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ABSTRACT Although today's computers have made three-dimensiona^d'screte ordinates 
transport codes a Virtual reality, there is sti.'l a ,need for approximate ,techniques for 
estimating . radiation environments. This paper discusses techniques •••for calculating 
gamma ray dose rates in nuclear power plants where Compton scattering i s the dominant 
attenuation mechanism. The buildup factor method is reviewedj/i'ts'use and misuse are 
discussed. Several useful rules-of-thumb are developed. The paper emphasizes the need 
for understanding the fundamental physics and draws heavily Wjiv' tiie old, classic 
references. 

I. INTRODUCTION 

This paper is being presented in a special session of the November 1985 American 
Nuclear Society Winter Meeting, which addresses "Approximate Caiculational Techniques 
for Radiation Protection Applications." To place, my paper into the proper ̂ context, I find 
myself first defining the term "approximate technique."'; One could call a three-
dimensional discrete ordinates transport code an approximation o f the Boltzmann 
equation. Solutions in one dimension are approximations of three-dimensional geome-
tries. Multigroup Monte Carlo is an approximation','?! a true analog Monte Carlo, which 
in turn approximates the true physical situation. For/my contribution to this session, I 
have elected to classify "approximate techniques" as those that are several magnitudes 
beneath those methods currently being developed at national laboratories on the latest 
generation of computers. The paper will discuss "approximate techniques" as they are 
applied to the design of gamma ray shielding and to the assessment of gamma radiation 
environments in commercial nuclear power plants. 

Gamma ray emitting fission products and activated corrosion products are trans-
ported through many plant auxiliary systems to locations in the plant outside o f . the 
primary containment. The piping, tanks, pumps, filters, demineralizers, and other 
equipment handling these radioactive fluids each require a radiological assessment to de- ^ 
termine its gamma ray shielding requirements. The method most commonly used to ^ 
make these assessments is the "approximate technique" commonly known as the point 
kernel method. 

Inasmuch as the point kernel method is a de facto standard, I will begin by 
discussing some historical background behind the method along with some reference 
materials and other resources that can aid in understanding the basic shielding physics. I 
will also comment on the use and misuse of the method with the use of several examples. 
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Some may regard my present comments as describing what was well known 20 years 
ago. It is true that the basic point kernel methodology is indeed unchanged since its 
origins, and one could report on the impact of refinements in basic data and methods to 
obtain buildup factors at lower gamma ray energies. But, as I discussed this paper with 
my coworkers (all younger), it became apparent that my many "insights" regarding 
gamma ray shielding learned in the early days (in what is called the "invisible college of 
shielding") were of more interest and were not written down anywhere. So with the at-
trition of those from the "invisible college of shielding" and the continuing loss of nuclear 
engineering curricula and shielding courses from our universities, it is hoped that this 
paper will document this insight for newcomers and refresh the memories of older 
practitioners. 

The paper will discuss basic data, basic resources, and rules of thumb; I will be 
making key observations in passing. The paper should give confidence to the point kernel 
user that the methodology is firmly based on radiation physics principles and is not an 
empirical method of uncertain origin. 

II. A BIT OF HISTORY-PAST AND CURRENT 

In the beginning, when Carlson, Lathrop, Engie, and Mynatt had not yet invented 
and perfected the discrete ordinates method, Herbert Goldstein, J. Ernest Wilkins, Jr., 
and their coworkers at Nuclear Development Associates, in White Plains, New York, 
published NYO-3075, Calculations of the Penetration of Gamma Rays [1], This June 1954 
report documented calculations made using the moments method first proposed by L. V. 
Spencer and U. Fano of the National Bureau of Standards in 1951. 

Two important products resulted from this effort . The first is the concept of a 
buildup factor and the second is the buildup factor data itself. As regards the concept, 
one can write (and easily calculate) for a point source in an infinite homogeneous medium 
a response to the uncollided flux, R y , at a point that is a distance r from a source, So, as: 

. So »(E»).-»r (1) 
u 4nr 

where R(Eo) = the "response function" (e.g., rad/hr per y/cm sec) due to gamma 
rays of source energy, Eo, and n = the total attenuation coef f ic ient . 

