Radiation Safety Training

Part I, Description of Radiation

The term “radiation” is frightening to some people. As with many frightening subjects, learning and understanding more about the particular subject makes it less frightening and intimidating. 

The two basic types of radiation, (radiant energy), are electromagnetic waves (EM waves) and energetic particles. Let us first consider electromagnetic waves, which are classified according to their wavelengths and corresponding energies. These waves move through space at the speed of light 186,000 miles per second (300 X 106 meters per second).

Their range of wavelengths is enormous, from hundreds of meters to the size of atoms. Their energies are inversely related to their wavelengths, the long wavelengths have the smallest energies whereas the short wavelengths have the highest energies. AM, FM and TV broadcasting utilize the longer EM wavelengths. As an example, the wavelength of a typical FM radio broadcast at 100 MHz is 3 meters. Cellular telephones utilize even shorter wavelength EM waves, of about 30 centimeters. Radar wavelengths are about a centimeter; microwave ovens are about 12 centimeters. Moving to even shorter wavelength EM waves we come to the infrared region of the spectrum. These EM waves produce the sensation of warmth in our skin. When their intensity is sufficiently great burning may result. At still even shorter wavelengths our eyes become sensitive to a range, called the “visible” portion of the spectrum. The longer waves in this range produce the sensation of red whereas the shorter produce violet. The wavelengths in the middle of this range produce the sensation of green, which is the color our eyes are most sensitive to. 

The energy of EM waves is measured in “electron volts”, abbreviated eV, and the energy of green light is 2 eV. The next range of shorter wavelengths, beyond the visible, is called  “ultraviolet”, with corresponding energies from 5 to 100 eV. It is common practice to describe these very short wavelength EM waves by their energy and to identify 10 eV as the point above which EM waves can produce ionization in matter. The remaining two ranges of EM waves are the X-ray, with energies from 100 to 100,000 eV 

(0.1 to 100 keV), and the gamma ray, with energies above 100 keV, commonly measured in millions of eV (MeV). X-rays are produced in X-ray machines and some radioactive substances; gamma rays are produced in some radioactive substances and from cosmic rays that originate in deep space. 

There are three sources of radiation due to energetic particles: accelerators used in physics research, radioactive substances, and cosmic rays. Their energies range from thousands to millions of eV, (keV to MeV). 

Part II, Description and Some Properties of Radioactivity 

Henri Becquerel, a French physicist, is credited with the discovery of radioactivity in 1896. As part of his experiments on the fluorescence and phosphorescence of minerals, he had placed a mineral containing a uranium salt on a photographic plate that was wrapped in black paper in a cabinet drawer. Days later he developed the plate, along with others, and was surprised to discover that the plate was darkened where the mineral had been located and concluded that invisible rays emanating from the salt had penetrated the paper and exposed the film. Working with some uranium a few years later, in 1899, the English physicist Ernest Rutherford, discovered that these rays consisted of at least two types that he called “alpha” and “beta”, both of which are electrically charged particles. It was subsequently learned that the alpha particle is a helium nucleus, two protons and two neutrons, and the beta is an energetic electron. The following year the French physicist 

P. Villard observed a third type of emission, gamma rays.

Because the charge of the alpha particle is due to 2 protons, 2 plus charges, it produces considerable ionization along its path through matter and thus its energy is quickly dissipated. In other words, alpha particles are readily absorbed passing through matter. A thickness or two of paper will stop alphas. Beta particles, electrons, have one negative charge, produce less ionization along their path and consequently are more penetrating. Depending on their energy, it may take a thickness of 2 to 3 centimeters of Plexiglas to stop betas. Gammas, on the other hand, not being charged, produce less ionization along their path and are even more penetrating, again depending on their energy. It can take a thickness up to 8 centimeters of aluminum (or about 1.5 cm of lead) to reduce gamma intensity to half its incident intensity.    

