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ABSTRACT

The probability that reactivity feedbacks fail to prevent damage is computed by propagating data
and modeling uncertainties through transient calculations, with these uncertainties being constrained by
experimental evidence. Screening processes are used to identify the most important parameters and
accident initiators. The response surface method is used to facilitate the error propagation and a
Monte Carlo rejection technique is used to force the parameter variations to be consistent with the
observed distribution of experimental quantities. The reliability of the failure probability estimates is
evaluated.

This process is applied to ATWS events in the PRA for the EBR-H reactor. The loss-of-normal-
power (LONP), loss*of>flow and transient overpower accidents without scram were found to warrant
detailed analysis and a complete analysis has been made for the first of these. Six parameters arc
primarily responsible for trie LONP outcome variations. The conditional probability of minor core
damage from LONP without scram is I.2xlO-J. The uncertainty in this estimate is a factor of 2. This
damage estimate would be an order of magnitude higher if experimental information about feedbacks
in EBR-II was not used. The conditional probability of major core damage from LONP without scram
is 1&*

INTRODUCTION

Suppose an operating reactor is subjected to an accident initiator and there is no mitigating
response from any active system, e.g.. no scram. The tendency of the reactor to reestablish a stable
state without sustaining core damage under these circumstances is referred to as passive safety, This is
an important feature of both the current US LMR designs1 and the 26 year old Experimental Breeder
Reactor II (EBR-II). Although passive safety had never before been included explicitly in a
probabilistic risk assessment (PRA), its importance made it desirable to do so in the EBR-II PRA2.

The passive safety of EBR*H results from a number of features*. Natural circulation that cannot
be stopped by value closure or pipe blockage assures coolant flow. Reactivity feedbacks bring heat
production from fissions into balance with heat removal. Diverse passive decay heat removal
mechanisms make long-term heat-up very unlikely and the large heat capacity of the sodium in the
tank makes it extremely slow if it occurs.



The subiect of this paper is the effectiveness of one of toe features, the reactivity feedbacks. A
p J S £ S 2 S eXaring the effectiveness «l some of the results are p t « * I* * «
fs on what are referred to as anticipated transients wjUjpuLssaja (ATWS events), such accidents as
m m d t a o r flow and transient overpower. The issue is whether the feedbacks can reestablish a
balance between fission heat production and heat removal without temperatures exceeding safe limits.

Since the reactivity feedbacks result from the reactor constituents simply Mowing the laws of
physics (primarily dermal expansion), there are only two ways that they can fail. One MMif the
feedbacks inherency are not strong enough to overcome the accident initiator, and the other is if the
initiator is so violent that it changes the reactor configuration, degrading or destroying the feedback
properties. Since the second situation is so unlikely and difficult to predict, it Is reasonable to make
the conservative assumption that the conditional failure probability is unity. (Conditional refers to the
fact that the probability of failure to scram is not included.)

Considering the other possibility, there is only one reality - passive safety either precludes core
damage or it does not, for a given accident initiator. The notion of a probability of failure arises from
our inability to know with certainty what the reality is. Accordingly, the analysis consists of
evaluating the ability to predict what the reactor behavior will be for each accident initiator.

ANALYSIS METHOD

The main reason that calculated transient outcome! an uncertain is that the input data arc
uncertain. The uncertainty in each input parameter can be expressed by constructing a distribution of
possible values called a probability density function (pdf), The pdf for to transient outcome quantity
of interest, eg. peak temperature, can be found by sampling from the Input parameter pdfs and
running transient calculations with these parameter values. The fraction of the peak temperature pdf
that lies beyond a safe temperature limit is the passive safety failure probability. This is basically the
method used by Mueller and Wade1.

This error propagation process would be prohibitively expensive to carry out without taking
measures to make it computationally efficient. There are several accident initiators to consider, many
uncertain parameters on which a transient calculation depends, and many transient calculations (each
with a different, randomly selected parameter value) required to propagate each parameter's uncertainty
accurately. Two techniques were used to make the process efficient.

