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A ®Co source has been used to photoactivate the 392 keV (T, ~99.5 min) isomeric level of '*In
and the 388 keV (T,,,~2.8 h) isomeric level of ¥’Sr. As observed in investigations of '"*In and
MCd, nonresonant processes were found to make significant contributions to the excitation of

isomeric levels.

I. INTRODUCTION

The photoactivation of isomeric levels by ®Co y rays
has been investigated for several decades. It has usually
been assumed that the excitation mechanism involves pho-
tons, in the lower energy tail associated with the intense
sources used in photoactivation, exciting higher levels via
nuclear resonance fluorescence, and that these levels then
decay to the isomeric level. However, recent investiga-
tions of the photoactivation of isomeric levels of !'3In and
11Cd have shown that nonresonant processes make signi-
ficant contributions.!~3 With the expectation that data
for other nuclei will help us to understand the mecha-
nisms involved in the nonresonant contributions, we have
used the y rays from %Co to photoactivate the 392 keV
(T, ~99.5 min) isomeric level of '*In and the 388 keV
(T1/,~2.8 h) isomeric level of *’Sr. Our experimental
technique allows estimates to be made of both the
resonant and nonresonant contributions.

II. EXPERIMENTAL TECHNIQUE

If we assume that one level is dominant in the reso-
nance fluorescence contribution, the probability P of ex-
citing an isomeric level per unit time is given by

P =¢r(EgR)og +¢NRU{JR ’
where
g =g KT igo/T

represents an integrated cross section for the resonant
contribution. The parameters g, [y, T, and T are,
respectively, the statistical weight, the ground state transi-
tion width of the resonance level, the partial width for de-
cay to the isomeric level, and the total width of the reso-
nance level. X is the wavelength (divided by 27) of the
photons which excite the resonance level at the energy
Egr. ¢r(Eg) is the flux of photons per unit area, energy,
and time and ¢yg is the flux of nonresonant photons per
unit area and time. owp is the cross section for the non-
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resonant excitation of the isomeric level.

In addition to the 1173-1332 keV cascade, *°Co emits
y rays with energies of 347, 826, 2159, and 2506 keV.*
The intensities of the y rays are many orders of magni-
tude below those of the 1173 and 1332 keV ¥ rays, and it
has been assumed that their contributions can be neglect-
ed. The intense, collimated °Co beam had a low energy
tail, and this is allowed for in our analysis. ¢ngr is as-
sumed to be due to the 1173 and 1332 keV photons. Ex-
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FIG. 1. The level structure and y-ray branching scheme of
1

293 ©1986 The American Physical Society



294 KRCMAR, LIUBICIC, LOGAN, AND BISTROVIC 33

1739
____________ 156 —— ——
(512) . =7
(512)° T ’
|
|
_ |
(32) 0873
12 03883 2.80h
EC 03% T 997%
92 0

87
38"
FIG. 2. The level structure and y-ray branching scheme of
87Sr.

periments with bremsstrahlung from a variable energy
electron beam have shown that direct-resonant excitations
of the isomeric levels, without a mechanism involving
higher levels, are negligible.’

While electrons produced in the absorbers and the sam-
ple can excite the isomeric levels, the experiments of
Booth and Brownson® with variable energy electron beams
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FIG. 3. A comparison of the experimental and calculated
values of the '*In isomeric level excitation probability as a func-
tion of dpy, the lead absorber thickness. The lines for the calcu-
lated values are hand drawn through five values. The values ob-
tained for X%, oz, and oXg are the following: (1) ¥>=27.4,
or=12.4Xx10"%® cm? keV, ofr=0; () X2=2.94, oy
=8.1X10"% cm? keV, ofg=2.0X10"% cm?% (3) x*=36.0,
orX=3.0X10"% cm® keV, ofg=4.0x 10~ cm?.

show that activations of the isomeric levels are negligible
until the electron energy is sufficient to excite higher lev-
els which couple strongly to the ground state, and deexcite
to populate the isomeric level. In the case of "In we
have considered the possibility of the 1078 keV level,
which decays to populate the 336 keV isomeric level, be-
ing excited by electrons produced when the *°Co y rays
interact in the sample via the photoelectric effect, the
Compton effect, and pair production. Our investigations,
which involved indium-lead alloy samples of various com-
positions, showed that possible contributions from elec-
trons are many orders of magnitude below the level neces-
sary to explain the ohg value. We expect similar situa-
tions for Sr and 'PIn.

The experimental method, which has been described
previously,' ~3 involves interposing lead absorbers between
the %¥Co and the sample to vary the relative values of
¢r(ERr) and éng, and allows an estimate of the resonant
and nonresonant contributions. The effects of the ab-
sorbers and the sample on the £hoton energy distribution
are investigated using a small ®"Co source, which in con-
trast to the source used for photoactivation, has a negligi-
ble low energy tail.

