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Understanding the strong radiotoxicity of DNA-incorporated Auger electron-emitting nuclides requires a detailed knowledge of the
nuclide’s emission spectrum. A Monte Carlo computer code was previously developed to simulate Auger cascades and to provide electron
spectra of 125I. To utilize experimental data for a direct validation of these simulations, the code has been adapted for cascades in xenon,
which is adjacent to iodine in the table of elements. Only minor modi® cations of the code were necessary to obtain a very good agreement
with the experimental ® ndings. The role of shake-off electrons and the need for energy considerations during the cascades could be
demonstrated. A previously published electron spectrum of 125I was recalculated and detailed results are presented here. Furthermore, to
consider implications from a molecular binding of the Auger emitter, for the ® rst time semi-empirical quantum mechanical calculations
for an iodine-labelled thymine molecule were performed showing that even in the condensed phase a Coulomb explosion cannot be
excluded a priori.
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ORIGINAL ARTICLE

Since the ® rst experimental ® ndings of severe chromatin

damage by DNA-incorporated 125I (1, 2), different mecha-

nisms have been discussed to explain this so-called `Auger

effect’: the shower of low-energy Auger electrons released

during the decay of 125I, the transmutation of iodine to

tellurium and the chemical alterations involved, the recoil

of the decaying nucleus, and, last but not least, a `Cou-

lomb explosion’ according to fragment ion distributions

found after the decay of molecular-bound 125I in the

gaseous phase (3, 4). The recoil energy has been evaluated

as being too small for inducing an effect like the Auger

one. Also, the iodine and its chemistry can be excluded

because the strongly biologically damaging ef® ciency of
125I has been determined (1) in contrast to another iodine

isotope, 131I, which undergoes b¼ decay. Whereas 125I

decays to tellurium, 131I goes to xenon, so theoretically the

transmutation to tellurium could be the responsible rea-

son; however, a signi® cant difference in the biological

effectiveness was also demonstrated between the two

iodine isotopes 125I and 123I (5), both decaying to

tellurium.

Therefore, to understand the strong radiotoxicity of

DNA-bound Auger emitters the physical processes in-

volved in the reorganization of the electron cloud after

inducing an inner shell vacancy have to be considered.

These processes determine the emission of Auger electrons

and the build-up of charges. The inner shell vacancy is

created by the initial decay event, i.e. by electron capture

or internal conversion. The excess energy is released by a

series of subsequent transitions that can be assumed to

proceed like a cascade (6) in about 10¼16 ± 10¼14 s. The

most important transitions are the Auger and Coster ±

Kronig transitions, which emit an electron and thereby

increase the charge on the atom, and also radiative transi-

tions, which emit an x-ray. Moreover, a number of further

mechanisms have been observed, for example shake-off,

shake-up, double Auger emission, etc. (7, 8). According to

the stochastic character of all of these transitions, a huge

number of pathways exist by means of which the excited

atom can de-excite, i.e. each initial inner shell hole may

cause a different number of Auger electrons to be emitted

resulting in a more or less broad distribution of differently

charged ions.

Because these electron transitions are random processes,

the Monte Carlo (MC) technique is an appropriate tool

for the simulation of Auger cascades and electron spectra.

Up to now, several authors have developed MC-based

computer codes either to simulate photon-induced cas-

cades in noble gases (6, 9 ± 11) for the interpretation of

experimentally found charge distributions, or to investigate

cascades in nuclides like 125I, which are of special interest

in radiobiology or nuclear medicine (e.g. (12 ± 18)). Al-
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though nearly all of these codes refer to the same data-

bases for cross-sections, transition probabilities, etc. (see

`Methods’), there are a number of signi® cant differences.

Some investigators of the radiobiological relevant nuclides

have assumed an extremely fast charge transfer by elec-

trons from the molecular environment (`condensed phase’),

enabling an immediate neutralization of vacancies in the

valence shells and thereby prohibiting charge accumulation

and subsequent Coulomb explosion. Since a charge trans-

fer in less than 10¼14 s is dif® cult to understand physically

(13), other authors (12, 17) have not allowed neutralization

during the cascades (`isolated atom’). Owing to this open

question, also for the condensed phase, an accumulation of

charges in the valence shells is still under debate.

Another difference is due to the methods used to deter-

mine the kinetic electron energies. For the noble gas

investigations (6, 9 ± 11) the differences among the binding

energies of neutral atoms have been used. A more accurate

method, the modi® ed (Z»1) approximation, has been

introduced for the ® rst simulation of 125I cascades (13) and

applied for several other nuclides (14 ± 16, 18). However,

neither method can fully take into account the shift of

electron energy levels owing to the multiple ionizations

during the cascade. Therefore, a different method has been

developed that is based on the total energy of the individ-
Fig. 2. Charge distribution after de-excitation of 131mXe. (a) Com-

parison with experiment [Ple57 (21)] and MC simulations [Muk86

(10)]; (b) comparison between experiment [Ple57 (21)] and

modi® ed MC simulations neglecting shake-off and energy restric-

tions (this work).

