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NUCLEAR DATA AND MEASUREMENTS SERIES

The Nuclear Data and Measurements Serles presents results of studies in
the field of microscopic nuclear data. The primary objective is the dissemina-
tion of information in the comprehensive form required for nuclear technology
applications. This Series is devoted to: a) measured microscopic nuclear
parameters, b) experimental techniques and facilities employed in measurements,
c) the analysis, correlation and interpretation of nuclear data, and d) the
evaluation of nuclear data, Contributions to this Series are reviewed to as—
sure technical competence and, unless otherwise stated, the contents can be
formally referenced. This Series does not supplant formal journal publication
but it does provide the more extensive information required for technological

applications (e.g., tabulated numerical data) in a timely manner,
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TITANIUM-II: AN EVALUATED NUCLEAR DATA FILE*
by

C. Philis, R. Howerton, and A. B. Smith

ABSTRACT

A comprehensive evaluated nuclear data file for elemental
titanium is outlined including definition of: the data base,
the evaluation procedures and Judgments, and the final evalua-
ted results. The file describes all significant neutron-induced
reactions with elemental titanium and the associated photon-
production processes to incident neutron energies of 20,0 MeV,
In addition, isotopic-reaction files, consistent with the ele-
mental file, are separately defined for those processes which
are important to applied considerations of material-damage and
neutron-dosimetry. The file is formulated in the ENDF format.
This report formally documents the evaluation and, together with
the numerical file, is submitted for consideration as a part of
the ENDF/B-V evaluated file system.

*This work is supported by the Commissariat a 1'Energie Atomique (France) and
the U. S, Department of Energy.



I. INTRODUCTION

Herein, the data base, physical concepts and models and the methodology
of the evaluated nuclear data file of elemental titanium are outlined. The
evaluated file is presented in detailed graphical form with estimates of
uncertainties. This evaluation is submitted as an elemental component of
the ENDF/B-V evaluated-nuclear-data-file system (I-1). The evaluation is
comprehensive in reaction type and energy scope (10'-5 eV to 20 MeV).
Particular attention is given to those aspects of most importance in the
analysis of fission- and fusion-based energy systems (I-2). 1In addition
to the primary elemental file, a secondary isotopic file is provided for
selected reactions of interest in dosimetry and radiation-damage studies.
This isotopic file is consistent with the primary elemental file,

The data base for this evaluation was derived from the literature as
generally available to October 1976 with an extension to January 1977 in
some selected areas. In the several MeV region an extensive measurement
and calculational program was correlated with the evaluation providing an
improved data base and nuclear models for extrapolation. This measurement
and calculational program and associated models are defined in the
companion document; Titanium-I (I-3). Subsequent portions of this
document deal with: resonance properties, neutron total cross sections,
neutron scattering, neutron emission, radiative neutron capture, various
charged-particle-emitting reactions and photon production processes. The
neutron-reaction Q-values of these various components are summarized in
Table I-1. The entire numerical file is available from the National Nuclear
Data Center (I-4) and the NEA Center for the Compilation of Nuclear Data

(I-5). As available from either of these Centers, the numerical file



takes alternate forms with the discrete-point or parameter representation of
the resonance region. The (njp) isotopic dosimetry files have previously been
submitted as a component of the ENDF/B-V Dosimetry File and are discussed in

more detail in Ref. I-6.

REFERENCES~Section I

I-1. Evaluated Nuclear Data File-B, ENDF/B, Brookhaven Natl. Lab. Report,
ENDF-102, Eds. D. Garber, C. Dunford and S. Pearlstein (1975).

I-2. See, for example, WRENDA, INDC(SEC)-55/URSF, World Request List for
Nuclear Data, Ed. R. Lessler, Inter. Atomic Energy Agency (1976).

I-3. P. Guenther et al., Argonne Natl., Lab. Report, ANL/NDM-31 (1977).
I-4. National Nuclear Data Center, Brookhaven Natl, Lab.
I-5. Centre de Compilation de Donnaes Neutroniques, Saclay, France.

I-6. C. Philis et al., Argonne National Lab. Report, ANL/NDM-27 (1977).



Table I-1.

Neutron Reaction Thresholds.

Reaction Type

Threshold (MeV)

Neutron Total Cross Section

Neutron Elastic Scattering Process

Neutron Inelastic Scattering Processes

Group No.
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Continuum

Radiative Neutron Capture Process

(n;2n') Process
(n;3n') Process
(n;p) Process
(n;a) Process
(n3n',p) Process
(n;n',a) Process
(n;d) Process
(n;t) Process
(n; 3He) Process

(n;2p) Process

(n;p,a)

0.0

0.0

0.162
0.908
1.004
1.460
1.582
1.858
2.051
2.343
2.472
2.670
3.063
3.318
3.500

0.0
8.311
1.948
0.0
0.0
10.570
8.187
8.340
10.960
9.729

8.473

10.200



IT. RESONANCE PARAMETERS AND ASSOCIATED CROSS SECTIONS (En < 0.2 MeV)

The evaluation provides, on the basis of contributing isotopes, a set of
resonance parameters and associated cross sections for natural titanium over
the energy range 1075 eV to 200 keV. The evaluation in this region is taken
from the work of Trochon et al. (II-1).

A. The Data Base and Underlying Evaluation Hypothesis

This evaluation is derived from a data base consisting of:

1. The total cross section of natural titanium measured by Garg et al.
(II—Z)o

2. The total cross sections of individual isotopes measured at a number

of laboratories as defined in Refs. II-3 to -8.

3. Resonance-capture areas as reported by Ernst et al, (II-9) for 4774
and by Allen et al. (II-10) for all titanium isotopes.

4, Measurements of the total cross section of the element and isotopes
in the thermal region (2%10 3 eV to about 49 eV) by Joki et al.
(I1-11), Schmunk et al. (II-12) and by Doilnitzyn (II-13).

5. Measurements of the elemental thermal capture cross section by
Joki et al., (II-11),

6. The ENDF/B-IV evaluation at thermal and in the subthermal region
(11-14).

7. The evaluation described in Sec. III, below, extended down to
100 keV.

In the relevant energy range of 10 ° eV to 200 keV only s- and p-waves
contribute significantly to the cross sections. The evaluation assigns 2=1
(p-wave) to all resonances not clearly identified as 2=0 (s-wave).

In order to reproduce the strong level-level interference, the evaluation
was carried out within the framework of the Reich-Moore formalism (II-15) in-
cluding s~ and p-wave resonances using a program written by Derrien et al.
(I1-21). This formulation is no longer an acceptable ENDF format; therefore,

the final evaluation is made available in two alternate forms: 1) point values



in good detail, and 2) Reich-Moore parameters (in Breit-Wigner format with
LRF flag=3). The point-value representation is precise and an acceptable for-
mat though tedious to use in some applications. A maximum of five spin states
was used, four corresponding to p-wave induced processes and one for resonances
of unknown spin. The latter is a J calculated from the g as defined in
Ref, II-16.

The effective radius used in the above procedures for each isotope was

assumed to have a linear dependence on energy; i.e.,
_ a b
R = AP(AP E + AP)

where E is the energy in eV and AP is the dummy effective radius given in

file 2 and a/AP and b/AP are read as new data in a modified version of the
computer program RESEND.* The resonance parameters are given in Table II-1 in
the ENDF format.

The evaluation was normalized to agree: 1) with the measured capture
cross section of 6.09 b at the thermal energy (II-11). (This leads to con-
sideration of a negative energy resonance.), 2) with the resonance integral of
the total cross section of the natural element from 1.3 to 100.0 keV as de-
termined from the measurements of Garg et al. (II-2) and 3) with the similar
integral over the region 100 to 200 keV derived from the point values outlined
in Sec. III, below.

B. IEvaluation of the Resonance Parameters and Radii

The energies and widths of the s-wave resonances of “7Ti, “87i and “9Ti

are taken from the parameters reported by the Karlsruhe group (II-6,7). 46Ti

and °OTi resonance parameters are taken from the work of Refs. II-3 and -4 ex-

cept when new values are available as the result of the analysis of capture

*The modlfled vers1on of RESEND is aviailable from G. Simon, Centre d'Etudes
Bruyeres ~le~- Chatel Montrouge, France.



measurements (II-10). At higher energies the 4671 neutron widths of Refs. II-3
and 4 appeared large and were reduced for this evaluation.

The energies of p-wave resonances are given by capture measurements (II-10).
Their mean neutron widths, ?;, have been calculated from the Sl strength

function and the average level spacing D1 by means of the expression

3 slnleE

8
where V 1s the penetrability of the nucleus for p-~wave neutrons. The
corresponding S1 and'ﬁi values are given in Table II~2,

The capture widths have been calculated from the resonance areas of

Allen et al, (II-10) using the relationship

A (r_+7T) k2
[ = XD Y
Y 2ﬁ2grn

where AY is the capture area and k the wave number.

The effective radii for l*STi, “7Ti, 4974 and °T1 were calculated
using the above linear expression with AP, a and b values taken from Refs.
II-3,6 and 4 adjusted as felt desirable. These parameters for “8Ti were
chosen to give the best agreement with the experimental total cross section
of the natural element (II-2,11). The coefficients AP, a/AP and b/AP used
in the evaluation are listed in Table II-3.

In order to simultaneously reproduce the total and capture cross sections
in the energy range from 10™° eV to the first resonance at 3.09 keV a negative
resonance in “8Ti was assumed at -50 eV. The capture width of this resonance
was set at FY = 1.33 eV which is similar to the mean value of observed s-wave

capture widths in *8Ti. The neutron width was set at Fn = 0,011891 eV in



order to obtain the experimentally observed thermal capture cross section of
the natural element (i.e. 6.09 b at thermal).

C. Evaluated Resonance Cross Sections Beyond the Measured Regions

The energy range of available experimental capture data is defined in
Table II-4. For each isotope, other than l+8Ti, the capture cross section was
calculated between 25 and 200 keV using the computer code NCNR (II-17). These
calculated results were then normalized to the averaged experimental data
thereby providing an extrapolation beyond the measured energy range. For 4771
there is no experimental s- and p-wave data above 75 keV. Therefore, the
final result was obtained by adjusting the isotpic values to give good agree-
ment with elemental titanium results,

D. Comparisons of Measured and Evaluated Cross Sections in the Element

The evaluated resonance parameters were used to generate the respective
cross sections via the computer code RESEND with a 1 percent convergence
criteria. Illustrative results are given in Figs. II-1, 2, and 3.

Up to energies of 1.3 keV, the evaluated total cross section is somewhat
smaller than the measured values. Corrections for these small differences
have been included in the background file of the evaluation (i.e. 3-1 file).
The final result is shown in Fig. II-1.

In the 1.3-75 keV energy range where almost all the resonance parameters
have been determined, the calculations reproduced the experimental values quite
well as far as integrals are concerned as summarized in Table II-5. The back-
ground of the file does not exceed 0.2 b up to 2.79 keV and is zero at higher
onefgies. In the 1.3-75 keV energy range, the calculated and experimental
Integral values agree within I1 percent.

Above 75 keV, in spite of a deficiency in measured partial cross sections,
the integrals of calculated and measured cross sections agree to within 5.8 per-

cent, The discrepancy is probably due to deteriorating experimental resolution



in the energy region. Due to these discrepancies and the uncertain knowledge
of 47Ti contributions; the latter were ignored above =75 keV. Again, the

small differences are corrected for by background contributions in the

3-1 file. Generally, in the energy range 1,3-200 keV, the evaluation, as
illustrated in Fig. II-2, agrees with experimental values to within <2 percent.

The capture cross sections needed no background corrections up to 50 keV.
At higher energies the background was introduced as outlined above. The re-
sulting evaluated capture cross sections are illustrated in Fig., II-3,

Background contributions to elastic scattering follow directly from the
prior determination of total and capture cross sections, The elastic scatter-
ing cross section up to 1.3 keV is illustrated in Fig., II-1. At higher energies
it closely follows the total cross section of Fig. II-3.

