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CALCULATED NEUTRON-INDUCED CROSS SECTIONS FOR 33Cr
FROM 1 TO 20 MeV

K. Shibata and D. M. Hetrick

ABSTRACT

Neutron-induced cross sections of **Cr have been calculated in the energy regions from 1 to 20 MeV.
The quantities obtained are the cross sections for the reactions (n,ny), (n,2n), (n,np), (n,na), (n,py),
(npn), (nay), (nan), (nd), (nt), (n’He), and (n,y), as well as the spectra of emitted neutrons,
protons, alpha particles, and gamma rays. The precompound process was included above 5 MeV in
addition to the compound process. For the inelastic scattering, the contribution of the direct interaction
was calculated with DWBA.

1. INTRODUCTION

Knowledge of **Cr data is essential for evaluation of natural chromium data since the natural
abundance of the isotope is 9.5%. However, experimental data on >Cr are very scarce. Thus
theoretical calculations play an important role in the evaluation. In the present work, neutron cross
sections of 33Cr were calculated on the basis of the statistical model including precompound effects.
The direct-interaction process was included for the inelastic scattering. The incident neutron energy
covers the range of 1 to 20 MeV.

Two nuclear model codes were used to calculate the neutron cross sections. The statistical model code
TNG! gave the cross sections for the reactions (n,n'y), (n,2n), (nnp), (nna), (npy), (npn), (nay),
(n,an), and (n,¥). Precompound angular distributions of neutrons from the (n,n’) reaction were also
calculated with the TNG code. The direct-interaction cross sections for the inelastic scattering were
obtained by using the DWUCK code.? The angular distribution for the (,n’) reaction was generated
by summing up the results of the statistical-model and direct-interaction calculations.

This report describes the details of the 33Cr evaluation. In Section 2 the parameters used in the
calculation are discussed. The calculated results are given in Section 3 and compared with available
experimental data. A short summary is given in Section 4.

2. PARAMETERS USED IN THE CALCULATION

2.1 DISCRETE LEVELS AND LEVEL DENSITY

The statistical-model calculation was performed on the following reactions: 3Cr(n,ny)>Cr,
$3Cr(n,2n)°2Cr,  3Cr(nnp)?V, 3Cr(mna)®Ti, 3Cr(npy)®V, 33Cr(npn)*V, 3Cr(nav) Ti,
53Cr(n,an)*Ti, and **Cr(n,y)**Cr. The Q-values of the above reactions are given in Table 1 together
with those of the (nd), (nt), and (n°He) reactions. In the TNG calculation, input for the discrete
levels and level-density parameters of seven nuclei (i.e., 54Cr, 33Cr, 52Cr, 3V, 32y, °Ti, and #Ti) are
required.



Table 1. Reaction Q-values

Reaction Q-value (MeV)
3Cr(n,2n)*2Cr —7.940
33Cr(n,np)’2v —11.134
3Cr(n,na)¥Ti —9.151
53Cr(n,p)>3V —2.640
3Cr(n,a)*°Ti 1.794
3Cr(n,v)**Cr 9.719
3Cr(n,d)*2V —8.911
3Cr(nr)’'V —9.965
$3Cr(n,*He)*' Ti —12.412

The discrete levels and gamma-ray branching ratios used in the calculation are given in Tables 2
through 8. Most of the levels were taken from the Table of Isotopes (7th ed.)® in order to be consistent
with the 32Cr evaluation by Hetrick et al.* For **Cr and *3V, the recent measurements of Watson et
al.’> and Mateja et al.® were also taken into account. The gamma-ray branching ratios were taken from
the Table of Isotopes (7th ed.)’ and the Nuclear Data Sheets.” The branching ratios for primary
gamma rays from **Cr are needed to calculate the capture gamma-ray spectrum and are presented in

Table 9.

Concerning the level density, the composite formula of Gilbert and Cameron® was used throughout.

The quantities a@ and A were taken from their tables except those of *Cr and !Cr. The parameters E,
and T of the constant-temperature formula and the matching energy E, were adjusted so as to match
the cumulative discrete levels of each nucleus. The parameter a for **Cr was obtained by taking
account of the observed s-wave resonance spacing given by Mughabghab et al.,” while that for *>Cr was
adjusted to reproduce the measured neutron spectra from the n + 2Cr reaction. For the spin cut-off
factor, we used the following expression given by Facchini and Saetta-Menichella:'?

