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PREFACE 

T h i s  i s  a c o l l e c t i o n  of r e s e a r c h  papers .  They a r e  t h e  r e s u l t  of a 

r e s e a r c h  p r o j e c t  which examined t h e  t e c h n i c a l  and economic f e a s i b i l i t y  of 

i r r a d i a t i o n  a s  a  means of d i s i n f e s t i n g  d r i e d  f r u i t s  and n u t s  of p o s t h a r v e s t  

i n s e c t s .  The p r o j e c t  was overseen  by r e p r e s e n t a t i v e s  from t h e  Uni ted S t a t e s  

Department of A g r i c u l t u r e ,  t h e  Uni ted  S t a t e s  Department of Energy, t h e  Uni- 

v e r s i t y  of C a l i f o r n i a ,  CH2M HILL, and t h e  d r i e d  f r u i t  and n u t  i n d u s t r y .  The 

a c t u a l  r e s e a r c h  was under taken  by t h e  A g r i c u l t u r a l  Research S e r v i c e  and t h e  

Economic Research S e r v i c e  of t h e  Uni ted S t a t e s  Department of A g r i c u l t u r e ,  t h e  

U n i v e r s i t y  of C a l i f o r n i a ,  R i v e r s i d e ,  and CH2M HILL. The p r o j e c t  commenced i n  

t h e  S p r i n g  of 1984 and was f i n i s h e d  i n  t h e  S p r i n g  of 1986. The p a p e r s  them- 

s e l v e s  r e p r e s e n t  t h e  work of t h e i r  a u t h o r s  and each  paper  i s  i t s e l f  a complete 

e n t i t y ;  l i t t l e  e f f o r t  was made t o  j o i n  them t o g e t h e r .  T h e r e f o r e ,  t h e r e  a r e  a  

few redundancies .  Much of t h e  s u c c e s s  of t h i s  p r o j e c t  can b e  a t t r i b u t e d  t o  

t h e  j o i n t  e f f o r t s  of t h e  p r i v a t e  s e c t o r .  Throughout t h e  p r o j e c t ,  q u a r t e r l y  

mee t ings  of t h e  r e s e a r c h e r s  and i n d u s t r y  r e p r e s e n t a t i v e s  were h e l d  t o  r e p o r t  

and c r i t i q u e  t h e  r e s e a r c h  p r o g r e s s .  Th i s  provided a s t i m u l a t i n g  atmosphere 

and one t h a t  p e r m i t t e d  no r e s e a r c h e r  t o  l a g  f a r  behind.  



Accelerator 

Curie (Ci) 

Dose 

Dosimetry 

Electron 

Electron beam 

Electron volt (eV) 

Gamma ray 

Gray (GY) 

Half -1if e 

GLOSSARY OF TERMS 
USED IN FOOD IRRADIATION 

In food irradiation, a device for producing beams of 
high-energy electrons. 

A basic unit of radioactivity. One curie equals that 
quantity of any radioactive nuclide having 37 billion 
disintegrations of atomic nuclei in one second. 

The amount of ionizing radiation absorbed in a speci- 
fied quantity of ma,terial. The units commonly used to 
measure absorbed dose are the "gray" or the "rad". One 
gray equals 100 rads. 

The process or technique of measuring dose. 

A negatively charged particle that is a constituent of 
all atoms. 

A narrow stream or a bunched group of electrons moving 
in the same direction with approximately the same 
speed. 

A unit of energy. One electron volt is equivalent to 
the amount of kinetic energy gained by an electron 
accelerated through an electric potential difference of 
one volt One million electron volts (MeV) is equal to 
1.6 x 10'13 joules. 

High-frequency, short-wavelength electromagnetic 
radiation produced when an unstable atomic nucleus 
spontaneously disintegrates and releases energy to gain 
stability. The term is sometimes loosely used to 
include high-energy X-rays. 

International System (SI) unit for absorbed dose. One 
gray is equal to the energy imparted by ionizing 
radiation to a mass of material corresponding to one 
joule per kilogram. 

The average time required for the decay of one-half the 
atoms of a quantity of radioactive substance. 

Induced radioactivity Radioactivity resulting from certain nuclear radio- 
activity reactions in which exposure to radiation 
results in the production of unstable nuclei, which 
through spontaneous disintegrations give off radiation. 



vii 

Ion An atom or molecule which has a net electric charge due 
to the loss or gain of one or more electrons. The term 
also refers to isolated electrons or other charged 
subatomic particles. 

Ionization Any process by which a neutral atom or molecule loses 
or gains electrons, thereby acquiring a net charge and 
becoming an ion. 

Irradiation The exposure of material to ionizing radiation. 

Isotope Atoms of the same chemical element having the same 
atomic number but different atomic weights, or those 
with nuclei having the same number of protons but 
different numbers of neutrons. 

Radiation Radiant energy, or the emission and propagation of 
waves transmitting energy through space or some medi.um. 
In food irradiation, the term is limited to gamma rays, 
X-rays, and electron beams. 

Rad An outdated term which is an acronym for radiation 
absorbed dose. One rad is equal to 0.01 joules per 
kilogram, or 0.01 gray. 

Radionuclide An unstable isorope that decays or disintegrates 
spontaneously, emitting radiation. 

X-ray High-frequency, short-wavelength electromagnetic 
radiation produced when electrons are accelerated to a 
high velocity and then impinged on a suitable target 
material. 
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CONCLUSIONS 

The purpose of the project was to provide an objective evaluation of the 

technical and economic potential for using radiation as a process for insect 

disinfestation of several dried fruits and nuts. It was the general consensus 

at the beginning of the project that these commodities, being of relatively 

high value, and not having as critical a time period for treatment as is the 

case with fresh fruits and vegetables, provided a promising situation for use 

of radiation technology. To this end the project incorporated studies on 

insecticidal efficacy, logistics, engineering, economics, and organoleptic 

studies. The studies were completed in April, 1986 soon after the FDA ap-

proved a treatment of 1 kGy as safe for use on foods for human consumption. 

Efficacy Studies 

The general conclusions are that irradiation will disinfest almonds, 

walnuts, raisins, and prunes of codling moth, lndianmeal moth, navel orange- 

worm and driedfruit beetle at a dose of 300 Gy or less, or about one-third the 

present FDA recommended limit on dose. From an efficacy standpoint, radia- 

tion-exposure will eventually kill larvae even though their longevity may be 

longer as compared to a fumigation treatment. Although average longevity may 

significantly increase as a result of relatively low doses, feeding is reduced 

to a great extent. There is no doubt the treatment will prevent reproduction. 

The extended life span of treated larvae may allow treated commodities to 

reach the consumer with live insects present. 



Possible interactions between controlled atmosphere and radiation were 

not explored. If the interaction is positive then the severity of either one 

or both of these treatments could be reduced. Finally, larger scale confirma- 

tory type tests need to be conducted to confirm these studies. An additional 

potential benefit is irradiation may prove useful as a quarantine treatment 

for codling moth. 

Organoleptic Studies 

In addition to tests for efficacy of  radiation for insect disinfestation 

of dried fruit and tree nuts, it was necessary to evaluate the products for 

potential damage to quality. This work was done for five commodities: wal-

nuts, almonds, pistachios, raisins and prunes. The commodities were irradi- 

ated with gamma rays from cesium-137 at different levels from 150 Gy to 900 Gy 

(15 to 90 krad), and then stored at 90°P for periods up to 90 days. 

Irradiated samples were removed periodically from storage and compared by 

a trained taste panel to control samples maintained under the same conditions. 

No differences were noted immediately after irradiation. Stored samples irra- 

diated at the highest levels did show variation from controls, but with the 

exception of walnuts irradiated at 900 Gy, there were no consistent signifi- 

cant differences in flavor. With the exception of the walnuts at highest 

irradiation levels, all commodities remained acceptable through storage. 

It is recommended, i.f irradiation is used as a means of disinfestation, 

that it be limited to an average dose of 300-450 Gy. Significant flavor 



damage seems unlikely at this level, which was shown to be effective for 

disinfestation. 

Economic Engineering Feasibility of Dried Fruits and Nuts 

The purpose of this study was to evaluate the economic engineering 

feasibility of irradiation as a postharvest disinfestation treatment for 

California almonds, walnuts, raisins and prunes. The study explored ways in 

which irradiation may be employed for each industry insect control need. The 

per-ton cost of irradiation was in each case compared with the costs of 

competing chemical (fumigation, fogging) and physical (modified atmospheres, 

refrigeration) treatments. Specifically, the study considered practical. 

applications of exothermically-generated low oxygen atmosphere (GI,OA), refrig-

eration, and gamma radiation from cobalt-60 and cesium-137 sources. Relative 

costs of electron beam (E-beam) and X-ray processing were also investigated. 

A systems approach was used to evaluate the feasibility of each technology 

with reference to its place(s) in the processor's complete insect control 

program. Costs of the alternative insect control programs were compared for 

hypothetical processing plants, whose insect control needs, product handling 

schedules, and existing physical plant were constructed to represent typical 

large and small processors of each of the four commodities. 

The study results indicate one or more technically feasible application 

points for irradiation in the processing of each commodity considered. The 

most promising points are the disinfestation of newly harvested almonds and 

walnuts as they are received at large processing plants, and the pre-shipment 



disinfestation of finished goods at the largest plants. The overriding 

problem with irradiation is the high fixed cost (greater than $500,000 per 

year) of owning and operating even the smallest commercial irradiation facili- 

ties. Irradiator use corresponding to existing processor insect control needs 

is, in each case, at too low a volume and/or too seasonal to make current- 

technology irradiation costs competitive with alternative physical controls 

such as modified atmospheres. Even if the most efficient size irradiator is 

operated at full capacity, the cost of irradiation far exceeds the cost of 

current chemical treatments. 

The study indicates that modified atmospheres can provide a basis for 

postharvest insect control programs which eliminate some or all chemical 

treatments. Modified atmospheres appear well-suited to the protection of 

susceptible commodities (chiefly raisins and prunes) from insect infestation 

and damage during long-term storage. The main disadvantage of modified 

atmosphere treatments is in the longer treatment time which may be required, 

particularly at lower temperatures, with the resultant costs to the processor 

of product hold-up and of building extra facilities to accommodate product 

which must now occupy the available fumigation space longer. New methods of 

applying modified atmospheres (elevated temperature treatment, modified 

atmosphere packaging, in--transit treatment) may be developed which will reduce 

the product holdup and resultant costs associated with modified atmosphere 

treatments considered in this report. Unless and until such methods are 

developed, it will not be possible to entirely eliminate chemical treatments 

without incurring major costs, which may greatly increase the cost of insect 

control to the dried fruit and nut processing industries. 
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INTRODUCTION TO AN IRRADIATION PROJECT 

P. V .  V a i l ,  J.  L .  B a r i t e l l e  and A. A. Rhodes 

Background of t h e  P r o j e c t  

The d r i e d  f r u i t  and n u t  i n d u s t r y  i s  l a r g e ,  complex and h a s  many f a c e t s .  

I n  t h e  Uni ted S t a t e s ,  t h e  i n d u s t r y  i s  p r i n c i p a l l y  l o c a t e d  i n  C a l i f o r n i a .  Tn 

f a c t  C a l i f o r n i a  produces  v i r t u a l l y  a l l  of  t h e  r a i s i n ,  wa lnu t ,  almond, and 

prune c r o p s  i n  t h e  Uni ted S t a t e s ,  and i t  a l s o  produces  a  good s h a r e  of t h e  

w o r l d ' s  supp ly  of t h e s e  c r o p s .  I n  1982 t h e  farm v a l u e  of t h e s e  f o u r  commodi- 

t i e s  was n e a r l y  a  b i l l i o n  d o l l a r s .  I n  t h a t  same y e a r  t h e y  r e p r e s e n t e d  825,500 

t o n s  of a g r i c u l t u r a l  p roduc t  (U.S. Department of A g r i c u l t u r e ,  1984).  These 

i n d u s t r i e s  employ thousands  of i n d i v i d u a l s  n o t  on ly  on t h e  farm b u t  a l s o  i n  

t h e  p r o c e s s i n g  p l a n t s  where they  a r e  s t o r e d ,  p rocessed ,  packaged, and shipped 

t o  market .  Compared w i t h  o t h e r  t y p e s  of d r i e d  a g r i c u l t u r a l  p r o d u c t s ,  such as 

g r a i n s ,  d r i e d  f r u i t s  and n u t s  a r e  a  r e l a t i v e l y  h i g h  v a l u e  c rop .  These c r o p s  

a r e  h a r v e s t e d  from August through November w i t h  r e c e i v i n g  s t a t i o n s  hand l ing  

26,000 t o n s  p e r  day a t  t h e  peak of t h e  season.  The p roduc t  i s  r e c e i v e d ,  

p rocessed ,  and s t o r e d  i n  d i v e r s e  a r e a s  throughout  t h e  s t a t e .  Of g r e a t  concern 

t o  t h e  i n d u s t r y  i s  t h e  i n f e s t a t i o n  of t h e  p roduc t  w i t h  s e v e r a l  d i f f e r e n t  

s p e c i e s  o f  i n s e c t s .  The p r o d u c t s  may b e  i n f e s t e d  at  any t ime  b e f o r e  e v e n t u a l  

u s e  by t h e  consumer. I n  o r d e r  t o  p r e v e n t  damage from t h e s e  i n s e c t s  and t o  

e n s u r e  t h e i r  p r o t e c t i o n  through t h e  p r o c e s s i n g  and s t o r a g e  c h a n n e l s ,  t h e  

fter h a r v e s t  w i t h  e i t h e r  commodities a r e  u s u a l l y  fumigated a t  l e a s t  once a _ - - -  - -



methyl bromide or phosphine. Depending on the commodity and the type of 

insect problem, the commodities may be fumigated several times after they are 

received and while in storage. 

Presently methyl bromide and phosphine are the preferred fumigants used 

by the dried fruit and nut industry (U.S. Department of Agriculture, 1 9 8 2 ) .  

These fumigants serve three functions: 1) to control insect populations, 2) 

to prevent feeding damage, and 3) to meet sanitary requirements by reducing or 

eliminating live insects. When used properly, these fumigants provide a rapid 

and complete kil.,- of insects in infested commodities. They are almost univer- 

sally accepted by the industry because they are easy to use with a high degree 

of efficacy. 

Mortality from methyl bromide fumigation under proper conditions usually 

occurs within 24  hours. Ordinarily phosphine takes somewhat longer depending 

on the temperature. Under ideal conditions a phosphine fumigation will take 

48 hours, but fumigation times may increase up to 96 hours when temperatures 

are reduced to 60°F. Large quantities of commodities, up to 4,000 to 5,000 

tons, are typically fumigated at one time. Compared with other presently 

available technologies, these chemical fumigants are inexpensive and of 

themselves do not require a great deal of capital expenditure, Because of 

their dependence on these fumigants, the dried fruit and nut industry and the 

U.S. Department of Agriculture (USDA) have sought to investigate possible 

alternative treatments. Although never used or registered for dried fruits 

and nuts, the sudden and recent restrictions placed on the use of ethylene di- 

hrnmide and its lackc of avail.abilitv to many industries has brought even 





other alternative treatments. The study was also to provide a comparison of 

various alternative treatments with irradiation (Soderstrom, 1983). With this 

information the industries would then be able to make a preliminary and 

objective appraisal of the feasibility and potential application of irradia- 

tion as a commodity treatment to their particular industry. All studies were 

to be conducted below the FDA guidelines (Young, 1986) of 1,000 Gy (100 

krads). In order to achieve these objectives, a number of tasks were devel- 

oped. These were: 

(I) To determine the efficacy of radiation against four important postharvest 

pests of almonds, raisins, walnuts, and prunes. 

(2) To determine postirradiation feeding damage to the commodities under 

study. 

(3 )  To determine the effects of irradiation on the taste and quality charac- 

teristics of the commodities. 

( 4 )  To determine with processing plant engineers how the process of irradia- 

tion could fit into different types of plant operations. 

(5)  To examine and compare cost/volume relationships involved in the irradia- 

tion process. 

(6) To conduct economic, logistical, and engineering studies comparing 

current industry practices with irradiation. 



( 7 )  To de te rmine  t h e  c o s t  e f f e c t i v e n e s s  of i r r a d i a t i o n  when combined w i t h  

o t h e r  i n s e c t  c o n t r o l  t e c h n o l o g i e s  such a s  modif ied atmospheres.  

(8) To p r o v i d e  a  f i n a l  r e p o r t  t o  i n d u s t r y  and DOE a t  t h e  conc lus ion  of t h e  

s t u d y  t h a t  would e n a b l e  them t o  a s s e s s  t h e  commercial f e a s i b i l i t y  of 

i r r a d i a t i o n  a s  a means of d i s i n f e s t i n g  d r i e d  f r u i t s  and n u t s  of i n s e c t s .  

Methodology and R e s p o n s i b i l i t i e s  

The i n i t i a l  commodities s e l e c t e d  f o r  i n v e s t i g a t i o n  were almonds, r a i s i n s ,  

and walnu t s .  It was f e l t  t h a t  t h e s e  were r e p r e s e n t a t i v e  of t h e  i n d u s t r y ' s  

p r o d u c t s .  However, l a t e r  i n  t h e  p r o j e c t  p runes  were  a l s o  s e l e c t e d  t o  be  

i n c l u d e d  i n  t h e  economic a n a l y s i s  and t h e  o r g a n o l e p t i c  s t u d i e s .  Also,  a t  a 

l a t e r  d a t e ,  p i s t a c h i o s  were inc luded  i n  t h e  o r g a n o l e p t i c  s t u d i e s .  The re-

s e a r c h  group f e l t  t h a t  t h e s e  f i v e  p r o d u c t s  adequa te ly  r e p r e s e n t e d  t h e  p h y s i c a l  

and chemical  c h a r a c t e r i s t i c s  of most d r i e d  f r u i t s  and n u t s .  The i n s e c t s  

i n v e s t i g a t e d  were t h e  c o d l i n g  moth (Cydia pomonel la) ,  n a v e l  orangeworm 

(Ameylois t r a n s i t e l l a ) ,  Indianmeal  moth ( P l o d i a  i n t e r p u n c t e l l a ) ,  and one 

s p e c i e s  of d r i e d f r u i t  b e e t l e  (Carpophi lus  hemip te rus ) .  R a d i a t i o n  doses  of 0 ,  

150,  300, 600, and 900 Gy and o t h e r  doses ,  a s  r e q u i r e d ,  were t o  be  t e s t e d .  

While t h e r e  i s  e x t e n s i v e  d a t a  a v a i l a b l e  on i r r a d i a t i o n  b i o l o g y  of a l l  b u t  t h e  

d r i e d f r u i t  b e e t l e ,  l i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  w i t h  r e s p e c t  t o  t h e  i n s e c t s  

on o r  i n  t h e s e  s p e c i f i c  commodities. 

T a s t e  p a n e l  d a t a  were c o l l e c t e d  i n  o r d e r  t o  e v a l u a t e  t h e  e f f e c t  of 

r a d i a t i o n  on t h e  p r o d u c t s  t e s t s .  Q u a l i t y  was examined immediately a f t e r  



exposure to the irradiation process and after accelerated conditions equiva- 

lent to one year's storage. 

The economic studies were conducted to determine the cost effectiveness 

of radiation treatments compared to current fumigation practices and alterna- 

tive technologies such as modified atmospheres and/or refrigeration. Two 

scenarios were considered: 1) the use of irradiation while fumigants were 

still available; and 2) the use of irradiation with fumigants no longer 

available. In order to adequately reflect the size of industries, an emphasis 

was placed on both large and small processing plants. Factors such as plant 

size, site location, processing plant integration, capital costs and operating 

costs, as well as processing rates were to be considered. Consideration was 

given to combining irradiation with other control methods. Multiple treat- 

ments, although currently not permitted, were to be examined. 

The specific areas of research and responsibilities assigned are listed 

in Table 1 and were as follows: 

-DOE. The cesium-137 source strengths or loadings required for irradia- 

tion of various volumes of dried fruit and nuts were determined by DOE. All 

irradiation of the commodities was conducted by DOE contract laboratories in 

Albuquerque, New Mexico, or Richland, Washington. Dosimetry for each commod- 

ity was supplied by DOE or one of its contract laboratories. 

CH2M HILL. They provided the expertise on plant engineering and irradia- 

tion design criterion. This information was used by the USDA-ERS staff to 

conduct the economic studies. 



Dried  F r u i t  and Nut I n d u s t r y  Groups. The Walnut Marketing Board, t h e  

Almond Board of C a l i f o r n i a ,  t h e  C a l i f o r n i a  R a i s i n  Advisory Board, and t h e  

C a l i f o r n i a  Prune Board played a s i g n i f i c a n t  and impor tan t  r o l e  i n  t h e  p r o j e c t .  

The i n d u s t r i e s  s u p p l i e d  commodities a t  no c o s t  t o  t h e  p r o j e c t  and p a i d  f o r  t h e  

t r a n s p o r t a t i o n  t o  v a r i o u s  r a d i a t i o n  and t a s t e  p a n e l  f a c i l i t i e s .  These indus-  

t r i e s  a l s o  provided impor tan t  informatior1 and economic d a t a  concerning p l a n t  

s i z e ,  volumes of s h i p p e r s  and any o t h e r  r e q u e s t e d  d a t a  n e c e s s a r y  t o  complete 

t h e  economic and e n g i n e e r i n g  s t u d i e s .  Where a p p r o p r i a t e ,  consumer accep tance  

s t u d i e s  (Anonymous, 1986) would b e  conducted by t h e  r e s p e c t i v e  i n d u s t r i e s .  

Oregon S t a t e  U n i v e r s i t y .  T a s t e  p a n e l  and o t h e r  o r g a n o l e p t i c  e v a l u a t i o n s  

of t h e  t r e a t e d  commodities were conducted a t  Oregon S t a t e  U n i v e r s i t y  i n  

c o o p e r a t i o n  w i t h  t h e  USDA-ARS Western Regional  Research Cente r  of Albany, 

C a l i f o r n i a .  ARS c o n t r a c t e d  w i t h  Oregon S t a t e  U n i v e r s i t y  f o r  t h e  work t o  b e  

completed. Q u a l i t y  changes were no ted  and moni tored.  

USDA-ARS. The H o r t i c u l t u r a l  Crops Research Labora to ry ,  Fresno,  C a l i -

f o r n i a  se rved  a s  t h e  pr imary c o n t r a c t o r  f o r  t h e  s t u d y .  They were a l s o  respon- 

s i b l e  f o r  t h e  e f f i c a c y  s t u d i e s  f o r  a l l  b u t  t h e  c o d l i n g  moth which was t h e  

concur ren t  r e s p o n s i b i l i t y  of t h e  Yakima A g r i c u l t u r a l  Research Labora to ry  of 

Yakima, Washington. The Western Regional  Research C e n t e r ,  Albany, C a l i f o r n i a  

was r e s p o n s i b l e  f o r  t h e  t a s t e  p a n e l  and o r g a n o l e p t i c  s t u d i e s .  

USDA-ERS. The Economic Research S e r v i c e  p rov ided  t h e  economic a n a l y s i s  

f o r  t h e  p r o j e c t  i n  c o o p e r a t i o n  w i t h  t h e  U n i v e r s i t y  of C a l i f o r n i a ,  R i v e r s i d e .  
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University of California, Riverside. Through cooperative agreements, the 

Department of Entomology supplied the post-doctoral fellow for the efficacy 

studies and the Department of Economics supplied the post-doctorate fellow for 

the economic studies. 

Budget and Contributions. The financial contributors are listed in 

Table 2. The Department of Energy provided the majority of the funding and 

support for the project. The USDA was also a major contributor. The industry 

groups, in terms of the commodities and freight costs, also made an important 

contribution. Also, not accounted for in Table 2 is the amount of time 

contributed by many individuals from both the public and private sector which 

was very valuable to the project. 
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Table  1. L i s t  of c o o p e r a t o r s  and t a s k s  of i r r a d i a t i o n  p r o j e c t .  

1. -United S t a t e s  Department of A g r i c u l t u r e  

A g r i c u l t u r a l  Research S e r v i c e  

a .  H o r t i c u l t u r a l  Crops Research Labora to ry ,  Fresno,  C a l i f o r n i a  - primary 
c o n t r a c t o r ;  conduct e f f i c a c y  s t u d i e s  a g a i n s t  Indianmeal  moth, n a v e l  
orangeworm and d r i e d f r u i t  b e e t l e s  i n f e s t i n g  w a l n u t s ,  r a i s i n s  and 
almonds. 

b .  Western Regional  Reseach C e n t e r ,  Albany, C a l i f o r n i a  - d i r e c t  organo- 
l e p t i c  and t a s t e  p a n e l  s t u d i e s .  

c .  Yakima, Washington - conducte, 
e f f i c a c y  s t u d i e s  a g a i n s t  c o d l i n g  moth i n f e s t i n g  walnu t s .  

Economic Research S e r v i c e ,  R i v e r s i d e ,  C a l i f o r n i a  - conduct economic 
f e a s i b i l i t y  s t u d i e s .  

2. CH2M HILL, Albuqtierque, New Mexico and Sacramento,  C a l i f o r n i a  - p r o v i d e  
e x p e r t i s e  f o r  e n g i n e e r i n g  and i n p u t  t o  t h e  economic s t u d y .  

3 .  Sandia  N a t i o n a l  L a b o r a t o r i e s ,  Albuquerque, New Mexico - p r o v i d e  r a d i a t i o n  
e x p e r t i s e  and f a c i l i t i e s .  

4 .  Oregon S t a t e  U n i v e r s i t y ,  C o r v a l l i s ,  Oregon - conduct t a s t e  panel  t e s t s  
through a  c o o p e r a t i v e  agreement w i t h  ARS. 

5 .  U n i v e r s i t y  of C a l i f o r n i a ,  R i v e r s i d e ,  C a l i f o r n i a  

a. Department of Entomology - supp ly  p o s t - d o c t o r a l  f e l l o w  f o r  e f f i c a c y  
s t u d i e s .  

b .  Department of Economics -- supp ly  p o s t - d o c t o r a l  f e l l o w  f o r  economic 
s t u d i e s .  

6 .  Dr ied  f r u i t  and n u t  i n d u s t r y  groups  - p r o v i d e  e x p e r i s e ,  commodites and 
t h e i r  s h i p p i n g  c o s t s .  

a .  Walnut Market ing Board 

b .  Almond Board of C a l i f o r n i a  

c .  C a l i f o r n i a  R a i s i n  Advisory Board 

d .  C a l i f o r n i a  Prune Board 

7 .  United S t a t e s  Department of Energy, Albuquerque, New Mexico - de te rmine  
cesium-137 s o u r c e  s t r e n g t h s  o r  l o a d i n g s  and dosimet.ry f o r  each commodity. 



Table 2. Source of funds for irradiation project. 

1J.S. Department of Energy 

U.S. Department of Agriculture 

Agricultural Research Service 
Fresno, California 
Albany, California 
Yakima, Washingto 

Economic Research Service 
Riverside, California 

-Industry Contributions (California) 

Walnut Marketing Board 
Almond Board of California 
California Raisin Advisory Board 
California Prune Board 
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Radiation ProcessinglGeneral 

Tonizing radiation sources, or those radiation sources which emit gamma 

rays, X-rays, or high-energy electrons, have become a valuable tool in many 

industrial processes. Markovic (1985) estimates that more than 130 industrial 

gamma irradiators are currently operating in 41 countries, and that the total 

number of electron beam machines is approaching 400 worldwide. 

Radiation processing is used to help produce products such as automobile 

tires, computer parts, telephone cables, plastics and films for packaging, and 

to sterilize disposable medical products. Table 1 identifies those radiation 

processing applications which have been in industrial operation for many years 

around the world (established technologies); those that have reached the pilot 

or semi-industrial levels, but have not yet become fully commercialized 

(emerging technologies); and those that are in the research development stage 

(development technologies). Food irradiation is an emerging technology that 

utilizes ionizing radiation to help reduce food losses after harvest. 



Commercia l iza t ion of Food I r r a d i a t i o n  

Food i r r a d i a t i o n  i s  n o t  a  m i r a c l e  t echn ique  o r  a panacea.  However, when 

c e r t a i n  f e a s i b i l i t y  c o n d i t i o n s  a r e  met, food i r r a d i a t i o n  may be  used t o  

supplement,  o r  a c t  as a s u b s t i t u t e  f o r ,  c o n v e n t i o n a l  food p r e s e r v a t i o n  t r e a t -

ments,  A l i s t  of commercial food i r r a d i a t i o n  f a c i l i t i e s ,  e i t h e r  completed,  

under c o n s t r u c t i o n ,  o r  p lanned ,  i s  shown i n  Tab le  2 .  

I n  r e c e n t  y e a r s ,  t h e r e  h a s  been renewed i n t e r e s t e d  i n  food i r r a d i a t i o n  i n  

t h e  Uni ted S t a t e s .  P a r t  of t h e  m o t i v a t i o n  f o r  t h i s  r e c e n t  f l u r r y  of i n t e r e s t  

h a s  been t h e  1984 ban of e t h y l e n e  dibromide (EDB) and p o t e n t i a l  r e s t r i c t i o n s  

on o t h e r  chemicals  used a s  fumigants  f o r  d i s i n f e s t a t i o n  o f  s p i c e s ,  g r a i n s ,  

n u t s ,  packaging m a t e r i a l s ,  and f r u i t s .  A d d i t i o n a l  m o t i v a t i o n s  f o r  t h e  renewed 

i n t e r e s t  i n c l u d e :  (1) t h e  p o t e n t i a l  f o r  r e p l a c i n g  o r  reduc ing  t h e  amounts o f  

p r e s e r v a t i v e s  used ,  such a s  n i t r i t e ,  ( 2 )  t h e  r e d u c t i o n  of food s p o i l a g e ,  

p a r t i c u l a r l y  i n  developing c o u n t r i e s ,  ( 3 )  t h e  a b i l i t y  t o  c o n t r o l  t r i c h i n o s i s  

from pork ,  (4 )  t h e  r e d u c t i o n  i n  e n t e r i c  pa thogen ic  organisms such a s  

Salmonel lae  and Campylobacter i n  p o u l t r y ,  (5) decreased  r e h y d r a t i o n  t imes  i n  

d r i e d  v e g e t a b l e s ,  (6)  i n c r e a s e d  j u i c e  e x t r a c t i o n  from f r u i t s ,  ( 7 )  d e l a y  of 

r i p e n i n g  i n  some t r o p i c a l  f r u i t s  such a s  bananas and papayas ,  (8 )  d e l a y  of 

senescence i n  some f r u i t s ,  and (9)  i n c r e a s e d  s h e l f  l i f e .  



S a f e t y  I s s u e s  

Research 

The f i r s t  s t u d y  of i r r a d i a t e d  food was conducted a t  t h e  r e q u e s t  of t h e  

U.S. Army by t h e  Massachuse t t s  I n s t i t u t e  of Technology i n  t h e  e a r l y  1940s.  

S ince  t h a t  t ime,  numerous s t u d i e s  by t h e  Uni ted S t a t e s ,  I n d i a ,  Japan ,  t h e  

Ne ther lands ,  and o v e r  20 o t h e r  c o u n t r i e s ,  have been conducted t o  prove t h e  

wholesomeness of food t r e a t e d  by i o n i z i n g  energy.  A f t e r  decades  of s t u d i e s  

and s c i e n t i f i c  p e e r  rev iews  u s i n g  t h e  most modern methods of t o x i c o l o g y ,  no 

ev idence  h a s  been found t h a t  food i r r a d i a t i o n  h a s  any a d v e r s e  e f f e c t s  on t h e  

consumer. 

R e g u l a t i o n s  and G u i d e l i n e s  

Implementat ion o f  i r r a d i a t i o n  a s  a new technology r e q u i r e s  a p p r o v a l  from 

v a r i o u s  l e v e l s  and b ranches  of government. The r e g u l a t i o n s  impact f a c i l i t y  

d e s i g n ,  c o n s t r u c t i o n ,  l i c e n s i n g ,  o p e r a t i o n ,  p roduc t  h a n d l i n g ,  and worker 

s a f e t y .  The r e g u l a t i o n s  a r e  o f t e n  s i g n i f i c a n t l y  i n f l u e n c e d  by g u i d e l i n e s  o r  

s t a n d a r d s  proposed by n o n p o l i t i c a l  e x p e r t  committees.  

I n t e r n a t i o n a l  a c t i v i t i e s .  Lending impetus on an  i n t e r n a t i o n a l  s c a l e  f o r  

food i r r a d i a t i o n  a p p r o v a l  i s  t h e  suppor t  of p r e s t i g i o u s  i n t e r n a t i o n a l  o rgan i -  

z a t i o n s :  t h e  J o i n t  Exper t  Committee on Food I r r a d i a t i o n  (JECFI), and t h e  

Codex A l i m e n t a r i u s  Commission. 



A f t e r  a  rev iew of a l l  r e l e v a n t  food s a f e t y  r e s e a r c h ,  t h e  JECFI (1981) ,  

under  sponsorsh ip  of t h e  Food and A g r i c u l t u r e  O r g a n i z a t i o n  (FAO) of t h e  Uni ted 

Nat ions  and t h e  World Hea l th  Organ iza t ion  (WHO) t o g e t h e r  w i t h  members of t h e  

I n t e r n a t i o n a l  Atomic Energy Agency (IAEA), concluded t h a t  t h e r e  i s  no t o x i c o l -

o g i c a l  hazard caused by i r r a d i a t i n g  any food f o r  p r e s e r v a t i o n  up t o  a  medium- 

l e v e l  dose  of 10 k i l o g r a y  (1,000 k i l o r a d ) .  

I n  mid-1983, t h e  Codex A l i m e n t a r i u s  Commission adopted t h e  I n t e r n a t i o n a l  

General  Standard f o r  I r r a d i a t e d  Foods [Refe rence  No. Codex S t a n  106-1983] and 

t h e  Recommended I n t e r n a t i o n a l  Code of P r a c t i c e  f o r  t h e  Opera t ion  of R a d i a t i o n  

F a c i l i t i e s  Used f o r  Treatment of Foods [Refe rence  No. CAC/RCP 19-1979 (Rev. 

I ) ] .  The General  S tandard  approves  i r r a d i a t i o n  up t o  10 k i l o g r a y  (1,000 

k i l o r a d ) ,  c i t e s  approved energy l e v e l s ,  and i n d i c a t e s  t h a t  i r r a d i a t i o n  i s  a 

p r o c e s s  and n o t  a n  a d d i t i v e .  Both t h e  General  S tandard  and t h e  t h e  Code of 

P r a c t i c e  have been d i s t r i b u t e d  t o  t h e  Member S t a t e s  f o r  accep tance .  

The i n t e r n a t i o n a l  t h r u s t  i n  food i r r a d i a t i o n  h a s  he lped  t o  m o t i v a t e  ac-

t i o n  on t h e  n a t i o n a l  l e v e l .  A t  p r e s e n t ,  o v e r  25 c o u n t r i e s  have approved 

approximately  50 i r r a d i a t e d  food i t ems .  

U.S. a c t i v i t i e s .  The Food A d d i t i v e s  Amendment of 1958, an  amendment t o  

t h e  F e d e r a l  Food, Drug and Cosmetic Act of 1938, s p e c i f i c a l l y  i n c l u d e d  t h e  

i r r a d i a t i o n  p r o c e s s  w i t h  t h e  d e f i n i t i o n  of a Food a d d i t i v e .  A s  a r e s u l t ,  a 

tremendous amount of t e s t i n g  was r e q u i r e d  which made i t  v e r y  t ime  consuming 

and c o s t l y  f o r  t h e  p r i v a t e  s e c t o r  t o  o b t a i n  approval  f o r  t h e  u s e  of i r r a d i a -

t i o n .  The amendment a l s o  mandated t h a t  t h e  U.S. Food and Drug A d m i n i s t r a t i o n  



(FDA) e v a l u a t e  t h e  s a f e t y  of food i r r a d i a t i o n  and r e g u l a t e  t h e  p r o c e s s  t o  

e n s u r e  t h a t  any commercial i r r a d i a t i o n  p r o c e s s  o p e r a t e d  w i t h i n  s a f e  limits. 

I n  t h e  decade f o l l o w i n g  1958, t h e  FDA approved gamma r a d i a t i o n  f o r  c o n t r o l  of 

i n s e c t  i n f e s t a t i o n  of wheat and wheat p r o d u c t s  (August, 1963) ,  and f o r  s p r o u t  

i n h i b i t i o n  of w h i t e  p o t a t o e s  (October ,  1964) .  I r r a d i a t i o n  of t h e s e  p r o d u c t s  

was n e v e r  used commercially i n  t h e  Uni ted S t a t e s ,  however, because  i t  was more 

expens ive  t h a n  u s i n g  chemicals  f o r  t h e  same purpose ,  and market c o n d i t i o n s  d i d  

n o t  demand i t .  

I n  1968, t h e  FDA r e j e c t e d  a p e t i t i o n  f o r  i r r a d i a t e d  ham and r e s c i n d e d  t h e  

e a r l i e r  a p p r o v a l  f o r  r a d i a t i o n  p r e s e r v a t i o n  of canned bacon because  o f  con-

c e r n s  r a i s e d  abou t  c e r t a i n  exper imenta l  p r o t o c o l  a s  a p p l i e d  t o  wholesomeness 

t e s t i n g .  These s e t b a c k s ,  combined w i t h  t h e  long-term d i f f i c u l t i e s  of f e e d i n g  

t r i a l s ,  caused a n  a b r u p t  h a l t  i n  much of t h e  i r r a d i a t i o n  r e s e a r c h  and develop- 

ment be ing  done i n  t h e  U.S. p r i v a t e  s e c t o r .  Although r e s e a r c h  con t inued  i n  

many o t h e r  c o u n t r i e s ,  i t  was n o t  u n t i l  more r e c e n t l y  t h a t  t h e r e  h a s  been a 

renewed i n t e r e s t  i n  food i r r a d i a t i o n  i n  t h e  U.S. T h i s  i s  due i n  l a r g e  p a r t  t o  

i n d i c a t i o n s  by t h e  FDA of a  w i l l i n g n e s s  t o  r e c o n s i d e r  t h e i r  p o s i t i o n  on 

i r r a d i a t i n g  food.  S i n c e  1980, t h e  fo l lowing  food i r r a d i a t i o n  n o t i c e s  o r  

a p p r o v a l s  have been p u b l i s h e d  i n  t h e  F e d e r a l  R e g i s t e r  (PR): 

(1)  March 27, 1981 (46 FR 18992) - FDA p u b l i s h e d  a n  "Advance N o t i c e  o f  Pro- 

posed Procedures  f o r  t h e  Regula t ion  of I r r a d i a t e d  Foods f o r  Human Con- 

sumption" which ( a )  a l lowed p e t i t i o n s  t o  u s e  low doses  up t o  1 k i l o g r a y  

(100 k i l o r a d )  on any product  t h a t  demons t ra tes  t h e  in tended  t e c h n i c a l  

e f f e c t  b u t  w i t h o u t  s u b m i t t i n g  s a f e t y  d a t a ,  (b)  pub l i shed  g u i d e l i n e s  f o r  



p e t i t i o n s  s e e k i n g  a p p r o v a l  a t  a dose  exceeding 1 k i l o g r a y  (100 k i l o r a d ) ,  

and ( c )  adopted a  p o l i c y  t h a t  a food c l a s s  compris ing o n l y  a  minor 

p o r t i o n  o f  t h e  d a i l y  d i e t  and i r r a d i a t e d  a t  a h i g h  dose  of 50 k i l o g r a y  

(5,000 k i l o r a d )  o r  l e s s  may be  cons idered  s a f e  f o r  human consumption 

based upon minimal b i o l o g i c a l  t e s t i n g .  

(2)  J u l y  5 ,  1983 (48 FR 30613) - FDA approved i r r a d i a t i o n  t o  reduce  o r  con-

t r o l  m i c r o b i a l  i n f e s t a t i o n  i n  g a r l i c  powder, onion powder, and 36 d r i e d  

s p i c e s .  The absorbed dose  was n o t  t o  exceed 10 k i l o g r a y  (1 ,000 k i l o r a d ) .  

T h i s  r u l e  was r e i s s u e d  w i t h  s l i g h t  m o d i f i c a t i o n s  on June 19,  1984 

(49 FR 24988),  and A p r i l  18,  1985 (50 FR 15415). 

(3)  June  10, 1985 (50 FR 24190) - FDA approved i r r a d i a t i o n  of d r y  o r  dehy-

d r a t e d  enzyme p r e p a r a t i o n s ,  used a s  food p r o c e s s i n g  a i d s ,  w i t h  doses  up 

t o  10 k i l o g r a y  (1,000 k i l o r a d ) .  

( 4 )  J u l y  22,  1985 (50 FII. 29658) - FDA approved i r r a d i a t i o n  of f r e s h  pork  f o r  

c o n t r o l  of -T r i c h i n e l l a  s p i r a l i s ,  a p a r a s i t e  (worm) which c a u s e s  t r i c h i -

n o s i s ,  w i t h  a  minimum dose of 0 .3  k i l o g r a y  (30 k i l o r a d )  and a  maximum 

dose of 1 k i l o g r a y  (100 k i l o r a d ) .  

(5) A p r i l  18,  1986 (51 FR 13376) - FDA approved i r r a d i a t i o n  up t o  a  maximum 

dose of 1 k i l o g r a y  (100 k i l o r a d )  t o  i n h i b i t  t h e  growth and m a t u r a t i o n  of 

f r e s h  foods  and t o  d i s i n f e s t  food of anthropod i n s e c t s .  The FDA a l s o  

approved i r r a d i a t i o n  up t o  a  maximum dose of 30 k i l o g r a y  (3,000 k i l o r a d )  

t o  d i s i n f e c t  d r y  o r  dehydrated a r o m a t i c  v e g e t a b l e  s u b s t a n c e s  of micro- 

organisms. The r e g u l a t i o n  does  n o t  pe rmi t  m u l t i p l e  i r r a d i a t i o n s  of food. 



Current regulations in the United States specify maximum dose levels at 

1 kilogray (100 kilorad) for most foods. This is a factor of 10 lower than 

the JECFI- and Codex-recommended maximum dose level of 10 kilogray (1,000 

kilorad). However, these low dose levels are sufficient for control of 

insects and parasites. Medium- and high-dose levels would'be required for 

extension of shelf life or for complete sterilization. The FDA will need to 

obtain and analyze more data before providing a final ruling on the dose 

levels above 1 kilogray (100 kilorad). 

