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Abstract

The accuracy of calculating ‘kerma factor’, which is the response function for nuclear heating is very important in
many applications, particularly fusion systems. A computer code, called MAZE, has been developed primarily for
evaluating neutron and gamma kerma factors based on an improved modeling and a capability to analyze basic data
and evaluate consistency in preserving energy. Kinematics equations and energy conservation considerations are
modeled in the code. The code has features that allow comparison and analysis among different methods of
calculating the kerma factor and it provides users with data information needed to make user-oriented selections from
two to three, often different, results. A kerma factor library, called MAZE-LIB, has been generated with MAZE for
most of the materials of interest in fusion based on the most recent and accurate data available, FENDL library,
which is the nuclear data library selected by ITER. The kerma factor library provided in this work is the result of
an extensive analysis of nuclear data and careful selection from among often different results from the different
calculational methods. It was shown that some data inconsistency problems in preserving the energy still exist in the
FENDL library. Some problems with the widely used computer code NJOY were exposed during the process of the
kerma factor evaluation, which is crucial at this stage of fusion research, since NJOY is the primary nuclear data
processing code selected by ITER. Comparison with nuclear heating experimental data, derived from very recent
integral experiments with 14 MeV neutrons and the analysis of the uncertainty in prediction have been carried out
using the newly developed kerma factors. Comparative analysis shows that the new kerma factors generated in this
work result in better agreement with the experiments than those obtained from previous work. The calculated-to-ex-
perimental values (C/Es) obtained in this work indicate an overestimation of the gamma production in the basic
nuclear data library for certain elements. The integral and differential heating profiles along with knowledge of the
contributing partial kerma factors, which are generated in this work, could in principle, provide input for sensitivity
analysis and be used to improve the basic nuclear data and kerma factor evaluations. © 1997 Elsevier Science S.A.
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1. Introduction

In any nuclear systems, accurate calculation of
nuclear heating is necessary for the prediction and
analysis of the thermomechanical performance,
safety, radiation protection of components and
biological dose. The nuclear heating is the sum of
neutron heating and gamma heating. The neutron
heating is the local energy deposition by the recoil
nucleus and charged particles emitted from neu-
tron interactions with matter. Gamma heating is
the local energy deposition from gamma-ray inter-
actions, the most important of which are pho-
toelectric, pair production and Compton
scattering. Normally, gamma heating calculations
are simple because gamma-ray interactions are
well understood and the reaction cross sections
are known accurately and can be expressed ana-
lytically. In general, the major source of inaccu-
racy in the calculation of gamma heating is errors
in calculating the gamma-ray production source.
In contrast, neutron heating calculations can be
complex because of the enormous amount of ba-
sic nuclear data required. In a fusion system
operated on the Deuterium—Tritium fuel cycle,
the neutron spectrum extends from very low ener-
gies to about 15 MeV. The variety of possible
neutron induced reactions and the multiplicity of
reaction products make neutron heating calcula-
tions relatively difficult. The difficulty is com-
pounded by the lack of some data or inaccuracies
in available ones.

The key response function for neutron heating
is the neutron kerma factor. Abdou [1] used mo-
mentum and energy conservation principles to
derive expressions for calculation of neutron
kerma factors. He also developed a code to pro-
cess and analyze basic nuclear data and to calcu-
late kerma factors from available data libraries. In
his code, he also used energy conservation to
check and correct for inconsistencies in basic nu-
clear data. Other authors, e.g. Farawila [2], intro-
duced further improvements in order to utilize
newly available nuclear data in kerma factor cal-
culations.

In the present work, we report on the following:
e cxtending Abdou’s model to make use of new

basic data that has become available in the past

several years and to introduce additional al-

gorithms for checking and correcting inconsis-

tencies in available data;

e the development of a new code, MAZE, which
allows processing of newly available nuclear
data libraries in the most recent format, called
ENDF/B-VI;

e the generation of a new kerma factor library,
called MAZE-LIB, for most materials of inter-
est in fusion and other applications based on
the most recent and accurate data available;
and

e comparison of nuclear heating predictions
from the newly generated library with the re-
sults of integral experiments recently conducted
in a joint collaboration between Japan and
USA.

Section 2 is a review of Abdou’s model and the
improvements introduced in the present work.
Section 3 highlights the MAZE code develop-
ment. Sections 4-7 summarize the data process-
ing and the generation of the new library. Section
8 compares the kerma factors generated in this
work to those obtained from an existing code.
Section 9 compares the calculational results ob-
tained using the results of the present work to
those measured in recent integral experiments.
The source of discrepancies between the calcu-
lated and measured values are also discussed.
Section 10 discusses the importance of gamma
heating in fusion reactor system. The final section
summarizes the conclusions.

2. Evaluation model review and improvements

The nuclear heating at a spatial point r is the
sum of neutron heating and gamma heating, and
each can be expressed as [1]:

H(r) =Y N(r) | @u(r, E)) Y. 0 (Eudhoy(E,) dE,
=Y N(r) | B, E) Y. koy(Ey) AE,
J J i

~

¢n(ra En)Knj(En) dl':n (1)

=Y N,(r)

Y
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H(r) =Y N(r) | &,(r, E)) Y 0,,(E,)h,,(E,) dE,

=Y N(r) | @,(r, E)) Y ke, (E,) dE,

r~

=Y N | @,(r, E)K,(E,) dE, )

where: H (r) = neutron heating rate at position »
(eV ecm ™’ s~'); H,(r) =gamma heating rate at
position ¥ (eV cm ~3 s~ 1); @,(r, E,) = neutron flux
at position r and energy E, (neutrons cm "2 eV ™!
s~ 1) &.(r, E))=gamma flux at position r and
energy E, (gamma cm 2eV~'s~'); N(r) = num-
ber density of element j at position r (atom cm~?);
7., E,) = microscopic neutron cross section of el-
ement j for reaction i at energy £, (cm? atom ™ ');
,,(E,) = microscopic gamma cross section of ele-
ment j for reaction i at energy E, (cm”® atom ™ ');
h,; = energy deposited per neutron reaction i
in element j (eV); h,=energy deposited per
gamma reaction i in element j (eV); k., (E,) =
0o (E)h,;(Ey), partial neutron kerma factor for
reaction i element j at energy E, (eV cm~?
atom™'); k,,(E,) = 0,,(E ), (E,), partial gamma
kerma factor for reaction i element j at energy E,
(eV em ™2 atom ™ Y); K (E,) =X, k,;(E,), micro-
scopic neutron kerma factor for element j at
energy E, (€V cm ? atom '), K,(E)=
X,k ;(E,), microscopic gamma kerma factor for
element j at energy E, (¢V cm > atom ') =
ol (EE, + c{(E,—1.02e +6)+ ol (E)E,— E),
of.(E,) = photoelectric microscopic cross section
for element j (cm?); ¢/ (E,) = pair production mi-
croscopic cross section for element j (cm?);
o/(E,) = Compton scattering microscopic cross
section for element j (cm?®); £, = energy of scattered
photon (eV).

Here it is assumed that photoelectric, pair pro-
duction and Compton scattering are the only
contributing processes to the gamma heating.

Since the mechanisms of gamma interactions
with materials are well understood, determination
of the gamma kerma factors presents no problem.
However, information about gamma production
is not always given in satisfactory detail or accu-
racy. This affects the calculations of gamma heat-
ing as well as that of neutron heating. In addition,

the calculation of neutron kerma factors is com-
plicated due to the emission of more than one
particle in many reactions. There are large uncer-
tainties in the data and calculation of neutron
kerma factors.

