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Abstract

The focus of this work is to determine the 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 eV. Accurate hafnium cross
sections and resonance parameters are needed in order to quantify the effects of
hafnium found in zirconium, a metal commonly used in reactors. The accuracy of
the cross sections and the corresponding resonance parameters used in current
nuclear analysis tools are rapidly becoming the limiting factor in reducing the
overall uncertainty on reactor physics calculations.

Experiments measuring neutron capture and transmission are routinely
performed at the Rensselaer Polytechnic Institute (RPI) LINAC using the time-of-
flight technique. °Li glass scintillation detectors were used for transmission
experiments at flight path lengths of 15 and 25 m, respectively. Capture
experiments were performed using a sixteen section Nal multiplicity detector at a
flight path length of 25 m. These experiments utilized several thicknesses of
metallic and isotope-enriched liquid Hf samples. The liquid Hf samples were
designed to provide information on the "°Hf and *"®Hf contributions to the 8 eV
doublet without saturation.

Data analyses were performed using the R-matrix Bayesian code
SAMMY. A combined capture and transmission data analysis yielded resonance
parameters for all hafnium isotopes from 0.005 — 200 eV. Additionally, resonance
integrals were calculated, along with errors for each hafnium isotope, using the
NJOY and INTER codes. The isotopic resonance integrals calculated were
significantly different than previous values. The "®Hf resonance integral, based
on this work, is approximately 73% higher than the ENDF/B-VI value. This is due
primarily to the changes to resonance parameters in the 8 eV resonance, the
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neutron width presented in this work is more than twice that of the previous
value. The calculated elemental hafnium resonance integral however, changed
very little.

1 Introduction

The majority of measurements and analyses of hafnium cross sections in
the region below 200 eV were performed prior to 1965. There were a few
measurements by Liou et. al.> and Moxon et al.? made in the mid 1970's.
However, most of the ENDF/B-VI resonance parameters for hafnium in this
region are based on much older experiments. These older experiments provided
lower resolution data and, due to the tight level spacing of hafnium, lead to many
missed resonances. An example of this is best shown in the case of the
resonance pair near 8 eV.

A very strong resonance (~25 kb) near 8 eV was attributed solely to *"®Hf
up until 1974, when measurements by Moxon et al.? showed the existence of a
17®Hf resonance at nearly the same energy. Although this new resonance made
no significant impact on the total neutron cross section for natural hafnium, it did
affect the way the hafnium interactions would change with exposure to a neutron
flux. This is one example of the importance of accurate resonance parameters for
analysis of nuclear systems.

The work described in this paper was completed at the RPI LINAC facility
and is described more thoroughly in the doctoral thesis® found on file at the RPI
Library.

2 Experimental Setup

Transmission experiments at the RPI LINAC are performed in two primary
configurations, referred to as “thermal” and “epithermal”. Thermal transmission
experiments are optimized for low energies (0.001-20 eV) and utilize a ~15 m
flight path arrangement. This short flight path provides for a higher intensity of
neutrons. The detector used at the ~15 m station is a 5.08 cm (2 inch) diameter
and 3 mm thick °Li loaded glass scintillator that is optically coupled to a
photomultiplier tube (PMT). A more detailed description of the complete
experimental setup at the RPI LINAC can be found in Reference 4. The samples
for the thermal transmission experiments are mounted on a sample changer that
is located ~12 m from the neutron production target. The neutron production
target used for thermal transmission experiments is the Enhanced Thermal
Target®. This target is designed to provide the low energy neutrons needed for
these experiments.



Epithermal transmission experiments are done with a detector at ~ 25 m
away from the neutron production target. This detector is a 12.7 cm (5 inch)
diameter and 1.27 cm (0.5 inch) thick °Li loaded glass scintillator that is optically
coupled to a PMT. A rotary sample changer is located ~ 14 m away from the
neutron production target. The target used to produce neutrons for the epithermal
transmission measurements is knows as the Bounce Target® and more recently
the Bare Bounce Target’. These targets are designed for neutron measurements
from a few eV up to approximately 1 keV.

Capture experiments at the RPI LINAC are performed using a 16-segment
Nal(TI) multiplicity type detector®. This detector is located approximately 25 m
from the neutron production target. Samples are inserted into the center of the
detector and held in place by hollow aluminum tubes. Eight samples can be
mounted on a wheel that translates and rotates in order to change samples. The
detector is inside a 15.24 cm (6 inch) thick lead shield with through-holes for the
neutron beam and sample insertion and extraction.

3 Hafnium Samples

The majority of resonances in hafnium below 200 eV were measured
using various thicknesses of metallic natural hafnium. The metal samples were
all of natural isotopic abundance and were in the form of disks with approximately
5.08 cm (2 inch) diameters. The sample thicknesses of the metallic hafnium used
are given in Table | along with the experiments they were used. This variation in
sample thickness enabled the analysis of wide-ranging cross sections for the
many resonances in hafnium below 200 eV.

The metallic samples did not allow for accurate analysis of the pair of
resonances near 8 eV. The total cross section due to the 8 eV resonance pair is
predicted to be as high as 30,000 barns. This extremely large cross section at 8
eV ensures that this resonance is saturated in all but the two thinnest metallic
samples.

Table I: Metallic hafnium sample specifications. Note that 1 mil is equal to
0.001 inches.

Thickness Experiment(s) Used In

Nominal

Nominal (mil) N Thermal Thermal Epi-Thermal Epi-Thermal
(cm) 1 mil= (atoms/barn) | Transmission Capture Transmission Capture

0.001 in.
0.00127 0.5 4.621 x 10° X
0.00254 1 9.984 x 10”
0.00508 2 2.369 x 10™ X X X
0.01016 4 4537 x 10




0.0254 10 1.139 x 10 X X X X
0.0508 20 2.303x 10 X
0.127 50 5.755 x 10 X X
0.254 100 1.154 x 10° X

Liguid samples were used in experiments specifically designed for
analysis of the 8 eV pair of overlapping Hf'"® and Hf'"® resonances. The large
cross section of this resonance pair (~30,000 barns) required an extremely thin
sample for adequate experimental capture and transmission data. Metal foils
could not feasibly be fabricated thin enough with adequate quality for these
experiments. The liquid samples provide a more uniform thickness than metal
and the thickness can be controlled by the hafnium concentration in the solution.

The liquid samples were created using both natural hafnium oxide and
hafnium oxides enriched in *"®Hf and *°Hf. The isotopic content of the enriched
oxides were measured using a mass spectrometer. Table Il shows the results of
the mass spectrometer analysis of the enriched hafnium samples in terms of
isotopic percentages.

