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Abstract 
 
 In 2009 the researchers at Triangle Universities Nuclear Laboratory (TUNL) 

participated in a series of experiments with the Radiation Countermeasures Center of 

Research Excellence (RadCCORE). This thesis project is a component of the research 

done at TUNL that was partially supported by the RadCCORE collaboration. The 

primary goals of this work are: (1) to measure the neutron fluence (and hence the dose) 

from the standard neutron beam source at TUNL delivered to a small animal target to an 

accuracy of better than ± 10% and (2) to develop techniques for real time monitoring of 

the absolute dose delivered to small animal targets from neutron beam irradiation. These 

two projects are interconnected as the development of the real-time monitoring 

techniques depends on the results of the absolute fluence measurements.  

Measuring the absolute neutron beam fluence necessitates the use of a reaction in 

which the neutron cross section is accurately known over the relevant energy range and a 

detection technique which is insensitive to gamma-rays or is capable of distinguishing 

gamma-rays from neutrons. In this work, neutron activation of aluminum and gold foils 

was used to make absolute measurements of the fast neutron (En ~ 10 MeV) fluence. 

Neutron activation of gold foils was also used to make a relative measurement of the 

thermal neutron fluence. The neutrons produced nuclear reactions in the foils, converting 

a small quantity of the stable atoms in the foils into radioactive ones which subsequently 

generate gamma-rays in their decay process. The activated foils are then removed from 

the beam and placed in front of a high-purity germanium (HPGe) detector that measures 

the energy spectrum of the gamma-rays emitted by the foil. By counting the number of 

gamma-rays detected over a set time, the incident neutron fluence at the foil location was 
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determined using the known reaction cross sections. The measured neutron fluence was 

used to calculate the imparted dose to live mouse targets via the muscle tissue neutron 

kerma factors. Liquid and plastic scintillation detectors were also used to monitor the 

relative neutron flux in real time during the experiments. These relative detectors were 

subsequently calibrated using flux results obtained from the foil activation measurements 

and were used for real time dose monitoring.  

The neutron beam produced at TUNL also has an intrinsic gamma component that 

adds to the dose received by a small animal target. The gamma contribution to imparted 

dose is generally taken to be around 10% or less for neutron beams created by linear 

accelerators utilizing the 2H(d,n)3He reaction1, but no confirming measurements of this 

type have been performed at TUNL prior to this work. To verify this claim, an 

experiment was conducted to quantify the gamma-ray contribution to the target dose at 

several incident neutron energies and gas cell pressures.  

The dosage from the mixed beam was measured using two ionization chambers 

that have different sensitivities to neutron and gamma radiation. The chambers were 

placed in the neutron beam, and the total charge induced in the ionization chamber by the 

mixed radiation field was monitored. The percent gamma-ray contribution to total target 

dose was calculated utilizing the procedures outlined in AAPM Report No. 72 and Attix3. 

Using the foil activation technique, the neutron fluence incident on target and 

dose delivered were measured to within ± 10%. The target dose estimated using the 

scintillation detectors was found to be accurate to within ± 20%. The results of the ion 

                                                 
1 ICRU Report 26 (pg. 25,48) 
2 AAPM Report No. 7 
3 Attix (Chapter 16) 
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chamber measurements imply the gamma-ray component of the neutron beam at TUNL 

contributes less than 5% to the total target dose. Given the large difference in quality 

factors between gamma-rays (=1) and fast neutrons (~10), the contribution by gamma 

radiation to the total equivalent dose was determined to be negligible. 
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1. Introduction  
 
1.1 Motivation 
 
 Mixed field dosimetry involving fast-neutron and gamma-ray components is an 

area of growing interest within the scientific community. Individuals in the general 

population could potentially be exposed to a significant radiation dose from a mixed field 

source as a result of a nuclear reactor accident or from detonation of a nuclear device. 

Rapid assessment and screening of large numbers of individuals seeking treatment at 

local and regional medical centers will be necessary to sort out those exposed to high 

levels of radiation from those with little or no exposure. In order to make such 

determinations possible, the biological and hematological effects resulting from exposure 

to mixed neutron / gamma-ray radiation fields have been studied in small animals such as 

mice. Such experiments require the imparted dose to be known to a high degree of 

accuracy (± 10%). Since the dose imparted to soft tissues by neutron radiation is a 

function of the neutron energy, high precision dose measurements require the energy 

distribution of the neutron field to be well known. A quasi-monoenergetic neutron source 

such as is available at the Triangle Universities Nuclear Laboratory (TUNL) is well-

suited for conducting neutron dosimetry research. 

1.2 Triangle Universities Nuclear Laboratory 

Triangle Universities Nuclear Laboratory is an inter-institutional research 

consortium between Duke University, North Carolina State University, and the 

University of North Carolina at Chapel Hill. The laboratory has historically engaged in 

basic science research, but has moved in recent years toward increasing the amount of 

applied research conducted by the consortium. The 10 MV tandem van de Graaff 
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accelerator combined with the Direct Extraction Negative Ion Source (DENIS) provides 

the capability of delivering beams of unpolarized protons and deuterons on targets at 

energies up to approximately 20 MeV.  

To produce a proton or deuteron beam, a combination of hydrogen and deuterium 

gas is injected into the ion source, and negatively charged ions are then accelerated over a 

50 kV potential difference. Protons or deuterons are preferentially selected for injection 

into the tandem using a dipole magnet located between DENIS and the tandem. Once the 

ions enter the tandem, they are accelerated toward the central positively charged terminal. 

A thin carbon foil located in the terminal strips away the electrons causing the now 

positively charged ions to be accelerated away from the terminal. This dual acceleration 

causes the ions to receive a total kinetic energy of twice the terminal voltage multiplied 

by the electric charge. Once exiting the tandem, the beam is momentum analyzed and 

bent into a particular beam line using a dipole magnet. A diagram of the TUNL facility 

can be seen in Figure 1.2.1.  

For this work, a deuteron beam produced using the DENIS (labeled as “DENIS 

II” in the figure) was tuned down the 38° beam line into the Neutron Time-of-Flight 

(NTOF) target room where neutrons were produced via the 2H(d,n)3He reaction, in which 

accelerated deuterium ions are impinged on a gas cell pressurized with deuterium gas. 

Each reaction produces one atom of 3He and a free neutron. The monoenergetic incident 

deuterons lose energy as they pass through the gas cell containment foil and a varying 

amount of deuterium gas before interacting, resulting in a range of neutron energies being 

produced. The amount of energy lost per unit length depends on the gas mass thickness, 

which is a function of the gas temperature and pressure (i.e. PV = nRT). The energy 
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spread resulting from the gas thickness is typically 300-500 keV for the deuterium 

pressures used in this work. The neutron energy at the center of the gas cell and the 

energy spread were calculated for each experiment using the TUNL computer code 

MAGNET1. The energy of the neutrons produced also depend on the angle at which they 

are ejected. The neutron energy as a function of lab angle was computed using the 

nuclear reaction kinematics code RKIN2. The neutron flux also varies with angle due to 

the angular dependence of the 2H(d,n)3He differential cross section. The differential cross 

section as a function of lab angle was calculated using the code DROSG-20003. Plots of 

the neutron energy and differential cross section as a function of the lab angle for 6.823 

MeV incident deuterons are shown in Figures 1.2.2 and 1.2.3.

                                                 
1 Roberts 
2 Manglos 
3 Drosg 
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Figure 1.2.1: Floor layout of the tandem laboratory at TUNL.
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Figure 1.2.2: Neutron energy vs. laboratory angle for the 2H(d,n)3He reaction for 6.823 MeV 

deuterons. 
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Figure 1.2.3: 2H(d,n)3He differential cross section vs. laboratory angle for 6.823 MeV deuterons. 
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1.3 RadCCORE Project 

The first RadCCORE experiment was conducted in January 2009. The goals of 

the experiment were: (1) to use two different activation foils (aluminum and gold) to 

measure the fast and thermal neutron fluence incident upon a water bottle target (i.e. a 

mouse phantom), (2) to measure the attenuation of fast neutrons through the phantom, (3) 

to use cadmium plating to determine the relative contribution of thermal neutrons to the 

slow neutron fluence, and (4) to cross calibrate the foil activation results with the optical 

density change in Gafchromic® (Ashland Specialty Ingredients, Wayne, NJ) dosimetry 

film. The calibration and analysis of Gafchromic® film for use in neutron dosimetry is 

not part of the present work. The reader is directed to the doctoral thesis of Samuel Brady 

for a thorough description of this topic4. The goals of the second RadCCORE experiment 

performed in April 2009 were: (1) to measure the attenuation of the neutron beam 

through the mouse phantom on the central beam axis using a new target holder assembly 

and (2) to compare the neutron fluence incident upon a target placed on the central axis 

(i.e. 0º) to that incident upon an identical target placed in an off-axis position. For the 

third RadCCORE experiment, conducted in May 2009, live mouse targets were irradiated 

in the neutron beam in six symmetric off-axis positions using the new target holder. Two 

separate sets of mice were irradiated with goal neutron doses of 200 cGy and 50 cGy, 

respectively. For the fourth RadCCORE experiment, performed in July 2009, a newly 

constructed liquid nitrogen cooled gas cell was used to produce the neutron beam. This 

target increased the effective thickness of the deuterium gas target by about a factor of 

four, thus producing a significantly higher neutron flux for faster dose delivery. Nine sets 

                                                 
4 Brady 
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of mice were irradiated in this experiment, three sets each at goal doses of 50 cGy, 200 

cGy, and 500 cGy, respectively. The average 0° neutron energies were 10.16 MeV for the 

first RadCCORE experiment, 10.00 MeV for the second and third experiments, and 10.21 

MeV for the fourth experiment.  
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2. Foil Activation Technique 

A foil activation technique was used to passively monitor the neutron fluence 

incident on the water bottle and mouse targets. Aluminum and gold foils (2.5 cm 

diameter and 100 µm thick) were used in the experiments detailed in this work. When 

aluminum is struck by neutrons with an energy higher than 3.249 MeV, the 27Al(n,α)24Na 

reaction can occur. In this reaction an aluminum nucleus absorbs a neutron and emits an 

α particle, thereby converting the aluminum (which is naturally 100% 27Al) into 24Na. 

The probability for this reaction occurring is a function of the reaction cross section 

which depends on the energy of the incident neutron. The cross section is usually 

measured in units of barns (b), where one barn is equal to 1x10-24 cm2. Since the 

27Al(n,α)24Na cross section drops off rapidly with decreasing neutron energy and is zero 

below 3.249 MeV (the reaction threshold), thermal neutrons do not contribute to the 

production of 24Na, making it an ideal reaction for monitoring for the flux of the fast-

neutron component in the beam. 

The 24Na nuclei which are produced by the 27Al(n,α)24Na reaction are radioactive 

and decay by β- emission to 24Mg (which is stable). The half-life of 24Na is 14.997 ± 

0.012 hours. After undergoing β- decay, the residual 24Mg nucleus emits gamma-rays at 

several distinct energies, depending on the spin of the excited state of 24Mg produced, in 

order to return to its ground state energy level. The highest intensity β- decay (99.855%) 

path is to the 4+ excited state of 24Mg, which subsequently decays to the ground state by 

sequential emission of 2754 keV and 1369 keV gamma-rays. The decay scheme for 24Na 



 

 9

and the cross section for the 27Al(n,α)24Na reaction from threshold up to 20 MeV are 

shown in Figures 2.1 and 2.2, respectively.1 

 

 

 

 

 

 

 

 

 

 

 

                                                 
1 National Nuclear Data Center (NNDC). All cross section plots in this work are taken from “σigma.” 
Cross section values were taken from “ENDF.” All decay scheme plots and corresponding gamma energies 
were taken from “NuDat 2.5.” 



 

 10

 

Figure 2.1. Nuclear decay scheme for 24Na. 

 
Figure 2.2. Cross section vs. neutron energy for the 27Al(n,αααα)24Na reaction. 
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For the first RadCCORE experiment in January 2009, gold foils were also used to 

monitor both the fast and slow (En < 0.4 eV) neutron components of the beam. Gold, like 

aluminum, is naturally monoisotopic (100% 197Au). The 197Au(n,2n)196Au reaction, 

which has a threshold of 8.114 MeV, converts 197Au into 196Au, which subsequently 

decays by electron capture into 196Pt with a half-life of 6.1669 ± 0.0006 days. Because the 

energy of the incident neutrons exceeded this threshold, this reaction was used to cross 

check the flux results obtained from the aluminum foil measurements. The most intense 

transition (87%) in the decay of 196Au is to the 2+ excited state of 196Pt which 

subsequently decays to the ground state through emission of a 356 keV gamma-ray. At 

10.16 MeV, the cross section for 197Au(n,2n)196Au is 1.036 b, more than an order of 

magnitude higher than the corresponding cross section for 27Al(n,α)24Na. The efficiency 

of the detectors used to count the monitor foils is also significantly higher at 356 keV 

than at 1369 keV. Given similar measurement times, the counting statistics for the gold 

356 keV gamma-ray peak are much better than for the aluminum 1369 keV line. 

Regardless, the 27Al(n,α)24Na reaction is still the preferred standard for the present fast 

neutron measurements since its cross section varies much less over the energy range of 

neutrons produced by the gas cell than that of the 197Au(n,2n)196Au reaction. 

Gold foils are most frequently used as a monitor for slow neutrons. The neutron 

capture reaction converts 197Au into 198Au, which subsequently decays by β- emission 

into 198Hg with a half-life of 2.6947 ± 0.0003 days. The highest intensity transition in that 

decay (98.990%) is to the 2+ excited state of 198Hg which subsequently decays to the 

ground state energy level by emission of a 412 keV gamma-ray. There is no threshold 

energy for this reaction to occur, and at thermal neutron energies (vn ~ 2200 m/s � KE ~ 
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0.0253 eV), the capture cross section is approximately 100 barns; above 10 keV, the 

capture cross section drops off rapidly. Thus, fast neutrons contribute negligibly to the 

overall reaction yield. An absolute measurement of the thermal neutron flux requires 

precise knowledge of the slow neutron energy distribution at the target position. As this 

information was not available, the slow neutron flux measured with the gold foils was 

intrinsically relative. Since only the ability to observe changes in the slow neutron flux in 

different conditions was desired, a relative measurement was sufficient for the purposes 

of this experiment. Cross section plots for production of 196Au and 198Au and their 

associated decay schemes are shown in Figures 2.3, 2.4, 2.5, and 2.6. 
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Figure 2.3. Cross section vs. neutron energy for the 197Au(n,2n)196Au reaction. 

