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I. THEORY AND EVALUATIONOF NUCLEAR CROSS SECTIONS

A. Level Structureof 4He from Four-NucleonR-Matrix Analysis (G. Hale and

D. Dodder)

Recent interest in the polarized d+d reactions has focused additional

attention on the level structure of 4He! Particularlyabove the d+d threshold.

We have obtained information about
4
He levelsl from our present 4-nucleon

R-matrix parameters by finding poles and residuesof the reactance (K) matrix.

While we believe the poles and residuesof the scattering (S) matrix give more

meaningful resonance parameters, the K-matrix prescription corresponds more

closely to what others have used.

The resulting pole positions are shown in Fig. 1, compared

the compilation of Fiarman and Meyerhof (FM).2 The structures

tively similar, although our T=l levels are systematicallylower

FM. The widths of our T=l levels are consistentlylarger than

to those from

are qualita-

than those of

those for the

T=O levels, although both isospins have essentiallythe same (single-particle)

reducedwidths in the R-matrix.

It is interesting to note that we fit the recent D(~,p)T analyzing-power
3

measurements of Griiebleret al. without requiring the 4+ level they propose,
+5

S(d-d) level that was first identified4in
6

and that we see a 2 , Li(d,a)4He*
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spectra, but was later withdrawn because presumably it was not evident in d-d
5elastic scattering measurements. The tail of the 2+ resonance accounts for

the large second-rank analyzing tensors observed in the d+d reactions at low

energies and results in only

are polarized spin-parallel.

slight suppressionof the d+d reactionswhen they
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+
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R-Matrix Spectrum

Fig. 1. R-matrix spectrum,obtained from K-matrix poles (right), compared
with the compilationof Fiarman and Meyerhof2 (left).

B. Angular Distributionsfor Polarizedd+d Reactions [G. Hale and G. Doolen

(x-5)]

Using the R-matrix parameters from the analysis described in the preceding

contribution,one can predict polarized cross sections averaged over initial

d-d relativevelocity directions~,

M,n(G’,V) =E (v’,X) ,471~d*v ‘mjn –—



as a functionof final relativedirections6’. Here, am ~(y’,y) is the center-

of-mass differentialcross section for deuteronshaving’spinprojectionsm and

n, respectively,on the axis of quantizationto collidewith relativevelocity

y to form reactionproductswith relativevelocity v’. Correspondingly,thermo-—

nuclear reactionrates can be defined,

<am nv>($’) = ~dv;m n(&,v)vf(v,kT) ,
9 9

by averaging over the normalized Maxwellian speed distribution f(v,kT) for

temperatureT.

Fig. 2 shows polar plots of the reaction rates <am nv>(;’) for the four

independentcombinationsof spin projections (m,n)= (1,1’),(1,0), (1,-1),and

(0,0) for the D(d,p) and D(d,n) reactions at kT = 10 keV. One sees that the

angular distributionsfor the (1,1) and (0,0) cases are strongly directional,

whereas the unpolarizedangular distributionswould be isotropic. These charac-

teristic angular distributionscould be useful indicators of how well polari-

zation is maintained in an initiallypolarized deuteriumplasma.

RELATIVE

D(d,p)TREAC’HONRATE

z-axis
i

(M)

KT=lOkeV

ANGULAR DISTRIBUTIONS

D(d,n)3HeREACTION

z-axis
A

(u)

M’=lOkeV

RATE

Fig. 2. Relative angular distributionsof the reaction rate <om nv>(~’) for
D(d,p)T and D(d,n)3He at kT = 10 kev. 9
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c. Spectra for the 6Li(t,n)2aReaction* (G. Hale).
The t-bLi reaction could be an importantprocess in the blanket of a fu-

sion reactor if the cross sectionwere in the few-hundred-mbrange at low ener-

gies. Unfortunately, the available experimentalinformationis too scattered

and discrepant to give a clear indication of the magnitude of the integrated

cross section.

We have done a preliminary calculationof t-6Li spectra based on better

determined information for the 3
He-6Li reaction. A resonance-modelfit of

6
Li(3He,p)2a proton spectra, which includes contributionsfrom the first five

levels in 8Be, plus the ground state of
5
Li, was charge-reflectedto give pre-

dictions for neutron and a-particle spectra for the t-6Li reaction. The pre-

dictions indicate that the contributionsfrom the 16.7- and 16.9-MeVstates in
8
Be could grow large enough to make the t-6Li reaction cross section as large

as several hundred mb at a few MeV, but this is based on quite uncertainextra-

polations of low-energy cross-sectionmeasurements for the two excited levels.

Work continues to refine the

experimental input, particularly

progress at Bruy;res-le-Ch$teland

parameters of the calculationby using more

from new measurements of t-6Li spectra in

Los Alamos.

D. PreliminaryCalculationof Gamma-RayEmission Data from 14-MeVNeutrons

on 11B (P. G. Young)

As a prelude to new experimentalgamma-rayproductionmeasurementsin the
. .

Physics Division and a new evaluation of n+*lB data in the TheoreticalDivi-

sion, we have performed scoping calculationsto estimate gamma-ray production
llB

cross sections for 14-MeV neutrons incidenton .

The calculationswere performed with the GNASH statistical-preequilibrium
6

code, using neutron,proton, and alpha-particletransmissioncoefficientsfrom
14,15an earlier analysis of n+ N data (see articles by Arthur and Young, pp. 6

and 9 of Ref. 7). Similarly, gamma-ray transmissioncoefficientswere calcu-

lated from the
16 15
N gamma-raystrength functionused in n+ N calculations(page

9 of Ref. 7).

taken from the

chosen to match

Discrete-level data for the appropriate residual nuclei were
8,9

compilations of Ajzenberg-Selove, and level densities were

the discrete levels, as described in Ref. 7 (see p. 9).

*
Most of this work was done at the Centre d’l?tudesde Bruy&res-le-Ch~tel,France,
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The integratedgamma-ray production cross section for 14-MeV neutrons on

llB was estimated to be 0.50 b. Of this, 0.44 b results from (n,n’y) reac-

tions, and the rest of the cross section mainly comes from (n,a) and (n,nu)

reactions. A comparison of the calculated spectrum (histogram)is made with

our E N calculations(open squares) in Fig. 3.

The present

a 1966 study by

incorporatemany

Stewart in Ref.

ENDF/B-V evalution
10

of n+llB reactionsis based primarily on

the United Kingdom Atomic Energy Agency and thereforedoes not

modern measurements(for example, see the article by Young and

7). When the Physics Division
11
B(n,xy) measurementsare com-

11plete, we plan to perform a full evaluationof all n+ B experimentaldata. At

that time we will optimize our model parametersusing the
11
B data and will use

model calculations for interpolatingand extrapolatingthe experimentaldata.
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Fig. 3. Gamma-ray emission spectra calculated for 14-MeV neutrons incident

onll B (histogram)and
15
N (open squares). See text for details.
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E. Nuclear Model Code Calculationsfor n+93Nb Reactions (P. G. Young)

We are participating in an internationalnuclear model code comparison

study organizedby the Nuclear Energy Agency Data Bank (NEADB)at Saclay.11 The

study is aimed primarily at comparing preequilibriumcalculationsbut inevi-

tably involves statistical-theory Hauser-Fesbach models, level densities,

gamma-ray strength functions, and the optical model. The nucleus
93m was

chosen primarily because of the availability of measured neutron spectra at

14.6 and 25.7 MeV,12’13 (n,2n) and (n,3n) cross section to 24 MeV,14’15 and
16proton and alpha emission spectra at 15 MeV.

The primary nuclear model code used for our calculations is the GNASH6

statistical-preequilibriumprogram. Most of the model parameters were speci-

fied for the exercise. 17Optical model potentials similar to those of Perey

were used for neutrons and protons 18
, whereas Igo and Huizenga’s potentialwas

selected for alpha particles. Several possibilitieswere available for level-

density representations. We chose to use the Gilbert and Cameron representa-

tion, 19
including their original spin cutoff formula, togetherwith level-den-

sity parameters,pairing energies, continuum cutoff energies,and level-match-
11ing parameters specified for the exercise. Informationon discrete energy

levelswas largelyprescribedby the NEADB, although it was necessary for us to

provide gamma-ray branching ratios for all residual nuclei except ‘2Nb and

‘3Nb. Masses and Q-values were specifiedfor the exercise,althoughwe elected

to use the GNASH default values as they were very similar. We used the spheri-
20

cal optical model code SCAT2 to calculate neutron total and shape elastic

cross sections for ‘3Nb.

Multipolaritiesof El, Ml, and E2 were permitted for gamma rays in the

calculations. In each case the gamma-ray strength functions [f~2(Ey)] were

normalizedby the relationship

<rxJ?> Bn

~ = ~ fx2(Ey)E;g+1p(Bn- Ey)dEy ,
0 0

where B is
n

“Nb. The

the neutron binding energy and p(Bn - Ey) is the
X9

quantities <I_ > and <Do> were provided for the
Y

level density

calculations.

of

A

giant-dipole resonance expression was assumed for fE1, whereas the Weisskopf

form (fxQ = constant) was used for Ml and E?. Gamma-raytransmissioncoeffi-

cients were computed from the expression

6



T;Q(EY) = 2nf (E )E29+1 .X2 y y

Because of the variety of forms commonlyused to calculatepreequilibrium

effects, parameters for these calculationswere not prescribed by the NEADB.

Instead, the participantswere asked to adjust their preequilibriumparameters

to agree with Hermsdorf’s neutron emission data at secondary neutron energies

between 6 and 9 MeV. We used the GNASH default preequilibriumparameters in

our calculationsbecause they agreed with Hermsdorf’sdata to better than f 4%

at these secondaryenergies.

The reaction sequences we included in our GNASH calculationsare depicted

in Fig. 4. The solid circles in the figure indicate the compoundnuclei that

were populated and permitted to decay. The various radiation types are indi-

cated, and the solid and dashed curves show the reaction chains followed. No

other chains were found to contributein any significantamount.

Fig. 4. Schematicdiagram of the
reaction sequencesincluded in
the n+93~ calculations.

1/

“+93Nb



The integratedcross–sectionresults from our calculationsare included in

Table I. The (n,2n) and (n,3n) cross-sectioncalculationsare compared with

the measurementsof Veeser et al.15 14and Frehaut et al. in Fig. 5. The neu-

tron emission spectra from our calculationare compared in Fig. 6 to the meas-
12urements at 14.6 MeV by Hermsdorfet al. and in Fig. 7 with the measurements

13at 25.7 MeV by Marcincowskiet al. These and other results have been pro-

vided to the NEADB, who will compile results from all participantsand provide

systematiccomparisons.

TABLE I

lNTEGRATEDCROSS SECTIONS

The numbers in parentheseswere obtainedwith the preequilibriumcorrec-
tion set to zero. All cross sectionsare in mb units. -

Reaction

at

a
el

o
r

a
n,nx

u
n,ux

0
n,n’

a
n,3n

En=10 MeV

4294.7

2473.2

1821.6

1802.
(1817.)

12.85
(2.40)

6.21
(1.19)

1298.
(1202)

503.0
(613.8)

14.6 MeV 20 MeV

4020.4

2265.4

1755.3

1708.
(1749.)

35.74
(5.23)

10.80
(1.16)

332.8
(97.34)

1369.
(1644.)

aIncludes small compoundelastic component.

3372.2

1695.5

1677.1

1599.
(1667.)

66.03
(8.55)

11.72
(0.89)

180.2
(7.83)

1123.
(1189.)

271.9
(435.9)

b 94~ of neutrons,protons, and alP~asFirst emissionby

25.7 MeV Footnote

2919.8

1309.6 a

1610.3

1509. b
(1598.)

90.57 b
(11.29)

a

10.28 b
(0.61)

111.2
(1.09)

454.9
(183.1)

874.3
(1310.)

in binary reactions
only.
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TABLE I (Cont.)

Reaction
—

0
n,np

o
nyp -

(J
n~pn

(J
n,nct

o
n,ci

(J
n,cin

o
n,2np

u
n,2na

u
n,3np

u
n,npa

o
n,pa

o
n,2p

o
n,2a

(J
n,n2p

(Y
n,nem

En=10 MeV

0.53
(0.63)

12.81
(2.36)

0.04
(0.042)

0.57
(0.66)

6.21
(1.18)

(0.01)
(0.006)

14.6 MeV

3.34
(4.32)

28.21
(1.88)

7.53
(3.35)

2.61
(3.34)

9.07
(0.59)

1.73
(0.57)

<0.001
(<0.001)

2305.
(2431.)

20 MeV

16.30
(23.35)

28.55
(0.20)

37.35
(8.22)

6.50
(8.78)

4.99
(0.034)

6.73
(O.85)

1.17
(1.85)

<0.001
(<0.001)

0.003
(0.001)

0.001
(0.001)

<0.001
(<0.001)

<().001
(<0.001)

3086.
(3396.)

3311.
(3739.)

25.7 MeV Footnote

23.61
(30.84)

21.34
(0.005)

57.43
(5.35)

9.22
(12.11)

2.14
(0.001)

8.07
(0.56)

46.26
(64.71)

1.13
(1.98)

0.021
(0.041)

0.106
(0.140)

<0.001
(<0.001)

<0.001
(<0.001)

0.001
(<0.001)

0.021
(0.011)

3837.
(4480.)

c

c

c

c

d

d

d

d

d

d

d

d

cThe ordering of the reaction subscriptsindicatesthe sequence of these
reactions.

d
The ordering of the reaction subscriptshas no significance--allpossible
reactionpaths are considered.
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TABLE I (Cont.)

Reaction

(J
n,pem

un,clem

o
n,yem

n n,(13.6y)a
9

CJn ~n(lO.ld)
9

En=10 MeV

13.39
(3.03)

6.78
(1.85)

4520.
(4442.)

480.8
(455.4)

148.9
(182.3)

14.6 MeV 20 MeV

39.09 83.38
(9.55) (33.61)

13.41 18.22
(4.50) (9.67)

3675. ‘ 3928.
(3523.) (3800.)

144.8 74.45
(60.38) (6.01)

559.5 385.9
(674.0) (382.0)

25.7 MeV

148.8
(101.1)

20.66
(14.80)

4184.
(4326.)

46.3
(0.90)

143.7
(40.12)

Footnote

e

f

e 93 93%; T%= 13.6Y;Ex = 0.0304 ‘ev”Nb(n,n’)

f 93
Nb(n,2n)92%; T = 10.ld;Ex = 0.1355 MeV.

+

Nb-93(n,3n)Nb-91Cross Section
ZN

Fig. 5. Comparison
of calculated‘3Nb
(n,2n) and 93Nb(n,3n)
cross sections (solid
triangles)with the
experimentaldata of
Frehaut et al.14 and
Veeser et al.ls
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Fig. 6. Comparisonof neutron
emission spectra from 14.6-MeV
neutrons on g% calculated
with (solidcurve) and without
(dashedcurve)preequilibrium
effects with experimentaldata
by Hermsdorf et al.lz
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F. Analysis of n+
197

Au Cross S“ectionsfrom E = 0.01 to 30 MeV (P. G. Young
n

and E. D. Arthur

An analysis of nuclear data for n+197Au reactionsbetween E = 0.01 and
n

30 MeV is nearing completion. Particular emphasis has been given in the

analysis to obtaining gamma-ray strength functions that permit calculationof

extensivegamma-rayemissionmeasurementsby Morgan and Newman.21

The deformed optical model parameterizationderived by Delaroche22 was

adopted in our analysis. This parameterization gives good agreement with

neutron total cross-sectionmeasurements on 197Au between 80 keV and 27 MeV,

elastic (njn) angular distributionsnear 5 MeV, and, makinguse of isospin
197

relationships, Au(p,p) elastic-scatteringangular distributionsat 13.8 and

55 MeV. The neutron optical model parametersare

TABLE II

DEFORMED OPTICAL MODEL PARAMETERS

v = 46.34 - 0.25E

‘VOL = -8.54 + 2.7& E > 10 MeV

‘so =6.2

‘SD
= 2.42 + 0.5 E E < 10 MeV

= 7.42 - 0.18 (E-1O) E210MeV

(32=-0.13 ~4 = -0.05 MeV

listed in Table II.

