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APPLIED NUCLEAR SCIENCE RESEARCH AND DEVELOPMENT
. PROGRESS REPORT

June 1, 1984-May 31, 1985

Compiled by

E. D. Arthur and A. D. Mutschlecner

ABSTRACT

This progress report describes the activities of the
Los Alamos Applied Nuclear Science Group for June 1, 1984,

through May 31, 1985. The topical content is summarized in
the Contents.

I. THEORY AND EVALUATION OF NUCLEAR CROSS SECTIONS

A. Neutron Spectra for the t + 6Li Reaction [G. Hale, D. George, and P.
Lisowski (P-3)]

The interaction of tritons with lithium in the blanket of a fusion reactor
could have an important effect on the total neutron spectrum. We have con-
tinued our interpretation of recent measurements1 of t + 6Li neutron spectra,
using the 3-body resonance model implemented in the code SPECTRA.

The calculations are illustrated in the spectra shown in Figs. 1 and 2.
They contain '"direct" contributions from the first five levels in 8Be, in
addition to a broad, underlying "exchange" contribution from the ground state
of 5He. The amplitudes of these contributions were adjusted to describe the
zero-degree spectrum at Et = ;.6€3Mev shown in Fgg. 1, and to give also a good
representation of low-energy Li(“He,p) spectra. These anplitudes were found
to give a surprisingly reasonable description of the 6Li(t,n) spectra over the
range of energies (1.6 £ E_ £ 4.5 MeV) and angles (0° £ Gn £ 150°) measured at

t
Los Alamos, as illustrated in Fig. 2.



At incident triton energies above 2 MeV, there is evidence (Fig. 2c) for
structure at low neutron emission energies coming from p + 7Li resonances in
Be at excitation energies above 17 MeV. We have modified the code to accommo-
date both the a-a and p-7Li channels in 8Be, and have made some progress ac-

counting for the observed low-energy structure.
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Fig. 1. Calculated and measured 6Li(t,n) laboratory spectra at en = 0° for

Et = 1.64 MeV, showing the various components of the calculation (solid curve).
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Fig. 2. Calculated and measured 6Li(n,t) laboratory spectra at (a) en = 0°
and (b) 120° for Et = 1.89 MeV, and at (c) en = 0° for Et = 3.42 MeV. The

parameters of the calculation are the same as those used in Fig. 1.



B. Neutron-Induced Reactions onllB (P. G. Young)

The present ENDF/B-V evaluation for n + 11B reactions is based on a 1966
U.K. Atomic Energy Agency analysis and does not incorporate any modern experi-
mental or theoretical results. As pointed out in a recent review,3 discrepan-
cies of up to 40% exist between new measurements and the evaluated total and
elastic cross sections. Even larger inconsistencies occur for elastic angu-
lar distributions. Additionally, the ENDF/B-V evaluation does not include
gamma-ray production data.

A new evaluation of n + 11B data for neutron energies up to 20 MeV is in
progress at Los Alamos. To complement the available experimental data and to
facilitate interpolation and extrapolation in the evaluation, an optical model/
reaction theory analysis of the experimental data is being performed.

Figure 3 compares an early scoping calculation (pg. 4 of Ref. 4) of the
gamma-ray emission spectrum from 14.5-MeV neutrons on 11B with preliminary
experimental data from a recent measurement by Group P-3 at Los Alamos.* This
measurement includes data for neutron energies between 2-42 MeV at five angles
for gamma-ray energies between 1.6 and 19 MeV, and it provides one of the major
new sources of data for the evaluation.

The neutron transmission coefficients used in the calculation for Fig. 3
were obtained from an optical model analysis of n +14N data, as described in
Ref. 4, using the GNASH Hauser-Feshbach, statistical theory code.5 The final
analysis will be further optimized for consistency with the P-3 gamma-ray ex-
periment, as well as with modern measurements of neutron total cross sections

and scattering angular distributions.

*This measurement was provided by G. Auchampaugh and S. Wender, Group P-3, of
the Los Alamos National Laboratory in 1984.
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C. Nuclear Data for Natural Silver (P. G. Young)

The existing ENDF/B-V data base includes evaluations for the silver iso-
topes 107Ag and 109Ag, but does not provide either gamma-ray production infor-
mation or data of any sort for the natural element. Because these data are re-
quired in certain applications, an interim evaluation for n + NATAg has been
assembled from the neutron data in ENDF/B-V for 107Ag and 10gAg, and the 1973

gamma-ray production evaluation by Young.6

ENDF files 2-5 were constructed mainly using R. MacFarlane's NJOY/MIXER
code.* All the discrete inelastic level reactions from the 107Ag and 109Ag
evaluations are retained in the natural file. The only change made to the
neutron data was to add a semi-direct radiative capture compornent to the MF=3,
MT=102 cross section for En > 3.5 MeV. This modification appears as an en-
hancement above En = 8 MeV in the radiative capture cross section, as illus-
trated in Fig. 4. The maximum value of the cross section in this region is ~ 1
mb near 14 MeV and results in the emission of high energy gamma rays (described
below). The elastic neutron cross section was appropriately reduced to absorb

this change while keeping the total cross section unchanged.

*This information was provided by R. E. MacFarlane, Los Alamos National Labora-
tory in October 1984. 5
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Fig. 4. Evaluated (n,y) cross section for natural Ag from 0.1-20 MeV.

The gamma-ray production data included in the natural evaluation were
mainly taken from a 1973 evaluation.6 The gamma-ray spectrum at thermal ener-
gies is based on a measurement by Orphan et al.,7 which was smoothly joined to
a spectrum at 0.0888 MeV inferred from the spectral measurement of Dickens#®
between En = 0.8 and 20 MeV. Because Dickens' data had a 1ow-ezfrgy cutoff of
approximately EY = 0.5 MeV, the empirical formulas of Howerton were used to
extrapolate the spectra to zero gamma-ray energy. Unlike the earlier gamma-ray
data evaluation,6 the present file was split at En = 0.0888 MeV (the inelastic
threshold) into a low-energy component (MT=102; MF=12, 14, 15) and a high-
energy component (MT=3; MF=13, 14, 15).

A comparison of the evaluation (solid curve) with Dickens' data at En ~
2.24 MeV is given in Fig. 5. Although the extrapolation to EY = 0 is a minor
extension of the spectrum, it does introduce an appreciable uncertainty in the
total production cross section due to the peaking of the spectrum at low gamma
energies. Note in Fig. 5 that the component of the spectrum at EY > 2.24 MeV

is due to radiative capture.

*This measurement was supplied by J. K. Dickens, Oak Ridge National Laboratory
in 1973.
6
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The earlier gamma-ray production evaluation did not include the effects of
semi-direct radiative capture. While such effects are not large, they do
result in high-energy gamma rays that might be important in sone applications.
To correct this deficiency, a semi-empirical model developed by E. Arthur** was
used to obtain the energy dependence of the semi-direct capture cross section
for En = 5-20 MeV (normalized to ~ 1 mb at En = 14 MeV) and to calculate the
corresponding gamma-ray spectrum. These effects were combined into the pre-
vious gamma-ray data evaluation. Figure 6 illustrates the nffect of semi-
direct capture on the gamma-ray spectrum at En = 13 MeV, by the pronounced peak
near Ey = 15 MeV. NAT

It should be emphasized that the present Ag evaluation is the result of
a very limited effort that mainly combines three older evaluations without any
significant effort to update them. This evaluation should therefore be re-

garded as interim until a more thorough analysis can be completed.

* This was provided by J. K. Dickens, Oak Ridge National Laboratory in 1973.

**This model was developed by E. D. Arthur, Group T-2 of the Los Alamos National
Laboratory in 1973. 7
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D. Conversion of the GNASH Reaction Theory Code to CRAY Computers [P. G.
Young and K. Witte (C-3)]

The conversion of the GNASH Hauser-Feshbach statistical, preequilibrium
code5 from CDC-7600 to CRAY computers has been completed. In the course of the
conversion, a number of improvements were made that greatly increased the
flexibility of the code for different types of problems and improved the effi-
ciency (speed) of all calculations.

All the major variable dimensions were consolidated into a single PARAM-
ETER statement, which permits quick reallocation of storage space to optimize
for particular problems. In addition, all dimensions can be readily increased
to utilize the much greater memory capacity of the CRAY relative to the 7600
computers. Table I compares the dimensions of one memory configuration for the
CRAY version with the previous 7600 version. (This configuration by no means

exhausts the capacity of the CRAY X-MP computers.)




TABLE I

GNASH DIMENSIONS

CcDC CRAY
7600 X-MP
No. Compound
Nuclei (CN) 8 10
No. Reaction
Channels/CN 4 6
No. Energy
Bins 100 160
No. Discrete
Levels/Nuc. 35 300
No. Discrete
Gammas/Nuc. 70 900

The efficiency improvements incorporated into the CRAY version of GNASH
improved its speed by a factor of 6 over the 7600 version. Extensive calcula-
tions of neutron-induced reactions on 93Nb and 239Pu, based on analyses per-
formed in the past,g’10 were carried out to test the new versions. In all

cases, results identical to those from the 7600 version of GNASH were obtained.

E. Documentation of Revisions of ENDF/B-V [B. A. Magurno (Brookhaven National

Laboratory) and P. G. Young]

A series of summary documents has been compiled and edited into a complete
report describing all modifications made to the ENDF/B-V evaluated nuclear data

base during Revisions 1 and 2.11

F. Calculation of Proton-Induced Reactions on Copper at E £ 50 MeV (E. D.
Arthur)

We used the GNASH Hauser-Feshbach preequilibrium nuclear model code5 to

calculate cross sections for proton reactions on 63Cu and 65C

u. The highest
incident energy included was 50 MeV, while the lower bound coincided with the
threshold for (p,n) reactions (~ 4.5 MeV for 63Cu and 2.25 MeV for 65Cu). The
primary purpose of the calculations was provision of microscopic nuclear data
required for thick-target neutron yields applicable to accelerator design.

These thick target results are described later in this progress report.




The input parameters used were derived principally from our previous cal-

culational studieslz’13

of neutron-induced reactions on structural materials at
incident energies up to 50 MeV. Table II summarizes the neutron and proton op-
tical parameters employed here. Parameters for alpha-particle emission are not
shown, but were based on the modified Lemos14 parameters, as described in Ref.
12. We determined gamma-ray strength functions by adjustment of calculated

63,65

capture results to agree with Cu(n,y) experimental data. Three gamma-ray

multipolarities were included--E1, M1, E2. A giant dipole resonance form15 was
employed for the E1 gamma-ray strength function, while the Weisskopf16 estimate
(suitably normalized) was used for M1 and E2 radiation. The results obtained
here generally agreed with previous gamma-ray strength functions determined for
iron and nickel isotopes,12 as well as our recent results obtained for titanium
and vanadium isotopes.17

Because the determination of total neutron emission was the primary goal
of this effort, we made several preliminary calculations to optimize the reac-

tion sequence to be included in the problem. These steps were necessary even

TABLE 11
NEUTRON AND PROTON OPTICAL PARAMETERSa USED FOR p + Cu CALCULATIONS
Neutrons
_— r a
V =47.76 - 0.364E - 0.0003E2 1.287 0.56
wVOL = -0.072 + 0.148E 1.345 0.47
VSo = 6.2 1.12 0.47
WSD = 8.11 + 0.0805E 1.345 0.47
Above 6 MeV
WSD = 8.6 - 0.25E
Protons
r a
V = 58.35 - 0.55E 1.25 0.65
VSo = 7.5 1.25 0.47
wSD = 13.5 - 0.15E 1.25 0.47
r =1.25
c

3A11 well depths in MeV; geometrical parameters in fermis.
10




though the new CRAY version of GNASH (described elsewhere in this progress re-
port) offers increased flexibility for including more complex decay schemes.
The initial calculations allowed us to discard minor reaction paths that re-
quire significant computational time while contributing 1itt1g_to the overall
neutron yield. We were also able to avoid overlooking major neutron-producing
paths. Our first calculational attempt concentrated principally on {p,xn)
reaction paths in a manner similar to chains used in neutron-:induced reactions
on structural materials. However, binding energy differences between neutrons
and protons in the copper isotopes and their residual by-products caused sig-
nificant underprediction of the total neutron yield when this approach was
taken. Instead (p,xnyp) reaction paths [(p,pn), (p,p2n), (p,2pn), for example]
contributed principally to the neutron emission process and had to be included
explicitly. Figure 7 illustrates the complexity of the reaction sequence
finally used for our p + 63Cu calculation. The availability of the new CRAY
version of GNASH simplified the effort required for higher energy calculations
in that all major reaction chains could be included in one calculational pass
and the computational time required was at least ten times less than for the
previous CDC 7600 version. The CRAY central processor time required for the 50
MeV calculation was approximately two minutes.

