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and
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ABSTRACT

Knowledge of the 39¢o (n,p), (n,a), and (n,xn) cross
sections up to 50 MeV are necessary to satisfy pricrity
dosimetry Jata needs of the FMIT facility. Since experi-
mental data extend only to 25 MeV in the case of (n,xn)
reactions (and lower for the others), we calculated thesc
cross sections as well as thoue from .>mpeting reactiona
for neutron cnergies between 3 and 50 MeV. Neutron opti-
cal paramcters were determined that were valid from several
handreds of keV' to 50 MeV. Other parameters were deter-
nined or verified through analysis of varlous expcerimental
data types, thus providing the basis for cumpletc¢ and coa-
sistent nuclear model calculations of n + 29Co reactions.

INTRODUCTION

To characterize the neutron environment of samples {rradiated
in the neutron flux of the Fusion Materials Ilrradiation Tust Facil-
ity, dosimetry reaction croas sections must be known to neutron en-
ergies of 50 MeV. Since the 39¢Co (n,p), (n,a), and (n,xn) cross
sections reprcescent priority candidates for dosimetryrcactlons spen-
ning the energy range of interest to materials damnge studies, we
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performed calculations of neutron reactions on 39Co between 3 and
50 MeV. In contrast to our earlier work [l] in which cross sec-
tions were calculated to 40 MeV using global optical parameter
sets, wve havz devoted a large effort to the determination and veri-
fication of parameters sultable for calculations over this energy
range. The constraints placed by the data used in this process
should result in an improvement in the reliability of the calcu-
lated cross sections.

PARAMETER DETERMINATIONS

Our efforts to determine or verify neutron or charged-particle
optical garameters gencrally follow the steps employed in our re-
cent 34, 6Fe calculations. [2] That is, quite a large effort has
been made through fitting tecuniges to find neutron optical param-
eters vaiid over the entire enesrgy range between several hundred
keV and 50 MeV (in this instance). For proton and alpha emission
vc have generally modified existing parameter sets and then veri-
fied their applicability through comparison to indcpendent data
types.

To determine our neutron optical parameters, we used 59Co to-
tal cross-section data between 0.5 and 30 MeV, supplemcnted at
higher energies by estimates based on iron total cross section to
50 MeV. Constraints on the low energy behavior of the paraumeters
were achieved through use of 8- and p-wave strength functions as
well as values for the potential scattering radius. Elastic-
scattering angular distribution data were included for neutron en-
ergles of 8, 11, and 15 Me\', along with l14-MeV reaction cross scc-
tions. Around 40 MeV, an estimate for the reaction cross section
was iucluded based on recent data [3] from u + Fe reaction cross-
section measurements. For the fit, two eivrrgy regions were used
with the boundary chosen at 6 MeV. The resulcing parameters are
shown in Table l. To fit the data, a surface derivative Woods-
Saxon potential was used having a positive cnergy coefficient at
low energles with a negative coefficient for encrglies above 6 MeV,
A volume imaginary potential wa:s also uscd that bcecame dowinant for
neutron energier above 25 MeV. The calculated total and elastic
cross sections are compared to experimental data in Figs. l-a and
1-b, respectively.

¥or protons and alphis we used modifed [orms, respectively, of
the Percy [4) and Lemos [5]) global paramcter scts that were derived
during our n + 54,56Fe calculations (see contribution to these
proceedings). To further verify ;hcm for this groblvm, we made
Hauser-Feshbach calculations .f 9 Fe (p,n) and My (a,n) cross
sections (with the neutron parameters of Table 1) that are compare:
to data [6-8) Ln Figs. 2 and 3.



Other quantities required for these calculations consisted
zainly of gamma-ray transmission coefficients, level density param
eters, and parameters needed for preequilibrium corrections. The
latter two parameter types were taken from published values since
these result generalily from the examination of systematic behavior
of pertinent data. We employed the Gilbert—Came<on [9] level dens-
ity expressions along with the Cook [1C] values for Fermi-gas pa-
rameters and ad justed constant temperature parameter values to fit
(for each nucieus in the calculation) information pertaining to the
cumulative nusiber of levels occurring up to a given excitation en-
ergy. Since constant-temperature level-density oxpressions were
often employed up to fairly high excitation energies, uncertainties
in the level-density expressions, occurring maialy in the Ferml-guas
portions, could be minimized.

