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Chapter 1

Introduction

S\"Ilchrotron radiation is \I'id('ly us('d for mall,' purpos('s iu d('\'('loping, basi(' s('i('II('('. Th('
application of las('r l'!cctron photons is still at til(' ('arly stag('. III this ('h"pl('r. syll('hrotroll
radiat ion and its application. lasN l'!('ctron photons and its applic"l iOIl art' ('xplnill('d. Th('
"im of this th('sis is also dcscrib('d bridly.

1.1 Synchrotron radiation and its application

S,'nchrotron radiation is n kind of th(' ('\('drolllagnNic \I'a\'{' ('I'('at('d \1'11('11 "" ('\('ctroll is
l)('lId by ,1 lllagnNic field, Thr('(' typ('s of ~Iagll('t aI'(' us('d to g('n('ral(' s\'lll'hrot 1'011 rndi"t iOIl
TIl(' firsl, I h(' }wnding magn('t is s('t to confin(' ('I('('(rons in slOrng(' rillp, nlld p,('II('r"tl'
('ont inuous \I'a\'('\('ngth light from infrnr('d ra\'s to X-ra\'s, TIl(' ';('COllll. t hI' \I'ip,p,I('r magIl('t
is s('t to g(,ll('rat(' light \I'ith a short('r \I'a\'(' I('ngth ,md a bright('r continuous \\';1\'('\('ngth light
than that \I'ilh b('nding lllagnN, Alld til(' third, til(' undulator Illagn('t is S('I to g('nNat('
bright light \I'ith a particular \I'a\'(' I('ngth. COlllpar('d to cOI1\'('I1Iional x-ra\' g('ll('rator.
synchrotron radiation has the properties of mor(' brightn('ss,dir('cli\'it\' and ",id(' range'
wan' length.

Synchrotron radiation is used for mat ('rial sci('nce, nl('dical and biologi('al sl'i('IIC(', alld
('arth s('ience, Exampks of r('s('arch subj('cts ar(' (as is shO\\'I1 in tabl(',J.l): lra('l' e!('lnl'lIt
'lilah-sis, struet ur(' of atom,; and 1ll01('ctIiars ('I('ct ron stat('s in mat ('rial. smfac(' st ruct m('
of mat ('rial. dl('mical r('action. catalyst. nl('di('al diagllosis ,illdust ri,,1 dinl',lIosis, X-ra,\' mi­
('I'oscOI)(', holography. lithography, crystal strul'lur(' of Illat('rials, :lO slrtl('lm(' of all)llmin,
('ondition under high t('mp('ratun,' and high pr('ssur(', structur(' of and fUIIl'lioli of musd(',
structurc of solution, magn('tism of mat('rial. local structur(' of mal ('rial. X-ra,' dl(,lllical
\'apor deposition and so OIL



1.3.2 Neutron source for subcritical incineration reactor

1.3 Application of laser electron photons

Laser clectron photons(r-rav) rcact Il"ith nuciPIIs. for pXHlllplp (ro"'·) .(--.. XII)o Thp
('xaJuples of applications are sholl"n in Table 1.2.

Measureluent of photo-nuclear reaction cross section

Accderator-dri,oen incineration-reactor is a leading candidat e for long-life fission-prodllcl s
incineration n"lCtor. The O\oel".'"ie'l" of accl'lerator-dri'·en incilleration-rl'<1ctor is folloll"ing.
Accelerated protons bOll1baro \\0 or \0 targets. :'\('UlrOns are crealPd Ihrongh spallatioll re­
action in the targ('l. Thes(' neutrons an' uspd 10 aellie\"(' rpaClOr critical condition. Long-lif('
fission-product nucleus is changed into short-life radioacti'·e nuelpus h.l· fission procpsses.

Tll('rp ar(' some admntages ,,·h('n ",-rays are irradiatcd in thp rpaCior and gpn('ratp lIell­
trons. A long life target "ohich is placed on reactor center axis can ser\'(' to rpalizp homogp­
Jl('OUS burning distributiono b('cause in til(' reactor neutron source can bp placed along the

rASA nlakps photo-nudear react ion dal a base [1J. Calellial iOllal dal a alld ('xl)('rillll'nl<\1
dala are accumulated s'·stemHticaliv. 1301"080 L:'\DL. SPo\DL..JS:\DL. I'lc <\n' ,H"("unlU­
lated and compared in ord('r to make high qualit,o. no omission dala hase. COlnpan'd to
caleulatpd datao experiment dM<1 is limit('d. ExperinH'Jlt al SPring-IS d('dicat('s to nlHkp
this d<1t <1 b<1s('.

Accder<1tor-dri'·('n nude<1r-rpactor is dpsignpd in Europe and oJapan to incineratp long­
life fission-products. This r('aetor is dri,·en by nudear fud <1nd incill<'mte nuelear lI"<1sll'.
H('ai is changed into el('ctric energy alld at the S<1ll1e I ill1e long-lift' fission-produCis <1n'
incillerated. Photo-Bucle<1r data base is needed to design Ihe reactor.

1.3.1

Las<'r ('I('ctron photons are' scaltered photons 1)\· electrons. \\·hpn hbPr phOIOlb an'
S("ill IPrpd b,· high energy eleCirolb. ,\ part of electron energy is gin'n to photons (fig. I.l).
This procPss is calleo il\\·erse Compton scat trring. On til(' o!lwr han(!. ordilllll".'" Compton
scMtrring is tlw process that photons gi,·p the Plwrgy 10 dpctrOlb (fig. 1.:2). \\Op plan
to g('nerate a high fiux bpam of 10 \1<'\0 photons by mPHlh of collision !H't"oecn I'> Gp\O
dectrons and llb.b II m far infrared photons 'll SPring- '. Thp application of this J() \lp\O
photons ar(' desnibcd in this chaptPr.

1.2 Laser electron photons ( Laser synchrotron ra­
diation )



1.3.6 Test of nuclear model

1.3.4 Radiation protection

(""Iller 8xi, of the r"8('tor. Th"l"(' nr" no di fiicu It " for ,'n('uum \\'indo\\', COlllpl('1 e ("0111 illuolI'
llPutroll ('r(~ati()ll lnakf's rhe' r('ile-tor drsip'1l (l(\:jY.

uclear fluorescence cross section

Cancer therapy

\\'h"n radiograph is tak"n hy dectroll linac, Iligh "ll"rgv photolls ,11''' l'f'il'ased PI, It is
important to pro("ct from pholons 'lIId aloo I]('ul rons Cl'"at"d hy photo-IIII('II'"r 1'l'''I't iOll,
Th" pholo-lluelear experiment hal'(, 1101 I)('ell enough to calclliall' pho\oll trnnsfer. pho(o
IIl1d"ar r"action, photo-neutron r"at'lion,

ThE' ( -" -:) r"aet ions on ,'arious st abl" isot opes ha"" b""n Ill"asl\l'"d h,' usilll'; hl'l'IIISS\!­
hunl'; ,-rH,'S, Sonw isotopes arc slill nOI m('asl\l'"d, espeeiall,' radio iso\op('S, Sprinl';- ' will
prm'id(' a high ,-ray filL\:, :\e'" fiuorescenc" line ma\' be found ",'('n ill iso\op('S, which aI'''
alr"ady measured,

Th" numb('r of solar neut rinos \\'hiell aI'" cr"al"d by hydrog"l1 fusioll proc"ss H!'" n half
of solar standm'd mod('l eSlimal iOll, Thes" lI"utrillos arc measl\l'"d h,' .1+ dl'('a,' pro(,"ss"s
of :1'CI'IGa in a solar neutrillos d"l"ctOr. On th" olh"r hand, Ih(' flux of '13 IWUt rillos is
only about a half of the solar standard mod,,1 ",timatioll ill lhe llIl'aSUl"('II11'nt of SlIp"r­
h:amiokand", :\eutrino oscillation is assum"d to 1)(' th" one of r"asons, Th" pp-prot'l"" and
'B de('ay neutrinos ha"e been dl'teeled up to now, Thl' 'Be alld pp n('lIlrillos, ,,'hidl is
11('('(lrd to so,,"e solar neutrinos pro('"ss, ,,'ill be det('c\ed bv mYb, tfiOCd dop"d sri II Iilia tors,
This project is planed b,' United states, ['rane", G"rmany and .Japan,

(l1-I",t) ('harge exchallge reactioll of 17fiYb, l60Gd is nwa>;l\l'ed as a part of Ih" proj,'ct [,I], It
,,'as found that spin excitation struC'! l\l'e of th"s" deformed nudei had illt"rl'st illl'; syS\ I'mat ie

1.3.5

B:\CT ( Boroll :\"utroll enpl l!r" Th"rl-lIJ\' ) had exn'lknt l"('cord fOl hntill (";lII('er [3],
Tlw m"l hod is follo\\'inl\' JOB is ,"lit to hraill ('ann'r, Oil B II ( JOB el!ril'h"d ,odium
horocnptat" ) , Thermainelllroll is irradiilt"d to C8I1('('r. (\ part ide whi("h is prodll('ed 1)\,
tlJB(n,(\)'Li r"al'lion gin' tl\{' canc"r fatal dHIlIal';", Th" dd"ct of Ihi,.; m"l hod is 10 opell t h"
h"nd in ord(']' to irradial(' th(']'maln"ulroll, It is possihl" to mak" th" ,amI' t!\{'rap,' \\'ithout
Ol)('ninl'; a h"ad \\'!wn photo-nlld"8r r"ac!ioll' h" -,-nt,' Call he u,.;ed, Bill, <'I',,,"s ,,'ct iOIl of
photo-nlld(,8r r"actions is small. It is important 10 find mat"riab of (-"II) I'l'at'tion \\'ith a
largC' cross s('ction.

1.3.3



f<>aIUl"(·. TIl(' spin ('xcilalion slrurlUl"(' of a parpnl nudpi h"d relal ion "'ilh ,nl\"(' fuucI iou of
('xcit<lliou stalP of residual nudpi Ihrough isospin oj)('rator. BUI a l"('sidual nudci had auti
anHlog slalC "'hidl do nol ha,'c dcar rclHlioll "'ilh Ihe Jpyci struclUl"(' of a pHl"('1l1 Ilud('i.
Th(' r('H,OIl of cxistence of Hnti HnHlol!, stHte \\'ill 1)(' tried 10 find 1)\' prccb(' mC'bllriug
the' 1("'eI of pHr('J)\S nuc!ei by \"RF( \"uc!cHr Rcsonant Fluorbce'IH"P). By Ill(' W<1\·. \11
('XCiIHtioll of d('formcd nuc!ci i;; r('IHtcd to IB\I modc!. \\'hich ..\rimH group pSlablishcd.
\11 cxcitalion mod(' of d('formcd nudci is mCHslIrcd sY:iH'malicall.,· b,' \"HF. Thcre' Hrc
som(' illt('rcst illl!, ;;ubj('Cf such H;; scissors modc \\'hich is th(' mod(' I hal Il('UI rou and prot on
o:icill<H(' illdep('IHlcut h· lik(' scissors.