Regulations governing radiation protection and safety for radioisotope 

facilities are promulgated by the U.S. Nuclear Regulatory Commission (NRC) and 

its 27 Agreement States. These regulations, which address both radiation 

safety (e.g., source integrity, design and operation of safety systems, and 

training of personnel) and licensing of facilities, are found primarily in the 

Standards for Protection Against Radiation [lo CFR PART 201 and Rules of 

General Applicability to Domestic Licensing of Byproduct Material [I0 CFK PART 

301. In the U.S., there are approximately 40 licenced commercial irradiators, 

most of which are primarily oriented toward medical product sterilization. 

Since radiation processing is not a new technology, the established licensing 

and regulatory structure of the NRC has already had many years of experience 

with operating facilities. However, the NRC does not try to continually 

update and modify its regulatory base to cover each new facility design. It 

is the responsibility of the facility owner to demonstrate to the satisfaction 

of the NRC that any new equipment or design concept meets the standards set by 

the current regulations (Cunningham, 1984). 



I n  a d d i t i o n  t o  t h e  N R C ' s  r e g u l a t i o n s ,  o t h e r  o r g a n i z a t i o n s  a r e  p r e p a r i n g  

g u i d e l i n e s  t o  h e l p  f a c i l i t a t e  t h e  i n t r o d u c t i o n  of food i r r a d i a t i o n  f a c i l i t i e s  

on a  commercial. s c a l e .  Design and o p e r a t i o n a l  s t a n d a r d s  a r e  b e i n g  prepared by 

Subcommittee N43-3 of t h e  American N a t i o n a l  S tandards  I n s t i t u t e  (ANSI). 

Dosimetry s t a n d a r d s  f o r  U.S. food i r r a d i a t i o n  a r e  c u r r e n t l y  b e i n g  developed by 

Task Group E10.07.04 (Rad ia t ion  Dosimetry f o r  Food P r o c e s s i n g )  o f  t h e  American 

S o c i e t y  f o r  T e s t i n g  and M a t e r i a l s  (ASTII) . 

A c t i v a t i o n  

I t  i s  wide ly  accep ted  by s c i e n t i s t s  t h a t  t h e  energy l e v e l s  of gamma r a y s  

from cobal t -60 and cesium-137 a r e  below t h e  t h r e s h o l d  v a l u e s  f o r  a c t i v a t i o n ,  

meaning t h a t  i t  is  imposs ib le  t o  induce r a d i o a c t i v i t y  i n  a  s u b s t a n c e  u s i n g  

t h e s e  i s o t o p e s .  It i s  a l s o  w e l l  e s t a b l i s h e d  by s e n s i t i v e  d e t e c t i o n  methods 

t h a t  i r r a d i a t i o n  w i t h  machine-generated r a d i a t i o n  s o u r c e s ,  w i t h i n  t h e  energy 

l e v e l s  d i c t a t e d  by t h e  r e g u l a t i o n s ,  produces  no measurable  induced r a d i o -  

a c t i v i t y .  

Temperature Response 

R e l a t i v e l y  l i t t l e  energy i n  t h e  form of i o n i z i n g  r a d i a t i o n  i s  r e q u i r e d  t o  

o b t a i n  d e s i r e d  b i o l o g i c a l  e f f e c t s  i n  food.  There fore ,  r a d i a t i o n  t r e a t m e n t s  of 

food,  t o  doses  needed f o r  food p r e s e r v a t i o n ,  d e p o s i t  on ly  a  s m a l l  amount of 

h e a t  and cause  on ly  a  v e r y  s l i g h t  i n c r e a s e  i n  t empera tu re  of t h e  food. For 



t h i s  r e a s o n ,  t h e  term "cold" p r o c e s s  i s  o f t e n  used i n  d e s c r i b i n g  t h e  

t r e a t m e n t s .  

B i o l o g i c a l  E f f e c t s  

Two b a s i c  p r o c e s s e s  occur  when i o n i z i n g  r a d i a t i o n  such a s  gamma r a y s  o r  

e l e c t r o n s  i n t e r a c t  w i t h  m a t t e r .  The pr imary,  o r  d i r e c t  p r o c e s s ,  causes  t h e  

fo rmat ion  of i o n s ,  e x c i t e d  molecu les  o r  molecular  f ragments .  The secondary,  

o r  i n d i r e c t  p r o c e s s ,  i n v o l v e s  t h e  i n t e r a c t i o n  of p r o d u c t s  formed i n  t h e  

pr imary p r o c e s s ,  and can l e a d  t o  t h e  fo rmat ion  of compounds d i f f e r e n t  from 

t h o s e  o r i g i n a l l y  p r e s e n t .  Thus t h e  b i o l o g i c a l  e f f e c t s  of r a d i a t t o n  a r e  due t o  

chemical  changes i n  t h e  m a t e r i a l ,  much a s  w i t h  any o t h e r  energy p r o c e s s .  The 

damage caused by r a d i a t i o n  i n  i n s e c t s  o r  l i v i n g  organisms i s  p r i m a r i l y  a s s o c i -  

a t e d  w i t h  t h e  impairment of m e t a b o l i c  reac t . ions .  For i r r a d i a t i o n  t o  be  u s e f u l  

a s  a d i s i n f e s t a t i o n  t echn ique ,  t h e  b i o l o g i c a l  e f f e c t s  of r a d i a t i o n  must be  

more s i g n i f i c a n t  f o r  t h e  p e s t  t h a n  f o r  t h e  commodity. T h i s  i s  determined on a  

commodity-by-commodity b a s i s .  

The b i o l o g i c a l  e f f e c t  of r a d i a t i o n  on a n  organism depends on t h e  gene- 

t i c / b i o l o g i c a l  complexi ty  of t h a t  organism. The f o l l o w i n g  groups  of organisms 

a r e  l i s t e d  i n  descending o r d e r  of complexi ty ,  and t h e r e f o r e  descending o r d e r  

of s e n s i t i v i t y  t o  l e t h a l  r a d i a t i o n :  

(1) Higher an imals  
( 2 )  I n s e c t s  
( 3 )  Fungi ,  molds,  non-sporu la t ing  b a c t e r i a  
(4)  S p o r u l a t i n g  b a c t e r i a  
(5) V i r u s e s  



Long-chain compounds, such a s  polymers,  a r e  r e l a t i v e l y  e a s i l y  a f f e c t e d  by 

i r r a d i a t i o n .  Enzymes and low molecu la r  weight  t o x i n s ,  however, a r e  i n h i b i t e d  

o n l y  a t  v e r y  h i g h  d o s e s ,  and i n o r g a n i c  compounds a r e  v i r t u a l l y  u n a f f e c t e d .  

A p p l i c a t i o n s  

The degree  of p r e s e r v a t i o n  depends on t h e  absorbed dose  of i o n i z i n g  ra-- 

d i a t i o n .  Some examples a r e  shown i n  Table  3 .  

Dose D i s t r i b u t i o n  

The dose  p r o f i l e  of gamma o r  X-ray r a d i a t i o n  t h a t  i s  absorbed i n  any 

homogeneous m a t e r i a l  d e c r e a s e s  e x p o n e n t i a l l y  a s  a f u n c t i o n  of d i s t a n c e  i n t o  

t h a t  m a t e r i a l .  For  e l e c t r o n  beam r a d i a t i o n ,  t h e  dose  p r o f i l e  g r a d u a l l y  r i s e s  

t o  some i n t e r m e d i a t e  dep th  and t h e n  f a l l s  o f f  r a p i d l y  t o  z e r o .  

The purpose  of i r r a d i a t i o n  i s  t o  a c h i e v e  a  d e s i r e d  p r o d u c t  r esponse  t o  

some absorbed dose .  The minimum dose i s  t h e  dose  r e q u i r e d  t o  o b t a i n  t h e  

d e s i r e d  t e c h n i c a l  e f f e c t ,  such  as d i s i n f e s t a t i o n  o r  s p r o u t  i n h i b i t i o n .  The 

maximum dose  i s  t h a t  dose  above which u n d e s i r a b l e  s i d e  r e a c t i o n s  i n  t h e  

p r o d u c t  may occur ,  such a s  changes i n  t e x t u r e ,  c o l o r ,  o r  i n  f l a v o r .  The 

minimum and maximum dose may a l s o  be  l i m i t e d  by government r e g u l a t i o n .  It i s  

e s s e n t i a l  t o  o b t a i n  a  dose  t h a t  f a l l s  w i t h i n  t h e  a c c e p t a b l e  maximum and 

minimum dose range f o r  a  p a r t i c u l a r  food.  For t h i n  f o o d s ,  s i n g l e - s i d e  i r r a -

d i a t i o n  may b e  a c c e p t a b l e ;  however, most p r o d u c t s  a r e  i r r a d i a t e d  from b o t h  

s i d e s .  S i n c e  t h e  i o n i z i n g  e f f e c t  of t h e  r a d i a t i o n  i s  a d d i t i v e ,  t h e  combined 



dose from both sides must fall within the product's desired maximum-to-minimum 

ratio. 

The maximum-to-minimum absorbed dose ratio tolerated by the product, and 

the dose actually absorbed throughout the product during exposure to radia- 

tion, will determine the source configuration, conveyor speed, conveyor 

configuration, and the system control sequence. The dose requirements also 

determine whether the product must be treated individually, or can be boxed, 

bagged, or palleted. 

Radiation Sources 

Government regulations permit the treatment of foods using the following 

radiation sources: 

(1) Gamma rays from sealed unirs of the isotopes cesium-137 or 

(2) Electrons generated from machine sources operated at energy levels 

not to exceed 10 million electron volts (MeV). 

( 3 )  X-rays generated from machine sources operated at energy levels not 



I s o t o p e s  

Produc t ion  and double -encapsu la t ion  of cobal t -60 and cesium-137 e n t a i l s  

long and e x a c t i n g  manufactur ing p r o c e s s e s .  The f a b r i c a t i o n  p r o c e s s  i s  covered 

by e x t e n s i v e  q u a l i t y  c o n t r o l  measures t o  e n s u r e  t h a t  t h e  f i n a l  p roduc t  meets  

a l l  of t h e  e n g i n e e r i n g  and s a f e t y  s p e c i f i c a t i o n s ,  

Tab le  4  l i s ts  some of  t h e  s a l i e n t  c h a r a c t e r i s t i c s  of cobal t -60 and 

cesium-137 s o u r c e  c a p s u l e s .  

Cobalt-60. The i s o t o p e ,  cobal t -60,  i.s manmade. It i s  n o t  produced a s  a 

f i s s i o n  byproduct of n u c l e a r  f u e l ,  such a s  cesium-137. It i s  produced v i a  a 

n e u t r o n  c a p t u r e  r e a c t i o n  t h a t  i s  i n i t i a t e d  by p l a c i n g  t h e  s t a b l e  i s o t o p e  

cobal t -59 i n t o  a n u c l e a r  r e a c t o r .  

Cobalt-60 i s  wide ly  used i n  commercial gamma i r r a d i a t i o n  f a c i l i t i e s .  The 

1983 i n s t a l l e d  commercial b a s e  of cobal t -60 i n  t h e  U.S. was approximately  

33 megacuries* (MCi) ( o v e r  40 p e r c e n t  of t h e  world  b a s e ) .  The pr imary manu- 

f a c t u r e r  of cobal t -60,  supp ly ing  over  80 p e r c e n t  of t h e  world i n s t a l l e d  b a s e  

of t h e  i s o t o p e ,  i s  t h e  Atomic Energy of Canada L imi ted  (AECL), a Canadian 

Crown c o r p o r a t i o n .  Domestic s o u r c e s  of supp ly  of cobal t -60 a r e  t h e  Idaho 

N a t i o n a l  Engineer ing  Labora to ry  (INEL) and t h e  Oak Ridge N a t i o n a l  Labora to ry  

(ORNL). However, t h e i r  p r o d u c t i o n  c a p a c i t y  i s  much s m a l l e r  t h a n  AECL. 

*Curie  ( a b b r e v i a t e d  Ci )  i s  a u n i t  of r a d i o a c t i v i t y  d e f i n e d  a s  t h e  q u a n t i t y  of 
a r a d i o a c t i v e  n u c l i d e  which h a s  37 b i l l i o n  d i s i n t e g r a t i o n s  p e r  second. The 
p r e f i x  "mega" d e n o t e s  one m i l l i o n .  



Due t o  t h e  l a r g e  demand f o r  cobal t -60 s o u r c e s ,  AECL was on a cobal t -60 

a l l o c a t i o n  system. They a r e  now i n  a " p o s t - a l l o c a t i o n "  p e r i o d  where they  a r e  

t r y i n g  t o  f i l l  some back o r d e r s  and a r e  beg inn ing  t o  f i l l  new o r d e r s  a s  w e l l .  

The f u t u r e  supp ly  of cobal t -60 w i l l  depend on t h e  growth of o l d  and new market 

o p p o r t u n i t i e s  f o r  cobal t -60 a s  t r a d e d  o f f  a g a i n s t  a d d i t i o n a l  p roduc t ion  capa-

c i t y  c o n t i n u a l l y  b e i n g  developed by AECL. 

Cesium-137. R a d i o a c t i v e  cesium-137 i s  produced a s  a f i s s i o n  p roduc t  i n  

n u c l e a r  r e a c t o r  f u e l .  A f t e r  t h e  cesium-137 is removed from t h e  f i s s i o n  w a s t e ,  

i t  i s  e n c a p s u l a t e d  a t  t h e  Waste Encapsu la t ion  and S t o r a g e  F a c i l i t y  (WESF) a t  

Hanford,  Washington. Approximately 70 M C i  of  t h e  cesium a t  Hanford have been 

encapsu la ted .  I t  i s  a d v e r t i s e d  f o r  u s e  by t h e  U.S. Department of Energy (DOE) 

through t h e i r  C i v i l i a n  Ryproducts U t i l i z a t i o n  Program (CBUP). 

I t  i s  a well-known p r i n c i p l e  of p h y s i c s  t h a t  a c u r i e  of cesium-137 i s  n o t  

e q u i v a l e n t  t o  a c u r i e  of cobalt-60 w i t h  r e s p e c t  t o  absorbed dose  i n  a p r o d u c t .  

Taking i n t o  account  t h e  amount of gamma energy r e l e a s e d  d u r i n g  each rad ioac-  

t i v e  decay of t h e  n u c l e u s ,  a s  w e l l  a s  t h e  amount of gamma energy absorbed 

w i t h i n  t h e  c a p s u l e ,  i t  i s  e s t i m a t e d  t h a t  seven  (7 )  c u r i e s  of cesium-137 ( i n  

t h e  WESF c a p s u l e )  p r o v i d e  an  absorbed dose  r a t e  which i s  e q u i v a l e n t  t o  one 

c u r i e  of cobal t -60.  

Market demand f o r  cesium-137 was v e r y  modest u n t i l  1984, when a s h a r p  

i n c r e a s e  i n  i n t e r e s t  occur red .  The DOE r e c e i v e d  r e q u e s t s  f o r  t h e  c a p s u l e s  

which exceeded t h e  l i m i t e d  supp ly ,  and t h e  DOE must now make a l l o c a t i o n s  (DOE, 

1985).  The s h o r t f a l l  may c o n t i n u e  t o  e x i s t  th rough  t h e  n e x t  decade because  



Hanford, by itself, cannot supply enough cesium to make up the near-term 

identified needs. 

Machine-Generated Radiation Sources 

Electron beam. As a general rule, electron beam accelerators (Ramler, 

1982) show technical and economic viability in applications characterized by 

(1) relatively large bulk product throughputs which are conveyed through the 

beam in stream form, (2) low-density products with relatively thin cross sec- 

tions, and (3) products requiring only surface or subsurface treatment. 

Unlike gammas from isotopes, electrons in the energy range from 0.2 to 10 

MeV have limited penetration and cannot be used to process densely packaged or 

relatively large-sized products, including some medical devices and many 

packaged foods. Penetration of the electrons is roughly proportional to the 

energy of the electron, and inversely proportional to the density of the 

product. If irradiating a product from one side only, an electron beam energy 

of 10 MeV (maximum permitted in the FDA regulations) would provide 3.6 centi- 

meters (1.4 inches) of penetration in water, and 9 centimeters (3.5 inches) of 

penetration in a product with a 0.4 bulk specific gravity. (Note: the bulk 

specific gravity for dried fruits and nuts ranges from 0.3 to 0.5.) For 

two-sided irradiation, the penetration increases to 8 centimeters (3.1 inches) 

water, and 20 centimeters (7.9 inches) in a product of 0.4 bulk specific 

gravity. 



The s o u r c e  of e l e c t r o n s  i n  a n  a c c e l e r a t o r  i s  u s u a l l y  a diode- o r  t r i o d e -

t y p e  s t r u c t u r e ,  w i t h  a  t u n g s t e n  o r  t an ta lum e m i t t i n g  s u r f a c e .  The i n t e n s i t y  

of emiss ion  i s  c o n t r o l l e d  by t empera tu re ,  a c o n t r o l  g r i d ,  o r  an  a c c e l e r a t i n g  

p o t e n t i a l .  I n  a d d i t i o n ,  t h e  emiss ion may b e  e i t h e r  con t inuous  o r  p u l s e d  beam. 

The fundamental  p r i n c i p l e  used i n  i n c r e a s i n g  t h e  energy of a f r e e  e l e c -  

t r o n ,  which h a s  an  e l e c t r i c  charge of -1, i s  t o  a c c e l e r a t e  t h e  e l e c t r o n s  i n  a  

vacuum w i t h  e i t h e r  a  nonvarying p o t e n t i a l  (DC) o r  radio-frequency (RF) e l e c -

t r i c  f i e l d .  The vacuum i s  n e c e s s a r y  t o  keep t h e  e l e c t r o n s  from c o l l i d i n g  w i t h  

a i r  molecules .  I n  t h e  s i m p l e s t  c a s e ,  t h e  e l e c t r i c  f i e l d  i s  c r e a t e d  by apply-  

i n g  a  h i g h  v o l t a g e  a c r o s s  a  gap between two e l e c t r o d e s ,  and t h e  e l e c t r o n s  a r e  

a c c e l e r a t e d  toward t h e  p o s i t i v e  e l e c t r o d e .  With c u r r e n t  technology,  t h e  

maximum p o t e n t i a l  t h a t  can b e  s u s t a i n e d  a c r o s s  a s i n g l e  p a i r  of e l e c t r o d e s  i s  

on t h e  o r d e r  of 0 .3 MeV. I n c r e a s i n g  t h e  v o l t a g e  f u r t h e r  c a u s e s  a r c i n g  between 

t h e  e l e c t r o d e s  o r  breakdown of t h e  i n s u l a t o r s .  With mul t igap  a c c e l e r a t o r  

t u b e s ,  much h i g h e r  v o l t a g e s  can be  reached (up t o  30 MeV i n  some r e s e a r c h  

a c c e l e r a t o r s ) .  However, economic and o t h e r  p r a c t i c a l  c o n s i d e r a t i o n s  have 

l i m i t e d  t h e  v o l t a g e  r a t i n g  f o r  l a r g e  DC i n d u s t r i a l .  a c c e l e r a t o r s  t o  approxi-  

mately  4 MeV. 

E l e c t r o n  e n e r g i e s  h i g h e r  t h e n  s e v e r a l  MeV a r e  a t t a i n e d  u s i n g  t h e  micro- 

wave l i n e a r  a c c e l e r a t o r ,  o r  l i n a c .  The p r i n c i p l e  of t h e  l i n a c  i s  t o  i n c r e a s e  

t h e  energy of t h e  e l e c t r o n  i n  a  sequence of s m a l l  inc rements  r a t h e r  t h a n  a l l  

a t  once. Thus, t h e  l i n a c  h a s  many s m a l l  a c c e l e r a t o r  s t a g e s  a r ranged  i n - l i n e  

which g r a d u a l l y  i n c r e a s e  t h e  energy l e v e l  of t h e  e l e c t r o n .  The a c c e l e r a t i o n  

i s  ach ieved  a t  each  s t a g e  of t h e  l i n a c  u s i n g  a programmed RF e l e c t r i c  f i e l d .  



An o s c i l l a t o r  connected t o  each s e t  of e l e c t r o d e s  s e t s  up an  a l t e r n a t i n g  f i e l d  

i n  each RF c a v i t y .  Success ive  s t a g e s  a r e  synchronized s o  t h a t  t h e  p o l a r i t y  of 

t h e  a l t e r n a t i n g  f i e l d  i s  c o r r e c t l y  o r i e n t e d  t o  a c c e l e r a t e  t h e  e l e c t r o n  a s  i t  

e n t e r s  t h e  c a v i t y .  Timing i s  a c r i t i c a l  parameter  i n  t h e  a c c e l e r a t i o n  and 

s p a t i a l  f o r m a t i o n  o f  a n  e l e c t r o n  beam. Upon l e a v i n g  t h e  a c c e l e r a t o r  s e c t i o n ,  

t h e  e l e c t r o n  beam is  focused t o  a  predetermined p o s i t i o n  on t h e  t a r g e t  by a 

scanning magnet. 

High energy e l e c t r o n  beams f o r  r a d i a t i o n  p r o c e s s i n g  have been demonstra- 

t e d  f o r  some i n d u s t r i a l  p r o c e s s e s .  I n d u s t r i a l  e l e c t r o n  a c c e l e r a t o r s  can now 

prov ide  average  beam powers up t o  1 ,000 kilowatts (kW) a t  e l e c t r o n  e n e r g i e s  of 

0 .3  MeV, and 150 kW i n  t h e  1.5 t o  4.5 MeV range ,  b u t  on ly  20 kW between 5 and 

12 MeV. Tab le  5 l i s t s  some of t h e  p o t e n t i a l  s u p p l i e r s  of e l e c t r o n  beam 

a c c e l e r a t o r s .  A c c e l e r a t o r  systems o p e r a t i n g  a t  h i g h e r  power l e v e l s  between 5 

and 1 2  MeV a r e  d e s i r a b l e  f o r  some a p p l i c a t i o n s .  Although some development and 

commercial t e s t i n g  would b e  r e q u i r e d ,  much of t h e  b a s i c  technology needed t o  

d e s i g n  and f a b r i c a t e  t h e  h i g h e r  power sys tems i s  a v a i l a b l e .  

X-ray. When e l e c t r o n s  from an' e l e c t r o n  beam machine impinge on a  m e t a l  

p l a t e ,  such a s  t u n g s t e n ,  t h e  e l e c t r o n  energy j.s conver ted  i n t o  X-rays and 

h e a t .  For a n  i n i t i a l  e l e c t r o n  energy of 5 MeV, a  broad spectrum of  X-ray 

photon e n e r g i e s  i s  produced w i t h  a  maximum a t  5 MeV ( F a r r e l l  e t  a l . ,  1983). 

*Watt ( a b b r e v i a t e d  W) i s  a  u n i t  of power e q u a l  t o  one j o u l e  p e r  second. The 
p r e f i x  " k i l o "  d e n o t e s  one thousand. Power i s  e q u a l  t o  t h e  c u r r e n t  ( i n  u n i t s  
of amperes) t i m e s  t h e  p o t e n t i a l  d i f f e r e n c e  ( i n  u n i t s  of v o l t s ) .  



The advantage of X-rays is that their product penetration is equivalent 

to that of gammas. Also, since X-rays are preferentially emitted in the 

forward direction, the geometrical efficiency is slightly greater than for the 

isotopes, which emit gammas eyually in all directions (isotropic emitters). 

The primary disadvantage of X-rays is that they are produced relatively 

inefficiently: only about 8 percent of the electron beam power is converted 

to X-ray power. The low conversion efficiency significantly increases the 

power cost of an X-ray machine over that of an accelerator operating strictly 

in the electron mode. Thus, whether or not an X-ray source is particularly 

applicable for an industrial process becomes fundamentally a question of 

economics. No industrial electron beam accelerators in the U.S. are currently 

operating' for a significant portion of the time in the X-ray mode. 

Summary Comments on Sources 

Each type of source has unique advantages and disadvantages which must be 

weighed in choosing a specific source for a given application. Table 6 

summarizes some of the salient information regarding each source. 
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Table  1. R a d i a t i o n  p r o c e s s i n g  a p p l i c a t i o n s  ( e x t r a c t e d  from Markovic,  1985). 

E s t a b l i s h e d  Emerging Development 
t e c h n o l o g i e s  t e c h n o l o g i e s  t e c h n o l o g i e s  

S t e r i l i z a t i o n  of Food i r r a d i a t i o n  Riomass convers ion  
medica l  s u p p l i e s  (e .g . ,  a g r i c u l t u r a l  

was te  t o  s u g a r  and 
a l c o h o l )  

C r o s s l i n k i n g  I r r a d i a t i o n  o f  Immobi l i za t ion  of b io -  
(e .g . ,  w i r e s ,  t i r e s ,  l a b o r a t o r y  and a c t i v e  m a t e r i a l s  i n  t h e  
p l a s t i c s ,  foams) farm an imal  f e e d  p r o d u c t i o n  of a n t i -  

b o d i e s  and d rugs  

Curing o f  c o a t i n g s  I r r a d i a t i o n  o f  R a d i a t i o n  v u l c a n i z a t i o n  
o r  l a m i n a t e s  ( e . g . ,  sewage s l u d g e  f o r  of n a t u r a l  ].atex rubber  
v i d e o  t a p e s ,  paper ,  f e r t i l i z e r  o r  
and wood p a n e l s )  an imal  f e e d  

supplement 

G r a f t i n g  and o t h e r  I r r a d i a t i o n  of S y n t h e s i s  of b i o l o g i -  
p r o c e s s e s  ( e . g . ,  s t a c k  g a s e s  t o  c a l l y  compat ible  poly- 
membranes, f r y i n g  remove s u l f u r  and mers which c o n t a c t  
pans ,  wood produc t s )  n i t r o g e n  o x i d e s  human t i s s u e s  



a  
Tab le  2.  Commercial a c t i v i t i e s  i n  food i r r a d i a t i o n  a s  of January  1985. 

Commercial i r r a d i a t o r  Produc t s  
Country l o c a t  i o n  S t a t u s  t r e a t e d  

Bangladesh Mul t ipurpose  i r r a d i a t o r  Planned P o t a t o e s ,  
Dhaka on ions ,  

f i s h  

Belgium MEDIRIS f a c i l i t i e s  Con~pleted S p i c e s ,  
F l e u r u s  animal  f e e d  

b Completed
B r a z i l  Embrarad 

Bulgar l  a  S o f i a  Unknown 

C h i l e  Mul t ipurpose  i r r a d i a t o r  Completed Onions 
San t iago  

F r u i t  i r r a d i a t o r  Planned Grapes ( ? )  

France  P a l l e t  i r r a d i a k g r  Completion Dr ied  food 
(2 m i l l i o n  C i  Co) i n  1986 p r o d u c t s ,  
M a r s e i l l e  s p i c e s  

CGR-MeV a c c e l e r a t o r  Completion Frozen,  
(10 MeV) i n  1986 deboned 

p o u l t r y  

German 6 0 ~ oi r r a d i a t o r  Completed Onions 
Democratic 
Republ ic  

Ghana Mul t ipurpose  i r r a d i a t o r  Planned Cocoa 
beans ,  
maize 

Hungary Onion i r r a d i a t o r  Completed Onions 

AGROSTER J o i n t  Co. Planned S p i c e s ,  
Budapest on ions ,  

p o t a t o e s ,  
c o r k s ,  
s e e d s  

I s r a e l  Mobile gamma i r r a d i a t o r  Completed G a r l i c ,  
T e l  Aviv on ions ,  

p o t a t o e s  



Table  2 .  Continued. 

Commercial i r r a d i a t o r  Produc t s  
Country l o c a t  i o n  S t a t u s  t r e a t e d  

I s r a e l  ( con t .) E l e c t r o n  a c c e l e r a t o r  Completed Animal f e e d  
i n  1985 

I t a l y  Commercial v e g e t a b l e  Under P o t a t o e s ,  
i r r a d i a t o r ,  cons  t r u c -  on ions ,  
Fucino t i o n  g a r l i c  

Japan  Shihoro p o t a t o  Completed P o t a t o e s  
i r r a d i a t o r ,  
Sh ihoro ,  Hokkaido 

Republ ic  o f  Mul t ipurpose  i r r a d i a t o r  Planned 
Korea 

Mexico Mul t ipurpose  i r r a d i a t o r  Planned F r u i t s  
( d i s i n f e s -
t a t  i o n )  

Ne ther lands  P i l o t  p l a n t  f o r  food Completed Frozen 
i r r a d i a t i o n ,  ch icken ,  
Wagenfngen f r o g  l e g s ,  

o r g a n i c  
dyes ,  
s p i c e s  

Gammaster - 2 Completed S p i c e s ,  
Ede shrimp, d r y  

i n g r e d i e n t s  

Gammaster - 1
b Completed Animal f e e d  

N i g e r i a  Mul t ipurpose  i r r a d i a t o r  Planned Yams , 
onions ,  
maize 

P a k i s t a n  Mul t ipurpose  i r r a d i a t o r  Planned P o t a t o e s ,  
d r i e d  
f r u i t s  

Poland Vegetable  i r r a d i a t o r  Planned P o t a t o e s ,  
o n i o n s ,  
mushrooms 

S r i  Lanka Mul t ipurpose  i r r a d i a t o r  Planned ---
Colombo 



Table  2. Continued. 

Commercial i r r a d i a t o r  
Country l o c a t i o n  

South A f r i c a  F r u i t  and v e g e t a b l e  
i r r a d i a t o r ,  
Tzaneen 

b
Iso-S te r  ( P t y . ) ,  Ltd .  
Kempton Park  

Mul t ipurpose  i r r a d i a t o r  
Atomic Energy Board 
P r e t o r l a  

Taiwan Mul t ipurpose  i r r a d i a t o r  

Tha i land  Mul t ipurpose  i r r a d i a t o r  
Bangkok 

Uni ted Isomedix,  I n c .  
S t a t e s  Pars ippany ,  M J  

Neutron Produc t s ,  I n c .  
Dickerson,  MD 

P r o d u c t s  
S t a t u s  t r e a t e d  

Completed Mangoes, 
s t raw-
b e r r i e s ,  
p o t a t o e s ,  
on ions  

Completed F r u i t s ,  
v e g e t a b l e s ,  
coconut 
powder 

Completed F r u i t s  , 
v e g e t a b l e s ,  
ch icken  

Completed Vege tab les  

Planned Food i n  
g e n e r a l  

Completed S p i c e s ,  
s e a s o n i n g s ,  
o t h e r  foods  

Completed S p i c e s ,  
season ings  

R a d i a t i o n  Technology, I n c .  Completed S p i c e s ,  
Rockaway, New J e r s e y  season ings  

U.S.S.R Two 20 kW EhLV-2 Completed Grain  
a c c e l e r a t o r s  ( d i s i n f  es-  
Odessa t a t i o n )  

%lost of t h e  i n f o r m a t i o n  i n  t h i s  t a b l e  was provided by Van Kooi j  (1985). 

b ~ a i n l y  used f o r  s t e r i l i z i n g  medica l  s u p p l i e s .  



Table  3. A p p l i c a t i o n s  

Dose l e v e l  

Low--
Up t o  1 k i l o g r a y  
(100 k i l o r a d )  

Medium--
Up t o  10 k i l o g r a y  
(1,000 k i l o r a d )  

High--
Up t o  50 k i l o g r a y  
(5,000 k i l o r a d )  

i n  food i r r a d i a t i o n .  

Uses 

Sprout  i n h i b i t i o n  

I n s e c t  d i s i n f e s t a t i o n  
n u t s ,  v e g e t a b l e s  

Delays  r i p e n i n g  

Delays  senescence 

P a r a s i t e  i n a c t i v a t i o n  

Extends s t o r a g e  l i f e  
by reduc ing  m i c r o b i a l  
l o a d  

Delays  cap opening 

E l i m i n a t i o n  of non-
s p o r e  pathogens  

Decontaminatiorl 

S t e r i l i z a t i o n  f o r  
long-term s h e l f  
s t a b i l i t y  

Examples of 
food commodities 

P o t a t o e s ,  o n l o n s ,  g a r l i c  

G r a i n s ,  f l o u r ,  f r u i t s ,  

Papayas,  mangoes, bananas  

Sweet c h e r r i e s ,  a p r i c o t s ,  
papayas 

Pork,  o t h e r  meats  

Meat, f i s h ,  p o u l t r y ,  
tomatoes ,  s t r a w b e r r i e s ,  
f i g s  

Mushrooms 

P o u l t r y ,  shr imp,  f r o g  
l e g s ,  cocoa 

S p i c e s  and o t h e r  d r i e d  
i n g r e d i e n t s  

Meat, p o u l t r y  and o t h e r  
p r o d u c t s  



Tab3.e 4. Isotope characteristics. 

Cobalt-60 
(AECL) 

Cesium-137 
(WESF) 

Gammas per decay 
Energy (MeV) per gamma 
Energy (MeV) per decay 
Half-life (yr) 
Source replenishment (%/yr) 
Capsule dimensions 

Length (in) 
Outside diameter (in) 

Self-absorption factor 
Specific activity (k~i/capsule) 



Table 5 .  Potential suppliers of electron beam accelerators. 

Electron Accelerator 

Direct Current ( 0.3  MeV) 

Nissin-High Voltage (Japan) 

Radiation Dynamics (U.S.) 

Microwave Linear 
CGR-MeV (France) 

Duer (Polymer ~hysik/F~G) 

Haimson Research (U.S.) 

Radiation Dynamics (U.K.) 

Siemens Medical Lab (U.S.) 
(formerly Applied 
Radiation Corporation) 

Varian (U. S .) 
Other potential suppliers: 

Beta Development 
Brobeck 
RPC 

Induction Linear 
LLL (U.S.) 

Continuous Wave Linear 
AECL (~.~./~anada) 

Beam 
Energy 
(MeV) 

-< 3 

< 4 . 5  

6 

10 

10 

0.7-2 

10-16 

10 

12 

10 

1-10 

5-10 

Average 
Ream Power 

(kw) 

-< l o 0  

-< 150 

7 

5-10 

20 

20 

10 

25 

10 

10 

-<1,000 

500 

Comments 

Continuous beam 

Multiple sales 

Multiple sales; first 
unit operational 
about 1980 

Pulsed beam 
CARIC facilities in 
France; used for 
medical product 
sterilization 

Chicken deboning 
plant in France; 
operational in 1986 

New linac planned for 
the CARIC facilities 

Wire and tubing 
factories in the USSR 

Research facilities 
in the U.K. and 
Denmark; operational 
about 1975 

Prototype built 

Two machines in 
California; opera- 
tional about 1975 

Facility in Denmark; 
operational about 1970 

Modular components 
tested 

Conceptual design .stage 



Table  6 .  Comparison o f , r a d i a t i o n  s o u r c e s .  

Commercial i r r a d i a t i o n  

R a d i a t i o n  s o u r c e s  Advantages 

I s o t o p e s  No r e p a i r  needed; 
con t inuous  gamma 
o u t p u t ;  p roduc t  
f l e x i b i l i t y ;  s o u r c e  
r e l i a b i l i t y  and 
f l e x i b i l i t y  

- Cesium-137 Produced d o m e s t i c a l l y  

- Cobalt-60 Widely used;  many 
y e a r s  of exper ience  

Machine-generated R a d i a t i o n  emiss ion  
s t o p s  when machine 
i s  t u r n e d  o f f ;  
conveyor s i m p l i c i t y  

- E l e c t r o n  beam Capable of h i g h  
th roughputs  

- X-ray Geometry e f f i c i e n c y  
i s  s l i g h t l y  g r e a t e r  
t h a n  w i t h  i s o t o p e s ;  
p roduc t  f l e x i b i l i t y  

Disadvantages  

Constant  s h i e l d i n g  r e q u i r e d ;  
gamma emiss ion  i s  i s o t r o p i c  

Supply i s  s e v e r e l y  l i m i t e d  
due t o  U.S. Government p o l i c y  
on r e p r o c e s s i n g  of commercial 
s p e n t  f u e l  

P r i m a r i l y  f o r e i g n  supp ly  o n l y ,  
v e r y  minor U.S. supp ly  

Some development s t i l l  
r e q u i r e d  based on u t i l i -  
z a t i o n  s c e n a r i o  

Package s i z e  i s  r e s t r i c t e d  

Power c o s t  i s  h i g h  (power 
convers ion  e f f i c i e n c y  is  
low) 
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IRRADIATOR DESIGN AND SELECTION 

D a n i e l  S loan  

CH2M HILL 

Albuquerque, New Mexico 87110 

System Component Design 

Although d e t a i l e d  d e s i g n  can b e  somewhat complj-cared, a food i r r a d i a t i o n  

system i s  v e r y  s imple  i n  concep t .  The p r i n c i p a l  components f o r  a n  i s o t o p i c  

i r r a d i a t o r  ( s e e  F i g u r e  I )  o r  a f a c i l i t y  w i t h  a machine-generated r a d i a t i o n  

s o u r c e  i n c l u d e :  

(1) The r a d i a t i o n  source .  

(2 )  A conveyor system t o  b r i n g  t h e  p roduc t  i n t o  t h e  i o n i z i n g  r a d i a t i o n  

chamber and back o u t  a g a i n .  

( 3 )  R a d i a t i o n  s h i e l d i n g ,  

( 4 )  System c o n t r o l s  t o  o p e r a t e  and manage a s a f e  p r o c e s s .  

The r a d i a t i o n  s o u r c e s  have a l r e a d y  been b r i e f l y  d i s c u s s e d  i n  a p r e v i o u s  

s e c t i o n .  The o t h e r  i r r a d i a t o r  components a r e  addressed  below. 



Conveyor System 

The conveyor system is simply a mechanical trolley or rail system de- 

signed to transfer the product between storage/loading areas and the irradia- 

tion chamber. The conveyor also holds the product in a desired configuration 

or alignment and exposes it to the source for a specified time period. 

Because the radiation will degrade organic materials, caution must be exer- 

cised in selecting lubricants and conveyor materia1.s. 

-Shielding 

Shielding (Jaeger et al., 1970) is required to protect operating person- 

nel from inadvertent exposure to excessive radiation levels. The shielding 

consists of radiation-attenuating barriers interposed between the sealed 

radiation sources and human access areas. 

The thickness of the barrier increases with the energy of the radiation. 

For a commercial-sized cesium-137 irradiator, adequate protection can be 

provided by roughly 1.5 meters (5 feet) of concrete, or 20 centimeters (8 

inches) of lead. For a cobalt-60 irradiator, with gamma energies double those 

of cesium-137, the shielding required for the same amount of attenuation 

increases to 2 meters (6.5 feet) of concrete, or 38 centimeters (15 inches) of 

lead. For 5 to 10 MeV machine sources, the shield wall directly in front of 

the source is 3 meters (10 feet) to 3.8 meters (12.5 feet) of concrete. The 



The s h i e l d i n g  d e s i g n  must a l l o w  f o r  rep len i shment  of t h e  r a d i o n u c l i d e  

s o u r c e  a s  i t  decays ,  f o r  maintenance a c c e s s  t o  t h e  i r r a d j a t i o n  zone,  and f o r  

normal f low of t h e  i r r a d i a t e d  p roduc t .  I n  most comn~erc ia l ly  a v a i l a b l e  i s o t o p e  

systems,  t h e  r a d i a t i o n  s o u r c e  i s  s t o r e d  i n  a  c lea r -wate r  poo l  (around 6 

m e t e r s ,  o r  20 f e e t  deep) t o  make t h e  i r r a d i a t i o n  chamber a c c e s s i b l e  f o r  

maintenance and s o u r c e  replacement .  Dry-s torage o p t i o n s  f o r  t h e s e  same 

f u n c t i o n s  a l s o  have c o n s i d e r a b l e  m e r i t .  Of course ,  machine s o u r c e s  have t h e  

obvious  advantage from a  r a d i o l o g i c a l  s a f e t y  s t a n d p o i n t  t h a t  t h e y  can be  

s imply t u r n e d  o f f  when n o t  i n  u s e  and do n o t  r e q u i r e  a s h i e l d e d  s t o r a g e  

p o s i t i o n .  

The product  i s  t y p i c a l l y  conveyed from t h e  s t o r a g e / l o a d i n g  a r e a s  t o  t h e  

i r r a d i a t i o n  chamber through a  s h i e l d e d  maze o r  l a b y r i n t h .  To p r e v e n t  t h e  

t r a n s m i s s i o n  of high-energy gamma r a y s  o r  X-rays a long  t h e  conveyor p a t h  when 

t h e  s o u r c e  i s  exposed o r  o p e r a t i n g ,  t h e  l a b y r i n t h  must change d i r e c t i o n s  t o  

p r o v i d e  a t  l e a s t  t h r e e  r e f l e c t i o n s  of r a d i a t i o n  between t h e  s o u r c e  and t h e  

e n t r a n c e - e x i t .  S u f f i c i e n t  s h i e l d i n g  must be  p r e s e n t  a long  t h e  conveyor p a t h  

t o  absorb  t h e  s c a t t e r e d  r a d i a t i o n .  

S a f e t y  and C o n t r o l  Systems 

The c o n t r o l  system f o r  a n  i r r a d i a t o r  i s  designed t o  moni tor  t h e  p r o d u c t ' s  

p r o g r e s s i o n  through t h e  i r r a d i a t i o n  c y c l e ,  t o  c o n t r o l  t h e  conveyor o p e r a t i o n ,  

t o  c o n t r o l  t h e  r a d i a t i o n  s o u r c e  e m i s s i o n / s h i e l d i n g ,  and t o  c o n t r o l  t h e  in -  

t e r n a l  environment.  To p r e c l u d e  t h e  p o s s i b i l i t y  of o p e r a t o r  exposure  t o  

r a d i a t i o n ,  s o p h i s t i c a t e d  i n t e r l o c k  systems a r e  used.  S tandard  p r a c t i c e  c a l l s  



for double interlock systems (mechanical and electrical) to ensure that the 

safety of the operator will not be jeopardized by the failure of a protective 

device. 

Design Parameters 

Communication between irradiator supplier and customer/owner is essential 

in order to design and construct a facility which fits the needs of the 

custonier. The customer should clearly define his goals and then work with the 

supplier to understand the technical and economic tradeoffs which affect the 

selection process. The suppliers ultimate recommendation for a particular 

design will be based in part on the followi-ng information from the customer. 

( I )  Minimum dose needed to attain the desired technical effect or bene- 

fit in the commodity. Since product throughput is proportional to the minimum 

dose, this dose limit should be set as low as possible. 

(2) Maxi.mum dose above which the irradiated commodity exhibits side- 

effects (e.g., phytotoxic or organoleptic effects) which make the commodity 

undesirable for marketing. 

