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NUCLEAR DATA AND MEASUREMENTS SERIES

The Nuclear Data and Measurements Series presents results
of studies in the field of microscopic nuclear data. The primary
objective is the dissemination of information in the comprehensive
form required for nuclear technology applications. This Series is
devoted to: a) Measured microscopic nuclear parameters, b) Experi-
mental techniques and facilities employed in data measurements,
c) The analysis, correlation and interpretation of nuclear data,
and d) The evaluation of nuclear data. Contributions to this
Series are reviewed to assure a high technical excellence and,
unless otherwise stated, the contents can be formally referenced.
This Series does not surplant formal journal publication but it
does provide the more extensive information required for techno-
logical applications (e.g. tabulated numerical data) in a timely

manner.
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ABSTRACT

Neutron total and elastic- and inelastic-scattering
cross sections of natural titanium were measured. Total
cross sections were determined from 0.1-1.5 MeV with res-
olutions of 1.5 keV. Differential elastic and inelastic
neutron scattering cross sections were measured from 0.3-
1.5 MeV with resolutions of 3 10 keV. The inelastic neu-
tron excitation of states in “6Ti (889 keV), *7Ti (160
keV) and “8Ti (984 keV) was observed. The energy-averaged
behavior of the measured results was described in terms
of spherical and ellipsoidal optical models and compound-
nucleus and direct-reaction processes. The observed fluc-
tuating cross sections were compared with the results of
statistical R-matrix calculations based upon the energy-
average model parameters and known resonance statistics.

It was shown that both compound-nucleus and direct-reaction
processes contribute to the fluctuating cross sections and
that comparison of calculated and observed fluctuations

gave an improved definition of the energy-average models.
Furthermore the statistical R-matrix calculations displayed
an intermediate resonance structure consistent with experi-
mental observation without recourse to additional reaction
mechanisms. The experimental results and their interpreta-
tions were used to improve the ENDF/B evaluated nuclear data

file.
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I. INTRODUCTION

Good resolution neutron cross sections of titanium to inci-
dent energles of i) 1.5 MeV are of interest in applied neutronic
calculations and for their implications in basic nuclear physics.

Titanium is a potential structural material in applied neu-
tronic systems particularly those based upon the fusion process
and where weight is a consideration. Furthermore, an understand-
ing of detailed resonance structure is critical to the calculation
of deep neutron penetration through bulk media. The neutron energy
range 0.1-1.5 MeV éan be particularly difficult when the bulk ma-
terial consists primarily of medium weight nuclei where the corres-
ponding resonance structure is often not explicitly defined by
experiments and therefore must be estimated from the statistical
understanding of the processes.

The titanium isotopes lie in a region of large s-wave strength
functions. The s- and d-wave widths of fast neutron resonances in
titanium are relatively large. As a consequence, resonances in the
energy range of the present study are expected to significantly
overlap and interfere with one another. On the other hand, the
number of open channels is small to incident neutron energies of
1.5 MeV and the average widths are not expected to be large com—
pared to the resonance spacings. Therefore, the observed cross
section fluctuations lie in a theoretically not well understood
domain between isolated resonances and Ericson fluctuations [1].

It is of interest to study these fluctuations whi;h arise from a
few simultaneously interfering resonances and to ascertain to what
extent they can be used to determine the statistical properties of
resonance parameters and, in conjunction with energy-average cross
sections, the optical model parameters.

0f further interest is the fact that the excitation of the
first 2+ (0.984 MeV) state of “8Ti by charged particle bombardment
proceeds appreciably through direct excitation of the vibrational
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properties of the nucleus [2]. A detailed examination of the high
resolution neutron cross sections should reveal a similar direct
component in the neutron induced processes.

For the above reasons neutron total and elastic and inelastic
scattering cross sections have been measured in the incident neu-
tron energy interval 0.1-1.5 MeV with particular attention to cross
section definition and energy resolution. The results were compared
with the predictions of optical and coupled-channel models of the
energy-average cross sections. The observed cross section fluctua-
tions were compared with those calculated from a statistical R-matrix
model generated from spherical optical and coupled-channel model
parameters. The experimental results and the associated physical
interpretations were utilized to improve the widely used ENDF/B [3]

evaluated nuclear data file.

