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1 Introduction

Hafnium is a ductile metal which does not exist as a free element in nature. The hafnium
isotopes 1746.7:8:9Hf and '80Hf are found combined in zirconium compounds with a respective
natural abundance of 0.16%, 5.26%, 18.60%, 27.28%, 13.62% and 35.08% . Hafnium is very
corrosion resistant, has impressive mechanical properties and shows good absorption for thermal
and epi-thermal neutrons. Due to these properties, it has been selected for a long time in reactor
engineering to be used as neutron absorbing material holding in steel clad control rods to regulate
the fission process.

Experimental results reported in the literature obtained either from microscopic or integral mea-
surements have pointed out that all existing data libraries show deficiencies concerning description
of the nuclear properties of the hafnium isotopes. Transmission Time-Of-Flight (TOF) measure-
ments [1], carried out at the white neutron source GELINA of the Institute for Reference Materials
and Measurements (IRMM), have stressed large discrepancies, over a wide energy range from 2 eV
to 50 keV between the measured data and the total cross section recommended in the European
(JEFF), Japanese (JENDL) and American (ENDF/B) neutron libraries.

In the epi-thermal energy range, specific trends on the natural hafnium capture cross section
have been deduced from critical experiments with UOX fuel conducted by CEA in the EOLE
(LWR square lattice) and AZUR (fuel plates of naval reactors) zero-power reactors located at
Cadarache [2, 3]. The EPICURE or CAMELEON critical experiments have highlighted an over-
estimate of few percents (2 — 4%) of the JEF-2.2 natural hafnium effective capture resonance
integral. The analysis of oscillation experiments performed in the fast-thermal coupled critical
facility STEK of the Energy research Center of the Netherlands has also pointed out C/E biases
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which may result from an overestimated natural hafnium capture cross section in the epi-thermal
energy range [4].

These integral trends were confirmed by the experimental value of the natural Hf capture reso-
nance integral (I7*") deduced from the Resonance Shape Analysis (RSA) of several capture and
transmission data measured at the linac facility of the Renssealer Polytechnic Institute (RPI) [5].
The given value of 195942 barns is respectively 1.5%, 1.7% and 0.7% lower than the JEF-2.2
(I"9t=1989 barns), JEFF-3.0 (I7"*=1993 barns) and ENDF/B-VI.8 (I?%=1972 barns) recom-
mended values.

The present work consists in a re-evaluation of the low neutron energy range of the hafnium
isotopes on the basis of the resonance parameters obtained at RPI up to 200 eV. Owing to their
contribution of about 93% to I"* a special attention is paid to the determination of the capture
area of the broad s-wave resonances at 1.1 eV and 2.4 eV of the '""Hf isotope with emphasis on
the overlapping "®Hf and '"8Hf resonances near 8 eV.

2 Experimental Data

Evaluations of the Resolved Resonance Range in the ENDF/B-VI, JEFF-3 and JENDL-3 neutron
libraries are mainly based on the recommended values given in the Brookhaven compilation from
Mughabghab [6]. For the low neutron energy range, Hf resonance parameters established by
Mughabghab comes from the combination of data reported by Fuketa et al. [14, 15], Moxon [16],
Liou et al. [17] and Rohr et al. [18]. Above 2.6 keV, nuclear data are deduced from the capture
area values determined by Beer et al. [19]. The list of experimental works dealing with neutron
resonance spectroscopy of hafnium is given in Table 1. Resonance parameters for the two '7"Hf
resonances at 1.1 eV and 2.4 eV and for the !"%!78Hf doublet near 8 eV are given in Table 2.