Table II: Isotopic abundance of enriched hafnium samples

1741 4¢ 176 ¢ 177t 178 4¢ 1791 4¢ 180 ¢ |-\r/|0ta|
(atom %) | (atom %) | (atom %) | (atom %) | (atom %) | (atom %) (a%?s

Enr. 170Hf 0.08 56.17 | 26.96 10.60 2.49 3.71 176.72

Enr. "8Hf 1.50 1.78 4.20 83.37 5.58 3.56 177.97

Nat 0.162* | 5.206* | 18.606* | 27.297* | 13.629* | 35.100* | 178.49

* These isotopic abundance values are from the Chart of the Nuclides.

Dissolving the hafnium into a liquid solution was thought to be a superior
alternative to solid oxide samples. The solution provides a uniform distribution of
hafnium as long as the solution is not near its saturation point. The solvent also
has to have a low and constant cross section. It was determined that hafnium
could be dissolved into deuterated nitric acid (DNOs). The DNOj3 provided a low,
flat cross section in the energy range of interest for these experiments.

Liquid sample hafnium concentrations were based on hafnium densities
which would produce transmission values sufficiently above background and
below saturation levels to allow for accurate measurements. The first set of liquid
samples was called “generation I”. Table Ill shows the properties of this
generation | set of liquid samples, indexed by a unique serial number on each
cell. The generation | samples were contained in cells made from two ~ 5.08 cm



(2 in.) diameter quartz flats with a PVC spacer ring glued between them with acid
resistant epoxy.

The concentration for each generation | liquid sample is shown in Table IlI.
The concentration of each solution was measured by inductively coupled plasma

emission spectroscopy (ICP).

Table Ill: Generation | liquid samples

Nominal
Type of Hf Liquid Measured .Hf Hf Number
Cell # . ; Concentration Density
dissolved Thickness (m /Cmg) (atoms/barn)
(inches) g
Hf-1-1 Enr. 170Hf 0.09375 44.70 + 0.408 3.888 x 10°
Hf-1-2 | D20 * DNOs 0.09375 i ;
Blank
Hf-1-4 Enr. 18Hf 0.09375 24.34 + 0.062 2.017 x 10°
Hf-1-5 Enr. 1"8Hf 0.09375 12.14 + 0.072 1.048 x 10°
Hf-1-6 Enr. 1"8Hf 0.09375 3.07 £ 0.021 2.467 x 10°
Hf-1-7 Natural 0.09375 35.50 + 0.146 2.923x 107

After the experiments with the generation | liquid cells, two of the cells
were found to have leaks. The leaks were not significant enough to affect the
experimental results; however this prompted a new cell design for the next set of
experiments. The new cell design replaced the PVC spacer ring with a quartz
ring that was fused in place. This design eliminated the glue joint in the previous
generation, which seemed to be the source of leaks. The new cells were referred
to as “generation II” cells and were of the same nominal dimensions as the
generation | cells. The properties of the generation Il liquid samples are given in

Table V.
Table IV: Generation Il liquid samples
Nominal
Type of Hi Liquid Measured _Hf Hf Number
Cell # g . Concentration Density
Dissolved Thickness (m /Cm3) (atoms/barn)
(inches) g
Hf-2-2 D20 + DNOs 0.09375 i i
Blank
Hf-2-3 Enr. 17OHf 0.09375 26.6 +0.5 2.183 x 10™




Hf-2-4 Enr. 1"°Hf 0.09375 9.07 +0.18 6.949 x 10°®
Hf-2-5 Enr. 1"°Hf 0.09375 4.15 + 0.08 3.639 x 10°®
Hf-2-6 Enr. 18Hf 0.09375 1.63 + 0.08 1.367 x 10°®
Hf-2-7 Enr. 18Hf 0.09375 0.89 + 0.045 6.868 x 10”’

4 Data Analysis

The first hafnium data set analyzed was the epithermal metallic
transmission data. The ENDF/B-VI resonance parameters were used as starting
parameters for the SAMMY? fit to the data. A combined fit was performed on the
0.0254 cm (10 mil), 0.0508 cm (20 mil), 0.127 cm (50 mil) and 0.254 cm (100 mil)
metallic sample data. This was done by fitting each data set sequentially and
using the SAMMY parameter file along with the SAMMY covariance matrix file
created by the previous fit as input to the next. After a fit to the transmission data
sets with a minimum y? (reduced chi-squared®) was achieved, epithermal
metallic capture data sets were added to the combined analysis. The 0.00127 cm
(0.5 mil), 0.00508 cm (2 mil), 0.0254 cm (10 mil), and 0.127 cm (50 mil) sample
capture data were added to the fitting sequence of epithermal transmission data
sets to form a combined fit. This combined fit sequence was run until a
minimum »? was achieved.

Not all of the resonance parameters were allowed to vary during the
SAMMY fit. If a radiation width parameter, 7, did not affect the overall fit and was
allowed to vary, it was found that the value of this 7, parameter could ‘run away’.
By this it is meant the radiation width value would continuously increase or
decrease with each run of SAMMY without converging. In such cases, the 7,
parameter was fixed to an average value of the radiation widths for that particular
isotope. This was done based on the assumption that /7, does not vary
significantly within an isotope. This average value of 7, was found by averaging
the “sensitive” I, values that were fit by SAMMY within each isotope. Barry'®*
developed the criteria used to determine which 7, values should be varied. The
method was based on the ratio of the radiation width to the neutron width, 75/75,
and was used to give a sensitivity factor for 7. The cases where the ratio was
less than or approximately equal to 5 gave good indication the fit would be
sensitive to 7. This solved the problem for most of the insensitive 7, values that
were running away. However, there were still a few 7, values that were deemed
sensitive based on the Barry'®*! criteria that did not converge. These cases were
found in resonances that overlapped a neighboring resonance (or several
resonances). In some of these cases, one 7, would constantly change while
being compensated for by a nearby resonance’s 7, changing in the opposite
direction. Through trial and error SAMMY runs, these parameters were also fixed




to an average value of 7, based on the 7, values that did converge for that
particular isotope.

The average 7, for each isotope was calculated from a weighted average
of the converged 7, values for that isotope. All of the insensitive 7, values were
fixed to this average value for that isotope and the fit was repeated in an iterative
fashion. This iteration continued until the calculated average 7, for each isotope
agreed with the previous iteration’s average 7.

When no further improvements in the fit were apparent and the resonance
parameters remained unchanged relative to the previous iteration, the
parameters were deemed final. SAMMY was then used to calculate transmission
and capture curves based on these final resonance parameters to compare with
the experimental data from each sample.

