
Ú27í Ú4Ú ß Ü ï í ë Ë ï í vot.¶ , N£-4
2003ê 4Â HIGH ENERGY PHYSRCS AND NUCLEAR PHYSECS AF -, 2Mm

Data Calculation of X -Ray
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A M m d In nuclear decay pm ee-- , intenzal ooaversion elecuwn eó m on m d elee© 'E capM ü leave vacm eia m atom e shel ls . u e

vaca m e- m atomic shells e ve rise M mar rangemm ts h É e shel ls ä ich m accompanied by É e m m- ion d X- ray m d the ej ect ion of

Auger eleet om . m e enmg e- d X- ray and Auger ele« « I can h calculated on the basis d atomic- elecb n bh dmg enezg m in diger -

ent atom e shells - ¡ ° iEZtenatties d X-ray m d Auger elecÎ £" can h also csI culated b m m ean ä number , X- ray Eu£" Rcenee yi eld

and vacm ey ú nsfef coea ctmzt d diEemgt atomic shel ls . u e cd culauon methods d ene --Ê and ab-elute intensities d X-my m d

Augez ei ecm m g isiÖ h m m elee decay am inuuduced bm ay - I Ee ealculauon codes m d aew eh n a e pmsented - Ç æ ´ pl i caÀon

m ai m g vm by Easing some nuclear decay- Ä m Ø ample -

k ey wOEÍ S Aug¬r elec² Wth X-my , data

1 Introduction

ì 1e X -my and A uger eleeü£zz data am relevant in

nuclear decay data . h a gagm a M Emition pmcess , ø 121¤

ma tEZEmition eneEEy × l l be transferÓd di metly to m or-

bi tal electron in di Eemnt atomi c shell s through electmnic-

EZZap Eeti c interaction . 'I11e orbi tal electm m whi ch have

gotten transiti on eEBerg es ovemome atomic- electmn bind -

ing energy and m l l emi t out fmm diEerent atomi c shell s ,

and leave vacancies . h m electmn captu re ( i t i s cal led

simply EC decay , or Å decay ) pmcess , the atomic nuclei

capture elect rons i n diEemnt capMm probabi l iti es h£m
digerent atomi c-electronic shel ls , the PEWee- s d ( p + e '

ú n + Í ) m u be produced , and mem whiie É e pmcess

leads d so to the producti on d vacancies in the atomi c

shell s of the atoms belong ng to the di shzteÁ ti ng nuclei .

Ç m vacancies in atom c shell s e ve rise to ream ngements

in the shel ls which am accompanied by the emi ssion of X -

my and the ej ection of Auger eleetm s . ¡ Ee data calcula-

tion method of X-my and Auger elect ron associated ÷ ×

nucl ear decay , calcul at ion codes and now chan am i ntm -

duced bd eny m thi s paper - Some exampleg of nuclear de-
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and Auger Electron
]DecayAr ising from

, melee decay

cay are tak en to show i ts appl ication .

2 D a ta ca l cul a t i o n of X - r ay

2 . 1 EneEZ y of X -m y

In geneml , we eOImider si ng1e li ne sped m m X It a ,

X It I and complex spectm m X IÚ and X L fbr k ¤ and

Ir shel l . TTIe singl e l i ne spectm m X-my eneEg m of dig er-

ent shell s ax¬ calculated fmm atomic-electmn bindi ng en -

mg ee of digeE¾" atomic shel l s . 111ese atomi c-d ectmn

bindi ng energ es of diEemnt shell s for digemnt elements

have been evaluated and publi shed in Ref . [ 1 ] . Ê Ee

m Ú aEEd XL d k -and I r shel l for the

general ueeg cm be obt ai ned by usi ng m emee over single

l ine spectm m enerF Ê ¤ 'IEe single l ine spectm m X k d and

XIÉ 1 energ e8 of K -shel l and compl ex spectm m X IÚ and

XL m erg es of K-and I r shel l am tabul ated º r diEemnt

elements and contai ned in our calculation code RA DIS T .

