
UNCLASSIFIED

AD 259 722
llefx^c^duced 

lufr the

ARMED SERVICES TECHNICAL INFORMATION AGENCY 

ARLINGTON HALL STATION 

ARLINGTON 12, VIRGINIA

UNCLASSIFIED



NOTICE: When government or other drawings, speci¬ 
fications or other data are used for any purpose 

other than in connection with a définitely related 

government procurement operation, the U. S. 

Government thereby-incurs no responsibility, nor any 
obligation whatsoever; and the fact that the Govern¬ 

ment may have formulated, furnished, or in any way 

supplied the said drawings, specifications, or other 
data is not to be regarded by implication or other¬ 

wise as in any manner licensing the holder or any 

other person or corporation, or conveying any rights 
or peraission to manufacture, use or sell any 
patented invention that may in any way be related 
thereto. 



‘xerox

(M

C
IT.

oo

s 1

O^

,««•' '“•%
AIR UNIVERSITY

UNITED STATES AIR FORCE

XI>

%
■}'

SCHOOL OF ENGINEERING
THESIS

« RM.HT-P %TTKHSO.^ AIH KORIK AHIO

M M



DESIGN OF k SOURCE FOR k LARGE-SCALE 

ENVIRONMENTAL GAMMA IRRADIATION TEST FAC I LITT 

USING MIXED ISOTOPES 

THESIS 

Presented to the Faculty of the School of Engineering of 

the Institute of Technology 

Air University 

in Partial Fulfillment of the 

Requirements for the Degree of 

Master of Science 

By 

John J. McGee, Jr., BME 

Captain USAF 

AF-WP-»-JUN il 20 

Graduate Nuclear Engineering 

March 1961 



GNE/Phys/61-12 

PR5FACE 

When Robert T. Carpenter and David M. Erlcaon collated 

"An Analysis of the Requirements for Large-Volume, High- 

Intensity, Gamma Environmental Testing Facilities" in 1959» they 

established generally the nuclear and non-nuclear requirements 

of such a facility for the testing of components up to and including 

subsystems of nuclear air and space craft* The source parameters 

ascertained from their report are those which would best duplicate 

the gamma radiation source of such a system and include the energy 

spectrum, dose rate, variation in field, and angular distribution 

of the gamma rays* William W* Monday adequately solved the problem 

of source spectnun when he completed "The Feasibility of Mixing 

Isotopes to Simulate the Gamma Environment of Nuclear Systems" in 

I960 and recommended that a three isotope mixture of Cobalt-60, 

Cesium-137 and Europium-152 in the activity proportions of 

I.OO/3.39A.26 be used. 

Since I had an interest in this field I decided to incorporate 

the results of these previous investigations in a conceptual design 

of a source for a large-volume, high-intensity, gamma, irradiation 

facility. No attempt was to be made to completely engineer the design, 

but enough properties were to be determined in order that such an 

engineering design could be completed. The data and results of William 

W. Monday were utilized in all cases in an attempt to lend continuity 

to the effort. 
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ABSTRACT 

A design of a source for a large-scale, environmental, gamma- 

irradiation, test facility using the isotopes Cobalt-60, Cesium-137, 

and Europium-152 has been accomplished* The source geometry is a 

six-foot diameter verical disk with 1,627 small sources mounted in 

the disk. These small sources are cylinders containing the three 

isotopes and are mounted with their axes parallel to the axis of the 

disk. 

An arbitrary test item with a four foot diameter face, centered 

on this source, six inches away is exposed to a dose rate of 1.3 x 
O 

10° ergs/hr-g(C) at its center. The exposure rate is only eight 

percent less at the edge of the test item face two feet off the 

center line. 

The source contains 705,000 curies of Co-60, 1,030,000 curies 

of Cs-137, and 51a5,000 curies of Eu-l52 and generates heat at the 

rate of 1^9,800 BTU/hr. The Co-60 is irradiated Cobalt with a specific 

activity of 2.9 curies/gm.j the Cs-137 is a processed fission product 

formed into CsCl powder with a specific activity of 22.0 curies/gm.j 

and the Eu-l52 is irradiated Eu^ with a specific activity of Hi.8 

curies/gm* 

The advantages of this source are its unidirectional geometry 

which allows the test item to be tested in various orientations, its 

ability to irradiate large test item faces, its relative effectiveness 

since both sides of the source may be used, and its flexibility 

since various source strengths may be obtained by loading less of the 

small sources. 

vii 
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DESIGN OF A SOURCE FOR A IARGE-SCAIZ ENVIRONMENTAL 

GAMMA-IRRADIATION TEST FACILITY USING MIXED ISOTOPES 

I. Introduction 

The design of a source for a large-scale, environmental, 

gamma-irradiation test facility is the latest effort in a project 

first undertaken by Robert T« Carpenter and David M, Ericson in 

1959. In their report (Ref. 1) entitled "An Analysis of the 

Requirements for Large-Volume, High-Intensity, Gamma Environmental 

Testing Facilities", they concluded that such a facility for testing 

airborne equipment for nuclear-powered aircraft was non-existent 

but was practical and would be valuable in future test programs. 

