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13. Abstract (continued): 

3. Plastic window cans permitted hydrogen rapidly to diffuse out thereby 
creating a vacuum. Disadvantage: soste oxygen diffuses into the package 
albeit slowly. 

4. Palladium catalyst reduced headspace gas volume by catalyzing oxida- 
tion of hydrogen produced by irradiation. Disadvantage: entails presence 
of oxygen. 
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FOREWORD 

The availability of shelf-stable, highly acceptable meat items for 
use in military feeding systems is considered a necessity. The 
currently available tnermally processed items do not fully meet 
requirements because öf their limited utility, stability and accept- 
ability. Radiation processing, or "cold" sterilization as it is 
frequently called, has the potentiality of yielding products that 
have good military utility, good storage stability, and good accept- 
ability. Therefore, research to develop process criteria that can 
be used to produce irradiation sterilized meats is underway. 

The work covered in this report was performed by American Can Company 
Research Laboratories, Barringtou, Illinois, under Contract DA19-129- 
AMC-119(N) during the period from 26 June 1963 to 9 September 1966. 
It presents the results of a series of investigations on the influ- 
ence of the radappertization process on induced headspace gases 
from the sterilized foods. Experiments were conducted to identify 
the gases, to determine their origin and to develop techniques for 
their control. The investigation was performed under Project No. 
7X84-01-002, Radiation Preservation of Food. 

Mr. G. B. Pratt was the Project Officer and Official Investigator 
and L. E. Kneeland the Collaborator in the research work for American 
Can Company. The U. S. Army Natick Laboratories Project Officer 
was Dr. F. Heiligman of the Food Laboratory and the Alternate Pro- 
ject Officer was Mr. J. J. Killoran of the General Equipment and 
Packaging Laboratory. 
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ABSTRACT 

A series of studies were conducted to determine the influence 
of radappertization on induced headspace gases from the sterilized 
foods. Experiments were performed to identify the gases, determine 
their origin and develop techniques for their control. Hydrogen 
gas is the dominant gas produced by the radiation process. Other 
gases, such as CK/, CO and CC^, may also be present in small amounts. 
In Model systems, the amount of induced gas was found to vary direct- 
ly with irradiation dose, and to a lesser extent with the concentra- 
tion of particular food components. Gas production varies inversely 
with pH. In a study of packaging materials, tinplate and glass had 
no effect on the type or quantity of gas produced. Packaging in a 
polyolefin plastic material caused a small increase in H2. Product 
temperature during irradiation has a pronounced effect on gas pro- 
duction: approximately half as much as was produced by irradiation 
at temperatures below 0°C as by irradiation above this temperature. 
Type of radiation (cathode vs. gamma), initial can vacuum, or ex- 
tended periods of storage had no effect on amount of gas produced. 
A mathematical model for estimating the production of induced gases 
from proximate analysis successfully predicted gas productions in 
the five food products investigated. 

The following techniques were found to mitigate the affects of 
gas production: 

1. Use of recommended fill of container and closing vacuum 
effectively prevent swelled containers. Disadvantage: slightly 
reduced fills of containers. 

2. Vacuum sealing after irradiation using clinched cover 
technique reduced headspace gas. Disadvantages: slightly reduced 
fills as well as danger of recontamination. 

3. Plastic window cans permitted hydrogen to diffuse out 
rapidly thereby creating a vacuum. Disadvantage: some oxygen 
diffuses into the package, albeit slowly. 

4. Palladium catalyst reduced headspace gas volume by catalyz- 
ing oxidation of hydrogen produced by irradiation. Disadvantage: 
entails presence of oxygen. 



INTRODUCTION 

Gas produced daring high level irradiation of canned food may- 
result in bulged ©r swelled cans as had been previously reported 
(Pratt, 1955, I960).  Sine© users of canned food-will normally inter- 
pret a swelled can as a sign of bacterial spot läge, there is- real 
coneern.over this condition. 

That the problem of gas production is not confined to products 
in cans is suggested by Hannan°s (1956) report of gas production in 
•unpadkagedü irradiated fruit. The-production of gas on irradiation of 
food constituents has been the subject of considerable fundamental 
research in recent years (Dilli and Garnet, 1963; Phillips and Baugh, 
1963), ' .'..".,. 

The work reported herein is.divided into two phases; 

Phase I was designed to explore, the problem.of radiation induced 
gases in the context-of potential commercial application. 

Phase.II was designed to find solutions to the problem ofxcans 
swelled by irradiation induced .gases. 

Experimental Method - Phase I. ........  . 

A. Analytical procedures 

Using a Burrel K-l Chromatograph, a molecular sieve 13x 
column was used ..to separate H2, O2» ^ an<* CH4* *^2 was measured 
by absorption in a 50% KOH column, H^S was determined using a 2- 
meter column packed with tricresyl phosphate on firebrick, Amines, 
though.not expected because of the acid nature of the products, were 
checked using a dia'toanaceous earth' column impregnated, with Teflon 
and. treated with Carbowax 550.. . 

Using the method of water displacement the headspace gas 
was removed from the various irradiated packaged foods, measured 
volumetrieally-and finally analyzed according to the procedure 
described, above.»; . ' 

B, Examination of stored products . 

...Samples of chili, cherries, green beans, beef,, and bacon • 
in various packages, some as old as seven years from previously 
reported studies (Pratt, 195.5., 1960), were recovered from storage 
and headspace gas measured and analyzed as described above«  Since 
no unirradiated controls £<me  these samples' were available for com- 
parison, gas analysis must be.regarded^as qualitative rather than 
quantitative/. .      •'..-.: 
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C. Preparation of irradiated test packs 

1. Food components. Model systema, representing the major 
food components—water, fat, protein and carbohydrate--were prepared 
to determine the types and quantities of gas produced by each on 
exposure to sterilizing doses of irradiation. 

Carbohydrates represented by sucrose, dextrose and starch; 
protein represented by gelatin; and fat represented by corn oil, were 
packed both dry and as water solutions in 303 x 406 (1-lb) unlined 
cans. The dry materials were closed under full line vacuum (about 28 
inches Hg) on a No. 1 Pacific closing machine to eliminate air as 
completely as possible. The water solutions were hot-filled into cans 
at 93°C and closed on a Canco 006 closing machine with steam flow Co 
exclude headspace air. After closing, the cans packed with sucrose, 
dextrose, distilled water and water + salt (NflCl) solutions were held 
inverted for at least five minutes to sterilize the headspace. The 
cans containing starch, gelatin and oil solutions were pressure pro- 
cessed for thirty minutes at 115°C to prevent bacterial spoilage. 

Samples of all model systems were shipped to Natick where 
they received 4.5 Mrad gamma irradiation dose from a cobalt-60 source. 
Doses, as stated in this report, are minimum doses and tii^y range up to 
120% of the minimum dose. 

2. Irradiation temperature. Unless otherwise specified the 
irradiation was done without temperature control with product tempera- 
ture ranging from 4°C up to 26°C and is termed "ambient" temperature 
irradiation. An experiment to determine the effect of irradiation 
temperature on gas production utilized sucrose and gelatin solutions 
packed in 303 x 406 cans. Packing and irradiation procedures were 
the same as described in the previous experiment except that the samples 
were irradiated at five different temperature levels ranging from 20° 
to -196°C. 

3, Packaging materials. Sucrose solution (25%) was used in 
this experiment to determine the effects of packaging materials on 
Irradiation induced gases. Glass packaged samples were prepared by 
filling 60 ml of hot sucrose solution at 93°C into 100-ml volumetric 
flasks and heat-sealing the neck of the flasks while under full vacuum 
(28 in. Hg). Scotch-Pak plastic pouches were filled with 60 ml of hot 
sucrose solution then heat sealed through the liquid to eliminate air. 
The pouches were then placed in 202 x 204 cans and closed under full 
vacuum (28 in. Hg). 

Tinplate packed samples were prepared by hot filling 60 
ml of sucrose solution into 202 x 204 cans and closing at atmospheric 



pressure. After cooling,, the -cans were punctured then resealed under 
full line vacuum using a solder-tipping device» All samples were 
irradiated at 4.5 Mrads at ambient temperatures. 

4. Food- component concentration and irradiation dosage. 
Sucrose and gelatin solutions each prepared at three concentration 
levels were packed in 303 x 406 (1-lb) cans, using the same packing 
techniques as described previously. Each solution variable was then 
divided! into four equal sets of samples and each set exposed to four 
irradiation dose levels:  0, 2, 4, and 8 Mr ad. 

The three sucrose solutions were 1, 5, and 2.5%, and the 
gelatin solutions 1, 6, and 12%. 

5o  Interaction of food components.  For the purposes of 
this experiment, two synthetic food systems were prepared represent- 
ing- a high protein and a high carbohydrate food respectively. The 
compositions of the systems were as follows: 

High-carbohydrate system ' High-protein system 

• 1% gelatin 10% gelatin 
8% sugar 1% sugar 
1% salt 1% salt 

•"'•••-•••• "'  90%water •:•.  7% fat 
81% water" 

Both formulations were hot filled at 93°C into 303 x 406 
(1-lb) cans, closed with steam flow and pressure processed for 30 
minutes at S15°C, At Natick the packed samples were exposed to 4.5 
Mr ads gamma irradiation at -ambient temperatures.' 