One technique is screening. The idea is to sort through all possibilities, discarding those that are
unimportant. A screening process was used to identify the accident initiators for which the
effectiveness of passive safety is «, well known that no detailed error propagation process is needed

5 £ " s a s s s s s M E
The other efficiency measure was to use the response surface method4. The idea is to find a

sfcnple function that approximates the analytically untaown functional relationship b t ^ e n S ^
m m quantity and the input parameters. The function, a m u i t i v a r i a t e Z S ^ X
called a response surface. The parameter uncertainties can be propagated through this
mexpens.vely by Monte Carlo sampling, once the function is k n o ^ ^ 5 S S £
run to compute the response surface, but many fewer of them are needed S
propagation were to be done directly. Unlike Latin h y p e r c u b e ^ S



imeracttons between input parameters arc accounted for explicitly.

soonse surface method is impractical if the number of uncertain parameters is large This
?tStafLS-Su"pr imar i ly because it was unnecessary to model either the balance of plant
S p t i v e processes. The dominance of only a few feedback phenomena was another heipnrt

factor.

The reliability of accident outcome predictions for EBR-II can be enhanced markedly by using
the large database of plant transient experiracni3 on EBR-II*4. These experiments have been
conducted to examine the passive safety characteristics of EBR-II and io demonstrate that a number of
ATWS events have a benign outcome. The analysis method has been tailored to make maximum use
of these data.

These and other considerations are incorporated into eight steps, which comprise the analysis
procedure. Steps are included that proved to be useful in other recent efforts to evaluate uncertainties
in the outcome of reactor transients using probabilistic methods'-10. Each step is introduced in the
following paragraphs and then is covered in more detail in the subsequent section.

Step 1. Screen Initiators
A screening analysis is done for each accident initiator. For Initiators where this gives an

unambiguous result, no further analysis is needed. Hie remaining accident! require a detailed analysis.
The initiator screening wus done principally using a quasi-static reactivity balance11-1. EBR-I1 plant
experiments and past safety analyses supplemented the quasi-static evaluation.

Step 2. Calibrate Models
Some of the models used in the transient calculations are semiempirical, since it Is not feasible to

model all the processes from first principles. These models are adjusted to yield good agreement with
key EBR-J1 passive safety demonstration experiments*.

Step 3. Screen Parameters
The number of uncertain parameters is reduced initially by combining uncertainties from two

sources - material displacements and the corresponding reactivity feedback coefficients. Then
importance ranking is used to identify the important feedback parameters.

Step 4. Quantify Parameter Uncertainties
A pdf must be specified for each important parameter. There are not enough data to trace out a

distribution for any of the parameters. Rather, a physically reasonable statistical distribution form is
assumed and the available evidence is used to determine the distribution parameters (r.g., mew and
variance).

Step 5. Develop Experimental Constraints
Since the uncertain feedback parameters cannot be measured in EBR-H Individually the

^ f i ? n l d i S t r t b U t i o n s d e v c l ° P e d in s ^ 4 are not based on much experimental d«u specific w
EBR-FL The net reactivity from all the feedbacks is measurable, however, and in fact his been
monitored routinely over the life of the reactor. These data can be used to force the parameter
uncertainly propagation to be consistent with the observed feedback characteristics. In this stco the
dani are usedto construct a pdf or a range for the net feedback under the various experiment
conditions. These are used as constraints in Step 7. w» wpsnnwm

Step 6. Compute Response Surfaces



A reswnse surface is needed for each transient type retained after the initiator screening. A
surfact ZEZS* for each type of feedback experiment that is used to « « » * " « " "

i f i h for each surface a
ZS* for each type of feedback experie
An appropriate polynomial form is chosen for each surface and toe p ^ u n d

aredetemiined from transient solutions corresponding to judiciously selected values of the
input parameters.

Step 7. Propagate Uncertainties
Once the polynomial coefficients are known, determining the transient outcome corresponding to

any set of input parameters is simply a matter of evaluating the polynomial with that set of parameters.
The sets of input parameters, which we call knot points, are selected randomly from the parameter
pdfs. Rejection criteria are imposed in this Monte Carlo sampling so that the knot points retained
reproduce the experimentally observed distributions of feedback characteristics. The retained knot
points, when used with the transient outcome surfaces, yield well defined outcome pdfs.

Step 8. Assess Accuracy of Failure Probabilities
Sensitivity calcuiations are done to assess the reliability of the failure probability predictions.

These calculations evaluate the error due to parameter screening, the sensitivity to input parameter pdfs
and the accuracy of the response surfaces.