The project was continued in I960 by William W. Monday with his 

report (Ref. 8) entitled "The Feasibility of Mixing Isotopes to 

Simulate the Gamma Environment of Nuclear Systems", in which he 

attempted to simulate the prompt gamma-ray fission spectrum of 

Uranium-235 with mixed gamma-emitting isotopes. Monday concluded 

his report with the recommendation that a three-isotope mixture of 

Cobalt-60, Cesium-137, and Europium-152 be used. 

The purpose of this report is to design the source for the 

large-volume, environmental gamma test facility proposed by Carpenter 

and Ericson using the three-isotope mixture recommended by Monday. 

All data and results obtained by Monday will be used to retain 

continuity in the effort. Specific objectives to be accomplished 

are, (1) selection of the source geometry, (2) design of the 

1 
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source, (3) calculation of the various source properties, and 

(U) consideration of cell facilities necessary to handle the 

source. 

The priaary criteria used in selecting a source geometry were 

to obtain the maximum radiation level for a source of given 

strength and to obtain a high degree of uniformity of the radiation 

field on the test-item. With the assumption that the source was to 

irradiate the test-item from only one direction and that the maximum 

test-item area facing the source could be represented by a four-foot 

diameter circle, all geometries were eliminated from consideration 

except plane circular disks, and spherical segments. These two 

geometries were compared and the plane circular disk was judged the 

best from overall considerations. Various sizes of disks were compared 

analytically and from these comparisons a disk size was determined 

which gave the maximum uniform radiation level on the face of the 

test item for a source of given strength. 

In the design of the source, consideration was given to the 

physical state of the isotopes, arrangement of the isotopes within 

the source geometry, and size and number of the isotope containers. 

The physical state of the isotopes selected was limited to those 

that were commercially available at the time. The arrangement and 

size of the containers selected was that which would give the best 

uniform distribution of the isotopes in the source geometry with the 

least distortion of the previously determined spectrum. 

2 
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The various source properties determined were the number of 

curies of each isotope required, the specific activity of the 

isotopes, the exposure dose rate on a test item, the spectrum emitted 

by the source, the heat generated by the source, and the maximum 

source temperature« The total cost of the isotopes was also calculated« 

In considering the cell facilities necessary to handle the 

source, the techniques required for loading and replenishing the 

source were discussed. Other problems considered included the 

provisions for storage of the source and access to the cell for 

handling of experiments. Source temperature control, requirements 

for the cell shielding, dosimetry, and cell safety in the event of 

source damage were also considered. 

The source design, that was accomplished, satisfactorily met 

all the criteria set forth with the possible exception of dose 

rate. The gamma dose rate achieved with this source was almost 

two orders of magnitude less than that of a typical nuclear reactor 

and for this reason may not be considered feasible for use in 

conjunction with a reactor test facility as was originally proposed. 

The relatively low dose rate was due primarily to two factors, the 

source geometry and the spectrum limitation. The cost of the 

isotopes in the source based on present prices was found to be almost 

five million dollars, which should be considered prohibitive. It 

is felt that the cost could be reduced by a factor of ten when 

source material in these quantities is required. 

3 



GNE/Phys/61-12 

II, Selection of Source Geometry 

The determining factor in the selection of the source geometry 

for a gamma irradiation test facility is the purpose for which the . 

facility is to be used, k research facility for reasons of economics 

requires that the maximum absorbed dose of radiation be delivered to 

the whole test item, A developmental test facility, on the other 

hand, requires that the important environmental parameter of test 

item orientation be duplicated. It must be possible to position 

the test item in the test facility in the same orientation that it 

maintains in relation to the radiation source in the system under 

development. Since this source is to be used in a developmental 

facility for equipment used in conjunction with nuclear powered 

air and space craft and since this equipment is usually located 

some distance from the source of radiation, it is necessary for the 

test facility source to irradiate the test item from one direction 

to enable as near as possible the duplication of the test item's 

orientation in the system. This decision limits the source geometry 

to geometries which focus the radiation on one face of the test item. 

Of all the geometries which meet the above criteria, only plane 

surfaces and curved segments meet the additional criteria of 

uniformity of radiation on the test item and low self absorption. 

