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Abstract—The basis for a tractable equation to predict the amount of radicactivity induced in
food from high energy electron sierilization is shown. This equation yields results which are in
agreement with previous experimental results, Also, it appears that by using thin plastic packag-
ing the threshold of detectable induced activity may be raised to as high as 17 or 18 MeV.

1. INTRODUCTION

THEORETICALLY, sterilization of food by electron
irradiation can lead to detectable induced radio-
activity when the eleciron beam energy is
greater than 15 MeV. Most of this radioactivity
results from photonuclear reactions produced by
the X.rays (bremsstrahlung) accompanying
electron absorption. Some additional activity
arises from secondary neutron-induced reactions,
and a negligible contribution comes from direct
electron interactions.

It would be useful to have an equation in
simple form which is based on known photo-
nuclear parameters for calculating the expected
activity for a given food and irradiation pro-
cedure. This paper describes both graphical
and analytical methods for making such calcu-
lations as well as providing justification for the
use of a tractable empirical equation. Only
photonuclear reactions (which produce most of
the radioactivity) are considered, and a few
specific reactions have been computed in detail.
The methods are generally applicable, however,
and can be used whenever the elemental
abundances are known. :

2. BREMSSTRAILUNG SPECTRA

The photon spectrum of thick-target brems-
strahlung is a problem of long standing. Both
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experiment and theory are very difficult, and
Iittle work of either kind has been published.
Most of the data available are on high-density,
high-Z targets, while in the case of electron
sterilization of food, we are concerned with unit
dengity low-Z (£ == 7.1) targets,

The only bremsstrahlung investigation per-
taining directly to food irradiation appears to be
thecomputer calculation performed by Newxmg,
SwrrH and Grass.t Here, we have used extra-
polated spectra from those calculated by Hansen
and Fuvrz.® They give thin-, intermediate-
and thick-target bremsstrahlung spectra and
energy loss curves for electrons of energies up to

35McV in aluminum (Z =13), tin (50), .

tungsten (74}, lead (82) and wranium (92}).
The bremsstrahlung spectrum for food was ob-
tained from that for aluminum by noting that
the radiation cross section is proportional to Z?2
whereas the energy loss per centimeter goes as
Zfor light elements;® thus the spectrum should
be proportional to Z3%/Z. For food this ratic is
7.77,% while for aluminum it is 169/13 = 13,
Therefore the thick-target bremsstrahlung spec-
trum for water should be approximately 7.77/13
or 0.6 of that for aluminum. The curves derived
on this basis are shown in Fig. 1.

3. INDUCED ACTIVITY

We assume that a mass M of unit density food
material is irradiated with N electrons per unit
area, distributed uniformly over the face of the
food sample and delivered in a time short com-
pared with the half-live T .of the radioactive
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Fig., 1. Thick-target Brenlsstrahiﬁng in water.

auclei of interest. The food is unpackaged (or

packed in a thin, low-Z material), and it has a
surface arca S exposed 16 the beam and a length
L in the direction of the beam. The mc1dent
electrons have energy K.

' Each electron, on the average, produces a

photon spectrum like that shown in Fig. 1. 'We

assume that these photons are produced at the
entrance surface and that they travel through
the food sample without appreciable attenuation.
In the case considered here both assumptions
are approximately valid for the highest energy
photons, which are the most effective in pro-
duczng photonuclear reactions.

The probability per target atom of producmg
a particular reaction with a photon of energy &
is given by the appropriate cross section o, a
function. of k. If there are N electrons per unit
area incident on the sample, the probability
that a g1ven target nucleus will undergo a
reaction is therefore - :

Edﬁ
- @ ik,
Nf dk

where dnjdk is the bremsstrahlung spectrum.

INDUCED RADIOACTIVITY IN ELECTRON STERILIZED FOOD

The number of target nuclei per unit mass of
sample is fNo/A, where fis the fractional abun-
dance by we1ght of the target ISOtOPC (atomic
weight A) in the food, and N, is Avogadro’s
number. Thus ﬁnaHy, the number of radioactive
nuclei present in the food after irradiation, per
gram of food, is

R = 1 70% (I

NfN, [E dn
IRE

. The specific activity is 0.693R/ T  disintegrations/

sec per g food or 18.7R/T pefg food.