Fig. 1. Charge distribution after photoionization in xenon: com-

parison with experimental results from synchrotron [Muk87 (11),

Taw92 (20)] and x-ray [Car66 (19)] irradiation of 5 and 8 keV.

Table 1

Mean number of charges after decay of 131mXe

References Incl. Neutrals Excl. neutrals

7.9190.05Experiment (21) 7.7390.05

MC (this work) 7.81 7.96

8.37MC (10) ±

ual atomic states before and after a transition (see `Meth-

ods’ and (12)). Furthermore, shake-off electrons seem to

be of minor in¯ uence for cascades owing to their relatively

low probabilities (7) so that they are not considered by all

codes.

A major disadvantage connected with the MC results

for the radioisotopes is the lack of experimental data, so a

direct comparison has not been possible until now. There-

fore, and owing to the problems discussed above, the

intentions of this paper are as follows: (a) to validate the

methods and assumptions of the MC code used in (12) by

adapting it for the simulation of photoionization experi-

ments with xenon (11, 19, 20), adjacent to iodine in the

table of elements, and of 131mXe de-excitation measure-

ments (21). In particular, the signi® cance of energy deter-

mination during the cascades and of the inclusion of
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shake-off electrons will be investigated. (b) To provide an

improved and more detailed spectrum of 125I for both the

`isolated atom’ and the `condensed phase’ case on the basis

of the validated MC code. (c) To elucidate the possibility

of `Coulomb explosion’ in the condensed phase by per-

forming semi-empirical quantum mechanics calculations

Fig. 5. Electron spectrum in the range between 2.0 and 4.0 keV

after decay of 125I for ìsolated atom’ and `condensed phase’.

Fig. 3. Frequency distribution of the number of emitted electrons

for ìsolated atom’ and `condensed phase’.

Fig. 4. Electron spectrum up to 0.5 keV after decay of 125I for

ìsolated atom’ and `condensed phase’.

on the stability of an iodine-labelled thymine molecule as a

function of increasing charge.

METHODS

A detailed description of the simulation code used here has

been given elsewhere (12); in the following, only the main

aspects will be brie¯ y summarized. In the ® rst step, the

MC program selects the sub-shell, which will be ionized

according to photoionization cross-sections (22, 23) or to

capture and internal conversion probabilities (for refer-

ences see (13)). Next, the transition to the initial hole is

picked out randomly from a list of possible radiative

(photon) and non-radiative (Auger and Coster ± Kronig)

processes. For the photon transitions, relative intensities to

K- and L-shells (24) have been normalized to ¯ uorescence

yields (25); probabilities of Auger and Coster ± Kronig

transitions to K- and L-shells were taken from (26), to

higher shells from (27, 28) and of shake-off processes from

(7). All these transition probabilities are for singly ionized

atoms, although they were modi® ed according to the ac-

tual number of electrons available in the shells involved in

the selected transition. After recording the new electron

con® guration, the total energy of this individual atomic

state is calculated by a code based on the relativistic

Dirac ± Fock method (29). The difference of the energy
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Fig. 6. Electron spectrum in the range between 20 and 36 keV

after decay of 125I for ìsolated atom’ and `condensed phase’.

Table 3

Bond length between the decaying iodine and the C5 atom of the

thymine molecule as a function of charge

Bond Bond length [AÍ ]Total charge

CH3 C5 1.500

1.960I C5

0Te C5 2.07

Te C5 »1 1.98

Te C5 »2 1.90

»3 2.11Te C5

Te C5 »4 2.23

2.67Te C5 »5

»6 (4.68)Te C5

thermore, this procedure allows transitions that are not

energetically possible to be rejected. Finally, it is chosen

to ® ll the hole situated at the lowest level in the next

transition. Other transition sequences have also been tried,

for example ® lling the highest vacancy ® rst, or ® lling holes

according to the width of the states. However, these mod-

i® cations yielded poor charge distributions compared with

experimental results (data not shown here). For each sim-

ulated experiment 100000 MC runs, i.e. either photo-ef-

fects or decays, were performed.