6.  Irradiation induced gas in various-meat products. In a 
series' of experiments conducted at Natick the following packs were 
prepared and 12 cans of each product exposed'to 4.5 Mrads gamma irradia- 
tion at 2°C. An additional 12 cans each of beef and chicken breasts 
were irradiated near liquid nitrogen temperature, about -185°C. 

Non-irradiated controls of each product were prepared in 
"the same manner is described above s except the cans were frozen at -29 G 
after sealing« " ': •'    ; -"' "'  ' 

(a)  Beef 

'*•'•'--- '-" •    '••'•• Commercial grade boneless beef loins were trimmed, 
stuffed into plastic casings and steam heated at 104°C to a center ' 
temperature of 74 C to inactivate enzymes.  The beef Was-then removed 
from the casings, filled hot into 401 x,209 cans (approximately 12 
ounces per can) and closed under 20 inches vacuum. 
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Prior to irradiation the cans were refrigerated at 2 C. 

(b) Pork 

Boneless loins, U, S, Grade No. 1 were prepared in 
the same manner as the beef loins. 

(c) Ham 

Boneless rolled smoked hams with no special enzyme 
inactivation were trimmed and filled cold at 4°C into 401 x 209 cans 
and closed under a vacuum of 20 inches Hg. 

(d) Chicken Breasts 

Fresh market chicken breasts without bones were 
steam heated at 140°C to an internal temperature of 79°C to inactivate 
enzymes and packed as described under beef. 

(e) Chicken Thighs 

Fresh market chicken thighs with the bones left in 
were packed as described under chicken breasts. 

7. Closing Vacuum. Chicken breasts without bones were packed 
into 404 x 700 size cans as described above (Paragraph C 6 (d)) and 
closed under mechanical vacuum at four levels of vacuum at IT, S. Army 
Natick Laboratories. These were subjected to 4.5 Mrads and beadspace 
gas analyzed at 0, 6 and 12 month storage. 

8. Acidity. In an experiment fco study the effects of pH on 
gas production, the test media was 6% sucrose solution. Using appro- 
priate amounts of citric acid and disodium phosphate, three solutions 
were prepared having pH values of 4.0, 5.5 and 6.8 respectively. Eight 
cans of each solution were packed in 303 x 406 cans and subsequently 
irradiated at Natick with a dosage of 4.5 Mrads. 

5» Radiation Source. Samples of beef in laminated flexible 
packages which had been subjected to 4.5 Mrads gamma radiation at 
three temperature levels were received from U. S. Army Natick Laboratories 
for comparison with cimilar samples subjected to electron beam irradia- 
tion at similar dose and temperatures. 

10. Storage. In most of tl*e packs described above samples 
were placed in storage at 22 C (where not otherwise indicated) and gas 
analysis performed at several periods to determine whether there is an 
increase in radiation gas with time of storage, 



Phase II 

»f gas in all test containers.  In 
case of' meat products, compression was applied under water to insure 

' The methods ©f Chromatographie gas analysis are described 
n  Phase I 

-.2'. Product examination of bacon in 307 x 509 cans (stored 
for twenty-one months at 21°C) included organoleptic examination, by 
an experienced panel, of the bacon' baked 10 minutes in a 148 C 

a•qualitative examination for catalase activity using chilled 
* ablution.  (Hawk et'al. 1947) 

3o Bacteriological examination of a can of swelled beef sealed 
afHtjbff irradiation involved aseptic opening of the can and microscopic 
examination of a smear of the contents stained with crystal violet. 

B, Exploration of New Techniques 

A series of'exp 
gases are 

1. Product fill and closing vacuum control.  Knowing 
roduet for a given radiatior 
possible to calculate the fills 
avoid swelling of the container a 

temperature, it then becomes 
c 

This is expressed in the following equation: 

c (v^ - V2) d• 

where (v-, - v«) + Pa Gr 1 ' 

x = 
"c -"total- container capacity- in milliliter 
Vj= gauge vacuum in container before irradiation (ins. Hg) 
V2= gauge vacuum in container after irradiation (ins, Hg) 
Pa± atmospheric pressure (ins. Hg) 
Gr= volume'of radiation gas for a given product, radiation 

dose and temperature (milliliters per gram) 
d = density of the product (gr/ml) 
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2. Control of gas by vacuum sealing after irradiation, using 
clinched cover technique. 

(a) Bacon 

Bacon, packed and irradiated at Natick in 303 x 
509 cans, was used for these studies. A total of 72 cans were packed 
with parchment-wrapped bacon, 36 cans with a 16 oz. and 36 cans with 
a 20 oz. weight fill. Twelve cans of each fill were sealed under 25 
in. Hg vacuum and irradiated at 4.5 Mrads. Another twelve cans of 
each fill were "clinch closed'1 (covers loosely clinched to the contain- 
ers) , irradiated at 4.5 Mrads and finally sealed under 25 in. Ug vacuum. 
The remaining 12 cans of each fill were sealed under 25 in. vacuum and 
frozen immediately to serve as controls on the irradiated samples. 

Further evaluation of the jlinched cover technique 
was provided in a series of test packs conducted at Natick in June, 
1965. The products were beef, ham, pork and chicken, prepared as 
described below. 

(b) Beef 

Commercial grade boneless loins; trimmed, stuffed 
in 6M casings - enzyme inactivated in steam at 104°C to a center 
temperature of 74°C (approximately 90 minutes required). 

(c) Pork 

Boneless loins, U. S. Grade No. 1; prepared the 
same as beef. 

(d) Ham 

Boneless rolled Wilson; no enzyme inactivation 
required. 

(e) Chicken breasts and thighs 

Enzyme inactivated in steam at 104 C to internal 
temperature of 80°C (approximately X8 minutes). 

Except for ham, which was cold filled, the above products 
ware hot 'JLlled into 401 x 209 cans (approximately 12 oz./cait) and 
closed under 20 in. vacuum, or "clinched" closed. Prior to irradiation 
the packed cans were refrigerated at 2°C and irradiated at. this tem- 
perature. Additional cans of beef and chicken breast3 wece irradiated 
at near liquid nitrogen temperature approximately -185 C. Following 
irradiation the "clinched" cover samples were sealed under 20" vacuum. 



after filling and closing, under 20 in. 

(a) Mylar Wiio,d©w 

lorstory test of this concept was 
covers incorporating a Mylar plastic 

were irradiated-at 4.5 
unirradiated to serve as controls. 

(b)  Mylar/Saxan Window 

utilized 401 x 209 cans incorporating 

5 C packed with 
at -29°C. 

, closed at 20 in. Hg vacuum and 
were shipped frozen to Natick for 

(a)  Dry Sucrose - High Pd 

x 406 cans 
each with one gram of " 

the cans with 
remaining six 

test, dry sucrose was packed in 303 
ric pressure«, Six cans were clos 
black" enclosed in a filter paper 
d without palladium.  Six each of 

ium were irradiated at 4.5 Mrads, 

in 401 x 209 cans 
contained in 0,5 mi 
grams, 5,0 milligrams 
catalyst level 
4.5 Mrads. An addit 

ex    CTisiiis-caii1!*    cjvpei.i.uic>ii.    \S«VI&««*JIW. fen*    cat.    »-is» i. JLun. ,      fcistists: 

atalyst were included with ham, cold (2°C) packed 
closed under 20 in. Hg vacuum.  Palladium was 

polyethylene pouches in the amounts of 0.5 milli- 
ard 50 milligrams per pouch.  Six cans at each 

.--.ng "no catalyst" were packed and irradiated at 
ional six cans each with 0.5 milligrams and no 

• ""   "ely after packing, and stored at -30°C 



(c) Ham in Pd Catalyzed Pouches 

A third teat involved "Pd catalyzed1' flexible pouches 
having the following laminate structure from the inside out:  polyethy- 
lene/Pd catalyst/polyethylene/aluminum foil/polyethylene/paper.  Pouches 
were approximately 5" x 5" in overall size. Non-catalyzed pouches 
supplied by Natick to serve as controls were laminated from inside out 
as follows:  polyethylene/aluminum foil/mylar:  overall size 3" x 7". 
Pouches were packed with 3 oz. av. slices of ham, sealed with and with- 
out vacuum, and irradiated (4.5 Mrads) or frozen.  Using the non-destruc- 
tive method of weighing under water at 20 C, the gross volume, net vol- 
ume and free space (theoretical vacuum) in the pouches can be determined 
Thus a comparison between irradiated and non-irradiated (frozen) samples 
will give a direct measure of the volume of irradiation induced gases. 

Similar comparisons can be obtained between catalyzed 
and non-catalyzed pouches, and between zero and full vacuum sealing. 
Sample calculations are shown below* 

Seal- 

Pouch 

ing 
Vac. 

