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ANALYSIS CF NZUTRON INDUCED REACTIONS ON
Ti ISOTOPES FROM 2 TO 20 MeV

8. GMUCA
Institute of Physics E.P.R.C., Slovak Academy
of Sciences, Dibravské cesta 9, CS-842 28 Bratislava
Czechoslovakia

Abstract

The Weisskopf-Ewing and preequilibrium models are used to
obtain the cross sections of all the more important neutron
threshold reactions on Ti isotopes. The calculated results are
compared with the existing experimental data. The optical mod-
el is used for the calculation of reaction cross sections.

1. INTRODUCTION

The aim of this work is to present a complete and consis-
tent analyéis of the more important interactions of neutrons
with Ti isotopes in the energy range 2-20 MeV.

The current phenomenological theory of ruclear reactions
at intermediate and low energies /E< 50 MeV/ is based on va=-
rious models of the reaction mechanism.

At lower excitation energies, most reactions leading to
the particle emission are well described by the compound-nuc-
leus evaporation model. The Hauser-Feschbach theory provides
the most consistent method of calculating the cross section of
that process. In the case of neglecting the angular momentum
conservation it reduces to the much simpler Weisskopf-Ewing
calculation.

At higher excitation energies /E 215 MeV/, however, the.
contribution from the preequilibrium mechanism becomes signi-

Work performed under IAEA Co-operative Research Programme on
the "Measurement and Analysis of 14 MeV Neutron Nuclear Data
needed for Fission and Fusion Reactor Technology" and Research

Agreement No 3436/CF.



ficant and cannot be neglected anymore. The exciton model of
preequilibrium decay has recently been widely used to describe
that fraction of cross sections. |

Thus, over the incident particle energy range considered,
the reaction mechanism changes in character, and the integral
cross sections and the emission spectra of reaction products
can only be described using a combination of both the compound-
nucleus and preequilibrium models. Apparently, the relative
contributions of both competing mechanisms would vary according
to the reaction conditions. Several papers /see e.g. Holub et
al. 1980 and references therein/ have been published demonstra-
ting that such an approach can properly describe particle emis-
slon spectra and excitation functions of reactions in the sepa-
rate reaction channels.

In this paper, emphasis is put on a simultaneous analysis
of many reaction channels involved in the interactions of neu-
trons with Ti isotopes, using a consistent set of parameters.
Most of the calculations are compared with the available expe=-
rimental data. At low energies the reactions (n,n'), (n,p) and
(n,o) dominate, while at higher energies (n,2n), (n,pn),
(n,n'p) and (n,nci) become also important.The remainining
possible reactiong, (n,}n), (n,2p) and those embracing the
complex particles other than O, do not contribute apprecie-
bly below 20 MeV and so are excluded from consideration.

2. OPTICAL MODEL CALCULATIONS

Most ﬁodern theoretical nuclear data evaluations employ
an optical model analysis using either a phenomenological or
microscopically derived optical potential., The importance of
this component to the evaluation is obvious as it provides
not only the total, shape-elsstic and reaction cross sections,
but also the neutron and charged-particle transmission coef-
ficients that are used in Hauser-Feschbach statistical theo-
ry calculations. An important feature of such consistent ana-
lyses is that they usually have to cover a very wide energy
range; typically from 100 keV to 20 MeV or more,

The low ehergy transmission coefficients preserve their
importance even at high 1incident energies in order to cor-



rectly calculate the multiparticle emission in the various
reaction chains. , '

In this paper, the optical model calculations were made
using the spherical optical model code SCAT2 by Bersillon
/1981/. The global optical model parameters of Perey /1963/
for protons, and those of McFadden and Satchler /19€66/ for
O -particles, were used. The neutron optical model parametefs
for Sc and Ti isotopes are listed in Table 1, and the total
cross sections obtained with these potentials are ahown in
Figs. 1 and 2, and compared with the experimental data of
Foster and Glasgow / 1971/ . These comparisons confirm that
these potentials give an adequate description of the expe=-
rimental data.

