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3.  Nuclear Spectroscopy TC  "Nuclear Spectroscopy" \l 1 
(Updated by Scott Shelley and Suzanne Amador Kane, May 2005)

References:

1. Compton scattering is covered in Eisberg and Resnick, Quantum Physics of Atoms, Molecules, Solids, Nuclei and Particles (and the collision problem is worked out on) pp. 34-37, and in Bernstein, Fishbane, and Gasiorowicz Modern Physics on pp. 114-115.  Pair production is also discussed in both texts.  Passage of EM radiation through matter is discussed in Melissinos, Experiments in Modern Physics, pp. 165-169. You will need a basic understanding of the photoelectric effect, Compton scattering, and pair production.

2.
Scintillation Counters are discussed in Experiments in Modern Physics, Melissinos, 2003.

3.
Radiation Safety: Experiments in Modern Physics, Melissinos, 2003 Chapter 8 (page 295), Chapter 9 (page 367) and Appendix B (page 485). Memorize the meaning of microcurie and millirad.
4.
Multichannel analyzer (MCA) in lab manual.


The instrumentation and experimental methods in this lab are reminiscent of those used throughout particle physics and medicine.  These techniques are also important in radiation safety and in the uses of radioactivity for dating in archaeology and other fields.  In this experiment, you will measure the energies of gamma rays emitted in the process of nuclear decays. Measurements of this nature have been used to determine the internal structure of nuclei, much as optical spectroscopy was used to determine atomic structure. Since the energies corresponding to nuclear excitations are so large, one can easily detect a single nuclear decay.  You will calibrate the detection system using radioactive sources with gamma rays of known energy and then you will measure the energies of the gamma rays of an unknown source.


The basic instrumentation is as follows. You are provided with several gamma-ray sources. Emitted gamma rays are converted to optical photons in a scintillator of NaI. These optical photons produce an electrical pulse in a photomultiplier tube (PMT). The electrical pulses are amplified and shaped in a preamplifier and then sent to a multichannel analyzer (MCA) board in a microcomputer. The MCA records the number of pulses at each digitized pulse height and the result is a spectrum of emitted gamma rays.

RADIATION DOSAGES



Beginning with the definitions of the curie and the rad, determine the absorbed dose (in millirads) for your entire body for one afternoon spent 1 meter from a radioactive sample with a source activity (# decays/sec) of 1 microcurie of 137Cs (E=0.663MeV). To do this you will need to make a rough estimate of the size of your body (cross sectional area and thickness). You will also need to estimate the fraction of incident gamma ray energy that is absorbed by a given thickness of tissue. This can be done using the relation











(1)

where 
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is the fraction of gamma rays that penetrate (i.e., are not absorbed by) a thickness x, m is the mass absorption coefficient, and  is the density of the absorbing medium (e.g., your body or lead shielding). Assume that m and  for your body are the same as that of water (see enclosed graph of m).  How does the answer change if you are 2 m away?


Here is some useful information about units of radiation:


1 Gray (Gy) = 100 rad = 1 J/kg          (a unit of absorbed dose;  Grays are now preferred)                   (2)

1 Curie (Ci) = 3.7 x 1010 decays/sec   (a unit of source activity)

1 Becquerel = 1 decay /sec                  (a unit of source activity)

Now suppose that you are 2 meters away and that in addition the source is surrounded by 4 centimeters of lead (see enclosed graph for m of lead). Estimate your total exposure for one afternoon in lab. Compare this to the natural background radiation of about 150 millirads per year (or 0.5 mr per day).  Your additional dose should be negligible.  Show your results to the instructor and discuss with him/her the issue of whether the experiment is safe. Include your calculations, results and a discussion of what they mean in your lab report.
SCINTILLATION COUNTERS


The scintillator you will use consists of a sodium iodide crystal attached to a photomultiplier tube.   Small quantities of thallium (0.1% to 1%) have been introduced into the crystal structure as a photosensitive impurity. Incident gamma rays produce a high-energy electron in the crystal, generally through the photoelectric effect.  This high-energy electron travels through the crystal, producing an ionization track consisting of a huge number of electrons in the conduction band of the material.  Since each one has an energy of only about 10 eV, while the primary high energy electron may have an energy of 1 MeV, there may be 105 or so of these secondary electrons, which then interact with the Thallium impurity atoms, raising them to an excited state. When these excited atoms return to their ground state, they emit visible or near-visible light (luminescence).  The function of the scintillator crystal is to convert the incident gamma ray photon to a much larger number of visible photons.  


