
-, fi44 Ifflj I -

STONE & WEBSTER ENGINEERING CORPORATION AND SUBSIDIARIES
NYO 9433

AEC RESEARCH AND

DEVELOPMENT REPORT

ASSOCIATED NUCLEONICS, INC. estry s
975 STEWART AVENUE, GARDEN CITY, LONG ISLAND, N. Y. R

AN-120

AN INDUSTRIAL GAMMA

IRRADIATOR FOR MEDICAL SUPPLIES

Consultants to industry on

applications of nuclear technology

metadc502731

___ I---- 47



ASSOCIATED NUCLEONICS, INC.

LEGAL NOTICE

This report was prepared as an account of Government sponsored
work. Neither the United States, nor the Commission, nor any

person acting on behalf of the Commission:

A. Makes any warranty or representation, express or implied,
with respect to the accuracy, completeness, or usefulness

of the information contained in this report, or that the use

of any information, apparatus, method, or process disclosed

in this report may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for

damages resulting from the use of any information, appara-

tus, method, or process disclosed in this report.

As used in the above, "person acting on behalf of the Commis-

sion" includes any employee or contractor of the Commission to

the extent that such employee or contractor prepares, handles

or distributes, or provides access to, any information pursuant

to his employment or contract with the Commission.

Price $1.50. Available from the Office of Technical Services, Department of

Commerce, Washington 25, D. C.



ASSOCIATED NUCLEONICS, INC. NYO 9433

UC-23, TECHNOLOGY-INDUSTRIAL ISOTOPES

(TID-4500 15TH ED.)

AN-120

ASSOCIATED NUCLEONICS, INC.
975 Stewart Avenue

Garden City, New York

AN INDUSTRY IAL GAMMA IRRAD IATOR
FOR MEDICAL SUPPLIES

PREPARED BY:

J. H. Fran ort

Project f nager

APPROVED BY:

Philip Miller

Technical Director

S. Haram

Project Engineer

S. Wallach
Manager, Theoretical Department

Contract No. AT(30-1)-2349

with

U. S. Atomic Energy Commission

Office of Isotopes Development

February 19, 1960





ASSOCIATED NUCLEONICS, INC. NYO 9433

UC-23, TECHNOLOGY-INDUSTRIAL ISOTOPES

(TID-4500 15TH ED.)

TABLE OF CONTENTS

Page No.

Foreword

Chapter 1 Summary

Chapter 2 Introduction

The Pharmaceutical Industry

Present Sterilizing Methods

Production of Sterile Products

Radiation Sterilization

Radiation Doses

Radiation Damage

Conclusion

Chapter 3 Irradiator Design

Evaluation of Infinite Source Systems

Infinite Plane Cobalt Source

Four-Pass System

Eight-Pass System

Infinite Plane Cesium Source

Conclusion

Finite Sources and Boundary Effects

Vertical Package Overlap

Horizontal Package Overlap

Multiple Source Systems

1.1

2.1

2.3

2.3

2.4

2.7

2.8

2.9

2.11

3.1

3.3

3.3

3.5

3.6

3.7

3.7

3.8

3.8

3.11

3.12



ASSOCIATED NUCLEONICS, INC.

Pcg No.

Chapter 3 (Cont'd)

Source Design 3.14

Cobalt Slab Design 3.15

Cesium Slab Design 3.19

Cladding Thickness 3.21

Cobalt Source 3.23

Cesium-Chloride Source 3.23

Facility Design 3.24

Heat Generation and Removal 3.29

Chapter 4 Physics 4.1

Basic Data 4.1

Decay Schemes 4.1

Gamma-Ray Absorption Coefficients 4.3

Total Mass Absorption Coefficients 4.4

Energy Mass Absorption Coefficients 4.5

Buildup Factors 4.6

Cesium Source Buildup Factor 4.6

Cobalt Source Buildup Factor 4.7

Buildup Within Sources 4.8

Computational Procedure 4.9

Geometry 4.9

Equivalence of Slab to Plane Sources 4.11

Dose Rates 4.17



ASSOCIATED NUCLEONICS, INC.

Page No.

Chapter 4 (Cont'd)

Cobalt Source 4.18

Cesium Source 4.19

Efficiency 4.20

Comparison of Dose Rates and Buildup 4.21

Factors

Comparison of Slab Source Computations with 4.24
Experiment

Source Heating 4 . 28

Shielding 4.29

Chapter 5 Cost Estimates 5.1

Source Cost 5.2

Facility Costs 5.5

Costs 5.7

Appendix A Visits A.1

Appendix B Useful Constants B.1

List of References R.1





ASSOCIATED NUCLEONICS, INC.

LIST OF TABLES

Table No.

1.1

2.1

2.2

3.1

3.2

3.3

3.4

3.5

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

Title

Present and Possible Future Costs of Source

Slabs

Estimated 1956 Production of Selected Pharma-
ceutical Products

Radiation Damage to Materials Used in Medical
Supplies

Reference Design Criteria

Cobalt-60 Source Slab Design

Cesium-137 Source Slab Design

Energy Equivalents

Total Energy Distribution

Gamma Ray Absorption Coefficients

Total Mass Absorption Coefficient

Energy Absorption Coefficients

Point Isotropic Buildup Factors for Water, Iron

and Tin

Dose Rates, 6' Cobalt Source Strip

Dose Rates, 6' High Cesium Source Strip

Dose Rates and Buildup Factors for Infinite Plane

Source in Water

Dose Rates and Buildup Factors for Infinite 6 Ft

Strip Source in Water

Dose Rates and Buildup Factors for 6 Ft Diameter

Disk Source in Water

Page No.

1.3

2.6

2.10

3.14

3.18

3.20

3.29

3.30

4.3

4.5

4.6

4.9

4.19

4.20

4.22

4.23

4.24



ASSOCIATED NUCLEONICS, INC.

Table No.

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5, 9

5.10

Title

Source Cost, Dollars/Curie

Current Costs of Source Slabs

Possible Future Total Costs of Source Slabs

Annual Cost of Source Make-Up (Current)

Annual Cost of Source Make-Up (Future Prices)

Construction Cost Estimate Cesium Facility

Annual Direct Operating Costs

Total Annual Operating Cost

Sterilization Costs (Current Prices)

Sterilization Costs (Future Prices)

Page No.

5.2

5.4

5.4

5.5

5.5

5.6

5.8

5.9

5.9

5.10



ASSOCIATED NUCLEONICS, INC.

LIST OF FIGURES

Figure No.

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3. 20

3.14

3.15

Title

Dose Rate from Infinite Plane Co6 0 Source

Diagrammatic Dose Plots Infinite Plane-2 Pass

System

Efficiency Infinite Plane-2 Pass System Cobalt-60

Diagrammatic Dose Plots Infinite Plane-4 Pass
System

Efficiency Infinite Plane-4 Pass System
Cobalt -60 Source

Efficiency Infinite Plane-8 Pass System
Cobalt-60 Source

Dose Rate from Infinite Plane Cs137 Source

Efficiency Infinite Plane-2 Pass System

Cesium-137 Source

Efficiency Infinite Plane-4 Pass System

Cesium Source

Efficiency Infinite Plane-8 Pass System

Cesium Source

4 Pass System (Package Irradiation Schematic)

Diagrammatic Isodose Pattern in Vertical Pass

Systems

Diagrammatic Plot of Dose Rates Opposite

Source Slab

Schematic Source-Target Arrangements

Average Dose Rate vs Depth in Target

Cobalt Source

Average Dose Rate vs Depth in Target

Cesium Chloride Source

Following

Page No.

3.4

3.4

3.6

3.6

3.6

3.6

3.8

3.8

3.8

3.8

3.10

3.10

3.12

3.14

3.16

3.20



ASSOCIATED NUCLEONICS, INC.

Figure No.

3.16

3.17

3.18

3.19

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

F
Title

Source Strips

Medical Supply Irradiator Conceptual Design -
Plan

Medical Supply Irradiator Conceptual Design -
Sections

Medical Supply Irradiator Conceptual Design -
Conveyor Plans

Cs-137 Decay Scheme

Energy Absorption Build-up Factor (E0 = 0.662 Mev)

Energy Absorption Build-up Factor (E0 = 1.25 Mev)

Source and Target Geometry Used for Dose

Computations (Vertical Section)

Slab Source Geometry

Finite Source Strip

Infinite Source Strip

Average Dose Rate vs Depth in Target

Cobalt Source

Average Dose Rate vs Depth in Target

Cesium Source

Dose Rates from Plane Co-60 Sources in Water

Dose Rates from Plane Cs-137 Sources in Water

Energy Absorption Build-up Factor in Water
1.25 Mev Gammas From Co-60

Energy Absorption Build-up Factor in Water
0.662 Mv Gammas From Cs-137

Shielding Dimensions

ollowing

Page No.

3.22

3.24

3.24

3.24

4.2

4.8

4.8

'4.10

4.12

4.18

4.18

4.20

4.20

4.22

4.22

4.22

4.22

4.14 4.30



ASSOCIATED NUCLEONICS, INC.

FOREWORD

This report presents the preliminary design of an industrial

gamma irradiator for the sterilization of medical supplies. The work was

performed by Associated Nucleonics, Inc. under Contract No. AT(30-1)-2349

with the Office of Isotopes Development, U. S. Atomic Energy Commission.

One other report was issued under this contract; AN-119, "An Experimental

Gamma Irradiator for Hospital Sterilization".

As part of this study visits were made to a number of organiza-

tions. They are listed in Appendix A. Their courteous and valuable

assistance is gratefully acknowledged.
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Chapter 1

SUMMARY

Gamma sterilization of pharmaceuticals and medical supplies offers

potential advantages which justify preliminary design and cost estimates of

a facility designed specifically for the purpose. Accordingly, the Office

of Isotopes Development of the U. S. Atomic Energy Commission contracted

with Associated Nucleonics, Inc. to develop criteria and to propose a pre-

liminary design of a gamma irradiator. Among the advantages of gamma

sterilization are elimination of heating; complete sterilization of sealed,

packed and bulky materials; adaptability to continuous operation, possi-

bility of using cheaper or better packaging materials; elimination of

aseptic handling procedures; and development of new or differentiated

products.

The gamma sources considered were cobalt-60 and cesium-137.

Cobalt-60 is produced by neutron irradiation of ordinary metallic cobalt

in a reactor. Cesium-137 is a fission product which is customarily prepared

as the chloride. Costs of gamma sterilization were based on present and

a range of future prices furnished by the Office of Isotopes Development.

Medical supplies and pharmaceutical products present different

problems. It was concluded that medical supplies offer more promise in

the near future. The design of the irradiator was based on criteria es-

tablished as the result of discussions with several manufacturers of

medical supplies. These criteria are:
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Average Capacity 1000 lbs/hour

Product Density 0.05 to 0.25 gram/cm3

Minimum Dose 2.5 megarads

Maximum to Minimum Dose 1.5

Package Size Up to 2' wide by 3' high

The design was made for the highest density 0.25 gram/cm3, at a correspond-

ing production rate of 1300 lbs/hour. This was done because irradiation

of products with lower densities would then be possible without exceeding

the max/min specification. The max/min dose is the ratio of the maximum

dose received at any point in an individual package to the minimum dose

received at any point in the package.

The general features of the irradiator are shown in Figures 1.1

and 1.2, which are reproduced from photographs of a model of the irradiator.

Packages enter and leave the concrete irradiation cell through a labyrinth.

The packages are carried by a continuously moving conveyor system. All

transfer operations within the irradiator are automatic. The source is

in the form of a slab. The packages make 8 passes, 4 in the upper position

and 4 in the lower position. In this design the packages overlap the source,

which permits high efficiency and uniform irradiation.

When not in use, the source slab is stored in a pool beneath the

cell. The pool extends beneath the cell walls to the exterior of the cell.

Shipping casks are immersed in the pool for unloading of source pieces. The

pieces are transferred under water to the interior of the cell by means of

long handled tools. From within the cell, the source pieces are assembled,

under water, to form the source slab.

1.2
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The initial source loadings are 735,000 curies of cobalt-60 or

2,820,000 curies of cesium-137. The costs of these initial sources were

treated as capital investments over the ten-year life assumed. Replenish-

ment is an operating cost, 88,000 curies once each year for cobalt or 72,000

curies once each year for cesium.

The efficiencies of the irradiator are 42% for the cobalt source

and 45% for the cesium source. The efficiency is the ratio of gamma energy

usefully absorbed to gamma energy emitted by the source. The efficiency of

absorption of gammas in the packages is higher, since the average dose is

about 20% more than the minimum dose.

The cost of constructing the gamma irradiator, exclusive of site,

a building to house it, and source slab is close to $500,000. The costs of

the initial source slabs, including cladding and transportation are listed

in Table 1.1.

Table 1.1

Present and Possible Future Costs of Source Slabs

Cost/Curie Cobalt-60 Cesium-137

(dollars) (735,000 curies) (2,820,000 curies)

$2.00 $1,552,000 (current cost)

1.00 817,000 $3,110,000 (current cost)

0.75 633,000

0.50 450,000 1,700,000

0.25 955,000

1. 3
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Operating costs for 0.25 gram/cm3 product at the efficiencies

stated above vary from 7.9 cents/lb at $2/curie to 4.2 cents/lb at $0.50/

curie for the cobalt source. The costs vary from 10.2 cents/lb at $1/curie

to 5.1 cents/lb at $0.25/curie for the cesium source. Cesium is competitive

with cobalt at about 1/4 the cost per curie. The principal reason for this

is that cobalt emits 4.6 times as much gamma energy per curie as does cesium.

The irradiator design presented in this report is optimized for

0.25 gram/cm3 product. The efficiency and production rate will be quite low

for very low density product. An irradiator must be carefully designed wih

a specific product or products in mind. By provision of extra passes and

flexibility in the operation of the conveying equipment, high efficiencies

and production rates can be achieved for a range of product densities.

