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ABSTRACT 

 

Galactic cosmic rays (GCR) originating from outside the solar system create a unique 

radiation environment in space, which is difficult to replicate on Earth. Transport codes are 

used to simulate the space radiation environment and to evaluate dose and dose equivalent 

behind shielding for manned space missions. However, the accuracy of these transport 

codes depends on the accuracy and availability of the experimental data used to verify the 

physics models. Therefore, a series of experiments were performed to study thick-target 

light charged particle yields produced from GCR-like ion interactions with shields. 

 

This dissertation presents secondary light charged particle (Z=1 and 2) measurements 

performed in November 2016 and November 2017 at the National Aeronautics and Space 

Administration (NASA) Space Radiation Laboratory at Brookhaven National Laboratory 

(BNL). Double-differential thick-target yields were calculated for protons, deuterons, 

tritons, helium-3, and helium-4. These yields were calculated from measurements collected 

by organic liquid scintillators oriented at 10, 30, 45, 60, 80, and 135 degrees with respect 

to the beam direction.  The beams consisted of 400-, 800-, and 2500-MeV [megaelectron 

volt] protons and 400-, 800-, and 1500-MeV/n [megaelectron volt per nucleon] He, C, Si, 

Fe ions incident on thick targets (20, 40, and 60 g/cm2 [grams per centimeter squared] 

aluminum and high-density polyethylene (HDPE), and 20 and 60 g/cm2 combination of 

aluminum and HDPE). In the analysis, pulse shape discrimination and time of flight 

techniques were used to produce secondary charged particle angular-energy spectra. 

Additionally, the spectra were compared with Monte Carlo simulations using Particle and 

Heavy Ion Transport code System (PHITS) and Monte Carlo N-Particle Transport code 

(MCNP). Also, dose equivalents were calculated from the measured double-differential 

thick-target light charged particle yields using the International Commission on 

Radiological Protection (ICRP) 60 quality factor and the NASA quality factors for solid 

cancers and leukemia. These experimental data will be integrated into NASA’s uncertainty 

analysis for optimization of future GCR shielding design.  
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CHAPTER ONE  

INTRODUCTION 

 

1.1 Dissertation Overview 

For long duration deep-space missions, astronauts will be exposed to Galactic Cosmic Rays 

(GCRs) which can cause a health risk. In order to protect crew members from the radiation 

environment in space, thick shielding materials are required to reduce the exposure. Since 

the unique radiation environment in space is difficult to reproduce and test on Earth, 

transport codes are used to simulate the space radiation environment and to evaluate 

different shielding materials and thicknesses. However, the accuracy of these transport 

codes depends on the accuracy and the availability of the experimental data used to verify 

the physics models. Therefore, over the past three years, a series of experiments were 

performed to study previously unmeasured thick-target secondary particle yields produced 

from GCR-like ion interactions with a variety of shielding materials and thicknesses. 

Particularly, these experiments measured secondary light charged particle yields that are 

critical to help benchmark various transport codes. 

 

This dissertation presents a series of light charged nuclei (Z<3) measurements performed 

in November 2016 and November 2017 at the National Aeronautics and Space 

Administration (NASA) Space Radiation Laboratory at Brookhaven National Laboratory 

(BNL). Double-differential thick-target light charged particle yields were calculated from 

the experimental data measured at six angles in the laboratory. The light charged particle 

yield results were compared to a series of Monte Carlo simulations using Particle and 

Heavy Ion Transport code System (PHITS) and Monte Carlo N-Particle Transport code 

(MCNP). Also, dose equivalents were calculated from the measured double-differential 

thick-target light charged particle yields using the International Commission on 

Radiological Protection (ICRP) 60 quality factor [1] and the NASA quality factors for solid 
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cancers and leukemia [2]. These double-differential thick-target light charged particle yield 

results will eventually be incorporated into uncertainty quantification of various transport 

codes by NASA to optimize future GCR shielding to protect crew members from the 

radiation exposure in space. 

1.2 Original Contribution  

The double-differential thick-target light charged particle (Z=1 and 2) yields at six angles 

produced by 400-, 800-, and 2500-MeV protons and 400-, 800-, and 1500-MeV/n He, C, 

Si, Fe ions bombarding thick upstream targets (20, 40, and 60 g/cm2 aluminum and high-

density polyethylene (HDPE), and 20 and 60 g/cm2 combination of aluminum and HDPE) 

have never been measured before. In previous measured experiments in literature, the 

measurements were done by using single target, so the placements of the second 60 g/cm2 

downstream target in the experiments performed for this dissertation is unique. In addition, 

the PHITS simulations presented in this work were designed by the author to compare with 

the experimental yields. The comparison between the experimental data, and PHITS and 

MCNP simulated results presented in this work will benefit the discussion on the 

differences between these Monte Carlo simulations for light charged particle production 

from thick target bombardment and will further help improve the physics models used in 

the transport codes. Furthermore, the dose equivalent calculations associated with the 

measured double-differential thick-target light charged particle yields using ICRP 60 

quality factor and the NASA quality factors for solid cancers and leukemia provide a new 

dataset for discussion on the quality factors in terms of track structure model. Overall, the 

39 analyzed beam and target combination systems generating 1469 light charged particle 

yield spectra will be a benchmark dataset for comparisons to various transport codes to 

help investigate the accuracy of the transport codes. Also, the specific achievements done 

by the author are summarized in the following section. 
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1.3 Dissertation Goal  

The general goal of this dissertation is to provide an extensive and new double-differential 

thick-target secondary light charged particle yield data produced from GCR-like ion 

interactions with a variety of shielding materials and thicknesses and then compute dose 

equivalent data associated with the measured light charged particle yields for all analyzed 

systems. The specific achievements done by the author, with the exception of the MCNP 

calculations performed by Hunter Ratliff, for this dissertation are: 

 

1. Produce 1469 double-differential thick-target light charged particle (p, d, t, 3He, 

and 4He) yield spectra measured by organic liquid scintillators at six angles for 39 

beam and target combination systems across five beam projectile species, three 

beam energies, and three types of targets (20, 40, and 60 g/cm2 aluminum and high-

density polyethylene (HDPE), and 20 and 60 g/cm2 combination of aluminum and 

HDPE). 

2. Determine statistical, energy, and systematic uncertainties for all experimental data. 

3. Calculate dose equivalents from analyzed light charged particle yields using the 

ICRP 60 quality factor and the NASA quality factors for solid cancers and leukemia 

to provide new database. 

4. Model the experimental setup with PHITS and compare the experimental results 

with PHITS and MCNP calculations. 

5. Complete systematic analysis across beam species, beam energies, target materials, 

and target thicknesses. 

1.4 Dissertation Outline  

This dissertation is organized as follows: 

Chapter Two provides background information and the review of literature with 

measurements similar to the work presented in this dissertation. 

 

Chapter Three includes the experimental setup and Monte Carlo simulation designed for 

comparisons to experimental results. 
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Chapter Four contains the data analysis methodology used for this work. 

 

Chapter Five includes the experimental and Monte Carlo simulated double-differential 

thick-target yield results, as well as the dose equivalent data. 

 

Chapter Six states conclusions and future work.   
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CHAPTER TWO  

BACKGROUND INFORMATION AND LITERATURE REVIEW 

 

2.1 Galactic Cosmic Rays 

Galactic cosmic rays (GCR) originate from outside the solar system and are composed of 

varieties of charged particles with energies over a range from tens of MeV/n to several 

TeV/n, where the maximum GCR flux occurs within the range from 200 to 1000 MeV/n 

(Figure 2.1). The extensive measurements using balloons and satellites showed that about 

98% of GCR are composed of hadrons and the remaining 2% of GCR consist of electrons 

and positrons. The hadronic component of GCR includes on average 87% protons, 12% 

helium, and 1% heavier nuclei with all orbital electrons stripped [4]. Figure 2.2 shows the 

relative abundance of GCR component and their estimated dose contribution, which 

illustrates that heavy ions contribute to significant amount of dose before adding shield [5]. 

2.2 Secondary Radiation Field  

When primary GCR is incident on thick shielding materials, GCR may slow down or even 

stop in the shield due to atomic interactions, or the heavier ions in GCR can fragment into 

a variety of secondary particles by a series of nuclear interactions. These projectile 

fragments most likely retain the velocity of the projectile and can transport further in the 

shielding material since the stopping power of fragments is smaller. While these lighter 

projectile fragments travel through the shield, target fragmentation can occur leading to 

more secondary particle production [6],[7]. With the secondary particle production, there 

is a possibility that the dose equivalent received behind the shield could increase when 

shielding heavy ions. Figure 2.3 shows the annual dose equivalents in units of centi-sievert 

behind aluminum, polyethylene, and TransHab shields, which is a multilayer wall material 

developed by NASA Johnson Space Center [8], using the 1977 solar minimum GCR 

environment from Badhwar and O’Neill’s 1996 GCR model [9]. After adding 1.51 g/cm2 

shielding materials, polyethylene is the only one that decreased the annual dose equivalent,  
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Figure 2.1. The differential energy spectrum of selected ions in GCR measured at Earth 

using balloons and satellites [3].  
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Figure 2.2. The relative abundance (black) and estimated dose contribution (white) of GCR 

components [5]. 

 

 

Figure 2.3. Dose equivalent behind different thicknesses of three shielding materials [8].  
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while the other two shielding materials increased the annual dose equivalents received 

behind the shields [8].  

 

As mentioned earlier, transport codes are utilized to model GCR interactions with shielding 

materials. These transport codes have uncertainties directly associated with the lack of data 

in the database used to validate the physics models. This is the reason that an extensive 

database of experimental measurements is necessary, which can provide information to 

compare with simulation results to validate the transport codes and quantify the 

uncertainty. A study for GCR incident on different shielding materials using various 

transport codes was conducted by Slaba et al. [10]. In this study, four Monte Carlo transport 

codes (FLUKA [11], Geant4 [12], MCNP6 [13], and PHITS [14]) and three versions of the 

deterministic code HZETRN (N=1: straight-ahead approximation, N=2: bi-direction, and 

N=34: three-dimension [15],[16]) were used to calculate dose and dose equivalent behind 

different shielding materials and thicknesses. The GCR boundary condition used in these 

simulations was the solar minimum GCR environment from Badhwar and O’Neill’s 2010 

GCR model (BON2010) [17]. The geometry in this study modeled the upstream and 

downstream slabs with a thin water layer in between, which simulated an enclosed 

shielding environment for space applications. In the enclosed shielding environment, 

primary GCR may interact with one side of the shield (upstream shield) first and then 

interact with the other side of the shield (downstream shield) if GCR penetrates the 

upstream shield. As primary GCR travels through the upstream shield, a variety of 

secondary particles produced may also interact with the downstream shield. Figure 2.4 

shows the total dose equivalent for GCR boundary condition on aluminum and HDPE 

targets as a function of thickness. Dose equivalent in this study was calculated by using 

linear energy transfer (LET)-dependent ICRP 60 quality factor [1]. As you can see in 

Figure 2.4, the total dose equivalent value decreases at first and then starts to increase 

beyond 20 g/cm2 of aluminum shielding. At the same time, the calculation using HDPE 

shielding doesn’t show the presence of a local minimum in dose equivalent as a function 

of HDPE shielding thickness but also doesn’t show a significant decrease as the shielding  
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Figure 2.4. Total dose equivalent for GCR boundary condition on various thicknesses of 

aluminum (left) and HDPE (right). The relative variations between Monte Carlo codes and 

3DHZETRN (N=34) results are indicated as percentages in the plot [10]. 
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thickness increases. The results in this study also show that about 70% of total dose 

equivalent was from proton contributions at large shielding thicknesses (Figure 2.5) and 

10-20% of total dose equivalent was from the remaining light ions. For the proton 

contributions at large shielding thicknesses, the secondary protons produced by neutron-

hydrogen elastic collisions contributed to about 50% of the proton dose equivalent and the 

secondary protons produced by proton-nucleus nonelastic collisions contributed to about 

25% [10]. Overall, the proton dose equivalent comes from primary and secondary protons 

as well as neutrons. Additional calculations using HZETRN 2010 space radiation transport 

code conducted by Walker et al. [18] also demonstrated the charged particles and neutron 

contributions to organ dose equivalents from exposures to the 1977 solar minimum GCR 

spectrum for various shielding geometries, including spheres and locations within the 

Space Transportation System and the International Space Station (ISS). The results showed 

that heavy ions contributed about 50% or more to organ dose equivalent for the shielding 

thickness equal to or less than 5 g/cm2. On the other hand, about 75 to 85% or more of the 

organ dose equivalents were from proton, alpha, and neutron for thick shields. All these 

results ([10] and [18]) demonstrated that light ions and neutrons were the main contributors 

to the total dose equivalent behind thick shields. 