The response due to the scattered flux, Rg, arriving at the point may be written as: 

Rs = J R(E)<J>(E,r)dE, (2) 

where <|> (E,r) = the scattered flux at point r with energy E. 

The integral is carried out over all energies up to the source energy, Eo. The 
calculation of Rg is a difficult exercise and was what NYO-3075 was all about. 
Tabulations of R s in themselves are not especially useful, but the ratio B is: 



(i 
This is the basic formulation of the buildup factor, B, which enables a user to 

calculate a difficult-to-calculate quantity, Ru + Rg, by simply multiplying together Ru 
(an easy-to-calculate quantity) and B, which is available as tabulated data. 

/ 1 " buildup factor method was developed as an expedient in its time. Its 
forrr1 probably never believed that 30 years later the method would still exist and 
be u;.. . .. ,its original form. 

Almost everybody involved in gamma ray shielding today uses a point kernel 
computer code whose lineage may be traced back to QAD [2] or ISOSHLD [3]. QAD has 
been distributed by Oak Ridge National Laboratory's Radiation Shielding Information 
Center (RSIC) as code package CCC-48 and in its combinatorial geometry form as CCC-
307 for virtually every computer hardware configuration currently available. (The author 
is also guilty of proliferating QAD by contributing versions QAD-HD and QAD-P5A [4].) 
Since 1965 RSIC has packaged and shipped over 350 copies of the QAD (CCC-48) and 
QAD-CG(CCC-307) code packages—over 100 in the last 5 years; the distribution is 
worldwide. 

Advances in computing hardware have concurrently brought advances in one-, two-, 
and now three-dimensional discrete ordinates transport codes. But new computing 
hardware and refinements in both basic nuclear data and computing techniques have also 
brought refinements in buildup factor data libraries. The basic data of NYO-3075 have 
been expanded to lower gamma ray energies; other geometries, such as a beam normally 
or slant-incident; other elements; and other materials (especially concrete). A bibliog-
raphy is offered in Appendix A. The contributions of buildup factor literature have 
appeared continuously over the years, but always without fanfare. With the retirement 
of Dr. A. B. Chilton from the University of Illinois, the U.S. effort in buildup factor 
calculations has been severely diminished. But there is a resurgence of interest being 
shown in the Japanese shielding community. 

There is currently a standards-writing effort underway that should have as its final 
output a definitive exposition on buildup factors. The American Nuclear Society's 
Standards Committee Working Group ANS-6.4.3, chaired by D. K. Trubey, is developing a 
set of evaluated buildup factors and attenuation coefficients. The proposed standard will 
contain data from 15 keV to 15 MeV for some 12 elements and 3 mixtures (water, air, and 
concrete). The effort is described in Reference 5. This compilation will be a substantial 
contribution to the shielding community. 

III. BASIC REFERENCE MATERIALS 

Jack Courtney's Handbook of Radiation Shielding Data [6] and Hans Penkuhn's 
technical note [7] provide much useful information to support "hand calculations" of 
gamma ray environments. This type of information should be used only with a full 
understanding of the basis of this information. I will discuss my own favorite basic 
reference materials and, by way of tutorial comments, indicate their usefulness to 
approximate methods. 

A. Gamma Ray Attenuation Coefficients. 
First of all-, consider gamma ray attenuation coeff ic ients . The nicest summary 

graphical presentation is in Rockwell [8], pages 447 and 448 (see Figures 1 and 2). 
Someone firmly grounded in the basics of radiation physics will immediately recognize 
the fact that for nuclear power plant shielding against gamma rays with energies 
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Figure 1—Mass Absorption Coefficients (Low-Z Materials) 

(From Reference 8) 
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Figure 2—Mass Absorption Coefficients (High-Z Materials) 

(From Reference 8) 
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between 0.3 and 3 MeV, the Compton e f fec t is the dominant one. Because one rarely 
considers a shielding material in a nuclear power plant with an atomic number higher' 
than that of iron, one need not be too concerned with pair production of even photoelec-
tric e f f ec t . The above criteria leads one to the rule-of-thumb that "the gamma attenua-
tion coeff ic ient for all materials is about 0.05 cm /g." This rule arises because Compton 
scattering is based on a free electron model and the number of electrons per unit mass is 
equal to Avogadro's number multiplied by Z/A. Since Z/A is approximately a constant 
(-0.5) for all elements except hydrogen, the total gamma attenuation is approximately 
constant. 

