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Abstract 

We describe the Neutrino Factory accelerator systems downstream from the 

target and capture area. These include the bunching and phase rotation, 

cooling, acceleration, and decay ring systems. We also briefly discuss the 

R&D program under way to develop these systems, and indicate areas where 

help from CERN would be invaluable. 

1 Introduction 

A muon-based Neutrino Factory (NF) will be a powerful tool for the experimentalists. Design and 

performance estimates for such a facility have been ongoing for about 10 years. This effort is fully 

international, and includes The Neutrino Factory and Muon Collider Collaboration in the U.S., the UK 

Neutrino Factory group and Work Package 3 of the EUROnu Design Study in Europe, and the Japan 

Neutrino Factory Working Group in Asia. 

Here, we will consider the Neutrino Factory systems downstream of the target and capture 

region, namely the bunching, phase rotation, cooling, acceleration, and decay ring systems. The 

upstream systems are covered in the paper by Kirk [1]. 

2 Muon Accelerator Description 

2.1 Advantages 

Muon-based facilities can address several of the key outstanding particle physics questions that can be 

addressed with accelerator-based experiments. In the neutrino sector, the neutrino beam is derived 

from the decays of either µ
+
 or µ

Ð
 circulating in a decay ring. The kinematics of such decays is well 

known, and there are minimal hadronic uncertainties in the spectrum and flux. The neutrino beam 

contains high-energy electron neutrinos, above the ! production threshold, so this channel can be 

observed in the experiments. Oscillations from "e # "µ give rise to easily detectable Òwrong-signÓ 

muons (i.e., muons whose sign is opposite to that of the circulating beam in the decay ring). 

At the energy frontier, the fact that the muon is a point particle means that the full beam energy 

is available for particle production. Moreover, because the muon mass is much greater than that of the 

electron, a Muon Collider has almost no synchrotron radiation. This results in a narrower energy 

spread at the interaction point than occurs at an electronÐpositron collider, and it permits a circular 

Muon Collider that uses its expensive rf equipment more efficiently and has a small footprint that can 

fit on an existing laboratory site. 

2.2 Challenges 

There are two main challenges associated with producing a muon beam: 

1) muons are created as a tertiary beam (p # $ # µ) 
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2.3.2 Ionization Cooling 

As part of the International Scoping Study of a Neutrino Factory [3], the performance of the various 

cooling channel designs was compared. As a result of that comparison, the so-called ÒFeasibility 

Study 2Ó (FS2) channel [4] was found to perform the best. When coupled with a proton driver 

providing 4 MW of 5Ð15 GeV protons (in 2 ns bunches), this channel, illustrated schematically in Fig. 

2, meets the requirement of 10
21

 useful muon decays per 10
7
 s year. The channel transmits both muon 

signs simultaneously, interleaved at different phases of the 201-MHz rf system. It is worth noting that 

the actual implementation of such a channel, such as that being built for the Muon Ionization Cooling 

Experiment (MICE) [5], is considerably more complicated than the simple ÒphysicistÕs viewÓ 

illustrated in Fig. 2. 

2.3.3 Acceleration 

The baseline scheme adopted for the IDS-NF (see Fig. 3) comprises a pre-acceleration linac that 

increases the beam energy to 0.9 GeV. This is followed by a pair of Òdog-boneÓ Recirculating Linear 

Accelerators (RLAs) that raise the energy from 0.9Ð3.6 GeV and from 3.6Ð12.6 GeV, respectively. 

The last stage of acceleration, from 12.6Ð25 GeV, is provided by a non-scaling Fixed-Field, 

Alternating Gradient (FFAG) ring. Optics for the linac, the RLAs, the required injection chicanes, and 

the transfer lines have been completed [6]. 

The last system, the non-scaling FFAG ring, presents several technical challenges. First, there is 

a strong coupling between the longitudinal and transverse dynamics that is important for the emittance 

values of interest to a muon FFAG. Different amplitude particles have different flight paths and thus 

different flight times. The result is that large-amplitude particles slip out of phase with the rf and are 

not fully accelerated. Using sextupoles to effect a partial chromatic correction has been shown [7] to 

ameliorate the problem and appears workable. 

The second challenge concerns injection and extraction into the densely packed FFAG ring. 

Progress on this topic has recently been reported by Pasternack [8], though the kicker and septum 

magnet specifications remain daunting. 

 

 
Fig. 2: Schematic of FS2 cooling channel. 
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3 R&D Program 

A substantial R&D program is now under way to validate the various design choices for a NF. 

Broadly, the program can be separated into three categories: 

¥ Simulations 

¥ Component Development 

¥ System Tests 

This program is being carried out worldwide, managed via loose, but effective, international 

coordination. 

Simulations include studies and optimization of the accelerator design. At present, this activity 

is being carried out under the auspices of the IDS-NF. Component development includes the 

development of rf cavities, magnets, and liquid-hydrogen absorbers suitable for use in a NF. The key 

issue at present is the degradation in maximum gradient observed for room-temperature cavities 

immersed in a strong axial magnetic field. Finally, system tests involve proof-of-concept tests to 

validate the overall performance and cost of critical subsystems. Because such tests require substantial 

resources, they are typically carried out by means of international collaborations. 

3.1 Overview of Technical Issues 

Each R&D category has its own issues to examine. In the simulations area, the main tasks include 

optimization of the subsystem designs and eventually end-to-end tracking of the entire facility. For 

component development, the critical R&D topics include development of normal conducting rf 

cavities capable of operating in a strong axial magnetic field, development of low-frequency 

superconducting rf (SRF) cavities, development of fast, wide aperture kicker magnets for the FFAG 

ring, and development of decay ring magnets that can tolerate the high mid-plane heat load resulting 

from muon decay electrons. System tests include the recently completed MERcury Intense Target 

(MERIT) experiment at CERN [9], the Muon Ionization Cooling Experiment (MICE) [5], presently 

under way at RAL, and the non-scaling FFAG experiment EMMA [10], under way at Daresbury 

Laboratory. At some future time, a 6D cooling experiment to serve as proof-of-concept for a Muon 

Collider cooling channel will undoubtedly be carried out. 

3.2 IDS-NF 

The goal of the IDS-NF program is to deliver, in a 2013 time frame, a Reference Design Report 

(RDR) for a NF. In the RDR, the physics performance of the facility will be detailed, and the 

specification of each of the required accelerator, diagnostics, and detector systems will be defined. A 

cost estimate for the facility described in the RDR will be included in the document. The present 

baseline NF design shown in Fig. 1 is a result of this design effort. The EU contributes strongly to this 

effort via its EUROnu design study program. 

3.3 Normal Conducting RF 

As mentioned earlier, the main challenge for operation of a NF cooling channel (and also the bunching 

and phase rotation sections) is the operation of rf cavities in a strong solenoidal focusing field. As 

shown in Ref. [11], for vacuum rf cavities the maximum stable gradient decreases as the magnetic 

field is increased. Interestingly, an rf cavity filled with high-pressure hydrogen gas shows no such 

degradation [12]. Present plans call for investigating different materials, such as beryllium, for the 

vacuum cavities, and measuring the response of a cavity filled with high-pressure hydrogen to an 

intense beam of ionizing radiation. 
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3.4 MICE 

The MICE experiment [5], now under way at RAL, aims to design, engineer, fabricate, and test with 

muons, a section of a realistic NF cooling channel. Detailed comparisons with simulation codes will 

be made to validate the codes as a design tool for an eventual facility. The cooling channel 

components are being fabricated now, and are already providing information on both the cost and 

complexity of a muon cooling channel. 

3.5 EMMA 

EMMA, being fabricated at Daresbury Laboratory in the UK as a primarily UK effort, will test an 

electron model of a non-scaling FFAG ring. This represents the first test of such a device and will 

serve to demonstrate the feasibility of the concept. While it is not designed to be a scale model of a 

muon FFAG, the EMMA ring will serve to investigate longitudinal dynamics, transmission, emittance 

growth, and the influence of resonances on the beam. As shown in Fig. 5, the components are mostly 

fabricated and are now being installed. Commissioning is anticipated to commence early in 2010. 

4 Possibilities for CERN Participation 

There are many areas where expertise from CERN couldÑand hopefully willÑmake substantial and 

necessary contributions to the R&D program outlined in this paper. We list these below: 

1. Target facility design. CERN staff have experience in making estimates of the shielding 

needed for a 4-MW target facility. They also have the necessary skills to explore the 

safety and environmental aspects of the proposed mercury-jet target and beam dump 

system. Developing a robust target facility design from a safety perspective would 

greatly benefit from CERN involvement, both in defining the requirements and in 

preparing a design to satisfy them. 

