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Nonmelanoma skin cancer (NMSC) is the most common malignancy in Caucasian 

populations. One existing treatment modality for NMSCs is external radiotherapy 

delivered to the skin cancer tumor by a beta-emitter-containing radioactive skin patch. 

Alpha emitters, with their higher linear energy transfer than beta particles and shorter 

range in tissue, make an interesting alternative treatment candidate for early-stage 

NMSCs. In this work, a dosimetry model is presented for the irradiation of early-stage 

NMSC tumors by an infinitely thin radioactive skin patch containing 212mPo, a high-

energy alpha emitter. The dosimetry model is compared to a Monte Carle N Particle 

Code (MCNP) simulation in the same geometry. Dose was assessed to three theoretical 

tumor thicknesses of 50, 100, and 150 μm. The dosimetry model was found to be in 

good agreement with the MCNP simulation. The dosimetry model calculated the 

cumulative doses of the three tumor thicknesses to be 86.8 Sv, 59.9 Sv, and 44.7 Sv 

respectively; MNCP calculated the doses to be 86.4 Sv, 64.0 Sv, and 45.6 Sv. This 



 

corresponds to a difference between the two models of about 0.5% for the 50 μm tumor, 

6% for the 100 μm tumor, and 2% for the largest of the tumor thicknesses, 150 μm.  
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1 Introduction 

Skin cancer, including both melanoma and nonmelanoma types, is the most 

common malignancy in Caucasian populations (Apalla et al, 2017). Nonmelanoma skin 

cancer (NMSC) can be split into two main subtypes: basal-cell carcinoma (BCC) and 

cutaneous squamous-cell carcinoma (cSCC). While surgical excision of NMSC tumors 

is a common path of treatment, a variety of other options are available to patients 

including radiation therapy. Patients who are elderly and/or have highly visible tumors, 

such as on the head or neck, may prefer non-surgical treatment options for comfort and 

aesthetic reasons.  

Radiation therapy is a valuable approach to the treatment of skin cancers. 

Classical forms of radiation therapy for skin cancer include electron beam therapy and 

X-ray therapy. More recently, skin patches or bandages, impregnated with beta emitters 

such as 166Ho and 188Re, have been designed for external application to skin cancer 

tumors. These skin patches are typically custom-made to the individual patient’s 

requirements, and applied to the site of the tumor for a predetermined amount of time. 

This technique has been reported to be an effective NMSC treatment in rodents as well 

as humans (Lee et al, 1997; Pashazadeh, 2019). 

Alpha particles are positively charged helium nuclei that are more than 7,000 

times the mass of beta particles (Shultis and Faw, 2008). Their high linear energy 

transfer (LET) results in the release of large amounts of energy over very short 

distances. The range of alpha particles in tissue is 30-100 µm for energies of 4-10 MeV 

(National Institute of Standards and Technology), an energy range inclusive of most 
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alpha particle emissions. This is compared to the typical range for beta particles in 

tissue of 5,000-10,000 µm (Kim and Brechbiel, 2012; Pashazadeh, 2019). These 

qualities of alpha emitters provide an opportunity to target highly specific cancerous 

cells using an externally placed skin patch while minimizing damage to surrounding 

healthy tissue to an even greater effect than beta particles. 

In the case of early-stage NMSCs, the cancerous cells are generally located in 

the epidermal layers of the skin only and have not spread into the dermis. The thickness 

of the epidermis is generally taken to be 100 µm or less, a range that alpha particles 

with relatively high energies have the ability to traverse. High-energy alpha particles 

are therefore an intriguing candidate for treatment of early-stage NMSC tumors located 

close to the surface of the skin. 

The objective of this work is to provide a conceptual dosimetry model for an 

alpha emitter-containing skin patch for treatment of early-stage NMSC tumors. The 

dosimetry model provides analytical dose calculations from an infinitely thin disk-

shaped skin patch, uniformly impregnated with high-energy alpha emitter 212mPo, to a 

disk-shaped dose area below the skin surface. This model calculates total dose to three 

theoretical tumor thicknesses: 50 µm, 100 µm, and 150 µm. The results of the 

dosimetry model are compared to the probabilistic results of a geometrically similar 

simulation using Monte Carlo N Particle Code (MCNP).  
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2 Literature Review 

2.1. Nonmelanoma skin cancer (NMSC) 

Nonmelanoma skin cancer (NMSC) is a broad category including all malignant 

skin diseases that are not melanoma. The most common types of NMSCs are basal-cell 

carcinoma (BCC) and cutaneous squamous-cell carcinoma (cSCC), which account for 

the vast majority of malignancies in the NMSC category (Apalla et al, 2017). These 

skin cancers typically develop on areas of skin that have had frequent sun exposure, 

particularly on the head, neck, and shoulders. Tumors can also appear on the hands, 

arms, and, rarely, on parts of the body not commonly exposed to sunlight, such as the 

buttocks or underside of the foot (Ascierto and Schadendorf, 2019).  

Basal cell carcinomas originate in the basal layers of the epidermis, the 

outermost layer of the skin. A slow-growing carcinoma typically appearing de novo, 

BCCs are unlikely to metastasize. On the skin, BCCs often appear smooth, similar to 

sores, pimples, or round growths, and tumor areas are typically red or pink in color. 

Darker colored tumors are more common in non-white populations (Samarasinghe and 

Madan, 2012). Examples of BCCs on humans can be found in Figures 1 and 2. 

Figure 2: Patient with nodular BCC 

on the cheek. This BCC appears as 

a small multicolored nodule 

(Samarasinghe and Madan, 2012). 

Figure 1: Patient with BCC on the nose. This BCC 

appears as a large, non-healing pimple (American 

Academy of Dermatology, 2020). 
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Cutaneous squamous cell carcinoma (cSCC) is the second most common 

NMSC after BCC. These most frequently arise from precancerous lesions of mutated 

keratinocytes, the primary cell type found in the epidermis. They are much more likely 

to metastasize than BCCs. Additionally, cSCCs are more varied in appearance than 

BCCs, often appearing as growths, open sores, age spots, or dry, scaly patches of skin. 

Images of cSCCs on humans can be found in Figures 3 and 4. 

 

The incidence of NMSC is difficult to ascertain, as it is understudied and 

underreported compared to the more frequently malignant melanoma. Nonmelanoma 

skin cancers are associated with low mortality, but high morbidity and consequent 

economic burden. Although NMSCs are typically excluded from national cancer 

registries around the world, it is estimated that the incidence of NMSC is roughly 20 

times that of melanoma, and these figures have been rising steadily for decades. It is 

notable that the incidence of NMSCs is considerably lower in Hispanic, Black, and 

other non-white populations (Apalla et al, 2017).  

Figure 3: Patient with cSCC on bottom of foot, 

presenting as a growth with raised edges. This is a 

cSCC that developed from a precancerous lesion 

(American Academy of Dermatology, 2020). 

Figure 4: Patient with cSCC presenting as a scaly, 

red patch of skin. This is a common early sign of 

cSCC (American Academy of Dermatology, 2020). 
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For many NMSC tumors, Mohs micrographic surgery or standard surgical 

excision are the optimum treatment methods. For patients who are unable or unwilling 

to undergo surgery, radiation therapy is a good alternative treatment modality. 

Radiation therapy can also be used in conjunction with surgery post-operatively to kill 

marginal tumor cells that may not have been fully excised (Samarasinghe and Madan, 

2012). Other less common treatment methods for NMSC tumors include chemotherapy 

and immunotherapy. Radiation therapy is typically reserved for patients over 60, which 

is the age range most frequently affected by NMSCs, and is contraindicated in patients 

with genetic predisposition to skin cancer due to the high possibility of secondary 

cancers (Ascierto and Schadendorf, 2019; Yousef et al, 2020). 

Determining the stage of a cancer, or its anatomic extent at diagnosis, is 

essential to deciding a treatment pathway for the patient. Defining stage is different 

between types of cancer and even anatomic site. The International Union for Cancer 

Control (IUCC) and American Joint Committee on Cancer (AJCC) cooperatively 

maintain the tumor node metastasis (TNM) system, which categorizes cancers based 

on the size of the primary tumor, lymph node involvement, and presence of metastasis. 

Though rarely required for BCCs due to their low possibility of metastasis, staging is 

imperative in the treatment of cSCCs due to their higher potential to metastasize. 

Therefore, most NMSCs including BCCs are categorized according to the cSCC TNM 

criteria. The staging system used for cSCCs and BCCs, from the American Joint 

Committee on Cancer (AJCC) can be found in Tables 1 and 2 below. 
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Of particular interest in this research are the earlier stages of NMSCs, namely 

Stage 0 and Stage I. The most commonly diagnosed new cases of NMSCs fall into 

these stages. Features of early-stage NMSC tumors include a diameter of ≤2 cm and no 

metastasis. In the case of Stage 0, the tumor is contained solely to the epidermis. These 

cancers have not typically spread into the dermis, making them attractive candidates 

for short-range radiation therapy like an alpha emitter containing skin patch (American 

Joint Committee on Cancer, 2010). Stage II NMSCs have the potential to be treated in 

this manner as well, if the cancer has not invaded the dermis, or has only minimally 

invaded the dermis in places where the epidermis is thinner. More complicated NMSC 

Table 2: NMSC staging criteria (American Joint 

Committee on Cancer, 2010). 

Table 1: NMSC tumor staging and high-risk tumor 

features (American Joint Committee on Cancer, 2010). 
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cases, such as those with local or distant metastasis, are not ideal candidates for this 

type of treatment. 

 

2.1.1. Layers of skin 

Skin is composed of three layers: the epidermis, dermis, and hypodermis. The 

epidermis is the outermost layer of skin and can vary widely in thickness due to its 

many sub-layers. The dermis lies deep to the epidermis, connected to it by the basal 

lamina. The hypodermis is further deep to the dermis and is primarily composed of 

adipose fat tissue. Figure 5 shows a cross-section of skin with each of these layers 

labeled. Early-stage NMSCs are typically confined to the epidermis, infiltrating the 

dermis in more aggressive cases. Therefore, the epidermis will be the focus of this 

discussion (Yousef et al, 2020). 

 

 

The epidermis consists of several layers, as shown in Figure 6. The outermost 

layer is the stratum corneum, which is approximately 10-30 cell layers and consists of 

dead keratinocytes. It is the layer that varies the most in thickness. The cells in this 

Figure 5: Cross section of skin with the main layers labeled (Heller et al, 

2019). 
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layer continuously shed, with complete cell turnover taking about four weeks for adults. 

The stratum lucidum, making up 2-3 cell layers of dead keratinocytes, is only present 

on the palms of the hands and soles of the feet, providing an extra layer of skin thickness 

to these specific areas. The stratum granulosum contains keratinocytes that are 

beginning to flatten and die, and the cells are “glued” together in their migration to the 

skin surface. As the cells die, they leave behind the keratin and thick membranes that 

form the stratum lucidum. The stratum spinosum, or the squamous cell layer, is 8-10 

cell layers and consists of maturing keratinocytes, or squamous cells, that have come 

from the stratum basale.  

 

Figure 6: Layers of the epidermis (Betts et al, 2013). 
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Also referred to as the basal layer, the stratum basale is the innermost layer of 

the epidermis and contains a single layer of active stem cells that continuously produce 

keratinocytes. The keratinocytes then migrate superficially to the squamous cell layer. 

The basal layer also contains Merkel cells which, like the other cells of the basal layer, 

have the ability to proliferate uncontrollably and lead to what is referred to as Merkel-

cell carcinoma (MCC). MCC is a subtype of NMSC that is extremely rare and typically 

aggressive and difficult to treat (and is therefore left out of the scope of this discussion). 

Lastly, melanocytes produce the pigment melanin; cancer of the melanocytes is 

referred to as melanoma, which is excluded from NMSC discussions (Betts et al, 2013; 

Yousef et al, 2020). 

The dermis, lying deep to the epidermis, consists of two layers of connective 

tissue. The papillary layer is the uppermost layer and is in contact with the epidermis. 

The reticular layer, deep to the papillary layer, is filled with dense connective tissue 

and collagen fibers. The dermis hosts a variety of structures including hair follicles, 

blood vessels, nerves, and sebaceous glands (Yousef et al, 2020). 

 

2.1.2. Epidermal thickness 

The thickness of the epidermis varies widely with body site and may also be 

impacted by other factors including age, sex, skin pigmentation, and tobacco use. 

Epidermal thickness also varies greatly on an individual basis (Sandby-Møller et al, 

2003). Therefore, what appear to be two similarly-sized NMSC tumors on different 

body sites could require vastly different treatment modalities. Awareness of epidermal 
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thickness and accurate epidermal measurements are particularly important in alpha 

particle skin dosimetry, due to alpha particles’ already-limited range in tissue. 

