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Abstract

The reaction model calculations of the cross sections of neutron-induced reactions on
**Na have been carried out for incident energies up to 20 MeV. The results of the calculations
are compared to all available experimental data, including the most recent ones, and also to
the previous evaluations. The discrepancies between the data and the present evaluation and
also between evaluations themselves were analyzed. The probable reasons of these
discrepancies were considered. On the whole, the calculation results agree well enough with
the experimental data.
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1. Introduction

As Sodium is known to be a coolant material for fast reactors, the cross sections for
neutron-induced reactions on it are of great importance. However the experimental data for
some cross sections are scarce (for a example, (n,n") cross section data are not available above
incident neutron energy of 5 MeV), and for other cross sections the data are in conflict with
each other (for example, the (n,2n) cross section data). In such a situation it is necessary to use
in evaluation the reaction model calculations because they give a possibility to interpolate and
extrapolate cross sections to energy regions where no data exist, and to predict reaction cross
sections for which there are few or no experimental data. In order to ensure internal
consistency, the model calculations should simultaneously reproduce as much as possible the
experimental information for reaction channels where reliable data are available.

The work presents the results of consistent description of cross sections for neutron

induced reactions ofiNa obtained in the framework of the coupled channel optical model

and Hauser-Feshbach statistical model with account of pre-equilibrium corrections in the
formulation of exciton model. The cross sections included into consideration are total, elastic,
inelastic, capture, (n,p), (n,d), (n,t),dh, (n,2n), (n,np), and (nor) cross sections. The photon
production data include multiplicities, transition probabilities and gamma-ray production
cross sections and spectra. Besides, the neutron emission spectra are considered. Much effort
is put into the consistency between the model calculations and the experimental data,
including the most recent ones. The comparison of the present evaluation results and those of
ENDF/B-VI [85] and JENDL-3.2 [86] is carried out. The evaluation is performed in the
incident neutron energy range from 100 keV to 20 MeV.

2. Computational methods and procedures

The primary code used in the present evaluation work was GNASH [1]. It computes
simultaneously the cross sections for all energetically possible single step and sequential
decay binary reactions, the resulting gamma-ray production cross sections and outgoing
photon and particle spectra. The resulting cross section sets are consistent and energy balance
is ensured. The following improvements were made in the GNASH:

1) Asitis known, in the low energy region the width fluctuation corrections to the average
compound nucleus cross section are important, especially for calculation of the inelastic
scattering cross section with excitation of the first few levels. Therefore the module for
width fluctuation correction calculations using the approximate method of Eepl
[2] in the form given by Hofmanaet al.[3] was introduced in the code.

2)  When the closed form of the exciton model is used in the GNASH code for the pre-
equilibrium contribution calculations, the internal transition rates with decreased exciton

number (i.eA”) are neglected. As present calculations have shown, this approximation

led to the sizable unphysical fluctuations of cross sections. Ther@foteym was
introduced in the preequilibrium formulae which were used in the GNASH code.



3) The GNASH code allows to get a simple estimate of the direct-semidirect capture
spectrum within the framework of the exciton model. To achieve a better agreement
with the experimental data on capture cross section we introduced in the GNASH the
adjusting factor, which allowed to change the direct-semidirect contribution value.

With these modifications the GNASH code can be used in wide energy range of incident
neutrons. Transmission coefficients for the GNASH were obtained by using the ECIS code
[4]. The ECIS also provided the direct reaction contribution to the level excitation cross
sections and some angular distributions. Parameters required as input to the GNASH and to
the ECIS are discussed in Section 3.

3. Parameter determination
3.1. Optical-model parameters

The differential elastic cross sections at 7.6 and 8.52 MeV [5] and the combined
differential cross sections for elastic and inelastic scattering to the 0.44 MeV level at incident
energies of 8.0, 9.7 [6], 14.1 [6,7] and 14.76 MeV [8] were used in an attempt to generate a
consistent set of neutron optical model parameters. The search using the ECIS code was
performed with the aim of fitting each angular distribution, the energy averaged total cross
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section and the available nonelastic cross section. In the coupled channel calcufatmns,
was treated in the rotational model, coupling the ground stat&)(&/2l the excited states at

0.44 MeV (5/Z) and 2.08 MeV (7/2). The deformation parameters w@e= 0.36 and3,

=0.20 as in the work of Strohmaier [9], using information from the work of Mannion

et al.[10]. For the determination of the other parameters, no automatic search was used, but
certain starting values were taken from the Ref. [9]. For the levels included in the coupling
scheme the direct-interaction component of the inelastic scattering cross sections were
calculated.

Compound elastic angular distribution was taken from the ECIS code but it was
normalized on the value obtained from the GNASH code in a consistent way with the same
transmission coefficients. It was done because it was impossible to take into account the
competition between the (n,n’), (n,p) andxjrin the ECIS. A series of searches resulted in set
of coupled channels optical model parameters which provided a good overall fit to the angular
distributions as well as to the average total and nonelastic cross sections. This final set of
parameters is given in Table | and the quality of the fit can be seen in Figures 1 through 6.

Proton, deuteron, triton and alpha optical-model parameters are also required for the
Hauser-Feshbach analysis. The proton, deuteron and triton optical potential parameters were
taken from the work of Perey and Perey [11]. The alpha optical potential parameters were
taken from the work of Lemos [12]. All these parameters are given in Table I.