2. Proton driver design. The design of this portion of the NF facility is expected to be site 

dependent. CERN could develop a site-specific design based on the SPL operating at 

4 MW with ~2 ns bunches. 

3. Engineering and costing of key components. CERN engineering staff, especially those 

completing the LHC project, are world experts in normal conducting and 

superconducting rf systems, cryogenic systems, superconducting magnets, and fast 

kicker magnets. All these components are needed for the NF design. 

 

 
Fig. 5: EMMA accelerator components installed on a girder. 
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It is worth noting that CERN staff made key contributions to both the NF design and the design 

of the MICE experiment in the Òearly days.Ó The intellectual effort provided then is greatly missed and 

is badly needed. 

In the longer term, CERN participation in an international 6D cooling experiment for a MC 

would be of great value to the scientific community. A Muon Collider is a larger and more 

complicated facility than a Neutrino Factory, and its construction would surely be carried out as an 

international endeavor . 

5 Summary 

R&D toward both a NF and a MC is making steady progress, with strong EU contributions in many 

areas. MERIT has established the ability of a mercury jet to tolerate 4 MW of protons. MICE is 

progressing toward a demonstration of muon ionization cooling in a few years, and EMMA will begin 

commissioning shortly. In order to develop realistic technical designs and their corresponding cost 

estimates, CERN help in component engineering and cost estimating will be critical. Development of 

muon-based accelerator facilities offers great scientific promise and remains a worthyÑand 

challengingÑgoal to pursue. It seems only natural that CERN, representing the premier particle 

physics laboratory in the world, would play a significant role in such a program. 

Acknowledgments 

I am grateful for the continued R&D efforts of my colleagues in the Neutrino Factory and Muon 

Collider Collaboration and the IDS-NF whose work has resulted in the design and R&D progress 

summarized here. 

References 

[1] H. Kirk, ÒParticle Production and Capture,Ó these proceedings. 

[2] See https://www.ids-nf.org/wiki/FrontPage. 

[3] M. Apollonio et al. (ISS Accelerator Working Group), ÒInternational scoping study of a future 

Neutrino Factory and super-beam facility: Accelerator design concept for future neutrino 

factories, (ed. M. Zisman), RAL-TR-2007-23, December 2007; arXiv:0802.4023v1 

[physics.acc-ph], 27 February 2008; JINST 4, P07001, 2009; http://www.iop.org/EJ/article/-

search=67573990.1/1748-0221/4/07/P07001/jinst9_07_p07001.pdf. 

[4] S. Ozaki, R. Palmer, M. Zisman, and J. Gallardo, eds., ÒFeasibility Study-II of a Muon-Based 

Neutrino Source,Ó BNL-52623 (2001); http://www.cap.bnl.gov/mumu/studyii/final_draft/The-

Report.pdf. 

[5] M. S. Zisman, ÒStatus of the International Muon Ionization Cooling Experiment (MICE),Ó in 

Proc. PACÕ07, Albuquerque, June 25Ð29, 2007, p. 2996. 

[6] A. Bogacz, ÒRecirculating Linac AccelerationÐEnd to End Simulation,Ó in Proc. NuFact09, 

Chicago, July 20Ð25, 2009, to be published. 

[7] J. S. Berg, in The International Workshop on FFAG Accelerators, October 13Ð16, 2004, KEK, 

Tsukuba, Japan, S. Machida, Y. Mori, and T. Yokoi, eds. (2005), p. 1, available from 

http://hadron.kek.jp/FFAG/FFAG04_HP/.  Also MUC-CONF-ACCELERATION-309.; S. 

Machida, ÒFFAGs as Muon Accelerators for a Neutrino Factory,Ó Proc. of 10th Biennial 

European Particle Accelerator Conference, EPACÕ06 (2006), p.1542. 

146



[8] J. Pasternak, ÒInjection/Extraction Studies for a Muon FFAG,Ó in Proc. NuFact09, Chicago, 

July 20Ð25, 2009, to be published. 

[9] H. G. Kirk et al., ÒThe MERIT high power target experiment at CERN,Ó in Proc. EPAC 2008, 

p. 2886. 

[10] R. Edgecock et al., ÒEMMAÑthe WorldÕs First Non-Scaling FFAG,Ó in Proc. EPAC08, Genoa, 

June 23Ð27, 2008, p. 3380. 

[11] D. Huang et al., ÒRF Studies at Fermilab MuCool Test Area,Ó in Proc. PAC09, Vancouver, BC,  

May 4Ð8, 2009, to be published. 

[12] !"#$%&'%()*+,%-#+'#%."/#01'2-)+&#34#$5+%6-37(#)(#%#85+&&25)9+-#:;#<%=)'>/?# in Proc. 

EPAC08, Genoa, June 23Ð27, 2008, p. 736. 

147



!"#$%&'$()*$+,$$#)+-$)#$$.()/0)1234)#$5+%'#/()6#.)76.'/869+':$);/#)

<$6=()

!"#$%&'()#

!"#$%&'()(*+%&,-./0(12+)3&

>*(+%69+)

4)& (5/()6.*(& 7891+3(& :;& /<(& =>!& .)?(@/:16& .6& 82+))(3& ;:1& 1(+@<.)9& /<(&

72/.A+/(&8:/()/.+2&:;&/<(&@:22.3(1&371.)9&/<(&6(@:)3&8<+6(&:;&./6&2.;(%&+;/(1&BCBCD&

46&+&1(672/%&/<(&E(+A&3(2.*(1(3&EF&/<(&,G,&;:1&;.5(3&/+19(/&8<F6.@6&-.22&+26:&E(&

.A81:*(3%& .)& 8+1/.@72+1& /:& /<(& E()(;./& :;& @:)*()/.:)+2& )(7/1.):& E(+A6D&

H:1(:*(1%&/<(&,78(1@:)37@/.)9&G1:/:)&=.)+@&I,G=J&-<.@<&.6&7)3(1&3(6.9)&@+)&

E(& +/& /<(& @:1(& :;& +&A72/.KHL&81:/:)& 31.*(1& +/&M&+)3N:1&BDM&'(O%& 6(1*.)9&+&

)(7/1.):& ;+@.2./F%& +)3N:1& +& #+3.:+@/.*(& P:)& Q(+A& ;+@.2./F& :;& /<(& )(5/&

9()(1+/.:)D&R<(& ;7/71(& +@@(2(1+/:1& @:A82(5& .6&3(6@1.E(3&+)3& ./6&8:/()/.+2& ;:1&

:/<(1&+882.@+/.:)6&/<+)&=>!&.6&3(/+.2(3D&

?! ;#+%/.59+'/#)

R<(&=>!&.6&3(6.9)(3&;:1&@:22.3.)9&81:/:)&E(+A6&+/&+&@()/1(&:;&A+66&()(19F&:;&ST&R(O&-./<&+&):A.)+2&

27A.):6./F& :;& SC
UT
& @A

KB
6
KS
& .)& /-:& .)/(1+@/.:)& 1(9.:)6& VSWD& 4;/(1&A:3.;.@+/.:)%& /<(& (5.6/.)9& @:A82(5& :;&

+@@(2(1+/:16&<+6&E(()&A+3(&@+8+E2(&/:&6(1*(&+6&.)?(@/:1&+)3&81:*.3(&/<(&E(+A&1(X7.1(3&;:1&/<+/&8718:6(&

VBWD& ,/+1/.)9& ;:1& /<(6(& ;+*:1+E2(& @:)3./.:)6%& /<(&=>!&6<:723& 1(+@<&):A.)+2&8(1;:1A+)@(&-./<.)&+& ;(-&

F(+16D&L./<:7/& 7891+3(%& /<(& 8(+Y& 27A.):6./F& -.22& /<()& 6+/71+/(& +)3& /<(& <+2*.)9& /.A(& :;& /<(& 6/+/.6/.@+2&

(58(1.A()/+2& (11:16& -.22& E(@:A(& *(1F& 2+19(D& 4)& +)+2F6.6& <+6& /<(1(;:1(& E(()& A+3(& :;& /<(& 8:66.E2(&

6@()+1.:6&;:1&+@<.(*.)9&+&A7@<&<.9<(1&1+/(&:;&.)@1(+6(&:;&/<(&.)/(91+/(3&27A.):6./F&I(D9D%&+&;+@/:1&:;&SC&

-:723&()2+19(&/<(&3.6@:*(1F&1+)9(&;:1&)(-&8+1/.@2(6&EF&+E:7/&BM&Z&.)&A+66&VUWJD&Q(F:)3&/<(&)((3&;:1&

.A81:*(A()/6& .)& /<(&=>!& ./6(2;%& /<(&@<+1+@/(1.6/.@6&:;& /<(& .)?(@/(3&E(+A&<+*(& /:&E(&7891+3(3&+)3& /<(&

1(2.+E.2./F&:;&/<(&-<:2(&@:A82(5&<+6&/:&E(&6.9).;.@+)/2F&.)@1(+6(3&VT%&MWD&&

@! AB6#()0/%)05+5%$)123)'#C$9+/%()