Several studies have been performed to find the average thickness of the 

epidermis at different body sites. Whitton (1973) measured epidermal thickness at six 

main body sites from 188 volunteers: head, trunk, arms and legs, backs of hands, wrists, 

and fingers. Sevcova et al (1978) sought to verify Whitton’s data by measuring 

epidermal thickness at additional body sites that were less likely to be covered by 

clothing, such as the cheeks, forehead, and neck. These data are summarized in Table 

3. 

 

Table 3 confirms that the thickness of the epidermis varies widely by body site. 

Additionally, many of the averages in each study have high standards of deviation, 

indicating a large epidermal thickness variation by individual. This individual variation 

has been validated other times in the literature (Sandby-Møller et al, 2003). While many 

aspects of what factors influence epidermal thickness are being studied, it is clear from 

the existing evidence that body site and individual variability play essential roles.  

The results from Whitton and Sevcova et al are in good agreement with each other. 

In general, it can be seen that the thickness of the epidermis typically fits within the 45-

Table 3: Comparison of epidermal thickness results from Sevcova et al (1978) and Whitton (1973). Table adapted 

from Sevcova et al (1978). 
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65 μm range (assuming ρ = 1 g/cm3) across most body sites. This range is very 

traversable by high energy alpha particles such as those from 212mPo.  

 

2.2. Radioactive skin patches as treatments for NMSCs 

Several forms of radiation therapy for skin cancers exist in medicine, including the 

use of electron beams, neutron beams, and X-rays. A relatively recent form of 

brachytherapy, in the form of an externally placed skin patch uniformly impregnated 

with a beta-emitting radionuclide, has been reported with success in both murine and 

human models (Lee et al, 1997; Pashazadeh, 2019). 

In the application of such a skin patch, the tumor is first measured, and a layer of 

cream or other gel is placed on the tumor to protect the skin from direct radioactive 

contamination. The radionuclide, in a chemically stable form, is impregnated in a 

scaffold, paper, or mixed with a resin material to form a mold that can be shaped to the 

patient’s tumor. The patch is then placed on the tumor for an amount of time to deliver 

a predetermined dose. Radionuclides that have been reported to be effective in treating 

superficial skin cancer tumors in this manner include 166Ho, 188Re, 90Y, and 32P 

(Munaweera et al, 2014; Pashazadeh, 2019). Beta emitters, with a range in skin of about 

5-10 mm, make an interesting choice for external radiation therapy. 

There are several benefits of the radioactive skin patch treatment method over 

other types of NMSC treatment. The skin patch is less costly when compared to more 

traditional radiation therapy techniques, due to the latter’s association with large, 

expensive equipment like linear accelerators. Additionally, since the patch is specially 

designed to the patient’s tumor, the ability of the radiation to kill more cancerous cells 
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while leaving the healthy surrounding tissue undamaged is greater. In cases where 

surgery is contraindicated, or for patients who do not wish to undergo surgery, this 

form of radiation therapy is a feasible alternative method of treatment.  

Radioactive skin patches can also be used in conjunction with surgery as a post-

operative method of irradiating any cancer cells that may have been left over after 

surgical removal. This is not unlike the use of 131I to ablate thyroid cancer in 

conjunction with partial or total thyroidectomy, to ensure more complete cancer cell 

kill (Pashazadeh, 2019). 

 

2.3. Targeted alpha particle therapy (TAT) 

The use of alpha emitters in radiation therapy is not novel. With their short path 

length and densely ionizing particle track, alpha emitters have been considered for their 

potential cancer-treating properties for decades. Alpha particles have the unique ability 

to kill individual tumor cells with only self-irradiation, which is generally not 

achievable with beta particles. Evidence suggests that it may be more efficient to target 

a small number of cancer tumor stem cells, as opposed to targeting all tumor cells, to 

increase treatment effectiveness. The ability of alpha particles to target highly specific 

cells while exhibiting a relatively low toxicity profile may be able to satisfy this need 

(Sgouros et al, 2010). 

Targeted alpha particle therapy (TAT) has been used in clinical research since 

the mid-1990s. To date, the only alpha emitter that has been approved for medical use 

in the United States is 223Ra, for treatment of metastatic bone cancers. In research trials, 

alpha emitters have shown promising results in treatments of leukemias, lymphomas, 
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and gliomas. Most relevantly to the scope of this research, a clinical study by Allen et 

al (2005) used intralesional administration of 213Bi, an alpha emitter, in a trial with 16 

melanoma patients. The study found that 213Bi led to significant melanoma cell killing 

and resolution of tumors: “…the results showed that intralesional TAT is non-toxic and 

locally efficacious up to 1350 µCi … and the histology showed almost complete cell 

kill at 450 µCi and above with few viable cell clusters” (Allen et al, 2005). 

While beta emitters are more widely available and predominately used in 

targeted radionuclide therapy research studies, TAT continues to be an area of interest 

for researchers due to the unique properties of alpha particles. Currently, TAT research 

is primarily limited by the availability and cost-effectiveness of alpha emitters. 

Improved knowledge of the radiochemistry of alpha emitters and their stability is also 

imperative to TAT development (Lassman and Eiberlein, 2017). 

 

3 Theory 

3.1. Alpha decay and energetics 

Alpha particles are identical to helium nuclei, consisting of two protons and two 

neutrons, carrying a net charge of +2. The alpha particle is more than 7000 times the 

mass of an electron. The most common source of alpha particles is alpha decay of 

heavy, unstable nuclei (Shultis and Faw, 2008). A schematic of alpha decay is shown 

in Figure 7. 

Heavy atomic nuclei with low neutron-to-proton ratios are more likely to 

undergo alpha decay to achieve stability. Alpha decay is possible for all nuclides with 
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atomic number Z ≥ 83. While alpha decay has been observed in some unusually light 

nuclei, such as 8Be which decays via two alpha emissions, it is the predominant decay 

process only for nuclei with mass numbers A ≥ 210 (Shultis and Faw, 2008). This can 

be seen in Figure 8, which shows the Chart of Nuclides with different types of 

radioactive decay color-coded. The yellow boxes represent nuclides that predominately 

undergo alpha decay, which is seen to mainly occur in proton-rich nuclei over Z = 82. 

In alpha decay, an atomic nucleus emits two protons and two neutrons (an alpha 

particle) resulting in a mass reduction of four and a nuclear charge reduction of two. 

The nucleus will sometimes be left in an excited state, requiring the emission of a 

gamma ray to bring the nucleus to ground state. The emission of an alpha particle 

lowers the Coulombic energy of the nucleus by decreasing its size, in turn increasing 

its stability (Knoll, 2000). 

Figure 7: Schematic of alpha particle decay (Getty Images). 
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While average alpha particle energies are in the 3-8 MeV range, there are 

radionuclides with especially heavy nuclei that can emit alpha particles with energies 

upwards of 15 MeV. 

 

3.1.1. Alpha particle interactions in matter 

As alpha particles traverse through matter, they are continuously interacting 

with the surrounding material. Alpha particles, with their doubly positive charge, 

frequently interact with the outer electrons of the atoms in the material through which 

they traverse. With each interaction, energy is transferred from the alpha particle to 

loosely bound electrons and the velocity of the alpha particle slows. Because of alpha 

particles’ high energies, these particles must undergo many interactions to completely 

Figure 8: Chart of Nuclides with decay modes shown (legend emphasis author’s). The yellow boxes 

represent nuclides that decay primarily via alpha emission (Woolsey, 2018). 
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lose their energy. Alpha particles primarily lose energy by the mechanisms of 

ionization and excitation (Knoll, 2000).  

In an ionization event, an alpha particle provides a sufficient attractive 

Coulombic force to a nearby atom that results in the removal of one or more of its 

electrons, ionizing the atom. This is more likely to occur with atoms that are closer to 

the particle’s track (Knoll, 2000). 

In an excitation event, the attractive force exerted by the alpha particle is 

insufficient to remove an electron from a nearby atom. In these cases, the electron is 

instead raised to a higher energy state, exciting the atom. This is more likely to occur 

with atoms that are farther from the alpha particle’s trajectory. When excited, the atom 

will emit a low-energy photon in its de-excitation to ground state. At lower energies, 

alpha particles are more likely to lose energy through excitation than ionization (Knoll, 

2000). 

 

3.1.2. Stopping power and Bragg curve 

A crucial parameter in charged particle dosimetry is the differential energy lost 

by the particle per unit path length. This is referred to as the particle’s stopping power 

and is described in its linear form in Equation 1.  

𝑆 =  −
𝑑𝐸

𝑑𝑥
   (1) 

 A more useful expression of this quantity is mass stopping power, which lets 

the stopping power become mostly independent of the material’s density. This is 

achieved by dividing the stopping power by the density of the material, shown in 

Equation 2. Mass stopping power is conventionally expressed in units of (MeV· cm2/g). 
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𝑆

𝜌
= −

𝑑𝐸
𝑑𝑥⁄

𝜌
  (2) 

Stopping power for heavy charged particles such as alpha particles increases 

drastically towards the end of the particle’s path. As the particle traverses farther into 

the medium, its velocity is continually slowing. As it slows, the rate of energy 

transferred to the medium increases. This is demonstrated in the Bragg curve, a graph 

that shows the stopping power versus the distance into the material the particle has 

traversed (Knoll, 2000). Sample Bragg curves for two alpha particles in water are 

provided in Figure 9. 

It is seen in Figure 9 that much of the energy from each alpha particle is 

deposited towards the end of the particle’s track, at what is known as the Bragg peak.  

Figure 9: Stopping power vs distance in water for two alpha energies (Bragg curves) (adapted from 

Sgouros et al, 2010). 
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3.1.3. Energy straggling 

Although alpha particles are considered essentially monoenergetic, their energy 

loss is actually subject to variation. This is due to the random nature of charged particle 

interactions with matter. Because a large number of interactions are required to 

completely slow an alpha particle, statistical variation occurs in both the total number 

of collisions and the amount of energy lost in each collision. Therefore, a group of 

initially monoenergetic alpha particles will have a distribution of energies as they 

traverse a given thickness. This effect is referred to as energy straggling. Energy 

straggling is more noticeable at lower energies, as charged particles begin to deflect 

more broadly from the atomic nuclei they pass (Knoll, 2000; Turner, 2007).  

 

3.1.4. Alpha particle range in materials 

Unlike beta particles, which have small mass and crooked, meandering ranges, 

alpha particles have short, mostly straight path lengths. Alpha particles have short range 

in most materials, with higher-energy particles being able to penetrate farther into 

tissue. In tissue, the range of most alpha particles is between 50-100 µm. The range is 

limited primarily by the large mass of the alpha particle (Turner, 2007).  

There are several definitions of heavy charged particle range. The mean range 

is the range at which the overall fraction of particles reaching a particular distance is 

halved. The more standard way of defining range is called the continuous slowing-

down approximation (CSDA) range, which is obtained by viewing the overall energy 

loss of the alpha particle as a continuous process. For the scope of this work, these 

definitions of range are essentially the same (Shultis and Faw, 2008). 
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3.1.4.1. Range straggling 

Much like the phenomenon of energy straggling, heavy charged particles 

including alpha particles are also subject to range straggling. The exact amount of 

energy lost per particle interaction varies, and these same statistic variations lead to a 

range straggling effect. The straggling effect can be seen in Figure 10 as the derivative 

of the solid line curve. The solid line curve represents the fraction of particles that reach 

a particular distance s. The mean range (�̅�) and the extrapolated range (Re), obtained 

by extending the tangent of the curve at its point of inflection to zero, can be seen in 

Figure 10 as well (Shultis and Faw, 2008). 

 

Figure 10 demonstrates that the range of alpha particles is subject to some 

amount of variation. This phenomenon is particularly important in radiation dosimetry, 

as alpha particle ranges in tissue are on the magnitude of microns. Seemingly minor 

Figure 10: Range straggling effect. Fraction of alpha particles that penetrate a distance s. The dotted curve is 

termed the "straggling curve.” Mean range and extrapolated range are labeled (adapted from Shultis and Faw, 

2008). 
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fluctuations towards the end of an alpha particle’s range can spell much larger issues 

for radiation therapy treatment because energy deposition is greatest at the end of its 

tracks (Turner, 2007). 

 

3.1.4.2. Bragg-Kleeman rule 

The range of alpha particles at a given energy, if known for one material, can be 

estimated for other materials using the Bragg-Kleeman rule. Traditionally, the Bragg-

Kleeman rule compares the range of alpha particles in air to some other material. The 

range of alpha particles of a particular energy in tissue is not precisely known, but it 

can be estimated by the following version of the Bragg-Kleeman rule (Eq. 3), 

 

𝑅𝑡𝑖𝑠𝑠𝑢𝑒 =  √
𝑀𝑡𝑖𝑠𝑠𝑢𝑒

𝑀𝑎𝑖𝑟
∗

𝑅𝑎𝑖𝑟𝜌𝑎𝑖𝑟

𝜌𝑡𝑖𝑠𝑠𝑢𝑒
  (3) 

where M is the atomic weight (in g/mol) of the material, and ρ is the density of the 

material (in g/cm3) (Knoll, 2000). 

