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Photoexcitation of the long-lived isomers ' Te, T&&2 =119.7 d, and ' 'Te, T, ~2 =58 d, was pro-
duced with bremsstrahlung from the superconducting Darmstadt linear accelerator. The excitation
function for the reaction ' 'Te(y, y')' Te was measured between 2 and 6 MeV. It indicated that
the isomer was populated by resonant absorption through isolated intermediate states having in-

tegrated cross sections in excess of 10 cm keV, i.e., values about 100 times larger than most

(y, y ) activation reactions reported previously. An excitation function was also obtained for the re-
action ' 'Te(y, y')' 'Te in this energy range.

INTRODUCTION

It has been recently discovered' that the reaction"Ta (y, y')" Ta occurs with an integrated cross section
that is orders of magnitude larger than what could have
been reasonably expected. At energies below the thresh-
old for neutron evaporation the photoexcitation of iso-
mers is usually characterized by values of 10 —10
cm keV. Although the inverse, deexcitation of an isomer
had not been previously observed, there was no a priori
reason to expect it to be more probable, particularly since
the transition requires a spin change of AK =8. Of con-
siderable astrophysical significance, ' the result reported
for & 80Ta~ approached 10 cm keV and raised some in-
teresting questions of nuclear structure. It also provided
unexpected encouragement of schemes for pumping a y-
ray laser that would depend upon the sudden deexcitation
of isomeric populations.

Whether the deexcitation of ' Ta was an isolated ex-
ample limited to odd-odd nuclei with a high density of
states was considered in two subsequent studies. In the
first the excitation function for ' Ta (y, y')' Ta was
measured with a bremsstrahlung source by varying the
end point of the spectrum. It was found that the (y, y')
reactions of ' Ta occurred for two discrete excitation
energies of 2.8 and 3.6 MeV with integrated cross sec-
tions of 1.2 X 10 and 3.5 X 10 cm keV, respectively.
The high density of excited nuclear states seemed to play
no particular role.

In the second experiment 19 isomers were excited
with the bremsstrahlung spectra from four different ac-
celerators. Despite the relatively coarse mesh of energies
at which end points could be set between 0.5 and 11
MeV, several isomers were excited through integrated

cross sections that were surprisingly large at 4 MeV. One
curiosity was the first report of the photoexcitation of
119.7d, ' Te, the longest-lived isomer ever populated
by (y, y') reactions and one of the candidate nuclides for
a y-ray laser. This is a fairly light nucleus having no par-
ticularly high density of states. Also, there is little exper-
imental or theoretical information on electromagnetic
transitions between excited levels in ' Te above 1 MeV.

It was the purpose of the experiment described in this
Brief Report to measure the excitation function for both

Te and ' Te . Exploiting the precision with which
the end points of the spectra could be set between-2 and 6
MeV, the (y, y') reactions were found to occur through
relatively few gateways with large integrated cross sec-
tions approaching 10 cm keV.

EXPERIMENTAL ANALYSIS AND RESULTS

Elemental tellurium samples were used in this study,
and all isotopes were present in their natural abundances.
Nominal amounts of 17 g were contained in plastic (Del-
rin) cylinders with outer diameters of 3.8 cm and heights
of 1.5 cm. Calibration targets were fashioned from iden-
tical containers holding about 2 g of 99.99% pure SrFz.
Its use in calibrating bremsstrahlung spectra has been re-
cently emphasized. '

Isomeric populations were produced by exposing the
targets to bremsstrahlung from a 3-mm tantalum con-
verter foil irradiated by the electron beam from the injec-
tor of the new 130-MeV S-DALINAC at the Technische
Hochschule Darmstadt. Electron energies were varied
between 2 and 6 MeV with a typical step size of 250 keV.
These electron energies were measured with an accuracy
of 50 keV before and after each exposure. The diameter
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of the beam at the converter, typically 2 mm, was also
monitored. At each end point a sample stack of telluri-
um and strontium was irradiated axially in close proximi-
ty to the converter. The proper alignment of the beam
was achieved by maximizing the dose delivered to a re-
mote ionization chamber shielded to sample only the cen-
tral 12 mrad of the bremsstrahlung cone. Variations in
all beam parameters were recorded during the experi-
ments. In particular, the charge passed to the converter
was determined by digitizing the current and integrating
it. Exposures were typically 4 h in duration for a beam
current of about 20 pA.

