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1. INTRODUCTION

Any assessment of the acéhracy‘requirements on higher actinide
nuClear.data is very much dependent on the type of reactor, the details
of the fuel cycle and the ground rules specifying the acceptable
uncertainties in parameters .to be predicted by calculation. This:
inevitably leads to limitations in the scope of any study since no
single one can be expected to cover all possible aspects. Furthermofe,
these restrictions result in corresponding limitations in the
conclusions.. However, even a limited study produces firm conclusions
for the particular case in question and, in addition, it provides a

starting point for further. discussions on wider aspects.

The aim of this paper is to assess the adequacy of the nuclear

data needed for fast reactor calculations of the arisings of minor

actinides, the ®-contribution to decay heat of irradiated fuel and the

neutron output from fuel, for a sub—assembly under typical irradiation

conditions. The calculated quantities are usually obtained using an

 inventory code such as FISPIN(l). Although‘the details depend upon

the code and the data library used therein, the usual method employed
is to follow the changes in the number density of each isotope
resulting from fission, neutron capture, (n,2n) reactions and

radioactive decay, through a specified irradiation. The other

-‘parameters of interest are then derived from the computed values of the
\

1

number densities.

The FISPIN code was used in the calculations along with a one
group fast‘reactbr library. Although the data contained in this
library ﬁo longer constitute the recommended set, it was used for
convenience (the_most up-to-date 1iBrary was -not then available on fhe
Harwell computer) and it was proved that this resulted in no
significant errors. The deca& data contained in the library are those

due to Sidebotham(z).

The FISPIN code takes account of all‘significant paths leading to
the production or destruction of each isotope; e.g. the production of
Pu-238 can occur by the following routes (a) neutron capture in Np-237

followed by ‘the decayvof the product nucleus Np-238, (b) decay of



Cm-242 and (c) (n,2n) reactions in Pu;239. The uncertainty in the
production or destructiod of a given isotope depends on the accuracy of
the relevant nuclear data and also on'the importance of each patﬁuay.
This latter quantlty is normally taken into account u51ng sen31t1v1ty

coefflclents. ; : .

The method employed in the present study is to find the importautA
Sensitivity coefficients for a particular quantity of reactor intereat
and to compound these w1th the nuclear data uncertainties in order to .
arrive at. a total uncertainty which is the net result of 1naccurac1es:'
in the actinide nuclear data.‘ The uncertalntles arrlved at in thlS way
can then be compared with requested accuracies to 1dent1fy satlsfactory

situations or ones where further experimental work is required.
. N

2. METHOD OF ASSESSING THE EFFECT OF ERRORS IN DATA

‘Let us suppose that the uncertainty’ in some quantity‘R‘is
required; 'R could be, for instance, the ueutrdn output from fuel or
the arisings of Am~241. Then, if k isotopes are being follcwed in the 
calculation of R and each of these has‘i items of nuclear data RN
(x ) included in the data 11brary, the perturbatlon ,AR produced
by changes Ax in the data is given by

(
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If the sensitivity coefficient Urki is defined as
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_then it can be shown that the variance in R (VAR(R) = (ZNR2>$ due to

errors in nuclear data is given by
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here COV(x, . i wari . :
where ( kl,le) is the covariance of xki and le The second term _

-on the right hand side is the sum of the covariances between the

different items of nuclear data for isotope k weighted by the
appropriate sensitivity coefficients and summed over all isotopes. The
third term in .the expression takes account of the covariances between
the data types for different isotopes. 1In the absence of any
correlations in the nuclear data, the covariance terms are zéro and the
expression for VAR(R)/R2 reduces to the sum of the squares of the
fractional errors weighted by the sensitivity coefficients. When
correlations are present, the expression for VAR(R) shows the
importance of taking account of covariances, as VAR(R) can be lérger or
smaller than'tﬁe Qalue derived solely from the variances in the nuclear -
dafa, depending on the signs of the covariances and the sensitivity

coefficients. . :
»Thecal?ulétiop of VAR(R) thérefore deman&s a knqwledge of
(a) the sensitivity coefficients,
(b) the standard deviations (or variances) of the nuclear data,

(c) the covariances of the nuclear data (it will be indicated
later that the magnitudes of the covariances are small
compared with the variances and can therefore be neglected in .

this study).

The sensitivity coefficients depend on the details of the
irradiatioﬁs and were obtained byirunning FISPIN for a standard case,
followed by a number of other cases in each of which one cross-section
of half-life valug was altered. The sensitivity coefficient URki
is then given by

R .~R
ki ki
R
R

Rk i T ki

Xl

ki

where Réi and Rki are the values of the parameter R calculated
_3_



for the standard case and when the nuclear datum i off element k is ‘
changed from its standard value Xhi to X " The -
difference (x xkl) was generally taken to be approx1mate1y

equal to.the assumed standard deviation of x'

ki’
The standard case, based on one addpted by Baker and
Phillips(3) consisted of a CDFR outer core'sub—assembly, containing
a mass of mlxed oxide in the core region of 57.4 kg and AGR plutonlum
as a fraction, 0.296, of the heavy element content. The isotopic
composition is given in Table 1. The fuel was assumed to have been'
stored for four years before 'irradiation' began. In the calculation,
the irradiation was done in eight equal timé—steps, the total time
ibeing 3.118 x 107 s. To allow for the increase in the powgt
generated ih the breeder_reéions of the sub—assembly as the irradiati?n
progressed, the power in the core region was reduced fhr each time-step
in accordance with the valhes-given by Baker and Phillips. ' At the end
of the itradiation, the burn-up was 8.26% and the fuel was then assumed
to hegin a cooling period. The parameters of ihterest were followed at
various times up to ‘a maximum cooling,pétiod 6f 10 years. Figure 1
shows the variation with time of the number density of actinide atoms”
also given at the 'start of the cooling step is the activity in curies
for each isotope. From this figure it is possible to understand the
changes of &R/R* as a‘ function of time calculated later in the paper.
It should be noted that, in order to minimise the computational effort,
the calculations were performed only for the core region of the

sub—assembly.

It is not reasonable or desirable to'include in this paper all the
1nformat10n generated in this’ study and some select1v1ty is necessary.
Accordingly the sensitivity coefficients and the uncertainties in the
following parameters are presented, these being the‘Quéﬁtities of
greatest interest.’ .

(a) Production of Pu-236, |

(b) Production of Pu-238,

(e) Production of Am-241,

(d)  Production of Am-243,

(e) Production of Cm-242,

(f) Production of Cm-244,

*From this point onwards, AR/R is used to r'epresent/,ViAR(R)/Rz
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(g) Q-contribution td,decay heat,, -

(h) Total heat generation, | ‘ \
(i) Neutron oﬁtputifroﬁ spontaneous fission,

‘(j) Neutron output from (a,n) reactions,

(k) Total neutron output.

Table 2 contains a list of the nuclear data altered to obtain the
sensitivity coefficients. As expected, many of the sensitivity
coefficients are found to be zero or very small and, generally
speaking, only those cases which contribute significaﬁtly.to'the
.overall uncertainty have been included in the results given in

Section 4. : .

3. POINTS RELATING TO THE ‘FISPIN CALCULATIONS AND PRESENTATION OF
THE RESULTS

The list of‘quantities\altered (Table 2) in the assessment of the
sensitivity coefficien;s contains all the important cross—-sections
- together with certain half-lives. An examination of the current
accuracy of half-life data sho&s (Table 3) that only those for Pu-241,
Am-242m and Cm-243 have uncertainties in excess of 1%, the information
being taken ffom Nichols and James(4), Even if a parameter of
intérest has a hiéh sensitivity coefficient (e.g. 1.0) with respect to
one of the other half-lives, the contribution to fhe overall
uncertainty will be negligible because of thebhigh accuracy of the
half-life value. This explains the selection of half-lives included in’

Table 2.
i

The data contained in the one-group fast reactor library usedlin
our FISPIN calculations, are on the whole fairly close to the values
which are recommended at the present time. To check the effect of
using a different data set, the half-life of Pu-241 was varied from ité
currently accepted value of 14.6y to 13.2y and a series of calculations
carried out with this revised value as the standard case. It was found -
that the sensitivity coefficients thus obtained were almost identical
to those.already calculated; showing that the coefficients are not

sensitive to the absolute values of the data input,.