¢ = ¢t = 0.146 aA?’t

where A is the mass number and ¢ is the nuclear temperature. The parameters are listed in Table 10.

2.2 OPTICAL-MODEL POTENTIALS

For the optical-model potentials, we adopted the same parameters as used in the 52Cr evaluation.
For neutrons, we used Wilmore and Hodgson’s parameters:!!

Vg = 47.01 — 0.267E; — 0.0018E} (MeV)
W, = 9.52 — 0.053E; (MeV)
re = 1.322 — 7.6X107%4 + 4X10754% — 8X107°4° (fm)
re = 1.266 — 3.7X107%4 + 2.0X1074%2 — 4X107°4> (fm)
ag = 0.66 (fm)



Table 2. Discrete levels and gamma-ray branching ratios of *Cr

Branching ratios to state V

N E Jr
(MeV) 1 2 3

1 0.0 0+

2 0.835 2+ 1.0

3 1.824 4 + 1.0

4 2.620 2+ 0.04 0.96

5 2.829 0+ 1.0

6 3.074 2+ 1.0

7 3.160 2 + 0.47 0.53
8 3.220 6 + 1.0
9 3.393 2+ 1.0
10 3.437 2 + 1.0
11 3.510 2+ 1.0
12 3.660 4 + 1.0
13 3.720 1+ 1.0

Table 3. Discrete levels and gamma-ray branching ratios of **Cr

Branching ratios to state N

N E Jr
(MeV) 1 2 3 4 5 6 7 9

1 00 3/2 —

2 0.564 1/2 — 1.0

3 1.006 5/2 — 1.0

4  1.290 7/2 — 0.91 0.09

5 1.537 7/2 — 0.11 0.57 0.32

6 1974 5/2 — 0.85 0.15

7 2172 11/2 — 1.0

8 2233 9/2 — 1.0

9 2321 3/2 — 1.0
10 2.453 5/2 — 0.60 0.40
11 2.657 5/2 — 0.72 0.28
12 2.670 1/2 — 0.60 0.40
13 2.707 5/2 — 1.0
14  2.708 3/2 — 0.11 0.46 0.29 0.14




Table 4. Discrete levels and gamma-ray branching ratios of 5*Cr

Branching ratios to state N

N E Jr
(MeV) 1 2 3 4 5 6 7 9

1 0.0 0+

2 1.434 2 + 1.0

3 2370 4 + 1.0

4  2.647 0+ 1.0

5 2768 4 + 099 0.01

6 2965 2+ 1.0

7 3114 6 + 0.99 0.01

8 3.162 2+ 0.13 0.87

9 3415 4 + 0.07 0.14 0.79

10 3.472 3+ 0.22 0.78

11 3.616 5+ 0.54 0.42 0.03 0.01
12 3.772 2+ 020 0.80

13 4.563 K 1.0
14  4.640 4 + 1.0

Table 5. Discrete levels and gamma-ray branching ratios of 5V

Branching ratios to state N

N E Jr
(MeV) 1 2 3 4

1 00 7/2 —

2 0128 5/2 — 1.0

3 0228 3/2 — 1.0

4 1.090 11/2~ 1.0

5 1.265 9/2 — 0.63 0.8 0.09
6 1.550 5/2 — 0.66  0.34

7 1652 9/2 — 1.0

8  1.856 7/2 — 1.0

9 1.904 3/2 — 030 0.0 0.60
10 1.958 3/2 — 1.0
11 2.084 3/2 — 0.52 0.8




Table 6. Discrete levels and gamma-ray branching ratios of 52V

Branching ratios to state N

N E Jr
{MeV) 1 2 3 4 5 6
1 0.0 3+
2 0.017 z+ 1.0
3 0.023 5+ 1.0
4 0.142 1 + 1.0
5 0.148 4 + 0.15 0.85
6 0.437 2 + 0.49 0.30 0.21
7 0.794 3+ 0.99 0.01
8 0.846 4 + 0.83 0.17

Table 7. Discrete levels and gamma-ray branching ratios of **Ti

Branching ratios to state N

N E Jr

(MeV) 1 2 3
1 0.0 0+
2 1.555 2 + 1.0
3 2.675 4 + 1.0
4 3.200 6 + 1.0
5 3.770 2+ 0.5 0.5
6 3.870 0+ 1.0
7 4.160 4 + 1.0
8 4.179 2+ 1.0