 It should be noted at this point that these radioactive rays, (the radiation), originates in the nucleus of radioactive isotopes of the chemical elements and are not affected by the chemical compound in which the isotope is bound or its temperature, or pressure.  The familiar picture we have of an atom is that of its nucleus consisting of protons and neutrons surrounded by a cloud of electrons equal in number to the number of protons. Consider the simplest atom, hydrogen, which consists of a proton, its nucleus, orbited by an electron. Pure hydrogen exists as a gas of diatomic molecules at ordinary temperatures and pressures. There are two additional isotopes of hydrogen, one consisting of a proton and neutron in the nucleus (this isotope is called “deuterium”) the other consisting of a proton and two neutrons in the nucleus. This isotope is called “tritium” and is radioactive emitting beta particles. Next up in the periodic table is helium of which there are two isotopes: the most abundant is helium 4, He-4, consisting of 2 protons and 2 neutrons in its nucleus orbited by 2 electrons. The other is He-3 consisting of 2 protons and 1 neutron orbited by 2 electrons. Both of these isotopes are stable. A few other isotopes, both stable and radioactive, will be considered below. 

The most abundant isotope of carbon occurring in nature is carbon 12, C-12. Its nucleus consists of 6 protons plus 6 neutrons surrounded by a cloud of 6 electrons. Another isotope of carbon, carbon 14, C-14, is produced in the upper atmosphere by the stream of very energetic particles emitted by the sun, the “solar wind”. These particles interact with nitrogen in the atmosphere resulting in the production of C-14, which is radioactive and emits beta particles. The nucleus of C-14 consists of 6 protons and 7 neutrons that are surrounded by a cloud of 6 electrons. 

Recall that two electric charges of like sign repel one another with a force that is inversely proportional to the square of their separation. The size of an atomic nucleus is so extremely small that the repulsive force between a pair of protons is enormous. Evidently the presence of neutrons in the nucleus produces a kink of “nuclear glue” that keeps the nucleus of stable isotopes from blowing apart. However, too many or too few neutrons produce an unstable nucleus resulting in a radioactive isotope. Very roughly speaking, the number of neutrons equals the number of protons in a stable nucleus. This is approximately true for the lighter elements but as the atomic number increases toward the heavier elements the neutron number increasingly exceeds the number of protons. For example, the heaviest stable element is bismuth 209. Its atomic number is 83, thus 83 protons plus 126 neutrons in its nucleus surrounded by a cloud of 83 electrons. All the elements that have an atomic number greater than 83 are radioactive.

When a radioactive atom emits an alpha or beta particle it undergoes a transformation and is said to “decay”. For example radium 226, atomic number 88, emits an alpha and transforms into radon 222, atomic number 86, which is called the “daughter product” and is also radioactive in this case. This process is symbolized as:

                       88Ra226    (     86Rn222    +    2He4    

Radioactive daughters may emit alphas, betas and or gammas in a series until stable isotope results. Alpha emitters are typically in the heavier of the natural occurring radioactive elements, those having atomic number greater than 83. 

Potassium 40, atomic number 19, is an example of a beta emitter. This process results when a neutron in the nucleus transforms into a proton with the simultaneous emission of an electron, the beta particle. The daughter produced is one up in the periodic table, calcium 40, atomic number 20, in this case. This process is symbolized as:

                        19K40      (      20Ca40     +      -1e0 

where –1e0 represents the energetic electron, the beta particle.

Gamma emission results when either alpha or beta emission leave the daughter nucleus in an “excited state”. The excited nucleus relaxes by the emission of one or two gamma rays. An example is cobalt 60, atomic number 27, the daughter of which is nickel 60, atomic number 28. This process is symbolized as:

                         27Co60      (      28Ni60       +        -1e0       +      2(
where ( represents a gamma ray. 

Each radioactive isotope has its own characteristic decay rate identified by its “half-life”, symbolized by T1/2. For example cobalt 60, Co-60, has a half-life of 5.3 years, which means that if one has 100 grams of Co-60 today, in 5.3 years one half, 50 grams, will have decayed into nickel 60, Ni-60. During the following 5.3 years the remaining half will decay into Ni-60 leaving 25 grams to decay during the next 5.3 years and on and on. After 10 half-lives less than one thousandth, in this case less than 0.1 gram, of Co-60 remains distributed in the nearly 100 grams of Ni-60. Temperature, pressure, or chemical composition cannot alter this rate of decay; it is a fixed property of the particular isotope.

The most frequently used isotopes in research at Illinois State University over the past few years are:

H-3,   beta emitter,            maximum energy,  0.019 MeV;          T1/2  =  12.3 years.