The sensitivity coefficients of many of the cross-sections listed
in Table 2 are 50 small that they make a negligible contribution to the
total uncertainty in the particular parameter of interest. Hence, it
is unnecessary to consider the uncertainties in these cross—-sections.
The uncertainties'*~ adopted for the cross—-sections of.imporéaﬁce and the
sources from which these were taken are given in Table 4., At this
stage, only differentialtdata were taken into account in assessing the’
uncertéinties. '

The absence of the capture and fission‘cross—sectioné‘of the major
isotopes (U-238, Pu-239 and Pu-240) from the list in Table 4 does not
mean that the reactor parameters are insensitive to these quéntities.
The uncertainties in these cross—sections have been significantly
reduced in the adjhstment}procedure in which differential and integral.
measurements are taken into account and it would not be correct
therefore to assign uncertainties from differential data only. Changes
to these cross-sections can also affect reactor properties such as
reactivity and’burn—up which make the interpretation of the sensitivity
coefficiénts difficult. Fortunately, it can be shown that this is not
a problem. If we assign uncertainties of 3% to the caﬁture and fission

.cross—sections of the three major isotopes aﬂd combine these with the
sensitivity coefficients, we find that the uncertainties in all of the
' parameters studied are negligible compared with those arising from
inaccuracies in the cross—sections and half-lives of the minor .
actinides. It is to be emphasised that the actual unceftainty on the
major isotope cross—sections is probably significantly less than 3%
which makes it even safér to neglect their contribution to the overall

uncertainties.

The estimation of the covariance terms in equation (3) ‘is
difficult. ‘Some of the terms, particularly those involving two fission
cross—sections, are undoubtedly non-zero due to the frequent use of the
- U-235 fission cross—section .as a standard. However, the uncertainty in
this cross-section in the fast region is ~3% and the covariance terms
are expected to be small compared to the largest variances. ‘It was

therefore felt reasonable to neglect the covariance contributions.

o
.
]

*Throughout this paper, uncertainties are given as one standard
deviation, except where stated.
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In thé FISPIN calculations, the parameters of interest were
foliowed for cooling times ranging from 103s to 10y after the
irradiation. The results‘for a selection of four cooling times,

2 'x 107s (0.63y), 3 x 107s (0.95y), 6 x 107s (1.90y) and
1.6 x 108s (5;Q7y), are given in this paper, but others can be made

available with little effort.
4. RESULTS

] The results of.the calculations will now be given for the
parameters (a)|— (k) listed in Section 2. 1In each case only the most
important contributions will be included. For simplicity, the suffices
R, i and j (equation (3)) have been omitted in the headings of the

tables. ' .

(a)  Production of Pﬁ-236

Table 5 showé the resul£s relating to Pu-236 arisings. It is

' iﬁmediately clear that the overall uncertainty is completely dominated
at all cooling times by the uncertainty in the Np-237 (n,2n)
cross—section. This reaction leads to two states in Np-236, a
short-lived one_(T%.z 22h) and a long-lived ome (T4 = 1.15 x 10%y).
These are generally taken to be the ground state and an isomeric state
respectively but, in the latest evaluation(8) from the Nuclear Data
Project, the aésignments are reversed. Fortunately, this uncertaint&
does not ;ffect our .calculations. The long-lived state has only a
relatively wgak.B‘ decay branch (8.97%) leading-to Pu-236 compared to
the short-lived state (ﬁ— branch 48%) and the production of Pu-236
arises essentially entirely through the formation of Np-236 in its
short-lived state. The_cross—section required for the FISPIN |
»‘calculation is therefore that’ to produce Pu-236 and not the full (n,2n)

cross—section.

There are only a few measurements of the Np-237 (n,2n)
cross—section leading to Pu-236 and these are generally in the region

of 14 MeV. The full (n,2n) cross-section is often derived from



systematics, such as those of Pearlsteip(9), and the values

obtained do not agree very well with the measurements that exist. 1f‘
we restrict the argument to differential &ata ;hen one is forced to .
conclude that the uncertainty in the crosé—sectidn for Pu-236 '
production is very large and 100% is not unreasonablé. Ho&ever,
Paulson and Hennelly(lo), in an integral experiment, obtained a |

value of 63 + 6mb for the Np-237 (n,2n) cross-section leading to Np-236
in its short-lived state, averaged over the U-235 fission spectrum
above -a neutron energy of 6.8 MeV. They conclude that this value is
‘consistent with Pearlstein's systematics, assuming that the ratio of
the formation of Np-236 in its two states has the valﬁé measured by

" Landrum et al(ll) using neutrons from thermonuclear devices. The
result of Paulson and Hennelly, when 'used in calculations of
Pu-236/Pu-238 ratios in various thermal reactor spectra, gives good
agreement with measurement, leading to. the conclusion that the integral
data are accuréte and that the appropriate_Np—237 (n,2n) cross—-section
uncertainty is closer to 10% than 100%Z. However, it is clear that
further measurements are needed to remove the discrepancies between the

differential and integral data.

(b) Production of Pu-238

)

The results of combining the Sensitivity coefficients with the
uncertainties in tﬁe nuclear data involved in the production of Pu-238
are shown.in Table 6. The calculations indicate that the uncerfainty
in the Pu-238 arisings lies between 8 and 9% as a result of nuclear
data uncertaintiés. Almost 80% of the estimated uncerfaihty stems from

that in the Am-241 capture. cross-section leading to the ground state of
Am-242 . ‘ '

(¢) Production of Am—-241

L

The results relating to the productioq of Am—241 are contained in
Table 7. The overall uncertainty varies from 6.3% for a cooling time
of 0.63y, falling to 4.4% after a cooliﬁg period of 5 years. - At short
cooling times, most of the uncertainty arises froﬁ inaccuracies in the

Am—-241 capture cross-section to the ground state of Am—242 but at 'long -



cooling times, the uncertainty arising from errors in the Pu-241

half-life makes a comparable contribution.

(d) Production of Am-243

Table 8 contains the results of the calculations for Am—-243
arisings, showing that the uncertainty is about 10% for the range of
cooling times investigated. In this case the dominant contribution

arises from the uncertainty in the Pu-242 capture cross-section.

(e) Production of Cm-242

‘ The overall uncertainty and the contributions to the Cm-242
érisings are shown in Table 9. Up to cooling times of ~2 years, the
- dominant contribution to the unéertainty comes from inaccurécies in the
) Aﬁ—241 capture cross—section Ieading to the Am—242'gr6und state but by
cooling times of 5 years, the major contribution stems from the capture
cross-section to, the isomeric state. This situation arises from the
Cm-242 half-life of l62.8d; for cooling periods qf this order or less,
the Cm—-242 production is through Am-242¢g (T% = 16h) but for very much
longer cooling periods, the route is through the longer lived Am-242m
(T% 5-152y)._ The calculations indicate that the uncertainty in

Cm-242 production due to errors in the nuclear data is typically ~167%.

(f) Production of Cm—-244

The results for Cm—~244 are shown in Table 10. Over the range of
cooling times considered, the total uncertainty due to nuclear data
errors is about 22%. The capture cross—section of Am-243 is fhé ma jor
contributor, with the capture cross-section of Pu-242 being the only

other significant contribution.

