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1. INTRODUCTION

Under the topic of sensitivity and uncertainty analvsic we consider primarily
the work performed using classical perturbation theory and cross-section uncer-
tainty covariance data. Specifically excluded are several studies performed using
alternate evaluated data sets or creditly deviant data sets devised by the analyst.
Fusion reactor nucleonics analysis being a comparatively new field of endeavor
the scope of this review is thus confined to relatively few papers, mairlv those
reportin: cross-section sensitivity* studies of the Tokamak Fusion Test Reactor
(IFIR) ard cxperimental power reactor (EPR) design studies. In order tc keep the
topic more manageable, we also exclude any detailed discussion nf hvbrid reacter
sensitivity studies. However, this does not imply a lack of r. agrition of the
impertance of hvhrid reactor cuncvepts or of the vital role cross-section data
in concertual hvhrid desipgn exercises. Rather, it reflects a lack of puatlished
investigaticns in this area, with twce notable exCr;:iﬁns.‘la-lb’
cation of sen~itivitity methads to design and anaivsis cof
although verw important is bevond our scope,

Upon the recommendation of the International Nuclear Data Committee, dat: up

Livewine, a7 i-

integral expori=-ents

to 37 Mc\ are included in this review. However, no un orinIsiis STuliv: Iy -
have been perfuormed for neutron energies above - 14 MeV, s0 review comments arc
necessarily mostly qualitative.

Ozher areas where sensitivity stdies exist in the literature, but whicth are

specifically exclud«d from this review, are the sensitivity of muitigroup cross
section- to thermal broadening of the fusion peak, 2 and of plasma burn to the D=1
ané D-7 cross secLions.(3)

Trhe theorv of cross-section sensitivity is fortultous!y simpler for fusieon

re-ctors than for fission reacters, becausc cigenvalue prohlems are obviated.

Mrst oanal involve only inhomogeneous scurce terms in the linear Beltzmann ecua-
ti~n, ica t- & relativelv ~imple logarithmic derivative of a reaction rate with
res-ect to & cr-ss=-section. In Sec. I1 below a brief summary of the theory ix pivon,
in:luacing recwent extensions to secondary energy and angular distributions. (4.7%)
Scztinan I17 then presents a discussion of detailed results from the Iliterciuro . {07
the TFT2, EPR, and a conceptual commercial power reactor (NUWMAK).,  Also, com-ori-

arc made in Sec. 171 reparding data in the region above 14 McV. Conclusions fron
the studies in Sec. II1 arc then summarized 1n Sec. IV,

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 dc-
pendent, as is explicitly shown in the theorv (Sec. 11), The immediatce implicaticon
is that the queccion, "Are the available cross-section data for a particular nuclide
'N' satisfactory for fusion reactor design?"” is unfinished, leaving wanting twoe kev
qualifiers; viz, 1) for what design model, and 2) for which respeonse functions.
Anothuer clear observation is that sensitivity studies are analogous [0 Cross=s-uo-
tion assessments done previously by cruder metheds for fission and fusion devices,
albeit more comprehensive and providing differentials of uncertainty rather thaen
just point wvalues. Being design-dependent does not, however, mean that br-ader
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 iIs the sensitiv.ty analvsis(0) performed for an
EPR design, where the conclusions drawn mav be largelyv valid for a later desiyn
study of a reactor concept called The Next Step (TNS).

Anccher facet of scnsitivity studies which mav be self-evident is that ..oy
are of direct value to both the reactor designer and the cross-section technologist.

In this review we will use the abbreviated phrase "sensitivity" studies to include
uncertainty analvses where it is 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 nucleeonic
uncertainties while still satisfving 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 decrecase uncertainties, and, second, vield the owest cost-benefit ratio.
While the foregoing qualitative introductory discussion deals wirh a somewhat
idealized application, many of the benefits mentioned have already been realized.
One case in point is the TFTR, where the value of the sensitivitv analvsis nani-
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, teo a mushrooming expansion
and application by Conn.(B) Bartine,(galo) Gerstl,(llnlz) and their respective
colleagues in the_early 1970's. Some of these earlv applications were alreads to
fusion reactors.(8,9:12,13,14)  The total fusion reactor senmsitivity literazure,
however, is still somevhat limited because of the relative newness >f fusion
reactor nucleonics. It is still possible for a serious practitioner interested
in nuclear analvsis or cross-section technologyv to readilv familiarize himself with
most of these publications (e.g., Refs., 1, 4, 6, B, 9, 12-19). Mocre 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 secondar: energy and angular distribution
sensitivity, sensitivity studies have been hindered not primarilv bv thecretical
methods or computer code availability, but rather bv lack of cross-section
covariance data. Strictly sensitivity (not including uncertainty) analvses are
readilyv performed using standard discrete-ordinates transport codes and suhscguent
straightforward integrations over the Beltzmann equation phase space. Howeverl,
the uncertainty analvsis then requires covariance data which can be equallv
voluminous as the cross-section data entering the purelv sensitivitvy analvsis.