C-14, beta emitter,            maximum energy,  0.16    MeV;         T1/2  =  5730 years.

S-35, beta emitter,             maximum energy, 0.17    MeV;          T1/2  =  87.2 days.

P-32, beta emitter,             maximum energy, 1.7      MeV;          T1/2  =  14.3 days.

I-125, gamma emitter,                        energy,  0.18   MeV;          T1/2  =   60 days.

The last property of radioactivity to be considered is the strength of a quantity of radioactive material called its “activity”. The historical unit of activity is the “curie”, named for Marie Curie who received the Nobel Prize in Chemistry in 1911 for her discovery of two new elements, polonium and radium. The curie, abbreviated Ci, is based upon the number of disintegrations per second of one gram of radium, 3.7 X 1010 dps. The modern unit of activity is the “becquerel”, abbreviated Bq. One Bq. =  1 dps. Activity is also commonly measure in disintegrations per minute, dpm. Thus:

1 Ci = 2.22 X 1012 dpm. One curie is a very large quantity of radioactivity. A typical quantity of a radioactive substance purchased by a researcher here at ISU is one millicurie, (mCi), the activity of which is 3.7 X 107 Bq or 2.22 X 109 dpm.

Part III, Radiation Exposure and Dose
Measurable effects of radiation on living matter depend upon the amount of energy deposited in tissue. The concern here is on ionizing radiation. To begin with it may be a bit easier to think of the incident radiation as being X-ray or gamma rays; the extension to particles, alpha, beta, neutrons, etc. will follow easily. 

An incident X-ray on an atom of tissue produces ionization by dislodging one or more electrons. As a rule only some of the incident ray’s energy is utilized. The scattered ray can ionize an adjacent atom, loosing more of its energy then scatter off to another atom and so fort producing a series of ionizations along its path until it has been completely absorbed or exits the tissue. The incident X-ray may have sufficient energy to break the bonds in a water molecule leaving the free radicals H+ and OH-, which are very reactive and damaging to tissue. Or it could break the bonds in a complex molecule such as a protein or the DNA molecule. If, for instance, the bonds in a DNA molecule are broken several possibilities exist. A) The bonds rejoin leaving no permanent result. B) The bonds rejoin in a new configuration resulting in the death of the cell of which it is a part, or perhaps a cancer will begin. A healthy organism is continually replacing dead cells but if the intensity of the radiation is sufficiently great more cells are destroyed than the organism can readily replace resulting it the death of the organism.

The “absorbed dose” of radiation by matter is the amount of energy per unit mass imparted and is measured in “rads”. One rad, which stands for radiation absorbed dose, is defined as 0.01 joules absorbed per kilogram of matter, (0.01j/kg). The rad is an older unit but still in use. The newer unit of absorbed dose is the “gray”, (Gy) and is equal to 100 rad, (1Gy = 1j/kg absorbed).

For living organisms the “biologically equivalent dose”, or “dose equivalent” is measured in “rem” which stands for roentgen equivalent man. The rem is an older unit but still in use. The newer unit is the “sievert”, (Sv) and is equal to 100 rem. Because some types of radiation produce greater ionization along their paths through tissue they are more damaging. For example, alpha particles passing through tissue are 10 to 20 times more damaging than X-rays or gamma rays. For this reason alpha particles are assigned a “relative biological effectiveness” (RBE) or “quality factor” (QF) of 10 to 20, depending on their energy. X-rays and gamma rays have an RBE = QF = 1. The biologically equivalent dose, in rem, is obtained by multiplying the absorbed dose, in rad, by the RBE. For example, an absorbed dose of one rad of X-rays results in a biologically equivalent dose of one rem (0.01 sievert). The RBE for various types of ionizing radiation are: 

1. X-rays

RBE = QF = 1

2. gamma rays

RBE = QF = 1

3. betas

RBE = QF = 1 to 2

4. alphas

RBE = QF = 10 to 20

5. protons

RBE = QF = 10

6. neutrons (slow)
RBE = QF = 4

7. neutrons (fast) 
RBE = QF = 10

Another example is: A 2 rad absorbed dose of slow neutrons results in a biologically equivalent dose of  8 rem. In the newer units this is: A 0.02 gray absorbed dose of slow neutrons results in a biologically equivalent dose of 0.08 sievert.