For numerical values of photon cross sections, attenuation coeff icients, and energy 
absorption coefficients, one must have at hand John Hubbell's definitive work, NSRDS-
NBS 29 [9]. 

B. NBS Circular 542. 
Now that it has been established that we must be concerned with the details of 

Compton scattering for gamma ray shielding problems, another definitive reference is 
needed. This reference is NBS Circular 542, Graphs of the Compton Energy-Angle 
Relationship and the Klein-Nishina Formula from 10 keV to 500 MeV [10J. This document 
is packed with usable, detailed figures. Two of these, given here as Figures 3 and 4, 
illustrate the predominantly forward scattering of MeV gamma rays and the energy 
following a given scatter. These two relationships will be referred to many times in this 
paper and should be well understood. 

C. Gamma Ray Spectra. 
The analysis of the radiation fields associated with fission products requires a 

knowledge of the gamma ray yields from these nuclides. The sixth edition of the Table 
of Isotopes [11] was a reasonable one to use. The seventh edition [12] is now three times 
thicker, but too complicated for shielding use. A better resource is D. C. Kocher's 
Radioactive Decay Data Tables [13] and its companion summary [14]. 

D. Buildup Factors. v , 
Appendix A contains a bibliography of buildup factor compilations. As can be seen 

from this list, the use of buildup factors is firmly established in the shielding field. 

The shielder should have a qualitative feel for the behavior of buildup factors with 
respect to the gamma ray energy and the atomic number of the shield material. Such a 
qualitative feel should be firmly based on the physics that governs the e f f ec t [1]. 

Chapter 8 of NYO-3075 contains 77 figures of gamma ray spectra and buildup 
factors presented as functions of material (atomic number), gamma ray energy, and 
penetration depth. Figure 5 shows several gamma ray spectra. Figure 5a shows the 
pileup of low-energy gamma rays produced by Compton scattering in water. Figure 5b 
shows that for lead the low-energy gamma part of the spectrum has been depleted 
completely. The experienced shielder will recognize that this depletion in lead is a result 
of the photoelectric e f fec t removing all low-energy gamma rays from consideration, and' 
this is expected. (See Figure 2.) One may also observe that after four mean-free-paths 
the spectra have reached an equilibrium shape for both the water and lead, suggesting 
some equilibrium condition is being approached. However, the buildup factor, 
proportional to the area under each curve, is still increasing with depth, but at a slower 
rate. c ° • , • 

-- K ' Si 
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Figure 3—Differential Klein-Nishina Cross Section 

(From Reference 10) 
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Figure 4—Compton Energy-Angle Relationship 

(From Reference 10) 
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Figure 5 (a)—Differential Energy Spectra—Water 

(From Reference 1) 
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Figure 5 (b)—Differential Energy Spectra—Lead 

(From Reference 1) 
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Figure 6 is the usual presentation of buildup factor data, which is shown as a 
function of penetration depth for several initial gamma ray energies. Figures 6a, 6b, and 
6c show data for water, iron, and lead, respectively. Both Figures 6a and 6b show lower 
buildup factors for higher gamma ray energies as expected due to the nature of Compton 
scattering. (Recall that Figure 3 showed a higher probability of scatter in the forward 
direction for higher energy gamma rays. Thus the number of gamma rays scattering 
through large angles and arriving at the detector is smaller for higher energy source 
gamma rays, and a smaller buildup factor is the result. This e f f ec t is amplified by the 
larger fractional energy loss shown in Figure 4.) Figure 6c (lead) shows the impact of 
increasing photoelectric and pair production cross section. The trends identified with the 
Compton e f f e c t no longer dominate. Qualitatively, the relationships shown in Figure 6 
are no surprise to the gamma ray shielder. 

