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Abstract — The neutron total and capture cross sections of '*' Ta were measured at the Accurate Neutron-
Nucleus Research Measurement Instrument of the Materials and Life Science Experimental Facility in the
Japan Proton Accelerator Research Complex to improve the accuracy of the current resonance parameters.
The total cross section was determined from the transmission measurement in the energy range from 0.2 to
150 eV. The capture cross section was derived from the capture yield using the pulse height weighting
technique in the energy range from thermal to 150 eV. The thermal neutron capture cross section was
measured as 21.3 &+ 0.3(stat) = 0.6(sys) b. The obtained transmission and capture cross section were
simultaneously fitted using the resonance analysis code REFIT, and the resonance parameters for resonances
below 150 eV were evaluated. The present resonance parameters were compared to reported measurements.

Keywords — Tantalum, total cross section, capture cross section, J-PARC MLF ANNRI, resonance parameter.

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

Tantalum (Ta) has two naturally occurring isotopes,
180mTa and '®!Ta, in which '®!Ta has the largest natural
abundance (99.988%). Tantalum is mixed with niobium to
increase the strength of stainless steel of nuclear reactors.
Leakage neutrons from reactor cores are captured by '8! Ta,
and this reaction produces radioactive '*>Ta with a half-life of
115 days. The produced '*2Ta is one of the evaluation targets
for the inventory of nuclear decommissioning. The activity
concentration is subject to clearance from the International
Atomic Energy Agency.!"! Therefore, many efforts are
required to improve the capture cross section of '*! Ta.

Moreover, the 4.3-eV resonance of '®!'Ta has been
employed as reference to assess the reliability of the
neutron resonance thermometry technique.!”! Since the
shape of resonance changes with the temperature of a

*E-mail: endo.shunsuke@jaea.go.jp
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sample due to the Doppler effect, the temperature can
be estimated with transmission measurements. It is
required to accurately determine the shape of the 4.3-eV
resonance at 0 K (i.e., resonance parameters) to obtain the
temperature based on this technique.

Resonance parameters of '8! Ta have been determined in
several experiments using the time-of-flight (TOF) method.
Meaze et al.l*) measured transmission at the Pohang Neutron
Facility (PNF) and determined the resonance parameters
below 80 eV using the resonance analysis code SAMMY.[*!
In their analyses, an inappropriate resolution function may
have been adopted as indicated in Ref. [5]. This led to rather
large gamma widths and smaller neutron widths than those of
the other measurements (see data in Table I).

Belanova et al.!! measured transmission from 2 to 70 eV
at the SM-2 reactor in the Research Institute of Atomic
Reactors (NIIAR). Resonance parameters of 4.3-eV reso-
nance together with resonances above 40 eV were deter-
mined by area analysis, and the parameters of the other
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TABLE I
Resonance Parameters of the 4.3-eV Resonance of 131 Ta*
Resonance Energy

Author (eV) I’y (meV) I, (meV)
Meaze et al.l’! 43127 4+ 0.0002 1393+ 0.5 1.571 £ 0.002
Belanova et al.[%] 428 +0.01 65.5% 3.2+0.1
Evans et al.l”! 428 62.1+2.6 3.6+0.1
Christensen®! 4.29 +0.02 — 1.9
WoodH? 4.282 +0.008 49+6 3.9+0.6
Shibata et al. (JENDL-4.0)!"*! 428 53 32
Brown et al. (ENDF/B-VIIL0)!'* 4.28 53 3.9

*I'y and I, are the gamma and neutron widths, respectively.
3Gamma width assumed by Belanova et al.[®’

resonances were determined by shape analysis using the
single-level Breit-Wigner formula.

Evans et al.l”) measured transmission, scattering, and
capture reactions in the Atomic Energy Research
Establishment. A simultaneous analysis!® was applied
to determine the resonance parameters of 12 resonances
below 100 eV. Christensen® measured transmission
below 50 eV wusing a crystal spectrometer in
Brookhaven National Laboratory (BNL) and applied
area analysis to determine the resonance parameters.
Wood!'% measured transmission and scattering reaction
using the BNL crystal spectrometer and determined the
resonance parameter of the 4.3-eV resonance.

Table I shows the resonance parameters of the 4.3-eV
resonance of '¥!Ta obtained in these experiments.
Resonance parameters in both JENDL-4.0 and ENDF/B-
VIILO referred to those of Mughabghab and Garber,!'"! but
in JENDL-4.0 the parameters were modified from that
value for the 4.3-eV resonance. Discrepancies can be
observed among the reported values and evaluated
libraries, especially regarding resonance widths. In a past
resonance thermometry study, the transmission calculated
from both JENDL-4.0 and ENDF/B-VIII.0 was compared
to that obtained from experiments, and JENDL-4.0 did not
agree with the experimental results.!'!

The thermal capture cross section was determined as
20.440.2 b and 20.2 £ 0.1 b by Corte and Simonits!'”!
and Arbocco et al.,'® respectively, using the activation
method. Recently, Nakamura et al.'”! measured the cross
section of 20.5 + 0.4 b using the activation method at the
Kyoto University Reactor (KUR). These thermal capture
cross sections show good agreement. Furthermore,
Schmunk et al.l'"® derived the thermal capture cross
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section of 20.0 = 0.9 b from extrapolation of the total
cross section by the 1/v law.

In this study, we aim to improve the resonance para-
meters of '8! Ta below 150 eV. Transmission and capture
cross-section measurements were performed at the
Accurate  Neutron-Nucleus  Reaction  measurement
Instrument (ANNRI) of the Materials and Life Science
Experimental Facility (MLF) in the Japan Proton
Accelerator Research Complex (J-PARC). The thermal
capture cross section was directly determined using the
TOF method. The resonance parameters were determined
from simultaneous fit of the transmission and capture cross
section using the resonance analysis code REFIT.['"]

II. MEASUREMENTS

Il.LA. Experimental Procedure in ANNRI

In MLF, neutrons are produced by spallation reac-
tions with the mercury target induced by a pulsed proton,
whose intensity was 700 kW at the time of the present
experiment, and repetition rate of 25 Hz. The proton
beam has a double-bunch structure as shown in Ref. [5]
and the pulse width of one bunch about 100 ns of the full-
width at half-maximum. In ANNRI, lithium (Li)-glass
and germanium (Ge) detectors!?>?'! are installed at neu-
tron flight lengths of 28.2 and 21.5 m, respectively.

