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ABSTRACT

Neutron total, and elastic- and inelastic-scattering croes sections 

of natural titanium «ere measured. Total cross sections were determined 

over the interval 0.1 to 1.5 MeV with resolutions of & 1.5 keV. Differen

tial elastic and inelastic neutron scattering angular distributions were 

measured from 0.3 to 1.5 MeV with resolutions of £ 5 keV. The cross sec

tions for the inelastic neutron excitation of states in ^6Ti (889.2 keV), 

**®Т1 (983.5 keV) and **7Т1 (159.6 keV) were determined. The energy-averaged 

behavior of the measured results was described in terms of optical- and 

statistical-models.

A. Introduction

It was the objective of this work to; a) provide a detailed and 

internally consistent set of experimental fast neutron cross sections of 

titanim specifically meeting requests for basic data"*" and providing a 

foundation for thorough evaluation, and b) test the validity of nuclear



description of a number of facets of the neutron-nucleus interaction.

The isotopes of titanium lie near the 3S peak of the i ■ 0 strength

2
function distribution. The measured strength functions in this region

3
have been well described by selected optical-potentials but the descrip

tion of measured partial neutron cross sections at higher incident energies 

is uncertain due, in part, to a lack of detailed experimental information. 

Reported fast neutron total neutron cross sections of titanium display ccn- 

siderable structure well into the MeV region. Physical understanding of 

this structure is not unambiguous. The even-isotopes of titanium are known 

to be deformed with collective-vibrational (2+) first excited states.^ In

elastic neutron excitation of these states can be experimentally observed 

with a precision suitable for a quantitative assay of the effects of de

formation on neutron processes at energies of one MeV and above. This study 

relates to all of these physical characteristics.

B. Experimental Method

The total» elastic-scattering and broad-resolution inelastic-scattering

neutron cross sections were measured at Argonne. Fine resolution inelastic-

scattering neutron cross section measurements were made at Pellndaba. The

methods employed at both laboratories have been extensively described else-
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where and will not be further defined herein. * f The total cross sec

tion values were deduced from transmission measurements. All scattering 

measurements were made relative to the known differential elastic scatter-

9
lng cross sections of carbon. Where appropriate, "in-scattering,” 

multiple-scattering and beam attenuation corrections were applied to the 

measured values. These corrections were generally small. The measurements 

were made using high-purity samples of the natural element. All measured 

cross sections are expressed in units of bans referenced to the natural 

element.



C. Experimental Results

1. Total Neutron Cross Sections

Total neutron cross sections were determined from 0.1 to 0.45 HeV and 

from 1.025 to 1.475 KeV with Incident energy resolutions of £ 2.0 keV. From

A#
0.45 to 1.025 MeV the experimental velocity resolution was ^ 0.01 nsec/meter. 

The absolute energy scale was determined from known reaction thresholds, 

for example, Li7(p,n)Be7, ^  and from a comparison of neutron velocity with

ч с
that of light. The absolute energy scale was believed known to'within

£ 8 keV. The experimental results, summarized in Fig. 1, «rére consistent
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with previously reported values but displayed a great deal more structure

due to Improved experimental resolution. Resonances were evidently inter- 

ferrlng when from a single isotope, overlapping when from various isotopes 

and merged when averaged to give the appearance of an Intermediate reso

nance structure.**

2. Elastic Scattering Cross Sections

Differential elastic scattering cross sections were measured at inci

dent neutron energies from 0.3 to 1.5 MeV and at eight scattering angles 

approximately equally distributed between 25 and 155 degrees. The incident 

neutron energy resolution was ^ 20 keV. The measured differential cross 

sections were least-square fitted with the expression

£  .  ci ♦ V .l  <i)

where a (elastic cross section) and u> coefficients were obtained from the
n

fitting procedure and Pq were Legendre polynomials expressed in the labora

tory coordinate system. The uncertainties in the individual differential 

cross section value? were £ 10%. The "goodness*' of the fit was indicated 

by the uncertainties in the respective o>n coefficients deduced from the 

fitting procedures.



The experimental elastic scattering results are summarised in Figs.

