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PREFACE

This report presents the results of research performed essentially
during the period January 1, 1954, to June 30, 1954, on Project M943 of the
Engineering Research Institute, University of Michigan, under AEC Contract
No. AT(11-1)-162. Some research performed after June 30, 1954, has been
included to complete the report on certain studies.

Results of other research studies in which the irradiation facili-
ties of the Fission Products Laboratory have been used are also reported, be-
cause it is believed that these studies may provide additional data on the
use of waste fission products. For this reason some of the studies supported
by Michigan Memorial-Phoenix Projects 41, 43, and 71 and some of the research
performed by personnel of the University of Michigan Hospital are included
in this report. It is to be noted that there is no relationship between
these studies and Project M943 except that the personnel have a common in-
terest in the effects of radiation and possible uses of radioactive materials
and that they use the same source of gamma radiation. The research of the
Michigan Memorial-Phoenix Project is supported by funds of the University of
Michigan obtained through contributions by individuals and corporations and
is in no way supported by, or connected with, the Atomic Energy Commission,
The results of the studies reported by the personnel of the Michigan Memorial-
Phoenix Projects and of the University of Michigan Hospital in most instances
will appear in the scientific literature at some future date. To protect the
authorship of these individuals, no part of their results is to be reproduced
without permission of the respective authors.

This report is expected to be the final comprehensive report in
which studies performed on materials irradiated in the Fission Products Labora-
tory are described. The discontinuation of the studies on irradiated food
supported by Project M943, the diversification of the support of research
using the facilities of the Fission Products Laboratory, and the reduction
in funds available for the preparation of these reports, have led to the
termination of this type of report.

As this is a terminal, comprehensive report it is worthwhile to re-
view very briefly what has been accomplished during 3 years of research,
The original goal of Project M943 was to explore possible industrial uses of
the waste fission products. To investigate the uses under consideration by
research personnel of the University of Michigan, the Fission Products
Laboratory was established and high-level, gamma- and beta-particle radiation
facilities were designed, constructed and successfully put into operation.
Extensive data were collected in three principal fields regarding the effect
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of radiation on: (1) performance of combustion engines, (2) promotion of
chemical reactions, and (3) biological materials (particularly foods).

Six designs for commercial irradiation facilities have been studied
and reported in Progress Reports 5, 6, and 7. The designs include: (1) the
irradiation of pork to control trichinosis, (2) the irradiation of prepackaged
meat to increase its refrigerator storage life, (3) the additative chlorination
of benzene under gamma irradiation to produce an insecticide, and (L) three
facilities using different sources of radiation to irradiate potatoes to in-
crease the life of storage potatoes. In addition, designs have also been
considered but not reported for such applications as: (1) the irradiation
of grain to control insect infestation, (2) the polmerization of ethylene
under gamme irradiation to produce polyethylene, and (3) the irradiation of
surgical supplies for sterilization. All of these designs are believed to be
feasible and represent possible commercial applications of the fission
products.

The possible industrial uses of fission products are numerous and
cannot be fully evaluated until additional data are available on the complex
effects of radiation. Some of the effects of radiation have been explored and
a few possible applications have been investigated in Project M9L3 but this
study has only opened the door in certain fields and has left other fields
untouched. Additional research by industry, govermment, and the universities
is needed to provide more information on the uses for the fission products.
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ABSTRACT

Experiments were completed using 6200 curies of gold-198 and gold-
199 to explore the possible effect of a beta radiation field on the spark
ignition of a mixture of combustible gases. The effects of the beta source
proved to be small and in the reverse direction from that expected; i.e., there
was a small but definite depression of the explosion limit.

Further studies on the polymerization of ethylene under gamma
radiation were made using higher temperatures and slightly higher pressures.
At 220°C an oily liquid was obtained whereas tough or waxy solids had been
obtained at lower temperatures.

Toluene was chlorinated under gamma radiation. The products obtained
by dehydrohalogenation and subsequent oxidation of the chlorinated toluene
confirm the hypothesis that chlorine adds to the ring of toluene. New glass
reaction equipment has been constructed to study the kinetics of the chlorina-
tion reaction and analytical procedures have been developed.

A design was developed for a chemical plant to chlorinate benzene
under gamma radiation for the production of insecticides. Sources of cesium-
137, 6-month-old mixed fission products, and cooling reactor-fuel elements
were compared. Estimated prices of producing the addition product using
gamma radiation compared favorably with existing prices of the product pre-
pared under ultraviolet radiation.

Low dosages of gamma radiation (50,000 to 80,000 rep) were found
to increase the refrigerator storage life of raw, ground pork and beef and
prepackaged coleslaw, as indicated by taste-panel tests. A radiation dosage
sufficient to treat flour or wheat for insect infestation (25,000 rep) was
observed to have no undesirable effects on the taste and baking qualities of
wheat flour, whereas large radiation dosages (over 100,000 rep) were considered
to have an undesirable effect.

Low dosages of gamma radiation (7,000 to 21,000 rep) were found to
prevent the sprouting of storage potatoes. Taste-panel tests showed no off-
flavor problem with such irradiated potatoes. Chemical analysis showed that
irradiated, stored potatoes had a lower sugar content than the stored controls.
The same dosages of gamma radiation also increase the storage life of onions.
Although the radiation does not prevent sprouting of onions, the sprouts grow
only a short distance and then cease growing.

xix
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A potato irradiation facility was designed in which a comparison
was made between cesium-137, mixed fission products, and cooling reactor-fuel
elements as radiation sources. The most economical design was thet using fuel
elements. Cost of the radiation facility was estimated to be less than $50,000
and cost of treatment less than $4.00 per ton.

Twenty-four elements that occur in foods have been tested for induced
activity after irradiation in the high-level, cobalt-60 source. No activity
was observed with a scintillation well counter.

Research reported by Michigan Memorial-Phoenix Projects includes
studies on animal feeding, plant morphology, and elastomers. In short-term
feeding studies using albino rats, no evidence of toxicity was observed in
tube-fed rats on a diet irradiated with up to 45 megarep. Other pilot studies
were made using small numbers of mice. In this experiment the second
generation of Bagg-strain albino mice on the 4 megarep experimental diet
failed to reproduce, whereas a mixed pigmented strain of mice on the same
diet reproduced as did control groups for both strains. The number of mice
in the experiment was too small for statistical significance. The long-term
feeding and breeding studies using albino rats have been negative to date
except for the possible significance of tumor development in 2 rats out of
62 on the irradiated diet. No tumors have been observed in the 62 controls.

Personnel of the University of Michigan Hospital have reported
successful transplants in dogs of aortas and bones subjected to 2-megarep
and 3-megarep doses of gamma radiation, respectively. These tests indicate
the feasibility of using this process for human aortas and bones.

Research performed in cooperation with industry includes tests on
coffee, seed walnuts, and raw fresh crabmeat. Low dosages of gamma radiation
improved the refrigerator storage life of fresh crabmeat without undesirable
flavor changes.

The Fission Products Laboratory has continued to be operated as
planned and without incident. Plans have been made to install a new multi-
kilocurie, cobalt-60 gamma source in the radiation "cave" of the Phoenix
Laboratory during the summer of 1955.
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PROGRESS REPORT 7

UTILIZATION OF THE GROSS FISSION PRODUCTS

PART I. SUBPROJECT M9L3-2, FUNDAMENTAL STUDY
OF EFFECT OF RADIATION ON COMBUSTION

Personnel:
Subproject Supervisor: R. A. Wolfe, Professor of Physics
Research Assistant: F. L. Tobey

A. INTRODUCTION
The research supported by Project MOL3 on the effect of radiation

on the performance of combustion engines was concluded in June, 1953. How-

ever, as combustion is an important chemical reaction, this fundamental ex-

periment has been completed during the past year as a supplement to the studies

on chemical reactions.

The purpose of this experiment was to discover whether or not an
intense beta-radiation field could exert any appreciable effect on the con-
ditions under which a mixture of combustible gases would be ignited by a
spark. If such an effect were present, it might point the way toward cer-
tain desirable results such as increased efficiency or the utilization of
inferior fuels in combustion engines, etc.

It was decided to determine the explosion threshold for various
pressures of a 2:1 mixture of hydrogen and oxygen when diluted with nitrogen.l*
These thresholds were then compared with those obtained in the presence of a
powerful beta source.

*Raised numbers refer to the reference list at the end of each section.
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APPARATUS

1. Explosion System

The explosion system used to determine the thresholds has been de-
scribed previously.

2. Beta Source

The beta source used for the hot runs consisted of a five-mil gold
foil; measuring two inches by three inches. The foil was mounted in a hori-
zontal position at a distance of seven and three-quarter inches from the gap
of the spark plug. Gold-198 and 199 were formed in the foil by irradiation
in the Materials Testing Reactor at Arco, Idaho.

Basic data on the two radioactive isotopes of gold are as followsB:
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Masse No. Half Life Neutron Maximum
Cross Section Energy, mev
198 2.69d 96b 0.97
199 3.3d 16000b 0.33
The estimated neutron-flux density at the position of the foil was
2x101u. The irradiation schedule is given below.
From To Duratl?n
hr min
6-14-1950 6-14-2010 20
6-16-1835 6-19-1428 67 53
6-22-040% 6-24-0956 55 53

The activity of gold-198 at time of removal from the reactor was
estimated to be 5950 curies on the basis of the above data. The activity of
the gold-199 was determined by extrapolation backward from beta-absorption
measurements made after the activity had dropped to a low level. Gold-199
activity obtained in this way amounted to 270 curies. Total beta activity
at time of removal from the pile was estimated to be 6200 curies.

The dose rate in air at the position of the spark was measured with
a Victoreen "R meter" using the 25 R chamber 48 days after removal from the

2
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pile. This value was then extrapolated back to find the dose rate in air
during the course of the experiment (Fig. 1). These values were further
corrected on the assumption that dose rate is a linear function of gas pres-
sure.

A special mount was devised to support the gold in the reaction
vessel. The mount was designed to be readily loaded in the canal at the
M.T.R. and to permit easy transfer from the shipping container to the reaction
vessel. The mount consisted of an arrangement of two mouse traps facing each
other on a flat circular base. A "keeper" was used to keep the jaws open
while the foil was being placed in position (Fig. 2). When the "keeper" was
removed, the jaws clamped the foil in position (Fig. 3). A loop was provided
for transferring gold and mount to and from the shipping container. The lead
base of the mount increased the amount of beta reflection’ and improved the
stability of the arrangement during loading.

Figure 4 shows the arrangement for transferring the source from the
shipping container to the reaction vessel. This consisted of a swinging arm,
a sliding loop, a hook, and some cord. A mirror was used to position the
mount above the reaction vessel.

Transportation of the source from Idaho to Michigan was arranged
through the cooperation of the Commander, 10th Air Force. Special thanks
are due Major Kellam, Deputy for Operations, Selfridge AFB, Mt. Clemens,
Michigan, for arranging details of the operation. Without this aid a seri-
ous loss in activity of the source would have been incurred, before it could
be put to use.

I

EXPERIMENTAL PROCEDURE AND RESULTS

Cold Runs

| =

The difficulties reported on page 2, Progress Report 52, were found
to be due to improper mixing. Some minor changes in experimental procedures
eliminated these difficulties.

Hydrogen, oxygen, and nitrogen were admitted to the reaction vessel
in that order. The ratio of hydrogen to oxygen was held at 2:1 throughout.
After a suitable delay to allow mixing to take place, sparks from a 12 volt
automotive spark coil were passed through standard spark plug in the reaction
vessel for a duration of 30 seconds. Reactions near the explosion limit are
quite mild and were detected by leaving one of the Bourdon gauges connected
to the system during the sparking interval. This interval was somewhat arbi-
trary since delayed reactions were frequently observed. 1In a few cases two
successive reactions were also observed.

5
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Fig. 2. "Mouse Trap" Set To Take Foil.

Fig. 4.

Transferring Foil to Bomb.
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To establish a point on the explosion limit curve a series of runs
(at least 20) were made with varying pressures of nitrogen, while the hydrogen
plus oxygen pressures were kept constant. The nitrogen pressures were separated
into a group of ranges and the frequency of reaction determined for each range.
These frequencies were then plotted as ordinates against the mean nitrogen
pressure for each range as abscissae. In theory the resulting curve should
have the shape of a reversed "S". The best curve as determined by eye was
drawn through the plotted points. The point at which the curve crossed the
50 percent reaction ordinate was taken as the explosion limit. Figure 5 shows
a typical threshold curve. Figure 6 is a plot of the explosion limit curve.
The two points at the top end of the curve were made before and after the hot
runs, showing that reproducibility is quite good.

400 /©
300l Vi
o
I
£
: NONEXPLOSIVE
N
Z
a
200 / EXPLOSIVE
100
0
0 25 50 75 100 125

P(2H, +0,) cm Hg

Fig. 6. Explosion Limit Curve for (2H, + Op) and No.

It should be pointed out that data taken up to March 8, 1954, in-
dicated somewhat higher values for the explosion limits than those presented
here. From March 8 to 11 there was an abrupt drop in the limit. The data
taken before March 8 are consistent, although incomplete. Since the data
taken after March 12 are consistent and have remained so, only these data
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have been used. It must be admitted, however, that no reason for the observed
drop has been discovered.

2. Hot Runs

It was originally expected that if the beta source produced any
effect on the explosion limit, it should raise it markedly. Hence, a rel-
atively few hot runs at each hydrogen-plus-oxygen pressure will provide the
necessary information, if reactions are produced well within the region of
100 percent failure for the cold runs (see Fig. 5). A complete study of the
limits at several points was not feasible because the dose rate changes ra-
pidly with time.

D. DISCUSSION AND CONCLUSIONS

Table 1 gives a comparison of the thresholds for the cold and hot
runs. The values for the hot runs are much less precise than those for the
cold runs because only a relatively small number of runs could be made. Note
also the wide spread in dose rates for a particular point.

TABLE 1

THRESHOLDS FOR HOT AND COLD RUNS

P(2Ho+05) P(No) at Threshold Range of Dose Rate,
Cold Hot R/hr

17.5 62.1 62.0 1.6x10°
l.lxlOu
34,9 145.7 143.0 3700
3000
52,4 220.3 215.5 4600
370
70.% 29l 2 28L.0 lx10H
7900
86.9 353.8 352.3 920
220
10k4.6 L1k, k 40T7.8 9.4x102
1.5x10°

105.2 415.3 (Made after previous hot run)
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negligible at the low pressures.
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The effect seems to be more pronounced at the higher pressures and
Figure 7 gives a comparison of the two
series of runs used to find the thresholds for a pressure of hydrogen plus
oxygen of 105 cm. It is clear that a number of failures occur in a nitrogen
pressure range which had previously shown 100 percent reaction.

The value at 87 cm of hydrogen
plus oxygen is the only one which was
found as accurately as the values for
the cold run. Note that the dose rates
in this case are much below those per-
taining to the other "hot" threshold
data and that the threshold essentially
coincides with that of the cold runs.

The effects of the beta source
proved to be disappointingly small and
in the reverse direction from that ex-
pected, i.e., there was a small but
definite depression of the explosion
limit.
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PART II. SUBPROJECT M943-4, THE EFFECT OF
RADIATION ON CHEMICAL REACTIONS

Personnel:

Subproject Supervisors: Joseph J. Martin, Associate Professor of Chemical
and Metallurgical Engineering; and Leigh C. Anderson, Professor and Chairman
of the Department of Chemistry

Senior Research Assistants: B. G. Bray, David E. Harmer

Assistants in Research: R. A. Carstens, C. E. Eckfield, J. P. Holmes, R. R.
Nissle, W. M. Sergy, H. H. Yang

A. INTRODUCTION

Since the preparation of Progress Report 6, work has been carried
out on three major fronts: (1) The polymerization of ethylene under gamma
radiation has been studied over a wide range of temperature. At the same
time the copolymerization of ethylene and sulfur dioxide has received a
small amount of additional attention. (2) The rate of reaction of chlorine
with toluene under gamma radiation has been studied in more detail than re-
ported by this laboratory earlier, and fractions of the product have been
subjected to further tests to prove the presence of large amounts of the
addition product of chlorine and toluene. (3) On the basis of reaction-
rate data for the chlorination of benzene under gamma radiation, a prelim-
inary design has been made of a plant to produce benzene hexachloride. A
comparison is given between the estimated cost of the product from this
gamma-activated process and product from the conventional ultraviolet pro-
cess which is employed commercially.

The following sections of this report describe these studies in
greater detail.
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B. POLYMERIZATION OF ETHYLENE

The study of the effect of gamma radiation on the polymerization
of ethylene as inaugerated by LewisE’B’u721 has been considerably extended.
Lewis carried out all polymerization runs at room temperature and at vary-
ing pressures and radiation dosages. In the work reported here, primary
interest has been in varying the temperature of the polymerization reaction
to determine its effect on the rate of the reaction and the nature of the

products.

1. Equipment Used

The high-pressure stainless-steel bomb built by Lewisgl was used

for all polymerization runs. A set of heaters built by Lewis was placed
around the bomb in all runs, regardless of whether heating was required, so
that the radiation flux within the bomb would be the same in all cases.

The bomb was loaded and emptied in the same manner described by Lewis.2t
The temperature was raised from 13 to 220°C, while the reacting pressure

of pure ethylene was varied from 1075 to 1950 lb/sq in.

2. Visual Inspection of the Products

In the case of the three runs at the lowest temperatures (runs
145800, 145801, and 145807 described in Table 2) three distinct layers of
solid polyethylene product were found in the bomb at the conclusion of the
runs. The top layer was a spongy, white mass that adhered to the sides of
the bomb with a physical consistency much like that of a fine porous sponge.
The middle layer was a white curdy material, much resembling the curds in
cottage cheese, and was directly opposite the center of the gamma radiation
source; therefore, receiving the highest dose rate. The bottom layer was a
hard solid layer that rested on the bottom of the bomb. This layer was from
three quarters to two inches thick and had to be cut out of the bomb with
a chisel.

Runs 145808 and 145812 yielded a finely divided white powder which
adhered to the sides of the bomb. There was no particular variation in the
physical appearance of this powder within the bomb. The powder did not al-
ways fall to the bottom of the bomb, but usually remained attached on the
sides of the stainless-steel vessel.

The runs conducted at the highest temperatures (runs 14581% and
14581L4) were made at approximately 220°C and yielded a creamy white opaque

10
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liquid of high viscosity with an odor similar to that of used motor oil. After
standing several days, a finely divided white powder precipitated our from the
product and left a clear cream-colored liquid layer.

TABLE 2

TRRADIATION OF ETHYLENE

Averaged over Radiation Yield
Run Initial Reactor Polymer, A,
Number Pres- Reaction Hours Dose Total gm gm-moles reacted
sure, Temp, Irradi- Rate, Dose, etr1?> mega
psig °C ated kilorep/hr megarep ton ( rep
145800 1450 13 65.1 5h,2 3.5% 21.8 2370
145801 1260 13 91.75 53%.8 L.okL 39.7 3570
145807 1950 39 70.9 53.5 3.79 45.6 5860
145808 1500 88 T1.33 26.6 1.90 1.k 438
145812 1400 90 91.93 L7.0 L. 32 3.8 542
145813 1k4e5 220 77.8 53.0 4.12 6.3 1695
145814 1075 217 11k4.5 5.4 k.06 17.9 3860
145817* 940 25 98.25 37.8 3,72 15.1 21%0
145824%% 410 25 64,0 62.5 4.00 33.9 7030

*L2 psig gaseous SOo added to reaction.

**20 gm liquid SOp added to reaction; vapor pressure was 42 psig.

5. Physical Properties of the Solid Polyethylene Product

The radiation yields (A values) given in Table 2 are in general
higher than those reported by Lewis®l but the dose rate to the reactor also
was usually higher. The melting points and tensile strengths of the poly-
ethylene prepared by polymerizing ethylene in a field of gamma radiation are
listed in Table 3. The tensile strengths are somewhat higher than those
reported by Lewis. These tensile strengths were made on an Instron tensile
tester with a head and/or jaw speed of ten inches per minute. This speed
was selected to eliminate the cold flow phenomeon observed in plastics in
general and polyethylene in particular. The tensile strengths determined by
Lewis were made on a Gardiner-Parks tensile testing machine where the cold-
flow phenomeon was present.

The film for the tensile specimen was molded in a two compartment
mold at 300°F at 1500 psi for 5 minutes. The sample was then punched from

11
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TABLE 3

PROPERTIES OF IRRADIATED ETHYLENE

Run Sample Tensile Elongation

Number Section Melting Point, °F Strength, at Rupture,
Lower Upper psi in./in.

145800 Middle 258.4 >700 325k 2k
145801 Middle 263.0 >T700 %211 .23
145801 Top 259.0 >700 2947 .30
145807 Top 257.2 >700 2455 .24
145807 Bottom 260.4 >700 2600 .25
145808 Total 222.0 250.&} { Too small}
145812 Total 217.2 221.7 sample
145813 Total Liquid Liquid
14581k Total Liquid Liquid
145817 *Total >L65
145824 *Total >U50
*

Decomposes before melting at the temperature indicated.

the film with a standard sample die. The sample was somewhat larger than
those used by Lewis.

Melting points of the polyethylene solids were determined on the
laboratory melting-point bar5 and in general are higher than those obtained
by Lewis. They are, however, consistent with those of Lewis when account
is taken of the difference in dose rates.

L, Other wWork on Polymerization of Ethylene

Hayward and Brettonl at Yale University, working with a L00-curie
gamma ray colbalt-60 source, have investigated the polymerization of ethylene
under conditions ranging from 80 to 460°F and from 0.5 to 21 atmospheres.
Both liquid and solid products were obtained.

Lewis?l observed the effect of pressure on the polymerization of
ethylene in both l-kilocurie and lO-kilocurie sources at this laboratory.
He observed little effect of pressure at constant temperature on the rate
of polymerization.

12
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A comparison of the ranges of temperature and pressure covered by

Hayward and Bretton and by Lewis is shown in Fig. 8 of this report.

200
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Pressure -Volume Diagram for Ethylene (drawn from the data of Perry's Chemical Engineers Handbook )

Fig. 8. Regions of Investigation of Polymerization
of Ethylene under the Influence of Gamma Radiation.

C. POLYMERIZATION OF ETHYLENE AND SULFUR DIOXIDE

compounds.
in Tables

residue.

As reported by Lewis, the addition of sulfur dioxide to ethylene

in the reaction bomb under gamma radiation produces a copolymer of the two

The results of the two runs conducted in this study are reported
A fluffy white granular product was obtained which de-

2 and 3.

composed before melting at greater than L50°F; leaving a brown and black

All attempts to press this polymer into a film in order to obtain

13

tensile test specimens resulted in decomposition of the product. The film
produced contained black and brown decomposition specks and was very brittle.
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These two runs are reported here in the interest of coupling with
the results of prior work. The physical properties of these products are
being investigated more fully and future work is palnned in the copolymeri-
zation of the two compounds.

I

CHLORINATION OF AROMATIC COMPOUNDS

|

Investigation of the Structure of the Primary Product Obtained from the
Gamma Ray Activated Reaction of Toluene with Chlorine

(g) Dehydrohalogenation. The supposed hexachloro addition product
which has been obtained by reaction of toluene with chlorine under gamma
radiationu has been investigated more closely in order to establish whether
it is indeed the postulated product. The first step in the investigation
was the degradation to a supposed trichloro toluene by means of dehydro-
halogenation in boiling pyridine.

HCl
N/
cL~ Hz
H Cl Boiling pyridine
cl H -3 HC1 -
H < Cl
ClLH

and other isomers

Previously it was demonstrated that nearly one-half of the total
chlorine content was eliminated during this reaction.5 As starting materials
for the reaction, mixtures of high-boiling products obtained from the chlo-
rination runs in the 10-kilocurie-source equipmentu were used and several
dehydrohalogenations were carried out.

The initial materials used for one dehydrohalogenation were 176 gnm
of a material boiling at 123 to 154°C (50 to 60 microns of Hg) mixed with
89 gm of a material boiling at 125 to 158°C (65 to 75 microns Hg). The
theoretical chlorine content for a hexachloro addition product of toluene
and chlorine is 69.8 percent; the materials used contained 69.8 to 70.1
percent chlorine, respectively, indicating the presence of some higher chlo-
rinated material in the latter of the two. This mixture of materials was
added to about 1.5 1 of redistilled pyridine and refluxed for 47 hours. On
cooling, crystals, presumably pyridine hydrochloride, formed in the dark
green liquid. The material in the flask was added to a large excess of
dilute cold hydrochloric acid, and after standing, the upper aqueous layer
was decanted off. The organic residue was heated to about 70°C and filtered;
some gummy residue which seemed to contain most of the dark green coloration

14 —
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remained on the filter paper. The filtrate was a dark brown oil, density
1.k gm/cc, weight 87.7 gm. Assuming the starting materials to be C7H8016
and the oil to be C7H5Cl5, a yield of 53%.3 percent is indicated for the
dehydrohalogenation reaction.

The oily product from the dehydrohalogenation was fractionally dis-
tilled in a Podbielniak column at atmospheric pressure; a summary of these
data is presented in Table 4. Each of the first nine fractions obtained by
distillation was recrystallized from methanol, while the remainder, being
nearly insoluble in methanol, was recrystallized from ethanol. Fractions
three through eight gave two phase mixtures when the methanol was partially
evaporated and the resulting residues cooled, so these phases were separated
and crystals taken from each. Melting points were taken on a melting-point
bar. ©Some fractions were analyzed for chlorine content by the use of sodium
diphenyl reagent followed by a Volhard titration, but the values thus obtained
are only approximate because of small sample size. Carbon-hydrogen analyses
were also taken on certain samples.

It is apparent from the chemical analyses of these materials that
both tri- and tetrachloro compounds are present, although the majority of
material appears to be the expected trichloro compound. The presence of the
tetrachloro material may arise from either or both of two causes; the de-
hydrohalogenation may have been incomplete, or the higher chlorine content
of part of the starting material may have been carried through as an extra
chlorine atom in some of the molecules.

The melting-point ranges found in many of these compounds indicate
that separation was not complete. However, they indicate that one of the
products is undoubtedly the known compound, 2,4,5-trichlorotoluene, whose
melting point is given in the literature as 80 to 82°Cll’2u)28 and whose
boiling point has been given as 229 to 230°C. 0

(E) Oxidation of the Dehydrohalogenated Material. A gquantity of
supposed hexachloro addition product of toluene and chlorine was dehydro-
halogenated as before and then oxidized to obtain an acid. For this treat-
ment, 60 gm of material boiling at 90 to 156°C (90 to 240 microns of Hg)
were placed in 100 ml of pyridine and heated at just below the reflux tem-
perature for 48 hours. Water was added to extract the pyridine hydrochloride
and excess pyridine. The organic layer was neutralized with nitric acid,
then 750 ml of 20% nitric acid were added. About one-half of this two-
phase mixture was sealed into glass tubes and heated for 66 hours at 135 to
153°C. On cooling, large floculant crystals and a solid phase separated out
from the solution.

15
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TABLE 4

FRACTIONS OBTAINED BY THE DISTILLATION AND RECRYSTALLIZATION
OF THE DEHYDROHALOGENATED PRODUCT FROM REACTIONS OF CHLORINE
WITH TOLUENE UNDER GAMMA IRRADIATION

Boiling Range, Upper or Lower

Fraction Weight, °C Layer from Melting Point, % by Analysis
Number gn (atm pressure)Methanol Mixture °C clL ¢ H
1 0.9 210.5-231.0
2 1.3 228.0-238.5
3 8.0 238.5-241.5 Lower T77.5 54,0 43.0 2.68
L 1.5 242 .0-242.5 Lower 77.3-78.6
Upper 79.8
5 9.3 2Lk1.5-242.0 Lower 77.5-78.0 5,2
Upper 77.8-78.6
6 L4 2Lk2.0-243.0 Lower 78.0-78.6 56.8 43,0 2.50
Upper 76.4-77.8
7 2.7 243, 0-245.5 Lower 76.4-78.0
Upper T7.0
8 3.0 245.5-257.0
9 0.6 258.0-272.0 66.7-T70.2
10 1.3 27%.0-277.0 80.2-88.8
11 3.3 277.0-279.5 88.2-89.8 61.4 36.7 1.86
12 1.1 279.5 80.2-86.6
13 1.1 277.0-278.5 87.6-88.8 61.1
1h 1.6 278.5 87.5-90.0 61.1
15 3.1 Hold-up drained Not 9k4,0-96.8 61.4
from column recrystallized
Theoretical values for percent of C, H, and Cl:
Trichlorotoluene: C = 43.00%, H = 2.58 %, C1 = 5k.b %
Tetrachlorotoluene: C = 36.6%, H=1.79%, CL = 61.7%

Tetrachloromethyl cyclohexadiene (incomplete dehydrohalogenation
product): C = 3.2 %, H = 2.61%, CL = 61.2 %
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The solids were filtered off from the nitric acid solution and dis-
solved in ammonium hydroxide solution. This scolution was extracted with tol-
uene to remove nonionic materials. The organic acid was then precipitated
by addition of nitric acid, filtered, washed, and dried. The yield was 9.5 gnm,
or 42 percent overall, based on the original starting materials and assuming
trichlorobenzoic acid as the product.

Identification of the final product required separation of the crude
product into its various isomers. Since each isomer should differ in its
acid strength, the first attempted separation was based on this property. A
series of extractions was carried out on 4 gm of acid so that during each
step one-half of the acid would dissolve in an aqueous ammonium hydroxide
layer, while the other half would be retained in the organic phase. These
extractions were carried out until 32 divisions were obtained. However,
when the melting points of these 32 fractions were taken, long ranges in-
dicated that practically no separation had been effected.

Since the differences in acid strength of these materials thus
appeared to be quite small, it seemed advisable to turn to a chromatographic
type of separation. Still making use of the acid strength characteristics
of the material, ion-exchange chromatography was employed. A highly basic
anionic resin, Dowex-1, 8 percent cross linked, 200 to 400 mesh, was used.
Two columns were used in series, the first 400 x 10 mm ID and the second
20 x 6 mm ID, each being packed two thirds full of resin. The first column
was Jjacketed and water at 55°C was circulated around it. Before use, the
resin was backwashed and put through a chloride-hydroxide cycle twice.

After several experiments, it was found that the following con-
ditions were satisfactory for operation of the column. The resin was prepared
for use in the chloride form. The mixed isomers of the acid (about 1 gm)
were introduced at the top of the column as the ammonium salt solution in
75% ethanol (10 ml volume). The column was washed with distilled water and
elution was carried out with 0.0lN and 0.1N hydrochloric acid in 75 ethanol
(2% water). Twenty 5-ml samples were collected at a slow rate, 1 to 16
with 0.0lN acid and 17 to 20 with 0.1N acid. Initially, dark bands were ob-
served to move down the column, but these became indistinguishable as they
approached the base of the upper section

It was found on evaporation of the solvent from the fractions that
the first two contained nearly no solids, while numbers 3 through 9 contained
about equal amounts of solids. Numbers 10 through 12 contained small amounts
of impure solids, and the remaining fractions contained only traces of solids.
The solid materials were recrystallized from hot water.

The degree of separation of isomers obtained is illustrated in
Fig. 9, which is a graph showing melting ranges of the series of samples.
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Fig. 9. Melting-Point Ranges for Fractions of Isomeric
Trichlorobenzoic Acids Separated by Ion-Exchange Chromatography.

The melting-point maxima are accompanied by a decrease in temperature range
showing an increase in purity of the material in that particular fraction.
The much lowered melting points and long ranges of fractions 2 and 8 in-
dicate possibly that these were collected at a point of transition from one
chromatographic band to another. Fractions 7 and 10 exhibit the sharpest
melting points and lie in a range close to that reported for isomers of
trichlorobenzoic acid. The increased range but higher first melting point
of fraction 10 could perhaps be attributed to the presence of amounts of

a much higher melting isomer in this fraction. All melting points of this
series of fractions are recorded in Table 5, together with chloride analyses
and data for comparison with reported values for trichlorobenzoic acids.

Fractions 4 and 5 merit special attention. During the determina-
tion of melting points on a melting-point bar, these two fractions had the
melting point listed when freshly contacted to the hot surface. However,
when they were held below the melting temperature, part of the material

18
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was found to sublime, leaving a material of a higher and sharper melting point.
In a further investigation, quantities of fractions L and 5 were placed in a
sealed melting-point tube. This tube was partially immersed in an oil bath

at 180°C until a film of material had condensed on the cooler walls of the
upper end of the tube. The tube was then sealed off at the center and melt-
ing points of the more volatile materials were taken. Table 6 is a summary

of information on the products of this separation procedure and data for
comparison with values reported for isomers of trichlorobenzoic acid.

Work on degradation of the product of the reaction of toluene with
chlorine under gamma irradiation can be summarized by the following equations:

|
Pyridine w : + 3HCL
Heyl Reflux ~ | ,,,L01

cim &

and other isomers

Cl il
/\\\ R G0k
! ~T
| 20% HNOs, H
) Heat \ j ) /:_0]_
. ea L
\é§/ \\\\Qf”/ or other
or other 1 !

Cl isomers
isomers

The products obtained by dehydrohalogenation and subsequent oxidation con-
firm the hypothesis that chlorine adds to the ring of toluene and further
indicate that substitution of more halogen atoms for hydrogen atoms occurs
in some of the molecules of the hexachloro addition compound.

2. Separation of Products of Chlorination of Toluene

(a) Attempted Crystallizations. Several unsuccessful attempts were
made to obEéin a crystalline solid from the syrupy form in which the hexa-
chloro products were obtained. Carbon disulfide, methanol, petroleum ether,
glacial acetic acid, and isopropyl alcohol were miscible with the chlorinated
material; a mixture of 73% methanol in water formed a two-phase system when
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mixed with the syrup, but repeated extraction procedures gave no evidence of
separation of components of the chlorinated material or of production of
crystalline solids.