1.3.7 Comparison with the nuclear excitation of charge ex-
change reaction

TIl(' spill flip ('xeitations \\'ith H transfcrred angular momcnlum ~(=() ha,'(' Iwo Iyp('s:
Gamow-tclkr ('xcitation and \11 excitation. Gamo\\·-tclkr ('xcit<ltioll is caus('d by dl>lrl!,('­
cxchangc r('actions. \11 cxcitalion is causcd b,' inelastic scattering. \\'hell H \,=Z nudei
(1',=0) is cxcitcd. Gamo\\'-Iellcr cxcilalioll slates b'l\'e (T,=J). on Ih(' olll('r hand \1\
cxcitalion statcs ha"e (1'=0) or (1'=1). 1'=1 illl excitation slales is ca]kd "!sobHric aualol!,
statc" of Gamo\\'-Idkr excitation sl<lle. Tbis spin flip is excitcd b,' piou ('XChHIIl!,e field.
Trallsitiou matrix c1('nwnts \)('I\\'cen Isobaric analog slale in lighl nudci is esl ilnHI('d lJy
lI1CHSllr('mcnl of spill flip excilation andl)('ta decay. It ,ms me,lslired tbat isospill symuI('lr\"
was broken about 10 '7<. lsospin symmctrv b('f\\'cen cxcitation slale was 'llso brok('u . Thc
reason will 1](' undcrstood by prccisc mcasurcmcllt of transition malrix for cxcitation slatc.

1.3.8 Astra-nuclear reaction

\ \'hcn super noyae explode. large amount of ncutrillo:; Hre rcle'1:;cd from Ill(' corc of t hc
star. r\ part of n('utrinos is (Teat('d by electron captllr(, b,' "uFc Hnd so OIl. Thc mUllbcr of
neutrinos is almost tbe same as the number of ekctrons \\'hich is in thc core of the slar.
for example in case of S\"1987 super nO'·ae. Ihe number of electrons in Ill(' star is Ill(' ordcr
of 10". In 1987. \"('lllrinos from S\"1987 arc detected in Kall1ioka mine. The numbcr of
del<'cted neutrinos represents the uumber of neutrinos \\'hich is (TCHtcd in S\" l!J 7 is Illuch
mor(' than 10". The reason is explaincd as follows. Photons (TcalC "'('clroll positron pairs
in higb I('mperature and high dcnsil,' corc. Elcctrons aud positrons (Teall' nentrinos alld
antilleulrinos. A large number of neutrinos Hre relcased lik(' black body radiHlioll al last.
This assumption had coincidence with obscl"\'alion of neutrinos in fcw scconds.

The mean energy of neutrinos is about 10 \1('\'. These neutrinos ha\'c collision \\'ith
atomic nuclei and create a large number of protons and neutrons. A part of nuc!ci absorbs
t hcse protons and neutrons rapidly. Tlwn. hea"y nuclei are crca(cd. Thc nuc!('i \\'hich



nH1 br (Tratrc! U\' only this procr"" an' foullc! in thr :,pacr, Sll\)('r nO\"i\(' i" ,llldi('d b\'
calculat ing thr abundanc(' of these Iludei, Thrrr b thr hypothl'si, Ihat he<l\'\' elrml'llts
likr Pb in thr "pacr arr ('l"eatrd b\' sup('r noyar, .-\11 of hra\'y r!emrnl, an' (Tl',l!ed b\' r­
process, \\'hidl i" Ihe n'action b('l\\'rrn n('utrillos and Iludpi, Thp calculation of this model
rpquirrs t h(' knO\d('c!gr of react ion cross srct ions brt \\'rl'lI 1l1'Ut rino" alld nud('i, Ilmn'wr.
thr anllahlp data is not pllough to explain til(' dPlaiJ:.; of the nudrilr 'lbundall(,(' iu thr
ulli\'o':.;(', Accurate cross s('nious of Ilrulrino-nuc!('ar r('aClioll 1)\, 1I1'utral CUITl'lIt \\'ill he
drt<'rmill('d hy measuring accmatl' nuc\('ar ('xcit('c! statf' afl('r thr n'actioll of )H'utrinos
and nud('ar. S\'stl'malic data of spin flip l'xcitat iOlls on mall\' nud('i an' rpqllirpd for Ihi:;
dNt'rmiJUltion,

1.3.9 Nondestructive isotope analysis

TI1<'r(' ,up :.;p\'pral mf'thods of isotopp allah'sis, For examplp, ICP-~IS ( IlIdllcpd ('ollplrd
Plasma ~Iass Spectromrtry), A~[S (Acc('l('rator ~Iass Spectromrtry), rIc. ~Iass Sppctroille­
try is us('d for archacological prO\'elHlnc(' issucs, Pb is appropriatt' r!rn1<'nt s for this plll'pO:ie,
Pb is thr tcrminal nuclei of d('Cil\' linr, Thr cOllccntration of Pb isotopes rcpJ't':i('llts the
agc of soil.

Copp('r mirrors \\'ere c1ustcrrc! b\' Pb isotopcs, \\'hosc ratio has til(' d ifl'e1'('1 1('(' bel\\'c('11
t h(' product ion arcas [2],

But mass spcctronll'try is a drstl'llctivr lll('thod, Ardw('ological salltpl('s \\'hich h<l\'('
art istic \'alue can not be analyzed. :\'onc!('sl rllcti\'c allal,',is can b(' prm'it!ct! b\' IIsillg ,-ray,
Th(' nuclcar Auor('scence ar(' measlll'rd b\' irradiatioll of ,-ray, Thf' saJl1plt's of \'alllr cau
be Htwl\'zed, :\'C\\' disco\'ery may bf' ('xp('ctf'c!,

1.4 Aim of this paper

From \'ir\\' point of e1rment allal,\'sis, X-ray Auor('scrncc analYsis h,l\'c be'l'u applicd for
archa('ology, But thr (')l('rgy of incidcnt x-rays has bf'f'n 10\\' (a f('\\, Icns krV), Thus h('H\'y
elements ha\'r not b('rn cxamined \'N, High ('n('rgy synchrotron radiatioll call 1)(' used
no\\'. Incident X-ray encrgy call be incr('as('d from 100 k('\' up to 300 k('\' by SPrillg- ,
I\:-absorptioll ('dgrs of a II c\('meuts call b(' hit hy th('sc incidcnt X-rays, :\'olldcstrtll'li\'r
e1cment anal,\'sis for archaeological sampl('s is trstcd using high enrrg,\' s\'lIchrotroll radia­
tion,

Las('r electron photons g('n('rator is d('\'e1opcd, It consists of f']('ctron storage' ring and far
infrared laser system, SPring- is us('d as drctron storage ring, SPrillg- \\'as constn)cl('d
and has u('('n already used as a synchrotron radiation soun'c, llere, c!r\'r!opmrnt of far
infrar('d laser is described,



\olldestructi,·e i:;otopp allal,·sis ha,·e not bpen pstabli,;]1('d \.('t. But IHser deetroll photons
CHn rpalize uoudeslructiw isotope anHh-sis. Genpralh- \"<lluHble HrchHeological SHlllP!cS C<Ul

not be scraped. \lal1\· :;alllpies arc not aualned. \\·I1('n nonde';lrtlcti,·e aIlHh·,;is cau be

wied. these samp!cs \I·ill bp anaIned S\·slp11lHticHlh·
So the aim:; of this thesis is thrpe items.

• The stuch· of nondestructi,·e clement Hnalysis for Hrdweological SHlllpleS wiiug high
energ'· s\"llchrotron rHdiation

• The study of laser p!cctron photon gpnnator

• The stud,· of nondestructi'"e isotope Hnal'"sis for archHPological sHmplps using IHsn
elect ron photons



Table 1.1: The application arca of synchrotron radiation

Structurc of atoms and 1Il0!0culrs
Electron states in material
Struct urc of materiars surface
Chemical rE'action. Catalyst
"[edical diagnosis
Industrial diagnosis
X-ray microscopE'
Holograph\'
Lithography
Cryst al st ruct ure of lIlal erial
3D structure of albumin
Condition nnder high temperature and prE's:;ure
StructurE' and function of mnscle
Structure of solution
"Iagnetism of matrrial
Loeal structure of material
X-ray chemieal mpor deposition



Table 1.2: The application area of laser dectron photons

\Ieasurement of photo-nuclear reaction cross sect ions
:\eutron source for suberitical incineration reactor
Cancer t herap)'
Radiation protection
iI kasurement of uclear fi uorescence cross sect ion
Test of nuclear model
Comparison with the nuclear excitation of charge exchange react ion
Astro-nuclear reaction
i\onclcstructive isotope analysis

10
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figure 1.1: Scheme of inverse Compton scaltering

11



Photon

~Electron
o

k'

~
o

Ik'l<lkl

Figure 1.2: Scheme of standard Compton scattering
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Chapter 2

Nondestructive element analysis

X-ray fluorescence analysis is one of the nondeslructi,·e method b,· lI·hich couceutration
of e!enwnt can be measured. Because this method is comparabh· simple aud nondestrtw­
ti,·('. it is used ,,·iddy. Recentlv synchrotron radiation can be used as the incident X-ray
probe (SR-XRF) Very small concentration of ekments C<1I1 be measured b.'· its high bril­
liHnee. IiraI'\" clements can be measured precisely by its high energy. Spring-1l can prol'id('
3.JxI01:l photons/s at lOa keV. In this chapter. faienc('. earthelllnllT. stoneware and s('di­
ment arc Ill('Hsured and results of anHlysis an' shown.

2.1 Comparison with other element analysis

R-XRF is co1l1pHredwith :'\AA. PIXE andICP-\IS. These three methods an' explained
at first. Thrn items such as the preparation of samples. the dctE'ction limit and pn'cision
and til(' accessibility of analytical machinE'ry arc eomparE'd (Table 2.1).

