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GUEST EDITORIAL

Auger electron dosimetry: Report of AAPM Nuclear M edicine Committee

Task Group No. 6°

James G. Kereiakes
University of Cincinnati, Cincinnati, Ohio 45267

Dandamudi V. Rao

University of Medicine and Dentistry of New Jersey, New Jersey Medical School, Newark,

New Jersey 07103

(Received 16 March 1992; accepted for publication 7 May 1992)

Several radionuclides used in nuclear medicine decay by
electron capture and/or internal conversion (*'TI, **I,

"In, “Ga, *"Tc, etc.). As a consequence of the inner
atomic shell vacancy created by these decay modes, several

Auger electrons are emitted per decay. Most of these elec-
trons have very low energies (~20-500 eV) with ranges of
the order of subcellular dimensionsin tissue. Accordingly,

highly localized energy deposition occurs around the decay
sites. Many experiments in vitro and in vivo have clearly
demonstrated that the biological effects of such electrons
can be significantly higher than expectations based on the
average absorbed dose (MIRD method) to the organ.

Consequently, the dosimetry of incorporated radionuclides
that emit Auger electrons has drawn considerable attention
from the medical community. The conventional proce-

dures of calculating the average absorbed dose to the organ
may not be adequate to assess the risk associated with
procedures involving incorporated radionuclides which are
Auger emitters. Theincreasing use of such radionuclidesas
diagnostic agents, in conjunction with their use in the
treatment of cancer (e.g., radiolabeled monoclonal anti-

bodies), emphasizes the need for dosimetry techniques that
may predict the biological response morereaistically. Rec-
ognizing this need, the American Association of Physicists
in Medicine (AAPM), established in 1989 the Auger Elec-
tron Dosimetry Task Group No. 6 under the auspices of
the Nuclear Medicine Committee, Science Council, to in-
formally discuss methods to calculate the “relevant” ab-
sorbed dose from incorporated Auger-electron emitting ra-
dionuclides. The responsihilities of the task group were:

(1) review the current status of research in thisfield, (2)

discuss whether the dose to cell populations within the
organ is more relevant than the average organ dose, (3)

suggest additional biological data that may be necessary for
Auger electron dosimetry, (4) compile and publish com-
plete Auger electron spectrafor radionuclides used in med-
icine, and if necessary calculate spectra for radionuclides
for which there are no published data, (5) recommend
procedures to calculate the relevant dose from diagnostic
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and therapeutic administration of Auger emitters, and (6)
disseminate the Committee findings to the scientific com-
munity through Committee reports and publications.

The most extensively investigated radionuclide to study
Auger-electron effects has been I, which emits numerous
low-energy electrons. The committee felt that areview of
the extensive literature available on the biological effects of
1 in vitro and in vivo would introduce the problem of

Auger-electron dosimetry to the reader and underscore the
need for methods to properly predict the biologica effect.
Accordingly, the first of the two reports presented in this
issue of Medical Physics, primarily prepared by Kandula S.
R. Sastry and reviewed and revised by the committeg, is
entitled “Biological effects of the Auger emitter ***I-A
review.” This review is not intended to be exhaustive, but
rather provide an overview of the research in this field.

The second report, primarily prepared by Roger W.
Howell and reviewed by the committee, is entitled “Radi-
ation spectra for Auger-electron emitting radionuclides.”
The data contained therein are valuable for medical phys-
icists who are interested in the microdosimetry of Auger-
electron emitters. Although spectra for some of these ra-
dionuclides may already be availablein the literature, the
data presented in this report provide a set of spectra cal-
culated in a self-consistent manner. These spectra give the
necessary information for medical physicists to caculate
the absorbed dose at the subcellular level for these radio-
nuclides.

The task group is presently preparing a third report
which reviews the different approaches to Auger-electron
dosimetry and makes recommendations regarding practi-
ca methods to predict the biological response that may be
useful in clinical settings. This report will appear in alater
issue of Medical Physics.

*James G. K ereiakes, Co-Chairman, Dandamudi V. Rao, Co-Chairman,
Roger W. Howell, John L. Humm, Ravinder Nath, Kandula S. R.
Sastry, Sven-Erik Strand, and Stephen R. Thomas
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Biological effects of the Auger emitter iodine-125 A review. Report No. 1

of AAPM Nuclear Medicine Task Group No. 6”

Kandula S. R. Sastry
Department of Physics and Astronomy, University of Massachusetts, Amherst, Massachusetts 01003

(Received 16 March 1992; accepted for publication 23 July 1992)

The biological implications of Auger electron cascades following inner shell ionization of atoms
have been of interest for over 25 years. By virtue of their decay via orbital electron capture
and/or internal conversion, several biomedical radionuclides emit numerous low-energy elec-
trons spontaneously. The biological effects of such radionuclides incorporated into tissues can-
not be predicted a priori because of the highly localized patterns of energy deposition by the
electrons. Results of extensive research using lodine-125 as a model Auger electron emitter are
now available. Thisarticle presents an up-to-date review of the physical and radiobiological data
on this Auger emitter. Valuable concepts concerning the action of internal Auger emitters are
identified phenomenologically, and questions that need to be answered are indicated. The
present understanding provides a scientific basis toward estimation of risk associated with Auger

emitters used in diagnosis, and suggests potentia applications to therapy.

I. INTRODUCTION

A. Auger processes

When an atom is ionized in its inner atomic shell, the
excited residual atom quickly returns to a stable configu-
ration via radiative (R) and nonradiative (NR) processes.
The former involves emission of characteristic atomic x-
ray photons, while the NR cascade transitions result in the
gection of atomic electrons via Auger, Coster-Kronig
(CK) and super CK processes, in general.”These NR
processes are illustrated in Fig. 1, and we denote the
gected electrons as Auger eectrons, first observed by Pi-
erre Auger’ in cloud chamber experiments when rare gases
were exposed to x-rays. In addition to the external photo-
electric effect, physical decay of radionuclides by orbital
electron capture (EC) and by internal conversion (1C)
also entail inner atomic shell ionization. Such radionu-
clides are often called Auger emitters; and 1-125, which
decays by EC followed quickly by 1C, has been a popular
example.

B. Biophysical implications of Auger electrons

Auger cascade electrons display a very complex en-
ergy spectrum, dominated by a large number of very low-
energy electrons (~20-500 eV) with ranges (~1-10 nm)
of macromolecular dimensionsin biological matter.”*Al-
though the linear energy transfer (LET) of these electrons
is about 10-25 keV/um, their simultaneous action may
simulate high-LET-type biological damage, comparable
with the effects of densely ionizing aparticles of high LET.
Thelocalized effects of Auger cascades cannot be predicted
apriori. Nevertheless, thereisnow overwhelming evidence
that Auger cascades can cause severe biological damage
both in vitro and in vivo, even though the low-energy elec-
trons carry only a small fraction of the total amount of
energy associated with the primary physical process.”In
view of the widespread use of Auger emittersin diagnostic
nuclear medicine, and the fact that conventional dosimetry
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of incorporated radionuclides®" ignores the potential im-
portance of low-energy electrons, it is imperative that we
understand the effects of internal Auger emitters at the
basic level. The insights thus obtained should be of much
value to radiation risk assessment, development of radio-
pharmaceuticals suitable for diagnosis and therapy, and to
an advancement of photon activation therapy (PAT) by
utilizing external photoelectric effect to induce Auger cas-
cades in selectively targeted atoms (e.g., iodine) in the
DNA of célls.

Il. IODINE-125: A PRIME EXAMPLE

Each Auger emitter is unique by virtue of its nuclear
decay scheme. Since |-125 has been very extensively inves-
tigated from anumber of interdisciplinary perspectives, we
will use this radionuclide as our model. Rather than being
compendious, we will identify the various aspects of par-
ticular interest, the understanding gained so far, and ques-
tions that need to be clarified.

A. Decay of [-125

The two-step nuclear decay, 1-125 (EC) ® Te-125m
(IT) ® Te-125, is well investigated.” The first step involves
emission of K x-rays and Auger electrons. The isomeric
state has a half-life of about 1.5 ns, and the isomeric tran-
sition (IT) is dominated by IC (93%). The EC and IC
decay probabilities involving the various atomic subshells
are quite well known. The “size of the Auger effect” asso-
ciated with EC, and with IC is nearly the same. Thusthe
two-step 1-125 decay may be viewed as two approximately
equivalent Auger decays that are inseparable. The only
difference is that interna conversion electrons and 35.5-
keV photons are also emitted in the second step, the re-
spective probabilities being 93% and 7%. The energies and
yields of theseradiations are well established (see Tablel),
and disagreements, if any, are of aminor nature. Thisis
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F. 1. Types of nonradiative transitions. In R transitions, a photon is
emitted and the vacancy moves to a higher shell (not shown). For Te
(Z = 52), this mechanism is dominant only for aninitial K hole. NR
transitions (A, CK and super CK) govern the relaxation of vacanciesin
the L shell and above. For each vacancy filled by these processes, two
vacancies are created. In an A transition, an electron is gjected from a
higher major shell. InaCK transition, avacancy in asubshell isfilled by
au electron in ahigher subshell in thesame major shell, withtheegjection
of an electron from ahigher major shell. A super CK transition differsin
that the gjected electron isfrom the same major shell. When energetically
possible, CK and super CK transitions dominate over the A type, and
further amplify the vacancy multiplication. There are no CK transitions
associated with K-shell vacancies. The NR transitions are denoted by a
three-letter code representing the vacancy state, state of theelectronfill-
ing the vacancy followed by the state from which an electron is gjected.
The Auger transition shown in the figure is of the KL,L,type, and KLL
stands for all possible transitions involving a K-hole and L-shell electrons.
The CK transitionisof typeL,L,M, an electron being ejected from one of
the five M subshells. The super CK transition shown is denoted by
M,M,M,in this notation."**

also true regarding the K x-ray emissions. L x-ray emis-
sions are small; M x-ray yields are smaller even for heavy
elements.

B. Auger electron spectrum

The complete Auger and CK electron spectrum has
not been measured for 1-125, or for any other Auger emit-
ter. Reliable experimental data are available for 1-125 for
the K and L Auger spectra. The rest of the spectrum hasto
be caculated using theoretical transition rates and
energies,”* approximations and assumptions”and phe-
nomenology revealed by experimental and theoretical
atomic research in this region of the periodic table. These
aspects have been thoroughly discussed in the review arti-
cle by Sastry and Rao.’

Except for low Z elements, the NR processes are ex-
tremely complex as indicated in the legend to Fig. 1. The
progression of the Auger cascade to near valence shells
results in the emission of a large number of low-energy
el ectrons because of vacancy multiplication and decreasing
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TaBLE |. Average photon and IC electron spectrum in |-125 Decay. ™
The photon mean free paths for energy absorption in soft tissue range
approximately between 5 to 10 cm: See Ref. 22. Electron ranges are based
on Cole swork: See Refs. 3and 23.

Radiation Yield/decay Energy (keV) Range (um)
Gamma 0.065 355

IC-K 0.80 365 050
IC-L 0.11 30.6 186
IC-MN 0.028 347 21
K. 0.751 215

K. 0.3%4 272

K. 0.138 310

K., 0.028 317

K 0.069 309

K. 0.012 317

K 0.005 312

TaBLE Il. Auger (A) and CK spectrum: Near valence shell transitions.”

Without O-shell feeding With O-shell feeding
Trangition energy in keV (yield/decay) energy in keV (yield/decay)

CK LLX 0.218 (0.268) 0219 (0.264)
CK MMX 0127 (1.41) 0.127 (1.44)
A MXY 0.461 (3.27) 0.461 (3.28)
CK NNX 0.029 (3.51) 0030 (351)
A NXY 0.029 (4.66) 0.032 (109)

TasLE 1. Phenomenological Auger and CK electron spectrum.”’

Origin of Yield Average energy Range (um) in tissue
electron group per decay (keV) Refs. 3,23
Ka 0.20 24.3 14.0

L, 1.58 3.27 0.42
M 234 0.24 0.670 0.037
M54 Ly Micx 3.17 0.475 0.023
Ly, My cx 0.13 0.258 0.012
Ly2 Miex 0.29 0.210 0.010
Ly Myacx; Nia 0.35 0.154 0.0075
L, My3 Nicx 0.82 0.110 0.0055
M 3cxs Nysa 4.66 0.065 0.004
Nick 0.31 0.048 0.003
N%SA; NZCK 6.14 0.027 0.0015
Niex 136 0.016 <0.001
TABLE IV. Pomplun’s spectrum.”