2, 3 and 4. They are relatively consistent with the measured total neutron

cross sections when the different energy resolutions -and small variations

in absolute energy scale are considered as shown in Fig. 1« Comparable

previous measurements of elastic scattering from titanium are largely con-
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fined to energies near 1.0 MeV. * * These are compared with the re

sults of the present work in Fig. 3. The agreement with the results of

12
Walt and Barschall is good. Below the inelastic thresholds the present 

elastic scattering values are consistent with the total neutron scattering

9
distributions reported by Langsdorf et al. The agreement with the values 

of Refe. 13 and 14 is less satisfactory.

3. Inelastic Neutron Scattering Cross Sections

Natural titanium consists of the isotopes 46 (7.93%)» 47 (7.28%)* 48 

(73.942), 49 (5.51%) and 50 (5.34%).5 Of these titanium 46, 47 and 48 made 

the major inelastic contributions in the present work. The inelastic neutron 

exdtatioaof states at 889.2 + .2 and 983.5 + 0.2 keV was clearly observed 

and attributed to known 24- states in titanium -46 and -48, respectively."*

In addition the excitation of a 159.6 + 2 keV state was observed and associ

ated with the reported 160 keV (j -) state of titanium -47. The energy

scales were established by careful observation of gamma-rays emitted sub-
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sequent to inelastic neutron scattering. Cross sections were determined 

for the excitation of the 889.2 and 983.5 keV states. Those of the 159.6 

keV state were small (< 3 mb/sr).

The angular distributions of inelastically scattered neutrons were 

determined with incident neutron resolutions of 20 keV. Generally these 

distributions were isotropic to within the experimental uncertainties as 

shown in Fig* 4. Differential inelastic cross sections were determined with 

’’fine” incident resolutions (5 to 10 keV) at a scattering angle of ninety



degrees. In view of the observed isotropy, the inelastic excitation cross 

sections were obtained from the averaged angular distribution measurements 

or fine resolution ninety degree values by multiplying the averaged 

values by 4w. The results are summarized in Fig. 5. The broad and the 

fine resolution results are relatively consistent though the latter show 

appreciably more structure. The illustrated uncertainties in the measured 

cross sections were obtained from subjective estimates of the cumulative 

errors inclusive of; statistical uncertainties, the effects of experimen

tal resolutions and backgrounds and uncertainties in the carbon reference 

standard.

Previously reported inelastic cross sections of titanium in the energy 

region of the present experiment are sparse. However, the results ob.tained 

by Beyster and Halt near 1.0 MeV using threshold techniques are consistent 

with the total Inelastic cross section deduced from the present work.^

D. Interpretation and Discussion

The experimental values were compared with those calculated from
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optical-model and statistical theories. * The majority of the calcula

tions employed a spherical potential consisting of; a Saxon-Woods real form,

a Gaussian surface-imaginary form and a Thomas spin-orbit term.^ Non-local-
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ity was approximated with energy dependent parameters. The effects of

deformation and direct reactions were assayed using a non-spherlcal optical

potential inclusive of two-channel coupling to the first excited state of 

20
the even nuclei.

An initial estimate of potential parameters was obtained from a can-

21
parlson of measured and calculated total neutron cross sections. Sub

sequently» small adjuetements were made to give improved agreement with the 

measured elastic angular distributions* The resulting "selected” parameters,



given in Table 1, were based entirely upon comparisons with the present 

experimental results. The parameter selection was by subjective judgement. 

Numerical procedures, such as x¿~equared fitting, led to parameters strongly 

associated with energy-local structure and not representative of the entire 

experimental energy range. The total neutron cross sections calculated 

from the spherical potential and parameters of Table 1 were descriptive of 

the energy-averaged experimental total and angle-integrated elastic cross 

sections as indicated In Fig. 1. The agreement between calculated and 

measured elastic angular distributions varied as the structure of the meas

ured results changed with energy. For example, calculated and measured 

values were similar at 1.0 MeV, as shown in Fig. 3, but differed appreciably 

at 1.45 MeV, as indicated In Fig. 4. Over the full measured energy range 

the calculated elastic scattering generally followed the measured elastic 

cross sections as shown In Fig. 2.

Inelastic neutron excitation cross sections were calculated using the

18
above "selected” spherical potential and the Hauser-Feshbach formalism.