The physics behind neutron heating is conserva-
tion of energy and conservation of linear momen-
tum. However, even for the simplest reaction,
namely elastic scattering, an accurate calculation
of the kerma factors depends on the spectrum of
the secondary neutron, which in turn depends on
the nuclear data obtained from experiments and
calculations based on nuclear models. As indi-
cated in early work by Abdou and Maynard [1],
“the limitation on the accuracy of a neutron
kerma calculation is determined by the availabil-
ity and accuracy of the nuclear data” and that in
turn, is determined by experiments and data eval-
uation. For reader’s convenience, the neutron
kerma factor evaluation models from the previous
works [1] and [2] are summarized here. The
gamma kerma factor evaluation model is also
discussed with the focus on Compton scattering
reaction.

2.1. Neutron kerma factor evaluation model

2.1.1. Kinematics: energy and linear momentum
conservation

Reaction kinematics utilizes two basic laws of
physics: energy and linear momentum conserva-
tion. These two laws are all the physics needed to
calculate kerma factors. Therefore, it can be said
that kinematics is the only method used to calcu-
late kerma factors.

However, there are different ways of applying
kinematics to the nuclear data library, depending
upon the type of data available. There are cases
where only the energy conservation law can be
used because there is not enough data to solve the
momentum equations (e.g. lack of energy and
angular distribution data for secondary particles),
this approach is often referred to as the energy
balance method. In other cases where both con-
servation laws can be applied to derive kerma
factors from the data library (e.g. elastic scatter-
ing). There are also cases where one can apply
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either one of the methods mentioned above. Un-
fortunately, from past experiences, different ap-
proaches often lead to different results, exposing
inconsistencies in the data. They are all part of
kinematics but they use different parts of the data
library. That is why they are sometimes referred
to as the direct energy balance and the Kinematics
method (whenever liner momentum conservation
is applied). For the sake of convenience, the two
approaches will still be referred to in this study as
the kinematics method and the balance method
given one understands the meaning behind them.
A third approach becomes possible with the
availability of the ENDF/B-VI {3] format libraries
where, in file 6, energy and angular distributions
are given for all the products of nuclear reactions.
Kerma factors can then be derived from the data
of the recoil nucleus and the charged particles
alone through:

kni(En) = O'i(E_rec + E_x) (3)

where E.. and E, denote the average energy of
recoil target and the average energy of charged
particles, respectively. The results from the three
approaches are referred to, in this study, as the
balance result, the kinematics result and the recoil
result.

The reason for the discrepancy among the dif-
ferent results is that the nuclear data libraries,
such as ENDF/B, were developed primarily for
neutron and gamma transport and local conserva-
tion of energy was not always a major concern.
When scientists tried to make use of the data
libraries by applying the energy balance scheme to
come up with kerma factors, they found missing
data and negative kermas, which is why they went
back and employed the full kinematics equations.
Given the status of nuclear libraries, the kinemat-
ics relations for various reactions should be em-
ployed when possible to serve as a tool to check
upon data consistency, even if energy conserva-
tion alone is sufficient to derive kerma factors
from the data libraries.

2.1.2. Energy balance (or energy conservation)
The prompt neutron microscopic kerma factor

K (no decay energy is considered here) for a given

element at incident energy E can be expressed as:

K= Z oh;= z oEy+ Q. —E,,—E,) 4)
i i

which is a basic energy balance equation. The
overline means average over all secondary parti-
cles and their energy. However, the information
for gamma production is not always given for
each individual reaction in the library. Instead,
gamma production data are usually lumped to-
gether for several reactions, e.g. non-elastic plus
radiative capture gammas. In this case, Eq. (4)
has to be rearranged:

K= Z o{E,+Q,— E,;,) — Z O';VE—VJ' )
i J

Due to the nature of the (n, y) data in ENDF/B,
the kerma factor for radiative capture needs to be

singled out. According to ENDF/B rules, E, in
the (n, ) reaction follows:

_ A
E = E s
therefore,
_ 1
I, ;,):E,,—i—Q-—E7,=E,,A—_+_1 (7)

where A is the ratio of target nucleus rnass to the
neutron mass. But according to kinematics,

E, 1 =
A+1 + 2(A4 + l)mnczE’ ®)
where m,c? is the neutron rest mass energy. The
second term in Eq. (8) represents only 0.1% of the
total photon energy, and thus it does not affect
the accuracy of E_T. However, it can sometimes
dominate the total kerma when the incident neu-
tron is of low energy. So Eq. (5) has to be
rearranged as:

B, =

K= Z o (E,+ Q,— Eni)
iLi#(n, y)
- Z Jij—}y‘ + Kn. b (9)
JoJj #(m, )

where Eq. (8) is used for (n,y) kerma factor
calculation. Eq. (9) is the basic form of energy
balance when applying it to a nuclear data li-
brary. The major disadvantage of this is its preci-
sion problem. Consider

hi=En+Qi_E_n’i—E

vi

(10)
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The magnitude of 4; is usually much smaller than
that of the individual terms on the right hand side
of Eq. (10), thus the required precision of the
secondary neutron and gamma energy can some-
times be impractical. If inaccuracies occur in the
data library, Eq. (10) will lead to inaccurate re-
sults.

2.1.3. Kinematics relations for important nuclear
reactions

Nuclear reactions are classified in the ENDF/B
library by the MT numbers. Since local energy
deposition is caused by the recoil nucleus and
charged particle (decay energy is not considered at
this moment), kinematics is used to calculate the
recoil energy for each reaction [4]. However, when
information about the energy distribution of the
secondary particles are missing the kinematics
method can not be applied.

Elastic scattering (MT =2)
(Q=0)

By applying kinematics, the recoil energy of the
target (E,) and the energy of the scattered neutron
(E,) are found to have the following forms:

n+A-n+4

h=E = 21— 11
r (A+1)2( Hem) (11)
_ . AP+ 244, + 1
=E —E=—""5F 12
E,=E,—E, A+ 1) n (12)

where A is the ratio of target nucleus mass to
neutron mass. The average cosine of the sec-
ondary neutron scattering angle in the center of
mass system, [, is obtained from the angular
distribution data in ENDF/B file 4.

Inelastic scattering to level (MT = 51-90)
n+A4-n+ A4*

where A* means the target nucleus is left at an
excited energy level, E*¥. Kinematics leads to the
following equations:

_ 24E, a "

E = e 1)2(1 — fiem/ 1 — (4 + DEX/(AE,))
E%

(A+1)

(13)

E.=E,—E, (14)

When de-excitation is carried out by photon emis-
sion, 4= E, De-excitation by charged particle
emission results in 4 = E, + E* 4+ Q, where Qc is
the mass deficit associated with the charged parti-
cle emission (A4*— B+ particles, Q.= (M, —
My — M)c?).

Inelastic scattering to continuum (MT =91)
n+A4—-n'+ A*

The angular distribution data for the secondary
neutron in the laboratory system is provided in
ENDF/B file 4. The average recoil energy is calcu-
lated by kinematics:

— 1 —
E = —(Ey+ By = 201/ EndVEw) (15)

where f; is the average cosine of the secondary
neutron scattering angle in the laboratory system,
and <JE> is the average of the square root of
the secondary neutron energy weighted by its
energy spectrum given in ENDF/B file 5. If the
value of y; =0 is found in file 4, a better assump-
tion of isotropy in the center of mass system is
made instead of using a zero value. The average
recoil energy is in the form

. (4-DE, E,
E=——"4+—

STA+D) A
Egs. (15) and (16) are applicable only for gamma

emission of de-excitation. For charged particle
emission, other equations apply.

Radiative capture (MT = 102)

(16)

n+A—(A+1)+7y

Eq. (8) is used to calculate capture reaction when
capture gamma files are given in ENDF/B data. If
that information is missing, the following equa-
tion derived from kinematics can be used instead:

E=E +Q0+A4+1)

> [ A4,
X m“"z(l - /1 t AT me\ 2T g 1)

(17
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INPUT

2'10°

MAZE(balance) —

E
ENDF/B-VI : A - - e N - 4
PENDF MAZE GENDF M/
-w‘ws o P e e W 12410
Neutran Energy (eV)
Fig. 3. Total prompt neutron kerma factor of Ti.
PK1.TAPE PK2.TAPE PK3. . . . . . . .