2. STATIDTICLL MODEL CALCULATIONZ

All calculations were made by using the Weisskpf-Ewing
evaporafion model in combination with the precompoust exciton
model. Since the Welsskopf-Ewing model is well knowr.and its
description maey be found in original papers /Weisskof 1937,
Weisskopf and Ewing 1940/, only the precompound exciton model
used and felevant parameters are briefly described #®low.

A closed-form exciton - model expression for differential

precompound cross sections is given by

&

do~(o,) /dgy = Ty (6)2 Aw,Ee) T(mE) /11
hm,
oOm=¢2

The emission of particles of type(d of kinetic energr 6}1, from
an n-exciton state of the composite system at an exdton ener-
gy E, is propotional to the emission rate W (n,E,& ymultiplied
by the time T(n,E) the system spends in this particdar state.
The total probability for the emission of particlesf with en-
ergy £2;is obtained by summing up the contributions from all
exciton states until the equilibrium is reached. m(E ) is
the cross section for the formation of the compoeltesystem by
an incoming particle &« of energy Ei' The emission rete



%afn,E,ék') is given by the usual expression

2s f/l oMY co(p-pa,blh En)-
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Here the proton-neutron distinguishibility factor q;b), as
suggested by Kalbach /1977/, makes it possible to us= the one-
fermion density of exciton states. The Ericson state density
cu(p,h,E,EH) for a n-exciton state /n=p+h/ corrected for the
Pevli princijple enc the finite deptr. of nole excitation, as
determined by Betdk and Dobe’ /1976/, is given by

n h fh
W(p,h,E,E,E”) = - ‘{Z (F}(q)ﬂx /3/
=0 ,

pthi{n-1)!

x.,(E-Ap’h - I.EH)“'1 O(E-, , - IEH).

where A h is the correction factor due to the Pauli princi-
?
ple /Meneses 1983/

4
Ap b= —{ph - p,(p+1)/4 - h(h+1)/b} , Ju/
! g

and E; is the finite depth of hole excitation /Cmuca 1980/.

In fact, the inclusion of the correction for the finite depth

of hole excitation is the only major difference between the
commonly used exciton model and that used in this work. Such

a type of correction is in accord with the recent results of
Wilkinson /1977/, who pointed out the dominating role of the
nuclear surface in nuclear interactions. In terms of energy,
this means that the depth of hole excitation is expected to

be comparable with the strength of the effective residual in-
teraction which is a few MeV. This may be compared with the
total depth of the Fermi sea, i.e. several tens of MeV. Inde-
ed, the recent evaluation of the equilibration of finite fermion
systems by Wolschin /1981/ showed that, during the relaxation
process, the occupation probabilities of only a small part of
the nucleonsbelow the Fermi energy /holes/ were changed substan-
tially. The remaining part of nucleons continued to be inviolab-



le. The width of the energy region influenced by the equilibra-
tion was approximately equal to the.thermodynamic temperature of
the compound nucleus. Thus, the following relation, based on the
arguments given above, was adopted for the evaluation of the ef-
fective finite depth of hole excitation /Gmuca 1982/

EHBVE/B’ ) : /5/

a being the level density parameter of compound nucleus,
The time T(n.E) that the composite system spends in an
n-exciton state was evaluated by the closed-form expressions

T(n,E) . ‘tn(E‘)i]’? 2A%(1,E) ‘Zi.(E.) /6/
Ai=+g
é}max

T (E) -[3_\*(“»3) * % £ w,r(n.E,e‘,.) df,J-1 ' /6a/

where Jf(n,E) is the transition rate forming n+2 - exciton
state. The X' transition rate is given by the "golden rule"
as

2R
X(n,E) = lMlzw; (n,E,E,), /7/

where the density of accessible final states co+(n,E,EH), cor-
rected for the finite depth of hole excitation,fwas taken as

given by Betdk and DobeX /1976/. For the normalization of the
absolute magnitude of the A’ transition rate, it is necessary
to know the averaged squared matrix element IMIZ. Since no re-
liable microscopic calculations exist for the two-body inte-

raction in the nucleus, & phenomenological expression for IMIZ
is usually used. In this work, ]Mlz is expected to behave ap-

proximately as /Gmuca 1982/
2 -3 |
lMl =K g EH ’ /8/

where the finite depth of hole excitation was taken into ac-
count. The single particle density g is related to the level



density parameter a by
= ‘a /9/
&= x2

The dimensionless free parameter K was recently determined
to be 0.30 for neutron induced reactions /Gmuca 1982/.