3.2. Discrete energy levels and level-density parameters
The statistical-model calculations with GNASH require a complete description of the

levels of the residual nuclei for the various open channels. The low-energy excitation region
of these nuclei can be adequately described in terms of discrete levels for which we usually



know the energy, spin and parity§Jand gamma-ray de-excitation branching ratios. As the
excitation energy increases, the information about these levels becomes incomplete, and it is
preferred to describe them in terms of a level density formula.

The reactions for which we need information about the levels in residual nuclei are:
23 23 23 3 23 2 23 21 23 20 23 2
Na(n,nf Na, Na(n,pf Ne, Na(n,df Ne, Na(n,t) Ne, Na(no) F, Na(n,2n§ Na,
23 2 23 1 23 19 23 1 23 24
Na(n,np§ Ne, Na(n,nd§ Ne, Na(n,;a) F, Na(n,2np§ Ne, and Na(ny) Na. The
energy of levels, and gamma-ray branching ratios adopted for the nuclei are given in

Tables from Il to IX (the characteristics of the levels were taken from the compilations [87,
88]).

To represent the continuum excitation energy region laying above the highest discrete
level, the Gilbert-Cameron level density formulae [13] were used. Nuclear temperature T and
normalization factor Fwere taken from the RIPL [14]. For N,<Z10, Gilbert and Cameron
did not give the pairing energies and we used in these fase® for odd-odd nucleip
=11 A2 for odd nuclei, and = 22 AY? for even-even nuclei. After that the parameter "a"
was selected so that the constant temperature and the Fermi-gas functions were conjugated

smoothly. Simultaneously this condition determined the boundary between two level-density
regions (k.- All these parameters values were considered as initial ones and varied slightly

in order to achieve the best agreement with experimental dNanThe final values are

given in the Table X. The spin-cutoff parametsr for the discrete level region was
determined by the GNASH code from discrete level data.

3.3. Gamma-ray strength functions

Three values of gamma-ray multipolarity, namely E1, M1 and E2, were taken into
consideration. The E1 gamma-ray strength function was obtained from the expression:

o.c?
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where the peak cross section of the giant dipole resor@ndhe width of the resonance,
and the energy of resonance peak, E, were equal to 10 mb, 7 MeV and 20 MeV, respectively.
However, in the gamma-ray energy range from 11 to 14 MeVfthevalue was reduced by
70% in order to describe the experimental capture cross section shape more precisely.

The M1 gamma-ray strength function was also given by the Eqg. (1), but the parameters
were g,= 1 mb,l =4 MeV and E = 44™"° (MeV). A Weisskopf form, i.e. constant, was
used for the E2 gamma-ray strength function. This constant and also the constant K values
were equal at first to those recommended by the GNASH code in order to establish the
relative contributions of E1, M1, E2 components, and then they were renormalized by means
of one overall normalization to the s-wave neutron gamma-ray strength function value. This
value was chosen to be 805 to describe the capture cross section data in the best way.



4. The total, nonelastic and elastic cross sections

The evaluation for the total cross section is based on coupled channel calculations with
the optical-model parameters from Table I. The result of calculations is displayed in Fig. 1
together with the evaluated cross section from ENDF/B-VI based on Lasoal.
experimental data [15]. To avoid the overloading of the figure by a huge number of
experimental points these data are shown only for high energies. On the average the calculated
cross section agrees rather well with the data.

In the same figure the nonelastic cross section from GNASH calculation is presented
together with the ENDF/B-VI nonelastic cross section and the available experimental data
which are very scarce. It is seen that in the energy range from 10 to 17 MeV the calculated
cross section is smaller than ENDF/B-VI evaluation by a few tens millibarns. Accordingly the
calculated elastic cross section exceeds the ENDF/B-VI evaluated elastic cross section in this
region. A similar exceeding can also be seen in Fig. 5 where the sum of differential elastic and
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inelastic cross sections to the 0.44 MeV level dfa at 14.1 MeV incident neutron energy is

shown. Because thnga (n,n") cross section for exciting of this level (Fig. 8) from calculation
and ENDF/B-VI are practically equal at this energy, the difference is connected just with the
elastic scattering.

Figures 2 through 6 show experimental angular distributions for elastic cross section or
sum of elastic and first level excitation cross sections when experiment does not allow to
separate them, and their description in consistent GNASH and ECIS calculations. The quality
of description is rather good.

The dependence of calculated elastic scattering cross section on the incident neutron
energy is shown in Fig. 7 in comparison with the available experimental data. Unfortunately,
there are no data in the energy range from 10 to 17 MeV discussed above. On the average the
agreement is quite good.

5. The (n, particle) reactions

All level excitation functions were calculated with the GNASH code with taking into
account the direct part from the ECIS calculations with the optical parameters described
above. The excitation functions for the first three level€da are displayed in Figures 8-10
in comparison with the experimental data and the evaluations from ENDF/B-VI and
JENDL-3.2. There is a strong resonance structure in experimental data below 4-5 MeV, but at
more higher incident neutron energies (to 8.5 MeV) there is an acceptable agreement between
the calculated and measured data. There are no available data for the energies exceeding
8.5 MeV, and just in this region where the direct reaction mechanism gives the main
contribution, the considerable differences between evaluations presented in Figures 8-10 are
seen. It should be mentioned here that we used the coupled channels method, and the DWBA
was used in the JENDL-3.2 evaluation.

The total inelastic cross section is shown in Fig. 11. Unfortunately there are no available
experimental data for incident neutron energy above 5 MeV where big discrepancy exists
between different evaluations.