2 .2 In tem i ty of X -m y

2 . 2 . l IntenM y of X -my ar ising hum internal convemion

electron emi $8ion
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2.2 .1.1 Intemal Þ nvemion coemcient

A ssume em E¬ y of i ¤É Ã-my for a mdionuclide

E 74, iu emission pmbabi Hty i s P 74. Ê Ee iEItem al conver -

Si on eoem d ent8 of i ¤É Y-my for k ¤, L , M¤, and N¤

Shel l are Á Et , Á Li , Á Mt an d Á F44, Eespec t i vely . 11±e tota l

i n tem al eonvem ion £oef Ed en t i s th en Ö ,

Áa = Á Et M ¨ a Mt + h = ý J a u ¤ ( 1 )

TE e inteREal con versi on £oefEd enu Á Etd' a L4. a '-t ,

Á Nt azzd Á t can be cal cu l ated by u si ng cal cul at i on cod e

HSI CC[Z] . I t i s b ased on th e theom t i cal i n t er nal Ø nVer -

Si on coem d en ts ( t he d ata tab l es and cu w Ê are e ven Ä

fun cti ons of atom ic nu mber Z , Y- m y enez±y E 7 ' and i ts

mul t i polar i t y E 1 , E z , E 3 , E 4 and M I , M 2 , M 3 , M 4 ,

ø spec t i vel y ) . Ò 1e COTEvem on coeg im ien t s º r spec if l c

F m y energy are determi n ed by f l t t i ng m th cub ic sp l i ne

funct i on , an d a set of f i tM g coeé d en ts for a e ven Z ,

E y an d mu IHpol ar i ty c m k go¤ n , an d th en m Á i m d Æ

of intem al COZEvem on coem d ents can be calcul ated by us-

i ng Ett i ng coe× d en ts .

2 2 . 1 . 2 Y- m y abeo lu te i n ten si t y

A ssum e m l at i ve i n tensi ty d th e i ¤É Y- m y i s I ya ,

th nom × l u au on fac tor for eOEEven i ng rel at i ve i nten si ty to

ab sol u te i nt ensi t y ( em sSion pm b ab i l i ty per 1Þ rad i oE111¤

el i d e decays th m ud z th e Y- m y t ran si t ion ) is N . Ú Ee ab -

so lu te i n tensi ty of i ¤É Ã- ra y cm be ob tain ed fm m for mul a

( 2 ) ,

P Ãt = N I vt , ( 2 )

where val ue N can k cal cul ated h m eval uated m p ed -

men tal dec ay data o r d ecay sc h eme b y d ata eval uator -

2 2 . 1 . 3 In teREal COZEW ȨSi on elect m n ab sol u te i n tensi ty

I t i s assum ed th at ab so l u te emi ssion p m bab i Hty of

i ¤É Ã- m y for eBerg E Ã i s P y , th e in tern al con vem m

eoeé CE nt i s Á a( n = K , L , M , N atom i c shel l ) , th e i n -

teREal eoEEven i on elec t m n emi 88i on p robab i l i t y i s P ù ¤ I t

can be cal cu l ated b y f orm ul a ( 3 ) ,

p Ø = P Ã ¤ Á . = N I v ¤ Á m¤ ( 3 )

Fm m fORIn d as ( 1 ) an d ( 3 ) we c m get total i n teEYEd

COZEvemi on el ecu wn em i ssi on pm bab il i t y ( ab eol ute i n tensi -

ty ) P e of i ¤É Ã- m y for energy Ò ,

ß Ü ï í ë Ë ï í (EEP& NP) Ú 27¯

Pvz asPezý P. =Z R-a.

Py-q =NIYE Ï ' (4)

wtzem Á is total i ntern al convemion coeé d ent .

2 2 . 1 . 4 Vacancy Zul uú er of internal COZEvemion elec -

tEOEZ emUSSIon

It i s known that ti le emission of intem al conversion

electron from dig erent atomi c shell s leaves vacancy . In

general , thei r absolute emission i ntensity ( pmbabi l i ty ) is

equal to the pd mary vacancy number di metl y ari si ng fmm

inteEYEd convemion el m Ç£n emi ssion . Assume absol ute

em sSion pmbabil i ty of i ¤É Y-my is p w ¤ × Ee pd maEÃ va-

cm cy number for the K-and I r shel l is VEt and VLE, m-

sped ively . A nd then , they cm be calculated by formuI as

(5) and (6) ,
VEe = P TiÁ '" = NI 7iÁEi ' ( 5 )

VLt = P Ãia Lt = NI vtÁLt ¤ ( 6 )

Ä e total vä ó £ ntznú er V,t aad VL d K - and

L shel l for al l radionucli de decay pmü " am h m summa-

ti on d au VEt and VE-t i or i ¤É Y-my , respecti vel y .