2.1.1 AA

In the nuclear reactor thermal neutrons arc amilablE'. then radio acti,·e nuclei arc pro­
duced by these tllE'rmaI neutrons irradiation. The heat created b,· nuclear chain fission
rE'aetion is used in comnwrriHI nuclear pOII·rr reactor generall,·. on til<' ot her hand. Ther­
mal neutron can be taken out of reS('arcil nuclear rE'actor. The rHdio act iI"<' nuclei emit
'.-ray radiation lI·hieh can be nlE'asurE'd and changed into the conCE'ntration of clements.
The measurE'lI1ent is carried out after proper cooling time. The length of cooling time
arc decided by life time and counting rate of "I-rays. "·hen many clements Hre measured.
samplE'S are measured repetiti,·ely in diffE'rent cooling times.

Solid samples arE' analyzed generally. \"olumE' of samples is limited because samples are
put in a nur!E'ar rE'actor. As to liquid samples. their small amOUlll can be lIlE'asulwlwithont

13



i:lny pre-parat iOIl. COl1ce-ntrat-ioll anel coagulatioll (-In' !1('('<!C'el ill SOIl1(' Ci:1:-,e-:-;.

2.1.2 PIXE

Charged particlcs such as protons, hdium ion" are irradiatcd on samples, X-ra\' flllo­
rcscpnce from samplcs arc measurcd, Small size accc!crator such as n \'all dc grnnf clect ro­
static accelcrator is used for thc PIXE studies, Electric chargc is carricd b~' a Iwlt to thc
terminal. and high "oltagc is prcsell'ed about 2 - J \IV, Chargcd pnrt ic!<'s are acc('!<'rnt,'d
bC'tl\C'en this high I'oltage and earth, \\'h"n charged particlcs arc irradiatcd on atom,;,
cxcited ions arc cr"atcd bl' relcas" of an at omic "lectron in a inncr shcll. Thc I'acann' is
occupied by an elcctron Idlich occupicd a high"r cncr!!,I' ICI'e!, Thc cncrg\' l)('t"'c('11 tl,,'
lel'cls arc cqual to the x-ray Huorcscence encrgy

Solid samplcs are used \\'ithout chcmical proccss, Aerosol ,Id1ich is accnl1111htcd on H

filtcr by a ,'acuum pomp arc used without chcmical process, Liquid sailipies ,ln' dried alld
put on the thin film,

2.1.3 ICP-MS

Atoms are ionized by an inductively coupled plasma, Ions are dra\\'11 into a 1I1<";S SI)('C­

trometer. Illductil'e electric field is made bv high frequeH(T current in a indllctiw' coil.
Argoll gas which blowout of a quartz-triple-( ube, are discharged by t he elect ric fidd, The
gas has three role, to form the plasma, to put up plasma in order not (0 touch the tube alld
to carry the mist of sample liquid, \[ass spectrometer has (wo tvpes, quadrupole tvpe alld
double focus type, The quadrupole mass spectroll1etC'r consists of tIro pairs of (wo parallel
electrodes which are put perpendicular to each othcr. Ions \\'hich have part iculHr IIlass call
be selected by this spectrometer. Control is simple, It scans widc mass rangc quickh', The
double focus type achiews high resolution by static c!ectric an'1Iy7.er andmagn"tic sedor.
Intcrference of ll1ulti atom iOlls can be rejected, Control is complex, It scans sIOld,\', but
detection limit is better than that of quadrupole type,

Samples arc induced as liquid solution, Solid sample are dissoh'cd bv Alkali dissoillt ion
l1lcthod and acid dissolution method, Liquid samples are uscd \\'ithout chemical proC('ss,
or separation and concentration are needed in some cases,

2.1.4 Comparison with NAA, PIXE and ICP-MS

Thesc aIlalysis methods are compared with SR-XRF, Archaeological samples are solid,
for examplc, rock and glass, The concentration of trace clements in samples is llieaSl!l'ed
in order to solve provenance issue, The items of comparisoll are, preparatioll of samplC',
detection limit, precision, accessibility of these analytical machinery,
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TllP nhe of preparMion of samples. ICP-:'dS requin's samples to be dissoIY('d 1)\· acid
or alkali. After di',;oh-ed. nl<'dia of dissolut ion ,hould be remon'd. C'lwlllicHI pro("('ss is
ne('ded. Samples are destron'd. :'\.-\.-\. 11-:\11 F. PI:\E do not reqnire ch('lllical pro(·('ssing.
QuantitHti\'(' anHh'sis need to form sampl('s identical1\·. But :'\AA restrins size of samp\('s
because samples are set in a nuclear reactor. 11-:\111" and :'\AA need the samples to 1)('
identical in shape. PI:\E requires tl)(' samples to be thin !<n·er.

D(,teetion limits of these samples is foI1O\\·ing. SR-:\I1F is 0.1 pg - I JI g. PI:\E is 0.1 ug
- O.IJlg. :'\.-\A is 0.01 ng - 1 Jig. [CP-\IS is 0.1 ng, 1- 1 JIg l.

Preci"ionofthe"pmethodisfoI1O\\·ing. SI1-:\I1Fis 1'if. PI:\Eis l'if. :'\.\.\isf)'i[.IC'P-\IS
is l'if.

A('('('ssibility of thesp nwthod is fo!lo\l·ing. :'\.-\A Iwe(l" public fHcility. Thp b('HIll tilllp is
limitpd bpcause of other researches. Especially. the number of reseal'1'h re,H'tors for :'\,\.\ is
de('l'eased. for example. Rikkyo research reactor \I'ill be shut dO\l'n in a fe\l' mont h. SI1-XI1 F
has the analysis beam lines at SPring-8. Thus. the beam time \I'ill be enough. PIXE and
ICP-\IS do not need to be eoncern tillle shearing II'hen \I'e can ha\'e pri\'Hll' Inadlinel'.'·.

\'ondestructi\'eness should 1)(' taken into account at first. Broken earthel1\l'<ln' nUl be
s('l'aped as in the case. but lnost of archaeological samples can not be scraped. Thus.ICP­
illS is not appropriate because it is d('struelil'e anah-sis. \\'hen we can hal'(' prin1te ma('hin­
Ny. PIXE is the best choice becausl' of loll' d('tect ion limit. high precision. no t i'll(' sharing
and llondestructil'eness. \\'hen \I'e can not ha\'e prinlle machillery. SI1-XI1F is th(' Iwst
choicp. P1XE needs all Hcc<,!prator. and 0.AA needs H rpsearch rea('tor. Th(, a('ce\('nltor and
rl'search reactor are also used for ot her researches. Thus. b("lm t imp can not 1)(' assiglll'C1
I'llough. SI1-XI1F has loll' ctetl'ctioll linti!. multi dcment <lnHlysis. Also SPring-8 hHs the
analysis beam lines and long term utilization can be appro\·ed. "'umbers of sampll's can
be measured statistically in order to cHll'gorize the sHlllples. And nondestruct i\'e isotojJe
analysis can 1)(' r('aliz(' at the sam(' facilit~·. SPring-8.

2.2 Faience

Faience has been made in the middle I'ast for a long time. Figures 2.2. 2.3. 2.·1 and 2.5
arc pictures of faience. The \my of making faience is as fol1oll's. Quartz. sand and lime
are (Tashed into finl' pO\l·der. Plant a"hes and \I'atl'r arl' mixl'ct..-\11 of t h('lll Hre kneHded
and shaped. They are glazed. At IHst. t he\' arl' baked. ElenlPnt atwlysis of faience can
soh'l' prO\'enan('1' issue. X-ray f1uOl'escenc<' anal.\·sis is applil'd to fail'n('('. For the first tillle.
faiell('e is analyzl'd at SPring-So Incident X-ray is 115 keV synchrotron radiation. This
energ\' is thl' absorption edge of Uranium. Lighter I'len1<'nts than uraniunl can 1)(' det('cled
b~' t his energy. Lant hanoid can be dl'tected \I'i t h a loll' background noise at t his energy.
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2.3 Experimental set up

TIl(' Sl't lip is showlI in fig. 2.1. Synchrotron radint ion bOlllbardl'd Oil salllpl(',.;. Thl' X-nl\"
Huor(',c('ncl' is (!c-Il'ct('d b.I' a Gl' sl'llliconductor detector. Thl' sIW('lnlm of Huorl's('('n('(' i,.;
obtained by t])(' measurl'ment Sl'stelll combinl'd lI'ith n COmIJlltl'r.

2.4 Results and discussion

2.4.1 Excavated faience

The [aien('e lI'hich i, I'x("al'atl'd in Eg~'pt and Irall nl"<' nnnl\·z(,d. Tnb!c- 2,2 shOll'S I h('
fail'nce which ar(' ,malyzed. This is the first time thaI excnnlll'd [nien('(' is irradiall'd hI'
high eJl('rg,I' X-ra.l·s (115 ke\"j. Figure 2.6 shows the' X-ral' fillor('sl'('nc(' ,.;peClrUIll for a
faience from Eg~·pt. X-axis is the energ" of flllorescence X-rays. and Y-axis i,.; t]1(' c()\lnls.
In this ,pectrtlm Cu. Sn. Pb. Sr. Ba. La and Cl' me dNected. Both 1he elell1('nls in glaz('
and basement are detected bl'c'lusl' X-rays has irmdiatl'd on bot h glaze and hns('llll'lIt,
Figure 2.7 sholl's the spectrulll for the basen)('nt of a [aienC'e from Egypt. InC'ident X-ra.l·s
are irradiated on hroken facc of ['lience, Compared to fig 2.6, the peaks CII. SII 'lIId Ph "re
shrtlnkeu. Thus. II'C can infer that Cu. Sn and Ph exist ill gIHz(' Hnd Sr, BH. La Hlld Ce ('xisl
in hasement. :'IHterials of glaze Hlld bnsel1lent nrc milled [rom dir[('rl'lIt plnces. GlnzC' "n'
made from copper ore. basenwllt arc made from qunrtz. sand and lillie [121. Ench pl,,('C's
lI'here faience arc made may h""e each mines of 1l1('se materials. \ \'h('1l I hI' milll' of t hl'sC'
mnterials <Ire del ermined. il becollle due of the' plan's lI'here fai('\l('1' is made,

Figure 2. sholl's the spectrum of a faience from Iran, In this spectrum, the exislell('e
of Cu. Sn. Pb. 5r. Ba. La and Ce is confirmed. Flllorescence energy of c\em('ll!s is shOlm
in Table 2.3. Very small ampunt of Bi is detecl('d onl~' in <I fnience from [ran. 13111 l3i
can not be index for the production place because t here arc ,amI' f<lience in lI'hich l3i nln
not detected. There <Ire possibility that the production place cnn be delet"lllined by the
clements in the basement, F'igure 2.9 shOll'S the di,tribution of Ilw [Hiencl' in lI'hidl X-Hxis
is La/Ba peHk ratio and Y-axis is Ce/B<I peak rat io, Faience [rani Egypt and faienc(' from
Iran C<ln be classified, One of the Irall faience is in 1he Eg,I'pt region. It miF,ht be inlport('d.
But further <lnalysis and accumulation of dat H is lIel'ded to condude it.