There is more experimental information on the (n,p) aml) (rjactions cross sections
from the thresholds to 20 MeV, and therefore much effort was put into generating a consistent
evaluation of these cross sections. The comparison of the GNASH calculation results and the
experimental data is shown in Fig. 12 for the (n,p) reaction and in Fig. 13 for the (n,
reaction. It is seen that these data are described by the calculation fairly good both at the low
and at the high incident neutron energies. At the same time, there is the big difference between
the present evaluation and the ENDF/B-VI and JENDL-3.2 evaluations érdmss section
in the energy range from 10.5 to 14 MeV.

There are only two available experimental points for the (n,t) reaction cross section that
are presented in Fig. 14 together with the GNASH calculation results. The excellent
agreement between them was achieved without any special adjustment.

As for “Na (n,d) reaction cross section, it is difficult to separ2a3tm (n,np) and

*Na (n,d) reactions in an experiment. Besides, the data themselves on these reactions are very
scarce. The integral production of protons and deuterons with the energies exceeding 1 MeV

from the reaction systerZﬁNa + neutron was obtained by Aldefeld [54]. It is shown in Fig. 15
in comparison with the GNASH calculation results. The agreement is quite good. The total
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production of Ne at 14.5 MeV measured by Leidt al. [51] and the corresponding
calculated result are in less agreement: the experimental value #47336b, and the
calculated value is 298 mb.

A certain information on the (n,np) and (n,pn) reactions was obtained by Aldefeld [54]
from the integrated proton single spectrum and from proton spectra measured in coincidence
with neutrons. The proton production from these reactions (outgoing particle eneiggV)
is shown in Fig. 16 in comparison with the GNASH calculation results. The sizable
discrepancy exists between two sets of experimental points, and the calculated cross section
agrees with one of them rather well. Besides,ZﬁhE[(n,np)+(n,pn)] cross section at the
incident neutron energy of 14.6 MeV was obtained by Kcayml. [68]. It is equal to
300t50 mb, and the calculated value is 269 mb.

The most investigated from two particle emission reactions i323ﬂ<la(n,2n§2Na
reaction. There are two groups of experimental cross sections which differ by a factor of
about 2. Therefore special studies, for example the work of Strohmaier [9] and of Strohmaier
et al.[59], were devoted to the solution of this problem. In consent with the works [9,59], the
present evaluation leans on the lower-lying experimental results. The calculated (n,2n)
reaction cross section is displayed in Fig. 17 together with the available experimental data. It
agrees with the most recent data of Filatenkbal.[65], Lu et al. [58], Sacumaet al. [66]
and Strohmaieet al.[59] very well.

For the testing of the calculated (@nand (ngn) reactions cross sections the
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experimental data on-particle production from the reaction systemla + neutron were
used. These data and the calculation results are presented in Fig. 13. They agree with each
other rather well.



6. Neutron emission spectra

Neutron emission spectra were calculated with the GNASH for all incident neutron
energies. However, the measurements exist only for the energies of 14.1 and 14.6 MeV [7, 69,
70]. The comparison of calculated spectrum at 14.1 MeV with the experimental data of Priller
et al.[7] is shown in Figure 18. At energy about 6.3 MeV, the measured spectrum displays a
maximum which is reproduced by the present calculation rather well due to extension of
discrete level scheme up to 7.87 MeV on excitation energy (48 levels, seellljaldach
possibility to reduce the discrepancy between the measured and calculated spectra in this
region was discussed in Ref. [7].

The attempt was also done in the present calculation to improve the agreement with the
measured spectrum around 3 MeV by the embedding a few discrete levels in the continuum of

®Na levels at the excitation energy from 9.8 to 10.7 MeV (levels from 49 to 65 in Mable

A certain improvement was achieved by this way. So a quite good agreement at the energy of
secondary neutrons near 6.3 and 3.0 MeV is accounted by the local fluctuations of the level
density at appropriate excitation energies. It is the only way for the simultaneous description

of the neutron production spectra a%sma(n,ZnizNa reaction cross section. If someone
would try to reproduce the neutron emission spectra shape by increasing of smooth part of the
level density itself he immediately got the reduction of total inelastic cross section and
increasing of (n,2n) cross section.

In Fig. 19 the comparison between the measured and the calculated neutron production
spectra at 14.6 MeV incident neutron energy is shown. It should be emphasized that the data
of Takahashet al. [70] are given at 5 angles in the laboratory system. Therefore the angle
integration and transformation to the center-of-mass system were approximated in a crude
manner in the work of Strohmaier [9] and its results were used in present work for comparison
with the appropriate calculation and with the data of Hermsetaaf. [69]. The uncertainties
of the Hermsdorfet al. data were increased two times with respect to [69], as it was
recommended by Strohmaier [9]. The calculation agrees reasonably well with the
measurements.

7. Capture and gamma-ray production cross sections

The experimental data on the neutron capture cross section, especially the data of
Menloveet al. [32], were used for the choice of the gamma-ray strength function parameters
(see Section 3.3). It is not surprising therefore that the calculated capture cross section agrees
with the measured data fairly well, as it is seen from Fig. 20. It should be mentioned that the
adjusting factor for the direct-semidirect contribution discussed in Section 2 was equal to 1.8
in the present calculation.

