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Introduction
* Charge
* Basic Parameters
* Technical Feasibility
e Cost Dviveys
* Site Dependence

Accelerator Study:

http://www.fnal.gov/projects/muon_collider/nu-factory/

Physics Study:

http://www.fnal. gov/projects/muon_collider/nu/study/study.html



Seven Challenges

Making Protons

Making Muons

Making Small AE/E

Cooling the Muon Beam

Accelerating Muons

How to Handle the Neutriné Radiation

Providing a Useful Physics Tool



The Two Charges

* Accelerator Study (N. Holtkamp/D. Finley)

 design concept for a muon storage ring - associated
support facilities - compelling neutrino based
research program (see next charge)

* cost drivers

e R&D program

* specific environmental, safety, and health issues

e Physics Study (H. Schellman/S. Geer)

e Physics motivation for a neutrino source based on a
muon storage ring - beyond the current set of
neutrino oscillation experiments.

* A physics program that could be accomplished at a
neutrino factory as a function of:

stored muon energy, with the maximum energy taken to be 50 GeV.

number of muon decays per year in the beam-forming straight section,
taken to be in the range from 10" to 10°! decays per year.

presence or absence of muon polarization within the storage ring.

oscillation experiments

* Investigations evaluating matter effects



The Energy Choice, the

Exeeriment and the Oetions
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@ Error bars: Statistics for 1020 muon decays




The Choices We Made

Parameters for the Neutrino Source

- Energy of the ring 50 GeV
- Number of neutrinos / 2x10%y
straight
- ignore polarization
- capability to switch
between p* p~

- FERMI to SLAC/LBNL — West Coast (L ~ 3000 km)

* Basic Calculation
— 1/3 of the muons decay in the straight section (39¢¢)
— 10 protons for 1 p into the storage ring (>10: >20-50)
— 2x107 sec in a year
« 2x10" proton on target per pulse @ 16 GeV and 15 Hz
— 3x10" proton because of carbon target = 1.5 MW

e 2x10'2 u per pulse to be accelerated and injected into the
ring
— places demand on cooling channel
* Longer bunch in the proton driver and on target (1 nsec — 3)
— helps, but still need a few bunches = induction linac !"
* Ring tilt angle is 13deg ( 22 %) instead of 35 deg (57 %)
— ring with these parameters is not a cost driver

— tlt angle is manageable 5



The Neutrino Source

* First experiment based on an intense muon

source -> Does it have to be 50 GeV??
— Example: 10 GeV & 50 kT or more magnetized water detector
— Balance detector cost with Accelerator: E¥M,,. .. *I=const.
— Start with 2x10'%/year (Sessler, Geer)?

Muon Storage Ring as a Neutrino Source

50 GeV Muons in many bunches

A

¢
Medium baseline experiment eg Fermi -> SLAC/LBNL 2900 km

Parameters for the Muon Storage Ring

Energy ) GeV 50 o=
decay ratio % >40
Designed for inv. Emittance m*rad 0.0032 =
Cooling designed for inv. Emitt. m*rad 0.0016
Buax in straight m %‘;
N,/pulse 10* \ <
typical U decay angle = 1/y mrad 2.0 ==
Beam angle (V&/Bo) = (VE Yrwiss)  mrad 0.2 ===
Lifetime c*y*t m 3x10°

Yrwiss = (1-0)/B



Footprint for a 50 GeV Neutrino Source

* Infrastructure is very close together ...= It fits under a small site
—  bends between different sub-system is minimized
-~ beam loading is kept equal on both sides of the RLAs

* = Direction of proton beam on target defines layout

140 m long cooling
1.6 GeV, 200 MHz linac

>34 GeVlinac
3 GeV of acceleration

RLA2, 8 GeV max,

TS5 MeVim

Accel Fr. = 200 MEz

Turns =4

P = 0 m, C-600

Are =180 m ’

Maic hing =200 m (beam separaters
/comb inet)

=1xIS0m

Linac

Storage ring, S0 GeV max,
Turns =180 ( =1/e)

P =0 m, C~1800 m
Arc =150 m
Matching = 100 m
Production Straight

RLA2, 30 GeV max, 7.5 MeV/m average
Acc. Frequ= 400 MHz

Tums =5
=60 m, C-2500 m
=380 m
Matching =600 m (beam separatars/
combiner)
Limac =2x600 m