The photomultiplier tube (PMT) that is attached to the NaI crystal detects these optical photons by converting them to electrons through the photoelectric effect at the cathode of the photomultiplier tube.  To make the signal larger, the electrons ejected from the photocathode are “multiplied” as they are accelerated to a dozen or so additional electrodes known as “dynodes”.   The number of electrons in the pulse produced by the PMT is proportional to the total energy of all the optical photons produced by the single incident gamma ray photon. The entire assembly (NaI crystal and PMT) is sealed in metal to keep out light and moisture.  You will need to use library resources to fully understand the many processes discussed in this paragraph!
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Figure 1: Sodium Iodide Scintillation Detector

PREAMPLIFIER


The preamplifier receives the signal from the PMT and integrates over the entire electron pulse, which may change the length, squareness and polarity of the pulse. The output of the preamplifier is a pulse with height proportional to the total energy deposited in the scintillator. This is the signal passed onto the multichannel analyzer card in your computer, which further amplifies the pulse signal.  Ideally the pulse height should also be proportional to the energy of the incident gamma ray.  However, if the initial conversion event involves energy loss mechanisms, such as Compton scattering or pair production, this is not always the case.

Multichannel Analyzer (MCA)

Your computer has a board which functions as a spectrometer:  an analyzer that produces a histogram of the number of photons measured by the PMT as a function of photon energy.  Such devices are called multichannel analyzers (MCA’s).  The MCA outputs a spectrum of emitted gamma rays.  You may use an internal amplifier to further amplify the preamplified PMT signal.  The MCA also allows the user to perform a variety of software functions that determine how the spectrum is accumulated, and to further analyze the resulting spectrum.

Scintillation Spectra

THE PHOTOPEAK


If a monoenergetic source of gamma rays (e.g. 137Cs) is placed near a scintillation detector, ideally, the spectrum consists of a single photopeak caused by the photoelectric effect in the NaI crystal as in Figure 2. However, other processes take place by which the gamma ray energy is absorbed, thus altering the spectrum shape.
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Figure 2: Idealized gamma ray spectrum showing only the photopeak

THE COMPTON PLATEAU

When a gamma ray enters the crystal, instead of ejecting an electron from an atom, it may collide with a weakly bound electron, giving up only a part of its energy to the electron through Compton scattering. . If the scattered gamma ray escapes from the crystal, then only part of the energy of the original gamma ray is left with the electron in the crystal. This yields a smaller amount of light, as if a gamma ray of a smaller energy entered the crystal and was completely absorbed. 


Show by using simple kinematics (conservation of energy and momentum) that the electron is forbidden from receiving more kinetic energy than in a backscattering event. ).  Include in your lab report.
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(3)

This is called the Compton edge. Eis the energy of the gamma ray, and m 0c2 is the rest energy of the electron. 
This maximum energy transfer corresponds to a 180o scattering of a gamma ray. A 0o scatter transfers no energy. Compton scattering is a fairly slowly varying function of angle, so there will be a distribution of Compton events of energy less than the Compton edge. As a result of the Compton effect and the photoelectric effect, an idealized gamma ray spectrum should have the form shown in Figure 3. Note that the photopeak can still be seen, resulting from the absorption of all of the gamma ray energy.  However, this total absorption may also result from a Compton scattering, followed by a photoelectric absorption of the Compton scattered gamma ray.
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Figure 3: Idealized Gamma Ray Spectrum Showing the Photopeak and the Compton Plateau


Determine analytically the energies (in MeV) of the Compton edge for the gamma rays of 137Cs (0.661 MeV) and 60Co (1.17 and 1.33 MeV).  Include in your lab report.
OTHER EFFECTS