IT. EXPERIMENTAL METHODS

The experimental samples were cylinders of high purity
natural titanium metal with neutrons incident on the bases or
lateral surfaces in the total cross section or scattering meas-
urements, respectively. All cross sections were determined in
the units of barns per atom of the natural element.

The total neutron cross sections were deduced from the measured
neutron transmissions through the samples. Both monoenergetic and
pseudo-white source techniques were employed [4]. Attention was
given to backgrounds and other experimental perturbations in order
to minimize their effects. The validity of the experimental method
was verified by determining the well-known total neutron cross
sections of carbon [5].

All of the elastic and inélastic neutron scattering measure-
ments employed fast neutron time-of-flight techniques [6] and all
Scattering cross sections were determined relative to the known
differential elastic scattering cross sections of carbon [7]. The
measured results were corrected for incident beam attenuation and

multiple-event effects using Monte Carlo calculational procedures [8].
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The total cross section, elastic scattering and "broad"
resolution inelastic scattering measurements were made at Argonne.
The '""good" resolution inelastic neutron scattering cross sections
were determined at Pelindaba. The details of the apparatus em-
ployed at the two laboratories are given in Ref. 9,

I11. EXPERIMENTAL RESULTS
A, Total Neutron Cross Sections

Total neutron cross sections were determined from monoenerget-
ic source measurements over the neutron energy ranges 0.1-0.45 MeV
and 1.025-1.475 MeV with incident energy resolutions of % 2 keV.

The absolute energy scale was determined from known reaction thresh-
olds (e.g. the ’Li(p,n) ’Be reaction) with an estimated uncertainty

of + 3 keV. Pseudo-white source time-of-flight techniques were em-
ployed over the energy range 0.45-1.025 MeV with velocity resolutions
of ¥ 0.1 nsec/meter. The energy scale of the time-of-flight meas-
urements was determined from a comparison of the neutron velocity
with that of light with an estimated neutron energy uncertainty of

~ 5 keV. The measured results are graphically summarized in Fig. 1.2
The estimated magnitude uncertainties in the measured total cross
sections were 1-3%Z. The present results were consistent with pre-
viously reported values [10-12] but displayed more structure due to
improved experimental energy resolutions. Resonances were evidently
interfering when from a single isotope and overlapping when from
various isotopes. When energy-averaged over intervals of » 50 keV
the observed total cross sections tended to display an intermediate

resonance structure.
B. Elastic Neutron Scattering Cross Sections

Differential elastic scattering cross sections were measured
at incident energy intervals of § 20 keV from 0.3-1.5 MeV and at
8-10 scattering angles approximately equally distributed between

aNumerical tabulations of all the experimental results reported
herein can be obtained from the National Neutron Cross Section
Center, Brookhaven National Laboratory {36].
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25 and 155 degrees. The incident neutron resolution was ~ 20 keV
and the scattered neutron resolution sufficient to resolve the
elastic contribution from all reported inelastic components. The
measurements were made in a random manner over a period of six
years using both single-detector and ten-detector systems. With
the latter apparatus measurements made at different scattering
angles employed independent measurement systems. The measured
differential cross sections were least-square fitted with the
expression
d—"=5’——(1+ gwp) (1
dQ  4n nol 0 D

where ¢ (the elastic cross section) and W, coefficients were de-
duced from the fitting procedure and the P, were Legendre polyno-
mials expressed in the laboratory coordinate system. The fitting
procedure was based only on the measured data with no additional
constraints. The uncertainties in the measured differential cross
sections were estimated to be % 15% and those of the angle~integrated
elastic scattering cross sections n 8%. These estimates were in-
clusive of systematic effects such as those associated with the
carbon reference standard. The fit of Eq.(l) was descriptive of
the measured values throughout the measured angular range and re-
sults obtained at slightly different scattering angles and/or inci-
dent energies were readily comparable when expressed in the format
of Eq.(1). However, the fitted curve should be used with caution
when extrapolating the experimental values beyond the measured
angular interval though the fits were generally consistent with
"Wick's Limit" [13] and extrapolated to reasonable 180° values.