AP 3 TAPE GPKTAPE no azimuthal information is available, instead,
cos(¢p, — ¢,) is assumed to be zero. Since the two
neutrons are indistinguishable in the ENDF/B
data, the following assumptions have to be made:

TK1.TAPE TK2.TAPE TK3.TAPE GTK.TAPE
En' = (En] + E‘nz)/2 (19)
Fig. 1. MAZE input and output. s
AY En' = ( EvnI + AV Enz)/z (20)
Direct (n, 2n) reaction (MT = 16) Ly = it (21

n+A—-(A4-1D*+2n'
By solving the kinematics equations one can get:
1

E_r = m[En + Enl + En2 - 2”1\/ EnE‘nI

- 2#2\/ ‘EnE‘n2 + 2;“1/12\/ E‘nlEn2

+ 2(/Ey Eo /(1 = 1)1 — ) cos(¢p, — ¢)]
(18)

Where E,, and E,, are the two secondary neutron
energies, y, and u, are the cosines of the scatter-
ing angles in the laboratory system, and ¢, and
¢, are the azimuthal angles. In the ENDF/B file

MAZE

| l

E]=]

callfé

I

‘ et

| callfs

filed fileS file6 file12 ght read
{6mean write
famuc fsave gh2
fsavel i6mean1 open
1amup fSrend f6mean2 file13 gh3 atc.

Fig. 2. MAZE program layout.

<\/ EnIEn2> = E—n‘ (22)

Eq. (18) then becomes:

_ 1 _ —_—
E=—(E,+2E,(+ i) -4 VEE,) (23

Isotropic (n, mn) reactions
n+A4—-(A—-m+ 1)*+mn

The energy of m neutrons can be found in ENDF/
B file (m =2, 3, or 4) without distinguishing indi-
vidual neutrons. With the center-of-mass isotropy
assumption, the average recoil energy can be ob-
tained from:

E_=(A—m)(A+2—m)E + E,. (24

r n
A+ DHA4+1—m) (A+1-—m)
-8 10 - -
MAZE(balance) —
410* - 1
\
oy \/\\//\//
1210 6 s 7 T o o7 s 7
6710 810 10 1.2°10 1.4°10 1.6°10' ©.8"10 210

Neutron Energy (eV)

Fig. 4. Partial neutron kerma factor of W186 (n, 2n).
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NJOY —

_5010*6

. A .
10° 2°10° 50108 107 2107

"10°¢

eV-barn

s

Neutron Energy (eV)

Fig. 5. Partial neutron kerma factor of Si (n, n’), NJOY.

(n, mn) Charged particle (n=20, 1, 2)

Detailed information about the energy distribu-
tion of charged particles are scarce in the ENDF/
B data, thus requiring the energy balance methods
to be used:

h:E—‘r"}_E—,\':En‘I—QO_E_mn‘E* (25)

where E* is the residual excitation energy, E,,, is
the average energy of all m secondary neutrons,
and E_ is the average energy of the charged

particle.

2.1.4. Energy release from fission

By using the energy-dependent yields of fission
products, the energy-dependent Q-value can be
calculated from:

O(E,) = cZ[M ~ Y V(EIM;— (F(E,) - 1>mn]
’ ~(26)

where Y,(E,) is the yield of the fission product j,
M, is the mass of the fission product j, M is the
fissionable nucleus mass, m,, is the rest mass of the
neutron, and ¥(E,) is the average number of
fission neutrons.

The local energy deposition can be obtained
from the energy balance as:

h= En + Q(En) - En’ - Ey - Ev (27)

MAZE -~

eV-barn
=)
o

100 6 " & : 6 I7 7
10 2410 510 10 210

Neutron Energy (eV)

Fig. 6. Partial neutron kerma factor of Si (n, n"), MAZE.

9-10°

10108

A . L . .
01-10% 47108 810° 1.27 1.6°107 2°10
Neutron Energy (eV)

Fig. 7. Total prompt neutron kerma factor of Si.

where E, is the unrecoverable energy carried away
by neutrinos and antineutrinos, £, and E, are the
total energy carried away by neutrons and gamma
rays respectively.

2.1.5. Natural elements

The equations described so far can only be
applied to materials with a single isotope. In the
case of natural elements with more than one
isotope, some modifications have to be made. The
Q value is no longer energy independent, the
definition of Q,,(E) for the mixture follows:

20 (E)N;Q;

On(E,) =42

2,0,(E)N; (25)

where m denotes mixture and j denotes isotope.
Similar definitions can be derived for other physi-
cal quantities, e.g. energy of secondary neutron,
decay energy, etc.

It can be seen from the above equation that a
property that is energy independent for an isotope
becomes energy dependent for a mixture if it is
weighted by cross sections. Also, if nuclear data is
available only for the mixture but not for each
isotope, then the kerma factor cannot be accu-
rately calculated.

1410°

T
MAZE

0 bometon i po

“110°% b

eV-ban

2010%

4108 .

o . . A . . L .
29105 4105 610° 810° 107 12107 1.4'107 167107 18°107 2°107

Neutron Energy (eV)

Fig. 8. Partial neutron kerma factor of Bil (n, n’).
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1.4*10%

14108

6'10* |

2'10*

NJOY
0 ) "
1.4°107 16107 1.84107 2107

Neutron Energy (eV)

Fig. 9. Partial neutron kerma factor of Bl1 (n, 2n).

2.1.6. Energy deposition due to radioactive decay

The decay energy of the activated residual nu-
clei is time dependent. However, if the contribu-
tion of radioactive decay is not significant
compared to the total heating and if a cutoff time
is used to neglect the activated isotopes that have
a half life more than the cutoff time (e.g. 1 day),
then the decay energy can be treated as time
independent. For example, if nuclear reaction i
induces f~ decay, then a partial kerma factor of
decay caused by reaction i, k4, can be obtained
through:

kig=0.E,_ (29)

where o, is the cross section of the reaction i and
E_ﬂ, is the average energy of the f~ particle; k;
can then be added to the prompt kerma factor of
reaction i. The decay energy of the charged parti-
cles and gamma rays should be treated separately
because the charged particles deposit energy lo-
cally while gamma rays transport it somewhere
else. Gamma yield from decay can be added to
total gamma production cross sections.

S~ emission is the most frequent type of decay.
The maximum energy can be obtained by a mass
balance. The average energy can be calculated
using an average-to-maximum ratio table pro-

25'10°

2.0°10° F

1.5'10° |

o : . .
1.2107 1.4'107 167107 1.8107 2107
Neulron Energy (V)

Fig. 10. Partial neutron kerma factor of Bl1 (n, na).

1.6'10°

124105 | /

g*10* - P

8V-barn

510 | NOY, o™

0 " .
1.4°107 1.6'107 1.8°10 2107
Neutron Energy (sV)

Fig. 11. Partial neutron kerma factor of Bll (n, np).

duced by Abdou [1]. For detailed afterheat analy-
sis, special codes have to be used.

2.2. Gamma kerma factor evaluation model

The three major contributing reactions for
gamma kerma factors in the energy range of
fusion systems are the photoelectric, Compton or
incoherent scattering and pair production reac-
tions (see Eq. (30)).