The only inelastic scattering contribution below 200 keV is that due to
the excitation of the 159 keV state of “7Ti (II-18, 19, 20). It is a small
component and the elastic cross sections of the file are slightly adjusted in
the region of inelastic scattering so as to assure the internal consistency
of the file.

The resonance region of the present file is compared with that of
ENDF/B-IV (II-14) in Figs. II-1, 2, and 3. There are considerable differences
between the two evaluations in some areas. The total and elastic-scattering
cross sections are very different. This is particularly true since the present
file reproduces interfering resonances and p-wave resonances in much greater
detail. The major capture-cross-section differences are in the 100 eV-200 keV
region where p-wave resonances are the prominent contribution. Resonance inte-
8rals of the two evaluations are compared in Table II-5. Again, large differ-

ences between the two evaluations are evident.
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II-1.

I1-2,
I1-3.
I1-4,
II-5.

1I1-6.

II-7.
I1-8.
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I1-11.

I1-12.
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I1-18.
I1-19.

11-20.
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TABLE [l=t
I1SOTOPIC RESONANCE PARAMETERS

ENDF /BRC TAPE 100

08/20/1976 100 10 0O 0
2,20000+04 4,74676+01 1 0 0 5 1 1453 1
0.00000400-0,00000400 - - - 9 — 9 99 8——1—1 454 2
22711 BRC EVAL=AUG 1 1454 3
1 1451 4
e S S 454 3 $+-1454——8
2 151 260 1 1451 é
3 1 13 1 14531 7
e s B 2 17 1 145¢+ 8
3 102 31 1 1451 ]
11 0 10
S o 1—8—6——4t
2,20000404 4,74676+01 0 0 5 0 1 2151 12
2,20460404 0,07930+00 0 0 1 0 1 2151 13
1,00000=05 2,00000405 . T 3 £ ——1+ 215+ 14
0,00000400 0,341006+00 0 0 2 0 1 2151 15
0,45558+402 0,00000+00 0 0 42 7 1 2151 16
1,10600404 5,00000~01 8,04800401 8,00000+01--4,80000-01-0,00000+00-—1215¢ 47
3,92000404 5,00000~01 2,50590+02 2,50000402 5,90000~01 0,00000400 1 2151 18
4,87000+04 5,00000-01 1,30079+03 1,30000+03 7,90000-01 0,00000400 1 2151 19
6432000404 5,00000=01 3,00310+03 3,00000403 3+10000-01+-0,00000+00 —1-2151— 26
9,99900+04 5,00000-01 4,80150+03 4,80000+403 1,50000+00 0,00000+00 1 2154 21
1,78900+05 5,00000~01 4,00220+03 4,00000+03 2,20000+00 0.00000+00 1 2151 22
1,+85000405 5,00000=01 1,00150+403 1,00000403-1,50000+00-0,00000+80———1-215¢ 23
4,55580+01 ,00000400 1 0 330 55 1 2151 24
1,25200¢ 4 1,00000+ 0 1,48855+ 0 B8,63620~ 1,6,24929~ 1 0,0 ¢+ 0 12151 25
1437200+ -4 1,00000+ 0 1,42006+ 0 1,01332+ 0 4+,06747~-3—04y0——+—0—1—215¢+— 26
1,81800+ 4 1,00000+ 0 1,56822+ 0 1,53783¢ 0 3,03914= 2 0,0 « 0 12151 27
1,93900+ 4 1,00000+ 0 2,31567+ 0 1,69157+ 0 6,24108~ 1 0,0 + 0 12151 28
2412400+ 4-2,00000+ 0 2,28630« 0 1,93529+4-0 3,51009= 31 0,0 —— + 0 31 2164 29
2,40600+ 4 1,00000+ 0 2,36014+ 0 2,32584+ 0 3,43056~ 2 0,0 ¢« 0 12151 30
2,87700+ 4 1,00000% 0 3,10068+ 0 3,02518+ 0 7,55019= 2 0,0 ¢+ 0 1 2151 31
3,40000+-4-1,00000% 0 3,97027+ 0 3,863914 0-1,06359=¢ 040+ 0——1 245¢ 32
3,41000+ 4 1,00000+ 0 4,10466+ 0 3,88054+¢ 0 2,24126« 1 0,0 «+ 0 1 2151 33
3,52200¢ 4 1,00000¢ 0 4,49469+ 0 4,06822+ 0 4,26472= 1 0,0 « 0 12151 34
4,22900#+.4.4,00000+ 0 5,56059+ 0 5,31105+- 0 2,49548~ 4 0,0 — +0—1 21564 38
4,28500% 4 1,00000+ 0 6,02978+ 0 5,41355+ 0 6,16232« 1 0,0 « 0 12151 36
4,45200+ 4 1,00000+ 0 6,00712+ 0 5,72256+¢ 0 2,84553= 1 0,0 «+ 0 12151 37
4,74000% 4 1,00000¢ 0 6,67353¢ 0.6,26690+ 0 4,06630=-3 0,0+ ¢ 1 2165¢ 38
4,93600+¢ 4 1,00000+ 0 6,95588+ 0 6,64533+ 0 3,10556= 1 0,0 «+ 0 1 2151 39
5,56700+ 4 1,00000+ U 8,23829+ 0 7,90496+ 0 3,33330- 1 0,0 + 0 12151 40
5+92700#+.4 .1,00030+ 0 9,09277+ 0 8,65020+ 0 4,42573= 3 0,0+ 0 1 2154 44
6,80500+ 4 1,00000¢ 0 1,09386+ 1 1,05417+ 1 3,96871= 1 0,0 + 0 1 2151 42
6,88500+4 ¢ 1,00000+ 0 1,10755+ 1 1,07190+ 1 3,56523~ 1 0,0 + 0 12151 43
2408500+ 4 1,00000+ 0 1,15157+ 1 1,11655+ 1 3,50235=4 0,0 4 §
7470200+ 4 1,00000+ 0 1,28064+ 1 1,25725¢ 1 2,33944= 1 0,0 + 0 1 2151 45
7.85200¢ 4 1,00000¢ 0 1,33210¢ 1 1,28744+ 1 4,46607= 1 0,0 + 0 1 2151 4¢
B407700+4.4.1,00000+.0 1,39454¢ 1 1,34482+ 1 4.6
8.15900+ 4 1,00000+ U 1,40349¢ 1 1,36417+ 1 3,93157= 1 0,0 ¢+ 0 1 2151 48
§,17200+ 4 1,00000+ 0 1,41423+ 1 1,3672%¢ 1 4,69807~= 1 0,0 ¢+ 0 1 2151 49
8445200+.4 .1,00000¢ 0 1,48811+ 1 1,43388+¢ 1.5,42307= 3 0,0+ 03 2454 50
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8,70500+
8,74000¢
B8,76500¢+
9,06000+
$,12000+
9,29000+
9,43000¢
4195550*
1,06400+
1,06750¢
107350+
1.,09350+
1,13600+
1414800+
1|20100¢
1,24400+
1,28650#+
1,35400¢+
1,35750+
1,43450«
1,46550#
1,50600+
1,53950+

4 1,00000+ O
4 1,00000+ O
4 4,00000¢ 0
4 1,00000+ O
4 1,00000+ 0
4 1,00000¢ O
4 1,00000+ O
5.1,00000+ 0
5 1,00000+¢ O
5 1,00000¢ O
5..14,00000% 0
5 1,00000+ 0
5 1,00000+ O
5-4,00000+ 0
5 1,00000+ O
5 1,00000+ 0
5 1,00000+ 0
5 1,00000+ 0
5 1,00000+ O
5 4,00000+ 0
5 1,00000+ O
5 1,00000+ C
.5 1,00000¢ 0
1,57100+ 5 1,00000+ 0
1,60200+ 5 1,00000¢ 0
4451430;”5_1,00000.40
41,70000+ 5 1,00000+ O
1,72600+¢ 5 1,00000+ O
1,74500¢ 5.1,00000+.0
2,20470+04 0,07280+00
1,00000-05 2,00000+05
2.,50000400 0,34100+00
0,46549+02 0,00000400
3,09000403 3,00000+00

4,19200+03-3,00000+00.

8,13000403 2,00000+00
8.33800+03 2,00000+00
1,09400+04.3,00000+00
1.,21400+04 3,00000+00
1,24700+04 2,00000+00
1,28250404.2,00000+00
1,63300404 3,00000400
1,74150¢04 2,00000+00
1,9085004--3,00000+00
2,12900+04 2,00000+00
2,72000+04 3,00000400

3+023QDADAW2100000¢00~J‘48450¢0

3,26100404 2,00000400
3,81200404 3,00000400
4,05500#04-3,00000+00
4,10600404 2,00000400
4,23600404 2,00000400
4.39700404-3,00000+00
4,65000404 3,00000400

1,55366+ 1 1,49476% 1 5,69060- 1 0,0 « 0 12151 51
1.55664+ 1 1,50323¢ 1 5,34115- 1 0,0 + 0 12151 52
1,56136¢ 1 1,50928+ 1 5,20962= 1040
1162453+ 1 1,58122¢ 1 4,33059- 1 0.0 ¢« 0 1 2151 54
1,68749+ 1 1,59596+ 1 9,45350= 1 0,0 —+-8—1-2151-—55
1,69678+ 1 1,63788+ 1 5,88998- 1 0,0 « 0 12151 56
1,71579+ 1 1,67260+ 1 4,31936~ 1 0,0 + 0 12151 57
2,07287+ 1 1,95771+ 1+ 1+15158+ 0 0+0 +—f—%245+—58
2,03307+ 1 1,97967+ 1 5,33965- 1 0,0 + 0 12151 59
'2,02609+ 1 1,98873+ 1 3,73543- 1 0,0 « 0 12151 60
2,04359+ 1 2,00429+ 43+93036-10+0 o p—3215¢+—6%
2,12277+ 1 2,05633+ 1 6,64414- 1 0,0 + 0 12151 62
2,24012+ 1 2,16792+ 1 7,22058~ 1 0,0 « 0 12151 63
2,26671+ 1 2,19966+—3—6+70434=—210~0 G125 —64
2,42297+ 1 2,34108+ 1 8,18948- 1 0,0 « 0 12151 65
2,52732+ 1 2,45720+ 1 7,01156= 1 0,0 « 0 12151 66
5 67049+ 1 2,57314% 1 9,73469= 4 0y0——+0-——1-2354—6F
2,82911+ 1 2,70404+ 1 1,25076+ 0 0,0 + 0 12151 68
2,818464 1 2,76928+ 1 4,91799- 1 0,0 + 0 12151 69
3,152964 1 2,98525+ -1—1+67708+ 9030 —235¢+—78
3,13091¢ 1 3,07310+ 1 5,78096~ 1 0,0 +0 12151 71
3,23367+ 1 3,18860¢ 1 4,50661- 1 0,0 « 0 12151 72
3,48493+ 1.3.28475% 1-2,00174+0 00— —¢—0——31-2854—33
3,58149+ 1 3,37565¢ 1 2,05839+ 0 0,0 « 0 12151 74
3,62268+ 1 3,46555¢ 1 1,57132«.0 0,0 + 0 121518 75
3,81344+ 1 3,67598+ 1 1,37460+ 0040 + 91215476
3,86316+ 1 3,75250+ 1 1,10661+ 0 0,0 « 0 12151 77
3,93793+ 1 3,82930% 1 1,08628+ 0 0,0 + 0 12151 78
3,96057+ 1-3,88559+ 1 7,49770=10+0 ‘o1 2155—79
0 0 1 0 12151 80
1 3 0 0 1 2151 81
0 0 2 g——1-216+ 82
0 0 186 33 1 2151 83
1,01090402 1,00000402 1,09000400 0,00000400 1 2151 84
2,54000+00-2,00000200 000
666100401 6,60000+01 0,61000400 0,00000400 1 2151 88
1,48225402 1,47000402 1,22500400 0,00000400 1 2151 87
5191900401 5,80000+04 1,19000+00 0,00000400 12354 88
1,21100402 1,20000402 1,10000400 0,00000+00 1 2151 89
3129000403 2,20000401 9,00000-01 0,00000400 1 2151 90
4476830402-1,750 —91
396935402 3,96000+02 0,93500400 0,00000400 1 2451 92
5117500401 5,00000401 1,75000400 0,00000400 1 2151 93
2,09700401-2,00000+0- ‘
6.34800+01 6,20000401 1,48000400 0,00000400 1 2151 95
1,07070+03 1,06800+03 2,70000+00 0,00000400 1 2152 96
10+
5199920402 5,99000402 0,92000400 0,00000400 1 2151 98
8.05750401 8,00000+01 0,57500400 0,00000#00 1 2151 99
6494000402692
5.83500401 5,80000401 0,35000400 0,00000400 1 2154 104
5'84400+02 5.,82000+02 2,40000+00 0,00000400 1 2151 102
8,82970402 8,830004023+597000400
7.08750402 7,06000402 2.75000400 0,00000400 1 2151 104



