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Abstract

Cjcarpml _aacjcp_rmpg ¥_tc _ ugbc p_lec md _nnjga_rgmlq gl ~_qga pcqc_paf* kcbgaglc _1b
gIbsgrpw, GI mpbep rm pcbsac amgrg _Ib ggxc md dsrspe betgacqg _Ib d_agjorgeg* _bt_lacb amk+
n_ar _aacjcp_rmp amlacnrg _pc gs hcar rm cvrclqgtc pcgc_paf _Ib betcjmnkcelr cddmprg gl
_aacjcp_rmp nfwqggag, ? npmkgqgle _nnpm_af gq rfc bgcjcarpga j_gcp _aacjep_rmp &4BJ?", Rfc
cjcarpmk_elcrga Ic_ptdgcjbg md _ I sjrp_+qfmpr j_gcp nsjgc ga_rrcpcb “w _ bgcjcarpga grpsat
rspc _pc sqcb rm _aacjcp_rc cjcarpmlg, Bgcjcarpgaq glapc_gcq rfc _afyct_"jc _aacjcp_rgle
ep_bgchr “w_d_armpmd _rjc_gr/. gl amkn_pggml rm kcr_jjga grpsarspeq, Pcaclr npmepcqq
gl rfc betejmnkelr md dckermgcamlb j_gepg b jgrfmep_nfga rcaflgoscq gl gckgamlbsarmp
d_"pga_rgml £ g n_tcb rfc u_w rm cvncpgkclr_j bckmlgrp_rgml md BJ?q ¢l 0./ 1, Nmqqgt
“jc _nnjga_rgmlg md BJ?q _pc gl _rrmgcamlb gagclac* gl sjrp_d_gr cjcarpml+kgapmgamnw _1Ib
+hbgddp_argml* _1b gl npmtgbgle pcj_rgtggrga cjcarpmlq dmp jgrfmep_nfw _Ib p_bymrfcp_nw,

Rfc sqc md Ic_ptdicjbg gl grpsarspeq ugrf nepymb jelerfqg gl rfc mpbep md kgapmikkerepg
jc_bg rm amknjga_rcb n_prgajc bwl_kgaq bspyle _aacjcp_rgml, RF¥cmpcrga_j bcgapgnrgmlq
md rfc cjcarpmk_elcrga dcjbg _1b rfc pegsjrgle n_prgajc bwl_kgag _pc npcaclreb gl rfyq
rfcqgg, 61 mpbep rm amldglc rfc n_prgajcq gl rfc _aacjcp_rgle grpsarspeqt _ dmasqgle gafcke
g9 glrpmbsach ufgaf gq _b_nrcb domk gml _aacjcp_rmpg, R¥yq _jjmuq rm rp_lgnmpr n_prgajcq
rfpmsef _ BJ? qgrpsarspc md _p~grp_pw jclerf,

Bsc rm Iml+jglc_p bwl_kgaq md rfc _aacjcp_rcb cjcarpmlg* rfc n_prgajc rp_hcarmpycq _pc
a_jasj_rcb Iskcpga_jjw, ? quksj_rgml rmmj ~_qcb ml rfc _1_jwrga_j bcgapgnrgml md rfc
cjcarpmk_elcrga dicjbq gl rfc grpsarspeq gq gknjckelrcb, Qlac BJ? grpsarspcq _pc os_qgt
ncpgmbga* rfc begapgnrgml qgkknjgdgeq rm mlc amknjev Isk™cp nep grpsarspe nepgmb* g,¢,* rfc
gn_rg_j F_pkmlga md rfc qwlafpmImsg _aacjcp_rgle kmbc, Rfc pcosgpecb amknsr_rgml_j
cddmpr gq rfsq qge lgdga_Irjw pcbsacb _g amkn_pcb rm rfc dsjj cjcarpmk_elcrga dgcjba,

K_Iw _nnjga_rgmlg md BJ?q pcosgpc n_prgajc bggrpg~srgmlq md Fgef af_pec, Rfc "c_k
bwl_kgaq _pc_bbgrgml_jjw _ddcarcb “w u_ic dicjbg* ufgaf _pceclcp_rcb “wrfcglrcp_argml
md rfc af_pec bgqrpy~srgml clgck ™ jc ugrf rfc bycjcarpga grpsarspeg, Ber_gjch grshgcg md
u_ic dgcjbg gl BJ? grpsarspeq _pc bggasqacb gl rfgg rfeqyg, Kmpemtept dgpgr ke_gspekelrg
md clcpew gncarpsk kmbsj_rgmlq a_sqcb “w u_ic dicjbg _pc npcaclreb,

Rfc u_ic dicjb cddcarq a_l jc_b rm glgr_"gjgrgcg, Dmp rfc _1_jwggg md nmaag”jc glar_"gjg+
rgcg* u_ic dgcjbg _pc glrcep_rcb gl rfc _dmpckelrgmlch Iskepga_j quksj_rgml rmmj, R¥yq
cvrclbeb rmmj gg _nnjgeb rm amken_pc n_prgajc bwl_kgagq ugrf ggknjgdgeb _1_jwrga_j kmbcjq
md jmBegrsbgl_j _1b rp_lgtcpgc u_ic cddcarq _Ib glgr_"gjgrgcq, Rfcqe grsbycq npmtgbe cqrgt
k_rcq dmp rfc k_vgksk _rr_gl_"jc af_pecqmd _I _aacjcp_rcb n_prgajc ~slaf, Dmp fgefcp
“slaf af_pecg* rfc cddcarg dpmk rfc u_ic dicjbg cvaccb rfc _aacjcp_rgle _1b dmasggle
j_qcp dgejbg _Ib rfsg je_b rm “c_k jmqq, Dgl_jjw _ nmqgg”jc b_kngle kecaf_lgk gq npct
gclrcb gl mpbep rm amsHrep_ar rfc glgr_"gjgrgcq _1b glapc_qc rfc “slaf af_pec jokarg,







Zusammenfassung

Cjcirpmlcl~cqafjcslgecp T_"cl cgl “pegreq ?luclbsleqgneirpsk gl bep Epslbj_ecl+
dmpgafsle* gl bep Kebyxgl slb gl bep 6hbsarpye, Xsp Pcbsirgml tml Imgrcl slb EpAOc
xsiCldrgecp ?1j_ecl ugpb glrclggt 1 dmprgafpgrrigafcl imkn_ircl @cqafjcslgecpimlxent
rcl ecdmpgafr, Cgl tgcjtcpgnpcafclbeg Imlxenr gar bep bycjcirpygafc J_gepr@cqafjeslgecp
&clej, BJ?™* _saf Ej_q cgafjcslgecp ecl_I1lr, B_"cg ucpbcl bge cjcirpmk_elcrggafcl
L_fdcjbep cgleq J_gepnsjaeq _ I cglep bycjcirpggafel Qpsirsp eclsrxrt sk Cjcirpmicl xs
~cqafjcslgecl, Bep Cylg_rx tml Bycjcirpgi_ cpFAfr bel cppegaf™_pel @cgafjcslgesleqt
ep_bgclrel gk Tepejegaf xs ker_jjigafcl Qpsirspel sk kglbegrelq cgle EpAOcImpbt
Isle,

Cpgr bgc Dmprgafpgrre gl bep Clrugaijsle tml Dekrmgcislbel+d_gepl slb jyrfmep_dgt
gafcl Fcpgrcjjsleqtepd_fpcl gl bep F_jjegrepglbsarpge £ ~cl bgc cvnepgkcelrcjjc Bet
kmlgrp_rgml tml BJ?q cpkAejgafr, ?jjcpbyleq dCFpr byc Lsrxsle bep L_Fdcjbep gl Qpsi+
rspcl kgr Nepgmbcljolecl gl bep EpAGcImpblsle uclgecp Kgipmikercp xs cglcp imknjgt
xgeprel Regjafelbwl_kgi uofpclb bep @cgafjecslgesle, Byc rfecmperggafc @cgafpeg sle
bep cjcirpmk_elcrygafcl Dejbep sb bep b_p_sq pegsjrgepeIbel Regjafelbwl_kgi ugpb gl
bgcqep ?p~cgr tmpecqrejjr, Ucgrepfyl ugpb cgl Dmisqggeps eqgafck_ npogelrgepr b_gq bel
Regjafclrp_lgnmpr bspaf cglc BJ? Qpsirsp ~cjic gecp Jolec cpkAejjafr,

B_ bgc ~cgafjcslgercl Regjafcl cylc Igafrjglc_pc Bwl_kgi _sducggcl* ucpbel bgc Regj+
afclrp_hcirmpgel Iskepygaf ~cargkkr, B_xs ugpb cgl Qksj_rgmlgrmmj ~_qgcpclb _sd bep
rfcmperggafcl @cqafpey™sle bep cjcirpmk_elcerggafcl Dejbep gl bel Qpsirspel tmpect
grcjjr, Bspaf bgc &0s_qgt" Nepgmbgxgror bep Qpsirspel i Il _sd bgc @cpcaflsle bep
tmjjqrolbgecl cjcirpmk_elcrggafcl Dejbep tepxgafrer ucpbel, Q_rrbeggel ugpb bge @ct
gafpcy sle _sd cglc imknjcve X_fj npm Qpsirspnepgmbe - bge poskjjafc F_pkmlggafc
bep gwlafpmlcl* ~cqafjcs lgeclbel Kmbe - pcbsxgepr s1b bep ~clArgerc Peafcl_sdu_lb
b_bspaf besrjgaf teppglecpr,

KAejgafc 2luclbslecl dCp BJ?q dglbcl ggaf gl bep 2rrmgeisIbeInfwggi* gl bep sjrp_+
gaflcjjcl CjcirpmIclkgipmgimngc slb + csesle slb xsp @cpcgrarejjsle pej_rgtygrogafep
Cjcirpmlcl dCp Jgrfmep_dic s1b Qp_fijclrfcp_nge, DCp bgcge 2 luclbslecl ucpbel lgafr
Isp ~cgafjcslgerc Cylxcjregjafcl* qmlbepl Regjafcltepregislecl kgr FAfepep J_bsle ~ct
1Arger, 61 bgcgck D_jj ugpb bge Qp_Fjbwl_kgi xsqorxjgaf bspaf bge Igcjucjjcldcjbep bep
“cucercl J_bslecl* byc bspaf bgc Ucafqcjugpisle kgr bel bycjcirpygafcl Qpsirspel
clrgrefcl* ~cegldjsqar, Bgcge Igcjucjjcldejbep ucpbel gl bgegep ?p~cgr slhrepgsafr slb
cparke_jg Keaqgslecl tml bspaf Igcjucjjcldcjbepl ¢l BJ? Qpsirspel tepspg_afrel Tept
olbcpslecl beg Clcpegegneirpskq b_pecarcijjr,

Bcg Ucgrepel iAlIcl bye Cdicire tepspy_afr bspaF bye Igcjucijjcldcjbep xs 6hgr_gjgro+
rcl gl bep Regjafelbwl_kgi dCfpcl, Xsp ?21_jwac kAejoafep 6lgr_“gjgrorcl ugpb b_g Isket
ngafc Qksj_rmlgrmmj sk bge CyldjCqqe bep lycjucjjcdejbep cpucgrepr, B_q cpucgrepre
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Qksj_rgmlgrmmj ugpb gk P_Flkcl bgcgep ?p~cgr xsk Tepejcgaf bep Regjafclbwl kg kgr
tepeghd_afrel _1_jwrggafcl Kmbcjjcl tml jmlegrsbgl_jcl slb rp_lqgtcpg_jcl lgcjucjjcl+
cddcircl slb 6lgr_"gjgrorcl cglecqerxr, Bycge Qsbgcl cpec™cl ? gaforxslecl bep K _+
vgk_j cppegaf™_pcl J_bslecl cglcq ~“cgafjcslgercl Regjafcln_icreg* ~ctmp bygc Cddcirc
bep Igcjucjjeldcjbep bge ~cgafjcslgeclbel shb dmisgggepcbel J_gepdejbep € cpgregect,
2> gaFjgcOc b ugpb gl bycgep ?pcyr gl kAejgafep Bokndsleqkceaf_lygksqg npoge Irgeprt
bep cq cpkAejgafel uCpbe* by J_bslegepclxcl xs cpFAfcl,

\'! Zusammenfassung



Contents

Introduction , , , ., ., ., . s
6,/ Bycjcarpga J_qcp ?aacjep_rml L L, ., e
6,0 MECPEICU |,y sy v r s, 4

T~ -

1 Fundamentals, |, . ., ., 00 s s s s 9
T K vUCigCos_mgmBg 4y s v s s v e 7
/1,0 Nopriajc@c K Bwl_Kgag , , vy v v v vy 1
S R O o3 1o | o

2 Single Particle Dynamics in Dielectric Laser Accelerator Structures 21
0,/ 2aacjep rml L, s s, O
0,0 ?jrepl_rgle NF gcDmasqgle , , ., v sy v v v v s s s v snass sy, 06
0,1 Qpsarspc Beggel _Ib Mnrgkgx_rgml ., 0L,y s s, L

3 Wake Fields in Dielectric Laser Accelerator Structures , ,,,.,,.,,,.,,, 35
1,/ U _icDgcjb Qksj_rgml Kmbcj _Ib Ambtmjsrgmd ., ,,,,,,,,,,,, 13
1,0 Jmlegrsbgl _jU BCDICiD, 4, vy sy s s v s st s sy 2

1,0,/ T_job_rgml md QKsj_rgml KMOC] , , 4y s v sy v s v s s s n sy 2.
1,0,0 Qpsarspc Qjile .,y s s s s sy 22
1,001 Rsl_"jcBJ?Eprgle |, ., s, 25
1,1 Rp_lgtepgec U e DgCib |,y v vy s s s s v s s s s v s s s nn s s sy 27

4 Wake Field Measurements , , , , , ., ., 1 s 1110000011220 0124, D51
2,/ Q@rsn_ b Kc gspekelrg , o,y vy i v s sy 3
20 U icDicjb QKS) mmlg 4, 0y s s s s s, 32
2,1 Amkn_pggml “cruccl Cvnepgkelr _Ib Qksj_rmlgq ,,,,,,..,,,,,,, 35

5 Particle Tracking , , ., , ., s v s v s s st s s s rassssrssss, 63
3 BJI?rpaidB ., .., 41
3,0 Ro algle PCaSirg, v v vy s s v v s s s nn s s s s s s nr s sss, 43

3,0,/ ?aacjcp_rgml md Qs pcj_rgtgarga Cjcarpmlg , , , v v vy s sy v s s, 43
3,0,0 ?ND J_rrgac dmp Pcj_rgtgarga Cjcarpmlg L, , v v v v s s s v v v s s, 45
3,001 Nf gc?bt_lacA jasjrml ., .., s srrrssss, 45
1 5 A O T o - U )

Vi



6 Intensity Effects , , ., , ., 00y s s 75

4,/ @c_kJImbgle ,,,,,, ., 00000,
4,0 Rp_lqtcpge @c_k @pc_isn, , ., , .., .,

v, O3
v, 95

4,1 Fc bR G GIgr 00 |,y 6.