Table 8. Discrete levels and gamma-ray branching ratios of “*Ti

Branching ratios to state N

N E Jr
(MeV) 1 2
1 0.0 7/2 —
2 1.382 3/2 — 1.0
3 1.542 11/2 — 1.0
4 1.585 3/2 — 1.0
5 1.623 9/2 — 1.0
6 1.723 1/2 — 1.0
7 1.762 5/2 — 1.0

Table 9. Branching ratios for primary gamma rays
from the (n,7Y) reaction

Final-state energy (MeV) Branching ratio
0.0 0.15
0.835 0.46
2.620 0.08
2.829 0.02
3.074 0.10
3.437 0.02

3.720 0.04




Table 10. Level-density parameters

Residual T E, a A c E, E,
Nuclei (MeV) (MeV) MeV™h)  (MeV) (MeV) (MeV)
MCr 1.279 0.4011 6.950 2.62 14.497  3.73 9.627
3Cr 1.332 —0.789 6.500 1.35 13.39 2.772 8.306
2Cr 1.433 0.1997 6.154 2.65 12.52 3.700  10.390
3y 1.194  —0.556 7.200 1.27 14.83 2.360 7.433
2y 1.255  —1.805 6.750 0.0 13.73 0.881 6.309
50§ 1.229 1.560 6.591 3.03 13.06 4.190 8.701
“Ti 1.267  —0.2899 6.850 1.73 13.39 2.262 8.375

T = nuclear temperature

E, = parameter for matching lower energy level density to the higher one
a = ng/6 (g = density of uniformly spaced single particle states)

A = pairing energy correction

o = spin cut-off diameter = 2¢ (E — A)/a where E is the excitation energy

E, = continuum cut-off
E, = tangency point.

where E; is the energy in the laboratory system and A is the mass number.

For protons, the parameters of Becchetti and Greenlees'? were employed:

Ve = 54.0 — 0.32E; + 0.4Z/A' + 24.0(N-Z)JA (MeV)

Ws = 11.8 — 0.25E; + 12.0(N-Z)A (MeV)
re = 1.17 (fm)
re = ry = 132 (fm)
re = 1.25 (fm)
agp = 0.75 (fm)
as = ay = 0.51 + 0.7(N-2)/A4 (fm)

where Z is the atomic number and N = 4 — Z.
For alpha particles, the parameters of Huizenga and Igo'® were employed:

Wy = 5.7 + 0.0874
re = ry = 117 + 1.774'/3
re = 117
ar = ay = 0.576
where W, is based on a linear fit to the data given in Table 1 of Ref. 13.



2.3 DIRECT INTERACTION

The contribution of the direct interaction to the inelastic scattering was calculated with the DWUCK?
code. In the calculation, the deformation parameter 8, was required to obtain the absolute cross
sections. The values of (8,’s themselves were not available; thus, they were estimated from quadrupole
transition probabilities B(E2) which can be determined experimentaily.

The probability B(E2) is expressed'# as a function of 8, by

9 Z%*R*
16x? S ’
where R is a nuclear radius and e is the charge unit. For 33Cr the deformation parameter 8, is given
by

B(E2) = i

1.4877[B(E2)}\2

B2
The values of B(E2)’s were obtained from the compilation of Auble’ for six levels of **Cr. The deduced

B, values are presented in Table 11, together with ', values which are used for input to DWUCK. The
quantity ', includes the statistical factor and is used for odd-A nuclei. It is related to 8, by'>

Table 11. Deformation parameters of >>Cr levels

E (MeV) N ud L B} g3
0.564 1/2— 2 00239 000239
1.006 5/2— 2 00215 0.00645
1.290 7/2— 2 00558 0.02232
1.537 7/2— 2 0.0055 0.00220
1.974 5/2— 2 00431 0.01293
2.321 3/2— 0 00328 0.03280

27,+1
g3 = L 2

QJ+DQL+1) 7

where J; is the spin of the target, J; is the spin of the residual nucleus, and L is the transferred orbital
angular momentum.

The calculated cross sections are shown in Fig. 1. The direct process was also taken into account for
angular distributions of neutrons from the (n,n') reaction.