4,93200+04
400404
5,53700+04
5,72600+04
900404
6,17800¢04
6 33700404
5,48000004
7,16800¢04
7,45500404
g,46549¢02

4, 10500+
4,53900+
5,16700*
7,55000¢
8,88000+

$,10300+

1,00800¢
1,23700+

1,507004 -4

1,65850+
1, 68 00 0+

1.,82550+ -

1,88200¢
2,00700¢

2402350+ -

2,08200¢
2,19300¢

a.aonucabaucn

O OF G A F

3,00000+00

3+00000+00

3.00000000

3,00000+00
2+00000+00
2,00000+00
3,00000+00
3,00000+00
3,00000+00
2,00000+00
0,00000+00

2,50000¢
2,50000+
2,50000+
2,50000+
2,50000¢

24500009

2,50000+
2,50000¢
2450000+
2,50000+
2450000+

-2,50000+

2.50000¢
2,50000+

-2+50000+

2450000+
2450000+

24322504 -4-2450000¢
2,37600% 4 2,50000¢
2,41350+ 4 2,50000+
2v44400+ 42750000+
2,44900+ 4 2,50000+
2447550+ 4 2,50000+
2+56500+ -4-2450000«
2,63800+« 4 2,50000¢
3,18500+ 4 2,50000+
3522600+ 4250000+
3,39400+ 4 2,50000+
5477500+ 4 2,50000+
$94700+-4 250000+

4,01300¢
4,08100«
433800+
4,36000+
4,38000¢

4
4

4
4

444300+ 4

4,69000¢
4,77700+

4
4

2,50000~
2,50000+

42450000+

2,50000+
2,50000+
'2.50000*
2.50000*
2,50000+

4579200+ 42750000+
4,83500¢ 4 2,50000+
4,90200% 4 2,50000+
2v20480404-073940+00
1,00000«05 2,00000+05
0,00000+00 0,20500+00

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
!
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0

3,16800+02
1,81330+02
2,77330+02
8460330+02
9,03300+01
2414330402
9,83300+01
5, 43300+ 01
4,91330+02
1,29330+02

1
2,90392~ 1

3.23054'
8,42754-
6437356-
8452120~
7,94543~
8,56019~
1366855+
1,44749+
2,17882+
2y 39 59 3¢

2431160+ -

2,685780+
3.,35391+
2454331+
2,43421«
245063+
2,67174¢«
2:69200+
3,80540+
3,48800+
3,47377+
4,26400+
3,75781«
3:50719+
4,35362+
4,74577+
5,04844+
5'94285+
5,84656+«
6438553+
6,18572+
7.17508*
6,83178¢
6.75401*
7,55063+
7,674444
7|89012*
8;06313+
7.64935‘
8.04643*

okﬂo<3c>o¢3c>o<:c>o<3c:o¢:c>a<:c>o¢:c:o<:c>c:oc:c:o¢D¢>O¢3¢>cfapspuapsp

3,15000+02 1.80000+00 0,00000400 1 2151 105
1,80000402-1+v33000+00-0+v00000+806—3121514 166
2,76000402 1,33000+00 0,00000400 1 2151 107
8,59000¢02 1,33000¢00 0,00000400 1 2151 108
8,90000+011+33000+600+00000+00— 12151369
2,13000+02 1.33000+00 0,00000400 1 2151 110
9,70000+401 1,33000400 0,00000+00 1 2151 111
5,30000+01% 1:33000400-0,00000+00— 1-—2¢5¢ 112
4,90000¢02 1.33000400 0,00000+400 3 2151 113
1,26000¢02 1.33000+00 0,0000000 1 2151 114
o R4~ e 41 -1 2151 -115
1,95164« 1 9,52280= 2 0,0 ¢« 0 1 2151 116
2,26806= 1 1,01249= 1 0,0 + 0 1 2151 147
3,56519= -1 4,84235--1 0,0 ——+ 0% 2151118
4,84877« 1 1,52478~- 1 0,0 ¢+ 0 1 2151 119
6.17546= 1 2,34574= 1 0,0 « 0 1 2151 120
6,40790« -1—1v53753= 10,0 ——-0 -1 2151-—121
7,45837+ 1 1,10182= 1 0,0 e 0 1 2151 122
1,04128¢+ 0 3,57266= 1 0,0 ¢« 0 1 2151 123
1,35567+ -0 9182522 040 312151124
1,56246+ 0,6,16361~ 1 0,0 ¢+ 0 1 2151 125
1,59255¢ 0 8,03384= 1 0,0 «+ 0 1 2151 126
1,80088+0-5+v10913~—1
1,88393+ 0 9,73874= 1 0,0 + 0 1 2151 128
2,07177¢ 0 1.28214¢ 0 0,0 + 0 1 2151 129

2¢09698+—9—4T46326'-t—070————1—6 -—4—2451t—130
2,18713+ 0 2,47079=- 1 0,0 ¢ 0 1 2154 131
2,36138+ 0 B8.92504= 2 0,0 + 0 1 2151 132
2.56985*-€~ir51885'—t“910————1—6'“"1-215t‘—133

2,65756+ 0 3.44406= 2 0,0 + 0 1 2151 134
2171957+ 0 1.08583+ 0 0,0 ¢ 0 1 2151 135
277034+ 0-Fr17659- 100 —0——t 2451136

1 2151 137

2,77869+ 0 6.,95082+ 1 0,0 + 0

2,82307+ 0 1.44094+ 0 0,0 + 0 1 2151 138
21974554 078325910001 2151139
3,09989+ 0 4,07301~- 1 0,0 0 1 2151 140
4,08733+ 0 2,66287= 1 0,0 0 1 2151 141
4,16460+0-5:8117Ht=1t 00—+ 01+ 2151142

+
+

4,48572+ 0 5,62724~ 1 0,0 * 0 1 2151 143
5:23964+ 0 7,03210~- 1 0,0 + 0 1 2151 144
5,52935+ 031721ttty

5,72778¢ 0 6,57753= 1 0,0 + 0 1 2151 146
5,86956+ 0 3,16159~- 1 0,0 + 0 1 2151 147

64 41445*—6-?—ﬁﬁﬁ36'*t“ﬁ*ﬂ——~—1*ﬁ——‘t‘215t“t*8

6,46174+ 0 3,70043= 1 0,0  + 0 1 2151 149
6,50482+ 0 2,49194= 1 0,0  + 0 1 2151 150
6,64106+—0-9709569~- 07—+ 0~ 12151 %51
7.18296+ 0 4,91474= 1 0,0  + 0 1 2151 152
7,37671+ 0 5,13407« 1 0,0  + 0 1 2151 153
7141027 +—0—6752861— 1B 00—+ 2151 —15¢
7,50669¢ 0 1,42661= 1 0,0  + 0 1 2151 155
7.65765+ 0 3,88785- 1 0,0  + 0 1 2151 156

0 : g— 1215t 157

3 0 0 12151 158

0 2 0 12151 159
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—B+47536+02-

=5,00000+01
1,77600+04
221100404
3,69000+04
5,17000+04

7444000+ 04

8,36000+04
1,19000+05
41+33200+405
1,54900+05
1,85600+05

0+00000+00
5,00000~01
0,50000+00
0450000400 -
0,50000+00
0,50000+00
0450000400
0,50000+00
0,50000+00

~0y56000+00

0,50000+00
0,50000+00

1492400405 -

8750000+ 00
0,00000+00
1 "00090’
4+00000¢
1,00000¢
41,00000+
1,00000¢
1,00000¢
4322400+ 4100000
5.64100¢ 4 1,00000+
7:12100+ 4 1,00000+
Fv64000+ 4-1,00000+
7,96000¢ 4 1,00000+

D.47236¢02
1714600+
1,33900e
2,15700¢
239100+
3.:90900¢
4,19500¢

PN N O N

COCOOODOODDOO O

8,02100+ 4 1,00000¢
854700+ 4—$;00000
8,72000+ 4 1,00000¢
9,74000¢ 4 1,00000¢

1,13400+ 5 1,00000¢
1,20500+ 5 1,00000+
1723850+ 51706000+
1,35200+ 5 1,00000¢
1,40700¢ 5 1,00000¢
1+42100+ 54100000+
1,44600% 5 1,00000¢
1,61300¢ 5 1,00000+
1766300+ 51400000+
1,87700+ 5 1,00000¢
1,94800+ 5 1,00000¢
1497900+ 51700000+
2,20490+04 0,05510400
1,00000#05 2,00000405
3+50000400—0443800+400
0,48527¢02 0,00000+00
3,83000403 3,50000400
8418000403 3,50000+00-
1,87600404 4,00000400
2,15400404 3,00000+00

cooccoO0dOO

3721700404—4700990*09—?109880+02—7

-3184000004—4189000#00 170125403 -1470006+63 1+

| aan i 0 2-—41—215
1,34891+00 0, 18915-01 1 33000+oo 0, ooooo.oo 1 2151 16y
8,43000403 8,42770+03 2,30000400 0,00000400 1 2151 162

.aoooo+ee-7 79200+02-a;0eﬁee~ﬁt—e~ﬁOﬂeﬁvvﬁ-—t—2151~~1ﬁ3
1,30000403 4,29750+403 2,50000400 0,00000400 1 2151 144
2.40000+03 2,39860403 1,40000+00 o.ooooo¢oo 1 2151 145
1,50000402 4+49700+02 3:00000-01 0500000001 2151 16¢
1,20000402 1,19500+02 5,00000~04 0,00000+00 1 2151 167
2,00000402 1,99500402 5,00000-04 0,00000400 1 2151 168
2,00000402 1;99500+02 570000001 0708000001 2151 —t6¢
2,50000+02 2,47200+02 2,80000400 0,00000400 1 2151 17p
6,50000402 6,48100+02 1,90000+00 0,00000+00 1 2151 17y
3,00000403 2,999104083 9,00000-030,00000+00 1 2151172