4,1,/ @c_kRp_Mgnmpr ,,,,,,,,,,
4,1,0 “aacjcp_rgmd ., ,,,,,,,,,
4,1,1 B_kngle Kcaf _ Igkq ,,,,,,

Summary and Outlook , , ,,,,,,,,,,,,,
Appendix , , .,

2,0 ?aacjcp_rmpJ_Tmp_rmpICh, , 5 s s s s s
20,0 QuuabCI ., .,

v aas, 63
v, 66

vass s, 95
I £
Y £

20,0 2PCQ, 74

2,10 NCE?QBQ ,, iy svsrrsss
?,0 ?aacjcp_rgle ?ND J_rrgac8 Beggel ?nnpm_

afcq,

[ I I R I

?,1 7?aacjcp_rgle ?ND J_rrgac8 Qnjsrgml md Cos_rgmlg md Kmrgml

T
Joar mdDIESPCY 4 s s s v s s e

N S 1]
Jogrmd 2apmlwka , , ., ., L

Bibliography , , , ., ., ..., .. ., .,

[ ]

P, T4
I
,,,,,,,,, 76

vaa s, 99
N

vass s, 105

Vil

Contents



Introduction

N_prgajc _aacjcp_rmpg qcpte _q k_afglcq dmp k_Iw _nnjga_rgmlq gl gagclac* kcbgaglc _1b
glbsgrpw, 61 _bbgrgml rm k_hmp qagclrgdga gsaacqqeq gsaf _g rfc bggamtcpw md rfc Fgeeq
“mgml gl 0./ 0* rfcw _pc* dmp cv_knjc* sqcb _q amfepelr Vip_w jgefr gmspacq* dmp n_prgajc
rfcp_nw _1b p_bgmggmrmnc npmbsargml dmp kcbga_j nspnmgeg* _1b _g gml gknj_lrcpg dmp
gckgamlbsarmp bmngle, 61 ambtchrgml_j _aacjcp_rmp d_agjgrgcq* rfc _aacjcp_rgml gq sqs_jjw
bmlc “w ker_jjga a_tgrgeq, Bsc rm rfc cjcarpga_j “pc_ibmul gl gsaf grpsarspeq ¢l rfc
npcqclac md Fyef cjcarpga dycjbg* rfc k_vgkksk _aacjep_rgle ep_bgclrg _pc jokgreb rm _
p_lecmd 10 m /.. KTk®, Rfc bctgacq _pc bpgtcl ~w cjcarpmk_elcrga u_tcq gl rfc
p_bgmtdpcosclaw &pd" n_pr md rfc gncarpsk ugrf dpcosclageq domk _ decu Fslbpch KFx
rm qctep_j EFx, Rfc bgkelqgmlg md rfcqe a_tgrgeq _pc rfsq md rfc mpbep md aclrgkcrepg
rm kerepg, Rfcpedmpe* jglc_p _aacjcp_rmpg ~_qgcb ml pd rcafImjmew _pc mdrcl j_pec _1b
cvnclggte bsc rm rfc pcosgpcb _aacjep_rmp jclerf,

? pcbsargml gl ggxc _Ib amgrq gq beggp_~je mp ctcl Icacqg_pw rm K_ic dsrspe _nnjga_rgmlq
nmaqg~jc, RFc srgjox_rgml md Icu K _repg_jq _Ib rcafImjmegeq cl_"jeq _bt_lacb _aacjcp_+
rmp amlacnrg, MIc md rfcqc amBacnrqgq ~_gcb ml bgcjcarpga ep_rgle grpsarspcq npmacggcbh ~w
jorfmep_nfga rcaflgoscq _1b bpgtcl ~w sjrp_tqfmpr nsjgcb j_qcpg* a_jjcb Bgcjcarpga J_gep
?aacjcp_rmpq &BJ?q"* ufgaf gq glrpmbsacb gl Qca, 6./, RTyq bgggcpr_rgml dmasqeq ml rfc
“c_k bwl_kqgaq gl gsaf grpsarspcq _1b ghrclggrw cddcarg® rf_r jokgr rfc Isk™cp md _aacj+
cp_rcb n_prgajcg ncp gcamlb dmp nmgqg”jc _nnjga_rgmlg, Qecargml 6,0 egtcq _ ~pgcd mtcptycu
md rfc bgggepr_rgml,

1.1 Dielectric Laser Acceleration

Rfc qgxc md _aacjcp_rmp a_tgrgeq benclbgml rfc u_tcjclerf md rfc bpgtgle cjcarpmk_elcrga
u_tcg, MIc u_w rm pchsac rfc bgkclqmlg md rfc a_tgrgeq rm _ decu kgapmlq gq rfc sqc md
mnrga_j dpcosclageq glgre_b md pd, Rf¥yq amkcq _jmle ugrf gfmprep nsjqc jclerfg, @mrf
md rfck rfcmperga_jjw glapc_gc rfc “pc_ibmul tmjr_ec* ufjaf cl_"jcq Fyefep ep_bgeclrg
_Ib _gfmprcp _aacjcp_rmp jclerf, Fmuctcp mnrga_j docosclageq jc_b rm fgef nmucp jmgq gl
ker_jjraa_tgrgeq, RFsg* gsgr_"jc qsqrgrsreq _pc bgcjcarpga k_repy_jq ufgaf _pcrp_lIgn_pclr
_r rfcge dpcosclageg, ?nnpmnpg_rc bgcjcarpgaq _pc dmp cv_knjc qgjgaml _Ib _kmpnfmsq
qgigaml bgmvgbc* _jgm iImul _q dsqcb qgjga_, Dgespe 6,/ qFmugq rfc _~gmpnrgml amcddgagcir
_Ib rfc pcdp_argtc glbev dmp “mrf K _rcpy_jg, Ugrf _ dcu cvacnrgmlg* _~gmpnrgml _r mnrga_j
dpcosclageq gl rfc gfmul dpcosclaw p_lec gq Icejgey” jc dmp rfcge k_repg_jg,

Rfc cjcarpmk_elcrga dicjbg gl rfc grpsarspeq _pe jokgreb “w rfc b_k_ec rfpcgfmjb bet
nclbgle qgelgdga_Irjwml rfc nsjqc jelerf md rfc cvnmagle j_qep Y/ * 0* 1[, ?r nsjqc jclerfq

1
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Figure 1.1: Pcdp_argtc glbcv 1 _1b _~gmpnrgml amcddgagc Ir i md qgjgam@ _Ib dsgcb qgjga_, Rfc
b_r_gqr_icl dpmk Y2[ ~_qgcb ml Y3* 4[ dmp qgjgaml _Ib dpmk Y5[ dmp dsqcb qgjga_
_rpmmk rckncp_rspc,

_"mtc /. ng* rfc npgk_pw “pc_ibmul kcaf_lyk gq rfcpk_j fc_rgle, Dmp qfmprcp nsjgc
jclerfgt gr af_lecq rm _"j_rgml _1b ksjrgnfmrml gmlgx_rgml, Rfc b_k_ec rfpcqfmjb djst
clac md dsqcb qgjga_* g,c,* rfc k_vgksk p_bg_Ir clcpew ncp slgr _pc_ ugrfmsr b_k_ec* q
_“msr/ Hak®® ~cjmu 0ng nsjqc jelerf* ufgaf amppcgnmlbg rm ep_bgchrg ml rfc mpbep md
| ETK®, Rfcqc ep_byclrg _pc/ rm O mpbepg md k_elgrsbe _~mtc rfc ep_bgclrg _afcts
_Tjcgl amltclrgml_j ker_jjoa pd a_tgrgcq, R¥cpedmpe* rfc _aacjcp_rmp jelerf gq becapc_gcb
“w/ rm O mpbcpgmd k_elgrsbe rmecr rfc q_kc “c_k clcpewe_gl, Dmp qgjgaml* rfcb_k_ec
rfpcafmjb djsclac gq _~msrmlc mpbcp md k_elgrsbe jmucp rf_1 dmp dsqcb qgjga_, Fmuctcp
rfc pcdp_argte glbev _1b rfc pej_rgtc ncpkgrrgtgrw md ggjgaml gq j_pecp &gcc Dge, 6,/ *, RFsqg*
ep_bgclrg gl rfc q_kc mpbcp md k_elgrsbe _q gl dsqcb qgjga_a_lI ~c pc_jgxcb,

Ct_Icgaclr u_tcqa_l “c cknjmweb gl mpbcp rm _aacjcp_rc af_pecb n_prgajcq ugrf gsaf
fygef ep_bgclrg, Amlacnrg sqgle rfc gltcpgc Afepclimt _Ib QgrftNspacij cddcarg ucpe
_jpc_bw npmnmqcb gl / 740 Y6* 7[, Lctcprfcjcqg* mljw qoe lgdga_Ir npmepcqq ¢l rfc betcjmnt
kclr md jorfmep_nfga rcaflgoscq gl rfc qclkgamlbsarmp npmbsargml gl rfc j_gr bca_bcq
f_tc cl_"jcb bgcjcarpga grpsarspc d_"pga_rgml ugrf gs”+kgapml npcaggml, Kmpcmtcpt
sjrp_tqfmpr nsjqcb gmjgb+qr_rc j_qcpg _pc Imu _t gj_"jc, RF_r k_icq rfc cvnepgkcelr_j
bckmlgrp_rgml md rfc _aacjcp_rgml kcaf_lggk nmqgg™jc, Nep_jr_ cr _j, ncpdmpkeb rfc
dgpgr bekmBgrp_rgml md BJ?q dmp pcj_rgtgqrga cjcarpmlq _r QJ?A Y/ . [ _Ib @pcscp cr _j, dmp
Iml+pcj_rgtggrga cjcarpmlq_r D?S Cpj_lecl+Lspck~cpe Y/ / [, Dsprfcp glrclqgte rfcmperga_j
_Ib cvnepgkelr_j grsbgeq dmjjmucb, Kmgr md rfck _pc dslbeb “w rfc Empbml _Ib @crrw
Kmmpc DmsIb_rgm1 ugrfgl rfc ?aacjcp_rmpml _ Afgn Glrcpl_rgml_j Npmep_k &?AFCN", Rfc
grsbgcq dmp rfgq bgggepr_rgml ucpe _jgm amlbsarcb gl amspgc md rfc 2AFGN amjj_~mp_rgml,

Dgespc 6,0 begapg~cq rfc ~_qga beqggel md _ bgcjcarpga j_qcp _aacjep_rgml grpsarspes 1
cjcarpml ~c_k n_qgcq rfc bycjcarpga grpsarspe ugrf &os_qgt" ncpgmbga dc_rspeq ugrf _ bggt
r_lac gl rfc p_lec md rfc ct_lcgaclr dycjbg dpmk rfc grpsarspe, Rfcqe dycjbg _pe bpgtel
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Basic setup: Dual-side, dual-drive Dual-side, single-drive

single-side, single-drive with Bragg miror
Electrons Electrons
" Laser -
!

Figure 1.2: Bycjcarpga j_qcp _aacjcp_rgml grpsarspcq,

“w_ gFmprinsjgcb j_gcp npmn_e_rgle ncpnclbgasj_p rm rfc cjcarpml ~c_k _Ib nmj_pgxcb gl
rfc bgpcargml md rfc cjcarpml “c_k kmrgml, Rm cl¥_lac rfc _aacjcp_rgle dicjbg _ gcamlb
grpsarspc* gl rfc rum pgefr bp_ugleq gl Dge, 6,0 _ gcamlb pmu md ngjj_pg* ¢q _bbcb ml rfc
mrfcp qgbe md rfc cjcarpml “c_k, Dsprfcpkmpe _ qcamlb j_qcp “c_k mp _ bgcjcarpja @p_ee
kgppmp a_1 ~c sqcb rm dsprfcp clf_lac _Ib qwkkerpgxe rfc dycjbg gl rfc grpsarspe, Rfc
jclerf md mlc ep_rgle ncpgmb gq egtcl “w , =, ugrf rfc j_qcp u_tcjclerf * rfc
tcjmagrw  ¢o md rfc cjcarpml “c_k* _1b rfc gneeb md jgefr ¢, 61 mpbcp rm _aacjep_rc _jj
cjcarpmlgmd _ n_prgajc byarpg™ srgmb* rfc ugbrf md rfc bygrpg™srgml berepkglcq rfc pcosgpch
j_gep nsjqc jelerf _1b gl mpbep rm gjjskgl_rc rfc clrgpe bycjcarpga grpsarspe* rfc grpsarspe
jelerf berepkgleq rfc j_qgep gnmr ggxc,

