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The level density and y-ray strength function in the quasi-continuum of 23Np have been measured using the
Oslo method. The level density function follows closely the constant-temperature level density formula and
reaches 43 million levels per MeV at S, = 5.488 MeV of excitation energy. The y-ray strength function displays
a two-humped resonance at low-energy as also seen in previous investigations of Th, Pa and U isotopes. The
structure is interpreted as the scissors resonance and has an average centroid of wsg = 2.26(5) MeV and a total
strength of Bsgr = 10.8(12) ;L}%,, which is in excellent agreement with sum-rule estimates. The scissors resonance
is shown to have an impact on the 237Np(n7 7)238Np cross section.

PACS numbers: 23.20.-g,24.30.Gd,27.90.+b

I. INTRODUCTION

Atomic nuclei in the actinide region are believed to be syn-
thesized in explosive stellar environments purely by the rapid
neutron-capture process. Therefore, to predict their abun-
dances found on Earth [1, [2]], one has to know the various
reaction rates for all isotopes including the ones with extreme
neutron excess. Reaction rates are also vital for the model-
ing of future and existing nuclear reactors [3| |4]. It is par-
ticularly important to ensure a reliable extrapolation in cases
where measured data are insufficient or lacking.

The 2’Np isotope with a half-life of 2.14 million years is
one of the main constituents in nuclear spent fuel. In the for-
mer US high-level waste repository in the Yucca Mountain,
Nevada, about 40 tons of 237Np are stored [3], and it is of great
interest to find methods for transmuting this type of radioac-
tive waste. In order to obtain high transmutation efficiency,
the neutron fission-to-capture ratio should be determined for
the particular isotope as function of neutron energy. Hence,
accurate fission and capture cross sections are necessary to
make reliable predictions [6].

The nuclear level density and y-ray strength function (ySF)
are important inputs in statistical Hauser-Feshbach reaction-
rate calculations. These functions describe the average prop-
erties of excited nuclei in the quasi-continuum region, where
the number of levels is too high to study individual states and
their transitions. Here, the Oslo method [[7, [8]] has been shown
to be an excellent tool to determine simultaneously the level
density and the 7y-ray strength function (ySF).

Recently, the Oslo method was applied to the 23!=233Th,
232.233py apnd 237-29y isotopes [9H11]]. The level densities
of all eight actinides follow closely the constant-temperature
level density formula. Furthermore, a large scissors resonance
(SR) was observed in the ySF with a y-energy centroid at
WsR ~ 2.4 MeV. This extra y strength enhances the decay with
¥ rays relative to other decay branches such as particle emis-
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sion or fission.

One would expect that the SR is present throughout the
region of well-deformed actinides. The n_TOF collabora-
tion [12]] has recently reported on (n,y) experiments on the
234y, 2'Np and *°Pu isotopes. They verify a low-energy
structure in 235U and 2*!Pu, but not in 238Np, a result which
is rather surprising. The odd-odd Z*®Np nucleus has the same
gross properties as other actinides, and the Oslo group has
confirmed that the structure also appears in the odd-odd >3*Pa
nucleus [11]. Thus, the n_TOF results on 23¥Np have triggered
us to investigate this case further.

The main purpose of the present work is to search for the
SR in 2*¥Np and to determine the total level density and ySF.
Furthermore, we present for the first time (n, y) cross-section
from Hauser-Feshbach calculations using the measured level
density and ySF as inputs. The calculations are compared with
known (n,7) data from literature.

The manuscript is organized as follows. Section II de-
scribes briefly the experimental methods, and in Sect. III the
extraction and normalization of the level density and ySF are
discussed. In Sect. IV the SR is presented, and extracted res-
onance parameters are compared to previous results and sum-
rules estimates. In Sect. V the measured level density and
VSF are used as inputs to Hauser-Feshbach calculations in or-
der to estimate (n,¥) cross sections. Conclusions are drawn in
Sect. VL.

II. EXPERIMENT

The experiment was performed with the MC-35 Scan-
ditronix cyclotron at the Oslo Cyclotron Laboratory (OCL).
The 2¥’Np target (thickness 0.200 mg/cm? and enrichment
99%), which had a carbon backing (thickness 0.020 mg/cm?),
was bombarded with a 13.5 MeV deuteron beam. Particle-y
coincidences were measured with the SiRi particle telescope
and the CACTUS y-detector system [[13} [14]].