The measured differential elastic scattering cross sections
are summarized in the three-dimensional plot of Fig. 2. It is
evident from the figure that the observed angular distributions
fluctuated considerably with energy as expected from the reso-
nance structure shown in Fig. 1. The angle-integrated elastic

scattering cross sections deduced from the fitting of Eq.(l) were
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consistent with the measured total cross sections when the vari-
ations in energy resolution, small uncertainties in energy scale
and the presence of inelastic contributions were considered as
indicated in Fig. 1. Comparable previous measurements of elastic
neutron scattering from titanium were largely obtained at energies
near 1.0 MeV. Some of these values are compared with the results
of the present work in Fig. 3. 1In making this comparison the pres-
ent values were averaged over the incident neutron energy range
0.9-1.1 MeV in order to reduce perturbations from resonance struc-
ture and possible differences in experimental energy resolution.
The present work is in good agreement with that of Walt and Barschall
[14] and, below the inelastic scattering thresholds, with the total
neutron scattering angular distributions of Langsdorf et al. [7].
The agreement with the values given in Refs. 15 and 16 is less

satisfactory.
C. Inelastic Neutron Scattering Cross Sections

Natural titanium consists of the even isotopes 46 (7.93%),
48 (73.94%) and 50 (5.34%) and the odd isotopes 47 (7.28%) and
49 (5.51%). Of these, titanium 46, 47 and 48 had reported states
that could be readily excited by inelastic neutron scattering in
~ the present experiments [2]. The observed excitation of states at
889.2 + 0.2 keV and at 983.5 + 0.2 keV was attributed to known 2+
states in titanium 46 and 48, respectively. In addition, the ob-
served excitation of a 159.6 + 0.2 keV state was associated with
the reported 160 keV (%‘—) state in titanium 47. The @nergies of
the states were established by the measurement of the gamma-rays
emitted subsequent to inelastic neutron Scattering with a calibrated
GeLi detector [17]. The neutron cross sections for the excitation
of the 159.6 keV state were small (X 3 mb/sr) and as a consequence
were not reliably determined. Neutrons associated with the excita-
tion of the 889.2 and 983.5 keV states were prominently observed

and the corresponding cross sections quantitatively determined.
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The angular distributions of inelastically scattered neutrons
were determined with "broad" incident-energy resolutions of ¥ 20
keV. Generally these distributions were symmetric about 90° and
nearly isotropic as illustrated in Fig. 4. Differential inelastic
cross sections were determined with "good" incident energy resolu-
tions (X 10 keV) at the single scattering angle of 90°. Angle-
integrated inelastic neutron scattering cross sections were large-
ly determined from a simple average of the measured differential
values multiplied by 4n. In a few cases of appreciable anisotropy
a fit of Eq.(1l) to the measured values was used to determine the
angle-integrated quantities. The uncertainty of the measured dif-
ferential inelastic cross sections varied from measurement to meas-
urement but generally was < 10% or 3 mb, which ever was larger.
These uncertainty estimates were inclusive of systematic effects.
The measured angle-integrated inelastic neutron scattering cross
sections are summarized in Fig. 5. The "broad" and "good" resolu-
tion results were generally consistent within the regpective ex-
pPerimental uncertainties though the latter show much more structure.
In some instances there appeared to be a small difference between
the energy scales of the two sets of measurements which were made
at widely separated laboratories. Where these differences exist
the calibration of the "good" resolution results was preferred as
they were obtained in a more systematic manner.

Previously reported inelastic neutron scattering cross sections
of titanium in the energy range of the present experiments are sparse.
However, the non-elastic scattering results obtained by Beyster et al.
[18] near 1.0 MeV are consistent with the total inelastic scattering

cross section derived from the present experiments.

IV. DISCUSSION
A. Optical Model and Statistical Calculations

The experimental values were compared with those calculated
from optical-model and statistical theories [19,20]. The majority

of the calculations employed a spherical potential consisting of:
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a Saxon-Woods real term, a Gaussian surface-imaginary term and a
Thomas spin-orbit term [21]. Non-locality was approximated by the
use of energy dependent parameters [22]. The effects of direct-
reactions were examined using an ellipsoidal potential inclusive
of two-channel coupling of ground and first excited states of the
even isotopes [23].