In Weisskopf-Ewing model calculations the leve1:density
formule of the traditional Fermi gas form

,'i exp{2[a,(u-d”)JZz}
42 a‘l/b(u_J)S/h

e(u) = / 10/

was used at higher excitation energies, Jjoining smoothly to
the constant temperature formula for excitation energies below
5 MeV. _ '

The a and § are the parameters of the level density for-
mula, and their values used are listed in Table 2. They were
taken meinly from Grimes et al., /1974 and 1578/, and slightly
modified /if necessary/ to achieve fits to the excitation fun-
ctions and particle emission spectra calculated. These modifi-
cations were mainly due to different sets of the optical model

parameters used.

The ¥ -ray competition may exert a serious influence upon
the particle emission, particularly around thresholds. In this
work, the.T -ray transmission coefficients of the Brink-Axel
giant dipole resonance form were used, with the parameters ta-
ken from the systematics

E cpp= 80 a~V3  /mevy,
P oo™ /viev/ /1
O cpr= 13 A/ gpg /mb/.

No attempts were made to calculate 4 -ray spectra. The {' -ray
emission serves only as a competitor to the particle emission
thus improving the description of the excitation functions,
mainly near the thresholds.



4L, RESULTS AND COMPARISONS TO DATA

The calculations were performed using the program SPECTR-II
/Cmuca 1984/ that handles a complex sequence of compound nuclei
resulting from the neutron and proton emission chains in a sin-
gle run. Neutrons, protons, alphas /or other complex particles/
and 7 -rays are allowed to be emitted from each compound nuc-
leus. In Fig. 3, an example of calculations for n+48T1 Cross
sections obtained in a single run is shown. Below, the results
of calculations will be compared to the availeble experimental

data,

n + A6Ti

Neutron-activation cross sections data for the A6T1(n,p

reaction are relatively abundant and they are complemented at

15 MeV by total proton emission spectra measured using the qua-
drupole spectrometer by Grimes et al. /1977/. While there was

no problem to describe the proton emission spectra at 15 MeV
/see Fig. 4/, a successful description of the excitation func-
tion was only possible by varying the level density parameter

a of the residual nucleus Sc with energy /a Similar problem
was also met in A7Ti(n,n’p+pn)h Sc reaction, leading to the same
residual nucleus/. The energy dependent form of a as given by
Maino and Menapace /1983/ '

)A6Sc

afu) = 3(1 - e~ 1Y) /12/

was, therefore, adopted for A6Sc with @ = 5.85 and r =0.43. In
this, case, a reasonable agreement both with the experimental
data and with the ENDF/B.V evaluation was achieved /see Fig. 5/.

The only datum for alpha-production cross sections on Ti
1s that of 15 MeV neutron induced zlpha-production, as measured
by Grimes et al. /1977/. Our calculation of this reaction is
compared to the experimental spectrum in Fig. 6.

The experimental data for the A6T1(n,2n)h5Ti reaction are
both abundant and consistent, and well described by the calcula-
tion. The agreement near the threshold indicates a correct low-
energy neutron transmission coefficients behaviour governed
by the neutron optical potential parameters listed in Table 1.



n + A7Ti

4L47..
75c cross sections were

Only few messurements of A7Ti(n,p)
made at energies other than 14-15 MeV. At energies below 10 MeV,
mutually consistent data by Smith and Meadows /1975/, Swinhoe
and Uttley /1979/ and Husain and Hunt /1983/ are available, and
our calculations are fairly consistent with these /being only
somewhat lower at energies below 5 MeV/, and with the ENDF/B-V
evaluation. This is documented by Fig. 7. Above 10 MeV, howe-
ver, there is a considerable disagreement between our calcula-
tion and the ENDF/B-V evaluation which is, in fact, based only
on one older measurement by Pai /1966/. Unfortunstely, due to
a large spread, the integral cross sections measured at 14-15
MeV energies do not allow a reliable normalization of the cal-
culation and thus do not improve the situation in the upper part
of the neutron energy range considered. Our calculation is com-
pared to the 14~-15 MeV single-point data in Fig. 8.