The 64 SiRi telescopes were placed in backward direction
covering eight angles from 6 = 126° to 140° relative to the
beam axis. This configuration was chosen to reduce the in-
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FIG. 1: (Color online) Initial excitation energy E versus y-ray energy E, from particle-y coincidences recorded with the 23"Np(d, py)*8Np
reaction. The raw 7y-ray spectra (a) are first unfolded by the Nal response function (b) and finally the primary or first-generation y-ray spectra
(c) are extracted as function of excitation energy E. The excitation and 7y energy axis have dispersions of 14.0 keV/ch and 30.4 keV/ch,

respectively.

tense elastically scattered deuterons and to obtain a broad and
rather high spin distribution that matches better to the spin dis-
tribution of available states in the quasi-continuum. The front
and back detectors have thicknesses of 130 ym and 1550 um,
respectively. The CACTUS array consists of 28 collimated
5" x 5" Nal(Tl) detectors with a total efficiency of 15.2% at
E,=1.33 MeV.

The E back detectors were used as master gates and the
start for the time-to-digital-converter (TDC). One or more of
the Nal detectors were used as individual TDC stops. In this
way, prompt particle-y coincidences with background subtrac-
tion could be sorted event by event. The proton events were
selected by setting proper 2-dimensional gates on the 64 AE-E
matrices. From the kinematics of the reaction, the proton en-
ergies deposited in the telescopes were translated into initial
excitation energy E in the residual > Np nucleus.

Figure [T] shows the first main steps of the Oslo method.
After sorting the data into a raw matrix of initial excitation
energy versus the Nal energy signal (a), the matrix is un-
folded [15] using the Nal response function for each excita-
tion bin (b). In panel (c) the first-generation (primary) y-ray
matrix P(E,Ey) is shown. Here, an iterative subtraction tech-
nique was applied to separate out the distribution of the first-
generation s from the total y cascade [16]. The technique
is based on the assumption that the y distribution is the same
whether the levels were populated directly by the nuclear reac-
tion or by y decay from higher-lying states. This assumption is
necessarily fulfilled when states have the same relative proba-
bility to be populated by the two processes, since y-branching
ratios are properties of the levels themselves.

The first generation matrix P is built from the total ma-
trix Pyen>o of Fig. |I| (b), where all ys of all cascade are in-
cluded. The matrix with higher generations Pyep- is obtained
by weighting and summing the spectra at lower excitation en-
ergy. In principle, the first-generation matrix Pyen—1 is identi-

cal to the proper weighting function and obtained by an itera-
tive procedure described in detail in Ref. [16]].

The number of counts in the second or higher-generation
spectra Agen>1 has to relate to the counts of the total spectrum
Agen>0. Since the ¥ multiplicity of the first-generation spectra
equals unity, we find

My(E) -1

W gen>0- (D

Agen>1 =

Provided, that we have a correct normalization of the counts
in the Pgen>1 matrix, the primary matrix is given by P =
Poen>0 — Peen>1. The average y multiplicity from initial ex-
citation energy E is given by

My(E) = ——= (2)

where (Ey(E)) is the centroid of the total y spectrum [Fig.
(b)] at E.

Figure |Z| shows the y multiplicity for £y > 0.45 MeV as
function of initial excitation energy E. At the lower excitation
energies, the multiplicity is seen to fluctuate since the decay
routes become increasingly dependent on available levels of
certain spin/parity and structure when approaching the ground
state. Above E =2 — 3 MeV, the decay seems to reveal a sta-
tistical behavior. To proceed with the Oslo method, we use
only the region E = 3.0 — 5.7 MeV of the first generation ma-
trix of Fig.[T] (c).

According to the Brink hypothesis [[17], the y-ray transmis-
sion coefficient .7 is approximately independent of excitation
energy. Thus, the first-generation matrix P(E, Ey) may be fac-
torized as follows:

P(E,Ey) < T (Ey)p(E — Ey), 3)
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FIG. 2: Gamma-ray multiplicity for Ey > 0.45 MeV as function of
excitation energy E in 238Np.

where p(E — Ey) is the level density at the excitation energy
after the first y-ray has been emitted in the cascades. This fac-
torization allows the disentanglement of the level density and
Y-ray transmission coefficient. Note that no initial assump-
tions are made regarding to the functional form of .7 and p.
However, the least-square fit of .7 p to the measured matrix P
[see Eq. (3)] determines only the functional form of .7 and p;
if one solution of the functions .7 and p is known, one may
construct infinitely many identical fits to the P(E, Ey) matrix
by

Aexplol(E —Ey)|p(E — Ey), 4)
Bexp(QEy) T (Ey). (5)

ﬁ(EjEy)

T (Ey)

The transformation parameters A, o and B have then to be
determined from other data, which is discussed in the next
section.