CfflUJfiJ 
Pd catalyzed 
(Irradiated) 

Full 

Non-catalyzed 
(Irradiated) 

Full 

Non-catalyzed 
(Frozen) 

Full 

Gross Gross1 Net2 

Vol.3 Gross Wt. (g) Vol. Vol. 
Wt in of of of Free 
in Water Pouch Pouch Ham Space 

Air (g) (20°C) (ml) (ml) (ml) (ml) 

103.0 

106.0 

105.0 

-2.0 

-3.0 

7.5 

105 

109 

100 

105 

91 

95 

97.5 93.5  94 

10 

-0.5 

Gross Vol. (cc) -  Gr. wt. in air (g)I- §r. Wt. in H20 
nsity of wate- 

(g) (20°C) 
water (20°C) 

2. Net Vol. (ml) = Gr, vol. (ml.) - pouch material vol. (ml) 

3. Vol, of Ham= Wt. of Ham 

(d) 

Density of Ham (1.067) 

Shrimp in Pd Catalyzed Pouches 

A fourth test also involved Pd catalyzed pouches as 
described above, packed with shrimp at Natick. Six each of catalyzed 
and non-catalyzed pouches were packed with approximately 2-1/2 oz. of 
shrimp per pouch, sealed under full (27 - 28 in. Hg) vacuum and irra- 

it 4.5 Mrads.  No non-irradiated (frozen) controls were pro- 

8 
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(e) Shrimp in Cans - Very Low Fd 

A fifth test of palladium, involved shrimp packed 
in 401 x 411 cans at Natick. Three cans were packed with 0.5 mg 
palladium (contaified is 0.5 mil polyethylene pouches'* and three with- 
out. All were packed with 2 packets cf activated charcoal, closed 
under full vacuum and irradiated at 4.5 Mrads. 

RESULTS AND DISCUSSION - Phase I 

A. Examination of stored products 

Table 1 summarizes headspace gas analysis in cans containing 
irradiated chili, cherries, green beans, beef, and ham, and in plastic 
baga of irradiated ham. Besides the atmospheric gases N£ and O2 which 
could be due to incomplete evacuation of air, the cans contained CH4, 
CO2, CO, and especially H2 in appreciable quantities. These gases 
have been previously reported as produced by irradiation of food com- 
ponents (Mitchell, 1957). The gases NFU and H^S ant! their analogs, 
produced by irradiation of amino acid (weeks and Garrison, 1958; Swallow 
1963), were not detectable as components of headspace gas. 

The gases observed were obviously influenced by the type of 
container and the long storage times involved. The -bgence of H2 and 
CO2, in the plastic packages can be explained by the nigh degree of 
permeability of polyethylene to these gases (noted by Brubaker and 
Kammemeyer, 1953). In the canned samples H2 produced by corrosion prob- 
ably contributed to that found in the cans. Enzymatic activity in the 
beef evidently contributed CO„ to that found in the cans. This was 
confirmed in bacon stored 21 months as reported below. 

It must be emphasized that these samples were not specifically 
prepared to study headspace gases but were later (some much later) se- 
lected to provide a general survey of the problem. 

B. Sxaiaiüatiuii ui iv-az  packs 

Throughout the t&at packs the same gase3 reported above (CH4, 
CO2, CO and H2) were observed while higher hydrocarbons, NH,, H^S, and 
their analogs were not. 

1. Food components. Table 2 reports gas produced by repre- 
sentative irradiated fnod components both dry and mixed with water. 
Gas analysis of unirradlatad controls appears in Table 3. 
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By far the greatest amount of gas produced was hydrogen. 
The carbohydrates (sucrose, dextrose, starch) yielded the greatest 
amount of gas with fat and protein yielding somewhat less, The quan- 
tities (ml) of radiation induced gases were greater in the cans of 
dry products, This would b^ expected due to the greater concentration 
-'£ the food component (1007.) in the dry pack compared to the water 
pack (6-10%). Actually the yield of irradiation gas on a per gram of 
dry product basis was much higher with water packs than dry pack3. 
Where water is present, therefore, rad'olysis of water makes an impor- 
tant contribution of hydrogen (Siu and Bailey, 1957). 

The volume of hydrogen produced is less than would be 
predicted using G-values provided by Phillips and Baugh (1963) per- 
haps because of back reactions due to increasing pressure of reaction 
products described by Dal ton et al. (1963). 

2. Radiation temperature. 

Table 4 reports total gas in solutions of gelatin and 
sucrose irradiated at temperatures from -196 to 20°C. Less gas was 
produced when the product was irradiated at temperatures below the 
freezing point than above this temperature. The greatly reduced gas 
production at temperatures below freezing was confirmed with beef 
and chicken under Phase II below (See Tables 12, 15 and 18). 

3. Packaging materials. 

Since the problem of gas production during irradiation 
has been observed only (or primarily) in canned product, the question 
naturally arises whether the can itself is contributing to gas pro- 
duction. 

Table 5 reveals that approximately the same amount of 
hydrogen is produced in a model system whether packed in glass, in 
metal, or in plastic. However, statistical analysis reveals that 
total H2 in the plastic package is somewhat greater than in the glass 
(statistically significant at the 1% level). This could be explained 
by the well known fact that hydrogen gas is produced on irradiation 
of plastic materials themselves (Tripp, 1957; Killoran, 1967). By 
the time gas analysis was possible, most of the hydrogen gas had 
permeated from the inside of the bag to the outside. 

As a practical matter hydrogen ga3 production should 
be little or no problem with irradiated plastic packaged products 
because of the very rapid permeation of hydrogen through most 
plastic films. 

10 
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4. Irradiation dose and food component concentration. 

The gas produced on irradiation of aquaous sucrose solu- 
tions of various concentrations appears in Table 6. Similar informa- 
tion for gelatin solutions appears in Table 7. Using a Control Data 
G-15 computer and least squares techniques, the observed data pMr.ts 
were fitted to a simple mathematical mHel. The six lines appearing 
in Figure 1 (as well as the data points themselves) are all plotted 
from the single resulting formula. 

Y = ,40 + 10.27 x3 (1 + .02123 x2)    Formula A 
Where Y = ml of gas at 4 months 

xi = dose in Mrad 
X2 = perceat sucrose in solution 

The date points fit the above mathematical model extremely well (cor- 
relation coefficient, R» 0.992). 

This model provides some hint of the mechanism of gas 
production. Note that over the range of doses to 8 Mrad the gas pro- 
duction is directly proportional to the radiation dose- The sugar 
solutions acted almost as dosimeters. Although related co concentra- 
tion of sucrose, gas production was obviously not proportional to 
sucrose concentration. 

The mathematical model is consistent wie the familiar 
hypothesis (Sioi and Bailey, 1957) of water as the principal source 
of the radiation produced gas (hydrogen, at any rate). Sucrose plays 
a necessary but secondary role as indicated by the modest differences 
in gas produced by massive changes in concentration of sucrose. The 
hypothesis of sucrose as a scavenger of hydroxyl radicals would be 
concistent with this finding. 

The simple model above does not, of course, help explain 
the presence of CO2, CO and CH4, which are produced in small amounts. 
These gases might be direct products of splitting of sucrose or the 
oxides might result from oxidation of the sugar. 

The Irradiation of gelatin produced an analogous situa- 
tion (Table 7 and Figure 2) except that the 17. gelatin variable 
irradiated at the highest doses produced much less gas than anticipa- 
ted. This anomaly, associated with the highest doses, which was con- 
firmed on subsequent experiments, rosy  be due to exhausting of the 
available gelatin before the full do&age is achieved. The computed 
model for gelatin was found to be: 

Y = 1.2 + 7.75 X1 (1 + .0154 x2) 
Where Y = ml gas at 4 nonths 

x\ = dose in Mrad 
X2 = percent gelatin in solution 

Formule 3 

11 
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The data points (with the exception noted above) fit this model ex- 
tremely well (correlation coefficient, R = .999). Of course, these 
equations should not be extrapolated beyond the bounds of dose or 
product concentration of the experiment or to greatly higher or lower 
temperatures. 

5. Interaction of food components—simulated foods. 

Table 8 presents the detailed gas analysis of two model 
systems (high carbohydrate and high protein). Of immediate interest 
was the comparison of irradiated sucrose solutions previously presented 
in Paragraph 4 above with the model system containing both sucrose and 
gelatin. The addition of gelatin actually resulted in reduced gas 
production in sucrose solutions. Obviously, therefore, ehe effect is 
not directly additive. The production of gas from a mixed system was 
in fact intermediate between r.he amounts of gas produced by the indivi- 
dual components. 

The following method involving simple averaging is based 
on a model for radiolysis of water with non-water molecules competing 
for the free radicals produced. 