The numbers of isomers produced by these irradiations
were determined from the counting rates measured in dis-
tinctive fluorescence lines. The transitions responsible
for the y-ray signatures used in these measurements are
indicated by bold arrows in the energy-level diagrams of
Figs. 1(a) and 1(b).
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After irradiation the tellurium samples were transport-
ed to the Center for Quantum Electronics, University of
Texas at Dallas, where high-resolution spectra were col-
lected with an HPGe detector. An example of the data
obtained with a 6-MeV exposure is shown in Fig. 2. The
fluorescence peak at 159.0 keV from the decay of ' Te
is apparent, and even the y rays from the strongly con-
verted transition of ' Te at 35.5 keV are clearly visible.

Because of the shorter isomeric lifetimes the SrF~ cali-
bration, samples ' were counted on site with a Ge(Li)
detector to measure the yield of Sr . This isomer has a
half-life of 2.8 h and a fluorescence signature at 388.4
keV. The raw number of counts in each peak was
corrected for the finite durations of exposure and count-
ing, the absolute counting e%ciencies of the detectors,
and the relative emission intensity. The opacity of the
samples to the escape of the signature y rays was com-
pensated by a factor calculated with a Monte Carlo code
for each detector geometry.

The experimentally measured yield of isomers, Xf re-
sulting from the irradiation of NT ground-state nuclei
with bremsstrahlung is given analytically by
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where Eo is the end-point energy, d@(E)ldE is the
time-integrated spectral intensity in cm keV ' of the
photon field, and cr(E) is the cross section in cm for the
reaction. The spectral intensity is conveniently expressed
as the product of a Aux of all photons above a cutoff ener-

gy Ec of I MeV, No incident on the target, and a relative
intensity function F(E,EO), which is normalized accord-
ing to

1/2 o.o f F(E,EO)dE =1 .
C
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Equation (2) allows the definition of a normalized yield,
or activation per photon, Af(EO) given by

Af(EO)—: = f o(E)F(E,EO)dE . (3)
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FIG. 1. Schematic energy-level diagrams for (a) ' 'Te and (b)
Te. Half-lives of the isomers are shown in the ovals, and the

energies of the levels shown are given in keV. The bold arrows
show the transitions which give rise to distinctive y-ray emis-
sions measured in this work. The dashed arrows indicate transi-
tions which are not directly observed.
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FIG. 2. Pulse-height spectrum obtained from a tellurium
sample after a 6-MeV end-point irradiation. Peaks not explicit-
ly marked are due to counting chamber background.
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Plots of this quantity as a function of Eo give the excita-
tion functions for ' Te and ' Te shown in Figs. 3(a)
and 3(b). This normalization makes these curves relative-
ly insensitive to variations in isomeric population that
occur simply because all the intensities increase when the
end point is raised. Instead, their appearance is primarily
determined by the density, location, and integrated cross
sections of the states mediating the reactions.

Calculated spectra of both 4o and F(E,Eo) were ob-
tained from the EGs4 electron-photon transport code
developed at SLAC. This Monte Carlo program is well
established in the medical physics community, and its
general validity has been demonstrated elsewhere. ' '" In
this work confidence in the calculated photon spectra was
maintained by calibrating them with the reaction

Sr(y, y') Sr as discussed in Ref. 5.
At energies of interest in these experiments, gateways

have widths that are small in comparison to their spac-
ings, and Eq. (3) reduces to a summation, giving

A~(EO ) = g (cr I )~,F (E, , Eo ),
J

(4)

15

10-
U

~ rn
& o

r:bV
.0

Q. "o

(b) &25 T~

10
U

~ rn~ o 5

where (o I )& is the integrated cross section and E is the
excitation energy of the jth intermediate state feeding the
isomer. It is then possible to define a quantity RM(EO),

which represents the residue of activation after subtract-
ing contributions from the M lowest-lying intermediate
states:

R,ir(EO)= A~(EO) — g (o I )~ F(E,EO),
E

(5)

where EM is the resonance energy of the highest-lying in-

termediate state contributing. Fitted values of the in-
tegrated cross sections (o I )& were found by minimizing

R~(Eo) for the lowest-energy state giving a break in the
excitation function, and then iterating after including any
new gateways suggested by the data. In the case of Sr,
the calibration procedures described earlier ' were
confirmed in the present work as a test of confidence.
This provided experimental validation of the calculated
photon spectra as well as confirming the experimental
practice.

