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Preface

This report is devoted to a discussion of the theory and

.cbmputational techniques for carrying out the neutronics and

phqtonics calculations for fusion reactor blankets and magnet
shields.

In a previous report, é literature survey of neutronics
calculations for fusion reactor blankets has becn given. The
bibliography at the end of this report has been extended to
include the references for that survey for the convenience

of the reader. -



Introduction

This study is concerned with the neutronics and photonics
aspects of fusion reactor blankét design. The areas of investiga-
tion will be (i) neutron and photon transport calculations,

(ii) energy deposition; and (iii) induced activity.

An accurate vet efficient AGthod_is_clearly required for
predicting neutron and photon transport. The neutron and photon
fluxes.and curreﬁts calculated will be used for calculating
reaction rates of interest, e.g. tritium producing reactions,
neutron multiplication, and leakage. Energy deposition factors
are needed for calculating heat generation rates throughout the
vacuum wall, neutron moderating région, and the magnet shield.
Calculations of the neutfbn.induced activity require formulation
of the activity chains for the materials of interest and an
accurate description of all density variations. for all coupled
nuclides. .

In addition to.the need for a calculational method, it is
certainly of prime importance to compile nuclecar data for
nuclides of potential value in fusion reactor blankets. Of
pParticular interest arc the cross sections for neutron induced
reactions, gamma-ray production cross sections from these reactions,

and the gamma-ray interaction Cross sections. The neutron energy

range of interest extcnds from thermal encrgies up to 14 MeV--



a much larger energy range than is nérmally encountered in fission
reactors. The nuclear data compiled for this work (which is

still fa# from complete) constitute several large data files,
anq.it has becen necessary to develop efficient computer programs
for retrieval of data for any particular type of calculation

In this section, a brief description is given of the avail-

able¢, developed, and needed computational techniques to be used
in this study. The discussion presented here is arbitrarily
organized around individual topics. ft should be noted,Ahowever,
that many aspects of the nenutronics and photonics calculations
are related to cach other and this fact hés been of prime considera-

tion in developing consistent and capable computational techniques.



A. Neutron and Photon Iransport Calculations

~In order to calculate neutron and gamma ray fluxes, one
must solve the energy dependent BoTLzmann, transport equaticn,
Since no analytical solution for this equation exists, 2 mathe- °
matical technique for approximating the solution must be used.
An approximation called the discrete ordinates method is suffi-
ciently accurate and reliakle; particularly in problems involving
deeply penetrating radiation as in the fusion blanket and magnet

shield.

Consider the time independent Boltzmann equation

4.9 (+,B,8) + zt(¥,n)¢(¥,a,6) = 5(%,E,8) +

[faEsdn n(F,E* > E,& > o (F,E7, ) (3-1)
where

zt('{,E) = ra(r,E) + zs(l?,r;)

f

the total cross-section

E(r,E° > E,8° » 8 )

the transfer cross-section

S(?,E,a) source term (including the fission and

independent sources)

1
"

¢(¥;E,§) the angular, flux



The integral term (the scattering source) in equation (3-1)
is the most difficult and needs to be simplified. For this
purpose, we expand the angular flux in spherical harmonics and

the transfer cross section in Legendre polynomials.

om0 = F 1 e, @ e (3-2)
CR(ELES > B 5 ) =, (i(E > E)P, (WIN(r) | (3-3)
where Mo = 8.8 = cos 0 (3-4)

¢ ana ¥ are the neutron directions before and after scattering,
fespoctivcly. In ﬁractice; the sum over.2 will be cut off at L;
it is then necessary to specify L+ 1 cross sectibns, oy ; in
order to perform the sunmation. A semi-quantitative criteria
for deciding upon L will,be_givcn later in this section,
The essential basis of ﬁhe discrete ordinates method is

that the angular distfibutiog of the neutron flux is evaluated
in a number of discrete directions, i.e., the angular variable

M is treated as discrete rather than continuous. It is practical
when using the discrete ordinates method to introduce a discrete
energy variable, by means of a multigroup approximation, and a
discrete space mesh for the spatial coordinates. Consequently,
all the indepcndent variables of the time-independent transport
equation, namely, space T , direction ) . and encrgy E, are

treated as discrete. The chnice of the energy group structure,.



spatial mesh, and direction cosines must be decided on carefully.

This will be discussed for the particular problem of fusion blanket.

Transvort Code

The ANISN[33]code was obtained and modified[34]and it is
now operatioﬁal on the ﬁNIVAC—llOS computer, EXEC-8, available
at the Madison Academic Computing Center.

ANISN solves thé one~dimensional Boltzmann transport equation
with general anisotropic scattering for slab, cylinderical or
spherical geometries by ewploying the diamond differcnce solution
technique. ANISN has én‘additional capabilify; the enexgy, angle,
and spatially depcndént flux generated as the solution to the
Boltzmann ecquation may be used to perform a group reduction of
the cross sections. Detailed information about ANISN is contained

in references 33 and 34.

Gcometrx

Eventually, a three-dimensional transport or Monte Carlo
program may be used to handle all the complications of a full-
scale fusion blanket design such as full pipes and diverters,
ctc. No thiee dimensional transport code exists. por3> is a
two-dimensional discrete ordinates transport code which has
most of the features of ANISN. However, using Monte Carlo or
two or threc—dimcnsionSl transport codes carries the penalty
of requiring much computer time.

In this stage of fusion reactor design, theview is that

steady-state fusion reactors will be either cylinderical or

.
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toroidal in gcometry. The c&lindcr is conccived to have a large
height to diamcter ratio with large plasma diameters anticipated.
The toroidal geometry is expected to have an aspect ratio of
around 3 with the major diameter so large thét the curvature
can be ncglected in peutronics calculations. In addition, no
detailed desighs of diverters, fecd pipes, énd other neceésary
access regions have been carried out. In fact, from the neutronics
point of view the access régions built into fusion blankets
will have the effects of (1) having ~regions »f low nuclide
density from which the neutrons can stream out of the system
affecting the neutron economy and requiring shields somewhere
hear the outer ends of the ducts; and (2) increasing parasitic
absoprtion of neutrons by neutron collisions in the access regions.
walls. The two effects will have an important bearing on tritium
breeding, and the blanket transport calculations may have to
be three~dimensional. Due to the lack of detailed information
about access regions at present, two or three-dimensional transport
calculations are not justified in terms of the reliability and
usefulness of the results obtained compared to the computing
machine time consumed. At best, one can now investigate the
effect of placing artificial holes in the blanket without
knowing either where or what shape the real openings will take
to bﬁild tﬁem. .

It is concluded that neutronics and photonics parametric

studics can best be done in one-dimcnsional geometry with allowance



in the blanket désign for higher tritium production than necessary
for other requirements to take care of the losses that will

occur where openings appear in the blanket wall.

| .The calculations will be essentially model-independent.