Figure 7 shows the buildup factor as a function of atomic number. This continuous 
plot can be made from the seven values of Z used in the NYO-3075 calculation because 
the Compton cross section is a free electron model, and the photoelectric (and pair pro-
duction, where applicable) cross sections vary slowly with atomic number. Because of 
this, one can assemble buildup factors for any mix of materials from a basic library, such 
as that in NYO-3CI75. 

E. Buildup Factors for Layered Shields. 
If one has a layered shield configuration an estimate of the composite buildup 

factor can be made based on the discussion so far (see Figure 5). If a layer of lead (high 
Z) is followed by a layer of water (low Z) one can argue qualitatively that the spectrum 
of the gamma rays arriving at the water shield has been depleted of low-energy gammas; 
hence the buildup factor due to the Compton gamma rays built up in water is the only 
one that need be considered. Conversely, if a water (low Z) layer is followed by a (high 
Z) lead layer, the low-energy Compton gammas generated in the water need not be 
considered as they will be absorbed by the lead and only the e f fec ts due to the lead need 
be considered. The above argument can be stated with confidence when the shields are 
divergent in Z and of sufficient thickness (more than several mean free paths of the 
initial gamma ray) to permit development of a characteristic spectrum. When layered 
shields are of similar Z (e.g., concrete and iron) other approaches such as e f fect ive 
average Z may be appropriate. Recalling Figure 7 one can see what the e f fec t of Z on 
buildup factor will be. Additional layered buildup factor discussions may be found in 
Section 2.7 of Reference 15 and Section 4.3.2 of Reference 16. 

F. Gamma Ray Albedo Data. 
A discussion of gamma ray albedo formulations appears in ORNL-RSIC-21 [17] and 

in almost identical form in Chapter 7 of Schaeffer's book [18]. An alternate discussion 
with hand calculations in mind was prepared by M. Leimdorfer and appears in Section 4.4 
of [16]. Albedo methods can be used to assess some gamma ray scattering problems, 
albeit with difficulty. The Chilton-Huddleston formula [19] may be used, but calculations 
can be quite lengthy. Single scatter problems are probably better handled with a single-
scatter computer code, such as G"̂  [20], or a hand calculation using the data of NBS-542 
mentioned earlier. Integral albedo results, though, are of use as the basis for a 
scattering rule of thumb. 

Figure 8 (from Reference 21, and supplemented with data from References 17 and 
18) shows the total dose albedo for the case of a beam incident on a slab of concrete. 
The total dose albedo is defined as the ratio of "reflected dose" to "incident dose" and is 
presented as a function of angle of incidence and incident gamma ray energy; the 
reflected dose is the integral over all emergent angles. As expected, Figure 8 shows the 



Figure 6 (a)—Dose Buildup Factor—Water 

(From Reference 1) 
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Figure 6 (b)—Dose Buildup Factor—Iron 

(From Reference 1) 



Figure 6 (c)—Dose Buildup Factor—Lead 

(From Reference 1) 

? 

Figure 7—Dose Buildup Factor Versus Atomic Number 

(From Reference 1) 
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(From References 17, 18, and 21) 
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behavior predicted by the physics of Compton scattering (again, see NBS-542); higher 
albedos are shown for lower energies and smaller scatter angles. This behavior should 
also alert the shielder to design labyrinths carefully. A source emitting keV gamma rays 
may require a more complex labyrinth than one emitting 6-MeV gamma rays. 

Figure 9 was taken from a 1965 paper by Chilton [22], which presents results 
calculated using an albedo formulation. Figure 9 has been developed to compare the 
albedo method with experimental data using a cobalt-60 source; it can be used to 
demonstrate that, like Figure 8, an albedo of about 1/30 can be used to roughly estimate 
the albedo from a concrete wall or ceiling for a geometry as is shown in Figure 11c. This 
factor of 1/30 will be referenced when discussing a situation where the use of buildup 
factors is not applicable. Note that the back-scatter albedo is strongly dependent on 
gamma ray energy (see Figures 3 and 4). An albedo of about 1/5 may be more 
appropriate for an 0.2-MeV source. 