@D?! E/+':6+'/#)

R<(&81(6()/&=>!&.)?(@/:16&<+*(&E(()&E7.2/&A:1(&/<+)&UC&F(+16&+9:&I/<(&G,&.6&/<(&:23(6/%&@(2(E1+/.)9&.)&

$:*(AE(1& BCC[& /<(& MC
/<
& +)).*(16+1F& :;& ./6& ;.16/& E(+AJD& ,.)@(& /<(.1& 3(6.9)%& /<(& 6/+/(& :;& Y):-2(39(& .)&

+@@(2(1+/:1& 8<F6.@6& +)3& /(@<):2:9F& <+6& 31+6/.@+22F&81:91(66(3D& "*()& /<:79<& /<(F& <+*(& E(()& 1(972+12F&

+3+8/(3&+)3&/<(.1&:8(1+/.)9&A:3(&<+6&E(()&6:8<.6/.@+/(3&/:&@:8(&-./<&)(-&)((36&+)3&+@<.(*(&7)(58(@/(3&

2(*(26&:;&8(1;:1A+)@(%&/<(F&-:1Y&):-+3+F6&+/&/<(.1&+E6:27/(&2.A./&;:1&/<(&=>!D&46&/<(&:8(1+/.:)&:;&/<(&

@:22.3(1&-.22&E(@:A(&A:1(&1(972+1%&/<(&I2+@Y&:;J&1(2.+E.2./F&:;&/<(&.)?(@/:16&.6&2.Y(2F&/:&)(9+/.*(2F&.A8+@/&

:)&/<(&.)/(91+/(3&27A.):6./FD&>()@(&/<(&82+)&/:&E7.23&)(-&.)?(@/:16&:8(1+/.)9&6.A82F&+)3&6+/.6;F.)9&/<(&

;7/71(&)((36&:;&/<(&=>!&-./<&+3(X7+/(&8(1;:1A+)@(&A+19.)D&

=7A.):6./F&.6&3.1(@/2F&1(2+/(3&/:&E(+A&E1.9</)(66%&/<(&1+/.:& *(* !N :;&/<(&)7AE(1&:;&81:/:)6&.)&+&

E7)@<& (* &/:&./6&):1A+2.0(3&/1+)6*(16(&(A.//+)@(& *! &I.)&/<(&+881:5.A+/.:)&:;&6+A(&(A.//+)@(6&.)&E:/<&

/1+)6*(16(&8<+6(&82+)(6J&-<.@<&.6& /<()&/<(&A+.)&E(+A&@<+1+@/(1.6/.@& /:& .A81:*(D&P)&/<(&@+6(&:;&81:/:)6&

-<(1(& 6F)@<1:/1:)& 1+3.+/.:)& .6& /::& -(+Y& /:& 81:*.3(& 67;;.@.()/& @::2.)9%& E(+A& E1.9</)(66& .6%& +/& E(6/%&

148



81(6(1*(3&371.)9&+@@(2(1+/.:)D&R<(&A+5.A7A&+@<.(*+E2(&E1.9</)(66&.6&/<(1(;:1(&2.A./(3&EF&/<(&/:2(1+E2(&

68+@(& @<+19(& .)37@(3& /7)(& 681(+3& +,-" +/& 2:-& ()(19FD& P)& +& 9.*()& 6F)@<1:/1:)%& ./& .6& 9:*(1)(3& EF& /<(&

1(2+/.:)&.)&"XD&ISJ\& &&&

B#$!

!*
-

*

(
+, %&" & ISJ&

-<(1(& ! .6&/<(&+*(1+9(&1+3.76&+)3& $# % &+1(&/<(&767+2&1(2+/.*.6/.@&E(+A&8+1+A(/(16D&

@D@! F$(9%'G+'/#)

]:1& /<(& 3(6.9)& :;& /<(& ;7/71(& .)?(@/:1& @<+.)%& /<(& /+19(/& E1.9</)(66& @:11(68:)36& /:& E7)@<(6& :;& UDT&SC
SS
&

81:/:)6&-./<.)&):A.)+2&(A.//+)@(6&:;&UD^M&AADA1+3&IBM&)6&/.A(&.)/(1*+2&E(/-(()&E7)@<(6J&@.1@72+/.)9&+/&

^&R(O&.)&/<(&=>!D&R<(&81:8:6(3&@:A82(5&VMW&.6&6Y(/@<(3&.)&].9D&S%&/:9(/<(1&-./<&/<(&81(6()/&A+@<.)(6D&

&

H'&D)?I&G1(6()/&+)3&;7/71(&+@@(2(1+/:16&

4&)(-&MC&'(O&6F)@<1:/1:)& IG,BJ& V_W&-.22&1(82+@(&/<(&(5.6/.)9&B_&'(O&G,&+)3&81:*.3(&E(+A&

-./<& /<(& 68(@.;.(3&E1.9</)(66&I.)@273.)9&`BCZ&A+19.)J&+/& .)?(@/.:)&.)& /<(&,G,D&P/6&A+.)&@<+1+@/(1.6/.@6&

+1(&9.*()&.)&R+E2(&SD&R<(&.)@1(+6(3&.)?(@/.:)&()(19F&.)&/<(&,G,&-.22&1(37@(&68+@(&@<+19(&+)3&.A81:*(&

E(+A& 6/+E.2./FD& !:AE.)(3&-./<& :/<(1& 7891+3(6& @:)@(1).)9&A+.)2F& #]& +)3& /<(& @:+/.)9& :;& /<(& *+@77A&

@<+AE(1&/:&1(37@(&6(@:)3+1F&(2(@/1:)&F.(23%&/<.6&-.22&+22:-&/<(&,G,&/:&81(6(1*(&E(+A&@<+1+@/(1.6/.@6&+)3&

3(2.*(1&/<(&68(@.;.(3&E(+A&/:&/<(&=>!D&

Q(@+76(&:;&./6&678(1.:1./F&.)&/(1A6&:;&E(+A&8(1;:1A+)@(&+)3&8:/()/.+2&;:1&;7/71(&+882.@+/.:)6%&+&

678(1@:)37@/.)9&2.)+@&I/<(&=:-&G:-(1&,G=&:1&=GK,G=J&<+6&E(()&6(2(@/(3&+6&/<(&.)?(@/:1&;:1&/<(&MC&'(O&

81:/:)&6F)@<1:/1:)&G,B&V^WD&P/6& 2:-&()(19F&;1:)/K()3&I78&/:&S_C&H(OJ%&@+22(3&=.)+@T&VaW%&-.22&;.16/&E(&

76(3&/:&1(82+@(&=.)+@B&+6&.)?(@/:1&:;&/<(&G,&Q::6/(1%&81:*.3.)9&E(+A&-./<&/-.@(&/<(&
B#$ &:;&/<(&81(6()/&

MC& H(O& =.)+@B& +)3& <()@(& 3:7E2.)9& /<(& E1.9</)(66& :;& /<(& G,Q& E(+AD& R<(& 2+F:7/& :;& /<(6(& )(-&

+@@(2(1+/:16&:)&/<(&!"#$&6./(&V[W&.6&6<:-)&.)&].9D&BD&

&

149



J6*B$)?I&G,B&@<+1+@/(1.6/.@6&

A-"('96B)K56#+'+") L6B5$) 7$6(/#)