1 0 168 28 1.21%1 i3
1,86180¢ 0 1,59531¢ 0 2,66490- 1 0,0 —~ ¢+ 0 T 2151 174
2,252682+ 0 2401040 0 2,42417= 1 040 e 0 1 21%1 175
4,20086¢« 0 4,07245¢ 0 1,28410= 1 0,0 e 0 1 2151 176
5 ,12606% -0 4,74027+ 0 3,85786= 1 050+ 012151177
1,00043+ 1 9,74246+ 0 2,61792- 1 0,0 + 0 12151 178
1,08264+ 1 1,07968+ 1 2,96055- 2 0,0 ¢ 0 1 2151 179
~1¢11679+ 115 09051*—1‘2;62497v‘i—ﬁ—ﬁ*———v—o——-t—ztﬁt——tﬁv
1,67585+ 1 1,65711+ 1 1,87369= 1 0,0 « 0 1 2151 181
2.34028+ 1 2,31313+ 4 2,71560- 1 0,0 ¢« 0 1 2151 182
2, 56342+-1~2—5563?*—t—2—7oﬂ9 ' 51183
2.77145+ 1 2,70943+ 1 6.,20168= 1 0,0 + 0 1 2151 184
2,76700+ 1 2,73886% 1 2,81358= 1 0,0 e 0 1 2151 185
2,99801+-1—2;9811tdv 1 168790~ 1040 0 1 2151 186
3,15449+ 1 3,08176¢ 1 7,27317= 1 0,0 + 0 1 2151 187
3,69173+ 1 3,59939¢ 1 9,23392- 1 0,0 + 0 1 2151 188
166700+ -5- 1430000* 43 4513269+ 14708748+ 14, ﬁtﬁ-—rﬁﬁ-——r—ﬁ*—t‘?ﬁr‘—tﬁ?
0 4,56572+ 1 4,44775¢ 1 1,17977+ 0 0,0 ¢« 0 1 2151 190
0 4,89091+ 1 4,83679¢ 1 5,41224~ 1 0,0 ¢ 0 1 2151 191
0-4;93993. 8 v
5,71538+ 1 5, 66374* 1 5.16384= 1 0,0 ¢« 0 1 2151 193
6,03790+ 1 5,97991+ 3 5,79915- 1 0,0 ¢« 0 1 2151 194
6,10008+ 1—ﬁwaﬁ694+*t—s;9tﬂﬂtv—t—ﬂ~0————v~v——<r—2tst——tvs
6,22067+ 1 6,20616+¢ 1 1,45078~ 1 0,0 ¢« 0 1 2151 196
7,20883+ 1 7,19265¢ 1 1,61819- 1 0,0 « 0 1 2151 197
c58420+—%~?—493tt*-t-
8,84110+ 1 8,80218+ 1 3,89218= 1 0, o « 0 1 2151 199
9,29074+ 1 9,24389+ 1 4,68505«= 1 0,0 « 0 1 2151 200
9,46572+ a—s 4374s+—t—2749390-t—e~{r———
0 1 2151 202
1 3 o 0 1 2151 203
e 8 2 —1+—2151+—204
0 150 25 1 2151 205
1, 53510*02 1,53000+402 0,51000400 0,00000400 1 2151 206
1168629*92—i16806
9,03000401 9,00000401 0,30000400 0,00000400 1 2151 208
1,50860402 1,50000+02 0,86000400 0,00000400 3 2151 209

2,71400404 4,00000400 4,20730+02 4,20000+02 0,73000Q¢00 0,00000400 1 2151 211

3,19000404 4,00000+00 2.00059¢03 2,00000403 0,59000+00 0,00000400 4 21514 21;

5,61000404 4,00000400 4,50710+02 4,50000402 0,71000+00 0,00000400 2 2151 214




5,94000+04
6467500404
7.,66000+04
9,66000+04
41.,06400+05
1,58800+05
1,45700+05
1,51200+05
1,52200+05
1,70900+05
1,723800+05
1,76200+05
1,8470005
4,65800+05
1,877080+05
1,97000+ 05
0448527402
4,77000¢
7,64000¢
14331700+
1,39700¢
1,47700¢+
1,70600+
1,89900+
2,29000¢
2439600+
2.58400¢
2.83000¢
2+865009+
3,15300+
3458300+
3,61800¢
3,69700+
4,25100¢
4,34500e--
4,40100¢
4,59500+
4,97200+
5,32000¢
2,20500+04
1.00000=05
0,00000+09
0.,49516+%02
5,69000+04
1,85600+05
0049516002
1.69900¢ 4
5,43800+ 4
6,07700+ 4
1,35500+.4
7,65000¢« 4
7,87500+ 4
B8,+45500+ 4
8,73500+ 4
$,76000+ 4

AP LDDELARLAEADLDLEDLDLEDDDLGW

3,5000U«

3450000«

-3,50000+

-3450000+

4,00000+

1,00000.

-1,00000+

3,00000¢00
3,00000+00
4,00000+00
3,00000+400
3,00000+00
4,00000+00
3,00000+00
3,00000+00
4,00000+00
4,00000+00
4,00000+00
4,00000+00
3,00000¢00
4,00000+00
3,00000+00
4,00000+00
6,00000+400
3,50000+
3,50000+
3.,50000¢
3,50000+
3,50000¢
3,50000+
3,50000+
3,50000¢
3,50000+
3,50000+
3,50000+

3450000+
3,50000¢+

3,50000¢+
3,50000+

3,50000+
3,50000+
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2,00000+05

0,34100+00
0,00000+00
0,50000+00
0,50000400
0,00000+00

1,00000+
1,0000u+

1,00000+
1.00000’

1,00000+
1,00000+

cCCOoCOOO000O

-3|26530¢

4,50710+02
8,00710+02
9,00710«02
3,00071+03
3430071+03
1¢60071+03
1,90071+03
3430071403
2,80071+03
8,00710+02
3,50071+03
1080071+03
3.00071+03
2050071¢03
4,00071+03
3.00071+03

i
4,28119- 1
9,67285- 1
1.91747+ 0
2,10883+ 0
2,55195+ 0
2.80577+ 0
3.183870 1]
4,51715+ 0
4,67391+ 0
5,34591+ 0
6,03088+ 0
5,94455+ 0
760409+ 0
8,15382+ 0
8,54102+ 0
8,67849+ 0
1|07442# 1
1911446+ 1
1,12196+ 1
1.19697+ 1
1,33845+ 1
1,52413+ 1

0

1

0

0

2100470#02
1,500474+03

1
3,90437+
2,10358+
2050146+

3,41340+
3170280#
3'92664‘
4,13774+
4,84666+
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4,50000+02 0.71000+00 0,00000+00 1 2151
8,00000+02 0.,71000+00 0,00000+00 -1 2151
9,00000+02 0,71000+00 0,00000+00 1 2151
3,00000+03 0,71000+00 0,00000+00 1 2151
3,30000+03 0.71000+00 0,00000+00 1 2151
1,60000+03 0.71000+00 0,00000+00 1 2151
1,90000+03 0.71000+00 0,00000+00 1 2154
3,30000+403 0.71000+00 0.,00000+00 1 2154
2,80000+03 0.74000+00 06,00000+00 1 2151
8,00000+402 0.,71000+00 0,00000+00 1 2151
3,50000+03 0.71000+00 0,00000+00 1 2151
1,80000+403 0,71000+00 0,00000+00 1 2151
3,00000+03 0.71000+00 0,00000+00 1 2151
2,50000+03 0.71000+00 0,00000+00 1 2151
4,00000+03 0,71000+00 0,00000+00 1 2151
3,00000+03 0,71000+400 0,000004+00 1 2151

0 - 132 22 1 2154
4,09291~ 1 1,88280~ 2 0,0 ¢+ 0 1 21591
8,26915= 1 1,40370- 1 0,0 ¢« 0 1 2151
1.,85973¢ 0 5,77386= 2 0,0 -+ 0 1 2151
2,02988+ 0 7,89562~ 2 0,0 + 0 1 2151
2,20470+ 0 3.,47252~ 1 0,0 + 0 1 215%
2¢72971+ 9 7460620~ 2 040 ~+-f-- 1 2151
3.,09965+ 0 8,42282- 2 0,0 + 0 1 2151
4,21724+ 0 2,99912- 1 0.0 + 0 1 21514
4,50802+ 0 1+65888~ 1 0.0 e—f—-1-2451
5,03820+ 0 3.07712~ 1 0,0 + 0 1 2151
5,75859+ 0 2,72294~ 1 0,0 + 0 1 2151
5.86344+ 0 8.,11066= 2 0,0 -——f 12451~
674763+ 0 8,56466~ 1 0.0 + 0 1 21514
7.96966+ 0 1,84159= 1 0,0 + 0 1 2154
8,25119+ 0 2,89835~-1-0,8 —+-f— -1 2151
8,51543+ 0 1.63064- 1 0,0 « 0 1 2151
1,04353+ 1 3,08880- 1 0,0 + 0 1 2151
1,07721+ 1-3,72447= 1-040——-+-0—-1 2151
1,09743+ 1 2,45366~- 1 0,0 + 0 1 2151
1,16829+ 1 2.86875- 1 0,0 + 0 1 2151
1,30954+ 1 2,86118= 1 0,0---—¢ 90— 1 2151
1,44390+ 1 8,02225~ 1 0.0 + 0 1 2151

0 1 ] 1 2151

3 -0 ~g -1 2161

0 2 0 1 2151

0 12 2 1 21514
2,00000+02 0,47000+00 0,00000+«00 1 2151
1,50000+03 0,47000+00 0,00000+00 1 2151

d 66 11 1 2151
3,80167+ 0-1.02701= 31 0,0 — +« 0 1 2151
2,08814+ 1 1.54468- 1 0,0 + 0 1 2151
2,44973¢ 1 5,17367« 1 0,10 + 0 1 2151
3,21726% -1 4,8040%~=-1 040 - -+ 01 2151
3,40203+ 1 1,13712~ 1 0,0 + 0 1 2151
3,54472+ 1 1.58082+ 0 0,0 + 0 1 2151
3,91930+ 1-7,34708= 20,0 - ——+ 0 -1-2151
4,10346+ 1 3.,42841~- 1 0,0 + 0 1 2151
4,79477+ 1 5,18889- 1 0,0 + 0 1 2151

215

- 216

217
218
219
220
221

223
224
225
226
227
228
229
2390
231
232
233
234
235
236

237

238
239
240
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TABLE II-2. Parameters Used to Calculate Mean Neutron
Widths of p-Wave Resonances

Energy Range =

Considered Dl S}
Isotope (keV) (keV) (107%)
46 13.5-120 2.675 1.017
47 4~-45 1.138 0.944
48 12-170 6.452 0.882
49 4.8-53 2.164 0.830
50 17-135 9.615 0.785

The mean p - wave resonance spacing, D,, has been obtained from capture
measurements (II-10)., The S1 strengt% functions have been calculated
with NCNR code (1I-17).

TABLE II-3., Parameters Used to Determine Effective Radii Via the

Expression R = AP [ﬁ% * E(ev) + Z%]

_a b
AP AP
AP
Isotope (10712 cm) s-wave p-wave s=wave p-wave

46 0.341 0 0 1 1
47 0.341 0 0 1 1
48 0.205 -7.321076 0 1.732 1
49 0.438 ~-2.171076 0 1.062 1
50 0.341 0 0 1 1




TABLE II-4. Energy Ranges of Available Experimental Capture Data

S8~ or p-wave Resonance Parameters Are Given Up To:

Isotope s-wave p-wave
46 200 keV 179 kev
47 75 keV 50 kev
48 200 keV 200 keV
49 200 keV 53 keV

50 200 keV 135 kev

TABLE II-5. Comparison of Total-Cross-Section Resonance Integrals
as Determined from this Evaluation and from ENDF/B-IV

Integrals in b % eV.