The semi-empirical quantum mechanics calculations

were performed by applying the PM3 method (30,

31) within the HyperChem program system (32). In

this calculation model, the methyl group of thymine was

replaced by iodine and then by tellurium. Subsequently,

the charge on the molecule was increased in steps of one

unit.

values between the initial (before the transition) and the

® nal electron con® guration (after the transition) is equal

to the kinetic energy of the emitted electron or x-ray. Fur-

Table 2

Transition yields and mean Auger (AUG), Coster± Kronig (CK) and con×ersion (CE) electron energies for 125I

Transition Mean energy [keV]Mean energy [keV]Yield:decayYield:decay

(isolated atom) (cond.phase)(cond. phase)(isolated atom)

8.03E¼01CE± K 8.03E¼01 3.64E»00 3.64E»00

CE± L1 3.05E»013.05E»019.69E¼029.47E¼02

CE± L2 7.22E¼03 7.61E¼03 3.09E»01 3.09E»01

CE± L3 2.02E¼03 1.93E¼03 3.11E»01 3.11E»01

3.45E»013.45E»011.65E¼021.71E¼02CE± M1

CE± M2 3.34E¼03 3.21E¼03 3.46E»01 3.46E»01

CE± M3 8.80E¼04 8.80E¼04 3.47E»01 3.47E»01

3.53E»01 3.53E»01CE± N1 3.91E¼03 3.90E¼03

3.53E»01 3.53E»01CE± N2 1.13E¼03 8.10E¼04

2.25E»012.25E»011.33E¼011.32E¼01AUG± KLL

2.64E»01 2.64E»01AUG± KLX 5.78E¼02 5.80E¼02

AUG± KXY 5.15E¼03 5.48E¼03 3.02E»01 3.02E»01

2.85E¼012.81E¼012.67E¼012.64E¼01CK± LLX

AUG± LMM 1.24E»00 1.25E»00 3.03E»00 3.04E»00

3.46E¼01 3.44E¼01 3.66E»00 3.67E»00AUG± LMX

AUG± LXY 2.24E¼02 2.21E¼02 4.30E»00 4.29E»00

CK± MMX 1.48E»00 1.49E»00 9.14E¼02 9.42E¼02

4.05E¼014.00E¼013.31E»003.30E»00AUG± MXY

CK± NNX 3.21E»00 3.33E»00 2.93E¼02 3.16E¼02

AUG± NXY 2.15E»00 8.12E»00 2.07E¼02 1.61E¼02
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RESULTS AND DISCUSSION

Xenon

MC calculations were performed to simulate three differ-

ent experiments: photoionization by synchrotron radiation

(11, 20) and x-rays (19) with energies of 5.0 and 8.0 keV,

which are above the L3- and the L1-shell, respectively, and

the isomeric transition of 131mXe (21), which leads predom-

inantly to K-shell ionization (61%) owing to internal con-

version. Whereas the synchrotron radiation results (11, 20)

are nearly identical for both energies, the x-ray data (19)

deviate slightly towards smaller charges because of their

non-monochromatic photons. This shift is expressed in the

mean charge values of 7.3 (11) versus 6.95 (19) for the 5.0

keV photons and 7.97 (11) versus 7.59 (19) for 8.0 keV.

The MC ion distributions found in this work (Fig. 1) agree

very well with the experimental results. The breadth and

the positions of the maximum (Xe8») are the same for

both photon energies. Compared with (11) and (20), the

poorest agreement is for Xe6» (2.0% and 3.3% differences

for 5.0 keV and 8.0 keV, respectively) and for Xe9» (4.0%

and 4.3%). Although the MC results are obtained by also

assuming monochromatic incident photons, the agreement

with the x-ray data (19) is even better than with the

synchrotron data (11, 20). The greatest differences from

(19) are at Xe6» (2.5% in the 5.0 keV and 2.1% in the 8.0

keV experiment) and at Xe9» (2.0% for both energies). A

slight overestimation of all those charge values smaller

than the maximum (8» ) corresponds to an underestima-

tion of higher charges.

The charge distribution found for the isomeric transition

of 131mXe follows the experimental data (21) very smoothly

with only small deviations (see Fig. 2a), the greatest of

which is 1.5% at Xe12». For a comparison with another

MC simulation (10) see Fig. 2a, and for mean charge

values see Table 1. The differences in the two theoretical

distributions (10, this work) can be partially attributed to

the different initial vacancy distributions applied. A frac-

tion of 2.2% (21) and 1.9% (33) is reported for g-emission

(instead of inner shell hole induction), which does not

produce any charge; these values have also been used in

this work whereas in (10) g-emission is completely ne-

glected (34). The mean charge values in column 3 of Table

1 have been corrected for these neutrals. The remaining

differences between this work and (10) are assumed to be

due to different energy calculation approaches. However,

this point must remain uncertain because no details are

given in (10).

It should be noted that the charge distribution after
131mXe de-excitation is similar to that following photoion-

ization of the L-shell, in particular in the region around

the maximum value (Xe8»). The reason is to be found in

the high relative probability for radiative transition to the

K-shell (0.893 (26)), transferring initial K-holes to L- or

higher shells without increasing the charge. The better

agreement with the 131mXe experiments than with the

photoionization of L-shells seems to indicate that the

differences in Fig. 1 are not because of the cascades but

because of inaccurate initial vacancy distributions.