(3 )  Product package dimension and any special product handling require- 

ments. If many different sized packages are to be irradiated, then considera- 

tions of conveyor loading efficiency will need to be balanced off against 



(4 )  Product bu lk  dens i ty .  

( 5 )  -Peak throughput r a t e  requirements f o r  t he  i r r a d i a t o r .  Since t h e  

amount of r a d i a t i o n  source requi red  depends d i r e c t l y  on t h e  peak throughput 

r a t e ,  i t  may be t o  t h e  advantage of t h e  customer t o  smooth out  t h e  throughput 

f l u c t u a t i o n s  a s  much a s  poss ib l e .  Otherwise, t h e  i r r a d i a t o r  may be  s i g n i f i -  

c a n t l y  unde ru t i l i zed .  

(6)  P l an t  opera t ion  schedule,  s p e c i f i c a l l y  t h e  hours  of opera t ion  per  

day, week, and year .  For i s o t o p i c  sources which con t inua l ly  decay, it i s  

u s u a l l y  recommended t h a t  t h e  i r r a d i a t o r  be run on a  con t inua l  b a s i s .  

( 7 )  Ant ic ipa ted  f u t u r e  growth i n  productiort o r  product handl ing 

requirements. 

(8) Anc i l l a ry  support  f a c i l i t i e s  and degree of i n t e g r a t i o n  of t h e  i r r a -  

d l a t o r  i n t o  e x i s t i n g  s t r u c t u r e s ,  o r  i n t o  t h e  process  flow, Support f a c i l i t i e s  

might inc lude  an  equipment room, warehouse, dosimetry 1-aboratory, o f f i c e  

space,  o r  loading docks. 

An i r r a d i a t o r  supp l i e r  o r  des igner  s t a r t s  wi th  the  above s e t  of parame- 

t e r s  and a t tempts  t o  opt imize a  design,  both economically and t echn ica l ly .  

C r i t i c a l  dec i s ions  a r e  then made wi th  regard t o  t he  type and s t r eng th  of 

r a d i a t i o n  source,  t h e  ge0metri.c conf igura t ion  of the  source and t a r g e t ,  and 

t h e  type of conveyor and product handl ing system. 



Genera l  Design C o n s i d e r a t i o n s  

The pr imary o b j e c t i v e s  i n  a  f a c i l i t y  d e s i g n  a r e  t o :  

(1) Minimize t h e  c a p i t a l ,  o p e r a t i o n a l ,  and maintenance c o s t s .  

( 2 )  Minimize t h e  dose  d i s t r i b u t i o n  r a t i o  (maximum dose d i v i d e d  by mini-  

mum dose) .  

( 3 )  Maximize t h e  p r o d u c t  throughput .  

( 4 )  Maximize t h e  g e o m e t r i c a l  e f f i c i e n c y .  

(5) Maximize t h e  f l e x i b i l i t y  o r  v e r s a t i l i t y  of t h e  sys tem t o  o b t a i n  a 

range  of p o s s i b l e  o p e r a t i n g  c o n d i t i o n s .  

them a r e  mutua l ly  e x c l u s i v e ,  and w i l l  r e q u i r e  t h a t  t r a d e o f f s  o r  compromises b e  

i n c o r p o r a t e d .  To what degree  t h e  o b j e c t i v e s  can b e  met w i l l  depend on t h e  

s p e c i f i c  i r r a d i a t i o n  a p p l i c a t i o n  and t h e  p r e f e r e n c e s  o f  t h e  f a c i l i t y  

management. 

The dose  d i s t r i b u t i o n  r a t i o  i n  a product  i s  a f u n c t i o n  of s e v e r a l  para-  

mete r s :  t a r g e t  d imensions ,  b u l k  d e n s i t y  of t h e  t a r g e t ,  a tomic  number of t h e  

m a t e r i a l ,  energy of t h e  i o n i z i n g  r a d i a t i o n ,  and t h e  source - to - ta rge t  geometry. 

Of t h e s e ,  t h e  t a r g e t  dimensions and t h e  source - to - ta rge t  geometry a r e  t h e  two 

paramete rs  most amenable t o  change and o p t i m i z a t i o n  i n  t h e  d e s i g n  p r o c e s s .  



The o v e r a l l  dose  u n i f o r m i t y  p r o f i l e  i n  a p roduc t  is t h r e e  dimensional .  

It i s  a composite of t h e  d o s e  d i s t r i b u t i o n  through t h e  dep th  of a  p roduc t  

( d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  s o u r c e  p l a n e ) ,  and l a t e r a l  dose d i s t r i b u t i o n s  

through t h e  l e n g t h  and w i d t h  of t h e  p roduc t  ( d i r e c t i o n s  p a r a l l e l  t o  t h e  s o u r c e  

p l a n e ) .  The dep th  dose  d i s t r i b u t i o n  can b e  made more uniform by 1 )  d e c r e a s i n g  

t h e  p roduc t  d e p t h ,  2) i n c r e a s i n g  t h e  d i s t a n c e  between t h e  source  and t h e  

t a r g e t ,  and 3)  i r r a d i a t i n g  from two s i d e s  i n s t e a d  of one. The l a t e r a l  dose  

d i s t r i b u t i o n s  can be  made more uniform by making t h e  r a d i a t i o n  f i e l d  impinging 

on t h e  s u r f a c e  of t h e  p roduc t  a s  uniform a s  p o s s i b l e .  For  machine-generated 

r a d i a t i o n  s o u r c e s ,  l a t e r a l  dose  p r o f i l e s  a r e  n o t  a s i g n i f i c a n t  problem i f  cor-

r e c t  beam h a n d l i n g  t e c h n i q u e s  a r e  used.  For i s o t o p e s ,  l a t e r a l  dose  d i s t r i b u -  

t i o n s  can b e  improved by 1) s t r a t e g i c a l l y  r e a r r a n g i n g  t h e  s e a l e d  s o u r c e s  on 

t h e  s o u r c e  h o l d e r  s o  t h a t  more s o u r c e  i s  n e a r  t h e  low dose  t a r g e t  p o i n t s ,  and 

l e s s  s o u r c e  i s  n e a r  t h e  h i g h  dose  t a r g e t  p o i n t s ,  2) a l l o w i n g  t h e  source  h o l d e r  

t o  o v e r l a p  t h e  t a r g e t  i n  t h e  l a t e r a l  d i r e c t i o n ,  and 3 )  conveying t h e  t a r g e t  

p a s t  t h e  s o u r c e  i n  one o r  b o t h  l a t e r a l  d i r e c t i o n s  a t  a c o n s t a n t  r a t e  of speed ,  

o r  w i t h  a "stop-dwell" motion.  These s i n g l e  o r  m u l t i p l e  d i r e c t i o n  conveyors 

p r o v i d e  good dose  u n i f o r m i t y  a long  any l i n e  i n  t h e  t a r g e t  t h a t  i s  p a r a l l e l  t o  

i t s  d i r e c t i o n  of motion (Rizzo,  1968).  

The g e o m e t r i c a l  e f f i c i e n c y  i s  d e f i n e d  a s  t h e  f r a c t i o n  of i o n i z i n g  energy 

a c t u a l l y  e m i t t e d  from t h e  s o u r c e  and a v a i l a b l e  f o r  i r r a d i a t i o n  which i s  

absorbed i n  t h e  p roduc t  t o  o b t a i n  t h e  minimum dose.  It i s  a s t r o n g  f u n c t i o n  

of t h e  source - to - ta rge t  geometry. T y p i c a l  e f f i c i e n c i e s  t o  be  expected i n  

i r r a d i a t i o n  of packaged p roduc t  i s  0.05 t o  0.35 f o r  i s o t o p e ,  0.20 t o  0 .45 f o r  

X-ray, and 0.30 t o  0.55 f o r  e l e c t r o n  beam, The e f f i c i e n c i e s  f o r  machine 

s o u r c e s  a r e  h i g h e r  than f o r  i s o t o p e  because  of t h e  c a p a b i l i t y  f o r  some 



p r e f e r e n t i a l  f o c u s i n g  of t h e  r a d i a t i o n .  S i n c e  i s o t o p e  emiss ion  i s  i n  a l l  

d i r e c t i o n s  and gamma r a y s  a r e  s o  p e n e t r a t i n g ,  t h e  t echn ique  f o r  i n c r e a s i n g  t h e  

e f f i c i e n c y  i n  i s o t o p i c  i r r a d i a t o r s  i s  t o  simply sur round  t h e  s o u r c e s  w i t h  a s  

much product  a s  p o s s i b l e  o r  p r a c t i c a l  u s i n g  modern conveyor systems. Thus 

some conveyor sys tems have t h e  c a p a b i l i t y  of index ing  p roduc t  packages i n  

m u l t i p l e  d i r e c t i o n s ,  w i t h  m u l t i p l e  p a s s e s  on each s i d e  of t h e  source .  

Maximizing t h e  g e o m e t r i c a l  e f f i c i e n c y  w i l l  maximize p roduc t  throughput  

f o r  a g i v e n  s o u r c e  s t r e n g t h .  It i s  a good g o a l  i f  on ly  one o r  two commodities 

a r e  r u n  through t h e  i r r a d i a t o r .  I f  many d i f f e r e n t  p r o d u c t s  a r e  t o  b e  i r r a d i -  

a t e d ,  maximizing t h e  e f f i c i e n c y  can mean s i g n i f i c a n t  d e l a y  i n  p roduc t  change- 

over  and decreased  f l e x i b i l i t y  i n  hand l ing  p r o d u c t s  of d i f f e r e n t  d imensions .  

Designs have been i n v e s t i g a t e d  i n  b u l k  g r a i n  i r r a d i a t i o n  where g r a v i t y -  

f e d  g r a i n  moves i n  p l u g  f low downward p a s t  and around encapsu la ted  s o u r c e s .  A 

s u b s t a n t i a l  f r a c t i o n  of t h e  space around t h e  c a p s u l e s  i s  f i l l e d  w i t h  p roduc t  

which enhances t h e  e f f i c i e n c y .  Geometr ical  e f f i c i e n c i e s  a s  h i g h  a s  t h o s e  f o r  

e l e c t r o n  beam can b e  o b t a i n e d  by i r r a d i a t i n g  t h e  bullc p roduc t  w i t h  i s o t o p e  i n  

t h i s  way. 

Examples of I r r a d i a t o r s  

I s o t o p i c  I r r a d i a t o r s  

Rad io i so topes  a r e  t h e  most p r e v a l e n t  r a d i a t i o n  s o u r c e  i n  t h e  world today 

i n  food i r r a d i a t i o n  a p p l i c a t i o n s .  For t h e  purpose  of d i s c u s s i o n ,  t h e  

i r r a d i a t o r s  have been c a t e g o r i z e d  a s  bullc, box, o r  c a r r i e r  i r r a d i a t o r s .  



Bulk. A p i l o t  p l a n t  was c o n s t r u c t e d  i n  1977-78 a t  t h e  Sandia  N a t i o n a l  

L a b o r a t o r i e s  t o  i r r a d i a t e  b u l k  p roduc t  (McKeon e t  al.. ,  1983).  At1 i s o m e t r i c  

drawing of a proposed commercial upgrade t o  t h e  p i l o t  p l a n t  i s  shown i n  

F i g u r e  2.  A major  component of t h e  p i l o t  p l a n t  i s  a bucket  conveyor,  w i t h  

each bucket  having a 0.0425 c u b i c  meter  (1 .5  c u b i c  f e e t )  c a p a c i t y .  The 

conveyor i n c l u d e s  a c o l l a p s i n g - c h a i n  f e a t u r e  t h a t  b r i n g s  t h e  b u c k e t s  t o g e t h e r  

f o r  g r e a t e s t  e f f i c i e n c y  i n  l o a d i n g  and a b s o r b i n g  r a d i a t i o n .  The speed of t h e  

conveyor i s  a d j u s t a b l e  t o  p rov ide  c o n t r o l  of t h e  r a d i a t i o n  dose .  The e f f i -  

c i ency  of t h e  sys tem i s  approximately  16 p e r c e n t .  

The p i l o t  f a c i l i t y  u t i l i z e s  approximately  1 M C i  o f  cesium-137. The 

s o u r c e  c a p s u l e s  a r e  loaded i n t o  t h e  i r r a d i a t o r  by p l a c i n g  them i n t o  a 20-

foot-deep s o u r c e  s t o r a g e  a r e a  f i l l e d  wit11 w a t e r .  Fol lowing l o a d i n g ,  c o n c r e t e  

c o v e r s  a r e  p laced  o v e r  t h e  source  s t o r a g e  a r e a  and t h e  w a t e r  i s  d r a i n e d .  A 

l a r g e  l e a d  s h u t t e r  i s  t h e n  r e t r a c t e d  t o  a l l o w  movement of t h e  s o u r c e  p laque  

from t h e  s t o r a g e  a r e a  t o  t h e  r a d i a t i o n  a r e a .  An e l a b o r a t e  system of mechani- 

c a l  and e l e c t r i c a l  i n t e r l o c k s  i s  provided t o  e n s u r e  t h a t  no radiation e s c a p e s  

t h e  f a c i l i t y  and t o  p reven t  i n a d v e r t e n t  exposure  of o p e r a t i n g  personne l .  

A d i f f e r e n t  b u l k  i r r a d i a t o r  was c o n s t r u c t e d  by t h e  U.S. Atomic Energy 

Commission i n  1966 and was made a v a i l a b l e  t o  t h e  U.S. Department of Agri-

c u l t u r e  f o r  t h e  s t u d y  of b u l k  g r a i n  i r r a d i a t i o n  (AEC, 1965, and T i l t o n  and 

Brower, 1971).  I n  t h i s  sys tem,  t h e  g r a i n  i s  p l a c e d  i n t o  a hopper where i t  is  

picked up by a bucke t  e l e v a t o r  and c a r r i e d  v e r t i c a l l y  t o  t h e  t o p  of t h e  

i r r a d i a t o r .  The bucker e l e v a t o r  d i s c h a r g e s  t o  a n  i n p u t  screw which c a r r i e s  

t h e  g r a i n  a long  t h e  t o p  of t h e  i r r a d i a t o r  t o  t h e  g r a i n  b i n  i n l e t .  The i n p u t  



t o  t h e  g r a i n  b i n  i s  o f f s e t  t o  reduce r a d i a t i o n  s t reaming through t h e  concre te  

sh i e ld .  

During i r r a d i a t i o n  t h e  g r a i n  cont inuously flows p a s t  t h e  source rod con-

f i g u r a t i o n ,  housed i n  a  sh ie lded  r a d i a t i o n  b i n ,  and i s  eventua l ly  discharged 

out  of t h e  bottom. The r a t e  of flow, and consequently t h e  dose r a t e ,  i s  

con t ro l l ed  by a  meter ing va lve  loca t ed  below t h e  b in .  A s  i t  t r a v e l s  down t h e  

b i n ,  t h e  g ra in  moves i n  a plug flow* p a t t e r n .  This  i s  con t ro l l ed  through the  

use  of a  v i b r a t i n g  b i n  a c t i v a t o r  l oca t ed  a t  t h e  bottom of t he  b in .  

Although it was never experimental ly  v e r i f i e d ,  t h e  est imated e f f i c i e n c y  

f o r  t h e  i r r a d i a t i o n  was 50 percent .  Other i n t r i g u i n g  designs f o r  bu lk  g r a i n  

i r r a d i a t o r s  w i th  h igh  e f f i c i e n c i e s  were conceptual ized and discussed by 

Cornwell (1966). 

-Box. The box i r r a d i a t o r  i s  r e l a t i v e l y  common i n  t h e  indus t ry  (Cuda, 

1984; Varakl i s ,  1983). Ind iv idua l  u n i t s  of packaged product a r e  conveyed i n t o  

and out of t h e  i r r a d i a t i o n  chamber w i th  a  mul t i tude  of d i f f e r e n t  conveyor 

systems. 

An example of t h i s  type of p l a n t  i s  t h e  Marine Products  Development Trra- 

d i a t o r  (MPDI) i n  Gloucester ,  Massachusetts (Mi l l e r  and Herbert ,  1964). The 

*Plug flow i s  cha rac t e r i zed  by o rde r ly  flow of m a t e r i a l  through t h e  i r r a d i a -  
t o r ,  wi th  no po r t ion  of t h e  m a t e r i a l  over tak ing  o r  mixing wi th  any o t h e r  
po r t ion  ahead o r  behind i t .  The res idence  time 1.n the  i r r a d i a t o r  i s  t h e  same 
f o r  a l l  po r t i ons  of t h e  ma te r i a l .  



MPDI i s  used f o r  f inned  f i s h ,  such a s  haddock, and f o r  s h e l l f i s h ,  such as 

clams. The system is b a s i c a l l y  designed t o  handle a 14-kilogram (30-pound) 

f i l l e t  t i n .  

I n  t h e  normal opera t ion  of t h e  MPDI, t h e  t i n s  of f i l l e t s  a r e  placed on a 

high-speed mechanical conveyor which c a r r i e s  them i n t o  t h e  gamma c e l l  through 

a v e r t i c a l  l a b y r i n t h  which goes under t h e  f l o o r .  Figure 3 i s  a diagram of t h e  

conveyor arrangement. In s ide  the  c e l l  the  packages a r e  t r a n s f e r r e d  t o  a 

slow-moving conveyor which c a r r i e s  them p a s t  t he  r a d i a t i o n  source. The source 

is  i n  t h e  form of a h o r i z o n t a l  plaque because t h e  packages must be kept  i n  a  

h o r i z o n t a l  p o s i t i o n  s i n c e  t h e i r  covers  a r e  l oose - f i t t i ng .  

The conveyors opera te  on a  s t a r t - s t o p  b a s i s  t o  permit  loading and un- 

loading ,  and t r a n s f e r  between the  f a s t  and slow conveyors. Each package makes 

a round t r i p  under and over t he  source on one s i d e  of t h e  source c e n t e r l i n e .  

It then  comes out  of t h e  c e l l ,  i s  s h i f t e d  t o  t h e  o the r  s i d e  by the  ope ra to r ,  

then goes back i n t o  the  c e l l  f o r  a  second round t r i p .  Two packages a r e  

c a r r i e d  s i d e  by s i d e  on a  s i n g l e  c a r r i e r ,  o r  baske t ,  which i s  p a r t  of t h e  

conveyor. The packages fo l low each o t h e r  c l o s e l y  i n  t h e  d i r e c t i o n  of t r a v e l ,  

t o  minimize l o s s  of r a d i a t i o n ,  The slow conveyor i s  loaded wi th  packages f o r  

a d i s t a n c e  of 2.7 meters  (9 f e e t ) ,  compared wi th  a source l eng th  of 1.2 meters  

(4 f e e t ) .  I n  t h e  o the r  d i r e c t i o n ,  a double row of packages i s  56 cent imeters  

(22 inches)  wide compared t o  t he  source width of 28 cent imeters  (11 inches) .  

Thus t h e r e  i s  package overlap i n  both  l a t e r a l  d i r e c t i o n s  which provides an 

e f f i c i e n c y  of 24 percent  f o r  MPDI. 



Box i r r a d i a t o r s  can have v a r y i n g  d e g r e e s  of complexi ty  i n  t h e i r  conveyor 

systems. The s i m p l e s t  conveyor mode i s  t h e  b a t c h  sys tem where boxes  of 

commodity a r e  manually p laced  around t h e  s o u r c e  whi le  t h e  s o u r c e  i s  i n  t h e  

s t o r a g e  p o s i t i o n .  A more complex conveyor would h e  a  f u l l y  a u t o m a t i c  sys tem 

where p roduc t  boxes a r e  p laced  i n  l i g h t w e i g h t  m e t a l  boxes and indexed around 

t h e  s o u r c e  by pneumatic c y l i n d e r s .  The boxes s l i d e  from p o s i t i o n  t o  p o s i t i o n  

on s t a i n l e s s  s t e e l  t r a y s  and r o l l e r  conveyors.  

The e f f i c i e n c y  of t h e  box i r r a d i a t o r s  i s  i n c r e a s e d  i n  r e l a t i o n  t o  t h e  

amount o f  p roduc t  i n  t h e  i r r a d i a t i o n  chamber. Some box i r r a d i a t o r s  n o t  on ly  

index  t h e i r  p roduc t  around t h e  s o u r c e  i n  b o t h  l a t e r a l  d i r e c t i o n s  ( d i r e c t i o n s  

p a r a l l e l  t o  t h e  p l a n e  o f  t h e  s o u r c e ) ,  b u t  a l s o  may have t h e  p roduc t  4 o r  

5 l a y e r s  deep ( i n  t h e  d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  s o u r c e  p laque)  on each 

s i d e  of t h e  source .  These m u l t i d i r e c t i o n ,  m u l t i p a s s  sys tems can r e a l i s t i c a l l y  

i n c r e a s e  e f f i c i e n c i e s  up t o  35 p e r c e n t .  

C a r r i e r .  Large c a r r i e r s  o r  t o t e s  on overhead conveyor sys tems a r e  com-

monly used t o  t r a n s f e r  groups  of boxes o r  p a l l e t s  through t h e  i r r a d i a t i o n  

chamber. I s o m e t r i c  drawings of t o t e  and p a l l e t  i r r a d i a t o r s  a r e  shown i n  

F i g u r e s  4 and 5 ,  r e s p e c t i v e l y .  The c a r r j e r s  may a c t u a l l y  convey two p a l l e t  

l o a d s ,  one above t h e  o t h e r ,  t o  h e l p  i n c r e a s e  t h e  e f f i c i e n c y  (McKinnon and Chu, 

The advan tages  of a c a r r i e r  sys tem o v e r  a  m u l t i d i r e c t i o n ,  m u l t i p a s s  con-

veyor  sys tems a r e  t h a t  1) t h e  sys tem i s  n o t  a s  l a b o r  i n t e n s i v e  w i t h  regard  t o  

p roduc t  h a n d l i n g ,  2 )  packaging and p r o c e s s i n g  f l e x i b i l i - t y  i s  n o t  a s  l i m i t e d ,  



3) the system requires smaller periods of time for product changeover, and 4) 

the maintenance requirements will probably not be as high. The disadvantages 

of a carrier system are 1) a smaller overall geometrical efficiency, and 2) a 

poorer dose distribution ratio since the product is thicker. Actual operating 

experience with a pallet irradiator is discussed by Leemhorst (1984). 

Machine-Generated Radiation Sources 

Figure 6 shows a typical layout for an electron beam facility (Gallien et 

al., 1985). The accelerator can be positioned either horizontally or verti- 

cally in the facility. 

The accelerator section of the machine is often located in a room sepa- 

rate from the irradiation chamber. If the accelerator section is in the 

irradiation chamber, additional space is needed for it which increases the 

concrete costs. Although some shielding or limited access provisions must be 

made for field emissions or straying beam currents in the accelerator section, 

the shielding requirements are not nearly as severe as those for the targeting 

area in the irradiation chamber. 

An accelerator power source is usually characterized by high voltage and 

high capacity. Utility requirements, specifically with regard to grounding, 

need to therefore be considered. 



A s  w i t h  i s o t o p e  f a c i l i t i e s ,  mechanical  and e l e c t r i c a l  i n t e r l o c k s  must b e  

p rov ided  t o  ensure  s a f e t y  f o r  o p e r a t i n g  personne l .  I f  t h e  i n t e r l o c k s  a r e  

v i o l a t e d ,  a la rms  should b e  a c t i v a t e d ,  and t h e  machine shou ld  be  a u t o m a t i c a l l y  

s h u t  o f f .  The i n t e r l o c k s  shou ld  a l s o  e n s u r e  t h a t  a c c e s s  t o  t h e  i r r a d i a t i o n  

chamber i s  delayed f o r  a s u i t a b l e  p e r i o d  t o  pe rmi t  t h e  v e n t i l a t i o n  system t o  

d i l u t e  t h e  ozone and n i t r o g e n  o x i d e s  c o n c e n t r a t i o n  i n  t h e  beam a r e a .  
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K E Y  

1. Water Cooler 
2. Radiition Room Ventilation System 
3. Radiation Room Monitor Probe 
4. Safety Delay Timer Alarms 
5. Emergency Stop Device . 
6. Heat and Smoke Sensors 
7. Water Level Control-Nod . 
8. Water Level Control-Abnormal (Low) 
9. Source Hoist 

10. 'Source Down' Switch 
11. Roof Plug Interlock Switch(s) 
12. Pool Guard 
13. Radiation Room Shield--Concrete 
14. 'Source Up' Switch 
IS. Source Storage Pool 
16. Safety Delay Timer Keyswitch 
17. Exhaust Air Intake 
18. Personnel and Product EntryExit Maze 
19. Radiation Warning Light , 

20. "Source Moving' Light 
21. Product Entryaxit Barrier Doors 
2 2  Product Entryaxit Maze 
23. Product Exit Monitor 
24. Source Hoist Power Disconnect - . 
25. Check Source Location , 
26. Personnel Access DoorWith Interlocks 
21. Radiition Room Monitor with Alarms 
28. Seismic Detector 
29. Master Key Attached to Portable Survey Meter 
30. Control Console 
31. Water Conditioner 

Figure I. Typical components for an isotopic irradiator (American National Standard N43.10, 1984). 



Figure 2. Cut-away isometric drawing of a bulk product irradiation plant. 



Figure  3 .  Schematic of t h e  conveyor system f o r  t he  Marine Products  Development I r r a d i a t o r  (Mi l l e r  and 
Herbert ,  1964). 
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Introduction 

Our primary research objective was to develop eEficacy data on radiation 

treatments against Indianmeal moth, Plodia interpunctella (HUbner), navel 

orangeworm, Amyelois transitella (Walker) and driedfruit beetle, Carpophilus 

hemipterus (L,). Earlier work done on these and other species indicated that 

control could be obtained by treatment at doses not exceeding the FDA limit of 

1 kGy (100 krad) . While considerable in£ormation exists on the radiation 
doses required to prevent reproduction in numerous insect species, data on 

larval mortality and feeding behavior after irradiation are limited. In 

particular, the effectiveness of radiation in reducing commodity damage from 

feeding larvae is poorly understood. Our research was therefore directed at 

determining the dose required to prevent reproduction and minimize feeding 

damage. 

The insects chosen for this study represent a wide range of habits and 

responses to radiation, and so our research objectives varied accordingly. 



The Indianmeal moth i s  a  p e s t  of world-wide importance, capable of i n f e s t i n g  a  

v a r i e t y  of s to red  products ,  I n f e s t a t i o n s  may occur a t  any time s o  t h a t  any 

s t a g e  of t he  i n s e c t  may be p re sen t  i n  t h e  commodities. Information on t h e  

r a d i a t i o n  e f f e c t s  on bo th  feeding  behavior  of i r r a d i a t e d  l a rvae  and reproduc- 

t i o n  of i r r a d i a t e d  a d u l t s  and pupae were necessary f o r  t h e  purposes of t h i s  

p r o j e c t .  On the  o t h e r  hand, most nave l  orangeworm i n f e s t a t i o n s  of commodities 

occur  i n  t h e  f i e l d  and a r e  c a r r i e d  i n t o  s to rage ,  where a d u l t s  do not  normally 

reproduce. Since r a d i a t i o n  would only be u s e f u l  i n  cleaning-up l a r v a l  in fes -  

t a t i o n s  on incoming produce, t h e  e f f e c t s  of r a d f a t i o n  on l a r v a l  m o r t a l i t y  and 

feeding  behavior  were of prime cons idera t ion .  With t h e  d r i e d f r u i t  b e e t l e ,  

bo th  l a r v a l  and a d u l t  s t a g e s  feed ,  and so r a d i a t i o n  e f f e c t s  on a d u l t  longevi ty 

and feeding  behavior ,  i n  a d d i t i o n  t o  reproduct ion were examined. Since eggs 

a r e  t h e  most r a d i o s e n s i t i v e  s t a g e  i n  any i n s e c t ,  when e f f e c t i v e  con t ro l  of 

more advanced s t a g e s  i s  obta ined ,  t h e  egg s t age  should a l s o  be con t ro l l ed .  

Because of t h i s  and the  l o g i s t i c a l  problems involved,  the effect of r a d i a t i o n  

on t h e  egg s t a g e  of t h e  above i n s e c t s  was not  s tud ied .  

L i t e r a t u r e  Review 

Indianmeal Moth 

The e f f e c t s  of r a d i a t i o n  on the  Indianmeal moth (IPIM) have been exten- 

s i v e l y  s tudied .  The p o s s i b i l i t y  of developing a s t e r i l e  i n s e c t  r e l e a s e  

program, us ing  r a d i a t i o n - s t e r i l i z e d  IMM, along with the  use  of d i r e c t  rad i -  

a t i o n  t rea tments  f o r  commodity d i s i n f e s t a t i o n s  has  been inves t iga t ed .  



Radiation effects on the reproductive capacity of IMM irradiated as pupae 

and adults were observed by Cogburn et al. (1966) and Brower (1975, 1976) .  

Radioresistance was shown to increase with the age of irradiated pupae and 

males were less affected than females. Relatively high doses (greater than 

500  Gy) were needed to significantly reduce adult emergence from pupae 2.5 to 

5 days old. Complete sterility of older female pupae was obtained at 350 Gy, 

while male pupae were only 60% sterile at 500 Gy. Progeny numbers of irradi- 

ated males mated with untreated females was reduced by 90% at 350 Gy and 95% 

at 550 Gy, When IMM adults were irradiated, no progeny were produced by males 

treated with 500 Gy, or by females treated with 450  Gy. 

The inheritance of radiation induced sterility by the progeny of parti- 

ally sterile IMM irradiated as pupae was determined by Cogburn et al. (1966) 

and Brower (1976).  F1 progeny of irradiated male pupae showed a high degree 

of sterility when compared to progeny of irradiated females. Also female F j  

progeny were less likely to inherit sterility from irradiated parents. The 

progeny of irradiated adults were also noted to inherit sterility (Brower, 

1979 ,  1981) .  Again, female IMM were less likely than males to pass on radia- 

tion-induced sterility to their progeny, or inherit sterility from irradiated 

parents. In both irradiated parents and adults, the highest degree of steril- 

ity was obtained in F incrosses.1 

Less information is available concerning the effects of radiation on the 

larval stage of the IMM. Generally, lepidopterous larvae are more radiosensi- 

tive than pupae or adults. Cogburn et al. (1966) showed that the percentage 

of successful pupation of irradiated last instar larvae decreased wjth 



increasing dose. No irradiated 1.arvae were able to complete development and 

emerge as adults, even at doses as low as 132 Gy. Diapausing IMM larvae were 

prevented from pupating at 200 Gy, but while nearly all mature non-diapausing 

larvae successfully pupated at this dose, none were able to emerge as adults 

(Brower, 1980). Ashraf et al. (1971) reported a similar pattern of pupation 

and adult emergence, and also noted that feeding in irradiated larvae was 

reduced or abandoned even though the larvae often lived for long periods of 

time after treatment. 

Generally, the egg stage is most susceptible to radiation-induced damage, 

due to the presence of mitotic activity in embryonic tissues (Tilton and 

Brower, 1983). Cogburn et al. (1966) reduced egg hatch by 45.8% with a 

treatment of 250 Gy, and all resulting larvae died shortly after hatching. 

Age of eggs was determined to be an important factor (Brower, 1974) with older 

eggs more radioresistant. 

Disinfestation of IMM populations in a number of dried fruit and nut 

commodities has been investigated (Brower and Tilton, 1970, 1971, 1972). In 

all cases, the target stages irradiated were eggs, young larvae and oviposit- 

ing adults. Suggested doses for practical levels of control. were 200 or 250 

Gy. For complete control and elimination of feeding damage, 400 Gy was 

recommended. Doses near 500 Gy were predicted to control mixed stages of the 

IMM in cornmeal when complete mortality by one month after treatment was 

required, but 200 Gy was recommended if delayed mortality was acceptable 

(Tilton et al., 1978). 



Navel Orangeworm 

Prev ious  r a d i a t i o n  s t u d i e s  on t h e  n a v e l  orangeworm (NOW) were p r i m a r i l y  

t o  develop a s t e r i l e  i n s e c t  r e l e a s e  program. Consequent ly ,  most d a t a  a v a i l -  

a b l e  d e a l  w i t h  t h e  e f f e c t  of r a d i a t i o n  on NOW r e p r o d u c t i o n .  t lusseiny and 

Madsen (1964) d i d  t h e  most comprehensive s t u d y  on i r r a d i a t e d  NOW. A dose of 

120 Gy comple te ly  p reven ted  h a t c h  o f  i r r a d i a t e d  eggs  and emergence of normal 

a d u l t s  from mature  i r r a d i a t e d  l a r v a e .  Pupae t r e a t e d  a t  1.6 kGy o r  above were  

unab le  t o  emerge as a d u l t s .  Adul t s  emerging from pupae t r e a t e d  w i t h  500 Gy o r  

above produced no v i a b l e  eggs.  The lowest  dose  caus ing  complete s t e r i l i t y  o f  

i r r a d i a t e d  a d u l t  NOW was 540 Gy. 

D r i e d f r u i t  B e e t l e  

While c o n s i d e r a b l e  work h a s  been done on i r r a d i a t i o n  of s t o r e d  p roduc t  

b e e t l e s ,  l i t t l e  i n f o r m a t i o n  e x i s t s  on r a d i a t i o n  e f f e c t s  on n i t i d u l i d s .  

Papadopoulou (1964) r e p o r t e d  t h a t  88 and 95% of  d r i e d f r u i t  b e e t l e  eggs  f a i l e d  

t o  h a t c h  when t r e a t e d  a t  250 and 500 Gy, r e s p e c t i v e l y .  The t i m e  r e q u i r e d  f o r  

50% of DFB l a r v a e  t o  d i e  a f t e r  i r r a d i a t f o n  a t  1 kGy was 3 days.  F i f t y  p e r c e n t  

m o r t a l i t y  was reached 3 days  a f t e r  t r e a t m e n t  i n  a d u l t s  i r r a d i a t e d  a t  1.5 kGy. 

Reproduction was p reven ted  from a d u l t s  i r r a d i a t e d  a t  1 kGy. 

Eggs and l a r v a e  o f  t h e  corn  s a p  b e e t l e  (Carpophi lus  d i m i d i a t u s )  f a i l e d  t o  

produce a d u l t s  when i r r a d i a t e d  a t  d o s e s  a s  low as 50 Gy (Rrower e t  a l . ,  1973).  

One kCy was r e q u i r e d  t o  complete ly  p reven t  a d u l t  emergence from i r r a d i a t e d  

pupae, b u t  a d u l t  l o n g e v i t y  was s i g n i f i c a n t l y  reduced a t  lower doses ,  



Longevity of i r r a d i a t e d  a d u l t s  was a l s o  reduced. Since t h e  corn sap b e e t l e  

was considered r e l a t i v e l y  r a d i o s e n s i t i v e ,  any dose providing adequate c o n t r o l  

of o t h e r  s p e c i e s  would a l s o  c o n t r o l  t h e  corn sap b e e t l e .  

I r r a d i a t i o n  and Transpor ta t ion  

I r r a d i a t i o n  f a c i l i t i e s  f o r  t he  p r o j e c t ,  provided by t h e  Department of 

Energy, were loca t ed  a t  t h e  Sandia Nat iona l  Labora tor ies  i n  Albuquerque, New 

Mexico. The f i r s t  i r r a d i a t o r  used was t h e  Sandia I r r a d i a t o r  f o r  Dried Sewage 

So l id s  (SIDSS) which employed a  bucket conveyor t o  move m a t e r i a l  p a s t  an  

underground cesium-137 source. When SIDSS became unavai lab le ,  work was 

t r a n s f e r r e d  t o  t h e  Gamma I r r a d i a t o r  F a c i l i t y  (GIF), a cesium-137 chamber 

i r r a d i a t o r .  For a l l  r a d i a t i o n  t r i a l s ,  doses were monitored by s t r a t e g i c a l l y  

p lac ing  thermo-luminescent dosimeters  (TLD) w i t h i n  the  t e s t  ma te r i a l .  Af t e r  

t rea tment ,  t h e  TLDs were analyzed by t h e  Sandia Dosimetry Laboratory, t o  

determine t h e  a c t u a l  dose received by t h e  t e s t  m a t e r i a l ,  

The r e p r e s e n t a t i v e  commodities chosen f o r  t h e  p r o j e c t  were r a i s i n s ,  

walnuts and almonds. Commodity samples f o r  u se  i n  r a d i a t i o n  t r i a l s  were 

provided by the  corresponding marketing boards.  Tes t  i n s e c t s  were from s tock  

c u l t u r e s  kept  a t  t h e  Hort icul . tura1 Crops Research Laboratory, Fresno, Cal i -

f o r n i a .  Af t e r  i r r a d i a t i o n ,  m a t e r i a l  was re turned  t o  t h e  Fresno l abo ra to ry  f o r  

eva lua t ion .  A i r  f r e i g h t  t r a n s p o r t a t i o n  of t e s t  m a t e r i a l  t o  and from t h e  

i r r a d i a t i o n  f a c i l i t i e s  i n  Albuquerque was a l s o  provided by t h e  marketing 

boards.  P l a s t i c ,  i n su l a t ed  i c e  c h e s t s  were used a s  shipping conta iners .  Tes t  

m a t e r i a l  was gene ra l ly  s e n t  t h e  day before  a scheduled r a d i a t i o n  t reatment  and 



returned the evening of or the morning after treatment. In all cases, control 

insects were also shipped but left untreated. 

Indianmeal Moth Pupae and Adults 

Since doses needed to prevent adult emergence of lepidopterous pupae or 

cause immediate mortality in adult moths are generally too high for practical 

consideration and those stages cause no feeding damage, the primary objective 

in studies with IMM pupae and adults was to prevent their reproduction. In 

addition, the physical effect of the commodities on the response of irradiated 

pupae was determined. 

For the IMM pupal experiments, mature IMM larvae reared on standard bran 

diet were placed in pint mason jars containing 125 g of commodity. The larvae 

were held at 2 7 O C  for 8 days and allowed to cocoon and pupate within the 

commodity. The jars were then shipped to Albuquerque for irradiation at 150, 

300, 600 and 900 Gy, and returned to Fresno immediately after treatment. 

Test jars were held at 2 7 O C  and checked daily for any adult emergence. 

Emerging adults were paired up in one of three mating combinations: incrosses 

of irradiated females with irradiated males (I9 x Id), outcrossed irradiated 

females with untreated, normal males (I 9 x N d )  and outcrossed irradiated 

males with normal females (N 'i x Id). Paired adults were allowed to mate and 

oviposit in plastic pint cartons containing bran diet. The resulting F1 

progeny were reared in the cartons at 2 7 O C .  Emerging F1 adults were collected 

and paired up in mating combinations similar to the previous generation. The 



resulting progeny numbers were determined by collecting the emerging F
2 

adults. Two such pupal experiments were conducted. 

Virgin IMM adults for irradiation were obtained by removing cocoons from 

colony pupation rolls and placing them in individual stoppered test tubes. 

After adult emergence, the moths were sexed and sent to Albuquerque for 

irradiation at 150, 300, 600 and 900 Gy. Adults were returned to Fresno 

immediately after treatment and paired in mating combinations as described 

above. The reproductive potential of the resulting Fl progeny was similarly 

determined. 

Tables 1 and 2 show percent emergence 0f adults from irradiated pupae in 

the two tests. Little or no emergence occurred from pupae treated with 900 

Gy. Those adults that did emerge were deformed and died almost immediately 

after emergence. Emergence was reduced significantly from the controls at the 

600 Gy level, and the resulting adults were weak, deformed and unable to mate. 

Little or no reduction in adult emergence was found in the 150 and 300 Gy 

levels. 

The average adult progeny numbers produced by IMM irradiated as pupae are 

given in Table 3. Reproductive studies were limited to the 150 and 300 Gy 

treatment levels because of the lack of undeformed adults at higher levels. 

Progeny numbers were greatly reduced from controls in the incrosses and 

outcrossed female combinations at 150 Gy. No progeny were produced in these 

combinations at 300 Gy. A slight reduction occurred in the outcrossed male 

combination at 150 Gy, with a more significant decrease at 300 Gy. 



The d i f f e r e n t  commodities had no c o n s i s t e n t  e f f e c t  on t h e  response of IMM 

t o  r a d i a t i o n .  No s i g n i f i c a n t  d i f f e r e n c e  was found i n  a d u l t  emergence o r  

progeny numbers from t h e  d i f f e r e n t  commodities. 

The e f f e c t  on t h e  reproduct ive  p o t e n t i a l  of t h e  F progeny of i r r a d i a t e d
1 

pupae i s  g iven  i n  Table 4 .  Since i r r a d i a t e d  females were s t e r i l e  a t  300 Gy 

and produced few progeny a t  150 Gy, only progeny from outcrossed males were 

used i n  t h e  f i r s t  t e s t .  I n  t h e  second t e s t ,  progeny of i nc ros ses  and out- 

crossed females a t  t he  150 Gy l e v e l  were a l s o  used f o r  mating s t u d i e s .  

A t  t h e  150 Gy l e v e l ,  t h e  h ighes t  o v e r a l l  reduct ion  i n  F reproduct ive
1 

capac i ty  occurred when both pa ren t s  were i r r a d i a t e d ,  F progeny of outcrossed 
1 

i r r a d i a t e d  males produced fewer o f f s p r i n g  than  F progeny of outcrossed1 

i r r a d i a t e d  females.  The reproduct ive  capac i ty  of female F1 progeny was 

c o n s i s t e n t l y  l e s s  a f f e c t e d  than t h e i r  male counterpar t s .  

The reproduct ive  capac i ty  of Fl progeny of outcrossed males was g r e a t l y  

reduced a t  300 Gy. Again, female progeny were s l i g h t l y  l e s s  a f f e c t e d  than 

males,  bu t  even so ,  reproduct ive  capac i ty  was reduced by 93% o r  more i n  a l l  

mating combinations. 

Adult progeny numbers of i r r a d i a t e d  a d u l t  IMM and t h e i r  corresponding 

reduct ion  from c o n t r o l  progeny numbers a r e  given i n  Table 5. No progeny were 

produced by a d u l t s  i r r a d l a t e d  a t  e i t h e r  600 o r  900 Gy. A t  300 Gy, i nc ros ses  

were completely s t e r i l e  and outcrossed female progeny numbers were reduced by 

99.9%. Male reproduct ive capac i ty  was a l s o  g r e a t l y  a f f e c t e d ,  w i th  a  reduct ion  



of 92.4%. Female reproductive capacity was reduced by more than 90% at 150 

Gy, while that of males was reduced only 45.6%. 