An identical analysis for ' Te was based upon the ex-
citation function of Fig. 3(a). The pronounced increase in
yield beginning near 3 MeV indicates the location of an
intermediate state, while the low level of activation below
this energy suggests the participation of smaller gateways
having F. (2 MeV. The number and location of these
lower-energy states could not be determined in the
current work; nor does the literature provide any infor-
mation. It was found that a single state near 1 MeV with
an integrated cross section of (60+20) X 10 cm keV
could give the activation observed below 3 MeV, but this
assignment is not unique. The possible variations are in-
dicated in Table I and do not significantly contribute to
the uncertainties reported for the other gateways. Using
this hypothetical state to remove the base-line yield, the
residue R, (EO) indicated two strong gateways at 2.8 and
4.2 MeV. The fitted (o I ),' corresponding to these states
are given in Table I and are much larger than the base-
line state at 1 MeV. These values were determined to
within the uncertainties explicitly shown in Table I.

The excitation function obtained for population of
Te provided less detail, but the data of Fig. 3(b) were

still consistent with an intermediate state located between
4.2 and 4.5 MeV, as given in Table I.

Because of the low (y', n) threshold of the naturally
occurring component of the deuterium in the plastic sam-
ple containers, it was necessary to evaluate the eAects of
all neutrons produced in the irradiation environment.
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FIG. 3. Linear plots of yield normalized to the flux calculat-
ed for a low-energy cutout of 1 MeV as functions of bremsstrah-
lung end-point energy for (a) ' 'Te and (b) ' "Te. Where no er-
ror bars are shown, statistical errors are comparable to the sym-
bol size. Error bars shown without symbols in (b) represent
upper bounds on the activation where fluorescence was not ob-
served above the level of background. Dotted curves plot the
values calculated from the model of Eq. (4) using the results of
Table I. The locations of the gateways determined in this work
are indicated by the large arrows whose widths represent the
available experimental resolution.

Isotope

123T

gateway energy (MeV)

1.0+0.5
2.8+0.2
4.2+0.2
4.2-4.5

(o I )' (]0 cm keV)

(60+20
2000+300
7000+ 1000
7000+3000

TABLE I. Values of fitted integrated cross sections (o-I ),', for
gateway states determined from the excitation functions of Figs.
3(a) and 3(b) for the (y, y') reactions populating the isomers

Te and ' Te . The gateway excitation energies F., for these
levels are given at the centroid of the appropriate experimental
bins.
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The neutron Aux was measured with standard activation
techniques' by the inclusion of indium foils in the target
stacks. Each disk was 0.0127 cm thick with a diameter of
3.8 cm and a mass of about 1 g. Epithermal neutrons
were observed by detection of the 416.92-keV Auores-
cence from the 54.15-min isomer of " In, which is pro-
duced through neutron capture from the stable " In. At
the highest photon end point of 6 MeV, there were found
to be only 0.87+0.05 neutrons cm s ', and this Aux de-
creased smoothly to zero as the end point was lowered to
the deuterium (y, n) threshold of 2.22 MeV. This low lev-
el of epithermal neutron Aux produced negligible contri-
butions to the yields of ' ' Te and Sr . The appear-
ance of thermal neutrons was not expected because of the
lack of sufhcient moderators in the environment. The use
of photon energies below the thresholds of all target and
environmental materials excluded fast neutron produc-
tion.

CONCLUSIONS

The excitation functions obtained in this work for the
population of the isomers Te and Te indicate that
their photoexcitation proceeds through absorption by iso-
lated intermediate states. No consistent description
could be obtained by assuming absorption through dense-
ly spaced levels which would have provided broadband

absorption. The integrated cross sections determined for
these states are about 100 times larger than most (y, y')
activation reactions reported previously, being in excess
of 10 cm keV. Moreover, they are only an order of
magnitude smaller than those determined in earlier mea-
surements' for the depopulation of ' Ta . Clearly, fur-
ther investigations of the systematics of isomeric pho-
toexcitation are needed in the range between 2 MeV and
(y, n) threshold energies in order to isolate the principal
cause of the large photoexcitation rates being found. Ex-
perimental studies of a variety of different isomeric nuclei
are currently underway to examine these questions. It
would also be of great interest to have nuclear structure
calculations illuminating the nature of the particular in-
termediate states through which the photoabsorption
occurs.
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