FOR n+1g7Aua

r a

1.26 0.64

1.26 0.64

1.12 0.47

1.26 0.47

1.26 0.47

aAll well depths are in MeV and geometricalparameters in fm.

The coupled-channelcode ECIS23 was used for our deformed optical model

calculations. The lowest three states of the 197
Au ground-state rotational

band were coupled in the calculation(Y = 3/2+, 5/2+, 7/2+ at E = O, 279, 548

keV, respectively). Neutron transmission coefficientswere ca~culated to 30

MeV with ECIS and were collapsed to a form depending only on incidentneutron

energy and orbital angular momentum 1?for use in Hauser-Feshbachcalculations.

The Hauser-Feshbachstatistical-theorycalculationswere performedwith the

coMNu#4
6

and GNASH reaction theory codes. The COMNUC cross-sectioncalcula-

tions include width-fluctuationcorrections,important at lower energies, and

12



the GNASH calculationsincorporatepreequilibriumeffects,which become signi-

ficant at higher energies. In our analysis,COMNUC was used to calculatecro%s

secticmsbelow 3 MeV, whereas GNASH was used for cross sections above 3 MeV and

for spectra calculations at all energies. Both codes use the Gilbert a~d

Cameron
19

level-densityformulationand the Cook25 tabulationof level-density

parameters,although these values were adjusted slightly as describedbelow. A

maximum amount of experimentalinformationon discrete energy levels was incor-

porated into the calculations,and the constant temperaturepart of the Gilbert

and Cameron level densities was matched to the discrete-leveldata for each

residualnucleus in the calculations.

(;amma-raytransmission coefficients were calculated from El and Ml
26,27

strength functions. A giant-dipole resonance shape was used for the Ml
Mlstrength functionwith the parametersER = 8 MeV and

~Ml
R = 5 MeV.28 The shape

8 MeV by trial-and-error
21

of Morgan and Newman.

of the El strength function was determined for E <
197 Y

calculation of the Au(n,y) spectrum measurements

Above E = 8 MeV, the empiricallydeterminedEl strength functionwas joined to
Y

a giant-dipoleresonanceshape.
26,27

The normalizationsof the strength functionswere determinedwith the re-

lationship

where fxQ(Ey) are the gamma-ray strength functions, Bn is the neutron binding

energy of 198Au, <ry> is the average gamma-ray width (= 0.122 eV),2g and <Do>
29

is the mean s-wave resonancespacing (= 16.2 eV).
‘he ratio ‘Ml

/(rMl + rEl) =

0.12 was assumed in the calculations.
28

The El gamma-ray strength function that resulted from this analysis is
30

compared in Fig. 8 with values inferred from experiments by Joly et al.,

Loper et al.,
31 32and Veyssiere et al. The present curve is quite similar to

21 33one obtained from Morgan’s data by Kitazawa using differentneutron trans-

mission coefficientsand level-densityparameters.

The 1g7Au(n,~)spectrum that results from our analysis is compared in Fig.

9 with Morgan’s data
21

over the incident .ne~tronenergy bin 0.2 to 0.6 MeV.

Note that the calculated curve has not been broadened

or for the 0.4-MeV-wideincidentneutron energy bin.

for detector resolution
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The calculated
197

Au(n,y)
198

Au cross section from 0.01 to 1 MeV (multi-

plied by ~Ento remove the l/v dependence) is compared with a selection of
34experimental data* and with ENDF/B-V (dashed curve) in Fig. 10. For this

comparison, the ENDF/B-V curve, which contains pronounced structure at lower

energies, was averaged below En = 200 keV. The calculatedresults above 1 MeV

are shown with ENDF/B-V and a different sampling of experimentaldata in Fig.

11. The pronounced peak in the theoretical cross section near E = 12 MeV
35

n
results from inclusion of a semidirect component in the calculation,which

is clearly necessary to”reproducethe measurementsnear 14 MeV.

The strength function found for the
197

Au(n,y) spectra was not satis-

factory for calculating spectra at higher neutron energies, where (n,n’y),

(n,2ny), and (n,3ny) reactions dominate. A modified form of f~l(Ey) was in-

ferred from Morgan’s data at En = 6-7 MeV, however, and was found to give

reasonableagreementwith his data out to En = 20 MeV.

The preequilibrium parameters and the level-densityparameter ‘a! were

adjusted slightly from the default values used by GNASH to concurrentlyopti-
12,36

mize agreement with 14-MeV neutron emission spectra, a Precise Value of

the (n,2n) cross section at 14.7 MeV determinedin a covarianceanalysis of all

data,37 and the energy dependence of the (n,2n), (n,3n), and (n,4n) cross

sections’4’15’38 over the energy range En=8-28 MeV. In no case was the level-

density parameter adjusted by more than 10% from the Cook values.
25

The pre-

equilibriumfraction that results at 14 MeV in our a~alysis is 33%.

The1g7 Au(n,2n) cross section that resulted from this analysis is compared

to a selectionof experimentaldata
14,15,38

and to ENDF/B-V34 in Fig. 12. Simi-

larly, the (n,3n)and (n,4n) results are compared to measurementsand to ENDF/B-

V in Fig. 13. The calculated (n,2n) results agree well with the data to about

22 MeV but are somewhat high at higher energies. Excellent agreementbetween

the calculationand the measurement of Bayhurst et al.
38

is found at all ener-

gies for the (n,3n) cross section. Reasonable agreement is also found in the

case of (n,4n), although the calculationis again somewhat high at the highest

energy.

After more thorough comparisonswith experimentaldata are completed,the

results of this calculationwill be cast in ENDF/B-V format and merged with the

existingENDF/B-V evaluationat energiesbelow En=O.1 MeV.

*Experimentaldata were obtained on magnetic tape from the National Nuclear Data
Center$ BrookhavenNational Laboratory,Upton, NY.
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16



Im
❑
m
4

0
x
v
A

+

■

MAGNUSSON,1980
RYVES,1980
PETO,1967
GRENCH,1965
BARRY,1964
LINDNER,1976
DIVEN,1960
COX,1961
MISKEL,1962
JOH~SRUD,1959

‘~+ , 1
, T , r , I

Id 10’
mrrRoN ENERGY (MEV)

Fig. 12. Comparisonof the pre-
sent calculationof the 197Au
(n,2n) cross section from thresh-
old to 30 MeV with ENDF/B-V34
and experimentaldata.14$38 The
solid curve is the present cal-
culationand the dashed curve
is ENDF/B-V.

Fig. 11. Measured and calculated
lg7Au(n,y)19SAU cross sections

from 1.0 to 20.0 MeV. The solid
curve is the present calculation
and the dashed curve is ENDF/B-V.

A
+

x

L“.}< t

I
t+

VEESER,1977
BAYHURST,1975
FREHAUT,1980

, 4 , 1 ,
,

5 Ib.o 12.5 15.0 17.5 20.0 22.5 25.0 27.5 ).0
NEuTRoN ENERGY (MEV)

17



In
4 I 1 I I I I I

+ BAYHURST,19’75
o.-i-–

In
o--

0
0 I I I I I

I
14.0 16.0 18.0 20.0 22.0 24.0 26.0 28.0 30.0

AU–197(N,3N)AU–195 CROSS SECTION

I I [ I I I I [
I

BAYHURW, 1975
VEESER,1977 I

i4.o lk.o 18.0 20.0 22.0 24.0 26.0 28.0 il.o

muTRoN ENERGY (MEV)

Fig. 13. Calculatedand measured values 15s38 of the 197Au(n,3n)and
lg7Au(n,4n)cross sections from threshold to 30 MeV. The solid curve
is the present calculationand the dashed curve is ENDF/B-V.34

G. TheoreticalAnalyses of Recent SimulationExperimentsInvolvingProton

Reactions on Strontium Isotopes (E. D. Arthur) .

Experimentalmeasurementshave been made recently that provide data perti-

nent to the determinationof model parameters for neutron reaction calculations

in the A = 90 mass region. Two general classes of experimentswere performed,

the first being
86-88

Sr(p,xn) and
86
Sr(p,y) activation measurements made by

INC-ll,39
40

while the second involved proton emission spectra measured for

(p,pn + p,np) reactions on 87Sr and ‘lZr. (Analysisof the ‘lZr data will be

discussed in the following contribution to this progress report.) Both of
41

these data types were shown previously to be sensitiveto the choice of model
87Y

parameters, particularly those associated with proton emission from the

compound system.

To compare with these data, calculationswere made with the GNASH6 multi-

step Hauser-Feshbach statisticalmodel code that includes preequilibriumcor-

18



rections. In these statistical calculations, isospin effects
42

were not in-

cluded that could possibly enhance proton emissionprobabilitiesthroughpopu-

lation of upper isospin states in a given compound system. These states can

only decay by proton emission,and their influencecan in some instanceslead to

increasedproton emission cross sections. Such effects would be most important

for proton cross sections involvingminor reactionpaths and should be apparent

in such instances. However, examinationof the proton spectrum data from these

experimentalmeasurements showed no strong isospin effects,which provided the

principal justification for their neglect in the calculations. Additionally,

the presence of isospin mixing further clouds the theoreticalanalysis of such

data. Finally, as we shall illustrate, we were able to achieve consistent

analyses of several diverse proton reaction types using realistic parameter

values.

Our first set of calculations employed the nuclear model parameters ob-

tained from our 1978 study,35 which have subsequentlybeen used for the major-
43,44

ity of”our mass 90 calculations. As a reminder,the parametersdetermined

in Ref. 35 were based upon analysis of a large amount of experimental data

relevant to the calculations of interest. Neutron optical parameters were

adjusted to reproduce resonance data as well as total and elastic cross sec-

tions, systematic were derived for gamma-ray strength functions, and low

energy (p,n) data were analyzed to determine the sub-Coulombbarrier behavior

of the proton optical parameters.

Figure 14 compares 87Sr(p,pn + P,np) cross sections using this parameter

set with data measured by P-3 for proton energies between 15 and 17.6 MeV.

These measurements detected protons in coincidencewith neutrons, so that in

the calculations the neutron detector threshold must be accounted for. The

solid curve in the figure illustrates the calculated results when the experi-

mentally determineddetector thresholdof 0.6 MeV is included,while the dashed

curve ignores such detector effects. Figure 15 compares our calculationsmade

for the 87Sr(p,n) cross section (solid curve) and (p,2n) cross section (dashed

curve) to the recentlymeasured activationdata of Ref. 39.

Reasonableagreementwith the data exists for the (p,np + p,pn) comparison

shown in Fig. 14, b~t the calculated (p,n) values (Fig. 15) significantlyun-

derpredict the measured ones. The principal reason is the overpredictionof

the cross section for the competing (p,n’p) reaction,which consequentlylowers

the calculated (p,n)values.

19
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To improve the agreement between our calculationsand such measurements,

we examined other data relevant to parameter determinationsneeded for this

problem. We concentratedon recent data that would guide such efforts,parti-

cularly those that impact the determinationof gamma-ray and proton emission

probabilities. Such parameters are important in this problem because of the

6.1-MeV-wideproton window that exists for the 87
Y compound nucleus. In this

excitationenergy region,proton emission occurs unencumberedby neutron compe-

tition, Neutron parameters are still important because of the role they play
87

in populating Y compound nucleus states that subsequently decay by proton

emission. To improve upon

tential!,we employed new

calculations. Table III

calculated previously and

adjustment.

the low-energybehavior of the neutron optical po-
45

resonance information available since our 1978

compares these new experimental data with values

with those now obtained after suitable parameter

TABLE III

NEUTRON
1978 OPTICAL

s.(x 10-4)

S1 (x 10-4)

R’(fm)

RESONANCEDATA FOR n+8gY CALCULATEDUSING THE
PARAMETERSAND CURRENT ONES DESCRIBED IN THE TEXT

Expt. (Ref. 45) 1978 OM 1983 OM

0.27 f 0.05 0.496 0.338

2.65 k 0.3 4.8 3.75

6.7fo.l 6.5 6.55

Likewise, the proton optical parameters from the 1978 parameter set were ad-

justed to improve agreement to the recentlymeasured low-energy87Sr(p,n) data

of Ref. 39. In doing so the resultant parameters are more consistent with

proton optical parameters extracted from the 1978 analysis of more reliable
89
Y(p,n) data.

46
Updated and improved discrete-levelinformationwas incorpo-

rated into the second group of calculationsto be discussed below. Particu-

larly for
87
Y, new information available since 1978 dramatically changed the

discrete-levelspectrum as well as the nuclear level densities for excitation

energies

strength

tions.3g

between 3 and 6 MeV. Finally, the normalization of the gamma-ray

functionwas adjusted to reproducenewly available 86Sr(p,y) cross sec-

Comparisonwith these data appears in Fig. 16. Calculationswere not

attempted at higher energies (above 6 MeV) since gamma-ray cascades were not

included. This leads to a theoretical overpredictionof the (p,y) cross sec-

tion because (p,yx) contributionswere not removed from the calculatedvalues.
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Again, the existence of such data allows one to realisticallydetermine the
87

gamma-raycompetitionto proton emission occurring in the Y compoundnucleus.

These parameter changes were incorporatedinto the theoreticalmodels and

the calculationswere repeated. In addition, the Fermi-gas level-densityparam-

eter for 87Y was increasedby 6%. No firm corroboratingevidencewas available

for this ad hoc change, but the agreement to the higher energy (p,pn + p,np)

data appeared to be improved. The revised calculationsare comparedwith data
.

in Figs. 17 and 18. The result of the-parameteradjustmentsdiscussed above is

a significant improvementin the overall agreement,

of the 87

particularly for the case

Sr(p,n) reaction.

Q

SR86(P,GAMMA)

Fig. 16. Calculationof the 86Sr(p,y)

~
cross section used to optimize the
theoreticalnormalizationfor the

PROTON ENERGY (MeV)

Ref. 17. Cross sections for the
87Sr(p,pn+p,np)reactionscalcu-

lated, using the revisedparam-
eters describedin the text, are
comparedwith recent measure-
ments.40 The solid curve results
with a neutron detector threshold
of 0.6 MeV, while the dashed curve
is obtainedwhen the detector
thresholdis ignored.

22
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Fig. 18. Cross sections for sTSr(p,n) (solid curve) and (p,2n) (dashedCume)

reactionscalculatedwith the updated parametersdescribed in the text.

Additional data for population of discrete levels of the
86
Sr residual

87
nucleus produced in Sr(p,pn + p,np) reactionswere measured by P-3 at proton

energies of 15, 16, and 16.7 MeV. Specifically,cross sections were measured

for production of the 0+ ground state, the 2+ state at 1.077 MeV, the 2+ state

at 1.855 MeV, and the sum of the 4+ and 3- levels at 2.23 and 2.48 MeV, respec-

tively. Populations of higher lying levels were small and were therefore

lumped together. Comparison with these data appears in Figs. 19 and 20, where

the datum occurring around Ex = 3 MeV actually refers to the sum over higher

lying levels. Comparison with the data places very stringent constraintson

the model parameters since final states of well-characterizedenergy, spin, and

parity are populated.