An initial estimate of the spherical potential parameters
was obtained from a comparison of energy—-averaged measured and cal-
culated total neutron cross sections. Subsequent small adjustments
were made to achieve an acceptable description of the observed
elastic neutron scattering angular distributions inclusive of
compound-nucleus contributions. Inelastic neutron scattering cross
sections were not utilized in the selection of the optical poten-
tial. The parameter adjustments included real and imaginary po-
tential strengths, radii and diffusenesses. The final choice was
based upon subjective judgement. Numerical procedures, such as
x-square fitting, tended to result in parameters only descriptive
of energy-local structure and not particularly suitable over the
entire experimental range. The resulting "selected" parameter set,
given in Table 1, was based entirely upon comparisons with the
present experimental results.

All of the measured cross sections displayed large fluctua-
tions which remained appreciable even after averaging over 200 keV.
Thus the agreement between calculated total and elastic scattering
cross sections and the measured values varies with energy as shown
in Figs. 1, 3 and 4. However, in the context of the entire experi-
mental energy range, the model provides a good description of both
the measured total cross sections and the elastic scattering angu-
lar distributions.

Inelastic neutron scattering cross sections were calculated
using the Hauser-Feshbach formula [20] and the above "selected"
spherical potential. The calculations included the excitation
of states at 160 (“7Ti), 889 (46Ti) and 984 (*8Ti) kev assuming

the latter two were 2+ states and the former a %‘- state [2].
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The calculated cross section for the excitation of the 160 keV
state, corrected for isotopic abundance, was consistent with the
marginal experimental observation. The calculated excitation of
the 984 keV state, indicated by the "Spherical Model #1" curve of
Fig. 5, compared favorably with the energy average of the measured
values. Similar agreement was achieved between measured and calcu-
lated excitations of the 889 keV state. Calculated inelastic neu-~
tron angular distributions were nearly isotropic, as illustrated

in Fig. 4, and reasonably consistent with the experimental observa-
tion.

The even-isotopes of titanium are deformed with 2+ vibrational
first excited states. Of these the 984 keV state in “8Ti was the
major contributor to the observed inelastic neutron scattering. The
effect of the deformation on the inelastic excitation of these vi-
brational states was examined using an ellipsoidal optical potential
with two-channel coupling and a B, = 0.25 [23]. Generally, the elas-
tic angular distributions calculated with the ellipsoidal form of
the '"selected" potential of Table 1 were in somewhat better agree-
ment with the measured values than those obtained from the spherical
calculations. This is illustrated by the curves of Fig. 3 (and, to
a lesser extent, Fig. 4). The inelastic neutron scattering cross
sections calculated from the ellipsoidal potential were larger than
those obtained from the spherical calculations and in somewhat better
agreement with the measured values as illustrated by the curves of
Figs. 4 and 5. The inelastic neutron angular distributions calculated
from the ellipsoidal potential were slightly asymmetric about 90°
(a few mb/sr) but not sufficiently so to be observed in the present
experiments. Generally, the fluctuating nature of the inelastic
scattering cross sections observed in the present experiments tended
to mask the relatively small differences between values calculated
with spherical and ellipsoidal potentials. This was not true of the
statistical analysis of the fluctuations described in Sec. IV-B,

below.
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Elastic scattering angular distributions calculated from the
""selected" potential were consistent with previously reported meas-
urements at 3.2 and 4.1 MeV [24,25] particularly when the ellipsoidal
potential form was used. Calculated total neutron cross sections
were in good agreement with reported experimental values to energies
of 5.0 MeV [26] but then became smaller than the measured values with
increasing energy amounting to a discrepancy of 10-157% at 10.0 MeV.
The calculated inelastic scattering cross sections were sensitive to
the choice of model. For example, the general potential of Moldauer
[27] (PAM of Table 1) and the Hauser-Feshbach formula lead to calcu-
lated values appreciably larger than measured quantities as illustra-
ted by the "Spherical Model #2'" curve of Fig. 5. Furthermore, the
importance of resonance width fluctuation corrections in the region
of titanium has been pointed out [28] and there is a small resonance
interference factor. When these '"corrections'" were applied to the
PAM results a good agreement with measured inelastic scattering
cross sections was achieved as illustrated by the "Spherical Model
#2 w/corrs" curve in Fig. 5 (and in Fig. 4). The upper of the two
"corrected" curves in Fig. 5 corresponds to the parameter Q = 0,
the lower to Q = 1 [28]. Similar application of fluctuation and
correlation corrections to calculations based upon the "selected"
potential generally resulted in inelastic scattering cross sections
somewhat smaller than those observed experimentally. Thus, in the
context of the measured inelastic neutron scattering cross sections,
the ¢hoice of potential was appreciably influenced by the nature of
the corrections applied to the Hauser-Feshbach formula. Such cor-
rections had a much smaller effect on the calculated elastic neutron
scattering cross sections, thus did not strongly influence the above
potential selection which was based upon comparisons of measured and