West |




The Neutrino Source
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* Approach:

go more conventional where ever possible
Oak Ridge, FHML, Brookhaven = the target

* most people bought the solid target

Jefferson Lab / Cornell = sc rf and re-circulating linacs
* progress continues
LBNL , DUBNA = induction linacs

* went much better than expected but it’s not cheap

IHEP Protvino = sc solenoid channels (+Favaily)
* so far very good job, but expensive magnet channels even it
built in Russia
SLAC/Industry = power sources
specific design and engineering (cooling channel, target
collection, beam manipulation, beam tracking and
simulation) — Muon Collider group (12 people @FNAL)
+ the collaboration
* (Thanks to Andy Sessler for the enormous support)
general engineering (large scale rf systems, sc magnets, sc

solenoid channels, ps, vacuum, beam lines, tunnel, water)
(20 FTEs for 6 months)



R & D Issues for the
Proton Driver Design Study

*R & D groups (Internal Review 4/17-18):

-RF, beam loading, feedback, Collective effects, magnet, power supplies,
vacuum, lattice, H" source and linac / linac upgrade, Collaboration with

KEK/Japan and LANL)
Upgrade 400 MeV 4.5 GeV 13 - 13
gy I * 4 x0.75x 10 x10° @
Upmdescl;:\éev 15 Hz
DU 1 GeV LINAC * 8 GeV versus 16 GeV versus
Add a 45 GeV . f
(3 Gev ) higher energies?
Pre—Booster .
gtadlhlt;t)u short * Achieve 1.5 MW
= « Number of bunches 4 or
more? Induction Linac?
Pion production on Carbon Beam power required?
- Neuuino Source: Physics oc e Minimum at 5-6 GeV for Carbon tal‘get
number of muons produced. —————
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squared -3 \ a—aPfory’
e — - o a ——’\ a—a Pforp
*—oY nin \
o—oY.n 4 g \x
e avE e g 10
g [ /ﬂgﬁ:‘;ﬁ::ﬁ § A g
5 o= il g “%
510 = -
1Y X
g L —o-‘a:: 2° @H—'—ﬂﬁ
10° L ey = g .
7 — s
0 5 10 15 20 25 30
0 5 10 18 20 25 30 Proton energy E’ (GeV)

Proton energy E, (GeV)



A Target for the Neutrino Factory

» Comparab]e Targets: «  Power deposition (C, Al, Cu, W, Pb)
— RAL & ISIS x |

— CERN/ FNAL: pbar i . ,k*‘

— SNS Oak Ridge £

— NuMI %m : “"/ij; r"..“'_‘_,..r o

— for Muon sources i- g"r" [y
. L "%',:g- ; P g

Figure 4.1 Average jower dissipation ia difecent | om ruding targets due 1o $GeV incident
vewm of € % 18 protons wt 30 Ha. Bean: rms spod sive 2. = e, =S mem.

1 | onducting solencid
| istive solenoid

O
liquid metal target
protons

Pigure 1.16: Perspoctive view of the taaget design.
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Make the Target as simple as possible
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Target Station Energy Deposition (Mokhov)
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R(om) - . " : ;

*Flux: few x 10!° Gy (0.01 Gy=1 rad)

every hot area
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Target for a Neutrino Factory

* 1.5-4 MW target station and infrastructure for it
* Reduce power in the target — low Z — compromise yield
* Designed a 1.5 MW target (80 cm long, 2 cm radius carbon rod)
¢ + Lifetime: limited by cavitation in nc Coil: 10 MW dissipated power

* Very intense radiation in target area  * Target hall designed by ORNL
« Beam dump is integrated in magnet ~ * 1.5 - 4MW Target infrastructure =
shielding  Radiation cooled strained fiber
»  Target lifetime due to radiation carbon target (2400 C°)
~ 3 months

13




Decay Channel, Induction
Linacs, and Rebunching

1.0

300 | R ,/,/ S— -
- S
=3 g .
?mo = u.u:~ Section 1 1 7
'g 150 % -u.si
' L /J
200 14t_:um n sggu) 800 1000 o 100 200 3001_' m:m(ns)sm 0 700 800
50 m drift before ¢ rotation

For carbon target:
0.10 wp between 225 - 240 MeV

0.13 wp between 220 - 250 MeV
0.18 w/p between 200 - 270 MeV

Trade off:

Energy Spread after rotation< drift channel length [loss]
Particle capture<length(voltage) in induction linac [loss]

14



Induction Linac Layout

e Strong Effort at LBL for DAHRT + Fermilab: 4 pulses per
cycle in 2 pusec (Proton booster circumference.)