 

 
Figure 2.4. Nuclear decay scheme for 196Au. 
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Figure 2.5. Cross section vs. neutron energy for the 197Au(n,γγγγ)198Au reaction. 

 

 
Figure 2.6. Nuclear decay scheme for 198Au. 
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3. Low Background Gamma-Ray Counting Area 
 

The counting portion of the foil activation measurements was carried out in the 

Low Background Counting Area, located in the basement of the Physics building 

adjacent to TUNL’s Laboratory for Experimental Nuclear Astrophysics (LENA). Each 

foil to be counted was individually placed within a target holder (see Figure 3.1) and 

positioned in front of a background-shielded HPGe detector. Several different HPGe 

detectors were used in these measurements: two Canberra (Canberra Industries, Meridian, 

CT) 60% HPGe detectors (Model: GC6021) and one Canberra Extended Range 20% 

HPGe detector (Model: GX2020). The foil targets measured using the 60% detectors 

were placed 2 cm from the front face of the detector. The foils measured using the 20% 

detector were placed 3 cm from the detector face. The two 60% HPGe detectors were 

background shielded with custom made lead enclosures that surrounded the detector 

crystal, while the 20% HPGe detector was shielded with a cylindrical commercial shield 

made by Canberra. The two detectors and corresponding shields can be seen in Figures 

3.2 and 3.3, respectively. 

The detectors output signals were connected to Canberra 2026 Spectral 

Amplifiers which were gain adjusted to provide a full scale energy range of 

approximately 2 MeV. The amplifier output was then fed into a Canberra Multiport II 

Multi-channel Analyzer which was connected to a data acquisition machine utilizing 

Canberra’s GENIE 2000 Gamma Acquisition and Analysis software. The foils were 

measured for sufficient time to obtain adequate counting statistics (~ 1% - i.e. >10000 

counts) in the full energy photopeak of the gamma-ray of interest. The spectra were saved 



 

 16

as single column ASCII files (16384 channels) and analyzed in the spectroscopy program 

TV1. 

                                                 
1 Fitzler 
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Figure 3.1. Schematic diagram of the foil counting holder. 
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Figure 3.2. Canberra 60% efficiency HPGe detector with lead brick shielding. 

 

 

Figure 3.3. Canberra extended range 20% HPGe detector with shield. 
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4. Neutron Fluence Determination 
 
 Determination of the neutron fluence by the foil activation technique required 

detailed measurements of several beam, foil, and detector parameters. Prior to activation, 

the aluminum and gold foils were carefully weighed on a digital scale (AT261 

DeltaRange®, Mettler Toledo, Inc., Columbus, OH) capable of measuring object weights 

to an accuracy of ± 0.01 milligrams. Several conversion reactions on 27Al are possible at 

10 MeV incident neutron energy, including (n,γ), (n,p), (n,d), (n,np), and (n,α). These 

reactions lead to the production of 28Al, 27Mg, 26Mg (stable), and 24Na, respectively. In 

gold, all of the aforementioned reaction channels are open as well as (n,2n) and (n,t). 

These reactions result in the creation of 198Au, 197Pt, 196Pt (stable), 194Ir, 196Au, and 195Pt 

(stable), respectively. The gamma-rays produced by decay of the additional isotopes do 

not interfere with those produced through decay of 24Na, 196Au, and 198Au. 

In addition to the foil weight and dimensions, the following quantities necessary 

for the calculation of the neutron fluence were measured directly: (1) the foil irradiation 

time, (2) the decay time subsequent to irradiation but prior to measurement, (3) the 

detector measurement time (i.e. “real time”) and electronic live time, (4) the detector 

efficiency at the gamma energy of interest (1369 keV for the aluminum foils, and 356 

keV (196Au) and 412 keV (198Au) for the gold foils), and (5) the net photopeak counts in 

the gamma-ray line of interest. All other parameters used in the fluence calculation were 

constants referenced from the relevant authoritative sources. The following equation was 

used to calculate the neutron fluence (n/cm2) through the target: 
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where  

Cphoto is the net number of counts measured in the gamma photopeak,  

tirr  is the irradiation time (in seconds),  
 
εdet is the detector efficiency at the gamma-ray energy of interest,  
 
Ωcorr is a solid angle correction factor to account for the difference in diameter between 

the calibration sources used to measure the detector efficiency and the aluminum 
and gold foil diameters,  

 
Nnuclei is the number of nuclei in the target foil,  
 
Iγ is the branching ratio of the relevant gamma-ray,  
 
CS(b) is the cross section (in barns) for the appropriate reaction at the incident neutron 

energy,  
 
fabsorb is a correction factor accounting for absorption within the target foil of the gamma-

rays emitted by the activation products,  
 
firr  is a correction factor accounting for the percent of maximum activity (at a given beam 

energy and current) created during irradiation,  
 
fdecay is a correction factor accounting for the decay of the activation products that 

occurred subsequent to irradiation but before measurement, and  
 
fmeas is a correction factor accounting for the limited decay of the activation products 

during measurement.  
 
 The preceding fluence equation can also be written in a more intuitive form as:  

)( 2cmCSN

tA

nuclei

irr

×
×

=Ψ ∞  , 

where A∞ is the saturation activity of the activation foil. The actual activity created by 

activation, A0, is given by: irrfAA ×= ∞0 . 
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The solid angle correction, Ωcorr, is equal to 
s

f

Ω

Ω
, where Ωf is the effective solid 

angle subtended by the detector at the source position for the activation foil, and Ωs is the 

equivalent solid angle for the calibration source at the same position.  

The effective solid angle for a disk source aligned along the longitudinal axis of a 

cylindrical detector is given by:  

∫
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where a is the detector radius, s is the source radius, d is the distance between the source 

and detector crystal, and the J1(x) are the 1st order Bessel functions of x1. This integral 

must be solved using numerical techniques. 

The number of nuclei in the target foil is given by: 

A
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where m is the foil mass (in grams), NA is Avogadro’s number (# atoms per mole), Iabun is 

the isotopic abundance (1.00 for both 27Al and 197Au), Spurity is the sample purity (99.5% 

for aluminum, 99.95% for gold), and A is the isotopic mass (in grams per mole).  

The correction factors were calculated as follows:  
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where mt is the foil mass thickness (in g/cm2), mabsorb is the mass absorption coefficient 

(in cm2/g) for the gamma-ray emitted by activation product of interest in the foil medium, 

tirr , tdecay, and tmeas are the irradiation time, decay time before measurement, and 

                                                 
1 Knoll (pg. 119) 
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measurement time, respectively, and τ1/2 is the half-life of the relevant activation product. 

A detailed list of the percent uncertainties in the various quantities contained in the 

fluence calculation is given in Appendix A. The primary sources of uncertainty in these 

measurements are the detector efficiency at the gamma-ray energies of interest, and the 

reaction cross sections. 

As was previously discussed, the energy and flux of the neutrons created by the 

2H(d,n)3He reaction vary due to the angular dependence of the differential cross section 

and neutron energy. Since the foils were placed perpendicular to the gas cell and have 

finite size, the neutron energy varies slightly across the foil surface. For foils positioned 

along the 0° beam axis, the variation in the neutron energy across the foil surface is 

generally less than 100 keV when 10 MeV neutrons are produced at 0°. This variation is 

much smaller than the typical energy spread in the neutron beam due to the gas thickness 

in the production cell. For off-axis foil positions, the energy variation across the foil can 

be up to 500 keV (i.e. on the order of the energy spread due to the gas thickness in the 

production cell when the pressure is ~ 7.8 atm). To simplify analysis of the foil activation 

results, the cross section used to calculate the flux incident on each foil was taken to be 

the value corresponding to the energy of the neutrons incident on the center of the foil 

and originating from the center of the gas cell. 

 
 

 

 

 



 

 23

5. Detector Efficiency Measurement 

 Accurate calculation of the fast neutron fluence incident on the target foils 

requires a precise measurement of the efficiency of the HPGe detectors at the gamma-ray 

energies of interest. By using a variety of gamma emitting sealed sources of known 

activity, a corresponding efficiency curve can be derived for each detector. This curve 

can then be fit to an empirical function to determine the detector efficiency at any energy 

within the range from which the individual data points were derived. Direct measurement 

of the absolute detector efficiency at a given energy is always more desirable, but usually 

not practically achievable. To make a direct measurement, one must first have access to a 

calibrated source of known activity that emits gamma-rays at exactly the desired energy 

or sufficiently close so that the difference in efficiency between the measured and desired 

energy is negligible. The situation is further complicated by the fact that only a small 

number of radioisotopes are suitable for use in detector efficiency measurements due to 

half-life, cost, and other practical considerations.  

Detector efficiency curves for this project were constructed using 22Na, 60Co, 

137Cs, and 152Eu sealed sources produced by Isotope Products Laboratories, Valencia, 

CA. The uncertainty in the activity of the 22Na and 137Cs sources was ± 3.0% (3σ), while 

the uncertainty in the activity of the 60Co source was ± 3.1% (3σ). The 152Eu source was 

used to make relative efficiency measurements. The detector efficiency at each respective 

gamma-ray energy was calculated according to the following equation: 

meas
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where  

Cphoto is the net number of counts measured in the gamma photopeak,  

RT is the detector real time,  

LT is the detector live time,  

τ1/2 is the half-life of the relevant calibration source,  

Iγ is the branching ratio of the relevant gamma-ray,  

A is the activity of the relevant calibration source at the time of measurement, and 

2/1

)2ln(

1 τ
meast

meas ef
−

−= , 

where τ1/2 is the half-life of the relevant calibration source as before and tmeas is the source 

measurement time.  

As the shape of the efficiency curve derived from a given source is generally 

independent of the source strength and distance from the detector, the 152Eu 

measurements were thus able to be scaled to the absolute measurements from the 22Na, 

60Co, and 137Cs sources in order to obtain efficiency curves for each of the detectors used 

in the experiment in the energy range from 244-1408 keV. These efficiency curves are 

included in Appendix B. 
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6. January 2009 RadCCORE Experiment 

The main goals of the RadCCORE series of experiments (conducted in January, 

April, May, and July 2009) were to measure the fast neutron fluence and dose from the 

neutron beam source at TUNL to an accuracy of better than ± 10% and to develop 

neutron beam diagnostic capabilities that enable real-time dose monitoring. These aims 

necessitate development of the capability to determine the dose delivered from the 

various beam components (fast neutron, slow neutrons, and gamma rays) individually.  

The first RadCCORE experiment, conducted in January 2009, had the following 

objectives: (1) use a foil activation technique to measure the fast and thermal neutron 

fluence incident upon a mouse phantom, (2) measure the attenuation of the fast neutrons 

through the phantom, and (3) use cadmium plating to determine the relative contribution 

of thermal neutrons to the slow neutron fluence incident upon the phantom. A description 

of the experiment, techniques, and results for the January 2009 experiment are presented 

in this chapter. 

6.1 Experiment Setup and Description 
 

Schematic diagrams of the target box and target assembly for the first 

RadCCORE experiment are shown in Figures 6.1.1 and 6.1.2, respectively.  

 

Figure 6.1.1. Schematic diagram (side view) of the January 2009 RadCCORE setup.  
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Figure 6.1.2. Target assembly used in the January 2009 RadCCORE experiment. 

 
For the first RadCCORE experiment, the target assembly consisted of a cardboard 

box with three inserts placed inside. The center line through the box was placed to 

coincide with the beam axis so that the centers of the targets (activation foils and mouse 

phantom) were positioned at 0°. The cardboard box itself was placed directly in front of 

the gas cell. The gas cell used during the experiment was 6 cm long and made of copper 

with a Havar® containment foil and tantalum beam stop. The gas cell was filled with 

77.6 psi (5.3 atm) of deuterium gas, which is less than the nominal operating pressure of 

114.6 psi (7.8 atm), in order to produce a neutron beam having a lower energy spread. 

The tandem terminal voltage and analyzer magnet field were set to produce 6.990 MeV 

deuterons at the center of the gas cell, resulting in the production of 10.16 MeV neutrons 

at 0°. The energy spread of the neutron beam was ~ 320 keV at the aforementioned 

deuteron energy and gas cell pressure.  
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The end of the box closest to the gas cell and each insert possessed a 2.5 cm 

diameter hole which was equal in diameter to the aluminum and gold activation foils and 

water bottle target and was centered on the 0º beam axis. The bottle itself was made of 

clear plastic and was 6.2 cm in length and filled with approximately 25.5 cm3 of water. 

The bottle was positioned in the target box such that the center-to-center distance 

between the gas cell and the water target was 13.3 cm. One of the inserts was placed near 

the center of the bottle to secure it. The other inserts, placed on either side of the water 

bottle, each held a set of activation foils, one aluminum foil and one gold foil per side. 

The foils were positioned inside the holes in the inserts along the 0° beam axis. 

Gafchromic® dosimetry film was also placed on the outside of the inserts holding the 

foils. Due to the finite thickness of the inserts used to hold the foils in position, there was 

a small air gap between the foils and the front and back sides of the water bottle target. 

The gap between the water bottle and foils was small, 2 mm on the front side of the water 

bottle (closest to the gas cell) and 4 mm on the back side. Thus, the front set of foils was 

located 10 cm from the center of the gas cell, while the back foils were 16.8 cm from the 

center of the gas cell.  

Four separate runs were conducted using this setup. For the first run, the foil 

targets were irradiated for two hours and five minutes with an average deuteron current of 

1 µA. The activated foils were then placed aside for counting and replaced with 

unirradiated foils; the Gafchromic® film was also replaced. A second run was then 

conducted with a 1/16" thick cadmium shell placed over the box for the purpose of 

determining its effect on shielding the target from slow neutrons (En < 0.4 eV). Natural 

cadmium exists as eight isotopes. Two of these isotopes, 113Cd and 116Cd are naturally 
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radioactive, with half-lives of 8.04 x 1015 years and 3.0 x 1019 years, respectively. The 

neutron capture cross section of most of these isotopes is on the order of a few barns; one 

notable exception is 113Cd (natural abundance – 12.22%), which has a capture cross 

section of over 20,000 barns for 0.0253 eV thermal neutrons. All neutrons with energy 

less than 0.4 eV, the cadmium cutoff, are heavily attenuated. Above this energy, the 

capture cross section drops off rapidly, making cadmium an effective shield against 

thermal neutrons while transmitting high energy neutrons with relatively little 

attenuation. A cross section plot of the neutron capture reaction on 113Cd is shown in 

Figure 6.1.3. 