K(E,)) = 0}E,)E, + o}(E, —1.02)

It is assumed that all the gamma energy in the
photoelectric reaction is deposited locally and all
the gamma energy in pair production reaction
minus 1.02 MeV (energy of electronpositron
mass) is deposited locally. In the incoherent scat-
tering reaction, the photon only deposits a frac-
tion of its energy to the local media and the
scattered photon carries the rest away. The calcu-
lation of the deposited energy is not easily done.
The equations used in MAZE for calculation of
the average energy of scattered gamma rays from
incoherent scattering are [5]:

o(E,, E}, 1) = S(q, Z)oxn(Eyy E'y 1) (31)
5108 . . . . A‘ . — , ,
4108 | \/\/_\/‘/’_
£3410° |
2108 NJOY _____________________

0 . . A . . : . i )
0 2010° 410 810% 810° 107 120107 1.4°107 1.6°1¢7 1.8°107 2107
Neutron Energy (eV)

Fig. 12. Total prompt neutron kerma factor of Bl1.
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8'10° -

6108 - sy

eV-bam

4108 |

2010°% |

ot

o . . .
108 410° 810° 1.24107 16107 24107

Neutron Energy (eV)

Fig. 13. Total prompt neutron kerma factor of P.

oxn(E,, E', pt)
:325T£+%Q4w—dﬂ%u~U1 (32)
k= mféz

K= mEeiz

o= 10.6652448 barn

y=1+£—% (33)
q=%V@§TrB1+oxm+ama—u) (34)

1+k( —p)
from Egs. (33) and (34):

K =k+1.0—/10+4¢° (35)

where: o7 = incoherent scattering cross section
(barn); oy = Klein-Nishina collision cross sec-
tion per electron (barn); o = Thomson scattering
cross section (barn); S(g, z) = incoherent scatter-
ing function; ¢ = momentum transfer to an atom,
in units of electron mass; k& = gamma energy in
units of electron mass; k = scattered gamma en-
ergy in units of electron mass.

108 poeatre I,_r—’_,
£
3
>
4 -

0 - .
s10¢ 10° 108 164107
Gamma Energy (8V)

Fig. 14. Total gamma kerma factor of C, MAZE and
MATXSIS.

108 v -

eV-barn

. ;
510 10° 108 16107
Gamma Energy (eV)

Fig. 15. Total gamma kerma factor of Ni, MAZE and
MATXSI5.

S{(g, Z) is tabulated in ENDF/B-VI where ¢ is
in units of inverse angstroms. To convert ¢ from
units of inverse A to units of electron mass, a
conversion factor of 0.048526 is used.

3. Code development

Although NJOY[6] can process ENDF/B-VI
formatted libraries and generate kerma factors,
the code does not function as an evaluation tool
since NJOY was developed primarily as a data
processing code. To evaluate, select and compile
the best kerma factor library, a new code with
convenient features for comparative analysis is
needed. The new code should be more of an
evaluation tool rather than a mere data process-
ing code. The new code can also be used to
validate the NJOY results to ensure that the
kerma factor calculation is done correctly, as is
done with many radiation transport codes (AN-
ISN [9], ONDENT [10], etc.). As will be seen
later, the development of the new code did expose
some problems with NJOY which is crucial at this
stage of fusion research, since NJOY is the pri-
mary data processing code selected by ITER.

eV-barn

’DS i 1 .
5100 10° 108 1610

Gamma Energy (eV)

Fig. 16. Total gamma kerma factor of W, MAZE and
MATXS15.
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Fig. 17. USDOE/JAERI nuclear heating experiment configuration {11].

Other codes for kerma factor calculation, such as
MACK-IV [7] and KAOS [8], were developed for
the earlier versions of ENDF library and no
longer process the new ENDF/B-VI formatted
libraries.

To this end, a computer code, called MAZE,
has been developed primarily for evaluating neu-
tron and gamma kerma factors based on im-
proved approach to data library and calculational
algorithms. These improved algorithms are based
on kinematics and energy conservation consider-
ations. The code has features that allow compari-
son and analysis among the different methods of
calculating the kerma factor and it provides users
with data information needed to make applica-

10’ T T v T

10° | ’L]ﬁ

neutranflethargy/source

0 2108 410°  em10® gtio® 107 12e? 14’
Neutron Energy (V)

Fig. 18. Neutron source spectrum coming out of the target.

tion-oriented selections from the two to three
often different results. MAZE can work with nu-
clear data libraries that are either in ENDF/B-V
or ENDF/B-VI format. The code was organized
in a highly modularized manner so that further
modification and enhancement can be incorpo-
rated easily. The code organization also gives a
clear picture of the data processing procedure as
shown in Fig. 1 and Fig. 2.

The nuclear data files required by MAZE are:

ENDF/B-VI Neutron nuclear data of ENDF/

etc. B-VI or ENDF/B-V format

PENDF Neutron nuclear data after reso-
nance and broadening treatment
by NJOY

whr r—’—'ﬁL"%
10 _l—‘f

10% |

gamma/lethargy/source
=
%

108 .
310* 10° 3°10° 108 3108 1.5%107

Gamma Energy (eV)

Fig. 19. Gamma source spectrum coming out of the target.
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Table 1

Comparison Between the Calculated and the Experimental Results

Material Specific heat J g=' K1) Measured value K source™' s—! C/E
MAZE MATXS15
Bal® Kin® Rec®

C 0.712 1.087-16 0.87 0.97

0.527 1.15 1.28

Ti 0.527 3.769-17 0.97 1.03 0.45

Ni 0.444 7.443-17 0.99 1.19

Zr 0.284 6.291-17 0.70 0.73 1.07

W 0.133 9.405-17 1.36 1.69

Pb 0.128 8.681-17 1.28 1.59

2 Balance kerma factor evaluation,
b Kinematics kerma factor evaluation.
¢ Recoil kerma factor evaluation.

GENDF Gamma nuclear data of ENDF/

B-V or ENDF/B-VI format

The input file contains information regarding
material number, library version (ENDF/BV or
ENDF/B-VI), the negative partial kerma flag
which indicates whether to keep them or to set
them zeros, the decay flag indicates whether to
include or not to include the decay energy and the
reaction number and average decay energy if the
decay flag is on.

The various output tapes have the following
meaning;

Partial neutron kerma factor
using kinematics relations
Partial neutron kerma factor
using balance relations

pkl.tape

pk2.tape

107 v T v y T

10% | | heating profile ——
+ | D heating profile -----
I neutron spectrum ------

o 2108 4'10°%  6'10° 8108 107 127107 154107

Neutron Energy {eV)

Fig. 20. Neutron profiles of C probe.

pk3.tape Partial neutron kerma factor
using the recoil and charged
particle spectrum in file 6

gpk.tape Partial gamma kerma factor

tk[1-3].tape Corresponding total neutron
kerma factor from pk[1-3].tape
gtk.tape Total gamma kerma factor

The output file has data information extracted
from the library, e.g. laboratory system for sec-
ondary particles, interpolation schemes and the
format of the data. It also has warning or error
messages and data processing information to help
the user to diagnose any problem, to analyze the
data, and to make the selections of the kerma
factors.

| healing profile —-
D heating profile ----- H
gamma spectrum - H

A ; . N
310t 10° 310° 108 34108 1.5'107
Gamma Energy (eV)

Fig. 21. Gamma profiles of C probe.
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Table 2
Contributions from different energy ranges, C

Neutron (99%)

Gamma (1%)

Energy range (MeV) Contribution (%)

Energy range (MeV)

Contribution (%)

0.0-0.8 ~1
0.8-11.6 ~9
11.6-15.6 ~90

0.0-0.15 ~5
0.15-10.0 ~92
10.0-14.0 ~3

4. Data processing of nuclear data library in
MAZE

The computer code MAZE consists of six ma-
jor branches (Fig. 2) which handle different types
of nuclear data:
Callf4 Processes file 4 data and
generates neutron kerma fac-
tors for the elastic and in-
elastic reactions.