After the resonance parameters were determined for the epithermal region
(10 — 200 eV) the thermal data were then analyzed using SAMMY. The thermal
transmission data set was analyzed first, and the capture data were added to the
analysis once reasonable transmission fits were achieved. The combined
analysis of the 0.00254 cm (1 mil), 0.00508 cm (2 mil), 0.01016 cm (4 mil),
0.0254 cm (10 mil), 0.0508 cm (20 mil) and 0.127 cm (50 mil) thermal
transmission samples and the 0.00508 cm (2 mil), 0.01016 cm (4 mil) and 0.0254

cm (10 mil) thermal capture samples were run in SAMMY until a minimum y?

was achieved and there were no significant changes in parameters between
runs.

The insensitivity of the low energy resonances to the energy resolution
and the Doppler broadening effect allows accurate simultaneous determination of
all resonance parameters below 10 eV.

The resonance doublet at 8 eV was not analyzed using the metallic
sample data, as it was saturated or close to saturation and provided little
information. The thinner isotope-enriched liquid sample data were used to
determine the parameters for these resonances.

A sample of the transmission and capture fitted curves and data for a low
energy resonance is shown in Figure 1. The 0.0254 cm (10 mil) metallic capture
sample shown in Figure 1 shows the effect of a strong resonance with
approximately equal scattering and capture probabilities in a relatively thick
sample. This effect produces a depression at the resonance energy that is due to
the high scattering cross section at the resonance energy, which scatters a large
portion of neutrons away from the sample before penetrating the surface.
Neutrons which have energies slightly above or below the resonance energy
have a much higher probability of penetrating the sample, but will most likely
interact inside the sample. The neutrons that scatter once inside the sample will
most likely be captured before leaving the sample, creating increased counts in
the wings of the resonance. Table VII contains the final resonance parameters
determined from this analysis, on which all of these fits are based.

The resonance parameters for the *"°Hf and *"®Hf resonances near 8 eV
were determined from the isotope enriched liquid sample data. Two generations
of these samples were run in both capture and transmission experiments, as
described previously. The transmission experiment data using the generation |



and Il liquid samples were analyzed first using SAMMY. Once the transmission
data were fitted, the capture data were added to the analysis. The combined
transmission and capture analysis showed significant differences between the
data sets. The yield values from the capture data did not agree with the
transmission data over the energy range being analyzed. Because of this,
SAMMY was initially unable to determine a set of parameters that fit all of these
data sets.

10 T T T T T T T T T T

0.8 4 O 2 mil metal Hf data
' O 4 mil metal Hf data

] ¥ 10 mil metal Hf data

—— SAMMY fit

Yield

1 mil metal Hf data
2 mil metal Hf data
4 mil metal Hf data
10 mil metal Hf data
20 mil metal Hf data
50 mil metal Hf data

T—— sammy* it

Transmission
o
N
1

< 0O >0

1.5 16 1.7 1.8 19 20 21 22 23 24 25 26 27 28 29 30
Energy [eV]

Figure 1: Thermal metallic hafnium transmission and capture data with
SAMMY calculated transmission from fitted resonance parameters

In order to determine if there was a problem with the flux normalization of
the capture data or if there was a difference in detection efficiency between
isotopes, the 8 eV resonance parameters fitted to the transmission data were
used to calculate the expected yield for the capture experiments using SAMMY.
The energy region being analyzed was increased to include surrounding *’"Hf
resonances. The parameters for these resonances had been determined from
the previously described analyses using natural metallic samples. The vyield



curve, calculated from the transmission data, was then applied to the capture
data for comparison; Figure 2 shows this comparison for a *"°Hf enriched liquid
sample. Figure 2 shows that the region over the 8 eV doublet is the only area of
significant disagreement. The surrounding *"’Hf resonances in Figure 2 show
good agreement between the yield data and the calculated yield from the
transmission fitted resonance parameters. The lower yield data over the 8 eV
doublet was an indication of a lower detection efficiency for Hf and '"®Hf
neutron capture gamma rays relative to those from neutron capture in ""Hf,

which was used for flux normalization (at the 1.1 eV resonance).
0.5 ;

o Hf-1-1 liquid capture data 176 & 178
SAMMY calculated yield

J Hf J
0.4 (based on transmission fit) / N

Yield

5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5
Energy [eV]

Figure 2: Y"°Hf enriched liquid capture data compared to calculated yield
based on 8 eV resonance parameters fitted to transmission data showing
the normalization problem

The multiplicity distribution for these isotopes was examined to look for
significant differences in average multiplicity. Differences in average multiplicity
could indicate differences in detection efficiency, due to differences in the
number of gamma rays emitted or in the energy of the gamma rays. Figure 3
shows a plot of the fraction of total counts versus multiplicity number. The counts
for each unit of multiplicity were summed over a resonance for each of the
isotopes °Hf, Y"’Hf and *"®Hf. The 8 eV resonance in the *"®Hf enriched liquid
sample data was used to obtain the multiplicity distribution for *"®Hf, and the 48
eV resonance in the *"®Hf enriched liquid sample data was used for *°Hf. The 1
eV resonance was used to get the *"’Hf multiplicity distribution. This plot shows
that *"’Hf has a higher average multiplicity (4.2) than *°Hf and "®Hf (3.8). This
means that on average a neutron capture in *’’Hf produces approximately 11%



more gamma rays than a neutron capture in *"°Hf or *"®Hf. This higher number of
capture gamma rays should increase the chance for detecting a capture event in
Y7Hf relative to *"°Hf or *"8Hf.

The binding energy for each isotope can also have an effect on detection
efficiency by determining the total energy emitted by the capture gamma rays.
Table VII shows the binding energy for *°Hf, *"’Hf and '"®Hf along with the
average multiplicity at selected resonances. The higher binding energy of *""Hf,
along with the higher average multiplicity, are expected to increase the
probability of detection due to more energy and gamma rays being released on
average for each capture event. This effect would cause the detection efficiency
for 1'’Hf to be relatively larger and thus a lower yield would be observed for *"°Hf
and '"®Hf resonances relative to '"’Hf resonances. This trend is also in
agreement with detection efficiency calculations based on capture gamma ray
cascades in hafnium done using the code DICEBOX*2.
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| —o—"°Hf [Ave. Mult. = 3.78 + 0.05] | |
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Figure 3: Multiplicity distribution for *®Hf, *""Hf and *"®Hf



Table VII: Binding energy'® and average multiplicity for Y"°Hf, ""Hf and *"®Hf

Binding Energy Average

Isotope (MeV) Multiplicity

176f 6.3833 +0.002 | 3.78+0.05
7t 7.6263 + 0.0009 | 4.20 +0.01
1781f 6.0998 + 0.0008 | 3.79 +0.02

SAMMY was used to fit a normalization factor that would correct for the
difference in detection efficiency. This was accomplished by using the resonance
parameters fitted to the liquid transmission data as input to SAMMY. A combined
fit of all capture data sets was then run allowing only normalization to vary. This
analysis determined there was 24% difference between the yield data and the
SAMMY calculated yield from the transmission fitted parameters. The "°Hf and
1784f detection efficiencies were comparable due to their similar average
multiplicity and binding energy. This normalization factor was then used to
correct the yield data.