(E) Analysis of Solids from the Reaction Mixtures. The liquid
mixtures consist chiefly of unreacted toluene, benzyl chloride, and the
chlorine addition products of toluene. The liquid product from several runs
became cloudy after a period of standing and a small amount of very fine
crystals slowly separated. The solids which formed were investigated further
to determine whether they were crystalline 1,2,3,4,5,6-hexachloro-methyl-
cyclohexane. They were separated from the mother liquors by centrifugation,
placed on porous plate for oil removal, and recrystallized from methanol.
Analysis for chlorine content showed variable composition (ranging from 72.1
to 72.8% chlorine) for materials from various runs and can probably be re-
garded as impure heptachloro products (theoretically 75.1% chlorine) arising
from substitution of additional chlorine in the hexachloro product.

5. Investigation of Reaction Rates between Toluene and Chlorine

(a) Apparatus. A series of reactions between toluene and chlorine
was carried out to obtain data from which the kinetics of this reaction
could be determined in order to gain better insight into the nature of the
activation produced by the gamma irradiation. The equipment used was a
combination of certain parts described in previous reports. Gas handling
and control equipment were similar to that outlined in Fig. 23 of Progress
Report 6. The glass reaction vessel shown in Figs. 62 and 63 of Progress
Report 55 was used at various distances from the source and was connected
to the glass lines leading to the gas-control apparatus located on the sec-
ond floor.

In early experimental runs the amount of chlorine was ascertained
by weighing the gas cylinder during the run, but it soon became apparent
that this procedure was not accurate enough because of the inherent insen-
sitivity of the type of balance usable under the large weight of the steel
cylinder. An orifice-type meter was next used in which the pressure drop
of the gas was measured as it passed through a calibrated glass orifice;
results in this case also lacked reproducibility. Satisfactory measurements
of the inlet gas flow were finally obtained with the use of a pair of
"Rotometer" type flowmeters. These instruments were made of Pyrex with
sapphire floats and were connected in series so that the two different
ranges might be used without the need of stopcocks. They were calibrated
against nitrogen, ethylene, butane, carbon dioxide, and ethane, according
to the correlation of Martin.
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A four-way stopcock was used for taking samples of exit gas from the
reaction; this made it possible to purge a gas absorption bottle with nitrogen,
pass all the exit gas through it for a specified time, then purge out the con-
necting tubes with nitrogen again. The absorption bottles were provided with
fritted-glass dispersion tubes to facilitate efficient absorption in the solu-
tion. The fritted tubes were calibrated frequently to assure that the pres-
sure drop of the gas through each was not significantly different from the
rest. During experimental runs, except for the periods during which samples
were taken, the exit gas was vented to the atmosphere or passed through large
absorption bottles containing 50% sodium hydroxide solution. Figures 10 and
11 illustrate the gas-handling equipment.

(E) Analytical Methods and Preliminary Results. The method used
for analysis of exit gases, and hence, the choice of absorption solution,
received considerable attention and several difficulties were encountered.
Methods making use of liberated oxygen from hydrogen peroxide or of oxidation
of iodine compounds were found to lack precision under the experimental con-
ditions of this work. Since it can be shown theoretically that ferrous ion
should be oxidized quantitatively to ferric ion by chlorine, an analytical
procedure was devised making use of this reaction. In order to gain efficient
solution of the gas, two liquids were used in each absorption bottle. A lower
layer of reagent-grade carbon tetrachloride provided rapid absorption of excess
chlorine in the exit gas, while an upper layer of aqueous acidic ferrous sul-
fate dissolved all hydrogen chloride in the gas stream. Examination of two
absorption bottles in series showed that gas absorption was complete at the
flow rates ordinarily used.

After absorption of the gas sample, the absorption bottle was shaken
vigorously, This caused the dissolved chlorine in the lower layer to react
completely with the ferrous sulfate of the upper layer. An aliquot portion
of this layer was then titrated with ceric sulfate for ferrous ion content,
which when subtracted from the original content gave the amount of chlorine
absorbed. A second aliquot was oxidized with hydrogen peroxide to convert
all ferrous ion to ferric ion and analyzed for chlorides by the Volhard
method. Thus, free chlorine and total chloride could be determined from a
single absorbed gas sample. Preliminary investigations indicated the method
should be capable of giving precise results on free chlorine determinations.

A series of experiments using the equipment previously described and using

the ferrous absorption method were made. When the gas flowmeter had been
properly calibrated and the reaction rates calculated, it was found that
results were very scattered. Therefore, a very thorough investigation of ana-
lytical methods was imperative. Using samples of 99.5 to 99.& pure chlorine
gas, runs were carried out in which the gas passed through dry glass tubes
only, and samples were taken in the usual manner. Several runs showed dif-
ferences as great as 10 percent in the amounts of chlorine measured at the
flowmeters, analyzed as free chlorine, and analyzed as chloride. When
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Fig. 11. Gas-Control Equipment Rack Used for Reactions
between Toluene and Chlorine.

samples were absorbed in potassium iodide and titrated with sodium thiosulfate,
a significantly different deviation from the flowmeter values was obtained.
When potassium hydroxide was employed as abosrbent, followed by hydrogen per-
oxide reduction of the hypochlorite formed, the chloride ion titrated in this
solution showed still a different deviation from the flowmeter value. A
satisfactory explanation for the failure of the ferrous sulfate method of
analysis has not been found, but it was abandoned in favor of a more precise
method.

Absorption of chlorine in alkaline sodium arsenite has been published
as an analytical method.le’%’57 By use of 0.2N sodium arsenite in 3N potas-
sium hydroxide, it was found that absorption of the exit gas stream was rapid
and complete. For analysis, an acidified aliquot portion was titrated with
ceric sulfate, giving free chlorine by difference. A second aliquot was
acidified and analyzed for chloride ion by the Volhard titration method. Thus,
free chlorine and total chloride can be determined from a single absorption
sample. The arsenite solution is sufficiently stable to eliminate the need
for an inert atmosphere and the use of carbon tetrachloride as an absorbent
is avoided. Agreement between free chlorine and chloride values is good,
with deviations of 1 percent or less. A somewhat larger discrepancy is noted
between the flowmeter values and the results of these analytical methods. A
small correction on calculated flowmeter values may be necessary.
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(¢c) Equipment Changes. Further refinements of technique for ki-
netic runs have involved certain modifications in equipment. A new all glass
reactor, illustrated in Figs. 12, 13, and 14, has been constructed. The
stream of chlorine gas is caused to bubble back and forth across a series of
five baffle plates. Above this is a space for foam separation. Further up
the tube is a series of baffles, placed so that the exiting gases follow a
spiral path throwing entrained spray against the outer walls of the tube.
The chief advantages of this design are larger contact time between the gas
and liquid phases, more efficient separation of entrained liquid, less open
space for gas above the liquid with resulting decreased lag in the time re-
quired for gases to return for analysis, complete separation of parts for
cleaning, and location of the thermocouple well in a position for most ac-
curate indication of temperature.

A steel Jjacket has been constructed to fit the new glass reactor
in order to provide for a very rapid linear flow of coolant along the walls
of the reactor tube. New larger diameter tubes have been installed in the
10-kilocurie-source room to permit the coolant circulation equipment to be
placed outside the source room without causing undue pressure drops in the
lead lines. This combination of improved cooling equipment should make tem-
perature control more precise and flexible.

In order to insure that the glass reaction vessel is always free
from contaminants which might catalyze or inhibit the reaction, special
cleaning procedures have been adopted and equipment constructed to facilitate
these procedures. After cleaning with solvents and drying, the reactor is
placed in a mixture of concentrated sulfuric acid and chromic acid for a
few hours. It is then rinsed in distilled water and placed in a steam clean-
ing tower. About one and one-fourth liters of water is vaporized and passed
through this tower so that all surfaces of the dissassembled reactor are thor-
oughly steamed. The parts of the reactor are then dried at 150°C in a special
oven wherein the glass parts rest on a plate glass shelf and do not come in
contact with any metal. When blown out with filtered air and cooled, the
reactor is then assembled for use and filled with reactant liquid. This
new equipment is now being used to study the kinetics of the chlorination
reactions.

E. DESIGN OF A PLANT FOR THE CHLORINATION OF BENZENE UNDER GAMMA RADIATION

Benzene and chlorine react under a variety of conditions to produce
either addition or substitution of chlorine to the benzene ring. In 1903,
Slator?® first showed that ultraviolet light selectively promotes the hexa-
chloro addition product of chlorine and benzene, 1,2,3,4,5,6-hexachlorocyclo-
hexane., Since 1903 the reaction has been studied under the influence of

26




1073
¥

5mm

OVERALL LENGTH 47 cm
OVERALL LENGTH 587 cm

U

THERMOCOUPLE
WELL TO TERMIN-
ATE 8cm FROM
BOTTOM OF OUTER|
TUBE

ENGINEERING RESEARCH INSTITUTE + UNIVERSITY OF MICHIGAN

12/5 ®

12/30' % 12/30 31

28 MM
6mm-e= =

OVERALL
LENGTH
45 cm

OVERALL LENGTH 49 cm

INLET TUBE TO
TERMINATE | cm

FROM BOTTOM OF l
OUTER TUBE %
LA |
2cm

N S

Fig. 12. Drawing of Glass Reactor Used in Determining
Reaction Rates between Toluene and Chlorine.
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Fig. 15. Glass Reactor Used for Fig. 1Lk. Glass Reactor,
Determining Reaction Rates between Dissassembled.
Toluene and Chlorine.

1 2,16,21

ultraviolet light,lo’lu’ge’25 alpha radiation,” and gamma radiation.
Studies using gamma radiation were made in this laboratory with cobalt-60.

The commercial importance of this addition product lies in the
insecticidal properties of the gamma isomer. These properties have been
described by Slade”™ and otl’1ers.9’lo’l

1. Laboratory Chlorination of Benzene in the Presence of Gamma Radiation

radiation has been described pre'v'iousl},f;?’]'6)21 In brief this procedure is
as follows:

A glass reactor containing benzene and carbon tetrachloride
was lowered into the cobalt-60 gamma source and purged of air with
nitrogen. A cooling medium was passed through an outer jacket of
the reactor. Chlorine was bubbled into the reaction mixture until
the first traces of HCl or Clp appeared in the off gas from the
reactor and then was regulated at a rate so that there was no HC1

or Clp in the off gas. The reaction was usually conducted until
all the benzene was consumed.

28
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It was reported2 that the temperature could not be controlled during
the reaction if pure benzene was used; therefore, carbon tetrachloride, an
inert in the reaction, was added to give greater reaction volume for closer
temperature control and also to act as a solvent for the solid reaction pro-
duct.

Part of the data taken nas been reported2’16’2l and this is further
supplemented by Table 7 and Fig. 15. Due to equipment breakage and recovery
problems, the solid product in some cases was not obtained. Rather than
discard these runs as useless, a weight percent completion of reaction has
been assumed. In those runs where an obvious excess of chlorine was added,
the average completion obtained was assumed; this was 95-percent completion
based on the benzene. In those runs where the reaction was stopped before
completion, the amount of chlorine added was recorded and 95 percent of the
benzene that would react with the chlorine stoichiometrically was calculated.
This amounted to 90 percent completion based on the total benzene concentra-
tion. The reaction velocity constant for the complete reaction was calculated.
This constant kty is due to the combined temperature and radiation effects.

A discussion of this combined constant is to be found in the theoretical
work by this laboratory in Progress Report 55, pages 36-L0. Figure 15 is a
plot of this constant versus the reciprocal of the absolute temperature at
a constant dose rate of 105 kilorep per hour. [Q] values have also been
calculated and are to be found in Table 7.

g. Rate 9£ Reaction for the Addition Product g£ Chlorine and Benzene

The original investigation of this laboratory was concerned with
the effect of gamma radiation on the yield of gamma isomer in the mixed
isomer reaction products and it was determined that there was no apparent
affect of gamma radiation on yield of gamma isomer. The rate of addition of
chlorine to the reaction mixture was not constant nor uniform, and no data
on the kinetics of the reaction based on chlorine concentration are avail-
able. This type of data is necessary to design a flow reactor for the
system.

In the literature, Noyes and Leighton in Photochemistry of Gases25
report the rate as approximately

ro= -%% _ w2 [cid [ceng

In Chemical Action of Ultraviolet Rays}o the rate is given as

2
ra (pClg)
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TABLE 7

TRRADIATION OF BENZENE AND CHLORINE BY COBALT-60 GAMMA
RADIATION AT A DOSE RATE OF 105 KILOREP PER HOUR

UNIVERSITY OF MICHIGAN

Average Weight Reaction

Run Volume Yield Reaction Reaction  Percent Velocity Constant,
Number C He, CeHpClg, Temp, Time, Completion K gm-moles

gm °R min on CgHg T (hr)(£t9)
129762 100
129765 100 49.6 498 35 15.2 82.6 47,100
129766 30  *93 520 Lo *%¥95 136.0 51,600
129767 30  *93 525 35 **95 155.5 59,000
129768 30 102.8 526 25 105 2k1.0 91,400
129774 30 Lo.0 L7k 33 40.8 T0. k4 26,800
129861 25 *52.6 528 15 **%90 205.0 76,000
129855 20  *62 528 1h *%95 258.5 91,500
129769 20  *48 520 2k *%%90 116.5 42,500
129770 20 63.6 528 20 97.3% 186.0 68,000
129771 10 32.0 528 25 98.0 Th. 7 26,100
129772 10 3.7 L83 53 97.2 34.8 12,200
129773 10 Lo.8 L77 L6 125 51.8 18,100

*Calculated values using assumed percent completion.

x* Weight percent completion on CEHE assumed by average of other runs where

excess chlorine was introduced.
*%

amounts of chlorine were added.

1/2
ral pCl2 p06H6
ra 1(1'6) .
22
Luther and Guldberg report
ro [Clé] ,

32

while Slator reports
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*
Weight percent completion on CgHg assumed on runs where stoichiometric
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and 106 molecules of reaction product per quantum of light, where

total pressure

partial pressure
ultravoilet intensity
temperature

rate

time

reaction velocity constant
concentration.
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5. Process Design Calculations for a Continuous Flow Reactor

For the purpose of this design calculation, it is necessary to
make several assumptions regarding the data available. Enumerated with
reasons for their selection, thece assumptions are:

(1) The reaction is first order with respect to the chlorine con-
centration. An excess of benzene is to be used and recycled
through the reactor. This excess will reduce the effect of
small benzene concentration on the reaction rate and also pro-
vide a medium to slurry out the solid product. This also
assumes a similar mechanism of reaction under gamma radiation
as under ultraviolet rays. Luther and Goldberg, quoted above,
give reaction as first order with respect to chlorine.

(2) The data obtained in this laboratory for different reaction
temperatures give the reaction velocity constant. The plant
is designed using the same radiation rate as was present in
the laboratory. Only temperature is to be extrapolated.

(3) Guntherlu and others’ report a yield of 42% gamma isomer in
the reaction of chlorine and benzene under ultraviolet light
rays on the addition of NaOH to the reaction mixture. An
addition of 2% NaOH in the mixture is assumed to give 32%
gamma isomer by weight.

(4) The same reaction mechanism holds for the case of a mixture
of liquid chlorine in benzene as for the case of bubbling
gaseous chlorine through benzene. This permits the use of
the reaction velocity constant of Table 7 and Fig. 15.

The same percentage completion on the chlorine will be held.
This allows use of these overall constants.

With these assumptions, the equation and material balance for the
reaction capable of producing 1000 1b of gamma isomer per day on 95 percent
completion of the chlorine are as follows:

Ceig + 3Clp + gamma radiation = CgHgClg

Basis: 1000 lb gamma isomer per day

Wt mixed isomers per day = l%gg = 3120 1b
8)
Wt benzene per day = Lélggliz__ -
(:95) (e91) - 021
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Wt chlorine per day = (0120) (71)(3) - 2410 1b
(.95)  (291)
Wt NaOH per day = (3290) (.02) = 65 1b.

If 100 percent excess benzene is used for the reasons in assump-
tion 1, then the weight entering the reactor is

(882)(2) + (2410) + (65) = L239 1b day or 177 lb/hr .

This corresponds to a feed rate of 2.38 ftB/hr at 85°F. The

equations for the rate of the reaction in the flow reactor (with the as-
sumptions noted) of volume Vg are

J[AVR

ro= ki, [_'012]
i \[ dNC1lp dNC1o

r k Clg

ancl,

kN012
where

F o= ftj/hr Feed Rate

Neils) = (1b-moles Clp) Chlorine Rate
: (br)

By selecting 85°F as the operating temperature, a liquid phase
reaction may be obtained at not too high a pressure. With the range of
data available, long range extrapolation of the data is not advisable due
to the possibility of error. Assuming that 95 percent of the chlorine is
reacted in a single pass through the reactor, the limits of integration
are

Inlet Clp (N012) _ 2o . 1y (lb-moles Clp)
(71)(2k) (br)
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(1b-moles Cly)
(hr)

Outlet Clp <N012> = (L.b1)(.05) = .07

The reaction velocity constant from Fig. 15 at 85°F is
(gm-moles)
(hr) (££2)

Converted to units of 1/(hr) this is

kyp = 4 (gm-moles) (£t7)  (1b-mole) T8 1b _ 1
T () (£63) (.88)(62.1)1b (15h)(gm-moles) (1b-mole)  (nr)

The volume of the reactor under these conditions is then by in-
tegration of the above expression

v = (2:38) pog l-gé - 5.1 cu ft.

Using a nominal three-inch OD high alloy stainless-steel or nickel
pipe for a reactor, approximately one hundred feet are necessary. This would
correspond to ten passes ten feet long in the field of gamma radiation.

The heat of reaction for this system calculated by an approximate
method?» 19 is 271,000 Btu/(1b mole) of benzene hexachloride. Thus,
(271,000) ((3120)/(24)(291)) = 121,000 Btu/hr must be removed from the reac-
tion mixture.

A five-inch OD steel pipe located concentric to the three-inch
reactor pipe would make an effective heat-transfer jacket. The cooling
medium would pass through the annuli between these pipes.

4. Description of the Proposed Plant Process

The flowsheet of the proposed process is to be found in Fig. 16.
The liquid benzene and chlorine pass from the storage to a mixer, and then
in the liquid phase at 15 atmospheres pressure through the nickel reactor
in the radiation chamber. A plan view of this chamber is to be found in
Fig. 17. Ten passes are necessary at the dose rate of 105 kilorep per hour.

From the reactor in the radiation cave the slurry of benzene
hexachloride in benzene passes through a chamber where the pressure is

3L
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CONDENSOR
BENZENE CHLORINE I
STORAGE STORAGE v
I e—
| —(@(——CH.DRINE
MIXER VAPORIZER
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|
L l
MAKE UP | COOLER
REFRIGERANT : i |
l il
SOURCE
[ REACTOR
REFRIGERATION N '
UNIT < Y| ____|
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% CONDENSOR
% l
' HOT WATER

BENZENE AND/OR STEAM
VAPORIZER
WATER WATER TO SEPARATION

Fig. 16. Flowsheet of Proposed Plant Process for the Addition of
Chlorine to Benzene under the Influence of Gamma Radiation.

reduced to 5 atmospheres. This will vaporize any remaining chlorine which
may then be compressed and recycled back into the system. The benzene hexa-
chloride stream from this chlorine vaporizer is pumped through a benzene
vaporizer where it is sprayed on hot water or into steam. The pressure is
reduced from 5 to 1 atmosphere. The excess benzene is vaporized and passed
through a condenser and then recycled at 15 atmospheres into the reactor.

The vaporizing benzene leaves behind the benzene hexachloride in
water which can be either dried or purified. The gamma isomer may be separated
from the mixed isomers and sold as pure Lindane or as dusting powder in the
unpurified form. This separation into the pure isomers is not of interest
in this plant design. Methods of analysis and separation are reported in
the literature.”»20
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Since the operating temperature was selected as 85°F for several
reasons listed above, it is necessary to use a system of refrigeration to
effect heat removal from the process. The cooling in the reactor, chlorine
condenser, and benzene cooler must be accomplished by this refrigeration.
This amounts to a removal of

Reactor 121,000 Btu/hr
Chlorine condensor (:07)(1b moles) (8800) Bta - 620 Btu/hr
hr 1b mole
Benzene cooler (1.05) (882) 1v (.46) Bt (70) °p - 1,250 Btu/hr
24 nr 1b °F

122,870 Btu/hr

or approximately 123,000 Btu/hr from the three sources. The benzene con-
denser may have water as the cooling medium as it involves heat transfer at
higher temperatures. At a higher operating temperature this refrigeration
unit could be replaced by water as the cooling medium.

2. Calculation of Gamma Radiation Source Strength and Shielding

Two possible arrangements of the reactor tubes in relation to the
source are considered. The gamma radiation source may be located inside the
reactor or concentric to an annular flow reactor, or the source may be a
finite rectangular plaque with the reactor located on either side.

This latter arrangement has been assumed for these calculations.
The reactor size has been calculated to be ten passes each ten feet long.
In order to utilize a rectangular radiation source most efficiently, the
arrangement of reactor tubes is as pictured in cutaway AA of the plan view
of Fig. 17. Five reactor tubes are placed on either side of the source with
the first row six inches from the source. The second row is placed on an
equilateral triangle pitch behind this first row.

Assuming a dose rate in the first row of tubes equal to that used
in the laboratory work and correcting for any absorbing media between the
source and this point the rate of gamma emmission on the surface of the source
may be calculated. Gomberg, et al. 5315 ana Brownell, et al.™ have done
this. Using the equatim developed by Lewis®l for the intensity of radiation
through an absorptionmedium which in turn utilizes the adsorption coefficients
(&) of Snyder and Powell,’” the strength of the source is then calculated
to be
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= Io e"Z/pr

(= i

2
cm em gm .
-2.5k _in.[( 08)S8 (1, O)_mB(e .25)in.+(.075)— (8 38)==(.47h)in

105:106 C m

Q

where

2
A _ cm _ cm
Boo and Cais = B g5 Hpeanam = 0T =%

105 = Ige-l.215

Io = (3.37)(105) K€0 = 354 krep

= radiation intensity,krep/hr
absorption coefficients, (cm?/gm)
= thickness absorber, (cm)

= density of absorber, (gm/cm?).

X RN H
M

The specific activity of the gamma radiation source is assumed to be 3.8}(105
(rep)/(h:r‘)(curie).5’]'5 A rectangular source plaque two feet by eight feet
is assumed for the commercial design as compared to 16 cm? used in the lab-
oratory experiment. Then the approximate total activity of the source
plaque is

_(_)_xkfep 1000 (rep 2(ft) 8(ft) mum(igf) 6.&5(0@2)

in.2)

= 86,500 curies

3.8 x 1000 (kreP)  (16)(cm?)
(hr)(curie)

The source-room size is selected and the concrete shielding
necessary to protect the human operators can be calculated. Assuming that
the dose rate in air varies immensely with the square of the distance from
the source, the dose rate at a distance of five feet from the source would
be

_ /1 2 rep
T - (gg) P00
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I = 985 I€R
hr

Assuming a .05 mr/hr to be a safe dose rate for the human operators,

I = 1, e#Hx
(.05) ™= - 985 rep x 1000 M o™ 2X
hr hr rep
where
M = 0.2 en™! for concrete
X = thickness of concrete in cm

o2 _ 985,000 _ 1 g7x107
.05

2x = 1n 1.97x100

« = L7.29%)(2.303) _ 8L em
(.2)

X

3% in.

Assuming .05 mr/hr to be a safe dosage for these calculations, based on narrow-
beam coefficients, a wall thickness of forty inches or three feet four inches
is selected. (Based on broad-beam coefficients and forty inches of concrete,
the radiation level is computed to be increased to about one mr/hr.) A well

of twelve feet of water will permit lowering the source to a sufficient depth
to provide adequate shielding. A plan view of the radiation chamber is shown
in Fig. 17. A cutaway perspective view of this chamber showing the reactor

in place is shown in Fig. 18. The reactor-end supports and the source elevator
have been omitted from the figure to clarify the picture.

é. Estimation of Cost for the Proposed Equipment and Radiation Chamber

An itemized cost summary of the proposed radiation chamber is
given in Table 8. The cost estimation for all equipment used in the process
of manufacturing benzene hexachloride by the proposed method utilizing gamma
radiation is to be found in Table 9. These estimates exclude the cost of the
radiation source itself or of the separation unit needed to purify and/or
separate the isomers.
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TABLE 8

COST ESTIMATES FOR RADIATION CHAMBER

Concrete for walls, roof, floor, and well 130 yd at $20.00/yd $ 2600
Reinforcing Loo
Excavation for footings and well 800
Forms for concrete 800
Labor 1800
Stainless-steel well 1500
Elevator for source 1500
Ion-exchange equipment 2000
Monitoring equipment 1800
Painting, wiring, plumbing, and ventilation for cave
including labor 3200
$16, 400
Miscellaneous contingencies (20%) 3300
Engineering (%) 800
Contractors fee (10%) 1600
Total $22,100
TABLE 9

COST ESTIMATES FOR EQUIPMENT EXCLUDING ISOMER SEPARATION

Nickel or stainless-steel reactor pipe and fittings into cave $ 900
Heat-exchange jacket Loo
Pumps and pipe from pumps 1900
Two-flash vaporizers 3000
Chlorine compressor and connections 8000
Heat exchanger for benzene 3000
Refrigeration unit 18000
Benzene and chlorine storage 4000
Total $39,200
Installation (30% of cost) 11800
Building for housing pumps, control equipment, etc. 9000
Total $60,000

b1




[. Comparison of Gamma Radiation Sources to Give Constant Source Strength

The source plaque as described in calculating the total gamma-radi-
ation strength could be one solid sheet of radiocactive material or it could
be composed of a number of individual sections. This would be essentially a
rack which held the source made of several sections. These sections could be
in the form of strips or cannisters and could be removed and/or replaced as
it became necessary. This replacement time would depend on the permissable
flux variation of the source and the half life of the material used for the
source. For the following calculations, it is assumed that a flux variation
of 20 percent will not affect the rate of reaction of benzene and chlorine
appreciably. The time (t) necessary for a radioactive material of original
intensity (I,) to decay to an intensity (I) is

where k is a constant of the material. Letting the material decay to half
its original value, then

- Do
>
t5_-l-ln2=—‘@
k K
or
-
t5

where t.5 is the defined half life of the material. Then for any other time
of decay
) <@) ¢
I = IO e t.5

Letting I = .80 I, then

_(-693
80 = e (t 5 ) *.80 >

L2
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or
(.69%)t
_—t—-'§9 - 1n'%o - 1n1.25 = .20%
.5
_ w225 _
b8 = oo ts = R

This equation is the relation of the time for any material of half-life t
to decay to 80 percent of its original value of intensity. Both t 80 and
t_5 must be in the same units.

Assuming a finite number of sections of the source, then at the
end of one .80—life, a quantity of gamma radiation equal to 20 percent of
the rated source strength must be added to the source. If this means re-
placement of any section of the source, then the strength of the replaced
section must also be present in the replacement section to keep the rated
radiation value constant.

For example, assume that the rectangular plague consists of twenty
individual sections. At the beginning of any .80-life period, the plaque
will be at the necessary rated strength calculated previously. The ratio
of the section strength to the rated section strength will be (.8)1, where
n is the number of .8-lives since the section was replaced. Assuming one
replacement per .8-life, the source will consist of twenty sections with
strengths

Section 1 2 3 L e e 19 20

1 (B (82 (8)) ... (88 (.8)Y7.
At the end of any .8-life each section will have decayed by a .8 amount and
the source will consist of twenty sections of strengths
Section 1 2 3 L Coe 19 20

19 20

(.8) C e (.8) (.8)".
This shows that the addition of one section of rated section strength must

replace a section of (.8)20 of rated section strength. The replacement
section strength S must then be equal to

L3
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[1.000 - (.8)20] s = (86,500)(.20) curies,

where 86,500 curies is the total rated source strength; then

[1.000 - .0115] s = 17,300 curies

s . 17,300 _ 17,500 curies

.988 gamma section

Table 10 is a comparison of four different gamma radiation sources
of known half life. Three gross fission products, six-months old, one-year
old, and two-years old, are compared with cesium-137. The approximate half
lives of the fission products were taken from the literature.”

TABLE 10

COMPARISON OF FOUR GAMMA RADIATION SOURCES
TO GIVE CONSTANT SOURCE STRENGTH FOR FIVE YEARS

Fission- ¥ Section Total ¥ Total Radiation
Product Half life t g yr XSections Replacements Sections Necessary for

Material t.5 yr to Start in 5 yr in 5 yr 5 yr, curies
Gross

6-mo old .20% .06k 5 78.1 83.1 1,455,000
Gross

1-yr old . 50% .097 > oL.5 56.5 990,000
Gross

2-yr old 1.10% .35k 5 k.1 19.1 33k4,000
Pure

Cs-137 33. 10.6 5 0 5 86,500

*Approximate half life for mixtures of elements of varying half life.
The calculations for the six-month-old fission-product material
are illustrated here., The others follow similarly.
tg = 222t 5 = (.522)(.20) year
t g = .06k year

LL
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The number of gamma radiation sections to start is five. The number of gamma
replacements in five years is

Replacements = 5.00 _ 5.00
t 8o .064
= 78.1

Then the total gamma sections necessary for five-years operation are

Starting sections + Replacement sections = Total sections

Total sections = 5 + 78.1 = 83.1

Then the total rated radiation in curies necessary for five years operation
is

(Total sections) curies \> = Total radiation
gamma section

Total radiation = (83.1)(17,500) = 1,455,000 curies .

In the case of cesium-137 it is seen that the half life is long
enough that no replacement sections are needed. The original five sections
have not decayed to the permissable .80 level of radiation.

§. Cost Comparison of Benzene Hexachloride from Four Gamma Radiation
Sources and from Present-Day Process

Little is known about the cost of either gross or concentrated
fission products. There are some figures available for pure radioactive
isotopes forspecific purposes. A range of values expressed in dollars per
curie is assumed in Table 11 for the four gamma radiation sources considered.
The range is wide enough to take into consideration use of the fission prod-
uct at the nuclear reactor site where no shipping is necessary and large
quantities of hot fission products are presently in storage. These costs
have been assumed on the basis of approximate equal cost per unit of energy
of radiation delivered. Since the energy, E, delivered by a source is

b5
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TABLE 11

COMPARISON OF TOTAL PLANT COST FOR FOUR
GAMMA RADTATION SOURCES

Fission- Range of Estimated
Product Cost for Radiationm, Total Radiation Total Plant
Material Dollars per Curie Cost, Dollars Cost, Dollars

Low High Low High Low High
Gross
6-mo old  .0005 .05 728 72,800 82,900 154,900
Gross
l-yr old .00l .05 990 49,500 83,100 131,600
Gross
2-yr old .02 .25 6,680 83,500 88,800 165,600
Pure
Cs-137 .50 5.00 43,250 432,500 125,400 514,600

t
-\t -\t
E = / I, e = Iy (L"),

0

it follows that the energy varies inversely as A\ for large values of t.
Since N is the reciprocal of the half life, it follows that the energy de-
livered varies directly as the half life. Thus, a source with three times
the half life of another can deliver three times as much radiation energy
and is assumed to cost about three times as much.

The cost of long half-life sources is estimated to include packag-

ing, shipping, and installation in a plant at some distance from where the
source 1s prepared. The cost of very short half-life sources would be ex-
cessively high because of the large shipping cost. Therefore, it is assumed
that the short half-life sources are to be used in the vicinity where they
are produced. In this way it 1s believed that the cost per curie of the
short half-life material (which might even be spent fuel elements) although
low, is not unrealistic.

Table 11 is a comparison of the total plant cost including the

radiation source for the radiation sources considered. The values and the
method of calculation are presented for six-month-old fission-product material
for the low cost estimated for the radiation.

L6
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(No. curies)(cost/curie) = Total cost for radiation
(1,455,000 curies)(.0005 $/curie) = $728

The total radiation cost plus the cost for equipment and for the radiation
cave found in Tables 8 and 9 is the total plant cost.

Total cost for radiation = $ 728
Cost for radiation chamber = 22,100
Cost for equipment = 60,000

$82,828 or $82,900

Table 12 is self explanatory. Carrying through the calculations for the
low range value of six-month-old fission products and the annual cost of
the proposed plant, amortizing the plant investment over a period of five
years, and assuming 10 percent interest on the total plant, the investment
amounts to

Annual plant cost, 82,900/5 $16,560
Interest, (.10)(82,900) 8,290
Working Capital 20,000
Operation and maintanence 50,000

Total Annual cost of plant operation = $7A,850 per year

Assuming operation and production during 290 days of the year, the daily
cost of the operating plant would be

$74,850
2 = 258 per day.
590 $258 p y
The cost of raw material 157’8’26
Benzene at $.42 per gal = $50.50
Chlorine at $3.50 per 100 1b = 8L4.50

or a total operating cost of $393 per day.

The cost of producing 3120 1lb of mixed isomer is then

$395 per day
3120 1b per day

= $.126 per 1b mixed isomers.

