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1. INTRODUCTION

Under the topic of sensitivity and uncertainty analvsics we consider primarily
the work performed using classical perturbation theory and cross-section uncer-
tainty covarlance data. Specifically excluded are several studies performed using
alternate evaluated data sets or creditly deviant data sets devised by the aralvst.
Fusion reactor nucleonics analvsis being a comparatively new field of endeavor.
the scope of this review is thus confined to relativelv few papers, mainlw these
reportin: crauss-section sensitivity* studies of the Tckamak Fusion Test Reactor
(IFIR) arnZ cxperimental power reactor (EPR) design studies. In order tc keep the
topic more manageable, we also exclude any dctailed discussion nf hvbrid reactor
sensitivity studies. However, this does not imply a lack of r. #gnition of the
impertance of hvhrid reactor cuncvepts or of the vital role cross-section data (lavw
in concertual hvhrid desipgn exercises. Rather, it reflects a lack of ratlished
investigaticne in this area, with twe notable exCr;:iéns.‘la-lb’
cation of sen-itivitity methids to design and analvsis of integral experi-onis
although vers important is bsvond our scope.

Upon the recommendation of the International Nuclear Data Committee, dat: up
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to »7 Mc\ are included in this review. However, no un «risinis Sindiv: .
have been perfurmed for neutron enecgics above . 14 MeV, so review comnments arc
necessariiv mostly qualitative.

Other arcas where sensitivity sradies exist in the literature, but whisi, arc
specifically exclud=d from this review, are the seqﬁilivitv of muitigroup cress
section to thermal broadening of the fusion peak, -) and of plasma burn to the -0

an¢ N-7 cross sections. (3)
Tre theorv of cross-scction sensitivity is fortuitous!y simpler for fusion

P8l ana:

vs¢s involve onl!ly inhomogeneous scurce terms in the linear Beltzmann equa-
ti*n, leadizz 1o & relatively ~imple logarithmic derivative of a reaction rate with
res=ect to & cr-ze-section. 1ln Sec. I1 below a brief sumrmary of the theory is givon
in:lafing recsont extensions to secondary encrgy and angular distributions, (4.}
Scrrinn I17T thern nresents a discussion of detailed results from the literciuro. for
the TFT%., EFR., and a concejptual commercial power reactor (NUSILWK). Al commeris
arc made iz Sec. IIT reparting data in the region above 14 McV. Conclusions fran
the studies in Sec. II]l are¢ then summarized in Sec. 1IV.

At the outset it is useful to make a salient, if perhaps obvicus, pcint re-
garding sensitivity studies. That is. such studies arc intrinsicallv design do-
pendent, as is explicitly shown in the thecry (Sec. 11)., The immediate implicaticn
is that the quercion, "Are the available cross-section data for a particular nuclide
’N’ satisfactory for fusion reactor design?” is unfinished, leaving wanting two kev
qualifiers; viz, 1) for what design model, and 2) for which response functions.
Anothe: clear observation is that sensitivity studies are analogous L0 CrosS==ou-
tion assessments done previously bv cruder metheds for fission and fusion devices.
albeit more comprehensive and providing differentials of uncertainty rather than
just point values. Being design-dependent does not, however, mear that breader
conclusions than those for a specific design cannot be drawn from a sensitivit:
analysis. On the contrary, for a generic class of desipgns the sensitivity results
for a prototypic set of design models can span the range of sensitivities for that
class. A practical case in point is the sensitivity analysis(b) pertormed for an
EPR design, where the conclusions drawn mav be largelv valid for a later desivn
study of a reactor concept called The Next Step (TNS).

Anccher facet of scasitivity studies which mav be self-evident is that ..cv
are of direct value to both the reactor designer and the cross-sectior technelogist.

o
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In this review we will use the abbreviated phrase ''sensitivity' studies to include
uncertainty analvses where it 1s clear from the context.



Their immediate value to the designer is to furnish him requirements for a margin-
of-safety component attributable to nucleonic uncertainties, which he can then
factor into design conservatisms. Secondlv, the sensitivities car guide him in
selection of materials and configurations which will perhaps minimize nucleenic
uncertainties while still satisfying design criteria (e.g., selection of shielding
materials). Concurrently, the cross-section technologist is able to determine
which additional experiments and/or evaluations are most likelv to, first, signif-
icantly decrrase uncertainties, and, second, vield the lowest cost-benefit ratio.
While the foregoing qualitative introductory discussion deals wirh a somewhat
idealized application, many of the benefits mentioned have alreadv been realized.
One case in point is the TFIR, where the value of the sensitivitvy analvsis mani-
fested itself in the "negative'" result that anticipated cross-section errors
should not be unacceptable for calculations of radiation exposure rate durirg
required access after reactor shutdown.

Historically, the modern development of sensitivitv and uncertainty analvsis
can be traced from the work of Prezbindowski(7) in 1968, te a mushrooming expansion
and application by Conn,(s) Bartine,(g’lo) Gerst1l,(11,12) and their respective
colleagues in the _early 1970's. Some of these earlv applications were already to
fusion reactors.(8,9,12,13,1%)  The toral fusion reactor sensitivity literazure,
however, is still somewhat limited because of the relative newness of fusion
reactor nucleonics. It is still possible for a serious practitioner interested
in nuclear analvsis or cross-section technology to readilv familiarize himself with
most of these publiications (e.g., Refs. 1, 4, 6, 8, 9, 12-19)., Mere basic litera-
ture on the thecretical foundations of sensitivity thecry can be found among the
references given in Refs. 8 and 19.

With the notable exception of secondiar: energy and angular distribution
sensitivity, sensitivity studies have been hindered not primarily bv thecretica!
methads or computer code availability, but rather by lack of cross-section
covariance data. Strictly sensitivity (not including uncertainty) analvsce are
readily performed using standard discrete-ordinates transpert codes and suhscguent
straightforward integrations over the Boltzmann equation phase space. However,
the uncertainty analvsis then requires covariance data which can be equally
voluminous as the cross-section data entering the purely sensitivity analvsis.

In practice, evaluated covariance data have onlv recently becom¢ available in the
ENDF, and those are still preliminarv and sparse. Hence, most uncertaintv analvses
to date have by necessity used ad-hoc covariance data, most ¢f which contain no
covariances among pa-tial cross-sections. From the outset it is clear th.it the
surface has jusit been scratched in uncertainty analvsis and, to extend the metaphor,
the cutting edge is now the covariance evaluation efforts.

IT. SENSITIVITY AND UNCERTAINTY THEORY

Cross-section sensitivity theory has been derived by various authors froro
several points o view. Here the approaches of Refs. 10, 18, and 19 are coledsti-
callv svnthesized for an exposition ending with a transparent paralleliss to the
actual computational procedure. Secondary energy and angular distributicn
sensitivity theory discussions follow the approach of Refs. 4 and 5.

