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“Dose”, “Dosage” and “Dosimetry” 
mean different things to different people

• Medical doctor vs. Health physicist vs. Nuclear engineer 
vs. Nuclear physicist 

• There is no one number 
• Depends on radiation source (neutron, photon, electron, 

proton, HI, …) 
• Depends on energy (gamma vs. X-ray) 
• Depends on what is being irradiated, and in a very detailed 

way! (a patient, a radworker or a piece of equipment) 
• Depends on your goal (do you want to know how much 

radiation is made or how much is absorbed)



When I say there is no one 
number, I am serious
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The radiation effects community embraces the 
importance of quantifying uncertainty in model 
predictions and the importance of propagating this 
uncertainty into the integral metrics used to validate 
models, but they are not always aware of the importance 
of addressing the energy- and reaction-dependent 
correlations in the underlying uncertainty contributors. 
This paper presents a rigorous high-fidelity Total Monte 
Carlo approach that addresses the correlation in the 
underlying uncertainty components and quantifies the 
role of both energy and reaction-dependent correlations 
in a sample application that addresses the damage 
metrics relevant to silicon semiconductors. 

 
I. INTRODUCTION 

The radiation effects community needs a rigorous 
high-fidelity quantification of the uncertainty in various 
damage metrics that are used in the assessment of the 
radiation response of materials. As a sample application 
of an approach that should be used, this paper addresses a 
set of nine damage metrics that are relevant to silicon 
semiconductors. These metrics are shown in Table I.  

TABLE I. Damage metrics relevant to silicon 
semiconductors. 

#  Metric  Units  
1 Total dose rad(Si) 
2  Displacement dose rad(Si) 
3 Ionizing dose rad(Si) 
4 1-MeV(Si)-Equivalent 

Fluence 
1-MeV(Si)-
Eqv./cm2 

5 NRT damage energy eV-b 
6 Frenkel pair density FP/μ 
7 Track density Tracks/μ 
8 Minority carrier lifetime μs 
9 Cumulative LET 

distribution 
MeV-cm2/mg 

 

The following sections address: a) the definition of the 
calculated radiation damage metrics; b) the sources of 
uncertainty in the calculated metrics; and c) a rigorous 

quantification of the neutron energy-dependent 
uncertainty for these damage metrics in the form of a 
covariance matrices. Complete covariance matrices are 
given for damage metrics #1, 2, 3, 5, and 7 shown in 
Table I. 

 
II. DEFINITION OF DAMAGE METRICS 

The most fundamental calculated damage metric is 
the total dose delivered to the sensitive volume of a 
silicon device. In order to eliminate the sensitivity of this 
calculated metric to small feature details in the silicon 
device, for example the presence of metal vias, the 
assumption is made that charged particle (electron) 
equilibrium exists. Given this condition, the neutron 
energy dependence of the total dose is identical to that for 
the microscopic kerma factor. In order to examine the 
uncertainty contributors to this damage metric, it is 
desirable to establish a general framework that can be 
used to describe the metrics. 

Given an energy-dependent microscopic response 
function, ( )Eℜ , and an incident neutron fluence, ( )Eφ , 
the macroscopic observable/metric, D , is given by the 
expression seen in Equation 1, where ^  is a unit 
conversion that varies with the selected damage metric.  

0

( ) ( )D E E dEφ
∞

= ℜ∫^< < <    (1) 

For silicon, when the response function is the microscopic 
kerma factor as computed within the NJOY-2012 code1 
and reported as the MT=301 quantity in units of eV-b, the 
unit conversion factor is 3.435x10-13 [rad(Si)-cm2]/[MeV-
mb] • 1.x10-3 [MeV-mb]/[eV-b].  

For a neutron irradiation, the microscopic neutron 
kerma factor, i.e. ( )( ) kerma EE κℜ = , which is the 
energy-dependent response used to determine the 
dose/kerma delivered in the radiation exposure, is 
computed through the expression shown in Eq. 2.  
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Dosing people is very complicated!

Graphic by Doug Sim, https://commons.wikimedia.org/wiki/File:SI_Radiation_dose_units.png



Should instead to focus on the 
source and the use case
• Fission Reactor 

• Neutrons (thermal & fast) 
• Decay products 

• Fusion Reactor 
• Neutrons (14 MeV) 
• Decay products 

• Accelerator 
• Decay products 

• Space radiation 
• CP, electrons, high energy 

photons 

• Waste 
• Decay products 

• Radiation protection  
• for workers,  
• for equipment 

• Big questions about long 
term radiation damage in 
older reactors 

• Radiation therapy 
• Understanding fluence of 

machine 
• Related task: reaction monitor
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Who is using electro-, photo-
atomic data
• GEANT4  

(POC: Maria Garzia Pia,  
INFN Genova) 

• PHITS  
(https://phits.jaea.go.jp)  
(POC: T. Furuta, JAEA) 