P)?(@/.:)&()(19F& T&'(O& ,8+@(&@<+19(&.)&G,B&I;1:A&"XD&ISJJ&

"?(@/.:)&()(19F& MC&'(O& ,G,&.A81:*(A()/&

$E&:;&81:/:)6NE7)@<&&-./<&BM&)6&E7)@<&68+@.)9&;:1&

=>!&I/:/+2&.)&S_a&E7)@<(6J&

T&SCSS&8NE&

I_D^&SCSU&8J&

Q1.9</)(66&9:+2&;:1&=>!&7891+3(&

I-./<&SM&Z&A+19.)J&

$E&:;&81:/:)6NE7)@<&&-./<&BM&)6&E7)@<&68+@.)9&;:1&

,G,&;.5(3&/+19(/&I/:/+2&.)&S_a&E7)@<(6J&

_&SCSS&8NE&

IS&SCST&8J&

,G,&;275&;:1&;.5(3&/+19(/&8<F6.@6&

!F@2.)9&8(1.:3&/:&MC&'(O& BDT&6& =>!&;.22.)9&/.A(&b&,G,&;275&

R1+)6*(16(&(A.//+)@(6&+/&(?(@/.:)&:;&=>!K/F8(&E(+A&

I):1A+2.0(3&c&S&6.9A+J&

U&'&AADA1+3& ,G,&1(X7.1(A()/&;:1&=>!&

=:)9./73.)+2&(A.//+)@(NE7)@<&IBM&)6&E7)@<&68+@.)9J& CDUM&(O6& ,G,&1(X7.1(A()/&;:1&=>!&

!.1@7A;(1()@(&

I1+/.:&G,BN,G,J&

SUT_DT&A&

ISMN^^J&

=>!&)((3&;:1&BM%&MC&+)3&^M&)6&

E7)@<&68+@.)9&

#]&<+1A:).@6&;:1&BM&)6&E7)@<&68+@.)9&

I1(68D&MC&:1&^M&)6J&

SaC&

I[C&:1&_CJ&

=>!&)((3&;:1&BM%&MC&+)3&^M&)6&

E7)@<&68+@.)9&

]:1& /<(&)((36&:;& /<(&=>!%& /<(&=GK,G=&-.22&:)2F&3(2.*(1&+&A:3(1+/(&E(+A&8:-(1&I`STC&YLJ&+/&

T&'(OD&>:-(*(1%&./6&678(1@:)37@/.)9&+@@(2(1+/.)9&6/17@/71(6&+1(&@+8+E2(&/:&:8(1+/(&+/&A7@<&<.9<(1&37/F&

@F@2(& /<+)&1(X7.1(3&EF&/<(&=>!D& &4/&/<(&@:6/&:;&6:A(&7891+3(&:;&#]&+)3&.);1+6/17@/71(%&/<.6&@+8+E.2./F&

@:723&E(&2+/(1&(582:./(3&/:&.)@1(+6(&E(+A&8:-(1&78&/:&T&HL&+/&M&+)3N:1&BDM&'(O&;:1&;72;.22.)9&/<(&)((36&

:;&+&)(7/1.):&;+@.2./F&+)3N:1&+&#+3.:+@/.*(&P:)&Q(+A&;+@.2./F&:;&/<(&)(5/&9()(1+/.:)&VSCWD&R<(&.)./.+2&+)3&

8:/()/.+2&(*:27/.:)&:;&/<(&2.)+@&68(@.;.@+/.:)6&+1(&67AA+1.0(3&.)&R+E2(&BD&

&

&

].9D&B\&=+F:7/&:)&/<(&!"#$&6./(&

150



J6*B$)@I&=:-&G:-(1&+)3&>.9<&G:-(1&,G=&E(+A&@<+1+@/(1.6/.@6&

) 1A8!A1) 2A8!A1)MG+'/#)?) 2A8!A1)MG+'/#)@)

H+5.A7A&Y.)(/.@&()(19F&V'(OW& T& T&:1&M&+& T&:1&M&+&

4*(1+9(&E(+A&@711()/&371.)9&8726(&VA4W& BC& BC& TC&E&

G726.)9&1+/(&V>0W& B& MC& MC&

G726(&371+/.:)&VA6W& CD[& CD[& SDB&E&

Q(+A&8:-(1&VHLW& CDST& BDBM&d&BDM&'(O&

/%)

TDM&HL&+/&M&'(O&

M&d&BDM&'(O&

6#.)

T&HL&+/&M&'(O&
& +&#(X7.1(3&;:1&+&)(7/1.):&;+@/:1FD&
& E&#(X7.1(3&;:1&B&6.A72/+)(:76&76(16&:;&<.9<&E(+A&8:-(1&:1&;:1&M&HL&+/&BDM&'(O&

@DN! ;=GB$=$#+6+'/#)GB6#)