¢ <+ Higher field 2-3 T and smaller cores may be better solution
— saturation in the cores is under control

# — switching is the main problem
— sc coil inside of an induction linac

Switching of voltage ?



Induction Linac Construction

* Induction cell with 1.5-3.0 Tesla coil inside
— high gradient -- 4 pulses -- sc solenoid inside
— Power consumption: 4 pulses 15 Hz—8 MW

AV | Vou | = | Tomt | Tew Type | 3 | PF, [ABua Cost
kV kV | us s 1S T | Nom

vT
mV-s Fﬁ
200 142 Jo.070] 0.0%0 | 0.07 | 12.6 |Finemet|7.32| 0.70 | 1.95 | 1.00 | <~ Finemet

1200 142 Jo.070] 0030 [ 007 73 .

[ 200] 142 0.070] 0.050 | 0.07 | 12.6 [2e088c |7.32] 0.70 | 1.10 | 2.00 |<=2714A

AB | Aye |Acore| AB/AL L Ar n fo ro/ 1 Fean H Icors Eogo k Ut | Visot | Wiset| System
T | cn? | cm? Tius ' cm cm |cm| cm cm | cm |kKA/m| kA J | SpsT-m Jm? | kgm | Nom
0.97| 130 | 185| 132 | 228 | 58 320 |45| 77 | 1.7 | 61.0 |0.65| 2.50 | 315 | 107 | 634 |49670|363.6] 1.00
0.82]| 154 | 220| 11.1 | 228 | 58 379 |45| 83 | 1.84 | 640 |055| 2.23 | 28.1 | 107 | 454 |61744|452.0] 1.02
7.48 | 85 | 122] 201 | 228 | 5.8 210 | 45] 66 | 1.47 | 555 |0.98] 3.41 | 429 | 107 | 1445 |20688|217.3] 1.07

&2 50 53 {5671

0.82] 154 | 20| 11.1 | 228 | 58 380 |45| 83 84 | 640 |037| 1.50 | 189 | 41 | 306 |61946(453.4]| 1.35
086 | 147 | 200 11.7 | 228 | 58 36.1 |46] 82 | 1.79 | 64.1 |0.39]| 1.50 | 20.0 | 41 339 |58081]431.7| 1.3

Quarter Section of 30 T Solencid for the Phase Rotation System




Bunching and Capture

* AEJE after phase rotation
* bunching into string of 35 bunches or so

S0 Mini Cooling .

Total energy (MeV)
g 8§ 8

150 170 190 210 230 250
cT (m)

Longitudinal phase space distributions of the p=beam before (above, red) and after (below, violet)
the minicool energy loss insert.

. . B:
Capture/Bunching
400 400
s
)
| P
-
100 100 -
150 200 250 -100 -50 0 50 100
cT (m) cT (cm)
Beam distributions in energy -distance coordinates. A shows the full beam length; B shows the 17

distribution folded over the 201.25 MHz periodicity, with an RF bucket for 200 MeV, 200 MHz cooling.




Cooling Principle

Ionization Cooling

@ To Minimize heating from Coulomb Scattering:

Transverse Cooling

Muons lose energy
by dE/dx and long-
itudinal momentum
replaced by r.f.

= Small B, (strong focusing) :
High—field solenoids or Lithium Lenses

<« Large Ly (low-Z absorber) : Liquid H,

H‘Iti#] Oy 45:
#]!Ipﬂ]—

Energy "Cooling

Ionization coo]ing
 using a wedge p]us
: dispersion.

