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Abstract New neutron transmission data at resonance
energies using a 197Au sample were measured using an
early version of the Device for Indirect Capture Experiments
on Radionuclides (DICER), which is under development at
the Los Alamos Neutron Science Center (LANSCE). These
data were combined with previous neutron transmission and
capture data in a simultaneous R-matrix analysis to extract
improved neutron resonance parameters for this nuclide. As a
result, total radiation widths, Γγ , were obtained for 33 J = 1
and 44 J = 2 197Au+n resonances. Γγ distributions for these
two spins states were compared to distributions calculated
according to the nuclear statistical model using published
nuclear level density (NLD) and photon strength functions
(PSF) measured using the Oslo technique. The calculated
distributions were found to be narrower and the average val-
ues for the two spins states closer together than the data. The
calculation can be brought into agreement with the data by
substantial modifications to the spin distribution in 198Au as
a function of excitation energy. As far as we know, the spin
distribution currently is otherwise poorly constrained. The
modified spin distribution changes the shapes of the NLD
and PSF extracted using the Oslo technique and so could
have broad implications.

1 Introduction

Average s-wave neutron resonance spacings D0 and total
radiation widths 〈Γγ,0〉 are routinely used to calibrate nuclear
level densities (NLDs) and photon strength functions (PSFs)
obtained with the Oslo technique [1]. However, there is more
information beyond D0 and 〈Γγ,0〉, so it is possible to use
additional pieces of the neutron resonance data to test other
calibrations as well as assumptions inherent in the extraction
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of NLDs and PSFs from the Oslo data. For example [2], the
distribution of total radiation widths can be calculated, in
the framework of the nuclear statistical model (NSM), using
the same NLD and PSF which were calibrated using D0 and
〈Γγ,0〉 from the same neutron resonance data set. Recently
published NLDs [3] and PSFs [4] for 198Au, together with
improved Γγ values from our simultaneousR-matrix analysis
of new neutron total cross section data and previous neutron
total [5] and capture [6] data make possible such a test for
198Au as described herein.

2 New 197Au+n neutron transmission measurements

We have been developing [7] the Device for Indirect Neu-
tron Capture Experiments on Radionuclides (DICER) at the
Los Alamos Neutron Science Center (LANSCE), to tightly
constrain (n,γ ) cross sections on short-lived radionuclides by
measurement and analysis of resonance neutron total cross
sections on very small samples of the same nuclides.

As DICER is developed, we have been making test mea-
surements with smaller and smaller samples. One of the first
tests used a 197Au sample which was 0.00169 at/b thick. A
collimator 6 mm in diameter defined the neutron beam at the
sample 30 m from the neutron-production target. Neutrons
were detected with a 6Li-glass scintillator 64.4 m from the
neutron-production target. Separate measurements with no
sample as well as with thick Bi, Cu, and Tm samples were
made with the same apparatus to measure and subtract back-
grounds and subsequently calculate the transmission (total
cross section).

Data were taken at the standard- (ΔtPSR = 125 ns) and
reduced-width (ΔtPSR = 30 ns) proton pulses from the pro-
ton storage ring (PSR) at LANSCE to quantify the improve-
ment in resolution resulting from shorter pulses. Data taken
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Fig. 1 197Au neutron capture
data from n_TOF [6] (upper
panel with scale on the right)
and new transmission data from
DICER (lower panel with scale
on the left) in the energy range
from 2.70 to 2.91 keV. Also
shown are SAMMY R-matrix
descriptions of the data using
the latest ENDF parameters [9]
(dashed red curves) and from
this work (solid black curves).
There are no GELINA
transmission data in this energy
range

with the shorter pulse width had significantly improved reso-
lution and so these data were used in the subsequentR-matrix
analysis. The new neutron production target [8] currently
being installed at LANSCE is expected to result in dramati-
cally better resolution, especially at shorter PSR pulse widths,
due to an improved, more compact, moderator.

Initial comparison of the new DICER data to the latest
ENDF evaluation [9] revealed several differences. Therefore,
a new R-matrix analysis was undertaken as described in the
next section.

