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PREFACE

This work was undertaken to provicde a con-
cise statement of certain methods and approximatiocns
useful in the estimation of physical dose rates in
alr in regions adjacent to sources of gamma radiation.
The intent 1s primarily to provide working methods
which yield approximate answers rapidly. To this end
certain simplifying assumptions have been made and
graphical methods of calculation have been includec..



DOSE RATES PRODUCED FROM GAMMA RAY SOURCES

I. ABSTRACT

In this paper are presented some assumptions, methods, equations,
and nomograme which have been employed to estimate physical dose rates in air
due to sources of gamma radistion of selected shapes.

A method for estimating dose rates in air near hollow cylindrical
sources is reviewed briefly, and it is shown how a general equation degener-
ates to simpler forms for selected special shapes of the sources and for lo-
cations of the point at which dose is calculated.

Nomograms are presented for the simplified egtimsvic: of dose rates
due to hollow cylindrical sources and point sources.

IZ. INIRODGCTION

The emphasis in this work is to summarize some methods for calcula-
ting problems which permit estimating gammas dose rates in corfigurations and
under conditions frequently erncountered in irradiation work. One purpose iz
to show the relationships in special cages which have been treated previously
in calculating gamma dose rates. Another purpose is to presernt nomograms which
permit rapid estimation of gamma dose ratesg in air. Rapid estimating proce-
dures are of particular value to the engineer who doeg not have a wide back-
ground in nuclear studies, but who wishes to asgess quickly the potentialities
and requirements for radiation effects and experimertal irstallationg requiring
the use of gamma radiation. To thig end, it is suggested thet the dose rates
in air calculated from the charts presented here may te corrected for absorp-
tion of such things as pressure vessel walls, source containers, etc., by rough
approximations taking account of exponential decrease in dose rates with thick-
ness of thin layers of absorbing materials.

The use of sources of radiation has increased rapidly during the past
few years because of the increased use of nuclear reactors. Reactors have made
radistion available in a number of forms. Among theze zre beams of neutrons



emitted directly from reactors, and gamma an. teta radiation emitted during
fission or resulting from delayes emission from the racioactive fission pred-
ucts. In acddition nonactive materials mey te placed in nuclear reactors and
made radiocactive by the abscrption of neubrons. (obalt-H0 is produced in
this manner, for chemical, radicgraphic, radiotherapeutic, ané other biologi-
cal work. Many other isotcpes such as radioicdine, raciophosphorus, and
radiogold, may be producel by neutrcn avscrption for mecical ant cther tracer
work. Radiocesium and radicstrontium may be separated frem nuclear fissicn
products and employed in a wvariety of “iclogical and chemical irradiations.

The nuclear radiatiocn emitted bty most rnuclides of interest to irra-
diation work consists chiefly of electvors ‘beta particles) and electromag-
netic emissions (gamma radiation). ~ose rates Cue *o beta radiation are not
treated here. Dose rates due to gamma raciaticn are considerec in this paper.

A knowledge of physical {cse rates in alr near socurces of gamma ra-
diation is of importance in handling an< using many kirnds of radiocactive .wa-
terials. Gamma radiation must be dealt wi“h in such a way that personnel are
not subjected to excessive exposures ¢ the radlatvion. In adiditicon, any appli-
cations of gamma radiation require scme quantitacive knowlecge of the amounts
of radiation received by a system of irnterest, tc permit correlation of observed
effects with the radiation.