An appreciable fraction of the available gamma energy is absorbed

in the sources. This is due in part to absorption within the source material

and in part to absorption in the stainless steel clad. This absorption is

necessary in the present design to achieve maximum efficiency at the design

ratio of maximum to minimum dose. The use of a longer source slab with a

thinner source and aluminum cladding would substantially reduce absorption

in the source slab. The required absorption could then be tailored to a

particular product by insertion of suitable absorbers between the source

and product.

The possibility of reducing absorption in the source slab and

achieving higher efficiency without increasing the maximum to minimum ratio

has not been fully explored. Effects of changes in the size of the source

1'.4



AsSOCIATED NUCLEONICS, INC. 1.5

slab and of the air gap between source and packages should be more carefully

investigated. The effects of curved source slabs, of curved paths for the

product, alone and combined, can be examined.
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Chapter 2

INTRODUCTION

A large part of the products of the pharmaceutical and medical

supply industry must be sterile. At present, various sterilization methods,

depending usually on heat or chemical action, are used, supplemented by asep-

tic handling. A new method of sterilization has become available in the

form of high-energy ionizing radiation, which in sufficiently high doses

will kill all microorganisms without significantly heating the material being

irradiated. Because of its potential advantages over present methods, ir-

radiation sterilization has been under consideration by many pharmaceutical

companies. The growing availability of gamma-emitting radioisotopes on a

large scale has contributed to this interest.

The potential advantages of the radiation method are:

1. Ability to handle heat-sensitive materials.

2. Complete sterilization of tightly packed containers and

thick layers of materials.

3. Adaptability to continuous operation.

4. Possibility of using packaging materials now ruled out be-

cause they are impervious to steam or damaged by steam.

5. Possibility for eliminating aseptic handling procedures.

6. Possibility for developing differentiated products, and

other promotional benefits.
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The purpose of the present study was to design a gamma sterilizer

that would have maximum usefulness in the manufacture of pharmaceuticals

or medical supplies. Consideration of machine sources of radiation was

outside the scope of this study. The type and capacity of the irradiator

were to be based on an evaluation of the technical characteristics of gamma

sterilization, and of present industrial sterilization practices and re-

quirements. For this evaluation the information available in the literature

was to be supplemented, to the extent permitted by the scope of the contract,

by visits to manufacturers and related organizations.

The irradiator design was to provide for the use of cobalt-60

and cesium-137 as the source of radiation, interchangeably if feasible or

by separate designs if necessary. Currently these are the two most suitable

gamma emitters from the viewpoint of availability and technical character-

istics; cobalt-60 is produced by neutron irradiation in reactors and cesium-

137 is one of the more abundant fission products.

Several recent announcements about the large-scale application

of gamma radiation demonstrate the growing interest in this field.

1. A 150,000 curie cobalt-60 source has been installed at

Danaerong, Australia for the elimination of anthrax in raw goat hairs (2.15).

Two months after this irradiator went into operation, it was decided to

increase its capacity to 500,000 curies -- one-third for goat hair, the

rest for pharmaceuticals and other products (2.16).

2. 2



ASSOCIATED NUCLEONICS, INC.

2. At the Wantage Radiation Laboratories, near Harwell, England,

a 150,000 curie Co-60 irradiator with an automatic conveyor system for ir-

radiation of 1 cubic foot packages has been built. The irradiator is de-

signed to accommodate 500,000 curies (2.17).

3. Brookhaven National Laboratory is building a large facility

to contain up to 2 x 106 curies of Co-60 for the purpose of studying source

technology (2.18).

The Pharmaceutical Industry

To obtain firsthand information on present sterilizing practices

and needs in the pharmaceutical industry, visits were made to four large

manufacturers of medical supplies and pharmaceuticals (see Appendix A). A

study was also made of published information. Of particular pertinence is

the report made by Arthur D. Little, Inc. (2.1) of a survey of industrial

applications of ionizing radiation, carried out during the year 1958 for

the Atomic Energy Commission. In view of its timeliness and completeness

this report has been drawn on extensively in the remarks that follow re-

garding present sterilizing practices in the pharmaceutical industry, the

considerations involved in applying radiation sterilization, and the pros-

pects for such application.

Present Sterilizing Methods

Sterilizing methods now used in industry include heat, chemicals,

ultraviolet light, and filtration, often in combination with aseptic han-

dling. Heat is most widely used, and most commonly in the form of steam

under pressure. Steam pressures of 17 to 20 psig, temperatures of 250 to

2. 3
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260 0F, and sterilizing periods of 1/2 to 1 hour are generally used, although

values outside these ranges may be encountered depending on the configuration

and heat transfer behavior of the material being sterilized. Other methods of

heat sterilization employ hot air, superheated steam, organic liquids, or a

combination of steam and a chemical such as ethylene oxide.

In many instances, sterilization must be carried out prior to

packaging, which necessitates individual sterilization of both product and

package, and requires aseptic procedures in packaging. For this and other

reasons, present sterilizing operations are batchwise.

Of the less-common sterilization methods, microfiltration is

effective for many liquids, but is expensive and must be combined with asep-

tic handling. The use of chemicals is limited by their undesirable reac-

tions with some materials. Ultraviolet irradiation has found only minor

application because of its limited penetration.

Production of Sterile Products

Of the four manufacturers to whom visits were made (see Appendix

A), two are primarily producers of surgical dressings, along with other

medical supplies such as first-aid kits, sutures, sanitary napkins, etc.

The other two produce mainly drugs, parenteral solutions, and administrative

kits. All four visits were made to large companies, in keeping with the

fact that in 1956 ten of the pharmaceutical companies had more than 80% of

the total sales (2.1).

An initial conclusion drawn from these visits was that the manu-

facture of drugs or pharmaceuticals on the one hand, and of what may be

2.4
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loosely called medical supplies or surgical dressings on the other, are

generally carried out by different manufacturers and the considerations with

regard to radiation sterilization are quite different. These considerations

may be described broadly as follows, recognizing that exceptions and contra-

dictions could undoubtedly be found in specific cases.

The products of the pharmaceutical industry contain a much higher

proportion of liquids than of solids. Average product bulk density is

generally 1 gm/cc or higher. There are a large variety of products, often

produced in small batches. As much as 90% of the products may be packaged

in glass. Radiation damage is recognized as a problem for many of the

biological products. Also, discoloration of glass containers is considered

objectionable by physicians because it interferes with visual examination

of the contents.

For understandable reasons information on production rates was

not readily obtainable. The following figures should not be considered

more than reasonable estimates for the output of a large manufacturer. The

usual drug products, shipped in vials containing from 4 to 50 cc, may be

produced at rates ranging from 15,000 to 40,000 lbs/day. (Operation, with

minor exceptions, is on a 5-day, 1-shift basis.) Parenteral solutions

approach rates as high as 60,000 lbs/day. Administrative kits (for intra-

venous injections and blood transfusions) may amount to about 4,000 lbs/day.

In the medical supply industry radiation damage is a lesser prob-

lem, although it must still be evaluated for individual products. Most of

the products are solid. Bulk densities are generally in the range of 0.05

:.5
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to 0.25 g/cc, but some products in metal containers may be higher (0.60 g/cc

in a typical case), and sutures have a bulk density of 0.95 g/cc. While

there is still a considerable variety of products, the range is much less

than for pharmaceuticals, and in the typical case production rates for a

given product are higher for medical supplies than for pharmaceuticals.

The following estimated production rates are for a large manufac-

turer, presented as before with reservations, and not all applicable to the

same plant. Total production might fall in the range from 20,000 to 200,000

lbs/day (operation is generally on a 5-day, 1-shift basis). Production of

individual products might range from 1,000 to 60,000 lbs/day.

These figures may be compared with the estimated U. S. 1956 pro-

duction (2.1) of selected pharmaceutical products:

Table 2.1

Estimated 1956 Production of Selected

Pharmaceutical Products

Product Units Produced

Cotton Bandages 10.4 MM lb

Gauze Bandages 3.2 MM lb

Adhesive Bandages 28.4 MM lb

Other Bandages 6.0 MM lb

Total 48.0 MM lb

Sutures 108 MM units

Antibiotics 2,597,000 lb

Steroid Hormones 56,000 lb

2. 6
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Radiation Sterilization

Radiation-sterilized sutures were placed on the market in 1958

and "have found very favorable customer acceptance" (2.1). However, one

manufacturer reports tests indicating that catgut sutures are damaged by

radiation sterilization. An antibiotic eye ointment sterilized by radiation

was marketed in 1955, but was discontinued because the demand was insuffi-

cient. In both cases an electron accelerator was used. Brownell (2.2)

reports that a cobalt-60 irradiator is being successfully used for the

sterilization of bone transplants in the University of Michigan hospital.

All of the companies visited displayed considerable interest in

the application of radiation sterilization, with greater optimism evident

on the part of the manufacturers of medical supplies. This interest dates

back over a period of years, and to varying degrees has extended to experi-

mental work on sterilization, using electron beams or gamma-emitting radio-

isotopes. They have confirmed the effectiveness of radiation sterilization,

have established dose requirements, and have evidently investigated radia-

tion damage to various products. In this latter area, an indication of

damage which showed up after considerable lapse of time was mentioned.

This would be of significance because of the required long shelf life (up

to 1 year) for many products.

Confirmation was obtained for the statement in reference (2.1):

"There is some evidence of early industry interest in some bandage irradia-

tion. There are no presently discernible plans for radiation sterilization

of antibiotics." The impression was also gained that continuous operation,

2,7
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and the possibility for developing differentiated products, rank foremost

in the potential benefits of radiation sterilization as estimated by in-

dustry. It was also indicated that while present operation is mainly on

the basis of an 8-hour day, it would be feasible to employ 24-hour opera-

tion for the sterilization step if other factors favored such a move.

Radiation Doses

A study. reported in 1958 by Pepper et al (2.3) found that cathode

ray dosages from 0.6 to 2.1 megarads* were required for sterilization of

bacterial spores, and that vegetative bacterial cells, and yeasts and fungi,

were less resistant than spores. Earlier studies by others gave similar

results. According to Miller (2.4), a dosage of 1.5 x 105 rads reduces

organisms by a factor of 10. Thus, a dosage of 1.8 x 106 rads (= 12 x 1.5

x 105) should give a reduction-of 1012. He states that pharmaceutical

products may normally contain 5 to 10 organisms per gram before steriliza-

tion.

For the present study, a minimum sterilization dose of 2.5 mega-

rads was used. This is in agreement with values selected by several of

the manufacturers that were visited.

For practical purposes the required sterilization dose is inde-

pendent of dose rate. In a typical study (2.5) the same results were ob-

tained at dose rates ranging from 27,000 to 367,000 rads per hour. This

* A rad is a unit of absorbed dose,equal to 100 ergs per gram. One mega-

rad equals 1 million rads.

2.8
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corresponds to irradiation times ranging from 7 to 93 hours. In another

investigation (2.6) no effect of dose rate was found over periods ranging

from 28 to 377 hours. Brownell (2.2) reported that continuous irradiation

at 10,000 rads per hour had no lethal effect on some organisms; however,

even if this result were to be corroborated, this rate is well below the

range of interest for the present work.

Consideration was given to the "running bug" problem. This pro-

blem concerns the possible mobility of microorganisms in liquids and the

consequent requirement that the rate at which a given dose is delivered

be held within rather narrow limits with respect to both time and place.

It was concluded that because of the minor quantities of liquids to be

sterilized, this is not an immediate problem in sterilization of medical

supplies. It would have to be evaluated wherever liquids in relatively

large volumes, such as parenteral solutions, are to be irradiated.

Radiation Damage

Published information on radiation damage to the materials involved

in the medical supply industry is limited. Table 2.2 lists damage information,

along with some related data, for materials of interest. It is emphasized

that even where data on damage are listed, they give only a preliminary in-

dication of possible behavior, because they represent scattered tests under

conditions not necessarily applicable to the present case. For example, the

stability of rubber under radiation varies widely with the formulation. Thus,

gloves made experimentally with rubber to which an anti-oxidant had been added

showed a damage threshold of 50 megarads (2.7), compared with the value of

2.4 megarads listed in the table for "soft rubber".
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Table 2.2

Radiation Damage to Materials Used in Medical Supplies

Material

cotton

tapes

gut

rubber, soft

petroleum

jelly

glass

stainless
steel

wood

Use

absorbers, gauzes,

gowns, table drapes,

wrappers

surgical adhesives

sutures

funnels, gaskets,

gloves, tubing

bandage impregna-
tion

beakers, bottles,

flasks, pipettes,

syringes, tubing

basins, clamps, cups,

needles, pins, trays,

surgical instruments

splints, swabs,

tongue depressors

Density,

grry'cc

0.05-0.20

0.4-0.5

0.80

0.9-1.1

0.75

2.0-2.3

7.9

Dose for
Damage,

Megarads

10

1

5

2.5

1.5

from 0.01
to 1.0

no limit

Extent of Damage

25% loss of tensile
strength, increase in

water solubility

loss of adhesive power

loss of tensile strength

hardening, embrittlement

increase in viscosity

and acidity

darkening and embrittle-

ment

ri2

z
0

Reference 01

2.8
0

2.9

2.10

2.9

2.11

2.12

2.13

0.7

0
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The available information on radiation damage indicates the possi-

bility that a large fraction of medical supplies is suitable for radiation

sterilization. At the same time, there is a clear need for further research

in two areas: to obtain more and better information on the behavior of

materials now used, and to investigate methods of improving this behavior

by substitution or reformulation. The use of anti-oxidants with rubber

cited above, and the reported benefits of additives on the resistance of

wool (2.7), are examples of the latter possibilities. Likewise, cerium-

stabilized glass (2,14) is available which is non-browning under steriliza-

tion doses.

Conclusion

On the basis of the information summarized above, it was concluded

that the prospects for the early application of gamma sterilization are more

favorable in the medical supply industry than in the pharmaceutical industry.

It was further concluded that an irradiation facility could most profitably

take the form of a large, central unit operating continuously at essentially

constant conditions to handle a variety of products, normally solid, assembled

in large containers of a standard size. Continuous operation and high capac-

ity are needed to achieve low labor costs and efficient utilization of the

radiation source and equipment. A large central facility, handling bulky

materials, also takes advantage of the penetrating power of gamma radiation.

