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An atom ionized in its inner electron subshell relaxes to final multiply charged ion states via the cascades of con-
secutive radiative and non-radiative transitions. Only a part of the energy acquired by the atom in the ionization act
rests with the atom, a large amount of this energy can be reemitted into the medium by the cascade electrons and
photons. The portions of energy (a) absorbed by the ionized atom itself, (b) reemitted with cascade electrons, and (c)
reemitted with cascade photons are calculated for the iron, silver and gold atoms singly ionized in their inner to sub-
valence electron shells. Cascade decay simulations are performed using the method of construction and analysis of
the cascade decay trees. The energy redistribution channel a is found to be significant only upon ionization of shal-
low electron subshells in the UV to soft X-ray ranges. The principal channel is b making up to 80% of the acquired
energy. In Ag and Au, channel ¢ is dominant upon K-ionization (76% and 89%, respectively). Due to small mean
inelastic free paths of the cascade-produced electrons in organism tissues, they play a dominant role in localized

energy transfer to the tumor cells when high-Z atoms are used as radiosensitizers in radiotherapy.
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Introduction

lonization of an inner electron shell of an
atom creates a high-energy ionic state
which is short-lived; it rapidly decays to
lower-in-energy ionic states. Normally,
such decays are the cascades of consecutive
radiative and non-radiative (Auger, Coster-
Kronig, super-Coster-Kronig) transitions
[1]. Each cascade transition leads to the
emission of either a photon or an electron
which carry away the energy acquired by
the atom in the ionization act. It is of inter-
est to lean in what proportions the acquired
energy is split between the ionized atom
itself (channel a), and the energies reemit-
ted with cascade electrons (channel b) and
photons (channel c). This information is
relevant, for example, in radiotherapy when
heavy atoms and nanoparticles made of
heavy atoms are used as radiosensitizers,
the agents increasing the energy absorption
from incident photon or particle beams [2].

In this work we calculate the spectra of
the cascade-produced electrons and photons
emitted upon the decay of single initial va-
cancies in the Fe, Ag, and Au atoms, and
the energies redistributed through channels
a, band c.

Method of calculation

To simulate a cascade decay of a vacan-
cy, a decay tree must be formed. In the de-
cay tee, the branching points are ionic con-
figurations: the initial-inner-shell-vacancy
one, and all the configurations appearing
after each consecutive cascade decay step.
In contrast to popular Monte-Carlo ap-
proach (see, e.g. [1]), we use the method of
construction and analysis of the whole de-
cay tree [3,4].

Let C© = nlj* be the initial ionic config-
uration with single inner-shell nlj vacancy.
It can decay into a number of the first-

decay step configurations {C"}. Now if
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some of these still have inner-shell vacan-
cies, they decay further forming the second-

decay-step set of configurations {C{*}, etc.

The decay stops when after some n decay
step all the ionic configurations have va-
cancies only in the uppermost electron
shells and thus can decay no further. Each
branching point in a decay tree is character-
ized by the branching ratios, i.e. relative
probabilities of all energetically allowed
electron transitions from that point to the
next-decay-step ones. When the whole de-
cay tree is formed, one can calculate all the
characteristics of the cascade decay, such as
the spectra of cascade electrons and pho-
tons, probabilities of the final ions for-
mation, reemitted energy, etc.

When building cascade decay trees, we
use the following approximations
— Mean total energies of the cascade ions
and partial transition widths are calculated
in the Pauli-Fock approximation [5];
— Dependence of branching ratios on ionic
configuration is accounted for by introduc-
ing partial radiation width per one initial
vacancy and one electron, and partial non-
radiative widths per one initial vacancy and
a pair of electrons [3, 4];
— Multiplet splitting of initial- and final-
state configurations of the cascade transi-
tions is included using global characteristics
of energy spectra [6].

Results and discussion

The spectra of electrons and photons
emitted during the cascade decay of inner-
shell vacancies have rather complex multi-
component structures since the electron
transitions take place in a multitude of dif-
ferent ionic configurations appearing during
the cascade development. As an example,
Fig. 1 shows the spectra of electrons and
photons emitted upon decay of the 1s-
vacancy in the gold atom.

The energy acquired by an atom upon
nlj-subshell ionization is equal to the nl;
subshell ionization threshold energy I(nl;).
Mean energies carried away by cascade

electrons E®

out

can be calculated using electron and photon
spectra of respective nlj-initial-vacancy cas-
cades:

(nl;) and photons EX™(nl;)

out

Eglljt (nlj) = Zi Ei Piel (nlj) (1)
Egtln(nlj) = Zi E; I::sphot(nlj) 2
Here P(nl;) and P™(nl;) are the

probabilities of non-radiative and radiative
transitions during the decay of an nlj vacan-
cy, Ei are respective electron or photon en-
ergies, and the summation is performed
over all possible cascade transitions.

The energy absorbed by an ionized atom
itself is then

Eas(Nl;) = I(nlj)—Ee' (nlj)—EphOt(an) (3)

out out
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Fig. 1. Spectra of the cascade electrons and photons
emitted during the cascade decay of the 1s-vacancy
in the gold atom [7]
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Fig. 2 shows the relative weights of the
energy redistribution channels a, b, and c,
ie.

Eabs(nlj)
1(nl;)

el
Xo () = Eu () 100%, (4)
I(nl;)
phot (E):tOt j)
Xout (nlj) I(nl])
upon the decay of single initial vacancies in
the electron subshells of Fe, Ag, and Au.

As can be seen from Fig. 2, the energy
absorbed by an ionized atom itself makes
significant part of the acquired energy only
upon ionization of M shell of Fe, N shell of

X (Nl,) = 100%,

100%,
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Ag, and O and N shells in Au. Energy car-
ried away by photons is dominant after K
ionization of Ag and Au, and noticeable
after K ionization of Fe and L ionization of
Au.
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Fig. 2. Relative weights of the acquired energy re-
distribution channels upon the cascade decay of sin-
gle vacancies in Au, Ag, and Fe atoms

The principal acquired energy redistribu-
tion channel is b, i.e. reemission of energy
by cascade electrons. The cascade electrons
are then principal transmitters of energy to
the tumor cells when heavy biologically
neutral atoms are used as radiosensitizers in
radiotherapy of malignant tumors.

Inelastic mean free paths (IMFP) of the
electrons produced by the cascade relaxa-
tion of vacancies in the gold atom were cal-
culated in [8] as function of incident photon
energies. In the incident photon energy
range of 0.1 to 1000 keV, IMFP turned out
to be 2-7 nm. This is much less than a typi-
cal organism cell size meaning that the en-
ergy will be transmitted with a high ab-
sorbed dose to a particular cell where radio-
sensitizing atom is placed.

As for the cascade photons, their free
paths in organic matter are much larger than

the cell size. They will transfer energy to
the medium in much larger volumes and
with much smaller absorbed dose.

Conclusion

The results of this study are relevant for
developing the strategies of radiotherapy
using Fe, Ag or Au atoms as radiosensitiz-
ing agents.
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