 

3.2. Dosimetry concepts and terminology 

3.2.1. Linear energy transfer (LET) 

A concept closely related to stopping power is that of linear energy transfer 

(LET). While stopping power is a measure of differential energy loss per unit path 

length, LET describes local energy transfer in the material through which the particle 

is traveling. LET is considered a volume-limited form of stopping power. This is 

relevant in radiotherapy, where radiation treatments are typically administered to a 

definitive tumor size (Sgouros et al, 2010).  
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High-LET radiations, such as those from heavy charged particles like alpha 

particles, lead to greater biological damage than low-LET radiations like that of beta 

particles. This means alpha particles have more effective cell killing ability than beta 

particles or other low-LET radiations (Knoll, 2000), which is one of the features of 

alpha decay that makes it such an intriguing candidate for radiotherapy. 

 

3.2.2. Absorbed dose 

The mean energy imparted by ionizing radiation to a specific volume of matter, 

divided by the mass of that volume, is defined as absorbed dose (Eq. 4). Absorbed dose 

is conventionally expressed in units of Gray (Gy = J/kg). 

𝐷 =  
𝑑�̅�

𝑑𝑚
=  

𝑚𝑒𝑎𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑚𝑝𝑎𝑟𝑡𝑒𝑑

𝑚𝑎𝑠𝑠
  (4) 

 

Absorbed dose in tissue is a fundamental quantity in radiobiology, radiation 

therapy, and dosimetry as it is the measurement of the amount of energy the radiation 

is imparting to the target tissue (Knoll, 2000). 

 

3.2.3. Radiation weighting factors 

As discussed previously, alpha particles are considered high LET radiation, 

meaning that they deposit very large amounts of energy over relatively short distances. 

The LET of an alpha particle is much greater than that of low-LET radiations like that 

of beta particles. 

Relative biological effectiveness (RBE) is a measure of the biological 

effectiveness of one type of radiation compared to another. High-LET radiations are 
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more effective at cell killing than low-LET radiations, therefore making them more 

biologically hazardous. This means that high-LET radiations have higher RBE than 

low-LET radiations (Knoll, 2000).  

To account for RBE between radiations, the International Commission on 

Radiological Protection (ICRP) has defined a set of radiation weighting factors for use 

in dosimetry calculations. The current ICRP recommendations for radiation weighting 

factors, summed up in Table 4, have been in use since the adoption of ICRP Publication 

60 (1977). It can be seen from Table 4 that the radiation weighting factor for alpha 

particles is 20 (ICRP Publication 103, 2007). 

 

 

3.2.4. Dose equivalent 

Dose equivalent is defined as the product of absorbed dose in tissue and the 

relevant radiation weighting factor (Eq. 5). The associated unit for dose equivalent is 

Table 4: Recommended radiation weighting factors (ICRP, 2007). 
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the Sievert (Sv), identical to the Gray but conventionally used in place of Gray when 

calculating dose equivalent. 

𝐻 = 𝐷 ∗ 𝑤𝑅 (5) 

In equation 5, H is the dose equivalent, D is the absorbed dose, and wR is the 

radiation weighting factor, which can be taken from Table 4 (Knoll, 2000; Turner, 

2007). 

 

3.3. Point kernel concept for total dose equivalent 

Calculating dose to a target area is made considerably easier by the use of the 

point kernel method. This concept divides a volume source and/or target into 

elementary “point kernels,” source points and dose points. Each source point 

contributes to dose based on the distance between the individual source and dose points 

in question (Prokhorets et al, 2007). The point kernel method can be used if the 

following conditions are met: the source emits radiation isotropically with a consistent 

energy spectrum at all source points; the detector can equally detect radiation from any 

direction; and the source and target are located in an infinite homogenous medium 

(Shultis and Faw, 1996). These three conditions are modeled in this work. 

Shultis and Faw (1996) gave the following (Eq. 6) as a sample or general point 

kernel for heavy charged particles, 

 

𝐺(𝑟, 𝐸0) =  
𝐿(𝛬(𝐸0)−𝑟)

4𝜋𝑟2𝜌
         𝑖𝑓 𝑟 < 𝛬(𝐸0)   (6) 
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where L(Λ) is the collisional stopping power of a heavy charged particle with range Λ. 

The point kernel G(r, E0) is the energy deposited per unit mass of the medium which is 

a distance r from the source. The initial source energy is represented by E0 and the 

material density is represented by ρ. 

 

3.4. Integrated activity 

When the activity of the radionuclide in question is changing considerably 

relative to the patch deployment time, special consideration needs to be taken in the 

form of “integrated activity.” In this work, the assumed source nuclide, 212mPo, has a 

very short radioactive half-life of 45 seconds, and the patch is placed on skin for time 

periods on the order of minutes. This time accounts for the decay of a large fraction of 

the radioactive atoms, and integrated activity (total energy deposition) must be 

considered. 

To consider this factor, the radioactivity of the source is integrated with respect 

to exposure time to get the total number of disintegrations in that time: 

𝑈𝑠 =  𝐴0 ∫ 𝑒−𝜆𝑡𝑑𝑡
𝜏

0

 

where Us is the integrated activity, A0 is the initial activity, λ is the radioactive decay 

constant, and  is the exposure time. This can be integrated to find (Eq. 7): 

 

𝑈𝑠 =
𝐴0

𝜆
(1 − exp(−𝜆𝜏))      (7) 



25 

 

4 Method 

This work presents an analytical dose-averaged alpha particle dosimetry model 

for an infinitely thin radioactive skin patch uniformly impregnated with 212mPo, a high-

energy alpha-emitting nuclide. Dose equivalent was calculated to three theoretical 

tumor thicknesses: 50 µm, 100 µm, and 150 µm. Results were compared to Monte 

Carlo N Particle simulations in similar geometry. 

 

4.1. Decay routes of 212mPo 

The metastable state of 212Po emits three high-energy alpha particles. Most 

notably, an 11.66 MeV alpha particle is emitted from 212mPo with 96.9% yield. With 

this high energy alpha emission and a half-life of 45 seconds, 212mPo makes a 

fascinating candidate for an alpha-emitter-containing radioactive skin patch. This 

isotope of polonium decays via alpha emission to stable 208Po, so decaying daughter 

nuclides are not a dosimetric concern. The decay scheme for 212mPo is found in Figure 

11.  
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The decay products of 212mPo also include alpha particles of 9.1 MeV (Y = 1%) 

and 8.53 MeV (Y = 2.1%). These alpha particles are associated with low-probability 

gamma ray emissions to ground state, with energies corresponding to 2610 keV (Y = 

2.6%) and 570 keV (Y = 2%), respectively. The known emissions of 212mPo are 

summarized in Table 5. For the scope of this research, decay routes other than the 11.66 

MeV alpha emission (α3 in Figure 11) are ignored. 

 

4.2. NCSS Statistical Software 

ICRU 90 (2014) updated a series of stopping power and range tables for alpha 

particles in air, liquid water, and graphite up to 15 MeV. The tables for alpha particles 

Figure 11: Decay scheme for 212mPo. 

Table 5: The decay pathways of 212mPo (adapted from IAEA – Nuclear Data 

Section). 
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in air and liquid water were uploaded into a software called NCSS Statistical Software 

(2020). NCSS provides its users with a comprehensive library of statistical tools and 

graphing options for a wide variety of data analytics purposes.  

NCSS was used to create three fit equations: one for mass stopping power in 

water as a function of particle energy; density range in air as a function of energy; and 

energy as a “function” of density range in air. The data used to fit these three equations 

were pulled directly from ICRU 90 (2014) and can be found in abridged form in 

Appendix A.  

Among several curve fitting options, NCSS has a “Ratio of Polynomial Search 

– One Variable” option, which allows the user to select the dependent and independent 

variables to be fit, as well as variable transformation options that may be appropriate. 

The software analyzes all possible model options from the user’s input and makes 

suggestions for the best model fits for the data. An example of the “Ratio of Polynomial 

Search – One Variable” output report, for a fit of density range in air as a function of 

particle energy, can be seen in Table 6 below: 
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The output report lists what the software found to be the 20 best models that fit 

the input data, accounting for any transformations of x or y the user chooses to include. 

The fourth column of Table 6 describes the model as the order polynomial in the 

numerator over the order polynomial in the denominator. NCSS also provides each 

model’s expected R2 value. The search report was then used to narrow down which 

models would be fitted for the data. For example, the first model option in Table 6 

would follow the form: 

ln(Λ𝜌𝑎𝑖𝑟) =
√𝐸 + (√𝐸)2 + (√𝐸)3 + (√𝐸)4 + (√𝐸)5

√𝐸 + (√𝐸)2 + (√𝐸)3 + (√𝐸)4 + (√𝐸)5
 

 

After a Ratio of Polynomials search was carried out, the “Ratio of Polynomials 

Fit – One Variable” curve fitting option was used to establish the chosen model and its 

coefficients. It should be noted that while the search output suggests models in order 

Table 6: Output report for the Ratio of Polynomials Search curve fitting option in NCSS. 
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of “best to worst” fit, not all of the suggested model options actually produced fit 

equations for the data when run in the Ratio of Polynomials Fit function. Of the first 3-

5 model suggestions that were tried for each data set, the best option was chosen to fit 

the data.  

Running the selected model in the Ratio of Polynomials Fit option provided a 

convergence test and coefficients for the chosen model, in addition to other statistical 

information including variance and standard deviation for the data sets. This procedure 

was used to find fit equations for mass stopping power in water, density range in air, 

and energy. These fit equations can be found in Eq. 8-10. 

Λ𝜌𝑎𝑖𝑟 = 𝐸𝑋𝑃(
−14.96898−192.5433√𝐸+187.0846𝐸−175.3049(𝐸)

3
2+13.24883𝐸2

1+23.30342√𝐸−16.47945𝐸+13.72544(𝐸)
3
2+3.416341𝐸2

) (8) 

 

𝐸 =  
−3.447587−1.248744(ln(Λ𝜌𝑎𝑖𝑟)−0.1711394(ln(Λ𝜌𝑎𝑖𝑟))

2
−0.01046125(ln(Λ𝜌𝑎𝑖𝑟))3−30.06026(ln(Λ𝜌𝑎𝑖𝑟))4

1+1.047572(ln(Λ𝜌𝑎𝑖𝑟))+0.4176743(ln(Λ𝜌𝑎𝑖𝑟))2+0.08294695(ln(Λ𝜌𝑎𝑖𝑟))3+0.008196484(ln(Λ𝜌𝑎𝑖𝑟))4−0.0003223555(ln(Λ𝜌𝑎𝑖𝑟))5
 (9) 

 

𝑆

𝜌
=

 
2187.7−2.57008(ln 𝐸)+942.6795(ln 𝐸)2+7.422102(ln 𝐸)3−30.06026(ln 𝐸)4−4.952705(ln 𝐸)5

1+0.2338179(ln 𝐸)+0.8293901(ln 𝐸)2+0.1650164(ln 𝐸)3+0.1138328(ln 𝐸)4−0.005094198(ln 𝐸)5

 (10) 

 

4.3. Analytical dosimetry method 

Dose calculations centrally involved use of the point kernel method discussed 

in section 3.3. Although the dosimetry scenario is that of a disk source and disk-shaped 

target area, stopping power determinations were carried out by temporarily remodeling 
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the scenario as a point source geometry, with a single point source located at the center 

of the theoretical skin patch. The dose-disk was therefore shrunk down to an “effective” 

dose area that encapsulated the portion of the dose-disk traversable by a single 212mPo 

alpha particle emitted from the modeled point source at the center of the patch. This 

effective dose area was then split into ten concentric annuli. Dose was calculated to 

each annulus and a weighted sum determined to get the dose to the effective dose area. 

This weighted dose was then multiplied by an “average flux” factor to extrapolate the 

dose from the effective dose area to the entire dose-disk. 

This process was repeated at 0.1 µm tissue depths beginning at 0.1 µm below 

the skin surface and extending to the end of the range of the alpha particles. At each 

discrete tissue depth, an average flux factor was calculated in the disk source-disk target 

geometry. Then, the geometry was temporarily modeled as a point source geometry in 

order to determine particle travel length, residual range and energy, and therefore 

stopping power, for use in Equation 6.  

Volume-averaged dose to three theoretical tumor thicknesses (0-50 µm, 0-100 

µm, and 0-150 µm) was calculated by averaging discrete doses at 0.1 µm depths over 

the depth range of the tumor of interest. Microsoft Excel in conjunction with Visual 

Basic for Applications (VBA) was used for all calculations in this section. 