Of the plane surfaces available, a circle with its property of 

compact area delivers more radiation at the center of a test item 

face in front of it than any other plane surface of equal area. 

u 
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TABLE I 

COMPARISON OF DOSE RATE*/A RE A 

OF SURFACES EM ITT/A/S S« (PForOA/S/SFC-CM*) 

dose RATE/AREa (/0-2 Sa /FT*) 

SURFACE 
0!. 

4.0 

Amir/? 

G.O 

-CHORD 

8.0 

(FE) 

/0.0 

Circle. 
*• 

5.63 3./? 2.07 /.47 

SPHERICAL seg. 

Radius - see 
5.81 3./? /. JO 0.9Z 

SPHERICAL SEC 

RADIUS- TEE 
5.8(, 3.26 2. OS /.37 

Spherical seg. 

RADIUS - /0 FT. 
5.78 2.26 2. OJ /.45 

SPHERICAL seg 

Radius- /sat. 
5 77 3.23 2./0 /47 

* CALCULATED OA/ AY/AL CEA/TEFUA/E CM 

F MM SU F FACE 

"EXAMPLE - S.é3 */0'* S*. /Ft* 

A A 
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For this reason consideration is given only to plane circular 

surfaces and spherical segments in determining the source geometry. 

For comparison both geometries are assumed to be emitting Sa(photons/ 

sec-cm^) and the flux which is proportional to the exposure dose rate 

at a point on the source centerline six inches from the source is 

calculated (see appendix A). In order to compare these two geometries 

the dose rates are divided by the source area, since the area is a 

measure of the quantity of source required. When plane circular 

sources are compared to spherical segments whose chord is equal to 

the diameter of the circular source, (see Table I), the spherical 

segment is found to be slightly superior. This would seem to make 

the decision in favor of the spherical segment; but when it is 

considered that both faces of the plane circular source radiate 

equally while much radiation is lost on the convex side of the spherical 

segment, the decision is clearly in favor of the plane circular surface. 

In determining the size of the circular source which is best 

suited for this facility, three factors form the criteria for 

judgement. They are the amount of source required, the dose rate 

achievable, and the uniformity of the dose rate on the face of a 

test item. To optimize the source size for these three criteria a 

test item size is required. A test item face represented by a four- 

foot diameter circle is selected as it is felt this area would 

include most subsystems which would be tested. Dose rates at a 

point on the centerline six inches from the face of the source are 

calculated for source radii from six inches to five foot three 
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inches in increments of three inches. For each of these 20 source 

sizes the ratio of the dose rate at the edge of the test item (a 

distance of two feet off the centerline) to the dose rate on the 

centerline both six inches from the face of the source is calculated 

(see appendix B). This ratio is calculated by replacing the 

circular source with a line source whose length is equal to the 

diameter of the circular source. This approximation gives a ratio 

that is always higher than that which actually exists. The error is 

greatest at the small source radii, is approximately ll$ at a radius 

of two feet, and for all practical purposes vanishes at a radius of 

three feet. This ratio is the geometry factor of the particular 

source size. The geometry factor multiplied by the percentage 

increase in dose rate for each increment and divided by the percentage 

increase in area for each increment is the index by which source 

size is determined. The percentage increase is defined as the final 

value minus the initial value divided by the initial value. As the 

source size is increased from a radius of six inches, the geometry 

factor increases, the percentage of dose-rate-increase decreases, 

and the percentage of area-increase decreases. The index is plotted 

against source radius in Fig. I and reaches a maximum at a source 

radius of three feet. Thus, limiting the source size to a radius of 

three feet gives the best combination of uniformity of radiation 

on the test item face and highest percentage increase in dose rate 

per percentage increase in source required. The source geometry is 

now fixed as a three-foot radius circle. 

6 
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III. Design of the Source 

The design of the source is concerned primarily with arranging 

the three isotopes in the source geometry in such a way that maximum 

radiation on the test item face and minimum distortion of the 

spectrum result. The source geometry can now be considered to be a 

circular disk since some thickness is necessary to contain the source 

material. Many methods of arrangement of the isotopes are possible 

in this disk. The most practical method to minimize the distortion 

of the spectrum is to place the isotopes one behind the other and 

vary the individual isotope thicknesses to allow the self absorption 

and shielding effect to balance out for each gamma energy. The number 

of gammas of each energy which reach the test item (the spectrum) is 

determined by the amount of self absorption and attenuation which each 

gamma energy flux undergoes. 