The effect on the reproductive capacity of the FI generation is given in 

Table 6. The results are very similar to those obtained from irradiated 

pupae. F1 progeny of irradiated females are less affected than progeny of 

irradiated males, and F females are more productive than their male siblings. 
1 

Regardless of parental origin, F incrosses were completely sterile. The1 

highest overall. reduction was found in F1 progeny of adult males irradiated at 

300 Gy. 

Indianmeal Moth and Navel. Orangeworm Larvae 

In contrast to pupae and adults, lepidopterous larvae cause direct damage 

to infested commodities. Consequently, sterility or reduced reproductive 

potential may not be a suitable criterion for evaluating the effectiveness of 

radiation treatments against TMM and NOW larvae. For this reason, larval 

studies were designed to determine the length of time to mortality for irradi- 

ated larvae and the effect of radiation on larval feeding behavior and devel- 

Larvae for the radiation studies were reared from rhe neonate stage in 

2 ml plastic analytical beakers containing 1 m1 of artificial codling moth 

diet. To determine the length of time to mortality after irradiation, 6- and 

11-day-old IMM and 7-, 12- and 15-day-old NOW larvae were irradiated at 150, 

300, 450 and 600 Gy. Test larvae were held at 27°C until mortality or pupa- 

tion and subsequent adult emergence. 



The effect on larval feeding behavior and development was examined using 

6-day-old IMM and NOW larvae irradiated at 300 and 450 Gy. Immediately after 

treatment larvae were transferred to beakers with fresh diet where they were 

allowed to feed for several days before a second transfer to fresh diet. The 

amount of diet consumed in both sets of beakers was visually rated as an 

indication of larval feeding activity. Larval development was monitored by 

periodical.ly weighing individual larvae. 

The effect on larval damage to the conlmodity was determined by irradiat- 

ing IFM and NOW larvae at 300 and 450 Gy in I oz cups filled with bran diet. 

Immediately after treatment, the larvae were transferred to pint mason jars 

containing 125 g of the appropriate commodity. The larvae were allowed to 

feed and develop on the commodity. After adult emergence, the commodities 

were inspected and rated for damage. 

Figures 1 and 2 show percent larval mortality over time for 6- and 

11-day-old ZPllM respectively. In both cases, control mortality was very low, 

while most treated larvae died before pupation, Thirteen percent of the 

11-day-old larvae treated at 150 Gy successfully pupated, but none completed 

development to emerge as adults. Thus, even 150 Gy is sufficient to prevent 

adult emergence and reproduction. 

Mortality in irradiated 6-day-old larvae began almost immediately after 

treatment. Complete mortality for the 600, 450, 300 and 150 Gy treated larvae 

occurred at 14, 19, 30 and 42 days post-treatment, respectively. Mortality in 

control larvae was 4%, while 90% ha( 1 pupated by 24 days post-treatment, 



Compared to that of younger larvae, mortality in 11-day-old larvae was 

delayed and did not begin until 19 days post-treatment. In contrast, 90% of 

the control larvae had successfully pupated by 14 days post-treatment. 

Maximum mortality for the 600, 450, 300 and 150 Gy-treated larvae was reached 

at 36, 44, 46 and 50 days post-treatment, respectively. Although older larvae 

die before or shortly after pupation, radiation does extend their lifespan 

considerably past the normal. While the lifespan of younger larvae is not 

necessarily extended after irradiation it does take as long as 2 weeks after 

treatment, even at the highest dose, for complete mortality to occur. 

The results from the NOW studies were similar. Figures 3, 4 and 5 give 

percent larval mortality for 7-, 12- and 15-day-old NOW larvae. Control 

mortality for NOW was much higher than for IMM, due to the diet drying out. 

As in the IPIM, mortality began earlier in the younger irradiated larvae. The 

older the larvae, the more time was required for complete mortality to occur. 

Plaximum control pupation for 7-day-old NOW larvae occurred 19 days 

post-treatment. Complete mortality ranged from 15 days post-treatment for 600 

Gy to 38 days post-treatment for 150 Gy. The lifespan of younger NOW larvae 

was not abnormally extended after irradiation. 

Complete mortality in the older, 12-day-old NOW larvae took from 27 to 54 

days post-treatment, depending upon the dose. Maximum control pupation was 

reached 21 days post-treatment. In this case, only the lower doses seem to 



For t h e  o l d e s t  NOW l a r v a e ,  maximum c o n t r o l  p u p a t i o n  occur red  15 days  

pos t - t r ea tment  w h i l e  complete  m o r t a l i t y  of i r r a d i a t e d  l a r v a e  emerged from 38 

t o  56 days .  A s  w i t h  t h e  IMN, r a d j a t i o n  a t  a l l  doses  extended t h e  l i f e s p a n  of 

n e a r l y  mature  l a r v a e .  

L a r v a l  development, measured a s  weight g a i n ,  was i n h i b i t e d  by r a d i a t i o n .  

F i g u r e  6  g i v e s  t h e  mean w e i g h t s  o f  6-day-old IMM l a r v a e .  C o n t r o l  mean weight  

i n c r e a s e s  v e r y  r a p i d l y  and t h e n  d rops  w i t h  t h e  o n s e t  of pupa t ion .  Mean weight 

of i r r a d i a t e d  l a r v a e  i n c r e a s e s  d u r i n g  t h e  f i r s t  6  days pos t - t r ea tment  and t h e n  

l e v e l s  o f f .  The peak weight  f o r  l a r v a e  t r e a t e d  a t  300 Cy was 52% of  t h e  peak 

weigh t  f o r  c o n t r o l s ,  w h i l e  450 Gy t r e a t e d  l a r v a e  weighed 32% of t h e  c o n t r o l s .  

The e f f e c t  i s  even more n o t i c e a b l e  i n  6-day-old NOW l a r v a e  ( F i g u r e  7 ) .  

When compared t o  t h e  mean weight  of c o n t r o l  l a r v a e  t h e  peak weigh t  of l a r v a e  

t r e a t e d  a t  300 and 450 Gy was on ly  11 and 8% t h a t  of t h e  c o n t r o l s ,  r e s p e c t -  

i v e l y .  While i t  a p p e a r s  t h a t  NOW l a r v a e  a r e  more r a d i o s e n s i t i v e  t h a n  IMM, i t  

i s  n o t  p o s s i b l e  t o  d i r e c t l y  compare t h e  r e s u l t s  of t h i s  t e s t .  Radiosensi -

t i v i t y  depends t o  some e x t e n t  on t h e  developmental  s t a g e  i r r a d i a t e d .  Thus, 

t h e  r e l a t i v e  r a d i o r e s i s t e n c e  o f  t h e  IMM l a r v a e  was p robab ly  due t o  t h e i r  be ing  

i n  a  more developmental ly  advanced s t a g e .  I n  any e v e n t ,  r a d i a t i o n  does slow 

and e v e n t u a l l y  s t o p  l a r v a l  development. 

A d e c r e a s e  i n  weight  g a i n  s u g g e s t s  t h a t  r a d i a t i o n  i n t e r f e r e s  w i t h  normal 

l a r v a l  f e e d i n g .  When t h e  e x t e n t  of pos t - t r ea tment  f e e d i n g  on a r t i f i c i a l  d i e t  

i s  examined (Table  7 ) ,  t h i s  i s  found t o  be  t r u e .  By 6  days  p o s t - t r e a t m e n t ,  

93.8% of NOW c o n t r o l  l a r v a e  d i s p l a y e d  moderate o r  e x t e n s i v e  f e e d i n g  a c t i v i t y ,  



a s  opposed t o  26.6 and 5.4% shown by l a rvae  i r r a d i a t e d  a t  300 and 450 Gy. 

Most t r e a t e d  NOW l a r v a e  were capable of only s l i g h t  feeding.  IMM showed 

s i m i l a r  r e s u l t s ,  wi th  83.8% of c o n t r o l  l a rvae  e x h i b i t i n g  moderate feeding and 

few t r e a t e d  l a rvae  capable of more than s l i g h t  feeding.  

The reduct ion i n  l a r v a l  feeding continued between 6 and 10 days post-  

t rea tment .  Again, 94% of NOW c o n t r o l  l a rvae  displayed moderate o r  ex tens ive  

feeding  a c t i v i t y ,  whi le  a l l  t r e a t e d  l a r v a e  showed s l j g h t  o r  no feeding.  No 

moderate o r  ex tens ive  feeding  was exh ib i t ed  by any IbW l a rvae ,  inc luding  t h e  

con t ro l s .  But whi le  t h e  reduct ion  i n  feeding  a c t i v i t y  i n  i r r a d i a t e d  l a r v a e  

can be a t t r i b u t e d  t o  t h e  t rea tment ,  i n  c o n t r o l  l a rvae  i t  was a r e s u l t  of 

nea r ly  90% pupation. 

Commodity damage due t o  l a r v a l  feeding was a l s o  reduced a f t e r  t reatment .  

Tables  8 ,  9 and 10 summarize the  r e s u l t s  of damage eva lua t ions  of NOW and IMM 

i n f e s t e d  almonds, walnuts  and r a i s i n s ,  r e spec t ive ly .  I n  a l l  c a ses ,  s i g n i f i -

c a n t l y  more of t h e  commodity escaped o r  received only n e g l i g i b l e  damage when 

i n f e s t e d  wi th  i r r a d i a t e d  l a r v a e  than wi th  un t r ea t ed  i n s e c t s .  Also, commodi-

t i e s  i n f e s t e d  wi th  un t r ea t ed  l a r v a e  showed s i g n i f i c a n t l y  more moderate damage 

than  d id  those  i n f e s t e d  wi th  i r r a d i a t e d  la rvae .  It should be noted t h a t  t he  

i n f e s t a t i o n  l e v e l s  used i n  t h e s e  experiments a r e  very  h igh ,  wi th  40 t o  50 

l a r v a e  present  i n  125 g of commodity. Damage from i r r a d i a t e d  l a r v a e  should be 

f a r  l e s s  no t i ceab le  a t  i n f e s t a t i o n  l e v e l s  normally found i n  commercial proc- 

e s s i n g  systems. 

No a d u l t  moths were recovered from any of t he  commodities i n f e s t e d  wi th  

i r r a d i a t e d  l a rvae .  Adult emergence from n u t s  conta in ing  un t r ea t ed  l a r v a e  



ranged from 62.5 to 90.8%. Emergence of IMM adults from raisins infested with 

untreated larvae was only 33.2%,  suggesting that raisins are a poor diet for 

IMM development. 

Post-infestation weights of nuts infested with untreated NOW were sig- 

nificantly lower than those infested with irradiated NOW. Larvae of the TMM, 

being smaller than NOW larvae, consume less of the commodity, thus significant 

weight differences were harder to detect. Almonds infested with untreated IMM 

showed significantly lower post-infestation weights than almonds with irradi- 

ated IMM, but weight of walnuts with untreated IMM were not sjgnificantly 

different from those infested with IMM irradiated at 450 Gy. No significant 

differences in weight were detected in any of the IMM-infested raisins. 

Driedfruit Beetle 

Since both larvae and adult driedfruit beetles feed, and the average 

adult lifespan is 3 to 4 months, the crlteria for determining efficacy cannot 

be limited to adult sterility and reduction of larval feeding, The lifespan 

of irradiated adults must be shortened and their feeding also reduced. 

Larval infestations of raisins were obtained by adding large numbers of 

adult beetles to pint jars containing 125 g of moist raisins. The beetfes 

were allowed to oviposit in the jars for 3 days and then removed. The jars 

were shipped to Albuquerque and irradiated at 150, 300, 600 and 900 Gy. Three 

different age groups of larvae were treated. 



T e s t  jars were h e l d  a f t e r  t r e a t m e n t  a t  27OC. When l a r v a e  were judged t o  

b e  n e a r  m a t u r i t y ,  t h e  j a r  l i d s  were r e p l a c e d  w i t h  c o u r s e  s c r e e n  and t h e  j a r s  

i n v e r t e d  o v e r  c a r t o n s  c o n t a i n i n g  mois t  sand.  The sand was examined per iod-  

i c a l l y  f o r  mature  l a r v a e ,  pupae and a d u l t s .  

Even-aged DFB pupae were  o b t a i n e d  by e x t r a c t i n g  prepupae from t h e  sand 

s u b s t r a t e  of r e a r i n g  j a r s .  Newly emerged pupae w r e  c o l l e c t e d  p e r i o d i c a l l y  

o v e r  a  span of 3 days  and h e l d  a t  10°C u n t i l  a s u f f i c i e n t  number were ob-

t a i n e d .  The pupae were t h e n  s e g r e g a t e d  by s e x  and p laced  i n  m o i s t  v e r m i c u l i t e  

i n  2 m l  v i a l s  f o r  t r a n s p o r t  and i r r a d i a t i o n  a t  300 and 450 Gy. A l l  pupae were 

h e l d  a t  27OC f o r  a d u l t  emergence. 

Pupae e x t r a c t e d  from r e a r i n g  j a r s  were s e g r e g a t e d  by sex  and h e l d  u n t i l  

a d u l t  emergence. The r e s u l t i n g  v i r g i n  a d u l t s  were shipped and i r r a d i a t e d  i n  

p l a s t i c  v i a l s  a t  300 and 450 Gy. A f t e r  t r e a t m e n t ,  groups  of males and females  

from each t r e a t m e n t  l e v e l  were p laced  i n  p i n t  r e a r i n g  j a r s  c o n t a i n i n g  m o i s t ,  

s t e r i l e  sand and banana s l i c e s .  The jars were checked p e r i o d i c a l l y  f o r  a d u l t  

m o r t a l i t y  and progeny development. 

No i r r a d i a t e d  l a r v a e  of any age  s u r v i v e d  t o  t h e  a d u l t  s t a g e  (Table  11). 

Of t h e  l a r v a e  i r r a d i a t e d  when 7 t o  10 days  o l d ,  most s u r v i v e d  t o  t h e  mature  

wandering s t a g e  and were recovered  i n  t h e  sand benea th  t h e  t e s t  j a r s .  When 

compared w i t h  c o n t r o l s ,  a s i g n i f i c a n t l y  g r e a t e r  number of i r r a d i a t e d  l a r v a e  

were found dead s h o r t l y  a f t e r  t h e i r  emergence from t h e  r a i s i n s  (19 t o  21  days  

a f t e r  commodity i n f e s t a t i o n ) .  Very few l a r v a e  i r r a d i a t e d  when 4 t o  7 days  o l d  

s u r v i v e d  t o  t h e  wandering s t a g e ,  and a l l  had d i e d  19 t o  21 days  a f t e r  



infestation. No irradiated larvae treated when 1 to 4 days old were found in 

the sand. For DFB, even the lowest dose was enough to prevent adult emergence 

from the most resistant, older larvae, 

Pupae of the DFB proved considerably more radiosensitive than the IltlM. 

Pupal mortality was 91.5 and 98% for 300 and 450 Gy, respectively, with pupal 

sex having no observable effect on mortality (Table 12). Adults emerging from 

irradiated pupae died shortly (within 48 hrs) after emergence. The results 

from the adult irradiation were difficult to interpret, due to erratic control 

mortality. Within one week after treatment, all treated adults were dead, 

while control mortality was less than 50%. No progeny were detected in the 

rearing jars containiag irradiated adults. Untreated control adults produced 

large numbers of healthy progeny. 

Conclusions 

Our results corroborate those of earlier studies and show that gamma 

radiation treatments for insect disinfestation of dried Fruits and nuts are 

efficacious, although certain limitations of the method must be accepted. The 

most practical dose for providing a sufficient level of control of the three 

insects considered in this study is 300 Gy. This dose would be considered the 

minimum dose required within the commodity for adequate control. Since most 

engineering designs specify a 1 . 5 : 1  or 2 : l  maximum:minimum dose ratio, the 

applied dose would be between 450 and 600 Gy. 

Because of the possible presence within treated commodities of any stage 

of the Jndianmeal moth, the effect of radiation on all stages must be 



considered. The number of progeny of female TMII  irradiated as pupae or adults 

can be reduced by 99 to 100% with a 300 Gy dose, but adult emergence and 

longevity are not significantly reduced. One possible disadvantage could then 

be consumer reaction to the presence of living, though sterile adults within 

the commodity. Adult IMM are not long-lived, and most moths would not survive 

after normal processing and shipping times. 

A treatment dose of 300 Gy effectively halts reproduction in female IMM 

irradiated as pupae or adults, but only partially sterilizes similarly treated 

males. Partial male sterility should not be considered a disadvantage. Since 

irradiated males would have to mate with unirradiated females to produce 

progeny and any such females migrating into the treated product would probably 

have already mated with unirradiated males, the presence of only partially 

sterile males after treatment does not present a threat of reinfestation to 

the product. 

Incomplete male sterility may actually be advantageous by slowing rein- 

festation from outside sources. Should any untreated virgin females invade 

the treated product and mate with an irradiated male, their progeny would be 

almost completely sterile, even when mating with untreated adults. Thus the 

presence of partially-sterile males may form a reproductive barrier to inva-

sion of the commodity, slowing reinfestation. However, radiation sometimes 

reduces competitiveness in male moths, so the actual impact on the invading 

population may be negligible. 

The delay in mortality of irradiated NOW and IPlM larvae as compared to 

fumigation may prove a more serious disadvantage. Complete mortality may take 



nearly two months to occur, depending upon larval age, so that even though 

larval development and feeding damage are substantially reduced, the presence 

of living larvae within commodities may elicit negatlve consumer response. To 

some extent, the severity of the problem is lessened by the fact that larvae 

become sluggish shortly after treatment and often take on a shrivelled 

appearance. 

As was expected, all stages of the DPB proved to be relatively radio- 

sensitive, with 300 Gy preventing reproduction of pupae and adults and devel- 

opment of larvae. Complete mortality of irradiated adults and pupae occurred 

within one week after treatment. While exact measurements of larval longevity 

after treatment were not made, visual examination of treated raisins yielded 

no noticeable living larvae by two weeks after irradiation, with the youngest 

larvae dying even sooner. Thus, for the DFR, radiation as a control method 

does not have the same disadvantages found with lepidopterous larvae. 

Even after taking into account the disadvantages noted above, our study 

indicates that gamma radiation treatments of 300 Gy would provide control 

comparable to that obtained with existing methyl bromide treatments. Addi-

tional studies need to be conducted before adopting this technology as a 

control procedure. Since the product may be treated when coming directly from 

the field or cold storage, the effects of temperature extremes on efficacy 

must be determined. Radiation may be used in conjunction with modified 

atmospheres, and so any antagonistic or synergistic effects from the combina- 

tion of these two methods must be investigated. Pilot scale studies must also 

be done to corroborate laboratory findings with field data. 
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Table 1. Percent adult emergence from IMM irradiated as pupae in commodities: 
Test I. 

Dose Raisins Almonds Walnuts Combined 

(GY) 
9 d 0 d 9 d 0 d 

Data subjected to arcsine transformation. ANOVA and DMRT done at the 5% level 
of significance. Same letters after column means indicate no significant 
difference. 



Table 2. Percent adult emergence from IPQf irradiated as pupae in commodities: 
Test 11. 

Dose Raisins Almonds Walnuts Combined 

Data subjected to arcsine transformation. ANOVA and DMRT done at the 5% level 
of significance. Same letters after column means indicate no significant 
difference. 
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Table 4 .  Progeny numbers and percent reduction of F offspring of IMM
1irradiated as pupae. 

Test I Test I1 

Dose Mating % % 
(GY) 

Parental 
combinat ion 3 reduction 

-
X reduction 

Progeny from Progeny from 
numbers control numbers control 

0 control Ng x N d  280.6 a - 332.6 a -

150 I g x  I d  F1q x F d  - - 1.5 b 99.5 

F1g x Nd - - 84.0 ab 74.7 

Ng x Fd - - 22.0 b 93.4 

ANOVA and DMRT done at the 5% level of significance. Column means followed by 
the same letter are statistically similar. 



Table  5 .  Mean progeny numbers o f  i r r a d i a t e d  a d u l t  IMM. 

Mating combination 2 progeny numbers % r e d u c t i o n  from c o n t r o l  

C o n t r o l  279.8 a -

ANOVA and DMRT done a t  5% l e v e l .  Column means fol lowed by t h e  same l e t t e r  a r e  
s t a t i s t i c a l l y  s i m i l a r .  



Table 6. Progeny numbers and percent  r educ t ion  of P o f f s p r i n g  of IMP[
1i r r a d i a t e d  a s  a d u l t s .  

Dose P a r e n t a l  Mating ii. progeny % 
(GY) combination numbers reduc t  i on  

Cont ro l  N Q x N d  

N Q  x F1d 1.4 d 99.3 

ANOVA and DMRT done a t  t h e  5% l e v e l  of s i g n i f i c a n c e .  Column means followed by 
t h e  same l e t t e r  a r e  s t a t i s t i c a l l y  s i m i l a r ,  
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Table 8. Percent: damaged nuts in almonds infested with irradiated NOW and IMM 
larvae, 

Extent of damage Weight of Test Dose 
Insect commodity 

(Gy) Negligible Slight Moderate Extensive (€9 

NOW 0 19.6 a 13.3 ab 65.4 a 1.7 a 114.5 a 

Initial commodity weight = 125 g, Data subjected to arcsine transformation, 
ANOVA and DMKT done at the 5% level of significance. Column means followed by 
the same letter are statistically similar. 



Table 9. Percent damaged nuts in walnuts infested with irradiated NOW and IMN 
larvae, 

Extent of damage Weight of Test Dose 
Insect commodity 

(") Negligible Slight Moderate Extensive (g) 

NOW 0 0.8 a 3.0 a 87.5 a 8.8 a 111.7 a 

Initial commodity weight = 125 g. Data subjected to arcsine transformation. 
ANOVA and DMRT done at the 5% level of significance. Column means followed by 
the same letter are statistically similar. 



Table  10.  P e r c e n t  damaged r a i s i n s  i n f e s t e d  w i t h  i r r a d i a t e d  IMM. 

E x t e n t  of damage Weight of
Dose commodity
(GY) N e g l i g i b l e  S l i g h t  Moderate E x t e n s i v e  (g> 

I n i t i a l  commodity weight  = 125 g .  Data s u b j e c t e d  t o  a r c s i n e  t r a n s f o r m a t i o n .  
ANOVA and DMRT done a t  t h e  5% l e v e l  of s i g n i f i c a n c e .  Column means fol lowed by 
t h e  same l e t t e r  a r e  s t a t i s t i c a l l y  s i m i l a r .  



Table 11.  Surviva l  of DFB l a r v a e  i r r a d i a t e d  i n  r a i s i n s  a t  3 d i f f e r e n t  ages.  

% No. DFB recovered To ta l  DFB 
19-21 days a f t e r  i n f e s t a t i o n  surv iv ing  

Dose t o  a d u l t  
Age c l a s s  (GY) T o t a l  l i v i n g  DFB T o t a l  dead DFB s t a g e  

(7-10 days) 150 27.4 b 18.2 b 0 

300 21.4 b 43.8 c 0 

600 1.4 c 45.8 c 0 

(4-7 days) 150 0 2.6 0 

(1-4 days) 150 0 0 0 

ANOVA and DMRT done a t  the  5% l e v e l  of s ign i f i cance .  Column means followed by 
t h e  same l e t t e r  a r e  s t a t i s t i c a l l y  s i m i l a r ,  



Table 12. Percent mortality of DPB irradiated as pupae. 

Dose (Gy) % pupal mortality % pupal mortality 

Data subjected to arcsine transformation. ANOVA and DMRT done at 5% level of 
significance. Column means followed by the same letter are statistically 
similar. 



I I I I I i 

-15krads-30krads-45krads 
60krads --

. 0---0 Control 

90% CONTROL 

6-DAY-OLD IMM -. 

--[I)- ---- ------------O H ~ ---u 
-. 

I I I I 
I I 

DAYS POSTTREATMENT 
Fig. 1. Posttreatment mortality of 6-day-old IMM larvae irradiated at 
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DAYS POSTTREATMENT 
Figure 2. Posttreatment mortality of 11-day-old IMM larvae irradiated at 
150, 300, 450 and 600 Gy (15, 30, 45 and 60 krad) (n = 100). 
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Figure 3. Post t reatment  mor t a l i t y  of 7-day-old NOW l a rvae  i r r a d i a t e d  a t  150, 300, 
450 and 600 Gy (15, 30, 45 and 60 krad)  (n = 100). 



DAYS POSTTREATMENT 
Figure 4. Posttreatment mortality of 12-day-old NOW larvae irradiated at 150, 300, 
450 and 600 Gy (15, 30, 45 and 60 krad) (n = 100). 
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Figure 5. Posttreatment mortality of 15-day-old NOW larvae irradiated at 150, 300, 
450 and 600 Gy (15, 30, 45 and 60 krad) (n = 100). 
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Introduction 

Larvae of the codling moth, W i a  panonella (L.) infest walnuts as 

well as apples, pears, and many other deciduous fruit crops. Research at 

Fresno, Calif. (Hartsell unpublished) has demonstrated that methyl bromide 

fumigation is effective as a quarantine treatment for codling moth eggs 

and lawae inwalnuts. Mature larvae usually leave the host fruit in 

search of a suitable location to spin a cocoon and, therefore, mature 

diapausing larvae would not be present in harvested fruit at the time of 

treatment. However, larvae occasionally remain in walnuts where they spin 

a cocoon and enter diapause to overwinter. Ektended treatments using MB 

are required to control such diapausing larvae. 

In the Northwestem USA the codling moth usually has two generations. 

It overwinters as diapausing larvae in cocoons, pupates in the early 

spring and anexyes as an adult mth. Eggs are laid, hatch and produce 

larvae that usually pupate and produce adults in mi-. These moths 

lay eggs that produce a second generation of larvae. Such larvae usually 

mature in late summer and leave the fruit in search of a suitable site in 

which they can spin a cocoon to overwinter. 

Fumigation using methyl brani.de has been accepted by Japan and Korea 

as a treatment to eliminate any codling moth infestation that may be 

present in cherries (Anonymus 1978, Anonymous 1984). Hmever, thus far 

we have not been successful in developing such a treatment for most  other 

hosts. 



Research has demonstrated that irradiation is an effective treatment 

for stored grain as well as fruit pests (Tilton and Wlrditt 1983). 

Research on development of quarantine treatments at Yakima, Wash. has 

indicated that ganuna irradiation would be effective against mature, 

m n e d  diapausing and non-diapausing codling moth larvae in f-

strips and against mature or immature codling moth larvae in apples 

(Burdittand Moffitt 1985, Wlrditt et al. 1985). Research was undertaken 

at USIX-RS laboratories in Fresno, Calif. and Yakima, Wash., in 

cooperation with the U. S. Department of Energy, to determine if radiation 

would be a suitable alternative to Mgation as a treatment for 

disinfestation of dried fruits and nuts. Studies on ccdling moth larvae 

infesting walnuts were conducted at ,Yakima to determine the dose of 

irradiation required to prevent pupation of larvae and aneqence of adults 

(Wlrditt 1986). 

Materials and Methods 

Codling moth larvae used in this r e s d  were from a colony that has 

been maintained on thinning apples for over 20 years as described by 

Hamilton and Hathaway (1966) and Wlrditt and Moffitt (1985) . 
Non-diapausing larvae were obtained by holding infested thinning apples in 

f- trays at ca 24°C and 60-80% RH with a 16:8 haur light: dark 

cycle. Diapausing larvae were obtained by holding the fruit in trays at 

16-18°Cand 60-80% RH with an 8:16 hour light: dark cycle. 

The effect of gamma radiation on development of non-diapausing codling 

moth larvae was determined by treatment of infested thinning apples. On 



May 24, 1984 codling moth eggs were placed on thinning apples, in 36 

fiberboard trays, each containing ca 380 infested thinning apples. 

On May 30, 10 of the trays of infested apples were selected at 

randan. Ten fruit fran each of these trays were placed in each of 33 

3.8-litre (17 cm diameter x 18 cm high) pa- cartons. Fluted 

fib&mad strips were placed in each carton to provide a suitable site in 

which mature larvae would be able to spin m n s  and subsequently 

pupate. On May 31, the 100 fruit in 1 carton were cut to determine the 

stages of development of larvae present. The remining cartons, each 

containing 100 infested fruit, were irradiated, as described below, at 

applied doses of 0, 9.8, 19.6, 39.2, 58.7, 78.3, 97.9 or 117.5 Gy. 

[Previously published data (l3urditt et al. 1985) used nominal doses.] 

On June 7, 10 more of these trays of infested apples were selected and 

the above procedure was repeated. On June 8,the cartons of infested 

fruit were treated at applied doses of 0,19.6, 39.2, 58.7, 78.3, 97.9, 

117.5 or 138.0 Gy. 

Fiberboard strips were placed on the infested apples in the remaining 

16 trays to collect mature lawae. On Jbne 11, the strips were remwed 

and placed in 32 paprboard cylinders 4 an diameter x 11.4 cm long. These 

were treated on June 12 at applied doses of 0, 41.4, 62.0, 82.7, 103.4, 

124.1, 145.7 or 166.4 Gy. 

The f&&nml strips f m  each treatment were remaved and replaced at 

weekly intemals for 3 weeks and held in I-quart cartons to pennit mature 



larvae to form pupae and adults to merye. Adult w e n c e  was determined 

daily from June 21 until July 18. The strips were held until August 8 to 

insure that mergence was ccunplete. Subsequently the strips were opened 

to determine the number and stage of development of any insects remaining 

in the strips. Finally, the infested apples were cut to determine the 

number and stage of developent of insects remaining in the fruit. 

Samples were exposed to garmna radiation supplied by an AECL 

Gammabeam-650 irradiator at Battelle Pacific Northwest Laboratories, 

Richland, Wash. It had an initial (1971) loading of 50,000 Ci of 

cobalt-60. The unit has 12 vertical tubes into whi& the cobalt is raised 

and held in place pneumatically during the timed exposure period. The 12 

source tubes are adjustable to a closed position (7 cm diameter space 

between the tubes) or an open position (80 m diameter space) or any 

intermediate position. The tubes had an initial sequential loading of 8, 

4, 0.5, 8,4, 0.5, 8, 4, 0.5, 8, 4, 0.5, Ci; i.e., theloadingwas 

symmetric but not uniform. Since any one or group of tubes can be raised, 

this gives dose rate flexibility. The dose rate can also be adjusted by 

placing material outside the array of tubes on a platform rotating 3 times 

a minute. The roam housing the source is 7.3 x 7.3 meters with the source 

in the center. 

The gallon cartons containing infested apples or the pa-

cylinders containing strips,were placed on a Nordic Micro-Go-Round No. 

62304 food rotator which rotated at approximately 0.5 rev/&. Two mrbns 

were placed one on top of the other on the Go-Round which was in the 



center of the open tubes; i. e. , 80 cm diameter spacing. Four cylinders, 
held together by a rubber band, were placed on the Go-Round for treatment. 

A series of measurements made with direct NBS-traceability indicated 

the mid-point dose rate was 9.4 Gy/min. Ivkaswementswith the cartons of 

apples in place with both a ~ictoreen thimble and with TLD chips (LiF) 

indicated the mean dose at the center of the carton was 8.9 Gy/min. The 

5% difference is accounted for by the dose absorbed by the apples. There 

was up to a 15% dose variation with position of the apples in the two 

stacked cartons; i.e., the mid-point was highest with laver doses above 

and belm the mid-point during the May 31 and June 8 exposures. The 

paperhard cylinders containing m n e d  larvae in fhxbard strips were 

exposed on June 12 so that the dose rate delivered to the larvae was 9.4 

Gy/min. Expome times were: May 31 - 1.1, 2.2, 4.4, 6.6, 8.8, 11 and 

13.2 minutes; June 8 - 2.2, 4.4, 6.6, 8.8, 11, 13.2 and 15.5 minutes; June 

12 - 4.4, 6.6, 8.8, 11, 13.2, 15.5 and 17.7 huteS* 

The effect of gamma radiation as a treatment for disinfestation of 

walnuts infested by codling qoth larvae was determined by treatment of 

nuts containing mature, cocooned larvae. In order to estimate the dosage 

required to prevent emeqence of adults from mature larvae, a total of 26 

trays, each containing ca. 380 infested apples, were held under conditions 

for production of non-diapausing larvae. After 16 days, when the larvae 

were in the 4th or 5th instar, 35 walnuts were placed on each tray of 

thinning apples. Holes 0.4 cm diameter had been drilled through the shell 

of each nut. As the larvae reached maturity, they left the apples and 

entered the nuts in search of a suitable site in which to spin their 



cocoons. After 3 days the infested nuts were removed, randomized and 5 

nuts fran each of 13 trays were placed in a 3.8 litre p a p e r M  carton 

for irradiation. 

Nuts fran 1 carton fran each of the replicates were examined to 

estimate the maturity and numker of larvae in the nuts at the time of 

treatment. The remaining cartons of nuts were irradiated as described 

above. TWO cartons containing infested walnuts were stacked vertically on 

food rotator in the center of the open irradiator tubes (Wzrditt et al. 

1985). They were treated at the rate of 7.05k0.05 Gy/min. with doses of: 

0, 42.3, 84.6, 126.9, 169.2 or 338.4 Gy. Following treatment, the nuts 

were placed in llbetal codling mth mergence boxes (Hutt et a1. 1972) and 
adult emergence was determined daily until no mths had emerged for at 

least 30 days to insure that emeqence was complete. Subsequently the 

boxes and nuts were opened and examined to determine the numkr of insects 

remaining and their stage of development. 

An additional test was conducted to determine if adults could emeqe 

following exposure of mature larvae to an irradiation dose estimated to 

prevent such emqence based on other research. Codling moth eggs were 

placed on thinning apples in 40 fiberboard trays, 20 of which were 

subsequently held wder non-diapause-inducing conditions and 20 trays 

which were held under diapause-inducing conditions. Walnuts were placed 

on the former trays of apples after 16 and 19 days and on the latter trays 

after 36 and 40 days. After the larvae had entered the nuts and spun 

cocoons, the nuts were removed, randadzed and 5 nuts fran each of 10 

trays were placed in 3.8 litre glass jars for irradiation. The jars of 



nuts were placed on the rotating platform -ing the sources, with 

the jars placed 55 a.frm the cobalt sources, which were in the closed 

position. The nuts were exposed to 177 Gy at the rate of 3.62+ 0.36 

Gy/min. Halfway through the treatment the jars were rotated 180" to give 

a more uniform exposure. Following treatment the nuts with larvae were 

held under non-diapause conditions to permit lhrther development and adult 

elleqence. 

Treated and untreated larvae were held under similar conditions but in 

separate roorms to reduce the possibility of accidental contamination. 

Adult emryence was determined daily. When apparently normal males and 

females were available frcnn lawae irradiated at 42.3 Gy, they were placed 

in plastic bags for mat* and aviposition. Subsequently, the nuts were 

opened to determine haw many of the remaining larvae had pupated. 

Results and Discussion 

Examination of a sample of the infested apples that was irradiated on 

May 31 showed that 54.6% of the young larvae present: were 1st instar, 

40.5% were 2nd instar and 4.9% were 3rd instar at m e  time of treamt. 

Examhation of those that were irradiated on Sune 8 showed that 17.6% of 

the older larvae were 3rd instar, 17.6% were 4th instar and 64.8% were 5th 

instar. ~xamination of a sample of strips handled in a manner shdlar to 



strips irradiated on June 12 shmed that 12%of the mature cocooned larvae 

could have transformed to pupae. 

Data on the number of insects surviving exposure t o  garrrma radiation as 

larvae and their subsequent developi?mt are summarized in Table 1. Data 

for the control treatments (0Gy) were analyzed t o  determine i f  there were 

significant differences in the number of larvae in the in i t ia l  population 

tested. These analyses showed that there was  no significant difference i n  

the total number of insects recovered frcrm the populations tested on May 

3 1  and June 8. Hmever, the population of larvae tested on June 12 was 

significantly lower than the others since this population contained only 

the larvae that had matured, l e f t  the frui t  and entered the strips prior 

t o  June 11when they were removed for treatment. 

Based on the stage of development of larvae a t  the time of treatment, 

we  suggest that those larvae that were in the 2nd and 3 r d  instar when 

irradiated on May 3 1  apparently were able to continue their developent 

and emerge as adults follming exposure to 39.2 Gy. However, only the 3 r d  

instar larvae were able t o  emeqe as adults following exposure t o  78.3 Gy 

and 89% of those were obviously abnormal in a m c e ,  having malformed 

wings or  abdaens. A t  an exposure of 97.9 Gy some of the 2nd and most of 

the 3rd instar larvae were able t o  form pupae. Larvae in the 1st instar 

a t  the t h e  of treatment apparently were not able t o  mature and form 

cocoons following exposure t o  58.7 Gy, although they were able t o  continue 

development and eJnerge as adults following exposure to 19.6 Gy. F i r s t  

instar larvae that died before reaching maturity apparently deccrmposed and 



could not be accounted for when the fruit or strips were examined 

(Table 1) .  

Based on the stage of development of larvae treated on June 8, we 

suggest that those larvae that were in the 3xd instar were not able to 

form pupae follawing exposure to 58.7 Gy, and most were unable to becane 

mature larvae following exposure to 78.3 Gy. The groups of 3 r d  instar 

larvae that had been treated on May 3 1  developed to this stage twice as 

rapidly as those treated on June 8. F'urther research is needed to confirm 

our above suggestions. This would require detailed research on the 

effects of irradiation on iurther development of larvae treated in various 

stages of development and the required to reach a specific instar. 

Exposure on June 8 of older larvae to 78.3 Gy resulted in less adult 

emeqence than expeckd, based on development when treated. However, the 

larvae were able to form pupae. Those larvae destined to kecome female 

moths were more susceptible to irradiation than the males, and terminated 

development as pupae. 

The percentage of adult emergence from irradiated larvae was compared 

to adult emmjence from untreated larvae to obtain the mortality due to 

irradiation dose. Fercentage mortality was transfoMnsd to probits (Bliss 

1935) in order t o  estimate the dose required for quarantine security based 

on probit 9 of 99.9968% mortality (Baker 1939). [Data reported previously 

( M i t t  et al. 1985) were based on nominal doses. Those reported here 

have been corrected based on actual doses. ] 



Analyses of the dosage-mortality data for larvae irradiated on May 31 

showed that quarantine security based on probit 9 (99.9968%) mortality 

could be achieved by an exposure to 130 Gy based on adult emeqence. 

Exposure to 340 Gy would be required to prevent any lst, 2nd or 3rd instar 

larvae reaching maturity and spinning m n s .  However, exposure to a 

dose of 116 Gy would eliminate 95% of the mature larvae. 

Analyses of the dosage-mortality data for older or mature larvae 

(those irradiated on June 8 or 12) showed that the doses required to 

prevent adult mergence at the probit 9 security level were 174 and 223 

Gy, respectively. Since many of the former l m e  already were in the 5th 

instar, it was not possible to prevent such larvae from reaching maturity. 

2. Efficacy of gamma radiation as a treatment for disinfestation of 

walnuts infested by codling moth larvae (Wlrditt 1986) 

Data to estimate the dosage required for quarantine security using 

infested walnuts are summarized in Table 2. These data shaw that 83.2% of 

the untreated larvae were able to continue their developent and emeqe as 

adults, ampared to 65.3, 22.3 and 0.9% for larvae in nuts exposed to 

doses of 42.3, 84.6 and 126.9 Gy, respectively. Many of the adults frwm 

irradiated larvae had malformed wings, abdmens, or other appendages. At 

these doses 40.7, 98.0 and loo%, respectively, of the insects that cmeqed 

as adults obviously were abnormal on external examination, canpared to 

2.0% of the adults frcnn untreated larvae. When the larvae had been 

exposed to 169.2 or 338.4 Gy ca. 33% formed pupae but none emerged as 

adults. 



F'urther examination of the adults developing frcm larvae in walnuts 

exposed to 42.3 Gy shaved that 76% were males ccurrpared to 56% for adults 

developing from untreated larvae. All of the adults developing from 

larvae exposed to 84.6 or 126.9 Gy were males. At these doses, larvae 

destined to became female moths were unable to ccanplete their pupal 

development. Attempts were made to mate apparently normal moths 

developing from larvae that had been expsed to 42.3 Gy. No eggs were 

laid by such moths. 

The dosage-mortality curves resulting from probit analysis of these 

data are shm in Figure 1. The dose required for wantine security 

(probit 9=99.9968% mortality) would be 127 Gy to prevent emeqence of 

apparently normal adults and 188 Gy to prevent emeqence of any adults 

from lamae reared under non-diapause conditions and irradiated as mature 

fifth instar cocooned larvae, in walnuts (Table 3) . 

Results froan the exposure of larvae at 177 Gy are summarized in 

Table 4. These data shav that diapausing larvae were more susceptible to 

irradiation than non-diapausing larvae. No adults merged from diapausing 

larvae in walnuts that had been exposed to 177 Gy and only 2,9% of the 

larvae were able to fom pupae. In contrast, 35.8% of the non-diapausing 

larvae formed pupae and 1.2% of the larvae continued their development and 

emeqed as adults. Hawever, these adults were obviously abnormal. These 

data also show that differences in developent and emeqence of adults 

from untreated diapausing and non-diapausing larvae were statistically 

significant. More adults emerged fram those r&ed in non-diapause 



conditions and there were more larvae and abnormal adults from those 

reared in diapause conditions. 

This research has demonstrated that irradiation from a cobalt 60 gamma 

ray source is effective as a quarantine treatment for inshell walnuts 

infested by mature cocooned diapausing or non-diapausing codling moth 

larvae (Wlrditt 1986) . Previous research has shm that gamma radiation 

would prevent emergence of adults from larvae that had been irradiated as 

immature larvae in apples or as mature larvae in fih&xrd strips 

(Burdittardl Moffitt 1985, Wlrditt et al. 1985). 

Conclusions 

Research was coladucted at the Yakima Agricultural Research Laboratory 

to determine the effect of gamma radiation on codling moth, Cvdia 

pcnnonella (L.), larvae as a pest of quarantine importance infesting 

walnuts. Research on immature l m e  could not be done using infested 

walnuts, since su& infestations occur in immature nuts on the tree. 

Therefore, such studies were conducted using thinning apples. Research on 

mature larvae was conducted using mature, cocooned larvae either in fluted 

fibrbaxd strips or in mature, harvested walnuts. 