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

IT. SENSITIVITY AND UNCERTAINTY THEORY

Cross-section sensitivity theory has been derived by various authors frorm
several points of view. Here the approaches of Refs. 10, 18, and 19 are cdiecti=
cally svnthesized for an exposition ending with a transparent parallelism to the
actua! computational procedure. Secondary energy and angular distribution
sensitivity theory discussions follow the approach of Refs. 4 and 5.

A. _ Cross Sections

Giver a cross-section uncertainty, AT, the objective is to determine the un-
certaingyv, 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,

LL,E) (1)



in the conventional notation. .

Concentrating on a set of multigroup cross-section data fiij, we serk an
expression for the standard deviation of R, which we denote LR, 1in terms of the
known covariances of the {Ii}. First, we note that R is defined by

R = <¢,p>, (2)
where p is a given response funcrion, and the inner-product notation <,> represents
integration over the phase space {. Also, thc forward and adjoint Boltzranr equa-
tions can be written conveniently in operator notation as

L¢ = S 3

Lkt* = p (%)

where L and L* are the respective transport operators, S is the inhomogeneous
source term, and 0(£) is the response function of interest (i.e., the adjoint

source). Then from well-known variational principles it can be shown that for
R = <2,0> = <¢ L*iw>,

SR = <¢,6p> - <¢ SLg*> + 02 . (%)
Then 1f L; is the portion of the operator containing 2y, bv the linearity of L we
can write%lopls)
<d oo <d g4k
BR/R STy LB )
z R '
BZi/ N R

where the first term on the right is a direct effect of a changc in the responsc
function, and is nonzero onlv if the response functicon depends directlvy on :1

(e.g., 1f ¢ is a linear functicen of Zi). In practice the two terws are treated
separatelv because only the second term invulves anv complexity. Note that Eg.

(6) involves integration over all phase space, except the variable E wher i denctes
an energyv group. By convention the energy variable is usuallv kept explicit and

a differential (with respect to lethargy) send{tivity preiddle is defined as follows:

. 3 (LnR) “R/R ]
| -
T T Y C TR FT(T Y Yl ' (7)
1 i e
— - du
-1
or
<¢.L*¢*>
g
P'. 4 - ———L (8)
Zi RAui

wvhen 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 pracrice represents the partial cross-section, while i represents an energy
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 by

R $L*P* .
P, (&) = - NCAC. 13 A A (9)

1 a(nn:‘i)d@:’ R

Returning now to the calculation of AR, which is defined as the positive
square root

1/2
e (iRY] 2 var1M? 10

vhere E-) denotes an expectation value, we formaily can write
oR . OR
Y = ‘ — &Y =
ar (R) E‘E 5z S5y aT, OFyq o an
i,]

where we accept the assumptions of linear perturbation theory; i.e.,

a5y
ol
~1

fR = - I, . (12
E o5 { (12)
. i
i
Equation (1l1) can then be written
Z SR 3R . .
Var/( = - == 82 8T )
ar(R) = 3 E %5y . (13)

iy

where E: 6ui 21} is commonly called the covariance or dispersion matrix for the
set 1. } Dividing Eq. (13) by Rr2 yields

V2 Cov(Z ,I,
ST DA

i, + 2L 1]
where P. = AuiP'v . For compactness we define a sensitivit' profile vector
“i “1
P = [P ] (15)
“1

and a relative covariance matrix

v( o)
C= (16)



Then

R =pcrt, (17

and the quantity of final Iinterest, as computed bv multigroup sensitivitv and
uncertainty anaiysis computer codes, is the relative standard deviation of the
response,

172

t

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 1s the integral sensitivity,
de{ined by

St ‘Z Py - (19)

) 1
1

The integral sensitivity can be interpreted as the fractiona. change in a response
from simultaneous unit fractional increases in all Ei: viz, a logarithmic derjvative.

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 parallel to the
computation of cross-section sensitivitv, an SED sensitivity immediately rcsulis,
Starting with the adjoint expression for R,

R = <::¥,s>
- i
= <:*!Lv> ) (2(‘:)

one can define a quantity

<¢*)L-¢> 1
pSI:ZD Q i E',E ‘ (21)
1 R
“E',E

where 1 represents a specific transfer matrix component in the scatteriag-in integral
of the transport cperator fe.g.; 1 = elastic or 1 = n,2n) and <,>g' g donntes in-
tegration over all phase space except E' and E. Writing out Eq. (21) explicitly
gives

[ e - -+ > >

peLP ‘%fdrfdﬂf:ff_'wr,5,E>Z‘<r.ﬁ'*ﬁ,z'*s>:Gﬁ',E'> : (22)
L

E',E

Equation (22) can be interpreted physically in complete analogy to Pr_ in
Eq. (8) as the percent change in R due to a unit percent change in i, 1nta
multigroup representation a two-dimensional array results, where the incident
energy E'cp’ is considered as a parameter. 1In 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

3P
PP (Eeg) = — P“; — (23)
£t 8z ) .
g'.g g'~e 8'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's8 “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 secondary 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
§SED = pSED pSED (24)
g g',8 2 : g ,g]

reduces the SED sensitivity to o'.2 integral parameter wnich is "hct" or "cold"
depending upon whether SSED is positive or negative. That is, SEED is a quanti-
tative measure of how mu%h more sensitive the response is to the '"hot" secondarv
neutrons than to the "cold" ones.

