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Ahstract 

Recent measurem~ntof free-ion y;eldin liquid argon by Gruhn and 

Edmiston (Phys. Rev. Lett. 40, 407, 1978)·using 241 Am_a. irradiation has 

been analyzed using a track model. Because of dense ionization 

recombination dominates in the core giving insignificant free ions. In 

the time scale ot- observation the o-rays mostly degenerate into ion-pairs 

to which theOnsager probabi lity ;s applicable. Electron thermalization 

distance ;s found to he 232 nm, the same as for y radiolysis and in 

aqreement with Freeman (Phys. Rev. ~ previ ous comment). Secondary 

electrons of energy about ?OO eV can effectively penetrate the core. 
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In a recent work 1, Gruhn and Edmiston have determined the free-ion 

. ld' l"d .. 241A . d' t' Th G 1 Yle ln lqUl argon uSlng m-a lrra la lon~ e -va ue, or 

100-eV radiation yield, is found to be 0.046 in the limit of zero 

external electric field and it increases linearly with that field as 

predicted by the Onsager theory2. Freeman3 criticizes several 

circumstantial and interpretive aspects of this work. Indeed in two 

respects the conclusion of Gruhn and Edmiston may be modified: . (1) their 

work is the first free-ion yield measurement usinq a heavy ion, not the 

first observation of qeminate recombination in liquid arqon which was 

observed earlier 4(2) The electron thermalization length need not be 

28 nm as stated. In fact it can be, anrl probably is, about the same as 

for y-irradiation. A somewhat detailerl track model can rationalize these 

observations with the Onsager model as shown in the following· 

paragraphs. On the other hand, certain features of the work of Gruhn and 

Edmiston l are eminently well defended. These are: (1) Although a 

cylindrical track monel is much better suited for a-irradiation,in the 

time scale of measurement it is an entirely reasonable hypothesis that 

most reqions of dense ionization, includinq the track core, are fully 

neutralized leaving isolated ion-pairs few and far between. To these the 
? Onsaqer theory of qeminate recomhination can be applied. Mozumder and 

~'aqeer; essentially din this while analyzing the work of Hummel et 

I n. h . 17A . d' t' a. lh n- exane uSlnq r~1rra la.lon. (2) Alternative model usinq 

explicit columnar recombination was actually tried hy Gruhn and 

Edmiston1. They rejected this interpretation decisively on the basis 

that the 1 i ne \,/i dths were too narrow by a f actor of about 5 to fit the 

prediction of the model. (3) The low field data of Gruhn and Edmiston l 

fit the Onsager equation: 
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(1) 

within 5% with values of l as O.°t' ann LIB for two sets of data. 

Since there are no anjustable parameters in Eq. ), the agreement may be 

taken to be a strong evidence in favor of the Onsager model. 

A current model of heavy-ion tracks in condensed matter consists of a 

cylindrical core ~urrounden by penetrating secondary electron ( &

rays)7. The core does not contribute significantly to Gfi since the 

ionization density ann the axial fields are high. The a-rays must have a 

minimum energy EO to effectively penetrate the Core. Those having less 

enerf'!.Y are gradually engulfed by the core and indistinguishable from it. 

Thus only a-rays of energy ~EO may contribute to Gfi • Ionization on 8.., 

ray tracks are also more-or-less dense, meaning that the intervening ions 

quickly neutralize leaving those at the track extremities which behave 

like geminate pairs. It is believed that free-ions escaping from such 

geminate pairs are the only nnes ohserven by Gruhn ann Enmistonl in the 

llS time SCale. A Similar procedure was used by Mozumner and Maqee5 for 

3~ and 37Ar rarliation~induced free-ion yield in hexane. We assume, 

as they ~id, that the geminate pairs do not interfere with each other; 

otherwise the Onsager theory prevails. Let S be the stopping power of 

the medium toward the a-particles and f the fraction of deposited energy 

contained in thecore7• Assuming a Rutherford distrlbution in energy, 

the average number of a-rays per unit track length is given by )J / 

such that 
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fl-f)S = A 1 n (c Ic)'. . m 0 (2 ) 

