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ABSTRACT 

The aim of this experiment is to measure the natural background spectrum, identify some components, 

identify one unknown nuclide, identify an unknown foil material and establish relationship between 

photoelectric absorption and atomic number Z. 

This involves two lab sessions in which machine calibrations were carried out, resolution and efficiency 

were all determined. High Purity Germanium (HPGe) detector was the core experiment tool, radioactive 

source, Co-60, Cs-137, and Ba-133 were used and foils of Mo, Cd, and Ag were used in the second 

session of the experiment. 

This laboratory experiment measured the background spectrum and identified Ra-223, Th-227, and k-40 

by the peaks they produced. The unknown source was identified to be Am-241 with energy 59.48857 

KeV. Also, for the unknown foil, the most likely substance is Ag with energy 21.934 KeV. 

Keywords: Natural background spectrum, HPGe, Photoelectric absorption, calibration, resolution, 

efficiency 

 

INTRODUCTION 

This experiment was carried out to study the spectra produced by Co-60, Ba-133, Cs-137 and determine 

the variation of High Purity Germanium (HPGe) detector efficiency over 20-2000 KeV. Obtain from the 

background spectrum a few visible peaks, determine their energies, and identify the sources that produced 

the peaks. Study the spectrum generated by the given unknown source and identify it. Describe the 

properties observed in the spectrum produced by x-ray fluorescence in Mo, Cd, Au, and unknown foil. 

Observe and identify the material of the unknown foil. The following are apparatuses and nuclides used in 

this study: HPGe detector, NIM crate, Amplifier, NIM crate, MCA, PC, Co-60, Ba-133, Cs-137, 

Unknown1, Mo, Au, Cd, Unknown2 

 

Production of Gamma Rays and X-Ray Fluorescence 

Gamma Rays 

In the electromagnetic radiation spectrum, gamma rays have the highest energy and the lowest 

wavelength. These rays are originated from unstable nuclei of atoms during radioactive decomposition 

which occurs when parents nuclei are transformed by α decay, β decay, or K-capture while leaving their 

daughter nuclei in an excited state, thus, the daughter nuclei de-excites to the ground state by emitting γ-

rays. 

 ……………….(1) 

Gamma rays are also produced in the in the course of nuclear reactions, possibly reaction between two 

nuclei or collision of subatomic particle with a nucleus all of which cause transformation and emission of 

γ-rays. 
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 ……..(2) 

These gamma rays are radiated as bundles of energy that exhibit both wave and particle properties as 

described by de Broglie matter wave equation. 

 ………………………………(3) 

Gamma rays exhibit energy within the range of 0.1 to 20 MeV. However, sometimes, a γ-ray is emitted 

only to interact with an innermost (K-shell) electron depositing all it’s energy to the electron and ripping 

it off from the shell with kinetic energy given by 

 ………………………..(4) 

Where Eγ = γ-ray energy and Eb = binding energy of the electron. 

This phenomenon is known as internal conversion. The vacancy created by the ejected electron is then 

filled up by another electron from the shell of higher energy, and the energy difference is released in form 

of characteristic X-ray. 

Characteristic X-Ray Fluorescence 

The phenomenon of x-ray fluorescence is the emission of characteristic x-ray when a material absorbed γ-

ray (as in this experiment) or high energy x-ray. This process can be described in three steps, incoming 

photon is absorbed and knocks an electron off its shell, an unoccupied space is created in the shell, 

electron from higher energy shell drops to stabilize the electronic state of the atom by filling the space and 

thus fluorescence occurs by giving off characteristic x-ray with energy given by: 

hf……………………………………(5) 

The energy of the resulting photon is equal to the difference in binding energy of the two orbits and 

generally smaller than that of the primary photon and gets fast attenuated as it traverses the air. 

 …………………………(6) 

Where  are the orbital energies corresponding to n1 and n2 quantum number and  is the 

frequency of the x-ray and   

The energy also depends on the primary photon energy and the atomic number, Z, of the element.  