 

However, in the study by Slaba et al. [10], the difference of various transport code results 

for total dose equivalent in thick shielding environment, which was significantly attributed 

to secondary light ions and neutrons, illustrates the uncertainties in the secondary particle 

production models between various transport codes. The difference in the total dose 

equivalent results between four MC codes and 3DHZETRN (N=34) was quantified by 

dividing the difference between maximum and minimum results by the average of 

maximum plus minimum results at a given thickness [10]. The variations between different 

transport codes illustrate the necessity to provide more experimental data to validate the 

physics models and quantify uncertainties. 
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Figure 2.5. Dose equivalent contributions from protons for GCR boundary condition on 

various thicknesses of aluminum (left) and HDPE (right) [10]. 

 

2.3 Dose Equivalent for Space Radiation  

The secondary particles produced by shielding primary GCR are of interest because the 

dose equivalent received behind the shield may increase in certain situations [8], [10]. Dose 

equivalent (𝐻) is a quantity that can be used to appropriately evaluate the health risks 

resulted from the radiation fields. The results in the studies [10], [18], and [19] show that 

the secondary light ions and neutrons contribute to a majority of the total dose equivalent 

for thickly shielded environments, which brings the focus onto secondary light ion and 

neutron production. Since it is difficult to replicate the full GCR environment on Earth, 

various transport codes are used to model the GCR environment, which will need 

experimental results to compare with and lead to improvements in the physics models in 

those codes. In most of transport codes, the LET-dependent ICRP 60 quality factor [1] is 

used to calculate the dose equivalent. The ICRP 60 quality factor is determined as a 

function of the LET of incoming radiation particle in water. The integral of organ dose 

equivalent is calculated by multiplying the quality factor (𝑄(𝐿𝐸𝑇)) by the absorbed dose 

(𝐷) in the organ of interest, as shown below:  
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𝐻 = 𝐷 × 𝑄. (2.1) 

 

Despite the extensive usage of the ICRP 60 quality factor, NASA has developed new 

models to evaluate radiological risk. The new models took epidemiological and 

radiobiological data, which show the differences between solid tumors and leukemia in 

Relative Biological Effectiveness (RBE), into consideration [2]. In order to derive new risk 

cross sections for risk assessment during space missions, the comprehensive computational 

methods, modeling of track structure and the resultant damage to biological structures and 

molecules, have been used [20]. This then contributed to new formulations of quality 

factors appropriate for space radiations. The NASA quality factor (𝑄𝑁𝐴𝑆𝐴(𝑍, 𝛽)) includes 

the concepts of track structure rather than only LET-dependence and is defined as a 

function of charge (𝑍) and velocity (𝛽) [2], [20]. Figure 2.6 shows the NASA quality factor 

for solid cancers as a function of 𝑍∗2 𝛽2⁄  for different ions, which 𝑍∗ is the effective charge 

of ions. At a given 𝑍∗2 𝛽2⁄ , the value of NASA quality factor is smaller for Fe, which 

illustrates the concept of track structure model. For a give value of 𝑍∗2 𝛽2⁄ , heavier 

particles will have a larger velocity. Also, this reveals that charge (𝑍) and velocity (𝛽) are 

required to determine the NASA quality factor [2]. This demonstrates that the NASA 

quality factor includes a more convincing consideration of different biophysical processes, 

while the ICRP 60 quality factor does not. The dose equivalent data in section “5.3 Dose 

Equivalent Results” will present if there is any significant difference between using the 

ICRP 60 quality factor and the NASA quality factors for solid cancers and leukemia for 

the GCR-like beam systems conducted in the experiments for this dissertation. 

2.4 Literature Summary   

Norbury et al. [21] conducted a comprehensive literature review on existing measured 

nuclear cross-section data critical for space radiation. This study is mainly to identify the 

available nuclear cross-section data for space exploration and further recommend future 

cross-section measurements. The kinetic energy of projectiles was organized into four  
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Figure 2.6. QNASA for solid cancers as a function of (Z*)2/β2 [2]. 
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different regions. The energy region in the study relevant to the experiments performed 

and presented in this dissertation is 280 MeV/n ≤ kinetic energy < 3 GeV/n. The measured 

cross-section data for hydrogen and helium production from H, He, C, Si, and Fe projectiles 

are of interest here. For total cross-sections for hydrogen isotopes (p, d, and t), there are 

several measurements using H and C projectiles on various target materials and a few 

measurements using He projectiles. However, there’s no measurement of total cross-

section for hydrogen isotope using Si and Fe projectiles. For total cross-sections for helium 

isotopes (he-3 and he-4), there are some measurements using He projectiles on low atomic 

number target but no measurement using He projectiles on a variety of heavier target 

material. The total cross-sections for helium isotope using C projectiles on various target 

are available but there’s a lack of measurements using Si and Fe projectiles. On the other 

hand, the double-differential cross-sections for hydrogen isotopes from H projectiles are 

well-represented but there are not many double-differential cross-sections for hydrogen 

isotopes from He, C, Si, and Fe projectiles. Similar to the double-differential cross-sections 

for hydrogen isotopes, most of the double-differential cross-sections for helium isotopes 

are for H projectiles. There are some measurements of the double-differential cross-

sections using He and C projectiles but not using Si and Fe projectiles. Overall, within the 

energy range similar to the experiments performed for this dissertation, most of the total 

cross-section and double-differential cross-section data are for H projectiles and there’re 

some data available using He and C projectiles. However, the cross-section data from He, 

C, Si, and Fe projectiles are generally not represented, especially for Si and Fe projectiles 

[21], which illustrates the necessity to perform more cross-section measurements for these 

projectiles. 

 

Other than the cross-section measurements, there are some measurements incorporated 

similar double-differential thick-target light charged particle yield presented in this 

dissertation, which will be discussed below. The measurements of proton, deuteron, and 

triton at 0°, 7.5°, 15°, 30°, 60°, and 90° for 100 MeV/n helium projectiles on 5 cm thick 

carbon, 4 cm carbon, 1.5 cm thick copper, and 1.5 cm thick lead targets were conducted at 
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Heavy Ion Medical Accelerator in Chiba (HIMAC) [22]. The target thicknesses were 

selected to fully stop the beam projectiles. The experimental results were compared with 

the LAHET Code System (LCS) [23]. Another light charged particle yields measurement 

using helium projectiles was performed by Rovituso et al. at the Heidelberg Ion-Beam 

Therapy Center in Heidelberg [24]. Protons, deuterons, tritons, helium-3, and helium-4 

produced by 120 and 200 MeV/n helium projectiles on water target were measured at 0°, 

2°, 4°, 6°, 8°, 12°, and 23°. The target thicknesses were 4.28 and 13.92 cm, which were 

selected to attenuate half of the range of 120 and 200 MeV/n helium projectiles in water 

respectively. 

 

The study conducted by Gunzert-Marx et al. included the measured secondary charged 

particle production for 200 MeV/n carbon projectiles on 12.78 cm thick water target at the 

GSI Helmholtz Centre for Heavy Ion Research (GSI) in Darmstadt [25]. The target 

thickness was selected to be able to stop the 200 MeV/n carbon projectiles. The double-

differential light charged particle yield spectra at 0°, 5°, 10°, 20°, and 30° were generated 

and then compared with PHITS simulations. Additionally, another double-differential 

charged particle yield measurement for carbon projectiles with energy of 200 and 400 

MeV/n on water target was studied by Haettner et al. [26]. There were seven different target 

thicknesses (5.9, 15.9, 25.8, 27.9, 28.8, 31.2, and 34.7 cm). The angular distributions of 

hydrogen, helium, and heavier fragments (B, Be, and Li) were measured at 0°, 1°, 2°, 3°, 

4°, 5°, 6° and 8°. Table 2.1 summarizes the review conducted for the existing experimental 

double-differential thick-target light charged particle yield measurements.  

 

For the measurements mentioned above, three of them were conducted for the purpose of 

characterizing fragmentation of radiation therapy so that the beam projectiles were mainly 

helium-4 or carbon and the target choice was tissue-like water with thickness that was able 

to stop the projectiles. Also, their beam energy was lower than 400 MeV/n. Measurements 

of GCR-like projectile (Si and Fe) or beam energy up to 800 and 1500 MeV/n have not 

been found. Moreover, the light charged particle yield produced from target thickness from 
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20 to 60 g/cm2 bombarded by H, He, C, Si, and Fe have not been seen. However, all these 

will be presented in this dissertation. 

 

Table 2.1. Existing double-differential thick-target light charged particle yield 

measurements. 

Beam 

Projectile 

Energy 

(MeV/n) 
Target Measured Ions 

Measured 

Angle 

(degree) 

Reference 

He-4 100 C, Al, Cu, Pb p, d, t 
0, 7.5, 15, 

30, 60, 90 
[22] 

He-4 120, 200 H2O 
p, d, t, he-3, 

he-4 

0, 2, 4, 6, 8, 

12, 23 
[24] 

C-12 200 H2O 
p, d, t, he-3, 

he-4 

0, 5, 10, 20, 

30 
[25] 

C-12 200, 400 H2O 
H, He, Li, Be, 

B 

0, 1, 2, 3, 4, 

5, 8 
[26] 
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CHAPTER THREE  

EXPERIMENT SETUP AND MONTE CARLO SIMULATION 

OVERVIEW 

 

3.1 Experimental Setup 

3.1.1 Overview 

Secondary light charged particles (proton, deuterons, tritons, helium-3, and helium-4) were 

measured at 10°, 30°, 45°, 60°, 80°, and 135° with respect to the beam direction and 

upstream target center using organic liquid scintillator arrays at the NASA Space Radiation 

Laboratory (NSRL) facility at Brookhaven National Laboratory (BNL) in November 2016 

and November 2017. The Booster accelerator at BNL was used to deliver five separate 

beam species to the NSRL target room. The heavy ion projectiles were accepted from the 

Electron Beam Ion Source (EBIS) and the proton projectiles were accepted from the 

Tandem van de Graaff accelerators. The 400-, 800-, and 2500-MeV protons and 400-, 800-

, and 1500-MeV/n He, C, Si, Fe beams entered the NSRL target room 121.92 cm above 

the floor and were projected to the center of 20, 40, and 60 g/cm2 thick aluminum and 

HDPE, and 20 and 60 g/cm2 thick combination of aluminum and HDPE upstream targets 

with area of 30 x 100 cm2. Also, a 60 g/cm2 thick aluminum or HDPE downstream target 

with area of 100 x 100 cm2 was placed downstream 3.5 m from the middle of the upstream 

target. The downstream target was added to study the secondary radiation field created by 

interactions in the downstream target, which are not studied in this work. A full list of beam 

projectile and target combination systems can be seen in Table 3.1. A schematic of the 

upstream target and the downstream target combinations is shown in Figure 3.1.  

 

In the November 2016 and November 2017 experiments, 400-, 800-, and 2500-MeV 

protons and 400-, 800-, and 1500-MeV/n He, C, Si, Fe beams were selected. The ranges of 

these beam projectiles were calculated by using Stopping and Range of Ions in Matter  
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Table 3.1. List of beam species and incident energies, and target systems. Gray, blue, and 

green boxes indicate measurements occurred in March 2016, November 2016, and 

November 2017, respectively. Diagonal boxes were the systems analyzed by Luis 

Castellanos, a former graduate student in Department of Nuclear Engineering at UTK. 