As discussed above, the consistent reaction model analysis allowed to reproduce the
available data from (n, particle) and \nreactions reasonably well. The results of this
analysis and gamma-ray branching ratios (see Tables II-IX) were used to calculate the gamma-
ray production cross sections for these reactions. The calculated excitation functions for
production of five gamma rays inNa are shown in Figures 21-26 in comparison with
available experimental data. The experimental data for most representatiyeréaction
cross sections are compared with the results of calculations in Figures 27 and 28. In general,



the results of calculations are a good compromise for evaluation in case of discrepant
experimental data.

The calculated gamma-ray production spectra are compared to the data measured by
Larsonet al.[83] in Figures 29 through 31. Calculations were done in a few points of incident
neutron energy region for which average experimental values of [83] were given. Then all
calculated spectra were averaged with the weight of incident neutron spectra taken from the
work of Dickenset al. [84]. Although the measurement, as well as the GNASH calculations,
were made at many incident neutron energies, comparison are shown only for energy
intervals: 9.98 - 12.03, 12.03 - 14.02, and 14.02 - 17.04 MeV. In general, the calculations
reproduce well the experimental data, and provide additional information on the cross sections
for E, < 0.5 MeV. Recent data of Nefedet/al. [89] at incident neutron energy 14.3 MeV are
shown in Figure 32 in comparison with the result of present calculation and the agreement is
good too.

As it is shown in Figure 33 the total gamma production cross section is also in a quite
good agreement with the previous evaluations [85, 86].

8. Summary and conclusions

Advanced nuclear model codes and recently improved experimental data were used for

evaluation of ‘Na neutron cross sections. Cross sections for all important reactions, with pre-
equilibrium effects included, are given. Neutron, charged particles and gamma-ray spectra are
presented. The prese%ﬁNa evaluation, based on model calculations for incident neutron
energies above the region with resonance structures in cross sections, is improved over
previous ones [85, 86] and can be recommended for practical use. It is especially true for
(n,2n) reaction for which the new experimental data were obtained recently. In present
calculation all possible decay channels for incident neutron energies under consideration were
taken into account and though there are still no measured data for total inelastic cross section
above 5 MeV, it is possible to suppose that the calculated total inelastic cross section differs

. . .23
from the true one not too much. This work results will be used for the creatioMNaf
evaluated file of BROND-3 library.
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Table 1 Optical-model parameters

Neutrons

Protons

Deuterons

Tritons

Alphas

V(MeV)
W(MeV)
Wy (MeV)
VedMeV)

V(MeV)
W(MeV)
Wy (MeV)
Vso(MeV)
VCouI(MeV)

V(MeV)
W(MeV)
Wy (MeV)
Vso(MeV)
VCouI(MeV)

V(MeV)
W(MeV)
Wy (MeV)
VeMeV)
Veou(MeV)

V(MeV)
W(MeV)
Wy (MeV)
VCouI(MeV)

= 52.6-0.26E
= 0.045E

= 2.6+0.12E
=6.0

=51.0-0.4E
=0.0
=11.0
=75

= 88.14-0.22E
=0.0
= 14.4+0.24E
=7.0

=164.7-0.17E
= 40.76-0.33E
=0.0
=25

= 193.0-0.15E
=0.0
= 21.0+0.25E

y(fm) =1.17
fy(fm) = 1.17
Wo(fm) = 1.17
Ksofm) = 1.01

y(fm) =1.25

vo(fm) = 1. 25
Koofm) = 1. 25
Nveou(fm) = 1.25

J(fm) =1.15

Wp(fm) = 1.34
Ksolfm) = 0.75
Nveou(fm) = 1.15

Jfm) =1.2
W(fm) =14

Koofm) = 1.2
lveou(fMm) = 1.3

Jy(fm) = 1.37

Wp(fm) = 1.37
Nveou(fm) = 1.4

g(fm) = 0.65
&/(fm) = 0.65
&p(fm) = 0.65
§(fm) =0.5
g(fm) = 0.65

ap(fm) = 0.47
J.(fm) =0.47
g(fm) = 0.81
Jp(fm) = 0.68
§s(fm)=0.5
§(fm) = 0.89

a,(fm) = 0.89

§¢o(fm) =0.72

g(fm) = 0.56

&p(fm) = 0.56

E =incident energy (MeV),

V = real well depth,

w

WD
VSO

= imaginary well depth (Saxon-Woods),

= imaginary well depth (Saxon-Woods derivative),
= spin-orbit potential depth,
v 'w. T'wor Wso 'veoy = Fadii for various potentials,

a, &y vy 5o = diffuseness for various potentials.
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Table 2 Energy levels and gamma-ray branching ratios (normalized on unity) 5?Na

Levels Decays

No. Ejg\f{MeV) " Number of state (branching ratio)

1 0 4.0

2 0.472207 1.0 1(1.00)

3 0.5632 2.0 1(.038) 2(.962)

4 1.34143 2.0 2(.952) 3(.048)

5 1.34465 3.0 1(.621) 3(.379)

6 1.34663 1.0 2(1.00)

7 15124 5.0 1(1.00)

8 1.84601 2.0 2(.250) 3(.191) 4(.050) 5(.111) 6(.398)

9 1.88551 3.0 1(.350) 3(.650)

10 2.51351 3.0 1(.040) 3(.960)

11 2.5628 4.0 1(.328) 5(.521) 7(.151)

12 2.90394 3.0 1(.118) 3(.030) 4(.493) 5(.320) 8(.039)

13 2.97783 2.0 1(.007) 2(.241) 3(.321) 4(.331) 5(.079) 9(.021)

14 3.2167 4.0 5(1.00)