Transition Yield/Decay Ave. energy (keV)
A-KLL 0131 22.47
A-KLX 0.058 26.42
A-KXY 0.0056 30.20
CK-LLX 0.265 0.280
A-LLM 124 3.006
A-LMX 0.348 3.655
A-LXY 0.022 4.289
CK-MMX 1.43 0.090
A-MXY 3.30 0.375
A-NXY 345 0.032
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transition energies. Data in Tables I1-1V represent the av-
erage electron spectra obtained through different ap-
proaches. The complex spectra are summarized by group-
ing the electrons by the vacancy state initiating the
transition and by energy. The differences between the spec-
tra stem from the simplifying assumptions made in order
to render the complex problem reasonably tractable.

(@) All the investigators assumed that, in the condensed
phase, the excited Te-125m atom after the EC decay is
fully recovered well within the nanosecond time scale of its
life-time, and that the Auger cascades follow the IC decay
in the same manner as after the first step. The electron
spectra for the total decay are treated as additive. This
assumption may have some effect on the details of the early
chemica events involving interactions of the highly reac-
tive free radicals with biomolecules. Our understanding of
such events is too rudimentary to warrant further concern
at thistime.

(b) Theoretical atomic transition rates are cal-
culated™in the independent particle model with estab-
lished neutral atom electron binding energies,** athough
the need to consider multiple vacancy configurations is
well recognized. As noted in Ref. 3, McGuire's calcula
tions in the independent particle model constitute the es-
sential first step toward an advancement of our under-
standing.

(c) Concomitant with the gjection of several electrons,
the residual atom is highly positively charged, and a sig-
nificant amount of potential energy is associated with the
ion. Very little is known about the pathways of subsequent
relaxation. A truly isolated ion may not even recover the
normal electronic configuration. In reality, the Auger emit-
ter is often attached to a molecular carrier. Neighboring
electrons partly neutralize the ionic charge. Proximity of a
number of positive charges may then result in a Coulombic
fragmentation of the molecule. Such effects, originally ob-
served by Carlson and White* with small inorganic mol-
ecules ( CH,”!, CH, ™) in the rarefied phase, fascinated
many to suggest “Coulombic explosion” as a mechanism
for biological damage by DNA-incorporated 1-125. Studies
by Stocklin and co-workers”*have shown that this de-
structive mechanism does occur even in the condensed
phase relevant to biology but limited to the small molecule
to which 1-125 is directly attached (e.g., “lodouracil).
However, their work suggests that the high-LET-type cy-
tocidal effects of DNA-incorporated 1-125 may be prima
rily due to the simultaneous localized action of the numer-
ous low-energy electrons. Considering that the DNA is
highly hydrated, interaction of the T€"ion with H,O
molecules in its immediate environment should provide a
major pathway for charge neutralization. Intermolecular
Auger processes are expected to de-excite the ion with the
emission of low-energy eectrons, and the production of
free radicals as the excited water molecule dissociates:
(H,0) ® H x+ OH x(Refs. 3 and 24). There is independent
evidence for electron and photon stimulated desorption in
small molecules via intermolecular Auger processes.”

The above remarks convey the essentia background
concerning the intriguing aspects of the action of 1-125,
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FiG. 2. Electron spectrum in the decay of 1-125 calculated by Charlton
and Booz.*

and point to the importance of the dosimetry of low-energy
electrons at the nanometric level. It isin this context that
distinctions between the spectra in Tables I1-1V may be
relevant.

(i) Charlton and Booz,” and Howell“used Monte
Carlo methods™ * and the theoretical transition rates and
available binding energiesto calculate the Auger and CK
spectra. The'Z/ ( Z + 1) rule™is used to obtain the tran-
sition energies (see Ref. 3 for more details). It is assumed
that O-shell vacancies are sufficiently neutralized by the
environment. **** Their results are in agreement, with
about 21 electrons being gjected, on the average (see Fig.
2). Howell's results®in Table Il show that the energy
spectrum is the same whether the 0 shell isfed or not fed
with electrons except that the yield of NXY Auger elec-
trons is 4.7/decay without O-shell feeding and 10.5/decay
with the feeding.

(ii) The approach of Pomplun et al.* uses Dirac-Fock
codes of Desclaux™and takes account of multivacancy
configurations. They treat the 1-125 decay inisolation. The
electron spectrum is calculated for the first step using the
transition rates in the independent particle model, and the
average charge state and the potential energy of the ion are
estimated. The second step is treated similarly. The total
ionic potential energy is added to the energy deposited by
the electrons. While their approach gives energy baance,
there are some aspects of concern. The method is ex-
tremely CPU intensive, and its vaidity for the condensed
phase is not quite evident. Considering that CK transition
rates are highly sensitive to the transition energies, use of
the single particle transition rates in conjunction with mul-
tivacancy configurations does not seem to be appropriate.
The question of the pathways of partitioning the ionic po-
tential energy remains unanswered. Their assumption that
this energy is “locally absorbed” does not facilitate nano-
metric dosimetry. Because of these considerations, the low-
energy electron spectrum of Pomplun et al.” (Table IV) is
substantially different from the spectrain Tables |l and I11.
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Fic. 3. Survival of Chinese hamster ovary cells: Positiond effects of
1-125. Note the very disparate efficacies of cell membrane bound I1-125
vis-avisl-125inthecell nucleuscovalently incorporatedintothe DNA.”

(iii) The phenomenological spectrum (Table I11) is de-
rived by Sastry and Rao.’The approach is essentially the
same as that of Howell”and Charlton and Booz.” Rather
than rely totally on the theoretical rates and available tab-
ulations of the binding energies, the experimental and the-
oretical results for elements in the region of Z » 45 to 55
are carefully evaluated. The caculated K and L Auger
spectraare essentially the same as the experimental results
reported by Casey and Albridge.” Experimentally deter-
mined M-shell transition rates show that McGuire's theo-
retical level widths” are overestimated. Accordingly, the
latter are renormalized to the experimental values.” Per-
haps the most important aspect is the failure of the inde-
pendent particle model in the N shell with the onset of
super CK transitions. This breakdown has been explained
by Wendin and Ohno,* and Ohno®as being due to
“strong dynamical effects’ of collective interactions of
many electrons. These effects as well as de-excitation of
double-hole states are taken into account in obtaining the
phenomenological spectrum®in Table I11. The major dif-
ference between this spectrum and the others is a delinea-
tion of the low energy spectrum, mostly from the N-shell
transitions and entirely consistent with basic atomic phys-
ics.

I11. RADIOBIOLOGICAL STUDIES
A. Experiments with cultured mammalian cells

The literature on this subject is too extensive to be
included in this review. We will be concerned with studies
that illustrate some aspects of interest.

1. Positional effects

Even acasual inspection of the electron spectraof 1-125
(Tables 11-1V) suggests that the effects of -125 should
depend on its location relative to the radiosensitive DNA
in the cell nucleus. Such a dependence of the cytocidal
effects of this Auger emitter were demonstrated by Hofer
and co-workers® see Fig. 3. When in the form of
*|-Concanavalin A, the toxicity of 1-125 bound to the
membrane of CHO cells is minimal and essentialy the

Medical Physics, Vol. 19, No. 6, Nov/Dec 1992

same as for external x-rays of low LET, and sparsely ion-
izing f3raysfrom DNA-incorporated H-3 and I-131. The
extremely high radiotoxicity of 1-125 is manifested when it
is incorporated into the DNA of proliferating cells in the
chemica form of *IUdR, an analog of thymidine. It is
important to recognize that the chemicalform of the Auger
emitter determines the subcellular localization and distri-
bution, and the biological effects accordingly. Kassis and
co-workers made important contributions to this idea us-
ing the same cell line (V79 cells), clonogenic survival be-
ing the biological end point. The relative biological effec-
tiveness (RBE) of “IUdR (Ref. 37) and its analogs,
"BrUdR (Ref. 38) and “IUdR (Ref. 39), is the same
(about 7) when compared with external x-rays.
**lododihydrorhodamine, with ~96% of the cellular
activity localized in the cytoplasm, gives RBE » 1.3, not
very different from 1 expected for low LET radiations.”
On the other hand, the DNA intercalator,
acetamido-"lodoproflavine (A*IP), gives RBE=4.8,
substantially less than that for “*IUdR. This indicates that
DNA incorporation of 1-125 is more effective than DNA
binding.” Furthermore, 1-125 in A*IP is several ang-
stroms external to the DNA compared to incorporated
[-125 as “IUdR. A more extensive discussion of these
positional effects, and the experimental details may be
found in Kassis et al.” One aspect on which information is
needed is the effectiveness of 1-125 decay when localized in
the nucleus but not bound to the DNA.

2. Nonuniform cytotoxicity

Although the cell nucleus, in general, is radiosensitive,
the DNA is regarded as the likely molecular target. Y asui
et al.“have shown that the toxic effects of DNA-
incorporated 1-125 are highly nonuniform in that the radi-
osensitivity depends on the region of the DNA in which
*IUdR is incorporated. They also raise the question asto
the nature of the targets, and suggest that damage to the
chromatin structure, and/or higher levels of DNA organi-
zation may be of importance.”

3. "IUdR vs “IUdR

As we noted earlier, the two-step decay of 1-125, first by
EC followed predominantly by IC, results in two equiva
lent Auger decay sequences. The EC decay of 1-123 is
followed by isomeric transitions dominated by photon
emission rather than IC. Accordingly, there is essentially
one Auger decay sequence associated with [-123. Makri-
giorgoset al. ® have found that for equal cell killing, 1-123
decays needed are about twice as many as those of 1-125.
Considering that the Auger decays for the two radionu-
clides are approximately in the ratio of 1:2, they conclude
that each one of the two stepsin [-125 decay is essentially
equally effective. This comparative study also re-
emphasizes that localized electron irradiation of the DNA
isthe major cell killing mechanism rather than Coulombic
molecular fragmentation. The in vitro studies also reveal
that the radionuclides may be highly concentrated by the
cells. For example, the intracellular concentration of
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IUdR is 1800 times the concentration in the cell culture
medium following incubation of V79 cells for 18 h.*”
These studies have also revea ed repeatedly the inadequacy
of conventional dosimetry" and the need for subcellular
dosimetry in order to understand the biological effects of
internal Auger emitters.”*

B. Studies in the mouse-testis model: In vivo effects

Thein vivo biological effects of Auger emitters have
been extensively studied by Rao et al. (for an overview, see
Ref. 46 and references cited therein). These studies utilize
spermatogenesisin mouse testes as the experimental model
with spermatogonial cell killing, and induction of abnor-
mal morphological shapes in epididymal sperm as two dis-
tinct and well-defined biological end points. The high ra-
diosensitivity of differentiated spermatogonia (Types A,to
A,, In, and B) compared to the relative radioresistance of
the precursor and post-gonial cells constitutes the rationale
behind this model.”* In view of the close similarity of the
biology and the radiation response between the mouse and
human testes, this model is particularly relevant to
humans.®*

1. Spermatogonial cell killing

Figure 4 displays results of spermatogonial cell survival
studies as a function of the average testis dose for DNA-
incorporated 1-125 (as *IUdR), and for Po-210 citrate.
At 37% cell survival, the RBE values are 7.9+2.4 and
6.7+1.4, respectively.” Thus the in vivo cell killing efficacy
of DNA-incorporated 1-125 is as strong as that of the
densely ionizing 5.3 MeV high LET a particles from Po-
210 decay. The compound, HIPDM, is a brain perfusion
imaging agent when labeled with [-123. It is found that
H™”IPDM localizes in the cytoplasm of the testicular cells
only. The RBE value for this agent is 1.0. This positional
dependence of RBE of the Auger emitter on its subcellular
localization, governed by the chemical form, re-emphasizes
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the earlier findings of Rao et a. with In-111 oxine and
In-111 citrate,” and establishes the concept of positional
effectsin vivo much like with cellsin culture.* The emer-
gence of this principlein spite of the complexities of in vivo
systems is an important contribution indeed. With **IUdR
and H”IPDM setting the extremes of subcellular local-
ization (DNA versus cytoplasm), it is possible to examine
the dependence of RBE on the DNA-bound fraction of
[-125 when the Auger emitter is localized in the testicular
cellsin both chemical forms. Using binary mixtures of the
two 1-125 labeled agents, Howell et al.” have found a lin-
ear relation between RBE and f,, the ratio of DNA-
incorporated 1-125 activity in the testicular cells to the
total 1-125 activity in the organ: RBE = 1.0+7.4 f,, with
f.E 1.0. It appears that the contributions of low-LET radi-
ations are represented by the intercept while the slope may
be related to high-LET effects. Such quantitative results of
in vivo radiobiological studies hold the promise that chem-
ical form, subcellular distribution and microdosimetry of
the Auger emitter might be combined into one single equa-
tion. It would be worthwhile that this approach is extended
to cases where |-125 islocalized in other cellular compart-
ments such as the nucleus (without binding to DNA), and
the chromatin.