A combined transmission and capture data analysis was then performed
using the corrected capture data. This analysis included both first and second
generation liquid sample data from capture and transmission experiments. Figure
4 shows a plot of *"®Hf enriched liquid sample capture data with calculated
curves based on both ENDF/B-VI.1 resonance parameters and those determined
from this analysis. The fit to the *"°Hf enriched samples is not as good as that to
the ®Hf enriched samples. Figure 4 shows the fit slightly under predicting the
transmission of the thickest sample (Hf-1-1) and over predicting the two thinner
samples (Hf-2-4 and Hf-2-5). These inconsistencies may be due to inaccuracies
in the solution contents of the *"°Hf enriched liquid samples. The fits for these
samples are still acceptable, and are a significant improvement over the yields
calculated from the ENDF/B-VI.1 values, as shown in Figure 4. Figure 5 shows
the transmission results for the *"°Hf enriched samples, which show good
agreement between experiment and calculated values. Figure 6 shows the
capture results for *"®Hf enriched samples compared to ENDF/B-VI.1 values.
Figure 6 also shows significantly better agreement between experiment and
calculated yields for the *"®Hf parameters derived in this analysis as compared to
those based on ENDF/B-VI.1 parameters. Figure 7 shows the transmission
results for the '®Hf enriched samples, which also show good agreement
between experiment and calculated transmission values, based on resonance
parameters determined in this analysis.
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Figure 4: "®Hf enriched liquid capture samples with SAMMY calculated
yield from fitted resonance parameters and calculated yield based on
ENDF/B-VI.1 parameters
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Figure 5: "®Hf enriched liquid transmission samples with SAMMY
calculated transmission from fitted resonance parameters
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Figure 6: *"®Hf enriched liquid capture samples with SAMMY calculated
yield from fitted resonance parameters and calculated yield based on
ENDF/B-VI.1 parameters
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Figure 7: *®Hf enriched liquid transmission samples with SAMMY
calculated transmission from fitted resonance parameters



5 Results

Resonance parameters determined from the previously described
analyses are presented in Table VIII, shown as the RPI resonance parameters.
Two error values are reported for the RPI resonance parameters. The error value
determined by SAMMY is shown in parenthesis and is based primarily on the
statistical accuracy of the experimental data used in the fit. The error value
shown in square brackets is an estimate of the error in the resonance parameters
due to uncertainties in the resolution function. Reference 3 contains a detailed
description of the methods used to calculate the uncertainties shown in Table VIII

Table VIII also shows the ENDF/B-VI parameters, which were used as
starting values for the SAMMY analysis, and the parameters reported from
Moxon et al.? The I', values with errors in curly brackets { } are those resonances
that were deemed insensitive to changes in I, and were set to the average T,
value for that isotope. The error quoted for these average values of I, is one

standard deviation.

Table VIII: Fitted RPI resonance parameters compared to ENDF/B-VI and

those measured by Moxon?

RPI statistical errors given as one standard deviation as calculated by SAMMY are in ().
Errors propagated from resolution function uncertainties are in [ ].
The standard deviation of the isotope average T, is shown in { }, only where the average I', was

used.
Errors from Moxon?, one standard deviation, are in ||.
Energy [eV] I'y[meV] I'n [meV Isotope
&
RPI EBNSIF Moxon’ RPI EEL\_IS:: Moxon’ RPI EB’\_IBIF Moxon® | Spin
174 Hf
4.06 52 0.015 174
(0'04) 4.25 - (5) 60 - (0.001) | 0.017 - =0
. . = 72
] [0.002] [0.0000] J=Y
5.7 174
13.373 13.38 65 3.657
13.38 60 - (0.2) 4.8 I=0
(0.004) [0.003] {29} [0.05] [0.75] J=1
36.3 174
(209'090835) 30 - {gg} 60 - (0.8) 40 - I=0
' [0.1] J=%
24 174
(7006626; 70.5 i {gg} 60 i 2) 12 i 1=0
' [2] J=%
51 83 174
(7076815) 779 - 4) | 60 - (4) 65 . 1=0
' 2 1 J=%
[2] [1]
177 174
1(8602)5 107.1 - {gg} 60 - (10) 122 - =0
' [10] J=%




Energy [eV] I'y[meV] I'y [meV Isog)pe
RPI [ SO | Moxon® | RPI | ENOF [ moxon? | RPI | 107 | Moxon? | spin
680 174
1(3462)6 124.6 - {2%} 60 - 27) 50 - 1=0
' [15] 1=y,
102 358 174
1(370'2)3 147.6 i (10) | 60 i 24) | 120 i 1=0
' [9] [22] J=v%
219 174
1(830'233 153.5 - {gg} 60 - (17) 85 - 1=0
: [10] J=Y
176Hf
61.8 10.15 176
(g'ggf’é) 7.886 7|'o8gi? 0.6) | 57 I?ZI (0.04) | 4.71 |45751| 1=0
' ' [0.05] [0.009] ' J=1%
49 107 176
?086205049(; 48.3 - 0.4) | 51 - 0.5) | 125 - 1=0
' [1] [2] J=%
1.69 176
2303620842) 53.3 - f95} 51 - 0.03) | 1.9 - 1=0
' [0.009] I=v%
26.0 176
?07620128) 67.1 i {595; 51 i ©06) | 15 i 1=0
' [0.0000] J=v%
32 176
1(340'823? 123.9 - {595} 51 - 1) 42 - 1=0
' 2] J=%
86 176
1(370'1)5 177.1 - {595; 51 - (3) 47 - 1=0
. 77 4] S
Hf
65.23 2.225 177
(3'3881) 1.098 |3'83$3| (0.08) | 66.2 ?25é66‘1 (0.002) |2.171 |§3§§| 1=7/2
' ' [0.009] ' [0.002] ' J=3
60.7 8.04 177
2.3868 2.3837 61.74 8.068
©.0001) | 2388 | 000z | ©2) | 608 | v | ©.02) |8 |\ Jpee |1=712
' ' [0.009] ' [0.006] : J=4
62 5.32 177
5.9002 5.8937 65.47 5.348
5.89 (0.5) | 54.8 (0.02) |6.743 1=7/2
(0.0002) 0.0009) 3.34| 0.127] | ' 7
[2] [0.05] J=3
55.6 8.21 177
6.5780 6.5691 64.96 8.049
6.6 0.3) | 65 (0.03) | 8.089 |=7/2
(0.0002) 0.0014] | ¢ 11.76| 0.048] | '
0.8] [0.06] J=4
57.3 5.89 177
8.8766 8.8388 64.97 5.705
8.88 0.4) | 65 (0.02) |6.044 | =712
(0.0002 0.0008] | 103 1173 | 10,03 0.088 | ',