15 3.37184 2.0- 3(.222) 4(.299) 5(.048) 6(.410) 9(.016) 10(.005)

16 3.41325 1.0 2(.280) 3(.110) 4(.430) 6(.121) 9(.059)

17 3.58926 1.0 2(.230) 3(.692) 4(.028) 6(.033) 8(.017)

18 3.62825 3.0 1(.500) 4(.500)

19 3.65597 20 2(.151) 3(.581) 4(.070) 8(.070) 9(.128)

20 3.68179 0.0 2(1.00)

21 3.74509 3.0- 1(.020) 3(.109) 4(.109) 5(.211) 8(.421) 9(.071)
10(.059)

22 3.896 2.0- 3(.222) 4(.299) 5(.048) 6(.410) 9(.016) 10(.005)

23 3.9357 2.0 3(.621) 4(.379)

24 3.94339 4.0 1(1.00)

25 3.97732 1.0- 2(.471) 3(.311) 6(.201) 8(.017)

26 4.04849 0.0- 2(.490) 6(.510)

27 4.145 4.0- 1(.500) 11(.500)

28 4.1868 2.0 1(.048) 6(.262) 9(.690)

29 4.1963 1.0- 2(.649) 3(.208) 8(.091) 13(.052)

30 4.20719 2.0 2(.006) 3(.110) 4(.229) 6(.269) 8(.151) 10(.010)
13(.023) 15(.170) 16(.032)

31 4.22 4.0 1(.099) 7(.901)

32 4.44154 2.0- 2(.035) 3(.299) 4(.218) 5(.290) 8(.081) 9(.007)
10(.066) 16(.004)

33 4.459 2.0 3(.521) 4(.479)

34 4526 3.0- 3(.109) 4(.109) 5(.211) 8(.441) 9(.071) 10(.059)

35 4.56206 1.0- 2(.351) 8(.559) 13(.040) 19(.050)
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Table 3 Energy levels and gamma-ray branching ratios (normalized on unity) 6fNa

Levels Decays
No. E,/[(MeV) Jr Number of state (branching ratio)

1 0.000000 15

2 0.439991 2.5 1(1.00)

3 2.076010 35 1(.089) 2(.911)

4 2.390730 0.5 1(.657) 2(.343)

5 2.639860  -0.5 1(1.00)

6 2.703500 45 2(.649) 3(.351)

7 2.982060 1.5 1(.586) 2(.411) 4(.003)

8 3.677600  -15 2(.786) 4(.013) 5(.196) 7(.005)

9 3.848070  -2.5 1(.229) 2(.095) 3(.611) 5(.045) 7(.020)
10 3.914240 2.5 1(.795) 2(.081) 3(.090) 4(.011) 7(.023)
11 4.429630 0.5 1(.940) 4(.060)

12 4.774610 35 2(.668) 3(.294) 6(.038)
13 5.378560 25 1(.150) 2(.573) 3(.206) 7(.071)
14 5.534000 5.5 3(.210) 6(.790)
15 5.741800 25 1(.753) 2(.247)
16 5.766030 15 1(.511) 2(.430) 5(.044) 9(.015)
17 5.778000 15 1(.489) 2(.511)
18 5.926800 35 1(.538) 2(.240) 3(.136) 10(.067) 12(.019)
19 5.964400  -15 1(.100) 2(.100) 4(.100) 5(.500) 8(.150) 11(.050)
20 6.042190 -3.5 2(.360) 8(.119) 9(.493) 10(.028)
21 6.115000 25 3(.167) 6(.833)
22 6.194600  -2.5 1(.109) 5(.231) 8(.340) 9(.320)
23 6.236000 6.5 6(.877) 14(.123)
24 6.307960 0.5 4(1.00)
25 6.354500  -4.5 3(.133) 6(.179) 9(.663) 14(.025)
26 6.577790 25 2(.249) 3(.429) 6(.180) 10(.142)
27 6.617900 25 1(.038) 2(.912) 3(.011) 10(.011) 12(.028)
28 6.735500 15 2(.478) 3(.340) 8(.182)
29 6.819600  -2.5 8(.401) 9(.599)
30 6.867700 1.5 1(.180) 2(.820)
31 6.920610  -1.5 1(.699) 2(.301)
32 6.947400 15 1(.172) 2(.191) 4(.150) 5(.081) 7(.313) 10(.093)
33 7.070820 35 1(.910) 10(.090)
34 7.081900  -1.5 1(.552) 2(.249) 5(.199)
35 7.122000 1.5 1(1.00)
36 7.133200 25 1(.439) 2(.297) 3(.132) 7(.132)
37 7.267000 1.5 6(.529) 21(.360) 23(.111)
38 7.277100  -25 3(.600) 9(.400)
39 7.390000 1.5 6(1.00)
40 7.412400 25 2(.450) 3(.310) 10(.240)
41 7.451500 25 2(.900) 4(.030) 9(.070)
42 7.487840  -15 4(.350) 5(.200) 8(.450)
43 7.566200 25 1(.300) 2(.200) 9(.500)
44 7.686000 15 5(.500) 7(.500)
45 7.724450 0.5 1(.750) 7(.250)
46 7.750500 25 2(.500) 7(.500)
47 7.834130 25 2(.580) 6(.220) 10(.200)
48 7.872830 15 2(.500) 4(.200) 7(.300)
49 9.802000 15 14(.199) 23(.510) 37(.291)
50" 9.835200 15 2(.300) 9(.200) 16(.500)
51* 9.849700 0.5 1(.200) 11(.300) 16(.500)
52 10.003000  -0.5 1(.400) 11(.300) 17(.300)
53 10.016400 25 2(.500) 9(.200) 19(.300)
54¢ 10.169270 25 2(.500) 9(.200) 19(.300)
55¢ 10.231200 25 2(.300) 8(.400) 19(.300)
56* 10.338300  -0.5 1(.600) 11(.300) 17(.100)
57 10.345700 25 2(.500) 12(.200) 18(.300)
58" 10.353400 15 2(.400) 13(.400) 15(.200)
59 10.440100 25 1(.150) 15(.500) 18(.350)
60" 10.478400 1.5 2(.200) 8(.400) 15(.400)
61* 10.501400  -1.5 1(.100) 10(.300) 13(.600)
62" 10.507400 0.5 12(.200) 16(.500) 19(.300)
63 10.518600 25 18(.500) 20(.500)
64" 10.548800 25 18(.500) 20(.500)
65 10.704000  -1.5 15(.500) 16(.500)