La and Ce <Ire rare earth c\en)('nl,. CI1('mical chHracteristics of rare earlh elenlents an'
almost same. But their ion radius is different because charge in nndei can 1101 be obslnlcl ('d
by inner shell electrons. LaH has the largest ion radius lI'hich is 101.5 pill. on t]](' other
ham!. Lu:l+ has the smallest ion radius \\'hich is 56.1 pm. \,"hen Rocks lI"ere changed frolll
liquid phase into solid phase. concentration of elements lI'erl' affe("\ed by the conditiolls of
rocks and ",Iements' ion radius. Thus. Concentration of L<I and Ce repre"",nts the history
of th",ir mother land.
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It is difficult to dt'tnmillP \I'I1('rt' fait'IKt' is n1<1<lp b\' analnillp; In' l'!PII1t'nts ill p;I'\Zl',
ThC' ratio of C'!('II1Pllts can bp chanp;t'd by colors, TIH' ratio of C'!C'nH'lIts dOt's 1101 n'pn'spIl!
the' production pla('p, TllP isoto pC' analysis an' Olll' of promising calldid'1!l's to m'l'tTOIll('
thp difficllltl', Both faiC'II('(' frOlIl Eg."pt and Irall had til{' Pb "'C'II1Pllt \I'hich \I'as u,,'d for
pro\'pnancp issup [2], Thus t hp Pb plenlPnt is chosC'1I for Isol opp anah'sis, On t hp ot hl'r hand,
the baselllPllt 11f\\'c tl10 Ba ('\C'llIelll \I'hich has se\'PII isotopps, Alld LI'Ba is thp daughlel
lIudt'us of LlhLa \I'host' life till1C' is 4,7xlD IO Ba isotope rMio is affpctl'd h\' a I<1."l'r's agp,
Tht' Ba C'!enlPllt is anotll('r candidatp for isotopp analysis to anal."zC' 11101'(' prC'cisl'!,\',

TIl(' Ce/Ba I'S La/Ba plot is IIst'ful for dassificatioll, This mC'ans that t hp met hod can
bC' IIsed for pro\'C'nallce issue bt't\l'een Eg\'pt and han,

2.4.2 Earthenware

T\I'o fragments of t'artht'l1\mrt' arp analyzPd, Figlll'e 2,10 sho\l's t he spectrum of small
platc, Figure 2,11 sho\l's the spectrum of a part of a bO\d, Thpsp fragnlPnh ha\'(' t ralbit iOIl
metals such as La, Ce, :\'d, Dy, Er. Yb and HI'. F'hlorescencp encrgy of c!ements is shown
in Table 2,·1. TllP earthenware is nwdt' from t he soil \I'hich \I'as taken around the kiln, This
means til(' earthpllwHl'c conser\'t's tl1(' charactl'rislics of tht' soil. It is possiblp to sol\'(, thl'
provenanct' issue b\' analyzillg the eartht'n\l'are. Figure 2,12 shows t he spec( rUin of salld
from Sudan, This spectrum has almost the samp as these from Eg\'pt. Both of tl10nl ha\'('
Ba, \I'hich can 1)(' a indt'x for isotope analysis,

2.4.3 Stoneware

Tht' sampk' \I'as t'xcm'ated at "T,l('ki-Tanaka" rt'mains, Okayama prt'fpct ure, It was Inade
of tuff, 3,5clllx3,6cmx2,9cm \'ohlmt' (fig, 2,13), A ditch (9 mm \I'idth, 4 mill dept h) is on a
surfact', \I'hose color is black, High tt'mperaturp might changp sam pip's color from origillal
gray-\l'hite to black, Tht' agt' is pstimatt'd around middle of Yayoi IlPriod, (B,C,2-1), Thp
sample is anah-zed b\' X-ray fluorescence anal,'sis to obtain thC' dut' of tht' usage' of the
sample, Incident X-ray energ\' \I'as 10,5 keY, The rt'sult is 5ho\l'n ill figlll'e5 2,14 and 2,15,
The X-axis is the f]uort'5cence PIINgI' and the Y-axis is counts, ~In, Co, Fp, I\i, Cu, 1:;11

and Ga wert' dt'tected, Fluorpscpnce energ\' of c!Plllents is shown in Table 2,5. F'igurp 2,14
5ho\l's the 5pPCt rum from th(' slll'fact' \I'ith a dit ch, Figlll'e 2,15 sho\l's t 11(' SPl'Ct rUIII frolll
the surfac(' \I'jth no ditch, Thrpe measured points arp on top of each other ill hot h fig llI'es ,
All points in thl' surface \"ith no ditch (fig, 2,15) han' almost the same spl'ctrntl1, which
set'llls to be til(' base tuff's one, HO\l'e\'er, figure 2,1·1 is quitp diff('['ent from figurp 2,15,
Especially one point has rich Cu compared to Co,Zn and Ga, This rich Cu is tilt' clnC',
Some archaeologists suggest this sample might be a pan of mold for bronze sword, The
ditch shape reprt'sents that this mold may be usNI for the oldest thin shape bronzp sword
or follO\\'ing middle thin shape bronze s\I'ord, HO\l'l'\'('l', experimental results is not pnough
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to com'lude that this ><lmplc is a part of mold for brouzt' s"·ords. Thus. furthc'!" anah'sis is
needed. "lapping or micro beam scanning is the uext step to find morc' trace of brouzc'

2.4.4 Sediment - environment change

The sediments "'hieh is exca\'ated at the bottom of lake Golbasi iu Turke\' is anah·zed.
Lake sediments recoded the e!l\'ironment change,;. Lake Golbasi is located at Amuq \'alley
in the IJatay prO\'ince of south central Turkey. Amuq \·aIle." is 80 - 100 m above sea level
The \'alley is surrounded Iw Illouutain raugc's. Amouus mountain ranges lie to the west
Amonus mountain consists of igueous format ions in the south and sedinlentary rocks ill I he
north. The uplands to the east aud south of n,!le'.'· cousis( of deuuded limesloue ulassifs.
The northeast of the va!ley consist of denuded basah. The raiu fall is GOO - 700 nllu pill'
a year. It's enough to cultivate the ground. lrrigatiou increased the crops. Three ri\'('rs
f1o"'s the Amuq valley. the Kara-su from the north. the :\ahr al-Afrin fwm the cast. aud
the Orontes fronl the south. Human being have been here since 9000 .'·e,1rS ago. Their
activity ha\'e beeu affected by em'ironmental changes. OO"'n stream of Amuq ""lIe.v Iwd
enough "'ater and nutrients. There have been many lakes aud marches in 30000 vears. The
big settlement occurred between 5000 years ago and 3000 years ago. There '1re sonle big
ruins at that time. These ruins arc located along the trade road which COlluect Syria and
"[esopotamia. These ancient cities got ,,·ater frolll springs. river and lake. The amount of
"'ater limited the farm land.

Lake Golbasi at t he north end of the basin "'as cored by a team from Groniugen Uni­
\·en;ity. the l\dlwrlaud. The depth is 15 m. The upper G,4 m of core was sampled 1'01
elemeuta] analysis. Figure 2.16 is the picture of core. The concentration of trace elements
in lake sediments records the em'ironment changes. Elements are di\'ided as 4 groups. r<
and Rb arc categorized as clay elements. (fig. 2.17. fig. 2.18). Zr. Ti and Yare categori7.ccl
as sand elements. (fig. 219. fig 2.20, fig. 2.21). Ca and Sr are categorized as alkali earth
elements. (fig. 2.22. fig. 2.23). Cr and Ni are categorized as melal elc-Illents. (fig. 2.24.
fig 225).

K and Rb represents the concentration of soils. Thus large concentration of I( and Rb
represeuts the large amount of rain falls and lake development. On the other hands, slllall
concentration of K and Rb represents the small amount of rain falls. From 640 em depth
to 300 cm depth the concentration of K and Rb are increased. The amount of rain fall is
infTeased at that time. After that alllount of rain fall is decreased until 120 em depth and
increased again.

Zr. Ti and Yare the component of sands. The trend of them is "anw as K alld Rb.
These clements are heaped by rain fall.

The trend of concentration of Ca and Sr records t he lake developmellt and retreat. The
concentration of Ca and Sr are increased between 640 cm depth and 340 C111 depth. Theil
t hey are decreased rapidly. After decline they are increased slo,,-Iy and make peak at 120 CIll
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c!l'pth. Ca is drpositec! as calcium carbonatr salt,; ,dwn amount of lake "·atn is c!rlTrasl'c!
or climate is aridity. Sr has the sanw chan1Ctl'r. An incrra,;r of thr concrntmtion of Ca
'll1d Sr bel,,·een 3~O cm depth and 120 em depth rrprrsrm thr incrra";l' of the concrntmt ion
of calciulll carbonate iu thr soil. At 120 Clll drpth the concentrations of Ca and Sr alT
decreasrd. "-hile the concentration of k Rb are in(Tcasrd. This nleans Ihal an ill(TenSC
in K and Rb rrprrst'nts lakt' de'·rlopnwnt. while an increast' in Ca and Sr reprr,.;rnts lake
retrrat. In bot h nlsrs. thr trends in t hrse tracr elrments arr reprrst'ntnl i,·r of rlll·ironnlrnl al
ch<:lngf'.