These expressions are independent of the size
or shape of the package since a given number
of electrons per unit area incident on the
sample produce a certain specific activity, re--
gardless of package size, as long as photon
absorption in the sample can be neglected. This
gituation does not prevail with respect to dose,
hiowever.  The total amount of energy delivered
by the electrons to the sample is NSeE, so ‘the
average energy per unit mass, or average dose,
is NeE|pL, which varies inversely with package
depth. Furthermore, this energy is not deposited
uniformly, and none at all is delivered to any
portion of the package beyond the maximum
range of the electrons. The purpose of electron
sterilization is to deliver a certain actual dose to
every portion of the food; ‘average doses are
meaningless. ‘It is therefore very important to
use food packages of the proper depth and to be
certain that the eleciron beam is uniformly dis-
tributed over the face of each package.

In view of the above situation, it would be
preferabIe if induced activity data were stated
on the ‘basis of a given electron flux on the
package. Unfortunately, however, in the past
experimental results have been given in either
per pA-min of electron beam or per Mrad
(or 5 Mrads) of dose. In order to compare the
calculations in the remainder of this report with,
previous work, all activitieshave been normalized
to a 5-Mrad average dose in a sample the size of
a #10 can {65 in. dia. by 7in. long). This
package is approximately twice as .deep as
optimum for- 24 MeV electrons, and worse for
lower energies; however, as mentioned, -all’
experimental data to date have been glven 11‘1
th1s manner, ‘ SR S




R. A. MEYER and J. L. BURKHARDT

mbarns
=]
I

m.
T

Cross cection,

! | L L -
10 ] I5 20 25

' Photon energy, MeV .
Frc. 2. Photoneutron cross sections 2¥Na.

{a) Sodium-22 activity ' :

The predominant long-lived activity found in
irradiated food is the 2.58-yr *Na arising from
the reaction #*Na(y, n)?Na. The cross section
for photoneutron emission from **Na has been
measured by several investigators.®®®) ‘We have
used the cross sections found by MoNTALBETTI
et al.,® shown in Fig. 2. The product of this
cross section and the bremsstrahlung spectra
were Integrated graphically and their results are
given in the second column of Table .

The specific activity in any type of food from
any amount of irradiation at these energles can
be found by multiplying the integrated cross
sections by appropriate factors. Using equation
(I) and the data given by M=zyERr, we have
performed the computation for 5-Mrad doses to
beef and ham in #10 cans. The 22Na elemental
abundances used in the computation were 5 X
102 for beef and 7.4 x 1073 for ham."$ The
resulting predicted specific activities are given
in Table 1 and plotted in Fig. 3.

Also shown in Fig. 3 are some experimental

Table 1. Computed ¥Na activities

f ddn I Specific activity
Electron energy - dk (pc/g food(5 Mrad) -
C (MeV) {cm?) Beef - - Ham
25 132 x 162  0.085 1.3
20 2.9 x 1072 0.024 0.36

0.0004¢  0.006

15 8.6 x 1931

I Experimental

o x  Ham
1.0~ ® Bpef ) .
—— Calculoted (equation 4)

.4 Hamn
+ Beef }

—~_-Graphical integration
O Ham
O O Beef

pce/g  food per Mrad

0.0l

Aéﬁvity,
\

0,00~

i .
5 20 25
MeV

Electron energy,

F1c. 3. 22Na activity in meats.
(Experimental data from refs. (718}

data taken from Smrta!? and a theoretical curve
which is presented in a subsequent section. The
experimental data have been modified to take
account of two factors:

(i) Theseirradiationswere performed in “tin”’
(iron) cans. Since the increased bremsstrahlung
from the electrons passing through the can lids
raises the observed activity over that which

would have been obtained with no package by

factors 0of 1.3, 1.6 and 3.3 at 25, 20 and 15 MeV
respectively, the experimental points have been
reduced to take account of this effect.

(i1) Grass and Smira'® divided their raw
experimental activities by factors designed to
correct for the ““non-ideal” size of the #10 cans
at different energies. The magnitudes of these
corrections are in the inverse ratio of the electron
energies, that is 1, 1.25 and 1.67 for 25, 20 and
15 MeV; consequently, we have multiplied the
experimental points by 25/F as well as the SRI
computer resulis'? which appear to have been
performed for unpackaged food, with the “non-
ideal package size” factor again included.

