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Original scientific paper

A 6°Co source has been used to study the photoactivation of the 336 keV (T, =
= 4.3 h) isomeric level of !!°In in the indium-lead alloys. We have investigated
the contribution to the nonresonant excitation from photon-atom interactions,
involving Compton scattering, photoelectric effect and pair production. Our re-
sults show very clearly that the nonresonant excitations of the isomeric level are
due to direct interactions between the photons and !!5In atoms.

1. Imtroduction

The photoactivation of isomeric levels with ¢°Co sources has generally been
assumed to be due to the excitation, via resonance fluorescence, of higher nuclear
levels with photons in the low energy tail of the intense $°Co beams necessary
for photoactivation. These higher levels then decay to populate the isomeric levels.
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However, recent investigations of the photoactivation of isomeric levels of *'5In?’
111Cd2 and !!3In and 87Sr?, have shown that, even though the cross sections
are only ~10-32 cm?, nonresonant contributions can be important. Possible
mechanisms for the nonresonant excitations, such as nuclear Raman scattering,
off-resonance fluorescence and the inelastic photoelectric effect have been consi-
dered!-?, but the cross sections are far too low to explain the experimental results.
These nonresonant excitations in which the isomeric level has been cxcited by
direct photon-isomeric atom interactions, we call primary photon-atom contri-
butions.

Secondary contributions to nonresonant excitations can be produced in such
photon-atom interactions as the Compton effect, the photoelectric effect and pair
production. Free electrons and positrons are produced in irradiated samples and
these can excite nuclear levels of isomeric atoms. Nuclear levels can also be excited
during positron annihilation.

Although it is possible to make theoretical estimates of these contributions
much more confidence can be placed in an experimental investigation and this
paper reports an experimental estimate of secondary photon-atom contributions
to the photoactivation of isomeric levels.

2. The experimental technique

We have investigated the contributions from secondary photon-atom inter-
actions in an experimental arrangement involving !!5In and a collimated beam
from a 1.12>:10'4 Bq ¢°Co source which, according to the manufacturer’s specifi-
cations, had a low energy tail intensity 2 which was 0.19 of the full energy photon
intensity. It is well-known that photoactivation of the 336 keV (T,/, = 4.3 h) iso-
meric level of 115In can proceed via resonance fluorescence of the 1078 keV level.
Different composition indium-lead alloys (containing 4—59%, antimony) have been
irradiated and we have used our knowledge of the atomic number (Z;, = 49,
Zs, = 50, Zp, = 82) dependence of the various photon-atom interactions to esti-
mate the contributions from the different atomic phenomena. We have assumed a
Compton contribution which depends linearly on Z, a photoelectric effect contri-
bution which varies as Z44, and a pair production contribution which depends
on Z2.

Before investigating the different secondary photon-atom contributions, we
measured o, the integrated cross section for resonant excitation of the isomeric
level via 1078 keV level, and ¢f, the total cross section for nonresonant excitation
of the isomeric level. The probability P of exciting the isomeric level per unit ti-
me is given by '

P =orPr(ER) + oip Pyr (n

where @ (Ep) is the flux of photons per unit area, energy and time at the resonant
energy. In this case the resonant energy is 1078 keV. @ is the flux of nonreso-
nant photons per unit area and time. o = g2 A2 I', I}, /4I" represents an inte-
grated cross section for the resonant contribution. The parameters g, g, 15
and I are, respectively, the statistical weight, the ground state transition width
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of the resonance level, the partial width for decay to the isomeric level and the
total width of the resonance level. 1 is the wavelength of the photons which excite
the resonance level at the energy Eg. ok is the total cross section for the nonre-
sonant excitation of the isomeric level and is given by