In summary,parametersare available for the
87
Y and 88Y compound systems,

which when used in preequilibrium-statisticalmodel calculations,can reproduce

in a consistent and concurrentreamer these newly measured data available for

proton reactionson strontium isotopes.
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Fig. 19. Calculatedvalues for populationof discrete levels in 86Sr through
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Fig. 20. Calculatedvalues for populationof discrete levels in 86Sr through
gTSr(p,pn+ P,np) reactionsare comparedwith data40 measured at E = 16 MeV.
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H. TheoreticalCalculationsof ‘lZr(p,pn+p,np) Cross Sections (E. D. Arthur)

Section I-G of this progress report describes the comparisonof theoretical
39,40calculationswith newly measured proton reactiondata availablefor stron-

tium isotopes. The experiment
40

performed by the physics group P-3 also meas-
91ured the proton emission spectrumoriginatingfrom Zr(p,pn+p,np)reactionsby

detectingemitted protons in coincidencewith neutrons. In this section we re-

port preliminaryresults of our analysis of this data.

‘l’hetheoreticalmodels and parameters used are similar to those described

in the previous section. A principal difference, however, is reliance on

parameters determined from our earlier calculationsdescribed in Ref. 35. We

chose to retain such parameters because relevant data are lacking for p+91zr

reactionsfrom which parameters can be further determinedor adjusted. Second-

ly, with the exceptionof a datum at 14 MeV, these parameters reproducethe ma-

jority of the data measured in this experiment.

Figure 21 compares our calculationwith data
40

measured for ‘lZr(p,pn+p,np)

reactionsbetween energies of 14 and 17.6 MeV. In this comparison,all calcula-

tions have includeda 0.6-MeV threshold for neutron detection. This reproduces

the experimentalsituationin which a proton and neutron were measured in coin-

cidence. The solid curve is based on the parametersof Ref. 35 and reproduces

the shape of the data at the higher energies. It does overpredict, substan-

tially, the value measured for for E = 14 MeV. In an attempt to improve the
P

low-energyagreement,the gamma-ray competitionin the 90Zr compound system was

increased by a factor of two. The calculationsthat include this modification

are shown by the dashed curve. Again, an overpredictionoccurs. Currentlywe

have not found a combination of parameters that allow us to reproduce the

cross-sectionshape of Fig. 21. The absence of relevant data for other reac-

tion channelshinders this effort.

Despite these problems, other comparisons show good agreement between

theory and experiment. Figures 22 and 23 compare the calculated and measured
90cross sections for residual levels of Zr produced by these reactionsat pro-

ton energies of 16 and 17 PleV. In particular, data were measured for the 0+
+

state at 1.261 MeV, the sum of 2 and 5- states at 2.186 and 2.139 MeV, and the

sum of of 4- and 3- states at 2.739 and 2.748 MeV. Cross sections for higher

lying levels were summed together and represented in the figures by the datum

occurringat 4-MeV excitationenergy. For both incident energies, the theoreti-

cal calculationsreproducewell the magnitude of the cross sections for produc-
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tion of these discrete levels. Again, this comparisonproduces rather strin-

gent tests on the model and its parameters because the characteristicsof the

final states (energy,spin, and parity) are well known. This is in contrastto

the ambiguous

of states are

conditionsoften occurringin such calculationswhere a continuum

populated in a given reaction sequence.

120 14.0 16.0
INCIDENTPROTONENERGY(MeV)

I.o

Fig. 21. The calculated91Zr(p,pn+p,np)cross sectionsare comparedwith the
data of Ref. 40. The solid curve
tained using the model parameters
was obtainedwith a factor-of-two
compoundnucleus.

representsthreshold-correctedresults ob-
described in Ref. 35, while the dashed curve
increase in gamma-rayemission from the 90Zr
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Fig. 22. Calculatedvalues for the populationof discrete levels in 90Zr are
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Because the overpredictionat 14 MeV was disturbing,we performed an addi-
91

tional calculationof the total proton emission spectrum from p+ Zr reactions

at 12.8 MeV. Figure 24 illustrates the comparison to data
47

consisting of

contributionsfrom (p,pn), (p,np), and (p,p’) reactions. For this figure, our

calculationswere normalized to these data using two methods. The first in-

volved use of the measured isobaric analogue cross sections, which could be

correlatedwith a distinct ~ peak occu:ring in the spectrum. Under this peak

was a background consistingof contributionsfrom (p,pn)and (p,np)processes.

In the comparison of Fig. 24, the ~ peak was removed, as were contributions

from contaminantreactionpeaks. The other technique involvednormalizationto

data in the secondaryproton energy region around 7-8 MeV where the spectrum is

composedmainly of inelasticallyscatteredprotons. We chose the lattermethod

because of possible difficultiesassociatedwith subtractionof a large back-

ground from the ~ peak. However,both normalizationsagree with each other to

within 25-30%. As shown, our calculatedspectrum reproducesreasonablywell the

shape and magnitudeof the experimentalresults,particularlythe portion below

5.5 MeV that is dominated by protons from (p,np) and (p,pn) processes. This

comparison increases our confidence in our lower energy calculationbut does

not still explain

by P-3.

the discrepancywith the lower energy cross sectionmeasured

0.0
SECOND2~RY PR&’ON E%RCY (~”eV)

).0

Fig. 24. Comparisonof the calculatedtotal proton emission spectra inducedby
12.8-MeVprotons on 91Zr with the data of Ref. 47. The theoreticaland experi-
mental resultswere normalizedto each other at secondaryenergies around 8 MeV.
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I. Calculated (t,n) Cross Sections (E. D. Arthur)

We recently completed preliminary calculations for the interactions of

low-energy tritons with medium-mass nuclei. Such calculations are difficult

because of strong Coulomb barrier effects that produce low-interactioncross

sections and because triton

describe sub-Coulombbarrier

of measured low-energy (t,n)

parameterscan be verified.

optical parameters are generally not derived to

energy regions. Additionally,there is a paucity

cross sections with which theoreticalmodels and

Spherical, optical, and Hauser-Feshbach statistical model calculations

were made for triton energies up to 5 MeV. The optical model calculationsem-
20

ployed the SCAT2 code and examined several optical parameter sets. Parti-
48cularly useful were parameters deduced by Goldfarb et al. from 2.-to 3.5-MeV

4ocatriton elastic scattering on . Analysis of such data shows strong sub-

Coulomb barrier effects, and calculatedreaction cross sections differ substan-

tially from similar quantities obtained using global parameters.49 Such dif-

ferences appear in Fig. 25, which compares reaction cross sections calculated

using the parameters of Ref. 48 (solid curve) with values produced using the

Becchetti-Greenleesparameters.49 In this comparison, calculationswere made

for 2..7-MeVincident tritons, and the reaction cross section is presented as a

function of the mass of the target nucleus. Approximately a factor-of-two

difference exists in calculated values. Also evident is the strong Coulomb

barrier suppressionof the reaction cross section occurring over a restricted

region in mass.

The triton optical parameters used appear in Table IV. They were coupled

with neutron and proton optical parameters employed by us in previous struc-

tural materials calculations50 to produce particle transmissioncoefficients.

Discrete-levelinformationwas obtained using recent compilations,
51

and other

parameters such as gamma-ray strength functions and level-density data were

taken from other related calculations.50
The (tjn) calculationswere performed

6
using the GNASH Hauser-Feshbachcode, and neither width fluctuationsnor isos-

pin effects were included. These correctionsare probably less than the uncer-

tainty associated with the magnitude of the reaction cross section for sub-

Coulomb barrier energies (* 30-40%).

To test these parameters,
58
Ni(t,n) cross sections were calculated and
52comparedwith the one availabledatum occurring in the literature. Figure 26
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shows this comparison. No errors were provided with this experimentalmeasure-

ment, so we have arbitrarilyassigned a t 25% error. There exists reasonable

agreementwith this datum, but this situationmaybe fortuitous. With this step
46 54

complete,we extended our calculationsto include Ti(t,n) and Fe(t,n) reac-

tions. These results appear in Figs. 27 and 28. Finally, Fig. 29 presents

calculated 2.7-MeV (tjn) cross sections as a function of target mass. Again,

substantialCoulomb barrier effecta are present for these low-energyreactions.

TRITON

TABLE IV

OPTICAL PARAMETERSa USED FOR THE PRESENT CALCULATIONS

V = 150 - 0.17E 1:3 0:65

w = 10. -0.2E 1.3 0.65
Vol
r = 1.2
c

aWell depths in MeV; geometricalparametersin fermis.

‘b
+ 3!5.0

I 1 I 1

40.0 45.0 50.0 S!5.O
MASS

I

3.0

Fig. 25. Reaction cross sections calculatedfor 2.7-MeV triton interactionswith
medium-massnuclei. The solid curve was calculatedusing the parametersof Ref.
48, while the dashed curve results from use of the Becchetti-Greenleesoptical
parameters.49
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Fig. 26. Comparisonof pres-
ent 58N(t,n)calculations
with the datum of Ref. 6.

Fig. 27. Calculated46Ti(t,n)
cross sections.

TRITONENERGY(MeV)
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TRITONENERGY(MeV)

Fig. 29. Calculatedcross sec-
tions for 2.7-MeV (t,n) reac-
tions on medium-weightnuclei.~

Fig. 28. Calcul
cross sections.

.ated54Fe(t,n)

40.0 silo
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J. Calculationof ActivationCross Sections for Titanium and Vanadium Isotopes

(E. D. Arthur) “

The use of titanium-vanadiumalloys is of interest in certain low-activa-

tion designs for fusion reactors. (See Ref. 53 and the contributionby D. W.

Muir in Sec. II-A of this progress report.) Several minor reactionpaths and

isotopes for Ti and V are importantbecause of their effect on long-termactiva-

tion properties of such alloys. To provide reliableactivationcross sections

for such cases, we have employed the GNASH6 multistep Hauser-Feshbachnuclear

model code. To utilize the code effectively for the cross-sectionproblems

mentioned above, we must determine input parameters using a wide variety of

data sources, not just those related to the calculationalproblem of interest.

For example, the theoretical description of neutron emission requires

knowledgeof neutron transmissioncoefficientsover an extended energy range (-

0.1-20.0 MeV). These we calculate using optical model parameters obtained by

simultaneous fits to resonance data (s- and p-wave strengths, scattering ra-

di$5 ) as well as total and elastic cross sections. We followed such a pro-

cedure to fit data pertinent to the titaniumand vanadium isotopes of interest

here, and the resultingneutron optical parametersappear in Table V.

.TABLEV

NEUTRON OPTICAL PARAMETERS OBTAINED
FOR TITANIUM AND VANADIUM ISOTOPESa

r a
~ v = 49.46 - 0.19zE 1.261 0.6

‘VOL = ‘0.544+ 0.39E 1.261 0.6

‘so = 6.2 1.12 0.47

‘SD = 3.975+ 0.74E 1.364 0.42

for En > 6 Mev

‘SD = 4.419 - 0.l(E-6) 1.364 0.42

v v = 48.86 - 0.43E +—

0.0003E2 1.292 0.6076

‘VOL = -0.207+ 0.253E 1.292 0.6076

‘so = 6.2 1.12 0.47

‘SD = 4.91 + 0.074E 1.3685 0.429

for En > 6 MeV

‘SD = 5.354 - 0.17(E-6) 1.3685 0.429

aAll well depths in MeV; geometricalparameters in fermis.
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We likewise followeda similarprocedure for charged-particletransmission

coefficients. We began with global parameters sets54,55 and adjusted them to

optimizeagreementwith experimentaldata, principallyelastic-scatteringangu-

lar distributionsand nonelasticcross sections. The resultingparameterswere

furthervalidated through (p,n) and (a,n) cross-sectioncalculationsfor nearby

nuclei. Since several of the nuclei of interest to this study exhibit signifi-

cant amounts of neutron-inducedcharged-particleemission, the proper behavior

of these transmissioncoefficientsis essentialto the correct theoreticaldes-

criptionof such processes~ Particularly(n,np) reactions.

Independentdata were likewise used in the determinationof the remaining

input parameters, in particular, the gamma-ray strength function and the nu-

clear level density. For the strength function, we assumed a giant-dipole
26

resonance shape and normalized it to reproduce (n,y) cross sections for

several nuclei in this mass region. The form of the nuclear level densitywas

taken to he that given by the Gilbert-Cameronmodel.19 This model was utilized

in conjunctionwith the maximum amount of discretenuclear level information51

available for each residual nucleus occurring in the reaction sequence. To

determinethe pertinentmodel parameters,we simultaneouslyfitted data for the

cumulativenumber of levels occurring at a given excitation energy as well as
45

availables-wave resonance-spacinginformation.

As a final preparatory step in our calculational effort, we

direct-reaction contributions to neutron inelastic-scatteringcross

from collective levels using the Distorted Wave Born Approximation

computed

sections

(DWBA).

Such contributionsare important over the energy range of interest and cannot

be described using Hauser-Feshbachor preequilibriummodels. To determinethe

deformationparametersnecessary for normalizationof the DWBA results,we used

values56’57obtained from proton inelasticscatteringmeasurements.

With these preparations complete,we proceeded to cross-sectioncalcula-

tions on 45’46Ti and 50’51V, some results of which appear in Fig. 30. Calcu-

lated 46Ti(n,2n) cross sections (solid curve) are compared with data
58

in the

energy range from threshold to 16 MeV. The agreement is good, especially

consideringthat no attempt has been made to optimize the calculationsto this

particular reaction. Within this energy range the theoreticalcross section

for the (n,2n) reaction involves only populationof discrete levels in
45
Ti so

that the

tial for

34

proper energy behavior of neutron transmissioncoefficientsis essen-

realistic results. Equally important is the proper description of



competing reactions, particularly those involving charged-particleemission,

because they dominate for this target nucleus. The calculationssimultaneously

reproduce such data well, as illustratedin Fig. 31 where a comparisonis made

to the U Ti proton spectrum59 induced by 15-MeV neutrons. The agreement is

particularly significant in the low-energy portion of the spectrum, because

this region encompassesprotons from the (n,np) process that compete directly

with the (n,2n) reaction. In Fig. 30, the dashed curve shows the predicted

behavior of the (n,2n) reaction on the unstable (t1,2 = 3.08 h)
45
Ti target

45
nucleus. Although the Ti(n,2n) threshold lies significantlylower than for
46
Ti(n,2n), the 14-MeV cross section is still fairly small (less than 100 rob),

because of sizable competitionfrom charged-particleemission.