" In other words, a stylized fusion reactor consisting of cylindrical
arnuli will be used; and the calculation results are considered

to be appliéable whether the cylinder is the center section of

a stabilized mirror or is wrapped into a torus. Furthermore,

it is expected that the error in using a slab-geometry approxima-
tion for cylinders.is smaLl‘on the basis of the large plasma

radii anticipated for steady-state fusion reactors, i.e. ~ 5 meters,

Neutron Encrgy Groun Structure

In multigroup calculations, the neutron tnd/or photon) energy
range of interest is divided into a finite number, G, of intervals
separted by the energies Eg, @here g=1,2,3 ---,G. The order
of‘numbering of these energics is such that g increases, as the
enerqgy decreases. -

In fusion blankets, the energy range of interest for neutrons
extends from thermal energies up to approximately 14 MeV. Con- :
sequently, for an accurate multigroup calculation, this wide neutron
energy range must be divided into a large number of groups. It
is necessary that the energy range for a group be chosen such
that the variation of important cross sections within the group

is reasonably small. Apart from this, the groups are normally
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" chosen so that the ratio Eg/Eg+l is roughly constant (i.e., at

equal lethargy intervals).

One hundred energ§ groups which have the energy boundaries
shown_in.Table 3-1 werc used as a starting point for this work.
However, since almost all the materials of potential value in
fusion blankcts show_no strong resonances, the cross sections
are fairly smooth over essentially the entire energy range of
interest, this nunber of groups is unnecessary for the calculations
of this study. In addition, the limitations of computer memory
storage, using such an unneéessarily iarge number of energy
groups, would limit ‘our ability to considér a high degree
of anisotropy of the elastic scattering and large orxder angular
quadratures. ,

Another importani consideration is that coupled neutron
gamma calculations are very efficient, and it is desireable to
use this technique here. 1In this approach, the gamma energy
groups are coupled into the neutron energy groups in a manner to
be discussed ldter, Since the computer"memory storage required
is roughly proportional to the square of the total nurmber 6f
neutron plus gamma energy groups, a group reduction of the cross
sections is necessary.

Some test cases have been run which essentially involved
reducing the 100 group, Pg cross section data sets for nuclides
of interest to 52 group sets and then performing 52 group

calculations with ANISN/1108 of a standard blanket configuration



Toble 3 ] Jeutron 210G Froerpy Grovo Struclure in ev.,
5. Yy i

bnn(ﬂ [1:‘4

Grovp _ =(Wen) — T Y _R(Mid Point)
1 1.4918  (+7)% L. [+7) 1.4208
2 1.3499 (+7) 1.2214 $+7§ 1.2356
3 1.2214 (+7) 1.1052 (+7 1.1633
4 1.1052 (+7) 1.0000 {(+72) 1.0526
5 1.C0C0 (+7) 9.0484 (+6) 9.5242
6 9.048% (+6) 8.1673 {46) 8.6173
7 £.1873 (+6) 7.4082  (48) 79977
8 - 7.40122 (+6) 6.7032 (+65) 7.0557
9 6.7032 (+6) 6.0653 {16) 6.334

10 6.0553 (16) 5.4831  (46) 5.7767
11 5.483) (+6) 4,9659 (+6) 5.2270
12 4. 9557 (+6) 4.4933 (+6) 4,729
13 4.4933 (+6) . 4.0657 (+6) 4.,2795
14 4. 0657 (+6) 3.6783 (+6) 3.56722
15 3.6763 (+6) 3.3287 (46) 3.5033
16 3.3257 (+6) 3.0119 (16) 3.1703
17 3.0019 (+6) 2.7253 (+6) 2.8686
183 2.7253 (+6) 2.4650 (+6) 2.5%56
19 2.4560 (+6) 2.2313 (+6) 2.3486
20 2.2313 (16) 2.0190 {45) 2.1251
21 2.0190 (+6) 1.8268 (+5) 1.9229
22 1.82A8 (+6) 1.6530 (+6) 1 7399
23 1.6530 (+6) 1.4.957 (+5) 1.5743
24 L.A907 (+9) 33534 {(+5) L.4sh5
25 1.3524 (+5) 1.2246 (+3) 1.2350
2 1.22456 (+5) 1. 103 (+6) L.1663
27 1.1080 (+6) 1.0026 {(16) 1.05%3
28 L.C025 (+6) $.0718 (+5) 9.5483
29 9.0718 (+5) £.203 (+5) 8.64C1
30 8.2085 (+5) R eg 22 (+5) 7.8Y79
31 T.L204 (+5) €.72C5% (+5) 7.0740
32 6.72045 (+5) €.03810 (+5) 6.4008
33 6.0310 (+5) 5.5023 145) 5.7917
3, 5.5023 (+5) 4,987 {+5) 5.2405
35 4. 9757 +5).  4.I049 f+53 4.,74618
35 4. 5049 §+5‘ L0762 +35 4,205
37 4.0762 +5) ©.6333 ('5; 3.2327
38 3.6833 $+5; 3.3373 LS, 3.5123
39 3.3373 +5 2.0197 (+s5) 3.1785
40 3.0197 (+3) “.1324 (*5) 2.8761
4. 2.7324 (+s) D424 i+5) 2.6026
4?7 PR PIA (+5) . 2371 (+5) 2.3547
43 .0371 (+5) 1.0242 +5) 2.1306
44, 20247 S <. Y316 [ +5 1.9299
45 1.83 E*sg L6573 Z*sg 1704
40 1.6573 (+5) LA (+5) 1,574
“r roeon (#s) 0 L3569 (+s) 1.4232
L3 1.3509 (+35) 1.2707 {(+5) 1.2923
49 1.2277 (+5) £.1109 (+5) 1.1693
50 1.1109 (+5) £.6517 (+) 9.£603
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Toble 3.[ Corntinued

