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A new photon skin dosimetry model, described here, was developed as the basis for the enhanced VARSKIN 4 thin tissue dos-
imetry code. The model employs a point-kernel method that accounts for charged particle build-up, photon attenuation and
off-axis scatter. Early comparisons of the new model against Monte Carlo particle transport simulations show that
VARSKIN 4 is highly accurate for very small sources on the skin surface, although accuracy at shallow depths is compromised
for radiation sources that are on clothing or otherwise elevated from the skin surface. Comparison results are provided for a
one-dimensional point source, a two-dimensional disc source and three-dimensional sphere, cylinder and slab sources. For very
small source dimensions and sources in contact with the skin, comparisons reveal that the model is highly predictive. With
larger source dimensions, air gaps or the addition of clothing between the source and skin; however, VARSKIN 4 yields over-
predictions of dose by as much as a factor of 2 to 3. These cursory Monte Carlo comparisons confirm that significant accur-
acy improvements beyond the previous version were achieved for all geometries. Improvements were obtained while retaining

the VARSKIN characteristic user convenience and rapid performance.

INTRODUCTION

An improved photon skin dosimetry model was
developed and implemented within the VARSKIN
4D deterministic thin tissue dosimetry code. The im-
provement was largely motivated by the need to
address the previous code’s over-predictions at
shallow skin depths, but also to extend the model’s
application with larger source geometries and to
eliminate some over-simplifications. The new model
employs a point-kernel method that considers the
buildup of charged particles, transient-charged par-
ticle equilibrium (CPE), photon attenuation and oft-
axis scatter. Many of the basic input restrictions
applied in previous versions of VARSKIN are
carried into the improved model, namely that the
source can be a point, disc, cylinder, sphere or slab;
and that dose is calculated to an averaging disc
beneath the skin surface at any depth, and for dose
averaging areas of between 0.01 and 100 cm?.
Comparisons of VARSKIN 4 with the MCNP5
Monte Carlo particle transport code® reveal that
the new photon dosimetry model is accurate for very
small or very thin sources on the skin surface.
Agreement weakens for large volume sources or for
sources that are lifted away from the skin surface,
such as a source adhered to clothing. A comprehen-
sive overview of the relevant concepts and assump-
tions can be found in the NUREG/CR-6918, Rev.
1D that accompanies VARSKIN 4, as provided by

the Radiation Safety Information Computational
Center (http://rsicc.ornl.gov/).

The previous version, VARSKIN 3%, significantly
overestimated photon skin dose at shallow depths of
less than a few hundred microns, primarily due to its
inadequate accounting for charged particle buildup.
The photon model used a library of gamma-ray ex-
posure constants to estimate dose at the desired
depth in tissue. It attempted to correct for the
absence of CPE as a function of the average photon
energy, but inadequately addressed contributions
from higher-energy photons. Comparisons with
Monte Carlo simulations at various photon energies
and skin depths revealed that VARSKIN 3 overesti-
mated dose with increasing photon energy, up to a
factor of 5 at 1.5 MeV.

Photon doses typically contribute only a small frac-
tion of the total skin dose in cases of skin contamin-
ation, particularly for cases of direct contact with no
protective layer. Many contaminant radionuclides
however emit beta radiation of relatively low-energy
accompanied by relatively high-energy gamma
photons. Such scenarios may result in dominating con-
tributions of shallow skin dose from photons: an effect
that is further magnified with protective material
between the contamination and the skin. The Nuclear
Regulatory Commission therefore sought to develop a
more refined photon dose algorithm to correct the
various deficiencies of the prior VARSKIN model.
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THE VARSKIN 4 PHOTON DOSIMETRY
MODEL

An explanation of the dose model begins with the
simple instance of a volume of tissue exposed to a
uniform fluence of uncollided photons, @&, of
energy, E, from a point source in a homogeneous
medium. Ignoring attenuation and assuming that
CPE is established, the dose to any and every point
in that volume of tissue is

D(E) =d, - E - <“e“T(E)) . (1)

where (e, (E)/p)iissue 15 the energy-dependent mass
: : S cnald 5)

energy absorption coefficient for tissue . The as-
sumption is made for this calculation that the dose
volume is infinitely thin and that interactions occur
in two-dimensions normal to a beam of incident
photons. The uncollided fluence originating from a
point source is therefore determined by

S
Rl @

where S has units of photons emitted per nuclear
transition (i.e. yield), and 4 is the kernel distance
between the source and dose locations, in an infin-
itely large homogeneous volume. Thus, a point-
kernel tissue dose per transition at distance, d,
from a point source can be calculated for radionu-
clides emitting i photons of energy E; and yield y;,,
given that

Gy| k(Jg/MeVkg)
Dose {nit} T 4md?(em?)