!"#"$! %&'()*+

R<(&@:)6/17@/.:)&:;&/<(&=GK,G=&;1:)/K()3%&=.)+@T%&<+6&E(()&+881:*(3&+/&/<(&()3&:;&BCC^%&+6&+)&(;;.@.()/&

A(+)6&/:&.)@1(+6(&/<(&8(1;:1A+)@(&:;&/<(&G,&@:A82(5&+)3&/:&81(8+1(&;:1&/<(&=GK,G=&./6(2;D&46&+&1(672/&:;&

/<.6&;.16/&6/(8%&/<(&E1.9</)(66&8(1&8726(&:;&/<(&G,&Q::6/(1&-.22&E(&3:7E2(3%&=.)+@T&81:*.3.)9&E(+A&+/&S_C&

H(O%&-./<&/-.@(&/<(&
B#$ &:;&/<(&81(6()/&MC&H(O&=.)+@BD&R<(&G,&-.22&E(&;.22(3&EF&+&6.)92(&8726(&;1:A&/<(&

G,Q%& A.).A.0.)9& /<(& /.A(& 68()/& -./<& +& 2+19(& 68+@(& @<+19(& :)& /<(& G,& .)?(@/.:)& ;2+/& 8:1@<& +)3& <()@(&

67881(66.)9&/<(&+66:@.+/(3&(A.//+)@(&E2:-K78&+)3&E(+A&2:66D&&

=.)+@T&.6&(X7.88(3&-./<&):1A+2&@:)37@/.)9&+@@(2(1+/.)9&6/17@/71(6D&R<(&;1(X7()@F&:;&UMBDB&H>0&

<+6& E(()& @<:6()& ;:1& ./6& @:)*().()@(& ;:1& +@@(2(1+/.)9&81:/:)6& .)& /<.6& ()(19F& 1+)9(%& +)3&E(@+76(&:;& /<(&

+*+.2+E.2./F&:;&+&2+19(&.)*()/:1F&:;&="G&#]&(X7.8A()/D&R<(&E2:@Y&3.+91+A&:;&/<(&+@@(2(1+/:1&.6&6<:-)&.)&

].9D&UD&R<.1/(()& ;:1A(1K="G&Y2F6/1:)6&+)3& 6.5&)(-&8726(3&3(*.@(6&+1(&76(3&/:&(5@./(& /<(&;:71&3.;;(1()/&

/F8(6&:;&+@@(2(1+/.)9&6/17@/71(6D&4&;:71&*+)(&#]e&E7)@<(6&+)3&+@@(2(1+/(6&/<(&E(+A&78&/:&U&H(O&-<(1(&

+&-.3(E+)3& N&<.9<& 68((3&@<:88(1& I1.6(&+)3& ;+22& /.A(&fB&)6J& /+.2:16& /<(&E7)@<& /1+.)& /:& /<(&)((36&:;& /<(&

;:22:-.)9&6F)@<1:/1:)D&4)&42*+1(0KgR=&(X7.88(3&-./<&8(1A+)()/&X7+3178:2(&A+9)(/6&E1.)96&/<(&()(19F&

78&/:&MC&H(OD&!+*./FK!:782(3&gR=&I!!gR=J&6/17@/71(6&+1(&76(3&.)&/<(&()(19F&1+)9(&;1:A&MC&/:&SCB&

H(O&;:22:-(3&EF&G.&H:3(&,/17@/71(6&IGPH,J&;:1&+@@(2(1+/.:)&78&/:&S_C&H(OD&

&

].9D&U\&Q2:@Y&3.+91+A&:;&=.)+@T&

!.*.2&")9.)((1.)9&-:1Y&-.22&;.).6<&+/& /<(&()3&:;&BCSCD&P)6/+22+/.:)&:;& /<(&.);1+6/17@/71(&-.22& /<()&

/+Y(&82+@(&.)&BCSS%&;:22:-(3&EF&/<(&.)6/+22+/.:)&:;&/<(&+@@(2(1+/:1&./6(2;D&=.)+@&E(+A&@:AA.66.:).)9&-.22&

6/+1/&.)&/<(&A.332(&:;&BCSB&+)3&2+6/&7)/.2&/<(&/<.13&X7+1/(1&:;&BCSU%&-<()&+22&+@@(2(1+/:16&-.22&E(&6/:88(3&

+)3& /<(&G,Q&-.22&E(&A:3.;.(3D&4;/(1&U&A:)/<6&:;&E(+A&@:AA.66.:).)9%&:8(1+/.:)&-.22&1(67A(&.)&481.2&

BCST&+)3&=.)+@T&-.22&E(@:A(&/<(&6:71@(&:;&+22&81:/:)6&;:1&<.9<&()(19F&8<F6.@6&+/&!"#$D&

!"#"!! ,-.+%/0+&'1-)2345+

R<(&6/73F&:;&/<(&=GK,G=%&G,B&+)3&,G,&7891+3(&<+6&+26:&E(()&+881:*(3&+/&/<(&()3&:;&BCC^%&-./<&/<(&9:+2&

:;&81(8+1.)9&+&81:?(@/&81:8:6+2&;:1&A.3KBCSBD&

151



R<(&=GK,G=&-.22&3(2.*(1&E(+A&+/&B>0&-./<&/<(&@<+1+@/(1.6/.@6&6<:-)&.)&R+E2(&BD&P/&.6&A+3(&78&:;&B&

6(@/.:)6& :;& 678(1@:)37@/.)9& @+*./.(6& +@@(2(1+/.)9& /<(& >
K
& E(+A& ;1:A& S_C& H(O& /:& T&'(O& V[WD& Q:/<&

6(@/.:)6&:8(1+/(&+/&^CT&H>0&+)3&76(&MK@(22&(22.8/.@+2&@+*./.(6&3.;;(1.)9&EF&/<(&76(&:;&3.;;(1()/&9(:A(/1.@&

#& I1(68(@/.*(2F&CD_M&+)3&SDCJD&!<+22()9.)9&8(+Y&671;+@(&;.(236&:;&MC&HONA&+)3&SCC&AR&+1(&+667A(3%&

@:11(68:)3.)9& /:& +@@(2(1+/.)9& 91+3.()/6& :;& S[DU& +)3& BM&HONAD&H(3.7A&#& @+*./.(6& +1(& 91:78(3& .)& SC&

@1F:A:372(6& :;& SSDM& A& 2()9/<& @:)/+.).)9& _& @+*./.(6& +)3& B& X7+3178:2(& 3:7E2(/6D& >.9<&#& @+*./.(6& +1(&

91:78(3&.)&Sa&@1F:A:372(6&:;&STDU&A&2()9/<&@:)/+.).)9&a&@+*./.(6&+)3&S&X7+3178:2(&3:7E2(/D&46&6<:-)&

.)& /<(&E2:@Y&3.+91+A&:;&].9D&T%&E(+A&(5/1+@/.:)&.6&;:1(6(()&+/&`SDT&'(O&;:1&67882F.)9&8+1/.@2(6& /:& /<(&

P,h=g"&(58(1.A()/+2&+1(+&I].9D&BJD&

&

].9D&T\&Q2:@Y&3.+91+A&:;&/<(&=GK,G=&

R<(&A+.)&@<+1+@/(1.6/.@6&:;&G,B&+)3&./6&E(+A&+1(&67AA+1.0(3&.)&R+E2(&SD&R<(&E+6.@&3(6.9)&@<:.@(6&

;:1& /<(& +@@(2(1+/:1& <+*(& 1(@()/2F& E(()&A+3(& V_WD& R:& 6+/.6;F& /<(& .)/(91+/.:)& 1(X7.1(A()/6%& +& 1+@(& /1+@Y&

6<+8(3&.6&81(;(11(3D&!<+19(&(5@<+)9(&.)?(@/.:)&.6&.A82(A()/(3&/:&+@@7A72+/(&/<(&>
K
&E(+A&;1:A&/<(&=GK

,G=D&]+6/&.)?(@/.:)&.6&;:1(6(()&;:1&<(+*F&.:)6&;1:A&="P#D&Q(+A&@+)&E(&(5/1+@/(3&+/&/<(&<.9<(6/&()(19F&

IMC& '(OJ& (./<(1& .)& +& 6.)92(& /71)& I;:1& =>!J%& .)& ;.*(& /71)6& I;:1& ,G=& ;.5(3& /+19(/& 8<F6.@6J& :1& EF& 62:-&

1(6:)+)/& (?(@/.:)& I;:1& +& 8:/()/.+2& (58(1.A()/+2& +1(+JD& R<(& 2+//.@(& .6& :;& /<(& $(9+/.*(& H:A()/7A&

!:A8+@/.:)&I$H!J&/F8(%&/:&+*:.3&/<(&@1:66.)9&:;&/1+)6./.:)&371.)9&+@@(2(1+/.:)&I$.#iU^.JD&R<(&#]&6F6/(A&

:8(1+/(6&:*(1& /<(& ;1(X7()@F& 1+)9(& ;1:A&Sa& /:&TC&H>0D&R<(&68+@.)9&E(/-(()&E7)@<(6&+)3& /<(&:*(1+22&

/.A(&6/17@/71(&:;&/<(&@.1@72+/.)9&E(+A&.6&:E/+.)(3&3.1(@/2F&+/&.)?(@/.:)%&/<1:79<&+)&+3(X7+/(&@<:88.)9&.)&

/<(&=GK,G=&;1:)/&()3D&!:A8+1(3&/:&/<(&@:A82(5./F&:;&/<(&6@<(A(&81(6()/2F&76(3&.)&/<(&G,Q&+)3&G,%&/<.6&

6.A82(&A:3(&:;&:8(1+/.:)&.6&(58(@/(3&/:&E(&*(1F&1:E76/&+)3&1(2.+E2(D&

P;&/<(&3(@.6.:)&/:&E7.23&/<(&)(-&.)?(@/:16&.6&/+Y()&+/&/<(&()3&:;&BCSB%&/<(.1&@:)6/17@/.:)&-.22&6/+1/&+/&

/<(&E(9.)).)9&:;&BCSUD&h)@(& /<(&/7))(26&+1(&+*+.2+E2(%& /<(&=GK,G=&-.22&E(&81:91(66.*(2F&.)6/+22(3&+)3&

E(+A&@:AA.66.:)(3&+/& .)@1(+6.)92F&<.9<(1&()(19.(6D&G,B&-.22&;.16/&E(&/(6/(3&-./<&+&;+6/&.)?(@/(3&81:/:)&

E(+A&;1:A&/<(&G,&+)3&+;/(1-+136&-./<&/<(&>
K
&E(+A&;1:A&/<(&=GK,G=&76.)9&@<+19(&(5@<+)9(&.)?(@/.:)D&

Q:/<&+@@(2(1+/:16&-.22&E(&;722F&E(+A&@:AA.66.:)(3&-./<:7/&.)/(1;(1.)9&-./<&/<(&=>!&8<F6.@6&81:91+AD&

h)@(&/<(&;:1(6(()&E(+A&@<+1+@/(1.6/.@6&+1(&:E/+.)(3&+/&/<(&(5./&:;&G,B%&/<(&@:))(@/.:)&-.22&E(&A+3(&-./<&

/<(&,G,&.)&BCS[KBCBCD&

!"#"#! /&67+83.-4+98%+3:2&3'5+

R<(&E(+A&8:-(1&:;& /<(&=GK,G=&@+)& 2+/(1&E(&7891+3(3& /:&A72/.KHL&EF& .)@1(+6.)9& /<(&@F@2.)9&1+/(& /:&

MC&>0&IR+E2(&BJ%&-<.@<&.A82.(6& /<(&1(82+@(A()/N7891+3(&:;&8:-(1&67882.(6&+)3&+&A+?:1&7891+3(&:;&/<(&

.);1+6/17@/71(&I(2(@/1.@./F%&-+/(1&@::2.)9&+)3&@1F:9().@6JD&

P;& +& E(+A& 8:-(1& 2+19(1& /<+)& B&HL& .6& )((3(3& +/& BDM&'(O%& :1& .;& /-:& <.9<& 8:-(1& 76(16& 1(X7.1(&

`T&HL&6.A72/+)(:762F%&/<(&E(+A&@711()/&371.)9&/<(&8726(&-.22&<+*(&/:&E(&3:7E2(3&/:&TC&A4%&3:7E2.)9&

/<(&)7AE(1&:;&<.9<&8:-(1&#]&+A82.;.(16D&"):79<&68+@(&-.22&E(&1(6(1*(3&.)&/<(&2.)+@&/7))(2&/:&(*()/7+22F&

+33&+@@(2(1+/.)9&6/17@/71(6&+)3&E1.)9&/<(&E(+A&()(19F&/:&M&'(O%&+6&1(X7.1(3&;:1&+&)(7/1.):&;+@/:1FD&

152



N! A/+$#+'6B)0/%)#$5+%'#/)$OG$%'=$#+()

ND?! A!@))

46& +& 1(672/& :;& /<(& 1(X7.1(A()/6& :;& /<(& =>!& 7891+3(%& G,B& -.22& E(& @+8+E2(& /:& 3(2.*(1& 78& /:& SCST&

81:/:)6N8726(&+/&MC&'(O&(*(1F&BDT&6&/:&/<(&,G,&;:1&;.5(3&/+19(/&8<F6.@6D&R<.6&@:11(68:)36&/:&+)&+*(1+9(&

E(+A&8:-(1&:;&UUC&YL&:1&/:&`T (SCBC&8:/NF(+1&I`_&/.A(6&/<(&@+8+E.2./F&:;&/:3+Fj6&G,JD!