Because radiation sterilization, unlike other methods, can be applied to the

packaged product as a final step, such a central unit fits in well with the

use of a central storage and shipping facility favored by some manufacturers.

2.11
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A capacity of about 1,000 pounds per hour was selected. It is

within the range of interest of a number of medical supply manufacturers,

and is large enough for efficient operation.

The design of such a facility is described in the next chapter.
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Chapter 3

IRRADIATOR DESIGN

The design of the irradiator was based primarily on criteria in-

ferred from discussions with manufacturers. These criteria are:

Average capacity 1,000 lbs/hour

Product density 0.05 to 0.25 grams/cm3

Minimum dose 2.5 megarads

Maximum to minimum dose 1.5

The following criteria were specified in the scope of work for

this study:

Source material Cobalt-60 or cesium-137

Max. specific activity Co-60 15 c/gm

Cs-137 25 c/gm

Meeting the specified maximum to minimum dose at a product den-

sity 0.25 grams/cm3 will insure satisfaction of the max/min criterion at

lower densities, whereas the converse is not true. Preliminary calculations

showed that a capacity of 1,300 lbs/hr at 0.25 g/cm3 corresponds to 1,000

lbs/hr at the average density 0.15 g/cm3 . For these reasons the reference

design was based on a capacity of 1,300 lbs/hr of 0.25 g/cm3 product. Tar-

get properties were assumed to be those of water.

A major item of cost in a gamma irradiator is the source. Achieve-

ment of high efficiency without excessively complicating the facility was a

primary objective. With this aim in mind the design evolved as follows.
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1. Multiple-pass* target systems in an infinite plane geometry,

with various amounts of source shielding, were studied. A four pass system,

two passes on each side of the source, with target packages 2 feet thick

was selected.

2. In the case of a finite source, package overlap of the source,

with the packages making upper and lower passes in addition to multiple

passes in a horizontal plane, was selected because of the efficient utili

zation of the source and uniformity of dose which could be achieved.

3. A source slab 3 ft high was selected as about the minimum

which would give reasonably uniform vertical dose distributions. Because

the target packages travel past the source, the source length did not have

to be specified at this time.

4. The efficiencies and max/min values computed for infinite

plane sources were, of course, not valid for finite sources because of the

more rapid fall-off in dose rate with distance from finite sources. Absorp-

tion in the source was increased, with a corresponding loss in efficiency,

to bring the max/min ratios back down to 1.5.

5. The specific activity of the source, the required source

absorption, the minimum dose, and the production rate, were then used to

determine the slab source strength per unit area, the cladding thickness,

and the slab length.

The steps in the design which were briefly touched upon above are

discussed in detail below.

* A pass in a single traverse of a moving target past a stationary source.

In multiple-pass systems, the target makes several traverses, each with a

different orientation.
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Evaluation of Infinite Source Systems

It is convenient at the start of slab-source evaluations to deter-

mine the effects on efficiency of variables such as slab thickness, product

or package thickness, and the maximum to minimum dose ratio. To establish

these effects, an evaluation was made of infinite-plane-source systems.

The use of infinite systems simplifies the evaluation since all

the required data are contained in a single depth-dose curve. The conclu-

sions drawn may be assumed to be valid, since in any finite-slab design

the overall effect on the product is made to approximate that from an in-

finite slab. The non-uniformity of dose in the plane of a finite slab is

made acceptably small by one of several means, as will be shown later.

Depth-dose plots were made for infinite plane sources of cobalt-

60 and cesium-137, and an infinite target having a density of 0.25 g/cm3

and the attenuation properties of water. The procedure used in calculating

these plots is given in Chapter 4.

Infinite Plane Cobalt Source

A plot of dose rate as a function of distance into target is

shown on Figure 3.1 for an infinite plane cobalt-60 source (see Chapter 4).

The unit of distance is "attenuation length". The symbol ush denotes

equivalent source slab attenuation distance, and the symbol ut denotes

target attenuation distance. The thickness of the product was varied,

using several values for the slab self absorption. Efficiencies and the

max/min ratios were then determined from the dose values read from the in-

finite depth-dose plot. For a simple irradiator using a single package
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thickness and two passes, one on each side of the slab, the effect of dose

variation with depth is shown diagrammatically in Figure 3.2.

The curve to the left in Figure 3.2 shows schematically the dose

plot of Figure 3.1. The source attenuates up to point A at a distance ush.

The target package extends from A to C. The point B is at the midplane of

the package. After making two passes, the target has received the doses

shown in the curves to the right in Figure 3.1. The total dose is the

sum of those received in the two passes. The max/min ratio is the value

of the dose rate at the midplane of the package divided by the total dose

at the front or rear face of the package. The ratio is expressed by:

Maximum dose = Dose Rate A + Dose Rate C
Minimum dose 2 x Dose Rate B

The efficiency of an irradiator is defined as follows.

Efficiency = min required dose x production rate
total gamma energy in source

An expression for the efficiency of the cobalt irradiator is developed in

Chapter 4.

Efficiency (Cobalt) = 85 x megarad pounds/hour
curies in the source

In the case of an infinite plane source of strength 1 curie/cm2 , with in-

finite target, the preceding expression for the efficiency can be written.

Efficiency (cobalt) = 85 x Dose Rate B x 2t(cm) x 1 cm2 x density (lbs)/cm3

Note that the weight of the product is doubled to account for both sides

of the slab.
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Figure 3.1
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Figure 3.2

DIAGRAMMATIC DOSE PLOTS
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Curves of efficiency as a function of package thickness for source

slabs in which self-absorption has the values ush = 0, 0.1, 0.2 or 0.3,

are shown in Figure 3.3. Also shown are cross plots at max/min ratios of

1.25, 1.5 and 2.0.

The efficiency shows a maximum value corresponding to an optimum

package thickness. At values of "t" smaller than the optimum, the lower

efficiency is due to the high rate of "see-through". The smaller thickness

of package is allowing a high fraction of gamma energy to pass through.

Max/min ratios are low in this region. At values of "t" higher than the

optimum, the lower efficiencies are due to the high rate of gamma absorption

in the package in the regions between the source and the center plane of

the package where the minimum dose occurs. As might be expected the max/

min ratios here are higher.

The cross plots of max/min ratios show the marked effect of this

ratio. With a specified max/min, the attainable efficiency is limited.

Here again a peak efficiency occurs, giving an optimum package thickness.

It is interesting to note that the efficiency of a system may be improved

if the max/min ratio is relaxed, allowing a higher ratio.

For the two-pass system just described, the optimum package thick-

ness is 25 inches at a max/min of 1.5, and the efficiency is 50 percent.

Four-Pass System

The same approach was taken with multiple pass systems. Using

the same depth dose plot, Figure 3.1, a four-pass system was investigated.

Here, a double package thickness is irradiated on both sides of the source
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slab. In two of the passes, the package is close to the source as before.

In the two additional passes, it is irradiated by the flux passing through

the inner package. Figure 3.4 illustrates the behavior of a four-pass system.

The max/min ratio is expressed by:

Maximum dose _ Dose A + 2 x Dose C = Dose E
Minimum dose 2 x Dose B + 2 x Dose D

The efficiency of this system is given by:

Efficiency (Cobalt) = 85 x (Dose Rate B + D) x 2 t(cm) x 1 cm2 density (lbs/cm)

where t is the thickness of a single package.

Curves of efficiency as a function of double package thickness

are shown on Figure 3.5. Peak efficiencies occur as before. The optimum

double thickness occurs at 45" for a max/min ratio of 1.5. The peak effi-

ciency is 70%, a noticeable increase over the 50% efficiency of the two

pass, single package thickness system previously described.

Eight-Pass System

Finally, an eight-pass system was evaluated. Here, a package

is irradiated in four separate passes on each side of a slab. The max/min

ratio and efficiencies were calculated in a similar manner. The resulting

efficiency plot is shown on Figure 3.6. Optimum total thickness occurs at

about 80" with a peak efficiency of 82%. The increase in efficiency is

appreciable, but the benefits are doubtful in view of the added cost of a

facility with so many passes. (In the final design, the eight passes would

become sixteen.) Also, the infinite geometry used here cannot be approxi-

mated in practice with such an extended package depth and a reasonably sized

finite source.
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Figure 3.3
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Figure 3.4

DIAGRAMMATIC DOSE PLOPIS
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Figure 3.5
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Infinite Plane Cesium Source

Similar evaluations were made for cesium-137 infinite systems.

The dose from an infinite plane-cesium-137 source is shown in Figure 3.7.

The efficiencies of 2-pass, 4-pass and 8-pass systems are shown in Figures

3.8, 3.9 and 3.10. Ideal efficiencies are somewhat higher and optimum

package thicknesses are slightly deeper than was the case with cobalt, due

to the weaker gamma. For a 2-pass system the peak efficiency at a max/min

ratio of 1.5 is 55% at a package thickness of 30". For a 4-pass system

the peak efficiency is 70% at a total package depth of 48". For an 8-pass

system the peak efficiency is 80% at a total package depth of 80".

The maximum/minimum dose ratio is defined as it was for the cobalt

source. The calculation of efficiency is similar except that 388 curies of

cesium are equivalent to a megarad lb/hr. The efficiency is expressed by:

Efficiency (cesium) = 388 x megarad lb/hr
Curies in the source

Conclusion

On the basis of the above evaluation, 24" was selected as the

package thickness for further study. This dimension is close to the calcu-

latei optimum for both cobalt and cesium slabs in a four-pass system.

The efficiencies indicated above are actually "ideal" since in-

finite systems cannot be attained in practice. As will be described later,

it is possible to devise finite systems where dose rates close to the

source almost equal infinite source dose rates, but in the outer regions of

the target, geometric effects of the finite source reduce the dose rate
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appreciably. High efficiencies, close to the "ideal", are more easily

attainable in high density products than in those of low density.

Finite Sources and Boundary Effects

In actual systems, one of the difficult problems encountered is

the characteristic end effect or fall-off of gamma flux near the boundaries

of the source. This has a direct and prominent influence on the maximum

to minimum dose ratio. In a system in which the product moves horizontally

across the face of a source, the end effect is "washed-out" in the direction

of travel. Every point on a horizontal line "sees" every point on the slab

equally. The problem then is the non-uniformity of dose in the vertical

direction. In a reasonably high source, the dose rate at the center is

roughly double the dose rate at the upper and lower edges.

Vertical Package Overlap

Several methods are available to attain vertical dose uniformity.

One method uses a non-uniform distribution of activity in the vertical

direction. The same result may be obtained by using non-uniform cladding

thickness. The net effect is a "spiking" of the source near the boundaries.

This method alone is not feasible with a reasonably short slab height and

must be used in conjunction with the second method.

The second method of achieving vertical dose uniformity utilizes

an overlapping source. The slab is constructed to overlap the product mate-

rial at the top and bottom. This system is also, in effect, "spiking" the

source in the low flux regions.
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Figure 3.7
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Figure 3.8
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Figure 3.9
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Figure 3.10
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The greatest disadvantage of the two methods described is the

addition of excess activity in regions where the resulting flux can most

easily escape from the system. The highest activity is placed in the most

inefficient location.

A third method, and the one finally selected for the reference

design, utilizes package overlap in combination with vertical movement of

the product. Figure 3.11 is a sketch of the source and packages arranged

in a four-pass system. Since two of the passes are made vertically, only

a single package depth is presented to each side of the source. This system

is equivalent to the two pass system described in the infinite geometry.

The advantages of vertical movement of the product are twofold.

First, there is vertical overlap of the source by the product, as well as

horizontal overlap. Escape probability of unattenuated flux is at a mini-

mum. The second and major advantage is flattening of the flux in the

vertical direction. The effect is essentially a step-wise sweeping of the

source in the vertical direction, tending to wash-out the end effects in

exactly the same manner as the continuous horizontal movement washes out

end effects in the horizontal direction. It is obvious then that a greater

number of steps might result in even greater benefits. However, it was

decided, in the facility under study, that the bulk of material normally

handled required large carton dimensions. A larger number of vertical

passes would complicate and enlarge the facility, increasing cost.

Figure 3.12 shows schematically isodose curves in the package

overlap system, demonstrating the flux flattening achieved after two passes.
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The arrangement is shown on the left in its true relationship with a sta-

tionary source and moving packages. It is also shown on the right in its

"equivalent" form with a package stationary and the source and other packages

moving around it. The overall effect is exactly the same as that of the

true relative motion, but the model clearly demonstrates the effectiveness

of the system. Note that the individual package now appears to be located

in a more nearly infinite geometry.

A disadvantage of the proposed vertical movement system is the

additional dwell time required for product exposure. With a given package

size and production rate the speed of travel through the radiation field

is fixed. The additional passes, requiring a greater length of travel,

increase inventory and dwell time. As pointed out earlier, there appear

to be no severe limits on dwell time other than the physical consequences

of greater cell volume and additional conveying equipment.

It is clear that the higher the package and slab, the more closely

an infinite system will be approximated, and higher efficiencies will be

obtained. However, practical considerations of cell design, conveying

equipment and package size limit the height. A compromise was made result-

ing in the determination that a 3-ft high package (6 ft high array) is

sufficient for fairly uniform vertical dose profiles while offering a very

reasonable package size. The slab source height was then fixed at 3 ft.

It is probable that in a detailed design additional benefits may arise by

more closely optimizing the source height relative to package height. A

slightly higher source would tend to further reduce the non-uniformity in

the furthermost planes of the package array.
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Figure 3.12
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The length of the source slab (in the direction of product travel)

is an independent dimension which has no effect on the final depth dose.

Determination of length is the result of a physical consideration only.

With a given specific activity there must be enough source volume to con-

tain the required total activity. The thickness of the slab is a variable

which is considered along with source cladding thickness to give a required

source absorption, ush. Once the source absorption is determined from dose

and max/min ratio calculations, the slab length may be established. Another

item to be considered in this determination is the allowance for make-up

activity during the life of the facility.

