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Abstract 

The neutron capture cross sections of 
106

Cd, 
108

Cd, 
110

Cd, 
112

Cd, 
114

Cd and 
116

Cd 

were determined in the present project. Four different OSU TRIGA reactor facilities were 

used to produce redundancy in the results and to measure the thermal cross section and 

resonance integral separately. When the present values were compared with previously 

measured values, the differences were mostly due to the kind of detector used or whether 

or not the samples were natural cadmium. Some of the isotopes did not have any 

previously measured values, and in that case, new information about the cross sections of 

these six cadmium isotopes has been provided.  
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Chapter I: Introduction 

 

 

Neutron activation analysis is a technique often used to determine the chemical 

composition of a substance. The process involves bombarding a material with neutrons 

and subsequently measuring the energy spectra of the gamma rays emitted. This type of 

analysis is used for determining the chemical composition of fragile pieces of art as well 

as historical objects. It is accomplished by having information about the likelihood that a 

nucleus will absorb a neutron and become radioactive. In other words, the neutron 

capture cross sections of the elements in the material need to be known. Neutron capture 

analysis is also imperative for the proper use of cadmium as a control rod in nuclear 

reactors. Therefore, accurately measuring the neutron capture cross sections of cadmium 

isotopes is an important contribution to the scientific community.  

The neutron capture cross section of an atomic nucleus is not an actual cross-

sectional area, but rather a measure of the probability of that nucleus absorbing a neutron 

and becoming radioactive. Therefore, it can be referred to as an “effective” cross section 

and it can be characterized by two different parameters: the resonance integral, I, and the 

thermal cross section, !. The resonance integral is the sum of all the individual nuclear 

resonances over a range of high energies and the thermal cross section is the tail section 

of these resonances that can be simplified in a way that will be explained later. Both of 

the parameters are determined using the activation analysis method.  

The activation analysis method involves measuring the emitted gamma ray peak 

areas, along with neutron fluxes, and calculating I and ! using an activity equation 

derived in Section II. Other parameters such as half-lives, branching ratios, activity 

levels, abundances and irradiation time also must be known. The cross-sections of the 
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isotopes of cadmium (
106

Cd, 
108

Cd, 
110

Cd, 
112

Cd, 
114

Cd and 
116

Cd) were determined in this 

way. The neutron source was the Oregon State University TRIGA reactor (OSTR) 

located at the OSU Radiation Center. TRIGA stands for Training, Research, Isotopes, 

General Atomics and is a type of reactor designed and manufactured by General Atomics. 

There were four different facilities used for the irradiations of the samples, each with 

different neutron flux characteristics. A program called Maestro was used to determine 

the peak areas and average activity levels.  

Previous data that have been collected on the neutron capture cross-section of 

cadmium isotopes are compiled on the Brookhaven National Laboratory website [1]. 

There are several isotopes for which I and ! had never been measured and, in other cases, 

the values that did exist were not in good agreement with one another. Therefore, the 

motivation behind the measurements was to determine the cross sections and resonance 

integrals of cadmium isotopes as precisely as possible. This information can then be 

applied in areas such as neutron activation analysis and nuclear reactor control rods, as 

mentioned before.  

 When the procedure was carried out and the data analyzed, the initial numbers 

yielded two interesting anomalies. Firstly, all the samples gave different resonance 

integral results for two different irradiation facilities, indicating some inherent difference 

in the energy dependence of their respective neutron fluxes. And second, the thermal 

cross section values determined for 
114

Cd from the thermal column irradiation were 

consistently half as large as the values from the other three facilities. Otherwise, values 

within a reasonable amount of uncertainty were obtained successfully, and could be used 

in other experiments.   
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Chapter II: Theory 

 

2.1 Neutron Capture  

To better understand the meaning of neutron capture cross sections it is important 

to know the nature of the neutron capture process itself. Neutron activation analysis 

requires bombarding a nucleus with a neutron to form a compound nucleus [2]. This 

compound nucleus is in a high-energy, or unstable, state. The nucleus would prefer to be 

in a stable state so it releases the extra energy in the form of electromagnetic radiation. 

This process is shown schematically in Fig. 2.1.  

 

 

Figure 2.1: Decay scheme for the neutron capture process, 
A
X+n! 

A+1
X. 
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The decay process begins with primary gamma ray emission while the sample is 

still inside the reactor. These gamma rays have high energies (~5 MeV) and are emitted 

through transitions between energy levels with very short half-lives (<10
-15

 seconds). 

However, at this point the nucleus is still unstable and emits secondary gamma rays to 

transition to even lower energy levels before it leaves the reactor.  

Now the nucleus is either in a metastable state, which is an excited energy level 

close to the ground state, or a ground state. Metastable states generally have long half-

lives due to their large nuclear spins. Photons emitted during transitions to different 

energy states want to carry as little angular momentum as possible (one or two units) so 

photons carrying three or four units of angular momentum are few and far between. 

Therefore, a transition between a state with a nuclear spin of 11/2 and a state with a 

nuclear spin of 1/2 is going to occur much less often than a transition between 3/2 and 

1/2. The metastable states usually emit gamma rays through photon transitions to the 

ground state.  

 In the case of the radioactive ground state, the nucleus transforms to a different 

element through either positive or negative beta decay (!). Lighter Cd nuclei tend to !+ 

decay, which is the process by which an extra proton is converted into a neutron, and 

heavier Cd nuclei !– decay, which is the process by which an extra neutron is converted 

into a proton. Light nuclei have a neutron deficiency and need the extra neutron, while 

heavy nuclei are already neutron rich. After !– decay or !+ decay occurs, the excited 

state then decays to the ground state and the emitted gammas are measured. The result of 

this process is sometimes the formation of a new element, which in the case of cadmium 
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is either indium or silver. In other cases, such as 
115

Cd in the present work, the metastable 

state can also ! decay. 

However, before any of these processes can happen, the nucleus has to first 

absorb an incoming neutron.  The chance of neutron capture is different for each target 

nucleus, depending on factors such as mass and spin. Therefore, the neutron capture cross 

section of an isotope can be defined as the probability of a reaction per incident neutron 

per target nucleus. It is an effective area of potential neutron absorption rather than an 

actual physical characteristic. This probability can be found indirectly by analyzing the 

gamma ray emission spectra with the procedure described in Chapter III.  

 

2.2 Resonance Integral vs. Effective Thermal Cross Section 

These cross sections are described by two separate characteristics: the thermal 

neutron cross section and the resonance integral. For the purpose of measuring the cross 

sections of cadmium isotopes both thermal and epithermal neutrons were captured. 