A. _ Cross Sections

Giver a cross-section uncertainty, AT, the objective is to determinc the un-
certaintv, AR, in a selected response, R, where R is a linear functional of the
flux ¢(£). T general, we will deal with the phase space of the Boltzmann equation.

. E) (1)



in the conventiconal notation. .

Concentrating on a set of multigroup cross-section data fiif, we serk an
expression for the standard deviation of R, which we dinote LR, in terms of the
known covariances of the {Z{}. First, we note that R is defined by

R = <¢,p> , (2)
where p is a given response function, and the inner-product notation <,> represents

integration over the phase space {. Also, the: forward and adjoint Boltzranr equa-
tions can be written conveniently in operator notation as

L¢ = S (3
Lagx = o )
where L and L* are the respective transport operators, S is the inhomogeneous

source term, and (%) is the response function of interest (i.e., the adjoint

source). Then from well-known variational principles it can be shown thit for
R = <:’;> = <¢,L*¢*>,

SR = <¢,6p> - <¢ SL*¢*> + 0 . (3)
Then if Ly is the portion of the operator containing i, by the linearity of L we
can write%lo.ls)
<A no <d g4k
oR/R | Ty LD )
BZi/Li R R

where the first term on the right is a direct effect of a change in the response
function, and is nonzero onlv if the response function depends directlv on :i

(e.g., 1f o is a linear functien of Zi). In practice the two terms are treated
separately because only the second term invulves anv complexity. Notc that Eg.

(6) involves integration over all phase space, except the variable E witer i dencotes
an energy groun. By convention the energy variable is usuallv kept explicit and

a differential (with respect to lethargy) Sensctivity picddde is defined as fallows:

., _ _23(nR) _ “R/R _
AT Tl Y TS e T M (7
1 i RN |
—- du
-1
or
<¢ ’L*-¢‘*>
Py
P 4 - —— ®)
Zi RAUi

when 1 denotes an encrgy group of lethargy width Auy. An important point to keer
in mind, however, is that in the theory leading to Eq. (6), the subscript i can
denote any partition ¢f the transport operatpr (e.g., into partial cross-sections),
not just an energy-group partition. Thus, Py, has a supressed index which in
normal pracrtice represents the partial cross-section, while i represents an energyv
group. Further, the domain of phase space is often subdivided so as to determine



sensitivity profiles for individual material zones, for example. In fact, the
definition of a sensitivity profile ac in Eq. (8) can follow naturally from a
differential sensitivity profile given Ly

dL**
> 3 (LnR .
p, (§) = - >R .4 (9
i a(ﬁnfi)dﬁ
Returning now to the caleculation of AR, which is defined as the positive
square root
1/2
. S 2 - 1
AR; [E-4R7)) Z [Var(R)] /2 , (10)
where E-) denotes an expectation value, we formailv can write
o \Z R o 2m
Var(R) = E ‘ azi 6“1 3T GZj . (11)
1] )
where we accept the assumptions of linear perturbation theory; i.e.,
R
£ = —_— v . (1°
R E = Tk (12)
. i
i
Equation (l11) can then be written
Var(R) = R 2R Ev&C 8T, (13)
‘ L, 9L ittty

iy

where Efé:i’Z1} is commonly calleq the covariance or dispersion matrix for the
set 1Zi}. Dividing Eq. (13) by R- yields

\2 Cov(Z,,Z))
(&) - PR 174 |
R g L Sy ’ (14
1,i J J
where P. = ‘uiP' For compactness we define a sensitivit' profile vector
“1 “1
P= (P ] (15)
“1

and a relative covariance matrix

Cov(F g o)
C= T T (16)
i3



Then

) =PCP, (17)

and the quantity of final interest, as computed by multigroup sensitiwvitv and
uncertainty anaiysis computer codes, is the relative standard deviation of the
response,
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The problem is clearly separated into a design~dependent vector P, and a cross-
section covariance matrix C which is dependent only on the data.

Of interest for preliminary scoping studies is the integral sensitivitv,
def{ined by

SZ‘Z Pz (19)

) 1
1

The integral sensitivity can be interpreted as the fractiona. change in a re¢sponse
from simultaneous unit fractional increases in all Zi; viz, a logarithmic derivative.

B. Secondary Energy and Angular Distributions
For brevitvy we will consider onlv secondary-energy-distributicn (SED) scnsi-
tivity theory; the development for secondary angular distributions is directlv
analogous. Gerstl observed(4,5) that if one looks at the adjoint parallcl to the
computation of cross-section sensitivity, an SED sensitivity immediatelv rcsultis.
Starting with the adjoint expression for R,

R = <: :‘.’s>
= <tk Li> (200)
one can define a quantity

<k >
é ¢ ’Li¢ E',E (21)
R ’ “

o
|

where 1 represents a specific transfer matrix component in the scatteriig-in integral
of the transport operatur (e.g.; i = elastic or 1 = n,2n) and <’>E',E drnntes in-
tegration over all phase space except E' and E. Writing out Eq. (21) esplicitly
gives

[ -+ - -

Py ‘Tlif‘“fd”Jci%*(?,5,E>Ii(r,5'*ﬁ,'ﬁ'*s>:(?.5',E'> - (22)
5

E',E

Equation (22) can be interpreted physically in complete analogv to Pr_  in
Eq. (8) as the percent change in R due to a unit percent change in i 1nla
multigroup representation a two-dimensional array results, where the incident
energy E'cg' is considered as a parameter. In other words, for each incident
energy group, g', a sensitivity profile is computed as a function of the secondary



neutron energy E. Integrating Eq. (22) over E'ceg', we can write

PP (peg) « —2RR | (23)
I, , 1T,
g8 g8 g g

as the SED sensitivity profile for incident neutrons in group g' as a function
of secondary energy group g. These SED sensitivity profiles are always non-
negative because they include nc loss term. Gerstl (%) gives multigroup discrete-
ordinates equations for PSED and shows representative plots of PSED/AugAug,.

g'h8 “g'

the doubly-differential SED sensitivity profiles, where g' is a parameter and E
is the independent variabie.

In order to provide a manageable framework for applying the above formalism
in practice, Gerstl defines integral SED sensitivities in analogy to Eq. (19),
but with an added concept to characterize the secondarv energy distribution. After
defining a median-energy group g, as that group into which the median energv of the
secondary energy distribution falls, the distribution itself is divided into a low-

energy ("cold") and high-energy ("hot") portion. The integral sensitivity

& G l > () = HOT
sSE'ID = PSE'ID _ PSP'ID (24)
g g'.g Z g'.8 ]

reduces the SED sensitivity to o' 2 integral parameter which is "hct" or "cold"
depending upon whether SSED is positive or negative. That is, SEED is a quanti-
tative meacure of how muPh more sensitive the response is to the "hot' secondary
neutrons than to the "cold" ones.