APPLICATION OF THE METHOD

The PROSA-2 code15 provided the framework for the response surface analysis. In Step 6 it was
used to identify appropriate knot points to use in the explicit transient calculations. These transient
calculations were made with the SASSYS code11. Once the transient solutions were available, the
response surface coefficients were computed with PROSA-2. Then it was used to cany out the
uncertainty propagation and failure probability calculation of Step 7. The code was modified to
implement the experimental constraints in this step. /

/

STEP 1 SCREEN INITIATORS

The uncertainties in the three quasi-static parameters, which reflect the passive feedbacks, were
propagated through the quasi«static reactivity balance equation1. Experimental information about these
parameters was combined with calculated values in the literature (e.g.. Ref. 14) to construct pdfs for
the parameters. The Monte Carlo uncertainty propagation capability of PROSA-2 was used to
propagate the parameter pdfs.

* Loss Of Heat Sink - The failure probability is totally negligible. This quasi-static result is consistent
with the actual demonstration of the EBR-H plant respoS to a UWS W d S ? 3 2 tad a
completely benign outcome. w ««* «

* f S > - ° V ? l * P e e < ? ' ̂  M m ProbabilJtv *&"ls »«Uy negligible. The asymptotic

suggest that the failure probability should be low for long pump « £ £ £ a ^ Wgh with



c l o w n s . -Hie plant experiments demonstrated that the* is no damage if the coastdown

* i 2 T A S S S S i ? A detailed passive safety aalysis is needed. Tfcis accident * a long
^ S O W T O F Mowed by a LOHS. The latter ph«c is definitely berfgfc T b n w no damage
in the SHRT 45 experiment1, which simulated this accident, but less favorable conditions are

* T r a k m Overpower - A detailed passive safety analysis is needed The probability of fuel-dad
eutectic formation appears to be high but extensive Aiel melting may not occur.

All the remaining steps of the analysis have been carted out for LONP but Steps 6 and 7 need
to be completed for LOF and transient overpower initiators.

STEP 2 CALIBRATE MODELS

Established, previously validated SASSYS models of EBR-II15 were ^evaluated based on data
in the literature and additional experiments. Only the core and primary loop models are important on
the time scale of intsresi here. Fuel conductivities and nominal feedback reactivity coefficients were
revised based on an evaluation of values reported in the literature.

The bowing reactivity feedback model was also revised based on a large number of power
reactivity decrement (PRO) experiments. This is an important feedback because it is the only one that
can be positive and it can be more than 40% of net feedback (although it Is typicaily -15%). Since
EBR-H's design is such that bowing is difficult to calculate from first principles, an empirical
approach is usually taken, as was done here. Physical reasoning and evidence from 50 PRD
measurements indicate that the bowing feedback slope is Initially negative, chinges to a positive value
around 20 MWt and maintains that value until the vicinity of full power (62J MWt). In this vicinity
the slope often starts to decrease and eventually it must become negative again. The new model
incorporates the first two features but continues the second slope indefinitely beyond full power. This
is a conservatism prompted by a lack of unambiguous evidence lor the location of the second slope
change. Nominal values for the new bowing model Input parameters were derived from the difference
between the nominal calculated nonbowing PRD versus power and the avenge of the 50 PRD
measurements.

The modified EBR-n nwxfcl in SASSYS yields improved agreement with PRD, rod drop and
passive safety demonstration experiments. Results for SHRT 45*. a LONP demonstration experiment
illustrate this. For this experiment, the prediction of peak feedback reactivity using the consequence '
analysis model is low by 10<fc and the model improvements reduced this error to less than 3* .

STEP 3 SCREEN PARAMETERS

There are three classes of candidate parameters. One is modeling parameters such as the
number of channels and time step size Select values are such that^aWrslTthKast a«
relatively ummporunt. Modeling assumptions also should be consider^* here. The calibration «ep
greatly reduced this uncertainty and no residual effect was Identified as being likely to cause a
substantially optimistic failure probability estimate. Ths second class is parameter! that rffcet the
predicted matcnal expansions - such things as thermal conductivity and e ^ o T c o e f f i S The
tferd class II; reactivity coefficients of expansion and bowing. Only the t u S d w S u w X u
tmcemm and the uncertainty estimates were increased to cover uncertainties that properly belong to



the second class.