2. Abnormal sperm shapes

At the end of the spermatogenesis, the mouse sperm
have characteristic hooklike head shapes. These spermato-
zoa migrate through the tubules, and they are stored in the
epididymis, a small saclike structure adjacent to the testis.
Sperm shape abnormalities of head, stem, and tail are
known.” Even in norma mice, asmall (2%-3% ) fraction
of epididymal sperm have abnormal shapes. A variety of
agents (radiation, chemicals, etc.) can cause elevated levels
of abnormal sperm over the remarkably constant sponta-
neous value. Rao et al.”have found that Auger emitters
are very effective in inducing such shape abnormalities at
extremely low doses to the organ, the efficacies depending
again on the chemical form and subcellular distribution of
the Auger emitter. Internal 3 emitters and external x-rays
are only marginally effective. Figure 5 shows the resultsfor
IUdR and Po-210 citrate a-particles. The sharp initial
rise followed by a saturation at higher doses is a charac-
teristic feature of the dose-response curves. The relevant
parameter for intercomparison is the initial slope. RBE
values, derived in comparison with the initial slope of the
curve for 120 kVp external x-rays, are about 250 and 60 for
Po-210 citrate and *’IUdR, respectively. Extensive results
and details are given by Rao et al.*on studies involving
this biological effect. Three aspects are noted here. First,
abnormal sperm shape induction is a very sensitive biolog-
ical monitor of the in vivo effects of internal Auger and a
emitters. Second, although the RBE values for cell killing
are essentially the same for “IUdR and Po-210 citrate, the
a emitter is definitely more effective in inducing abnormal
sperm shapes. This is quite reasonable when one considers
the fact that the high-LET 5.3 MeV arays, with arange of
5-6 cell diameters, can hit more cells and cause subtle but
nonlethal damage whereas the simulated high-LET effects
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abnormalitiesthan thedense shower of Auger electronsemitted by DNA-
bound 1-125. The vertical scale represents the excess abnormal fraction
over the spontaneousvalue.” See text for added remarks.

of IUdR are limited to the target cell itself. Third, the
RBE values for both the biological end points show a
linear relationship: RBE,= 8.8 (RBE,) - 5.3, where
A =abnormal and S= surviva, the only exception to this
being the results for the alpha emitter.

3. Mechanisms of radiation action and chemical
protectors

Radioprotection by chemicas such as cysteamine
(MEA), ascorbic acid, WR-2721, etc. against external
low-LET radiations are well known, both in vitro and in
vivo. Very little is known concerning chemical protection
against the chronic irradiation effects of incorporated radi-
onuclides. The protective action is generally denoted by the
dose modification factor (DMF=mean lethal dose with
the chemical/mean letha dose without the chemical).
DMF > 1implies protection. Datain Fig. 6 revea interest-
ing new results.” When mouse testes are pretreated with
very small and nontoxic amounts (0.75 pg) of MEA per
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Fc. 6. Spermatogonial cell survival in the presence of MEA (open cir-
cles) and in its absence (solid circles): (a) “IUdR; (b) H*IPDM.*

Medical Physics, Vol. 19, No. 6, Nov/Dec 1992

K. S. R. Sastry: Task Group Report No. 1: Biological effects of the Auger emitter iodine-125

1366

mouse, the severe high-LET type cytocidal effects of
*IUdR [Fig. 6(a)] as well as the low-LET-type effects of
cytoplasmic I as H*IPDM [Fig. 6(b)] are strongly mit-
igated. The respective DMFs are 3.6+1.1 and 3.8+0.6.
The results are highly reproducible. For Po-210 citrate,
DMF = 2.6+0.5. Comparable results are obtained with L-
ascorbic acid aswell: DMF~2.2, Rao.” Abnormal sperm
assay also shows adrastic reduction in the initial slopes by
afactor of 14 with *IUdR, and 10 with Po-210 citrate®in
the presence of MEA.

The above results are quite unexpected and entirely
new, with a potential for a major impact on the hitherto
unexplored area of incorporated radionuclides and protec-
tors. Much work is needed to answer a number of ques-
tions that arise concerning the complex mechanisms of
protective action.” Of particular interest to our discussion
are the implications of the above results to the mechanisms
of action of Auger emitters. What is the primary mecha-
nism; direct or indirect? The former, involving direct en-
ergy deposition in the sensitive targets, is generally believed
to be the initial mechanism of high-LET-type damage by a
particles® and DNA-incorporated 1-125.4** Large
DMFs are not expected for direct action,” although Bird”
reported results to the contrary. On the other hand, the
damage by low-LET radiations involves primarily the in-
direct action via secondary interactions between the DNA
and the highly reactive free radicals (e.g., OH-) produced
in the radiolysis of water. Inasmuch as damage by free
radicals can be prevented by scavenging molecules, large
DMFs are expected in this case. The result for H**IPDM
(in the cytoplasm) is consistent with the accepted phe-
nomenology of radiobiology. What is surprising here is
the large DMF for “IUdR aswell as Po-210 citrate. If one
concedes that free radical scavenging is one of the primary
mechanisms of chemical radioprotection, the results of
Rao et al.**imply a mgjor role for the indirect effect.
Track structure calculations™do reveal (see below) a pre-
ponderance of OH* radicals in the close proximity of the
DNA. Thus the question of direct versus indirect action is
wide open. Moreover, what are the targets (e.g., the entire
DNA, nucleosomes, chromatin, nucleoproteins), and
where are they located?”* If they are just on the inside of
the nuclear membrane as surmised by Cole,”the dose rate
profile (Fig. 7) for 1-125 in the cytoplasm and in the nu-
cleus suggests that H”IPDM must be much more toxic
than the in vivo findings.”

IV. DOSIMETRY OF I-125
A. Conventional dosimetry

The MIRD Schema and ICRU procedures® are
used with the assumption that the radionuclide and the
radiation energy are uniformly distributed in the organ.
Low-energy electrons from Auger emitters contribute neg-
ligibly to the macroscopic dose, and their potentia for lo-
calized damage is ignored. This approach does not con-
sider either the chemical form and subcellular distribution
of the Auger emitter, or the possibility that the radionu-
clide may be concentrated by the cells. The cellular geom-
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etry and the packing of cells in the organ are ignored.
These are some of the reasons for the inadequacy of con-
ventional dosimetry. Both in vitro and in vivo studies have
amply drawn attention to this aspect,”* and pointed out
the need for subcellular dosimetry of internal Auger emit-
ters.

B. Subcellular dosimetry

Sastry and co-workers developed approaches to cel-
lular dosimetry by explicitly taking account of the limita-
tions of conventional dosimetry in a phenomenological
manner.**Nuclear dose enhancement factors derived in
this context adequately account for the positional effects of
Auger emittersin vitro and in vivo. Specific expressions
may be found in Ref. 4, for example.

C. Localized pattern of energy deposition

Figure 8 shows the localized pattern of energy dep-
osition around the decay site of 1-125 in tissue equivalent
matter. The phenomenological spectrum’in Tablelll and
the data in Table | are used aong with Col€e's data on
energy-range relations for electrons.” The changing LET
of the electrons is considered in the continuously slowing
down approximation (csda). See Refs. 29 and 65 for cal-
culational methods. Results obtained with Monte Carlo
methods are in good agreement, and show considerable
overestimation in the csda approach only at distances £2
nm from the decay site.”

D. Calculation of DNA strand breaks

Charlton”and Charlton and Humm® modeled the
DNA and calculated, using Monte Carlo codes, the distri-
butions of energy depositions at the sub-nanometric and
nanometric level by Auger electrons from [-125 decay |o-
cated in the middle of the double helix. They also calcu-
lated the initial damage in terms of single and double
strand breaks. Their results account for the frequency dis-
tribution of the positions of strand breaks from the site of
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5 nm illustrates the highly locaized nature of the action of the low-energy
electrons.” Note that 10 eV/(nm)’impliesalocally absorbed dose of 1.6
MGy.

[-125 incorporation, originally reported by Martin and
Haseltine.” See Figure 9 and Refs. 66-68 for more details.

E. Track structure calculations

Wright et al.* performed track structure calcula-
tionsin liquid water for Auger emitters and for 4.0 and 5.3
MeV alpha particles using Monte Carlo methods and the
Oak Ridge Electron Transport Code and Radiolysis Code.

— Experment ‘i
—&— Spectrum 1 4 Spectrum !: Charlton & Booz

| Spectrum 2: Pomplun

n
[*}

~-0~— Spectrum 2

3

Retotive frequency

s 10
“umder of dases from decay

He. 9. Calculations of Charlton and Humm and explanation of the DNA
single strand breaks observed by Martin and Haseltine.” Shown in the
figureistherelative frequency of strand breaks versus distance (number
of bases) from the site of decay.
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Fic. 10. Initial positions of the reactive chemical species (e.g., OH-, H-,
ex» €tc.) for different Auger emitters. The emitter is located at the mid-
point on the surface of acylindrical DNA segment in liquid water.”

Both direct and indirect interactions with the DNA are
scored, and the spatial and temporal patterns of the reac-
tive species are followed (10-“sto 10°s). Figure 10
shows an example of the distribution of chemical species
for some Auger emitters at t = 10”s. The species density
is large for 1-125; and for all the Auger emitters, the den-
sity is at least as high or larger than along the track of the
a particles.”* The spatial distribution of the various reac-
tive speciesis presented in Figure 11 for 1-125. The largest
fraction consists of the OH- radicals which are implicated
in chemical damage of the DNA strands. These interesting
initial results suggest that the indirect effect may indeed be
an important mechanism. They also permit calculations of
interactions with radical scavengers and chemical protec-
tors.

V. DISCUSSION AND CONCLUSION

This review of lodine-125 data is presented to the sci-
entific community through the AAPM Task Group No. 6.
Constraints of space did not permit as much elaboration as
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some of the areas might have warranted. The numerous
studies on bacterial systems and microorganisms are not
included for the same reason. Nevertheless, most of the
aspects relevant to mammalian cells are brought to the
attention of the interested reader. The literature cited,
though necessarily not complete, should be adequate for a
further examination of the field. All experimental data to
date confirm the high radiotoxicity of DNA-incorporated
[-125 in a number of biologica end points both in vitro and
in vivo. Recent work of Kassis et al.”with “IUdR and
*IUdR introduced directly into rat brain tumors points to
diagnostic (*IUdR) and therapeutic implications
(*1UdR) in humans. Bagshawe and colleagues™” are
exploring the clinical potential of selective uptake of
IUdR by resistant tumors.