3 R-matrix analysis

A simultaneous R-matrix analysis of our new transmission
data as well as recent transmission data [5] from GELINA
and capture data [6] from n_TOF was undertaken using theR-
matrix program SAMMY [10]. In total, 281 resonances were
fitted between 4.9 eV and 5 keV. Good fits were obtained to all
three data sets. In contrast, the latest ENDF [9] parameters
provide a poor description of the data in many instances.
Agreement between ENDF and the data is particularly poor
over energy regions where there are no data from Ref. [5], for
example as shown in Fig. 1. In addition, agreement between
ENDF and the capture data is rather poor in many cases,
even in energy regions where there are data from Ref. [5], as
shown in Fig. 2.

For this work, we are concerned with resonances hav-
ing firm spin assignments. Even in these cases, ENDF [9]
resonance parameters often do not result in good fits to the
capture data. For example the resonance near 293 eV has
been assigned firm J = 2 [11,12], but as shown in Fig. 3
the latest ENDF parameters [9] result in a poor fit to the
capture data. The resonance parameters of Ref. [12] result

in an even worse fit to the capture data for this and many
other resonances. It appears that the relatively poor agree-
ment between the capture data and ENDF and Ref. [12] for
this and several other resonances resulted from restricting the
Γγ values to a fairly narrow range. This common practice of
restricting the range of Γγ values is motivated by theory (e.g.
see Ref. [13]) and may be justified when the data are limited
or of relatively poor quality. However, in the present case
this practice not only results in poorer agreement with the
neutron cross-section data but also nullifies the usefulness of
the resulting resonance parameters for testing and improving
theory.

Reliable Γγ values for testing the NLD and PSF data could
be obtained only for the subset of resonances for which the
spins were known and for which the neutron widths were
large enough for Γγ to be determined with sufficient accu-
racy. Spins have been determined for 99 resonances below
2150 eV in Refs. [11,12] as given in Tables 1 and 2 of
Ref. [12]. The 53 resonance spins in the former table were
assigned in Ref. [12] whereas the 46 spin assignments in the
latter table are from Ref. [11]. Of these 99 cases, there were
77 (33 Jπ = 1+ and 44 Jπ = 2+) resonances for which Γγ

could be obtained with reasonable accuracy (relative uncer-
tainty less than 25%) in this work.

Cumulative Γγ distributions for these two subsets of reso-
nances are shown in Fig. 4. Quantitative comparison of these
data to NSM predictions is facilitated by using the maximum-
likelihood (ML) technique to calculate most likely values for
the averages and widths of the Γγ distributions for each of the
two spins. These distributions are expected [13] to be very
close to Gaussian in shape (well described by χ2 distribu-
tions with many degrees of freedom). Using Gaussian rather
than a χ2 distribution allows straightforward inclusion of
uncertainties in the ML analysis [14]. Resulting values from
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Fig. 2 197Au neutron capture
data from n_TOF [6] (upper
panel with scale on the right),
new transmission data from
DICER (middle panel with scale
on the left), and transmission
data from GELINA [5] (lower
panel with scale on the right) in
the energy range from 2.10 to
2.17 keV. Also shown are
SAMMY R-matrix descriptions
of the data using the latest
ENDF parameters (dashed red
curves) and from this work
(solid black curves)

Fig. 3 197Au neutron capture
data from n_TOF [6] (upper
panel with scale on the right),
new transmission data from
DICER (middle panel with scale
on the left), and transmission
data from GELINA [5] (lower
panel with scale on the right) in
the energy range near the
293-eV J = 2 resonance. Also
shown are SAMMY R-matrix
descriptions of the data using
the latest ENDF parameters [9]
(dashed red curves) and from
this work (solid black curves)

this ML analysis are given in Table 1. The second column in
this table contains the difference between the mean values of
the distributions for the two spins whereas columns 3 and 4
contain the standard deviations of the distributions for J = 1
and J = 2 resonances, respectively. The procedure for cal-
culating Γγ distributions in the framework of the NSM and
comparison of the results of these calculations to the data are
described in the next section. We compare the NSM results
to the measured difference between the means of the two
distributions because each NSM calculation is normalized to
the overall mean Γγ .