VK Z Z P yh = N ý J I yh , ( 7 )

VL = 2 2 P Ú = N 2 2 I yiÁLt ¤ ( 8 )

In fom El a ( 8 ) , we did n© consider the fact that the

vacancy number incmam in b shell when a L shel l vacm -

cy i s fi ll ed by m el eet ron fmm I r shel l . Fm e vacm ey

tmnsfer coek Ed ent FEE í , cribes the mean vä m ey num-

ber incmase i n the I r shel l pmduced by one vä m cy in the

k -shell . As noted above , the VL is call ed  pzt mary va-

cm cy di rect ly ar i sing h m i ntem al eonveE1Sion el ectmn

emim on , v i is cal led Ø secondary vacm ey associated

÷ × fl l l ing a K-shel l vacancy by m electmn fmm I r shel l .

Ä e vacm ey nunú " i ncmage VJ cm be cal culated by

formul a ( 9 ) ,

VFL = nE VE¤ (9)

h formula ( 9 ) , FEE Cazz k obtai ned fmm Ref .

( 8 ) and ( 9 ) , the total vacancy num-

18

[ 31 Fmm formulas

ber m Ir shell V( L)

V( L ) = VL + VL'

can h calculated by formula ( 10 ) ,

= N( ý JIvah ¤+ nÒ22Ið 4) .

(10)
2 .2.1.5 X -ray intensity
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2 .2 . 1 .3 1 XI~ , Xk u and XK, my intensity d K -shell

Am mm XK my inteasiw for k ¤hell M FB ¤ m e

K- shel l fhBOre-eence yield ØE = I m / V ( K ) ( X - my em e-

Sion probabil i ty per Om vacm ey in K-shell ) has been

eval M ed azd publ ished in Rd . [ 3 ] . U e X K my inten -

Mty I mt for k - shell cm be cai cula ed by using fom ula

( 11) m fol lows -

I u = VEEUE = h EE J M Et ( 11)

Ò 2e X K my intm sity I u fof K- shell can be di vided into

K L ) and I ( EK I ) for Sind e li ne spectra XL and

x k e1, and I ( ² ) for compl ex spectm m X KÇ¤ 1E ey m

calcula ed by usi ng formulas ( 12 ) m d ( 13 ) , re¤ped ve¤

I xz for K-shel l can be di vi ded into

ly .
I E = I ( ñ ) + F( K, ) , ( 12)

I ( ñ ) = I ( K.I ) + I ( ñ ai n ¼

Ä e follmdng rð £. m dd hmd ,

Rh z P ( K, ) I P ( ñ ) , ( 14 )

RÉ 1 = P ( It aM P ( K.t ) , ( 15)

where P ( K, ) , P ( ñ ) , P ( k d ) m d P ( IK, ) m th o-

m d X-my em em-z pmbabaitm d XK, , XK. . XL

and XK± , " ' pectively . 112e value, of rat io- Rh and

RÉ 1 cazz be obu ined fmm Rd . [ 3 ] .

Fmm fommlas ( 14 ) and ( 15 ) , the ú . £lute enm -

Sion intensities K L ) and k ñ t ) d eind e spectm XL

and XKµ , and I ( ² ) d e£" 'pln ¤peetmm XK, cm h

cah ul a ed by fol l owi ng fom ul as r" pect i vely .

I ( K J - J L- 1 + R h ,

´ ) ² ®ä IMvÈÝtÑÁ
IÊ(ñL ' ) = -1 + Rad - (1 + Ra- ) ( 1 + R¤)

F( ñ ) R a d
I ( k d ) = I ( ñ ) - K L ) s l B B

a T Haa

NØERe-l E J I vaa zd

(1 + Ra--µ{ 1+ R¤) '

éð á M Et
(1+ Rh )KL) =÷ Ë -

-

2 .2 . 1.5 .2 XL my inMmiw d If -hell

Amume XL my intemity for L shell is I m ¤
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" -eenee yid d d If -hel l Ø t = I zt / V( L ) h" been eval u-

a ed m d publ ished i n Rd . [ 3 ] . 'IE e val uè Øt foe d g er -

ent el ements m d so obtained fmm Rd . [ 3 ] . As de¤

¤cribed above , X - ray abeolute em sSi on inteaÊty d

If -hel l ë can be ed cula ed by using fom mla ( 20 ) ,

FE Z Ø L V( L ) = ØL( VL + VL, ) =

NØL(Z Ivh +M EJIvpu) . (´ µ
Fm m fom ula ( 17 ) Ø ( 20 ) , m cm see that h re l -

ative intensiti es d each Ã- r® , the normd ization factor ,

intemal eonvemioa eod Ed ents ÁE and a t , X- my tIuores-

cenee yields Ø Ft and EOL ' and vacm ey transfer coefEd ent

FZEL must be known in Od er to calculate the X - my intensi -

ues m sing fmm M em- l eonvem on elect ron emi - - ion .