: f
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Fig. 30. Calculated45~46Ti(n,2n)values are compared to experimentaldata.5s
The dashed curve representsasTi results,while the solid curve indicatessimi-

lar cross sections for 46Ti(n,2n).
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Fig. 31. The calculatedproton emission spectrum inducedby 15-MeV neutrons
on A6Ti is comparedwith experimentaldata.sg

Figure 32 compares calculated (n,2n) cross sectionswith data
58

available

for naturally occurring vanadium isotopes. In this instance,neutron emission

is the dominant reaction mechanism rather than charged-particleemission, as
45,46Ti

was the case previously for . [We did, however, compare our calcula-

tions with measured values of 51V(n,p) and (n,a) reactions where we found

agreement on the order of 10%, even though cross-sectionmagnitudeswere small

compared with (n,2n) values.] For such (n,2n) reactions,the calculationsare

dominated by transitions to discrete levels in the
49,50

V residual nuclei, so

again a realistic low-energy description of the neutron transmissioncoeffi-
50

cients is important. The dashed curve illustrates the calculated V(n,2n)

cross section for which no experimentaldata exist. Its threshold lies about

2 MeV lower than for
51
V(n,2n), but around 14 MeV, the cross sections are

comparable. The cross sections appearing in these figures as well as cross

sections calculatedfor other reactionsappear in Tables VI and VII.
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sections are comparedwith availableexperimentalresultss8 for
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TABLE VI

CALCULATEDACTIVATIONCROSS SECTIONSFOR SELECTED TITANIUM ISOTOPES

45Ti
Cross Section (millibars)

En (MeV) (n,2n) (n,np+n,p;)

10 1.4 3.6
11 15.5 61.0
12 42.0 178.0
13 70.0 330.0
14 91.0 462.0
15 107.0 555.0

46Ti
Cross Section (millibars)

En (n,p) (n,2n)

13.5 324.0 1.1
14.0 302.0 9.0
14.5 273.0 33.0
15.0 241.0 68.0
15.5 208.0 107.0
16.0 179.0 145.0
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TABLE VII

CALCULATEDACTIVATIONCROSS SECTIONSFOR SELECTEDVANADIUM ISOTOPES

50”

En (MeV)

8
9
10
11
12
13
14
15
16

51V

En (MeV)

6
7
8
9
10
11
12
13
14
15
16

Cross Section (millibars)

(n,u) (n,2n)

16.0
19.0
20.0
21.0
22.0
23.0
25.0
27.0
26.0

19.0
209.0
442.0
603.0
688.0
733.0
744.0

Cross Section (millibars)

(n,p)

4.2
6.6
14.0
18.0
24.0
30.0
36.0
40.0
40.0
37.0
34.0

(n,a)

0.0
1.4
3.7
5.2
5.5
7.0
10.0
13.5
18.0
22.0

(n,na)

0.36
2.7

(n,2n)

0.0
110.0
342.0
514.0
613.0
670.0

These examples illustrate the use of a modern nuclear reaction code such

as GNASH to calculate activation cross sections important for fusion reaction

applications. These results also illustrate that, with proper care in param-

eter determination,realistic theoreticalcross sections can be obtained even

in the case of minor reaction paths. Such calculationscan thereby be used

with confidenceto provide nuclear data in instanceswhere experimentalmeasure-

ments are difficult (such as on a rare isotope) or totally impractical,as in

cases involvingunstable targets.
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K. Review Paper for StructuralMaterialsNuclear Data (E. D. Arthur)

A review paper entitled “CalculationalMethods for Structural Materials

Nuclear Data,” was prepared for presentationat the InternationalAtomic Energy

Agency (IAEA) Consultants’ Meeting on Nuclear Data for Structural Materials,

held in Vienna, Austria, in early November 1983. The abstract of this paper

appears below.

“The nuclear models applicableto the evaluationof neutron cross sections

for structuralmaterials are briefly reviewed. Recent efforts to improve data

model:;are discussed,particularlyregardingtechniquesused to produce realis-

tic input parameters. Examples of current calculationsusing such models for

provision of structural materials nuclear data are given. In this context,

emphasis is placed on the use of nuclear model calculationsto correct certain

fundamentalproblems occurring in evaluated data files. Finally, new areas of

effort involvingmore basic nuclear models are described that may impact future

applied theoreticalcalculations.”

L. Calculationof n + 169
Tm Cross Sections as a Function of Temperature

(D. G. Madland)

Spectrum-averaged neutron capture and total inelastic-scatteringcross
169sections for the n + Tm system have been calculated as a function of the

temperature of the target nucleus environment and for a specified incident

neutron energy spectrum. The mechanism for the temperature dependence of the

cross sections is the contributionfrom neutron scattering by the target nu-

cleus existing in low-lying excited states in competitionwith scatteringfrom

the standard or default target ground state. The calculation has been per-

formed assuming thermodynamicequilibriumbetween populations of all partici-

pating target states for each value of the temperatureconsidered. According-

ly, the results summarized here represent the maximum possible temperature
169

effect due to occupationof excited states of the Tm target nucleus. In the

calculationsto date, the values of the temperatureshave been confined to the

O-to 50-keV region so that only the ground-stateand first-excited-statepopula-

tions are significant.

Given the pointwise capture and total inelastic cross sections for
169TM

in its ground- and first-excitedstates from coupled-channeland Hauser-Feshbach
7statistical model calculations, the spectrum-averagedtemperature-dependent

169
capture and total inelasticcross sections for Tm are obtained in two steps.
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The first step is to calculate the spectrum-averagedcross sections ~ at

room temperature (- 0 keV) for both ground and excited state uses. These are

obtainedusing the relation

(1)

where E is the incident energy of neutrons from the spectrum $(E) and o(E) is

the pointwise cross section. The values of ~ obtained using the Standard TD

Weight Function for $(E) and using the pointwise cross sections of Ref. 7 are~

Gcapture (groundstate) = 1.561 barns,

Gcapture (first-excitedstate) = 2.029 barns,

6inelastic (groundstate) = 1.529 barns, and

Ginelastic (first-excitedstate) = 1.964 barns.

The second step is to combine the spectrum-averagedground and first-ex-

cited-state cross sections in proportion to the respective occupationproba-

bilities of these states and to do so as a function of temperature. The oc-

cupationprobabilitieshave been calculatedas a functionof temperatureassum-

ing Boltzmann statistics.~: With these Boltzmann factors, the temperature-

dependent spectrum-averagedcross sections <o> have been obtained for the neu-

tron capture and neutron total i~elastic reactions. These are illustratedin

Figs. 33 and 34 together with the constant or default cross sections that are

obtained if excited-state effects are ignored. The figures show that the

neutron capture and neutron total inelastic-scatteringcross sections experi-

ence rapid rises at low temperaturesfollowedby slower rises at higher tempera-

tures due to the inclusion of excited-statecapture and excited-stateinelas-

tic scattering. At a temperatureof 10 keV, the magnitude of the effect is 14%

in the capture reactionand 13% in the total inelasticscattering. At a temper-

ature of 30 keV, these enhancementsare 18% and 17%, respectively.

* R. E. Seamon,
August 1983.

*G. D. Doolen,
August 1983.

Los Alamos National Laboratory,assisted in this calculation,

Los Alamos National Laboratory,provided the Boltzmann factors,

40



2Fc~oss~ectlori-””.
UJ

La

1.7

La

— Excited-state effects included
---- Default assumption

l-’.........................................ts~
o 5 10 15 20 2!) 30 3s 40 45 50

Temperature(keV)

Fig. 33. Spectrum-averagedtotal capture cross section for the scatteringof
neutronsby lGgTm as a functionof temperature. The dashed line corresponds
to the value obtainedby ignoringexcited-stateeffects,whereas the solid
curve correspondsto the values obtainedby includingthe capture reaction
from the first-excitedstate. The neutron spectrum is representedby the
StandardTD Weight Function. Note the suppressedzero of the vertical scale.

2

l.a

1.3

r , 1 I r 1 1 r 1

Iqm + ~ total inelastic cross section

— Excited-state effects included
----Default assumption

. ... . . .. . .. . . .. . .------ ---... .-...O-----......---a----------------------.......,
, , , , , t 1

5 10 M 35 40 45 so
Te;pera?ure (feV)

Fig. 34. Spectrum-averagedtotal inelasticcross section for the scatteringof
neutronsby lGgTm as a functionof temperature. The dashed line correspondsto
the value obtainedby ignoring excited-stateeffects, whereas the solid curve
correspondsto the values
the first-excitedstate.
TD Weight Function. Note

obtained by includingthe inelasticscatteringfrom
The neutron spectrum is representedby the Standard
the suppressedzero of the vertical scale.



M. Calculationof Prompt Fission Neutron Spectra and ; for the Neutron-
D

InducedFission of 237Np (D. G. Madland)

New calculationsof the prompt fissionneutron spectrummatrix N(E,En) and

the average prompt neutron multiplicity ~p(En) have been completed for the
237Np + n(En) system. These differ from our preliminary calculations using

default parameter values in that direct account is taken of the experimental

~p(En) data. Recall from Ref. 7 that the goal is to calculateaccuratelyboth

N(E,EU) and ~p(En) by making use of their strong coupling and by reproducing

the experimental data for these quantities. Since very few experimental

data exist for N(E,En), reliance must be placed on the constraintsimposedby

the experimental~p(En) data. In this particular case, the method is compli-

cated by the fact that the experimental

ranges of the incidentneutron energy En.

Accordingly, the approach here is

ranges of those input parameters with

~p(En) data

to grid over

the greatest

are discrepant for some

the physically allowed

uncertainties that are

common to the calculation of N(E,E.) and ~n(E.) in order to obtain the best
u

possible compromise fit to the experimental~d~~a.59-62 These parameters are

the average energy release in fission <Er>, the total average fission fragment

kinetic energy <E~Ot>, and the average effectivenuclear level-densityparameter

used in the constant cross-sectionapproximation. Thus, calculationson a
aeff
three-dimensionalgrid are necessary to explore the chosen parameter space.

The grid in the <E > direction is performed by calculation,
r

using a

seven-point approximation,for six likely candidatepairs for the peaks of the

fission fragment mass and charge distributions. The choices of the six pairs
63

are based on systematic. The grid in the <E~Ot> direction is performedby
64

incrementingthe experimentalvalue of 174 f 2 MeV in 0.25-MeV steps. Final-

ly, the grid in the aeff direction is performedby incrementingthe denominator

K in the expressionaeff = A/K in 0.5-MeV steps.

Our results using this method of parameter optimizationare shown in Figs.

35-38, where the calculationsare compared with experiment and with ENDF/B-V.

The best fit input parameters from the three-dimensionalgrid are listed in the

“Second Pass” row of Table VIII, where they are compared with the values used

in the “First Pass” calculationsof Ref. 7.

Inspectionof Fig. 35 shows that the calculationagrees well with the data
61

of Vorobeva et al. at all incident neutron energies (En S 5.90 MeV) of that
60

experiment, agrees well with all but one point of the data of Veeser, but
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agrees only with the high-energyportion (En 2 6.03 MeV) of the data of Frehaut

etal.62
?
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Fig. 35. Averaged prompt neutron multiplicityas a functionof the incident
neutron energy for the neutron-inducedfission of 237NP. The solid curve gives
the second-passcalculationand the dashed curve gives the ENDF/B-V evaluation.
The experimentaldata are those of VeeserGo,A; Frehaut et al.Gz, 0; and
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Fig. 37.
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TABLE VIII

PAMMETER OPTIMIZATIONFOR THE CALCULATIONOF N(E,En)
AND ~p(En) FOR THE 237N + n SYSTEM

P

Calculation Fragment Mass Peaks

First Pass
100
~9Y + 1~~Xe

Second Pass 99
~9Y + l~~Xe

Experiment

<E > <Etot>

(M:V) (~eV)

194.490 174.301a

193.937
I

176.00

174 * 2b

aeff
(MeV-l)

A/(10.0)

A/(8.50)

~Computed from the empiricalrelationof Ref. 63.
See Ref. 64.

As a consequence,more accuratework on the calculationof ~p(En) for this

system must await resolution of the discrepantmeasurements in the low-energy

region. In addition, information on <Er(En)>,<E~Ot(En)>,and multiple-chance

fission probabilities is needed for high-accuracy calculations of ~p(En).

Figures 36-38 illustratethe second-passcalculationsof three elements of

the fission-spectrummatrix N(E,En). These spectra are softer than those of

the first-pass calculation. The parameters for constructingthe fission-spec-

trum matrix N(E,En) from the second-pass calculation are given

TABLE IX

PARAMETERSFOR CONSTRUCTINGTHE ENDF LF = 12 FISSION-SPECTRUM
N(E,En) FOR THE NEUTRON-INDUCEDFISSION OF 237Np

(:%)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0

EFL
(MeV)

1.038282
*9

t!

EFH
(MeV)

0.526691
1!

t!

!!

?1

tt

It

t!
*!

tt

II

$1

TM
(MeV)

0.914662
0.924372
0.933982
0.943493
0.952909
0.962233
0.971468
0.980616
0.989679
0.998660
1.007561
1.016384
1.025131

in Table IX.

MATRIX
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N. Calculationof the Prompt Fission Neutron Spectrum and Average Prompt—

Neutron Multiplicityfor the 252Cf(sf)StandardReaction [D. G. Madland

and J. R. Nix (T-9)]

We have already reported our preliminary studies on 252Cf at the 1982

Antwerp meeting in Ref. 65, and here we summarizeour progress since that meet-

ing.

As in Ref. 65, we take two importa~t new steps to calculate N(E) and ~

for the 252
P

Cf(sf) reaction. The first of these is that we perform a complete

integrationfor the average energy release in fission <Er> without approxima-

tion instead of using our normal seven-pointapproximation. In so doing, we
66

obtain mass values from the new 1981 Wapstra-Bosmass evaluation when they

exist and otherwise from the new macroscopic-microscopicmass formula of M611er
67

and Nix. The second step is that we perform a least squares adjustment of

our calculated spectrum to a well-measuredexperimentalspectrum in order to

determine the value of the nuclear level-densityparameter a that enters our

calculationsof N(E) and ~ . A least squares adjustment is performedbecause
P

we wish to obtain the most accurate representationsof the physical spectrum

and physical neutron multiplicityas is possible. We do so with respect to the

nuclear level-densityparameter because it is the least well-known parameter

that enters our formalism. The average neutron multiplicityis not included in

the least squares adjustment because it depends only weakly on the nuclear

level density.

We perform the least squares adjustmentswith respect to two recent meas-

urements of the spectrum. The first of these is the measurementof Boldeman et
al 68

.9 Experiment no. 7, final data analysis;~ and the second is the measure-
69+2

ment of Poenitz and Tamura. Our results are given in Figs. 39-42 and in

Tables X and XI, where they are comparedwith the two experimentalmeasurements

as well as with the results of least squares adjustmentsthat we have performed

with respect to the temperatureTM of a Maxwellianspectrum.

Consideringfirst our resultsfor the measurementof Boldemanet al.,
68*

shownin Figs. 39 and 40 and tabulatedin Col. 1 of TablesX and XI, we find

thata Maxwellianspectrumwith temperatureTM = 1.426MeV givesa bettervalue

of X:in than does our energy-dependentcross-sectioncalculationwith tempera-

* This informationwas providedby J. W. Boldeman,AustralianAtomicEnergy
Commission,LucasHeights,N.S.W.,Australia,in May 1983.

fi-Thisinformationwas providedby W. P. Poenitz,ArgonneNationalLaboratory,
Argonne,Illinois,April 1983.
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t u rTnl= 1.124 MeV. The values of fin are 1.175 and 3.529, respectively.
Q

Inspectionof Fig. 40 indicatesthat the differencebetween the two X~in values

is due largely to contributionsto <in
from the region 800 keV to about 1.1

MeV, where the Maxwellian spectrum is everywhere in better agreement with

experimentthan our calculatedspectrum.

Considering second our results for the measurement of Poenitz and

Tamura,6g*shown in Figs. 41 and 42 and tabulatedin Col. 2 of Tables X and XI,

we find that our energy-dependentcross-sectioncalculationwith temperatureTm
A

= 1.094 MeV gives a better value of <in
than does a Maxwellian spectrumwith

temperature TM = 1.429 MeV. In this case, ‘he ‘alues ‘f <in are 0“552 and
1.201, respectively. Inspection of Fig. 42 indicates that the differencebe-

tween the two X~in values is not due to the preferenceof our calculatedspec-

trum in a specific energy region, as is the case for the Maxwellian spectrum

preferencewith the Boldeman et al. experiment,but is instead due to uniformly

better agreement with the experiment over most of the experimental range.

1

2

i

~ Experiment
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W
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0 — a.(c)Becchetti–Greenleespotential
h
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Laboratory Neutron Energ~”E (MeV)

Fig. 39. Prompt fission neutron spectrum in the laboratorysystem for the spon-
taneous fission of 252Cf. The dashed curve gives the least squares adjusted
Maxwellianspectrum and the solid curve gives the least squares adjusted energy-
dependent cross-sectionspectrum. The experimentaldata are those of Boldeman
et al.68 and Boldeman,*~Experiment 7, final data.

* This informationwas provided by W. P. Poenitz, Argonne National Laboratory,
Argonne, Illinois,April 1983.