Natural Background Spectrum 

There is always an abundant content of ionizing radiations in the surrounding that originate from various 

sources. These are known as background radiations mainly of low energy. Potassium-40 and carbon-14 

are emitted from human body; air contains radon gas; uranium, thorium, and radium are emitted from soil 

and rocks; primary as well as secondary components of cosmic radiation; radiations emitted from 

construction materials such as concrete and paintings of the laboratory and near-by structures (U.S NRC, 

2016). Internal activity resulting from radionuclides in foods, these low energy sources are C-14, Pb-210 

and Po-210. Generally, the most significant origins of background radiations are K-40 due to its long 

half-life and, U-238 and Th-232 due to their long chain of decay. 

HPGe Detector 

The Germanium semiconductor undergoes a maximum removal of impurities which helps significantly in 

reducing the band gap between valence and conduction band. Due to the size of depletion layer and 

negative temperature coefficient of resistance, even at room temperature, electrons are thermally excited 

to the conduction band. In order to control this process, two approaches are taken: 

The depletion layer is made large by applying a reverse bias voltage so that only electrons due to radiation 

interactions produce current. The detector performance depends on the depth of the depletion layer which 

increases when the concentration level of impurities is reduced. As a result, HPGe detectors become 

highly sensitive to radiations even at low energy. The relationship between impurity concentration and 

depth of depletion layer is given by: 

 (2εV/eN)^½ …………………………………….(7) 

Where V = reverse bias voltage, N = impurity concentration, ε = dielectric constant, e = electron charge. 
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Yet, even with high purification, HPGe has a band gap of approximately 0.67 eV at room temperature 

(300K) which is small enough to generate a current known as leakage current. Therefore, the detector 

needs to operate at 77K which is achieved by cooling down the detector with liquid nitrogen until it’s 

temperature levels up (Khadaker, 2011). 

The main attributes of HPGe detector is high Z, low impurity, large depletion layer, low resistivity, high 

conductivity, high resolution and thus requires low ionizing energy to produce a pair of electron-hole 

(Crespi, F. et al., 2007).  

 

Energy Resolution and Detector Efficiency 

Resolution is the ability of a detector to clearly distinguish adjacent peaks and thus gamma rays of similar 

energy can be easily discriminated. HPGe detector is characterized by high resolution for low energy 

radiations especially in natural background study. The energy resolution is determined by evaluating the 

ratio of the Full Width Half Maximum (FWHM) of a photopeak to the photon energy that produces the 

peak (Hossain, Sharip, & Viswanathan, 2012). 

 …………………………………...(8) 

Efficiency is the probability that the photon will interact with the detector material. In other words, it 

quantifies the percentage of detectable radiation out of the total radiation emitted into a solid angle of 4π 

in the photopeak (MIT, 2016). This is given by 

 ………………………………(9) 

Where A = activity of the source, I = intensity and t = time. The thickness of the detector is directly 

proportional to the efficiency but beyond which the efficiency dramatically falls. It also depends largely 

on the area of the detector which is usually small for HPGe thereby making it a detector of comparatively 

low efficiency. The efficiency also reduces with increasing energy of γ-rays. Dimension of the source, its 

positon and distance from the detector as well as the attenuation layer in between, all contribute to the 

determination of the efficiency. (Perez-Andujar & Pibida, 2004) 

 

Interaction of γ-ray and x-ray with HPGe Detector 

Photoelectric Effect 

Photoelectric process is a description of absorption of γ-rays which results in further ionisation. The 

probability of photoelectric effect per atom is directly proportional to  and decreases with increasing γ-

rays energy ( ). The vacancy left in the inner orbit as a result of ionisation is filled up by de-excited 

electron from higher energy orbit and thus releasing x-ray by fluorescence. 

Compton Scattering 

An incident photon scatters on an electron giving part of it’s energy and momentum to the electron which 

is dependent on the scattering angle θ. The maximum energy transferred to the scattered electron is for θ 

= π known as Compton edge, and minimum for θ = 0 known as energy tail, and is given by the relation: 

 ……………………………..(10) 

Where Eγ is the energy of the incoming γ-ray. 