III. NORMALIZATION

We need to find the A and & parameters of Eq. (@) in order
to determine the level density. The two normalization points
are determined at low excitation energy from the known level
scheme [18]] and at high energy from the density of neutron
resonances following thermal (n, y) capture at the neutron
separation energy S,. Here, the upper data point p(S,) is esti-
mated from ¢ = 0 neutron resonance spacings Dy taken from
RIPL-3 [19] assuming a spin distribution [20]

2141

g(E =8y,I) ~ 552

exp[—(I+1/2)*/26].  (6)
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FIG. 3: (Color online) Level density for 23%Np. The experimen-
tal data are normalized to the level density of known discrete lev-
els at low excitation energy E (red solid line) and the level density
extracted from known neutron resonance spacings Dy at the neutron
separation energy Sy,. The connection between p(S,) (the upper right
data points) and our experimental data are made with a constant-
temperature formula with Tor = 0.43 MeV. The odd-odd Z3¥Np nu-
cleus has an extreme high level density of ~ 43 million levels per
MeV at the neutron separation energy of S, = 5.488 MeV.

The spin-cutoff parameter was determined from the global
systematic study of level-density parameters by von Egidy
and Bucurescu, who use a rigid-body moment of inertia ap-
proach [21]:

62 = 0.0146453 LT V1 T4aU ”é+4“U7
a

)
where A is the mass number, a is the level density parame-
ter, U = E — E| is the intrinsic excitation energy, and E| is the
back-shift parameter. Table[[]lists the Dy, o and p values at S,
used to determine the level density. The a and E| parameters
are taken from Ref. [21]. One should note that the spin distri-
bution at such high excitation energies is not well known, and
thus imposes a systematic uncertainty on our results.

Figure [3] demonstrates how the level density is normalized
to the anchor points at low and high excitation energies. The
level density follows closely the constant temperature formula
with Inp o< E/Tct as also measured for other Th, Pa and U
isotopes [[LO]. It is interesting to see that only a small frac-
tion of the levels, even at low excitation energies, have been
observed in the odd-odd 2**Np. The reason is of course the
very high level density, e.g. at 1 MeV of excitation energy the
average distance between levels is ~ 1 keV, only.

The level density is closely related to the entropy of the
system, from which thermodynamic quantities such as tem-
perature and heat capacity can be extracted. This will not be



TABLE I: Parameters used to extract level density and ySF (see text).

Sn a E, G(Sn) Dy P(Sn) p(Sn)red <FY(Sn)>
(MeV) (MeV~!) (MeV) (eV) [(10°MeV~!) (10°MeV—")| (meV)
5488 2596 -0.84 8.28 0.57(3)| 43.0(78) 22 40.8(12)
further elaborated here since the properties of the level density
function observed for 2*Np are very similar to those observed
for 237—239U [10] 10% GEDR
The light-ion (d, p) reaction used in this work may not pop- S.(%Np)

ulate the highest spins levels available in the nucleus, which
in turn could influence the shape of the observed primary y
spectra P. Since the transmission coefficient .7 is assumed
to be independent of spin, the observed P matrix should be
fitted with the product .7 p.q, where the reduced level den-
sity is extracted by assuming a lower value of p at S,. Since
there are uncertainties in the total p(S,) through the estimate
of o and also the actual spin distribution brought into the nu-
clear system by the specific reaction, the extracted slope of .7
becomes rather uncertain.

The parameter B controls the scaling of the transmission
coefficient .7 (Ey). Here we use the average, total radiative
width (I'y) at S, assuming that the y-decay is dominated by
dipole transitions. For initial spin / and parity 7, the width is
given by [22]]

1 i
(Ty) = 7P (Snl ) ﬂ); /o dEyBT (Ey)

xp(Sn— Ey,Ir), ®)

where the summation and integration run over all final levels
with spin I that are accessible by E1 or M1 transitions with
energy Ey.