The calculation of the A7Ti(n,n’p+pn)b65c reaction is com=-
pared with three available experimental data and with the
ENDF/B-V evaluation in Fig. 9. The energy-dependent level densi-
ty parameter a for the hsSc nucleus was used as discussed ear-
lier.

n + hBTi

The ABTi nucleus is the most abundant and most important

isotope of the Ti isotopic chain. Experimental and evaluated

data for (n,p}, (n,n’p+pn) and (n,%) reactions are available,

and the calculations are compared to them.

hBTi(n,p)QBSc cross sections were

made, and these are complemented by a recent meésurement of

a proton production spectrum on hBTi with 15 MeV neutrons by

Grimes et al. /1977/. Our calculations are compared to the
total proton emission spectrum in Fig. 10, to experimental
cross sections from near the threshold up to 20 MeV in Fig.

Many measurements of

11, and to some recent single-point measurements around 14-15

MeV in Fig. 12. As one may see, an excellent fit to the proton
emission spectrum was achieved. The description of the excita-
tion function is generally good. In the region 6-12 MeV, howe-
ver, our calculetion is about 12 % higher than the ENDF/B-V

10



evaluation; it fits the datu of Swinhoe and Uttley /1975/
measured at several energies between &6 and 14 MeV, rather
than the cross sections of Smith and Meadows /1975/ on which
the evaluafion in this region is based. A similar situation
appears also in the region 14-16 MeV, where the calculation
is in sgreement with accurate measurements by Vonach et al.
/19682/, Ribansky and Gmuca /1983/ and Swinhoe and Uttley
/1979/, while the ENDF/B-V evaluation is lower.

Measurements of the integral cross sections of the (n,a)
reaction on ABTi are few and scattered. The recent measurement
of the 15 MeV neutron-induced alpha production on 48Ti have im-
proved this situation considerably. Our calculations of the
baTi(n,u.) cross section from threshold to 20 MeV are compared
with the experimental activation cross sections in Fig. 13,
and with the ealpha-production spectrum at. 15 MeV in Fig. 14,

Only fbur measurements are available for the hBTi(n,n'p+
pn)a7Sc reaction., Our calculation is compared with these and
with the ENDF/B-V evaluation in Fig. 15.

n + bgTi

The A9Ti nucleus has not been included into the ENDF/B-V
evaluation. The experimental data are available for 49Ti(n,p)498c
and hgTi(n,n’p+pn)ABSc reactions. In both cases the data are
scanty and concentrated within the 14-15 MeV region, except
for the old data by Pai /1966/ covering the 13.5-19.5 MeV re-
gion, No data are available for energies below 13 MeV. Our cal-
culations are compared to the experimental data for the
49Ti(n.p) reaction in Fig. 16, and for the &9Ti(n,n'p+pn) reac-
tion in Fig. 17. All the experimental data were obtained using
the activation method. Note that for the AgTi(n,p)AQSc reaction
no y's are available for identification and counting of the
reaction product and, therefore,p -counting had to be used.
Probably this fact, in view of well known drawbacks of such
a kind of counting, is responsible for the substantial incon-
sistency of measured cross sections in the 14-15 MeV region.

n o+ 2Yri

The 5OTi(n,p)5OSc reaction has not been included into the
ENDF/B-V evaluation., The calculation of the excitation function

11



of this reaction is compared to the experimental data in Fig.
18. Our results agree well with the data of Pai /1966/, Barrei-
ra and Fanger /1981/ and Ribansky and Gmuca /1983/. Those of
Qaim and Molla /1977/, Schwerer et al. /1976/ and Viennot et
al. /1981/ are somewhat lower, although giving a similar slope
in the 14-15 MeV region. No data are available below 13 MeV,