Besides 1-125, in vitro studies”and in vivo studies™*
with avariety of radiochemicals labeled with Auger emit-
ters widely used in Nuclear Medicine have reveded ra-
diotoxic effects considerably greater than expectations
based on conventional dosimetry. These as well as the ra-
diobiologica studies with 1-125 provide a compelling ra-
tionale for the scientific community to arrive at biophysi-
cally meaningful ways of estimating the risks of Auger
emitters of interest to diagnosis and therapy. The theoret-
ical and experimental datawith [-125 reviewed here should
provide sufficient guidance in this endeavor. A number of
guestions need to be addressed in this context. What are
the radiosensitive targets and what are the nonrepairable
critical lesions? Islocalized energy deposition in the DNA
the primary mechanism of damage? If so, how should the
Auger electron spectra be calculated in a way relevant to
matter in the condensed phase? Is microdosimetry an ad-
equate approach if a considerable amount of energy is
locked up as potential energy of the residual ion?”How is
such energy redistributed? What other mechanisms are
likely to be of importance: long-range charge and energy
migration along the DNA,”super-excited states,”etc.?
What is the relative importance of direct and indirect ac-
tion of radiation? What is the role of chemical agents that
may modulate the initial damage?

The above questions are not necessarily exhaustive. It
may not be prudent, however, to await answers to al of
them. One thing is clear. The interdisciplinary science of
[-125 has been exciting, and future studies may well be
expected to shed important new light. This optimism is
strongly based on the scientific presentations™and inten-
sive interactions between the participants of the Second
International Symposium on Biophysical Aspects of Auger
Processes held at the University of Massachusetts/
Amherst, 5-6 July 1991. While we await publication of the
Proceedings of the Symposium, suffice it to note that a
number of the questions raised above have been examined
incisively. These emerging insights along with the under-
standing already on hand are adequate to make a beginning
to consider plausible ways toward obtaining reasonably re-
alistic estimates of the effects of internal Auger emittersin
vivo.
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Radiation spectra for radionuclides currently provided by the MIRD Committee and ICRP do
not include the very low-energy N- and O-shell Auger dectrons. These electrons, emitted in
large numbers by radionuclides decaying by electron capture and/or interna conversion, are
important for determining the absorbed dose in microscopic volumes. Accordingly, the present
AAPM Report employs Monte Carlo computational methods to obtain a self-consistent set of
complete radiation spectra for a variety of radionuclides including *Fe, “Ga, *"Tc, ™In,
N, MM, L L TP, TP, 2T, and *°Ph. Although the conventional  spectra
provided by MIRD and ICRP are adeguate for most dosimetry calculations, the Auger electron
spectra provided in this report are recommended for cal culating the dose to target volumes < 1

um in diameter.

I. INTRODUCTION
A. Scope

A widevariety of radionuclides are used in diagnostic
and therapeutic Nuclear Medicine. Many of the photon
emitters commonly utilized for diagnostic imaging are ra-
dionuclides that decay by eectron capture (EC) or inter-
nal conversion (IC). Examples of such radionuclides in-
clude “Ga, *"Tc, ™In, I, and *'Tl. In addition to
diagnostically useful photons, these radionuclides emit nu-
merous low-energy Auger electrons through a complex se-
ries of atomic processes. The extreme radiotoxicity of
Auger-electron emitters is well established’” and is attrib-
uted to the highly localized energy deposition (HILED) in
the immediate vicinity of the decay site."*** Conventional
organ dosimetry,” which ignores HILED, has proven
inadequate to explain the biological effects of Auger
emitters.””*” Since HILED clearly plays a mgor role,
the cornerstone of any microdosimetry technique for
Auger-emitters is the spectrum of low-energy eectrons
emitted in their decay including those which deposit their
energy over just afew tens of nanometers (e.g., very low-
energy N- and O-shell Auger electrons). The purpose of
this report is to provide extremely detailed Auger electron
spectrafor commonly used radionuclides and to indicate
the spatial dimensions over which these spectra can pro-
vide energy deposition information that cannot be obtained
with conventional spectra given by MIRD"and ICRP.*
The discussion of dosimetric techniqueswhich utilize these
spectra will be left to a later report of this Task
G r o u p .4,6.9.16-25

B. Auger processes

When radionuclides decay by EC or IC, avacancy is
created in the inner atomic shell of the residual atom. Sub-
sequently, the excited atom undergoes a series of transi-
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tions until the ground state of the atom is reached.” These
transitions fall under two categories: radiative and nonra-
diative processes. Radiative transitions, which predomi-
nate for K-shell vacancies, result in the emission of a char-
acteristic x ray (Fig. 1). There are avariety of nonradiative
transitions, the most common being of the Auger, Coster-
Kronig (CK), and super Coster-Kronig (super CK) types
(Fig. 1), each resulting in the gjection of an orbital €lec-
tron. These processes are highly probable when the va-
cancy lies beyond the L-shell. In an Auger transition, an
initial vacancy in alower major shell is filled by an electron
from a higher major shell and another electron is gjected
from a higher major shell. While CK transitions are simi-
lar, the electron that fills the vacancy originates from the
same major shell, and the gjected electron is from a higher
major shell. Finally, in the super CK case, the vacancy and
the two electrons are all in the same major shell. Radiative
transitions move the vacancy to a higher mgjor shell with
no change in the number of vacancies while the nonradia-
tive ones increase the number of vacancies by one. Hence,
as the innermost vacancy percolates toward the valence
shell, a cascade phenomenon devel ops with corresponding
vacancy multiplication and emission of numerous low-
energy electrons, collectively referred to as Auger elec-
trons. Generally, several Auger electrons are emitted for
each primary inner shell vacancy. Most of these have very
low energies (less than a few hundred eV), intermediate
values of linear energy transfer (10-25 keV/um), and ex-
tremely short ranges (several nm) in biological matter.
Given that the cascade is completed within ~10*s, the
region in the immediate vicinity of the atom is showered
with Auger electrons and, as a consequence, very high lo-
cal energy densities are realized.*"™*

C. Auger electron spectra

Inview of theimportance of Auger electronsin caus-
ing biological damage, a number of early efforts were made

© 1992 Am. Assoc. Phys. Med. 1371
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Fic. 1. Radiative and nonradiative transitions in atomic inner shell pro-
cesses. Thereare no CK transitionsin the K shell.

to calculate Auger €lectron spectra for radionuclides de-
caying by EC and IC.** More recently, the MIRD
Committeeand ICRP”have independently published
volumes of radiation spectra for radionuclides and have
included Auger electron yields and energies. Although the
theoretical Auger electron spectra presented therein pro-
vide some guidance in regard to the dosimetry of Auger
emitters, they did not address the N- and O-shell Auger
electrons which have a significant contribution to HILED
in the immediate vicinity of the decay site. Realizing this
inadequacy, aswell as the potential importance of stochas-
tic differencesin individual Auger cascades, Charlton and
Booz™ developed a Monte Carlo computer program to
simulate the decay of the prolific Auger emitter I in both
the gaseous and condensed state. The Monte Carlo tech-
nique alows examination of the stochastic nature of indi-
vidual decays and facilitates determination of an average
Auger electron spectrum including the very low-energy
Auger eectrons. Spectra of similar detail, obtained using
phenomenological methods, have been published for "Br
(Ref. 31), "Se (Ref. 32), “Cr (Ref. 19), “'Tl (Refs. 33
and 34), I (Ref. 35), “I (Ref. 36), “Fe (Ref. 37), and
“K (Ref. 38). In athorough review of biophysical aspects
and dosimetry of Auger emitters, Sastry and Rao'pre-
sented a compilation of Auger spectra for a number of
radionuclides. Following the lead of Charlton and Booz,”
Humm** used Monte Carlo techniques to calculate Au-
ger spectra for the radionuclides 1, I, "Br, and *Cu.

Similar Monte Carlo techniques were also used by Howell
et al."and Rao et al.”for "™"Pt and "*"Pt, and "In,

respectively. In arecent publication, Pomplun et al.’re-
vised the original "I calculations of Charlton and Booz.™
They pointed out that although the origina average radi-
ation spectrum was very good, energy conservation was
significantly violated for some individual *’I decaysin the
origina Monte Carlo calculation.” To rectify this prob-
lem, a computer program®was used to compute the en-
ergy of the atomic configuration at each stage of the sim-

ulated decay process. The Auger electron energy was
assigned based on the energy difference of the atomic states
before and after the transition. Using this recipe, and a
great deal of supercomputer CPU time, Pomplun et al.’
were able to achieve energy balance for each simulated ™

decay.

Although the above calculations provide a substantial

database of detailed Auger electron spectra, there is some
variation in the assumptions used by the various authorsin
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their calculations and therefore some discrepancies exist in
the spectra and local energy depositions. Hence, thereis a
need to establish a generally agreed upon set of basic as-
sumptions which may be used to create a self-consistent
database of Auger electron spectra for all radionuclides of
interest to medicine, biology, and the environment. The
most recent technique of Pomplun et al.’is one candidate
for use in creating such a database. The feasibility of this
approach for large scale caculations, however, is minimal
due to the excessive supercomputer time required. Further-
more, there is no concrete evidence that these calculations
provide a substantial improvement in overall accuracy due
to the fact that the atomic processesin asingle I atom
may be quite different than those for I atoms embedded
within molecular structures of biological systems. In view
of these limitations and uncertainties, a combination of the
assumptions and techniques used by Charlton and Booz,”
Sastry and Rao,"Humm,**and Howell et al." are used
in the present report to calculate complete average Auger
electron spectra for a variety of radionuclides of medical
and environmental significance.

Il. COMPUTATIONAL METHODS
A. Overview

Since the electronic deexcitation of an atom with an
inner shell vacancy is governed by the combinatoria prob-
abilities of electron and x-ray transitions to the lowest en-
ergy state of the atom, the Auger electron spectra are
highly stochastic in nature. The Monte Carlo method isthe
only means to calculate the stochastic variation in Auger
electron emission from atom to atom. Such data may be
useful in the theoretical estimation of damage suffered by
critical biologica targets which may be comprised of enti-
ties within the subcellular realm. In the experimenta
realm, the response of mammalian cells to incorporated
radionuclides is derived from a large population of cells
where the exact number of decays which occur in any
given cell is not known. Hence, the average response of the
population is measured as a function of the average num-
ber of decays in the cell or organ. Therefore, for the pur-
poses of obtaining dose-response relationships for mamma
lian cells, the absorbed dose is most aptly derived from
average radiation spectra. In view of these considerations,
the Auger spectra generated in this report are obtained by
Monte Carlo methods, thereby yielding both stochastic in-
formation and average radiation spectra. The Monte Carlo
method simulates the nuclear processes associated with the
radioactive decay of the parent and the atomic and nuclear
transitions which occur in the residual daughter atom. The
simulation process is carried out with aMonte Carlo com-
puter code™similar to that of the work of Charlton and
Booz.” Given the complexity of the code, it is perhaps
most instructive to describe the technique by example. The
Auger emitter | serves as a good example since its decay
involves both EC and IC processes and a great deal of data
exists for this copious emitter of Auger electrons.

The radionuclide I decays, with a 60-d physical half-
life, to the ground state of *Te via a sequence of two
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nuclear processes (Fig. 2).“In the first step, I decays
via electron capture to the 3/2"excited state of “Te
which has a half-life of 1.47 ns (Fig. 2). This is followed by
atransition to the ground state of “Te via either internal
conversion or y-emission with the probability of the latter
being only about 6.66%.“As a result of each EC and IC
event, avacancy is created in an inner atomic orbital of the
“*Te atom. The resulting ionized atom is energeticaly un-
stable and therefore leads to a complex series of radiative
and nonradiative transitions.

B. Monte Carlo simulation

The Monte Carlo calculation simulates the decay of
| using random selection processes. In general, at any
stage of the decay, the simulated decay process proceeds by
randomly selecting atransition from the set of all possible
transitions for the nuclear and atomic configuration at that
stage. As each random selection is made, data concerning
the specific nuclear or atomic event, as well as the emitted
radiations, are recorded.

Simulation of 'ZI begins by initializing the atomic con-
figuration of I with its full complement of 53 electrons.
Since I can only decay to a single nuclear state of “Te,
the EC process is straightforward and is carried out by
removing a single eectron from one of the atomic sub-
shells. The decision as to which subshell the electron is
captured from is based on relative capture probabilities e,
for thei different subshells. Therefore, the sum of the rel-
ative probabilities is normalized to unity, a random num-
ber between 0 and 1 is generated, and the subshell selected
based on the random number. If, for example, the capture
ratiose,. e . e, e,, €,ae 84:10:3:2:1, then the probabil-
ities p,= 0.84, p,,= 0.10, p,=0.03, p,,= 0.02, and p,,
= 0.01, are obtained. If the random number falls between
0.0 and 0.84, a K-shell vacancy is created, while random
numbers between 0.84 and 0.94, 0.94 and 0.97, 0.97 and
0.99, 0.99 and 1.0, result in creation of an L,-, L,-, M-,
N,-shell vacancy, respectively. Upon selection of the sub-
shell in the manner described, the chosen EC transition is
recorded, an electron is removed from the atomic subshell,
and the “nuclear pointer” (denotes nuclear state) is moved
to the excited state of ““Te. The “atomic pointer” (denotes

125
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vacancy location) is moved to the subshell containing the
vacancy.