Figure 1 displays the top view of ANNRI. In the
transmission measurements, the sample was placed at
the upstream of the collimator to reduce the gamma
rays and scattered neutron from the sample to negligible
levels. Two types of Li-glass detectors, GS20 and GS30,

@ANS
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Fig. 1. Overview of ANNRI.

were utilized to measure the neutron transmission. GS20
consists of a ®Li-enriched scintillator and photomultiplier
(PMT H7195) that exhibits high sensitivity to neutrons
owing to the large cross section of the ®Li(n, o)*H reac-
tion. Moreover, GS30 comprises a ’Li-enriched scintilla-
tor and, therefore, displays a very low sensitivity to
neutrons. The TOF spectrum by GS30 was employed to
remove gamma-ray background events from that by
GS20. The CAEN V1720 (12-bit, 250-MHz) module
was used for data acquisition, and the pulse height (PH)
and TOF were recorded in the list mode.

For the capture cross-section measurements, Ge
detectors were used to detect gamma rays emitted from
neutron capture reactions. CAEN V1724 modules were
employed to acquire the PH and TOF in the list mode.
Note that other details of the transmission and capture
cross-section measurements at ANNRI are available in
Ref. [5].

I1.B. Samples

For the transmission measurements, three metal sam-
ples of "Ta with the same chemical composition and
thicknesses of 25 um, 100 um, and 2 mm were used. The
areal densities of these samples are listed in Table II. The

TABLE II
Information of the Ta Samples for the Transmission
Measurements
Areal Density
Thickness (atom/b)
25 um (1.20 £0.05) x 10~*
100 pm (513 +£0.11) x 107*
2 mm (1.168 £ 0.001) x 1072

impurities on elements in the samples are also summarized
in Table III. The areal densities were calculated from the
theoretical density and the thickness measured by a micro-
meter. In the present experiment, sample-in and sample-out
(so-called blank) measurements were performed. In addition
to them, measurements with a notch filter consisting of
silver, manganese, cobalt, and indium were made to correct
the difference of detection efficiencies between GS20 and
GS30 using black resonances.

For the capture cross-section measurements, a natural
Ta sample with area of 12.33 mm? and thickness of 6 pm
and a gold (Au) sample were used. A boron sample was
employed to determine an incident neutron fluence rate via
the '°B(n, ory)’Li reaction. This is a commonly used tech-
nique since the events from this reaction are very easy to
separate from background events because of its large cross
section with the emission of the single-energy gamma ray
(478 keV). Moreover, the sample-dependent and sample-
independent backgrounds were estimated using carbon-sam-
ple and blank measurements, respectively. Table IV lists the
masses and areal densities of these samples. The area was
measured with an accurate imaging technique using an IM-
6140 device supported by KEYENCE Co. LTD.

TABLE III
Impurities in the Ta Samples

Ratio

Element (ppm)
Niobium 256
Tungsten 130
Oxygen 98
Carbon 38
Nitrogen 17
Molybdenum 12
Others 19

@ANS
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TABLE IV
Sample Information in the Capture Cross-Section Measurements
Mass Areal Density
Sample (mg) (atom/b)
Tantalum, 6-pm thickness 1.123 £ 0.001 (3.031 £ 0.002) x 1073
Gold 15.038 £0.001 (3.202 £ 0.002) x 10~*
Carbon 5.644 +0.001 (1.8340.01) x 1073
Boron 1.963 £ 0.001 (5.76 £0.06) x 10~*

IIl. TOF DATA ANALYSES

lI.LA. Transmission Analysis

The neutron total cross section was determined in
off-line analysis of the measured data with both the
GS20 and GS30 detectors. Figure 2 shows the PH spectra
of each detector in the measurement with the 2-mm-thick
Ta sample.

A detection threshold of PH spectra was set at 140 ch.
to reduce the influence of background events. The peak
around 220 ch. was produced by the Li(n, o)*H reaction.
This peak was also observed in the GS30 spectrum since
this detector contains °Li with the concentration of about
0.01%. This amount of ®Li was small enough to be negli-
gible in the derivation of the transmission. “Double hit”
means a pileup event in which two neutron detections
occurred within a short time window and, hence, over-
lapped. A dead-time effect due to the time window in data
acquisition was corrected by an extended dead-time model.

107

10°

TIT ‘ TTTI

Counts

10°

104 Double hit

10°k
10?2
100 5
F EThreshoId
1 | i . M I | NI R ]
0 100 200 300 400 500 600

Pulse height [ch]

Fig. 2. Pulse height spectra of the GS20 and GS30
detectors in the measurement with the 2-mm-thick Ta
sample. The gamma-ray peaks of the °Li(n, a)>H reaction
were found in the GS20 and GS30 spectra. The vertical
dashed line at 140 ch. shows the detection threshold.
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The details of the dead-time correction are described in
Sec. 3.2 in Ref. [5]. Figure 3 shows the TOF spectra
measured with the GS20 and GS30 detectors after the
dead-time correction for the 2-mm-thick Ta measurement.

The frame-overlap background was caused by
slow neutrons with the TOF more than 40 ms mixing
into the next pulse. This background layer, which also
includes constant backgrounds caused by the environ-
mental radiation and noise, was subtracted as follows.
The TOF spectrum of the GS20 detector was fitted in
the region from 37 to 40 ms, where neutrons were cut
by a disk chopper, using an exponential function:
p1exp(—pat) + p3, where py, p,, and p; are fitting
parameters and ¢ is TOF. In the case of the GS30 detector,
a constant component p3 was enough to express the back-
ground since the detector has low neutron sensitivity. The
estimated frame-overlap background is shown in Fig. 3.
The frame-overlap background had little influence on the
derivation of transmission.

The gamma-ray background from other than the Ta
sample was removed by subtracting the spectrum of the
GS30 detector from that of the GS20 one, as mentioned
before. Figure 4 displays the spectra of the GS20 and
GS30 detectors in the notch filter—inserted measurement.
To correct a difference in detection efficiencies, the GS30
spectrum was multiplied by a factor of 1.78 +0.04,
which was determined using the dips of the black reso-
nances measured with the GS20 detector. The back-
ground events caused by small-angle scattered neutrons
and capture gamma rays from the sample were negligible
since these were eliminated by a collimator installed
between the sample and the detector.