The calculations explicitly considered the excitation of the 983.5 (**8Ti), 

889.2 (**бТ1) and 159«б (Ц7Т1) keV states assuming the former two are 2+ con

figurations and the latter a 7/2- state. The calculated cross sections for 

the excitation of the 2+ states tended to be slightly smaller than the ex

perimental values as shown in Fig. 5. The calculated excitation of the 

7/2- state was 'v 3 mb/sr, consistent with the marginal experimental observa

tion. Calculated inelastic angular distributions were nearly isotropic and 

qualitatively consistent with the measured values as illustrated in Fig. 4.

The even Isotopes of titanium are deformed with two-photon (24-) vi

brational first-excited states. Of these the 983.5 keV state in **ôTi 

was the major contributor to inelastic neutron processes. The excitation

of these vibrational states and the effect of deformation was examined

20
using a non-spherical optical-model with two-channel coupling. The
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shape-factors and the parameters of the non-spherical potential were iden

tical to those employed in the spherical calculations, above. The nuclear 

deformation was varied between 0.0 and 0.3, with 0.2 being selected aé con

sistent with the present experiments and with values reported in the litera-

20
ture. Elastic angular distributions obtained with the deformed potential 

differed from those of the spherical potential and tended to give better 

agreement with experiment as Indicated in Figs. 3 and 4. The deformed cal

culations also lead to improved agreement with measured Inelastic cross 

sections as illustrated in Figs. 4 and 5. The resulting calculated inelas

tic angular distributions showed a small assymetry about ninety degrees >

(a few mb/sr) due to the direct excitation of the 2+ vibrational state.

The effect was too small to be observed In the present measurements.

Calculations using the above "selected" potential were qualitatively

23 24
descriptive of measured elastic angular distributions at 3.2 and 4.1 MeV *

particularly when deformation was considered. Total cross sections were

calculated at neutron energies to 10.0 MeV using the potential energy

19
dependence suggested by Engelbrecht and Fiedeldey. The calculated total

4
cross sections became progressively smaller than experimental values with 

increasing energy with an '«* 20% difference at. 10.0 HeV.

In the low energy limit the "selected" potential with either spheri

cal or deformed calculations resulted in I * 0 strength functions (see 

Table 1) a factor of five or more smaller than generally found in this mass 

region and/or as deduced from resonance experiments. This was in contrast 

to results obtained with potentials emphasizing strength functions rather 

than total cross sections and angular distributions as in the present case. 

For example, the potential of Moldauer (PAM), defined in Table 1, well 

describes the mass dependence of A « 0 strength functions In this'taass re

gion. However this particular potential did not reasonably represent the



1, 2» 3 and 4). The differences may* in part» be due to peculiarities In

the structure of the cross sections of the titanium Isotopes in the present

energy range. Inelastic scattering cross sections determined from the PAM

parameters and the Hauser-Feshbach formalism were appreciably larger than

the measured values as shown in Fig. 5. However» Moldauer has pointed out

the importance of resonance width fluctuation and correlation effects in

25
the mass region of titanium. He derived a "corrected" transmission 

coefficient dependent on the overlap parameter, Q, where Q varies from 1 

(isolated resonances) to 0 (strongly overlapping resonances). When this 

correction was applied to the PAM results for the two limiting cases 

(Q * 0» Q ■ 1) a relatively good agreement between measured and calculated 

inelastic scattering cross sections was achieved as illustrated in Fig. 5. 

Thus» in the context of Inelastic scattering, the choice of potential 

parameters was appreciably influenced by resonance width fluctuations and 

correlations. This influence was not as great in the area of elastic 

scattering cross sections.

