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1. Introduction

The majority of heavy elements beyond the Fe/Ni peak are synthesized via neutron captures
in the r-process and s-process. Completing the synthesis beyond this point are photodissociations
in a hot photon bath (the y-process [1], [2]), a series of rapid proton captures (rp-process [3]) and
a strong neutrino flux process for the light p-nuclides (vp-process [4, 5]) via which all of these
processes contribute to the formation of the p-nuclei. The bulk of nuclei formed in all of these
processes assume a high enough level density such that the Hauser Feshbach (HF) formalism holds
[6].

Since simulations for processes such as the r- and p- involve an extensive network of many
reactions where data is as of yet currently unavailable (most of the reactions are on radioactive,
short-lived nuclei), these rates are theoretically based and extrapolations using nuclear models can
be problematic.

The reaction rates presented here are currently based on the formalism from TALYS [7]. The
cross sections are taken from the EMPIRE code [8] which takes its nuclear inputs from the RIPL
database [9]. The errors for the reaction rates are calculated as a sum in quadrature of the domi-
nating nuclear physics ingredients of the cross sections (and in arriving at an error estimate for the
calculated cross sections, several approximations of the HF formalism were taken). These compo-
nents include the nuclear level density (NLD), the gamma strength function (ysf), the optical model
potential (OMP) and the width fluctuation coefficient (WFC). Table 1 shows some of the dominant
Hauser Feshbach (HF) ingredients that go into a nuclear reaction rate. The particular combinations
(Enhanced Generalized Superfluid model (EGSM), Modified Lorentzian (MLO1) and enhanced
generalized Lorentzian (EGLO)) which are standard in EMPIRE and used in the nuclear astro-
physics community are shown with their corresponding error and were used in the nuclear reaction
rates presented here.

Reaction OMP NLD Y-strength Error (%) COMBO
(a,y) McFadden/Satchler [11] EGSM [12, 13] MLO 1[16] 26 1
(a,y) Avrigeanu [10] EGSM [12,13] MLO1[16] 29 2
(p,7) Koning-Delaroche [18] EGSM [12, 13] MLO 1 [16] 23 1
(p,7) Koning-Delaroche [18] EGSM [12, 13] EGLO [17] 20 2
(P,7) Koning-Delaroche [18]  HFB [14, 15] MLO 1 [16] 22 3
(P,7) Koning-Delaroche [18]  HFB [14, 15] EGLO [17] 20 4
(n,y) Koning-Delaroche [18] EGSM [12, 13] MLO 1[16] 25 1
(n,y) Souhovitski [30] EGSM [12, 13] MLO 1[16] 25 2

Table 1: Comparison of the different nuclear inputs and their corresponding error for the reaction rates from
EMPIRE [8]. Combo refers to the HF combination used in Fig.1

2. Charged particle reactions

The bulk of the p-nuclei are formed in a hot (T = 1.8 - 3.2 GK) photon bath starting with a
pre-existing seed whereby photodissociations are the main method of synthesis. Charged particle
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reactions are hindered by the Coulomb barrier and measurements within the astrophysically rele-
vant Gamow window are difficult to obtain due to the low cross section. Problems with agreement
to the Hauser Feshbach (HF) statistical model have mainly arisen due to the a-potential in the case
of a-induced measurements; however, the y-width could also cause deviations. This is particularly
true below the neutron threshold, where other HF components may be causing a problem (neutron
widths are broad and normally there are not many isolated resonant components above the thresh-
old where many neutrons are being emitted) [19]. Although the agreement to proton capture has
overall been better in comparison to the theory, it is difficult to individually pinpoint the sensitivity
of the optical potential, level density and the y-strength function.
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Figure 1: a-capture on '3°Ba and p-capture on '°®Cd and n-capture on '°” Au in comparison to the HF model
predictions. The SMARAGD value have been assigned an uncertainty of 3 while the NON-SMOKER values
have been assigned an uncertainty of 2 in the graph.

Fig. 1 shows '*°Ba(a,y)'**Ce [20] in comparison to the HF model predictions. The default
values for *°Ba(a,y)!3*Ce of TALYS [7] match the values from EMPIRE [8] using Combo 2 up
to Tg = 2 GK. The Gamow window for the 130Ba(oc,}/)mCe reaction falls between 5.3 to 8.1 MeV
for Ty = 2 GK. Combo 2 uses the Avrigeanu potential, EGSM level density and MLO1 y-strength
function. The measured energy points at 11.6 - 16 MeV (both 130Ba(ar,n) and 130Ba(oc,p) are
open in this energy range) were input into the reaction rate calculation for temperatures of 2, 2.5
and 3 GK. The errors for the reaction rates for the data were determined using the experimentally
quoted values. A visual inspection in the optimization of the calculations of the code to the data
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showed that the dominating HF component was the «-potential. This is also confirmed by the
fact that SMARAGD [21] and EMPIRE (combo 1) use the same a-optical potential while TALY'S
and EMPIRE (combo 2) use different a-optical potentials. Combo 1 is the McFadden/Satchler
potential and Combo 2 is the Avrigeanu potential. Both combinations from EMPIRE use the MLO1
Y-strength function and the EGSM level density.