Quantification of che uncertainty, AR/R, resulting from SED uncertainties,
proceeds 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.,

ol l 1 , 8¢ @
—H 2B =g £, a_ = m (25)
G mg m

g 8 l -1, g> 8,

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

R ? SED_SED

(AE) - 2 : 5,8, Cov(f ,£) . (26)
SED - ] )

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

SED
(QB) = Z , Soe fo (27)
R JsED & &
g|



I1I. SELECTED RESULTS FROM SENSITIVI.Y STUDIES

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

1) specifying the accuracy required in nredicting impoitant 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
available cross-section data (i.e., covariance cdata). A final step, the performing
of an uncertainty analvsis, is of course implied. The first step is largelyv out-
slde the domaln 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 criterii 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 shout time frame. Perhaps even
more difficult a task is improving, witnin a short time frame, data which are found
to be de.icient. Thus, the initial sensitivities determined for a preliminarv
design can be used to semiquantitatively limit the scope of subsequent uncertainty
analysis. That is, at this time In the evoluticn of uncertainty analysis the
preliminary sensitivity studies guide the assignment of prioritiec 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 1s far from the case today.

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 twe 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 Engineering 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 responses of interest are
to be computed. A one-djmensional computational model used for TFTR nucleonics
calculations is shown in Fig. 1. Since the main objective of the TFTIR 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, ylelding a maximum of 1 000 pulses
per year and generating a maximum peutron fluence of 1.4 x 1019 fysion neutrons per
m< per year on the first wall. 20)  pye 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 radioactive
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 themain copper coil (zome 10 in Fig. 1) were selected as
imporcant nuclear design parameters of interest. Our objective was to estimatc
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 sensitivitv profiles Pzi and P_g according to

z
Eq. (6), where Z? is 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 consicdsred, thus determining the angular .fluxes ¢ and

¢*. AlJ1 transport calculations were performed with the one-dimensional S, code
DTF-IV in an Sg approximation, using 20-group Pj3 neutron cross sections. This
cross-section set covers neutror. energiles 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 reacticns to all significant
transport cross sections in the TFTR were calculated and found to be all negative,
indicating that an increase in such cross sections would cause the respective acti-
vation rate to decrease. The largest integral ~_asitivity found is that of 65cu
(n,p)B5Ni to the copper cross sections, which indicates that a 17 increase in the
total cross section of copper would decrease the Y“Ni production in the coil bv
2.05%.

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

SIREC
(48 -5 () . (28)
max max
where
5 = Z{Pz_i . (29)
1 1

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

Rl: 54Fe(n,p)SAMn

and

65 5
. Cu Ni
RlO' u{n,p) “Ni

In order to obtain the predicted response uncertainties in each 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 1; i.e.,

;1172

AR AR,
i i
R i Z( R )k ’ (30

i k




where k denotes 2 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 . further quadratic combination of the "transport" and
activation cross-section errors. Note that the final uacertainty in reaction rates
is 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 abbreviated as, for example, Z9 for zone 9. Also
Al was treated as an alternative to steel in Z9 and 211,

Having estimates of the reaction rate uncertainties, the question then is
whether these are within acceptable bounds. However, a nuclear designer is not
concerned with activation rates, but rather with blological 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 507%. The absolute reaction rates were then used to compute exposure
rates, E, shielded and unshielded, along witch 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 4E; are calculated analogously
to ARi in Eq. (30). However, in summing uncertainties LE; 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 AEi 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 linearlv
over i. Further, it appears reasonable to assume that the activation cross-section
(response function ) errors are totallyv uncorrelated, because they are in gencral
independently measured and evaluated. The total uncertaintv, AE, from thes~ con-
siderations can be written
2 , 172
trans /,pact

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

1 .
i 1 i

In conclusion, the uncertainty in the TFIR dose rates is 41.4% for the most
stringent exposure rate criteria (10 mrem/h at 1 d after 1 v operation) and 49.3%
for the less stringent criteria, as caa 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 (A:/z)max estimates. However, if thle allowable un-
certainty criterion had been more stringent, the uncertainty analysis could have
beensgraced backward from the largest contributors to AF in Table III (e.g., Jqu
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.



R. EPR, TNS, etc,

After no unacceptable cross-section uncertainties were found in the T-TR
study, attention was turned to a possible tirst 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 ceveral key response functions are of interest. Also, iron (or stainless
steel),koEgteg 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 in
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~dimensioral mod<i based upon 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 relativelv
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-rayv prcducticn. and gamma-
ray scattering matrices. From the large mass of these survey calculz<izns, which
are automated in the LASL system,(17) we then isolated materials, partizl cross
sections and energy regions of potential interest. This latter ste; is c-eatly
assisted by computing integral sensitivities. After z semiquantizazive revicw of
the permane cross-section errors, we chose a manageable number of potenzialilv
important materials and partial cross sections for more detziled errcr evaluarion.
For these we processed 2vailable covariance data into multigroup form.