The first resonance spectroscopy which has provided nuclear data for hafnium over a wide energy
range has been performed by Fuketa et al. [14, 15]. He carried out two series of independent
measurements at the ORNL Fast Chopper (45 m flight path) and at the RPI facility (25 m
flight path). Single Level parameters were extracted from transmission of natural and isotopically
enriched samples respectively from 1.1 to 210 eV and then up to 1.2 keV. Later on, Moxon analysed
a large variety of capture and transmission TOF data measured at Harwell. In Reference [16],
he gave accurate Multi-Level Hf parameters up to 30 eV (resonance energy, neutron widths and
radiation widths) and was the first to distinguish the "6!"Hf doublet near 8 eV. Beyond 30
eV, Moxon proposed preliminary values which account for the results reported by Fuketa. Two
years later, in 1976, a combined area analysis of capture and self-indication measurements of an
isotopically '7"Hf enriched sample (74%) and of a natural Hf sample carried out at the GELINA
facility has lead to a set of E,, J, I'y and I';, values up to 300.0 eV [18]. The comparisons with the
Moxon’s results highlight large unexplained discrepancies. It is to be noted that, at that time,
report from Moxon was classified. The work reported by Beer [19] consists in a shape analysis
of Hf capture data measured at the Oak Ridge Linear Accelerator (ORELA) within the 2.5 keV
to 10 keV energy range. Results are expressed in term of capture area. Up to now, that energy
range has never been re-investigated with modern experimental techniques. Consequently, the
178,1791f nuclear data sets are still incomplete around 2 keV.

The closer inspection of each work shows that the knowledge of the nuclear properties of the
Hf isotopes suffer from large inequalities. The less abundant Hf isotopes, '"Hf and "0Hf, have
been evaluated on the basis of the neutron width values extracted by Fuketa et al [14]. For the
174,176 11f radiation widths, Mughabghab proposes a value close to 60 meV. Relevant experimental
information has never been reported for determining accurate individual I'y values. The most




Table 1 - Nutber of Hf resonances reported in the literature. The energy range (in eV) investigated in each work is given in square brackets.

Only resonance energy is given when a single one or two resonances are reported.

Authors Year Ref. TAHE ToHf TTHE TS HE TOnHf SO f
Bollinger 1953 8] 6 resonances. 1 resonance 1 resonance
[1-14] (7.6 eV) (5.6 eV)
Igo 1955 [10] 2 resonances
(1.1 eV)
(2.4 eV)
Harvey 1955 [11] 1 resonance 28 resonances 1 resonance 26 resonances 1 resonance
(30.5 eV) [5.9-105] (7.8 V) [6.7-110] (73.9 eV)
Levin 1956 [12] 2 resonances
(2.4 eV)
(6.5 eV)
Ceulemans 1965 [13] 2 resonances
(1.1 eV)
(2.4 eV)
Fuketa 1965-66 [14, 15] | 10 resonances | 22 resonances | 107 resonances | 18 resonances | 75 resonances [ 9 resonances
[4.2-211] [48.3-1068] [1.1-1019] [7.7-1163] [5.6-1050] [72.5-914]
Moxon*® 1974 [16] 9 resonances | 22 resonances | 26 resonances | 25 resonances | 43 resonances | 40 resonances
[13.4-211] [7.8-1067] [1.1-202] [7.7-2090] [17.6-189] [72.3-11350]
Liou 1975 [17] 176 resonances | 12 resonances
[3-700] [3-720]
Rohr 1976 [18] 98 resonances
[10-300]
Beer 1982-84 [19, 20] 106 resonances | 17 resonances | 138 resonances | 41 resonances | 135 resonances
[2708-5229] [2653-2767] [2659-8924] [2660-3069] [2700-9865]
Trbovich 2004 [5] 9 resonances 6 resonances 86 resonances 3 resonances | 41 resonances | 2 resonances
[4.2-153.5] [7.8-177.1] [1.1-199.5] [7.7-164.7] [6.7-198.0] (72.46 V)
(171.7 eV)

“Below 30 eV, Moxon has determined a new set of Hf resonance parameters. Above 30 eV, he took into account in his fitting procedure the results obtainedby

Fuketa [14].
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Table 2 - Low energy resonance parameters of 1"®78Hf reported in the literature. E, is the
resonance energy and I' stands for the total width of the resonance which is defined as the sum
of the radiation width I'y and of the neutron width I',.