Beam 

Energy 

(MeV/n) 

Beam Species 

H He C Si Fe 

400 

Al Al Al Al Al 

HDPE HDPE HDPE HDPE HDPE 

Al+HDPE Al+HDPE Al+HDPE Al+HDPE Al+HDPE 

800 

Al Al Al Al Al 

HDPE HDPE HDPE HDPE HDPE 

Al+HDPE Al+HDPE Al+HDPE Al+HDPE Al+HDPE 

1500 

(2500 for H) 

Al Al Al Al Al 

HDPE HDPE HDPE HDPE HDPE 

Al+HDPE Al+HDPE Al+HDPE Al+HDPE Al+HDPE 

 

 

 

Figure 3.1. Schematic of the upstream target and the downstream target combinations.  
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Version 2008 (SRIM-2008) [28]. For all the beam-target systems, some beam projectiles 

punched through the upstream target and struck the downstream target, while some beam 

projectiles fully stopped in the upstream target (Table 3.2). 

3.1.2 Detector Information 

A schematic of the NSRL target room experimental setup is shown in Figure 3.2. Figure 

3.3 shows the tube that enclosed the two thin EJ-228 plastic “start” scintillators (S1 and 

S2), which were placed 3 cm apart inside the tube. The midpoint of start scintillator tube 

was placed 383.8 cm downstream from the beam exit window and 76.2 cm upstream from 

the middle of the upstream target. S1 and S2 are both 0.2 cm thick, but S1 has smaller 

active cross-sectional area than S2, which allows the identification of valid beam particles 

that were on-axis relative to the center of the beam. The beam scintillators were also used 

to initiate timing information and to count the number of beam particles incident on the 

target. A summary of the detector properties related to this work is shown in Table 3.3. 

 

Secondary light charged particles produced in the upstream target were measured by six 

organic liquid scintillators (OLS) with active volume of 12.7 cm in diameter and 12.7 cm 

in depth encased in 0.15-cm thick aluminum housing. These detectors were positioned at 

10°, 30°, 45°, 60°, 80°, and 135° with respect to the beam direction and the midpoint of the 

upstream target, as shown in Figure 3.2. In these experiments, three EJ-301 liquid 

scintillators were used at the three forward-angle detectors (10°, 30°, and 45°), while three 

EJ-309 liquid scintillators were used at 60°, 80°, and 135°. Also, two 12.7 x 12.7 cm2 and 

0.635-cm-thick EJ-204 plastic organic scintillators (veto detectors) were paired with each 

OLS. One veto detector was placed before the front face of the OLS while the other one 

was placed at the side face of the OLS facing the beam line to ensure that secondary 

particles produced in the air column along the beam direction could be detected and 

removed from the data during analysis. The veto detectors were used to distinguish charged 

and neutral particle events which were detected in the liquid scintillators. One OLS and 

two paired veto detectors placed on a rolling detector stand to align with the height of the  
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Table 3.2. Beam projectiles that punched through (green) or stopped (red) in the upstream 

target. Diagonal boxes were the beam-target combination systems analyzed by Luis 

Castellanos. 

Beam 
Energy 

(MeV/n) 

Upstream Target Thickness (g/cm2) 

Al HDPE Al+HDPE 

20 40 60 20 40 60 20 60 

H 

400         

800         

2500         

He 

400         

800         

1500         

C 

400         

800         

1500         

Si 

400         

800         

1500         

Fe 

400         

800         

1500         
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Figure 3.2. Top view of the experimental setup in the NSRL target room with 60 g/cm2 

upstream and downstream HDPE targets (to scale). Listed distances for organic liquid 

scintillators and NaI detectors are the nominal design distances which are slightly different 

from the real distances in the experiments. 
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Figure 3.3. Start scintillator tube with two thin EJ-228 plastic scintillator detectors inside. 

 

Table 3.3. Summary of detector properties. 

Detector Detector model Material Properties Dimensions 

Beam start 

scintillator 

(S1 and S2) 

EJ-228 
Polyvinyl toluene 

Density: 1.023 g/cm3 

S1: 1 x 1 x 0.2 cm3 

S2: 1.4 x 1.4 x 0.2 cm3 

Organic 

liquid 

scintillator 

EJ-301 

(10°, 30°, and 45°) 

Xylene, naphthalene, 

POPOP, and activators 

Density: 0.874 g/cm3 12.7 cm in diameter 

12.7 cm in depth 
EJ-309 

(60°, 80°, and 135°) 

Solvent xylene 

Density: 0.959 g/cm3 

Veto 

detector 
EJ-204 

Polyvinyl toluene 

Density: 1.023 g/cm3 
12.7 x 12.7 x 0.635 cm3 
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beam axis are shown in Figure 3.4. After all the detector stands were positioned, the flight 

paths were measured from the middle of the upstream target to the front face of the active 

OLS volume and the values are listed in Table 3.4. 

3.1.3 Shadow Bar System 

For the background neutron spectra, two iron shadow bars with a diameter of 12.7 cm (91 

cm and 182 cm in length) placed between the upstream target and the OLS were utilized 

to separate background neutrons by blocking particles originating from the upstream target 

to the OLS. Those liquid scintillators with shadow bar in the front were considered 

“shadowed”, which means only the background neutrons could be detected in the 

shadowed liquid scintillators. Four shadow bar configurations were used for each beam 

and target combination (configuration A: no shadow bars; configuration B: shadow bars at 

10° and 60°; configuration C: shadow bars at 30° and 80°; configuration D: shadow bars 

at 45° and 135°). The liquid scintillator arrays and shadow bar configuration C can be seen 

in Figure 3.5. This shadow bar system was utilized to help the background neutron 

separation during the neutron measurement analysis. For the charged particle analysis, only 

non-shadowed runs were considered. The double-differential thick-target charged particle 

yields from shadowed runs were generally two orders of magnitude less than the double-

differential thick-target charged particle yields measured from non-shadowed runs, which 

means the background subtraction would not contribute to significant differences in 

experimental double-differential thick-target charged particle yields [27].  

3.2 Data Acquisition System 

A data acquisition system logic diagram used for the experiments is shown in Figure 3.6. 

The logic equipment is presented in Table 3.5. The data acquisition system was triggered 

by the coincidence signal firing from the start scintillators (S1 and S2) and a subsequent 

signal from an event detected in an organic liquid scintillator (OLS) or a charged 

scintillator (CS) paddle and was stopped with a delayed signal (“STOP” signal) firing from 

the OLS or CS paddle that fired the subsequent signal. The trigger logic setup is shown in 

Figure 3.7. During this time, the timing and charge deposition information of all the  
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Figure 3.4. Organic liquid scintillator array at 80° on the detector stand. 

 

Table 3.4. Flight paths from the middle of the upstream target to the front face of the active 

OLS volume. 

Detector (angle) 
Flight Path (cm) 

November 2016 November 2017 

10° 301.72 301.45 

30° 301.28 301.98 

40° 301.33 301.59 

60° 251.31 252.09 

80° 251.35 251.78 

135° 201.93 201.31 
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Figure 3.5. Six liquid scintillator arrays in position with shadow bar configuration C. 

 

 

 

Figure 3.6. Data acquisition system logic diagram [30]. 

 

  



 

26 

 

Table 3.5. Logic units used in the experiments relevant to data analysis in this dissertation. 

Module Model # BITS 

TDC LeCroy 2228A 10 

QDC LeCroy 2249W 12 

ADC 
Ortec AD811 11 

LeCroy 2249A 12 

Scaler LeCroy 2551 24 

 

 

 

Figure 3.7. Trigger logic setup and relative timing. 
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detectors in the system was recorded using time-to-digital converters (TDCs) and charge-

to-digital converters (QDCs). This trigger logic setup resulted in reverse timing 

information, which means that the time in the TDC histograms increases from right to left. 

The higher TDC channel numbers would represent the faster timing events, so the energy 

of particles increases from left to right. Figure 3.8 shows an example of reversing timing 

in the proton TDC histogram at 10° for the 400-MeV/n C on HDPE target. 

 

When an incident particle passed through the start scintillators, the signal registered by 

each start scintillator was split. One signal was delayed and sent to a QDC to record the 

pulse height information, while the other signal was sent to a constant fraction 

discriminator (CFD). If the second signal surpassed the internal threshold, the CFD would 

output two logic NIM signals. One signal was delayed and sent to a TDC as a “STOP” 

signal. The other signal was sent to an “AND” coincidence gate, which fired a logic NIM 

signal if the signals from two start scintillators were in coincidence. Then, this logic NIM 

signal was sent to a MLU “OR” module. Other inputs sent into the MLU “OR” module 

were from OLS and CS which will be described in the following paragraph. The MLU 

“OR” module fired a signal when two out of three signals (OLS, CS, and S1∙S2) came into 

the module. 

 

The signal of each OLS was split. One signal was sent to a CFD to output one signal with 

a delayed to a TDC and another signal to the MLU “OR” module. Another signal from 

OLS was delayed and fed into a pulse shape discrimination (PSD) module. The PSD 

module then produced two attenuated signals (total attenuated signal and head attenuated 

signal) and two un-attenuated signals (total signal and head signal). The two head signals 

were produced by integrating the charge deposition within the first 20 to 35 ns (short gate) 

of the total 200 ns integration gate (long gate). The two attenuated signals were produced 

by dividing the un-attenuated signals by an internal factor to handle higher pulse height 

events. These four signals were then sent to a QDC. A similar electronic setup was also 

applied to each CS paddle, except no CS signal was sent to PSD module. In this thesis, the  
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Figure 3.8. Proton time-of-flight spectrum at 10° for the 400-MeV/n C on HDPE target.  
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information from CS paddles was not used but CS paddles were included in the whole 

trigger logic in the data acquisition system. 

 

The coincidence signal from S1 and S2 theoretically arrives at the MLU “OR” module first, 

so any subsequent signal from either the OLS or CS paddle will trigger the MLU “OR” 

module, firing a logic pulse to create a 200 ns gate. This 200 ns gate was used as the 

“START” signal for the TDCs and the charge deposition integration gate for the QDCs.  

 

The raw event-by-event information recorded by the QDCs and the TDCs for each 

triggered event in each run was transferred to the data acquisition laptop (DAQ computer) 

from the CC-USB CAMAC Crate controller (CAMAC(DAQ)). The DAQ computer was 

installed with the SpecTcl analysis software developed by the National Superconducting 

Cyclotron Laboratory at Michigan State University. The acquisition system was used to 

monitor the data online and write the raw data to a single file for each run [29]. 

3.3 Monte Carlo Simulations 

3.3.1 PHITS 

The Monte Carlo simulation code, Particle and Heavy Ion Transport Code System (PHITS) 

version 2.88 [31] was used to calculate secondary light charged particle production to 

compare with experimental results. As described in reference [31], PHITS utilizes nuclear 

reaction models and data libraries to simulate nuclear and atomic collisions and transport 

particles between collisions. Figure 3.9 shows the physics models and data libraries used 

in the default setting but Electron Gamma Shower version 5 (EGS5) [32] in PHITS version 

2.88. The Liège Intranuclear Cascade model (INCL) 4.6 [33] is utilized to simulate proton-

, pion- and light-ion-induced reactions on nuclei at intermediate energies. Heavy ion 

interactions and nucleon-induced reactions are handled by using JAERI Quantum 

Molecular Dynamics (JQMD) [34], but for deuteron-, triton-, 3He-, and 4He-induced 

reactions in the intermediate energy, INCL4.6 is used. Additionally, the generalized 

evaporation and fission model (GEM) [35] is used to simulate the static stage of hadron-  
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Figure 3.9. Map of PHITS physics models and data libraries in PHITS version 2.88 [36]. 
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and nucleus-induced reactions. For the PHITS simulations presented in this work, a cutoff 

energy at 1 keV for protons, neutrons, photons, and heavy ions and a cutoff energy at 100 

keV for electrons and positrons were used. Two geometry configurations were used in 

PHITS for each beam and target combination system conducted in November 2016 and 

November 2017 experiments.  