Range (eV) ENDF/B 1V This evaluation
b
0.1%10" to 0.1 0.608 0.612
0.1 to 0,2%10" 0.892*102 0.330%102
0.2%10% to 0.2%105 0.111%10% 0.788%103
0.2%105 to 0.1%106 0.917%103 0.135*10"

0.1*10°% to 0.2%106 0.535%103 0.589%103
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III. NEUTRON TOTAL CROSS SECTIONS (En > 0.2 MeV)

The evaluated total neutron cross sections at energies above 0.2 MeV
are given as a pointwise representation. The data base was constructed
from the files of the NNCSC (III-1) and the literature as referenced in
CINDA-76 (III-2). The evaluation was extended down to 100 keV and this
low energy region (100-200 keV) was used to verify the resonance parameter
treatment given in Section II, above,

Over the energy range 200-500 keV the major data sets are those of
Bilpuch et al. (III-3), Barnard et al, I(III-4) and Barnard et al. II(III-4).
In addition, there are a few values from the work of Adair et al. (III-5).
Considering the various experimental resolutions involved, these data sets are
in reasonable agreement. The evaluated set was constructed from the data by
selecting representative of the measured values in such a way as to well
describe the measured results,

The results of Schwartz et al. (III-6) and Barnard et al. II(III-4)
provide the primary data base in the range 500 to 1000 keV. There are a
few additional values from the work of Adair et al. (III-4). The energy-
average cross sections of these data sets are in good agreement. The results
of Barnard et al. II clearly have the better resolution and were obtained
with the thinnest samples. These were used for the evaluation. However,
there is an energy discrepancy of N6t 2 keV between the results of Schwartz
et al. and those of Barnard et al. II. The energy scale of the former set was
believed to be more accurate due to the method employed in the measurements.
Therefore, the energy scale of the evaluation was shifted by 6 keV to make
it consistent with the results of Schwartz et al. .

The results of Schwartz et al. (I1I-6), Adair et al. (III-5) and Barnard

et al. II(III-4) formed the data base from 1.0 to 1.5 MeV. As above, the
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evaluation was based upon the results of Barnard et al. II because of the
better resolution of this set. Again, an adjustment of 5 keV was made in
the energy scale to bring the evaluation into energy-agreement with the
results of Schwartz et al.

From 1.5 to 4.0 MeV the most detailed and best resolution data were
those of Schwartz et al. (III-6). Unfortunately, this set of measurements
employed very thick samples in a region of large fluctuations. Detailed
broad resolution measurements by Smith and Whalen (III-7) resulted in
considerably larger energy—-average-cross-section magnitudes than derived
from Ref. III-6. These discrepancies appear to be due to self shielding
effects in the large samples of Ref., III-6 as discussed in detail in Ref.
I1I-7, Therefore, the good-resolution results of Ref, III-6 were re-
normalized to an energy-average magnitude given by the values of Ref. III-7.
The resulting evaluation is relatively consistent with a few results of
Conner (III-8), Kent et al. (III-9) and Nereson et al. (III-10). The values
reported by Dvorach et al. (II1I-11) are much larger and were abandoned.

Between 4 and 5 MeV the available data are primarily from the work of
Foster and Glasgow (III-12) with a few additional values from the work of
Nereson et al, (I1I-10). The evaluation uses the results of Foster and
Glasgow. From 5 to 6 MeV the primary data are from Carlson and Barschall
(IT1-13) and Foster and Glasgow (III-12), There are a few additional values
from the work of Nereson et al. (III-10) and Walt et al. (III-14)., All of
the data are reasonably consistent and the evaluation is constructed from
an average of the results of Carlson and Barschall and of Foster and Glasgow.

Above an energy of approximately 6 MeV none of the experimental results
show appreciable energy-dependent structure, Thus the evaluation was
constructed from a broad energy-average of measured values to approximately

15 MeV., The primary data were those of Foster and Glasgow (III-12) and
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Carlson and Barschall (III-13) with a few isolated values from Lasday
(III-15), Coon et al. (III-16), Goodman (III-17), Nereson et al. (III-10),
Conner (III-8), St. Pierre et al, (III-18) and Bratenahl et al. (III-19).
Beyond 15 MeV there appears to be only a single value measured by Peterson
et al. (III-20) at 17.5 MeV. The evaluation extrapolates smoothly through
this value to 20.0 MeV.

The complete evaluated total neutron cross section is outlined and
compared with that of ENDF/B-IV in Fig. III-1, From 0.2 to 6.0 MeV the
present evaluation portrays much more resonance structure than does ENDF/B-1V.
Above 6.0 MeV there are some differences between the two evaluations par-
ticularly in the vicinity of 14 MeV.

The estimated uncertainties in the energy-average magnitudes of the
present evaluation vary from 20 percent or more near 200 keV, to a few percent
from 500 keV to 14 MeV. Beyond these energy-average uncertainties are the
uncertainties due to resonance fluctuations. None of the basic data were
obtained with the best contemporary resolution and careful measurements
may very well show that the cross section extremes are far greater than
given in the evaluation. Indeed, theoretical estimates indicate far more
pronounced structure (III-21). Improved measurements would be particularly
desirable in the uncertain and discrepant energy region near sevearal hundred
keV,
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IV. ELASTIC NEUTRON SCATTERING (En > 0.2 MeV)

These processes at energies of < 0.2 MeV are defined by the resonance
parameters of Sec. II. In this section attention is given to energies
> 0.2 MeV wherein the evaluation uses a pointwise representation of the
respective cross sections. The non-elastic cross section is reasonably
defined to incident energies of n 3.25 MeV and to this energy the elastic-
scattering cross sections are treated as free parameters adjusted to
assure consistency between partial and total cross sections. Above 3.25
MeV the energy-averaged elastic scattering cross sections are based upon
the model described in the companion report "Titanium-I, Neutron Cross
Section Measurements" (Ref, IV-1, herein denoted as MODEL). The MODEL
result has been shown reasonably consistent with measured total and
elastic scattering cross sections (IV-1)., Over the energy region 3.25 to
20.0 MeV the continuum-inelastic scattering cross sections are treated as
free parameters adjusted to assure file consistency. Throughout it was
assumed that fluctuations in the total cross section are very largely
reflected in the elastic scattering cross section. Exceptions are some
of the discrete inelastic cross sections. This is obviously an over
simplification but the available experimental information leaves little
alternative and statistical theory is limited in practice to a few exit
channels (IV-2).

The evaluated relative elastic-scattering angular distributions at
energies of less than 0.3 MeV were taken from the results of Langsdorf
et al. (IV-3). The evaluation over the range 0.3 to 1.5 MeV was constructed
from ~ 0.1 MeV averages of the measured values of Barnard et al. (IV-2).
These results are reasonable consistent with the energy-isolated values of:
Korzh et al. (IV-4), Cox (IV-5), Lovchikova et al (IV-6), Walt et al. (IV-7)

and Darden et al. (IV-8) in the same energy interval. The 0.1 MeV averaging
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increments were selected to smooth fine structure of the fluctuations yet
retain their coarser intermediate-structure character. From 1.5 to 4.0 MeV
the evaluation was constructed from the measured distributions given in

Ref. IV-1. That reference describes the elastic scattering process in this
energy range in considerable detail. The results of Ref. IV-1 are reasonably
related to the few previously available experimental values (Iv-9, 10). From
4.0 to 8.5 MeV the evaluated elastic angular distributions are primarily
based upon the measured values of Kinney and Perey (IV-11l) extended to scat-
tering angles beyond the experimentalyinterval using the MODEL and Wick's
Limit. The evaluation is only qualitatively consistent with the %14 MeV ex-
perimental values of Ref, IV-13, However these 14 MeV experimental values
appear to violate Wick's Limit and possibly show a considerable multi-event
perturbation,

The uncertainty in the energy-averaged evaluated elastic scattering
cross sections is estimated to be X8 percent to 14 MeV and somewhat larger
at higher energies. 1In some energy-local regions the fluctuations are large
and uncertain, Undoubtedly future and improved measurements will show far
larger maxima and much larger fluctuations in the relative-elastic distribu-—
tions. The present evaluation differs from that of ENDF/B-IV primarily in
the detail of the fluctuating structure. There are also differences in
énergy-averaged magnitudes that will affect various partial cross sections.
These differences between the present evaluation and that of ENDF/B-IV are

illustrated in Fig. IVv-1,
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V. INELASTIC NEUTRON SCATTERING

A. Discrete Inelastic Neutron Excitation Functions

This portion of the file is constructed of twelve components defined by
the excitation and threshold energies of Table V-1. The Table also correlateg
the values with known structure as reported in Ref. V-1, The derivation
of each of these components is outlined in the following sub-sections and
described in detail in the companion document; Titanium-I (V-2).

1. E = 0.159 Mev

£

This contribution is due to inelastic processes in the minor
isotope “7Ti, The corresponding inelastic cross sections are qualitatively
reported by Barnard et al. (V-3) and Guenther et al. (V-2). They are not
well known and apparently relatively small. The file uses the MODEL of
Ref. V-2 to calculate the corresponding excitation cross sections. The
calculated result is consistent, within measurement error, with the frag-
mentary experimental evidence.

2. E_= 0.889 MeV

Py

The excitation of this state in “6Ti should be similar to that of
the analog (2+, 0.983 MeV) state in the prominent 48Ti isotope. There are
direct experimental results to incident energies of several MeV from the
work of Barnard et al. (V-3), Konobeevskii et al. (V-4) and Guenther et al.
(V-2). Very near threshold the evaluation relies upon the Konobeevskii et al.
results. From 1.0 to 1.5 MeV it follows the Barnard et al. data. From 1.5
to 3.0 MeV a few relatively uncertain values are available from Ref. V-2 and
the evaluation follows their general trend. Above 3.0 MeV there is no
definitive experimental information and the evaluation assumes the general
energy dependence of the similar cross section for the excitation of the 2+,
983 keV state in “8T1 (see following paragraph). Fluctuating structure

is included in the evaluation where it has been experimentally observed.
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3. EA = 0.983 MeV
This portion of the file was constructed from experimental

values. Below 1.5 MeV the evaluation is based entirely on the results of
Barnard et al. (V-3). These magnitudes are consistent with the isotopic
values reported by Konobeevskii et al. (V-4) though there is a small difference
between the energy scales of the two measurements., There is similar
reasonable agreement with the broader resolution results of Broders et al.
(V-5). The Barnard et al. results have an advantage in the better definition
of flucturating structure to 1.5 MeV. From 1.5 to 4.0 MeV, the file is
based upon the results of Guenther et al. (V-2), Holmquist et al, (V+6),
Cranberg et al. (V-8), Broders et al. (V-5), and Pasechnik et al. (v-8).
All of these results were obtained with resolutions that only partially
resolved the fluctuating structure. Thus some variation in measured values
can be expected and is reflected in uncertainties in the evaluation. 1In
addition, many of the experimental values contain contributions from the
above 0.889 MeV component. Small corrections were made for this perturbation
as appropriate. Above 4.0 MeV the file was constructed from the measured
values of Kinney and Perey (V-9) (to 8.56 MeV), Tsukada et al. (V-10) and
the 14 MeV value given by Strizhak et al. (v-11). Again, corrections for
contributions due to the excitation of the 0.889 MeV state were made. The
appreciable excitation of this state to high energies (e.g., > 10 MeV) is
consistent with calculational estimates based upon the direct excitation of
this 2+ vibrational state as outlined in Ref. V-2,

4. E = 1.430 MeV

This component is due to contributions from several isotopes
as outlined in Table V-1 and Ref. V-2. The individual components have not
been experimentally resolved. The measurements of Guenther et al. (V-2)

and Holmgvist and Wiedling (V-6) show a relatively small combined effect
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from known states at about this excitation energy. The evaluation uses the
average reaction energy of the former reference. It may tend to be somewhat
large but is the only quantitative excitation energy available. The
corresponding cross sections were estimated from the fragmentary experimental
evidence and extrapolated using theoretical estimates (V-2).

5. E = 1.550 MeV

1Y

The data base and the derivation of the evaluated file for this
average excitation were very similar to those outlined above for the 1.43
MeV state.

6. Ex = 1.820 MeV

The data base and the evaluation is essentially the same as
outlined above for the above 1.43 and 1.55 MeV states,

7. E = 2.009 MeV

o

This excitation has been reported by Holmqvist and Wiedling
(V-6) and Guenther et al. (V-2)., It appears to be largely due to the single
state in “6Ti and was assumed so in the evaluation. The evaluated cross

sections were based upon the experimental results extrapolated with theory.