Final calculations were made for p + 63Cu and p + 65Cu reactions at in-
cident energy intervals of 5 MeV extending up to Ep = 50 MeV. Because the
GNASH code produces only angle-integrated emission spectra, we used the
Kalbach-Mann18 systematics, along with our calculated preequilibrium fractions
to produce emitted neutron spectra covering the angular range from 0° to 180°
in 15° intervals. Examples of neutron spectra produced for 50-MeV protons on
65Cu at angles of 0°, 15°, and 45° appear in Fig. 8.

Although determination of neutron-emission spectra was the primary goal of
these calculations, we also computed cross sections for (p,xn) and (p,xnyp) ex-
citation functions that can be compared with experimental data. Figures 9-12
show selected examples of such results. Generally, there is gonod agreement al-
though higher energy (p,n) and (p,pn) results are underpredicted. This could
indicate the need to include a greater preequilibrium contribution in the cal-
culations. However, the preequilibrium fraction required may be unphysically
large, especially in the case of the (p,pn and p,np) reactions where a 50-75
millibarn discrepancy exists between the calculation and experiment. Another
contributing factor in the case of the theoretical (p,pn and p,np) underpredic-
tion may be too much competition from (p,p2n) reactions [actually (p,pnn),

11



12

(p,npn) or (p,nnp) results}. This would indicate overprediction of low-energy
neutron emission, which may be linked to the low-energy behavior of the neutron
transmission coefficients used or the size of the integration bin (1 MeV) used

in the calculation. Further efforts are under way to identify the cause of

this discrepancy.
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G. A Computerized Capability to Search Nuclear Structure Data Files (D. C.
George and E. D. Arthur)

A program RDCD has been written to search portions of the CDRL21 nucledr
structure library and to identify and tabulate nuclear level properties of in-
terest for nuclear model calculations or other applications. As a matter of
background, the CDRL library is a computer-readable assembly (by R. J. Hower-
ton, Lawrence Livermore National Laboratory) of particle-induced and nuclear
decay data contained in the 1978 Table of Isotopes compilation.22 The present
version of RDCD is oriented towards identification of nuclear isomeric states
after which nearby levels having much shorter (or instantaneous) lifetimes are
displayed. The user can provide as input the desired halflife range of the
isomeric states to be considered, as well as the energy spacing (in keV) over
which nearby levels are to be identified.

Searches have been made in which isomeric state lifetimes were specified
to be 2 10 seconds, and in which the range of energy separations of nearby
levels was set equal to 0.01, 0.005, 0.002, and 0.001 MeV. Figure 13 illus-
trates some of the candidate nuclei identified with 1:}2 2 10 seconds and AE =
0.005 MeV.

Although the RDCD code provides a useful method for making such data
searches, there are some difficulties with the CDRL library that limit its use-
fulness. The main problem relates to the fact that the Table of Isotopes com-
pilation upon which the library is based is current only to 1978. Thus, newer,
more relevant data are missing. There are also instances where the experimen-
tal sources do not provide complete information concerning the characteristics
of a level (particularly spin and/or parity) and default information (null spin
and/or parity values) have been provided that can produce misleading informa-
tion from RDCD. One then must refer to the original figures of Ref. 20 or the
experimental works cited. Probably most serious is the frequent lack of de-
tailed gamma-ray branching information. This situation severely limits the
usefulness of such a computerized nuclear structure library in nuclear model
applications. Of course, most of the difficulties result from basic data de-

ficiencies, rather than problems with the form of the CDRL library itself.

15
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Fig. 13. Examples of nuclear level information identified with the RDCD code.

H. Microscopic Nuclear Level Density Calculations (B. Strohmaier, [T-2 Colla-

borator, on Leave from Institut fur Radiumforschung und Kernphysik, Univ.

of Vienna)]

This effort has been aimed at the study of nuclear level densities using
microscopic approaches based on the moments23 and Lanczos methods.24 This work
has been carried out in close collaboration with S. M. Grimes, Ohio University,
and S. D. Bloom, Lawrence Livermore National Laboratory.

Initially, calculations using the Lanczos technique were made for 28Si,
which were a continuation of similar studies begun by S. D. Bloom (LLNL) and H.
K. Vonach (Univ. of Vienna). C?éculations were carried out in a d5/2 31/2 d3/2
f7/2 basis, assuming a closed 0 core, with certain limitations on the number
of nucleons outside the d5/2 orbital. As the basis size for this case is very
large (~ 260 000 Slater determinants) and requires truncation, it was not clear
whether these calculations yielded a realistic description of the level density
of 28Si.

In order to investigate such questions and to compare the Lanczos and
moment methods, a corresponding study was begun for 20Ne. This nucleus was
chosen because the size of the dsdf basis is small enough so that a full (un-
truncated) basis calculation can be made. Thus, basis-truncation effects and
possible solutions to them can be investigated. This 20Ne study has been com-
pleted and a comprehensive paper based on this investigation has been submitted

to Physical Review C.
16




Now the mass region between A = 23 and 33 has been chosen for further in-
vestigation because of the appropriateness of the relevant bases to give a
realistic description of the level densities, and existence of experimental
data. Retrieval of experimental level density information for 24Mg from the
literature has been done successfully, and first moment me-hod calculations
have been performed. Comparison of these results to the experimental data is
very encouraging, but an investigation of how strongly parameter variations
affect the results still seems to be required.

In addition to these calculations, efforts are underway to deal with the
effects of basis truncation, as mentioned in the 20Ne paper. In particular, a
method of correcting the positions and widths of the pseudoeigenvectors of
truncated basis calculations is being pursued. This requires finding systema-
tics for these changes under the condition of basis truncation. Also, develop-
ment and alteration of the shell model code are in progress, aiming at both
inclusion of new features to the algorithm for calculating moments and exporta-

bility of the program to Europe.

I. Semi-Microscopic Calculations of Elastic, Inelastic, and Total Neutron
239

Scattering by Pu [D. G. Madland, Ch. Lagrange (Bruyeres-le-Chatel),

and M. Girod (Bruyéres-le-Chatel)]

The purpose of the present work is first to investigate the capabilities
of a semi-microscopic optical-model potential involving fewer adjustable param-
eters than phenomenological models and second to test the sensitivity of this
potential to various rotational band assumptions. Our analysis of the model
capabilities is performed using experimental elastic, inelastic, and total
cross sections from ~ 10 keV to 15 MeV as well as neutron strength functions,
and our sensitivity study is performed for the first three bards of 239Pu: 1/2+
(0.0), 5/2+(286 keV), and 7/2-(392 keV). The two main ingredients of our cal-
culations are the microscopic optical-model potential of Jeukenne, Lejeune, and

25

Mahaux (JIM) and nuclear densities from Hartree-Fock calculations performed

using the density-dependent force Dl.26 Note that the Hartree-Fock density is
calculated separately for each rotational band considered and that the coupled-
channel calculations are performed for each band individually.

The present calculations differ from those previously reported27 by the
presence of an effective mass factor in front of the JLM imaginary potential.
The parameters of the semi-microscopic model are mainly determined by adjust-

ments with respect to the strength functions and total cross section over the
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full energy range. The consistency of the parameterization is tested by com-
parisons of calculated and measured elastic and inelastic angular distributions.
Our final values for the ranges of the effective interaction are t, = 1.3 fm

R
and tI = 1.4 fm. The renormalization factor of the real potential is N, =

0.935 while that of the imaginary potential is NI = 0.46 for 10 keV = En 2 4
MeV, but is then rising linearly with energy to a value NI = 0.82 at En = 14
MeV. The results of our calculations are summarized in Figs. 14 and 15 and
Table III where they are compared with experiment and with the results obtained
using the phenomenological coupled-channel potential of Ref. 28 with BZ =0.20
and B& = 0.08. The main effect of the rotational band assumption (not shown
here) is on the diffraction minima of the elastic angular distributions.

More detailed calculations on the n + 239Pu system are in progress. In
particular, we are studying the origin of the shape sensitivity of the elastic
scattering diffraction minima to the rotational band assumption (K quantum

number).

TABLE III
239
CALCULATIONS FOR n + Pu
E_ = 10 keV
o
Coupling Basis S0 X 101‘ S1 X 101‘ R' (fm) ot.ot. (b)
+ + .
172%,...,9/2" micro. 1.042 1.924 9.15 15.58
172%,...,9/2" phenom. 1.245 2.221 9.084 16.30
Experiment 1.3 % .1 2.3 .4 9.6% .3 —
52, 172%, 972" wicro. 0.979 1.728 9.15 15.26
7727, 9/27, 11/2° micro. 1.029 1.738 9.16 15.49
E_ = 3.4 MeV
o
oek 01 02 03 014 otot
Coupling Basis (mb) (mb) (mb) (mb) (mb) (mb)
172%,...,9/2" micro. 4353  162.8  240.8  65.8  80.4 7853
i/2%,...,9/2" phenom. 4414  139.4  206.0  58.5 71.2 8010
Experiment (4271 £ 581]  [380 % 39) — 8022 * 100
s/2%, 172%, 972" wicro. 4356  266.3  176.3 - - 7755
7/27, 9727, 11/27 micro. 4448  238.4 137.4 — — 7776
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Fig. 14. Comparisons of calculated and experimental total cross sections for
n + 239y scattering over the incident neutron energy range 10 keV £ En £ 1 MeV.
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Fig. 15. Comparisons of calculated and experimental total cross sections for
n + 23%Py scattering over the incident neutron energy range 1 MeV S E S 10 Mev.
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J. Differential and Integral Comparisons of Three Representations of the

252¢¢ [p. G.

Prompt Neutron Spectrum for the Spontaneous Fission of

Madland, R. J. LaBauve, and J. R. Nix (T-9)]

Because of their importance as neutron standards, we present comparisons
of measured and calculated prompt fission neutron spectra N(E) and average
prompt neutron multiplicities Gp for the spontaneous fission of 252Cf. In par-
ticular, we test three representations of N(E) :against recent experimental
measurements of the differential spectrum and threshold integral cross sec-
tions. These representations are the Maxwellian spectrum, the NBS spec-
trum,zg’30 31,32 For the

Maxwellian spectrum, we obtain the value of the Maxwellian temperature TM

least squares adjustment to the experimental differential spectrum of Poenitz

and the Los Alamos spectrum of Madland and Nix.

by a

and Tamura.33 For the Los Alamos spectrum, a similar least squares adjustment
determines the nuclear level-density parameter a, which is the single unknown
parameter that appears. The NBS spectrum has been previously constructed by
adjustments to eight differential spectra measured during the period 1965 to
1974. Among these three representations, we find that the Los Alamos spectrum
best reproduces both the differential and integral measurements, assuming
ENDF/B-V cross sections in the calculation of the latter. Although the NBS
spectrum reproduces the integral measurements fairly well, it fails to satis-
factorily reproduce the new differential measurement, and the Maxwellian spec-
trum fails to satisfactorily reproduce the integral measurements. Addition-
ally, we calculate a value of Gp from the Los Alamos theory that is within

approximately 1% of experiment.

DIFFERENTIAL COMPARISONS

We compare the three representations of the prompt fission neutron spec-
trum that we are studying with each other and with a recent high quality dif-
ferential measurement of the spectrum. In fact, because of the use of the
252Cf(sf) spectrum as a standard, we determine the Maxwellian temperature TM by
a least squares adjustment to the experimental spectrum instead of by other
means and, for the identical reason, we determine the nuclear level-density
parameter a for the Los Alamos spectrum in the same way. The NBS spectrum,
with twelve parameters, has been previously obtained by least squares adjust-
ments and therefore is already completely determined.

For our present purposes, we choose the recent differential spectrum

. 33 .
measurement of Poenitz and Tamura as our experimental reference spectrum.
20




This experiment covers a secondary neutron energy range of 0.225 to 9.8 MeV
with 51 points that represent approximately 95% of the total spectrum. The

average experimental uncertainty in the set of 51 points is 3.6%.

1. Maxwellian Spectrum.

The least squares adjustment of the Maxwellian spectrum to the experimen-
tal reference spectrum is performed with respect to the Maxwellian temperature
parameter TM' To obtain an absolute value of x2 per degrees of freedom, the
normalization of the experiment is recomputed for each iteration in the value
of TM' We find a minimum in xz, xz(min) = 1.201, at a value of TM = 1.429 MeV.
This value yields mean and mean-square energies of the Maxwellian spectrum of
2.144 MeV and 7.658 MeVz, respectively. These values are also given in Table

IV together with other properties of the Maxwellian spectrum.