2 .2 . 2 Intensi ty d X -my ari si ng h m electmn captum

decay

2 .2 .2 . 1 El eeuwn eaptum pmbabi l i ty

w hen eleeu on eaptum decay em rgy Qe is m Ó than

1 .m MeV . not onl y e decay but also r decay wi l l be

produced . Assume d ati ve electmn eaptum pmbabi l ity to

j ¤É level d daud Eter- nuclei fmm p- mnt-nuclei is P " '

Ô,d r decay relative probabi l i ty to j ¤É level is P õ j ,

respecti vely . 'IEe formula ( 2 1) cm be obtained ,

P " + P õ J = 1 . ( 2 1)

Assume the EªEl ati ve elect ron capu m probabil i ti es d

j ¤É level h om k , L , M , m d N atomic shel ls are p dj ,

p â ' p ú azzd P®F× , respee6 vely . Formul a ( 22 ) can be

wd tten m foll owi ng ,

P.j = Pò +P.̈ PdaJ+pdJ2 2 ù ,

( 22 )

wheEÓ n = K . L , M , N atomic shel l .

ö Ee M au ve electm z cµ tEEÓ PEObebil i ties d ® ½

level , p Ð , can be cale- lated by using IÑ GFT code[ZJ .

Ò 2e eleetmn radial wave h nCHon data have been evaI EEat -

d and i ncluded in code IÑ GF r Ø iu input data m e . h

geneml , e decay data a h m aa h tran-fen d into ENSDF

fbm õ ed da n le because ENSDF ( Evaluated Nuclear

sm etum Da a File ) form s is adopted in input data a le d
eode I Ñ GF¤I¤- We m U È F r code and obu i n reM ve

electmn captum pmbabi li ti es d j - th level P dtj ' P ELj '

P a j × ,d P ì ¤

- 1TEey aEØ

respectEve-

( 12 µ

( 13 }

(16}

(17)

(18)

( 19µ

TEe auo¤



344

H e decay energy QE is not mom than 1 .02 MeV ,

decay will be n´ pmduced . Ò1eEÊ £" '

Pp- j = O and p eJ = 1 .

~

2 2 . 2 2 E l e c t m n c a p t u m a b so l u t e i n t e n s i t y

A s s u m e m l d v e i n t e m i w o f ( E + õ ) d e c a y f o r t h e

j ¤É l e v e l i s k e + õ ù , t h e n o r m a l i m u o n f a c t o r f o r c o n -

v e n i n g m l a t i v e t o t d i n t e n s i t y t o a b e o l u t e t o t a l i n t e n s i t y

( e m i s s i o n p m b a b i l i t y p e r 1 0 0 r a d i o n u c l i d e d e c a y s t l m u d E

t h e ( Å + r ) d e c a y ) i s N ( Å + õ ) . 1 1 Ee a b s o l u t e t o t a l

i n t e n s i t y P ( Å + õ ) j o f j ¤É l e v e l c a n b e o b t a i n e d f m m

f o n n u l a ( 2 3 ) ,

P ( Å + õ ) J = N ( Å + õ ) I ( Å + õ ) J ' ( 2 3 )

w h e re v a l u e N ( Å + õ ) c m b e c a l c u l a t e d h m e v a l u a t e d

e x p e r i m e n t a l d e c a y d a t a o r d e c a y s c h e m e b y d a t a e v a l u a -

t o r .

2 . 2 2 . 3 V a c a n c y n u m b e r d e l e c t r o n c a p t u m d e c a y

ì 1e m m c y n u ú e r f o r t h e k - a n d I f sh e l l Ê V ®

a n d v u , m p e d i v e l y . F m m f o r m u l a ( 2 3 ) , t h e y c a n k

c d c u l a t e d b y f o n n u l a s ( 2 4 ) a n d ( 2 5 ) ,

v k j = P ( Å + õ ) j p ò = N ( e + 9 ¤ ) I ( e + F ) j P , ® ,

( 2A )

v u = P ( Å + õ ) J P ®Lj = N ( E + õ ) I ( Å + F L P .14¤ ¤

( 2 5 )

1 1 1e t o t a l v a c a n c y n u n É e r h a n d V L o f K - a n d

L s h e l l f o r d Å d e c a y p m c e s s i s h m s u m m a t i o n o f a l l

V BU a n d V Id- f o r j ¤ö l e v e l , r e @p e c H v e l y .

