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My name is Grant Stenerson and I am currently an gth grader at Dunlap Valley Middle School in Dunlap, IL. I was 
chosen as a semi-finalist at the annual regional IJAS science fair last Saturday held at Bradley University in Peoria, 
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and concrete are tested to shield the gamma radiation produced by cobalt-60, as a representative of nuclear 
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in its nucleus allowing for a higher chance of the gamma ray to be absorbed. My experiment tested both lead 
and concrete for their ability to attenuate gamma rays. I used the Fundamental Law of Gamma Ray Attenuation to 
compare lead versus concrete. Through my research and calculations, I found that lead attenuated more gamma rays 
than concrete. The initial intensity was 1,252.5 KeV and lead reduced it to less than one KeV. On the other hand, 
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Based on the results of my investigation, I was hoping you could explain why the government uses Dry Cask Storage 
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Gamma-Ray Interactions with Matter 

G. Nelson and D. ~etlly. 

2.1 INTRODUCTION 

A kn9w ledge. of gamma-ray interactions . is . important . to the · nondestructive assayist 
in order to und,erstand gamma-ray detection and attenuation. A gamma ray must 
interact ~ith a petector in order to be "seen." Although the major isotopes of uranium 
and plutonium emit gamma rays at fixed energies and rates, the gamma-ray intensity 
measured outside a sample is always attenuated because of gamma-ray interactions 
with the sample. This attenuation must be carefully considered when using gamma-ray 
NOA instruments. 

This chapter discusses the exponential attenuation of gamma rays in bulk materi
als and describes the major gamma-ray interactions, gamma-ray sh!elding, filtering, 
and collimation. The treatment given here is necessarily brief. For a more detailed 
discussion, see Refs. 1 and 2. · 

2.2 EXPONENTIAL ATfENUATION 

Gamma rays were first identified in 1900 by Becquerel and Villard as a component 
of the radiation from uranium and radium that had much higher penetrability than alpha 
and beta particles. In 1909, Soddy and Russell found that gamma-ray attenuation 
followed an exponential law and that the ratio of the attenuaiion coefficient to the 
density of the attenuating material was nearly constant for all materials. 

2.2.1 The Fundamental law of Gamma-~ Attenuadon 

Figure 2.1 illustrates a simple attenuation experiment. When gamma radiation 
of intensity Io is incident on an absorber of thickness L,. the emerging intensity (I) 
transmitted by the absorber is given by the exponential expression 

(2-i) 
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Fig. 2.1 The fundamental law of 
. gamma~ray attenua-
. tion. The transmitted 
gamma-ray intensity I is 
a function of gamma-ray 
energy, absorber com
position, and absorber 
thickness. 

lo---· 

where µe is the attenuation coefficient (expressed in cm-1) . The ratio I/lo is 
called the gamma-ray transmission. Figure 2.2 illustrates exponential attenuation for 
three different gamma-ray energies and shows that the transmission increases with 
increasing gamma-ray energy and decreases with increasing absorber thickness. Mea
surements with different sources and absorbers show that the attenuation coefficient 
µj depends on the .gamma-ray energy and the atomic number (Z) and density (p) of 
the ·· absorber. For example, lead has· a high density and atomic number and transmits 
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Fig. 2.2 Transmission of gamma rays through lead absorbers. 
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a much lower fraction of incident gamma radiation than does a similar thickness 
of aluminum or steel. The attenuation coefficient in Equation 2-1 is called the linear 

· attenuation coefficient. Figure 2.3 shows the linear attenuation of solid sodium iodide, 
a common material used in gamma-ray detectors. 

Alpha and beta particles have a well-defined range or stopping distance; however, 
as Figure 2.2 shows, gamma rays do. not have a unique range. The reciprocal of the 
attenuation coefficient 1/µi has units of length and is often called the mean free path. · · 

The mean free: path is the average distance a gamma ray travels in the absorber before 
interacting; it is also the absorber thickness that produces a transmission of 1/e, or 
0.37. . 
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Fig. 2.3 Linear attenuation coefficienJ of Na/ showing 
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2.2.2 Mass Attenuation Coefficient 

The linear attenuation coefficient is the simplest absorption coefficient to measure 
experimentally, but it is not usually tabulated .because of its dependence on the density 
of the absorbing material. ; For example; · at a given energy, the linear attenuation 
coefficients of water, ice, and steam are all different, even though the same material 
is involved . . 