Thermal neutrons have a characteristic energy of about 0.025 eV, but they technically 

range from 0 to ~1 eV. Epithermal neutrons have energies ranging from 1 eV to 10 keV. 

There are also very fast neutrons with an energy range of  >10 keV, but the interactions 

they participate in are not very probable and were not taken into account in this 

procedure.  

The thermal cross section is the effective cross section value associated with the 

absorption of neutrons with energies in the thermal range. For neutrons within this energy 

range, the cross section of the target depends on 1/v where v is the speed of the incoming 



 6 

neutron [3]. This simple relationship can be determined from the Breit-Wigner formula 

for the reaction a + X ! b + Y: 

! 

" =
#

k
2
g

$n$

(ER % E)
2

+
$
2

4

           (2.1) 

where k is the momentum, ! is an energy width that represents the likelihood of gamma 

decay, !n is an energy width that represents the likelihood of neutron capture, ER is the 

resonance energy, and E is the kinetic energy of the incoming neutron. Only the !n is 

dependent on the velocity of the incoming neutron, due to the high probability of gamma 

decay. Also, the neutron’s kinetic energy, E, can be considered negligible compared to 

the resonance energy, ER. The velocity dependence of the !n cancels with the velocity 

dependence of k to give a final result of 

 

! 

" #
1

v
                         (2.2) 

This is a very important result because it greatly simplifies the factors affecting the 

thermal cross section, which makes the value much easier to measure. Since the velocity 

dependence is simply an inverse relationship, the thermal cross section can be determined 

without summing resonances.  

Incoming epithermal neutrons cause the target nucleus to enter resonance states 

that will eventually decay to the ground state. The sum of all these individual resonance 

peaks is called a resonance integral, I. The tail of these resonances, caused by lower 

energy neutrons, contribute to the thermal cross section, ". Fig. 2.2 is a sample plot of the 

neutron capture cross section as a function of neutron energy for the 
110

Cd!
111m

Cd 

transition. The plot can easily be divided into three sections, which correspond to the 

thermal, epithermal and fast energy ranges.  
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Figure 2.2: Cross section as a function of energy for 
110

Cd. There are three distinct 

regions representing thermal, epithermal and very fast neutrons (left to right).  

 

 

The thermal region integral can be simplified to a v
-1

 dependence, due to the Breit-

Wigner formula, and it becomes the thermal cross section, !, value. The resonances in 

the epithermal region are more complicated and can not be determined individually, 

therefore their sum is the resonance integral value, I. Very fast neutrons can be ignored 

because both the cross section and the flux decrease in this energy range. 

Fig. 2.2 shows how the neutron capture cross section of the 
110

Cd nucleus is 

dependent on the energy, or velocity, of the incoming neutron. However, the same plot 

for 
113

Cd, shown in Figure 2.3, demonstrates why separated isotopes needed to be used.  
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.  

Figure 2.3: Energy dependence of the cross section of 
113

Cd 

 

 

The cross sections for the thermal neutron region no longer have a v
-1

 dependence and 

they are significantly larger than cross sections of other cadmium isotopes. This problem 

of high absorption probability in the lower energy ranges can be mitigated by using 

separated isotopes of cadmium. In natural cadmium, there is 12% of 
113

Cd, which can 

greatly skew the cross section value if it is not taken into account.  If there is no 
113

Cd to 

absorb all the thermal neutrons, a more accurate value for the cross sections can be 

determined.  

 

2.3 Derivation of the Activity Equations 

              A capture cross section cannot be measured directly, it can only be calculated 

using other measured values. In this case, the measured values were the activities of the 
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samples and the neutron fluxes of the irradiation facilities. The activity can be found 

starting with the equation for reaction rate:  

        

! 

R = N
0
"#

th
                                                                                                             (2.3) 

For the purpose of this experiment, R can be considered a constant with respect to time. 

N0 is the number of atoms present in the sample and it varies a negligible amount because 

the number of atoms originally present greatly outnumbers the atoms being created. 

Lastly, the !"th term is a representation of the thermal neutrons being absorbed, where ! 

is the thermal cross section and "th is the thermal flux (see Appendix 6.2). Both of these 

values remain constant for a particular isotope throughout the neutron capture process.  

           An adjustment of Eq. 2.3 needs to be made in order to account for the incoming 

epithermal neutrons mentioned in Section 2.2.  

        

! 

R = N
0
("# th + I#epi)                                                                                              (2.4) 

where 

! 

"epi  is the epithermal neutron flux. 

           It is also important to account for the overall change in the number of atoms due to 

radioisotopes being simultaneously produced and destroyed. The change in the number of 

atoms, N, with respect to time can be represented as 

        

! 

dN = Rdt " #Ndt                           (2.5) 

where ! is the exponential decay constant determined by the reciprocal of the average 

lifetime of the element. Therefore, Rdt is the number of atoms being created due to 

neutron capture and #Ndt is the number of atoms being eliminated due to radioactive 

decay. Subtracting the number of atoms being eliminated from the number of atoms 

being created gives the change in the total number of atoms at any given time during a 

reaction.  
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               Eq. 2.5 can then be put in the form, 

       

! 

dN

dt
= R " #N  

Solving this differential equation for N(t) gives: 

     

! 

N(t) =
R

"
(1# e

#"t
)    

 In order to solve for the cross section, N(t) needs to be related to the activity. The activity 

is defined as the decays per second in the sample and can be represented symbolically as  

        

! 

A = "N(t) = R(1# e
#"t
)                                

And finally, the activity and the cross section can be related to one another  

         

! 

A = N
0
("# th + I#epi)(1$ e

$%t
)                           (2.6)       

Eq. 2.6 is the fundamental relationship used to solve for the thermal cross sections and 

resonance integrals.   

            Since ! and I are being solved for, and all the other parameters are known, the 

activity, A, needs to be determined for each isotope. This can be done using  

        

! 

A =
N

"bT
                                                          (2.7) 

where b is the branching ratio, or the relative intensity of each gamma ray,  " is the 

detector efficiency (see Chapter III) and T is the counting time.  However, this is the 

activity at time td after the sample was removed from the reactor and not the end of 

bombardment (EOB) activity. The EOB activity can be found by dividing A by the decay 

factor to get 

        

! 

A =
N

e
"#td$bT

                                  (2.8) 



 11 

Setting Eq. 2.8 equal to the result of Eq. 2.6 and solving for either ! or I is the process 

followed for all the cross section values. It will be discussed in more detail in Chapter III.  
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Chapter III: Methods 

 

3.1 Irradiation of the Samples  

           Finding the neutron capture cross-section of an isotope requires irradiating a 

source and counting the emitted gamma rays. All irradiations took place at the Oregon 

State TRIGA Reactor (OSTR).   