 

Figure 6.1.3. Cross section vs. neutron energy for the 113Cd(n,γγγγ)114Cd reaction. 
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Subsequent to the addition of the cadmium shell, the new activation foils and 

water target were irradiated for two hours with an average deuteron current of 1.0 µA. 

For the third run, the cadmium shell was left in place and a tissue equivalent ion chamber 

was placed directly behind the back set of foils. No activation foils were used in this run 

(only film). A piece of Gafchromic® film was also added to the front surface of the box 

(facing the gas cell). For the fourth run, the cadmium shell was removed and activation 

foils were again put in place. An ion chamber was also added behind the back set of foils. 

The last set of foils was irradiated for one hour and fifty-five minutes at an average 

deuteron current of 1.3 µA. A plastic scintillator paddle (2 1/4" wide, 2 1/2" high, and 

1/16" thick), positioned at 52.5 cm from the center of the gas cell along the 0º beam axis, 

was used to monitor the neutron flux over the course of the experiment (see Figure 

6.1.1). 

6.2 Results 
 

The results of the first RadCCORE experiment are given in Tables 6.2.1-6.2.8. 

The foil numbers indicate the run number. The letters “F” and “B” indicate the foils in 

the front (closest to the gas cell) and back of the water bottle, respectively. The neutron 

flux and fluence were determined utilizing the methods described in Chapter 4. The fast 

neutron beam flux was determined using both the 27Al(n,α)24Na and 197Au(n,2n)196Au 

reactions (see Tables 6.2.1 and 6.2.2). These reactions were also used to determine the 

attenuation of the fast neutrons in the water bottle target (see Tables 6.2.3 and 6.2.4). The 

attenuation was calculated as 1 minus the flux measured at the back of the water bottle 

target divided by the flux at the front position. The flux and fluence results obtained from 

the aluminum and gold activation foils agree well within experimental uncertainties. The 



 

 30

197Au(n,γ)198Au reaction was used to analyze the slow neutron component of the beam. 

The results for the slow neutron flux measurements for the three runs with foils are given 

in Table 6.2.5. In order to determine the reduction in the slow neutron flux from the 

additional of the cadmium shell, the flux determined by the 197Au(n,γ)198Au reaction was 

first divided by the flux determined by either the 27Al(n,α)24Na or 197Au(n,2n)196Au 

reaction at the same position (i.e. normalized to the fast neutron flux). The reduction in 

the slow neutron flux is then equal to 1 minus the normalized slow neutron flux with the 

cadmium shell divided by the normalized slow neutron flux without the cadmium shell. 

The “cadmium ratio” is equal to the normalized slow neutron flux without the cadmium 

shell divided by the normalized slow neutron flux with the cadmium shell measured at 

the same foil position. The results of the slow neutron measurements using aluminum and 

gold foil normalization are given in Tables 6.2.6 and 6.2.7, respectively. The averages of 

the results from both normalizations are given in Table 6.2.8. 

Table 6.2.1. January 2009 Run – Results of the 27Al(n,αααα)24Na Activation Foil Measurement.  

Al Foils Fast Flux (n/cm2/s) Fast Fluence (n/cm2) Error (Sys) Error (Stat) 
1F 6.565 x 106 4.924 x 1010 ± 4.8% ± 0.8% 
1B 1.910 x 106 1.433 x 1010 ± 4.7% ± 0.7% 
2F 5.843 x 106 4.207 x 1010 ± 4.8% ± 0.9% 
2B 1.776 x 106 1.279 x 1010 ± 4.8% ± 1.0% 
5F 8.475 x 106 5.847 x 1010 ± 4.8% ± 0.7% 
5B 2.301 x 106 1.588 x 1010 ± 4.8% ± 0.8% 

 

Table 6.2.2. January 2009 Run – Results of the 197Au(n,2n)196Au Activation Foil Measurement. 

Au Foils Fast Flux (n/cm2/s) Fast Fluence (n/cm2) Error (Sys) Error (Stat) 
1F 6.376 x 106 4.782 x 1010 ± 4.8% ± 0.3% 
1B 1.939 x 106 1.454 x 1010 ± 4.7% ± 0.4% 
2F 5.763 x 106 4.149 x 1010 ± 4.8% ± 0.3% 
2B 1.850 x 106 1.332 x 1010 ± 4.8% ± 0.4% 
5F 8.175 x 106 5.641 x 1010 ± 4.8% ± 0.2% 
5B 2.314 x 106 1.597 x 1010 ± 4.8%  ± 0.3% 
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Table 6.2.3. January 2009 Run – Reduction in Fast Neutron Flux Across the Water Target 
Determined Using Al Activation Foils. 

Run Al Front to Back Flux Reduction Error (Sys) Error (Stat) 
1 70.9% ± 4.7 ± 0.8 
2 69.6% ± 4.6 ± 1.0 
5 72.8% ± 4.8 ± 0.8 
Average 71.1% ± 2.7 ± 0.5 

 

Table 6.2.4. January 2009 Run – Reduction in Fast Neutron Flux Across the Water Target 
Determined Using Gold Activation Foils. 

Run Au Front to Back Flux Reduction Error (Sys) Error (Stat) 
1 69.6% ± 4.6 ± 0.4 
2 67.9% ± 4.5 ± 0.3 
5 71.7% ± 4.8 ± 0.3 
Average 69.7% ± 2.7 ± 0.2 

 

Table 6.2.5. January 2009 Run – Results of the 197Au(n,γγγγ)198Au Activation Foil Measurement. 

Au Foils Slow Flux (n/cm2/s) 
(Relative) 

Slow Fluence (n/cm2) 
(Relative) 

Error (Sys) Error (Stat) 

1F 6.376 x 103 4.782 x 107 ± 4.8% ± 0.8% 
1B 4.396 x 103 3.297 x 107 ± 4.7% ± 0.6% 
2F 4.891 x 103 3.521 x 107 ± 4.8% ± 0.8% 
2B 2.915 x 103 2.099 x 107 ± 4.8% ± 0.7% 
5F 5.367 x 103 3.703 x 107 ± 4.8% ± 0.7% 
5B 5.009 x 103 3.456 x 107 ± 4.8% ± 0.5% 

 

Table 6.2.6. Slow Neutron Flux Reduction by the Cd Shell Based on Al Activation Foil 
Normalization. 

Position Al Normalization Error (Sys) Error (Stat) Cd Ratio 
Front 13.8% ± 0.2 ± 0.2 1.16 
Back 28.7% ± 0.5 ± 0.4 1.40 

 

Table 6.2.7. Slow Neutron Flux Reduction by the Cd Shell Based on Au Activation Foil 
Normalization. 

Position Au Normalization Error (Sys) Error (Stat) Cd Ratio 
Front 15.1% ± 0.2 ± 0.2 1.18 
Back 30.5% ± 0.5 ± 0.3 1.44 
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Table 6.2.8. Average (Al and Au foils) of Slow Neutron Flux Reduction by the Cd Shell. 

Position Total Average Error (Sys) Error (Stat) Cd Ratio 
Front 14.5% ± 0.2 ± 0.1 1.17 
Back 29.6% ± 0.3 ± 0.3 1.42 

 
6.3 Discussion and Summary 

 
The first RadCCORE experiment established the effectiveness of using aluminum 

and gold activation foils as passive monitors of the fast and thermal neutron flux, 

respectively. Using a 6 cm gas cell filled with 5.3 atm of deuterium gas and a deuteron 

current of 1 µA, fast neutron fluxes up to 6.6 x 106 n/(cm2 s) were achieved at 10 cm 

from the center of the gas cell. The neutron flux determined from the independent 

aluminum and gold foil measurements were found to be in very close agreement (<5% 

difference for all measurements). The reduction in fast neutron flux from the front to the 

back of the water bottle target, averaged over all results from the aluminum and gold 

activation measurements, was determined to be approximately 70.4%. This reduction was 

due to the combined effects of neutron attenuation in the water bottle target and distance 

dependent flux fall-off. The slow neutron measurement was intrinsically relative since the 

exact energy distribution of the thermal neutrons at the target position was unknown. The 

relative slow neutron flux values previously listed were calculated assuming a 

197Au(n,γ)198Au reaction cross section of 100 barns (the approximate cross section for 

thermal neutrons). The relative flux values from the gold foil measurement were then 

normalized to the fast neutron flux at the same foil position measured using the aluminum 

and gold foils, respectively, in order to accurately determine the slow neutron flux 

reduction due to the addition of the cadmium shell. The reduction in the slow neutron 

flux, averaged over the results from the aluminum and gold normalization, was found to 
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be 14.5% at the front foil position, and 29.6% at the back foil position, implying 

cadmium ratios of 1.17 and 1.42, respectively.  

One half millimeter of natural cadmium is sufficient to stop greater than 99% of 

all neutrons with energy less than 0.4 eV. The relatively low drop in the measured slow 

neutron flux with the addition of the cadmium shell implies the majority of the 

background at the target position is comprised of neutrons with energies greater than 0.4 

eV where the cadmium cross section is significantly lower (see Figure 6.1.3). This 

conjecture is supported by the greater cadmium ratio observed at the back foil position. In 

the absence of the cadmium shell, intermediate energy neutrons from the gas cell would 

make a moderate contribution to the activation of the front gold foil. However, many of 

the intermediate energy neutrons would be thermalized while passing through the water 

bottle target and subsequently make a much greater contribution to the activation of the 

back foil. With the addition of the cadmium shell, and subsequent moderate reduction in 

the intermediate energy neutron flux, the relative flux reduction at the back position 

would be expected to be slightly greater than at the front position, consistent with 

observation. 

However, it should be noted that the cadmium shell used (1/16") was much 

thicker than what is typically employed for thermal neutron shielding. The average 

natCd(n,tot) cross section at 10.16 MeV neutron energy is about 4.6 barns, resulting in ~ 

3.3% total attenuation of the fast neutron beam, potentially distorting the results of the 

measurement. 
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7. April 2009 RadCCORE Experiment 
 

A new target holder designed to hold six test tubes in symmetric off-axis positions 

was used during the second RadCCORE experiment. The primary objectives during this 

experiment were: (1) to measure the attenuation of fast neutrons through water bottle 

phantoms placed at 0° and in an off-axis position and (2) to measure the difference in the 

fast neutron fluence at an off-axis position of the new target holder compared to the fast 

neutron fluence at the center (i.e. 0°). A description of the experiment, techniques, and 

results for the April 2009 experiment are presented in this chapter. 

7.1 Experiment Setup and Description 
 

An annotated photograph of the test tube and water bottle phantom can be seen in 

Figure 7.1.1. The target holder assembly is shown in Figure 7.2.2. 

 

Figure 7.1.1. Test tube and water bottle target. 
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Figure 7.1.2. Mouse target holder diagram. 
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The new holder was comprised of two parallel plastic plates, 12.7 cm wide, 25.4 

cm high, 3 mm thick, and spaced 7.6 cm apart. The plates had seven 3 cm diameter holes 

drilled through them, with six peripheral holes positioned symmetrically around a central 

hole aligned with the 0º beam axis such that the center to center distance between each 

peripheral hole and the central hole was 3.8 cm. The holder was suspended on four metal 

rods that allowed the height of the apparatus to be adjusted. The bottoms of the rods were 

attached to an actuator that would allow the holder to be rotated 360°. The rotation 

feature was not used during the second RadCCORE experiment.  

Inside the target holder were placed two plastic test tubes, 10.4 cm in length with 

diameter equal to that of the holes in the target holder. One test tube was placed in the 

central position (along the 0º beam axis), while the other was placed in the middle-right 

position (with respect to the beam direction) of the holder. Water bottle targets of 

identical dimensions as used in the first experiment were placed in the center of each test 

tube, and aluminum activation foils were placed on either side of the water target. The 

foils were mounted on 1.5 mm thick plastic inserts that fit within slots cut on either side 

of the water bottle. These inserts, while not strictly necessary in the second experiment, 

served two main purposes: 1) to immobilize the intended live mouse targets to be used in 

the third experiment and 2) to protect the activations foils from physical damage by a live 

mouse. 

The same 6 cm gas cell was used as in the first RadCCORE experiment, but the 

deuterium pressure was increased to 7.8 atm in order to achieve a higher neutron flux. 

The tandem terminal voltage and analyzer magnet field were set to produce 6.823 MeV 

deuterons at the center of the gas cell, resulting in the production of 10.00 MeV neutrons 
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at 0°. The increased mass thickness of the gas caused the energy spread of the neutrons 

produced to increase to ~ 480 keV. The water bottle in the central position of the target 

holder was placed 16.5 cm from the gas cell (center to center). The front activation foil in 

the center position was 13 cm from the center of the gas cell, while the back foil was 20 

cm from the center of the gas cell. The water bottle in the side position was 16.9 cm from 

the gas cell (center to center). The front activation foil in the side position was 13.5 cm 

from the center of gas cell, while the back foil was 20.4 cm from the center of the gas 

cell.   

As previously discussed, the neutron energy at off-axis positions is lower than the 

nominal value along the 0° axis. The angles with respect to the 0° axis of the centers of 

the side front and back activation foils, and the center of the side water bottle target are 

listed along with the corresponding neutron energy at each angle in Table 7.1.1. 

Table 7.1.1. April 2009 Run – Setup Data. 

 Angle (degrees) Neutron Energy (MeV) 
Side Front Foil 16.29 9.671 
Side Back Foil 10.76 9.855 
Water Bottle (Center) 12.97 9.789 

 
During the single run performed for the second RadCCORE experiment, the target setup 

was irradiated for one hour and fifty-seven minutes at an average deuteron current of 

1.305 µA. 

7.2 Results 
 
The results of the second RadCCORE experiment are given in Tables 7.2.1-7.2.3. The 

fast neutron flux and fluence (Table 7.2.1) and reduction in fast neutron fluence across 

the water target (Table 7.2.2) were determined in the same manner as in the first 
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RadCCORE experiment. The reduction in the measured fast neutron flux for the front and 

back foils, respectively, at the off-axis position relative to that measured at 0º was 

calculated as 1 minus the fast neutron flux measured at the side position divided by the 

flux measured at the center position (see Table 7.2.3). 