Grouo Lir:ts

G roup “(Top) Y(1ow) E(Mid Point)
51 8.6517 (+4) 6.7379 (+4) 7.6948 (+4)
52 6.7379 (+4) 5.2475 (+4) 5.9927 (+4)
53 5.2475  (44) 4.0368 (+4) 4,667 (++)
5/, ,.08¢8  (+4)  3.828  (44) 3.6348 (+4)
55 3.1828 (+2) 2.4783 (+4) 2.8308 (+4)
56 2.4788 (+4) 1.9305 (+4) 2.2046 (14)
57 1.9305 (+4) 1.5034 (+4) 1.7169 +4)
58 1.5034  (+4) 11709 (+4) 1.3372 (+4)
59 1.1709 (+4) 9.11¢ (+3) 1.C414 +4§
60 9.1183 (+3) 7.1017 {+3) 8.1103 43
61 7.1017 (+3) 5.5303 (+3) 6.3163 (+3)
62 5.5308 (+3) 4.5004 (+3) 4.9191 (+3)
63 4.3074 (+3) 3.3546  (+3) . 3.8310 (+3)
64 3.3546 (+3) 2.6126 (+3) 2.9836 (+3)
65 2.6126 (+3) 2.0347 (+3) 2.3236 (+3)
66 2.0347 (+3) 1,5346 (+3) 1.6086 (+3)
67 1.5846 (+3) 1.234) (+3) 1.4004 (+3)
68 1.2341 (+3) 9.6112 (+2) 1.0976 (+3)
69 9.6112 2+2) 7.4352 §+2§' - 8.5482 §+2§
70 7.4852 +2) 5.8295 +2 6.6573 +2
H 5.8205  (+2)  4.5733  (+2) 5.1847 (+2)
12 4.5733 (+2) 3.5348 (+2) 4.0379 (+2)
- 3 3.5393 (12) 2.7535 (t2) 30047 (+2)
74 2.7525 (+2) 2.1425 (=) 2.4491 (+2)
75 2.1445 (+2) 1.6702 (+2) 1.5074 (+2)
76 1.6702 (+2) 1.3307 (+2) 1.4855 (+2)
W 1.3C07 (+2 1.03.30 (+2) 1.1569 (+2)
78 1.0130 (+2) 7.8893 i+l) 9.CCY7 §+1)
79 7.8393 (+1) 6.1642 1) 7.0168 +1)
80 6.1442 (1) 4., 7851 () 5,464 (+1)
8L 4.7351 (+1) 37257 (+1) 4.2559 (+1)
82 3.7257 (+1) 2.9023 (+1) 3.3145 (+1)
83 . 2.9023 (+1) 2.2503 (+1) 2.5813 (+1)
84 2.2603 (+1) 1.°7603 (+)) 2.0103 (+1)
85 1.7603 (+1) 1.3710 (+1) 1.5657 (+1)
£6 1.3710 (+1) 1.0671 (+1) 1.2193 (+1)
87 L.Cer (1) 8.3153 (‘og 9.4852 (+0)
88 8.3153 i+o) 6.4760 (+0 7.3955 (+0)
89 6.4750 +0) 5.0435 (+0) 5.7597 (+0)
0 5.0435 (+0) 3.92/9 (+9) 4.45357 (10)
91 3.9279 (+0) 3.0250 (+0) 3.2934 (+0)
92 3.G50 (+0) 2.3324 (20} 2,707 (10)
93 2.1826  (+9)  L.3554 (#9) 2.1189 (+0)
94 1.855% (+9)  1.4450  (+0) 1.6502 (+0)
95 1.4450 é»o) 1.1254 (+0) 1,2852 (+0)
6 1,124 10) 8.7643 (-1) 1.CC09 (+0)
9/ 2.1643 (-1) CLAES (-1) 7.7949 (-1)
93 6.325% . 2053 -1) 6.0707 (-1)
93 5.3153 Ll H25350 (-1) 4L.7279 (-1)
= e _Auw W) nmen f2) 2.8 (-1)

a(-‘.r.) represenss (J.U""')



and different spcctruh; Compérison with 100 gtouﬁ results has
shown that the différcnées in the calculated blanket paramcters
(e.g. tritium brecding ratio) is negiigible. The technique for
collapsing group cross sections and the accuracy of the calcualated

blanket parametcrs as a function of energy group structure

will be taken up in the proposcd studies.

11
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‘Anisotropic Scattering

Because the neutrons produced by D-T reactions have high energies and
the fifst wall a;d structural materials of the blanket are of relatively
high mass.numbers, the anisotropy of ;he neutron scattering will have important
effects on the neutron transport. In addition, the gamma transport is an
important consideration in the quclear design of the blanket, and since
Compton scattering has an important angle energy correlation which becomes

an angle group correlation it is very important to consider the anisotropy

of Compton scattering.’

(a) KElastic Scattering

Consider a beam of monoenergetic neutrons scattered elastically by
a nucleus represented by a potential V(r). The angular distribution of the
scattered neutrons in the center-of-mass system may be expanded in Legendre
polynomials as:

au,) "”;z OaP, (i) | (1)

Where M _1s the cosing of the scattering angle in the center-of-mass system,

' 9 53]
Each term In the sum corresponds to a definite value of angular momentum{ .
To gsec the effect of the various angular momentum components on the scattering,
the folloying argument is presented.

The radial wave equation for a particle of energy E which moves in

a central field of force 18 represcnted by an equivalent one-dimensional problem if the

12



potential energy function Is written as:

2
veff(r) = V(l’.‘) '{j wjiz.(gi-};)_.
2mx

(2)

The second term on the right hand side is called the centrifugal barrier.

Veff decreases with r and i3 equal to the energy of the incident neutron at

the classical turning point R(fig. 3.1). For a given enérgy, R 1s larger for
waves of higher é - That {s the large centr:fugal barrier for high f makes
1t improbable for a particle to be found near the center of force., Thus,

the partial cross scctions,(%‘, tend to decrease with increasing angular

momentum (for a given cnergy). This point is discussed more qualitatively below,

M~
/{

(=}
Y e

Figure 3.1 The potential function V(r) and Veff(r)
for the equivalent one-dimensional. problem.

13



We want to show that the effect of the central force field is negligible

for a particle of a given energy E, and sufficiently larpe 8. In figure 3,1,
the effective potential is positive to the 1:ft of R, and Is large ncar the
origin and therefore the radial wave function,L& , s of exponential type

{+1

in this rggioﬁ. Near the origin, the wave function s proportional to r and
thercefore 1t 1s small in the region in which V(r) is appreciable. To the

right of the point R, V(r) ;s cssentially zero nnd(& 1s sinusoldal, behaving
exactly like a free particle wave function., Hence, for large r, the cffect

of V(r) is negligible because it is essentially zero, and for small r the large
centrifugal barrier for high e makes the effect of V(r) negligible. Therefore,
the intermediate region in the neigh£orhood of R is the. determining factor;

if this region is 1nside the range of V(r) the effccf of the force is appreciable.
On the other hand, {f the region {n the neighborhood of R is outside the

range of V(r), the effecct of the force 1s small gverywhere. In other words,
provided that R is greater than a, the range of V(r), the motion of the incident
neutron is essentially unaffected>by the short range interaction, i.e. no

scattering occurs.

The condition that R is greater than a 1s satisfied if

2 "
V(R) << -L_Q,__(-)Z;;-}.)“ (3)
2mR
In this case
2 p
E = veff o ~E_&£&§ill_ (4)
. 2mR™
and
2 2.,
h“2(2+1) >> 2mg“E : (5

14



This 13 the criterton for Og> to be negligible, "a" is the range of V(r)
and it Js approximately equal to the sum of the nuclear radius and the range

of the nuclear forces from the "surface'" of the target nucleus, i,e,

a = (1,250 /341.0) x 107 3em (6)

where A Ls the nuclear mass number. Condition (5) can be rewritten as

-

Yoy > 0.38 30020 7)

-where E {3 the ncutron encrgy in MeV,

All the refractory metals suggested. for use in fusion reactor blankets

have mass numbers less than 100. Therefore, for 14.1 MeV neutrons, partial

wvaves which make negligible contributions ave the waves satisfying
> 5 (8)

The conclusion from the above is that the order of scattering anistropy

approximation in the first reglon of the blanket must be higher than P It

5°
should be noted that the abuve result (8) establishes only the lower limit
on the approximation, i.e. if the épproximation includes only £ < 5, the
solution is very likely to be poor. How high 2 should be (& >> 5) is not
obtainable from the above discussion. Before discussing how an adequate limit
on £ can be obtained, anisotropy in the laboratory system is discussed.

The above discussion reférs entirely to scattering in the center-
of-muss system and Lt Is necessary to transform the differential cross scction
to the laboratory coordilnate system. This can be carried out using the

(701,

relation

15
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"2 s0-)2 ' | |
o(0) = (v *2veos0)2 - -3(0) @)

'l+vcosuol
where 0= scattering angle in the laboratory system,

Oo= scattering angle in the center-of-mass system}and for neutron

1 .
e}aﬂtic gscattering v = —%%--2 i- (10)
2

where A is the target ncleus mass number.