With avacancy created in the **Te daughter atom, the
Monte Carlo code now turns toward simulation of the
atomic deexcitation processes. Asindicated earlier, atomic
deexcitation occurs via two competitive processes. (1) ra
diative x-ray transitions, and (2) nonradiative transitions.
The probability of filling a vacancy in subshell i via an
X-ray transition is given by its fluorescence yield w, where
0 £w £ 1. Hence, a new random number is generated which,
if lessthan w,, stipulates an x-ray transition. Otherwise a
nonradiative transition is selected. For the sake of discus-
sion, assume that the vacancy resides in the K-shell and an
X-ray transition is chosen (x-ray transitions dominate for
the K-shell). The relative probabilities for the various K-
shell radiative transitions are constructed by normalizing
the sum of the theoretical radiative rates to 1. Asin the
case of EC, a new random number is generated and the
transition is selected accordingly. Bookkeeping is carefully
maintained throughout with the transition information re-
corded, the initial vacancy filled, and a new vacancy cre-
ated in the higher subshell than the one from which the
electron which filled the vacancy originated. The “atomic
pointer” is set to this higher subshell.

Since a new vacancy is created as a consequence of the
radiative transition, the atomic deexcitation process con-
tinues. As in the case of the initial vacancy created by the
EC event, aradiative or nonradiative transition is possible.
To continue our description of the Monte Carlo smula-
tion, assume that this time a nonradiative transition is se-
lected. In that event, the sum of the nonradiative transition
rates corresponding to all possible ways of filling the va-
cancy (Auger, CK, super CK) is normalized to unity, a
random number is generated, and the transition is selected
as described earlier. As shown in Fig. 1, although the pri-
mary vacancy is filled, a nonradiative transition results in
the emission of an Auger electron and thereby creation of
two new vacancies in higher subshells. With nonradiative
transitions dominating above the L-shell, multiple vacan-
cies are the norm, thusinvalidating the theoretical transi-
tion rates which assume frozen orbitals.** To compen-
sate for this, correction factors based on the number of
vacancies are applied to each transition rate prior to the
normalization process (see Sec. Il D 1).

It isimportant to note that the “atomic pointer” is al-
ways set to the innermost shell which contains a vacancy.
Hence, the innermost vacancy steadily moves toward the
valence or near-valence subshells during this cascade pro-
cess. This process continues, with the transition informa-
tion being recorded at each step, until no more eectrons
are available for transitions. The time scale for the com-
plete atomic deexcitation process is ~10"s while the
haf-life of the intermediate 3/2"nuclear state of “Teis
1.47X10°s. The lifetime of the intermediate state is as-
sumed to be long enough such that all the subshells are
refilled with their requisite number of electrons, the elec-
trons being supplied from the continuum. This completes
the first phase in simulating the decay of .

The second phase of the "I decay simulation begins at
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the 3/2"excited state of “Te which in turn decays to the
ground state of “*Te by way of either IC or g-emission. If
IC were sdlected, an orbital electron is gjected from an
inner atomic shell, whereas in the case of g-emission a
g-ray is emitted. The relative probability for these two
competitive nuclear processes is obtained from the experi-
mental total internal conversion coefficient a. Y et another
random number is generated and if this number isless than
1/(1+ a), ag-emission is chosen, otherwise IC is selected.

In the case of ™I, the probability of an IC transition is
94.34%.* If an IC trandition is selected, the “nuclear
pointer” is set to the ground state of **Te and the sum of
thetheoretical subshell IC coefficientsa .are normalized to
1 to obtain the relative probabilities p,for gection of an
orbital electron from thei-shell. A random number is gen-
erated and the subshell is chosen in the same manner de-

scribed earlier. The transition information is stored and the
“atomic pointer” is set to the subshell in which the vacancy
is created. The cascade of atomic transitions that follow are
handled in the same manner as when the initial vacancy
was created by the EC process. This completes the simu-
lation of asingle I disintegration. It should be pointed
out that marked stochastic differences may be observed in
the emitted radiations from one disintegration to the next,
therefore, 10 000 such disintegrations are considered when
constructing the average radiation spectrum for the radio-
nuclide.

The radionuclide I was selected as an example be-
cause of itsrelative simplicity. More complicated decay
schemes such as those of “Gaor “*TI may involve multi-
ple pathways for both the EC transitions as well as the
nuclear transitions in the daughter atom. In all cases, the
relative strengths of these transitions are incorporated into
the decision making process of the simulation.

C. Input data
1. Decay schemes and nuclear data

For each radionuclide, all decay schemes and nuclear
data, including transition energies, multipole character of
transitions, multipole mixing parameters d, total disinte-
gration energy Q'in EC decay, and branching ratios are
obtained from Nuclear Data Sheets. The reference num-

bers corresponding to the Nuclear Data Sheets for *Fe,
67Ga 99mTC lllln 113m|n 115m|n 123| 125| 193mPt |95mPt

®T1, and *Pb are 48, 49, 59, 50, 60, 61, 51, 44, 62, 63,
52, and 53, respectively.

2. Electron capture ratios

Experimental subshell capture probabilitiese,, e, and
e ,.are obtained from Nuclear Data Sheets.”“*Where
necessary, theratio e ./ e ,is calculated using the expres-
sions of Martin and Blichert-Toft;” L,capture is
ignored.” M-shell and N-shell capture are much less prob-
able than K- and L-shell capture, and M, and N, capture
dominate in M- and N-shell capture, respectively.” There-
fore, itisassumed that e,.=e,, + €,,. Since M-shell cap-
ture is much more probable than N-shell, it is further as-
sumedthate,,=0.1e,,.
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3. Internal conversion coefficients

Experimental total internal conversion coefficients a,
obtained for each radionuclide from the Nuclear Data
Sheets listed above, are utilized for all nuclear transitions
involving | C processes. In the case of subshell coefficients
a ,, the theoretical values of Rosel et al.* are employed.
Whenever transitions are of mixed multipoles, corrections
for such admixtures are made according to the relation

a,=(a+da )/ (1+d), (1)

where j and k denote the multipole characters (e.g., Ml
and E2).

4, Auger, CK, and super-CK transition rates

Theoretical radiationless transition rates of Chen et al.”
were used for the K- and L-shell, while the rates of
McGuire™*were employed for the M- and N-shells. No
such transition rates are available for the O-shell. Hence,
using the approximation of Kassis et al.,”the O-shell tran-
sition probabilities are estimated based on the number and
distribution of electrons available for the transition. No
guantum mechanical considerations are made in this first
approximation. The small probability of double-Auger
electron and shake-off electron emissions are ignored.

5. X-ray transition rates

Scofield™ gives the theoretical x-ray transition rates for
the K- and L-shells. Those for M-shell x-rays are calcu-
lated by Manson and Kennedy® for electric dipole transi-
tions. In the N-shell and above, Auger and CK processes
dominate while x-ray transitions are negligible.

6. Fluorescence yields

Fluorescence yield data for all radionuclides are ob-
tained from Bambynek et al.” Experimental K-shell fluo-
rescence yields, given only for selected values of Z, are
used whenever possible. Otherwise, values from afit to the
experimental data are used.” The yields for the L- and
M-shell are interpolated from the theoretical values tabu-
lated in Ref. 58.

7. Energies of emitted radiations

The y-ray energies are taken from Nuclear Data
Sheets.******* Conversion electron energies EZ(IC)
are calculated according to Ef (IC)=AE —Bf, where Z is
the atomic number, “a" specifies the subshell from which
the electronis g ected, D Eisthe energy difference between
the two nuclear states, and BZ is the electron binding en-
ergy for subshell “a.” The binding energies of Sevier” are
used in all cases. X-ray energies E5,(XR) are given by
E%(XR)=B%—BZ, where “a” and “b” specify the transi-
tion. Finally, Auger eectron energies are estimated with
the Z/Z + 1 rule™**

EZ, =B {(Bf+B7' 4 BZ+BEH). )
where“a,” “b,” and“c” specify the transition.
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D. Estimates and assumptions
1. Frozen atomic orbitals

As a consequence of the vacancy cascade process de-
scribed above, multiple vacancies may exist within the
atomic shells. The theoretical atomic transition
rates™**" used in this report assume frozen orbitals.
Therefore, the relative transition rates may be somewhat
different than the published vaues. Hence, an empirical
correction, first used by Krause and Carlson™and subse-
guently in al of the Monte Carlo calculations of Auger
spectra, ***** is made for each transition based on the
fraction of electrons remaining in the orbitals involved.
Examples of corrections for several transitions are shown
in Fig. 3 for a hypothetical atomic vacancy distribution.

2. Auger dectron energies

In principle, each Auger electron energy should be cal-
culated based on the electron configuration for that partic-
ular event. The extensive CPU time required precludes this
approach. Therefore, in keeping with the spectral calcula
tions of others,”* Auger and CK electron energies are
computed using the well established Z/Z + 1 rule. Under
certain circumstances transitions for which there are pub-
lished transition ratesyield negative el ectron energieswhen
calculated in this manner. For instance, in the case of the
radioplatinums (Z = 78), excluded transitions include
L.LN, MMM, MMM, MM.O,, and N,N.N,,.
These transitions comprise about 4%, 4%, 1%, 1%, and
4%, respectively, of the total radiationless transition rate
for the subshell in question. Exclusion of these transitions
does not have a major effect on the spectrum as a whole.

3. Charge neutralization

During the Auger cascade process a large number of
electrons are gjected from the atomic orbitals, thereby re-
sulting in multiply ionized states. Carlson and White”
have experimentally demonstrated this phenomena for the
gaseous state of Hg (Z = 80). They found that the average
charge on the Hg atom following creation of L, M, and N,
initial vacancies is 9.8', 7.3", and 4.7", respectively. For
L vacancies, charge states as high as 17"were observed
with avery small probability. Although experimentsin the
condensed phase were not performed, the authors dis-
cussed the extent of multipleionization in this phase. They
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TABLE |. Fe-55 average radiation spectrum.

Average energy (MeV) Yidd/decay Range (microns)

Auger KLL 5.13E-03 4.87E-01 8.74E-01
Auger KLX 5.77E-03 1.20E-01 1.06E+00
Auger KXY 6.42E-03 8.20E-03 1.27E+00
CK LLX 5.52E-05 3.10E-01 3.61E-03
Auger LMM 5.61E-04 141E+00  2.91E-02
Auger LMX 6.06E-04 194E-02  3.41E-02
CK MMX 4.18E-05 254E400  2.74E-03
Auger MXY 4.89E-05 2.33E-01 3.25E-03
X-rayK ,1 5.90E-03 1.57E-01
X-ray K ,, 5.89E-03 8.74E-02
X-ray K, 6.49E-03 1.92E-02
X-rayK ,, 6.49E-03 | 05E-02
X-ray L 6.35E-04 3.30E-03

Total yield of Auger and CK electrons per decay= 5.1
Total yield of x-rays per decay=0.28

Total energy released per decay=5810 eV

Auger and CK energy released per decay=4177 eV
X-ray energy released per decay= 1633 eV

TasLE |I. Ga-67 average radiation spectrum.