Exchanges emitt—
ance between i
~ transverse & long—
itudinal directions

18



Cooling Principle

* Limit on Performance of Cooling

e = (o)~ (r0)

* near waist (no correlation)+strong focusing (no <x?>>growth)

o {Ke]

X

- 1ith- : Es Z
- ()b o=
. E,
ming , = B, '
2B -mc*- L, % i




Simulation Effort

* “From the Target through the Cooling” (LBNL)

* Different Lattice types
Cell length ~ Coil diameter => non efficient use of H_,
Field 3.5-7 T or more => Ni,;Sn with this size diameter

Analytical description = G. Penn, LBNL / K. Kim ANL+U of
Chicago/ Y. Derbenev, Michigan State/Fermilab

Joint design among FNAL-LBNL-BNL on cooling channels

Fields and beta functions: two examples

(note <x?> = B)
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" e [ L g
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The Heart of the Cooling Channel for a
| Neutrino Factory

* IIT, BNL, LBNL, FNAL.: go through an
engineering design

* Goal: Do all the cooling with one set of
hardware

CRYO PuN®
CRYO HEAT EXCHANGER
CHAMBER He/Lh2

Lh2 NANIFOLD
. Lh2 ABSORBER
v/ELIPSOIDAL VINDOWS,
r=0.i0n, $=00009s
— QJ02n LNG

—3

0.28n

- (LREligaTE 1|

03m
T p— L K MOTE:

REFERENCE: 25n
MUON COLLIDER NOTE 48"

(PAGE 15) AND FERMI CAVITY DESIGN

(REV.3) 10/26/%3

B, ~ 3.5 T max
E,.c. ~15MV/m @ 200 MHz 21




Other Cooling Channels

* Single Flip

22



Cavity Parameter

Parameter Crossed Tube Pill Box
Frequency 201.25 MHz 201.25 MHz
Accelerat. Phase Angle | Sin(25 degrees)

Peak Accelerating Field | 15.0 MV/m 1SMV/m

Peak Surface Field 22.5MV/m 15SMV/m

Kilpatrick Limit 14.8 MV/m 14.8 MV/m

Cavity Type crossed tubes Beryllium foil windows

Shunt Impedance 203M? /m 233

Transit Time Factor T 0.845 0.827

Peak Voltage per Cell 6.5 MV 5.TMV

Q 47,500 52,600

Fill Time 38 s, critic. coupled 42 ps

rf Pulse 114 us 125 ps

Peak Power per Cell 345 MW 28 MW

Average Power per Cell | 8.0 kW 53kW

Window Type 4 cm diameter Al 15 cm radius, 127 pm thick
crossed tubes - Be foil

Average Power on Tubes | 30 W (worst tube) mWMhﬁ

»




Ideal Cooling Channel

— Small enough Ap/p and 6_z
— no correlation between transverse position and
longitudinal momentum
Number of muons vs. z Transverse Emiltance
(Cooling channel) €, (mm)
100 ke

~38888

0 50 u')o 1;0 200 0 50 100 150 200
Z(m) Z(m) j

a: Transmission in the FOFO channel vs. distance b: Transverse emittance. vs. distance for the

using the idealized beam described in the text. idealized beam.
Number of muons within phase-space cuts Longiiudinal Emittance
trans < 9.375 mm, long < 150 mm &z (mm)

e 60
50 ’._ﬁ

150 40 | |

. \

100 M'W—
20

50
10

0 ' T T o - r .

0 50 100 150 200 0 50 100 180 a0
Z(m) Z(m)

c: Relative yield increase within the

acceptance of the accelerator (9.375%n d: The longitudinal emittance of the idealized
mm.rad transverse, 150t mm beam in the FOFO channel 24
longitudinal) using the idealized beam.



Did We Achieve The Goal?

R R A B 0 B B R s Y R W S
R T S Y L M R, G T I O W VY SR

* Tough question:

— partially: 5.8x10" shown in the study; no errors included
but full simulation. 2 X))o *® 5 eal

Particles in Phase Space Cuts (6D) B Transverse Emittance
trans. < 9.375 mm, long. < 150 mm |
10
*
t - maptt] || o T
0.050 + ’ _— E ¢
a 0.040 & oy
= 0.080 - g B
m - 2 _ & i
228 348 225 275 325 s
245 zqz (mra 325 365 Z(m) E !
| 1
L B,

The transmission and the muon yield within the The transverse emittance versus z in
acceptance of the accelerator. the FoFo cooling channel.