Personnel protection requires shielling and problems encountered in-
volve required thickness, shapes, anc. weights of the shielding materials.
These in turn bring in consideration cof avscrpticn, scatterirng, {ispersion,
and other interactions of radiation and. matter, e.g., as Ciscussel by Moteff
(7), and Goldstein and Wilkins (1). Appiicalbions of gamma raliation to irra-
diation of systems alsc involves these effects., However, the present Ciscus-
sion neglects such effects and concentrates upon the problem cf rapid estima-
tion of dose rates in air. Moderate thicknesses of air urnier ordinary
conditions attenuate primary gamma raiiation sc slightiy that the effect of
air can be ignored in approximate calcuiaiicns,

III. ©DOSE RATES IN AIR UE 50 SCRCES JF SELECIED SHAPES

In this discussion varicus equations are reviewed, relating the gamma
dose rate to the characteristics of the source of raciation., The unit of gamma
dose rate used is the "roentgen equivalent physical", often abbreviatec as "rep)
as discussed by Parker (8). The rep will be consifered to correspond *to the
absorption of 93 ergs of energy from gamma radiation per gram of absorber (1
rep corresponds to about 6.4 x 10-12 ®tu/lb of absorber). The precise defini-
tion of units of dose rate is complicated oy ccnsiderations such as atomic nun-
ber of the absorber and energy spectrum cf the gamma raciation, but these will
not be considered further in this paper. “he rep is only one of mar~ units
which have been suggested for the reporiting of <ose rates. See Siri {10).

~
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A brief review of units and conversion factors is presented here fo

convenient reference:

~

-] D
O7te ergs

]

1 electron volt {(ev) = 1.59 x
- =19 o
lev = 1.59 x 1C watt seconds

N ° - 4
1 million electron volts (mev) = 1.59 x 107 -6 ergs

1 mev = 443 x 10770 kwh
1 kilowatt hour = 3410 Ztu
lerg = 107+ Joules
1 watt second = 1 joule
1 gram calorie = L.,182 joules
1 3tu = 252 gram calories
1 curie = 3.7 x 1o+ disinﬁegration~/~ewagn .

It may be noted that curies, a commonly used messure of the radic-
activity of a material, is analogous %o current in ordinary electrical prac

> .

tice, in that it gives a measure of the number of nuclear emisaicne per uni
J

,_
ot

time, without regard to the energy of each pmluJiOﬁ Many gamms rayc are
emitted from decaying ruclel with characteris , analogous to the
spectral lines emitted by luminous bodiez. T

-

sion of the gamma rays is often reported in millions

Consequently, the emission energy is analogous to voltsge in electrical prac
tice, and the product of curies and mev gives « measur: of the power cutput
of a source of radiation. A radicactive material ofte: Yoth beta and
gamma rays of different erergies and sometimes Glsir: smong more than

of electron volts (mev

one decay scheme. Consaquently, caution must be employe? in drawing analogles

such as these given atove. Activitieg enzountzred In proctlie may vary Ifrom
microcuries (one microcurie equals LJ“6 cuz
equals 106 curie).

4o megacuries {one megacurie

As an illustrative example, 1Y 2 nuclide were emitting only one
gamma of 1 mev per disintegration at a rate cre million curies, the power

output of this source wculd be:

-20 kwh , w10 : 2 - -
1 mev x 4.43 x 10 b ZWE o 106 curieg x 3.7 x 10 a2 X 300 g
mev Sety \turle hr

CAS

righic energy of emis

H

~

R

Kw.



One million curies is a large source of radiation, and its power out-
put of 5.9 kilowatts is not large compared with conventional sources of power.
The relatively small power available from what are now regarded as large
sources of radiation illustrates the need of utilizing either very large sources
of radiation or using radiation for applications not suited to other sources of
energy where power is the primary consideration.

It should be noted that the total power output of a radioactive source,
5.9 kilowatts in the example cited above, will not all be intercepted by a given
specimen or absorber to be irradiated. This observation again leads to the dis-
cussion of dose rates, as follows.

The radiation power is distributed about a radiation source in compli-
cated ways, which depend largely upon the shape of the source and the location
of the absorber. If the activity of the source is uniformly distributed within
the source and of uniform composition, then the estimation of radiation power
absorbed at a point in the absorber (equivalent to estimation of the dose rate
at the point in the absorber) becomes chiefly a problem in relating geometrical
variables of source and absorber. The following discussion is to relate the
geometrical and radiation variables concerned.