Table 7.2.1. April 2009 Run – Results of the 27Al(n,αααα)24Na Activation Foil Measurement. 

Al Foils Fast Flux (n/cm2/s) Fast Fluence (n/cm2) Error (Sys) Error (Stat) 
Center 
Front 

1.012 x 107 7.106 x 1010 ± 4.8% ± 0.4% 

Center 
Back 

1.429 x 106 1.003 x 1010 ± 4.8% ± 0.8% 

Side  
Front 

5.041 x 106 3.539 x 1010 ± 4.8% ± 0.7% 

Side 
Back 

1.309 x 106 9.188 x 109 ± 4.8% ± 0.8% 

 

Table 7.2.2. April 2009 – Reduction in Fast Neutron Flux Across the Water Target Determined Using 
Al Activation Foils. 

Foil Position Flux Reduction Error (Sys) Error (Stat) 
Center 85.9% ± 0.2 ± 0.8 
Side 74.0%  ± 0.1 ± 0.8 

 

Table 7.2.3. Reduction in Fast Neutron Flux at Off-Axis Position Compared to 0º. 

Foil Position Flux Reduction Error (Sys) Error (Stat) 
Front 50.2% ± 3.4 ± 0.4 
Back 8.4% ± 0.6 ± 0.1 

 
7.3 Discussion and Summary 
 

The higher beam current and gas cell pressure used during the second 

RadCCORE experiment allowed a 10 MeV neutron flux of 1 x 107 n/(cm2 s) to be 

achieved at 13 cm from the center of the gas cell along the 0° axis. A larger magnitude 

reduction in the measured neutron flux through the central water bottle target was 

observed in comparison to the first RadCCORE experiment (85.9% vs. 70.4%). This 
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difference is a result of the different target distance used in the second RadCCORE 

experiment; the actual attenuation by the water bottle target should be the same since the 

target is identical to that used in the first RadCCORE experiment and the monitor foils 

were placed in the same positions with respect to the bottle. The fast neutron flux 

reduction through the water bottle target was observed to be less at the side position than 

at 0º due to lower target attenuation as a result of the neutron beam irradiating the target 

at an angle as opposed to head on. Knowledge of the differences in the neutron flux at the 

side target position in comparison to 0° was critical for planning the first mouse 

activation run in the third RadCCORE experiment in May 2009. In the absence of 

attenuation, the drop off in measured neutron flux at the side front foil position from that 

measured at 0° was found to be 50.2%. This value is in good agreement with the 56.1% 

decrease in flux predicted from the difference in the differential cross section for the 

2H(d,n)3He reaction at 16.29° compared to 0°. It was also discovered during this run that 

the back target foils in the center and side positions were very evenly irradiated. The 

measured flux at the back off-axis position was 91.6% the corresponding flux at the 

center back position.  
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8. May 2009 RadCCORE Experiment 
 

The third RadCCORE experiment, conducted in May 2009, had the following 

objectives: (1) use an off-axis neutron monitor to estimate the dose to mouse targets in 

real time and (2) irradiate two sets of live mouse targets with goal doses of 50 and 200 

cGy, respectively. A description of the experiment, techniques, and results for the May 

2009 experiment are presented in this chapter. 

8.1 Experiment Setup and Description 
 
 For the third RadCCORE experiment, two sets of live mice were irradiated. The 

mice were placed in the peripheral positions of the target holder within the same types of 

test tubes as used for the second experiment. The gas cell was filled with 7.8 atm of 

deuterium gas and the tandem terminal voltage and analyzer magnet field were set to 

produce 6.823 MeV deuterons at the center of the gas cell, resulting in the production of 

10.00 MeV neutrons at 0°. The energy spread of the neutron beam was ~ 480 keV. To 

monitor the neutron flux during the experiment, a 2" liquid scintillation detector was 

placed 333.4 cm from the center of the gas cell at a 60° angle with respect to the beam 

axis. Using the results from the second experiment, the neutron fluence incident upon the 

front face of the target holder at the off-axis position was estimated based on the live 

count rate measured from the 60° neutron monitor. The details of this calculation can be 

found in Appendix C. 

The first set of mice was irradiated until an estimated dose of 200 cGy had been 

delivered. A second set of mice in the same target positions was also irradiated with an 

estimated dose of 50 cGy. For both runs, the mice were inserted into the test tubes so that 

their heads faced the tip of the tubes, while their tails were adjacent to the cap. The target 
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holder was positioned such that the distance between the center of the gas cell and the 

center of the target holder was 15 cm. The target holder was rotated 180° half-way 

through irradiation (equal neutron counts in the in the 60° monitor) in order to deliver a 

more uniform dose to the targets. The cap sides of the targets (mouse tails) were 

irradiated first for the 200 cGy run, while the tip sides of the targets (mouse heads) were 

irradiated first for the 50 cGy run. Aluminum activation foils were used to determine the 

fast neutron fluence incident upon the head and tail ends of the mice in the center left and 

center right (with respect to the beam direction) target holder positions. The foil numbers 

and starting / end positions for each run are shown in Figure 8.1.1. The letters “F” and 

“B” next to the foil numbers indicate the position of the foil on the test tube, “F” for the 

front (cap of the test tube / mouse tail) and “B” for the back (tip of the test tube / mouse 

head), respectively. 
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Figure 8.1.1. May 2009 activation foil starting and stopping positions.  

 
In the original setup configuration for the experiment, the mouse centers were 

exactly 15.5 cm from the center of the gas cell, before and after rotation. The activation 

foil nearest the gas cell was 12.1 cm from the center of the cell, while the foil on the 

opposite side was 18.9 cm from the center of the gas cell, regardless of the orientation of 

the test tube itself (tip or cap side facing the gas cell). However, it was discovered the live 
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mice were longer than the water bottle phantoms used in the previous experiments. To 

compensate for this unexpected development, the insert nearest the cap of the test tube 

was removed and the foil originally attached to this insert was placed on the test tube cap 

itself. As a result of this change, the head and tail foil positions and mouse center were no 

longer symmetric with respect to rotation. The original and actual mouse bounds can be 

seen in Figure 7.1.1. 

Since the target holder was rotated midway through each of the two runs, there 

were two positions for each foil, rotated “toward” the gas cell (i.e. closer distance), and 

rotated “away” from the gas cell. Likewise, the mouse center distance from the center of 

the gas cell varied according to which side (cap or tip) of the test tube was rotated toward 

the gas cell at that time. Table 8.1.1 lists the foil and mouse center distances (in cm), the 

lab angle with respect to the center of the gas cell (in degrees), the neutron energy at 

these angles (in MeV), and the corresponding neutron kerma factors for muscle tissue (in 

cGy cm2/n). The rotation column indicates the position with respect to the gas cell. 

Table 8.1.1. May 2009 Run – Setup Data. 

 Rotation Distance Angle Energy (MeV) KF (cGy cm2/n) 
Cap Foil (Tail) Toward 10.3 21.60 9.431 5.570 x 10-9 
Cap Foil (Tail) Away 20.8 10.55 9.861 5.692 x 10-9 
Tip Foil (Head) Toward 12.1 18.29 9.588 5.616 x 10-9 
Tip Foil (Head) Away 18.9 11.61 9.832 5.686 x 10-9 
Mouse (Center) Toward 14.6 15.13 9.716 5.655 x 10-9 
Mouse (Center) Away 16.4 13.40 9.776 5.673 x 10-9 

 
The average neutron energy for the cap (tail) foils was found to be 9.646 MeV, 

while the average for the tip (head) foils was 9.710 MeV. The average neutron energy at 

the position of the mouse centers was 9.746 MeV. With respect to the cap foils (tail), the 

cross section for the 27Al(n,α)24Na reaction increases by 7.9% from 9.431 MeV to 9.861 
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MeV (cap tail). Likewise, for the tip foils (head), the cross section increases by 3.9% 

between 9.588 MeV and 9.832 MeV. These increases are small enough such that ± 10% 

dose measurements (an initial goal of the RadCCORE collaboration) can still be 

achieved.  

When calculating the neutron flux incident on the two sides of the mouse, the 

average 27Al(n,α)24Na cross section for each activation foil was used. For the cap foils, 

the cross section value used was the average between the value at 9.431 MeV and the 

value at 9.861 MeV. The average cross section for the tip foil was calculated in like 

manner. In order to calculate the dose to tissue at each foil position, the neutron fluence 

values calculated using the above methodology were multiplied by the average neutron 

kerma factors. The average neutron kerma factor for each foil was calculated the same 

way as the average activation cross section. Since neutron kerma factors for mouse tissue 

specifically were not available, kerma factors for adult muscle tissue were used in the 

calculations. The kerma factors at the relevant neutron energies were calculated from 

linear interpolation of the tabulated values found in ICRU Report 461. 

8.2 Results 
 
 The results of the third RadCCORE experiment are given in Tables 8.2.1 and 

8.2.2. Flux and fluence values were calculated the same as in the first and second 

RadCCORE experiments. Dose values were determined using the relevant neutron kerma 

factors for each foil given in Table 8.1.1. 

 

 

 
                                                 
1 ICRU Report 46 (pg. 175) 
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Table 8.2.1. May 2009 Run – 200 cGy Irradiation Data. 

Foil Flux (n/cm2/s) Fluence (n/cm2) Dose (cGy) Error (Sys) Error (Stat) 
1F 
(Tail) 

3.664 x 106 3.408 x 1010 192 4.7% 2.1% 

1B 
(Head) 

2.874 x 106 2.672 x 1010 151 4.7% 2.2% 

2F 
(Tail) 

2.357 x 106 2.192 x 1010 123 4.7% 2.9% 

2B 
(Head) 

3.713 x 106 3.453 x 1010 195 4.7% 1.2% 

 

Table 8.2.2. May 2009 Run – 50 cGy Irradiation Data. 

Foil Flux (n/cm2/s) Fluence (n/cm2) Dose (cGy) Error (Sys) Error (Stat) 
3F 
(Tail) 

3.263 x 106 5.874 x 109 33.1 5.7% 3.6% 

3B 
(Head) 

4.943 x 106 8.898 x 109 50.3 5.7% 2.7% 

4F 
(Tail) 

4.300 x 106 7.740 x 109 43.6 5.7% 2.7% 

4B 
(Head) 

3.861 x 106 6.627 x 109 37.4 5.7% 2.8% 

 
The following additional systematic uncertainties may be added to those cited above to 

account for variance in the Al(n,α) cross section that results from the change in the 

neutron energy incident upon the foils due to rotation:   

Cap Foils (F): 3.9% 
 
Tip Foils (B): 2.0% 
 
8.3 Discussion and Summary 

A tissue dose close to the target value was achieved on at least one side of each 

mouse irradiated, demonstrating the feasibility of using an off-axis neutron monitor for 

real time dose estimation. All foils within each set should have been irradiated evenly, 

but a consistent neutron flux asymmetry was discovered between the left and right sides 

of the target holder. The target foils on the left side (with respect to the beam direction) of 
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the gas cell were consistently irradiated at a lower neutron flux than those on the right 

side for both the 200 cGy and 50 cGy runs (see Figure 8.1.1).  

There are several possible explanations for the measured asymmetry. The 

asymmetry could be partially due to beam steering effects (i.e. the deuteron beam 

entering the gas cell at an angle instead of head on). However, given the small diameter 

of the gas cell, it is unlikely beam steering effects alone could account for the magnitude 

of the flux difference detected. A stronger possibility is that the target setup itself was 

slightly off center. A telescope in the back of the TUNL Time-of-Flight room is used to 

determine the 0° line from the gas cell. If the telescope was slightly misaligned, the target 

holder setup could have been centered at an off-axis angle. The asymmetry may also have 

been the result of a combination of misalignment and beam steering effects. 
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9. July 2009 RadCCORE Experiment 
 

The fourth RadCCORE experiment, conducted in July 2009, had the following 

objectives: (1) achieve faster dose delivery using a LN2 cooled gas cell, (2) use a 0º 

plastic scintillator paddle to estimate the dose to mouse targets in real time and (3) 

irradiate nine sets of live mouse targets, three sets each with goal doses of 50, 200 cGy, 

and 500 cGy, respectively. A description of the experiment, techniques, and results for 

the July 2009 experiment are presented in this chapter. 

9.1 Experiment Setup and Description 
 
 For the fourth RadCCORE experiment performed in July 2009, the pre-existing 

target holder was used in conjunction with a new liquid nitrogen cooled gas cell (Figure 

9.1.1). Using liquid nitrogen (boiling point = 77 K) cooling allowed the gas cell to be 

filled with more deuterium gas while keeping the pressure at 7.8 atm. The greater number 

of deuterium atoms available for the 2H(d,n)3He reaction in turn allowed higher neutron 

fluxes to be achieved with the same beam currents used in the previous experiments. 

Thus, a greater target dose could be delivered in a shorter time. However, the greater 

effective gas thickness also resulted in a larger energy spread of the neutrons created 

along the length of the gas cell. A small leak in the gas cell caused the 0° neutron energy 

to increase marginally over the course of each run. As a consequence, the gas cell 

pressure was “topped off” before each new set of mice was irradiated. The average gas 

cell pressure over the course of the runs was 102.5 psi (7.0 atm) at 77 K corresponding to 

390 psi (26.5 atm) at room temperature (293 K). At this pressure, 7.042 MeV deuterons 

were produced at the center of the gas cell leading to the production of 10.21 MeV 

neutrons at 0°. The energy spread of the neutrons across the length of the gas cell (2.02") 
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was +1.24 MeV / - 1.47 MeV. The average deuteron current for the fourth RadCCORE 

experiment was 1.43 µA. 

Before loading the live mouse targets, a preliminary run was conducted to 

calibrate the scintillator paddle used for neutron flux monitoring. The details of this 

calculation can be found in Appendix D.  

Subsequent to the calibration run, nine sets of six mice each (all positioned in the 

peripheral holes of the target holder) were irradiated at target doses of 50 cGy, 200 cGy, 

and 500 cGy, respectively. Three sets were irradiated at each target dose. Before mice 

were loaded into the target holder, the table on which the target holder and scintillator 

paddle were positioned was moved forward so that the distance between the center of the 

gas cell and the center of the target holder was 20 cm (i.e. the activation foil distance in 

the calibration run). Since all the mice were positioned symmetrically around the center 

position of the target holder, only a single foil set (one foil in front of and one behind a 

single mouse) was used to monitor the fluence incident upon the six mice irradiated 

during each run. Table 9.1.1 lists the foil and mouse center distances (in cm), the lab 

angle with respect to the center of the gas cell (in degrees), the neutron energy at these 

angles (in MeV), and the corresponding neutron kerma factors for muscle tissue (in cGy 

cm2/n).  