Longitudinal Emittance I

T0

+

80 4
Y
= 40 & . Z ,
S ” F
] g 20
10 -
0 . .
[ 225 275 Z(m) 325 75
The longitudinal emittance.
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The Cool

Jan 2000

* 100-150 m of 200 MHz High Gradient RF

ur

=]
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e )
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L o

Cross Section - Cooling Channel Linac
BEquipment Gallery
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Basic Result from Accel. Meeting

* Acceleration Scenario (TINAF):
— 3 GeV linac, sc solenoids, 200 MHz
— RLAL: 3-11 GeV, 200 MHz, nc arcs, 4 turns
— RLA2: 11-50 GeV,400 MHz, sc arcs, 5 turns
— cost model was agreed on

- (32+23) 200 MHz and 25 400 MHz
klystrons with Tp=2 msec and 15 Hz are
required + 80 Modulators for acceleration

- — 1ssue:AF=80 Hz per cavity which gives
loaded Q ~ 3x10¢

° Cavity R&D (Cornell Univ.,NSF =>Tigner, Padamsee):

— build 200 MHz model and measure microphonics
— coupler development is relaxed (800 kW (200 MHz) 200 kW

(400 MHz))
* Klystron (SLAC ?):
— ~ 70 Klystrons or so are needed for the whole scrf acceleration
— big R&D plan: 10 MW @ 2 msec, 200 MHz+400 MHz.
— Modulator: TESLA type

27



Acceleration of Muons
—
—

0.95 -
—_—5 MV/m; 10558 m
09 \ — —10MV/m; 5279 m

—_—15MV/im; 3519 m
—20MV/m, 2639 m

0.85

0.8

* Muon Survival
— requires high gradient
— large aperture

28



Acceleration

* Low Frequency Linacs and RLAS (Jefferson Lab, BNL,
Cornell, Fermilab, Meeting at Fermilab Feb 17th+18th)

— RF systems at 200 MHz (175)
— at this emittance -> linac, 1st RLA at 200, 2nd=400 MHz

— can be sc here, because no solenoids required
4x 2.3*cos(¢)=8 GeV RLA, 3-11 GeV; 200 MHz

~ 3 GeV Linac; cos(¢)70 -25 deg; 200 MHz

5 x 8.3*cos($) =39 GeV RLA, 400 MHz

eV out

. -
800 m rf, 7.5 MV/m average, > 15 MV/m in the cavity

Based on cooling assumption
incoming norm.emittance e, © mm rad 1.5
outgoing emittance at 50 GeV n mm rad 3.2
energy spread at 50 GeV (95%) % +/- 2
incoming momentum MeV/c 190
incoming norm. emittance €onq T mm 28
bunch length mm 120
momentum spread (rms) % 11
B v at start ~ 2
pulse length ~ 150 nsec (4x(150+250))
number of bunches in one pulse ~ 30 (4x30)
number muons per pulse 10'° 2.5
repetition rate Hz 15
acceleration | (linac) GeV 3
RLA 1 + RLA 2 GeV 47 29




Acceleration based on RLA

ORISR L N S S R S
R A T R T o e ™
* Why not nc?
— Peak power limited already

— 1n normal conducting cavity: too much power required to
build up the gradient

— gradient is not a free parameter for optimization:
* muon decay +longitudinal acceptance

* SC structures at 200 MHz (100 MHz) and
10 MV/m (7.5 MV/m real estate)

— almost no power to build up gradient --> beam

— loaded Q’s are similar to nc structures ->fill time short but
how to do the coupler ? -> comparatively efficient !