**This informationwas provided by J. W. Boldeman,AustralianAtomic Energy
Commission,Lucas Heights, N.S.W., Australia, in May 1983.
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taneous fissionof 2s2Cf. The dashed curve gives the least squares adjusted
Maxwellian spectrumand the solid curve gives the least squares adjusted energy-
dependentcross-sectionspectrum. The experimentaldata are those of Poenitz
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*This informationwas providedby W. P. Poenitz, Argonne National Laboratory,
Argonne, Illinois,April 1983.
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TABLE X

LEAST SQUARES ADJUSTMENTSOF MAXWELLIANSPECTRA
FOR THE SPONTANEOUSFISSION OF 252Cf

ExperimentalSpectrum

Quantity Boldeman et ala Poenitz and Tamurab

Number of data points 95 51

Energy range of experiment (MeV) 0.801-14.239 0.225-9.800

Fraction of theoreticalspectrum (%) 77.13 95.39

TM (MeV) 1.’426 1.429

<E> (l~eV) 2.139 2.144

<E2> (MeV2) 7.626 7.658

1.175 1.201

a See Ref. 68.

b See Ref. 69.
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TABLE XI

LEAST SQUARES ADJUSTMENTSOF PRESENT ENERGY-DEPENDENTCROSS-SECTION
SPECTRA FOR THE SPONTANEOUSFISSION OF 252Cf

Quantity Boldeman et ala

Number of data points 95

Energy range of experiment (MeV) 0.801-14.239

Fraction of theoreticalspectrum (%) 78.80
.

a (1/MeV) A/9.65

Tm (MeV) 1.124

<E> (MeV) 2.171

<E2> (MeV) 7.637

ii

$min
3.789

3.529

Poenitz and Tamurab

51

0.225-9.800

95.99

A/9.15

1.094

2.134

7.364

3.810

0.552

aSee Ref. 68.

bSee Ref. 69.

Thus, we see that the two spectrummeasurementsare inconsistentwith each

other and that these inconsistencies,although slight, are significantbecause

they lead to different conclusionsas to what the shape and energy moments of

the real physical spectrum are. Therefore, additionalexisting or new experi-

mental measurements of this spectrum are required to determine exactly the
252prompt fissionneutron spectrum for the Cf(sf) standard reaction.

In closing,we note that our calculatedvalues of ; appearingin Table XI
P

are quite close to the experimentalvalues of 3.757 f 0.009 obtained from the
70measurementsof Amiel and Smith,71 and 3.773 t 0.007 obtained by Spencer et

al.72
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II. NUCLEAR CROSS-SECTIONPROCESSINGAND TESTING

A. Release of NJOY (6/83)and Preparationsfor Note (6/83-1) (R. E. MacFarlane

and D. W. Muir)—
73,74

In June 1983 a new, resequencedversion of the NJOY nuclear data pro-

cessing system was released to the US code centers. This version is now un-

dergoing a round of testing on a variety of computer systems as a collabora-

tive effort involving Los Alamos, the National Energy Software Center at Ar-

gonne, the Radiation Shielding Information Center at Oak Ridge, the Atomic

Energy Establishment at Winfrith, the NEA Data Bank at Saclay, and the IAEA

Nuclear Data Section in Vienna, Austria. In early 1984 a Note will be distrib-

uted to all NJOY users informing them of the corrections requiredto overcome

the minor problems uncovered in this testing. Below, we summarize the known

problems with the version originallysent to the code centers. A corresponding

set of code correctionsis available from the code authors.

In the NJOY module, an incorrect code version number was printed in the

“banner” of the output. In RECONR, the input instructionswere slightly ob-

solete. In addition, a few isolated cases of “false convergence” were de-

tected, so additionalnodes have been added at the resonanceinflectionpoints.

Also in RECONR, a problem that prevented the correct processingof unresolved-

resonance data in multi-isotopematerials was found and corrected. In several

modules (RECONR, BROADR, HEATR, and THERMR), changes were made to allow CDC-

7600 processing of isotopes that generate very large numbers of energy points

(that is, over 131 000 points). Most other computer systems do not require

this change. Finally, the estimation of the net error in resonanceintegrals

was improved.

In HEATR, the energy-balancetest for (n,y) reactionswas improved,and a

printout of the total photon energy production cross section (eV-barns) was

added for reactions with multiple subsections. Also, a kinematic check was

added for the total photon energy production. (See Section II-E below.)

In GROUPR, a typographical error affecting IBM operation was found. In

addition, logic was added to detect the input of “illegal”MFD values, and some

input prompts were improved.

In ERRORR, the CLAW weight functionwas added as a built-in option in the

group-averagingmode, and some prompts were repaired. An error was found and

corrected that affected the IREAD=l option (user-specifiedlist of covariance
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reactions), as was an error in the lumped-partialtreatment (MT=851-870). A

problem was also found and corrected in the processing of “implicit” cross-

material covariancesarising from use of the same measurement standard in two

differentevaluations(LTY=4).

In COVR, some minor problems affecting IBM use were corrected.

problem affectingthe card-imagelibrary output option was corrected.
,

and NMATXS, some typographicalerrors “affectingthe IBM version were

repaired.

Also, a

In MATXS

found and

In the ACER module, extensivecorrectionsand improvementshave been made.

Persons interested in this particular module should contact the code authors

for further information.

B. New NJOY Version at National Magnetic Fusion Energy ComputingCenter (D.

W. Muir and R. E. MacFarlane)

A new executableversion of NJOY (6/83),which performs a variety of func-

tions of particularinterest to the fusion neutronicscommunityhas been imple-

mented and tested on the CDC-7600 (MachineA) at the National Magnetic Fusion

Energy Computing Center at Livermore. This executableversion, stored in the

FILEM mass-storage system as .5044 .NJOY683NJOYPFX, incorporatesthe modules

RECONR, HEATR, GROUPR, ERRORR, COVR,

resonance reconstruction, kerma and

averaging, covarianceprocessing, and

MODER, and DTFR and thus is capable of

damage-energy calculations, multigroup

simple card-imageoutput (DTF format).A

test problem that illustratesthe calculationof neutron-interactionand pho-

ton production transfer matrices as well as kerma, damage-energy, and he-

lium productioncross sections for 12
C, starting from an originalENDF/B “tape,M

was executed in both the interactive-inputand batch-inputmodes on Machine A.

The test problem input is stored as .5044 .NJOY683DTFRIN and the corresponding

“printoutMas .5044 .NJOY683DTFROUT. A copy of the ENDF/B-V standards tape,
12

which containsthe C evaluationused in the test, is stored as .5044 .NJOY683

STAN5. This data set is referencedas TAPE20 in the test problem.
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c. New Treatmentof ParticleEmission in NJOY RadiationDamage Calculations

[R. E. MacFarlane,D. W. Muir,— and F. M. Mann (HanfordEngineeringDevel-

~ment Laboratory)]

Damage to materials caused by neutron irradiation is an important design

considerationin both fission and fusion energy systems. There are many radia-

tion effects that may cause damage, including direct heating, gas production

(for example, helium embrittlement), transmutation, and the production of

lattice defects (DPA). All of these quantitiescan be calculatedusing modules

of the NJOY nuclear data-processingsystem73,74 togetherwith evaluatednuclear

data from ENDF/B-V.75 Using a comprehensivesystem that combines the damage

calculation with the other cross-sectionprocessing tasks is convenient;more

importantly, it helps to assure consistency between the damage and heating

cross sectionsand those used for neutron and photon transport.

The mathematicalbasis for the calculationof pointwise cross sections for

the prclductionof lattice defects, as implementedin the HEATR module of NJOY,

is described in Chapter XII, Section E, of Ref. 74. One possible objection to

the treatment described there is the use of a “delta-function!’approximation

for the spectrum of charged particles emitted in reactions such as (n,p) and

(n,a). Specifically, the nuclear recoil energy for these reactions has been

calculatedup to now using the relation

1
‘R =

~ (E* - 24=’ p+mE’) , (1)

where p is the particle emission cosine in the laboratorysystem, m is the mass

ratio of the emitted

E* = (A+l-m)
(A+l) E

particle to the neutron, and E* is given by

9 (2)

where E is the

as being equal

E
av

=Q+

or the Coulomb

incidentneutron energy. The particle energy E’ is approximated

to the smaller of the available energy,

AE
A+l ‘ (3)

energy,

Ec = (I”ozgX 106)zZ
1/3

+A1/3
(in eV) ,

m
(4)
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where z is the charge number of the emitted particle and Z is the charge number

of the target atom. This delta-functionapproximationfor E’ has the advantage

of avoiding the integrationover final energy while still representingthe most

important feature of the charged-particlespectrum. The angular distribution

for the emitted particle is assumed to be isotropicin the lab.

We have examined possible improvements in the treatment of charged-par-

ticle spectra in HEATR. Some earlier codes
76,77

have used a simple evaporation

spectrum for emitted chargedparticles. The DISCS code” follows the method of

Kikuchi and Kawaii,79 who employ an energy-shiftedevaporationmodel for the

particle energy E’:

g(E+E’) = C[E’ - K(Z)Ecb] exp[-(E’ - K(Z)Ecb)/O(E,Z,A)] , (5)

where C is a normalizationconstant,K(Z) is a function fitted to data, and Ecb

is the Coulomb barrier energy. The numericalvalue of Ecb used in DISCS is 1.4

times Ec as given in Eq. (4). Here 8 is another fitted functionwhich takes the

place of a nuclear temperature. Specifically,

rPE+A-Ecb
E)(E,Z,A)=

a(Z,A) ‘
(6)

where p is the reduced mass of the system, Q is the Q-value for the reaction,

and a is the nuclear level-densityparameter.

In order to evaluate the relativemerits of the various models of particle

emission, the Hauser-Feshbachcomputer code HAUSER*5
80

was used to calculate

the outgoing proton and alpha spectra from n+
27Al n+56Fe n+58Ni n+64Ni

9 9 9 9

n+92Mo, and n+’OOMo. Very good agreement has been obtained between such cal-

culations and the sparse available experimentaldata. Using the results for

aluminum and iron, a new fitting functionwas found:

g(E_+E’)= C[E’ - f(Z)] ~E + Q - E’ exp [-g(A)E’] ,

where

O.lz for protons ,
f(z) ‘{0.254 Z for alphas ,

(7)

(8)

(9)
and

g(A) = -0.072 ~ .
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Figure 43 shows a comparison for n+58Ni for 14-MeV incidentneutrons. For all

the cases studied, the new formula gives good agreement with the calculated

values. The new formula also works better than the formula and parametersof

Kikuchi and Kawaii, especiallyfor the cases where E+Q is small compared to the

Coulomb barrier energy.

A typical total damage-energyproduction cross section (eV-barns)is shown

in Fig. 44. The l/v behavior at low energies is due to the photon recoil ef-

feet.74 The sharp onset of the elastic contributionis due to the threshold

impliedby the Lindhard electronic-screeningtheory. Fig. 45 shows more detail

for the high-energy range important, for example, for fusion. In Figs. 44 and

45 the smooth curves are from NJOY and the (n,particle)absorption reactions

were computed with the old treatment. The points plotted with symbols are
78multigroup values from the DISCS code and were kindly supplied by L. R.

Greenwoodof the Argonne National Laboratory.

The damage energy due to the (n,p) reactions in iron, as calculated at

high energies by four different methods, is shown in Fig. 46. The solid line

is the result obtained with the delta-function approximation in NJOY, the

dashed line is that obtainedwith the new spectrum (Eq. 7), and the squares are

results from the DISCS code. The NJOY results are based on ENDF/B-V (Rev. 2),

and the DISCS results are based on ENDF/B-V (Rev. 1). The crosses are obtained

by a direct integrationof nuclear-model-generatedproton spectra for 56Fe, as

described in Section II-D of this report. A slight systematicundercalculation

is seen to appear in the NJOY results at very high neutron energies (2 16 MeV),

but overall the agreement between NJOY (both “old” and “new”) with the more

exact nuclear model results is quite good.
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The effects of the new treatmentof particle emission can also be seen in

es XII and XIII. All three methods are again in reasonableagreement for

(n,p) reactions,but the new model gives lower results for (n,a) reactionsdue

to the improved treatmentof Coulomb barrier penetration. The large difference

for “other” in Table XIII comes from the large (n,n’p) reactions for nickel.

Contrary to the assumption used in current versions of NJOY, the charged par-

ticle here is actually more important than the neutron. Better results can be

obtainedby using the (n,p) treatment for the (n,n’p)reaction.

TABLE XII

DAMAGE-ENERGYPRODUCTION (keV*barns)
FOR 14- TO 15-MeVNEUTRONS ON IRON

Reaction DISCS Old NJOY

(n,p)+(n,d)+(n,t) 23.3 23.3
(n,&) 12.3 11.6
elastic 62.3 63.5
inelastic 110.0 114.6
other 82.1 85.8
total 290.0 298.8

New NJOY

23.3
11.2
63.5
114.6
85.8
298.4

57



TABLE XIII

DAMAGE ENERGY PRODUCTION (keV*barns)
FOR 14- TO 15-MeVNEUTRONS ON NICKEL

Reaction DISCS Old NJOY New NJOY

(n,p)+(n,d)+(n,t) 41.6 51.9 52.0
(n,a) 47.9 45.2 43.9
elastic 62.3 63.4 63.4
inelastic 64.7 58.3 58.3
other 83.5 48.5 48.4
total 300.0 267.3 266.0

The differences in inelastic scatteringarise because DISCS uses isotropic CM

scattering for everything, but NJOY uses anisotropic CM scattering for the

levels and isotropicLAB scatteringfor the continuum.

To summarize, the NJOY system provides a convenientway to compute damage

cross sections or DPA that are consistentwith the heating, transmutation,gas

production, and

results compare

for high-energy

transport cross sections used for a particular analysis. The

well with those of other codes and provide improved results

capture reactions.

Remaining shortcomingsinclude the neglect of recoil effects from charged

particles in three- and four-body reactionssuch as (n,n’p)and the neglect of

preequilibriumeffects on the angular distributionsof emitted particles. These

effects are being attacked with a completelynew approach for adding evaluated
81

recoil spectra to the ENDF/B files.

D. RadiationDamage Calculationswith the RECOIL Code (R. E. MacFarlaneand

D. G. Foster, Jr.)

As po;nted out in Sec. II-C, it is sometimesdifficult to compute the de-

tailed recoil spectrum needed to compute radiation damage production using

the data avilable in the ENDF/B files. This problem becomes serious at ener-

gies from 10 MeV to 40 MeV, which will be used in the Fusion Materials Irradia-

tion Test Faciltiy (FMIT). Fortunately,it is now becoming possible to compute

the spectra of particlesemitted from high-energyreactionsusing modern statis-

tical model codes such as GNASH.
6

These spectra can be combinedwith angular

distributionsbased on Kalbach-Mann systematic
82

to obtain distributionsin
81

energy and angle for the recoil nucleus using the RECOIL code. In addition

to the traditionaldamage cross section,RECOIL tabulatesall the particle and
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recoil distributionsdirectly in the new ENDF File 6 format. These tabulated

spectra can then be used in subsequent codes to compute damage and nuclear

heating.

RECOIL begins by reading and reorganizingthe informationavailable from a

completedGNASH run. Preequilibriumratios and photon level data are read from

the printer output file. Global parameters,energy level schemes, and popula-

tion increment data are read from an auxiliarybinary output file. While this

informationis being gathered, the RECOIL code can optionally exclude neutron

compound-elasticscattering,neutron discrete-inelasticscattering,and/or dis-

crete-levelparticle production steps from the reaction data. These

and the “shape elastic” term can normally be computedmore accurately

tical model codes.

Next, these reaction data are used to produce all possible

reactions

using op-

“reaction

stars.”Each “starH

emitted particle of

cular star is just

from GNASH. Once a

consistsof a series of steps characterizedby a particular

a particularenergy. The probabilityof observing a parti-

the product of the probabilities for each step as obtained

star has been formed, it is easy to determine that it be-

longs to a particular reaction, say (n,n’p). RECOIL ignores the order of the

steps, and (n,n’p) will actually be the sum of (n,n’p) and (n,pn). Thus, a

“reaction” in this sense is characterized by a particular recoil nucleus.