Processes file 5 data to cal-
culate the average energy of
the secondary neutrons for
reactions like (n, 2n), (n, np)
Derives the spectrums of
neutrons, gammas, charged
particles and recoil nucleus.
The neutron and gamma
data are used to derive the
balance result. The recoil
target data and the charged
particles data are used to
derive the recoil result
Processes file 12 and file 13
data to get the average en-

Callfs

Callf6

Callgamma

1.2 v T

T

1.0 4

08 F elastic ]
inelastic

06

04

partial kerma/total kerma

02+ (n,a)‘

0.0

" r 1
4°108 810° 1.2107 1.6710”
Neutron Energy (6V)

Fig. 22. Contributing neutron partial kerma factors, C.

ergy of the gamma rays
from various nuclear reac-
tions

Callf3 Handles reactions in file 3
that don’t produce secondary
neutrons, like (n, charged
particle) reaction

gh Generates the gamma kerma
factors from file 23 and file
27

Utility A subroutine package which

carries out operations like
opening, reading, writing, in-
terpolation, integration and
SO on

For detailed information regarding MAZE,

please refer to MAZE manual to be submitted to
the Radiation Shielding Information Center.

5. Evaluation of kerma factor and generation of a
reference library for commonly used materials

The nuclear data for a large number of materi-
als were processed and evaluated. Kerma factors

1.2

R
\ Compton Scattering

0.8 - Photoelectric
06 |

0.4

partial kermattotal kerma

02| Electron Paic ¢

0.0 - b e
10° 10* 10° 108 2710

Gamma Energy (oV)

Fig. 23. Contributing gamma partial kerma factors, C.
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Fig. 24. Neutron profiles of Ti probe.

were calculated and then compared and analyzed
for these materials. The best kerma factor sets
were selected based on physical principles, partic-
ularly energy and momentum conservation. Neu-
tron and gamma kerma factors for individual
isotopes were stored in table and graphical forms.
The procedure of the analysis is summarized be-
low.

MAZE was run first to generate pk[l-3].tape,
tk[1-3].tape, gpk.tape and gtk.tape. Both partial
and total kerma factors then were plotted, com-
pared and selected. Generally speaking, when en-
ergy-angle distribution (file 6) was present and the
spectrums of the recoil target and charged particles
were given, the recoil result was preferred. Beside
that, the balance result was usually preferred over
the kinematics result because not enough data
information is given for charged particle producing
reactions. But the nuclear data in the basic library
were far from standardized in terms of data struc-
ture and format, one really has to analyze the data
on an element basis. The following examples illus-
trate the complexity of the analysis and the caution
one has to practice when evaluating the kerma
factor. Original data used in this study were taken
from the FENDL [11] library.

101 |
10°
10'3 -
‘0-4 L

wep i | heating profile ~—

- : D heating profile ----- H
10° ko gamma spectrum ------ ki
107 . . . s

3r10* 10% 3°10° 108 3+10° 1.5¢107

Gamma Energy (eV)

Fig. 25. Gamma profiles of Ti probe.
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Fig. 26. Contributing neutron partial kerma factors, Ti.
5.1. B-11

File 6 was given for (n, 2n), inelastic to level,
and charged particle producing reactions. But no
energy spectrum was given for the recoil nuclides.
The recoil result contained no contributions from
the recoil target, and was significantly less than
the balance result. Therefore, the balance result
was selected.

5.2. A1-27

The gamma files for the nonelastic reaction
(MT = 3) did not cover the energy range of in-
elastic to level reactions. Therefore, the kine-
matics result was selected for E <58 MeV
and the balance result was selected for E, > 5.8
MeV.

53 TP

The gamma files for the nonelastic reaction lead
to negative kerma factors at the energy ranges of
1-2 and 5-11 MeV when the energy balance
method was applied. Hence, the kinematics result
was selected.

Compton Scattering'

Electron Pair.”

partial kermaftotal kerma

10° 10° 108 107 2107

Gamma Energy (eV)

Fig. 27. Contributing gamma partial kerma factors, Ti.
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Table 3
Contributions from different energy ranges, Ti

Neutron (83%)

Gamma (17%)

Energy range (MeV) Contribution (%)

Energy range (MeV)

Contribution (%)

0.0-0.1 ~1 0.0-0.1 ~3

2.1-12.5 ~49 0.1-10.0 ~95

12.5-15.6 ~50 10.0-14.0 ~2
54. W where the nonelastic reaction files are non-existent

The (n,2n) and (n, 3n) reactions were very
poorly described in terms of the secondary parti-
cle spectrum and gamma ray spectrum in ENDF/
B-VI, leading to negative partial and total kerma
factors at high energy when the balance method
was applied. The kinematics result of (n, 2n) was
adopted and the negative values of (n, 3n) kerma
factor were set to zero.

6. The treatment of gamma production files

When gamma files are given for individual reac-
tions the balance method can be applied to obtain
partial kerma factors. In the case of a negative
partial kerma factor, secondary neutron data is
always kept in the evaluation. But a choice is
given for the selection of partial kerma factors:
either select kinematics result so that no gamma
file is needed (except for (n, gamma) reaction),
keep the negative partial kerma factor, or set
them to be zeros.

When gamma files are given only for the
(n, gamma) reaction and for the nonelastic reac-
tion, the energy range in those files needs to be
looked at. By definition, the nonelastic reaction
includes the (n, gamma) reaction. But the gamma
data for the nonelastic reaction usually starts at
high neutron energies (100 KeV to 1 MeV range).
Because the gamma contribution from the
(n, gamma) reaction at low neutron energy is sig-
nificant, the gamma files for both reactions are
often given at the same time. MAZE checks the
energy range for each reaction first, uses contribu-
tion from the (n, gamma) reaction at low energy

and cuts off the (n, gamma) contribution where
the two energy ranges overlap.

7. The consistency problem of nuclear data

Kerma factor evaluation has exposed a problem
with the consistency of nuclear data. One obvious
example of this is the negative kerma factors. Also
the gamma files for nonelastic reaction often
failed the energy balance check. The inconsistency
of nuclear data not only affects the quality of the
kerma factors, but also affects the radiation trans-
port in terms of the production and the energy
distribution of the gamma rays and the secondary
neutrons, resulting in even worse heating rate
estimations. Figs. 3 and 4 show the negative
kerma factors generated by MAZE using the en-
ergy balance method. The sensitivity of the flux
and heating rate vs. nuclear data deserves further
investigations.

8. Comparison with NJOY results
8.1. Neutron kerma factor

MAZE and NJOY both adopt same calcula-
tional methods, namely, kinematics, energy bal-
ance and recoil spectra. But MAZE provides
means for comparison and evaluation. The ad-
vantage is shown in the following examples. While
good agreement has been achieved between
MAZE and NJOY for some clements (e.g. ele-
ments of stainless steel), big differences exist for
other elements (e.g. Si, B11, P). There were cases
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Fig. 28. Neutron profiles of Ni probe.

where NJOY produced unreasonable results. Fig.
5 shows the partial neutron kerma factors from
NJOY of the inelastic to first level reaction of
Silicon. The fact that the partial kerma factors for
this reaction are negative is puzzling and unrea-
sonable, especially when it is noticed that this type
of error only occurs in certain elements. Fig. 6
shows the result from MAZE for the same reac-
tion. The difference is clearly reflected in the
prompt total kerma factors shown in Fig. 7.