 

The first configuration was a to-scale target room design (“room simulation”), where the 

room entrance, tunnel, rail system, detector stands, beam dump, floor, ceiling, and walls 

were considered. The modeled geometries of the upstream and downstream targets, veto 

detectors, and the liquid scintillators were identical to the experimental dimensions. To 

consider reactions of particles with air, the target room was filled with air. The liquid 

scintillator arrays (including the veto detector and the detector stand) were positioned 

according to their flight paths at 10°, 30°, 45°, 60°, 80°, and 135° with respect to the beam 

direction. The source term was set as a monoenergetic and monodirectional beam with a 

diameter of 2.5 cm bombarding on the center of the front face of the upstream target. The 

proton, deuteron, triton, helium-3, and helium-4 fluxes as a function of energy (#/source 

particle/MeV) were calculated by using the T-Cross tally in PHITS. In this tally, the fluxes 

of proton, deuteron, triton, helium-3, and helium-4 particles crossing the aluminum 

housings of the liquid scintillators and then entering the active detector volumes were 

calculated. PHITS simulation results were then normalized by the solid angle of each liquid 

scintillator to generate double-differential thick-target charged particle yields which were 

in units of # / (source particle-steradian-MeV). 

 

The ring-type detectors were modeled in the second configuration (“ring simulation”) 

because it is difficult to obtain good statistics for charged particles with the small detection 

crossing area in the room simulations. The ring-type detectors with the same width and 

depth to the active detector volume have the same distances and equivalent angles 

according to the experimental setup. While the target room geometry (e.g., the floor and 

walls) was not considered in the ring simulations, the upstream and downstream targets 
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and six ring-type detectors were surrounded by air to take reactions between charged 

particles and air into account. The source term was set as in the room simulations. In the 

ring simulation, the upstream target geometry was simulated using squared geometry to 

better approach the experimental setup at 60° and 80° detectors. The T-Cross tally was also 

used to calculate proton, deuteron, triton, helium-3, and helium-4 fluxes crossing the air-

filled region in front of ring-type detector and then entering the ring-type detector. The 

same simulation result normalization described above in the room simulations was utilized. 

The ring-type detectors and targets used in the ring simulations are illustrated in Figure 

3.10. 

 

The purpose of the room configuration was to compare with the ring configuration to make 

sure it was appropriate to use the ring configuration to get better statistic in the simulated 

results. 

 

 

Figure 3.10. 3-dimensional image of PHITS ring-type detectors with HDPE targets. 
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3.3.2 MCNP 

Additional Monte Carlo simulations were executed using Monte Carlo N-Particle 

Transport code (MCNP) for each beam and target combination system in November 2016 

and November 2017 experiments to compare with PHITS ring simulations. The MCNP 

geometry configuration was similar to the PHITS room configuration. These MCNP 

simulations were first designed by Luis Castellanos, a former fellow graduate student in 

Department of Nuclear Engineering at UTK, and then were executed by Hunter Ratliff, 

another fellow graduate student in Department of Nuclear Engineering at UTK. The MCNP 

simulation results were normalized to generate double-differential thick-target charged 

particle yields in units of # / (source particle-steradian-MeV) for comparisons to PHITS 

room simulations and experimental results. 

 

Figure 3.11 shows the map of particle types, energy ranges, and interaction physics used 

in MCNP6 [37]. The proposed regions indicated in Figure 3.11 are the potential features 

that might be incorporated into MCNP6. The proposed model will be similar to EGS for 

high-energy photons, electrons, and positions transportations. For low-energy charged 

particles, it will be similar to SRIM. As described in reference [37], MCNP utilizes 

Cascade-Exciton Model (CEM03.03) [38], [39] and the LANL version of the Quark-Gluon 

String Model (LAQGSM03.03) [39], [40] event generators. Both CEM and LAQGSM use 

their own models to describe the pre-equilibrium, evaporation, and fission reactions, but 

they use the same models to consider coalescence of nucleons into complex particles up to 

4He and Fermi breakup of excited or unstable nuclei with mass number less than 13 [37]. 

CEM was used for nucleon, pion and photon induced reactions up to 5 GeV for heavy mass 

targets and up to 1 GeV for light mass targets, while LAQGSM was used for heavy ion 

interactions up to approximately 1 TeV/n and photon induced interactions above 1.2 GeV, 

as well as reactions induced by projectiles not considered in other models [37]. Another 

default option used in MCNP6 was the ISABEL INC [41]. ISABEL was used for deuteron-

, triton-, 3He-, 4He-, and antinucleon-induced reactions at energies up to 1 GeV/n [37]. 
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Figure 3.11. Map of MCNP6 particle types, energy ranges, and interaction physics [37].  
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CHAPTER FOUR  

DATA ANALYSIS METHODOLOGY 

 

4.1 Double-Differential Thick-Target Yield Analysis Methodology 

The raw experimental data were converted and analyzed with ROOT Data Analysis 

Framework [42], which is developed by the European Organization for Nuclear Research 

(CERN). Each ROOT file included triggered event information in each run for the six 

liquid scintillator arrays. The information utilized in charged particle analysis was TDC 

(timing information), and QDC (charge deposition) of veto detectors and OLSs. This work 

focuses on secondary charged particle production measured by the liquid scintillators in 

the thick target measurements. To determine the double-differential thick-target (DDTT) 

secondary charged particle yields, a series of steps were required, including 1) good beam 

cut, 2) self-time gate, 3) charged and neutral particle separation, 4) charged particle 

identification, 5) time-of-flight calculation and energy conversion, 6) time walk and 

efficiency corrections, and 7) uncertainty calculation. 

4.1.1 Good Beam Cut 

Good beam cuts were used to select the valid beam particles that were directed along the 

center of the beam axis incident on the upstream target for each beam and target 

combination system. Good beam cuts were made by plotting the charge deposition in the 

S1 and S2 against each other and then drawing a graphical contour around the primary 

beam spot. An example of the good beam cut can be seen in Figure 4.1. The events that 

excluded by applying good beam cuts were 1) beam projectiles fragmented in the air 

column between the beam exit window and start scintillator tube (the lower left diagonal 

portion), 2) beam projectiles fragmented after hitting S1 but before arriving S2 (the 

horizontal portion), 3) two beam projectiles hit the beam start scintillators simultaneously 

and considered as a single event but the energy deposition was twice the amount (the upper  
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Figure 4.1. Charge deposition in the two start scintillators plotted versus each other for the 

1470-MeV/n Fe on Al target.  The contour drawn around the central spot was used to select 

the valid beam particle events that were directed along the center of the beam axis.  
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right portion), and 4) beam projectiles missed S1 but struck S2 since S1 had smaller cross 

sectional area. 

4.1.2 Self-Time Gate 

Events were triggered when charged and neutral particles were detected in the liquid 

scintillators. The signals from the OLS were used to generate a delayed timing signal which 

was then subsequently recorded in TDC histograms. Since the OLS signal also generated 

the start of TDC, the difference between the TDC “START” and delayed OLS “STOP” 

signals was fixed. Thus, any valid event from a detector would fall into a fixed position in 

each TDC histogram. Figure 4.2 shows the one-dimensional TDC histogram of the liquid 

scintillator at 10° for 1470-MeV/n Fe beam on Al target. “Self-time” gates selected the 

events that triggered in each liquid scintillator and in coincidence with the start signal fired 

by S1 and S2. By applying the self-time gates for each liquid scintillator, events that were 

recognized as mistimed or events that were triggered in one of the six liquid scintillators 

but did not set off the coincidence signal with the two start scintillators, which showed up 

outside the self-time peak in the TDC histogram, were ignored. 

4.1.3 Charged and Neutral Particle Separation 

Since both charged and neutral particles could set the coincidence trigger in the liquid 

scintillators, the separation of charged and neutral particles is necessary. Separating 

between charged and neutral particles can be achieved by examining the QDC spectrum of 

the front veto detector that covered the front face of the liquid scintillator. Based on the 

neutral particle interaction mechanism in thin materials, the probability that neutral 

particles interact with the front veto detector is significantly lower than the probability that 

charged particles interact with the front veto detector [43]. In general, the ratio of neutrons 

to protons detected by the veto detector is 1 to 100. Also, the probability that neutrons 

interact with the front veto detector and produce protons which are then detected by the 

following OLS detector is only around 2%. Figure 4.3 shows the one-dimensional QDC 

histogram of the front veto detector at 10° for 400-MeV/n C beam on HDPE target. The 

peak on the left part of the QDC spectrum is the non-zero pedestal peak, which is occupied  
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Figure 4.2. Liquid scintillator TDC spectrum at 10° for the 1470-MeV/n Fe on Al 

target.  The lines shown were the self-time gate used to select self-time triggered events.  

 

 

Figure 4.3. Front veto detector QDC spectrum at 10° for the 400-MeV/n C on HDPE 

target.  The line shown was the threshold used to separate charged and neutral particles.   
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by neutral particle events [6], and the location of the non-zero pedestal peak depends on 

the electronic noise processing [43]. Therefore, those events to the right of the pedestal 

peak were the results of charged particles. Any event to the right of the pedestal peak and 

then was detected by the organic liquid scintillators was a valid charged particle event. As 

described earlier, this work focuses on secondary charged particle production, so that 

events above a certain threshold of the veto detector QDC signal were kept.  

4.1.4 Charged Particle Identification 

After identifying charged particle events, the energy deposited in organic liquid scintillator 

versus S1 TDC information (time-of-flight (TOF) technique) is considered to identify and 

separate charged particle species. Figure 4.4 shows a plot of energy deposition (y-axis) 

versus TOF (x-axis) for 400-MeV/n C beam on HDPE target at 10°. In that plot, the flight 

time increases from right to left, which means charged particle energy decreases from right 

to left. Each curve represents different charged particle species and the peak point of each 

curve is the “punch through point”. The punch through point represents the maximum full 

energy of a charged particle that can deposit into a liquid scintillator detector as the charged 

particle ranges out in the active detector volume. Thus, events to the left of the punch 

through point represent that charged particles stop in the detector and fully deposit their 

energy into the detector, and those events to the right of the punch through point represent 

that charged particles penetrate the active detector volume. Isotopes with similar TOFs will 

have similar velocities (similar energies per nucleon). Additionally, heavier charged 

particles will have higher total energies and can deposit more energy in a detector, resulting 

in peaks locating in higher energy deposition channel numbers (y-axis).  

 

Charged particle species that produce the well-defined lines in the TOF plots can be 

identified by comparing their punch through points. The proton energy at the punch 

through point in the 12.7 cm long organic liquid scintillator can be interpolated from range 

tables provided by NIST [44]. To calculate the energy per nucleon of other charged particle  
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Figure 4.4. Total energy deposition in liquid scintillation detector versus time-of-flight for 

400-MeV/n C beam on HDPE target at 10°.  Well-defined lines corresponding to p, d, t, 

He-3, and He-4 events in the detector are indicated. 

  



 

41 

 

species at the punch through point, equation 4.1 was used, where (𝑅𝜌)
𝑖
 is the range (g/cm2) 

of ion with mass (A) and charge number (Z). 

 

(𝑅𝜌)
𝑖

= (𝑅𝜌)
𝑝𝑟𝑜𝑡𝑜𝑛

× (
𝐴

𝑍2
)

𝑖
 (4.1) 

 

After identifying different charged particle species, further separation between those ions 

were required to produce the double-differential thick-target yield for each ion. As 

illustrated in Figure 4.5, different charged particles overlap with each other at some points. 

To separate Z=1 and Z=2 charged particles, veto detector TOF spectrum was first utilized, 

as shown in Figure 4.6 (a). Figure 4.6 (a) is a 2-dimensional histogram of energy deposition 

in veto detector versus time-of-flight for 400-MeV/n C beam on HDPE target at 10°. There 

are two clear separated areas in the veto detector TOF spectrum, which are Z=1 charged 

particles (lower left portion) and Z=2 charged particles (upper right portion). Applying the 

graphical contour cuts around each of these two areas to the liquid scintillator TOF 

spectrum allows separation between Z=1 and Z=2 charged particles, as shown in Figure 

4.6 (b) and (c). However, veto detector TOF cut method could not separate isotopes. 

