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FOREWORD

This report presents the preliminary design of a gamma

irradiator intended for use as an experimental hospital sterilizer.

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-120, "An Industrial Gamma Irradiator for Medical

Supplies".

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

hospitals and related organizations and individuals, listed in

Appendix B. Their courteous and valuable assistance is gratefully

acknowledged.
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Chapter 1

SUMMARY

Ionizing radiation in high doses will sterilize without

heating the material being irradiated. Gamma radiation, because

of its high penetrating power, is particularly suited for treating

materials that vary in size, shape or density, or that are large.

The growing availability of gamma-emitting radioisotopes has stimu-

lated interest in the application of gamma irradiation for sterili-

zation. The use of accelerators and beta-emitting isotopes for

sterilization is of considerable interest also, but was not within

the scope of this study. Industrial use for the sterilization of

foods, and of medical supplies, has received the major share of

attention, but more recently some interest has developed in the use

of gamma sterilization in hospitals. This application deserves

attention, since it is estimated that hospitals may sterilize about

20 pounds of material for every pound sterilized by manufacturers

of medical supplies.

For hospital use, sterilization by gamma radiation ofers

the following benefits compared with steam sterilization:

1. Ability to handle heat-sensitive materials.

2. Complete sterilization of tightly packed containers

and large objects.

3. Adaptability to continuous operation.

+. Possibility of using packaging materials now ruled

out because they are impervious to steam or damaged

by steam.

5 . Possibility for eliminating aseptic handling procedures.
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The goal of the present study was to design a gamma steri-

lizer that offered maximum usefulness for hospitals in the near

future. To obtain a basis for this design, a survey was made of

hospital needs and practices; information on the behavior of vari-

ous materials under sterilizing doses of radiation was collected

and evaluated; and preliminary design and cost studies of a number

of concepts were prepared. The following conclusions emerged:

Among the materials to which gamma sterilization seems

particularly suited are bone transplant, rubber gloves, dressing

packs, petrolatum gauze, and mattresses. At present the list is

limited and tentative. The people best able to determine the ap-

plications that belong on this list are hospital personnel. For

some applications, such as rubber gloves, there is uncertainty re-

garding radiation damage which can only be clarified by experiment.

This is true also of gowns and linens, important because of their

large volume, which must undergo repeated sterilizations.

To evaluate the proper role of gamma sterilization in

hospital practice, and to help achieve that role, additional infor-

mation is needed in two areas:

1. Determination of the most suitable applications for

gamma sterilization.

2. Effect of gamma radiation on the materials being

sterilized.

Information on applications and radiation damage can be

most effectively obtained, and the proper use of this new tool best
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implemented, by placing into as many hospitals as possible an experi-

mental gamma sterilizer, of a type and capacity to permit tests on

a variety of materials.

Accordingly, this report describes a unit designed to fill

the role of an experimental hospital irradiator. A photograph of a

scale-model is shown in Figure 1.1. The unit consists of a lead-

shielded irradiation chamber with a net capacity of 1 cubic foot.

Material to be irradiated is placed in 4 cylindrical aluminum con-

tainers grouped around a central radiation source in the form of a

vertical hollow cylinder. Each container rotates slowly on its ver-

tical axis, thus providing a uniform dose circumferentially. Cobalt-

60 or cesium-137 sources may be used interchangeably. Research has

shown a dose of 2.5 megarads to be sufficient for sterilization. A

cobalt source with an initial strength of 23,000 curies will provide

this dose in 3-1/2 hours; if the source were not replaced or replen-

ished for 10 years, the required "dwell time" would increase to 13

hours at the end of that time. If cesium-137 is used, an initial

source strength of 48,000 curies is proposed, which would initially

require a dwell time of 7-1/2 hours. However, because of the rela-

tively long half-life of cesium-137 the dwell time after 10 years

would increase only to 9-1/2 hours.

During loading or unloading the source is dropped into a

lead-shielded storage chamber, which serves also as a shipping con-

tainer. This container weighs 5,000 pounds, while the complete

machine weighs 13 tons. Overall height is 7 ft. 2 in. and outside

diameter is 3 ft. 9 in. The lead shield is 12 inches thick and is
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clad with carbon steel. The radiation level is 0.75 mr/hr at the

outer surface and 0.125 mr/hr at a distance of 1 meter.

Three motors mounted at the top are used to raise and

lower the source, rotate the target containers, and operate a blower

which draws cooling air through the irradiation chamber. Calcula-

tions show that even with the air passages blocked, as might happen

during shipment, removal of heat by thermal radiation from the

source and conduction through the shield would be adequate to pre-

vent damage to either the cobalt or cesium sources due to overheat-

ing.

Both mechanical and electrical interlocks are provided to

prevent accidental escape of radiation such as might occur if the

access door Could be opened with the source raised.

Based on a vendor's quotation, the cost of the irradiator,

without the source, would be $31,000. At present prices of $2.00

per curie for cobalt-60, and an estimated $0.10 per curie for en-

capsulation, a 23,000-curie source would cost $48,-300. However,

predicted decreases in the price of cobalt-60 might reduce this con-

siderably; at $0.50 a curie the source would cost $13,800. A

cesium-137 source of 48,000 curies would cost $52,800 at present

prices of $1.00 per curie, and at $0.25 per curie would cost $16,800.

In view of the low capacity and experimental function of

the irradiator, any estimate of unit sterilizing costs would be in-

appropriate. Likewise, a comparison between cobalt-60 and cesium-

137 on purely economic grounds is unjustified, since considerations

of convenience as affected by half-life and availability become im-

portant.
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Chapter

INTRODUCTION

At the first "Geneva Conference" in 1955 Brownell and

Bulmer (2.1) suggested the use of gamma radiation for sterilization

of bulk medical supplies. In the past few years this possibility

has been under investigation by manufacturers of pharmaceuticals

and medical supplies, and a recent report by Arthur D. Little, Inc.

(2.2) summarizes current prospects.

The use of gamma sterilization in hospitals has not re-

ceived much attention. It was estimated* that the total amount of

material undergoing sterilization in U. S. hospitals is more than

1 billion pounds per year. This compares with an estimate of more

than 50 million pounds sterilized in 1956 in plants producing medi-

cal supplies (2.2). Brownell (Z.2) reports that a cobalt-60 ir-

radiator is being successfully used for the sterilization of bone

transplants in the University of Michigan Hospital. A 1,000 curie

cobalt-60 irradiator for bone and artery tissue sterilization has

been installed by the Organizacion Nacional Para La Rehabilitacion

de Invalidos of Havana, Cuba. NUCLEONICS for December 1957 (2.+)

reports investigations of the gamma sterilization of instruments

at the Bird S. Coler Memorial Hospital in New York City. At the

annual American Hospital Association convention in New York City in

August 1959, the Curtiss-Wright Corporation distributed a leaflet

* See Appendix A
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illustrating and describing a large gamma sterilization facility

which it has designed for hospital use.

Objective

The purpose of this study was to design a gamma irradi-

ator that would have maximum usefulness for hospital sterilization

in the near future. The primary emphasis was on irradiators that

could be used in existing hospitals rather than those that might

be incorporated in new hospitals. The type and capacity of the

irradiator were to be based on an evaluation of the technical char-

acteristics of gamma sterilization, and of present hospital sterili-

zation practices and requirements. For this evaluation the informa-

tion available in the literature was to be supplemented by visits

to hospitals and related organizations.

The irradiator design was to provide for the use of co-

balt-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 characteristics; cobalt-60 is produced

by neutron irradiation in reactors and cesium-137 is one of the

more abundant fission products.

Dose Rates

Pepper et al (2.5) 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,

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

One megarad equals 1 million rads.
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were less resistant than spores. Earlier studies by others gave

similar results. For the present study a minimum sterilization

dose of 2.5 megarads was used.

For practical purposes the required sterilization dose

is independent of dose rate. In a typical study (2.6) the same re-

sults were obtained at dose rates ranging from 27,000 to 367,000

rads per hour. This corresponds to irradiation times ranging from

7 to 93 hours. In another investigation (2_Z) no effect of dose

rate was found over periods ranging from 28 to 377 hours. Brownell

(23) reported that continuous irradiation at 10,000 rads per hour

had no lethal effect on some organisms; however, this rate is well

below the range of interest for the present work.

Plan of Report

Following this Introduction, Chapter 3, "Applications

for Hospital Gamma Sterilizer", discusses the potential advantages

of this method, and presents the information gained from publica-

tions, visits and interviews on present hospital practices and needs.