In the case of Boron-11, from NJOY result, the
partial kerma factors of the inelastic to first level
reaction are negative, shown in Fig. 8; the partial
kerma factors of the (n, 2n) reaction are zero, and
the partial kerma factors of (n, na) and (n, np) are
lower than the results from MAZE (Figs. 9-11).
This is caused by different approaches NJOY and
MAZE use to process file 6 data. For B11, file 6
was given for (n,2n), (n, nx) and (n,np) reac-
tions, however, no recoil spectrums were included.
NJOY’s approach to file 6 appeared to be to take
the recoil target and the charged particle contribu-
tions. Since no recoil spectrums were given in this
case, the NJOY results have only the charged
particle contribution and for the (n, 2n) reaction
that result is zero since no charged particle is
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Fig. 29. Gamma profiles of Ni probe.
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Fig. 30. Contributing neutron partial kerma factors, Ni.

generated from this reaction. In situations like
this, MAZE has the advantage of being able to
make choices among the kinematics, the balance
and the recoil results which are generated at the
same time. For Bll, the balance result was se-
lected in MAZE-LIB. The difference in prompt
total neutron kerma factor of Bll is shown in
Fig. 12.

Phosphorus gives another example of the differ-
ences between MAZE and NJOY. The neutron
and gamma files are given for inelastic to contin-
uum (MT =91) and total inelastic (MT =4 =
91 + 51 + - +90) only. It was found that NJOY
took contributions from MT =91, instead of
MT = 4 which is what MAZE took. This explains
the low values of the NJOY result (see Fig. 13).

8.2. Gamma kerma factor

The three major contributing reactions for
gamma kerma factors in the energy range of
fusion systems are the photoelectric, Compton or
incoherent scattering and pair production reac-
tions, among which the calculation of partial
kerma factor from Compton scattering reaction
proves to be the most difficult. Therefore, the
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Photoelectric ™, Compton Scaltering
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Fig. 31. Contributing gamma partial kerma factors, Ni.
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Table 4
Contributions from different energy ranges, Ni

Neutron (74%)

Gamma (26%)

Energy range (MeV) Contribution (%)

Energy range (MeV)

Contribution (%)

0.0-3.0 ~1
0.3-13.5 ~9
13.5-15.6 ~90

0.0-0.1 ~2
0.1-10.0 ~97
10.0-14.0 ~1

difference between MAZE and NJOY gamma
kerma factors comes mainly from the different
treatment of this reaction (see Section 2.2).

Figs. 14-16 show the difference in gamma
kerma factor between the MAZE and MATXS15.
MATXSI15 is a FENDL based library which is
processed by NJOY and has a fine group struc-
ture of 175 neutron groups and 42 gamma groups.
The difference is mostly reflected in the energy
region where Compton scattering reaction con-
tributes most to the total gamma kerma factors.
This is made more clear from the discussions in
the next chapter where the contributions from
different gamma reactions to the total gamma
kerma factors are given in figures. The difference
between MAZE and MATXSI1S5 seems to be less
for high Z materials than for the low Z materials.
The comparison of other elements shows similar
trends.

9. Comparison with experiments
Since kerma factors depend on large sets of

data, and complex computational algorithms,
there is a strong need to verify kerma factors

10% T v

| heating profile —

10' | D heating profile -----
neutron spectrum

0 20108 a16®  e10°  8t10f w1200 1.5'107
Neutron Energy (sV)

Fig. 32. Neutron profiles of Zr probe.

through comparisons with experiments. Such ef-
fort has been carried out in the present work.
However, nuclear heating experiments are com-
plex and none has ever been done with 14 MeV
neutrons until recently. Over the last few years
UCLA and JAERI scientists have conducted a
series of nuclear heating experiments using the
calorimetric technique. Fig. 17 illustrates the
configuration of the experiment.

The 14 MeV D-T neutron source was generated
using accelerated deuterium ions that bombarded
a tritiated target. The energy deposited in the
probe materials by neutrons and gamma rays
induced a temperature change which was reflected
in a change in the electrical resistance of the
calorimeter. Highly sophisticated nano-voltmeters
were used to measure the resistance change from
which the temperature change was derived. A
more detailed description of the experiments can
be found in references [12-14].

Some analysis has been carried out during the
UCLA/JAERI collaboration using different codes
and libraries [12—14]. For the comparisons done
in this work, one library, MATXSI15, and one
code, DORT, was used. MATXSI15 is the
FENDL based library processed by NJOY, it is

108k i I heating profile —
& et D heating profila ----- H
wero gamma spectrum -
A

. . .
3104 10° 3+10% 10% 3°10° 1.54107
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Fig. 33. Gamma profiles of Zr probe.
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Fig. 34. Contributing neutron partial kerma factors, Zr.

also the most recent library. DORT is one of the
most commonly used transport codes. This was
done so that the different evaluations of the
kerma factors and their effect on the calculated-
to-experimental values (C/Es) could be carefully
analyzed. The last series of experiments were se-
lected for the comparison study, because of the
significant improvement of the experimental tech-
nique that was developed through the UCLA/
JAERI collaboration. The configuration of the
experiment makes it easy to model it accurately in
two dimensions.

9.1. Neutron and gamma source

The D-T neutron source was generated using
accelerated deuterium ions bombarding a tritiated
target. A detailed model has been established by
the UCLA/JAERI scientists to simulate the D-T
reaction and the neutron-target reaction to give
the energy-angle distribution of the source. Figs.
18 and 19 (courtesy of Drs. Kumar and Ikeda
[12-14}) show the generated source spectrum used
in the neutronics calculations. Coming out of the
target, the gamma to neutron ratio in intensity is
about 0.18/1.

., Photoelectric

Compton Scattering ""'E:l;cucn Pair

partial kermatotal kerma

i

10% 108 107 24107

Gamma Energy (eV)

Fig. 35. Contributing gamma partial kerma factors, Zr.

9.2. Calculation vs. experiment

The UCLA/JAERI experiment was simulated
in 2-D geometry using the transport code DORT
and the nuclear data library MATXS15. For heat-
ing rate calculations, the kerma factors generated
in this work using three approaches (kinematics,
balance and recoil) were also used. The results
were compared with those generated using kerma
factors contained in MATXS1S. Table 1 summa-
rizes the results of the calculations. It can be seen
that significant improvements in the C/Es have
been achieved. The one exception was for Zirco-
nium probe, which will be explained later. The
detailed analysis of the results for each probe are
given later in this section.

To analyze the calculational results in detail,
the differential and integral heating profile (shown
as profile D and I in the figures) are generated
along with the neutron and gamma spectra for
each probe. The differential file can be viewed as
a sensitivity curve. It lays out the important, or
sensitive, energy range for the nuclear response of
interest, in this case, nuclear heating. The integral
file gives the ratio of the heat deposition from
energy range [0—E] to the total heat deposition

r K(r, EYO(r, E)dE

0

Emax
J K(r, E)®(r, E)YAE
0]

It can be used to separate the contributing energy
range from the non-contributing energy range.
The contributing energy range is the energy range
over which the kerma factor is really tested with
the C/Es. In this set of experiment, the probe is so
close to the targets, the contributing neutron en-
ergy range is centered at the peak of the neutron
source spectrum around 14.1 MeV. The contribut-
ing gamma energy range is centered at a few 100
KeV. The important neutron and gamma partial
kerma factors over the contributing energy range
are also shown.

The magnitude of differential curve is relative
and the unit is in w source ~! lethargy~'. The

unit of spectrum is in 1 source ~' lethargy ~ .
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Table 5
Contributions from different energy ranges, Zr

Neutron (33%)

Gamma (67%)

Energy range (MeV) Contribution (%)

Energy range (MeV)

Contribution (%)

0.0-1.6 ~1
1.6-13.8 ~9
13.8-15.6 ~90

0.0-0.1 ~1
0.1-8.0 ~97
8.0-14.0 ~2

Given in the following are summaries of analy-
sis for different probes.

9.2.1. Carbon probe

Neutron and gamma heating profile in the
probe are given in Figs. 20 and 21. Neutron
heating dominates the total heating, contributing
99% to the total heating. The neutron heating
comes mainly from the energy range of 11-15
MeV and gamma heating comes mainly from the
energy range of 0.1-10 MeV. Table 2 summarizes
the contributions from the different energy ranges
in more detail. From Figs. 22 and 23, it is evident
that the partial kerma factors of elastic and inelas-
tic scattering reactions are the two major contrib-
utors to the neutron heating and the gamma
heating comes predominately from Compton scat-
tering.