The experimental results, particularly the total cross sections, 

were characterized by pronounced and partially resolved resonance struc

ture (see Fig. 1, for example). When averaged over energy intervals of

20 to 100 keV this structure displayed a characteristic intermediate 

resonance behavior. This intermediate structure is evident in the elas

tic scattering cross sections measured with a 20 keV resolution shown in 

Flg. 1. Intermediate resonance structure of this type has been interpre

ted in terms of quasi-particle processes and of fluctuations in compound-
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nucleus resonance properties. * ' The intermediate resonance struc

ture observed in the present experimental results was compared to that

28
deduced frcm a statistical R-matrix formalism. The cross sections cal

culated from the statistical R-matrix and averaged over Increments equiva-
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lent to those of the experiment were qualitatively similar to the measured

values. Furthermore, the auto-correlation functions determined from the

calculated and the measured cross sections were similar. It was concluded

that the apparent intermediate structure observed in the experiment was

consistent with that deduced from compound-nucleus processes by means of

the statistical R-matrix. The details of this statistical interpretation

29
are discussed elsewhere.

II. Utilization of Experimental and Calculational Results

in the Evaluated File

30
The Evaluated Nuclear Data File-В (ENDF/B) contains titanium

(material 1016). This evaluation was prepared by Pennington and was

31
largely based upon prior evaluated data sets. In order to make avail

able the results of the present work and other recent experimental values 

in useful form and to provide for the request for basic titanium cross 

section data, the previous titanium ENDF file was modified and updated to 

include the most recent experimental values. Modifications were confined 

to incident energies above 0,1 MeV. Val ties at all lower incident energies 

were retained from the original file. The modification emphasized experi

mental values and used the model-calculatlons outlined above to extrapo

late the measured quantities where necessary. The file requires internal 

consistency which is not available in detail from the experimental values 

primarily due to the different experimental resolutions employed in the 

various measurements. Thus construction of the file requires appreciable 

extrapolation and interpolation of measurements. Generally, the modifica

tion procedures were as follows:



A. Total Neutron Croes Sections

Total cross section values in the energy range 0.1 to 1.5 MeV were

taken explicitly from the experimental results of the present work. Above

32
an energy of 1.5 MeV experimental values from Schwartz, Barschall et

33 34
al., and Foster and Glasgow were used. Above 10.0 MeV the measured

values were extrapolated with model calculations using the potential des

cribed above normalized to experimental values at lower energies. Where 

necessary the measured total cross sections were linearly interpolated in 

energy so as to assure that the energies of the partial cross sections were 

a sub-set of the total cross section energies. The final evaluated total 

cross section is indicated in Fig. 6.

B. Elastic Neutron Scattering Cross Sections

The evaluated elastic scattering cross section was calculated directly 

from the evaluated total cross section and the non-elastic cross section.

The non-elastic cross section was constructed from the various partial cross 

sections and linearly interpolated to the more detailed energies of the total 

cross section file. In this manner the resulting evaluated elastic cross 

section retained the detail of the high-resolution total cross section file 

and maintained internal consistency. When averaged over corresponding 

energy increments the evaluated elastic scattering cross sections were in 

good agreement with those measured in the present work. The resulting elas

tic evaluated file is shown in Fig. 6.

The elastic scattering angular distributions were expressed as f&(E)

30
coefficients as defined by the ENDF format. At neutron energies of £. 1.5

MeV these coefficients were taken explicitly from the present experimental

23
results. Additional experimental results were used at 3.2 MeV and 4.0

24
MeV. Model-calculations, normalized to available experimental values, 

were used to interpolate the measurements and extrapolate the (E)
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coefficients to higher energies. The f0(E) values obtained in the aboveXr

manner provide a good representation of the best available experimental 

information. However, they are generally based upon measurements with 

approximately an order of magnitude poorer resolution than that employed 

in total cross section studies. Thus (E) values will not display as de

tailed an energy dependence as either the total or elastic cross sections 

of the file.

C. Inelastic Neutron Scattering Cross Sections

The inelastic neutron scattering cross sections were assumed entirely 

due to the even isotopes of titanium (88% abundant). At incident neutron 

energies of <_ 1.5 MeV the experimental results of the present work were 

explicitly used. Their components plus the cross sections due to the ex-
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citation of known states at 2.32, 2.40 and 3.2 MeV were extrapolated to 

incident neutron energies of ^ 7.0 MeV using the calculation and the poten

tial described above normalised to the measured values. At higher energies 

the continuum inelastic distributions and nuclear temperatures of the origi

nal evaluation were retained. The resulting partial and total inelastic 

neutron scattering cross sections are shown in Fig. 7.