LT



ENGINEERING RESEARCH INSTITUTE

TABLE 12

UNIVERSITY OF MICHIGAN

COMPARISON OF TOTAL PRODUCTION PRICE OF THE GAMMA ISOMER OF

BENZENE HEXACHLORIDE PRODUCED FROM FOUR GAMMA RADIATION SOURCES

Fission-Product Gross Gross Gross Pure
Material, 6-mo old 1-yr old 2-yr old Cs-137
Dollars Low High Low High  Low High Low High

Annual plant cost 16,560 31,000 16,610 26,300 17,720 33,100 25,100 103,000

on 5-yr amortization

Annual interest to 8,290
stockholders, 10%
on total plant cost

Working capital 20,000

Operation and 50,000
maintenance of plant

Total annual cost, 74,850
excluding raw materials

Daily cost assuming 258
290 operating days
per year

Total daily operat- 393
ing cost, including
raw materials

$/( Yunit)(1v .00393
isomers) on 32% §

isomer yield

$/( Y unit)(1b .0063
isomers), assuming
20% ¢ isomer yield

15,49

20,00

50,00

0

8,310 13,600

0 20,000 20,000

0 50,000 30,000

96,490
333 258
468 393
.00468
.0075 .0063

74,920 89,900

310

e

.00393 .004k45

L0071k

8,880

20,000

30,000

76,600

264

399

.00399

.006k4

16,560

12,500 51,460

20,000 20,000 20,000

30,000

99,660

3LL

k79

.00kL79

.00768

50,000 30,000

87,600 204,460

302

k37

705

8Lo

.00437 .00840

.0070

.013L5
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Defining the gamma unit as percent of gamma isomer per pound of
mixed isomers, the cost per gamma unit assuming 52% gamma isomer produced is

.126 _ $OO§9§ per gamma unit per pound.

32

If the recovery was only 20 percent gamma isomer in the reaction of mixed
isomers, as is true in many commercial ultraviolet units today, the produc-
tion price for the same production of mixed isomers would be

2126 $.0063 per gamma unit per pound .

20

Benzene hexachloride is being sold at present market conditions8:26
at $.009 to $.015 per gamma unit per pound in concentrations of 12 to 1i%
gamma isomer per pound. Using this lower figure for comparison, a savings
of 50 to 225 percent can be realized by producing benzene hexachloride by
gamma radiation activation as against conventional ultraviolet light activa-
tion. This is true for the whole range of costs of all the gross mixed
fission products. Only the highest value estimated for cesium-137 falls
above $.009 per gamma unit per pound. This is, however, in the range of
the price being asked today.

The separation cost of the isomers would be comparable to that
method used today and has not been calculated. These calculations, however,
reveal a more efficient means of obtaining the crude isomer mixture.

9. Conclusions and Summary

Several important improvements in existing plant operations have
been overlooked in presenting this economic study. Some of the more impor-
tant improvements present in this proposed plant design are

(1) Elimination of necessarily small costly equipment due to the necessity
for ultraviolet radiation penetration. Gamma radiation will penetrate
to the very center of the reaction mixture due to its very nature and
wavelength.

(2) Elimination of glass or quartz equipment necessary to transmit ultra-
violet radiation. Steel equipment may be used with gamma radiation.

(3) Availability of higher temperatures and pressures in carrying out the
reaction for the reason listed in (2).

L9
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The full capabilities in the use of gamma radiation have not been fully
realized in this study due to the nature of the data used. There are
several important regions where the use of gamma radiation could be

investigated more fully. Enumerated they are:

(a)

Higher rates of radiation should be investigated. The data
presented are for a constant rate of radiation. The possibility
of utilizing larger radiation sources to give larger radiation
fluxes and increased rate of reaction should be studied.

Running a larger chlorine recycle stream and/or running to a less
complete reaction based on the chlorine would undoubtedly increase
the overall rate of reaction. The rate of reaction is faster at
higher concentrations of chlorine and running to 95 percent com-
pletion on the chlorine decreases the overall rate of reactiom.

Running at even higher pressure than presented here would allow
running a higher temperature with the chlorine still in the liquid
phase. The data available, although dependable and consistent,
cover too small a temperature range to allow long extrapolation.
At a higher temperature the reaction rate would be greater.

For simplicity of design only one effective absorbing bank of
tubes has been used (see Fig. 3, Sec. AA). Other rows of tubes
could be placed behind the tubes shown to absorb radiation not
used in this design. Brownell, et al.5’u show an increase in
efficiency of 500 percent in using a multipass package plant as
against a single pass dead carcass plant for irradiation of meat.
By increasing the capacity of the plant and putting more reactor
bundles in the radiation chamber, the cost of crude benzene hexa-
chloride would be reduced. Only equipment costs would increase
in the cost estimate. The major expense of the radiation source
would be the same.

An annular reactor could be used with the source of gamma radiation
in the center. This would presumably utilize a higher percentage
of the radiation emitted and decrease the rated strength necessary
in the source.

The plant cost was written off in five years, but it must be realized
that in all cases there is gamma activity left at the end of five
years. Less than 10 percent of the radiation of Cs-137 has been

used at the end of this five-year write-off period.

For these reasons it is thought that the value of gamma radiation

on the reaction has been underestimated. A more complete investigation would
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undoubtedly show a greater difference in the cost of benzene hexachloride as
it is produced today by ultraviolet radiation and benzene hexachloride pro-
duced utilizing gamma radiation as presented here.

F. WORK CONTEMPLATED FOR THE NEAR FUTURE

Present plans are to make a few more runs on the polymerization of
ethylene with gamma radiation to supplement the data already taken. Follow-
ing that it is probable that no more experimental work will be undertaken on
this reaction. However, a preliminary plant design, such as has been given
for the chlorination of benzene, will probably be made to obtain an estimate
of the cost of polyethylene produced by gamma radiation for purposes of com-
parison with the cost of polyethylene produced by the conventional high pres-
sure process employed industrially today.

A few additional mins will be made on the rate of reaction of chlorine
with toluene under gamma radiation utilizing the best technique for analysis
of the off-gases of chlorine and hydrogen chloride. The proof that the ad-
dition compound is the principal product is now complete.

Chlorination of other compounds mentioned in previous reports will
probably receive very high priority in the experimental work. The aromatics
closely related to benzene and toluene, such as ethyl benzene, the xylenes,
and naphthalene, will be chlorinated to determine whether gamma radiation
favors the addition of chlorine to the double bonds. It is also expected to
chlorinate some simple aliphatic alcohols, aldehydes, and acids. Some pre-
liminary work along this line has shown that under gamma radiation chlorine
probably converts a hydrated aldehydic group to an acidic group, a reaction
which apparently does not occur when ultraviolet light is employed.

Some other high pressure polymerizations are scheduled to be tried
soon. Also it is hoped to carry out a copolymerization under gamma radiation,
with the combination of butadiene and styrene at low temperatures; this re-
action will probably be tried first.

o]
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PART III. SUBPROJECT M943-5,
GAMMA TRRADIATION OF FOOD

A. ORGANOLEPTIC STUDIES

Personnel:

Subproject Supervisor: L. E. Brownell, Professor of Chemical Engineering
and Supervisor of Fission Products Laboratory

Advisor: L. L. Kempe, Assistant Professor of Bacteriology and Assistant
Professor of Chemical Engineering

Research Associates: §S. Pedersen, Biochemist; H.O. France, Biochemist; J. V.
Nehemias, Biophysicist, Health Physicist, and Assistant Supervisor of Fission
Products Laboratory

Research Assistants: Miss H. A. Harlin, Food Chemist; R. C. Dennis, Statis-
tician

1. INTRODUCTION

The problem of flavor in irradiated food was reviewed in Progress
Report 6; also the design of experiments for flavor evaluation and the use
of statistics in experimental flavor studies were described. 1In all tests
either the '"triangle" or "incomplete block ranking" procedure was used to
evaluate taste panel results. Studies reported on fresh fruits included the
use of "pasteurization" and "sterilization" doses of gamma radiation on dark
sweet cherries, fresh peaches, plums, cantaloupe, apples, applesauce, and
navel oranges. Brief studies of gamma-ray treatment of canned pork and canned
beef were also reported. Studies of the refrigerator shelf-life of gamma-
ray pasteurized raw ground pork, raw ground beef, chicken legs and changes
in flavor during storage were made using the taste panel and the results
have been described in Progress Report 6.
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A continuation of the studies on ground raw pork and beef and navel
oranges using incomplete block ranking tests to evaluate taste panel results
are described in this report (Progress Report 7). Other experiments reported
here include the use of low-dosage gamma irradiation to prevent sprouting of
potatoes and onions with subsequent storage at 50°F and approximately 50 percent
relative humidity. Packaging materials used for storage studies in these
experiments were polyethylene, Kraft paper bags, burlap bags, and mesh bags.
Taste panels were conducted periodically throughout the storage period. The
shelf-life of gamma-ray pasteurized fresh asparagus, coleslaw, endive, and
cabbage were observed and flavor chenges recorded. Baking characteristics,
eating qualities, and flavor changes of irradiated cake, all-purpose, and
bread flour were observed when the flour was incorporated in cake, baking
powder biscuits, and other bread formulas.

g. RESULTS QE THE TASTE PANEL EXPERIMENTS
a. Tests with Meat

(E) Ground Raw Pork: Ranking EZ Means of Paired Comparisons. In
Progress Report 6 limited test results reported indicated that ground raw
pork given a gamma-ray "pasteurization" dose between 60,000 and 80,000 rep
would have a refrigerator (4O°F) storage life of 10 days and possibly longer.
Since the experimental material was exhausted after 10 days in the first
study, a continuation of the storage life of gamma-ray pasteurized ground
pork was observed in the experiment reported here.

Relatively lean ground loin of pork of the same quality as used
in the previous experiments was obtained from the butcher shop of Food
Service, University of Michigan. The meat was divided into four portions.
One portion was stored in the frozen state (—15°F) to be used as a control.
The other three portions were placed in closed glass containers and given
the following dosages of irradiation: 50,000, 70,000, and 100,000 rep.
Immediately after irradiation these samples were placed in the refrigerator for
storage.

Taste panels were held after 9, 12, and 13 days of refrigerator
storage. The meat was prepared following the same procedure as used in the
experiments reported in Progress Report 6. Table 13 shows the statistical
analysis of this extended shelf-life storage experiment of ground raw pork.

After 9 days storage at LO°F it was found that the sample given
100,000 rep had a slight off-flavor which some judges thought was rancidity;
not characteristic of the "irradiation flavor" of irradiated lean meat. The
samples given 50,000 and 70,000 rep were still acceptable to the taste panel
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TABLE 13

RANKING OF PORK BY MEANS OF PAIRED COMPARISONS

Dose and Total Scores

Storage
Sitting Time, for Each DoseX Pxx Significant
No. days 0 5xlOu 7xlOu lxlO5 Difference ?
1 9 ol 25 19 22 .27 No
2 9 25 2L 25 3L .01 Yes
.30 .36 .30 .0k
3 12 17 22 26 25 .02 Yes
.68 17 .07 .08
N 12 25 26 27 30 .58 No
5 15 21 32 25 30 - Yes
.61 .06 .25 .09
6 1% 25 21 26 36 - Yes
.22 .60 .18 -

*
Where significant differences exist estimates of the preference ratings
are displayed below the total scores.

*%
- indicates less than 0.01.

at this time. After 12 days of storage the samples given 100,000 rep were
definitely rancid and those given 50,000 and 70,000 rep had a very bad
odor which did not disappear on cooking. The odors were considered to be
more obJjectionable than the flavors. After 13 days of storage a greater
preference for the control meat was shown. Based on these tests the maxi-
mum refrigerator storage life of raw ground pork given a radiation dose

of between 60,000 and 80,000 rep is considered to be about 10 days.
Greater radiation dosages probably cannot be used to further extend the
refrigerator storage life of raw ground pork because of development of
rancidity in the fats on storage.

(g) Ground Raw Beef: Ranking by Means of Paired Comparisons.
Since 1t was found impossible to obtain beef of known age and without
exposure to ultraviolet light from the Food Service of the University of
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Michigan, it was decided to try obtaining beef directly from a small, local
slaughterhouse. However, this decision resulted in some complications. After
the first taste panel test it was the opinion of the judges that the beef was
of poor quality and evidently obtained from an old animal as the meat was
tough, contained much gristle, and had a poor flavor. Also, all the meat was
observed to have a smoky odor and flavor. On checking with the slaughterhouse,
it was discovered that after grinding the meat had been stored overnight in
the same cold room with other meat. After the meat had been stored for 5

days in the refrigerator it was noticed that the beef lost some of this smoky
odor and taste and tasted more like typical hamburger. The meat was ground
round containing two ounces of fat per pound. As soon as this meat was ob-
tained from the local slaughterhouse, it was divided into five portions. Two
portions were set aside as controls; one of which was stored in the frozen
condition for use after spoilage of the other control which was stored in the
refrigerator (4LO°F). The three remaining portions of ground beef were given
50,000, 80,000, and 110,000 rep of gamma radiation, respectively. Enough
beef was ordered for observation through 14 days of storage.

The results of this storage experiment are shown in Table 1k. The
control samples used for the taste panels held after 4 days of storage were
those stored in the refrigerator and as these controls had spoiled at this
time a preference was shown for the irradiated samples. The frozen control
samples were used for the taste panels held after 5-days storage. At this
time the irradiated beef given 80,000 and 110,000 rep seemed to have a slightly
better flavor than the nonirradiated beef, but no preference was shown for the
meat given 50,000 rep over the nonirradiated samples. After T and 8 days of
storage the irradiated beef was still in very good condition, although the
sample given 50,000 rep was not as well liked by the taste panel as the con-
trol. The last taste panel tests were held after 11 days of storage. At
this time the Jjudges were not able to make a preference, because neither the
controls nor the irradiated samples had a good flavor. The smoky odor and
flavor that was in the beef from the beginning of the experiment made it very
difficult for the Jjudges to make a decision as to the odor and flavor changes
that had taken place in the beef in storage. These tests indicate that gamma-
ray pasteurized raw ground beef can be stored at 4O°F for 8 days without spoil-
age and very possibly for 10 days without noticeable flavor and odor changes.
The color changes observed in the irradiated raw ground beef samples through-
out the storage period were similar to those reported in Progress Report 6.
Again, the stored beef given 1.1x102 rep retained more of its original red
color than the other two portions given 5xlOLL and 8xlou rep.

More tests should be performed on gamma-ray pasteurized beef and
arrangements should be made with a reliable meat packing house in order to
obtain beef of prime quality.
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TABLE 1k

RANKING OF BEEF BY MEANS OF PAIRED COMPARISONS

Storage Dose and Total Scores
Sitting  Time, for Each Dose* P*¥*  Significant
No. days 0 5x10% 8x1oM 1.1x102 Difference ?
1 1 25 21 22 22 .69 No
2 1 2L 52 28 2L .06 ?
3 L 30 20 2l 19 - Yes
- 32 .25 L3
L L 29 30 26 23 .19 No
XXKS 5 25 23 22 20 49 No
6 5 29 29 28 22 L1k No
7 7 22 30 30 26 .06 ?
8 7 28 32 2k 2k .06 ?
9 8 23 26 19 22 .20 No
10 8 22 2k 23 21 .89 No
*

Where significant differences exist estimates of the preference ratings

are displayed below the total scores.

*¥
- indicates less than 0.0L.

*H*
At this point fresh frozen control was substituted for the refrigerated
control which was definitely spoiled.

b. Tests with Fresh Fruits

(1) Navel Oranges: Ranking by Means of Paired Comparisons. As
mentioned in Progress Report 6, bitterness is produced in the juice ex-
tracted from early season navel oranges of root stock susceptible to bitter-
ness if the juice is allowed to stand for about 1 hour. Juice from similar
midseason fruit may require storage overnight before bitterness is detectable.
Since the Jjuice was not allowed to stand before being used in the previous
taste panel experiments described in Progress Report 6, additional explor-
atory tests were made.

Whole oranges (Sunkist, Navel 150's) were given the following doses
of ilrradiation: BXIOA, 6x10*, and 1.0x102 rep. Immediately after irradiation
the oranges were squeezed by hand using a Foley juicer. The juice from seven
oranges was well mixed for each sample and two samples were used for each
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dose and for the nonirradiated samples. All samples of Jjuice were then per-
mitted to stand overnight at LO°F.

Two taste panels were held the folloying day. It was found that the
juice from oranges given the lowest dose, 3x10% rep, was less bitter than the
juice from the nonirradiated oranges. The Jjuice from oranges given 6xlOM and
l.OXlO5 rep was more bitter than the juice from the nonirradiated oranges.
Also the julce from oranges given the two highest doses had a typical irradia-
tion odor which was described as an unpleasant cabbage-like taste and odor.
Results of this test are shown in Table 15.

TABLE 15

RANKING OF ORANGES BY MEANS OF PAIRED COMPARISONS

First Test
Storage Dose and Total Scores
Sitting  Time, for Each Dose¥ P**  Significant
No. days 0 5xlou 6x10u lxlO5 Difference ?
1 1 25 27 25 31 .29 No
2 1 21 23 32 32 - Yes
.58 3k .0k .0k

*
Where significant differences exist estimates of the preference ratings are

displayed below the total scores.

¥
- indicates less than 0.0l.

More Navel Sunkist 150's were obtained for a second experiment. The
Juice from nine oranges was extracted for each sample and again two samples
were used for each treatment and for nonirradiated samples. The samples of
Jjuice were held in sealed Mason Jjars and were given the following doses of
irradiation: 3X10u, 6xlOu, and 1.0x107 rep. Again, all samples were stored
overnight followed by two taste panel tests the next day. Table 16 gives
the statistical analysis of the taste panel results. It was the opinion of
the Jjudges that there was no preference for either the irradiated or non-
irradiated juice as both were acid and bitter.

Although the tests on the navel oranges and juice are inconclusive,
the limited data indicate that a dose of irradiation of about 30,000 rep ap-
plied to whole oranges may ald in preventing the development of bitterness
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TABLE 16
RANKING OF ORANGES BY MEANS OF PAIRED COMPARTISONS

Second Test

Storage Dose and Total Scores
Sitting  Time, forhEaCh Dose P Significant
No. days 0 3x10 6x10k 1x10° Difference ?
1 1 25 20 22 23 Rite No
2 1 26 28 23 31 .15 No

on standing; whereas the irradiation of the juice rather than the whole
orange indicated no improvement. The tests on whole oranges should be
repeated and expanded to fully evaluate the possible merit of such an ap-
plication of gamma radiation.

c. Tests with Vegetables

(1) Potatoes: Ranking by Means of Paired Comparisons. A. H.
Sparrow and E. Christensent found that low doses of gamma radiation will
keep potatoes from sprouting over a 1l0-month storage period. At 10 months
they reported that the nonirradiated potatoes were essentially spoiled,
whereas those that had been exposed to 20,000 rep were still Grade A potatoes.
Potatoes given 50,000 and 80,000 rep were Grade B potatoes when 10 months
0ld. Taste tests showed acceptable flavor in all but the sprouted or non-
irradiated potatoes. As the results on flavor reported by these authors
were limited, long term storage experiments are being conducted at Michigan
with enough potatoes to conduct four taste panel tests each month. In the
first potato test begun on January 12, 195h, winter Minnesota-grown Irish-
cobbler type potatoes were obtained from Food Service and were given the
following doses of gamma radiation: 0, 7,000, 21,000, and 28,000 rep.
Immediately after irradiation, the irradiated and nonirradiated potatoes
were packed in perforated, unsealed, polyethylene bags; then placed in the
Food Service cold room held at 50°F and approximataly 50 percent relative
humidity.

Four taste panel tests were held directly after irradiation to
detect flavor differences, if any, in freshly irradiated potatoes. For each
panel test six potatoes of each treatment were boiled in their jackets until
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tender. After cooking the potatoes were peeled and mashed. Milk, butter,
and salt were added and the potatoes were whipped. The judges showed no pre-
ference for either the irradiated or nonirradiated potatoes. These Minnesota
potatoes obtained from Food Service were not considered to be of the best
quality. It was the general opinion of the judges that the irradiated po-
tatoes, particularly those given 21,000 and 28,000 rep had a sweeter flavor
than the controls. To a few judges the irradiated potatoes had a very slight
burned taste with a faint similarity to the flavor of American fried potatoes.

After 3 weeks storage the control potatoes started to sprout as shown
in Fig. 19; Fig. 20 shows 2—1/2 months storage. The irradiated potatoes were
all in excellent conditions, but the controls had sprouted extensively and
were soft and withered. After cooking and mashing it was noticed that the
mashed controls contained many small lumps. The results of the taste panel
tests given in Table 17 indicate that no preference was shown between the
nonirradiated and irradiated potatoes after 2, 3, and 4-1/2 months of storage.
Some judges observed the stored controls to be slightly sweeter than the
stored irradiated potatoes; the converse of the results on freshly irradiated
potatoes.

NONIRRADIATED 7000 REP 7000 REP

21,000 REP 15,500 REP 21,000 REP 28,000 REP

Fig. 19. Minnesota Potatoes Stored Fig. 20. Minnesota Potatoes Stored
5 Weeks after Irradiation. Control for 2-1/2 Months after Irradiation.
Potatoes (Upper Left) Have Begun to
Sprout.
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TABLE 17

RANKING OF POTATOES BY MEANS OF PAIRED COMPARISONS

Storage Dose and Total Scores
Sitting Time, for Each Dose* P  Significant
No. months 0 %103 2.1xlo%  2.8x10% Difference ?
1 0 19 22 14 17 .0k Yes
.12 ol .61 .22
2 0 28 ol 28 28 .61 No
3 0 26 32 25 25 1k No
L 0 25 26 31 26 .33 No
5 1 21 19 27 23 .07 No
6 1 22 2L 23 21 .89 No
7 1 2k 26 32 26 .12 No
8 1 2% 27 27 31 .15 No
9 2 26 20 23 21 27 No
10 2 25 29 25 29 45 No
11 2 28 21 28 31 .03 Yes
.15 .62 .15 .08
12 2 25 30 25 28 Lo No
13 3 27 20 20 23 .09 No
1h 3 29 26 29 2L Uk No
15 3 28 26 26 28 .91 No
16 3 2k 26 30 28 3T No
17 4.5 28 29 26 25 .70 No
18 4.5 26 ok 28 30 3T No
19 4.5 29 25 26 28 .70 No
20 4.5 31 26 27 2k 2L No

*

Where significant differences exist estimates of the preference ratings are

displayed below the total scores.

hearts.

Potatoes stored 4-1/2 months are shown in Fig. 21.

come sour and spoiled.

as a result of excessive spoilage and sprouting.

At this time
the nonirradiated potatoes were sprouted to such an extent that little pulp
was left in the potato and most potatoes of this group had developed black
Some Jjudges reported that the nonirradiated potato flavor had be-
It was not possible to continue the original experi-
ment after 5-1/2 months since an insufficient quantity of controls were left

A few of the potatoes

given 7000 rep had started to sprout after h-l/2 months and those given
28,000 rep had a mottled appearance, but the potatoes given 21,000 rep were
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in excellent condition. The condition
of the irradiated potatoes will be ob-
served until further changes are noticed.

On May 12, 400 pounds of
Idaho-grown Burbank russet potatoes were
obtained for storage at 50°F and approx-
imately 50 percent relative humidity.
One hundred pounds each were exposed to
0, T000, 21,000, and 28,000 rep of
gamma radiation and then stored in the
burlap bags in which they were received.
After % weeks it was noticed that the
nonirradiated potatoes had started to
Fig. 21. Minnesota Potatoes Stored sprout as shown in the upper left of

for 4-1/2 Months after Irradiation. Fig. 22. Figure 23 shows the potatoes
after 7 weeks. Sprouting of the
controls was very irregular which led to the belief that these potatoes may
have received a chemical pretreatment. Unfortunately, the history of these
potatoes prior to May, l95h, was not known.

21,000 REP 28,000 REP

7000 REP NORIRRADIATED

7000 REP 21,000 REP 28,000 REP

28,000 REP

‘« 21,000 REP

Fig. 22. TIdaho Potatoes Stored for Fig. 23. 1Idaho Potatoes Stored for
% Weeks after Irradiation. Non- T Weeks after Irradiation.
irradiated Potatoes (Upper Left)

Have Begun to Sprout.
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(g) Onions: Ranking Ez Means g£ Paired Comparisons. Personnel of
Brookhaven National Laboratory did not report experiments with irradiated
onions and since onions are also a root vegetable susceptible to sprouting,
some experiments were made in which onions were given the same low doses of
gamma radiation as were given to the potatoes. Spanish onions were divided
into four lots; exposed to 0, 7000, 21,000, and 28,000 rep; and packed in
perforated, unsealed, polyethylene bags. The onions were stored in the same
cold room in the Food Service building as were the potatoes at a temperature
of 50°F and approximately 50 percent relative humidity.

Four taste panels were held immediately after irradiation. Since
onions are served in a variety of ways, there was a question as to which
method would be the best for the detection of flavor differences due to ir-
radiation. It is difficult to fry onions to an even degree of brownness
and fried onions are not too palatable when lukewarm as the fat solidifies.
Raw onions were extremely strong in flavor and taste fatigue developed soon
after tasting one or two samples. Boiling and seasoning with salt and butter
was found to be the best method of preparation. Taste panel results are
shown in Table 18.

TABLE 18

RANKING OF ONIONS BY MEANS OF PAIRED COMPARISONS

Storage Dose and Total Scores
Sitting Time, for Each Dose P Significant
No. months 0 T7x102 2.1x10" 2.8x10" Difference ?
1 0 23 26 32 27 .07 No
2 0 23 27 31 27 .15 No
3 0 26 30 2l 28 37 No
L 0 26 21 24 19 L1k No
5 0 28 29 26 25 .70 No

No significant difference in preference was shown between the ir-
radiated and nonirradiated onions immediately after irradiation. Irradiated
onions lose some of their sharpness and are slightly sweeter. Even though
it was not necessary to cook the irradiated onions as long as the controls
for the same degree of tenderness, the texture of the irradiated onions is
much softer. Judges who disliked irradiated onions did so because of loss of
crispness, not because of the blander flavor.
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After 1-1/2 and 2-1/2 months storage there was still no significant
difference in flavor between the irradiated and nonirradiated onions as shown
in Table 19. After 5-1/2 months storage there seemed to be a slight pre-
ference for the nonirradiated onions. Some of the nonirradiated onions did
sprout as shown in Figs. 24k and 25. However, both the nonirradiated and
irradiated onions were very susceptible to mold and after 2 months storage
many of the onions had to be discarded since they would have been unedible.
Although the polyethylene bags were perforated and unsealed, evidently the
material was too effective as a moisture barrier for the storage of onions
as onions require quite dry storage. It is believed that the extensive mold
growth accounted for the poor flavor of all the onions after 3-1/2 months
storage, therefore this experiment was discontinued.

TABLE 19

RANKING OF ONIONS BY MEANS OF PAIRED COMPARISONS

Dose and Total Scores

Storage
Sitting Time, for Each Dose* P Significant
No.  months O 7x103 2.1x.0" 2 .8x10k Difference ?
1 1 2L 27 33 2L .02 Yes
37 .21 .06 BT
2 1 28 26 26 28 .91 No
3 1 15 19 18 20 T No
L 1 28 oL 27 29 .58 No
5 2.5 29 2% 28 28 .33 No
6 2.5 30 27 26 25 .59 No
7 2.5 18 24 23 25 .12 No
8 2.5 27 25 30 26 .58 No
9 3 21l 23 22 oL .88 No
10 3 25 29 25 29 45 No
11 3 17 18 18 19 .99 No
12 3 20 25 2L 21 A1 No

*
Where significant differences exist estimates of the preference ratings are
displayed below the total scores.

Another storage experiment was asttempted with small pearl onions
(boiling onions). These onions are particularly susceptible to sprouting.
Onions were divided into four lots and were exposed to O, 7000, 21,000, and
28,000 rep of gamma radiation. The onions were packaged in medium size
brown paper bags and taken to the cold room at Food Service for storage at
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7000 REP

28,000 REP W

71,000 REP "

Fig. 24. Spanish Onions Stored for
2—1/2 Months after Irradiation.

irradiated onions.
of each dose had started to sprout.

50°F and approximately 50 percent relative humidity.
found that some of the irradiated onions sprouted more quickly than the non-
After 2 months of storage, twice as many irradiated onions
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e

-
1000 REP

4
:

21,000 RE 28,000 REP

Fig. 25. Spanish Onions Stored for
3-1/2 Months after Irradiation.

Unexpectedly it was

However, the early sprouts on the ir-

radiated onions did not continue to grow.

Figure 26 shows the pearls after

3 months storage.

To investigate further the
effects of gamma radiation on onions,
LOO pounds of yellow dry onions were
obtained during the month of May for
storage studies. The onions were ir-
radiated and stored in the open mesh
bags in which they were received.

The onions were divided into four lots,
then exposed to 0, 7000, 21,000, and
42,000 rep of gamma radiation. Im-
mediately after irradiation the onions
were moved to the cold room of Food
Service for storage at 50°F and ap-
proximately 50 percent relative humid-
ity. After 1—1/2 months storage,
there was no noticeable change in the
appearance of these onions. The
changes in these onions will be ob-
served regularly throughout the storage period.

Fig. 26.
3 Months after Irradiation.

Pearl Onions Stored for
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(2) Coleslaw: Ranking by Means of Paired Comparisons. Mr. William
Kuhn of the Aunt Mid Company of Detroit, Michigan, cooperated with personnel
of the Fission Products Laboratory in experiments regarding the increase of
the shelf-life of prepackaged salad vegetables by means of gamma radiation.
The Aunt Mid Company packages three products in perforated cellophane bags;
spinach, coleslaw, and a chef salad mixture of eight vegetables. Mr. Kuhn
stated® that their problem was to prolong the life of the fresh packaged
produce from the time it leaves the plant, to the supermarket's shelves, and
ultimately to the consumer's table. On packaging the produce is immediately
put into refrigerated rooms at the packaging plant. From the plant it is
delivered in refrigerated trucks to either the large chain store's warehouse
which is not refrigerated or to Aunt Mid's own distribution store which also
is not refrigerated. Normally i1t is delivered to the retail store on the day
packaged or the next day. At the retail store it may be put immediately into
the retail refrigerated room and on refrigerated shelves, but more frequently
it is not placed in the refrigerated rooms and many retail stores do not have
properly refrigerated shelves.

It was decided to try prolonging the refrigerated and nonrefrigerated
shelf-1life of the packaged coleslaw by exposing it to low doses of gamma
radiation. Low doses are effective in killing nonspore-forming bacteria,
yeast, and molds; and undesirable flavor, texture, and color changes are
usually not produced at these low levels.

The Aunt Mid Company supplied 72 cellophane packages and 20 poly-
ethylene packages of coleslaw. The coleslaw was divided into four lots,
then exposed to 0, 100,000, 500,000, and 1,000,000 rep of gamma radiation.
An equal number of samples were stored at room and refrigerator temperature.

Coleslaw samples stored at room temperature started to deteriorate
in 7 days. The control samples packaged in cellophane were in slightly bet-
ter condition than the cellophane samples given 1.0x10° and 5x100 rep. The
samples given 106 rep discolored extensively. All the samples packaged in
polyethylene were in somewhat poorer condition than those in cellophane.

The coleslaw samples stored in the refrigerator were used for the
taste panel tests. The four taste panel tests immediately after irradiation
showed that with increasing doses of irradiation the coleslaw becomes sweeter,
milder, and has less of the aftertaste and bitterness usually associated with
fresh raw cabbage. At 100,000 rep there was no difference in color between
the irradiated and nonirradiated samples and only a very slight flavor change.
The samples given 5x105 and 106 rep were slightly discolored with a mottled
appearance and lost some of their crispness.
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Four additional taste panels were held with the refrigerated samples
1 week after the first four panels. At this time the control samples were
found to be the least desirable as they had wilted and spoiled. The control
samples had a brownish color due to wilting, whereas the samples given 5x105
and 106 rep had a gray mottled appearance. The sample given 100,000 rep was
the only sample which retained its fresh white color and crispness. Those
given 5x102 and 106 rep were more discolored and had less crispness than in
the previous week. The irradiated samples showed no noticeable flavor change
during this storage period.

Two more taste panel tests were held 17 days after irradiation. The
controls had wilted and deteriorated to such an extent that the coleslaw was
unpalatable and obnoxious to the panel. The coleslaw given 100,000 rep was
still considered to be in good condition. Coleslaw given 5xlO5 and 106 rep
showed extensive organic deterioration, which was most severe in the samples
receiving the larger dose. The flavors of the samples receiving doses of
5x102 and 10° rep were of fair quality, but the odors and color changes were
rather severe and were considered to be objectionable.

On the 18th day of storage the samples were examined again. At
this time it was noticed that the samples given 100,000 rep were starting to
wilt. Also it was found that the coleslaw packaged in cellophane was in bet-
ter condition than that packaged in polyethylene at all the levels of gamma
radiation used.

Statistical results of this experiment are shown in Table 20. Im-
mediately after irradiation no significant difference in preference was shown
between the irradiated and nonirradiated coleslaw. One week later the results
of the taste panel tests show that the samples given 1x102 rep were definitely
preferred. The samples of next order of preference were those given 5x10D
rep. There was no significant preference between nonirradiated samples and
those given 10¥ rep. No further changes in preference were found after 17
days of storage, except that the controls were slightly preferred over the
gsamples given 10° rep.

In another coleslaw storage experiment 54 packages of coleslaw were
divided into four portions, then exposed to 0, 50,000, 100,000, and 150,000
rep. These three levels of irradiation were selected for the purpose of
learning whether a dose higher and lower than 100,000 rep would keep cole-
slaw fresh for a longer period of time.

All the samples were stored at refrigerator temperature at first.
After 6 days some of the samples were removed to room storage. This schedule
would resemble somewhat the treatment of the coleslaw from the time it is
packaged until moved to retail stores and placed on produce stands without
refrigeration facilities. The nonirradiated samples had already started to
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TABLE 20
RANKING OF COLESLAW BY MEANS OF PAIRED COMPARISONS

First Experiment

Storage Dose and Total Scores
Sitting Time, for Each Dose¥ Px¥*  Significant
No. days 0 1x107 5100 1x100 Difference ?
1 0 26 25 29 28 .70 No
2 0 23 21 28 2L BT No
3 0 23 27 2L 16 - Yes
.08 .03 .06 .82
4 0 25 28 23 20 .49 No
5 7 31 21 25 31 - Yes
.07 .61 .25 .07
6 7 32 20 27 29 - Yes
.05 .72 b .09
7 7 2k 22 19 25 .27 No
8 7 32 21 25 30 - Yes
.06 .61 .25 .09
9 17 30 22 23 33 - Yes
.08 49 .39 .0k
10 17 29 20 26 33 - Yes
.08 .72 .16 .03

*
Where significant differences exist estimates of the preference ratings

are displayed below the total scores.