Cross-soction covariance data were obtained by processing preliminarvy ENDF/B-V
data into thirty energy groups (cf. Ref. 23 for group structure) with the NJOY multi-
group processing code. The ENDF/B-V data are still preliminary at this date, sc
the multigroup covariance matrizes are subject to change. Many errors (mistakee)
were discovered and corrected in the processing of the ENDF/B-V covariance data.
Several deficiencies still exist in CNDF/B-V ; e.g., no covariance data exicst for
Cu, and such data for 10B extend only up to 1.02 MeV. The latter deficiencv is not
significant for the EPR analysis,(6) however, because the important (sensitive)
energy range for 10B 1ies mostlv from approximately 10 keV to 1 MeV. 1In order to
perform a preliminavy 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.

Because of the thinner inner shield, radiation effects in the inner [F coils
are more critical(22) 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, 2)
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.

OUTLR SHIELD: 1) activation of the stainless steel (SS) dewar [e.g., 58Ni(n,p)SBCo

or 20Fe(n,p)56 Mn].




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

iu 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 fird 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 S§S regions 6-8 are
most important. Also, it can be seen that Fe 1is the largest contribut.r to the
integral sensitivities, regardless of which regio.. is considered.

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

P. = -P + P

. tot ~scat
1 . . L .

i,lnss i,gain

In this case most of the net integral sensitivity is clearly due tn the ncutron
scattering -ross section. Thus, the uncertainty analvsis should conoontrate vopo-
cially on Fe, and in particular on the scattering cross sections.

A representative sensitivity profile is shown in Fig. 3, where again the
scusitivity of the TF coil k-ating to the Fe scattering cross section was sclerted.
Notice the high sensitivity in the top two groups, with a subsidary peak below 1
MeV. This gereral shape is characterictic of all the sensitivity 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.tion
¢ross section, I(p»:), is caused by the relatively short mean free path of the
garr.a-rays in SS. owszver, the sensitivity increases monotonically as tho recicn
approaches the TF coil.

Turning now to the B4C component of the shield, Table VII prosents interral
sensitivity results comparable to those of Table V for §S. 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 overwhelminglvw
dominate the sensitivity as does Fe in $5. As would be expected, the net inteprai
sensitivity is in all cases negative, because almost anv interaction decreasecs the
probability of a neutron's transmission to the TF coil.

Sensitivity profiles for the B and C cross sections show the sa.uc general
shape as those for Fe (Fig. 3), with a peak in the top group and another peak in
the 100 keV-1 MeV region. For 10B, however, the sensitivity to the total cross
section is of comparable magnitude in the two peaks, and the lower pear is muc
broader. This high sensitivity at the lower energy peak is due in part the
neutron spectrum, which shows this same peak at all positions in the shieid
regions.( 0-18) One can conclude that even though these lower energv neutrons
have lower transmission probabiliiies to the TF coil, thev are so prevalent in
the spectrum as tc 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 interval)
of the TF coil, while the sensitivity is to cross sections in the entire region 24,
The analysis shows a veryv low sensitivitv to all neutron cross sections except for



Cu. This is %o be expected because interactions in th TF coil {tself dr not
significantly alter the nrobability of a neurron centributing tc heating at the
inboard edge of the coil. Although it 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 provides » rapid and thorcugh coverage of all
mater:als and 1egi. as of potential interest. This has proven to be an effective
way of elirinating the need for {urther analvses of mar~ partial cress-scction
sensitivities. Fror a pragmatic viewpecint, these partials are of Interest onlv
if thev provide significant contributions to the total scncisuvity, and have
significant errors associated with them.

The coxplete sensitivity analvsis{®! indi. ates that the ssatturing cress
sections of Fc¢ and Cu, along with the absorption (ross sections of the 10y yn
B;sC, are the most si nificant contributers te ‘he Iintegral sensftivities of the
resprnses considered. Of somiwhat lesser fmportance were the scattering crocs
scctions of H, C, and Pb.

A similar studyflb} for ar alternat:ive LPK design concentrated on sensitav-
ities to C and Fe partial cross sectinns. The iatepral sensitivities of TV coil
heating to Fe and S5 total cross sectien . as an example, are quite similar for
the twr differen: desigas; viz, -7.55 from Ref. 1o ve =7.375 in Table V. VUsing
priliminary ENDF/B data for € covarian cs, the authore of Ref. 146 found “R': 1o
be approximately 20 for all three ro-ponscs they eorsidered. On rhe cther hard,
thev assuned "0 value< for several partial cress sections of Fe that, along w.ti
assum-d crrrelativn {nformation. gave “R'R values of 99 to 1107 (testing the l.mizs
of apr i, zhility ~f lincar perturbatisn theorv). Although some of the = - -~
covarian.es for Fo o loswe a wice latitude fer revision as newer data are in ro -
rated, the uncertainties in responces will srokable remain appre:iabl- o N e fin-
tive Jdeedpn rriteria han bheen sel fer the varisus respense, bet an ortai=tive - f
appreximately 1907 are in aest cases almet rertainly unar esis=]
accentakic nuclear heating: qud dns uniertainties in the TV oo
to be in the 19-I20 raapc, ' ~%) <o clearle Fe is a princ rantidate for furtiar
uncortaints anaiveis,