Part IV, Measurement of Radiation

Three commonly used instruments to measure radiation are: the survey meter also called a Geiger counter, the liquid scintillation counter, and the film badge.

A standard type of survey meter consists of a probe connected by a cable to a battery powered electronic package the output of which is indicated on a meter and often by a beeping sound. Neon is the gas usually contained in the probe. Radiation passing through the neon produces trails of ions that are detected by the electronics and cause the meter to deflect and a beep to sound. The scale on the meter may indicate “CPM”, counts per minute, and/or, more appropriately, “mR/hr”, which is an abbreviation for milliRoentgens per hour. Thus a survey meter measures the rate of exposure. Radiation “exposure” is measured in Roentgens named after Wilhelm Roentgen who discovered X-ray radiation in 1895. By definition: one Roentgen of radiation produces 1.6 X 1015 ion-electron pairs in one kilogram of dry air.

The absorbed dose is proportional to the exposure. A whole body exposed to one Roentgen of gamma rays results in an absorbed dose of 0.96 rad, the biologically equivalent dose is 0.96 rem. Note that the proportionality constant is close enough to one that for an approximate calculation you can use one. For example, a person works in a laboratory for half an hour in which a survey meter indicates that the average gamma exposure rate is 60 mR/hr. Estimate the person’s absorbed does in rem and sieverts.

The absorbed dose is the rate times the time: 

(60 mR/hr) X (0.5 hr) = 30 mR, which is approximately 30 mrem = 0.3 millisieverts.

Geiger type survey meters are best at measuring gamma ray and beta ray exposure rate provided that the betas have sufficient energy to penetrate the thin window in the probe. Beta energies less than about 0.1 MeV are considered to be “low energy” and are not detected reliably by Geiger type instruments and alphas are not detected at all.

Liquid scintillation counters are used to detect and measure the rate of low energy beta emission from a sample of material. The material may be a bit of tissue that is part of an experiment or it could be piece of absorbent paper that was used to wipe a work area in an attempt to detect radioactive contamination. Liquid scintillation counters are rather large instruments that rest on a table or laboratory bench. Small samples of the material containing the beta emitter, H-3 for example, are put into small glass vials that are about 1 cm in diameter and 3 cm tall. A special fluid is then added. This fluid, called “fluor”, fluoresces when a beta particle passes through it. The vials are then put into a rack and then into the counter. The vials are automatically lowered, one by one, into the device so that the tiny flashes of light can be detected by very sensitive photomultipliers. The output results are then printed out. 

A typical film badge is used to determine the whole body dose received and contains two radiation sensitive devices; one is a piece of film, much like photographic film, the other is a small glass rod called a “thermo-luminescence device”, a TLD. It is worn on the chest or waist during the time the person works with radioactive materials. At the end of the month the badge is sent to the badge service provider for processing. The film is developed and examined. The total dose received is proportional to the optical density of the developed film. The processing of the TLD is to gently heat it in the presence of a photomultiplier. The amount of light released during the heating is proportional to the dose received. Film badges are not sensitive to low energy beta exposure. They are reliable for high-energy betas and gamma ray exposure. People working with P-32, beta energy 1.7 MeV, or any gamma emitter must wear a film badge.

Part V, Background Radiation
We are all exposed to ionizing radiation from a variety of sources in our environment. Our bodies contain small amounts of potassium 40 and carbon 14 from the food we eat. Other sources include cosmic rays (energetic particles from space), some building materials, such as stone and brick depending on the mining location, medical X-rays, radon, etc. The listing below represents an average biologically equivalent dose of radiation received by an U.S. resident. Keep in mind that this list represents an average over all residents, depending on a particular location and/or person the dose may be greater or less than that listed. The units used are “mrem”, millirem and “(Sv”, microsieverts.

Source of Radiation_______________________________mrem______________(Sv

Natural background radiation

Cosmic rays






 28


 280

Radioactive earth and air




 28


 280

Internal radioactive substances



 39


 390

Inhaled radon






200


2000

Man-made radiation

Consumer products





 10


 100

Medical and/or dental diagnostics



 39 


 390

Nuclear medicine





 14


 140
Total







358


3580

The total, 358 mrem, is close enough to 365 mrem to state that an average person receives a dose of approximately one millirem per day with no apparent ill effects. 