R:&A((/&/<(&)((36&:;&)(7/1.):&8<F6.@.6/6&-<:&+1(&(58(@/.)9&U(SCBS&8:/NF(+1&VSSW%&+&)(-&3(6.9)&.6&
/<(1(;:1(&)((3(3D&Q(+A&2:66&+)+2F6.6&+)3&A+)+9(A()/&6<:723&E(&6/73.(3&.)&91(+/&3(/+.2&/:&A+Y(&671(&/<+/&

<+)36K:)&A+.)/()+)@(&-.22&1(A+.)&8:66.E2(D&R<(&:)2F&A(+)6&/:&.)@1(+6(&E(+A&8:-(1&E(.)9&2.)Y(3&/:&/<(&

.)/()6./F&8(1&8726(&+)3&/<(&1(8(/./.:)&1+/(%& ./&@+)&E(&81(3.@/(3&/<+/&+&HLK@2+66&G,B&-.22&1(X7.1(&2+19(1&

A+9)(/& +8(1/71(6%&A:1(&#]& *:2/+9(& +)3&#]& 8:-(1%&A:1(&8:-(1;72&A+9)(/6&8:-(1& 67882.(6&+)3&A7@<&

A:1(&.)*:2*(3&@:22.A+/.:)&+)3&E(+A&+E:1/&6F6/(A6D&

ND@! !A!),'+-)+-$)#$,)'#C$9+/%()

L./<& 1(68(@/& /:& /<(& G,%& G,B&-.22& 3(2.*(1& /:& /<(& ,G,& ;:1& ;.5(3& /+19(/& 8<F6.@6& +& E(+A& :;&A7@<& E(//(1&

@<+1+@/(1.6/.@6&IR+E2(&UJD&

J6*B$)NI&!:A8+1.6:)&E(/-(()&G,&+)3&G,B&;:1&;.5(3&/+19(/&8<F6.@6&-./<&/<(&,G,&

) A!) A!@) >.:6#+6&$)/0)A!@) <$#$0'+)0/%)!A!)

P)?(@/.:)&()(19F&.)&/<(&

,G,&V'(OW&

ST& B_KMC& P)?(@/.:)&+E:*(&/1+)6./.:)&

,A+22(1&E(+A&6.0(&

$:&/1+)6./.:)&@1:66.)9&

=(66&2:66&+/&.)?(@/.:)&

$7AE(1&&:;&&8726(6&;:1&

;.22.)9&/<(&,G,&

B& S& $:&,G,&.)?(@/.:)&;2+/&8:1@<&&

&

=(66&2:66&:)&;2+/&8:1@<&

'+.)&:;&SDB6&.)&,G,&@F@2(&

=:)9./73.)+2&E(+A&

@<+1+@/(1.6/.@6&

G+1/2F&

E7)@<(3&

]722F&

E7)@<(3&

H+/@<(3&E7)@<&/:&E7@Y(/&

/1+)6;(1&

=(66&@+8/71(&2:66&

$7AE(1&:;&81:/:)6N8726(& B(U(SCSU& SCST& >.9<(1&.)/()6./F& G:/()/.+2&;:1&<.9<(1&

.)/(6)./F&

4667A.)9& /<+/& /<(& ,G,& .6& 7891+3(3& +)3& A+3(& @+8+E2(& /:& +@@(2(1+/(& +)3& /1+)6;(1& /<(& E(+A6&

68(@.;.(3&;:1&/<(&=>!&7891+3(%&/<(&E(+A&;:1&;.5(3&/+19(/&8<F6.@6&-.22&E(&2.A./(3&.)&/<(&,G,&A:6/2F&EF&#]&

I*:2/+9(& +)3& 8:-(1J& +)3& +@/.*+/.:)&37(& /:&E(+A& 2:66D&P;&E(+A& .6& 6()/&:)/:& /<(&!$',& /+19(/& VSBW%& /<(&

3(6.9)&8+1+A(/(16&:;&/<(&!$',&;+@.2./F&-.22&E(&/<(&+@/7+2&2.A./6&IA+5.A7A&.)/()6./F&8(1&8726(&;:1&/+19(/&

+)3&<:1)%&A+5.A7A&;275&/:&/+19(/N<:1)&+)3&<+31:)&6/:8JD&H:1(:*(1%&+22&1+3.+/.:)&81:/(@/.:)&@+2@72+/.:)&

6<+22&E(&1(3:)(&-./<&/<(&)(-&8+1+A(/(16%&A:1(&6<.(23.)9&.6&2.Y(2F&/:&E(&)((3(3&+)3&+&)(-&P$Q&+881:*+2&

EF&/<(&]1()@<&P#,$&<+6&/:&E(&:E/+.)(3D&R<.6&<+6&E(()&6/73.(3&.)&BCC_%&+)3&/<(&1(672/6&87E2.6<(3&.)&#(;D&

VSBW& 6<:-& /<+/& /<(& 8:/()/.+2& 81:/:)& ;275& :)& /+19(/& +/&TCC&'(O& @+)&E(&E1:79</&78& /:&B&:1&U& /.A(6& /<(&

):A.)+2&*+27(&;:1&!$',&IR+E2(&TJD&

J6*B$)PI&G1:/:)6&:)&/+19(/&8(1&F(+1&V(SCS[W&;:1&BCC&3+F6&:;&,G,&:8(1+/.:)&-./<&aC&Z&A+@<.)(&+*+.2+E.2./F&

!A!)9"9B$)B$#&+-) Q)() PDR)()

;#C$9+'/#)=/=$#+5=) ?P)S$LT9) @Q)S$LT9)

<$6=)(-6%'#&) UDPV) UDRV) UDPV) UDRV)

G1(6()/&.)?(@/:16&ITDa(SCSU&8N8J& M& [DT& & &

]7/71(&.)?(@/:16&k&,G,&#]&7891+3(&;:1&=>!&I^(SCSU&8N8J& & & [& S^DS&

]7/71(&.)?(@/:16&k&)(-&,G,&#]&6F6/(A&&ISCST&8N8J& & & SBD[& BTDM&

153



NDN! 2'&-)G/,$%)!A1)

4&678(1@:)37@/.)9&81:/:)&2.)+@&.6&+&6+;(&+)3&1(2.+E2(&6:27/.:)&;:1&/<(&67882F&:;&+&<.9<&8:-(1&81:/:)&E(+A&

+/&+&;(-&'(OD&46&67@<%&/<(&=GK,G=&<+6&/<(&8:/()/.+2&/:&E(&7891+3(3&/:&A72/.KHL&:;&E(+A&8:-(1&+/&78&

/:&M&'(OD&]:1&)(7/1.):&+882.@+/.:)6%&<:-(*(1%&/<(&81:/:)&E(+A&:)&/+19(/&A76/&+26:&<+*(&+&/.A(&6/17@/71(&

-<.@<& +& 2.)+@& @+)):/& 3(2.*(1\& ;:1& +& 678(1E(+A%& +& 8726(& :;& +& ;(-&µ6& .6& 1(X7.1(3%&-<.2(& ;:1& +& )(7/1.):&

;+@/:1F& +& ;(-& E7)@<(6& :;& `B)6& 1A6& E7)@<& 2()9/<& +1(&A+)3+/:1FD&R<(& 2.)+@& E(+A&<+6& /<(1(;:1(& /:& E(&

@:A82(A()/(3&-./<&:)(&:1&/-:&1.)96D&&

#"#"$! ;::<&)(2&3'+23+(+,-=24&'3+>()234?+

4&)(7/1.):&;+@/:1F&<+6&*(1F&3(A+)3.)9&)((36&IR+E2(&MJ%&+6&3(;.)(3&EF&/<(&P,,&-:1Y.)9&91:78&VSUWD&

J6*B$)VI&G1:/:)&31.*(1&1(X7.1(A()/6&:;&+&)(7/1.):&;+@/:1F&VSUW&

A6%6=$+$%) L6B5$)

4*(1+9(&E(+A&8:-(1&VHLW& T&

G726(&1(8(/./.:)&;1(X7()@F&V>0W& MC&

Q(+A&Y.)(/.@&()(19F&V'(OW& SC&± M!

Q7)@<&2()9/<&I1A6J&V)6W& B&±&S&

$7AE(1&:;&81:/:)&E7)@<(6&& U&:1&M&

,(X7()/.+2&(5/1+@/.:)&3(2+F&Vµ6W& ) S^!

G726(&371+/.:)&I2.X7.3&>9&/+19(/J&Vµ6W& * TC!