The matrix normalization constant needed to fix transition
rates in the master enuations preequilibrium model was taken from
the value recommended by Kalbach [11]). The form of the absolute
square of this residual two-body matrix element was assumec to be
dependent on both the ex:itation energy available¢ per excitorn and
the compound system mass [12].

Gamma-ray transmission coefficients were calculated assumiug a
glant dipole resonance form and were normalized through determina-
tion of the gamma-rayv etength function by fits to 59¢co (n,y) data.
This method eliminates much of the uncertainty occurring from nor-
malization to 2%<['y>/<D-» ratios, especially for nucleil where no
such data are available. The 66Co gamma-ray strerzgth function was
;gry similar in megnitude to values we detuermined for 33Fe and

Fe. [2,'

CALCULATIONS AND RESULTS

The abvve parameters, along with discrete-level information,

were used with three nuclear models--Hauser-Feshbach, preequilibri-
um, and direct-reaction=-that describe the main features of most
nceutron reactions occurring in th.s mass and energy region. The
main nuclear model codes used for the calculations were COMNUC,
[13] GNASH, [l1%] and DWUCK. [15] 1n additinn to Hauser-Feshbach
calculations to which width fluctuations (COMNIC) and preequilibri-
um corrections (GNASH) were applied, a small direct-reaction com-
ponent was determined for the first several inclastic levels
thrcugh DWBA calculations (DWUCK). A weak coupling model for 39¢o
conuisting of = spin 7/2 hole outside a 60N1 core was used along
with the assumption of £ = 2 transfer and a value of Ky = 0.2,
That this model war adequate to repregrent "9¢n direct cross sec-
tiony was verified by examination of the relative magnitude and
shape of 11 MeV proton inclastic scattering deta [16] to meveral
low-lying levnls.



Figure 4 presents a general overview of the calculated cross
sections. Since alpha decay chains were not followed individually
except off the main neutron branch, contributions to (n,na),
(n,2na), etc. cross sections were not ascertained for all compo-
nents at higher incident energies. However, the effect of this ap-
proximation on total alpha production is very small. Also, reac-
tions involving multiple proton emission such as (n,xnyp) (y 2 2)
were not included since tests performed at /40 MeV indicated that
protou. emission comprised less than a few percent of the total
cross section for decay of a given compound nucleus occurring along
the proton branch included in the calculactions.

With reference to these cross sections, several general fea-
tures are noteworthy. At higher energies, reactions involving pro-
ton emission such as (n,3np) dominate because of the multiple reac-
tion paths that can produce the final nucleus. Also the compound
systems produced along the main neutron decay chain tend to be more
proton rich, resulting in less neutron emission. Thus, the (n,4n)
reaction that has been suggested for dosimetry uses at higher neu-
tron energies may suffer from a low cross-section value. Reactions
such as (n,p), (n,2n), and (n,3n) maintain their cross-section rcag-
nitudes withcut rapid decreases after competing channels become
available at hig.er energies. This results from preequilibrium ef-
fects and is well aocumented from the behavior of (p,xn) and
(p,pxn) cross sections in this energy region.

Calculated values for 59Co neutron reactins of dosimetry
interest are comparcd to data in the next several figures. Figure
5 {1lustrates calculated (n,xn) cross sections with available data
[17-21] [(n,2n) and (n,3n) measurements shown herc¢ were mad: using
scintillator tanks). Similarly, in Fig. 6 comparisons are made to
5% (n,2n) data measurcd by activation techniques. Both the
(n,2n) and (n,3n) threshold encrgy regions provide an opportunity
to verify the low-energy neutron transmission coefficients since
emission to discrete states in the residual nucleus dominates here.

The slopc of the calculated cross sections, particularly
around he (n,2n) threshold, depends strongly upon competition fron
gamma-ray and charged-particle emission., The fact that the calcu-
latious fit the steeply rising cross section around the (n,2n)
threshold provides verification of the normalization used for
gammia-ray transmission coefficients since the (n,n'y) resction com
petes most strongly there. 1ln the (n,3n) threshold region, such
effects are reduced because of incrcased competition from particle
emigsion through the (n,np) or (n,2n) reactiovns.