Using the equations from Paragraph 4 above, we can pre- 
dict the gas produced by the high carbohydrate model: 

8% sucrose would produce 55 ml   (Formula A) 
1% gelatin would produce 25 ml   (Formula B) 

Average 40 ml 

The actual gas produced in the mixture of these compon- 
ents was 41,5 ml to 44 ml in Table 8. 

model: 
As a second example, let us consider the high protein 

10% gelatin would produce 40 ml 
1% sucrose would produce 45 ml 
TU  fat would produce    15 ml (From Table 2) 

Average 33 ml predicted 

The actual gas produced in this mixture was 31.7 ml to 
40 ml in Table 3. The predictions agree with ehe experimental data 
well within the experimental error. 

6• Irradiation-induced gas in meat products. 

Table 9 presents gas analyses for packs of irradiated beef, 
pork, ham, chicken breasts, and chicken thighs and bacon compared with 
irradiation gas predicted from typical proximate analysis values. 

14 



As an example, let us eonsi©ler the expondence Nith chick<en 
breast in 401 x 209 cans. Proximate analysis of canned boned chicken 
are from the Ca~r~ned Food Reference Manual (p. 380, 1947). 

Protdn 30'% wotlll<il produce 51 ml 
Fat 8% would produce 15 ml 

(Formula B) 
(From Table 2) 

No carbohydrate 
Average 33 ml pre<ilicte<il for 1-lb 

can; fo~d 30-32 ml. 

The chicken thigh was found to be 11% bone. If we assume 
no gas.production.from !;>one, the estimated gas production would be 29 
m1 foJC chicken thigh; 231~29 ml was found. 

As another example, bacon was calculated as follows: 

Protein 
Fat 

8% would produce 40 ml 
74% would produce 22 ml 

(Formula B) 
(!!'rom Table 2 
ignoring N2 m~<il 

No carbohydrate 
Average 31 ml predicted for 1-lb; found 

30-37 ml. 

Gas producti~~>n for the three other produc'ta was predicted 
in all) analogous . fashion fJCom their. proximate analyses. 

It appears probable that irradiation-induced gas production 
for other meat items c.an be predicted by averaging the expected gas pro
duction, for any given radiation dose and temperature for the protein 
and fat components, based on Proximate Analysis. 

7. Closing vacuum. 

Table 10 shows gas. analysis in 404 x 700 chickl!n closl!d at 
10, 15, 20, and 25 inch vacuum. About the same amount of irradiation 
gas (H2, CO:h CO .and CR4) was. pre:ii!ent regardless of closing vacuum. O.f 
course, the.highe~ the vacuum the less atmospheric gas was recovered. 

Gas analysis of samples of sucrose solution buffered to 
th:ree pH ll'!lvels is p1msent:ed in Table 11. 

15 
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Cas production is almost directly proportional to hydro- 
gen ion concentration. This is the expected result in view of the 
fact that the gas produced on irradiation of sugar solution is pre- 
dominantly hydrogen. 

The increase in numberical pH value after irradiation, 
indicating a depletion of the hydrogen ion in solution, also corres- 
ponds to the increased hydrogen production in the buffered solutions. 

9. Radiation source. 

In the limited samples available, gas analysis presented 
in Table 12 indicates no difference in gas produced by electron irrad- 
iation as compared to gamma radiation at any temperature. 

10. Storage. 

A very comprehensive number of comparisons of gas measure- 
ments made over extended storage periods is available as listed below. 

Although some early indications were obtained of a modest 
increase in gas with storage time, the great bulk of data clearly 
indicate that there is no consistent increase in radiation gas with 
storage time even over periods up to 21 months. 

Comparisons may be seen in Tables 4, 5, 8, 10, 14, 14a, 
15, 16, 17, 18, 19, 20, 21, 22, 23, 25, 26 and 27. 

RESULTS AND DISCUSSION - Pha«?2 II 

A. Results of Exploration of New Techniques for Mitigation 
of Effects of Radiation Induced Gases. 

1. Product fill and closing vacuum control. 

Calculations as outlined under experimental method B 1 
above indicate thit the problem of swelled cans (or low vacuum cans) 
of meat products can be solved by high can vacuums at the time of 
closing and sufficient headspace in the cans. Generally speakinp less 
fill can be accommodated than with thermally processed meats. 

The recommended fills and estimated vacuum after irradia- 
tion presented in Table 13 are calculated values; they were not ex- 
perimentally determined. In the few size and product combinations 
where experimental data are available, agreement is good. 

16 



Average specific gravity (by immersion) of samples of 
four boneless irradiated products was found to be as follows; 

Product Specific Gravity 

Beef 1,075 
Ham 1.067 
Chicken 1.00 
Bacon . 95r 

2.  Control of gas by vacuum sealing after irradiation using 
clinched Cover technique. 

(a) Bacoia 

Table 14 compares total gas and gas analysis of head- 
space gas in irradiated bacon vacuum sealed before irradiation with 
bacon vacuum sealed after irradiation. 

Using the recommended 16 ©z0 fill in the 303 x 509 
can» the post-irradliation vacuum closing was effective in reducing 
radiation gas»  Using a 20 oz. fill the post-irradiation vacuum clos- 
ing technique was not sufficiently effective to prevent all cans from 
swelling. The higher fill interfered with gas removal in the short 
time available, and did not' provide a reservoir for vacuum. 

Although other gases did not change noticeably over 
the various examinations, C(>2 observed at 6 months storage had increased 
over previous values.  This higher value for GO2 was confirmed in a 
307 x 409 can of bacon stored 21 months at 21°C data for which are pre- 
sented in Table 14a* A simple test using hydrogen peroxide on this 
latter sample.indicated, catalase.activity.in the bacon. 

None of a panel of five tasters reported typical ra- 
diation off flavor in the product stored 21 months. Two tasters re- 
ported the product definitely changed since earlier examinations, how- 
ever, describing it as "unnaturally sweet" or "muddy". A layer of 
brownish liquid had settled in the bottom of the can,-a phenomenon not 
previously noted with this product, and it was concluded that autolysis 
had been taking place. ' ..    1 :. : . 

Enzymatic changes have been reported with other irra- 
diated meat products (Pratt and Ecklund, 1956) on extended storage and 
increased-CO2 identified in the headspace gas (Pratt, 1960, pages 13,14), 

-•-.••  • (b)  Beef 

Table 15 shows the po^t-irradiation vacuum close for 
beef reduced radiation gas as expected. 

17 
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Overshadowing the benefits of the post-irradiation 
close was the fact that this variable was closed cold while the pre- 
irradiation vacuum variables could be closed hot. The benefits of the 
warm closure so outweighed the benefits of the post-irradiation vacuum 
close that the former variable contained consistently less total gas. 

A single can of beef evacuated and sealed after steri- 
lization was fo'and to be a hard swell. Bacteriological examination of 
the can revealed the product to have spoiled due to a mixed bacterial 
flora characteristic of reccntamination. Pressure testing of this con- 
tainer plus detailed physical examination indicated the container and 
seams were not defective. 

Although this single can represents an isolated case, 
it should serve as a reminder that the technique of sealing after irra- 
diation may require special sanitary precautions to prevent recontamina- 
tion. 

(c) Pork 

Gas analysis for pork irradiated in 401 x 209 eans 
at 4.5 Mrads is presented in Table 16. 

(d) Ham 

Table 17 reveals a modest reduction in total gas and 
in hydrogen using the post-irradiation vacuum closure. 

(e) Chicken Breast 

As with beef (Paragraph A 1 (b) above), other factors 
overshadowed the benefit of post-irradiation vacuum close although a 
consistent reduction in hydrogen was effected. See Table 18. 

(f) Chicken thigh with bone in 

Gas analysis for chicken thigh with bone in irra- 
diated in 401 x 209 cans at 4.5 Mrads ia presented in Table 19. 

3. Hydrogen permeable plastic window container. 

(a) Mylar Window 

The specially constructed "Mylar" window cans returned 
from the irradiation source in a very pronounced swelled condition. With- 
in a month so much hydrogen gas ^ad diffused out that the end of the can 

18 



was tightly <te:wki in as by a good vacuum.    Figure 3 demonstrates this 
•   • 

Gas analysis in Table 20 confirms the almost total 
»f hydrogen out of the can by 6 months. Unfortunately it 

3 the .gradual diffusion of oxygen into the can, 
ingly the Mylar window was considered too permeable to oxygen. 

The ham irradiated in window cans showed the same 
rapid diffusion of hydrogen out of the can as shown in Table 21(a) 

luce the effect shown in Figure 3, 

• 

" rsis in Table 21 confirms the total absence 
'.of hydrogen by 3 months. The appearance of the product was satisfac- 
tory and oxygen analysis was low. The very low analysis of oxygen in 

'the headspace, however, hides the fact that oxygen passing through the 
film in small amounts may be reacting with the product. By twelve 

1 ; " 
to oxidation) although headspace oxygen remained low. 