V E = Z P U + F ) j P d u =

N U + r ) 2 2 I U + õ ) j P × ( ª )

V L = 2 : " + Ç ù =

N½ (" Å + RõÇ +Ç ) 2 Ih (" Å +¶ RFÇ Õç )È P»² .É×L

I n f o r m u l a ( 2 7Ç ) , w e d i d M c o n s i d e r t h a t v a c m e y

n u m b e r i n c Eª Ea s e i n L s h e l l w h e n a K - s h e l l v a c a n c y i s

f l u e d b y m e l e c t m n f m m L s h e l l . U e v a c m e y t m n s f e r

c o e m c i e n t FEEL d e s c d b e s t h e m e a n v a c m e y n u m b e r i n -

CEÄ s e i n t h e IJ Sh e l l p m d u c e d b y o n e v a c m e y m t h e

K - s h e l l . ²n l e v a c m e y n u m b e r i EECEª Ea se a s s o c i a t e d ÷ ×

Õ I l i a g a K - s h e l l v a c m e y b y m e l e c t m n f m m L - s h e l l V i

c m b e c a l c u l a t e d b y f o r m u l a ( 2 8 ) ,

V FL = FE EL V K ¤ ( 2 8 )

ß ² " í ë Ë ï í (E P & NP) Ú 27í

h fonnula ( 28) , FEEL cm k obtained h m Rd . [ 3 ] .

Fmm fom ulas (27) and (28) , the totd vä mcy number

in Ir sbeII V( L) em h cd eEElated by fom ula (29) ,

V( L) = VL + VL' = VL + nE VEE =

N(E+F){Z IU+õ )ù +

nóZ Źe+õ)AJ . (ð

2 . 2 . 2 .4 X - m y i ntensi ty

2 2 . 2 .4 . 1 X IÚ , X k ut an d X k p m y in tem i t y of k - d el 1

h el ec tm n cap tu m pro cess of rad i on uc l i de d ecay ,

n ´ od y A uger el ec tm n i s ej ec ted but al so X - m y i s em i t -

ted - TTEe K - shel l th BOÓ scen ee y i eld Ø K ( X - ray emi ssi on

p m bab il i ty per one vacan ey i n Ib sh el l ) h as been evd tBat -

d an d pu b l i shed , an d th e val ues Ø EE cm h got [3] . Ú Ee

K - shel l X - m y i ntensi ty I u i s cd cu l ated by f on m al a ( 30 ) ,

I m = V EEUE = Ø EM H F ) 2 2 I ( Å + õ ) j P ´ ,

( 30 )

I IxóE

IK ( Kñ . ) = IK ( Iñ ´É . 1 ) + IK ( Eñ É z )Ï . (Ø 3 2Ã

)

FFçEmË m fºom 2nw¢wódlhas ( 12 ) , ( 13 ) , ( 14 ) and ( 15 ) , the

absol u te emi ssi on i n tensi t i es I ( k e ) an d I ( I¹ I ) of si ngl e

l i ne sm M m X L ÷ X IÈ , and I ( K , ) d comp l ex

spect m m X IÚ c m be cal cu l ated by fo l l ow i EEg fom u las ,

rØ pect i vely .

K U z · L , ( 33 )
Ò + ´ ,Ô

I ( ñ )
I ( E4. 1 µ = , - B

A T H.a.,
-

-

' N(e + õ ) - EE JI (e + F ) Pû

( 1 + Rad ) ( 1 + R¤ )

I ( ñ ) Rd-E
k e ) = I ( ñ µ - K L ) = .

1 + RÉ 1

N(Å+ F ) Ø®Rad Z I (e + 9¤) Pò

( 1 + Ra,d) ( 1 + Rh )

I WRÉZ(ì µ=1+ Rh=
N( e + F M ERh z h + F ) Pû

( 2 4v ah )

(34)

-

-

(35)

(36)
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2 2 2 .4 2 X L my intensity of b shel l

Ò Ee thlomscenee yi eld d b shell EUL has been eval u--

ated and publ i shed , and the val ues ØL cm be obtain-

ed u ] . A s indicated above , X - ray abgolute emi 88ion inten-

sity of L shell I xl cm be cal cul ated by usi ng fol lowi ng

fomm la ,

= ØL V(L) = NU +õ )ØL( 2 I(E+õ )jRHIE

¸ ² Z I (®+ Ç jPû ) .

Fmm formulas ( 34) to ( 37 ) , we em see tha the

ø l ati ve i ntensi t ies of electron captuÓ , thei r normd i zation

factor , electmn capture pmbabi l i t ies . X- ray Euomscenee

yields Ø k and EOL and vacm ey transfer coeé d ent FZKL

must be known in OMer to calculate the X -my i ntensi ti es

arising from elect ron captum decay .