4 Statistical model calculation and results

Given a PSF and NLD, it is straightforward [2] to calculate
Γγ distributions in the framework of the NSM. The total
radiation width Γγ is the sum of all partial radiation widths
Γγλ f (XL) between resonance λ and final level f which can
be reached by a transition of type X (electric or magnetic)
and multipolarity L ,

Γγ =
∑

f

∑

XL

Γγλ f (XL).
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Fig. 4 Measured (blue circles
and red X’s) and simulated
cumulative total radiation-width
distri-butions for 197Au J=1 and
2 neutron resonances. The
calculations were performed
using the published Oslo NLD
and PSF (short-dashed light blue
and long-dashed light red
curves) and modified NLD and
PSF calibrated using alternative
spin distribution A4 shown in
Fig. 5 (dot-dashed dark blue and
solid dark red curves)

Table 1 Gaussian Γγ

distribution parameters from
ML analysis of the data, with
one-standard-deviation
uncertainties, (row 1) and NSM
calculations (rows 2–6). σG is
the standard deviation of the
assumed Gaussian distribution

Case 〈Γγ,0〉J=1 − 〈Γγ,0〉J=2 (meV) σG,J=1 (meV) σG,J=2 (meV)

Data 21.8± 4.9 24.1± 3.1 16.3± 1.8

Oslo 7.7 14.8 12.5

A1 11.4 13.3 10.4

A2 13.4 22.2 14.7

A3 14.8 18.8 12.8

A4 13.5 23.7 16.6

The NSM assumes the partial radiation widths follow a
Porter-Thomas distribution (PTD) [13] around their expec-
tation value,

〈Γγλ f 〉 = fX L(Eγ )E3
γ

ρ(Eλ, Jλ, πλ)
,

where Eγ = Bn − E f is the γ -ray energy, ρ(Eλ, Jλ, πλ) is
the NLD of resonances with spin Jλ and parity πλ at energy
Eλ, and fX L(Eγ ) is the PSF for XL transitions.

Calculating a Γγ distribution then involves the following
steps. A complete level scheme above a critical excitation
energy Ec is generated according to the NLD. Below Ec

(0.626 MeV for 198Au), values of E f , J f , and π f determined
from experiments are used. Spin and parity selection rules are
properly taken into account for individual transitions. Par-
tial radiation widths are then calculated by random sampling
from PTDs characterized by the corresponding expectation
values. To obtain a distribution of Γγ values, this process is
repeated numerous times using the same level scheme but
new PTD sampling each time.

Results of calculating Γγ distributions for 1+ and 2+ res-
onances in 198Au using published NLDs [3] and PSFs [4]
measured with the Oslo technique are compared to our new

data in Fig. 4. From this figure and the quantitative results
in Table 1, it can be seen that the calculated distributions are
significantly narrower and closer together than the data.

The NLD and PSF extracted from the Oslo technique was
calibrated using (1) the known levels near the ground state,
(2) the average resonance spacing for s-wave-resonances near
the neutron separation energy, D0, (3) the average total radia-
tion width for these same resonances, 〈Γγ 0〉, and (4) a model
for the spin distribution as a function of excitation energy.
These calibrations affect the slopes of the NLD and PSF and
consequently the widths of the Γγ distributions as well as
the distance between the mean values of the distributions for
the two spins. In the present case, the first three calibrations
are fixed by data from previous (1) and the present (2 and 3)
work. Below, we describe how the Oslo NLD and PSF can be
adjusted, within the confines of the technique, the data, and
the spin-distribution model, to obtain agreement between the
NSM calculation and Γγ distribution data.

The fact that Γγ distributions have finite width is a conse-
quence of Porter-Thomas fluctuations but the magnitude of
the width (as well as the distance between the distributions
for the two spins) depends on details of the NLD and PSF.
Transitions to levels near the ground state tend to have the

123



Eur. Phys. J. A (2022) 58 :195 Page 5 of 7 195

Fig. 5 Various values of the
spin-cutoff parameter, as a
function of excitation energy,
used in the NSM calculations of
the Γγ distributions. See text for
details

greatest influence on the width of the distribution because
they have the largest partial widths. The spin distribution of
the NLD can affect the width of the Γγ distributions in sev-
eral ways. For example, increasing the number of levels of
a given spin (to which resonance transitions can occur) near
the ground state can make the distribution narrower because
the fluctuations will be damped by averaging over more con-
tributions. The spin distribution also affects the slope of the
PSF, which affects the widths of the Γγ distributions. For
example, a PSF with steeper energy dependence (due to a
broader spin distribution at higher excitations) can lead to a
wider Γγ distribution, by increasing the relative sizes of the
largest partial widths.