 

4.3.1. Scenario geometry 

The radioactive skin patch was modeled to be an infinitely thin planar disk 

source with a radius of 1 cm. This size matches the typical maximum dimension of an 

early-stage NMSC tumor, whereas tumor sizes greater than 1 cm in radius indicate 
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more complicated or invasive cancers (American Joint Committee on Cancer, 2010). 

This is also consistent with the sizes of the beta-emitting skin patches that have been 

discussed in the literature (Pashazadeh, 2019). 

An infinitely thin disk-shaped dose averaging area, or dose-disk, below the 

surface of the skin was assumed to have an area of 3.14 cm2, matching the source radius 

and area. The tissue depth between the source disk and the dose-disk was varied 

between 0.1 µm under the skin surface and the maximum range of the alpha particles. 

Dose was calculated to discrete dose areas at each 0.1 µm depth, to later be averaged 

over each tumor depth region to result in volume-averaged tumor dose. Figure 12 

shows a diagram of this geometry, where Rs is the radius of the source, and Rd is the 

radius of the dose-disk. The variable Λ represents the range of the alpha particle if 

emitted from the center of the source to the farthest point it could theoretically reach 

on the dose-disk. Reff will be discussed in a later section. 

 

Figure 12: Diagram of scenario geometry. 
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4.3.2. “Average flux” factor 

Flux is loosely defined as the rate at which particles or photons from a 

radioactive source pass through a dosimetric target.  Flux is often determined solely by 

the uncollided radiation from source to target; in the analytical method section of this 

work, any scattering or interactions from surrounding materials or secondary radiation 

is ignored. To conceptualize flux for this scenario’s geometry, picture a particle emitted 

from an infinitesimally small portion of the source disk reaching a point P in the dose 

area off-axis from the origin of the disk source (for example, along the red arrow in 

Figure 12). This geometry is outlined below in Figure 13. 

 

The flux at point P in this geometry can be calculated by Equation 11: 

𝜑𝐴 =  ∫
𝑆𝐴

4𝜋𝑃2
𝑑𝐴 (11) 

Where SA is the source strength divided by the area of the disk source. 

Figure 13: Visualization of flux in the scenario geometry. Path 

from an infinitesimal section of the planar disk source to point P 

at a distance "h" below the source and a distance "d" off-center. 
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Using the geometry in Figure 13 in conjunction with the law of cosines, it can 

be seen that: 

𝑷2 = ℎ2 + 𝑏2 

𝑷2 = ℎ2 + 𝑑2 + 𝑟2 − 2𝑟𝑑 cos 𝜃 (12) 

 

Substituting Equation 12 into Equation 11 provides the double integral found 

in Equation 13. This can be solved analytically to determine the integrated flux over 

the entire area of the disk source (Eq. 14) (Shultis and Faw, 1996). 

 

𝜑𝐴 =  ∫ ∫
𝑆𝐴∗𝑟

4𝜋(ℎ2+𝑑2+𝑟2−2𝑟𝑑 cos 𝜃)
𝑑𝜃 𝑑𝑟

2𝜋

0

𝑅𝑠

0
 (13) 

 

𝜑𝐴 =  
𝑆𝐴

4
∗ ln {

𝑅𝑠
2+ℎ2−𝑑2+√(𝑅𝑠

2+ℎ2−𝑑2)2+4𝑑2ℎ2

2ℎ2 }  (14) 

 

In this work, the source activity, exposure time, and yield normally associated 

with the source strength will be accounted for at a different time in the dose calculation. 

Therefore, the average flux factor will be unitless. Flux was calculated from the entire 

disk source to ten individual dose points along the dose-disk radius at 0.1 cm 

increments. Replacing Rs with 1 cm, the average flux factor is explicitly defined in 

Equation 15, where the integer n represents each of the ten 0.1 cm-increment-dose 

points to which flux has been calculated along Reff. 
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𝜑 =  
1

4𝜋𝑛
∗ ∑ ln {

1 + ℎ2 − (0.1𝑛)2 + √(1 + ℎ2 − (0.1𝑛)2)2 + 4(0.1𝑛)2ℎ2

2ℎ2
}

10

𝑛=1

 

(15) 

 

Excel VBA was used to determine flux at each 0.1 cm increment along Rd as a 

function of tissue depth using Equation 15. These ten values were averaged to 

determine the unitless “average flux” factor, φ, for each discrete tissue depth.  

For the stopping power calculations that will be explained in more detail in 

section 4.3.5, the analytical dosimetry model treats the source as a point in order to 

create a sort of “distribution” of stopping power at each discrete tissue depth. When 

modeled as a point source, the portion of the dose-disk that can be impacted by particles 

emitted from the source shrinks down to an “effective” dose area. The purpose of the 

average flux factor is to extrapolate the dose from the “effective” dose area to the entire 

dose-disk, in the scenario’s true disk-disk geometry, after carrying out stopping power 

calculations in a point source geometry. 

 

4.3.3. Range of 212mPo 

To determine what potential tumor depths 212mPo may be able to impact, the 

range of its alpha particle emissions was determined by using the NCSS fit equation 

for density range in air (Eq. 8) in combination with the Bragg-Kleeman rule (Eq. 3). 

The combined equation for range in tissue is shown below (Eq. 16). Atomic weights 

and densities for tissue, water, and air are summarized in Table 7. 
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Λ𝑡𝑖𝑠𝑠𝑢𝑒 = √
𝑀𝑡𝑖𝑠𝑠𝑢𝑒

𝑀𝑎𝑖𝑟𝜌𝑡𝑖𝑠𝑠𝑢𝑒
∗

𝐸𝑋𝑃(
−14.96898−192.5433√𝐸+187.0846𝐸−175.3049(𝐸)

3
2+13.24883𝐸2

1+23.30342√𝐸−16.47945𝐸+13.72544(𝐸)
3
2+3.416341𝐸2

) 

 (16) 

 

 

The values in Table 7 can be substituted into Eq. 16 along with the 11.66 MeV 

alpha particle energy, to determine the range of this alpha emission in tissue. 

Λ𝑡𝑖𝑠𝑠𝑢𝑒

= √
13.991

14.661 ∗ 1.00

∗ 𝐸𝑋𝑃(
−14.96898 − 192.5433√11.66 + 187.0846(11.66) − 175.3049(11.66)

3
2 + 13.24883(11.66)2

1 + 23.30342√11.66 − 16.47945(11.66) + 13.72544(11.66)
3
2 + 3.416341(11.66)2

 

= 165 µm. 

 

4.3.4. Tumor depth determinations 

After the range of the 11.66 MeV alpha particle in tissue was calculated, three 

theoretical tumor thicknesses were chosen to study. The three tumor depth ranges that 

were chosen were 0-50 µm, 0-100 µm, and 0-150 µm, all theoretically traversable by 

the calculated 212mPo alpha particle range of 165 µm. Because epidermal thickness 

Material M (g/mol) r (g/cm3)

Air 14.661 0.0012

Water 14.335 0.998

Tissue 13.991 1.00

Table 7: Atomic mass and density values for air, 

water, and tissue. 
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varies widely with body site as discussed in section 2.1.2, early-stage NMSC tumors 

that are confined to the epidermis or have only minimally invaded the dermis would 

mostly fall into these tissue depth ranges. 

 To see if additional dosimetry information could be obtained by studying 

different portions of the tumors, doses to three other cell sizes were also determined: 

0-50 µm (Cell 1), 50-100 µm (Cell 2), and 100-150 µm (Cell 3). These cells and tumor 

depths can be seen schematically in Figure 14. It can be seen that Cell 1 and Tumor 1 

have the same dimensions. Cell 2 corresponds to the bottom/deeper half of Tumor 2 or 

the “middle chunk” of Tumor 3. Cell 3 corresponds to the deepest third of Tumor 3.  

 

4.3.5. Parameters of mass stopping power calculations 

The determination of the mass stopping power of an alpha particle emitted from 

a disk source to any point on a disk-shaped target is deceptively complicated. Say an 

arbitrary point P on the dose-disk in Figure 12 is chosen. An alpha particle emitted 

from a disk source can reach point P by a variety of directions. The travel length 

Figure 14: Diagram of individual cells 1, 2, 3, and Tumors 1, 2, 3. 
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between a source point and dose point P can vary in value between roughly the tissue 

depth in question and the range of the alpha particles themselves. Point P could be 

reached from a point “above” on the source disk, leading to a shorter path length, or 

point P could be reached by an alpha emitted much farther than its translational position 

in the source plane – say, a particle coming “sideways” from the left edge of the source-

disk to the right edge of the dose-disk.  

 With particle travel length varying to such a degree, it made the most sense to 

remodel the scenario geometry as a point source-disk target geometry for the sake of 

mass stopping power determinations. A point source has a specific area at the center of 

the dose-disk that the emitted particles can impact, which is referred to in this work as 

the “effective dose area,” a dose-disk with an “effective radius.” When this effective 

radius was divided into 10 concentric annuli, path length from the point source to the 

edge of each annulus could be determined, leading in turn to the determination of 

residual density range, energy, and therefore stopping power of the particle at the edge 

of each annulus.  

Referencing Figure 12, an alpha particle emitted from a point at the center of the 

disk source will physically travel less to get to the center of the effective dose area than 

the particle would travel to get to the edge of the effective dose area. Stopping power 

for alpha particles increases greatly towards the end of the particles’ tracks, as 

discussed in section 3.1.2. When the effective dose area is divided into ten concentric 

annuli, and particle travel length from the point source is calculated to the edge of each 

annulus, it will be seen that the stopping power for each annulus gets subsequently 

larger, as the particle emitted from the point source is reaching the end of its track. 
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Stopping power in this scenario starts at lower values towards the center of the effective 

dose area and becomes larger towards the edge of this area. The average flux factor, in 

turn, aims to extrapolate the dose profile of the effective radius from the modeled point 

source to the entire disk-disk geometry. 

 

4.3.5.1. Particle travel length, rt 

 The stopping power of alpha particles varies along the particle’s track. Due to 

the short range of alpha particles, and the potential for the dose volume to encompass 

the end of the alpha track, small differences in particle travel can lead to large variations 

in stopping power and consequently dose. Therefore, it is more efficient to calculate 

stopping power from a point source to a smaller “effective” dose area and extrapolate 

the dose profile of the effective dose area to the entire dose-disk using the average flux 

factor at the end of the dose calculation. The “effective radius” is the maximum radius 

the effective dose area can have given the range of the alpha particle and the tissue 
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depth at which dose is being calculated. This is denoted in Figure 12 as Reff. A more 

detailed diagram of this geometry is shown below in Figure 15.  

 

 From the geometry of Figure 15, it can be seen that (Eq. 17): 

𝑅eff =  √Λ2 − ℎ2 (17) 

 

where Λ is the energy-specific range of the alpha particles and h is the tissue depth in 

question.  

 As the maximum range of the alpha particles coming from the source does not 

change, Reff depends only on the changing tissue depth. Once the effective radius is 

established, the radius is divided by ten, creating ten concentric dose circles (annuli) of 

radii (√Λ2 − ℎ2)/10. Figure 15 (above) also shows these dose annuli.  

 The angle θ from the modeled point source to the outer edge of each annulus 

can be found by Equation 18: 

Figure 15: Geometry of the effective radius. In the temporary point 

source geometry, the effective radius (Reff) is the maximum that can 

be achieved at that dose depth given the range of the alpha particle in 

tissue. 
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𝜃𝑖 =  tan−1 [(𝑅eff,𝑖 +
𝑅eff,𝑖−𝑅𝑒𝑓𝑓,𝑖−1

2
) ∗

1

ℎ
 ] (18) 

where the integer i ranges from 1-10 and represents each concentric annulus that makes 

up the effective dose area. 

 The particle travel length rt between the source point and the outer edge of an 

annulus i is then found to be (Eq. 19): 

𝑟𝑡,𝑖 =  
ℎ

cos 𝜃𝑖
 (19) 

 With a definitive path length between source point and dose point established, 

residual density range and energy, and therefore stopping power and dose, are 

calculable.  

 

4.3.5.2. Particle energy at dose annulus 

After reaching the outer edge of an annulus, the alpha particle will have a 

residual amount of range (in tissue). The residual density range of the alpha particle at 

distance rt can be used to find the energy deposited at this distance. The residual density 

range can be found using Equation 20: 

(Λ𝜌)res,𝑖 = (Λ − 𝑟𝑡,𝑖) ∗ 𝜌𝑡𝑖𝑠𝑠𝑢𝑒 (20) 

 One of the three fit equations found with NCSS was alpha particle energy as a 

function of density range (Eq. 9). Substituting the value for residual density range found 

with Eq. 20, the remaining energy of the alpha particle after traversing length rt can be 

found with Eq. 9. 
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 Finally, mass stopping power at the edge of each dose annulus at tissue depth h 

can be determined using the NCSS fit equation for mass stopping power (Eq. 10).  

