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INTROIUGTIOI 

The ferrous and eerie sulphate dosimeters are widely used chemical 
dosimeters for measurements associated with radiation chemistryo The numbers 
6 3 ferric ions produced in the former and Q ^ of cerous ions in the laj_ 

terj per 100 eV of absorbed energy,, depend on the quality of the radiation u= 
sed^^ It has been custoaiary to interpret this effect assuming that for 
radiations of sufficiently low LET the tracks are formed by non-over-lapping -
spherical spurs of free radicals^ whereas for radiations of sufficiently high -
LET th® spur overlap produces axial.ly homogeneous cylindrical trackse The radi~ 
cals in the spurs or tracks can react aaiong themselves or diffuse away from 
each other5, reacting with the solutes present. On this basis^ th® molecular 
yields in the isolated spherical spur situation should be lower than in the 
lindrical track one^ since in the latter the radical concentration is in avera­
ge higher9 due to the spur overlap<, This kind of model has be©n qualitatively -
successful ^^^^ in interpreting the variation of primary H2»H2'^2^^ yielfe 
with radiation quality, and hence in interpreting the variation of the G ^ J 

G , yields mentioned above» 
Ce"̂ ^ 

In this kind of interpretation^ three main facts are neglectedo 
Pirstg the fact that for a given radiation there exists a whole spectrum of lo™ 
cal energy dissipation is not consideredo This spectrum is due to the slowing 
down of incident charged particles as well as to the formation of secondary9ter 
tiaryj, etoo electrons (^rays) of varying energieso As pointed out by Burcĥ '̂ "''"!" 
however5 this spectrum is very importanto For example9 for Co^^ gamma-rays 25^ 
of the energy is dissipated by electrons of energy less than 800 6 ? » for which 
a cylindrical track model rather than an isolated spherical spur one should b® 
used. A second fact neglected is the difference between the properties and pos­
sible initial distributions of Hand OHo Finallyi, secondary reactions between ra_ 
dicals and molecular products of previous radical reactions are not considered^ 

( 1 2 ) 

In a recent paper9 Burch^ ^ has done some calculations in which -
he attempted to take these three faets into accounto His approach has been exa-
mimed and criticized elsewhere ^ \ The main objections to his calculation are 
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two=fQld§ he considers all tracks as being cylindrical on© obeyiag Jeffe's^^*^^ 

pr®8crib®d diffusion lawp and that the secondary reactions occur in ©©parat® 

stages i?hi©h do not overlap in tim® with ©ash othero Furthermore, h® deteraiaes 

cartaim modsl parasiet®rs smpiricallyj rather than from first principles $ using 

radiations of widely different qualityj and then calculates the yields for int^ 

mediate kisds of radiation. This gives the approach an iaterpolative rather than 

fundamental ŝ at'oreo 

fi'̂ b. the use of high-speed digital compatere in diffusion ki­

netics ( ^ 5 » 1 5 ! i l 6 ) ^g^g becosBe possible to solve th© diffusions-kinetic equa­

tions for a one^or a. two-radical model rigorously, including secondary reac­

tions o In a detailed interpretation of the variation of yield with radiation 

quality^ these solutions should be combisssL with a consideration of the spectrum 

of local energy dissipation» In th© present paper this is done for a simple one-

radical model9 without s®condarj reactionsj in order to understand how inclu­

sion of this spectrum affecte the calculated resultSo Obviously^ detailed agree­

ment with ezperlMent could only be espected for a saor© realistic modelo 'Sever^ 

thelesSi, a comparison of the results with experiment is given as s meaœ to ind_i 

cat© the dlreetion of future calculations « 

Mathematical forsaul&tion of ._the one-radical model ̂ "̂ ^̂ ^̂ ^ 

It is assuffled that passage of th® radiation through th® dosi­

meter produces a single klad of radical R (whose properties are intermediate 

betisfeen those of H and 0H)o These can react with themsalves or diffuse away 

react with scavenger So The overall mechanism is thus 

R 1 

H -f R Jl^ Rg I 2 i 

R -t- S RS j 3 

where M represents th© major component of the system (io©os, water ) oEquation 

is not intended to be stoichiometriep but only to indicate that radicals R are 

formed by passage of high energy radiation through the system under considéra 

tiono Th® problem is to determine what fraction of the radicals R formed by r®â£ 

tion i. 1 j undergoes reaction I 2 and what fraction undergoes reaction 5 
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I„= \ s = 1 dt k c d¥ ( 5 ) 

Let us now consider the extreme cases mentioned in the introductions isolated 

spherical spurs and axially homogeneous cylindrical trackso Let T_ be the dista^ 

ce to the center of the spur is the first on® and to the axis of the track in 

the second oneo We assume the initial condition to be Saussian, ioeo, 
2 

( 6 ) 