• FLUKA (fluka.org) 
• MCNP 
• PENELOPE  

(POC: F. Salvat, U. Barcelona) 
• Integrated into penORNL  

• EGS, obsolete but forked into  
• EGSnrc (https://nrc-

cnrc.github.io/EGSnrc) 
• EGS5 integrated into 

PHITS 
• ITS (POC: Brian Franke, SNL) 
• SCEPTRE  

(POC: Clif Drumm, SNL) 
• CEPXS (SNL) 
• New codes:  

• FRENSIE (U. Wisconsin),  
• P++ (RPI)

https://phits.jaea.go.jp
http://fluka.org
https://nrc-cnrc.github.io/EGSnrc
https://nrc-cnrc.github.io/EGSnrc


We need options for validating 
electro- or photo- atomic data
• Shielding 

benchmarks? 
• Lockwood 

energy 
deposition 
experiment 

• Hanson angular 
scattering 

• Tabata charge 
deposition 

• …

electron’s outgoing angle and energy4. The scattering angle
of the incident electron is considered to be negligible and is
ignored. The birth energy of the bremsstrahlung photon is
sampled and the incident electron’s energy is reduced by the
photon’s energy, E�,

Eout = Ein � E� (21)

For the current test purposes, it is assumed that the photon
exits the geometry without depositing any energy locally.

III.C. Electro-ionization Subshell Reaction
Electro-ionization models an electron interacting with an

atomic electron resulting in the ionization of the target atom
and the production of a knock-on electron (delta ray) which
is indistinguishable from the incident electron. By conven-
tion, the electron of highest energy is considered the inci-
dent electron and the lower energy electron is considered
the knock-on electron10. The max energy of the knock-on
electron, Eknock,max, is given as,

Eknock,max =
Ein � Eb

2
, (22)

where Ein is the incident energy of the electron and Eb is the
binding energy of the specific subshell.

The birth energy of the knock-on electron, Eknock, and the
outgoing energy of the electron, Eout, can be calculated by
subtracting Eknock, and the binding energy of the subshell,
Eb:

Eout = Ein � Eknock � Eb . (23)

III.D. Atomic Excitation Reaction
Atomic excitation models an interaction between an in-

cident electron and an atomic electron that results in the
atomic electron being excited to a higher subshell in the tar-
get atom. The EEDL does not provide analog transport data
for atomic excitation but instead provides a table of aver-
age energy loss for incident energy. FRENSIE implements
atomic excitation similar to MCNP6. When an atomic exci-
tation event is sampled the energy of the incident electron is
reduced by the average energy loss and the resulting small
angular deflection is ignored.

IV. THE LOCKWOOD ENERGY DEPOSITION EX-
PERIMENT

The Lockwood experiment was motivated by deficiencies
in the available data of the time. In particular, four deficien-
cies were expressed3:

1. Much of the data was not absolute (i.e. reported some-
thing other than energy deposition) or was arbitrarily
normalized to fit previous data/

2. Infinite rather than semi-infinite geometries were used.

3. There was little data electron energies less than 1 MeV
for non-normal incidence or multi-slab media.

4. The spatial resolution was poor near the surface for
semi-infinite geometries.

Lockwood et al. employed a new thin-foil calorimet-
ric technique that could be used in vacuo, eliminated much
of the shortcomings of previous measurements which used
gas-filled ionization chambers or passive dosimeters. The
report detailed results ranging over source energies of
0.3 MeV to 1.0 MeV, incident angles of 0� to 60�, and target
atomic numbers of 4 to 92. The results were compared to
an early 1D version of the ITS code11.

IV.A. Experiment Apparatus
The experimental apparatus consisted of an electron pen-

cil beam, a front foil, a calorimeter foil, and an “infinite”
plate. The front foil positioned 0.1 cm in front of a calorime-
ter foil and the “infinite” plate 0.1 cm behind the calorimeter
foil. The foils and the plate are all made of the material to
be tested and the entire setup is in vacuum (Fig. 2). A more
complete description of the apparatus can be found in Ref.
3.

“Infinite” PlateFront Foil Calorimeter

0.1

e   beam-

0.1

Fig. 2. The experimental setup of the Lockwood experi-
ment consisting of a front foil, calorimeter foil, and “infi-
nite” plate all of the same material and contained in vacuum.

The calorimeter foil was of an octagon shape with a major
length of 8.255 cm and a minor length of 3.175 cm (Fig. 3).
A thermocouple was used to measure the temperature of the
foil and thereby determine the energy deposition.

The front foil was either a single foil or a stack of two or
more foils. The front foil thickness was varied to measure
the energy deposition as a function of depth in a material.
The measured depth of each data point, xi, is given as the
thickness of the front foil, (�x) f f

i
, plus half the thickness of

the calorimeter, (�x)cal,

xi = (�x) f f

i
+

1
2

(�x)cal, (24)

where i represents the i
th data point.
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Sandia is a big user of this data,  
can they help with validation?



We need to identify who can help 
address atomic data shortcomings

• Electro-, photo-atomic data & atomic relaxation 
data maintained by Red Cullen 

• Retired several years ago 
• Does this for fun, but how much longer? 
• Not accountable to any sponsor
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Workflow improvements?

• Quality assurance standards 
• Improved and automated Phase II testing 
• More and better covariances