Finally, the transmission was determined by dividing
the TOF spectrum with the Ta sample by that without the
sample. Further details are described in Ref. [5]. The
reduced total cross section, G,;, was defined as the
total cross section broadened with the resolution function
and the Doppler effect, and it was obtained from the
transmission 7" and the areal density, nr,, as

@ANS
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Fig. 3. TOF spectra of the GS20 and GS30 detectors after the dead-time correction for the 2-mm-thick Ta measurement. The
dotted line is estimated frame-overlap background of the GS20 spectrum by fitting the spectrum from 37 to 40 ms.
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Fig. 4. TOF spectra of the GS20 and GS30 detectors in
the notch filter—inserted measurement. The spectra of the
GS30 detector before and after normalization are shown.
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i

Sor(En) = —%m T(E,) . (1)

111.B. Capture Cross-Section Analysis

The pulse height weighting technique (PHWT)?
was applied to derive the capture cross section. The
weighted spectrum can be written as follows:

1 < W(E,)R(E,,E,
Iy (Ey)R(Ey, En)

S(E) =5 B+E (2)

£y

where P = number of incident protons; £, and £, = gamma-
ray and neutron energies, respectively; B, = neutron binding
energy; R(E,,E,) = number of detected events; W(E,) =
weighting function. The weighting function was calculated

@ANS

considering the response functions of the Ge detector, simi-
lar to that in the previous study!®! as

W(E,) = N{—l 059 x 10*\/E, + 25.18E, + 0.4569E>/>

6753 x 10B2 + 2455 x 10°ES} - (3)

where N is the normalization factor and E, is in units of
kilo-electron-volts. For the capture cross section of Au,
the normalization factor was determined to reproduce the
thermal value of JENDL-4.0. The correction factor and
uncertainty caused by the difference in gamma-ray dis-
tributions between Ta and Au were obtained as follows.
In this analysis, events only above 600 keV were adopted
because there were many background gamma rays in the
511-keV and lower-energy regions.

Figure 5 shows the gamma-ray spectra ), R(E,, E,)
of Ta and Au. The lower limit of deposited energy in the Ge
detectors was set at 200 keV in this measurement. To estimate
the difference in the gamma-ray spectrum below the lower
limit, the spectra were fitted by an exponential function f,
from 250 to 500 keV and by a constant value o from 200
to 250 keV. The fitting range was determined by the lower
limit and the absence of the influence of the 511-keV peak.

The fitting results are shown in Fig. 5 and used as the
gamma-ray distribution below the lower limit. The
weighted integral values of the two fitting results between
0 and 250 keV are defined as

250
Ifxp = Jo feXP(EV)W(E“/)dEV?
250
If‘mt = ,[0 fconst(Ey)W(Ey)a'Ey . (4)
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Counts [/keV/proton shot]

400 600 800 1000
Gamma-ray Energy [keV]

M I
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Fig. 5. Extrapolation of PH spectra below the detection
threshold for Ta and Au. The results fitted to the PH
spectra by the exponential function and the constant
value are shown by solid and dotted lines, respectively.

Here, the weighted integral values are used instead of just
the integral value because each event is summed up by
weighting with its gamma-ray energy as shown in Eq. (2).
For gamma rays with energies higher than the lower
limit, the weight integral values are similarly defined as

600
I = Z ZR(E“HE")W(EY)v
E,=250 E,

L= STRE.EIWE) . (5)

E,=600 E,

The correction factor Cpywr of the cross section is
obtained as

Commt — LT, I3 ay
[T?f%)a + 12,Ta + I3,Ta [ffgu + 12,Au + 13,Au

(6)

Since events only above 600 keV were considered in this
analysis, this correction factor refers to the number ratio
of the analyzed events to all events for Ta and Au. The
uncertainty of PHWT was evaluated from the differences
in the gamma-ray spectrum below 600 keV. Therefore,
the uncertainty was estimated as

VAL, +ALR, (7)

where Al; is calculated by
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LY+ by IEt 4 I
NP+ hi+Li IE™ 4L+ 1,
(i=Taor Au) . (8)

AL =

This represents the difference in the estimation of the
unobserved gamma-ray distribution at lower energies
than the lower limit. The correction factor and relative
uncertainty are obtained as Cpgwr = 0.893 and 2.5%,
respectively.

The dead-time correction was applied with the
extended dead-time model, in a similar way to the
transmission analysis. The frame-overlap and constant
backgrounds were estimated by fitting the spectrum
after 40.0 ms with the exponential function:
p1exp(—pat) + p3, where py, p2, and p; are the fitting
parameters. In MLF, neutrons are not always provided
every 40.0 ms (25 Hz) because some of the proton
pulses are also sent to the other facility at a specific
allocation rate; MLF : the other = 126 : 4 during the
present experiment, making a TOF spectrum beyond
40.0 ms (namely, the frame-overlap spectrum).
Therefore, when the protons were provided to the
other facility, the frame-overlap TOF spectrum could
be measured, expressing the influence of the over-
lapping neutrons from preceding proton pulses. The
details of the frame-overlap correction are described
in Sec. 4.3.1 of Ref. [5]. Figure 6 shows the frame-
overlap spectrum shifted by 40 ms and multiplied by
126. The dotted line is the fitting result, and the
frame-overlap correction was performed by subtract-
ing the fitting result from the TOF spectrum.

10° —e— TOF spectrum
E —O— Frame-overlap spectrum
100 | Fitting results

Counts [/us/10'?protons]

:\%‘QIIIHH‘ T IIIIIH| T

1072 %“P‘JF_P_W{;GQWMI PPN
10? 10° 10*
TOF [us]

Fig. 6. TOF spectrum of the Ta sample in the capture
cross-section measurement. The dotted line is the fitting
results of frame-overlap spectrum shifted by 40 ms.
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The sample-independent background and the back-
ground events caused by scattered neutrons in the sample
were estimated using the spectra of the blank and carbon
measurements, respectively. The capture yield Yr, is
written as

Yta (En) = (STa (En) - SBlank (En))

NTa 6S.Ta (En )
== Scarbon (En
NCarbon Os,Carbon (En) ( . On( )

- SBlank(En)) ) (9)

where S(E,) = weighted spectrum after the frame-over-
lap correction; nt, = areal density of the Ta sample;
Gs1a(Ey) = scattering cross section of Ta considering
the resolution function of ANNRI derived by Kino et
al.” In order to consider the self-shielding effect, the
number of scattering events obtained from the particle
and heavy ion transport code system (PHITS)
simulation**! with JENDL-4.0 was used instead of the
cross section. The number of escaped neutrons from the
sample after scattering was estimated for each neutron
energy.