N
photon MeV
* ;:Zl y,{ nt } E’(photon

] e

where N is the number of photons specified for
the nuclide and k = 1.602 x 1071°(J g/MeV kg).

If the point source is assumed to rest on the air/
skin interface, and a profile of dose with depth in
tissue is of interest, Equation (3) must be modified
to account for the attenuation of photons in tissue,
charged particle buildup and electron scatter at
shallow depths leading to CPE. To account for at-
tenuation as photons travel through tissue, the uncol-
lided photon fluence is decreased by the factor, e <,
where u is the energy-dependent linear attenuation
coefficient for tissue (VARSKIN 4 coefficients are
taken from ICRU 44)©.

For CPE, Attix® states that the condition exists if,
in an infinitely small volume, ... each charged

particle of a given type and energy leaving
[the volume] is replaced by an identical particle of the
same energy entering, in terms of expectation values.’
In order for dose at shallow depths to be calculated
accurately, the CPE as a function of depth must be
determined. The VARSKIN 4 determination of CPE
is based on Monte Carlo (MCNPS5) simulations as
the difference between energy released (KERMA; F6
tally) and energy absorbed (dose; *F8 tally).

Because the energy transfer from photons and
energy absorption from the resulting charged parti-
cles do not occur in the same location'”, there is
a ‘buildup region’ in which dose is zero at the
skin surface and then increases until a depth is
reached at which dose and KERMA are equal.
The depth at which equilibrium occurs is approxi-
mately equal to the range of the most energetic
electron created by the incident photons”. The
energy-dependent factor accounting for CPE
buildup (fcpe) is the ratio of dose, D, to KERMA,
K, for a particular incident photon energy at a
given tissue depth, such that,

D(E, d)

pre(Eyd) :m (4)

In considering CPE along with attenuation, a pro-
portional relationship between dose and KERMA
develops as a function of depth within a
medium™; this relationship is referred to as ‘tran-
sient CPE’. Dose reaches a maximum ‘... at the
depth where the rising slope due to buildup of
charged particles is balanced by the descending
slope due to attenuation’®, after which dose
decreases with depth because of the dominating
effect of photon attenuation. At the point where
transient CPE occurs, dose is essentially equal to
KERMA for low-energy photons and the value of
Jepe 18 unity (1). As photon energy increases
beyond ~1 MeV, this assumption of dose and
KERMA equality begins to fail due to the in-
creasing fraction of bremsstrahlung, but not to the
extent that it appreciably affects deep dose estima-
tions. Based upon comparisons with Monte Carlo
simulations of shallow and deep tissue dose, the
VARSKIN 4 model limits the value of f.,. to
1.05, thereby allowing dose to exceed KERMA by
a maximum of 5 % at depth. This limitation is
important only for higher energy photons.

The empirical function for f,. used in VARSKIN
4 is,

Fope(x) = (a+b~1n(x) +\/%.)I (5)

where x (cm) is equal to the point-kernel distance
between source point and dose point, and the
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coefficients a, b and ¢ are functions of initial photon
energy (in keV) as described in Equations (6)—(8),

a=19.78 +0.1492 E - In(E) — 0.008390 E'*

+0.00003624 E? +3.343 VE - In(x)

10712 E
In(E)

b=1217 x 1072E*-5673 x 107°E°
+7.942 x 1079E? — 0.002028E
+0.3296 (7)

c=9.694 x 1073E* — 4861 x 107°F3
+7.765 x 107 °E? — 0.001856E + 0.1467  (8)