From (9) it is noted that scattering which is isotropic in the center-of-
mags system will become anisotropic in the_ laboratory system; in particular,
it will be pcaked iﬁ the forward direction. The effect is not significant
for heavy nuclei, but for liéht nuclei it is very important (e.g. even if the
scattering of neutrons by hydrogen is 1sbtropié in the center-of-mass system,
there 1s no back Scattefing of ncutfons from hydrogcﬁ in the laboratory system).
Therefore, scattering anisotropy will be most pronounced in the scattering of
fast neutrons from muclei of all mass numbers and of neutrons of all energies
from light nuclei. Considering the suggested design for fusion blankets and
magnet shields, it may be concluded, that neutron scattering anisotropy is
§ery Important for all reglons of the.fusiou reactor shell.

The difficulty of determining a partfcular L for tyuncating the Legendre
polynowial expansion of the differential cross section stems from two facts.
First, tﬁe convergence of the -expansion is slow for some elements (e.g. Lithium-7).
Second, the error involved in truncating the expansion is not to be measured .
in terms of the error in estimating the differential cross section but in
terms of the effect of the truncated terms on the anisotropy of the angular flux
and hence on the desired results. To see this more clearly, consider the scattering
soufce in the transport equation.(see Appendix—A) which can be written as

. f{ n( O™ . > > > s r. | )
scattering source = Jdu JdQ,L(r,E. > E,Q » Qu(r,E7,Q7) (11)

16



The flux can be expanded In assoclated spherfcal harmonics and the transfer

cross scctions In Legendre polynomials as follows:

(%]

1+
Ve =TT £, (EP® (12)

£=0 m=-% m

and

E(LET > B,07 > Q) = ) L) (x,E" > E)P, (2.2 (13)
L=20 '

Making use of the properties of the spherical harmonics, in particular

4 .
the addition thecorem, it can be shown[7‘]that (11) can be rewritten as

- [I T o - S m '
D -—————— 5 - 3 - . I ) N 1
j dnzz ZRHLQ(r_,L > L)fg’ (x,E )P?,(S‘,) (14)

From this result it 1s seen that the effect of the Lth component of the
differential cross section, 22, Is "weighted" by a corresponding component
of the flux. It should be-notcd that the flux "anisotropy" in a particular
region of a system does, not depend only on the differential eross sectionA
but on characteristics of the whole system. From expression (14) it is noted
that the anisotropy of the scattering cress section is important only

to Fhe extent that the flux itself is anisotropic and no Zz will be
significant in the scattering source (aud hence in the solution ¥(x,E,R)
and conscquently the desired results) unless the flux also contains an
important component of the same order. This obscrvation suggests the
following procedure for approximately determining the highest L (in

truncating the Legendre expansion of the differential cross section)

which has algufflcant contribution to the solution P(x,E,Q). Flrst, the
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Lrnnsport‘culculaLion ia made wiLh.Lhe h:ghest PL whigh i{s practically
possible. Second, the angular flux fs examnined to determine the signiftcant.
moments. The order of approximation whi;h best fits the angular flhx

1s the order of approximation which shouid be considered for the differential
cross sectjon expansion., Many complicated interrelated factors are involved

here. "Computatlonal experiments'" will be useful in this regard and
I P

further theoretical investigation 1s needed.

(b) Inelastic Scattering

In compound elastic and inelastic scattering, (n,2n) reactions,
and other reactions which pass through the formation of a compound nucleus,
the neutrons emftted are often fairly isotropic. - However, angular distribution
measurements are avallable for use, éincc the anisotropy is not as
strbng as for elasticaelly emftted neutrons, the order of anisotrepy
required for elastic scattering angular distributious will be more than

adequate for fitting Inelastic scattering aagular distributions.

(c) Compton Scattering.

The subject of photon collissions and the anisotropy of Compton
scattering will be digcussed in detail later fn this chapter. It may be
mentioned here that the applicable differential cross section is a
complicated function, and at high enerpgies many terms of Eq. (13) are

requived to represeat the scattering transfer accurately.

(d) Reniarks
Adequate representation of anisotropic scattering is extremely

Important In transport calculations for fusion reactor shells for several



reasons. First, the fusion reactor blanket and shield has a "surface"
neutron source at one boundary and the other boundary (shield-magnet

boundary) 1is approximately two meters distant. Thus the fusion reactor shell

represents a severe deep penctration problem; the distinguishing characteristic

of a penctration problem is that one can not often get by with a poor

approximationle]

. Second, the superconﬁucting colls are cryogenically
cooled, 1t is extremely important to calculate the number and cnergy
spectrum of the emerging radiatlon, and those particles which are scattered
with little or no change of direction have the greatest probability of
escaping. Therefore, it is particularly impérfant to treat anisotrépic
scattering accurately. Third, the energy spectrum of ncutrons and photons
in fusion shells extends to hLéh cncégies where anisotropy of the scattering
is most pronounced. i

In addition many considerations have to be taken into account when
anisotroplc scattering is treated in the discrete ordinates m;thod. For
example, angular quadrature séts-which correctly integrate Legendre
polynomials are required when the.problem involves anisotropic scattering.
For example, if the flux were constaﬁtvin angle, the evaluation of the P2
moment might give a non-zero result, and neutron balance would be affected.
In addition, the isotropic coéponent of the flux could include other
contributions from higher moments. In general, for anisotropic scattering,

the order of the quadrature (n in Sn) should be, roughly, twice as large

as L and at least 84.
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NUCLEAR DATA

Onc‘of the most important rgquirements for carrying out the
neutronics design of fusion rcactor blankets is thé availability
and accuracy of neutron and photon cross sections for all nuclides
used in the blanket over the cnergy range of interest. One of
the goals of this study is to compile a complete set of miscroscopic
cross-section data for all nuclides of potential value in fusion
reactor blankets. The data should belcompilcd in a form wh}ch
can be readily processed by a digital coﬁputer.

The philosophy is to obtain fine-group sets based on data
which.is reasonably well documented and recently evaluated. If
some cross~scctions have not been measured or if the experimental
results are of doubtfui aécuracy, the cross sections should
then be estimated theoretically.

A reliable and efficicent way of storing the large quantity
of information collected is to employ mﬂgnetic tapes using several
files. Data retrieval programs have been written to edit,
puﬁch, or write on a magnetic tape any required portion of the
data. The following subsections are intended as an abstract
of the data already obtainced and organized in a "Fusion Blanket
Neutronics Data Library" hercafter referred to as"FBN/DL". A
few words about the sources of data and how it was generated

will also be given.
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Multigroun Noutron Cross-Secctions
. Fine—group parameters and group-to-group scattering matrices
were cbtained as the DLC~2C[39]data package. DLC-2 was generated
[37]

by the program SUPERTOG from nuclear data in either point—by—38]
point or parametric fcspresentation'forms as specified by ENDF/B( '
versibn II. This data has been averaged over each specified
encrgy group with the assumption that the flux (used as a
weighing function) per unit lethargy is constant. Resolved and
turesolved resonance contributions have been calculated where
resonance data is available using the infinite dilution approxima-
tion. DLC-2 consists of fine group constants such as one
diwensional reaction arrays (fission, absorptiocn, etc.,) P, elastic
scattering matrices, and inelastic and (n,2n) scattefing matrices
which were generated, combined and written in the ANISN format.