At θ = 180o (maximum angle), and ,  . Thus, the maximum energy of the scattered 

electron is half of the energy of the incident photon and the total cross section is directly proportional to 

Z. 

 

Pair Production 

This interaction occurs within the vicinity of nuclear coulomb field. The incident gamma photon is 

converted into a pair of electron (e-) and positron (e+). The minimum energy of the incident photon 
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required for this process to be possible is twice the energy equivalence of an electron, 2mec2 (1.022MeV). 

Thus, the conservation of energy is given by: 

 ………………………..(11) 

Moreover, as the positron travels, it rapidly lose energy and annihilate as it comes in contact with electron 

producing two γ-rays each of 0.511 MeV travelling in opposite direction. In this case, the cross-section is 

directly proportional to Z2. 

 

EXPERIMENT METHODS 

The experiments were carried out in a laboratory with the apparatus already mentioned. In both 

experiment sessions, the detector was cooled with liquid nitrogen until the thermal equilibrium is attained 

then the amplifier was set to 20x gain in order to provide a span of 50-2000 KeV. A background spectrum 

was recorded for 30 minutes after which a 5 minutes spectra were recorded for each calibration source, 

Co-60, Ba-133, and Cs-137. The background counts which was taken for 30 min was reduced to 5 min 

and subtracted from the counts of each individual source. Furthermore, the channel number for each 

identified peak and its corresponding energy was tabulated, then energy as a function of channel number 

was plotted in order to calibrate the detector. This calibration was carried out so as to interpret all spectra 

in terms of energy.  

Three clearly resolved peaks from the background spectrum were identified, their channel numbers were 

obtained and using the calibration equation, their energies were determined and a nuclear data book was 

searched for a possible match in order to identify the background sources. The spectrum of the unknown 

source was also plotted, the peak was clearly identified, and the corresponding energy was determined 

from the data book. 

 During the second session of the lab, the amplifier gain was increased to 100x so that peaks of lower 

energy within 10-400 KeV which are buried by noise can easily be identified. The detector was calibrated 

once again, this time, only Ba-133 was used because it has several peaks. While keeping the distance 

between the Ba-133 and the detector constant, each foil of Au, Mo, and Cd was placed in between, and its 

spectrum due to x-ray fluorescence was developed and studied. The same experiment was performed 

using an unknown foil so that the material of the unknown can be identified by studying the resulting 

spectrum. 

 

RESULTS AND ANALYSIS 

Calibration: 

The standard energies of Co-60 (1173.2, 1332.5 KeV), Cs-137 (661.5 KeV), and Ba-133 (53.2, 81, 276.4, 

302.8, 383.9 KeV) were plotted against their corresponding channel numbers obtained from the spectra 

they generated. These channel numbers are Co-60 (4401, 3880), Cs-137 (2188.5), and Ba-133 (249.9, 

309.15, 1030, 1291).  
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Figure 1: Calibration curve for using data obtained from Co-60, Cs-137, and Ba-133 

This calibration gives a straight line which implies that channel number increases with increasing energy. 

Ba-33, which has comparatively lower energies, has recorded lower channels while Cs-137 is 

intermediate and Co-60 recorded higher channels. The calibration graph gives the equation 

 433082x-16.243and a good correlation R2 = 0.999 where x represents channel 

number. Thus, with this equation, any peak can be interpreted in terms of energy.  

It can be seen in Figure 2,3, and 4 that the spectrum for each gamma emitter was interpreted in terms of 

energy. This is accomplished by using Microsoft Excel to calculate the energies of the entire spectrum 

and recorded. 