Average energy (MeV) Yidd/decay Range (microns)

g 9.33E-02 3.63E-01
g 9.13E-02 3.19E-02
g 1.85E-01 2.27E-01
a. 2.09E-01 2.36E-02
g 3.00E-01 1.82E-01
g 3.94E-01 5.42E-02
g 4.94E-01 1.10E-03
9, 8.886-01 1.910E-03
IC1K 8.37E-02 2.70E-01 1.05E+02
IC1L 9.22E-02 3.76E-02 1.24E+02
IC1IMN... 9.32E-02 6.60E-03 1.27E+02
IC2K 8.16E-02 2.70E-03 1.01E+02
IC3K 1.75E-01 3.40E-03 3.63E+02
IC5K 2.91E-01 1.00E-03  8.14E+02
Auger KLL 7.43E-03 4.70E-01 1.63E+00
Auger KLX 8.44E-03 1.16E-01 2.02E+00
Auger KXY 9.46E-03 820E-03  2.45E+00
CK LLX 7.29E-05 3.46E-01 4.31E-03
Auger LMM 9.216-04 1.68E+00 6.06E-02
Auger LMX 9.53E-04 116E-02  6.36E-02
CK MMX 6.243-05 2.07E+00  3.91E-03
X-rayK ,, 8.64E-03 3.35E-01
X-ray K ,, 8.62E-03 1.67E-01
X-rayK ,, 9.57E-03 4,00E-02
X-ray K, 9.57E-03 2.28E-02
X-ray L 1.00E-03 1.10E-02

Total yield of Auger and CK electrons per decay=4.7
Total yield of 1C electrons per decay=0.32

Total yield of x-rays per decay=0.57

Total yield of g-rays per decay=0.88

Total energy released per decay=201624 eV

Auger and CK energy released per decay=6264 eV
IC energy released per decay=28078 eV

X-ray energy released per decay=4936 eV

y-ray energy released per decay= 162347 eV
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TaBLE V. In-111 average radiation spectrum.

Average energy (MeV) Yield/decay Range (microns)

Average energy (MeV) Yield/decay Range (microns)

s} 141E-01 8.89E-01
IC1IM,N... 1.82E-03 9.91E-01 1.65E-01
IC2K 1.19E-01 8.43E-02 1.93E+02
IC2L 1.37E-01 1.36E-02 2.44E+02
IC2M,N... 1.40E-01 3.70E-03 2.51E+02
IC3K 1.22E-01 5.90E-03 1.998+02
IC3L 1.40E-01 2.50E-03 2.50E+02
Auger KLL 1.53E-02 1.26E-02 5.57E+00
Auger KLX 1.78E-02 4.70E-03 7.25E+00
CK LLX 4.29E-05 1.93E-02 2.83E-03
Auger LMM 2.05E-03 8.68E-02 1.99E-01
Auger LMX 2.32E-03 1.37E-02 241E-01
Auger LXY 2.66E-03 1.20E-03 3.00E-01
CK MMX 1.16E-04 7.47E-01 5.98E-03
Auger MXY 2.26E-04 1.10E+00 1.05E-02
CK NNX 3.34E-05 1.98E+00 2.05E-03
X-ray K, 1.84E-02 3.89E-02
X-rayK ,, 1.83E-02 2.17E-02
X-ray K, 2.06E-02 7.60E-03
X-ray K, 2.10E-02 1.50E-03
X-ray K, 2.06E-02 2.70E-03
X-ray L 2.45E-03 4.90E-03
X-rayM 2.36E-04 1.20E-03

Total yield of Auger and CK electrons per decay=4.0
Total yield of IC electrons per decay=1.1

Total yield of x-rays per decay=0.079

Total yield of y-rays per decay=0.89

Total energy released per decay= 142646 eV

Auger and CK energy released per decay=899 eV

IC energy released per decay= 15383 eV

X-ray energy released per decay= 1367 eV

y-ray energy released per decay= 124997 eV

concluded that the initial phases of the cascade would be
virtually the same as in the gas phase; however, when the
vacancies reach the conduction band, vacancy fillingisim-
mediate. As a consequence, charge buildup on the atom
during the cascade process is greatly reduced. Based on
these findings, and the early work of Charlton and Booz,”
the present calculations assume that any vacancies created
in the valence shell arefilled immediately (fast neutraliza-
tion). This has been the approach taken in all of the recent
calculations of Auger spectra for the condensed
phase,*****“with the exception of Pomplun et al.°The
decision as to the subshells to be filled in the fast neutral-
ization process is made empirically. Typically the outer-
most subshells have binding energies ranging from zero to
afew eV and are therefore selected to befilled immediately
following the creation of a hole. For **I, the O-shell is the
valence shell. Since O-shell Auger transitions have been
included in this report, the atom is completely neutralized
at the end of the cascade process. This approach eliminates
the need to address the fate of the potential energy associ-
ated with residual charge on the atom.

The above approach for the condensed phase is dightly
different than the original Monte Carlo calculation of
Charlton and Booz*where O-shell transitions were not
considered. In their calculations, some vacancies were | eft
on the residual atom at the end of the cascade process.
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g 1.71E-01 9.06E-01
qQ 2.45E-01 9.37E-01
IC1K 1.45E-01 8.24E-02  2.05E+02
IcC1L 1.67E-01 1.00E-02  2.72E+02
IC1IMN... 1.71E-01 1.40E-03  2.83E+02
IC2K 2.19E-01 521E-02  520E+02
Ic2L 2.41E-01 9.10E-03  6.09E+02
IC2MN... 2.45E-01 1.90E-03  6.22E+02
Auger KLL 1.91E-02 1.03E-01  8.21E+00
Auger KLX 2.23E-02 3.94E-02  108E+01
Auger KXY 2.55E-02 3.60E-03  136E+01
CK LLX 1.83E-04 151E-01  8.69E-03
Auger LMM 2.50E-03 8.35E-01  2.87E-01
Auger LMX 3.06E-03 1.90E-01  3.75E-01
Auger LXY 3.53E-03 1.09E-02  4.73E-01
CK MMX 1.25E-04 9.15E-01  6.35E-03
Auger MXY 3.50E-04 2.09E+00 1.64E-02
CK NNX 3.88E-05 254E+00  2.50E-03
Auger NXY 8.47E-06 7.82E+400  2.51E-04
X-ray K , 2.32E-02 4.63E-01
X-ray K ., 2.30E-02 2.40E-01
X-rayK ., 2.61E-02 7.88E-02
X-ray K ,, 2.66E-02 1.86E-02
X-ray K ., 2.61E-02 3.82E-02
X-ray K ,, 2.63E-02 1.10E-03
X-ray L 3.23E-03 4.99E-02
X-my M 3.56E-04 3.00E-03

Total yield of Auger and CK electrons per decay= 14.7
Total yield of IC electrons per decay=0.16

Total yield of x-rays per decay=0.89

Total yield of y-rays per decay=1.84

Total energy released per decay=419205 eV

Auger and CK energy released per decay=6750 eV

IC energy released per decay=25957 eV

X-ray energy released per decay= 19966 eV

y-ray energy released per decay=366532 eV

Therefore, one must also address charge neutralization be-
tween successive nuclear events such as between the EC
and I1C processes of 1. In these instances the lifetime of
the intermediate state is usualy at least a few orders of
magnitude longer than the time scale over which the cas-
cade process occurs (~10™s). It is therefore reasonable
to assume that the atom recoversits normal electronic con-
figuration after each nuclear transition. Virtually all esti-
mates of Auger spectrain the condensed phase have made
this assumption, and this approximation has been used in
the present report when necessary.

It should be noted that the charge neutralization scheme
can have a significant impact on the number of Auger
electrons emitted. Charlton and Booz” performed Monte
Carlo calculations for both the condensed and gaseous
phases of *“I. In the gaseous state the atom was assumed
to be isolated and therefore fast neutralization was not
performed, nor were the vacancies filled between the EC
and IC processes. Under these circumstances an average
electron yield of 13.2 was obtained compared to 21.2 for
the condensed phase, the difference in number due largely
to differences in the N Auger and CK electron yields.
Given that the intent of this report isto obtain spectra for
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TABLE V. In-113m average radiation spectrum.

TaBLE VII. 1-123 average radiation spectrum.

Average energy (MeV) Yied/decay Range (microns)

a 3.92E-01 6.45E-01
IC1K 3.64E-01 2.85E-01 1.15E+03
IC1L 3.88E-01 5.39E-02 1.26E+03
IC1M,N... 3.91E-01 1.67E-02 1.28E+03
Auger KLL 1.98E-02 2.59E-02 8.76E+00
Auger KLX 2.32E-02 1.28E-02 1.15E+01
Auger KXY 2.68E-02 1.20E-03 1.48E+01
CK LLX 197E-04 4.48E-02 9.28E-03
Auger LMM 2.71E-03 2.44E-01 3.08E-01
Auger LMX 3.20E-03 5.99E-02 4.04E-01
Auger LXY 3.70E-03 3.40E-03 5.11E-01
CK MMX 1.24E-04 2.73E-01 6.31E-03
Auger MXY 3.76E-04 6.22E-01 1.77E-02
CK NNX 3.58E-05 7.38E-01 2.25E-03
Auger NXY 1.63E-05 2.30E+00 6.97E-04
X-ray K, 2.42E-02 1.33E-01
X-ray K ,, 2.40E-02 6.98E-02
X-ray K, 2.73E-02 2.46E-02
X-ray K, 2.79E-02 6.10E-03
X-ray K ,, 2.72E-02 1.13E-02
X-ray L 3.35E-03 1.40E-02

Total yield of Auger and CK electrons per decay=4.3
Total yield of IC electrons per decay=0.36

Total yield of x-rays per decay=0.26

Total yield of y-rays per decay=0.64

Total energy released per decay= 391645 eV

Auger and CK energy released per decay=2047 eV
IC energy released per decay= 130982 eV

X-ray energy released per decay=6093 eV

y-ray energy released per decay=252523 eV

TaBLE VI. In-115m average radiation spectrum.

Average energy (MeV) Yied/decay Range (microns)

o 3.36E-01 4.96E-01
IC1K 3.08E-01 4.05E-01 8.92E+02
IC1L 3.32E-01 7.88E-02 9.996+02
IC1M,N... 3.36E-01 2.10E-02 1.01E+03
Auger KLL 1.99E-02 3.45E-02 8.79E+00
Auger KLX 2.33E-02 1.87E-02 1.16E+01
Auger KXY 2.65E-02 9.00E-04 |.44E+01
CK LLX 1.93E-04 6.09E-02 9.14E-03
Auger LMM 2.70E-03 3.46E-01 3.06E-01
Auger LMX 3.20E-03 8.26E-02 4.03E-01
Auger LXY 3.72E-03 6.30E-03 5.15E-01
CK MMX 1.26E-04 3.89E-01 6.37E-03
Auger MXY 3.77E-04 8.79E-01 1.77E-02
CK NNX 3.55E-05 1.04E+00 2.23E-03
Auger NXY 1.62E-05 3.25E+00 6.90E-04
X-ray K, 2.42E-02 1.96E-01
X-ray K ,, 2.40E-02 9.54E-02
X-ray K, 2.73E-02 3.29E-02
X-ray K, 2.79E-02 8.70E-03
X-ray K 2.72E-02 1.68E-02
X-ray L 3.40E-03 2.33E-02
X-rayM 4.58E-04 1.20E-03

Total yield of Auger and CK electrons per decay=6.1
Total yield of 1C electrons per decay=0.50

Total yield of x-rays per decay=0.38

Total yield of y-rays per decay=0.50

Total energy released per decay=336176 eV

Auger and CK energy released per decay=2847 eV
IC energy released per decay= 157958 eV

X-ray energy released per decay=8730¢eV

y-ray energy released per decay= 166641 eV
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Averageenergy
(MeV) Yield/decay = Range(microns)
9 1.59E-01 8.39E-01
q, 4.40E-01 3.90E-03
o 3.46E-01 1.40E-03
a 5.05E-01 2.80E-03
o 5.29E-01 1.45E-02
G.. 5.39E-01 4.50E-03
9 7.84E-01 1.00E-03
IC1K 1.27E-01 1.30E-01 2.14E+02
IC1L 1.54E-01 1.79E-02 2.94E+02
IC1M,N... 1.58E-01 5.30E-03 3.08E+02
Auger KLL 2.24E-02 8.38E-02 1.09E+01
Auger KLX 2.63E-02 3.84E-02 1.43E+01
Auger KXY 3.02E-02 3.50E-03 1.81E+01
CK LLX 2.13E-04 1.56E-01 9.99E-03
Auger LMM 3.04E-03 7.51E-01 3.72E-01
Auger LMX 3.66E-03 2.02E-01 5.02E-01
Auger LXY 4.28E-03 1.30E-02 6.48E-01
CK MMX 1.27E-04 8.69E-01 6.42E-03
Auger MXY 4.61E-04 1.97E+00 2.25E-02
CK NNX 2.98E-05 2.10E+00 1.75E-03
Auger NXY 3.25E-05 6.54E+00 1.98E-03
CK OOX 6.00E-06 2.18E+00 1.50E-04
X-rayK 2.75E-02 4.62E-01
X-rayK ,, 2.72E-02 2.37E-01
X-rayK,, 3.10E-02 8.13E-02
X-rayK ,, 3.17E-02 2.27E-02
X-ray K 3.09E-02 4.45E-02
X-ray KM,N,O 3.17E-02 1.30E-03
X-ray L 3.93E-03 7.90E-02
X-ray M 5.43E-04 2.30E-03

Total yield of Auger and CK electrons per decay= 14.9
Total yield of IC electrons per decay=0.15

Total yield of x-rays per decay=0.93

Total yield of y-rays per decay=0.87

Total energy released per decay=200396 eV

Auger and CK energy released per decay=7419 eV

IC energy released per decay=20245 eV

X-ray energy released per decay=24134 eV

y-ray energy released per decay= 148598 eV

the purpose of dosimetry, utilization of fast neutralization
(i.e., condensed phase) is appropriate.