To completely fill the disk with a single source is impractical 

since the handling and safety problems would be impossible to 

tolerate. Therefore, it is necessary to fill the disk with an 

optimum number of small sources in which the isotopes are arranged 

one behind the other. The optimum is that number which gives the 

maximum area coverage with the minimum of handling difficulty. For 

ease of loading, the small sources are now considered to be cylinders 

each containing a cylinder of the three isotopes. The problem is 

now to determine the optimum size of these cylinders. Since the faces 

of these cylinders are parallel to the face of the circular disk, 

7 



X
3

C
N

J
 

! .25-- 

1.20- 

/./5- 

/./0- 

/.05- 

/.00- 

.95- 

.90- 

.85- 

R A Dt US (CM.) 

FIG. 2 

THF OPTIMUM SMALL SOURCE RADIUS 



GNE/Phyß/61-12 

the problem evolves into determining the optimum number of circles 

which will fit into the three-foot radius circle. First by utilizing 

a triangular unit cell of circles, the number of circles and their 

radius is determined by analytical and graphical methods (see appendix 

C) for a number of different size circles. A clearance distance to 

allow for handling of the small sources and source encapsulation is 

subtracted from the small circle radii. This clearance distance is 

constant and is assumed to be .75 cm. This new radius squared and 

multiplied by the number of circles is proportional to the frontal area 

of the small sources. A handling and difficulty factor is assumed to 

be equal to the square root of the number of sources. This factor is 

necessary so that the small sources will not contain an excessive 

amount of activity. The product of these two factors is the index 

used for selection of the small source radius. The area factor 

decreases continually as the number of sources increases while the 

difficulty factor increases as the number of sources increases. A plot 

of the index against small source radius (see Fig. 2) shows a definite 

peak at a radius of 1.38 cm. This is the optimum radius of the small 

sources for the arrangement and corresponds to 1627 sources. 

Before the thickness of each isotope in these small sources 

can be calculated, the physical state of the isotopes must be 

determined. No attempt is made to use isotopes in a state or with a 

specific activity which is not commercially available at the present 

time. Only solid states are considered because of the very low 

specific activities of liquid solutions and the difficulties involved 

8 



TABLE E 

LINEAR ATTENUATION COEFFICIENTS(/0 7" CM"') 

ENERGY(MEV) AL Co CsCL Eux0ò M'xTune. 

0.12 .415 2.78 5.68 /Í.S0 2.5/ 

0.35 .270 .880 .572 /.*0 .540 

0.66 .207 .638 .304 .640 .367 

0.78 ./8? .585 .274 .566 .333 

/./7 ./54 .474 .224 .445 .270 

/ . 33 ./33 .445 ./82 .4/0 .244 

! .42 ./38 .430 ./66 .388 .231 

TABLE m 
LINEAR ABSORPTION COEFFICIENTS (½ cm'1) 

ENERCY(MEV) AL Co CsCL Eu^Oi Mixture. 

0./2 .100 /.63 4.22 /1.25 /.57 

0.35 .078 .281 .356 /.0/ .2/3 

0.66 . 076 .228 .152 .350 ./44 

Û .78 .076 .228 . /32 .216 ./38 

/ ./7 .070 .2/0 ./06 .220 ./22 

! .33 .068 .202 .100 .204 ./// 

/ .42 .068 ./18 .oi7 ./13 .//5 

6A 
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in handling and replacement. Oak Ridge National Laboratory (Ref 9) 

lists Co-60 available as metallic Cobalt with a maximum specific 

activity of 50 curies/gm and Cs-137 available as Cesium Chloride 

(CsCl) with a maximum specific activity of 22 curies/gm and William 

W. Monday (Ref. 8:51) reports that Atomic Energy of Canada, Limited 

can produce Eu-l52 as Europium Oxide (EujO^) with a specific activity 

of 29.5 curies/gm. These represent the best states and maximum 

specific activities of the isotopes for the purpose of this report. 

Attenuation and absorption coefficients of the three isotopes for each 

of the seven energy gamonas are now calculated using interpolations from 

the data of Gladys White (Ref. 15) and are presented in Tables II 

and III. 

Before calculating the individual isotope thicknesses the order 

of the isotopes must be determined. Rough calculations substantiate 

the obvious fact that the isotope emitting the low energy gammas should 

be closest to the test item while the highest-energy-gamma emitter 

should be the farthest away. This orders the isotopes and places 

them, in the direction away from the test item, in the following 

order: Eu-152, Cs-137, and Co-60. Assuming each isotope is a 

three-foot radius disk of variable thickness and contains Sv(photons/ 

sec.-cnP) the proportions determined by Monday, it is possible 

by trial and error to balance the thicknesses of the three isotopes 

using Rockwell's equation (Ref. 10:36h) so that the spectrum at a 

point six inches from the face of the source on center line is 

distorted the minimum amount. To insure that Sv is in the correct 

9 
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proportions the activity per unit volume must be in Monday’s 

proportions. This method gives the following thickness Eu,.5cmj 

Cs 1.2cm, and CO,2.8cm. The number fluxes in photons/sec-cm^ of 

the various energies at the calculation point are; .12 Mev-.025Sv, 

•35Mev-.21Sv, .66Mev-.33Sv, .78 Mev-.32Sv, 1.17 Mev-.33Sv, 1.33 Mev- 

•35Sv, and 1.1(2 Mev-.3£Svt The spectrum is distorted somewhat at 

the two lower energies but remains relatively uniform at the five 

higher energies. The source design parameters have now been determined 

and consist of 1627 cylinders of 1.38 cm. radius and 1*.? cm. height. 