It is clear from Fig. 3 that the graphical
integration agrees very well with the experi-

‘mental data. None of the meat samples used in

the experiments were analyzed for sodium con-
tent; consequenily, some vertical displacement
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of the curves is to be expected. However, this
variation is less than a factor of 2.(7® On the
other hand, Svrrz and Grass calculated curve
appears to be scriously in error, particularly at
lower electron energies. The difference between
our results and their curve is doubtless due to

the difference intheshapes of the bremsstrahlung -

spectra computed by Surre and Grasst® and
BraMBLETT éf al.®® ' '

(b) Short-lived activities

Considerable amounts of 11, 13N and 150
activity are present ip irvadiated foods immedi-
ately after processing. These isotopes have half-
lives of 20.5, 10:0 aud 2.07 min, respectively, so
they are of interest principally with regard to
handling the foed immediately after irradi-
ation. S :

Measured cross sections for photoneutron

16~

IzC:'(y,’n).“(:.
2

MONTALBETTI

INDUCED RADICACTIVITY IN ELECTRON STERILIZED FOOD

reactions in 2C, ¥N and %0 are shown in Fig.
4.65:19-12) The cross sections chosen for graphical
integration are indicated in the figure, and the
results of the integration for 25-MeV brems-
strahlung are given in Table 2. Also Listed in
the table are the corresponding specific activities
used, computed with the aid of equation (1), for
5-Mrad doses to unpackaged beef samples the
size of a #10can. The elemental abundances
used in the calculation are 0.18, 0.023 and 0.70
for 12C, ¥N and 18Q), respectively. Radio-
activity levels calculated by SRI and several
experimental results are also shown in the table.

{c) Sodium-24 activity

The only other activity regularly observed in
irradiated food is 13-hr #Na. This isotope is
produced by photoproton emission from Mg
and by neutron-capture in **Na. The photo-

1 : !

.- 4.; . l?N(}’, n)‘ISN .

mbarns

King e/ wl. '_

Cross section,

%oty

..FERBUSCN efal.

1O . 15

R0 ’ 25

Photon energy, T MeV

Fi, 4, Photoneutron cross sections. Solid lines denote cross
- sections used for graphical integration.
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Table 2. Short-lived activities at 25 MeV in beef

dn gk Specific activity (ug beef — 5 Mrad)
© ik Calculated TFxperimental
. Isotope (cm?) equation (1) SRI A B C
ng o 1.3 x 102 0.40 L0 0.36 0.31 0.36
18N 1.7 x 1072 0.12 — 0.16 0.075 —
150 9.1 x 10730 7.9 35 0.44 10 7*

Notes: Fxperiment A: 24 MeV, beef: Ref. (11), p. 17.
Experiment B: 24 MeV, Enriched beef: Ref. (11), p. 18, -
Experiment G: 24 MeV, beef: Ref. (8), p. 59. Co

* Measured in green beans; value computed for beef.

proton contribution is calculated below; how-
ever, contribution by capture process is too
complicated for this type of analysis. *~ =
The cross section for the Mg(y, p)*Na
reaction is shown in Fig, 5.49%-19) Table 3 gives
the results of the graphical integration for brems-
strahlung of three energies and the predicted
24N, activities in beef from this reaction. The
fractionalabundance of 2Mgin beef was taken®
as 2.7 x 1073, The experimental results shown
in the table have been correcied for the effect of
bremsstrahlung from the tin can and for the
“ideal package size” factor, as explained earlier,
As previously shown by MEvER, ¥ the measured

mbarns

3
T

Cross section,

) [ R R

'__!o B 5 20 . 25
Photon energy, MeV

Fre. 5. Photoproton cross section #Mg.

activities are substantially higher than the cal-
culations, almost certainly because of neutron
capture in Na, especially at low electron
energies near the 12.1 MeV (9, p) threshold in
%Mg.

4. ANALYTIC SOLUTION

The calculations in the previous sectionrequire
graphical - integration of the product of the
reaction cross section and the bremsstrahlung
spectrum. While this process is not difficult, it
would be desirable to have a simple formula for
the induced activity from a given reaction as a
function of electron energy. Such an equation

. 18 MEYER’s equation:(416)

R = KAnDT-YE — E,)® (3)
where: : ' -
R = activity in pefg food/D Mrads,
K =4 x 108,

4 = atomic number of the target isotope,
n = fractional abundance of the target isotope
in the food, :
I = dose in megarads,
T = half-life on product activity in years,
E = initial election energy in MeV,
Fy == threshold energy for thereaction producing
' the product activity.