Let ç_ represent the concentration of radicals R at any point P of coordinates 

y^Zj and at any time to Let C g he the concentration of scavenger which is as­

sumed constant» Let us assumed that the dos@-rate is sufficiently low so that râ  

dicals originating in tracks formed by different incident particles or quanta do 
(l5 17) 

not overlap. Under these conditionss the equation obeyed by £ is ^ ^ 

— ^ . B V " . . „ 2 =,^o^= (1) 

2 

Here9 D represents the diffusion coefficients of radicals Rj and is the usual 

Laplacian operator "y^ + "ô̂  + , If the initial and boundary conditions 
""^e" 

are known, then Eq» (1) can be integrated by numerical (although not in general 

by analytical) methodso The number of and. RS molecules formed at infinite ti_ 

me are then given respectively by 

(2) 

( 3 ) 

''0 

where the index ? indicates Integration over entire volume of the system. If 

is the initial number of radicals » then the fractions of radicals which undergo 

reactions ( 2 ) and ( 5 ) are given respectively by 

^ ' - 'kc^d¥ (4) 
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o © 

2 

( 7 ) 
c(r,o) -

2 T^L rl 

respectively for spherical and sylindrioal cases» Th© quantity is called the 

spur or track radius« h is the length of the cylindrical track, for which end 

effects are neglectedo Under these conditions one may introduce the dimension-

less variableo ^ 

„ t . , J - t = - . - J ^ (8) 

In terms of these new variables Eq (l) becomes 

JL£i ^ ¿2 . ' . 1 „ " k«e«^ _ K«c« ( 9 ) 

at» ^^,2 r« -5 r» 

where E=2 for the spherical case and E-̂ l for the cylindrical oneo The quantity 

k' is a dimensionless rate constant given for these two cases respectively by 

k'_ ^ 0 spherical (lO) 

*• o 

Hi-D ̂  0 cylindrical (ll) 

and K" is given in both cases by 

For these dimensionless variables th® initial condition becomes, in both cases, 

r"2 



5. 

Under these conditions it is possible to integrate numerically Eq ( 9 ) and ob­

tain e' (r'jif) for any chosen values of the two dimensionless paramaters k' 

and K'o In ter--' of these and c\ I„ and I defined by Eqs ( 4 ) and ( 5 ) are gl-

ven by the following formulaeg 

a) spherical spurs 

l^^(^lJ)^^ Ic. flt£^o^^ (r%t») r«^ dr» (15) 

1 / 2 .g£) 

I / c' (r«,t») r» dr« ( I 6 ) 

a) axially homogeneous cylindrical tracks 

T = k " c*^(r%t«) r«^ dr« (l?) 

Ig= K'J dt» J c« (r%t') r» dr« (18) 

0 o 

We thus see that the fraction I^ and I„ of radicals which recombine and react 

with scavenger respectively are entirely determined by the two dimensionless 

parameters k* and K' onlyo They have beea tabulated as a funtion of two other 
(15 ) 

parameters related to these by Flanders and Prick©^ ' for spherical spurs and 

axially homogeneous cylindrical tracks o Since these are extreme cases, the va­

lue of I„ and I„ for intermediate tracks formed by partially overlapping spurs 

K o 

can be obtained with sufficient accuracy by interpolating between the value gi 

ven in these tables» Thus, I_ and I„ can be obtained as a function of k" and 

K" for any track consisting of equidistant identical spherical spurs, whether 

these are very far appart, very close together or at intermediate distancée In 

elusion of the spectrum of local energy dissipation will be considered in Sec­

tion 8 c l o 

Since the spur or track are considered to be in a container large compared to 

their size, the boundarj conditions are given by 

lim c» (r%t«) = 0 ( 1 4 ) 

r« -



Calculation of G , and 6 ^ 
— — — ~ Q^^3 

From tia@ accepted fflechaaisms for the ferrous and eerie sul 
(19) " phate dosimeters ^ \ the G _ and G » yields are related to the primary ra-

dical and molecular yields by 

• ' «H * "OH ^ 2 %0, • 5 S * "-HjO (19) 

In a one-radical model it is implicity ffigi^umed that 

" a - " O H (21) 

and that the yield ^ of th® chemically undetectable water formed by H + OH 
recombination is given by 

\0 = \ ^ ( 2 3 ) 

The total radical and molecular yields in the one-radical model are thus respec_ 
tively given by 

* % 0 , ) (25) 

In terms of theseP the ferric and cerous ion yields are given by 

Se-*-^ = 2 G^-. 0 „ 5 ^ 2 6 ) 

- 0 , 5 G ( 2 7 ) 



Thuss the calculation of S , and G , in a one-radisal model is reduced 
the calculation of G„ and 