Gamma rays interact primarily with . atomic electrons; therefore, the attenuation 
coefficient must be proportional to the electron density ·P, which is proportional to the 
bulk density of the absorbing material. However, for a given material the ratio of;the 
electron density to the bulk density is a constant, Z/A, independent of bulk density. 
The ratio Z/A is nearly constant for all except the heaviest elements and hydrogen. 

P= Z p/A 

where P = electron density 
Z = atomic number 
p = mass density 
A = atomic mass. 

(2-2) 

The ratio of the linear attenuation coefficient to the density (µ l / p) is called the mass 
attenuation coefficientµ and ha's the dimensions of area per unit mass (cm2/g). The 
units of this coefficient hint that one may think of it as the effective cross-sectional 
area of electrons per unit mass of absorber. The mass attenuation coefficient can be 
written in terms of a reaction cross section, u(cm2): 

Nou 
µ=T (2-3) 

where No is Avagadro's number (6.02 x I023) and A is the atomic weight of the 
absorber. The cross section is the probability of a gamma ray interacting with a single 
atom. Chapter 12 gives a more complete definition of the cross-section concept. Using 
the mass attenuation coefficient, Equation 2-1 can be rewritten as 

I= Io e-µpL = Io e-:/.LX 

where x = pL. 

(2-4) 

The mass attenuation coefficient is independent of density; for the example mentioned 
above, water, ice, and steam all have the same value of µ. This coefficient is more 
commonly tabulated than the linear attenuation coefficient because it quantifies the 
gamma-ray interaction probability of an individual element References 3 and 4 are 
widely used tabulations of the mass attenuation coefficients of the elements. Equation 
2-5 is used to calculate the mass attenuation coefficient for compound materials: 



Gamma-Ray Interactions with Matter 

where µ1 = mass attenuation coefficient of ith element 
w i = weight fraction of ith element. 
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(2-5) 

The use of Equation 2-5 is illustrated below for solid uranium hexafluoride (UF6) at 
200 keV: 

µu = mass attenuation coefficient of U at 200 keV = 1.23 crn2/g 
µ 1 = mass attenuation coefficient of Fat 200 keV = 0.123 cm2/g 
Wu = weight fraction of U in UF6 = 0.68 
w / = weight fraction of F in UFa = 0.32 
p = density of solid UF6 .= 5.1 g/cm3 

µ = P.uWu + µ1w, = 1.23 x 0.68 + 0.123 x 0.32 = 0.88 cm2/g 

µ1, =µp::::0.88 x 5.l=4.5cm-1 . 

2.3 INTERACOON PROCESSES 

The gamma rays of interest to NDA applications fall in the range 10 to 2000 ke V 
and interact with detectors and absorbers by three major processes: photoelectric 
absorption, Compton scattering, and pair production. In th.e photoelectric absorption 
process, the gamma ray loses all of its. energy in one interaction. The probability for 
this process depends very strongly on gamma-ray e.,.ergy E-y and atomic number Z. 
In Compton scattering, the gamma ~y loses only part of its energy. in one interaction. 
The probability for this process is weakly dependent o~ E and Z The gamma ray 
can lose all of its energy in one pa,ir-production interaction . . However1 this. process is 
relatively unimportant for fissile material assay since it has .a threshold above 1 MeV. 
Reference 3 is recommended for more detailed physical descriptions of the interaction 
processes. 

2.3.l Photoelectric Absorption 

A gamma ray . may interact with a bound atomic . electron in such a way that it 
loses all of its energy and ceases to exist as a gamma ray (see Figure 2.4). Some 
of the gamma-ray energy is used to overcome the electron binding eµergy, and.most 
of the remainder is transferred to the freed electron as kinetic energy. A very small 
amount of recoil energy remains with the atom to co9~erve. momentum. This . is called 
photoelectric absorption because iUs the gamma-ray analog of th~ process discovered 
by Hertz in 1887 whereby photons of visible light liberate el~ns from a metal 
surface. Photoelectric absorption is important for gamma-ray . detection because the 
gamma ray gives up all its.energy, and the resulting pulse falls in the full-energy peak . 