Part VI, Biological Effects of Radiation

The radiation dose levels that are stated in Part V pertains to all persons. We shall now concentration on persons who work with radioactive materials or X-rays or, because of certain circumstances, receive above average doses.

There are three broad categories used to describe the effects of whole body radiation dose, which are: genetic effect, effects that occur in an individual’s progeny, acute effects, effects due to a large dose of radiation in a short time period, and chronic effects, effects due to small doses received over long time periods.

Genetic effects. As stated above, radiation can damage the DNA molecule in the gene- carrying chromosomes but only chromosomal damage to germ cells can affect inheritance. It is also accepted that radiation will cause mutations. However there does not appear to be any conclusive evidence of any heredity effects in humans due to radiation. Even experiments done on animal populations fail to indicate any genetic effects resulting from increased radiation levels. For example, no change was observed in the population of a colony of Texas field mice in which the gonads of captured males were subjected to high levels of radiation and then released back into the colony. Nor were any effects of possible mutations on the colony viability observed. Another example comes from studies done on the animal population at Bikini and Eniwetok atolls after the nuclear bomb testing. Some of these animals received above-lethal doses of radiation yet appear to produce healthy, normal offspring.   

Acute effects. As a result of accidents, for example, persons working with fissionable material that became critical for a short period (a few minutes) and the disaster of the Russian reactor at Chernobyl, several people are known to have died due to large doses of radiation, 6 in the U.S. and 31 in Russia. There most likely have been others. Here the term “large dose” means greater than about 100 rem (1 sievert). A dose greater than about 300 rem (3 sievert) is considered to be “LD50(30)” which means: Lethal Dose with a 50% probability of survival within 30 days. The graph below shows the approximate relationship between probable death and whole body dose.       
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Short term effects of an acute whole body dose:

25 rem. This level dose may just be detectable from measurements of a drop in red and white blood cell count.

100 rem. About half of those receiving this level will become nauseous. There will be noticeable reductions in red and white blood cell count and feeling fatigue. 

200 rem. All will become nauseous and feel fatigue. Some may loose their hair and some may die especially if they do not receive rest and medical treatment.

300 to 400 rem. About half will die even given medical treatment.

500 to 600 rem. Most will die even with medical treatment.

700 to 800 rem  Most likely all will die even with medical treatment.

Cells are most susceptible to radiation damage during mitosis, during cell division. This also implies that organs and organisms that consist of rapidly dividing cells are more susceptible to radiation damage. This explains why many types of cancer are treated with gamma radiation from cobalt 60. Many cancers consist of rapidly dividing cells. It also explains why pregnant women and infants are more susceptible and have greater restrictions placed upon them regarding radiation exposure. Radiation induced nausea is understood because the cells in the small intestine undergo relatively rapid mitosis.

Chronic effects. Most of the information regarding chronic whole body radiation comes from studies of radiologists who may receive between 100 to 1500 mrem with an average of about 500 mrem per year in addition to background. The data indicate that radiologists have a slight increase in longevity compared to both physicians and the general population. However there is a somewhat higher, but decreasing, incidence of leukemia among radiologists frequently attributed to their radiation exposure.

It should be evident that the most hazardous situation results from radioactive material being ingested into the body. In this case the radiation-producing chemical is in intimate contact with tissue and consequently can do the most damage. Depending upon the chemical makeup of the material it may be flushed from the body after time or it may become permanently incorporated. An example of the latter occurred back in the early 1930s in which young women that were employed to paint the numerals on clock and watch dials with paint that contained some radium salts. Phosphors were also included in the paint so that the numerals glowed in the dark. The young women tipped their brushes with their lips for the fine work and so ingested some of the radium in the paint. Radium is chemically similar to calcium, being in the same column in the periodic table, so that it migrated and became incorporated into their bones. Recall that radium is an alpha emitter and that alphas produce considerable ionization along their paths in matter and so are very damaging to tissue. As a result many of these women developed degrees of bone cancer years later. The lesson here is to keep radioactive material out of the body. Wear rubber gloves and do not eat or drink in the laboratory.

Part VII, Protection from Radiation 

There are three principles, the use of which can keep your exposure to a minimum. These are:

1. TIME The longer you stay near a radioactive substance the greater will be your absorbed dose. This implies that you should practice your laboratory procedure before using active material so that you can quickly complete the task.