Table 22 reveals the rapid effect of 1 gm palladium 

principle was clearly demonstrated although palladium in this amount 
is expensive» 

(b) Ham - 
• 

Table 23 shows reduced hydrogen with 3 levels of 
can be seen to bn 

(1) With small amounts of Pd there is effective 
eatalyssation of oxidation of the hydrogen as long as oxygen is present 

(2) With large amounts of Pd there is an additional 
absorption of excess hydrogen over the above that which is oxidized. 

I 

(c) Ham in 

Table 24 shows analysis of gas from irradiated pouches 
of ham after 12 months. Those pouches incorporating very small amounts 
of palladium still effect some reduction in hydrogen. 



Ham in 
Plastic Window Can 

Can Showing Internal 
Pressure From Irradiation 

Induced Gases 

Formerly Swelled 
Can 3 Weeks 

After Irradiation 

20 



Table 25 stows no change in total gas as Storage 
progresses from 2 weeks to six months. 

         . 

(d) Shrimp in Pd Catalyzed Pouches 

Table 26 shows analysis of gas from irradiated 
pouches of shrimp. A reduction of hydrogen gas is noted as with the 
ham above. 

• •  v   :        •   • - . , 

(e) Shrimp in Cans - Very Low Pd 

As shown in Table 27 there was no reduction of 
total gas even after a year in hermetic cans with small amounts of 
palladium closed under high vacuum. This is because there was 
insufficient palladium to absorb any appreciable amount of hydrogen 
and too little oxygen for the catalytic effect to do-any good. 

Sources of Headspac® Gas. 

Summarizing the sources of headspace. gas described in this 
report, there are five: 

1. Atmospheric gas trapped in the headspace - N2 and 02. 

2. Radiation induced gas * H2 (and some CH4, CO and C02). 

3. Gas produced by: enzymatic* activity on long storage - CC^-. 

4o Gas produced by bacterial spoilage - CO«. 

••-5. Gas diffusing through plastic film - Q2. 

21 
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TABLE  1 

IRRADIATION INDUCED GASES IN 
PACKAGED FOODS 

TABLE  1(a) 

EXAMINATION OF STORED PRODUCTS 

Canned sample.s remaining from previous irradiation tests; stored 
five to seven years. 

Irrad. Dose - 4.5 to 5.6 Mrads 
Can Size   - 307 x 509 
Storage    - 5 - 7 Years 

Total 
Enzyme  Headspacs Gas Composition (%) 

Product  Activity  Gas (ml)  N2   02  H2  C02 CO  CH4 H2S 

0  85.5  5.3 1.7 2.6 0 
0  86.0  8.2 1.8  0 0 

0  75.8  7,0 0  0.2 0 

1.3 29.3 31.0 2.2 3.2 0 

0.4 48.3 17.8 1.4 1.6 0 

Note the relatively high CO2 content in "enzyme active" beef 5 also 
the high total gas content as compared to "enzyme inactive" beef. 

No H2S detectable in any samples. 

Chili Inactive 39.6 4.6 
Cherries Inactive 22.0 3.9 
Green 
Beans Inactive 56.0 17.0 

Ground 
Beef Active 80.0 32.9 

Ground 
Beef Inactive 25.0 30.5 
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TA.BLE     1 (b) 

HEADSPACE,GAS.IN PACKAGED WHOLE 
"• .  "     .    '   .BONED HAM. " . 

Container 
Storage 
Tim© 

Polyethylene 
bag -within a 
polyethylene' bag 

: 4 Months 
i • 

Polyethylene/Al 
foil laminate 
within a 
P© 1 ye thy.lene.. bag 

; 4".'' Months 

#10 Tinplate'/   79cMonths 
Can 

Irradiation'Dose - 4.5 Mrads 

' Total Composition (X) 
Gas (ml)  N2   0g  H2    CQ2  00  CH4 

80' 

40 

87.7 9,0 0  1.6  1.7 

800 

81.0 2,0  0.01   0 11 = 6 5.4 

35,7 .- 0  46.5  17/8. 0  0.02 

Not® 1 - Above samples were submitted, by U.S. Array Nat» &'k  Laboratories; 
packaging procedures are not known« . .'*..- 

Npte 2.-;. Storage conditions are. not." known, but it is believed that ' 
samples were stored under ambient conditions. 
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:!'ABLE 2 

HEADSPACE GAS IN MODEL SYSTEMS REPRESENTING 
INDIVIDUAL FOOD COMPONENTS 

Three Months Storage at 21°C 

Irradiation Dose - 4,5 Mrads 
Can Size - 303 X 406 

Total Composition (%) 

Model System Treatment 
Gas N 

02 I-12 C02 co CH4 .{Jill_ 2 

Water (dis t:i.ll.ed) Irrad. 5.0 37.0 1.1 58.7 3.3 0 0 
Water + · 2% NaCl II 5.5 29.4 0 68.6 2.0 0 0 
Water + 1.0% Sucrose II 50.0 9.2 1.6 82.5 4.1 : 2.5 0 
Water+ 10% Starch II 50.0 16.2 2.5 78.5 1.1 1.8 0 
Water + 10% Dextrose II 58.0 9.2 1.3 81.2 6.6 1.7 0 
Water+ 6% Gelatin II 40.0 8.4 0 65,1 0.3 22.8 3.4 
Water+ 10% Corn Oil II 15.0 17.5 0 79.4 0.4 2.4 0.3 

Sucrose .(D1:y) II 162 13,4 1.8 84.0 0 0 0 
Starch (Dry) " 170 8.8 0 71.6 4.8 14.9 0 
Dextrose (Dry) II 170 12.9 1.1 83.7 2.3 0 0 
Gelatin (Dry) II 45 86.2 6.8 1.2 0.1 2.5 3.3 
Oil (Dry) II 60 61.4 1.8 33.5 0 3.1 0.1 



TABLE 3 

B;EADSPACE GAS IN MODEL SYSTEMS 

Total 
Unirradiated Controls 

Percent % 
Gas 

N2 0 H2 co co 
~bdd Sv:stcem l!ill_ 2 2 

Wat®r (Distilled) 0.6 . 93.6 . 5.3 1.1 0 0 
Water + · 2% NaCl 0.3 93.0 5.6 1.5 0 0 
Water+ 10% Sucrose 0.9 96.2 3.2 0.6 0 0 
Wat®r + 10% Starch 2.2 91.1 2.0 0.3 5.6 1.1 
Wall:enr + 10% llextrose 1.9 28.6 0.7 2.2 68.4 0 
w'ate>r +' 6% Gelatin 1.8 94,2 3.9 2.0 0 0 
Wat<er + 10%. Corn Oil 2.5 98.2 0,3 0.3 0 1.2 

Sucr©s® (il!Jry) 12 79.4 20.5 0.1 0 0 
Starch (lDlry) 17 79.8 20.1 0;1 0 0 
lll®xtros® (lllry) 11 79.8 20.1 0.1 0 0 
GebU.n (Dry) 30 99.5 . 0.4 0.1 0 0 
Oil (Dry) 25 80.5 19.5 0 0 0 

: f --·' . 
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0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

I 
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TABLE 

EFFECT OF IRRADIATION TEMPERATURE ON GAS 
PRODUCTION IN SUCROSE AND GELATIN SOLUTIONS 

Irradiation Dose - 4.5 Mrads 
Can Size       - 303 x 406 

Initial Examination 

Total Headspace Gas (ml) 

Temperature 10% Sucrose Solutions 6% Gelatin Solution 

20°C 58 35 

£c 62 32 
-40°C 31 23 
-S0°C 2? 23 

-196°C 23 21 
Control (Unirrad.) 5 4 

4 Months at 21°C 

10% Sucrose Solution 6% Gelatin Solution 

Total Gas (ml) H2(mD Total Gas (ml) H2(ml) 

20 C 50 43 31 19.5 
5 C 49 43 30 20.3 

-40 C 30 25 30 3 
-80 C 24 19.5 22 1.3 

-196 C 31 15.5 6* 2.5* 
Control (Unirrad.) 

* Cracked sideseams resulted in partial leakage of gas, hence low total 
gas value. 
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T A B .L E   5 

IK .2.5%' SUCROSE 
ON H2 PRODUCTION 

SOLUTION 

TiKiplat© 

x 

atment 

Not Irrad 

•^Plastic ..(Outside of  .,•: Irrad 

Irradiation Dose - 4.5 

Ha (ml) 

Initial    3 Mo. @ 21°C 

8.0; 

0 

6.o: 

,06 

1.9 

7^a 

9.2 

0.1 

7. 