The maximum orxrder of approximation to the elastic scattering
angular distributions represented in this data is Pg. It has
a 100-group structure with energy group boundaries previously
shown in Table [3.1]1. The data are intended for use in multigroup
discrete-ordinates programs (c.g. ANISN) or Monte Carlo transport
codes. Information such as ine;astic and (n,2n) scattering

cross sections can not be obtained from this data since they have

already been conmbined with the elastic scattering matrices.

Multigroun Photon Cross. Sections

The gamma cross scctions as used in transport and heating

calculations result from a simplificd picture of the complex
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interaction processcs of gamma photons with matter. . The primary
processes that arce acéountcd for in the gamma transport and heating
calculations underthken in this study cre the photoeclectric
effect, Compton scattering, and pair production. All other
pProcesses make negligible or very small contributions to the total
Cross sectign. The theﬁry of these processes is treated in detail
(511

in Heitler's book e

The differential scattering law generally used is the formula
derived by Klein and Nishina for Compton scattering on the

43,

basis of reclativistic quantum mechanics. Evans[ : gives an
excellent approximation for the differential Klein Nishina collision
cross section for unpolarized photons scattercd from a free elecltiron
at xest as

-

v —:m - sin%0) (1)

-9 )
=) (St

and since the frequancy of the scattered photon is related to the

scattering angle by the relation,

1

v

— 3 e ——— T 2

v 1+ a(l-cost) 2)
the differential collision cross scction can be rewritten as

2 2 2
1.2 1 - 2 a” (l~cos0)
- 1 SO s“ 0+
e o(v, 0) 2% [1+a(l-cos®J {1+cos®0 l+a(l-cos0) ) (3
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where
a2
r = 5 (classical clectron radius, 2.818x10713cm)
° m C
o
e,m, = are the charge and rest mass of the electron, respectively
v = frequency of the incident photon
v’ = frequency of the scattered photon
0 = angle between incident and scattered photon directions
2
== \Y
a h v/ m,c

~——

4

To obtain the expression for the total Compton collision
cross section ed(v)} we integrate Eg.(3) overall permissible
values of @

i
e§(v) = !eo(\),G)ZNSinOdO _ .

° (4)
2 2 *
. .| * B T
2 [ 2§1FW) - L E 3a2 - ~£g*—:~—gl-ln(l+2a)] cmz/electron
a” (14+2w) (1H2a ) 2a

= 2ur

For photon multigroup calculations, collision cross scctions

that account for all the photon-electron collisions in a
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given energy range comprising a given encrgy group are nceded.

The Compton collision cross section for energy group g,

e

o8 y can be obtained by averaging ,

a(v)

range of group g using the incident photon flux, ¢$(v),

as the weighin function.
s) g

vB
2
[g' $(v) o (v)dv
v .
£ V1
e =
Vg
2
[ 6 dv
8
vy -
m c2 2 2
.— O'yl
nel (-2 1[7(“ HATHER L L0222 4 (149 1 () d
o h (14) )) 3
68" ].. a3 Q a
e
: 2
[ ¢ (v)dv
M
wvhere ) hv%
% 2
m ¢
o
2
- 2
mc
o
and v% and vg are the linits of the frequency band.

over the frequency

(5-a)

(5-b)



Since only the anergy fraction vy /hy appears as scattered
radiation, the differential scattering cross sectioneo8 (v, 9)
and the differential collision cross-section have the simple

relationship

. v .
I (V30) = = 0(v,0) (6)
r2
o V'3, v ' 2
—.“5".(v ) (_v’ F' 5~ - sin’0)
or
2 N2
12 . 1 3 2., a“(l-cosf)
oI (V2 0)= 3T [1‘*_‘1(1_(:050‘5— 17 {14cos™ o+ Tre (1-co53) )

The scattering cross section,eos, can be obtaincd by
integrating Eg.(7) over all permissible angles6. The Compton
absorption cross-section, (,9;), is the difference between

eand 9 . The Conpton absorption cross section is used in_

calculating ecnergy deposition from secondary gammas.



To derive the scattering moments of the group transfer cross sec;ions,

it 1s assumed that the Klein-Nishina formula can be represented by

[o0]
(1), .. v 28+1 . £ 1) JPS 8
o (k,0) =] Anf—Pg(coJO)&SR(L r E%) (8)
n=o
P
where o (£,0) = eOS(L,O)Zi
and Zi = the atomic number of element 1
Using expression (7) for Pé§>, an expression for Oéi)(E,E ) can be derived
2 5 i ?4

from Lq. (8)s The rcquired group transfer cross scctions for each order

of anisotropy,( ,» are given by

F'h E (i)
femaef B ¢l > EY)ar”

1 L
W «h _ ot (9)
sk Eh ‘
[ ¢@®”)dE”
Epe1

‘

where Eh’ Eh+l are the energy bounds for the energy group from which the

photon {is scattered,

and Eg, E?+1 arc the energy bounds for the encréy group to which the

photon 1is scattercd

Almost all existing Computer codes (ref. 43, 44, 45, 48) which generate
photon-multigroup cross sections utilize the method outlined above for
calculatlons of gorup transfer cross scctions and the contribution of
Compton effcct to the total collision cross sections. The palr production

and photoclectric absorptioh.cross sections are usually read in from a data
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library. Tor example, the computer program GAMLEG 69 uses the analytic
: y .
" 4
approxiwations presented by Biggs and LigthLllbgG]’[‘7].

MUG[48],

a revislon of program GAMMh, was obtained and operated on
the UNiVAC—llOB computer for the purpose of generating photon multigroup
€ross sections for use in photon transport calculations for the blanket
and magnet shield of a fusion reactor; MUG calculates multigroup photon
cross.scctfonu up to a maximum of 100 proups, with transfer coefficients

Fepreseanted by a Legendre expansion contalning terms up to the P term,

12
The multigroup photon cross sections generated for this work have a

21-group structure, with the energy grous boundaries shown on table 3.2.

B

Secondary Gamna=Ray Production Cross Seetions

In performing gamma-ray transport calculations, secondary gamma-ray
spectra must be available in addition to G-group to group cross scctions.
In the following, the G-ray spectra data used and the code vhich converts
this spectra to Secondary, gdamma-ray production cross sections is discussed.

The avallab{lity of the spectra of gamma rays following various
neutron induced reactigns ¢ (n,¥), (n,n7Y), etc.)has iucreased during the
last few years. Yicld arrays for reactions are found in the literature
in several forms:as the intensity of photons emitted per photon-producing
reaction, as the actual cross sections for the production of photons due
to the reaction of Interest, etec.