Quantification of che uncertainty, AR/R, resulting from SED uncertainties,
proczeds in parallel to that for cross sections. First, one can define a fraction,
f, by which the hot portion of the spectrum is increased and the ccld porticn
correspondingly decreased; i.e.,

&o , l+1 » 8BS B
_ 5 8 _ a f o = m (25)
G m g m

g +8g l -1 ,g°> 8,

()
Formally, on~ can then write the variance of the response as

R z SED_.SED

(A—R) - z:si s> Peov(f. ,£.) . (26)
SED - ] 2

Of more immediate practical interest 1is the change in response associated with an
estimated change in an SED,

(@) - 2 : sSEDg - (27)
R /sED & 8
gI



III. SELECTED RESULTS FROM SENSITIVI:Y STUDIES

As 1is noted 1in one of the first comprehensive sensitivity and uncertainty
analysis for a fusion reactor,(13-18) there are three essential steps to providing
a rational basils for cross-section measurement or evaluation priorities; viz,

1) specifying the accuracy required in nredicting impcitant nuclear design param-
eters, 2) determining the sensitivity of these nuclear design parameters to selected
cross sections, and 3) making quantitative estimates of the uncertainty of currently
avallable cross-section data (i.e., covariance data). A final step, the perfcrming
of an uncertainty analysis, 1s 0f course implied. The first step is largely out-
side the domain of sensitivity analysis, but is an extremely important interface
with the design project that must be initiated prior to commencement of the sensi-
tivity analysis. Once the accuracy criteriia are set, the sensitivity analvsis can
begin if a preliminary design model exists. Due to the large number of cross-sec-
tion data needed for fusion reactor nucleonics calculations, it is clear that
complete covariance data cannot be provided in a sho:t time frame. Perhaps even
more difficult a task is improving, within a short time frame, data which are found
to be dericient. Thus, the initilal sensitivities determined for a preliminarx
design can be used to semiquantitatively limit the scope of subsequent uncertaint
analysis. That is, at this time in the evoluticn of uncertainty analysis the
preliminary sensitivity studies guide the assignment of nriorities< for covariance
data evaluations. In the future, when extensive covariance files are available

in ENDF, the sensitivity and uncertainty analyses may be performed contiguously in
time, but such is far from the case todayv.

The following review illustrates the methodologv used for sensitivity studies
in several cases - the TFTR, EPR, and NUWMAK designs. A detailed discussion is
given for the TFTR, an experimental device now under construction. Then the
sensitivity of twu EPR designs are discussed and summarized. Although the EFR
design studies were superseded by reactor concepts called TNS, which were sub-
sequently superseded by present design studies of a fusion Enginecering Test Facilitw
(ETF), the resulting cross-section requirements are still mostlv relevant.

A. TFTR

The first step in performing a sensitivity analvsis is selection of a nuclear
design model, which includes the material zones in which vresponses of interest are
to be computed. A one-djimensional computational model used for TFTR nucleonics
calculations is shown in Fig. 1. Since the main objective of the TFTR is to
demonstrate the scientific feasibility of a tokamak fusion reactor, it is not re-
quired to breed tritium, and thecrefore does not employ a lithium blanket. The
reactor is expected to operate in a pulsed mode, yielding a maximum of 1 000 pulses
per year and generating a maximum peutron fluence of 1.4 x 1019 fusion neutrons per
m< per year on the first wall. 20 Due to this low neutron fluence, radiation
damage or nuclear heating problems are not of major concern. However, the activa-
tion of magnet coils, structural materials, and instruments is considered a major
nucleonics problem area; in particular, the generation of long-lived radioactvve
isotopes. Therefore, and for biological shielding reasons, a radiation shield is
provided as close to the plasma as possible. In cooperation with Princeton and
Westingliouse, ten threshold activation reactions in the structural material (zones
9 and (1 in Fig. 1) and ¢he main copper coil (zone 10 in Fig. 1) were selected as
ilmporcant nuclear design parameters of interest. Our objective was to estimat-
the uncertainties introduced in the calculation of these activation rates due to
estimated errors in the neutron cross sections ¢of the system. Of particular
interest are uncertainties in the cross sections of the shield zone 7, which
consists of a lead-borated polyethylene, and uncertainties in the activation
cross sections themselves.



In order to calculate the sensitivity profiles Pry and P_gr according to

z
Eq. (6), where Z? 1s the py of Eq. (6), we performed a forwaré transport calcu-
lation for the TFIR model of Fig. 1 and an adjoint calculation for each of the

ten activation reactions considzred, thus determining the angular .fluxes ¢ and

¢*. AJl transport calculations were performed with the one-dimensional Sp code
DTF-IV in an Sg approximation, using 20-group P3 neutron cross sectlons. This
cross-section set covers neutror energles between 2.02 and 14.92 MeV, which is
sufficient for the activation reactions considered. Cross sections and covariance
data for the activation reactions were evaluated at LASL.(21) The angular fluxes
¢ and ¢* from the transport calculations werc then used in the LASL sensitivity
ccde SENSIT-1D to evaluate Eqs. (6) and (19), and to plot the sensitivity profiles
of interest.

Integral sensitivitles of all ten activation reacticvris to all significant
transport cross sections in the TFTR were calculated and found to be all negative,
indicating that an increase in such crogs sections would cause the respective acti-
vation rate to decrease. The largest integral ~_ansitivityv found is that of 65cu
(n,p)65Ni to the copper cross sections, which indicates that a 1% increase in the
totai cross section of copper would decrease the “Ni production in the coil by
2.05%.

Since explicit covariance matrices could be produ.ed for onlv a limited number
of partial cross sections (called "transport" cross sections in this analvsis to
distinguish them from the activation cross-section used as a response function)
and for all activation cross sections, it was necessary o use upper limit estimates
for many ‘“transport’ cross-section errors, (AL/Z) pmax. Upper limit uncertainties
are then computed by

S AT A (28)
qax max
where
Sy = Zipz.f ' (29)
1 1

Table I gives the results of applving Eqs. (14), (28), and (29) for two reac-
tions of interest, denoted

4
Rl: > Fe(n,p)séMn

and

65 5
. (‘ ( A
RlO' u{n,p) “Ni

In order to obtain the predicted response uncertainties in ecach of the ten acti-
vation rates due to the cross-section error estimates, it was assumed that the
cross-section errors are uncorrelated among the partial cross-sections and materials
listed in Table I; i.e.,

;1172

AR AR
i i

i k




where k denotes a2 particular partial cross section and raterial. Table II shows

the results of this quadratic combinaticn of errors, as well as those due to the
response function (activation cross section) errors, AZR,  The last two colums in
Table TI are the result of s further quadratic combination of the “transport"” and
activation cross-section =rrors. Note that the final uacertainty in reaction rates
1s due overwhelmingly to estimated '"transport" cross-section errors, primarily
because of the conseirvatism inherent in the calculation of (AR/R)pay via Eq. (28).
In Table 11 the zone numbers are abbrev!ated as, for example, 29 for zone 9. Also
Al was treated as an alternative to steel in 29 and Z11.