The screening of these uncertain parameters was done by importance ranking. The importance
of a parameter is the product of the parameter's uncertainty and the sensitivity of the transient outcome
to a tfven change in tie parameter. Screening uncertainty estimates for the feedback componen« were
obtained from Ref. 3. Sensitivities were deduced from edits of component contributions to feedback
r S S y T o r i e s in SASSYS calculations of each transient type. Of the 10 feedbacks in the
SASSYS EBR-n model, four of these were found to be unimportant to all transients relevant to the
detailed failure analysis. The feedbacks that are Important to a transient or constraining quantity are
identified by an "x" in Table 1. RDF in the table refers to constraining experimental quantities
described under Step 5,

STEP 4 QUANTIFY PARAMETER UNCERTAINTIES

A normal distribution was selected for all of the retained parameters except fuel expansion.
The parameters for all the feedbacks except bowing physically cannot change sign. This creates ar»
asymmetry or skewness in the true distribution. However, except for fuel expansion, neglect of this
effect introduces only a minor conservatism because mis physical limit is more than four standard
deviations from the mean. A log-normal distribution was used for the fuel expansion parameter,
whose mean is 3.0 standard deviations from zero. Specification of the mean and standard deviation
for each parameter is sufficient to complete the uncertainty quantification. Mean values are those
developed in the evaluation of feedback parameters in Step 2.

The standard deviation estimates for the feedback components aie based on an evaluation of the
following sources: uncertainty estimates in the literature3*1*17, the range of feedback values in the
literature1*-" and evidence from critical experiments19*. Reference i6 values are smaller than the
others, apparently because of an attempt to be consistent with the range of EBR-n PRD values. The
spread in reported EBR-II feedback values primarily reflects the effect of core loading variations and
some evolution in anslysis methods, which make up only part of the total uncertainty. C/Es (ratios of
calculated to experimental values) from Ref. 19 are based on more sophisticated neutronics analysis
than that used to obtain EBR-II feedbacks and they do not include thenno-mechanical uncertainties.
Table 2 shows the standard deviation values used here as well as related quantities from the literature.

Only a limited accounting for correlations among the uncertain parameters was made. The
strongest correlation is among core Na, upper reflector and radial reflector feedbacks because they all
are sodium density effects. This correlation was treated by expressing each of these as a product of
two factors, one of which is common to all three feedbacks. Other correlations are l eu dear and were
neglected. ^ ^ <UJU werc

STEPS DEVELOP EXPERIMENTAL CONSTRAINTS

T t e « f "mental constraints should allow the full distribution of feedback reactivities that

subrun (a Technical fifty measurements made over the last ten years werc



selected to const™* a pdf for ft. foil-power PRD. The selection spew a wider ******
than is anticipated for the future and includes the most extreme PRD values ever observed.

The other type of experiment used is the rod drop measurement of prompt feedback reactivity.
This reactivity grows rapidly with tune for a little more than a second, then the slope decreases and
eventually an asymptotic value is approached. The feedback reactivities at 1.5 s and 8.0 s divided by
the magnitude of the rod drop reactivity, called RDF(U) and RDF(8.0), respectively, were selected
as constraining quantities. These two quantities and the PRO each emphasize feedbacks with different
time constants. Not enough rod drop data were readily available to construct pdfe but limits on
acceptable values of RDF(l.S) and RDF(8.0) were set

STEP 6 COMPUTE RESPONSE SURFACES

Scoping calculations Indicated that the "single-quadrant" response surface scheme11 in PROSA-
2 gives solutions of adequate accuracy for the least computational effort and it was selected on that
basis. In this scheme one multivariate quadratic polynomial is used over the entire space. A
minimum number of lux.: points is used with a muMvariatc extension of Lagrange interpolation to
determine the polynomial coefficients. For LONP there are 6 uncertain parameters associated with the
five important feedbacks, which implies 28 knot points. LONP, PRD and RDF transient calculations
with SASSYS were needed for each knot point

The single-quadrant scheme systematically selects knot points in a way that emphasizes the
wings of the parameter distributions. This tends to make the response surface approximation most
accurate in the domain that is of greatest importance to the passive safety failure probability. Knot
points representing the parameter extremes were chosen such that 03% of the area under the pdf lay
beyond the point (2.6 standard deviations from the mean for normal distribution).