Rfc J_ugml+Ummbu_pb rfempck Y/ 0% / 1* / 2* / 3[ npmfy~grqg _ ler clcpew e gl md _
n_prgajc ¢lrcp_argle ugrf _ j_gep dicjb _qgskeb _q _ nj_lc u_tc ¢l t_assk, Gl gsaf _
dgcjb* _ n_prgajc e_glq _q ksaf clcpew gl mlc £_jd md rfc mnrga_j awajc _q gr jmgeq _e_gl
gl rfc gcamlb f_jd, Rfc bgcjcarpja qrpsarspc Ic_p rfc glrcp_argml pcegml _arq _q _ lc_p
dgcjb gmspac, R¥c ct_lcgaclr dycjbg dpmk rfc bycjcarpga grpsarspe _pc ncpgmbga_jjw kmbs+
j_rcb gl z+bgpcargml bsc rm mnrga_j n_rf bgddcpclacq ~cruccl bgddepclr nmggrgmlq gl z, Bsc
m rfc qwlafpmlgx_rgml md rfc ep_rgle ncpymb jclerf rfc rfc cjcarpml ~c_k tcjmagrwt rfc
dgcjb kmbsj_rgml £_q rfc pgefr ncpymbgagrw _Ib _aacjcp_rgml gg nmagg~jc, 61 mpbcp rm bet
gapg”c rfc _aacjep_rgml keaf_lggk ugrfgl mhc ep_rgle ncpgmb gl ber_gj* gl _ngfmrg md rfc
jmlegrsbgl_j cjcarpga dicjbg _pc njmrrcb gl Dge, 6,1, Bspgle rfc dgpgr _Ib rfc j_gr os_prep
md rfc ncpgmb* rfc jmlegrsbyl_j cjcarpga dicjb _r rfc n_prgajc jma_rgml gg nmagrgtc pegsjrgle
gl _ Ice_rgtc clcpew e_gl dmp cjcarpmlq _q Ice_rgtcjw af_pecb n_prgajcg, Gl rfc gcamlb
_Ib rfgpb os_prcp md rfc ncpymb* rfc jmlegrsbyl_j cjcarpga dgcjb gq Ice_rgtc _Ib rfc clcpew
e_gl rfcpcdmpe nmggrgte, Qlac rfc _“gmjsrc t_jscq md rfc cjcarpga dgcjb gl rfc aclrcp md
rfc ncpgmb “cruccl rfc ngjj_pgéz =1 m) gq j_pecp rf_1 _r rfc “mslb_pycq md rfc ncpgmb
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Figure 1.3: Npglagnjc md _aacjcp_rgml gl _ BJ? ep_rgle ncpymb8 clcpew e_gl _jmle rfc nct
pimb & mrrmk* pcb asptc” amkn_pcb rm _ jglc_p clcpew e_gl & jsc asptc” _1b
gl_ngfmrg md rfc jmlegrsbyl_j cjcarpga dgcjb _r dgtc nmglrg gl rgke _apmqq rfc
ncpymb &rmn*®, R¥c bpgtgle j_gcp amkeq dpmk rfc rmn _1b rfc qf_bcb k_repy j
pcegmlq _pc dsgeb qgjga_,
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&z = 0 m"™ rfc lcr clcpew e_gl gg nmagrgte, G6d uc amlqgbep _ j_rrgac ugrf K_Iw BJ?
ep_rgle ncpymbg* rfc clcpew betg_rgml domk _ jglc_pgxcb clcpew e_gl ugrfgl mlc ncpgmb gq
Icejgeg”jc amkn_pcbh rm rfc clcpew e_gl _jmle rfc clrgpc j_rrgac, Rfc apsag j t pg_"jc gq
rfsqrfc _tcp_ecep_bgclhrglgre_b md rfc cv_ar asptc md rfc clcpew e_gl ugrfgl mlc ncpgmb
&qce rfc ~jscasptc gl rfc “mrrmk njmr md Dge, 6,1°, R¥gq cl_~jcq rfc _nnpm_af rm grsbw rfc
“c_k bwl_kagag gl _j_rrgac “wqglejctn_prgajc rp_aigle ugrf mljwmlc kmkclrsk af_lec
ncp BJ? ep_rgle ncpgmb, Rfc ql_ngfmrg bengar _jgm rfc dslargml md rfc @p_ee kgppmp rm
gwkkecrpgxe rfc dycjbg gl rfc e_n ~cruccl rfc ngjj_pg, R¥c dycjb gmspac dmp rfc qgksj_rgml
gq _ nj_lc u_tc ugrf/ ETK® dmk rfc rmn, Rfc u_tc gq _jkmgr anknjcrcjw pedjcarch
_rrfc @p_ee j_wepg* ufcpe_q rfc bygr_lac “cruccl rfc ngjj_pq _Ib rfc dypar @p_ee j_wep gq
afmgcl gsaf rf_rrfcaclrcpmd rfce_ngq_ nj_lc md gwkekcrpw dmp rfc pegsjrgle dicjb _1b
rfc d_ptdgcjb u_tc ml rmn md rfc grpsarspe £ g _1 _jkmgr bms™jcb nc_i dycjb,

Rfc dypgr bckamIgrp_roml md BJ?q_r QI?A penmprcb _ep_bgclrmd kmpe rf_103. KT K®/
gl _ dsqcb qgjga_ pcar_lesj_p bms~jc ep_rgle bpgtcl ~w qglejc qgbe gjjskgl _rgml ugrf _
6.. Ik Rg8g_nnfgpc j_qcp Y/ . [, 61 rfc g_kc gersn* rfc j_qcp nsjgc bsp_rgml u_q j_rcp
qfmprclcb rm = 90fs DUFK _lIb rfc ep_bgclrglapc_qcb rm47. KT k®' Y/ 4[, Rfc aspt
pclr pcampb ep_bgclr md 63. KT k® u_gpc_afcb _r SAJ? gl rfc q_kc ep_ryle grpsarspe
“srugrf =45fs DUFK j_qgcp nsjqc bsp_rgml _Ib qgelgdga_Irjw cl¥_lacb glagbclr cjcat
rpga nc_1i dgcjb Y/ 5[, 61 rfgq cvnepgkeeIr Imbjglc_p cddcarg gl rfc bgcjcarpga k_repg_jq jgic
rfc Icpp nf_ge gfgdr ucpe m™geptceb dmp rfc dypgr rgke, Bsc rm rfcqe cddearg® rfc mpgegl_jjw
cvncarcb ep_bgclrmd/ ,6 ET k® u_qpcbsacb qgelgdga_Irjw, 61 mpbcp rmglapc_gc Imr mljw
rfc ep_bgclr “sr_jgmrfc_~qgmjsrc clcpewe_gl* rfcglrcp_argml jclerf £ qrm “c cvrclbeb,
Rfcpedmpe* rfc nsjgc domlr rgjr rcaflgosc u_q _nnjgcb _Ib _1 glrep_argml jelerf 50 rgkceq
j_pecprf_Irfcj_qgcpnsjgc bsp_rgml u_gbckmlgrp_rcb Y/ 6[, ? nsjqc dpmir rgjr ke_lqrf _r
rfc _ppot_j rgkke md _ j_qcp nsjgc t_pgeq _apmaq rfc rp_lgtcpge ~c_k npmdgjc &qce Dee, 6,27,
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Figure 1.4: J_wmsr md rfc BJ? glrcp_argml “cruccl _I cjcarpml npmn_e_rgle dpmk pgefr rm
jedr ugrf tejmagrw v, = ¢y _Ib _ nsjqctdpmIrtrgireb j_gep “c_k npmn_e_rgle

domk< rmn rm “mrrmk, R¥c rgjr _lejc gq egtcl “w e = arctan 1,
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6l rfc gs ™ +pcj_rgtgqrga pcegkc* rfc dgpar bckemBgrp_rgml md _aacjcp_rgml gl _ BJ? grpsarspc
u_gbmlc ugrf 05,5icT cjcarpmlg _Ib _qglejc qobcb dsqcb qujga_pcar_lesj_pep_rgle ugrf
_ k_viksk _aacjcp_rgle ep_bgclr mi 03 KT k® _rrfc 1pb £ pkmlga Y/ /*/ 7[, Rfc ep_t
bgclr u_qj_rcp glapc_gcb rm 15. KT k®/ YO. [, Jecbjc cr _j, bekmlgrp_rch _aacjcp_rgml
_Ib bcdjcargml benclbgle ml rfc nf_gc bgddcpclac ~cruccl rum cvagr_rgml j_qgepg YO/ [,
@_qcb ml rfyq gcrsn* @j_ai cr _j, pcnmprcb ml BJ? grpsarspeq sqcb _q dmasqgle cjcarpml
jclq YOO[ _Ib dmp “slafgle YO1* 02[, Rfc d_"pga_rgml md _ grpsarspc ugrf @p_ee Kypt
pmp _lb rfc _aacjcp_rgml md gs ™ +pcj_rgtgqrga cjcarpmlq gl rfgq grpsarspc u_g bekmlgrp_rcb
“w Wmsqcdg cr _j, gl mpbcp rm bm Imr Iccb rfc gcamlb bpgtgle j_gep YO3[, Dpcc gn_ac
amsnjgle md rfc j_qcp “c_k glrm rfc BJ? grpsarspc u_g amknjcrcjw _tmgbcb gl rfc dypgr
u_tcesgbctglrcep_rcb BJ?* ufgaf u_g bckmlgrp_rcbh “w Q np_cr _j, YO4[,

Rfcmperga_j grsbgeq ml BJ?q ucpe gr_prcb n_p_jjcj rm rfc dgpgr cvnepgkelr_j bekml+
grp_rgmlg YO5[, Bcggel _Ib mnrgkgx_rgml md BJ? grpsarspcq YO6* 07* 1. [ jc_b rm “c_k
bwl_kyaq grsbgcq Y1/ [ _Ib rfc rfcmperga_j bekmlgrp_rgml md _ gafcke dmp “c_k amldglct
kclr Y10[ gl BJ? grpsarspcqmd _p~grp_pw jclerf,

Pcj_rgtggrga BJ? cvnepgkelrg _pc nj_Ilcb mp _jpc_bw ncpdmpkceb _r amltchrgml_j _at
acjcp_rmp d_agjgrgcq gsaf _q QugaqDCJI _r rfc N_sj Qufcppep Glgrgrsre &NG® Y11* 12[ _1b
Q@L@?B _r BCQV Y13* 14[, 61 rfcqc _aacjcp_rmp j_rrgacg* gr gq nmqqg” jc rm dmasq _jj n_prgt
ajeqmd rfc “c_k rm rfc qoxc md rfc e_n md _ BJ? grpsarspc ¢l rfc kgapmkerep p_lec, Rfyq
jc_bg rm glrclqgrw cddcarg bgarsp~gle rfc clcpew _Ib ~slaf bggrpg~srgml, 61 _ qokgj_p u_w
glrclggrw cddcarg _jgm jgkgr nmggg”~jc _nnjga_rgmlg md BJ?q “ca_sqc _ fyef “c_k asppclr gq
apsag_j dmp rfc gsaacqq md rfc n_prgasj_p _nnjga_rgml, Dmp cv_knijc* rfc “c_k asppclr (q
sqcb rm berepkgle rfc jskglmagrwt ufgaf gq rfc p_rgm md rfc Isk™cp md ctclrg ncp gcamlb
berearcb gl _1 cvnepgkeeIr rm rfc ghrep_argml apmagtqcargml,

Rfc glrclggrw cddcarg gl pcj_rgtgarga BJI?q _pc k_gljw a_sqcb “w u_ic dgcjbg apc_rcb
“w rfc glrep_argml md rfc n_prgajc ugrf rfc gsppmslbgleq, Dgpar grsbgcg md jmBegrsbgl_j
ghrclggrw cddcarq ucpe _jpc_bw bmlc “w Qafoafrcp cr _j, gl 0..1 Y15[ _Ib F_Isi_cr
_j, Y16* 17* 2. [, Rfcqc grsbygcg _pc ~_qcb ml _xgksrf_jjw qwkkcrpga bgcjcarpgatjm_bcb
u_tcesgbc _q qgknjgdgcb kmbcj dmp BJ? qrpsarspeq, Fmuctcp gr gg rm ~c cvncarcb rf_r
rfc u_ic dycjbg md cvnepgkeIr_jjw regreb BJ? grpsarspeq bgddep grpmlejw dpmk rfcge kmb+
cjq, Dsprfcpkmpe* glgr_"gjgrgcq bsc rm rp_lgtepge u_ic dgcjbg amsjb jc_b rm n_prgajc jmaq
ksaf c_pjoep rf_I jmlegrsbgl_j cddcarg, Rfcpedmpe* cqrgl_rgle rfc k_vgksk nmqqg”jc
“c_k asppclr dmp dsrspc _nnjga_rgmlg md BJ?q pcosgpeq glrclge u_ic dgcjb grsbgeg md pc_j
BJ? grpsarspcq glajsbgle jmlegrsbgl_j b rp_lgtcpge cddcarg _Ib rfc pegsjrgle “c_k bwt
1_kgaq,

1.2 Overview

Rfc rfcqgq gg mpe_lgxcb _q dmjjmug8 AT _nrcp / bggasqqeq rfc dslb_kclr_jg md _aacjcp_rmp
nfwggaq gr_prgle ugrf K_vucijjiq cos_rgmlg* dmjjmucb “w rfc ~_qgga amlacnrg md n_prgajc
“c_k bwl_kgaq _Ib u_ic dycjbg,

6 Introduction
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USBKFDUPSZ XIJDIJT EFUFSNJOFE CZ UIF EFTJHO PG UIF G
OFOUT JTUFSNFE SFGFSFODF PSCJU 65IF DP NPWJOH DPI
GSBNF <> GPMMPXJOH UIF SFGFSFODF PSCJU J F UIFSFG
PSIHIJOPGUIFDP NPWJOHDPPSEHEIOBRUSFAHTUFRKFS'BNF UIF SFG
JTEFTDSJCFE CZ UIF MP O Hz U\DEU (0F-BDMPDWYP\W BEO® B3.8B N E J O BRU

JLIXUH4LFUDIPG UIF DP NPWJOH 'SFOFU 4FSSFU DPPSEJOE

QPJOUTJOUIFEJSFDUJPOUBOHFOUJBMMYZ DPRISE BFBWRSEFD
QFOEJDVMBS UP UIFPSCJUJO UIF EJSFD WDIFPRBSEGABUT DN SN
UIF SJHIU IBOEFE DPPSEJOBUKTZFRPSERIJGBGBVBNMBSSIFOHFE
[POUBM EJSFDUJPO FWFOJG UIFDVSWBUVSFPGUIFSFGFS
DBOCFEFTDSJCFECZB TJY EJNFOTIJPOBM QIBTF TQBDF WF

0. 1
0

X %

+d2) =

n <<

XIFS¥= dx=dz BO¥’ = dy=dz BSF UIF EFSJWBUJWFT PG UIF USBO
XJUI SFTQF BUFUPFMBUJWF NPNFOUVN EFWIJ®BU pHEP,IJXIFWIW F(
UIF NPNPOBUREF PG UIFQBSUJDMF BOE UIF SFGFSFODF QBSUJ
*OBOBDDFMFSBUPS MBUUJDF UIF DIBOHF PG UIF QIBTF T
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o s Mg yXIFSFUIF JOEJDFTJBOE GJOEJDBUF UIFJOJUJBM B(
SFTQFDUJWFMZ *G UIF QIBTF TQBDF QMBOFT BISEVOMPUBOMF
EJBHPOBM BOE FBDI QMBOF DBO CF USFBUFE TFQBSBUFMZ B
WFDUPS BOEB Y USBOTGFS NBUSJY 5SBOTGFS NBUSJDFT G
DBO GPSFYBNQMF CBGPVYOX JO <

*OBDPOWFOUJPOBMBDDFMFSBUPS UIFQBSUJDMFTBSFDP!
BSFGPDVTJOHJOPOFUSBOTWFSTFQMBOFBOEEFGPDVTJOH
BGPDVTJOHBOEBEFGPDVTJOHRVBESVQPMF NBHOFU XJUI E
OFU GPDVTJOH BOE UIVT TUBCMF CFBN USBOTQPSU B TP DB
TUSFOHUI PG TVDI B RVBESVQPMR N BB Qpsd) IXIEBEFIJDRHERC Z
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TUFBE UIFQSPEVDUPG QBSUJDMF NPNFOUVNBOE CFBNFN
UPUIFEFGJOJUJPO PG UIFOPSNBMJ[FE FNJUUBODF BT
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5lF MPOHJUVEJOBM NPUJPOPGBQBSUJDMFJO BO BDDFMF
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GJFMEJO UIFDBWJUJFT XIJDIQSPEVDFTBDPTJOF QPUFOL
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51JT BOHVMBS IGGSBRRVFODIZLOPXO BT TZODISPUSPO GSFRVFO|
MBUJPO PG B QBSUXZBMREXIWFBFEFSHF QRTJICMPERMBSUIDMF
XJUlI MBSHFS TDBRR CF TPMWFE OVNFSJDBMMZ *O UIF MPOHJL
CPVOEBSZ CFUXFFO UIF BSFB PG BMM QBSUJDMFT XJUI B TUI
FODFQBSUJDMFBOEUIFVOTUBCMF QBSUJDMFTJT DBMMFE T
CVDLFU XJUIBMMTUBCMF QBSUJDMF USBKFDUPSJFT 5IFQPJ
BMMUJNFT JGJUJTUIFSFBUBOZUJNF BSFDBMMFE GJYFE Q
PG UIFTFQBSBUSJY BSFVOTUBCMF GJYFE QPJOUT BMTP DBN
OFBSCZ USBKFDUPSJFTUBLF UIJT GPSN "TUBCMF GJYFE QP.
PSEJOBUFTPGUIF SFGFSFODF QBSUJDMF 4VDIB GJYFE QPJC
PSCJUT UBLF UIF GPSN PG FMMJQTFT 1IBTF TQBDF EJBHSBN!
QIBTFTBSFTIPXOJO 'JH