**_ indicates less than 0.0Ll.

wilt and mold growth was noticed 2 days after storage at room temperature.

The irradiated samples were all considered to be in good condition after 2
days storage at room temperature. After 4 more days storage at room tem-
perature small black spots of mold were noticed in all the irradiated samples.
The controls were completely spoiled.

Three taste panels were held immediately after irradiation. Results
are shown in Table 21. No significant difference in preference was shown
between the irradiated and nonirradiated coleslaw. Also there were no dif-
ferences in texture and color.
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TABLE 21

RANKING OF COLESLAW BY MEANS OF PAIRED COMPARISIONS

Second Experiment

Storage Dose and Total Scores
Sitting Time, for Each Dose* P¥*  Significant
No. days 0  Sxlot 1x100 1.5%100 Difference ?
1 0 31 23 28 26 .15 No
2 0 21 2L 2L 21 .72 No
3 0 29 22 29 28 .13 No
L 7 29 18 20 23 - Yes
.02 .5k .31 L1k
5 7 22 16 19 16 .06 ?
6 7 26 2L 21 19 14 No

*
Where significant differences exist estimates of the preference ratings are

displayed below the total scores.

*X%
- indicates less than 0.01.

More taste panels were held 1 week later with the refrigerated
samples. At this time the controls were in a very wilted condition. The
results show a preference for the irradiated samples even though the Judges
thought there was no difference in flavor between the nonirradiated and ir-
radiated samples. Since the controls were inedible 12 days after irradiation,
no more taste panels were held. However, the irradiated samples were in ex-
cellent condition after 2 weeks storage in the refrigerator. Figure 27 shows

the coleslaw samples after 20 days of
storage. After 23 days of storage the
samples given 50,000 rep were still in
good condition, but those exposed to
1.0x10° and l.5xlO5 rep were beginning
to mold. In 4 weeks the samples given
50,000 rep were beginning to wilt, but
no mold growth was noticed.

These tests indicate that the
refrigerator storage life of prepackaged
coleslaw exposed to 50,000 rep can be
prolonged to approximately 25 days. By

Fig. 27. Coleslaw Samples Stored comparison the refrigerator storage life
for 20 Days after Irradiation.

23,000 k17
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of nonirradiated coleslaw is about 6 or 7 days. Neither the nonirradiated or
irradiated coleslaw kept well at room temperature. No color, texture, or
flavor changes were observed in coleslaw exposed to gamma radiation between
50,000 and 150,000 rep.

(4) Endive: Observation, No Taste Panel Data. The Aunt Mid Com-
pany uses a small amount of cut-up endive in their coleslaw salad. It was
noticed in the first experiment on irradiated coleslaw that the endive spoiled
rapidly. Two samples of endive packaged in cellophane were tested. One
package was kept as a control and the other was given a gamma radiation dose
of 50,000 rep. After 8 days storage in the refrigerator the control and ir-
radiated samples were both fresh. After 12 days in the refrigerator the ir-
radiated endive was in better condition than the control which was very wilted,
but had turned slightly brown around the ends of the stalks and leaf edges.
After 19 days the control endive had completely spoiled, but the irradiated
samples had not undergone further change. The irradiated sample spoiled
after 21 days.

(2) Cabbage: QObservation, No Taste Panel Data. Three cabbages
in which the cores had been removed were used in another experiment. These
cabbages were packaged in unsealed cellophane bags. One cabbage was kept as
a control and the other two were given gamma radiation doses of 50,000 and
100,000 rep, respectively. The irradiated cabbages were observed to be in
better condition after 12 days of storage in the refrigerator. After 19
days storage the cavity of the control cabbage was completely black and the
rest of the cabbage appeared wilted. Although the cavities of the irradiated
cabbages were slightly brown, the rest of the cabbages were in much better
condition than the nonirradiated cabbage.

(6) Fresh Asparagus: Ranking by Means of Paired Comparisons. Fresh
asparagus obtained from Food Service was divided into eight lots. Two lots
were set aside for controls and two lots each were given the following doses
of gamma radiation: 200,000, 500,000, and 1,000,000 rep. One lot of each
treatment was used for two taste panels the following day. The other samples
were stored in perforated, unsealed, polyethylene bags at LO°F to be used for
taste panels 1 week later.

The asparagus was cut into two-inch pieces and cooked until tender
in a small amount of water with butter and salt added. Statistical results
are shown in Table 22. A slight preference was shown for the nonirradiated
asparagus. Asparagus was observed to lose its characteristic bouquet when
irradiated. The samples exposed to 106 rep were slightly softer and some-
what bleached.
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TABLE 22

RANKING OF ASPARAGUS BY MEANS OF PAIRED COMPARISONS

Storage Dose and Total Scores
Sitting Time, for Each Dose* P**¥  Significant
No. days 0 2x102 5x109 1x10° Difference ?
1 0 2l 20 2k 25 A No
2 0 1L 20 17 21 .06 Yes
.61 .09 .23 .07
3 7 19 21 22 28 .02 Yes
45 .28 .22 .05
L 7 13 17 18 2L - Yes
.78 .13 .09 -

*
Where significant differences exist estimates of the preference ratings

are displayed below the total score.

**_ indicates less than 0.0l.

After 1 week storage in the refrigerator there was a decided pre-
ference for the nonirradiated asparagus. All the samples appeared in good
condition except that the sample exposed to 106 rep was much softer than it
was the week before. Also, the samples given 5xlo5 and 106 rep had a very
decided off-flavor.

d. Tests with Coffee: Ranking by Means of Paired Comparisons

One pound of roasted coffee was divided into four parts. One part
was kept for a control and the other three parts were given lOu, 105, and 106
rep of gamma radiation. The coffee was made in four dripolators using the
standard amount of coffee (2 tablespoons per 3/4 cup water). The coffee was
tasted while hot following regular taste panel procedure. Results for one
panel are shown in Table 23. It was the general opinion of the judges that
the irradiated coffee had lost its fresh coffee aroma and resembled stale
coffee.

e. Tests with Irradiated Flour

(l) Cake: Ranking by Means of Paired Comparisons. In the first
test with irradiated flour three types of flour, (1) bread flour,
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TABLE 23

RANKING OF COFFEE BY MEANS OF PAIRED COMPARISONS

Dose and Total Scores

Sitting Storage for Each Dose P Significant
No. Time 0 1x10% 1x107 1x100 Difference ?
1 0 25 26 29 28 .70 No

(2) all-purpose flour (General Mills), and (3) cake flour (Swansdown), were
given 20,000 rep of gamma radiation. Baking tests were made the day follow-
ing irradiation. A quick-mix cake flour recipe was used to make cakes with
the irradiated and nonirradiated cake flour, whereas a quick-mix all-purpose
flour recipe was used for the irradiated and nonirradiated all-purpose and
bread flour (see Table 24 for formulas and method used).

TABLE 2L

QUICK-MIX CAKE FORMULA DEVELOPED FOR USE
WITH CAKE FLOUR AND ALL-PURPOSE FLOUR

Quick-Mix Cake Flour Recipe Quick-Mix All-Purpose Flour Recipe
Ingredients Ingredients
Flour 2-1/k ¢ Flour 2 ¢
Sugar 1-1/k ¢ Sugar 1-1/k ¢
Salt 1 tsp Salt 1 tsp
Baking powder 3 tsp Baking powder 3 tsp
Shortening 1/2 c Shortening 1/2 c
Milk 7/8 ¢ Milk lec
Eggs 2 Eggs 2
Vanilla 1 tsp Vanilla 1 tsp
Method

Sift together flour, sugar, salt, and baking powder. Place in mixing bowl
with the shortening and approximately 3/4's of the milk, Beat for 2 minutes
(150 strokes per minute). Scrape bowl often. Add eggs, vanilla, and re-
maining milk. Beat for 2 more minutes, scraping bowl often. Divide batter
into two 8-inch layer pans. Bake at 350°F for 30 to 35 minutes. Let cool
on racks for 10 minutes before removing from pans.
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One cake was baked with each flour, nonirradiated and irradiated,
and used for two taste panels. The data were not analyzed statistically since
there were too many variables. However, the general conclusion made was that
a low dose of gamma radiation of 20,000 rep does not affect the baking, eat-
ing qualities, and flavor of the three flours. The volumes of the cakes
made with the irradiated flours were equal to those made with nonirradiated
flours. The cakes made with the irradiated and nonirradiated bread flour
were extremely heavy and soggy with poor symmetry and volume.

A second test with irradiated flour was made to explore whether or
not the gluten of bread flour could be modified by radiation in such a way
as to make a softer crumb. A quick-mix recipe for making cake with bread
flour was first developed. Then cakes were made with irradiated bread flour
that had been exposed to gamma radiation doses of 20,000, 50,000, 100,000,
and 150,000 rep. Table 25 gives the formula and method used.

TABLE 25

QUICK-MIX CAKE FORMULA DEVELOPED FOR USE WITH BREAD FLOUR

Ingredients
Flour 2c
Sugar 1—1/5 c
Baking powder 5-1/2 tsp
Salt ‘ 1 tsp
Shortening 1/2 ¢
Milk lec
Eggs 2
Vanilla 1 tsp

Method

Sift together flour, sugar, salt, and baking powder. Place in mixing bowl
with the shortening and approximately B/M's of the milk. Beat for 2 minutes
(150 strokes per minute). Scrape bowl often. Add eggs, vanilla, and re-
maining milk., Beat 2 more minutes, scraping bowl often. Divide batter into
two 8-inch layer pans. Bake at 350°F for 30 to 35 minutes. Let cool on
racks for 10 minutes before removing cakes from pans.

All the cakes browned evenly and had a golden brown crust. The
cakes made with flour given 50,000, 100,000, and 150,000 rep were more flat
topped (not as symmetrical) than the control and the cake made with 20,000
rep. There was no noticeable difference between the control cake and that
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made with 20,000 rep bread flour. The cakes made with 50,000 and 100,000 rep
bread flour were considered to be of better quality than that made with
150,000 rep flour which had a wet soggy layer near the bottom of the cake.
Taste panel results are shown in Table 26.

TABLE 26

RANKING OF BREAD FLOUR USED FOR CAKES
BY MEANS OF PAIRED COMPARISONS

Second Test

Dose and Total Score

Sitting Storage for Each Dose* P Significant
No. Time 0 5xlob’ 1x102 1.5x10° Difference 2
1 26 26 28 28 .91 No
2 21 30 29 28 .0k Yes
.62 .10 .12 .15
*

Where significant differences exist estimates of the preference ratings
are displayed below the total scores.

At 50,000 rep flavor change was observed, but cakes made from
flour given 100,000 and 150,000 rep were considered to have a different
flavor. It is difficult to describe this flavor change other than to say
that the sweetness appeared to have been increased. These tests indicate
that cakes made with irradiated bread flour are not improved over those
made with nonirradiated bread flour.

In a third test more bread flour was exposed to doses of 100,000,
150,000, 200,000, 500,000, and 1,000,000 rep. Cakes were made with all
the irradiated flours and a nonirradiated control. For the taste panel
tests cakes made with flours exposed to 150,000, 200,000, and 500,000 rep
were used. Figure 28 shows the six cakes made with irradiated and non-
irradiated bread flour. Table 27 gives the cake volumes. Characteristics
of the cakes were as follows:

1. Control This cake had the best symmetry, volume, texture,
tenderness, and crumb color.
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Fig. 28.

Six Cakes Made with Nonirradiated and Irradiated Bread Flour.
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TABLE 27

VOLUMES OF CAKES MADE WITH IRRADIATED BREAD FLOUR

Layers LE M RE
1. Control 1st 2-L/16% 2-13/16 2-6/16
2nd 2-5/16 2-1%/16 2-5/16
2. 1000,000 rep 1st 2-3/16 2-9/16 2-L/16
2nd 2-3/16 2-10/16 2-2/16
3. 150,000 rep 1st 2-5/16 2-10/16 2
2nd 2-L/16 2-11/16 2-2/16
L. 200,000 rep lst 2-2/16 2-L4/16 2-5/16
2nd 2-2/16 2-8/16 2-L/16
5. 500,000 rep 1st 2-2/16 2 2-1/16
2nd 2-1/16 1-14/16 1-15/16
6. 1,000,000 rep 1st 1-11/16 1-4/16 1-14/16
2nd 1-14/16 1-6/16 2

*
Measurements were made in 16th's of an inch at the points marked on this

diagram. A layer has been cut in half and the two bottoms placed together
at the middle.
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2. 100,00 rep A good cake, but not quite as good as the control.
Texture was slightly coarse and compact. Cake was
not quite as tender as control. There was no dif-
ference in crumb color; symmetry was good.

3. 150,000 rep This cake was slightly poorer than the 100,000
rep cake. It had a heavy compact layer near the
bottom and the crumb color was slightly darker than
the control cake. The symmetry was good.

L. 200,000 rep This cake had more of a heavy, compact layer near
bottom. The texture was bready and coarse and
the crumb was wet and sticky. Symmetry was poor;
layers very flat topped.

5. 500,000 rep The crust browned evenly but the cake had very poor
symmetry; dipped in center. The texture was heavy,
compact, bready, and coarse and was tough and gummy
with a dark yellow crumb color.

6. 1,000,000 rep This cake fell badly; had a very brown crust and
dark crumb color. A wet, soggy, compact failure.

It was noticed that when mixing cakes with flour given 500,000 and
1,000,000 rep the batters tended to be drier and had a consistency like putty
during the first 2 minutes of mixing. Taste panel results are shown in Table
28, The judges showed a slight preference for the control over the cakes made
with flour given 150,000 and 200,000 rep. However, there was a decided pre-
ference for the control cake when paired with cake made with flour given
500,000 rep. Cakes made with irradiated flour tend to be sweeter, particularly
the crust. Flour given 5x105 and lO6 rep had an odor resembling extreme mus-
tiness.

(2) Baking Powder Biscuits: Ranking by Means of Paired Comparisons.
Baking powder biscuits were baked with bread flour that had been exposed to
20,000, 50,000, 100,000, and 150,000 rep of gamma radiation. Table 29 gives
the formula and method used. It was decided to bake biscuits because color
changes, if any, in irradiated flour would show up better in biscuits. Two
bakings were made with each sample of treated flour and the nonirradiated con-
trol. Two taste panels were held with these biscuits; results are shown in
Table 30.

The control biscuits had the best volume. There was no difference
in volume in the biscuits made with irradiated flour. All the biscuits browned
an equal amount and there were no differences in outer appearances. Charac-
teristics of the biscuits were as follows:
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TABLE 28

RANKING OF BREAD FLOUR USED FOR CAKES
BY MEANS CF PAIRED COMPARISONS

Third Test
Storage Dose and Total Score
Sitting Time for Each Dose P Significant
No. 0 l.5xlO5 2.0x102 5.OxlO5 Difference?
1 18 2% 22 27 ol Yes
.56 .17 .21 .06
2 19 22 21 28 .02 Yes
45 .22 .28 .05

*
Where signigicant differences exist estimates of the preference ratings are
displayed below the total scores.

TABLE 29

FORMULA DEVELOPED FOR USE IN MAKING
BISCUITS WITH IRRADIATED BREAD FLOUR

Flour 2c

Baking powder 3 tsp

Salt 1/2 tsp

Shortening 1/h c

Milk 180-190 cc
Method

Sift into mixing bowl the flour, baking powder, and salt. Cut in shortening.
Add mikl and mix until dry ingredients are wet. Knead on pastry board 30
times before rolling out to 1/2 inch thickness. Cut biscuits with a 2-inch
cutter. Bake at 450°F for 8 to 10 minutes on an ungreased baking sheet.

T9



ENGINEERING RESEARCH INSTITUTE ¢ UNIVERSITY OF MICHIGAN —

TABLE 30

RANKING OF BISCUITS BY MEANS OF PAIRED COMPARISONS

Dose and Total Scores

Sitting  Storage for Each Dose P Significant
No. Time 0 5x10u 1x10° l.5xlO5 Difference ?
1 25 29 28 26 .70 No
2 19 18 17 18 .96 No
Control These biscuits were even-grained and tender

with light cell walls. They had the most tender
outer crust.

20,000 rep These were slightly coarser and closer than
the control; not as light a biscuit. There
was no difference in crumb color between these
biscuits and control biscuits.

50,000 rep These were lighter and more tender than 20,000
rep biscuits, not as close in texture, but
still not quite equal to the control. Dif-
ferences in crumb color between these biscuits
and the controls were very slight.

100,000 rep These seemed to be the most tender of the ir-
radiated biscuits, but not quite equal to the
control. Also, they were more like the control
in lightness and cell wall structure. They
had a slightly grayer crumb color than the
control biscuits.

150,000 rep These biscults had a coarser texture, were more
compact, and were not as tender as 100,000 rep
bescuits and the control biscuits. The crumb
color was slightly darker than 100,000 rep
biscuits.
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All the irradiated samples felt gummier in the mouth. Although
there were no marked changes in the baking qualities of bread flour exposed
to gamma radiation between 20,000 and 150,000 rep, there were some noticeable
flavor changes. It seemed to some of the judges that the off-flavor of ir-
radiated flour was accentuated by the presence of double-action baking powder.
Not enough taste panel data are on hand to make any definite conclusions, but
most of the panel members did not care for the flavor and eating qualities
of the biscuits made with irradiated flour.

(3) Bread: Ranking by Means of Paired Comparisons. While studying
the baking characteristics of irradiated bread flour, it was decided to make
some tests with bread. The formula and method used are shown in Table 3l.

TABLE 31

FORMULA DEVELOPED FOR USE IN MAKING BREAD WITH IRRADIATED FLOUR

Milk, scalded lec

Water 1/5 c

Shortening 2T

Yeast 1/2 0%

Sugar 1T

Salt 2 tsp

Flour, sifted L ¢, approximately

Method
Dissolve yeast in water (110°F). Pour scalded milk over shortening, sugar,

and salt. When the milk mixture is lukewarm (80-85°F), add the yeast mixture.
Add flour gradually. Knead dough 5 or 6 minutes until smooth, then place in

a well-greased bowl and allow to rise from 1 hour 15 minutes to 1 hour 30
minutes. Knead dough again for 3 or L4 minutes; then allow to rise again for

L5 to 60 minutes. Knead dough again for 1 minute; then shape it to fit the
bread pan which is well greased. Allow dough to rise in the pan until slightly
more than double in size. Bake for 30 minutes at LOO°F and 20 minutes at
350°F. Yield: one (9x5x3) loaf.

Bread was baked with flour that had been exposed to 200,000, 500,000, and
1,000,000 rep gamma radiation and a nonirradiated control. Figure 29 shows
sections of loaves of bread made with these flours. Characteristics of the
bread were as follows:
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Fig. 29. Sections of Four Loaves of Bread Made with
Nonirradiated and Irradiated Bread Flour.

1. Control This was the best loaf, tender cell walls,
even grain, and the best volume.

2. 200,000 rep This bread was still good, but volume
not quite as good as the control loaf.
There was not much difference in tex-
ture, tenderness, crumb color, and crust
color between this loaf and control loaf.

3. 500,000 rep The volume of this loaf was poor. There
were more large gas holes and the tex-
ture was quite coarse near the bottom
crust. The crumb was not as tender as
the loaf made with 200,000 rep flour
and crumb color was darker than loaf
containing 200,000 rep flour.

L. 1,000,000 rep The volume of this loaf was equal to
that made with flour given 500,000 rep.
There were many more gas holes than in
500,000 rep loaf and the crumb was not
as tender. Some small hard lumps were
noticed in the crumb and the color was
a medium tan. Both the 500,000 and the
1,000,000 rep loaves did not have very
thick crusts nor were the crusts as
brown as the other loaves, even though
all were baked for the same period of
time.
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Taste panel results are shown in Table 32. The Jjudges had a slight
preference for the nonirradiated loaf and those made from flour given 200,000
and 500,000 rep. However, the flavor of the control was definitely preferred
to the loaf made with flour given a dose of 1,000,000 rep. Bread from the
latter loaf was considered to have a definite off-flavor.

TABLE 32

RANKING OF BREAD FLOUR USED FOR BREAD BY MEANS OF PAIRED COMPARISONS

Dose and Total Scores

Sitting Storage for Each Dose* P¥*x  Significant
No. Time 0] 2x107 5xlO5 lx106 Difference ?
1 2k 25 28 31 .19 No
2 19 20 22 29 - Yes

Lk 34 .20 .02
*

Where significant differences exist estimates of the preference ratings are

displayed below the total scores.

*%
- indicates less than 0.01.

5. DISCUSSION AND CONCLUSIONS

Taste panel studies evaluated by ranking of paired comparisons con-
tinued to be an accurate and statistically reliable method of detecting flavor
changes and determining flavor references in food subjected to gamma radiation.

The experiment on the refrigerator storage life of raw ground pork
indicated that a radiation dose between 60,000 and 80,000 rep increases stor-
age life to 10 or 11 days. This is the same conclusion reached from a pre-
vious experiment reported in Progress Report 6.5 With doses higher than
80,000 rep, off-flavors occur on storage due to the development of rancidity.

The experiment on the keeping qualities of gamma-ray pasteurized raw
ground beef stored at refrigerator temperature was not considered to be suc-
cessful. The beef was obtained from a local slaughterhouse and was tough
and of poor flavor with a marked smoky odor and taste. As a result, the
Jjudges of the taste panel were not able to distinguish off-flavors caused by
irradiation and storage. Taste panel results indicate that ground raw beef
exposed to a dose of gamma radiation between 80,000 and 110,000 rep will
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remain in good condition at refrigerator temperature for 8 days and possibly
longer. This is in agreement with the experiment reported in Progress Report
6.5 The beef given dosages of 50,000 rep did not keep as long as the portions
given the higher doses. It 1s believed that beef can be given a higher radi-
ation pasteurization dose than pork because the lower fat content and higher
degree of saturation of the fatty acids in the fat makes it less subject to
the development of rancidity.

Tests with navel oranges showed promising results when whole oranges
were given 30,000 rep of gamma radiation. The juice extracted from these
oranges did not develop a bitter flavor, whereas Jjuice extracted from nonir-
radiated oranges and those given 60,000 and 100,000 rep did develop bitterness
on standing. The direct irradiation of Jjuice extracted from navel oranges
did not prevent the development of bitterness when the Jjuice was permitted to
stand overnight.

From the results of the potato storage experiment to date, the
statement can be made that potatoes exposed to 21,000 rep of gamma radiation
may be expected to keep for at least 5-1/2-months storage at 50°F without
sprouting, whereas the nonirradiated potatoes sprouted in 3 weeks. The pota-
toes given 7,000 rep and stored at 50°F thereafter showed a few small sprouts
after h—l/E months. Potatoes given 28,000 had a mottled appearance after
storage for 5—1/2 months. The optimum radiation dose is believed to lie be-
tween 7,000 and 21,000 rep.

Although the irradiated potatoes, particularly those given 21,000
and 28,000 rep, had a sweeter flavor and a slightly burnt taste, the judges
showed no preference for either irradiated or nonirradiated potatoes. Flavor
changes were not noticed in the irradiated potatoes during storage. The
flavor of the nonirradiated potatoes eventually turned sour as a result of
prolonged storage.

The experiment on the storage of pasteurized onions was not con-
clusive. This was partly the result of unsatisfactory storage conditons.
Because onions need a dry atmosphere, perforated, unsealed polyethylene should
not have been used for packaging and the humidity of the storage room should
have been lower. However, it was not possible to regulate the humidity to
suit the experiment because Food Service uses the cold storage room for other
purposes.

The nonirradiated Spanish onions rooted in 1 month, whereas the ir-
radiated onions did not root. Because of the poor storage conditions the
onions were more susceptible to mold than to sprouting. Irradiated onions
do not have as sharp a flavor, are slightly sweeter, and do not need to be
cooked as long as nonirradiated onions.
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Contrary to the results obtained with Spanish onions, gamma radia-
tion promoted the initial sprouting of the small pearl or white boiling onions.
Although the irradiated onions sprouted more rapidly, they did not continue
to grow.

Although the shelf-life of pasteurized, prepackaged cut cabbage
for coleslaw was increased when stored at refrigerator temperature, poor
keeping qualities were noted when stored at room temperature. Nonirradiated
cut cabbage for coleslaw remained in a fresh condition for only 6 days at
LO°F, whereas that given 50,000 rep kept for 25 days and that given 100,000
rep kept for 17 days. Neither of these irradiated samples had noticeable
off-flavors, textures, or color changes. It was also found that the cole-
slaw remained fresh longer when stored in perforated cellophane than when
stored in perforated polyethylene.

Short observation experiments with endive and whole cabbages were
promising. Such vegetables given gamma radiation doses of 50,000 and 100,000
rep remained fresh at refrigerator temperature for a longer period of time
than the nonirradiated vegetables. No flavor changes were observed at these
low doses.

The flavor of cooked irradiated fresh asparagus is considered to
be flat when given 200,000 rep and a definite off-flavor is noticed when the
dose is increased to 500,000 and 1,000,000 rep. The flavor changes in ir-
radiated asparagus were accentuated on storage. The portion given 106 rep
also became softer on storage.

Roasted coffee loses its fresh flavor and aroma when irradiated in
air. More experiments should be conducted with coffee packed in vacuum.

Cake flour, all-purpose flour, and bread flour are not changed
when given a dose of 20,000 rep gamma radiation. At 20,000 rep flour insects
and weevils would be destroyed and insect eggs would be made sterile. Cakes
made with these different flours were similar to the controls in all respects.

Bread flour given a dose higher than 50,000 rep is not improved.
Cakes made with irradiated bread flour were progressively of poorer quality
with increasing doses of gamma radiation. Cakes made with irradiated flour
had low total volume, were heavier, more compact, gunmier, and had a darker
yellow crumb color. The gluten appears to lose its binding power and the
flour has a drier or more starch-like texture in mixing. Flavor changes
were noticeable in cakes made with bread flour given a dose of 100,000 rep.
The cakes, particularly the crusts, have a sweeter flavor. Off-flavors
were noticed with higher doses of irradiation.
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When making biscuits with irradiated flour receiving 20,000 to
150,000 rep, it was necessary to add 1Occ more milk to obtain a workable
dough. This dryness of irradiated flour was also noticed when mixing cakes.
Biscuits made with irradiated flour had a satisfactory appearance but the
eating qualities and flavor were not equal to those of the controls. The
biscuits made with irradiated flour were gummier and off-flavors were present
in samples made with flour given dosages greater than 20,000 rep.

Aside from total volume, which was slightly smaller in the bread
made with 20,000 rep bread flour, the loaves were equal to that made with
the nonirradiated flour in all respects. Loaves made with flour given
5x105 and 106 rep were much poorer in volume and crumb color was comparable
to honey bread.

=g
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B. STORAGE TESTS ON GAMMA TRRADIATED POTATOES AND ONIONS
AND BIOCHEMICAL TESTS ON IRRADIATED POTATOES

Personnel:

L. E. Brownell, Professor of Chemical Engineering and Supervisor of the
Fission Products Laboratory; S. Pederson, Biochemist and Research Associate
for the Fission Products Laboratory.

1. INTRODUCTION

Gamma irradiation of potatoes is believed to be one of the first
applications of radiation that may be used by the food industry. For this
reason this discussion was prepared for this report by Dr. Svend Pedersen.

REVIEW

1ro

I

Nature of the Problem

Relatively low dosages of gamma radiation have been observed by
Sparrow and Christensenl»2 and by this laboratory to delay greatly, if not
actually prevent, the sprouting of potatoes. This observation indicates that
the storage life of potatoes may be extended by gamma irradiation. In all
prohability late-harvested, mature, northern-grown potatoes could be kept
throughout the following winter and spring until early harvested mature
potatoes become available the following year. Cheaply applied gamma radia-
tion could prevent the considerable financial losses hitherto taken for
granted with regard to potatoes still in storage in the spring. Also this
process can make quality potatoes such as Idaho russet, Maine or Long Island
potatoes available throughout the year. Idaho russet potatoes are preferred
by many cooks for baking and also for French fries. At present these
potatoes and other high quality northern-grown mature potatoes are not
available in the summer months.

&7



—— ENGINEERING RESEARCH INSTITUTE * UNIVERSITY OF MICHIGAN

The greatly reduced rate of sprouting can be expected to influence
processes and reactions in the potato itself:

1. A reduced requirement for the formation of new tissues
2. An overall lower metabolic rate of potatoes in storage

3. A decreased rate of hydrolysis of stable storage starch
molecules into more unstable and utilizable mono- and dis-
acharides

L. A smaller loss in potential total energy per unit weight of
potato assuming that the moisture content remains relatively
unchanged

This low dosage of gamma radiation should not have any marked
direct effect on existing enzyme systems in the potato, unless these differ
from enzyme systems previously studied in other products or in agueous solu-
tions in resistance to gamma radiation. However, the low dosages of gamma
radiation may act in some manner on the particular enzyme system which under
storage conditions initiates the process of sprouting.

Of the carbohydrates, starch is the chief reserve compound stored
in most plants with a few exceptions such as sugar cane, sugar beet, and
Jerusalem artichoke. All plants in which water-insoluble compounds are
stored require digestion of these by means of enzymes. For an example,
starch changes by way of dextrin stages into water soluble sacchrides which
can be transported or diffused from cell to cell whenever and wherever
needed. These saccharides can then be further broken down by other enzyme
systems within the cells. The resulting mono-saccharides can be used for
energy purposes, such as respiration which takes place at all times as long
as the plant tissue is living, and for catabolic changes necessary for the
maintenance of life. The catabolism is especially high and the needs are
correspondingly great under certain conditions such as when fruits are
ripening; seeds are germinating; and tubers, such as potatoes, are
sprouting. However, in the dormant storage stage the greatest need is for
respiration. In this connection it may be pointed out that recent studies by
Guzman-Barron? have shown a respiratory quotient of 1.0 for fresh, sliced
potatoes indicating complete carbohydrate oxidation.

Ninety years ago it was shown conclusively that respiration was
affected very little by light but that humidity and temperature did affect
respiration to a marked degree. Later it was found that other factors such
as accumulation of sugars, germination, and sprouting also played a role.
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Respiration requires energy which is furnished by the oxidation
of sugars. As respiration and general plant activities decrease with tem-
perature to a minimum at or near the freezing point, it would be most
economical from the point of view of energy loss to store potatoes at that
temperature. However, potatoes cannot be satisfactorily stored at such
temperatures for the complete storage period.

Storage near 32°F causes accumulation of sugar from the enzymatic
breakdown of starch by phosphorylase and by & and B amylases. This is
undesirable because it imparts a sweet taste to the potatoes. In addition,
such potatoes are not suitable for frying purposes, especially for potato
chips which take on a darker color with increasing amounts of sugars present.
Up to 6 or 7 percent of total sugars is not uncommon under such storage
conditions. This is roughly three times that normally found after storage
at 50°F. Subsequently increasing the storage temperature to around 50°F
causes most of these excess sugars to disappear in 3 to L4 weeks. By raising
the temperature to about 70°F, an estimated 80 percent of the sugars is
reconverted into starch and the remainder lost through respiration. This
plethera of sugars available in the cells may be assumed to result in a
general increase in the metabolism.

Storage of potatoes at 45 to 50°F is common. It is actually a
compromise temperature at which the starch decomposition into sugars is
satisfactorily controlled and a higher rate of respiration and metabolism
accepted. At the same time sprouting, with the concomitant increased
demand for sugars and subsequent loss, is kept under control.

During storage the relative quantities of different carbohydrates,
such as starch, sucrose, and reducing sugars present at any one time, depend
upon the prevailing conditions. During growth the reducing sugars and
sucrose decrease and starch increases. Potatoes harvested before maturing
ripen and mature during storage. While in storage loss of water takes place
from respiration, depending upon the state of activity of the potato, and
from transpiration, the rate of which is governed by the relative humidity
of the air. In order to minimize the latter loss a relative humidity of
85 to 90 percent has been recommended.

Potatoes stored in large bins and at great depth for prolonged
periods result in a high storage temperature because of poor ventilation
and an increased respiratory rate. The latter is also increased when the
potatoes are "wounded" by rough handling and by great pressure exerted on
the lower layers in high stacking.

In large warehouses the use of ventilating air is necessary. In
order to prevent water losses due to transpiration the ventilating air should
be of approximately the same relative humidity as that desired in the storage
bin.
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Concerning the ventilation of large warehouses, it has been demonstrated
that an atmosphere with normal oxygen content but high in carbon dioxide
(up to 20 percent) depresses the accumulation of sugars at temperatures
below U5°F over a period of 3 months.

Sprouting of potatoes is actually a proliferation of new tissue
starting at the "eyes". It has been claimed that sprouting can be prevented
when the content of auxins is high. If the content of auxin is increased
by applying the synthetic auxin naphthalene acetic acid in the form of a
volatile ester by dusting or spraying, sprouting can be delayed or prevented.
This indicates an inhibiting action by the auxin when present in high con-
centrations.

The keeping qualities of potatoes are also influenced by the
types of organisms found on the surface. At low storage temperatures the
cryophilic type and at moderate temperatures the mesophilic type predominate.