3 Data calculat ion of Auger electr on

3 . 1 Energy of Auger electaª EE

h genera1, we consider complex spectm m q ut m d

eAd for L and k -shel l . ´ ze sing1e 1i ne spectm m A uger

elect ron energi es of k L L , K IX and KX Y , and LX L ,

IX X and IX Y ( Ò 2e Smt letter describes shell that has the

iniu al vacancy , the second dea m - the shel l fmm which

m electmn fI l l s thi s vä m cy , and the th ird speciEes the

shel l fmm which the A uger electmn i s ej ected ; i t means

that the Auger electmn ej ecti on PEWeem Ê Wo closel y con-

nected and not independent pEWceases) are calculated h m

atomic-electron binding energi es of diEemnt shell s and

sub-shel ls . × Ee atomic--electmn binding m erg es of diEer -

ent shel ls for digerent el ements have been eval uated and

publ i 8hed in Ref . [ 1] . By averase over d ove Si nd e l ine

spectm m eneû ies , one obtai ns these Auger electmn ener -

g es of complex specM m eAUL and eAUE for L and K -shel l

for general uses . Ç Ie A uger el ectmn eneEg es of complex

spect m m eAUL and q uE of b shel l and K -shel l am gi ven in

tab ul ated fom for digerent elements and contained in our

calcul ati on code RA DIS T .

3 .2 Intemity of Auger eleetEºOEZ

Ò 1e X -ray intensi ty calcul ati ons both for intemal

Ü º · È :» Òä ú ú Ä X ä ß Í í ª ç Ó ý Ý Æã 345

conversion electm n emi ssi on and for electron captum de-

cay pmoegses have been presented above , respecti vely -

U e electmn vä m cy number cd culation for X - my and

Auger electm n for k and L shell is the same . × ze diEeE¤.

enee of thei r intem ity calculat ion is thei r diEemnt emi s-

Sion pmbabi l it ies fmm electmn vacm ey for K and L atom-

ic shel l . As lEEEOÛ¢E above , the X - my emission pmbabi l -

i ties from electron vacm ey for K and L shell am Ø k and

EUL ¤ 'ITm A uger elect ron emission pmbabi l itieg from elec-

tmn vacancy for K and L shell aÓ ( 1 - EOE ) and

( 1 - tu t-) , E÷ ped ivel y . T heEÊ OEÉ , the intensi ty cal cula-

tion for Auger electmn h simpler if the electmn vacm ey

number for K an d L shel l is knom E. It i s pmsented m fol ¤

lows .

(37)

3.2. 1 Intensi ty d Auger electmn arising fmm i ntem al

convemioa ei ecù£n emi ssion

112e electmn vacancy number V ( K ) fOr k shel l is

known fmm fommla ( 7 ) , the A uger electmn i ntensi ty

I ME for K shell cm be calculated by usi ng fom ul a ( 38 ) ,

M = ( 1 - Ø ,E) V O O = N ( 1 - ØE) 2 2 I ytÁEt ¤

( 38)

u e eleekon vacm ey number V ( L ) for L shell is

knom1 fmm formula ( 10 ) , the Auger electmn intensity

I ML for L shel l can h calculated by using fon2111la ( 39 ) ,

I AUL = ( 1 - ØL) V( L ) = N ( 1 - ØL) ¤

(22IÚ (39)

3 . 2 . 2 Intensi ty of Auger electmn aa si ng hom electmn

capture decay

Ò 2e electmn vä m cy nuzÉ er V ( K ) for k shel l i s

knom fmm fom ula ( 26 ) , the Auger el ectmn iMensiw

I MK for K shel l cm h cal culated by usi ng formul a ( 40 ) ,

I AdE = ( 1 - ØE) V( K ) = ( 1 - ØE) N ( Å + õ ) ¤

2 2 I U + õ ) JP estJ ¤ ( ï )

Ò 1e el ecØ£n vm m cy nun² er V ( L ) for L shell Ê

knomÓ from formula ( 29 ) , the Auger el ectmn intensity

I ML for L shel l cm be calcul ated by using formula ( 4 1) ,

I AUL = ( 1 - ØL) V( L ) = ( 1 - Ø L) N ( Å + õ ) ¤

i Z I(U P-Lù +nEF (E+õ)jPA
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4 Calculation codes and now chart

1Tze data calculation codes for X - ray and A uger elec -

tron arising fmm intemal convemion electmn emi ssion and

elect ron captum decay and their hmcti ons am l isted in Ta¤

[2]ble 1 . We get i t fmm ENSDF physics anal ysis codes

which aE· maintained and updated by the National Nucl em-

Data Center ( NNDC ) at Brook haven Nat ional l aboratO® ,

USA , for the Intem ational NetWOEt OE Nuclear St rueuam

and Decay Data Eval uation . We run i t normd l y at VAX

and A LPH A computer , and PC computer - 111ey am veEY

usefEd for the nuclear stm ctum and decay data eval uati on .