Horizontal Package Overlap

The travel of product packages beyond the ends of the source slab

is in effect horizontal package overlap. The length of product travel is

a restricting dimension affecting the overall efficiency of the system and

the uniformity of dose. To attain maximum efficiency the product must start

and end its travel far enough from the ends of the source to absorb most of

the radiation which would otherwise be wasted. Figure 3.13 is a diagrammatic

plot of dose rates received by a point as the package traverses the slab

face. The effect of radiation beyond the ends of the slab is evident. The

length of travel beyond the slab should be enough to utilize most of the

radiation designated area "A" in the figure.

If the product travels far enough beyond the source to substan-

tially exhaust the available radiation, then there is a simple prescription

for computing the integrated dose received by a point in making the traverse.
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Denote the slab length by L and the speed of the package by v. Then the

integrated dose received is the same as the dose in a stationary target

from an infinitely long slab in the time interval I/v. This method was

used for computing doses and is discussed in Chapter 4.

During a particular passage past the source, points close enough

to the source to receive an appreciable fraction of their total dose will

spend part of their time in a region in which the source looks infinitely

long. This region corresponds to the flat part of the curve in Figure 3.13.

Under these circumstances, it will be shown in Chapter 4 that area "A" equals

area "B", in the case of plane sources. For sources of finite thickness area

"A" can be slightly larger than area "B" because of radiation from the edge of

the source. Thus, the integrated dose is just the product of the maximum dose

rate by the time required to travel the length of the slab, I/v.

Several finite, single slab, systems were evaluated to confirm the

conclusions drawn from the foregoing analysis. An overlapping source was

utilized with a single height, single depth package array (2-pass). The

efficiency was approximately 22%. Next, the same overlapping source was used

with a single height, double depth package array (4-pass). The efficiency

increased to 30%.. The package overlap system was then calculated with finite

slab dimensions. A double height single depth (4-pass) system gave an effi-

ciency of approximately 33%. A double height, double depth (8-pass) system

gave an efficiency of approximately 42%. The advantages of package overlap

were clearly demonstrated.

Multiple Source Systems

Systems in which more than one source slab are used were investi-
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gated sufficiently to demonstrate that they have no advantage over the

simpler single source arrangement. The single slab system will always

have the higher efficiency.

The expected benefit from two source slabs is the achievement

of greater target thickness. The radiation from one slab will penetrate

the other slab, giving high efficiency. Unfortunately, the source slabs

themselves are good absorbers, they remove a large part of the gammas which

strike them. Greater benefits are obtained by increasing the target thick-

ness outside a single slab.

Systems should be compared on the basis of the same number of

passes. With an even number of passes it is clear that one slab will give

higher efficiency than multiple slabs. A two-slab system, for example,

with 5 passes is less efficient than..a 6 pass one-slab system. The greater

efficiency favors the single slab because the cost of the extra pass is

negligible compared with the cost of the source.

It might appear that a multiple slab system could achieve the

desired max/min ratio at greater package thicknesses and achieve economy

in this way. However, the max/min ratio is largely determined by the dose

distribution in the pass adjacent a source, fixing the package thickness

as described earlier. Thus, the max/min ratio is not affected by the

presence of more than one source slab.

Some possible source arrangements are shown in Figure 3.20. It

is obvious that the single slab arrangement gives the highest efficiency

since it inherently places the greatest thickness of product adjacent a

slab face.
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Source Design

The criteria on which the source designs were based are listed

in the following table.

Table 3.1

Reference Design Criteria

Cobalt-60 Cesium-137

Production Rate, lbs/hr 1300 1300

Product Density, g/cm3  0.25 0.25

Product Absorption Properties water water

Product Dimensions

Depth 24" 24"

Height 36" 36"

Length 24" 24"

Minimum Dose (Megarads) 2.5 2.5

Maximum/Minimum Dose Ratio 1.5 1.5

Source Specific Activity, curies/g 15 maximum 25 maximum

Source Density, g/cm3 8.7 3.0 (CsCl)

Source Height, Ft 3.0 3.0

Source Cladding Material Stainless Steel Stainless Steel

The production rate,. package size, and product density fix the

conveyor speed in a one track system. The speed is

v = (1300 lb/hour) = 13.9 ft/hour
(15.6 lb/ft3 )(6 ft 2 , cross-section)
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Target materials range in density from 0.25 to 0.05 g/cm 3 . The

highest density product was chosen for the reference design, since it is

the most difficult product in which to obtain the specified maximum to min-

imum dose ratio. In this design, all irradiated products of lower density

will receive a more uniform exposure. This requirement of handling a range

of product densities leads to another problem. If a slab is designed for

irradiation of a given density material with given max/min dose ratio and

production rate, then the introduction of other materials will result in

different minimum dose rates and max/min ratios. The different dose rates

require different conveyor speeds and give different production rates.

In final design of a facility it is probable that refinements

could be made in slab design, such as removable absorbers between source

and product, to better the performance of lower density materials. This

would improve their production rates and efficiency.

Cobalt Slab Design

Depth-dose calculations were made for finite slabs as described

in Chapter 4. Self-absorption in the slab was varied until the specified

max/min ratio was achieved. The final dose plot is shown on Figure 3.14

for cobalt-60 source material. The doses are listed in Table 4.5 of Chapter

4. In computing dose rates the 3 ft high slab was replaced by a 6 ft high

source as indicated in Figure 3.12, and its length in the direction of

travel was assumed infinite as described in the foregoing discussions and

in Chapter 4. Both 4-pass (single package thickness) and 8-pass (double

package thickness) systems were evaluated. An 8-pass system was selected

for the reference design.
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The required self-absorption, uh, is 0.26. The curie requirement

may now be established for the system. The minimum integrated doses occur

at the center of the packages in the top or bottom planes. The required

dose values at depths of 1 ft and 3 ft are (from Table 4.5) 5.79 x 104 and

1.58 x 104 (rads/hr)/(curies/cm 2 ). Since L/v hours in front of an infinitely

long source is equivalent to passage at v ft/hour past an L ft long source

of the same unit source strength, the dose received from all the passages

to one side of the actual source is

(L/13.9)(5.79 x 104 + 1.58 x 104) = 5.3 x 103 L rads/(curies/cm 2 )

The required dose (half the total) is 1.25 x 106 rads. Therefore, the

curie requirement is 236/L curies/cm and the total curie requirement is

C = (236/L) x slab area = (236/L)(3 x L)(2.54 2 x 144) = 656,000 curies

The efficiency of the system is:

Efficiency (cobalt) = 85 (curies/megarads)/(lbs/Hr) x 1300 lbs/hr x 2.5 ogrd

656,000 curies

= 0.42 = 42%

The length of the slab may now be established. The total activity

to be accommodated in the slab is the design loading plus replenishment to

make up for decay. This amounts .to 12%/year for cobalt-60. In the reference

design make-up is to be added once a year. The initial loading is then 1.12

x 656,000 or 735,000 curies. At the end of each year the activity to be

added to the slab is 0.12 x 735,000 = 88,300 curies. For a 10 year plant

life, 9 additions are made amounting to 795,000 curies total. The original

slab design must accommodate source pieces which have a total of 1.53 x 106
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curies of cobalt-60 based on their initial activity. The only limitation

on the design of the source pieces is the requirement that the source slab

have an effective attenuation length (self-absorption) of 0.26. This limits

the thickness of the source and cladding. A method for computing source and

cladding thicknesses is described below. A slab length of 5 ft is sufficient

to accommodate the 1.53 x 106 curies. A 6 ft length was selected for the

reference design to permit flexibility.

The initial and replenishment pieces may have the same or differ-

ent dimensions, specific activities, source thicknesses, and cladding thick-

nesses. There are a number of ways in which the desired slab properties can

be achieved. The preferred method will depend upon details of sources and

cladding which cannot be settled now.

The cobalt pieces which make up the slab are "picture frame" units

made up by the source fabricator. Individual cobalt strips will be irradiated

in a reactor and shipped to the fabricator. Tentative dimensions for the

strips are 1" wide x 9" long x 0.1" thick. They will be stacked to the re-

quired thickness and will be "canned" in an array 3" wide x 18" long. The

18" dimension was chosen for ease of handling and shipment. The source rack

in the irradiation cell will be designed to hold two 18" long pieces to achieve

the 3' source height required.

Details of a particular slab design and related information are

listed in Table 3.2.

3.17



3.18

ASSOCIATED NUCLEONICS, INC.

Table 3.2

Cobalt-60 Source Slab Design

Height

Overall Length

Activity

3'

6'

Initial

Replenishment

Total over 10 years

Unit Activity (3' x 5' slab)

Initial Source Pieces

Number

Activity

Assembled Dimensions (approximate)

Unit Activity

Cladding Thickness

Cobalt Thickness

Replenishment Pieces

Number

Activity

Assembled Dimensions (approximate)

Unit Activity

Cladding Thickness

Cobalt Thickness

Number of Passes

Length of Passes

Time/Pass

Total Irradiation Time

735,000 curies

795,000 curies

1,530,000 curies

110 curies/cm2 average

20

36,750 curies each

3.2" x 18.2" x 0.482"

105 curies/cm2

0.070"

0.342"

18

44,150 curies each

3.2" x 18.2" x 0.482"

126 curies/cm2

0.070"

0.342"

8

9 ft

0.65 hrs

5.2 hrs
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Cesium Slab Design

Depth dose calculations were prepared in a similar manner for

cesium slabs. Self-absorption was varied until the specified maximum/

minimum dose ratio was obtained. The final depth dose plot is shown on

Figure 3.15. Both 4-pass single package thickness and 8-pass double

package thickness systems were evaluated. The 8-pass system was chosen

for the reference design.

The required self-absorption, ush, is 0.300.

The dose rates at the center of the traverse path at the minimum

points are 1.38 and 0.33 x 10 (rad/hr)(c/cm2) in the inner and outer passes,

respectively. The curie requirement, calculated as for cobalt, is 2.82 x 106

curies. The efficiency is 45%.

Replacement of activity for make-up of decay is also scheduled

annually. Annual decay of cesium-138 is 2.5%. The initial loading of the

slab is then 1.025 x 2.82 x 106 or 2.89 x 106 curies. At the end of each

year, the activity to be added is 0.025 x 2.89 x 106 or 72,000 curies. For

a 10 year plant life, 9 additions will be made totaling about 650,000 curies.

The slab then accommodates pieces having 3.54 x 106 curies based on their

initial activity. To accommodate this amount with reasonable cladding

thicknesses, dwell times and limits for specific activity, the slab length

selected was 12 ft.

The physical properties of a typical cesium slab and related data

are listed in Table 3.3.
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Table 3.3

Cesium-137 Source Slab Design

Height

Overall Length

Activity

Initial

Replenishment

Total over 10 year life

Unit Activity (3' x 12' slab)

Initial Source Pieces

Number

Activity

Assembled Dimensions (approximate)

Unit Activity

Cladding Thickness

Cesium Chloride Thickness

Replenishment Pieces
Number

Activity

Assembled Dimensions (approximate)

Unit Activity

Cladding Thickness

Cesium Chloride Thickness

Number of Passes

Length of Pass

Time/Pass

Total Irradiation Time

3 ft

12 ft

2,890,000 curies

650,000 curies

3,540,000 curies

106 curies/cm2 average

72

40,000 curies each

3.2" x 18.2" x 0.82"

107 curies/cm2

0.066 inches

0.689 inches

18

36,100 curies each

3.2" x 18.2" x 0.82"

96 curies/cm2

0.066 inches

0.689 inches

8

16 ft

1.15 hrs

9.2 hrs
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Cladding Thickness

Dose rates were computed from finite plane sources. The absorp-

tion which takes place within real slab sources was allowed for by assuming

the target begins at an attenuation distance from the source of 0.26 for

the cobalt source and 0.30 for the cesium chloride source. These source

attenuations were required to achieve the specified maximum to minimum doses.

The result of the dose rate computations is the specification of the slab

source strength in curies per cm2 .

Formulae for computation of clad and source material thicknesses

are derived in this section and examples of their use are given.

The slab source is built up of clad source pieces. Each piece

might be approximately 18" long, 3" wide, and 0.5 to 1.0" thick. Clad pieces

are shown schematically in Figures 3.16-A and-B. For computation, the

cladding between the source pieces is mixed with the source as shown in

Figure 3.16-C. The effect of the cladding at the ends of the 18" pieces

is negligible and has been ignored. The results of sample computations are:

Cobalt Cesium Chloride

Curies/cm2 of irradiator 109 114

Specific activity of source, curies/gram 15 23.5

Dimensions of active material, inches 18 x 3 x 0.342 18 x 3 x 0.689

Clad thickness, inches 0.069 0.066

We shall use the following notation:

ush source attenuation distance

9 density, grams/cm3
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t thickness, cm

w width of source, co

u attenuation constant, cm 2 /gram

9 positive fraction

Q* specific activity of core, see Figure 3.16-C, curies/gram

Q specific activity of source material, curies/gram

W weight fraction of source in the core, see Figure 3.16-C

SA irradiator activity, curies/cm2

subscript s designates core, Figure 3.16-C

subscript c designates cladding

The equivalent source attenuation distance is

ush = ac uc t; +96P us t (1)

It is clear that

ts /Ps= SA/Q* and Q = Q*/W

Thus (1) becomes

ush = ec Uc tc + Gus SA/WQ (2)

From Figure 3.16-B it is evident that

W = wpO source (3)
wPsource + 2 t'( t c

Also

us = W usource + (1 - A)uc (4)

If t'" is known, then equation (2) can be solved for t. If t

is not known an approximate value can be guessed, and then a correction

made by iteration. Whether or not t" equals t depends on the method of

making the source strips.
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Cobalt Source

For the cobalt source we shall use the following data by way of

example. These are not final design numbers.

9 = 0.46

1c = 7.9 grams/cm3

(cobalt = 8.7 grams/cm3

u = 0.0531 cm2/gram (cobalt and stainless steel)

ush = 0.26

w = 7.62 cm (3 inches)

Q = 15 curies/gram

SA = 109 curies/cm2

t'c= t = tc

A first guess for tc was 0.080 inches. Then from equation (3)

w - 0.955, and solving (2), tc = 0.070 inches. With this new value for tc,

a corrected value for W is 0.96. Another iteration gives tc = 0.069 inches.