TABLE 1V

SOME PROPERTIES OF THREE REPRESENTATIONS OF . 252
THE PROMPT NEUTRON SPECTRUM FOR THE SPONTANEOUS FISSION OF Cf

Quantity Maxwellian NBS _ Los Alamos
Physical shape smooth five-segment smooth
piecewise :
continuous -
Number of explicit 1 12 T 3
parameters
Number of least-squares 1 0 . 1

adjusted parameters in
the present work

Adjusted Maxwellian 1.429 ' — N —
temperature TM (MeV)
Adjusted nuclear level- — — : A/9.15
density parameter a
(1/MeV)
<E> (MeV) 2.144 2.120 2.134
<E%> (Mev?) 7.658 7.433 - 7.364
v — — 3.810
p
2 . a
X~ (min) 1.201 1.922 . 0.552

21n this case, x2 (min) is the only value of x2 and it is calculated assuming

zero degrees of freedom. ’1
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The spectrum is compared with the experimental spectrum in Fig. 16 in
absolute units, as well as in Fig. 17 where the ratio of the experimental
spectrum to this spectrum is plotted. The highest energy experimental points
on Fig. 16 indicate that perhaps the Maxwellian spectrum is slightly larger
than experiment in this region. Inspection of Fig. 17 confirms this for ener-
gies greater than about 5 MeV, with departures from experiment that are perhaps
as large as 10%. In addition, one sees that the Maxwellian spectrum is larger
than experiment by 2-7% in the region below 0.4 MeV and that it is smaller by
2-5% in the region between 1.5 and 3.0 MeV. At high energy, despite the adjust-
ment of TM with respect to experiment, the Maxwellian spectrum is still some-
what greater than experiment, reflecting a fundamental difficulty in accounting

for two physical effects with a single parameter.

2. NBS Spectrum.

The comparison of this spectrum with the experimental differential spec-
trum is shown in Fig. 16 in absolute units, and in Fig. 17, where the ratios of
this spectrum and the experimental spectrum to the least squares adjusted
Maxwellian spectrum are shown. The computed value of x2 per degree of freedom
for this previously determined spectrum is 1.922. The mean and mean-square
energies are listed in Table IV together with other properties of the NBS spec-
trum.

Figures 16 and 17 both indicate that the NBS spectrum agrees with the ex-
perimental reference spectrum in the high energy region better than the least
squared adjusted Maxwellian spectrum. On the other hand, the NBS spectrum lies
about 5-15% above experiment at energies below 0.5 MeV, giving rise to the fac-
tor of 2 deterioration in the value of x2 per degree of freedom relative to
that of the least squares adjusted Maxellian spectrum. In the region between
0.8.and 3.0 MeV, the NBS and adjusted Maxwellian spectra behave similarly, with
departures from experiment ranging from 1 to 5%. Neither representation repro-

duces the structure in the experimental spectrum between 1.5 and 3.0 MeV.

3. Los Alamos Spectrum.

The least squares adjustment of the Los Alamos spectrum to the experimen-
tal differential spectrum is performed with respect to the nuclear level-den-
sity parameter a. As before, to obtain an absolute value of x2 per degree of

freedom, the normalization of the experiment is recomputed for each iteration




in the value of a. We find a minimum in xz, xz(min) = 0.552, at a value of a =
A/9.15(MeV). The values of the mean and mean-square energies are listed in
Table IV where they may be compared with the corresponding values from the
Maxwellian and NBS spectra. The spectrum itself is compared with the experi-
mental differential spectrum in Figs. 16 and 17.

Figure 16 shows that the Los Alamos spectrum is somewhat less than ex-
periment at the two highest energy experimental points. However, as shown by
Fig. 17, the uncertainties in these two data points are too large to draw any
certain conclusion. Figure 17 shows that the shape and magnitude of the Los
Alamos spectrum agrees very well with experiment over the entuire range, except

for the region below 0.5 MeV where the experiment is under-predicted by amounts

ranging from 1 to 5%.

100 E T T 1] T ] T T 1 1 ] T T T T 3
% f 252Cf(sf) N
= 10} £
T | :
= ! i
5 107
O - .
[¢b)] - B
o i i
(75
S 107k 3
S - ]
o i o  Experiment
§ 104L ---- Maxwellian
5 S —-— NBS
2 L — Los Alamos y

-5 L 1 L L | ' ! 1 1 | i L L 1
0 0 5 10 15

Laboratory Neutron Energy E (MeV)

Fig. 16. Prompt fission neutron spectrum in the laboratocry system for the
spontaneous fission of 252Cf. The dashed curve gives the least-squares ad-
justed Maxwellian spectrum, the dot-dashed curve gives the NBS spectrum, and
the solid curve gives the least squares adjusted Los Alamos spectrum. The
experimental data are those of Poenitz and Tamura (Ref. 33).
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Fig. 17. Ratio of the NBS spectrum, the least squares adjusted Los Alamos spec-
trum, and the experimental spectrum to the least squares adjusted Maxwellian
spectrum, corresponding to the curves shown in Fig. 16.

The value of the nuclear level-density parameter a = A/9.15(MeV) obtained
in our least squares adjustment also provides for the calculation of Gp =
3.810. This value is within 1.4% of the experimental value of 3.757 % 0.009
obtained from the measurements of Amiel34 and Smith,35 and is within 1.0% of
the experimental value of 3.773 * 0.007 obtained by Spencer et al.36

Figure 17 clearly shows that the Los Alamos spectrum is the preferred
representation for the present choice of the Poenitz and Tamura33 experimental
reference differential spectrum. This conclusion is reinforced by comparing
the values of x2 per degree of freedom from Table IV. These show the Los
Alamos spectrum to be the preferred representation by a factor ~ 3 over the NBS
spectrum and by a factor ~ 2 over the Maxwellian spectrum. In addition to
having the poorest agreement with the experimental differential spectrum, the

NBS spectrum is somewhat unphysical in that it is only piecewise continuous.
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INTEGRAL COMPARISONS
We calculate fifteen threshold integral cross sections for each of the
three representations of the prompt fission neutron spectrum that we are study-
ing and compare our results with recent high-quality experimental measurements

carried out by Grundl et al.37 38,39

and Kobayashi et al. We also compare the
trends of each of the three sets of calculated integral cross sections to as-
sess the overall quality of the three spectrum representations being used.
This latter comparison is, of course, only possible if identical pointwise

cross sections are used in each set of calculations.

For purposes of graphical presentation and discussion of our results, we

define an effective threshold energy, E for each reaction studied, as the

th’
energy that divides the pointwise cross-section integral at 0.01% and 99.99%.
We use the ratio C/E of calculated integral cross sections to experimental in-

tegral cross sections as a function of Eth in the graphical presentation of our

results that we now discuss. — - -

1. Maxwellian Spectrum.

Our results for the least squares adjusted Maxwellian spectrum are  given
in the fourth column of Table V where they can be compared directly with the
experimental results in the third column, and in Fig. 18 where the C/E values
are plotted as a function of the threshold energy Eth' There are three points
to mention. First, Table V shows that for a given set of pointwise cross sec-
tions and the Maxwellian spectrum, seven of the fifteen calculations are out-
side of the two-sigma measurement uncertainty. Second, nine of the fifteen
calculations are outside of the one-sigma measurement uncertainty. Third, the
trend of the C/E ratios shown in Fig. 18 indicates that the accuracy of the
Maxwellian spectrum is increasingly worse with increasing reaction threshold.
That is, the Maxwellian spectrum is too large (hard) in the high energy portion
of the spectrum. This result is consistent with our conclusions for the differ-
ential spectrum comparisons. As already discussed, this illustrates a fundamen-

tal difficulty in accounting for two physical effects with a single parameter.

2. NBS Spectrum.

Our results for the NBS spectrum are given in the fifth column of Table V
and are illustrated in Fig. 18. Again, there are three points to be made.
First, Table V shows for the identical set of pointwise cross sections and the

NBS spectrum, only four of fifteen calculations are outside of the two-sigma
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measurement uncertainty. Second, only seven of the fifteen calculations are
outside of the one-sigma measurement uncertainty. Third, the trend of the C/E
ratios shown in Fig. 18 indicates that the NBS spectrum reproduces the experi-

mental integral cross sections reasonably well for most values of the threshold

energy.
TABLE V
COMPARISON OF MEASURED AND CALCULATED INTEGRAL CROSS SECTIONS
FOR THREE REPRESENTATIONS OF THE PROMPT NEUTRON SPECTRUM
FOR THE SPONTANEOUS FISSION OF 252Cff
Eth Maxwellian NBS Los Alamos

Reaction (MeV) Measurement? Calc. (C/E) Calc. (C/E) Calc. (C/E)
233y (n, £) 0.00 1216.0 + 19.46  1238.657 (1.019) 1235.918 (1.016) 1235.720 (1.016)
Wiaa,n')  0.76 201.0 * 8.2 182.804 (0.909)% 181.936 (0.905)% 186.009 (0.925)
38Ni(n,p) 0.80 118.5 * 4.1 115.888 (0.978) 113.891 (0.961) 114.039 (0.962) '
4725 (n,p) 1.14 21.58 * 1.16 24.463 (1.134)% 24.070 (1.115)* 24.209 (1.122)%
34 e(n,p) 1.36 87.63 £ 4.35 89.968 (1.027) 88.346 (1.008) 88.323 (1.008)
325(n,p) 1.80 72.52 % 2.96 72.665 (1.002) 71.447 (0.985) 71.662 (0.988)
2751 (n,p) 2.86 4.891 £ 0.179 5.375 (1.099)% 5.140 (1.051) 4.967 (1.016)
4615 (nyp) 2.97 14.04 * 0.61 14.080 (1.003) 13.474 (0.960) 13.014 (0.927)
My, 3.4 0.713 * 0.059 0.732 (1.027) 0.688 (0.966) 0.657 (0.921)
56Fe(n,p) 4.65 1.440 £ 0.070 1.546 (1.073) 1.616 (0.983) 1.322 (0.918)
815 (n,p) 5.07 0.415 £ 0.016 0.460 (1.107)* 0.410 (0.986) 0.377 (0.907)*
39¢o(n,a) 5.52 0.218 * 0.014 0.243 (1.115) 0.217 (0.997) 0.200 (0.919)
Zoye(n,p) 5.58 1.940 * 0.093 2.406 (1.239)* 2.159 (1.113)* 1.995 (1.028)
2751 (n, ) 5.71 1.006 * 0.022 1.195 (1.187)% 1.060 (1.053)% 0.973 (0.967)
197 pu(n,20)  8.31 5.267 * 0.226 6.817 (1.294)% 5.650 (1.073) 4.973 (0.944)

t Using ENDF/B-V pointwise cross sections, unless otherwise noted, and express-
ing the results in millibarns.

%

Calculation outside two-sigma measurement uncertainty.

The experimental measurements are those of Grundl et al (Ref. 37) and
Kobayashi et al. (Refs. 38 and 39). '

The pointwise cross section used in the calculation for this reaction is from
Smith et al. (Ref. 40).
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Fig. 18. Ratio of calculated to experimental integral cross sections for the
prompt neutron spectrum from the spontaneous fission of 2%2Cf as a function
of the effective neutron threshold energy for the reaction. The calculated
values are obtained using the spectra discussed in the text together with
ENDF/B-V pointwise cross sections. The experimental values are those of
Grundl et al. (Ref. 37) and Kobayashi et al. (Refs. 38 and 39). The dashed,
dot-dashed, and solid lines serve as guides to the eye.

3. Los Alamos Spectrum.

Our results for the Los Alamos spectrum are given in the last column of
Table V and are illustrated in Fig. 18. Once again, there are three points to
address. First, Table V shows that, for the identical set cf pointwise cross
sections and the Los Alamos spectrum, only two of the fifteer. calculations are
outside of the two-sigma measurement uncertainty. Second, nine of the fifteen
calculations are outside of the one-sigma measurement uncertainty. Third, the
trend of the C/E ratios shown in Fig. 18 indicates that the Los Alamos spec-
trum, like the NBS spectrum, reproduces the experimental integral cross sec-

tions reasonably well for most values of the threshold energy.
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Figure 18 clearly shows that the least squares adjusted Maxwellian spec-
trum is unsatisfactory when using the present choice of the Poenitz and
Tamura33 experiment to determine the Maxwellian temperature TM = 1.429 MeV.
Although we do not show the results here, this same conclusion is obtained when
using the popular value TM = 1.42 MeV. Finally, the figure also indicates, on
the basis of the chosen set of experimental integral cross sections, that the
NBS and the Los Alamos spectra could each be adjusted somewhat, were it not for
the constraints imposed by the experimental differential spectrum measurements.

On the basis of the comparisons presented here, we conclude that the Los
Alamos spectrum is the preferred representation of N(E) because it best repro-
duces both the differential and integral measurements, assuming ENDF/B-V cross
sections in the calculation of the latter. Although the NBS spectrum repro-
duces the integral measurements fairly well, it fails to satisfactorily repro-
duce the recent differential measurements, and the Maxwellian spectrum fails to
satisfactorily reproduce the recent integral measurements. Additionally, we
calculate a value of Gp from the Los Alamos theory that is within approximately
1% of experiment. In this study we have learned that well-measured high-
threshold integral cross sections provide valuable constraints on the differen-
tial spectrum, assuming the pointwise cross sections are well known. Finally,
we mention that the Los Alamos spectrum has been adopted as the preliminary
standard spectrum for ENDF/B-VI. The spectrum is available in tabular form

from the US National Nuclear Data Center, Brookhaven National Laboratory.