Isotope Ref. E, r=r,+1, r, r, r,/T
(eV) (meV) (meV) (meV) (x1072)
Trf 8] 1.0840.02 45+10
(J™=3%) | [9] | 1.095+0.005 67.77+1.0 6641 1.77+0.02
[10] | 1.100+0.005 6942 6742 2.10£0.05  3.04+0.11
[13] 1.1 3.6610.40
[14] | 1.099+0.001 68.3+1.0 66.4+1.0  1.9240.03  2.81+0.06
[16] | 1.096440.0015 | 67.96+2.86 65.64+2.86 2.3240.013  3.41+0.14
[5] | 1.10014+0.0001 | 67.45+0.08 65.23+0.08 2.2254+0.003 3.299-0.006
LTHE 8] 2.34+0.05 <100
(J™ =4%) | [10] 2.3940.01 69+1 60+1 9.340.2 13.540.3
[12] 2.38 7047 6347 7.040.5 10.0+1.2
[13] 2.4 12.5+0.8
[14] | 2.38440.002 70.24+1.5 61.341.5 8.940.2 12.7+0.4
[16] | 2.3837+0.0002 | 69.81+0.74 61.74+0.74 8.068+0.068 11.5440.16
[5] | 2.3868+0.0001 | 68.7+0.2 60.74£0.2  8.04+0.02  11.70+4.48
18 Hf 8] 7.6+0.1 < 260
(J* =17y | 11 7.840.1 4943
[14] 7.7840.02 5143
[16] | 7.7718+0.0017 | 109.804+2.14 57.67+£1.60 52.13+1.42  47.47+1.59
[17] | 7.770+0.027 4947
[5] | 7.78654+0.0001 | 106.84+0.2  53.0+£0.2  53.83+£0.08  50.40+0.12
TT6Hf [16] | 7.886+0.010 61.74+13.2 57412 ~4.71 ~ 7.63
(J7 =1 | [5] | 7.889140.0003 | 71.940.6 61.840.6  10.15+0.04  14.1140.13

important Hf isotope for the nuclear industry, 17"Hf, has been widely investigated in the past. The
Iy and T',, values of the first and second resonances reported in the literature (Table 2) remain
consistent within the limit of the uncertainties. The low energy range of the 1"®Hf and ""Hf
isotopes is a combination of the nuclear data proposed by Mughabghab and originally compiled
by Moxon [16]. The last stable isotope, 80Hf, is a patchwork of a large variety of results. For the
two first resonances, at 72.6 eV and 171.7 eV, Mughabghab recommends neutron widths from
Fuketa [14]; parameters from 200 eV to 1 keV are those given in Reference [15]; compilation given
by Moxon are used below 2.4 keV [16] and capture area from Beer et al. [19] are listed up to 9.8
keV.

3 RSA Results

The way evaluators interpret the experimental results and then combine the Mughaghab recom-
mendations may explain the lack of consistency between Evaluated Nuclear Data Files. High-
resolution transmission measurements of 1 mm, 2 mm, and 15 mm thick natural Hf samples have
been performed at the GELINA facility for testing neutron data [1]. The comparison between
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Figure 1 - Comparison of the experimental average transmission for 1 mm- and 2 mm-thick Hf
samples with the calculated average transmission values at 300 K and 77 K [1]. Experimental
data have been measured at the white neutron source GELINA of the Institute for Reference
Materials and Measurements (IRMM). Theoretical calculations have been performed with the
CALENDF code [21].

experimental results and CALENDF calculations [21] are presented in figure 1. The level of agree-
ment depends on the neutron libraries and on the energy range. According to the authors, their
experimental data give reason for a preferred use of the JENDL library. However, it is obvious
that the situation below few ten’s of eV needs specific improvements.

As pointed out by Moxon [16], owing to the large variation in cross section present in natural
hafnium, accurate Hf Resonance Shape Analysis would require the use of at least 10 different
sample thicknesses in order to reduce the effect of uncertainties in normalisation and background
determination. Recent resonance parameters determined by Trbovich [5] result from a Reich-
Moore analysis of 8 metallic natural Hf samples with thicknesses ranging from 4.621 x 1072 to
1.154 x 10~2 atoms per barns, and of two liquid samples isotopically enriched in "SHf (56.17%)
and "®Hf (83.37%). As shown in Table 2, RPI work confirms the resonance parameters given
by Moxon for the 1.1 eV of '"THf, it suggests to decrease the radiation width of the second
I7THf resonance, and it gives the best Reich-Moore description of the 176178 Hf doublet near 8 eV.
Interpretation of the present results in term of improved capture resonance integral is discussed
later on in Section 5.

