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Electron Mmte ~rlo calculations using CYLTIWNand a ncw PHSEE (Photon
Produced Secondary Electrons) technique were carried out to estlrrete electron
flwnces and energy deposltlonproflles near LIF/Al tnd LIF/Pbmterial
Interfaces undergoln~ (IP60 gnnnm irradiation. Several Interesting and n-
features mmrge: (1) Although the build-up of the secondary electron
fluences at the Interfaces of the Irradiated mmdla Is approxlrrmte:y axponen-
tlal, the value of the electron nuss fluence build-up coefflclont, #u , Is
not equal to the electron mess flwnce mttenusllon coefflclent,#A . (Ii) The
atten”~tlon of the ganm-generared electron flunces ●t the cavity-mdlun
!ntOrfQC@S,#A, Is strongly depetient on the Z of the adjacent rnaterlal, and
(Ill) for LIF/Pb there Is a algnlf!cmt “Intrusion” energy depmltlon mde
●rlslng fmn “side-mattering” In the wall (Pb) mterial.

These mu feature- of Interfme dosirmtry [at learnt (i) and (11)1 are
Incorporated into the photon general uavlty expressions of Burl in-Ho?wltz
●d Kmrsley and mn’pared with experlnmntal cbta.
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1. Introduction - Photon Genf ~al ~vi ty Theory

Photon general cmvity theory has recently &en revi-d @

Horwitz~l). ?he Burlln photon general cavity expre~sion(2)

its rmdification by Horowitz

~ (aA),
(~A). ([

l+d~”s -, +Jlk!wzL,
(~A)c ‘m 1[ (#JP)m (2YA }, 11 (2)

end a nev approach Incorporating electron hckscatterlng at the cavl ty -

nmdlun lnterfacea(4)

was curpared to the lancinark b-60 photon experimental study by Qunleye

at al(s)of LIF-lWS erbedded lh rmsd!a of polystyrene, alunlnun,

copper nnd lead. In the Burlin expression d is given by

(4)

where g Is the ●verage path-length of electrons cro~slng the cuvlty ●nd#

Is the eloctronmmss fluence attenuat ion coefflclent. The Burl in-

Horavltz expreuslon Incorporates the fact that, In general, the ●verage

path-length for radiation crossing the cmvlty, g, need not eqIAl the

average path-length for radlatlon ureated wlthln the cavity, g’, ●s

assured by Elurlln and ninny other Investlgatora. d’ Is then the volme

average of the build-~ of the .Ieetron fltmnce generated by photon

Interactlonswlthln the cavity ●nd Is not eq~l to l-d. Although It has

b@anoonvenlOnt to s-mm that the build-upnf electron? Is ●xponentlal

and govorned by the mm mss mttenuatlon ooefflclant ●s th. ●ttenuation

ooefflolont of the nmdlwn spoetrunwlth!n tho cavity, tha hbnte drlo

oaluulatlons roportad on heroin clearly Indicate tho oontrtry (See

Figures 1 and 2)0



The constraint d+d’ ❑ 1 incorporated into the Burlin expression is thus

clearly violated not only by the non-equility of g md g’ but alSO by the

non-equality of the attenuation coefficients governing the attention of

the mdiun spectrun within the cavity and the build-up of the cavity-genera-

ted electron ~pect:unwithiri the cavity.

In the Kearsley expression, the factors dl and d2 are given by

d.=(l-bw)(Al(w, c)) (5)

and

(6)dz-l +( A,(wrc))bJl -b,)(:- e-w) -( A,(~c))(l-br)[l +br(l -e-w)].