           There were four different facilities at OSTR used for irradiation: the cadmium 

lined in-core irradiation tube (CLICIT), the pneumatic transfer tube (Rabbit), the thermal 

column (TC), and the g-ring in-core irradiation tube (GRICIT).  The CLICIT facility sees 

only epithermal neutrons due to its cadmium lining and was used for measurements 

needed to find the resonance integral.  The Rabbit facility is located close to the core 

itself and was used primarily for short irradiations of isotopes with short half-lives (1-10 

minutes). Wrapping some samples in cadmium before irradiating them in the Rabbit 

allowed only epithermal neutron flux and the resonance integral could be directly 

measured. The TC has no cadmium lining and therefore, the samples irradiated in this 

facility were subject to both thermal and epithermal neutrons, but the epithermal flux is 

so small it can be considered negligible. This facility was used for measurements needed 

to determine the effective thermal cross section. Finally, the GRICIT has both epithermal 

and thermal neutron flux and was used to measure the thermal cross sections of isotopes 

with relatively long half-lives. Both the resonance integral and thermal cross section 

values were cross-checked for each isotope due to the redundancy in irradiation.  

           Once the samples were removed from the irradiation facility they were placed in 

front of a detector at a distance from 10-20 cm. The time between removing the irradiated 

samples from the facility and placing them in front the detector ranged from minutes to 
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hours. The spectra data from the detectors were analyzed using a program called Maestro. 

Maestro displayed the gamma ray spectrum for each isotope, as well as recorded the 

number of counts for each gamma ray by measuring the area under each peak. These data 

were then consolidated and used to calculate the cross sections and resonance integrals 

themselves. Fig. 3.1-5 are sample gamma ray spectra created by Maestro for each 

isotope. These spectra were analyzed to find the relevant cross section values using the 

procedure outlined in Section 3.4 below.  

 

 

Figure 3.1: Gamma ray spectrum for 
107

Cd and 
109

Cd (Sample A) created by the program 

Maestro. The relevant gamma rays are labeled on the figure. 
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Figure 3.2 Gamma ray spectrum for 
111

Cd (Sample B) created by Maestro. The relevant 

gamma ray peaks are 150 keV and 245 keV as indicated on the figure.  

 

 

 

 

 

      
Figure 3.3: Gamma ray spectrum for 

113
Cd (Sample C) created by Maestro. The relevant 

gamma ray is labeled.  
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Figure 3.4: Gamma ray spectrum for 
115

Cd (Sample D) created by Maestro. The relevant 

gamma rays are labeled.  

 

 

    
Figure 3.5: Sample gamma ray spectrum for 

117
Cd (Sample E) created by Maestro. The 

relevant gamma rays are labeled.  

 

 

 

 



 16 

3.2 Sample Preparation and Parameters 

 

         Separated isotopes of cadmium were used to eliminate the effects of 
113

Cd’s large 

capture cross section. The 
108

Cd sample contained about 90% of 
108

Cd and about 6% of 

106
Cd, which was enough to perform the experiment. Therefore, Sample A contained two 

isotopes. Samples B and E were 
110

Cd and 
116

Cd, respectively, and were also cadmium 

metal pieces. Lastly, samples C and D correlating to 
112

Cd and 
114

Cd were cadmium 

oxide powders. The abundances for each sample, A through E, are compiled in Table 3.1. 

Each sample was carefully weighed out and placed in an aluminum packet before being 

placed in each irradiation facility.  The masses ranged from 4-40 mg depending on the 

form and quantity available. Table 3.2 contains the masses for each sample in each 

irradiation facility as well as the run times in the facilities themselves.  

 

Table 3.1: Abundance of cadmium isotopes in each cadmium sample.  

 

 106 108 110 111 112 113 114 116 

A 6.15 90.7 3.1 <0.05 <0.05 <0.05 <0.05 <0.05 

B 0.01 0.01 95.6 1.09 1.42 0.52 1.17 0.18 

C <0.01 <0.01 0.13 0.41 98.23 0.64 0.52 0.05 

D <0.01 <0.01 <0.01 0.01 0.03 0.6 98.6 0.3 

E <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 1.23 98.77 

 

 

The data analysis, described in Section 3.4, required the knowledge of the half-lives of 

each isotope and the branching ratios for each gamma ray. These values are compiled in 

Table 3.3. The sources and uncertainties of these values are discussed in detail in 

Appendix 6.4.  
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Table 3.2: The irradiation times for each facility and the sample masses for each facility. 

There are blanks because not all samples were irradiated in all of the facilities due to the 

nature of their half-lives or cross sections.  

 

Facility CLICIT 
Rabbit 

1 
GRICIT 

Rabbit 

2 (Cd) 

Rabbit 

3 

Rabbit 

4 (Cd) 

Thermal 

Column 

Irradiation 

Time 
1 h 10 min 1 h 5 min 10 min 5 min 2 h 

Mass of Sample for each facility (milligrams) 

A 4.0  3.6  4.4 4.8 5.1 

B 4.0 4.0 3.4 4.9  4.0 5.0 

C 39.9  26.8     

D 13.5 7.7 13.7 8.5   29.3 

E 4.1 3.1 4.2 7.25   5.2 

 

 

Table 3.3: The half-lives for each radioisotope and branching ratios for all the gammas 

used in the cross section analysis for cadmium isotopes.  

 

Capturing 

Isotope 

Radioisotope Half-life Gamma 

Energy (keV) 

Branching 

Ratio (%) 

106 107 6.5 h 828 0.16 

108 109 462.2 d 88 3.61 

151 29.1 110 111 48 min 

245 94 

112 113m 14 y 264 0.02 

492 8.03 114 115g 2.23 d 

527 27.45 

114 115m 44.6 d 933 2.0 

273 28 116 117g 2.49 h 

1303 18.4 

564 14.7 

1065 23.1 

116 117m 3.36 h 

1432 13.4 
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3.3 Efficiency Calibration of Detectors 

 

The neutron capture cross sections of six isotopes of cadmium were determined using 

three germanium single crystal diode gamma ray detectors (see Appendix 6.1). Each 

detector had an efficiency function that was calculated for a range of energies at several 

different distances from the source, as shown in Fig. 3.6. 

 

 
 

Figure 3.6: Schematic diagram of the gamma ray detector and source set-up. The dark 

edges represent the lead bricks used to prevent the detector from picking up gamma rays 

from other sources.  

 

 

 Efficiency, in this case, means the probability that a gamma ray is going to enter the 

detector and be counted towards the total peak area. To accomplish calibrating these 

efficiencies, two isotopes with known gamma ray energy levels, branching ratios and 

activities were used as sources; 
152

Eu and 
133

Ba. They were placed 10, 15 and 20 cm from 

a detector and counted for approximately 1-2 days. The count number and run time were 

recorded and used to solve the following equation for efficiency: 

          

! 