Estimates of f.,. were determined for dose kernels
with trajectories normal to the skin surface. At any
given distance from the skin surface, however, the
fractional CPE for full point-kernel calculations may
vary considerably. Dose kernels with angled trajec-
tories directed nearer the averaging disc boundary
result in an added probability of escape for energetic
particles near the air-tissue interface. Such energy
losses are more prominent for energetic photons as
both the probability of Compton interaction and the
range of secondary electrons increase, generally be-
ginning at photon energies of greater than a few
hundred kiloelectron volt. This scatter of energy out
of tissue is included in the model by considering an
off-axis scatter factor, F,,. The factor, taking on
values between zero and one, is necessary only for
point-kernel calculations in which the angle between
the central axis at the surface and the dose point is
>70° from normal, and for photon energies of
>300 keV. For all other cases F,, is set to unity (1).
The off-axis scatter factor is calculated from data
obtained through Monte Carlo simulation and is
represented in VARSKIN 4 by the empirical func-
tion,

Foa = (—1.57 4-0.000334 6*°
—0.0000325 6°) (0.93 +0.1R) 9

~

where R is the radius of the dose-averaging disc and
0 is the off-axis scatter angle (in degrees).

Fully accounting for charged particle buildup, at-
tenuation and scatter, Equation (3) now becomes

N

Gy| &k
Dose {n_t} _47Td2.z

i=1

oo (B0050)
p tissue

x (fcpe)[ ’ (Foa)l- : e’“(E,)-d:| (10)

Title 10, Section 20.1201(c), of the Code of Federal
Regulations requires, ‘the assigned shallow-dose
equivalent (at a depth of 7 mg cm~2) must be the
dose averaged over the contiguous 10 cm? of skin re-
ceiving the highest exposure.” In order to determine
average dose at depth from a source at the surface,
an integration of Equation (10) over the averaging
area must be executed. No closed-form solution can
be determined, however, when integrating the expo-
nential term. A step-wise numerical integration of
Equation (10) is instead performed, in essence pro-
viding the averaged dose for every point kernel pair
of locations between the source volume and the in-
finitely thin dose averaging disc.

Studies were conducted in support of the numeric-
al integration method to determine a method of seg-
mentation that produced consistently accurate results
using the fewest required number of segments. As
detailed in the NUREG'", three methods were
investigated: (1) segments determined by equal radii
of the dose-averaging disc; (2) segments determined
by equal off-axis angles and (3) segments deter-
mined by equal annular area. Results indicated that
segments divided according to equal lengths (radii)
along the radius of the averaging disc converged
upon consistently accurate solutions using the least
segmentation, with divisions by equal annular area
requiring the largest number of segments. Highly
consistent solutions were achieved when calculated
with no fewer than 300 segmentations for equal
lengths along the radius of a 10 cm? averaging disc.
The VARSKIN 4 numerical integration therefore uti-
lises 300 segments along the radius of the dose
region, although fewer segments were required for
equivalent precision when analysing a smaller aver-
aging disc (Figure 1) .

The dose per nuclear transition for a given point
source radionuclide with N emissions, averaged over
an infinitely thin disc of radius R, at normal depth
in tissue / is therefore calculated by

Gy kG w &
po R[] =4 S [ 2o s

=1 i=1

G RS TRCAPEE I

18
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Figure 1. Graphic depictions for each of the studied dose

segmentation techniques: (a) Equal projection angle

increments; (b) Equal radial increments and (c) Equal

annular area. VARSKIN 4 utilises equal radial increments
in its numerical integrations.

where d; = ,/(h? +rf), with r; and w; representing
the annular ‘radius and fractional area weight, re-
spectively, for each of the L dose region segments in
the numerical integration.

To this point, the model describes photon treat-
ment for cases in which the source is an isotropic
point located directly above and on axis with the
centre of the dose region, assuming radial symmetry
of the dose-averaging disc (Figure 2a). In order to
extend the model to handle point-kernel calculations
for volumetric sources or multiple point sources,
considerations must be taken for cases in which the
point source is off-axis from centre and either still
within or completely removed from the averaging
disc projection. The implication is simply a geomet-
ric determination of the distance between each
source and dose point kernel, including an area-
weighted factor for each radially symmetric dose lo-
cation on the averaging disc.