G726(&371+/.:)&I6:2.3&/+19(/J&Vµ6W& ) BC&

4&6@<(A(&<+6&E(()&3(6.9)(3&-<.@<&@+)&8:/()/.+22F&A((/&/<(6(&68(@.;.@+/.:)6&VSTW%&76.)9&/<(&M&'(O&

<.9<&8:-(1&,G=&+)3&/-:&;.5(3&()(19F&1.)96&:;&+881:5.A+/(2F&UCC&AD&P)&/<(&;.16/&1.)9&I/<(&+@@7A72+/:1J%&

/<(& @<:88(3& 2.)+@& E(+A& .6& +@@7A72+/(3& .)& +& ;(-& 2:)9&E7)@<(6%& 76.)9& @<+19(K(5@<+)9(& .)?(@/.:)D&R<(&

+@@7A72+/:1&.6&.6:@<1:):76&/:&81(6(1*(&/<(&/.A(&6/17@/71(&:;&/<(&2.)+@&E(+A%&+)3&./&<+6&):&#]&6F6/(A&/:&

A.).A.0(& /<(& .A8(3+)@(D& h)@(& +@@7A72+/.:)& .6& ;.).6<(3%& E7)@<(6& +1(& /1+)6;(11(3& :)(& EF& :)(& /:& /<(&

6(@:)3& 1.)9& I/<(&@:A81(66:1J&-<(1(& /<(F&+1(&1:/+/(3&.)& /<(&2:)9./73.)+2&8<+6(&82+)(&+)3&(?(@/(3&/:& /<(&

/+19(/&-<()&/<(.1&2()9/<&.6&A.).A7AD&R<.6&81.)@.82(&.6&6Y(/@<(3&.)&].9D&M&.)&/<(&@+6(&:;&_&E7)@<(6D&Q7)@<&

1:/+/.:)&/+Y(6&82+@(&-./<&/<(&()(19F&6/:1(3&.)&/<(&@+*./.(6&:;&/<(&2:-&;1(X7()@F&#]&6F6/(AD&&

&
&

H'&D)V\&G1.)@.82(&:;&E7)@<&9()(1+/.:)&;:1&+&)(7/1.):&;+@/:1F&

R<(&+@@7A72+/:1&+)3&@:A81(66:1&1.)96&<+*(&E(()&3(6.9)(3&+)3&8+1/.@2(&/+@Y.)9&6.A72+/.:)6&<+*(&

6<:-)&/<+/&E7)@<(6&:;&B&)6&1A6&2()9/<&@+)&.)3((3&E(&9()(1+/(3&I].9D_JD&R<(&6/73F&:;&@:22(@/.*(&(;;(@/6&.)&

154



/<(&+@@7A72+/:1&<+6&1(*(+2(3&/<+/&/<(&.A8(3+)@(6&1(X7.1(3&;:1&6/+E.2./F&+1(&-./<.)&1(+@<D&H:1(&3.;;.@72/&

6@()+1.:6&<+*(&E(()&3(*(2:8(3&;:1&9()(1+/.)9&2(66&/<+)&_&E7)@<(6D&R<(&A+.)&8+1+A(/(16&:;&/<(&1.)96&.)&

/<(6(&3.;;(1()/&@+6(6&+1(&6<:-)&.)&R+E2(&_D&

J6*B$)QI&H+.)&8+1+A(/(16&:;&/<(&+@@7A72+/:1&+)3&@:A81(66:1&;:1&+&)(7/1.):&;+@/:1F&

7'#&) A6%6=$+$%) Q)*5#9-$()96($) N)W)?)*5#9-)96($()

4@@7A72+/:1& !.1@7A;(1()@(&VAW& USaDM& SaMDa&

& $ED&:;&+@@7A72+/.:)&/71)6& TCC& _TC&N&S[BC&

& RF8(&:;&A+9)(/6& $!& ,!&

!:A81(66:1& !.1@7A;(1()@(&VAW& USTDB& BCC&

& $ED&:;&@:A81(66.:)&/71)6& U_& a_&

& #]&*:2/+9(&:)&<iU&IHOW& T& SD^&

& R1+)6./.:)&9+AA+& BDU& BDaU&

& RF8(&:;&A+9)(/6& ,!& $!&

& P)/(1*+2&E(/-(()&E7)@<(6&Vµ6W& SB& UC&

-40 -20 0 20 40
-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15
 Injection

 Rotated

d
E

 (
G

e
V

)

RF phase/3 (deg.) &

-3 -2 -1 0 1 2 3
0

5

10

15

C
o
u

n
ts

/b
in

 (
%

, 
b

in
=

0
.2

 d
e
g
)

RF phase/3 (deg)

 Rotated

!=1.98 ns

&

H'&D)Q\&Q7)@<&1:/+/.:)&.)&/<(&2:)9./73.)+2&8<+6(&82+)(&I2(;/J&+)3&2:)9./73.)+2&3()6./F&+/&(?(@/.:)&I1.9</J&

#"#"!! ;::<&)(2&3'+23+(+<3.+-'-46?+'-=24&'3+@5=:-4AB-(CD+

R:&9()(1+/(&+&2:-&()(19F&)(7/1.):&678(1E(+A&;1:A&'&3(@+F%&/<(&/.A(&6/17@/71(&:;&/<(&E(+A&81:*.3(3&EF&

/<(&+@@7A72+/:1&.6&8(1;(@/2F&+3(X7+/(&+)3&/<(&@:A81(66:1&.6&):/&)(@(66+1FD&

#"#"#! ;::<&)(2&3'+23+(+@B-2(AB-(CD+E()&<&2?+

P)& /<(& @:)/(5/& :;& /<(& "l#P,h=& g(6.9)& ,/73F& 6788:1/(3& -./<.)& /<(& _
/<
& ]1+A(-:1Y& G1:91+A& :;& /<(&

"71:8(+)&l).:)& VSMW%& /<(&8:66.E.2./F&<+6&E(()& 6/73.(3&/:&9()(1+/(&(2(@/1:)&)(7/1.):6&+)3&+)/.)(7/1.):6&

;1:A&/<(&E(/+&3(@+F&:;&
_
>(&:1&

Sa
$(&1+3.:+@/.*(&.:)6D&P/&<+6&E(()&6<:-)&/<+/&/<(&)(@(66+1F&;275&:;&U(&SC

SU
&

_
>(& 8(1& 6(@:)3& @+)& E(& :E/+.)(3& .11+3.+/.)9& +& Q(1F22.7A& h5.3(& /+19(/& -./<& /<(& 68+22+/.:)& )(7/1:)6&

1(672/.)9&;1:A&+&81:/:)&E(+A&:;&`BCC&YL&+/&SKB&'(O&:)&+&@:)*(1/(1&/+19(/D&R<(&,G=&-:723&E(&8(1;(@/2F&

+E2(& /:& 6+/.6;F& /<.6&)((3D&>:-(*(1%&):& 6+/.6;F.)9& 6:27/.:)&<+6&F(/&E(()&;:7)3&;:1&9(//.)9&/<(&)(@(66+1F&

;275& :;& B(& SC
SU
&
Sa
$(& .:)6N6%& +2/<:79<& +& 81:A.6.)9& /(@<).X7(& E+6(3& :)& ^C&H(O&81:/:)& .11+3.+/.)9& +)&

427A.).7A&h5.3(&/+19(/&<+6&1(@()/2F&E(()&81:8:6(3D&

155



P! !"#$%&"),'+-)6)76.'/69+':$);/#)<$6=)H69'B'+")