Figure 7 displays the TOF spectra of Ta [Sta.(E,)],
blank [Sgiank(E,)], and normalized carbon spectrum
[the second term in the right-hand side of Eq. (9)].
The normalized carbon was obtained by normalizing
the carbon spectrum with the ratio of G,1,(E,) for
carbon and Ta, taking into account the areal density.
Thus, it means the scattering backgrounds of Ta.

The neutron fluence rate ¢(E,) was derived from
the measurement with the boron sample. The dead-
time correction and background subtraction were
applied to the TOF spectrum of the boron sample
using the previously explained method. The neutron

@ Ta
—1— Blank
—O— Normalized Carbon

10

Counts [/us/10'proton]

107
10 10° 10*
TOF [us]
Fig. 7. TOF spectra of the Ta, blank, and normalized
carbon.
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self-shielding and multiple-interaction effects were
estimated by simulations using the PHITS codel®¥
and were used to deduce a correction factor as a
function of TOF. After the self-shielding and multi-
ple-interaction correction, the spectrum was divided
by the '°B(n, ay) reaction cross section to obtain the
neutron fluence rate.

Finally, to obtain the normalization factor NV in Eq. (3),
the capture yield at the thermal neutron energy was deter-
mined from fitting the yields between 16.8 to 152 meV
with the 1/v law. The self-shielding effect at the thermal
neutron energy was estimated by PHITS simulation. The
reduced capture cross section was obtained as

Cpawt

ool gl

Y1a(Ep) (10)

where Cpgwt = correction factor of PHWT defined in
Eq. (6); nt, and Y1, = areal density and capture yield of
the Ta sample, respectively; ¢(E,) = neutron fluence rate.

l1I.C. Resonance Analysis

The resonance parameters were determined from simul-
taneous fit of one capture cross section and three transmis-
sion measurements using the resonance analysis code
REFIT!"! The self-shielding and multiple-interaction
effects of the capture cross section were considered with
the corresponding functions of REFIT. The resolution func-
tion of Kino et al.”*! and the structure of the proton pulses
were also taken into account. Doppler broadening was
considered assuming the ideal gas model, in which the
effective temperature was fixed at 25.3 meV. Small reso-
nances, whose capture cross section is smaller than about
30 b, were not analyzed, or only the neutron width was
fitted because of a lack of statistics in the capture measure-
ments. Moreover, the 85.1- and 85.6-eV resonances were
not fitted because these resonances overlapped each other.
These resonance parameters without fitting were taken from
JENDL-4.0 for '3!Ta. The impurities "W and '8""Ta were
considered using JENDL-4 and JEFF-3.3, respectively,
while effects of the other impurities were negligible due to
their low-resonance cross sections. Transmissions of the 25-
and 100-um-thick measurements in the energy range from
0.01 to 1 eV were not used in the resonance analysis
because systematic uncertainty caused by neutron beam
intensity fluctuation was extremely large. Transmission
below 0.2 eV was not also used for the fit because neutron
diffraction was observed.

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 198 - APRIL 2024
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IV. RESULTS

IV.A. Total Cross Section

The reduced total cross section is shown in Fig. 8. The
systematic uncertainty for the reduced total cross section
comes from the dead-time correction, the normalization
factor of the GS30 detector, the sample thickness, and the
neutron beam intensity. The neutron beam intensity at the
detector position changed because of fluctuation of the
proton beam power and neutron scattering with air on the
neutron beam line. In ANNRI, the length of the air region is
7 m. The fluctuation of the proton beam power was cor-
rected by proton current measured by a current transformer

monitor in MLF. On the other hand, the fluctuation caused
by the neutron scattering with air could not be monitored.
Since the neutron scattering with air depends on atmo-
spheric pressure and humidity, the uncertainty of beam
intensity was estimated as 0.3% with the two parameters.
The details of the estimation are described in the Appendix.

IV.B. Capture Cross Section

Figures 9 and 10 display the reduced capture cross sec-
tion along with statistical and various systematic
uncertainties. The thermal capture cross section of
21.3 £ 0.3 (stat) = 0.6 (sys) b was obtained by fitting the
capture yield with the 1/v law, and this result is in good
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Fig. 8. Reduced total cross section (top) and uncertainties (bottom) of natural Ta obtained from the Ta 100-um-thick measurement.
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Fig. 9. Reduced capture cross section from 10 meV to 150 eV with uncertainties.
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Fig. 10. Reduced capture cross section from 1 to 45 eV with uncertainties.

agreement with past data by the activation method,
20.5 + 0.4 b by Nakamura et al.l'”! The effect of impurities
is negligible at thermal neutron energy of about 0.003 b. The
neutron fluence rate uncertainty represents the uncertainty of
the measurement with the boron sample, including the statis-
tical correction (0.1%), dead-time correction (0.1%), scatter-
ing correction ( < 0.1%), and self-shielding correction (1.1%)
uncertainties at the thermal energy.

IV.C. Resonance Parameters

The results of the resonance analysis are shown in Figs.
11 and 12, and the obtained resonance parameters are listed in
Table V together with the parameters in the past measure-
ments and evaluated libraries. The past data are taken from
Meaze et al.,”) Belanova et al.,!” Evans et all”
Christensen,” Wood,!'”) Desjardins et al.,l>! Fluharty et
al'*®! Firk,”” and Tsubone et al*®! The description
“fixed” in Table V means the parameters that were not fitted.
The capture kernel was caluculated as gI',I',/(Iy +I',),
where I, was derived from gI,, using the spin J. For pre-
vious studies where J was unknown, the values in JENDL-
4.0 were used.