Table 9.1.1. July 2009 Run – Setup Data. 

 Rotation Distance Angle Energy (MeV) KF (cGy cm2/n) 
Cap Foil (Tail) Toward 15.1 14.59 9.937 5.704 x 109 
Cap Foil (Tail) Away 25.7 8.51 10.117 5.743 x 109 
Tip Foil (Head) Toward 16.9 12.97 9.993 5.719 x 109 
Tip Foil (Head) Away 23.8 9.19 10.101 5.740 x 109 
Mouse (Center) Toward 19.4 11.28 10.046 5.729 x 109 
Mouse (Center) Away 21.3 10.28 10.073 5.735 x 109 
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As in the third RadCCORE experiment, the target holder was rotated 180° at the 

midpoint of each run in order to achieve more uniform irradiation of the targets. The 

average neutron energy for the cap (tail) foil was 10.027 MeV, while the average for the 

tip (head) foil was 10.047 MeV. The average neutron energy at the position of the mouse 

center was 10.060 MeV. For the cap foil (tail), the cross section for the (n,α) reaction 

increases by 3.2% from 9.937 MeV to 10.117 MeV (cap tail). For the tip foil (head), the 

cross section increases by 2.0% between 9.993 MeV and 10.101 MeV. The average 

neutron flux/fluence and kerma factors for each foil position were calculated in the same 

manner as in the third experiment. The foil position was varied during the fourth 

RadCCORE experiment to determine if the asymmetry measured between the middle-left 

and middle-right off-axis positions in the third experiment was still present.  

The starting and stopping positions of the irradiation foils for each set of runs are 

shown in Figure 9.1.2. In each instance, the tip (“B”) foils (corresponding to the mouse 

tail) were irradiated first. The left side letter and number indicate the foil number and 

position (F – Test Tube Cap / Mouse Tail, B – Test Tube Tip / Mouse Head), while the 

last letter shows the position of each foil at the beginning (B) and end (E) (i.e. after 

rotation) of irradiation. 
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Figure 9.1.1. Schematic diagram of the LN2 gas cell designed for the fourth RadCCORE experiment.
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Figure 9.1.2. July 2009 activation foil starting and stopping positions.  
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9.2 Results 

The results of the third RadCCORE experiment are given in Tables 9.2.1 and 

9.2.2. Flux and fluence values were calculated the same as in the first, second, and third 

RadCCORE experiments. Dose values were determined using the relevant neutron kerma 

factors for each foil given in Table 9.1.1. In the following data, the foil number indicates 

the run number. The front foils (F) were in the cap position (mouse tail), while the back 

foils (B) were in the tip position (mouse head) for all runs except the last in which the 

front and back foil positions were accidentally reversed. The tip side was irradiated first 

for all runs. The asymmetry between the left and right side foil positions given in Table 

9.2.1 was calculated as the flux value for the right side foil divided by the flux value for 

the left side foil, where the “left” and “right” side foils are defined as shown in Figure 

9.1.2. The letter next to the asymmetry values (i.e. T, B, M) indicates the foil positions in 

the target holder (i.e. top, bottom, middle) (see Figure 9.1.2). The percent goal doses in 

Table 9.2.2 were calculated as the actual dose determined via the foil activation 

technique divided by the goal dose. 
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Table 9.2.1. July 2009 Run – Results of the 27Al(n,αααα)24Na Activation Measurement. 

Foil Flux (n/cm2/s) Fluence (n/cm2)  Error (Sys) Error (Stat) L/R Assym. 
2F 3.900 x 106 5.995 x 109 3.2% 1.0% 1.17 (B) 
2B 4.577 x 106 7.035 x 109 3.2% 1.7%  
3F 8.111 x 106 1.138 x 1010 3.2% 0.9% 1.34 (M) 
3B 6.074 x 106 8.522 x 109 4.7% 1.0%  
4F 4.571 x 106 6.999 x 109 3.2% 1.0% 1.00 (B) 
4B 4.591 x 106 7.029 x 109 4.7% 0.9%  
5F 6.585 x 106 3.933 x 1010 3.2% 0.5% 1.06 (T) 
5B 6.972 x 106 4.164 x 1010 4.7% 0.5%  
6F 6.248 x 106 1.035 x 1011 3.2% 0.3% 1.38 (M) 
6B 4.542 x 106 7.523 x 1010 4.7% 0.3%  
7F 6.923 x 106 4.594 x 1010 3.2% 0.5% 1.37 (M) 
7B 5.038 x 106 3.343 x 1010 4.7% 0.5%  
8F 6.221 x 106 1.013 x 1011 3.2% 0.3% - 
8B* 2.969 x 106 4.836 x 1010 4.7% 0.4%  
9F 8.813 x 106 4.745 x 1010 3.2% 0.4% 1.41 (M) 
9B 6.234 x 106 3.356 x 1010 4.7% 0.5%  
10F 5.989 x 106 8.810 x 1010 3.2% 0.3% 1.19 (M) 
10B 7.120 x 106 1.047 x 1011 4.7% 0.3%  

 

Table 9.2.2. July 2009 Run – Calculated Dose to Target 

Foil Goal (cGy) Actual (cGy)  Error (Sys) Error (Stat) % Goal 
2F 50 34.3 1.1 0.3 0.69 
2B 50 40.3 1.3 0.7 0.81 
3F 50 65.1 2.1 0.6 1.30 
3B 50 48.8 2.3 0.5 0.98 
4F 50 40.1 1.3 0.4 0.80 
4B 50 40.3 1.9 0.4 0.81 
5F 200 225.2 7.4 1.2 1.13 
5B 200 238.6 11.3 1.2 1.19 
6F 500 592.4 19.4 1.8 1.18 
6B 500 431.0 20.3 1.5 0.86 
7F 200 263.0 8.6 1.2 1.32 
7B 200 191.5 9.0 1.0 0.96 
8F 500 580.1 19.0 1.9 1.16 
8B 500 277.1 13.0 1.2 0.55 
9F 200 271.7 8.9 1.2 1.36 
9B 200 192.3 9.0 0.9 0.96 
10F 500 504.8 16.5 1.8 1.01 
10B 500 599.7 28.3 1.8 1.20 
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*Note: The mouse kicked out the tab holding the activation foil during the course of this 

run resulting in a significantly lower measured neutron flux. 

The following additional systematic uncertainties may be added to those cited in 

Tables 9.2.1 and 9.2.2 to account for variance in the Al(n,α) cross section that results 

from the change in incident neutron energy due to rotation:   

Cap Foils (F): 1.6% 
 
Tip Foils (B): 1.0% 
 
9.3 Discussion and Summary 
 
 The average dose to target over all runs was 104% of the target dose with a 

standard deviation of 21%. An equal number of targets foils were found to be over-

irradiated as under-irradiated. As in the third RadCCORE experiment, a prominent left-

right asymmetry was observed between the activation foils. When the activation foils 

were placed in the middle left or right target holder positions, the foil that was irradiated 

on the right side position (with respect to the beam direction), either before or after 

rotation, was found to have been exposed to a significantly higher neutron flux than the 

corresponding foil on the left side. This effect was also observed when the activation foils 

were placed in the top and bottom target holder positions, however, to a much lesser 

extent. The foils placed in the bottom target holder position (i.e. foil sets 2 and 4, both 50 

cGy runs) were observed to be under-irradiated by approximately 25% (average), while 

those placed in the top position (i.e. foil set 5 – 200 cGy run) were found to be over-

irradiated by about 16.5% (average). The combination of these observed effects implies 

that the target setup was most likely misaligned relative to the gas cell during the third 

and fourth RadCCORE experiments. The additional information determined through 
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varying the monitor foil positions in the fourth RadCCORE experiment suggests the 

center of the target setup was slightly low with respect to the gas cell height and also 

shifted to the left (with respect to beam direction), giving a higher neutron flux at the 

right side positions and top half of the target holder. As it is unlikely that the target holder 

setup was consistently misaligned in the same manner for both the third and fourth 

RadCCORE experiments, the mostly likely explanation is a misalignment of the 

telescope at the back of the Time-of-Flight room that was used to determine the 0° beam 

axis. 
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10. RadCCORE Summary 

10.1 Final Observations 

 The 2009 RadCCORE project marked TUNL’s first foray into small animal 

irradiation experiments. For a laboratory that has traditionally engaged primarily in 

fundamental nuclear physics research, developing the methodology to accurately deliver 

pre-determined uniform doses of neutron radiation to live targets was a unique challenge. 

Not unexpectedly, several problems arose along the way that complicated the target dose 

delivery and data analysis.  

The main hurdle to overcome was the issue of uniform dose delivery across 

multiple extended targets. To this end, a target holder was constructed allowing seven 

targets to be irradiated simultaneously, one in a central position and six along the 

periphery. The holder was designed to be remotely rotated 180° mid-irradiation to allow 

for more uniform dose delivery. Real time monitoring of the neutron flux using liquid 

and plastic scintillation detectors was used to estimate the dose-rate at the target position. 

Monitor foils were also placed at the front and back of the targets for a more precise 

determination of the actual incident neutron dose to the mouse targets.  

In theory only one activation foil per irradiation batch was necessary for accurate 

flux monitoring. All periphery target positions were symmetric about the center, so 

assuming a constant neutron flux and a 180° rotation about the target center at the 

irradiation midpoint, all targets should have been irradiated to equal dose. However, 

significant position dependent asymmetries in target irradiation were observed during 

both the third and fourth RadCCORE experiments. The most likely cause of the measured 
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asymmetries was misalignment of the target holder due to misalignment of the 0° 

telescope.  

Several other factors also contributed to uneven irradiation of the targets, 

including changes in the deuteron current (and therefore neutron flux) during irradiation 

as well as the angular dependence of the neutron energy and flux. Since all the mouse 

targets were positioned off-axis, the neutron beam irradiated all the targets at an angle 

with a slightly different neutron energy, flux, and degree of target attenuation at each 

position along the mouse length. This effect can be minimized by irradiating the targets at 

greater distances from the gas cell, thereby reducing the irradiation angle (cf. third vs. 

fourth RadCCORE experiments). However, the target distance must still be small enough 

to ensure there is sufficient neutron flux to achieve reasonable irradiation times (~ few 

hours).  

To decrease the necessary irradiation time for high dose target runs (i.e. 200-500 

cGy irradiations), a liquid nitrogen cooled gas cell was developed. This gas cell held 

much more deuterium gas at comparable pressures as the standard air cooled cell, thereby 

increasing the effective target thickness and allowing for higher fluxes at increased 

distances. The increases gas thickness also led to a significant increase in the energy 

spread of the resultant neutron beam. Since the 27Al(n,α)24Na reaction used to determine 

the neutron flux and dose to target is energy dependent, the accuracy of this measurement 

decreases significantly when the variation in neutron energy is large. Precise 

determination of the delivered dose is also complicated by the fact that the tissue kerma 

factors are also energy dependent, although to a lesser extent than the 27Al(n,α)24Na 

reaction in the same energy regime. Minimizing the energy spread of neutrons produced 
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by the gas cell requires running at lower pressures which also reduces the neutron flux. 

However, lower gas cell pressures and greater target distances may be necessary in order 

to perform high precision irradiations and dose measurements using current techniques. 

10.2 Possibilities for the Future 

As previously noted, the current activation foil based approach to dose 

measurement has several significant drawbacks. The activation foils and mouse targets 

are exposed to a range of high energy neutrons as a consequence of the finite length of 

the gas cell and the targets being off-axis. The foils and mice are also exposed to low 

energy neutrons from room scatter and background which impart dose to the mice, but to 

which the aluminum activation foils are insensitive. Of course, even under the best of 

conditions, each monitor foil accurately relays the neutron fluence at only a single 

position (i.e. the head or tail of the mouse). 

 In the last several years, research into tissue equivalent gels (ex. MAGIC) and 

polyurethane based dosimeters (ex. PRESAGE®, Heuris Pharma LLC, Skillman, NJ) has 

grown exponentially. As opposed to activation foils (1-D) or radiochromic film (ex. 2-D 

Gafchromic® film) (2-D), the newest radiochromic gel and polyurethane dosimeters can 

be molded/cut into any desired shape and provide a 3-D view of the dose distribution 

throughout the material. The dose-response of these dosimeters to gamma radiation is 

well known and there have also been limited tests with high LET radiation1. Most 

research testing the response of these dosimeters to neutron radiation has focused on the 

thermal and epithermal energy regimes which are of the greatest interest in regard to 

                                                 
1 Baldock et. al. 
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medical applications (ex. BNCT – Boron Neutron Capture Therapy)2. A great 

opportunity exists to use the facilities at TUNL to measure the response of these 3-D 

dosimeters to fields of fast neutrons. If the dose-response of the material(s) is sufficiently 

sensitive and can be calibrated against current techniques (i.e. foil activation), this 

research could prove invaluable for future small animal irradiation experiments at TUNL. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                                                 
2 Uusi-Simola et. al. 
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11. Ionization Chamber Measurement 

11.1 Introduction 

Neutron production via the 2H(d,n)3He reaction leads to the creation of secondary 

gamma radiation through several distinct processes. Elastic neutron scattering off beam-

line and gas cell components, shielding materials within the target room, and the 

surrounding concrete walls leads to the production of excited nuclear states which then 

decay back to the ground state via emission of one or several gamma-rays. As these 

gamma-rays are prompt (~ few picoseconds), they are directly correlated with the neutron 

beam energy and flux. Gamma-rays are also produced through activation of the 

aforementioned materials, especially of the Havar® entrance foil and tantalum beam stop 

within the gas cell. These gamma-rays are produced through the decay of multiple 

isotopes (including 54Mn, 56Co, 57Co, 58Co, 85mKr, 109Cd, etc.) each having different half-

lives, creating a gamma background that builds up over time during the course of target 

irradiation. In order to perform high accuracy dosimetry of small animal targets at TUNL, 

detailed knowledge of the total gamma-ray contribution to target dose from both sources 

is required. 

