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Simulation Compared with the Analytical Model of Jaffé
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Computer simulations have been carried out of the movement due to diffusion and drift in each other’s field
of ions in cylindrical tracks, representative for tracks of protons in the megaelectronvolt region in nonpolar
molecular liquids. The recombination and the escape of the ions from the track, in the absence and presence
of external electric fields, has been calculated. The decay in time of the number of ions due to recombination
in the tracks is remarkably well described by the analytical treatment of haff613, when the Debye
Smoluchowski rate coefficient is used. It is concluded that the DeByeoluchowski expression, derived

for dilute solutions (single pair interactions), is also valid for large concentrations. For low and moderate
fields the ion escape yields as obtained by the” Jaff@tment are unsatisfactory. In this case the field effect

is observed to resemble the behavior as given by the expression of Onsager for single pairs, in agreement
with earlier theoretical predictions. For very large fields the ion escape yields obtained with thieekffeent

are in fair agreement with those of the simulations.

I. Introduction an_ [9n, 1an
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High-energy charged patrticle particles, when passing through ot a2 ror
a medium, give rise to the formation of tracks of ionizations
and electronic excitations. The escape from recombination of whereD is the sum of the diffusion coefficients of both ions.
the ions in the track, with and without an external field, has \We see that drift of the ions due to Coulomb forces is not
been the subject of numerous theoretical and experimentalconsidered explicitly. The disappearance of ions due to
studies ever since the beginning of the centady. On one neutralization is accounted for in the termkr?. Using the
hand, the aim has been to learn about the spatial distribution ofso-called prescribed diffusion approximation, an analytical
the ions in the track and therefore about the nature of the solution could be found for the development of the density in
interactions of the high-energy charged particles with the space and time.
medium. On the other hand, the problem is of considerable  ith an external field present the distributions of positive
practical importance for the interpretation of the experimental and negative ions move with respect to each other due to the
data from radiation detectors based on the principle of the drift in the external field, and now the recombination is
ionization chamber. Itis only recently that computer techniques calculated in the regions of space where the columns overlap,
have been developed to such an extent that the dynamics of the;sing the ternkn.n_ for the local rate of disappearance of ions.
ions in high-energy charged particle tracks can be treated by|n this way Jaffés treatment gives (a) the time depencence of
simulation of the motion of a sufficiently large number of ions.  the fraction of the ions surviving recombination and (b) the
Several approximate analytical treatments of the escape ofdependence on the external field of the fraction of ions escaping
ions from high-energy charged particle tracks have been from recombination in the track, in relation to the initial spatial
presented through the years. In 1913 Jaffblished the first distribution of the ions.
theoretical treatment on the recombination of (oppositely  The various assumptions in the Jatieatment are very
charged) ions in the tracks of high-energy charged particles in grastic. For the cases considered, i.e., tracks in nonpolar liquids,
the absence and presence of an external felth this paper  the Coulomb interactions are very strong. Kramers, in 1952,
Jaffe wrote that he was inspired by the first cloud chamber pointed out that the drift in the mutual Coulomb fields could
pictures, published by Wilson in 1922. The pictures for the  not be neglected, and he gave a modified treatment, where
a-particles showed straight, densely ionized tracks, and it is jnjtially the diffusion was neglected altogetiér.Mozumder,
for these tracks that Jéﬁd!aveloped his theory of “ionization in 1971, has taken the Coulomb interaction into account by
in columns”. It is the purpose of this work to study the jntroducing a screened potential and assuming the positive ions
reliability of the analytical model of Jaffey comparison of g pe on the axis of the cylindé$. There is, however, little
his results with those from computer simulations. hope for an exact analytical solution, because we are dealing
Jaffeassumed the ions to be formed in a cylindrical geometry with a large number of ions within each other’s Coulomb field.
with a distribution of the density of the ions around the axis of On|y for the problem of one pair of Opposite|y Charged ions
the cylinder,n(r,t=0), initially the same for both positive and  has an exact solution been given. In 1932 Onsager calculated
negative ions. For the case of absence of an external #eld ( the escape from recombination of a single ion pair, with and
= 0), he assumed the diffusion and neutralization of the ions wjthout an external field presettt. For zero field (and infinitely
to be described by fast recombination on encounter of the oppositely charged ions)
s 5 e 31152787421 S———— he found the well-known expression for the escap&\pf. =
+On leave from Instituie of Applied Radiét(ieé?lalcilgmi:tr?,w':"el::h?licgl. exp(rdlt), with re = AldnecrkeT, often called the Onsager
radius, and where is the electronic chargeg the permittivity
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Boltzmann’s constant, anflthe temperature. For the case of approximation, introduced by Jaffavhich means that the
an external field an exact solution is found in the form of a distribution of the ions is Gaussian initially and remains
series. Much later, in 1978, the exact solution for the time Gaussian, we find for the decay of the number of ions, according
dependence of the problem for one pair in zero field has beento the Jaffemodel