JLIXUH-POHJUVEJOBM QIBTF TQBDF EJBHSBNT GPS UXP EJG
5|lF TFQBSBUSJY SFE MJOF FODMPTFT UIF CVDLFU H{
TIPXQPTTJICMF TUBCMFPS VOTUBCMF QBSUJDMF USBI
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4P GBS XFIBWFPOMZDPOTJEFSFEBCFBNPG OPO JOUFSBDU
USPNBHOFUJD GJFMET 'PS B IJHIJOUFOTJUZ CFBN UIF FMFI
UIFCFBN IBT UP CF UBLFO JOUP DPOTJEFSBUJPO BT XFMM "
PG MJHIU UIF FMFDUSPNBHOFUJD GJFME PG B QPJOU DIBSHF
BUIJOEJTL XIJDIJT QFSQFOEJDVMBS UP UIF ISEDUIPO PG
EJTL CFDPNFT B EFMUB EJTUSJCVUJPO XJUI BO FMFDUSJD G
UJDMF BOE B NBHOFUJD GJFME QFSQFOEJDVMBS UP FMFDUS.
UP DBVTBMJUZ UIFTF TPVSDF GJFMET EP OPUBGGFDU QBSUJ
XIJDIHFOFSBUFTUIF GJFME /FWFSUIFMFTT SFGMFDUJPOTP
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JLIXUH-POHJUVEJOBM FMFDUSJD G Jf B PGIB H R\SFINF SYBIS L
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-PSFOU[GPSDFPG UIJT GJFME ¢BUWB b POTBJB BUUEQ B
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SFTVMUJOHNPNFOUVNDIBOHFPGUIFUFTUQBSUJDMF DBO (
UIF -PSFOU[GPSDFPSBOJOUFHSBM PG UIF -PSFOU[ GPSDF
5|F -PSFOU[ GPSDF BU UIF MPZOIHIJUWNBJP\B BINMBIURE BOQ UIF D
UIJNE(z+9=v, 51JT MFBETUPUIF EFGJOJUJPO PGHMIF XBLF GV

Z 1 . <
z+s
W £ 1,5 5,8 = F. fo,z,t= — dz B
192 4 V2
Zl . < . <
z+s zZ+s
E ro2t=— +vw B f,2z,t=— dz C
11 V2 V2

1
-2
[==Y

o)

%VF UP UIF OPSNBMJ[BUJPO UIF XBLF GVODUJPO JT JOEF(
.BUIFNBUJDBMMZ UIF XBLF GVODUJPO SFTFENCMFT B (SFFO
UFOUJBM PGB CFBNDBOCFEFUFSNJOFECZB DPOWPMVUJF

Zy Zy 2,

W #,,,s = W f 1,65 5,8 & 5, d3d?, g,
1 1 1

XIFSFUIFDIBSHF EJTUSJCVUJPO JT OPSNBMJ[FEBT
Z, 72, 2,
(9 dsd?s, ; = 1.

:DNH)LHOG



*OPSEFSUPGPSNVMBUF UIFXOPBREGEBEN IDEGRMMP XJOH UXP BQ
TFFBMTP B H <

3JHIJE CFBN BQQSPYIFNGBRBINRQBTTFT B EFWJDF XIJDI DSFB
GJFME SJHJEMZ 51JTNFBOTUIF XBLF GJFME EPFT OPU BG
XJUIJO UIF EFWJDF 5IF DIBOHF PG UIF QBSUJDMFT WFN
JT OFHMJHJCMF GPS SFMBUJWJTUJD QBSUJDMFT BOE Ul
NPUJPO DBOBMTP CFOFHMFDUFE

*NQVMTF BQQSPYNINBRAMROUIF XBLF GIJFMEJT DPOUJOVPYV
UFTU QBSUJDMF UIF FGGFDU JT DPNCJOFE UP BO JOUFH
UFTUQBSUJDMF MFBWFT UIF EFWJDF 8F DBMM UIJT UIF X

5|FSFGPSF UIFUSBOTWFSTF QPTJUJPOTPGUIFTPVSDF BOE
EJOBMEJTUBODF CFUXFFOUIFQBSUJDMFTTUBZDPOTUBOU
XBLFGIJFMEJOUXP SFHINFT S5IFUSBOTJFOUSFHJINF sXIJDIJT
BOE UIF SFTPOBOU SFHINF GPS EJTUBODFT NVDI MBSHFS UIB
UIFGPSNFSJT DBMMFE TIPSU SBOHF XBLF BOE UIF MBUUFS J°
%VF UP UIF MPOHJUVEJOBM XBLF QPUFOUJBM UIFSFJT B D
EJUJPO UP UIF DIBOHF CZBO FYUFSOBM QPUFOUJBM 5I1JT M
EJTUPSUJPO XIJDIEFQFOET PO UIF XBLF GIJFMEBOE UIVT P
5|lF UPUBM FOFSHZ MPTT PG B CVODICZ B#R]mwp%JEJMEIFI’ HJ
MPTT GBDUPS
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*OUIFBDDFMFSBUJOH QPUFOUJBM UIF FOFSHZHBJO PG B CV
UIF CVODI DIBSHF 5IFSFGPSF UIFSFJT B CVODI JOUFOTJUZ
XBLF GIJFMEBOE FOFSHZ HBJO CZ UIF FYUFSOBM GJFME BSF F
BDDFMFSBUJPO PG UIFCVODIJT OPUQPTTJCMF 51JTEFGJOF
MJINJIG <

5|lF GVOEBNFOUBM UIFPSFN PG CFBN MPBEJOH TUBUFT UIBU
IBMGPGJUTUSBOTJFOUCFBN MPBEJOHWPMUBHF XIFO JU DS
FOFSHZDPOTFSWBUJPOJGUXP QBSUJDMFTQBTTUIFDBWJUZ
QFSJPEJOUIFDBWJUZPSJGUIFGJSTUQBSUJDMF QBTTFT UI
IBT DIBOHFECZBOBSCJUSBSZBOHMF ®FFGPOIFPERQAMNQMJ
uilBuU UIF MPOHJUVEJOBM XBLF GVODUJBRD EPFT OPU WBOJTI J
JPXFWFS UIF USBOTWFSTF XBLF GVODUJPO GPS!'BOQIFFJOU M
[FSP 51JT NFBOT UIBU UIF USBOTWFSTF XBLF EPFT OPU BDU
POMZ MFBETUPBEFGMFDUJPO PG TVCTFRVFOU QBSUJDMFT
EFGMFDUFE BT B XIPMF CVU POMZ UIFIFBEPG UIFCVODI EFGN
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*GUIF XBLF GVODUJPOJT POMZLOPXOJOPOFQMBOF MPC
GVODUJPOJOUIFPUIFSQMBOFDBOCFDBMDVMBUFE BOBMZ
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B SFMBUJPOTIJQ CFUXFFO MPOHJUVEJOBM BOE USBOTWEFS
HFOFSBM NB®OFS <
JJHICFBNJOUFOTJUJFTINQMZ TUSPOH XBLF GJFMET 5IF
CFBN MFBET UP JOTUBCJMJUJFT BOE UIFSFGPSF MJNJUT Ul
BDDFMFSBUPS *OUFOTJUZ FGGFDUT DBVTFE CZ XBLF GJF/|
FGGFDUT CZ UIF TIPSU SBOHF XBLF GJFME BOE NVMUJ CVO
GJFME 'PSDPOWFOUJPOBM BDDFMFSBUPST JOUFOTJUZ FG
EFUBJM CPUIUIFPSFUJDBMMZ BOE FYQFSIJNFOUBMMZ *Ol
OPU ZFUCFFO BOBMZ[FE JO EFUBJM BOE UIJT UIFTJT QSPW
PG JOUFOTJUZ MIJNJUT EVF UP XBLF GJFMET
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6LQJOH 3DUWLFOH '\QDPLF
/IDVHU $FFHOHUDWRU 6WU.

5[F DPNOQMFY QBSUJDMF EZOBNJDT JO UIF FWBOFTDFOU GJ
%-" TUSVDUVSFT SFQSFTFOU B NBKPS DIBMMFOHF GPS UII
DFMFSBUPS MBUUJDF CBTFE PO %-"TUSVDUVSFT 5IF TJOH|
BDDFMFSBUPST IBWF CFFO TUVEJFE GPS EFDBEFT ©SIF TU
CBTFEPO UIF OPUBUJPO JOUSPEVDFE JO UIF DPOUFYU PG D
GSPNDPOWFOUJPOBM BDDFMFSBEGBMIAUKRB BU BOE U 6BIE D)
JO %-"HSBUJOH QFSJPET BSF EFSIWFE CZ VTJOH B TQBUJ|
QPUFOUJBM DPNQBSBCMF UP UIBUPG BDPOWFOUJPOBM NB
BOE)JMM TFRVBUJPOTEFTDSJCJOHUIF QBSUJDMF NPUJPC
PG GPDVTJOH DPODFQUT FTQFDJBMMZ UIF "MUFSOBUJOH !
TUSVDUVSFT XIJDIJT QSFRFOUBETOMWNMABDBI[FT UIF EJGGFSF
BOE PQUJNJ[BUJPO UBTLT GPSTJOHMF %-" QFSJPETBOE GV
NFUIPET VTFEJO UIF MBUUJDF EFTIHOPG DPOWFOUJPOBM
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*O PSEFS UP BOBMZ[F UIF TIOHMF QBSUJDMF EZOBNJDT JO
%-"DFMM BT VOJU DFMM BOE EFGJOF B DPPSEJOBUF TZTUI
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XJUI=2 = ¢ BOEUIFMPOHJUVEJOBMHRMFRUDIDIMBFF B MMM &I
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XI1JDI EFTDSJCFT UIF FWBOFTDFOU EFDBZ PG UIF OFBS GJF
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QIBTF UIFTFDPOE TVNNBOE WBOJTIFTBOE UIF GJSTU TVNN
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4JODF UIFIZQFSCPMJD TIOFJT BO PEE GVODUJPO UIF MPC
UIFDFOUFSPGUIFHBQ BOEEJTBQQFBSTJO UIFDFOUFS 51
FYQFSINFOUT <

4P GBS POMZ UIF FWBOFTDFOU EFDBZ PG UIF OFBS GJFM
CFFO DPOTJEFSFE XIFSF UIF DPSSFTQPOEJOH MBTFS JT J
UIFPQQPTJUF TJEF PG UIF EJFMFDUSJD HSBUJOH BSF BMTP
PO UIF HSBUJOH TVSGBDF CZ BrSHEGME BG NMFO DPHFGIGR B JWFIEL
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XBWF GSPN POF TJEF PG UIF HSBUJ®O RDP VY I5F$ B EDRF PEBEOD F
5|lF SFGMFDUFE XBWF USBWFMT CBDL UISPVHI UIF HBQ VOUJN
IBSNPOJD PG UIF GJSTU FWBOFTDFOU XBWF GSPN POF TJEF B
"GUFS UIF GJSTU SFGMFDUJPO UIFTQBUJBMIBSNPOJD PG Ul

i <
|
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&RVBUJPOBT UIF TBNF EFQFOBHF&RIRFEBB@E UIVT DBO CF USFB!
UIF TBNF XBZBTBTVQFSQPTIJUJPOPGBIZQFSCPMJID TJOF BC
GPSNVMBUJPO DBO CF GPVOE JO UIF TWwQ 6 MFINFBUWIBMINB 8N B (
JOUIF DFOUFS PG UIFHBQ NVTU CF DBMDVMBUFE ©®©VNWKSJDB
BTZNNFUSJD EPVCMF TJEFEHSBUJOH UIF FWBMVBUJPO PG L
BMSFBEZJODMVEFT QPTTIJCMBRANMNFDUJIJPOT BOE &R

*OUIFGPMMPXJOH XF XJMM DPODFOUSBUFPOUIFDBTFPGF
UJDMFBDDFMFSBUJPOJOUIFDFOUFSPGUIFDIBOOFM XIJDI ¢
JOUP &R*O UIJTDBTF UIFFOFSHZHBJOJT
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5[F BSHVNFOU PG UIF DPTDJOFFOINDZ&ERQIBTF TIJGU UP UIF MBTF¢
BEEJUJPOBM DPOTUBOU PGGTFU CZUIF BSHVNFOU PG UIF TQ
BT B QI'BTFG B SFGFSFODF PS TZODISPOPVT QBSUJDMF SFHB
JOUIFTUSVDY¥380OXINFBOT PO DSFTU BDDFMFS8OBBXRFBOE B
UIF SFGFSFODF QBSUJDMF BOE BO BSCJUSBSZ QBSUJDMF JO
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QFS QBSUJDMF QFS DFMM XF DBO BEEJUJPOBMMZ DPOTJET
CFUXFFOUIFBSCJUSBSZ QBSUJDMFBOE UIF SFGFSFODF QE
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/PUF UIBU UIF SFGFSFODF QIBTFJT OPU EFGJOFE SFHBSE]J
BCPWF JUJT EFGJOFECZ UIF BDDFMFSBUJOH QIBTF JO UIF
TUBOU PGGTFU CZ UIF BSHVNFOU PG UIF TQBUJBM IBSNPOJ
DPOWFOUJPOJODPOWFOUJPOBM MIJIOFBS BDDFMFSBUPST
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XIFSFUIF FOFSHZ NPNFOU\WN-E B3G&SBEOB &RM BSF VTFE 5IF
EFSJWBUJPO BETE&RINJMBS UP)BRFWFS UIF JOUFHSBM MJNJ
DFMM CPVOEBSJFT XIFSF UIF GJFMET GVMGJMM B QFSJPEJ
BOE DTIPX UIBU UIF NPUJPO JO UIF USBOTWFSTF BOE MPO
#BTFE PO UIF SPMBIUJIR,CT @=@ XJUIt= o= BOEE=( )=

pj= @=@ UIF JOUFHSBUJPO PG UIFTF UXP FRVBUJPOT ZJFM
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'PSBQBSUJDMF XJUIBTNBMMUSBOTWFSTFEY-TQMBDFNFOU
BOEBTNBMMEJTUBODF GSPNUSH{SKRGFSROPRRBSOUDBRM &R
DBO CF FYQBOEFEUP TFDPOE PSEFS PNJUUJOH DPOTUBOU
PG BUXP EJNFOTJPOBMIBSNPOJD PTDIJMMBUPS
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"TJOUIF MJOFBSJ[FE NPUJPO PG BDPOWFOUJPOBM MREBBS E
UJPOT PG NPUJPO BSF )JMM TFRVBUJPOT
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X1 JDI MFBE UP B EFDPVQMJOH PG UIFDPVQMFE OPO MJOFBS |
FRVBUJPOT NFBOTUIBUBMM QSPDFEVSFTPGDPOWFOUJPOBI
JOHVTJOHS5XJTT QBSBNFUFST DBOBMTP CFVTFEJO %-"TUS)
DBTF )PXFWFS POMZ UIF FRVBUIJMOB S PSFMFWEBOD IBVOBNF TU
DISPOJDJUZ DPOEJUYBOIRRNPSF UIF %-"DFMM MFOHUI IBT L
UIFWFMPDJUZ PG UIF SFGFSFODF QBSUJDMF 5IF FOFSHZ PG
N %-"DFMMTJT HIWFO CZ
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n=1