" =
N

AbT
                                                               (3.1) 

 

In the above equation, N is the count number, T is the run time, A is the current activity 

level and b is the branching ratio. The activity level could be calculated using the 
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exponential equation: A(t) = A0e
-!t

 and the branching ratios were found in the Nuclear 

Data Sheets (NDS) [4].  

         Once the efficiency functions for each detector were determined, a plot of the 

efficiency vs. energy was made. The barium isotopes were used for the lower energy (70-

400 keV) calibrations and the europium was used for the higher energy (400-1400 keV) 

calibrations. The calibrated values were combined on a log-log plot, which gave a clearer, 

functional representation of the relationship between energy and efficiency. Using the 

high and low energy efficiency plots and their corresponding functions, the efficiency of 

a detector for any gamma ray energy could be determined precisely. This process is 

described in more detail in Appendix 6.2.  

 

3.4 Data Analysis 

           Along with energy values, counts and uncertainties, Maestro recorded the date and 

time of the run, dead time, and live time for each sample while it was interacting with the 

detector. The actual cross sections and resonance integrals themselves were calculated 

using Microsoft Excel spreadsheets as analysis templates. These spreadsheets contained 

all the parameters used in the activity equations described in Chapter II.  

             First, the end of bombardment (EOB) activity of the sample was calculated by 

solving Eq. 2.6. Setting the result for EOB activity equal to the activity Eq. 2.8 gives an 

equation for which I and " are the only unknowns. In order to isolate and solve for " or I, 

the thermal or epithermal flux needed to be known. The procedure for calculating the 

fluxes is outlined in Appendix 6.3. For the rabbit samples with cadmium enclosed in a 

cadmium container and the CLICIT, the thermal flux could be set to zero and removed 
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from the equation. The Rabbit samples with no cadmium container and GRICIT samples 

experienced both types of fluxes, so the resonance integral value for the other samples 

needed to be used to obtain !. In the case of the thermal column, the epithermal flux is 

negligible and therefore, has a very small effect on the thermal cross section value.  

            Lastly, a small correction needed to be made to the resonance integral value to 

correct for the contribution from the thermal neutrons. As mentioned in the theory 

section, the Breit-Wigner formula shows that the cross section of a thermal neutron has a 

dependency of 1/v, where v is the neutron’s incoming speed. However, there are some 

thermal neutrons that also exist in the epithermal neutron region, leading to an extra 

addition of neutrons used to calculate the resonance integral. This is equal to 0.45! [5] 

and the effective resonance integral can be calculated using 

        Ieff = I + 0.45!                                                    (3.3) 

The corrected value for the resonance integral can then be used to determine the thermal 

cross section.  

 

3.5 Absorption by 
113

Cd 

         Even though separated isotopes were used in the present experiment, there was still 

a non-negligible amount of 
113

Cd in samples B, C and D. Therefore, it was necessary to 

calculate the possible effect the presence of 
113

Cd would have on the cross section values. 

The calculation involves determining the attenuation of the intensity of the neutron beam 

by 
113

Cd, starting with Eq. 3.4.  

         

! 

I = I
0
e
"n#x        (3.4)  
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where n is the atomic density, ! is the neutron capture cross section and x is the thickness 

of the sample. The atomic density can be estimated by determining the number of moles 

per unit volume, and multiplying by Avogradro’s number. For the present experiment 

that attenuations for samples B, C and D were 22, 26 and 3 % respectively. This means 

that the attenuation was negligible for sample D and needed to be taken into account for 

samples B and C.  
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Chapter IV: Results 

 

4.1 Experimental Values 

All the results obtained in this experiment are compiled in Tables 4.1 and 4.2 

below. Both the resonance integral, I, and the thermal cross section, !, values are given 

for each isotope.  

Table 4.1: A compilation of the experimental results for the resonance integrals of 

cadmium isotopes, for all the different irradiation facilities. Uncertainties are in 

parentheses. 

Resonance Integral (I, barns) 

 CLICIT CLICIT 

2 

R2 R4 R10 

106!  

107 

5/2+ 

7.59(46)   6.6(5) 6.9(5) 

108!  

109 

5/2+ 

7.39(34)   5.0(2)  

110!  

111m 

11/2- 

0.788(36) 0.753(34) 0.58(3) 0.61(3)  

112!  

113m 

11/2- 

1.00(8)     

114!  

115g 

1/2+ 

6.73(25) 6.38(24) 3.8(1)  3.7(1) 

114!  

115m 

11/2- 

0.537(189)  0.39(14)   

116!  

117g 

1/2+ 

1.35(5) 1.33(5) 1.07(4)  1.17(4) 

116!  

117m 

11/2- 

0.423(15) 0.412(14) 0.30(1)  0.33(1) 
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Table 4.2: A compilation of the experimental results for the thermal cross sections of 

cadmium isotopes, for all the different irradiation facilities. Uncertainties are in 

parentheses. 

Thermal Cross Section (! , barns) 

 TC TC2 TC3 GRICIT R1 R3 R9 

106!  

107 

5/2+ 

0.817(70)   0.852(56)  0.871(56) 0.765(49) 

108!  

109 

5/2+ 

0.304(17)   0.314(18)  0.351(17)  

110!  

111m 

11/2- 

0.047(2)   0.057(3) 0.055(3)  0.0534(2) 

112!  

113m 

11/2- 

   0.037(3)    

114!  

115g 

1/2+ 

0.272(10) 0.270(10) 0.276(10) 0.61(2) 0.531(20)  0.51(20) 

114!  

115m 

11/2- 

0.027(9)   0.049(18) 0.041(15)   

116!  

117g 

1/2+ 

0.0835(30)   0.091(3) 0.0895(31)  0.087(3) 

116!  

117m 

11/2- 

0.0162(6)   0.0158(7) 0.0164(6)  0.0166(6) 

  

Simply looking at Tables 4.1 and 4.2 reveals several obvious characteristics of the 

data. Firstly, the captures leading to higher spin values have much smaller cross sections 

and resonance integrals than the transitions with low spin values. This is due to the fact 

that most metastable states have high spin values, such as 11/2, and the resonance states 

have very low spin, such as 1/2. When radiation is emitted in a transition between energy 

states, it likes to carry the least amount of angular momentum as possible, about two units 

or less. In this case, this radiation is the gamma rays resulting in the transition from the 

resonance states to lower excited states. This means there aren’t as many gamma rays that 

carry enough momentum to change the angular momentum of the nucleus by four units, 
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such as with 110 !111m transition that has an angular momentum of 11/2. Therefore, it 

makes sense that these neutron capture processes would be much less likely.  