 

After separating charged particles with different atomic numbers (Figure 4.6 (b) and (c)), 

the pulse shape discrimination (PSD) method can be used to further separate intersections 

between isotopes. As illustrated in the study conducted by Kurosawa et al. [22], PSD 

method utilize the energy loss (dE/dx) differences in the OLS between different charged 

particles. The energy loss (dE/dx) of the charged particle creating the signal in the OLS 

affects the pulse height output of the OLS as a function of time. Charged particles with 

energies that stop in the OLS have increasing charge deposition in the slow components of 

the OLS when the dE/dx increases. The charged particles with energies that can punch 

through the OLS have less charge deposition in the slow components of the OLS than those 

charged particles stop in the OLS since those faster charged particles have smaller dE/dx. 

This feature creates a larger charge deposition collected in the short gate from those  
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Figure 4.5. Liquid scintillator TOF spectrum with overlapped points shown for 400-MeV/n 

C beam on HDPE target at 10°.  
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a)  

b)  

c)  

Figure 4.6. (a) Energy deposition in veto detector versus time-of-flight for 400-MeV/n C 

beam on HDPE target at 10°. The contours showed in (a) were applied to liquid scintillator 

TOF spectrum (Figure 4.5) to separate Z=1 and Z=2 charged particles, which are shown in 

(b) and (c) accordingly.  
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charged particles stopping in the OLS [22]. The short gate was the shorter charged 

integration timing gate utilized in the PSD module, which was described in section “3.2 

Data Acquisition System”. 

 

Therefore, the PSD method in this study is based on the charge deposition differences 

between integration over the first 20 to 35 ns of the signal (short gate) and over the full live 

time (200 ns) of the signal (long gate) created by the PSD module. A 2-dimensional 

histogram of Z=1 particle PSD for 400-MeV/n C beam on HDPE target at 10° is presented 

in Figure 4.7 (a). As shown in Figure 4.7 (a), the upper line is the charged particles that 

punched through the OLS and the lower line is the charged particles that stopped in the 

OLS. The PSD graphical cuts were used to separate charged particles that stopped in or 

punched through the OLS so that the intersections between isotopes can be resolved. Figure 

4.7 (b) and (c) show Z=1 isotope separation after applying the PSD graphical cuts. 

 

With veto detector TOF graphical cuts and PSD graphical cuts, the liquid scintillator TOF 

spectra for proton, deuteron, triton, helium-3 and helium-4 particles can be obtained 

separately by assigning charged particle events to the correct ion species at overlapped 

regions and then making the graphical contours around each ion line. The charged particle 

events selected by these graphical cuts were converted to one-dimensional S1 TDC 

histograms to generate charged particle counts versus TOF channel number histograms for 

further TOF to energy conversion. 

4.1.5 Time-of-Flight Calculation and Energy Conversion 

The TOF technique not only helps the identification between different charged particle 

species but also allows for conversion from TOF to energy. Measured TOF spectra were 

binned into histograms with the calibrated TDC channel width of 0.251 ns. The calibrated 

TDC channel width was determined at the end of November 2017 experiment by sending 

signals to the data acquisition system and adding known amount of timing delay repeatedly.  
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a)  

b)  

c)  

Figure 4.7. (a) Z=1 particle PSD for 400-MeV/n C beam on HDPE target at 10°. The 

contours showed in (a) were applied to liquid scintillator TOF spectrum (Figure 4.6 (b)) to 

further separate isotopes’ overlapped points, which can be seen in (b) and (c).  
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The known amount of timing delay and the TDC channel numbers recorded created a 

calibration curve. The linear fitting slope of this curve is the calibrated TDC channel width, 

which is illustrated in Figure 4.8. 

 

The TOF values for each channel number can be calculated by using prompt gamma peak 

channel as a reference timing point and using the flight paths between the front face of each 

active OLS volume and the middle of the target (Table 3.4). Prompt gamma peak channel 

information for each beam and target combination system was identified by Hunter Ratliff, 

a fellow graduate student in Department of Nuclear Engineering at UTK. Since the prompt 

gamma park channel number and the calibrated TDC channel width (0.251 ns) are known, 

the TOF values can be calculated with the following equation: 

 

𝑇𝑂𝐹𝑐ℎ = (𝑡𝑑𝑐𝑐ℎ_𝛾 − 𝑡𝑑𝑐𝑐ℎ) × 0.251 +
𝑑

𝑐
 , (4.2) 

 

where 𝑡𝑑𝑐𝑐ℎ_𝛾 is the prompt gamma peak channel number, 𝑡𝑑𝑐𝑐ℎ is the channel number in 

question, d is the flight path (cm) for each liquid scintillator, and c is the speed of light (30 

cm/ns). Figure 3.8 shows proton time-of-flight channel spectrum and the identified prompt 

gamma peak channel number for the 400-MeV/n C on HDPE target at 10°. 

 

 

Figure 4.8. S1 TDC calibration curve. 
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For the purpose of generating double-differential thick-target secondary charged particle 

yield spectra, the TOFs need to be converted to energies at the point of charged particles 

entering the active volume of the liquid scintillators. The energy loss as the secondary 

charged particles penetrate materials before arriving the detector, such as the upstream 

target, the air column between the upstream target and the detector, the veto detector, and 

the OLS’s aluminum housing, needs to be considered. The energy loss computer code was 

first written by Luis Castellanos, a former fellow graduate student in Department of 

Nuclear Engineering at UTK. The computer code was then modified to be able to apply to 

this study. The modifications included the implementation of Al+HDPE hybrid target, 

which complicated the energy loss calculations at the interface of Al and HDPE materials, 

and also the consideration of different assumed production points according to beam 

projectile’s range in three types of targets (Al, HDPE, and Al+HDPE), which will be 

discussed in the following paragraph.  

 

This code takes all the materials that the secondary charged particles produced in the 

upstream target at their production points will traverse into consideration. The flight paths 

from the secondary charged particle production point to the front face of the active OLS 

volume were divided into thousands of distance steps (dx). The input energies of each 

charged particle type considered in this code was from the initial secondary charged 

particle energy that certain type of secondary charged particle has a range roughly equal to 

the amount of the upstream target material up to 1000 MeV/n. The time for each secondary 

charged particle to transport through each distance step was calculated, and then the new 

particle energy and the new stopping power (dE/dx) were calculated at the end of each 

distance step. The code kept calculating until the secondary charged particle arrived the 

front face of the active OLS volume, and then the TOF value and the final energy were 

recorded. These calculations were repeated for protons, deuterons, tritons, helium-3, and 

helium-4 produced from three assumed production points for each liquid scintillator, and 

each upstream target material and thickness. The three assumed production points are the 

beginning, the middle, and the end of the beam projectile’s range in the target if beam 
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projectiles stop in the upstream target. If beam projectiles penetrate the upstream target, 

the three assumed production points are the middle, the upstream surface, and the 

downstream surface of the target. The TOF calculations of the three assumed production 

points were later applied to the energy uncertainty calculation. 

 

The code calculations generated TOF versus energy (charged particle’s total energy when 

it arrives the front face of the active OLS volume) tables for each ion from three assumed 

production points. These data tables allowed the double-differential thick-target secondary 

charged particle yields versus energy spectra to be produced. 

4.1.6 Time Walk and Efficiency Corrections 

In the TOF measurements, the constant fraction discriminator (CFD) timing outputs were 

affected by the amount of charge deposition in the signal, which caused events with more 

charge deposition having incorrectly faster TOF values (time walk). The time walk 

correction procedure was developed by Heilbronn et al. [45]. The time walk correction 

method implemented in ROOT was completed by Luis Castellanos [27] and Matthew 

Beach, a collaborator on the thick GCR shielding project. 

 

Another correction applied to the measured results was the energy-dependent charged 

particle detection efficiency in the liquid scintillators since the OLS TOF graphical 

contours drawn around each ion line only selected the charged particle events having a 

complete energy deposition. The efficiency correction factor’s calculation was conducted 

by Luis Castellanos [27] using PHITS versions 2.82 and 2.88. The simulation was that 

monoenergetic planar source particles bombard on a cylindrical xylene encased by Al, 

which is a similar geometry to the active liquid scintillator volume. In the simulation 

results, the fraction of events that produced a complete energy deposition was used as the 

efficiency correction factor for that input source particle energy. 
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4.2 Uncertainty Calculations for Experimental DDTT Yields 

4.2.1 Statistical Uncertainties 

The statistical uncertainties in the experimental double-differential thick-target charged 

particle yields were from the number of counts measured in that energy bin. The statistical 

uncertainties were calculated by taking the square root of counts in each energy bin in 

ROOT.  They were then divided by the particle counts in that bin to get fractional 

uncertainties. After getting fractional uncertainties, the data would be rebinned to achieve 

a predetermined statistical uncertainty criterion. In general, statistical uncertainties varied 

by detector angle, energy, beam projectile, and the upstream target thickness. In this study, 

the rebinning process would continue until the fractional statistical uncertainty was below 

10%. For the larger angles (60°, 80°, and 135°), the statistical uncertainties were not able 

to achieve this criterion at times due to the lack of counts. However, within those results 

which could not achieve the criterion, most of them still had statistical uncertainties below 

20%. Table 4.1 shows a summary of the median fractional statistical uncertainties for 

experimental charged particle results. 

 

Table 4.1. Median fractional statistical uncertainties for experimental charged particle 

results. 

Secondary Particle 
Detector (angle) 

10° 30° 45° 60° 80° 135° 

Proton 0.033 0.045 0.060 0.070 0.130 0.138 

Deuteron 0.069 0.103 0.133 0.148 0.317  

Triton 0.108 0.147 0.224 0.382   

Helium-3 0.094 0.243     

Helium-4 0.065 0.419     
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4.2.2 Systematic Uncertainties 

The systematic uncertainties resulted from the normalization of converting counts to the 

double-differential thick-target yields for units of # / (source particle-steradian-MeV). The 

systematic uncertainties included uncertainties in solid angle, graphical cuts, and charged 

particle detection efficiency. 

 

The solid angle uncertainty came from the uncertainty of the charged particle production 

point in the upstream target. The three assumed production points, mentioned in section 

“4.1.5 Time-of-Flight Calculation and Energy Conversion”, had different flight paths to 

the assumed detection point. The assumed detection point was the center of the front face 

of the active OLS volume. The solid angles were calculated for these three flight paths and 

the true solid angle was the one calculated using the middle production point. The fractional 

difference of solid angles for the upstream and downstream production points was 

calculated. The solid angle uncertainties ranged from 0.2 to 15.9%. 

 

The graphical cut uncertainty came from the subjective judgement with which the graphical 

contour cuts were made, including the good beam cuts and OLS TOF cuts for each ion. 

Therefore, two sets of the good beam cuts and the charged particle identification cuts were 

made for each beam and target combination system. These two sets of graphical cuts went 

through the same analysis process. Then, the percent differences between two double-

differential thick-target yields for each energy bin were calculated and were used as the 

graphical cut uncertainties for each energy bin. Approximately 90% of the experimental 

data presented in this dissertation had the graphical cut uncertainty below 20%. Most of 

the data point with graphical cut uncertainty over 20% were those points at lowest energy 

bin. Since the rebinning process started from the highest energy bin, the uncertainty of the 

lowest energy bin was generally the worst. Table 4.2 shows a summary of the median 

fractional graphical cut uncertainties for experimental charged particle results. 
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Table 4.2. Median fractional graphical cut uncertainties for experimental charged particle 

results. 

Secondary Particle 
Detector (angle) 

10° 30° 45° 60° 80° 135° 

Proton 0.012 0.012 0.013 0.017 0.026 0.016 

Deuteron 0.016 0.019 0.024 0.033 0.072  

Triton 0.016 0.013 0.021 0.127   

Helium-3 0.015 0.009     

Helium-4 0.012 0.041     

 

The charged particle detection efficiency uncertainty was the statistical uncertainty of the 

charged particle detection efficiency factor from the PHITS simulations mentioned in 

section “4.1.6 Time Walk and Efficiency Corrections”. The charged particle detection 

efficiency uncertainties for each charged particle were below 0.2%. 