Energy [eV] I'y[meV] I'y [meV Isotope
&
RPI [ SO | Moxon® | RPI | ENOF [ moxon? | RPI | 107 | Moxon? | spin
0.490 177
10.9607 10941 | 57 75.52 0.497 | 1
©0.0007) | 109 | j0.009] | 1131 | ©° | |o.a2 Eg:ggg} 056 | 0013y |77
0.603 177
13.6810 13.687 | 57 64.82 0543 | 1
©0.0008) | 367 | 00021 | 1130 | ©° | |6.56] Eg:ggg} 07021 o0z | 'S
2.71 177
13.9696 13.971 | 57 74.56 3064 | 1
©0.0003) | 39 | 0003 | 13 | 87 | ja79) (‘[)d%oﬁ) 33141 o7 |77
1.7633 177
21.9844 220052 | 57 67.34 1565 | 1
0.0007) | 2197 | j0.0014] | 1131 | ©° | |5.24| Eg:ggg} 19021 10.0a1) | J‘:f
0.840 177
22.208 223117 | 57 102.6 0759 | 1
0.002) | 2226 | j0.0061] | 133 | ©° | 22 Eg:ggg% 08571 19.047] | J‘=7’32
1.32 177
23.426 235205 [ 57 84.6 1.59
23.44 65 0.02) |1.458 I =72
(0.002) 0008 | {13} 110.0] Eo.os} CX
25641 | o . | 25665 | 57 | oo | (8'232) 0502 | 0473 | L7
©0.002) | °%4 | 10001 | (13 o00s | 857 |100037| | '773
27.0364 | . | 27.063 | 57 | . | 81 ((2)'2‘2‘) 3085 | 278 | L7
(0.0008) | 2" 001 | {13 Lol | fooa) | 714 | loael |77
0.36 177
31.608 | 5 5g i 5 | 65 | - ©o01) |0343| - |i=7p
(0.005) {13} 0.009] J=3
1.30 177
32.841 | 55 g7 i 57 | 65 | - ©o01) |1404| - |i1=7p
(0.001) {13} [0.005] J=4
353 177
36.095 | 44 4g i 57 | 65 | - 003) |3531| - |1=7p
(0.001) {13} 000 o
8.92 177
36.9805 | o4 o5 i 57 | 56 i ©005) |9689| - |1=72
(0.0008) {13} [0.06] J=4
5.13 177
43.082 57 5.173
43.05 i 65 | - 0.03 - iz
(0.001) {13} Eo.os} 333 b
3.37 177
45.165 57 3.377
45.11 i 65 | - 0.02 - =
(0.001) {13} Eo.oz% 778 "
7.00 177
46.256 | 46 59 i 57 | 78 i ©0.04) |6969| - |1=7
(0.001) 13} oon "




Energy [eV] I'y[meV] I'y [meV Isog)pe
RPI [ ENOF | Moxon® | RPI [ SYOF [ moxon? | RPI | ENDF [ moxon? | spin

48.861 | o6 - (1) 82 - (0.3) |[33.14 - 1=7/2
5.92 177

49.627 | 40 6 i 57 | 65 i (0.04) |5.244| - 1=7/2
(0.001) {13} [0.08] J=4
20.6 177

54.815 | o, o, . 57 69 - 0.1) |15.11 - 1= 712
(0.001) {13} [0.2] J=4
14.2 177

56.402 | 54 o9 i 57 1 70 i 0.08) |14.06 | - 1= 712
(0.001) {13} [0.1] J=3
4.23 177

57.082 | i °f | 65 - (0.04) |4089| - |1=72
(0.002) {13} [0.02] J=4

°9.323 | 5451 i °T | 65 | - 1628431? sar| |17,
(0.002) ' {13} (0.03] | 43 =3
1.63 177

62.228 | ) 1o ) 57 65 ) (0.03) | 1.509 - | =7/2
(0.004) {13} [0.02] J=3
54.3 70.2 177
(603-050512) 63.42 - (0.4) | 55 - (0.3) | 64.89 - | =712
: [0.7] [0.7] J=4
66.773 119* 41.6% 177/
; 66.69 - 65 - : 49.14 - |=7/2
(0.007) ) (0.5) J=3
0.68 177
70.098 1| 59 96 i °T | 65 | - 003) |0471| - |1=72
(0.009) {13} [0.006] J=4
14.08 177
71440 | . oo ) o7 54 ; (0.09) | 14.58 - 1= 7/2
(0.001) {13} [0.1] J=4
177
72.05 72% 2.2011*

72.22 - 65 - 1.669 - 1=7/2

(0.02) 7 (0.03) J=3
2.9 177

75672 1 7540 | - °T | 65 | - | ©09) |2057| - |i1=7r
(0.007) {13} [0.2] J=3
15.0 177