V. DISCUSSION

Many resonance parameters obtained in this study
are different from those of Meaze et al.’) and
Christensen.!”! As discussed in Ref. [5], the time

@ANS

w
_a

N W
=)

-
[¢)]

5 AR L L LA L A RN MR

A

pture Cross Section [b]
> S

[$)]

%)

0.9
0.85
0.8
0.75
0.7
0.65
0.6

1072 16‘1 1
Neutron Energy [eV]

issionCa

W ¢ Experimental result
- - == Fitting result
—— JENDL-4.0

Transm

Fig. 11. Transmission, capture cross section, fitting
results, and JENDL-4.0 from 0.01 to 1 eV.

distribution of the neutron beam in PNF was broader
than that in MLF. In PNF, neutrons were produced from
bremsstrahlung by the pulsed electrons accelerated up
to 100 MeV by the linac,'**) and the electron width was
1 ps, which is broader than the proton width in MLF.
Moreover, the adopted resolution function might be too
simple to express measured resonance shapes.
Therefore, the influence of the experimental resolution
on their derivation of resonance parameters was very
large. For Christensen,!” details on the resolution
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Fig. 12. Transmission, capture cross section, fitting results, and JENDL-4.0 from 1 to 150 eV.

function were not described. According to Ref. [30],
the resolution at 5 eV was 0.26 eV in the crystal
spectrometer of BNL, and this value was much larger
than 0.04 eV at 5 eV in MLF. Since this value is about
half the width of the 4.3-e¢V resonance of Ta, it is
considered that the resolution affected the derivation
of the resonance parameters.

Figure 13 shows the ratio of the capture kernel
gl I,/ (Ty +T,) to the present results. It is clear that
the present results are in almost good agreement with
those of Evans et al., Belanova et al., Desjardins et al.,
and Wood within uncertainties except for Meaze et al.,
which make the overall underestimation. Regarding the
4.3-eV resonance, the obtained resonance parameters are
in good agreement with those reported by Wood.!'®! The
present capture kernel is consistent with the result of
Evans et al.,!” although Evans et al. provide a rather
large gamma width. Belanova et al.l! give a slightly
smaller capture kernel with an assumed gamma width
(65.5 meV). The present capture kernel of the 10.3-eV
resonance is larger than those of the past measurements
because of the larger neutron width. The neutron width of
the present result is close to that of ENDF/B-VIII.O.

The present neutron width of the 144-eV reso-
nance was smaller than that reported by Tsubone et
al.*®! by a factor of 10, although Tsubone et al.l*®
assumed a reasonable value (55 meV) for the gamma
width. The cross section of the 144-eV resonance
calculated from the parameters of Tsubone et al. was
larger than our measured data. This fact is supported
by agreement with the results reported by Desjardins
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et al.l>>! The present result suggests that the neutron
width of JENDL-4.0 is too large and should be
revised.

In the neutron energy region below 1 eV, the
resonances (0.2 and 0.4 eV), which were expected to
be those of '39"Ta, are found in Fig. 11. However,
since the statistics of the capture events were not high
enough, the resonance parameters could not be deter-
mined. The energy of the 0.4-eV resonance might be
slightly lower because there was a discrepancy in the
dip position between the obtained transmission and
the the evaluated library (JEFF-3.3) as shown in
Fig. 11.

In this analysis, the parameters of the negative reso-
nance were varied to adjust the cross section in the low-
energy region shown in Fig. 11. The neutron widths of
two negative resonances were different from JENDL-4.0.
Instead of an increase in the neutron width of the —44-eV
resonance, the one of the —12-eV resonance was
decreased. Since the correlation between these parameters
was 79%, it was difficult to uniquely determine each
parameter in this analysis. Additional analysis and the
other experiment would be needed to determine the para-
meters of the negative resonance.

Figures 14 and 15 compare the capture cross section
calculated from the obtained resonance parameters
Opresens With that of the evaluated libraries G.vaiuarion-
The residual is defined as (Geyatuation — Opresent)/Opresent-
For the 4.3-eV resonance, JENDL-4.0 underestimates
the peak cross section by approximately 2000 b, i.e.,
10%. On the other hand, the present peak cross section
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TABLE V
Resonance Parameters of '8! Ta*
Resonance Energy Capture Kernel
Number Reference J/1 (eV) Iy (meV) gl (meV) (meV)

Present work 4/0 —44.0 (fixed) 55.0 (fixed) 171 £2
JENDL-4.0 4/0 —44.0 55.0 112.5
Present work 3/0 —11.7 (fixed) 55.0 (fixed) 5224+0.19
JENDL-4.0 3/0 -11.7 55.0 9.06

1 Present work 4/0 4.2769 &+ 0.0003 49.1 £0.1 2.075 £ 0.005 1.930 4 0.004
Meaze et al. 4/0 4.3127 £ 0.0003 139.3+£0.5 0.8837 £ 0.001 0.874 4+ 0.001
Belanova et al. — 428 +0.01 65.5 (fixed) 1.81 +0.06 1.73 +0.05
Evans et al. 4/0 4.28 62.1+2.6 2.01 +0.06 1.90 +0.05
Christensen — 4.29 +0.02 — 1.0 —
Wood 4/0 4.282 +0.008 4946 2.19+£03 2.03 £0.26
JENDL-4.0 4/0 428 53.0 1.80 1.70
ENDF/B-VIIIL.0 4/0 4.28 53.0 2.19 2.04

2 Present work 3/0 10.329 +0.001 51.7+0.2 2.202 £+ 0.008 2.006 £ 0.006
Meaze et al. 3/0 10.3991 £ 0.0014 205.4+4.0 0.972 £ 0.003 0.962 £ 0.003
Belanova et al. — 10.37 £0.03 76.5+£3.5 1.68 = 0.07 1.60 £ 0.06
Evans et al. 4/0 10.40 65.0+6.0 2.03+£0.06 1.92 +0.05
Christensen — 10.36 £ 0.05 - 1.3 —
JENDL-4.0 3/0 10.36 65.0 1.75 1.65
ENDF/B-VIILO 3/0 10.34 55.0 2.04 1.88

3 Present work 4/0 13.832 4+ 0.001 51.6+04 0.533 +0.002 0.523 +0.002
Meaze et al. 4/0 13.9270 4 0.0043 1554 +12.2 0.420 4 0.005 0.418 4 0.005
Belanova et al. — 13.89 £ 0.06 574 +3.3 0.50 +0.02 0.49 +0.02
Evans et al. 4/0 13.95 52.0+2.6 0.57 +£0.02 0.56 +0.02
Christensen — 13.9+0.1 — 0.7 —
JENDL-4.0 4/0 13.95 54.0 0.570 0.559
ENDF/B-VIIIL.0 4/0 13.95 52.0 0.570 0.559