K. Calculation of Average Pairing Gaps [D. G. Madland and J. R. Nix (T-9)]

This work is continuing. We are presently installing the most recent
compilation41 of experimental and systematic masses into our Fortran code PAIR.
This code calculates An, Ap, and A from these masses as well as from various

model assumptions that we are testing.

L. Medium Energy Proton-Nucleus Scattering Calculations (D. G. Madland)

This work is continuing. At the present time the Dirac phenomenological
approach is under study for both low and medium energy proton-nucleus scatter-
ing. Particular attention is being given to the calculation of the total

reaction cross section.
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II. NUCLEAR CROSS-SECTION PROCESSING AND TESTING --

A. Monte-Carlo Cross Sections [R. E. MacFarlane and R. C. Little (X-6)]

Cross sections for the continuous-energy Monte-Carlo Cransport code MCNP
are normally prepared using the ACER module of NJOY. Two major changes have
been made to ACER recently, namely, Type-1 output and LAW 4 neutron emission.

Because of the worldwide interest in MCNP, Group X-6¢ has put a lot of
effort into developing a transportable version based on FORTRAN-77. Although
the distribution package for MCNP-3 includes a quite usable cross-section 1li-
brary, many users will need to be able to process their own libraries from new
or modified evaluations in ENDF format. Therefore, we have updated the ACER
module to produce the latest version of the transportable, formatted (i.e.,
BCD, ASCII, EBCDIC, etc.), "Type-1" output. This update required two small
changes to the ACER input instructions. First, the user must specify a unit
number for MCNP directory, "NDIR." The second input change is to specify
"NTYPE," which defines the output format desired. The locations of these input
changes are given in the comment cards at the start of the ACER module. After
the run is complete, the user must change "FILENAME ROUT:" in the directory
file to provide a retrieval path for the data file. For thermal libraries, the
third line of the ACE file must be modified to contain ZA identifiers of the
isotopes for which the thermal data are appropriate.

In the current version of MCNP, tabulated neutron secondary energy distri-
butions (LAW=1) are sampled by using 32 equally probable tins. The method is
efficient and compact, but, as suggested by Fig. 19, it can produce significant
errors for very low or very high secondary energies. As more detailed tabu-
lated spectra become common in ENDF/B evaluations, it has become important to
provide a more accurate sampling procedure. Therefore, we have modified ACER
to generate cumulative probability distributions for secondary neutrons using
the "LAW=4" format originally introduced for photon emission. A companion

10-1line update to MCNP is available that uses the new law.
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Fig. 19. Fission spectrum for 227Np induced by neutrons with an energy of

1 x 107> eV (solid) compared with 32-bin representation previously used by
MCNP (chain dash). The upper figure emphasizes high energies and the lower
one emphasizes low energies.

B. Charged Particle Experimental Data [R. MacFarlane, G. Hale, L. Stewart

(X-6), R. Howerton and S. T. Perkins (Lawrence Livermore National Lab.)]

The Experimental Cross-Section Information Library (ECSIL)42 was origi-
nally developed at the Lawrence Livermore National Laboratory (LLNL) for index-
ing and retrieving the experimental neutron cross-section data needed in the
evaluation process, and it has also been in use by Group T-2 for this purpose
for many years. We are now engaged in a joint program with LLNL to produce
ECSIL2. This new system will also be useful for charged-particle data and will
run efficiently on the CRAY1 computers used at both laboratories.

The ECSIL2 system has four components: an experimental data file, a direc-
tory file, a bibliography file, and a set of utility codes.
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The data file uses a random access structure, and includes formats for
all the most useful types of measurements (e.g., integrated cross sections,
angular distributions, energy distributions, polarizations, etc.). The initial
data file has been drawn from two sources. First, there is the extensive elas-
tic scattering data described in Ref. 43; and second, there is the cross sec-
tion and polarization data gathered by Group T-2 for the R-matrix code EDA.
These two sources combined yield approximately 25 500 data points. Additional
data will be added in the process of evaluating other cross sections. Contri-
butions are welcome (and hereby solicited).

The directory file contains an entry for each data set keyed by parameters
such as projectile, target, reaction, and energy range. Each entry also has
a pointer to the corresponding entry in the data file and the bibliographic
reference. This directory can be searched and sorted in various ways to find
desired data. Two common indexes are ZA order and reference order, as demon-

strated in Tables V and VI, respectively.

TABLE V
: a
PART OF A TYPICAL ZA-ORDERED INDEX FOR AN ECSIL2 LIBRARY
2 A YI (o S YO { ST ¥R REF REACTION X1 MEASIHREMENT X2 ENERGY RANGE POINTS
1001t 2 2 [o] 2 2 0O 64 2151 1001 + P ELASTIC XS(MU) 3.377-t 4.052-1 S
1001 2 2 [o] 2 2 0 66 575 100 + P ELASTIC XS (ML) 1.39740 3.037+0 S0
1001 2 2 [o] 2 2 0 7% 519 100t + P ELASTIC XS(MU) 4.978+0 B8.030+0 St
1001 2 2 o 2 2 0 76 2149 1001 + P ELASTIC XS(ML) $5.957+0 1.360+1 a7
1001 2 2 [e] 2 2 O &8 582 1001 + P ELAST1IC XS(MU) 6.141+0 B.097+0 33
1001 2 2 [o] 2 2 0 59 2149 1001 + P ELASTIC XStMU) 9.680+0 9.680+0 1
1001t 2 2 [o] 2 2 0 959 S8t 1001 ¢ P ELASTIC XS(MU) 9.690+0 9.690+0 26
1001t 2 2 o 2 2 0 7% 579 1001 + P ELASTIC XS{MU) 9.690+0 1.360+1 26
1001 2 2 [+ 2 2 0O 68 2143 100t + P ELASTIC XS (MU ) 1.416+1 1.416+1 17
1001 2 2 o 2 2 0 54 536 1001 + P ELASTIC XS(MU) 1.820+1 1.820¢+1? 8
1001t 2 2 [o] 2 2 0 74 515 1001 + P fLASTIC XS(MU) 1.970+1 1.970¢+1 13
1001 2 2 o 2 2 0 60 2146 1001 + P ELASTIC XS{MU) 2.5G3+1 2.5G3+! 22
1001t 2 2 [o] 2 1t O 59 2145 1001 + P ELASTIC POL (MU} 2000 1.620+1 1.620+1. 1
1001t 2 2 o 2 1t O 68 2143 1001 ¢+ P ELASTIC POL (MU} 2000 2.020+1 2.020+1 8
1001 2 2 o 2 1t O &7 2142 1001 + P ELASTIC POL(MU) 2020 1.140+1 2.650+1 4
1001t 2 2 [o] 2 1t O 67 2147 1001 + P ELASTIC POL (MU 2020 2.700+1! 2.700¢1 1
1001t 2 2 [o] 2 1t O 61 2148 1001 ¢+ P ELASTIC POL(MU) 1001000 2.760+t 2.760+1 2
1001 2 2 o 2 1t O 67 2142 100t + P ELASTIC POL(MU) 10 1(:0000 1_140+1 2.650+1 4
1001 2 2 o 2 tt 0 75 2140 100t + P ELASTIC POL{MU) 20000000 1.000+1 1.000+ 1 7
1001 2 2 o 2 1t 0 75 2144 1001 + P ELASTIC POL (MU) 20000000 1.600¢1 1.600¢1 9
1001t 2 2 [o] 2 1t O 61 2148 1001 ¢+ P F1ASTIC POL(MU)} 300° 1000 2.760+1 2.760+1 3

2 This example is from the EDA data.

The bibliography file contains author names, source references, and some-
times special comments. References are correlated with data sets using unique
5-digit reference numbers. Bibliography listings can be generated in reference-
number order, alphabetically by source name (journal, conference, book, etc.),
alphabetically by author name (with cross references to every paper by that
author), or by reference '"tag" (first two letters of first author's last name
plus last two digits of the publication date; e.g., AB85). Examples of ref-
erence-ordered, author-ordered, and tag-ordered bibliographies are shown in

Tables VII, VIII, and IX. The current bibliography file is a combination of
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TABLE VI

PART OF A TYPICAL REFERENCE-ORDERED INDEX FOR AN ECSIL2 LIBRARY?

REF ST VYR Z A YI c S YO 1 REACTION X1 MEASUREMENT X2 ENERGY RANGE POINTS
2092 O 70 1003 3 " 0 i 1 1003 (0.N) 2004 POL(MU) 0 3.900+0 1.500+1 0
2093 O 71 1003 3 IR 0 i 1003 (O.N) 2004 POL(MU) O 6.000+0 1.000+1 0
2094 O 67 1003 3 11 0 i 1003 (O0.N) 2004 POL(MU) 0O 2.100+0 2.900+0 0
2098 O 76 1003 3 2 0 3 1 1003 + O ELASTIC POL (MU) O 1.050+1 1.050+1 0
2096 O 76 1003 3 34 0 6 11 1003 (0.A) 1 POL (MU) O 1.050+1 1.050+1 0
2096 O 84 1002 4 1" 0 0 0 1002 (T.N) 2004 INT.XS 1.250-2 1.170-1 0
2097 O 70 1003 3 11 0 i1 1003 (O,N) 2004 POL (MU) O 4.000-1 4.000-1 o}
2098 O 70 1003 3 34 0 6 11 1003 (0.A) 1 POL (MU) 0 5.100-2 9.300-2 0
2100 O 79 1003 3 B! 1 1 2 1003 (O,N) 2004 2.020+1 XS(MU) 4.800+0 8.330+0 0
2101 O 70 2003 2 2 0 2 2003 + P ELASTIC POL (MU) O 4.000+0 1.100+1 0
2102 O 69 2003 2 2 0 2 1 2003 + P ELASTIC POL (MU) O 4.000+0 1.100+1 0
2103 0 71 2003 2 2 0 2 1 2003 + P ELASTIC POL(MU) 0O 1.940+1 1,940+ (o]
2104 O 73 1002 3 26 0 2 1002 (0,P) 1003 POL(MU) O 6.000+0 1.500+1 0
2105 O 74 2003 2 2 0 2 1 2003 + P ELASTIC POL(MU) O 1.050+1 1.050+1 0
2106 O 76 2003 2 2 0 2 1 2003 + P ELASTIC POL(MU) 0 2.300+0 8.800+0 0
2107 O 73 2003 2 2 0 2 1 2003 + P ELASTIC POL(MU) O 1.623+1 1.623+1 0
2108 0 79 2003 2 2 0 2 1 2003 + P ELASTIC POL(MU) O 1.750+0 4.500+0 o]
2109 0 73 2003 2 2 0 2 2003 + P ELASTIC POL(MU) 0O 6.800+0 6.800+0 [o]
2110 0 78 2003 2 2 0 2 2003 + P ELASTIC POL(MU) O 6.820+0 1.077+1 0
2111 0 70 2003 2 2 0 2 1 2003 + P ELASTIC POL(MU) O 1.240+1 1,620+1 0
2112 0 M 2003 2 2 0 2 2003 + P ELASTIC POL(MU) O 1.,360+1 1.360+1 [o]
2113 0 71 2003 2 2 0 2 2 2003 + P ELASTIC XS(MU) 1.800+1 1.800+1 0
2114 O 65 3007 6 34 1 6 2 3007 (A,A) 3007 XS (MU) 4.390+0 5.920+0 (o]
2114 O 65 3007 6 34 1 6 2 3007 (A,A) 3007 4.776-1 XS(MU) 4,390+0 5.920+0 0
2115 0 79 1003 3 IR 0 i 1 1003 (D,N) 2004 POL(MU) O 3.00040 6.000+0 0
2116 0 74 1003 3 IR 0 i 1003 (O,N) 2004 POL (MU) o 7.000+0 7.000+0 [o]
2117 O 66 2003 2 2 0 2 1 2003 + P ELASTIC POL (MU) 0O 1.620+1 1.970+1 0
2118 0 62 1003 4 11 0 0 0 1003 (T,N) 2005 INT.XS 6.000-2 1.150+0 0
2119 0 77 2004 4 2 0 4 2 2004 + T ELASTIC XS (MU) 7.600+0 1.000+1 o}
2119 0 77 2004 4 2 0 4 N 2004 + T ELASTIC POL (MU) O 7.600+0 1.000+1 0
2120 O 80 2004 4 2 0 4 2 2004 + T ELASTIC XS (MU) 6.000+0 1.400+1 0
2120 O 80 2004 4 2 0 4 11 2004 + T ELASTIC POL(MU) O 6.000+%0 1.400+1 0
2121 O 82 2004 4 IR 0 1 2 2004 (T.N) 3006 XS(MU) 8.745+0 1.289+1 [o]
2121 0 82 2004 4 B! 1 1 2 2004 (T,N) 3006 2.186+0 xs(mMuU) 8.745+0 1.289+1 (o]
2122 0 76 2004 4 2 0 4 3 2004 + T ELASTIC EX.FUNCT. 8.500+0 9.050+0 [o]
2123 0 75 1002 3 11 0 i 1002 (O0.N) 2003 POL (MU) 0O 1.100+0 5.450+0 0
2124 O 84 2003 2 2 0 2 1 2003 + P ELASTIC POL (MU) O 2.140+1 4.960+1 [o]
2125 O 84 2003 2 2 0 2 2 2003 + P ELASTIC XS (MU) 1.950+1 4.750+1 0
2126 O 84 6012 4 2 0 4 2 6012 + T ELASTIC XS (MU) 9.000+0 1.100+1 o}
2126 O 84 6012 4 2 0 4 11 6012 + T ELASTIC POL(MU) O 9.000+0 1.100+1 [o]
2127 O 83 1001 3 11 0 1 2 1001 (O.N) 2002 XS(MU) 4,280+1 4.280+1 (o]
2128 O 83 2004 3 54 (o] 0 0 2004 (0.PA) 1 INT.XS 1.200+1 1.700+1 0
2131 O 81 4009 4 34 1 6 2 4009 (T.A) 3008 6.530+0 XS(MU) 1.700+1 1.700+1 [o]
2131 O 81 4009 4 34 1 6 11 4009 (T.A) 3008 6.530+0 POL(MU) O 1.700+1 1.700+1 o}
2132 0 81 1001 3 26 0 2 1 1001 (0,P) 1002 POL(MU) O 1.600+1 1,600+1 [o]
2133 0 79 1002 3 11 0 i 1 1002 (O.N) 2003 POL (MU) O 1.550+1 1.700+1 (o]
2133 0 79 1002 3 26 0 2 1 1002 (0,P) 1003 POL (MU) O 1.400+1 1,.700+1 0
2134 0 79 4009 4 [o] 0o 10 2 4009 (T XS(MU) 1.700+1 1.700+1 0
2134 0 79 4009 4 0 0o 10 11 4009 (T POL(MU) O 1.70041 1.700+1 (o]
2135 0 77 2003 4 28 0 3 11 2003 (T7,0) 2004 POL (MU) O 9.000+0 1.700+1 o}