given by Hong and Nooland?.

In the meantime also various approximate analytical treat- dN kN2
ments had been presented for spherical distributions of ions, dt 27(b? + 4Dt)
either based on the Jafteeatment or as an extension of the
Onsager expression in order to describe the groups of ions a:
they occur in tracks of high-energy electrdfdl 22

It is only rather recently that computer techniques have been
developed to such a stage that multi-ion pair problems, as we
are dealing with here, may be treated by means of simulation
of the movement of the ions due to diffusion and drift in the be considered as a second-order recombination with a time-

. 13 .
Coulomb and external f|eld55.. In some earlier papers we dependent specific rate of reaction. Equation 3 gives on
have presented results on various aspects of the recombination

®3)

Swhereb is the initial width of the Gaussian armi= D, =D-.

(We restrict ourselves to the case of equal widths for positive
and negative ions, as given originally by Jafféunoz has
extended the treatment to the case of different widths for the
ions of different sigrf) We see from eq 3 that the decay can

and escape of oppositely charged ions in the absence andntegratlon

presence of an electric field, in high-energy electron tracks in K 2 1

nonpolar liquidst™13 While the spatial distribution of the ions N(®) =[1+ _NO In{ b"‘—Ath}] @)
in electron tracks is rather complex, with large changes in the No 87D b?

direction of the tracks due to large energy losses, and comparison
with the analytical models did not seem very fruitful, we thought If we take for the specific rate of recombinati&rithe value for
it interesting to compare simulation results with the analytical homogeneous recombination in dilute solution, a remarkable
results for cylindrical distributions representative for ion tracks. agreement is found between the results obtained from the
We were rather surprised to see that the time dependence ofanalytical solution of the Jaffsmodel and the simulation for a
the recombination in the tracks is described very well by the wide range of track parameters. The specific rate for this case
Jaffetreatment for a large fraction of the recombination, when is given by byk = e(u+ + u-)/ecer, whereu, andu-— represent
the Debye-Smoluchowski rate coefficient for the reaction of the mobilities of the ionsk can also be written ds= 4sr (D~
oppositely charged ions is used for the recombination in the + D-), sinceu+ -/D+ - = kgTle.
track. This indicates that the Deby&moluchowski rate In Figure 1 we show the fraction of ions surviving recom-
coefficient, which is derived for dilute solutions (single pair bination at a time in a cylindrical track of 20 and 104 ions of
interactions$ 23 is also valid at high concentrations. It was each sign, for the case of an average separation between the
also found that while the escape probability at zero field is not ions in the direction of the track dR:+ = 3 and 0.86 nm,
predicted well by the Jaffeeatment, the escape at large fields respectively, and witlhh = 6 nm, with external field zero. We
is not very much in error. see that the decay of the first half of the ions is rather well
In the examples presented below we will consider ion predicted; however, the tails are different. In the Jafiedel
densities that are representative for tracks of protons in the the probability of escape at infinite time is always zero. For
megaelectronvolt region in molecular liquids (emthexane). larger values of the average separation along the track the
Application of the simulation technique, employed in this agreement is very similar. Calculations have been carried out
work, is limited to charge carriers that carry out a diffusive for average separations varying from 0.5 to 9 nm.
motion with a small mean free path, i.e., smaller than typically  To investigate the relative effect of diffusion and mutual
1 nm1-13 For excess electrons with a large mean free path fields, we have carried out simulations where the random
(and a large mobility), the “ballistic’ movement of the electrons displacements due to diffusion were taken equal to zero. In
in the fields has to be taken into account. Effects of a large Figure 1 we see the surprising result that switching off of the
mean free path have been conside¥ed’ however, simulation diffusive displacements has hardly any effect on the kinetics.
calculations for large numbers of charge pairs, including the Recombination is now entirely governed by the mutual fields
large mean free path effects, have not been carried out yet. Theof the ions. Diffusion apparently does not play a role of any
results presented in this work therefore apply to (nonpolar) importance. It may be realized that with this geometry on