4.2.3 Energy Uncertainties 

The energy uncertainty is related to the uncertainty of the secondary charged particle 

production point in the upstream target. Since the exact production point is unknown, the 

TOF to energy conversions from three assumed production points in the energy loss code 

were applied to quantify the energy uncertainty. The three assumed production points, 

mentioned in section “4.1.5 Time-of-Flight Calculation and Energy Conversion”, had 

different flight paths to the assumed detection point, which means charged particles 

produced at different production points traversed different amount of the upstream target. 

This resulted in three TOF to energy conversion tables. The TOF to energy conversion 

calculated using the middle production point was considered true TOF to energy 

conversion. The other two sets of TOF to energy conversion tables were then used to 

calculate the percent differences between true energy as the energy uncertainty per energy 

bin. Table 4.3 presents a summary of the median fractional energy uncertainties for 

experimental charged particle results. 
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Table 4.3. Median fractional energy uncertainties for experimental charged particle results. 

Secondary Particle 
Detector (angle) 

10° 30° 45° 60° 80° 135° 

Proton 0.053 0.045 0.027 0.026 0.073 0.037 

Deuteron 0.051 0.043 0.025 0.024 0.093  

Triton 0.041 0.034 0.022 0.031   

Helium-3 0.049 0.043     

Helium-4 0.043 0.037     

 

4.3 Dose Equivalent Calculations 

After determining the double-differential thick-target (DDTT) secondary charged particle 

yields, the dose equivalents were then calculated based on the experimental yield results. 

Since the double-differential thick-target secondary charged particle yield is in units of # / 

(source particle-steradian-MeV), the first step was converting DDTT yield to fluence in 

units of # / (source particle-cm2) for each secondary charged particle measured. Then, using 

the following equation to calculate the absorbed dose per energy point in the fluence 

spectrum for each charged particle type (𝐷(𝑍, 𝐸)). 

 

𝐷(𝑍, 𝐸) =
𝐿𝐸𝑇(𝑍, 𝐸)

𝜌
× Φ(Z, E), (4.3) 

where the units are 𝐷 (Gy), 𝐿𝐸𝑇 (𝑘𝑒𝑉/ 𝜇𝑚), 𝜌 (g/cm3), and Φ (# / cm2). 

 

With the absorbed dose per energy point for each charged particle type data, the dose 

equivalent (𝐻(𝑍, 𝐸)) was calculated by multiplying the quality factor (𝑄) with the absorbed 

dose, as shown below:  

 

𝐻(𝑍, 𝐸) = 𝐷(𝑍, 𝐸) × 𝑄. (4.4) 
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In this study, three quality factors were taken into consideration, including ICRP 60 quality 

factor (𝑄(𝐿𝐸𝑇)), and NASA quality factors for solid tumors and leukemia. The relationship 

between ICRP 60 quality factor and 𝐿𝐸𝑇 is given in Table 4.4.  

 

The NASA quality factor (𝑄𝑁𝐴𝑆𝐴) can be derived using the equations shown below with 

𝐿𝐸𝑇 in units of 𝑘𝑒𝑉/ 𝜇𝑚: 

 

𝑄𝑁𝐴𝑆𝐴 = (1 − 𝑃(𝑍, 𝐸)) +
6.24 × (Σ0 𝛼𝛾⁄ )

𝐿𝐸𝑇
× 𝑃(𝑍, 𝐸), (4.5) 

where 

𝑃(𝑍, 𝐸) = (1 − 𝑒
−(𝑍∗ 𝛽⁄ )2

𝜅 )

𝑚

× 𝑃𝑇𝐷 , (4.6) 

 

𝑍∗ = 𝑍 × (1 − 𝑒
−(

1.25×𝛽

𝑍2 3⁄ )
), (4.7) 

 

𝑃𝑇𝐷 = (1 − 𝑒
−(

𝐸
𝐸𝑇𝐷

)
), (4.8) 

 

where Σ0 , 𝛼𝛾 , 𝑚 , 𝜅 , and 𝐸𝑇𝐷  are the parameters derived from model [2]. Table 4.5 

summarizes the model parameters selected to generate the NASA quality factors for solid 

tumors and leukemia for charged particles with 𝑍 ≤ 4 [20]. 

 

Table 4.4. The quality factor in ICRP 60 [1]. 

𝐿𝐸𝑇 (𝑘𝑒𝑉/ 𝜇𝑚) 𝑄(𝐿𝐸𝑇) 

≤ 10 1 

> 10 𝑎𝑛𝑑 ≤ 100 0.32 × 𝐿𝐸𝑇 − 2.2 

> 100 300 √𝐿𝐸𝑇⁄  
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Table 4.5. Model coefficients for 𝑄𝑁𝐴𝑆𝐴 [2]. 

Coefficient 
Solid cancers Leukemia 

𝑍 ≤ 4 

𝐸𝑇𝐷 (𝑀𝑒𝑉 𝑛⁄ ) 0.2 0.2 

𝛼𝛾 (𝐺𝑦−1) 6.24 6.24 

Σ0 (𝜇𝑚2) 7000 1750 

𝜅 (
𝑍

𝛽
)2 1000 1000 

𝑚 3 3 

 

After calculating three quality factors for each energy point in each experimental fluence 

spectrum for each light charged particle, the dose equivalents for each energy point were 

able to be computed. The dose equivalent results presented in this thesis were integrated 

over the dynamic range of the energy spectra and then integrated over all the detection 

angles (10°, 30°, 45°, 60°, 80°, and 135°) to get the total dose equivalent for each secondary 

charged particle species measured per beam and target combination system.  
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CHAPTER FIVE  

RESULTS AND DISCUSSION 

 

5.1 Overview 

The experimental double-differential thick-target (DDTT) proton, deuteron, triton, helium-

3, and helium-4 yields for 39 systems of beam and target combinations (listed in Table 3.1) 

were measured at 6 angles (10°, 30°, 45°, 60°, 80°, and 135°). For 39 analyzed beam and 

target combination systems, some charged particle species were not detected in all 

detectors, or were observed but did not have enough particle counts to produce viable 

spectra. Protons were detected at all 6 angles. While deuterons were recognized at the 

angles not greater than 80°, tritons could be seen at 10° to 60°. On the other hand, helium-

3 and helium-4 could only be possibly identified at 10° and 30°. The upper limit of analyzed 

charged particle energies is approximately 180 MeV/n for Z=1 particles and 200 MeV/n 

for Z=2 particles. The fractional statistical uncertainties for identified experimental 

charged particle yields are generally below 20% depending on charged particle species. In 

most cases, the statistical uncertainties increase at the larger detector angles.  

 

A selection of DDTT light charged particle yield data are displayed in section “5.2 

Comparisons Between Experimental and Simulated Double-Differential Thick-Target 

Light Charged Particle Yields” to showcase the comparison of experimental and simulated 

results. The rest of DDTT light charged particle yield data will be available from the 

Graduate School at Trace: Tennessee Research and Creative Exchange. The DDTT yield 

plots present the DDTT light charged particle yields as a function of particle’s energy 

arriving the front face of the active OLS volume, with vertical error bars representing the 

statistical uncertainties of the measured results and horizontal error bars representing the 

energy uncertainties. Also, each plot includes the associated PHITS ring and MCNP room 

simulations for comparisons between experimental results and simulations. The Monte 

Carlo simulations do not include the error bars for the clarity of the comparisons in each 
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plot. For PHITS ring simulations, the fractional statistical uncertainties for protons, 

deuterons, and tritons are generally below 10%, except for a few data points at larger 

detection angles (between 10 to 20%). Most of the PHITS simulated helium-3 results have 

fractional statistical uncertainties less than 20% but around 1% of the PHITS simulated 

helium-3 results at larger detection angles and low energy bins have fractional statistical 

uncertainties higher than 20%. For the PHITS simulated helium-4 results, the median 

fractional statistical uncertainties were less than 3% for 10° detector and were around 20% 

for 30° detector. A summary of the median fractional statistical uncertainties for PHITS 

ring simulations is shown in Table 5.1. On the other hand, since MCNP utilized the full 

room configuration, the fractional statistical uncertainties for MCNP simulations were 

generally higher than for PHITS simulations. The counting statistics for MCNP simulations 

are better at more forward angles. The median fractional statistical uncertainties for the 

MCNP simulated proton results are below 26% for all 6 angles. The median fractional 

statistical uncertainties for the MCNP simulated A>1 charged particle results are less than 

29% at 10° detector. Also, for the MCNP simulated A>1 charged particles at angles greater 

than 10°, the median fractional statistical uncertainties are generally higher than 22%. 

Table 5.2 presents a summary of the median fractional statistical uncertainties for MCNP 

room simulations. Additionally, in each DDTT light charged particle yield plot, sometimes 

MCNP room simulations are not as smooth as PHITS ring simulations, which illustrates 

the main reason using ring geometry in PHITS is to get better statistics.  

 

Table 5.1. Median fractional statistical uncertainties for PHITS ring simulations. 

Secondary Particle 
Detector (angle) 

10° 30° 45° 60° 80° 135° 

Proton 0.009 0.008 0.009 0.011 0.022 0.029 

Deuteron 0.021 0.020 0.024 0.025 0.066  

Triton 0.043 0.070 0.081 0.078   

Helium-3 0.056 0.091     

Helium-4 0.027 0.204     
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Table 5.2. Median fractional statistical uncertainties for MCNP room simulations. 

Secondary Particle 
Detector (angle) 

10° 30° 45° 60° 80° 135° 

Proton 0.041 0.060 0.074 0.089 0.213 0.257 

Deuteron 0.145 0.228 0.309 0.339 0.991  

Triton 0.288 0.553 0.707 0.999   

Helium-3 0.251 0.619     

Helium-4 0.231 1.000     

 

A selection of proton and helium-4 dose equivalent results for measured DDTT light 

charged particle yields are displayed in section “5.3 Dose Equivalent Results”. The rest of 

dose equivalent results for measured DDTT light charged particle yields will also be 

available from the Graduate School at Trace: Tennessee Research and Creative Exchange. 

Each dose equivalent plot shows the total dose equivalent integrated over angular 

distribution (where measured DDTT yields available) on the left y-axis and the ratio of 

dose equivalent values calculated by using 𝑄𝐼𝐶𝑅𝑃−60 to 𝑄𝑁𝐴𝑆𝐴𝑆𝑜𝑙𝑖𝑑 𝐶𝑎𝑛𝑐𝑒𝑟𝑠 on the right 

y-axis as a function of the upstream target thickness. The error bars presented in these plots 

are the uncertainties of dose equivalents resulted from the energy uncertainty of each data 

point in the measured DDTT yields.  

 

In the following sub-sections, section “5.2 Comparisons Between Experimental and 

Simulated Double-Differential Thick-Target Light Charged Particle Yields” includes the 

detailed discussion of carbon projectile systems and then follows with an overall discussion 

on the systematic trends of all DDTT light charged particle yield data analyzed for this 

work. Section “5.3 Dose Equivalent Results” presents the discussion of dose equivalent 

results for carbon projectile systems and also follows with an overall discussion on the 

systematic trends of all dose equivalent results calculated for this work. 
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5.2 Comparisons Between Experimental and Simulated Double-

Differential Thick-Target Light Charged Particle Yields  

5.2.1 DDTT Light Charged Particle Yields for Carbon Projectile Systems 

The DDTT proton yield results for carbon projectiles are displayed in Figure 5.1 through 

Figure 5.9. The experimental DDTT proton yields have good agreement with the PHITS 

ring and MCNP room simulations in the spectral shapes for 400, 800, and 1500 MeV/n C 

projectiles on all three types of upstream target. The agreement in magnitudes varies from 

beam energy and target combination to beam energy and target combination. For all three 

energies of carbon projectiles on Al upstream target, the PHITS ring simulations over-

predicted the magnitude of the proton yields by approximately 30-50% while the MCNP 

results are matched with the experimental proton yields fairly well or slightly 

underestimated the proton yields by about 20%. For all three C projectile energies on 

HDPE and Al+HDPE upstream target, the PHITS simulated results presented good 

agreement in spectral shape and matched the magnitude of the experimental proton yields 

or overestimated the proton yields by about 10-20%. Also, across three C projectile 

energies and three types of upstream target, MCNP room simulations predicted the proton 

yields relatively better than PHITS ring simulations at 135°. In general, the agreement 

between the experimental and simulated results improve with an increase in upstream 

target thickness for carbon projectiles on three types of upstream target, but there are some 

exceptions, such as 400 MeV/n carbon beam on Al+HDPE upstream target system. Also, 

the comparison of proton yields between the experimental and simulated results varies 

depending on the target thicknesses and materials. It seems that PHITS and MCNP 

simulations both overestimate proton yields most of the time but generally their spectral 

shapes agree with the experiments. This proton overestimation might be because the 

coalescence models incorporated into the cascade models in PHITS and MCNP do not 

coalesce enough. This might also affect the following complex light ion results.
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Figure 5.1. Double-differential thick-target proton yields for 400 MeV/n C beam on Al upstream target with associated PHITS 

ring and MCNP room simulations. 
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Figure 5.2. Double-differential thick-target proton yields for 400 MeV/n C beam on HDPE upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.3. Double-differential thick-target proton yields for 400 MeV/n C beam on Al+HDPE upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.4. Double-differential thick-target proton yields for 800 MeV/n C beam on Al upstream target with associated PHITS 

ring and MCNP room simulations. 