8. Ex = 2,295 MeV
This relatively prominent excitation was attributed to the corres-

ponding state in 4874, The evaluated cross sections were primarily based
upon the detailed results of Guenther et al. (V-2), supported with the
measured values of Kinney and Perey (V-9). The latter authors do not
resolve this particular state very well but their results do define the
composite excitation of the 2.295 and 2.42 states to above 8.5 MeV. The
evaluation employs the results of Guenther et al. to determine the relative
contributions from the two states and follows the overall magnitude reported

for the composite by Kinney and Perey at energies above 4.0 MeV.
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9. E_= 2,421 Mev

N

The data base and procedure for the evaluation is essentially iden-
tical to that described above for the 2.295 MeV state. For both this sState
(2.421 MeV) and the above 2.295 MeV state there may be contributions due to
the minor isotopes as indicated in Table V-1. These have not been explicitly
observed experimentally, therefore, any such components are included within

the contribution attributed to these two prominent states in 4814,

10. EA = 2,615 MeV
Experimental evidence for excitations in gpis region is due only
to qualitative results of Guenther et al, (V-2). The evaluation uses the
average excitation as determined experimentally., Very likely the measured
values are inclusive of contributions from the various minor isotopes as
indicated in Table V-1,

11. E = 3,000 Mev

This composite contribution was based upon the results of Guenther
et al. (V-2) at lower energies and the results of Kinney and Perey (V-9) above
4.0 MeV. None of the experimental results exhibit particularly good resolution
and the component is doubtless a composite of several contributions as sug-
gested in Table V-1, Theory is not much help in this region due to structure
uncertainties. The evaluation is thus an estimate based upon marginal ex-

Perimental evidence,

12, EA = 3.250 MeV
This last discrete component of the evaluation combines contributions
from the 3.224, 3,240, 3.340, 3,360, and 3.380 States as reported by Kinney
and Perey (V-9). The evaluation is empirically deduced from the measured

values, Kinney and Perey also report the excitation of a group of
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states at energles of 3.5-4.0 MeV., However, the experimental data are
somewhat limited in incident energy range thus this evaluation does not
attempt to continue the discrete inelastic components into this more
uncertain region.

The evaluated cross sections of the above 12 inelastic neutron scatter-
ing process are summarized in Fig. V-1. The companion report of Ref. V-2
makes detailed graphical comparisons of measured data with the present
evaluation.

The angular distributions associated with the above components were
generally taken to be isotropic. This assumptibn is reasonably consistent
with available experimental evidence particularly for the majority of
weakly excited levels and with the concept of statistical nuclear processes.
Exceptions to this‘assumption of isotropy are the excitations of the first
(2+) excited states of the 46r{ and 48Ti isotopes. At higher energies,
neutrons emitted by their excitation should be anisotropic due to direct
reactions associated with the vibrational behavior of these even isotopes
and such anisotropy has been observed experimentally (Vv-11). Thus the
prominent 4871 component (Ex = 0,983 MeV) is described by anisotropic
distributions. These are derived from coupled-channel and compound~nucleus
calculations adjusted to represent the experimental results of Kinney and
Perey (V-9) and Strizhak et al. (V-11) as outlined in Ref. V-2.

Comparison of the above evaluation with that of ENDF/B-IV (MAT-1286)
is not very rewarding as the latter containsvonly one discrete inelastic
group--that associated with a 0.987 MeV "1evel". The estimated uncertainties
in the present evaluation range from ~ 5 percent in the energy-average Cross
sections of the prominent and experimentally well defined groups to essentially
qualitative estimates in regions where there is no experimental data and

calculational estimates are difficult,

U
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B. Continuum Inelastic¢ Neutron Cross Sections

The magnitude of this component is defined by the other non-elastic
cross sections, the elastic cross sections and the total cross sections as
outlined in Sec. IV.

There have been several measurements of neutron emission spectra from
titanium. Those of Kinney and Perey (V-9) at incident energies of
N 8 MeV are most detailed and are the basis of the present evaluation at
incident energies of less than 10 MeV. The Kinney and Perey results are
generally characterized by isotropy and a conventional temperature dependence,
In addition, relatively large spectral fluctuations were observed. 1In the
present evaluation we describe the Kinney and Perey results with a temperature
distribution having a vE temperature dependence. In addition, the qualitative
features of the observed structure are superimposed upon the temperature spectra.
It is stressed that the representation of the observed structure is qualitative,
Inclusion of the details of the structure would greatly increase the size of
the file and structure beyond the measured energy ranges would still remain
uncertain,

Recent measurements by Hermsdorf et al. (V-12) provide a detailed
knowledge of the neutron emission spectra of titanium at an incident neutron
energy of N 14.5 MeV., These data are the foundation of the evaluation at
incident energies about 10 MeV. The Hermsdorf et al. results are generally
characterized by an angular anisotropy that becomes very strong at higher
emission energies (e.g., approximately an order of magnitude at 14 MeV).

The description of this type of information requires the capability to
represent the observed angle-energy correlation. Within the ENDF system
that appears commensurate with the use of File 6 (V-13). The latter file
is not recommended (V-13). Therefore recourse must be made to File 4 and 5

formats which are less suitable. Faced with this dilemma, the evaluation
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compromises by averaging the Hermsdorf et al. data over all angles and
assuming isotropy. This is not a very good compromise and the user is cautioned
that it may have an adverse impact on some applications. Averaged over angle,
the Hermsdorf et al. emission spectra consist of essentially three components:
1) a relatively soft temperature distribution which was largely attributed

to (n3n',p), (n;n',0) and (n;2n') processes, 2) a harder and more prominent
temperature distribution that was associated with the (njn') process and

3) a very hard component characteristic of pre-compound processes. It is

the latter component that shows the most anisotropy. The evaluation con-
structs the 14 MeV (n;n') neutron-emission spectrum from the second and

third components. This distribution is extrapolated to the lower energy
Kinney and Perey (V-9) results and to 20 MeV assuming an E dependence of

the temperature of the above second component. The result is a rather

hard (n;n') spectrum at incident neutron energies above 10 MeV that, within
the scope of the above format approximations, should be qualitatively
representative of reality.

In view of the above approximations, the continuum inelastic component
is relatively uncertain. However, the non-elastic and (n3;2n') cross sections
are defined to within 10-15 percent and thus similar uncertainties are re-
flected in the continuum inelastic scattering component. The present evaluation
of the continuum inelastic scattering cross sections is greatly different
from that of ENDF/B-IV, partly due to the improved treatment of the discrete
inelastic component in the present evaluation. This difference may have a

very pronounced effect in some applications of the evaluated file.
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TABLE V-1. Discrete Inelastic Scattering Components

No. E (MeV) Thres. (MeV) Isotopic Ref. (A)
————— —ﬂ—-
1 0.159 0.1623 47
2 0.889 0.9077 46
3 0.983 1.004 48
4 1.430 1.460 47(1.24741.442),
49(1.381)
5 1.550 1.582 47(1.549),
49(1.542+1.582+1.622),
50(1.554)
6 1.820 1.858 47(1.79+1.82),
49(1.723+1.762)
7 2.009 2.051 46(2.009)
8 2.295 2.343 47(2.161+2.256),
48(2.295),
49(2.262)
9 2.421 2.472 48(2.421),
47,49(B)
10 2.615 2.670 46(2.611),
47(B)
50(2.577)
11 3.000 3.063 46(2.962+3.059),
48(3.000),
47(B)
12 3.250 3.318 46(3.168),
48(3.239),
50(3.201),

47 and 49(B).

A = Values given in the Nuclear Data Sheets, (V-1).

B = Uncertain contributions from the indicated isotopes.
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V-1. Discrete inelastic neutron scattering cross sections of
elemental titanium. The curves indicate the present evaluation.
Detailed comparisons of the evaluation with measured data are

given in Ref. V-2, (ANL-116-77-496)
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V. RADIATIVE NEUTRON CAPTURE (En > 0.2 MeV)

The evaluated radiative neutron capture cross sections at energies below
0.2 MeV are outlined in the resonance parameter discussion of Sec. II, above.
Further details of the evaluations in the resonance region are given in the
work of Simon et al. (VI-15). At energies above 0,2 MeV the measured elemental
cross sections appear limited to a single set of results reported by Diven
et al. (VI-1). In addition, there have been a number of measurements of the
507i (n;y) activation cross sections (VI-2-8). The evaluation procedure con-
sisted of an evaluation of the °0Ti(n3y) process using theoretical calculational
models, calculation of the (n;y) cross sections for the other isotopes using
the 50Ti(n;y) model consistent with measured values and then the formation of
the elemental cross section from the isotopic components and comparison with the
elemental results of Ref. VI-1, It was an iterative procedure quantitatively
correlating the available elemental and isotopic experimental information via
theory. The individual isotopic components were calculated using the computer
programs NCNR (VI-9) and FISPR§ (VI-10) and the parameters of Table VI-1.

The basic isotopic cross sections were those of the 507§ (n;y) S1Ti
reaction. Below ~ 2.5 MeV this cross section has been measured in some
detail as illustrated in Fig. VI-1 (VI-2,3,4). At higher energies the
experimental results are limited to a region near 14.5 MeV. The 5°Ti(n;y)
evaluation up to 2.5 MeV was obtained from an eye guide interpolation through
the data sets (VI-2,3 and 4). Above 2.5 MeV the evaluation relies on calcula-
tions adjusted to best describe the four available measured values at X 14.5 MeV
(VI-5,6,7 and 8). Although Ti is outside the range usually treated with FISPR{
(VI-10) we have used this code as it describes both direct and collective
processes. The evaluated 5074 (n3y) cross sections are compared with the

experimental results in Fig, VI-1.




In the absence of experimental values, the (n;y) cross sections of the
other isotopes were calculated using NCNR(VI-9) and FISPRg (VI-9)., The
necessary transmission coefficients were obtained from the optical model of
Ref. VI-11l. NCNR was used to determine the low-energy cross sections and
FISPR@ at higher energies, The matching energies for the two types of calcu-
lation are given in Table VI~2, The calculated isotopic cross sections,
adjusted to agree with the measured elemental values, are shown in Fig. VI-2,

The final elemental (n;y) cross sections are compared with the measured
values of Ref. VI-1 and the evaluation of ENDF/B-IV in Fig. VI-3. The present
evaluation is descriptive of the experimental values. However, it is much
different than that of ENDF/B~IV; being much smaller in cross section from
v1 to 10 MeV and containing direct-capture components at higher energies that
are not in ENDF/B-IV. The present evaluated (n;y) cross section shows the
compound-nucleus competition of prominent inelastic scattering channels and,
as such, has a more realistic shape than the evaluation of ENDF/B-IV. The
uncertainties associated with the present evaluation are subjectively estimated
to be 10~20 percent below n 1.5 MeV and larger at higher energies. Such un-
certainties are considerably smaller than the discrepancies between the present

evaluation and that of ENDF/B-IV.
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TABLE VI-1. Parameters Used in Radiative Capture Calculations

‘+6Ti 107T1 kBTi l‘gTi SOTi
I (eV) 1.43 1.81¢ 1.33 1.80% 0.226%1°¢
"ﬁobs (ev 22000 1640 20900 6000 127740
Ref, VI-12 VI-13 Vi-12 VI-14 VI-14
a. Assumed equal to that of “7Ti, no known value.
b. Value obtained by adjustment to experimental data of Ref. Vi-2,3,4.

Recent values obtained from Allen (VI-12) are T_(59Ti) = 0.4 ev,
T_(*7T1) = 1.33 eV. These values post-date the evaluation. However,
changes in the evaluation due to these newer values will be small due
to the low abundance of these isotopes.