.. . ·-----·----- ·- -----
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Fig. 2,4 A schematic representation of IM photo
electric absorption process. 

G. Nelson and D. Reilly 

Photoelectron 

The probability of photoelectric absorption depends on the gamma-ray energy, the 
electron binding energy, and the atomic number of the atom. The probability is greater 
the more tightly bound the electron; therefore, K electrons are most affected (over 
80% of the interactions involve K electrons), provided the gamma-ray energy exceeds 
the K-electron binding energy. The probability is given approximately by Equation 
2-6, which shows that the interaction is more important for heavy atoms like lead and 
uranium and low-energy gamma rays: 

T<X z4 /E3 . (2-6) 

where r = photoelectric mass attenuation coefficient. 

This proportionality is only approximate because the exponent of Z varies in the Jange 
4.0 to 4.8. As the gamma-ray energy decreases, the probability of photoelectric ab
sorptio~ increases rapidly (see Figure 2.3). Photoelectric absorption is the predominant 
interaction for low-energy g~ rays, x rays, and bremsstrahlung. 

The energy of the photoelectron Ee released by the interaction . is the difference 
between the gamma-ray ene~ E-y and the electron binding energy E1,: 

(2-7) 

In most detectors, the photoelectron is stopped quickly in the active volume of the 
detector, which emits a small output pulse whose amplitude is proportional to the 
energy deposited by the photoelectron. The electron binding energy is not lost but 
appears as characteristic x rays emitted in coincidence with the photoelectron. In most 
cases, these x rays are absorbed in the detector in coincidence with the photoelectron 
and· the resulting output pulse is proportional to the total energy of the incident gamma 
ray. For low-energy gamrria rays in very small detectors, a sufficient number of K 
x rays can escape from the,.detector to cause escape peaks in the observed spectrum; 
the peaks appear below the full-energy peak by an amount equal to the energy of the 
X ray. 

Figure 2.5 shows the photoelectric mass attenuation coefficient of lead. The in
teraction probability increases rapidly as energy decreases, but then becomes much 
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smaller at a gainma-ray energy just below the binding energy of the K electron. This 
discontinuity is called the K edge; below this energy the gamma ray does not have suf
ficient energy to dislodge a K electron. Below the K edge the interaction probability 
increases again until the energy drops below the binding energies of the L electrons; 
these discontinuities are called the L1 , Lu, and Lu1 edges. The presence of these 
absorption edges is: important for densitometry and x-ray fluorescence measurements 
(see Chapters 9 and 10). 

Ledges 
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Fig. 2.5 Photoelectric mass attenuation coefficient of 
lead. 

2,3,2 Compton Scattering 

Compton scattering is the process whereby a gamma ray interacts with a free or 
weakly bound electron (By ~ Eb) and transfers part of its energy to the electron · (see 
Figure 2.6). Conservation of energy and momentum allows only a partial energy trans
fer when the electron is not bound tightly enough for the atom to absorb recoil energy. 
This interaction involves the outer, least tightly bound electrons in the scattering atom. 
The electron becomes a free electron with kinetic energy equal to the difference of the 
energy lost by the gamma:ray and the electron binding energy. _Because the electron 

·-----·- - --···.. ·-· --·-··-· ·- -··· - -···- - ------ ·-· ----------··· 
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Fig. 2.6 A schematic representation of Compton 
scattering. 
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Atomic 
electron 

Scattered 
gamma 

binding energy is very small compared to the gamma-ray energy, the kinetic energy 
of the electron is very nearly equal to the energy l<>llt by the gamma ray: 

Ee=E-y-E' 

where Ee = energy of scattered electron 
&y = energy of incident gamma ray 
E' = energy of scattered gamma ray. 

(2-8) 

Two particles leave the interaction site: · the freed electron and the scattered gamma 
ray. The directions of the electron and the scattered gamma ray depend on the amount 
of energy transferred to the electron during the interaction. Equation 2-9 gives the 
energy of the scattered gamma ray, at1d Figure 2. 7 shows the energy of the scattered 
electron as a function of scattering angle and incident gamma-ray energy. 