In Table 1 . HSICC , IÂ GFT and RA DIS r codes contai n

other data f i l es for their data calculati on Óqui mment .
TBMe E. c odeslZ] and h mcÑ" - d ² u a sm h ¤ a

for atomsc radia££" ç ²  g a¤" ' mud ear ² eay .

Code name Main h muon

FB41æEÆt ENSDF formated dau ebedt

EBIce Intend conVer¤ion eoefRe--ra e- led -am, d a®( ¤ ¤ E,

L, M, N atomic shell ) and e

UµGFT Electmn capu r- pmbability calCUI-Zion d P. (n= ø , L,

M, N aItmic shell )

RADIST Energy and intmsity eadeal-mm for atomic rad mo--

Fig . 1. Row chmt of data esled ation d X-ray

and Auger elee² ÷ 1.

( E" ' ØE& Øt m.. } means atonÑ£ ezee, en b  ng mage- a d

X-rsy thor--m m yields úEmd ´ , " d va ó ey

trad e eoe ciÊ tBREL daa me- -

111e main fIow char t of data calcul ati on of X -my and

Auger electron azt si ng fmm nuclear decay is shown m

Fig . 1 . ( 1 ) ñ µ arat ion , at fl mt the ENSDF forma data

a le for data calcul at ion of X - ray and Auger electmn of ra-

dionucl ide decay must be setup because ENSDF forma of

input data of calcul ation code is adopted . h geneml ,

atomic electmn bi ndi ng energy data Sle and X -my fhmms¤

Ú 27¯ß Ü ï í ë Ë ï í (EEP&NP)

cence yi el d data Ble , IÂ GFT ( electmn radi al wave fuEEC-

ti on ) data a le , and intem al conversion electmn data fl le

have been £onMi ned in data calculation codes . The ENS-

DF format check must be done befom data cd culation so

that data calculati on cm be mli abl e . ( 2 ) Run HSICC

£ode, internal convemion electmn eoem cients Á m and Á

are calcul ated and put into the ENSDF forma decay data

a le . ( 3 ) Run IÂ GFr code , electmn captuÓ pmbabi l iti es

P u aEü calcul ated and put into the ENSDF fonnat decay

da a a le prepamd . ( 4 ) Ã- my intensity normal izat ion fac -

toz N is cd cul ated and put i nto the ENSDF format decay

data a le pmpamd , and then Y-my absol ute i ntensi ty is

calcul ated . ( 5 ) Electmn captum intensi ty normali zati on

factor N ( Å + õ ) i s cd cul a ed and put into the ENSDF

format decay data a l e pmpared , and then electron captï e

abeolute intensity P ( Å + F L cm be calculated - ( 6 )

Run RA DIST code , the energ es and i ntensi t ies of atomi c

mdmuon ( X -my , A uger electmn and intemd convemion

electmn) and other decay radi at ion data aEü cal culated .

( 7 ) Cd cul ati on data output h shown in tables and draw-

mp .

5 Application

5.1 Example 1, data ca lcul ation of X-ray and Au-

ger etectron ar ising fr om tnten ml conversion

electr on emiÈ ion

m I F decay d zeme[4] i s M au vely sië l e . h is

taken as m example and the cd cul ation mSUIts am e ven -

h Table 2 , the intemal convemion coe× d ents ÁK, ÁL ,

Á Ba, and Á aEÉE l i8ted and calculated by HSICC code , and

nonm l im Hon factor N = l is e ven to cal cul ate y - my ab-

solute i ntensiUes . h Tabl e 3 , the calcul ation pE amd em

of X - ray and A uger electmn data for K - and L- shel l am

e ven . h Tabi Í , the M iation data of m I j decay m

e ven . h Fig . 2 , the scheme of ln I F decay i s shown .

TaMe 2 . Ã-my M eØ ty and h tem ¤l eonveE× ±

coefnd À ts for mE P decay -

' 3 7¤ 7.51¤ n 10.Á 43 1.4́ 11 0.ia m n 123 1 1

' uneeda ntie, ( " E¿£" × : T12e une--tainty in any number h e ven one

sp, ee d e tbe nunIber itseU. For m a a , »e, 7 .51 23 mem - 7 .51 À0 .23 .