TABLE VI-2., Cutoff Energies for NCNR Computations

Isotope 46 47 48 49

En(MeV) 3.5 2.5 4.0 2.5
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VII. (n;2n') AND (n;3n') PROCESSES

A. Elemental (n;2n') File

There are two ways of obtaining the elemental file: combining the
individual isotopic components, or using the directly measured elemental
cross sections. Unfortunately, the measurements of isotopic croés sections
are confined to studies of the “®Ti(n;2n') process. Of the titanium isotopes
only “6Ti gives a residual radioactive nucleus via the (n,2n') reaction.

This particular reaction may be of special interest and is discussed in the
subsequent isotopic section. With this limited isotopic information,
construction of the file from the individual components was not very promising.
Fortunately, recent experimentél results by Frehaut (VII-1) provide a good
definition of the elemental cross sections <15 MeV. The Frehaut measurements
employed a large liquid scintillation method that has proven very success-

ful in measurements over the past three years. Thus there is considerable
confidence in the titanium (n;2n') values obtained in this work. The evalua-
tion is primarily based upon the Frehaut values extrapolated through estimates
of the contributions of the various isotopic components. The 4“6T7i component
was obtained from measured values, as described below, and the “7Ti, H8ri,
4974 and 5°Ti contributions calculated using computer code THRES2 (VII-2).

The components were weighted by the respective isotopic abundances and the
calculated values iteratively adjusted to obtain a good agreement with the
elemental cross section values reported by Frehaut. This method lends
confidence to the energy dependent shape of the measured elemental values and
provides a good extrapolation to a wider emergy range.

The present evaluated result is compared with the measured values of
Frehaut and with the corresponding ENDF/B-IV evaluation in Fig. VII-1. The
experimental values well define the shape and magnitude of the cross sections

from N 10 to 15 MeV. 1In particular, below 12 MeV the cross section is far
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from negligible in contrast to that given in ENDF/B-IV. At approximately

14 MeV the two evaluations differ by N 30 percent but then converge to
similar values at 20 MeV. The uncertainty in the present evaluation over

the experimentally defined range of 10 to 15 MeV is estimated to be X 10 per-
cent. Beyond this range, the uncertainty may be larger.

The energy distributions of the neutrons emitted through the (n;2n')
process were initially calculated using the program GNASH (ViI-3). The
requisite transmission coefficients were obtained with the optical potential
of Perey and Perey (VII-4). The level-density parameters were taken from
Ref. VII-5 updated with more recent values where appropriate. The elemental
distributions were obtained by weighting the isotopic components by their
relative abundances.

These initial evaluated spectra were then tested by comparing calculated
spectra with those measured in the Lawrence Livermore Laboratory 14-MeV pulsed
sphere program (VII-16). These benchmark comparisons showed that the (n;2n)
spectra of the evaluation had to be much harder than originally calculated.
The evaluated spectra were thus adjusted to obtain reasonable agreement with
the integral benchmark results. The difference between the initial and final
evaluated spectra can, in part, be attributed to large level spacings in the
two prominent even-even isotopes of titanium not very well defined in

Ref. VII-5.

B. Isotopic (n3;2n') File

The “6Ti(n;2n') process is amenable to activation studies and, as a
consequence, there have been a number of measurements of this cross section.
These are summarized in Fig., VII-2 where the measured values have been re-
normalized to common reference quantities where possible. Above 15 MeV the

results of Pai (VII-6), Prestwood and Bayhurst (VII-7), Paulsen et al. (VII-8)



and of Borman and Dreyer (VII-9) are in good agreement. Below 15 MeV the
values of Poularikas and Fink (VII-10), Prestwood and Bayhurst (VII-7),
Celovani and Petralia (VII-11) and Crumpton (VII-15) are consistent but the
two lower-energy values of Paulsen et al. (VII-8) (13.8 and 14.1 MeV) and
the results of Rayburn (VII-12), Araminowicz and Drexler (VII-13) and Strain
and Ross (VII-14) deviate from the general trend. The present evaluation is
smoothly constructed through the consistent measured values as indicated in
Fig. VII-2 and generally agrees with them to within 20 percent. The less
consistent values may vary by 30 percent or more from the present evaluation.
The calculated cross sections for the (n;2n') process in the experimentally
unstudied isotopes l*7'1’1, “BTi, 4971 and 5071 are illustrated in Fig, VII-3,
These are the results of THRES2 calculations adjusted for consistency with
measured elemental values of Ref, VII-1.

C. The (n:3n') Reaction

Only the single isotope 5071 can contribute to this reaction at energies
of less than 20 MeV. The respective cross sections were estimated by means
of THRES2 calculations. The contribution to the file is small due to the
high threshold (19.4 MeV). The neutron emission spectrum is represented by

relatively "hard" temperature distribution.
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VII-3. Calculated (n;2n') cross sections for the isotopes l*”Ti,
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VIII. THE (n;p) PROCESS

The (n;p) elemental cross section was constructed from the weighted
isotopic components. The isotopic evaluations were based upon experimental
data or deduced from theoretical calculations where measurements were not
available. Insofar as possible, all the experimental data were renormalized
to a consistent set of standards based upon the reaction cross sections of
Ref. VIII-1 and the decay schemes of Ref. VIII-2. (henceforth, these
renormalized data sets are referred to) The theoretical calculations employed
the statistical model including shell and pairing correctionms (VIII-3). Some
of these processes, notably the 4674 (n3p), “’Ti(n;p) and 4871 (n;p) reactions,
find wide use as dosimetry indicators. Therefore, these selected reactions
have previously been reported in greater detail including comparisons with
integral results (VIII-4). Subsequent paragraphs outline the isotopic
components and the combined elemental file.

A. The 46Ti(n:p)4®Sc Process, Q= -1,585 MeV

There appears to be no experimental data available from threshold to
approximately 3.5 MeV thus the evaluation in this lower-energy region
follows theoretical calculations (VIII-3) which are consistent with measured
values at higher energies. From 3.5 to 10.0 MeV the experimental data base
consists of the experimental values reported by Ghorai et al. (VIII-S), Lukic
et al. (VIII-6) and Smith and Meadows (VIII-7). The results of Refs. VIII-5

and 7 are in good agreement. Those of Ref. VIII-6 tend to be discrepant with

the other two sets of values and to.fluctuate, possibly due to the use of

various reference-standards. Therefore, Ref. VIII-6 was not accepted for
the evaluation. ‘From 12.5 to 19.5 MeV the experimental values of Borman
et al. (VIII-8), Pai (VIII-9), Cross and Pai (VIII-10) and Levkovskii (VIII-11)

are in good agreement and were accepted for the evaluation. Results reported

)

by Poularikas and Fink (VIII-12), Allan (VIII-13) and Koehler and Alford (vIII-14



appeared discrepant and were not accepted. The values of Liskien and Paulsen
(VIII-15) appear higher than the body of the information probably due to
contributions from the “7Ti(n;n',p) process (VIII-16) therefore the values
of Ref. VIII-15 were not accepted. The evaluation follows the experimental
data base above 3.5 MeV interpolating over the unmeasured energy region of
X 10 to 12 Mev.

The present evaluation is compared with the data base and the corres-
ponding ENDF/B-IV (MAT-6421) results in Fig. VIII-1, The two evaluations
are very similar except near threshold where there is a small energy-shift
difference. The response integral of the present and associated titanium
evaluations over the 235U fission neutron spectrum is compared with the e
equivalent quantity derived from ENDF/B-IV and as reported from macroscopic
measurements in Ref. VIII-4, Generally, the present evaluations are in good
agreement in integral "benchmark" measured values. From approximately 3 to
12 MeV the uncertainties in the present evaluation are estimated to be in the
range 5 to 10 percent. Above approximately 12 MeV they become progressively
larger due to uncertainties associated with the (n3n',p) process.

B. The I+7Ti(n;p)L’7Sc Process, Q = +0,181 MeV

The experimental data extend to relatively low energies and the
evaluation extrapolates to zero energy using theoretical calculations (VIII-3)
Below 10 MeV the data base consists of the values of Smith and Meadows (VIII-7),
Ghorai et al. (VITI-5), Armitage (VITI-17) and Gonzalez et al. (VIII-18). The
data of Ref. VIII-7 are by far the most comprehensive and relatively precise,
The results of Refs. VIII-4 and 19 are generally consistent with those of
Ref. VIII-7. All four of these data sets were considered in the evaluation.
The results of Ref. VIII-18 are inconsistent with the body of experimental
information and were not accepted. Above 10 MeV the experimental results of

Cross and Pai (VIII-10), Pai (VIII-9), Hillman (VIII-19) and Allan (VIII-13)
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are reasonably consistent and were accepted for the evaluation. The results
of Poularikas and Fink (VIII-12) and Levkovskii (VIII-10) appear very high
and the value of Tikku et al. (VIII-20) abnormally low; therefore, these
three values were not accepted. The evaluation is constructed through the
accepted experimental data with an interpolation over the unmeasured interval
10 to 13.5 MeV. Primary emphasis was given to the measured values of Smith
and Meadows and of Pai as these are the most comprehensive sets of data and
have the better precisions.

The present evaluation is compared with that of ENDF/B-IV (MAT-6422)
and the experimental data base in Fig. VIII-2. There are differences between
the two evaluations particularly below 10 MeV where the present evaluation
portrays the structure indicated by the more recent measurements. The uncer-
tainty in the present evaluation is generally estimated to be 5 to 10 percent
below 10 MeV and somewhat larger at higher energies.

c. The “8Ti(n;p)*8Sc Process, Q = -3.208 MeV

From threshold to the first measured values at about 4.7 MeV the
evaluation relies upon theoretical calculations (VIII-3). From 4.7 to 10 MeV
there are three sets of data: Lukic et al. (VIII~-6), Ghorai et al. (VIII-5)
and Smith and Meadows (VIII-7). They are in reasonable agreement but the
latter is by far the more comprehensive and was used for the evaluation in
this energy range. Above 12.5 MeV data has been reported by: Tikku et al.
(VIII-20, Pai (VIII-9), Cross and Pail (VIII-10), Hillman (VIII-19), Poularikas
and Fink (VIII-12), Gabbard and Kern (VIII-21), Borman et al, (VIII-8), Vonach
et al. (VIII-22), Allan (VIII-13), Levkovskii (VIII-11), Crumpton (VIII-23)
and Mannhart and Vonach (VIII-24). The data of Refs. VIII-23, 20 and 13 appear
inconsistent with the body of information and/or have large experimental errors

and were not accepted. In addition, the data of Ref. VIII-22 appear



59

8yStematically high and their normalization is uncertain; therefore this
Set was not accepted. The evaluation was constructed through the
accepted experimental values, interpolating over the region 10 to 12.5 MeV.

The present evaluation {is compared with that of ENDF/B-IV (MAT-6423)
and with the experimental data base in Fig. VIII-3. There is a large difference
between the present evaluation and that of ENDF/B-1IV at energies below approxi-
mately 13 MeV. At higher energies the two evaluations are qualitatively
similar. The uncertainty of the present evaluation is estimated to be
approximately 5 to 10 percent from 4.5 and 16 MeV and somewhat larger at
higher energies.

D. The “9T1(n;p)“98c and SOTi(n;p)SOSc Processes, Q = -1,223 and

-6.103 MevV, Respectively

The evaluation of these two processes is similar since in both cases the

20 MeV and theory must be extensively employed for extrapolation to threshold.
4971 measured values have been reported by Pai (VIII-9), Cross and Pai (VIII-10),
Poularikas and Fink (VIII-12), Levkovskii et al. (VIII-11) and Khimura and
Hans (VIII-25). The latter value appears anomolously large and was rejected.
The others are consistent with experimental uncertainties. (nj;p) cross
sections of 30Ti have been measured by Pai (VIII-9), Cross and Pai (VIII-10),
Koehler and Alford (VIII-14), Bramlitt and Fink (VIII-26), Levkovskii et al.
(VIII-11), Khimura and Hans (VIII-25) and Poularikas and Fink (VIII-12). The
values of Refs. VIII-12 and 14 appear anomolous and were not accepted. In
addition, the uncertainty associated with the measurement of Ref, VIII-26

is large and thus that value was not accepted. This leaves reasonably
consistent values from Refs. VIII-9, 10 and 11. Below 14 MeV both evaluations
rely entirely upon theoretical extrapolation with the calculated results

normalized to the measured values at approximately 14 MeV (VIII~3). The
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normalization factors were 0.59 (*9Ti) and 1.5 (39Ti). The resulting
evaluations are compared with the limited data base in Fig. VIII-4 and 5.
The uncertainties associated with these two evaluations are large (e.g.
25-30 percent) but the effect upon the elemental result is small due to the
low isotopic abundance.