(g) a-Contribution to Decay Heat

The total uncertainty and its various components for
the @-contribution to'decay heat are given in Table 11. The results
show that as a result of data uncertainties, the uncertainty on the
G-decay heat falls from ~15% at cooling times of 0.6y to~47% at 5y. At

the short times, the major contribution arises from the Am—-241 capture

-9 -



cross-sectibn leading to Am—-242g while at the long times, the
uncertainty .in the Am¥243 capture-cross-seétion becomes significant.
For cooling times& 0.5y, Cm-242 is the dominan‘t‘ source of A-decay heat,
while at long cooling times (~5y), Pu-238, Pu-240, Am-241 and Cm-244
make significant contributions. .
"Examination of a recent repoft by Nichols(12) on the current
status of evaluated heavy element decay data for reactor calculations
indicates that the uncertainties on the important aq-particle energies
and branching ratios are small compared with the other contributions to
thevtotal uncertainty in the®-decay heat and can therefore be safely

neglected.

(h) Total Heat Generation

The results for the uncertainty on the total heat generation due
to errors in actinide cross-section and decay~data are contained in.
Table 12. The uncertainty is a little less than 6% at the short
cooling times, falling to just over 27 after 5 years' cooling. The
major contribution at the short cooling times arises from the capture
cross-section of Am-241 to Am-242g, while at the long cooling times,

the Am-243 capture cross—section begins to play a significant part.

At short cooling times, the total decay heat arises predominantly
from fission fragments. Since the uncertainty due to these has not
been included in the present study, the overall uncertainty on total

decay heat will be considerably larger than indicated in Table 12.

No account has been taken of decay heat arising from activation of
the cladding and wrapper materials. This contribqtion is small
compared to that from the fission products, for cooling times up to at
least 108s (Baker and Phillips(3)).

4

(i) Neutron.Output from Spontaneous Fission

The results of compounding the sensitivity coefficients with the
data uncertainties to obtain the total uncertainty on the neutron
output from spontaneous fission are shown in Table 13. The

uncertainties arising from errors in spontaneous fission branching

ratios and § values are included. The spontaneous fission

- 10 -



neutron output originates almost entirely from cﬁ¥242 and Cm—244..
Because of the relatively short Cm-242 half life of 162.8d, this
isotope, which dominates at short times, is 1ess important for cooling
tines of 1bnger than-vly. If we aCcept'the date (and errors) for the
spontaneous f1s51on branchlng ratios glven for Cm—242. by Ellls and
Haese(13) and for Cm-244 by Schmorak(14) and for v p

in BNL 325 3rd Edition, Vol.l, then_we find that’ the uncertalntles on
the neutron emission rates are + 10.4% and + 0.5% for ij?42 and Cm-244
respectively. It can be seen from the table that the tntel.uncertainty
varies between 14% and 20%. The domlnant contrlbutlon at times up to
~ly comes from the Am-241 capture cross- sectlon feedlng the ground
state of Am-242 with s1gn1f1cant contrlbutlons comlng from the Cm—242
spontaneous fission data and Am-243 capture cross—section data. At"

longer times the Am-243 contribution dominates.

- (j) Neutron Output from (X,n) Reactions

l The results of the study on the neutron output from (xX,n)
reactions are shown in Table 14; Included in the table is a 10%
allowance fnr the uncertainty of the (d,n) yield, this figure being
atrived'atifrOm information supplied by West(15). At short cooling
times, the largest contribution to the overall uncertainty arises from
the capture cross-section of Am-241 feeding the ground state of Am—242.
However, the uncertainty in the (a,n) yield is also significant and at

long cooling times it becomes the dominant effect.

(k) Total Neutron Output _ N

The total neutron output is given by the sum of the snnntaneous
fission and (a,h) componénts but because of correlations the
uncertainty is not that obtained by summlng in quadrature the
uncertainties of the two contributions. Table 15 gives the necessary
details showing‘thst the error‘varies from 13.8% to 19.2% dependlng
upon the cooling time. In thls partlcular case calculatlons have been
done for coollng times of 1ess than 2 x 107s because the neutrons
- from 1rrad1ated fuel are of 1mportance for react1v1ty monltorlng

following ‘a réactor shut dowm.
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5. ASSESSMENT OF RESULTS

The results of the calculations must be compared with the
accuracy requirements for the quantities of interest to ascertain
whether or not these are met. The requiremenfs for the current stage
of the fast reactor programme have been Outlined-by-Baker(IG) and

these will be used here, without questioning their validity.

Baker suggestsvthat it is desirable to calculate the arisings in
waste of Am-241, Am-243, Cm-242 and Cm-244 to a t&qfsigma accuracy of- a
factor of two. The results in Tables 7-10 show that the largest
standard deviation is ~22% (for Cm-244) so that the required accuracy
is very comfortably mgt so far as uncertainties in nuclear data are

concerned.

An important contribution to the neutron output of fresh fuel-
arises from (a,n) reactions due to the a-decay of Pu-238. Baker states
a need to estimate Pu-238 arisings with a standard error of + 207% and

Table 6 indicates that this requirement .is met.

In some circumstances, there is a neéd to produce Pu-238 with as
little Pu-236 contamination as possible to minimise  the number of hard
Y-rays emitted. For these cases, it would be useful .to calculate the
quantity of Pu-236 produced to a two-sigma accuracy of a factor of two.
Because of the discrepancy between the differential and ‘integral data
for Np-237 (n,2n) (Section 4(a)) and the 100% sensitivity of Pu-236
production to this cross—-section, this requirement is not yet satisfied

(Table 5) and fu;ther work is réquired to remove the discrepancy.

It is hoped that by improving'fission product data the toﬁal decay
heat of spent fuel can be prediéted eventually to an acéuracy of +5%.
Thé contribution from uncertainties in actinide data must therefore be -
small compared to this value. The results in Table-12 show that this
is not the case, except for cooling times in excess of 2 years. The
total uncertainties given in Table 12 arise almost entirely from the
uncertainties in G-decay heat shown in Table 11. An improvement in the
knowledge of the Am~241 capture cross—section léading to Aﬁ-242g would

do most towards meeting the decay heat accuracy requirements.
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. .The neutron output of spent fuel is 1mportant for shielding
assessments and for reactivity monitoring and Baker suggests standard
error requirements of 207 and 10% respectively. The results in
Table 15 show that the shlelding needs are possibly met whilst those
for react1v1ty monitoring are never met. To improve the accuracy of‘
prediction at short times 1mproved data on the Am-241 capture A
cross—section to the ground'state of Am-242, the Cm4242 fission )
cross—-section and the spontaneous fission branching ratio ‘of Cm—242\are
reouired. At long times the capture cross—sections of Am-243 and
Pu-242 become the most important. Since measurements of the Cm—242
fiSSion cross- section are essentially 1mp0831ble due to its short
half—life of 162.8 days, 1mproved data can only become available by
1mprov1ng the acCuracy of calculated cross sections. ThlS requires the
making ‘of cross-section measurements on as many h1gher actinides as
p0551ble to 1mprove our understanding of the neutron reaction mechanism
lof the actlnides. Because of current measurement programmes the errors
in the (a,n) data have recently decreased to the value of 10% ‘assumed
in this study and now do not make a major contribution to the errors in
the total neutron production. However, they make a larger contribution
for unirradiated fuel' for a 10% uncertalnty in the (a, n) y1eld the
resulting errors in the total neutron production are + 3 3% and + 3.8%
at the start and end of the &4 year storage period used in this study.
From the data discussed above it is possible to deduce  the
quantitles which need to be measured in order that the needs spec1f1ed
by Baker can be achieved. These are listed in Table 16 together with
their required accuracies. The quantities contained in the table can

be considered to be the requirements of the highest priority.