 

4.3.6. Annulus weighting 

Prior to calculating dose to each annulus, each must be weighted in terms of their 

area relative to the entire dose-disk which is a disk of radius Rd. This weighting factor 

is described in Equation 21. 

𝑤𝑖 =  
𝜋(𝑅eff,𝑖

2−𝑅eff,𝑖−1
2)

𝜋𝑅𝑑
2  (21) 

 

4.3.7. Total dose at depth 

After the weight of each annulus is calculated using Eq. 21, the dose to each 

annulus i can be calculated using Eq. 22. 

𝐷𝑖
̇ =  

1.6𝐸−10 [
𝐽·𝑔

𝑀𝑒𝑉·𝑘𝑔
]∗(𝑆

𝜌⁄ )
𝑖 

[
𝑀𝑒𝑉·𝑐𝑚2

𝑔
]∗𝑤𝑖

4𝜋𝑟𝑡,𝑖
2  [𝑐𝑚2]

∗
𝐴 [𝑑𝑝𝑠]

𝜆 [𝑠−1]
(1 − exp(−𝜆𝜏)) ∗ 𝑌 [

𝑎𝑙𝑝ℎ𝑎𝑠

𝑑𝑒𝑐𝑎𝑦
] ∗ 𝑤𝑅 [

𝑆𝑣

𝐺𝑦
]

 (22) 

where A is the source activity (in decays/sec) integrated over the exposure time, Y is 

the radiation yield,  is the exposure time (in seconds), and wR is the radiation weighting 

factor (20 for alpha particles).  

Efforts were made to emulate real-world radiation therapy techniques using 

clinical references from previous beta-emitting skin patch trials. An exposure time of 

600 seconds (10 minutes) and an activity of 1.85 MBq (0.05 mCi) were chosen. These 

values were also chosen to closely approximate the “goal dose” of 40-50 Sv to the 

largest of the tumor sizes (0-150 µm). These values including that of the “goal dose” 
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are consistent with the existing literature on radioactive skin patch therapies (Lee et al, 

1997; Jeong et al, 2003; Pashezadah, 2019).  

After the dose to each annulus is calculated, these can be summed and 

multiplied by the unitless average flux factor (Eq. 14) for dose to the entire dose-disk 

at a certain discrete depth (Eq. 23).  

𝐷 = 𝜑 ∗ ∑ 𝐷𝑖 
10
𝑖=1  (23) 

 

Recall that the effective radius parameter is created by modeling the source as 

a point for stopping power calculations. The effective radius essentially creates a 

“distribution” of stopping power across a portion of the dose-disk (the effective dose 

area). The average flux factor accounts for the entirety of the source disk and target, 

with the goal of extrapolating the dose profile from the effective radius, including the 

“distribution” of stopping powers, to the entire dose-disk in a disk-disk geometry. 

 

4.4. Monte Carlo N Particle Code (MCNP) 

Monte Carlo N Particle Code Version 6 (MCNP), a general radiation transport 

code, was used to calculate dose from alpha particles in a scenario similar to that of the 

dosimetry model described in section 4.3. While the analytical model presents a 

volume-averaged method of dose calculations, MCNP determines energy deposition in 

a cell of interest by calculating the volume or mass of the cell to incorporate into dose 

calculations.  

A 1-cm-radius “infinitely thin” disk source isotropically emitting 212mPo alpha 

particles (E = 11.66 MeV, Y = 96.9%) was modeled to be directly on the skin surface. 
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Dose was calculated to cell dimensions identical to those of Cells 1, 2, and 3 used in 

the analytical model (reference Fig. 14), each modeled as a cylinder. These results were 

then analyzed to find doses to Tumors 1, 2, and 3. In addition, another run was 

performed where doses were assessed at 0.1 µm increment tissue depths to create a 

dose-per-micron depth graph for comparison with the analytical model. This run used 

the same geometry as the previous run, but dose was assessed to 0.1 µm-thick tissue 

volumes as opposed to 50 µm thicknesses.  

A tally card of *F8:A was used for all dose calculations. This refers to an energy 

deposition tally for alpha particles with dose results reported in MeV/particle. This tally 

was used to measure the energy deposited in the volume (or “cell”) of interest. The 

volumes of interest in this model, identical to Cells 1, 2, and 3 from the analytical 

model, can be viewed as cylinders each with radius equaling 1 cm, bounded by the 

input cell dimensions for a total volume of roughly 0.016 cm3 for each cell. Complete 

specifications for the MCNP parameters that were used in the runs for doses to Cells 1, 

2, and 3 can be found in Appendix B. 

With the dimensions of the cells laid out, MCNP is also able to calculate the 

volume and mass of each cell in units of grams and reports these values. Finally, MCNP 

reports energy deposited to each cell in MeV/particle. Energy deposition in MeV per 

particle can be converted to dose in Gy per particle by use of Equation 24 below, 

𝐷 [
𝐺𝑦

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
] =

𝜀 [
𝑀𝑒𝑉

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
]∗1.602𝐸−13 [

𝐽

𝑀𝑒𝑉
]∗1000 [

𝑔

𝑘𝑔
]

𝑚𝑐𝑒𝑙𝑙 [𝑔]
 (24) 

where ε is the energy per particle imparted to (deposited in) the cell. mcell is the mass of 

the cell in grams. 
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From here, dose is calculated by multiplying the dose per particle by the activity 

of the source integrated over the exposure time (Eq. 7), the alpha particle yield of the 

source, and the radiation weighting factor(Eq. 25). Due to the multiplication of dose by 

a radiation weighting factor, the resultant dose equivalent will be in units of Sv. 

 

𝐷 [𝑆𝑣] = 𝐷 [
𝐺𝑦

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
] ∗

𝐴 [𝑑𝑝𝑠]

𝜆 [𝑠−1]
(1 − exp(−𝜆𝜏)) ∗ 𝑌 [

𝑎𝑙𝑝ℎ𝑎𝑠

𝑑𝑒𝑐𝑎𝑦
] ∗ 20 [

𝑆𝑣

𝐺𝑦
] (25) 

 

5 Results and Discussion 

Results from the analytical dosimetry model described in section 4.3 are 

compared to MCNP results from the method described in section 4.4.  

 

5.1. Analytical model results 

Table 8 shows the results of the dosimetry model described in section 4.3. Using 

the tumor parameters found in section 4.2.3, doses were calculated to three tumor 

thicknesses: 0-50 µm or Tumor 1, 0-100 µm or Tumor 2, and 0-150 µm or Tumor 3. 

These results are found in the fourth column of Table 8. Doses to individual stacked 

Cells 1 (0-50 µm), 2 (50-100 µm), and 3 (100-150 µm) are found in column 2. (See 

Figure 14 for a diagram of these cells and tumors.)  

Table 8: Results from the analytical dosimetry model described in section 4.3. All doses are given in Sv. 
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 To calculate the values in Table 8, dose was first determined at 0.1 µm 

increment depths starting at 0.1 µm directly below skin surface and extending to the 

end of the alpha particles range (165 µm for the analytical model). After dose was 

calculated at these 0.1 µm tissue depth increments, doses were averaged across the 

depth ranges of interest to find doses to Tumors 1-3 and Cells 1-3. The dose to each 

Cell was the average of 500 doses at discrete depths, while doses to Tumors 1, 2, and 

3 were the results of averaging 500, 1000, and 1500 discrete dose depths, respectively. 

An outline of the calculational method is provided below, showing partially the 

intermediate steps of the calculation of dose to Cell 1/Tumor 1, which has dimensions 

of 0-50 µm. The procedure shown is repeated at 0.1 µm depths from just below the skin 

surface to the edge of the alpha particles’ range. For Tumor 1 and Cell 1, this 

corresponds to 500 such iterations of this process. Presented here is the calculation of 

dose at 50 µm tissue depth, the last iteration of the analytical method that factors into 

the volume-averaged dose calculation for Tumor 1. The first step of the method is to 

calculate the unitless average flux factor at 50 µm (0.005 cm) using Equation 15: 

 

𝜑

=  
1

4𝜋(10)

∗ ∑ ln {
1 + 0.0052 − (0.1𝑛)2 + √(1 + 0.0052 − (0.1𝑛)2)2 + 4(0.1𝑛)2(0.005)2

2(0.005)2
}

10

𝑛=1

 

 𝜑 = 0.766 
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This will be used towards the end of the calculation after dose to the effective dose area 

has been determined. The next step is to find the effective radius (Eq. 17): 

𝑅eff =  √Λ2 − ℎ2 =  √0.01652 − 0.0052 = 0.0157 cm 

The value of the effective radius is divided by 10 to get ten equally spaced 

concentric annuli that make up the effective dose-disk. Each annulus radius is denoted 

by reff,i and are listed in the table below. The above value is the effective radius as well 

as the radius of the largest annulus, denoted as reff,10.  

Annulus radius [cm] Annulus radius [cm] 

reff,1 0.00157 reff,6 0.00943 

reff,2 0.00315 reff,7 0.0110 

reff,3 0.00472 reff,8 0.0126 

reff,4 0.00629 reff,9 0.0142 

reff,5 0.00786 reff,10 0.0157 

 

From here, the angle θi can be calculated for each annulus using Equation 18. 

The calculation for the angle θ10, corresponding to annulus radius reff,10, is shown 

below, and the results of θi that correspond to the other nine annuli are presented in the 

table below. 

𝜃10 =  tan−1 [(0.0157 +
0.0157 − 0.0142

2
) ∗

1

0.005
 ] = 1.25 radians 
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θi [radians] θi [radians] 

θ1 0.156 θ6 1.05 

θ2 0.441 θ7 1.12 

θ3 0.666 θ8 1.17 

θ4 0.833 θ9 1.21 

θ5 0.956 θ10 1.25 

 

Next, the travel length from the point source to the edge of each annulus, rt,i, is 

found with Equation 19. The calculation of rt,10 is shown below, with the values of 

travel length to the edge of the other nine annuli presented in a table below. 

𝑟𝑡,10 =  
0.005

cos(1.25)
=  .0158  

  

rt,i [cm] rt,i [cm] 

rt,1 0.00506 rt,6 0.00999 

rt,2 0.00553 rt,7 0.0114 

rt,3 0.00636 rt,8 0.0128 

rt,4 0.00744 rt,9 0.0143 

rt,5 0.00866 rt,10 0.0158 
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With the path length between the modeled point source and the edge of each 

annulus known, it is possible to determine residual density range (Eq. 20), and therefore 

residual energy (Eq. 9) and stopping power (Eq. 10) of the alpha particle at the edge of 

each annulus. Residual density range is calculated at the edge of the largest annulus 

(reff,10) below, with the values for the other annuli presented in the table below. 

(Λ𝜌)res,10 = (0.0165 [cm] − 0.0158 [𝑐𝑚]) ∗ 1.00 [
𝑔

𝑐𝑚3] = 7.47E-4 g/cm2 

(𝚲𝝆)𝐫𝐞𝐬,𝐢 [g/cm2] (𝚲𝝆)𝐫𝐞𝐬,𝐢 [g/cm2] 

(Λ𝜌)res,1 0.0114 (Λ𝜌)res,6 0.00651 

(Λ𝜌)res,2 0.0110 (Λ𝜌)res,7 0.00512 

(Λ𝜌)res,3 0.0102 (Λ𝜌)res,8 0.00369 

(Λ𝜌)res,4 0.00906 (Λ𝜌)res,9 0.00223 

(Λ𝜌)res,5 0.00784 (Λ𝜌)res,10 0.000747 

 

The values of residual density range in the above table can be plugged into 

Equation 9, copied below for convenience, to get the residual energy at the edge of 

each annulus. Values of residual energy for each annulus can be found in the table 

below. 

 

𝐸 =  
−3.447587−1.248744(ln(Λ𝜌𝑎𝑖𝑟)−0.1711394(ln(Λ𝜌𝑎𝑖𝑟))

2
−0.01046125(ln(Λ𝜌𝑎𝑖𝑟))3−30.06026(ln(Λ𝜌𝑎𝑖𝑟))4

1+1.047572(ln(Λ𝜌𝑎𝑖𝑟))+0.4176743(ln(Λ𝜌𝑎𝑖𝑟))2+0.08294695(ln(Λ𝜌𝑎𝑖𝑟))3+0.008196484(ln(Λ𝜌𝑎𝑖𝑟))4−0.0003223555(ln(Λ𝜌𝑎𝑖𝑟))5
 (9) 

Ei [MeV] 𝑬𝒊 [MeV] 



49 

 

𝐸1 9.22 𝐸6 6.49 

𝐸2 8.99 𝐸7 5.55 

𝐸3 8.57 𝐸8 4.45 

𝐸4 8.00 𝐸9 3.12 

𝐸5 7.30 𝐸10 1.14 

 

The stopping power can then be calculated at the edge of each annulus by 

plugging the values of residual energy from the previous table into Equation 10, copied 

below for convenience. The values for stopping power at the edge of each annulus are 

found in the table below. 