This height is made up of .5 cm. of EU2O3, 1.2 cm. of CsCl and 2.8 cm. 

of Co. The isotopes are individually encapsulated in 1.0 mm. thick 

type 316 stainless steel as recommended by Oak Ridge National 

Laboratories (Ref. 9) and are loaded in threaded aluminum cylinders 

(see Fig. 3) and screwed into the three-foot diameter k»5 cm. thick 

disk as illustrated. Because of the complexities involved the shielding 

effect of the stainless steel is neglected. Aluminum is chosen as 

the source holder material because of its low gamma absorption cross 

sections and high structural strength. 

10 
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IV. Calculation of Source Properties 

With the source parameters determined, the various source 

properties can now be calculated. These properties arel the 

specific activities of the isotopes, the number of curies of 

each isotope, the exposure dose rate on a test item, the spectrum 

emitted by the source, the heat generated by the source, and the 

maximum source temperature. The total cost of the isotopes in the 

source is also calculated. A tabulation of the source properties 

appears in Table IV. 

Specific Activities 

If the activity per unit volume of each isotope is divided by its 

proportional constant the result is a constant which is equal for the 

three isotopes. The activity per unit volume is the product of the 

density which is known and the specific activity which is unknown. 

The three activities per unit volume divided by the individual 

proportional constants are equated; the limiting specific activity 

of the three maximums is determined; and the other two specific 

activities are then calculated (see appendix D), The limiting specific 

activity is that of the Cs-137, 22.0 curies/gm. This value causes 

the specific activity of Eu-l52 to be 1U.8 curies/gm and that of Co-60 

to be 2.9 curies/gm. These values give Sv(photons/sec-cm^) of each 

energy gamma in the proportions necessary for the spectrum determined 

by Monday (Ref. 8j31) and since the fraction of Sv arriving at the 

test item was made equal for most of the gamma energies minimum 

distortion of the spectrum will result. 

11 
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Exposure Dose Rate 

The exposure dose rate in erg/hr-g(C) on the center of a test 

item face six inches from the face of the source is calculated using 

the fractions of Sv at this point that have already been determined* 

in minimizing spectrum distortion (see appendix E). The dose rate 

at this point from the uncollided flux is 1.3 x 10® erg/hr-g(C). 

Using the geometry factor previously determined the dose rate two 

feet off the centerline is 1.2 x 10® erg/hr-g(C). 

Spectrum 

The spectrum emitted by the source is determined for a point 

six inches from the face of the source on the centerline by using 

the fractions of Sv arriving at this point, previously determined 

in minimizing the spectrum distortion. The numbers of photons/sec-cm2 

are placed in energy groups of .Ij5 Mev and are plotted on an arbitrary 

scale against photon energy (see Fig. h). The prompt gamma spectrum 

of U-235 as determined by Gamble (Ref. 3*1714) is plotted for comparison. 

Heat Generation 

The heat generated by the source is determined by assuming that 

all Beta particles emitted on decay of the isotopes are absorbed and 

then adding this energy to that absorbed by the source from gamma 

radiation. Beta energies and yields are Co-60, .306 Mev-1.00, Cs-137> 

1.17 Mev-.08, .51 Mev-.92, and Eu-l52, l.ii6 Mev-.l5, 1.00 Mev-.01, 

.68 Mev-.11 (Ref. 9). Gamma attenuation and absorption coefficients 

were determined by the use of volume fractions which, in effect, 

12 
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homogenizes the heterogeneous source. These are presented in Tables 

II and III under the column entitled mixture. Uncollided gamma 

fluxes calculated using RockweJl's equations (Ref. 10:365) are found 

to be, for all practical purposes, constant for each energy gamma on 

the center plane of the disk. These fluxes are used to calculate the 

absorbed energy from gamma radiation (see appendix F). The heat 

generated is found to be Ii9>^00 BTU/hr. 

Source Temperature 

The maximum source temperature is calculated using the heat 

generation rate (see appendix G). For free convective cooling, 

assuming no radial heat dissipation, the maximum source temperature 

at the center is found to be 1000°F above the environmental temperature. 