Having estimates of the reaction rTate uncertainties, the question then is
whether these are within acceptable bounds. However, a auclear designer is not
concerned with activation rates, but ratheir with biological dose-equivalent rates.
Thus, in conjunction with the designers, a criterion was estaplished that the
maximum allowable uncertainty (standard deviation) in personnel radiation exposure
rates should be 50%Z. The absolute reaction rates were then used to compute exposure
rates, E, shielded and unshielded, along with their corresponding uncertainties.
Shielding was specified to satisfy the designers'criteria:

‘100 mrem/h at 2 h after 1 pulse
E <| (31)
10 mrem/h at 1 d after 1 y operation

Table III shows the results of the analysis, where the AEj are calcula*ted analogously
to ARi in Eq. (30). However, in summing uncertainties LEj over all indivicual isctopes
i, care must be taken to observe pcssible correlations. First, all "transport”
cross-section errors were assumed to be uncorrelated with all activation cross-sec-
tion errors, so the OLE; can be computed by quadratic ccmbination of these errors.
But the 'transport" cross-section errors generate an error in the flux ¢ used to
calculate the reaction rates Rj. Clearly then the uncertainties in the Ri's due to
“transport" cross-section errors are fully ccrrelated and should be summed linearly
over i. Further, it appears reasonable to assume that the activation cross-section
(response function ) errors are totally uncorrelated, because they are in gencral
independently measured and evaluated. The total uncertaintv, 4E, from thes~» con-
siderations can be written

2 1/2

trans /,pact

AR LR
_ i N L2 i .
AE = E E. = + /2 Ei\ R . (32)

i 1 i i 1

In conclusinn, the uncertainty in the TFTR dose rates is 41.47 for the most
stringent exposure rate criteria (10 mrem/h at 1 d after 1 v operatien) and 49.3%
for the less stringent criteria, as can be seen in the bottom line cf Table III.
These values just barely meet the allowable criterion of 50%, but have a known
conservatism in many of the (AS/Z)max estimates. However, if tle allowable un-
certainty criterion had been more stringent, the uncertainty analysis could have
beenSEraced backward from the largest contributors to AE in Table III (e.g., 230
and Mn) to their production reactions. An examination of the sensitivity profiles
for the production reactions and the corresponding covariance data would then give
insight into which reaction cross sections and energy ranges are potential candidates
for additional measurement or evaluation.



B. EPR, TNS, etc,

After no unacceptable cross-section uncertainties were found in the T~ TR
study, attention was turned to a possible t!rst generation of power producing
reactors, the EPR designs. The EPR designs extant, as well as later conceptual
studies of a TNS or Igrition Test Reactor (ITR), are generically similar in many
resp>cts. For example, they have superconducting tornidal fi.ld (TF) coils in
which geveral key response functions are of interest. Also, iron (or stainless
steel),gofgteg hydrogenous materials,or 3,4C are used for shielding the TF
coils.( »16,17)

For the LASL assessment task,(16’17) we chose the EPR design described iIn
Ref. 22 and in private cormunications. The design has two shield assemblies,
denoted "inner" and 'outer'. The inner shield refers to a segment of shielding
toward the toroidal axis. Figure 2 shows a one-dimensional mod.i based upoa a
radial traverse from the poloidal axis (plasma centerline) through the inner
shield. The thinner inner shield is of effective but costly stainless steel/B4C,
while the thicker outer shield is composed largely of less costly lead mortar.

The technical basis for alternative shields is in magnetic field profile consider-
ations. With the D-shaped toroidal field (TF) coils, there exists a relativelvw
large space for the outer shield, whereas the inner shield must be as thin as
possible.

At this point we consider the general approach used in the EPR data assessment.
First, a broad-ranging sensitivity study was performed simplv using the total,
scattering (matrix) and absorption cross sections from the transpert code cross-
section sets. These included neutron interaction, gamma-ray prcducticn. and gamma-
ray scattering matrices. From the large mass of these survev calculz=ionsz, which

sections and energy regions of potential interest. This latter ste: is g-eatly
assisted by computing integral sensitivities, After & semiquanti: e revciow of
nofally

G:J-
the germane cross-section errors, we chose a manageable number of po:
important materials and partial cross sections for more detailed errc
For these we processed 2vailable covariance data into multigroup form.

Cross-soction covariance data were obtained by preocessing preliminary ENDF/B-%
data into thirty energv groups (cf. Ref. 23 for group structure) with the NJOY multa-
group processing code. The ENDF/B-V data are still preliminary at this date, sco
the multigroup covariance matrices are subject to change. Many errors (mistakes)
were discovered and corrected in the processing of the ENDF/B-\ covariance data.
Several deficiencies still exist in CNDF/B-V ; e.g., no covariance data exict for
Cu, and such data for 10B extend only up to 1.02 MeV., The latter deficiencvy is not
significant for the EPR analysis, (6) however, because the important (sensitive)
energy range for 10B lies mostlv from approximately 10 keV to 1 MeV. 1In order to
perform a preliminary uncertain.y analysis for the EPR and TNS, the covariance data
for Cr were adapted as an approximation for the Cu deca. Table IV lists those 30-
group covariance matrices currently available. (2

Because of the thinner inner shield, radiation effects in the inner [F coils
are more critical(?2) than in the outer TF coils. However, for access during
maintenance the outer structure and TF coil activation are important, as opposed
to the inner. Thus, for our analysis we chose four radiation effects in the inner
TFC, and activation of the stainless steel outer dewar. Specifically, we considered:

INNER SHIELD: 1) neutron and gamma-ray heating in the TF coil superconductor, )
neutron and gamma-ray lose to the MYLAR insulation in the TF coils, 3) displacements
per atom (dpa) in the Cu matrix of the TF coils, and 4) transmutation of the Cu matrix.

OUTCR SHIELD: 1) activation of the stainless steel (SS) dewar [e.g., 58Ni(n,p)SSCo
or 26Fe(n,p)5h Mn].



Details of all the response functions, as well as sensitivites, etc., are presented

in Ref, 6. 1In this paper only selected sample results are presented.

As a sample case, let us consider the total neutron and gamma-ray heating in
the inner TF coil. Table V shows theintegral sensit.vities, Eq. (19), for this
response, to SS total cross secticns. From this table we firnd the region(s) in
Flg. z which contribute most to the sensitivity. It is worth noting that these
data also give insight into the scnsitivity of the response te design alterations
in these regions. From Table V it is clear that the blanket SS regions 6-8 are
most important. Also, it can be seen that Fe is the largest contribut.r to the
integral sensitivities, regardless of which regio,. is considered.