4 Present work 3/0 20.293 + 0.001 55.5+0.6 0.456 = 0.001 0.448 +0.001
Meaze et al. 3/0 20.4213 £ 0.0078 195.0 4.3 0.372 +0.004 0.370 = 0.004
Belanova et al. — 20.35 £0.07 51.8+4.5 0.48 £0.02 0.47 £0.02
Evans et al. 3/0 20.2 70+ 6 0.53+0.03 0.5240.03
Christensen — 20.7 — 0.6 —
JENDL-4.0 3/0 20.29 52.0 0.480 0.470
ENDF/B-VIIL.O 4/0 20.3 60.0 0.575 0.565

5 Present work 3/0 22.717 £ 0.002 59.6+2.6 0.0933 &+ 0.0007 0.0930 4 0.0007
Meaze et al. 3/0 22.9437 4+ 0.0020 254.94+10.2 0.183 £ 0.004 0.183 +0.004
Belanova et al. — 22.78 £0.09 65.7 £10.0 0.10 £ 0.01 0.10 £0.01
JENDL-4.0 3/0 22.72 60.0 0.105 0.10
ENDF/B-VIIL.O 3/0 22.7 52.0 0.110 0.25

6 Present work 4/0 23.934 +0.001 543+04 3.21 +£0.02 2.90 +0.01
Meaze et al. 4/0 24.0589 + 0.0011 2522+54 1.478 £ 0.015 1.46 £+ 0.01
Belanova et al. — 24.00 £ 0.09 76.4+7.3 2.53 +0.19 2.39+0.17
Evans et al. 4/0 239 5908 +3.2 33+0.1 3.01 £0.08
Christensen - 242 4+0.2 — 2.5 —
JENDL-4.0 4/0 23.92 62.0 2.90 2.68
ENDF/B-VIILO 3/0 239 53.0 3.25 2.85

(Continued)
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TABLE V (Continued)

ENDO et al.

Resonance Energy

Capture Kernel

Number Reference J/1 (eV) I’y (meV) g, (meV) (meV)

7 Present work 3/0 30.026 + 0.002 61.7+3.5 0.152 +0.001 0.151 £0.001
Meaze et al. 3/0 30.1993 £ 0.0306 403 +2.4 0.121 £ 0.060 0.120 £ 0.060
Belanova et al. — 30.08 £0.12 57.1+16.6 0.15+0.05 0.15 4+ 0.05
JENDL-4.0 3/0 30.02 55.0 0.140 0.139
ENDF/B-VIII.O 4/0 30.0 55.0 0.110 0.110

8 Present work 4/0 34.196 + 0.003 60.0 (fixed) 0.087 £ 0.001 0.087 £ 0.001
Meaze et al. 4/0 34.4917 £+ 0.0249 406.0 3.3 0.791 £0.109 0.79 £0.11
Belanova et al. — 3428 £0.15 60 £+ 10 0.10 +0.02 0.10 +0.02
JENDL-4.0 4/0 34.19 60.0 0.095 0.095
ENDF/B-VIILO | — — — — —

9 Present work 3/0 35.135 +0.002 53.4+0.9 7.27 +0.06 5.55+0.04
Meaze et al. 3/0 35.2938 +0.0071 2232433 3.415£0.057 3.30+0.05
Belanova et al. — 35.16 = 0.20 70 £ 11 52+0.6 444+0.5
Evans et al. 4/0 35.0 636 6.92 +0.23 5.79 +£0.18
JENDL-4.0 3/0 35.14 69.0 8.00 6.32
ENDEF/B-VIIIL.O 3/0 352 65.0 5.30 4.47

10 Present work 4/0 35.905 + 0.002 54.8+1.0 8.89 +0.080 6.90 = 0.06
Meaze et al. 4/0 36.021 + 0.022 251.7+5.3 2.816 £0.077 2.76 +0.07
Belanova et al. — 35.95+0.20 67 +8 6.63 £ 0.60 56+04
Evans et al. 4/0 35.8 71+£7 8.274+0.28 6.85+0.22
Christensen — 36.7£0.3 - 36 —
JENDL-4.0 4/0 359 65.0 8.00 6.56
ENDEF/B-VIII.O 4/0 359 65.0 8.44 6.86

11 Present work 4/0 39.117 £+ 0.002 47.0 £0.5 27.3+0.1 134+ 0.1
Meaze et al. 4/0 39.2182 £ 0.0080 561.2+0.4 6.058 £ 0.515 5.94 +0.50
Belanova et al. — 39.2+0.2 64 +10 23.0£6.0 14.0+2.4
Evans et al. 4/0 39.0 64.3+3.3 249 4+0.5 147+04
Christensen — 394 +£0.5 — 27 —
JENDL-4.0 4/0 39.1 60.0 24.9 14.3
ENDF/B-VIII.0 3/0 39.13 60.0 224 12.1

12 Present work 3/0 49.113 £+ 0.003 46.7 +4.2 0.531 £0.004 0.517 £0.038
Meaze et al. 3/0 49.1832 + 0.0001 49.357 £0.218 0.490 + 0.001 0.479 £+ 0.001
Belanova et al. — 49.23 £0.20 65.5 (fixed) 0.53 £0.07 0.52 £0.07
JENDL-4.0 3/0 49.13 54 0.525 0.514
ENDF/B-VIIIL.O 4/0 49.15 53 0.525 0.516
Present work 4/0 57.53(fixed) 55(fixed) 0.140(fixed)

JENDL-4.0 4/0 57.53 55 0.140
ENDF/B-VIIIL.O 4/0 57.54 56 0.130
Present work 4/0 59.5 (fixed) 55(fixed) 0.065(fixed)
JENDL-4.0 4/0 59.05 55 0.065
ENDEF/B-VIIIL.O 3/0 59.05 56 0.060

13 Present work 4/0 63.094 + 0.004 50.0+2.3 2.90 +0.03 2.63 +0.03
Meaze et al. 4/0 62.979 + 0.0078 213.39 £ 18.74 1.918 £ 0.026 1.89 +0.03
Belanova et al. — 63.22+0.30 65.5 (fixed) 2.30£0.15 2.16 +£0.13
Evans et al. 4/0 62.9 62+7 3.04+£0.2 2.8+0.2
JENDL-4.0 4/0 63.11 64 2.70 2.51
ENDEF/B-VIIIL.O 4/0 63.12 64 2.90 2.68