Codling moth larvae reared on thinning apples at ca 24"C, 60-80% RH 

and 16:8 hours light: dark cycle were divided into 3 groups according to 

age. Young (1-3 instar) or older (3-5 htar) larvae in apples or mature, 

m n e d ,  non-diapausing codling moth larvae in strips were exposed to 

gamma radiation at doses up to 166.4 Gy (16.64 krad). Follming 



irradiation the larvae were held to pennit further developnent, pupation 

and adult erneqence. The nwrber of adults emerging as well as mature 

larvae and pupae present that did not produce adults was determined. Two 

deformed adults developed and emery& fram the young larvae exposed to 

97.9 Gy. Six deformed adults developed and emerged frum older larvae 

exposed to 117.5 Gy and one frcnn 138.0 Gy. Of the mature larvae treated 

at 124.1, 145.7 and 166.4 Gy, 14, 3 and 2 adults erneqed, respectively. 

One of those from each of the 124.1 and 145.1 Gy treatments appeared to be 

normal in exbrnal appearance. At lower doses (39.2 to 82.7 Gy) adult 

emergence was reduced and many of those that did emerge were physically 

deformed. At 58.7 Gy, and above, adult emergence was restricted to mostly 

males. Examination of the dead puparia shaved that many of the females 

were unable to ccnnplete their developent and eclose as adults. Data from 

these studies were used to predict doses of gamma irradiation required as 

a quarantine treatment to prevent emergence of cdling mth adults fran 

fruit infested by larvae. These doses were 130, 174 and 223 Gy for young, 

older and mature larvae, respctively. 

Irradiationwas considered as a potential treatment for disinfestation 

of either diapausing or non-diapausing mature cocooned codling mth larvae 

in walnuts. Exposure of larvae to 42.3 or 84.6 Gy from a cabalt-60 gamma 

source significantly reduced emqence of normal adults. The dose 

required for quarantine security (99.9968% mortality) was 188 Gy based on 

emergence of any adults fram treated larvae. Apparently normal adults did 

not ermerge from larvae exposed to 177 Gy inwalnuts. 
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Table 1. Developnent of codling moth larvae follcwing irradiationa 

Date 
Irradiated 

Dose 
(GYI 

Mature 
Lanrae 

Mean number of surviving insects 
and stase of development canpleted 
Pupae Adults 

Abnormal Normal Total 

0 
9.8 
19.6 
39.2 
58.7 
78.3 
97.9 
117.5 

2.7 ab 
6.0 abc 
2.0 a 
2.2 ab 
6.5 abc 
11.2 c 
7.7 bc 
5.5 ab 

12.5 ab 
6.5 a 
11.0 ab 
14.7 abc 
22.5 cd 
30.5 d 
17.7 bc 
11.5 ab 

5.7 bc 178.2 e 
3.2 abc 158.5 d 
5.0 abc 166.7 d 
17.0 d 132.0 c 
23.7 e 42.7 b 
8.2 c 1.0 a 
.5 ab .O a 
.O a .O a 

199.2 f 
174.2 de 
184.7 ef 
166.0 d 
95.5 c 
51.0 b 
26.0 a 
17.0 a 

June 8, 
1984 

0 
19.6 
39.2 
58.7 
78.3 
97.9 
117.5 
138.0 

1.5 a 
2.7 a 
4.7 a 
5.2 a 
20.7 b 
60.0 c 
108.2 d 
120.5 e 

6.0 ab 
3.0 a 
9.2 ab 
35.0 c 
77.7 d 
84.7 d 
71.5 d 
26.7 bc 

3.7 a 
4.0 a 
14.7 b 
39.2 c 
48.5 d 
13.2 b 
1.5 a 
.2 a 

189.7 d 
160.5 c 
160.7 c 
90.2 b 
6.5 a 
,5 a 
.O a 
.O a 

201.0 c 
170.2 abc 
189.5 bc 
169.7 abc 
153.5 ab 
158.5 ab 
181.2 abc 
147.5 a 

June 12, 
1984 

a Means within each date and column followed by the same letter are not 
significantly different at P = 0.05, using Duncanlsnew multiple range 
test. 



Table 2. Welopnent of mature, cxxooned fifth instar  

non-diapawing codling moth larvae in walnuts follming 

irradiation at various dosages 

Stage of develoment m l e t e d  (%la Lawae 

Mature Pupae Adults treated 

((3) larvae Abnormal Normal (Number) 

0 6.7 a 10.1 a 1.6 a 81.6 c 181 

a Mean percentages followed by the same letter within a column 

are not significantly different at P = 0.05 (Duncan 1955) . 



Table 3. Probit analysis statistics f o r  i r r a d i a t i o n  of  mature f i f t h  

instar cocooned codling moth lanme t o  prevent adult emeqence 

Dose rewired t o  prevent eclosion of: 

S t a t i s t i c  88Norma188adu l t s  Total adults 

LD5, (Fid. l i m i t s )  41.8 (39.3 - 44.0) 73.6 (66.5 - 78.2) 

LDg5 (Fid. limits) 66.0 (59.8 - 77.9) 108.1 (101.8 - 119.6) 

illg9. 9968 (Fid. limits) 126.8 (100.3 - 192.1) 187.5 (156.6 - 263.1) 

Slope (SE) 8.3 (1.2) 9.8 (1.6) 

Intercept (SE) 



Table 4. Developnent of mature, cocooned fifth instar codling moth larvae 

following irradiation in walnuts 

Stacre of developnent cmpleted (%Ia Larvae Walnuts 

Dose Type of Mature pupae Adults treated treated 

(Gy) ~~e larvae Abnormal Normal (No.) (No-

0 Diapause 13.1 b 12.8 a 13.8 c 60.3 b 224 200 

Non-diapause 0.4 a 15.1 a 3.8 b 80.7 c 658 200 

177 Diapause 97.2 d 2.9 a 0.0 a 0.0a 1931 1200 

Non-diapause 64.2 c 34.7 b 1.2 a 0.0a 4023 1200 

" Mean percentages followed by the same letter within a c o l m  are not 

significantly different at P=0.05 (lxlncan 1955). 
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Introduction 

Irradiation of agricultural commodities offers an alternative to fumiga- 

tion as a means of insect disinfestation (Moy, 1977). The attractiveness of 

irradiation depends on a number of factors: Economics, availability of 

chemical fumigants, and whether or not there are problems with consumer 

acceptance of irradiated products, among others. Part of the question of 

consumer acceptance is whether or not deleterious organoleptic changes occur 

when commodities are irradiated to kill or sterilize insect pests. It has 

been known that radiation-induced physiological changes may occur in fresh 

fruits and vegetables (Maxie et al., 1971). With dried fruit and tree nuts, 

physiological changes are not important, but there remains the possibility 

that new compounds will appear as a direct result of irradiation or as a 

consequence of free radical oxidation reactions initiated by irradiation. 



Commodities containing high levels of unsaturated lipids are particularly 

likely to suffer oxidation which is evidenced by rancidity. Such oxidation 

processes have been reviewed by Frankel (1984). Free radicals are readily 

formed in polyunsaturated fatty acids. Reaction with oxygen continues chain 

reactions producing organic peroxides, which then suffer thermal breakdown to 

polymeric products and oxygenated compounds of low molecular weight. It is 

the latter compounds which are responsible for characteristic rancid odors and 

flavors of oxidized foods. Although many of the compounds characteristic of 

rancidity can be isolated and identified by instrumental techniques such as 

gas chromatography combined with mass spectroscopy (GC-MS), sensory evaluation 

by trained individuals is often the most sensitive method. This technique 

requires panels of judges and the application of statistical techniques 

(Kramer, 1965). The experiments described herein were designed to test 

whether detectable changes were brought about in dried fruit and tree nuts by 

gamma irradiation at doses suitable for insect disinfestation or by subsequent 

storage. 

Materials 

Almonds 

For the first year's tests, shelled almonds from the 1983 crop which had 

been fumigated with methyl bromide (inorganic bromide residues 50 ppm or less) 

were obtained through the Almond Board of California. Unfumigated samples of 

the same varieties (Mission and Nonpareil) were obtained from the hullers and 



cleaned at the USDA Western Regional Research Center (WRRC), Albany. CA. 

Samples were stored at 34°F until they were irradiated in April 1984. During 

the second year's experiments, samples of shelled Mission almonds and un- 

shelled Nonpareil (NP) and Mission (M) almonds were also obtained through the 

Almond Board in October 1984 and stored at 34OF until irradiation in July and 

August of 1985. For irradiation the nuts were packaged in 2-lb samples in 

plastic bags with holes for aeration. 

Walnuts 

In the tests run in 1984, shelled walnut halves fumigated once with 

methyl bromide from the 1983 crop were obtained from Diamond Walnut Growers. 

These were stored at 34OF and packaged in 2-lb samples in aerated plastic bags 

for irradiation. For the second year's testing, both shelled and unshelled 

walnuts were obtained from Diamond in closed cellophane or plastic bags (2 lbs 

unshelled and 1 lb shelled) and held at 34OF until irradiated. 

A 140-lb sample of 1983 crop raisins, cleaned and fumigated once, was 

obtained from Sun Maid. This was stored at 34OF, then divided into 2-lb 

samples and packaged in aerated plastic bags. The second year samples from 

the 1984 crop were already packaged in 15-oz commercial packages and stored at 

34OF until they were irradiated in the package. 



P i s t a c h i o s  

These were t e s t e d  only during t h e  second year .  Unshelled p i s t a c h i o s  from 

t h e  1984 crop were obtained from t h e  C a l i f o r n i a  P i s t a c h i o  Associat ion and he ld  

i n  cold s to rage  a t  34'F. When ready f o r  i r r a d i a t i o n ,  they were packaged a s  

- 2-lb samples i n  ae ra t ed  p l a s t i c  bags. 

These a l s o  were examined only i n  t h e  second-year t e s t s .  Unpit ted prunes 

from t h e  1984 crop were obtained i n  commercial p l a s t i c  1-lb bag packages from 

Sunsweet Prune Growers. They were s to red  a t  3 4 O P  and i r r a d i a t e d  i n  t h e  

package. 

Methods 

I n  t h e  f i r s t  phase, t h e  2-Zb samples were i r r a d i a t e d  i n  t h e  Sandia 

I r r a d i a t o r  f o r  Dried Sewage So l id s  (SIDSS) F a c i l i t y .  A 40-lb c o n t r o l  l o t  of 

each type of sample ( she l l ed  fumigated and unfumigated Mission and Nonpareil  

almonds, she l l ed  walnuts and r a i s i n s )  was held a t  WKRC Albany, a t  ambient 

temperature dur ing  t h e  time t h e  o t h e r  samples were i r r a d i a t e d .  The r e s t  of 

t he  m a t e r i a l  was s e n t  t o  Sandia Nat iona l  Labora tor ies  i n  Albuquerque, NM 

during t h e  week of Apr i l  2,  1984. They were i r r a d i a t e d  on A p r i l  12 and 13 and 

re turned  t o  Albany by a i r  f r e l g h t .  Po r t ions  of each commodity were given 

nominal doses of 150, 300, 600 and 900 Gy (15, 30, 60 and 90 k rad ,  respec t ive-  

l y ) ,  us ing  cesium-137 a s  t h e  source of gamma-radiation. Samples i n  bags were 



placed  i n  t h e  bottom of b u c k e t s  ( F i g u r e  1 )  i n  a  s i n g l e  l a y e r .  The b u c k e t s  on 

a  con t inuous  conveyor were t h e n  passed  over  and under t h e  cesium-137 s o u r c e ,  

t h e  r a t e  o f  speed of t h e  conveyor de te rmin ing  t h e  nominal r a d i a t i o n  dose .  One 

sample o f  a commodity s e l e c t e d  a t  random a t  each l e v e l  of r a d i a t i o n  was 

s u p p l i e d  w i t h  TI,D-400 dos imete r s  a t  10 s t r a t e g i c  l o c a t i o n s  a t  t h e  bottom and 

t o y  of t h e  bag.  The dose  a t  each l e v e l  was o b t a i n e d  from a n  average  of t h e  10 

dos imete r  r e a d i n g s  (F igure  2 ) .  The average  r a t e s  were a l l  q u i t e  c l o s e  t o  t h e  

d e s i r e d  v a l u e  (Table  1 ) .  

The SIDSS F a c i l i t y  was no l o n g e r  i n  o p e r a t i o n  i n  1985, s o  i r r a d i a t i o n  a t  

Sandia  was done i n  t h e  Gamma I r r a d i a t i o n  F a c i l i t y  (GIF). Here,  t h e  samples 

were p l a c e d  n e a r  a s t a t i o n a r y  gamma-source (137Cs) and t ime of exposure  

determined t h e  dose.  Nominal d o s e s  of 300 and 600 Gy were g i v e n  t o  samples of 

each commodity on J u l y  12,  1985, and a d d i t i o n a l  samples were i r r a d i a t e d  ar. 300 

Gy on J u l y  1 2 ,  fo l lowed by a n  a d d i t i o n a l  300 Cy dose  on August 21. The l a t t e r  

samples were h e l d  a t  ambient t empera tu re  i n  Albuquerque between i r r a d i a t i o n s .  

There  was some v a r i a b i l i t y  i n  a c t u a l  dose  r a t e s  (Table  2 ) ,  b u t  average  r a t e s  

were n e a r  t h o s e  d e s i r e d .  A f t e r  t h e  l a s t  i r r a d i a t i o n ,  t h e  samples were re-

tu rned  t o  Albany, CA. A l l  samples from b o t h  s e t s  of i r r a d i a t i o n s  were i n  

Albany w i t h i n  5 days of i r r a d i a t i o n  w i t h  t h e  e x c e p t i o n  of t h e  r a i s i n s  and 

p i s t a c h i o s  from t h e  two s u c c e s s i v e  300 Gy t r e a t m e n t s  one month a p a r t .  The box 

c o n t a i n i n g  t h e s e  samples was l o s t  by t h e  s h i p p e r  and tu rned  up 2 weeks a f t e r  

i r r a d i a t i o n  a f t e r  considerabl-e  t r a v e l  between New Mexico, Arizona,  and C a l i -  

f o r n i a .  Two c o n t r o l s  were used t h e  second y e a r .  One (C2) was h e l d  a t  Albany 

a t  ambient t empera tu re  u n t i l  a r r i v a l  of t h e  f i r s t  samples from Albuquerque. 

The second s e t  of c o n t r o l s  (Cl)  was shipped t o  Albuquerque, b u t  was h e l d  

wi thou t  i r r a d i a t i o n  and r e t u r n e d  w i t h  t h e  i r r a d i a t e d  samples.  



When samples were re turned  t o  Albany, they were t r e a t e d  e s s e n t i a l l y  t h e  

same a s  i n  both 1984 and 1985. Some r e t a i n e r  samples of a l l  commodities were 

pu t  i n t o  s t o r a g e  a t  3 4 " ~ .  One-fourth of t h e  r e s t  were s e n t  immediately t o  t h e  

Department of Food Science and Technology, Oregon S t a t e  IJniversi ty  (OSU), f o r  

panel  t e s t i n g .  The o the r  samples were s t o r e d  i n  t he  packages i n  which they 

were i r r a d i a t e d  i n  a cons tan t  temperature room a t  98°F. A t  t h i s  temperature,  

our  exper ience  i s  t h a t  90-day s t o r a g e  i s  roughly equiva len t  t o  one year  a t  

ambient temperature.  One-third of t h e  s to rage  samples were removed and s e n t  

t o  Oregon S t a t e  a f t e r  30, 60 and 90 days. The san~p le s  l e f t  dur ing  t h e  l a s t  

s to rage  per iod  of t h e  f i r s t  year  were a t  ca .  l2O0P f o r  5 days when a c o n t r o l  

f a i l u r e  occurred. They were t e s t e d  anyway by t h e  t a s t e  panel .  

The samples were eva lua ted  through the  f i r s t  y e a r ' s  s to rage  by a panel  of 

25 experienced judges ( s t a f f  and s t u d e n t s  a t  OSU) supervised by D r .  Mina 

McDaniel. During the  second year  phase, a s i m i l a r  panel  of 22 judges was used 

(some judges were carry-overs from t h e  f i r s t  pane l ) .  The judges were asked t o  

r a t e  t h e  coded samples i n  r e l a t i o n  t o  t he  re ference  ( s to red  c o n t r o l  t h e  f i r s t  

yea r ,  c o n t r o l  C l  t h e  second) f o r  d i f f e r e n c e  on an 8-point s c a l e  wi th  "same a s  

reference" = 1 and "extremely d i f f eyen t "  = 8. They then  r a t e d  a l l  t h e  coded 

samples f o r  d e s i r a b i l i t y  on a 6-point s c a l e  wi th  "very des i r ab l e"  = 6 and "not 

a t  a l l  des i rab le"  = 1 ,  

The 60- and 90-day samples were a l s o  r a t e d  a g a i n s t  c o n t r o l s  he ld  i n  cold 

s torage .  For each s to rage  per iod ,  s e v e r a l  packages of r a i s i n s  from each 

t reatment  were combined. Then smal l  samples were placed i n  coded cups f o r  

p re sen ta t ion  t o  the  panel .  Prune "meat" was c u t  away from t h e  p i t s ,  then 

chopped i n t o  small  p i eces  f o r  servfng.  



The unshelled almonds were shelled. A reference sample and a 200-g test 

sample of all almonds, shelled and unshelled, were then ground 100 g at a 

time, for 25-35 seconds in a Cuisinart DLC-7PR0 Food Processor. Walnuts were 

shelled, if necessary, and then processed in the same manner as almonds, but 

were ground for only 8-10 seconds. It has recently been learned from industry 

personnel that grinding in this way may lead to bitter flavors in some samples 

because the pellicle may release tarinins and related compounds. The pistach- 

ios were shelled and processed the same way for 12-15 seconds. 

Samples were served in 3-oz paper portion cups labeled with 3-digit 

random numbers in random presentation. The panelists were seated in individ- 

ual testing booths under red lighting. The same two samples were served 

together (random order of presentation) for all four test periods. 

Results 

The results are summarized in Tables 3a through 8, Each type of sample 

can be followed through the storage time in an individual table. Scores of 

all panelists were averaged and a statistical least significant difference 

(LSD) was determined at the 5% and the 1% levels. Although there are a number 

of isolated points at which a 95% probabi.lity of a real difference between 

samples and control are shown, one cannot rely too much on the statistics. 

For example, there are samples which show a significantly different flavor 

score, yet which cannot be differentiated by "difference from control". Thus, 

we were cautious in attributing a real trend to irradiation or irradiation 

plus time, When the control is compared to i.tself, for example, the average 



numbers a r e  o f t e n  between 2 and 3  where t h e y  should b e  1.0. Such v a r i a t i o n s  

must be w i t h i n  t h e  sample and cou ld  b e  caused by g r i n d i n g  and mixing one v e r y  

r a n c i d  n u t  w i t h  a number of o t h e r s  which a r e  a c c e p t a b l e .  

Walnuts (Tab les  3a-3d) 

No l e v e l  of i r r a d i a t i o n  used appeared t o  cause  immediate s i g n i f i c a n t  

d i f f e r e n c e s .  However, a t  t h e  l o n g e r  s t o r a g e  times, b o t h  r e p l i c a t e s  t h e  f i r s t  

y e a r  and t h e  u n s h e l l e d  w a l n u t s  t h e  second y e a r  demonstra ted s i g n i f i c a n t  

d i f f e r e n c e s  from c o n t r o l  a f t e r  60 and /or  90 days.  S e v e r a l  of t h e s e  p o i n t s  

were f l a v o r  s c o r e s  l e s s  t h a n  3.0. Walnuts have a h i g h  d e g r e e  of po lyunsa tu ra -  

t i o n  and a r e  s u s c e p t i b l e  t o  e a r l y  r a n c i d i t y ,  even w i t h o u t  i r r a d i a t i o n .  Hence, 

i t  is  probab le  t h a t  h i g h e r  1e v e l s  of i r r a d i a t i o n  cause  addit iona:L o x i d a t i o n  

d u r i n g  s t o r a g e .  

Almonds (Tab les  4a-4r-  59-5dI 

No sample of Nonparei l  almonds had a f l a v o r  s c o r e  of l e s s  than 3.0 

th roughout  i r r a d i a t i o n  and subsequent  s t o r a g e .  I r r a d i a t e d  samples were 

v i r t u a l l y  i n d i s t i n g u i s h a b l e  from c o n t r o l s .  Miss ion almonds t h e  f i r s t  y e a r  

gave problems because  t h e  c o n t r o l ,  unfumigated samples t u r n e d  r a n c i d  d u r i n g  

s t o r a g e ,  w h i l e  i r r a d i a t e d  n u t s  d i d  n o t .  Both s h e l l e d  and u n s h e l l e d  Miss ions  

main ta ined  h i g h  f l a v o r  q u a l i t y  t h e  second y e a r  a t  a l l  r a d i a t i o n  l e v e l s .  



Raisins (Tables 6a-6c) 

Isolated samples of raisins did show deterioration with time, but there 

was no obvious correlation with radiation levels, Such changes are consistent 

with past experience. One sample, irradiated at 600 Gy and stored 90 days, 

became quite unpalatable in both sets of replicate taste tests. However, the 

900 Gy-sample was not affected. 

Pistachios (Table 7) 

No samples received a low score, but two samples irradiated at 600 Gy and 

stored 60 and 90 days were significantly lower in flavor score than the 

control. The sample given two nominal 300 Gy irradiations did not drop in 

flavor score. 

There were no significant differences in flavor attributable to either 

irradiation or irradiation plus storage. 

Conclusions 

Irradiation up to 900 Gy did not cause immediate deterioration in organo- 

leptic quality of any of the commodities tested. With storage time, differ- 

ences were more frequent or more noticeable at the higher irradiation levels. 

The highest level of irradiation, 900 Gy, caused walnuts to deteriorate 



s i g n i f i c a n t l y .  It i s  recommended t h a t  i r r a d i a t i o n  of t h e  commodities, espe-

c i a l l y  wa lnu t s ,  f o r  i n s e c t  d i s i n f e s t a t i o n  b e  done a t  l e s s  t h a n  600 Gy, p r e f e r -  

a b l y  a t  300-450 Gy. M u l t i p l e  doses  appear  t o  be  a c c e p t a b l e  a s  l o n g  a s  t h e  

t o t a l  dose  does n o t  exceed t h e  l i m i t .  However, c u r r e n t  r e g u l a t i o n s  a l l o w  o n l y  

a s i n g l e  i r r a d i a t i o n .  

Sugges t ions  f o r  F u r t h e r  Work 

R e f r i g e r a t e d  s t o r a g e  and /or  ambient t empera tu re  s t o r a g e  over  p e r i o d s  of 

up t o  one y e a r  a r e  more r e p r e s e n t a t i v e  of c u r r e n t  p r a c t i c e  than  t h e  c o n d i t i o n s  

used i n  t h e  exper iment .  However, a c c e l e r a t e d  s t o r a g e  a l l o w s  q u i c k e r  compari- 

son.  I f  t ime and money a l l o w ,  some s t o r a g e  t e s t s  a t  ambient t empera tu re  

should be  e v a l u a t e d .  These could  i n c l u d e  a d d i t i o n a l  f a c t o r s  such a s  p o s s i b l e  

p r o t e c t i o n  by u s e  of a n t i o x i d a n t s .  
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Table  1 

DOSIMETRY DATA FOR 

Walnuts, Almonds and Ra is ins ,  F i r s t  Year 

A p r i l  12-13, 1984 

TLD No. DOSE ( G Y )  TLD No. DOSE (Gyl 

Average Average 

1 584 1 81 0 
2 568 2 894 
3 584 3 777 probably  bad 

da ta  p o i n t  
4 583 4 869 
5 598 5 909 
6 592 6 950 
7 667 7 969 
8 606 8 865 
9 67 3 9 1030 probably  bad 

da ta  p o i n t  
10 672 10 984 

Average 61 3 Average 905 



Table 2 

Dosimetry Data for Commodities, Second Year 
July 12-15, August 21, 1985 

Commod ity 

Almonds, shelled 

Almonds, i n  shell (2 varieties) 

Walnuts, shelled 

Walnuts, in shell 

Pistachios, in shell 

Raisins 

Prunes 

Irradiation Dose, Gy 

I1 12 I3 

1. Irr. 2. Irr. Total 

557 320 34 9 204 553 

629 31 6 347 229 576 

632 335 339 257 598 

603 331 338 255 593 

1 

67 2 379 335 239 574 



Explana to ry  Notes f o r  T a b l e s  3 Through 8 

aD i f f e r e n c e  from c o n t r o l  was r a t e d  on a  s c a l e  of 1 through 8: 1 = t h e  same as 

c o n t r o l ,  8 = ex t remely  d i f f e r e n t  from c o n t r o l .  Means w i t h i n  a column s h a r i n g  

t h e  same s u p e r s c r i p t  l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  

b ~ a t i n g s  of commodities were a s  fo l lows :  6 = extremely des i rab l . e ,  1 = ex-

t remely  u n d e s i r a b l e .  Means w i t h i n  a  column s h a r i n g  t h e  same s u p e r s c r i p t  

l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  

C
LSD = l e a s t  s i g r l i f i c a n t  d i f f e r e n c e .  



Table  3a. Walnuts ( S h e l l e d ) ,  1 s t  Year 
R e p l i c a t e  1 

T i m e  

Treatment To 30 Days 60 Days 90 Days 

LSD ( .01)  1.ll 0.86 1.05 0.98 

OVERALL DESIRABILITY~) 

T i m e  

Treatment TO 30 Days 60 Days 90 Days 

LSDC) (.05) 0.64 0.45 0.61 0.76 

LSD (.01) 0.85 0.63 0.81 1.01 



Table 3b. Walnuts (She l led) ,  1 s t  Year 
Rep l ica te  2 

T i m e  

Treatment To 30 Days 60 Days 90 Days 

LSD (.01) 0.96 0.99 0.93 0.98 

T i m e  

Treatment To 30 Days 60 Days 90 Days 

900 Gy 3. 20a 2. ~4~ 2.72a 2. 92a 

LSDC) ( .05) 0.56 0.51 0.59 0.53 

LSD ( .01)  0.79 0.76 0.78 0.70 



Treatment 

C 1  (Reference) 

C2 (Sample h e l d  
a t  Albany) 

300 Gy 

600 Gy 

300 Gy p l u s  
300 Gy 

LSD (.01) 

Treatment 

C1 (Reference) 

C2 (Sample h e l d  
a t  Albany) 

300 Gy 

600 Gy 

300 Gy p l u s  
300 Gy 

LSD ( .01)  

Tab le  3c. Walnuts ( S h e l l e d ) ,  2nd Year 

DIFFERENCE 

To 

1. 86a 

1.91a 

1 .91a 

2.41a 

-- 

FROM CONTROL^) 

30 Days 

2. 32ab 

1. 5ga 

2 . 5 0 ~  

2.91b 

T i m e  

60 Days 

1. 68a 

1 .91a 

2.4!jab 

2. 95b 

90 Days 

2.00a 

2.00a 

1.9!ia 

2. 68b 

0.92 1.11 1.04 0.87 

To 

4.27a 

4. 27a 

OVERALL DESIRABILITY~) 

30 Days 

T i m e  

60 Days 90 Days 

4.00a 

4. Oga 

-- 

0.97 0.90 0.90 0.86 



-- 

- - 

Table 3d. Walnuts (Not Shel led) ,  2nd Year 

Treatment 

C2 (Sample he ld  
a t  Albany) 

300 Gy p l u s  
300 Gy 

LSD (.01) 

Treatment 

C1 (Reference) 

C2 (Sample he ld  
a t  Albany) 

300 Gy p lus  
300 Gy 

LSDC) ( -05) 

LSD (.01) 

'-0 

2.14a 

0.92 

To 

4. 27ah 

4.45" 

0.66 

0.87 

30 Days 

2.73a 

0.98 

30 Days 

3 . 5 ~ ~ ~  

4. Oob 

3.14" 

0.67 

0.89 

T i m e  

60 Days 90 Days 

2. 36a 2.41ab 

0.86 1.02 

T i m e  

60 Days 90 Days 

3.5!ib 3.73C 

4.14C 3.5gc 

2.73" 3. 36t~c 

0.58 0.75 

0.76 0.99 



Table 4a. 

Treatment To 

LSDC) (.05) 

LSD (.01) 

- Treatment "0 

150 Gy 4.84b 

300 Gy 4. 4oab 

600 Gy 4. 36ab 

900 Gy 4.00a 

LSDC) (.05) 0.63 

LSD (.01) 0.84 

Almonds-NP, Shel led, 
Unfumigated 

30 Days 

OVERALL DESIRABILITY~) 

30 Days 

4. 56bc 

4.76c 

4. 32ab 

4.00a 

0.38 

0.52 

1 s t  Year 

T i m e  

60 Days 90 Days 

T i n r e  

60 Days 90 Days 

4 . ~ 2 ~  4. 32ab 

4. 32b 4. 32ah 

3.7da 4. 6b 

3. 68a 4.12a 

0.51 0.41 

0.68 0.55 



Tab le  4b. Almonds-NP ( S h e l l e d ) ,  1 s t  Year 
Fumigated 

T i m e  

Treatment To 30  Days 60  Days 9 0  Days 

LSD ( . a t )  0 .82  0 .92  0 .81  0 .84  

T i m e  

Treatment To 3 0  Days 60 Days 9 0  Days 

LSDC) ( - 0 5 )  0 .50  0 .44  0 .51  0 . 4 8  

LSD ( . O l )  0 . 7 1  0 .62  0 .67  0 .64  



Tab le  4c. Almonds-NP (No t  S h e l l e d ) ,  2nd Year 

T i m e  

Treatment To 30 Days 60 Days 90 Days 

C1 (Reference)  1. 82a 1. 86a 1 .86ab 1. 86a 

C2 (Sample h e l d  1.73a 1 .95ab 1.5ga 1 .82a 
a t  Albany) 

300 Gy p l u s  - - 2.5!jb 2.45bc 2 . 1 4 ~ ~  
300 Gy 

LSD ( .01) 0.82 0.86 0.94 0.77 

T i m e  

Treatment ' - 0  30 Days 60 Days 90 Days 
- -- 

C1 (Ref crcncr!) 4 .  60a 3.91a 4. 36bc 4.45a 

C2 (Sample h e l d  4.73a 3. 82a 4 .  27abc 4.18a 
a t  A lbany)  

300 Gy 4. 60a 4. 23ab 4 . 4 l c  4. 23a 

600 Gy 4. 36a 4.55b 3.77ab 4. OOd 

300 Gy p l u s  -- 3. 86a 3. 68a 4. OOa 
300 Gy 

LSD ( .01 )  



Table 5a. Almonds-Mission (She l led) ,  1 s t  Year 
Unfumigated 

DIFFERENCE FROM CONTROL^) 

T i m e  

Treatrr~or~t To 30 Days 60 Days 90 Days 

LSDC) (.05) 0.47 0.56 0.11 0.71 

LSD ( .01)  0.66 0.79 0.95 0.94 

T i m e  

Treatment To 30 Days 60 Days 90 Days 

LSD ( - 0 1 )  0.59 0.68 0.10 0.80 



Tab le  5c. Almonds-Mission ( S h e l l e d ) ,  2nd Year 

Treatment To 

C1 (Reference)  1. 82ab 

C2 (Sample h e l d  2.00ab 
a t  A lbany)  

300 Gy 1. 64a 

600 Gy 2.41b 

300 Gy p l u s  --
300 Gy 

LSD ( .01) 0.94 

, 
OVERALL 

Treatment To 

C1 (Reference)  4 . ~ 2 ~  

C2 (Sample h e l d  4.6ab 
a t  A lbany)  

300 Gy 4. 64ab 

600 Gy 4.14a 

300 Gy p l u s  --
300 Gy 

LSD ( .01) 

30 Days 

1.5ga 

1.95a 

1.9@ 

2.77b 

2 . 1 8 ~ ~  

0.81 

DESIRABILITY~) 

30 Days 

4. 6ob 

4 . 5 0 ~  

4.77b 

3. 64a 

4 .  32b 

I 

T i m e  

60 Days 90 Days 

2. l€la 1.54a 

2. 32ab 2 . 0 4 ~ ~  

2. Oga 2 . 1 4 ~  

2.9!jbc 1. 82ab 

3. 0OC 2 . 0 5 ~ ~  

0.90 0.74 

T i m e  

60 Days 90 Days 

4. Oga 4. 36a 

4.0ga 4. OOa 

4.1aa 4. 27a 

3. 86a 3. 86a 

4.00a 3.91a 



Tab le  5b. Almonds-Mission ( S h e l l e d ) ,  1 s t  Year 
Fumigated 

T i m e  

Treatment To 30 Days 60  Days 9 0  Days 

LSDC) ( . 0 5 )  0 . 5 8  0 .42  0 .69  0 . 6 0  

LSD ( . 0 1 )  0 . 8 2  0 . 6 0  0 . 9 2  0 . 7 9  

T i m e  

Treatment To 30 Days 60  Days 9 0  Days 

LSD ( . 0 1 )  0 . 6 0  0 .51  0 . 6 3  1 . 8 9  
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Tab le  5d. Almonds-Mission (No t  S h e l l e d ) ,  2nd Year 

Treatment  

DIFFERENCE 

To 

FROM CONTROL^) 

30 Days 

T i m e  

60 Days 90 Days 

C1 (Reference)  

C2 (Sample h e l d  
a t  A lbany)  

300 Gy 

1 .9'ja 

1. 68a 

2.18a 

2. 27a 

1.9!ja 

2. l e a  

1.77a 

1.41a 

2. 27a 

2 . 1 4 ~ ~  

2. 23ab 

1 .9!Sd 

300 Gy p l u s  
300 Gy 

-- 2.41a 2.41b 2.00ab 

LSD ( .01) 0.68 0.88 0.82 0.81 

Treatment  To 30 Days 

T i m e  

60 Days 90 Days 

C 1  (Reference)  

C2 (Sample h e l d  
a t  Albany) 

4. 60a 

4 .  32a 

3.9!ia 

4. 27ab 

4. 50a 

4.41a 

3.77a 

4. OOa 

300 Gy p l u s  
300 Gy 

LSD ( .01 )  0.57 0.63 0.73 0.65 



Table 6a.  Rais ins,  1 s t  Year 
Repl ica te  1 

DIFFERENCE FROM CONTROL^) 

T i m e  

Treatment To 30 Days 60 Days 90 Days 

LSD ( . 0 1 )  0 .7  1 0 . 7  1 0.82 1 . 0 6  

Treatment 
-

To 30 Days 

T i m e  

60 Days 90 Days 

LSD ( . 0 1 )  0 .63  0 . 6 0  0.85 0 .89  



Table 6b. Rais ins,  1 s t  Year 
Rep l ica te  2 

T i m e  

Treatment To 30 Days 60 Days 90 Days 

LSDC) (.05) 0.47 0.64 0.73 0.71 

LSD (.01) 0.66 0.90 0.96 0.94 

OVERALL DESIRABILITY 

T i m e  

Treatment To 30 Days 60 Days 90 Days 

LSD ( .01)  0.45 0.62 0.70 0.88 



- - -- 

- - -- 

Treatment  

C 1  (Reference) 

C2 (Sample h e l d  
a t  Albany) 

600 Gy 

300 Gy p l u s  
300 Gy 

LSD ( .01 )  

Treatment  

C1 (Reference)  

C2 (Sample h e l d  
a t  Albany) 

300 Gy p l u s  
300 Gy 

LSDC) ( .05) 

LSD ( .01) 

Tab le  6c. 

'-0 

1 .9!ja 

1 .77a 

2. 27a 

0.91 

To 

4. 86a 

4.73a 

0.47 

0.63 

R a i s i n s ,  2nd Year 

30 Days 

2.0ga 

2. 32a 

2. Oga 

0.85 

30 Days 

4.1oa 

4. 36a 

0.63 

T i m e  

60 Days 90 Days 

1. 86a 2. 32a 

2. 14abc 2. 05a 

2.0ga 2.41a 

2. 64bc 2. 36a 

0.91 0.94 

T i m e  

60 Days 90 Days 

4. 23b 4. 23a 

4 . 0 9 ~  3.77a 

4.27b 4. 32a 

0.50 0.62 



-- 

- - -- 

Tab le  7. P i s t a c h i o s  (No t  S h e l l e d ) ,  -2nd Year 

Treatment  

C 1  (Reference)  

C2 (Sample h e l d  
a t  A lbany)  

300 Gy p l u s  
300 Gy 

LSD ( .01)  

Treatment  

C 1  (Reference)  

C2 (Sample h e l d  
a t  A lbany)  

300 Gy 

600 Gy 

300 Gy p l u s  
300 Gy 

LSD ( .01) 

To 

1.55a 

2 . 1 8 ~  

0.84 

' -0  

4. 27a 

4.77b 

4 . Oga 

3. ~2~ 

30 Days 

2. 05a 

1.73a 

0.85 

30 Days 

4.73b 

4.73b 

4.14a 

4. 32ab 

T i m e  

60 Days 90 Days 

2. Ogah 1. 64a 

1.77a 2. l aab  

0.91 0.95 

T i m e  

60 Days 90 Days 

4.41ab 4.45a 

4.5gb 4. 32a 

4 .  36ab 4. 36a 

3. 82a 4. Oga 

4. 32ab 4.14a 



Treatment  

C 1  (Reference)  

C2 (Sample h e l d  
a t  Albany) 

300 Gy 

300 Gy p l u s  
300 Gy 

LSD ( .01) 

Treatment  

C 1  (Reference)  

C2 (Sample h e l d  
a t  Albany) 

300 Gy 

600 Gy 

300 Gy p l u s  
300 Gy 

LSD ( .01) 

Tab le  8. Prunes, 2nd Year 

DIFFERENCE FROM CONTROL^) 

'-0 30 Days 

2. 82ah 2 .4!iab 

3. 2ob 2. 5oab 

2 .?3a 2 . 1 4 ~ ~  

T i m e  

60 Days 

2 .Q!ja 

3.4!ib 

2.14a 

90 Days 

2. 5oab 

2. 86b 

2. Oga 

-- ~ . 8 2 ~  2.41a 2. 2 3 a l ~  

0.99 1.02 1.ll 1 . O I  

To 

3.77ab 

3.41a 

4 . 0 5 ~  

3.73ab 

-- 

30 Days 

T i m e  

60 Days 90 Days 

0.81 
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ECONOMIC ENGINEERING FEASIBILITY OF IRRADIATION 

AS A POSTHARVEST DISINFESTATION TREATMENT 

FOR CALIFORNIA DRIED FRUITS AND NUTS 

A. A. Rhodes and J .  L. B a r i t e l l e  

USDA, Economic Research S e r v i c e  

Boyden Labora to ry  

U n i v e r s i t y  of C a l i f o r n i a ,  R i v e r s i d e  

R i v e r s i d e ,  C a l i f o r n i a  

I n t r o d u c t i o n  

The purpose  of t h i s  s t u d y  i s  t o  e v a l u a t e  t h e  economic e n g i n e e r i n g  f e a s i -  

b i l i t y  of i r r a d i a t i o n  as a d i s i n f e s t a t i o n  t r e a t m e n t  f o r  C a l i f o r n i a  d r i e d  

f r u i t s  and n u t s .  The s t u d y  f o c u s e s  on t h e  f o u r  l a r g e s t  d r i e d  f r u i t  and n u t  

c rops :  almonds, w a l n u t s ,  r a i s i n s  and p runes ,  f o r  which i r r a d i a t i o n  i s  most 

l i k e l y  t o  be  economical .  The s t u d y  compares i r r a d i a t i o n  w i t h  c u r r e n t  prac-  

t i c e ,  i . e .  fumiga t ion  and o t h e r  chemical  c o n t r o l s ,  a s  w e l l  a s  w i t h  o t h e r  

a l t e r n a t i v e s  t o  c u r r e n t  p r a c t i c e :  modif ied a tmospheres  and r e f r i g e r a t i o n .  

P o s s i b l e  i n s e c t  c o n t r o l  programs t o  r e p l a c e  a l l  chemical  t r e a t m e n t s  u s i n g  

e i t h e r  modif ied a tmospheres  and r e f r i g e r a t i o n  a l o n e ,  o r  some combination of 

modif ied a tmospheres ,  r e f r i g e r a t i o n  and i r r a d i a t i o n  a r e  d e s c r i b e d ,  and t h e  

c o s t s  of t h e s e  i n s e c t  c o n t r o l  programs a r e  e s t i m a t e d .  

I n  t h e  even t  t h a t  replacements  f o r  chemical. c o n t r o l s  must be  found, new 

i n s e c t  c o n t r o l  concep t s  may be  developed which may be  s u p e r i o r  t o  a l l  t h o s e  



cons idered  h e r e .  N e v e r t h e l e s s ,  t h e  r e s u l t s  of t h i s  s t u d y  i d e n t i f y  which,  i f  

any,  d r i e d  f r u i t  and n u t  d i s i n f e s t a t i o n  needs  might possib1.y b e s t  be  se rved  by 

i r r a d i a t i o n ,  a t  l e a s t  i n  t h e  e v e n t  t h a t  chemical  c o n t r o l s  a r e  n o t  a v a i l a b l e .  

A t  t h e  same t ime,  e s t i m a t e d  c o s t s  of a l t e r n a t i v e  i n s e c t  c o n t r o l  programs a r e  

p rov ided ,  which p l a c e  a n  upper  bound on t h e  c o s t  of r e p l a c i n g  some of  a l l  

chemical. c o n t r o l s  by a l t e r n a t i v e  t r e a t m e n t s .  

I n  conduct ing a  comparat ive ,  economic e n g i n e e r i n g  s t u d y  of t h i s  k i n d  a 

number of d i f f i c u l t i e s  must be  faced .  The most impor tan t  problems a r e :  

(1) I r r a d i a t i o n ,  modif ied atmospheres and r e f r i g e r a t i o n  can each be  

a p p l i e d  i n  a  number o f  ways i n  each t r e a t m e n t  s i t u a t i o n .  Recogni t ion  of t h e  

b e s t  ways of a p p l y i n g  t h e  t e c h n o l o g i e s  i s  e s s e n t i a l  i n  e v a l u a t i n g  t h e  poten- 

t i a l  c o s t - e f f e c t i v e n e s s  of t h e  t e c h n o l o g i e s .  

( 2 )  I r r a d i a t i o n  and modi-fied a tmospheres  a r e  new t e c h n o l o g i e s  f o r  t h e  

commercial a p p l i c a t i o n s  cons idered  h e r e .  Only rough, concep tua l  l e v e l  c o s t  

e s t i m a t e s  can b e  g i v e n  f o r  t h e i r  p o t e n t i a l  a p p l i c a t i o n s .  

