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LbEpwénipyniu

dwilwuwhwlhg  wpwgwgnigguwihti - dhapluih U wbfuuhlwih  qupguguiwu
hhduwywu ninniegyniutbpp juwywd Gu Jwuuhlubph wpwqwgdwu unp dbpnnubiph
dowydwu, qbpyupéd EGYunpnuwht pwudpniyubph  unwgdwu, dwuthlubph thnpp
wnwpwdwlwu-thnywiht  pwotujwodnypjwdp  ElGyunpnuwihu  thugtiph  wpwqugdwu L
wqww EEYwpnuutph ypw  hpdudwd hgnp  jugbpubiph  gbubpwghwih [1,2] hbw:
Muaqdwnud jwgbipwjhu thugh Yhiywinbpwihu nwownwd EGYunpnuutph wpwgqugnidp [3-
5], PL (gbp pwpép hwbwfunyjwdp) EGYunpnuwht URwUnRUGPNW  Jwgbipwihu
dnunnjupennubph  hphdph  Jpw  Elywpnuubph gbiplupé nbjwnphyhunwywu
pwudpniyubph  gbubpwghwt  [6-8], uhuppnuipnuwihtu  Ynuwnwlhs  onwyubpnud
EiGUunpnuwihu  thugbiph  Jwgbpwihu hndwgnuwip  [9], wpwgwgnigsnid  dwuthbubiph
lwgbipwjpt  fudpwynpnwip Ynhbpbun dwnwquwjpdwu qbubpwghwih hwdwp [10-14]
wdbuuhu £ dwdwuwlwyhg wpwqugnigswiht $hghlwih wyt fjuunhpubph wdpnnowlwu
gnigwyp sk, npnbn  wubhpwdbipnn £ hGwnwgnnbp L dowyb) dGpnnubp  wndjw
dwdwuwlywhu U uwybluwpwihu  punyewgptipn Jwgbpubpph  unwgdwt  hwdwp:
Uuhpwdtipmn £ UgL|, np wju nunnignibubph hweonn  qupgqugnuip  hhduwwunwd
wwjdwuwynpywsd  npdwsd hdwnrup duny jwgbipwihu thugbiph dLwynpdwu, jwqbpwjhu
thugh uwblyunpw| ubinddwt unp Jdbpnnutiph dowydwu ninpunubipnd wnwopupwgny,
lwgbpwjptu  phdwynyuh  wwpwdbwpbph  unwphinywdp U thugh  ywpwdbunpbiph
wupunhwwn  swhdwtu U nbjwwpdwtu  huwpwynpnyeyniiutipny:  Uu  fuunhpubipu
wpnhwywtu Gu bwb jwqbpwihu gpgndwdp EYwnpnuubph 9R< punwunpny UNGUL
{Advanced Research Electron Accelerator Laboratory (AREAL)} wpwgqgwgnigsh hGunwqu
qupguwgdwu [15], huswytiu twl UNGUL wpwqwugnigsh ypw [16] wquwn EGYunpnuwphtu
lwgbiph giupwgdwu b duwynpdwt hwdwn:

Uph pwuh wwutwdjwy wnwy |wqbputiph hwjnuwgnpdnwihg htwnn uwéybg
wmbnnniejniuutiph $dinnduwjpyjwuwihu nnppnypep [17, 18], npny hhdp npytig ghnnyejwu
dh 2wpp §nintiph qupgwgdwup, huswybu twl npn2 Uunp §nintph  wnwyowgdwun,
npnughg GU gbpwpwg Gplunypubph uwybywnpnuynwhwu, jwqbpwihu YGuuwdphghlw,
$tdnnphdhwt, PEdnnyGuuwpwunyeniup b wyu:  SEpYwpd  hdwnyuubpp  (S4H)
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unwgdwt  hwdwp  Yppwnytg dwipwpebjwowyunhlwlwu ubnddwt dGennp, npp
huwpwynpnyginiu wndtig  ppwywuwgut; 10° wuqwd hdwnyuh  ubndmd [19, 20]:
Lhwnwquwind  wnhnwt-2wihninwiht wgbpnd  dnnbph hupuwuhuppnuhqugnudp
huwpwynpnigyniu pudbinkg  wudhowlwunpbt  unwuw]  PEdnnjwplyjwtiwhu
hdwnyuutp: Uwlwju npw htwn dblnbn wnwye GYwu Jdh pwpp fuunhpubp, juwywd wn
wnhpnypenw wgnwuawuubph gpwugdwt, junwywpdwu  hGwn: Uhwt wyu fuunhpubipp
Intddwdp huwpwynp Yhubp hpwlwuwgub)] gbpwpwag Gpunypubph hwugqwdwuwihg
nwnwWuwuhpnienutip: SEdinndwjpljwuwiht dwdwuwlwiht mhpnypend wqnwuowup
gtipinddwt  fjuunphputipnd  oguwgnpdynid  Gu dnint owyuinhYwyh,  hningpwbhwip,
uwblunpw| hunbppbpwswihnigjwt, ny qdwhtu b wnwwwhy owywnhlywih dbpnnutipp:
dtdnndwipyjwuwihu jwgbipubpp  WGpYwyndu  wyunptu Yhpwnynwd U ny  goéwjhu
hahbuwyh, wabnwht $nunphihugh U Ybbuwhahbuwh, hbnwhwnnprwlgnieu
pdoynypyuu, U pwqdwphy wy nnpnubpn:  Lwgbpwht hdwnyuubph  uwblunpp
ubnwgnup, Ywd uwblwunpph ubinddwt Gpunyep, npp wtnh £ niubunwd (nuwnwpnid ng
qéwihu tdtywnutiph wgnbignygjwu wwy, dtd Yhpwnniginu niup wgnwlyubph wuwihgh
U Ywnwdwpdwu fuunhpubph |nwddwu nbuwuYyynwuhg [21, 22]: dbpoht wmwphubiphu Gnbg
Gu wju Gpunyph dJh 2wpp Yhpwnnyenwubp wqbpwiht Shghywind b gbipwpwg
owwhyuwynuw [23]: Vwutwynpwwbu' gbplupé jwgbpwiht hdwnyuubph wbnuiginfunid
Gpywp hGnwynpnyeynwitutipny [24], S4h hunbuupynipjwt dwdwuwlwihu wwpniphsh
gpwugnu’ dwdwuwy-uwtlyup wugdwu oqunipywdp [21, 22], wgnwlubph wndnwyubiphg
gunu [25] W wyu: Unthwnnuubiph, uwytYupnuubph puswbiu uwle updhjwphwnnuutph L
dwdwuwlwihu  nuwlywyh ogquwagnpddwdp wju fuunhpubipht wnpdbghu  npnawyh
[nwdnwdubip: Unjhinnuwghu, uwybGywpnuwht b wyn whwh wy hdwynyuubp Yupnn Gu
Yphpwnniejntt  gwnub] hGnwhwnnpnwygnejwu nnpunnd b hdwnyup  Yunwyjwpdwu
fuunhputipnud: Updhjwphwnuwjhtu hdwnyuubipp, npnup wwpwdéybtijhu wwhwwunw Gu
dhwju  hpGug  dnwyghnuw; wbupp, ounphhy hpbug hwwnynyenuubpp FUh
punipwapdwu b Yuwnwdwpdwu /wuwihgh W upupbgh/ fuunhpubpnd Yhpwndbine d6od
hGnwuywp niubu:



Uwnbuwfununipjwu dbi9 hGwmwgnwnie)niuutiph hhduwwu dbpnnp
thnpdwpwpwwt nwuwyu £ Pnpéwpwpwlywu Gnuuwyny unwgywd wpryniupubpp
hwdbtdwunydwsd Gu pwihtu dnnbjwynpdwdp unwgywd wpnyniupubiph htiwn:

Uwbuwfununigniup  pwnugwsd £ ubpwénieniuhg, snpu  ginijutiiphg,
Ggpwlwgnipniuhg b gpuljwunyejwu gwuyhg: Wu Yugddwsd £ 111 nmywgpwlwu Eohg,
ubpwnbny 31 tlwp, 157 wunw gpwlwuntejwu gwuly b hwwwynwubph gnigwy:

Lbipwénigniunwd  ubpyuwjugwsd £ wnbuwfununygywu  wdihngh - uwpwghpp,
gntfutbiph uhwpwaghpp, wwaunwwunyejwt ubiplujwgynn npnypubpp b nwwagpgwsd
w2fuwwnwupubiph gwuyp:

Unwohtu  gjjunid  Ywwwpdwséd £ pbdwhtu Jbpwpbpdnn  gpwlwunyejuu

Jepndnyeyniu’ wuwply, hhduwynpwsé b wnbuwfununigjwu pbdwih wpnhwlwunye-
jntup: LEpYuwywgywsd Gu wnfw sindywéd fuunhpubipp, wfuwwnwuph tywwwyp, ghunw-
Ywu Unpnieiniup b Yhpwnwlwu bywuwynieniup:

Gpypnpn  ginitup udppwd £ dwdwuwlwihu  huptwubnddwt  hwdwudwu

uytiyunpw| huptwubtinddwu (Uh) ny qdwjhtu Gpunyeh nwnwitwuhpnigjwup: (qwjhu
dnnGwynpdwdp  gnigunpywd £ nwwwwpnd ndbin - nhuwybpuhwh W pnyp ns
gdwjuniejwl wanbgnyejwdp wbnh nubgnn Ub Gplnypep’ Juwunuwlwu qunwywu bW
ubwuu hhwbppniwywu hdwniyuubiph hwdwp hwadwplwihu dhuunytu ywpwdbunptphp
nbwpnud: Wn hdwynyuutph hwdwp gnigunpjwé Gu tplnypp hwuqudwuwihg Yapwny
punipwannn owywmhdhqughnu Ynptip, npnup thnpdwpwpwlwu w2luwnwupubpnd niubu
Yhpwnwlwu Jdtd tpwuwynieiniu: Wn Ynpbipp hpbughg ubiplujwgunwd ny gdwjuniejw
gnpdéwlygh, [nwwwmwph  wbswth  Gplwpnyguu L uwybYuph ubnddwu  swithh
Ywfudwénieginwutbpp: Ywuwnwpdb £ owu Gpynt nbwpbpnd unwgywsd wpryniupubiph
pwuwlwlwu hwdtdwwnnieiniu:

Uh bplunypp nwnWuwuppdwsd £ twl ng uunuwlywt' wndnilwihtu  punyph
hdwnyuubph hwdwp: Swppbp wpwyh wndniyuwiht hdwynyuubp  unwlwine hwdwp
dowlyb) bu bBpbp Jwpbdwwnpyulwu dnnbubp’ ogundbind Ywunuwlwu hdwnyu +
wnunty dnnbihg: Npwbu Yuwuntwywu hdwnyu oginwgnpdyb) b ublwuu hhwbppnwywu



hdwnyup, nphtu gnidwpyb| £ uyhunwy wndny wjuwbu, np unwgyh wdwhwninwihu,
thnywihu - b wdwhnninwithnywihu  dnnnywgnuiubpn  hdwnyutbp:  Gpunypep
Uywpwgpnn owwnhdhqughnu UYnpbp unwgyt) Gu wju pdwynyututph hwdwp bu, L
hwdbdwunyb| tu qunwywu hdwniuh hwdwp unwgywd wpryntupubiph htw:
Gppnpn._qintup udppdwd £ uwytunpnup hnywiht wnwuduwhwunynieyniuubiph
Ypw hpdujwd uwblwpwy thnip swhdwu uybGyunpnuwihu dbennh thnpdwpwpwlwu

gnigunpnyjuup: hdwnyuh uwblupwy thnyph swhnp  huwpwynpnieinitt £ wwihu
Ywuwwpb| gbpywpd  phdwnyuubph  punipwagpnd: Ubkennh  hpwywlwgdwu  hwdwp

duwynpyb| Gu hdwniyuubph wwppbp hwpwpbpwygnypjwdp Gpyqugqwe U Ghnwquque
hdwnyuubp, npnup nbu  Jdhdjwughg wnwppbpdnn  uwblunpw thnytp: - Ubpnnh
gnigunpnyeiniu eYwiht dnnbjwynpdwdp unyuwbu Ywuwwpdwsé E: UnnGuwynpdwdp
uinwgyt) tu Gplgquqwe W Gnwquqwe hdwnyuubp Unytu hwpwpbpwygnygjwdp, hus
uinwgyt] tp  thnpond: Snigunpdwé £ hnpdwpwpwlwu  Gnwuwynd L pYwihu
dnnbjwynpdwdp unwgywé wprynwupubiph  hwdbtdwwneyniup: Ubennh Yhpwndwdp
swihyb) £ uwb nhuwbpupnu hwwwndwu gdh njwd qdwiht shpwp (Wwpwpnuywu
thny) U Ypyhtu hwdbdwwnydb| pwiht dnnbjwynpdwdp unwgywd wpnyniuph htiw:

2nppnpn. gilund ubipyuwywgywsd £ oughingpwdnyg Ednnduypljwuwihu hdwniu-

ubph wbnnnpywu swihnd ppwlwt  dwdwuwynud® F4h  nlbnnnpjwt  gpwugdwu
updhjwphwnuwihu dbennh Yppwndwdp' npp hpdudwd £ ng gdwihu nhuwbpuhnu
uhdhjwphwnnuh uwblywnpw| wnwudtwhwwnynienwuutph ypw: Wu huwpwydnpnyeyniu
wwlhu niubuwiny twputwlwu phdwnyuhg duwynpwd uphdhjwphwnuph wnbinnnieyniup
(uwblywnpw jwjunyeinwup) W dhohu hgnpnipnitup, Ybipwywuqub) uygpuwlwu hdwnrup
wmbnnniejniup: Swppbip wunnniuejwdp hdwnyuubp unwuwnt hwdwnp wyphqdwubiph
gnyghg pwnywgwd nhuwbtipupntu hwwwndwu géh oqunyejwdp Ywwnwnyb) £ jwgbpwihu
hdwniuh shpwwynpnid npwywtu b pwgwuwlwu tpwuubipny: Ujunthbinl shpwywynpgwd
hdwnyup wugywgynw £ dhwdnn (nwuwwmwpny, duwydnpynud £ updhwphwnnt, swihynwd
Inwwwwph  Genwd  Jdhohu  hgnpnyeyniup, gpwugynd £ updhjwphunnup uybyupp'
uybwnpw| jwjunyeyniup nubuwint hwdwp: Spwugndutipp dwdwuwywihtu  swihbh
wmhpnye wbnwihnfubiint hwdwp uhdhjwphunnup wuglwgynwd £ npwbu nhuwbipuhnu
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dhowywjn dwnwjnn 6004 Gplwpniejwdp dhwdnn (nuwwnwnny: <wutbiin wuhpwdtiow
wmhpnye Yuwwwpynud £ uhdhjwpphinnup inbinnniejwt swihnd oughingpwny: Yhpwnbijing
uygptwlwu  pdwynyuh  wbnnnejwu  uhdhjwphnntuph  wbnnnejntuhg U dhohu
hgnpnipjniupg  YwfuJwdnypjwt  pwuwdlp' unwund  Gup  Uwfubwlwu  hdwyniup
wnunnnieyniup: dwdwuwwihtu swihnwubpny unwgywd wpryniupubpp hwdbdwnyb) Gu
Uwl uyblyunpw) swihnuubipny unwgywsd wpryntupunh hbun:

Gapwywgnipiwu dby punhwupwgynw Gu wwnbtwhununpjwu dby Ywwnwpdwd

nwnwuwuhpnyenuttph wpnyniupubipp:

Muwonwwunipiwup ubphwiwgynd Gu hGwnbywy npnyprubpp

1.  Jdwdwlwlwjhu huptwubnddwt uwblupw| wuwing hwunhuwgnn uwbyunpw|
huptuwubnddwu bpunyep wbnh nih wilwju bwjuutwywu hdwniyup wnbuphg:
Uwblywnpw| huptwubnddwtu  wpngbunw  wwunwhwlwt  wdwhnnipwht,
thnywiht - b wdyhwnpwihnywiht dnnnywghwubp  Ypnn  hdwnyuubiph
wnuntywhu pwnwnphsubipp Ywpnn Bu dwppdb]’ wwywhndbing wybiih Ynhbpbuw
dwnwaquw)pnLd:

2. SbpYwpéd pdwynyup uwblyunpw| shpwp huwpwynp £ gpwugt| wjiu wuglwgubiing
nhuwbtipuhnu hwwwndwu gény, upwuwynpbiiny (wqgbipwhu utigny hdwniuny L
gpwugbing wyn  Gpynt  hdwnyuubph  gnwwp  hwwfunyeyuu  wgnwuwuh
yGumpnuwlwu  wipph  GpYwpnyeywu  Yujudwodniejntup  Gpynt  hdwnyuubiph
dhdjwug tjuwndwdp niubgwd hwwwndwu swihhg:
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nbinnnipjwu swihnw hpwlwu dwdwuwynd b &Y hdwynyup (single-shot) hwdwp'
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uhdhjwphwnnup nbinnnientup b dwnwgwjpdwu dhohu hgnpniejniup:

$Pnpéwpwpwlwu woluwwmwupubpp hpwlywuwgyb| Gu <<LGun>> uhuppnwnpn-
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LNk 1

YruvudLNh(ea3UL YeMLNroNRE3NhL

1.1 dwdwtwluwiht ubndnud b hupttwubindnud

Gpptidu, YwjuJwd hnpéwpwpwlwu  fuunhpubphg  Juwd  wwhwugubphg,
wuhpwdtiogn £ [hund unwuw] wybh Yupd hdwynyuubp, npp hwdwp unynpwpwp
Yppwnynd L jwqbpwihu  pdwynyup  owwhlwlhwu ubnddwu dJdGpnnp [26, 27]:
dwdwuwlwjhtu ubindnwd inbinh £ nwbunwd, Gpp pdwniup wugunwd £ bwfu ny géwjhu
dhowdwjpny, wjunthbnl' pugwuwlwu nhuwbpuhw niubgnn dhowduwypny: Ny gdwyhu
dhowdwypnud thnywihtu hupuwdnnniyughwiny (PhU) [28] wywjdwuwynpywsd hdwniup
unwunw £ npulywu wwpwpnuywu thny (gdwjhtu shpw), npu k| dwpynid £ nhuwbpupnu
hwwwndwu goénd  (H<F) wpynn pwgwuwlwlt  wwpwpnwywu  thnyny, npp
wpryniupnid - hdwnyup  ubnddnwd £ Npwbu  ny  gdwjhu  dhowdwyp Ywpnn Gu
ognwgnpdybi| opnpuwy dhwdnn (nwuwwnwnbpp (UL), huy npwbu H<S oqunwgnpdnid Gu
gwugbtiph Ywd wphgqdwubph gnyqp, huswbiu bwl nnnupy pynpbinujht |Nuwwnwnpbph
wmwpwwbuwlutphg  utwdby  |nwwwnwpbpp  (hollow core  fiber): [29, 30]-
w2fuwwnwuptubpnd  thnpénd U pYwiht  dnnGwynpdwdp  nwnuuwuppdlp |
whynjwplywuwght pdwnyuubph - (5.5wy  nbinnnuejuidp)  huptwgnbignigniup
uphhghnwjpt  (nuwwnwpbpnud:  Uuglwgubiind  thnwigp  nuwinwipny,  wjunthtinnl
pwgwuwywu HY-ny unwgyb; Gu 1.5y wnlbnnnipjwdp  hdwnyuubp:  Gpunypep
Yppwnyb| £ bwlb phdwynyuh nlbnnniejniutbph $Edinnduipljwuwiht tnhpnye hwuubint
hwdwp [31]: Wu woluwwnmwupnw gnigunpwd £ 15ud Gplupnyejudp UL-nud 90$y
nbinnnipjwdp jwabpwihtu hdwnyuh 3 wugqudjw ubndnud® wpryniupnud unwuwny 30%yY
wmunnnigjwdp  hdwnyuubp, npp  hwdwwwwnwufuwund £ deYy  pdynyunw 14
owwmhywywu ghyhu: Uprynwptbipp unwgyb) Gu Nd:YAG jwqbpwjhu hwdwywpgny,
npp Swnwqwyenw £ 619ud wiphph Gplwpnpjuu Jpw: [32-34] woluwwnwuplbpnwd
ognwgnpstiin 10wy hdwnruph nbinnnigjudp b 104 hgnpnipjwdp jwgbp, unwgyb)
Gu 0.7wyy wlnnnpjwdp W 7d4dwn hgnpnygjwdp  hdwnyuubp: [35] woluwwnwupnd
ognwgnnpdybi| t Coherent Verdi V10 + Mira 900F jwqtipp, npp niuh 100$Y wnnnnigjwdp
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L 1.64dwn dhoht hgnpnigjwdp hdwnyuutip: Lwqgbpwht dwnwgwjenwip wuglwgubiny
30ud Gpywpnyejwdp PCF LMA-5 |nuwwnwphg W SF11 yphgquwubiph qnyghg punyugwsé
hwdwlwpgny unwgytb| Gu 6py inbunnnipjudp hdwnruutbp:

Luwpwynp £ twb dwdwuwlwhtu ubndnd unwuw Jd6Yy dhowywjpnwd: Uju
nbwpnud tplnypep wujwunw Gu dwdwuwlwihu hupuwubndnid, npp wnbnh £ niubunwd
dhowdwypnud nudtin  thnywihtu huptwdnnnyyughwih b pny; pwgwuwlwu  fudpwhu
wpwgnipiniittinh nhuwbpuhwih wgnbignigjuwdp [36,37]: Npwbu winwhuh dhowywyn
Ywpnn £ ogunwgnpéyti; dhwdnn owyunhluywt |ntuwnwnp:

Lbpywynwu  dwdwuwlwipt  ubnddwu  Gpunypep  $nuinupy  pnipbinwjhu
[nuwwnwptph  (SPL) UL vwundhowywiptph  ogunwgnpédwdp nuh  pwqdwphy
Yphpwnniejniuubin: dbpohuubphu Yphpwndwdp huwpwynp b bnb| unwuw] dhush dp
pwuh oughywghwubp wwpniwynn hdwnyuubip (one-two cycle pulses) [38-41]:
Wotuwwnwup [38]-nid  ogunwgnpdyby £ Ti:Sapphire |wqbpwjhu  hwdwlwpg' 70$y
hdwynyuh wunnnigjwdp b 80U<g Yplyudwu hwbwhuwwunigjwdp:  UnhunnUwjhu
hupuwubndnud gnigunpyty £ dhonyh Ynuwywu Ywnngwdp (dhontyh inpwdwaghdp
thnfuynud thu 2.3dyd hg dphusk 980ud ) L 2dd LplYwpnyeinu nwitignn HPL-nud: Wu
Intuwinwph  ogunwgnpddwdp unwgyt] £ 6.8%Y wunnnygjwdp hdwniu: Pdwniup
hupuwubndnud ppwywuwgyt] £ twl Kagom HCPCF |nwwwwpnd [39]: 1004y
tubpghwind, 80%Yy hdwnyuh wlbnnnyudp L 1.8dyd  YGuwnpnuwlwu  wihph
Gpywpnipjwdp jwqbpwiht 6wnwquwyenup wugwgyt] £ hwwnly Gupwywnnigywdp
niuignn 20ud  Gplwpnejudp  HPL-nY: Uprynwipnd uwnwgydbp £ 194n wyhlwihu
hgnpnigjudp U 4.5 nbnnnyejudp (20wugwd hupuwubindwsd) hdwnyuubp, sunphpy
wju pwuh, np [nwwwnwph dhonyp ny b unynpwwu wwwyp k, wy igwsd £ qugny:
Upfuwwnwup [40]-nwd 250y nbnnniejwdp b 50U Lutipghwyn hdwnyuhg unwgyt k
5.07%4 wlunnnipjudp  hdwnyuubp' oguiwgnpdtin  0.840d  Gplwpnipjudp  As,S;
twundhowdwypp: [41]-nd 413  wlbnnniejudp  hdwnyuubphg uwnwgb]; Gu  4.63Y
wmbnnniejwdp hdwnyuubip Yhpwnbing 4.85dd Gpywpniejwdp ns gdwihu HPL:
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1.2 UybkYwpw) ubnind b huptwubninid

dwdwuwlwjhtu ubnddwu ny qdwjhtu Gpunyph uwblyunpw] wuwing hwunhuwgnn
uwblunpw| ubnddwu bpunypp [42-44] wbnh £ niubunw, Gpp wqnwuwup uyqpnud
wugunw £ wundw| nhuwbpuhw nwbgnn nhuwbpupnu dhowdwypny, wjunthbunl' ng
qéwihu dhowywypny: Wu dbGennp nwih dh 2wpp Yhpwnnygniuubp vwpptp ninpunubpnud
L hpdudwé L uwbyunpuwdwdwuwlwiht wuwnghwh b dwdwuwlwhtu nuwbyuyp
Ynugbiwyghwubph [45, 46] ypw: Uwblywnpw| ubinddwt Enyeynitup Yuywunwd £ upwund, np
nhuwytpupnu  dhowydwjpnwd  wqnwuowuph unwgwsd thnyp (shpw) dwpynd £ ng
qéwjunipjudp Wwjdwuwynpwsd thnyny, npp hwywnwy vpwuh £ PhU-nd wnpynn
thnyp Ywhudwsd £ pdwynyup nbuphg: Oppuwy quinwjwu, Ywd ublwuu hhwbppnjwywu
wbiuph hdwnyuubipp YGunmpnuwlwu dwund nwbt wwpwpnwlwu wnbup: Nipho wnbup
niutignn hdwnyutbph nbwpnd, tpp thnyp bu ywpwpnwywtu sh (hunwd, ubndwd
uwblupnwd hwjnuygnd Gu Ynnduwyh Ginwiubp: Wu wugwulwih fuunphg funwuwdtint
hwdwp Ywwwpdb; £ wdyhwninwiht dnnpnquwgywsé uwblunpw) ubndnud [46]: Wu
nwunwuwuhpnieyniuutipnd  oquwgnpdytip Gu  pwgwuwwu géwjhu  shpwywynpywd
wwpwpnwywu hdwnyuubin, npnup ubindyb) tu 1d Gpywpnypjwdp HPL-nd: hdwniup
wwpwpnwlwu wnbupp wwywhnynud £ wpbpwghwutiphg qtipnd uytiyunpw) ubindnw:

UtGYwpw) ubindnwd thnpény hpwlwuwgyby £ Gpynt vmwppbip punipwgpbip niubgnn
SPL-ubip oquwagnpdtiny [47]: Pnpdnd oquwgnpdti; Gu Coherent Mira jwqbpwjhu
hwdwlwpgp, 76U<g hdwnyuubiph  YplYudwt hwbwhwywuniygjwdp L 800ud
YGuwnpnuwlwt wihph Gplwpnigjwdp: Mphqiwubiph gnygny shpwwnptiing jwgbipuht
dwnwguw)penp, wju wglwgpt| Gu 60ud pywpnieiniuutipny Gpynt dhdjwughg wwppbin
nhuwybpuhnu gnpdwyhgubp nubignn SPL-ubpnd’ wpryniupnd  hpwlywuwgubing 21
wuquwd uybtywnph tbnugnw:

Mhyndwypyywuwghu  hdwnyuubiph uwblyunpw  ubndnd  ppwlwuwgdb &
hintpphnwing (Yb) |gwdé nidbinugnuing nuwwnwpnid [48]: Nd:YVO4 |wqbph 8.4ud
uwbGlupw| wunEwdp  hdwnuyuubph uwbnpp ubnddbp B dhusl 0.14ud:
MhynwjpYywuwiht hdwynyuubiph uytYunpw ubndnw Yuwwnwpdb) £ uwl wdpnnonyhu
[nuwwnwpwiht - ufubdwyng  [49], hbGnwhwnnpnwygnypjwt  dbe  Yhpwnynn  wihph
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Gpywpnuyeyniuubph Jpw: Wu nbwpnd bu ogunwgnpddty £ nhdwly' wwpwpnwlwu
hdwynyu uwnwtwint hwdwp: Uhwdnn nuwwnwpny wugubing wju ébnp £ pbpnud
pwgwuwywu qdéwihtu shpw, wjunthbnmb wugund £ Gpywp np qdwjhtu  dhowdw)p
hwunhuwgnn |ntuwwnwpny b unwgynud £ 12x uwytlyunpw| ubindnud:

Uphdhjwphwnup pw hpdujwd uwblyunpw) ubnddwu dGennp [50] wwihu k
wpryniwwybin - uwblupw)  ubindnud - updpjwppunnuny  Jwywddwd  dwdwlwywihu
nuwljwyh dhongny: Lwqbpwiht dwnwqujendp pwdwuynw £ Gpynt dwuh, dh dwup
wugubiiny wundw| nhuwbGpuhwind +<9%-ny, &binp £ pbpnw pwguwuwlwu géwjhu shpw,
huy djnw dwup wuglhwugynd £ Jdhwdnn  jnuwwnwpnd’ npinbn duwydnpdnd |
uhdhjwphwnu, nph shpwyp YGunpnuwywt Eubipgquyphp dwund qdwihu £ Upryntupnud
gnwwp hwwfunipjwl wqnwuwuh uwblunpp ubndynud £ shpwbiph dwpdwu 2unphpy:
Gunphhy updhjwphnnup qdwihu shpwh, wju dbennp wpbipwghwubinhg qbipg t: Uu
dbpennp huwpwynpnieintt £ nwihu twl gndwp hwéwfunygjwt qbubipwghwih (9<€9)
wqnuwuowuh wihph Gplwpnypjwu Jpw niubtw] JGpwjwpnuwd: Uju uhdhjwphunntwjhu
dbpnnp |wju uwblwnph sunphhy nuh dh 2wpp Yhpwnnieginiuubp dnye unthwnnuubipp
gtiubpwghwp [51], $Edinindwjpljwuwiht wgnwuowutbph wuluwithwu nbnuithnfudwu
[92], huswbiu bwl Z-scan dbpnnh dwdwuwlwjht wuwng hwunhuwgnn D-scan dbpnnh
[53] fuunhpubpnud:

dwldwlwlwyhg jwgbpwhu phghlwynw pwgh hhduwpwp hGunwppppnie)ntuhg,
Yphpwnwywt Upwuwynyenu niubu  owyunphywywu unjhnnuubpp [54]: Yhpwnwlwu
Upwuwyniejwl, dwutwynpwuwbu hGnwhwnnpnuygnyeyuu U owywhlwlwu Ywwh
wmbuwulynituhg hbwnwppppnieintu tu - ubpYwjwgund  hwnlwwbtiu  dwdwuwlwihu
unihinnuubipp, npnup duwynpynud Gu dhowdwypnud pwgwuwlwu nhwbpuhwih W ny
gowjunyjwu hwdwwnbn wqnbgnyejudp: dniunwdbunw] unthinnuubpp dhowywjpnid
wmwpwdéybiihu ywhwwunw Gu hptug wwpwdtinpbpp: Gpp dhowdwjpnd nhuwbipuhwih
wqnbgnieiniup hwdwygnnid k£ ny qdwjunyejut wqnbtgniejuup b hdwnyup ntuh ubwuu
hhwbippnwywu wnbup, duwynpynw Gu pniunwdbtiunw] unthinnuubipp: Wu nbiwypnd
hdwnyuph  wnlnnnuggniup . hwwnwnpd  hwdbdwwnwlwu £ wdwyhnninpu:  Geb
dhowdwjpnud nhuwbpuhwih W ny gdwjuniejwu wqnbignieniuubpp dnuin GU pwjg n
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hwywuwnp, wd hdwynyuh nbupp ublwuu hhwbppnwywu sk, pwjg niuh quugquywal
wnbup, dIniunwdbuwnw| unjhnnuubpp Ypypu Ywpnn Gu phupuwsbwdnpdb) [18] wju
nbwpnd, bGpp wju ny qdwiht nhuwbpupnt Jdhowdwipny wugunwd £ npnawyp
Gpywpniegjwl: dwldwuwlwiht  puptwubinddwt  hwdwudwunyejudp  uwblyunpw
utndnwWp Lu huwpwdnp £ unwtw] dby dhowdwjpnw: Gpunypu wujwuynd k
uwblunpw| huptwubindnud (UnU) [55, 56]: [55] wptuwwnwupnid ogunwgnpdywd jwgbiph
uwtlupp ntuh 1560.3 ud YGunpnuwlwu wihph Gplwpnyenu pun Yhuwpwpdpnyejuu
82.2ud uwblYwpw| wyunyentu, npht hwdwwywwnwufuwund £ 69pY  hdwnrup
wnbnnnuejniu: Ujuintin UhU hpwlwugubiint hwdwp Yhpwndbi £ 14d Gplwpnigjwdp wénn
nhuwybpupwyn  |nwwwwp, npnd  nhuwybpuhwih - wpdtipubph hwpwpbpnyenp
[ntuwwnwph Gpnd W dnwnpnd hwdwuwp £ 22.5: Upryntupnd gnigunpydb £ 102.8x
uwtlunpw hupuwubindnid: <uwpwynp £ Yuwwpt] bwl uwbGlyunph wihph Gplwpnyejwu
Jepwwpnwd'  hnfubind  dnunpuwihtu hdwnyup  hgnpnigyniup: - Uénn  nhuwbpuhwinyg
Intuwwinwp  Yppwndb) £ [56] wotuwwnmwupnd Lu: Ujunbn oquwgnpdyty £ 50U<g
hdwnyuubph  Ypyudwtu hwdwpwywuniygjwdp |wqgbp, nph uwblupu nwh  13ud
uwbYwnpw| jwjunynu’ pun Yhuwpwnpdpniejwu: 14d Gplupnyejudp (nwwmwph Gipnid
gpwugyty £ 0.84ud uwblupw| jwjuniyejwdp hdwnyuubp, wjuhupt uwnwgyb £ 15.5
wugwd uwbtywpw| hupuwubindnud:

®npénd U pYwjhtu dnnbGjwynpdwdp UhU nhnwpyyt) £ bwb uwupwaél Yunnig-
qwép niutignn wénn nhuwbpupwiny [nuwwnwpnd [57]: Nwbuwing 1620ud yGuwnpn-
wlwu wihph Gplwpnyjwu Jpw jwqgbp, npp gbubpwgunud £ 200$y inlinnnypjudp
uwuu hhwbippnwywu hdwnyuubp, wuglywgynd Gu ndbinugnighsny:  Ujunthtizl
nidbnugwd twnwqwjenp wugywgubiny UL-nd &Uuwynpnd  Gu  pun wihph
Gpywpniejwu Yybpwjwnpynn unjhiinuwihu hdwnruubp, npnup £ wuglywgutiin uwupwal
[ntuwwnwpny, hpwlywuwgynw £ uwyblupw| huptwutindnud: Upryniupnid 1620-1850ud
yGuwmpnuwlwu wihph GpYwpnieniuubph pw 12.3-15.10d  uwbywpw) wjunypjwdp
hdwnyuubph huptwubndnuihg unwgynd Gu 0.54-0.71ud  uwblywnpw| [wjunypjwdp
hdwniuutip, wyuhupt hpwlwuwgynw £ 25.9 wuqud wnwybjwgnyu hupuwubndnid:
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1.3  “huwybpuhnt Snipjt Guwhnjfunipiniu. UybkYwpnu

Uwblywnpnu Ynsynwd £ wyu hdwniup, npp dwdwuwuwiht wywpniphsp Ypyund k
uwblupw| wwpniphshu: Wu  hwunhuwund £ Spwniuhndbpwu  nhppwlyghwip
dwdwuwlwjhu wuwngp [17]: UwytYwnpnt duwynpynd £ hdwniup Gplwp nhuwtpupnu
dhowdwypny wuglywgutbijhu: “‘huwbpuhwih inbunyeywu Gpypnpn Ywnpgh dnwnwynpnige-
jwdp nhuwybpuhntu hwjwuwpdwu Jwebdwwnhywlwu wbupp hbnlywiu £

Az )° (-g)"*exp g /2FT[AOL)],., (1.3.1)

npunbin A(z t) -U Yndwtipu dwdwuwlwihu wdwyhwninu £z wnmwpwddwu Gplwpnientu
wugublhu, FT-u dnipb duwhnfunipjuu owbpwwnpu £ w= ¢ (g=d pdt o ")

uwunnulywynpdwt gnpdwlgny, b,-p nhuwbpuhwih Gpypnpn. Ywupgh gnpdwlhgu E:
“thuwtbipuhnt  dhowywjpny  wnwpwdybihu, hdwniyup Jd&é bplwpwgdwtu  wwjdwuny
(s= D/t °ufpl g 1) npnayntd k uwtyuipnup uwblyunpwdwdwuwywjhu
hwdwudwuniypjwl Gounieniup (1/s° g/ Di):

Uwtlwnpnuubipp  Yppwnbih Gu  ubpluyndu  dGé  hGwnwppppnieiniu niubkignn
nhuwtpupnu dnipjb GLwihnfunypywu (HHA) [58-60] L hpwywl dwdwlwynd dnip)b
duwthnfunigjwu [61, 62] dbennutipnu: +3HQ dbpnnnw ogunwagnpdynid k nhuwbtipuhnu
pwnwnphs W (single pixel) $nuninnphnn’ nwuwlwu  uwblunpndbnpbpnd - wnyw
wpwghipjwt  uwhdwuwthwynuwubphg  funwwihbint b oughingpwdh  ogquniejwdp
hpwlwu dwdwlwlwihu gpwugnud Ywwwpbiint hwdwp: Wuhtuptu wju pny; £ wwihu
wwwybipt] ptunwihu hdwnyup uwblyupp dwdwuwywiht whpnyenwd [63]: HdaA-p
wmbnh Lt nwbunw, Gpp phdwynyup wuglwgynw £ dhowdwipnd, npu nwuph fudpwjhu
wpwgnhtpjniuubph nhuwbpupw (LUY): Wu Yppwnynd £ bwb uwybunnuynwhwih
fuunhpubpnud, npp pny £ wvwhu Unyuwlwiwgub] Ywudwu Juwd Nwdwijwu
uwblunpnuynwhwih [64] uwbywnpw] nhuwdpywu: Uw  hwqbigpnbg owywnhluwlwu
wlhpubph [65] uygpuwlwu gpwugdwup, npp huwpwynpnieintt wnybtg Ynhbtiptuwmn
uwhwwy [(nyup gbiubipwghwh gnigwnpniejwu’ fupwu hwunhuwuwny
unwytipynuwnhunwinwh qubipwgdwup [66]:
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UwtYwpnup dLwynpdwt hwdwp nputu S ogunwgnpdynud £ wyphquwubiph
Ywd guwugbph qnyghg U hbGwwnwpd Jwwu wwwhnynn hwibing pwnugwd
hwdwlwpgp: Gnjnieyntt niubu uwblyunpnup dLwynpdwu wy hGwnwppphp Gnwuwlyubp
unyuwbtu, huswhupp LU [wwnwpwhu Ppbgh gwugbpp [67, 68], UL-Gpp ny
qéwjunipjwu  pwgwlwjnigjwu  nbwpnwd, utwdby  |Nnwwwnwpbpp,  ppndn-dnnwy
nhuwbpupwu [69] L wyu: Vwutwynpwwbu ppndn-dnnw| nhuwbpuhwih deennnd’ h
wmwppbpnyenitt nwuwywu  HS-h, (wjuwgwd hdwnyuph wnbnnnyeniup jujujwd k
nuyljwyh $nynwwgdwu wulyniuhg W pwwnwph dhonyph swithtiphg, b Ywjujwsd sk
hdwniyup uwblyunpw] jwjunejniupg: Wu dbpnnh nbwypnid dwnwqujpdwt tnwpwdwywu
pwotujwénipntt unwuwint hwdwp ognwgnpdynd £ gwugbph gnyg: Ujunthbinl
dwnwagw)enwip nuwujwyh dhongny dingynid | pwqdwdnn |nwuwwnwp, npnbn wtnwppbin
wlhph  GpYwpnyeniuubp  wugubind  (nwwwmwph - wwppbp dnnuubpng,  Gpnud
wwwhnynd Bu jwjuwgwsd hdwynyu' punhnwy dhusl bwundwypyjwuubn:

1.4  Uhdhpwpphwnnt b ny géwihtu nhuwybtpuhnt updhpuwphwnt
MNuwpwpnwlwb uphdhpuphyint

Qbpwpwg owywnhlwind hptughg dGd hGunwppppnieniu Gu ubpywywgunid
huptwudwunypjwt  (self-similarity) bpunypubpp, updhjwppwnuutpp [70, 71] L
wwpwpnwlwu hdwnyuubpp' wwjdwuwynpwd wgnwuowuh wuwhgh U uhupbgh
fuunhpubpnud  Yphpwnnieginiuubiph  htinwulwpnd: Puptwudwunyeywu  Gpunyputphg |
hwunhuwunw gbpywpé jwgbpwihu hdwnyuubph  ny gdwjhtu wwpwdnwWp ny wwuhy'
nidtinugnuiny  nwwwnwpbpnd: Uu  (nuwnwpbph Yhpwnnyejuu ophuwyubiphg  Gu
owwmhywywt hgnp wnpjnipubiph dJowydwu fuunhpubtipnud ogunwgnnpdtiip: Nidtinugnuwing
[ntuwwnwptpp Yphpwnynw Gu vwbe gbplwpd wwpwpnwlwu pdwynyuubp unwuwint
hwdwnp, npnup nidtinwuwnt wprynipnud nwbunwd Gu huptwudwu wnwpwénud [72-75]:
Wnwhuh  nwwwpbiphg Gu opptwl  hwqywgynun - pwnuwnphsutipnd - wlunhqugws
Intuwnwpbipp (rare-earth-doped fiber amplifiers) [75], uqwqnn nhuwbtipupwiny [76] L
nwdwujwu nidtnugnwiny (nuwwnwpbpp [77]:
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Owwnhjwywu nuwwnwpbpnd F4b nwpwddwtu dwdwuwl nsgdwjuniejuu L
nhuwybpupwih  wqgnbgniyejwt  ubippn wnbnh  Gu  nwbund  wpubph  wpnhnd L
wnwywnnw [17, 18]: Uwlwju |nuwwmwph wundw| nhuwbtpuhwih whpnypnd wjn
Gpunypubph  hwdwlyonbint  wprynwpnwd  Ywpnn £ wnbnh  niubbw]  unjhininuwghu
wnwpwdnud [36, 78]:

Upfuwwnwup [70]-nwd gnyg £ wpdbi, np unpdw| nhuwybpupwih nbtdhdnwd S4h
wwpwdénwp Ywpnn £ bwb sninblgytp wnwydwnnwiubpny W wihph wipnhnwdny: Gw
Ywpnn £ nbnh niubtw] wjiu nbwpnid, Gpp hdwynyup niubtw Wwpwpnwlwu wwnpniphs
W thny (qdwjhtu shpwy): Uju nwunwuwuppnieiniup wdpnnowgyt £ [79]-nd Juunwpywd
pYwihu hGunwgnunieniuubpny: Wuwnbn gnigwnpynd £, np Y4h-u  nidtinugnudny
[ntuwwnwpnud tnwpwoéybijhu ywhwwunw £ hp ywpwpnwywt nbupp: Mwpwpnjwywu
hdwnyuubph  thnpdwpwpwlhwu  hGunwgnuneyntt Juwwwpdtp £ 2000-wlwu
pywywuutppu [80]: Wu wwpwpnwlwu huptwudwt wnwpwddnn hdwniuubipp
wujwuybght updhjwphunnuutp  [72]: Midbinugnudny  nuwwnwpbipnd - dbwynpywd
uhdhjwphwnnuubph dwdwuwlwihtu b uwybYunpw| wwpniphsubipp npnaynid Gu dnwnpwjht
hdwnyuh tubipghwind L ndtnugnigsh wwpwdbinpbpnd, b wujwh G bwitwlywu
huwnyuh wnbuphg [81]: Wn wwpwpnwlw uhdhjwphnnttph qdwiht shpup Yutujwd
E inwwwwph nhuwbpupwihg L nidbnugnudhg, b wulwfu £ dnunpwiht  hdwntup
tubpghwihg [75]: bpbug wju  hwwynyeniuubph  gunphhy  uhdhjwphwnuutipp
Yppwnnigyntt nwubt owywhlwlwu  wqnwuowuh uhupbtigh [82], hdwniuubiph
dwdwuwlwihtu ubinddwt [26, 27, 83] U wy| fjuunhpubpnuy:

Ns géuyhti nhuwpupnt uhdpuppyint

b wwppbpnientt ywpwpnwywu uphdhjwphwnnuubph, npnup duwynpynd Gu
nidtinugnudny [nuwwnwpbipnid, ny qdwihu nhuwbtpupnu (NS%) uhdhjwphwnnuubipp [45,
84, 85] auwynpynuw BU wnwug nidbnugdwu (ywupy) (ntuwnwpbpnud’ Gpypnpn Yuipgh
nhuybpuhwih U Ybnh ny géwjunyejwt  hwdwwbn  wgnbgnyewdp'  ubpluwjnidu
nubbwiny pwqdwpehy Yhpwnniyegyniuubp  gqbpywupé hdwynyuubph  gpwugdwt L
Ywnwywpdwu fuunhpubipnw: NS9% updhwwphnnup dwdwuwywihu b uwbBlupw
wwpniphsubipp dhwyu YGuinpnuwlwu Eubpguyhp dwunwd niubt ywpwpnwywt nbup,
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huy shpwp Ywfuws E (nuwwnwph Gpywpnieiniupg, b uudws sk vwfuuwlwu hdwnyup
wwpwdbwnpbphg: Lnwwwnwpnd uyqpuwlywiu nmwpwddwt pupwgnd  hdwnyut niup
ninnwuyniu inbup, htilnwgw wnwpwddwu pupwgpnd WU-h wgnbignyejwu 2unphpy
wju unwunw £ gdwihu shpw' wyuhupt hdwnyup dwdwuwlwihu wwpniphsp Ypyunad
uwtlunpwihu:

NSV  updhjwphwnutbpp  Jwgbpwhu phghlwynd  nwbu  pwqdwpehy
Yhpwnnipyniuutip: NG uhdhjwphwnnuwihtu hdwnyuubipp gunphpy hpbiug qdwihu shpwh
W pdwynyuh quugulwale inbuph ogunwgnpdynd tu hdwniup ubinddwt fuunhpubpnud:
Updhjwphwninuwiht hdwnyuubph  Yhpwndwdp  unwgdly Gu  14pY  wnlbnnniejudp
hdwnyuubp [86]: Unwgyb tu twl wybh Yupéd (dhusk 6$Y) inbnnnigjudp hdwnuubp’
nhypwlyghnu guugbphg L  wphquwubphg  Ywqdjwsd hhpphnwiht - hwdwlwnpgh
ogwnwgnnpddwdp:

Ywuwwpybp Gu WUNPU  uwblyunpnuynwhwihu W dhypnuynwhwiht - udhpgwd
wofuwwnwupubn' [87] hhdudwd (wju uwyblunpny uhdhjwphwnuubph ypw' 2unphpy hpbug
shpwh U uwblyupwp Yhquybndwu: Upryniupnud  wwwhndbGind  wwwlybph  pwpdp
wwjdwnnipinlu (contrast) b uwytiywnpw| ybpwjwnnud:

NS updhpwphwnuutiph gbiubpwgdwu hwlwnwpd fuunph PGdwdp Yunwpynud
E QUb  punipwgpnud: Mubuwind dhwju  updhjwphwnnup  uwblunpp Ywpnn  Gup
Jepwlwuqub) uwl updhjwphwnnup dwdwuwlwihtu wnbupp' Gubind wju thwuwnhg, np
NS updhjwphwnnuh shpwp qdwihu £, (Ywhudws £ dhwju (nuwwnwph ywpwdbunptiphg
L wulwh £ wpuwywu pdwynyuh wbuphg) L Ywpbih £ hbGaunngwdp hwadb:
Lwpuuwywu hdwynyup  wbupp Ywpbh £ Jdepwlwuqub]’ nubuwind  inuwnwph
wwpwdbwnpbpp b dnnbGuygnpbiny (nuwwnwpnd wyn hdwyntuph nwpwddwtu hwlwnwpa
nhuwdhywu wpnbu gpwugwsd updhjwphwnnup hwdwp: Wu dbennp Ywpnn £ hubg
wj[punpwupwihu F4h nbunnniejuu swhdwu FROG [88-90] dtennhu:

dtdnnwipywuwht dwdwuwlwhu  nhpnypend  hdwnyuubph  gpwugdwu
fuunhpubipnud dGé Yhpwnnieiniu niubt uytiyunpw) hunbipdbtipwswihniyejuwu dbpnnutpp:
Twuwlwt  uwybYunpw  hunbpdbpwswihnywu  dGennp  hhdudwsd £ uwybunpug
nhuwbpuws (pLunwpht) b ubignlyy hdwnyuubiph hunbpdtptughwh ypw, wpryniupnid
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uwbyupnu wnwowund Gu pwpwhundutp [91] ywjdwuwynpdwsd uwbyunpwy thnybphp
wmwppbpnygjwdp:  Wn  pwpwfunubpp wwpniuwynd G ibnGYnyggnitu Gpynt
hdwnyuubph uwblYwnpw| thniybph nwppbpnyejwu dwupt, wjuhupu gpwugbin wju L
niuGuwiny ubignly hdwnyuh uwtlupwy thnyp depwlwugquynd £ pliunwiht hdwniup
uwblupwy thnyp: Wunthbinlb gqpwugbind twb uwblupp W Yuwwpbind dnipjb
duwihnfuneyniu JGpwlwuquynd £ wqnwbowuh  Yndwlpu  dwdwuwlwhu
wdywhwnp: Uwlwiu wyu dbennh Yphpwndwu wnhpnyep uwhdwuwthwyws £ ubgniy
hdwnyuh uwbywpw| jwjunyeywdp, npp wbwp £ (pup hwjwuwp Ywd wybh d6o
thnpduwywu  hdwnyup  uwybywpw] Jwjunygeniuhg  [92]: Wu  uwhdwuwthwynidhg
funtuwthGint hwdwp  npwbtu  ubignly  hdwnyu  Ywpnn £ oquwagnpdytp NS4
uhdhjwphwnnup [84, 93] npp nwuph pwywwlwswih jwju uybunp: Pnpénd RLunw)hu
hdwnyup pwdwuygnud £ Gpynt dwup: Uph dwup wuglugynud £ UL-nd U gbubpwgynw k
uhdhjwphwnnu:  Bpynt  thugbph  owywhlwlwu dwlwwwphubph  hwyjwuwpnyeuu
wwjdwup wwwhnygbint hwdwp pGunwihtu hdwynyuphtu npdnd £ hwwywnnd W Gpynt
thntugp dhwuhtu duingynd Gu (nwuwwnwn: Updhjwpphunnup gdwihtu shpwp hbounnyegjwdp
Ywpnn £ npnadbp Ywhujwd nuwwnwph Gpwipnyenituhg, huy thnpduwlwu hdwniup
uytywnpwy thnyp hwoydnd £ gpuiugwd uwblunpw) pwpwlunwubphg W wpnyniupnwd
yGpwlywuquynud £ bwputwlwu hdwnrup wnbupp:

Gpptdu wubhpwdbtionn £ Yuwuwwpb] PEdunndujpljwuwipt pdwnyuubph  ninpn
gpwugnud: Ujn tywunwyny wuhpwdbon £ hubnpdwghwt dwdwuwlwihu inhpnyphg
wnbnwhnfubip mwpwdwlywu Ywd hwbwfuwihtu wnhpnype, Ywd hwugub] mbnnnyegniututiph
dwdwuwlwyihu swihtijh wnhpnye: Wuhupt wuhpwdbown § unwpb) uwblyunpudwdwuw-
Ywihtu wpunwwwwnybpnud, nph hwdwp ophuwly dnipjt hningpwdhwjnd oginwgnpdnid
Gu hpwlywu dwdwuwynd gpwugndubip Yuwwpnn nnnntbpwlynpy uwppwydnpnd
[94]: Uytywnpwdwdwuwlwiht wpnwwwunybpdwu hwdwp $ninnntbpwynpy uwppw-
Yynpdwt thnfjuwpbt ogunwgnpdnd Gu bwl Gpypnpn hwpdnuhyh gbubipwghwih pnptin
[95]: Uwlwju wyu dbGennubpp nwbu  ubgnly pdwnyup  uwblyupw  wjunygjwdp
wwjdwuwynpywd vwhdwuwthwynw: Wn fuunpp 2powugnudp Ywpnn £ hpwlwugyb
updphjwphuinup - Yppwndwdp'  dwlwdbind  dwdwuwlwiht  nuwuywy  uwblyunpw-
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dwdwuwlwihtu wpunwwwwnybpnud hpwwuwgubine hwdwp [96, 97]: Uju dbennp bu
wwwhnynud £ hdwntup wnbuph b thnyh nbnuithnfunyenitu dwdwuwlwjhuhg uwGlyunpuw
wnhpnyp: dwdwuwl - hwdwfunyeginiu dnipjt duwhnfunieiniup Yuwwnwpynud £ dwdwuw-
Ywjhu nuwujwyh oqunipjwdp' npwbu wuwng wnwpwdnyeniu - wihpwihu Jblwnp
duwihnfuniejwup, npp Ywwwpynd £ rwpwdwywu nuwujwyh oquniejudp: bpwlwu
dwdwuwlwihtu swihnwdubpp Yuuwnwpynd G wnwydwnnwiubiphg qtipd uhdhwphwnnuh
Jpw hpdudwd Jwdwuwlwihu  nuwuwlh  ogunyejwdp'  hdwnyuh  uwblnpwg
wpunwwwwnybpdwu  hphdwu  Jpw: Uw  hwugbgunud £ gbpwpwg owwnhlulwu
oughingpwdh [96, 97] qupqugnuiubppu, npnwd  NwGnnniuwynieiniup wnpgnd £ ng
gowjhu nhuwbtpuhnu uhdphjwphunnup uwbYunpw| jwjunyejwdp [98-102]:

Npwbu  wlwing  Gwnwqwjpdwu  dInynwwgdwup  wnwpwdnjwl by,
updhjwphwnnup  Ypw  hpdujwd  dwdwlwlwiht  nuwUwyp  wwwhnynd |
wnwywnnwiutiphg gtipd uwybywpw) hupuwubinind: Wu dbennnd uygpnd hdwnijup
Gpywpwgynd £ HG-nd: H-nud unwgywd thnyp dwpynd £ pwnwynuwiht ng
qéwihu dhowywjph Ynndhg npynn npulywu wwpwpnwywu thnyny: Pnpduwlwunpbu
wju dbpnnp pny b wnwhu unwtw] wnuwnnuiubphg gbpd  uwbyunpw ubndnud’
Gpypnpn hwpdnupyh qbubpwgdwu gnpdpupwgnud, npp Ywpnn £ ogunwgnpdyt) CARS
uytywnpnuynwhwynud |nwdnnniuwynyeniup pwpdpwgubiint hwdwp:

1.5 SLdunduwjpljwuwjhu hdyniuubiph punipugpiwt wuninpqnuyh dEpnnubp

Lwqgbpubph Yphpwnnygjudp hdwynyuubph ninnnyeyniutph tdnnduwpyjuitwhu
whpnyph ujwénwp wnwy pbptg Jh pwuh hhduwpuunhpubph, npnughg Gu  wyn
gbpywpé  wqgnwuowuubph gpwugdwu ni Ywnwydwpdwu fuunhpubpp, pwuh np
oughingpwdutiph  nwnnnibwyneyniup uwhdwuwthwyywsd £ nbinnnugyniuubiph
wunjwjpywuwiht ywd wnwybjwgnyup yhyndwipyjwuwihu wnppnyeny W huwpwynn
sk wyn uwppwynpnuubpny Ywunwpb hdwnyuubph wudhowywtu gpwgnid: Stplupé
|lwgbpwiht wqnwupwutbph punipwgpdwtu hwdwp Ywpnn Gup ny dhwju Yuunwpb)
wmbnnniejwu ninhn gpwugnd, wy twb swihb] uyGlupwy thnyp, wjunthbnle Yhpwnbing
wju pEunwhtu hdwnyuh uwytlyunph ypw YyGpwlwuqubp wyn hpdwnruh nbupp:
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Wuwhuh dbennubphg wdbtuwhwjnupt b wnlnpwjuwgywdp hwdwpynd  k
FROG-n' (frequency resolved optical gating) [88, 89, 103] hp dnnh$hlwghwubpny
hwunbtipsd: Uju dbpnnp qtpd L ubgnly hdwnyup  oguwgnpdndhg:  Y4hpwnbiing
wYupwppwihu ny qdwjhu tpunyputp FROG-p pny| b wwhu Yuwunwpb] wgnwuowup
uybuwph gpwugnd' npwbu $niuyghw Gpyne uygpuwlwu  hdwnyuubph  dhdjug
Uywwndwdp niubgwsd hwwwnniihg: Upryniupnud hunbuupyniyejwt Gnwswih wwnybpp'
Ywhuwé hwbwfunieiniuhg b hwwwnnwihg, hwjnup £ npwbu hdwniuh uwGlupndbunp,
npp wwpnwwynd | dwdwuwyh b hwéwlunyejwu dwuhtu nbnGynuyeniu: hnbpwunpy
npnudwt wju dbpnnp eny| £ nwhu yGpuwlywuqut) Yndwtipu nwownmny nnpdnn hdwntjup
thnyh W hunbuuhdniejwt wypndhjubpp: Wu dbpnnnid (ndnnniuwynieniup inbuwlwun-
ptiu uwhdwuwthwyywsd £ ny gdwihu dhowdwiph wpdwquwuph (responce) dwdwuwyny:
[88] woluwwmwupnd dbennp gnigwnpjwdé b dh pwuph dyR Lubpghwiny, gdéwjhu
shpwywynpdwd 200%y wnunnnipjudp hdwnyuubph hwdwp, Ybnh Gpunyeh Yhpwndwdp’
ognwgnpdtiiny BK-7 wwwynt dti9 hupuwnhppwlyghw (self-diffraction):

FROG-h unnhhlwighuiutinhg £ Ynnuu Ynppbiywghuh dnw hhduws U Ybpwihnfu-
Jwd XFROG (cross-correlation-based frequency-resolved optical gating) [104, 105] dbipnnp,
npp enyl £t wwihu gbplupd hdwyniyuubph wdyhwnninh W thnyh dhwdwdwtwlyjw
npnonud’ Gpyne wwippbp  YEuwnpnuwlwu  wipph  Bplupnggniuubph Jpw: Uwuwgu
hdwynyuubph  Ypyudwt unyu  hwbwfunyeniup  nubbwint hwdwp  wn  Gpyne
twnwquwjpnwubpp wbwnp £ wpdwyywsd hutiv dhuunyu jwgbphg: [105] wofuwwnwupnid
gnigunpytp £ XFROG dbGennp hudpwlwpdhp  $Gdnndwipyuuwhtu  hdwnyuubph
hwdwp' Gpynt pdwynyuubphg gnwdwp hwbwfunieniu unwuwnt hwdwp oguwgnpdtiiny
KNbO; pjniptinp: Wn wqnwuowup gpwugynwd £ uwtlunpndtivnph dhongny, uygqpuwywu
hdwnyuubph wwppbp  hwwwnnwubph  nbwpnd:  Upryniupnid  hdwynyup  dwuht
hubnpdwghwu  unwgynd £ gpwugwsd uwblwnphg'  pYwht  dnpbudnpdwu
ognwgnpddwdp: Ywu FROG-h ypw hhdugwé wy) dbennubp Lu, huswhuphp Gu Gpypnpn
hwpdnupyh qbubpwghwh Jpw hpdujws SHG FROG [106, 107] dbpnnp,
hupuwnhppwyghwih ypw hhdugwsd SD-FROG [108] dbennp, wugnwhtu gwugbiph ypw
hhdujwd TG-FROG [109] dbpennp L wju: FROG-h wwpwunbtuwyutiphg [FROG-h
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(Interferometric frequency-resolved optical gating) [110] wnwybiniyeniup Yuwywunw k
upwunwd, np wyu nbiwpnid hdwnyuh wnbuph yepwywugudwu hwdwp oguuwgnpdynwd Gu
ns hnbpwwnhy dbennutip: S4b-h punyewgpdwu MIFESTO [111, 112] Ynjhubwp dGpnnp
wpwag Ybpnwdwlwu dGennutph Yphpwndwdp SHG FROG dbpnnh hwdbdwunnygjudp
wybiih jwy wpnyniup £ wwihu:

FROG-h wybtjh wwpqtigywé dbennutiphg £ GRENOUILLE [113]:  Ujuwntin
oginwgnpdynud £ hwuwwndwu ghd, thugtpp dhwgunn owwhlywlwu hwdwlwpg W
bpbuubh  Bpywphqiw  (Fresnel biprism)'  Yhuwpwihwug hwybihubph  ginfuwptu:
Gpywphqdwih Yppwnnp pwwlwuht wywpgbigunwd £ thnpéwpwpwlwu  ufubdwu:
Uubdwynud  ogqunwgnpdynid £ pwpwly Gpypnpn hwpdnupyh pjniptn, nph dhongny
huwpwynp £ unwtw] wybh ndbin wqnwuowu: PFjniptinhg htwnn wntnunpjwd Gu
glwuwdl nuwuywyubpp, huy wpryntbwpwp dwnwgwjenwip gpwugynd £ inbuwfughyh
(CCD camera) oqunigjwdp: Uprynwupnwd  gpwugynd £ hunbGuupynigjuwt - wihpp
Gpywpnieniuhg  (ninwhwjwg) W huwnbuupynigjwt  hwwwnnwhg  Ywfuwdniejwu
(hnphgnuwywu) wdpnnowlwtu hbwnwaghdp, npp uqwpwagpnd £ hdwniyuhg hdwntu
thnthnfunye)niup (single shot measurement):

®nyph swihdwtu  Yphpwnwywt  dGpnnutphg Lt hwdwpynd  uwbGlunpuwg
hunbp$bpndbinphwh deennp: Ttwuwlwu ufubdwnd Bpynt Gwnwgquwypnuubpp’ ubgniy
W thnpédwpwpwlwu, dJhwdwdwuwl dnwnp Gu wpynwd uwblyunpndbnp b gpwugynid |
npwug hunbtipdbbpbughwu [91]: buwnmbipbbpbughwiny wwjdwuwynpywsd uwbtywnph dbe
wnwowunw GU pwpwfunwdubip, npnup wnwihu Gu nbnGYnyen Gpyne hdwniuubiph
uwbwnpwy hnybph vwppbpngywu dwupt: <wubing ubgny hdwnyup hwynuhp gingp’
uinwgynd £ hbGunwgnungnn phdwnyup uwytYwnpw) thnyp, npp Yhpwnbiing plunwjhu
hdwniuh wpnbu gpwugwsd uwblyunph Yypw, unwund tup wgnwupwuh dJwupht wdpnng
wbintyniejniup: Uwlwju wju dbpnnp Yhpwnbih sk wjiu nbwpnd, tipp hGunwgnungnn
hdwnyuh uwblYunpp wybih jwu £, pwu tbgny phdwnyuh uwblunpp: Ywu dh pwup
dbpennutip, npnup gtipd Gu wju uwhdwuwdhwynwhg: Unwhuhp Gu SPIDER-p [114-116],
SPIRIT-p [117, 118], SORBETS-p [119] W updhjwphwnup Ypw hpdujwsé uwbiyunpuwg
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hunbpbtipndGinphwu [45, 84], hush 2unphhy wju dbpnnubtipp nwnund Gu dpgnibwy
FROG-h htiwn:

SPIDER-p [114-116] (spectral phase interferometry for direct electric field
reconstruction) hupuwubigniyy huinbpdtiptughnu dbpnn £, npu wwwhnynwd £ gbplunéd
lwgbipwjhu hdwynruubph wdyhwnninh W thnyp swihnudp: bdwnyup wdwhinninb ne thnyp
yGpwywnnigynud Gu hunbppbpngpwdpg: Uju dbennp Yhpwnbih £ nyunpwdwunpuyw-
gnyu b huppwlwpdhp nhpnyputipnid:

SPIRIT [117, 118] (Spectral interferometry resolved in time) dbennp hhdujwd &
uwblunpw| Yhudwtu uvwbyupnuynwhwih dpw: Wu dbennnd Gwutwlwu hdwntuh
gpwugdwu hwdwp ogwwagnpdynd L unynpulwu uwbyupndbinp: Spwugndubpp
Ywuwwpynw Gu nmwpwdwlwu wnwugph nwppbp YGunbpnwd: UwybGYnpp Yupnn ghetinp
gunuyn £ hwdwlwpgh ubpund’ uwbyupndbunpnd, npwuhg wnwye U hbwnn: Uju
uintindnw £ pbunwihu hdwnyuh YpYuophuwyp, npu nwuph thnpp 2Gnnd tnmwpwdniejwu
dbg, U wnwpwdwywu wnwugph Yypw hwdpuyunwd £ hpwlwu uvwblwph htiwn: Gpynt
uytiyunpbipp nbnwnpwsd tu hpwp dnuin, wjuwhuny npwup gpbet dwoélynw Gu hpwp:
Uprynwupnwd  tnwpwdwywu  pwpwfunwdubpp hptug dbe thnpdwpwpwlwu  hdwntup
uwblupwy thnyh dwuht pubnpdwghw  Gu - wywpnwuwynwd:  Un pwpwfunudubpp
ghwugynd Gu wbuwfughyh dhongny: Wu dbpnnp huwpwynpnyeinu £ wwihu
punipwant] hdwntup wuhwwnwwbu b Ypyuynn nkdhdubipnud:

SORBETS [119] (Superposition of optical radiation and beatings to extract the time
signals) dbpnnny swihynd b pbunwiht hdwynyuh uwbupw) thnyp' hpdudwd wyn
hdwnyuh uwblyuph Gpyne 2bnJwd YpYuophuwyubiph rwpwdwywu Ybpwnpdwu Ypw:
Uprynwpnwd  uwblupw| pwpwfunuubpp gpwugynwd Gu  uwbYwph  jnipwpwtgnip
Ytinnwd: Wn pwpwfunwubpp niubt gwdép hwbéwfunieniuubin, npnup eny| Gu wwhu
gpwugb] wgnwuowup wpwg géwjhu nbwunblyunnph dhongny: Ubennp pnyp L wnwihu
unwuw| nmwpwdwlwu tnnd wjupwt thnpp, nppwtu wuhpwdtion £ Wu uwl eny| &
wnwhu unwuw] Gquyh hdwynruh uwbtyunpw thnyp:

b wwpptpnyeintt FROG-h, SPIDER, SPIRIT L SORBETS dbennubtipp niubu
wnwybnyen’ ywjdwuwynpdwsd uwblyupwy hngh ng hinbpwnpy swihdwdp:
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SGEpYwptd (wabpwihu hdwynyuubph wuwhgh hwdwp Yphpwnynn dbennubphg L
SRSI-p [91, 119] (self-referenced spectral interferometry), npp utignily hdwniyu unwuwnt
hwdwp ogwwgnpdnwd £ hdwnyup  duwithnfundp U ny  qdwihtu  $hiinpnudp  wju
ulgpuwlwu hdwnruhg, npp wtwp k£ punipwapt): Wu dbennp eny) £ wwihu Yuunwnb)
uwblupwy thnyph ninhn gpwugnud, wnwug wpwwphtu ubignily hdwnyup: dbpsgtipu
dowlyyb| £ wugnwwihu gwugbiph (transient grating) ypw hhduwd SRSI [120] dbennp,
npp eny| £ vwihu Yuwwpt] dwdwuwlwihu b uytunpw) thnybph swihnwdubp wihpp
Gpywpnyeyniuubph jwyu' 800ud-hg 1800ud  wnhpnypnwi: hupuwubgniy uwblyunpw
huwntipdtipndbinphwjh dtpnnubphg £ twl updpjwphwnnup ypw hpdudwd uwblunpw
hunbpbtipndGinpphwih  dbennp [45, 84]: Uu dbpnnnud  wgnwuywuh dh  dwup
wuglywgynud £ dhwdnn nwwwnwpny, npuinbin npwbu utigniy hdwnyu duwynpynud £ ny
qéwjhu nhuwbtipuhnu uhdhjwphwnnup [45]: Gpynt pdwnyuutipp Jhwdwdwuwy dnwnp Gu
wnpynud  uwblywnpndbinp,  npnbn  gpwugynd  Gu  uwblywnpw|]  pwpwfunwitubpp:
Uphdhjwphwninuh uwytlupp wbwnp £ swihynn wgnwuowuh uwblunph hwdbGdwwnnyejudp
lwju |huh, npwbiugh wdpnnonuejwdp pungnyh win hdwnyuh uwblupht: Spwugdwsd
pwpwfunwdubpp  hudnpdwghw  Gu wwpniwwynw  plunwihu W uhdhjwphunnuw)hu
hdwniyuutiph uwbYwpw| thnybph mwppbipnejwu dwuht: Uhdhjwphunnuh gdwjhtu shpwh
ounphhy, npp Ywiujwd sk Gwjutwywu hdwniyuhg, pGuwnmwihu phdwnyup uwblyunpw
thnyp huwpwynp £ hbpunnyeyudp hwoybi|, wjunthbinl wju Yhpwnbingd uwblyuph ypw
uinwlw| wgnwuowuh punipwagpdwt hwdwp wuhpwdbon wnbntynieniup: Uu dbpnnh
wnwybinyeniup Yuwywunw £ upwunid, np wju wybih wywpqbgywé £ U hupuwubgniy:

SGbpYwpd jwgbipwhtu hdwnyuubiph uwbYunpwi thnyh swihdwu dGennutiphg £ uwl
MIIPS [121, 122] (multiphoton intrapulse interference phase scan) dbpnnp: Wu sh
wwhwugnwd ubtignly hdwniu, b hhdudwd sk hunbipbtiptughwih ypw, wy; Yuwunwpynd k
uwblupw| thnyph  wnwwwhy Jdwpdwdp: Wuwnbn  uybunpw] dnyp  thnfudnid |
ognwgnpdtiin htGwnwnwpéd Ywwp Gpypnpn hwpdnupyh wgnwuowuhg: Wu wpynw k
ptumwihu hdwniuhg huwpwynphuu Yupd hdwnyupt hus-np 6L wwine dhongnd,
wpryntupnid unwuwny huwpwynpphuu huntuuhy Gpypnpn hwpdnuhyh wgnwuow:
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1.6 dEdunnduwyplyjwuwhu hdynyuubph ninquyph gpwugnid

Pwgh qbpywnéd (wqbpwihu hdwnyuubph punyewgpdwu Ytpnugjw| dbennubinhg,
npnup hpdujwd Ehu wqnuuowup uwybunpw thnyh npnodwt dpw, Ywu twb win
hdwynyuubph  ninuyph  gpwugdwt dbGennubp, hush  hwdwp  wuhpwdbon |
hubnpdwghwtu dwdwuwywjhu whpnypehg nbinutnfub] mwpwdwlywu Ywd hwbwhuwhu
whpnyp, Jwd wn dwdwuwywiht hupnpdwghwt hus np Gnwuwynd hwugyh
wnbnnnuejniuutipnh swthbih (ophtuwy bwunywjpljwuwjht) nhpnype:

dtdnndwjpywuwhu pdwynyututph  nipnyp  swihdwt  dbpnnubphg  §
uhdhjwphwnnuh Yypw hhdugwsé uwblyunpwdwdwuwlwiht wpunwwwunybpdwu [97-102]
dbpennp: Uu wwywhnynd £ uyblupw) ubndnd b hwbwfunyeywu Jtpwiwpnud® Gpypnpn
hwpdnuhyh wipph Gpywpniejwt Ypw: Ujunbin oginwgnpdynid Gu uhdhjwphunnuwjhu
hdwnyuubp [85], npnup duwynpynud GU wnwug nidtnugdwu dhwdnn (nuwnwnpbpnid,
W dwnwjnud Gu npwbu ubgniy hdwniu dwdwuwywihu nuwyuywyh hwdwp: Lwqgbpwihu
hdwynyup pwdwuynwd £ Gpynt dwup, dh dwup niqwpyynd £ wundw) nhuwbipuhw
niutignn nhuwbpuphnu hwwwndwu ghd npuintin duwynpynid £ uwytiunpnu [17], huy djnwu
dwup wugwgynwd £ dhwdnn  (nwwwnwpny, npnbn dbwygnpynd £ong gdwhu
nhuwytpupnu updhjwphwnnup: <bwnn uwyblunpndtinph oqunyejudp gpwugynd £ wju
Gpynt hdwnyuubiph gnudwp hwéwfunyejwu wgnwupwup, npu £ Ypyunw £ bwutwlwu
hdwnyuh wbupp: Wu dbpnnh  wnwybinyeniup Yuwywunwd £ upwund, np wju
hupuwubigniyy E, pwuh np uhdphjwpphwnnup qbutipwgynwd £ uygpuwywt wgnuwupwuhg:
Utipnnh wnwybtinyeniutitiphg £ uwblunpw) Jtpwiwpnp Gplpnpn: hwpdnuplh wihph
Gpywpniejwt ypw b wpbipwghwutiphg qtipnd uybtiyunpw) ubindnwp:

bpwlywu dwdwuwynd  pGdinndujpljwuwipht  hdwniyuubiph  gpwugdwu  [123]
w2fuwwnwupnd gnigunpybp £ 103 wuqwd fungnpwgunn dwdwuwywjht dhypnuynuy,
npu wwwhnynud £ 300y |ndnnniuwynipiniu: Wuwnbin ufubdwtu pwnyugwd E bpbp
dwubphg' wnwoht Jwund qdwjhu shpw 6bnp pbpbint hwdwp phunwhu hdwynyup
wugunud £ HS%-nd, Gpypnpn dwund wnlw £ Gpypnpn hwpdnupyh pinptn, npnwd
ptunwihu L gdéwjhu shpw nwubignn ubignyy hdwnyuubtiphg dLwynpynd £ gnwdwp
hwéwfunigjwt  wqnwuowu:  Wunthbinl  gndwp  hwlwfunyejwu  wgnwupwuu  k
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wuglwgynud Gpypnpn HF-ny b swihynid £ wgnwuowup dwdwuwlwihtu funpnpugnidp:
Cunhwunyp wndwdp dwdwuwy-hwéwluniyeginu thnfuwybpuydwt EjGYunpwowunhlwywu
dnnnywgdwt [124-127] b owywnhlwlwu hwbwfuwiht hunGpdnnniyywgdwtu [128, 129]
dbpnnubipu nlubu whynywjpljwuwht wnhpnyeny uwhdwuwthwyywsd
[nwdnnniuwynieiniu, huy owywnphjwywu shpwywynpywsd hdwnruubph unpnpwynpdw
[130] dtennp wwwhnynwd £ unip-wyyhyndwpywtiwipu (ndnnniwynieyniu:

Uhihtntuwht shwh Ypw hhdugwd gtiplhuiné owwhlwlw oughingpwdp [131]
wwwhnynd £ 2209y dwdwuwlwipu  ndnnnitwynygjudp  unipyhynyuwinpyjutwhu
hdwnyuubph  ninnuyph  swhnwd:  Wuwnbn - swhnwdubpp Juwwpdnmud - Gu 100wy
dwdwuwlwihu  whpnyenw:  Pnpéwpwpwlwi  upubdwnd  pGuwwihtu  hdwnyup
wuglwgynud £ oywnhluwlwu |nuwwnwnpny, dhusnbin dnynn wqnwuowup wuglwgynd k
nhuwybpupwih  YpYuwyh wpdbp nwbgnn  Nwwwnwpny:  Upmynibwpwp  uwbunpp
gpwugynd £ uwblupndbuinpnd, npu nwp twpitwywu  pdwnyuh  wnbupp: Uwpph
Yhpwndwu wppnypp W npw  (NWNNNWwwynyeyntup npngynd  Gu dnynn  hdwniup
uwElunpwy jwjunyejwdp b nhuwbtipuhntu ElGdGunubph Gpywpniejwdp:

1.7  Unwoht qjfjuh wdthnthnid

UdthnthGind  gpwywunygyuu  ybpindniueyniup - ugkiup, np  wwunbUwfununiegjw
ptUwht hwdwwwuwnwufuwunn hGunwgnunieniubph ubipywihu thnynwd wnlw Gu dh
ownp s|ndywd fuunhpubp, dwutwynpwwbu.

1 uwjwd uwblyunpw hupuwubinddwu wnngtiuh ujwwndwdp dtid
hbwnwppppnuegjwup' wwjdwuwdnpywd gbpwpwg owywhlwynd b jwgbpuwihu
dhghywynd  Yphpwnnigniuubpny, nbnbu  pwgwlwinud £ Gpunyph  wybh
hwuqwdwlw|hg nwnwWuwuhpnyenup wwppbp wnbuph Juunuwlwu, huswtiu
uwl nmwppbp punyph wndntywihu hdwynyuubph hwdwp:

1 Uhus wydd S4b uybtiywnpwy thnip swhdwt uytunpnuwhu dbpnnp gnigunpywd
Ep dhwju pwjhtu dnnbjwynpdwdp b swp thnpdwpwpwlwt hpwgnpdnid:
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1 Stdunndwjpyuwuwihu  hdwnyuubph  wbunnnejwu  swhdwt  uhdhjwphnnUwjhu
dbpnnnud wnlw Gu Jdphwju uwblyupw| swihnwubp, npnup wwpnwwynd Gu
dhohtuwgnuiubp’ wwydwuwynpywsd nwuwlwu uwybunpndbnpwiht swihnwubpny
U eny| s6U wmwihu hpwywuwgub) swihnwdubip daYy hdwnyuh hwdwp (single shot):
Wu nppunnd  Jbpnugup  gnddwd  fuunhpubpnd b wwjdwuwynpjwd  Gu

wwnblwfununipiwu pEJwu U bywwnwyp' ubpwnbing htwnlyw| fuunhpubpp’

1 UwbYwnpw hupuwubinddwu Gpunyeh dwupwynypw, hhduwpwp
nwnwibwuhpnyeinu huswbu Yuunuwywu, wjuwbiu £ vnmwpptp tnhwyh wndniwjhu
punype nwutignn nwubignn hdwniuubiph hwdwnp:

! Ywuwwpb SYh uwbYwpw)  nyph o swhdwt uwybYupnuwihu o dbpnnh
thnpéwpwpwlwu hpwagnpdnid nnwpptip nbuph uwytlupw) thnytph hwdwp:

1  pPpwlwuwgub] Pdnndwipyjwuwihu hdwnyuubiph nbinnnjwt swithnd hpwywu
dwdwuwynd' hpdudws F4bh  nlbnnnieyniuubph swihdwtu  updhjwphunnuwhu
dGennh Ypw:

Upfuwwinwuph ghunwywu unpnypp npnaynid £ wpwgwgnigswihu wnbfuuhluyned,

gbipwpwg owywnhlywinw b ninnupyuwind wnlw npn2 fuunhpubph |NWddwup uwwuwnnn
wpryntupubpny’

1 (FJwjhtu dnnGuwynpdwdp Ywuwwpdbp £ uwblupw) phuptwubinddwu Gplnyph
dwupwypypw, hwuqudwuwihg nwnwuwuppnyens’ Yuunuwlywt (qunwywu U
ubwuu hhwbppnwywu) L wndnlywihu punyeh (wunwhwywu
wdwhnninwiht, thnywiht b wdwhnnipwihtu dnnnywgnuiutpny) hdwniuubipp
hwdwp U unwgyti| Gu tiplnypp uwpwgpnn Gnwswith b nhuwdhy ywwybpubp L
thnpéwpwpwlwu  w2luwwnwuptbpnd  Yhpwnwlwt  pwuwynientt  niubkignn
owuinhdhqughnu Ynptp:

1 Unwohu wugqwd thnpédwpwpwlwu tnwuwyny Ywwmwpyb E adinnduwypyjutwhu
hdwnyuubph  uwbYwpw;  thngh  swihnd' hhdudwd  gbplupd  (wgbpwhu
hdwniuutiph uwtGywpwy thnyh swhdwt uwByunpnuwiht dbennh ypw: Spwugyb)
Gu  hdwniyuubph wwppbp hwpwpbpwygnigjudp tGplqugque U LGnwqwuque

28



hdwnyuubph  uwbYwpw; thnybpp  nhuwbpunt hwwywndwu géh  wwppbp
wpdtipubph nbwpnud:  Spwugyt; b twb nhuwbpupnu  hwwwndwu  gdnud
lwabpwihts hdwniuh unwgwsd gdwiht shpwp:

! Unwohu wugqwd thnpdwpwpwlwu tnwuwyny Ywwmwpyb E adinnduwypyjwtwhu
hdwniuubph  wunnnpywt swhnd' ppwiwt  dwdwuwynwd  (oughingpwdny),
hhduwd qbpywpd  pdwniyuubph  wnbnnnpjwtu swihdwt  uhdhwphwnnuwihu
dbpennh Jpw: Spwugnwiubpp Ywunwnyb] G npwlwunpbt bW pwgwuwywunpbu
shpwywynpwd  jwgbipwhu hdwnyuubph hwdwp L hwdbdwunyb
uwytywpndtinpwiht swihnwubipny unwgywd wpryntupubiph htiw:

Yhpwnwlywt tpwuwynipiniup: UnbUwfunuwwt wofuwwnwupnd UEpYuwjwgywd

thnpdwpwpwlwu U pdwihtu hGunwgnwninyeiniuubph wpryniupubpp nuGu Yhpwnwywu
dtd Upwuwynieiniu: Fpwip Ywpnn tu oguwgnpdytii giplupé jwgbipwihtu hdwnyuubipp
wdpnnowywt uywpwgpdwu, npwug punyewgpdwu b Ywnwdwpdwu fuunhpubpnd,
wnpwagwgnigswihtu inbfuuhyuynud, htinwhwnnpnuygnygjwu dby, uwytywmpnuynwhwynw L
wj| wpnhwlwt puwqudwnubpnd: Uwutwynpuwbu’

T Unwowpydty U  pduwht  donbugnpdwdp  gnigunpdbp £ uwbilupwy
hupuwubnddwtu ny qdéwjhu  bpunypep Ywunuwlwu U  wwuwwhwlwunpbu
dnnnyugywd hdwnruubph hwdwp: Upryntupnd gnyg £ wipdb, np uwblyunpwy
huptwubinddwtu wpngbtiunwWd hdwniup W uwytYwnph wndniwiht pwnwnphsutipp
YEunpnuwywu Eubpquypp dwunwd dwppdnd Bu' pwpdpwgubing wgnwuowuh
Ynhtiptuwnniejniup, npu niuh Yhpwnwlwu Jd&d tywuwynieniu dwdwuwlwlyhg
wnbfuuhywywu npppunubpnd,  puswhupp  BU' pwpdp  dnunppndwnhynipjwdp
thugbiph  qbutipwgnwip’  jwqbipwht - gpgndwdp  wiwqdwynud - Yhywnbpwht
nwowmbipny thugbiph wpwaqugnwip, npwug Yhpwnnieyniutbpp, hbnwhwnnpnwy-
gnyejniup, owywmhywlwu Ywwp, CARS uwbnmpwswihnieiniup b wyu:

1 Unwowplyb b thnpdwpwpwlywu tnuwuwyny gnigunnyt £ gbplupd jwgbpwihu
hdwnruubph uwbywpwy hinh swihdwt deennp’ hhdujwd uwbyunpnuh thnyuwihu
wnwuduwhwwnynyeyniuutph ypw, npp Ywpnn £ Yhpwnybp dinnyw)pljwuwht
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hdwnyuubph  wdpnnowywt  punypwgpdwu  hwdwp U hwdwpynd |
wjpuinpwupwihu  dbpnn uwblupw] hunbpdbpwswihwiht  dGennubphu:  Wu
huwpwynpnieiniu £ wwjhu unwuw $Edninduipljwuwht hdwyniyuh uwblyunpuwg
thnyp'  gpwugbind  gnWwp  hwbwfunypjwu  gbubpwghwh  wqnuuwup:
Lwqgbpwihu hdwnyuh thnyh dogpphin swithnd b hwdwihnybignd ywhwugynd |
jwabpwiht  gpgndwdp  ElGYunpnuttph 9P pUnwunpnd  gbpywunéd  thugbiph
E$dPLYwnhy qbutipwgdwu hwdwp:

Unwowpyyb] bW thnpdwpwpwywt tnuuwyny gnigunpyty £ dinnduwypyjutiwhu
hdwnruubiph tnunnnejwl hpwlwu dwdwuwlwjhu gpwugnu'
uwundwjpywuwihu  oughingpwdh ogwwgnpddwdp, hpduybind  gbiplupé
jwabpwjpt  pdwnyuubiph  nlnnneynittph gpwugdwt  uhdhjwphunnuwjhu
dpnnh  Jpw: UWu dnnbgndp  htwpwynpniegintt £ wwhu  funwiwhb
uwbywpndbwnpwiht - swihnwdubpnd - wnw  dhohuwgniubphg'  pny; wwing
Upwlnghg Ypwyng hbinlb hdwniup Jupph thnthnfuniguup, W gunphhy hp
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