The POPOP4 library[szl is a compéndium of secondary gamma ray data
for the various neutron induced reactions. There are two types of data in

the POPOP4 library [52]

Is a compendium of secondary gamma-ray data for the
varlous neutron-induced rcactions. There are' two types of data in the POPOP4

library: (1) the {ntensitics of secondary gamma rays resulting from
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Toble 3,2 Gowmma-Ray o rivy Group Structure

. . . Mid-Point Enerpy or
¥nerpy Limits &y

Group | ‘ (iev) Impoz(';::z:tj Line
1 1.0 - 312.0 13.0
2 12.0 - 10.0 . 1.0
3 10.0 - 8.0 9.0
L 8.0 - 7.5 _ ' 175
p 1.5 - 1.0 7.25
6 1.0 - 6.5 . 6.75
7 6.5 - 6.0 : 6.25
8 6.0 - 5.5 5.5
9 5.5 - 5.0 ' _5.25
10 5.0 ~ k.5 ' b.75
1) h.s - h,0 4.25
12 .0 - 3.5 3.75
13 3.5 - 3.0 .3.25
il 3.0 - 2.5 ' 2.5
35 2.5 - 2.0 2.22%
16 ' 2.0 - 1.5 ' LTS
17 1.5 -+ 1.0 - 1.25
8 1.0 - 0.4 ) 0.70
19 0.h '~ 0.2 0.30
20 : 0.2 - 0.1- 0.15
21 0.1 - 0.01 - 0.055

— e POUSE— ——

Q.. : . : -
The 2.22 Mav hydrogen canlure gamaa ray dominates this
¢group. '
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neutron-nucleus tnteractions (ylelds), (2) the sccondary pamma-ray production
Cross sectlions for neutron-nucleus Interactlons. The iihrary in its presenat
form contains 2413 data seta and a good effort is made to continuously up date
it.  The rorPOP4 Iibrary is used with the POPOP4[&9]c0de which generates ncutron
to gamma-ray multiyproup transfer cross sectisns for eventual use in coupled
multigroup calculations.  POPOP4 canvofts the appropriate data sets from the
glven cnergy structure to the neutron-ganma multlgroup energy structure
required for coupled transport calculattions; If a data set is
in terms of gamna ray intensities per neutron induced reaction (yields), the
code multiplics the converted multigroup intensities by input multigroup
neutron reaction Cross sections to give multigroup secondary gamma ray
production cross sections. The nmultigroup neutron reaction cross sections
must be Independently calculated and flux weighted with another appropriate
code. ANISN i3 used for this purpose here. If a data set is glven in terms
.

of secondary pama-ray production cross scectlons, the code converts the
data from a given ncutron—gamma.cnergy gEroup structure to the required
heutron-gamna cnergy group structure. Finally, the code sums the
converted cross sections Ffor the various reactions included in the calculétions,
e.g., (n,Y), (n,n/X), etc., to give secondary gamna-ray production cross
sections for the nuclide of interest,

It should be noted that the secondafy garma rays produced In calculations
uslng»cross scctions obtuined as described above are assumed to be emitted
isotropically. The possibility of incorporating anisetropic production into

this procedure will be investigated.
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Coupled Heutron- 6. ;Hi‘.‘.f_l—_}:!ll'l(_‘_i_}':.1'}"!‘11)‘“(A‘.-.'INL(_‘._l itations

For gamma transport calculations, the source of gamma-rays within the
‘blanket must be described accurately. Description of this source requires
the calculation of the number, spatial distribution, and energy of secondary
gamma.rays produced by neutron-induced veactions within the blanket materials.

One of the Qossibilitics for doing such calculations is to proceed as
follows: (i) ncutvon multigroup tranSpnrﬁ calculatlonsiare performed,

(i1) the neutron spatlal distribution is then uwsed with the secondary
gamma--ray production cross scctlons for calculation of the gamma-—

ray source, (1ii) this sourcé is used for a_second run of the traansport
code to perform gamna multigroup transport calculations.

Another and more efficient method is to couple the neutron and gamma
multigroup cross sections into one multigroup set which can be used for
a conlcd neutron--gamma multigroup calculation.

To simplify the discusstion, cousider the Boltzmann transport equation‘

for one of the gamma encrgy groups, g, with isotropic scattering assumed

- - - N . -__].- = -
Govp G 4 [P ¢ G+ gz (DI (DT ()

tr ©
Cad e e ¥
3 bg(l 16) g (”rz;”(bg’(F)xg" K g(r) (1)

The terms on the left hand side repreéent the losses from group g. The
second term on the right hand side is the source for group g from downscatter
from all higher gamaa energy groups. The term SP(?;ﬁ) accounts for all gamma

bl

production in group g. Tn the absence of an external gamma-ray source,



the term Sr(f;ﬁ).Js the number of photons produced in group g form all

neutron-induced, Y-ray producing rcactions for all neutron encrgles, 1.e.

> \ > -~ P r. »
S (r,ﬁ) =Nr>¢.(r,Q ) o, (ﬁ ,ﬁ) dfd (2)
8 1573 i
>
where ¢j (r,ﬁ) = angular flux for neutron group j
P ’ . .
0j+g = number of photons produced with energices in

group g from all neutron-induccd reactions in
neutron group j.

N = nuclide density

In the first method, based on independent neutron and gamma transport
caiculations, the st are calculated in the neutron transport run
and then used to calculate the Sg ® yhich are used as an external source
inbut to the gamma calculations.

Next, suppose the ncutron cross sections arc avallable for ING neutron
aroups, the gamma-ray cross secctions for IGG gamma groups, and the O P Cross
sections for both the ING ncutron and the TCG gamma groups. Let these
sets be formed into a cross gcction set of ING plus IGG groups with the
highest ncutron cnergy group as group 1 and the highest gamma energy
group as group ING + 1. The transport calculations with the coupled
set will not change the neutron calculation procedure, but the transport
equation solved for gamma rays will have the secondary gamma-ray source
provided for automatically via downscattering terms from ncutron energy

groups.



A computer code is being written for coupling Pn neuﬁron crﬁss scection
sets, Pn gamma ray cross section sctg, and multigroup secondary gamma-ray
production cross sections, To understand the coupling technique explained
above and what the coupling code will do, the following discussion
ts in order. |

The coupling program will b2 written with the output intended for use
with the ANISN code. The cross scection format required for ANISN is
Oxpiaincd in refcrencc(33). When there is no upscatter and no activity

cross sectlons, ANISN requires a table of croas sections for each energy

group g for each material, in the following format:

i
/

Position Cross Section Type
| Y
- a
2 V%
3 O
1HS=4 Oprg
THSH+L g
g__l..)g

M .o
‘ E_NDS-g

where THM is the’lcngth of the cross section table, IHS is the position of

o] (sclf-scatter) in the cross secction table ( = 4 when there is no activity

Yy

cross sections and there is no upscatter), and NDS is the number of groups of

downscatter.
Agsume that the coupled necutron gamma energy group structure consists

of 52 neutron energy groups, and 21 gamma encrgy groups. Conslder aPO cross
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scction set.  The cross scctiuns for the first 52 groups contaln the appropri-
‘ate O vof, Oops PO neutron downscatter matfix and zecroes to complete the
-downscatter matrix. Groups 53 through 73 contain the appropriate Obs? (v0f=0),
Oops Po gamma-ray downscatter matrix, and the multigroup secondary gamma
ray.production cross sections. That is, the positions-within the down

séatter matri&cs.for aroups 52 through 73 - which represent downscatter

from group 1 through proup 52> contaln the multigroup preduction cross
sections (POPOPA cross section)i As an example, the P0 cross sections for

groups 25 and 71 have the following format

Pogition Growp 25 Group_71
1 c’a' Gabs
2 i Vg 0.0
3 U o,
4 T25+25 %71071
"" %2425 97071
| | |
| l |
| | |
20 U945 I55+71
21 Tg+25 954+71
22 97225 I53271
23 | 9625 osg »71
\
24 Y5425 951071
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Posttion - | Group_25 Group 71

) , P
28 ) s %47+71
' P
29 ' 0.0 Cher11
P
?0. | Oio %45+71
73 »
0.0 T2471
' P
74 | 0.0 0171
75 ' 0.0 . 0.0
76 . 0.0 0.0
where U P is the production cross section from (neutron) group i to

i .
J (pamma) group j.