Narrowing our example further we show in Takle VI the component sersitivitics
for Fe in regions 6-3. Here the sensitivity has been divided into the gain tirm
and loss term (cf, Ref. 18, App. B for details)

P_ = -P + P
Lo, tot ~scat

i . z .
‘i, lngs i,gain

In this case most of the net integral sensitivity is clearly due tn the ncutron
scattering zross section. Thus, the uncertainty unalvsis should conrontrale vai -
cially on Fe, and in particular on the scattering cross scctions.

A representative sensitivity profile is shown in Fig. 3, where again the
sensitivity of the TF coil krating to the Fe scattering cross section was sclorted,
Notice the high sensitivity in the top two groups, with a subsidarv peak below !
MeV. This gereral shape is characteristic of all the sensitivit~ prefiles, for
all responses and all materials pertaining to this EP® desigu.

Referring again t» Table VI, th: low sensitivity to the gamma-rav produ.ntior
¢ross section, I(p».), 1Is caused by the relatively short mean free path of the
garra-rays in SS. owzver, the sensitivity increases monotonicall!ly as the recicn
approaches the TF coil.

Turning now to the B4C component of the shield, Table VII pr-sents intecral
sensitivity results comparable to those of Table V for SS. Here we see that the
sensitivity is highest for the outboard regions, where the neutron spectrur is
softened somewhat. However, the spatial variation is pot nearly as strong as for
Fe (cf. Table V). Also, the 10B component of the B,C does not overwhelminge!w
dominaie the sensitivity as does Fe in $S. As would be expected, the net integrai
sensitivity is in all cases negative, because almost any interaction decreascs the
probability of a neutron's transmission to the TF coil.

Sensitivity profiles for the B and C cross sections show the sauc general
shape as those for Fe (Fig. 3), with a peak in the top group and another peak i
the 100 keV-1 MeV region. For 10B, however, the sensitivity to the total croess
section is of comparable magnitude in the two peaks, and the lower peak is mu
broader. This high sensitivity at tii lower energy peak is due in part the
neutron 5fectrum, which shows this same peak at all positions in the shicid
regions.( 0-18) One can conclude that even though these lower energw neutrons
have lower transmission probabilicies to the TF ceoil, thev are so prevalent in
the spectrum as toc be a major contributor to the neutron and gamma-rav flux
reachiug the TF coil.

As a final example from our detailed sensitivity analysis(ﬁ) of the EPR, con-
sider the sensitivity of heating in the TF coils to the cross sections in the TF
coil region itself. The response here is in the inboard edge (first mesh intervnl)
of the TF coil, while the scnsitivity is to cross sections in the entire regian 24,
The analysis shows a very low sensitivi:v to all neutron ciross sections except for



Cu. This is %o be expected because interactions in th TF coil {tself ér not
significantly alter the nrobability of a neurron ceantributing tc heating &t the
inboard edge of the coil. Although 1t is of somewhat academic Interest (because
of the precision with which gamaa-ray interaction cross sections are known), a
relatively high negative sensitivity to, Cu gamma-ray interaction cross section
is as expected. '

Several major conclusions were reached in the scnsitivity and uncertainty
analysis for an EPR. First, the wide ranging survev calculations, using trans-
port-code cross sections, have provided » rapid and thurcugh coverage of all
mater:xals and regi. as of potential Interest. This has proven to be an effective
way of elirinating the need for further analvses of mai~ partial cross-scction
sensitivities. Fror a pragmatic viewpeoint, these partials are of Interest unlv
if they previde significant contributions te the tota! senci’ivity, and have
significant errors assoviated with them.

The coxplete sensitivity analvs1s{®! {ndi.ates that the s~attoring cress
sections of Fe¢ and Cu, along with the absorption (ross sections af the 10y jn
B,C, are the most si- nificant contributers to 'he integral sensitivities of the
fespnnses considcered. Of semewhat lesser Impertance were the scattering crnes
scctions of H, C, and Pb,

A similar studyflb} for an alternative LPK design concentrated on sensitiv-
ities to C and Fe partial cross scctinns. The integral sensitivities of TV coil
heating to Fe and SS total cross sertion . as an example, are quite similar for
the twr differen: desigas; viz, -7.55 from Ref. 16 ve =7,.375 in Table V. UYsing
preliminat v ENDF/B dats for C covarias e¢s, the authers of Ref. 14 found "R': to
be approximately 270 for all three rospoascs thes eonsidered. On rhe Cther harg,
thev assuned 7 valuec for several partianl cress sections of Fe that, along w.ti
assum~d crrrelaticn inferration gave “RYR values of 99 to 1107 (testine tiy [ .miss
of ap;1i.2hility 7 linear perturbation theory). Although some of the =« -0
crvarianaes for Fooloave a wioce latitude fer revisian as pewer dats are inore -
rated, the ubcvrtainties in responves @ill sreobhable remin appre:iatci. . N de fine
tive Jdeedpn eviterino have been set fer the waring response, Rud oun ortartc ice - f
apprexieately 1907 ave {n nest cases almost rertainiy unac etios=le. Val e f v
arcentabic nnclear heating a0d das uniertalntiee In the TF coite are msr it =
to be in the 19=210 rnnn\‘(:’)
uncortainty analvsis.,

«r clearl!s Fe is a prim cantidate for fortin s

C. LUWMAY

Reventls a sensitivity ani uncertainty anilvsis has hees reporied iaroa
conveREtual ComBercial power readtar desipn, the NUWMAY . A scherati. droiwing L f
the reatoer peleidal cress sevtion is showa in Fig, 4, which is rers e fre-
Ref. (19). The rea tor is a mederatels sized tokamay powor roa-terlos s o 1 b
eveived from a serics of comprehensive conceptual desig:. studice ot i Uniosrsity
of Wisconsin. An cutectic LigaPhyg compoun. is used in thie Flanket
and therzay inertia purposces. Alse, different innert and cuter shie
for the same reasons as mentirned above for ar EPR de-ign.

Referrineg again to Fip. 4, scveral features of the design are germane te the
sensitivity anaivsis. Unlve the TFTR/EPR'TNS designs, thye NUWMAK enpl-ve low-
activation ma® rials (H, B, C, i, Ti, P for aii regicons except the inner
W shield. Alse, 900 of the tritium breeding was foun!'i9) to be contributed -
6Li(n,t)*H¢ reactions. Another very pertinent result of the design study was that
the most restrictive criterion for the inner shivld was the resistivity fac,o0 of
the TF coil Al sta*ilizer, caused bv the Al displazement rate ¢f 2 x 1775 dnav.

€ v L
M A
-

s 1T¢ usced,

The inneér shield {s dniv 1.0>-z thick and must attenuate the nedlr e istensity he
a facter greater than 105,



The sensitivity study in Ref. (19) gnes hevond the determination of res;-onse
uncertainties, t- address the cost/berefit analwsis nf intepral mea-urements
proposed to reduce the uncertainties. The theory and resuits presen.f; ir the
latter area, althcugh they provide a8 cc -innity t~ uncertainty methods, arce bewsnd
the scope of this review.