I1l.RESULTS

Complete summaries of the average theoretical radia-
tion spectra for the Auger emitters *Fe, “Ga, *"Tc, "In,
113m| n, 115m| n, 123|’ 125|’ 193mPt, 195mPt, 201-|-|’ and 203Pb, are
given in Tables I-XI1, respectively. Each summary con-
tains the average energy and yield information for al ra-
diations based on 10 000 disintegrations. Radiations with
yields of less than 10°have been excluded because they
constitute a negligible contribution to the absorbed dose
compared to the more abundant radiations. There are sev-
eral contributions to the uncertainties in the yields and
energies of the listed radiations, the mgjor contributions
coming from the basic assumptions outlined in Sec. 11 D as
well as the theoretical and empirica nuclear and atomic
data used in these calculations. However, it is generally
acknowledged that the biological uncertaintieswith respect
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TasLe VIII. 1-125 average radiation spectrum. TasLE IX. Pt-193m average radiation spectrum.
Averageenergy Average energy (MeV) Yield/decay Range (microns)

(MeV) Yield/decay = Range (microns) 9 135501 110E.03
o} 3.55E-02 6.41E-02 IC1K 5.71E-02 1.49E-01 5.47E+01
IC1K 3.65E-03 1.91E-01 4,98E-01 IC1L 1.23E-01 6.19E-01 2.03E+02
IC1L 3.068-02 1.10E-01 1.86E+01 IC1IMN... 1.33E-01 2.32E-01 2.31E+02
IC1M,N... 3.41E-02 2.84E-02 2.31E+01 IC2M,N... 1.00E-02 1.00E+00 2.72E+00
Auger KLL 2.24E-02 1.38E-01 1.08E+01 IC3M,N... 1.04E-03 1.00E+00 7.20E-02
Auger KLX 2.64E-02 5.90E-02 1.43E+01 Auger KLL 5.18E-02 2.70E-03 4.63E+01
Auger KXY 3.02E-02 6.50E-03 1.82E+01 Auger KLX 6.26E-02 1.80E-03 6.41E+01
CK LLX 2.19E-04 2.64E-01 1.02E-02 CK LLX 1.41E-03 1.14E-01 1.12E-01
Auger LMM 3.05E-03 1.25E+00 3.73E-01 Auger LMM 7.13E-03 3.52E-01 1.52E+00
Auger LMX 3.67E-03 3.40E-01 5.04E-01 Auger LMX 9.20E-03 1.41E-01 2.34E+00
Auger LXY 4.34E-03 2.11E-02 6.62E-01 Auger LXY 1.12E-02 1.04E-02 3.29E+00
CK MMX 1.27E-04 1.44E+00 6.43E-03 CK MMX 4.15E-04 1.68E+00 1.99E-02
Auger MXY 4.61E-04 3.28E+00 2.25E-02 Auger MXY 1.75E-03 1.96E+00 1.56E-01
CK NNX 2.99E-05 3.51E+00 1.15E-03 CK NNX 1.71E-04 5.95E+00 8.21E-03
Auger NXY 3.24E-05 1.09E+01 1.97E-03 Auger NXY 5.65E-05 1.02E+01 3.67E-03
CK OOX 6.00E-06 3.66E+00 1.50E-04 CK 00X 4.94E-05 6.07E+00 3.29E-03
X-rayK ,, 2.75E-02 7.51E-01 X-rayK , 6.68E-02 6.89E-02
X-rayK ,, 2.72E-02 3.94E-01 X-ray K ,, 6.51E-02 4.45E-02
X-ray K, 3.10E-02 1.38E-01 X-rayK,, 1.57E-02 1.61E-02
X-ray K, 3.17E-02 4.03E-02 X-ray K, 7.19E-02 5.80E-03
X-ray K 3.09E-02 6.85E-02 X-ray K, 7.54E-02 7.60E-03
X-ray K, 3.12E-02 1.20E-03 X-ray L 1.01E-02 2.37E-01
X-ray KM,N,O 3.17E-02 3.00E-03 X-rayM 2.07E-03 4.47E-02
X-ray L 3.93E-03 1.32E-01 )
X-ray M 5.42E-04 4.00E-03 Total yield of Auger and CK electrons per decay=26.4

Total yield of 1C electrons per decay= 3.0

Total yield of Auger and CK electrons per decay=24.9 Total yield of x-rays per decay=0.43
Total yield of 1C electrons per decay=0.94 Total energy released per decay= 149436 eV
Total yield of x-rays per decay= 1.53 Auger and CK energy released per decay= 10353 eV
Total yield of g-rays per decay=0.065 IC energy released per decay= 126738 eV
Total energy released per decay=61439 eV X-ray energy released per decay=12345eV

Auger and CK energy released per decay= 12241 eV
IC energy released per decay=7242 eV

X-ray energy released per decay=39661 eV

g-ray energy released per decay=2294 eV

CK LLX All L-shell CK and super-CK
transitions.
Auger LMM L-shell Auger transitions where both

to clearance, distribution, etc., far outweigh any errors in of the two new vacancies are in the

the radiation spectrain the final estimation of the absorbed M-shell.
dose from incorporated radionuclides. Finally, the range of Auger LMX L-shell Auger transition where one of
the electrons in unit density matter is determined from the the two new vacanciesisin the M-shell.
experimental range-energy relation of Cole.”An explana=  Auger LXY  L-shell Auger transition where neither
tion of the notation used in these tables follows: of the two new vacancies are in the
M-shell.
. CK MMX All M-shell CK and super-CK transi-
g, Gamma-ray emission where the letter tions.
a t()jenotes the nuclear transition Auger MXY  All M-shell Auger transitions.
AUMDEr. . . CK NNX All N-shell CK and super-CK
IC-bK,IC-bL, Interna conversion transition transitions
IC-DMN... where theletter "b" denotes the Auger NXY Al N-shell Auger transitions.

nuclear transition number.

The notations K, L, and M,N... CK OOX ﬁ;gé‘gl CK and super-CK
indicate that the electron was Auger OXY All O-shell Auger transitions.
gected from the K-shell, L-shell, B «
; X-ray K ., K . x-ray transition. The letter “c
or any other shell, respectively. indicates the type of transition
Auger KLL K-shell Auger transition where (i.e.c=for |f ).

the two new vacancies are in the L-shell. X-rayK ,

Auger KLX K-shell Auger transition where one of K x-ray transition. The letter “c

indicates the type of transition

the two new vacanciesisin the L-shell. (i,e,c=1forkK ).
Auger KXY K-shell Auger transition where neither X-ray KM,N,O All other K X-rays.

of the two new vacanciesisin the X-ray L L x-rays.

L-shell. X-ray M M x-rays.
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TaBLE X. Pt-195m average radiation spectrum.

Averageenergy
(MeV) Yield/decay  Range (microns)
a 1.30E-01 2.51E-02
a, 9.89E-02 1.17E-01
a 3.09E-02 2.45E-02
IC1K 5.11E-02 1.26E-01 4.52E+01
IC1L 1.17E-01 6.20E-01 1.87E+02
IC1IMN... 1.27E-01 2.54E-01 2.14E+02
IC2K 5.14E-02 1.03E-02 4.56E+01
IC2L 1.17E-01 2.01E-02 1.86E+02
IC2MN... 1.27E-01 7.80E-03 2.15E+02
IC3K 2.05E-02 6.65E-01 9.29E+00
IC3L 8.52E-02 1.16E-01 1.09E+02
IC3M,N... 9.62E-02 3.14E-02 1.34E+02
IC4L 1.71E-02 6.96E-01 6.79E+00
IC4MN... 2.82E-02 2.15E-01 1.62E+01
Auger KLL 5.21E-02 1.57E-02 4.67E+01
Auger KLX 6.28E-02 7.80E-03 6.44E+01
Auger KXY 7,33E-02 1.20E-03 8.41E+01
CK LLX 1.41E-03 5.51E-01 1.13E-01
Auger LMM 1.36E-03 9.89E-01 1.60E+00
Auger LMX 9.50E-03 4.15E-01 2.47E+00
Auger LXY 1.15E-02 3.58E-02 3.43E+00
CK MMX 4.07E-04 1.80E+00 1.94E-02
Auger MXY 1.73E-03 3.40E+00 1.54E-01
CK NNX 1.72E-04 6.05E+00 8.23E-03
Auger NXY 5.67E-05 1.29E+01 3.68E-03
CK 00X 4.94E-05 6.58E+00 3.298-03
X-ray K, 6.68E-02 3.84E-01
X-rayK ,, 6.51E-02 2.27E-01
X-rayK,, 7.51E-02 8.36E-02
X-ray K ,, 7.18E-02 2.88E-02
X-ray K , 1.54E-02 4.51E-02
X-ray K 7.62E-02 2.10E-03
X-ray KM,N,O 7.70E-02 4.90E-03
X-ray L 1.04E-02 6.65E-01
X-ray M 2.06E-03 1.56E-02

Total yield of Auger and CK electrons per decay= 32.8
Total yield of I1C electrons per decay=2.8

Total yield of x-rays per decay=1.5

Total yield of y-rays per decay=0.17

Total energy released per decay=258738 eV

Auger and CK energy released per decay=22526 eV
IC energy released per decay= 160427 eV

X-ray energy released per decay=601 12 eV

y-ray energy released per decay= 15674 eV

IV. DISCUSSION

The average radiation spectra presented in Tables |-XI|
are theoretical in nature. The yields and energies of the
major radiations are in reasonably good agreement with
the values established by the MIRD Committee“and
ICRP.”Significant deviations are found primarily in the
N- and O-shell Auger and CK €electron yields which are
absent in the MIRD"and ICRP”spectra. These very
low-energy electrons play acritical role in the microscopic
dosimetry of Auger emitters, and therefore their yields and
energies are essential. To the best of our knowledge there
are no experimental data available in the condensed phase
with which to compare our calculations. However, the as-
sumptions made in these calculations are reasonable and
our result for I of 21.2 Auger and CK electrons (exclud-
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FG. 4. Influence of Auger electron spectrum on the calculated average
absorbed dose to spherical regions of unit density matter containing uni-
formly distributed "I. The abscissaisthe sphere diameter. The ordinate
istheratio of dose calculated with the MIRD" ™| radiation spectrum to
the dose calculated with the spectrum presented in Table VIII of this
report. Note that the calculated dose is independent of the spectrum
employed for sphere diameters greater than 1 um. Below 1 pm, however,
the very low-energy Auger electronsincluded in Table VIII play anin-
creasingly important role as the volumeis reduced.

ing the CK OOX electrons) isin good agreement with the
calculations of Charlton and Booz”and Sastry and Rao.'
Since the primary utility of these spectrais for dosimetry,
more meaningful comparisons can be made by calculating
the dose to small volumes containing radioactivity rather
than comparing the number of electrons emitted.