“ Imbedded levels
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Table 4 Energy levels and gamma-ray branching ratios (normalized on unity) 5%Na

Levels Decays
No. Ejg\f{MeV) Jt Number of state (branching ratio)
1 0 3.0
2 0.58303 1.0 1(1.00)
3 0.657 0.0 2(1.00)
4  0.89089 4.0 1(1.00)
5 1.52806 5.0 1(.937) 4(.063)
6 1.9369 1.0 3(1.00)
7 1.9518 2.0 1(.007) 2(.981) 3(.003) 4(.004) 5(.005)
8 1.9838 3.0 1(.018) 2(.969) 4(.013)
9 22115 1.0- 1(.020) 3(.980)
10 2.5715 2.0- 1(.760) 2(.213) 3(.016) 9(.011)
11 2.9687 3.0 7(1.00)
12 3.0596 2.0 2(.150) 7(.850)
13 3.5192 3.0- 1(.140) 4(.070) 7(502) 9(.231) 10(.057)
14 3.7066 6.0 4(.680) 5(.320)
15 3.9435 1.0 3(.930) 7(.070)
16 4.0713 4.0 5(.130) 8(.870)
17 4.2961 0.0- 6(.599) 10(.401)
18 4.319 1.0 3(1.00)
19 4.36 2.0 1(.182) 2(.060) 7(.758)
20 4.4683 4.0- 4(.112) 5(.138) 8(.092) 10(.658)
21 4.5238 7.0 5(1.00)
22 4.5828 2.0- 1(.301) 7(.699)
23 4.6217 1.0 3(.401) 7(.599)
24 4.71 50 8(519) 11(.050) 16(.431)
25 4.771 3.0 7(1.00)
26 5.0624 2.0 7(1.00)
27 5.1006 40 1(.181) 4(151) 5(.118) 12(.181) 16(.369)
28 5.131 1.0 7(1.00)
29 5.174 2.0 2(.833) 8(.167)
30 5.318 1.0 7(1.00)
31 5.442 2.0- 1(.387) 2(.613)
32 5.603 1.0 7(1.00)
33 5.7 2.0 7(1.00)
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Table 5 Energy levels and gamma-ray branching ratios (normalized on unity) ofNe

Levels Decays
No. Ejg\f{MeV) Jt Number of state (branching ratio)
1 0 2.5
2 1.017 0.5 1(1.00)
3 1.70151 3.5 1(.980) 2(.020)
4 1.8225 1.5 1(.980) 2(.020)
5 23151 25 1(.471) 2(.080) 3(.030) 4(.419)
6 2517 3.5 1(.200) 3(.800)
7 3.22066 1.5- 1(.188) 2(.782) 4(.030)
8 3.4318 15 1(.589) 2(.289) 4(.082) 5(.040)
9 3.4582 1.5 2(451) 4(.549)
10 3.8309 25 1(.087) 2(.038) 3(.875)
11 3.8364 -0.5 2(.559) 4(.441)
12 3.8433 3.5 6(1.00)
13 3.9882 1.5 1(581) 5(.419)
14 4.01 2.5- 1(1.00)
15 4.27 1.5- 1(.118) 2(.882)
16 4.436 3.5 3(.379) 6(.621)
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Table 6 Energy levels and gamma-ray branching ratios (normalized on unity) ofNe

Levels Decays
No. Ejg\f{MeV) Jt Number of state (branching ratio)
1 0 0.0
2 1.27454 2.0 1(1.00)
3 33572 4.0 2(1.00)
4  4.4567 2.0 1(.030) 2(.970)
5 5.1475 2.0- 2(.529) 4(.471)
6 5.3262 1.0 1(671) 2(.329)
7 5.365 2.0 1(.100) 2(.900)
8 5.5232 4.0 2(.016) 3(.984)
9 5.6413 3.0 2(.709) 3(.291)
10 5.9099 3.0- 2(.840) 3(.059) 4(.101)
11 6.115 2.0 1(.140) 2(.779) 4(.081)
12 6.237 0.0 2(1.00)
13 6.3114 6.0 3(1.00)
14 6.3452 4.0 3(1.00)
15 6.636 2.0 2(.429) 3(.571)
16 6.691 1.0- 1(.877) 2(.123)
17 6.817 2.0 2(.610) 4(.390)
18 6.8534 1.0 1(719) 2(.281)
19 6.904 0.0 2(1.00)
20 7.052 1.0- 1(.090) 2(.910)
21 7.3411 4.0 3(.733) 8(.047) 10(.220)
22 7.342 0.0 4(.167) 6(.833)
23 7.406 3.0- 2(.571) 5(.429)
24 7.423 5.0 8(1.00)
25 7.47 0.0 2(1.00)
26 7.489 1.0- 1(.568) 2(.222) 7(.210)
27 7.644 2.0 2(.229) 3(.771)
28 7.664 2.0- 1(.131) 2(.730) 4(.139)
29 7.721 3.0- 2(.151) 3(.229) 4(.521) 11(.099)
30 7.924 2.0 2(1.00)
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Table 7 Energy levels and gamma-ray branching ratios (normalized on unity) 5%Ne

