Constructing a calibration standard for photoneutron measurements by extracting cross sections of
the giant-dipole resonance response in the heavy nucleus '*Tm
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Photoneutron reactions represent important tools for measuring the behavior of nuclei. Behavior
such as the total dipole polarizability of nuclei, which allows understanding of symmetry energy and
neutron-capture cross sections for nuclear astrophysics, nuclear reactor design, nuclear medicine and other
industrial applications. Past direct measurements of photoabsorption reactions have had problems with
neutron multiplicity sorting. An independent check to determine partial neutron cross sections without
neutron detection is needed to confirm the simulated behavior of neutron detectors without relying on
models of the nuclear reaction. The intent is that a standard calibration source for photoneu- tron
measurements based on an independent experimental method will become available for future
measurements. [1]

To construct a calibration standard for photoneutron reactions, high-precision (y,1n) and (y,2n)
cross sections will be obtained. In these photoabsorption reactions a nucleus absorbs electromagnetic
radiation of energies around 10-20 MeV, exciting an isovector giant dipole resonance (GDR) response in
the nucleus. Macroscopically, this GDR response is characterized by the collective oscillation of nucleons
within a nuclei, with de-excitation through emission of neutrons. Microscopically, GDR describes the
coherent superposition of particle-hole excitations resulting from the operation on the ground state of the
nucleus with a one-body operator [2]. Determining reaction cross section requires measurement of both
the incident-photon fluence and the number of reaction products on an absolute scale. In this measurement
the incident photon fluence is determined indirectly by normalizing to known reaction cross sections of
7Au. The number of reaction products is determined by measuring the activity of radioactive residual
nuclei, '*Tm and '’ Tm.

Conducted using the YELBE facility Bremsstrahlung beamline, this measurement takes advantage
of opportune half-lives of ~90 days for '*Tm and ~9 days for '’ Tm. These half-lives ensure the presence
of reaction products in the target samples well after irradiation, while still short enough that decays are
often enough to be visible in a reasonable measurement window. This reaction process is visualized in
Figure 1, where the characteristic y rays from erbium ("®Er and 'Er) are the measurement signatures.
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Fig. 1. Diagram of the photoneutron reactions 169Tm(y, 1n) and 169Tm(y, 2n), showing their resulting isotopes
decaying with characteristic y rays, and including the neutron separation energies for one neutron versus two.

These vy rays from erbium transitions to the ground state represent the final energy signatures from the
photoactivation pathway, as both erbium products are stable isotopes. Since both thulium reaction products
have above a 99% chance of decaying through the displayed channels, only clear energy signatures from
these decays are expected, baring any of the sample’s self absorption/capture of reaction ejecta.

The target stack in order of incident beam was 169Tm, 197Au, 99Mo, 197Au, and 58Co, the later
three being from collaborators. Irradiations were done at electron-beam endpoint energies 8.5 MeV to 18.5
MeV at 0.5-MeV steps (19 total). An HPGe detector from YELBE was used in data collection; its high
energy resolution key in differentiating y lines in recorded spectra.

In photoactivation experiments, the number of radioactive nuclei Na(Eo) produced is propor- tional
to the target atoms Ny times the integral of the absolute photon fluence ®,(E, Eo) times the
photodisintegration cross section oyq(E, Eo) integrated from the reaction threshold energy Ew up to the
endpoint energy Eo of the Bremsstrahlung spectrum [3]:

E
Nact(Eo) = Niar - fE; oyn(E Ep) - (Dy(E' Eo) dE. (1)

The target atoms is a known parameter in the experiment, so the photon fluence and number of
activations need to be extracted experimentally. The number of radioactive nuclei is determined
experimentally by measuring the activity of the irradiated sample using [3]:

Ny(Ey: Eo)  Kcorr
e(Ey) - p(E)

Nact(EO) = (2)

where N,(E,, Eo) is the dead-time and pile-up corrected full-energy peak counts of the observed transition
E,, e(E,) is the absolute efficiency of the detector at energy E,, and p(E,) is the emission probability of the
transition photon of energy E,. The detector efficiency is determined through calibration data collected from
YELBE-facility sources *’Cs, ®°Co, and '*’Eu. The emission probabilities corresponding to the relevant
states in '**Er and '’Er are taken from the National Nuclear Data Center (NNDC) found in Refs. [4, 5]. The
Keorr factor connects to the number of radioactive nuclei given the number of decays we observe during our