The thickness of the source is 0.342 inches.

Cesium-Chloride Source

9 = 0.46

Pc = 7.9 grams/cm3

eCsC1 = 3.00 grams/cm3

uc = 0.0730 cm2/gram

uCsCl = 0.0771 cm2/gram

ush = 0.30

3. 23
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w = 5.08 cm (2 inches)

Q = 23.5 curies/gram

SA = 114 curies/cm2

t"' = t = t

Try tc = 0.070 inches. Then W = 0.843, us = 0.0766, and iteration

gives tc = 0.066 inches. The thickness of the source is 0.689 inches.

Facility Design

The details of a gamma sterilization irradiator design will be

dictated largely by the production facilities of the user. A typical arrange-

ment has been chosen for the reference design. The irradiation cell is a

concrete structure into which the product is introduced and removed by a

horizontal conveying system through a labyrinth.

Preliminary arrangement drawings of the facility are shown on

Figures 3.17 and 3.18. Conveyor arrangements are shown on Figure 3.19.

The source slab occupies a central position in the cell. It is

above the floor when in use and submerged in a shielding pool when in

storage.

The cell was designed for a 12 ft long cesium slab and 8 passes

of product, each pass being 18 ft long. A minimum cobalt facility would

require a slab only 6 ft long, with product passes 12 ft long. The entire

arrangement would be identical, including shielding, except that all "length"

dimensions would be reduced accordingly. A possible approach by a manu-

facturer would be to construct a facility capable of using either isotope.

The description following applies to the cesium facility.
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The shielding walls parallel to the source slab are 5'-6" thick,

the end walls are 5'-O" thick. Both are constructed of ordinary concrete.

The labyrinth walls taper to a minimum thickness of 12". The roof thick-

ness is 5 ft for unrestricted access. This may be reduced to 4 ft if areas

above the cell are remote or may be restricted. The storage pool depth is

25 ft, providing ample shielding over the source slab.

Inside dimensions of the irradiation cell are 32 ft long by 14 ft

wide by 10 ft high.

The source storage pool extends under the cell wall and connects

to a handling pool located outside the cell. Source material in the form

of strips will be received in this pool in shielding casks. After manually

opening the casks under water, the source material will be removed and

passed under the cell wall with long handled tools. While under water they

are placed in position manually by operators working inside the cell.

The slab itself consists of a light framework or rack of aluminum

with the source strips inserted. At first, only the initially required

source loading will be installed, with gaps between strips. These gaps will

be filled with additional strips for the make-up of activity. The rack will

be mounted between end guides and will be raised and lowered by electrically

operated cables.

The product is in the form of 3 ft high x 2 ft long x 2 ft wide

packages of uniform density. A package may be made up of smaller cartons

stacked inside of a light carrier of these dimensions. The product packages

will be hung from an overhead conveyor for introduction into the irradiation

cell. The conveyor chosen for this duty is a standard twin-track conveyor
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with one powered track and one free track. The package will be suspended

from a "carrier" which in turn is suspended from the free track. This

carrier is driven by a constant speed "pusher" on the powered track. The

speed of travel through the labyrinth is approximately 50 ft/min. The en-

tire trip to the irradiation area will take only 1.33 minutes. On reaching

the irradiation area, the "pusher" disengages from the carrier and returns

out of the labyrinth. On this return trip it engages an empty carrier as

will be described below.

The free package then coasts into a sequencing device which times

the release of the package to a slow moving pusher track. This pusher carries

a line of packages, tightly packed together, along the first irradiation pass.

At the end of travel in this first pass, the package disengages from the slow

pusher and engages a rapid advance pusher, which advances it onto a "transfer"

section of track. This "transfer" section is hydraulically driven and moves

laterally to line up with the next pass. Here another rapid advance pusher

removes the package from the transfer track and advances it to the start point

of the next pass. The "transfer" track returns for the next package. A slow

moving pusher now moves the package along the second pass. This same procedure

is repeated for the four upper passes.

At the end of the fourth or last upper pass, the package is rapidly

advanced to an elevator mechanism. At this position, the carrier, which has

been supporting the package on the free track, disengages the package and is

returned out of the labyrinth by the feed pusher track mentioned earlier. The

package itself is lowered by the hydraulic elevator, to be pushed onto a con-

veyor belt near the floor. The remaining four lower passes are now made
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retracing the path of the upper passes. The lower system is conventional

in almost every detail.

At the end of eight passes the finished package is returned out of

the labyrinth on the lower level at approximately 50 ft/min.

Each of the irradiation passes takes about 78 minutes. The time

allowed for the rapid advance and transfer between passes is about 1 minute.

The total elapsed time then from portal to portal is about 634 minutes.

(This time is reduced to 426 minutes for the minimum length cobalt slab.)

Packages enter the labyrinth at the rate of approximately one every 5-1/2

minutes.

The speed of travel for the irradiation passes is variable from

a low of 13.9 ft/hr for 0.25 density material to a high of 21 ft/hr for the

0.05 density material. The speed of travel for the labyrinth conveyors re-

mains constant.

The equipment required for this conveying system is conventional.

One fabricator stated that there are no unusual problems and estimated that

such a system might be procured for $50,000.

The remaining portions of the facility are all conventional in

nature. Several television cameras are mounted inside the labyrinth and

cell for visual monitoring of the conveying systems. Radiation monitoring

instruments are located inside the cell to detect the presence of radiation

above a tolerable level when the source slab is down.
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A small water circulation loop is used to filter and cool the

pool water. A radiation monitor detects activity in the pool water. The

cell volume is continually purged with cooling air. The air inlet is diverted

to the source slab and removed near the ceiling. The effluent air is moni-

tored before being exhausted out of the building.

Dosimetry measurements are made on the initial slab and all re-

plenishment pieces. Thereafter only spot checks need be made. Button type

dosimeters may be installed in check packages and run through the facility.

A problem exists in the handling of several types of product of

various densities. Since the integrated dose to a package is partly obtained

by dose received through other packages, start-up and shutdown becomes a

problem. Packages at the beginning and end of a production run would be

in a partly empty system and would receive overdoses. If the line is made

continuous, one density immediately following another, certain packages will

be under or overdosed, depending on the direction of speed changes. A

possible solution to these problems is the use of dummy packages. These

may be used on start-up and shutdown and between runs of different density

packages.

The supporting facilities for the sterilization unit are not in-

cluded in this study. An enclosing structure will be required, with heating,

ventilating, and lighting services. Additional conveying systems may be

required to carry product to and from the user's production and storage

facilities. These items can be estimated only after a review of the actual

manufacturing plant.
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Heat Generation and Removal

Although radiation sterilization is a relatively "cold" process,

there is some heat generation which must be considered in any design. Heat

is generated in the source by absorption of beta and gamma radiation, and

in the product and the irradiator shield by the absorption of gamma radia-

tion. The source absorbs all of the beta energy, and a fraction of the

gammas which depends on the source geometry and cladding.

The gamma and beta energy equivalents are given in Table 3.4 for

the two isotopes.

Table 3.4

Energy Equivalents
Watts/Kilocurie

Cobalt-60 Cesium-137

Gamma Energy 14.85 3.25

Beta Energy .62 1.49 (includes internally-

converted gamma)

Total 15.47 4.74

Procedures for calculation of the internal absorption of energy

in the two reference sources are given in Chapter 4. Approximately 33%

of the gamma energy is absorbed in the cobalt-60. Approximately 39% of the

gamma energy is absorbed in the cesium-137 source. Table 3.5 below lists

the approximate distribution of total energy to the source, product and

shield at the design conditions.
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Table 3.5

Total Energy Distribution

Co-60 Cs-137
735,000 Curies 2.890.000 Curies

KW Kg

Absorbed in Source 4.1 8.0

Absorbed in Product* 4.9 4.9

Absorbed in Shield20,8

Total Energy 11.4 13.7

*Average dose in product assumed 1.20 x minimum dose.

At a production rate of 1300 lbs/hr the inventory of product in

the irradiation chamber is 9,000 lbs for the cobalt case, and 13,500 lbs

for the cesium case. Hence, the average rate of energy input to the product

is 0.55 watt/lb for the cobalt case, and 0.37 watt/lb for the cesium case.

If the source plates were cooled only by radiation and natural

convection, the maximum surface temperature for the cobalt source would be

in the neighborhood of 4000F, and the maximum interior temperature might

be 25 to 500F higher, depending on the thickness of the internal air gaps.

It is proposed that some cooling be provided by forced circulation of air.

A flow of 2000 cfm would result in a rise in average air temperature of

about 150F in passing through the chamber. By directing at least part of

this air flow across the source face, the source temperature could be kept

considerably below the temperatures given above. Even in the case of no

circulation, the source temperature would not be high enough to cause any

concern.
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Temperatures calculated for the cesium source are quite similar.

Since cesium chloride melts at 1,1950F there is no danger of overheating

in this case either.

The product may be heated both by absorption of gamma energy and

by thermal radiation from the source. It will reach, or approach, a steady-

state surface temperature at which these heating rates will be balanced by

the rate of heat loss to the surrounding packages, the chamber walls, and

the air circulating by natural or forced convection. In view of the varying

conditions for the different passes, a direct calculation of the maximum

package temperature becomes quite involved. Fortunately, it is possible

in a relatively simple manner, as follows, to place an upper limit on the

temperature rise in the product.

A given package surface directly faces the source during 2 of its

8 passes, or for 1.3 hours of the total dwell time of 5.2 hours (for the

cobalt case). During these 2 passes the maximum dose received at any

point in the given surface is 2.5 megarads. The absorption 9f this dose

liberates 6.0 cal/gm of material irradiated. If all of the heat stays

where it is liberated (i.e., there is no heat loss by conduction to colder

parts of the package or by convection to the air) the local temperature

rise will be

maxAT ( C) = 6.0 cal/gm
Spec. ht (cal/gm x C)

For cellulose, with a specific heat of about 0.4, AT (max) equals 150C or

270F.
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During the other 6 passes the given surface receives only an

additional 1.25 rads, while the opportunity for losing heat is improved.

In view of this, and of the long dwell time, it is evident that total

temperature rise in the product due to gamma heating will not be signifi-

cant (probably below 100F) . In the cesium case, because of the longer

dwell time, the temperature rise will be even less.

Calculations indicate that heating of the product by thermal

radiation from the source would be minor. In any case, it would be a

simple matter to make this quite negligible by providing a thermal radia-

tion barrier between the source and packages, in the form of one or more

layers of aluminum foil, with cooling air flowing between the source and

the radiation barrier.
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Chapter 4

PHYSICS

In this chapter we describe the methods used to compute dose

rates in the target material, energy absorption in the sources, the thick-

ness of the irradiator shield, and we give the results of the computations.

The chapter is divided into five sections: The first section, on basic data,

contains a discussion of decay schemes, absorption coefficients, and build-

up factors. In the second section we describe in detail how buildup theory

was used to compute dose rates and the approximations which were made. The

third section contains a comparison of theory with experiment. The last two

sections are devoted to source heating and shielding. Certain physical data

and conversion relations are assembled in Appendix B.

Exceptionally good agreement of computed dose rates with a single

experiment was obtained. This was certainly fortuitous. Additional refine-

ments in the computation would probably make the agreement worse.

Computed dose rates must be accepted for what they are -- dose rates

from idealized sources in idealized targets. Variations in source and target

properties from those assumed, gaps between target packages, inhomogeneities

in sources and cladding, make actual doses different from those computed.

Basic Data

The source materials considered were cobalt-60 and cesium-137

Decay Schemes

The decay schemes were taken from the compilation of Strominger

et al (4.1). Co-60 decays essentially 100% of the time with the emission
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of a 0.312 May, maximum, beta and two photons. The photon energies are

1.173 and 1.333 Mev. The half-life is 5.24 years. For the purpose of this

study, it was accurate enough to base the computations on the emission of

2 photons of equal energy, 1.25 Mev. In this way, the computational effort

was cut in half without introducing significant error.

Figure 4.1 shows the scheme by which Cs-137 decays to a stable

isotope. The initial disintegration results 8% of the time in the emission

of a 1.17 Mev, maximum, beta. This is a one-step transition to the stable

state. Ninety-two percent of the initial disintegrations take two steps

to reach the stable state. First a 0.51 Mev, maximum, beta is emitted by

the nucleus in passing into the metastable state of Ba-137. Decay from

this state can take one of two paths; 90% of the time a 0.662 Mev gamma

is emitted. Ten percent of the time an internal conversion electron of

energy 0.662 Mev is produced. This is an electron from one of the atomic

shells just outside the nucleus; it receives its energy from the decaying

nucleus, and, on being emitted from the atom behaves much the same as a

beta particle which arises in the nucleus proper.

Thus a photon is emitted in 82.8% of the disintegrations, and

the rest of the disintegrations result in a beta, or combination of a beta

and an electron. The half-life is 26.6 years.

The number and energy of photons emitted by these sources are

then:

Co-60 7.4 x 1010 1.25 Mev photons/curie

Cs-137 3.06 x 1010 0.662 Mev photons/curie
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There is 4.6 times as much photon energy per curie from Co-60 as from Cs-137.

The average beta ray energy is approximately one-third the maximum

(4.2). Thus all the internal conversion and one-third the maximum beta energy

will be absorbed in the source. We have

Co-60 3.7 x 1010 0.104 Mev, average, betas/curie

Cs-137 3.40 x 1010 0.17 Mev, average, betas/curie

0.30 x 1010 0.39 Mev, average, betas/curie

0.34 x 1010 0.662 Mev internal conversion
electrons/curie

Gamma-Ray Absorption Coefficients

The gamma ray absorption coefficients required for computation of

dose rates, source loadings, and source heating are listed in the following

table. The sources of the data are described below.

Table 4.1

Gamma Ray Absorption Coefficients

(cm /gm)

0.662 Mev 1.25 Mev

u ua u ua

Stainless Steel 0.0730 0.0282 0.0531 0.0250

Target (Water) 0.0857 0.0328 0.0630 0.0298

Cobalt ---- ---- 0.0531 0.0250

Cesium Chloride 0.0771 0.032 ---- ----

ties of wa

The symbols are

u total mass attenuation coefficient

ua energy absorption mass attenuation coefficient

The target material was postulated to have the absorption proper-

iter.