6. LIMITATIONS OF THIS STUDY, AND CONCLUSIONS

The scope'of this paper has been limited to assessing the.effects
of uncertainties‘in the cross—section and half-life data of the |
actlnides, w1th some account being taken of the contributlon from
errors 1n spontaneous f15$1on" and spontaneous f1531on branching
ratios, where these are 1mportant. The acCuracies of neutron—lnduced
v data a- particle energles and decay branching ratios are
sufficiently high that these sources contribute negligibly to the

overall uncertainties. The work has also been restricted to the study
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of a partiéular sub-assembly of a given fuel composition irradiated for
a specific period.at a defined power level. The results will thefefore
noﬁ necessarily apply to other situatibns,,such as a different initial
fuel composition or higher bufn-up. It is pﬁticipated that in the long
term higher accuracies than those suggested by Baker will be required.

For instance one cannot imagine that accuracies Bf +50% in the arisings
will be accebtable once a large scale fast reactor programme has been

initiated.

it must also be remembered that if the requirements, as laid down
by Baker, are to be interpreted as total overall uncertainties then
errors afiSing from sources other than nuclear data must be taken into
account. It is likely that there will be uncertainties associated with
followiﬁg the precise irradiation history for each sub-assembly due to,
for ekampie, control rod movements and other spatial effects. This
again suggests that the nuclear data requirements must be

correspondingly tightened.

The estimates of the créss—section errors given in Table 4 are
also subject to uncertainty. It should be noted that most of them have
not been obtained from proper evaluations. In many cases there are few
measurements and experience tells us that sometimes new measurements
produce large and significant changes far outside'the previously
assessed accuracy. This is difficult to allow for statistically but
again it points to the need for a reduction in the errors of required
daté.' It also brings out the importance of confirmatory measurements
where few data exist.

/

The foregoing arguments point to a peed‘for higher accuracy
requirements than given in Table 16 - which as stated before gives our
list of requirements of the highest priority. The improvement

necessary is a matter for discussion.

Finally, Table 17 summarises the accuracies in the calculated
quantities that can be achieved for the particular case discussed in
the paper using the data errors specified in Table 4 and in the text.

- 14 - ' , o



The-last column gives an indication of the main contributors to the. - -
uncertainties and it can be used ‘to identify the less important data-

requests.
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. TABLE 1
’ .

Pu and U Compoéitioﬁ of Sub—Asseﬁbiy

[
'

>\(a) Pu Composition

Isotope % CbmpOSition No. of Atoms
Pu-238 0.8 3.027 x 1023
U - s 25

Pu-239 49.5 1.873 x 10

‘ ' a 25
Pu-240 - 33.3 1.260 x 10
Pu-241 . 10.8 | 4.086 x 102
Pu-242 5.6 2,119 x 102*

(b) U Composition

. isbtope 1 Z Compdsition ~ No. of Atoms
| o ; 21
U-234 - 0.0031 2.790 x 10
U-235 | 0.4 3.599 x 1023
i . B 25
U-238 : 199.5969 8.961 x 10

t
|
\
»

| .
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TABLE 2

The anntitieélAitered in the

-. Assessment of the Sensitivity . :

v Coeefficients

Quantity

1 =233

| u-233 ..

U-234
I u+235 -

u-236

U-236

U-238
U-238

U-238

Quantity |

: SRR Y B
Lo I *Am-241 . o
- ny e oy |-
" | **am=241, o -
Onf oy - ny
o-nY' | Am—-241 O.¢.
"ohf 'Aﬁ-zézg °n9
onf Am—242m o-nY .
bl
. %nf mTERA
S R Y
~ On2n

S om262 g

o Np2237 e Cm~242 ‘f’cnf“

Np-237 g, | cm-243 Oy |-

Np—2?7 ' l°n2h ?m—243 o

Pu-236 g Cm—243 T

e L onY & %
TR0 O (w24 oy
| Pu-238 cnY. Cm—244_ O, ¢

Pu-238 O.¢

Pu=239 cny *Am—241‘c5§.Y means the

Pu-239 One Am-241 O,y to the ground

Pu-239 ¢ state of'X$—242. '

n2n '

Pu-240 o, **Am~241 g7\, means

1Pu=240 Y the Am—-241 O, to the
Onf metastable state of Am-242.

Pu-241 onY

Pu-241 O ¢

Pu-241 T,

2

Pu-242 dnY'

Pu-242 O.¢
' Pu-242 Cnon
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'TABLE 3.

Half-Lives and Uncertainties

18.11y

Nﬁclide T, AT, Aﬂ%/T%
2 | S (%)
U-233° | 1.5925 x 10°y| 0.004 x 10°y | 0.25
U-234 | 2.446 x 10% | 0.007 x 10%y | .0.29
U-235 7.038. % 108y‘ 0.005 x 10% | o0.07
U-236 | :2.3416 x 10'y| 0.0039 x 107y| 0.17 .
.U-238 | 4.468 x 109yj 0.010 x 109y 1 0.22
Np-237 2.14 x 106y; 0.01 x 106y 0.47
Pu-236 2.851y 0.008y 0.28
Pu-238 87.7y 0.2y 0.23
Pu~239 24115y 80y 0.33
Pu-240 | 6537y - 10y 0.15
Pu~241 14.6y 0.5y 3.42
Pu=242 | 3.76 x 107y | 0.03-x 107y 0.80
Am-241 432y 2y 0.46
Am-242g | 16.02n 0.04h 0.25
Am-242m 152y oy 4.61
Am—243 7380y | 40y 10.54
-An-244 10.1h | 0.1h 0.99
Cm-242 162.8d ; 0.5d 0.31
Cm-243 30y | 2y 6.67
Cm—244 0.02y 0.11

~19 -




TABLE 4

Adopted Values of Cross—Section Uncertainties and

Their Sources

Isotope

Quantity ﬂpfef;iinty ~,»: " Source
U-236 o © 25 Estimétéd from plot in
n .
l Y i BNL325, 3rd edition
50—238  Gon 20 f Gueés | |
3Np—237 e 25 Estimated from‘piot in
n
| Y BNL325, 3rd edition .
Onf 10 kN ‘ .
qhzn lQ?vv Guess
Pu-236 |- o 50 | Guess
v 50
af | |
Pu-238 ‘ QH' 50 Estimated from plot in
Y | BNL325,.-3rd edition -
Onf o200 "’ X
Pu-239 Qth 100 o
Pu-241 o'nY 20 . Patrick(-S) :
Ong - >
Pu-242 o 10
ny 5
Orif a
Am-241 co 20 |iym et a1‘®
IIY. . o
m
Ont
Mm-263 | o 25 patrick(®’
ny 1
Onf 0
Cm~242 th :g Guess
_ Ohf { ‘
Cm—244 th 50 Caner and Yiftah(7)-
oﬁf \ 20

- 20”_




TABLE 5

Uncertainties in Pu-236 Arisings, from Sensitivity Coefficients and Data Uncertainties

Cooling Time - 2 x 107s ‘(0.63y) 3 x 107s (0.95y) 6 x 1075 (1.90y) 1.6 x 1085 (5.07y)
Fractional o » ' - ‘ B
Sgns1t1v1ty Unc.ertalnty v (U.Ax/x)_z U v (U.Ax/x)z Rt : (U.Ax/x)2 U (U.Ax/x)z _
To in Data » : )
“(i.e. Ax/x) ,
U-236 Ty 0.25 0.059 | 2.18 x 10°° 0.059 | 2.18 x 10™° 0.058 | 2.10 x 107% | 0.059 2.18 x. 1074
U-238 o, |  0.20 0.78 | 2.43 x107% | 0.78 | 2.43x 1072} 0.78 | 2.43 x 10°2] 0.77 | 2.37 x 107
Np-237 g 0.25 | -0.133 | 1.11 x 107> | =0.132 | 1.09 x 107> | =0.134 | 1.12 x 107> | -0.133 | 1.11 x 107
B T A - ' I SOS B R S , -6 _ IR
o | Np-237 o . 0.10 20,024 | 5.76 x 10 0 [ =0.023 | 5.29 % 10 0 | =0.025 " .25 x 10 0 [=0.024 | 5.76 x 10 °
b . . { N
Np-237 © 1.0 1.0 1.00 1.0 1.00 1.0 1.00 1.0 1.00
! ° ©n2n S 4 | 4 4 S R 4
- |'Pu-236 Ony 0.50 -0.036 | 3.24 x 10 -0.036 | 3.24 x 10 -0.036 | 3.24 x 10 ' |-0.036 | -3.24'x 10 ' |
Pu-236 o, 0.50 | -0.028 | 1.96 x 1074 | -0.029 . 2.10 x 10°* | —0.029 © 2.10 x 10™* |'~0.028 | 1.96 x 107%
Pu-241 Oy 0.20 | 0.011 ] 4.84 x 107% | 0.013 | 6.76 x 107° | 0.013 ; 6.76 x 107® | 0.012 | 5.76 x 107°
Pu-241 g 0.05 | 0.064 | 1.02 x 107> | 0.063 | 9.92 x 1070 | 0.065 : 1.06 x 107> | 0.063 | 9.92 x 107°
Pu-241 T, 0.035 | -0.170 | 3.54 x 107 | =0.176 | 3.79 x 107> | -0.169 | 3.50 x 10> | —0.183 | 4.10 x 10
’ : L . : -
T(U.bx /%) | 1.03 B . 1.03 1.03 o 1.03
AR/R \l 1.01 1.01 1.01 e
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Uncertainties in Pu-238 Arisings,