C.  nuaar
Rucentls a sensitivity an! uncertainty analveis his heen reported for a
(Aveptual comacrcial power reactor design. the NIWMAN. A scherati. Jdrowing L
the reactor peleidal creoss section is showa in Fig., 4, which is renr duo.od fre-
Ref. (19). The rea.tor is a moderately sized tokamar power rea-sorlom i b »a

cvelved from a serice of comprehiensive conceptual desips. stucdies o 2Ho Universiny
of wisconsin., An eutectic LigaPbag compoun: is used in the Flanwet 07 hrocding
and therza: incrtia purposcs. Alse, different inner and cuter shivids 17 used,

for the same reasons as mentirned above for arn EPE de-iagn.

Referrineg again to Fip. 4, sc¢veral features of the desipn are germane te the
sensitivity anaivsis. Unl®“e the TFTR/EPR’'TNS designs, the NUWMAK enplove low-
activarion ma: rials (H, B, C, Li, Ti, P for ail regions except the inner
W shield. Alsc, 907 of the tritium breeding was found'i%) to be contributed -
6Li(n,t)*H¢ reactions. Another very pertinent result of the de<ign study wa- that
the most restrictive criterion for the inner shivld was the resistivity coae of
the TF coil Al starilizer, caused bv the Al displacement rate of 2 x 1775 dpa’v.
The inner shield s dniv 1.0>-7 thick and mus?t attenuaty the nestra intensity b
a facter greater than 108,



The sensitivity study in Ref. (19) gones hevond the determination of response
uncertainties, tc address the cost/hiccefit analvsis nf Intepral mea-uremencs
proposed to reduce the uncertainties. The theory and resaits present—Z in the
latter area, althcugh they provide a ¢ -innity to un:ertainty methods, arce bevnd
the scope of this review.
Sensitivity analysis of NIWMAK usca the same mel? 3 1o ae dle 0 o3 2.
Secs. 111.4 and 1I11.E, emplaying the ANI3N one-dimcnsinnal disrrett—nrd nates oA
for S4P3 ncutron transpart calculatinns, and SWANLAKYL for the sencizivity eal :la-
tions. Wu and Maynard chose six ker respoiises for analvels, as shoam It 7.
They caution thy reader to interprel the resuits rarefu.... becaust the table gl
includes the seconé, or {ndirect term in Eq. (%) of Sec. T1.A. Frr exa=:li . th,
large negative sensitivity ~f R; to the 6Lf total r~ross sectd nn (-4, Sf 3 §s ot re

balanced by a #5.9 sensizivity from the direct effect ar the PLifn t)*He reer -
function, for a net sensitivity of nnle #0.035,

The resprnses of macl practical interest are Ry und Ry In Tabie VITD1, .
have the hipher integral sensitivities and, in the case of Ky, s design liriving,
It was obsirvid that the (n,2n) cross sections of W and Pb are the dominar: «or-
tributors to the sensitivity, with all of the sensitiview concentrati

PR
highoer cnergv groups and peaving in the top eroup.  In periorming o un wrtooo 1o
- . - ; . . L. by oo
analvelin, hows cor datn oo arianc e for ol Yooy oLne T Ll et -0

woTe available 1n EXDF/: -V (rf, Table TV). Ther. fnr\-. the authiers acoumed o L7
uncorreilated uncertajints at all c¢n-rgies for 7Li. l’B. Ti and W. Thoir uneert 0w
results are presented in Table IX, where the unocrtainties in R, and PRy, arc e -
whelmingly caused by W crons=section uncertainties. Clearl~, for thi- roa o or

mijer dmrevoavement in the shicld desigr would resule fror improveé o ocura. - 0
W ocron o osections., Curicusiv enough, In iscussing (ress=section rTﬂ:.ﬁ"l'- an

Beasureme. t pricrities, it was surmised/27) that W owauld aler beooSe a Yerlwite 17
matorsas 1f used foor the inner shicld 6 4 TS,

. CROSE=SECTION REOITTRIMINTS ARV 1o MoV

-“_—_T;T;:ﬂ:~;1lr' fro= sunsxti'l;y-ﬁRYXEE(rtninly analesis per ~ W L - Doy y
hers sewer ! aspe e of cressesection dats above . le MoV With twe ey ereioa e T
the autinr - 0 T aware nf anv sencitivity studics in this enerey resi oo Fetoron