During storage the potatoes very slowly decrease in potential
nutritional value. This is due to the fact that respiration, essential for
life, involves an expenditure of energy derived from the oxidation of sugars
into carbon dioxide and water. Under favorable storage conditions this is
a minor but unavoidable loss. This loss increases with storage temperature,
which enhances respiration and other essential processes. This loss is
also markedly increased whenever sprouting occurs because the new tissue
also respires. As the sprouts themselves are inedible they represent a
further decrease in the potential nutritional value of the parent potato.

Sprouting of potatoes in the past has been kept under limited
control by providing favorable storage conditions. More recently spraying
or dusting with a synthetic auxin has been used and within the last year
Brookhaven National Laboratory has introduced gamma irradiation as a new
method. In a more recent article Sparrow and Christensen® have reported
inhibition of sprouting in potatoes (Kahtahdin variety) 18 months after
20,000 rep of gamma radiation. The results of those preliminary studies
have been confirmed at the Fission Products Laboratory in a series of
controlled investigations previously discussed under Part III, A, Organoleptic
Studies, in this report.

The method of action of gamma radiation on potatoes is not known.
It is postulated that it could be by

1. Retardation of the reaction of starch into sugars.

2. Promotion of the enzymatic reactions of reconversion of sugars
back into starch.
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3, Stimulations of auxin formation.
i, Possession in itself of an "auxin-like" property.

5. Destruction of the factor which "triggers" the initiation of
sprouting.

6. Destruction of reproductive cells which may be more sensitive
to radiation than storage cells.

|

Pertinent Literature on Potatoes

In a recent article by Pentzer and Heinzeu the postharvest physio-
logy of fruits and vegetables has been described. From the section on
chilling injuries it is clear that factors other than temperature itself
are involved such as the variety (even species), state of curing, and maturity.
The governing mechanism is undoubtedly very complex and not definitely known.
According to some it involves the accumulation and the removal of cell
poison. Chemical analysis of sugars and organic acids known to accumulate
at low storage temperatures have so far given no definite indication of an
explanation. Finally, changes in the permeability of cell membranes must
also be considered a factor at least in the early stages of chilling.

(l) Control of Sprouting with Chemicals. Sprouting of potatoes
may be kept under control by chemical treatment prior to storage. Among the
compounds used in such treatments are esters of naphthalene acetic acid and
trichlorophenoxy-acetic acid, 3 chloroisoproplyl-N-phenyl carbamate,
2,3,5,6-tetrachlorobenzene, and maleic hydrazide. However, Ezell and
Wilcox” have recently reported that preharvest spraying of the vines of
sweet potatoes (Orange Little Stem) with maleic hydrazide caused numerous
black pock marks on the tubers shortly after harvesting.

It has been reported in the literature that sprouting of stored
potatoes can be retarded by the application of plant hormones. Whittenberger
and Nutting,'/3 however, could not confirm the claims that treating seed
potato slices with indole acetic acid increased both the potato yield and the
size of the potato starch granules. The latter is generally considered to
enhance the commercial value.

On the basis of work performed in India, Mathur | studied losses in
potatoes and found a minimum with undamaged potatoes stored at 41°F. When
stored in high piles potatoes showed greater losses in the bottom layers than
the upper layers. More losses occurred in smaller than in larger potatoes.
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Sprouting was entirely prevented at 32°F with 31 percent sprouting at 41°F
and 97.5 percent at 50°F. Duration of storage was not given in the abstract
consulted.

According to a U.S. patent by Brown and Mellor8 a dust, solution,
emulsion, or dispersion of 1 to 20 percent of pure chlorinated mononitro-
benzene, with at least three chorine atoms, dissolved in a nonphytocidal
solvent will prevent sprouting of potatoes. Amount to be used is given as
at least three ounces per ton of potatoes. In another patent by Zanderd
peeled, sliced potatoes are immersed in sulfur dioxide solution and subse-
quently washed with water to remove the sulfur dioxide. By this treatment
it is claimed that potato chips of good flavor and color can be prepared
regardless of variety of potato used and amount of reducing sugars present.

(g) Browning and Blackening. Browning of potatoes was shown by
ThorntonlO to be due to the presence of reducing sugars, not to sucrose or
the total sugars present. This browning is a problem of significant
commercial importance. Approximately 10 percent of the total potato crop
of 40,000,000 bushels in the middle forties was used for the manufacture of
potato chips. Potatoes have a normal dormant stage of 9 to 12 weeks during
which sprouting does not occur even at room temperature. The practice of
potato chip manufactures in the past has been to keep potatoes at low
storage temperature; this delays sprouting but causes an accumulation of
sugar followed by storage at higher temperature, for a period prior to
chipping, which reduces the sugar content.

Blackening of potatoes after cooking appears to be most common
in potatoes grown in regions with low temperatures during the growing
season. The actionof the enzyme polyphenolaxe is believed to be involved
in this blackening. However, the black core at times found in the center
of potatoes is believed to be due to a lack of available oxygen.

(2) Sugars. In 1924 Hopkinsll found an accumulation of sugars
in potatoes at low storage temperature, especially of sucrose, which accounts
for the sweet taste. However, it is incorrect to assume that sweet tasting
potatoes necessarily have been frozen because this accumulation proceeds
rapidly at temperatures Jjust above the freezing point.

Denny12 observed significant increases in sucrose but not in
reducing sugars in potatoes which had been treated with ethylene chlorhydrin,
thiocyanates, and thiourea. Additional chemical compounds were found by
Milleri? to increase both respiration and the sucrose content of potatoes.

Arreguin-Lozano and Bonnerlu have reviewed the literature on
sucrose in potatoes and performed many experiments on factors Znvolved in
the starch breakdown and sucrose formation by enzymatic reactions. In
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potatoes the weak beta amylase breaks starch down into maltose and residual
dextrins, whereas the phosphorylase breaks starch down into glucose-1-
phosphate. At low storage temperatures the amylase is almost inactive
while the phosphorylase activity is very intense. The lower phosphorylase
activity at higher storage temperatures is explained by the presence

of an inhibitor, as yet unidentified, which apparently is inactive or
absent at the lower temperatures.

These authors were not able to demonstrate and isolate from
potatoes the enzyme phosphohexoisomerase which is considered to govern
the equilibrium between glucose-6-phosphate and fructose-6-phosphate,
both necessary for sucrose synthesis of sucrose in solutions of either
glucose or fructose when incubated with potato slices. That fructose-
6-phosphate and fructose-1,6-diphosphate are actually present in potatoes,
indirect evidence of the presence of the above mentioned phosphohexoi-
somerase, can be seen in an article by Arreguin-Lozano and Bonner,lu
Table 1, page T22. Fructose-b6-phosphate is present in greater quantities
at lower storage temperature which favor sucrose synthesis while at higher
storage temperatures with lesser sucrose synthesis glucose-6-phosphate
predominates. Arreguin-Lozano and Bonner believe that starch breakdown
and sucrose synthesis in the potato are influenced by three temperature
dependent factors: regulation of the inhibitor of phosphorylase which is
present in greater amounts at higher storage temperatures, regulation of
the enzyme activity synthesizing sucrose which is favored at lower storage
temperature, and regulation of the phosphohexoisomerase system which is
most active at lower storage temperatures.

During wilting of plant leaves starch is changed into sugars.
Such a change has apparently not been shown to occur when potato tubers
wilt. Treadway, et al.15 nave shown that potatoes lose carbohydrates and
water at approximately the same rate with the total solids remaining
constant when stored for 37 weeks at between 1.1 to 15°C. Sprouting did
not occur during this cited storage period below 3.3°C. Sprouts were
found to contain only small amounts of starch while the concentration of
sucrose was high.

(4) Enzyme Systems. In a recent review Schwimmert® discussed
the literature pertaining to the enzyme systems present in the white
potato on the basis of 110 appended references. The enzyme phosphorylase
present in large amounts in potatoes is responsible for the reversible
action of glucose-l-phosphate to amylase, one of the two chief components
of starch. The second component amylopectin is chiefly synthesized
by the Q-enzyme that has an action very similar to that of phosphorylase.
Amylopectin can be changed into amylase by the action of the R-enzyme.
Amylases, both @ and B, are present but they have only a very limited
function, splitting of maltose molecules.
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Knowledge of the synthesis of sucrose from a solution of glucose
and fructose in the presence of potato slices is still meager. This reaction
is unique in that it proceeds more rapidly at lower temperatures. The
synthesis is believed to be related to respiration and the buildup of
high energy-level phosphate-bond compounds.

There are several phosphatases present in potatoes. One of
them, apyrase, can liberate two out of the three phosphate groups in
adenosine triphosphate. The function of aiding in stabilizing the resting
state of the potato has been ascribed to this enzyme.

(2) Auxins. The observation that plants tend to grow toward
the source of light is a very old one. That this phototropic action was
related to definite chemical compounds was first clearly indicated in the
classical investigations of Boysen—Jensen17 on the coleoptile of Avena.
Chemical compounds possessing the property of being able to promote and/or
regulate plant growth were given the name hormone. At present, however,
the term auxin is preferred. A large number of scientific articles have
appeared relating to auxins. Gordon18 has reviewed the occurrence, forma-
tion, and inactivation of auxins in a recent article.

The effects of x-rays on living matter have been studied since
the nineties. Investigators studied the effects on plant growth in the
twenties; but Skoog,l9 in 1935, was probably the first to study the
effects on an auxin. Using a high voltage tube capable of being operated
at 900 kilovolts and 3 to 4 milliamperes, Skoog demonstrated the inactiva-
ting effect of x-rays on an auxin (indoleacetic acid) as well as on auxin
extracts from plants. He has shown this inactivation to be due to an
oxidation on the basis of experiments in air and in a nitrogen atmosphere.
Gordon and Weberc© have since shown that the destructive effect in air
probably may be ascribed to the opening of the ring structure based upon
absorption changes in the visible and ultraviolet spectra.

The commonly heard statement "No auxin, no growth and too much
auxin, prevention of growth" may be considered correct in a general sense.
Only minimal quantities are required for plant growth and the application
of an excess can delay sprouting. By the use of chemicals it is possible
to prolong artifically the rest period of tubers. On the other hand the
normal resting period can also be shortened by using ethylene chlorohydrin.
In general, the total content of auxin can be divided into two types, free
and combined. The belief prevails that the content of auxin not only varies
in quantity during storage but that the concentration also varies in the
different parts of the potato. Prior to sprouting of the potatoes in the
spring an increase in auxin has been observed in the fleshy part of the
potato while later the auxin, or its precursor, increases in the potato
peel. The change of the precursors into auxin is generally assumed to be
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enzymatic in origin. One of the chief precursors may be presumed to be
the amino acid tryptophane because auxir is a derivative thereof. 1In
addition, it has been shown that the amount of biosynthesis of auxin in
a medium depends upon the content of tryptophane in the medium.

(6) Respiration. In a series of four articles from the hygienic
laboratory at the University of Michigan, Novy and coworkersel:22’23’2u
studied microbic respiration by means of the Novy respirometer. A study
was made of the respiration in potatoes which showed a maximum gas produc=-
tion at or about 51°C.2u The mechanism of respiration was destroyed after
autoclaving at 40°C for 15 minutes.

The potato respiration utilizes oxygen in the Novy apparatus
and carbon dioxide accumulates. Fresh slices of potatoes were transferred
aseptically from tubers to the previously equilibrated Novy apparatus
and at temperatures between 31 to 39°C a negative pressure developed. At
31°C the pressure dropped to -10 mm mercury after 19 hours; thereafter,
pressure increased with time.

The effect of gamma radiation on fresh carrots, sealed raw in
cans in a western-style closing machine in the Fission Products Laboratory,
was studied in preliminary investigations begun in March, 1955.25 Dosages
applied varied from 1,200,000 to 1,900,000 rep. Subsequent to irradiation
the cans were stored at room temperature and observed at intervals for
excessive gas pressure over a period of 4 days. During the irradiation,
which took 15 hours, a slight but noticeable pressure developed within
the sealed can. This pressure increased with time until after 4 days the
seams began to break and the experiment was discontinued. After the can
was opened the irradiated carrots were observed to have darkened in color
and softened in texture as compared with nonirradiated controls stored for
the same period at room temperature. In a single experiment a No. 10
can of carrots was opened and the accumulated gas was carefully transferred
to a gas analyzer in which there was carbon dioxide and nitrogen. This
substantiated the early work of Novy who found the accumulated gas in
the respirometer to be carbon dioxide. The evidence of a high gas
pressure occurring within the cans containing irradiated carrots led to
studies on other vegetables, especially potatoes, for the purpose of
correlating the irradiation dosage with gas production. Preliminary work
on potatoes canned, irradiated, and stored in the same manner as described
for carrots, showed a developing gas pressure within the can of approxima-
tely the same rate and magnitude.

A series of investigations was next begun in which approximately

L gm of aseptically obtained cylinders from a single, large, irradiated
Idaho potato were transferred to the Novy apparatus for the determination
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of gas pressures at regularly scheduled intervals. In each single experi-
ment sections of the potato cylinder came from an individual potato.
Potatoes used in these experiments were irradiated with dosages varying
from 200,000 to 2,000,000 rep. After the samples had been prepared and
transferred to the Novy apraratus and the sample tube connected to the
manometer, the apparatus was placed in an incubator at 37°C together with
another apparatus containing the nonirradiated control. Gas pressures
were determined after temperature equilibrium was obtained.

At the lower dosage levels gas pressures were highest decreasing
with increasing dosages. To illustrate, the total pressure developed
after a dosage of 250,000 rep was 180 mm mercury, while after a dosage
of 2,000,000 rep the pressure was only 14 mm mercury. In the control a
negative pressure (representing the oxygen uptake) was observed over the
first 4O hours followed by a production of gas resulting in positive pres=-
sures. This characteristic lag observed in all controls was not noted
with irradiated potatoes except for the very lowest dosages where a very
slight negative pressure developed in the first few hours. The negative
pressure obtained with incubated, nonirradiated control potatoes was
approximately of the same magnitude as those obtained by Novy.gu The
greatest gas production was recorded with potatoes given a dosage of
250,000 rep. Plotting gas pressure versus time for this treatment gives
almost a straight line up to a pressure of 180 mm after which the curve
flattens out. After a dosage of 2,000,000 rep the curve reached a maximum
of 135 mm mercury within 4 hours and then leveled off. This significant
difference between gas pressures produced with nonirradiated control and
low dosage irradiated Idaho potatoes requires further study. However, it
appears evident that higher dosages of gamma radiation affect the activity
of enzymes associated with respiration in potatoes.

Another important manifestation in potatoes exposed to gamma
radiation was the continuous and progressively increasing darkening
during incubation. The degree of darkening was most noticeable in potatoes
exposed to the highest gamma radiation. Nonirradiated control potatoes
showed no change in color over a similar period of time.

Sussmang6 recently reported some very significant data on the
respiration of potatoes before and after exposure of 100 to 3,200,000 rep
gamma irradiation. The data were obtained on freshly harvested, small,
whole, Irish cobblers in a modified Warburg apparatus. An increase up to
sixfold was observed in the oxygen uptake almost immediately after irradia-
tion followed by a decrease after the first day. The increase in carbon
dioxide reached a maximum a little later than for oxygen; but later the
decrease was more or less parallel to that for oxygen. With the highest
dosage, 3,200,000 rep, the potatoes darkened and softened after 3 days and
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the respirometric measurements indicated severe disturbances in metabolism.
This attenuation was not due to destruction or inactivation of cytochrome
oxidase whose activity was reduced at approximately the same rate. However,
the activity of tyrosinase decreased after the potatoes had begun to
blacken subsequent to the exposure to 3,200,000 rep.

(Z) Decay. The chemical processes involved in the decay or
rotting of potatoes are not definitely known. Most probably the decay
is a combination of decomposition by bacteria and fungi in the exterior
layers and an enzymatic breakdown of storage products in the interior.
Pasteurization dosages of gamma rays appear to be capable of severely
demaging the skin surface of tender fresh fruits, such as berries, thereby
facilitating action by bacteria and fungi. However, the dosages applied
to potatoes have apparently not significantly changed the structure of the
potato surface. Moreover, from observation of the Minnesota-grown, Irish
cobbler potatoes in the present storage experiments both processes evidently
are involved either singly or in combination. Some of the heavily sprouted
potatoes had decayed on the surface and slightly below, while the fleshy
interior portion remained normal in both appearance and texture. Other
control potatoes in a similar state of sprouting showed no evidence of
decay on the surface and slightly below, but the central interior portion
had decayed to an extent of 50 to 75 percent of the total area. These
observations were made on July 26, 1954, when only three normal control
potatoes were left after 6 months of local storage. At that time those
potatoes with healthy interiors were used for sampling.

The chemical processes involved in sprouting, which frequently
precedes decay, are not definitely known. As the sprouts are actually
a vegetable proliferation originating in the region of the "eyes" of
the tubers, the assumption may be made that the chemical compostition of
tubers and their sprouts will differ. In contrast to the tuber the sprouts
themselves, with a relatively high surface area, have a high rate of
respiration and metabolism in addition to the actual growth. This creates
a greater demand for transportable and utilizable sugars than is the case
with tubers. The sprouts also have a lower starch content and a greater
moisture content than the tubers. As mentioned previously Threadwayl5
found that sprouts have a high sucrose content and a low starch content.

(§) Analysis. The solanine content of potato tubers has been
studied by Wolf and Duggar2l who found the concentration greatest in the
peripheral zone including the periderm and cortical parenchyma. It
appears that solanine is found in greatest concentration in the "eyes"
and during storage there is an accumulation of solanine in the sprouts.
Solanine, a glucoside containing the alkaloid solanidine and glucose,
galactose, and rhamnose, has hemolytic properties and hence is of some
importance to public health.
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"The Chemistry and Technology of Food and Food Products” by
A, F. Lee28 gives the approximate composition of vegetables. For potatoes
the following percentages are given: water 78.8, protein 2.0, fat 0.1,
ash 0.99, total carbohydrate 19.1, fiber 0.4, sugar 0.9, and starch 1k.7.
These figures indicate that approximately sixteen percent of the carbohy-
drates are unaccounted for. There are great gaps in present knowledge
concerning the distribution and concentration of individual carbohydrates
present in the potato tuber.

N

EXPERIMENTAL STUDIES ON STORAGE OF IRRADIATED POTATOES AND ONIONS

J o

Minnesota-Grown, Irish Cobbler Variety Potatoes

The investigations of Sparrow and Christensenl which provided
the impetus for the taste panel studies on potatoes at the University of
Michigan were not brought to the attention of the Fission Products Laboratory
until January, 1954. By that time the normal potato storage season had
already been underway for months. It was then impossible to inaugurate
an extensive series of experiments with potatoes of known history. However,
a small quantity of mature stored potatoes was obtained from the Food
Service of the University of Michigan for use in taste panel studies.
These potatoes were Minnesota-grown, Irish cobbler variety.

The potatoes were placed in storage at Food Service January 12,195k,
at 50°F and 50 percent humidity. Small numbers of potatoes, estimated to
be about 30, were placed in a series of polyethylene bags. Four groups,
each consisting of several bags of potatoes, were given the following
dosages of gamma radiation: (1) Control, no irradiation, (2) 7,000,
(3) 21,000, and (4) 28,000 rep.

Observations on the keeping qualities were made periodically and
potatoes were inspected at scheduled intervals during storage for taste-
panel studies reported in a previous section of this progress report.
Decaying potatoes were removed from the bags from time to time, but the

first real total count and number of decayed potatoes were recorded
July 1k, 1954,

Sprouting occurred in nonirradiated control samples after 3 weeks
of storage. After h\l/Q months of storage, during which period many taste-
panel tests were made (see Part III, A), the control potatoes showed sprouts
up to 2 inches in length. After 5 1/2 months taste-panel studies were
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discontinued as a result of the scarcity of control potatoes. Those remaining
were considered to be sour and spoiled by members of the taste panel.

The small number of control potatoes remaining in storage
July 1k, 1954, may be explained by the fact that more control potatoes had
to be removed for comparison in taste panel work than any from each of the
treated groups, and also because the rate of decay in the control group
was greater than in the treated groups. It will be noted from Table 33 that
on July 1h, the percentage of decaying potatces present in the control
group was five times that in any of the treated groups and on July 26, the
rate of decay was approximately twenty times as great. On this date the
few remaining control potatoes were used for analytical determination,
thus terminating the control group.

The physical appearance of the control potatoes was very poor and
may be described as being mottled, wilted, shrunken, and decaying. A few
spots of discoloration due to fungi were also noticed. The appearance of
the treated potatoes was markedly better in that the texture was much firmer,
the water loss less, and in general fewer blemishes on the skin of the
potato. Very few of the treated potatoes have ever sprouted, whereas the
greater percentage of the control potatoes sprouted, and then the sprouts
died and withered. As could be expected, the physical appearance became
progressively less desirable with time.

Figure 30 shows the exterior view of two controls with decayed
sprouts and one potato from each of the three irradiated groups after
storage for 6 months. In this case the controls first developed sprouts
having a length of 2 or more inches. These sprouts then died and decayed.
The fleshy part of the tubers then began to decay. The interior view,
(Fig.?1) showing the decay of the two control potatoes compared to the
treated samples indicates clearly the decomposition of the nonirradiated
potatoes.

b. Idaho-Grown, Burbank Russet Potatoes

Because treatment by gamma radiation had shown great promise by
inhibiting sprouting and increasing the storage life of Minnesota potatoes,
taste-panel studies and observations on keeping gqualities were extended to
include Idaho potatoes. The Idaho-grown potatoes were placed in storage
in the same cold room under the same conditions as the Minnesota potatoes.
Four groups of potatoes, each comprised of one bag of 100 1lb, were treated
in May, 1954, as follows: (1) Control, no irradiation, (2) 7,000,

(3) 21,000, and (4) 28,000 rep.
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NONIRRADIATED

7000 REP

21,000 REP

28,000 REP

Fig. 30. Comparison of Exterior
Appearance of Nonirradiated and
Irradiated Minnesota-Grown, Irish
Cobbler Variety Potatoes Showing
the Decay of Sprouts on the Con-
trols.
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CONTROL

INTERIOR VIEW

TREATED

Fig. 31. Comparison of Interior
Appearance of Nonirradiated and
Irradiated Halved, Minnesota-Grown,
Irish Cobbler Variety Potatoes Show-
ing the Decay in Nonirradiated and
Normal Appearance in Irradiated
Specimens.

After three week's storage in the cold room the nonirradiated pota-

toes were beginning to sprout.

On July 16, 1954, the potatoes in each of the
four bags were counted and the decayed ones removed.

The nonirradiated con-

trols had all sprouted, some to a length of three or more inches, while the
irradiated potatoes showed only the small proliferation at or around the "eyes"

which existed in May, 1954, when these potatoes were irradiated.

NONIRRADIATED

7000 REP 28,000 REP

21,000 REP

Fig. %2. Comparison of Exterior Ap-
pearance of Nonirradiated and Irradi-

ated Idaho-Grown, Russet Variety Pota-

toes Showing Sprouts on the Controls.
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The sprouts
on the control potatoes were exceed-
ingly brittle and did not withstand
rough handling. During the process
of removal from the burlap bags,
counting, sorting, and returning

the potatoes to the bags, the sprouts
broke off. These potatoes did not
develop new sprouts of any notice-
able length, although a limited pro-
liferation in the region of the
"eyes" was noted during subsequent
storage.

In a few potatoes which
were purposly handled with care the
sprouts did not break off. The con-
trast in appearance of nonirradiated
versus irradiated potatoes is shown
in Fig. 32, taken July 16, 195L.




The long brittle sprouts which developed on the controls were, for the
most part, broken off in handling. Table 34 gives a summary of the data
on storage.

Figure 35 in the following section (Part ITT, C) shows controls
which were carefully handled and kept in a refrigerator at about 45°F until
September, 1954. In this case there was extensive sprouting of the controls,
but no sprouting of the irradiated potatoes held under the same conditions.
Table 34 indicates that the mechanical removal of sprouts in handling
resulted in good storage life of the controls. This is contrary to the
results observed with the Minnesota-grown potatoes. This may be a result of
the difference in the properties of the two varieties or a result of differ-
ence in previous treatment during storage. Unfortunately, the history of
these potatoes prior to purchase through the Food Service was unknown. It
is possible that the Idaho-grown potatoes had received a chemical treatment.

In July, practically all of the untreated, control Idaho potatoes
had sprouted, whereas the irradiated potatoes in all dosages,with the excep-
tion of a few in each group, did not sprout. Therefore, it is concluded
that the desirable effect of gamma radiation preventing sprouting was
demonstrated.

c. White Pearl Onions

The onion is another vegetable which deteriorates in storage due
to sprouting and subsequent decay. Therefore, the decision was made to
extend taste-panel studies and observations to include the rate of sprouting
and decay in onions. Without knowing what the desirable dosages might be
for onions, the decision was made to use the same as was previously used
with success for potatoes.

Again, four approximately equal quantities of White Pearl Onions
were selected for study, arranged into four separate groups, and given the
gollowing treatment: (1) Control, no irradiation, (2) 7,000, (3) 21,000,
and (4) 28,000 rep.

The onions in each group were distributed and placed in Kraft
paper bags and placed in storage at the Food Service at 50°F and 50 percent
humidity. These storage conditions were used because the space was avail-
able. However, the percentage of humidity was not optimal if judged upon
the basis of molds which caused discoloration of the surface of many onions.

On July 1, 1954, after 3 months of storage, the rate of sprouting
was approximately equal in all of the four groups. The sprouted onions were
removed at that time. No record was made of the percentage of sprouting
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and decaying onions until August 17. On that date, the rate of sprouting
was approximately equal in the nonirradiated control group and the group
receiving 28,000 rep, but it was lower in the two other groups as is
shown in Table 35. However, on that date the rate of decay was lowest in
the control group. During the next 2 months the treated onions showed

a marked lower rate of sprouting and decay as evidenced by the data re-
corded in September and October. The appearance of mildew seemed to be
equally distributed in all of the groups. In October the sprouts on the
onions showed signs of wilting and decay and only a very few had green
living sprouts. Aitention should also be given to the fact that onions
on the surface may show a great deal of discoloration indicating decay;
yet this, in many instances, is not the case as proven by observation of
halved sections. The sprouted onions showed general deterioration in
structure and firmness of texture as described previously under potatoes.

These preliminary studies on White Pearl Onions have shown
that the optimal gamma radiation dosages for the prevention of sprouting
and decay in storage may still have to be ascertained but under the condi-
tions of these studies low doses of gamma radiation decreased the rate
of sprouting.

d. Yellow Dry (Bermuda) Onions

Another variety of onions, Yellow Dry (Bermuda), was next
studied because of its wide use. Four groups of onions were again
selected, each group consisting of two bags of onions with 50 1b in each
mesh bag. These onions were placed in storage in May, 1954, at Food
Service at 50°F and 50 percent humidity after having been exposed to the
following gamma radiation dosages: (1) Control, no irradiation,

(2) 7,000, (3) 21,000, and (4) 42,000 rep.

A dosage of 42,000 rep in place of the usual 28,000 rep was used
because the Bermuda variety apparently is of a coarser structure than the
White Pearl and might, for that reason, withstand this higher dosage
without any superficial deleterious changes in membrane permeability in
its outer layers.

The rate of initial sprouting was found to be high in all four
groups but by far the highest was in the control during the months of
August and September as shown in Table 36. By October practically all of
the controls had sprouted. There was a gradual increase in the percentage
of sprouting in all four groups with time in storage. From the percentages
of sprouted onions in the irradiated groups it appeared that the 7,000 rep
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dosage was the best dosage for this purpose. All irradiated onions remained
firm and dry regardless of whether or not they had sprouted, whereas the
control onions became moist and soft. Sprouts in the irradiated onions

did not grow to a length exceeding l-l/Q inches, while the sprouts in the
controls grew to a length of 6 to 8 inches.

Another difference noted was the marked decrease in volume of the
parent, control onion supporting the growth of the very long and numerous
sprouts. On the other hand, sprouted, irradiated onions had decreased
very little in volume and the texture remained firm and solid. The outer
layers of the irradiated onions dried and fell off during storage but in the
controls these leaves remained in place and became wet and clammy to the
touch.

The contrast in appearance of the control and irradiated Bermuda
onions is shown in Fig. 33, which was taken in the storage room at Food
Service in October, 1954. It shows the length of the sproutson the control
onions which protruded several inches through the mesh bags.

In summarizing the
comments on the storage experiments,
the general conclusion can be
drawn that a 7,000 rep dosage of
gamma. radiation for practical pur-
poses inhibits sprouting and mark-
edly increases the storage life of
potatoes. The effect of gamma
radiation on onions in the dosages
administered is less precise and
decisive but the inhibitive effect
on the incidence and length of
sprouts has been clearly demonstra-
ted. Although low dosages of
gamma radiation may not completely
prevent the sprouting of onions
it prevents the continued growth

Fig. 33. Comparison of Irradiated of sprouts, thereby keeping the
and Nonirradiated Bermuda Onions onion more firm and increasing the
Showing the Sprouts on the Control storage life.

Onions Protruding Several Inches
Through the Mesh Bags.
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4, BIOCHEMICAL TESTS ON GAMMA IRRADIATED POTATO TUBERS

a. Analysis of Sugars in Stored Irradiated and Control Potato Tubers

The Fission Products Laboratory did not commence extensive studies
on the gamma irradiation of potatoes until January, 1954. This precluded
an immediate experiment to determine the quantities of and changes in the
carbohydrates present in the potato over the entire storage season.

Without adequate and sufficient chemical data determined immedia-
tely after the potatoes had been harvested, it is impossible to establish
any basal level of concentration, especially in view of the fact that the
content of starch increases and sugars decrease immediately upon storage of
potatoes harvested before maturity. That makes it mandatory either to know
when the potatoes were harvested in the autumn and how they were stored
prior to purchase by the laboratory, or to run chemical determinations
extending several weeks prior to gamma irradiation. As a compromise, pre-
liminary chemical determinations were made to ascertain the quantities of
reducing sugars present in raw potatoes before and after incubation with
invertase and, by the difference in the two, estimate the amount of sucrose
present.

For completeness and accuracy, determinations of the existing
quantities of moisture, reducing sugars before and after incubation with
invertase, total carbohydrates, and starch should be performed simultane-
ously at least once every 2 weeks before irradiation until a reasonably
accurate preirradiation level is apparent. Subsequent to irradiation the
same determinations should be made daily for the first week and twice weekly
for the first few weeks thereafter in order to detect early induced changes
caused by gamma irradiation. After the initial effects from the irradia-
tion seem to produce no further significant changes in concentration of the
constituents to be determined, analytical determinations every two weeks
during the storage season should suffice.

In the studies on potatoes in the Fission Products Laboratory the
analytical work was limited to determinations of reducing sugars primarily
because of lack of time and funds. The sugar concentrations are known to be
relatively low and subject to fluctuations induced by the varying needs of
the potato as well as by conditions prevailing during the period of storage.
Further, the content of starch is high and changes, either by amylosis
or resynthesis; these changes would be small percentagewise. In addition,
it has been postulated that potatoes lose carbohydrates and water at approxi-
mately the same rate under favorable storage conditions.l? For that
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reason moisture determinations were not included in these preliminary
studies. There exists a dynamic, not static, equilibrium between carbo-
hydrates, fats, and proteins in the potato, subject to fluctuations.

The analytical procedure used for the determination of reducing
sugars was the "official" method?9 in a modified form?© to permit working
with a prepared potato slurry instead of dried samples. The modification
is in part based on the directions of Somogyi.5l The reducing sugars were
determined by titration with approximately O0.005N thiosulfate made up fresh
daily by dilution of a stock solution of known normality.

A1l of the reagents, prepared from the highest quality chemicals
available, were first used for the determination of known solutions of
highest quality d-glucose. A titration curve for the dilute sodium thio-
sulfate solution in terms of milligrams of glucose was constructed. Through
the courtesy of General Foods30 a dried potato sample of known sugar concen-
tration was provided for checking on the analytical procedure.

Determinations of reducing sugars before and after incubation
with invertase (Difco) were performed on nonirradiated and irradiated
(7,000, 21,000, and 28,000 rep) Minnesota-grown potatoes which had been
kept in local storage since January, 1954. Owing to the small quantity
of potatoes, especially of controls, only four raw representative potatoes
were taken for samploing. These potatoes were sliced into halves and care-
fully peeled in order to minimize losses of flesh layers directly beneath
the peel and then cut into small pieces. These raw potato pieces were next
randomly mixed on a large piece of paper. A known quantity, usually 300 gm,
was placed with an equal weight of distilled water in a small size Waring
Blendor. The potato pieces and water were then thoroughly mixed until no
further subdivision of the potato particles could be observed. It was
noted that the prepared slurry rapidly turned dark brown and that the
.potato particles settled out from the aqueous suspension almost immediately.
By means of a 15-ml pipette, with the tip broken off to permit rapid filling,
a quantity of slurry, usually about 15 gm, was immediately transferred to
a previously weighed 100ml volumetric flask. The exact amount of slurry
was determined by difference on an analytical balance. Because the slurry
suspension settles out very rapidly, it is necessary to remove the samples
immediately after a thorough swirling of the container. Duplicates were
taken from all examined potato slurries and all sugar determinations on
these duplicates were run in triplicate. Blanks were always run simulta-
neously with the sugars in all titatioms.
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The analytical data presented in Table 37 were obtained during
the month of July when the potatoes had been in local storage for 6 months
after irradiation. All of the chemical determinations were performed
in laboratory space furnished by the Department of Biological Chemistry,
the University of Michigan Medical School.¥

TABLE 37

COMPARATIVE ANALYTICAL DATA FOR REDUCING SUGARS BEFORE
AND AFTER INCUBATION WITH INVERTASE FROM NONIRRADIATED
AND IRRADIATED RAW MINNESOTA POTATOES STORED AT 50°F
AND 50 PERCENT HUMIDITY SINCE JANUARY, 195k

Date Reducing Sugar,% Sucrose %
195k Treatment, Before After By
rep Incubation Incubation Difference
July 15 Control 1.89 2.93 0.99
July 17 7,000 1.22 1.82 0.57
July 21 21,000 1.30 1.55 0.23
July 12 28,000 1.39 1.87 0.45
July 26 Control 1.64 2.00 0.32
Average 2 controls 1.77 2.47 0.65
Average 3 irradiated 1.30 1.75 0.4k2
Difs Numerical 0.k47 0.72 0.23
ttierence Percent 26.6 29.1 35.k4

b. Change in Sugar Content of Irradiated Potato Tubers (10,000 rep)
Directly Following Irradiation

(l) Introduction. In a recent highly significant article
» using a modified Warburg apparatus, has definitely shown a five
to sixfold increase in the oxygen uptake of Irish cobbler potato tubers
exposed to gamma radiation. The potatoes used were tested within 60 days

Sussman26

* . .
The Fission Products Laboratory gratefully acknowledges the use of these
laboratory facilities.
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after harvesting and were, therefore, most probably in a dormant state.
he gamma radiation dosages used varied between 100 and 3,200,000 rep.
The maximum effect on the oxygen uptake was observed in the range of
10,000 to 400,000 rep. The increased oxygen uptake was discernible
within a few hours after irradiation reaching a maximum effect 24 hours
after zero time for the 10,000 rep dosage followed by a steep decline
until the fourth day and with a gradual return to the pretreatment level
after 12 days.