This information is analyzed and a conclusion is reached as to the

type of irradiator that will best meet the objectives of the in-

vestigation. In Chapter 4 the conceptual design of such an irradi-

ator is described, and the design basis for its main features is

discussed. Methods used in computing radiation doses, self-absorp-

tion in the radiation sources, shield thicknesses, and other infor-

mation needed for the design, together with detailed results, are

presented in Chapter 5, "Physics". Finally, the cost of building

the irradiator is estimated in Chapter 6.
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Chapter 3

APPLICATIONS FOR HOSPITAL GAMMA STERILIZER

For hospital use, sterilization by gamma radiation may

offer the following advantages over steam sterilization, the method

now generally used:

1. Complete sterilization of tightly packed containers

and large objects.

2. The use of packaging materials which are impervious

to steam or damaged by steam.

3. Adaptability to continuous operation.

4. Ability to handle heat-sensitive materials.

5. Possibility for eliminating aseptic handling pro-

cedures.

To determine whether in practice these potential advantages

would furnish a basis for advocating the use of gamma sterilization,

specific information was needed about hospital sterilizing require-

ments and practices. To obtain this information, the literature

was reviewed and visits were made to several hospitals and other

organizations (see Appendix B).

A large measure of judgment had to be applied in inter-

preting information obtained from a limited number of inquiries; it

was not feasible to make a comprehensive investigation that would

yield quantitative results. However, for reasons indicated below

it is believed that the survey was adequate to its purpose.
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Survey of Hospital Sterilization

Sterilization by steam is the method most widely used in

hospitals. In general, pressures vary from 17 to 20 lbs/sq. in.

gauge, temperatures from 240 to 2500F, and sterilizing times from

10 to +5 minutes. (These times correspond to 15 to 60 minutes for

a complete cycle.) Other sterilization methods which are used to

some extent include hot air ovens operating at higher temperatures

for materials not readily penetrated by steam, such as petrolatum

gauze; liquid chemical solutions for such uses as maintaining steril-

ity of instruments awaiting use; and ethylene oxide gas for mate-

rials damaged by steam, such as rubber. The supplementary methods

have various limitations which restrict their use, and they play

no part in the ensuing discussion.

Hospital supplies can be classed in two groups. These

are:

1. Items which are cleaned or laundered only.

In this class are gowns, linens, mattresses, bedpans,

drinking vessels, cafeteria equipment and dishes (but

not for patients with communicable diseases).

2. Items which are sterilized.

Included in this group are all materials used for

surgery (linens, instruments, dressings, swabs, tapes),

all materials used in the wards for minor surgical

procedures such as inoculations, intravenous injec-

tion, internal examination, and reuse items which

come into contact with communicable disease patients.
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The supplies to be sterilized are first assembled into

bundles according to application. For example, there are at least

120 different standard surgical tray set-ups, each consisting of

the instruments, dressings, tapes and other equipment required for

a particular surgical procedure.

All but the very small hospitals incorporate a version

of a Central Supply Section. Usually (but with important exceptions)

surgical instruments and linens for the operating rooms are routed

through a separate section of Central Supply. In the larger hospi-

tals, local ward supply sections augment Central Supply.

Table 3.1 presents information obtained at two hospitals

on the amount of material sterilized daily. Linens constitute the

major part of the load. The accuracy of these figures cannot be

vouched for, since they were obtained as off-hand estimates in

interviews with the managers of Central Supply. It was the expe-

rience of the present limited survey that such information is lack-

ing because the records on which it would be based are not kept.

Attempts to obtain cost information for hospital sterilization were

completely unsuccessful.

Table 3.1 includes data on the total laundry load, which

indicate that 15 and 27% of all the linens laundered are sterilized

at Hospitals A and B, respectively.
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Table 3.1

Estimates of Hospital Sterilizing Loads

Hospital A

Number of Beds

Sterilizer Operation:

Hrs/Day

Days/Week

Sterilizing Load (Average)

Linens, Lbs/Day

Instruments and Misc., Lbs/Day

Central Supply

Operating Room

Total, Lbs/Day

Total, Lbs/Week

Total Laundry, Lbs/Week

* Information lacking

950

24

6

2,500

*

*

100,000

Hospital B

650

24

5

2,650

1,100

500

4,250

21,250

49,000

Sterilization practices in hospitals vary considerably,

because of differences in size, in physical arrangement, in the

type of cases handled, and for less tangible reasons. Many of

these differences have little bearing on the question of where

gamma sterilization may find a useful application in hospital

practice. The simplest and most useful way to answer that question

will be to confine attention, for the time -being, to two specific

hospitals which will be designated as Hospital B and Hospital C.

A list of the hospitals and other agencies and individuals visited

is given in Appendix B.
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Hospital B is a 650-bed metropolitan hospital. Responsi-

bility for sterilization is divided between Central Supply and the

surgical department. Central Supply, which operates on a 3-shift

basis, 5 days per week, handles the bulk of the medical supplies,

including bandages, gauzes, linens, needles, syringes, gloves, in-

struments, and so forth. These are assembled in packs of various

sizes which are wrapped in linen. They are sterilized by steam at

17 psig and 250 0F for periods varying from 20 to 45 minutes. After

sterilization they are stored in the wards and other issuing stations

until needed. While the outside of the linen wrapping becomEs non-

sterile, the inside is protected for periods up to 3 months.

All the instruments and other supplies used in the operat-

ing room, except for gloves and a few special items which come from

Central Supply, are sterilized in the surgical suites. The procedure

here is quite different. A small steam sterilizer is located in a

utility room between each pair of operating rooms. The supplies,

which are mainly trays of instruments, are sterilized just before

use, without any wrapping, and are then moved directly into the

operating room. The absence of bulky linens or gauzes to be pene-

trated by the steam, and the use of a slightly higher steam pressure

permit sterilization in only 10 to 15 minutes. After use, the in-

struments are washed, and returned to a central storage and assembly

room, to be kept in the non-sterile condition until needed again.

It has been reported (2.3) that sharp-edged instruments

and needles are dulled by steam sterilization, and similar comments

were made at one of the hospitals visited. However, at Hospital B
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they have encountered no such dulling beyond that attributable to

ordinary use; also, they use detachable throw-away blades in the

scalpels. Likewise, in contradiction with reported statements,

they have found no need to disassemble instruments to insure com-

plete penetration of hinges and threaded joints by steam.

At Hospital C, which has 1600 beds, practices are similar

in most, but not all, respects. Central Supply, which operates on

the day-shift only, handles mainly gowns and operating room linens,

but no instruments. Linen-wrapped sterile packs are stored for no

longer than 2 weeks. Blankets are washed and mattresses are fumi-

gated, but neither are sterilized. Petrolatum gauze, and syringes

and hypodermic needles, are sterilized by dry heat for 1 hour at

1630C. The needles are inspected and sharpened after each use.

All instruments are sterilized in the surgical suites.

As in Hospital B they are unwrapped and are used directly after

sterilization. However, one difference in Hospital C is that a

single basic tray of instruments serves a given operating room all

day, the instruments being washed and sterilized between operations

in the utility room by the operating room nurse. An additional

feature is a "flash" autoclave in the utility room, which sterilizes

in 3 minutes at 2700F and 27 psig, and which is used when a particu-

lar instrument has to be re-used during an operation.

Disposable scalpel blades are used, and dulling of in-

struments presents no problem. All instruments are sterilized in

the assembled form, although some are disassembled for washing.



AsSocIATED NUCLEONICS, INC.

3.7

Evaluation of Gamma Sterilization

From the information gathered on hospital sterilization

needs, and the technical and cost data on radiation sterilization

presented later in this report, answers were sought for the follow-

ing two questions:

1. In what applications can gamma radiation be used to

advantage in hospital sterilization?

2. What should be the form of a gamma irradiator best

suited for such applications?

The answers to both questions can be presented conven-

iently by discussing three alternatives that were examined as poten-

tial answers to the second question:

1. A large central gamma facility to perform essentially

all of the hospital sterilization.

2. An auxiliary gamma sterilizer, of moderate size, to

be used for materials for which steam sterilization

and other present methods are not completely satis-

factory.

3. An experimental gamma sterilizer, to be used in re-

search on sterilization and material damage, but

large enough for service use on suitable low-volume

items such as bone grafts, petrolatum gauze, etc.