Lewis, et al. (4) have discussed equations for estimating dose rates
near hollow cylindrical sources of gamma radiation. It is proposed in this sec-
tion to discuss various forms into which the general equation may degenerate for
certain restricted geometrical situations. Consider Fig. (1), a hollow cylin-
drical source having negligible wall thickness.,

The dose rate I at point P may be expressed by Equation (1).

I = — 2 p (bant —Z1 k) - F (tan-! 22l ¥)] (1)
L(R + r) |r-R] |=-R|

for Z; 20, R2 0, r>0, R £ r, -n/2 < tan-1 (2;-1)/|r-R| < /2,

0 ¢ tan-1 _21 < ﬁ/2; k = EAJhr
|r-R| R+ T

It should be noted here that the expressions

F (tan-1 21 | k) (1a)
|r -R|
and 7
F (tan~? —i—l—ém, k) . (1b)
|r - R|



are geometrical functions of the bottom and top, respectively, of the hollow
cylindrical radiation source as "seen" by the absorbing point at P(R,eo, Zl),
and hence may be considered as analogous to the geometrical factors encount-
ered in radiant heat transfer, cf. McAdams (6). Expressions (la) and (1b)
are "~lliptic integrals of the first Lind”, tables of which appear in a num-
ber of sources, e.g., Jahnke and Emde (2). It is interesting to note that
the elliptic integrals of the first kind shown in Equations (1a) and (1b) de-
generate to circular angles expressed in radians when k = 0O, corresponding
in Equation (1) to the cases where R = 0 or R -, i.e.,

lim [F (tan-1 ____Z_:_L_‘, x)] = tan-1 %1 ., (1c)

lr - R ‘r - RI

k50

It is of further interest to note that the ellipse to which these functions
refer may have a major axis of R + r, parallel to the base of the source, and
a minor axis of R - r, with center located at (R + r. 9, o

The following are special cases which may be developed from Equation
(1) under the conditions noted:

A. Let R= 0, i.e., let point P be on the axis of the source. There-
fore, k = 0, and consequently the elliptic integrals of the first kind degene-
rate to circular angles.

1 = X (tad *z,/r - tant 21 - Ly | (2)
rL r

B. Let r = 0, i.e., let the cylindrical source degenerate to a line.

I = &C_ (tan"l g}_ - tan-1 _Z._l_-_é) . (3)
IR R R
C. Let Zl = L/2, i.e., let point P be always on the mid-plane cf the
cylindrical source.

1 = —2 (5 (tan2 L0l (4)
L(R+r) 21r-Rj

D. Let L -5, i.e., let the source become very long compared with
r and R.

1 = M [k (x)] . (5)
L(R+r)

E. Let R -, i.e., let R become very great compared with Zy, r, and
L. Then lim k = 0, and the elliptic integrals again degenerate to circular
angles, a8 in "A", above. For R>> r, L, Zy, then tan~1 Zl/]r-RI approaches
Z1/|r-R| and tan-1 Z1-L/|r-R| approaches Z;-1/|r-R| and the following relation
results:
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MC

r2 - R2

which can be further reduced to:

MC
I=§-2-. (6)

That is, the source behaves as a point source when the receiving
point is remote in a direction transverse to the axis of the source.

F. ILet Z; »w, i.,e., let Z, become very great compared with R, r,
and L. For convenience, put Equation (1) in the form:

= X [F (tan

L RAT gy Fltan™ 2+ T g lc
e ) - = RESIRNGTS

7, - L 74

An analysis similar to that of "E" results in the following:

which is also of the form for a point source.

IV. SOME PROPERTIES OF RADIOACTIVE MATERIALS

Various methods are available for reporting the ionizing power of
radioisotopes. In the discussion of Section III, the quantity "M" was intro-
duced, related to the methods of Marinelli, et al. (5). The quantity M is
the "roentgenequivalent physical" per hour produced in an absorber located
one cm from a point source of radiation of one curie activity.