2 This example is from the master bibliography.
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TABLE VII

PART OF A TYPICAL REFERENCE-ORDERED BIBLIOGRAPHY FOR AN ECSIL2 LIBRARY?

REF 8IBLIOGRAPHY

528
528

529
529

530
530

531
531

532
532
532

533
533

534
534
535

536
536

537
537

538
538

539
539

540

PHYS. REV. 87, 932 (1952):T.M.PUTNAM (U.C.BERKELEY) 2004

UCRL-1447 (1951)

PHYS. REV. 88. 433 (1952) J.C.ALLREO, A.H.ARMSTRONG, 1002

R.O.BONOELIO, L.ROSEN (LASL)

PHYS. REV. 88, 1408 (1952) K.B.MATHER (WASHINGTON U.) 1001
1002

PHYS. REV. 90, 899 (1953) H.R.WORTHINGTON. J.N.MCGRUER. 1001

O.E.FINOLEY (UNIVERSITY OF WISCENSIN)

PHYS. REV. 91. 438 (1953) G.R.BRIGGS, S.SINGER. 2004
W.K.JENTSCHKE (UNIVERSITY OF ILLINOIS)

OATA TAKEN FROM LA-2014 (1956)

PHYS. REV. 91, 438 (1953)

PHYS, REV. 92, 660 (1953) F.E.STEIGEST, M.B.SAMPSON 2004
(INOIANA UNIVERSITY)

OATA NOT EXPERIMENTAL POINTS BUT ARE TAKEN FROM CURVES IN

LA-2014 (1956) SO THAT THEY ARE ROUGHLY LINEARLY INTERPOLABLE

PHYS. REV. 92, 1501 (1953) T.LAURITSEN. T.HUUS, 2004
S.G.NILSSON (OENMARK)

PHYS. REV. 93, 825 (1954) G.FREIER, H.HOLMGREN 2003
(UNIVERSITY OF MINNESOTA) 2003

OATA TAKEN FROM LA-2014 (1956).

PHYS. REV. 93, 837 (1954) W.E.KREGER, W.JENTSCHKE, 2004
P.G.KRUGER (UNIVERSITY OF ILLINOIS)

PHYS. REV. 93, 928 (1954) K.F.FAMULARO, R.J.S.BROWN, 2003
H.O0.HOLMGREN, T.F.STRATTON (UNIVERSITY OF MINNESOTA)
OATA TAKEN FROM LA-2014 (1956).

PHYS. REV. 95, 772 (1954) M.E.ENNIS, A.HEMMENOINGER (LASL) 1003
PHYS. REV. 95, 1226 (1954) J.L.YNTEMA, M.G.WHITE 1001
(PRINCETON UNIVERSITY)

PHYS. REV. 96, 1322 (1954) E.J.ZIMMERMAN, R.O.KERMAN, 1001
S.SINGER, P.G.KRUGER, W.JENTSCHKE (UNIVERSITY OF ILLINOIS)

PHYS. REV. 98, 28 (1955) 0.0.CALOWELL, J.R.RICHAROSON 1002
(U.C.L.A.)

PHYS. REV. 100, 960 (1955) G.C.PHILLIPS, J.L.RUSSELL. 2004
C.W.REICH (RICE UNIVERSITY)

OATA OBTAINEO FROM LA-2014 (1956).

PHYS. REV. 128, 707 (1962) L.STEWART. J.E.BROLLEY.JR.. 2004

2 This example is from the master bibliography.

REACTION
+ P ELASTIC

+ P ELASTIC
+ 0 ELASTIC
+ P ELASTIC

+ P ELASTIC

+ A ELASTIC

+ A ELASTIC

+ O ELASTIC

+ 0 ELASTIC
(0.A) 1001

+ P ELASTIC

+ P ELASTIC

+ P ELASTIC

+ P ELASTIC

+ P ELASTIC

+ P ELASTIC

+ A ELASTIC

+ O ELASTIC

MEASUREMENT

XS(MU)
XS(MU)
XS (MU)
EX.FUNCT.

Xs(Mu)

XS(MU)

EX.FUNCT.

EX.FUNCT.
INT.XS

Xs(Mu)

Xs(MU)

XS(MU)

Xs(MU)

XS (MU)

XS(MU)

XS(MU)

XS (MU)

ENERGY

9.480+0
9.700+0
1.020+1
5.100+0

1.855+0

2.180+1

1.288+1

1.000+0

3.840-1
3.200-1

5.780+0

8.200-1

9.900-1

1.800+1

5.770+0

2.057+1

2.960+0

6.000+0

RANGE
9.480+0

9.850+0

1.020+1

5.100+0

4.203+0

3.000+1

2.162+1

1.200+0

5.720-1
5.700-1

5.780+0

3.520+0

2.548+0

1.800+1

5.770+0

2.057+1

5.764+0

1.370+1

POINTS

[oNe}
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AUTHOR

ABBONOANNO, U.
ABRAMOVICH, S.M.
ABRAMOVICH. S.N.

AD’YASEVICH, B.P.
AOELBERGER., E.G.

AOLOFF, J.C.
AOYASEVICH, B.P.
AGNEW, H.M,
AGUILAR, J.
AHMEO OSMAN
AJZENBERG-SELOVE,

AKIYAMA, M.

AL’ -0ZHAUAKHIRI,
ALBERT, R.O.
ALBERTS. H.W.
ALBURGER, O.E.
ALEKSIC, M.
ALEKSIC. M.R.
ALESSI. V.E.
ALEXANOER. T.K.
ALFORO, W.L.
ALLAB. M.
ALLABY, J.V.
ALLAN, O.L.
ALLAS, R.G.
ALLEN, K.W.
ALLEN, R.C.
ALLREO, J.C.

ALMONO. P.R.
ALMQVIST. E.

ALSORAYA, A.M.
AMBROSINO, G.
AMCHALI, F.
AMES. O.
AMMIRAUJU, P.
AMOKRANE. A.
ANOERS. B.
ANOERSON, A.N.
ANOERSON, B.O.
ANOERSON, J.O.

ANORAOE, E.
ANDRE., G.O.
ANDREEV, G.B.
ANOREEV, M.F.
ANNEGARN, H.O.

TABLE VIII

PART OF A TYPICAL AUTHOR-ORDERED

CITATIONS
309+
21«
90+ 94 *
847 903
755+
101+« 235«
1006
6+ 41
2197+
703+« 719
983
T«
F. 50« 93+«
190+ 1211+
1223+« 2131
939
A.U. 1039+«
1134+«
648
91«
348 1156
96+« 488
168
318 804
825
19 857=
2148+
698+«
135 741+«
92« 109+
60 591=
502 505+
526+ 562*
126= 653
92 109
1232+« 1285
2020+
730+
729
193« 196+«
1082+
7"
350+ 803«
29
183« 2119
331 687
978« 1135+
12+« 415
312+
902+ 1178+
1057
824+

95+
1219+«

11595
1203

785+
258
704
506
680+

258

749
1136
2030

1270+«

845

956

100+
1222

2058

524«

881«

787
2035

BIBLIOGRAPHY FOR AN ECSIL2 LIBRARY

AUTHOR

ANNEGARN, H.J.
ANTONENKO, V.G.
ANTOUFIEV, Y.P.
ANTTILA, A.
ARENA, N.

ARGO., H.V.
ARIFKHANOV, U.R.
ARMITAGE, B.H.
ARMSTRONG. A.H.
ARMSTRONG. 0.0.

ARMSTRONG, W.T.
ARNOLO, L.G.
ARNOLO, W.
ARNOLO. W.R.
ARTEMOV. K.P.

ARVIEUX, J.
ASFOUR, F.
ASHMORE, A.

ASSIMAKOPOULOS, P.A.

AUCHAMPAUGH, G.F.
AUOEBERT, B.
AUSTIN, S.M.
AUTON, O.L.
AUWARTER, W.
AVER’YANOV,
AVES, R.
AVIDA, R.
AZIMOV, S.A.
AZUMA, R.E.
BABA, M.
BACH, G.G.
BACHER, A.O.

I1.K.

BAOOVSKIV., V.P.
BAORINATHAN, C.
BAGGETT, L.M.
BAHR, K.
BAILEY, C.L.
BAIR. J.K.

BAIRO, S.

BAKER, C.P.
BAKER., M.P.
BAKER. S.0.
BALABANOV. E.M.
BALAKRISHNAN, M.
BALASHKO, IU.G.
BALASHKO, YU.G.

CITATIONS
1079+«
755 2197
356+«
789« 796+«
626« 925+«
570 703
99+« 883«
2025
505 526
2104 2152
2208 2212
2154
808 2131«
20 1302
688+
97+« 98+«
742« 1265+«
61 70
616 1151
2055
2148
602« 2010+
849
1045
316+ 756
1199+«
353*
1057
697
148
977+
898 899
469 939
1090+
55 65
510 585+
425
231
282+ 283«
1250+«
567
308+ 684
2034
42
93
53¢
2101 2103+
2191
835+ 836*
277+«
66*
67+« 702+«

719+
977

716
2171
2214

601%
2184+
1154

2036+

891

1298

77+
587+«

1144

2109

7214

2179

696+

2048

98 1=

486

1220+«

2154



TABLE IX

PART OF A TYPICAL TAG-ORDERED BIBLIOGRAPHY FOR AN ECSIL2 LIBRARY

REF-N REFERENCE

TAG
AB70 94
AB73 90
AB75 909
AB79 21
AB8O 421
ADE7 2197
ADES 235
AD714 41
AD71 101
AD72 6
AD81 755
AGS5 1 703
AHT9 7
AJ54 1219
AJS6 190
AJ59 93
AJ59 100
AJ6o 1211
AJ6ES 95
AJ68 1223
AJ78 50
AL49 562
ALSo 680
AL50 698
ALS1 524
ALS52 505
ALS52 526
ALS4 92
ALS54 881
ALSS 591
AL59 1232
AL60O 109
AL61 1134
ALE61 2148
ALB3 741
AL6EB 126
AL66 91
AL67 1039
AL70 96
ALT74 785
AL76 857
AL77 2020
AM49 1082
AMS7 196
AMSS8 193
AMé66 730
ANGO 312
AN62 1270
ANG3 356
AN63 1178
AN64 1135
ANGS 902

1300 references contributed by LLNL and 230 added at Los Alamos.