The samples were irradiated with a 1.12 10" Bq ®Co
source which, according to the manufacturer’s specifica-
tions, had a low energy tail intensity k which was 0.19 of
the full energy photon intensity. In each case the source
to sample separation was 22 cm and, in addition to irradi-
ations without absorbers, irradiations were made with 0.4,
0.8, 1.2, and 1.6 cm of lead between the source and sam-
ple. The natural indium sample was a 0.4 cm thick, 2.54
cm diameter disk. The strontium in the form of SrF, was
contained in a 0.1 cm thick aluminum cylinder, 3.2 cm in
diameter, and 2.6 cm long. Irradiations were made for
about 13 h, and the subsequent decays of the isomeric lev-
els were measured with a Ge(Li) detector.

The level structure and y-ray branching schemes* for
the nuclei are given in Figs. 1 and 2. The analysis for
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FIG. 4. A comparison of the experimental and calculated
values of the ¥’Sr isomeric level excitation probability as a func-
tion of dpy, the lead absorber thickness. The lines for the calcu-
lated values are hand drawn through five values. The values ob-
tained for X%, og, and okg are the following: (1) X*=61.4,
or=10.4X10"% cm? keV, ofr=0; (2 X’=1.8, o
=4.7X10"% cm? keV, ofr=3.2X10" cm?% (3) x¥*=27.6,
or=0.4X10"% cm? keV, okr=5X 10" cm?.
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TABLE 1. Experimental results for the photoactivation cross
section of the 338 keV isomeric level of ¥’Sr.

Photoactivation
cross section

Reference (10~% cm? keV)
5 8.5%%
6 30 +8
7 5—6.2
42 +6*
8
56 +8°
Our result 4.7+0.7

*Assumes a value of gTy=103 eV for the 1229 keV level.
®Assumes a value of gI'y=10"* eV for the 1229 keV level.

each nucleus assumed that one level was dominant in the
resonance fluorescence process. In the case of '"’In it has
been shown that the activation of the isomeric level is
dominantly associated with the resonant excitation of a
level at 1132 keV, and for ¥’Sr that a level at 1229 keV is
dominant in the resonant excitation of the isomeric level.’

In each case a X2 analfysis of the experimental data was
made with k, og, and ong as variable parameters, and the
best oz and a{}R values were obtained from the minimum
X? value.

III. RESULTS

A. Photoactivation of "*In

The sensitivity of the method for "*In is illustrated in
Fig. 3. The best X2 value of 2.95 corresponded to a k

value of 0.19, which is in excellent agreement with the
source specifications, and cross sections of oy
=(8.140.1)x10° cm? keV and oLg=(2.0+0.3)
X 10732 cm? were obtained. Our results can be compared
to the value of (7+%)x 10~%° cm? keV obtained by Booth
and Brownson.> We find that when no lead absorber is in-
terposed, only 45% of the excitations of the isomeric level
proceed via resonance fluorescence of the 1132 keV level.

B. Photoactivation of ¥'Sr

The sensitivity of the method for ¥'Sr is illustrated in
Fig. 4. The best X? value of 1.8 corresponded to a k value
of 0.19, and cross sections of oz =(4.7+0.7) X 10™% cm?
keV and okgr=(3.240.4)Xx 1072 cm? were obtained.
Other results which have been obtained are given in Table
I. When no lead absorber is interposed, only 22% of the
excitations of the isomeric level proceed via resonance
fluorescence of the 1229 keV level.

IV. CONCLUSIONS

The cross sections for the nonresonant excitations of
isomeric levels of *In and *'Sr are the same order of
magnitude as those found for ''*In (Ref. 1) and '''Cd
(Ref. 2). Our results indicate that, in many experimental
arrangements, nonresonant processes make significant
contributions to the photoactivation of isomeric levels.
Additional experimental work and theoretical analyses
will be needed if we are to understand the mechanisms for
the nonresonant contributions.

One of us (B.A.L.) would like to thank the Natural Sci-
ences and Engineering Council of Canada for financial

support.

A. Ljubiéi¢, K. Pisk, and B. A. Logan, Phys. Rev. C 23, 2238
(1981).

2M. Krémar, A. Ljubiti¢, K. Pisk, B. A. Logan, and M. Vrtar,
Phys. Rev. C 25, 2079 (1982).

3A. Ljubiti¢, M. Krémar, K. Pisk, and B. A. Logan, in Proceed-
ings of the Second International Symposium on Radiation
Physics, 1982, Penang, Malaysia, p. 177.

4Tables of Isotopes, 7th ed., edited by C. M. Lederer and V. S.
Shirley (Wiley, New York, 1978).

SE. C. Booth and J. Brownson, Nucl. Phys. A98, 529 (1967).

6K. Yoshihara, Isot. Radiat. Technol. 3, 472 (1960).

7A. Veres, private communication, quoted in Ref. 8.

8Y. Watanabe and T. Mukoyama, Nucl. Sci. Eng. 80, 92 (1982).