.02 

9.2 

Plastic 

tained in 202 x 204 tinplate can closed under full 
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Model System 

1% Sucrose 
" " 
" " 
II II 

5% Sucrose 
II II 

II " 
II " 

25% Sucrose 
II II 

II II 

II " 

TABLE 6 

THE EFFECT OF IRRADIATION DOSE AND SUCROSE 
CONCENTRATION ON GAS PRODUCTION 

Total Composition (%) 
lrrad. Gas 

Dose imlt_ Nz Oz Hz COz 

0 Mrad '2. OJ 86.2 1.9 11.8 0 
2 Mrad 25.0 14.9 0 70.3 13.0 
4 Mrad 38.0 6.2 0 78.6 13.0 
8 Mrad 78.0 4.8 0 80.8 10.8 

0 Mrad 2.0 95.5 2.3 1.3 0 
2 Mrad 25.0 7. ·1 0 80.3 10.4 
4 Mrad 30.0 2.8 0 86.5 8.3 
8 Mrad 85.0 1.8 0 86.6 8.3 

0 Mrad 1.0 94.6 3.7 1.7 0 
2 Mrad 33.0 5.1 0 82.0 10.6 
4 Mrad 60 .o '2 .2 0 86.6 8.7 
8 Mrad 111.0 1.1 0 87.4 8.5 

28 

co CH4 

0 0 
1.7 0 
2.1 0 
3.5 0 

0.9 0 
2.3 0 
2.4 0 
3.3 0 

0 0 
2.3 0 
2.5 0 
3.0 0 
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TABLE  7 

TEE EFFECTS OF IRRADIATION DOSE AND GELATIN 
CONCENTRATION ON GAS PRODUCTION 

Initial Examination (3 Months at 21°C) 
Can Size 303 x 406 

Total Composition (%) 
Irrad. Gas 

Jfc'oel System Dose 

2 Mrad 

(ml) 

15.0 

N2 02 H2 co2 CO CH4 

1% Gelatin 12.0 0 81,5 2.1 2.2 2.2 
ii  n 4 Mrad 25.0 7.5 0 86.6 2.1 1.4 2.4 
it  II 8 Mrad 28.0 7.8 0 88.8 2.1 0 1.2 

6% Gelatin 0 Mrad 1.5 83.5 4.7 6.9 0 0 0 
it  ti 2 Mrad 12.0 18.1 0.6 54.9 2,2 21.0 3.2 
it  it 4 Mrad 30.0 10.2 0.3 62.9 4.3 18 9 3.4 
n  ii 8 Mrad 60.0 3.9 0 71.4 '..1 19.4 3.2 

11% Gelatin 0 Mrad 1.5 88.6 5.3 4.2 0 1.5 0.4 
ti  ii 2 Mrad 14.0 18.5 1.2 43.0 4.3 30.1 2.9 
it  ti 4 Mrad 30.0 13.5 0.4 51.1 2.2 29.6 3.2 
ti  II 8 Mrad 60.0 6.1 0.3 57.4 2.2 30.7 3.3 
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TABLE  8 

GAS PRODUCED ON IRRADIATION OF 
SIMULATED 700DS 

Irradiation Dose - 4.5 Mrads 
Can Size       - 303 x 406 

Initial Examination 

Pood Type Treatment 

Total 
Gas      Composition 
(ml)  N2   02  H2 

(%) 
co2 CO CH4 

High'-carbohydrate Irrad. 
Unirrad. 
(Control) 

41.5   5 

3.5  99 

0 

1 

81 

0 

4 

0 

3 

0 

1 

0 

High-protein Irrad. 
Unirrad. 
(Control) 

31.7  19 

5.6  92 

0 

1 

52 

3 

7 

3 

20 

0 

2 

0 

3 Months @ 21°C 

High-carbohydrate Irrad. 
Net 
Irrad. 

44.0   5.2 

3.5  99 

0 

0.8 

87.3 

0.2 

3.8 

0 

3.2 

0 

0.5 

0 

High-protein Irrad. 40.0  18.5 0 50.5 7.2 19.3 1,7 
Not 
Irrad.     5.6  91.0 1.8  3.6 3.6 0   0 
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TABLE 

VOLUME OF GAS FRODUCED IN VARIOUS 
PACKAG3D MEAT PRODUCTS IRRADIATED AT 4.5 MRADS 

Product 

Beef 
Pork 
Chicken Breast (Boneless) 
Chicken Thigh (With Bone) 
Ham 
Bacon 
(16 Oz, fill in 303 x 509 can) 

***3acon 
(20 oz. fill in 303 x 509 can) 

Vol. (ml) of Gas*/lb. of Product 
Measured 

Estimated** 1 Mo. 3 Mo. 6 Mo. 

32 31,33 35,30,33 
36 36,44 36,34,33 
33 30,32 32,32,32 
29 28,29 23,28,26 
37 37,40 36,30,35 
32 30,32 35,37 31,31,35 

40 22,18, 
26 

24,25 21,21,21 

* Includes H2, CH4, CO and C02 

** Based on Proximate Analysis of the product 

*** Lower gas volume in overfilled (20 oz.) can probably due to incomplete 
removal of gas from the meat tissues. 
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TABLE  10 

EFFECT OF CLOSING VACUUM ON GAS PRODUCTION 
IN CANNED CHICKEN BREASTS 

Can Size       - 404 x 700 
Irradiation Dose - 4.5 Mrads 

Initial 
Closing 
Vacuum 
(in. Hg) 

Total Gas (ml) 

Init.  6 Mo. 

280   320 

12 Mo. 

370 

N2 

Initial 
Composition (%) 

o2  H2   CO2 CO CH4 

10 71.7 0.1 16.5   6.4 4.2 1.3 

15 240   230 268 66.6 0.2 20.7   6.4 4.8 1.5 

20 189   205 * 58.3 0.2 24.9   8.7 6.2 1.7 

•  25 140   140 150 48.1 0.3 31.0  11.1 7.4 2.1 

Initial 
Closing Vacuum 

(Inch HR) 

Irradiation Gas 
H2, C02, CO, CH4 

ml (Initial) 

10 80 

15 80 

20 75 

25 72 

* Gas lost during sampling 
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TABLE      11 

EFFECT OF pH ON GAS PRODUCTION IN 6% 
SUCROSE SOLUTIONS IRRADIATED AT 4.5 MRADS 

pH 
(Initial) 

pH 
(After) 
(Irrad.) 

Total 
Gas 
(ml) 

*2 
MI 

02 
(ml) 

H2 
(ml) 

Cll/. 
(ml) 

CO 
(ml) 

co2 
(ml) 

6.8 
6.8 
6.8 (Control) 

7.1 
7,1 

41.9 
42.0 
2.8 

2.4 
3.0 
2.0 

0 
0 
0 

38.8 
36.3 
0.2 

0 
0 
0 

.8 

.7 
0 

0 
2.1 
0.3 

5.5 
5.5 
5.5  (Control) 

5.9 
5.9 

47.0 
50.0 
2.8 

2.9 
3.2 
2.3 

0 
0 

0.1 

39.9 
41.4 
0.3 

0 
0 
0 

.9 
,7 
0 

3.4 
4.7 
0.2 

4.0 
4.0 
t .0  (Control) 

4.4 
4.4 

60 
60 

2,2 

1.3 
1.7 
1.3 

0 
0 
0 

54.4 
53.3 
0.9 

0 
0 
0 

.6 

.6 
0 

3.7 
4.4 

0 
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TABLE1      12 

THE EFFECTS OF RADIATION SOURCE AND TEMPERATURE 
ON RADIATION INDUCED GAS IN BEEF 

PACKED IN FI£XIBLE PACKAGES 

Radiation Radiation1 Radiation2 

Temp (°C) Source Gas (ml) 

25 Co 60 4.5 

0 Co 60 3.6 

-80 Co 60 2.4 

-80 Electron 
'or 

'>.. : 

1.1 

0 Electron 3.6 

25 Electron 4.8 

Composition (°/$ ' 
H2 C02       CO reify 

73.7 15.9 5.5 4.6 

76.8 15.8 0.4 5.0 

48 3 45.2        0 6.5 

73.0 23.0        0 4.0 

68.5 22.4        0 4.2 

72.5 21.3 2.6 3.7 

1 Co 60 radiation dose 4.5-5.6 Mrad 
Electron radiation dose 4.5 Mrad 

2 Total Headspace gas leva N2 and 02 

3 Composition by % of radiation gas 
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TABLE       13 

RECOMMENDED FILLS   (OZ. AV„)  TO PRODUCE  10 IN. Hg CAN 
VACUUM AFTER 4.5 MRAD IRRADIATION 

Fill (0z. Av.) 
Closing 

Can Size Product Vac. • • 15" 20" 25Ü 28" 

401 X 209 Bacon or Beef 10 .6 12.5 13.2 13 .5 
Pork 10 .2 12.2 13.0 13 .3 
Chicken 10 .5 12.4 13.2 13 .5 
Ham 10 .1 12.1 13.0 13 .3 

303 X 509 Bacon or Beef 15 4 18.1 19.2 19 .6 
Pork 14 .8 17.7 18.9 19 .3 
Chicken 15 .2 18.0 19.1 19 .5 
Ham 14 .7 17.7 18.8 19 .3 

404 X 700 Bacon or Beef 36 .3 42.6 45.3 46 .2 
Pork 35 0 41.7 44.6 45 .6 
Chicken 35 .9 42.4 45.1 46 .0 
Ham 34 .7 41.5 44.4 45 .4 