The second important observation to make is that the CLICIT resonance integrals 

do not agree with the resonance integrals determined from the Rabbit facility. Also, the 

results for 
114

Cd taken from the thermal column and GRICIT samples both have some 

anomalies when compared to the Rabbit data. It is difficult to surmise the source of these 

discrepancies when there is no information available about the energy dependence of the 

fluxes of the irradiation facilities.  

 

4.2 Previous Values 

All the previous values that have been measured or calculated in the past 100 years are 

compiled in Table 4.3. The top line in both sections corresponds to the accepted values 

compiled by Mughabghab [5]. Many of the values can be considered to hold less weight 

because they were measured during a time when high-resolution detectors were not 

available, which is anytime before the 1960’s. Also, many values have large uncertainties 

and other problems that will be discussed in more detail later on in this section.  
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Table 4.3: Compilation of previously measured and/or calculated values for the 

resonance integrals and thermal cross sections of cadmium isotopes. (Calculated values 

are denoted by an * and Mughabghab’s values are the first row of numbers for both 

sets.) 

Resonance Integrals 

107 109 111m 113 115g 115m 117g 117m 

4.1* 10.7* 3.9(1)  12.5(10)* 1.5(2)* 

 16.7(46)
a 

3.92(10)
c
 0.043(10)

l 
3.16(159)

e 
 0.42(25)

e 
 

 12(2)
b 

2.0(1)
d
 0.760(193)

m 
14.1(7)

c 
   

    3.4(2)
d
    

    23.3(2)
j 

   

Thermal Cross Sections 

1* 0.72(13) 0.035(2)  0.294(16) 0.036(7) 0.050(8) 0.025(10) 

 1.41(35)
f 

0.132(20)
f 

0.028(2)
m 

0.294(16)
c 

 0.050(8)
k
 0.027(5)

k 

 2.7(9)
a 

0.082(8)
i
  0.300(15)

j
    

 1.1(1)
g
 0.035(2)

c 
     

 24(10)
h 

      

 0.20(3)
b 

      

 

 

 

 

 

 

a
Beda, A. [7] 

b
Anufriev, V. [6] 

c
Heft, R.E. [10] 

d
Van der Linden, R. [11] 

e
Sage, L. [15] 

f
Mangal, S. [9] 

g
Lewis, [18] 

h
Boyd, H. [8] 

i
Kramer, H.H. [12] 

j
Pearlstein, [19] 

k
Decat [17] 

l
Wahl [14] 

m
Nakamura, S. [13] 
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4.3 Comparison with Previous Values and Analysis 

It is important to note that the values found for resonance integrals and thermal 

cross sections in this experiment are different from the values compiled in Table 4.3. The 

reason the data collected hold more weight than the previously measured data is due to 

several factors: advances in technology, the use of separated isotopes and redundancy. 

Before the 1960’s, high-resolution detectors, such as the germanium single crystal diode 

detector used in these experiments, were not available. This made it hard to observe 

specific gamma ray peaks, especially if they had small intensities and branching ratios. 

Cadmium, especially, is a difficult element for which to measure neutron capture cross 

sections because of 
113

Cd. This specific isotope has an effective cross section that is so 

large it absorbs almost all incoming thermal neutrons, rendering any chance of measuring 

the thermal cross section to be difficult. Unless separated isotopes were used, this large 

absorption effect would greatly skew the results. Lastly, the samples in the present 

experiment were irradiated in many different facilities that used thermal neutron fluxes, 

epithermal neutron fluxes or both. Therefore, agreement between the cross section values 

for different facilities and irradiation times is a good indication that they are close to the 

correct value.  

It is still necessary, however, to consider exactly why such discrepancies exist 

between presently and previously measured values for each isotope.  

106
Cd !

107
Cd 

As evidenced by Table 4.3, the only known previous values of the resonance integral and 

thermal cross section of 
106

Cd are Mughabghab’s calculated values of 4.1 b and 1 b, 

respectively. Both of these values are similar to the presently measured experimental 
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values of ~6.5 b and ~0.8 b. The cross section values obtained for 
106

Cd in the present 

experiment are the first measured values for this particular isotope. 

108
Cd !

109
Cd 

It is unclear where the Mughabghab value comes from for the 
108

Cd cross section. The 

most recent experimental values were determined in 1984 by V.A. Anufriev [6] using 

enriched cadmium samples containing 5% of the highly absorbent 
113

Cd isotope. 

Anufriev used an internal conversion method for his values of 0.20 ± 0.03 b for the 

thermal cross section and 12 ± 2 b for the resonance integral. Internal conversion is a 

process by which an electron is emitted instead of a gamma ray or photon, so the results 

obtained through this method should not differ greatly from the present results. Data 

obtained in 1981 by A.K. Beda [7] also came from enriched cadmium samples containing 

about 5% of 
113

Cd. His values for the resonance integral and thermal cross section were 

16.7 ± 4.6 b and 2.7 ± 0.9 b, respectively, which do not agree with the presently 

measured values of ~5 b and ~0.3 b. Beda did also use an activation method but he did 

not use high-resolution detectors, which would compromise his values. The uncertainty 

of up to 30% in Beda’s ! value is indicative of this problem. He also used the activity 

ratio of 
115

Cd to 
109

Cd in one sample to find the cross section instead of measuring each 

cross section individually. Beda used a previously measured value of ~1.1 b for the 
114

Cd 

cross section in his calculations to find the cross section of 
108

Cd, but the presently 

measured value is ~0.5 b, thus, another reason for any discrepancy.  

There are two other values for the thermal cross section of 
109

Cd, measured by 

Boyd [8] and Mangal [9] in the early sixties. Their respective values of 1.41 ± 0.35 b and 

24 ± 10 b do not agree very well with the presently measured value of ~0.3 b. Both of 
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these experiments relied on internal conversion, naturally occurring cadmium samples 

and low-resolution detectors. In fact, the values obtained for both the I and ! of 
108

Cd in 

the present experiment were the first values found using high-resolution detectors and 

separated isotopes.   