L./<&./6&MC&>0&1+/(%&/<(&<.9<&8:-(1&,G=&.6&+&@:A8(/./.*(&81:/:)&31.*(1&;:1&+&1+3.:+@/.*(&.:)&E(+A&;+@.2./F&

:;& /<(& )(5/& 9()(1+/.:)& I"l#P,h=K2.Y(J& VSMWD& R<(& E(+A& ;1:A& /<(&,G=&@+)&3.1(@/2F&E(&76(3%& +)3&(*()&

81(;(1+E2F&/<(&>
K
&.:)6%&-./<:7/&/<(&)((3&;:1&+)&.)/(1A(3.+/(&1.)9D&].971(&^&6<:-6&+&8:66.E2(&2+F:7/&:)&/<(&

!"#$&6./(D&

&

H'&D)XI&P,h=g"&+)3&"l#P,h=&2+F:7/6&:)&/<(&!"#$&6./(&

P)& +& ;.16/& 6/+9(%& /<(& 81(6()/& P,h=g"& +1(+& -.22& 1(@(.*(& `SDT&'(O& 81:/:)6& ;1:A& /<(& =GK,G=& .)&

81:/:)&8726(6&:;&BC&A4&N&CD[&A6&2()9/<&+/&+)&+*(1+9(&1+/(&:;&SDBM&>0&IU&8726(6&:7/&:;&T%&(*(1F&CD_&6J%&

-<.@<&@:11(68:)36&/:&+&E(+A&8:-(1&:;&US&YLD&P;&P,h=g"&76(16&+1(&.)/(1(6/(3&.)&+&2:-(1&E(+A&()(19F&

:;&S&'(O&+)3&+&1(37@(3&8726(&2()9/<&:;&CDUa&A6%&/<(&1+/(&@:723&E(&.)@1(+6(3&/:&`U&>0&;:1&/<(&6+A(&E(+A&

8:-(1%& EF& 1(37@.)9& /<(& ;.(23& .)& /<(& @+*./.(6& +)3& +@@(2(1+/.)9& +& 62.9</2F& <.9<(1& @711()/& .)& /<(&=GK,G=&

IBa&A4&.)6/(+3&:;&BC&A4JD&

P)&+&6(@:)3&6/+9(%&/<(&=GK,G=&@:723&E(&7891+3(3&/:&<.9<&E(+A&8:-(1&EF&.)@1(+6.)9&./6&1(8(/./.:)&

1+/(&/:&MC&>0&I>GK,G=&h8/.:)&S&.)&R+E2(&BJD&R<(&"l#P,h=&(58(1.A()/+2&+1(+&@:723&/<()&1(@(.*(&78&/:&

BDBM&HL&:;& E(+A&8:-(1& +/& BDM&'(O%& .;& /<(1(& .6& ):& :/<(1& 76(1&:;& /<(&,G=&<.9<&8:-(1&E(+AD&R:&9(/&

M&HL%&:1&/:&E(&+E2(&/:&:8(1+/(&6.A72/+)(:762F&-./<&+):/<(1&76(1&:;&<.9<&E(+A&8:-(1%&/<(&E(+A&@711()/&

6<:723&E(&.)@1(+6(3&EF&+&;+@/:1&:;&/-:&/:&TC&A4%&EF&3:7E2.)9&/<(&)7AE(1&:;&Y2F6/1:)6&.)&/<(&,G=&I>GK

,G=&h8/.:)&B&.)&R+E2(&BJD&

V! !5==6%")

R<(& @<+.)& :;& +@@(2(1+/:16& A+3(& 78& :;& /<(& =GK,G=%& G,B&+)3& /<(& 7891+3(3& ,G,&-.22& 81:*.3(& +& 2:/& :;&

;2(5.E.2./F& ;:1& /+.2:1.)9& /<(& E(+A& .)?(@/(3& .)6.3(& /<(& =>!& /:& -<+/(*(1& 6:27/.:)& -.22& ;.)+22F& E(&

.A82(A()/(3&;:1&7891+3.)9&/<(&.)/(91+/(3&27A.):6./FD&l6(16&:;&P,h=g"&+)3&,G,&;.5(3&/+19(/&E(+A6&-.22&

156



.AA(3.+/(2F& E()(;./& ;1:A& /<(6(& )(-& +@@(2(1+/:16D& R<(&=GK,G=& +)3& /<(& ,G,& <+*(& /<(& 8:/()/.+2& /:& E(&

7891+3(3&;:1&67882F.)9&+&<.9<(1&E(+A&8:-(1D&P;& /<.6&@+8+E.2./F& .6&)((3(3&;:1&G,B%&./6&3(6.9)&6<:723&E(&

1(*.6./(3& +@@:13.)92FD& 4& 678(1@:)37@/.)9& 81:/:)& 2.)+@& .6& (68(@.+22F& -:1/<-<.2(& .)& /<(& !"#$& @:)/(5/&

E(@+76(&:;&./6&@+8+E.2./F&/:&E(&7891+3(3&.)/:&/<(&81:/:)&31.*(1&;:1&+&)(7/1.):&;+@.2./F&+)3N:1&+&"l#P,h=K

2.Y(&1+3.:+@/.*(&.:)&E(+A&;+@.2./FD&

>9Y#/,B$.&$=$#+)

R<.6&3:@7A()/& 67AA+1.0(6& /<(&-:1Y&:;&A72/.82(& /(+A6& I>PG&+)3&G4]&-:1Y.)9&91:786m&G,B%&,G=&+)3&

,G,&7891+3(& 6/73F& /(+A6m&)(7/1.):& 6/73F& /(+AJ&+)3&:;&)7A(1:76&-:1Y6<:86& I(68(@.+22F& /<(&>>>&+)3&

$7]+@/&6(1.(6JD&R<(&1(;(1()@(6&+1(&+)&+//(A8/&+/&8:.)/.)9&/:&/<(&A+.)&6:71@(6&:;&.);:1A+/.:)D&

7$0$%$#9$()

VSW! hD&Q17).)9&I(3DJ&(/&+2D%&=>!&g(6.9)&#(8:1/\&O:27A(&P\&R<(&=>!&H+.)&#.)9%&!"#$KBCCTKCCU%&

OKB&IBCCTJD&

VBW!HD&Q()(3.Y/&I(3DJ&(/&+2D%&=>!&g(6.9)&#(8:1/%&O:27A(&U\&R<(&=>!&P)?(@/.:)&!<+.)%&!"#$KBCCTK

CCU%&OKU&IBCCTJD&

VUW! ]D& '.+)://.%& HD=D& H+)9+):%& RD& O.13((& I@:)*():16J%& G<F6.@6& G:/()/.+2& +)3& "58(1.A()/+2&

!<+22()9(6&:;& /<(&=>!&=7A.):6./F&l891+3(%&!"#$KR>NBCCBKC^a%&<(8K8<NCBCTCa^DnDHD&#+EF%&

Q.:8<F6.@+2&+68(@/6&:;&1+3.+/.:)&X7+2./F%&P4"4%&R(@<).@+2&#(8:1/6&,(1.(6&$:D&Ma&IS[__JD&

VTW!LD&,@+)3+2(&I(3DJ%&]D&o.AA(1A+))&I(3DJ&(/&+2D%&G1:@D&].)+2&!4#"K>>>&L:1Y6<:8&:)&,@()+1.:6&

;:1&/<(&=>!&l891+3(&+)3&]4P#%&!<+*+))(6K3(KQ:9.6%&!"#$KBCC[KCCTD&

VMW! #D&'+1:EF%&l891+3(&P667(6&;:1&/<(&!"#$&4@@(2(1+/:1&!:A82(5%&!"#$K=>!KG#hn"!RK#(8:1/K

SSSCD& G1(6()/(3& +/& \& SS/<&"71:8(+)&G+1/.@2(&4@@(2(1+/:1&!:);(1()@(%&'():+%& P/+2F%&BU& K&B^& n7)&

BCCaD&

V_W!HD&Q()(3.Y/%&g(6.9)&h8/.A.0+/.:)&:;&G,B%&!"#$K6=>!KG#hn"!RK#(8:1/KCCBT%&G1(6()/(3&+/\&

G+1/.@2(&4@@(2(1+/:1&!:);(1()@(&IG4!C[J%&O+)@:7*(1%&!+)+3+%&TKa&H+F&BCC[D&

V^W! #D&'+1:EF&(/&+2D%&!:A8+1.6:)&:;&h8/.:)6&;:1&/<(&P)?(@/:1&:;&G,B%&!"#$K4QKBCC^KCSTKG4]D&&

VaW!HD&O1(/()+1& (/& +2D%& ,/+/76& :;& /<(&=.)+@T&G1:?(@/& +/&!"#$%&=P$4!jCa%&O.@/:1.+&Q!& I!+)+3+J%&

h@/:E(1&BCCa%&HhGCC^%&8D_T%&<//8\NN---Dn4!:LD:19&D&

V[W! nD=D&Q+23F&(/&+2D%&,./(&=+F:7/&:;&/<(&81:8:6(3&)(-&>+31:)6p&P)?(@/:1&!<+.)&+/&!"#$%&!"#$K4QK

BCCaKC_SKG4]D&

VSCW! #D& '+1:EF%& ,G=& +/& !"#$%& !"#$K6=>!KG#hn"!RK#(8:1/KCCSM%& G1(6()/(3& +/\& ST/<&

P)/(1)+/.:)+2&!:);(1()@(&:)&#]&,78(1@:)37@/.*./F%&Q(12.)%&'(1A+)F%&BCKBM&,(8/&BCC[D&

VSSW! 4D&#7EE.+%&4&<.9<&8:-(1&!"#$&G,B&;:1&2:)9&E+6(2.)(&(58(1.A()/6q%&/<(6(&81:@((3.)96D&

VSBW!HD&H(33+<.%&"D&,<+8:6<).Y:*+%&4)+2F6.6&:;&/<(&A+5.A7A&8:/()/.+2&81:/:)&;275&/:&!$',%&!"#$K

4QKBCC^KCSU&G4]D&

VSUW!HD& 488:2:).:& (/& +2D& IP,,& 4@@(2(1+/:1&L:1Y.)9& '1:78J%& 4@@(2(1+/:1& 3(6.9)& @:)@(8/& ;:1& ;7/71(&

)(7/1.):&;+@.2./.(6%&PhG&"2(@/1:).@&?:71)+26%&BCC[rnP$,RrTrGC^CCSD&

VSTW! "D&Q()(3(//:%&HD&4.E+%&#D&'+1:EF%&,G=KE+6(3&G1:/:)&g1.*(1& ;:1&+&$(7/1.):&]+@/:1F&+/&!"#$%&

/<(6(&81:@((3.)96D&

VSMW! "l#P,h=%&<//8\NN---D(71.6:2D:19N6./(CBN.)3(5D8<8&D&

157