Levels Decays

No. Ejg\f{MeV) Jt Number of state (branching ratio)

1 0 15

2 0.350728 2.5 1(1.00)

3  1.745909 3.5 1(.050) 2(.950)

4  2.78883 0.5- 1(.168) 2(.832)

5 2.79414 0.5 1(.971) 2(.029)

6 2.8668 45 2(.379) 3(.621)

7 3.66367 1.5- 1(.019) 2(.535) 3(.019) 4(.349) 5(.059) 6(.019)

8 3.7353 25 1(.764) 2(.113) 3(.066) 4(.019) 5(.019) 6(.019)

9 3.8843 2.5- 1(.266) 2(.635) 3(.019) 4(.004) 5(.019) 6(.019)
7(.038)

10 4.4336 55 1(.019) 2(.019) 3(.222) 6(.740)

11 4.5254 25 1(.208) 2(.697) 3(.038) 4(.019) 5(.019) 6(.019)

12 4.6845 1.5 1(339) 2(.573) 5(.011) 4(.009) 5(.022) 6(.046)

13 4.72536 1.5- 1(.010) 2(.797) 3(.010) 4(.010) 5(.163) 6(.010)

14 5.3357 3.5- 1(.018) 2(.773) 3(.045) 4(.018) 5(.018) 6(.093)
9(.035)

15 5.4308 3.5 1(.046) 2(.660) 3(.172) 4(.018) 5(.018) 6(.086)

16 5.549 1.5 1(294) 2(.091) 4(121) 5(.141) 8(.232) 11(.121)

17 5.629 3.5 1(.058) 2(.642) 3(.128) 6(.037) 8(.090) 9(.045)

18 5.68977 0.5 1(.386) 2(.019) 4(.019) 5(.502) 6(.019) 13(.055)

19 5.7747 25 1(.771) 2(.139) 3(.018) 4(.018) 5(.018) 6(.018)
8(.018)

20 5.819 3.5- 1(.038) 2(.161) 3(.049) 4(.019) 6(.228) 7(.036)
8(.116) 9(.304) 11(.049)

21 5.822 1.5 1(.045) 2(.469) 3(.018) 4(.018) 5(.432) 6(.018)

22 5.99256 1.5- 1(571) 2(.309) 3(.017) 4(.017) 5(.017) 6(.026)
8(.026) 9(.017)

23 6.0329 45- 1(.027) 2(.027) 3(.410) 4(.018) 5(.018) 6(.342)
8(.018) 9(.124) 14(.016)

24 6.1738 2.5 1(.045) 2(.329) 3(.412) 4(.047) 8(.148) 9(.019)

25 6.2674 45 1(.044) 2(.133) 3(.047) 4(.017) 5(.017) 6(.665)
8(.027) 9(.017) 10(.033)

26 6.4476 5.5 6(.200) 10(.800)

27 6.5517 45- 1(.071) 2(.024) 3(.511) 4(.024) 5(.032) 6(.189)
8(.032) 9(.032) 10(.085)

28 6.6081 1.5 1(.041) 2(.821) 3(.027) 4(.017) 5(.017) 6(.043)
8(.017)  9(.017)

29 6.64 45 3(.289) 6(.451) 10(.150) 17(.110)
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Table 8 Energy levels and gamma-ray branching ratios (normalized on unity) ofF

Levels Decays

No. Ejg\f{MeV) Jt Number of state (branching ratio)

1 0 2.0

2 0.65602 3.0 1(1.00)

3 0.82273 40 1(.332) 2(.668)

4  0.98359 1.0- 1(1.00)

5 1.05685 1.0 1(1.00)

6 1.30919 2.0- 1(.917) 2(.024) 4(.049) 5(.010)

7 1.8238 5.0 3(1.00)

8 1.8438 2.0- 1(.914) 2(.067) 6(.019)

9 1.97083 3.0- 1(.177) 3(.518) 4(.008) 6(.297)

10 2.04398 2.0 1(.075) 2(.918) 6(.007)

11 2.1943 3.0 1(.470) 3(.512) 6(.018)

12 2.86486 3.0- 1(.380) 2(.050) 3(.120) 6(.120) 8(.070) 9(.070)
10(.120) 11(.070)

13 2.96611 3.0 1(.271) 2(.122) 3(.583) 11(.024)

14 2.968 4.0- 3(.390) 9(.610)

15 3.17169 1.0 4(1.00)

16 3.48841 1.0 1(.725) 4(.038) 5(.071) 6(.092) 8(.074

17 3.52631 0.0 5(1.00)

18 3.58654 20 1(.329) 2(.098) 4(.040) 5(.102) 8(.007) 10(.311)
11(.088) 13(.025)

19 3.5898 3.0- 1(.832) 2(.107) 10(.061)