liquids with electrons with low mobilities, such ashexane. ~ average the Coulomb interactions are large. The root-mean-
square displacement due to diffusion in~1®s for D+ = D-
Il. Method of Simulations =1.26 x 109 m¥s is equal to (Bt)¥2= 1 nm, while the drift

due to the Coulomb field between two ions initially at 3 nm
during the same time leads to a separation of 3.3 nm. We find
at this time an increase in the value of the term in the curly
brackets in eq 2, and therefore of the effective specific rate of
recombination, of only about 1%. We have found that for higher
temperatures, where diffusion is favored with respect to drift
A. External Field Zero: Kinetics. Equation 1 describes in the field, the agreement becomes less satisfactory. It appears
the change in time of the ion density due to diffusion and that the agreement is caused by the fact that the rate coefficient
recombination in the cylinder. If we integrate over the radius, s independent of concentration and that the diffusion plays a
we find negligible role.
As has been discussed in the work of ref 13, the simulated
dN/dt = —fkn2 dr 2 probability of ion escape from high-energy electron tracks is
not significantly affected by the magnitude ©&f. and D_,
whereN is the number of ions (of one sign) per unit length of provided they are sufficiently small for the random motion of
the cylinder. Using now the so-called prescribed diffusion the charges to be purely diffusive. The same was found for

The random diffusive motion and the drift of the ions in each
other’'s Coulomb field is calculated by the method described in
refs 11-13.

Ill. Results and Discussion
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Figure 1. Probability of survival from recombination as a function of ~ Figure 2. Probability of survival from recombination as a function of
time for ion pairs in cylindrical tracks, without an external electric field field for ion pairs in cylindrical tracks, with a moderately large external
present calculated (a) by the Jaff@del (drawn line), (b) by computer  electric field present (a) and with very large fields (b), as calculated
simulation (dotted), and (c) by computer simulation, without random by the Jaffemodel for a field parallel (drawn line) or perpendicualar
displacement by diffusion (dashed) (see text). A total number of ion (dotted line) to the track and by computer simulation for a field parallel
pairs of 20 and 104 is taken; the initial distribution of the density of (dashed line) or perpendicular (short and long dashes) to the direction
the ions is taken as a cylindrical Gaussian with a widlth 6 nm; the of the track. The number of ion pairs was taken equal to 104, the initial
average distance between the ion pairs along the track is taken.as  distribution of the density of the ions was taken as a cylindrical Gaussian
= 3 and 0.86 nm, respectively. The diffusion coefficient of the ions is with a widthb = 6 nm; the average distance between the ion pairs
1.24 x 10 m¥s, the reaction radius is 0.3 nm, the temperature is 293 along the track was taken to bR,+ = 0.86 nm. The diffusion
K, ander = 2 (rc = 28.5 nm). coefficient of the ions was taken equal to 124.07° m?/s, the reaction
radius used is 0.3 nm, the temperature was taken equal to 293 K, and
tracks with a higher ion density as discussed in the present work.€ = 2 ('c = 28.5 nm).
However, the recombination kinetics is faster as the value of
D, increases.