G. Geometric Considerations. 
Geometries other than the original point-source-infinite-medium geometry must be 

considered in designing nuclear power plant shielding. The original, complete, publicly 
available compilation of such geometric considerations may be found in Rockwell's 
Chapter 9, "Effect of Geometry of Radiation Source," [8] and is still a widely referenced 
source. 

It is worth mentioning one other reference in this area. It is Anthony Foderaro's, 
The Photon Shielding Manual [23]. Dr. Foderaro was a principal contributor to Rockwell's 
Chapter 9. He has maintained his interest in shielding and assembled into his book all of 
the equations and data tables necessary to perform perhaps 90% of the gamma ray 
shielding calculations encountered in the nuclear industry. Because the book is a compi-
lation of equations and data, the basic radiation physics discussion must be found in other 
resources, such as those described earlier in this paper. However, this book is the best of 
its type in print today and is a highly recommended volume. Also, these formulae and 
data tables are readily programmed into today's personal computers. 

I can criticize Foderaro's book on only one count. The buildup factor data is based 
solely on NYO-3075 or data calculated from NYO-3075 results. Much newer data exists 
(see Appendix A) especially for gamma ray energies below the 0.5-MeV cutoff of NYO-
3075 and for other materials, especially concrete. Users may consider substituting other 
compilations of buildup factor data. 

H. Attenuation Curves and Tables. 
The shielder will encounter many tabulations or plots of attenuation factors as he 

reviews the literature. In the Radiological Health Handbook [24] page 149, (Figure 10. in 
this report) is a plot of various nuclides' gamma ray transmission versus concrete 
thickness. The experienced shielder must ask, what is the geometry used to develop this 
curve? Is it measured or calculated? If calculated, was buildup included? (The 
experienced shielder can answer this question by glancing at the shape of the curve for 
small attenuation thicknesses.) My favorite for quick reference is Sauermann's 
Strahlenschutz durch Abschirmung (Radiation Protection by Shielding) [25]. Similar, 
more extensive data appears in Section 9.1 of Reference 26. 

I. Immersion and Contact Dose Rates. 
Immersion dose rates (dose rates within a source medium) can be quickly estimated 

' from a conservation of energy argument. For a large medium, one can state that the 
rate of energy release equals the rate of energy absorption. For a water medium 
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containing luCi/g of a nuclide that emits 1 MeV per disintegration, one can calculate the 
energy release rate: 

1 Ji£l x i MeV 3 > 7 x l 0 " d i s / s e c g d i s PCT ^ 

1 . 5 X 1(T 6 erg = 0 . 0592 - ^ 3 1 • 
MeV g - s e c 

>> 

Letting the energy release rate equal the energy absorbed rate gives: 

°' 0 5 9 2 f E H c * l o o ' e r g s / g * 3 6 0 0 T f = 2 " 1 3 r a d / h r " <5> 
The rule of thumb: immersion in 1 of a 1-MeV emitter results in a 2-rad/hr 

absorbed dose rate. ® 

If one is standing next to a large tank (semi-infinite) of such an emitter, then one 
would expect half the dose rate; therefore, the contact dose rate outside of a liquid tank 
is about: 

1 rad/hr per yCi/g of a 1-MeV emitter, (6) 

or 10 yCi/g results in a 1-mrad/hr contact dose rate. 

Similar arguments can be used to derive the air immersion rule of thumb for a 1-
MeV emitter: q 

Infinite cloud: 10"^ yCi/cc •*• 2 mrad/hr, and 

Semi-infinite cloud: 10"^ yCi/cc + 1 mrad/hr 

The above rules of thumb are soundly based on conservation of energy principles; 
once they have been worked out by the user, they should be used without hesitation. 