603 X 700 Bacon or Beef 76 .9 90.3 95.9 97 ,9 
Pork 74 .1 88.4 94,4 96 6 
Chicken 76 2 89.9 95,5 97 .6 
Ham 73 5 37.9 94.1 96 3 

35 



T A B L E 14 ----·-

POST IRRADIATION VACUUM CLOSURE 
RADIATION INDUCED GAS IN BACON 

Irradiation Dose - 4.5 Mrads 
Can Size - 303 X 509 

Total 
Storage Gas Composition (%) 

Fill . Sealed ( OC) (ml) -- N2 02 H2 co2 co CH4 
16 oz. Before Initial 80 55.6 0.2 37.3 2.8 3.1 0.7 

Irrad. 4 Mo. 92 55.6 0.2 36.0 5.6 2.3 0.5 
6 Mo. 87 54 •. 4 0.5 34.2 7.8 2.6 0.5 

1.6 Mo. 82 56.7 0,7 35.1 4.2 2.7 0,6 

16 02, After Initial 50 54.9 0.6 34.5 5.7 3.5 0.8 
Irrad, 4 Mo. 60 56.0 1.2 31.8 7.6 2.8 0.6 

6 Mo. 55 63.0 0.4 26.1 7.3 2.7 0.6 
16 Mo. 59 54.9 0.5 29.1 12.1 2.8 0.6 

16 0!1, Frozen 1nitia1 67 86.0 
4 Mo. 

11.7 0 2.3 0 0 

6 Mo. 56 85.5 14.5 0 0 0 0 
16 Mo. 55 86.0 1.8 0 12.2 0 0 

20 oz. Before Initial 50 44.1 0.2 49.3 2.3 3.6 0.6 
Irrad. 4 Mo. 56 40.4 0.1 50.9 5.2 3.1 0.5 

6 Mo. 52 43.6 0.9 45.6 6.6 2.8 0.5 
16 Mo. 59 42.0 0.3 45.0 9.1 3.1 0.5 

20 oz. After Initial 53 37.8 0.1 52.6 5,1 3.9 0.6 
Irrad. 4 Mo. 42 39.6 0.2 53.1 2.6 3.9 0,5 

6 Mo. 47 43.3 0.7 48.8 6.5 3.2 0.5 
16 Mo. 47 37.6 0.4 53.1 5.6 3.0 0.4 

20 oz. Frozen Initial 2!1 90.4 7.4 0 2.3 0 0 
4 Mo. 
6 Mo. 27 95.9 4.1 0 0 0 0 

16 Mo. 35 88.8 0.5 0 10.8 0 0 
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TABLE  14(a) 

HEADSPACE GAS IN IRRADIATED CANNED BACON 
STORED 21 MONTHS @ 21°C 

Irradiation Dose -4.5 Mrads 
Can Size       - 307 x 509 

Product   Fill (Oz, Ay.)  N2 

Bacon       21 

Gas Volume (ml) 

02    H2    CH4  CO   C02 Total 

19.1   0.1   38.9   0.5  2.4  7.0 68 
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TABLE       15 

POST IRRADIATION VACUUM CLOSURE 
BADIATION INDUCED GAS IN PRECOOKED BONELESS BEEF LOINS 

Irradiation Dose - 4.5 Mrads 
Can Size - 401 x 209 

Storage Total "* 

Irradiation Container at 7D°C Gas Comp osition (7o) 

Temp (°C) Sealed' (moo) 

2 

(ml) 

38 

N2 

36.0 

°2 
0.4 

H2 

43.2 

co2 

18.2 

CO 

0 

CH4 

2°C Before Irrad. 2.2 
-185°G Before Irrad. 2 38 47.7 0.4 29.0 22.5 0 0.5 

2°C After Irrad. 2 52 74.0 0.4 16.5 8.0 0 1.1 
-185^3 After Irrad. 2 66 72.1 3.8 12.2 11.9 0 0.1 

2^ Not Irrad. 2 50 78.5 19.0 0 2.6 0 0 
-185°C Not Irrad. 2 50 78.5 18.9 0 2.6 0 0 

2? Before Irrad. 6 42 40.1 0.4 39.0 18.5 0 2.0 
-185°C Before Irrad. 6 37 54.1 0.2 29.0 16.2 0 0.6 

2°C After Irrad. 6 50 68.4 0.2 21.9 8.4 0 1.1 
-185°C After Irrad. 6 59 77.0 0.2 13.8 8.8 0 0.2 
-185 C Not Irrad. 6 50 89.0 8.3 0 2.8 0 0 

2°C Before Irrad, 12 43 40.0 0.1 43.5 14.6 0 1.9 
-185°C 

-J.Ü3 U 

Before Irrad. 12 32 41.3 0,3 30.2 27.5 0 0.7 
After Irrad. 12 50 73.3 0.3 20.4 4.4 0.3 1,3 
After Irrad. 12 61 75.3 0.1 17.9 6.6 0 0.1 
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TULE  16 

RADIATION INDUCED GAS IN PRECOOKED PORK LOINS 

Irradiation Dose - 4.5 Mrads 
Can Size       - 401 x 209 

Irradiation Container 
Temp (°C)  Sealed 

2°C     Before Irrad. 
Not Irrad. 

Storage Total 
at 21°C  Gas 
(Mo3)   (ml) N2 

Composition (%) 
)2   H2   C02   CO  CH4 

59 45.2  0.2  37.6 13.3  2.4 1.2 
43 77.5 17.3   0   5.3   0   0 

2°C Before Irrad.   6 
Not Irrad.     6 

53 47.3   0   38.0 11.9  1.7 1.1 

2°C Before Irrad.  12 54 46.1  0.1  38.2 10.8  3.3 1.5 
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TABU  17 

POST IRRADIATION VACUUM CLOSE 
IRRADIATION INDUCED GAS IN SMOKED BONELESS HAM 

Irradiation Dose - < 
Can Size      - < 

'+.5 Mrad 
^01 x 509 

Irradiation 
Temp (°C) 

<: Can 
Sealed 

Before 
After 
Not Irrad. 

Storage 
at 21°C 
(Mos) 

2 
2 
2 

Total 
Gas 
(ml) 

68 
64 
42 

N2 
Composition 

°2   H2 

(%) 

co2 CO 

2.5 
2.4 
0 

CH4 
2°C 
2°C 

51.5 
58.0 
78.7 

0.1 
0.3 
18.6 

32.2 
24.3 

0 

11.9 
13.3 
2.6 

1.7 
1.7 
0 

Z°C 
2°C 

Before 
After 
Not Irrad. 

6 
6 
6 

66 
60 
47 

52.6 
59.9 
77.3 

0.1 
0.1 
9.9 

29.4 
25.8 

0 

14.5 
10.1 
12.8 

1.9 
2.6 
0 

1.4 
1.5 
0 

2°C 
2°C 

Before 
After 

12 
12 

68 
50 

53.7 
56.1 

0.1 
0.6 

32.4 
24.8 

8.9 
13.3 

2.8 
3.5 

1.8 
1.5 

40 
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. .POST IRRADIATION VACUUM CLOSURE. · . . . . 
IRRADIATION INDUCED GAS IN PRECOOKED BONELESS CHICKEN BREASTS 

Irradiation Dose - 4.5 Mrads 
Can Size - 401 X 209 

:•Storage. Tot.al ···Composition (%) 
Irradiation Container at 21°C .. Gas 

Temp (°C) Sealed (Mos) (ml) N2 O:i Hz C02 co CH~ --
zoe Bef~re 2 31 . 19.8 0.4 57 .1 . 12.8 7 .o 2.9 

-1850C Before 2 23 48.9 0.7 36.0 1.3 ,j 0 0.9 
zoe After 2 47 73.1 0.4 15.9 5.9 3.3 1.4 
zoe . Not .I,rra!l ,·. 2 54 91.5 5.8 0 2.7 0 0 

-185"C Not Irrad. 2. 32 91.4 }.3 0 5.3 0 0 

zoe Before 6. . 3lJ 33.4 1.0 47.2 12.1 4.9 1.8 
-18SOC Before 6 20 44.2 0.6 41.1 13.o 0 1.0 

· 2°c After 6 43 75.7 0.3 11.4 7.8 3.4 1.4 
2°C Not Irrad. 6 30 95.2 0.9 0 3.9 0 0 

2°C Before 12 33 26.1 0.7 55.7 8.2 6.8 2.5 
-185°C Before 12 25 55.4 0. 7 31.3 11.7 0 0.9 

2°C After 12 45 72.8 0.3 15.5 6.5 3.5 1.4 
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TABLE  19 

RADIATION INDUCED GAS IN CHICKEN THIGH (BONE IN) 

Irradiation Dose - 4.5 Mrad 
Can Size       -401 x 209 

Irradiation  Can 
Temp (°C) Sealed 

2°C Before 
Not Irrad. 