(2-9) 

where m0c2 = rest energy of electron= 511 keV 
4> = angle between incident .and scattered gamma rays (see Figure 2.6). 

This energy is minimum for a head-on collision where the gamma lllY is scattered 
180°and the electron moves forward in the direction of the incident gamma ray. For 
this case the energy of the scattered gamma ray is given by Equation 2-10 and the 
energy of the . scatt,ered electron is given by Equation 2-11: 

E'(min) = moc2 /(2 + moc2 /E) 
~ m0c2 /2 = 256 keV; if E » m0c2 /2 . (2-10) 

Ee(max) = E/[1 +moc2 /(2E)] 
~ E- m0c2/2 = E- 256 keV; if E » moc2/2. (2-11) 

--~ ----- -------·-
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Fig. 2.7 Energy of Compton-scattered electrons as a function of scat
tering angle and incident gamma-ray energy (E"(). The 
sharp discontinuity corresponds to the maximum energy that 
can be transferred in a single scattering. 
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For very small angle scatterings ( <P ~ 0°), the energy of the . scattered gamma ray is 
only slightly less than the energy of the incident gamma ray and the scattered electron 
talces very little energy away from the interaction. The energy given to the scattered 
electron ranges from near zero to the maximum given by Equation 2-11. 

When a Compton scattering occurs in a detector, the scattered electron is usually 
stopped in the detection medium and the detector produces an output pulse that is 
proportional to the energy lost by the incident gamma ray. Compton scattering in a 
detector produces a spectrum of output pulses from zero up to the maximum energy 
given by Equation 2-11. It is difficult to relate the Compton-scattering spectnim to 
the energy of the incident gamma ray. Figure 2.8 shows the measured gamma-ray 
spectrum from a monoenergetic gamma-ray source (137Cs). The full"Cnergy peak at 
662 keV· is formed by interactions where the gamma ray loses all of its energy in 
the detector either by a single photoelectric absorption or by a series of Gonipton 
scatterings followed by photoelectric absorption. The spectrum of events below the 
full~ilergy peak is fonned by Compton scatterings where the gamma ray loses ,only 
part .of its, energy in the detector. The step near 470 ke V corresponds to the maximum 
energy that can be transferred to an electron by a 662-keV gamma ray in a single 
Compton ,scattering. This step is called a Compton edge; the energy of the ,Compton 
edge is given by Equation 2-11 and plotted in Figure 2.9. The small peak at 188. keV 
in · Figure 2.8 is called a backscatter peak. The backscatter peak is formed when the 

--·---- .. ----· ·- - - ----
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gamma ray undergoes a large-angle scattering (~180°) in the material surrounding the 
detector and then is absorbed in the detector. The energy of the backscatter peak is 
given by Equation 2-10, which shows that the maximum energy is 256 keV. The sum 
of the energy of the backscatter peak and the Compton edge equals the energy of the 
incident gamma ray. Both features are the result of large-angle Compton scattering of 
the incident gamma ray. The event contributes to the backscatter peak when only the 
scattered gamma ray deposits its energy in the detector; it contributes to the Compton 
edge when only the scattered electron deposits its energy in the detector. 
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Fig. 2.8 High-resolution spectrum of 137 Cs showing full-energy pho-
. topeak, Compton edge, and backscatter peak from the 662-

keV gamma ray. Events below the photopeak are caused by 
Compton scattering in the detector and surrounding 
materials. 

Because Compton scattering involves the least tightly bound electrons, the nucleus 
has only a minor influence and the probability for interaction is nearly independent 
of atomic number. The interaction probability depends on the electron density, which 
is proportional to ZJA and nearly constant for all m.aterials. The Compton-scattering 
probability is a slowly varying function of gamma-ray energy (see Figure 2.3). 

2.3.3 Pair Production 

A gamma ray with an energy of at least 1.022 Me V can create an electron-positron 
pair when it is under the influence of the strong electromagnetic field in the vicinity of a 
nucle11$ (see Figure 2.10). In this interaction the nucleus receives a very small amount 
of recoil energy,to conserve momentum, but the nucleus is otherwise unchanged and 
the gamma ray disappears. This interaction hasa threshold of 1.022 MeV because that 
is the minimum energy required to create the electron and positron. If the gamma
ray ~nergy exceeds 1.022 MeV, the excess energy is shared between the electron 
and positro11 as kinetic energy. This interaction process is relatively unimportant 
for nuclear material assay because most :important gamma-ray signatures are below 
1.022 MeV. . . 