J. Doses and Dose Rates from Finite Plumes. 
Today's radiation protection engineer may also be called upon to calculate the dose 

rate from a passing cloud of radioactive gases to support emergency planning decisions. 
For ground level releases, the semi-infinite cloud dose rates will be overly conservative 
and lead to protective actions that are not warranted. A more realistic approach was 
required. In the spirit of developing a "simplified method" my coworkers and I have 
numerically integrated the dose rates due to a finite Gaussian plume and developed 
numerical factors for use in several forms. The first form [27] calculates kernels, which 
when multiplied by the source release rate and divided by the wind speed will give 
downwind dose rate. The results of the difficult numerical integrations are contained in 
the library of kernels, but the data and accompanying equations are simple to use and 
involve only multiplication and division. 

We have also cast the numerically integrated results in a different form for use in 
manually executed dose assessment procedures. Here we have calculated the ratio of the 
semi-infinite cloud dose rate (an easy-to-calculate number) to the finite cloud dose rate 
(a difficult-to-calculate number). Some data taken from Reference 28 are given in 
Table 1. One can see from this table when the finite cloud e f f e c t is of real concern. 
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The tables of data included in Reference 27 lend themselves well to computer 
programs that calculate downwind doses. But in themselves, they do not provide one 
with a "feel" for the e f f ec t of the finite plume. The presentation of the data in Table 1 
does provide one with such a "feel" and thus the basis for a "rule of thumb." 

IV. A FEW COMMENTS ON GAMMA RAY SHIELDING CALCULATIONS MADE 
USING BUILDUP FACTORS 

A. Finite Slab Shield Walls and the "Collision Density" Criterion. 
As was shown previously, gamma ray shielding problems in nuclear power plants 

must consider only Compton scattering. The Compton-scattered gamma ray was the 
main item of concern in the moments method solutions developed by Goldstein and 
Wilkins [1], But their solutions were for the simple geometries that would work in the 
moments method computer codes in use at the time. One of these is the case of a point 
source in an infinite homogeneous medium (see Figure 11a). Can these buildup factors be 
used for a source shielded by a solid wall (see Figure 1 lb)? Of course! Figure 3 shows 
that for the energy range of concern, the scattering is predominantly forward, thus 
providing us with justification for using infinite medium buildup factors for slab shielding 
geometries. (Or stated another way, the backscatter contribution from the outboard 
region of the infinite medium is small compared to the inboard portion.) Figure 4 
emphasizes the above statement (because of gamma ray energy degradation). Recall 
Table 2 taken from Price, Spinney, and Horton [15]. These data (from later calculations) 
confirm that most of the scattered dose was coming from the material between the 
source and the detector. The use of an infinite rather than a finite buildup factor 
provides only a modest conservatism, which should be expected. 

One more thing to verify when using infinite medium buildup factors. Mentally 
check the collision density as seen by the detector. In the point source infinite medium 
calculation the detector would "see" a collision density decreasing as one moved radially 
in all directions from the source. If this same condition exists in a problem at hand, then 
the use of infinite medium buildup factors is justified. Such is the case for a point source 
and a solid wall shield. 

B. Scattering Surface Shine. 
Consider a geometry as shown in Figure 11c. Here the collision density "seen" by 

the detector is higher at a scattering surface (wall or ceiling) than at the surface of the 
wall for the line of sight at which the buildup factor is determined. The "collision 
density" criteria may not be met and the use of buildup factors may not be warranted in 
this case. The scatter dose may be quantified by the 1/30 albedo factor discussed 
earlier. 

The "scattering surface shine" may be estimated as l /30th of the dose rate incident 
to the surface. From Equation (3), the "shield scatter" dose rate is estimated as (B - 1) 
times the uncollided dose rate. If the scattering surface shine dose rate is greater than 
the shield scatter dose rate, then the point kernel solution for this situation is not valid. 