Central Gamma Facility

A central gamma sterilizer has been advocated on the

grounds that it could make an important contribution towards in-

creased automation, which is described as a growing and desirable
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trend in hospital design and operation. Benefits foreseen include

reduced operating labor and operating costs, resulting from con-

tinuous operation, and reduced opportunity for human error. Further,

gamma sterilization would not merely replace steam sterilization,

but would provide capabilities not now available. One example is

sterilization of bulky items such as mattresses. Another example

is the possibility for "terminal sterilization", which is irradia-

tion at relatively low dose (such as 100,000 or 200,000 rads). It

is visualized that this technique of incomplete sterilization,

apparently not yet investigated, might find uses such as in the

emergency control of the sudden spread of an infection through a

ward. Another benefit is the use of packaging materials which per-

mit greater freedom in the storage and handling of sterilized sup-

plies.

One corollary of the above viewpoint is that it is feasi-

ble and desirable to centralize all.sterilizing operations, removing

them from the wards and surgical suites where they are very often

now used as auxiliaries to a central supply. Also, by its nature,

the concept of a large continuous central sterilizer, and the more

general concept of more rationally designed hospitals employing a

high degree of automation, are more readily applied to new hospi-

tals than to existing ones.

By its terms of reference the present investigation is

directed towards the needs of existing hospitals. For a number of

reasons it is premature to propose a large central gamma sterilizer

for such hospitals.
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Hospital Layout: One reason is the physical difficulty

of incorporating such a facility in most existing hospitals. Be-

cause of the great weight of concrete shielding to be supported,

a location on or beneath the ground is almost mandatory. In addi-

tion, the hospital structure and layout must permit the incorpora-

tion of the conveying facilities required for continuous operation.

Moreover, the difficulties of providing such a facility will be

greater, and the benefits less, if other hospital services are not

also being "automated" at the same time, as would be done in the

case of a new hospital.

Investment Cost: A second and related problem is the

high investment cost of a central gamma sterilizer. It will be

sufficient at this point to estimate the order of magnitude of

this cost, from a few simple considerations. From Table 3.1 it is

seen that a 650-bed hospital (Hospital B) has an average steriliz-

ing load, based on operation 24 hours per day, 5 days per week,

of 175 pounds per hour. To give this material a minimum dose of

2.5 megarads at 30% irradiation efficiency* would require at least

125,000 curies of cobalt-60. At the present price of $2.00 per

curie, plus an estimated $0.10 per curie for source encapsulation,

the source would cost $260,000. Estimates of the cost of a large

industrial irradiator (see Report AN-120) suggest that the cost of

the facility proper is of the same order of magnitude as that of

*

Efficiency = 100 x energy absorbed in product to provide minimum dose

total available gamma energy of source radiation
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the source (at present cobalt prices), or about $250,000, giving

a total cost of about $500,000.

If cobalt prices fall as low as $0.50 per curie, the cost

of a fabricated source of this size would be about $75,000. The

facility cost would not be affected by such a reduction, so the

total investment might then be $325,000.

Steam sterilizers range in price from $3,500 for a 2-3/4

cu. ft. unit such as would be used to serve an operating room, to

$9,500 for a 30 cu. ft. unit such as would be used in central sup-

ply. Assuming 2 large units and several small ones, and allowing

for costs for building space, services, and installation, it is

seen that the capital cost for steam sterilizers is considerably

lower than for gamma irradiators, amounting to perhaps $50,000 in

this case. For existing hospitals, the fact that they already own

steam sterilizers is another factor in the economic comparison.

The cost arrived at above for a gamma facility presupposes

continuous operation at full capacity for 5 days each week. Esti-

mates made for Hospitals A, B and C indicate that their Central

Supply steam sterilizers are used, on the average, to less than

50% of their capacity.

The viewpoint has been advanced that because of the man-

ner in which capital additions to hospitals are financed, it is

more appropriate to compare the two sterilizing methods on the

basis of their direct operating -costs alone, disregarding invest-

ment costs. This presumably is a question that can be answered

only by the management of each hospital. In the absence of infor-

mation on present hospital sterilizing costs, or of a detailed



ASSOCIATED NUCLEONICS, INC.

3.11

design for a large central hospital irradiator, it was not feasible

to make a meaningful comparison of operating costs.

Radiation Damage: Probably the most direct obstacle to

immediate large-scale application of hospital sterilization is lack

of adequate information on radiation damage to the materials in-

volved. Table 3.2 lists damage information, along with some re-

lated data, for materials of interest. It is emphasized that even

where data on damage are listed, they give only a preliminary indi-

cation 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 (3), compared with the value of 2.1+ megarads

listed in the table for "soft rubber".

Because of the repeated cycles of alternate use and

sterilization which most hospital supplies undergo, their radiation

resistance must be higher than that of materials sterilized only

once (as in the manufacture of sutures). One estimate was offered

that hospital linens are re-used as many as 100 times, and that 40

uses might be a practical objective for gamma sterilization. For

a minimum dose of 2.5 megarads and a ratio of 1.5 for maximum-to-

minimum dose, 40 sterilizations correspond to an average cumulative

dose of 125 megarads. Rubber gloves are damaged by steam steriliza-

tion, and are used on the average 5 times in Hospital B; in Hospi-

tal C they are used an average of 7 times, and are graded after each



Table 3.2

Radiation Damage to Materials Used in Hospital Supplies

Material

cotton

tapes

gut

rubber, soft

petrolatum
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,
0m/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,

Mezarads

10

1

5

2.5

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

Reference

3.1

3.6

3.3

3.6

3.2

3.4

0.7

ILAJ

H

-4

x
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use as A, B or C, with A corresponding to unrestricted use. To the

extent that they could tolerate cumulative doses above 20 megarads,

their life would be prolonged by substituting irradiation for steam

sterilization.

The main conclusion to be drawn from the available infor-

mation on radiation damage is the need for research. Research is

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

materials now used, and to investigate methods of improving this

behavior. The use of anti-oxidants with rubber cited'above, and

the reported benefits of additives on the resistance of wool (3.Z),

are examples of the latter possibilities. Until this research has

been done, the risks of embarking on large-scale gamma sterilization

for general hospital use, with cotton materials as the chief load,

are apparent.

Sterilization Time: A fourth obstacle to such general

use is the long time required for sterilization. The time required

to administer a given radiation dose to a batch of material is di-

rectly related to the efficiency with which the source is being

used. Qualitatively, it is apparent that if material is exposed

only to the high intensity flux next to the radiation source it can

be sterilized more quickly than if it is exposed to the less intense

radiation field further from the source.

Theoretically, gamma sterilization-times may be made as

short as desired by using high radiation intensities. Practically,

however, there are several limiting considerations. First there is
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the maximum specific activity of the available source material (for

this study about 25 curies/gm for either cobalt-60 or cesium-137).

With the specific activity fixed, the maximum radiation intensity

outside the source is achieved by using sources effectively infinite

in thickness. However, self-absorption imposes an upper limit on

the intensity. Also, thick sources are inefficient and present

cooling problems.

There is a theoretical minimum time which may be calcu-

lated for the delivery of a sterilizing dose using cobalt-60 with

a specific activity of 25 curies per gram. For a source of infinite

extent, the dose absorbed by a unit of cobalt is equal to the energy

it emits. This turns out to be 3.7 x 104 rads per second, corre-

sponding to 68 seconds for 2.5 megarads. Since cotton or water

have roughly the same energy mass absorption cross-section as co-

balt for its gammas, about the same result is obtained for a small

element of target material embedded in the source. Thus about 1

minute is the minimum conceivable "dwell time" for a cobalt-60

sterilizer (at 25 c/gm). For cesium-137 at 25 curies per gram, a

similar calculation gives a minimum time of about 5 minutes.

There are two problem areas associated with dwell time

for gamma sterilizers - one concerns very short times, the other

very long times. As reported above, in some hospitals instruments

are steam-sterilized in the surgical suites in 10 minutes, and for

emergency use in 3 minutes. A 3-minute period would be all-but-

impossible to achieve with a cobalt sterilizer, and 10 minutes

could be realized only at very low efficiency and very high cost.
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Even to obtain a dwell time as short as 60 minutes in a practical

unit (similar to that shown in Figure 4.1) with 1 cu. ft. of ir-

radiation volume results in an efficiency of only 4%.

For larger units efficiency improves. However, to achieve

the efficiencies of 40 to 60% that have been quoted as attainable,

it is necessary to surround the source with a considerable thick-

ness of target material in all directions. A typical embodiment

might be a slab source with packages moving past it at 3 vertical

levels, and 3 or 4 rows deep on each side, with all passes in series.

Because of the relatively low flux in the outer passes, and the

large.number of passes, the total dwell time would be very long -

as long as 12, 24 or even 36 hours. Such long times would require

a serious change in hospital practices. It would require improved

planning, as well as increased inventory of supplies. Here again,

the problems would be much more serious for an existing hospital

than for one to be built.