The restriction that output quantities must behave smoothly enough to be well represented by a
quadratic is easily satisfied by the PRD and RDF constraint quantin'et. This restriction did preclude
using clad failure- Ufe fraction to monitor failure but top-of-core sodium or cladding temperatures
proved to be goof choices.

STEP? PROPAGATE UNCERTAINTIES

The scheme to impose the experimental constraints from Step 5 involves two pans The first
part begins with random selection of knot points from the parameter pdf* For each random knot ooim
RDF(1.5). RDF<8.0) and PRD are computed from their respW^SL ? « J 3 £ X o S T
the experimental range, the point is rejected. Otherwise the knot point is stored, according to the PRD
value, ,n one of five file* (bins) Each bin correspond, to an interval of the five-interval HstogranT
owns the expcnmental PRD pdf. The five PRD bins are ailed with knot point* in this manner23%
of the toot points were rejected for being outside the experimental range* ^ ^

In th« second pare, the response surface equations for the transient outcome Quantities are
evaluated at knot points drawn from the PRD bini. The bin iron which * knoc w l J K S i t o
selected by randomly sampling from the PRD cumulative distribution ftwita ( f f ^ J ? ? £ P R D

An importance sampling scheme was included In the second part in order to define better the



tail of the outcome distributions corresponding to failure. Failures come I ^ a » * J " J D
1 $ | "

«n4oonding to the lowest PRD values since this implies the weakest net neganve.feedback Theonding to the lowest PRD values since this implies the weakes g
S r o f pbina to draw to a bin each time it is selected can be specified; the weight assoaated
with the point is the inverse of that number. This reduced the statistical variance of the minor core
damage (defined below) probability by a factor of 4.6. fcr a given amount of computation nme.

Two damage states defined in the EBR-D PRA are used here. Minor Core Damage (MCD) is
defined as fuel melting, cladding failure or sodium boiling in the hottest, highest bumup driver
subassemblies. Gat Damage <CD), the most severe category, is indicated by fuel melting, caddmg
failure or boiling in an qvcrajje driver subassembly.

Failure probabilities for LONP were computed three ways to see the effect of the experimental
constraints. First no constraints were imposed, then only the PRD constraints were used and finally
PRD and rod drop constraints were used. The resulting failure probabilities are shown in Table 3 and
the outcome distributions for MCD are shown in Figure 1. The nominal SASSYS calculation of this
accident yielded peak sodium temperature below, but close to boiling. Thus it is not surprising that
the passive safety failure probability for MCD is as large as a 14 without experimental constraints.
The imposition of the experimental constraints reduces the MCD probability by more than an order cf
magnitude. The rod drop constraints add very liole to the PRD effect for this accident, perhaps
because of the long time scale of the accident. Very few samples yielded CD outcomes when there
were no experimental constraints and none did with the constraints. Consequently, the non-constraint
estimate of 2x10* has a large statistical uncertainty and the estimates with constraints are really just
upper bounds.

STEPS ASSESS ACCURACY

A conservative upper bound was found for the error due to screening out parameters from the
uncertainty propagation (Step 3). This was done by recomputing the LONP failure probabilities with
only the two most important parameters treated as uncertain and comparing these with the reference
results (6 uncertain parameters). The bound for each damage category is 19% for MCD and one order
of magnitude for core damage. (It is generally true that errors and uncertainties become a larger
percentage of the failure probability as the failure probability gets smaller.) The actual error from the
parameter screening h small compared to these bounds, since the four parameters dropped for this test
are much more important than the ones screened out in Step 3.

The accuracy of the single-quadrant response surface approximation was investigated by
comparing it to more accurate approximations on a simplified version of the LONP problem The
simplification was to treat only the two most important parameters as uncertain, as in the test above
This made it feasible to trace out the true runctlonal relationship with many more knot points and use
higher order and more flexible polynomials. ^

The following conclusions were drawn flora the response surface investigation. The
uncertainty for the experimentally constrained MCD probability is less than a factor of 2 No CD
failures were found in rhe experimentally constrained Monte Carlo sampling. Any reasonable
exuylation of that distribution would yield a CD probability many orders of magnitude less than me
2x10- value obtained With unconstrained sampling. Thus, almough the investigatiSiSweTthT
single-quadrant probability estimates in the 10* to W1 range are two orders of magnitude too small, it
still is very likely that the true, experimentally constrained CD probability is less than Iff*.