\ 3 .
The Pn'"” for other values of "n" for neutron and gamma~ray cross

gcction sets are similarily coupled.



B) MNuclear Heating Rate Calculatlons

The englneering desipn of thermonuclear blankets is largely dictated
by the temperature and stress limitations on materinls‘and the methods of
heat romovai. The heating in the blanket arises from two independent heat
loads: (1) the heating by absorption of plasma radiation, and (2) the
nuclear heating arising‘ffom neutron--induced reactions and secondary
gamnas. The penetratlon depth of bremsstrahlung and synchrotron plasma
radlation within the first wall (heavy solid). is very small (about 1mm);
thercfore the enevgy deposition of the plasma radiation is very nearly a
plane source at the vacuum boundary. The amount of héat deposition from
plasma radiation will depend on plasma conditions which can not be well
defined at the presont for a full scale reactor.

The following procedure for heating rate calculations will be adopted.

The heat generatlon ratefron neutrons and secondary gamnas will be investigated
in detall., The plasma radiation Qill be approximately calculated for

different sets of plasma conditions; and for each case the plasma radiatlon
heat deposition will be added to the neutron and, gamma heat load in the

first millimeter of the first wall.

Betore going into detalls about heating rate calculations, it is appropri-
ate to define first the terminology "fluance-to-kerma factors" recommended
by the Imternational Cernmission on Radiological units and Measurements (ICRU)IGS]
which will be used in this study. In the phrase "Fluence-to-kerma factor",
"{luence" Iy the time integrated flux and "kerma" is the kinetlc cnargy

released in materfals. Kerma s defined as the total kinctiec enerpy of
I ma L

.



the chnrgcd.pnrticles that is producgd by indircctly lonizing radiation, i.c,
_neutrong and gamna rays, pex unit mass of :he irradiated matexial, The
fluence~-to-kerma factors will bé referred to as "kerma factors'. Mlcroscople
kerma factors, i.c. the total kinetié energy released ''per material atom"
rathcf than per unit mass, will be the factors used In thils work as a matter
of convenience.’

‘The heat generation rates will be calculated in terms of predetermined
kerma factors for the material composition cf the system. Since kerma is
concerned only with the encrgy veleased at a point rather than the subsequent
particle or photon transport and cnergy doposition, the accuracy of calculating
a kerma factor is limited only by the accurac? of the nuclear parameters.

For practical purposes, the kerma factor is customarily taken as equal to

N (561

the cnergy deposition at the point ol neutron Interaction The cnergy
deposition due to the sacondary gaman rays nroduced by neutron rédiativc
capture, Ineclastic gcattering, or other gamna-ray producing reactions will
not be included in neutron kerma factors. Separatc gamaa-ray kerma factors
will be used to account for the encrgy deposition due to the secondarty
gamna-rays.

Heating by neutrons at any spatial polnt can be expressed simply as

24

IGN [ max

-¥ -+ S >

Hn (r)=Neutron leat Generation Rate at r = NC 2 E Oj(E) Ej(E)¢(E,r)dE
. -5

g=1 r'mln 3

(8-1)
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vhere

‘ 2
microscopic cross section of reaction j (cm /atom)

g =
j .
Ej = encrgy deposited by reaction j for a neutron of energy E
= neutron flux at r and :znergy E withing group g

¢(k, )
. : ' ) 3

N = nuclide density (atoms/em™)
ES and 8 are the lower and upper bounds, respectively for energy
“min max
group g.

C = conversion factor to convert from the energy units used for E

to other convenient units -

The sum over g is taken over all neutron encrgy groups IGN., Equation B-1

can be rewritten as -

IGN
H (r) =NC ] Qj 05 B g 4, () (B-2)
g~1

where

-> : .
¢g(r) = average neutron flux at r in energy group g (n/cmzsec)

Ki m(; o éﬁ) defined here to be the microscopic kerma factor (or kerma

7 8
jJ
Per unit fluence per atom) for ecnergy group g.
The microscopic kerma factors for the various nuclides of the blanket

. , 1
are determined for a fine energy group structure using either a flat or B

welghing within a group. The kerma factors for the fine group structure
ave then weighed with the flux spectrum of a representative fusion shell
obtained from a transport calculation to produce kerma factors for the

desired group structure intended for use in the blanket design.

\ *
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The EJ referred to in the above ecquations is obtained by summing the
average initial kinetic enefgies.imborted to.the struck nuclei and the
kinetic cnergies imparted to the charged particles cﬁitted. The methods
used to calculate the energy released by each type of reaction are discussed
in ref. (56).

Solomito ét al have combilcd a neutron kerma library for a limited

[57] evaluates neutron

rumber of wmaterials. The computer program AVKER
kerma factors for any desired composition that can be made up from elements
available in the kerma library for any arbitgary group structure within
the energy limits of 19.2 MeV to 0.023 eV. |

Since the neutron kerma library is only avai@abie for a limited
number of materials, the neutron kerma factors fo£ other materials of

interest in fusion blanket and magnet shield design need to be calculated,

The gamma-ray kerma factors can be detervfined from the following

expression
.'Eg
Bufo, = o [max E-1.02) + o .(E)E +
KZ = },oabs = x5 [ [opp([:)(, 1. OPE A
& Jg8
min
oc.a.(h)h]dh . (B-3)
where

K? = the gamma-ray kerma factor for energy group g (ergs/atom)/(gamma/cmz)

E = gamma-ray energy within group g (MeV)

AEg energy width of group g

Opp(E) palr production cross section
GPE(H)n photoelectric cross section
. a (E)= Compton absorption cross scction

C = conversion factor ==‘1.602:‘:10~6 crgs/McV

38



The encrgy depositlon from palr production is corycctcd by subtracting
. 1.02 MeV from the interacting photon encryy. This accounts for the fact
that while the kinetic energies of the pair produced is deposited at

very nearly the point of productlon, their rest masses are converted to

two 0.511 MeV gamma-rays by the annihilation process. The two photons
prdduced in the annihilation process are placed in the appropriate gamma
energy group.

Implicit in the use of the above U—Lay energy deposition is the
assumption that photoclectric effect, pair production, and Compton
scattering are the only procosges that contributc to heat deposition, and
that all other possible second.order processes are negligible. The code
MUG discussed earlier calculates the gamma-ray mu]tlgroup cross sections
and it can be used forwdctermiuing gauma ray kerma factors for the same
energy group structure which will be used in the gamma-ray transport
calculations.

The procedure used in this study is that microscopic neutron and gamma
kerma factors are generated by programs AVKER and MUG for 100 neutron
encergy groups and 21 gamma ray energy groups. ANISN is used next to
perform group reduction us&ng a typical fusion blanket flux spectrum. The
predetermined microscopic kerma factors are in the units (erg/atom)/(particle/

2 . .
cm”), The heating rate at point r can be determined by use of the expression

Total Heat generated at point ¥ = H(¥)

IGN 66
=CIZN1() KE, ¢<r)+2 K 0y () )

~
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where |

. . i 2
Kﬁi = kerma factor for neutron group g for nuclide i (ergs/atom)/(n/cm™)
> 2
¢8(r) = neutron flux in group g at r (n/cm sec)
. 2
KX? = kerma factor for Ygroup h for nuclidef(ergs/atom)/(gamma/en™)

>
¢h(r) = photon flux in group h (gamman/cmzsec)

N1 = nuc}ide density (atoms/cm3)
IGN = number of neutron energy groups
IGG = number of gaﬁma energy group

and C = conversion factor.