calculated neutron total and elastic scattering cross sections.
B. Cross Section Fluctuations

In the above only energy-averages of measured cross sections
have been interpreted in terms of theoretical parameters. The ob-

served values strongly fluctuate and the analysis of
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these fluctuations confirm the theoretical basis for the calcula-
tion of energy-averaged cross sections and provide a check on the
validity of the optical model parameters. In addition, the fluc-
tuation analysis provides information on level densities, tests
the validity of the experimental energy resolution and provides a
statistical "synthetic" cross section of "infinitely-good" resolu-
tion suitable for applied neutron physics calculations. The
analytical procedure is to calculate the energy-dependence of the
cross sections on the basis of optical- and statistical-model in-
formation applied to R-matrix theory [29]. The procedure, which
has been described in detail elsewhere [30], is briefly as follows.
In the absence of direct reactions, the optical model channel

amp 1i tudes n specify the R-matrix parameters Rm, <Y2>/D through

a,%,]

R + in (2 D =
a,8,] <Ya:2"%/ L

where o specifies an elastic or inelastic exit channel, % the

1-n, o 3o, o )

exp(21¢a,2’j)

(2)
5,21 Ya,2,1",2,]

orbital neutron angular momentum and j the total neutron angular
momentum. The remaining quantities of Eq.(2) are well known from
R-matrix theory. The next step is to construct a statistical R-

matrix with elements
o0

Y., tg1s1
= pofi po 2 i
Ralj,d'l'j' Raljaaa' (3

ZY
§ 8 +

22" 45" E -E
i3 " "

where level energies Eu are chosen at random to satisfy the Wigner
distribution of level spacings and a mean spacing D which is in
accord with the spacings of neutron resonances and with the theory
of the angular momentum and energy dependence of the level density.
The real quantities Yualj are chosen at random to be normally dis-
tributed about the mean, to be statistically independent for differ-
ent values of afj and so that the level average <%ﬁa2j>u has the
value required by Eq.(2). From the statistical R-matrix of Eq.(3)

we can calculate statistical S-matrix elements and statistical cross

sections in the usual R-matrix manner.
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If some channels are coupled by a direct reaction, such as
is the case for the ground and first excited states in the even
titanium isotopes, then the optical model amplitudes na,l,j in
Eq.(2) must be replaced by a coupled-channel matrix of amplitudes
with non-vanishing elements between directly coupled channels.

In that case Eq.(2) is replaced by a matrix equation which speci-
fies an R® matrix having off-diagonal elements. This matrix equa-

tion also specifies non-vanishing values for <% when

ualjyua'l'j;>u
these two channels are directly coupled. Thus the random R-matrix
yY's must now be chosen so as to have the indicated correlation
between directly coupled channels. Except for these complicatioms
the calculation proceeds exactly as in the case of purely compound-
nucleus reactions.

The above computational procedures have been incorporated in
a computer program STASIG [31]. A random number generator is used
to select the R-matrix parameters Yu,a,l,j and Eu in accordance
with the optical- and statistical-model and the appropriate statis-
tical cross sections are calculated. These calculated cross sec-
tions are then averaged using a flat resolution function with
Gaussian fall-off at the edges corresponding to the experimental
energy resolution. The result of the calculation is then statis-
tically comparable with the respective experimental values. Of
course, only statistical comparisons such as are provided by auto-
correlation functions and the general character of the fluctuations
are significant. The internal consistency of the calculational
procedure can be verified by averaging the statistical result over
large energy intervals thereby deducing average cross section values
which must be consistent with those calculated directly from the
optical model used as an input to the statistical calculations. The
neutron total and inelastic scattering cross sections of the even
isotopes of titanium were calculated following the above principles
using both ellipsoidal and spherical models. The calculated total