The sensitivity to
was computed with foe aim of finding

as three standard deviations from the mean.

Next, three cases were tun where the mean or standard deviation was allowed to change. In
one the standard deviation of die most important parameter was increased by 30% of its original
value In another, all standard deviations were increased by 25% of their original values. Finally, all
means were moved one standard deviauon in the pessimistic direction, This last case was exposed by
the experimental constraining process as being hopelessly in conflia with tte PRD and rod drop data.

The pdf sensitivity results are similar to those from the response surface tests. The MCD
probability could increase by no more than a factor of two. The experimentally constrained CD
probability remains below iff* for all assumptions.

DISCUSSION

This is the first explicit treatment of reactivity feedback effectiveness in a FRA. There had
been no strong need for such a capability, since reactivity feedbacks genesally are not able to prevent
core damage in the reactors previously subjected to a PRA. In contrast, EBR-H mi the Integral Fast
Reactor designs1 have passive safety characteristics that greatly reduce the likelihood of core damage
in a wide range of unprotected accidents. Thus a probabilistic approach had. to be developed to
incorporate this nature into the EBR-II PRA.

The method incorporates established proWbfllstic techniques. Screening, response surfaces and
Monte Carlo sampling are used. The overall approach is similar to those used in receru probabilistic
treatment* of transients*-10. The selected combination of available techniques is both effective and -
computationally efficient

Two factors greatly simplified the task of computing failure probabilities- One is that the
balance of plant is unimportant*, making necessary only the modeling of the core and primary sodium
loop. The other factor is that the damage category definitions in the PRA made it unnecessary to
model the progression of core disruption. This eliminated concerns about the complex model? and
highly uncertain data associated with these processes. It also eliminated the more complex behavior of
transient outcome quantities that occurs during core disruption, malting the fesoense surface
approximation more suitable.

The EBR.fi feedbacks are well understood and. with one exception, they arc relatively easy to
predict. There is no close competition between opposing feedbacks and even the sodium d * i « 7
effect, which is by far the strongest feedback, does not suffer from a dose balance betweeTSsing
spectral and leakage effects. As a res^i tix best estimate values «nd the uoceruinry estimates
developed in Step 4 should be reliable. A conservative modei was used to deal with bowfne the nm
feedback inat is quite difficult to predict accurately. g>

The failure probabilities were reduced substantially by integrating the extensive EBR-n
experimental database into the method. The computed failure probability refects boih the ranae of
possible reactor conditions and the limits of our ability to predict the transient outcome. By using the



The LONP results demonstraie that reactivity feedbacks provide a large safety margin. The
conditional damage probability is 10* for the hottest driver element and is less than 10* for
S S S S i f c These probabilities would be unity for all the U d m itatatf m the

f ̂ r e T e r f no feedback*. Alarge margin b - t o nnticipawi ^ J K ^ ^ ^ . V ^
r This maqlo Is in addUan to the l««e safety margin, -10*. afforded by the scram system.

re aie tSite areas of future work. One Is completion of the analysis for LOF and transient
initiators. Another is development of an approach to estimate better very small failure

X b U i t i e s . such u the LONP core damage probability. Finally, the method needs to be adapted for
assessing integral Fast Reactor designs, where there are only indirect experimental data on the passive
response.
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LOF, LONP x x x x x

PRD x x x x x x

(3.0)
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Table 2. Feedback Uncerf.ain.tiya and Related Quantities

feedback

Core Na
Fuel
Up. Refl.
Rad. Refl.
Control
Bowing

20%
33%
30%
25%
23%
70%

6%
11%
7%

5%
25%

20%
30%
20%
20%
20%

15*~£0%

Ref. 11

30%
47%H68%

30%
30%

C/E
Ref. 12

10%

10%

Table 3. Passive Safety Failure Probabilities for LOMP Accidents*

No Constraints

Only PRD Constraints

PRO and RDP Constraints

Minor
Core

0.143 ±0.2%

0.013 41.7%

0.012 41.1%

Cora pajpaqe,

2.0x10-* ±70%

< 10'6

< 10**

• The uncertainties shown reflect only Monte Carlo s ta t i s t i cs .

Fig. i . LONP Outcome Distribution For Minor Core Damage
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