TABLE 6

from Sensitivity Coefficients and Data Uncertainties

Cooling Time

2 x 10°s (0.63y)

3 x'10”s (0.95y)

6.x 10’s (1.90y) -

1.6 x 10%s (5.07y).

- ARrR/R

Fractional : A : . . ‘ .
Sensitivity | Uncertainty. 132 2 . : 2 B ’ 2
To. in Data U (U.Ax/x) U ~(Uqﬁx/x) u (UTAx/x) U (Ugﬁx/x)
(i.e. Ax/x) - " '
Np237 g, | 0.25 0.012 | 9.00 x.107% | o.011| 7.56 x 10°® | 0.013| 1.06 x 107 | 0.011 | 7.56 x 107°
Pu-238 Ony 0.50 ~0.063 | 9.92 x 10™* | -0.061 | 9:30 x 10™* | -0.058 | 8.41 x 10°* | -0.058" | 8.41 x 107
Pu-238 o_c 0.20 ~0.167 | 1.12 x 10> | ~0.159 || 1.01 x 10> [-0.153 | 9.36 x 10 * |[-0.150 | 9.00 x 10™*
| Pu-239 o, 1.0 0.002 | 4.00 x 107° 0.002 | 4.00 x 1070 0.002 J4.oorx,1of6 ,0.002° | 4.00 x 1078
Pu-241 T, |  0.035 '~0.32 1.25 x 107 | -0.32 | 1.25 x 10™* [-0.36 | 1.59 x 107* | -0.36 1.59 x 107
'Am—24lu,g§Y 0.20 0.32 | 4.10 x 1072 | 0.3 | 4.62 x 107> | 0.3 | 5.18x 107> |- 0.36 5.18'x 1073
241 g, 0.10 ~0.015 | 2.25 x 107® | -0.017.| 2.89 x 10™® |-0.016 | 2.56 x 107® |-0.019 | 3.61 x 107°
Cn-242 WCHY £ 0.50° ~0.013" | 4.23 x 107> | -0.013 | 4.23 x 107> |-0.014 | 4.90 x 107> [-0.014 | 4.90 x 107
Cm-242" g_ 1 0.50 ~0.032 | 2.56 x 107% | <0.033 | -2.72 x 107* |-0.035 | 3.06 x 10™* | -0.035 3.06 x 107
3 (U L/ x) 2 6.64 % 107> 7.02 x 1073 7.49 x 1073 | 7.45.% 1072
8.2 x 102 8.4 x 102 8.7 x 1072 8.6 x 102




TABLE 7

Uncertainties in Am—24] Arisings, from Sensitivity Coefficients and Data Uncertainties

Cooling Time

2 x 10’s (0.63y)

3 x 107s (0.95y)

6 x 10’s (1.90y)

1.6 x 1083 (5.07y)

_Ez_

Fractional
Sensitivity | Uncertainty 2 2 2 2
To in Data U (UAx/x) U (U.Ax/x) U (ULc/ %) U (U.Ax/x)
(i.e. Ax/x) ° )
Pu-241 Oy 0.20 -0.025 | 2.50 -0.030 | 3.60 ~0.040 | 6.40 x 107> |-0.058 | 1.35 x 10_* |
Pu-24l o 0.05 -0.115 | 3.31 1 -0.136 | 4.62 ~0.179 | 8.01 x_1o'5 -0.25 1.56 x 10°%
Pu-241 T, 0.035 -0.85 | 8.85 -0.85 | 8.85 ~0.84 | 8.64 x 107* |-0.77 7.26 x 107%
Am-241 ’°§Y 0.20 -0.27 2.92 ~0.26 | 2.70 -0.22 1.94 x 10> [-0.149 | 8.88 x 1074
Am-241 °2§ 0.20 -0.040 | 6.40 -0.039 | 6.08 ~0.032 | 4.10 x 107> |=0.025 | 2.50 x 107"
An-241 o . 0.10 ~0.067 | 4.49 -0.065 | 4.23 x ~0.055 | 3.03 x 107> |-0.033 | 1.09 x 107°
2 ‘ =3 -3
3 (U.Ax/x) 3.97 3.77. 3.02 x 10 1.94 x 10
AR/R 6.3 6.1 5.5 x 1072 "2




TABLE 8

Uncertainties in Am—-243 Arisings, from Sensitivity Coefficients and Data Uncertainties

- % -

Cooling Time 2 x 10’s (0.63y) 3 x 10’s (0.95y) 6 x 10’s (1.90y) 1.6 x 10%s (5.07y)
. Fractional |
Sensifivity | Uncertalnty .| y (U.Ax/x) U (U.Lx/x)* Ul e’ U (U dx/ %)
: (i.e.Ax/x)
Pu-241 AonY 0.20 0.089 | 3.17 x 1o:j 10.089 | 3.17 x 10:: | ©0.093 | 3.46 x 10::’ 0.093 3.46 x 10::
Pu-241 g 0.05 0.014 | 4.90 x10 0.014 | 4.90 x-1077 | 0.027 | 1.82 x 10°°| 0.014 | 4.90 x 10
Pu-241 T, | 0.035 ~0.020 |. 4.90 x 1077 | =0.020 | 4:90 x 107/ | -0.020 | 4.90 x 10| 0 0
| Pu-242 °;Y 0.10 | 0.95 | 9.03 x 10:2 0.95 | 9.03 x 10:: 0.9 | 9.22x 10:2 0.95 | 9.03Ax'10:2
Pu-202 g 0.05 ~0.040 | 4.00 x 107® | -0.040 | 4.00 x 107° | -0.027 |"1.82 x 1070 | -0.027 | 1.82 x 10
m-203 o | - 0.25 ~0.145 | 1.31 x,lO—Z‘ '-0.145 | 1.31 x 10_2 ~0.143 | 1.28 x_1o_2 ~0.146 1.33,x_10;2
=243 o . 0.10 =0.020 | 4.00 x 107 | =0.020 | 4.00 x 107° | -0.014 | 1.96 x 107° | ~0.020 | 4.00 x 10~
3(U.Ax/x)2 T 1,07 x 1072 ot x10? | |[1osx 1072 | 1.07 x 1072
CAR/R - . 10.3 x 10 7 - w03 w102 04 x 1072 10.3 x 1072
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Uncértainties in Cm-242 Arisings,

TABLE 9

from Sensitivity Coefficients and Data Uncertainties

-

Cooling Time

2 x 107s (0.63y)

3. x 10’s (0.95y)

6'X’107s (1.90y)

1.6 x 10%s (5.07y)