This temperature is excessively high since the lowest material 

melting point in the source is that of aluminum at 1220°F. This 

temperature would critically limit the environmental temperature 

but since free convective cooling was assumed, it could be lowered by 

a method of forced cooling. 

Isotope Cost 

William W. Monday reports the cost of the three isotopes 

(Ref. 8:32) as Co-60, $2.00 per curie; Cs-137, $1.50 per curie; 

and Eu-152, $3.1j0 per curie. These prices yield a total cost of 

the isotopes as $h,805,000. 

13 
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V. Cell Facilities 

There are six important problems to consider in the design 

of a test*cell to accommodate this source. They are source 

temperature control, source loading and replenishment, source 

storage, shielding requirements, dosimetry, and cell safety in the 

event of source damage. 

Source Temperature Control 

The environmental conditions attainable in ary facility 

utilizing this source are curtailed by the large amount of heat 

which is generated. The source temperature under free convective 

cooling is 1000°F above the environmental temperature. Some 

method must be detemined which will remove heat from the source at 

a high enough rate to lower this temperature appreciably. This heat 

could be used to raise the environmental temperature of the test 

cell. This implies that the source is insulated from the environment 

of the test cell and should cause many problems which would have to 

be solved. 

Source Loading and Replacement 

The source can be loaded only by remote means; but since a 

great deal of experience has been obtained in the remote handling 

of radioactive materials, no great problem is envisioned. One 

method which seems quite practical is to use a loading machine 

which is able to install the small sources into the aluminum disk 

Ih 
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and a remote position indicator. Techniques would have to be developed 

and practiced with dummy sources before actual loading could commence. 

Replenishing the individual isotopes would consist only of 

removing one of the small sources and replacing the cylinder of 

isotope. Each small source consists of li35 curies of Co-60, 635 

curies of Cs-137, and 335 curies of Eu-l52 or a total of ilj05 curies 

per small source. This relatively small amount of activity should 

be easy to handle in a test cell. The Cobalt and Europium slugs 

can be reradiated but the Cesium must be reprocessed or replaced. 

Source Storage 

The source must be removed from the cell to allow for access 

to the cell for handling of experiments. Normally this is accomplished 

by shielding the source from the test cell. The most practical 

method would seem to be to lower the source into a large pool of 

water while experiments are being set up in the test cell. The heat 

generated by the source must of necessity, be dissipated by the water 

which would require flowing water with associated cooling equipment. 

Shielding Requirements 

The shielding requirements for a source of this activity are 

great; but in comparison with some of the power reactors now in 

operation, they represent only a small problem. Consideration 

should be given to the necessary access to the cell of personnel and 

equipment including the required power lines and dose measuring 

equipment. 

15 



QNE/Phys/6l-12 

Dos line try 

Rather than attempt to measure the radiation field while the 

test is in progress, periodic plotting of the field in the test 

cell should be done to define the field. Individual test items will 

have to be instrumented to determine the absorbed dose. 

Cell Safety 

The cell facility must be designed first to prevent source 

damage through failure of the source temperature control mechanism 

or malfunction of the handling equipment and second to allow repair 

to be initiated under all conditions which could possibly occur. 

16 
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VI. Conclusions and Recommendations 

The source that has been designed should prove valuable in 

the testing of nuclear aircraft components under dynamic test 

conditions. It should be pointed out that the exposure dose rate 

of this source on a test item is only one order of magnitude less 

than that attainable in existing small volume gamma irradiation 

facilities (Ref. 13), and two orders of magnitude less than that 

attainable in the Air Force Nuclear Engineering Test Facility 

(Ref. 13*29). A number of factors are responsible for this. The 

low average energy of the photons caused by duplicating a spectrum 

which is largely composed of low energy photons reduces the dose 

rate by at least a factor of two compared to using only Cobalt-60. 

Limiting the thickness of the source to minimize spectrum distortion 

also limits the dose rate. The dose rate could also be increased by 

increasing the specific activities of the isotopes. Increasing the 

specific activities of Cobalt-60 and Europium-152, which were limited 

by that of Cesium-137, up to their maximums would ruin the spectrum 

previously determined, but would increase the dose rate by a factor 

of four. The source geometry also does not lend itself to high 

dose rates. Surrounding a point with this source, while seriously 

curtailing the test cell volume, would increase the dose rate at 

this point by a factor of three. Therefore the nuclear parameters of 

spectrum duplication and radiation field representation have limited 

the dose rate attainable with this source. 
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The test cell volume corresponding to this source is limited 

only by the degradation of radiation field which is tolerable. 

Both sides of this source may be used for test purposes; and although 

it was only calculated for one side, the dose rates should be 

comparable on either side. The spectrum on the side opposite the 

one for which calculation were made should be considerably different 

though. Large items may be tested dynamically with various faces 

towards the source to determine their best position for mounting to 

take advantage of self shielding. 