Below 200 eV, we have taken into account the set of resonance parameters determined at RPI.
The given E,, I'y and I';, values were extracted with the SAMMY code [22]. Prior resonance
parameters used by Trbovich were those suggested in the ENDF/B-VI library. The low-neutron
cross sections depend on the levels above 200 eV and on the potential scattering of each isotope
which have been determined to accurately reproduce the total cross section of the natural hafnium.
For a consistent evaluation work, we have followed a similar approach than the one used at
RPI. We decided to include the RPI parameters into the Resolved Resonance Range of the




DEN | DER NT - SPRC/LEPH—05/201 0 8/20

CHRONO UNITE INDICE PAGE

Capture Cross Section(barns)

Energy (eV)

Figure 2 - The solid line represents the natural hafnium capture cross section calulated with
the Reich-Moore formalism of the SAMMY code by using the resonance parameters given by
Trbovich [5]. The dashed lines are contributions of the six hafnium isotopes.

ENDF/B-VI library and to use the Reich-Moore approximation (RM) of the R-Matrix theory
rather than the original Multi-Level Breit-Wigner formalism (MLBW). The RM approximation
consists in neglecting the off-diagonal contribution of photon channels in the R-Matrix. The only
reactions requiring explicit channel definitions are then elastic scattering and fission. Therefore,
for non-fissile heavy nucleus, effect of that change on the neutron cross section modeling can be
disregarded. Calculations with the nuclear data processing system NJOY [23] performed on the
Hf isotopes with the RM or MLBW formalism give similar results. The discrepancies are within
the fractional reconstruction tolerance as specified in input of the NJOY code (ERR < 0.1%).

Figure 2 shows the natural hafnium capture cross section calculated with the RM approach of the
SAMMY code. The complex resonance structure is dominated by the 7"Hf isotope. The peak
cross-section values of the resonances at 1.1 eV and 2.4 eV reach respectively 5180 barns and
8789 barns. Near 8 eV, one can distinguish the non-negligible contribution of the '"®Hf isotope.
Between 15 eV and 45 eV, the natural Hf capture cross section is significantly affected by the
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Figure 3 - Contribution of the bound level (-1 eV), recommended in ENDF/B-VI, in the "4Hf
capture cross section. In the thermal energy range, one can observed the two asymptotic be-
haviours of the cross section (1/v at low and 1/v° at high energies) around the so-called ”mirror-
energy” E, =1 ¢€V.

resonances of the 172Hf(n,y) reaction.

The upper energy bounds of the Resolved Resonance Range of the '"6789Hf and '8CHf are
respectively set to 220 eV (10 resonances), 700 eV (17 resonances), 250 eV (94 resonances),
1500 eV (22 resonances), 250 eV (49 resonances) and 2500 eV (14 resonances). For the high
neutron energy region, we have taken into account conclusions of the work performed at the
GELINA facility [1]. The Japanese evaluations have been considered as good candidates for
describing the Unresolved Resonance Range and continuum region of the Hf isotopes.

4 Thermal Energy Range

In this work, the low Hf neutron energy range is described with the resonance parameters deter-
mined at RPI. However, no relevant information on the negative resonances has been reported in
the main Reference [5]. Description of the Hf thermal energy range has been revised to account
for new Reich-Moore description of the Resolved Resonance Range, to fit experimental data (Ta-
bles 3 and 4), to include recent '"Hf recommended values proposed by Mughaghab [7] and to
improve description of the sub-thermal behaviour of the "Hf and '8Hf cross sections.