(3)  The c o s t  o f  each p o t e n t i a l .  i n s e c t  c o n t r o l  program w i l l  be  p r o c e s s o r  

s p e c i f i c ,  depending on such v a r i a b l e s  a s  th roughput ,  s e a s o n a l  h a n d l i n g  sched- 

u l e s ,  p r o c e s s o r  i n s e c t  c o n t r o l  p o l i c y  and e x i s t i n g  p t iys ica l  p l a n t ,  I n  p a r t i c -  

u l a r ,  t h e  per- ton c o s t  of i r r a d i a t i o n  i s  hi.ghly dependent on t h e  i r r a d i a t o r  

c a p a c i t y  r e q u i r e d  t o  h a n d l e  peak l o a d s ,  and on t h e  p e r c e n t  u t i l i z a t i o n  of 

i r r a d i a t o r  c a p a c i t y  throughout  t h e  y e a r .  



The approach of t h e  p r e s e n t  s t u d y  i s  t o  c o n s i d e r  p r a c t i c a l  methods of 

a p p l y i n g  t h e  competing t r e a t m e n t  t e c h n o l o g i e s  and t h e i r  a s s o c i a t e d  e s t i m a t e d  

c o s t s  f o r  h y p o t h e t i c a l  p r o c e s s i n g  p l a n t s  which a r e  c o n s t r u c t e d  t o  r e p r e s e n t  

a c t u a l  p r o c e s s o r  s i t u a t i o n s .  C a l c u l a t i o n s  a r e  g iven  showing t h e  e f f e c t  of 

p r o c e s s o r - s p e c i f i c  v a r i a b l e s  on e s t i m a t e d  c o s t s .  Hence, p r o c e s s o r s  can i n f e r  

c o s t  e s t i m a t e s  r e l e v a n t  t o  t h e i r  i n d i v i d u a l  o p e r a t i o n s .  

T h i s  r e p o r t  i s  organ ized  i n t o  f i v e  nlain s e c t i o n s .  I n  t h e  f i r s t  s e c t i o n ,  

c u r r e n t  i n d u s t r y  i n s e c t  c o n t r o l  p r a c t i c e s  a r e  reviewed,  and c o n t r o l  c o s t s  f o r  

t y p i c a l  p r o c e s s o r  s i t u a t i o n s  a r e  e s t i m a t e d .  I n  t h e  second s e c t i o n ,  a p p l i c a -  

t i o n  methods and c o s t  e lements  f o r  i r r a d i a t i o n ,  modif ied atmosphere and 

r e f r i g e r a t i o n  t r e a t m e n t s  a r e  d e s c r i b e d .  Es t imated  c o s t s  of a l t e r n a t i v e  i n s e c t  

c o n t r o l  programs f o r  t h e  c o n s t r u c t e d ,  h y p o t h e t i c a l  p l a n t s  a r e  developed i n  

s e c t i o n  3. S e c t i o n  4 d i s c u s s e s  p o s s i b l e ,  supplementary  demand f o r  in-house 

d r i e d  f r u i t  and n u t  i r r a d i a t o r s .  F i n a l l y ,  t h e  c o n c l u s i o n s  of t h i s  s t u d y  a r e  

s t a t e d  i n  s e c t i o n  5.  

I n s e c t  C o n t r o l  i n  C a l i f o r n i a  Almonds, Walnuts,  Prunes  and R a i s i n s  

Almonds, w a l n u t s ,  p runes  and r a j s i n s  a r e  s t o r e d  and p rocessed  a t  a  number 

of p l a n t s  i n  C a l i f o r n i a , '  a l though  i n  each c a s e  a  q u a r t e r  o r  more of t h e  

commodity i s  processed  by a s i n g l e  f i r m  o r  grower c o o p e r a t i v e  a t  a s i n g l e  

2
l o c a t i o n .  Annual p roduc t ion  and p r i c e s  v a r y ,  b u t  average  about 2,000 m i l l i o n  

' s i x t y - t h r e e  p r o c e s s o r s  were counted i n  1983. 

' ~ a t a  provided by i n d u s t r y  r e p r e s e n t a t i v e s .  



pounds with a farm value of $1,000 m i l l i ~ n , ~  or about $2,000 million after 

processing and packaging.4 Half or more of ~alifornia's almonds and prunes 

and about one-fourth of its walnut and raisin production is exported in a 

typical. year.5 Over 75% of these exports are shipped from California ports. 5 

Insect control during storage and processimg of the commodities is 

essential to prevent insect contamination and damage of the products which 

could lead to lost sales and even to regulatory action (Baur, 1984). More-

over, USFDA regulations require that the processing plant itself be kept free 

of infestation. In addition to monitoring and preventive measures, one or 

more routine commodity disinfestation treatments are an annual part of most 

processors' insect control programs. The reasons for the commodity treatments 

are 1) to protect the commodity from infestation during long-term storage, and 

2) to eliminate insects infesting the commodity at a single point in time when 

the commodity is in transit. "In-transit" commodity di-sinfestation treatments 

may be made to a) remove damaging field pests from newly harvested crop, b) 

ensure that the commodity is insect-free when it is brought in from long-term 

storage so that the processing plant does not become infested, and c) ensure 

that no live insects remain in the finished product. Typi.ca1 processor insect 

control programs for the commodities considered here are described below. 

3 ~ a r m  value and production in recent years reported by California Crop and 
Livestock Reporting Service. 

4~rocessing and packaging value added taken from Sun-Diamond Grower, Feb- 
March, 1985. 

'~ecent years ' data from California Crop and Livestock Reporting Service. 



Stopping Infestation in Prunes and Raisins During Long-term Storage 

Dried prunes and raisins are attractive to a variety of insects including 

infesting species such as the Indianmeal moth, Plodia interpunctella 

(HUebner), which can reproduce rapidly in the stored commodity. Even though 

prune and raisin bins are stored insi.de warehouses or, if stored in stacks 

outdoors, are covered with plastic and paper laminate sealed at the ground 

with oiled sand, total exclusion of infesting insects is virtually impossible. 

Frequent insect control treatments are necessary to prevent infestations which 

could seriously damage and contaminate the commodities. 

Prunes are completely disinfested after harvest by the heat of the 

mechanical drying process, but may become reinfested during temporary storage 

at remote drying facilities or durfng transport to the central processing 

plant. To eliminate possible infestation, the processor may routinely 

fumigate the entire raw storage warehouse in mid to late fall when most of the 

crop has been received. Either methyl bromide or hydrogen phosphide may be 

used, but methyl. bromide is preferred because it penetrates the commodity pack 

and kills insects more rapidly. Using methyl bromide, the entire fumigation 

operation may be accomplished over a weekend so no working days are lost. 

In addition to complete disinfestation during drying and initial fumiga- 

tion, measures are required to prevent reproduction of insects which gain 

entry from outside. Repeated fumigations may be needed to interrupt the life 

cycles of any reinvading insects. As an alternative, some prune processors 

apply aerosol forms of insecticide in storage warehouses as needed at night 



during the warm months when infesting insects fly. Usually a solution of 

pyrethrin and its synergist, piperonyl butoxide is used. The aerosol does not 

penetrate the commodity packs, but reinfestation is prevented before it can 

start by elimination of egg laying adults. Because pyrethrin and piperonyl 

butoxide break down rapidly in heat and light, the area is safe for entry 

during normal working hours. 

The bulk of the California raisin crop is sun-dried in the field, and rnay 

already be infested when it is placed in storage. Infesting insects reproduce 

well in raisins, so an initial. slight infestation could become serious. To 

break the life cycles of infesting insects, processors fumigate raisins as 

required, usually several times during the storage period. As with prunes, 

methyl bromide is the preferred fumigant for raisins stored in permanent 

warehouses. Hydrogen phosphide is used for most fumigations of raisins in 

yard stacks. Although it is slower, it eventually penetrates better than 

methyl bromide. The superior penetration of hydrogen phosphide is important 

in temporary storages such as yard stacks where there are no recirculating 

fans. Moreover, since yard stacks are designed for long-term storage and are 

never entered by people, the extra time required for hydrogen phosphide 

fumigation is not a consideration. 

Disinfestation of In-transit Commodities 

Disinfestation at harvest. In comparison to the dried fruits, almonds 

and walnuts are less frequently reinfested duri.ng storage. However, newly 

harvested almonds and walnuts may be infested by damaging field pests such as 



t h e  n a v e l  orangeworm, Amyelois t r a n s i t e l l a  (Walker) ,  which a t t a c k s  t h e  matur- 

i n g  n u t s  a s  soon as t h e  h u l l s  b e g i n  t o  s p l i t .  Timely i n s e c t  c o n t r o l  i s  needed 

t o  p r e v e n t  a l a r g e  p o r t i o n  of t h e  k e r n e l s  from be ing  damaged, and t h i s  need i s  

a major  c o n s i d e r a t i o n  i n  s c h e d u l i n g  h a r v e s t ,  h u l l i n g  and d r y i n g ,  and t r a n s p o r t  

of t h e  c rop  t o  t h e  p r o c e s s i n g  f a c i l i t y  f o r  fumiga t ion  (Kader, 1985; Ramos, 

1985; Nelson e t  a l . ,  1980).  P r o c e s s o r s  r u s h  t o  move a l l  commodity i n t o  some 

k i n d  of b u l k  s t o r a g e  f a c i l i t y  ( s t e e l  b i n ,  c o n c r e t e  warehouse,  o r  h o r i z o n t a l  

shed)  where i t  can be  fumigated.  Walnuts a r e  u s u a l l y  fumigated w i t h  r e l a -  

t i v e l y  f a s t  a c t i n g  methyl bromide s i n c e  t h e  e a r l y  p a r t  o f  t h e  walnut  crop i s  

shipped a t  once t o  c o m p e t i t i v e  f o r e i g n  and domest ic  e a r l y  season  markets .  I n  

t h e  c a s e  of almonds, t h e  need f o r  r a p i d  d i s i n f e s t a t i o n  ( w i t h i n  two days t o  a  

week of r e c e i p t )  i s  t h e  p r o c e s s o r s '  o v e r r i d i n g  concern.  Hydrogen phosphide i s  

used f o r  many almond t r e a t m e n t s  because  i t  does  n o t  l e a v e  d e t e c t a b l e  r e s i d u e s .  

P re -process ing  d i s i n f e s t a t i o n .  Every e f f o r t  i s  made t o  exc lude  i n s e c t s  

from p r o c e s s i n g  a r e a s  where a n  i n f e s t a t i o n  may b e  d i f f i c u l t  and expensive  t o  

l o c a t e  and d e s t r o y .  While d r i e d  f r u i t s  a r e  k e p t  under  c o n s t a n t  i n s e c t  c o n t r o l  

programs up t o  t h e  t ime of p r o c e s s i n g ,  i n - s h e l l  almonds and w a l n u t s  may be  

s t o r e d  s e v e r a l  months w i t h o u t  r e p e a t  t r e a t m e n t  a f t e r  t h e i r  i n i t i a l  fumigat ion.  

Some p r o c e s s o r s  may re fumiga te  n u t s  j u s t  b e f o r e  p r o c e s s i n g ,  t o  e n s u r e  t h a t  

l i v e  i n s e c t s  a r e  n o t  brought  i n t o  t h e  p l a n t .  P r a c t i c e  v a r i e s ,  b u t ,  t y p i c a l l y ,  

almonds may be  refumigated i f  t h e  almorlds have been i n  s t o r a g e  l o n g e r  t h a n  s i x  

months, i . e .  i f  t h e y  a r e  p rocessed  a f t e r  A p r i l  1. Walnuts may b e  refumi- 

g a t e d  b e f o r e  c rack ing  even i f  t h e y  have been i n  s t o r a g e  f o r  on ly  a s h o r t  t ime.  

E i t h e r  methyl  bromide o r  hydrogen phosphide may b e  used f o r  p re -process ing  

fumiga t ion .  



Pre-shipment d i s i n f e s t a t i o n .  The p o s s i b i l i t y  of i n f e s t a t i o n  i s  of g r e a t  

concern  t o  p r o c e s s o r s  s i n c e  even a  s i n g l e  l i v e  i n s e c t  found i n  t h e  commodity 

would s e r i o u s l y  d i s t u r b  a consumer and could  cause  a  commercial buyer  t o  

r e j e c t  an  e n t i r e  l o t  a s  i n f e s t e d  (Baur, 1984) .  To s a t i s f y  q u a r a n t i n e  regu la -  

t i o n s  i n  some Asian marke t s ,  i n - s h e l l  wa lnu t s  must b e  i n s p e c t e d  and c e r t i f i e d  

t o  b e  f r e e  of c o d l i n g  moth l a r v a e ,  Cydia pomonella ( L ) ,  which may remain i n  

walnut  s h e l l s  a f t e r  h a r v e s t  f o l l o w i n g  i n f e s t a t i o n  i n  t h e  f i e l d .  

Although t h e  p r o c e s s o r  cannot  ensure  t h a t  commodities do n o t  become 

i n f e s t e d  a f t e r  t h e y  have l e f t  t h e  p l a n t ,  every  e f f o r t  i s  made t o  s h i p  a n  

i n s e c t - f r e e  p roduc t .  T h i s  e f f o r t  may i n c l u d e  a r o u t i n e  pre-shipment fumiga-

t i o n  of some o r  a l l  ou tgo ing  commodity e i t h e r  b e f o r e  o r  a f t e r  t h e  packaging 

s t e p .  Some p r o c e s s o r s  fumiga te  on ly  p roduc t  d e s t i n e d  f o r  f o r e i g n  shipment.  

I n  some p l a n t s ,  t h e  e n t i r e  s h i p p i n g  warehouse may be  r e g u l a r l y  fumigated,  b u t  

some produc t  Inay be  shipped u n t r e a t e d .  Methyl bromide i s  used f o r  most 

pre-shipment t r e a t m e n t s  because  of i t s  r e l a t i v e l y  s h o r t  turn-around t ime.  

C o s t s  of Fumigation and Other  Chemical Cont ro l  

Cos t s  of t h e  i n s e c t i c i d e  m a t e r i a l s  used f o r  p o s t h a r v e s t  i n s e c t  c o n t r o l  i n  

C a l i f o r n i a  d r i e d  f r u i t s  and n u t s  can b e  r e a d i l y  computed, g iven  assumptions  

concerning t h e i r  u n i t  p r i c e s ,  t h e  r e q u i r e d  dose  r a t e ,  and t h e  p r o d u c t ' s  

s p e c i f i c  volume i n  t h e  s i t u a t i o n  where i t  i s  fumigated.  T y p i c a l  v a l u e s  f o r  

t h e s e  v a r i a b l e s  and t h e  r e s u l t i n g  c o s t  e s t i m a t e s  a r e  shown i n  Tab le  1. 

A d d i t i o n a l  c o s t  components of fumiga t ion  o r  fogg ing  incl .ude l a b o r ,  which 

i s  o f t e n  t h e  b i g g e s t  component, wear and t e a r  on r e c i r c u l a t i o n  f a n s  and o t h e r ,  



minor equipment, and miscellaneous materials (e.g. tape) used to seal doorways 

and other openings, These costs are more difficult to estimate and will vary 

depending on the size of the lot to be fumigated, Detailed studies for the 

California industries (Gardner et al., 1982; Soderstrom et al., 1984) have 

shown that fumigation costs in 800-ton (1600-bin) raisin yard stacks and in 

500-ton bulk almond silos are in the range of 20C to 6 0 ~  per ton, in addition 

to the cost of the fumigant. Informal interviews with industry representa- 

tives made by the authors indicated that this cost range is also about right 

for fumigation of bulk commodities in other storage situations (concrete 

warehouse, metal silo, horizontal shed), as well as for fumigation of packaged 

product in fumigation chambers or in the shipping warehouse. 

Costs to fumigate bulk prunes may be somewhat less, since most of a 

year's receipt may be fumigated at orice in one warehouse. Based on informa- 

tion provided by industry representatives, bulk prune fumigation is estimated 

to cost 5C to 10c per ton, in addition to fumigant costs. 

Pyrethrin fogging is estimated to cost 4 5 ~  per ton handled annually to 

fog six nights per week during eight months of the year. This cost estimate 

was provided by a professional pest control operator, and is based on the 

assumption that an automatic dispensing system is used. 

Cost Elements of Physical Alternatives to Chemical Control 

As an alternative to fumigation, commodity disinfestation may be accom- 

plished by physical methods which include irradiation, modified atmospheres, 



and tdmperature manipulation (e.g. freezing, superheating), as well as highly 

experimental techniques using ultrasound and microwaves (Mitchell and Kader, 

1985). In addition, sublethal temperatures can be used to inhibit reproduc- 

tion and feeding of insects within the stored commodity, and to discourage 

insects from flying into the storage area from outside. 

Possible methods of applying irradiation, modified atmospheres and 

sublethal-temperature (ca. 50°F) refrigeration, and their associated estimated 

costs for insect control in the California dried fruit and nut processing 

industries are as follows. 

Irradiation 

Irradiation may be usefully applied at any point where a commodity 

disinfestation treatment is required. Possible application points for the 

irradiation of bulk in-shell almonds are the initial receipt and pre-process- 

ing steps. In-shell walnuts may also be irradiated on receipt and before 

processing, while processed walnut meats, raistns and prunes may be irradiated 

either before or after packaging. To spread out peak loads, some in-shell 

almonds and walnuts may be refrigerated to sublethal temperatures for a short 

time between receipt and irradiation. Refrigeration could also be used to 

stop insect activity in prunes and raisins during long-term storage before 

and/or after a single irradiation disinfestation treatment. 

Radiation sources which may be used for food irradiation are two gamma- 

ray emitting isotopes, cobalt-60 and cesium-137, as well as energized 



e l e c t r o n s  (E-beams) up t o  10 MeV and X-rays up t o  5 MeV. On t h e  molecu la r  

l e v e l ,  s i m i l a r  r e s u l t s  can b e  achieved w i t h  e i t h e r  e n e r g i z e d  e l e c t r o n s  o r  

photons  (gammas and X-rays) s i n c e  photons  t r a n s f e r  t h e i r  e n e r g i e s  t o  secondary 

e l e c t r o n s  w i t h i n  t h e  a b s o r b i n g  m a t e r i a l s  (Cleland and Pageau, 1985).  At t h e  5 

MeV l e v e l ,  t h e  X-ray spectrum h a s  s i m i l a r  p e n e t r a t i o n  t o  cobalt-60 ( i b i d . ) .  

However, even a t  t h e  10 MeV l e v e l ,  E-beams a r e  s t i l l  f a r  l e s s  p e n e t r a t i n g  t h a n  

cobalt-60 o r  cesium-137. I n  p r a c t i c e ,  E-beam p r o c e s s i n g  o f  d r i e d  f r u i t s  and 

n u t s  would probably  b e  l i m i t e d  t o  b u l k  p roduc t  a p p l i c a t i o n s .  Es t imated  c o s t s  

of p o s s i b l e  i r r a d i a t i o n  t r e a t m e n t s  u s i n g  cesium-137, cobal t -60 and machine 

s o u r c e s  a r e  d e s c r i b e d  below. 

Cost  of Cobalt-60 o r  Cesium-137 I r r a d i a t i o n  

The c o s t  of d r i e d  f r u i t  and n u t  cesium-137 i r r a d i a t i o n  was e s t i m a t e d  by a 

U.S. Department of Energy (USDOE) c o n t r a c t o r ,  CH2M BILL, by c o n s i d e r i n g  

e x i s t i n g  i s o t o p e  i r r a d i a t i o n  systems which could  be  adap ted  t o  hand le  d r i e d  

f r u i t s  and n u t s  b o t h  i n  packages and i n  b u l k  form. Two sample i r r a d i a t o r  

d e s i g n s  which might b e  used have been d i s c u s s e d  i n  t h e  l i t e r a t u r e .  The f i r s t  

sys tem i s  used i n  t h e  p i l o t - s c a l e  Sandia  I r r a d i a t o r  f o r  Dr ied  Sewage S o l i d s ,  

which h a s  been d e s c r i b e d  by S i v i n s k i  and Ahlstrom (1984). The p i l o t - s c a l e  

i r r a d i a t o r  c o n t a i n s  a s o u r c e  r a c k  l y i n g  i n  a  h o r i z o n t a l  p l a n e ,  w h i l e  t h e  

conveyor sys tem c o n s i s t s  of b u c k e t s  suppor ted  by a heavy l i n k  cha in .  The 

second system was des igned  by Atomic Energy o f  Canada Ltd.  ( V a r a k l i s ,  1983) 

and i s  c u r r e n t l y  used f o r  s t e r i l i z i n g  packaged medica l  p roduc t s .  I n  t h i s  

system, t h e  s o u r c e  r a c k  i s  p laced  i n  a  s i n g l e  v e r t i c a l  p l a n e ,  and p roduc t  is  

passed by t h e  s o u r c e  i n  long  v e r t i c a l  c a r r i e r s .  Bulk p roduc t  could  b e  dropped 



into the carrier from an overhead conveyor belt. In the event that the drop 

(of 6 to 10 feet) is too damaging for the product, the carrier could be 

positioned horizontally for loading, as is currently done when carriers of 

this type are loaded with packaged medical products. The carriers are then 

stood upright before they are moved into the radiation zone. 

Actual costs of integrating irradiation into an existing dried fruit or 

nut processing stream will be plant-specific, depending on such considerations 

as the necessary plant modifications which may be required to bring the 

product from more 01:less widely spaced packing lines or receiving stations 

through a single irradiation facility. The USDOE contractor's "conceptual 

level" estimated costs (+30% to -40% accuracy range) of owning and operating 

five sizes of cobalt-60 or cesium-137 irradiators are shown on an annualized 

basis (see assumption 1 below) in Table 2. Important assumptions and consid- 

erations underlying the annualized cost estimates reported in Table 2 are 

listed and discussed below. 

(1) Capital costs for the initial source loading and physical plant are 

amortized at 12% interest over 20 years. Hence the annualized costs approxi- 

mately equal 0.1338 times the capital. outlays. Periodic source replenishment 

expenses are annualized by assuming a sinking fund at 12% interest. 

Twelve percent interest may be considered a low estimate of the cost of 

using or acquiring capital for investment in a new technology such as food 

irradiation. On the other hand, the amortization period of 20 years may be 

less than the useful life of the physical. plant, estimated to be about 30 



y e a r s  by t h e  USDOE c o n t r a c t o r .  Because r i s k s  of obso lescence ,  change i n  

denland e t c .  a r e  invo lved  i n  any p h y s i c a l  p l a n t  inves tment ,  many f i r m s  under- 

t a k e  such inves tments  on ly  i f  they  appear  economical ly  j u s t i f i e d  when amor-

t i z e d  over  much s h o r t e r  p e r i o d s  t h a n  t h e  p r o j e c t e d  l i f e  of t h e  new f a c i l i t y  o r  

equipment. For example, a m o r t i z a t i o n  p e r i o d s  of 3 t o  5 y e a r s  may b e  a p p l i e d  

i n  d e c i d i n g  whether  i t  w i l l  pay t o  i n v e s t  i n  equipment which may have a 

p r o j e c t e d  u s e f u l  l i f e  of over  20 y e a r s .  

(2 )  Although cesium-137 r a d i a t i o n  h a s  a lower energy spectrum t h a n  

coba l t -60 ' s ,  and i s  t h e r e f o r e  s l i g h t l y  l e s s  p e n e t r a t i n g ,  i t  i s  assumed t h a t  

t h e  d e s i g n  and c o s t  o f  t h e  i r r a d i a t i o n  f a c i l i t y  w i l l  be  s i m i l a r  f o r  b o t h  

i s o t o p e s .  

(3 )  Cesium-137 i s  assumed t o  c o s t  2 4 ~p e r  c u r i e ,  e q u i v a l e n t  t o  cobal t -60 

a t  $ 1  p e r  c u r i e  g i v e n  t h e  p r e s e n t  a m o r t f z a t i o n  schedu le  of 12% i n t e r e s t  over  

20 y e a r s ,  t h e  r e l a t i v e  c u r i e  requ i rements  (assuming 1 c u r i e  cobal t -60 = 7 

c u r i e s  cesium-137 i n  p r o c e s s i n g ) ,  and t h e  r e l a t i v e  h a l f - l i v e s  of t h e  two 

i s o t o p e s .  

These a r e  low e s t i m a t e s  of t h e  i s o t o p e  c o s t s .  A p r i c e  of $1.15 p e r  c u r i e  

i s  c u r r e n t l y  b e i n g  quoted f o r  cobal t -60 by i t s  main s u p p l i e r ,  Atomic Energy of 

Canada Ltd.  (AECL), w h i l e  c u r r e n t l y  e x i s t i n g  s u p p l i e s  of reprocessed  cesium- 

137 a r e  i n  s h o r t  supp ly  and a r e  n o t  expected t o  b e  a v a i l a b l e  t o  d r i e d  f r u i t  

and n u t  p r o c e s s o r s  under  terms r e c e n t l y  quoted by t h e  USDOE. I t  i s  n o t  

p o s s i b l e  t o  p r e d i c t  t h e  f u t u r e  p r i c e s  of cobal t -60 and cesium-137 s i n c e  t h e s e  

w i l l  be  determined by p o s s i b l e  new s o u r c e s  of demand (such a s  food i r r a d i a -  



t i o n )  a s  well. a s  by s u p p l i e r  d e c i s i o n s .  It i s  genera l ly  b e l i e v e d  t h a t  t h e  

p r i c e  of cobal t -60 wil.1 remain above $1 p e r  c u r i e ,  however. 

(4)  I n  t h e  p r e s e n t  a n a l y s i s ,  i t  i s  assumed t h a t  t h e  maximum r a d i a t i o n  

dose which would b e  used i s  750 Gy (= 75 k r a d ) ,  w h i l e  a dose  of about  350 Gy 

(35 k rad)  would b e  adequa te  f o r  many a p p l i c a t i o n s  where i n s e c t  f e e d i n g  and 

r e p r o d u c t i o n  must b e  s topped ,  b u t  a q u i c k  k i l l  i s  n o t  e s s e n t i a l .  

(5)  Although t h e  c o s t  e s t i m a t e s  r e p o r t e d  i n  Tab le  2 were c o n s t r u c t e d  on 

t h e  b a s i s  of a 750 Gy dose ,  i t  i s  assumed t h a t  throughput  c a p a c i t i e s  c o r r e -

sponding t o  t h e  750 Gy dose  can be  doubled w i t h  no i n c r e a s e  i n  t o t a l  c o s t ,  i f  

t h e  r e q u i r e d  dose  i s  350 Gy, o r  s l i g h t l y  l e s s  t h a n  h a l f  of t h e  o r i g i n a l  dose .  

On t h e  c o n c e p t u a l  l e v e l ,  t h e  p r o c e s s i n g  c a p a c i t y  of a f i x e d  s i z e  i r r a d i -  

a t o r  is i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  r e q u i r e d  dose.  Only t h e  p roduc t  han- 

d l i n g  and r e c e i v i n g  space  c a t e g o r i e s  must b e  i n c r e a s e d  t o  i n c r e a s e  p roduc t  

throughput  a t  a lower dose ,  and t h e s e  can b e  doubled a t  a n  a n n u a l i z e d  c o s t  of 

5% t o  10% of t h e  t o t a l  e s t i m a t e d  a n n u a l i z e d  c o s t  of owning and o p e r a t i n g  t h e  

i r r a d i a t o r .  

(6) A n e t  s o u r c e  u t i l i z a t i o n  e f f i c i e n c y  of 30% i s  assumed. 

T h i s  i s  a f a i r l y  h i g h  n e t  s o u r c e  u t i l i z a t i o n  e f f i c i e n c y  f o r  an  i s o t o p e  

i r r a d j a t o r  des igned  t o  hand le  d r i e d  f r u i t s  and n u t s  i n  packages (bags o r  

boxes) o r  i n  some mix ture  of packaged and bulk-form l o a d s .  An i r r a d i a t o r  

des igned t o  h a n d l e  on ly  bulk-form p r o d u c t s  such a s  i n - s h e l l  almonds might b e  



a b l e  t o  a c h i e v e  a  h i g h e r  n e t  s o u r c e  u t i l i z a t i o n  e f f i c i e n c y ,  and s o  would 

r e q u i r e  less source .  Conceptual  d e s i g n s  and p i l o t  p l a n t s  f o r  cobal t -60 b u l k  

g r a i n  i r r a d i a t o r s  w i t h  e s t i m a t e d  o r  p r o j e c t e d  s o u r c e  u t i l i z a t i o n  e f f i c i e n c i e s  

g r e a t e r  t h a n  50% have be.en r e p o r t e d  (Cornwel l ,  1965; T i l t o n  and Brower, 1971) .  

(7 )  For  t h e  d r i e d  f r u i t  and n u t  a p p l i c a t i o n s  cons idered  h e r e ,  a d d i t i o n a l  

a u t o m a t i c  equipment (conveyors,  d e p a l l e t i z e r s  e t c . )  r e q u i r e d  t o  move b o t h  b u l k  

and packaged p roduc t  through a s i n g l e  i r r a d i a t o r  i s  e s t i m a t e d  t o  c o s t  

$300,000. Amort iz ing t h i s  c o s t  a t  12% i n t e r e s t  over  20 y e a r s ,  and assuming 

a n n u a l  maintenance c o s t s  5% of c a p i t a l ,  t h e  annua l ized  c o s t  of t h e  added 

equipment i s  about  $55,000, which i s  i n  a d d i t i o n  t o  t h e  a n n u a l i z e d  c o s t  of t h e  

s ing le -purpose  i r r a d i a t o r  r e p o r t e d  i n  Tab le  2 .  

I f  b o t h  b u l k  and packaged p roduc t  forms a r e  d i s i n f e s t e d  i n  a  s i n g l e  

i r r a d i a t o r ,  e x t r a  c o s t s  a r e  i n c u r r e d .  For example, t h e  i r r a d i a t o r  may be  

l o c a t e d  n e a r  t h e  f r o n t  end of t h e  p r o c e s s ,  i f  most of t h e  throughput  i s  f o r  

p re -process ing  d i s i n f e s t a t i o n  of b u l k  commodity. A t  t h e  o t h e r  end o f  t h e  

p r o c e s s ,  t h e  p roduc t  i s  packaged and b u i l t  i n t o  p a l l e t  l o a d s .  For  i r r a d i a -  

t i o n ,  t h e  p a l l e t  l o a d s  must t h e n  b e  conveyed back up t o  t h e  f r o n t  end of t h e  

p r o c e s s .  An a d d i t i o n a l ,  r e l a t i v e l y  s imple  conveyor sys tem may b e  used t o  

i r r a d i a t e  t h e  p a l l e t  l o a d s ,  o r  t h e  p a l l e t s  may b e  broken up f o r  i r r a d i a t i o n  

and t h e n  rebuj.1.t. I n  e i t h e r  c a s e ,  a u t o m a t i c  equipment (conveyors ,  d e p a l l e t -  

i z e r s  e t c . )  f o r  t h e  e x t r a  p roduc t  h a n d l i n g  i s  r e q u i r e d .  

(8)  Minimum u n i t  c o s t s  of i r r a d i a t i o n  r e p o r t e d  i n  Table  2 a r e  based on 

t h e  assumption t h a t  t h e  i r r a d i a t o r  i s  o p e r a t e d  a t  i t s  maximum c a p a c i t y  24 



h o u r s  p e r  day 350 days  p e r  y e a r ,  w i t h  on ly  two weeks p e r  y e a r  downtime f o r  

maintenance . 

For a c t u a l  d i s i n f e s t a t i o n  a p p l i c a t i o n s ,  r e q u i r e d  i r r a d i a t o r  c a p a c i t y  w i l l  

u s u a l l y  exceed th roughputs  which can b e  main ta ined  throughout  t h e  y e a r ,  due t o  

t h e  s e a s o n a l i t y  of p r o c e s s i n g  s t e p s  such a s  p roduc t  r e c e i p t  and and some 

sh ipments ,  and t h e  n a t u r a l  y e a r l y  f l u c t u a t i o n  i n  a g r i c u l t u r a l  p roduc t ion .  I n  

t h e  most extreme c a s e ,  i f  t h e  i r r a d i a t o r  i s  used on ly  f o r  t h e  i n i t i a l  d i s i n -  

f e s t a t i o n  of newly h a r v e s t e d  almonds o r  w a l n u t s ,  i t  would t h e n  s i t  i d l e  f o r  

a l l  b u t  a few months of t h e  year .  

(9 )  For  t h e  purpose  of t h e  p r e s e n t  s t u d y ,  i t  i s  assumed t h a t  t h e  c o s t  of 

owning and o p e r a t i n g  a  g i v e n  i r r a d i a t o r  i s  f i x e d ,  independent  of s e a s o n a l  

changes i n  u t i l i z a t i o n .  

U n f o r t u n a t e l y ,  p o t e n t i a l  c o s t  s a v i n g s  when t h e  i r r a d i a t o r  i s  n o t  i n  u s e  

a r e  minimal.  For t h e  sample i r r a d i a t o r s  c o n s t r u c t e d  f o r  t h i s  a n a l y s i s ,  

conveyor sys tem maintenance and u t i l i t i e s  which could  b e  saved d u r i n g  months 

when t h e  i r r a d i a t o r  i s  complete ly  s h u t  down amount t o  o n l y  3% of t o t a l  annu-

a l i z e d  c o s t s .  Wage l a b o r  which cou ld  be employed on a  s e a s o n a l  b a s i s ,  as 

opposed t o  s p e c i a l i z e d  i r r a d i a t i o n  p e r s o n n e l ,  accounts  f o r  about  13%of t o t a l  

a n n u a l i z e d  c o s t s ,  a s  t h e  c o s t  e s t i m a t e s  were c o n s t r u c t e d  f o r  t h i s  a n a l y s i s .  

P roduc t  h a n d l i n g  f o r  b u l k  p roduc t  i r r a d i a t i o n ,  which i s  l i k e l y  t o  b e  t h e  most 

s e a s o n a l ,  w i l l  be  more h i g h l y  automated,  however, and t h u s  w i l l  r e q u i r e  l e s s  

wage l a b o r .  



The r e l a t i o n s h i p s  among r e q u i r e d  dose ,  annua l  throughput  c a p a c i t y ,  

e s t i m a t e d  minimum ( f u l l - u t i l i z a t i o n )  u n i t  c o s t s ,  and t y p i c a l  d r i e d  f r u i t  and 

n u t  i n d u s t r y  p roduc t ion  l e v e l s  a r e  i l l u s t r a t e d  i n  F i g u r e  1 ,  where t h e  minimum 

u n i t  c o s t  curves  were d e r i v e d  by p l o t t i n g  annua l  throughput  c a p a c i t i e s  a g a i n s t  

minimum u n i t  c o s t s  r e p o r t e d  i n  Tab le  2 ,  and i n t e r p o l a t i n g  on t h e  r e s u l t i n g  

curve .  From F i g u r e  1 i t  can b e  s e e n  t h a t  o v e r  50% of C a l i f o r n i a ' s  d r i e d  f r u i t  

and n u t  p r o d u c t i o n  would have t o  b e  i r r a d i a t e d  i n  a  con t inuous ,  uniform s t ream 

t o  a c h i e v e  t h e  lowest  ~ o s s i b l e  u n i t  c o s t s  of $2  t o  $3  p e r  t o n ,  depending on 

dose .  The b i g g e s t  p roduc t  volume handled by any s i n g l e  p r o c e s s i n g  p l a n t  i s  

about  200,000 t o n s  p e r  y e a r .  Hence, even assuming t h e  l a r g e s t  p r o c e s s o r ' s  

e n t i r e  p r o d u c t  volume i s  i r r a d i a t e d  i n  a con t inuous ,  even s t r e a m  o v e r  t h e  

e n t i r e  y e a r ,  in-house cobal t -60 o r  cesium-137 i r r a d i a t i o n  d i s i n f e s t a t i o n  would 

c o s t  $4 t o  $5 p e r  t o n ,  a c c o r d i n g  t o  t h e  c o s t  e s t i m a t e s  r e p o r t e d  i n  Tab le  2 .  

R e l a t i v e  Cost  of E-beam P r o c e s s i n g  

Unl ike  i s o t o p e  s o u r c e s ,  E-beam g e n e r a t i n g  u n i t s  do n o t  i n c r e a s e  i n  c o s t  

i n  p r o p o r t i o n  t o  t h e i r  power r a t i n g s  which de te rmine  t h e i r  p r o c e s s i n g  capac- 

i t y .  Hence E-beam p r o c e s s i n g  becomes i n c r e a s i n g l y  cos t -compet i t ive  a s  

throughput  volume and dose  requ j rements  i n c r e a s e .  I n  a d d i t i o n ,  u n l i k e  i s o -  

t o p e s  which con t inuous ly  d i s i n t e g r a t e ,  E-beam u n i t s  can be  swi tched o f f  when 

n o t  i n  u s e ,  p r o v i d i n g  s a v i n g s  f o r  seasonal. i r r a d i a t i o n  a p p l i c a t i o n s .  

Tab le  3  shows average  manufac tu re r s '  c o s t  e s t i m a t e s  f o r  10 MeV E-beam 

u n i t s  w i t h  20 kW and 40 kW power r a t i n g s .  Fol lowing Cleland and Pageau 

(1985) ,  i t  i s  assumed t h a t  t h e  E-beam u n i t s  can r e p l a c e  I M C i  o f  cobal t -60 f o r  



each 10 kW of t h e i r  power r a t i n g ,  based on a n  assumed d i f f e r e n c e  i n  n e t  

u t i l i z a t i o n  e f f i c i e n c y  of 50% f o r  t h e  E-beam v e r s u s  30% f o r  t h e  i s o t o p e  

s o u r c e .  The c o s t  of t h e  20 kW E-beam u n i t  i s  a l s o  compared w i t h  t h e  c o s t  of a 

1 ElCi cobal t -60 s o u r c e  i n  Tab le  3 ,  under  t h e  assumption t h a t  t h e  E-beam u n i t  

would o p e r a t e  on ly  12 hours  p e r  day. The b i g g e s t  p r o c e s s i n g  r a t e  cons idered  

i n  Tab le  3  i s  2,000 t o n s  p e r  day. T h j s  p r o c e s s i n g  r a t e  a p p e a r s  t o  be  achiev-  

a b l e  f o r  p r o d u c t s  such a s  b u l k  almonds and w a l n u t s  a t  t h e  n e t  s o u r c e  u t i l i z a -  

t i o n  e f f i c i e n c y  of 50% assumed h e r e  (Danie l  S loan ,  p e r s o n a l  communication). 

Opera t ing  c o s t s  f o r  t h e  E-beam u n i t  d u r i n g  u s e  hours  i n c l u d e  t h e  e l e c -  

t r i c i t y  i n p u t  requ i rement ,  a s  w e l l  as an  average  c o s t  f o r  p a r t s  and mainte- 

nance.  Following Cle land  and Pagaeu (1985) ,  p a r t s  and maintenance c o s t s  a r e  

i n d i c a t e d  i n  Table  3 a s  $25 p e r  hour  of E-beam u n i t  o p e r a t i o n .  

Comparison of t h e  amort ized c a p i t a l  and o p e r a t i n g  c o s t s  of t h e  E-beam 

u n i t s  w i t h  annua l ized  i n i t i a l  l o a d i n g  and rep len i shment  c o s t s  f o r  e q u i v a l e n t  

i s o t o p e  s o u r c e s  (Table  3)  i n d f c a t e s  t h a t  E-beam u n i t s  may c o s t  abou t  t h e  same 

as i s o t o p e  s o u r c e s  f o r  throughput  requ i rements  a s  s m a l l  a s  1,000 t o n s  p e r  day 

a t  a 350 Gy dose ,  i f  t h e  i r r a d i a t o r  i s  employed on ly  t h r e e  months o u t  of t h e  

y e a r .  I f  t h e  i r r a d i a t o r  i s  o p e r a t e d  year-round, E-beam u n i t s  may b e  competi- 

t i v e  w i t h  i s o t o p e  s o u r c e s  f o r  th roughputs  g r e a t e r  t h a n  2,000 t o n s  p e r  day a t  a 

350 Gy dose .  

A s  was p r e v i o u s l y  mentioned i n  t h e  d i s c u s s i o n  of e s t i m a t e d  i s o t o p e  

i r r a d i a t i o n  c o s t s  (assumption 6 ) ,  b e t t e r  s o u r c e  e f f i c i e n c y  and hence lower 

cobal t -60 o r  cesium-137 s o u r c e  c o s t s  may b e  achieved i n  a n  i r r a d i a t o r  which i s  



designed t o  hand le  b u l k  p r o d u c t s  on ly .  Single-purpose  b u l k  p roduc t  i r r a d i a -

t o r s  may a l s o  r e q u i r e  a s m a l l e r  r a d i a t i o n  chamber s o  t h a t  l e s s  t o t a l  c o n c r e t e  

f o r  s h i e l d i n g  i s  r e q u i r e d .  A s i m p l e r  and l e s s  expens ive  conveyor system may 

b e  used f o r  p r o d u c t s  such a s  b u l k  i n - s h e l l  n u t s ,  e . g .  a  g rav i ty - impe l led  

sys tem which channe l s  t h e  p roduc t  o v e r  and around e n c a p s u l a t e d  s o u r c e  r o d s  

such  a s  t h e  concep tua l  d e s i g n  d e s c r i b e d  by Cornwell  (1965) ,  o r  t h e  f u n c t i o n i n g  

p i l o t  p l a n t  d e s c r i b e d  by T i l t o n  and Brower (1971).  

For  large-volume b u l k  p roduc t  i r r a d i a t i o n ,  E-beam p r o c e s s i n g  may b e  

expected t o  b e  l e s s  expens ive  i n  terms of p h y s i c a l  p l a n t  r equ i rements  a s  w e l l  

a s  t h e  c o s t  of t h e  s o u r c e  i t s e l f .  T h i s  i s  because  E-beams can b e  focused ,  

whereas i s o t o p e  s o u r c e s  emit  r a d i a t i o n  i n  a l l  d i r e c t i o n s .  E f f i c i e n t  E-beam 

p r o c e s s i n g  of b u l k  p r o d u c t s  may b e  accomplished u s i n g  r e l a t i v e l y  s imple  

conveyor sys tems,  e .g .  f l a t  b e l t  conveyance, o r  g r a v i t y  impe l led  f low through 

a p i p e  (Zakladnoi  e t  a l . ,  1982) o r  a p e r t u r e  (Cornwel l ,  1965) ,  o r  down a  

v i b r a t i n g  ramp ( R u t t , 1984) . 