7 » 
to 

3 , 1 General 

Let w= (w)aOO e¥ be 
radical and molecular yields car* 1 

I, S radical 

6 
2(w) 1 0 0 e¥ 

3ary to form a radicalo The 
of I„s, I„ and (w) by the 

(28) 

( 2 9 ) 

On the other hands since the only possible fates of radicals R are either to 
react with themselves or with the scavenger Sj one may write 

( 3 0 ) 

From Eqs ( 2 6 ) through (jO) it follows thats 

i.^ = T^T ( 1 « 7 5 lo + 0 „ 2 5 ) ioas..._ 
Fe'̂ ^ ^ 1 0 0 eV 

G - - , •v (l»I„) ions 

( 3 1 ) 

( 3 2 ) 

The problem is now to determine I„ taking into account the spectrum of local 
nergy dissipation of the radiation under considerationo Let T be the maximum 

max 
energy of the incident high energy charged particles or photons. As a result of 
the passage of these particles or photons^ electrons will be produced in the m_£ 
dium with energies from zero mp to not more than ^^^^^ addition, the inci­
dent charged particles will have their energies varying from their initial va­
lue down to ^©ro as they are stopped by the medium. Let the term "local energy 
dissipation" denote kinetic energy losses of the particles in the medium dissi­
pated through collisional energy transfers up to 1 0 0 eV, Let us divide up the 
total energy range 0 to T into n intervalso 



max 
8. 

_ ( 5 5 ) 

Tables of Q ( T . ) .^ f . as a function of f. and/i.T. are available for several diffe 
(11 20) 1 1 -= rent radiations ^ ' \ Thus« to calculate I„n and hence G , and Ge -

it is sufficient to determine Ig(f^)s, io®«, the fraction of local radicals pro­
duced by particles in the energy range ^^^^ ^i '̂ ^̂ '̂ ^ react with the scaven -
gero If this range is not too large, the portion of the corresponding tracks -
can be considered axially homogeneous in the sense that the average distance 
between neighboring spurs does not vary appreciably along the track axiso On 
this bases, Ig(T^) can be obtained from the digital eomputsr oalculations des­
cribed ia Section 2» For this purpose« a choice is mad® of the rate constants k_ 
and k\ th® spur radii r̂ ,, the radical diffusi on coefficient D, the scavenger 
concentration and th© nxmber of radicals formed per spur^ This determines 
K« and the values of k» for the spherical eas@ accordiag to Eqs (lO) and (12)« 
For values of T. such that df^ the linear rate of local energy transfer, is suf 

dx 
ficiently small for the spurs aot to interact, I „ ( T . ) can b© obtained with tho-

(l5) 
se values of K" and k» frcm. published tables^ \ For values of T^ such that -
the tracks are cylindrical, th© value of k» will now be a function of N /L, the 
number of radicals formed per unit track length, according to Eq (ll) This quaji 
tity is related to dT by 

dx 

fo= i ^ ( 5 4 ) 
L w dx 

so that, for cylindrical tracks, Eqso (ll) and ( 5 4 ) furnish? 

(T^) = k dT 
2rrDw dx (55) 

^T.= T.-T. ( 1 = 1 , 2 . . c o . ^ . o s n ) with T = 0 and T = T 
Q ( T ^ ) A T ^ represent th® total local energy loss of particles uhose energy lies 
in the intervalAT^« Let Ig(Tj) represent th© fraction of the radicals produced 
by such particles which react with the soluteo If the intervals AT^ are a d a q w 
tely chosen then the quality Ig is, to a good approximation, given by 

Ig (!I'i)Q(TiM.Ti 



Yalues of dT as a functioH T. ar@ also available^^^•^ for electronsj protons 
alfa particiego Thusj, from Eq ( 3 5 ) « k» (T^) and henee ^s^^i^ ^® obtained 
for portions of the tracks which ean be considered to be axiallj homogeMOiag c;̂. 
linderso J'iBallys, Ig(f^) for intermediate kinds of track portions can b© obtai­
ned by plotting I „ ( T . ) against df, using the spherical formula for small df and 

&K dx the cylindrie&l one for large dT and joining siaoothly the two curves thus 
obtaiffledo Once I„(f. ) I b obtained^, Eqs ( 3 I ) through ( 3 3 ) furnish G ..o and 

Since the purpose of the present calculations was ao?® to develop 
a feeling for the importanee of including the speetrura of local energy digsip®= 
tion rather thaa to obtaiffi agreaaeat with espsrimentg no attempt was mad© to 
choose parameters i^feich fitted th© experimental datao Instead, "reasonable" pa--