Since our spin distribution for the reaction is likely to be
lower than the spin distribution of the available levels, the
standard normalization procedure of the Oslo method (7} [23]]
to determine the ¢ parameter for the transmission coefficient
in Eq. (3] is not reliable. Instead we compare the YSF with the
extrapolation of known data from photo-nuclear reactions.

The ySF for dipole radiation can be calculated from the
transmission coefficient .7 (Ey) by [19]

riE) = 75,

2t Ej ®

These data are compared with the strength function derived
from the cross section ¢ of photo-nuclear reactions by [[19]

1 o(Ey)
3n2h%c2 Ey

f(Ey) = (10)

where the factor 1/372h%c? takes the value 8.6737 x
1078 mb~'MeV~2. In Fig. 4| the ySF derived from 23'Np(y,
X) cross section by Berman et al. [24] is shown (x means all
possible ejectiles, as well as fission fragments). We assume
that this strength do not vary much from 23’Np to 23¥Np, as
pointed out for the two 23¢238U isotopes [[11]].

(d, p) ***Np, present exp.

(v, x) ®"Np, Berman (1986)
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FIG. 4: (Color online) Experimental ySF from the present
(d, p)*38Np experiment (black filled squares) compared with the es-
timated underlying ¥SF (red curve), which represents the strength
expected without the SR. The (7, x) data (black filled triangles) are
taken from Berman et al. [24].

Since our data cover Y energies below S,,, we have to extrap-
olate the (7, x) data to lower energies. For the double-humped
giant electric dipole resonance (GEDR) we fit the data with
two enhanced generalized Lorentzians (EGLO) as defined in
RIPL [19]], but with a constant temperature parameter of the
final states T, in accordance with the Brink hypothesis. In ad-
dition the (7, x) data [24] reveal a knee at around 7.5 MeV in-
dicating a resonance-like structure (labeled pygmy?2 in Fig. ).
We also note the steep flank of our ySF data from 4 to 5 MeV
of v energy. In order to match this increase in the ySF an-
other pygmy is postulated at around 5.5 MeV. The two pygmy
resonances are described by simple Lorentzians:

2
f _ 1 prgrpygEY (11)
P S (B - 05 T

The sum of the two GEDR and the two pygmy ySFs are shown
as a solid red curve in Fig. 4| The four sets of resonance pa-
rameters are listed in Table

We have also tested another approach of modeling the ySF
in the 4 - 8 MeV region. One broad Gaussian shape at
6.5 MeV gives approximatelly the same fit to the available
data. However, we feel that there are no arguments to adopt a
Gaussian shape for a resonance structure. Since the choice of
one broad Lorentzian fails to reproduce the data, we keep to
the assumption of two narrow pygmys as shown in Fig. 4]

Provided that the extrapolation in Fig. ] (red solid curve)



TABLE II: Resonance parameters used for the ySF extrapolation.
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(MeV) (mb) (MeV)|(MeV) (mb) (MeV)|(MeV)|(MeV) (mb) (MeV)|(MeV) (mb) (MeV)

113 970 3.0 | 146 1520 4.4

55 50 07 7.5 60 1.4

x10°

E=3.0-57 MeV

(d,p)***Np

YSF (MeV™)
N
o

10

_Z_?_ ==~

\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\l\
056 1 15 2 25 3 35 4

y-ray energy Ey (MeV)

TTT T TTTT

o

FIG. 5: (Color online) The extracted ySF for the scissors resonance
in the quasi-continuum of 23¥Np.

is reliable, we may assume that this YSF represents the “base
line” with no additional strength from other resonances. Thus,
we normalize the measured ySF to this underlying back-
ground. Here, the o parameter is adjusted to obtain the right
slope of the observed YSF; the level density at S, had to be
reduced from 43 to 22 million levels per MeV. The B parame-
ter was determined by use of Eq. (8) in order to reproduce the
experimental ¥ width (I'y) listed in Table

IV. THE SCISSORS RESONANCE

Figure 5] shows the ySF where the assumed Lorentzian
shape line of Fig. [ has been subtracted. The observed struc-
ture, which is interpreted as the SR, is in accordance with pre-
vious observations in the 231-233Th, 232.233py apd 237-29(Q
isotopes [9H11]. Thus, our findings is in strong disagreement
with the (n, 7)?*¥Np results of the n_TOF group that found no
evidence for the SR structure [12].