Sensitivity analysis of NIWMAK usca the same mezd 3o leow e e 0 o2 1
Secs. 111.4 and 1I11.R, emplaying the ANISN one-dimcnsional disrrett-nrd nates
for S4P3 ncutron transport calculatinons, and SWANLAKL for the senc<isivits cal
tions. Wu and Maynard chnse six key responses for analvels, as shoawn i 7.0
They cautfon the reader to interpret the resuits rareful’y. becau5t the a3t ie
includes the second, or {ndirect term in Eq. (8) of Sec. T!.A. Frr exa~=:l«
large negative sensitivity ~f R; to the 6L1i totai cross s((t'nn (-n. Sf -3 s

balanced bv a #5.9 sensitivity from the direct effect on the Lifn,t)*He rear oo,
function, for a net sensitivity of anle #0.035%,

The resprnses of mact practiral interest are Ry und Ry Is Tabie Vill, -
have the hipher integral sensitivities and, in the case of K. is design liriving.
Tt was obscrvid that the (n,2n) cross sections of B and Pb are the dominar: «.a-
tributars to the sensitivity, with all of the sensitivitw concentraten ot

higher cacrgy zroges and pearing in the top erou. T #lr rming aowt erToue
- . -~ - . . .
él"'n‘l."-'\l."n Yirve oo T. .’:-;:-: DR E 4 T M R S RS 4 m Y Y et T R ALE-a -

woelTe avaidatrdle dn ERDF/: =V (ef . T.51¢ TV)., Ther for., l!w auvtiiers gecamt oo L
uncorreiated unvortaints. at all c¢neregies for 7Li, 115, Ti and W. Their ureert:i-oe
results are presented in Takly IX, where the uncertainties in K, and Ry, arc e -

whelmingls causdd by W crons-section uncertainties. Cleari~, for thi.c roo o

mijoer dmr-vovement in the shicld desigr would resgle from dmpr-ved ovura. - -0
W ocroe o seiticas, Curicasiv enough, In dik.xsai.g (rrﬂr-s¢ctinu veatuaticn.s an:
RoASUre™e. ! sricriticos, it was surmised’ 27) thot W owauld aler beyomo a Moy, orit -

metoroas 1f ased foor the inner shicldéd f 4 TS,

Do CROSS-SECTIN REAUTEIMENTS AROVE 1 MoV
r ug,.rtur. fro= sen<itivity and unsortainty analveis per N S ¢
N - . .- . = : ' -
hers sewer -l asye o te of crrgs=section dats abore 0 1a Mot With e om0

the autinr = 1 aware rf any sensitivits studies In ihis enerey regd o, Fvte v
< aliudes bt a sersitivite stady of desc-eguivalent througto thick shic! s, t oot
anid n ﬂt]lkllr -r s sectfons, but no literature regarding the studs s cite i, Tia

second stade (=9 was perfnrmud fnf D B¢ source neutrens in a medd LD oLrcridcationm,
where seasitivity methods in LASS L T S N A I S

The cterehelming Interest it cross scections above - D0 Mey proesentis seer s e
be ussaciated with the Fusion Materials Irradiation Test (PMIT) Fa il deslon
Freiect This facility will have o deuteron heam of 33 MV incident on if, with
a resuiting spectrur at 0° which peaks at - 1o MoV arnd hos a hish=-eneresy tai!

- 50 MeV.  Altheup! the spectrur s rouphls = ll-shaped, ssperizents have vorotis i
a knee in the curve at - 35 MeV, producing more neutr e than crigin iy omne !
in the cenergy region where the neutrons are mest peaetratine. In a discussios
the bulk shiclding for the FMIT fa-ility, Carter and Merford! 29) exphasize that t'u
most severe pribler In the shield avsign i{s uncertainties in the cross-sccticon data
jase > lo MeV.

As mentianed in a previ-us papvr.(27) there has noat *een muets techneloeical
ac ivity requiring neutronics data a: > 14 MeV'. A lack of demand coupled wit! tin
lack of widely available monoenergetic neutron sources has restricted the amcun:
of such data available. The FPMIT facility has breught forth the importance of
remedying this situation, with concomitant demands for careful selectieon of
priorities. It is unlikely that the cross-scction needs for shieldinys, activati =,
spectrurm tallering, radiation damage, and desimetry can all be met by the proocoied



operation date of the PMIT. Satisfving even the minimum needs will require a
well planned program with strict prisrities, concentrating on nuclear model
calculaticens to fulfiil most requirements,

Any listing of relative impertance of particular nuclides and reaction types
mus? be associated with neutronics applicarions of those datea. For example, in
studies of radiation-induced damage, the fact that important lamage cross sections
are only weakly energv dependent above - 14 MeV makes it likely that most damage
will be caused by neutrons fn the 14-25 MeV region, wher:c most of the > 14 MeV
source neutrons originate. Similarly, the dosimetry rezstions will need to be
determined with highest accuracy in this 14<25 Me\' region.

In contrast to damapge and dosimery reactions, cross-section data in th=
3G-50 MV reginn are the most important for bulk shiclding calcualtions. It was
determined(28) for the PMIT facilitv, where concrete shivlds 3 te 4 metres thick
w:re analvzed, that - 907 and . 705 of the¢ dese-cquivalent are due te source
neutrons with energies greater than 30 MeV and 4N MeV, respectively. A removal
cross scction was then defined as the sum of the nonclastic cross section and that
porti~n of the elastic cross sectien scattering neutrons bevond 25°. It 1is because
this remcval cress section is a monotonically decreasing function of energy that R
the dresc-equivaient is dominated by the kigher energy neutrons. The authors stntc(‘e)
th:t O and Fe arc the most impertant @lements is their shield desien, and measuremoents
at a few incident encrgice between 20 and 50 MV are now bheing made for these clemecnts.

IV, CORCLUSINNE

The usefulness of sensitivity studies to help define cross-section ewvaluation
and measurcments reguirements is indisputable. However, mus-h remains to be done
befoure surh studic: . an be made compretiensive and complete. While the thecretical
methede and c¢odes arc gencrally adequate for simple one-dimensional reactor meodels
considered neretofore, an extension te multidimensional and complex models is
imminent!y required. In partisular, Monte Carle sensitivity methods promisc great
advantapes {n camplex peometrics, especially the fmportant streaming problems already
uncorered In fasies reactor nucleonies,  Even more important than methods and codes
is the urpent nes-! for extensive covariance data files. Additional large data evalu-
ati.n regairements arce being elicited by the recently developed SED sensitivite
nethiods, which require some characterization of secondary energy distributicn
uncertainties, perhaps in the form of the f_1 factors discussed in S.c¢. T1.B.