4. 3
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The source is either cobalt or cesium chloride, clad with an 18/8

stainless steel. The densities of these materials are

cobalt 8.71 grams/cm3

cesium chloride 3.00 grams/cm3 (as used in source)

stainless steel 7.9 grams/cm3

The density of a cesium chloride crystal is almost 4 grams/cm3; however, it

has been estimated that crystals might pack to an average density of 3 when

inserted in a source. How the crystals pack and settle is very important in

the design and loading of the source, however, the average density is of very

little significance in the computation of doses - the density affects only the

volume of the space required to accommodate the mass of cesium chloride needed.

Total Mass Absorption Coefficients

Total and energy absorption mass attenuation coefficients are re-

quired for the dose computations. The photon energies used are 1.25 Mev for

Co-60 and 0.662 Mev for Cs-137. Tables 7-9 and 7-11 of ANL-5800 (4.3) report

mass attenuation coefficients for a number of materials at various energies

without coherent scattering. Iron and water at the energy 1.25 Mev are in-

cluded. The data are:

u (1.25 Mev) ua (1.25 Mev)

Iron 0.0531 cm2/gm 0.0250 cm2/gm

Water 0.0630 cm2/gm 0.0298 cm 2/gm

Absorption coefficients at 0.662 Mev are not given. However, interpolation is

quite accurate, since the data plot to give a smooth curve. Graphical inter-

polation gave the following values:

u (0.662 Mev) uA (0.662 Mev)

Iron 0.0730 cm2/gm 0.0282 cm2/gm

Water 0.0857 cm2/gm 0.0328 cm2/gm

Attenuation coefficients for the other materials are not listed in

4.4
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ANL-5800. Table 2.9.2 of AECD-3645 (4.4) lists total absorption coefficients

for all the elements at 0.5, 1, 2, 3, and 6 Mev. The data for elements of

interest are, up to 2 Mev:

Table 4.2

Total Mass Absorption Coefficient * (cm2/gm)

0.5 Mev 1 Mev 2 Mev

Cesium 0.0978 0.0578 0.0406

Cobalt 0.0828 0.0598 0.0416

Chlorine 0.0846 0.0611 0.0430

Chromium 0.0827 0.0589 0.0417

Hydrogen 0.173 0.126 0.0878

Iron 0.0840 0.0598 0.0422

Nickel 0.0866 0.0613 0.0434

Oxygen 0.0871 0.0636 0.0444

* From Table 2.9.2 of AECD-3645 (404)

Except for hydrogen and cesium at 0.5 Mev, the spread in the coefficients is

small. It is satisfactory to assign to stainless steel and to cobalt the total

absorption coefficient of iron at 0.662 and 1.25 Mev.

The mass absorption coefficient of cesium chloride at 0.662 Mev,

obtained by graphical interpolation, was found to be 0.0771 cm2 /gram.

Energy Mass Absorption Coefficients

Energy mass absorption coefficients of source materials are needed

to estimate energy absorption and heating in the source. The values for iron

can be used for cobalt, chlorine and stainless steel; the values for tin can

be used for cesium. That these approximations are valid is evident from the

following list, taken from Table 5-10 of Goldstein (4.5).
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Table 4.3

Energy Absorption Coefficients*
(cm 2 /gm)

Atomic No. 0.6 Mev 0.8 Mev 1.0 Mev 1.5 Mev

Aluminum 13 0.0286 0.0278 0.0268 0.0249

Iron 26 0.0287 0.0274 0.0263 0.0242

Tin 50 0.0346 0.0295 0.0268 0.0240

Wolfram 74 0.0601 0.0426 0.0354 0.0282

* From Table 5-10 of Goldstein (4.5)

The atomic numbers of the elements of concern are:

Chlorine 17

Cobalt 27

Cesium 55

Because Compton scattering is the principal mechanism by which gammas lose

energy in the energy range of interest here, and because the atomic number

divided by the atomic weight is approximately 0.5 for all elements other

than hydrogen, interpolation by atomic number is permissible. With suffi-

cient accuracy, we assigned to cesium the values for tin.

At 0.662 Mev, ua for tin was estimated to be 0.0330 cm2/gram.

Using this value for Cs, we obtain for CsCl, ua 0.032 cm2 /g.

Buildup Factors

Cesium Source Buildup Factor

The point-isotropic energy absorption buildup factor for 0.662

Mev gammas in water was obtained by graphical interpolation of the data in

Table D-3 of reference (4.5). The values so obtained fall on the smooth

4.6
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curve shown in Figure 4.2. The curve was fitted by the "Taylor" expression

Ba = e0.3 0 2 ur- 3

Computed values from the analytic

figure. The following tabulation

Exact

ur Value

0 1

1 2.33

2 4.35

3 7.17

4 10.6

5 14.9

7 26.7

10 50

expression are shown as circles on the

compares the exact and fitted values.

Fitted

Value Error

1 0

2.42 + 4.3%

4.32 - 0.7%

6.9 - 3.8%

10.4 - 1.9%

15.1 + 1.3%

30.2 +13%

80 +60%

Since the region beyond ur = 5 contributes very little to the dose from a

plane source, the agreement is adequate. One check on the buildup curve

is obtained from an energy balance. Using the attenuation coefficients

for water given above, the buildup expression predicts 3.2% too high an

energy absorption.

Cobalt Source Buildup Factor

As was the case with cesium, point isotropic energy absorption

buildup factors for 1.25 Mev gammas were interpolated from Table D-3 of

reference (4.5) and were fitted by the expression

B = 10.83 e0.108 ur - 10
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The data are plotted on Figure 4.3. The following table compares the exact

with fitted values:

ur

0

0.5

1

1.5

2

3

4

5

6

7

10

Exact

Value

1

1.46

2.02

2.68

3.41

5.02

6.80

8.69

10.63

12.65

21.5

Fitted
Value

0.83

1.43

2.11

2.74

3.44

4.98

6.69

8.59

10.70

13.08

21.9

Error

-17%

- 2.0%

+ 4.4%

+ 2.1%

+ 1.0%

- 0.8%

- 1.6%

- 1.3%

+ 0.7%

+ 3.4%

+ 1.8%

The relatively large error at ur = 0 is without significance.

The expression for Ba gives an energy imbalance of 0.2%.

Buildup Within Sources

Buildup in the sources cannot be ignored without seriously under-

estimating the dose rates. At the low ur values which are pertinent in the

source, it was considered adequate to use the buildup factors for water.

The following table compares energy absorption buildup factors for water,

iron and tin at low ur values, for point isotropic sources.

4.8
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Figure 4.3
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Table 4.4

Point Isotropic Buildup Factors for Water, Iron and Tin

Water Iron Tin (':Cesium)

).5 Mev 1.0 Mev 0.5 Mev 1.0 Mev 0.5 Mev 1.0 Mev

1 1 1 1 1 1

2.56 2.10 2.02 1.84 1.56 1.61

5.10 3.58 3.20 2.84 2.08 2.25

The effective thickness of the clad cesium source slab is uh = 0.30.

isotropic source buildup at uh = 0.30 is 2.20, assuming buildup as

The effective thickness of the cobalt source slab is uh = 0.26,

plane isotropic buildup factor is 1.78. From these values and the

able 4.4 it can be inferred that our assumption is not seriously in

Further justification is provided by comparison of our computational

e with experimental results below.

Computational Procedure

The detailed arrangement of the irradiator and target packages were

described in Chapter 3. The packages make 8 passes, 4 in the upper and 4 in

the lower position, opposite a source 3 feet high. The dose distribution re-

ceived by a package after traversing an upper and the corresponding lower

position is the same as the dose distribution received in a single pass op-

posite a source having twice the height, as shown in Figure 4.4.(see also

Figure 3.12). The assembly of packages in the irradiator make a target large

enough to be considered infinite; the contribution to the total dose at the

outer surfaces is negligible. Therefore, knowledge of the dose field in an

4. 9
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infinite stationary target permits computation of the average dose received

at any point in a package. But the detailed dose field is not needed. Only

the integrated dose is required.

Suppose the path followed by the packages begins and ends far

enough from the source to be effectively infinite in length. If the length

of the source is L and the speed of the packages is v, then the average dose

received by a package is the same as the dose it would receive when standing

in front of an infinitely long source for the time L/v. It is assumed radia-

tion from the edges of a finitely thick source is negligible. We made the

computations in this way, with considerable saving in effort. Note that /v

is just the time required to travel the length of the source. If the source

is long enough so that the maximum dose rate, at the center, is equal to the

infinitely long source dose rate, then the average dose is the product of this

maximum dose rate by the time required to traverse the length of the source.

Since the path taken by a package is not infinitely long, some error

is introduced. The error is negligible at the inner face of the target. The

doses at a thickness of 24 inches are overestimated about 5%, and at 48 inches

about 15%, when compared with the average doses received over the actual path.

Since irradiation will continue during transfer of the target packages from

one position to another, and during their entry into and exit from the ir-

radiation chamber, we have not attempted to apply corrections. The packages

receive only a small fraction of their doses between 24 and 48 inches in any

case.

4.10
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Our procedure for computing the doses requires the following

assumptions:

1. The average dose rates are the same as those received from

an infinitely long, double-height target.

2. The slab source can be replaced by a plane source.

3. Attenuation in the source and clad can be accounted for by

covering the plane source with an absorbing layer whose thickness is com-

puted from the required absorption and the average absorption properties

of the clad source.

4,. The target consists of two half-spaces, one on each side of

the source and separated by a 2-inch air gap from the surface of the absorb-

ing layer described in assumption 3.

5. Gamma-ray buildup theory is. applicable.

6. Buildup behavior in the source is the same as in the target.

Equivalence of Slab to Plane Sources

Dose rate computations from slab sources require about twice as

much time as dose rate computations from plane sources. It is convenient

to make an approximation in which the slab source is replaced by a plane

source with an attenuating barrier equivalent to the actual source attenu-

ation. The plane approximation was used in reference (4.6), where it was

shown to be valid if there is enough absorber between the source and the

target. The plane approximation to a slab source is examined in some de-

tail here.

4. 11
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Consider an infinite slab source, as shown in Figure 4.5. Build-

up is omitted for the moment. The attenuation distance in the target ma-

terial, measured from the surface, is b. The thickness of the slab is B.

Distance into the slab is bx, also in units of attenuation distance. The

source strength per unit attenuation length is S(bx). The contribution to

the flux at P from the slab of source material of thickness dbx at bx is

(TID-7004, page 353) (reference 4.7)

S(bx)
S El (b + b ) dbx

Integration over the slab gives

0 = 2 /B S(b )E1 (b + b)db (1)

Since E1 (b + bx) is a decreasing function

2E 1 (b + B)Sa 0 % E1 (b)Sa (2)

where

Sa = B S(bx)db

is the source strength in the slab per unit area. According to (2),

1
0 = k 5a

where k lies between E1(b + B) and E1 (b). Since E1 is a continuous, de-

creasing function, El assumes the value K at just one point between b + B

and b. We denote this point b + GB where 9 is a positive fraction. Thus

we have

= SaEl(b + 9B) (3)

Comparison of (1) with (3) shows that the flux at P, from the given slab, is

the same as from a plane source having the same strength per unit area, and

subjected to attenuation by the additional distance GB.

4.12
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It must be emphasized that 9 depends on the source distribution

S(bx) and on the distance b to the point P.

The E1(b) function decreases more rapidly than the exponential

function. However, it can be approximated by an exponential over a limited

range. We shall show that 9 is a constant if El is replaced by an exponential.

Thus consider instead of (1)

O=2f S(bx)ea(bbx) db (4)

Proceeding as before

S1S e-a(b + GB) (5)
= -2 a

Equating the right-hand sides of (4) and (5), and rearranging gives

e-B a fB S(bx) e-ax dbx (6)

The right-hand side of (6) is independent of b. Thus 9 is uniquely determined.

Suppose S(b ) is constant. Then we derive from (6)

9= 1 In( -
B 1 - e-C

As an example, we put a = 2, B = 1/2 (B:0.52 for the cobalt source slab).

Then 9 = 0.423.

To investigate the behavior of 9 further, put S(b) = constant in

(1). Since S is the source strength per unit attenuation length, S = Sv/us,

where S, is the strength per cm of source thickness (for unit cross sectional

area). Therefore

0 = v E 2 (b) - E2 (b + ush) (7)
2us

4.13
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where h is the source thickness. To determine a particular value of 9, we

assign a value to b, and equate (3) and (7). At b = 0, noting that Sa =

hSv, and B = ush,

E2 (0) - E2(B) = B E1 (9B)

With B = 0.5, we find 9 = 0.34. Thus for a point at the surface of the

source slab, the dose is the same as for a plane source one-third the thick-

ness of the source away. For large b, 9 = 0.48. If we took for 9 the average

value 0.41, the maximum error in b + 9B (for use in equation (3) ) would be

0.07, which introduces an appreciable error at b = 0. As b increases from

0, 9 approaches 0.48 rapidly; at b = 1, 9 = 0.46 already.

The relative values of 0, hence of the dose, at the near surface

of the target (b = 0), for various values of 9 are:

9 Relative Flux (b = 0.5)

0.34 1 (correct value)

0.41 0.88 (12% too low)

0.48 0.79 (21% too low)

The preceding discussion is not directly applicable to the medical

irradiator because of the presence of cladding. With a thick enough clad-

ding, the value 9 = 0.4$ will give accurate doses everywhere. The effect of

cladding was examined for the following sources.

Cobalt Source Cesium Chloride Source

Thickness of Stainless Clad 0.083 inches 0.090 inches

Specific Activity 15 curies/gram 23.5 curies/gram

Activity per Unit Area 109 curies/cm2 114 curies/cm2

4.14
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The slabs were designed to give an equivalent attenuation length

between a plane source and the target of 0.26 for the cobalt source and

0.30 for the cesium chloride source.