*GUIF TZODISPOPYITIIMITFO TVDI UIBU UIF SFGFSFODF QBSUJI
FOFSHZ UIFDFMMMFOHUIIBTUPCFDIBOHFEBMPOHUIFTUSV
SBNQ BT
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4VvDI BHSBUJOH XJUIJODSFBTJOH DFMM MFOHUI JT SFGFSSF|
UVSF "DIJSQFEHSBUJOHJTEFTIJHOFE CZIBAQOWFBBUP® WWE SIF
UIFSFGFSFODFQBSUJDMFEFUFSNJOFTUIFMFOHUIPG UIF OF
VMBUJPOPGUIFFMFDUSJD GJFMET SFTVMUTJOUIFTQBUJBM
TZODISPOPVT QIBTF BOE UIF QBSUJDMF WFMPDJUZ BGUFS QB
UFSNJOFE "GUFSXBSETUIFMPPQ TUBSUTPWFSBHBJO "HSB
MFBET UP EFQIBTJOH XIJDI JNQMJFT UIBU UIF TZODISPOPV"
BMPOHUIFTUSVDUVSFBOETZODISPOPVTBDDFMFSBUJPO PG

2
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60EFS DFSUBJOBTTVNQUJPOTUIFFOFSHZTQFDUSVNBGUF!
DBO CF DBEMDVMBUFE>BOBMER BOBMNQ@WKIPOT BSF UP OFHMFD
EFQFOEFODFPGUIFBDDFMFSBUJOHHSBEJFOUBOEBDIBOHF
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UIFJOUFSBDUJPO 5IVT UIF FOFISHEZNHBWIG B BOE UIF FOF
JOUFSBDUJPXOMFOHUI
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UXP SBOEPN WBBSOBGVWETCZ &R 5IVvT UIFJOJUJBM CVODIE
BT QSPCBCIMIUZERPTH)L GVOBQIPRKE UP UIF FOFSHZ TQFD
JOUFSBDUJPO MFOHUIBT QSPCBEJZIUAEBODFHEBMODUJP
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E JO&R EPFTOPUEFQFOEPOUIFJOJUJBM FOFSHZTQFD
EFSTUPPEBTUIFNBQQFEQSPCBCIJMIJUZGVODUJPOPGB CV(
JT B %JSBD EFMUEpG:VQ[E‘}JJEF!’g) 5lFSFGPSF UIFFOFSHZEJTU
JOUFSBDUJPO GPSBOBSCJUSBSZJOJUJBM FOFSHZ EJTUSJ

E XJUIUIFJOJUJBM FOFSHZ EJTUSJCVUJPO
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'"JHVSFTIPXT FOFSHZ TQFDUSB PG CVODIFT XJUIEJGGFSFOU
QIBTF #ZJODSFBTJOHUIFCVODIXJEUIUIF(BVTTIJBOTIBQFE |
BDDFMFSBUJPO PG UIF TIPSUFTU CVODI DIBOHFT UP UIF DIBS€
GPSBCVODINVDIMPOHFSUIBOUIFHSBUJOH QFSJPE 4VDIEP
CFFONFBTVSFEFYQFSIJINFOUBMMZ <

JLIXUH"OBMZUJDBMMZ DBMDVMBUFE FOFSHZ TQFDUSB BGUF*
EJGGFSBOHE-= 200keV JOKFDUFEBUBTZODISPOPVT QIBT
5|FFOFSHZHBJOPGUIF SFGFSFODF QBSUJDMMHJIT LF

>

$OWHUQDWLQJ3KDVH )RFXVLQJ

"TTIPXOJO &RUIF MJOFBSJ[FEBOEEFDPVQMFE MPOHJUVEJOE
BSF TIJGUFE CZ EFHSFFT 51JT NFBOT B MPOHJUVEJOBMMZ
UIFUSBOTWFSTFEJSFDUJPO BOEWVSFOHAMBABHIBENBEHOBMMZ
FSBUJPO UIFSFBSFUSBOTWFSTF EFGEBU AEXK RMDI DBOIOPUI
CFPWFSDPNFCZBDPOWFOUJPOBM NBHOFUJD GPDVTJOH MB
QIBTFDIBOHFTBMPOHUIF %-"HSBUJOH UIJTDBO CFJOUFSQ¢
JOH QPUFOUJBM QSPWJEJOH CFBN DPOGJOFNFOU JO CPUI UI
QMBOF " GJSTU GPDVTJOH DPODFQU XBT @SKIFDWHREE D I/B S
QPOEFSPNPUJWF GPSDFT GSPN UIF OPO TZODISPOPVT TQBL
UIF TZODISPOPVT POFT GPS BDDFMFSBUJPO %JGGFSJOH G¢
UIFTZODISPOPVT TQBUJBMIBSNPOJDTPOMZTINVMUBOFPVT
BMUFSOBUJOH UIFTZODISPOPVT QIBTF BOE>UIVT UIF GPDVTJ
*ODPOUSBTUUPDPOWFOUJPOBM BDDFMFSBUPST XIJDIVTF
USBOTWFSTF CFBN DPOGJOFNFOU JO PVS TDIFNF UIF QIBTF
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JLIXUH&MFDUSPO BDDFMFSBUJPO BOE GPDVTJOH QSPQFSI
HSFFO EPUT EFOPUF GJYFE QPJOUT GPS CFBN USBO"
MPOHJUVEJOBMPSUSBOTWFSTF GPDVTJOH SFTQFCLC
QPJOUT GPSUSBOTWFSTFMZ TUBCMF BDEBFMFSBUJP

SBOHFPG MPOHJUVEJOBM GPDVTJOHBOE USBOTWFSTF GPI
HSBUJOH 5IF QIBTF SBOHFT EFGJOFE CZ UIF BDDFMFSBUJ(
'"VSUIFSNPSF UXP FYFNQMBSZ DPVQMFT PG GJYFE QPJOUT
Cz x CFUXFFO UIF HSFFO QPJOUT QSPWJEFT TUBCMF CFB
GJOFNFOU XJUIPVUBDDFMFSBUJPO 41JGUJOHUIF QIBTF CF
DPOGJOFNFOU BOE BDDFMFSBUJPO TINVMUBOFPVTMZ 5IF
UJPOBM DFMM ESJGU CFUXFFO UXP TFHNFOUT XJUI DPOTUE
&RT BOE TUBCMF CFBN USBOTQPSU BOE BDDFMFSBUJP
QIBTRE 90 % n 180x BOE2 (90 %270 %+ n 180x XJWAZ SFTQFDUJWFMZ
UJPO TIPXT UIBUB QIBTRFRBBGUXZn 360x DIBOHFT POMZ UIF
PG UIFGPDVTJOH TUSFOHUI XIJMFUIF BDDFMFSBUJOH HSB

&BDI MBUUJDF DFMM JO UIF BMUFSOBUJOH QIBTF GPDVTJ
GPDVTJOH TFHNFOW}KOEPOWMFODHMWMT GPMMPXFE CE;RB BECGEGU |
BUSBOTWFSTFMZ EFGPDVTJQHBTTGEIN-F OB MUT| GIFFNDMRXFE C 2
MFOIRWI XIFSFUIFESJGU MFOHUIT BSFEFGJOFE CZ
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lge= — P, B

_ 0.E (p+p
e & (U C

$OWHUQDWLQJ 3KDVH )RFXVLQJ



XJUphsE2 ' WVFUPUIJTTUSVDUVSF BMBUUJDFDFMMIJT P
TFHNFOUT DBO CF NPEFMFEBT UIJDLMFOTFT XJUIUIFUSBOT

p— I
cos Kz p=sin Kz
Mdz) = — _ K — , B
d2) szin pKz cospKz
cosh " Kz sL sinh PRz
Mg(z)= P K C

Ksinh = Kz cosh Kz

'PSMPOH TFHNFOUUIFESJGUT DBOCFOFHMFDUFE BOE UIF MB
TFOUFE CZ UIF USBWQHGHFIS MBS A= Me(Let lg dMELg lg D

*O B TUSJDUMZ QFSJPEJD CFBN USBOMRPS U MBUB NBURDIBEM
5XJTT QBSBNFUFST DBO CF DBMDVMBUFE CZ TPMWJGHFUIF FJ|
NBYJNVN PG UIF SFTVMUJOH 5XJTT CFUB GVODUJPO XI1JDIPD
NFOU HJWFT B MIJNJU PO UIF FNJUUBODF UIBU GJUT UIF BQ
BEWBODF QFS MBUHJWF O M

< ° <

1P — ip—
cos( )= cos > KL cosh 5 KL <1,

XIFSFUIFJOFRVBMJUZ SFMBUJPO SFTFNCMFG B SFTTUBBXOMIMG B B
DPOGJOFNFOU "TGPSUIFUSBOTWFSTF QMBOF JUJT BMTP (
GPS UIF MPOHJUVEJOBM QIBTF TQBDF XIFSF UIF MPOHJUVEJ
CvOoODI MFOHUI "DDPSEJOH UP UIFTIJGU JO UIF GPDVTJOH Q¢
QBSBNFUFSTBSF TIJGUFECZ IBMG B MBUUJDF DFMM UP UIF U
*OBOBDDFMFSBUJOHMBUUJDF UIFUSBOTGFS NBUSJDFT PC
UIFJOJUJBM S5XJTT QBSBNFUFST UISPVHI UIF MBUUJDF 4J0OD
UIF 5XJTT QBSBNFUFST DBO POMZ CF BQQSPYJNBUFE CZ UIF (
FBDI MBUUJDF DFMM S51JT BQQSPYJNBUJPO JT TVGGJDJFOU|
BOE QFSJPE MFOHUI JT TNBMM *G UIJTJT USVF JU DBO CF \
UP EFUFSNJOF UIF TFHNFOU MFOHUIT XIFSF UIF NBYJNVN PC
NJOJNBM GPS HIWFO QBSUJDMFWFMPDJUZ QFBLHSBEJFOU

6WUXFWXUH 'HVLIQDQG 2SWLPL]DWLRQ

'PS UIF EFTJHO BOE PQUJNJ[BUJPO PG B %-" HSBUJOH TUSVI
EJGGFSFOUUBTLT TJOHMFDFMMPQUJNJ[BUJPO BOE MBUUJI
NFSIJDBM PQUJNJ[BUJPOUBTLEFGJOJOHWBSJPVTRVBOUJUJ
HSBEJFOUJOUIFDFOUFSPGUIFDIBOOFMPS MPXFTU GJFME J
TUSFOHUIPS IJHIFTU CBOEXJEUI 6TJOH QFSJPEJD CPVOEBS
UIFFMFDUSPO CFBN QSPQBHBUJPO UIF GIJFMET JO B TJOHMF
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JLIXUH.BYJNBM 5XJTT CFO,BBG‘(DQ,DELJFQ]\ABOF GPS BDDFMFSE
LF7UP .F7BUBTZODISPOPVT QIBTF xPGG DSFTI
FOU PG °7 BEBQUFE GSPN <>

FSBM NFUIPET TVDIBT 'JOJUF %JGGFSFODP *QUBHB B GRIFE
'SFRVFODZ %PNBID'FOIJUF &MFNFOU 'SF RV F0 B HA FoFPNNBU ®JD B
HSFFT PG GSFFEPN GPS UIF PQUJNJ[BUJPO DBO CF EFUFSN.
PSCBTFEPO TUSVDUVSFT UIBUBSFLOPXOUPCFGBCSJDB
BQQSPBDI VTFT BEKPJOU NFUIPET JO PSEFS UP PQUJNJI[F B
UJOVPVT QFSNJUUJWJIBZ FRIXESFCSVUIPORKROUJOVPVT QFSN.
DPOWFSUFEJOUP B NBOVGBDUVSBCMF EJTDSFUFTERXUBJC"
EVBM QIMMBS TUSVDUVSFUP CFPQUJNJ[FEGPSIJHIFTUHS
QMPUPGUIFBCTPMVUF WBMVF PG UIF GJSTUIBSNPOJD BT C
GSFFEPN XIJDIJT UIF QJMMBS SBEJJ *O UIJT FYBNQMF Ul
DFMM BSF NBEF XJUI $45 .JDSPXBWF 4UVEJP <

5lFTFDPOEUBTLJTBGVMMMBUUJDFEFTJHOUBLJOH CFBN
JOH QPJOU PG UIFEFTJHOJT UIF PQUJNJ[FETJOHMF DFMM
XPSLGMPX TIPXO JRIJH JT FYQMBJOFE JO NPSF EFUBJM CF
FUFST PG UIF EFTJHO BSF PO UIF POF IBOE MBTFS QBSBNF
GJFME TUSFOHUI BOE PO UIF PUIFS IBOE UIF JOJUJBM QBSH
TZODISPOPVT QIBTF *O BMM TUFQT FYDFQU UIF GVMM %
BTTVNFEUP CF B QMBOF XBWF XIJDIJT KVTUJGJFE JG UIF |
MPOHFS UIBO UIFCVODI MFOHUI BOE UIF QVMTF GSPOU JT U
DMFTUBZTJO UIFDFOUFS PG UIFQVMTF XIJMF U QBEFTBFN U
PG UIF MBUUJDF EFTJHO JT UIF IJHIFTU QPTTJCMF UISPVHI
MBUUJDF 'PS B QVSFUSBOTQPSU TUSVDUVSF UIF MBUUJD
MBUF UIF NBUDIFE 5XJTT QBSBNFUFST BT B GVODUJPO PG L

6WUXFWXUH 'HVLIQDQG 2SWLPL]DWLRQ



JLIXUHIBSBNFUFS QMPUPG UIFGJSTUTQBUJBMIBSNPOJD MI
UVSF SJHIU BOE BO JODJEFON WEBN FIg QI MIEBXQIE | 7 N
OPSNBMJ[FE QFBL GJFME 5IF TUSVDUVSF QFSJPE MFC
DMFT X3 UI