The tremendous and rapid increase in oxygen uptake subsequent
to gamma radiation is indicative of a great stimulus to the metabolism of
potato tubers which would of necessity involve a similarly and simulta-
neously increased demand for transportable, utilizable high energy-
containing compounds. In potatoes the chief storage product is starch
which is in an equilibrium with the end product of amylosis, glucose.
With the increased need for energy due to the gamma ray exposure the
rate of amylosis must be increased by enzymatic breakdown of starch which
results in more glucose being formed.

Inasmuch as it has been shown and reported in a previous section
that the content of reducing sugars is lower in nonsprouted gamma
irradiated potatoes than in sprouted nonirradiated potatoes, a state in
which there also is a greater demand for utilizable sugars, consideration
was given to an investigation in order to ascertain the following two
points of interest.

1. Is there an increase in the content of reducing sugars in
potato tubers after being exposed to small dosages of
gamma radiation?

2. If there is an increase in the content of reducing sugars
after subjecting potato tubers to small dosages of gamma
radiation, is this increase almost immediate and parallel
to the increased rate of respiration observed by Sussman®

(g) Experimental Procedure. A short-term experiment was
designed in which one 100-1b bag of Idaho potatoes was kept as a control
at Food Service at 50°F and 50 percent humidity since May, 1954. The
bag was sampled ( 6 potatoes per sample) and the reducing sugar content
was determined before and after incubation with invertase according to a
modified SomogyiBO)51 method described in detail in a preceding section
of this report. Determinations of the sugar content were first run on
the nonirradiated potatoes in order to establish a base level. In other
tests with individual potato samples the sugar content was determined at
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a measured time interval after the completion of irradiation. A radiation
dose of 10,000 rep was given in a period of 60 minutes by placing the
potatoes at a distance of 11 inches from the periphery of the center well
of the cobalt-60 source. Analyses were made of samples stored for O, 1,
31/2, 5, 15, 25, 48, and 72 hours after irradiation.

Zero-hour standing was arbitrarily set as the exact time at
which the gamma radiation was completed and analysis commences despite
the fact that enzymatic activity presumably continued uninhibited in the
potato tubers during the subsequent peeling, slicing, subdivision, and
mixing in the Waring Blendor, and sampling and weighing out of slurry
aliquots. Enzymatic activity was probably halted when these samples were
diluted with ethyl alcohol and refluxed on the steambath approximately 2 hours
later. However, the data obtained show that the first very minor increase
in the quantity of reducing sugars did not occur until after 5 hours
standing (on the basis of the above interpretation).

It should be kept in mind, however, that whereas Sussman?®
used freshly harvested potatoes in his experiment, the potatoes used
in the experiments reported here had been stored for approximately 1 year
and only under known conditions since May, 195k,

(3) Discussion. Owing to the fact that funds were not avail-
able to support this specific study only a very limited number of data
could be made available. The data from this study, however, are believed
to be of interest especially to those engaged in basic research because
they indicate an effect, direct or indirect, of gamma radiation.

Regarding the sugar content of stored, irradiated, and control
potatoes Table 37 shows that lower sugar values were obtained in the
second control sample. These values possibly reflect the greater degree
of decay in these potatoes which resulted in greater peeling losses.
The potatoes used for the second control sample were in a state of greater
decay and although the sprouts were still on the potatoes they appeared
to be shrunken, nonliving tissue. With the flesh of the tuber itself
barely in a living state, the need for a high concentration cof sugars
would be reduced, but the possibility that the decay involves decomposition
of starch still exists.

Sugar concentration normally is increased when sprouting occurs,
a process which necessitates a translocation of carbohydrate from tuber
to sprouting tissue in a transportable or diffusible form, thus the
higher values for reducing sugar in the controls than in gamma irradiated
potatoes should be no surprise. The irradiated, nonsprouted potatoes have
a lesser need for transportable sugar inasmuch as little or no new sprout
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tissue is being formed. While it may be incorrect to use average values
for such limited data from the viewpoint of statistical analysis, the
quantitative differences are of a magnitude which probably should not

be overlooked. The trend is definitely indicated under the conditions
of these experiments.

In the study on potatoes some members of the taste panel observed
a sweeter taste in sprouted control samples than in the nonsprouted
irradiated potatoes. If the sweetness in the potato is due to the content
of sucrose, then the taste panel observation substantiates the analytical
data which shows higher values for sucrose in the control after long
storage.

Immediately after irradiation the members of the taste panel
showed no unanimous preference for either nonirradiated of irradiated
potatoes. However, some of the judges noted, besides a slight burned
taste, a sweeter taste in potatoes exposed to the two highest dosages of
gamma radiation when compared with the controls. If this sensory observa-
tion is correct, the gamma radiation at the two higher dosages could
possibly have had an immediate but short lasting effect in favoring the
formation of sugars by amylosis. Unfortunately, analytical data are not
available for comparison.

The retarding effect of gamma radiation on sprouting in potatoes,
first published by Sparrow,l’2 has definitely been confirmed. In the pre-
ceding pages of discussion an attempt has been made to correlate analytical
data and observations made by some members of the taste panel with the
effect of gamma radiation. Chemical data confirm that sugar concentrations
in sprouted controls after 5 to 6 months storage are greater than those
sound in the irradiated potatoes. Gamma radiation may have had an immediate
effect favoring the reaction starch to sugar. There can be little doubt
on the basis of data here reported however, at least after 5 to 6 months
storage, that one of the effects of gamma radiation has been to prevent the
increase in reducing sugars and sucrose observed in the sprouted control.
Since control and irradiated potatoes have been stored under identical
conditions, it may be asserted that not only did gamma radiation retard
sprouting in potatoes, but also the increase in sugar concentration in
the control, generally associated with sprouting, was delayed if not
inhibited in the irradiated potatoes.

Regarding the changes in sugar content directly following
irradiation, attention is again directed to the fact that Sussman con-
ducted his studies on freshly harvested Irish cobbler potatoes, whereas
the data presented in this study were obtained on Idaho-grown potatoes
(Burbank russet variety) which had been stored almost a full year.

113




——  ENGINEERING RESEARCH INSTITUTE * UNIVERSITY OF MICHIGAN —

Sussman plotted his oxygen uptake against time in days after irradiation
without any intermediate points during the first 24 hours. For that

reason sugar determinations in the present studies were run on separate,
individual samples after O, 1, 3 1/2, 5, 15, 25, 48, and T2 hours of

standing after irradiation in order to ascertain, if possible, how immediate
the effect of gamma radiation might be. Data in Table 38 and Fig. 34 show
that sugar concentration actually fell slightly, when compared against

the basal level, during the time lapse of irradiation and until all

enzymatic action ceased on the steam bath. This in itself is not surprising
on the basis that there ia an immediate and greatly increased stimulus to

the metabolism of the potato because of the greatly increased oxygen uptake
and with concomitant greater demand for sugars. Further, on the assump-
tion that there is a certain period of time required before the enzymatic
systems involved in amylosis can be stimulated to greater intensity and/or
efficiency, an immediate decrease might be expected thus upsetting the normal
equilibrium in the reversible reaction starch-glucose. If the effect of
gamma radiation is not merely a phenomenon of a very short duration but ex-
tending over several hours or even days, then the prolonged increased need
for extra energy, certainly in part furnished by sugar, might cause a tem-
porary plethora in the gamma irradiated potato. If there is a definite
reaction constant for the reversible reaction starch-glucose in the control
potato under a given set of conditions, such as those under which the potatoes
were stored at Food Service, there would appear to be no reason to expect
that tne reaction constant would remain unchanged after such a drastic treat-
ment as that by intense, penetrating gamma rays.

TABLE 38
QUANTITATIVE DATA SHOWING CONTENT OF REDUCING SUGARS BEFORE AND

AFTER INCUBATION WITH INVERTASE IN NONIRRADIATED AND TRRADIATED
RAW IDAHO POTATOES STORED AT 50°F AND 50 PERCENT HUMIDITY SINCE MAY, 1954

Date Hours of Reducing Sugar % Sucrose %
195k Treatment, Standing Before After By
rep Incubation Incubation Difference
September 30 Control 0 0.85 0.96 0.10
September 28 10,000 0 0.73 0.75 0.02
November 11 10,000 0 0.76 0.76 0.00
November 6 10,000 1 0.80 0.82 0.02
November 4 10,000 3.5 0.72 0.74 0.02
November 15 10,000 5 0.90 0.93 0.03
November 20 10,000 15 1.15 1.22 0.07
November 18 10,000 25 1.43 1.51 0.07
November 25 10,000 48 1.40 1.53 0.12
November 28 10,000 72 1.39 1.50 0.10

114




— ENGINEERING RESEARCH INSTITUTE < UNIVERSITY OF MICHIGAN

REDUCING SUGAR PERCENT

I R i S A
/7 1
1.4 RV 5
/ |
// / E
/<>///
1.2
7/
/
/
v
1.0 7 F
\ / ~— — —REDUCING SUGAR AFTER IRRADIATION
\ ~——————REDUCING SUGAR BEFORE IRRADIATION
0.8\‘A\
V4
0.6l n i | | | n ! | | i |
0O 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63 66 69 72

TIME OF STANDING (HOURS) AFTER GAMMA IRRADIATION

Fig. 34. The Influence of 10,000 rep Gamma Radiation
on the Content of Reducing Sugar in Raw Idaho Potatoes

Percentagewise, the minor changes in sugar concentration shown
after 0, 1, and 3 1/2 hours are very small and may not be significant.
However, the increase after 5 hours most probably may be considered signi-

ficant because it makes the first point on the curve above the basic level.

In view of the still higher values after 15, 25, 48, and T2 hours, which
when plotted give almost a straight line, it appears that under the condi-
tions of this study the elevation in sugar content of the gamma radiated
potatoes begins approximately after 5 hours of standing from zero time as
previously defined. This marked increase after a few hours is of interest
because Sussman® found an almost immediate effect on oxygen uptake
amounting to an increase of sixfold within a few hours after irradiation.
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On the basis of the values obtained after 5 hours standing
subsequent to irradiation it would seem that a maximum concentration
might have been reached somewhere between 15 to 48 hours standing,
although this is not shown. Time did not permit the accumulation of addi-
tional data to complete the curve and to show the eventual complete return
to basic pretreatment sugar concentration. The plotted data show a very
even plateau extending for a period of at least 48 hours with perhaps a
decline toward normal sugar concentrations beyond 72 hours.

The concentration of sucrose, indicated by the area between the
two curves showing the concentration of reducing sugars before and after
invertase, does not vary greatly. The higher values for sucrose are
found where the reducing sugar concentrations were elevated above the
normal level.

On the basis of the data presented in this short study and under
the conditions of these experiments, the following conclusions may be
drawn.

1. Gamma radiation dosages of 10,000 rep definitely cause a
significant increase in reducing sugar concentration in
Idaho potatoes.

2. Increased reducing sugar concentrations are discernible
5 hours after irradiation, reaching a possible maximum
between 15 to 48 hours subsequent to irradiation.

3, The increase in reducing sugar concentrations are not as
marked as the increase in oxygen uptake observed by
Sussman; but in general the curve in this study follows
the curve for oxygen uptake, although at a much lower level.

I\
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C. DESIGNS FOR GAMMA IRRADIATION FACILITIES FOR POTATOES

Personnel:

L. E. Brownell, Professor of Chemical Engineering and Supervisor of Fission
Products Laboratory; J. V. Nehemias, Research Associate, Health Physicist,

and Assistant Supervisor of Fission Products Laboratory; J. J. Bulmer, Research
Assistant and Nuclear Engineer.

1. INTRODUCTION
It is believed that the gamma irradiation of potatoes may be the
first commercial application of gamma radiation to foods. Therefore, consid-
eration is given to the problems of design of gamma irradiation facilities
for such use. This section covers the design of such facilities using three
different sources of radiation: (1) cesium-137, (2) mixed fission products,
and (3) cooling reactor-fuel elements. Cost studies are made for each design.

2. REVIEW OF THE PROBLEM

Potatoes are the most important vegetable food in the domestic
diet. A greater tonnage of potatoes is handled than of any other vegetable
produce. The volume sold is quite constant throughout the year and from
year to year. Annual production during the 10-year period 1941 to 1951 av-
eraged 415 million bushels with an average value of over $526,OOO,OOO.l

About 75 percent of potatoes are harvested in the fall and are
known as late potatoes. The majority of these potatoes are grown in the
northern states. The Snake River Valley of Idaho, the Red River Valley of
Minnesota, Arvostook County, Maine, and Long Island, New York are well known
for their production of potatoes. Dale County, Florida and Kern County,
California also produce large quantities of potatoes, particularly for use
in the early summer months when mature northern-grown potatoes are not avail-

able.
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Home-grown northern potatoes cannot be stored on the typical farm
for much more than 6 months. However, where better storage facilities are
available northern late potatoes may be stored for 8 or 9 months.

Potatoes are perishable and the storage conditions are exacting if
the potatoes are to be kept for many months. The Department of Agriculture
recommends the following conditions.

"When potatoes are first placed in storage they should be held at a
temperature of 60°F (taken at the top of the bin) and a humidity of 85 to 95
percent for about 10 days so that wounds will heal. Restricted ventilation
will hold the humidity at this level. After the wound-healing period the
storage area should be ventilated just enough to reduce the temperature at the
top of the bin from 60 to 50°F in 45 days and for continued storage the top
of the bin temperature should be reduced from 50 to LO°F during the next 45
days. More rapid cooling usually results in excessive shrinkage because of
a lower storage humidity."1 Potatoes to be held longer than 3 to 4 months
should be stored at LO°F and a relative humidity of 90 percent after the
initial cooling period but potatoes marketed within this time need not be
stored at temperatures below 50°F.

Potatoes usually cannot be held in unrefrigerated storage later than
early spring in even the northern states because of the seasonal temperature
rise. This temperature rise following the period of dormancy results in rapid
sprouting of the tubers. The use of refrigeration extends the storage period
but even with refrigeration it is difficult to hold untreated potatoes later
than May.

In addition to sprouting and rotting there are other problems in
storing potatoes; such as maintaining a low sugar content, a problem which
is primarily of importance to potato processors. About 10 percent of the
potatoes sold for food are processed into products such as potato chips, de-
hydrated potatoes, canned potatoes, etc. In 1951 over 23 million bushels of
potatoes were processed into potato chips.

Potato processors demand potatoes of medium to large size, high
starch content, and low sugar content. The low sugar content is especilally
important to processors producing potato chips. Sugar in the potato carmelizes
when fried producing dark or "burned" spots on the chips which are not desir-
able. Also, dehydrated potatoes having a high sugar content do not keep as
well as dehydrated potatoes having a low sugar content.

If potatoes for processing are stored at too low a temperature, an

accumulation of sugar in the potato results from the enzyme conversion of
starch to sugar and from the low respiration rate at low temperatures.
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Potatoes stored at a higher temperature will have a sufficiently rapid res-
piration to oxidize the sugar so as to maintain a low sugar content. As the
low storage temperatures (32 to LO°F) result in excessive accumulation of
sugar and the higher temperatures (50°F and above) result in excessive spoil-
age from sprouting and rotting, some compromise temperature such as 45 to 50°F
may be used. Another method is the storage of the potatoes at the low tem-
peratures followed by the raising of the temperature about 20°F above stor-
age temperature for a period of 2 weeks or more prior to processing. Both

of these methods result in increased spoilage from sprouting and rotting.
Potatoes that have been held dormant at low temperature for a number of
months sprout rapidly after the temperature is raised.

A variety of chemicals (Part III, Section B) have been found use-
ful in treating potatoes to retard or prevent sprouting. However, the use
of chemicals is associated with some disadvantages such as:

difficulty in obtaining a uniform application

nonuniform response of treated tubers

need of special equipment to treat potatoes on a large scale
plugging of ventilation ducts with dust

possible toxicity of some of the chemicals

inability to control sugar content of tubers by chemical treatment
cost of some chemicals and some methods of application

N N~ o~~~ o~~~
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undesirable appearance of dust on potatoes in dusting process.
One large processor of potatoes in the Michigan area tried a chem-

ical dusting treatment but then discontinued it. Chemical treatment cannot
be considered to be completely satisfactory.

5. EFFECT OF GAMMA TRRADIATION ON POTATOES

Gamma radiation has been shown by Sparrow and Christensen to pre-
vent the sprouting of small Katahdin variety potatoes for 18 months.gJ5
Tests in this laboratory with mature 1953-crop Minnesota-grown, Irish cobbler
and Idaho-grown, Burbank russet varieties of potatoes have also shown the
ability of low doses of gamma radiation to prevent sprouting. Several 100 1b
and smaller bags of storage potatoes of these varieties were irradiated,
respectively, in January, 1954, and May, 1954, and were stored at 50°F until
September, 1954, at which time mature potatoes of the 1954 season had become
available.

Figure 35 is a photograph taken in September, 1954, of Idaho-grown,
Burbank russet variety potatoes of the 1953 crop. The irradiation of these
potatoes was performed in May, 1954. Figures 30 and 31 (Part III, Section B)
show external and internal appearance of Minnesota-grown, Irish cobbler
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variety potatoes of the 1953 crop
stored for 6 months at 50°F subse-
quent to irradiation in January, 195k
Note that the sprouts on the control
tubers have died and withered and
that they have undergone severe de-
composition in the interior. By
September these control tubers were
completely rotten whereas the irra-
diated potatoes were still well pre-
served.

NONIRRADIATED 21,000 REP Over 2100 individual taste
tests were made by a taste panel
using irradiated potatoes and con-

Fig. 35. Idaho-Grown, Burbank Russet trols (see Part III, Section A). A
Potatoes of the 1953 Crop. Irradiation statistical analysis of the results
Performed May, 1954. Stored at 50°F of these tests showed no preference
until Photographing September, 195k, for the controls over the irradiated

potatoes. On the basis of these
studies and some taste tests conducted at Brookhaven5 there is no indication
of a problem of off-flavor in potatoes as a result of irradiation in the dose
range of 10,000 rep.

Tests by Sussmanu on the respiration of irradiated potatoes have
shown an increase up to sixfold in the respiration immediately following
irradiation. This increase in respiration is observed without an increase
in temperature. At present it is common practice to control the sugar con-
tent of potatoes stored at low temperature by increasing the respiration as
a result of raising the temperature. However, this use of temperature to
control respiration has the disadvantages of increasing the spoilage from
sprouting and rotting and greatly limits the time available for processing.
If irradiation were used to increase the respiration this might be accom-
plished without raising the temperature. Laboratory studies are needed to
investigate this possibility. The use of irradiation to control the sugar
content of stored potatoes should decrease the loss by spoilage, permit
greater time for processing, and provide better control of the sugar content.

L. TYPES OF RADIATION SOURCES TO BE CONSIDERED

For purposes of comparison three different gamma sources have been
selected: (1) refined cesium-137, (2) concentrated anhydrous mixed fission
products, and (3) cooling reactor-fuel elements.
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Since cooling reactor-fuel elements decay very rapidly the radiation
facilities using this source of radiation will be designed to operate 6 months
of the year during the late winter and spring. During the remainder of the
year the plant will be shut down without a radiation source. Because of the
slower decay of 2-year-old fission products and cesium-137 the radiation fa-
cilities utilizing these materials as sources of radiation will be designed
to operate 260 days out of the year.

In order to simplify calculations and comparisons, the radiation
source will be assigned the same overall geometrical shape as the source in
the radiation facility for the processing of prepackaged fresh meat described
in Progress Report 6.5 This source was a rectangular plaque 6 feet high, 12
feet long, and 0.40 inch thick. The plaque was divided into 12 vertical
elements with different specific activities so as to provide a uniform radia-
tion field. The cesium-137 and the mixed-fission-product sources being con-
sidered for the irradiation of potatoes will be designed to provide a rec-
tangular source of the same width and length, except that rod sources arranged
in a vertical plane will be substituted for the vertical rectangular plaque.

The radiation dose for treatment of potatoes to prevent sprouting
has been found to be about 10,000 rep which is about l/lO the dose required
for pasteurizdation of prepackaged meat. The capacity of the meat plant was
estimated to be about 14 tons per hour. This is probably the correct order
of magnitude for a typical potato irradiation facility. Therefore, the total
activity of the source can be decreased by a factor of 10 to about 150,000
curies of cesium-137 or mixed fission products.

The decrease in the total activity required permits the use of a
discontinuous radiation source without requiring an excessive specific ac-
tivity. Thus, the rectangular plaque 6 feet by 12 feet might be replaced
by a number of rods 6 feet long and suitably spaced over a width of 12 feet,
so as to provide a uniform radiation field. This arrangement has the ad-
vantage of using the same specific activity in each rod which simplifies
the fabrication of rod sources and the addition or replacement of source
rods. These rod sources might consist initially of 20 rods of 2-inch
stainless-steel pipe or tubing filled with either anhydrous cesium-137 or
snhydrous mixed fission products and sealed at both ends. The cylindrical
containers have the advantage of simplicity in shape and of mechanical
strength.

An important point of economics to be considered is that the use
of a discontinuous source permits the simple addition of rods to replace
activity lost by decay. Using this procedure the number of rods eventually
will be increased until some of the rods must be removed and replaced. How-
ever, for the case of cesium-137 only l/lO of the original number of rods
need to be added every 5 years to maintain the source activity (within 90
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percent of the original activity) whereas 1/6 of the original number of rods
would be needed if replacement were used. Thus, an original source consisting
of 20 rods filled with cesium-137 could be kept at strength by adding 2 rods
every 5 years for the next 30 years. Thereafter, the activity could be main-
tained by replacing an average of 3-2/3% of the older rods every 5 years. How-
ever, if replacement of rods had been used for the first 30 years rather than
addition, the number of replacement rods required in the 30-year period would
be increased by about 67 percent at a corresponding increase in expense. The
same point of economics holds for rods filled with mixed fission products
except that replacement would begin much earlier.

Cooling reactor-fuel elements should not be considered as suitable
gamma sources for general use or for plants designed to operate continuously
throughout the year. Reactor-fuel elements would be too expensive to use if
the high inventory cost of fissionable material were charged against the fuel
element when used as a source of radiation. However, for reasons relating to
the processing techniques it is the practice in present processing plants to
store these elements under water for several weeks before they are processed.
During this period the intense radiation is dissipated in the water used to
shield the cooling elements; except when used in some research experiments
this radiation is presently being wasted. It is proposed that some of these
elements be used as sources of radiation for a limited number of radiation
facilities designed to process potatoes.

The potato irradiation facility using cooling reactor-fuel elements
will be designed to operate only 6 months of the year, commencing operations
about December 15 and ceasing operations about June 15. During the other 6
months the facility will be without a radiation source. A different design
for the radiation facility using the fuel rods would be required since they
would have a much higher activity than would the mixed fission products or
the processed cesium-137; also the fuel elements have a different geometry.

A single reactor-fuel element would not provide a sufficiently uni-
form radiation field; therefore, two reactor-fuel elements will be considered.
Proper spacing of the fuel elements from each other and from the axis of the
conveyor handling the potatoes and limiting the width and length of the con-
veyor buckets makes it possible to give the potatoes a quite uniform dose of
radiation with only two fuel elements.

5. DESIGN OF IRRADIATION CHAMBER USING CESIUM-157

The radiation chamber using cesium-137 as a source of gamma radia-
tion will have the same basic design as the radiation facility designed to
pasteurize prepackaged meat described in Progress Report 6.5 However, cer-
tain changes will be required in order to adapt the previous design to the
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handling of potatoes. 1In this design the conveyor trays will be proportioned
so that either bulk potatoes or 100-1b bags of potatoes can be handled. The
tray width will be increased from 8 to 12 inches and the tray height will be
increased to 24 inches. This will require an increase in the conveyor pitch
from h—l/Q to 6 inches. Because of the increase in width of the conveyor
trays the spacing between each pass will be increased from 15 to 24 inches.

The increase in width of conveyor trays and the increase in spacing
between conveyor passes increase the distance of the absorber from the source.
The radiation field is decreased by the inverse square relationship and also
because a much weaker source is being used. Therefore, only two passes of
the conveyor will be used on either side of the radiation source rather
than four passes as used in the previous design reported in Progress Report 6.2

Figure 36 shows a sectional elevation view of the modified radia-
tion chamber designed to irradiate potatoes using either cesium-137 or mixed
fission products as a source of radiation. One-hundred-lb bags of potatoes
or bulk potatoes will be brought by belt conveyor A from the potato ware-
house. The bags of potatoes or the bulk potatoes move down slide B into
tray 1 of the irradiation conveyor while this conveyor is in the stationary
phase of its intermittent operation. As the irradiation conveyor moves, the
potatoes are carried down into the radiation chamber through opening C and
past concrete shield D. Two vertical passes, E and F, are made on the
right side of the row of source rods G and two passes, H and I, are made on
the left side of the source. This arrangement permits irradiation of the
potatoes from both sides so as to produce a more uniform radiation dose.

Well L is filled with water as in previous designs and is used to
hold the source when the radiation must be shut off to permit entry to the
radiation chamber for maintenance, routine inspection, or addition of source
rods. If the radiation chamber is located above grade as shown in Fig. 36,

a concrete wall, N, which is 3 feet by O inch thick, would be used for shield-
ing. If the radiation chamber is placed below grade, the wall thickness may
be reduced to that required for structural strength alone, as the earth will
act as a radiation shield. A labyrinthine entrance to the radiation chamber
is provided at the lower left as shown in Fig. 36.

A plan view of the radiation chamber is presented in Fig. 37.
This view shows the simple laybrinth used as an access passage for routine
inspection and maintenance. The conveyor in the radiation chamber may be
driven by sprockets on stub shafts. Some of the sprockets may be "idlers",
with one or more sprockets to be used as a "driver". Figure 38 shows the
spacing between centers of the 2-inch source pipes filled with fission
products. The variation in spacing with smaller pitch near the ends is used
to produce a more uniform radiation field on either side of the source.
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20 Rod Source Distribution, Symmetrical about &

Fig. 38. Plan View Showing Spacing of One-Half of Source Rods
for Potato Irradiation Facility Using Either Cesium-137 or
Mixed Fission Products.

6. CAPACITY CALCULATIONS FOR A MIXED FISSION PRODUCT OR CESIUM-137 SOURCE

The capacity of the radiation chamber shown in Figs. 36 and 37
will depend on the activity of the source and the dose required. The total
gamma activity of the source has been set at 150,000 curies so as to pro-
vide a capacity considered typical. Fixing this activity fixes the magni-
tude of the radiation field. A specific gamma activity of 230 curies per
pound is sufficient to provide 150,000 curies in the 20-source rods.

The radiation flux in a plane perpendicular to the face of the
source at its center line was calculated for the lines 24 inches from the
source and 48 inches from the source. The values determined are shown in
Fig. 39. This figure shows that the radiation flux along the horizontal
axis parallel to the source can be made approximately uniform by varying
the activity of the source along the horizontal axis. This dimension may
be eliminated from the calculations of the radiation field, permitting the
plotting of the radiation field in two dimensions.

As the center line of the conveyor passes are spaced at 24 and L8
inches from the source, the dose rates (in air) were calculated at these
distances as a function of the vertical distance above the center line of
the source. These data were cros plotted to give the isodose curves shown
in Fig. 40. The dose rates shown are for radiation in air and must be cor-
rected for absorption in the potatoes. This correction was made using 8
inches as the half-value thickness for absorption in bulk potatoes for
gamma radiation of 0.7 mev energy with an absorber efficiency of 80 percent.
The isodose curves corrected for absorption are shown in Fig. Ll.

Figure L2 shows a plot of the radiation flux in rep/hour at the
center position of the potatoes being conveyed after corrections are made
for absorption. The radiation flux is plotted as a function of the length

~
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traveled through the first half of the radiation chamber, The plot of
radiation flux for the second half of travel through the radiation chamber is
a mirror image of this curve and is not shown. To determine the time required
to absorb a given dose, the curve must be integrated graphically. Twice this
integral gives the accumulated dose for the potatoes in the center of the con-

veyor tray as a function of the tray speed through the chamber. The accumu-
lated dose may be expressed as

Accumulated dose in center = 2 rep ft/hr
X ft/hr

where x = tray speed in feet per hour. From the plot of dose rate versus
length of path traveled (Fig. 43), the accumulated dose at a tray speed of
1 foot per hour was determined to be 3.82 (10)D rep.

Dividing the specified dose by the
1o - accumulated dose as a function of tray speed
yields a value which has the reciprocal units
of tray speed. Multiplying this value times

\ the length of path traveled in feet gives
the time required per cycle for the potatoes
‘ to obtain a specified dose.

@ \ Radiation time per cycle
(for 1x10' rep dose)

r/HR WITH SHIELDING
r/HR WITHOUT SHIELDING
S

I
\ 10" rep 82) ft = (2.14) _BF
\\ 3.82(10)5 rep ft/hr (%2) ( ) cycle

RADIATION FLUX RATIO,

1
Io

There are 30 trays within the chamber

\ each containing 2' x 1' x 12' = 24 cu ft of
potatoes per tray; or 24 cu ft x 0.804 bu per
. \\A cu ft = 19.3 bu of potatoes per tray. The
s 0 2 % % o capacity in bushels of potatoes per cycle

INCHES OF CONCRETE

would then be
Fig. 43. Broad-Beam Attenuation
trays in chamber

in Concrete of Cesium-137 Capacity/cycle = 30 X
Gamma Radiation. cycle

19.3 bu

tray = (579) bu/cycle.
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The capacity in bushels per hour may be obtained by dividing by the exposure
time required per cycle.

(579) B L

Capacity/hr
cyele (2.14) nr/cycle

1

(270) bu/hr.

7. TYPICAL SHIELDING CALCULATION

Using the latest broad-beam shielding data (National Bureau of
Standards Handbook 54), dosage rates at points outside the radiation chamber
were calculated from Fig. 43.

The dosage rate at a point S (see Fig. 36) on the center line of
the source just outside the shielding wall (9 feet from the source) is cal-
culated to be 350 rep per hour with no shielding. This value is obtained
by extrapolation of the data in Fig. L40. Figure 43 shows that 3 feet of
concrete will reduce this dosage rate by a factor of 3x10™~ to a level of
approximately 1 mr/hr which is considered to be sufficiently below tolerance.
See Progress Report 62 for calculations for water shielding.

(eo)

COST ESTIMATES BASED ON THE USE OF CESIUM-137

Total Investment

o

The radiation chamber for treating potatoes using either cesium-137
or mixed fission products as a source of radiation is very similar to the
radiation facility designed to pasteurize prepackaged meat as described in
Progress Report 6.2 An itemized cost estimate indicated that this latter
radiation facility exclusive of the radiation source would cost $82,500.

The facility to treat potatoes will have two passes on either side of the
source rather than four, will have fewer trays, and will have slightly

smaller overall dimensions. It is estimated that the radiation facility
would cost 80 percent of the cost of the facility to pasteurize meats, or

$66,000.

Using the 0.6 scaling factor for estimating the installed cost of
the source of radiation6 and using the figure of $6000 for a 1000-curie
cesium-137 source, the installed cost of 150 kilocuries of cesium-137 is
estimated to be
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0.6
x = ($6,000) (150,000)"
1000

x = $120,000

The cost of a steel-reinforced lead container for shipping 150 kilo-
curies is estimated to be $5000. Thus, the total investment becomes

Cost of radiation chamber and accessories $ 66,000
Cost of shipping container 5,000
Cost of 150,000-curie cesium-137
source installed 120,000
Total installed cost $191,000

b. Operation Costs

If the radiation facility were operated as a part of a large potato
warehouse or a potato processing plant the annual operation costs might be
estimated in a manner similar to the case of the pork-irradiation unit designed
previously' and as shown in Table 39.

A cesium-137 source will lose 10 percent of its activity in 5 years.
The cost of restoring this activity is calculated to be $3%0,000, once every
5 years. Straight-line amortization would make 20 percent chargeable each
year or $6000 per year. Overhead on the payroll, general plant operation,
and general administration is estimated according to recommended methods for
chemical plants.8 ’

The radiation chamber is considered taxable as property but the
radiation source is a piece of equipment and not subject to property tax.
Income tax should be calculated on the basis of profits, but since the value
of irradiated potatoes has not yet been determined 2-1/2 percent of the total
investment is used as an estimate of income tax considered chargeable to the
irradiation facilities.