(Continued)
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TABLE V (Continued)

Resonance Energy Capture Kernel
Number Reference J/1 (eV) Iy (meV) g, (meV) (meV)

14 Present work 4/0 76.834 £+ 0.005 60.9 £2.6 6.28 +£0.08 5.30+0.07
Meaze et al. 4/0 75.7992 £+ 0.0027 36.216 £ 7.064 2418 £0.034 2.16 £0.05
Desjardins et al. | — 76.9+£0.2 69 £ 20 55+09 48+0.7
JENDL-4.0 4/0 76.85 49.0 6.00 493
ENDF/B-VIIL.0 3/0 76.85 48.0 6.00 4.67
Present work 4/0 77.61(fixed) 56 (fixed) 2.50(fixed)
JENDL-4.0 4/0 77.61 56.0 2.50
ENDF/B-VIIL.O 4/0 77.64 54.0 2.80

15 Present work 3/0 78.887 £+ 0.007 55 (fixed) 0.693 £0.010 0.674 £ 0.009
Meaze et al. 3/0 78.4992 + 0.2838 30.456 £ 5.851 1.760 £ 0.001 1.55+0.03
Desjardins et al. | — 79.0£0.2 — 1.1£0.2 —
JENDL-4.0 3/0 78.95 55.0 0.850 0.820
ENDEF/B-VIIL.0 3/0 78.95 56.0 0.850 0.822

16 Present work 4/0 82.885 £ 0.005 48.6 £2.6 7.11 £0.12 5.64+0.10
Desjardins et al. | — 83.0+£0.2 58+8 8§+1 6.4+0.7
Fluharty et al. — 82.7+£14 — 55£2.0 —
JENDL-4.0 4/0 82.92 48 7.00 5.56
ENDF/B-VIILO | 4/0 82.94 52 7.00 5.65
Present work 3/0 85.1 (fixed) 58 (fixed) 2.15 (fixed)
JENDL-4.0 3/0 85.1 58 .0 2.15
ENDF/B-VIIIL.0 3/0 85.1 58.0 2.05
Present work 4/0 85.6 (fixed) 55 (fixed) 0.150 (fixed)
JENDL-4.0 4/0 85.6 55 0.150
ENDF/B-VIILO | 4/0 85.8 56 0.100

17 Present work 3/0 89.574 + 0.007 51 (fixed) 1.70 £ 0.02 1.58 £0.02
Desjardins et al. | — 89.7+0.2 55+18 1.8+0.2 1.7+£0.2
Fluharty et al. — 89.4+1.9 — 22+1.1 —
JENDL-4.0 3/0 89.58 51 1.70 1.58
ENDF/B-VIIL.O 4/0 89.60 55 1.65 1.57

18 Present work 3/0 91.376 4+ 0.008 55 (fixed) 1.16 £ 0.02 1.11 £ 0.01
Desjardins et al. | — 91.5+0.2 — 1.2+0.1 —
Fluharty et al. — 914+19 — 1.0+0.5 —
JENDL-4.0 3/0 914 55 1.15
ENDF/B-VIIL.0 4/0 91.44 56 1.15

19 Present work 4/0 96.942 £+ 0.008 55 (fixed) 1.73 £0.02 1.64 £0.02
Desjardins et al. | — 97.1+0.2 — 20£0.5 —
JENDL-4.0 4/0 96.98 55.0 1.90 1.79
ENDF/B-VIIL.0 3/0 97.0 56.0 1.60 1.50

20 Present work 3/0 99.264 £+ 0.006 504+0.9 57.3+£0.2 159+0.2
Desjardins et al. | — 99.4+0.2 50+ 15 62.5+£12.5 162 £3.7
Firk — 98.8+ 1.0 54 +32 58+8
JENDL-4.0 3/0 99.2 50.0 61.0 16.1
ENDEF/B-VIIL.0 4/0 99.32 50.0 57.5 18.9
Present work 3/0 103.5 (fixed) 55 (fixed) 0.455 (fixed)
JENDL-4.0 3/0 103.5 55.0 0.455
ENDF/B-VIIL.O 3/0 103.5 56.0 0.550

(Continued)
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TABLE V (Continued)

ENDO et al. 799

Resonance Energy Capture Kernel
Number Reference J/1 (eV) I’y (meV) g, (meV) (meV)

21 Present work 3/0 105.47 £ 0.01 39.8+ 1.5 14.6 +0.2 7.94+0.15
Tsubone et al. 3/0 105.57 55 (fixed) 12.76 + 0.07 9.04 £ 0.04
Desjardins et al. | — 105.6 £0.2 46 + 10 16 £2 89+1.1
JENDL-4.0 3/0 105.53 50.0 15.0 8.90
ENDF/B-VIII.O 4/0 105.54 50.0 15.0 9.78

22 Present work 4/0 115.03 £0.01 449+ 14 22.44+0.3 11.9+0.2
Tsubone et al. 4/0 115.14 55 (fixed) 19.57+0.10 11.99 + 0.04
Desjardins et al. | — 1152 +0.2 39+£12 24+3 11£2
JENDL-4.0 4/0 115.08 57.0 222 13.1
ENDF/B-VIII.O 3/0 115.08 57.0 20.5 11.3
Present work 3/0 118.3 (fixed) 55 (fixed) 1.20 (fixed)
JENDL-4.0 3/0 118.3 55.0 1.20
ENDF/B-VIIL.O 4/0 118.3 56.0 1.20

23 Present work 3/0 126.38 £ 0.01 46.6 + 1.8 209 +£0.3 10.3£0.2
Tsubone et al. 3/0 126.50 55 (fixed) 19.84 £0.10 10.87 £ 0.03
Desjardins et al. | — 126.6 0.2 53+10 23+2 12+1
JENDL-4.0 3/0 126.46 54.0 22.0 11.4
ENDF/B-VIILO 3/0 126.46 54.0 22.0 11.4