110
Cd !

111m
Cd 

The resonance integral and thermal cross section for 
110

Cd were both measured by Heft 

[10] in 1978. Mughabghab used these experimental values of 0.035 ± 0.002 b for the 

thermal cross section and 3.9 ± 0.1 b for the resonance integral in his compilation. The 

thermal cross section value is in good agreement with the presently measured value of 

~0.05 b but the resonance integral value is not in agreement with the present value of 

~0.6 b. Heft doesn’t go into detail about the procedure he used in his paper but he does 

mention that he used natural cadmium samples. Whether or not Heft accounted for the 

high absorption of 
113

Cd is these experiments is unknown. Van der Linden also 

determined the resonance integral using natural cadmium and high-resolution detectors 

[11]. His value of 2.0 ± 0.1 b was derived from a ratio of cross sections instead of 

individual measurements, similar to what Beda did to determine the cross section of 

108
Cd. He also used a ! value of 0.1 for his calculations, instead of 0.5 b, as indicated by 

the present experiments. Had he used the new value of !, his result for the I would be 

very similar to the new result.  

 The last two values that exist for the thermal cross section of 
110

Cd were measured 

by Mangal [9] and Kramer [12] in the early sixties. Their values of 0.132 ± 0.020 b and 

0.082 ± 0.008 b are not in agreement with the presently measured values. The fact that 

the previous measurements were taken in the sixties implies the use of low-resolution 
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detectors and therefore, less accurate results. Also, Kramer used an enriched sample of 

the isotope but failed to take the possibility of inelastic scattering into account. Inelastic 

scattering was negligible in the present experiment due to the fact that there was a 

negligible amount of 
111

Cd in the 
110

Cd sample.  

112
Cd !  

113m
Cd 

There is one previously measured value for the I of 
112

Cd, which was obtained by 

Nakamura [13] in 2009. Nakamura’s value of 0.760 ± 0.193 b differs from the presently 

measured value of 1.0 b but not by more than a standard deviation. Since the procedure 

Nakamura used in his experiments was similar to the procedure used in the present 

experiment, the agreement between the two sets of values is a good indication of 

accuracy.   

There are two previously measured values for the thermal cross section of this 

interaction. Wahl [14] obtained the earliest previously measured value of 0.043 ± 0.010 b 

for ! in 1959, when there were no high-resolution detectors available. Therefore, his 

result can be considered to hold less weight than the presently measured results. 

Nakamura’s value of 0.0281 ± 0.0021 b also differs from the presently measured value of 

0.037 b.  

114
Cd !  

115g
Cd 

For his compilation, Mughabghab used Heft’s [10] value of 0.294 ± 0.016 b for the !, 

and a calculated value of 12.6 ± 1.0 b for the I. The calculated value is actually the sum 

of the cross sections for the ground and isomeric states, rather than just the ground state. 

Van der Linden also measured the resonance integral and his value of 3.4 ± 0.2 b is in 

good agreement with the current value of 3.72 b. Sage’s [15] value of 3.16 ± 1.59 b is 
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also within 20% of the current value and it has a 50% uncertainty range, which the new 

value falls into. Sage did have access to high-resolution detectors when he did this 

experiment in 1976 but he did not use separated isotopes. Pearlstein’s value of 23.3 ± 2.0 

b can be disregarded because he used natural cadmium and most likely low-resolution 

detectors, although he does not actually say in his paper.  

 Heft’s thermal cross section value agrees well with the current thermal column 

result of 2.7 b but not with the rabbit and GRICIT results. However, Heft only used a 

reactor core source, so he had no thermal neutron source at all. This implies a lack of 

redundancy in his measurements.  

114
Cd !  

115m
Cd 

The only previously measured values for I and ! for this transition were obtained by 

Seren [16] in 1947. They can be discounted because there were no high-resolution 

detectors available at that time. It is unclear where Mughabghab obtained his listed value 

of 0.036 ± 0.007 b. Therefore, the experimentally obtained values of ~0.05 b for ! and 

~0.4 b for the RI can be considered the most accurate cross section values to date.  

116
Cd !  

117g
Cd 

For this interaction, there are only three previously measured values for the thermal cross 

section, none of which use high-resolution detectors. The value quoted by Mughabghab 

of 0.050 ± 0.008 b was obtained by Decat [17] in 1966 using enriched cadmium samples. 

The values obtained for the RI and ! in present experiment were ~1.1 b and ~0.09 b. 

Mughabghab chose to quote a combined calculated value for the I of the two transitions 

(
116

Cd ! 
117g

Cd and 
116

Cd! 
117m

Cd) of 1.5 ± 0.2 b so there are no other values to 
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compare with. However, adding the two I values from the Rabbit together is about 1.4 b, 

which agrees with Mughabghab’s value of 1.5 b.  

116
Cd !  

117m
Cd 

There are no measured values for the resonance integral for this transition and only one 

measured value for the thermal cross section obtained after 1960. Mughabghab quotes a 

calculated value of 0.025 ± 0.010 b for !, which is similar to Decat’s measured value of 

0.027 ± 0.005 b. The presently measured value of ~0.0160 b falls within the uncertainty 

of both values.  
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V. Conclusions 

 

The neutron capture cross sections of six cadmium isotopes were measured using 

the neutron activation method, which entails causing neutron capture by the stable 

isotopes to form radioisotopes. There were two parameters used to describe the cross 

section as a function of energy. The resonance integral described the cross section of the 

resonance region, characterized by epithermal neutrons, and the thermal cross section 

described the end tail of the resonances, characterized by thermal neutrons. For cadmium, 

the isotope samples needed to be separated to counteract the large cross section of 
113

Cd 

that occurs in the thermal neutron region. 

When the presently measured values were compared with previously measured 

values, it was determined that any disagreement probably stemmed from a difference in 

the technology available when each measurement was taken or a difference in the method 

used. A problem for any value obtained before the mid-sixties was a lack of high-

resolution detectors, especially for isotopes with complicated decay schemes, such as 

117
Cd. Other previous experiments were done through the internal conversion method or 

by using a ratio of two isotopes for neutron activation. The second of these two methods 

has more room for error because it relies on a cross section measurement that may or may 

not be accurate, such as in Beda’s 
108

Cd thermal cross section measurement. Lastly, the 

experiments that did not use separated isotope samples can be discounted because of the 

large effect of 
113

Cd.  

There were also some discrepancies between the present values obtained for 

different facilities. Table 4.1 shows a significant difference between the resonance 
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integral values determined from the CLICIT and from the Rabbit. Without knowing the 

exact energy dependence of the neutron flux, it is difficult to determine the cause of this 

difference. Additionally, the TC values for 
114

Cd differ by a factor of two from the values 

determined using the other facilities. The same results were obtained when 
114

Cd samples 

from the Rabbit and GRICIT were re-irradiated in the TC. This indicates that the 

discrepancy is legitimate and not due to some systematic error, but no possible 

explanations have been established.  

