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Abstract. The focus of this work is to determine resonance parameters for stable hafnium isotopes in the 0.005-200 eV
region, with special emphasis on the overlapping '"*Hf and '"*Hf resonances near 8 ¢V. The large neutron cross section
of hafnium, combined with its corrosion resistance and excellent mechanical properties, make it a useful material for
controlling nuclear reactions.

Experiments measuring neutron capture and transmission were performed at the Rensselaer Polytechnic Institute
(RPI) electron linear accelerator (LINAC) using the time of flight method. °Li glass scintillation detectors were used for
transmission experiments at flight path lengths of 15 and 25 m. Capture experiments were done using a sixteen-section
Nal(T1) multiplicity detector at a flight path length of 25 m. These experiments utilized various thicknesses of metallic
and isotopically enriched liquid samples. The liquid samples were designed to provide information on the '"*Hf and
'78Hf contributions to the 8-¢V doublet without saturation.

Data analysis was done using the R-matrix Bayesian code SAMMY version M6 beta. SAMMY is able to account for
experimental resolution effects for each of the experimental setups at the RPI LINAC, and also can correct for multiple
scattering effects in neutron capture yield data. The combined capture and transmission data analysis yielded resonance
parameters for all hafnium isotopes from 0.005-200 eV. Resonance integrals were calculated along with errors for each
hafnium isotope using the NJOY [1] and INTER [2] codes. The isotopic resonance integrals calculated were
significantly different than previously published values; however the calculated elemental hafnium resonance integral

changed very little.

INTRODUCTION

The focus of this work was to deduce resonance
parameters for all stable hafnium isotopes from
neutron transmission and capture data. The energy
range of the work was from ~0.005 to 200 eV. A
specific goal was to more accurately determine
resonance parameters for the pair of overlapping
resonances near 8 eV. This doublet has a significant
peak cross section (~30 kb) and is made up of two
overlapping '"°Hf and '"*Hf resonances, which are
separated by less than 0.1 eV.

The most recent hafnium cross-section
experiments in this energy range had been done in
1975 [3]. The advances in electronics, computers,
and analysis tools make it possible to perform higher
resolution experiments and analyses that are more
precise.

The neutron transmission and  capture
experiments described here were done at the
Rensselaer Polytechnic Institute Linear Accelerator
(RPI LINAC). The RPI LINAC is an L-band
traveling wave electron linear accelerator that can
produce up to 60-MeV electrons. The pulsed electron
beam is used to produce a pulsed neutron source via
(e7,7)-(y,n) reactions in a tantalum target. The pulsed
neutron beam is used for neutron capture and
transmission experiments. These experiments use the
neutron time-of-flight method to obtain energy
dependent data. A more detailed description of the
experimental setup can be found in [4].

The data from these experiments was analyzed
using SAMMY (version M6 beta) [5], an R-matrix
based resonance analysis code, which wuses a
Bayesian fitting method.
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This work was done as partial fulfillment of the
requirements for a Ph.D. Details of this work can be
found in [6].

DESCRIPTION OF WORK

Experimental Setup

Transmission experiments were performed using
15- and 25-m detector stations at the RPI LINAC.
The detectors used were °Li glass scintillators,
optically coupled to photomultiplier tubes (PMTs).
The 15-m detector setup is optimized for thermal
neutron energy experiments (~0.001 to 10 eV). The
25-m station is used for neutron transmission
experiments above 10 eV, referred to as epithermal
experiments. Each of the transmission experimental
setups uses a computer-controlled, eight-position
sample holder.

Capture experiments were done using the RPI
Multiplicity Detector [7]. This detector is a
16-segment Nal(Tl) crystal detector located 25 m
from the neutron target. The crystals are arranged as
a right cylinder with a center annulus. The centerline
of the annulus is aligned with the neutron beam.
Each segment is coupled to a PMT and is optically
isolated. The annulus contains a '°B,C liner to shield
the crystals from neutrons scattered by the sample.
The samples are positioned inside of the detector
using a computer-controlled, eight-position sample
holder.

These experiments used neutron production
targets designed for the energy range of interest of
each experiment. The Enhanced Thermal Neutron
Target [8] was used for all thermal energy range
experiments. The Bounce [9] and Bare Bounce [10]
targets were used for the epithermal experiments.