MFOHUI XJUI UIF TNBMMFTU FOWFMPQF 'PS BO BDDFMFSBUJ
TBNF XBZ J F UIF NBUDIFES5XJTT CFUB GVODUJPO JT DBMD\
NFOU MFOHUI BOEBEEJUJPOBMMZ UIF WFMPDJUZ PG UIF SFGI
JTUIFOTFMFDUFE TP UIBU JU GPMMPXT UIF NJOJNBM FOWFM
UIF SFGFSFODF QBSUJDM¥FWEBES 'IHODF UIF FOFSHZ PG UIF QB
XJUIJO UIF MBUUJDF UIF QFSJPE MFOHUI PG B TJOHMF %-" DF
&R DIBOHFT XIJDI CSFBLT UIF QFSJPEJDJUZ PG UIF MBU
5XJTTQBSBNFUFSTBSF OP MPOHFS NBUDIFEUP UIF MBUUJDF
'JHVSFTIPXTTVDIBOJODSFBTFJOUIFMPOHJUVEJOBMS5XJTT
JUTIPXTUIBUB GFX NBOVBM DPSSFDUJPOT PG UIF TFHNFOU
TIHOJGJDBOUMZ *OUIJT FYBNQMF UIFNBYJNVN PG UIF USB!
NPTU UIF TBNFJO UIF DPSSFDUFE BOE VODPSSFDUFE MBUUJL
USVF 5IF SFNBJOJOH JODSFBTF JO UIF 5XJTT CFUB GVODUJ!
EBNQJOH PG UIF FNJUUBODF EVF UP NPNFOUMNUWIGDSFETNP D
NBYIJNB PG UIFCFBN FOWFMPQF BSFBMNPTU DPOTUBOU

4P GBS POMZ MJOFBSJ[FEEZOBNJDT BSF DPOTJEFSFE 5IFS
FYQPSUJOHUIF MBUUJDF HFPNFUSZBOE UIFJOJUJBMS5XJTT C
BQQSPBDI XFDBOVTFBTIJNQMJIJGIJFEUSBDLJOH T TINVMBUJP(
GpPS BOVTVBM MBUUJDF EFTJHO PG B GFX UIPVTBOE QFSJPE
XFDBO WFSJGZ UIBU OPO MJOFBSJUJFT IBWF OP VOEVF JOGN
BOEXFDBOFTUJNBUFUIFNBYJNVNQPTTJCMF FNJUUBODF GP
%VF UP UIF BTTVNQUJPO UIBU B TFHNFOU DPOUBJOT POMZ R
GJFME FGGFDUT BU UIF FOE PG B TFHNFOU GJFMET JO UIF ES
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JLIXUH8PSLGMPX GPS MJOFBSJ[FETUSVDUVSFEFTJHO 5IF
VTFEQSPHSBN 3FE $45 45 VENVHRV.JIBIF ENB UIBDMMP X
%-"USBDL % .BUMBC>1ZUIPO <
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JLIXUH5XJTT CFUB GVODUJPOT PG BO BDDFMFSBUJOH MBUUJ
BWFSBHF HSBEJFOU BG B T.ZOIDISPOPVX RGBBI B SFTU *
UIFMPOHJUVEJOBM QMBOF UIF NBOVBM DPSSFDUJPO

0JGJDBOUMZ UPQ XIFSFBTUIFNBYJNVNPGUIFUSBC
VODIBOHFE CPUUPN

UIFTFHNFOUTBSFOFHMFDUFEJOUIFTFTINQMJGJFE TINVMB
JTBEEJUJPOBMMZ VTFE UP TINVMBUF UIF GVMM UISFF EJNFC
TUSVDUVSF BOE USBDL UIF QBSUJDMFT UISPVHI UIFTF GJFME
UP EBZT CVUUIFZ QSPWJEF UIFPQQPSUVOJUZ UP DIFDL UIF !
BOE BOBMZ[F UIF FGGFDUT PG FEHF GJFMET BOE DPVQMJOH
UPPMT NBUDI BOE GVMGIJMM UIF SFRVJSFE TQFDJGJDBUJPOT
TINVMBUJPO DBO EJSFDUMZ CF USBOTGFSSFE UP UIF OBOPG
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:DNH)LHOGV LQ 'LHOHFWU
$SFFHOHUDWRU 6 WUXFWXU

8BLF GJFMET JO %-" TUSVDUVSFT BSF HFOFSBUFE CZ UIF
$IFSFOLPW FGGFDU TINVMUBOFPVTMZ 5IF HSBUJOH BQFS
CZQBSUJDMFT 5IFSFGPSF BOBOBMZUJDBM DBMDVMBUJP
OVNFSJDBM TINVMBUJPOT BSRSFR ¥ OIFEU 4HF+DINWVOBUIP O N
UPDBMDVMBUFUIF XBLF GIJFMEPGBOBSCJUYBSBEZ[FIMBIQFE
UVEJOBM XBLF GJFME SFTVMUT JODMVEJOH TINVMBUJPO U/
DPODMVEFTUIFDIBQUFS CZTIPXJOHUIF SFTVMUT PG USBO

‘DNH)LHOG 6LPXODWLRQ ORGHO DQG &RQYROXWLRQ

*O PSEFS UP DBMDVMBUF UIF XBLF GJFME PG %-" TUSVDUV.
GJFME TPMWFS JO $454 BMEXBLVFIBIFME TPMWFES JO $45 4UV
BUSBOTJFOU TPMWFS CBTFE PO UIF 'JOSUFP*DBN B 8 BIB UAOUS
USPNBHOFUJD GIFMHUFIFEZIJHUFQ UISPVHI UJNF CZ UIF -FE
TDIFNF 5IF XBLF QPUFOUJBMJT UIFO EFUFSNMFEHIUNE BM

JLIXUH40BQTIPUPG UIFMPOHJUVEJOBM FMFDUSJD GJFME |
BDIBSHFPG=G&8BW JOBEVBM QJMMBS TUSVDUVSF |
'JH >




(BVTTJBO TIBQFENPWJOH MJOF DIBSHF MJL# BYQIQIDJWTE EBN
TPVSDF CVODI OQFO CPVOEBSZ DPY BIUMBPISTFBYIBE BQ @ W EFBEVF
CPVOEBSZ DPOXXEEUSFOUJP®O UP MINJU UIF TINVMEBARBEIB®EBGH
JGJDBUJPO PG UIF DPPSEJOBUF BYFT ©5IF SFRVJSFE MFOHU
DPSSFTQPOETUP UIFOVNCFS PG %-"QFSJPET JTHIWFOCZU
QPTIRIPFKBDIFE CZ B UFTU QBSUJDM$ QR BWE MIP© ABYSDFUGBDSI
XIFOUIFUFTU QBSUJDMF XJMM FYQFSJFODF Ul b XEBIPANGUIFME T
QBSUJDMF USBKFDUPSZ <

b? &

% 2s

5|FSFGPSF UIFOVNCFS PG %-"QFSJPETBOEUIFTQBDJOH UP
UIBUUIF TIPSU SBOHF XBLF GIFME QFS %-" QFSJPE DPOWFSH
UIFCPVOEBSZDPOEJUJPOT 51JTINQMIJFTUIBUUIF MPOH SB
EJTUBODFJTTIPSUFS JTQPTTJCMZJOGMVFODFECZUIFCPVC
SBOHFIBTUPCFDIFDLFEJO FBDITINVMBUJPO OVS TIJNVMBU.
UP PUIFS DPEFTBOEBOBMZUJDBM NPEFMT JO 4FD

'"PSUIFDPNQVUBUJPO PG UIF XBLF GJFME JOEVDFECZBO BS
GSPNB QFSJPEJD HSBUJOH TUSVDUVSF XIEDSFDUSBO TBABE T
VMBUF UIF XBLF QPUFOUJBM PG B MPOHJUVEJOBMMZ (BVTTJE
TIPSUCVODIMFOHUIBTEFTDSJCFEBCPWF 5IFJOUFHSBUJPC
DBMDVMBUFE BSFBSSBOHFEPOBSFDUBOHVMBS HSJE JO UIF
QBUI JT WBSJFE BMPOH UIF MPDBUJPQTERG FDE JPO FHSB'UHP C
5|F TINVMBUJPO JT QFSGPSNFE GPS FBDI QPTJUJPO PG UIF T
UJPO TZNNFUSZ PG UXFENSFDVDUPSOF JOJT TVGGJIDJIFOU UP IBV
UIF TBNGPTJUJPO *G UIFMFOHUIPGUIF (BVTTJBO FYDJUBUJ
UIF SEFBM CVODI MFOHUI UIF TINVMBUJPO XBLF SETVMU JT B
GVODWMEP® Y,¥,39 XIFSBOEBSF UIFDPPSEJOBUFT PXGBOWE CFBN
BSFUIFDPPSEJOBUFTPG USRTQUF MBSBWM DUBWHJB G E=D BRISEJOB

JLIXUH*OUFHSBUJPO QBUIT CMVF BOECFBNQBUIT SFE JO L
UJPONPEFM 'PSFBDICFBNQBUIPOFTJIJNVMBUJPOJT C
BSFDBMDVMBUFE PO FBDI JOUFHSBUJPK QBUI BEBQU
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UIFQPTJUJPO PG UIFDIBSHF 5IFFSSPSPGUIJTBQQSPYJN
FSJOH UXP (BVTTJBO CVODI EJTUSJCVYIPO®H ,X BFITQFOL IJ WH
BOE;< ,, S5IFFYBDUMPOHJUVEJOBM XBLF QPUFOUJBMPG U
CZ <>

Z l 1 E

1 2
W, , (9 = =" W,; s exp (s $) ds’

2
z12 1 2 z,12

XJUE,= 2, 2, &RVBUJMBO CF QSPWFO C2W DUV FO +
DPOWPMVUJPO PG UIF XBLF GVODUJPO BOE UIF (BVTTJBO EJ
.1 "GUFSBGFXNBUIFNBUJDBM PQFSBUJPOTUIFDPOWPMYV
(BVTTIJBO EJTUSJCVUJPO XJUJ,TUBREBSEOEEW 3 BRUBRQSP Y JN

UIF XBLF QPW,f ®GIJBIF GIJSTU CVODIBT (SFFO T GVODUJPO J

z, , ,E

approx _ 1 0 (S 50) 0

W, (9= p— W,, s exp 7 ds’.
2 z2 1 2,2

5lFDPOWPMVUJPO XJUIBOBSCJUSBSZCVODIEJTUSJCVU.
UJPOJO UIFHBQ SFTVMUT JO UIF XBLF QPUFOUJBM

Z, 2,272,
W (x,y,9) = w(x Xy.99 (Xy,s §dxdyds
111

XIFSFUIFCVODI EJTUSJCVUJR\I/DQX]'y",@dR/&I\ILBIVPJS{FFBIBQMJDJUZ :
TVNF BO VODPSSFMBUBEYEBIBUES IV YIPQ(s ® 51ITTQMIUT L
UISFF EJNFOTJPOBM JOUFHSBAF UIADERQFOEFOU POF EJNFO
'JSTU XF FYFDVUF UIF JOUFHSBM PWFS UIF USBOTWFSTF DP

Wy (x %vy,9= w(x X,v99 ,(¥)dy.

5/lFOUIFTFDPOEUSBOTWFSTFJOUFHSBM GPMMPXT BT BDP
Z,
W x v (x,vy,%= W vy(x X,v,9 (X)dx,
1
BOE GJOBMMZ UIF MPOHJUVEJOBM DPOWPMVUJPO SFTVMUT
Z,

W (X,y,8) = W x ¥y (X,y,9 (s Yds
1
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8F XJIMMOPXEJTDSFUJ[FUIFBCPWFJOUFHSBMT J F BQQSP’
PWFS UIFUSBOTWFBJIF IGFPPSSEYBBQMF BQQSPYJNBUFE BT

Wy (x %Y,9 y oowx Xyn ¥5 yng ¥V,

XIFSF UIF XBLF GVODUJPO BOE UIF CVODI E N, USRIYWT XOWBIS
EJTUBOD® EJSFDUJPO 5IF TVN DBO CF JOUFSQSFUFE BT B |
DPPSEJOBUFT SFQMBDFE CZ SFQSFTFOUBUJWF JOEJDFT

Wy (x %v,9 an‘;zi'nyyng

- 3 y
y an,n;,ny,ny,ng ny' c
ny

5|FEJTDSFUF SFQSFTFOAPBWNMPRTPEBT& R

X X X

_ y Xx s
W NNy, Ns =S Xy an,n;,ny,ny,n-s ny ng nNgng’

Ny Ny Ny

XI1JDIDBOCFJIJNQMFNFOUFEJOBWFSZFGGJDJFAQUPKBAQQFS "
XBLF QPUFOUJBM PG B (BVTTIJBO TIBQFE CVODI EJTUSJCVUJF
HSBUJOH XJUI BO BQRStUXOY/ BP®GSBTU UP DPOWFOUJPOBM BDD
XIPTFBQFSUVSFJTNVDIMBSHFSUIBOUIFCVODIXJEUIBOE X|
CFBTTVNFEUPCFJOEFQFOEFOUPGUIFUSBOTWFSTFQPTJUJ
PGB %-"HSBUJOHBSFBMNPTUDPNQMFUFMZGJIJMMFE CZ QBSU
IJHIMZ PO UIFUSBOTWFSTF QPTJUJPO

-POHJUVEJOBM BOE USBOTWFSTF XBLF GIJFMET BSF DPVQMF
DG &R B8FDBOVTFUIJT SFMBUJPOBTWBMJEBUJPO PG UIF >
DBMDVMBUFE CEI&ERSFMBUJWF FSSP SyJDRANVQWERIAVDMII P @ & RF
XSJUUFO BT

SWs(X,y,9+ Wy (X, .9

fi1g(x,y,9= @ @
Qw, (x,y,9 + EW,(x,y.9

XJIUlg(x,y,99 1 XIJDIJT QMPUUFESIG 'QMPU TIPXT UIBU UIF OV
EJGGFSFODFJO UIF 1BOPGTLZ 8FO[FM UIFPSFNBQQMJFE UP L
JT XFMM CFMPX FYDFQU GPS POF TQPU XIFSF CPUI EFSJWB!
UIVT BSUJGBDUT PG UIF GJOJUF EJGGFSFODFT CMPX VQ UIF S
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D-POHJUVEJOBM XBLF ES5SBOTWFSTF XBLF

JLIXUH5XP EJNFOTJPOBM XBLF QPUFOUJBM QFS %-" HSBU.
CVODI XJUl ON MPOHJUVEJOBM BOE ON USBOTW
EFWJIJBUJPOJT JOEJDBUFE CZ UIF CMBDWUHMMIQTFT

JLIXUH/PSNBMJ[FE EJGGFSFODF CFUXFFO UIF MFGU FOE |
1BOPGTLZ 8FO[FM UIFPBBNID&MBUFE GPS UIF TINVM
EBUB PG B (BVTTJBO CVODIEJTUSJCVUJPO XJUITUB
XIJUF FMMJQTF 5IF XBLF GJFMETBEBRQUPK G IBNJIH
>
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/RQJLWXGLQDO :DNH )LHOG