In practice, considering only the observed resonances does not allow a satisfactory fit of the
experimental data. The R-matrix theory shows that the cross sections in a limited energy range
depend not only on the resolved resonances in that range (internal levels), but also on the ezternal
levels outside. Typically, some difficulties arise in resonance analysis whenever compound levels
below the neutron separation energy (E < 0) happen to be omitted. Although these external levels
are unobservable and therefore unknown, they must be introduced in the R-matrix formalism.
Various ad-hoc approaches exist to describe their contributions. A convenient approximation
consists of accounting for the effect of such distant levels by using the tails of broad resonances
having negative energies [55]. The appropriate resonance energy E, and partial widths (I'y and
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Table 3 - Hf thermal capture cross sections afyh in barns.
Author Ref.  Year 174 s 176 1f LT HE 178 1 179 yf 18015 natygf
Seren [24] 1947 10+2
Colmer [25] 1950 110£20
Harris [26] 1950 17149
Pomerance [27] 1951 102+5
Egelstaff [28] 1951 13448
Berstein [28] 1952 100
Pomerance [29] 1952 500 15 375430 72411 50425 13+5.2
Egelstaff [30] 1953 144410
Bollinger 18] 1953 350450 90+20 75415
Tattersall [32] 1960 134+40
Meadow [34] 1961 101.440.5
Esch [85] 1961 | 390455 95+14
Schermer [36] 1961 93.04+0.7
Scoville [16] 1964 21.5+3.5 289427 867 3843 1142 124438
Carre [38] 1966 10140.5
Scharf-Gol. [39] 1967 12.6+0.7
Holden [47] 1968 390 12.2
Conrad [43] 1969 31.5+1.8 339412 88.7+1.4 45+1 26+2
Moxon [16] 1974 13.743.2 | 366.4+82.0 | 77.442.2 | 38.6+2.12 | 12.06+2.12 10342
Vertebnyi [48] 1974 | 635450 | 14.9+1.5 | 318.3+5.5 94+4 58+2 29+3
Pavlenko [49] 1975 | 549412 | 24.3+2.7 | 360.5+3.5 84.1+1.5
Mannhart [50] 1975 13.0440.07
Heft [51] 1978 | 620420 13.140.1
Kim [53] 1999 13.04+0.3
Cho [54] 1999 109.243.7
Weighted Average 565410 21+1.0 34743 85+1 46+1 13.140.1 100.040.3
Mughabghab* [6] 1984 | 561£35 | 23.5+3.1 373410 84+4 4143 13.0440.07 | 104.140.5
Mughabghab* [7] 54947 | 23.543.1 373410 84+4 4143 13.0440.07 | 104.140.5
This work 549.5 21.3 371.8 83.9 40.8 13.1 104.2
* Recommended values
Table 4 - Hf thermal total cross sections Ugh in barns.
Author Ref.  Year 174qf 176 g 177 e 178 Hf 179Hf 180 ¢ natgg
Berstein [28] 1952 115
Joki 19] 1961 110+2
Esch [385] 1961 104+13
Schermer [36] 1961 113.740.3
Conrad [43] 1969 36+1 360.5+3.5 90+1 50+1 40+1
Okamoto [44] 1971 | 611%161 97+8 73411 5548
Vertebnyi [48] 1974 | 650+50 19.3+1.1 37644 99.4+4.2 | 64.7+2.2 5143
Trbovich [5] 2004 110+5
Weighted Average 646148 28.44+0.7 367+3 90.6+1.0 52.6+1.0 41+1 113.6£0.3
Mughabghab* [6] 1984 | 576+35 29.1+3.1 | 373.2+10 88.5+4 48+3 35.04+1 | 114.440.6
This work 597.7 26.8 371.9 90.6 48.6 35.4 115.3

* Recommended values
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Figure 4 - The solid curve represents the Reich Moore description of the thermal and sub-thermal
energy range of the T4 Hf, 1"6Hf, 177Hf, "8Hf, 1Hf and '89Hf capture cross sections.
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Figure 5 - The solid curve respresents the Reich Moore description of the thermal and sub-

thermal energy range of the ' Hf, "6Hf, '""Hf, "8Hf, '"9Hf and 8°Hf total cross sections.
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T, for the Hf isotopes) are those which reproduce accurately the thermal values as well as the
sub-thermal behaviour of the cross sections. Results of the least-squared adjustment performed
with the SAMMY code are shown in Figures 4 and 5. The nuclear parameters of the resonances
are listed in Table 5.