In estimating depreciation and obsolescence the radiation chamber
and radiation source are considered to have a 1l0O-year useful life. The total
investment is amortized in a 1l0-year period by use of a sinking fund. The
interest on cash paid into the sinking fund reduces the percentage of the
initial investment chargeable each year from 10 to about 8 percent. This
depreciation would provide for complete replacement of the chamber after 10
years. The source is assumed to have only 50 percent salvage value at the
end of the 1l0-year amortization period even though it will be at full strength
through activity replacement.

1%2
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c. Unit Costs

Based on a minimum dose of 10,000 rep and an operation schedule of
two shifts (16 hr/day) and 260 operating days per year, the annual capacity
is calculated to be

270 bu/hr (16 hr/day) (260 days/yr) = 1.12(10)° bu/yr.

Cost per bushel to be added to potatoes for a dose of 10,000 rep using a
cesium-137 source will be

$74,600

m = $0.066/bu .

Using a bulk density of 42 lb/cu ft the cost per ton will be

$0.066(2000)

= = .91/ton .

0.804 (L42) $5.91/

9. COST ESTIMATES BASED ON THE USE OF MIXED FISSION PRODUCTS AS A
RADIATION SOURCE

a. Some Factors Effecting the Cost of Mixed Fission Products

If processed, concentrated fission products are used as a source of
radiation their cost might be determined in large part by the cost of con-
centrating and packaging. However, such information is not available because
large quantities of the mixed fission products have not as yet been concen-
trated and a cost estimate for the processing, to be reliable, would require
a rather thorough design of the process being considered. As there are many
different types of fission-product wastes and also as many different types
of processes that may be used in preparing these materials for industrial
use, a direct approach to this cost estimate will be avoided. Another ap-
proach to the estimate of the value of mixed fission products might be made
on the basis of the comparative value of such radioactive materials and
cesium-137. Calculations described in Progress Report 62 indicate that 2-
year-old fission products have gamma activity essentially from cesium-barium-
137 and from cerium-praseodymium-1Lhl4. The cerium-144 present in 2-year-old
mixed fission products has 7—1/2 times the activity of cesium-137 but has a
half life of only 290 days as compared to 35 years for the cesium.

The relative value of gamma sources having different half lives
might be expressed in terms of some function of the ratio of the half lives.

13k




——  ENGINEERING RESEARCH INSTITUTE < UNIVERSITY OF MICHIGAN

The nature of this function will be discussed briefly with regard to (1) total
dose delivered, (2) replacement costs, (3) total curie requirement, and (4)
relative cost proportional to half lives.

(1) Total Dose Delivered. To estimate the relative values of two
isotopes of approximately equal energy but different half lives, reference
may be made to the total dose delivered.

The dosage rate, as a function of time, is

I = Ige M |
where
I, = the dosage rate at time zero, rep/hr
A = .69%3/T = the decay constant of the isotope

in question
T = half life
t = -elapsed time.

The total dose in rep delivered in any time (t) then is

t t
/ Idt = Io/ e M gt

o 0o

I
"
A

When the elapsed time (t) is large compared to the half life (T), the term

in the brackets [l-e‘KtJ approaches unity and the dose delivered becomes
proportional to the initial dose rate Iy and to the half life, T. When com-
paring isotopes of different half lives at a given time, t, the value of the
long-lived isotope may be short of this "saturation value" while the short-
lived isotope has reached 1ts saturation value. Thus, the relative values
would not be directly proportional to the half life, and the shorter-lived
isotope would be given a relatively higher value. 1In practice, however, this
apparent advantage in radiation value for the shorter-lived isotope would
tend to be cancelled by the increased costs required for replacement. There-
fore, it is probably a reasonable estimate that radiation value can be con-
sidered to be approximately proportional to half life based on total dose
delivered.

rep

I

1l

(2) Replacement Costs. To analyze further the relative values of
isotopes having different half lives replacement costs will be considered.
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To maintain a radiation facility at design capacity a replacement of a part of

the radiation source will be required wherever the radiation level falls below

a predetermined minimum level, On permitting, for example a 10 percent drop in
radiation intensity,

I _ 693t
T = 0.9 = e” —F

.693% = 0,115

_0.115
= EIB§§ = a constant,.

As (t/T) is constant the time that will elapse between replacements is propor-
tional to half life, Thus, on the basis of replacement cost alone, it is valid
to assure a radiation value directly proportional to half life,

H]

(3) Total Curie Requirement. Other things being equal, the number of
curies required at each replacement will be the same, independent of half life.
Thus, the total number of curies required to maintain operation at a given rate
for a considerable period of time would be inversely proportional to half life,
Once again, a reasonable estimate of the relative values of two isotopes of
different half lives would appear to be in proportion to their half lives,

(L) Relative Cost Proportional to Half Lives. On the basis of these
limited congiderations, the relative value of gamma sources having different
values of half life can be expressed in terms of the linear ratios of the half-
life values, or in other words cerium-1L44 might be considered to have (290/
(365x%%)) or about 2.4 percent of the dollar value of cesium-137 as a gamma
source over a long-term basis,

b. Cost Estimate for Mixed Fission Products

(1) Total Investment., The 150,000-curie gamma source used for the
potato radiation facility if composed of 2-year-old mixed fission products would
contain approximately 18,000 curies of cesium-137 and 132,000 curies of cerium-
144 plus about 150,000 curies of promethium—lh?, ruthenium-106, and strontium-
90, none of which have any gamma activity and are pure beta emitters. The
daughter product of the ruthenium-106, rhodium-106, contributes slightly to the
gamma radiation from the mixture.

If the 132,000 curies of cerium-144 are considered to have a dollar
value of 2.4 percent of cerium-14k, they would have a value equivalent to 3200
curies of cesium-137. Thus, the dollar value of the 150,000-curie gamma source
of 2-year-old mixed fission products might be calculated as having a value
equivalent to 18,000 + %200 or 21,200 curies of cesium-137. Using the 0.6
gcaling factor and the figure for installed cost of $6,000 for a 1,000-curie
cesium-137 source, the estimate is made that the value of a 21,200-curie source
would be
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Source cost = x = $6,000 iglf%%glglé
x = $38,200,
Total investment = 38,200 + 5000 + 66,000 = $109,200,
also
zl,ipggfgiies $1.80/equivalent curies, cesium-137
$38,200 = $0.25/total curies of gamma activity.

150,000 curies

Using the same figure of $5,000 for shipping container and $66,000 for radia-
tion chamber, the total installed cost is $109,200.

(2) Operation Costs, As a result of a more rapid decay of the mixed-
fission-proaﬁct source it will be necessary to replace 1/6 of the source every
4 months., This will amount to an operating expense estimated to be about
$25,000 per year for replacement of mixed fission products plus installation
charges, Using the same method of estimating annual operation cost as given
in Table 39 but by substituting the different figures for cost of source in-
stalled, total installed cost, and cost of replacement, Table LO was obtained,

TABLE LO

ESTIMATED ANNUAL OPERATION COSTS FOR POTATO
IRRADIATION FACILITY USING MIXED FISSION PRODUCTS

1. Wages, salaries $16,500
2. Other operation costs 30,000
3, Overhead 30,380
L, Taxes, interest and insurance 10,570
5. Depreciation, obsolescence 6,410

—_—

$ok,160

In Table 40 the estimated costs for wages and salaries remain the
same for the mixed fission product facility as for the cesium-1%7 facility.
The estimated costs for taxes, interest, and insurance, and depreciation
and obsolescence will be somewhat lower for the mixed-fission-product facility
than for the cesium-137 facility because of the lower investment in the source.
However, the estimated other operation costs have increased about threefold

,)

!

=
|



— ENGINEERING RESEARCH INSTITUTE < UNIVERSITY OF MICHIGAN

because of the added costs for replacement for the shorter half-lived mixed-
fission-product source. This results in a higher estimated annual operation
cost using mixed fission products ($94,160 per year) than using cesium-137

($74%,700).

(3) Unit Costs. Based again on a minimum dose of 10,000 rep and an
operation schedule of 2 shifts (16 hours per day) and 260 operating days per
year, the annual irradiation capacity is calculated to be 1.12x10~ bushels
per year. Based on an annual operation cost of $82,4L40 per year the following
costs are estimated.

Cost per bushel to be added to potatoes for a dose of 10,000 rep

using a 2-year-old mixed fission product source will be

$94,160

ETEEREBSE = $0.084/bu

Using a bulk density of 42 1b/cu ft the cost per ton will be

$0.08L4(2000)
—_O—.W = $h-98/ton

Thus, although a very low value was placed on the cerium-1LL the cost of

replacement is sufficient to indicate that the use of mixed fission products
would be more expensive than cesium-137.

10. DESIGN OF IRRADTIATION FACILITY USING COOLING REACTOR-FUEL ELEMENTS

Cooling reactor-fuel elements have a very high gamma activity
but decay at a very rapid rate. It is proposed that reactor-fuel elements
be used for a period of 2 months and then be replaced. During each 2-month
period, weekly adjustments can be made in the speed of the conveyor moving
potatoes through the irradiation room to compensate for decay. If the radia-
tion facility were operated for 6 months starting with freshly installed fuel
elements about December 15 and operated until June 15, one replacement of
fuel elements would be required about February 15 and the second replacement
about April 15.

a. Design of Radiation Chamber

Figures LL, L5, 46, and 47 show the plan, elevation, end, and per-
spective views, respectively for a potato irradiation chamber using two cooling
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reactor-fuel elements as a source of radiation. This radiation facility would
be operated only about 6 months of the year and shut down for 6 months. This
design probably would be preferred for use by potato growers or a potato-
grower cooperative association as the needs of potato growers for irradiation
treatment of their stored potatoes would be seasonal. Therefore, an irradia-
tion facility designed for seasonal operation would be preferreda to a facility
designed for operation the year around or for a major portion of the year.

Referring to Figs. 44 and 45, potatoes would be brought from stor-
age in either sacks or barrels by the truckload. Trucks would unload pota-
toes at station A into hopper B. Hopper B would be lined with a cushioning
material such as sponge rubber to prevent bruising in this operation. As
the load of potatoes is being emptied into hopper B, oscillating conveyor C
is put into operation. Potatoes are fed at a maximum rate of 14 tons per
hour by oscillating feed-trough C in feed room E onto bucket conveyor D.
The potatoes then move into the conveyor room F through an opening in the
16-inch shielding wall G. The bucket conveyor becomes a bucket elevator as
the chain makes a 90° turn around the sprockets H and then another 90° turn
around sprockets I. The potatoes enter the radiation chamber J through
slot K in %-foot 0O-inch barrier wall L. The slots are small so as to mini-
mize the radiation entering the conveyor room from the radiation chamber.
The potatoes then pass around sprockets M and down past fuel elements N and O.
The conveyor then turns a 90° angle around sprockets P and passes underneath
the fuel elements. Another 90° bend brings the conveyor with potatoes around
sprockets Q and up past the other side of the radiation source. Irradiating
both sides of the buckets in this manner provides a more uniform dosage to
the potato. Making another 90° bend around sprockets R the conveyor buckets
pass out of the irradiation chamber through exit slot S. The buckets are
tripped by a cam onto the oscillating dump trough T and are passed from the
conveyor rcom into hopper U on the loading platform.

During this operation the truck which had unloaded at unloading
station A moves down to loading station V and the irradiated potatoes which
accumulate in hopper U are reloaded into the truck by opening gate W and
use of pivot chute X.

The control room Y shown in the plan view contains a panel board
and switches for operating the motors for the conveyors and the solenoids
for the hopper gates. Also the winch used to raise and lower the cooling
fuel elements is located in the control room. An office Z is shown for use
in maintaining records of irradiation services, correspondence, etc.

Cooling reactor-fuel elements would be shipped in a lead cylindrical
container 3 feet 6 inches in diameter which will be moved by a dolly through
the office door a, the cave door b, and into the radiation chamber J by
means of labyrinthine entrance c¢. The shipping container will be lowered
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into the water well 4 and the cooling reactor-fuel rods will be removed under
water. The shipping container can then be removed from the well and the two
fuel elements can be attached to the fuel-element holder shown in the end view.
The fuel element holder is attached to a stainless-steel channel e which pivots
about bushing f located 3 feet under water.

An interlock between the door to the irradiation cave and the winch
operating the lift to the source prevents entrance to the radiation cave when
the source is raised. Also a suitable monitor indicates the position of the
source and radiation level in the cave. The barrier wall at the labyrinthine
entrance and the three 90° bends in passing from the radiation cave to the cave
door reduce the radiation field at the cave door to levels that can be safely
tolerated from the standpoint of health physics. The hard gamma radiation
passing through slots K and S will result in radiation levels above tolerance
for routine operations in the conveyor room. Therefore, the conveyor room is
considered to be a low-level radiation cave with 16 inches of concrete used
in the outside wall for purposes of shielding. Again the use of a labyrinthine
entrance reduces the radiation field at the outside entrance of the conveyor
room to a safe level.

The water for the well and for the wash room will either be piped
underground to the radiation facility or supplied by a well and a water pump
located in the control room. A tool crib is also shown in the control room
to provide for a small number of tools such as wrenches and grease guns, which
may be required in the maintenance and servicing of the conveyors and controls.

b. Uniformity of Radiation Dose

The high gamma activity of the cooling fuel elements permits the
use of a small number of fuel elements as the gamma source. The use of a
single element would not be very satisfactory because of the space attenuation
of the gamma field and the resulting difficulty in delivering a uniform radia-
tion dose to potatoes conveyed through the radiation field. Proper spacing
of two fuel elements results in the addition of the radiation field of one
element to the radiation field of the other, which for a limited distance will
give a zone of uniform radiation flux in one direction. If the conveyor moves
perpendicular to this line of uniform radiation field the potatoes distributed
across the conveyor will receive a uniform radiation dose.

The gamma flux from cooling fuel elements varies with time and with
the original activity. Based on calculations for fuel elements cooled for
1 to 5 months it is estimated that a typical cooling element used for 2 months
might have a radiation flux of 1x102 rep/hr at a radius of 3 feet from the mid-
point of the element. Using this estimated flux, Fig. 48 was prepared in which
the radiation field is shown along a plane perpendicular to the center lines
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of two parallel fuel elements spaced 3 feet apart. Approximate uniformity

of the radiation field at 27 inches from the axis of the source in the lateral
direction is shown by the nearly flat curve. This insures a near-uniform

dose to the potatoes independent of their lateral position. Isodose curves
were plotted for the plane perpendicular to this direction. Figure 49 shows
such isodose curves plotted for this plane which is parallel to the axis of
the fuel element and equidistant from both elements.

The minimum radiation dose will be received by the potatoes located
in the center of the conveyor bucket. Potatoes located on the edge of the
bucket facing the fuel elements will receive a higher radiation dose than the
potatoes in the center of the bucket as they pass down along the inner trav-
erse because of the shorter distance between these potatoes and the source.
However, this will be compensated for, to a large extent, by the lesser dose
these same potatoes receive as they travel upwards in a position more distant
from the radiation source. The sum of the doses in these two positions will
be greater than the dose in the center of the bucket but this difference will
not be great if the bucket is placed a sufficient distance from the source
and if the bucket is not excessively wide.
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Fig. 50. Dose Rate Received by Potatoes in Three Positions
(A, Nearest to Source; B, Center; and C, Farthest from
Source) As a Function of Distance along Path in Radiation
Chamber.

c. Capacity Calculations

Figure 50 1is a plot of the dose rate as a function of distance

traveled in the irradiation chamber for three potato positions. Position C
depicts the dose received by a potato in the farthest position, B the central
position, and A the nearest position of the bucket to the source. For any
given conveyor speed this plot then becomes a plot of dose rate versus time
and the integrated area under the curve becomes the accumulated dose as the
potatoes travel through the radiation cave. For equal exposure from either
side a potato located at position B would receive the minimum dose equal to
twice the area under curve B. The maximum dose for a potato at the edge and
exposed from either side is equal to the sum of the areas under curves A and
C.

The area under the curve of Fig. 50 for position B was graphically
determined to be 18.0x100 rep ft/hr. Dividing the value of this integral
into the dose requirement of 10,000 rep and multiplying by the feet of travel
yields the time required for the potatoes to accumulate the specified mini-
mum dose. This time was calculated to be 10 minutes. It is expected that
it will be necessary to change the setting of the conveyor speed regulator
each week in proportion to the change in radiation flux as a result of decay.
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A variable speed drive has been specified having a 3 to 1 speed variation to
facilitate changing the conveyor speed as required.

The conveyor bucket of conveyor-elevator D will have a semicircular
shape with a radius of 9 inches and a bucket length between chains of 5 feet.
The chain will have a pitch of 18 inches. Each bucket will carry an estimated
2.65 cu ft of potatoes in bulk and using a conveyor speed of 3 ft per minute,
a total of 2.65 cu ft buckets x 120 buckets/nr = 318 cu ft/hr will pass through
the irradiation chamber. This capacity is equal to 318 x .80k bu/cu ft x
8 nr/shift = 2050 bu/8-hr shift. As potato growers probably would truck
potatoes chiefly during the daylight hours, 2 daily shifts of 8 hours each
would probably be desirable and the plant would operate on only a 5- or 6-day
week. Thus, the maximum capacity using 2 shifts per day and a 6-day week over
26 weeks would be 2050 x 2 x 6 x 26 = 6.40(10)° bu potatoes/year.

11. COST ESTIMATES BASED ON THE USE OF REACTOR-FUEL ELEMENTS gé WEEKS PER YEAR

a. Total Investment

Table 41 itemizes the cost estimated for the construction of the
irradiation facility, not including the radiation source. §Since the source
is rented, the cost of the irradiation facility will be the total investment.

b. Operation Costs

As this installation will be used only 6 months out of the year, it
is estimated that the facility should be depreciated over a period no shorter
than 10 years. If this radiation facility is operated by a group of potato
growers on a cooperative basis, it is believed that three employees working
L0 hours per week for 26 weeks of the year could operate the installation.
One of the employees would be capable of handling a routine maintenance,
operation, and control and should have sufficient health-physics training to
follow approved health-physics procedures in routine operation and should
know what to do in case of any unexpected emergency. The second employee
would have the same training and duties and would act as relief for the first
employee. The third employee would be expected to answer the telephone and
handle the clerical work such as records, correspondence, etc.

Supervision and continuity of operation from year to year could
be supplied on a part-time basis by an administrator from a potato-growers
association or cooperative group. Table 42 shows an estimate for the annual
costs of operation for a potato irradiation facility operated on the basis
described.
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TABLE 41
ESTIMATED COST OF POTATO IRRADIATION FACILITY USING COOLING FUEL ELEMENTS
Excavation and shoring for footings and well $ 800
Concrete for L4'x10'x16' well (20 yd at $20/yd) 400
Reinforcing for well (1000 1b at $0.10/1b) 100
Asphalt lining for well 150
Forms for well (1000 bd ft at $100/M) 100
Labor for forming and pouring well 600
Concrete for walls and footings (225 yd at $20/yd) 4,500
Forms for wall (4500 bd ft at $100/M) 450
Labor for forming and pouring wall 2,500
Concrete for floor (30 yd at $20/yd) 600
Reinforcing for floor (500 1b at $0.10/1b) 50
Labor for pouring floor 250
Concrete for roof (50 yd at $20/yd) 1,000
Forms for roof 800
Reinforcing for roof (4000 1b at $0.10/1b) 400
Labor for forming and pouring roof 800
Lift mechanism for source 1,500
Ion-exchange system for well water 3,000
Monitoring equipment L,000
Unloading hopper Loo
Loading hopper 800
Oscillating feed trough 1,000
Oscillating dump trough 1,000
Bucket conveyor L 6,000
Bucket conveyor drive (3 P variable speed) 1,000
Wash-room fixtures 200
Office furniture Loo
Maintenance tools and supplies 200
Heating and ventilating 1,200
Access doors (with safety interlock) 1,400
Road grading 600
Wiring koo
Water lines and labor for pipe fitting 800
Backgrading 200
Painting 600
Subtotal for labor and materials 38,200
Miscellaneous contingencies (10% of subtotal) 3,820
Engineering costs (7% labor and materials) 2,670
Contractors fee (10% of costs) L, 470
Total  $ko,60
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ESTIMATED ANNUAL OPERATION COSTS FOR POTATO IRRADIATION FACILITY
USING COOLING REACTOR-FUEL ELEMENTS AND OPERATING 6 MONTHS PER YEAR

Salaries and Wages

Two operators with limited health-physics training $5,000
(Full time for 6 months/year, $10,000 year)
Supervision and clerical labor (10% of operational 1,000

labor at full salary)
Salaries and wages not associated with operation of
radiation chamber (50% of direct labor and supervis-
ing costs) 3,000

Other Operation Costs
Shipping costs for fuel elements 3 x 200 (every

2 months) 600
Handling costs for fuel elements during transfer and

installation 3 at $1000 3,000
Rental of two fuel elements (Nominal charge assumed,

$500/mo for 6 months) 3,000
Repairs and maintenance on chamber and conveyor

(# of chamber and conveyor cost) 2,460

Miscellaneous contingencies 1,000
Qverhead

Payroll overhead (1% of cost of labor and supervision) 1,350
General plant overhead (50% of cost of labor and

operations) 9,530
General administration overhead (10% of cost of
labor and operation) 1,910

Taxes, Interest, Insurance

Property tax (2% cost of radiation chamber) 980
Income tax (2-1/2% of total investment) 1,230
Interest (%% of total investment) 2,460
Insurance (1% of total investment) 490

Depreciation, Obsolesence
Radiation chamber ($49,160 x 0.08) 3,930

L 107

$ 9,000

10,060

12,790

5,160

3,930

$L0,9L0




c. Unit Costs

Based on an expected average operating capacity for a period of 26
weeks of the year this plant might be expected to irradiate 6.40 x 107 bushels
of potatoes per season. With an annual estimated operating cost of $40,940
the cost for irradiation of potatoes is calculated.

Cost per bushel to be added to potatoes for a dose of 10,000 rep
using two cooling reactor-fuel elements 26 weeks of the year.

$L0,9L40

6.40(10)7 $.064/bu .

Using a bulk density of 42 1b/cu ft the cost per ton will be

$.064(2000)

6T§6K(Z§7“ $3.78/ton .

12. COST ESTIMATES BASED ON THE USE OF REACTOR-FUEL ELEMENTS 260 DAYS PER YEAR

These unit costs based on the use of fuel elements for 156 days per
year are slightly less than for the case of using cesium-137 for 260 days per
year. If, however, this facility were operated with fuel rods for 260 days
per year the annual capacity would be increased to 1.06(10)6 bu/yr which is
only slightly less than for the design using tray conveyors with two passes
on either side of the source. The estimated annual operating cost is given
in Table L3.

TABLE 43

ESTIMATED ANNUAL OPERATION COSTS FOR POTATO IRRADIATION FACILITY
USING COOLING REACTOR-FUEL ELEMENTS AND OPERATING 260 DAYS PER YEAR

1. Salaries and wages $16,500
2. Other operation costs 16,880
3. Overhead 22,550
L. Taxes, interest, and insurance 5,160
5. Depreciation, obsolesence 3,930

$65,020
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In Table L3 the estimated costs for wages and salaries are the
same as for the mixed-fission-product and the cesium-137 facilities. The
estimated costs for taxes, interest, and insurance, and depreciation and
obsolescence are lower for the fuel-element facility than for both the cesium-
137 facility and the mixed-fission-product facility because of the lower total
investment. However, the estimated other operation costs for the fuel-element
facility are greater than for the cesium-137 facility because of the added
costs for replacement for the fuel elements. The net result is a slightly
lower estimated annual operating cost using fuel elements ($65,020 per year)
than using cesium-137 ($74,700 per year).

Based on a minimum dose of 10,000 rep, 260 operating days per year,
an annual irradiation capacity of 1.06(10)6 bu/yr and an annual operation cost
of $65,020 per year, the following costs are estimated.

Cost per bushel to be added to potatoes for a dose of 10,000 rep
using two cooling reactor-fuel elements 260 days per year will be

65,02
_$L0_98 o061
1.06(10)

Using a bulk density of 42 1b cu ft the cost per ton will be

$0.061(2000)

0.80k(k2) $3.62/ton .

13. DISCUSSION

Based on a radiation dose of 10,000 rep, an operation schedule of
260 days per year and plant amortization over a 1l0-year period, the estimated
minimum cost for irradiation of potatoes is $3.62 per ton when using two
cooling reactor-fuel elements as a source of radiation. If cesium-137 were
used as the source of radiation the estimated cost would be about 15 percent
greater or $3.91 per ton. If 2-year-old mixed fission products were used the
estimated cost would be about 36 percent greater or $4.98 per ton. However,
if greater than 10 percent variation in radiation flux were permitted this
cost might be reduced to less than that based on using cesium-137. For an
irradiation season of 26 weeks per year rather than 260 days per year the
minimum estimated irradiation cost (using fuel elements) is increased 1L per-
cent to $3.78 per ton.

These costs are slightly higher than costs for chemical treatment
to prevent sprouting of potatoes. The approximate cost of applying a dust
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of the methyl ester of naphthalene acetic acid is $2.50 per ton of potatoes
treated. Maleic hydrazide can be applied as a spray to plants in the field
at a cost of about $15 per acre.? For a moderate yield of 10 tons per acre
this corresponds to a cost of $1.50 per ton. Irradiation of potatoes for the
dose given would probably cost at least twice as much as chemical treatment.
However, irradiation at this level would result in a very uniform treatment
believed to be superior in uniformity to a chemical treatment. If cost is
a controlling factor the dose might be reduced by as much as 50 percent
resulting in an irradiation treatment anticipated as being competitive with
chemical treatment both with regard to cost and probable uniformity of pro-
duct.
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D. A STUDY OF THE POSSIBILITY OF NUCLEAR ACTIVATION OF
ELEMENTS FOUND IN FOOD WITH COBALT-60 GAMMA RAYS

Personnel:

W. Wayne Meinke, Assistant Professor of Chemistry and Advisor of Fission
Products Laboratory.

1. INTRODUCTION

It has been assumed by many who have studied the effects of
x-rays and gamma rays on food sterilization, chemical reactions, etc. that
these radiations induce no radioactivity. This assumption is based on
the fact that the irradiated materials show no activity when tested with
ordinary radiation monitors. In most cases, however, the background
radiation level is such that small amounts of induced activity could be
easily overlooked.

A search of the literature indicates that x-rays can indeed in-
duce low levels of activity in certain elements. A 4.l-hour indium
activity was reportedl first in 1939 by x-ray excitation and was shown2
to have a threshold for production of 1.2 + 0.1 mev. Later it was found
that lead’ and silver® activities could also be produced by x-rays with
energies up to 1.5 mev. Wiedenbeck5’6’7 studied the excitation of these
elements as well as other elements such as rhodium, cadmium, gold, and
krypton. In each of these cases the ground state isotope was excited
to an iscmeric state by the x-radiation. The isomer theg decayed by its
characteristic half life and energy as shown in Table Lk~

Guth9 has shown that this excitation by x-rays is a "line
absorption" in which x-rays of only a certain limited energy will induce
the activity. It was found that the widths of the lowest nuclear levels
of lead and indium are of the order of a few millivolts. Hgnce, in the
continuous spectrum of 1.5 mev x-rays, only about one in 10~ x-ray quanta
has an energy suitable to induce activity.
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TABLE 44O

NUCLEAR DATA FOR ISOMERS

. Energy of
Isomer Half.llfe, Radiation Photons, Gamma Rays
hr min sec ( ) Converted
mev
Rh 103 m 57 Y 0.0L0 highly
Ag 107 m Lh .3 y 0.094 e/y =~16
Cd 111 m, L8.6 y 0.150 ely = 2.3
0.246 e/y = 0.06k4
In115m k.50 y (95%) 0.335 €/y = 0.98
B~ (5%) 0.83
Au 197 m 7.4 7 0.130 e/7< 2.0
K/L/M = 1/7.5/3.6
0.279 ey /7~0.3
Pb 20k mp 68 7 0.905 e”/7~0.1
0.37k e”/7~0.05

A logical extension of this work was to determine whether indium
activities could be produced by the gamma rays from radium and its daughters.
Guth? reports that Goldhaber, Hill, and Szilard irradiated indium with the
gamma rays from 1/2 gm of radium without producing any activity. Since it
is known that the energy of these gamma rays is sufficient to excite the
indium, the absence of activity must be attributed to the fact that none of
its known gamma ray energies are equal to the energy of the activation level.
The probability of excitation is therefore small and Guth concludes that
only irradiation by a continuous x-ray spectrum is likely to lead to a line
absorption.

With the advent of multikilocurie sources of cobalt-60 and
eventual megacurie sources of fission products, gamma ray intensities
many orders of magnitude greater than that from 1/2 gm of radium are avail-
able. Furthermore, the thickness of these sources tends to "smear" out
the energy of the gamma rays emitted by the source until the gamma energy
spectrum no longer shows sharp, nearly monoenergetic rays but instead a
gamma ray distribution which approaches a continuous spectrum. This
spectrum should then be nearly as effective as the continuous X=-ray spectrum
for activation. Herbottlel© has recently published a report of the activa-
tion of indium and cadmium isomers with cobalt-60 gamma rays.
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This section is a report of an initial study on an independent
experimental program conceived as the result of discussions at the Symposium
on Radiation Sterilization of Foods sponsored by the Committee on Foods of
the Advisory Board on Quartermaster Research and Development. This sym-
posium was held on June 26, 1953, at Massachusetts Institute of Technology
under the general auspicies of the National Research Council. This program
is not designed to evaluate the tolerance limits of various activities in
foods. Its purpose is only to determine within the limits of detection
available, the amount of activity (if any) induced in a number of elements
by gamma rays from cobalt-60 and later from gross fission products. With
such extensive effort being expended by a number of laboratories in trying
to perfect the technique of food sterilization with gamma radiation, it
was felt that some numerical limits for the amounts of activity induced
by gamma radiation should be experimentally determined. Once determined
these results could then be evaluated as to their hazard by the proper
authorities.

This study was supported under University of Michigan, Engineering
Research project M943-5 and the scintillation well counter was made avail-
able from an AEC Nuclear Chemistry grant under contract AT (11-1)-70.

2. EQUIPMENT

From the literature references it was apparent that if any
activity were formed it would be low-level and would require a sensitive
detector. In addition, Table 4k shows that, in general, the isomeric states
formed by the activation decay by the emission of gamma rays. An ordinary
Geiger tube, whose counting efficiency for gamma rays is only about 1 percent,
is ineffective in detecting such radiation. A scintillation well counter
had been obtained, however, from the Nuclear Instrument and Chemical Com-
pany for other low-level gamma-ray counting work on a nuclear chemistry
grant from the Atomic Energy Commission. This counter, which was made
available for the gamma activation work, enabled the sensitivity of the
measurements to be increased.

The well counter consists of a 1-3/4-inch diameter and a 2-inch
thick erystal of thallium activated sodium iodide. A 3/4-inch hole,
l-l/Qinches deep, was drilled in the center of this crystal and the entire
crystal is encased in l/52-inch aluminum. A test tube containing a sample
was inserted in the hold for measurement. Rays (beta and gamma) which
penetrate the wall of the tube and the thin aluminum casing of the crystal
were absorbed in the crystal giving a flash of light. This scintillation
is then "seen" by a Dumont 6292 (K-1186) photomultiplier tube which feeds a
scaler and register. The particular well counter used had a counting

efficiency of about 43 percent for cobalt-60 rays and about 51 percent for
those of iodine-131.
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3. PROCEDURE

Since meat is one product for which radiation sterilization may
be particularly well suited, the trace elements it contains were checked
for possible activation by the cobalt-60 gamma-ray sources. The amount
of various trace elements which occur in meat (beef) has been given in
American Scientist based on a method developed by Arthur J. Mittledorf
of the Armour Foundationll. He estimates that during a year the average
American eats about 60 1b of beef. The amount in ounces of trace elements
a person obtains in eating these 60 1b of beef is given in Table L45.

TABLE 4511

OUNCES OF TRACE ELEMENTS IN ONE YEAR'S CONSUMPTION (60 1b) OF BEEF

Aluminum 0.00001 Molybdenum 0.000014
Boron 0.00006 Nickel 0.000003
Calcium 0.0025 Phosphorus 1.6
Chromium 0.00000% Potassium L.
Cobalt 0.000002 Silcon 0.00006
Copper 0.00043 Silver 0.000013
Iron 0.0306 Sodium 0.40
Lead 0.00001 Tin 0.000002
Manganese 0.00002 Zinc 0.045
Magnesium 0.20k4

Pure samples of each of these elements (as well as carbon,
oxygen, sulfur and iodine) were placed in test tubes 1.6 cm in diameter and
15 cm long which just fit into the counting well. The test tubes were
filled with at least 2 inches of sample so that the well would be com-
pletely filled with the sample for maximum detection sensitivity. These
samples were irradiated by the 10-kilocurie cobalt-60 source for varying
periods of time and then counted in the scintillation well counter. Because
of a large detection area this counter has a high background counting rate.
This background was reduced to about 300 counts per minute however by
enclosing the counter in about 4 inches of lead. Counts of 1 hour duration
both for background and sample gave reasonable statistical precision.