E. The Elemental Cross Section

The elemental evaluated (n;p) cross section derived from the isotopically-
weighted sum of the above components is compared with the corresponding
ENDF/B-IV (MAT-1286) in Fig. VIII-6. The elemental cross section is dominated
by contributions from the prominent isotopes. These components are relatively
well known and thus estimated uncertainties in the present elemental evalua-
tion are 5 to 10 percent over much of the energy range. These uncertainties
are far less than the differences between the present evaluation and that
of ENDF/B-IV. By the method of formulation, the present file 1s comsistent

with the isotopic components that find wide application in dosimetry studies.
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IX. THE (n;a) PROCESS

There is very little experimental information dealing with the (n;o)
reaction in titanium isotopes. A similar lack of experimental information
is characteristic of the other titanium reactions outlined in the subsequent
Sections X, XI and XII. In all of these Sections a primary reliance must
be placed upon theoretical estimates verified, where possible, with available
experimental information. The present evaluation utilizes theoretical
results obtained by E. Arthur using the computer program GNASH (IX~-1). This
is a cascade model including pre-compound reaction processes. De~excitation
paths can be followed through a number of nuclel with conservation of parity
and angular momentum. Necessary nuclear properties (e.g. level structure,
masses, etc.) are available in an extensive library. Transmission coeffi-
cients are calculated from a conventional optical model (IX-2). This GNASH
model has been very successful in predicting the cross sections and particle-
emission spectra for (n;p), (n;d) and (nja) reactiomns in 4671 and “8Ti,
Subsequent to the calculations, 4674 and 48Ti particle-production results mea-
sured at 15 MeV by Grimes et al. (IX—3) were found in very good agreement with
the theoretical predictions., 1In this evaluation the above model is used to pro-
vide the energy dependent cross sections of all the titanium isotopes for the
reactions (n;d), (n;t), (n;3He), (n;a), (n;n',p), (n;n',a), (n;p,n'), (n;2p),
(n;a,n'), (n;p,o) and (n;a,p). Where experimental information was available,
it was reasonably consistent with the above calculated cross sections and there-
fore there was no renormalization of the theoretical results. The elemental
evaluation was constructed from the individual calculated isotopic components.
The evaluation procedure was identical for this Section (IX) and Sections X,
XI and XII.

There are a few measured (n;a) cross sections for 4814 and 50Ti obtained

using activation techniques at incident neutron energies of N 14,5 MeV.
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Cross and Pai give 48 mb (“8Ti) (IX-4), Yu-Wen Yu and Gardner 39 mb (*811)
(IX-5), Levkovskii et al, 23 mb (“®T4) (IX-6) and Hillman 10 mb (59Ti) (IX-7).
There are also some older experimental results obtained by direct particle
detection (IX-8). These consider only portions of the emission spectrum and
thus provide only a lower limit to the entire (n;a) cross section. Recently
Grimes et al. (IX-3) have reported proton, deuteron and alpha particle produc-
tion cross sections and the particle emission spectra for “®Ti and “8Ti at an
incident neutron energy of 15.1 MeV. These direct-particle measurements span a
very large emitted-particle energy range; thus the energy-integrated cross
Sections can be obtained with reasonably accuracy. The calculations upon which
the present (nja) cross section is based yield alpha-~particle production cross
sections for “®Ti and “8Ti that are within a few percent of the measured values
of Grimes et al. The evaluation is qualitatively consistent with the few
(n;a) values for “8Ti and S0Ti, obtained by activation techniques as cited
above,

The estimated uncertainties in the present evaluated (nja) cross section
are relatively large (20-30 percent) but are considerably less than the
differences between the present evaluation and that of ENDF/B-IV as illustrated

in Fig . IX—l.
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X. THE (n;n',p) PROCESS

There appear to be only two sets of experimental results relevant to
the (n;n',p) reaction in titanium (herein the sum of (n;n',p) and (n;p,n'")
reactions). Pail has measured the cross sections from ~ 13-20 MeV for “7Ti,
“STi, 4971 and 50Ti (X-1). An activation method was used. It requires the
sequential order of the isotopes, corrections for the (n;d) processes and
does not directly provide “®Ti values. The latter contribution is probably
large despite the relatively low isotopic abundance, Grimes et al. (X-2)
have measured the hydrogen-production cross sections of “6Ti and “8Ti at
15.1 MeV using a direct-particle-detection method. The respective (n;p)
processes are reasonably known (see above) thus the (njn',p) components
can be deduced.

The present evaluation relies explicity upon the calculations of Arthur
outlined in Sec. IX, above (X-3). These calculated results, and thus the
present evaluation, lead to cross sections 20-40 percent larger than reported
by Pai (X-1). The evaluation is in very good agreement with the gas-production
results of Grimes et al. (X-2). It seems that the only two available pieces
of experimental information are not particularly consistent. In the present
evaluation the emphasis is given to the measurements of Crimes et al, as they
appear to be a more direct measurement of, at least, the gas-production cross
sections and they do provide charged-particle emission spectra that support the
theory upon which the present evaluation is based. The neutron-emission spectrum
from the (n;n',p) process is represented by a relatively "hard" temperature
distribution. The uncertainties associated with the evaluation are relatively
large (25 percent or more) but the reaction threshold is high (x 10 MeV) and
the elemental cross sections relatively small (e.g. X 50 mb at 14 MeV). There

1s no comparable file in the ENDF/B-IV evaluation.
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X-1.

X-2.

x"30
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XI. THE (njn',a) PROCESS

Apparently the only experimental information relevant to the (n;n',a)
process comes from the 15.1 MeV gas-production measurements of Grimes et al.
(XI-1) for the “®Ti and “8Ti isotopes. The present evaluation relies entirely
upon the calculations of Arthur (XI-2) which are supported by the measured gas-
production results of Grimes et al. Thus the evaluation of the (n;n',a)
process (herein the sum of (njn',a) and (nja,n') processes) follows the same
procedures as for the (n;n',p) process outlined above. The resulting neutron-
emission spectrum is represented by a "hard" temperature spectrum. The
uncertainties in the evaluation are relatively large (e.g. 20-40 percent)
but the cross sections are small (e.g. N 14 mb at 14 MeV). There is no

comparable file in the ENDF/B-1V evaluation.

REFERENCES -~ Section XI
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X1I. (n;d), (n;t), (n;3He), (n;2p) and (n;p,a) PROCESSES

Very little experimental information dealing with the (n3d) reaction in
the titanium isotopes is available. At 14.4 MeV deuteron spectrum measure-
ments by Valkovic et al. (XII-1) set a lower limit for the cross section
at ~1.6 mb. Deuteron production measurements at 15.1 MeV by Grimes et al.
(XII-2) give values of 9 * 4 (4®Ti) and 7 * 3 (48Ti) nmb for the (n;d) cross
sections of these isotopes. This evaluation uses the theory of Young and
Arthur (XII-3) to calculate the (n;d) cross sections of the respective
isotopes in a manner outlined in the preceding Sections and as a part of
the general calculations of little measured reaction cross sections. The
calculated “6T1 and “8Ti (n;d) cross sections agree with the values reported
by Grimes et al. to within the experimental error of 25-30 percent, The un-
certainties associated with the present evaluation are relatively large
(e.g. 20-30 percent) but the thresholds are high and the cross sections
small. The ENDF/B-IV file contains no comparable reaction.

There appears to be no experimental knowledge of the (n;t) cross
sections of the titanium isotopes. Therefore the evaluation relies entirely
upon the above outlined theory. Again, the uncertainties are relatively
large but the cross sections are small and the reaction thresholds at
relatively high energies. There is no comparable ENDF/B-IV file.

The status and evaluation of the (n;3He) reaction is analogous to that
of the (n;t) process outlined in the preceding paragraph.

The (n;2p) and (n;p,a) reactions are small and experimentally uncertain.
Therefore, again, the evaluation relies entirely upon theoretical estimate.

The relative magnitudes of the above reaction cross sections are

illustrated in Fig. XII-1.
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XIII. GAS PRODUCTION PROCESSES

Gas-production files are included in this evaluation for those explicitly
interested in such processes. They are a simple sum of the cross sections
for respective contributing reactions, These files consist of cross sections
for the production of hydrogen and helium. There are direct experimental
results for “6Ti and %871 isotopes and the present evaluation is consistent

with the measured values as outlined in the discussions of the previous

Sections.



XI1V. GAMMA-RAY PRODUCTION PROCESSES

To provide photon production cross sections the incident neutron energy
range was divided into two parts, with the division at 1.46 MeV where the
first ambiguous level-excitation-function thresholds. (See Table V-1.) Ex-
perimental data for photon production from neutrons incident onto Ti are
extremely sparse. A single measurement of the capture gamma~-ray spectra is
reported for thermal-energy neutrons in Ref. XIV-1. Measurements for three
photon groups labeled 0.99, 1.38 and 1.56 MeV for incident neutron energies
between 1.10 and 3.21 MeV were reported in Ref. XIV-2. The latter data are
of little use for the present purpose since they are inconsistent with in-
elastic neutron scattering data. In Ref, XIV-3 photon production measure-
ments are reported at 3 incident neutron energies between 4,9 and 5.9 MeV
for 77 gamma rays together with an attempt to characterize the source state
from which the photons arise. Because of the limited range of the incident
neutrons, these data, while valuable for checking the evaluated data, cannot
be used directly in the evaluation in the absence of a dependable extrapola-
tion procedure. In Ref. XIV-4 data taken at 14.7 MeV are reported for a few
of the low-energy discrete photons (EY < 2.5 MeV).

For the lower energy range (En < 1.46 MeV), the only sources for gamma-—
ray production are the capture reaction and the three inelastic scattering
reactions that excite the first excited states of Ti46,47,48  For the capture
reaction, the evaluated multiplicity and spectrum at at 10"° eV are based on the
spectrum measurements reported in Ref. XIV-1 for thermal neutron energy. The
multiplicity was obtained by dividing the mean energy of the spectrum into

the available energy for photon production. For lack of other information the

same spectrum was used at higher energies with an adjustment of the multiplicity
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to conserve energy. The three photons associated with excitation of the lowest

lying state in Ti“6s%7>48 are presented explicitly in this nuetron-energy range.
For the high-energy range (1.46 < En-i 20 MeV) the method of Ref, XIV-5

was used even though titanium is at the lower limit of the mass range of ap-

plicability of the method. There are not sufficient experimental data on

which the evaluation can be based so the method of Ref. XIV-5 was, in effect,

a last resort. It conserves energy, on the average, and has been shown to

reasonably agree with experimental data taken for iron.
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XV. CONCLUDING COMMENT

This report and the associated numerical file comprise the ENDF/B-V
elemental nuclear data’file and it's documentation. In addition, selected
isotopic sub-files are provided for special applications such as dosimetry.
The present file is more comprehensive than it's predecessor (ENDF/B-IV)
and in some areas is very much differemt. The larger scope and the improved
quality of the file may have a significant impact on many neutronic calcula-
tions particularly those involving high-energy processes (e.g. in fusion
systems) and those sensitive to the details of low (< 200 keV) resonance
structure. The full numerical file can be obtained from the National Nuclear
Data Center, Brookhaven National Laboratory (U.S.) or the Centre de

Compilation de Données Neutroniques, Saclay (France).
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