A full descript

where(l,4); ~

as the probabil

on of the rnsthurutical fonn~lation is given ●lse-

and be(t) are Mckscatter coefficients defind

ty that an ●lectron crossing an interface will cross it

again; t is the thickness of the cavity, < X,(w,c) > is a propagation

factor describing the attention and backscattering properties of the

electron energy flunce within the cavity and x is a factor descr!blng the

exponential build-up of the cavity-ge~erated electron fluence. The Kea?sley

expression has the famillar Burlin form of the effective stopping pwer

except, of course, that dl + d2 # 1 In egreement with the Burl in-Horcwitz

expression,

Inuarrmnwlth ●ll three ●~resslons Is a r~ulred knowledge of !mth~ and

g (the Kaarsley expression requlros, in ●ddition, knmvl~ge of backscatter

ooaffiulents) ●nd tho cholue of the value of

subjoot of conaiderble oonfuslon ●nd uncerta

●ppllurntlohs of photon gonaral cavity theory

these pararrmtere has tmen the

nty in the literature on the



Duc to the lack of experinwntal or theoretically derived Val US of ~ for

-ton and/or photoelectric ●ffect-generated electron flunces, the usrml

approach has been to adopt values of ~ derivd fran the attenuation of -
P

ray spectra, (which are hsed

~x and ~ ), ●ven though i t

attenuation of $-ray spectra

on a one-to-one correspondence brtvmm

is w1l krmm that the exponential

is un accidental consequence of the shape of

F-ray spectra and of the differences betwen the scattering and absorption,

of ●lectrons that have various initial energies.

P was measured for beta rays in LiF by Paliwal and Alnmd(6) with the

resul t

f3L,F = 141E~: for 0,23 MeV C Em, <2,27 McV

~ .:reas forhighcrencrgy rnonocnerge[ic clccmnsk[wMn 8 ~ 20McV

BL,F= 37.91E~:

“ (7)

(8)

leading to ~ = 13.4 cm2g-1 for ~-60 generated seconchry electron spectra,

and this value has indeed been used by many investigators in the amlysls of

LIFcavlty data. An analysls and review(l) of the application of all

three photon general cavity expressions to the ●xperimental &ta of Qunleye

et al(5) lead to the followlng general conclusions:

(1) For LIF in polystyrene and Al the general trend of the results Is to

decreasing valws of @jn with increasing! and ●t ~ = 13.4 an2g-1 all

three expressions wre in satisfactory agreement with experirrmnt (Z%~l).

(11) For the case of severly ml-tchd cavity ●ndmdlun (I.e., LIF In Pb),

/the three expressions yielded mlnimun ~aa at different values of$ ;

15 un2/g, 18 aTr2/g ●nd 6 an2/g for the Burl In, Burl ln-Hormltz and Kearsley

expressions res~ectlvely.



11. Electron Mmte Grlo Calcl!lat ions

?he mrk described herein reports on the results of electron h’bnte Chrlo

calculations specifically designed to resolve this apparent discrepancy and

uses the coupled, cylindrically sywretric, electron-photon Mnte Grlo code

CYLTF2AN(7)with a nw production biasing schane. Ammo-directional

beam of @-60 photons is perpendicularly incident on various thicknesses of

LiF added in rred”a of aluninun and lead in sani-infinite plane gecmtry

in order to accurately simulate the experinwnts of Qgunleye et al who used

LiF spacers to eliminate edge effects. Electron and photon collisions are

individmlly tracked, and the electron-photon flmnces and dose distribu-

tions are separately recorded as they penetrate the wall and cavity media.

Prcdwtion and transport of photon/electron cascades to .001 WV are treated

in detail. Eiectron interactions Inclwle elastic/inelas:ic nuclear scatter-

ing, inelastic atanic electron scattering, and the corresponding generation

of secondary photons (e.g., fluore~cence and brernsstrahlung). Photons, in

turn, gerwrate pair, Grrpton, and photoelectrons; multishell relaxations can

occur as n result of electron inpact and photoionization events. l%e relax-

ation model yields Auger electrons and characteristic x-rays appropriate to

the excited state of the stun undergoing transition to the ground state.

Annihilation quanta are also produced and transported. Electron cross-

sections used ●re those ~iled In the DATP#74(~) library; whereas,

the Biggs-Llghthll l(9) library is usd for photon cross-sections.