The experimental cross sections for the 5oTi(n,oc)t‘?Ca
reaction are available at 14-15 MeV energies only. All data are
mutually consistent within the error limits quoted, and well
described by both the ENDF/B-V evaluation and our calculation
as shown in Figs. 19,20 with seemingly somewhat preferable fit
of the latter. At other energles, however, there is a strong
disagreement between the evaluation and our calculation, Clea-
rly, the experimental data at other /mainly higher/ energies
are required to resolve this discrepancy.

5. CONCLUSION

The results presented in this paper show that most of neu-
tron threcshold reactions on Ti isotopes may be reliably descri-
bed by a combination of Weisskopf-Ewing and preequilibrium mo-
dels. In a few cases, however, there are a large discrepancies
between our calculations and the ENDF/B-V evaluations. The most
pronounced one is that of the A7Ti(n.p)478c reaction. Our cal-
culation of the A7T1(n,p)b78c cross sections greatly overesti-
mates the ENDF/B-V evaluation above 10 MeV. In this case, the
Hauser-Feschbach calculatioh with a detailed gamma-ray cascade
will be valuable.

The figures show only those cross sections that can be
compared with existing experimental data. Numerical values of
all the reactions calculated including total particle produc-
tion cross sections may be obtained from the author upon re-

quest.

12



TADLE 1: Neutron optical potential parameters

Sc isotopes +) r(fm) a fn)
V,(E) = 58,28 - 0.2188 E - 24(H-Z)/A 1.16 0.677
WD(E) = 9,705 - 12(N-2)/A 1.288 0.310

Ti isotopes

Ve(E) = 48.979 - 0,2361 E - 24(N-Z)/A 1,287 0.560
W (E) = 6.582 - 0,1074 E - 12(N-2)/A 1.345 0,470
W,(E) = 0.718 + 0.1855 E - 12(N-Z)/A 1.345  0.470
Vgo(E)= 6.2 1.120 0,470

+)Based on the potential of Oka et al, (1982) for 45Sc.

TABLE 2: Level density parameters

Nucleus a(MeV-l) cr(MeV)~' Nucleus 'a(MeV-l) “ur(MeV)

4514 5.80 . .0.30. ““2cg 5.50 1.20
46y 7 s.85 1.80 “43ca 5.50 -1.00
4714 5.90 0.00 44c, 5,85 1.40
4G 45

Ti 5.80 1.80 Ca 5.80 -0.60
4944 5.90 1.00 46c, 5.85 1.80

. 50.. 47 |

Ti 6.20 1.80 Ca 5.90 -1.20
Slyy 6.30 0.60 48, 5,80 1.80
45 49

Sc 5.80 0.00 Ca 5.90 1.00
46, 5.85*) -1.80 42« 5.50 -1.60
475¢ 5.90 0.20 43, 5.80 0.00
485, 5,90 —0.30 - %% 5,85 ~1,40
49 45 -

Sc 6.20 1.80 K 5.90 0.00
50 46 | :

Sc 6.20 -1.30 K 5.90  -1.60

’)The excitation energy dependent parameter (see text)
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Fig. 13: Same as Fig. 5 for the 48Ti(n,Ot)a':sC.t:. reaction.



22-TI-48(N, X), AEM,DE

200 i 4 ' L ‘[ b L] i L T LR
EXP: GRIMES +
100 EN = 15 MEV E
Z :
= - 4
N L -
jaa]
o -
Ll L -
O
N
5
10 -
: :
05 1 ! 1 ! l ! 1 1 lg | |
0 5 10 15

ALPHA ENERGY (MEV)

Fig. 14: Same as Fig, 6 for the n + 4813 interactions.
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Fig. 15: Same as Fig. 5 for the 48Ti(n,np)47Sc reaction,
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Fig. 16: Same as Fig. 5 for the 49Ti(n,p)498c reaction.
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Fig. 19: Same as Fig. 5 for the
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