Here we investigate the basis for such an
equation. The bremsstrahlung spectra of Fig. 1
are replotted in Fig. 6 as a function of E — E,
electron beam energy minus the photon energy,
The bremsstrahlung spectra can be represented,
with an error which never exceeds 5 per cent, .
by the single expression. e

dn 618 x 1078

#ES g - ES R
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Tuable 3. Activities of ¥ Na in beef

_ - f” dn o Specific activity
Electron energy dk (pc/g beef — 5 Mrad)
{MeV) {cm?) equation (1) Experimental®
25 6.1 x 1072 3.1 80 £0.9
20 6.0 x 10730 0.38 2.9 L 04
15 6.0 x 108 0.0005 0.25 4+ 0.08
A typical photonuclear reaction cross section . For B << E: . . . . Z
has a resonance shape which might be approxi- oo (T dn
mated for calculational purposes by a triangle, o f o &E dk =.0.
an inverted parabola, a Gaussian curve or some
more complicated expression. However, for our For B, < E = £y
purposes, the simplest approximation is a rec- E g 6 2 w 0 30_ vo
tangle, where we require: J;. o dk = S f (E — k) dk
0 k<h ' 19><1030'(E Ep
O = O, By <<k <<E, El’f
0 ._.k>E2.. _ Yor E > E, S _
The values of o,,, E; and E; are selected to give E gy 6.2 % 10_3 o, [E 1 - -
a proper representation of the shape of the cross f i dk = R R f (E — k)22 dk
section and to agree with the proper area of fodk. 6= C B S
Using the two expressions given above, the _ L9 x 1073, SRR
required integral of the cross section and brems- E1 7
strahlung spectrum can be computcd {( E — E;)32 — ( E E2)3 2}

~2

CE=152025

MeV

6 I
T

Photen / electron,

E—~k, MV _
Frc, 6. Thick target bremssirahhung in water.

For electron energies less than about 30 MeV,
the second term in the last expression can be
neglected, and the three results can be combined

as: ‘
dan’ :
— dk =~ E =
JG 7 =By
: {4)

To give an example of the application of this
formula, we have computed the 2Na activity
in beef and ham at various energies. The values’
of E; and £, are 14 and 22 MeV, respectively,
and ¢,, was taken as 9.75 mbarns. The calculated
results are compared with the results of the
graphical integration in Table 4, and the pre-
dicted *2Na activities are plotted as dashed lines
in ¥ig. 3. Besides justifying the use of the simple
rectangular approximation to ¢ the good agree-
ment confirms MEvER’s eguationt®19 in which
the energy dependence is contained in the factor
(E — Ey)®, where £, is the threshold for the
reaction. TR _ - :

1.9 X 103, (E — Ey)s2
El.?
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Table 4. BNa (y, n) 2Na reaction

dn .
s dk (cm?)

Electron energy Graphical
- (MeV) Equation {4) integration
25 151 x 10~28 1.5 x 1028
20 324 x 10720 29 x 107
15 180 x 103 3.6 x 13t

Equation (4) can be used to find the activity
resulting from any reaction for which the cross
section is known. If the cross section has not
been measured, a rough estimate can be made
from a knowledge of the systematics of the dipole
resonance.!” In heavy elements (Z > 50) the
energy of the peak of the resonance is found to
follow roughly the formula 82418 MeV, and

the area under the photon-absorption cross .

section, is approximately 75Z(4 — Z)/4 MeV-
mbarn. A very large fraction of this cross section
goes into neutron emission. The photonuclear
thresheld can usnally be found from nuclear
mass data, and the shape of the cross section can
then beestimated. Inlighter elements the photo-
neutron and photoproton cross sections become
more nearly equal, and the total cross section
drops to the order of 35Z(4 — Z)/4 MeV-
mbarn. The energy of the maximum is generally
within the range 20 - 2 MeV. Thresholds can
again be obtained from mass data. Estimates of
induced activity made with these approximate
cross section parameters can only be trusted as
to order of magnitude, but they give a better
approximation to induced activity in food than
those obtained with formulas of the type de-
veloped by Herscumant® and Sxaces.?

In general, we can state that there is valid
basis for an equation in simple form such as
MEvVER’s equation. Also, from the results of
calculating “4n” (iron) can bremsstrahlung as
well as thin and thick target bremsstrahlung, it
appears that by the use of thin packages in the

1587

electron sterilization of food in low Z materials
(such as plastic packaging) will yield no detect-
able activity using electrons of energy as high as
possibly 17 or 18 MeV. This in itself is a very
important point which demands further experi-
mental investigation.
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