9.2.2. Titanium probe

From Figs. 24-27 and Table 3 the following
observations are made. Neutron heating con-
tributes 83% to the total heating; 14 MeV neutrons
account for 50% of the neutron energy deposition
and the contribution from neutrons with energy
less than 2 MeV is negligible. The major contribu-
tors to the neutron heating are inelastic (n, x) and
(n, p) reactions. Gamma heating comes predomi-

x T
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5 | neutron spectrum ------ K
107 - . ;
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Fig. 36. Neutron profiles of W probe.

nately from the 0.1 to 10 MeV energy range, where
Compton scattering dominates.

9.2.3. Nickel probe

The neutron heating contributes 74% to the
total heating. The dominating neutron energy
range is around 14 MeV where the major reactions
are (n, p), (n, «) and (n, np). The gamma profile is
similar to that of Titanium (see Figs. 28—31 and
Table 4).

9.2.4. Zirconium probe

Neutron heating comes mainly from the inelas-
tic (n, o) and (n, p) reactions. Here gamma heating
contributes 67% to the total heating (see Figs.
32-35 and Table 5).

9.2.5. Tungsten probe

For a high Z material like tungsten, gamma
heating dominates the total heating even when it is
very close to the source. In this case, the gamma
heating contributes 93% to the total heating. The
three gamma reactions all make significant contri-
butions, while the Compton scattering dominates
around a few MeV energy range. The elastic,
inelastic and (n, 2n) reactions are major contribu-
tors to the neutron heating (see Figs. 36—-39 and
Table 6).
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Fig. 37. Gamma profiles of W probe.



L. Zhang, M.A. Abdou / Fusion Engineering and Design 36 (1997) 479-503 497

10

08 inelastic T

0.6

oaf T

partial kermatotal kerma
.
o
2

0.2+ elasiic

0.0 . = -
108 4*108 8108 12107 1.6°107

Neutron Energy (eV)

Fig. 38. Contributing neutron partial kerma factors, W.

9.2.6. Lead probe

Like tungsten, lead is a high Z material. The
dominating heat source is from the gamma reac-
tions which accounts for 92% of the total heat-
ing rate (see Figs. 40-43 and Table 7).

9.3. Source of the uncertainty

If we take the experimental error of 5-10% as
reported in Ref. [14], most of the C/Es will be
beyond the margins of error (> 1.1 or <0.9).
Since nuclear heating is calculated in the form:

Emax

H(r)= J &(r, E)K(r, E)dE
(V]

the errors can be introduced either from the un-

certainty in the flux (@(r, E)), or the uncertainty

in the kerma factors (K(r, E)), or both.

In this set of experiments, the error from the
transport calculation has been minimized by
both fixing the uncollided flux at the probe sites
and the careful design of the geometric configu-
ration of the experiment. As can be seen from
Fig. 17, the probe was located very close to the
source, thus an error of 1 mm in its position
would lead to a 4-5% difference in the uncol-
lided flux alone. Instead of determining it manu-
ally the position of the probe was deduced from
the reaction rate ®>Nb(n, 2n)*>”Nb measured in

Measured value
K
source s~

Specific heat

1.2

L
08+ Phatoelectric

0.8

0.4

partial kerma/total kerma

0.2 Compton Scattering

100 104 10° 108 107 24107

Gamma Energy (eV)

Fig. 39. Contributing gamma partial kerma factors, W.

the front and back of the probe, so that the flux
of the starting group (around 14 MeV) in the
neutronics transport calculation would be very
close to the measurement [14]. In this way the
uncertainty in the flux was minimized. This con-
clusion is valid since the neutron spectra in the
probes were centered around the 14 MeV energy
range. Therefore, it is highly suspected that the
major sources of the uncertainty came from the
basic nuclear data and the kerma factor calcula-
tions.

Through the kerma factor evaluation process
it was found that the gamma files for certain
elements contain large inconsistencies, leading to
negative kerma factors or big differences be-
tween the kinematics and balance results. It is
also found that different evaluations also lead to
different kerma factor sets with the same basic
nuclear data libraries. That is the case here with
MAZE and NJOY.

Conversion factors for experimental results
(raw data) can also contribute to the uncertainty
in nuclear heating prediction. The experimental
results used in this comparison study were given
in {14] as an average temperature rise per source
neutron per second along with the specific heat
that is needed to convert the temperature rise
into a heating rate. The conversion was carried
out as:

Density Volume Calculated value

Joule g 3 Joule
x
gK™! cm source s !
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Table 6
Contributions from different energy ranges, W

Neutron (7%)

Gamma (93%)

Energy range (MeV) Contribution (%)

Energy range (MeV)

Contribution (%)

0.0-0.3 ~1 0.0-0.1 ~1

0.3-13.0 ~49 0.1-10.0 ~92

13.0-15.6 ~50 10.0-14.0 ~7
The following is a probe by probe discussion 9.3.3. Nickel

of the major source of the uncertainty in the
nuclear heating prediction and the explanation
of the difference between the MAZE and
MATXSI1S results.

9.3.1. Carbon

The specific heat of carbon has large uncer-
tainty, as shown in Table 1. It should be verified
in future experiments.

9.3.2. Titanium

At the time of this analysis, the neutron
kerma factors in MATXSI15 are zeros, that is
the reason for a C/E of only 0.45. In the MAZE
library, the kinematics and balance neutron
kerma factors result in different heating values.
The reason is that the balance kerma factors
make use of the gamma files for the nonelastic
reaction, even though they lead to negative val-
ues, while the kinematics kerma factors ignore
the possible gamma production in charged parti-
cle producing reactions due to a lack of data.
That explains the higher C/E from the kinemat-
ics result. The two kerma factor sets are shown
in Fig. 44.

0 L I heating profile ~-—
10 D heating gmﬁls ----- i
neutron spectrum -+

0 2710°  410® e'10® eri0f 107 120107 157107

Fig. 40. Neutron profiles of Pb probe.

The difference between the MAZE and
MATXSI1S5 results is mainly from gamma heat-
ing. The gamma kerma factors coming out of
NJOY are higher than that of MAZE for most
of the elements in the high energy range (1
MeV). Fig. 45 displays the two kerma factor
curves.

9.3.4. Zirconium

Although the MATXSI1S5 results agree more
with the experiment for this element, it is worth
noting that the neutron and gamma kerma fac-
tors in MATXSI1S are much higher than that of
MAZE and the neutron kerma factors in
MATXSI15 are distorted by the strange behavior
of the partial kerma factor of the inelastic to
continuum reaction, as seen in Fig. 46 and its
impact on prompt total neutron kerma factor is
shown in Fig. 47. Fig. 48 displays the difference
between MAZE and MATXSIS gamma kerma
factor. The low thermal conductance of Zr
probe could contribute to the low C/E of the
MAZE result [14].

9.3.5. Tungsten
Gamma heating dominates the total heating
even in the presence of the hardest fusion neutron

105 + P | heating profile ——
& et D heating profile -~
100 g . | gamma spectrum -----

3-10* 10° 3+10% 108 3108 1.54107
Gamma Energy {eV)

Fig. 41. Gamma profiles of Pb probe.
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Fig. 42. Contributing neutron partial Kerma factors, Pb.

spectrum. The negative partial kerma factors of
W ((n, 2n), (n, 3n)) suggest problems with the
gamma production cross sections. This is evident
in Fig. 49. Gamma energy, when multiplied by
the yield, exceeds the energy limit set by £, + O,
where Q is the mass difference from the (n, 2n)
reaction. Therefore the overestimation of the
gamma production leads to negative partial
kerma factors. As in other cases, MATXSI15
gives higher C/Es due to its higher gamma
kerma factors.