Mmte Grlo estimation of

deposition near rmter~al

lun. DeposItionproflles

highly space-resolved electron flunces and’energy

nterfaces presents ● particultrl]

near rmterlal boundaries ●re typ

requlrlng ultra-thin gecmtrlctil tine structure to resolve

Slope.

difficult prob-

uslly steep

the profile



Often, photons easily traverse such thin zones without interaction, thereby

undersarrpling the secondary electron production within that mne. In prin-

ciple, running sufficiently rime histories solves this prcblan; Itmever, run

tirm and cost beccwre prohibitive. In order to obtain Sufficiently accurate

secondary electron production in ultra-thin zones one must bias the natural

game of s~ling secondary electron sources. C2mventlonal photon interac-

tion biasing schmes, such as forcing collisions within specific zones,

fr~~ntly generate unacceptable variance fluct~tions.

nme rous ultra-thin zones, these fluctuations are anpli

(Photon Produced Secondary Electrons) techniqw was deve

this difficulty.

*en there exists

led. ‘fhe PHSIZ’E

oped to allevlate

Essentially, FWSEEallows biased electron production along any arbitrarily

mall photon path-length, Independent of the occurrence of an expllclt

photon interaction. Therefore, if a photon traverses any given mne without

Interaction, the correct nmber (and energy) of secondary electrons along

that path-length is sa~led. ‘l’his is accomplished by Integrating (using

Mnte Carlo) the appropriate production cross-section over that path-length.

Russian roulette is also used in conjunction with Pt6~E to keep the secon-

dary electron Populat ionnmnageeble. PIC5RX is considered to be In the

developmental stages and future irrprovemants will yield evenmre efficiency

for simulating this type of Interface problan.
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111. Results

Several Interesting ati new features of interface dosimtry -rge (See

Figures 1 and 2):

(i) AlthoWh the buildup of the LiF cavity-generated secondary electron

fluence Is indeed approxinmtely exponential, as assum?d in the development

of the Burlin ewression and in previous application of photon general

cavity theory, the valw of the exponential build-~ coefficient~d = 5.48

+0.13 un2g-1 (curve c) is not equal to the mass attenwition coefficients

discussed below and is certainly far ranoved fran P = 13.4 m Zg-1.

(ii) The attenuation of the gamma-generated electron flunces at the cavity

rnedi~rn interfaces, although again. approximtely exponential In nature, is

dependent on the Z of the adjacent ‘~-stremn’ material, Introducing an

additional heretofore unexpected ccrrpljcaticm into the theoret!cnl treat-

ment of photon cavity effects. Neglecting the non-exponential behavior of

the attenuation at large penetration depths w obtain/.fA = 6.67 ~0.17uf12g-i

for G3-60 ger,erated electron flwnces In LIF crossing the ~/LiF Interface

(curve b) and PA =7.46 20.14 ~2g ‘1 (curve g) for electrons crossing the

A1/LiF interface.

It Is further Interesting to note

Is there ● significant difference

tmtlon Cwfficient and the energy

that only for the Pb/LIF/pb conflgu.ration

bstween the electron fluence mass atten-

flmncecnass attenuation cogfflclent, the

latter Increasing to 8.32 ~0.25 un2g-1. ‘fhese valws of~A ●re In strik-

ingly Imroved agreamntwlth the predictions of the Kearsley fit to the

~unleye ●t ●l dsta and serve ●s strong experlnntal conflnnatlon of the



Kearsley expression. The variability of#?A for Ch-60 generated secondary

electron fl-nce is further illustrated by the attentntion tits in Al and

Pb,

/ A= 9.98 + 0.15 un2g-1 in Al crossing a LIF interface (curve i)

P A = 16.9 + 0.28 unzg-l in Pb erosslng a LIF Interface (curve e)

(iii) For severely mimatched cavity-nwdiun interfaces, e.g., LiF in Pb,

there is a significant “intrusion” energy deposition de arising fran

‘side multiple scattering” in the wall (Pb) material (curve d in Fig. 2).

It should be noted that this process is distinct fran electron bckscatter-

ing at the LiF/Pb interface (S2) and which Is reflected in the increase of

the electron flux distribution (curve c) at S2.