C. Short Circuiting. 
o Another point kernel booby trap is the slant-incidence geometry illustrated in 

Figure 12. Again the detector would "see" a response dominated by collisions at regions 
A or B, not due to that which would be dictated by the line-of-sight pathway. Therefore, 
infinite medium buildup factors should not be used for this "short-circuit" geometry. The 
subject has been studied and results published in References 15 and 29. 
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Figure 11—Gamma Ray Scattering Geometries 

c. Finite Slab with Scattering Medium 
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Table 1 - Finite Plume Dose Rate Correction Factor 
{From Reference 28) 

* 

Downwind 
Distance Atmospheric Stability Class 
(meters) A B C D E F G 

800 1.25 1.79 2.37 3.40 4.27 5.34 7.05 
1609 1.08 1.29 1.63 2.37 3.00 3.91 5.10 
3218 1.04 1.09 1.25 1.77 2.23 2.92 3.90 
8045 1.02 1.02 1.06 1.35 1.67 2.18 2.88 

Table 2 - Comparison of Scattered Dose Rate in 
Finite and Infinite Slabs of Mater 

The quantity tabulated is • where: 

B(t,t) is the buildup factor for transmission through a slab of thickness t , and 
B(t,=) is the factor applying at a depth t in an infinite medium. (Data is from 
Table 2.7.4, Reference 15.) 

Energy Shield Thickness ' 5 "n* 
(MeV) 1 2 4 8 16 

0.66 0 .663 0.713 0.783 0 .785 0. 784 
1.00 0 .720 0.754 0.821 0 .828 0. 830 
4.00 0 .885 0.912 0.920 0 .926 0. 933 

0„ 
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Figure 12—Slant Penetration 

Figure 13—The Skyshine Problem 

o 
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DISTANCE IN AIR (g cm2 ) 

D ISTANCE IN AIR ( f t ) 

IV. 11 Unscattered (0), singly-scattered^^), and multiply-scattered (2+) 
components for a point isotropic Cs source in air. The dashed 
curve at the bottom gives the ratio of "Total" to unscattered. 

Figure 14—Cs-137 Gamma Ray Transport in Air 

(From Reference 21) 
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D. Skyshine. 
The so-called "skyshine" problem is illustrated in Figure 13, and is analogous to the 

"scattering surface shine" problem discussed previously. The geometry is such that the 
use of a buildup factor and point kernel on the source-to-detector line of sight severely 
underestimates the dose. The dominant component of the dose is due to those gamma 
rays that have undergone at least one scatter in air. As in the scattering surface case, 
the shielder may make a quick estimate of the relative importance of the "skyshine." 
One method is to recall my previous "rule" and compare the collision density at the 
outboard face of the shield and in the air scattering media above the shield. Another 
more qualitative method is to look at curves such as Figure 14, which was taken from 
Reference 21. Figure 14 shows the unscattered, singly-scattered, and multiplerscattered 
components for the case of a point isotropic source of Cs-137 in infinite air. One can 
estimate the air-scattered dose r a t e r s one-half of the sum of curves (1) and (2+) times 
the source strength; .this may be compared to the point kernel calculated result. (For 
gamma ray energies other than that of Cs-137, one must use the uQt abscissa of this 
plot.) An alternate estimate of the scatter dose is (B - 1) times the point kernel 
calculated uncollided dose rate, where air is substituted for the shield material. If the 
air-scattered estimate exceeds the point kernel result, then the point kernel result is 
invalid, and other computational methods are required to assess the problem. 

V. CONCLUDING REMARKS 

The guided tour through one shielder's private stock of references (which included a 
number of previously unannounced side trips) is now over. I have pointed out what is 
necessary and how it is useful to shielders. 

My meanderings took me back to several immortal references, which, at the time, 
cost a total of $4.65. Rockwell ($2.10), NYO-3075 ($1.25), NBS-542 (550), and NSRDS-
NBS-29 (750) have withstood the tests of time. As I found myself referring to these 
reports many times, I feel that all shielders would profit by rereading them. 

It should be obvious by now to the reader that I have a very high regard for the 
point kernel method. This high regard comes from understanding basic radiation physics, 
the formulation of the model, and its limitations. Without this kind of understanding, 
this, or any other methodology, should not be used. 

In these days of computer advances where three-dimensional discrete ordinates 
transport calculations are now a virtual reality, the shielding community should 
remember that there is still a place in this field for basic physics, simplified methods, 
and rules of thumb. 
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