Fractional

Sensitivity_ Uncertainty N2 ‘ , 2 2 ‘ 2
o in Data U | (U.Ax/x) U (U.Ax/x) U - (UAx/x)7 . v (U.Ax/x)
) (i-e. AX/X) ’
Pu-241 T, 0.035 | -0.87 .| 9.27 x 107¢ | -0.87 | 9.27 x 107% | -0.88 | 9.49 x 107 -0.88 9.49 x 107
‘Am-241 G%Y "0.20 0.77 | 2.37 x 1072 | 0.77 | 2.37 x 1072 | 0.76 | 2.31 x 1072 0.164 | 1.08 x 1073
mn-241 o | 0.20 -0.027 | 2.92 x 107> | =0.025| 2.50 x 107> | -0.017 | 1.16 x 10> |  0.61 | 1.49 x 107>
241" o 0.10 ~0.049 | 2.40 x 107> | =0.050 | 2.50 x 107> | -0.050 | 2.50'x 107> | -0.046 | 2.12 x 107> |
Am-zazm'T%“ 0.05 0 ) o 0 ' -0.009 | 2.03 x 1077 | -0.41 | 4.207% 107
Cn-242 o 0.50 ~0.039 | 3.80 x 107% | =0.038 | 3.61 x 107 | -0.039 | 3.80 x 107%] -0.014 4.90 x 107°
en-242 o || 0.50 ~0.097 | 2.35 x 107> | -0.099 | 2.45 x 107> | -0.097 | 2.35 x 107> | -0.035 | 3.06 x 107"
| 5(u.Ax/x)? 2.74 x 1072 2.75 x 1072 2.68 x 1072 C1.77 x 1077
AR/R 16.6 x 1072 16.6 x 1072 16.4 x 1072 2%

13.3 x 10~

*If the errors in the capture cross—sections of Am-241 to the metastable and ground states of Am-242 were 100%

correlated the values of X(U.Ax/x)? and AR/R would be 2.57 x 10—% and 16.0 x 1072 respectively.

~
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Uncertainties in Cm—244 Arisings, from Sensitivity Coefficients and Data Uncertainties

TABLE 10

-

Cooling Time

2 x 10°s (0.63y)

3 x 107s (0.95y)

6% 10's (1.90y)

1.6 x 108s (5.07y) .

Z¥K/R

21.5 x ;0_2

Fractional . -
Sensitivity | Uncertainty 2 2 ' 2 ) , 2
To in Data U (»U.‘Ax/x) U . (U.Lx/x) U (U.Ax/x) U (U.Ax/x)
(i.e. Ax/x%) ’ .

Pu-241 th 0.20 0.074| 2.19 x 107 0.075 | 2.25 x 1of4 0.073 | 2.13.x 10°% | 0.074 2.19 x 107
“ P . —_ — —
Pu24l o . '0.05 0.064| 1.02 x 107> | 0.065 | 1.06 x 107> | 0.067-| 1.12 x 107> | 0.067 | 1.12.x 107
Pu-241 T, 0.035 | -0.034| 1.42 x 10°® | -q.034 | 1.42 x 107 | —0.036 | 1.59 x 1070 | -0.041 | 2.06 x 107°

2 —- . . - . — . -
Pu242 o 0.10 0397 | 9.41 x 107 | 0.97 | 9.41 x 1073 | 0.97 | 9.41 x 1073 0.97 9.41 x 1077
Pu-242 g, 0.05 0.016 | 6.40 x 1077 | -0.016 | 6.40 x 10~/ | -0.016 | 6.40 x 107 |-0.019 | 9.03 x 107/
m-243 o 0.25 0.76 | 3.61 x 1072 | 0.76 | 3.61 x 1072 | 0.76 | 3.61 x 1072| 0.76 | 3.6l x 107>
Am-243 g 0.10 -0.012 | 1.44 x 107® | -0.012 | 1.44 x 107® | -0.012 | 1.44 x 107®] -0.014 | 1.96 x 107
Cm-244 Oy 0.50 0.032 | 2.56 x 10°% | -0.032 | 2.56 x 10°% | -0.034 | 2.89 x 107%|-0.034 | 2.89 x 10°*
Cm-244 ‘6hf 0.50 -0.036 | 3.24 x 107 | -0.036 | 3.24 x 1074 | -0.038 3.61 x 1074 | <0.038 3.61 x 10'4 )
3(ULx/x) 2 4.63 x 1072 4.63 x 1072 4.64 x 107 T | 4.eh x 1072
21.5 x 102 21.5 x 1072 21.5 x 107
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Uncertainties in a-Contribution to Decay

+ TABLE 11

Heat, from Sensitivity

Coefficients and Data

Uncertainties

Cooling Time

)

6 x 10's (1.90%)

1.6 x 108S (5.07y)

2 x 107s (0.63y)

3 x 10’s (0.95y)

_LZ_

. | Fractional . , ) '
Sensitivity | Uncertainty ' 2 Ly 2 b (2 _ : 2
To in Data U <U4ﬁx/x) , g (UDx/x%) q (U.Ax/x)" u. (U.Dx/x)
B (i-eo AX/X) - '
Pu=238 OQY 0.50 ~0.003 | 2.25 x 10°® | -0.004 | 4.00 x 10°° | -0.012 | 3.60 x 107> {-0.023 | 1.32 x 107"
Pu-238 O, 0.20 ~0.007 | 1.96 x 10° |-0.011| 4.84 x 107° | -0.030 | 3.60 x 10— |-0.059 | 1.39'x 107
Pu-241 O . 0.05 0.005 | 6425 x 102 | 0.004 | 4:.00 x 107 | -0.008 | 1.60 x 10”7 |-0.057 | 8.12 x 107°
Pu-241 T, 0.035 20.81 | 8.04 x 107% |~0.78 | 7.45 x 107' | -0.61 | 4.56 x 107" |-0.36 1.59 x 10°%

3 L. -6 . . . - = - : ] = B

Pu-242. 0, 0.10 0.016 | 2.56 x 107® | 0.024] 5.76 x 107® | 0.065 | 4.23 x 107> | 0.115 | 1.32 x 107% |
m-241 of ©0.20 0.70 | 1.96 x 1072 | 0.66 | 1.74 x 1072 | 0.46 | 8.46 x 107° | 0.119 | 5.66 x 10
an-241 o | © 0.10 20,047 | 2.21 x 107> |-0.045.] 2.03 x 107> | -0.035 | 1.23 x 107> [-0.018 | 3.24 x 107°
Am-243 Oy 10.25 0.012 | 9.00 x 107% | 0.019| 2.26 x 107 | 0.050 | 1.56 x 107% | 0.088 | 4.84 x 107
Cm-242 Ty 0.50 -0.034 | 2.89 x 107" |-0.031 | 2.40 x 107 | -0.016 | 6.40 x 107> | 0.075 | 1.23 x 107°
Ch-242 o 0.50 ~0.090 | 2.03 x 1073 |-0.085| 1.81 x 107> | -0.060 | 9.00 x 10™* [~0.016 | 6.40 x 107°
3 (U.Lx/x) 2.28 x 1072 2.03 x 107% 1.02 x 1072 1.70 x 107>
- AR/R 15.1 x 1072 14.2 ¥10°2 10.1 x 1072 4.1 x 1072




TABLE 12

\

Uncertainties

in Total Heat Generation, from Semnsitivity Coefficients‘and Data Uncertainties

Cooling Time

2 x 10s (0.63y)

'3 x 1075 (0.95y)

6 x 107s (1.90y)

1.6 x 1088 (5.07y)