The dose rate may be varied in this source by simply loading 

less of the small sources. Thi# provides a flexibility which is 

not available in other facilities. With the proper loading equipment 

the job of changing the dose rate should not be tedious or difficult. 

It is felt that the source, through automation, could be loaded and 

unloaded in less than a day. 

The upper environmental temperature of the NETF of 800°F 

(Ref. 13»29) would not be possible in a facility using this source 

unless the source was individually cooled. An ambient temperature 

of 800°F would raise the source temperature under free convective 

cooling to above the melting point of the aluminum source holder. 

Although the cost of the isotopes at present prices, almost 

five million dollars, is considered prohibitive, it is felt that 

the purchase of this quantity of source material should lower the 

price by a factor of ten especially when higher flux reactors are 

available for irradiation. 
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It is felt that this source possesses the advantages of 

unidirectional geometry which allows the test item to be tested in 

various orientations, ability to irradiate large test item faces, 

effectiveness in using both sides of the source, and flexibility 

since the source strength may be varied over a wide range. It is 

recommended that this source be used in any further effort to design 

a large-scale environmental gamma irradiation test facility. 
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Appendix A 

Dose Rate Calculation 

on the centerline of a plane 

distance away is calculated as follows. 

X - Dose rate (photons/sec-cm^) 

S*= Source strength (photons/ 
sec-cm2) 

The dose rate at a point 

circular surface any 

dl = Sa dA 
4-n P3' 

dA= ZHRdR 

/? = X TAN 6 

dR s X SEC*e de 

p - y, sec e 

dl ^ Sa TAidQdQ 
Z 

I ~ IfL ) 
4 \ 

A - Source area (cm2) 

P= Distance from element of 
area to calculation point 
(cm) 

: Distance from source center 
to calculation point (cm) 

Ô- Angle between centerline and 
line from element of area 
to calculation point 

Rz Radius of source (cm) 

di = Sa (xTAve) xnxsec'ede 
4rrx*sec*e 

The dose rate at a point on the centerline of a spherical 

segment on the inside any distance away is calculated as follows 

dl = Sa dA 
4/7 P* 

<p r Angle between centerline spherical segment radius 
and 

dA - 2/TR*S/N4d$ ft- Radius of source (cm) 

\p ■= RSlNlfr 1/=/-/} ^/- one half the chord of 
, .4 __ spherical segment (cm) 

h = R(l-C<X<t)) 
r 'in e M , j à A = Depth of spherical 

dl - Sa ^ (cm) 

4/7 (C*-AO- Cosp)J*+ (ASivfirJ 

i-- sa + ri* 
Y-X) L X X' Cx 
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Appendix £ 

Geometry Factor Calculation 

An approximate method of calculating the ratio of the dose 

rate at a point off the centerline to that on the centerline 

both the same distance from the face of a plane circular source 

is to represent the surface source by a line source whose length is 

equal to the diameter of the circular source 

OM CE//TER UNE: 

dip - SL c/L 
4/1 p* 

P XSECe 

L =■ X TA NO 

dL = X SEC *e do 

Ip* Dose rate at point on 
centerline (photons/sec-cm^) 

Dose rate at point off 
centerline (photons/ 
sec-cm2) 

Source strength (photons/ 
sec-cm) 

dip - Sl X SEC1 Ode 
4/7 X*SEc*-G 

Ip Sl 

4/7X 

-e*Ax 
zi de V 

0**- Angle from centerline 
point to end of line source 

02= Angle from point off center- 
line to top of line source 

_Z"p - Sc. 2 
4/tx 

(f),* Angle from point off center- 
line to bottom of line source 

OPE CEA/râRL/NE: 

T9 - ^ c/ 0 

Hrx )-¢, 

i9 = 5, (¢1 + 4,) 
4/TX 

GEOMET/ty PACTOR (G) = Zo 
77 

x= 

/?= 

y= 

Distance from centerline 
point to center of line 
source (cm) 

Radius of circular source (cm) 

Distance off centerline of 
point Q (cm) 

G - 0 X + 0! = TAAT^R-Y'I -f TAN 
1^) 
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Appendix C 

Geometry Calculation 

The number of circles which will fit into a larger circle 

can be determined by a combination of analytical and graphical 

methods. A triangular unit cell of circles best utilizes the area 

available. Most of the area of the large circle will be contained 

in the areas of the small circles. To fit into the large circle 

these unit cells will form a hexagonal pattern. 