𝑆

𝜌
=

 
2187.7−2.57008(ln 𝐸)+942.6795(ln 𝐸)2+7.422102(ln 𝐸)3−30.06026(ln 𝐸)4−4.952705(ln 𝐸)5

1+0.2338179(ln 𝐸)+0.8293901(ln 𝐸)2+0.1650164(ln 𝐸)3+0.1138328(ln 𝐸)4−0.005094198(ln 𝐸)5

 (10) 

 

(
𝐒

𝝆
)𝒊 

[MeV·cm2 ·g-1] 
(

𝐒

𝝆
)𝒊 

[MeV·cm2 ·g-1] 

(
S

𝜌
)1 

565.2 
(

S

𝜌
)6 

728.6 

(
S

𝜌
)2 

575.8 
(

S

𝜌
)7 

813.5 
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(
S

𝜌
)3 

596.5 
(

S

𝜌
)8 

947.5 

(
S

𝜌
)4 

627.2 
(

S

𝜌
)9 

1205.3 

(
S

𝜌
)5 

669.7 
(

S

𝜌
)10 

2106.5 

One will notice that the stopping power increases dramatically as the particle reaches 

the edge of the effective radius. This is what would be expected, as alpha particles 

deposit the majority of their energy at the end of their tracks.  

 The weight of each annulus is found by using Equation 21, which compares the 

area of the annulus to the area of the entire dose-disk. The weight of the largest annulus 

(reff,10) is calculated below, with the weight of the rest of the annuli presented in table 

form. 

𝑤10 =  
𝜋(0.01572 − 0.01422)

𝜋(1)2 = 4.7𝐸 − 5 

wi [unitless] wi [unitless] 

w1 2.45E-6 w6 2.72E-5 

w2 7.42E-6 w7 3.21E-5 

w3 1.24E-5 w8 3.71E-5 

w4 1.73E-5 w9 4.20E-5 

w5 2.23E-5 w10 4.70E-5 
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The dose to each annulus that makes up the effective dose area can be found 

with Equation 22. The dose to the largest annulus is calculated below, with doses to the 

other annuli presented in a table below. 

𝐷𝑖
̇  [𝑆𝑣] =  

1.6𝐸 − 10 [
𝐽 · 𝑔

𝑀𝑒𝑉 · 𝑘𝑔
] ∗ (𝑆

𝜌⁄ )
𝑖 

[
𝑀𝑒𝑉 · 𝑐𝑚2

𝑔 ] ∗ 𝑤𝑖

4𝜋𝑟𝑡
2 [𝑐𝑚2]

∗
𝐴 [𝑑𝑝𝑠]

𝜆 [𝑠−1]
(1 − exp(−𝜆𝜏)) ∗ 𝑌 [

𝑎𝑙𝑝ℎ𝑎𝑠

𝑑𝑒𝑐𝑎𝑦
] ∗ 20 [

𝑆𝑣

𝐺𝑦
] 

 

𝐷10 ̇ =  
(1.602E − 10) ∗ 2106.5 ∗ 4.7𝐸 − 5

4𝜋(0.0158)2
∗

1.85𝐸6 

0.0154 
(1 − exp(−0.0154 ∗ 600))

∗ 0.969 ∗ 20  

 𝐷10
̇ = 11.8 Sv 

Di [Sv] Di [Sv] 

D1 1.62 D6 5.89 

D2 4.15 D7 5.99 

D3 5.41 D8 6.36 

D4 5.83 D9 7.38 

D5 5.89 D10 11.8 

The above table lists the dose to each annulus that makes up the effective dose area. 

Finally, for the total dose to the entire infinitely thin dose-disk at 50 µm below skin 
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surface, the ten annuli doses are summed and multiplied by the average flux factor (Eq. 

23). 

𝐷 = 0.766 ∗ ∑ 𝐷𝑖 = 46.2 Sv

10

𝑖=1

 

 As mentioned previously, finding total dose to Tumor 1 relies on 500 runs of 

the above calculational steps at 0.1 µm tissue depth increments, and averages them to 

find a “volume-averaged” dose to the tumor. Doses to Tumors 2 and 3 therefore rely 

on a greater number of depths to be averaged, 1000 and 1500, respectively. Below are  

the dose results for the 500 discrete tissue depths that were averaged to get the dose to 

Tumor 1, each at 0.1 µm increments beginning at 0.1 µm below skin surface and 

extending to 50 µm, corresponding to the dimensions of Tumor 1.  
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5.1.1. Dose per depth 

A graph showing the dose per tissue skin depth (in µm) is found in Figure 16. This 

graph shows the individual dose received to the 1-cm-radius dose-disk at discrete 0.1 

µm increment tissue depths, beginning 0.1 µm below the skin surface and extending to 

the end of the alpha particles’ range. These are the individual discrete doses before they 

are averaged to find the total doses to Tumors and Cells 1-3. 

 

5.2. MCNP results 

The “raw” energy deposition results in MeV/particle from the MCNP 

simulation for Cells 1, 2, and 3, along with the masses of the cells and error fractions 

Figure 16: Dose (Sv) per tissue depth (µm) results for 212mPo alpha particles using the dosimetry model 

described in Section 4.3. 
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associated with each energy deposition can be found in Table 9. These results were 

analyzed to get the doses to Tumors 1-3.  

 

Table 10 displays the MCNP dose results from the geometry described in 

section 4.4. These values were obtained by converting the values in Table 9 to dose 

using Equations 24 and 25. The cell and tumor depth conventions described as applied 

to Table 8 also apply to Table 10.  

 

The raw results from Table 9 are converted to the doses in Table 10 via 

Equations 24 and 25. To demonstrate the use of this equation, an outline is provided 

below of the conversion of the MCNP output result (App. B) of the energy deposited 

in Cell 1 (Tumor 1) to the dose in Sv found in Table 10. 

Table 9: MCNP raw results for the main cells (Cells 1, 2, and 3) and the concentric annular 

volumes surrounding the geometry. 

Table 10: MCNP results using the method described in Section 4.4. 
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The values in Line 9 (red box above) describe a cylinder of 1-cm radius which 

extends from 0 cm to 0.005 cm below the surface of the skin. These dimensions 

correspond to those of Cell 1/Tumor 1 described in this work. MCNP will tally the 

energy deposited within the cylinder described by these dimensions (referred to 

internally as “cell 11” in this MCNP run). 

 

 After performing the run, MCNP outputs various parameters about each tallied 

area. MCNP determines the mass of the cell to be 0.0157 g and the energy deposited 

per particle to be 3.64 MeV with an error of ±0.02%, or ±0.07 MeV. This output 

provides all the information needed to use Equation 24 to convert the result to dose in 

Gy/particle: 

𝐷 [
𝐺𝑦

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
] =

𝜀 [
𝑀𝑒𝑉

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
] ∗ 1.602𝐸 − 13 [

𝐽
𝑀𝑒𝑉] ∗ 1000 [

𝑔
𝑘𝑔

]

𝑚𝑐𝑒𝑙𝑙 [𝑔]
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 𝐷 [
𝐺𝑦

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
] =

3.64 [
𝑀𝑒𝑉

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
]∗1.602𝐸−13 [

𝐽

𝑀𝑒𝑉
]∗1000 [

𝑔

𝑘𝑔
]

0.0157 [𝑔]
 

 𝐷 [
𝐺𝑦

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
] = 3.71𝐸 − 8  

The error previously converted from 0.02% to 0.07 MeV can be converted to 

Gy using Equation 24 well: 

 𝜎 [
𝐺𝑦

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
] =

0.07 [
𝑀𝑒𝑉

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
]∗1.602𝐸−13 [

𝐽

𝑀𝑒𝑉
]∗1000 [

𝑔

𝑘𝑔
]

0.0157 [𝑔]
 = 7.14E-10 

 

The dose in Gy per particle can be converted to Sv using Equation 25: 

𝐷 [𝑆𝑣] = 𝐷 [
𝐺𝑦

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
] ∗

𝐴 [𝑑𝑝𝑠]

𝜆 [𝑠−1]
(1 − exp(−𝜆𝜏)) ∗ 𝑌 [

𝑎𝑙𝑝ℎ𝑎𝑠

𝑑𝑒𝑐𝑎𝑦
] ∗ 20 [

𝑆𝑣

𝐺𝑦
] 

 𝐷 [𝑆𝑣] = 3.71𝐸 − 8 [
𝐺𝑦

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
] ∗

1.85𝐸6 [𝑑𝑝𝑠]

0.0154 [𝑠−1]
(1 − exp(−(0.0154 ∗ 600)) ∗

0.969 [
𝑎𝑙𝑝ℎ𝑎𝑠

𝑑𝑒𝑐𝑎𝑦
] ∗ 20 [

𝑆𝑣

𝐺𝑦
] 

 𝐷 [Sv] = 86.4  

The associated error can be converted to Sv with the same equation: 

 𝜎 [𝑆𝑣] = 7.14𝐸 − 10 [
𝐺𝑦

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
] ∗

1.85𝐸6 [𝑑𝑝𝑠]

0.0154 [𝑠−1]
(1 − exp(−(0.0154 ∗ 600)) ∗

0.969 [
𝑎𝑙𝑝ℎ𝑎𝑠

𝑑𝑒𝑐𝑎𝑦
] ∗ 20 [

𝑆𝑣

𝐺𝑦
] = 1.66 Sv 

 𝑫 [𝑺𝒗] = 𝟖𝟔. 𝟒 ±  𝟏. 𝟔𝟔  

This matches the dose to Cell 1/Tumor 1 found in Table 10. 
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5.2.1. Dose per depth 

The MCNP results of dose per particle versus tissue depth can be found in 

Figure 17. As discussed, a second MCNP run was performed with more than 1200 

“cells” in 0.1 µm increment depths/volumes in order to make a “dose per depth” plot 

that could be compared to the analytical model. While MCNP finds dose to specific 

volumes, the dose per depth plot was created by plotting the dose against the max cell 

depth.  

  

One of the most notable features of Figure 17 is how the curve drops 

dramatically as dose per particle gets very close to 0, as opposed to smoothing out 

gradually to 0 as in the analytical model’s results (Fig. 16). One effort to try to limit 

this behavior close to 0 would be to take steps in variance reduction to try to improve 

simulation efficiency. MCNP is known for being time-exhaustive with more 

Figure 17: MCNP results for alpha dose as a function of tissue depth. 
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complicated radiological scenarios. Variance reduction schemes are used to achieve 

shorter computational time, therefore increasing efficiency of the simulation.  

 

5.3. Comparison of dose results 

Two tables summarizing the dose results from the analytical model and the 

MCNP model are presented as Tables 11 and 12 below. Table 11 compares the  doses 

to three theoretical tumor volumes (to depths of 50 µm, 100 µm, and 150 µm, or 

Tumors 1, 2, and 3 respectively), while Table 12 compares the separated dose to each 

individual stacked cell (0-50 µm or Cell 1, 50-100 µm or Cell 2, and 100-150 µm or 

Cell 3). Each tumor “begins” at the skin surface and terminates at the maximum depth 

found in the first column of Table 12. The results for the three tumors are more relevant 

and applicable to radiation therapy than the results for the individual stacked cells. 

However, the results in Table 12 provide helpful information that can be used to refine 

the dosimetry model going forward. 

The following tables also provide percent difference of the analytical model as 

compared to each MCNP calculation. Percent difference is found using Equation 26 

below. In this work, the “experimental” values are those achieved by the analytical 

model, and the “known” values are those from the MCNP simulations. 

 

Percent Difference =  
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑣𝑎𝑙𝑢𝑒−𝑘𝑛𝑜𝑤𝑛 𝑣𝑎𝑙𝑢𝑒

𝑘𝑛𝑜𝑤𝑛 𝑣𝑎𝑙𝑢𝑒
∗ 100 (26) 
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It can be seen from Table 11 that the analytical dosimetry model described in 

section 4.3 is generally in good agreement with the MCNP simulation. For each tumor 

thickness, the results of the analytical model are largely congruent with the MCNP 

simulations. There is very good agreement in cumulative dose between the analytical 

and MCNP models for the 50 µm tumor thickness, with a corresponding error of 0.46%, 

or a difference of 0.40 Sv out of a cumulative dose of roughly 87 Sv for each model. 

The analytical dose result for the 100 µm tumor thickness has the greatest percentage 

error of the three tumors. The analytical model under-estimated the MCNP cumulative 

dose result by 4.10 Sv, or 6.4% of the total MCNP dose of 64.0 Sv. 

Of particular importance in Table 11 is the overall low error found between the 

two models for each of the tumor dose calculations, especially that of the largest tumor, 

Tumor 3. As mentioned previously, a goal dose of roughly 40-50 Sv to the largest tumor 

was used to determine dosimetry parameters such as exposure time and source activity. 