125

A. Small volume dosimetry for different ™I spectra

Unlike many of the radionuclides in Tables I-XIl, a
number of different spectra have been reported for *I.
Therefore, ™I is a convenient radionuclide to examine the
effect of different spectra on the dose delivered to very
small volumes of unit density matter. The computer pro-
gram of Howell et al.,  designed to accomodate very low-
energy electrons, isemployed to calculate average absorbed
doses to 10- and 20-nm diameter spheres of unit density
matter containing uniformly distributed *I. Four different
average spectra are compared (Table XlIl): Sastry and
Rao,'Pomplun et al., "MIRD,"and the *I spectrum in
this report (Table VIII). The absorbed doses obtained
with the spectra of Sastry and Rao*and the present work
are in good agreement, differing by less than 2%. No com-
parison could be made with the calculations of Charlton
and Booz”or Humm™*since average spectra were not
provided. However, since their spectra are calculated in a
similar manner, and the total electron yields were essen-
tially the same, no significant differences are expected. The
spectra of Pomplun et al.’results in 1.7 and 2.0 times
higher dose to 10-nm and 20-nm diameter spheres, respec-
tively. Thislarge differenceis attributed entirely to the 1.1
keV of potential energy associated with multiple ionization
of the residua tellurium atom assumed to be deposited
locally within the sphere. As the volume of interest in-
creases the difference diminishes. Hence, since the volume
in which the potential energy is actually deposited is not
known, the significance of the differenceisunclear. Finally,
acomparison may be made with the doses calculated using
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TaBLE XI. TI-201 average radiation spectrum.

TaBLE XII. Pb-203 average radiation spectrum.

Averageenergy Average energy
(MeV) Yield/decay  Range(microns) (MeV) Yield/decay Range (microns)

a 3.06E-02 2.70E-03 g, 2.79E-01 7.99E-01
ol 3.22E-02 2.40E-03 a, 4.01E-01 3.33E-02
g 1.35E-01 2.72E-02 Q. 6.81E-01 9.00E-03
a 1.66E-01 1.30E-03 IC1K 1.94E-01 1.32E-01 4.28E+02

1.67E-01 9.56E-02 IC1L 2.64E-01 3.38E-02 7.03E+02
IC1M,N 8.95E-04 6.08E-01 5.82E-02 IC1M,N... 2.76E-01 1.14E-02 7.53E+02
IC2L 1.22E-02 2.20E-03 3.77E+00 IC2K 3.16E-01 6.20E-03 9.25E+02
IC3L 1.59E-02 8.61E-02 5.96E+00 Auger KLL 5.65E-02 2.11E-02 5.38E+01
IC3M,N 2.77E-02 2.36E-02 1.57E+01 Auger KLX 6.86E-02 1.07E-02 7.50E+01
IC4L 1.74E-02 7.24E-02 7.02E+00 Auger KXY 8.01E-02 1.40E-03 9.19E+01
IC4M,N 2.94E-02 2.37E-02 1.74E+01 CK LLX 8.97E-04 1.76E-01 5.84E-02
IC5K 5.22E-02 7.97E-02 4.69E+01 Auger LMM 7.75E-03 4.11E-01 1.75E+00
IC5L 1.21E-01 1.52E-02 1.96E+02 Auger LMX 1.01E-02 1.80E-01 2.75E+00
IC5M,N 1.33E-01 2.70E-03 2.29E+02 Auger LXY 1.23E-02 1.43E-02 3.86E+00
IC6K 8.28E-02 2.50E-03 1.04E+02 CK MMX 4.11E-04 6.79E-01 1.96E-02
IC7K 8.43E-02 1.59E-01 1.07E+02 Auger MXY 1.89E-03 1.53E+00 1.75E-01
IC7L 1.53E-01 2.69E-02 2.90E+02 CK NNX 1.68E-04 2.36E+00 8.10E-03
IC7M,N... 1.65E-01 9.40E-03 3.29E+02 Auger NXY 6.95E-05 5.11E+00 4.19E-03
Auger KLL 5.50E-02 2.68E-02 5.13E+01 CK OOX 4.69E-05 1.50E+00 3.12E-03
Auger KLX 6.63E-02 1.53E-02 7.08E+01 Anger OXY 2.22E-05 1.13E+01 1.13E-03
Auger KXY 7.75E-02 1.50E-03 9.268+01 X-ray K, 7.29E-02 4.30E-01
CK LLX 7.73E-04 3.22E-01 4.75E-02 X-rayK ,, 7.08E-02 2.57E-01
Auger LMM 7.58E-03 5.41E-01 1.68E+00 X-ray K, 8.26E-02 9.29E-02
Auger LMX 9.85E-03 2.35E-01 2.63E+00 X-rayK,, 8.49E-02 3.37E-02
Auger LXY 1.20E-02 1.91E-02 3.69E+00 X-rayK ,, 8.21E-02 4.77E-02
CK MMX 4.06E-04 9.23E-01 1.93E-02 X-ray K, 8.31E-02 2.20E-03
Auger MXY 1.83E-03 2.03E+00 1.67E-01 X-ray KM,N,O 8.49E-02 8.40E-03
CK NNX 1.72E-04 4.41E+00 8.24E-03 X-ray L 1.14E-02 3.42E-01
Auger NXY 6.44E-05 7.93E+00 3.99E-03 X-ray M 2.31E-03 4.51E-02
CK OOX 4.53E-05 2.84E+00 3.01E-03 Total yield of Auger and CK electrons per decay=23.3
Auger OXY 1.61E-05 1.76E+01 6.83E-04 Total yield of IC electrons per decay=0.19
X-ray K, 7.08E-02 4.69E-01 Total yield of x-rays per decay=1.3
X-ray K, 6.89E-02 2.74E-01 Total yield of g-rays per decay=0.84
X-ray K, 8.038-02 1.03E-01 Total energy released per decay=363461 eV
X-ray K, 8.25E-02 3.57E-02 Auger and CK energy released per decay= 11630 eV
X-ray K, 7.98E-02 5.15E-02 IC energy released per decay=40401 eV
X-ray K, 8.27E-02 1.40E-03 X-ray energy released per decay=68897 eV
X-ray K, 8.08E-02 3.20E-03 g-ray energy released per decay=242532eV
X-ray KM,N,O 8.25E-02 5.90E-03
X-ray L 1.10E-02 4.15E-01
X-ray M 2.24E-03 5.62E-02

Total yield of Auger and CK electrons per decay=36.9
Total yield of IC electrons per decay=1.1

Total yield of x-rays per decay=1.4

Total yield of g-raysper decay =0.13

Total energy released per decay= 138508 eV

Auger and CK energy released per decay= 15273 eV
IC energy released per decay=30220 eV

X-ray energy released per decay =72947 eV

y-ray energy released per decay=20068 eV

the conventional I spectrum published by the MIRD
Committee. “ The absense of the very low-energy N- and
O-shell Auger electronsin this spectrum results in a dose
about 3.5 times smaller (Table XII1) than the detailed
spectrum in this report (Table VIII). This difference is
significant in that it points out the importance of low-
energy Auger electrons in small volume dosimetry and
confirms that conventional spectra are inadequate for this
purpose.
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B. When are conventional spectra inadequate for
dosimetry?

The above findings raise the question as to when de-
tailed spectra, which include the very low-energy Auger
electrons, are required for dosimetric purposes. Figure 4
shows the ratio of the doses calculated” using the MIRD
spectrum*and the present spectrum as a function of the
diameter of a spherical volume of unit density matter con-
taining 1. The ratio ranges from 0.2 for diameters less

TasLE XI1I. Dose per unit cumulated activity (Gy/Bq - h) of 1-125.

Spectrum 10-nm diameter sphere  20-nmdiameter sphere
Sastry and Rao' 8.37x 10° 1.59x10°
Pomplun et al’ 17.4x10* 2.68x10™
MIRD* 2.32x10° 0.56x10°
Thisreport 8.55x10° 1.60x 10°

‘Assumesall chargepotential isdeposited within sphere.
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TaBLE XIV. Se-75 average radiation spectrum (Ref. 32). [Conversion
electron, x-ray, and y-ray yields given elsewhere (Ref. 14).]

TaBLE XVI. Cr-51 average radiation spectrum (Ref. 19). [Conversion
electron, x-ray, and ‘'y-ray yields given elsewhere (Ref. 14).]

Average energy (MeV) Yield/decay Range (microns)

Average energy (MeV) Yield/decay Range (microns)

Auger KLL

Auger KLX 9.48E-03 4.20E-01 2.70E+00

Auger KXY

Auger LMM

Auger LMX } 1.18E-03 1.31E+00 8.00E-02

CK LLX 1.47E-04 1.80E-01 6.30E-03

Auger LMM 9.80E-05 3.70E-01 4.10E-03

n 9 LMX 4.50E-05 1.14E+00 2.00E-03

c&ga NIX 2.90E-05 2.61E+01 1.40E-03
1.70E-05 1.35E+00 1.00E-03

Auger KLL

Auger KLX 4.38E-03 6.70E-01 6.50E-01

Auger KXY

Auger LMM

Auger LMX } 4.49E-04 1.43E+00 2.30E-02

CK LLX 9.10E-05 1.30E-01 5.00E-03

Auger LMM 4.60E-05 3.10E-01 3.00E-03

Auger LMX 2.00E-05 2.18E+00 1.00E-03

CKgM MX 1.10E-05 5.30E-01 1.00E-03
3.00E-06 1.70E-01 5.00E-04

than a few nanometers to 1.0 for diameters greater than
about 1 um. Hence, this suggests that conventional spectra
are adequate for calculating absorbed doses to regions hav-
ing diameters greater than 1 um. More detailed spectra
which include the very low-energy Auger electrons (Tables
[-XI1, XIV-XVI) are required for smaller volumes. Since
the total energy carried by these electronsis small com-
pared to the total energy released by the radionuclide, their
importance is limited to microscopic volumes (< 1 um)

within which they deposit al of their energy.

C. Complete spectra for other Auger emitters

The small differences (Table X1I1) between the ab-
sorbed doses calculated with Sastry and Rao’s 1 spec-
trum and the present spectrum (Table VI11) suggest that
average spectra calculated using these two methods are
roughly equivaent. For the sake of completeness, it is
therefore appropriate to include in this report spectrafor
radionuclides not listed in Tables I-X11 which were calcu-
lated in the same manner as the | spectrum of Sastry and
Rao."'Accordingly, the Auger electron spectra for *'Cr
(Ref. 19), "Se (Refs. 1 and 32), and "Br (Refs. 1 and 31)
are given in Tables XI1V-XVI. It should be noted that
X-ray, y-ray, and conversion eectron yields and energies

TaBLE XV. Br-77 average radiation spectrum (Ref. 31). [Conversion
electron, x-ray, andg-ray yieldsgiven elsewhere (Ref. 14).]

Average energy (MeV) Yield/decay Range (microns)

Auger KLL

Auger KLX 1.01E-02 3.53E-01 3.10E+00

Auger KXY

Auger LMM

Auger LMX } 1.25E-03 1.13E+00 8.00E-02

CK LLX 1.46E-04 2.80E-02 7.00E-03

Auger LMM 8.10E-05 1.73E+00 4.70E-03

Auger LM X' 4.20E-05 1.74E+00 4.20E-03

CKgM MX 1.90E-05 3.40E-01 1.00E-03
2.00E-05 6.70E-01 1.00E-03

Continuum 5.00E-06 6.70E-01
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are not listed in Tables XI1V-XVI. These data were not
provided by the authors and may be obtained from Ref. 14.

V. CONCLUSION

This report provides detailed Auger electron spectra for
a number of radionuclides of medical and environmental
significance. The complete radiation spectragiven in Ta-
bles I-XII are largely similar to those of MIRD"and
ICRP*with the exception of the low-energy Auger elec-
tron component. The spectrain this report give complete
Auger electron spectra including the low-energy M-, N-,
and O-shell Auger electrons, thereby offering significantly
more detail in this region than do conventional spectra.**”
Dosimetry calculations indicate that the detailed spectrain
this report are preferred over conventional MIRD
spectra‘for small volume dosimetry (diameters< 1 pm).
For larger volumes the spectra are dosimetrically equiva-
lent.
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