 

 

Figure 2: Energy spectrum produced by Ba-133 showing seven peaks 
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Figure 3: Energy spectrum generated by Co-60 showing two peaks 

 

Figure 4: Energy spectrum generated by Cs-137 showing only one peak 

The area under each target peak was calculated in an excel sheet using equation (12) so that the detector 

efficiency can simply be evaluated. 

ve=y_2+y_2/2(x_2-x_1)ea Under 

Curve=y_2+y_2/2(x_2-x_1) …………………………(12)  
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Resolution 

 

 

Figure 5: A graph showing the relationship between resolution and photon energies 

 

The resolution was evaluated by determining the FWHM of each peak and applied in equation (8). The 

resolution was then plotted against photon energy as seen in (Figure 5).  The nature of the curve shows 

that resolution decreases with increasing energy of photon which clearly indicates that HPGe detector has 

a higher capacity of resolving adjacent peaks of lower energy. As a result, it becomes a detector of choice 

in studying natural background spectrum. Also, the equation obtained from the graph can be used to 

determine the resolution of any photon energies. This equation is 63.947x^0.753 

where x represents the energy. 

Efficiency 
The detector efficiency was evaluated using equation (9) and in order to complete its variables, equation 

(12) was used to calculate the areas under curves, and the activity of each radionuclide at the date of the 

experiment was calculated using equation (13)  with the data presented in table [1] below. 

 ……………………………………….(13) 

TABLE [1] A table containing information about each radionuclide adopted from their individual 

certificates in the laboratory archive. 

SOURCE ENERGY 

(KeV) 

T1 T2 T (day) HALF-LIFE 

(Day) 

Intensity 

(%) 

Ao (Bq) ACTIVITY 

(Bq) 

Co-60 1332.5 14/08/08 05/02/16 2763 1921.215 100 32513 28806.77 

Co-60 1173.2 14/08/08 05/02/16 2763 1921.215 100 32513 11998.58 

Cs-137 661.6 28/07/08 05/02/16 2718 11030.55 85.0 34172 11998.58 

Ba-133 356.0 28/07/08 05/02/16 2718 3835.125 62.3 38632 23637.61 

Ba-133 302.8 28/07/08 05/02/16 2718 3835.125 18.6 38632 23637.61 

Ba-133 276.4 28/07/08 05/02/16 2718 3835.125 7.30 38632 23637.61 

Ba-133 81.0 28/07/08 05/02/16 2718 3835.125 32.8 38632 23637.61 
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The detector efficiency was plotted against photon energy and the generic principle that efficiency 

decreases with increasing energy is clearly seen. However, the imperfection of the curve could be due to 

random errors which have not been corrected or minimized.  

 

 

Figure 6: A graph of detector efficiency and energy  

It is apparent that the efficiency is quite high at energies between 200 and 300 KeV, then it dramatically 

fell through 300 KeV. At about 400 KeV the efficiency becomes steady then gradually decreases beyond 

600 KeV. 

 

Background Spectrum 
The background spectrum displayed several resolved peaks out of which three peaks were selected, and 

their energies were determined using the equation of the calibration graph, y = 0.3082x - 16.243. The 

energies evaluated are 349.5, 605.4, and 1459.4 KeV. 
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Figure 7: Natural background spectrum showing low energy peaks 

The nuclear data book was used to seek for matches for the energies and the most likely substances 

emitting these energies are Ra-223, Th-227, and K-40.  

Table 2: Table containing information about the few identified peaks from the background 

SOURCE ENERGY ENERGY(STD) DIFFERENCE MEAN SD SE 

Ra-223 349.5 349.4 -0.1 349.45 0.070711 ±0.05 

Th-227 605.4 605.5 0.1 605.45 0.070711 ±0.05 

k-40 1459.4 1460.8 0.6 1459.7 0.424264 ±0.3 

 

The standard deviation seen above shows that the energies determined are not far away from the standard 

values and the standard errors showed that the energies are within an acceptable range. 