  Despite these anomalies, the acquired data are more precise than any data that 

have been collected before. The high amount of redundancy reached by using different 

irradiation facilities, the use of high-resolution gamma ray detectors, and the use of 

separated isotopes are important factors in the accuracy of the values. Attempts to refine 

the data and explain the discrepancies will continue after the submission of this thesis.  
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6.1 Germanium Single Crystal Diode Detectors 

           The efficiency parameter in this experiment can be better understood by having an 

understanding of how the gamma ray detectors work. All germanium detectors use a 

single crystal of germanium that is grown to have low conductivity, or high resistance. 

For gamma ray spectroscopy, a coaxial, or cylindrical, geometry is preferred because a 

large volume of crystal can be used. This type of configuration is seen in Fig. 6.1.  

                               

Figure 6.1: The geometry and components of a p-type GEM HPGe crystal detector. [20]  

 

 

A p-type detector has a p
+
 contact, which is surrounded by an ion-implanted contact and 

an n
+
 contact. Therefore, a “dead layer” that does not respond to energy is created. Any 

radiation hitting the detector needs to have enough energy to cause an electron to move 

from the valence band to the conduction band of the crystal. Then the electron is free to 

move to the n
+
 contact under the influence of an electric field. The number of holes 

produced in the valence band and the number of electrons added to the conduction band 

can be measured and used to find the incident energy of the photon. This is possible 

because the energy required to create an electron-hole pair is known.   

 When ionizing electromagnetic radiation, such as gamma rays, interacts with a 

semiconductor detector, three absorption processes can occur: the photoelectric effect, the 

The choice of the best HPGe detector for your particular measurement situation is based on a few simple rules. The rules are given
below and are based on some basic concepts about how the detection process works, how gamma rays penetrate materials, and the
principles of gamma-ray spectroscopy. Unresolved choice issues can be reduced to a level where they have little or no impact on the
resultant performance of the spectrometry system. This document explains how you can easily make a wise, well-informed choice. We
assume you already have a basic knowledge of HPGe detector terminology and that you also have a basic knowledge of gamma-ray
spectrometry. If you need to review these areas, refer to Reference 1 or 2 for a good introduction.

The purpose of an HPGe detector is to convert gamma rays into electrical impulses which can be used, with suitable signal
processing, to determine their energy and intensity.

HPGe Detector Types
Let us briefly review the various types of HPGe detector available in order to make what follows easier to understand.

All HPGe radiation detectors are just large, reverse-biased diodes. The germanium material can be either "n-type" or "p-type". The
type depends on the concentration of donor or acceptor atoms in the crystal. To connect the diode to an electrical circuit to amplify the
signal, we need to put contacts on the crystal. These electrical contacts on the crystal are a thick, lithium contact, which is the N+
contact, and a thin, ion-implanted contact, which is the P+ contact. The lithium contact is thick because the lithium is diffused into the
germanium.

The crystal can be cut or ground to any shape. However, the electrical field inside the crystal (diode) is very important. This limits the
useful shapes to a disk or a cylinder with a hollow core. The cylinders are closed at one end and called coaxial; the disks are called
planar. These are shown in Fig. 1.

Depending on the type of material used (N or P), the contacts are applied differently. For P-type material, the thick, lithium contact is
on the outer surface and the thin, ion-implanted contact is on the inside. The ORTEC name is GEM. For N-type material the contacts
are reversed. The ORTEC name is GMX. Very short N-type coaxial detectors are called LO-AX detectors, largely for historical
reasons. Figure 2 shows the two N-types detectors: GMX and LO-AX.

The recent development of the ORTEC PROFILE and PROFILE-FX series (Ref. 7) means that “LO-AX geometry” (short-coaxial) P-
type detectors are now available with the conventional 600 µm P-type contact and a new proprietary thin contact equivalent to about
10 µm of inactive Ge. These are known as the PROFILE GEM F and PROFILE GEM FX series respectively.

ORTEC ®

The Best Choice of High Purity
Germanium (HPGe) Detector

Figure 1. P-type HPGe crystal geometries.

Figure 2. N-type HPGe crystal geometries.
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Compton effect and pair production. In the photoelectric effect, an incoming photon 

ejects an electron from the target atom, allowing the electron to move around freely. The 

Compton effect is an elastic collision between an incoming photon and an electron, in 

which some of the photon’s energy is transferred to the electron. Lastly, pair production 

occurs when a photon near the nucleus donates its energy to create an electron-positron 

pair with certain rest mass and kinetic energies.  

The efficiency of the detector is defined as the likelihood of incoming radiation 

interacting with the detector and producing a count. The efficiency value is dependent on 

the absorption process being detected. In the case of the photoelectric effect, the chance 

of a gamma ray being detected is greatly influenced by the energy of the incoming 

photon. Compton scattering is a common occurrence within germanium detectors and the 

chance of a scattered gamma ray being detected is greatly influenced by the geometry of 

the detector itself. The subsequent annihilation radiation produced after pair production 

can escape the detector and cause escape peaks to appear in the spectrum. However, this 

is only a concern within a high energy range of gamma rays ( > 1 MeV) and the highest 

gamma ray energy considered in the present experiment was ~1.4 MeV.  All of the 

absorption processes are dependent on the energy of the gamma ray and the process to 

determine the efficiency as a function of energy is described in the next section.  

 

 

 

 

 

6.2 Detector Efficiency Curves 

          The detector efficiency curves were determined in a multi-step process that began 

with purchasing samples of 
152

Eu and 
133

Ba with known activities and counting the 
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gamma rays. These specific elements were chosen because of the energy ranges of 

gamma rays they emit. Barium emits gamma ray radiation with an energy range of about 

100 keV to 500 keV and europium emits gamma ray radiation with an energy range of 

about 100 keV to 1400 keV. Therefore, the barium was used to calibrate the detector for 

low energies and europium was used to calibrate the detector for higher energies.  

        The peak areas for each element were determined by Maestro, and the activity was 

found using the same Excel template method as for determining the cross section. The 

activity, peak area, run time and branching ratio for each individual gamma ray were all 

plugged into Eq. 3.1. A plot of efficiency as a function of energy could be made for the 

high and low energy ranges, however the plots are easier to interpret on a log scale. When 

the natural log is taken of both sides, the low energy plot turns into a 4
th

 or 5
th

 degree 

polynomial function and the high energy plot turns into a simple linear relationship with a 

negative slope. Fig. 6.2 is the low energy plot and Fig. 6.3 is the high energy plot. These 

log-functions were used to determine the efficiency for the gamma ray energies of the 

relevant cadmium isotopes.  
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Figure 6.2: The low energy (0-500 keV) efficiency curve for detector 1 (D1) at 10 cm. 

The equation for the trend line is shown.  

 

 

 
Figure 6.3: The high energy (>500 keV) efficiency curve for D1. The equation for the 

trend line is shown.  