Auxiliary Gamma Sterilizer

Consideration was given to the design of a gamma sterilizer

to be used for materials for which steam sterilization presents prob-

lems, and for which questions of radiation damage appear minor. On

the basis of earlier conclusions, later revised, that sharp instru-

ments, syringes, and hinged instruments fell in this category, a

reasonable load for such an auxiliary unit was estimated to be from

25 to 125' pounds per hour (for a 24-hour day). Various considera-

tions resulted in a lead-shielded unit, operated batchwise, with
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a normal dwell time of 1 hour, which might be cut down to 1/2 hour

for limited amounts of material in emergencies.

Later information raised questions about the premises for

this unit. Its design was based on lightly-loaded instrument trays

like those illustrated in the Sterile Tray Index (3.); however, in

Hospitals B and C three-fourths of the trays used in the operating

rooms are so-called "basic trays" tightly packed with a variety of

instruments. Such a tray (illustrated in Figure 3.1) may weigh 25

pounds or more. Calculations indicated that sterilization of such

tightly-packed, high-density material in 1 hour results in very

low efficiency. (With the lightly-loaded trays efficiencies were

already below 5%.)

Also, a.s already reported, statements that steam steriliza-

tion is not satisfactory for instruments were not confirmed by more

thorough investigation. While the practices and conclusions of

Hospitals B and C with regard to the sterilization of sharp or

hinged instruments, the absence of excessive dulling, and the suc-

cess of short exposure times may not be universally agreed upon,

neither can they be disregarded. It was therefore concluded that

there is not a sound basis, at present, for proposing an auxiliary

gamma unit devoted largely to instrument sterilization.

Experimental Gamma Sterilizer

While the prospect is unfavorable for the large-scale use

of gamma sterilization in hospitals in the near future, it remains

true that this is a valuable tool that can do things not possible

by other methods. It should be evident that studies such as the
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present one cannot provide final answers. The people best able to

determine the possible applications of gamma sterilization in hos-

pitals are the hospital personnel themselves. Availability of a

small gamma sterilizer in a number of hospitals would be the quick-

est and most effective way to evaluate proposed applications, and

to find new ones.

Such an experimental unit could serve several purposes.

It would acquaint personnel with this method. It would provide a

facility for performing research on potential applications, and on

damage to materials. Also, it would have immediate usefulness as

an auxiliary sterilizer in the routine hospital operation, for

such materials as bone transplant, petrolatum gauze, bone-wax, and

"Ivalon" sponge. It could almost certainly be used for dressing

packs; since these are not re-used, and their tensile strength is

not important, the problem of radiation damage would not arise.

Rubber gloves would be a promising candidate, subject to damage

evaluation.

The size andcapacity of an experimental gamma sterilizer

need not be matched to any particular load in a given hospital. It

is preferable to determine the size of the unit on the basis of

first cost, convenience, and attractiveness to prospective users.

However, some specific figures will be useful for orientation.

Table 3.3 represents an off-hand expression of opinion by

the manager of Central Supply service of Hospital B, on the types

and quantities of materials they would sterilize by gamma radiation,

assuming the unit were available and the method suitable:
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Item

Rubber gloves

Dressing packs

Syringes

Petrolatum gauze

Table 3.3

Work-Load for Gamma Sterilizer
(Per 24-Hour Day)

Number Dimensions

700 pr. 10" x 4" x 1/4"

600 4" x 4" x 3/8"

400 5" x 5/8" diam.

30 10" x 4" x 1/4"

Total

This load could be handled in a sterilizer with a

capacity and a dwell time between 3 and 4 hours.

Conclusion

Volume

4.0 cu. ft.

2.1

0.4

0.2

6.7 cu. ft.

1-cubic-foot

It was concluded that the design study phase of the pres-

ent investigation could most usefully be devoted to the design of

an experimental unit, with an irradiation volume on the order of 1

cubic foot. The results of this design study are presented in the

following chapters.
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PRELIMINARY DESIGN OF EXPERIMENTAL HOSPITAL IRRADIATOR

Design criteria were established for an experimental hos-

pital irradiator, based upon the conclusions and general require-

ments discussed in Chapter 3. Several design arrangements were then

evaluated for source economy and uniformity of dose distribution.

One arrangement was selected and a preliminary design was prepared.

Design Criteria

Since a required "production rate" cannot be assigned to

an experimental unit, a volume of one cubic foot was selected as a

starting point, for reasons given in Chapter 3. This volume is

adequate for most of the items which are potential candidates for

radiation sterilization.

The minimum dose requirement for sterilization was estab-

lished at 2.5 megarads (see Chapter 2). Since the required dose

is independent of the dose rate the dwell time requirement is deter-

mined by considerations of capacity, scheduling, inventory and

source requirement.

An irradiation dwell time of 4 hours to 8 hours was con-

sidered suitable for a research tool. The basis for this decision

will be elaborated in a later discussion of the effect of dwell time

on source requirements.

An experimental hospital irradiator must be capable of

treating a large variety of products which may range in density

from a low of 0.05 g/cc to a high of 8.0 g/cc. However, a review
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of those typical items for which there is immediate interest, such

as dressings, rubber gloves and petrolatum gauze, indicates a most

probable density of 0.25 g/cc. This is t3 product density for the

reference design. The mass absorption coefficient is assumed equal

to that for water.

The dose uniformity specification, usually expressed as

the ratio of maximum dose to minimum dose, is generally governed by

the sensitivity to radiation damage of the material in question.

The maximum allowable dose divided by the minimum lethal dose gives

the allowable max/min ratio. When this ratio is very low, say 1.1

or 1.2, there is usually a penalty since pre-absorbers, source over-

lap, or both, may be required, introducing source inefficiencies.

However, for an experimental hospital unit this specification is

less significant than for a production unit, for two reasons. Since

most hospital items have to be sterilized repeatedly, a small value

of the max/min ratio will increase the number of sterilizations

that a given item can undergo, but it will generally not determine

the question of whether the item is suitable for radiation sterili-

zation. Also, in performing tests with materials of widely varying.

density, individual consideration will, in any case, have to be

given by the experimenter to the flux gradients. The max/min ratio

was taken as 1.5 for the present reference design.

The source material is either cobalt-60 or cesium-137.

For purpose of design the cobalt is assumed to be available at a

maximum specific activity of 25 curies/gram. The Cs-137 material

will be in the form of CsCl with a maximum specific activity of

25 curies/gram and a bulk density of 3.0 g/cc.
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The irradiator shield is designed to limit the dose rate

on the surface, or inside the irradiation chamber when the source

is in the storage container, to 0.75 mr/hr, which for a 40-hour

week corresponds to the permissible weekly dose of 30 mr for un-

restricted areas (4.1). At 1 meter from the surface the dose rate

is 0.125 mr/hr, so that there is actually a large factor of safety

over the permissible value.

The design criteria are summarized as follows:

Table 4.1

Design Criteria

Product Volume

Minimum Dose

Dwell Time

Max/Min Dose Ratio

Product Density

Product Mass Absorption Coefficient

Source Material

External Dose Rate

1 cu. ft.

2.5 megarads

4 to 8 hours

1.5

0.25 g/cc

(equal to water)

Cobalt-60, 25 curies/gram max.
Cs-137, 25 curies/gram max.
(CsCl, bulk density 3.0 g/cc)

0.75 mr/hr

In addition to the specific criteria outlined above, other

general requirements must be incorporated into the mechanical de-

sign. There must be sufficient flexibility of operation to allow

for the variety of uses which will undoubtedly develop. If prac-

tical, it should permit the interchangeable use of cobalt and cesium

sources. The irradiator should be "portable" in the sense that it
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is not "built-in". The design must be inherently safe, in all con-

ditions of operation, with appropriate fail-safe features. It is

also desirable to design for a detachable source storage container

which may also serve as a source shipping container.

Conceptual Design

Several arrangements were investigated for the irradiator.

It was obvious that the low capacity involved does not warrant a

continuous processing system with the complications of entrance and

exit shielding. Study was therefore concentrated on batch systems.

The design described here has two chief features (see

Fig. 4.1). First, the source is surrounded by the target material.