— 4 x 30 bunches per RLA, 2.5x10'2 total
= Plnac ~6 MW, P 41 ~2 MW, Py 0, ~ 12 MW
— ~20 MW power for RF acceleration at ~25 % overall

efficiency (AC — RF)
— Problem is the required peak power, not average power !
RLA Lot Liinac Ibeam Rloaded Qloaded Nr of Tp*. = Peak
Energy m m mA | MQ/m turns | Tap+Tocc /us Power
MW/m
2-10 | 800 | 2x135 | 120 83 80 x10° 4 132+10 1.2
10-50 | 2400 | 2x700 | 40 252 240 x10° 4 400+32 0.4

30



Limits for Peak Power and Frequency

* What determines the physical size of a

klystron?
ideal situation with no space charge:
u (V 2
Zop = 1.84- V)
2n-f a-PB

u, := velocity of electrons = B*c = (1-1/ 72)0'5 *C
o := modulation gap voltage/beam voltage
B:= transit time

f =200 MHz, U, = 175kV ,uP=1.2, 15 MW Beam power ->
10 MW rf power,

Zop := 10 meter only for the rf part
+ gun + collector ---> easily a 11-12 meter long klystron with a

standard approach.

e scaling shows : z, ~ 1/f klystron becomes longer

e infrastructure in industry can not mechanically
accommodate this easily

e test stands are not available

Klystrons as high peak power sources are only feasible
below 200 MHz if multi beam tube is used. 31
SLAC and CPI: preliminary discussion going on



Klystron R & D

e Multi Beam Tubes can be “compact”

* Highly efficient
* Very long lifetime

* Alternative: IOT’s, Tubes (see linac)
| RF Power, MW

{ uPerveance , A/V'?
| Efficiency, %

Item

Type
Number of beams

Total anode dia

lLg
Gun + collector len

Proposal by SLAC for a klystron design -



NSF-Cornell-Jlab-FNAL-TESLA-SLAC

* Super Conducting Cavities and RF Power
S OurceS short cryo module

two 2 cell cavities

™~
* Acceleration starts [ :‘O

70deg off crest Y
) > > > P> 4>
* Ist part of the linac 50 L5 1.0 15 05 07 05m
cell 1+2 cell 3+4 drift solenoid
long standard cryo module
* 2nd part of the foue 2 cel cavites ~ 10 m module
linac & RLAs %
* double # of cells
y,
L ]
400 MHZ TP 44— (P AP (P — PP P> —P>
50 15 1.0 1.5 05 15 1 1.5 05 07 05m
cell 1+2 cell 3+4 cell 5+6 cell 7+8 drift solenoid

* Arcs and Beam Spreaders (need work here)

33



Acceleration with Low

Freguencz SC Cavities

Machine # sl A" Paverag | Ustored/ Pcontrol for 80 Hz
Segment passes | (LA) | (MV) . cell bandwidth, (kW)
W) )]
Preaccelerator 1 72 | 11.25 81 1000 503
RLA1 28.8 | 11.25 | 324 1000 503
RLA2 5 36 | 5.625 | 203 125 63
Power extracted per turn: 3.6 J for 200 MHz

1.8 J for 400 MHz

Microphonics + “Lorentz Force Detuning”
especially in large cavities

' Single-cell 200 MHz
|| soump = - : =% |
‘ - IS 3 S — s o i ! Bandwidth (Hz) ’
o |l ¥ 74:____ ]L— 1 1
[ M r ‘f‘ ! Optimum beta

‘. l | ——Power (kW) |
| 10000 L] s |
| ‘ : Y 1
| _ . i -
l o \,r N R
| | LN o —

i ]
./ 1000 - , \__,. |
+- : - - 1
H— f-- . '
| x ' !
NN BE =~
ol L L, N 1]
0.1 1.0 10.0 100.0
Fill Time (ms)
- 34




8. The Muon Storage Ring

8.1 Introduction

The 50-GeV storage ring for
neutrino production has been
designed using 2 racetrack
configuration. A racetrack is
the optimal geometry for
maximizing the proportional
length of a single straight
section to circumference, hence
maximizing the number of
muons converted into a neutrino
beam. Although this particular
ring was designed to meet
limitations and target physics
detectors  specific to the
Fermilab site, its design
concepts, parameters,
components, and dynamics are
generally applicable. The
racetrack design is simple,
containing a downward straight,
called the production straight, a
return straight pointed towards
the surface and two arcs with
their associated ma‘ching and