<Y aliudes tooa sensitivity study of dosc=eguivalent through thilk shicl =, t 1.
and nenelastic crofs sections, but no literature regaréing the studs is cite i, Tha

second stude (<Y was performed fnf D Bc source neutrens in oa medis D oareii x.t'v“.
where seasitivity methods in LASS I SRS N A B S T Lot
The everabeliming interest in cross sections above - 1: Mey presentls «err= o
be wssociated with the Fusion Materials Irradiation Test (PMIT) Fa il%:in der i
Fretect This facility will]l have a deuteron heam of 33 MeV o incident on LI, owith

a resulting spectrur at 0° which peaks at - 12 MV ard has a hich=enerey tail ¢
~ 50 MeV.  Altheupt the spectrur is rouphly o Dl-shaped, expericaont=s have voerodi-
a kneo ir the curve at - 35 MeV, producing more teutr as than eriginally oxe ol
in the energy region where the neusrons are mest penetratineg., In a discussiv:s 2
the bulk shicldinz for the FMIT fa-ilitv, Carter and Morford(29%) emphasize that th
most severe probler in the shield avsign is uncertainties in the cross-scction data
Jase > l< MeVl.

As mentioned in a previnus papor.(27) the-re hos not Reen muet technelopica!
ac fvity requiring neutronics data a: > 14 MeV. A lack of demand coupled wit! tin
lack of widely available monoenergetic neutron sources has restricted the amcunt
of such data available. The PMIT facility has brecught forth the importance of
remedying this situation, with concomitant demands for careful selecticen of
priorities. It is unlikely that the cross=-scction needs for shieldins., activati o,
spectrur tailcering, radiation damag., and desimetry can all b met by the proocoted



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

Any listing of relative impertance of particular nuclides and reaction types
mus’ be associated with neutronics applications of those data. 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 in the 14-25 MeV region, wherc 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 damapc and dosimerry reactions, cross-section data in th=z
36-50 MV reginu are the most important for bulk shiclding calcualtions. It was
determined(28) for the PMIT facilityv, where concrete shiclds 3 te 4 metres thick
woTe analvzed, that - 907 and . 700 of the dose-cquivalent are due teo source
neutrons with energies greater than 30 Mc\' and 40 MeV, respectivelv. A removal
cross scction was then defined as the sum of the nonclastic cross section and that
portisn of the elastic cross section scattering neutrons btevond 25°. It is because
this removal cress section is a monotonically decreasing function of energv that R
the drsc=equivaient is dominated by the Ligher energy neutrons. The authors Slﬂtc('a)
thzt 0 and Fe are the most impertant elements in their shield desien, and measurements
at a few inciduent energice between 20 and 50 MoV are now heing made for these elements.

IV. CONCLUSIONE

The usefulness of sensitivity studies to help define cross-section evaluation
and measurcments requirements is indisputable. However, much remains to be done
before surh studic: . an be made comprehensive and complete. While the thecoretical
mcthode and codes are penerally adequate for simple one-dimensional reactor models
considered heretofore, an extension te multidimensional and complex models is
imminent!sy required. In particular, Monte Carlo sensitivity methods promise great
advintages in camplex peometries, especially the fmportant streaming prohlems already
uncovered in favlen reactor nucleonics,  Even more important than methods and codes
is the urpent need for extensive covariance data files. Additional larpge data evalu-
ation regairements arce being elicited by the recently developed SED sensitivies
metlinds, which require some characterization of secondary energv distribution
uncertainties, perhaps in the form of the f_ . factors discussed in S.c. T1.B.

Results of scensitivity studies to date were summarized in Sec. 1II, but it is
useful to re-emphasize the recurring importance of the Fe cross sections in both
fusion reactor and irradiation facility shields. 1In thc¢ case of some inner shiclds
for tokamak reactors, the overwhelming dominance of uncertainties in the W cross
sections is clearly seen for responses in the TF conils. The large uncertaintics
(40-1007) ir TF coil responses found for several conceptual reactor designs arc
understandahle in terms of the large attenuations of necutron and garma-rav fluxes
invelved - gencrally » 106, Although not reviewed ir this paper, a hvbrid reactor
sensitivity study(lb) showed appreciable integral sensitivities of tritium breedins:
to 238y and Fe total cross sections; viz, -0.97 and -0.19, respectively. 1In this
case Fe was included only {n 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 6Li. 7Li. and Nb cross sections. This study alsc presented a comparison of
the response uncertainty as computed by both the methods of Sec. II and direct
recalculation. As must be expected for total uncertainties in tritium breeding
of < 5%, the agreement 1is very sood. 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 irradiation
experiments has intensified interest in neutron cross-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) nave been used to devise cross sections for shielding
analysis of the PMI1 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 ?’) to be most important.
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TABLE I

Predicted Uncertainties of Selected Activation Rates R, and Ry
Due to Estimated | rrors in Transport Cross Sections =