Moteff (7) has reported plots of the gamma radiation in mev per
square centimeter per second required to produce a dose rate of one roentgen
per hour as a function of the energy of the radiation. A similar relation
appears in Figure 2, showing the M value plotted as a function of mev of the
radiation, assuming 93 ergs absorbed per gram per rep. Figure 2 was plotted
on the assumption of one gamma ray emitted per disintegration. If more or
fewer are emitted in the average disintegration, the M value to be used with
this paper should be corrected by simple addition of the contributions of
each ray emitted.



V. GRAPHICAL ESTIMATION OF DOSE RATES

FROM HOLLOW CYLINDRICAL SOURCES

Figure 3 is a nomogram which provides a graphical means of solving
Fquation (1), above. Equation (1) relates activity in curies, C, specific
ionizing power of the radioactive material in the source, M, and the various
dimensions of the system comprising source and absorbing point. The hollow
cylindrical source configuration was chosen for solution since it is a shape
frequently encountered in practice and also lends itself well to the approxi-
mation of other shapes. For instance, if the radius, r of the source becomes
small compared to other dimensions, the cylinder approaches a rod or line
source, If the height, L, becomes small compared to other dimensions, the cy-
linder approaches a ring source. If all dimensions of the source become small
compared with the distance between the absorbing point and the source, the cy-
linder appears to approach a point source.

Provision is made in Figure 3 for direct solution with dimensions
in either inches or centimeters. Scale factors are also introduced for tak-
ing account of ranges of variables greater than those scaled off directly on
the chart. "Preferred ranges of variables'" are indicated. If data are en-
tered in these ranges, solutions for I, the dose rate, should not fall off
the chart.

An illustrative example is solved below. See Figure 1 for meanings
of dimensional symbols. Dashed index lines indicate the mode of solution in
Figure 3. Take a source with the following characteristics:

M = 13,500 T€P 8L 1 cm (.5na1t-60)
hr x curie
C = 3000 curies,
I = 10 inches,
R = 0.3 inches,
r = 4,7 inches,
Z7 = 15.5 inches.

(Absorbing point 0.3 inch from axis 15.5 inches above bottom of source. )

Compute R/r, here 0.0638; enter chart at upper right plot. Read
up to curve and then to left, intersecting the index line at o = 28° - 21'.
(Note, @ = sin-1 k = sin * 0.4749.) This operation identifies the proper
¢ line to use in the next step below. Next compute Zl/|R—r|,§.5227; and
71-L/|R-r{, (1.25). Enter both these values on the right side of the bottom

7



center plot. Project to the left tc the tan-i curve, ant then prcject up to
the plot above, intersecting the o = 28° - 21' line found in +the previous
step. Project left from the o = 28° - 21' line to the ordinate of the
F(§,k) vs. § plot. Read F{@,k) for both Z./|R-r| and Z,-1/|R-r|, where ¢

is tan™+ Zl/gR-ri or tan-2 Zl-I/iR-rio Subtract F(tan-2 Zl—L/QR—ri, k) from
F(tan™t Z,/|R-r|{, k) giving A = F(@-, k) - F (fs, k) = 1.3600 - 0.9207 =
0.4393,

This value of A, 0.4393, is now transferred to the left scale of
the ordinate line of the F{@,k) vs. § plct. The determination of A (the
term in brackets of Equation (1} )} just described is the most +tedious part
of the solution.

Next, the coefficient of the brackets in Equation (1) is ccmbined
with A to finc the dose rate, as follows:

In the lower left corner of the chart, locate 1, 10 inches, and
project through the (R + r) scale at 5.0 inches, %o find I (R + r), 50 inches,
on the L (R + r) scale. Now move to the ¥/10% scale, lcwer left of chart, and
locate M/103 = 13.5 for ccbalt-60., Froject through the C scale at 3000 curies
to find MC=40,500,000 in this example. Now conmect A with L (R + r). ZLocate
the point of intersection of the connecting line with the arbitrary irndex line.
Connect this point on the arbitrary indlex line with the wvalue of MC previously
found, and project to the I scale, where the <ose rate will be found (0,055
in this example), subject %o correcticn of the cdecimal point. Multiply the
value {0.055) read from the I scale by 10{Q+5+5”(N+P>j, (Tn this example,
10[3+O+5'(O+O)] = 10" j, the cumulative correciicn factor resulting from deci-
mal point changes requirec *o get all variables on scale.