Table 11 shows that this dose was indeed achieved for the MCNP model after the 

conversion to Sv from the raw results in Gy/particle. The analytical model closely 

follows the MCNP results for the largest tumor size, which received 44.7 Sv compared 

to the MCNP result of 45.6 Sv, an under-estimation of 1.97%.  

 

While finding dose to one or more tumor thicknesses is generally the goal of 

radiation therapy dosimetry, valuable information can be gained by analyzing different 

aspects of the dose results. Table 12 presents the separate doses to each individual 50 

µm stacked cell, Cells 1-3 in Figure 14. While this may have less direct practicality in 

radiation therapy than the doses to the tumors found in Table 11, Table 12 offers a more 
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detailed view of how accurately the analytical model estimates dose at specific skin 

thicknesses. 

Because the first stacked cell, Cell 1, has the same dimensions as Tumor 1, the 

dose results for Tumor 1 and Cell 1 between Tables 11 and 12 are identical for both 

models. These results are confirmed by hand in the previous sections. As expected, 

Cells 2 and 3 have diminishing doses as fewer alpha particles are able to irradiate the 

entire dose-disk due to the shrinking of Reff at higher values of tissue depth h. This is 

seen for both the analytical and MCNP models.  

It can be seen from Table 11 that the greatest difference between the cumulative 

doses found by the analytical and MCNP models was in the second tumor thickness of 

0-100 µm. It is interesting to note that the error associated with the dose to Cell 2 

between the two models is more pronounced than that of Tumor 2 in Table 11. The 

dose to Cell 2 found by the analytical model differed from the MCNP result by 8.80 

Sv, equaling an underestimate of 21% of the MCNP dose.  

Additionally, the relatively low error of the total cumulative dose to the largest 

tumor, Tumor 3, in Table 11 greatly contrasts with the more noticeable error found 

between the analytical and MCNP models for Cell 3 seen in Table 12. This is in part 

due to the difference in calculated range between the two models. While the MCNP 

model stops contributing to Cell 3 after 122 µm, the analytical model continues to 

contribute dose until 165 µm, more than 40 µm after the MCNP model stops.  

While the larger errors found in Table 12 do elucidate what parts of the model 

need further refining, a parameter that is helpful to keep in mind is the actual dose 

difference that each percentage error represents. This motivates the inclusion of the 
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column labeled “Difference (Sv).” It is notable that the percent error associated with 

the dose results to Cell 3 is more than twice that of Cell 2. However, the raw difference 

in dose between the two models is 8.80 Sv for Cell 2, greater than 5.21 Sv for Cell 3. 

While the analytical dose estimate to Cell 3 would be considered less accurate than that 

of Cell 2, the raw dose difference between the models is larger for Cell 2. These factors 

are very important to consider in radiation dosimetry; without examination and 

inclusion of all the various elements of the model results, any alterations to the 

analytical model may make other elements of the model less accurate. 

Table 12 shows that the analytical model dose results for Cell 2 and Cell 3, 

which translate to the “middle” and “deep” portions of the largest (150 µm) tumor 

thickness, respectively, are more inaccurate than that of Cell 1. This indicates that while 

the model is in very good agreement with MCNP for Cell 1, it becomes less accurate 

at predicting dose as the alpha particles reach the end of their tracks. As mentioned, 

this is largely due to the difference in calculated range between the MCNP and 

analytical models. Because the alphas in the MCNP model are not able to entirely 

penetrate the 150 µm tumor depth due to their 122 µm range, the dose to the region of 

Cell 3 will be much smaller than that of the analytical model, whose alpha particles can 

theoretically fully penetrate the 150 µm tumor depth. These results are mirrored in the 

dose per depth result graphs of each model (Figures 16 and 17). 

 

5.4. Comparison of dose per depth graphs 

Figure 18 shows a composite graph displaying the dose per depth results of both 

analytical and MCNP models. Because the raw MCNP results were in units of 



64 

 

MeV/particle, the MCNP dose results were derived using Equations 24 and 25. This 

will be discussed in more detail. 
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As the numeric data showed in section 5.2, the graphical data show that the 

analytical dosimetry model is in good agreement with the MCNP simulation. The 

MCNP curve follows the expected shape with dose rapidly dropping in the first ~20 

μm of tissue, and then dropping more moderately through the end of the alpha particles’ 

track. The range of 212mPo in tissue was found to be 122 μm in the MCNP model. 

Around this tissue depth, the MCNP dose drops to zero in a sharp manner. As discussed 

in section 5.2.1 referring to Figure 17, this dip in the graph is likely in part due to the 

simulation’s reduced ability to estimate dose per particle at rates close to 0, as fewer 

alpha particles are able to reach those depths. Although the MCNP curve in Figure 18 

is a unit-adjusted version of Figure 17, the shape of the curve would not be expected to 

change between the two figures as the simulation’s results are unchanged.  

To demonstrate how the values in the graph were achieved, below are step-by-

step calculations for the 20 µm tissue depth in the analytical and MCNP models. These 

calculations follow the same steps as section 5.1. Presented first are the hand-

calculations for the analytical model, beginning with the calculation of the average flux 

factor. 

𝜑

=  
1

4𝜋(10)

∗ ∑ ln {
1 + 0.0022 − (0.1𝑛)2 + √(1 + 0.0022 − (0.1𝑛)2)2 + 4(0.1𝑛)2(0.002)2

2(0.002)2
}

10

𝑛=1

 

 𝜑 = 0.905 

This will come into the final dose calculation at the end of the method. The next step 

is to find the effective radius (Eq. 17) and divide it into ten concentric annuli. 
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𝑅eff =  √Λ2 − ℎ2 =  √0.01652 − 0.0022 = 0.0164 cm 

The above value is the effective radius as well as the radius of the largest annulus, 

denoted as reff,10. The value of the effective radius is divided by 10 to get ten equidistant 

concentric annuli. Each annulus radius is denoted by reff,i. 

Annulus radius [cm] Annulus radius [cm] 

reff,1 0.00164 reff,6 0.00983 

reff,2 0.00328 reff,7 0.0115 

reff,3 0.00491 reff,8 0.0131 

reff,4 0.00655 reff,9 0.0147 

reff,5 0.00819 reff,10 0.0164 

 

From here, the angle θi can be calculated for each annulus using Equation 17. The 

calculation for the angle θ10, corresponding to annulus radius reff,10, can be found below, 

with the angles corresponding to the other annuli presented in table form. 

𝜃10 =  tan−1 [(0.0164 +
0.0164 − 0.0147

2
) ∗

1

0.002
 ] = 1.44 radians 

θi [radians] θi [radians] 

θ1 0.389 θ6 1.35 

θ2 0.888 θ7 1.39 
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θ3 1.12 θ8 1.41 

θ4 1.23 θ9 1.43 

θ5 1.31 θ10 1.44 

Next, the travel length from the point source to the edge of each annulus, rt,i, is found 

with Equation 18. The calculation of rt,10 is shown below, with the other travel lengths 

presented in a table below. 

𝑟𝑡,10 =  
0.002

cos(1.44)
=  .0157  

  

rt,i [cm] rt [cm] 

rt,1 0.00216 rt,6 0.00922 

rt,2 0.00317 rt,7 0.0108 

rt,3 0.00456 rt,8 0.0124 

rt,4 0.00607 rt,9 0.0141 

rt,5 0.00764 rt,10 0.0157 

With the path length between the point source and the edge of each annulus 

known, it is possible to determine residual density range (Eq. 20), and therefore residual 

energy (Eq. 9) and stopping power of the alpha particle at the edge of each annulus (Eq. 

10). Residual density range is calculated at the edge of the largest annulus below, and 

is presented in table form for the rest of the annuli. 

(Λ𝜌)res,10 = (0.0165 [cm] − 0.0157 [𝑐𝑚]) ∗ 1.00 [
𝑔

𝑐𝑚3] = 8.1E-4 g/cm2 
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(𝚲𝝆)𝐫𝐞𝐬,𝐢 [g/cm2] (𝚲𝝆)𝐫𝐞𝐬,𝐢 [g/cm2] 

(Λ𝜌)res,1 0.0143 (Λ𝜌)res,6 0.00727 

(Λ𝜌)res,2 0.0133 (Λ𝜌)res,7 0.00567 

(Λ𝜌)res,3 0.0119 (Λ𝜌)res,8 0.00405 

(Λ𝜌)res,4 0.0104 (Λ𝜌)res,9 0.00244 

(Λ𝜌)res,5 0.00886 (Λ𝜌)res,10 0.000812 

Using the values of residual density range in the above table plugged into Equation 9 

to get the residual energy at the edge of each annulus. 

Ei [MeV] 𝑬𝒊 [MeV] 

𝐸1 10.5 𝐸6 6.97 

𝐸2 10.0 𝐸7 5.93 

𝐸3 9.46 𝐸8 4.75 

𝐸4 8.72 𝐸9 3.33 

𝐸5 7.89 𝐸10 1.26 

The stopping power can then be calculated at the edge of each annulus by plugging the 

values of residual energy into Equation 10. 

(
𝐒

𝝆
)𝒊 

[MeV·cm2 ·g-1] 
(

𝐒

𝝆
)𝒊 

[MeV·cm2 ·g-1] 

(
S

𝜌
)1 

511.1 
(

S

𝜌
)6 

692.7 
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(
S

𝜌
)2 

527.9 
(

S

𝜌
)7 

776.4 

(
S

𝜌
)3 

554.5 
(

S

𝜌
)8 

906.8 

(
S

𝜌
)4 

589.0 
(

S

𝜌
)9 

1154.6 

(
S

𝜌
)5 

633.5 
(

S

𝜌
)10 

2031.4 

As in section 5.1, the stopping power increases dramatically as the particle reaches the 

edge of the effective radius, which is expected.  

 The weight of each annulus is found by using Equation 21, which compares the 

area of the annulus to the area of the entire dose-disk. The weight of the largest annulus 

(reff,10) is calculated below, with the weights of the rest of the annuli presented in a table 

below. 

𝑤10 =  
𝜋(0.01642 − 0.01472)

𝜋(1)2 = 5.1𝐸 − 5 

wi [unitless] wi [unitless] 

w1 2.69E-6 w6 2.95E-5 

w2 8.05E-6 w7 3.49E-5 

w3 1.34E-5 w8 4.02E-5 

w4 1.88E-5 w9 4.56E-5 

w5 2.41E-5 w10 5.10E-5 
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The dose to each annulus that makes up Reff  can be found with Equation 22. The dose 

to the largest annulus is calculated below and the doses to the other annuli presented in 

table form. 

 

𝐷𝑖
̇  [𝑆𝑣] =  

1.6𝐸 − 10 [
𝐽 · 𝑔

𝑀𝑒𝑉 · 𝑘𝑔
] ∗ (𝑆

𝜌⁄ )
𝑖 

[
𝑀𝑒𝑉 · 𝑐𝑚2

𝑔 ] ∗ 𝑤𝑖

4𝜋𝑟𝑡
2 [𝑐𝑚2]

∗
𝐴 [𝑑𝑝𝑠]

𝜆 [𝑠−1]
(1 − exp(−𝜆𝑡)) ∗ 𝑌 [

𝑎𝑙𝑝ℎ𝑎𝑠

𝑑𝑒𝑐𝑎𝑦
] ∗ 20 [

𝑆𝑣

𝐺𝑦
] 

 

𝐷10 ̇ =  
(1.602E − 10) ∗ 2031.4 ∗ 5.1𝐸 − 5

4𝜋(0.0157)2
∗

1.85𝐸6 

0.0154 
(1 − exp(−0.0154 ∗ 600))

∗ 0.969 ∗ 20  

 𝐷10
̇ = 12.5 Sv 

Di [Sv] Di [Sv] 

D1 8.71 D6 7.13 

D2 12.6 D7 6.85 

D3 10.6 D8 6.99 

D4 8.91 D9 7.90 

D5 7.78 D10 12.5 

Finally, for the total dose to the infinitely thin dose-disk at 20 µm below skin surface, 

the ten annulus doses are summed and multiplied by the average flux factor (Eq. 23). 
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𝐷 = 0.905 ∗ ∑ 𝐷𝑖 = 𝟖𝟏. 𝟒 𝐒𝐯

10

𝑖=1

 

We can then compare this result from the analytical model to that of the MCNP 

model by converting the energy deposition results at 20 µm to results in Sv. The output 

results of the second 1200-cell MCNP run are very long, so the results for only the cell 

with the max depth of 20 µm (corresponding to an internal cell number of 210) is shown 

below. 

Much like the way that the cells were described in section 4.4, the same 

conventions apply to cell 210. The black boxes represent the surface boundaries and 

specifications for the one-micron-wide cell that terminates at 20 µm. The mass of this 
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cell was found to be 3.14E-5 g and the energy deposition was 7.14E-3 MeV per particle. 