In the existing neutron libraries, the theoretical description of the sub-thermal energy range of
the !"Hf and '89Hf isotopes presents a spurious behaviour around the so-called " mirror energy”.
That term has been introduced by Froehner to explain the contribution at the positive neutron
energy |E,| of a bound level set at the negative energy E, [55]. If the experimental data show
deviation from the expected 1/v behaviour, this could contribute clear evidence for a bound level
close to the neutron binding energy. Figure 3 shows this effect for an " Hf bound level at 1.0 eV
as recommended in the ENDF /B-VI library. Similar deviation affects the 8°Hf capture cross sec-
tion. However, in the case of these two isotopes neither experimental data nor ” Westcott factor”
different from unity could confirm this deviation. New '"*Hf and '8°Hf resonance parameters have
been determined to shift the negative resonances to energy above the first resolved resonance.
For '80Hf, the original potential scattering R’ of 8 fm has been decreased to 7.2 fm to get a
satisfactory agreement with the Mughaghab values. For that reason, we have rejected the data
reported by Vertebnyi because its capture and total cross sections deviate significantly from the
BNL recommendations.

For 170Hf, the contribution of the internal levels to the capture cross section is close to 16.7 barns.
A afyh value higher than 17 bans is then expected. Therefore, results reported by Pomerance
(15 barns) [29], Moxon (13.7 barns) [16] and Vertebnyi (14.9 barns) [48] are underestimated.

The ""Hf thermal capture cross section is entirely defined by the nuclear properties of the internal
levels. The contribution of the tails of the bound levels is negligible compared to the strength of
the broad s-waves at 1.1 eV and 2.4 eV. The ""Hf resonance parameters reported by Trbovich
lead to a thermal capture cross section close to 372 barns which is in good agreement with the
central value reported by Moxon (366.41+82.0) [16].

By contrast, the tails of the '"®Hf bound levels contribute to ~ 13.4 barns to the capture cross
section. New resonance parameters has been suggested by Trbovich to account for this significant
contribution. A SAMMY fit has been performed to improve the description of the total cross
section. A single one negative resonance at -49.1 eV was used to reproduce the weighted mean
values of o, = 90.6 barns.

Owing to the half-integer spin value of the " Hf isotope (9/27), two J values for s-wave resonances

Table 5 - Resonance parameters of the Hf negative resonances

E, (V) J T, (meV) T, (meV) Isotope

-123.0 0.5 3422.27 112.3  '80Hf
-100.5 0.5 795.15 102.7  180Hf
-80.6 0.5 350.99 58.3  THf
-49.1 0.5 950.46 57.8  LT8Hf
-20.1 0.5 24.66 56.3  TSHf
-11.7 0.5 194.28 91.8 1T*Hf
9.7 4.0 26.41 52.4  1T9Hf
-5.8 5.0 15.84 53.0 17°Hf

-1.2 0.5 2.47 59.8  174Hf
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Figure 6 - Neutron capture and total cross sections of Natural hafnium below 3 eV.

are possible (J = 4 and J = 5). It is convenient to determine a set of negative resonances for
each spin configuration. We have included in the SAMMY calculation two negative resonances
having respectively a spin and parity of 47 and 5. Experimental data reported by Bollinger
(1953), Vertebnyi (1974) and Okamoto (1971) have been rejected from the least-squared fitting
procedure in accordance with the Mughabghab values.

In Figure 6 are compared the experimental data for the natural hafnium with the capture and
total cross sections reconstructed with the MIXER module of the PREPR0O2004 code system.
The capture cross section of 104.2 barns obtained in this work remains in good agreement with
the value given by Moxon (103+2 barns) and with the recent result of 109.2+3.7 reported by Cho
et al [54]. Our total cross section near the thermal energy is in satisfactory agreement with the
Mughaghab value of 114.44+0.6 barns. This recommendation has been probably calculated with
the isotopic results reported by Conrad [43] for the 17678:9Hf and 18Hf. The recent measurements
carried out at the RPI facility have lead to a total cross section of about 110 barns. That value is
about 5% lower than our evaluation. That discrepancy could be reduced by a deeper investigation
of the potential scattering cross section.