11.2 Ionization Chamber Descriptions and Theory 

Two Far West Technology ionization chambers (Far West Technology, Inc., 

Goleta, CA) having different sensitivities to neutron and gamma radiation were used to 

determine the approximate percent contribution of the gamma component of the neutron 

beam to the total tissue dose at several incident neutron energies. The first ionization 

chamber (Model # IC-17) was made of tissue equivalent (TE) plastic and filled with 

methane-based tissue equivalent gas (64.4% CH4, 32.5% CO2, 3.1% N). The density and 
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percent by mass elemental composition of TE plastic and TE gas are listed in Table 

11.2.1. The TE-TE chamber held 1 cm3 of gas and had an inside diameter of 0.5 in and 

wall thickness of 0.2 in (569 mg/cm3). The other chamber (Model #IC-17G) was made of 

graphite (C) and filled with carbon dioxide (CO2) gas. The C-CO2 chamber held 2 cm3 of 

gas and had an inside diameter of 0.622 in and wall thickness of 0.119 in (543 mg/cm3). 

Table 11.2.1. Percent By Mass Elemental Composition of TE Plastic, TE Gas, and ICRU 46 Muscle. 

Element TE Plastic1  
(ρ = 1.127 g/cm3) 

TE Gas1 
(ρ = 1.064 x 10-3 g/cm3) 

ICRU 46 Muscle2 

H 10.1327 10.1869 10.2 
C 77.5501 45.6179 14.3 
N 3.5057 3.5172 3.4 
O 5.2316 40.6780 71.1 
F 1.7422 - - 
Ca 1.8378 - - 

  
TE-TE chambers have approximately equal sensitivities to neutron and gamma 

radiation, while C-CO2 chambers have relatively low neutron sensitivity. It is readily 

apparent from Table 11.2.1 that both TE plastic and gas contain roughly equal hydrogen 

and nitrogen content to that contained in ICRU 46 Muscle, but radically different 

amounts of carbon and oxygen. However, this discrepancy does not strongly affect the 

tissue equivalency of the materials. Even though a large variety of neutron reactions 

(including elastic and inelastic scattering, (n,p), and (n,α)) occur in the constitute 

elements that make up biological tissues, only a few contribute significantly to the total 

kerma. The primary reactions of consequence depend on the incident neutron energy and 

the size of the tissue sample.  

                                                 
1 National Institute of Standard and Technology (NIST) 
2 ICRU Report 46 (pg. 12) 
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At thermal energies, 1H(n,γ) and 14N(n,p) are the primary contributors to kerma.3 

When hydrogen captures an s-wave neutron to produce deuterium, a capture gamma-ray 

is emitted at 2.225 MeV (i.e. the neutron separation energy for 2H). Naturally, these 

gamma-rays do not contribute to kerma until transferring energy to charged particles. For 

small tissue samples (dimensions << mean free path), most of these gamma-rays escape 

resulting in nearly all kerma being due to 14N(n,p). For reference, the mean free path for 

2.225 MeV gamma-rays in ICRU 46 Muscle is approximately 20.4 cm.   

For fast neutrons, the total kerma in tissue is due almost exclusively to recoil 

protons from neutron elastic scattering off of hydrogen. Assuming this scattering is 

roughly isotropic, the average energy transferred to a given nuclei through neutron elastic 

scattering is approximated by: 
2)(

2

na

na
tr MM

MM
EE

+
= , where E is the neutron energy, Ma is 

the mass of the target nuclei, and Mn is the neutron mass. When the target nucleus is 

hydrogen, the average energy transferred is ½ the energy of the incident neutron. 

Hydrogenous materials are therefore excellent moderators of neutron radiation. By 

contrast, the average energy per collision transferred by elastic scattering is 0.142E for 

carbon, 0.124E for nitrogen, and 0.083E for oxygen3.  

As fast neutrons were utilized in the present experiment, the total kerma produced 

in the TE-TE ionization chamber was primarily due to the aforementioned 1H(n,elastic) 

process. The kerma in the C-CO2 chamber, by contrast, is produced mainly by carbon and 

oxygen heavy ions from neutron elastic scattering. Cross section plots for the significant 

kerma producing reactions for both chambers for fast neutrons are in Appendix E. 

                                                 
3 Attix (Chapter 16) 
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11.3 Experiment Setup and Description 

The first ionization chamber measurements in February of 2009 were conducted 

in the TUNL Time-of-Flight room using the same 6 cm gas cell as in the RadCCORE 

experiments. The TE-TE and C-CO2 ionization chambers were placed back-to-back along 

the 0° beam axis. The C-CO2 chamber was placed 10.2 cm from the center of the gas cell, 

while the TE-TE chamber was placed at a distance of 13 cm. Aluminum activation foils 

were placed in front of each ionization chamber to serve as monitors of the incident 

neutron flux. The front activation foil (in front of the C-CO2 chamber) was 7.8 cm from 

the center of the gas cell, while the back foil (in front of the TE-TE chamber) was at a 

distance of 11.6 cm. To monitor the neutron flux live over the course of the experiment, a 

plastic scintillator paddle was placed at 0° behind the target setup 71.6 cm from the center 

of the gas cell. A liquid scintillation detector was also placed 11.5° off-axis at 514 cm 

(measured from the center of the gas cell to the detector face). A diagram of the setup can 

be seen in Figure 11.3.1.  

 

Figure 11.3.1. Ionization chamber setup. 

 
For proper operation, the ionization chambers required a gas flow rate of 

approximately 5 cm3/min. Precise monitors for such low flow rates were not available so 
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the gas flowing into each chamber was first bubbled though a solution of mineral oil. 

This technique allowed the flow rate to be accurately estimated by measuring the rate and 

size of the bubbles produced. Mineral oil was used in place of water in order to prevent 

moisture being added to the gas mixture. The gas pressure regulators on the TE and CO2 

gas bottles were found to be too course to achieve low flow rates so secondary needle 

values were added to achieve the necessary flow control. The final gas flow rates 

achieved were ~ 6.4 cm3/min for the TE-TE chamber and 5.7 cm3/min for the C-CO2 

chamber. Each ionization chamber was connected to an electrometer set to integrate 

mode, which measured the total charge (in coulombs) induced in the electrometer by 

incident radiation. The electrometer data was read and logged by a LabView® (National 

Instruments Corporation, Austin, TX) program specifically written for the measurements 

in this experiment.  

Two series of irradiations were carried out at initial neutron energies of 8 and 10 

MeV, respectively. Each irradiation series began with the gas cell at standard operating 

pressure (~ 7.8 atm). The target setup was then irradiated for several hours to allow 

sufficient activity to be induced in the monitor foils. The monitor foils were then 

removed. Several successive ionization chamber measurements were taken at 

approximately ¾, ½, and ¼ the initial gas cell pressure. The prompt gamma-ray flux was 

assumed to be proportional to the deuteron beam current. Therefore, lowering the gas cell 

pressure while keeping the beam current constant would lower the neutron yield and 

result in a greater percentage of the charge induced in the ionization chambers being due 

to gamma radiation. However, decreasing the deuterium pressure in the gas cell 

necessarily reduced the mass thickness of the gas which resulted in an increase in the 
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mean neutron energy as well as a decrease in the neutron energy spread. Details of the 

gas cell pressure, neutron energy and energy spread, irradiation time, and average beam 

current for both sets of irradiations are given in Tables 11.3.1 and 11.3.2. 

Several background runs were also conducted with the ionization chambers before 

and after the in-beam measurements. Before irradiation, a measurement was made of the 

leakage current of both chambers in the absence of a radiation field.  The current induced 

in the TE-TE chamber in the absence of a radiation field was found to be 9.847 x 10-15 A, 

while that for the C-CO2 chamber was found to be 1.109 x 10-14 A. The measured values 

were marginally higher than the manufacturer specifications of less than 2 x 10-15 A. The 

charge induced in the ionization chamber by non-prompt gamma activity at the target 

position (caused by activation of the gas cell components) was also measured before and 

after the in-beam measurements. However, since the current induced from the non-

prompt gamma-rays was on the order of the ionization chamber leakage currents (i.e. 

near zero signal-to-noise ratio), this data was not analyzed. 

Table 11.3.1. Ionization Chamber 8 MeV Irradiation Run Data. 

Neutron Energy (MeV) Pressure (psi) Irrad. Time (min) Ave. I (µA) 
8.02 + 0.590 / - 0.670 111.7 142.8 2.12 
8.17 + 0.440 / - 0.480 84.0 37.1 2.19 
8.32 + 0.290 / - 0.300 55.6 24.5 2.10 
8.32 + 0.290 / - 0.300 55.6 26.9 2.12 
8.47 +/- 0.140 27.4 21.3 2.12 

  

Table 11.3.2. Ionization Chamber 10 MeV Irradiation Run Data. 

Neutron Energy (MeV) Pressure (psi) Irrad. Time (min) Ave. I (µA) 
10.01 + 0.455 / - 0.485 113.3 108 2.46 
10.12 + 0.340 / - 0.350 85.0 16.7 1.89 
10.24 +/- 0.225 56.6 19 2.21 
10.35 +/- 0.110 28.3 32.9 2.14 
10.35 +/- 0.110 28.3 43.3 2.18 
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11.4 Analysis 
 
 The data obtained in the ionization chamber measurements was analyzed 

according to the procedure outlined in AAPM Report No. 7 and Attix’s “Introduction to 

Radiological Physics”3,4. Calibration constants were provided by the ionization chamber 

manufacturer for the TE-TE and C-CO2 chambers for the gamma radiation produced by a 

137Cs source (3.21 x 109 R/C for the TE-TE chamber and 1.01 x 109 R/C for the C-CO2 

chamber). These constants give the ratio of the exposure in free space produced at a 

given point from the calibration source to the charge produced in the ionization chamber 

with its center at the same position. The exposure rate at the calibration point was 65 

R/hr. The charge collected in the ionization chamber from exposure to gamma radiation 

can be converted to tissue dose by the following factor: 
cwctc AfN

A
,,

1

××
= , where A is 

the charge to dose constant for the calibration gamma radiation (i.e. the response per unit 

absorbed dose in tissue for gamma-rays – C/Gy), Nc is the gamma-ray calibration 

constant provided by the manufacturer for the ionization chamber (R/C), ft,c is the 

exposure to tissue dose conversion factor (Gy/R), and Aw,c is a correction factor for 

attenuation and scatter in the ionization chamber walls compared to air. The factor ft,c is 

given by 
cairen

cten
ct C

J

R

kgC
f

,

,4
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97.33

/
1058.2

ρµ
ρµ

×××= −  ,  

where 33.97 J/C is the average energy to create an ion pair in dry air by secondary 

electrons created by the calibration photons (i.e. the electron W-value for air) and 

cairen

cten

,

,

)/(

)/(

ρµ
ρµ

is the ratio of the mass energy absorption coefficients for tissue compared to 

                                                 
4 AAPM Report No. 7 
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air at the calibration photon energy. As a precise value for Aw,c for the chambers used was 

not available, it was estimated according to the following formula: 
airtcair

wtcw

m

m

cw
e

e
A

,,

,,

)/(

)/(

, ×−

×−

= ρµ

ρµ

, 

where (µ/ρ)w,c and (µ/ρ)air,c are the mass attenuation coefficients (in cm2/g) for the 

calibration gamma-rays in the ionization chamber wall material and air, respectively, mt,w 

is the mass thickness of the ionization chamber walls (0.569 g/cm2 for the TE-TE 

chamber and 0.543 g/cm2 for the C-CO2 chamber), and mt,air is the mass thickness of a 

wall of air equal in absolute thickness (cm) to the corresponding ionization chamber wall. 

The value of A as calculated above is technically only applicable to gamma radiation of 

the calibration energy (i.e. 662 keV gamma-rays produced from decay of 137Cs). 

However, the response of the TE-TE and C-CO2 ionization chambers to gamma radiation 

is constant over a wide energy range, hence the sensitivity relative to the calibration 

energy can be considered to be unity. Thus, the dose to the ionization chamber due to 

gamma radiation alone is given by: cwctcT
T

ct AfNQ
A

Q
D ,,, ×××== , where Dt,c is the 

dose imparted to tissue by the gamma-ray field, QT is the measured charge collected in 

the ionization chamber, and the other quantities are as previously defined. The quantity 

A

QT is the same as what is called R' in AAPM Report No. 7, although it is not explicitly 

defined in that publication.  

 In the mixed field scenario, the charge induced in the ionization chamber is not 

only due to secondary electrons created by incident gamma-rays, but also by a variety of 

other charged particles (i.e. p, α, heavy ion recoils) created by neutron interactions in the 

ionization chamber wall and gas. Generally, the W-value (average energy to create an ion 
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pair in the chamber gas by secondary charged particles) depends on both the charged 

particle type and energy. Likewise, the type, energy, and number of charged particles 

created by the neutron interactions depend on the incident neutron energy and nuclear 

cross sections for the reactions that create the charged particles in the chamber wall and 

gas. Thus, the ionization chamber will have a different dose response to neutrons than 

gamma-rays. The total charge collected in the ionization chamber from a mixed field 

measurement can be written as: nn DBDAQ ×+×= γγ, , where Qn,γ is the total charge 

collected in the ionization chamber in the mixed field, A is the chamber dose response to 

gamma-rays, B is the chamber dose response to neutrons, and Dγ and Dn are the gamma-

ray and neutron dose components, respectively. The constant, B, is generally not 

determined directly, but rather the ratio of B/A. With respect to the terminology of AAPM 

Report No. 7, B/A is equal to k.  

The ratio B/A can be calculated explicitly for a tissue equivalent chamber (for 

which kT = (B/A)T ~ 1 – see Section 11.2). The dose response of the tissue equivalent 

chamber to neutrons relative to the gamma-rays used for calibration is given by: 

n

c

n

c

n

c

T K

K

S

S

W

W
k ××= ,  

where  

cW is the average energy to create an ion pair in the chamber gas by calibration photons 
(29.2 J/C for TE gas),  

 

nW is the average energy to create an ion pair in the chamber gas by secondary charged 
particles created by the neutron beam,  

 
Sc is the ratio of mass collision stopping powers of the chamber wall to the filling gas 

averaged over the charged particle spectrum created by calibration gamma-rays,  
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Sn is the same ratio averaged over the charged particle spectrum created by incident 
neutrons, 

 

 
wen

ten
cK

)/(

)/(

ρµ
ρµ

=  is the ratio of the mass-energy absorption coefficients of tissue relative 

to A-150 plastic for the calibration photons, and  
 
Kn is the neutron kerma factor ratio for muscle tissue relative to A-150 plastic.  