The spin distribution of the NLD also affects the sep-
aration between the Γγ distributions for the two s-wave-
resonance spins in at least two ways. First, the expectation
value is inversely proportional to the average level density,
ρ(Eλ, Jλ, πλ), for resonances of a given spin. Because there
are more J = 2 than J = 1 resonances, the expectation
value is smaller for the larger spin and hence the cumulative
distribution for J = 2 is, on average, to the left of the J = 1
distribution in Fig. 4. In the present work, this component is
fixed because the relative number of resonances of the two
spins is obtained from our R-matrix analysis.

The second way the spin distribution affects the separa-
tion between the Γγ distributions for the two spins is through
the relative number of J = 0 to J = 3 final states. This is
because, assuming dipole transition dominate, only J = 1
(J = 2) resonances can decay to J = 0 (J = 3) lev-
els. Therefore, increasing the number of J = 0 relative to
J = 3 levels, especially near the ground state where the cor-
responding partial widths are larger, will increase the sepa-

ration between the two Γγ distributions. On the other hand,
too many low-spin levels near the ground state can lead to
a narrowing of the distributions as explained above. So, the
spin distribution is constrained in opposite directions by the
widths and relative spacing between the Γγ distributions for
the two s-wave-resonance spins.

The spin distribution typically is parameterized in terms
of the spin-cutoff parameter σ ,

ρJ = 2J + 1

2σ 2 e− J (J+1)

2σ2 ρ,

where σ is a function of excitation energy. Within the frame-
work of this model, we explored three changes to to spin
distribution as a function of excitation energy to obtain bet-
ter agreement with the Γγ distribution data shown in Fig. 4.
Four models (A1 through A4) for the spin cutoff parameter
as a function of excitation energy exploring these changes,
as well as the model used in the Oslo analysis, are shown in
Fig. 5.

First, we tried reducing the spin cutoff parameter at low
excitation σ(0), from the Oslo value of 3.56 to 2.37 (models
A1, A3, and A4). As shown in Fig. 6, the known levels below
Ecut = 0.626 MeV favor this change. As explained above,
this change increased the separation between the simulated
Γγ distributions for the two spins by increasing the relative
number of J = 0 to J = 3 levels at lower excitation energies.
Second, we explored increasing the spin cutoff parameter
at the neutron separation energy (models A2, A3, and A4),
σ(Sn), from 5.08 to 8.43. As explained above, this change
broadens the Γγ distributions. Third, we tried using a steeper
energy dependence [15] of the spin cutoff parameter (model
A4) rather than the more standard [16] energy dependence
used in the Oslo analysis (and models A1, A2, and A3). This
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Fig. 6 Spin distribution for
known levels in 198Au below
Ecut = 0.626 MeV (black
circles) together with the spin
distribution used in Ref. [4]
(dashed blue curve) and our fit
to these data using the standard
formula (solid red curve)

change also broadens the Γγ distributions. As far as we know,
these changes are all within what is allowed by the available
data.

As can be seen from Table 1, model A4 produces Γγ distri-
butions in best agreement with the data, although models A2
and A3 also are withing two standard deviations of all three
parameters extracted from the data. These results, together
with the data shown in Fig. 6, suggest that σ(0) (σ(Sn)) is
significantly smaller (larger) than used in the Oslo analysis
and hence both the NLD and PSF are steeper than the pub-
lished versions [3,4].

It also is possible to broaden the NSM-calculated Γγ

distributions by using a partial radiation width distribution
broader than the PTD. Reduced neutron widths for nearby Pt
isotopes have been shown [17] to have a broader distribution
excluding the PTD with high confidence. However, changing
the NSM calculation in this way does not affect the distance
between the means of the distributions for the two spins and
hence cannot by itself reconcile the NSM calculations with
the data of the present work.

5 Conclusions

Distributions of total radiation widths for 197Au neutron res-
onances were obtained from simultaneous R-matrix analy-
sis of new data from DICER as well as previous data from
n_TOF and GELINA. These data were compared to calcu-
lated distributions in the framework of the NSM using pub-
lished NLDs and PSFs measured using the Oslo technique.
There were significant differences between the measured and
calculated distributions. We obtained agreement with the data
by adjusting the spin distribution of the NLD. As far as we

know, the spin distribution is otherwise poorly constrained,
except at very low excitation in 198Au. The technique we
used is applicable to other nuclides for which there are high-
quality neutron-resonance data and could be used to obtain
much better constraints on the nuclear spin distribution as a
function of excitation energy. As the spin distribution affects
the shapes of the NLD and PSF extracted using the Oslo
technique, this work could have broad implications.
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