The sourcr of Cr and \'i is in Amonus mountain ranges. This rangr has large OU\(TOP";
of serprntinr. thr parent rock of Cr and \'i. The increased pre,.;cnce of Cr and \Ii in lhe
lake sediments suggests rndronlllrntal degradat ion. Thr concentnll iOII"; of Cr and \'i arc
increased from 400 cm drpth up to surfacr

2.5 Conclusion

Faience. earthelllnlre, stOlle,,·are and sediment 'Yerr analyzed by X-ray fluDrt'scrnee anal­
ysis using synchrotron radiation This analysis could classify fairncr by plot ling La/l3a
ratio vs Ce/l3a ratio. The changes of environment could hl' assulI1ed h\' lhe treml of COll­
eentration of K. Rh. Ca. Sr. Ti. Zr. Y. Cr and :.Ji. Thc indicrs of i,.;otopc analysis were
detrnnined as Pb and Ga.
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Tablr 2.1: Tlw allal,'sis nwthods

ICP-\IS
PIXE
\AA
SR-XRF

San1jJlc prrparatioll

o

o

DrtrC'lioll linlit

01 llgll - 111gl1
0.1 ng - O.lllg
om llg - 1 Jig
0.1 pg - 1JIg

Prrcisioll

-1'A
-1'A
- 5'A
-1'A
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Incident X-ray Sample

Ge detector

Measurement system

Computer

Figure 2.1: Experimenlal set lip
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Figure 2.2: A faience bead

Figure 2.3: A fragment of faience scarab
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Figure 2.4: A fragment of faience bowl

Figure 2.5: Two fragment of faience udjat eye
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l\ame
A faience bead
A faience spin
A faience tube

Table 2.2: List of Faience

Place
Iran
Iran
Iran

Age
BC lOOO
BC 1000
BC LOOO

Four fragments of faience udjat eye
Three fragments of faience bOKI
A fragment of faience scarab
A fragment of faiencc

24

Iran
Egvpt
Egypt
Egypt

BC 5th-4th century?
AD 2nd cent llrv
AD 2nd centurv
AD 2nd cent lIrV
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Figure 2.6: X-ray fluorescence spectrum for a fragment of faience from Egypt
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Tabk 2.3: FllIOH'SC('I!C(' PI10rg"

ClI Eo
ClI Ed
Pb Lo
Pb L3
5r Eo
Pb L,
51! 1\0

511 Kd1
51! Ki32
l3a Eo
La Ko

l3a [(31
Sa ](32
C(' 1\3
Pb ](01

Pb ](02

Pb Kd1
Pb 1(32
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EI!('rgy[k('Y]
8.0-11
8.901

105-19
12.611
1-1.1-12
12.611
25193
28.483
29106
32065
33.032
3-1569
36.376
37255
39,,[53
74.956
72. 79-1
8-1922
873-13
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Figure 2.7: X-ray spectrum for a fragment of faience from Egypt (Basement)
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Figure 2.8: X-ray spectrum far a fragment af faience from Iran

28



0.25
Egypt~

Iran

0.2 +

*
x

0.15
~ '*' 1III
Ql +()

0.1 ~*"""'x

x:Xt- x
0.05

)(

aa 0.02 0.04 0.06 0.08 0.1 0.12

La/Sa

Figurc 2.9: Distrubution of thc faicHce. x Eg\'pt faience. + Iran faicHcc. X-axis is La/13a
peak ratio. Y-axis is Ce/Ba pcak ratio
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Figllle 210: X-ray spectrum for a fragment of earthenware from Egypt (small plate)
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Table 2.~: Fluorescence energ\

Fluorescence lines
Sr Ko
v 1-\0
Zr Ko
Zr Kp
Ba 1-\0
La Ko
Ce Ko
Ba KiJl
Ba KJ2

Ce 1(32

\Tel KB2
Dr 1-\01
Dy Ka2
Er Kol
Er Ka2
Vb Ked
Vb Ka2
HfKal
Hf Ka2
W Kal
\Y KCl'2
Pb Kal
Pb K02
Pb 1-\t31
Pb K62
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1-1.1~2

14956
157~6

17681
32.065
33.032
3-J569
36376
37.255
39255
40231
42.269
43298
-15991
45193
49.11 9
48.205
52380
51.326
55781
54579
59.308
57973
74956
72794
84.922
87343
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Figure 2.11: X-ray spectrum for a fragment of eartheml-are from Egypt (boll'l)
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Figure 2.12: :\-ray spectrum for Sand from Sudan
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Figure 2.13: The stone "-are_ a) cross section of mold. b) surface of mold with a ditch
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Figure 2.1-1 X-ray spectrum fo' . .l a surface of molel
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Table 2.5: Fluorescence energy

Fluorescence lines
:--In Ko
Fe r~o

Co Ko
'.Ji Ko
Cu Ko
Zn Ko
Cu K8
Ga Ko
Zn KB

36

Energ\'[keV]
5.895
6400
6.925
7472
8.041
8631
8.907
9243
9.572
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Figure 2.15: X-ray spectrum f .01 a back side of mold
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Figure 216: Sediment core
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Figure 2.17: The trend of K in sediments core Ht IHh Golbasi
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Figure 2.18 The trend of Rb in sediments core at lake Golba~i
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Figure 2.19: The trend of Zr in sedil1lents core al lake Golbaii;
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Figure 2.20: Thc trcnd of Ti in scdimcnts corc at lakc Golba~i
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Figur(' 2.21: TIl(' tr('lld of Y in s('dil11('nts CQr(' at lak(' Colba~i
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Figure 2.22: The t rend of Ca in sediments core ,It lakr Golbasi
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Figure 2.23: The trend of 5r in sediments core at lake Golbasi

0.01

0.02

0.03

0.04

0.05

0.06

0.07 ,.------,------r------,..----,------,-------,..------,



-100-200-400 -300
Depth(cm)

-500-600
0'------'--------'-----'------'--------'-----'----------'
-700

Figur{' 2.2-1: TIl{' tr{'nd of Cr in sediments core at lake Golbasi

46

0.1

0.14 ,----,------,-----,----,--------,-----,--------,

0.12

0.04

0.08

0.06

0.02



-100-200-400 -300
Depth(cm)

-500-600

oL- --'- ----'-- L.- --'- ---'- L.-__-J

-700

Figure 2.25: TIl(' trend of .\i in sediments core at lake Golba,i

0.05

47

0.06 ,-----,---------r----,-----,--------,----r--------,

0.03

0.01

0.02

004



Chapter 3

,,-ray generator

The ,-ray generator consists of the electron storagC' ring and tl1C' rar infrared (Fm) lasn
system (fig. 3.1). SPring-8 is uscd as an electron storage ring. This ring; has [,C'en IIsed for
a synchrotron radiation source since 1997. Anotl1C'r unique ".,'.,. to usp tIl(' 8 GeV electron
beam is to generate high energl' Ai-rays ,'ia the inl'erse Compton scat tering procC'ss I>('(we('n
S GeV C'kctrons and laser light[4], Especially, if ,,'e usc the lasn lig;ht wit h the infrared
,,'a,'e rC'gion, it is possible for us to get a high intensity and sharp!." collimated ",_1'''.'' I>eanl
with an energl' range of ~10 :-[cV, Ho"'cver. it ,ms ''Cr\' difficult to obtain a high power
FIR "'ith a C\\' modc, \\'e construct a nC'\" FIn laser to generate a 110'" ",_ray Iwam Ht
SPring-8, The Fm laser system consist of a pumping CO2 lHser and H Cfl:IOH laser.

3.1 Advantage of CH30H laser

Laser po"'cr and laser "'al'elength arc taken into account in order to generc1(C' high flux
"{_ray. The higher the laser power is, the better intensity of the '(-ra\' beam "'ill be obtained
But the situation in getting a high flux ,-ray beam is not so simple. Electrons arc cireling
in storage ring. \\'hcn electrons lose energy much. they can not I>e stored in thc stHbility
phase space in thc storage ring. They \"ill collide the inner \,'all of ring, In t he case of
SPring-So the energy \"hich electron can lose in a circumferellce (J49G m) is about 50 \leV.
The energy of electrons in SPring-8 is 8 GcV. The cquHtion 3,32 suggcsts lasC'r \,',we lengtll
should be longer than 2,1 I III I. A 118,8 11m CH 30H lasC'r line has a streJllg power in I his
wa,'e length region It's po\\'cr is a fe\" or a fe\\' hundreds times higl10r than other lasel

powers (Tablc 3.1),
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3.2 Scattering laser photons by electrons

TIl(' con,;pl'\·ation of ~- 11l0l1lpntulll in scattpring bpt\\"('Pll dpctrons andlas('r is pxpn'sspd

p+k=p'+k' (3.1 )

Electron"s ~-lllOnl('ntulll arp p and p'. p is incoming pkctron·s and p' is outgoing e1('ctron·s
Laser photon·s -l-monwntum arp k and k'. k is incoming photon·s and k' is olllgoillg pho­

ton·s. Thc parametCl" 8. I. II are defined as.

s = (p + I,y = (p' + k'f = //1" + 2pk = J//" + 2p' k'.

t = (p - p'f = (k - k')" = 2(111" - pp') = 2kk'.

u = (p - k')" = (p' - J..y = In" - 2pk' = 111" - 2p' k.

(3.:2)

(3.3)

(3.~)

The Feyllman diagrams of scattering bet,,·een electrons alld photolls are shown in lig.
3.2. fig. 3.3. The scaltering amplitude .\IJi which is obtained from tIl(' Fp,·lIlI1<In di"gr<1m

is gi,·en as
.\fJi = -47fe2e;(v("u'Q''''II). (3.5)

Q'''' = _l__,',(p+ h. + mhv + _1_.",V(p _ hJ + 'Jlh" (3.6)
.9 - 117 2 'll - nl 2

The scattering amplitude Ii\lJd 2 of no polarization ekctron,; is follo,,·ing.

(37)

,,·here.

(3.9)

(311)

(3.10)

(,.) (,)' 1
PAl' = PAl' = -29AI'"

pre) = ~(p + m)2 .

pre)' = ~(f/ + m)2 .

(}JW = "/Q;v'o (3.8)

The density matrices of electrons are p(e). pte)' The density matrices of laser photons are
p('.) pi')':

The reaction cross section is

(312)
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The react ion cross s0etion call be IITitt0ll ill allot hn expr<'"ioll as

7f( Id/
da = -~-(f(8 II) + g(9. II) + f(lI. 8) + g(lI. 8)). (3 (3)

f(.~. II) = -(1 .,).,11(([/ + /1/h"(/) + X· + m)',"(/) + IJIh,(/) + X· + mh,,). (3.1-1)
~ 8 - m- -

g(8.11)= ( .,;( ")'r((P' + IJIh"(J) + X+ mh"(J) + mh,,(/)-X'+ m)',,,) (315)
-l 8 - /1/- II - m

Trace is expanded ,1S

?
f(s. II) = (8 _ -m2)2 (4/1/ 1

- (s - 111
2

)(11 - 111
2

) + 2111 2(8 - 111
2
)). (3.16)

2lrl
1

I 'J ')

g(8.11) = (9_1112)(11_'111 2)(4111 +(s-m-)+(II-IW)) (3.17)

The reaction cross section is expanded as [oHolI's

The reaction cross S0ction is writtell lIsing x and y as

(8 - 111
2

)
r=---

11/2 .