Resuits of seasitivity studies to date were summarized in Sec. 111, but it is
useful to re-emphasize the recurring importance of the Fe cross sections in both
fusion reactor and irradiation facility shields. 1In the case of some inner shiclds
for tokamak reactors, the overwhelming dominance of uncertainties in the W cross
sections is cliearly seen for responses in the TF cnils. The large uncertainties
(40-100%) ir TF ceil responses found for several conceptual reactor designs are
understandahlc in terms of the large attenuations of neutron and garma-rav fluxes
invelwted - genvrally - 106, Although not reviewed ir this paper, a hvbrid reactor
sensitivity study(lb) showed appreciable integral sensitivities of tritium breedin:
to 238y and Fe total cross sections; viz, -0.97 and -0.19, respectively. 1In this
case Fe was included only in SS as a 5-mm first wall and as an 8.6 v/o structure
in fission and breeding zones. Another study(g) of tritium breeding sensitivity,
in this case for a pure fusion reactor, showed fairly low values of sensitivity
to OL1, 7Li, and Nb cross sections. This studv alsc presented a comparison of
the rcsponse uncertainty as computed by both the metheds of Sec. II and direct
recalculation. As must be expected for total uncertainties in tritium breeding
of <« 5%, the agreement is very yrood. A further result of this study, intcresting
in light of thc current question . concerning the ’Li(n,n't)%He cross section.(30)
was that most of the sensitivity is attributable to just that cross section.



A growing interest in D-Li neutron sources for fusion materials irradiaticen
experiments has intensified interest in neutron cress-section data above 14 Mel.
Since the status review of these data at a Symposium in Mav 1977 (cf. Ref. 27),
model calculations(28,29) pave been used to devise cross sections for shielding
analysis of the FPMI1 facility. For shielding applications the data in the 30-50
MeV range are most significan® . alogous te fission reactors where source neutrons
of ~ 6-8 MeV dominate for deep . :netrations. By contrast, for dosimetrv, damage
functions, and neutron transport in_trhe target arca of the PMIT facility, data in
the 14-25 MeV region are expected(47) te be most important.
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TABLE 1

Predicted 'ncertaintics of Selected Activat.on Rates Ry and Ry
Due tre Estimated |reors in Transport Cross Sections Z

Maximum Integral Sensitivit, $ and |
Predicted Activation Rate Uncertainty AR'R
Error
Estimates: for R, for Rue
“Perturbest cov®or
: (22) SR, (aR) 2R, (22)
Transprt = or or
Cros: - fmax S R R 7ma 3 R R Jmax
Sections (! (. per ') € . per " €
¢ 25 0.5% 21.8 0 66 16.5
Cwi,n'301 coOv - 2.4 -~ 2.2
Pb 25 1,62 38.0 1.12 28.0
Phan, 2 cOoVv —-- 18.3 - 14.6
[¢] 25 0.47 11.8 0.36 9.0
H 2 1.08 2.2 0.73 1.5
Fe 25 0.70 17.5 0.93 23.5
Fein, ot COv --- 2.2 .- 3.2
Fe(n, abst COv ~e= 0.71 - 1.7
Fetin,n'conts COV s-- 4.4 - 7.4
Fe(n elas: cov c.- 2.5 - 3.5
Fe(n,inel, cOov .- 3.5 .- 6.9
Fetn, 2n cov - 1.2 ~- 3.6
Cr . 2% 0.20 5.0 0.25 63
Ni 25 0.12 3.0 0.17 4.3
Mn 25 0.02! 0.53 0.02% 0.68
Al 25 0.4% 11.3 0.62 15.5
Cu 25 0.03% 0.98 2.05 51.3
Cun, elas) COv -—- 0.12 ... 5.C
Cuin, inely cov --- 0.13 - 6.8
Cnin, 2n) cov - 0.04 - 9.6
Cuin, tot) cov c-- 0.12 .- 5.1
{ Cuin, abs! (of0)Y -~ 0.04 ~- 16 8

SCO\ means Complete Covariance Matrix,



TABLE 11

Summar of Predicted Uncertaintics of Activation Ratex R, Iue to bBatimated

[y

Errors in Activation Cross Sections, CON u_’,"‘ -f‘ and
All Transport Cross-Section Uncertaintics

AR .
R,
Due to Transport Duc to All
Due to Cross-Sectian Lrrors Cross-Sectiow briors
Activation
Activation Reaction Cross-Section Staintese=Steel Alunanum | Stainless-Stee! Aluminom
R, Errors Structare Structurce Structure Strac i
R, = PFen, p1™Mn in 29 and 711 15.7 49.1 --- 51.5 -
Ry = ®Mnin, 200°"\n in 29 and 211 15.6 41.4 44.2 -
Ry = **Fcin, p)®Mn in 2% and 211 128 428 - 44.7 --
R, = ®®Nin, p)*®Co tn 29 and Z11 20.7 42.6 --- 47.4 --
R, = TAlir, 0)®Na in 29 and 211 8.7 --- 41.0 4: 8
Re = AL, p¥Mgn 29 and 711 5.5 - 44.0 443
R, = ®Cu, 2n/¥Cuin 210 24.3 62.3 59.9 66.4 4.t
Ry = ©Cutn, 2)®Co in 210 29.3 63.5 62.8 6.4 69.1
Ry = ®Cumn, 2n™Cuin Z10 13.4 63.1 60.7 64.5 62.2
R, = ®Cum, pi®Niin 210 32.6 6€71 63.3 78.% 71.2
TABLE 111
Proohicto! Abeadut Uneertamtie = oy Caiondated Kaliana ioxgeesore Rt - a0
At Cros=-scetinn Uncertamatios=TEFTE Desao with Stecd Struct e
Expnes e ny F AF Al
roduction 1 Polse et 204 H K K
, Rate, R, L——-——--—T--~——a—----~ Sy e
U Rastionac e Fodaction PN e F Al ! | M
' T.: Mecham s Fusion Neqtra e b D T A TR
T - 5 e Seween SEEP R
RS dts o davs | MPeo, g 1.35 F-3 T F -4 IR R IR U Y I R
it S1 dave | N, 480 F-4 T SR BT T IR S
A, Taih *Few, p 3.32 E-3 S Leu | Loy Feu A
o 71 davs | **Nioi, p 2.30 E-3 600 E=3 | 2 Fen ] ortany ;
8¢y .8 min | ®cuor, 2 Y B F-3 6.94 F-1 | 469 p.0 F R
80 £.7vi Benm, 1.0 E-3 KOR DI AESV RN S BYCH B SSRC R SN EYR S
By 12.7 1 ECam, 2m 9.55% E-1 660 F-1 | 42w p-v ) gow o Conr
&N 2.6 h ®eum, p 2.64 F -4 PSR E-1 | LLEF-1 4 1t Fed ) P
Total expurare rate wnshiciaeds: 6.53 332 2o | T
E - Z E,. AF according to Es. (32) rem b ren b XY T
) e d e e a
Total personnel exposure rate (shiclded: 2.0 11.1 e | 478
- i
(E" + AEP1= 345+ 10 3(E + AF mrem b [SYPU a e |
—— — i —_