1ZV.AKAD.NAUK SSSR (SER.FIZ.) 34, 1724
1ZV.AKAD.NAUK SSSR (SER.FIZ.)  37. 1967
NUOVO CIMENTO 29, 187
YAD.FIZ. 30, 1276

YAD.FI1Z. 32, 402

SOV. J.NUCL.PHYS. 5. 665
NUCLEAR PHYS. 124, 49
PHYS.REV.C 3, 1808
BULL.AM.PHYS.SOC. 16, 829
PHYS.REV.C 5, 664

YAD.FIZ. 33, 1167

PHYS.REV. 84, 862

ANNALEN DER PHYSIK 36, 56
PHYS.REV. 95, 1531

PHYS.REV. 103, 356

PHYS.REV. 116. 1521
BULL.AM.PHYS.SOC. 4, 258
PHYS.REV. 120, 500

PHYS.REV.B 139, 592

NUCLEAR PHYS. 116, 481
PHYS.REV.C 17, 1283

PHYS.REV. 76, 1430

PHYS.REV. 79, 227
PROC.ROY.SOC. (LONDON) 204, 500
PHYS.REV. 82, 786

PHYS.REV. 88, 425

PHYS.REV. 88, 433

PHYS.REV. 96, 684

CANADIAN U.OF PHYS. 32, 621
PHYS.REV, 111, 1129

PHYS.REV. 114, 1040
PROC.PHYS.SOC. 75, 913
PHYS.REV. 122, 862
PROC.PHYS.SOC. 77, 234
BULL.AM, PHYS.SOC. 8. 538
NUCLEAR PHYS. 72, 436
PHYS.REV.C 143, 692

YAD.FIZ. 6. 248

FIZIKA 2, 113

PHYS.REV.C s, 787

NUOVO CIMENTO 36, 95

NUCLEAR PHYS. 280, 61
PHYS.REV. 76, 1421

PHYS.REV. 106, 775

PHYS.REV. 109. 1639

J.PHYSIQUE C 1. 62

NUCLEAR PHYS. 15, 464
BULL.ACAD.SCI.USSR (PHYS.SER.)  26. 1147
NUCLEAR PHYS. 48. 299
IZV.AKAD.NAUK SSSR (SER.FI1Z.)  27. 1282

PHYS.REV. 136.B 118

1ZV.AKAD.NAUK SSSR (SER.FIZ.) 29, 211

Several hun-

dred additional references already located by LLNL and Group T-2 of Los Alamos

will be added in the near future.

The utility codes are based on those written for ECSIL by D. E. Cullen.42

Some have been updated to be CFT compatible, and some have been completely re-

written using the old programs as a guide.

rently operational:

The following functions are cur-
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DEX -- indexing code. Produces various sorted directory listings (see
Tables V and VI).

CHK -- bibliographic checking code. Works with an index from DEX and the
bibliography file to produce various bibliographic listings (see
Figs. 3-5).

REF -- an interactive code for creating reference entries.

FIXDIR -- an interactive code for changing or inserting entries in an ECSIL2
directory.

FLTR -- reference filter code. Can be used to produce a complete biblio-

graphy for a particular author.
EDAD -~ converts EDA data decks into ECSIL2Z format.

UPD -- updates an ECSIL2 library (directory and data files) using input
cards from EDAD or other sources.

These codes still need to be refined and extended. In addition, a code
analogous to the ECSIL checking code ECSCEN is needed, and a code to convert
from ECSIL to ECSIL2 will be required eventually.

This program is still in the early stages and suggestions from experi-

mentors and evaluators are welcome.

C. ENDF-VI Development (R. E. MacFarlane)

During the last several years, we have been involved in a cooperative
effort to design an enhanced format (the "ENDF-VI format") for the next version
of the evaluated nuclear data libraries (the "ENDF/B-VI library"). The format
will also be used for the Joint European File (JEF). A coordinated format pro-
posal was submitted to the Cross Section Evaluation Working Group (CSEWG) in May,
and a revised draft of the format manual was sent to the National Nuclear Data
Center (NNDC) at Brookhaven in September. They are in the process of preparing
a preliminary complete manual.

In the meantime, C. Dunford of the National Nuclear Data Center has pre-
pared revised versions of the ENDF/B checking codes, and the following codes

have been installed on the Los Alamos CDC 7600 enviromment using FTNS:

STANEF -- standardizes evaluations,

CHECKR -- checks for correct format,

FIZCON -- checks for valid data and conformance to recommended pro-
cedures, and
PSYCHE -- checks physics content.
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A few minor changes were required to alter interactive input capabilities from
a PDP10/VAX environment to the Los Alamos FIN/CFT environment.. In addition, a
few minor errors were fixed, and a File 6 checking routine was added to PSYCHE.
This routine checks Legendre distributions for negative emission probability
and checks most reactions for energy-balance consistency.

The new ENDF checking codes were then used on the recent 63Cu and 65Cu
evaluations from Hetrick, Fu, and Larson of the Oak Ridge National Laboratory
(ORNL).44 Several format errors were discovered and fixed.. In addition, the
energy balance tests revealed two other problems.

First, there are errors as large as 20% in the energy balance for reac-
tions like (n,2n), (n,n'p), and (n,p), especially near thresholds. These
errors result from the relatively coarse energy bin structure (500 keV) used in
the nuclear model calculations (see Ref. 44 for details). When spectrum of the
emitted particle has an unfavorable shape, it is difficult to conserve cross
section and average energy at the same time. This problem can be reduced by
using smaller bins, variable-width bins, or special procedures for adjusting
the model code output to fit energy production calculations. In practice, the
new evaluations are an advance over ENDF/B-V, and the energy-balance errors
observed should not distort the total nuclear heating and damage numbers sig-
nificantly.

The second problem is with radiative capture. The ORNL evaluation did not
address the region below 2 MeV, and the capture photon yield and spectra were
simply carried over from ENDF/B-V. Unfortunately, the old evaluation has
energy-balance errors up to 60% in the region from 100 keV to 1 MeV. We pro-
pose (with ORNL concordance) to reduce the yields to achieve explicit energy
conservation. This should improve the results in the interim until ORNL com-

pletes their planned re-evaluation of copper at energies below 1 MeV.
III. NEUTRON ACTIVATION, FISSION PRODUCTS, AND ACTINIDES

A. Calculation of Neutron Sources and Activation in 50-MeV Proton Accelerator

Materials (W. B. Wilson and E. D. Arthur)

Work is ongoing in Los Alamos Group AT-4 on the design of the Accelerator
Test Stand Upgrade (ATSU) 50-MeV high-current lH- linear accelerator, beam neu-
tralizer, and facility. A major consideration in the facility design is the
specification of radiation shielding for beam-spill and beam-dump neutrons and

activation gamma rays. Recent thick-target neutron yield measurements for
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30-MeV and 52-MeV protons on C, Fe, Cu and Pb by Nakamura et al.as’46

have been
used to describe the neutron source produced at the graphite beam dump and at
ten positions/energies within the Cu of the drift tubes of the accelerator.
These measured angular neutron yield spectra have been supplemented by calcu-
lations of angular neutron yield spectra for 5-50 MeV protons on Al and Cu.

These calculations proceed as follows:

o Neutron-production cross sections and center-of-mass isotropic neutron
spectra are calculated with the GNASH preequilibrium nuclear reaction

model code5 for each target nuclide on a grid of proton energies ranging
from threshold to 50 MeV.

o Neutron-production cross sections and spectra are used with Kalbach-Mann
angular distribution systematics18 to produce double-differential neutron

production cross sections.

o The neutron-production cross sections and double-differential neutron pro-
duction cross sections are used with the proton stopping cross-section
data of Anderson and Ziegler47 to calculate the total thick-target neutron
yield and the angular neutron yield spectra on a grid of laboratory proton
energies and center-of-mass neutron energies and emission angles.

The GNASH calculated 63,65

Cu(p,x)n neutron-production cross sections, the
proton stopping cross sections of Cu, and the calculated p+Cu thick target
neutron yield are shown in Fig. 20. The calculated center-of-mass angular neu-
tron yield spectrum for 30- and 50-MeV protons on Cu is shown in Fig. 21 at
30°; also shown is the corresponding measured laboratory system data of
Nakamura et al.46 for 30- and 52-MeV protons on Cu.

The thick target neutron yield and angular neutron yield spectra from pro-
tons on Al were also calculated, following the same procedure. The GNASH cal-
culated 27Al(p,X)n neutron-production cross section, the proton stopping cross
sections of Al, and the calculated p+Al thick-target neutron yield are shown in
Fig. 22. The calculated center-of-mass angular neutron yield spectrum for
30-and 50-MeV protons on Al is shown in Fig. 23 at 30°.

Calculations were also made to describe the radiation hazard associated
with radionuclide production by beam spills in the copper of the accelerator's

drift tubes. Activation of Cu was assumed to occur at each of ten locations in

the linear system at ten corresponding proton energies. Thick target nuclide
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production rates were calculated using evaluated p+Cu reaction cross sections
and the proton stopping cross sections of Cu',47 these production rates were
used with basic radionuclide decay data, an assumed conservative one-year
operating history, and a constant 0.3 pAmp/m spill rate to calculate the tempo-
ral radionuclide inventories and their aggregate gamma sources in a code util-
izing CINDER methodology. The temporal sources were each isotropically trans-
ported without attentuation to representative response locations at which gamma
fluxes were combined with response functions to calculate tissue dose equiva-
lent rates. These rates, at positions 1 m offset from the accelerator axis at
the exit of the accelerator, are shown in Fig. 23.

In an earlier work, Fulmer and Kindred48 calculated activation and gamma
dose-equivalent rates at 10 cm resulting from proton, dueteron, 3He, and o bom-
bardment of C, Al, Fe, Cu, and Ta. Data are presented for 10-65 MeV protons on
Cu for irradiation times of 8-720 hours and cooling times of 1-168 hours. We
have compared calculated dose equivalent rates from the present work (Los
Alamos) and from Fulmer and Kindred48 (0Oak Ridge) in Table X for proton ener-
gies £ 50 MeV. In general, the agreement is poor for proton activation below
30 MeV. However, the agreement for incident 40- and 50-MeV proton activation
is remarkably good considering that none of the data or calcilational tools are

common to the two calculations.
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Fig. 20. GNASH-calculated 63’GsCu(p,X)n cross sections, proton stopping cross
section of Cu, and calculated p+Cu thick target neutron yield. 19
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Fig. 21. Angular neutron yield spectra, p+Cu, 30°
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COMPARISON OF CALCULATED RADIATION DOSE RATE FROM THE DECAY OF

TABLE X

ACTIVATION PRODUCTS PRODUCED BY PROTON IRRADIATION OF COPPER

DOSE RATE AT 10 CM.

(REM/HR-MICROAMP)

BEAM COOL T0-MEV 20-MEV 30-MEV 40-MEV S50-MEV
TIME TIME PROTONS PROTONS PROTONS PROTONS PROTONS
,HRS _HRS _ORNL _LANL ORNL _ _LANL ORNL _ _'LANL  ORNL LANL ORNL LANL
8 {1 T.969 ~.106 §.18 .84t 9.26 3.66 12.6 10.5 15.7 24.8
8 .00059 .00167 .28 . 161 2.12 1.47 3.19 3.06 4.04 4.42
16 .00015 .00162 .153 .0873 1.12 .789 1.48 1.33 1.67 1.76
24 .00015 .00162 .0B4  ,049g .61 .454  .764 .707 .832 ,B97
168 .00015 .00159 .00045 .00475 .00050 .00575 .010 .006 .024 .007
24 1 .970 .109 5.58 1.07 12.3 5.74 16.8 14.5 20.8 30.3
8 .00088 .00490 .517 298 3.85 2.71 5.43 5.10 6.54 7,08
16 .00045 .00485  .284 . 167 2.07 1.51 2.66 2.46 2.96 3.18
24 .00045 .00484  .157 .0981 1.3 .889 1.41 1.28 1.54 1,74
168 .00044 .00476 .0013 .0142 ,00i5 .0170 .030 .019 .(C72 .02
a8 1 .970 .114 5.73  1.16 13.3 6.58 18.1 15.8 22.3 31.9
8 .0013 .00974 .604  .359 4.47 3.25 6.21 5.93 7.41 8,13
16 .00089 .00968  .333 .207 2.41 1.85 3.10 2.98 3.47 3.85
24 .00089 .00967  .184  .127 1.82  1.10 1.67 1.71 1.86 2.18
168 .00087 .00951  .0027 .0284 .0029 .0335 .061 .037 .143 041
168 1 .973  .138 §.77 1.25 12.5 6.92 18.5 16.3 22.9 32.6
8° .0036 .0337 .664 .441 4.64 3.51 6.57 6.32 8.32 B.63
16 .0032 .0337 .369 .285 2.50 2,06 3.35 3.27 3.95 4.22
24  ,0032 .0336 .207  .202 1.837 1.26 1.88 1.94 2.30 2.46
168  .0031 .0331 .0092 .0988 .010 .144  .216 .125 ,491 135
720 1 .983  .244 5.80 1.57 13,6 7.28 19.2 16.7 24.5 33.0
8 .0015 .140 .697  .758 4.68 3.87 7.28 6.71 9.60 9.05
16  .0014 .140 .401  .601 2.54 2.41 4,07 3.66 5.56 4.64
24  .0014 .139 .240  .519 1.41 1.63 2,59 2.33 3.90 2.89
168 .0014 137 .041  _410 .045  ,470 .BB6 .511 2.00 .552
ORNL = C. B. Fulmer and G. Kindred, Oak Ridge National Laboratory (see Ref. 49).
LANL = Present work, Los Alamos National Laboratory.
B. Calculation of Neutron Sources in PWR Fuel [W. B. Wilson, R. T. Perry