2. DISTANCE The intensity of radiation from a small size source decreases as the square of the distance from it. Doubling the distance from a source reduces the intensity of radiation by a factor of 4. This implies that you should avoid close contact and contamination of your skin by wearing rubber gloves when handling radioactive materials. You might also use tongs to hold containers of “hot” substances. And, as stated above, make sure that such material does not enter your body via your mouth. Consuming food in designated “hot labs” is prohibited. 

3. SHIELDING Adequate and proper shielding between your body and a source of radiation can reduce your exposure to very low levels. Metals, such as lead, can be used to shield from X-ray and gamma radiation but should not be used to shield from beta radiation. About 1.5 cm of Plexiglas provides adequate shielding for beta emission from P-32 (energy 1.7 MeV). Beta emissions from H-3 (energy 0.019 MeV), C-14 and S-35 (0.17 MeV) are stopped in or by the layer of dead skin of a person. Again, all persons working with radioactive, toxic or other hazardous substances should wear rubber gloves to protect themselves from contamination. 

Part VIII, Required Procedures

Illinois State University receives a license from the Illinois Department of Nuclear Safety, (IDNS), to procure and use certain radioactive substances. As part of this license the University agrees to abide by the rules and regulations set forth by this agency. To insure that these rules and regulations are being carried out, IDNS periodically sends an officer to inspect our laboratories and to review our radiation safety program. 

The ISU Radiation Safety Committee, authorized by IDNS, is the body that governs the use of radioactive materials on campus. This committee consists of seven members, three of whom come from Environmental Health and Safety (EHS); the chairman, who is the head of EHS, the radiation safety officer and assistant radiation safety officer. The remaining four consist of one representative from each of the departments of Biological Sciences, Chemistry, Health Sciences and Health Services. One main function of the committee is to review the qualifications of faculty members who wish to use radioactive materials in their research. A faculty member makes application to the committee, which includes his/her training and experience with the radioactive materials that are to be used in the research. The particular isotopes and amounts needed are included in the application. After successful review the committee grants permission to purchase and use such materials within the limits of ISU’s license.   

The complete outline of ISU’s radioactive materials program is described in the Radiation Safety Manual, available on Environmental Health and Safety’s web site. A small number of important points follow.

1. Surveys of radioactive material work areas are to be performed weekly when such material is being used. The appropriate instrument must be used, such as a Geiger counter for P-32 or I-125, or swipe for H-3, C-14 and S-35. Written records must be maintained of these tests. If no radioactive materials have been used the weekly record should so indicate.

2. When radioactive material is to be transferred to another authorized laboratory, approval must be obtained from the radiation safety officer or the assistant radiation safety officer and a copy of the amended inventory form sent.

3. Experiments involving volatile radioactive substances, such as volatile I-125, must be done in an approved fume hood.

4. Film badges are not to be shared between persons and should be worn on the chest or waist when working with high-energy beta emitters, such as P-32 or gamma emitters.

5. Solid radioactive contaminated waste must be stored in separate packages with labels indicating the isotope and the date. If the contamination is less than 0.05 microcuries per gram of H-3 or C-14, the waste may be discarded in ordinary trash.

6. Liquid radioactive contaminated waste must be stored in separate containers with labels indicating the isotope, the type of liquid, and the date.

7. Packages of radioactive materials received from vendors that have been delivered to the laboratory should be inspected for contamination. All non-contaminated packing materials are to be disposed of in ordinary trash after radioactive warning labels have been removed. Do not put non-radioactive waste into radioactive waste containers.

8. Decontaminating skin is accomplished by washing the area with mild cleansers two or three times. Strong soaps or solvents or vigorous scrubbing with a brush should not be used. The contamination should be removed not worked in.

9. If an accident occurs in a laboratory involving an injured contaminated person including spilled material the steps taken should be in the following order:

a. Assist the person, give first aid if necessary

b.  Monitor the person and begin their decontamination

c. Control the work area lock the door if necessary

d.  Decontaminate the work area

e. Call Environmental Heath and Safety to report the accident and ask for assistance.

10. Maintain up-to-date inventory records.

Now that you have completed the training log on to the ISU home page at http://www.ilstu.edu and log into iCAMPUS to take the exam.