Any photons scattered into the crystal by shielding material, tabletops, holders, etc, will possess less than the full energy of the original gamma ray and this process will give rise to a broad distribution of pulses in the Compton plateau. However, the kinematics of the problem together with a varying angular scattering probability tends to produce a bump on the low energy part of the spectrum, called the backscatter peak.  (Fig. 4) Even if the holders are removed and the detector is moved far from the tabletop, this peak, although smaller, still occurs from backscattering within the source itself and also from gamma rays that pass right through the scintillation crystal and are scattered back into the crystal from the photomultiplier tube. 
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Figure 4: A Typical Gamma Ray Spectrum


Table 1 below gives gamma ray energies and radioactive decay processes for various radioactive isotopes.  The various decay processes are as follows:  EC represents electron capture (a K-shell electron is captured by the nucleus, producing a “daughter” nucleus with one fewer proton and one more neutron);  is the emission of an electron or beta particle;  is a positron emission; A is an annihilation event (when a source emits positrons, the positrons usually annihilate with electrons in the source to produce two gamma rays, each having the energy equivalent to the rest mass of an electron, namely 511 keV); and finally, X stands for X-rays (in many decay schemes, the daughter is highly ionized and as a result, the characteristic X-ray of the daughter is observed. In this experiment, only X-rays of heavier daughters may be seen. In these elements, the K shell electron is tightly bound and this produces high energy X-rays.)

	Radioactive Isotope
	Decay Process
	Daughter
	Gamma Ray Energy (MeV)
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Table 1: Calibration Gamma Ray Energies

The Experiments

Before you will be able to perform nuclear spectroscopy, you need to power up your detector and its associated electronics and start up your software package.  The following section explains how to use the software described in the experiments below.  For each of the following exercises, be sure to record all of your answers to questions, your plots, measurements and all observations thoroughly for your lab report.

TROUBLESHOOTING NOTE:  The software does not boot properly if you are logged on as a student.  See your instructors to make sure you are properly logged on if you cannot see all the features working properly.

GENIE 2000 SPECTROSCOPY SOFTWARE QUICK START GUIDE
1. Double click on the “Gamma Acquisition and Analysis” icon, located on the desktop.

2. Open the menu File: Open Datasource, click the Detector box, and choose the P212 detector.

3. The total gain of the amplifier is the product of the high voltage and the amplifier gain.  To vary the high voltage to the detector, go to MCA:Adjust, click the HVPS box and move the slider.

4. To vary the gain of the amplifier, go to MCA : Adjust, click the Amp box and vary the coarse gain and fine gain.
5. To vary the counting time, go to MCA : Acquire Setup and enter the desired time in the box.

6. Click the Start button to collect your data.

7. After your data collection is complete, go to Analyze : B Peak Locate : 1 Unidentified 2nd.  Ensure that the boxes marked “Add to existing results” and “Generate Report” are checked before you press “Execute”.  The results box will locate all perceived peaks on the graph, and provide you with the centroid channel number for each peak, uncertainties in these values, and a measure of the significance of the peak.  Peaks that are more pronounced are assigned a higher value in the significance column.

8. In order to determine the number of counts in a particular peak, first complete step 7 as above, and then go to  Analyze : C Peak Area : Sum/Non Linear LSQ.  Ensure that the “Generate Report” box is checked and hit “Execute”.  The net peak area (total counts in the peak), FWHM, uncertainty in the net peak area and the number of continuum (background) counts are provided.

9. Note:  In steps 7 and 8, the reports that you’ve generated also list the energy of each photopeak, in addition to their channel number.  Since the Genie 2000 software is uncalibrated; that is, a relationship between channel number and energy has not been established, the tabulated energies are incorrect.  You will perform this calibration in Exercise Two, below.

PRELIMINARY EXERCISES IN NUCLEAR COUNTING

Exercise 1: Scintillation Counters


Place the scintillator over the 137Cs source. Turn on the high voltage supply and the preamplifier. Set the preamplifier coarse gain to 140x and also set the fine gain to 1x. Vary the high voltage from 500V to 1000 V and observe the output of the preamplifier on an oscilloscope.  How does the maximum height of the pulses depend on voltage?  Move the source closer to and farther away from the detector and note the effect on the pulses.  Note the randomness of the arrival time of the pulses. Note the rise and fall times of the pulses. Note the changes in the pulses if a longer cable is used to connect the detector to the oscilloscope. Be sure that you understand what you are observing. If you don’t, consult your instructor.