(m 2 -u)
Y=-m-2-

The cross section differentiated by energy of out going '(-ray is.

da 3era _ a . 1 !J
dE~, = Ip+klr(F(f Y)+(va2 _lJ2 -1)(~+~))

where.

P(.r.y) = (~_ ~)2 + (~_~) + ~(~ + ~).
x Y .f Y 4.JJ .r

1 = 2§'E2(1- f3. e~).
'111 m
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(320)

(3.21)

(322)

(3.23)

(3.24)



Tj = 212 E i v02_V
171 1/1

eo = e, + e, = U).
(

sin(),o )
e, = 0 .

cos(),o

(3.25)

(3.26)

(3.27)

(328)

(3.29)

(

sin(),'oC08¢."o )
e.,' = sin()'"f'osino,'o

cos(),'o

The Illlmerieal value of the Thomson scattering (TOSS section is givell as

81TT'2
0"0 =~ = 0.665246 born

The energv of scattered photons is

E'"f' = E'"f(l- (3 e'"f)

(1- (3. e'"f') + :i;-%-(1 - e'"f' e'"f')'

(330)

(331)

(3.32)

The number of created/-ray photons per unit time is eqllal to the Illlmber of scattering
betll"een laser photons and electrons per unit time. The number of scattering betll"een lasel
photons and electrons per unit time is

Jd3p
EP(.r P) = p(.l).

Jd3 xp(x) = o(i).
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(3.34)

(3.35)



8 = (Ie + pf,

(3 = pi E.

3.3 Flux of laser electron photons

(336)

(331)

The flux ofbser electron photons arc calculated by using the equation gi\'eu in the former
section, The parameters arc laser pO\\eL laser focus position and laser focus diametcr.
Figure 3.~ sho\\'s the flux of laser elect roll photons \\'hicl, is thc functiou of laser power. III
this case. the laser focus diameter is 10 mm and thc laser focus position is tlw center of
scallering area, The flux of laser electron photolls is about 5 x 10' ~ I x IOu connts/:-Ie\' (,
\\·hen laser po\\'er is 1 \\'. The flux of laser electron photous is proportion,)1 to the las('J'
PO\\w. Since the CH30H laser photons do not kick out elect roilS, the life of stored dect roilS
is 1l0t deereased and more laser PO\\u' can be induced. The world record of the CII:10II
laser PO\\w has been 1.25 \\' so far. It is appropriate that the CH:10H laser with a power
of about 1 \\' is dewloped for the present purpose and the characteristics of las('r power
and laser electron photons are grasped, After tile first achie\"('ment of us, more high po\\'er
laser \\'ill be developed on the base of the successful tedmical del"l?lopment

Figlll'e 3,5 sho\\'s the flLLX of laser electron photons which is the function of laser focus
diameter. In this case, the laser po\\'er is assumed to be 1 \\' and the laser focus position
is the center of scattering area, The flux of laser electron photons is almost inl'<'rseIv
proportional to the square of laser focus diameter.

Figures 3,6 and 3.7 sholl' the fiLLx of laser electron photons \\,hich is t he function of laser
fOCliS position. The laser po\\'er is assumed to be 1 \\" and the laser focus diameter is 10
mm, The direction from the center of scattering area to laser source represent ll1inw;. The
maximum flux of laser electron photons is obtained when laser focus position is on tlw

center of scattering area,

3.4 Far infrared laser

3.4.1 Principle

CO2 laser have many high PO\\w lines between 9 - 11 11111. Son10 of them excite CH"OH
molecule and oscillate far infraredlaseL Figure 3,8 shows a schematic diagram of excitation,
This figure sho\\'s the energy levels of CH 30H molecular when the oscillation lines arc
excited b\' the CO 2 9P(36) laser hne, The vibration level is denoted by 1/, The rotal iOIl
level is denoted by J. \rhen a CH30H molecule is excited from a level with (1/ = O. J)
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to anolh('r !PH'I \I'ith (v = II', .1"+1) b~' a CO 2 Im;('r. inH'r:,(' di"ribulioll 1)('1\\"('('1I a !(','C'!
\I'ilh (v = II', .)+1') and a !P,'('l ,dlh (v = 1/' . .J 1") \I'ill h(' r('nliz('d. Th(' la,;('r oscilldlion
starts \I'ilh Ihis iny('rs distriblllioll, TIl(' ('n('rg" b('t\l'('('n o:icillaring If'YPls is ill Ill(' far
illfrar0d r('ginn. COlllparing to di:.;chargr ('xcitatioll. CO2 la:'l'r ('Xcitiltion ltd:'; all i:ldnlllti:lg('.

Bf'caus(' mol('cul(',; ar(' not dissocidt('d b,' th(' irradiatioll of th(' Id~f'r. mol('cul'lr fragm('l1ls
do not "tick on til(' la"f'r o;;cill"tor tub(', But th(' c('nl('r of ClhOH dbsorplion liIH''; has
no coincid('nc(' \I'ith the cel1l('r of CO 2 lasC'r oscilldtion lill(,s, C('n('rall,' th(' C('I1l('r of Ill('
CIIJOH absorplion lin('s locar(',; at til(' "Iopf' of til(' CO2 la:i('r oscilldtion Iinf's. Thll', it
j,; important to r('duc(' th(' fluctuation of ill(' CO 2 lds"r fr('qu('!lCy in ord('r to stdbiliz(' th('
CHIOII las('r os('illatioll,

Th(' CO2 lns('r is a discharg(' ('xcit('d lnscr ( fig,3,9 ), The oscillntor consisls of disch,u-g<'
tub('s, grating and couplcr. Th(' gmting is uscd as \1'<1\'(' l(,lIgth s('kctor, Th(' coupler is"
half mirror by \I'hich laser is r('l('as('d, TIl(' pi('zo-C'!('r!ric C'!f'm('nt is plac('d on the couplar
in ord('r to ndjust oscillator l('ngth to las('r '\'<1\'C' lC'ngt h. TIl(' oscillator is fixed by nf'ocf'ialll
rods to luillimizC' th(' heat expansion, The n('ocf'ianl rod has a very slnHl1 t 1H'1'I11H1 f'xpansioll
ratio (1.0 x 10 7 ), The 0 th ord('r radiation fro111 grHling, whicll pass('s through n ZlISf'
windo\\". is used for monitoring and stabilizatiou, Thf' discharg(' tub('s are doublf' t 1I1)('s.
Discharg(' alld oscillation aris(' iu the illller Iub(', Th(' coolant flo\\"s in t 1)(' out('r tube. Th(,
coolanl is \\"ater usually, The lemp('rHlure of coolant is cOlltrolled within ,l('f'mac\' of D,l
"c, The grating alld the coupler are cooled also 10 suppress thermal damag(' and thel'l1lal
deformation, The discharge Iube is made of Pyrex glass, 1'\1'0 tubes arc used for thf' CO2

laser. Ther(' is a gas inlet tube bet\l'een IIl('m, The discharg(' tube holders haye an np<\l't m('
to cut useless oscillations \I'ith high ord('r mod('s, Th('rC' are adjust('rs both at thp ('nd and
at thC' cpnter of the dicharge tube for Ipltillg thp discharg(' tub(' axis ('qual to tll(, las('r axis,
This adjusting laser tube makes the lasC'r po\\"er inereas('.

TIl(' CO2 laser system \\"as de:iiglwd from til(' ,'ie\l' point of r('dueing las('r PO\l'('l' fluet u­
ation, CO2 laser d('sign precision \I'as increas('d from 0,6 Cfc to und('r 0,1 'i(, A 111dSS fio\l'
controller is us('d for gas flo\l' control inst('ad of a "ah'C', ,.\ PO\l'C'r sllppl,' \I'il h high st abilit,'
is USN!. A High pr('cise chill('r is us('d, Th(' charact('ristic:i of compoll('nts ar(' shO\\'Il ill
tabl(' 3.2,

TIl(' characteristics of the CO2 las('r ar(' following, Param('«('['s an', r('sl)('("\ iH''''. gas [low
rat(' ( :\2 gas. He gas and CO2 gas), current. pumping spe('d and cooling \I'alpr t('mpprat lIl'f',

Figur(' 3.10 shows the CO2 gas fiow rat(' d('p('ndpnc(' of the las r P(l\\W. Thp wndit iOIl
is follO\\'ing, The He gas riO\l' rate is 14.3 (Imin, The :\2 gas flow rat(' is 2.7 {llIlin, Th('
CUlT('nt is 120.4 mAo The pump spC'ed is about 600 {Imill (thr('(' vacuum pumps). TIl('
cooling \I'at('[' temperature is 8°C, \\'Il('n th(' CO2 flO\l' rate is 1.3 [Imin. til(' las('[' PO\l'('I"
ha,'(' a maximum ,'alue of 1 6,0 \\"

Pumping CO2 laser3.4.2



Fi)!,urt' :3,11 ,hml" t 1](' :\1 ga" f10\\' rat I' dl'pl'ndt'IH'I' of tIl(' \;\:'I'r pOln'l". Th,' I'ondit ion i"
follo\\·ing. Thl' Ill' gas flo\\' raIl' i" 1 1.3 ( min, Thl' COl ga" flo\\' mtl' b 1.:3 ( min. Thl'
I'nlTt'nt i" 120.1 nl.-\, Thl' pump ,pl'l'd i, aboul (j00 ( min (thn'l' I'il\'mnn pnmlb). TIH'
I'ooling Imt('\' !I'mp('\'aturl' is "C. \\'I]('n thl' \1 f10\\' rat(' i, 2.G - 2,<;) ( mill, tht' las('\'
pmn'r hal'(' a maximum mlul' of 1t>G,O \\',

Figurl' 3,12 shOll'S Ill(' HC' gas flo\\' mIt' d<'l)('ndl'lll'I' of Ill(' lasl'r POlWI". Th,' I'ondilion i"
follo\\'ing, TIll' \1 gas flo\\' ratt' is 2.1 ( min, Thl' COl gas Ho\\' nlll' is 1.3 ( min. Thl'
I'nlTl'm is 120,-1 nl.-\, TIl(' pump sp"t'd is aboul GOO ( min (tlm'I' "'H'uum pnmps). Tht'
I'ooling \\'at('\' ll'mpl'nlturl' is "C. \\'hl'n 111I' COl Ho\\' ratl' is 1.3 ( min t hI' lasl'r pO\\'I'r
h",'1' a maximum mlul' of 1 '6,0 \\"

Figurl' 3,13 shOll"~ til(' CUITl'nt dC'pl'ndl'nl'l' of IhI' lasl'r PO\\'I'I'. Thl' I'ondit ion is follo\\'in!\,
Thl' lit' gas f10\\' n,I(' is l·LJ (Imin, Tht' \1 gas flo\\' raIl' is 2.7 (Imin, Th,' COl gas flo\\'
rat<' is 1.3 (Imin, 1'1](' pump spere! is aboul GOO (Imin (tlm'I' I'acuum punlps). Thl' ('(lolillg
\1'<1Ier trmpl'ratur(' is 8°C, \\'hen thl' currrnl is J10 InA, the lasl'r PO\\'('\' h",'t' a nH1Ximlllll
\'alne of 18G,I \\'. ThC' lasC'r PO\\'cr ha\'e a maxinllml of ""Iur \\'hrll Ihl',I' four parallll'll'rS
arC' ChHlIgC'd.