 

Calibration 
In the second session of the experiment, only Ba-133 was used for calibrating the HPGe detector. The 

channels of four clearly shown peaks were recorded, then a graph of energy against corresponding 

channel numbers was plotted as shown in (figure 8) below. 
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Figure 8: A graph of energy calibration using only Ba-133 energies and channel numbers 

 

It is clear that the linear relationship was maintained, and the 

equation 1530622x-2.8153 of 1 confirm the strength of the relationship. The 

energy of the unknown source was determined using the calibration equation with the channel number 

1001.67. It is highly likely that the unknown nuclide is Americium-241 of energy 59.5 KeV. 

 

Table 3: A table containing information about the unknown radionuclide 

 

STANDARD ENERGY (KeV) 

59.50 

ENERGY DETERMINED (KeV) 59.48857 

MEAN 59.49429 

STANDARD DEVIATION (SD) 0.08079 

STANDARD ERROR (SE) ± 0.00571 

  

  

 

Measurement was carried out only once, if repeated measurements were taken, and average was 

evaluated, random errors would have been highly minimized and thus higher accuracy could have been 

achieved. Nevertheless, Am-241 is still the most probable nuclide as it’s energy is still the most 

approximate within only 0.5% error and a difference of 0.0114 KeV. 

 

X-ray Fluoroscopy 

While keeping the Ba-133 to detector distance constant, foils of Mo, Cd, and Au were placed individually 

between the setup and each spectrum was recorded and studied. Generally, when the spectra were viewed 

closely, the respective peaks due to x-ray fluorescence were identified. They are 17.461, 22.873, and 

68.714 KeV produced by Mo, Cd, and Au respectively. In addition, most of low energy components were 

not seen in the spectra which could have been due to attenuation. This attenuation effect is seen more in 

Au spectrum, followed by Cd and finally Mo. This variation in attenuation could have been due to 

differences in atomic number (Z) with higher Z material causing more attenuation. Furthermore, the count 

is higher when low Z material foil is placed. Overall, the higher the Z the higher the attenuation and the 

lower the count rate. These features are visible in (Figure 9,10,11). 
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Figure 9: The spectrum produced by x-ray fluorescence in molybdenum 

 

Figure 10: The spectrum produced by x-ray fluorescence in cadmium 
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Figure 11: The spectrum produced by x-ray fluorescence in gold 

 

Similarly, the spectrum due to fluorescence of the unknown foil was studied and similar characteristics 

were observed. However, the energy peak visible is, 21.934 KeV corresponds to the energy of Silver 

(Ag), Kα1 = 22.1629 KeV and Kα2 = 21.99 KeV. Therefore, the fluorescence foil is highly likely to be 

made of Silver. The spectrum was magnified and closely observed but the peak was almost absorbed, 

nonetheless, the original version is shown in (Figure 12) below. 

 

 
Figure 12: The spectrum produced by x-ray fluorescence in the unknown foil 

 

Table 4: Table of energy peaks shown by fluorescence of Mo, Cd, Au, and the unknown foil 

SUBSTANCE DETECTED ENERGY (KeV) LINE 

Mo 17.461 Kα2 

Cd 22.873 Kα1 

Au 68.714 Kα1 

Unknown  21.934 Kα1 
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Attenuation Of Gamma Rays  

The photon beam intensity as it traverses through the air obeys the inverse square law which states that 

the intensity is inversely proportional to the square of the distance between the source and the surface.  

 1/r^2 ……………………………….(14) 

Upon entering the metal foil, the attenuation is no longer dependent on distance, it depends on such 

factors as the atomic number of the absorbing material, thickness of the material, density and the photon 

energy itself. At lower energies, the photoelectric interaction determines the rate of photon absorption. 

 

 

Figure 13: A schematic diagram of photoelectric absorption by a foil 

 
The absorption in a material is described by Beer Lambert Law given by equation (15). 

 I_oe^-μx …………………………………………….(15) 

Where x represents the thickness of the absorbing material and µ is the linear attenuation coefficient 

which describes the fraction of a photon beam absorbed or scattered per thickness of the absorbing 

material. The thicker the absorbing material the more electrons a photon interacts with along its path as it 

traverses through the material. Therefore, for a given photon energy, photoelectric absorption increases 

with thickness. It can also be recalled from (figure 9, 10, 11) that the corrected count rate (cps) is 

proportional to the beam intensity. 