The SR is split into two components where the strengths of
each component is given by a set of resonance parameters:

Ohic (ol
B_327r2<a))' (12)
The resonance parameters of the lower and upper component,
as well as the total strength and average energy centroid are
listed in Table
We find that the separation in energy between the two
components is much smaller than previously seen for Th, Pa

and U [[11]; Aosg = 0.89(15) compared to 0.53(6) MeV for
238Np. In addition the higher lying component takes the main

strength contrary to the other actinides where the low lying
strength carried almost 2/3 of the strength. The total strength
is the same as for the other actinides within the uncertainties.

Recent high quality measurements at the High-Intensity y-
ray Source (HIyS) at the Triangle Universities Nuclear Lab-
oratory (TUNL) has discovered more strength than for pre-
vious (¥,7) measurements in this mass region [23-27]. In
232Th a strength of Bsg = 4.3(6)u? at wsg = 2.5(4) MeV
has been reported [28] and for 2381 there has been measured
Bsr = 8(1)uy at wsg = 2.6(6) MeV [29].

During the last decades several SR models have been
launched to explain the results of the (y, ¥') and (e, €’) reac-
tions [30]. Very recent theoretical work on the scissors mode
by Balbutsev, Molodtsova, and Schuck [31] postulates a new
additional mode, the isovector spin scissors mode, that may
explain the appearent splitting of the scissors structure. How-
ever, the results of these calculations are rather qualitative at
the present stage as pairing correlations are not taken into ac-
count. Furthermore, an important challenge is to explain why
the splitting appears in the actinides and not in the rare-earth
region.

In this work we have chosen the sum-rule approach [32],
which is a rather fundamental way to predict both wsg and
Bsr consistently. We follow the description of Enders et
al. [33] with the exception that the ground-state moment of in-
ertia will be replaced by the rigid-body moment of inertia. The
outline for the quasi-continuum was recently presented [11]],
and we only give a summary of the formulas here.

The inversely and linearly energy-weighted sum rules are
given by [[L1]]

3 Z\?
Si1 = ~—0pgad P () & [uaMeV],  (13)

2 A
3 2Z\% [ 5
S-1 = 1 Orisia <A> [uyMeV '] (14)

The two sum rules can now be utilized to extract the SR cen-
troid and strength:

wsr = /S41/5-1
= [8|opy/28, (15)
Bsr = /S+15-1

A
= E X ®ﬁgid|6|wD\/2€

A
= 47r(A) Origid WSR - (16)

The rigid-body moment of inertia is taken as

2
Origia = gmNr(z)AS/3(1 +0.319), (17)



TABLE III: Scissors resonance parameters of 223Np and its sum-rule estimates [Egs. and (16), see text].

Deformation Lower resonance Upper resonance Total Sum rule

6 Wsr;1  Osr, 1  Isr1 Bsri| @Wsr2 Osrz  I'sr2  Bsr2 | Wsr Bsr Wsr  Bsr

(MeV) (mb) (MeV) (u) |(MeV) (mb) (MeV) (u3) |MeV) (uf) |(MeV) (u3)

0.25 1.95(4) 0.41(4) 0.61(5) 4.5(6)|2.48(6) 0.49(6) 0.90(10) 6.3(10)|2.26(5) 10.8(12)| 2.2 99
with rg = 1.15 fm and 8 is the nuclear quadrupole deforma- S
tion' taken from [34]. The reduction factor "

f= 2 (18) . Y >
- 0 +20}

depends on the IVGDR and ISGQR frequencies of

op ~ (3124713 4£20.6471/°)(1-0.618)MeV, (19)
wp ~ 647A73(1-0.38)MeV. (20)

The location of the IVGDR from systematics [Eq. (I9)] gives
wp = 11.3 MeV. However, the GEDR structures of Fig. E|have
clearly a higher average centroid. From the GEDR resonance
parameters of Table |E| we find wp = 13.4 MeV, which we
adopt for the sum-rule estimates.

The two last columns of Table m show the predicted wsr
and Bgr from the sum-rule estimates. Both values are in ex-
cellent agreement with our measurements.

V. CALCULATIONS OF THE (n,y) CROSS SECTION

The 7SF in the quasi-continuum is the quantity that directly
relates to the reaction rates in e.g. astrophysical environments.
For example for the r-process, which involves nuclei with ex-
treme N/Z ratios, the decrease in neutron-separation energy
with neutron number is expected to give an increasing impact
from the SR on the reaction rates. The SR represents also an
important ingredient for the simulations of fuel cycles for fast
nuclear reactors.