 

63 

 

 

Figure 5.5. Double-differential thick-target proton yields for 800 MeV/n C beam on HDPE upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.6. Double-differential thick-target proton yields for 800 MeV/n C beam on Al+HDPE upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.7. Double-differential thick-target proton yields for 1500 MeV/n C beam on Al upstream target with associated PHITS 

ring and MCNP room simulations. 
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Figure 5.8. Double-differential thick-target proton yields for 1400 MeV/n C beam on HDPE upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.9. Double-differential thick-target proton yields for 1400 MeV/n C beam on Al+HDPE upstream target with associated 

PHITS ring and MCNP room simulations. 
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The DDTT deuteron yield results for carbon projectiles are displayed in Figure 5.10 

through Figure 5.18. The experimental deuteron yields are predicted better by the PHITS 

ring simulations than by the MCNP room simulations for 400, 800, and 1500 MeV/n C 

projectiles on three types of upstream target. In most cases, both PHITS and MCNP under-

predicted the magnitude of deuteron yields on Al upstream target by approximately 50%. 

For HDPE and Al+HDPE upstream targets, MCNP simulations under-estimated the 

deuteron yields by about 50-70%, while PHITS more closely predicted the deuteron yields. 

Overall, the experimental, PHITS, and MCNP simulated deuteron yields improve 

agreement with each other as the upstream target thickness increases for all three energies 

of C projectiles. Also, the experimental results for deuteron generally agree with 

simulations with regard to the shapes of the spectra, but the agreement in magnitudes varies 

from target combination to target combination. Since the coalescence model might not 

coalesce enough, PHITS and MCNP mostly underestimated the deuteron yields. 

 

The DDTT triton yield results for carbon projectiles are displayed in Figure 5.19 through 

Figure 5.27. For 800- and 1500-MeV/n C projectiles, the experimental triton yields and the 

PHITS and MCNP simulated results do not present agreement either in the shapes of 

spectra or in the magnitude. Both PHITS ring and MCNP room simulations under-

predicted the triton yields for 400 MeV/n C projectiles on all three types of upstream target 

by approximately at least 50%. However, the PHITS ring and MCNP room simulations 

approximately predicted the similar trend to the experimental triton results at the 10° 

detector for 400 MeV/n C projectiles on all three types of upstream target. The triton 

underestimation might also result from the coalescence models in PHITS and MCNP. 

 

The DDTT helium-3 yield results for carbon projectiles are displayed in Figure 5.28 

through Figure 5.36. PHITS and MCNP simulated helium-3 results for 400 MeV/n C 

projectiles on all types of upstream target predicted similar trend to the experimental 

helium-3 yield regarding the shape of spectra, but PHITS and MCNP simulations mostly 

underestimated the magnitude of helium-3 yields by approximately more than 50%. The 
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Figure 5.10. Double-differential thick-target deuteron yields for 400 MeV/n C beam on Al upstream target with associated PHITS 

ring and MCNP room simulations. 
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Figure 5.11. Double-differential thick-target deuteron yields for 400 MeV/n C beam on HDPE upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.12. Double-differential thick-target deuteron yields for 400 MeV/n C beam on Al+HDPE upstream target with 

associated PHITS ring and MCNP room simulations. 
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Figure 5.13. Double-differential thick-target deuteron yields for 800 MeV/n C beam on Al upstream target with associated PHITS 

ring and MCNP room simulations. 
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Figure 5.14. Double-differential thick-target deuteron yields for 800 MeV/n C beam on HDPE upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.15. Double-differential thick-target deuteron yields for 800 MeV/n C beam on Al+HDPE upstream target with 

associated PHITS ring and MCNP room simulations. 
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Figure 5.16. Double-differential thick-target deuteron yields for 1500 MeV/n C beam on Al upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.17. Double-differential thick-target deuteron yields for 1400 MeV/n C beam on HDPE upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.18. Double-differential thick-target deuteron yields for 1400 MeV/n C beam on Al+HDPE upstream target with 

associated PHITS ring and MCNP room simulations. 
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Figure 5.19. Double-differential thick-target triton yields for 400 MeV/n C beam on Al upstream target with associated PHITS 

ring and MCNP room simulations. 
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Figure 5.20. Double-differential thick-target triton yields for 400 MeV/n C beam on HDPE upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.21. Double-differential thick-target triton yields for 400 MeV/n C beam on Al+HDPE upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.22. Double-differential thick-target triton yields for 800 MeV/n C beam on Al upstream target with associated PHITS 

ring and MCNP room simulations. 
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Figure 5.23. Double-differential thick-target triton yields for 800 MeV/n C beam on HDPE upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.24. Double-differential thick-target triton yields for 800 MeV/n C beam on Al+HDPE upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.25. Double-differential thick-target triton yields for 1500 MeV/n C beam on Al upstream target with associated PHITS 

ring and MCNP room simulations. 
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Figure 5.26. Double-differential thick-target triton yields for 1400 MeV/n C beam on HDPE upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.27. Double-differential thick-target triton yields for 1400 MeV/n C beam on Al+HDPE upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.28. Double-differential thick-target helium-3 yields for 400 MeV/n C beam on Al upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.29. Double-differential thick-target helium-3 yields for 400 MeV/n C beam on HDPE upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.30. Double-differential thick-target helium-3 yields for 400 MeV/n C beam on Al+HDPE upstream target with 

associated PHITS ring and MCNP room simulations. 
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Figure 5.31. Double-differential thick-target helium-3 yields for 800 MeV/n C beam on Al upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.32. Double-differential thick-target helium-3 yields for 800 MeV/n C beam on HDPE upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.33. Double-differential thick-target helium-3 yields for 800 MeV/n C beam on Al+HDPE upstream target with 

associated PHITS ring and MCNP room simulations. 
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Figure 5.34. Double-differential thick-target helium-3 yields for 1500 MeV/n C beam on Al upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.35. Double-differential thick-target helium-3 yields for 1400 MeV/n C beam on HDPE upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.36. Double-differential thick-target helium-3 yields for 1400 MeV/n C beam on Al+HDPE upstream target with 

associated PHITS ring and MCNP room simulations. 
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yields for 800 and 1500 MeV/n C projectiles on three types of upstream target disagree 

with PHITS and MCNP simulations in either magnitude or spectral shape. It seems that 

PHITS and MCNP simulations both underestimated helium-3 yields most of the time but 

PHITS did a better job on predicting helium-3 yields for carbon projectiles on all types of 

upstream target than MCNP. Since carbon is a three-alpha clustering nucleus, JQMD 

model in PHITS might handle the breakup into helium isotopes better than LAQGSM03.03 

in MCNP.  

 

The DDTT helium-4 yield results for carbon projectiles are displayed in Figure 5.37 

through Figure 5.42. For 400 MeV/n C projectiles, the PHITS ring calculations agree with 

the experimental helium-4 spectra in the spectral shape and magnitudes in most cases. The 

comparison between the experimental helium-4 yields and PHITS ring simulations for 400 

MeV/n C projectiles on 20 g/cm2 upstream target don’t really agree regarding the spectral 

shape. Other than that, the agreement gets better in magnitudes with increasing upstream 

target thickness for 400 MeV/n C projectiles. For 400 MeV/n C projectiles, PHITS 

simulations closely predicted the experimental yields, while MCNP simulated results 

underestimated the magnitude of helium-4 yields by approximately 80-90%. The 

experimental helium-4 yields for 800 MeV/n C projectiles on three types of upstream target 

disagree with PHITS and MCNP simulations in either magnitude or spectral shape. For 

helium-4 yields from carbon projectiles on all types of upstream target, PHITS also did a 

better job on predicting helium-4 yields than MCNP. This might result from the same 

reason that PHITS predicted more closely on helium-3 yields for carbon projectiles on all 

types of upstream target. JQMD model in PHITS might handle the breakup of carbon 

nucleus into helium isotopes better than LAQGSM03.03 in MCNP. 

5.2.2 Discussion 

The proton yields are generally over-estimated or well-reproduced by simulations in both 

the spectral shape and the magnitude across each beam projectile and energy system. For  
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Figure 5.37. Double-differential thick-target helium-4 yields for 400 MeV/n C beam on Al upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.38. Double-differential thick-target helium-4 yields for 400 MeV/n C beam on HDPE upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.39. Double-differential thick-target helium-4 yields for 400 MeV/n C beam on Al+HDPE upstream target with 

associated PHITS ring and MCNP room simulations. 
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Figure 5.40. Double-differential thick-target helium-4 yields for 800 MeV/n C beam on Al upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.41. Double-differential thick-target helium-4 yields for 800 MeV/n C beam on HDPE upstream target with associated 

PHITS ring and MCNP room simulations. 
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Figure 5.42. Double-differential thick-target helium-4 yields for 800 MeV/n C beam on Al+HDPE upstream target with 

associated PHITS ring and MCNP room simulations. 
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the complex light ions, the simulations can predict better at the forward detection angles 

(10° and 30° for deuteron and triton, 10° for helium-3 and helium-4).  

 

Figure 5.43 to Figure 5.47 show the proton yield ratios of Monte Carlo simulations to 

experimental results for all analyzed 400 MeV/n beam and target combination systems, 

which reveals the proton well-reproduction or over-estimation in most of the cases by the 

Monte Carlo simulations. On the other hand, the complex light ion (deuteron, triton, 

helium-3, and helium-4) yields are generally under-estimated by the simulations, which 

can be seen in Figure 5.48 (using helium-4 yield ratios as an example). As discussed in the 

previous sub-section, the proton over-estimation and complex light ion under-estimation 

might result from poor coalescence incorporated into PHITS and MCNP.  

 

Figure 5.48 also shows that PHITS does a better job at predicting helium-4 yields than 

MCNP. Pre-equilibrium emission of deuteron, triton, helium-3, and helium-4 is the 

dominant mechanism for production of those ions. The INCL model incorporated into 

PHITS can describe pre-equilibrium interactions [33]. However, the INCL version 

implemented in MCNP6 does not consider pre-equilibrium interactions, so MCNP uses 

Modified Exciton Model (MEM) to describe pre-equilibrium interactions [37]. Also, 

MCNP6 considers fermi breakup of excited or unstable nuclei with mass numbers up to 

12. These two model differences might be responsible for the results that PHITS more 

closely predicts helium-4 yields than MCNP.  

 

For 39 analyzed systems, as the mass number of incoming beam projectile increases, the 

agreement between the experimental and simulated results generally improves. Figure 5.49 

shows the proton yield ratios of Monte Carlo simulations to experimental results for 400 

MeV/n carbon and iron beam and target combination systems. In Figure 5.49, the yield 

ratios of iron projectile data are closer to 1 than the yield ratios of carbon projectile data. 