Storage Total 
at 21°C Gas 
(Mos)  (ml) N2 

Composition (%) 

°2  H2   c02  c0  CH4 

2    43 39.6 0.3 42.3 13.9 1.8 1.9 
2   107 84.8 9.9   0   5.3  0   0 

2°C    Before       6    40 35.0 0.1 44.6 16.3 2.0 2.1 
Not Irrad.    6   100 92.0 1.6   0   6.4  0   0 

2°C Before 12 45 42.7 0.8 36.9 14.1 1.6 1.9 
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TABLE      20 

IRRADIATION INDUCED GAS IN DRY SUCROSE 
IN "MYLAR" WINDOW CANS 

Irradiation Dose - 4.5 Mrads 
Can Size       - 404 x 307 

Treatment 

Storage 
at 21°C 
(Mos) 

Total 
Gas 
(ml) N2 

Composition 

02   H2 

(%) 

co2 CO CH4 

Irradiated 
Non-Irradiated 

3 
3 

260 
235 

64.7 
78.7 

17.6 
21.3 

15.1 
0 

0 
0 

0 
0 

0 
0 

Irradiated 
Non-Irradiated 

6 
6 

258 
258 

78.1 
78.7 

21.1 
21.3 

0.8 
0 

0 
0 

0 
0 

0 
0 
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TABLE      21 

IRRADIATION INDUCED GAS IN SMOKED BONELESS 
HAM IN MYLAR/SARAN WINDOW CANS 

I rradi ation Dose - 4.5 Mrads 
Can Size - 401 x 209 

Storage 
at 21ÖC 

Total 
Gas Composition (7.) 

Treatment     (Mos) (ml) 

40 

N2 

69.8 

°2 
0.6 

H2 

9.4 

co2 

11.7 

CO 

5.7 

CH4 

Irradiated      1 2.8 
Not Irradiated   1 20 94.3 0.5 0 5.3 0 0 
(Frozen at -20°C) 

Irradiated      3 51 77.1 0.1 0 16J 4.2 2.4 
Not Irradiated   3 12 97.1 0.4 0 2.5 0. 0 
(Frozen at -20°C) 
Irradiated     12 21 71.9 0.4 0 16.5 7.6 3.9 
Not Irradiated  12 15 91.0 0,3 0 8.6 0 0 
(Frozen at -20°C) 

TABLE      21(a) 

IRRADIATION INDUCED GAS IN SMOKED BONETESS 
HAM IN MYLAR/SARAN WINDOW CANS 

No. 2 Weeks 

1 50 
2 50 
3 85 
4 62 
5 23 
6 22 
7 23 
8 35 
9 17 

10 58 
11 34 
12 24 

Container Freespace  (ml)* 
5 Months 8 Months 

39 39 

14 14 
15 15 
- - *Measured by 
- - the technique 
12 12 of weighing 
- - under water 
27 27 
18 17 
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TABLE  22 

EFFECT OF PALLADIUM ON RADIATION 
INDUCED HEADSPACE GAS IN DRY SUCROSE 

Irradiation Dose - 4.5-5.S Mrads 
Can Size       - 303 x 406 

Storage Total Composition (%) 
at 21°C Gas 

Variable Treatment (Mos) 

1 

(ml) 

170 

N2 

91 

°2 

7 

H2 

0J 

co2 

1.8 

CO 

0 

CH4 

Sucrose + Irrad. 0 
1 gm Pd 

Sucrose Irrad. 1 257 60 15 25.0 0 0 0 
(No Pd) 

Sucrose + Not Irrad. 1 202 79 21 0 0 0 0 
1 gm Pd 

Sucrose + Irrad. 6 170 99. 5 0.4 0.1 0 0 0 
1 gm Pd 

Sucrose Irrad. 6 267 60 .0 15.0 25.0 0 0 0 
(No Pd) 

Sucrose + Not Irrad. 6 220 79 .0 21.0 0 0 0 0 
1 gm Pd 
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TABLE      23 

EFFECT OF PALLADIUM ON RADIATION INDUCED 
HEADSPACE GAS IN CANNED BONELESS ROLLED HAM 

Irradiation Dose - 4.5 - 5 .9 Mrads 
Can Size - 401 x 209 
Storage Temp. - 22°C 

Palladium Total 
Addition Storage Gas Composition (%) 

(n»8) Treatment (Mos) (ml) N2 °2 H2 co2 CO CH4 

0.5 Irrad. 2 55 56 1.2 30.4 9.5- 1.6 1.2 
5.0 Irrad. 2 56 60 1.1 27.0 8.0 2.5 1.6 

50.0 Irrad. 2 42 76 0.7 9.8 11.5 0 2.2 
0 Irrad. 2 67 55 0.6 33.0 7.5 2.7 1.4 
0 Frozen 2 41 78 20.5 0 1.4 0 0 

0.5 Frozen 2 37 77 20.6 0 2.7 0 0 

0.5 Irrad. 12 60 57.2 0.1 32.2 6.7 2.4 1.5 
5.0 Irrad. 12 55 57.8 0.1 28.5 9.1 2.8 1.8 

50.0 Irrad. 12 42 78.2 0.5 8.2 9.9 0 3.2 
0 Irrad. 12 70 53.5 0.4 34.1 8.2 2,4 1.4 
0 Frozen 12 46 83.0 13.8 0 3.2 0 0 

0.5 Frozen 12 46 84.0 12.3 0 3.7 0 0 
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TABLE  24 

EFFECT OF PALLADIUM ON RADIATION INDUCED 
HEADSPACE GAS IN BONELESS ROLLED HAM 
PACKED IN LAMINATED FLEXIBLE PACKAGES 

Irradiation Dose -4.5-5.6 Mrads 
Storage       - 12 Months 

Sealing        Total 
Package Vacuum Gas 
Type (in He) Treatment Ul) N2 °2 »2 co2 CO CH4 

Pd 
Catalyzed 28 Irrad. 4 65.3 0.8 23.2 0 8.4 2.4 
Pd 
Catalyzed 0 Irrad. 24 81.8 0.1 10,5 4.8 1.9 1.0 
Pd 
Catalyzed 28 Frozen 3 96.9 3.1 0 0 0 0 

No Pd2 28 Irrad, 7 29,3 0 52.3 10.0 6.0 2.4 
No Pd 0 Irrad. 33 68.2 0 19.0 10.4 1.7 0.8 
No Pd 28 Frozen 0.5 97.4 2.6 0 0 0 0 
No Pd 0 Frozen 26 82.0 14.7 3.3 0 0 0 

* Catalyzed pouch - 5" x 5" laminated from inside out with 
polyethylene/Pd catalyst*/polyethylene/aluminum foil/paper. 

* Pd deposited on Aluminum 

2 Non. catalyzed (otandard) pouch - 3" x 7" laminated from inside 
out with polyethylene/aluminum foil/mylar. 
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TABLE      25 

EFFECT OF PALLADIUM ON HEADSPACE GAS 
IN LAMINATED POUCHES PACKED WITH HAM 

Irradiation Dose - 4.5 Mrads 

Sealing Freespace (ml)* 
Pouch Vacuum 2 Wks. 2 Months 6 Months 
Variable (ins.HK) (21°C) <2X°C) (21°C) 

With Pd.** 28 8 8 6 
No Pd. 28 9 ? 8 
With Pd 0 28 28 27 
No Pd. 0 32 32 32 
No Pd.-Frozen 28 0 0 
(Not Irrad.) 

* Measured by the technique of weighing under water; average of 
4 samples per variable. 

** Approximately 0.3 mg. Pd. per pouch. 
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TABLE      26 

EFFECT OF PALLADIUM ON RADIATION INDUCED 
GAS IN SHRIMP PACKED IN FLEXIBLE PACKAGES 

Package 
Type 

Storage 
at 22°C 
(Mos) 

To:al 
Gas 
(ml) N2 

Compo 

°2 
sition 

H2 

a) 
co2 CO CH4 

Pd Catalyzed 
No Pd 

1 
1 

1.4 
3.8 

89.1 
67.5 

3.7 
1.0 

6.5 
2.7.7 

0 
1.8 

0 
0 

0.7 
2.0 

Pd Catalyzed 
No Pd 

12 
12 

0.5 
3.0 

88.2 
89.5 

11.8 
1.8 

0.04 
3.9 

0 
2.8 

0 
0 

0 
2.1 
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TABLE      27 

EFFECT OF PALLADIUM ON RADIATION 
INDUCED GAS IN SHRIMP PACKED IN #2-1/2 CANS 

Irradiation Dose-4.5-5.6 Mrads 

Palladium 
Storage 
(Mos) 

Total 

<»i> N2 

Composition 

°2    H2 

(7.) 

co2 COO CHA 

0.5 mg 
0 

1 
1 

77 
64 

90.8 
87.2 

0.8 
1.1 

2.7 
6.5 

5.2 
4.5 

0 
0 

0.4 
0.6 

0.5 mg 
0 

12 
12 

86 
86 

87.6 
86.2 

1.3 
0.9 

4.1 
5.7 

6.5 
6.6 

0 
0 

0.5 
0.6 
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