Pin = o (Eue) + E Oux (B ) (" o

where E,,, is the energy of the isomeric level and #** nuclear level has an energy
Ei(E: > E,,), a width I'; and a partial width I, () for decay to the isomeric
level. Our experimental technique was the same as in the previous measure-
ments!*2+3), and involved interposing the lead absorbers with thicknesses of 0.4,
0.8, 1.2 and 1.6 cm between the ¢°Co and indium sample to vary the relative va-
lues of @ (ER) and Dy, and allows an estimate of the resonant and nonresonant
contributions. The relative values of @ (Er) and @y, depend on the tail of low
energy photons emerging from the source and the scattering and absorption in
the lead absorbers and samples. The effects of the absorbers and the sample on
the photon energy distribution are investigated using a small $°Co source, which
in contrast to the source used for photoactivation, has a negligible low energy tail.
In our case D,y is dominated by the flux of 1173 keV and 1332 keV photons and
has been taken as the sum of the fluxes associated with these gamma rays. The
natural indium disc had a diameter of 2.54 cm and a thickness of 0.4 cm; it was
placed 22 cm from the source. Irradiations were made about 13 h and the sub-
sequent decays of the isomeric levels were measured with a Ge (Li) detector. A
x* analysis of the experimental data was made with k, gz and o%; as variable
parameters. The best x2 value coresponded to a & value of 0.19, which is in excel-
lent agreement with the source specifications, and cross sections of o = (9.6 +
+20) x 1022 cm? keV and ohiz = (4.5 £ 0.9) X 10732 cm? were obtained.

In our investigations of the secondary photon-atom contributions to the non-
resonant isomeric level excitation, we have used four alloys which contained, res-
pectively, 28%,, 42%, 46% and 71%, of .!*5In atoms. The samples were 0.4 cm
thick and had a diameter of 2.54 cm, and were placed 22 cm from the source. The
number of nonresonant excitations of the !!%In isomeric level per unit time N3z,
in the irradiated alloys, was estimated from

Nk = N — N@, 3)
where N2° is the observed number of isomeric level excitations per unit time and

N§° is the number of excitations produced via resonance fluorescence of the 1078
keV level. N§° can be estimated from og:

N:t“ = @g (Eg) 6 N 4

N,, is the number of !!3In atoms in the alloys. Irradiations were made for about
13 h and the subsequent decays of the isomeric levels were measured with a Ge (Li)
detector.
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3. Secondary photon-atom contributions

a) Contributions involving the Compton effect

" It has been assumed that these contributions produced via excitation of the
1078 keV level by free electrons from the Compton scattering. The number of
isomeric level excitations per unit time due to the Compton effect is given by

T
i gu = (‘DNR ”C d(}c [C n;,, U“' i'- (5)

r

doc is the differential cross section*’ corresponding to scattcring angles which
produce Compton recoil electron with energies >1078 keV. [ is the average sam-
ple thickness corresponding to the Compton electrons slowing down to 1078 keV
(electron energy loss> for different alloys is in the range of 9—I11.5 MeV/cm).
n1, is the number of !5In atoms per unit volume. o,. is the cross section for the
excitation of the 1078 keV level by Compton electron; a value of 1032 cm? has
been taken®. n. is given by

e = N (praZin + Pss Zsp + pos Zpn)s (6)

where N is the number of atoms in the sample and the p valucs represent the frac-
tions of different elements in the sample. I, /I" is the ratio of. the partial width
for decay to the isomeric level to the total width of the 1078 keV level. A value
of 0.19 was assumed.

Using known values for the parameters, we calculated N%° for each alloy.
The calculated values were six orders of magnitude below the experimental results.

. This result shows that secondary contributions involving the Compton cflcct are
negligible.

b) Contributions involving the photoelectric effect

It has been assumed that this contribution also proceeds via excitation of the
1078 keV level and the number of isomeric level excitation rer unit time due to
the photoelectric effect is given by

I
N:'l? = ([)NR nnh 07,;, lph Cee! %5 (7)

where I, is the average sample thickness corresponding to photoelectrons ejected
from K-shells slowing down to 1078 keV (electron energy loss for different alloys
is in the range of 9—11.5 MeV/cm). 0%, is the photoelectric cross section®’ for a
hydrogen atom and #,, is given by

non = N{pan 23 + Pse 235 + prs Z23)- ®
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The calculated values from Eq. (7) for various composition of indium-lead alloys
are four orders of magnitude below the experimental results. These values show
that secondary contributions involving the photoelectric effect are negligible.