Source efficiency is a secondary consideration in an experimental

unit, and is inherently low in small units. Nevertheless, efficiency

is much better for a unit using a central source than for the "hollow

source" arrangement often used in small irradiators, in which the

source surrounds the target. In the latter case 50% of the source

radiation is wasted to begin with. Another advantage of the central

source is that it corresponds more closely to the arrangement that

would be used in a large production unit, so that experimental data

can be more readily scaled up. However, considerations of capacity

and shield size dictate that while a central source in a large unit

will be a slab (or number of slabs), it will take the form of a

line (or cylinder) in a small unit. The geometry of a line source

leads to a rapid fall-off in flux density with distance from the

source, and this is the chief reason for using hollow sources, with

their more uniform flux fields, in small units.
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This consideration leads to the second feature of the

reference design, which is the rotation of the target material.

The vertical cylindrical source is surrounded by an array of four

vertical cylindrical target baskets, each of which rotates slowly

on its axis. One way of visualizing the effect of this rotation

is to think of the equivalent case of the source revolving around

the basket perimeter. It is then evident that target rotation is

equivalent to enclosing a stationary target in a hollow source con-

sisting of a circular array of rods.

It is also found that use of a central source lends itself

well to the interchangeable use of cobalt and cesium sources.

Once it had been decided to place the target material in

four rotating baskets around a cylindrical source, selection of

basket dimensions was necessary. The selection was based on Co-60

in the source. The volume of each basket is 1/4 cu. ft. The only

free variable is the basket diameter. In the analysis, it was

assumed the source was a line equal in length to the height of the

basket and 2" from it. An allowance was made for self-absorption

in the source, and build-up was treated in an approximate manner.

The minimum dose in every case was at the top (or bottom) center.

A curve showing curie requirements vs. basket diameter

at constant basket volume is plotted in Figure 4.2 for a dose rate

of 2.5 x 106 rad/hour at the minimum point. The curie requirement

is quite insensitive to basket diameter - the variation is only

from 79,000 curies to 84,000 curies for basket diameters between 7
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and 10 inches. A basket diameter of 8 inches was selected for all

further work.

Dwell Time

As stated before, dwell time is an arbitrary compromise

between practical source and irradiator requirements and reasonable

productive performance. Preliminary calculations indicated that

80,000 curies of cobalt-60 or 360,000 curies of cesium-137 would be

required for a one-hour dwell time. It was decided that a 3-1/2

hour dwell time for the cobalt source and a 7-1/2 hour dwell time

for the cesium source would result in practical designs, and would

be convenient for 8-hour working shifts.

The design allows for removal and replacement of source

material with a minimum of effort. However, in a research tool of

this type, with no fixed production requirements, it is not envi-

sioned that source replenishment for make-up of decay would be

scheduled on any regular cycle.

If the cobalt source were left in the irradiator for 10

years, dwell time would increase to 13 hours. In the case of

cesium, dwell time after 10 years would be 9-3/4 hours.

Irradiator Design

The preliminary design of the research hospital irradi-

ator is shown on Dwg. D-107 and Dwg. D-108. Figure 4.3 reproduces

a photograph of a scale model'of the irradiator. The machine is

made up of two separable parts.. The upper section is a cylindrical

irradiation container, which is a free-standing unit supported from

the floor by four legs. Its weight is approximately 20,000 lbs.
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The lower section is a cylindrical source storage and shipping con-

tainer, which is normally supported from the irradiation container,

but may be detached for shipment of the source. Its weight is

approximately 5,000 lbs. Total machine weight is 25,000 lbs. Over-

all height of the machine is 7'-2" and the outside diameter is

31 91"

Both units are constructed of lead, encased in carbon steel

cladding, except for inside surfaces which are stainless steel. Lead

thickness is nominally 12" to provide exterior radiation doses of

0.75 mr/hr on the surface.

The irradiation chamber is about 21" inside diameter by

12" high. Access to the chamber is through a hinged door, also con-

structed of lead, encased in steel.

All drives used for the various operations are located on

the top of the container and are covered with a conical enclosure.

A control panel, located above the access door, contains all the

switches and indicating instruments required for safe operation at

the unit.

Product to be irradiated is placed in four cylindrical

baskets each one having a volume of 0.25 cubic foot. These baskets

may be made of light, radiation-resistant material such as aluminum

wire mesh screen. The four baskets are placed on four turntables

which may be withdrawn from the irradiation chamber on a tray slide

assembly (see Dwg. D-107 and D-108). The undersides of the turn-

tables are geared to a common drive coupling which separates when

the tray slide is withdrawn.
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Loaded baskets are pushed into the irradiation chamber on

the tray slide assembly and locked in place. The action of pushing

the slide into place engages the separable drive coupling and the

assembly is set for rotation. Power for the basket drive is from

a gear motor, located at the top of the machine, connected to the

drive coupling by a vertical shaft penetrating the lead shield.

This shaft is geared to one of the basket turntables by a direct

drive, through the separable coupling. The remaining three turn-

tables are chain and sprocket driven by a sprocket under the driven

turntable. The arrangement of the chain drive allows withdrawal of

the tray slide without interference with the source positioner rod

described below. The drive may be energized manually, or automati-

cally by the subsequent motions of the source. The speed of rota-

tion is 10 RPM.

The source is a hollow cylinder of cobalt-60 or cesium-

137 clad with stainless steel, with cylindrical shielding plugs

attached to it at top and bottom. The bottom plug also serves as

a guide. The source is stored in a cylindrical well in the source

storage container. The source is raised or lowered by a source

positioner rod, actuated by the source drive located at the top of

the machine. Rotation of the drive motor moves the positioner rod

through bevel gears and a lead screw.

A mechanical interlock is provided between the access door

and the top shielding plug of the source (see Dwg. D-107). When the

source is down and the access door latch is open, the spring-loaded

source lock rod engages an annular slot at the top of the shield
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plug. In this position the source cannot move. Inl addition, an

electrical interlock (not shown) will electrically disconnect th3

source drive when the access door is open.

When the product baskets are in place and the turntable

drive coupling engaged, the access door is closed and the door

latch is turned to the locking position. This action withdraws

the mechanical source lock. The source drive is started by a

manual pushbutton on the control panel. As the source leaves its

"seated" position the spring-loaded door lock is advanced and

locks the door latch. The source continues to rise to its irra-

diation position, centered in the basket array. The source posi-

tioner rod will extend out of the top enclosure giving a visual

indication of source position at all times. In addition, indi-

cating lights on the panel will electrically show source "up" and

"down" positions.

At the end of the desired dwell time, the source will be

driven down to its storage position by either an automatic timer

switch or a manual override switch, both located on the panel.

When the source seats in the storage well the door lock is forced

back by the source plug, releasing the door latch. When the door

latch is turned to the open position, the source lock is advanced,

preventing any further movement of the source until the cycle is

repeated. Both the source drive and the turntable drive are auto-

matically stopped. The access door is opened and the product

withdrawn from the irradiation chamber on the tray slide.
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Ducts are provided for the movement of cooling air from

the bottom of the storage container, through the storage well, into

the irradiation chamber, and out of the top of the machine. A top-

mounted blower will induce air flow during the irradiation period

only, and will be provided with a damper to allow natural convection

of air during down-time.

The source storage container is supported by the upper

section of the machine, with provisions made to allow removal for use

as a shipping container. After disconnecting the positioner rod, the

source is secured in the container by bolting a flange over the top

of the source well. All of these operations are done manually with

the source down. The container is unfastened and lowered onto a

dolly on the floor. The irradiation section of the machine is then

raised by means of the jack screws built in at the base of each of

its supporting legs. The shipping container may then be rolled out

and prepared for shipment.

Cooling of the source during shipment is by means of con-

vection air cooling, radiation, and conduction through the container

walls.

Components of the irradiator have been selected from stock

items wherever possible. All drives and gears are readily available

and the irradiator itself makes use of common structural shapes for

its basic outlines. Safety of operation has also been made a feature

of design. The mechanical and electrical interlocks described above

prevent' any accidental escape of radiation. The position of the

source is indicated by lights on the control panel and also by the
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source positioner rod, visible above the top of the unit. This rod

is also the means of manual movement of the source in the event of

any power failures or malfunction of the source drive.

Source Design

Cobalt-60

The cobalt source is a hollow cylinder with an activity

of 23,000 curies. Specific activity is 22 curies/gram. Calculation

procedures used in determining the source requirements and dose rates

are presented in Chapter 5. The cobalt is clad with 50 mils of

stainless steel. The source dimensions (including cladding) are 2

inches 0.D. by 1.56 inches I.D. by 10-5/8 inches long.