Exercise 2: The Multichannel Analyzer (MCA)


Use the MCA as a pulse height analyzer to analyze the pulses obtained using the 137Cs source. Note the effects of longer and shorter counting times, of changes in the scintillation detector high voltage, and of changes in the amplifier coarse and fine gain controls. Ensure that you understand the relationship between the pulses you viewed on the oscilloscope in Exercise 1 and the pulse height spectra obtained here.  Set the high voltage to 1000 V and leave it at that level for the rest of the experiment. 

Experiment 1: Spectrum Shape


Connect the scintillation counter and oscilloscope to the MCA. Produce the gamma ray spectrum for the 137Cs source. Now, place a block of lead behind the source (not between the source and detector) to enhance the backscatter peak and help you identify it.

Experiment 2: Setting the Energy-Gain calibration

Adjust the gain of the system until the photopeak with the largest available energy (consult Table 1) is in a high numbered channel. After this, DO NOT ADJUST THE GAIN OR HIGH VOLTAGE. Using the sources provided, calibrate your system by making a plot of channel number versus energy.  Determine the slope and intercept of this linear plot.   Be sure you understand how to determine the energy of an unknown gamma ray from your resulting calibration curve.  (Be careful about putting much faith in low-numbered channels (20 or less) because the threshold setting tends to eliminate small pulses, causing distortion of peaks in low numbered channels. In addition, for high count rates, you may observe sum peaks (peaks where multiple gamma rays are detected simultaneously) and this will tend to blur some spectra: 133Ba, for example.)
Experiment 3: Spectral Resolution

In practice, gamma ray spectra tend to look more like Figure 4.  Due to the finite size of the scintillation crystal, the photopeak is not sharp and is not fully isolated from the Compton events. The width of the peak is usually taken to be the Full Width at Half Maximum (FWHM). The resolution of the system is then the ratio of the FWHM to the channel in which the peak occurs. 



Resolution 

                                                                                                        (4)

Using the 1.333 MeV line from the 60Co source, determine the resolution of your detector.  This value limits your ability to distinguish different energy peaks from different sources, or to study the detailed shapes of emission spectral lines.

Experiment 4: Identification of Unknown Source


Using your calibration curve from Exercise 2 of the experiment, determine the energy and its corresponding uncertainty for the gamma ray energy of the unknown source.  Identify the unknown, using the nucleonics data website as a guide, along with the reasoning that the source must have a sufficiently long half-life that it will last at least a year in a laboratory.  (Hint:  The unknown source is a mixture of two separate isotopes, each emitting one strong gamma ray.)  Your instructor can help you with finding this information on the web if you get stuck.  You may wish to use the Lawrence Berkeley Laboratory WWW Table of Nuclear Structure website at:  http://ie.lbl.gov/TOI2003/gammasearch.asp
Experiment 5: Absorption Coefficient of Lead

Using the sources and the lead absorber set provided, determine and plot the absorption coefficient of lead as a function of gamma ray energy.  Such plots show graphically how the absorption coefficient of ionizing radiation depends dramatically upon photon energy.  Using the various thickness absorbers provided in your absorber set, note the thickness and density of each absorbing plate.  Measure the transmitted gamma rays for each absorber, for the gamma rays in the absence of an absorber, and then use the attenuation formula to compute and plot the mass attenuation coefficient as a function of gamma ray energy.  Comment on how your plot compares to the plot for water on the next page.  Mark the regions dominated by various attenuation and absorption processes indicated on the plot.  (Absorption refers to processes which result in the absorption of a photon, while attenuation more generally refers to processes which reduce the intensity of the direct beam with or without absorption.  Thus, attentuation includes absorption and scattering processes.)


The dependence of absorption coefficient with photon energy is different for each element, and hence for different chemical compounds and substances with different chemical makeups.   This information is important in detector design (a good detector is efficient at absorbing the radiation of interest), radiation safety (in deciding whether vulnerable matter will or will not significant absorb radiation, as well as in deciding which materials to use in shielding) and in radiation therapy (for deciding how to optimize the absorption of ionizing radiation by cancerous tissues, while sparing surrounding normal tissues).  
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