( the -ane in fOHo-dng taba-- )



data ror m EF decay -

, tem-- t úÒ+l ¦ L 'BEE R,. . Re-- -

sJEe 0.ï - 5 0¤" 75 0.m 4 0.2 27M 0.53õ A l

Å¢ bse4. Raa aUOE dau d EÖ , - a " ' ¤

b aa -- t,, . .. .Ö, û V Ód Meiú ,Øty{%)
tk. ï E 154 3

-vg 40.9 12 1Þ
eML 3.4½ Û 5
eha 24.60 ¤.g 4
XL 4.11 7.9 25
30¹ 29.438 1 19.9 9
3² .1 ´ -7Â 1 36.9 17
ð 336 Û Jd U.2 6 þ
Ã1 39.571 .Ù 4 7.51 n

eG-BE S.017 4 79 4
ecdt 34.1́ 4 10.7 5
¤¤m 38.436 5 2.16 10

ó '

7/2+ OLO 157X 107.
12, , E
, , - T- E

± ' ² t Ã , 1¶Ò - 194 " ×

£×bd
oIF

l¶

u gJ'
13A,

Ö "FK .2.

5.2 Example 2 . data

55Fe e decay scheme[5] i s veÇ si mple . h i s taken Ø

m example and the calculation resul ts are e ven . h Table

5 , the el ectmn captum i ntensi ty and pmbabil i ti es am li st -

ed and calculated by IÑ GFT code , and normal ization fac¤

tor lV K + R+ ) = 1

ab 80l ute i nten si ti es .

i s e ven to calculate electron caÌ ure

h Table 6 ,
tem d X - ray and A uger electmn data for k ¤ mzd I f shell

h Table 7 , the radiation data d s Fe Å decayam p ven-

am e ven -

shown .

In Rg. 3 , the scheme

for E-Fe g decay .

ELfkeV I(E+r )

£ -o 1Þ £ ¤" " 4

Tabae 6 . c alcula60n pammetem[3] ror atonúC

for " Fe s deØ y .

el- -nemt ØE ¤ L nE Rph Raa

zJ h o .¹ 15 0.Ø 47 7 1 478 4 0.13, 9 14 0 ." " 25

Radiation type Eaerg fkeV Radiation intensity(% )

1Þ -

0 .610 140 4

1 19 60 1 3

0 .640 0 .42 1

5 .888 1 ¤ .24 11

vñ
5 .899 1 i 16 .29 12

ECI

e A¤É

e A- z

X L

XEte

Uµ

~~

3f2- O-O - -/ vez, ,¨
' ²eE100

~

Ò - 23138¤

~

/ J É ¹ U -5n - 0.o d su ble 100 5.9¤ 12

ZA4E130

~~~~

£9 7 ï ' Fe E decay ,ehen-e .E18.3.

6

How to cal cul ate the total intensi ty d X - ray and Au-

ger electmn ad sing fmm intem al convemion electm n m É -

Si on and electron captum decay is interestin g . A s de-

scribed above , the independent X - ray intensi ty calcul a-

t ions azt sing fmm intem al conversion electmn emission

and electmn captum decay have been intmduced , mspec -

ti vely . × Eemfom , the total mtensi ty calcul ati on of X - ray

and A uger electmn arisi ng from internal conve1¢ion elec -

tmn emi ssi on and electmn captum decay m simpler . I t is

equal to sum of both X - ray intensit ies m d both Auger

electmn intensit ies , mspecti vely .

£f X-my and AU¤

the calcul ation parame¤

d " Fe decay E¤'t

7 Summary

h thi s paper , the physics formulas of data calcul a-

Hon d X - my and A uger elect mn ad sing h m intemd cm -

vemion elecuwn emission and electmn captUE¬ decay aIü

deri ved , calcul ation codes and now chad m al so pmm nt ¤

pa

0.£" ' 0 .01709 1..
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ed . Some exampl õ for data cal cul ation of atomic radiati on

am e ven . The X - my and Auger electron data m veÉ

imPOEtant for nuclear medical science , nuclear technolog

appl ication and m on . For m example , mdiotherapy is a

1 Bee de-z J A , BUR A F. Rev . Mod . Phy- - , 1967 , " : 125

2 B®mw, T W . h t vate Comankmication - ENSDIF Phyacs Amaly-m code- -

1998
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Ú Ã íß ± ï í ë Ë ï í (HEP& NP)

maj or medi cal tma ment for cancer - 'n ze accurate nuclear

data are E÷ ui md for nuclear data appl ication . It may be

helpful for intemsting madem to get some data fmm this

paper -
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