Figure 4.4 shows a schematic of the product and source

arrangement with unit dose rates given in the product at various

points. The minimum dose rate of 832 rad/hr per c/cm occurs at the

top and bottom center points. The maximum dose rate of 1280 rad/hr

per c/cm occurs at the equator and is the average received as the

product rotates. Figure 4.5 is a plot of dose rates received by a

point as the product rotates.

The overall max/min ratio, which is the ratio of the

average equator rate to the top or bottom center rates, is 1.54.

This overall ratio is the product of two separate components which

we shall call the depth max/min ratio and the vertical max/min

ratio. The depth ratio represents the drop in dose from the per-

imeter of the product to the center point of the midplane. In

this case it is 1280/964 or 1.33. The factors which control this

ratio are the product thickness and absorption properties, and the
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self-absorption of the source material and absorbers. If package

dimensions and properties are established, then the remaining con-

trol one has on this max/min ratio is through the design of the

source, absorbers and geometry. To reduce the depth max/min ratio,

the self-absorption of the source may be increased by increasing

source thickness or by adding absorbers such as cladding material.

Similar effects to some extent are obtained by increasing the dis-

tance between the product and the source. Unfortunately, however,

these methods all introduce inefficiencies of source energy utili-

zation.

The vertical max/min ratio, representing the non-uniformity

of dose in the vertical direction, is the ratio of the center point

dose at the midplane to the center point dose at the top or bottom

planes. This ratio in the reference case is 964/832 or 1.16. This

non-uniformity in the vertical direction is the characteristic fall-

off of dose rate near the ends of sources of finite length. The

most direct method of correcting for this vertical non-uniformity

is through the addition of source overlap. By this device the dose

rates in the top and bottom regions are rapidly increased, resulting

in a lower vertical max/min. Here again, however, the correction

of max/min results in source inefficiencies. The escape of radiation

from the overlapping source section is quite high. In the reference

design case, the overlap is relatively small: 1 inch is sufficient

to satisfy the overall max/min requirement. Further overlap will

further. reduce the max/min ratio.
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Cesium-137

The cesium source is a hollow cylinder with an activity

of 48,000 curies. The cesium will be in the form of cesium chloride

powder with bulk density of 3 g/cc. Bulk densities close to the

theoretical value of 3.97 g/cc are obtainable, but for the present

3.0 g/cc is a more dependable average figure (4.2). Specific

activity is 22.5 c/g. The container walls for the cesium chloride

powder will be stainless steel tubing 65 mils thick. The source

dimensions (overall) are 3.25" 0.D. by 2" I.D. by 10-5/8" long.

Figure 4.6 shows a schematic of the source and product

arrangement with dose rates indicated. The minimum dose rate of

187 rad/hr per c/cm is located at the top and bottom center points

and the maximum dose rate of 314.5 rad/hr per c/cm is the average

rate at the equator. Figure 4.7 shows the dose rates along the

equator. The depth max/min is 1.34 and the vertical max/min is

1.25. The product of the two, or the overall max/min ratio, is

1.68.

Source Dimensions

After the dimensions of the baskets were fixed, the most

efficient utilization of the source results from putting the baskets

as close together as mechanical design permits. The source has to

be fitted into the space available.

An annular source presents two advantages over a solid

cylindrical source. The first advantage is the decreased self-

absorption within the source which results from distributing the

same amount of active material in an annulus rather than in a solid
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pencil. The second is the larger surface which facilItates the

dissipation of the heat generated within the source.

The largest cobalt "pipe" normally irradiated has an out-

side diameter of 2". This governed the selection of the dimensions

of the cobalt source. The cesium source is prepared from cesium

chloride powder. Accordingly, the dimensions were based on the

largest standard stainless steel tube which could be used in the

available space.

Heat Generation and Removal

Although radiation sterilization is a relatively "cold"

process, there is some heat generation which must be considered.

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 radiation. 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

4.2 for the two isotopes.

Table 4.2

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
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Figure 4.7
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Calculations of the internal absorption of gamma energy

in the two reference sources are given in Chapter 5. Approximately

10% of the gamma energy is absorbed in the cobalt-60. Approximately

+2% of the gamma energy is absorbed in the cesium-137 source. Table

4.3 below lists the approximate distribution of energy (both gamma

and beta) absorbed in the source, product and shield. Since the

sources are designed for two different dwell times, a tabulation

of watt-hrs for a 2.5 megarad dose is also included for a more di-

rect comparison of the two isotopes.

Table 4.3

Total Energy Distribution

Co-60 Cs-137
23,000 Curies 48,000 Curies

Watt-Hrs Watt-Hrs
Watts (3-1/2 Hrs) Watts (7-1/2 Hrs)

Absorbed in Source 48 168 137 1,030

Absorbed in Product* 19.5 68 9 68

Absorbed in Shield 287.5 1,000_82 615

Total Energy 356 1,2+6 228 1,713

* Average dose in product assumed 1.4 x minimum dose.

Normally heat is removed from both the source and product

by convection to air, drawn through at a rate of 10 cfm. With the

blower shut off some air flow would still be provided by thermal

convection. The limiting case occurs if the air passages through

the shield are obstructed. In this case heat is transferred from

the source to the product and from the product to the shield, by

radiation and natural convection, and through the shield by
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conduction. Table 4.4 lists the calculated temperatures for the

normal case of 10 cfm air flow, and for the limiting case of no

air flow, for both cobalt-60 and cesium-137.

Table 4.4

Source and Product Temperatures, F

Air Cooling Air Flow
(10 cfm) Blocked

Co-60 Cs-137 Co-60 Cs-137

Source, surface 235 308 255 332

center 246 331 266 355

Product, surface 102 104 120 130

center (117 (114 (135 (140

Air, in 70 70 --- ---

out 94 104 --- ---

average 82 87 118 128

These values are based on emissivities of at least 0.5 for the

surface of the source and the product containers, which would be

readily attainable by treating or coating the surfaces.

Since cobalt is 'in metallic form, and since cesium chlo-

ride melts at 1,1950F, there is no danger of overheating the source.

It may be noted that the case of no air flow is much more likely

to occur during shipment, when the source is in the storage con-

tainer, than when product is being irradiated. For the shipping

container somewhat lower source temperatures are obtained with no

air flow than those shown for the corresponding case in Table 4.4.
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The temperature of the product is higher for tb; cesium

case than for the cobalt case even though the heat generation rate

in the product is lower. This results from the much higher heat

generation rate in the cesium, which leads to a higher source tem-

perature and a higher rate of thermal radiation to the product

containers. It also accounts for higher air temperatures.

The product temperature depends as much on the air tem-

perature as it does on internal heating. The maximum temperature

differential that may be developed between the center and outside

of a product container is obtained as follows. The absorption of

a sterilization dose of 2.5 megarads liberates 6 cal/gm of material

irradiated. Multiplying this (conservatively) by an average-to-

minimum ratio of 1.4 gives 8.4 cal. If the material is perfectly

insulated, its temperature rise will be

m A-8.4 cal/gm
maxAT (0C) = Spec. Heat (cal/gm x 0C)

For cellulose, with a specific heat of about 0.4,&T (max) equals

2100. Since the heat is liberated over a period of hours, the

actual AT will be much less than this, depending on the rate of

heat input and the thermal conductivity of the material. The esti-

mated center temperatures listed in the table are for cotton

dressings, which have very low thermal conductivity.
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Chapter

PHYSICS

Introduction

In this chapter we describe the methods used to compute

dose rates in the target material, energy absorption in the sources,

and the thickness of the irradiator shield. The computations were

based on the criteria listed in Chapter 4.

The physical arrangements of the target material and

sources were described in Chapter 4, and are shown schematically

in Figures 5.1, 5.2 and 5.3.

Conclusions

The quantities of radioactive materials needed to meet

the criteria are:

cobalt-60: 23,000 curies at 25 curies/gram

or cesium-137 chloride: 48,000 curies at 25 curies/gram

The dose rates from these sources, in units of rads/hr per curie/

cm, are listed in Table 5.1 for selected points. The data are

plotted in Figure 5.4.
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Table 5.1

Instantaneous Dose Rates in Irradiated Material

( Rads/hr )
Curies/cm

Radial Position of Dose Point

Nearest Central Farthest Average Over
To Source Axis From Source Perimeter

Cobalt Source

Midplane 4240 964 398 1280

Endplane 3160 832 394

Cesium Source

Midplane 1140 234 82 314

Endplane 935 187 80

The instantaneous dose rates on the surface of a basket

at the midplane are shown in Figures 4.5 and 4.7 of Chapter 4. The

average dose rates resulting from the rotation of the basket are

given in the last column of Table 5.1

The maximum integrated dose is received at the midplane

surface, the minimum at the endplane center of the cylindrical tar-

get. The ratios are:

Cobalt source: maximum/minimum = 1.514

Cesium source: maximum/minimum = 1.68

These ratios are slightly higher than the design goal of 1.5.