TABLE IV

Preliminary ENDF/B-V Covariance Data (MF=33) Processed with NJOY Code

¥
{MAT ' Nuclide MT-Nos. Processed Reactlor Cross Sections
' |
! 305 | B-10 1,2,107,780,781 Total, elastic (n,a), (n,n,).
| : and (n,al)
- 306 C 1,2,4,51-68,91,102 Total, elastic, total inelastic,
© 104,107 inelastic levels 1-18, inelastig
continuum, {(n,v), (n,d), (n,.)
324 Cr 1,2,3,4,16,17,22,28, Total, elastic, nonelastic, to-
102,103,104,105,106, inelastic, (n,2n), (n,3n), (n,
107 n'a), (n,n'p), (n,y), (n,p),
(n,t), (n,d), (n,”He), (n,a)
326 Fe 1,2,3,4,16,22,28,102, Total, elastic,nonelastic, to-
103,104,105,106,107 tal inelastic, (n,2n), (n,n'u),
(n!n'p): (n:-l'): (n,p), (n,d),
(n,t), (n,3He), (n,a)
i
328 Ni 1,2,4,16,22,28,51-76, - Total, elastic, total inelastic,
91,102,103 .104,107, (n,Mn), (n,n'a), (n,n'p), in-
111 elastic levels 1-26, inelastic
continuum, (n,yv), {.,3), (n,d),
(n,a), (n,2p)
329 Cu 1,2,3,4,16,17,22,28, Total, elastic, nonelastic, to-
102,103,104,106,107 | tal inealstic, (n,2n), (n,3n),
: (n,n'a), (n,n'p), (n,v), (n,p),
| (n,d), (n,3He), (n,n)
. 382 Pb 1,2,3,4,16,17,51,52, % Total, elastic, nonelastic, to-
64,102 ! tal inelastic, (n,2n), (n,sn),
‘ inelastic levels 1,2, and 14,
(n,a)
1301 H1 1,2 Total, elastic




TABLE V

Neutron Integral Sensitivitw, Sy., of the Inner TF
Coil Nuclear Heating Responsé to the Total
Cross Sectiuns of Stainless Steel Components

€ men: Renion ’ Tozal
£-8 12 14 ) 16 23

Cr -0.¢0 =-C.l12 =2, =715 =3.0.4 =-1.148

I =C. 195 -0, 034 -0.031 -0.026 =0.C05 =-0.2%52

Fe -2.42) -0.B58 =0,7¢7 -0.6352 -0.0%¢ -4,775

N -0 2% -0.182 =0.1584 =0.1490 =0.73) -1.0357

o =-0.C2% ~0.033 -2.039 . =0.024 =0.003 -C.13%7
TTTAL =3.570 ~2.330 -1.¥82 -0.0uL =0.0%7 =7.3%

TABLE VI

Partial and Net Neutron Integral Sensitivities of the Inner TF
Coil Nuclear Heating Resprnse to the Fe Component in
Stainless Steel Regions 6-8

: - Iategral Yez, S.
Neatzon Cross Sec:zicna, i £ » S-

Inteer=) lone Vers Tntcrral Gain Tern X
3 - 0.7 —-——— 0.17
a
I 2,43 15,355 - 2.6%
s
. - 1 n - 2.4
ET 12,6 12.33 2.48
T ) — 0.014 0.C.4
(!‘-"Y) 04 -
TABLE VII

Neutron Integral Sensitivity, Sy, of the Inner TF
Coil Nuclear Heating Response to the Total
Cross Sections of BAC Components

Ce=nrnent Revins Teroi
11 2 13 17
10B - =0.121 =Gt =2.375 -0.55 -1.209
c -C. L8 =0.1%0 =N,243 =-0.176 -0.796

TCTAL =0.:87 =5.4582 =N.618 =-0.759 i TL0nR




TABLE VII1

Energy-Integrated Relative Sensitivities for NUWMAK

Ry --- Outer Blanket Breeding Ratio
Rz --- Outer Blanket Neutron Heating
R3 --- First Wall Ti dpa Rate
Rg --- First Wall Ti Gas Production Rate
Rg --- Neutron Erergy Leakage to Inner Magnet
Re --- dpa Rate in Al Stabilizer
Cross Section Ry R, Ry Ry R5 Re
Ti total -0.050 -0,079 -0.016 -0.039 -0.349 -0.334
Pb total 0.137 -6,_051 0.120 -0.003 -1.598 -1.238
12¢ total 0.048 -0.024 - ---  -0.633 -0.595
108 total -—=  -1.795  --- .- =2.106 -2,094
6Li total -0.865 -0.652 -0.011 ---  -0.025 -0.023
TLi tota) -0.011 -0,105 ---  0.013 -0.319 -0.303
W total -5.214 -5.282
Pb{n,2n) 0.115 0.006 0.064 - -1.078 -0.712
inel. level 0.002 -0.025 -0.024 - -0.146 -0.154
inel. cont. -0.022 -0.031 -0.00Z -—- -0.181 -0.127
elastic 0.040 0.0M 0.085 - -0.181 -0.231
6Li(n,a)T -0.864 -0.644 -0.011 ---  -0.001 -0.001
7Li(n,n'u)T -0.036 -0.047 - -0.007 -0.132 -0.129
elastic 0.023 -0.042 -—— 0.018 -0.131 -0.119
Ti(n,2n) 0.01% --- 0.004 -0.025 -0.097 -0.084
inel. cont. -0.028 -0.037 -0.017 -0.028 -0.157 -0.152
elastic 0.007 -—- 0.014 0.018 -0.052 -0.054
W(n,2n) -4.123 -4.030
inel. cont. -0.474 -0.622
inel. level -0.126 -0.143
____elastic -0.451 -0.449
TABLE IX

Relative Uncertainty (%) of the Responses Contributed
From the Uncertainties of Total Cross Sections in NUWMAK

L e —————— = = i s

Material AR/R (%)

R, R, Ry R, Re Rg
6 0.72  0.55  eco=  0.03  —-om  —ee-
Pb 0.3 0.10 0.02 0.39 5.02 3,89
12¢ 0.02 0.02  ----  —-e- 1.09  1.78
10g - 0.39  ——on —oe- ———- ——-
UK 2.85 2.65
W 42.35 39.86
Ti 2.46  2.14
11g 1.50 1.07
TOTAL 0.80 0.68 0.02 0.39 42.88 40.24
'/ AR/R)
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Fig. 1. One-dimensional computational model
for TFTR cross-section sensitivity
analysis.
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One-dimensional compu-

tational model for EPR
inner blanket/shield.



Fig. 4. SCHEMATIC OF THE BLANKET AND SHIELD

FOR NUWMAK
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