76.135 | o oo ) 57 65 - (0.1) |16.53 - | =7/2
(0.002) {13} [0.3] J=4
0.64 177

82.35 | g533 - > | 65 - (0.02) | 0.542 - I=7/2
(0.01) {13} [0.02] J=4




Energy [eV] I'y[meV] I'y [meV Isotope
&
RPI [ ENOF | Moxon® | RPI [ SYOF [ moxon? | RPI | ENDF [ moxon? | spin
23.5 177
84.762 | o ¢ ) 57 75 ] (0.2) |24.36 - | =7/2
(0.002) {13} [0.3] J=4
0.38 177
8531 | g5 95 i 57| 65 i ©005) 3429 - |1=72
(0.08) {13} [0.07] J=3
1.14 177
86.861 | g¢ 73 . °T | 65 | - | ©03) |0924| - |1=7r
(0.007) {13} [0.02] J=4
4.58 177
88.639 | gg 51 i 5| 65 i 0.06) | 4571 | - |=7/2
(0.003) {13} [0.04] J=3
4.7 177
93.312 | oo 14 ) 57 65 ] (0.1) 4.8 - | =7/2
(0.006) {13} [0.1] J=3
98 17.4 177
?07620022; 97.01 - (3 | 60 | - 01 1192 - fI=7/2
: [13] [0.3] J=4
0.019 177
0ay | 89 : asy | 85| - | ©o02 los7i| - [i=72
: [0.0003] J=4
59 177
103.258 57
103.07 - 63 - 0.6) |55.77 - | =7/2
(0.002) {13} ([1]) J=3
2.3 177
11156 1 4495 i 57 | 65 i ©01) |2514| - 1= 712
(0.01) {13} [0.02] J=3
4.1 177
112.030 | 114 g6 ) 57 65 ] (0.1) 4 - 1=7/2
(0.007) {13} [0.04] J=4
4.05 177
115243 | o . 57 | 65 - (0.06) | 0.231 - | =712
(0.005) {13} [0.06] J=4
4.2 177
12134 | ., , ] 57 65 ; 0.2) |4.914 - | =7/2
(0.01) {13} [0.06] J=3
2.5 177
12211 4997 - >7 65 - 0.2) |5.029 - | =7/2
(0.1) {13} [0.1] J=3
0.54 177
122.18 | .50 ) 57 65 ; (0.05) | 0.709 - | =7/2
(0.02) {13} [0.009] J=3
8 177
123.88 | ;g ] 57 | 65 - 0.4) |10.29 - 1=7/2
(0.01) {13} 1] J=3




Energy [eV] I'y[meV] I'y [meV Isotope
&

RPI [ ENOF | Moxon® | RPI [ SYOF [ moxon? | RPI | ENDF [ moxon? | spin
0.82 177

126.36 | 1,0 _ 57 65 ] (0.03) |0.613 - I =7/2
(0.02) {13} [0.02] J=4

1(8163421;3 131.6 ) 1) 66 - (0.6) | 60.94 - =72
. [2] [2] J=3
4.21 177

134.245 | ., ] 57 65 - (0.08) |3.733 - | =7/2
(0.006) {13} [0.06] J=4
1.7 177

1(360'3)7 136.2 i {E;} 65 : (0.07) |0.743| - | =712
: [0.2] J=3
16.2 177

138.061 | 14, , ) 57 65 _ (0.3) 12 - | =7/2
(0.005) {13} [0.6] J=4
21.1 177

141351 | 0 o ] 57 | 54 - 0.2) | 23.47 - | =712
(0.003) {13} [0.2] J=4
3.7 177

14316 | ., ) 57 65 ) 0.2) | 4.96 - | =7/2
(0.02) {13} [0.2] J=3
9.5 177

143.84 | o . 57 65 - (0.4) |10.49 - | =7/2
(0.01) {13} [0.6] J=4
7.6 177

145.793 | | o ¢ _ 57 65 ] (0.1) |7.371 - | =7/2
(0.006) {13} [0.01] J=3
21.0 177

148.765 1 4 45 5 i S| 65 i 03) |21.26| - 1= 7/2
(0.004) {13} [0.5] J=3
0.67 177

151.30 | ;0o 5 ) S7 65 ] (0.05) | 0.409 - | =7/2
(0.03) {13} [0.006] J=4
3.82 177

15267 1 4559 i 57| 65 i 0.09) | 1.867| - 1=7/2
(0.01) {13} [0.08] J=4
1.53 177

154.88 1 1561 . °T | 65 | - | ©07) | 32 - =72
(0.02) {13} [0.06] J=3
3.91 177

160.229 14, i 57| 65 i 0.08) |3.467| - |=7/2
(0.008) {13} [0.05] J=4
45.8 177

e | e | §8 e [0
: [0.6] J=3




Energy [eV] I'y[meV] I'y [meV Isotope
&
RPI [ ENOF | Moxon® | RPI [ SYOF [ moxon? | RPI | ENDF [ moxon? | spin
9.346 177
167.596 | ;< o ) 57 65 ] (0.2) |8.286 - | =7/2
(0.007) {13} [0.1] J=3
10 177
171.06 | |, ) 7 65 ] 0.2) |12.91 - 1= 712
(0.01) {13} 1] J=3
57 177
174.326 57
174.2 - 65 - 0.9) |12.44 - | =7/2
(0.007) {13} ([3]) J=4
45 177
176.325 57
176.1 - 65 - 1 56 - | =702
(0.008) {13} Eg} J=3
9 177
176.88 | . ] 57 65 ; (1) | 44.44 - | =7/2
(0.03) {13} [0.2] J=4
0.46 177
179.31 | o0 _ 57 65 ] (0.04) | 0.667 - I =7/2
(0.06) {13} [0.008] J=4
5.6 177
181.35 | o0 0 ] 5| 65 i 01) |5156| - |1=712
(0.01) {13} [0.07] J=4
1.66 177
18490 | 1645 . °T | 65 | - 007) |1262| - |1=72
(0.02) {13} [0.04] J=4
1.8 177
18848 | g9 i 5| 65 i ©02) |o0587| - |=7/2
(.03) {13} [0.02] J=4
15.0 177
193.012 | 4o, i S| 65 . (0.3) |6933| - 1=7/2
(0.006) {13} [0.07] J=4
9.8 177
194.400 | o, ] 57 o5 ) 0.2) | 8571 ] = 7/2
(0.009) {13} [0.1] J=3
21.0 177
199.488 | ;o0 4 ] 57 72 ] 0.4) |21.16 - | =7/2
(0.006) {13} [0.2] J=4
178Hf
7.7865 77718 | 230 5767 | 2383 5213 | 178
©0001) | 778 | o7 | ©2 | 60 | Jyg | 08 | s0 | =0
: : [0.1] ' [0.007] ' J=%
] ] 28.672 ] ] ) ) ) ) 1=7 %
0.01] J=%
7.16 178
1(840'8(2);1 104.8 i 53 | 51 | - (0.05) | 8.9 . =0
: [0.08] J="%