neutron cross sections are compared with the experimental values

in Figs. 6 and 7. In making these comparisons the calculated results
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were energy-broadened to yield a 'resolution" equivalent to that
of the experiments using the resolution function outlined above.
Qualitatively, the ellipsoidal calculation gives a better descrip-
tion of the measured values than does the spherical calculation
particularly with respect to the extrema of the structure and the
trend toward grouping of resonances. The comparisons may indicate
that the experimental resolution was not as good as believed. The
character of the broad maxima evident in the ellipsoidal calcula-
tions is dependent upon the statistical nature of the particular
calculation and will change in detail but not in gross features.

Similar comparisons of measured and calculated cross sections
for the excitation of the 984 keV state in “*8Ti are shown in Fig.
8. In these comparisons the "resolution' introduced into the cal-
culations was 12-15 keV. The result obtained with the ellipsoidal
calculation is very similar to the measured values with the same
general statistical magnitudes and structures. In particular, the
minima of the structure are in reasonable agreement with the exper-
imental values. In contrast, the results obtained with the spheri-
cal calculation do not describe the experimental results well
either in magnitude or in gross features of the structure.

When averaged over wide energy increments the results of the
statistical calculation should reduce to the optical model result
upon which it was based. This is illustrated in Fig. 9 which
compares the ellipsoidal optical model results with the 100 keV
energy-averages of the ellipsoidal statistical calculations and
the experiments. The averages are consistent. Similar consist-
ency can be obtained using the spherical model which, as noted
above, does not lead to statistical fluctuating cross sections
particularly descriptive of experiment. Thus the fluctuations
of the statistical calculations can provide a sensitive test of
the suitability of the optical potential.

The comparisons of Figs. 6-8 can be put on a more quantita-
tive basis by means of auto-correlation functions. Fig. 10 shows
auto-correlation distributions derived from the measured total

neutron cross sections and those calculated with both ellipsoidal
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and spherical statistical models. The distributions obtained

from the experiments and the ellipsoidal calculations are very
similar particularly with respect to magnitudes and average widths.
The auto-correlation function derived from the results of the
spherical calculation is very different in general character and

in magnitude.

The comparison of the statistical model calculational results
with the fluctuating measured cross sections is a more sensitive
test of the optical-coupled-channels-model description than is a
comparison with the average measured cross sections. Comparison
of statistical cross section fluctuations with experimental results
gives an indication of true experimental resolution. The latter
may tend to be optimistic, as apparently is so in the present con-
text. The ellipsoidal calculations result as an intermediate
resonance effect similar to that evident in the experiments with-
out recourse to additional reaction mechanisms. The statistical
results can be of considerable applied interest as they indicate
the "true" magnitudes of the fluctuating structure important to
some applications (e.g. neutron transport through bulk media) in a

manner not easily obtainable experimentally, if at all.

V. MODIFICATION OF THE ENDF/B EVALUATED DATA FILE

The Evaluated Nuclear Data File-B (ENDF/B) contains titanium,
MAT-1016 [3]. This evaluation was prepared by Pennington and was
largely based upon prior evaluated data sets. In order to make
available the results of the present work and other recent exper-
imental values in a readily usable form the titanium ENDF/B file
was modified and updated. The revised file has been transmitted
to the NNCSC [32]. The following discussion outlines the procedures
used in the revision and the scope of the modifications.

The modifications were confined to incident neutron energies
above 0.1 MeV. Values at all lower incident energies were explic-

itly retained in the original form. The modification emphasized
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experimental values and used the model-calculations outlined above
to extrapolate 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 exper-
imental resolutions employed in the various measurements. Thus
construction of the file requires appreciable extrapolation and
interpolation of measurements. Generally, the procedures used in

the modification were as follows.
A. Total Neutron Cross Sections

Total cross section values in the energy range 0.1-1.5 MeV
were taken explicitly from the experimental results of the present
work. From 1.5-10.0 the experimental values from the works of
Schwartz [10], Barschall et al. [33] and Foster and Glasgow [34]
were used. Above 10.0 MeV the measured values were extrapolated
with model calculations using the potential described above norm-
alized to experimental values at 10.0 MeV. 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 resulting

total cross section is indicated in Fig. 1l.
B. Elastic Neutron Scattering Cross Sections