20 3.669 1.0 1(1.00)

21 3.678 1.0- 1(1.00)

22 3.68017 2.0 1(.465) 2(.171) 5(.235) 6(.043) 8(.086)

23 3.761 3.0 1(.271) 2(.122) 3(.583) 11(.024)

24  3.96507 1.0 4(.263) 6(.586) 8(.101) 15(.050)

25 4.08217 1.0 1(.355) 4(.046) 5(.500) 10(.099)
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Table 9 Energy levels and gamma-ray branching ratios (normalized on unity) ofF

Levels Decays

No. Ejg\(MeV) JT Number of state (branching ratio)

1 0 0.5

2 0.109894 0.5-  1(1.00)

3 0.197143 25  1(.999) 2(.001)

4  1.34567 2.5-  2(.968) 3(.032)

5  1.4587 1.5-  1(.205) 2(.687) 3(.106) 4(.002)

6  1.554038 1.5- 1(.025) 2(.048) 3(.925) 5(.002)

7 2.779849 45  3(1.00)

8  3.90817 1.5  1(.480) 2(.170) 3(.140) 6(.210)

9  3.9987 3.5-  3(.180) 4(.700) 5(.120)

10 4.0325 4.5-  4(1.00)

11 4.3777 35  1(.047) 2(.019) 3(.752) 7(.182)

12 4.5499 25  3(.690) 4(.050) 5(.080) 6(.180)

13 4.5561 1.5-  1(.346) 2(.433) 3(.087) 4(.038) 5(.038) 6(.058)

14 4.648 6.5  7(1.00)

15 4.6825 2.5-  3(.056) 4(.631) 5(.313)

16 5.1066 25  1(.784) 4(.016) 5(.102) 6(.018) 7(.007) 8(.053)
11(.020)

17 5.337 05  1(.374) 2(.424) 5(.202)

18 5.418 3.5-  4(.707) 5(.131) 9(.101) 10(.061)

19 5.4635 35  2(.040) 4(.320) 6(.050) 7(.590)

20 5.5007 1.5  2(.248) 3(.485) 4(.158) 6(.109)

21 5535 25  1(.071) 3(.474) 5(.455)

22 5621 2.5-  3(.390) 4(.610)

23 5.938 0.5  1(.069) 2(.195) 3(.020) 5(.618) 6(.020) 8(.078)

24  6.07 3.5  3(.535) 4(.187) 6(.010) 7(.228) 11(.040)

25 6.088 1.5-  1(.250) 2(.610) 3(.140)

26 6.1 45-  4(1.00)

27 6.1606 3.5-  3(.306) 4(.642) 5(.013) 9(.016) 10(.023)

28  6.255 0.5  1(.069) 2(.195) 3(.020) 5(.618) 6(.020) 8(.078)

29 6.282 25  1(.140) 3(.042) 4(.359) 5(.259) 6(.200)

30 6.33 3.5  3(.563) 4(.171) 6(.085) 11(.181)

31  6.429 0.5-  1(.250) 2(.140) 8(.610)

32  6.4967 1.5  1(.380) 2(.140) 3(.090) 4(.140) 5(.250)

33 65 55  7(.550) 14(.450)

34 6.5275 1.5  1(.290) 2(.590) 12(.120)

35 6.554 35  3(.190) 4(.550) 7(.260)

36 6.592 45  3(.130) 7(.630) 11(.240)

37 6.787 1.5-  1(.150) 2(.391) 3(.130) 4(.053) 5(.250) 8(.026)

38 6.8384 25  1(.090) 2(.090) 3(.270) 4(.100) 5(.450)

39 6.891 1.5-  1(.090) 4(.610) 5(.300)

40 6.9265 3.5-  3(.730) 4(.220) 7(.024) 9(.013) 10(.013)

41  6.989 0.5-  1(.300) 2(.190) 8(.510)

42 7.114 35  3(.190) 4(.550) 7(.260)

43 7.1662 5.5-  9(.056) 10(.909)  14(.035)

44 7.262 1.5  1(.290) 2(.590) 12(.120)

45 7.364 0.5  1(.069) 2(.195) 3(.020) 5(.618) 6(.020) 8(.078)

46  7.5396 25  3(.290) 4(.012) 6(.411) 11(.270)  16(.017)

47 7.56 35  3(.210) 4(.570) 7(.220)

48 7.587 2.5-  3(.056) 4(.631) 5(.313)

49 7.6606 15  1(.376) 3(.129) 6(.357) 8(.030) 12(.050)  16(.058)
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Table 10 Level density parameters

Residual T E, a A o E.
nuclei (MeV) (MeV) (MeV'l) (MeV) (MeV)
*Na 1.7136  -1.4621 4.09 0 4.061 7.00
“Na 2.3500  -1.1700 3.35 2.29 5.024 12.00
Na 2.2769  -2.2903 3.17 0 6.000 10.00
“Ne 1.8643  -0.6166 4.30 2.29 3.202 10.25
e 1.8110  1.7324 4.47 4.69 4.772 13.40
“Ne 2.2046  -0.7293 3.52 2.40 5.612 11.45
20 1.9300  -1.9116 3.71 0 3.774 8.00
= 27362  -2.7724 3.09 2.52 5.277 15.3

T =nuclear temperature
E, =normalization parameter

a =Fermi-gas level density parameter

A =pairing energy

0 =spin cutoff parameter

E, =energy at the boundary between the temperature and Fermi-gas level density region
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