Energy [eV] I'y[meV] I'y [meV Isotope
&
RPI [ SO | Moxon® | RPI | ENOF [ moxon? | RPI | 107 | Moxon? | spin
135 178
1(840'6%7 164.6 i 53+ | 51 : ©01) | 15 i 1=0
: [0.06] J=1
179Hf
47 427 179
5.6885 5.686 62.64 4.64
5.68 ©04) | 62 0.02) | 46 |=9/2
(0.0002) o001y | 2961 | {000 0.002) | ' 2%
2.09 179
17.6533 17.658 | 52 64.13 2065 | 1
0.0006) | 17% | j0.0005| | 8 | ©° | ]3.22 [53%0019)] 2333 | 10.031] | J‘zgf
0.124 179
19.131 19.1355 | 52 0.107
19.13 66 - | (0.004) | 0.109 I=9/2
(0.004) 10.0006] | {8} .0004 001 | ' 2%
7.47 179
23.6577 23.666 | 52 64.1 7.68
23.7 66 0.05) | 7.546 I=9/2
(0.0006) 0008 | {8} 9] Eo.ogi 073 | ' 2%
1.27 179
26.540 26.535 | 52 89.3 1.14
26.5 66 0.01) |1.333 |=9/2
(0.002) 0011 | 8 10| [8_005)] o |2
0.433 179
27.418 27.405 | 52 63.7 0.415
27.35 66 0.009) | 0.391 |=9/2
(0.004) 0012 | 8 11| Eo.005} 005 |72
8.1447 179
31156 | 31 14 i 52 | g6 i ©004) |8333| - |i=o2
(0.006) {8} [0.06] J=4
26.00 179
36.520 | 45 5 i 52| g6 i 002 |2727| - |i=o2
(0.007) 8} 004 2
61 23.5 179
?006103055% 40.12 i ©08) | 66 i ©01) |2273| - |1z
: (3] [0.4] J=5
15.3 179
42.3210 | 45 g i 52 | g5 | - 0.08) |1444| - |1=op
(0.0007) {8} s 2
111 179
50.785 | g4 77 i 52 | 66 i ©003) |1455| - |1=9r
(0.005) {8} 0.007] J=5
0.71 179
51.149 1 5, 79 i 52 | g6 i 003 |589| - |i1=o2
(0.009) {8} [0.005] J=4
0.33 179
54.08 i i 52 i i ©002) | - Y
(0.01) {8} [0.03] J=4
10.6 179
69.089 | 59 03 i 52 | g6 i 009 |1111| - |i1=o2
(0.002) 8} o o




Energy [eV] I'y[meV] I'y [meV Isotope
&

RPI [ ENOF | Moxon® | RPI [ SYOF [ moxon? | RPI | ENDF [ moxon? | spin
9.2 179

73589 | o g ) 52 66 ] 0.1) |8.889 - | =9/2
(0.002) {8} [0.4] J=4
3.26 179

76.702 | Lo oo ] 52 | g6 ; (0.06) |2.818 - |=9/2
(0.005) {8} [0.04] J=5
4.69 179

83.013 | o, o, ] 52 | 66 ; (0.07) |6.667 - |=9/2
(0.004) {8} [0.06] J=4
11.8 179

85433 | g5 42 i 52 | 66 i ©02) |6364| - |=9/2
(0.003) {8} [0.4] J=5
11.7 179

92.125 | o, o ] 52 | 66 ] (0.2) | 55.56 . |=9/2
(0.004) {8} [0.2] J=4

92.7852 i i 52 . . (5 2) - - | 3932
(0.003) {8} [0.6] J=5
113.8 179

101.382 | ;01 5 ] 52| g6 i 07) |1182| - |1=92
(0.001) {8} 1] J=5
9.8 179

103.821 | 40 - ) 52 66 ] (0.2) |9.091 - | =9/2
(0.006) {8} [0.2] J=5
9.5 179

107.858 | 147 g i 52 | 66 i ©01) |1444| - |=9/2
(0.004) {8} [0.1] J=4

1((1)70-(2);;3 1172 ] 1) 66 - (0.4) | 35.46 - | =9/2
: [2] [1] J=5
3.46 179

120.165 1956 1 i °2 | g5 | - 0.08) |2444| - |1=op
(0.008) {8} [0.03] J=4
3.7 179

121.86 | 1,1 g ] 52 66 ] 0.3) |32.22 - | =9/2
(0.03) {8} [0.07] J=4
15.8 179

122.689 | |, & ) 52 66 ) (0.4) |23.64 - | =9/2
(0.005) {8} [0.4] J=5
10.2 179

130.024 | |, 4 ) 52 66 - 0.2) |11.11 - | = 9/2
(0.005) {8} [0.09] J=4
36.6 179

137.426 | 4, i 52 | gg i (0.7) |4546| - I =9/2
(0.004) {8} [0.7] J=5




Energy [eV] I'y[meV] I'y [meV Isotope
&
RPI [ ENOF | Moxon® | RPI [ SYOF [ moxon? | RPI | ENDF [ moxon? | spin
32 179
144.341 | L, ) 52 66 ] (0.9) | 25.46 - | =9/2
(0.006) {8} 2] J=5
12.2 179
147.103 | 147 . °2 | 66 | - 03) |1222| - |i1=9
(0.006) {8} [0.05] J=4
1(86632)3 156.3 - 2 | 66 | - 0.7) | 40 - =92
: 2] [1] J=5
158.835 ) ] 52 . ) (SZ) i - | i79%2
(0.008) {8} [0.009] J=4
23.7 179
165.807 | ,.c - ) 52 66 ] (0.4) 20 - | =9/2
(0.005) {8} [0.6] J=5
77 179
174.904 | /o . 52 66 - ) |144.4 - | =9/2
(0.008) {8} 9] J=4
66 179
177.996 | oo ] 52 | g6 ; @) | 2546 - 1=9/2
(0.006) {8} 6] J=5
32.8 179
182.790 | o ¢ ] 52 66 - (0.6) |53.33 - | =9/2
(0.005) {8} [0.5] J=4
6.1 179
188.75 ] ) 52 ] ] (0.4) - - | =9/2
(0.02) {8} [0.4] J=4
20.2 179
189.953 | 1885 i 52 | g5 | - ©04) |2009| - |i=or
(0.007) {8} [0.5] J=5
0.91 179
191.25 | 1o, g _ 52 66 ] (0.08) | 5.556 - | =9/2
(0.06) {8} [0.05] J=4
16.1 179
198.052 | ;oo ¢ ] 52 66 ] 0.3) |18.18 - | =9/2
(0.008) {8} [0.2] J=5
180Hf
180
72.4640 28.9* 63.3*
72.6 - 46 - 54 - =0
(0.0007) (0.2) (0.2) J=1
52 115 180
1(820'82)2 1717 | - 04 | 78 | - (0.8) | 116 ' =0
: 2] [2] VAR

* These resonances were fitted using a narrow energy range and manually changing values.
They were then not allowed to vary during the fit over the full energy range as the values would
run away due to the number of overlapping resonances. Therefore the error due to resolution
function uncertainties was not able to be determined.