The elastic scattering cross section was calculated directly
from the evaluated total cross section (above) and the non-elastic
scattering cross section. The non-elastic cross section was con-
structed from the various partial cross sections and linearly inter-
polated to the more detailed energies of the total cross section
file. Where necessary partial cross sections of ENDF/B, MAT-1016
were used. 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 scatter-
ing cross sections were in good agreement with those measured in
the present work. The resulting elastic scattering cross section

of the modified file is shown in Fig. 1ll.
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The elastic scattering angular distributions were expressed
as fy(E) coefficients as defined by the ENDF/B format. At neutron
energies of < 1.5 MeV these coefficients were taken explicitly from
the present experimental results. Additional experimental results
were used at 3.2 MeV [24] and 4.0 MeV [25]. Model-calculations,
normalized to available experimental values, were used to interpo-
late the measurements and extrapolate the fy(E) coefficients to
higher energies. The fy(E) values obtained in the above manner
provide a good representation of the available experimental infor-
mation. However, they are generally based upon measurements with
approximately an order of magnitude poorer resolution than that
employed in total cross section studies. Thus fg (E) values will
not display the detailed energy dependent structure of either the

total or elastic cross sections of the file.
C. Inelastic Neutron Scattering Cross Sections

The inelastic neutron scattering cross sections were assumed to
be entirely due to the even isotopes of titanium (87% abundance). At
incident neutron energies of < 1.5 MeV the experimental results of the
present work were explicitly used. These components plus the cross
sections due to the excitation of known states at 2.32, 2.40 and 3.2
MeV [2] were extrapolated to incident neutron energies of V7.0 MeV
guided by calculations including qualitative estimates of the contrib-
ution from the inelastic continuum. At higher energies the continuum
inelastic distributions and nuclear temperatures of the original eval-
uvation were retained. The resulting partial and total inelastic

neutron scattering cross sections are shown in Fig. 12.
D. Other Exit Channels

Radiative capture cross sections, (n;x) reaction cross sections
where x # neutron and (n;2n) cross sections were retained from the
original evaluation without modification as the present experimental
results did not directly define these quantities. These reaction
cross sections were incorporated in the non-elastic cross section
utilized in the derivation of the elastic cross section outlined
above. Where necessary various partial cross sections were interpo-

lated in energy and magnitude in a linear manner.
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The revised ENDF/B file deduced in the above manner was veri-
fied with respect to "housekeeping' errors using the check routine .
CHECKER ([32] and the physical content inspected with various ad-hoc
graphical procedures. The final result was transmitted to the
NNCSC [32] with the objective of significantly improving the
titanium-ENDF/B file at energies above 0.1 MeV.

VI. SUMMARY

The experimental results provide an improved basis for the
physical interpretation and applied use of fast neutron interac-
tions with titanium particularly including total and scattering
cross sections to 1.5 MeV.

The energy-averaged experimental cross sections were well
described by either spherical or ellipsoidal optical models and
the Hauser-Feshbach formula. The choice of model is not unique
and the resonance fluctuation and correlation corrections to the
Hauser-Feshbach formula introduce further ambiguities.

A statistical R-matrix based upon energy-averaged model para-
meters and the known statistical properties of resonances was used
to calculate the detailed statistical fluctuations of the total and
scattering cross sections. The calculated results were sensitive to
the choice of the energy-averaged model and comparison with the ex-
perimental results indicates the importance of the ellipsoidal model
and channel-coupling in the description of the cross section fluctu-
ations. The statistical R-matrix calculations give an indication
of intermediate resonance structure similar to that apparent in the
experimental results without recourse to other reaction mechanisms.
Furthermore, they give an independent indication of the actual ex-
perimental resolutions and provide the detailed statistical knowledge
of the resonance structure essential to some applications and not
generally directly available from experiment.