Detailed calculations have been performed to determine the value of nW  for methane-

based tissue equivalent gas over a wide range of neutron energies5. The values Sc and Sn 

have been experimentally measured and determined to be approximately equal to 1 and 

1.01, respectively for TE-TE chambers4. Likewise, the values of Kc and Kn can be readily 

determined using the abundant tabulated data available from NIST1, ICRU 462, and 

Attix3. 

The relative neutron sensitivity of a neutron insensitive ionization chamber (such 

as the C-CO2 chamber), ku, can generally not be calculated from theory but must be 

measured experimentally. Experimentally determined values of both kT and ku from 

Waterman et. al. were used6. Their measurements were made using the same model 

ionization chambers (IC-17 and IC-17G) as used in the present work. The kT and ku 

values used for the present measurements are given in Table 11.4.1. Exact values were 

available from the literature at 8 and 10 MeV. Values at other energies were determined 

through linear interpolation of the available tabulated data. The sensitivity of both 

chambers is approximately linear between 8 and 10.5 MeV. Therefore, this approach 

should introduce minimal additional error to the measurement results. 

                                                 
5 Taylor et. al. 
6 Waterman et. al. 
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Table 11.4.1. TE-TE and C-CO2 Relative Sensitivities by Neutron Energy. 

Energy (MeV) kT (TE-TE Chamber) kU (C-CO2 Chamber) 
8.02 0.956 0.090 
8.17 0.956 0.093 
8.32 0.955 0.096 
8.47 0.955 0.098 
10.01 0.951 0.135 
10.12 0.950 0.139 
10.24 0.950 0.143 
10.35 0.949 0.147 

 

Putting all the known information together, nT
TE

TET DkD
A

Q
×+= γ

,  , where QT,TE is 

the total charge measured for the TE-TE chamber in the mixed radiation field, and 

nU
CO

COT DkD
A

Q
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2, , where 
2,COTQ is the total charge measured for the C-CO2 chamber 

for an identical irradiation in the mixed field at the same position as the TE-TE chamber. 
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=  and solving for the separate neutron and gamma 

dose components, Dn and Dγ, gives:  
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The total dose to tissue from the mixed field at the ionization chamber position is given 

by: DT,nγ = Dn + Dγ. The fraction of total dose due to gamma radiation alone (i.e. the 

gamma dose fraction), fγ, is thus given by
γ

γ
γ DD

D
f

n +
= . 
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Given the difficulty in achieving an identical mixed field irradiation of each 

ionization chamber individually at a single target position, the decision was made to 

irradiate both ionization chambers simultaneously. As detailed in Section 11.3, the TE-

TE and C-CO2 chambers were placed back to back along the 0° beam axis. Thus, for the 

percent gamma contribution to dose to be determined, corrections had to be made for the 

different ionization chamber distances from the gas cell and the attenuating effect of the 

front C-CO2 ionization chamber. The C-CO2 ionization chamber data was adjusted down 

(i.e. multiplied by a distance correction factor) to account for the greater distance from 

the gas cell of the TE-TE chamber, while the TE-TE chamber data was adjusted up (i.e. 

divided by an attenuation correction factor) to compensate for the reduced flux caused by 

the attenuation of the C-CO2 chamber. A direct comparison of the readings between the 

two chambers was then possible. 

The distance correction was made by approximating the gas cell as a cylindrical 

source with a uniform activity distribution. The general formula for the flux fall-off from 

a space source is given by: 
∫

∫
=

V
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r

ρ is the density function for 

the radiative material within the source, and r
r

and 'r
r

are vectors defining points of 

measurement outside the source and radiative points inside the source, respectively7. For, 

a uniform source, )(r
r

ρ = ρ (i.e. ρ is a constant). In this case, the preceding equation 

reduces to ∫=
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, where Vs is the volume of the source. For the case of a 

                                                 
7 Baltas (Chapter 8). 
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uniformly irradiating cylinder, the flux fall-off at a point along the longitudinal (z) axis is 

given by: ∫ ∫ ∫− −+××
=

2/

2/

2

0 0 222 )'('

dz''d'd'1
)(

L

L

R

zzLR
rG

π

ρ
φρρ

π
r

,  

where R is the radius of the cylinder (i.e. the gas cell radius – 0.4 cm), L is the length of 

the cylinder (i.e. the length of the gas cell – 6 cm), and z is the distance from the center of 

the cylinder along the longitudinal axis (i.e. distance from the gas cell). For the ionization 

chamber distances listed in Figure 11.3.1, the distance correction factor for the C-CO2 

chamber was found to be 0.594 (i.e. the neutron flux at the TE-TE chamber position was 

0.594 times the flux at the C-CO2 chamber position). This value was found to be close to 

that predicted assuming the standard point source model (i.e. 1/r2 flux fall-off).  

The correction for the attenuation of the neutron beam by the C-CO2 chamber was 

estimated by calculating the attenuation of a uniform rectangular slab with length and 

width equal to the diameter of the ionization chamber and volume equal to the volume of 

the ionization chamber’s graphite shell (i.e. equal amount of material). Given the 

dimensions of the C-CO2 ion chamber provided in Section 11.2, the corresponding 

rectangular slab of equal volume was found to have a thickness of 0.711 cm, which 

corresponded to an atomic thickness of 6.417 x 1022 atoms/cm2. The attenuation 

correction was then estimated to be taEe *)(σ− , where σ(E) is equal to the 12C(n,total) cross 

section (in cm2) at the relevant neutron energies given in Tables 11.3.1 and 11.3.2, and at 

is the atomic thickness (atoms/cm2) of the graphite shell. The attenuating effect of the 

chamber gas can be considered negligible. The 12C(n,total) cross sections and 

corresponding attenuation corrections at each neutron energy at given in Table 11.4.2. 



 

 73

Error estimates for the individual quantities that go into the gamma dose fraction 

calculation can be found in Appendix F. 

Table 11.4.2. 12C(n,total) Cross Sections and Attenuation Corrections by Neutron Energy. 

Neutron Energy (MeV) 12C(n,tot) σ (x 10-24 cm2)8 Atten. Correction 
8.02 1.852 0.888 
8.17 1.652 0.899 
8.32 1.234 0.924 
8.47 1.105 0.932 
10.01 1.168 0.928 
10.12 1.127 0.930 
10.24 1.113 0.931 
10.35 1.130 0.930 

 
 The total tissue dose to target can also be calculated with a single TE-TE 

chamber. In general, the total dose to tissue measured by the ionization chamber is given 

by: γγγ
γ

γ KSW
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where Mg is the mass of the chamber gas (in kg), Qn is the portion of the ionization 

chamber charge due to neutron radiation, Qγ is the portion of the charge due to gamma 

radiation, nW , Sn, and Kn are defined as previously, and γW , Sγ, and Kγ are defined 

similarly to cW , Sc, and Kc, only for the actual incident gamma-rays opposed to the 

calibration gammas. Substituting in γQQQ Tn −= , then 
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8 NNDC. 
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Defining a new quantity 
γγγ KSW

KSW
h ccc

T ××
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= , where hT is the sensitivity of the TE-TE 

chamber to the incident gamma-rays relative to the calibration gamma-rays, then 
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The quantity hT is generally equal to 1 (the sensitivity of the ionization chamber to 

gamma-rays is constant over a wide energy range as previously noted) and when the 

charge ratio 
TQ

Qγ is small (< ~ 0.2, i.e. 20% of dose due to gamma-rays), the total quantity 

in parenthesis is ~ 1. Also, in terms of previously defined quantities, 

cccg KSWAM ×××= . Making this final substitution, the relatively lengthy equation 

above reduces simply to 
T

T
Tt kA

Q
D

×
=, . This equation is identical to the prior listed 

equation nT
TE

TET DkD
A

Q
×+= γ

,  with Dγ set equal to zero. 

When the equivalent dose, tt DQH ×= , for a biological target in a mixed source 

beam is required, a dual chamber measurement is necessary if the gamma dose 

component is suspected to be non-negligible. Otherwise, the effective dose will be 

overestimated. When the percent of the total dose due to gamma-rays is known, a 

correction factor can be made to the dose measured using the single TE-TE chamber to 

avoid overestimation. Since the dose fraction is approximately equal to the charge ratio 

T

x

Q

Q
(where x = γ or n)4, then using a single TE-TE chamber: )1( DF
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DF
A

Q
D T ×=γ , where DF is the experimentally measured gamma-ray dose fraction 

determined with the two chamber technique. 

11.5 Results 
 

The results of the third RadCCORE experiment are given in Tables 11.5.1-11.5.5. 

In Tables 11.5.1 and 11.5.2, the columns labeled “TE-TE Charge” and “C-CO2 Charge” 

give the total background subtracted charge collected in the ionization chambers during 

the given irradiation. The “R' (TE-TE)” and “R'(C-CO2)” columns give the R' values for 

the TE-TE and C-CO2 ionization chambers calculated according to the relevant equation 

given on page 70 (i.e. Q/A). The “R' Corr.” column in Table 11.5.1 gives the values of R' 

corrected for neutron attenuation by the C-CO2 ionization chamber according to the 

procedure outlined on page 72. The “R' Corr.” column in Table 11.5.2 gives the values of 

R' corrected for the C-CO2 ionization chamber corrected for distance according to the 

procedure outlined on pages 71 and 72. The gamma dose fraction (i.e. %γ) given in 

Table 11.5.3 was determined according to the procedure outlined on page 70. In Table 

11.5.4, the neutron flux was determined in the same manner as in the RadCCORE series 

of experiments. The reported dose values were determined using the relevant neutron 

kerma factors for muscle tissue at 8 MeV (5.27 x 10-9 cGy cm2/n) and 10 MeV (5.72 x 

10-9 cGy cm2/n), respectively. For Table 11.5.5, in order to compare the dose measured 

by the back activation foil (in front of the TE-TE chamber) with the dose measured by the 

TE-TE chamber, distance and surface area corrections were made to the foil results for 

Foil 2 from Table 11.5.4. The distance correction was calculated according to the 

procedure outlined on pages 71 and 72 in order to determine the dose the foil would have 
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received if it was positioned at the ion chamber center. This distance correction was equal 

to 0.785. A surface area correction was also necessary since the activation foil diameter 

was slightly larger than the foil diameter. The surface area correction was calculated as 

the square of the ratio of the ion chamber diameter to the foil diameter and was found to 

be 0.836. The total correction factor to the foil data was therefore 0.656. The foil values 

were compared to the dose measured from the TE-TE ionization chamber, which was 

taken to be the uncorrected R' value at the relevant neutron energy (i.e. 8 or 10 MeV) (see 

Table 11.5.1) multiplied by 1 minus the gamma dose fraction at that energy. 

Table 11.5.1. Collected charge, R', and R' w/ neutron attenuation correction for the TE-TE chamber 
as a function of neutron energy and gas cell pressure. 

En (MeV) P (psi) TE-TE Charge (C) R'(TE-TE) (mGy) R' Corr. (mGy) 
8.02 111.7 1.002 x 10-7 2959 3333 
8.17 84.0 2.108 x 10-8 623 692 
8.32 55.6 9.237 x 10-9 273 295 
8.32 55.6 1.026 x 10-8 303 328 
8.47 27.4 4.450 x 10-9 131 141 
10.01 113.3 1.379 x 10-7 4073 4390 
10.12 85.0 1.337 x 10-8 395 424 
10.24 56.6 1.204 x 10-8 356 382 
10.35 28.3 1.145 x 10-8 338 364 
10.35 28.3 8.072 x 10-9 238 256 

 

Table 11.5.2. Collected charge, R', and R' w/ distance correction for the C-CO2 Chamber as a 
function of neutron energy and gas cell pressure. 

En (MeV) P (psi) C-CO2 Charge (C) R'(C-CO2) (mGy) R' Corr. (mGy) 
8.02 111.7 7.003 x 10-8 655 389 
8.17 84.0 1.454 x 10-8 136 81 
8.32 55.6 6.515 x 10-9 61 36 
8.32 55.6 7.226 x 10-9 68 40 
8.47 27.4 3.461 x 10-9 32 19 
10.01 113.3 1.245 x 10-7 1164 692 
10.12 85.0 1.218 x 10-8 114 68 
10.24 56.6 1.109 x 10-8 104 62 
10.35 28.3 1.097 x 10-8 103 61 
10.35 28.3 7.568 x 10-9 71 42 
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Table 11.5.3. Gamma dose fraction as a function of neutron energy and gas cell pressure for 
experimentally determined values of kT and ku and for kT = 1. 

En (MeV) P (psi) % γ Upper Bound % γ (kT=1) Upper Bound 
8.02 111.7 2.4% ± 1.6 4.0% 2.9% ± 1.3 4.2% 
8.17 84.0 2.0% ± 1.7 3.7% 2.6% ± 1.3 3.9% 
8.32 55.6 2.4% ± 1.7 4.1% 3.0% ± 1.4 4.4% 
8.32 55.6 2.4% ± 1.7 4.1% 2.9% ± 1.4 4.3% 
8.47 27.4 3.5% ± 1.8 5.3% 4.2% ± 1.4 5.6% 
10.01 113.3 1.7% ± 2.5 4.2% 2.6% ± 2.0 4.6% 
10.12 85.0 1.5% ± 2.6 4.1% 2.4% ± 2.1 4.4% 
10.24 56.6 1.2% ± 2.7 3.9% 2.1% ± 2.1 4.3% 
10.35 28.3 1.5% ± 2.8 4.3% 2.5% ± 2.2 4.6% 
10.35 28.3 1.1% ± 2.8*  3.9% 2.0% ± 2.2*  4.2% 

*Neutron beam on with 5 cm lead placed in front of the gas cell. 
 

Table 11.5.4. Neutron fluences and corresponding derived doses (using neutron kerma factors for 
muscle tissue) at Foil 1 (in front of C-CO2) and Foil 2 (in front of TE-TE) positions. 

En (MeV) Foil 1 (n/cm2/s) Dose (cGy) Foil 2 (n/cm2/s) Dose (cGy) 
8.02 1.918 x 1011 ± 3.3% 1011 ± 33 8.880 x 1010 ± 3.3% 468 ± 16 
10.01 1.554 x 1011 ± 3.3% 889 ± 29 7.372 x 1010 ± 3.4% 422 ± 14 

 

Table 11.5.5. Foil 2 (in front of TE-TE) neutron dose corrected for distance and surface area vs. dose 
determined from the TE-TE Chamber. 