5 Integral Results

For thermal reactor applications, the capture resonance integrals (I,) of the natural hafnium is a
key information for determining the probability that a neutron will be absorbed before reaching
the thermal energy. The I, values calculated with the NJOY code for each Hf isotope and for
the natural element are given in Table 6. Our results are compared with the experimental I,
values reported in the literature and with recommended values from Mughabghab. Results for
the European, American and Japanese neutron libraries are listed in Table 7.

The previous evaluation of the I!™ capture resonance integral was based on two experimental
trends close to 304 barns [47] and 350 barns [51]. With the resonance parameters determined by
Trbovich, the contribution of the internal levels to I}™ reaches 367.5 barns. The latter contribu-
tion remains in good agreement with the previous experimental trends. That observation suggests
a negligible impact of the negative resonances to I:™*. However, it was not possible to determine
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Table 6 - Hf capture resonance integral I, in barns. Values in brackets are experimental or
evaluated Io/o ratios.

Author 174uf 176 gt 177t 178 gt 179 nf 180 ¢ natyf
Harris [26] 1950 19.7 1400
Spivak [31] 1956 1750
Macklin [31] 1956 21.8 1300
Klimentov [31] 1959 1470+200
Tattersall [32] 1960 28504350
Feiner [33] 1961 1950
Le Sage [37] 1966 20144150
Carre [38] 1966 2080+50
Fulmer [40] 1968 640130 7380+500 1950+120 660130 43+8
Roger [41] 1968 880140 70001240 1710£50 595+55 5247 { ;28(5) i Zg;
Ricabara [42] 1969 24.3+1.6
(1.9240.08)

Steinnes [45] 1972 3243
Alian [46] 1973 30.8
VandDerLinden [47] 1974 304+15 31.5+1.6
Heft [51] 1978 350+20 33.7+2.1
Simonits [52] 1980 (2.52)
Ahmad [52] 1982 (2.437+0.158)
Trbovich [5] 2004 375+20 692+2 7196+8 1872+4 506+3 28.84+0.1 1959+2
Mughabghab™ [6] 1984 436+35 880+40 71731200 1950+120 630+£30 35.11.0 1992450

(0.7840.08) | (37.445.2) | (19.2+0.7) | (23.2+1.8) | (15.441.3) (2.68+0.08) (19.1£0.5)
This work 442.3 694.3 7211.1 1871.5 509.2 29.7 1968.7

(0.8) (32.6) (19.4) (22.3) (12.5) (2.3) (18.9)

* Recommended values; 1 from isotopic I, values; i from measurement

a set of negative resonances which could reproduce simultaneously the experimental I1™* trends
reported in the literature, the high value of the thermal capture cross section (549.5 barns) and
the 1/v behaviour of the (n,y) reaction. In this work, we have chosen to respect the 1/v law
together with the thermal capture cross section. The calculations performed with the SAMMY
code, leads to a capture resonance integral of about 442.3 barns. The present discrepancies cannot
be solved without a new experimental investigation of the thermal capture cross section.

For 76Hf, a closer inspection of the experimental data and of the recommended value shows
some significant discrepancies. In the American library, I17® is close to 400 barns, while the
experimental trend from RPI gives a value close to 692 barns. The American recommendation
comes from the results reported by Moxon [16]. This surprising discrepancy explains the low
I value calculated with the isotopic evaluations proposed in ENDF /B-VI. The work performed
at RPI on an enriched sample is the first which give a precise description of the “Hf nuclear
properties.

The situation for I177 does not reveal any ambiguous results. The experimental data and the
evaluated values are in good agreement. That could be explained from one hand by the negligible
impact of the bound levels to the capture resonance integral and on the other hand by the
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Table 7 - Evaluated capture resonance integrals (infinite dilution) in barns calculated with the
NJOY code.