In the first case, where the point source is off-axis
yet still over the averaging disc, there is symmetry
along a diameter of the dose-averaging disc. The

(@)

Figure 2. Point source depictions: (a) Point source on axis

above tissue averaging disc; (b) Point source above

averaging disc but off axis and (c¢) Point source off axis and
not directly above averaging disc.

average of the point-kernel doses is determined by a
weighting of doses calculated along the diameter.
The calculation begins by projecting the dose point
to the averaging disc, normal to the skin surface.
The averaging disc then is divided into a series of
concentric annuli about the projected dose point,
until the radius of the annuli reaches the nearest
edge of the averaging disc. Thereafter, the weighting
model transitions to a series of arcs passing through
the averaging disc (Figure 2b). In the case where the
point source is removed from the projected dose
region entirely, the weighting model uses only con-
centric arcs (Figure 2c¢). In either off-axis scenario,
the annuli and arcs are representative of regions with
equal dose. Point-kernel dose is calculated along the
diameter in each of the 300 segments defined by
the differential annuli and arcs and then weighted by
the fractional area of each segment. Volume aver-
aging may also be implemented, wherein the dose
calculation to the averaging disc is repeated and
averaged at ten evenly distributed depths within a
user-defined dose volume.

In the case of volume and area sources, the appli-
cation of symmetry used to efficiently calculate dose
requires that the source centreline remains on axis
with the dose averaging disc. For slab source geom-
etries, source kernels are created in equal symmetric
increments at 15 locations in each of the three
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(@)

(c)

(d)

Figure 3. Depictions of (a) slab, (b) disc, (¢) cylindrical

and (d) spherical distributed sources. Total dose calculated

as the sum of point kernels weighted by volume/area for

each source region. Arrows indicate radial symmetry about
the dose region central axis.

dimensions within the source volume, such that 15°
source kernels are represented. Dose is then calcu-
lated from a point source centred within each region,
though in practice the application of symmetry
requires calculations from only one quadrant of the
slab. Final dose is then determined as four times the
sum of each kernel dose weighted by the region
volume to account for the partial volumes created
by planes of symmetry (Figure 3a). For disc sources,
dose kernels are calculated for each of 15 equally
spaced concentric annuli. Radial symmetry permits
treatment of each kernel as a point source weighted
according to the annular area (Figure 3b).
Cylindrical sources are effectively treated as a series
of 15 evenly distributed disc sources, where each of
the 15% annular kernels is weighted according to the
correslzz)onding volume (Figure 3c). Spherical sources
use 157 annular kernels as well, but axial distribution
is here determined instead by 15 equal divisions of
the inclination angle (Figure 3d).

The new VARSKIN 4 photon dosimetry model
takes into consideration attenuation in cover materi-
als and air between source and skin. As with the
beta dosimetry model, up to five layers above the
skin are allowed, including an optional air gap only
above the skin surface. Other material layers are
restricted to cotton and/or latex, as they remain
highly representative of the most likely materials to
be contaminated and modelled in practice. Source
materials in the photon model are not required and
are assumed to have the same characteristics as air.
Based on calculations of the attenuation factor,
effects of attenuation above the skin surface are in-
significant for very small volumetric sources and for
photon energies above ~50 keV. Additionally, the
Jepe factor is assumed to be the same for all materi-
als based on an assumption that any buildup in air
or thin covers would be insignificant in comparison
to that in tissue.