These results can be converted to Gy/particle using Equation 24: 

 

𝐷 [
𝐺𝑦

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
] =

𝜀 [
𝑀𝑒𝑉

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
] ∗ 1.602𝐸 − 13 [

𝐽
𝑀𝑒𝑉] ∗ 1000 [

𝑔
𝑘𝑔

]

𝑚𝑐𝑒𝑙𝑙 [𝑔]
        

 

 𝐷 [
𝐺𝑦

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
] =

7.14𝐸−3 [
𝑀𝑒𝑉

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
]∗1.602𝐸−13 [

𝐽

𝑀𝑒𝑉
]∗1000 [

𝑔

𝑘𝑔
]

3.14𝐸−5[𝑔]
 

 𝐷 [
𝐺𝑦

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
] = 3.64𝐸 − 8 

 

The dose in Gy per particle can be converted to Sv using Equation 25: 

 

𝐷 [𝑆𝑣] = 𝐷 [
𝐺𝑦

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
] ∗

𝐴 [𝑑𝑝𝑠]

𝜆 [𝑠−1]
(1 − exp(−𝜆𝜏)) ∗ 𝑌 [

𝑎𝑙𝑝ℎ𝑎𝑠

𝑑𝑒𝑐𝑎𝑦
] ∗ 20 [

𝑆𝑣

𝐺𝑦
] 

 𝐷 [𝑆𝑣] = 3.64𝐸 − 8 [
𝐺𝑦

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
] ∗

1.85𝐸6 [𝑑𝑝𝑠]

0.0154 [𝑠−1]
(1 − exp(−(0.0154 ∗ 600)) ∗

0.969 [
𝑎𝑙𝑝ℎ𝑎𝑠

𝑑𝑒𝑐𝑎𝑦
] ∗ 20 [

𝑆𝑣

𝐺𝑦
] 

 𝐷 [Sv] = 84.8  

The dose values at 20 µm tissue depth of 81.4 Sv for the analytical model and 

84.8 Sv for the MCNP model can be visually confirmed by viewing Figure 18. 

 

The analytical curve of Figure 18 closely follows the same shape as the MCNP 

curve, with several distinctions. The analytical curve can be seen slightly overshooting 
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the MCNP curve’s initial rapid dose drop until roughly ~18 μm tissue depth. From 

there, the analytical model continues to follow the same shape as the MCNP curve with 

slight undershoot until the end of the MCNP calculated range, 122 μm as mentioned 

previously. While the end of the MCNP curve drops dramatically at the end of its range, 

the analytical curve continues to moderately decrease until the end of its calculated 

range, 165 μm. 

Figure 18 underscores much of the results that were discussed in section 5.3. 

Tables 11 and 12 showed that between 0-50 μm (Cell 1/Tumor 1), the analytical model 

overestimated dose by 0.46%. When viewing Figure 18, one notices the analytical 

overshoot from roughly zero to 18 μm, followed by an intersection of the curves where 

the analytical curve begins to slightly undershoot the MCNP curve well past the 50 μm 

depth boundary. The percent error is hardly quantifiable viewing Figure 18 with the 

naked eye, which is expected for such a small figure. The small difference between the 

MCNP and analytical doses to Cell 1/Tumor 1 are certainly reflected in Figure 12. The 

analytical curve slightly overshoots the MCNP curve for nearly half of Cell 1/Tumor 

1, then slightly undershoots through the remainder of the cell. The relatively small 

difference between the models’ dose results is congruent with this pattern.  

Table 12 showed that for the tissue depth dimensions of Cell 2, 50-100 μm, the 

analytical model underestimates overall dose by 21%, or 8.80 Sv. The raw difference 

(in Sv) between the dose estimate for Cell 2 by the two models is the largest of the three 

cells. There is a visible gap seen in Figure 12 between the two curves in this tissue 

depth region, with the analytical curve slightly undershooting through the Cell 2 region. 

Unlike Cell 1’s region on the graph, there are no moments of overshoot to “balance 
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out” the overall dose estimate, leading to the larger underestimate found in Table 12. 

This underestimate is therefore consistent with the shape of the analytical curve 

compared to the MCNP curve seen in Figure 18. 

In the last region of the graph, between 100-150 μm or the Cell 3 region, the 

most evident contrast between the MCNP and analytical curves is caused by the 

difference in range estimates between both models. As mentioned previously, the 

MCNP simulation determined the range of 212mPo alpha particles to be about 122 μm, 

compared to the analytical model’s calculated 165 μm. The difference in the calculated 

range of 212mPo between the two models is ostensibly the main cause of the considerable 

dose overestimate found for Cell 3 in Table 11.  

The period of undershoot for the analytical model from ~100-118 μm indicates 

that if the MCNP curve were extrapolated closer to the analytical curve’s range, the 

analytical curve would continue this undershoot. Therefore, the error in Cell 3 is not so 

much an issue of over- or undershoot as was the case with Cells 1 and 2. The error in 

Cell 3 is certainly almost solely due to the difference in calculated range between the 

two models. Due to this difference in calculated range, the alpha particles in the 

analytical model can, theoretically, completely traverse the 150 µm tumor depth and 

beyond. Therefore, more energy deposition will be detected in this region of interest 

by the analytical model, leading to a larger dose for the analytical model in this region. 

 

5.4.1. Range comparisons 

One of the most significant sources of contrast and error between the MCNP 

and analytical models is the difference in calculated range for 212mPo alpha particles. 
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Figure 18 shows the analytical model predicted a range of 165 μm, while the MCNP 

simulation calculated a range of 122 μm – an overestimation of range by the analytical 

model of 35%. This warrants further exploration, as the range of the alpha particles in 

tissue determines the tumor size that can be irradiated by the 212mPo skin patch. While 

the difference in calculated range does not seem to have a large impact on the dose 

results between the models to the three theoretical tumors in Table 10, it is important 

to have an accurate range estimation for any form of radiation therapy before actual 

patient treatment. 

 There are no real-world experiments that have empirically determined the range 

of 212mPo. The National Institute of Standards and Technology (NIST) ASTAR 

program is a helpful reference tool that determines stopping power and range of alpha 

particles in various materials (National Institute of Standards and Technology). Alpha 

particles of 11.66 MeV energy in liquid water were input into the ASTAR program and 

the results are outlined in Table 13. The liquid water medium in ASTAR has identical 

density to that of tissue (ρ = 1 g/cm3) which was used in the MCNP and analytical 

models for range determination. The exact material composition of tissue used in the 

MCNP simulation can be found in McConn Jr, et al (2011). 
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The ASTAR program determines the projected range of these alpha particles to 

be 145 μm, which lies between the MCNP range determination of 122 μm and the 

analytical model calculation of 165 μm. It is assumed that the MCNP simulation is 

more accurate to real-life radiation transport; however, the ASTAR result may indicate 

that the MCNP range is an underestimate of the actual range. 

 A factor that may be contributing to the difference in the calculated ranges is 

the phenomenon of range straggling, which was discussed in section 3.1.4.1. As is seen 

in Figure 10, the range straggling effect can lead to a projected range that is shorter 

than the actual observed range. This is a result of large-angle scattering towards the end 

of the alpha particles’ tracks and statistical fluctuations in the number of interactions 

required to completely slow the alpha particle (Shultis and Faw, 2008). At much higher 

energies, like that of 212mPo, it is not unusual for the range straggling effect to be more 

pronounced. It is therefore likely that in addition to difficulty calculating dose near 0, 

Table 13: NIST ASTAR results for stopping power and range for 11.66 MeV alpha particles in liquid water. 
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the MCNP simulation may be presenting a range straggling effect, leading to a shorter 

range than would be expected from these alpha particles. 

Further refinement of range determination is needed for improved external 

alpha particle radiotherapy. The NCSS software described in section 4.2 may be able 

to decrease the analytical model’s range estimate with an improved fit equation, 

although more sensitive software may be required to achieve this.  

 

6 Conclusion 

In this work, a dosimetry model was presented with the intention of calculating 

dose to theoretical early-stage NMSC skin tumors from high-energy alpha particles 

emitted from 212mPo. The analytical model and the MCNP simulation were generally 

in good agreement for alpha particle dose determinations to three tumor depths, with 

the analytical dose result to the largest 150 μm tumor underestimating the MCNP dose 

result by 0.90 Sv, or 1.97%.  

 This work showed that the concept of using high-energy alpha particle emitters 

in a radioactive skin patch to treat NMSC tumors is valid. The 11.66 MeV alpha particle 

emissions of 212mPo were able to irradiate the entirety of the epidermis as measured at 

most body sites (Whitton, 1977; Sevcova et al, 1978), and this was shown in both 

models. Therapeutic doses of 40-50 Sv were able to be calculated to the largest tumor 

thickness using a radioactivity and exposure time that were reasonable for radiotherapy 

treatments. Another potential application of the alpha-emitting skin patch is use post-

operatively to irradiate any cancer cells that may be left over after surgery. 
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 Further improvements can be made to the model for more accurate dose results. 

A major contributing factor to the difference in results between the two models is the 

difference in range determination. Improved fit equations could be used to more closely 

approximate the MCNP simulation for better results. Additionally, future 

improvements to MCNP may enhance the program’s ability to accurately determine 

range.  

 While there is still much research related to alpha emitters, their general 

availability and radiochemistry that still need to be made before they are regularly used 

in external radiotherapy, this work has shown that alpha emitters do have the ability to 

penetrate NMSC tumors and deliver therapeutic doses to them. 
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Appendix A: Abridged ICRU 90 (2014) Stopping Power and Range Data 

 

 

I = 78.0 eV; r = 0.998 g/cm
3

I = 85.7 eV; r = 0.0012 g/cm
3

alpha particles in liquid water alpha particles in air

Mass Stopping Density Mass Stopping Density

Energy Power, St/r Range Energy Power, St/r Range

(MeV) (MeV cm
2
 g

-1
) (g cm

-2
) (MeV) (MeV cm

2
 g

-1
) (g cm

-2
)

0.001 3.271E+02 3.273E-06 0.001 2.215E+02 5.377E-06

0.0015 3.306E+02 4.789E-06 0.0015 2.342E+02 7.562E-06

0.002 3.343E+02 6.294E-06 0.002 2.445E+02 9.651E-06

0.003 3.436E+02 9.247E-06 0.003 2.622E+02 1.360E-05

0.004 3.546E+02 1.211E-05 0.004 2.784E+02 1.730E-05

0.005 3.666E+02 1.489E-05 0.005 2.937E+02 2.079E-05

0.006 3.793E+02 1.757E-05 0.006 3.084E+02 2.411E-05

0.008 4.049E+02 2.267E-05 0.008 3.363E+02 3.032E-05

0.01 4.304E+02 2.746E-05 0.01 3.624E+02 3.605E-05

0.015 4.916E+02 3.831E-05 0.015 4.225E+02 4.879E-05

0.02 5.483E+02 4.793E-05 0.02 4.765E+02 5.992E-05

0.03 6.506E+02 6.462E-05 0.03 5.720E+02 7.900E-05

0.04 7.411E+02 7.900E-05 0.04 6.557E+02 9.530E-05

0.05 8.229E+02 9.179E-05 0.05 7.309E+02 1.097E-04

0.06 8.979E+02 1.034E-04 0.06 7.998E+02 1.228E-04

0.08 1.032E+03 1.241E-04 0.08 9.230E+02 1.460E-04

0.1 1.150E+03 1.425E-04 0.1 1.032E+03 1.665E-04

0.15 1.397E+03 1.817E-04 0.15 1.257E+03 2.101E-04

0.2 1.593E+03 2.151E-04 0.2 1.437E+03 2.472E-04

0.3 1.881E+03 2.725E-04 0.3 1.699E+03 3.108E-04

0.4 2.068E+03 3.230E-04 0.4 1.866E+03 3.667E-04

0.5 2.183E+03 3.699E-04 0.5 1.965E+03 4.188E-04

0.6 2.244E+03 4.150E-04 0.6 2.011E+03 4.690E-04

0.8 2.260E+03 5.034E-04 0.8 2.005E+03 5.682E-04

1 2.193E+03 5.931E-04 1 1.924E+03 6.698E-04

1.5 1.879E+03 8.385E-04 1.5 1.627E+03 9.518E-04

2 1.600E+03 1.128E-03 2 1.383E+03 1.286E-03

3 1.240E+03 1.844E-03 3 1.072E+03 2.115E-03

4 1.022E+03 2.737E-03 4 8.864E+02 3.147E-03

5 8.754E+02 3.798E-03 5 7.611E+02 4.368E-03

6 7.693E+02 5.020E-03 6 6.700E+02 5.772E-03

8 6.243E+02 7.924E-03 8 5.456E+02 9.101E-03

10 5.294E+02 1.142E-02 10 4.637E+02 1.309E-02

15 3.896E+02 2.258E-02 15 3.425E+02 2.581E-02
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Appendix B: MCNP6 Run Specifications and Abridged Output Results 
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