Bulk i n - s h e l l  almonds appear  t o  b e  t h e  most promising c a n d i d a t e  f o r  

E-beam p r o c e s s i n g ,  because  t h e y  have r e l a t i v e l y  good f low p r o p e r t i e s  ( a s  

compared t o  o t h e r  d r i e d  f r u i t s  and n u t s )  and a r e  r e s i l i e n t  enough t o  b e  

handled l i k e  g r a i n .  P r o c e s s i n g  r a t e s  a s  h i g h  a s  4,000 t o n s  p e r  day o r  h i g h e r  

may be  a c h i e v a b l e ,  s j n c e  t h e  almonds can t o l e r a t e  impac t s  which t h e y  may 

encounte r  i n  f a s t ,  g rav i ty - impe l led  o r  b e l t  conveyor sys tems.  A s  was d i s -

cussed above,  t h e  c o s t  of i n t e g r a t i n g  i r r a d i a t i o n  i n t o  a n  e x i s t i n g  p r o c e s s  

s t r e a m  w i l l  be  a f u n c t i o n  of tnany p l a n t - s p e c i f i c  v a r i a b l e s .  A lower bound t o  

t h e  c o s t  of E-beam p r o c e s s i n g  may b e  o b t a i n e d  by c o n s i d e r i n g  t h e  c o s t s  of t h e  



E-beam u n i t ,  c o n c r e t e  s h i e l d i n g  and conveyor sys tem which w i l l  c e r t a i n l y  be  

r e q u i r e d .  For  example, E-beam u n i t  mar iufacturers  e s t i m a t e  t h a t  t h e  s h i e l d i n g  

and conveyor sys tem f o r  a 10 MeV E-beam f a c i l i t y  c a p a b l e  of p r o c e s s i n g  4,000 

t o n s  p e r  day would each c o s t  about  $500,000 f o r  a combined c o s t  of about  $1 

m i l l i o n .  Amortizing t h i s  c o s t  a t  12% i n t e r e s t  o v e r  20 y e a r s  and adding 5% of 

t h e  c a p i t a l  c o s t  a n n u a l l y  f o r  maintenance,  t h e  e s t i m a t e d  annua l  E-beam f a c i l -

i t y  p l a n t  c o s t  would b e  about  $184,000. Labor and overheads  f o r  t h e  E-beam 

f a c i l i t y  a r e  e s t i m a t e d  by E-b%am u n i t  manufac tu re r s  t o  c o s t  about  $400,000 i f  

t l ie  f a c i l i t y  i s  r u n  8 ,000 h o u r s  p e r  y e a r .  I f  t h e  E--beam f a c i l i t y  were r u n  12 

h o u r s  p e r  day d u r i n g  t h r e e  months of t h e  y e a r ,  i t s  t o t a l  annua l ized  c o s t  would 

b e  $762,300, o r  about  $7.60 p e r  t o n  f o r  a p r o c e s s o r  who h a n d l e s  100,000 t o n s  

p e r  y e a r ,  assuming t h e  E-beam u n i t  c a p i t a l ,  power and maintenance c o s t s  a r e  as 

shown i.n Tab le  3 ,  and l a b o r  and overheads  c o s t  $200,000 p e r  y e a r  f o r  t h e  12 

hour  p e r  day,  t h r e e  month p e r  y e a r  o p e r a t i o n .  I f  200,000 t o n s  p e r  y e a r  a r e  

handled by t h e  same E-beam f a c i l i t y  i.n t h e  same number of hours ,  t h e  u n i t  c o s t  

of i r r a d i a t i o n  would fa l l .  t o  $3.80 p e r  t o n ,  A t  f u l l  u t i l i z a t i o n ,  t h e  4,000 

t o n  p e r  day c a p a c i t y  f a c i l i t y  could  t r e a t  1.4 m i l l i o n  t o n s  i n  a 350 day y e a r ,  

o r  about  1 .4  t imes  C a l i f o r n i a ' s  e n t i r e  annua l  p r o d u c t i o n  of almonds, w a l n u t s ,  

r a i s i n s  and p runes  combined. 

Lower energy E-beam u n i t s  a r e  a l s o  c u r r e n t l y  a v a i l a b l e  which have much 

h i g h e r  power r a t i n g s  t h a n  t h o s e  consi.dered t h u s  f a r .  For  example, one major 

manufac tu re r  produces  a 150 kW, 3 MeV E-beam u n i t  which h a s  a quoted i n s t a l l e d  

p r i c e  of about  $2 m i l l i o n .  The manufacturer  e s t i m a t e s  t h a t  t h e  p l a n t  c o s t  f o r  

a b u l k  almond i r r a d i a t i o n  f a c i l i t y  u s i n g  t h i s  machine i s  about  $1 m i l l i o n .  I f  

t h e  almonds can b e  moved p a s t  t h e  beam f a s t  enough t o  t a k e  advantage of t h e  



h i g h  power o u t p u t ,  and i n  a t h i n  enough s t ream (e .g .  s i n g l e  l a y e r )  t o  b e  pene- 

t r a t e d  by t h e  lower energy beam, t h i s  machine would have t h e  advantage of 

be ing  a b l e  t o  h a n d l e  even t h e  b i g g e s t  d a i l y  r e c e i p t s  i n  t h e  normal working 

day.  

R e l a t i v e  Cost  of X-ray P r o c e s s i n g  

E-beam u n i t s  can b e  modi f i ed  t o  produce X-rays by p l a c i n g  a  heavy m e t a l  

t a r g e t  ( e .g .  t u n g s t e n )  between t h e  E-beam s o u r c e  and t h e  p roduc t .  Although 

t h e  convers ion  p r o c e s s  i s  s imple ,  l e s s  t h a n  10% of t h e  E-beam energy i s  

conver ted  t o  X-rays a t  t h e  maximum a l l o w a b l e  energy l e v e l  of 5 MeV, t h e  

remaining 90+% b e i n g  l o s t  i n  t h e  form of h e a t .  A t  lower energy l e v e l s  t h e  

convers ion  e f f i c i e n c y  i s  c o n s i d e r a b l y  reduced. Although f u t u r e  t e c h n o l o g i c a l  

advances may change t h i s ,  g e n e r a t e d  X-rays a r e  n o t  now c o m p e t i t i v e  w j t h  

i s o t o p e  s o u r c e s ,  g iven  t h e  h i g h  a c c e l e r a t o r  power r a t i n g  and e l e c t r i c i t y  i n p u t  

r e q u i r e d .  

The u s e  of X-rays a s  a n  a d j u n c t  t o  E-beams may s t i l l  be of i n t e r e s t  t o  

p r o c e s s o r s  who can j u s t i f y  a powerful  E-beam u n i t  f o r  l a r g e  volume b u t  sea -

s o n a l  b u l k  p roduc t  i r r a d i a t i o n ,  w h i l e  a l s o  need ing  t o  d i s i n f e s t  s m a l l e r  d a i l y  

volumes of packaged p r o d u c t  throughout  t h e  remainder  of t h e  y e a r .  I n  t h i s  

c a s e  t h e r e  would s t i l l  b e  a d d i t i o n a l  c o s t s  t o  make t h e  i r r a d i a t i o n  system 

s u i t a b l e  f o r  t h e  d u a l  u s e ,  however. A d d i t i o n a l l y ,  t h e  E-beam u n i t  might need 

t o  be  a d j u s t a b l e  w i t h i n  t h e  5 MeV t o  10 MeV range ,  and s o  would c o s t  more, 

s i n c e  t h e  h i g h e r  energy l e v e l  might b e  needed t o  a c h i e v e  t h e  h i g h  th roughputs  

of b u l k  p r o d u c t s  r e q u i r e d .  Labor,  e l e c t r i c i t y ,  and p a r t s  and maintenance 



costs would be incurred for the hours the E-beam unit is employed for X-ray 

processing. 

A hypothetical example will serve to illustrate the per ton cost of 

machine source maintenance during use in the X-ray mode. Suppose a 40 kW, 5 

MeV E-beam unit produces 4 IcW of X-ray power, equivalent in processing to 0.4 

MCi of cobalt-60 or capable of processing 400 tons per day at a 350 Gy dose. 

If the machine's hourly electricity and parts and maintenance cost is $40 (see 

Table 3), this cost alone amounts to $2.4 per ton of supplementary X-ray 

processing at the 350 Gy dose. 

Modified Atmospheres 

Modified atmosphere (MA) disinfestation is a competitor for all of the 

insect control needs which might be served by irradiation, while long-term 

modified atmosphere storage is also a good replacement for multiple fumiga- 

tions and foggings of bin-stored prunes and raisins. Practical aspects of 

using modified atmospheres for insect control have been studied in Australia 

and in this country since the 1950's (Jay, 1984). Recently, the efficacy, 

engineering considerations and costs of disinfesting California dried fruits 

and nuts by exothermically generated low oxygen atmosphere (GLOA), carbon 

dioxide and high nitrogen atmospheres have been studied (Gardner et al., 1982; 

Soderstrom et al., 1984; Soderstrom and Baritelle, 1984; Soderstrom and 

Brandl, 1984). Reported costs of the various modified atmospheres are simi- 

lar, although the generated low oxygen atmosphere tends to be cheaper for 

large volume applications or for use on a repeat basis. Possible application 



methods and costs of GLOA for dried fruit and nut disinfestation are con- 

sidered here, as an illustration of one modified atmosphere alternative to 

fumigation. 

Cost of GLOA for Disinfestatjon Treatments and Long-term Storage 

An exothermic low oxygen atmosphere generator works by burning propane or 

natural gas in air to produce an atmosphere which contains only about 0.5% 

oxygen. The ].ow oxygen atmosphere is cooled and filtered to remove impuri- 

ties, and is then piped into the storage structure where it displaces the 

original atmosphere. When the storage atmosphere has been purged to an oxygen 

content of 0.5%, a lethal atmosphere has been established which will kill all 

storage pests. The time required to kill infesting insects is temperature 

dependent, taking about three days to a week after purging at typical receiv- 

ing, processing and shipment temperatures (65-80°F), according to research 

(ibid). Once the oxygen has been removed, the storage structure must be 

completely ventilated before reentry is safe. 

Costs to adopt the GLOA technology include the costs of the low oxygen 

atmosphere generators, plumbing, gas analyzers and auxiliary equipment, as 

well as the cost of the utilities (propane or natural gas, electricity and 

water) to run the generators. Labor is required to seal up and ventilate the 

storage, operate the generator, and monitor the storage atmosphere's oxygen 

content. 



In addition, some processors may encounter large costs to modify or 

replace existing storages so that they are sufficiently airtight for effective 

low oxygen or other modified atmosphere treatments. The longer treatment time 

which may be required for modified atmosphere disinfestation relative to 

fumigation may result in further large costs for some treatment applications. 

Special problems which may be encountered in adopting modified atmosphere 

technology for 1) disinfestation of new1.y harvested almonds and walnuts, 2) 

protection of raisins and prunes in long-term storage, and 3) disinfestation 

of finished goods are described below, along with suggested possible 

solutions. 

(1) MA disinfestation of newly harvested almonds and walnuts. In order 

to achieve timely disinfestation of newly harvested almonds arid walnuts, the 

processor must have facilities which allow consignments of nuts to be sealed 

off and purged within one or two days of receipt. In addition, the total 

capacity of the storage facilities must be sufficient so that each consignment 

of nuts can occupy the necessary chamber or bin space for 10 days, the esti- 

mated filling, purging, maintenance and aeration time. 

Existing processor facilities may fall. short of the requirements for MA 

disinfestation in several ways. One potential problem which may be relatively 

easy to correct is that exlstjng storage bins or chambers of suitable size may 

be insufficiently airtight for effective MA disinfestation treatments. More 

serious potential problems are 1) existing storage facilities may be too large 

for the MA to be established in the short time required for disinfestation of 

newly harvested almonds and walnuts, and 2) the total capacity of existing, 
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s u i t a b l e  s t o r a g e  f a c i l i t i e s  may b e  t o o  s m a l l ,  g iven  t h a t  t h e  a v a i l a b l e  space 

may now b e  occupied longer  by each l o t  of n u t s  r e q u i r i n g  d i s i n f e s t a t i o n .  

F u r t h e r  r e s e a r c h  i s  needed t o  de te rmine  how a i r - t i g h t  a s t r u c t u r e  needs  

t o  be  t o  i n s u r e  t h a t  no a i r  pocke t s  can b e  l e f t  and d l - s i n f e s t a t i o n  w i l l  b e  

100% e f f e c t i v e .  It may b e ,  however, t h a t  many c o n c r e t e  t i l t - u p  b u i l d i n g s ,  

c o n c r e t e  s i l o s  and m e t a l  b i n s  c u r r e n t l y  used f o r  b u l k  n u t  s t o r a g e  a r e  t o o  

l eaky  f o r  e f f e c t i v e  MA c o n t r o l .  Numerous s t u d i e s  of s e a l i n g  methods made i n  

t h i s  coun t ry  and i n  Aus t ra l - i a  ( s e e  e .g .  Ranks and Annis,  1980; Lehane, 1982; 

Soderstrom and B a r i t e l l e ,  1984; Ranks, 1984; DIOrazio ,  1985) i n d i c a t e  t h a t  

e x i s t i n g  s t o r a g e  b i n s  and chambers can be  s e a l e d  t o  l e a k  l e s s  t h a n  5% of t h e i r  

volume p e r  day. T h i s  s t a n d a r d  of s e a l i n g  i s  recommended i n  A u s t r a l i a  f o r  

a p p l i c a t i o n s  where t h e  modif ied atmosphere i s  main ta ined  i n  t h e  s t o r a g e  

f a c i l i t y  d u r i n g  many months of s t o r a g e ;  hence t h e  investment  i n  s e a l i n g  i s  

r e p a i d  i n  lower modif ied atmosphere maintenance c o s t s .  The 5% of volume p e r  

day s t a n d a r d  of s e a l i n g  i s  probably  more t h a n  adequate  t o  e n s u r e  e f f i c a c i o u s  

low oxygen atmosphere t r e a t m e n t s .  

The most g e n e r a l  s e a l i n g  r e q u i r e d  i s  t h a t  of j o i n t s  of c o n c r e t e  t i l t - u p  

b u i l d i n g s  o r  b o l t e d  m e t a l  b i n s ,  b o l t s  and seams of m e t a l  b i n s ,  openings  f o r  

p roduc t  in -  and o u t l o a d i n g  e t c .  I n  a d d i t i o n ,  f l o o r  and w a l l  c r a c k s  of o l d e r  

c o n c r e t e  b u i l d i n g s  may have t o  be  pa tched ,  o r  i f  t h e  w a l l s  a r e  b a d l y  c racked ,  

a s  sometimes happens i n  o l d e r  v e r t i c a l  c o n c r e t e  s i l o s ,  t h e  e n t i r e  w a l l  s u r f a c e  

may need t o  b e  coa ted .  Many of t h e  s e a l i n g  j o b s  can be  accomplished u s i n g  

s p r a y a b l e  p l a s t i c s ,  which were f i r s t  developed by t h e  U.S. Department of t h e  

Navy f o r  s t r i p p a b l e  r u s t  p r o t e c t i o n  of t o p s i d e  ordnance u n i t s  and o t h e r  v e s s e l  
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machinery on t h e  Reserve F l e e t  d u r i n g  World War I1 (Roop, 1949) .  Neoprene 

s t r i p s  can a l s o  be  used t o  s e a l  f loor - to -wal l  j o i n s  i n  c o n c r e t e  t i l t - u p  

b u i l d i n g s  (Soders t rom and B a r i t e l l e ,  1984) .  Sprayab le  p o l y u r e t h a n e  foam may 

be  used t o  s e a l  l a r g e  gaps ,  e .g .  under  t h e  eaves  (Lehane, 1982) .  

C o s t s  t o  s e a l  c o n c r e t e  t i l t - u p  chambers and b o l t e d  m e t a l  b i n s  average  

abou t  $5 p e r  100 c u b i c  f e e t  (Lehane, 1982; Soderstrom e t  a l . ,  1982; D'Orazio,  

1985) .  Good s e a l i n g  j o b s  have been found t o  b e  reasonab ly  d u r a b l e  (Thompson, 

1985) .  An average  maintenance c o s t  of 3.5% of i n i t i a l  c o s t  p e r  y e a r  h a s  been 

r e p o r t e d  f o r  s e a l i n g  of one l a r g e  h o r i z o n t a l  shed by Lehane (1982).  

Where t h e  e x i s t i n g  c a p a c i t y  of s u i t a b l y  s i z e d  b i n s  a n d / o r  chambers i s  

i n a d e q u a t e  f o r  t imely  d i s i n f e s t a t i o n  of a l l  incoming n u t s ,  s e v e r a l  s o l u t i o n s  

a r e  p o s s i b l e .  One p o s s i b l e ,  a t  ] .east  p a r t i a l  s o l u t i o n  f o r  almonds might b e  t o  

s h e l l  t h e  n u t s ,  t h u s  reduc ing  t h e i r  volume by approximately  h a l f ,  b e f o r e  

p l a c i n g  them i n  s t o r a g e .  Another s o l u t i o n  i s  t o  b u i l d  enough new s t o r a g e  

c a p a c i t y  t o  make up t h e  e n t i r e  s h o r t - f a l l .  For example, i f  t h e  p r o c e s s o r ' s  

e x i s t i n g  s t o r a g e  c a p a c i t y  i s  i n  t h e  form of l a r g e  h o r i z o n t a l  s h e d s ,  which a r e  

n o t  s u i t a b l e  f o r  r a p i d  MA d i s i n f e s t a t i o n  t r e a t m e n t s ,  enough new, s m a l l e r  

chambers o r  b i n s  might be  b u i l t  t o  e q u a l  e x i s t i n g  s t o r a g e  i n  t o t a l  c a p a c i t y .  

New u s a b l e  s t o r a g e  c a p a c i t y  might a l s o  b e  ga ined  by s u b d i v i d i n g  l a r g e  h o r i -  

z o n t a l  sheds  i n t o  chambers, However, c o n s t r t l c t i o n  c o n t r a c t o r s  e s t i m a t e  t h a t  

such a  s u b d i v i s i o n  would amount t o  p u t t i n g  a new b u i l d i n g  w i t h i n  t h e  e x i s t i n g  

one,  and would c o s t  as much a s  c o n s t r u c t i n g  new b i n s  o r  chambers from s c r a t c h .  

Where t h e  s h o r t f a l l  i n  s u i t a b l e  s t o r a g e  c a p a c i t y  f o r  MA t r e a t m e n t s  i s  

l a r g e ,  a good s o l u t i o n  may be t o  c o n s t r u c t  s p e c i a l  chambers f o r  t h e  purpose  of 



d i s i n f e s t a t i o n  t r e a t m e n t s ,  and move a l l  incoming n u t s  th rough  t h e s e  b i n s  o r  

chambers b e f o r e  t h e y  a r e  p rocessed  o r  go i n t o  long-term s t o r a g e .  A t  most,  t h e  

d i s i n f e s t a t i o n  f a c i l i t i e s  would need t o  b e  a b l e  t o  ho ld  as much produc t  a s  may 

be r e c e i v e d  i n  10 days d u r i n g  t h e  peak r e c e i v i n g  season ,  i f  a l l  incoming 

produc t  i s  d i s i n f e s t e d  i n  t h e s e  f a c i l i t i e s .  

Average c o s t  e s t i m a t e s  of c o n s t r u c t i o n  c o n t r a c t o r s  and c o n s u l t a n t s  t o  

b u i l d  b u l k  n u t  b i n s  o r  chambers w i t h  load ing /un load ing  equipment a r e  $1 p e r  

c u b i c  f o o t .  Less  expensive  b u l k  s t o r a g e  concep t s  such a s  i n f l a t a b l e  b u i l d i n g s  

( s e e  e .g .  Soderstrom e t  a l . ,  1984) ,  and even l i n e d  t r e n c h e s  a l s o  e x i s t ,  

a l t h o u g h  t h e  maintenance and q u a l i t y  problems which might a r i s e  w i t h  t h e i r  u s e  

a r e  n o t  known. I n d u s t r y  s o u r c e s  e s t i m a t e  t h a t  t h e  e x t r a  p roduc t  h a n d l i n g ,  

which would be  r e q u i r e d  t o  move a l l  product  through s p e c i a l  d i s i n f e s t a t i o n  

f a c i l i t i e s , - c o u l d  b e  accomplished f o r  about  $1 p e r  t o n  handled.  

( 2 )  MA p r o t e c t i o n  of r a i s i n s  and prunes  i n  long-term s t o r a g e .  A l a r g e  

p o r t i o n  of t h e  r a i s i n  c rop  i s  s t o r e d  ou tdoors  i n  l a r g e  s t a c k s  o f  b i n s  covered 

w i t h  paper  h e l d  i n  p l a c e  w i t h  wooden frameworks n a i l e d  t o  t h e  s t a c k e d  b i n s .  

Research i n d i c a t e s  t h a t  a low oxygen atmosphere can b e  e f f e c t i v e l y  e s t a b l i s h e d  

and main ta ined  i n  commercial-size (e .g .  1600- t o  2800-bin) r a i s i n  s t a c k s  

(Soders t rom and Brand l ,  1984).  

P a r t  of t h e  r a i s i n  c rop  and most of t h e  prune c rop  a r e  s t o r e d  i n  b i n s  

s t a c k e d  i n s i d e  m e t a l ,  c o n c r e t e  o r  wooden warehouses.  A s  one approach,  t h e s e  

warehouses might be  s e a l e d  f o r  MA s t o r a g e  u s i n g  methods similar t o  t h o s e  

d e s c r i b e d  above f o r  s e a l i n g  b u l k  n u t  s t o r a g e s .  Th i s  approach might work w e l l  



where e x i s t i n g  warehouse space  i s  a l r e a d y  d i v i d e d  i n t o  r e l a t i v e l y  s m a l l  

chambers which can be  f i l l e d ,  s e a l e d  and l e f t  u n t i l  t h e  f r u i t  i s  needed f o r  

p r o c e s s i n g .  In  some c a s e s ,  prune o r  r a i s i n  b i n s  may b e  s t o r e d  i n  l a r g e ,  open 

warehouse s p a c e s  which cannot  b e  conven ien t ly  s e a l e d  o f f  f o r  prolonged p e r i -  

ods .  I n  t h i s  c a s e ,  one s o l u t i o n  would b e  t o  b u i l d  covered s t a c k s  w i t h i n  t h e  

warehouse.  Gardner e t  a l .  (1982) e s t i m a t e d  t h e  c o s t  of b u i l d i n g  outdoor  

r a i s i n  s t a c k s  a t  about  $5 p e r  t o n  covered.  However, t h i s  c o s t  i n c l u d e s  t h e  

c o s t  of s t a c k i n g  t h e  b i n s ,  which w i l l  n o t  r e p r e s e n t  an  e x t r a  c o s t  i n  warehouse 

s t o r a g e .  The m a t e r i a l s  t o  cover  indoor  s t a c k s  w i l l  a l s o  c o s t  l e s s  and w i l l  

l a s t  l o n g e r ,  because  they  w i l l  n o t  he  exposed t o  t h e  e lements .  

(3) MA d i s i n f e s t a t i o n  o f  f i n i s h e d  goods. The b e s t  methods of a p p l y i n g  

modi f i ed  a tmospheres  f o r  d i s i n f e s t a t i o n  o.E f i n i s h e d  goods have y e t  t o  be  

determined.  It i s  known, however, t h a t  carbon d i o x i d e  i s  sorbed by commodi- 

t i e s ,  and h i g h  carbon d i o x i d e  a tmospheres  can q u i c k l y  p e n e t r a t e  a dense  

commodity paclc (Ed J a y ,  p e r s o n a l  communication). The Gl,OA i s  a l s o  about  15% 

carbon d i o x i d e ,  and may b e  a b l e  t o  p e n e t r a t e  commodity packs  q u i c k l y .  

Some goods may r e c e i v e  a pre-shipment fumiga t ion  a f t e r  t h e y  have been 

s e a l e d  i n  g a s - t i g h t  p l a s t i c  packs.  I n  t h i s  c a s e  MA, Like  chemical  fumigan ts ,  

would be  l i m i t e d  t o  k i l l i n g  i n s e c t s  around, on o r  i n  t h e  cardboard c a r t o n s  

c o n t a i n i n g  t h e  s e a l e d  packages.  

The exposure t ime r e q u i r e d  f o r  MA d i s i n f e s t a t i o n  i s  h i g h l y  t empera tu re  

dependent.  For example, J a y  ( p e r s o n a l  communication) found t h a t  d i s i n -  

f e s t a t i o n  t imes  f o r  a h igh  carbon d i o x i d e  atmosphere f e l l  r a p i d l y  a s  t h e  



temperature was raised above 80°F; at l l O ° F  the carbon dioxi.de acted as 

rapidly as a conventional methyl bromide treatment, yielding a 2-day turn- 

around. For commodities such as raisins and prunes which may be able to 

tolerate elevated temperatures during short (2 to 3 day) exposure periods, 

rapid MA disinfestation may be achievable. Since heat is a by-product of low 

oxygen generators, the necessary heating would be a free good if GLOA is used 

to disinfest finished products. 

If MA disinfestation is significantly slower than current fumigation 

practice, adopting the MA technology will require changes in management 

practice for those processors who now process and pack largely to order, and 

who may routinely hold only as much finished product as will be shipped in one 

or two days. Extra warehouse space may be required to accommodate the 1on.ger 

treatment..lf processing and packing must be done further ahead of shipping 

than is now customary, some time value on the money that goes into processing 

and packing will be lost. Some processors might have difficulty anticipating 

sales, or might lose sales because of the longer tjme it would take them to 

resporid. A special hardship would exist for early-season in-shell walnuts, 

which need to be shipped as soon as possib1.e in order to compete in pre- 

Christmas European markets. 

Assumptions for GLOA Cost Analysis 

As is the case for irradiation, equipment and construction requirements 

for GLOA treatments represent fixed costs which must be sized to meet peak 

needs. Estimated costs of using low oxygen atmospheres as well as irradiation 



a r e  r e p o r t e d  i n  t h e  n e x t  s e c t i o n  f o r  h y p o t h e t i c a l  p r o c e s s o r s  whose p roduc t  

hand l ing  s c h e d u l e s  and e x i s t i n g  p h y s i c a l  p l a n t  a r e  s p e c i f i e d .  C o n s i d e r a t i o n s  

and assumptions  on which t h e  c o s t  e s t i m a t e s  f o r  low oxygen atmosphere d i s i n -  

f e s t a t i o n  t r e a t m e n t s  a r e  based a r e  l i s t e d  and d i s c u s s e d  below. 

(1) Following Gardner e t  a l .  (1982) and Soders t rom e t  a l .  (1984),  i t  i s  

assumed t h a t  a s i n g l e  g e n e r a t o r  can s imul taneous ly  purge a  new chamber, w h i l e  

m a i n t a i n i n g  s e v e r a l  chambers which have p r e v i o u s l y  been purged.  Moreover i t  

I s  assumed t h a t  s e v e r a l  g e n e r a t o r s  may be  used t o  purge a s i n g l e  l a r g e  a i r  

space .  Hence t h e r e  i s  a  s imple  r e L a t i o n s h i p  between t h e  t o t a l  volume of 

s t o r a g e  space which must b e  purged and main ta ined  p e r  u n i t  t ime and t h e  

g e n e r a t o r  c a p a c i t y  r e q u i r e d ,  i r r e s p e c t i v e  of t h e  number and s i z e  of s t o r a g e  

chambers invo lved .  

(2) Although low oxygen atmosphere g e n e r a t o r s  come i n  a  range of t y p e s  

and s i z e s ,  f o r  convenience i t  i s  assumed t h a t  on ly  one t y p e  and s i z e  of 

g e n e r a t o r  i s  used ,  which i s  capab le  of producing 10,000 s t a n d a r d  c u b i c  f e e t  

p e r  hour  ( s c f h ) . o f  t h e  GLOA. T h i s  g e n e r a t o r  h a s  been used i n  f i e l d  t r i a l s  i n  

Ca1iforni .a and has  been found t o  be reasonab ly  p o r t a b l e .  

(3 )  Based on i n f o r m a t i o n  provided by t h e  manufac tu re r ,  t h e  c o s t  of each 

10,000 s c f h  u n i t  i n c l u d i n g  g a s  a n a l y z e r ,  s a f e t y  equipment and plumbing i s  

e s t i m a t e d  a t  $55,000. It  i s  assumed t h a t  t h e  g e n e r a t o r  and a u x i l i a r y  equip- 

ment h a s  a 20-year l i f e  i f  p r o p e r l y  main ta ined .  Hence t h e  annua l ized  c o s t  of 

each u n i t  i s  e s t i m a t e d  a t  $10,110, t h e  c a p i t a l  c o s t  amor t i zed  a t  12% i n t e r e s t  

o v e r  20 y e a r s  p l u s  5% of c a p i t a l  p e r  y e a r  f o r  maintenance.  



(4) Eased on the results of field trials (Soderstrom and Brandl, 1984; 

Soderstrom and Baritelle, 1984), it is assumed that the generated atmosphere 

requirements to purge are four times the total volume for raisin yard stacks 

and 1.5 times the total volume for full bulk nut storages. Once purged, 

maintenance requirements are 12% of volume per day for raisin yard stacks and 

5% of volume per day for bulk nuts. 

(5) Although this has not been determined experimentally, it is assumed 

that purging and maintenance requirements would be the same for finished goods 

in fumigation chambers as for raisin bin stacks. This assumption is based on 

the premise that the proportion of air space to total volume would be similar 

in fumigation chambers and in bin stacks. The desired smaller air space in 

fumigation situations for finished goods is achievable if fumigation chambers 

are loaded fully before purging, in contrast to the load factor of 50% which 

may now be typical in these situations (see Tab1.e 1). 

(6) It is assumed that for each treatment application, the low oxygen 

atmosphere will be maintained for one week after purging. This should be 

adequate time for complete insect control at normal receiving, shipping and 

handling temperatures, according to research. 

(7)  Total utility costs are estimated at $1.42 per 1,000 scfh, based on 

assumed costs of propane @ $1 per gallon, electricity @ 9C per kwh, and water 

@ 23C per 1,000 gallons. The assumed utility requirements are based on 

manufacturer's data which indicate that 1.26 gallons propane, 0.5 kwh elec- 

tricity and 8 gallons per minute water are used to generate each 1,000 scfh of 

GLOA. These utility requirements are independent of the generator capacity. 



(8) Labor costs for low oxygen atmosphere disinfestation of bulk stored 

nuts and of finished goods are estimated to be in the same range as current 

fumigation costs. Labor costs for long-term low oxygen atmosphere storage of 

yard-stacked raisins and of tarp-covered prune bin stacks in warehouses are 

estimated to be in the same range as labor costs for monthly fumigations of 

yard-stacked raisins. This a high estimate of labor costs for low oxygen 

treatments. Detailed studies (Gardner et al., 1982;  Soderstrom et al., 1984) 

have indicated that labor costs for low oxygen treatments may be less than 

labor costs for current fumigation practice. In particular, labor costs to 

maintain a low oxygen atmosphere during long term storage may be expected to 

be significantly less than labor costs for fumigation treatments made on a 

monthly or more frequent basis. 

( 9 )  As the best case scenario for adoption of low oxygen treatments for 

disinfestation of bulk in-shell al-monds and walnuts, it is assumed that the 

processor's existing storage facilities can be modified and used for timely 

disinfestion treatments. The necessary storage modification is assumed to 

cost $5 per 100 cubic feet of existing capacity. The annualized cost of 

sealing is estimated as the capital. cost amortized over 20 years at 12X 

interest plus 5% of capital per year for maintenance. It is assumed that the 

processors total existing bulk nut storage capacity is 125% of the excess of 

receipts over shipments during the peak receiving season. 

(10 )  As the worst case scenario for low oxygen disinfestation of bulk 

in-shell almonds and walnuts it is assumed that none of the processor's 

existing bulk nut storage can be modified for timely low oxygen disinfestation 



treatments. In this case, special low oxygen disinfestation chambers or bins 

must be built which are capable of holding as much product as is received in 

10 days during the peak receiving season. All product must be moved through 

the disi.nfestation chambers for the initial disinfestation treatment on 

receipt. Construction costs for new bulk nut storages with loading/unloading 

equipment are estimated at $1 per cubic foot. The annualized cost of the new 

construction is estimated as the capital cost amortized over 20 years at 12% 

interest plus 5% of capital annually for maintenance. The cost of the extra 

product handling requfred to move the bulk nuts through the special disinfes- 

tation chambers is estimated at $1 per ton. 

(11) It is assumed that the hypothetical. processor stores raisins in 

paper-covered outdoor stacks, which are sufficiently airtight and strong for 

an effective low oxygen atmosphere to be created and maintained. 

(12) It is assumed that prune bin stacks in warehouses could be sealed 

for long-term GLOA storage by covering each stack with a heavy, vinyl-coated 

nylon tarp, secured at the ground by sandsnakes. Standard 1-ton prune bins 

are 4' x 4' x 30" with 4" x 4" x 4' runners underneath. Hence, an 800-ton 

stack built 4 bins high by 10 bins wide by 20 bins deep could be covered by a 

5,420-square foot tarp secured by thirty 6-foot sandsnakes. Prices quoted by 

a supplier for the tarp and snakes are 3 5 ~  per square foot and 35C per linear 

foot, respecti.vely. Assuming a five-year indoor life for the tarp and snakes, 

the capital cost can be amortized at 12% interest over five years, so that the 

materials cost to cover the bin stacks is 6 8 ~  per ton covered each year. 

Assuming one man-day is required to cover and uncover each stack at a wage 



r a t e  of $11 p e r  h o u r ,  l a b o r  c o s t s  a r e  an  a d d i t i o n a l  11e p e r  t o n  covered 

a n n u a l l y .  

(13) It i s  assumed t h a t  new i n - p l a n t  fumiga t ion  space  r e q u i r e d  f o r  low 

oxygen d i s i n f e s t a t i o n  of f i n i s h e d  goods i s  e q u a l  t o  6 t imes  e x i s t i n g  c a p a c i t y  

o r  s u f f i c i e n t  space  t o  ho ld  a s  much produc t  as i s  shipped i n  12 days  d u r i n g  

t h e  peak s h i p p i n g  season .  T h i s  a d d i t i o n  i n  fumiga t ion  space  w i l l  be  s u f f i -  

c i e n t  f o r  a p r o c e s s o r  who c u r r e n t l y  packs  on ly  t o  o r d e r ,  and who r e q u i r e s  a 

pre-shipment d i s i n f e s t a t i o n  t r e a t m e n t  of 100% of ou tgo ing  goods. These a r e  

t h e  c o n d i t i o n s  under which low oxygen d i s i n f e s t a t i o n  of f i n i s h e d  goods w i l l  b e  

most expens ive .  

(14) Based on average  e s t i m a t e s  of c o n s t r u c t i o n  c o n s u l t a n t s  and i n d u s t r y  

r e p r e s e n t a t i v e s ,  t h e  c o s t  of b u i l d i n g  new i n - p l a n t  fumiga t ion  s p a c e  i s  e s t i -

mated a t  $ 1  p e r  c u b i c  f o o t .  The a n n u a l i z e d  c o s t  of t h e  new c o n s t r u c t i o n  i s  

e s t i m a t e d  as t h e  c a p i t a l  c o s t  amor t i zed  o v e r  20 y e a r s  a t  12% i n t e r e s t  p l u s  5% 

of c a p i t a l  a n n u a l l y  f o r  maintenance.  

(15) Holding f i n i s h e d  goods an  e x t r a  week t o  r e p l a c e  methyl  bromide 

fumiga t ion  w i t h  low oxygen d i s i n f e s t a t i o n  i s  e s t i m a t e d  t o  c o s t  t h e  p r o c e s s o r  

one week's  i n t e r e s t  a t  12% on $1000 p e r  t o n  value-added, e q u a l i n g  $3.2 p e r  

ton .  The one week e x t r a  h o l d i n g  t ime  f o r  low oxygen d i s i n f e s t a t i o n  o f  f i n -

i s h e d  goods cor responds  t o  t h e  s i t u a t i o n  where t h e  p r o c e s s o r ' s  c u r r e n t  prac-  

t i c e  i s  t o  pack o n l y  t o  o r d e r ,  and t h e  d i s i n f e s t a t i o n  t r e a t m e n t  i s  made a f t e r  

t h e  packaging s t e p .  One thousand d o l l a r s  p e r  t o n  i s  a h i g h  e s t i m a t e  of t h e  

money t i e d  up d u r i n g  t h e  low oxygen t r e a t m e n t .  The v a l u e  added i n  p r o c e s s i n g  



and packaging of $California dried fruits and nuts has been estimated at 5 0 ~  

per pound (Sun-Diamond Grower, Feb-March, 1985). In fact some of the "value 

added" is in fixed cost overheads, and is only apportioned to goods as they 

are processed as an accounting practice. 

Utility costs for many low oxygen atmosphere treatments (Table 4) are 

similar to costs for fumigant materials (Table 1). Equipment needs for the 

low oxygen atmosphere technology are also modest, costing, for example, 2 0 ~  

per ton for applications where a single 10,000 standard cubic feet per hour 

unit is used to disinfest 50,000 tons of incoming product over the receiving 

season. For some applications, plant-speci-fic costs to modify existing bulk 

storage facilities, construct new facilities, and delay shipment of finished 

product may make low oxygen or other modified atmosphere disinfestation much 

more expensive than current fumigation practice, however. 

Cost of Refrigeration in Processor Insect Control Programs 

Refrigeration to a sublethal temperature (ca. 50°F) could be used to 

protect raisins and prunes from reinfestation during the time when the bins 

must be accessible for the purposes of sorting, grading and blending of the 

contents of a number of bins to make up orders to specifications. Neither 

modified atmospheres nor irradiation could fill this insect control need, 

which is currently taken care of with frequent (e.g. weekly) methyl bromide 

fumigations. Refrigeration during blending would therefore be a necessary 

component of any physical insect control program for prunes or raisins. 



Cos ts  t o  r e f r i g e r a t e  t h e  "blending chamber" space i n c l u d e  t h e  c o s t  of 

r e t r o f i t t i n g  t h e  chambers f o r  r e f r i g e r a t e d  s t o r a g e  i n  a d d i t i o n  t o  t h e  r e f r i g -  

e r a t i o n  equipment and u t i l i t y  c o s t s .  I n s u l a t i o n  of t h e  b l e n d i n g  chambers may 

be  accomplished by c o a t i n g  t h e  w a l l  and c e i l i n g  s u r f a c e s  w i t h  a t h i c k  l a y e r  of 

po lyure thane  foam, which i n  t u r n  i s  covered w i t h  a  p r o t e c t i v e ,  f i r e - r e t a r d a n t  

cement c o a t i n g .  C o n t r a c t o r s  i n  Washington S t a t e  who a r e  exper ienced  w i t h  

c o n s t r u c t i o n  and r e t r o f i t t i n g  of b u i l d i n g s  f o r  r e f r i g e r a t e d  and c o n t r o l l e d  

atmosphere s t o r a g e  e s t i m a t e  t h e  c o s t  of i n s u l a t i n g  t h e  w a l l s  and c e i l i n g  a t  

$1.50 p e r  s q u a r e  f o o t .  Thus, f o r  example, a 20' h i g h  x  45' wide x 45 '  long  

chamber cou ld  b e  i n s u l a t e d  f o r  about  $8,500 o r  21C p e r  c u b i c  f o o t .  An average  

manufac tu re r s1  e s t i m a t e  f o r  r e f r i g e r a t i o n  equipment and i n s t a l l a t i o n  i s  $6 p e r  

s q u a r e  f o o t  of f l o o r  space  o r  30C p e r  c u b i c  f o o t  i n  a 20' h i g h  chamber. I f  

t h e  i n s u l a t i o n  and r e f r i g e r a t i o n  equipment c o s t s  call be  amort ized a t  12% 

i n t e r e s t  o v e r  20 y e a r s  w i t h  5% of t h e  i n i t i a l  c o s t  p e r  y e a r  f o r  maintenance,  

t h e i r  annua l ized  combined c o s t  is  about  10C p e r  c u b i c  f o o t .  U t i l i t y  c o s t s  t o  

r e f r i g e r a t e  warehouse space  year-round have been e s t i m a t e d  a t  1 l C  p e r  c u b i c  

f o o t  (Morrison,  1985). Assuming, f o r  example, t h a t  t h e  f r u i t  i s  s t a c k e d  i n  

t h e  warehouse space  a t  a s p e c i f i c  vo lun~e  of 80 c u b i c  f e e t  p e r  t o n ,  and blend- 

i n g  space  i s  r e q u i r e d  t o  ho ld  5% of t h e  t o t a l  p roduc t  volunie handled a n n u a l l y  

(about  a s  much a s  may b e  p rocessed  i n  a  two-week p e r i o d )  t h e  c o s t  of r e f r i g -

e r a t i n g  t h e  b l e n d i n g  space  can b e  e s t i m a t e d  a t  8 5 ~p e r  t o n  handled annua l ly .  

It would a l s o  b e  t e c h n i c a l l y  p o s s i b l e  t o  r e f r i g e r a t e  a l l  p runes  and 

r a i s i n s  throughout  long-term s t o r a g e ,  b o t h  b e f o r e  and a f t e r  a s i n g l e  i r r a d -  

i a t i o n  d i s i n f e s t a t i o n  t r e a t m e n t .  However, t h i s  would r e q u i r e  t h e  c o n s t r u c t i o n  

of new, i n s u l a t e d  warehouse space  f o r  a  l a r g e  p o r t i o n  of t h e  r a i s i n  c rop  which 



i s  c u r r e n t l y  s t o r e d  i n  ou tdoor  s t a c k s .  Even where p runes  o r  r a i s i n s  a r e  

a l r e a d y  s t o r e d  i n s i d e  warehouses,  t h e  c o s t  t o  r e f r i g e r a t e  h a l f  o f  t h e  annua l  

p roduc t  volume throughout  t h e  y e a r ,  w i t h  s u f f i c i e n t  c a p a c i t y  t o  r e f r i g e r a t e  

most of t h e  p roduc t  volume d u r i n g  t h e  r e c e i v i n g  season ,  would b e  i n  t h e  range 

of $9 t o  $17 p e r  t o n  handled a n n u a l l y ,  based  on c a l c u l a t i o n s  s i m i l a r  t o  t h o s e  

shown above and assuming t h e  p r o d u c t ' s  s p e c i f i c  volume i s  i n  t h e  lowest  

a c h i e v a b l e  range of 40 ( f o r  p runes )  t o  80 ( f o r  r a i s i n s )  c u b i c  f e e t  p e r  ton .  

