

0.5000

M=
T LT

T
region 803 4177 particles

| Fi(rms)=1.2660 L =186.500 m
dE =0.1036 GeV
;. Xrms=0.058845m  Px,rms=0.019918GeVic
NI

Ebar= 0.1897GeV

3211 between 0.0800 and 0.2500GeV

S TR E TN,

¥ e R . E ‘.;.',‘\1

ki

i ’bxi ', & 5 -
&

§.00

wt¢  Even Shorter Bunch train ~(2/3)? #

Target

Drift
37.fm

21m

E Rotator
28m

1 500MeV/c
Cooler
upto 100m
0.0000 27
30m
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Features of Study 2B baseline

L.

» Has pillbox cavities with
Be foils throughout 1o0e02 | e
= Cools beam from 0.017 to 2000z F \
0.014 in rotator i -
= Cools further t0 0.006 in ‘oo =
cooling channel 200803

> Are Pillbox cavities a good
idea?
= Rf breakdown across the

. ‘5' =
cavity may be a problem 3 g0
= ? Particularly 5 F
® 700—
o U
E T
region 1122 ‘2241pm.iclos ' O.J)& g __
Fi{rms) =0.6626 L=216901m 2247 between 0.0800 and 0.2500Ge E 600_
mltsrrmsniraaprin PO FoL
500—
400
305|-. | | | Ll | | C o1 x108

20 0 20 40 60 80 100 120

Zz [mm]
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