DISCUSSION

The photon dosimetry model of VARSKIN 4 shows
considerable improvement over the previous version.
The data indicate that, for volumetric sources with a
maximum linear dimension less than ~100 pwm, the
assumption that the source material is similar to air
is of no consequence for photon energies between
10 keV and 3 MeV. As the source dimensions in-
crease in size, VARSKIN 4 overestimates dose for
photon energies less than ~40 keV due to the under-
estimation of self-shielding. Results also indicate
that air and tissue are quite similar in terms of
attenuation over very short distances (i.e. <5 mm).
VARSKIN 4 results are provided for a one-dimen-
sional point source, a two-dimensional disc source
and three-dimensional sphere, cylinder and slab
sources. Figure 4 presents dose rate to tissue from
various point sources as a function of tissue depth.
The simplest calculation in VARSKIN 4 is the
scenario in which a point source is located directly
on the skin surface and on the axis with the dose-
averaging area. When compared with MCNPS, the
VARSKIN 4 model performs very well for low- and
high-energy photons at all depths (Figure 4).
A notable point of Fibgure 4 is that the photon dose
at shallow depths for ®°Co and '*"™Ba first increases
and then decreases, showing a dose buildup region
for which the previous version did not account. The
VARSKIN 4 model also effectively accounts for at-
tenuation of photons through the skin (Figure 4b).
VARSKIN 4 over-predicts dose by of ~10 % for
tissue depths of highest dose between ~0.030 and
0.130 cm for the photons of ®Co (Figure 4).
However, the depth-dose curves for PTe and 28U
reach their maximum almost immediately (at least
by 50 wm), due to their abundant yield of low-
energy photons. Dose estimates are also provided
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Figure 4. Photon dose rate for a 1 cm? dose averaging area as a function of depth for (a) “°Co and *"™Ba, and (b) *™Tc
and 2**U. In all cases the source is modelled as a point resting directly on the surface of the skin. MCNPS5 standard error
was <5 % in all cases.

from VARSKIN 3 to illustrate the improvements
developed by VARSKIN 4 at shallow depths.

The four panels of Figure 5 show relative dose as
a function of photon energy and dose averaging area
at the shallow depth of 7 mg cm ™2 in tissue for cal-
culations of disc, sphere, cylinder and slab sources.
The panels in Figure 6 show the same dose calcula-
tions, but at the depth of 300 mg cm 2. Plots similar
to Figure 6 for deeper penetration depths show that
the VARSKIN 4 model is extremely reliable at
depths >300 mg cm 2. As shown in Figures 5 and

6, the VARSKIN 4 model performs well in the 2D
disc source geometry, again because the source point
in each kernel calculation rests on the skin surface.
When the source kernel moves above the skin
surface, as in the volumetric source geometry, the
deviation between VARSKIN 4 and MCNP5
increases due to its handling of the gap created
between source and skin in the point-kernel calcula-
tion. At a depth of 7 mg cm 2 (Figure 5), the skin
dose from volumetric geometries is over-predicted by
VARSKIN 4 for photon energies greater than ~600
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VARSKIN 4 results and points represent MCNPS results for a (a) disc source; (b) spherical source; (¢) cylindrical source
and (d) slab source. MCNPS standard error was <5 % in all cases.
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and (d) slab source. MCNPS standard error was <5 % in all cases.
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keV. This over-prediction is most likely the result of
a physical disruption of charged particle buildup
throughout the source and at the source/tissue inter-
face, a phenomenon not considered within the
VARSKIN model. These discrepancies are not
evident at a depth of 300 mg cm 2 (Figure 6) for the
various source geometries, as CPE at that depth is
well established. Studies continue in order to
examine changes in CPE in the skin when the kernel
source is removed from direct contact with the
surface by air or clothing.

The addition of protective clothing in the photon
dosimetry model serves to add simple material at-
tenuation through each layer of media, as the point-
kernel method inherently accounts for geometric at-
tenuation caused by separation between the source
and tissue. This separation results in the physical dis-
ruption of charged particle buildup; VARSKIN 4
handles this disruption only in the sense that
buildup is assumed not to begin until the photons
reach the skin surface. Additional comparisons for
these can be found in the NUREG™.

CONCLUSIONS

The new VARSKIN photon dosimetry model now
incorporates material attenuation and charged par-
ticle buildup, providing significant improvements to
the calculation of photon dose at shallow depths in
tissue. For very small source dimensions and sources
in contact with the skin, comparisons with MCNP5
show that the model is highly predictive. With
larger source dimensions, air gaps or the addition of
clothing between the source and skin, however,
VARSKIN 4 calculations produce over-predictions
by as much as a factor of 2 to 3. These considerable
improvements to the VARSKIN photon dosimetry

model are incorporated with little additional compu-
tational expense as a result of the efficient treatment
for the deterministic numerical integration of the
point kernel dose methodology.
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