The fact that the decay in the track is so well represented by
the Jaffe treatment, using the Deby&moluchowski rate
coefficient, derived for pairs of oppositely charged ions in dilute
solution is intriguing, since in the track each ion undergoes
strong Coulomb interactions v_vith_several _other i(_)ns. Appar- end a colomn of ions of one sign will arise, which will not
ently, on average the_recomblnatlon rate Is d_omlnat(_ad by t_he recombine anymore. In the overlapping part the treatment for
next-nelghbor interaction, and somehow the interactions with £ — 4 i5 <iill applicable. When the field is perpendicular to
the other ions are canceled out. the axis, the column of the positive ions moves with respect to

We have investigated this effect more extensively by con- that of the negative ions (with axes parallel). Using the
sidering the rate of reaction in homogeneous distributions of prescribed diffusion approximation, the solution of the problem
positive and negative ions (randomly distributed) as a function s again straightforward, and the fraction of ions escaping from
of the concentration of the ions. We shall show in a separate recombination in the track can be calculated.
paper that also for homogeneous distributions the validity of  |n Figure 2a we show the two contributions separately for
the Debye-Smoluchowski rate coefficient is not limited to  the case of 104 ion pairs initially distributed as in the Jaffe
single pair interactions and may be extended to very high treatment, withb = 6 nm and withR. = 0.859 nm. In the
concentrations. Jaffetreatment foil® = 0° the escape probability decreases with

The probability of escape from recombination in zero field increasingNo. The upper curve folVesdE) for ® = 0° will
cannot be obtained with Jafégtreatment as we have mentioned therefore be higher for small& and lower for largeNo. The
above, since the escape probability is always zero for the curve forWes{E) for ® = 90° is independent of the length of
cylindrical case. the track.

B. Escape in an External Field: Moderate Fields. In
Jaffés treatment the ions escaping recombination in the presence
of a field parallel @ = 0°) and perpendicular to the axi®(=
90°) are considered separately. In the first case the columns of
the positive and negative ions move in opposite directions along
the axis; if the initial column is not infinitely long, at either



8138 J. Phys. Chem. A, Vol. 101, No. 43, 1997 Bartczak et al.

The simulation results with the same initial conditions @&r C. Escape in Large External Fields. We now turn to the
= 0° and® = 90 are also given, and we see that there is no escape in the presence of large external fields. In Figure 2b
angular dependence at low fields, in contrast to” Jaffesult. we show the results for the same case as considered in Figure
This is not too surprising, considering that the ions experience 2a for moderate fields. We see that the Jaféatment results

very large mutual Coulomb fields. At 6 nm the Coulomb field
between two ions in a dielectric liquid is 19 10’ V/im. The
effect of the external field ofVescis mostly due to the effect

in a much larger escape for the field perpendicular than for the
field parallel at large fields.
The results on the escape for the simulations for the same

on the last few ion pairs of the group, after recombination of initial spatial distribution show a considerable difference
most of the others, and the last ion pairs will have a random between the field parallel and perpendicular, similar to the results
orientation with respect to the field. We see that at zero field of the Jaffetreatment. The absolute magnitudes of the escape
the escape y|e|d differs from zero, in contrast to Jaffesult. prObab”ltles are somewhat Iarger than those obtained with the
The ratio of the slope to intercept of the probability of escape Jaffetreatment; however, considering the simplicity of the Jaffe
against field is approximately 0.8 10-6 m/V for fields up to treatment the difference is remarkably small. In this case the
about 16 V/m. This does not differ much from the value diffusion is of little importance. The calculation of the
expected for single ion pairs, according to Onsager, which is "écombination in the Jaffareatment, using the Debye

given by €% (8mepeks?T?) = eryd(2ksT) = 0.6 x 107 m/V for
re =284 x 107®m andT= 300 K. This is in agreement with
the conclusion arrived at in earlier work from this laboratéry
as well as in the work of Pimbloff that, for groups of ion

pairs where the probability of escape is small, for small fields
the field effect is expected to be given by the Onsager

expression. It must be concluded that the Jaféatment for

moderate fields gives an escape probabilitythat is of the right
order of magnitude; however, the predicted angular dependenc

is incorrect.