6 0 

rameters were chosen which furnished the correct value of S _ for Co gamma-
rays, before taking the spectrim of energy dissipation into ' accounts These pâ  
rameters were used throughout all the calculation and areg 

o 
r = 1 2 1 
o 

I = 1 0 radicals 
D= 4 o 5 3£ 1 0 " cm /sec, 

- 1 1 • k = k„ 1 0 cm''/seCo x radio 
Sg== 1 0 " mol@/l 

= 1 0 ev/radical 

The track formed by independent spherical spurs were taken to be those for which 
dT ^ 0 , 5 Kg¥ s correspoHding to aa interspur distanse of 2 0 0 0 A, The axially h_o 

mogeneous ejlindrical portions ware taken to be thos© for ?rhich dT \ 2 5 KgJ. cor-
0 d-x /A 

responding t@ an iaterspur distanoe of 4 O O 1 » The transition region corresponded 
to 

OeS liZ / ' H /'oc I2I 
/< ^ dx ^ 



If th© spectrum of local 
ma-rays is negleetedj, and the track® arsi 
spherical spurs^ the value of Ig for th® paramet® 
G 1 5 . 6 ions/lOO ©Y (accordiag- to Eq. (jl)^ 

dissipation for Co^^ gam-
to be formed bj independent 

rs chosen is 05 , 7 4 5 » £or which 
whieh agrees with the experimen­

tal valu® ( 9 ) 

6 0 Calculations were performed 
fa-partieles and tritium beta-particles, using th® spectra of energy dissipation 
mentioned ia section J o l ^ ^ ' ^ ' ^ ^ ^ The results obt 
mental ones, are given in Table Ij, together with th© values of I, 

Radiation Calculated j 
(ioas/lOO € 

'ields Experiment 
(ions/lO 

al yields 
0 ®¥) h 

^ ^ 3 ce 
°n 60 
Co y^-rays 1 4 . 0 0 o 8 5 1 5 . 5 ^ ^ ^ 2 , 4 5 ^ 0 . 6 5 8 

Tritium 
% -particles O c 9 5 1 2 , 9 ^ 5 ^ ' ^ 

XX 
4 o 6 l 0 , 6 1 9 

Po21° 
0^-particles 9 . 2 l o 5 4 5 . 6 ( 9 ) 3 . 2 3 0 . 3 8 4 

X X Obtained from th® ratio 6 , / G ™ = 2 , 
P @ * 5 g g ^ 3 

( 2 1 ) 

X Cited in reference 1 2 , 
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Several intereetisa^ obe:-3irvatiQn3 arise from the results of TaMe 
I. Ag meatioEed ia Section 2a» oalcw,lat®d valu© for S -̂.̂  n©gleeting the 
@ff©ct of th@ spectrum of local saergy dissipatioaj is '' 15o6 ions/lOO eYo 
The value of 14o0 ions/lOO ef$, obtained after that effsct was incliidedi) iadica-
tea that it is iadee-d a rsslatively important oae>o Th© fraction of radicals which 
react with solute falls from O o 7 4 5 to 0< ,658 as a result of this inclusion. This 
is a consequence of the cylindrical tracks of the secondary low energjr electrons 
(with less than 800 ©¥), 

Although the trend of the variation of G with radiation qua 
lity is the same as the experimental one9 the variation in the Galculates va-
lues is much sasaller than in the experimental ones. This is v@ry probably due 
to the assumptions of the one-radical mod©! represented by Eqs (21) and (22), -
whi@h are known to be quite wrongo Thas^ for a better agreeaent with esperiment 
to be obtaineds, it would probably be necessary to wa® a two-radical Biodel„ This 
is probably also ths cause of the different trends of the calculated and exper_i 
mental values of G , with radiation qualitjo However, both th® th®©r@tieal -
and experimental ' values of G ar© auoli siealler than the G ™̂ ones indi-
eating that the basis model is probably ccrrscto 

One may eeac-liids that a useful calculation to perform is one in 
which the digital computer results for a. two-radieal nsodsl is coupled with a 
consideration of the speetrxim of local ©nergy dissipationo The one-radical mo­
del considered in this paper does not seem capable of proving good agreement 
between theoretical aad experiaieatal yields9 even when the model parameters a r i § 

Calculations have been performed of G ., and G , 1 » th® ferrms 

The l&rge di^agreememt betweea theory aad exp©2?isj@nt should aot 



1 2 , 

cles and tritiuai 
The radiation considered wore Co^*^ "^"rays, Po^^^^^-parti-

-particleso The oonelusions of these calculations weres 

0 spectrum ->f local energy dissipation is an important 
factor, 

b) The calculated Pe+3 yields show the correct treni with 
radiation quality but th© C@4-5 ones do not, 

e) An improvement of the agreement between theory and expe^ 
riment requires the consideration of a two-radical rnodd* 
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