In Fig. [6the influence of the SR is schematically shown for
four cases. It is obvious that if the initial state ’see” much of
the high-energy tail of the ySF, the low-lying SR strength will
have less importance. This happens in panels (a) and (c). The
higher overlap of the SR with the first-generations s appears
in cases (b) and (d). In 2®Np the binding energy is relatively
high with S,, = 5.488 MeV [case (a)], which means that only
the high-energy part of the SR strength distribution comes into
play.

In order to study the impact of the SR for 23¥Np, we have
performed calculations of the (n,7) cross section with the
TALYS code [33]. Experimental (n,7y) cross sections are
rather well known for 23¥Np, making this a good test ground

! The quadrupole deformation parameter § relates to lowest order to &, and

B as 8 = & ~ Br\/45/167.
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FIG. 6: (Color online) Schematic view of how the SR (blue bump)
influences the y-decay rates. The scenarios are: (a) E ~ S, and high
Sn, (b) E = S, and low S, (c) E > S, and high S;;, and (d) £ > S,
and low S,. If the centroid of the Yy energies (arrow) overlaps with
the centroid of the SR, the y branch may increase significantly (up to
a factor of two). The 233Np nucleus with a relative high separation
energy of S, = 5.488 MeV, corresponds to case (a). With neutron
energies of several MeV, the influence of the SR will diminish.

for such calculations. In particular, a recent experiment at the
DANCE facility [5] has provided data with small statistical
errors for incoming neutron energies up to ~ 300 keV.

For the TALYS input we have used functions that decribe
the observed level density and ySF (data from Figs. [3] and
[] respectively). For the neutron optical-model potential, we
have used the global parameterization of Koning and De-
laroche [37], but with adjusted values for the parameter ay
using a scaling factor of 0.65 to obtain agreement with the
evaluated s—wave neutron strength function of Sp = 1.02(6) x
10~ [38].

Figure[7]shows the results of the cross-section calculations.
The TALYS output (blue curve) is in excellent agreement
with the experimentally measured (n,7) cross sections from
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FIG. 7: (Color online) Calculated 237Np(n7 7/)238Np Cross section us-
ing level density and YSF models in accordance with the data of this
work. The predictions including the M1 scissors mode (blue curve)
and without (dashed line) are compared with measured data from
Esch et al. [3] (black squares) and Buleeva et al. [39] (open dia-
monds).

Refs. [5,139]. The agreements for all neutron energies above
the resonance region of E, > 300 eV give confidence to the
observed ySF as well as the level density. The increase in
cross section due to the SR reaches a maximum of ~ 25 % for
1-MeV incoming neutrons. The reason for the rather small
influence of the M1 scissors resonance on the (n,7) cross sec-
tion for this case is discussed in connection with Fig. [6} the
inclusion of the SR has less impact because the high-energy
part of the YSF dominates the y-decay probability. For the

highest neutron energies in Fig. [/| (E, > 5 MeV), the SR has
no practical impact on the cross-section.

VI. CONCLUSIONS

The level density and YSF of 23®Np have been determined
using the Oslo method. The level density shows a constant-
temperature behavior similar to other actinides as recently re-
ported for 2317233Th, 232.233p, and 2372390 (10} [11]).

We observe an excess in the ySFs in the Ey = 1 -4 MeV
region, which is interpreted as the SR in the quasi-continuum.
These findings are in contradiction with the n_TOF results
from the (n,7)?*®Np reaction, but in agreement with expec-
tations for the actinide region. The underlying strength of the
SR has been subtracted by extrapolating the assumed strength
from the tails of other resonances; the double humped GEDR
and the two pygmy resonances. The SR shows a splitting into
two components, however the two components are closer in
energy than observed for the other actinides. The sum-rule ap-
plied to the quasi-continuum assuming a rigid-body moment
of inertia, describes very well the centroid and strength of the
SR.

The observed level density and ySF have been used as in-
puts in Hauser-Feshbach calculations with the TALYS code.
The agreement with previously measured (n, ¥) cross sections
is very gratifying. The SR strength gives a maximum increase
of 25 % on the calculated cross section for 1-MeV neutrons.
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