Figurr 3.].1 sho\\'s the plllllp sprrd (tl](' Ilulllbrr of \'acuum pumps) drpl'lldl'IlCI' of III!'
laser PO\\'I'r. A \'acuum pump pro\'idr about 200 (Imin I'<u'uum spred, Thl' 1'111'1'1'111 alld
tile gas flow ratr arr st'l 10 get a maxil11unl Iasrr po\\'rr at all,' poillts (TablP 3,:3), Tht'
coolillg watl'r !empl'ralure is 8 "c, The l"sl'r po\\'rr is alnlost saturatrd WIII'1l thr Illlllll)('r
of pumps arr thrrr. ThC' gas cosI for lasrr PO\\w is estiulall'd. Thr pricl' of Hr, :\1 alld
COl gas is sho\\'11 in Tablr 3,-1, Thr gas cost pl'r I \\' is showll in Tahir 3,5, Thwi, \\'ht'll
t hr priority is lasl'r po\\'el'. thrrl' pUlllp arc us('(1. and \\'hell thI' priority is cost, Ollt' pUlllp
shoule! br usre!,

FigurC' 3.15 sholl's the cooling \\'atcr temperalurl' drpI:'lle!ence of the laser po\\'rl". Thr
currrnt and the gas flo\\' ratr arC' SI'I to get maximum laser PO\\'cr at any poillt,.; (Tablr 3,G),
1'111' pump speed is aboul 600 f/min(three \'acuum pumps), The lasC'r po\\'('\' telld 10 br
inc'!'rasl'e! whC'1l the trmprrature is e!r(Trasre!, But too 10\\' tC'mperat urI' makr,.; eondrllsat iOIl
on thr lasrr tul)('s, \\'hieh occurs dischargr bl'\\\'('rn the elC'clrie polrs and tht' las('\' tub,'s.
The prC'\'('ntioll of dischargr is 11I'('(lrd to incrrasr Ihr lascr po\\'rl'.

Figurr 3.16 sho\\',.; the stabilit,' of tl](' lasrr po\\'el'. Thr condition i,.; foIlOl\'ing. Lasrr
PO\\'('l' i, 1 J7 \\', The He gas flo\\' mtr is 9,2 (Imin, Thr \1 gas f10\\' ral" is 1.9 (Imill. TIlt'
COl gas flo\\' rate is 0,8 f/min. Thr eurrrnt is 100 mA, Thr cooling wat('\' !1'lllpt'l'Hturl' is
10 "e, Thr pump spel'd is about 100 {Imin, Tht' stabilit,' is about 0,5 IJr Ih,

Thl' lasC'r slability affecls thr stability of la,.;er ell'ctroll photons flux dirr('\ Iy, Thr la,,'r
rle('\ron photolls flux is proportional!o the drnsit,' of laser photons, \\'hen lht' HuetlwtiOlI
of COl laser is undC'r 1 '!c/h, the fluctualion of laser electron photoll flux will bc' IJr/h ordrl".
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3.4.4 Present status of CH:lOH laser

The record of ilw highest CH"Oll las('r PO\\w at L18_8 l"ll is l.25 \\-, I~DI:\I1Unc:[

I:"STRU:--IE\TS CO_ manufaclme a CII:IOlilasl'r ,,-hos(' laser pO,,-('I" is Icss ihan 120111\\-,
\\-IHI1 '1[:1011 lasers are us('c! for is sl,o\\-n in Tnbk 3,7_ CH"OII las('rs an' d('wlop('d for
i h('se pmposes, There are SOIll(' good CII:IOII lasNs \\-Idch ha\,(' IOllg I illl<' dri,'illg "bilit,'
and fr('quanc\' siabilit\" BUi laser po\\'('r is noi enough for our pmpos(', Our CII:IOII lasl'r
\\'ill h''''I' lhe high('sl las('r PO\\'('t' anc! also h'1\'e a high stabilit,'-' Las('\" po,,-('r lake prioriiy
o,'er freqnenc" slability becaus(' ih(' ",-my spectrulll is a cOlllinuous sl)('ctrunl. The I!<·"il\u
concepi in \\'hich laser PO\\'('\' tak(' prioril,' does Ilot ha,'(' b('('n a mnjor COIlCI'pt for Ihl'
common wmg(' of ClI 3 0H laser, Our CII:IOII las('\" ,,-ill achie\"(> ilw higll<'st ClI:IOIi las('\'

po\\'er.

CH:lOH laser3.4.3

TIl!' C'1I:1011 lasN is "ho\\-n in fig,_ :3_11_ Tlw oscillalor COlbisb of a la,;<'r Iuhe 'Ind ,1

couplinp, mirror. Th(' las('r lube is nwd(' of P\T('x gras"_ The la,,('I" Iuhe is douhl(' InlH'_
Tlw inplII coupler is an Au coai('d Cu mirror \\-ilh a coupling, Iwk_ The OUlpul conpler
is a i 11\-brid ('()upkr. Tlw COl las('\" rdknion coating is coaled on Si h'beplnlt'_ The
doug,hnlll _\u coating is placcd on it. Tlw doup,hnlll coal ing forms nn OUI pUI coupling Iwk_
Th(' inpul I'oupl('r is nx('d_ Th(' OUIPUI coupl('r is lo('at('d on Ill(' x sInge driw'n In- a DC'
motor. Thl' oscillnlor is fix('(1 by ill\-('\" rods_ \\'hidl supn'ss Ih(' Ilwrmnl ('xpansion, The
input mirror and Ih(' outpul mirror Hr(' S('I in Ilw \"HI'cum chamh('r. Th(' pumping COl
lascr input \\-indo\\- S('I to b(' Ih(' I3r('\\-st('r angk for Ihe CO, las('\", Thc 01\1 pnl \\-indo\\- is
a cr,'slal qu,ntz ('Ialon, Th(' \\-indo\\- is lilted :3" in ordt'r not to 1)(' form compll'xed luirror
1)(,I'\'('I'n lhe ,,-indo\\- and the OUlPUt coupkr.
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Figure 3.1: Th(' ,-ray g('l1<'rator s,'stem
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Tabk 3,1: Laser \\'a,'e !enl\l hand PO\\'('\"

The oplically pumped laser
~lolecuks \\",we lelll\th (/t) PO\\"('[ (m\\")

0 20 113 G

802 I~O 35

802 1~2 3
I :"H3 81 ~O

IO:"H:l 153 lS0

CI-l2 F2 ISO GOO

CH 2 F2 11S 70

CH 2 F2 IG7 3

CH 2 F2 109 G

CI-l 2F2 135 3

CI-l3OH ]]9 1250

CH30H 171 ~2

CH3 0H 97 300

CH30H 71 102

CH 30H ~2 55
CH 30H G5 22
CH 30H 163 25

CD30D ~1 GO
CD3F 190 10
The discharge pumped laser
~lolccules \\"a,"e lellgth (/1) Po\\"cr (m\\")

H2O 2b 230

H2O 119 52

HC:" 337 500

DC:" 190,195 1300(adoed)
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Figur(' 3.2: Sc<utning or laser photons h,' elee-trons

Figure 3.3: Scattering or laser photons by cketrons
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Table 3.2: Characteristics of components

:\Iass flow controller
:\Ia."imum flow rate 10 [/min
Flow control range 5-100'7c
Flow rate precision 2%
Flow rate linearity 1%

Flow rate repetition 02 %
Power supply

Output circuit 2 circuits
:\Iaximum voltage 25 kY
:\[aximurn current 150 rnA
Current stability 2 x 10-3 Ihr

Current ripple 2 x 10-3 Ip-p
Chiller

Temperature range 5 - 35°C
Temperature precision O.l°C

Cooling power 10000 W(20 °C)
Tank volume 50 e
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Figure 3.10: The CO2 flo"" rate dependence of laser po,,"er
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Table 3.3: The conditions of gas and current

:\umber of pumps 1 2 3
He gas flow rate(e/min) 9.9 12.9 14.3
:\2 gas flow rate(E/min) 1.7 2.6 2.7
CO2 gas flow rate({/min) 0.8 12 1.2
Current (rnA) 112.2 112.6 120.4

Table 3.4: The price of gases

Gas Price (yen/e)
He 1.560
:\2 03000
CO2 0.3663

Table 3.5: The gas cost
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Figure 3.15: The cooling Imte,. temperature dependence of laser paIn',.

I

~ ... I



Table 3.6: The conditions of gas and current

Temperature of cooling water (degree) 8 15 20
He gas flow rate(ejmin) 14.3 14.4 13.7
:'\2 gas flow rate(ejmin) 2.7 3.0 2.5
CO2 gas flow rate(ejmin) 1.2 1.2 1.2
Current (rnA) 120.4 106.4 116.6
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Figure 3.16: The stability of laser power
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Figure 3.17: The CH30H laser

75



Table 3.7: The application of CH;lOH laser

Cycrotron resonant absorption
Plasma diagnostics in fw;ion reartors
Atmospheric studes
'Jonlinear opt ics
Interferometn'
Spectroscop~'

Infrared ast ronomy
Comnlunication
Radar and detect ion
Testing of detector
Uranium isotope seperation
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Chapter 4

Nondestructive isotope analysis

4.1 Introduction

The isotope analvsis ha,·c been made b.v mcans of mass spectroscop'· such as. rCP-:lJs.
A~[S. The principle of ICP-idS is given as follo,,·s. Isotopes are ionized inductivelv
con pled plasma. Ions arc guidcd into a mass spectrometer. In case of ISotopes <H.C'

ionized b~· sputtering. Ionized isotopes are accelerated I>.\" accelerMor. such as tand('m
accelerator. and isotopcs arc analyzed by a mass spectrometer. ICP-~[S c,m ;1I1<1I.\"7.e many
isotopes quickly. A~[S can measure the isotope ratio ,,·ith a high sensiti,·it~·. The ucw
method (LEP-\F. Lasrr Electron Photons-\uelear Fluorescence) will have low S('llsitivitv
and is slo"· measurement but nondestructive (table 4.1)

~Iass spectrometry is a destructi,"e method. Bccause a ,·cry small amount extract0<1 from
a sample can be used. ICP-~IS and AillS arc said to be almost nondestructive. But there is
no method. which is completely nondestructin>. which docs 1l0t rcquire to scrapc samples.
Archaeological samples can not be destroyed. Developlncnt of nOlldestructiw amllysis is
requestcd. In this chapter. nondestructivc isotope analysis using laser electroll photons arc'
described.