(Texas A&M University), J. E. Stewart (Q-1), and T. R. England]

The SOURCES code and library, under development for the past five years,
calculates B-,n-delayed, spontaneous-fission, and (da,nn) neutron sources and
spectra due to the decay of an input inventory of radionuclides in homogeneous
media. Delayed neutron spectra are calculated with evaluated halflife and Pn
data using preprocessed spectra for the 105 individual precursors. Sponta-
neous-fission spectra are calculated with evaluated halflife, SF branching, and
v data using Watt spectrum parameters for 43 actinides. The (a,n) spectra are
calculated with a library of nuclide decay o spectra, evaluated (a,n) cross-
sections and product-nuclide level branching fractions, and functional o stop-
ping cross sections using an assumed isotropic neutron angular distribution in

the center-of-mass system.
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These neutron spectra are now supplemented by photoneutron spectra cal-
culated with PHONX84, an evolved version of PHONEX. PHONX84 uses an input Y
energy-binned fluence and deuterium atom density, and evaluated 2H(y,n) photo-
electric and photomagnetic cross sections using isotropic photomagnetic and
sin26 photoelectric neutron angular distributions in the center-of-mass system.
Individual y spectra for 86 fission-product nuclides have buen processed from
ENDF/B-V. Monte Carlo photon transport calculations have been made with MCNP
for y sources homogeneously distributed in the fuel of a ZR-4 clad PWR fuel rod
centered in a repeating cubic cell with reflecting boundaries and outside
dimensions equal to the rod pitch; these calculations yielded water-volume
integrated y energy-binned fluences for unit y sources at each energy boundary
of the %-MeV bin structure extending to 7 MeV. PHONX84 calculations of photo-
neutron spectra were performed for unit fluences in each Y energy bin. The
unit-source fluénces were then combinéd with the unit-fluence photoneutron
spectra and the processed ENDF/B-V fission-product y spectra to produce unit-
decay PWR photoneutron spectra for each fission-product nuclide.

The combined SOURCES/PHONX84 capability has been demonstrated in the cal-
culation of the neutron source in discharged 31.5-GWd/tU 2.56% initial enrich-
ment H. B. Robinson-II PWR fuel for cooling times extending to 100 years. The
inventory of fission products and actinides at shutdown and at cooling times of
interest were obtained in CINDER calculations. These calculated inventories
were input to SOURCES for the B-,n-delayed, spontaneous-fission and (a,n) source
and spectra contributions; photoneutron contributions were obtained by combin-
ing the inventories with the unit-decay photoneutron spectra described above.
The total neutron source rates associated with each source are shown in Fig. 25
for shutdown times extending to 100 y. Neutron source spectra have also been
calculated in a 100-keV bin structure; the neutron spectra calculated at a

shutdown time of 700 s are shown in Fig. 26.
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C. Application of Evaluated Fission-Product Delayed-Neutron Precursor Data

in Reactor Kinetics Calculations [R. T. Perry (Texas A&M Univ.), W. B.
Wilson, T. R. England, and M. C. Brady (Texas A&M Univ.)]

The temporal production of B-,n-delayed neutrons following fission have

routinely been described using six precursor groups. These groups originated
as fits to experimentally measured neutron signals following fission pulses or
long irradiations in critical assemblies.49 Use of the six-group delayed-neu-
tron representation in reactor kinetics calculations has become an industry
standard.

Six-group data, describing the aggregate temporal delayed-neutron behavior,
have been progressively reevaluated for versions of ENDF/B.50 Data describing
the individual precursors have been produced in more recent measurements and
nuclear model code calculations. The fission-product decay data and fission
yields of ENDF/B-V and the updated precursor decay data of Ref. 51 form a con-
sistent set of delayed-neutron precursor data with which a variety of delayed-
neutron properties may be calculated.

This data set includes the identities, decay constants, neutron branching
(Pn) values, detailed neutron emission spectra, and fission yields of 105
delayed-neutron precursors. Each of these are yielded directly in fission; all
but one are also produced by the decay of one or more parent nuclide. The
description of the temporal inventory and delayed-neutron production rate of
the 105 precursors requires the description of the temporal inventory of 121
additional parent radionuclides. -

We have used this detailed library of data to describe the temporal con-
centrations of the 226 fission-product nuclides, including the 105 delayed-
neutron precursors, and their individual and aggregate delayed neutron contri-
butions in point reactor kinetics calculations. In order to account for the
production of delayed-neutron precursors by the decay of parent nuclides, the

kinetics equations have to be reformulated. The equations become:

226 .
dn(t) _ p(t)-B 1
T S OO 2, Mifa M)
dNi(t) ‘A 226
= — t) - AN.(t) + 2 A.B. .N.(t
T3 W T AN D) 2B N
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where n(t) is the neutron density as a function of time, t; p(t) is the reac-
tivity, A is the prompt neutron generation time, B is the delayed neutron
fraction; N.(t) is the temporal concentration of fission-product nuclide 1ij;
Ai is the decay constant of nuclide 1i; v; is the independent fission yield of
nuclide i; v is the average number of neutrons per fission; P is the branching
fraction for producing a neutron from the decay of nuclide i; and B._>i is the
nuclide j decay branching fraction for productlon of nuclide 1i.

With the exception of the term 22 A. Bn+i Nj(t), the equations are simi-
lar in form to the point reactor k1net1cs equations. Thus, the numerical me-
thods used in the AIREK-352 code, with some modifications to handle the extra
term, are applied to obtain solutions for Ni(t) and n(t), as functions of time.

Several methods were used to validate the numerical solution of the revised
code, now called AIREK-10. The validations included:

1. Comparison with an analytical solution of neutron density 10 seconds

following a step input of reactivity. The comparison was made with a fic-

titious set of nuclide data, small enough that an exact solution could be

obtained.

2. Comparison with aggregate delayed neutron production rates calculated

by CINDER-10 following pulse and infinite irradiation.

In all cases, excellent agreement was obtained.

Calculations of the neutron density as a function of time were made using
six group constants and compared with the results using 226 nuclides.

In Table XI, the neutron density at 9.98 seconds following a + $0.50-step
input in a 235U thermal fission system for various six group parameter sets

and 105 precursor/226 nuclide parameters is given.

TABLE XI
NEUTRON DENSITY 9.98 s FOLLOWING A +$0.50 STEP, 235U THERMAL FISSION
105-precursor England52 Keepin®0 ENDF/B-V51
226-nuclides 6-groups 6-groups 6-groups
16.167 13.783 12.147 11.892

The significant result of this comparison is that the neutron density fol-
lowing the step input, calculated with the evaluated precursor data, is sig-

nificantly greater than that calculated with any of the 6-group approximations.
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The implication is that reactivity measurements evaluated with 6-group cal-
culations may significantly underestimate control rod worths and all reactivity
worths evaluated relative to control rod positions (e.g., temperature, void,

xenon, and excess reactivity worths).

235

Initial calculations have been limited to U thermal systems; calcula-

tions for other systems and inclusion of neutron spectral effects are proposed.

D. Evaluation of Experimental Delayed Neutron Spectra [T. R. England, M. C.

Brady (Texas A & M University)]

Experimental delayed neutron spectra were received from K. L. Kratz (In-
stitut fiir Kernchemie der Universitdt Mainz, Mainz, Germany) in November 1983.

Spectral data were included for 87Br, 89Br, 90Br, ngr, 92Br, 92Rb, 94Rb,

96Rb, 97Rb, and 98Rb. The data were in the form of counts per channel vs
channel number and a value of 4 keV/channel was given to calibrate a relative

energy scale.

All spectra have been converted to energy scales. The spectra for 87Br,

92Rb, and 94Rb have been normalized and reduced to 10 keV-energy bins, and
average energies have been calculated. The energy scales for these three iso-
topes are estimated to be accurate to 14 keV. The energy scales for the re-
maining bromine isotopes should be improved to similar acciracy when correc-
tions are made to subtract the thermal peak present in each of these spectra
(Sg-ngr). Slight corrections are also required for the energy scales of 96Rb
and 98Rb. The spectrum for 97Rb appears to contain a baczground of counts,
which must be removed, and requires a slight correction in its energy scale to
achieve an accuracy of *4 keV. Finally, these remaining spectra will be nor-
malized and reduced to 10 keV bins and average energies will be calculated.

These data are reduced to 10 keV bins because most of our measured data
from other sources and all model estimated spectra is in 10-keV bins.

We are, however, lacking an adequate method of determining the uncertain-
ties associated with the peaks. This is primarily due to a lack of information
pertaining to the unfolding procedure used to convert the data from pulse
height spectra to delayed neutron spectra. We have contacted K. L. Kratz and
hope to resolve the problem.

Figures 27 and 28 provide comparisons of earlier data received from Gosta
Rudstam (Swedish Research Councils Laboratory, Nykoping, Sweden) with the cur-

rent Kratz data for 87Br and 94Rb, respectively.
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E. Feasilibity Study of a Thermal Neutron Driven 14-MeV Neutron Source [R. T.
Perry, T. A. Parish (Texas A& University), W. B. Wilson]

The purpose of the study was to determine the feasibility of using a flat
plate containing 6LiD in conjunction with a University Research Reactor to pro-
duce a simulated fusion plasma neutron source. The fusion plate would have

possible use in benchmarking theoretical calculations of importance in fusion

reactor design.

53

It has been well established that fusion neutrons can be produced

through a series of nuclear transformations, beginning with a thermal neutron

capture in 6Li:

o+ %Li » t+a+Q . (1)

If the 6Li is in the form of 6LiD, then the triton produced in Eq. (1) is suf-

ficiently energetic (2.73 MeV) to produce a fusion neutron from the d-t reac-

tion:

d+t->a+no+Q . (2)

The 1MW TRIGA Research Reactor at Texas A& University's Nuclear Science
Center has facilities large enough to handle a plate containing 6LiD of dimen-
sions 60 x 60 cm. The average thermal flux across the face of the fusion plate
would be 2 x 1012 n/cm2 - s. The neutron source strength and spectra from this
fusion plate were determined in this study.

A 324-gram 6LiD plate measuring 60 x 60 cm x 1 mm has been selected. The
1-mm thick sheet of 6LiD will capture 99% of the thermal neutrons entering. By
computing the variation of the thermal flux inside the slab and using the range
of a 2.7-MeV triton in 6LiD, it was calculated that between 10 and 30% of the
the tritoms produced will escape a 1l-mm thick slab of 6LiD. "These two values
are based, respectively, on whether the thermal flux is assumed to be a beam or
isotropic on the face of the slab. The 6LiD could be thinner than 1 mm and
still capture most of the incident neutrons; however, the triton loss would
become excessive.

As noted earlier, the triton produced in Eq. (1) may result in the d-t
reaction. While this is the principle reaction, the production of neutrons

from the t-6Li reaction must also be considered.
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The neutron yields for these two reactions were calculated using the thick
target approximation with methodology developed earlier.54 Stopping powers
used were those of Anderson and Ziegler.47 Neutron production cross sections
for 6Li were obtained from a paper by A. K. Val'mer, et al.55 Linear interpo-
lation was used to obtain the cross section over the energy range of interest;
thus, considerable error could be present, particularly at high energies. The
neutron range in LiD was computed from the stopping power relationship to be 90
um. The d-t cross sections were obtained from Miley, et al.56

The results of the thick-target neutron yield calculations for a 2.73-MeV
triton in 6LiD are 180 neutrons from d-t reactions and 107 neutrons from t-6Li
reactions per 106 tritons produced. These values compare favorably with ear-
lier calculations;57 however, they compare poorly with experimental values

reported in the 1iterature.57’58

This discrepancy is probably due to a combi-
nation of difficulties in accurately measuring the high energy flux, the escape
of tritons from the sample, and errors in the basic interaction data.

The total neutron production for the 60 x 60-cm device driven by the 1-MW
reactor would be 9.6 x 1011 n/s of neutrons from the d-t reaction. From the
T-6Li reaction, the device would produce 5.8 x 1011 n/s.

The spectra were calculated assuming isotropic neutron production in the
center-of-mass system,59 which results in uniform energy distribution over
possible energy ranges in the laboratory system. In reality, neutrons are pro-
duced anisotropically in both the d-t and t-6Li reactions. We note, however,
that the d-t reaction is dominant and the majority of these neutrons are pro-
duced at low triton energies where little anisotropy is expected. Thus, we
felt that the spectra produced with this assumption would be adequate and more
detailed calculations were not needed at this time.

A second assumption made in calculating the spectra was that the product
nucleus would be produced in the ground state. This is well founded for the
dominant d-t reaction, because the product nucleus, Hea, has its first energy
level at 20.1 MeV and this level could be populated only as a result of d-t
reactions induced by triton of almost maximum energy (2.73 MeV).