The experimental results and the associated interpretations
were utilized to modify and improve the ENDF/B titanium data file
particularly in the areas of fluctuating neutron total and elastic

and inelastic scattering cross sections.
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TABLE I. Optical Potential Parameters

Potential

Parameter Selected PAM
Real Well

Depth, MeV 44 .5 46 .0

Radius, F 4.543 4.815

Diffuseness, F 0.62 0.62
Imaginary Well

Depth, MeV 9.0 14.0

Radius, F 4.797 5.316

Diffuseness, F 0.50 0.50
Spin-Orbit

Depth, MeV 7.0 7.0
Deformation Paramet:erb 0.25a —-—

aApplicable only to the ellipsoidal calculations.

The direct-well was set equal to the real-well.
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Fig. 1.
Fig. 2.
Fig. 3.
Fig. 4.

FIGURE CAPTIONS

Measured neutron total (vertical bars) and angle-
integrated elastic scattering (boxes) cross sections
of titanium. The solid curve indicates the total cross
gsection calculated from the '"selected" potential of
Table I and the dashed curve that calculated from the
potential of Ref. 27.

Measured differential elastic neutron scattering cross
sections of titanium. Experimental values are indicated
by data points. The curves represent the fit of Eq.(l)

to the measured values.

Comparison of measured and of calculated differential
elastic neutron scattering cross sections of titanium
near 1.0 MeV. The present experimental values are in-
dicated by boxes. Other experimental results are shown
by: (Ref. 14) and (Ref. 15). Results of optical
model calculations are indicated as follows:

= calculated from the spherical '"selected"
potential of Table I, —— —— —— = the ellipsoidal
form of the "selected" potential, and — — — — —

= the spherical potential of Ref. 27.

Angular distributions of 1.4 MeV neutrons elastically
and inelastically (Q= -983.5 keV) scattered from titanium.
Measured values are indicated by data points, The results

of optical statistical model calculations are indicated as

follows; ——————— = the ''selected" spherical potential
of Table I, —— —— —— = the ellipsoidal form of the
"selected" potential, and the - and - -

curves the spherical potential of Ref. 27 with fluctuation
corrections and the correlation parameter, Q, equal to O

and 1, respectively.
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Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Cross sections for the inelastic neutron excitation of the
889.2 and 983.5 keV states in titanium. "Good" resolution
results for the 983.5 keV state are indicated by circular
data points (joined by dotted curve), those for the 889.2

keV state by crosses. "Broad" resolution results for the
983.5 keV state are indicated by boxes. Curves show calcula-
tional results based upon the following potentials: Model #1
is the '"selected" potential of Table I in spherical (———)
and ellipsoidal (— — —) forms. '""Model #2" is the potential
of Ref. 27 with the upper (— — — -——) curve giving the Hauser-
Feshbach result and the two lower curves showing the same
result corrected for resonance fluctuations and correlations

as described in Sec. IV of the text.

Comparison of measured and calculated total neutron cross
sections of titanium in the energy range 0.5-1.0 MeV. The
upper curve is obtained directly from the experimental
values. The lower two curves indicate the results of sta-
tistical R-matrix calculations using ellipsoidal and
spherical optical potentials energy-averaged over an
energy resolution function equivalent to that of the

experimental measurements.

Comparison of measured and calculated total neutron cross
sections of titanium in the energy range 1.0-1.5 MeV. The

format is identical to that of Fig. 6.

Comparison of measured and calculated elemental cross
sections for the excitation of the 983.5 keV state in
titanium. The upper curve indicates the "good'" resolu-
tion experimental data. The lower two curves show the
results of statistical R-matrix calculations based upon
ellipsoidal and spherical optical potentials energy-
averaged over a resolution function approximating that

of the experiments.
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Fig. 9.
Fig. 10.
Fig. 11.
Fig. 12.

Comparison of the total neutron cross sections of
titanium obtained from: a 100 keV energy-average of
the experimental results, a similar average of the
results of statistical R-matrix calculations based
upon an ellipsoidal potential, and from the ellip-
soidal optical potential employed in the statistical

calculations.

Comparison of auto-correlation distributions obtained
from the total neutron cross sections as: determined
experimentally, calculated with a statistical R-matrix
based upon an ellipsoidal potential and as similarly

calculated from a spherical potential.

Evaluated neutron total and elastic scattering cross

sections of titanium over the energy range 0.1-18.0 MeV.

Evaluated partial cross sections of titanium over the

energy range (0.01-18.0 MeV.
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