One of the  parameter
constraints of the design arises

from the underlying geology of
the site as shown in Figure 1.
The vertical distance between
the surface of the site and the
bottom of the Galena Platteville
rock layer is approximately 680
feet. Below this dolomite layer
is a sandstone layer, which must
be avoided because it is a poor
substrate for tunnel construction
and it contains the water supply
for the municipalities
surrounding Fermilab. Of the
680 feet, 600 have been
allocated to the ring for its
vertical drop (Table 1). The
“vertical drop” is the vertical

1. = GLACIAL TILL - AQUIFER
S S e e SILURIAN GROUF - AQUIFER (PRIMARILY DOLOMITE)

3. ‘=SS ZZMAQUOKETA GROUP ~ AQUIFER (PRIMARILY SHALE)
4. %wm\ / PLATTEVILLE GROUP —~ AQUATARD (PRIMARILY DOLOMITE)

- ANCEL GROUP - AQUIFER (PRIMARILY SANDSTONE)

l 2867 ol
2388’
R 140 )
SAAJLAITICE PLAN
=ta
{ ORIENTATION:
iNuME AZINUTH VERT. ANGLE
H (DEQ-MIN-SEC) (DEG—MIN-SEC) 7
(PALO ALTO CA. 271~-20°-42.27" -13-09"-26.99 ° ““sﬂ
T IR-OCT-MR

Figure 1: Constraints on the storage ring due to the geology under the Fermilab
site. The 2667" (or 813 meter) limit on the cross-section profile of the ring shown
in the lower drawing is given by the 600 foot available for the ring’s vertical drop
the and 13 degree angle between Fermilab and the West Coast.

distance between two parallel planes: one plane through the topmost part of the ring and a second plane through the

bottommost part of the ring.

This vertical constraint is a limitation because at least part of the ring must be tilted at a vertical angle to direct the
neutrino beam through the earth to a long-baseline detector. Tilting the entire ring obviates the need for addluolﬂ “out-
of-plane” bending. For a significant angle of declination and vertical height restriction, tilting increases the relative arc
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What is Specific to Fermilab Site?
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Is 22 % steep?

*17 % into a quarry
ethere is water !

*incremental cost small
compared making more v

*extend the ring up to the
surface

Further down the ramp Use vehicles
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Optimization of the Storage Ring

e The cheapest way to produce muons in the straight
section is to make them as long as possible !

Nr of u decaying in straight section
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SC Large Bore Magnets

\
\

* Low field quality (reduce cost), large aperture (increase cost)
* 7 Watts/m into LHe due to electrons from muon decay

* 1 cm tungsten liner (3 cm was considered)
* Design tied to choice of muon intensity

~— BOK WHELD




- Decay Electrons
—
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 Beam power
— 240 kW muon beam — 80 kW deposition due to electrons

— long racetrack — helps: 22 % decays in arcs
— ~ 50 Watt/m in arcs + 1 cm tungsten shielding ~ 7 W/m

into LHe
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Civil Engineering for the
Storage Ring

* Tunnel for very different environments
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Figure 5: Map of the Fermilab site that displays the siting constraints for locating the MuSR explained in the text for two
different choices of annual dose equivalent and two different choices of muon energy.
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Radiation from the Neutrino
Source @ FNAL
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Neutrino Radiation from the
u Storage Ring: Max E, ?

v’s from the ’s in the up-pointing straight
section exit the surface: ¢~13 deg (22%)

2 TeV mu+ decay neutrino beam Fermi limit
10" prmee————r s AR RS 0.1 mSv/year

-
o

- Federal Lumat
- I 1.0 mSv/year

Dose Equivalent (Sv per 1 decay)
a
L]

%“*-—,

................... A "

a 250 500 750 1000 1250
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Layout on Fermilab Site

* Features
— Fits neatly inside Tevatron footprint
— Proton Driver feeds Target or Main Injector
— Uses Tevatron tunnel to transport protons to Target

— Meets extremely conservative interpretation of radiation
limits




Figure 2: Sketch of the Neutrinc Factory layout on the Fermilab site. The sections (A through F) and details (1 and 2)
are shown in the Figures which follow. The hashed areas indicate new surface buildings.
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Technical Feasibility