_82_

Fractional ‘ o : . . -
Sensi;(i)vity Unisr;:izty_ U (U.Ax/x)2 ‘ U (U;Ax/x)z U (U.Ax(x)z U '(U.Ax/x)z
(i.e. Ax/x) A_
Pu-238 'th 0.50 -0.001 | 2.50 x -0.002 1.00 x ~0.004 4.00 1 -0.012 3.60'x.10:i
Pu-238 g . 0.20 -0.003 | 3.60 x =0.004 | 6.40 x -0.009 | 3.24 ~0.032 | 4.10 x 10_6
Pu-241" g . 0.05 0.001 | 2.50 x 0 0 -0.023 | 1.32 ~0.036 | 3.24 x 10_5
Pu-241 T, 0.035 -0.29 1.03 x -0.27 8.93 x -0.18 3.97 -0.20 4,90 x 10
Pu-242 °;Y 0.10 0.006 | 3.60 x 0.009 | 8.10 x 0.022 | 4.84 - 0.062 3.§4'x10:i
Am-241 Gﬁy . 0.20 0.26 | 2.70 x 0.24 2.30 x 0.14 7.84 0.064 1.64 x 10
Am-241. CEY 0.20 -0.009 | 3.24 x -0.008 | 2.56 x -0.003 | 3.60 x +0.003 3.60 x 10'2
Am-241 o . 0.10 -0.017 | 2.89 x -0.016 | 2.56 x -0.011 | 1.21 -0.010 | 6.25 x 10_4
| An—243 Ony 0.25 ©0.005 | 1.56 x £ 0.007 | 3.06 x 0.015 1.41 0.048 1.44 x 10__6
Cm-242 o 0.50 -0.013 | 4.23 x | -0.011 | 3.03 x -0.005 | 6.25 +0.004 | 4.00 x 10
Cm-242 OZI $0.50 -0.034 | 2.89 x -0.031 | 2.40 -0.018 | 8.10 -0.009 2.03 x 107
:Z(U.Am/x)z 3.15 2.67 9.40 5.06 x 1074

- AR/R

5.6

5.2

2.3




TABLE 13

Uncertainties in Sponfaneous Fission Néutfon~0utput, from Sensitivity Coefficients and Data Uncertainties

Cooling Time

3 x 1O7s (0.95vy)

2 x 1075 (0.63y): .

6. x 1075 (1.90y)

1.6.x 10%s (5.07y)

- 6T -

N . Fraétionai ] - ) ) ’
Sensitivity | Uncertainty 2 L 2 2 . 2
. To in Data u (U.Ax/x) U (U.Ax/x) U (UAx/x) U (I;.Ax/x)_ .
(i.e.Ax/x%) : , '
Pu-24l g 0.20 0.023 | 2.12 x 107> | 0.030 | 3.60 x 10> | 0.054| 1.17 x 107*| 0.070 | 1.96 x i0™*
Pu-241 g . 0.05 ©0.023 | 1.32 x 107 | 0.029 | 2.10 x 107® | 0.046 | 5.29 x 107°| o0.058 | 8.41 x 107°
Pu-241 T, 0.035 ~0.60 | 4.41 x 107 | —0.60 | 4.41 x 107% | -0.60 | 4.41 x 107%| -0.60 441 x 107
2 . N : S ) _ S . . _
|Pu262 o 0.10 0.29 | 8.41 x 107* | 0.39 | 1.52 x 107> | 0.69 | 4.76 x 107>} 0.90 | 8.10 x 107
Am-241 "iY’ 0.20 0.53 | 1.12 x 1072 | 0.44 | -7.74 x 107> | 0.19 | 1.44 x 1073| 0.007 | 1.96 x 107°
An-241 o 0.10 0.034 | 1.16 x 107° 0.029 | 8.41 x 107° 0.012 | "1.44 x 107° 0 0
243 g | 0.25 0.224 | 3.16 x 1073 | 0.30° | 5.63 x 107> | 0.5 | 1.82 x 1072 0.71 3.15 x 102 |
| cm-242 5ny 0.50 —0.027 | 1.82 x 107 | -0.022 | 1.21 x 10™* | -0.008 | 1.60 x 107 | +0.001 | 2.50 x 1077
Cm-242 o 0.50 ~0.068 | 1.16 x 107 | -0.057. | 8.12 x 107* | -0.024 | 1.44 x 10 0 0
lcm-244 th 0.50 ~0.010 | 2.50 x 107° | -0.013 | 4.23 10'5 ~0.024 | 1.44 x 10°* | -0.031 2.40 x 10'4
=244 o 0.20 ~0.011 | 4.84 x 107% | -0.015 | 9.00 x 107® | -0.027 | 2.92 x 107> | -0.036 | 5.18 x 107°
Cm-242% spon.|  0.10 0.730 | 5.33-x 107> | 0.620 | 3.84'% 10> | 0.260 | 6.76 x 10°* | 0.050 | 2.50 x 107
- ‘fiss. -/ . '
T(UAx/x)? 2.24 x 1072 2.02 x 1072 ©2.60 x 1072 4.05 x 1072
CAr/R 15.0 "x 1072 14.2 x 1072 16.1 x 1072 20.1 x 1072

*Erfor due'to,v and branching ratio .data-— primarily for Cm-242. - -




TABLE 14 ’ -

-

Uncertainties in Neutron Output from (a,n) Reactions, from Sensitivity Coefficients and Data Uncertainties

_OE_

Cooling Time ) : o 2x 10-73 (’0’.6\3y) 3 x 107s (0.95y) 6 x 107s (1.90y) 1.6 x 1st (5.07y)
_ Fractional , . ' o
Sensitivity | Uncerfainty) wb/o? | v | wao® | v W/ | v | wse?
(i.e. Ax/x) -

Pu-238 Oy 0.50 ~0.002 | 1.00 x 10:25 ~0.003 | 2.25 x 10:2 -0.009 | 2.03 x 10_2 ~0.023 | 1.32 x‘lO::
Pu-238 g ; | 0.2 ~0.005 | 1.00 x 107® | -0.008 | 2.56 x 107° | <0.024| 2.30 x 107> | -0.060 | 1.44 x 107
Pu-241 o . 0.20 0.006 | 1.44 x107% | 0.005| 1.00 x 10°%| 0.004| 6.40 x 1077 | 0.056 1.25 x 1077
Pu-241 T, 0.035 0.83 | 8.44 x 10™% | -0.81 | 8.04 x 107 | -0.67 | 5.50 x 107* | -0.38 1.77 x 107
Pu-242 c; | 0.10 0.013| 1.69 x 107% | 0.021 | 4.41 x 10°°] 0.062| 3.84 x 107°| 0.138 | 1.90 x 10* |
m-241 B | 0.20 0,72 | 2,07 x 1072 | 0,69 | 1.90 x 1077 | 0.53 | 1.12x 102 | 0.124 | 6.15 x 107
Am-241 :Y 0.20 | -0.027 | 2.92 x 107 | -0.025 | 2.50 x 107 | -0.014| 7.84 x 107° [+0.010 | 4.00 x 107
=241 g, 0.10 ~0.048 | 2.30 x 107> | -0.047 | 2.21 x 107° | -0.038 | 1.4 x 10 | -0.018 | 3.24 x 107°
=243 G 0.25 ©0.010 | 6.25 x 10_2 0.016 | 1.60 x 10_2 0.048 | 1.44 x 10;2 0.107 | 7.16 x 10—2
m-242 o, 0.50 -0.035 | 3.06 x 1070 | 0033 | 2.72 x 107" | ~0.020 | 1.00 x 10| +0.008 | 1.60 x 10°
Cn-242 o_, 0.50 ~0.093 | 2.16 x 107> | -0.089 | 1.98 x 107> | -0.068 | 1.16 x 10> | -0.017 | 7.23 x 10
(a,n) Yield| 0.10 1.0 | 1.00 x 1072 | 1.0 | 1.00 x 1072 | 1.0 | 1.00 x 1072 | 1.0 1.00 x 1072
subx/? | 3.41 x 1072 3.22 x 1072 2.33 x 1072 1 1.22 % 1072