** Only one resonance in 1784t was found to be sensitive to I'y, therefore this value was applied
to the other two resonances.

The resonance parameters determined for the *"°Hf and "®Hf resonances
near 8 eV are significantly different than the few previous measurements
available. The biggest change is in the 77, value in the *"°Hf resonance at 7.8891
eV. The value quoted by Moxon of 4.71 meV is approximately one third the value
determined in this analysis of 10.15 meV. The value quoted by Moxon, which is
also the ENDF/B-VI value, is quoted with an extremely high error (over 100%)
and it is therefore not surprising to see a large change in this parameter. The 7
determined from this analysis for this resonance seems to provide a much more
reliable value than was previously available. As recommended by Moxon, this
analysis has lead to the same conclusion that a more highly enriched '"°Hf
sample would allow a more accurate set of resonance parameters to be
determined for this resonance.

The thermal cross sections based on the fitted RPI parameters and the
ENDF/B-VI parameters are shown in Table I1X. As expected, the RPI value with
its error is consistent with the ENDF/B-VI value. This is due to good agreement
between the ENDF/B-VI and fitted RPI resonance parameters at low energies.
The majority of previous hafnium measurements were done in the thermal
energy region, making the lower energy hafnium resonance parameters quite
reliable, with the exception of the two resonances at 8 eV.

Table IX: Hafnium thermal cross section based on ENDF/B-VI and RPI
resonance parameters

Thermal Cross Section (o at 0.0253 ev)

ENDF/B-VI 114.5 barns

RPI 115.3 + 0.8 barns

Resonance integrals for each of the hafnium isotopes analyzed were
calculated along with errors. The resonance integrals were calculated based on
the resonance parameters determined in this analysis (shown in Table VIII).
ENDF/B-VI resonance parameters were used outside the energy range analyzed
in this work for the resonance integral calculations. NJOY** and INTER"® were
used to calculate the resonance integral for the hafnium isotopes. Table X shows
the calculated resonance integral for each of the hafnium isotopes analyzed
compared to those based on other evaluated hafnium resonance parameters. As
shown in Table X, significant changes in some of the hafnium isotopic resonance
integrals were calculated based on the resonance parameters determined in this
analysis. The elemental hafnium resonance integral calculated from the
abundance weighted sum of the isotopic resonance integrals also differs from



resonance integrals calculated from other data sets. Table Xl shows the
resonance integrals calculated from ENDF/B-VI and RPI resonance parameters
with an integration region from 0.5 -200 eV. These were calculated to show the
energy region that only includes resonances that were analyzed in this work. The
errors shown in Tables X and Xl for the RPI values are based on the error
estimates presented in Table VIII and represent one standard deviation®.

Table X: Resonance integrals calculated from resonance parameters
determined in this analysis (labeled RPI) compared with those from other
evaluated hafnium resonance parameters; all were integrated from 0.5-1.0

x 10° eV.
[Vba;‘iﬁ:]'” Hf 174 | Hf 176 | Hf 177 | Hf 178 | Hf 179 | Hf 180 | Natural
JEF-2.2 | 3203 | 6128 | 7232 | 1922 | 5431 | 3544 | 1983
% 361.8 | 8927 | 7200 | 1914 | s216 | 3385 | 1987
%IF/B' 355.1 | 4002 | 7221 | 1915 | 5486 | 3428 | 1968
28.8 +
RPI [375+20| 69242 |7196+8[1872+ 4| 5063 [ “00* [1950+ 2

Table XI: Resonance integrals calculated from resonance parameters
determined in this analysis (labeled RPI) and from ENDF/B-VI parameters,
integrated from 0.5 — 200 eV.

[Values

in barns] Hf 174 | Hf 176 | Hf 177 | Hf 178 | Hf 179 Hf 180 Natural

% 324.5 381.6 7158 1902 506.7 30.66 1944.8
RPI 345+20| 673+2 | 7139+8]|1859+4 | 464+3 | 25.2+0.1 | 1937+ 2




6 Conclusions

This paper presents the results of both capture and transmission
experiments using various hafnium samples. These experiments provided energy
dependent transmission and yield data that were analyzed using the R-matrix
Bayesian fitting code SAMMY. The transmission experiments were done utilizing
a °Li glass scintillation detector at a ~15 m flight path for low energy
measurements (0.005-10 eV), and a similar detector at ~25 m for higher energy
measurements (10-200 eV). A sixteen section Nal(Tl) multiplicity detector was
used for the capture experiments at a flight path of ~25 m.

The samples used in these experiments were various thicknesses of
metallic hafnium and deuterated nitric acid solutions of isotope-enriched hafnium.
The isotope-enriched samples were designed to provide experimental data that
could be used to determine resonance parameters for the overlapping
resonances of *"°Hf and *"®Hf at ~8 eV. The liquid solution samples were needed
to provide sufficiently thin samples to prevent saturation or blacking out of the 8
eV resonance pair in capture and transmission experiments. The only previously
found 1"®Hf parameters for the 8 eV resonance were from measurements done
by Moxon et al.?, which have an extremely high quoted error and are referred to
as “not well known” in the report. This analysis provides a much more accurate
set of resonance parameters for this 8 eV doublet. A combined analysis of
capture and transmission data using SAMMY was performed to determine
resonance parameters for all stable isotopes of hafnium in the energy range of
0.005-200 eV.

Resonance integrals for each hafnium isotope, based on the fitted
resonance parameters, were calculated using the NJOY and INTER codes. The
178Hf resonance integral, based on this work, is approximately 73% higher than
that using ENDF/B-VI parameters. This change is primarily due to the significant
change in *"®Hf resonance parameters near 8eV. This change is not surprising,
given the small amount of experimental data available for the overlapping *"°Hf
and ®Hf resonances at this energy and the high level of uncertainty in previous
work. A much smaller change to the "®Hf resonance integral, which is
approximately 2% lower than ENDF/B-VI and in the opposite direction of the
1"®Hf resonance integral change, is also primarily due to the changes in the *"®Hf
resonance parameters near 8eV. This change in the *"®Hf resonance integral is
lower in magnitude because the 8eV resonance is a much smaller contributor to
the resonance integral for *"2Hf.

The hafnium experimental data and resonance parameters provided are a
significant improvement over previous measurements due to improved sample
design, experimental resolution and analysis tools.
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