The photoelectric absorption variation with atomic number (Z) and photon energy is expressed in 

equation (16). 

 ………………………………………………… (16) 

Where K is constant and ρ is the density of the absorber. This describes that for a given photon energy, 

photoelectric absorption is directly proportional to Z3, meaning, intensity is attenuated more in material 

with significantly higher atomic number as well as higher density. Conversely, substantially higher 

photon energy means less photoelectric absorption. These effects are recorded in (table 5) and illustrated 

in (figure 14). 

The variation of absorption with Z is due to the fact that higher Z means higher number of electrons per 

atom of the material, therefore, the likelihood that photon beam interacts with more electrons is higher 

and thus more energy is absorbed. 
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Table 5: A table displaying information which relate photoelectric absorption and atomic number, density 

and photon energy. 

 Z E Z3 E3 

 

µ ρ 

 

Mo 42 17.461 74088 5323.624 13.91684 21.393 10.28 2.081031 

Cd 48 22.873 110592 11966.56 9.241752 167.04 8.65 19.31098 

Au 79 68.714 493039 324441 1.519657 64.847 19.3 3.359948 

 

Furthermore, the density of absorbing material describes how many atoms are packed per unit volume. 

This makes it highly likely that photon interacts with more electrons per unit volume in higher density 

materials. As a result, more energy is absorbed. Though Cadmium has higher atomic number than 

Molybdenum, its density is lower and thus at some given energies it attenuates less.  

 

 

Figure 14: A graph of mass attenuation by photoelectric interaction and their corresponding energies 

 

The relationship between photon absorption and photon energy can be explained in such a way that 

photons are massless and thus more penetrating. Low energy photons can be attenuated in few 

interactions thereby depositing all their energies in the absorbing material while higher energy photons 

giving a very small of their energies for interaction. Therefore, absorption is higher with decreasing 

energy. 

 

Fluorescence Yields 

Fluorescence yield is the ratio of the number of photons emitted to the total number of ionisation. This 

describes the measure of intensity due to fluorescence relative to the intensity of the photon absorbed by 

the fluorescence material. This fluorescence yield is expressed in generic terms as well as in terms of 

count rate in equation (17 and 18) (Miller, 2016). 

Fluorescence yield is given by: 

 

 ……………(17) 
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 ………………………………..(18) 

 

Table 6 The table containing information about fluorescence yields by Mo, Cd, and Au 

 ATOMIC NUMBER 

(Z) 

YIELD (ω) 

Mo 42 0.9494 

Cd 48 14.035 

Au 74 28.014 

 

 

Figure 14: The variation of fluorescence yield with atomic number 

 

The graph shows increase in fluorescence yield with atomic number. Fluorescence yield variation with 

atomic number shows explicitly that phosphors with higher atomic number yield more fluorescence than 

the lower Z phosphors.  

 

CONCLUSION 

This experiment was carried out by using HPGe detector to study the natural background and x-ray 

fluorescence. The measurement were taken and analysed using Microsoft Excel. 

The experiment is characterized by various objectives: Detector calibration was carried out; Energy 

resolution and detector efficiency were calculated and plotted against energy; the background spectrum 

was measured in terms of energy; few components of the background were identified to be Ra-223, Th-

227, and k-40; the given unknown material was also identified to be Am-241 with energy 59.48857 KeV. 

Furthermore, detector calibration was repeated on the subsequent session of the lab, x-ray fluorescence in 

Mo, Cd, Au, and unknown foil were carried out. The most nearest material in energy peak to the unknown 

phosphor is Ag.  

 

DISCUSSION 

It is very difficult to obtain accurate results when experiments further are performed in a placed that is not 

originally designated to be a laboratory. Errors due to ambient factors are unavoidable and therefore under 
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such conditions, measurements are carried out repeatedly in order to minimize those errors and obtain a 

fair precision and accuracy. These lab sessions are to some extent affected by these factors. Therefore, 

further experiments are required and comparison between results is sure to verify the strength of the 

results determined. 
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