Dose computations were made using formula (3) with b = b1 + b2 +

9 ush where b1 is clad attenuation distance and b2 is target attenuation

distance. For the cobalt source b1 + 9 ush was fixed at 0.26, and for the

cesium chloride source, at 0.30. The value of 9 was 0.46. We have computed

fluxes exactly (equation (7) ) and approximately(equation (3) ), without

buildup, for the slabs described above, at zero target thickness.

From the cobalt source, the flux given by equation (1) is 3.90 x

1010 photons/cm sec per curie/cm2. Equation (2), with 9 = 0.46, yields a

flux of 3.77 x 1010 photons/cm sec per curie/cm . Thus, equation (3)

underestimates the flux, hence the dose rate, at the inner target surface

by 3%. This error is much lower than would be inferred above. The improve-

ment is due to the presence of the cladding. The cladding thickness of

0.101 attenuation lengths is enough to increase 9 to 0.43 (for zero error

at the target surface), which may be compared with the value 9 = 0.46

actually used.

The flux given by equation (7) is 1.37 x 1010 from the cesium

chloride source. Equation (3), with 9 = 0.46 gives 1.33 x 1010 photons/cm

sec per curies/cm2. The approximate calculation underestimates the flux

by 3%.

We turn now to consideration of buildup. Inclusion of buildup

gives

4.15
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0 = af A1  E2 cb(+ + ) - E2 ((b + ush)(1 + al))1+
2 ush(1 +al) _

+ hA 2  )E 2 (b(l + a2)) - E2 ((b + ush)(1 + a2))
ush(1 +a2)L

The plane-source approximation to (8) is

0= __ AlEl((b + 9 ush)(1 + al)) - A2Ep((b + 9 uh)(1 + a2)j.(9)
2

The same value for 9 is shown in the two terms of (9). A possible refine-

ment would be to use different 9 values. Comparison of (9) with (3) shows

that the conventional buildup formulation applies, with the attenuation

distance b + 9 ush. Therefore, the plane-source buildup curves can be

used. The flux at a distance b in the target is the product of 0 computed

from (3) by the buildup factor at the distance b + 9 uh.

Equation (9) will clearly be a good approximation to (8), if (3)

is a good approximation to (1) for uh values between (1 + al) ush and

(1 + a2) ush. The Al term of (9) will be an approximation to the Al

term of (8), and the A2 term of (9) will be an approximation to the A2

term of (8). The values of al and a2 are

Cobalt Source Cesium Chloride Source

a1 -0.108 -0.302

a2 0 0

Obviously the approximation to the A2 term will be satisfactory. For large

b it is not hard to show that

B e-9B 1 -B, (B = ush) (10)

determines 9 so that the approximation is without error. At B = 9 = 0.5,

differentiation of (10) shows that d9/dB = -6 x 10-3. Thus, 9 is very

insensitive to B for large target thicknesses.

4.16
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At b = 0, (inner surface of target, no cladding) the approximation

is exact if 9 is determined by

1 - E 2 (B) = B E1 (9B) (11)

From (11), at B = 9 = 0.5, we find d9/dB =-0.38. Since dB = al B,

dG = 0.057 for the cesium chloride source. For the cobalt source d9 =

0.02. The latter value is sufficiently small. For the cesium chloride

source, an intermediate value of 9 results in an error dG at most 0.057/2

= 0.028. This will not introduce an error in the flux of more than about

5%. The presence of cladding will decrease the error.

In conclusion, computations based on equation (9) give suffi-

ciently correct answers.

Dose Rates

As we have shown, it is sufficient to determine dose rates opposite

an infinitely long plane source strip. The flux at P, Figure 4.6 (from unit

source strength per unit area) without buildup is

0(P) = e-b sec 9 sec $d * dx photons/cm2 sec
47h sec 9

where b is the attenuation distance and the other constants are defined by

Figure 4.6. Since we are interested in an infinite strip, let a --- 00

and *$--. rr/2. See Figure 4.7. Then

0(P) = - F('W/2, b sec 9) sec 9 d 9 photons/cm2 sec
41T

where 9o = tan -1(c/h), and b = uh.

The effect of buildup can be included readily. The function F is

replaced by

4.17
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A1 F(r/2, (l+(1 1 )b sec 9) + A 2 F(1T/2, (1+a2) b sec 9)

where A1 , A2, l, a2 , are the constants in the buildup expression.

The dose rate at the point P is Eoua0, where Eo is the photon

energy, and ua is the energy absorption cross section.

The locations of the points at which average doses were computed

are shown on Figure 4.4. These points are opposite the middle and the

1/4-point of a 6 ft high plane source strip. The points are located at

depths of 0, 1, 2, 3, and 4 feet in the target. The reference target ma-

terial has the properties of 1/4 density water.

Cobalt Source

For the cobalt source slab, the following data were used:

Self-absorption = 0.26 attenuation lengths

Attenuation coefficient = 0.0531 cm /gram

Density = 8.7 grams/cm 3

Half-thickness = 0.222 inches

Other necessary data have been listed earlier in the chapter. The dose

rates are listed in Table 4.5 and are plotted in Figures 3.14 and 4.10.

4.18



Figure 4.6

FINITE SOURCE STRIP

.P

e

c

Finite plane rectangular source having dimensions a and c

The point P is opposite a corner of the source.
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Figure 4.7

INFINITE SOURCE STRIP

P

e
0

h

c

Semi-infinite strip source having width c
The point P is opposite one corner
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Table 4.5

Dose Rates, 6' Cobalt Source Strip

Target: 1/4 Density Water

(rads/hour) (curie/cm 2 )

Depth (feet) Center Points Quarter Points

0 14.21 x 104 13.91 x 104

1 6.31 5.79

2 3.23 2.81

3 1.76 1.58

4 1.00 0.92

The dose rates in a target having the properties of 1/20 density

water were computed also. They are shown on Figure 4.8.

Cesium Source

The data for the cesium slab source are:

Self-absorption = 0:30 attenuation lengths

Attenuation coefficient = 0.0771 cm2 /gram

Density = 3.5 grams/cm 3 (10% steel,
90% cesium chloride)

Half-thickness = 0.438 inches

The dose rates from the cesium source are:

4.19
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Table 4.6

Dose Rates. 6' High Cesium Source Strip

Target: 1/4 Density Water

(rads/hr)/(curie/cm 2 )

Depth Feet Center Points Quarter Points

0 3.77 x 10 4  3.77 x 104

1 1.51 1.38

2 0.69 0.64

3 0.37 0.33

4 -0.19 0.17

The dose rates are plotted in Figures 3.15 and 4.11 for 1/4

density and in Figure 4.9 for 1/20 density water targets.

Efficiency

We define the efficiency of a gamma irradiator to be the fraction

of the gamma energy emitted which is usefully absorbed in the product.

Efficiency = minimum required dose x production rate
total gamma energy from source/hour

The minimum required dose is 2.5 x 106 rads. The total gamma energies in

the sources are:

One curie of cobalt = 1.18 x 10-2 megarad pound/hour

One curie of cesium = 0.258 x 10-2 megarad pound/hour

The production rate in pounds multiplied by the minimum required dose in

megarads gives the useful energy per hour, as megarad pounds/hour. There-

fore

85 megarad lbs/hour
Efficiency (cobalt) =

number of curies in source

Efficiency (cesium) = 388 x megarad lbs/hour
number of curies in source

4. 20



Figure 4.8
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Figure 4.9

AVERAGE DOSE RATE
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Comparison of Dose Rates and Buildup Factors

From the computations previously discussed, dose rates and buildup

factors from infinite plane sources and from 6 ft high infinitely long sources

are available. In addition we have computed dose rates and buildup factors

for a 6 ft diameter cobalt-60 disk course.

In all cases source attenuation and a 2 inch air gap were included

as explained above.

The doses and buildup factors are shown in Figures 4.10 through

4.13 and are summarized in Tables 4.7, 4.8, and 4.9. The data do not call

for extensive comment. We call attention only to the curves of buildup

factor opposite the center and quarter points of the strip sources. The

curves lie very close together and cross.

4.21
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Table 4.7

Dose Rates and Buildup Factors

For Infinite Plane Source in Water

Co-60

Attenuation

Distance

.05

.1

.2

.3

.5

75

1.0

1.5

1.6

2

2.5

3

4

4.9

6

Dose Rate

Rads/hr y
Curie/cm2

26.2 x 104

21.0

16.2

13.4

9.83

7.09

5.28

3.05

1.81

1.083

0.669

0.252

0.1060

Buildup Factor

1.34

1.45

1.67

1.86

2.21

2.62

3.02

3.83

4.00

4.66

5.52

6.43

8.40

10.32

Dose Rate

Rads/hr

Curie/cm2

7.46 x 104

6.35

4.68

3.89

2.89

2.13

1.62

0.982

0.616

- 0.255

0.109

0.0517

0.0211

Buildup Factor

1.58

1.73

2.00

2.24

2.69

3.26

3.84

5.11

6.56

10.18

15.0

20.9

30.5

Cs-137
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Figure 4.10
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Figure 4.11

DOSE RATES FROM PLANE Cs-137

SOURCES IN WATER
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Figure 4.12

ENERGY ABSORPTION BUILD-UP FACTO IN WATER

1.25 Mev Gammas From Co-60
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Figure 4.13

ENERGY ABSORPTION BUILD-UP FACTOR IN WATER

0.662 Mev Gammas From Cs-137
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Table 4.8

Dose Rates and Buildup Factors
For Infinite 6 Ft Strip Source in Water

Co-60 Cs-137

Attenuation
Distance

0.26

0.741

1.222

1.70

2.18

Dose Rate
Rads/hr)

Curie/cm 2

14.26 x-104

6.31

3.23

1.76

1.004

Buildup Factor

Strip Center

1.78

2.46

3.08

3.75

4.54

Dose Rate
Rads/hr

Curie/cm 2 Buildup Factor

13.91 x 104

5.79

2.81

1.58

0.923

3.77 x 104

1.51

0.694

0.367

0.191

1-1/2 Ft Off-Center

1.754

2.44

3.06

3.74

4.64

0.30

0.953

1.606

2.26

2.91

2.20

3.49

4.69

6.64

8.75

0.26

0.741

1.222

1.70

2.18

4.23
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Table 4.8 (Cont'd)

Co-60

Attenuation

Distance

Dose Rate Dose Rate

Rads/hr ) (Rads/hr
Curie/cm Buildup Factor Curie/cm

1-1/2 Ft Off-Center

Buildup Factor

0.953

1.606

2.26

2.91

Attenu

Dista

0.2

0.7 2

l.]

2.1

1.381 x 104

0.644

0.330

0.174

Table 4.9

Dose Rates and Buildup Factors
For 6 Ft Diameter Disk Source in Water

Dose Rate
iat ion ( Rads/hr )
Lnce Curie/cm Buildup Fa

6 14.20 x 104 1.77

41 5.39 2.27

2 2.43 2.81

0 1.18 3.40

8 0.595 4.04

3.44

4.83

6.72

8.89

ctor

Comparison of Slab Source Computations with Experiment

The computational procedures were verified by comparison with an

experiment. Reference (4j) reports depth-dose measurements in water by

Curtiss-Wright. The data are plotted in Figure 9 of the reference. The

Cs-137

4.24
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experimental arrangement with which we have made comparison is summarized

in the following tabulation and illustrated in Figure 4 of (4.8).

Source: Cobalt-60

Source dimensions: 59" x 60" x 0.090"

Cladding: 0.165" aluminum

0.1125" stainless steel

Air gap: 2.5"

Target: Water: 6" x 40" x 40"

Presumably the dose readings were taken opposite the center of the source

slab. Dose rates which we have computed and experimentally measured rates

read from Figure 9 of (4.8) are:

Depth in Water Dose Rate
(inches) (rad/hour)/(curie/cm2 )

Computed Experimental

0 1.40 x 10 5  1.4 x 10 5

3 6.89 x 104  6.8 x 104

6 3.75 x 104  3.6 x 104

The good agreement is undoubtedly much less than the experimental error.

It is to some extent fortuitous because the computations do not correspond

in all details with the experiment and because the computational procedure

contains uncertainties.

The computations were based on an infinite source slab surrounded

entirely by water. Correction to a 6-inch thick water target was made. The

principal differences from the experimental arrangement were:

4. 25
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1. Infinite Source Slab: At a target depth of 6 inches from

the center of the source, the source is effectively infinite.

2. Omission of Air Gap: The presence of an air gap has no

effect in an infinite slab geometry. But the air gap does decrease the

dose rate in the experiment from the value without the gap. See Figure

11-17, of reference (4,9) in this respect. It appears that the dose rates

with a 1.5" air gap are perhaps 1% higher than with a 2.5" gap.

3. Infinite Water Target: Computation of dose rates in an in-

finite target and subsequent correction introduces little error. We cor-

rected only for the finite thickness (6 inches) of the target. Correction

for its finite breadth would be negligible.

4. Source and Target Symmetry: In the computations, the source

and target are symmetrical about a plane at the source center. In the

experiment, a tank of water was supported above the horizontally supported

source. The nature of the structure below the source was not described.

5. Theoretical Deficiencies: Buildup in heterogeneous materials

cannot be included with complete assurance except by a Monte-Carlo calcu-

lation.

6. Uniformity of Source Strength: The source strength was

assumed constant. This is a poor assumption because 0.090 inches of cobalt,

having a macroscopic thermal neutron absorption cross section equal to

3.3 cm~ , has a neutron attenuation thickness of 0.76. The symmetry of

the source may partially compensate.
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The flux outside the source is given by the formula

B S
0 2= a E2 (b) - E 2 (b + ush

2ush

where B = buildup factor

Sa = source strength per unit area

us = source attenuation constant

h = source thickness

b = attenuation distance from source

Note that b includes attenuation by clad materials. The source

consists of the cobalt alone.