9.3.6. Lead

Since gamma heating dominates the total heat-
ing, the high C/E is very likely the result of high
gamma production data.

The above discussions illustrate that there are
many factors affecting the C/Es. Different pro-
cess codes could generate quite different response
functions despite the fact that they start with the
same basic nuclear data library. The structure of
the nuclear data is so complex that different
codes may adopt different processing strategies.
While neutron flux has been fixed at the probe
site to the measured value, the uncertainty in the
gamma production cross section affects the

" Electron Pair

"1.44.‘“_ Compton Scaitering

partial kerma/total kerma

0.0 i

T10% 10 107 21107

Gamma Energy (sV)

Fig. 43. Contributing gamma partial kerma factors, Pb.

transport of the gamma rays. The fact that the
C/Es in most cases are much larger than 1.0,
especially for the high Z material, suggest the
gamma production is overestimated, although
more experimental data will be needed to estab-
lish the trend. Auxiliary data such as the specific
heat, which can easily vary a few percent, in the
case of Carbon, the difference is as large as 24%,
could also affect the nuclear heating prediction.
The integral and differential heating profiles
along with the contribution profile from the dif-
ferent nuclear reactions can be used for sensitiv-
ity analysis by the data evaluators to improve
the basic nuclear data evaluation.

In this set of experiments, only high energy
nuclear data were really tested. In case of deep
penetration or complex configuration, uncer-
tainty of the neutron transport will also affect
the calculations and it will be even harder to
separate the different factors involved in the un-
certainty. Therefore it is suggested that in future
experiments, both neutron and gamma flux be
monitored on the test site.

10. Gamma heating in fusion reactors

Much effort has been put into neutron kerma
factor evaluations. However, the gamma heating
is often the most important heating source in
many reactor components with heavy materials.
The energy imbalance problem exposed through
the neutron kerma factor analysis has a large
impact on the gamma heating and was not em-
phasized enough in the past works. The follow-
ing summaries give an overall picture of nuclear
heating in a fusion reactor.

10.1. Structure material

If a steel alloy is going to be the major struc-
ture material, then gamma rays is going to be
the most important heating source even in the
first wall. The further back from the first wall,
the more contribution from the gamma rays.
This applies to other high Z materials as well.
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Table 7
Contributions from different energy ranges, Pb

Neutron (4%)

Gamma (96%)

Energy range (MeV) Contribution (%)

Energy range (MeV)

Contribution (%)

0.0-0.3 ~1
0.3-13.0 ~49
13.0-15.6 ~350

0.0-0.2 ~3
0.3-10.0 ~96
10.0-14.0 ~1

10.2. Breeder

The tritium breeding reaction from Li-6 releases
large amount of energy (Q = 4.78 MeV), usually
creating a peak in the heating profile. It is worth
mentioning that the uncertainty of the heating
rate in solid breeder should be evaluated carefully,
so the operating temperature will not go beyond
the temperature window set by factors like tritium
release and mechanical and chemical stability of
the materials. The uncertainty in nuclear heating
prediction should be taken into the consideration
when selecting the solid breeder materials for the
blanket.

10.3. Multiplier

The multiplier, most likely beryllium, is usually
placed in front of the system, so the breeder can
make the best of the extra neutrons. Therefore,
neutron heating contributes the most to the total
heating.

10.4. Shield
The high Z material like iron, lead and tungsten

are used to stop the gamma rays and the low Z
materials like B,C are used to stop low energy

5108

kinematics ~—
a10° balance -~

w406 L s
310 e
32108

barn

108 b

108 4108 8108 1.2°107 16107

Fig. 44. Total prompt neutron kerma factor, Ti.

neutrons. But gamma rays contribute the most to
the total heating.

10.5. Magnet

Heating in the magnet system comes predomi-
nately from the gamma rays because it is posi-
tioned far behind the system. But the radiation
damage to the insulator, usually copper, comes
from the neutrons.

A schematic configuration of a solid breeder
blanket is shown in Fig. 50, and its nuclear heat-
ing profile is shown in Fig. 51. It can be seen that
the gamma heating dominates in the First Wall
(FW) and the regions after the breeder (vacuum
vessel, shields, and magnet). Therefore, maintain-
ing energy balance in the neutron reaction data
and generating accurate gamma production data
and gamma kerma factor are very crucial in nu-
clear heating prediction.

11. Conclusions

A computer code, called MAZE, has been de-
veloped primarily for calculating neutron and
gamma kerma factors based on an improved

aV-barn

MAZE
MATXS15 -—---

108 10° 16107
Gamma Energy (eV)

Fig. 45. Total gamma kerma factor, Ni.
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Fig. 46. Partial neutron kerma factor, Zr.

modeling and a new capability to analyze basic
data and evaluate consistency in preserving en-
ergy. The code has features that allow comparison
and analysis among different methods of calculat-
ing the kerma factor and it provides users with
data information needed to make user-oriented
selections from two to three, often different re-
sults. A kerma factor library, called MAZE-LIB,
has been generated with MAZE for most of the
materials of interest in fusion based on the most
recent and accurate data available, FENDL li-
brary, which is the nuclear data library selected by
ITER. It was shown that some data inconsistency
problems in preserving the energy still exist in the
FENDL library. Some problems with the widely
used computer code NJOY were exposed during
the process of the kerma factor evaluation carried
out in this work, which is crucial at this stage of
fusion research, since NJOY is the primary nu-
clear data processing code selected by ITER.
Comparison with nuclear heating experimental
data, derived from very recent integral experi-
ments with 14 MeV neutrons and the analysis of
the uncertainty in prediction have been carried
out using the newly developed kerma factors.
Comparative analysis shows that the new kerma
factors generated in this work result in better
agreement with the experiments than those ob-
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Fig. 47. Total prompt neutron kerma factor, Zr.
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Fig. 48. Total gamma kerma factor, Zr.

gamma energy * yield.~

- B BAaRgy

0 = e 1
810 1.27107 1.6°107 2107

Neutron Energy (eV)

Fig. 49. Overestimation of gamma production, W184 (n, 2n)
reaction.
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Fig. 50. Schematic of a Solid Breeder Reactor.
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Fig. 51. Nuclear heating profile in a Solid Breeder Blanket. 14-Si-nat 1402

15-P-31 1525

16-S-nat 1600

tained from previous work for most of the probe 17-Cl-nat 1700

materials. The C/E values obtained in this work 19-K-nat 1900

. .. 20-Ca-nat 3200
indicate an overestimation of the gamma produc- .

.. . . . 22-Ti-nat 3220
tion in the basic nuclear data library. The integral 23-Vonat 2300
and differential heating curves along with knowl- 24-Cr-50 2425
edge of the contributing reactions, which are gen- 24-Cr-52 2431
erated in this work, could in principal provide 24-Cr-53 2434
input for sensitivity analysis and be used to im- 24-Cr-54 2437
prove the basic nuclear data and kerma factor 25-Mn-55 2525
evaluations. 26-Fe-54 2625

26-Fe-56 2631

26-Fe-57 2634
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Appendix A. A material list of MAZE library 40-Zr-90 4090
40-Zr-91 4091

The material numbers (MAT) are adopted from 40-Zr-92 4092
the basic nuclear data library (e.g. ENDF/B, 40-Zr-94 4094
JENDL) from which the MAZE kerma factors 40-Zr-96 4096
were generated. 41-Nb-93 4193
42-Mo-nat 3420

Material MAT 74-W-182 7431
74-W-183 7434

1-H-1 125 74-W-184 7437
3-Li-6 325 74-W-186 7443
3-Li-7 328 82-Pb-206 8231
4-Be-9 425 82-Pb-207 8234
5-B-10 525 82-Pb-208 8237

5-B-11 528
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