Signals from each of the detectors are connected
to a neutron time of flight clock. This clock uses a
32-MHz crystal oscillator to obtain the time of each
detector event relative to the start of each pulse. Data
are then recorded on an HP1000 data-acquisition
computer.

Hafnium Samples

The large variation in peak cross section of the
hafnium resonances required a wide range of sample
thicknesses. Metallic samples ranging in thickness
from 0.5 to 100 mils (1 mil = 0.001 in) were used in
both capture and transmission experiments. These
samples were used to cover the incident neutron
energy range of 0.005 to 200 eV, with the exception
of the overlapping pair of resonances near 8 eV.

The energy separation between the two '"®Hf and
'"SHf resonances was too small to resolve using
natural samples. Figure 1 shows a plot of the
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transmission data from a 1-mil natural metallic
hafnium sample. As can be seen in Fig. 1, the two
resonances appear as one due to Doppler and
resolution broadening. Isotopically enriched, liquid

samples were used to provide data for this region.
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FIGURE 1. '"Hf and '7®Hf resonances in a 1-mil natural
metallic hafnium transmission sample.

The magnitude of the peak cross section for this
resonance pair (~30 kb) required samples that were
extremely thin (< 0.5 mil metal). Dilute liquid
samples were developed to accommodate these
thicknesses. These liquid samples were made of a
deuterated nitric acid solution of isotopically
enriched hafnium. FEliminating the hydrogen (by
substituting deuterium) was important to reduce the
scattering cross section of the diluent. The increased
scattering from hydrogen would make it difficult to
analyze data from the capture experiments due to
multiple scattering effects.

The liquid solutions were contained in quartz
cells that were ~3/32" thick and 1.5" in diameter.
These cells were designed be mounted in the existing
sample holders.

Analysis

The data analysis for this work was done using
the R-matrix, Bayesian resonance analysis code
SAMMY. The data from all of the transmission and
capture experiments was input into SAMMY. The
experimental parameters, including the resolution
function, were also quantified and used in the
SAMMY analysis. The final resonance parameters
from this analysis are the products of a simultaneous
fit to multiple samples from multiple experimental
data sets.

RESULTS AND CONCLUSIONS

Data from the transmission and capture
experiments using the natural metallic samples were
analyzed in the range of 0.005 to 200 eV; Fig. 2 and



3 show samples of these results. As can be seen in
these figures, the fits to the data are of high quality.
These fits represent a single set of resonance
parameters that provide the best agreement with all
of the experimental data.

The data from the metallic samples were used to
deduce resonance parameters for over 140
resonances in all stable hafnium isotopes from 0.005
to 200 eV, with the exception of the two overlapping
resonances near 8 eV. The full list of resonance
parameters from this analysis can be found in [6].

The data from the isotopically enriched liquid
samples were used to determine resonance
parameters for the '"°Hf and '"*Hf resonances near
8 eV. A portion of these data with the SAMMY fits
and the ENDF/B-VI values are shown in Fig. 4.

Capture resonance integrals were calculated using
the NJOY and INTER codes. The capture resonance
integrals calculated using ENDF resonance
parameters along with those determined in this work
are presented in Table 1.
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FIGURE 2. Epithermal capture and transmission data with SAMMY fit for natural metallic samples.
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FIGURE 4. Capture data with SAMMY fits and
ENDF/B-VI calculated values for isotope enriched liquid
Hf samples.
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TABLE 1. Capture resonance integrals based on various resonance parameter sets.

[Values in barns] Hf 174 Hf 176 Hf 177 Hf 178 Hf 179 Hf 180 Elemental
JEF-2.2 320.3 612.8 7232 1922 543.1 35.44 1983
JENDL-3.2 361.8 892.7 7209 1914 521.6 33.85 1987
ENDF/B-VI 355.1 400.2 7221 1915 548.6 34.28 1968
RPI 375 +20 692 +2 7196 +£ 8 1872+ 4 506+ 3 28.8+0.1 1959 +2
The resonance energies determined in this work REFERENCES
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integrals for some of the isotopes changed
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