IV. Implications to Photon General Cavity Theory

We believe we have demonstrated un~ulvocally that the constraint d+d’=1 in

the Burlln expression is unphysical due both

between g and g’ (established by Horwitz et

equality between#A and ~~ (dcmcmstrated

to the lack of equality

a1(l,3) and the lack of

herein). me previously

re~rted god agr?mmt between the predictions of the Burlln expression

and experiment (using ~ =13.4 an2g-1) for LiF in Al and polystyrene

was coincidental and due to a fortuitous cancellation of errors. Figure 3

show valws ofz2/n plotted versus g/t for LIF In Al for all three cavity

●xpressions usIng 8A =7.46 anzg-l and ~8 =s.48 an2g-1 for the B-H a~

Kearsley theories. For the Burlln expression the constraint d+d’=1 forces

/% =B g =7.47 Ollag-1.
1

““ I P(eMe
At g/t = 1,58 (obtaln~d frmg = —

) Coso

averaged over n typical colllnated ~-60 garnm apectrwn ●nd P(e) 18 the



Klein-Niahina electron angular probability distrib(~t ion function for g~

ray -ton scattering - see reference 1 for a discussion concerning

uncertainties in the estinntion of g) the Burlin expression nmv yields a

marginally satisfactory z2/n = 2.2. Taking into acc~mt the reduction of

the electron fluence fran its equilibria value in Al to its value crossing

the front A1/LiF interface (curve f) yields ~2/n = 1.1 for the Burl in-

Horowltz expression at g/t = 1.58 and using g’ = g/~. ‘Ilw B-H expression

thus seem to have rmintained its validity for nwderately misna?ched cases

of LiF cavity and nmliunwhich gives it a practical advantage over the

Kearsley expression due to its far greater sirrplicitj. fk iS calculated

Iin Fig. 3 using an arbitrarily chosen val~ of W= g . Further calcLlla-

tions are in progress to determine the behaviour of fk with ~ for both

the Pb/L.lF/Pb and A1/LiF/Al configurations.

For LiF in Pb the results show in Fig. 4 indicate aminimun value of chi-

squared equal to 0.4 for the Kearsley expression at g/t = 1.1. ‘lhe trend

towards decreasing g/t for optimal results in the Pb/LiF/Pb configuration

c~ard to g/t = 1.S8 fOr pure-ton scattering is reasoMble due to the

strong, nmre fomtard-scattered photoelectric cmponent In Pb

((=lp]f[vlp)) S 0.3atl.25 WV). lhe re~ults thus clearly support the

Kearsley expression, its predlctionof greatly reduced values of PA

carpared to the predictions of expression(7) and Its treatment of the

●lectron trarmport problan for strongiy mls~tched cavjty-nedlun configur-

●tions where nlgnlficant electron baekscattering and ‘intrusion” dose

deposition rrmchanlsm ●re operative. ~re vmrk Is required to understand

the behavior of ~~ , specifically Its dependence on ganrm ray energy &nd

the Zof the adjacent wall mterlal. In ddltion, ●ccurate application of

the Kearsley expression rqulres knwledge ef b,(~), the exponential

backscatter coefflc!ent, *S yet unknwm.
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Figure Qptlons:

Figure 1 - Electron flux distribution as a function of mterial thickness for

the Al/LIF/Al configuration. Curve f shcws the build-q of the

electron flux in Al as a function of pmetration depth and curve g

shows the attenuation of the Al generated electlon flux as a function

of penetration depth In LiF. The non-exponential behavior at large

penetration depths does not significantly affect the cavity theory

calculations.

Figure 2 -- Electron flux distribution as a function ofmterial thickness for

the pb/LiF/pb configuration. CurveC show the build-~ of the

electron flux In LiF as a function of penetration depth (“LfF only,

aFb/LIF, gamm interaction: In LIF only). ‘he sllght difference

between the two curves does not signif~cantly affect the cavity

theory calculations. Note the significant reduction in the electron

flux in Pb as one approaches the Fb/LIF Interface.

Figure 3 - Values of chi-sq~red as a function of g/t for th-Al/LIF/Al confi-

guration using the experinmntal data of Ogunleye et al(5). CMer

the range of physically realistic values of g/t, l.O~g/t ~ 2.0, the

Burlln-floravltz expressions yields significantly superior agreenent

with experfnmnt.

Flgwe 4 - Values of ohl-squared as a function of g/t for the Fb/LIF/Pbconfl-

guratlon using the experlnmntal data of ~unleye at al(s).

Valtmm of fk wre calculated ●smnlng an ●rbitrarily chosen valuo

of Q(’ 5.48 0r3g-lm
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