T (GK) Rate (EMPIRE) Ray (SMARAGD) % diff
2 3.70 (+0.85)x10~"7 5827 x 10716 20.4
2.5 3.45 (£0.794)x10713  6.798 x 1013 1.6

3 1.69 (+0.389)x107 10 1.378 x 10710 1.1

Table 2: Comparison of EMPIRE and SMARAGD reaction rates for '*°Ba(a,y)!3*Ce

Table 2 shows the reactivities from SMARAGD [20] and the reaction rates from EMPIRE
(COMBO 1) for 130Bal(Ot,)/)l'v"‘Ce. The values for the reaction rates at 2.5 and 3 GK from EMPIRE
and SMARAGD fall within the errors given by the values from EMPIRE; however, the value at 2
GK deviates outside of the error range. Both use the same a-potential but differing level density and
Y-strength functions. This suggests that either the ot-optical potential is the dominating problematic
component or that there may be some other contributing HF component in this low energy regime
(T =2 GK).

The '%Cd(p,7)'*In was optimized using the EGSM NLD and the EGLO }-strength function.
For proton captures, it is difficult to distinguish the dominating sensitivity of the NLD, the -
strength function and the optical potential. Table 3 shows the values of the reaction rates from
EMPIRE using the EGSM level density and the EGLO y-strength function with the theoretical
values from [22]. Also shown are the experimental reaction rates obtained using the cross sections
from [22] and input into the reaction rate formalism from EMPIRE and also obtained using the
code EXP2RATE [22].

T (GK) Rate (EMPIRE) Rate [22,23] Rate (EMPIRE [22]) Rate [22]

2.5 2.79 £0.56 2.38 1.81 £0.227 2.56 £0.34
3 19.25 £3.85 21.7 15.2 +1.86 23.3 £3.04

Table 3: Comparison of EMPIRE and NONSMOKER for '%Cd(p,y). The fourth column are the values
from [22] fed into the reaction rate formalism from EMPIRE.

The theoretical calculation of the reaction rate for ' Cd(p,y)!*°In using EMPIRE and the val-
ues from [22] agree within the errors for all combinations above Tg = 2.5 K; however, the values
obtained from the experimental cross section data using the reaction rate formalism from EMPIRE
and the reaction rates from the code EXP2RATE [22] using the experimental data [22] do not agree
within the errors. The experimental reaction rates obtained from [22] considers the possible tem-
perature window whereas the experimental values from [22] were input into the EMPIRE reaction
rate calculation and all available measured energies were considered in the calculation. One sees a
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marked deviation at T = 3 GK. It is also interesting to note that although a different level density,
optical potential and y-strength function were used between the two theory model codes, there is
overlapping agreement for the theoretically derived reaction rates. Although the measurement was
obtained below the opening of the neutron threshold, where in principle only the p,y channel is
open (the neutron threshold opens at 6 MeV), there is no conclusion on which HF component is
more sensitive. Recent measurements of the Cd isotopes [24] have revealed the presence of some
extra low lying strength (or pygmy dipole resonance) in '°°Cd with inconclusive results for 18Cd
due to lack of available data [24]. The general trend is an increasing pygmy strength as the neutron
number increases [24]. This extra strength is of main interest for the reaction rates of the r-process
(close to the driplines) but this strength needs to be addressed by the correct representation of the
Y-strength function model.

TALYS and EMPIRE both use the Koning Delaroche optical potential and therefore this is
excluded as a problematic HF component in this case; therefore, the deviation could possibly be
between the level density and the y-strength function as the difference arising between the three
model codes: EMPIRE, NON-SMOKER [23] and TALYS. All three codes use a different level den-
sity; therefore, the difference could be due to the y-strength function (the version of the enhanced
generalized lorentzian y-strength function is different from TALYS to EMPIRE).

3. Neutron capture reactions

Neutron capture cross sections in the mass region of the weak s-process are not often available
with the required accuracy for abundance determination. Although not of direct astrophysical rele-
vance, the nuclear astrophysics community has used the neutron capture cross section of '°” Au(n,y)
from Ratynski and Képpeler [25] as the standard for the neutron flux normalization in neutron cap-
ture measurements. This result was used to normalize the 197Au(n,}/) cross section of Macklin to
obtain a reference cross section [26]. The nuclear data community considers the 197Au(n,}/) Cross
section as a standard from 200 keV to 2.5 MeV based on the evaluation by Carlson [27]. A new
measurement [28] reports a value for the MACS (at kT = 30) of 626 +25mb.

A new n_TOF measurement has obtained the neutron capture cross section in the energy range
from 5 to 400 keV [29]. Fig. 1 shows the reaction rate of '°’ Au using the cross sections obtained
vian_TOF [29] where the cross section values used as input for the reaction rate have been obtained
by energy averaging between bins. Fig. 1 also shows the reaction rate obtained from the data in
comparison to the standards [27], the default calculation by EMPIRE (combo 1) and an EMPIRE
calculation using the potential by Souhovitski (combo 2). The rate is that of the groundstate.
Combo 1 and the calculation with the Souhovitski potential [30] both use the EGSM level density
and the EGLO y-strength function. Outside of the range of the standards [27], the lowest two data
points agree within the error of the Souhovitski potential while the higher data points agree within
the errors. If one assumes the same error for the Standards, then one sees that it is in agreement
with the TOF data (which introduces an approximate error of 3.9% - 6.7%).

4. Conclusion

Reaction rates of relevance to heavy element synthesis in the -, and s- processes have been
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presented here. The rates (together with the tabulated errors from the EMPIRE code) show good
agreement not only to the data but also to other statistical model codes. This reaction rate formalism
is in its preliminary stages but once implemented, it should be a powerful tool for reaction rates of
interest to heavy element synthesis.
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