The difference in magnitude between experimental and simulated results reduces with 

increasing upstream target thickness in most cases. Also, both PHITS and MCNP do a 



 

104 

 

 

Figure 5.43. Proton yield ratios of Monte Carlo simulations to experimental results for 400 MeV/n proton beam projectiles on 

Al, HDPE, and Al+HDPE upstream target. 
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Figure 5.44. Proton yield ratios of Monte Carlo simulations to experimental results for 400 MeV/n beam projectiles on Al, 

HDPE, and Al+HDPE upstream target. 
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Figure 5.45. Proton yield ratios of Monte Carlo simulations to experimental results for 400 MeV/n carbon beam projectiles on 

Al, HDPE, and Al+HDPE upstream target. 
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Figure 5.46. Proton yield ratios of Monte Carlo simulations to experimental results for 400 MeV/n silicon beam projectiles on 

Al, HDPE, and Al+HDPE upstream target. 
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Figure 5.47. Proton yield ratios of Monte Carlo simulations to experimental results for 400 MeV/n iron beam projectiles on Al, 

HDPE, and Al+HDPE upstream target. 
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Figure 5.48. Helium-4 yield ratios of Monte Carlo simulations to experimental results for 400 MeV/n beam projectiles on Al, 

HDPE, and Al+HDPE upstream target. 
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Figure 5.49. Proton yield ratios of Monte Carlo simulations to experimental results for 400 MeV/n C and Fe beam projectiles on 

Al, HDPE, and Al+HDPE upstream target. 
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better job when the incoming projectile energies are 400 and 800 MeV/n. This might result 

from the higher energy runs required longer measurement time to get even better statistics. 

Even though all the analyzed systems presented in this dissertation were able to get at least 

three data points in each spectrum, longer measurement time could still advance the quality 

of the data.  

 

Comparisons of PHITS and MCNP simulated results with experimental data provide 

interesting findings: 1) PHITS simulations generally overestimate the light charged particle 

yields for the Al upstream target and underestimate for the HDPE upstream target, 2) 

MCNP simulations typically underestimate the light charged particle yields for the Al 

upstream target and overestimate for the HDPE upstream target, and 3) for Al upstream 

target, MCNP normally does better prediction on light charged particle yields than PHITS, 

while PHITS mostly predict more closely for HDPE upstream target. Since there will be 

multiple interactions within the upstream target in thick-target measurements, it is difficult 

to point out the simple cause of disagreement between experimental and simulated results. 

This illustrates that the major purposes of thick-target measurements are benchmark and 

uncertainty quantification of transport codes. 

5.3 Dose Equivalent Results  

5.3.1 Overview 

The dose equivalent results were calculated from the experimental DDTT light charged 

particle yields. Since the dynamic range of the analyzed spectra is approximately the same 

for each light charged particle, the dose equivalents are closely related to the amount of 

measured yields. Therefore, comparisons of dose equivalents across the beam projectiles, 

target materials, and target thicknesses can also provide a sense of measured light charged 

particle yield comparisons.  

 

For all light charged particle dose equivalent results, proton and helium-4 dose equivalents 

are the first and second highest dose equivalent contributors to the total dose equivalents 
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behind thick shields accordingly. Thus, the following section discusses proton and helium-

4 dose equivalent results for carbon projectile systems to illustrate the trends for all the 

datasets. 

 

Each dose equivalent plot shows the total dose equivalent (Sv/Source particle) calculated 

by using three different quality factors ( 𝑄𝑁𝐴𝑆𝐴𝑆𝑜𝑙𝑖𝑑 𝐶𝑎𝑛𝑐𝑒𝑟𝑠 , 𝑄𝑁𝐴𝑆𝐴𝐿𝑒𝑢𝑘𝑒𝑚𝑖𝑎 , and 

𝑄𝐼𝐶𝑅𝑃−60 )  on the left y-axis versus the upstream target thickness. The ratio of dose 

equivalent values calculated by using 𝑄𝐼𝐶𝑅𝑃−60 to 𝑄𝑁𝐴𝑆𝐴𝑆𝑜𝑙𝑖𝑑 𝐶𝑎𝑛𝑐𝑒𝑟𝑠 is presented on 

the right y-axis of each dose equivalent plot. The error bars presented in these plots are the 

uncertainties resulted from the energy uncertainties in the DDTT light charged particle 

yield spectra. 

5.3.2 Dose Equivalents 

The proton dose equivalents using different quality factors are generally the same. On the 

other hand, the helium-4 dose equivalent results using ICRP-60 quality factor are generally 

higher than the results using NASA quality factors (mostly within 18% difference), but 

helium-4 dose equivalent results using different quality factors still present similar trend 

across target materials and target thicknesses. Also, the helium-4 dose equivalent results 

show the trend similar to the proton dose equivalent results. Therefore, the following 

discussion will be focusing on comparing proton dose equivalents across the beam 

projectiles, target materials, and target thicknesses. The proton dose equivalent results for 

carbon projectile systems are displayed in Figure 5.50 through Figure 5.58. 

 

For 400 MeV/n C projectiles, the proton dose equivalent increased from 20 to 40 g/cm2 

and then decreased. It is because the 400 MeV/n C projectiles stopped in 40 g/cm2, those 

secondary particles produced in the first 40 g/cm2 were moderated by the remaining target 

material on the flight path for 60 g/cm2 thick target. For 800 MeV/n C projectiles, the 

proton dose equivalents are increased by approximately a factor of 2 as the target thickness 

increases from 20 to 60 g/cm2. For 1500 MeV/n C projectiles, the proton dose equivalents  
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Figure 5.50. Proton dose equivalent results using ICRP-60 quality factor and the NASA 

quality factors for 400 MeV/n C beam on Al upstream target. 

 

 

Figure 5.51. Proton dose equivalent results using ICRP-60 quality factor and the NASA 

quality factors for 400 MeV/n C beam on HDPE upstream target. 
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Figure 5.52. Proton dose equivalent results using ICRP-60 quality factor and the NASA 

quality factors for 400 MeV/n C beam on Al+HDPE upstream target. 

 

 

Figure 5.53. Proton dose equivalent results using ICRP-60 quality factor and the NASA 

quality factors for 800 MeV/n C beam on Al upstream target. 
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Figure 5.54. Proton dose equivalent results using ICRP-60 quality factor and the NASA 

quality factors for 800 MeV/n C beam on HDPE upstream target. 

 

 

Figure 5.55. Proton dose equivalent results using ICRP-60 quality factor and the NASA 

quality factors for 800 MeV/n C beam on Al+HDPE upstream target. 
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Figure 5.56. Proton dose equivalent results using ICRP-60 quality factor and the NASA 

quality factors for 1500 MeV/n C beam on Al upstream target. 

 

 

Figure 5.57. Proton dose equivalent results using ICRP-60 quality factor and the NASA 

quality factors for 1400 MeV/n C beam on HDPE upstream target. 
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Figure 5.58. Proton dose equivalent results using ICRP-60 quality factor and the NASA 

quality factors for 1400 MeV/n C beam on Al+HDPE upstream target. 
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are increased by about a factor of 2.2 as the target thickness increases from 20 to 60 g/cm2. 

Additionally, the proton dose equivalents are higher for HDPE upstream target. The proton 

dose equivalent has higher value for 400 MeV/n C projectiles for the certain target material 

and thickness. 

5.3.3 Discussions 

For HDPE upstream target systems, the proton dose equivalents are higher by magnitude 

than systems with Al and Al+HDPE upstream targets when comparing at a given beam and 

energy. The proton dose equivalent for those systems with beam projectile’s energy that 

can punch through 60 g/cm2 thick upstream target would increase as the target thickness 

increases because increasing shielding material provides more possible interactions as the 

beam projectiles traverse the upstream target. Also, the proton dose equivalents increase 

with increasing beam projectile mass number since the projectile fragmentation is the main 

source of the secondary charged particle. Generally, the proton dose equivalents present 

similar systematic trend to the experimental proton yields. 

 

In terms of the differences between 𝑄𝑁𝐴𝑆𝐴𝑆𝑜𝑙𝑖𝑑 𝐶𝑎𝑛𝑐𝑒𝑟𝑠 and 𝑄𝐼𝐶𝑅𝑃−60, the purple line in 

each dose equivalent plot presents the ratio of total dose equivalent values calculated using 

𝑄𝐼𝐶𝑅𝑃−60 to using 𝑄𝑁𝐴𝑆𝐴𝑆𝑜𝑙𝑖𝑑 𝐶𝑎𝑛𝑐𝑒𝑟𝑠. For proton dose equivalent results, the fractional 

difference between using these two quality factors is mostly less than 1%. The fractional 

difference between using these two quality factors for helium-4 dose equivalent results is 

generally within 18%. However, a few fractional difference data points of helium-4 dose 

equivalent results are between 25-50%. 
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CHAPTER SIX  

CONCLUSIONS AND FUTURE WORK 

 

This dissertation presents the datasets of secondary light charged particle measurements 

conducted and personally attended in November 2016 and November 2017 at the NASA 

Space Radiation Laboratory (NSRL) facility at Brookhaven National Laboratory. The 

secondary charged particles produced by 400-, 800-, and 2500-MeV protons and 400-, 800-

, and 1500-MeV/n He, C, Si, Fe ions bombarding thick targets (20, 40, and 60 g/cm2 

aluminum and high-density polyethylene (HDPE), and 20 and 60 g/cm2 combination of 

aluminum and HDPE) with an additional 60 g/cm2 thick downstream target (aluminum or 

HDPE) placed 3.5 m from the middle of the upstream target were measured with organic 

liquid scintillators. The placements of the second 60 g/cm2 downstream target in the 

experiments performed for this dissertation is unique. Double-differential thick-target 

(DDTT) yields were analyzed for protons measured at 10°, 30°, 45°, 60°, 80°, and 135° 

with respect to the beam direction and the middle of upstream target, deuterons detected at 

the angles not greater than 80°, tritons identified at angles from 10° to 60°, and helium-3 

and helium-4 measured at 10° and 30°. In total, the 39 analyzed beam and target 

combination systems generating 1469 light charged particle yield spectra will be a 

benchmark dataset for comparisons to various transport codes to help investigate the 

accuracy of the transport codes. Additionally, the total dose equivalent for each analyzed 

light charged particle yield using the ICRP 60 quality factor and the NASA quality factors 

for solid cancers and leukemia were calculated. 

 

The PHITS simulations presented in this work were designed by the author to compare 

with the experimental yields. The comparison between the experimental data, and PHITS 

and MCNP simulated results presented in this work will benefit the discussion on the 

differences between these Monte Carlo simulations for light charged particle production 

from thick target bombardment and will further help improve the physics models used in 

the transport codes. The proton yields are the most well-reproduced by PHITS and MCNP 
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across the analyzed 39 systems. For the complex light ions, the simulations can predict 

better at the forward detection angles. In terms of Monte Carlo simulation comparison, the 

experimental yields were better matched by PHITS for HDPE upstream target systems 

while MCNP modeled more closely for Al upstream target systems. Additionally, the 

difference between the experimental and simulated results generally reduces with an 

increase in the mass number of incoming beam projectiles. Also, both PHITS and MCNP 

were able to replicate the experimental results better for systems with beam energy of 400 

and 800 MeV/n. 

 

Furthermore, the dose equivalent calculations associated with the measured double-

differential thick-target light charged particle yields using ICRP 60 quality factor and the 

NASA quality factors for solid cancers and leukemia provide a new dataset for discussion 

on the quality factors in terms of track structure model. The proton dose equivalent results 

for HDPE upstream target systems have higher dose equivalent values than Al and 

Al+HDPE upstream target systems. Typically, for the beam projectiles with energy that 

can fully penetrate the upstream target, the proton dose equivalent increases as the target 

thickness increases. This is because increasing shielding material can provide more 

possible interactions as the beam projectiles traverse the upstream target. Also, the 

projectile fragmentation is the main source of the secondary charged particle, the proton 

dose equivalents increase with increasing beam projectile mass number. 

 

Future work includes comparisons of the experimental double-differential thick-target light 

charged particle yields and other transport code simulations for verification and validation 

of physics models using in various transport codes. Additionally, the experimental yield 

results presented in this dissertation indicate the importance of cross section measurements, 

especially for complex light ion production, to help improve the physics models that are 

used in different particle transport codes. In terms of experiment, for higher energy beam, 

the longer measurement time is needed for light charged particle data to get better statistics. 
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