For the t-6Li reaction, it is possible to populate various energy levels
of the product nucleus, 8Be, thus conflicting with the above ground-state as-
sumption. (See contribution by Hale, George, and Lisowski, p. 1 of this prog-

ress report.) However, if neutrons are produced by a reaction in which the

product nucleus remains in an excited state, the emitted neutron would receive
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a lower energy than if the residual nucleus were in the ground state. There-
fore, the high energy portion of the neutron spectrum would be dominated even
more by the d-t reaction. As simulation of a fusion reactcr is the desired.
goal, it is felt that, if the spectra produced by these calculations are ade-
quate to meet design goals, then the actual spectra produced would certainly be
adequate as well, our calculations being on the conservative side. In addi-
tion, work is currently in progress60 to produce a more accurate T-6Li spectra
that will be incorporated in our work.

The spectrum, a composite of d-t and t-6Li reactions, weighted by the
respective neutron yields, is shown in Fig. 29. Note that the spectrum plotted
in the figure is actually a histogram, normalized to 1, over 0.1 MeV intervals,
and each bar represents the fraction of the total neutrons contained in that
energy interval. The small intervals for the histogram give the appearance of
a continuous function.

The total neutron source strength is probably adequate for fusion neutron
blanket experiments, for code development, and for methods benchmarking. The
spectrum, dominated by the d-t reaction, reasonably represents a d-t fusion neu-

tron spectrum corresponding to a plasma temperature of about 400 keV.
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Fig. 29. Neutron spectra for (t,n) reactions in 6LiD.
51



IV. CORE NEUTRONICS CODE DEVELOPMENT AND APPLICATION

Calculations for LCCEWG-5: FFTF Cycle 1 Depletion® (R. J. LaBauve, D. C.

George, T. R. England, W. B. Wilson, and R. E. MacFarlane)

Calculations for the FFTF, Cycle 1 (A and B) depletion part of LCCEWG
Benchmark #561 were run using the DANDE code system62 illustrated in Fig. 30.

As was done for our calculations for the FFTF High Power Characterizer experi-
ment (HPC) part of LCCEWG-S,63
ing module to generate the ISOTXS file, the DIF3D code65 was used for core

the TRANSX code64 was used in the data process-

neutronic calculations, and the CINDER-3 code66 for depletion. The basic
nuclear data used as input to TRANSX and CINDER-3 were from ENDF/B-V67 proc-
essed by the NJOY code68 into 80- and 154-group fine-group libraries, respec-

tively. (Note that the Revision-2 evaluation for 239

Pu is not included in
these fine-group libraries.) The weighting spectra used in the TRANSX and
CINDER-3 codes for collapsing to 12 groups were those from the two-dimensional
R-Z HPC model as calculated with the DIF3D diffusion code. Details are given

in Ref. 63.

DATA PROCESSING
1SOT DEPLETION
MODULE SOTXS MODULE
RZFLUX RZFLUX
Y

CORE NEUTRONICS
MOOULE ZNATDN

Codes manipulated/monitored by CTL controller on Cray machine.

Fig. 30. DANDE code system for reactor core analysis.

*LCCEWG-5 (Large Core Code Evaluation Working Group-Problem 5); see Ref. 61.
FFTF (Fast Fission Test Facility)
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The nodal, three-dimensional hexagonal-Z option of the DIF3D code was used
for the principal core neutronics calculations. The prime advantage of using
the nodal option is in gaining relatively good accuracy for short computing
times. The DIF3D calculational time used in a single depletion step was about
four minutes on the CRAY computer. The disadvantage of the nodal option, how-
ever, is that considerable spatial resolution is lost. Ia our FFTF model,
described below, a hexagon contains only a single "x-y" mesh point, in contrast
to a triangular-Z finite-difference problem in which a hexagon contains a mini-
mum of six mesh points. Consequently, our calculational results were restricted
to region averages. _

Comparison two-dimensional depletion calculations were :iso run in which
the nodal hexagonal option was specified in the DIF3D code. Comparison two-di-
mensional transport depletion calculations were begun, using the TWOHEX code,69
but due to time/funding limitations, these could not be completed. Running
times for the two-dimensional core neutronics module were about twenty seconds
for the diffusion and three minutes for the transport calculations.

The input configuration for CINDER-3 was essentially the same as that used
in the HPC calculations with the exception of the occurrence of different ‘fuel
assemblies having differing exposure histories, thereby requiring the designa-
tion of more regions. As a result, a single depletion time-step required about
15 seconds on the CRAY computer.

To obtain a starting model for FFTF Cycle~1A depletion (BOC-1A), a six-
time step DANDE run was made to estimate explicit nuclide, fission-product
lump, and individual fission-product densities. The explicit-nuclide and ag-
gregate fission-product lump densities were transferred between the core neu-
tronics and depletion modules via ZNATDN, the standard file70 for explicit
nuclide densities; the individual nonexplicit-nuclide chain densities, however,
remained in the depletion module and were updated in each time step.

The six time steps used in the approach to BOC-1A were selected mainly
from Fig. 6 of the benchmark specifications61 and included irradiation times of
10, 15, 19, 24, and 32.4 full-power days, followed by a shutdown time of 120
days, which was estimated from Table I of the benchmark specifications. Note
that Assembly #2607 (Fig. 6 of the benchmark specifications) that actually re-

ceived 23.6 full power days was assumed to have received 24.
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The exposure scheme used in the approach to BOC-1A is outlined in Table
XII. The exposure each assembly received is indicated by a letter of the
alphabet, with the exception of those receiving 32.4 full-power days to which
no letter is assigned. Otherwise, those with a final letter "A" received 24
days; those with "B," 19 days; those with "C," 15 days; those with "D," 10
days; and those with "E," 0 days. The compositions of all other regions, above
and below core, were as specified for the HPC calculations (Ref. 63). Note that
for this part of the calculation, no replacement or change in position was made
for any of the assemblies, as indicated in Table A-1 of the benchmark specifi-
cations; thus, each remained in the same position during the entire calculation
for the approach to the conditions of BOC-1A. The control assembly bank was,
however, positioned as indicated on p. 10 of the benchmark specifications. The
reference keff at the end of this series of calculations was 0.98358. Details
are shown in Table XIII.

Results for the Cycle 1 diffusion, three-dimensional depletion calcula-
tions (DIF3D in the core calculational module of DANDE) are shown in Table XIV.
Cycle 1A was run in two time steps, 17 and 17.1 days, respectively, and Cycle
1B was run in four 16.95-day time steps. A shutdown period of 94 days was
assumed between EOC-1A and BOC-1B. The control assembly bank was proportion-
ately withdrawn for intermediate time steps. The reactivity gain between
sub-cycles was the sum of 0.0005 in keff for the 94-day cooling time and 0.0013
for the additional 1.3-cm control rod bank withdrawal. The final keff of
0.98353 for EOC-1B compared with 0.98358 for BOC-1A indicates the calculated
reactivity loss/control bank worth to be essentially "in balance." The discre-
pancy amounts to only about 0.02¢/full-power day.

For comparison purposes, a series of two-dimensional depletion calcula-
tions was run for Cycles 1A and 1B. Core mid-plane geometry and nuclide den-
sities were used in the two-dimensional model, and the "extrapolation distance"
of the DIF3D card type 12 for representing buckling was varied to give a keff
approximately equal that for the three-dimensional BOC 1-A model. The result-
ing buckling was 4.395 x 10-4/cm2. Note that, as the beginning time for Cycle-
1 was taken as zero for the two-dimensional runs, the individual nuclide chains
in the depletion module were all initialized; whereas the first CINDER-3 run
for the three-dimensional problems was a continuation of the approach to Cycle-
1 depletion. All explicit nuclide densities, including those for the fission

product burnup, however, were taken from the three-dimensional BOC-1A problem.
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Region
Number

O OoONORV H~WLWN -

TABLE XII

DESIGNATIONS OF CORE REGIONS FOR LCCEWG-5 FFTF CYCLE-1 MODEL

Region
Name

ASF
ARF
INF
F32C
GPF
F32
ICs
CRS
NAC
BPC
ARC
APC
DE2B
F42E
F32B
DEIR
F32D
F42B
F42
F31
DRL
SRR
F31A
F41B
F31B
DES
DE6
DE3B
VOT
HA6
W42B
DE4
F41E
LRS
RR1
URS
HA3
W18B
RR2
USNA

Zone
Number

N

——
WONON NNV = WN -

Assembly
Type

Axial Shield-Fuel
Axial Reflector-Fuel
Insulator-Fuel
DFA-3.2

Gas Plenun-Fuel
DFA-3.2

ICSA

Control Assembly Shield
S.R. Na Channel
Below Poison Channel
C.R. Absorber

Above Poison Channel
DE1-2

DFA-4.2

DFA-3.2

DE1-1R

DFA-3.2

DFA-4.2

DFA-4.2

CFA-3.1
Driveline-Control Assembly
SRF-1 and 2

CFA-3.1

CFA-4.1

DFA-3.1

DE1-5

DE1-6

DE1-3

VOTA

HAOO06

WB042

DEl1-4

CFA-4.1

Lower Radial Shield
Radial Reflector #1
Upper Radial Shield
HAO003

WB0O18

Radial Reflector #2
507 Upper Shield, 50% Na

Exposure
(days)

19.0
24.0(23.6)
19.0
19.0

- 32.4

32.4
-19.0
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TABLE XIII

APPROACH TO CYCLE-1A

Exposure Time Cooling Time Rod Position )
(Days) (Days) (cm Withdrawn) K-effective
0.0 0.0 49.3 0.99898
8.4 0.0 43.2 0.99056
5.0 0.0 43.2 0.98964
4.0 0.0 43,2 0.98844
5.0 0.0 43.9 0.98768
10.0 0.0 42.6 0.98335
0.0 120.0 42.6 0.98358
TABLE XIV
CYCLE-1 RESULTS 3-DIMENSIONAL CALCULATIONS
Total Exposure Cooling Time Rod Position
(days) (Days) (cm Withdrawn) K-eff Comment
0.0 0.0 42.6 0.98358 BOC-1A
34.1 0.0 53.0 0.98344 EOC-1A
34.1 94.0 54.4 0.98527 BOC-1B
101.9 0.0 81.3 0.98353 EOC-1B

The two-dimensional depletion results are shown in Table XV. Note that
the reactivity loss for the first time step shown in the table is less than the
average. As indicated above, this is due to the fact that depletion, i.e.,
density changes for the chain nuclides before Cycle 1, was not accounted for in
the CINDER chain structure for the two-dimensional runs. On the other hand,
the cooling time between Cycles 1A and 2B causes a somewhat larger than average
value for reactivity loss to be given for the first time step in Cycle 1B. The
overall Cycle 1 reactivity loss of 10.1¢/full-power day for the two-dimensional
calculations is about 6% lower than the 10.7¢/full-power day calculated for the
HPC experiment in three-dimensions (see Ref. 63).

The two-dimensional reactivity loss is consistent with calculated control
rod withdrawal distance, however. Figure 31 shows the worth of the control as-

sembly bank as calculated using the 1/3-core HPC model described in Ref. 63.
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TABLE XV

CYCLE-1 DEPLETIONS 2-DIMENSIONAL RESULTS

Total Exposure

Cooling Time

Reactivity Loss

(days) (days) K-eff (Cents/FPD)
0.0 0.0 0.98355
9.3
17.0 0.0 0.97853 T
10.2
34.0 0.0 0.97296
34.0 94.0 0.97350
11.5
51.05 0.0 0.96729 .
10.2
68.0 0.0 0.96181
10.1
84.95 0.0 0.95636
10.2
101.0 0.0 0.05092
Cycle-1 Reactivity Loss 10.1
Note: Beff = 0.00318 used in cents/FPD calculations.
1.030
Solid - Calculation Using One- ,/’/1:7
Third Core HPC Model
toes{ X - galeplacion bejng Cveeoia
1.020 —
1.015
;S
1.010 -
1.005
1.000
0995 T T T T T T T T

40 45 50 55 60 65 70 75 80 85

Control Bank Posfition (cm)

Fig. 31. FFTF control bank worth (no depletion).
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(A few calculated points are shown using the BOC-1A full core model for compar-
ison.) Reading a keff value of 0.99670 from the graph for a rod position of
42.6 cm, the initial withdrawn position for Cycle 1, and adding the two-dimen-
sional calculated reactivity loss of 0.03263 for Cycle 1 results in a graph
value of 1.02933 for keff' This is equivalent to a rod withdrawn position of
81.0 cm, which compares favorably with the experimental 81.3 number given in
the benchmark specifications.

Two-dimensional transport depletion calculations using the TWOHEX code
were begun, but time/funding limitations did not permit completion. The first
run of the series, BOC-1A, using the two-dimensional DIF3D buckling gave a k

eff
of 0.99201, indicating a transport/diffusion '"correction" of 0.0086 Ak/k.
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