----,-------
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Fig. 2.9 Energy of the Compton edge versus the energy of the inci
dent gamma ray. 

Fig. 2.10 A schematic representation of pair produc
tion. 
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· The electron and positron from pair production are rapidly slowed down 
in. the absorber. After losing its kinetic energy, the positron combines with 

· an electron in an . annihilation process, which releases two gamma rays with 
energies of 0.511 MeV. These lower energy gamma rays may interact further 
with the absorbing material or may escape. In a gamma-ray detector, this 
interaction often gives three peaks for a high-energy gamma ray ( see Figure 
2.11). The kinetic energy of the electron and positron is absorbed in the de
tector. One or both of the annihilation gamma rays may escape from the de
tector or. they may both be absorbed. If both annihilation gamma rays are 
absorbed in the detector, the interaction contributes to the full-energy peak 
in the measured spectrum; if one of the annihilation gamma rays escapes from 
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the detector, the interaction contributes to the single-escape peak located 0.511 MeV 
below the full-energy peak; if both gamma rays escape, the interaction contributes to 
the double-escape peak located 1.022 MeV below the full-energy peak. The relative 
heights of the three peaks . depend on the energy of the incident gamma ray and the 
size of the detector. · These escape peaks may arise when samples of irradiated fuel, 
thorium, and 232U are measured because these materials have important gamma rays 
above the pair-production threshold. Irradiated fuel is sometimes measured using 
the 2186-ke V gamma ray from the fission-product 144Pr. The gamma-ray spectrum 
of 144Pr in Figure 2.11 shows the single.: and double-escape peaks that. arise from 
pair-production interactions of the 2186-keV gamma ray in a germanium 'detector. 
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Fig. 2.11 Gamma-ray spectrum of the fission-product 144 Pr showing 
single-escape (SE) and double-escape (DE) peaks (1674 and 
1163) that arise from pair-production interactions of 2186-
keV gamma rays in a germanium detector. 

Pair production is impossible for gamma rays with energy less than 1.022 MeV. 
Above this threshold, the probability of the interaction increases rapidly with energy 
(see Figure 2.3). The probability of pair production varies approximately as the square 
of the atomic number Z and is significant in higll-Z elements such as lead or uranium. 
In lead, approximately 20% of the interactions of 1.5-MeV gamma rays are through 
the pair-production process; and the fraction increases to 50% at 2.0 MeV. For carbon, 
the corresponding interaction fractions are 2% and 4%. · 

2.3.4 Total Mass Attenuation Coefficient 

The three interaction processes described above all contribute to the total mass 
attenuation coefficient. The relative importance of the three interactions depends on 

--- ---·····--·-- ····· -----·- -- - ···-----· · -· ----·-- ···-- ·-
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·gamma-ray energy and the atomic number of the absorber. Figure 2.12 shows a com
posite of mass attenuation curves covering a wide range of energy and atomic number. 
It shows dramaticaHy the interplay of the three processes. All elements except hy
drogen show a sharp, low-energy rise that indicates where photoelectric absorption 
is the dominant interaction. The position of the rise is very dependent on atomic 
number. Above the low-energy rise, the value of the mass attenuation coefficient 
decreases gradually, indicating the region where Compton scattering is the dominant 
interaction. The mass attenuation coefficients for all elements with atomic number 
less than 25 (iron) are nearly identical in the energy range 200 to 2000 keY .. The 
attenuation curves converge for all elements in the range I to 2 MeV. The shape 
of the mass attenuation curve of hydrogen. shows that it interacts with gamma .rays 
with energy .greater than 10 ke V , almost exclusively by Compton. scattering. Above 
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Fig. 2.12 Mass attenuation coefficienis of selected elements. Also in
dicated are gamma-ray ene~gies commonly encountered in 
NDA of uraniwn and plutonium. 
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2 MeV. the pair-production interaction becomes important for high-Z elements and 
the mass . attenuation coefficient begins to rise again .. An understanding of the major 
features of Figure 2.12 is very helpful to the understanding of NOA t~hniques. 