Hence i t  i s  e v i d e n t  t h a t  r e f r i g e r a t i o n  a l o n e  i s  more expens ive  t h a n  CLOA f o r  

p r o t e c t i o n  of p runes  and r a i s i n s  i n  long-term s t o r a g e ,  w h i l e  t h e  GLOA a l s o  

d i s i n f e s t s  t h e  commodity. 

R e f r i g e r a t i o n  could  a l s o  b e  used t o  s t o p  i n s e c t  f e e d i n g  and r e p r o d u c t i o n  

i n  newly h a r v e s t e d  almonds and w a l n u t s ,  t h u s  h e l p i n g  t h e  p r o c e s s o r  sp read  o u t  

peak l o a d s  and improve t h e  u t i l - i z a t j o n  e f f i c i e n c y  of an i r r a d i a t o r .  However, 

s t o r a g e  m o d i f i c a t i o n  c o s t s  a r e  g r e a t e r  f o r  r e f r i g e r a t i o n  t h a n  f o r  modif ied 

atmosphere t r e a t m e n t s ,  s i n c e  i n s u l a t i o n  as w e l l  as s e a l i n g  i s  r e q u i r e d .  The 

equipment c a p a c i t y  r e q u i r e d  t o  c o o l  l a r g e  q u a n t i t i e s  of n u t s  (1,000 t o n s  p e r  

day o r  more f o r  l a r g e  p r o c e s s o r s )  from f i e l d  t empera tu res  around 90°F t o  50' 

w i t h i n  two days would b e  p r o d i g i o u s ,  and would c o s t  f a r  more t h a n  low oxygen 

g e n e r a t i n g  equipment f o r  t i m e l y  purg ing  of s i m i l a r  q u a n t i t i e s  of n u t s .  

U t i l i t y  c o s t s  t o  c o o l  t h e  n u t s  would a l s o  exceed t h e  u t i l i t y  c o s t s  f o r  GLOA 

d i s i n f e s t a t i o n .  Hence i t  i s  e v i d e n t  t h a t  t h e  r e f r i g e r a t i o n  a d j u n c t  t o  i r r a d i -  

a t i o n  would a l o n e  exceed t h e  c o s t  of GLOA d i s i n f e s t a t i o n  of newly h a r v e s t e d  

n u t s .  



Cost Effectiveness of Irradiation in Insect Control Programs 

From a review of treatment cost estimates reported above, irradiation 

appears to be a relatively expensive disinfestation method, which may cost 10 

to 20 times as much as fumigation, even for large volume applications. While 

chemical controls are relatively inexpensive and effective, it seems unlikely 

that processors will move to replace them with irradiation. 

It is still of interest to ask whether irradiation may be competitive 

with other physical disinfestation methods in programs to replace fumigants 

and other chemical controls, in the event that these must be eliminated en- 

tirely. Possible program combinations of jrradiation, low oxygen treatments 

and refrigeration have been described in previous sections of this report. 

Estimated treatment costs for each possible program which was not clearly 

dominated by another physical control program are compared with estimated 

costs for current chemical control practice in Table 5. It should be noted 

that some of the treatment programs shown in Table 5 indicate multiple irra- 

diations of some commodity, although this is not permitted by current regula- 

tions. Because regulations may change, multipl-e-irradiation treatment pro- 

grams were included in the cost comparisons. Critical considerations and 

assumptions on which the cost analyses were based are discussed below. 

(1) The irradiation and low oxygen treatments both require significant 

investment in fixed-cost items (e.g. equipment, structural modification or new 

construction, and professional operating staff) which the processor may use 

for more than one treatment application within an overall. insect control 



program. Hence, average per ton costs of the treatment technologies must be 

compared with reference to their use(s) in complete insect control programs. 

(2) For a given insect control program, per ton costs of the treatment 

technologies depend on the processor's seasonal product handling schedules 

which determine the extent to which fixed cost investment items may be fully 

utilized throughout the year. In addition, economies of scale in both fixed 

and variable costs are pronounced for the irradiation technology and also 

exist to a much smaller extent for low oxygen treatments. 

Program cost estimates are reported in Table 5 for each of two hypotheti- 

cal processors whose handling volumes are typical for each of the four commod- 

ities: almonds, walnuts, raisins and prunes. Seasonal handling schedules of 

the hypothetical processors, which are shown in Appendix A, were constructed 

to reflect typical industry practice and hence give an accurate picture of 

processors' relative costs of adopting the alternative treatment technologies. 

As an illustration, monthly irradiator throughputs corresponding to each 

insect control program and hypothetical processor handling schedule are also 

shown in Appendix A. 

(3) As has been discussed in a previous section, processor costs of 

adopting low oxygen disinfestation treatments are critically dependent on the 

suitability of existing facilities, as well as on the compatibility of current 

handling practices. For the cost analyses reported in Table 5, anticipated 

worst cost cases for the adoption of low oxygen treatments were among the 

scenarios considered in order to identify any and all situations where 



irradiation may be competitive. Specific assumptions concerning the costs of 

adopting low oxygen treatments for 1) in-shell almonds and walnuts, 2) raisins 

and prunes in long-term storage, and 3) finished goads have been described in 

a previous section. 

(4) Capacity requirements for structural modification, new construction, 

and equipment required for GLOA treatments were in each case derived from the 

hypothetical. processor's handling schedule reported in Appendix A, and the 

assumptions concerning the costs of GLOA treatments outlined in a previous 

section of this report. Similarly, the required daily irradiator throughput 

capacity was determined for each processor, insect control program combination 

as the biggest monthly throughput divided by 30. 

(5) The cost of irradiation is in each case considered to be in the 

range of 60% to 130% of the estimated cost reported for five sizes of irradia- 

tor in Table 2 and inferred for intermediate size irradiators in Figure 1. 

The per ton cost to adopt each treatment shown in Table 5 is the annual 

cost of adopting the treatment divided by the total number of tons the proc- 

essor handles annually. The total costs of the complete treatment programs 

can be found by summing across columns in Table 5. 

Care must be exercised in comparing worst case and best case cost esti- 

mates among treatments. For example, it would not be correct to compare the 

high cost estimate for almond alternative program 1 with the low cost estimate 

for almond alternative program 3 ,  since the actual cost will in each case 



largely depend on the actual cost of the irradiator. Reference can be made to 

the detailed worksheets reported in Appendix B y  to determine the relative 

importance of the assumptions underlying each treatment or program cost 

estimate. 

The cost analyses reported in Table 5 indicate that the most promising 

applications for irradiation are the initial disinfestation treatments of 

in-shell almonds and walnuts at plants handling large product volumes (ca. 

100,000 tonslyear). At a sufficiently high throughput, irradiation may also 

be cost-effective for disinfestation of finished goods. 

However, even where irradiation appears to hold promise, its lowest 

anticipated cost (60% of the "conceptual leveltt estimated cost derived from 

Table 2) is nearly equal to the worst case cost estimate for the competing 

GLOA treatment. Moreover, it is estimated that low oxygen and refrigeration 

alone can take care of all of the industriest insect control needs at an 

annual cost of under $20 per ton or a penny per pound. 

Feasibility of a Centralized, Shared Irradiator 

As the preceding analysis has shown, the unit cost of irradiation is 

highly dependent on the volume and uniformity of product throughput. Possi-

bilities for minimizing unit costs of irradiation include centralized location 

of a contract irradiator, and time-sharing of an in-house irradiator. 

Centralized or shared dried fruit and nut irradiators are unlikely to be 

feasible, since the extra product handling and transport required to use these 



i r r a d i a t o r s  may a l o n e  c o s t  a s  much as $20 p e r  t o n ,  t h e  e s t i m a t e d  wors t  c a s e  

c o s t  f o r  an  in-house i n s e c t  c o n t r o l  program u s i n g  GLOA d i s i n f e s t a t i o n .  Loss  

of p r o c e s s o r  c o n t r o l  d u r i n g  t h e  i r r a d i a t i o n  s t e p  i s  a f u r t h e r  d i sadvan tage  of 

m u l t i - f i r m  i r r a d i a t o r s ,  a s  i s  t h e  i n c r e a s e d  p o t e n t i a l  f o r  p roduc t  r e i n f e s t a -  

t i o n  d u r i n g  t r a n s p o r t .  

Time-sharing o f  a n  in-house i r r a d i a t o r  f o r  t r e a t m e n t  of non-dried f r u i t  

and n u t  commodities may appear  a s  a n o t h e r  p o s s i b i l i t y ,  s i n c e  many of  t h e  

p r o c e s s i n g  p l a n t s  a r e  l o c a t e d  i n  r i c h  a g r i c u l t u r a l .  a r e a s  o r  n e a r  p o p u l a t i o n  

c e n t e r s .  A review of t h e  c a n d i d a t e s  by t h e  a u t h o r s ,  r e v e a l e d  l i t t l e  poten- 

t i a l ,  r e g u l a r  demand f o r  i r r a d i a t i o n  of l o c a l  commodities,  however. Quaran-

t i n e  i n s e c t  p e s t  problems on f r e s h  f r u i t s  and v e g e t a b l e s  r a r e l y  occur  i n  

C a l i f o r n i a ,  and would n o t  j u s t i f y  cos t - shar ing  of a n  i r r a d i a t i o n  f a c i l i t y  a s  a 

s tandby o p t i o n  ( E l i t c h e l l  and Kader, 1985). Higher  r a d i a t i o n  doses  which a r e  

r e q u i r e d  t o  i n h i b i t  mold on f r e s h  h o r t i c u l . t u r a 1  commodities have demonstra ted 

p h y t o t o x i c  e f f e c t s  ( i b i d . ) .  P o t a t o e s  grown i n  t h e  C e n t r a l  Va l ley  r e g i o n  a r e  

non-s to rab le  v a r i e t i e s  which do n o t  r e q u i r e  a  s p r o u t  d i s i n f e s t a t i o n  t r e a t m e n t .  

For s a n i t a r y  a s  w e l l  as l o g i s t i c  r e a s o n s ,  i t  i s  u n l i k e l y  t h a t  a  medica l  

p r o d u c t s  s t e r i l i z e r  would u s e  a d r i e d  f r u i t  and n u t  i r r a d i a t o r  on a  s e a s o n a l  

b a s i s .  

Conclusions  

There a r e  a  number of p o i n t s  i n  t h e  p o s t h a r v e s t  h a n d l i n g  of d r i e d  f r u i t s  

and n u t s  where a n  i r r a d i a t i o n  d i s i n f e s t a t i o n  t r e a t m e n t  could  u s e f u l l y  b e  made. 

However, f o r  every  p o s s i b l e  i r r a d i a t i o n  a p p l i c a t i o n ,  a t  l e a s t  one o t h e r  



physical control alternative to chemical controls also exists. Modified 

atmospheres have a clear advantage over irradiation for every treatment of 

commodity during long-term storage. Complete disinfestation by modified 

atmospheres is also in every case less expensive than the refrigeration step 

alone, if refrigeration were to be used to stop insect activity in commodities 

until an irradiation treatment can be made. 

"Generic" irradiation cost estimates developed for this study are only 

rough indicators (+30% to -40% accuracy range) of the cost of integrating 

irradiation into existing process streams. However, even at half of the 

reported, estimated cost, irradiation disinfestation of newly harvested 

almonds and walnuts still costs five to 10 times as much as current fumigation 

practice for even the largest processors. Even at 60% of estimated cost, the 

bottom of the estimated cost range, irradiation is also almost as costly as 

modified atmosphere disinfestation even under the least favorable assumptions 

about the suitability of the processor's existing storage facilities for 

modified atmosphere treatments. 

Besides disinfestation of newly harvested bulk in-shell walnuts and 

almonds, the most promising irradiation application is the pre-shipment 

disinfestation of packaged product. However, even assuming substantial added 

costs due to expanded warehouse space requirements and product holdup, modi- 

fied atmospheres are still hardly more expensive than the minimum (bottom of 

cost range) cost estimate for irradiation (60% of the "conceptual level" 

estimated cost), even assuming the largest processor in the industry makes a 

pre-shipment disinfestation treatment on 100% of outgoing product. 



Prospects for improving irradiator utilization, and hence lowering per 

ton costs of irradiation are not bright. Transportation of commodity to a 

centralized irradiation facility may cost as much as in-house insect control 

programs based on GLOA disinfestation treatments. Supplementary demand for 

dried fruit and nut irradiators also appears to be minimal. 

In the continuous insect control efforts of dried fruit and nut process- 

ors there are few special niches where a single, expensive irradiation treat- 

ment might be justified. One possible niche is the disinfestation of early 

season walnuts, where the need for a quick treatment may give irradiation a 

decisive advantage over modified atmospheres. The ability of irradiation to 

kill insects within a sealed package may be another advantage. 

Costs of integrating irradiation into existing process streams are 

ill-defined, as the experience with food irradiation is still slight. In 

addition, while the costs of adopting modified atmospheres are well known for 

come applications, large unknowns cloud these costs for others. Methods and 

costs for new control concepts such as modified atmosphere packaging, and 

modified atmosphere disinfestation during transit should also be examined. 

However, based on the available information which was reviewed In this report 

it can be concluded that irradiation is unlikely to be a cost-effective 

component of programs to replace some or all chemical treatments for insect 

control in California dried fruits and nuts. 
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Table 1. Costs of fumigants for commodity disinfestation treatments. 

Commodity Specific 
Quanitity Fumigant 

treatment volume Fumigant 1000 cf Unit price cost/ton 
cf /ton 

In-shell 100 Methyl bromide 3 lb $ .65/lb 2oC 
walnuts 

In-shell 80 Hydrogen 125 pellets $1.86/100 ct 19 C 
almonds phosphide* 

Yard-stored 8 3 Hydrogen 30tablets $2.75/30ct 23C 
raisins phosphide* 

Raisinbins 128** Methy1 bromide 1.5 lb $.65/lb 12C 
in warehouse 

Prune bins 80** Methyl bromide 1.5 lb $.  65/lb 8C 
in warehouse 

Finished 134** Methyl bromide 3 lb $ .65/lb 2 6 ~  
goods 

*Evolved from aluminum phosphide. 
**Based on a typical load factor of 50%. 



---- 

- - - - - - - - - - - - - - - - - - - 

- - 

Table 2. Estimated costs of cobalt-60 or cesium-137 irradiation. 

Throughput (T/day) 
750 Gy dose 50 100 500 1000 2000 
350 Gy dose 100 200 1000 2000 

Source size (MCi) 
Cobalt-60 .I .2 1 2 4 
Cesium-137 .7 1.4 7 14 28 

Annual cost at full utilization 
Item 350 days per year 

$1,000 

1. Amortized capital* 
(@12% over 20 years) 
-Source 22.5 45 225 450 900 
-Other 120 155 252 347 487 

2. Source replenishment* 11 14 40 72 136 

3. Labor 225 225 276 326 402 

4. Maintenance 19 2 9 46 6 6 94 

5. Overheads 28 3 5 5 2 70 97 

Total 427.5 503 89 1 1,331 2,116 

Unit cost ($/T) 
750 Gy dose 24.4 14.4 5.O 3.8 3.0-350 Gy dose 12.2 7.2 2.5 1.9 

*Source cost analysis for cesium-137. 



---- 

-- - 

Table  3 .  R e l a t i v e  c o s t s  of i s o t o p e  s o u r c e s  and E-beam u n i t s .  

Throughput (TI day) 
750 Gy dose  
350 Gy dose  

Equiva len t  i s o t o p e  
Source  s i z e  (MCi) 

Cobalt-60 
Cesium-137 

E-beam u n i t  
Power r a t i n g  
I n s t a l l e d  c o s t  
E l e c t r i c i t y  c o s t  (@9~/kWh) 
P a r t s  and maintenance 

Annualized i n i t i a l  s o u r c e  c o s t  
Amortized @ 12% o v e r  20 y e a r s  

Cesium-137 (@24c/Ci)** 
E-beam u n i t  

Annual source  rep len i shment1  
maintenance c o s t  

Cesium-137 ( @ 2 4 ~ / C i ) * *  
E-beam u n i t  o p e r a t e d  

3 monthslyear  
6 monthslyear  
9 monthslyear  

12 monthslyear  

*&beam u n i t  r u n  12 h o u r s  p e r  day.  
**From Table  2. 

500 
1000 

20 kW 
$2,000,000 
$6.3/hour/2* 
$12.5/hour/2* 

$225,000 
$267,600 

$40,000 

$41,172 
$82,344 

$123,516 
$164,688 

1000 
2000 

20 kW 
$2,000,000 
$12.6/hour 
$25/hour  

$450,000 
$267,600 

$72,000 

$82,344 
$164,688 
$247,032 
$329,367 

2000 

4 0 li\d 
$2.500,000 
$15/hour 
$25/hour 

$900,000 
$334,500 

$136,000 

$87,600 
$175,200 
$262,800 
$350,400 



Table 4. Utility costs for GLOA disinfestation @ $1.42/1000 cf of GLOA. 

Specific GLOA cf/ton to 
Commodity treatment volume Cost/ton 

cf/ ton Purge Maintain 

In-shell walnuts 100 150 35 /week 27C 

In-shell almonds 80 120 28 /week 21C 

Yard-stored raisins 83 332 70/week 55C 
(= $2.86 for 
6 months) 

Prunes in tarped 42.5 170 36/week 2% 
800-bin stacks (= $1.26 for 

5 months) 

Finished goods 67" 268 23 /week 41~ 

*Based on a load factor of 100%. 



Table 5. Costs of alternative insect control programs for dried fruits and nuts using methyl bromide 
(MB) and hydrogen phosphide (HP) fumigation, pyrethrin fog, generated low oxygen atmosphere (GLOA), and 
cesium-137 or cobalt-60 irradiation to 350 Gy. 

Treatment cost per ton handled annually 

Treatment In transit treatment 
Processor during 

Commodity size Program storage On-receipt Pre-processing Pre-shipment 

Almonds Current program Fumigation (HP) Fumigation (HP) 
after April 1 

= 39-79c = 11-22c 

Alternative 1 Irradiation Irradiation 
after April 1 
= ( C j *  

Alternative 2 GLOA GLOA 
after April 1 

= $2.16-4.51 = (11-23~)* 

Alternative 3 50% each: 
Irradiation, GLOA 
GLOA after April 1 
= $5.53-12.98 = (11-23c)* 

*Marginal cost for treatment assuming equipment and physical plant are already in place to carry out 
another treatment belonging to the program. 
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Table 5. Continued. 

Treatment cost per ton handled annually 

Treatment In transit treatment 
Processor during 

Commodity size Program storage On-receipt Pre-processing Pre-shipment 

Raisins 120,000 Current program Fumigation (HP) Fumigation (Im) Fumigation (MB) 
tons/yr monthly in weekly in ware-

yard-stacks house 
= $2.58-4.98 = 32-72C = 46-86~ 

Alternative 1 GLOA Refrigeration Irradiation 
in yard-stacks during grading 
= $4.40-6.80 = $1.00 = $3.15-6.82 

Alternative 2 GLOA Refrigeration GLOA 
in yard-stacks during grading 
= $4.40-6.80 = $1.00 = $4.23-4.63 

Raisins 30,000 Current program Fumigation (HF) Fumigation (MB) Fumigation (MB) 
tons/yr monthly in weekly in ware-

yard-stacks house 
= $2.58-4.98 = 32-72~ = 46-86~ 

Alternative 1 GLOA 
in yard-stacks during grading 
= $4.40-6.80 = $1.00 = $9.20-19.93 

Alternative 2 GLOA Refrigeration GLOA 
in yard-stacks during grading 
= $4.40-6.80 = $1.00 = $4.48-4.88 



Table 5. Continued. 

Treatment cost per ton handled annually 

Treatment In transit treatment 
Processor during 

Commodity size Program storage On-receipt Pre-processing Pre-shipment 

Prunes 60,000 Current program Fumigation (MB) Fumigation (MB) 
tonsllyr plus nightly 

pyrethrin fogs 
= 65-70~ 

Alternative 1 GLOA in Refrigeration Irradiation 
tarped stacks during grading 
= $2.85-5.25 = $1.00 = $4.80-10.40 

Alternative 2 GLOA in Refrigeration GLOA 
tarped stacks during grading 
= $2.85-5.25 = $1.00 = $3.90-4.30 

Prunes 15, OOC! Current program Fumigation (MB) Fumigation (MB) 
tons/yr plus nightly 

pyrethrin fogs 
= 65-70~ = 46-86~ 

Alternative 1 GLOA in Refrigeration Irradiation 
tarped stacks during grading 
= $3.35-5.75 = $1.00 = $16.02-34.67 

Alternative 2 GLOB in Refrigeration GLOA 
tarped stacks during grading 
= $3.35-5.75 = $1.00 =$4.40-4.80 



TOTAL CA. PRODUCT ION IN CURRENT 'NORMAL' YEAR (100,000tons) 

* IN-SHELL WEIGHT 

Figure 1. Minimum (full utilization) per ton cost of irradiation by annual 

irradiator throughput capacity, and the relationship of irradiator capacity to 

annual industry production. 





Appendix A 

Assumed Product  Handling Sc11edul.e~of Gener ic  P l a n t s  







- -- 

Generic Plant Description - Product Handling 

Commodity - Walnuts 

Plant size - 100,000 tons/yr = Industry12. 

Monthly volumes (tons) 
Product handling 

8 9 10 11 12 1 2 3 4 5 6 7 

1. Receipts 5,000 20,000 45,000 30,000 

2. Shipments 

In-shell 
exports 5,000 10,000 10,000 

In-shell 
domestic 

Shelled nuts* 2,500 3,000 3,000 3,000 2,000 2,000 2,000 2,500 2,500 2,500 2,500 2,500 ? 

3. Irradiator Throughput 

Alternative Program 1 

Bulk in-shell 
product 10,000 36,000 51,000 36,000 4,000 4,000 4,000 5,000 5,000 5,000 5,000 5,000 

Packaged meats 2,500 3,000 3,000 3,000 2,000 2,000 2,000 2,500 2,500 2,500 2,500 2,500 

Alternative Program 3 

Bulk in-shell 
product 5,000 10,000 17,500 7,500 

Packaged meats 2,500 3,000 3,000 3,000 2,000 2,000 2,000 2,500 2,500 2,500 2,500 2,500 



Generic Plant Description - Product Handling 

Commodity - Walnuts 

Plant size - 10,000 tons/yr = Industry/20. 

Product handling 
8 9 10 11 

Monthly volumes (tons) 

12 1 2 3 4 5 6 7 

1. Receipts 2,000 5,000 3,000 

2. Shipments 

In-shell 
exports 

In-shell 
domestic 

Shelled nuts* 200 

1,000 

400 

1,500 1,500 

400 400 200 200 200 200 200 200 200 200 

3. Irradiator Throughput 

Alternative Program 1 

Bulk in-shell 
product 400 

Packaged meats 200 

2,800 10,800 3,800 

400 400 400 

400 

200 

400 

200 

400 

200 

400 

200 

400 

200 

400 

200 

400 

200 

400 

200 

Alternative Program 3 

Bulk in-shell 
product 1,000 

Packaged meats 200 

1,500 

400 

1,500 

400 400 200 200 200 200 200 200 200 200 
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Appendix B 

Partial Budget Analysis of Costs of Adopting 

Alternative Insect Control Programs 



1. Almonds 

1.1 Assumed current practice: Almonds are fumigated with hydrogen phosphjde 
immediately on receipt. Almonds are refumigated before processing if 
they have been in storage 6 months or longer (i.e. if processed after 
April 1). 

All almonds are passed through bulk storage facilities for fumigation. 
Current bulk storage capacity = 125% x the excess of receipts over 
shipments during the peak receiving season. 

Table 1.1.1 - Assumed capacities of generic almond plants. 

Large plant Small plant Category 
(100,000 tonslyr) (50,000 tonslyr) 

1. Bulk storage 75,000 ton capacity 40,000 ton capacity 
@ 80 cf/ton = 6,000,000 cf = 3,200,000 cf 

Table 1.1.2 - Fumigation costs for generic almond plants. 

Category Large plant Small plant 
(100,000 tonslyr) (50,000 tonslyr) 

1. Hydrogen phosphide 128 tons fumigated 64,000 tons fumigated 
fumigation @ $.39 - .79/ton @ $.39 - .79/ton 

= $49,920 - 101,120lyr = $24,960 - 50,560lyr 
= $.50 - 1.01 = $.50 - 1.01 pth 
per ton handled (pth) 

1.2 Alternative control program 1: Almonds are irradiated immediately on 
receipt. Almonds are re-irradiated if they have been in storage more 
than 6 months (i.e. if processed after April 1). Required irradiation 
dose is 350 Gy. 

Table 1.2 - Costs for almond alternative program 1. 

Large plant Small plant Category 
(100,000 tonslyr) (50,000 tonslyr) 

1. Cobalt-60 or 1,700 tonlday irradiator 700 tonlday irradiator 
cesium-137 (350 Gy dose) (350 Gy dose) 
irradiation = $714,000 - l,547,000/yr = $455,500 - 987,50O/yr 

= $7.14 - 15.47 pth = $9.11 - 19.75 pth 



1.3 Alternative control program 2: Almonds are disinfested by generated low 
oxygen atmosphere (GLOA) immediately on receipt. Almonds are disinfested 
by GLOA a second time before processing if they have been in storage more 
than 6 months (i.e. if processed after April I). 

Table 1.3 - Costs for almond alternative program 2. 

Category Large plant Small plant 
(100,000 tons/yr) (50,000 tonslyr) 

1. GLOA 

a. Equipment Purge 1,700 tons, Purge 700 tons, 
maintain 11,900 tons maintain 4,900 tons 
per day requires per day requires 
two 10,000 scfh units one 10,000 scfh unit 
= $20,22O/yr = $10,11O/yr 

b. Utilities and 128,000 tons treated 64,000 tons treated 
labor @ $.41 - .8l/ton @ $.41 - .8l/ton 

= $52,480 - 103,68O/yr = $26,240 - 51,84O/yr 

2. Best case scenario* 

a. Bulk storage 6,000,000 cf 3,200,000 cf 
modification @ $.05/cf @ $.05/cf 

= $55,14O/yr = $29,408/yr 

Worst case scenario'k 

a. New bulk storage 17,000 tons capacity 7,000 tons capacity 
= 1,360,000 cf = 560,000 cf 
= $249,968/yr = $102,928/yr 

b. Extra product 100,000 tons 50,000 tons 
handling @ $l/ton @ $l/ton 

= $100,00O/yr -= $50,00O/yr 

Total $127,840 - 1,281,840/yr $65,758 - 679,5181yr 
= $1.28 - 12.82 pth = $1.32 - 13.59 pth 

*Costs of either best case scenario -or worst case scenario apply in individual 
cases. 



-- 

1.4 Alternative control program 3: 50% of almonds are disinfested by GLOA 
immediately on receipt. Remaining 50% are irradiated. Almonds remaining 
in storage after April 1 are disinfested a second time by GLOA. 

Table 1.4 - Costs for almond alternative program 3. 

Large plant Small plant 
Category (100,000 tonslyr) (50,000 tonslyr) 

1. Irradiation 850 ton/day 350 ton/day 
irradiator irradiator 
(350 Gy dose) (350 Gy dose) 
= $495,000 - 1,072,500/yr = $367,500 - 796,25O/yr 

2. GLOA 

a. Equipment Purge 850 tons, Purge 350 tons, 
maintain 5,950 tons maintain 2,450 tons 
per day requires one per day requires one 
10,000 scfh unit 10,000 scfh unit 
= $10,11O/yr = $10,11O/yr 

b. Utilities and 78,000 tons treated 39,000 tons treated 
labor @ $.41 - .8l/ton @ $.41 - .8l/ton 

= $31,980 - 63,180 yr = $15,990 - 31,59O/yr 

3. Best case scenario* 

a. Bulk storage $27,57O/yr $14,704/yr 
modification 

Worst case scenario* 

a. New bulk storage 8,500 tons capacity 3,500 tons capacity 
= 680,000 cf = 280,000 cf 
= $124,984/yr = $51,464/yr 

b. Extra product 50,000 tons 25,000 tons 
handling @ $l/ton @ $l/ton 

= $50,00O/yr = $25,00O/yr 

Total $564,000 - 1,321,000/yr $408,000 - 914,50O/yr 
= $5.64 - 13.21 pth = $8.16 - 18.29 pth 

*Costs of either best case scenario or worst case scenario apply in individual 
cases. 



2. Walnuts 

Assumed current practice: Walnuts are fumigated with methyl bromide on 
receipt. Walnuts marketed as "inshells" are disinfested only once and 
shipped ASAP. Other walnuts are fumigated with methyl bromide two more 
times; once before they are moved out of bulk storage for cracking, and a 
second time just before shipment. 

All walnuts are moved through bulk storage facilities for fumigation. 
Current bulk storage capacity equals 125% x the excess of receipts over 
shipments during the peak receiving season. 

In-plant fumigation space holds 2 days' peak shipment of packaged meats. 

Table 2.1.1 - Assumed capacities of generic walnut plants. 

Category 
Large plant Small plant 

(100,000 tonslyr) (10,000 tonslyr) 

1. Bulk storage @ 100 50,000 ton capacity 5,000 ton capacity 
cf /ton = 5,000,000 cf = 500,000 cf 

2. In-plant fumigation 200 ton capacity 27 ton capacity 
space for finished = 26,800 cf = 3,610 cf 
goods @ 134 cf/ton 

Table 2.1.2 - Fumigation costs for generic walnut plants. 

Large plant Small plant 
Category (100,000 tonslyr) (10,000 tonslyr) 

1. Methyl bromide fumigation 

a. In bulk storage 160,000 tons fumigated 16,000 tons fumigated 
@ $.40 - .80/ton @ $.40 - .80/ton 
= $64,000 - 128,000/yr = $6,400 - 12,800lyr 

b. Packaged meats 30,000 tons fumigated 3,000 tons fumigated 
@ $.46 - .86/ton @ $.46 - .86/ton 
= $13,800 - 25,80O/yr = $1,380 - 2,5801yr 

Total $77,800 - 153,80O/yr $7,780 - 15,38O/yr 
= $.78 - 1.54 pth = $.78 - 1.54 pth 



2.2 Alternative control program 1: Walnuts are irradiated on receipt. 
Walnuts marketed in-shell are then shipped ASAP. Other walnuts are 
irradiated two more times; once before cracking, and again before 
shipment. 

Table 2.2 - Costs for walnut alternative program 1. 

Category Large plant Small plant 
(100,000 tonslyr) (10,000 tonslyr) 

I .  Cobalt-60 or 2,000 tonlday dual 200 tonlday dual 
cesium-137 dual purpose irradiator purpose irradiator 
bulklpackage (350 Gy dose) (350 Gy dose) 
irradiation = $832,000 - 1,802,000/yr = $331,800 - 718,900/yr 

= $8.32 - 18.02 pth = $33.18 - 71.89 pth 





2.4 Alternative control program 3: 50% of walnuts are irradiated on receipt 
and shipped ASAP. Remaining walnuts are disinfested by GLOA on receipt 
and again before cracking. Packaged meats are irradiated before 
shipment. 

Table 2.4 - Costs for walnut alternative program 3. 

Category Large plant Small plant 
(100,000 tonslyr) (10,000 tons/yr) 

1. Cobalt-60 or cesium- 1,000 tonlday dual 100 tonlday dual 
137 irradiation purpose irradiator purpose irradiator 

(350 Gy dose) (350 Gy dose) 
= $567,600 - 1,229,800/yr = $286,732 - 622,0931yr 

2. Low oxygen in bulk 
storage 

a. Equipment One 10,000 scfh unit One 10,000 scfh unit 
= $10,11O/yr = $10,11O/yr 

b. Utilities and 110,000 tons treated 11,000 tons treated 
labor @ $.46 - .86/ton @ $.46 - .86/ton 

= $50,600 - 94,600lyr = $5,060 - 9,4601yr 

3. Best case scenario* 

a. Bulk storage 2.5 million cf 0.25 million cf 
modification @ $.05/cf @ $.05/cf 

= $22,975/yr = $2,298/yr 

Worst case scenario* 

a. New bulk storage 935,000 cf 96,500 cf 
@ $l/cf @ $l/cf 
= $17lY853/yr = $17,737/yr 

b. Extra product 50,000 tons handled 5,000 tons handled 
handling @ $l/ton @ $l/ton 

Total $652,000 - 1,557,000/yr $307,000 - 669,6001yr 
= $6.52 - 15.57 pth = $30.70 - 66.96 pth 

*Costs of either best case scenario or worst case scenario apply in individual 
cases. 



3. Raisins 

3.1 Assumed current practice: Raisins are yard-stored in covered stacks 
where they are fumigated every month with hydrogen phosphide; on average 
raisins are fumigated 6 times during 6 months' storage in yard stacks. 
Raisins are stored in concrete "blending" chambers during sorting prior 
to processing. Blending chambers are fumigated weekly with methyl 
bromide; on average, all raisins are fumigated once in blending chambers. 
Packaged raisins are fumigated with methyl bromide before shipment. 

Blending chambers hold one week's peak shipments. The density of raisin 
bins in the blending space is assumed to be 50% their density in yard 
stacks, due to head and aisle space. 

In-plant fumigation space holds 2 days' peak shipments. 

Table 3.1.1 - Assumed capacities of generic raisin plants. 

Large plant Small plant Category 
(120,000 tonslyr) (30,000 tonslyr) 

1 .  Blending space 3,000 ton capacity 500 ton capacity 
@ 128 cflton = 384,000 cf = 64,000 cf 

2. In-plant fumigation 1,000 ton capac.ity 250 ton capacity 
space @ 134 cflton = 134,000 cf = 33,500 cf 

Table 3.1.2 - Fumigation costs for generic raisin plants. 

Category Large plant Small plant 
(120,000 tonslyr) (30,000 tonslyr) 

1. Hydrogen phosphide 720,000 tons fumigated 180,000 tons fumigated 
fumigation in stacks @ $.43 - .83/ton @ $.43 - .83/ton 

= $309,600 - 597,600lyr = $77,400 - 149,40O/yr 

2. Methyl bromide 
fumigation 

a. In blending space 120,000 tons fumigated 30,000 tons fumigated 
@ $.32 - .72 ton @ $.32 - .72/ton 
= $38,400 - 86,4001yr = $9,600 - 21,600lyr 

b. Packaged raisins 120,000 tons fumigated 30,000 tons fumigated 
@ $.46 - .86/ton @ $.46 - .86/ton 
= $55,200 - 103,20O/yr = $13,800 - 25,8001yr 

Total $403,200 - 787,200lyr $100,800 - 196,8001yr 
= $3.36 - 6.56 pth = $3.36 - 6.56 pth 



3.2 Alternative control program 1: Raisins are yard-stored in stacks in a 
generated low oxygen atmosphere. Blending space is refrigerated. 
Packaged raisins are irradiated before shipment. 

Structural modifications, equipment and utilities for refrigeration 
during blending are estimated to cost $1 per ton for raisins. 

Table 3.2 - Costs for raisin alternative program 1. 

Category Large plant ' Small plant 
(120,000 tonslyr) (30,000 tonslyr) 

1. Cobalt-60 or 400 tonlday irradiator 140 tonlday irradiator 
cesium-137 (350 Gy dose) (350 Gy dose) 
irradiation = $378,000 - 819,00O/yr = $276,000 - 598,0001yr 

2. GLOA in yard 
stacks 

Equipment Purge 2,333 tons, Purge 583 tons, 
maintain 16,333 tons maintain 4,081 tons 
per day requires per day requires 
four 10,000 scfh units one 10,000 scfh unit 
= $40,44O/yr = $10,11O/yr 

Utilities 120,000 tons treated 30,000 tons treated 
@ $2.86/ton @ $2.86/ton 
= $343,20O/yr = $85,80O/yr 

Labor 120,000 tons treated 30,000 tons treated 
@ $1.20 - 3.60lton @ $1.20 - 3.60Iton 
= $144,000 - 432,00O/yr = $36,000 - 108,00O/yr 

3. Refrigeration in 120,000 tons 30,000 tons 
blending space @ $l/ton @ Sllton 

= $120,00O/yr = $30,00O/yr 

Total $1,026,400 - 1,754,6401yr $437,910 - 831,9101yr 
= $8.55 - 14.62 pth = $14.60 - 27.73 pth 



3.3 Alternative control program 2: Raisins are yard-stored in stacks in a 
GLOA. Blending space is refrigerated. Packaged raisins are disinfested 
by GLOA treatment before shipment. 

Table 3.3 - Costs for raisin alternative program 2. 

Category 

1. GLOA in yard stacks 

2. Refrigerated blending 

3. GLOA disinfestation 
of packaged raisins 

a. Equipment 

b. Utilities and 
labor 

4. New in-plant fumi- 
gation space for 
finished goods 

5. Delay (week's 
interest lost on 
$1,00O/ton) 

Total 

Large plant 
(120,000 tons/yr) 

$527,640 - 815,64O/yr 

$120,00O/yr 

One 10,000 scfh unit 
= $10,11O/yr 

120,000 tons treated 
@ $.61 - l.Ol/ton 
= $73,200 - 121,20O/yr 

804,000 cf 
@ $l/cf 
= $147,775/yr 

120,000 tons 
@ $2.3/ton 
= $276,00O/yr 

$1,154,725 - 1,490,725/yr 
= $9.62 - 12.42 pth 

Small plant 
(30,000 tons /yr) 

$131,910 - 203,91O/yr 

$30,00O/yr 

One 30,000 scfh unit 
= $10,11O/yr 

30,000 tons treated 
@ $.61 - l.Ol/ton 
= $18,300 - 30,30O/yr 

201,000 cf 
@ $l/cf 
= $36,944/yr 

30,000 tons 
@ $2.3/ton 
= $69,00O/yr 

$296,264 - 380,264/yr 
= $9.88 - 12.68 pth 



4. Prunes 

4.1 Assumed current practice: Prunes are stored in bin-stacks in warehouses 
where they are fumigated once with methyl bromide. In addition, 
pyrethrin/piperonyl butoxide fogs are automatically dispensed nightly 
during 8 months of the year in the bulk storage warehouse. Packaged 
product is fumigated with methyl bromide before shipment. 

In-plant fumigation space holds 2 days' peak shipments of prunes. 

Table 4.1.1 -Assumed capacities of generic prune plants. 

Category Large plant Small plant 
(60,000 tonslyr) (15,000 tonslyr) 

1. In-plant fumigation 333 ton capacity 83 ton capacity 
space for finished @ 134 cflton @ 134 cflton 
goods = 44,662 cf = 11,122 cf 

Table 4.1.2 - Fumigation and fogging costs for generic prune plants. 

Category T,arge plant Small plant 
(G0,000 tonslyr) (15,000 tons/yr) 

-

1. Methyl bromide fumigation 

a. Bin stacks 60,000 tons fumigated 15,000 tons fumigated 
@ $.20 - .25/ton @ $.20 - .25/ton 
= $12,000 - 15,00O/yr = $3,000 - 3,750lyr 

b. Packaged prunes 60,000 tons fumigated 15,000 tons fumigated 
@ $.46 - .86/ton @ $.46 - .86/ton 
= $27,600 - 51,60O/yr $6,900 - 12,90O/yr 

2. Pyrethrin fogs 60,000 tons 15,000 tons 
@ $.45/ton @ $.45/ton 
= $27,00O/yr = $6,75O/yr 

Total $66,600 - 93,6001yr $16,650 - 23,40O/yr 
= $1.11 - 1.56 pth = $1.11 - 1.56 pth 



4.2 Alternative control program 1: Prune bin stacks are tarped and stored 
under GLOA in the warehouse for an average of 5 months. For storage of 
bins during "blending" to fill special sizelgrade orders, an area holding 
1 week's peak shipment of prunes is refrigerated. Packaged prunes are 
irradiated before shipment. 

Table 4.2 - Costs for prune alternative program 1. 

Category Large plant Small plant 
(60,000 tonslyr) (15,000 tonslyr) 

1. Irradiation of packaged 170 tonlday irradiator 50 ton/day irradiator 
prunes (350 Gy dose) (350 Gy dose) 

= $288,000 - 624,00O/yr = $240,000 - 520,00O/yr 

2. GLOA storage in bins 

a. Equipment $10,11O/yr $10,11O/yr 

b. Utilities 60,000 tons stored 15,000 tons stored 
@ $.69/ton @ $.69/ton 
= $41,40O/yr = $10,35O/yr 

c. Labor 60,000 tons stored 15,000 tons stored 
@ $1.20 - 3.60/ton @ $1.20 - 3.60/ton 
= $72,000 - 216,00O/yr = $18,000 - 54,00O/yr 

d. Materials and labor 60,000 tons tarped 15,000 tons tarped 
to tarp bins @ $.79/ton @ $.79/ton 

= $47,40O/yr = $11,85O/yr 

3. Refrigerated blending 60,000 tons 15,000 tons 
@ $l/ton @ $l/ton 
= $60,00O/yr = $15,00O/yr 

Total $518,910 - 998,91O/yr $305,310 - 621,31O/yr 
= $8.65 - 16.65 pth = $20.35 - 41.42 pth 



4.3 Alternative control program 2: Prune bin stacks are tarped and stored in 
the warehouse under GLOA for an average of 5 months. Blending space 
holding 1 week's peak shipment is refrigerated. 
by GLOA before shipment. 

Table 4.3 - Costs for prune alternative program 2. 

Category 

1. GLOA storage in bins 

2. Refrigerated blending 

3. GLOA disinfestation 
of packaged prunes 

a. Equipment 

b. Utilities and 
labor 

4. New in-plant fumi- 
gation space for 
finished goods 

5. Delay (week's 
interest lost 
on $100/ton) 

Total 

Large plant 
(60,000 tons/yr) 

$170,800 - 314,80O/yr 

$60,00O/yr 

$10,11O/yr 

60,000 tons treated 
@ $.61 - l.Ol/ton 
= $36,600 - 60,60O/yr 

267,732 cf 
@ $l/cf 
= $49,209/yr 

60,000 tons 
@ $2.3/ton 
-= $138,00O/yr 

$464,719 - 632,719Iyr 
= $7.75 - 10.55 pth 

Prunes are disinfested 

Small plant 
(15,000 tons/yr) 

$50,200 - 86,20O/yr 

$15,00O/yr 

$10,110/~r 

15,000 tons treated 
@ $.61 - l.Ol/ton 
= $9,150 - 15,15O/yr 

15,000 tons 
@ $2.3/ton 
= $34,50O/yr 

$131,225 - 173,225/yr 
= $8.75 - 11.55 pth 
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