" 2 In .Eo. 2 Ais a t.rack constant and cm = 2mv- where m is electron mass 

anrlvis the a-particle veloc,ity. From EO. 2 the mean numher of 

penetrating (c>co) seconrlaryelectrons in energy interval dE: atE: is 
, ,-1 2 

given hy () -f)S(lncm/E:o) . dE:/c-. If c < 2co' then these 

electrons do not have any tertiaries that can contribute to the free-ion 

.y ie 1 d. For 2 Co <c<E1n the mean number of energet i c (> co) tert i ar i es 

produced by a secondary of energy cis qi ven by ( K -I) (1 nK) -1 where K = 

c/?c~. Since cm for a 5.3 Meva from 241Am_decayis 2.88 keV, the 

contribution of higher generation electrons may safely be ignored. Thus 

the total numher of 8-rays produced pe~ unit track length and 

contributing to Gfi is given by 

(3) 

There is considerahle uncertainty reqarr1ing the ranae of low energy 

1 . R-1] e ectrons 1n matter • Fortunately in liquid argon, the 

thermalization length r th is so large that the range obtained hy 

integrating the plectronic stopping power is always negligible. Thus, to 

a good approximation, the numher of free-ions obta'inable per unit track 

length is given from Eq. 3 as follows: 
c /2c m 0 

I 1(-1 dK ] 
+ (l+tnK)~' 

1 ," K 

(4) 

In Eg. 4 rc is the Onsager length. Since S is the energy loss per 
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unit track length, the lnn-ev free-ion yield is given from Eqs. 2 and 4 as 

100 (1-f) 
Gf i = -------'-

2£0 1n (£ 1£ ) m 0 

£m/2 £0 

+ f(l+K~ 1 ) d~] . 
1 1nK K 

(5) 

Equation (5) is only apparently inrlepen~ent of S; f depends on particle 

energy and is thus indirectly a function of S. The maxiumum transferable· 

energy Em' of course, depenrls on particle velocity, but this is a minor 

dependence. Physically speaking, if S is not suffitiently large, a 

cylindrical core will not he obtained. In addition f is also a mild 

function of £0. 

The Onsager length (rc ) in liquid argon is 127 nm. Taking the 

ionization yield and y-induced free-ion yield as ll.!:iand ?fi respectively4 

the mean thermalizaion length (rth ) becomes ?32 nm. With particles of 

energy 1.3? Mev/am~, the track model of Mozumder et al. 7 gives f = 
O 7") F .. f 1 1 .. 8-1 ] 
_. ,1. or uncerta 1 nt 1 es 0 ow -energy e ectron penetrat 1 on-

sometimes a core radius ahout 1.nm is used in unit density materia,12. 

Considering the rlens ity of liquid argon (1 .11 g/ml), we ohtain, on the 

hasis of rms penetration of Mozumderll , £0 = l4()eV. We shall 

nevertheless treat £0 as an adjustable parameter. Taking £ as m 

2.88 KeV, we have used EQ. 5 to calulate Gfi as a function of to with 

f = 0.73 and the result is shown in Fio. 1. From this figure we obtain 

Gfi = 0.046 for £ 0= 200eV in agreement with experiment of GrUhn and 

Edmiston l • The value of f is expected to increase slightly with 

Figure 2 shows the variation of Gf · with f at three values of , . 

From such calculations we find that £ varies from 186 eV to 140 o 
eV to 100 eV as f is varied in the important range 0.75 to 0.8 to 0.85 

while keeping Gfi constant all along at 0.046. 

t 
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In conclusion we may st.ate that: (J)a. ... induced free-ion yield in 

liquid argon can he explained in terms of ion-oairsar;sing out of 8-rays 

from tracks. The external fielcl effect is then normal as for y -

irradiation. (2) The thermalization lenqth (232 nm) may be assumed to be 

the same as for y-irradiation. (3) Secondary electrons of energy about 

200 eV c~n effectively penetrate the core. Ranges of variation of EO 

and f, to obtain agreement with experiment, are entirely consistent with 

track model. 
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FiqureCaptions 

Fiq. 1. Variation of calculated free-ion yield induced by ?41Am_~ in 

1 iquicl argon with £0' the energy of secondary electron needen to 

penetrate the core; f rlenotes the fracti on of depos ited energy to be 

found in the core. 

Fig. 2. Dependence of calculated free-ion yield induced by 241Am_~ in 

liquid argon upon f, the fraction of energy deposited in the core, at 

three values bf £0' the secondary electron energy needed t6 penetrate 

the core. 
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