2.4 GIANT-DIPOLE RESONANCE

The gamma-ray transmission coefficient was calculated with the giant dipole model. The absorption
cross section for giant dipole resonance was assumed to have a Lorentzian shape, i.c.,
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Fig. 1. Calculated direct inelastic scattering cross sections of S3Cr.
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whc}'c E, is the gamma-ray energy. The symbois E,,, o,,, and T' are the resonance energy, peak cross
section, and full width at half maximum, respectively. Empirical formulas were used!® to determine
values of o,,, E,,, and I':

o, = 168 NZ/(wAT) (mb)
E, = 163(NZ)'?/4** (MeV)
I =50 (MeV).

The M1 and E2 transitions were also included with the assumed strengths MI/E] = 0.1 at E, = 7
MeV and E2/E1 = 0.01 for all gamma-ray energies. The M, strength was assumed to be proportional

to E3.
2.5 (m,d), (n,1), AND (n,>He) REACTIONS

The TNG code is not capable of calculating the (n,d), (n.t), and (n,*He) cross sections. In the present
work, these cross sections were determined from the calculated (n,p) and (n,a) cross sections by shifting
the threshold energies. The absolute cross sections were obtained so that the calculated results were
consistent with measured data. The experimental data used in normalization are as follows:

(nd) + (nnp) + (n,pn), 12 = 3 mb at 14.7 MeV, Qaim!’
(n), 0.0398 mb at 14 MeV, Qaim and Stocklin'®
(n,*He), 0.006 mb at 14.5 MeV, Qaim et al.'®

In deriving the (n,d) cross section, the contributions of the (n,np) and (n,pn) reactions were estimated
from the TNG calculation.

3. CALCULATED RESULTS

The calculated (n,n’y) cross sections are shown in Figs. 2-7, compared with two sets of
measurements.?>?! It is found that the present calculation is almost consistent with the experimental
data. The inelastic scattering cross sections for the low-lying levels of 3*Cr are shown in Figs. 8-13,
where comparisons are made with measurements?®?? and the *’Cr data of JENDL-2.2 At higher
energies JENDL-2 gives smaller cross sections than our calculations since the precompound and direct-
interaction processes were neglected in JENDL-2.

No experimental data are available on the *>Cr(n,2n) reaction cross section. As seen in Fig. 14, the
present result is 20 to 30% smaller than JENDL-2 in the energy range from 13 to 20 MeV. The (n,2n)
cross sections of JENDL-2 were calculated with the GROGI code?* and adjusted to be consistent with

experimental data on natural chromium.

The computed proton-production cross sections are illustrated in Fig. 15 compared with experimental
data?>3® and JENDL-2. The calculated (n,p) cross section reproduces the measurements very well,
whereas JENDL-2 is inconsistent with the experimental data of Smith et al.?’ for E, < 9.4 MeV.

The (n,a) and (n,na) cross sections are shown in Fig. 16. In JENDL-2, the calculated (n,a) cross
section was normalized to the experimental datum of Dolja et al.' The 3*Cr(nna) cross section
(MT=22) is not included in JENDL-2,
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Fig. 16. Alpha-particle production cross sections. The JENDL-3 does not include the (m,na) +
(n,an) component,

The capture cross section was calculated from 10 keV to 20 MeV, as shown in Fig. 17. The present
result lies among the experimental data points*>>* below 100 keV. An enhancement above 10 MeV
comes from the precompound mode. Details of the precompound capture reaction are given in Ref. 36.

Shown in Fig. 18 are the (n,d), (nt), and (n,’He) cross sections that were obtained by the method
described in the previous chapter. These reaction data are not included in JENDL-2.

The spectra of emitted particles and gamma rays at an incident energy of 14.5 MeV are illustrated in
Figs. 19-22. For the neutron spectrum in Fig. 19, the peak at 13 MeV is due to the direct-interaction
process. Angular distributions of continuum neutrons are shown in Fig. 23. A remarkable forward
peaking is seen at higher outgoing energies where the precompound reaction is predominant.

4. SUMMARY

Neutron cross sections of **Cr have been calculated in the energy range of 1 to 20 MeV. The
calculations were performed using the multistep statistical model code TNG.! Input parameters to
TNG were chosen to be consistent with those in the >2Cr evaluation.* The resulting cross sections are
consistent with available experimental data although measurements on >*Cr are very scarce.
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