 

   The efficiencies for gamma rays of energies at about 100-200 keV were harder to 

determine with as much precision as higher or lower energies because of the shape of the 

low energy efficiency plot. Between 90 and 250 keV on the ln(Energy) axis there is a 
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curve of the data that could be fitted with several different degrees of polynomials. 

Therefore, the efficiencies in this area are subject to the greatest margin of error. The 

efficiencies for the higher energy gammas had the least margin of error due to the linear 

relationship between energy and efficiency.  

 

6.3 Neutron Fluxes 

       For every facility used for irradiation, the exact thermal and epithermal neutron 

fluxes needed to be known. The process for calculating the neutron flux is the same as the 

process for calculating the cross section, except the fluxes are the unknowns and the 

resonance integral and thermal cross section can be found in literature. Gold, cobalt and 

zirconium samples, with known neutron capture cross sections, were irradiated alongside 

the cadmium samples in every facility. The activities were determined and Eq. 2.6 was 

solved for the thermal or epithermal flux. The final results are compiled in Table 6.1. 

 

     Table 6.1: Values for the thermal and epithermal fluxes of each irradiation facility in 

the OSU TRIGA reactor. It is important to note that the CLICIT, Rabbit 2 and Rabbit 4 

have thermal fluxes of zero and that all the flux values for the Rabbit are the same.  

 Thermal Flux (n/cm
2
/s) Epithermal Flux(n/cm

2
/s) 

CLICIT 0 1.13x10
12 

GRICIT 4.4x10
12 

3.5x10
11 

Thermal Column 8.7x10
10 

2.0x10
8 

Rabbit 1 7.8x10
12 

3.5x10
11 

Rabbit 2 (Cd) 0 3.5x10
11 

Rabbit 3 7.8x10
12 

3.5x10
11 

Rabbit 4 (Cd) 0 3.5x10
11 
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6.4 Error Analysis 

There were many factors that contributed to the overall error values of the present 

results. The abundance of the isotope within the sample, the mass of the sample, the half-

life of the state experiencing decay, the branching ratio of each gamma ray, the statistics 

of the Maestro program, the efficiency of the detector and the accuracy of the neutron 

flux all had to be taken into account. The exact percent error values were estimated if 

they could not be found in the literature.   

The values for the abundance, the half-life and the branching ratio were all easily 

determined from some other source. Error in the sample abundance was given by the 

manufacturer of the cadmium samples, and the half-life and branching ratios errors were 

looked up in the Nuclear Data Sheets [1]. The statistics of Maestro’s peak area value 

were determined automatically by the Excel template using the chi-square method of 

error analysis. The mass values were determined based on the size of the sample and the 

smallest increment of measurement on the scale, which happened to be ~0.1 mg. 

Calculating the error values for the flux and efficiency was more complicated because 

they both are affected by the error values for all the other parameters. Therefore, these 

values could be found by determining a deviation from the average value when other 

paramters were changed. Table 6.2 is a compilation of all the exact error values for each 

state of each isotope.  

 The percent error totals were found by taking the square root of the sum of the 

squares of each parameter. Calculating the error for the GRICIT samples and the Rabbit 

samples without any Cd container were slightly more complicated due to the fact that 

their cross section values relied on an experimental resonance integral value. The 
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uncertainty in the thermal cross section values found using these facilities had to take into 

account the uncertainty of the resonance integral as well. This was accomplished by 

simply determining the change in ! as the I value was changed.  

 

 

 

 

 

CLICIT

107 109 111m 113 115g 115m 117g 117m

Abundance 1 0.1 0.1 0.1 0.1 0.1 0.23 0.23

mass 1.2 1.2 1.2 0.25 0.5 0.5 1.2 1.2

half-life 0.33 0.25 0.19 3.5 0.5 0.1 0.3 0.4

statistics 1 0.3 0.1 6 0.01 0.5 0.5 0.5

branch 5 3 3 3 2 35 1 1

efficiency 0.5 1 1 1 0.5 0.5 0.5 0.5

flux 3 3 3 3 3 3 3 3

total 6.15 4.54 4.53 8.21 3.71 35.14 3.48 3.49

Rabbit-Cd

Abundance 1 0.1 0.1 0.1 0.1 0.23 0.23

mass 1.2 1.2 1.2 0.5 0.5 1.2 1.2

half-life 0.33 0.25 0.19 0.5 0.1 0.3 0.4

statistics 5 1.5 0.2 0.1 5 0.1 0.3

branch 5 3 3 2 35 1 1

efficiency 0.5 1 1 0.5 0.5 0.5 0.5

flux 3 3 3 3 3 3 3

total 7.86 4.77 4.53 3.71 35.49 3.44 3.46

TC

Abundance 1 0.1 0.1 0.1 0.1 0.23 0.23

mass 1.2 1.2 1.2 0.5 0.5 1.2 1.2

half-life 0.33 0.25 0.19 0.5 0.1 0.3 0.4

statistics 6 3 0.4 0.1 2 0.7 0.25

branch 5 3 3 2 35 1 1

efficiency 0.5 1 1 0.5 0.5 0.5 0.5

flux 3 3 3 3 3 3 3

total 8.53 5.43 4.54 3.71 35.19 3.51 3.46

GRICIT

Abundance 1 0.1 0.1 0.1 0.1 0.1 0.23 0.23

mass 1.2 1.2 1.2 0.25 0.5 0.5 1.2 1.2

half-life 0.33 0.25 0.19 3.5 0.5 0.1 0.3 0.4

statistics 2 0.6 0.2 7 0.02 0.3 0.1 0.3

branch 5 3 3 3 2 35 1 1

efficiency 0.5 1 1 1 0.5 0.5 0.5 0.5

flux 3 3 3 3 3 3 3 3

RI unc 1.6 3.3 1.72 1.1 11.3 1.6 3

total 6.58 5.64 4.85 8.96 3.87 36.91 3.80 4.58

Rabbit

Abundance 1 0.1 0.1 0.1 0.1 0.23 0.23

mass 1.2 1.2 1.2 0.5 0.5 1.2 1.2

half-life 0.33 0.25 0.19 0.5 0.1 0.3 0.4

statistics 2 1 0.1 0.02 1 0.1 0.4

branch 5 3 3 2 35 1 1

efficiency 0.5 1 1 0.5 0.5 0.5 0.5

flux 3 3 3 3 3 3 3

RI unc 1 1 0.8 0.4 4.3 0.5 0.8

total 6.47 4.74 4.60 3.73 35.41 3.48 3.56

Table 6.2: A compilation of the percent error associated with each isotope due 

to a variety of factors.  
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