Libraries 17415 176 g 177yt 178 yf 179gf | 180nf natpg

ENDF/B-VI 355.68 400.77 7212.45 1914.24 549.53 34.42 1972.29
JEF-2.2 321.92 614.07 7232.77 1922.51 543.88 35.59 1989.13
JEFF-3.0 363.49 893.25 7210.04 1914.16 522.61 34.03 1993.93

JENDL-3.3 363.49 893.25 7210.04 1914.16 522.61 34.03 1993.93

This work 442.3 694.3 7211.1 1871.5 509.2 29.7 1968.7

extensive studies which have been performed in the resonance range of this key isotope.

For the '"8Hf, 1"Hf and '89Hf isotopes, experimental results from RPI suggest a decrease the
respective capture resonance integral by at least 2%, 3% and 18%. The huge variation of 780
remains marginal with respect to its contribution to I?* (10.4 barns).

The capture resonance integral for the natural hafnium obtained in the present study, reaches
1968.7 barns. That value is respectively 0.2% and 1.2% lower than the evaluated data proposed
in the ENDF/B-VI library and in Reference [6]. The energy dependence of I"% obtained in the
present work is compared in Figure 7 with the American and European evaluations. The RPI
work suggests an increase of the contribution of the two first 1”7Hf resonances compared to the
previous evaluations. By contrast, the specific analysis of the "8Hf doublet near 8 eV lead
to a better agreement with the American evaluations. That trend is consistent with the work
of Moxon, in which the first identification of the doublet was reported. To conclude, the RPI
results suggests an increase of the contributions of the two first 7" Hf resonances and of the "6Hf
isotopes. The latter is then compensated by a decrease of the radiation width of the first 178Hf
resonance at 7.6 eV.

The present trends seem to confirm the overestimation of the low-energy capture cross section
in the JEF-2.2 library as suggested by the integral measurements carried out in the AZUR and
EOLE facilities. However, preliminaries Monte-Carlo calculations have demonstrated that the
RPI results cannot reproduced accurately the integral measurements [56]. A better agreement
with the integral results could be achieved by exploring the neutron energy range between 10 eV
and 100 eV with the help of new appropriate TOF data.

6 Conclusion

The low-energies cross sections of the Hf isotopes has been re-evaluated thanks to the extensive
experimental work carried out at the RPI facility up to 200 eV. Up to now, resonance region of
the Hf isotopes were a compilation of few works performed more than 30 years ago. The resonance
parameters reported by Trbovich in 2004 give the best description of the isotopic hafnium capture
cross sections below 200 eV.

In this work, the sub-thermal energy range has been revisited on the basis of a very limited
number of experimental data reported in the EXFOR database. The negative resonances have
been adjusted with the SAMMY code to get a satisfactory agreement with the experimental data
without changing the effective potential scattering length values of each isotope. Above 200 eV,
we have taken into account the resonance parameters recommended in the American library. The
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Figure 7 - Energy dependence of the capture resonance integral (infinite dilution) of the natural
Hafnium. The cumulated sum obtained with the RPI resonance parameters are compared with the
American and European evaluations. In the enlargements, one can distinguish the contributions
of the first 7"Hf resonance (a), of the second '""Hf resonance (b) and of the "®8Hf doublet near
8 eV (c).

unresolved resonance range and the continuum region come from the JENDL-3.3 evaluation.

The present Evaluated Nuclear Data File (included in JEFF-3.1) remains a compilation of several
sources of information. The consistency of the nuclear parameters (effective potential scattering
length, resonance parameters, average parameters, ...) has to be improved below and above 200
eV, and between the resolved and unresolved resonance range. At low neutron energies, a better
agreement with the integral information cannot be achieved without new experimental campaigns
using enriched Hf samples.

In the high energy range (”continuum” region), future evaluations could be partially based on
the recent experimental work carried out with the Karlsruhe 47BaF5 detector [57] and on the
new evaluations performed at the CEA/DAM. The latter will provide key information to ensure
a better continuity between the low and high neutron energy regions.
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