It did not seem worthwhile to redesign the sources for

two reasons. The method of computing dose rates could not yield

high accuracy because of the peculiarities of the geometry. Also,

variations in the density and homogeneity of target materials change

max/min ratios drastically.
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Figure 5.3
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The heat generation rates are listed in the following

table:

Table 5.2

Heat Generation Rates in Sources
(watts)

% of Emitted Gamma
Energy Absorbed in

Total From Betas From Gammas Source

Cobalt 48 14 34 10
(23,00- curies)

Cesium 139 72 67 42
(48,000 curies)

The shield consists of not less than one foot of lead in

any direction, which is sufficient to reduce the dose rate to 0.75

mr/hour at the surface of the irradiator.

Computational Procedure

The arrangement of the source and baskets is depicted in

Figure 5.1. Details of the two annular sources are shown in Fig-

ures 5.2 and 5.3. Computation of dose rates in a configuration of

this kind can be done only approximately. The dose rate at any

point may be thought of as coming from an unscattered component and

a scattered component. A common procedure for computing gamma ray

doses is to apply a buildup factor to the unscattered component.

The buildup factor must be determined in advance of a particular

calculation. The unscattered component depends very much on the

detailed geometrical configuration. The contribution to the dose

from scattered radiation is relatively much less sensitive to the

detailed geometry. One procedure for computing the dose rates
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would be to compute the dose from unscattered radiation accurately

and to compute the scattered contribution to the dose by replacing

the actual configuration with an idealized configuration which is

amenable to computation. This procedure should yield fair accu-

racy. It was not followed here primarily because computation of

the unscattered dose appeared to be too time-consuming. An admit-

tedly less accurate but simpler procedure was used to calculate

the dose rates. The actual configuration was replaced by an ide-

alized configuration in which the doses can be readily computed.

By making a computation in this way, the dose rate at a point from

unscattered rays is the dose in the ideal rather than the true

configuration. In assessing a computation procedure it should not

be overlooked that the density of the target material exerts the

major influence on the distribution of the dose. For design pur-

poses a target material with a density of 0.25 gm/cm3 and with the

attenuation properties of water was assumed. The target material

will probably never meet these conditions exactly and will fre-

quently differ considerably from them. Accordingly, an attempt

at an elaborate computation of dose rates with the hope of achiev-

ing high accuracy was not warranted.

The computation procedure adopted was based on the use

of the formulae in Reference ( .l), page 360. Those formulae give

the dose rates from a finite or infinite homogeneous cylindrical

source surrounded by an infinite homogeneous target medium. An

air gap around the source is permitted. The use of those formulae

required us to approximate the actual source by a homogeneous
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source and to approximate the four target baskets by a homogeneous

annular target. The fall-off of the dose rate at the outer boundary

because of the finite radius of the target can be corrected for,

although the correction is small.

The Sources

Preliminary estimates of the loadings of active material

were 23,000 curies of cobalt-60 or 50,000 curies of cesium chloride.

These estimates are so close to the final values of 23,000 curies

or 48,000 curies that no error was introduced as a result of using

wrong masses of materials in the sources. For the computations,

the materials in a source were spread uniformly throughout a cylin-

der having the same length and external diameter. Attenuation co-

efficients were computed for the resulting homogeneous sources.

This procedure is justified as follows: Escape probabilities from

infinitely long annuli are reported in reference (522). If the

probability of absorption in the annulus is plotted against the

dimensionless group uV/S, the values for all annuli, including a

solid cylinder, fall almost on the same curve (see Figure 5.5).

The symbols are

u = attenuation coefficient of annular material,

in units of length-1

V = volume of annulus/unit length

S = outer surface area/unit length

The homogeneous sources used in the computations have

the same outer surface area per unit length as the actual sources,

and smearing out the actual source into a homogeneous cylinder
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leaves uV unchanged. Thus, the homogeneous source has associated

with it the same value for uV/S as does the actual source.

Target

Because of the uncertainties in the density and attenu-

ation properties of real target materials, a rough treatment is

sufficient. The geometry used in the computation is shown in Fig-

ure 5.6. The irradiated material was assumed to have a density of

0.25 gm/cm3 and the attenuation properties of water. The air gap

between the homogeneous source and annular target has the same

volume as the air enclosed by the square shown in Figure 5.1. The

location of the actual target within the simulated target is shown

in Figure 5.6.

Computational Details

The dose rates at various depths in irradiated material

were computed by the method discussed above. The buildup factors

for the source were assumed to be the same as for water. The

justification for this as well as a discussion of all the funda-

mental data which enter the computations is given below. The com-

putation procedure gives doses in an infinite target material.

The dose rate at the outer surface of the target annulus is per-

haps 5% less than computed (see Reference 5.3). This is a small

correction in any case, but is completely insignificant because the

dose received by the rotating baskets at points far from the source

constitutes only about 10% of the total dose.

The computations give dose rates in the simulated target.

The manner in which dose rates were assigned to the points of a real

target can be inferred from Figure 5.6. The outlines of a target
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Figure 5.6
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basket are superimposed on the simulated target in the plan and

sectional views. The instantaneous dose rate at any point in the

basket is the dose rate at that point in the simulated target.

Decay Schemes

The decay schemes were taken from the compilation of

Strominger et al (__). Co-60 decays essentially 100% of the time

with the emission of a 0.312 Mev, 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 sufficient to

base the computations on the emission of 2 photons of equal energy,

1.25 Mev. In this way, the computational effort is cut in half

without introducing significant error.

Figure, 5.7 represents 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

single 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 pass-

ing 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.

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.
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The number and energy of photons emitted by these sources

are then:

Co-60 7.3 x 1010 1.25 Mev photons/curie

Cs-137 3.06 x 1010 0.662 Mev photons/curie

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. 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 com-

putation of dose rates, source loadings, and source heating are

listed in the following table. The sources of the data are de-

scribed below.
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C:

Stainless Steel

Water

Cobalt

Cesium Chloride

Table 5.3

Gamma Ray Absorrtion Coefficients
(cmZ grn)

0.662 Mev

u ua u

0.0730 0.0282

0.0857 0.0328 0.0

0.0771 0.032

1.2 54ev

531

630

531

ula

0.298

0.0250

The symbols are

u total mass attenuation coefficient

ua energy absorption mass attenuation coefficient

The target material was postulated to have a density of

0.25 grams/cm3 and the absorption properties of water (see Chapter

4).

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/cm 3

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 + grams/cm3;

however, it has been estimated that crystals might pack to an

average density of 3 when inserted in an annular source.
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Total Mass Absorption Coefficients

Total and energy absorption mass attenuation coefficients

are required 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 (5.6) 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 included. 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 cm2/gm

Absorption coefficients at 0.662 Mev are not given. However, in-

terpolation is quite accurate, since the data plot to give a smooth

curve. Graphical interpolation 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 ANL-5800. Table 2.9.2 of AECD-363+ (ij) lists total

absorption coefficients for all the elements at 0.5, 1, 2, 3 and

6 Mev. Except for hydrogen and cesium at 0.5 Mev, the spread in

the coefficients is small for those elements and energies of inter-

est. 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.
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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 (i8).

Table 5.4

Energy Absorption Coefficients

(cm2/gm)

Atomic No. 0.6 Mev 0.8 Mev 1.0 Mev 1.5 Mev
Aluminum 13 0.0286 0.0278 0.0268 0.02+9

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

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 hydro-

gen, interpolation by atomic number is permissible. With sufficient

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 CsCi, ua = 0.032 cm2/g.

I
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Buildup Factors

Cesium Source Buildup Factor

The point-isotropic energy absorption buildup factors

for 0.662 Mev gammas in water were obtained by graphical interpo-

lation of the data in Table D-3 of reference (5.8). The values so

obtained fall on the smooth curve shown in Figure 5.8. The curve

was approximated by the "Taylor" expression

Ba = 4 e0.302 ur -

Computed values from the analytical expression are shown as circles

on the figure. Since the region of interest extends only to ur

values of 4 or 5 at most, 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 ex-

pression predicts 3.2% too high an energy absorption.

Cobalt Source Buildup Factor

As was the case with cesium, point isotropic energy ab-

sorption buildup factors for 1.25 Mev gammas were interpolated from

Table D-3 of reference (M) and were approximated by the expression

Ba = 10.83 eO.108 ur - 10

The data are plotted on Figure 5.9.