24 Present work 4/0 136.37 £ 0.01 40.6 £2.2 12.0£0.3 7.89 £0.20
Tsubone et al. 4/0 136.51 55 (fixed) 11.06 + 0.07 8.15+0.04
Desjardins et al. - 136.6 £ 0.3 53£10 13+3 9.1£1.5
JENDL-4.0 4/0 136.45 47.0 12.0 8.25
ENDEF/B-VIIL.O 4/0 136.48 47.0 11.0 7.77

25 Present work 4/0 138.28 £ 0.01 78.9 £ 18.6 5.88+0.4 5.194+0.34
Tsubone et al. 4/0 138.44 55 (fixed) 6.06 = 0.05 5.06 £ 0.03
Desjardins et al. | — 138.5+0.3 66 £ 20 7+1 59+0.8
JENDL-4.0 4/0 138.38 66.0 6.50 5.53
ENDF/B-VIIL.O 3/0 138.33 56.0 6.50 5.31

26 Present work 3/0 144.11 £ 0.03 55 (fixed) 0.770 £ 0.035 0.747 £ 0.033
Tsubone et al. 3/0 144.3 55 (fixed) 8.00 + 0.02 6.00 £ 0.01
Desjardins et al. | — 1443 +£0.3 — 0.90 £0.15 —
JENDL-4.0 3/0 144.24 55.0 9.00 6.55
ENDEF/B-VIILO 4/0 144.2 56.0 0.900 0.875

27 Present work 4/0 148.24 £+ 0.02 55 (fixed) 2.30 £0.07 2.14 £0.06
Tsubone et al. — 148.41 55 (fixed) 2.36 £0.03 2.19+0.03
Desjardins et al. | — 148.5+0.3 — 244025 —
JENDL-4.0 4/0 148.35 55.0 2.30 2.14
ENDEF/B-VIIL.O 3/0 148.31 56.0 2.30 2.10

28 Present work 3/0 149.65 £+ 0.02 55 (fixed) 3.03+£0.08 2.69 £ 0.06
Tsubone et al. — 149.88 55 (fixed) 2.854+0.03 2.554+0.02
Desjardins et al. | — 149.5+0.3 — 3.0£03 —
JENDL-4.0 3/0 149.8 55.0 2.90 2.59
ENDEF/B-VIILO 4/0 149.7 56.0 2.75 2.53

*J and [ are the spin and orbital angular momentum. The number in the first column corresponds to the resonance number in Fig. 13.
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Fig. 13. Ratio of the capture kernel of the previous
experiments and evaluated libraries to that of the present
results. The resonance number is defined in Table V.

was roughly the same as that of ENDF/B-VIIIL.O, but the
resonance energy was slightly different. In some
resonances, the asymmetric shapes in the residual are
found due to change of the resonance energy as seen at
the 14-eV resonance.

VI. CONCLUSION

The neutron total and capture cross sections of nat-
ural Ta were measured at ANNRI of MLF in J-PARC to
improve the accuracy of the resonance parameters of
181Ta, Three natural Ta samples with thicknesses of 25
um, 100 um, and 2-mm were used in the transmission
measurements, and a 6-pm-thick sample was used in the
capture cross-section measurement. The PHWT was
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Fig. 14. Comparison of the capture cross section of the
present results and evaluated libraries for the 4.3-eV reso-
nance. The residual is defined as (Gevauation — Opresent)/

Opresent

applied to derive the neutron capture cross section, and
the thermal-neutron capture cross section was determined
as 21.3 +0.3 (stat) £ 0.6 (sys) b. The resonance para-
meters of 28 resonances below 150 eV were evaluated
from the simultaneous fit of the transmissions and the
capture cross section using REFIT. This result will con-
tribute to improve the reliability of the nuclear data
library in the future.
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APPENDIX

ESTIMATION OF THE UNCERTAINTY ON THE BEAM
INTENSITY FLUCTUATION CAUSED BY SCATTERING WITH
THE AIR

Neutrons mainly react with the atoms of nitrogen
(N), oxygen (0O), and hydrogen (H) present in the air.
The atomic density can be calculated from the atmo-
spheric pressure P (Pa), the humidity Ry, and the tem-
perature T (K). Assuming the ideal gas, the pressure was
related to the molecular density 7,, (mol/m?) as

P =n,RT | (A.1)
where R = 8.31 (Pa - m*/K - mol) is the gas constant. The

saturated vapor pressure of water e(7) (Pa) can be calcu-
lated approximately as?®!"!

17.27(T —273.15
e(T) =610.78 exp( ( )) ,

A2
T —3585 (A-2)

and the molecular density of water vapor in the air is
calculated from Eq. (A.1) as

n'20 = Rye(T)/RT . (A.3)

where Ry is the humidity. Based on these formulas, the
atomic densities nx, 7o, and ny (mol/m?) were obtained as

ny = 1.6P/RT | (A4)
no = 0.4P/RT + Rye(T)/RT (A.5)

Here, the abundance ratio O, : N, = 2 : 8 was used. The
transmission 7,; passing the 7-m air region can be cal-
culated from

Tair = exp(—7(nnoN + 1060 + nuoH)) (A7)
where oy, 0o, and oy are the total cross sections. In this
estimation, the neutron energy dependence of the cross sec-
tion was not considered, and the cross sections were used at
thermal neutron energy. In these nuclei, the total cross section

is almost flat from 0.1 to 150 eV because the potential
scattering reaction is dominant and the resonances do not

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 198 - APRIL 2024

TABLE A

The Transmission of the Air Region T;,

P(h-Pa)
980 | 990 | 1000 | 1010 | 1020
Ry (%) | 20 | 0.702 | 0.700 | 0.697 | 0.695 | 0.692
40 | 0.700 | 0.697 | 0.695 | 0.692 | 0.690
60 | 0.697 | 0.695 | 0.692 | 0.690 | 0.687
80 | 0.695 | 0.692 | 0.690 | 0.687 | 0.685
100 | 0.692 | 0.689 | 0.687 | 0.685 | 0.682

existed. Table A.I shows the transmission 7, in each atmo-
spheric pressure and humidity at 7 = 293.15 K (20°C).

If the humidity changes by 20% or the atmospheric
pressure changes by 10 h-Pa, the transmission changes by
about 0.3%. Based on observations at a weather station
located near J-PARC, we determined that the humidity and
the pressure may have varied about those during the experi-
ment. It was therefore decided to add 0.3% as the beam
intensity uncertainty.
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