The center-of-mass (CM) momentum of this recoil nucleus is simply the

negative of the vector sum of the momenta of all emitted particles. For two-

particle final states, the calculation is easy and reliable. The CM energy of

the recoil is scaled from the energy of the emitted particle using the appro-

priate mass ratio and accumulated into the appropriatebin of the recoil spec-

trum. The angular distribution for the recoil nucleus is just the complement

of the distributionof the emitted particle as given by Kalbach-Mannsystetna-

tics.

For complex reactions, a more approximatemethod is used. The full angu-

lar range for each emitted particle is sampled systematically(not randomly)

using a Kalbach-Mann or uniform distribution. This divides each “star” into a

large number of “substars,” each with its own probability. The energy and

emission angle of the recoil nucleus of each substar are then computed and used

to increment the energy-angledistribution for that particular recoil nucleus,

When all stars have been processed, the result is a set of reaction cross

sections and coupled energy-angledistributionsfor each emitted particle and

each recoil nucleus.
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As mentioned earlier, it is desirable to save these distributionsin full

detail for later use. For just this kind of application,a new ENDF/B format

was recentlyadopted for use in ENDF/B-VI.

For the purposes of this file, any reaction is defined by giving the pro-

duction cross section for each reaction product as a product of a reaction

cross section, a product yield or multiplicity,and a normalized distribution

for the product in energy and angle. As usual, the cross section is given in

File 3; the other two factors are given in File 6. Correlationsand sequences

are ignored; that is, the distributionsgiven are those that would be seen by

an observer outside of a “black box” looking at one particle at a time. The

process being described may be a combinationof several different reactions,

and the product distributionmay be describedusing several different represen-

tations.

Because the new File 6 gives explicit yields for each particle and resi-

dual nucleus, it can be used easily to generate gas productionand activation

cross sections. Thus, all the information needed for heating, damage, gas

production, activation, neutron transport,and particle transport is provided

by File 3 and File 6 in a uniform and consistentway.

Existing GNASH calculationsfor iron
50,83

have been processed into File 6

format using RECOIL and an auxiliary code called MAXE6. At the same time, heat

productionand damage-energyproductionwere computed from the calculatedspec-

tra. Sample results for the nonelastic damage and total heating are given in

Table XIV together with corresponding results from previous methods. For

this example, the differences in damage production are modest with the RECOIL

results at 14 MeV lying about 7% lower than ENDF/B-V values. Improvementin

the heating numbers is more dramatic. The difficultiesin computingkerma from

ENDF/B-V are well known;84 for iron, the problems include neutron-photonener-

gy-balance errors and the difficulty in working with a natural-elementfile.

The new methods are expected to be even more important at higher energies.

Finally, Fig. 47 shows two typical recoil spectra as computed by these

methods. Note the effects of discrete levels which show up in the elastic re-

coil spectrum at high energies.
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TABLE XIV

COMPARISONOF DAMAGE-ENERGYPRODUCTIONAND HEAT PRODUCTIONFOR 56Fe
COMPUTEDBY RECOIL WITH RESULTS FOR ENDF/B-v NATURAL IRON

COMPUTED BY CONVENTIONALMETHODS

Energy RECOIL ENDF/B-V RECOIL ENDF/B-V
(MeV) Damagea Damagea Heat Heat

(keV”b) (keV”b) (MeV=b) (MeV”b)

10
11
12
13
14
15
16
17
18
19
20

174.3
183.7
192.9
202.5
212.7
223.5
235.0
245.3
255.7
263.7
270.8

192.4 0.972
207.1 1.104
219.4 1.236
225.6 1.417
231.9 1.613
238.7 1.820
252.1 2.059
246.8 2.305
262.3 2.576
261.0 2.826
259.5 3.054

-0.095
0.026
0.390
-0.863
-1.096
-2.451
-3.047
-0.310
1.482
2.006
2.602

o
0

a.,–..-,..,. . .r40nelasLlcpart oniy.

o 02
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Fig. 47. Typical recoil spectra for 56Fe at 14 MeV. Solid curve is
inelasticand dashed curve is (n,2n).
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E. Energy Balance of ENDF/B-V.2 (R. E. MacFarlane)

One of the shortcomings of many ENDF/B-V evaluations is that the energy

contained in emitted neutrons and photons is not consistent with kinematic

limits.84 In practice, this leads to heat production cross sections (KERMA

factors)that are either too small (oftennegative)or too large.

There are several sources for these problems; for example,photon and neu-

tron sectionsproduced by differentevaluators,overly coarse models for inelas-

tic scattering,inconsistentcross sections for photon interactionand neutron

production,and uncriticaluse of histogramphoton spectrumdata. In addition,

it is difficult to calculate the available energy for elemental evaluations

because the files contain only average or limitingQ-values.

The ENDF evaluators have been aware of these problems for some time.
84

Therefore,we decided to repeat and extend our original study in order to see

whether the new revisionof ENDF/B-V has been improved. For this purpose, sev-

eral useful improvementswere made to the kinematic checks in the HEATR mod-

U124 of NJOY. These included a better check of the energy balance of radia-

tive capture (MF=12 and MT=102), and a calculation of kinematic limits for

total photon production.

The results of the radiative capture tests at thermal energies are shown

in Table XV. These errors reflectproblems in either photon yields (MF=12)or

photon spectra (MF=15). In addition, the tungsten isotopes show some errors

in the resonancerange. The elementsCl, K, and Ga seem to have energy-balance

problems at thermal energies, and the elementsW and Mo could be improvedwith

new effectiveQ-values.

TABLE XV

PER CENT ERROR IN THERMAL-NEUTRON-INDUCEDPHOTON
ENERGY FOR ENDF/B-V REVISION 2

Isotope

55Mn

20gBi

59C0
181Ta

‘3Nb
138Ba

‘Be
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Per Cent Error

+53.7

-10.5

+8.0

-3.6

+1.4

-0.9

-0.6



test

ENDF

Figures 48 and 49 show examples of the total photon productiontest. This

is meaningful for isotopesat all energies--the dashed curve computed from

should fall between the solid curves (kinematiclimits). If the dashed

curve IS higher than the upper limit, negative kerma factors will usually be

seen. For elementsbelow the threshold,the test is only meaningful for multi-

body reactions; that is, the results can be believed when the two kinematic
I
I limit curves are close together.

/t
Fig. 48(a).I
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Fig. 48 (a and b). Examples of photon energy productiontests for ENDF/B-V Re-
vision 2. The dashed line shows the computed result and the two solid lines
are kinematic limits.
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Fig. 49 (a and b). Examples of photon energy production tests for ENDF/B-V Re-
vision 2. The dashed line shows the computed result and the two solid lines
are kinematiclimits.

A more detailed discussion of these results is being prepared for publi-

cation. They should be of some use in assigning priorities for the reevalua-

tion of materials for applicationswhere neutron and photon heating are impor-

tant (for example, fusion reactors).
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F. Fast-ReactorDoppler Coefficient(R. E. MacFarlane)

We participated in the Second Jackson Hole Colloquium on Fast-Reactor

Physics, June 27-29, 1983, hosted by the Argonne National Laboratory. The

subject was “The Doppler Effect in LMFBRs,” and there were participants from

the national laboratories,industry,and universities.

One of the basic benchmarks for Doppler calculationsis the SEFOR experi-

ment. This was a sodium-cooled,mixed-oxide, fast reactor designed for 20-MW

steady-statepower and transientspeak power up to 10 000 NW. Many of its de-

sign features were chosen to allow separatingthe nuclear Doppler contribution

from other sources (control rod expansion, core espansion, etc.). A full

analysis of this reactor is difficult, but a simplified benchmark model has

been prepared.
85

Our

benchmark.

The calculations

contribution to the meeting was calculations of this

used our 80-group MATXS6 library that was generated by
NJOY 73,74. Self-shieldedcross sections were prepared using TRANSX with both

homogeneousand heterogeneoustreatmentsof the fuel pin energy self-shielding.

Spatial effects and the effects of the fuel bundle wrapper were ignored.

One-dimensionalcalculationswere made with ONEDA. This is a modified version

of ONEDANT86 that allows either diffusionor transport results to be obtained.

Two-dimensionalcalculationswere made with DIF3D.87 The results are shown in

Tables XVI and XVII.

TABLE XVI

SEFOR RESULTS WITH HETEROGENEOUSSELF-SHIELDING

Parameter 1-D Diff. 2-D Diff. 1-D Transp.

keff @ 677 K 1.00321 0.98679 1.01142

Corrections -0.00396 -0.00396 -0.01082

C/E 0.9993 0.9828 1.0006

keff @ 1365 K 0.99654 0.98062 1.00470

Doppler Coefficient -0.00952 -0.00881 -0.00959

Corrections -0.00015 -0.00015 -0.00011

Calculated -0.00967 -0.00896 -0.00970

C/E 1.21 1.12 1.21
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TABLE KVII

SEFOR RESULTS WITH HOMOGENEOUSSELF-SHIELDING

Parameter 1-D Diff. 2-D Diff. 1-D Transp.

keff @ 677 K 0.99662 0.98184 1.00465

Corrections -0.00149 -0.00149 -0.00835

C/E 0.99513 0.98035 0.99630

keff @ 1365 K 0.99121 0.97638 1.99921

Doppler Coefficient -0.00772 -0.00779 -0.00776

Corrections -0.00065 -0.00065 -0.00061

Calculated -0.00837 -0.00844 -0.00837

C/E 1.05 1.o6 1.05

These results are somewhat higher than previous results
88

or the results

reportedat the meeting by other contributors. The heterogeneityeffect is es-

pecially strong using these methods. Future work will have to explore these

differencesand look into the effects of additionalcomponentsof heterogeneity.

One conclusion that can be drawn from an examinationof these calculations:it

is difficult to obtain accuracy for the Doppler efficient calculationbetter

than 5%.

III. NEUTRON ACTIVATION,FISSION PRODUCTS,AND ACTINIDES

A. Neutron Activationof a Vanadium-AlloyFusion-ReactorFirst Wall (D. W.

Muir)

Vanadium alloys (such as V-20Ti and V-Cr-Ti) are attractivecandidatesfor

use as structural materials in fusion-reactorblankets both because of good

mechanical properties at high temperaturesand because of favorableactivation
89

characteristics. The virtual absence” of long-livedneutron-activationpro-

ducts of vanadium, titanium,and chromium suggests the possibilityof reprocess-

ing and recycling vanadium-alloy blanket components after reasonably short

cooling times (perhaps30-50 years).
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As described in Section I-J, the nuclear model code GNASH was used to cal-

culate cross sections for several neutron-activationreactionsin vanadium and

titanium in order to allow an accurate assessment of induced radioactivityin

the time scale of interest for recycling,namely, 1 to 100 years. As discussed

below, we have also reviewed the available decay data for the radionuclides

produced.

If one assumes that the noble-gasactivationproduct
42
Ar (t%= 33y) can

be removed, for example,by heating, and if one further assumes that the activa-

tion of impuritiescan be neglected,then the gamma-raydose near an irradiated

blanket componentmanufacturedfrom V-20Ti will be dominated,a few years after

removal from the reactor, by x rays and internal bremsstrahlungphotons from
49
v (t* = 0.90 y). After about 15 to 20 years, most of the dose will come from

hard gamma rays from
44
Ti (t% = 47 y). A summary of the decay properties of

these two nuclides is given in Table XVIII along with the relevant 14.1-MeV

production cross sections obtained by interpolationfrom Table VI of Section

I-J.

For radioactivity

which a first wall of

10 MW/m2 for a period,

calculations,we have adopted an operating scenario

V-20Ti alloy is irradiated at a neutron wall loading

t, of two years (see Ref. 90). The neutron source

in

of

is

assumed to be uniformly distributedover a plasma region which extends from the

center of a cylindricalvacuum vessel out to a plasma radius r , assumed to be
P

equal to 0.7 times the first-wall radius r For this,value of r /r
w“

and
p w’

independent of the actual wall radius, the flux of unscattered 14.1-MeV neu-

trons arriving at the first wall will be 1.69 times the 14.1-MeVneutron cur-

rent, which at 10 MW/m2 is 4.44 x 1014 n/cm2 sec. The first-wall uncollided

flux, $, is then 7.50 x 1014 n/cm2 sec. As shown in Section I-J, all of the

production reactions of interest here have high thresholds and steeply rising

excitationfunctions. Because of this, it is a reasonableapproximationhere to

calculate radionuclideproduction rates from @ alone, ignoring the contribution

from lower energy scatteredneutrons.
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TABLE XVIII

ACTIVATIONAND DECAY DATA FOR V AND Ti

Cross Section at 14.1 MeV

51V(n,2n)

50V(n,2n)
46
Ti(n,2n)

45
Ti(n,2n)

Half-Life Photon Energy

49V 0.90 y N 250 keVa

4.5 keVc

44Ti
47 y 2.656 MeV

1.499 MeV

1.157 MeV

0.524 b

0.692 b

0.0124 b

0.0926 b

Photons
Per Decay

- o.0003b

0.196C

0.001

0.009

0.999

aInternalbremsstrahlungaccompanyingelectron capture. The spectrum is a
broad continuumextending from O up to 616 keV. (See Ref. 91.)

b
Absolute intensityestimatedfrom Eq. (8) of Ref. 92.

cPrivatecommunicationsfrom J. K. Tuli, BrookhavenNational Laboratory,
Upton, N. Y., and D. C. Kocher, Oak Ridge National Laboratory,Oak Ridge,
Tenn., August 1983.

Both the
49
V production and the

44
Ti production can be calculated from

equationsof the followingform:

dnl

F = -Al ‘1

dn2
— = -A2 n2 + nl 0(1+2) $dt

dn3
—= -A3 n3 + n2 CJ(2+3)$ .
dt
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Here Ai denotes the total nuclide destructionrate, includingboth radioactive

decay and neutron “burn-upHreactions. The transmutationcross sectionso(i+j)

are just the relevant (n,2n) cross sections from Table XVIII. In all cases, the

initial conditionsare nl(0) = no, n2(0) = O, and n3(0) = O. The solution for the

nuclicleconcentrationsafter an irradiationtime t is well known:

-Alt

‘1 = ‘o e 9

‘2 = n. dl+21 $ t f(t) ,

and

‘3 = ‘o
(Y(1+2)0(2+3) $2 t2 g(t),

where

and

-Alt -A2t -A3t
(A3-A2)e -(A3-A1)e +(A2-A1)e

g(t) = Q—
(A3-A2)(A3-A1)(A2-A1)tA

An exact evaluation of the factors f(t) and g(t) would be difficult be-

cause it would require energy-dependentcross sections for all target-destruc-

tion reactions, including (n,y), and these data, for the most partj do not

exist. Fortunately, the neutron spectrum at a typical reactor first wall is

very hard, and this greatly reduces the data needs. For example, in the Culham

Mark II design, the thermal neutron flux is seven orders of magnitude less than

the 1.4-MeVflux.go In such a hard spectrum, the target-destructionreactions,

like the production reactions,will occur mainly at 14 MeV. Adopting 0.7 barns

as a typical target-destructioncross section, destructionrates in the neigh-

borhood of 0.02 per year can be expected. Since we are interestedin irradia-

diation times in the neighborhoodof t = 2 years, it is a good approximationto

take
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51V 50V 46Ti and 44
for the stable and long-livednuclides of interest ( , , 9 Ti).

For cases where Alt and A2t << 1 and where A3 >> Al and A2, use of this

approximationleads to the results f(t) ~ 1 and

g(t) z

-A3t
A3t - 1 + e

A2 t2
9

.

Similarly,if Alt and A3t << 1 and A
2
>> Al and A

3’
then

f(t) z

and

g(t) z

-A2t
l-e
A2 t

-A2t
A2t - 1 + e

~~ .