Figure 7 1illustrates calculated and expuerimental values for
the 39¢o (n,p) reaction. At lower energices, the behavior of the
proton transmission coefficlents calculated using the modified
Perey optical parameters plays an important role {n the agreeuwent
obtained with the data of Smith [22) (closed circles). At 14 MeV



the calculations fall somewhat l.-ser than the experimental data,
most of which cluster around cross-section values of approximately
50-60 mb. Attempts to increase the calculated values in this ener-
gy vegion through ad justment of level density parameters for 59Fe
began to disturb the agreement achieved at lower energies. In mak-
ing such adjustments, the (n,pn) cross section was also increased,
adding to the competition to the (n,p) reaction. These two factors
made it difficult to adjust these parameters to achieve an increase
in the calculated (n,p) values. Potential problems may exist in
the relative amounts of proton and neutron emiasion predicted by
the preequilibrium model. However, comparisons of our calculations
to available proton emission spectra and (n,p) cross sections for
nearby nuclei have resulted in good agreement, particularly between
15 and 20 MeV-

Although (n,np) + (n,pn) reactions are not of interest with
respect to dosimetry cross sections, competition from them indi-
rectly affects the calculated (n,2n) and (n,p) cross sections.
Figure 8 illustrates our calculated (n,np) and (n,pn) cross section
(solid line) and the portion of the reaction leading to the 0.811-
MeV gamma ray in 58Fe (dashed line). Aliso shown are the data of
Curcalciuc et al [23] for the production of this gamma ray. The
shoulder around 11-13 MeV results from the (n,np) reaction since in
the 29co compound system the proton binding energy is about 3 MeV
less than that of the neutron. 1In this region, the sub-Coulomb
barrier behavior of the proton transmission coefficients is impor-
tant, which led us to compare ‘¢ low energy 37Fe (p,n) cross sec~-
tions as shown earlier in Fig. 2. Above 13~-14 MeV, the (n,pn) re-
action becomes the main contributor to this croes section. Our
values (dashed line) agree well with the Corcalciuc data at higher
energies Lut over-estimates it at 16 and 18 MeV. Somec problems may
exist in these measurements since their results for other reactions
lshFe (n,2nYy) and 39¢co (n,2nY)] appear to be systematically low
when compared at these energies to other available data.

Figure 9 illustrates calculated and measured (n,x) cross Rec-
tions available between 6 and 2] MeV. Although improvements may
result from optical parameter adjustments at lower encrgics, the
agreement is reasonable over this wide energy range. 1In addition
to compound and pre-compound processes, we also included pickup and
knockout contribut{ons based on empirical expressions developed by
Kalbach. [11] The agreement obtained at higher cnergies provides
some verification of these parameterizations.

CONCLUSIONS

Independent data types have been umed to determine or verify
input parameters for use in comprchensive nuclear-model calcula~
tions of neutrcn rcactfons on 27Co between 3 and 50 MeV. Results
obtained in this manner generally produced good agrecment when com-



pared to experimental data, particularly for (n,2n) and (n,3n) re-
actions up to 22 MeV. Calculated (n,2n) and (n,3n) cross sections
should retain eignificant values at higher enargies principally be-
cause of preequilibrium effects while the (n,4n) cross section is
sredicted to be significantly smaller because of competition from
reactions involving proton emission. Uncertainty ex’sLs for the
behavior of the (n,p) cross section atove neutron energies of 10-11l
MeV since some daia are underpredicted by the calculations at 14
MeV. More experimental data (excitation functions) in the energy
range from 10 to 20 MeV would be valuable tuwards solution of this
problem. At higher energies, the (n,p) cross secticn is dominated
by preequilibrium effects so that its magnitude remains relatively
constant. Finally, the calculated (n,0) values agree reasonably
with data up to 21 MeV indicating the reliability of the non-
statistical reaction mechanisms used at higher energiles.
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TABLE I

n+ 5960 Optical Model Parameters

r(fm) a(fm)
V{MeV} = 47.604 - 0,3636E ~ 0.0003F2 1.2865 0.561
Wyo1(MeV) = =0.072 + 0.1475E 1.3448  0.473
Wgp(MeV) = 8,047 + 0.080SE 1.3448 0,473

Above 6 MeV
Wgp(MeV) = 8.53 ~ 0.2509(E-6)
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