* Ten Subsystems

Table I made for myself at the beginning of the study

Sub-Component Status Risk Save money? right / wrong
Can we build it? Make it easier?
Proton Driver ok moderate yes right
less intensity
yes longer bunches
Target not ok high power on target right
no fixed it
Decay channel + ¢ rot not ok high no back off in present design right
may be fixed it
mini cooling ok low no for this design right
(factor of 3)
less intensity
(3 m LH2) yes
2™ ¢-rotation not ok very high only in exchange with low frequ. | wrong
RF
(induct) linac may be easier
capture not ok high no (a little) yes and no
mainly rf problem lower Frequ. rf
cooling not ok high no (a little) right
(factor of 50) more than rf
mainly rf problem lower Frequ. rf problem
1" stage linac 14 ok moderate no wrong
together with next row yes not sure we
(RLAS) can build it
RLA's 1 ok moderate no wrong
Yes not sure
Storage Ring ok moderate no
es compromise flux edsy
Diagnostic not ok moderate no right

* Cooling Performance limits the achievable flux: 10!° ok, ~ 2*102°
only with working cooling channel -> intellectual R&D program

* Acceleration is major cost driver:Fast Acceleration of large
emittance beams requires expensive rf sytems and beam transport 45
channels.-> Aggressive hardware R&D program



Technical Summary

e Aspects Coming out of of the Study
— Worldwide Unique facility
— Detector cost and Accelerator cost can be balanced
— Long Term program = can be staged
— Can fit under many existing sites

— Diverse organizational and funding base: DOE / NSF /
University / State (Illinois) / MCNF Collaboration ...



Cost Driver Analysis

* Presented at Fermilab April PAC Meeting

—

Cost Total for each Sub-System

Sub-systems

0.0% 10.0% 20.0% 30.0%

percent of total




Initial Thoughts / Reactions

e Acceleration is a cost driver

— no choice with this scenario=> limited by transverse
cooling we can achieve without emittance exchange

— emittance exchange (exchange of longitudinal and
transverse emittance): no solution available

— more cooling does not necessarily mean less money

* Two possibilities:
— stay with this scenario and develop the technology to
accelerate this kind of an emittance
* aggressive R&D program might bring us into a position to
have a ZDR in a couple of years (~5)

* make sure that we doen’t exclude further improvements in
the cooling

* start with “minimal” scenario for number of Muons/year
* may be start without cooling ~ 10'° uw/Y

— go into a longer term R&D program and work on
conceptual designs for better cooling channels.

* No hardware R&D required now
* Shift the ZDR stage an unknown number of years
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Where Did We Fall Short?
TR S R T R T SN S R
ITSIRENESRRERR e T e T R S R TR

* Diagnostics:
— “How do you measure the emittance of the muons in a
solenoid with pions, electrons etc going down the same

channel?”
— Required resolution: One cooling cell reduces €, by ~ few
% — thus need to measure at least 1/5th of that

e RLA Arcs:

— need a lot more attention and is very preliminary

* Power consumption:
— going to be a >100 MW facility
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Where Did We Excel?

* Charge = Feasibility, Cost Drivers, R&D,
ES&H

* Developed concept and demonstrated
feasibility
— Likely to go with a staged plan to fit various budget

scenarios

— Addressed ESH issues and concluded: If the new issues
(MW beam power for Fermilab, and neutrino radiation
hazards) are folded into the baseline design properly, it
won’t be a problem ... but it will cost money.

— Presented basically a long upgrade route: This is a
program not a project

— First cut on cost drivers indicates what needs to be
controlled

* Involvement
— NF and MC collaboration played a major role
— Universities and NSF became part of this
— other Laboratories got heavily involved 50



What is the Plan?

e R&D Plan for 5+ years

Proton driver ZDR (Fermilab’s and BNL’s)
Target test (Fermilab, ORNL, BNL, NHMFL)

Induction linac (LBNL)

Develop high gradient nc (Fermilab, LBNL, Cornell)
Cooling cell prototyping (IIT +++)

Prototyping of high field solenoids (Protvino, Fermilab)
RF power source development (SLAC)

SC RF development (Cornell, JLAB, CERN)

Prototyping of tungsten shielded chamber (Fermilab)

P

Diagnostics (Universities, NSF) (more money than CRYO er PS)
Simulation FNAL, LBNL, BNL, Universities, NSF

Detectors (NSF, Universities) — Balance cost: big ¢ v
detector
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