A count of this length gives a "9/10 error" of about 1.2 percent for the
determination.
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iy,  RESULTS

a. Indium Activation

The method of activation by gamma radiation was first tested by
the irradiation of indium in the cobalt-60 source. It was felt that if
the source had enough intensity to produce activity in anything it would
activate the indium. The tube was filled with about 85 gm of indium and
irradiated in a flux position of about 220,000 rep per hour; nearly to
saturation of the 4.5-hour activity. When counted, the sample showed
activity about forty times the background of the well counter. The activity
decayed with a half life of 4.41 hours with a 9/10 reliability factor of
0.05 hours. This value agrees with accepted literature values for Inliom,
A rough attempt to evaluate the efficiency of the well counter gave a value
of about 50 percent for the Inilom gamma ray. In addition a rough evalua-
tion of self absorption of the radiations in the indium metal indicates
that about 1000 7dis/min/gm of indium were formed in the irradiation or
roughly 4.5 7dis/min/gm In per 1000 rep per hour saturation flux. Harbottlel
has recently reported similar results in an independent investigation at
Brookhaven National Laboratory. He reports an order of magnitude value
for the cross section for formation of indium from cobalt-60 gamma rays of
1077 barns.

b. Trace Element Activation

The work with indium was admittedly weighted heavily in favor of
success but it established that the method was satisfactory to detect
small amounts of activation induced by gamma radiation. Twenty-four samples
of pure elements or compounds were then prepared and irradiated. The
elements, their sources, and weights are listed in Table 46.

These elements were subjected to two series of experiments. 1In
one the samples were irradiated simultaneously for a day or so and then
rapidly removed from the source room and counted. It was possible by
rapid manipulation of the source to have a sample in the well counter
between 40 to 45 seconds after the end of irradiation. By raising the
source immediately after removal of one sample, it was assured that any
short-lived activity in the remaining samples would remain at saturation.
Short-lived activities with half lives down to the order of 20 seconds could
have been detected if formed in even 1/10 the yield of the indium. However,
no activity greater than 5 percent of background was found in any of these
samples in 20 minute-counts.
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TABLE 46

FORM, SOURCE, AND WEIGHT OF ELEMENTS IRRADIATED
IN GAMMA RAY SOURCE*

no

OO O3 O\l =W

23.
2k,

Aluminum powder =- high purity - Alcoa - 2.7 gm

Elemental boron powder - Student prep - small amount of chemical
contamination - 4.8 gm

Calcium metal turning - B and A reagent grade - 2.1 gm

Carbon - graphite flakes ~ Fisher - 2.9 gm

Chromium metal powder - Charles Hardy - 15.1 gm

Cobalt metal powder - Old Kahlbaum material - contains some Cl - 5.9 gm
Copper metal pellets - Standard Laboratory grade - 16.3 gm

Iron metal powder - Standard Laboratory grade - 12.2 gm

Elemental iodine crystals - Mallinckrodt analytical reagent - 11.0 gm
Lead metal filings - Mallinckrodt analytical reagent - 21.5 gm
Magnesium metal powder - Dow - high purity - 5.5 gm

Manganese metal powder - Charles Hardy - 15.1 gm

Molybdenum metal powder - Primus Chemical Company (1912) - 1k.5 gm
Nickel metal shot - Mallinckrodt analytical reagent - 16.1 gm

Oxygen - (AlgOB) - Harshaw - 5.3 gm

Phosphorus - (NHM)QHPOM - Mallinckrodt analytical reagent - 3.7 gm
Potassium - KC1 - General Chemical Company - reagent grade - 5.3 gm
Elemental silicon powder ~ Fairmount Chemical Company - 4.0 gm

Silver metal powder - G. Frederick Smith - reagent grade - 16.0 gm
Sodium chloride (NaCl) Merck analytical reagent - 5.9 gm

Sodium fluoride (NaF) - cp - 3.3 gm

Sulfur (roll) - cast - 4.38 gm

Tin metal granules - General Chemical Company - reagent grade - 15.1 gm
Zinc metal granules - cp - 10.6 gnm

*
The weight listed in the table is the amount of material contained in the
bottom 1 cm of the test tube used in the irradiation and counting.

In a second set of experiments the samples were irradiated in the

high flux position of the source at a flux level of 220,000 rep per hour
for about 2 weeks. The samples were then removed individually and counted.
They were compared with a background count of the same day and also with a
blank sample count before irradiation. An hour background count fluctuated
+ 1 percent over the 3 week period of the measurements. It was found that
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only two samples varied from this background region by more than I 1 percent.
One was potassium chloride whose natural radiocactivity increased the blank
count to 2/5 more than background. The irradiated sample gave the same

count as the blank sample, however. The second sample was the chromium
metal powder. An increase was found in this sample after irradiation but

the activity did not decay over a period of several weeks and must be
attributed to contamination.

5. DISCUSSION

It should be stressed that in the method used, the radiation
must pass through the test tube, about 300 mg/cm2 thick, and the aluminum
casing of the crystal before it is detected. This then prevents the
detection of gamma rays of less than about 30 kev energy or of most con-
version electrons from highly converted gamma rays. Since early work in
this field pointed out several elements whose isotopes on activation
decayed with such weak radiations, the present work is somewhat limited.
Nevertheless, it was thought worthwhile to perform the experiment with
the equipment on hand and to recognize the fact that nuclides emitting
certain very weak radiations would escape detection.

Activity found in a sample might also be accounted for by condi-
tions other than gamma-ray activation. One of the elements tested, potassium,
has a low abundance isotope that is naturally radioactive and was detect-
able in the scintillation crystal. Natural radium also often occurs to a
small extent in many materials. Shandleyle, at the University of Rochester,
has reported a highly sensitive method for determining the radium content
of common foods by deemanation. He found that most of the foods tested
fell within the range of 0.T4 to 6.5xlO'l5 gm radium per gm of starting
material. This amounts to about 10-9 microcurie of radium or about 2x10~2
disintegrations per minute per gm of food. The use of high purity samples
of elements in the experiments reduced the possibility of such contamina-
tion. In addition as a check on the above items, careful background blank
counts were taken on each sample and compared with the activity of the
sample after irradiation.

6. SUMMARY

This work substantiates the belief that no radioactivity is
formed when 24 elements common as trace elements or subsitutents in food
are irradiated in a 10-kilocurie, cobalt-60 source. Two extensions of
the work however should be made. For one a sensitive method should be
utilized for detecting the weakest radiations without self-absorption
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and container-absorption effects. The use of a relatively large volume of

a liquid scintillator such as used in low-level carbon-14 and tritium tracer
work might give the required detection sensitivity in this weak radiation
rangelB’lu:l5. Chemical problems of dissolving the element and scintillator
in a mutual solvent would, however, add difficulties to this approach.

In addition, this work was further limited by the fact that it
was done with cobalt-60, whose two gamma rays have an energy of 1.33
and 1.1% mev. Any commercial method of food sterilization would probably
use gross fission products in some form. The gamma spectrum emitted by
such a source depends on the age of the fission products and the energy of
the neutrons producing the fission. The contribution of radiations from
particular fission-product isotopes has been presented as a function of
age for uranium-235 thermal neutron fission by Hunter and Balloul6.
From their work it can be assumed that many of the gamma rays will have

energies equal to or lower than those of the cobalt-60 radiations.

However, small percentages of higher energy gamma rays may be
present in the fission products from an operating reactor after a few
weeks or months of "cooling". The energy spectrum of "thick" sources of
these products thus could start at a much higher energy than the cobalt
spectrum. Since the early x-ray work showed that a number of elements
were capable of excitation at energies between 1.5 and 3.0 mev, the
experiments reported here should be repeated with kilocurie or larger
sources of fission products. Suitable sources now exist in the gamma ray
facility of the Materials Testing Reactor, Arco, Idaho, where spent fuel
rods from the reactor are allowed to "cool down" before processing. Samples
can be irradiated there in an area of high-flux fission-product radiation.

1=
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PART TIV. COOPERATIVE RESEARCH WITH
MICHIGAN MEMORIAL-PHOENIX PROJECTS

A. ANIMAL-FEEDING EXPERIMENTS

Personnel:

Supervisors and Consultants: H. C. Eckstein, Professor of Biological Chemistry;
L. E. Brownell, Supervisor of Fission Products Laboratory and Professor of
Chemical and Metallurgical Engineering; L. L. Kempe, Assistant Professor of
Bacteriology and Assistant Professor of Chemical and Metallurgical Engineering

Laboratory Personnel: H. 0. France, Biochemist and Research Associate; R. J.
Rose, Research Assistant; R. J. Welch, Research Assistant; R. C. Dennis,
Statistician; E. Ambo, Laboratory Assistant

1. INTRODUCTION

A long-term, animal-feeding experiment was initiated January 31,
1954, to determine the effect of a diet in which the major nutrients had been
irradiated with 4 megarep of cobalt-60 gamma rays on growth, reproduction,
longevity, and the development of pathological conditions through four genera-
tions of rats. Data on growth and reproduction performance during the first
and second breeding periods as well as the results of hematological studies
are presented. Factors which may have a bearing on the suboptimal breeding
record are discussed in some detail.

Pilot studies in which the canned meat constituent of the diet was
irradiated with high doses and fed by stomach tube to a group of rats are
also described, as well as studies involving the effect of the L-megarep ex-
perimental diet on reproduction in mice,
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(1S

PROCEDURE

a. Diet

Changes made in fat and vitamin E supplements at the end of the
first breeding period are given in Table L47. Otherwise the composition of
the diet is as given in Progress Report 6 (Table 29,p.l71).l Composition
of salt and vitamin mixtures and of the canned meat are given in Progress
Report 5 (Tables 19-2L, pages 113-117).2

b. Management of the Colony

A manual of procedure was completed for the guidance of the lab-
oratory personnel which describes in detail the methods followed in the pre-
paration of the diet and the care of the animals. H. 0. France was responsible
for the immediate supervison of the experiment until July 1, 1954, after which
R. J. Rose assumed this responsibility.

c. Reproduction Studies

The parent-generation animals for the long-term experiment were
first mated on April 21, 1954, when they were 121 days old. From each of
the two groups of 62 rats, 20 males and 20 females were selected so they
would be representative of the entire group in mean weight and in range of
weights. The rats were subdivided into groups of 4 males and 4 females;
each female in the subgroup was exposed in turn to each of the L4 males in
the corresponding subgroup. For the first two pairings the animals were
rotated at 2-week intervals and thereafter at weekly intervals. The principal
reason for the longer interval between changes at the start of the breeding
study, as well as for the delay beyond the scheduled age of 100 days for
mating, was doubt concerning the condition of the vitamin premixes at the
time originally planned for the start of the breeding period.

In the first breeding period each female was paired with up to
4 males; in the second breeding period pairing was continued with changes at
weekly intervals either until pregnancy ensued or until the termination of
the study.

The second breeding period was begun on June 28, 1954. 1In view
of the poor record exhibited by the animals in the first breeding period,
all the 124 animals in the colony were assigned to the second breeding ex-
periment. Thus, for 11 pairs of animals in each group, the breeding period
starting June 28 was the first time they had been mated. Each female that
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TABLE 47

TIME SCHEDULE OF EVENTS IN THE LONG-TERM
FEEDING AND BREEDING STUDIES

Apri

Apri

May

June

June

June

June

July

July

December 21, 1953 Date of birth of the 124 Holtzman rats which com-

prise the parent generation

January 1%, 1954 Date of receipt of animals and start of feeding

of experimental diet

January 16, 1954 Corn oil content of diet reduced from 10 to % on

a dry basis; corn starch substituted

1 21, 1954 Start of first breeding period; 20 animals of each
sex from each group mated at 121 days of age

127, 1954 Use of tocopherol corn oil premix discontinued

16, 1954 Extra tocopherol supplement of 10 mgm weekly fed
to all rats directly in addition to that given in
the diet

16, 195k All tocopherol fed by direct oral administration
to nonpregnant females at the rate of 60 mgm per
week in three feedings, pregnant and lactating
animals at the rate of 120 mgm per week and males
at the rate of 10 mgm per week

22, 1954 Cellulose content increased from 4 to %% on a
solids basis in the diet in an attempt to counter-
act diarrhea in some of the lactating and suckling
rats

28, 1954 Start of second breeding period for half the con-
trol and experimental rats (189 days old)

30, 1954 Cod liver oil withheld from diet; corn oil sub-
stituted

1L, 1954 Cod liver oil added to diet at a 1% level; corn
oil at a % level on a solids basis

15, 1954 Start of second breeding period for the remainder
of the rats
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had produced a litter during the first breeding period was allowed at least
10 days rest before being remated. Figure 82, Progress Report 5, outlines
the plan being followed in the reproduction studies.

(RS

RESULTS

Long-Term Studies

o

(1) Growth. Figures 51 and 52 show the mean weight gain in the
long-term experiment of the male and female rats that were fed from 22 days
of age on the partially irradiated and nonirradiated semisynthetic diet.

Ten weeks after weaning, the 31 males on the nonirradiated diet weighed an
average of 384.2 gm and the 31 males on the partially irradiated diet weighed
370.6 gm. The 12 male rats in the first pilot study, of the same strain and
from the same supplier but fed Rockland rat diet, had a mean body weight of
260 gm at this age (Progress Report 5, Figs. 83-85, page 122), approximately
two-thirds of the weight of the long-term control males.

The growth rate obtained by Anderson and Smith? for the first k
weeks after weaning with a natural diet supplemented with a paste high in
fat, protein, and vitamin content was an average of 8 gm per day for the
fastest growing male. This diet was stated by Dunn™ to be near optimal for
rat growth. The best growth rate attained by any individual parent-generatim
rat in the long-term experiment during the first 4 weeks after weaning was
8.2 gm per day observed for a male on the partially irradiated diet. The
overall average daily weight gain for the male rats in the long-term experi-
ment over this period was about 6.3 gm. The weight gain of the Flb animals
for the first L4 weeks after weaning was slightly superior to that of the
parent animals for the corresponding period.

(g) Reproduction. The results of the reproduction and lactation
performance of control and experimental rats in the first and second breeding
of the parent generation are given in Tables 48 and 49. The latter table
also includes data on the performance of rats mated for the first time in the
second breeding period. At the time the data were compiled, 18 of the 62
females had not given birth to young; consequently, the results for the
second breeding period may be incomplete.

Male sterility was high; in the first breeding period 40 percent
of the control and 45 percent of the experimental males were exposed with-
out success to 1 or more females later proven fertile. The corresponding
figures for the second breeding period were 45 percent for the control and
35 percent for the experimental males.
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TABLE 48

REPRODUCTION AND LACTATION PERFORMANCE IN FIRST
BREEDING (Fla) ANIMALS IN LONG-TERM EXPERIMENT

Control Diet

Irradiated Diet

Number of females 20
Number of males 20
Number of females not conceiving after four

matings 2
*umber of males probably sterile 8

**Number of males not proven 2

Number of females conceiving the first week 8
Number of females conceiving the second week 1
Number of females conceiving the third week 3
Number of females conceiving the fourth week 0
Number of females conceiving after the fourth week L
Number of females resorbing fetuses 2
Number of litters born 16
Number of litters born dead 1
Number of litters born alive of which none

survived until weaning 1
Number of pups born 157
Average number of pups born per litter 9.8
Average number of pups per litter at 5 days 8
Average number of pups per litter at 21 days 8
Number of pups reaching weaning 127
Number of pups born dead 5
Number of pups born alive not surviving until

weaning 25
Average weight of pups at 21 days (gm) 46.8
Average number of pups weaned per female bred 6.k

20
20

}—J
H N O 1O W W W\ U

21

45.5
L1

*
Mated unsuccessfully with at least one female which later became pregnant
by another male.

*%

Mated only with animals which later proved sterile or which were pregnant
at time of mating.
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The incidence of sterility in females was lower than in males; 10
percent of the control females and 25 percent of the experimental females
apparently did not conceive after exposure to 4 males in the first breeding
period. Data for the second breeding period are incomplete. At the time of
writing a combined total of 76 pregnancies of a possible 102 occurred. The
females of each group had 51 opportunities to produce litters; the control
females succeeded 37 times, and the experimentals 33 times. Resorption ges-
tation was responsible for a total of 6 reproduction failures.

The combined total of young produced by the control females was 339
and for the experimental females, 271. BEarly mortality was high with practi-
cally all the deaths occurring within 24 hours of birth. In the first breed-
ing period about 18 percent of the young of the control females died before
21 days of age; in the second breeding period 32 percent of the young of
multiparas and 43 percent of the young of primaparas died before weaning. The
corresponding figures for the experimental animals were about 21, 29, and 76
percent, respectively. Combined early mortality was about 28 percent for the
control group and 33 percent for the experimental group.

The total weight at weaning of the offspring of the 20 control
females bred twice was 5.9 kg for first litters and 5.6 kg for second litters.
For the offspring of the corresponding experimental females the total first
litter weight was 3.7 kg; total second litter weight was 4.3 kg.

Reproduction records of individual animals reveal that only 3
control females showed greater success in ability to bear and raise second
litters, whereas 12 of the 20 experimental females showed improvement. Of
the 87 females that did not conceive during the first breeding period, 6
(2 that were controls) did so during the second but only 1 control and 1
experimental litter survived to weaning.

The results, as yet incomplete, indicate high incidences of male
fertility and early deaths in the young. Overall performance of experimental
animals in bearing and raising second litter young was improved in most respects
over the first breeding-period performance. Control animals were less suc-
cessful in all categories except weight of young at weaning. If the change
made in the vitamin E and cod liver oil supplementation at the end of the first
breeding period had any beneficial influence, this was reflected principally
in the increased weights of the young at weaning. Animals fed partially ir-
radiated diets were somewhat inferior in reproduction and lactation performance
to those fed nonirradiated diets in almost all categories.

Figure 53 shows photographs of a typical male, female, and litter
from both the control and experimental groups of animals. The corresponding
animals in both groups have nearly identical appearance as is shown by com-
parison of the photographs.
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(3) Hematology. Table 50 gives the results from the hematological
studies on Earent rats in the long-term experiment. The table lists the
arithmetic average of tests on 27 individual animals. The table indicates no
significant difference between control animals and animals on the experimental
diet. In addition to the studies reported in Table 50 brilliant cresyl blue
filmes were examined for platelets and no marked differences were observed.

(4) Histopathology. Figure 54 shows a rat which developed a lateral
tumor at approximately 8 months of age. This growth first became apparent
August 16, 195k. The picture was taken
9 days later. The period of most rapid
growth for this particular tumor seemed
to be during the first 10 days after its
detection. The tumor continued to grow
steadily and 40 days after detection the
infected rat appeared sickly and emaci-
ated. The animal was sacrificed and
an autopsy made. Table 51 shows the
autopsy report.

Another rat developed a scrotal
tumor which was detected for the first

Fig. 54. Male Rat on Irradiated time August 23, 1954. This tumor devel-
Diet Showing Development of oped so rapidly that on September 10,
Lateral Tumor at the Age of 8 1954, it seemed advisable to sacrifice
Months. the animal in order that the tumor might

be removed before the rat died. Because
of the rapidity with which this particular tumor grew, and because of the
haste with which the sacrifice had to be performed, no pictures of the animal
were obtained. Figure 55 shows a photograph of the tumor after pathological

examination. At the time of sacrifice the rat
weighed 682 gm. The tumor when removed weighed
140 gm or approximately 21 percent of the total
body weight. The heart, lungs, liver, spleen,
kidney, adrenal gland, a section of the small
intestine, and the testes were removed from the
animal and histopathological examinations made
of these organs. The complete report of the
pathologist appears in Table 52.

Both of the animals developing tumors
were of the experimental group. These two are
Fig. 55. Scrotal Tumor the only animals which have developed tumors and

from Rat on Irradiated Diet the number is, of course, too small to be of
(after Pathological Exami~- statistical significance. However, Mr. Holtzman,
nation). of the Holtzman Company which supplied the
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TABLE 51

HISTOPATHOLOGICAL REPORT DZRz, 2L25-LBG ON
EXPERIMENTAL MALE RAT WITH LATERAL TUMOR

The neoplasm is an adenofibroma of the mammary gland. There is proliferation,
in an orderly fashion, of ductal epithelium and an extensive periductal pro-
liferation about the numerous ducts. The fibrous tissue is actively pro-
liferating and is cellular. Neither element is pleomorphic enough to be con-
sidered malignant. The tumor may not represent a true neoplasm.

Tissue Observation
Heart Moderate acute passive congestion. No lipidosis.
Lung Emphysema. Fat stain negative.
Spleen Small foci of erythropoiesis.
Liver Moderate lipidosis in hepatic cells and Kupffer cells,

Rather diffuse distribution, but the center of lobules
not involved.

Small Intestine Negative.

Adrenal Abundant cortical lipids.

Kidney Thickening of basement membrane of tufts with ischemia.
Occasional gray casts in tubules. Glomerulonephrosis.

No lipidosis.

Vertebral Column After decalcification, no evidence of avitaminosis-A, -C,
or -D. Marrow and visible nerves normal.

Testes Marked degenerative changes in tubular epithelium.
Aspermatogenesis. No mitotic figures present. Epithelium
completely lost in many. Some tubules contain necrotic
cells; others are calcified.

Summary: There is no satisfactory evidence that the lipidosis of the liver

represents liver damage. The lipid is probably dietary lipid and its ap-
pearance is in response to the high fat diet. The renal changes indicate
early reversible damage. The degenerative changes in the testes are definite
and extensive. Adenofibroma of the mammary gland.
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TABLE 52

HISTOPATHOLOGICAL REPORT Dth, 18%2-1BG ON
EXPERIMENTAL MATE RAT WITH SCROTAL TUMOR

Tissue Observation
Heart No significant abnormality of the myocardium. No lipidosis.
Lung Slight peribronchial lymphocytic infiltration, fat stain
negative.
Spleen A few lymphoid follicles remain but most of the spleen is

Small Intestine
Liver
Kidney
Testes

Scrotal Tumor

replaced by tissue like bone marrow. Erythropoietic and
granulopoietic cells and numerous megakaryocytes present.
Myeloid metaplasia.

Negative.

Acute passive congestion., Very slight lipidosis.

Negative. No lipidosis.

No spermatozoa present. The seminiferous epithelium presents
various stages of atrophy and necrosis. The pattern is
variable in different areas. In the more nearly normal
tubules spermatogenesis is abnormal. No mitotic figures
present., There are bizarre cellular forms, some with large
dark nuclei, and others with many nuclei. Interstitial cells
are not increased in number.

A moderately well-differentiated spindle cell supporting
tissue neoplasm with many minute blood vessels. Angio-
fibrosarcoma. Tissue growing by expansion and invasion;

no capsule can be identified. No metastases have been

found. This is compatible with the lack of anaplasia of

the neoplasm. Areas of necrosis are present within the
tissue.

Summagz:

Well-differentiated angiofibrosarcoma of the scrotum. Atrophy and

necrosis of the seminiferous tubules with the production of bizarre multi-

nucleated forms.

Marked myeloid metaplasia of the spleen.
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parent animals, commented that he had never previously observed such tumors
in this strain of rats. A point of interest, in view of the high incidence
of male sterility in the long-term experiment, was finding that both of these
rats showed extensive degenerative changes of the testes.

b. Pilot Studies

(1) Second Litter Breeding Performance of Rats Fed 2-Megarep Diets
for 5 Months. Table 53 gives the final second litter data for the rats in the
first pilot study. A comparison with the results of first litter performance
(Table 26, page 124, Progress Report 5) shows a somewhat decreased reproduc-
tive capacity after % months on the experimental diet as compared with 10 days
on the diet prior to the first mating.

TABLE 53

REPRODUCTION DATA ON SECOND LITTERS OF RATS
IN 2-MEGAREP PILOT EXPERIMENT

Nonirradiated Partially Completely
Diet Irradiated Irradiated
Diet Diet
Number of females bred L 5 5
Numbers of litters 2 Ly 5
Average number per litter
at birth 9.0 9.8 10.3
Average number per litter
at weaning 8.0 8.3 8.2
Average weight at weaning (gm) 50.0 41.5 38.6
Average number young weaned
per female bred h.o 8.3 8.2

In the first breeding period (starting June 1, 1953) all females
produced young; in the second (starting August 10, 1953) 3 did not. The
total number of young weaned were 128 and 90, respectively; mean weights at
weaning were 5L.4 gm and 41.5 gm, respectively; number of young weaned per
female bred was 9.0 and 6.&, respectively. These are the results of pooling
data for the control and experimental groups. The numbers of animals in each
group are too small to permit valid conclusions to be drawn about differences
between groups. The only category in which control animals were inferior,
based on the limited data, was in number of females not producing young.
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The diet fed in the 2- and 20-megarep pilot studies differed from
that fed in the long-term study (Table 29, page 171, Progress Report 6) in
that it contained 5 percent more corn oil. In these groups, as in the long-
term group, the experimental diet appeared to have an adverse effect on re-
production apart from irradiation-induced changes.

(g) Reproduction Data on Offspring of Rats Fed 20-Megarep Com-
pletely Irradiated Diet. Animals fed a compleggly irradiated 20-megarep
diet developed characteristic symptoms of vitamin deficiencies as described
in Progress Report 6. When a nonirradiated vitamin mixture including
tocopherol was added in the original amount to the 20-megarep completely
irradiated diet, the reproductive performance was on a par with the animals
in the long-term experiment. Figure 56 shows an original pair of animals
on the XC diet (completely irradiated at 20 megarep) after receiving the
nonirradiated vitamin supplements. Figure 56 should be compared with Figs.
70 through 72, pages 188 and 189, of Progress Report 6, which shows animals
with characteristic symptoms of vitamin deficiencies. The offspring of
the animals shown in Fig. 56 were placed on stock rations (Rockland rat diet)
and produced normal litters averaging 10 young per litter for six litters.
Figure 57 shows one such litter.

Fig. 56. A Pair of Animals after Fig. 57. Litter from Animals Shown
Recovery from Vitamin Deficiency in Fig. 56.
Produced by XC Diet (Completely
Irradiated at 20 Megarep).

(2) Histopathology of Rats on 20-Megarep Diet. Twenty-eight of
the animals used in the 20-megarep pilot study were sacrificed for histo-
pathological examination. Organs were identified only by code number at
the time of examination. The summary of results after decoding is given
in Table 54. Pathologists,R. C. Hendrix, M.D. and R. C. Wanstrom, M.D.,
expressed the opinion that no significant tissue changes induced by the
diet are indicated by the results shown in Table 5k,

(E) Forced Feeding Studies. The effect of forced feeding of
diets containing meat irradiated at 23 to 45 megarep was studied by observing

17k
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TABLE 5k

HISTOPATHOLOGICAL CHANGES IN PILOT STUDY RATS ON 20-MEGAREP DIET

Nonirradiated 20-Megarep 20-Megarep
Tissue Observation Diet Partial Complete
Irradiation Irradiation

Heart No change 6 12 5
Congestion 1 1 0
Pale staining 1 0 0

Lung Emphysema 6 15 6
Early lobular pneumonia 1 1 0
Occasional lipophages 1 3 0

Liver No change 0 0 1
Lipidosis, slight to moderate 2 11 3
Lipidosis, well marked L L 1
Lipid in Kupffer cells L 3 0

Spleen No change 1 L 2
Congestion 2 8 1
Hemophages 1 3 0
Small foci of hematopoiesis 2 1 2

Small

Intestine No change 3 10 5
Mucin, moderate to abundant 2 3 0

l,_l
o
O

Chronic catarrhal enteritis

Kidney No change 2 5 2
Congestion 1 L 0
Cloudy swelling 2 2 3
Lipidosis 1 5 0
Dilated tubules containing
inspissated protein 1 0 0
Adrenal Cortical steroid abundant 5 T 3
Patchy loss of cortical
lipids 1 1 2
NUMBER OF ANIMALS 7 15 6
COMMENT Depletion of stored fat 2 3 2
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the changes in body weights of adult male rats. The purpose of this experi-
ment was to determine the possible threshold for the development of acute
toxicity in irradiated canned meat. A previous exploratory study in which
the rats were allowed to eat stock ration ad-1lib between the forced feedings,
and in which part of the total food intake was given by stomach tube had in-
dicated that tube-fed meat irradiated at 25 megarep did not produce any dif-
ferent effect on weight change than did nonirradiated meat. The tube feeding
in itself was, however, sufficiently stressful to cause a marked reduction

in weight gain when compared with controls not tube fed.

A group of 50 male Holtzman rats averaging 355 gm at the start
of the experiment were tube fed the nonirradiated diet for 7 days. Ten
animals were eliminated because they showed signs of respiratory infection,
or responded unfavorably to the feeding procedure. The remaining 40 rats
were divided into two equal groups of similar weight (about 312 gm). One
group was used as a tube-fed control and the other group was tube fed a
diet containing canned meat irradiated at 23 megarep. The composition of
the diet was canned meat (Swift's beef for babies), 1000 gm; sucrose, 70 gm;
corn oil, 15 gm; HMW salt mixture, 10 gm; cellulose, 20 gm; tocopherol,

0.3 gm; choline chloride, 1.2 gm; and vitamin mixture, 15 gm. The composi-
tion of the various mixtures was given in Progress Report 5.

Water was added initially to give a solid content of about 20
percent to make the diet more fluid as it was observed that the canned meat
exposed to this level of irradiation developed a rubbery consistency. After
mixing in a Waring blender the diet containing the irradiated meat adhered
tenaciously to the walls of the containers; large volumes of water were re-
quired to wash down the adhering meat. Even with this precaution the quan-
titative recovery of all the solids was difficult, therefore, the dry weight
of each batch was determined and the solid content of both diets adjusted
to 16 to 18 percent. Sedimentation occurred more rapidly in the control
diet, necessitating stirring between each sample taken for feeding. The
fluid diet was carefully measured from a 30 ml hypodermic syringe and the
rats were fed twice daily, except on Sundays when they were fed once. The
amount given per feeding was 20 ml, a quantity that maintained body weight
at a fairly constant level of about 275 gm from the third to the sixth week
of tube feeding. Weight curves are shown in Fig. 58.

The irradiation exposure of the meat was increased gradually to
45 megarep over the first 2 weeks. Inability to irradiate sufficient
material to supply the needs of the original 20 animals in the initial ex-
perimental group at the higher level led to a reduction in the size of con-
trol and experimental groups to 12 each on the 19th day of the experiment.
The average weights of the animals in each of the groups of reduced size
was the same as in the corresponding group prior to reduction of the group
size.
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The animals removed from the experimental diets were kept under
observation for several weeks after their return to ad-lib feeding on the
stock ration. Weight changes were followed for at least 2 weeks, at which
time the original weight of both groups had been regained. No differences
were observed between the two groups during the period of initial weight loss
or during the recovery period. Diarrhea occurred in some of the animals fed
the irradiated meat but an increase in the roughage content abolished this.
Otherwise, there were no grossly observable symptoms of any deleterious action
of forced feeding of a diet consisting largely of meat irradiated with doses
up to 45 megarep.

(5) Studies on Mice Fed L-Megarep Diet. Reproduction studies and
other observazions were made on two generations of mice fed the same diets
that the rats received in the initial phases of the long-term experiment. Two
groups of mice, one composed of highly inbred animals of the Bagg albino strain
and the other of mixed-strain, pigmented animals, were transferred from Purina
Laboratory chow to the experimental diets at the time they were bred. 5ix
Bagg albino and 16 mixed-strain female offspring of the animals on irradiated
and like numbers of the offspring of the animals on the nonirradiated diet
were continued on the diets that their parents received. An additional con-
trol group was set up by transferring 6 albino and 16 mixed-strain females
from the experimental rations to Purina Laboratory chow at the time they were
mated for the production of the second filial generation. Parent-generation
mice were not removed from the breeding cages for rearing their young, whereas
pregnant females of the first filial generation were put in separate cages
when they became pregnant. This change in procedure was accompanied by an
apparent overall improvement in reproduction performance for second generation
animals.

Results of the reproduction studies on the first two generations,
not complete at the time of writing, are presented in Table 55. The breed-
ing potential of the albino mice was too low to permit setting up groups of
adequate size and a high incidence of sterility among the albino males of
the first filial generation necessitated the replacement of the albino males
with mixed-strain males of proven fertility. None of the albino females on
the irradiated ration had produced young by the time they were 6 months old
and both the male and female animals on this diet developed skin lesions with
loss of hair and inflammation of the eyes. Reproduction performance of the
albino females fed the nonirradiated rations appeared to be normal. The data
are included despite the small numbers of animals because the results suggest
that the Bagg albino mice may be highly sensitive to dietary changes produced
by irradiation, at least on the experimental ration fed.

The mice of the first filial generation which were transferred
to Purina Laboratory chow when they were mature lagged behind the animals
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allowed to remain on the experimental ration in producing young, an occurrence
probably attributable to the stress that the dietary change entailed.

Reproduction and lactation performance of the mice on the nonirradi-
ated experimental ration compared favorably with that expected of animals
raised on stock ration, in contrast with the performance of the rats in the
long-term experiment. The mixed-strain animals on the irradiated diet showed
appreciable impairment of ability to bear and raise their young. Some of
the second filial mixed-strain generation young, however, showed evidence
of a neurological disorder characterized by an impaired ability to maintain
equilibrium. The disorder was apparently attributable to the experimental
diet and was twice as frequent in the offspring of mice fed irradiated ration
as in those fed nonirradiated ration.

The weights of the young of the mixed-strain mice at the time of
weaning were approximately the same for the animals on irradiated and non-
irradiated experimental ration and on Purina Laboratory chow. Subsequent
weight gains were also similar at least for the first two or three post-
weaning weeks, a result again in contrast with that observed for rats in
the long-term experiment:

4. DISCUSSION

The results of the first breeding study of the long-term experi-
ment, expressed in terms of average number of young weaned per female bred,
indicate that the reproductive capacity of the animals on the irradiated
diet was about two-thirds that of the animals on the nonirradiated diet.

The latter animals in turn had a reproductive capacity of about two-thirds
that of similar rats fed the stock ration under the same conditions. Thus,
despite the superior growth of the animals fed the semisynthetic experimental
ration, the diet did not appear to be optimal for reproduction and lactation.

These observations led to a review of the work of other investiga-
tors who fed diets containing ingredients similar to those incorporated in
the ration fed in the present experiments. The factors which have been ex-
amined in relation to their possible influence on the suboptimal reproduc-
tion and lactation performance of the animals, i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>