D» Non-Neutron Exit Channels

Radiative capture cross sections and (n:X) reaction cross sections 

where X ^ neutron were retained from the original evaluation without modifi

cation as the present experimental results did not directly define these 

quantities. These non-neutron reaction cross sections were incorporated in 

the non-elastic cross section used to obtain the elastic file as des

cribed above. Where necessary various partial cross sections were inter** 

polated in energy-magnitude in a linear manner.



The revised and updated ENDF file deduced in the above moaner was

30
verified using the check routine CHECKER and the physical content in

spected with suitable graphical procedures. The final result is an evalu

ated file in the widely used ENDF format fully contemporary with available 

microscopic cross section information and largely meeting the needs of the 

initial user request.

III. Tabulated Evaluated File in the ENDF/B Format

The complete revised and updated file, derived in the manner des

cribed above, is listed in the appendix.



Parameter Potential

____________________________________________Selected__________

Real Well

Depth, MeV 44.5

Radius, F 4.543

Diffuseness, F 0.62

Imaginary Well

Depth, MeV 9.0

Radius, F 4.797

Diffusenese, F 0.50

Spin-Orbit

Depth, MeV 7.0

Deformation Parameter** 0.2a

t •  0 Strength Function X 10^ 0.52^

0.74°

Applicable only to the deformed calculations.

^Spherical calculations. 

cDeformed calculations.

^The direct-well was set equal to the real-well.

PAM

46.0 

4.815 

0.62

14.0 

5.316 

0.50

7.0

mm mm

4.1
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FIGURE CAPTIONS

Fig. 1 Measured total and elastic scattering cross sections of

titanium. The solid curve indicates the results of calcula" 

tions using the "select" optical potential of Table 1 as des

cribed in the text. The dashed, PAM, curve was obtained from 

the potential of Ref. 3.

Fig. 2 Differential elastic scattering cross sections of titanium

expressed in the format of Eq. (1). The measured values are

indicated by crosses. The solid and dashed curves indicate

the results of calculation based, respectively, on the spheri

cal and deformed potentials of Table 1. The dashed-dotted 

curve indicates the results calculated from the potential of 

Ref. 3.

Fig. 3 Differential elastic scattering cross sections of titanium

at 1.0 MeV* Solid data points indicate the present results, 

open circles those of Ref. 12 and squares those of Ref. 13.



Pig. 4.

Pig. 5

Fig. 6 

Fig. 7

Solid and dashed curves were obtained by calculation using 

the spherical and thè deformed potentials of Table 1« respec

tively. The dashed-dotted curve was calculated from the poten

tial of Ref. 3.

Differential scattering of 1.45 MeV neutrons from titanium. 

Circular data points indicate measured elastic cross sections, 

squares Inelastic croes sections. The curves were, obtained by 

calculations as follows: 1) solid curve spherical potential of

Table 1, 2) dashed curve deformed potential of Table 1,

3) dashed-dotted curve potential of Ref. 3 with no fluctuation 

correction, 4) dashed-dotted-dotted curve potential of Ref. 3 

with fluctuation correction and overlap parameter Q » 0.0,

5) dashed-dotted-dotted-dotted as per 4) but with Q * 1.0.

Cross sections for the inelastic neutron excitation of 889.2 

and 983.5 keV states in titanium* Crosses Indicate results of 

fine resolution measurements, boxes broad resolution results. 

Curves indicate the results of calculation as follows: 1) solid

curve; spherical potential of Table 1, 2) dashed curve deformed 

potential of Table 1, 3) dashed-dotted curve; the potential of 

Ref. 3 with no fluctuation correction, 4) dashed-dotted-dotted 

curve as per 3) but with fluctuation correction and overlap 

parameter Q * 0.5.

Evaluated total and elastic-scattering cross sections of titanium,

0.1 to 18.0 MeV.

Evaluated inelastic-scattering, (n.y), (n,p), (n,2n) and (n,a) 

cross sections of titanium; 0.01 to 18.0 MeV.
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Appendixt

Notes The complete revised and tabulated evaluated file for Titanium 

in the ENBF/B format has not been reproduced in this Appendix 

hut is availablef on request, from the IAEA Nuclear Bata Section*