En (MeV) Foil 2 Dose Corrected (cGy)*  TE-TE Chamber Dose (cGy) 
8.02 307 ± 24 302 ± 12 
10.01 276 ± 22 421 ± 16 

 
* Includes additional uncertainty from correction factors. See Appendix F. 
 
11.6 Discussion and Summary 
  

Using a dual ionization chamber technique, the gamma dose fraction for the 

monoenergetic neutron source at TUNL was successfully measured at several incident 

neutron energies. The currents induced in the TE-TE and C-CO2 ionization chambers 

from charged particles produced by beam correlated neutron and gamma-ray interactions 

were several orders of magnitude higher than their respective leakage currents, even at 

low deuterium pressures. Using experimentally measured values of kT and ku for the TE-
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TE and C-CO2 chamber, respectively, the gamma dose fraction was found to be 

approximately 2.4% at 8 MeV and 1.7% at 10 MeV with ~ 7.8 atm of deuterium in the 

gas cell. The gamma dose fraction becomes 2.9% at 8 MeV and 2.6% at 10 MeV if the 

common assumption is made that, on average, kT ~ 1 over the neutron energy spectrum 

from several hundred keV to 20 MeV. An increase in the gamma dose fraction was 

observed at 8 MeV as the gas cell pressure was lowered (as was expected), but the 

increase was relatively minor. At 10 MeV neutron energy, no significant increase in the 

gamma dose fraction with decreasing gas cell pressure was observed down to a deuterium 

pressure of ~ 2 atm.  

Minor changes in the gamma dose fraction were difficult to observe due to the 

high degree of uncertainty in the small gamma dose component. Also, at higher neutron 

energies, the relative neutron sensitivity of the C-CO2 chamber increases significantly, 

while the neutron sensitivity of the TE-TE chamber remains relatively constant. Thus, at 

higher energies, there is decreased discrimination between the gamma and neutron dose 

components (i.e. chamber readings become more similar in the mixed field) which 

increases the uncertainty in the gamma dose fraction.  

Based on the previous measurements and uncertainties, the upper bound of the 

gamma dose fraction was determined to be 4.2% at 8 MeV and 4.6% at 10 MeV for the 

standard 7.8 atm gas cell pressure. The upper bound of the gamma dose fraction 

increased to 5.6% for 8 MeV neutrons when the gas cell pressure was 2 atm. These 

measured values of the gamma dose fraction are in agreement with the expected value of 

< 10%. Given the large difference in quality factors between gamma-rays (= 1) and fast 
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neutrons (~ 10), the gamma component of the beam therefore contributes negligibly to 

the equivalent dose imparted to biological tissue. 

Since aluminum activation foils were used as flux monitors for the first runs (full 

gas cell pressure) at 8 and 10 MeV incident neutron energies, a comparison was made 

between the neutron dose calculated based on the foil measurements and the dose 

determined from the TE-TE ionization chamber. The foil measurements were analyzed in 

the same manner and using the same detector setup as in the RadCCORE experiments. 

The measured neutron fluences were converted to dose to muscle tissue using the 

relevant neutron kerma factors. Since the activation foil in front of the TE-TE chamber 

was slightly closer to the gas cell and of marginally greater diameter than the TE-TE 

chamber, corrections were made for these effects. In the final comparison, the neutron 

dose determined from the activation foil technique was in excellent agreement with the 

value determined from the TE-TE ionization chamber measurement at 8 MeV. However, 

at 10 MeV, the TE-TE ionization chamber measured a significantly higher dose than that 

determined based on the activation foil measurement. The large discrepancy cannot be 

explained at present. One possibility for the increased dose measured by the TE-TE 

chamber at 10 MeV is the influence of lower energy neutrons from deuteron breakup (i.e. 

2H(d,np)2H). However, the magnitude of the observed discrepancy is significantly larger 

than the expected contribution of these breakup neutrons to target dose based on prior 

measurements at TUNL.9 An additional measurement should be performed at a future 

date to verify the 10 MeV results. 

 

                                                 
9 Swartz. 
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11.7 Future Improvements for Ionization Chamber Measurements at TUNL 

Several changes could be made to the experimental setup to improve the accuracy 

of future gamma dose fraction measurements. Ideally, the two ionization chambers 

should be given identical irradiations in the same target position. As this condition is 

difficult to achieve with an accelerator produced neutron source, an alternative solution is 

to position the ion chambers side by side at a fixed distance from the gas cell. This setup 

configuration would eliminate the need for distance and attenuation corrections for the 

dual chamber measurements. However, in such a setup, the ionization chambers would 

no longer be at 0° and the neutron flux and energy have an angular dependence, as has 

been previously established. Greater target distances will minimize the angle an off-axis 

target makes with the gas cell (and hence the drop-off in the 2H(d,n)3He differential cross 

section and neutron energy) at the expense of neutron flux. To minimize the differential 

cross section dependent flux drop-off (no more than 10% decrease vs. 0° value), the angle 

the target makes with the gas cell must be less than 6° (for 6.823 MeV incident deuterons 

producing 10 MeV neutrons at the center of the gas cell). At this angle, the corresponding 

drop-off in neutron energy is only 50 keV (0.5%). Given the diameter of both ionization 

chambers are ~ 1 in, the chambers must be positioned at a minimum 0° distance of 12 cm 

from the gas cell to achieve an angle of 6° or less between the center of the gas cell and 

the ionization chambers. During the February experiment, the TE-TE chamber was 

positioned 13 cm from the gas cell so it is known the neutron flux is sufficient at this 

distance to produce adequate current in the chamber using the standard 6 cm gas cell.  
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12. Concluding Remarks 

 The 2009 RadCCORE experiments and 2011 ionization chamber measurements at 

TUNL achieved all stated objectives. The methodology was developed to perform high 

accuracy neutron dosimetry of small animal targets using both a foil activation technique 

and live-time flux monitoring using liquid and plastic scintillation detectors. A dual 

ionization chamber technique was also successfully utilized to measure the gamma dose 

fraction at several distinct neutron energies for neutron beams produced via the 

2H(d,n)3He reaction at TUNL. With the experience gained and results achieved from the 

recent gamma dose fraction measurements, real time dose monitoring of future small 

animal irradiation experiments using a single TE-TE chamber is now possible, providing 

a potentially more accurate tool for future neutron dosimetry work at TUNL. 
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Appendix A - Foil Measurement Sources of Error 

The following is a list of all uncertainties in the neutron flux measurements for measured 

or calculated quantities whose uncertainty is 0.01% or greater. 

Table A.1. Foil Measurement Sources of Error. 

Quantity Uncertainty 
Activation Product Half-Life 0.01% 
Photopeak Area 0.5 – 2% 
Detector Efficiency 3.2 / 4.7% 
Irradiation Time Factor 0.6 – 1.4% 
Decay Time Factor < 0.1% 
Measurement Time Factor 0.01% 
Reaction Cross Section (Abs)* ~ 2 – 3% (Est.) 
Cross Section Energy Variance** 2 – 4% 
# Nuclei in Foil 0.1% 
Measured Flux (Abs. Measurement) 3.3 – 5.2% 
Measured Flux (Rel. Measurement) ~ 1% 
Muscle Tissue Kerma Factors  ~ 5% 
 
*Note: The error in the reaction cross sections were not taken into account in the final 

error measurements since this error was estimated. 

**Note: Only applicable to mouse measurements. The uncertainty in the calculated 

neutron flux incident on each foil, resulting from variance in the incident neutron energy 

(and thus the Al(n,α) cross section) at different foil positions due to rotation, was taken to 

be half of the total percent change in the cross section over the relevant energy range. 
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Appendix B – Detector Efficiency Curves 

 

Figure B.1. Detector 1 Efficiency Curve – January 2009. 

 

Figure B.2. Detector 3 Efficiency Curve – January / May 2009. 
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Figure B.3. Detector 1 Efficiency Curve – April 2009. 

 

 

Figure B.4. Detector 2 Efficiency Curve – April 2009. 
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Figure B.5. Detector 1 Efficiency Curve – July 2009. 
 

 

Figure B.6. Detector 2 Efficiency Curve – July 2009. 
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Figure B.7. Detector 3 Efficiency Curve – July 2009. 

 

 

Figure B.8. Detector 1 Efficiency Curve – January 2010. 
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Appendix C - Dose Estimation Using an Off-Axis Liquid Scintillation 
Detector 
 
 A liquid scintillation detector placed at 60° with respect to the 0° axis was used to 

monitor the neutron flux in real time during the second and third RadCCORE 

experiments. The neutron fluence (and dose) at the target position was calculated 

utilizing kinematics and differential cross section data for the 2H(d,n)3He reaction, the 

neutron monitor and target distances (from the center of the gas cell) and cross-sectional 

areas, the neutron monitor efficiency, and the off-axis neutron flux reduction information 

obtained from the second RadCCORE experiment.  

The number of neutrons incident upon the target position was calculated 

according to the following equation: 
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where  

fr is the ratio of the fluence measured at the off-axis position of the target holder relative 
to 0° (~ 0.5),  

 
σ(0°) is the 2H(d,n)3He differential cross section at 0° (86.5 mb),  

σ(60°) is the differential cross section at 60° (8.09 mb),  

rm is the radius of the foil / mouse targets (1.25 cm),  

rd is the radius of the neutron detector (2.54 cm),  

ld is the distance of the neutron detector from the center of the gas cell (333.4 cm),  

lm is distance of the target from the center of the gas cell (calculated using the distance to 
the front face of the target holder - 11.5 cm),  
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En(60°) is energy of the neutrons produced at 60° (6.5 MeV when En(0°) = 10 MeV), 

ε(En(60°)) is the efficiency of the detector for 6.5 MeV neutrons (0.20), and 

 fm(60°) is the number of neutrons measured by the 60° monitor during the irradiation 
time. 

 
 The dose to target is then given by the neutron fluence multiplied by the 

appropriate neutron kerma factor for muscle tissue (K = 5.647 x 10-9 cGy cm2/n), i.e., 
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The number of neutrons per cGy is given by: 
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Based on this approximation, a 1 cGy dose at the target position was found to correspond 

to 1.60 x 107 neutron counts in the 60° monitor. 
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Appendix D - Dose Estimation Using a Plastic Scintillator Paddle at 0° 

 A plastic scintillator paddle placed along the 0° beam axis was used for real-time 

flux monitoring during the fourth RadCCORE experiment. This paddle was the same one 

used in the first RadCCORE experiment. A single aluminum activation foil was placed in 

the center position of the target holder (0°) 20 cm from the center of the gas cell. The 

scintillator paddle was also placed at 0° behind the target holder 54.8 cm from the center 

of the gas cell. The target setup was then irradiated for 1 hour and 10 minutes at an 

average beam current of 1.56 µA. The average gas cell pressure over the course of the 

run was 96.3 psi (6.5 atm) at 77 K corresponding to 366.3 psi (24.9 atm) at room 

temperature (293 K). At this pressure, 7.125 MeV deuterons were produced at the center 

of the gas cell, leading to the production of 10.29 MeV neutrons at 0°. Since an activation 

foil of the same diameter as the mouse targets was used as an absolute flux monitor, and 

the foil and scintillator paddle were both placed along the 0° beam axis, the calculations 

for the number of neutrons and dose at the target position are more straightforward than 

those using the 60° monitor.  

The number of neutrons incident upon the target position was calculated using the 

following equation: 
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where 

fr is the ratio of the fluence measured at the off-axis position of the target holder relative 
to 0°,  

 
nf is the number of neutrons measured by the activation foil in the calibration run,  
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np is the number of neutrons measured by the scintillator paddle during the calibration 
run,  

 
d0 is the distance of the scintillator paddle from the center of the gas cell during the 

calibration run (54.8 cm), 
  
d1 is distance of the paddle from the center of the gas cell during the mouse irradiations 

(48.6 cm), and 
 
fm(0°) is the number of neutrons measured by the 0° paddle during the irradiation time. 
 

For the fourth RadCCORE experiment, the number of incident neutrons and dose 

to target were calculated to the center of the target holder as opposed to the front face as 

in the third RadCCORE experiment. No additional correction factor was necessary to 

compensate for a change in target distance since the activation foil during the calibration 

run was placed at the same distance as the center of the target holder during the mouse 

irradiations.  

 As in the 60° monitor case, the dose to target is given by: 
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φ , where rm is the mouse radius and K is the neutron kerma factor. 

The number of neutrons per cGy is then: 
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Based on this approximation, a 1 cGy dose at the target position was found to correspond 

to 8.46 x 106 neutron counts in the 0° scintillator paddle. 
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Appendix E – Principal Kerma Producing Reactions in Tissue 

 

Figure E.1. Cross section vs. neutron energy for the 1H(n,elastic) reaction. 
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Figure E.2. Cross section vs. neutron energy for the 12C(n,elastic) reaction. 

 

Figure E.3. Cross section vs. neutron energy for the 12C(n,inelastic) reaction. 
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Figure E.4. Cross section vs. neutron energy for the 16O(n,elastic) reaction. 

 

Figure E.5. Cross section vs. neutron energy for the 16O(n,inelastic) reaction. 



 

 94

Appendix F - Gamma Dose Fraction Measurement Sources of Error 

The following is a list of all uncertainties in the ionization chamber measurements for 

quantities whose uncertainty is 0.1% or greater. 

Table F.1. Gamma Dose Fraction Measurement Sources of Error. 

Quantity Uncertainty 
QT,TE / QT,CO2 0.1% 
Nc 2.0% (AAPM Recommandation) 
ft,c 0.5% 
Aw,c 1.5% (Est.) 
ATE / ACO2 2.6% 
kT / ku (Exp.) 10% 
Attenuation Correction 5.0% (Est.) 
Distance Correction 5.0% (Est.) 
Area Correction (Foil) 5.0% (Est.) 
Gamma Dose Fraction (Ave.) ~ 100% 
Dose Measured w/ TE-TE (kT =1) ~ 5%* 
Dose Measured w/ TE-TE (Exp. kT) ~ 11%* 
 
 
* The uncertainty in measurements with a single TE-TE chamber is dominated by the 

uncertainty in kT. However, the uncertainty also varies to a lesser extent with the gamma 

dose fraction (DF). The uncertainties listed above assume a gamma dose fraction of 4%. 
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