-POHJUVEJOBM XBLF GJFMET MFBEUPB QPTJUJPO EFQFOEFO
BDIBOHFPGUIFFOFSHZTQSFBEBOEBMTPJOBNPEVMBUJPO
cvobl 51F MPOHJUVEJOBM XBLF GJFMET PG EJGGFSFOU TUS
UIFGPMMPXJOH 4FPXTROF WBMJEBUJPO PG UIF XBLF GJFME
$45 4UVEJP 4VJUF BHBJOTU XBLF GJFME SFTVMUT PG PUIFS T
XJul BOBMZUJDBM TPMVUJPOT PG TINTNMBE JQI VIBXY BFSTF EG T
XI1JDIBSFVTFGVMJG UIF OVNFSJDBM XBLF GIJFME TINVMBUJP
5|F GJOEJOHT bDBOBMTP CF BQQMJFE UP UIF USBOTWFSTF XB
UIFPSFN &R 'VSUIFSNPSF 4FRQOBPRXPTFT TUSVDUVSFT XJUI U
GJFMET EFQFOEJOH PO UIFUSBOTWFSTF QPTJUJPO PG UIF CF

O9DOLGDWLRQRIG6LPXODWLRQORGHO

*OPSEFSUPWBMJEBUFUIFTINVMBUJPO NPEFMVTFE JO $45 4
MPOHJUVEJOBM XBLF GJFME SFTVMUT PG B MPOHJUVEJOBM
SFTVMUT DBMDVMBUFE CZ UXP PUIFSBUJINVMBRR EONRPETFJP 06 |
SFTVMUT PGB SFDUBOHVMBS HSBUJOH BSF DPNQBSFE UP UXF
SFTVMUT PG>8BNKE PO UIF 'JOJUF %JGGFSFODF 5JNF %PNBJ
GJFME DBMDVMBUJPO JT EPOF CZ NBOVBMMZ JOUFHSBUJOH
GSPN UIF UJNF EPNBJO TINVMBUJPOT "T FYQFDUFE UIF UIS
WFSZ XFMM )PXFWFS UIFUXP EJNFOTJPOBM TIJNVMBUJPO TI
JOUIF MPOH SBOHF XBLF 51JTJT BDDPVOUFE UP FGGFDUT J
OPUDBQUVSFEJO UIF UXP EJNFOTJPOBM NPEFM " UXP EJNF
JT UIFSFGPSF QIZTJDBMMZ OPU TVGGJDJFOU 'VSUIFSNPSF
TUSVDUVSF QSPRPTEBNO¥YMBUFE CZ $45 BOE UIF QBSBMMFM
VTFT B NPWJOH XJOEPX>BQ@QRSPBOMVMBUJIPO XJUI 1#%$* XBT EP(
(KPOBK 5IFTIPSU SBOHF XBLF SFTBMSHFF BAMXT® WOFSHA XFMM

'PS B NFUBMMJD DPSSVHBUFE QMBUF XJUI B TINJMBS HFPN I
TUSVDUVSF UIFSFJTBOBOBMZUJDBM NPEFM GPSUI%IFIPSU
MPOHJUVEJOBM XB4&FOGMODIWIP® @GP S

2 * < }/?
W, (s, y) = ?se(? Y exp =
|
XJUl
P . . < . < . e 2
so,:g—t2 14102 Y+ Y ofan Y ,
2 [ (t=)]° 2 3 g g g
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D$SPNQBSJTPO CFUXFFO $4EBOGNQ@BINTPO CFUXFFO $45 BO|

FS$PNQBSJTPO CFUXFFO BOBMIUVEYBMGNAPEFHW UVEJOBM XB
PG NFUBMMJD DPSSVHBUFEGEBEUBTGFBRAE8 OVNCFS PG |
NPEFM XJUIl EJFMFDUSJD NBMBRSEM BOE B
$45 NPEFM XJUI 1&$ NBUFSJBM

JLIXUH7BMJEBUJPO PG $45 XBLF GJFME NPEFM CZDPNQBSJ
GIJFME QFS %-" HSBUJOH QFSJPE XJUI PUIFS DPEFT E
CZTUVEZIJOHUIFDPOWFSHFODF PG UIF MPOHJUVEJ!
QFSJPE S5IF TIJNVMBUFE TUSVDUVSF JO "JHT B D
HSBUJOH XJUI ON QFSPRE MFOIOHBIQFSUVSF ON U
XJEUI ONUPPUIIFJHIU BOE ONCVODIMFOHUI
TUSVDUVSF XJUI ON QESIBE MFONMBIQFSUVSF C
UPPUI XJEUI ONUPPUIIFJHIU BOE ON CVODI MF

/IRQIJLWXGLQDO :DNH)LHOG



XIFSEFSFQSFTFOUT ,,UUFFH@RSJIJP EtMFIGBWMAOHJUVEJOBM HBQ CF
DPSSVHBUUIFEFQUI PG UIF DPSS(JXI)-IB[IJJB.@B#)%CDE)?X %VF
UPDBVTBMJUZ UIF XBLF GV DU'JIRHY BBOFPXIFUGPSBLF QPUFO
DBMDVMBUFE CZ B DPOWPMVUJPO PG UDPX@BBE B/ RDWIPIT $d
SFTVMUT PG UIF DPSSFTQPOEJOH EJFMFDUSJD SFDUBOHVMB
FMFDUSJD DPOEVDUJOH NBUFSJBM JT VTFE JOTUFBE PG EJF
GBJSMZ HPPE BQQSPYJNBUJPO GPS UIF 1&%$ HSBUJOH CVU U
XBLF GJFME PG UIF EJFMFDUSJD HSBUJOH 4JODF JO UIF XB
UIF 4NJUI 1VSDFMM FGGFDU BOE UIF $IFSFOLPW FGGFDU BSI
SFQSFTFOUT POMZ UIF 4NJUIl 1VSDFMM XBLF BOE UIF EJGGFS
HSBUJOHJTBGGFDUFECZ UIF $IFSFOLPW XBLF JO UIF NBUFS.
4JODFUIFBWBIJMBCMFOVNCFSPGNFTIDFMMTJOUIFTINVM
USBEF PGG CFUXFFO BDDVSBDZ BOE NFTI TJ[F #PUIBSF JOD!
PG QFSJPET DG DBUDI VQEGERIS BBOUEB&R ETIMXYSBIF MPOHJ
UVEJOBM XBLF GJFME QFS HSBUJOH QFSJPE GPS SFDUBOHVN
%-"QFSJPET "TFYQFDUFE UIFTIJINVMBUJPOTDPOWFSHF XJU
4INVMBUJPOT XJUI QFSJPET EP OPU EFWJBUF NVDI GSPN UI
BOBMZ[FENPEFMT DPOUBJO BU MFBTU UpP %-"QFSJPET
5IF 4NJUI 1ZVSDFMM XBLF JT BMSFBEZ FTUJNBUFE CZ UIF B(
NFUBMMJD DPSSVHBUFE QMWBRBEEREH &®ROBM FGGFDUT JO UIF
UFSJBM DSFBUJOH UIF $IFSFOLPW XBLF BSFJOUFOTIJWFMZ TL
XBLF GJFMET JO EJFMFDUSJD XBLF GJFME BD D& RbBSB UPBSLTF %
GJFMET DSFBUFE CZ BO FMFDUSPO CFBN QBTTJOH B TMBC T2
EJFMFDUSJD MPBEFE TUSVDUVSFBSF VTFE UP BDDFMFSBUF |
GJSTUPOFUISPVHIUIFTUSVDUVSF 5IF SFDUBOHVMBS %-" HS
TZNNFUSJDHSBUJOHCZGIJMMIJOHUIFTQBDF CFUXFFO UIF UFT
JODSFBTFTUIFWBDVVNHBQ 5IFMPOHJUVEJOBM XBLBPG CPF
'JMMJOH UIF TQBDFT MFBET UP B MBSHFS $IFSFOLPW XBLF B(
UVEJOBM XBLF QFS HSBUJOH QFSJPE UIBO UIF SFDUBOHVMB S
BO JODSFBTF PG UIFHBQ CZDVUUJOH PGG UIF UFFUI SFTVMI
XIPTFQFBLJTBEEJUJPOBMMZIFINIKCUMNEVWBMBBEFE8OE UIF DPI
UulFr BOBMZUJDBM TPMVUJPO PGB NFUBMMJD DPSSVHBUFE QM
4NJUIl 1IVSDFMM BOE $IFSFOLPW XBLFJTOPUUSJWJBM BOE B |
UIF XBLF GJFMEDSFBUFECZB %-"HSBUJOHJT UIFSFGPSF BM
5IFF EJTDVTTIJPO PG %8" TUSVDUVSFT IBTBMTP TIPXO UIBU U
UFS UP UIF GJSTU WBDVVN EJFMFDUSJD JOUFSGBDF JT DSVD
JPXFWFS XIBUBCPVU SFGMFDUJPOT PO UIF PQQPTJUF TJEF |
TIJOHMF TJEFE HSBUJOH IBMG UIF XBLF PG B EVBM TJEFE HSI
JO'JH C *G XF DPNQBSF UIF MPOHJUVEJOBM XBLF QFS HSBU.
SFDUBOHVMBS HSBUJOH XJUI UIF EPVCMFE MPOHJUVEJOBM
HSBUJOH XJUI UIF TBNF HFPNFUSJD QBSBNFUFST BU UIF EJTL
NFS HSBUJOH UIF TIPSU SBOHF XBLFT BSF BMNPTU JEFOUJELC
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D$SPNQBSJTPO CFUXFFO %-E BRONQB8JITPO CFUXFFO TJOHM
TUSVDUVSFT 5IF BOBMZ[FEBE T'U'SNSD/DVUSFSFT 51F BOBMZ[FE
BSFDUBOHVMBS HSBUJOH XJuB SFKDNUGPHVMBS HSBUJOH
SJPEMFOHUIBTEFTDSJCFEQRSUPEDMBFRAOMHPIOBT EFTDSJCF
PG'JH 'PS %8" BQMBOBS UUBWIPG 'JH
UVSFJTHFOFSBUFECZGJIJMMJOHJOUIFTQBDF
CFUXFFO UIF UFFUI 'PS %8" UIF
UFFUI BSF SFNPWFE

F%-"BOE %8" TUSVDUVSFTVTFEJO 'JHT B BOE C

JLIXUH-POHJUVEJOBM XBLF GIJFME QFS HSBUJOH QFSJPE P (
UVSFT
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MPOH SBOHF XBLF EJGGFST TMJHIUMZ 51JT BHSFFT %JUI UIF
JOEJDBUJOH UIBU SFGMFDUJPOT PG UIF TFMG GJFMET IBWF ¢
JG UIF QSPQBHBUJPO MFOHUI PG UIF TFMG GJFME JODMVEJO!
UIF HBQ TJ[F

6WUXFWXUHG6FDOLQJ

%VSJOH UIFEFTJHO PG BO BDDFMFSBUJOH MBUUJDF CBTFE P
SBNFUFSTPG UIF TUSVDUVSFTBSFPGUFO DIBOHFE 'PS FBDI
UIF TINVMBUJPOT 5IJTFGGPSUDBO CFTJHOJGJDBOUMZ SFE
JFTUDBTFJTJG BMM EJNFOTJPOT PG UIF FYDJUBUJPO BOE U
UIF TBNF GBDUPS BU UIF TBNF UJNF *G UIFZ BSFINE=E3GJFE C:
UIF (SFFO TGVODUJPO XBLF QF8 QFSIRE=TDBWSFTBS B MPO

HJUVEJOBM CVODIEJTUSJCVUJP@®XIJD(TBBRKBIPBMBEBGUJ
TDBMFTUIF TBNFBTUIF (SFFO TGVODUJPO XBLF 51JT GPMMI

Z,
W (3 = 3 8@ S ds B
1Z:L
= 1 (s HYw(d)ds C
1
= lwqs. D

4DBMJOH UIF QFSJPE MFOHUIPGBHSBUJOH TUSVDODUMWMSF BO|
FRVIWBMFOU UP NPEJGZJOHBMMEJNFOTJPOT 5IFDIBOHF JC
BDDFQUBCMFCVODI MFOHUI GPS DPIFSFOUBDDFMFSBUJPO B
PGUIFFWBOFTDFOU GJFMETJO UIF DIBOOFM .PTU %-"FYQFS
XBWFMFOKH4U2 PG CVU UIFSF BSF BMTP k¥ @081 NBRIOBSTF "By
PSBWyE5 mBU14* DG 4FDOPSEFS UP TDBMF UIFTF DIVBSG/ DUV ¢
CFVTFE XXJ29 PS=004 SFTQFDUJWFMZ

*GPOMZ TIOHMF HFPNFUSJD QBSBNFUFST BSF DIBOHFE Ul
UIJWFMZ 5IF JOUFHSBUFE FGGFDU PG UIFTF DIBOHFT JT UIF F
EJTUSJCVUJPO 51JT DBO CF BO KMZ [F& GRZRU IB-FOMEPO H NABEDSUHESU |
UIFBDDFMFSBUJOH HSBEJFOU FYQSFTTFECZ UIFBCTPMVUF'
JOUIF DFOUFS @(l)G DI HERQ "O JODSFBTF PG UIF HBQ XJEUI G
MPXFST UIF XBLF GJFMEBOE UIVT UIF MPTT GBDUPS TIHOJGJI
PG UIF GJSTU 'PVSJFS DPFGGJDJFOU BMTP EFDSIHPKATUXBUI U
MPTT GBDUPS JOEJDBUJOH UIFTUSFOHUIPGe(lUlCFFbGBUlFFFI-GSHBFLD
JOH EFTDSJCFE QSFWJPVTMZ BT GVODUJPO PG UIF HBQ XJEU
DPFGGJDJFOU SFQSFTFOUTB SPCVTU PQUJNVN GINS UBMWBD\
VFT UIBUGVMGJMM B #SBHH DPOEJUJPO XJUIJO B %-" QFSJP
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JLIXUH-PTT GBDUPS JOEJDBUJOH UIF TUSFOHUI PG XBLF FG
HBQ DPNQBSFEUP UIFBCTPMVUF WBMVF PG UIF GJS™
UIFBDDFMFSBUJOH HSBEJFOU JO UIF DFOUFS PG B C
XJUI NQFSJPEMFOHUIGPS B OPSNBMJ[FE MBEBRBUFGEB
GSPN <JH >