(lo)

(11)

‘2
L t’

If, in addition,A2t >> 1, the last result becomes simply

(12)g(t) =+ .
2

After the irradiationof a V-20Ti first wall for a time t, the ratio of
49
V atoms to initial total vanadium atoms can be estimatedusing the approxima-

tions to g(t) and f(t) given in Eqs. (10) and (11) above:

’49

T
= 0.9975cJ51cJ50$2

’49t
- I + e-A4’t

A:9

l-e
-A49t

+ fJ”oo25%jo $ 9
’49

where the first contribution results from the two-step process (%? + % +
49
V) and the second results from the direct production from the 0.25% abundant

50
V in natural vanadium.

‘ere ’49
can be accuratelyapproximatedusing the de-

cay component alone,
’49

E 0.77 per year. Insertingcross-sectionvalues from

Table XVIII and setting t = 2 years, we obtain
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’49—— = 3.02 x 10-4 ,
%

49
with about 86% of the V atoms resultingfrom the two-stepprocess.

Similarly,the ratio of
44
Ti atoms to initial total titaniumatoms is cal-

culated using the simple result in Eq. (12),

’44 = 0.082a t——
‘Ti

46 ’45 $2 —
’45 ‘

45
‘here ’45 for highly radioactive Ti is 1.97 x 103 per year. Again inserting

numericalvalues, we obtain

’44
— = 5.37x 10-11 .
“Ii

In spite of the very low gamma-ray intensityfrom
49
V decays, it is clear

from these results that, at early times,
49
V will dominate

44
Ti as a source of

44Ti will dominate
energetic gamma rays. It is also clear that eventually .

It is of interest to evaluate the gamma-ray exposure rate at the surface

of a large, thick sheet of V-20Ti alloy. A useful formula for this is given in

Ref. 90:

Exposure (R/h)= 6.57 x 10-5 ~ ia Sy $ , (13)
m

all y lines

where 1]a is the energy absorption coefficient of air (cm2 g-l)> Pm is the

linear attenuationcoefficientof the alloy (cm2 g‘1), Sy is the rate of gamma-
-1

ray energy emission per unit mass (MeV g S-*), and B is the gamma-ray dose

build-up factor, a number around 2. Substitutingthe appropriatevalues in Eq.

(13),we obtain the late-timeexposure rate:

Exposure = 2
-T/O.90

x 345 R/hour

+ 2-T/47
x 2.25 mR/hour ,

where the storage time T is measured in years.

After 20 years of storage, the exposure will have dropped to 1.75 mR/h.

This level of radiation is comparable to the limit set by the US Government
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for radiationworkers (1250 mrem in any 3-month period). While certainlynot

negligible, it probably would not present a serious obstacle to performing in-

dustrial operations,such as fabrication,with recycledV-20Ti.

In order to place our results for pure V-20Ti in perspective,it is help-

ful to consider very briefly the activation of possible impurities. From the

materials-reprocessingviewpoint, the most troublesome impurities are those

that can produce a long-lived gamma emitter such as 60C0 94~ or 108
> 9 Ag. We

have used data from Ref. 91 to estimate the concentrations of various

impuritieswhich result in surface exposure rates of 1 mR/h after 50 years of
44Ti at that time T.cooling,which is about the exposure level expected from .

achieve this fairly low lqvel, the initial concentrationof Ag in the vanadium

alloy would have to be less than 0.01 ppm, Co less than 0.1 ppm, Nb less than 1

ppm, and Ni, Cu, and Al less than 10 ppm. It is not clear whether or not such

high purities will be economicallyattainablein the forseeablefuture.

B. PreliminaryENDF/B-VIFission Yield Evaluations [T. R. England, B. F.
Rider (GeneralElectric Co., retired),D. C. George, R. J. LaBauve, and
W. B. Wilson]

The results for 50 yield sets were reviewedat the NEA Specialists’Meet-

ing on Yields and Decay Data of Fission Product Nuclides at BrookhavenNational

Laboratory, October 24-27, 1983.93 While this was a general review, it was

noted that the only effort comparable to that for ENDF/B-VI was that of E. A.

C. Crouch in 1977.94 Other evaluationsare more limited in the effects treat-

ed, in the number of fissionablenuclides and incident neutron energies con-

sidered,and in the amount of measured data included. Many are simply compila-

tions without evaluation. Each of the 50 yield sets in ENDF/B-VI includeboth

independent and cumulative yields and their uncertainties,and each set and

type contain 1100 to 1200

of energy included. Table

ENDF/B-IV,-V, and -VI.

A number of integral

nuclides. Table XIX lists the 34 nuclides and type

XX lists some characteristicsof the evaluationsfor

tests have been made and compared to evaluations.

Table XXI lists the total delayed neutron emission, and the total neutron emis-

sion is listed in Table XXII. Values in Table XXI require neutron emission

probabilities (Pn values). Recent Pn evaluations,noted in the next section,

were used.

Other tests are indicated in Ref. 93. Table XXIII lists the mass chain
235U 238U

yields for 10 of the 50 sets, and Fig. 50 compares the values for

and 239Pu.

9 9
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TABLE XIX

ENDF/B FISSION-PRODUCTYIELD SETSa

—NeutrOnEnergy

Nuclide Thermal Fhst 14hfeV

6
6

456

456

456

456

456
6

5:

45:
56

45:
56

6

45:
56
56

a The numbers 4, 5,
ENDl?/B-IVcontains

QUANTITY

YEAR
F ISS 10N-ABLE

56

56

45:
6

456
6

56
6

Spon

6

NeutronEne~

Nuclide Thermal tit 14MeV 9pon.

6
6

6

6

6

6

6

56
6 6

6
6

6

6

6

56
6

6

6

and 6 refer to ENDF/B Versions IV, V, and preliminaryVI.
only independentyields and does not include uncertainties.

TABLE XX

SUMMARY OF ENDF Evaluations

PRELIM.
ENDF\B–1 V ENDF/B-V ENDF/B-VI

1974 1978 1983
Nucsc 6 11 34

NO. OF YIELD SETS 10 20 50
ISOMER RATIO EST. 50&o
PAIRING

YES
YES

YES
YES

DELAYED NEUTRON YES YES
CHARGE BALANCE :: YES YES
TERNARY FISSION
INDEP . YIELDS Y;;

YES
YES

YES
YES

CUMULATIVE YIELDS NO YES YES
LINCERTAINTIES NO YES YES
NO. OF REFERENCES 956 1119 1274
NO. OF YIELDS 11000 44000 110000

a Beginningwith ENDF/B-V, delayed neutron branching fractionshave been incor-
porated into evaluations. Independentyields apply before delayed neutron
emission and cumulativeyields apply after emission.
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TABLE XXI

DELAYED NEUTRON COMPARISONS(FROM VERSION E YIELDS)

F1SS10NABLE
hT?~L IDE

23Eu
2s5U
235u
23@u
23@u
236pu

23‘Pu
241pu
233U
232Th
233U
233U
236U
23epu
24 Opu
241pu
24 Zpu
23 2Th
2 s7~,p
25 2cf
23 4U
23 7U
24 Opu
23 4U
23 6U
23 apu
241~
243~
238hTp
242fi
227Th
22~Th
23Ipa
24 1~
24 1~
42 Mb
24 5~
24 9cf
25 l~f
254 Es
26 Ocf
244~
24 8@
263 Es
25 4~
265~
266~
23 7~.p
23 2U
2s au

r;
F
H:
F
H
T
F
T
T
F

E
F
H
F
F
F
H
F

;
F
H
H
H
F
F
F
F
F
T
T
F

:;

‘;
‘I
‘I
1
c.
c.
cL
c1.

,;

‘;‘r
‘<,.

CAL~ILATEDVALUE3 ENDF\B–V
PER 100 FISS1ONS E~’AL.

1.77+,’-0.14
2.06+/– 0.27
1.08+/– 0.18
3.54+/– 0.36
2.71+/– 0.35
0.76+/– 0.05
0.68+/– 0.09
1.39+/– 0.12
0.96+/– 0.22
5.69+1– 1.05
0.91+/– 0.15
0.70+/– 0.13
2,32+~– 0.31
0.38+1– 0.07
0.81+/– 0.11
1,39+/– 0.16
1.40+/– 0.16
4.16+/– 1.05
1.14+/– 0.15
0.61+/– 0.07
1.30+/– 0.21
3.50+/– O_.38
0.50+/– 0.09
0.76+/– 0.15
1.54+/– 0.23
0.79+/– 0.11
0.50+,’–0.07’
0.79+/– 0.10
2.15+/– 0.24
0.13+/– 0.03
1.41+/– 0.41
1.81+/– 0.58
1.60+/- 0.35
0.53+{– 0.07
0.25+~– 0.05
0.76+/– 0.11
0.60+~– 0.09
0.16+/– 0.03
0.73+/– 0.09
0.39+;– 0.CJ6
0.34+/– 0.05
0.44+/– 0.07
1.19+/– 0.14
0.19+/– 0.04
0.06+/– 0.02
0.25i-~–0.04
0.16+~– 0.03
0.96+/- 0.13
0.52+/– 0.09
5.67+j– 0.49

1.67
1.67
0.s0
4.40
2.60
0.65
0.65
1.62
0.74
5.27
0.?4
0.47
————
0.43
0.90
1,62
1.50
3.00
———
———
————
———
0.62
———
—-——
———
————
———
——
———
————
————
————
———
———
——
————
————
———
————
———
———
—.—
————
———
——
———.
————
———
——.-
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TABLE XXII

TOTAL NEUTRON COMPARISONS(VERSIONE YIELDS)

NUCLIDE
235U
235U
235U
238U
?.3au

23‘Pu
239pu
241 pu
23 3U
23 2Th
23 3U
23 3U
23 6U
23 9pu
24 Opu

24 IPU
242pu
23 2Th
23 7NP
262Cf
23 4U
23’7u
24Opu
234U
236u
23 epu
24 1~
243 Am
23 8NP
24 2~

2 2‘Th
229Th
23Ipa
241 A.-n
241 A-r-l
42 M~
245 cl-n
249 (-=f
251Cf
254Es
260Cf
244~
240Q-n
263Es ‘S

25’Fh-l[s
2551%nT

I

256fi S
:::;p H

T
23(3u S

CALCULATED

2.66+/– 0.29
2.45+/– 0.34
4.37’+/– 1.87
2.99+/– 0.64
4.48+/– 1.68
2.91+/– 0.84
2.90+/’– 0.62
2.95+/– -1.10
2.52+/– 1,06
2.36+/– 1.60
2.50+/- 0.64
3.58+/– 3.31
2.81+/– 3.35
4.63+/– 2.57
3.20+/– 2.49
2.98+/– 1.31
3.53+/– 3.68
3.91+/– 1.67
2.76+/– 0.95
4.05+/–
2.72+/–
2.71+/–
4.62+/–
4.18+/–
4.24+/–
2.01+7–
2.98+/–
4.02+/–
2.29+/–
3.60+/–
l.39+/–
2.45+/–
2.47+/–
2.76+/-
4.46+/–
2.92+/–
3.3i’+/–
4.17+/–
3.64+/–
3.92+/-
3.30+/–
2.22+/-
3.80+/–
4.38+/–
4.23+/–
3.15+/–
4.4%/-
3.38+/–
2.94+/–
l.72+/–

2.04
4.30
5.64
4.05
4.86
4.64
5.99
4.61
6.07
5.9f3
6.33
5.22
2.23
4.72
3.36
3.90
4.62
2.94
4.04
5.02
4.72
4.15
3.60
4.38
5.08
5.04
5.48
5.54
4.85
4.84
2.57

EIiDF/B-VEVAL.

2.44
2.48
4.40
2.47’
4.43
2.89
2.95
2.96
2.50
2’.02
2.51
4.27
2.38
4.92
2.88
2.96
2.89
3.94
2.77
————
2.42
2.50
4.93
4.24
4.15
2.9?
3.17
3.36
2.86
3.53
————
———
2.34
3.09
5.33
3.26
3.83
4.06
4.14
————
————
————
————
—.
————
————
——
4.?4
3.13
————
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)?ig.50, Ratio of 298U(F) and 2S9FU(F) chain yields to 236U(F) (Ver.E).

c. Delayed Neutron Spectra and Pn Values [T, R. England, W. B, Wilson, (F. M.

Mann and R, E, Schenter~ Develo ment Laborator

1. Spectra.

Delayed neutron spectra can now be calculated using fission-product

yields, precursor emission probabilities, and individual nuclide emission

spectra. Some results presented in &he last progress report have been revised
95and are now published, The8e results are based on ENQFIB-V fission yield

data and the Pn values in Ref. 96. These spectra, subject to some minor

changes, are expected to replace the integral evaluations now in ENDF/B-V.

80



& Pn Values,

Since the publicationof Ref. 2, the Pn values have been reevaluated 97 and
recently submitted for Nuclear Science and Engineering publication, Prelimi-— —
nary Gd values using the revised Pn values and revised fission yields are

listed in the previous section, The reader should note the small value calcu-

lated for 238U fast fission, This is apparently due to an excessively large

even-odd Z-pairing (~ 32%) used in the evaluationof fissionyields, All pair-

ing values used in the yield evaluations are listed in Table XXIV, Recent

measured data sug8est Che pairin8 effect should have been the same as for 235U

fast fission (15%), In fact, this pairing does increase the calculated ;d to

4,04 i 0,4 per 100 fissions in agreement within the uncertainty with the ENDF/B-

V integral evaluation, Figure 51 shows the effect of pairing on maas chain

yields for three incident neutron energies,

It should be understood Ehat accurate calculations of ;d require extremely

accurate values of precursor yields and Pn values, whereas the ENDF/Bspectra,

being normalized, do not require the same accuracy, Thereforewe UsetheCal-

culated ;d values primarily as a rough test of the quality of the yields and Pn

values. The normalized apectra, however, are clearly better than the limited

measured values for reasona deacribed in Ref. 95,

I?3LIU q

L h.-UJbU ,
,,!!!!,!,!,KJLU t A

.,,,.,.,..

/ k.. / \
I I I I I I I I I I I

33 35 37 39 41 43 45 47 49 51 53 55 5’7 59
Mass

1

Fig. 51. Sum of direct yields by charge.
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IWCLIDE

U235T
U235F
U235HE
U238F
U238HE
PU239T
PU239F
PU241T
U233T
TH232F
U233F
U233HE
U236F
PU239H
PU240F
PU241F
PU242F
TH232H
NP237F

TABLE XXIV

PAIRING EFFECTS USED IN

CF252S
U234F
U237F
PU240H
U234 E

1U236 jl
PU238F
AM241
AM243F
NP238F
CM242F
TH227T
TH229T
PA23 F

iAM24 T
AM24IH
A242MT
CM245T
CM249T
CF25IT
ES254T
CF250S
CM244S
CM248S
ES253S
FM254S
FM255T
FM256S
NP237H
U232T
U238S

a X = fractional change

PROTON EFFECT,X

0.22Q +/– 0.034
0.151 +/– 0.179
0.015 +/– 0.016
0.329 +/– 0.479
0.018 +/– 0.019
0.171 +/– 0.206
0.124 +/– 0.143
0.206 +/– 0.256
0.210 +/– 0.264
0.327 +/– 0.469
0.143 +/– 0.168
0.015 +/– 0.016
0.166 +/– 0.200
0.015 +/– 0.016
0.244 +/– 0.321
0.141 +/– 0.166
0.364 +/– 0.554
0.018 +/– 0.019

0
0.050 +/– 0.040
0.079 +/– 0.089
0.102 +/– 0.116
0.117 +/– 0.132
0.016 +/– 0.018
0.017 +/– o.oi9

o
d
o
0

0.067 +/– 0.074

0.274 +?– 0.301

0
0
0

0.109 +)– 0.120
0
0

:
o
0
0
0
0
0

:

in model estimated

Evaluation

NEUTRON EFFZCT,Y

0.044 +/- 0.034
0.029 +/– 0.039
0.003 +/- 0.004
0.063 +/– 0.100
0.003 +/– 0.004
0.033 +/– 0.044
0.024 +/– 0.031
0.040 +/– 0.055
0.041 +/– 0.056
0.063 +/- 0.098
Q.028 +/– 0.037
0.003 +/– 0.004
0.032 +/– 0.043
0.003 +/– 0.004
0.047 +/– 0.021
0.0~7 +/– 0036
0.070 +/- 0.114
0.003 +/– 0.004

0
0.010 +/– 0.040
0.015 +/– 0.020
0.020 +/– (3.024
0.023 +/– 0.030
0.003 +/- ().()()5
0.003 +/– 0.004

0

B
o

0.013 +/– 0.016

0.053 +:– 0.058

0
0
0

0.021 +;– 0.023
0

:
o
0
0
0
0
0
0
0
0

yields based on the product charge.