The values for the limiting value of the ratio of slope to
intercept 1) at low fields, obtained from the calculations, may
be compared with the experimental value of &8.07¢ m/V
for protons inn-hexane with an average LET (linear energy
transfer) of 114+ 3 eV/nm22:30 The value ofgl found from
Figure 2a is 0.8<x 107 m/V as mentioned above, f®.+ =
0.86 nm. Using a value of 20 eV per ion pair formed initially,
the LET of 11 eV/nm corresponds B+ = 1.8 nm. Calcula-
tions have shown that the value & changes negligibly over
this range of values d®+. We see therefore that the calculated
value of S/l agrees well with the experimental result.

Smoluchowski rate coefficient, is essentially correct. The main
inaccuracies are caused by the treatment of the track ends.
According to the Jaffemodel, the ion escape probability
decreases with the length of the track for parallel fields, which
was also found to be the case for the simulations.

If the tracks have a random orientation with respect to the
direction of the external field, one has to average over all
orientations @) with weights given by the solid angle si@
dO®. The averaged ion escape probability will thus lie between

Ghat for the parrallel and the perpendicular field direction,

somewhat closer to that for the perpendicular field direction.
The case considered here is approximately representative for
the track of a proton of around 5 MeV in a hydrocarbon liquid
with a relatively small electron thermalization distance such as
in n-hexane. The ionizations are caused by the proton and by
the secondary (etc.) electrons. The vast majority of the
secondaries will have an energy below a few hundred electron-
volts, and therefore a large fraction of the secondary ionizations
will occur within a radius of around-510 nm around the proton
path. The proton path will be approximately straight, since large
directional changes do not occur. mhexane the electron
thermalization distance is about-8 nm. In addition to this

Other experimental results on the field dependence of the core of dense ionization, there will be occasional side tracks

ion escape yield have been presented for ca. 5 Merticles
in n-hexane?®30 tetramethylsilane (TMS)3! and a few other
saturated hydrocabon liquit®¥ and for protons in TMS! The

due to secondary electrons with large energiest &6 MeV
proton the maximum energy of the secondary electrons is 11
keV, with an extrapolated range on the order of 1000 nm and

excess electron mobility in TMS and most of the other saturated With an ionization density of the same order as that of the core
hydrocarbon liquids used is very laréfe As we have mentioned ~ Of the track. While the results of the Jatfeatment probably
above’ for ||qu|ds with very |arge electron mobilities the mean are of the rlght order of magnitude for such a traCk, for a detailed
tional method used in the present work cannot be applied any@nd simulation calculations are needed.

more (ballistic effects need to be included).

For n-hexane a value for the limiting rati®l of (2.1+ 0.4)
x 107® m/V for an average LET of 9% 20 eV/nm for 5.3
MeV a particles has been reportéd° From the results for
the field dependence of the ion escape vyield for 5.5 MeV
particles in 2,2,4-TMP, a lower limit for §1 of 1.8 x 1076

m/V is estimated. The value of the LET for these experiments

would correspond t®+ = 0.2 nm. Computer simulations of

the field dependence of the ion escape for tracks consisting of

215 and 430 ion pairs witR++ = 0.2 nm gave values & of
0.8 x 10®m/V for fields up to 10 kV/cm. The difference of

more than a factor of 2 with the experimental results obtained
for a particle tracks must be due to the rather simple initial
A more detailed 232

track structure used in the simlations.

consideration of the initial track structure is needed to describe
the ion escape from these tracks. In the case of 2,2,4-TMP the
secondary electron thermalization distance is about 15 nm, which

is significantly larger than im-hexane. We have not carried
out computer simulations for this case.
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