-+

H(r) can be calculated then throuzh the ANISY activity option, with the
nuclide density input in the mixing table modificd with the desired
converslon factor C.

™ followina €low chart shows the various stens for nreparine

the nuclear data reauired for computer calculations of this study.
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SECONDARY_CAMMA PRODUCTION X-SECTS.
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NEUTRON KERIA FACTORS
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C. The Neutron-Induced Activity of The Blanket and Shield Materials
The blanket and shield materials will be activated by the high
neutron flux and the levels of induced radicactivity may be high. For

(67]

example, Blow has shown thdt the activity of a segment of the first wall
300 cm in diameter, 0.5 cm thick and 106 cm in length, will be of the order
of 17 megacurics at the epd of a 20 year irradiation period. The energy
release from rndioactiQe decay is also a serious design consideration for
loss-of-coolant accideats. D, Dudziak[63]has shown that the afterheat from
a 5-GW(th) D-T rcactor is at least 30 MW when niobium is used as the structural
material., Since radiélogicnl hazards, cnvironmental problems and public
safety have become of great concern, the induced radicactivity and the after-
heat problems form radioactive decay power are important neutronic considera-
tions which enter as coustraints on the selection of materials,

In a fusion blanket environment where the neutron energy specturm is
wide, the number of possible reactions are large: (n,2n); (n,d1), (n,y), (n,a),
(n,p), etc. Many of the traasmutation products are unstable, primarily
with respect to /3 decay and y-decay of isomeric states. Like the angular
flux In transport calculations, investigations of induced rhdiocactivity
have an analojous quantity which must be calculated: the reaction
products nuclide densitles. Unlike fission reactors wherce one has to
calculate the nuclide densities for several hundred fission products, in fusion
reactors one has to cousider only a few materials which are possible

candidates for usc In fusion systems. On the other hand, since the number

of possible neutron-induced redctions in a fusion blanket environment is



rather large, the number o) transmutatin products for each nuclide is

“largpe.

{66)

One can plcutre each nuclide number deisity as a node . lLach
node is coupled to one or more nodes by neutron capture, (n,2n), a-decay,
beta decay, gamna decay, ete. Figure 4.1 shows some possible transmuta-~
tions of Ni. The procesgcs can act as sources to Ni. Figure 4.2 indicates
the important reactions in niobium activation. These reactions .are not
all equally important. The dominant rcactions‘vary form one material to
another and depend on the flux sbectrum. For example, approximately
807% of the activity associated with niobiun in a fusion blanket environ-

. 93

ment is cansed by cexcitation of the first excited state of Nb in

inelastic scattering. The dominant reactions in the magnet shield are

4

generally not the same as in th2 blanket.

The balance equation for the nuclide density Ni can be written as:

Y, (5, 1) . | )
u\;t = Ri(r*,c) + 3yt N - AN NJ oi(£,5)¢(}’,s,c)dz (1)
33 E

where
R, = rate of ecxternal addition or removal of nuclide i
(introduced for convenience in handling circulated
materials)
Y, the probability per unit time per atom of nuclide
j forming nuclide i

Ai = decay constant of nuclide 1
o, = mnicroscopic reaction cross section of nuclide i
¢ = neutron flux



’ -+ -+
The reaction rates { Oi(r,E)¢(r,E)dE are recadily

'y

obtainable from the ANISN program computations through the activity

option. To simplify the above cguation define:

- . = "L - . .
Ai(r) = Ci(r,h)w(r,h)dh

E
IGM N -
= 2 oy (r)$ (x) (2)
g=1 g g
where IGM 1is the numbc; of neutron groups; N
> -r
pi(x) = A+ A (D) (3)

,

Ai(¥) is obtained from ANISN calculations at cach spatial mesh point,
tehn Ni(¥’t) is determined fdr each spatial point and the total nuclide
density Ni(t) is the space integral of Ni(i;t) over the zones in which
nuclide 1 appears. Therefore, for one spatial point, Eq. (1) can be re-

written as

dN, (r) _ i,
i R () + Ly Ny - BN, _ (4)

3 =12,3,...,J

1=1,2,3,...,1

These are T coupled sets of 1lst order ordinary differential ecquations

and they are a sufficient description of all nuclide number densities.
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A difficﬁlty in obtalning a closed form solution arises from the presence

9l m

of two (or more) nuclides feeding each other. For example Nb (sce

Cfilg. 4.2) decays to the ground state by isomeric

transition and the ground state contributes to the isomeric state through
the (n,n') rcaction. The isomevic states nust be genoraliy included
because of the relatively Jong life-time associated with some of these

_ o o 93M , i L e
exclted states (e.g. Nb has a half=life of 13.7 years and in facrt,
it contribntes approximately 804 of the total induced activity in the
Niobium chaines as was indicated earlier). Numerical solution of Eq. (4)
will be used.

»S i,s - . P

Once Bi and Yj and Ri at one spacc point are specified together
with the appropriate initial conditions, the set of coupled equations (4)
can be solved by numerical integration. With a similar soluticn for each

spatial point the complcte‘solution for the nuclide densities Ni(r,t) is

obtained. The induced activity at any time t is simply

M - - N
) oz A (Y (D)

j=1 1
where AVJ is the volume of the space interval j and IM is the number of
space iuntervals. After reactor shutdown the set of equations (4) are
easy to solve. In fact a closed form solution exists (the nuclides
are coupled by radioactive decay only in the absence of a neutron flux).
Calculation of afterheat at any tis@is straight forward once the nuclide
densities of radiocactive products are calculated and their disintegration
energles are known. The afterheat from cach material 1 at time t is Ei xiNi(t)

where Ei is the enecrgy of emitted particles and gammas.
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From the above considerations it is clear that formulation of the
activation chalins is the first and basic step. In fact, it is the most
difficult step because of the lack of data for many reactions and the
data uncertainty for many others. A careful quantitative analysis of
radionuclide.activation muét access the contributions from (n,P), (n,q)
and other reactions besides (n,Y),(n,2n), (n,n') and (n,3n). The data
problems discussed in connection with the transport calculations are
more severe in accessment of the ﬁngnitude of the induced radioactivity.
Also, computing and compiling decay cnergies is a time-consuming task;

but the excellent compilation by T. England[66]

will’be most helpful
in this regard. Mntheﬁntical description of the activation chains is
straight forward, and calculation of nuclide densities requires an
effecient computer program to handle the genaral set of differential
equations showing in Eq. (4).

In summary, the purpose of this part of the study is to compare
neutron-induced activity and affcrheat for m&terials which are possible
candidates for use in fusion reactor blankets and magnet shields,

In addition, the effect of varying the necutron energy specturm, power

level, and irradiation tlme will be examined.
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FIGURE 4.1

Some Transmutations of Nuclide N, (from ref., 66)
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