The relatively large error at ur = 0 is without signifi-

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

Buildup Within Sources

Buildup in the sources cannot be ignored without seriously

underestimating the dose rates. At the low ur values which are per-

tinent in the source, it was considered adequate to use the buildup
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factors for water. The following table compares energy absorption

buildup factors for water, iron and tin at low ur values, for

point isotropic sources.

Table 5.5

Point Isotropic Buildup Factors for Water, Iron, and Tin

Water Iron Tin (' Cesium)

ur 0.5 Mev 1.0 Mev 0.5 Mev 1.0 Mev 0.5 Mev 1.0 Mev

0 1 1 1 1 1 1

1 2.56 2.10 2.02 1.84 1.56 1.61

2 5.10 3.53 3.20 2.84 2.08 2.25

The cesium source has a diameter of 3.25 inches and an average u

of 0.479 in-1 . Hence, the radius of this source is about 0.8 ur,

and the effective distance for buildup even less. The diameter of

the cobalt source is 2 inches with an average u of 0.437 in-1 . In

fact, the maximum ur value of interest in the cobalt irradiator is

only 0.62. It is recognized that the source geometry is essentially

a line geometry, so that comparison with point source buildup factors

at the same values of ur is misleadingly favorable. However, the

major contribution comes from the nearest sources. We do not be-

lieve the use of buildup factors in the manner described unduly

influences the computed dose rates.

Source Heating

Heat generation in the sources arises from complete ab-

sorption of beta ray and internal conversion electron energy, and

partial absorption of gamma-ray energy. The decay schemes have al-

ready been described, and computation of beta ray and conversion

electron energy is straightforward.
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Gamma-ray energy absorption was computed on the central

axis of the "homogeneous" cylindrical source described above. The

cylinder was assumed to be infinitely long. It was assumed also

that the energy absorption is constant across the source cylinder.

The source flux on the central axis of an infinitely long

cylinder is given by the formula

0 = BSv G (a) , ua)
u

where G is the function defined on page 407 of TID-7004 (_.). The

symbolic buildup factor B must be used in the usual manner. The

energy absorption per unit length of cylinder is, according to our

assumptions

Eoua ir a2 0

and the source energy is EoSv Tr a2 . The fraction of the gamma en-

ergy absorbed in the source is then simply

uao - ua BG(m , ua)
Sv u

The coefficients u and ua are those appropriate to the homogeneous

source. The radius of the source is a. The buildup factors were

those for water, described above.

Shielding

The configuration of the irradiator shield is shown in

Figure 5 .10. The shield must be effective with either a 23,000 curie

cobalt-60 source or a 48,000 curie cesium-137 source. The source

may be in the storage container, in the irradiation chamber, or at

any point between. The cobalt source will control the shield design
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because it emits more photons as well as higher energy photons than

does the cesium source.

A dose rate of 0.75 mr/hour at the surface of the shield

was selected. This rate corresponds to a maximum of 30 mr for a

1+0-hour work-week, which may be compared with permissible dose values

of 300 mr/week for restricted areas and 30 mr/week for unrestricted

areas under present regulations (4.1), and 100 mr/week for restricted

areas under proposed regulations.

The shield material is lead. The required thicknesses

were computed on the basis of a line source without self shielding.

Standard methods as described in ( ) were used. A thickness of

12 inches of lead in all directions provides adequate shielding.
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Chapter 6

COST ESTIMATE

A price quotation of $31,000, exclusive of source, was

submitted by an established vendor for furnishing the irradiator

described in Chapter 4, based on drawings D-107 and D-108. It is

estimated that an additional cost not exceeding $5,000 would be

involved for the preparation of some additional engineering draw-

ings that would have to be furnished to the fabricator. This engi-

neering cost would not apply to additional units.

The present price of cobalt-60 is $2.00 per curie at

concentrations of 10 c/gm, and for cesium-137 it is $1.00 per curie

at concentrations of 25 c/gm. At an estimated encapsulation cost

of $0.10 per curie for either material, the cost of a cobalt source

at the specified loading of 23,000 curies would be $48,300 and for

48,00o curies of cesium it would be $52,800. However, since the

production of cobalt-60.and cesium-137 is expanding, there is a

strong prospect of decreased prices. The following tabulation

shows the fabricated cost of the above two sources at several

assumed prices.
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Cobalt-60 Cesium-137
(23000 c) (+8,000 c)

Assumed Cost of Assumed Cost of
Price Fabricated Price Fabricated

/c ource /cSource

2.00 $48,300 1.00 $52,800

1.00 25,300 .50 28,800

.75 19,500 -- --

.50 13,800 .25 16,800

Because of the difference in half-life of cobalt-60 and

cesium-137, the two sources referred to above are not directly

comparable. As noted in Chapter 4, the dwell-time for steriliza-

tion using cobalt will increase from an initial value of 3-1/2

hours to 13 hours at the end of 10 years. Using cesium-137 the

initial value would be 7-1/2 hours, but would increase only to

9-1/2 hours after 10 years. In a production sterilizer, source

material would be added periodically to maintain activity level

above a specified minimum required to keep the sterilization ca-

pacity at the design value. For such a case the cost of cobalt

and cesium can be compared directly, and such a comparison will

be found in Report AN-120. However, for an experimental unit

where there is no definite capacity requirement to be met, source

replenishment could be made on a less frequent and more arbitrary

basis, and. factors of convenience may become as important as those

of cost and capacity.

The comparative capacity with the two sources may depend

on the working schedule in the hospital. For a 24-hour working

day a dwell-time of 3-1/2 hours will permit about 6 batches per
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day, while a 7-1/2 hour dwell time will permit 3 batches, so that

the capacity ratio is 2:1. For an 8-hour working day, it would be

entirely feasible to start a batch at the end of the day, which

would be terminated at the proper time by. an automatic timer which

caused the source to be lowered into the storage chamber. Thus,

3 batches could be handled with a 3-1/2 hour dwell time, and 2

batches with a 7-1/2 hour dwell time. For this case the capacity

ratio is 3:2.

Without changing the interior dimensions or arrangements

of the irradiator, it may be designed for higher capacity by in-

creasing the source strength and thus decreasing the dwell time.

The only change in the irradiator design is an increase in shield

thickness0 It is estimated that if the source strength were cut

in half, the irradiator cost would be reduced by only $1,000, to

$30,000. If the source strength were doubled, the estimated

machine cost would increase to $39,000.
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APPENDIX A

Estimated Hospital Sterilizing Load

"The Modern Hospital Fact Book, 1958" (A.l) reports that

there are 6,966 U. S. hospitals listed by A.H.A. which have a

total of 1,607,692 beds, two-thirds of which are in hospitals con-

taining more than 300 beds. Subtracting the 762,294 beds listed

for psychiatric hospitals, and the relatively small numbers given

for maternity; eye, ear, nose and throat; orthopedic; and chronic

and convalescent, a net round number of 800,000 beds is obtained.

From Table 3.1 the following figures are obtained for

Hospital B:

Number of beds 650

Sterilizing load

lbs/week 21,250

lbs/week per bed 32.7

Based on this rate, the total annual sterilizing load

for 800,000 beds is calculated to be 1.36 billion pounds.
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APPENDIX B

Visits

The following visits to obtain information on present

hospital sterilizing practices and related subjects were made:

American Hospital Association, Chicago, Illinois

Dr. Leroy Bates

Annual Exhibit of American Hospital Association, New
York City Coliseum, August 1959

Brookhaven National Laboratories, Upton, New York
(Nuclear Engineering Department)

Mr. B. Manowitz

Columbia Presbyterian Hospital, New York, New York

Mr. Hatcher, Miss Flanagan

Curtiss-Wright Corporation, Princeton Division, Princeton,
N. J.

Dr. Donald C. Brunton, Mr. Bruce Smith, Mr. Tom Horne

Massachusetts General Hospital, Boston, Massachusetts

Dr. Dean Clark, Mr. F. M. Foster

Medical Research Center, Brookhaven National Laboratories,
Upton, New York

Dr. R. Drew

Montefiore Hospital, Bronx, New York (2 visits)

Dr. J. Axelrod, Mr. M. Katz, Miss Tickner

New England Deaconess Hospital, Boston, Massachusetts

Dr. E. Kenton, Mr. R. Lowry
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United States Public Health Service Commission, Division
of Hospital and Medical Facilities, Washington, D. C.

Mr. A. Milne

Dr. Shields Warren (of New England Deaconess Hospital),
New York, New York
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