N SIVT UIFZBSFTFOTJUIJWF UP QBSBNFUFS DIBOHFT BC
MBTFS QVMTFT EVF UP UIF MINJUFE CBOEXJEUI
*O DPOUSBTU UP HFPNFUSJDBM DIBOHFT NPEJGJDBUJPC
TMJHIUMZ BGGFDU UIF MPTT GBDUPS TJODFJUDPOTUJUVU
BOE JT EPNJOBUFE CZ UIF HFPNFUSZ )PXFWFS UIF OBSSP
WFSZ TFOTJUJWF UP NBUFSJBM DIBOHFT XIJDI JO UVSO S|
4FD
5lFSF BSF EJGGFSFOU HFPNFUSJFT PG EVBM MBZFS %-"T
NFOUT FTQFDJBMMZ SFDUBOHVMBS HSBUJOH TUSVIDRUXBFT
PQUJNJ[F B GVTFE TIMJDB EVBM MBZFS SFDUBOHVMBS HSE
XJUIUIF TBNF WBDVVN HBQ BOE UIF TBNF QFSJPE MFOHUI
FOU XF SFBDIGPS UIF SFDUBOHVMBS HSBUJOH B HSBEJFOL
TUSVDUVSF "OPUIFS PQUJPO JT UP SFQMBDF POF SPX PG
UISFF TUSVDUVSF TIBQFT BB F HIWSHODIRN'QBISFT UIF MPOHJ
XBLF QFSHSBUJOH QFSJPEPGUIFTUSVDUVSFTGPSB (BVTT
BHSFFNFOU CFUXFFO UIFDVSWF TIBQFTJT WJTJCMF )PXFV
HSBEJFOU UIF XBLF PG UIFEVBM QJMMBS TUSVDUVSF JT TI
HFPNFUSJFT S5IFTIPSU SBOHF XBLF PG UIFTIOHMF TJEFE (
JTBMNPTU FRVBM UP UIF SFDUBOHVMBS HSBUJOH CVU BEE.
PDDVS #SFBLJOHUIFTZNNFUSZCZUIF#SBHHNJSSPS HFOF
XBLF EFGMFDUJOH BO PO BYJD CR@DF BFIFUBBODF PG UIF #SE
NVDI MBSHFS UIBO UIF WBDVVNHBQ JUEPFTOPUTJHOJGJELC
*GUIF#SBHH NJSSPSJT MPDBUFE OFBS UP UIF WBDVVN HBQ
CZUIF #SBHH NJSSPS JUBGGFDUTBMTP UIF TIPSU SBOHF X
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D%-"TUSVDUVSFT VTFE GPS DPNQBSJTPO SFDUBOHYV
EVBM QJMMBS TUSVDUVSF DFOUFS BOE TJOHMF S
XIFSFUIFTFDPOE SPXJT SFQMBDFE CZ B #SBHH NJSS

E-POHJUVEJOBM XBLF GJFME QFS HSBUJOH QFSJPE F
TUSVDUVSFTTIPXO BCPWF 'BEHBQUFE GSPN <

F5SBOTWFSTE PO BYJT XBLF GJFME QFS HSBUJOH QF
QJMMBS TUSVDUVSF CMVF XJUIBO BEEJUJPOBM #
B TJOHMF SPX QJMMBS TUSVDUVSF XJUI B DMPTF
BEBQUFE GSBN <>

JLIXUH8BLF GIJFMET QFS HSBUJOH QFSJPE PG B (BVTTJBO CV(
BYJTUISPVHIUISFFEJGGFSFOU %-"TUSVDUVSFT 5I1F ¢
JTTIPXOJO EPUUFE CMBDL
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7XQDEOH '/$ *UDWLQJ

"QPTTIJCMF BQQMJIDBUJPO PG %-" TUSVDUVSFT CFTJEFT IJ
NPEVMBUJPO PSCVODITIBQJOHPG FMFDUSPO CFBNT GSPN
S5JTIJTQPTTIJCMFJOUXP XBZT BDUJWFNPEVMBUJPOCZBO
VMBUJPO CZ TFMG GJFMET PG UIF FMFDUSPO CFBN "DUJW
CVODIJOHJO B 9 SBZ GSFF FMFDUSPO MBTFS XBT QBPDRPNVF
FOFSHZ NPEVMBUJPO CZ XBLF GIJFMET XBT BMSFBEZ JNQMF
TUSVDUVSFT GPSFYBN@GMFIBW FSBO®BMZUJIJDBM NPEFM EFTD
TIPXT UIF MPOHJUVEJOBM XBLF TDBMFT XJUI UIF JOWFSTF
PG UIF NFUBMMJD TUSVDUVSFT JO UIF NJMMJNFUFS SBOHEF
UFS SBOHF JO EJFMFDUSJD TUSVDUVSFT XIJDI JODSFBTFT
TUSFOHUI TIHOJGJDBOUMZ "EEJUJPOBMMZ UIF $IFSFOLP)
GVSUIFSJODSFBTFTUIFNPEVMBUJPOTUSFOHUIBOE SFEVD
BEWBOUBHFT PG UIF QBTTIJWF NPEVMBUJPO BSF UIF TINQM
UIFJOUSJOTJDTZODISPOJTBUJPOPGUIFTFMG GJFMET XJU
UBHF JT UIBU UIFSFJT OP BEEJUJPOBM BEKVTUNFOU QPTT.
BOEUIFCFBNPQUJDTVQUPUIFTUSVDUVSFBSFTFU JODPC
VMBUJPO TDIFNF )PXFWFS XFDBOPWFSDPNFUIJTESBXCB
HBQ PG UIFBMSFBEZ VTFE NFUBMMJD TUSVDUVSFT DBO CF
FYQFSINFOUBMMZ EJGGIJDVMU UP NPWFUXPHSBUJOH TUSYV
FUFSTJOEFQFOEFOUMZ GSPN FBDI PUIFSBOE UP BMJHO UIF
#FOFEJLU )FSNBOO BU 4XJTT'&- QSPQPTFB TUSVDUVSF XIF:
PUIFSXJTF JOWBSJBOU EJSFDUJPO 5IF BEKVTUNFOU JT UIF
UIF FMFDUSPO CFBN JO UIJT EJSFDUJPO " TLFUDI PG TVDI
JOH MPOHJUVEJOBM XBLF QFS HSBUJOH QFSJPE GPSEJGG]
$IBOHJOH UIF HBQ TJ[F DIBOHFTUIF TUSFOHUI PG UIF MPOF
DVSWF TIBQF BMNPTU VODIBOHFE *G UIFTIPSU SBOHF XBL
UIFMPOH SBOHF FGGFDU TIPVME CF BEKVTUFE B TUSVDUV
VTFE 'JHCTIPXT BO FYBNQMF BOE UIF DPSSFTQPOEJOH MP
QBSUJDVMBSMZ JOUFSFTUJOH GPS B CVODIEJTUSJCVUJPO
QFBL GPMMPXFE CZ B QMBUFBYV XI1JDI TIPVME CF NPEVMBUF
B QFSJPE MFOHUI TNBMMFS UIBO B GFX NJDSPO IBWF VTVBI
GFXIVOESFE OBOPNFUFST 4VDITUSVDUVSFTBSF NBOVGBI
MJLF FMFDUSPO CFBN MJUIPHSBQIZ B®E)BKBEWWFIWB | FPQSP
TUSVDUVSFT GPS UVOBCMF XBLF GJFME BQQMBID BRISI B OFTTIB'
TUSVDUVSFT BTVCUSBDUJWF NBOVGBDUVSJON YFDDBIR VI
CFVTFE 5IFUFDIOJRVFJT CBTFE PO BUXP TUFQ QSPDFTT
BUJPOJO UIF EJFMFDUSJD NBUFSJBM GPMMPXFE CZ DIFNJ|
UIFFYQPTFE NBUFSJBM 5IJT QSPDFTT DBO GPSN UISFF EJN
QSFDJTJPO BOE IJHIBTQFDU SBUJP 1BUUFSO DSFBUFE CZ
JOEFYCZB MBTFSCFBNDBOBMTP CFVTFE UP SFBMJ[F JOU|

/IRQIJLWXGLQDO :DNH)LHOG



D7BSJBCMF §(B)E D045y + 55 m

E7BSJBCMF HS RIPWWFODEYQHB0 m

JLIXUH-POHJUVEJOBM XBLF GJFME QFS HSBUJOH QFSJPE PG ¢
BCMF HBQ TJ[F PS WBSJBCMF UPPUI IFJHIU SFTQFDU
GVTFETIJMJDB IBWF B QFN BREEMBFIDFRA W E X NE WBIIP G
HSBUJOHJO B IBTBHSPRWHFIEHBQIPPGUIF HSBUJOH JC
BMTP B TIJ[MNPG
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5BOTWFSTF XBLF GJFMET MFBE UP EFGMFDUJOH BOE EF

CFUXFFO DPIFSFOU BOE JODPIFSFOU FGGFDUT " DPIFSFO
NBTT NPUJPO PG UIF FOUJSF CVvODlI FH PTDIJMMBUJPOTE
DPIFSFOU NPUJPO EFTDSJCFT UIF NPUJPO PG FBDI JOEJWJI
EFGPDVTJOH GPSDFT 5IF USBOTWFSTF XBLF DBO CF FYQB
NFOUTPGUIFUFTU QBSUJDMF 5IFGJSTUFYJTUJOHUSBOT)
JOBDPIFSFOUEFGMFDUJPO PG UIF QBSUJDMFT EFQFOEJOI
UIF USBOTWFSTF DPPSEJOBUFT 5IF EJQPMF XBLF WBOJTIF
SJD TUSVDUVSF BMPOH UIF TZNNFUSZ BYJT 5IF OFYU PSEF
SFTVMUT JO BO JODPIFSFOU NPUJPO CZ GPDVTJOH PE EFG
TIPXTUIFUSBOTWFSTF XBLFPGB(BVTTJBO CVODIEJTUSJC
TZNNFUSJD SFDUBOHVMBS HSBUJOH XIJYDE NMSFEBEIIBP EFG B
TZNNFUSJD HSBUJOH UIF EJQPMF XBLF EPFT OPU WBOJTI

‘'JH D 5IFTBNFIBQQFOT GPS B CVODIUIBUJT OPUDFOUFS
HSBUJOH TUSVDUVSF XJUI B USBOBWFGC DFPPEGCBHRU UF P IFHV
OBM XBLFPGBTJOHMF QBSUJDMF XIJDI BGGFDUT UIF QBSU
QBSUJDMF QPTJUJPOJT pHSPINRMAFD UIBU UIFIFBEPG B CV
JTOPUEFGMFDUFE CVUJUEFGMFDUTUIFUBJM JO B CBOBUC
*OBDPOWFOUJPOBM BDDFMFSBUPS UIF CVODI EJTUSJCV
UVSF 5IFSFGPSF UIFUSBOTWFSTF EJQPMF XBLF DBO CF M.
WFSTFPGGTFU *OBEJFMFDUSJD HSBUJOH UIF BQFSUVSF
BTMPOHBTUIFPGGTFUJT TNBMMJODPNQBSJTPOUP UIFBQ
EPOFJOBEJFMFDUSIJDHEBUGQHFPFFGIRHU JT UPP MBSHF Ul
SFTQPOTF SFRVJSFT USBDLJOH PG UIF QB SNN3,M)FITOJIQJ B BRE C
PG MJOFBS BOBMZUJDBM NPEFMT "USBDLJOH TDIFNF XJUI
BOEUSBDLJOH SFTVMUT BSFJODMVEFE JO UIF EJTDVTTJPO

7TUDQVYHUVH :DNH)LHOG



D5SBOTWFSTF XBLF QFS HSBY3IBBTM¥BSIPE RBELF BT B GVODU
B CVODIJOKFDUFE XJUI QN REGTFRO PGGTFU FWBMVBUT
MPOHJUVEJOBM QPTJUJPOT JC

UBOHFOU BT EBTIFE MJOF

JLIXUH 5SBOTWFSTF XBLF QPUFOUJBM QFS HSBUJOH QFSJPE
PGGT¥FWEISOFDUJIPO 5IFBTTVNQUJPO PG B MJOFBS EF
POUIFPGGTFUJTPOMZGVMGIMMFEGPSBOPGGTFUT
UVSF

:DNH)LHOGV LQ 'LHOHFWULF /DVHU $FF|



:DNH)LHOG OHDVXUHPHQW

5FGIJSTUFYQFSIJNFOUUPNFBTVSFXBLFGJFMEFGGFDUT J(
4XJTT'&- UIF9 SBZ'SFF&MFDUSPO -BTFS GBDJMJUZBU UIF
MBOE>= 5IF FYQFSIJNFOU XBT NBJOMZ DPOEVDUFE CZ #FOF|
*TDIFCFDL 4FDUNRBSJ[FTUIFFYQFSINFOUBMTFUVQ BOE U
NFOUT O5IF FYQFSINFOUBM SFTVMUT BSF DPNQBSFE UP UES
MPOHJUVEJOBM XBLF GJFMEJO UIF %-"HSBUJOH TUSVDUVS
VMBUJPOT BSF QSFTFOAFBDRJJGHFFODDMVEFT UIF DIBQUFS CZ
DPNQBSJTPO PG NFBTVSFEBOE TINVMBUFE FOFSHZ TQFDU

6HWXS DQG OHDVXUHPHQWYV

5/lF FYQFSIJNFOU BOBMZ[FT UIF NPEJGJDBUJPOT JO UIF FOF
HJUVEJOBM XBLF GJFME PG B SFDUBOHVMBS %-" HSBUJOH °
QFSJPET XJUI B QFSJPER MPEHBW BGFSUVSF BOE B UPPUI IF
PG NFBDI TFF'JH*U JT NBEF PG GY¥RECZAMIJDBCUSBDUJW
OJRVF EFWFMPQFE ('Z<'&.5D@GSABD 5IF HSBUJOH JT NPVOU
TBNQMF IPMEFS X1JDIJT QMBDFE PO BIFYBQPE XJUI OBOPN
'JH B "IFYBQPEJT B QBSBMMFM NBOJQVMBUPS UIBU IBT
UPSTBUUBDIFE JO QBJSTUP UISFFQPTJUJPOT PO BCBTFQN
QPJOUT POBUPQ QMBUF 5IF TBNQMFIPMEFS PO UIFUPQ Q
PG GSFFEPN XJUI OBOPNFUFS BDDVSBDZ
5IFFFYQFSINFOUBM WBDVVNDIBNCFSDPOUBJOTUIFIFYBC
UXP QFSNBOFOU NBHOFUJD RVBESVQPMFUSJQMFUT POF U
UIFTUSVDUVSFBOEBTFDPOEBGUFSUIFTUSVDUVSF UP NB
TUSFBN MBUUJDF PG UIF MIOFBEBDBIIFFAXKISBWP-SGHEBEFMINKN Z D
BO JOKFDUPS TFDUJPO UXP MJOBD TFDUJPOT BOE UXP CF
BOBEEJUJPOBM MJOBD TFDUJPO VOEVMBUPST BIBSE9 SB
BSFBT BOE UIF "UIPT CFBNMJOF XJUI VOEVMBUPST B TPGU
QFSINFOUBM BSFBT 5IFDIBNCFSJT QMBDFE JO UIF TXJUDI
FOFSHZ PG BCPVU (F7 'PSNPSFEFUBJMTPO UIF FYQFSJNF
CFBN PQUJDT T+BQE "QQ
*OPSEFSUPFOTVSFUIBUUIFFMFDUSPO CFBN TJ[FJT TVG
UVSFPGUIFHSBUJOHTUSVDUVSF UIFCFBNTJ[FJTNFBTVS|
NPVOUFE BU POF PG UIF TBNQMF IPMEFST BU UIF JOUFSBDL
DPOEVDUJWF XJSF XIJDIJTUSBOTWFSTFMZ NPWFE TUFQ C
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