2.4 Fil.TERS · 

In many assay applications, the gamma rays of interest can be measured more easily 
if lower energy gamma rays can be absorbed before they reach the detector. The lower 
energy gamma rays can cause significant count-rate-related losses in the detector and 
spectral distortion if they .are not removed. . The removal process is ·often called 
filtering. A perfect filter,material would:have a transmission of zero below the energy 
of interest :and a transmission ·of unity :above that energy, but as Figure 2.12 shows, 
such a material does not exist. However, useful filters can be obtained by selecting 
absorbers of appropriate atomic number such that the sharp rise in photoelectric cross 
section is near ,the energy of the gamma rays that must be attenuated but well below 
the energy of the assay gamma rays. 

Filtering is usually employed in the measurement of plutonium gllmma~ray 21pectra. 
Except im'*diately after chemical separation of americium, all plutonium samples 
have significant levels of 241 Am, which emits. a , very intense gamma ray at 60 ke V. 
In most samples, this gamma ray is the mOS:t intense. gamma ray in the spectrum and 
must be atte.nuated so that the plutonium gmnma rays can be accurately measured. A 
thin sheet of cadmium is commonly used to attenuate the 241Am activity. Table 2-1 
shows the e~ect of a cadmium filter on the spectrum from a 2-g disk of plutonium 
metal. In th~ absence ofthe filter, the 60-keV gamma ray dominates the spectrum and 
may even pjlratyze the detector. A 1 ~ lb :ii.mm cadmium filter drastically attenuates 
the 60-keV ~activity but only slightly *tel).uates the higher energy plutonium lines. 
The plutoni~m spectrwri below · 250 key ib1sually measured with a cadmium filter. 
When only /the 239Pu 414-keV gamma ray is of interest, lead may be used as the 
filter materi~ ~ause it :wm attenuate gamma rays in:the 100- to 200-keV region and 
will stop mqst of the 60rke V gamma rays. It is inter~sting to note that at 60 ke V the 
mass attenu!mqn coefficJents of lead and cadpiium are essentially equal, in spite of 
the higher Z of ]¢ad (82) relative to cadmium (48). This is because the K edge of 

l . } . ~ . . 
lead appe~ at 88 keV, as discussed in S~on 2.3.1. 

A cadmi~ filter is often used wlten measu'ririg 235U because it attenuates gamma 
rays and x rays in the 90- to 120-keV region and does not significantly affect the 
186-keV gamma ray from 235U. Filters may hlso be used for certain irradiated fuel 
measurements. The 21~6-keV gamma ray from the fission products 144Ce-144Pr is 
measured in some applications as an indicator of: the residual fuel material in leached 
hulls produced at a reprocessing plant :(see Chapter 18). The major fission-product . 
gamma-ray activity is in the 500- to 900-keV region and can be selectively reduced 
relative to the 2186-keV gamma ray using a 10- to 15-cm-thick lead filter. 

- ~-------· -·----~-- . 
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Table 2-1. Effect of cadmium filter on plutonium spectrum 

Absorber (cm) 

0 

OJ 
0.2 

Plutonium Signal (counts/s)4 

60keV 129 lceV 208 icev' 

3.57 X 1<>6 1.29 X ]()4 8.50 X ]04 

2.40 X 10'4 0.67 X ]04 6.76 X 10'4 

1.86 X 102 0.34 X 10'4 5;37 X 104 

414 kev 

2.02 X 104 
.· 1.85 X ]04 

1.69 X 104 ' 

a 24l Am = 0.135%; 239Pu = 81.9%; 241 Pu = 1.3%. Signal from 2-g disk of 
plutonium metal, 1 cm diam x 0.13 cm thick: . 
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Graded filters with two or more materials are sometimes used to attenuate the 
characteristic x rays from the primary filter material before they interact in the detector. 
When gamma rays are absorbed in the primary filter material, the interaction produces 
copious amounts of X rays. For example, when the 60-keV gamma rays from 241Am 
are absorbed in a thin cadmium filter, a significant ftux of 23-keV x rays can be 
produced. If these x rays create a problem in the detector, they can be easily attenuated 
with a very thin sheet of copper. Because the K x rays of copper at 8 keV are usually 
of sufficiently low energy, they do not interfere with the measurement. If the primary 
filter material is lead, cadmium is used to absorb the characteristic K x rays of lead at 
73 and 75 keV, and copper is used to absorb the characteristic K x rays of cadmium at 
23 keV. In graded filters, the lowest Z material is always placed next to the detector. 