c) Contributions involving the pair production

It has been assumed that this contribution proceeds via resonant excitation
of the 1078 keV level during positron-K electron annihilation. The number of
isomeric level excitation per unit time due to the pair production is given by

I'!
N:; =@Byg Hyp U;p lop Mps 00g+ _}%"' (9)
a2, is the integrated pair production cross section” for a hydrogen atom and #,,

is given by
oy = NP Zi, + Pss 5y + Prn Zip)- (10)

l,, is the average sample thickness for positrons to slow down to an energy of 83.9
keV (positron energy loss*’ for different alloys is in the range of 18.0—20.5 MeV/cm).
We have assumed an effective cross section of,+ = ..+ I/{T; — T,> for the
excitation of the 1078 keV level during positron-K electron annihilation. Free
positrons are produced mainly in the interactions of the 1332 keV and 1173 keV
energy photons with atoms of a sample (pair production). ¢+ is the cross section
for a resonant excitation of the 1078 keV level during positron-K electron annihi-
lation, and I is a total width of that level. Values of o¢,.+ = 3.9 X 10~2% am?,
I'=58 x 104eV ®and (T, — T,) = 150 keV have been assumed, where T,
is the initial kinetic positron energy, and T, is the kinetic positron energy for the
resonant excitation. The calculated values from Eq. (9) are six orders of magni-
tude below our experimental results.

4. Primary photon-atom contributions

If the nonresonant contributions are produced by direct photon- !!5In atom
interactions, the number of the nonresonant isomeric level excitation is given by

N,':" =®@ypiing O'Lm (11)
where
nxr = N pyn (12)

Using the experimental value of the nonresonant cross section o, = 4.5 X 10732
cm? (Section 2) and known values for @yg, N and p;,, we calculated N¥° for
each alloy. The »? analysis compared the experimental values Ni; from Eq. (3)
with the calculated values N}° for five values of p;,. The parameter K, was varied

to minimize
¥ [Nga (or) — K, N, (pin)]?
N NR (Pm) ) (13)
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Fig. 1. A comparison of the experimental data for nonresonant contribution to the isomeric le-

vel photoactivation and calculated values for the various mechanisms, as a function of !'°In

percent in the different alloys. The lines for the calculated values are hand drawn through five
calculated values.

1. primary photon-atom contribution: 3% = 2.35, K, = 0.95;
2. pair production: N4 x 106;

3. Compton scattering: N&° x 1.7 x 10%;

4. photoelectric effect: N2 x 1.5 x 10%.

Factors 105, 1.7 x 106 and 1.5 X 10* for pair production, Compton scattering and photoelectric
effect, respectively, are obtained by »? analysis.
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A value of K, near unity would show that the nonresonant excitation was dominant-
ly produced by the proposed interaction. The best 2 value of 2.35 corresponded
to K, =0.95 or opg =43 X 10732 cm?. This result is convincing evidence
that nonresonant interactions are produced by direct interactions between photons
and !!5In atoms.

5. Conclusions

The distributions corresponding to the contributions of the various mecha-
nisms are compared to the experimental results in Fig. 1. The secondary contri-
butions from photon-atom interactions are several orders of magnitude below
the value necessary to explain the nonresonant excitation, but primary photon-! !5In
atom contribution is in the excellent agreement with experiment. Additional ex-
perimental work and theoretical analyses will be needed if we are to understand
the mechanisms for the nonresonant contributions.
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Originalni znanstveni rad

Izvor 6°Co koristen je za proudavanje fotopobudenja izomernog nivoa !!5In (336
keV, T/, = 4.3 h) u legurama indij-olovo. Istrazivali smo sekundarne doprinose
nerezonantnom pobudenju preko foton-atom interakcija, uklju¢ujuéi Comptonovo
rasprienje, fotoelektri¢ni efekt i tvorbu para. Dobiveni rezultati pokazuju da je
nerezonantno pobudenje izomernog nivoa posljedica direktne interakcije fotona i
atoma ‘!3In.
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