AR/R [18.5 x 1072 17.9  x 1072 15.3 x 1072 “l11.0 x 1072




: » : TABLE 15

Uncertainties in Total Neutron Prdduction

- 1€ -

Cooling Time 1 x 10%s(16.7m) L x 10%s(11.6d) | 2 x 1078(0.63y) | 3 x.107s(0.95y) | 6 x 10’s(1.90y) 1.6 x 10%s(5.07y)
Fractional _ ’ ) '
Sensitivity |Uncertainty) u.b/x? | v (U.Ax/ %) U /% | v | waxo? | v | warn? U (UDx/x)?
To . in Data | - : . - . oo
(i.e. Ax/x) : S 1 R . )
Pu238 g, | 050 0.0 o~ - | 0.0 o . |o.0 0 0.0" o . {-0.001] 2.50 x 1077|-0.002] 1.00 % 107°
|Pu-238 6 . | 0.20 0.0 0 0.0 0" 0.0 0 0.0 - 0 -0.002| 1.60 x 107’-0.003| 3.60 x 107’
Pu2alo | 020 | 0.009| 3.24 1078 0.009] 3.24 x 107° 0.019| 1.44 x 107°| 0.026]" 2.70" x 107°| 0.029| 9.60 x 107°| 0:066| 1.74 x i0”*
Pu-241 g | 0.05 0.013| 4.23 "x 107'| 0.013| 4.23 x 1077| 0.020| 1.00 x 107®| 0.025] 1.56 x 107®| 0.041| 4.20 x 1078 o0.051| 6.50 x 107° |,
Pu-241 T, 0.035  [0.77 | 7.26 x 107"]-0.76 | 7.08 x 107%|-0.64 | 5.02 x 107%-0.55 | 371 x 107*-0.27 | 8.93 x 107°|-0.059| 4.26 x 107
Pu-242 Sy 0.10 0.111{ 1.23 x 107%] 0.115 1.32 xi107%| 0.241| 5.81 x 107% 0.333] 1.11 x 1073] 0.632] 3.99 x 1073 0.857 7.34 x 1073
Am-241 o | 0.20 0.68 | 1.85 x 1072{ 0.67 | 1.80 x 1072| 0.56 | 1.25 x 1072 0.48 | 9.22 x 1073] 0.2z | 1.94 x 1073].0.136| 7.40 x 107%
m-241a] | 0.20  -0.025| 2.50 x 107}-0.025} 2.50 x 107°|~0.020| 1.60 x 107>|-0.016| 1.02 x 107°|-0.004| 6.40 x 10| -0.006| 1.44 .x 107°
An-241 g o | 0.10  [0.044| 1.94 x 107°1-0.044] 1.94 x 107°|-0.037| 1.37 x 107°|-0.031|.9.61 x 107%|-0.014| 1.96 x 107%|-0.001| 1.00 x 107®
m-243 g | 0.25 0.087| 4.73 x 107*| 0.090] 5.06 x 107%| 0.189| 2.23 . x 1073| 0.261) 4.26 x 1073| 0.496| 1.54 x 1072 0.673] 2.83 x 1072
cn-262 g, | 0.50 0.034] 2.89 x 107|-0.034| 2.89 x 107%[-0.028] 1.96 x 107%|-0.024/ 1.44 x 107*|-0.010| 2.50 x 107|-0.002| 1.00 x 107
Cn-242 o, 0.50  |-0.086| 1.85 x 1073]-0.086| 185 x 107°[-0.072| 1.30  x 1073|-0.062 9.61 x 1074]-0.028] 1.96 x 107%|-0.001] 2.50 % 1077
on-244 g, 0.50 -0.004| 4.00 x 107°-0.004| 4.00 x 107°|-0.008| 1:60 x 107°{-0.011] 3.03 x 107°|-0.022| 1.21 x 107%-0.030| 2.25 x 107
Cn-244 g_¢ 0.20  |-0.004| 6.40 x 107’ |-0.005| 1.00 x 107%[-0.010| 4.00" % 107®-0.013] 6.76 x 107%|-0.025| 2.50 x 107°|-0.034).4.62 x 1070
(a,n) Yieldy 0.10 0.190] 3.61 x 107%] 0.189] 3.57 x 107*| 0.166| 2.76 -x 107%| 0.149| 2.22 x 107%| 0.004| 8.84 x 107°| 0.058] 3.36 x 107
Spon.Fiss** |  0.10 0.728 5.30 ' x 1073| 0.728] 5.30 x 10| 0.595| 3.54 x 1073] 0.509] 2.59 x 1073| 0.226| 5.14 x 107% 0.045| 2.03 x 1077
| 3(ubx/x)? _ | | 2.767 x 1072 2.715 x 1072 2.123 x {072 1.895 x 1072 2.246 x 1072 3.690 x 1072
AR/R 16.6 x 1072 16.5 x 1072 1.6 x 1072 - |13.8 x 1072 -115.0  x'107? 19.2 x 107°

*U values obtained as neuts. from (a,n) reactions/total neuts. . - o -
**Error due to y and branching ratio data - primarily for Cm-242. ) S ’ .

'3




TABLE 16

Nuclear Data Requirements of Highest' Priority

New
: Present .
. Required
Quantity Accuracy A Purpose
(%) cc?racy
- (%)
Np-237 Onon 100 25 Production of Pu-236
Am-241 05 20 8 Total heat generation
Y 10 Total neutron production
Am-243 o, 25 10 Total neutron production
Cm-242 spontaneous 10 5 ,Total neutron production
fission branching
ratio-
(a,n) yield 30 10%* Total neutron production

’

*This value has been used in the calculations in this'paper. It

therefore anticipates the measurements of West 15
to be completed to achieve the required accuracy.

- 32 ~

which need
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TABLE 17

Summary of Achieved Accuracies and Requirements

Spontaneous fission
neutrons ‘

(a,n) neutrons

Total neutron production

_10 (reactivity)

20 (shielding)

5.6 = 2.3kkkk

14 - 20

. 219 - 11
14-- .20

: _ Currently Uncertainty- .
Quantity Requested Due to Errors in Most Important Data Needing Improvement to
Accuracy* Actinide Data N " Achieve Higher Accuracy**
(%) (%) i - -
Production of Pu-236 100(20) 100 Np-237 ¢, [100%)
Production of Pu-238 200 ) 8. Am-241 0§Y[6.SZ], Pu-238 o_-[3.5%], Pu-238 Ty 13%]
-Production of Am-241 - 100(20) - 6.3 - 4.4 Am-241 oﬁy{szl, Pu-241 T, [3%] -
Production of Am-243 100(20) 10 Pu~242 Oy 19+571 Ai243 0 [3.52]
Production of Cm-242 100(20) 17 - 13 An-241 grle_IISZ], An-241 o‘;‘Y[lzzl, Cm-242 g_ 5%
Production of Cm—244 100(20) 22 Am-243 Ohy(l9Z], Pu—242(,ny[IOZ] ’
a-decay heat «5 15 - 4 Am-241 ggysz], Cn-242 g ([42], Pu=241 T,[3%]
Total heat generation Skkk

Am-241 éﬁY[szl, Cm-242 qnfll.'sz]

Am-241 agY[mZJ, Am-243 onYIIOZ) , Pu-242 onYlszl

— '

- An-261 o8 (1471, (@,n) yield [10%], Cm-242 o, 471

An-243 g [14%], Am-241 o [107], Pu242 onY[em,
Cm—242 spont. fis. .[5%) ) '

* - Values are given as 1O except where stated.

uncertainty.

"#% The numbers in brackets are an indication of the contributions of the important nuclear data to the overall
Since the contributions can vary significantly as a function of cooling time, the values quoted

here are only a rough guide and the individual tables should be consulted for a more accurate picture. The
contributions are to be summed in quadrature (along with other less important contributions) to obtain the

overall uncertainty.

*%% Including uncertalnties arising from fission product decay.’

****These uncertainties take no account of inaccuracies in ﬁission'product data which are very important in the

total heat generation, par;icularly at short .cooling times.
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