The need for a strict energy consideration as well as the

in¯ uence of shake-off electrons for the cascades is demon-

strated in Fig. 2b. Here, the experimental results are

compared with two modi® ed MC simulation modes. In the

® rst one, no energies were calculated so that any transition

from the given list was allowed as long as the levels

involved were not fully depleted. The second one did not

consider shake-off processes. It can be seen that testing the

energetic conditions for the individual transition is essen-

tial, otherwise quite a different charge distribution is ob-

tained with a mean value of »9.4 (values determined

experimentally are between »7.7 and »7.9; see Table 1),

and there are consequently signi® cant differences in the

number of emitted electrons. The in¯ uence of the shake-off

electrons on the shape of the charge distribution is evident

from a comparison of Fig. 2a and 2b. The agreement with

the experiments (Fig. 2a) becomes poorer with differences

of 4.5% (»6), 3.0% (»7), 3.4 (»9), and 3.0% (»10).

Although these electrons amount to less than 10% of all

electrons released during 131mXe isomeric transition (0.67

shake-off electrons per de-excitation), they obviously play

Fig. 7. Stick model of the DNA base thymine (top row, left) after

geometry optimization, with iodine replacing the methyl group

(top, centre) and tellurium replacing the iodine (top, right); the

next six graphs give the results after increasing the charge on the

model from »1 (centre row, left) up to »6 (bottom row, right).
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a very sensitive role with regard to the stochastic pathway

the de-excitation process takes from the inner shell va-

cancy until all charges have been shifted to the valence

shells.

Iodine-125

The good agreement of the xenon data reported here with

the experimental distribution seems to indicate that the

cascade itself, i.e. the transitions, their energies and their

probabilities, is reasonable and, moreover, that all signi® -

cant processes have been considered. However, for a

molecular bound isotope such as 125I in the form of
125I-IUdR, the situation is much more complex than for a

noble gas. As has been discussed in the introduction, the

question of possible charge transfer to neutralize vacancies

very strongly in¯ uences the number of emitted electrons

(12, 13). In the simulation, all vacancies will be neutralized

during the metastable 125Te state (1.6× 10¼9 s) to which
125I decays by electron capture before going to the 125Te

ground state via internal conversion. Moreover, the con-

densed phase condition in Figs. 3 ± 6 means an immediate

neutralization of valence shell vacancies also during the

cascades, whereas in the isolated atom case these fast

charge transfers are not allowed.

To illustrate the in¯ uence of a fast neutralization on the

number of emitted electrons, both approaches have been

considered here resulting in a difference of six electrons

emitted per decay (15 and 21 in cases of isolated atom and

condensed phase, respectively; see Fig. 3). Table 2 gives the

probabilities and mean energies for individual transitions

and conversion electrons.

Based on the assumptions and the same data sources

applied for the xenon cascades, the electron spectrum for
125I was also simulated here and the results are displayed

for three different energy ranges in Fig. 4, Fig. 5 and Fig.

6, with a bin width of 1 eV. Whereas for the kinetic

energies above 2 keV only minor differences can be seen

between isolated atom and condensed phase conditions,

there are large discrepancies at energies below 50 eV (see

Fig. 4; note the different scaling of the ordinates). This is

the region of Coster ± Kronig ± NNX and Auger ± NXY

transitions (see Table 2), which are strongly dependent on

the electron population of the valence shells, which, vice

versa, depends on the possibility of re-® lling depleted shells

immediately by a very fast charge transfer.

Iodine-labelled thymine

The results of the semi-empirical quantum mechanical

calculations for the 125I-IUdR molecule are characterized

here by the bond lengths between the iodine:tellurium

atom and the C5 atom (Table 3) and by the structure of

the stick models after geometry optimization and single-

point energy calculation (Fig. 7). The consequences of an

increasing charge in the valence shells can be seen very

clearly. As long as the charge is below »5 there are only

small alterations. At »5, the bond length increases by

more than 20% compared with the »4 state. At »6 the

calculations no longer converge and a stable structure does

not seem to be possible. This could also mean that in case

the of 125I, the second cascade induced by the internal

conversion after the decay of the metastable state would

take place when the atom is perhaps no longer part of the

molecule and may have been moved away from the origi-

nal position. It is obvious that these data need further

con® rmation, for example by `ab initio’ calculations; how-

ever, they demonstrate that a Coulomb explosion or at

least a severe structural deformation of the molecule can-

not be excluded a priori. If these mechanisms contribute to

the biological effect, the classical relative biological effec-

tiveness concept would not be appropriate for molecular-

bound Auger electron emitters.
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