We have assumed that buildup in all materials is the same as in

water. Because the source is thin, buildup in the source was neglected,

plane isotropic buildup factors at the distances b were used. This implies

that B is slightly too small. The following data were used:

us (cobalt) = 0.0531 cm2/gram

u (stainless steel) = 0.0531 cm2/gram

u (water) = 0.0631 cm2/gram

density of cobalt = 8.71 grams/cm3

density of stainless steel = 7.9 grams/cm3

The density of aluminum is 2.7 g/cm3. Its attenuation coefficient

for 1.25 Mev gamma-rays is 0.0548 cm2/gram (ANL-5800)(4.3). Thus

ush = 0.106

ut (steel) = 0.120

ut (aluminum) = 0.062

b = 0.120 + 0.062 + ut (water)

4. 27
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The source strength Sa is 7.4 x 10 photons/cm2 sec (one curie

of Co-60/cm2). The dose rate is 2.127 x 10-6 0 rad/hour. Dose rates were

computed at 0", 3" and 6" in water. The computations are summarized in the

following table.

Depth in

Water ut
Inches Water b b+0.106 E2(b) E2(b+0.106)

0 0 0.182 0.288 0.5969 0.4802

3 0.481 0.663 0.769 0.2493 0.2108

6 0.962 1.144 1.250 0.1204 0.1035

Depth in Finite
Water Target Dose Rate

Inches AE2 B Correction 0x101 0  rad/hour

0 0.1167 1.62 1 6.60 1.40 x 105

3 0.0385 2.48 0.97 3.23 6.89 x 104

6 0.0169 3.30 0.90 1.76 3.75 x 104

Figure 2 of reference (4.10) shows the reduction in energy dissi-

pation near boundaries. We estimated the reduction factors given above for

uor (in the notation of the reference) = 0.250.

Source Heating

Heat generation in the sources arises from complete absorption of

beta ray and internal conversion electron energy, and partial absorption of

gamma-ray energy. The decay schemes have already been described, and com-

putation of beta ray and conversion electron energy is straightforward.

To compute the gamma energy absorption in the source we have made

the following simplifying assumptions:

4. 28



ASSOCIATED NUCLEONICS, INC.

(a) The source slab is infinite.

(b) The active material is in a plane at the center of the

source slab.

(c) The gamma flux can be computed by using the buildup factors

and attenuation properties of the target material. Then the gamma flux is

0(t) = 2a(AlEl(ut(1 + 1l)) + A2 E2 (ut(1 + a 2))

where t is the actual distance measured from the center of the source slab.

Let the slab have a thickness 2h. The gamma energy absorption in the slab

is

h
2 Eoua 0(t)dt

Since the total gamma energy in the source is EoSa, the fraction of the

gamma energy absorbed is

2 ua h

f = Sa 0(t)dt =

= ua ( l F - E2 (uh(l + al))
u L(+21)

A2
+ A- [1 - E2 (uh(1 + a 2 ))

(1+a2)

The results of the computations were given in Chapter 3.

Shielding

The cell walls and roof are constructed of ordinary reinforced

concrete. They are made thick enough to reduce the dose rate outside the

cell to less than 2.5 mr/hour, or 100 mr for a 40 hour work week. The

shielding was designed for a 1,000,000 curie cobalt-60 source.
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The dimensions of the irradiation cell and entrance labyrinth

are shown on Figure 4.14. The roof of the cell is 5 ft thick if accessible;

otherwise 4 ft is adequate. The labyrinth is designed so that radiation

imst suffer at least three scatterings before reaching the exit.
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Chapter 5

COST ESTIMATES

This chapter presents investment and operating cost estimates

for the medical supplies gamma sterilizer described in this report.

Many products in the drug industry have relatively short market

life (less than five years) and as a result, the associated capital invest-

ment must be written off quickly. If radiation equipment were installed in

connection with a specific product, it would have to be written off over

the market life of that product. However, this is not the case for a general-

purpose radiation facility to be used for a variety of products, the identity

of which may change from time to time. Since the facility described in this

report is intended to be a general-purpose central facility, a useful life

of ten years has been assumed and the capital investment is written off over

that period.

On the other hand, it is believed that the assumption of a useful

life longer than ten years is not justified because of the novel nature of

the process. For the same reason it was assumed that the source material has

zero value at the end of ten years, and that radioactive material removed from

the facility has no re-sale value. Although the "depleted" cobalt or cesium

will still have a sufficiently high specific activity to be suitable for many

applications, there is no firm basis for appraising the demand for a large

volume of such material ten years from now. With these premises it was at

once evident that the most economical way to maintain source strength over the

ten-year life was to leave all the original source material in the irradiator
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for the full ten years and to augment it as required by periodic additions

of fresh material.

The capital cost estimates below are separated into two categories,

source and facility. The source cost is a variable depending on the actual

cost of the isotope at the time of procurement. The prices of the two source

materials have decreased rather rapidly in the past few years as production

capacity has increased, and various predictions of continuing sharp decreases

have been made. For the present study a range of prices has been considered.

The facility costs presented are estimated with current information and will

change only with normal escalation.

The total cost of sterilization for the range of source costs

considered is estimated to be from 7.9 to 4.2 cents/lb of product for a

cobalt-60 facility and from 10.2 to 5.1 cents/lb of product for a cesium-137

facility.

Source Cost

The following values were presented by the AEC Office of Isotopes

Development for current and future prices of the two isotopes:

Table 5.1

Source Cost. Dollars/Curie

Cobalt-60 Cesium-137 (CsCl)

Current 2.00 1.00

Future 1.00 0.50

" 0.75 0.25

" 0.50

5. 2
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The cost of encapsulation is estimated at 10'/curie based on 1959

information for large quantity encapsulation. It was decided early in the

study to consider the initial source as an item of cost to be capitalized

over the life of the plant. As noted above, no credit was taken for any re-

sale value of the remaining activity, and plant life was taken as ten years.

The cost of the on-site source slab consists of the costs of the

isotope, cladding and transportation to the site. The cost of transportation

will, of course, vary with the location of the site and the origin of the

source material. For this study it is assumed that the source material may

have to travel from coast-to-coast at a one-way cost of $5.00 per 100 lbs.

This assumption results in maximum transportation costs, but as can be seen

by the total figures, this amount in any case is rather insignificant.

For the purpose of this study it was assumed that source material

and shipping casks for the initial loading would be available as needed. A

cobalt cask, which will accommodate 88,300 curies, weighs about 8,000 lbs.

An 88,000 curie cesium cask weighs about 2,500 lbs. (The number of curies

is the larger of the numbers in the original source pieces or in the replenish-

ment pieces.)

Table 5.2 lists the items of cost for the initial slab at current

prices.

5.3
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Table 5.2

Current Costs of Source Slabs

Cobalt -60

Initial Curies 0.735 x 106

Isotope Cost $1,470,000

Cladding Cost 74,000

Transportation Cost 8,000

Total Cost $1,552,000

Cesium-137

2.82 x 106

$2,820,000

282,000

8,000

$3,110,000

Table 5.3 lists the total cost of slabs, including is

ng costs and transportation costs, at predicted prices of

ng and transportation costs remain constant.

Table 5.3

Possible Future Total Costs of Source Slabs
(Isotope, Cladding and Transportation)

Cobalt Slab Cesium Sl

)tope cost,

the isotope.

ab

Unit Price Total Cost Unit Price Total Cost

$1/curie $817,000 $0.50/curie $1,700,000

0.75/curie 633,000 0.25/curie 995,000

0.50/curie 450,000

The make-up activity to be added annually was treated as an annual

operating cost. The on-site cost of this item is the cost of the isotope,

cladding and transportation to the site. Table 5.4 lists the costs for each

item, based on current prices.

claddi

Claddi

5.4



ASSOCIATED NUCLEONICS, INC.

Table 5.4

Annual Cost of Source Make-Up

(Current)

Cobalt-60 Cesium-137
88,300 Curies 72,000 Curies

Isotope $176,600 $72,000

Cladding 8,800 7,200

Transportation 800 250

Total $186,200 $79,450

Table 5.5 lists the total annual cost of source replenishment

based on possible future isotope prices.

Table 5.5

Annual Cost of Source Make-Up

(Future Prices)

Unit Price Cobalt Unit Price

$1/curie $98,000 $0.50/curie

0.7 5/curie 76,000 0.25/curie

0.50/curie 54,000

Cesium

$43,500

25,500

Facility Costs

The facility costs, presented in Table 5.6, are based on current

estimates. Only the irradiator facility itself and its pertinent services

are included. The building in which it may be located is not included, nor

are any of the normal services for the enclosing building. The source slab

is not included. The costs presented are for a cesium facility requiring

the 12 ft long source slab.

5. 5



ASSOCIATED NUCLEONICS, INC.

Table 5.6

Construction Cost Estimate
Cesium Facility

Direct Costs

Site Preparation, Excavation, Backfill

Celi Foundation

Cell Structure

Cell Finish, Interior'

Cell Finish, Exterior

Pool and Canal Structure

Pool Liner

Underwater

Underwater

Underwater

Filter and

Lights

Viewing Equipment

Tools

Circulating System

Hoist

Source Rack and Drives

Product Conveyors

Product Carrier Baskets

Cell Television System (4)

Cell Lighting

Cell Ventilation

$ 4,000

18,000

75,000

10,000

4,000

6,000

8,000

2,000

3,000

3,000

5,000

7,000

8,000

70,000

3, 000

14,000

8,000

8,000

5.6
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Table 5.6 (Cont'd)

Direct Costs (Cont'd)

Instrumentation

Conveyor Control

Radiation Monitoring

Dosimetry

Health Physics Equipment

Miscellaneous Hardware

Total Direct Cost

Contingency

Indirect Costs

Engineering & Fee

Construction Overhead & Fee (20% of Total Direct

$ 10,000

15,000

25, 000

3,000

5,000

$314,000

32, 000

85,000

Costs) 64.000

Grand Total $495,000

It is estimated that the cobalt facility with a smaller slab will

result in a direct cost saving of $13,000. This includes the savings of a

shorter cell, pool, and conveying equipment.

Costs

The annual operating costs of the facility are listed in Table

5.7. Three-shift, seven days per week operations were assumed. Included

are the payroll expenses for operating personnel, overhead, and the estimated

expenses of services, spare parts and maintenance supplies. Also included

is an item, space rental. The building structure and land costs were not

included in the construction cost estimate because each manufacturer would

5.7
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have his own requirements, either for a new structure or an existing structure.

The addition of this space rental item in the operating cost will result in

a more realistic total annual cost of a finished facility regardless of the

manufacturer's specific requirements. We use an average annual cost for space

rental of $1.50/sq ft and an allowance of 5,000 sq ft.

Table 5.7

Annual Direct Operating Costs*

Payroll Expenses

Manager (1) $ 10,000

Chief Operator (1) 9,000

Operators (8) 40,000

Dosimetry & Health Physics (1)(Half-time) 3,000

Maintenance Man (1 average) 6,000

Overhead (100% of payroll) 68,000

Services, Water, Light, Heat, Power, Supplies 6,000

Space Rental (equivalent) 8,000

$150,000

* 3 shifts, 7 days/week

The capitalization factor fdr a 10-year plant life is 20% of capital

cost. This factor includes the following:

non-depreciable charges of 6% return on investment, 2% advalorem

taxes, 3.9% income taxes, 0.1% miscellaneous and depreciable; and

depreciation charges of 8% for a 10-year sinking fund.

5.8
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Table 5.8 lists the annual cost of the facility based on current

prices. Note that the source make-up cost is prorated at 90%, since only

9 replenishments are made in the 10-year period.

Table 5.8

Total Annual Operating Cost

Cobalt Facility Cesium Facility

Slab Cost (20%) $310,000 $622,000

Source Make-Up (90%) 168,000 71,500

Facility Cost (20%) 98,000 99,600

Direct Operating Cost 150,000 150.000

Total $726,000 $943,100

Unit sterilization costs were based on operation 7,000 hours per

year, which is 80% of capacity. Costs at current prices are listed in

Table 5.9.

Table 5.9

Sterilization Costs

(Current Prices)

Cobalt Facility Cesium Facility

Annual Cost, $ 726,000 943,100

Production Rate, lbs/hr 1,300 1,300

Annual Production Hours 7,000 7,000

Unit Sterilization Cost, 7.9 10.2

cents/lb of product

The unit cost of sterilization is listed in Table 5.10 for the

predicted source costs.

5.9
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Table 5.10

Sterilization Costs
(Future Prices)

Cobalt

Unit Source Cost Sterilization Cost

$1/curie 5.5 cents/lb

0.75/curie 5.0 cents/lb

0.50/curie 4.2 cents/lb

Cesium

Unit Source Cost Sterilization Cost

$0.50/curie 6.8 cents/lb

0.25/curie 5.0 cents/lb
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APPENDIX A

Visits

The following visits were made to obtain information on the appli-

cations of gamma irradiation to the sterilization of medical supplies.

Abbott Laboratories, Chicago, Illinois
Dr. H. E. Sagen

Brookhaven National Laboratories, Upton, New York

(Nuclear Engineering Department)

Dr. B. Manowitz

Curtiss-Wright, Princeton, New Jersey

Dr. Dona;ld C. Brunton

Johnson & Johnson, New Brunswick, New Jersey

Dr. 0. B. Billings

Kendall Company (Bauer & Black Division), Chicago, Illinois

Dr. W. 0. Elson

E. R. Squibb & Sons, New Brunswick, New Jersey

Mr. A. W. Willis
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APPENDIX B

Useful Constants

Energy Convesion

1 Mev

1 rad

1 rad lb/hour

= 1.603 x 10-6 erg

= 1.603 x 10-13 watt sec

= 100 ergs/gram

= 4.5 x 104 ergs/lb

= 1.257 x 10-6 watt

Cobalt-60

1

1

1

curie

photon

curie

1 rad lb/hour

= 7.4 x 1010 photons/sec

= 1.25 1ev average

= 1.483 x 10-2 watt

= 1.18 x 104 rad lbs/hr

-6
= 85 x 10 curies

Cesium-137

= 3.06 x 1010 photons/sec

= 0.662 Mev

= 3.25 x 10-3 watt

= 2.58 x 103 rad lbs/hr

1 rad lb/hour = 3.8s x 10~4 curie

1

1

1

curie

photon

curie
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