Maximum Integral Sensitivit, $ and |
Predicted Activation Rate Uncertainty AR'R
Error
Estimates: for Ry for Rue
“Perturbed Covor
_. (2 S, (2R R (22)
Transport - or or
Cros: - fmax S R R 7ma 3 R R max
Sections [ (. per ') €) . per " €
C 25 0.57 21.8 0 66 16.5
Cmm,n'3a) CcOVv -—— 2.4 --- 2.2
Pb 25 1,62 38.0 1.12 28.0
Phin, 2i CcOVv -—-- 18.3 - 14.8
[¢] 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 23.8
Fein, tot. COVv -—- 2.2 —-- 3.2
Fe(n, abs) Cov - 0.71 e 1.7
Fe(n,n'conty COV .- 4.4 -—- 7.4
Fe(n elas: cov --- 2.5 --- 3.7
Fe(n,inel, cov --- 3.5 --- 6.7
Fein, 2n cov “-- 1.2 ~-- 3.6
Cr .25 0.20 5.0 0.25 6 3
Ni 25 0.12 3.0 0.17 4.3
Mn 25 0.021 0.53 0.027 0.68
Al 25 0.45 11.3 0.62 15.5
Cu 25 0.03% 0.98 2.05 51.3
Cuin, elas) Cov ~—- 0.12 - 5.C
Cun, {nel cov “-- 0.13 .- 6.8
Curin, 2n) cov --- 0.04 --- 9.6
Cun, tot) Cov --- 0.12 --- 5.1
" Cuin, abs) (s{0) ~—— 0.04 N 16 8

SCO\ means Complete Covariance Matrix,



TABLE II

Summar of Predicted Uncertaintics of Activation Rates R, Due to Estimated
Errors in Activation Cross Sections,
All Transport Cross-Section Uncertainties

. R R
COveZy L L)

', and

LV
R,
Due to Transport Duce to Al
Due to Cross-Section Lrrors Cross-Section Lryors
Activation
Activation Reaction Cross=-Section | Stainless-Steel Aluminum | Stainless-Stee! Aluminam
R, Errors Structure Structure Structure Structure
R, - ®Fen, p™Mnb in 29 and 211 15.7 491 ——- 51.5 ---
Ry = ®*Mnn, 200®*Mn 1n 29 and 211 15.6 41.4 --- 44.2 ---
Ry = **Fetn, p)*Mn in 29 and 211 128 428 - 44.7 ---
R, = **Nin, p)*®Co in 29 and Z11 20.7 42.6 --- 47.4 ---
R, = TAltn, o)Na in 29 and 211 8.7 --- 41.0 --- 4: .8
Re = TAltn, p/~"Mg 0 29 and 711 5.5 --- 44.0 - 44.3
R, = ®Cum, 2n/¥Cu in 210 24.3 62.3 59.9 66.4 64.6
Rg = ©Cutn, 2)®Co in 210 29.3 63.5 62.8 649 69.1
Ry = ®Cuin, 2m™Cun 210 13.4 63.1 60.7 64.5 62.2
R, = ®Cum, py®Ni in 210 32.6 14 63.3 73.7 71.2
TABLE III
Prodicted Absolute Uneertamnties 1 Caicaldated Radiation bxpoo~ore Rt - e e
Al Cross=sectinn Uncertamntios=TETH Desty with Stedd Stract e
Expos. e Dun b AF A
Productiong 1 Pulse amd 200 i a
, Rate, R, - S -
P Rarhionuchde, Prodaction PAtons ey Ia Ay ! } ~
! T, Mechanism Fusion Neatrooo ren h e ] e kb o
b - .-*- e d ._—.7._—tv - ——
N 315 davs Mpem, P 1.30 F-1 TN F -4 IR S| .38 -1 RS
“hin Sl dave | %Mo, 2 4 80 F-4 T N T A I X N B
i
*an Zoh *Fem, po 3.32 E-4 51 L0 | 22w Feo | P e
*B¢n 71 davs | N op 2,30 F-4 6.1e F-a | 2w Fow ) 1et s STl
52¢u 4.8 min mC\lln. 2n Y 8y F-3 6,94 F-1 4 .64 k-2 F P-in
o .7 \vr Beum, 1.08 E-3 240 F-d Lol F-g 20 - X -
Mev 12.7h ®Cutn, 2n) 9.55 E-3 .66 F-1 | 420 k-1 | 426 F-1| JonFen
L\ 2.6 h ®Cum, p 2.6 F-4 R R S R R EE A
Total exposure rate unshiciaedr: 6.53 RIS 2 f 2 T
E: Y E, AFaccordingto Eg. (32) rem b rom h ron oo
[} — e e e
Total personnel exposure rate (shicldedy: 2.0 1.1 1o 408
(E" + AEP1 = 3.45» 1073 (E 2 AF) mrem h mrem A npee i
. _— i