4.2 Isotopes as indices

A(h-antages of using lead and barium are taken illto accoullt. Lead is COlltailwd by glaze
of faience and bronze. 206Pb is decay terminal of 23"U ,,"hose life is 4.17x 109 \"ears. 207Pb
is decay terminal of 235U \\"110se lif~ is 7.04x 10" years. 20KPb is dec,n- termi·nal of 2.32Th
whose life is 1.4xl010 years. The isotope ratios of thcm. for example. 207PbFOGPb and
2°·PbFOGPb are affectcd by the age of ore. Thus these isotope ratios call be the indices of
provenance

Barium is contained in the basement of faience and earthenware. 1.3"Ba is a daughter
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lIudeus from ,·j"Ll \I'hose lift, timc is 9.I:iTxl0 1l1 .\'('M'S. TIl(' i,;otolW ""tio of Ll'Bnjl:l'Bn i,;
afrcoed b\' the age of ore. Thus 1his isolope r<1t io can 1)(' Ihe iudices of pro\'('uance.

4.3 Experimental set up

~Ieaslll'el11ent of fluorescence is following. Laser ('lenron pholons ar(' bombanled 011 sam­
ples. Fluorescenc(' "{-rm's are measllFed b,\' a Compton suppr('ss('d G(' d('I('clol'. A ('11('1'­

gy spectrum is taken h\' nl('asur('m('lIt S\'sl('l11 and C(1111)[lt('1 FIUOl'('';('('IIC(' amplillld(' is
chang('d into th(' isotop(' ratio.

4.4 Nuclear fluorescence

TIl(' numb('r of nuclear fluorescence par IInit tinl(' is.

,v = Jap.1'

N is \'umb('r of lIuc!l'ar fluor('scence par unit time. [ is las('r el('ctron photons f1l1x. (T is
cross s('ction, p is sample dellsity and .£ is samp](' thickn('ss.

TIl(' ('n('rg\' aud uumb('r of nuclear fluorescence of 206Pb, 20iPb. 20'Pb. 137Ba. 1:3'Ba, ""('
shown iu t<1ble -1.2. 4.3. 4.4, 45 and 4.6. respecti\'ely. In this case. sampk is 100o/r pur('
isotope. 1 Inlu thick and laser electron photon flux is ~LOg photons/~leV Is,

In case of bronz sample. sample thickness is ~1 cm. ~5 o/r Pb is conlaind. Deleclor's
efliciency is 01 o/r. Compared to 100% pure isotope sample, detection efficiency assllmed
to be 10--1. Thus. ~1O counts/s counting will b(' obtain('d. ;\Ieasur('nlellt pr('cision 0.3 o/r
can be obtained in lOiS. This method can be realized.

In case of faiellce glaze. sample thickness is ~0.1 ml1l. ~1 o/r Pb is containd. D('tector's
efficiency is 0.1 o/r. ConlJ)ared to 100% pure isotope sample. detect ion effici(,llCy asslltll('d
to be lO-7. Thus. ~1O-2 counts/s counting \I'ill be obtained. In case of I'aienee basement.
sample thickness is ~1 cm. ~O.l 'It Ea is containd. Detector's efficienCl' is 0.1 o/r, COllt­
pared to 100% pure isotope sample. detection efficiency assul1led to be 10 ". Tillts. ~JO-2
counrs/s counting \I'ill b(' obtained. These countings arc too fe\l' for tlleastt!'e111ellt. ;\101'('
lasel' electroll photons flux is needed. \\'heu laser CCl\'itv \I'ill be introduc('d. I"s('r elcclron
photons fiux \I'ill b(' hundreds 01' thausands tim('s higher Tlwll f"iellc(, can be n1('asHred.

4.5 Conclusion

The method and realizatioll of nondestructi\'c isotopc analysis for archaeological samples
using laser electron photons \I'cre described.
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ICP-\IS
A\IS
LEr-:\iF

Dcstructi'"e
Destrtlcti'"e
:'\ondestructi,"c

Sample condition
Solution
Cathode
)10 processing

Detection limit
1e-2

1e-16

:'\A

Table -1.1: Isotope analysis method
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Encrgy[kcV]

1704
3.7<12

·.L114
4326

4602

4975

5.040

5.578

5646

5690
5.799

5.855
5903

6731
6.841

7.550

7960

Cross scction[('\-·b]

1.5('+03

4.2('+03

8.1c+03
2.2('+0--1

4.9('+03

1.5('+04

2.9e+O--l

7.3e+03
1.4('+04

7.0('+03

1.4c+04
4.0('+04

5.7e+0-l
5.5('+04
7.2('+04

7.2('+04

3.6e+04
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Flllor('sc('lIc('[s II

51('+03
1.<1('+0<1

2.7e+O<l
7.3('+0--1

1.6('+0--1

--1.9('+0--1

9.5e+O--l
2.4('+04

4.7('+0--1

2.3('+04

4.5e+04

1.3e+05
1.ge+05

1.8c+05
2.-('+05

2.4e+05

1.2e+05



Table ~.3: The energ\' and number of nude'lr f1uorescenn' of '10TPb

20 1Ft

Energy[keY] Cross section[ey. b] FluoreSn'l1C('[S ']
4.871 2.3e+Oci 7.6c+0~

4.981 2.4e+Oci 8.1e+Oci
5223 1.4c+Oci ~60+04

5.489 5.7e+04 1.90+05
5596 4.cie+04 Ue+05
5611 2.7e+Oci 8.8('+0·1
5690 1.cie+Oci ci.6('+Oci
5.714 2.ge+04 9.50+04
5734 2.~e+04 7.8e+04
5.79ci 1.1c+04 3.60+04
6179 l.3e+04 4.3e+04
6.542 82c+03 2.7('+04
6.135 90c+03 3.0c+Oci
6749 2.4c+04 7.9('+04
6.818 17e+04 55e+04
7306 8.5c+03 2.8('+04
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THblc .) ..): The ell(>rgy ane! Illimber of nllclear fluoresc('nc(' of 2o'Pb

~O'Pb

Energv[keV] Cross soetion[cY·b] F1uoreseellce[s ']
4.085 ..L50+03 15e+0..J
·L842 3.3e+0') 1.10+05
5293 2.8e+04 9.1e+0..J
5512 1.1e+05 37e+05
5.846 5.3c+03 18e+04
5948 ')3e+03 1.)0+04
6264 10e+0.) 3.3c+0..J
6312 1.2e+04 4.0e+04
6363 600+03 2.0e+04
6.721 2.6c+04 8.4e+04
6.980 8.1e+02 2.7e+03
7064 5.8e+04 19e+05
7084 2.8e+04 9.0c+04
7243 4.ge+03 16c+04
7278 4.ge+03 16e+04
7332 76e+04 2.5c+05
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Table -1.6: The energ\· alld lIumber of Iluclear f1uor('sc('I1('(' of u'l3"

Tabk -1.5: Th(' ('\l('rg,· alld lIul11l)('r of lIuC'i('ar f1uon'sc('lIc(, of L1713"

U.k+02

1.9('+03

1.8<'+02

5.1<'+02

2.6<'+02

3.8<'+U3

1.91.'+02

1.3<'+02

Fluor('sc('llce[s ]

1.3('+03

2.51.'+03

1.71.'+02

3.3c+02

1.2c+02

1.21.'+02

1.31.'+02

8.6<,+01
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8.71.'+01

'''"l3a
Cross s('clioll[e\··b]

2218

3.338

3.6-13

3.365

1.-136

26-10

-1.857

-1.-1-18

-1.326
-1.027

Energy[ke\']



Chapter 5

Conclusion

T11I'('e topics II'Crt' described on this thesis,

• The sluch' of nondest ruct il'e "lelllc'lIl allal,'sis using high eIH'rg." snl('hrol ron rndi,lI iOll,

• The StIlCh- of laser c!ectroll photons general or.

• The stuch' of nondeslructil'e isotope allalvsis using laser ('\ecHoll phOtOIlS,

In this lI"()rk of nondestructil'e elelllent nnah'sis using high energ,l' synchrolroll nHliat iOll,
faieneC' and earthenll'arC' lI'ere nwasl1red at firsl timC', And stonC'II'al'(' Hnd sC'diIlH'nl II'C'l'('
lllC'asured also, [k'1\'y c!elllents lI'ere llleasl!red lI'el! b\' using 1\(\ lines, rrOl'C'llnIlC'c'issuc'
of faiellce bel II'('C'II Eg\'pl and Iran could be solI'C'd bl' plot t ing Ihe LH/BH rHt io I'S (,elBa
ratio, It was found that lanthanoid is 'Ippropriate index for prOl'elHlHce issue, The c'hanges
of e1l\'irOnlllent could be assumed bl' the trend of concentration of 1\, Rb, Cn, Sr. Ti, Zr.
y, Cr and :'\i, Tlw indices of isotope anal,'sis 1I'('re determin('d as Pb ,llld Ba,

Conce1'11ing the lI'ork on laser el('('(ron photons generator. SpC'('(rtlllls of lasc'r ('\ed ron
photons lI'cre cakulatC'd and a nC'II' dC'I'('\oplllent for th(' higlwst laSN pOII'er of the far
infrarC'd laser lI'ere described, The best condit ion of laser ('I('ctron phot ons gC'lwral ion
II'<IS explored, The design of the CO2 laser and til(' CI-1'1011 laser II'<IS descrihC'd, Thc'
characteristics of the CO2 laser lI'ere llleasured and II'('re described,

For nondestructil'e isotope analysis, a nC'II' mC'thod of isotopC' anah'sis of IC'Hd alld hariunl
using [as('r cIntron photons lI'as proposed,
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