Iv-49



measurement time (tmeas). It accounts for the activated atoms which decayed during the irradiation time (tir)

and between the end of irradiation and beginning of measurement (ti.ss). The equation for xco is given by

" _ e/l'tloss A‘tirr 3
COrTr ™ q_e—Atmeas 1—e Atirr Q)

where A = In(2)/tt , with half lives (t, s2) from NNDC in Refs. [4, 5]. The activation yield at a

given endpoint energy, Yact(EQ), is a useful equation for visualizing the results and is given by

Nact(E
Yact (EO) Nact(Zo) (4)

Ntar

The Bremsstrahlung nature of photon creation results in energies which vary as in the on-site
measured distribution displayed in Fig. 2. Photon fluence curves are determined for each endpoint energy.
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Fig. 2. Absolute photon fluence measured previously at YELBE and
compared with the Seltzer and Berger [6] Bremsstrahlung spectra
including hardener corrections. Reprinted from Ref. [3].

To extract the photoneutron cross sections, the "photon-difference" method from Ref. [7] is used.
This method involves taking the difference in activation yields from one endpoint energy and the previous
endpoint-energy step. This subtraction gives the cross section from a sliver of photon energies, whose
thickness equals the endpoint-energy step width.

Initial observations of measured spectra indicate both ' Tm(y, 1n) and '“Tm(y, 2n) pathways have
statistically significant experimental signatures above the (y, 2n) separation energy (Szn) of 14.874 MeV.
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Fig. 3. Recorded spectra of target Tm 27, irradiated with 18-MeV endpoint energy y-rays.
Including prominent 198-keV and 208-keV decay channel peaks from 168Tm populated by
169Tm(y,1n), and 167Tm, populated by 169Tm(y,2n), respectively.
Fig. 3 displays one such spectra, with prominent decay peaks highlighted. This implies that both (y, 1n) and
(v, 2n) reaction cross sections can be extracted
Cross sections are yet to be extracted, but a comparison of the ' Tm(y, 1n) experimental yields was
made to those predicted using current EXFOR photoneutron cross section data in Ref. [8]. The
experimental-activation yields for '®Tm(y, 1n) were obtained using Eq. 2 and Eq. 4. The peak counts were
initially taken from only the most prominent decay channel, 198 keV, as seen top left in Figure 4. The
predicted yields were calculated using Eq. 1 into 4, with the photoneutron cross sections taken from
EXFOR, Ref. [4], and the absolute photon fluence estimated using our gold activation results.
The fluence estimation was done as follows. Calculating Eq. 2, with only the most prominent decay
channel of 356 keV, gives our "’Au(y, 1n) experimental activations. This value can be substituted, along
with '’ Au(y, 1n) EXFOR photoneutron cross sections taken from Ref. [9, 10], into Eq. 1. This allows us to
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Fig. 4. (Top Left) Ratio of the measured over predicted activation yields from the (y, 1n) reaction using the 198-
keV peak, at every endpoint energy EO. (Bottom Left) The measured and predicted activation yield curves
displayed separately versus endpoint energy. (Right) Ratios of the measured over predicted activation yields from
the (v, 1n) reaction using various prominent peaks.
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estimate an absolute photon fluence, whose predefined shape is created using a differential Bremsstrahlung
creation formula. The solution is a scaling factor we can use to the estimated fluence shape, which when
incorporated replicates the experimental photon fluence at each irradiations endpoint energy.

The yield comparison made with the 198-keV peak, top left of Figure 4, displays a measured yield
consistent with roughly 20% above the predicted. Bottom left in Figure 4 we can see the individual yields
for comparison. The sharp spike at the lowest energies might be explained by an overestimation of low
energy photon creation, or simply from deviations in values of small relative magnitudes being over
represented when taken as a ratio. a drop in the measured (y, 1n) yield ratio is also observed just above the
San threshold.

To explore the 20% scaling anomaly experimental activation yields were again measured, using
peaks at varied energies. This result is shown in the right side of Figure 4. One observation is the 448-keV
peak, which happens to be closest in energy to gold’s 356-keV peak used in the fluence calculation, only
deviates by about 10%. This may be due to errors in the energy dependence of the absolute detector
efficiency, since we are currently using previous efficiency measurements. If our absolute detector
efficiencies are offset, as the thulium peak energies approach gold’s so will the values of efficiency,
effectively removing the affect of this offset.

More analysis must be conducted to fully understand this affect, beginning with the calculation of
our own detector efficiencies. Inclusion of the (y, 2n) yields might be worthwhile, to see its effect on the
apparent dipping above the S, threshold.
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