The number of circles in the hexagon is determined by: 

N ~ / 

2U 

N ■ Number of circles 

R ■ Ring number 

M * Number of hexagonal rings 
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The radius of the small circle is determined byi 

^ = ß. 
2M + / 

R Radius of big circle 

r Radius of small circle 
4 

M Number of hexagonal rings 

The hexagon will not completely fill the large circle so a 

graphical method is used to find the additional circles that fit 

between the hexagon and the perimeter of the large circle. 
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Appendix D 

Specific Activity Calculation 

William W. Monday (Ref 8s 31) determined the activity ratios 

of the isotopes to be Co/Cs/Eu- 1.00/3.39/li.26. Therefore the 

activity per unit volume of each isotope can be set equal to each 

other using his ratios* 

S/>. A 

/. 00 
= P Sr.k - P SpÃ. 

— Co 
TJl , 

CsCL J £ogOò 

p - Density of compound (gm/crn^) 

Sp. 4 = Specific activity of compound (curies/gm) 

Isotope Sp.A.max. (curies/gm) 

Co-60 50.0 

Cs-137 22.0 

Eu-152 29.5 

One of the maximum specific activities will limit the 

equation. After this is determined the other two specific 

activities can be calculated. 
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Appendix £ 

Exposure Dose Rate Calculation 

The exposure dose rate on the center of the test item face 

is calculated by summing the energy fluxes of the different 

energy gammas and multiplying by the absorption coefficient for air, 

then converting this dose rate Mev/sec-cm^ (air) to ergs/hr-g (C). 

The absorption coefficient for air is 3*5 X ICf^cm“^ (Ref Hi 197) 

and is assumed constant from 0.1 Mev. to 2.0 Mev. Utilizing the 
x/O* 

relationship that 7.07 Mev/cm3 (air) is equal to one roentgen and 

that one roentgen equals 87.1 ergs/g (C) (Ref 12! 3), the following 

equation results. 

7 

D= !. SSHO-fjji Æ jV, 

ÓW 3.7xlO/0Y¿ 
V, 

/)- Dose rate (erg/hr-g (C)) 

[¿i Energy of i^1 gamma (Mev.) 

£ = Fraction of Sv at calculation 
point fc") 

SVi: Number strength of i*'*1 
gamma (photons/sec-cm3) 
in source 

Y,- Nurob®1* gammas per 
disintegration 

Number of curies of isotope 
emitting ith gamma 

\4 -Volume of isotope producing 
ith gamma (cm3) ( thicc foot 

KAOnJS O/SK \A/tTH /SoTOPE 

TP IC K MS is) 
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Appendix F 

Heat Generation Calculation 

The heat generated by the source is conqposed of both beta 

and gamma absorption. All betas emitted by the isotopes are 

assumed to be absorbed. Thus the beta heating is merely the number 

of betas emitted (the product of the activity and the number of 

betas per disintegration) multiplied by the energy of the beta and 

converted to BTU/hr. 

The gamma heating is more complicated and is the integrated 

energy flux multiplied by the absorption coefficient for the 

material. The uncollided flux on the center plane of the disk is 

calculated for each energy gamma using Rockwell's equations (Ref 

101 365) and is found to be practically constant for each energy 

on the center plane. This energy flux is then assumed to be constant 

throughout the volume of the source, a conservative assumption. 

These fluxes multiplied by the appropriate mixture absorption 

coefficient give a lower limit on the amount of energy a particular 

energy gamma deposits in a unit volume of the source. The sum of 

these energy depositions multiplied by the source volume gives the 

lower limit of the gamma heating. The upper limit is determined by 

using the attenuation coefficient rather than the absorption 

coefficient. This assumes that each gamma attenuated deposits all 

its energy. The average of the upper and lower limit was assumed to 

be the gamma heating in the source. This was necessary to account 

for build up since the uncollided flux was used throughout the 

calculation. 
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Appendix G 

Source Temperature Calculation 

The maximum source temperature is calculated using the known 

heat generation rate of [i9>800 BTU/hr and assuming that there is 

no heat rejection through the radial edges. Free convective 

cooling is also assumed for a vertical disk as the most conservative 

assumption. Since aluminum constitutes over 5$ of the source 

volume, the thermal conductivity of aluminum is used in the 

calculation. For a flat plates 

T*= Ts ^ £ r.= Ts + zlLL* ^T0 - Temperature (center) 

g_ = h A (T5-Ta) T} - Tempe rature ( surface ) 

T*- Temperature (air) 

h = .3(r,-Ta)'*S (X£r,7:Z/5) 7- 7/5) ^ generation (BTU/hr) 

5'= Heat generation (BTU/ 
" hr-ft^) 

-f. o'" ¿x h - Heat transfer coefficient 

A - Area of plate (Ft^) 

L- One half thickness (Ft) 

Thermal conductivity aluminum 
(BTU/hr-ft-oF) 
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