The resulting c¢cse rate is 0.055 x 102 = 55,000 repfhr in air at
the locaticn chosen.

Some precauiicns 1o chserve are the folilowing:

When R = 0, then k = 0, C(crnsequen’ly, & = sin-+, k = Q, ani one
does not neec to use the upper right-han: plci cf k vs. R/r. Jne simply
uses the @ = O line in the plo%t of F{@,k; ws. ¢.

In determining 24 = F{¢., k) - ¥{f., k), when O = Z, % 7, that is,
the absorbing point lies between the tcp anl bottom altitudes cf the source,
then Z, - L is negative., This makes the secont term in brackets in Equation
(1) negative. The subtraction of the nega*ive secori term then results in
the addition of its absolufe wvalue tc the first ferm in hrackets.

The A fourd by subtracticn must te re-entered con the left sice
of the ordinate line of the F(¢, k) vs. ¢ pict.

(69



A record must be kept of the exponents, N, P, Q, S, used to put all
values on scale and used in the findl correction factor.

Answers may be read as described above if either inches or centi-
meters are used for dimensions, but the right scale of M/lOS, must be used
for inches and the left scale for centimeters. Any other units may be used
for dimensions of length I, R, r, Zy, but the values of I calculated from
the Figure 3 must then be corrected for the (length)2 factor in the denomina-
tor of iM, e;go, if lengths used are in feet, and the M/lOS scale for inches
is used in reading Figure 3, then values of I read from Figure 5 must be di-
vided by (12)2 = 144,

Figure 3 may give inaccurate results if the absorber is remote com-
pared with source dimensions, since it will be observed that the various val-
ues of @ all give nearly the same (F (¢, o) for the small values of § which
result in this case. If values of dose rate on the midplane of the cylinder
are desired, and R is sufficiently great that the included angle subtended
by the top and bottom of the source is equal to or less than 45°, then one
may treat the source as a point with an error no greater than about 11%.

See below for a graphical solution of the point source case.,

VI. GRAPHICAL ESTIMATION OF DOSE RATES FROM ZOINT SOURCE

Figure 4 is a nomogram for the estimation of dose rates from a
point source of radiation. The symbols have the meanings given above, ex-
cept that r, Z;, and L have no application, and R is the dishtance from
source to absorber.

The solution of a case is illustrated by cashed index lines.
M = 13,500 (cobalt-60},
¢ = 3,000 curies,
R = 2k inches.

The resulting value of dose rate read from Figure 4 is 10,900
rep/hr. Numerical calculation yields a value of:

MC

R2

= (13,500) =B at 1 cm in.2 3000 curies
’ ! £

hr curie 6.45 cm2 (2k)2 in,2

= 10,899 rep/hr in air.

9
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VIII. DEFINITIONS OF SYMBOLS

I = dose rate, rep per hour,

A = area of source,

r = radius of source,

R = radial distance of point at which I is taken from axis of source,

© = central angle from R to r,

7Z = distance parallel to axis of source from base of source to ele-
ment dA,

Zi = Z-coordinate of point at which I is taken,

x = 2 NRe/(R + 1),

a = sint k,

F(¢,k) = elliptic integral of first kind of modulus k and amplitude 3,

10
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[

K(k) complete elliptic integral of first kind of modulus k,

C = total curies,
M = (roentgen equivalent physical at 1 cm)/(hr. x curie point source),
L = 1length of source.
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FIG. 2 — DOSE FACTORS FOR GAMMA RADIATION AS FUNCTIONS OF ENERGY
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