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

¥
{MAT ' Nuclide . MT-Nos. Processed Reactior Cross Sections
! 305 [ B-10 ' 1,2,107,780,781 Total, elastic (n,a), (n,n,),
| ' ! and (n,x.)
: | 1
- 306 c T 1,2,4,51-68,91,102 Total, elastic, total inelastic,
© 104,107 inelastic levels 1-18, inelastiq
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,
X 107 n'a), (n,n'p), (n,y), (n,p),
(n,t), (n,d), (n,%He), (n,2)
326 Fe ' 1,2,3,4,16,22,28,102, Total, elastic,nonelastiec, to-
103,104,105,106,107 tal inelastic, (n,2n), (n,n'u).
| (n,n'P). (na-l')r (nvp)s (n,d),
(n,t), (n,3He), (n,@)
i
328 Ni 1,2,4,16,22,28,51-76, : Total, elastic, total inelastic,
91,102,103 104,107, ' (n,2n), (n,n'a), (n,n'p), in-
111 ' elastic levels 1-26, inelastic
continuum, (n,v), (i), (n,d),
(n’a)’ (nvzp)
229 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,a)
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 Sensitivity, Sy., of the Inner TF
Coil Nuclear Heating Response to the Total
Cross Sectiuns of Stainless Steerl Components

sg “ment Re~ien : Tozal
-5 12 x4 ) .6 23

Cr -0.€21 -C.I12 2070 =7,1850 =J.0.4 -1.148

' =C.295 =C.03% =-0.031 -0.026 =-0.C05 =0.252

Fe =2.42) =0.858 =0.7¢7 =-0.6302 «0.0%28 -%,775

N -0 26 =C.182 =0.164 =9.149 =0.21) =1.030

Mo -0.C21 =-0.033 -C.020 . =0.C24 =0.023 =C.1%7
ToTiL =3, 6870 -1.339 =1.1°%2 =0.04L =C.057 =7.37

TABLE VI

Partial and Net Neutron Integral Sensitivities of the Inner TF
Coil Nuvclear Heating Resprnse to the Fe Component in

Stainless Steel Regions 6-8

Neutroa Cross Sectien, :x

Iategral Ye:, Sa

Irteer=) lore err Jntcrral Gain Terrm X
r - 0,17 ——— 0.17
a
I 12,42 1%.33 - 2.6%
s
' Z.EL °. - 2.48
ET 12.€ 12.33
' —— 0.014 0.CL4
I(n"f) ) !
TABLE VII
Neutron Integral Sensitivity, Sy, of the Inner TF
Coil Nuclear Heating Responsé to the Total
Cross Sections of BAC Components
Ce=nznent Repian Texal
11 2 i’ 17
10B - =021 =C..u8 =3.37% ~0.5.3 -1.402
c ~C.1¢56 -0.1%0 =0,243 =0.176 =-0.796

TCTAL =0.2387 ~7.452 -0.618 =0.739




TABLE VII1

Energy-Integrated Relative Sensitivities for NUWMAK

Ry --- Outer Blanket Breeding Ratio
Rz --- Quter Blanket Neutron Heating
R3 --- First Wall Ti dpa Rate
Rg --- First Wall Ti Gas Production Rate
Rg --- Neutron Erergy Leakage to Inner Magnet
Rg --- dpa Rate in Al Stabilizer
Cross Section R R, Ry Ry R5 R
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 AP B4 L — ---  =2,106 -2.094
6Li tota) -0.865 -0.652 -0.011 --- =0.025 -0.024
715 total -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.Cn2Z --- =0.,181 -0.127
elastic 0.040 0.001 0.085 --- -0.181 -0.231
6Li(n,a)T -0.864 -0.644 -0.011 ---  -0.001 -0.001
TLi(n,n'a)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) 0.0 -—— 0.004 -0.025 -0.087 -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
_L~_e1astic -0.451 -0.449
TABLE IX

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

Material AR/R (%)

R, R, Ry R, Re R
6y 0.72  0.55  —eem  0.03  emem mme-
Pb 0.3 0.10 0.02  0.39 5.02 3.89
12¢ 0.02 0.02 ———— ———— 1.09 1.78
10g ——— 0.39  ---- ——— ——— ———-
R 2.85 2.65
W 42.35 39.86
Ti 2.46 2.4
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
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analysis.
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plus gamma-ray heating in the TF
coils to all scattering cross
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Region
No.

1

2
3
&

™

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

26
27
28
29

Tig.

Region Material Radfus (cm,

0.0
PLASMA
. 210.0
VACUIM
240.0
Ist WALL S. S.
241.0
Ist WALY. S. S.
262.0
1st WALL S. S.
244.0
BLANKET S. S.
24,0
BLANKET S. S,
264.0
BLANFET S. S.
: —1 272.0
VACUUM
273.0
S. S.
276.0
B,C
4 281.0
s. S.
291.0
B, L
4 297.0
S. S.
307.0
B,C
4 315.0
S. S.
325.0
B C
4 333 0
S. S,
335.0
TFC DEVAR S, S.
337.0
VACUUM, TURING, ETC.
339.8
THERMAL SHIELD
340.7
VACCUM
43,2
TFC BOBRIN (S. S.)
3457
TFC
350.7
TFC
— 355.7
TFC
360,7
TFC
416.2
SUPPCGRT CYLINWDER
-1 440.,0
OHC
— 465.0

. One-dimensional compu-

tational model for EPR
inner blanket/shield.



Fig. 4. SCHEMATIC OF THE BLANKET AND SHIELD

FOR NUWMAK
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