Y = fractional change due to neutron pairing. The effect is positive for

even pairing and negative for odd pairing.
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D. Development of CINDER-3Depletion Package [W.B. Wilson, T. R. England

~. J. LaBauve,R. E. Schenter (HEDL)]

Our recent activities in local utilization of 2- and 3-dimensionaldif-

fusion and transport codes in fast-reactorphysics calculationshave resulted

in the formation of the versatile fuel depletion package CINDER-3. This code

may be coupled to any reactor physics code that provides initial nuclide atom

densities, energy group fluxes, and resonance self-shieldedgroup cross sec-

tions for abundant nuclides in each spatial region. The package returns end-

of-time step atom densities of explicit nuclides and lumped nonexplicit fis-

sion-product and actinide quantities for use in a subsequent reactor physics

calculation. These lumped quantities, accumulated separately for nonexplicit

fissionproducts and actinides,include atom densitiesand group cross sections

for (n,n), (n,n’), (n,2n), (n,y), and total neutron absorptionin an arbitrary

user’s group structure.

The code package, shown schematicallyin Fig. 52, combines the functions

of the CINDER-298 nuclide inventory code and its ENDF/B-V-baseddata library99

with the TOAFEW-V100 collapsing code and library of processed ENDF/B-V 154-

group cross sections augmented with (n,2n) cross sections from model calcula-

tions at HEDL. All calculationsuse the chain library, giving the basic nu-

clear data describing the various nuclide couplings by fission yield, radio-

active decay, and neutron absorption. Inventorieswithin each region at the

end of a time step (EOS) are calculatedusing the energy group fluxes, nuclide

atom densities, and group cross sectionsassociatedwith the region at the be-

ginning of the time step (BOS). Cumulative.calculatedEOS results (exposure,

burnup, atom densities, cross sections, etc.) are sequentially recorded for

each region. Region atom densitiesare initializedwith values supplied in the

initial call for the region; thereafter, region BOS atom densities are taken

from the previously recorded EOS region data. Region cross sections are sup-

plied in the following heirarchy: (a) previous EOS cross-sectionvalues, if

other than the first call for this region; (b) collapse of 154-groupdata with

user-supplied multigroup weighting flux, if requested, by AFEW--a modified

version of TOAFEW-V; and (c) explicit nuclide self-shieldedvalues provided in

the call.

CINDER-3 follows fission products yielded by the neutron-inducedand/or

spontaneous fission of 31 actinides initially present and/or produced within

the fuel. Fission rates are calculatedwith the average of BOS and EOS acti-

nicleatom densities. Thermal, fast, or high-energy neutron-induced fission
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yields may be selected by the user. These yields were taken from ENDF/B-V

yield sets using surrogateyield sets where necessary.

Cray 1S region inventory calculationswith the package, using 8 energy

groups and 80-group weighting spectra, have required 1-5 s per call. Ancil-

lary calculations of decay power, decay spectra, or other grouped nuclide

propertiesmay be performedwith other codes using summarizedregional outputs.

---- \

CALIS~
o RECIONID
o EXPLICITNUCLDENSI’IWX
o SELF-SH[ELDEDX-S~
o MULTIGROUPWT.FLUX

~RETURN
o EXPLICITNUCLDENSITIES
O AGOREGATEAmtNIDE

FEW-GPX-SECS
0 AGGREGATEFISSION-PRODUCX

FEW-GPX-SECS

/--------
..” ‘..

[. wi&Y-]......... .. . . . . . . ... . .

‘... ,.’
.*......

i

CINDER–3

-
AUX.CODES
ADENA
DKPOWER
CIIDER-10

—........,

AFEW I

............ ..
kGREtMm-”.:DUXY POW~’*,
: w#xrRA ;.....-.......--..---.-9:
i,,SHm#w j

‘+Am’Y ..”,............

Fig. 52. Schematicof CINDER-3 depletion.

E. DKPOWR Code Development (W. B. Wilson, T. R. England, R. J. LaBauve, and

D. C. George)

The DKPOWR code was first developedto combine exponentialpulse-function

expressions for fission-productdecay power with calculated fission histories

to determine total fission-productdecay power following fuel irradiation.
101

The code used decay power pulse functionsfit to CINDER-10ENDF/B-IV summation

calculations102 or fits to combinationsof calculatedand measured decay power
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data for 235U and 239Pu as incorporatedin the ANSI/ANS-5.1-1979 Standard for

Decay Heat Power
t. 235

U thermal

decay power from

pulse function.

DKPOWRnow

in Light

fission,

all other

Water Reactors.
103

These functions were restricted
238

U fast fission, and
239

Pu thermal fission; the

fissions are representedby the
235

U thermal fission

retains the capability of decay power calculations with the

1979 Standard, including the interpolation or extrapolation of tabular values

of the upper limit neutron absorption correction Gmax. Fission-product decay

power uncertainties are calculated with pulse functions fit to tabular data of

the Standard.
103

The limited actinide decay power due to 239U and 239
Np are

also calculated using an improved algorithm. Integrated fission-productand

actinide decay energy from shutdown are calculatedwith algorithms resulting

from the integrationof the decay power algorithmof the Standard.

Pulse-functionfits to CINDER-10 summationcalculationswith ENDF/B-V data

of fission-productdecay power, fission-productdecay activity (curies), 18-

group fission-productP spectra, and 19-group fission-producty spectra have

been completed. These are now included in a DKPOWR library for
232

Th fast

fission,
233

U thermal fission,
235

U thermal fission,
238

U fast fission, 239PU

thermal fission,and
241

Pu thermal fission. All other fissions,as
235

before, are

representedby the U thermal fissionpulse functionunless otherwise speci-

fied.

Output of DKPOWR now includes results calculatedwith the ANSIiANS-5.1-

1979 SLandard

calculations.

Table I:

Table II:

functions and with functionsfit to CINDER-10ENDF/B-V summation

These results are tabulatedas follows:*

Results of Calculationswith the ANSI Standard

Summary of input fission history, as assigned to the associated

and surrogate fission pulse functions of the ANS/ANSI Standard

and of the ENDFiB-V calculations.

Fission-productdecay power, uncertainties, absorption correc-

tion; limited actinide decay power.

Table III: Fission-productand actinide decay energy.

~Examples of these tablesmay be seen in Los Alamos informal
146.W. B. Wilson, T. R. England, R. J. LaBauve, and D. C.

document LA-UR-84-
George, ‘DKPOWR:A

Code for the Calculation of”Decay Power, Energy; Curies, and MUltigroUp @ and

y Spectra Using Pulse Functions,” to be presented at the American Nuclear So-
ciety’s Annual Meeting, New Orleans, Louisiana,June 3-8> 1984.
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Results of Calculationswith Pulse FunctionsFit to CINDER-10

SummationCalculationswith ENDF/B-V Data

Table IV: Fission-productdecay power.

Table V: Fission-productdecay energy.

Table VI: Fission-productdecay activity, curies.

Table VII: Multigroup fission-productbeta decay spectra.

Table VIII: Multigroup fission-productgamma decay spectra.

F. (a,n)Neutron Productionin Boron-ContainingSystems [R. T. Perry (Texas

A&M University)and W. B. Wilson]

Boron is often used as a thermal reactorpoison because of its large ther-

mal neutron absorption cross section, which is due largely to the 3.8-kb (n,a)

thermal cross section of IOB (- 20 at.%). Alphas produced in the (n,a) reac-

tions, having an average energy in the range of 1.75-2MeV, have some probabil-
10,11

ity of experiencing B(ci,n)reactions and thus reintroducingneutrons into

the system. We have performed SOURCES code7 calculations of (a,n) neutron

production probabilitiesP(E) for 2-MeV alphas emitted in three boron-contain-

ing systems, as summarized in Table XXV. These calculationsemployed alpha-
104 and NATparticle-stoppingcross-sectiondata of Ziegler B(a,n) cross-section

data of Walker.
105

The P(E) value of 6.01 x 10-7
NATB is lower

calculatedfor

than the 2-MeV thick-target yield of 7.6 x 10
-7

calculated by Lisken and

Paulsen,
106

probably because of the different stopping cross-section data

sources used.

The (a)n) neutron productionin water containing500 ppm B is due to reac-

tions with 17’180 as well as 1O’llB. We have used the 170 and 180 cross .ec-

tions from a previous evaluation,107 which combined data of Bair and Wil-

lard,108Bair and Haas,
109

Bair and del Campo,
110 111

and Hansen et al., following

the suggestionsof Ombrellaroand Johnson.
112

The alphas produced
13

in B4C may react with C as well as 1O’llB. The
13
C(a,n) cross section used was taken from Bair and Haas.

109

10
Of these boron-containingsystems, the highest probabilityof a B(n,a)-

-7
produced alpha experiencingan (ajn) reaction is calculated to be 6.1 x 10 .

Thus, we concludethat the neutrons reintroducedby (o!,n) reactionswould have a

negligibleeffect on reactorphysics calculations.
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TABLE XXV

(a,n NEUTRON PRODUCTIONBY 2-MeV ALPHAS)

Target Atom
Component Fraction

Case 1

Natural Boron B 1

Case 2 B 2.7784 X 10
-4

Natural Boron in Water
170

1.2663 X 10
-4

(500 ppm by weight)
180

6.7981 X 10-4

.8

.00222

Case 3

B4C

B
13C

P(E)
Neutron/Alpha

6.0147X 10-7

2.8469X 10-10

6.0846x 10-12

1.2429 X 10-11

3.0320X 10-10

4.7405 x 10-7

4.6726 X 10-10

4.7452X 10-7

IV. CORE NEUTRONICS CODE DEVELOPMENT IN SUPPORT OF LMFBR CARBIDE CORE ASSESS-

MENT (R. J. LaBauve, T. R. England, D. C. George, R. E. MacFarlane,and

W. B. Wilson)

Los Alamos is currently involved in the assessmentof carbide fuels as ap-

plied to cost-optimizedand inherently safe LMFBR designs. In support of this

effort, the Applied Nuclear Science Group (T-2) has been participating in the

evaluation and testing of basic nuclear data . .
s provldlng processed data for use

in methods comparisons,and in developinga code system to be used for the neu-

tronic calculationsin the Los Alamos National Laboratoryadvanced core design

and assessmenteffort. This report concernsprogress made in the last of these

areas, namely, the code system development.

A general layout of the code system for neutronics calculationsis shown

in Fig. 53. Starting with the basic nuclear data file (currentlyENDF/B-V),

the code system consists of a data-processingmodule, a core calculationmodule,

and ii depletion module. Our approach in establishing this code system in a

timely manner is to use existing,proven codes in the three modules and to link

them via the standard interfacesystem.
113

The nuclear data codes and interface

systems we are using have all been supported under the physics program of the

Office of Breeder Reactor Technology of the Departmentof Energy over the past

15 years or so.
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Fig. 53. Code system for neutronicscalculations.

Non-nodal and nodal versions of the Argonne National Laboratorythree-di-
87mensional diffusion code DIF3D were brought up on the Los Alamos Cray com-

puter. These were validatedby runningLCCEWG benchmarkproblems and comparing
114results with those from other laboratories. The ANL depletion code REBUS-3

was also brought up on the Cray, but indicationsare that this code will have

to be restructured (“overlayed”) in order to run efficiently on the Cray.

The NJOY code system73,115 was used to prepare a preliminary set of car-

bide LMFBR cross sections based on the CDS homogeneous carbide core.116 The

processingpath used is shown in Fig. 54, and note in the figure that data were

generatedboth in the standard interfaceISOTXS format and the DTF format. The

data in the DTF format were supplied to the Los Alamos Core Design Group (Q-12)

for use in 2DB117 calculations.
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80-group macros

default flux
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collapse to 8 groups
elastic removal correction
fission spectra

8-group reactor
flux and burnup
calculations

Fig. 54. Processing path for preliminary carbide reactor cross sections.

PA modification of the CINDER code package 98,100
was selected for the

depletion module of the neutronics code system shown in Fig. 53. The module

was linked to the DIF3D code by means of standard interface files, and this

preliminaryversion of the neutronics code system was validated by making test

problem comparisonswith the 2DB code. The linking was achieved by making use

of CTL--a local controller. CTL is much like the COSMOS controllerand is de-

signed,for interactiveas well as batch use. It provides for sequentialcon-

trol of tasks such as retrieval from and storage to the Central File System,

execution of programs, and file handling. The calculational model used in the

comparisonwith 2DB was a carbide version of the G.E. modular reactor concept;

the core mid-plane layout is shown in Fig. 55 and the R-Z layout is shown in

Fig. 56. Group-averagednuclear cross-section data used in the calculations

were those generated by the NJOY code system from the ENDF/B-VI data base for

previous studies of the carbide version of the CDS.
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In the first comparison, parallel DIF3D-CINDERand 2DBR-Z model rUnS were

made. These were at 70% full power (0.7 x 345 MW)in increments of 100 days for

500 days continuous operation time. Results are shown in Table XXVI and in

Figs. 57-61. The difference seen in the beginning-of-life (BOL) values for

k-effective for the two calculations in Fig. 57 are mainly due to the fact that

2DB uses a single fission spectrum for all regions, whereas DIF3D USeS a

composition-dependentspectrum in each region. Also note that the loss in

k-effective as calculated by DIF3D-CINDER is greater than calculatedby 2DB.

The reasons for this are evident from Figs. 58-61. Note that the CINDER module

shows a faster buildup of fission products in the driver and blanket regions

than does the 2DB depletion module (Figs.58 and 59), whereas the depletionof
the 239

Pu in the driver regions and buildup of
239

Pu in the blankets are es-

sentially the same for both codes (Figs. 60 and 61). Other differences,seen

in Table XXVI, are insignificant.
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The R-Z model was also used in a BOL calculationusing the TWODANT118dis-

crete-ordinatestransport codes. A value of k-effective= 1.1854was obtained

for this run. This is to be compared with the value of 1.1791 obtained with

2DB and the value of 1.1768 obtained with DIF3D. Note that the same single

table (PO-transport corrected) set of multigroup nuclear data was used in

calculationswith all three codes, so that the differencesseen in these eigen-

values are due to transportvs diffusiontheory.
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Fig. 56. R-Z model of G. E. carbide.
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TABLE XXVI

COMPARISONOF 2DB AND DIF3D

Sample Problem: “G.E.-ModularvCore

RESULTS

With Carbide Fuel

2DB DIF3D

Avg. Inner Driver Flux: 1.9595 2.0155 x 1015nv

Avg. Outer Driver Flux: 1.1044 1.1363 x 1015 nv

Avg. Radial Blkt. Flux: 2.2643 2.3333 x 1014 nv

Flux Ratios:
(Outer Driver)
(Inner Driver) 0.5636 0.5639

(RadialBlkt.)
(InnerDriver) 0.1156 0.1158

K 1.1791eff 1.1768
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