2.5 SIDELDING 

In NDA instruments, shields and collimators are required to limit the detector 
response to background gamma rays and to , shield the operator and detector from 
transmission and activation sources. Gamma-ray shielding materials should be of 
high density and high atomic number so that they have a high total linear attenua
tion coefficient and a high phoioelectric absorption probability. The most common 
shielding material is lead because it is readily available, has a density of 11.35 g/cm3 

and an atomic number of 82, and is relatively inexpensive. Lead can be molded into 
many shapes; however, because of its high ductility it cannot be_machined easily or 
hold a given shape unless supported by a rigid material. 

In some applications, an alloy of tungsten (atomic number 74) is used in place of 
lead because it has significantly higher density (17 g/cm3), can be macluned easily, 
and holds a shape well. Table 2-2 shows some of the attenuation properties of the two 
materials. The tungsten is alloyed with nickel and copper to improve its machinability. 

----·· - -·---- -- ·- -·-· ·- ------··-·---- --·--· ----
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Table 2-2 shows that at energies above 500 keV the tungsten alloy has a significantly 
higher linear attenuation coefficient than lead because of its higher density. Thus, 
the same shielding effect can be achieved with a thinner shield At energies below 
500 keV, the difference between the attenuation properties of the two materials is 
less significant; the higher density of the tungsten alloy is offset by the lower atomic 
number. The tungsten alloy is used where space is severely limited or where machin
ability and mechanical strength are important. However, the tungsten material is over 
thirty times more expensive than lead; therefore, it is used sparingly and is almost 
never ~ed (or massive shields, The · alloy is ·. often -used to . hold intense gamma-ray 
transmission sources or to .collimate gamma-ray detectors. 

Table 2-2. Attenuation properties of lead and tungsten . 

Energy (ke V) 

. 1000 

500 

200 

100 

Attenuation Coefficient (cm 1) Thickness (cm)" 

Lead TUngstenb Lead Tlµtgstenb 

0.77 1.08 2.98 2.14 

L70 2.14 1.35 1.08 

10.6 

60.4 

11.5 

64.8 

0.22 

O.Q38 

0.20 

0.036 

"Thickness of absorber with 10% transmission. 
b Alloy: 90% tungsten, :6% nickel, 4% copper. 
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In the late 1970s and early 1980s, the need for alternative storage began to grow when pools at many nuclear 
reactors began to fill up with stored spent fuel. Utilities began looking at options such as dry cask storage for 
increasing spent fuel storage capacity. 

Dry cask storage allows spent fuel that has already been cooled in the spent fuel pool for at least one year to be 
surrounded by inert gas inside a container called a cask. The casks are typically steel cylinders that are either 
welded or bolted closed. The steel cylinder provides a leak-tight confinement of the spent fuel. Each cylinder is 
surrounded by additional steel, concrete, or other material to provide radiation shielding to workers and 
members of the public. Some of the cask designs can be used for both storage and transportation. 

There are various dry storage cask system designs. With some designs, the steel cylinders containing the fuel 
are placed vertically in a concrete vault; other designs orient the cylinders horizontally. The concrete vaults 
provide the radiation shielding. Other cask designs orient the steel cylinder vertically on a concrete pad at a dry 
cask storage site and use both metal and concrete outer cylinders for radiation shielding. See the picture of a 
typical dry cask storage system. 

The first dry storage installation was licensed by the NRC in 1986 at the Surry Nuclear Power Plant in Virginia. 

Spent fuel is currently stored in dry cask systems at a growing number of power plant sites, and at an interim 
facility located at the Idaho National Environmental and Engineering Laboratory near Idaho Falls, Idaho. See 
the map showing the location of existing independent spent fuel storage installations. 
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