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RADIATION-DAMAGE CALCULATIONS WITH NJOY

Robert E. MACFARLANE, Douglas W. MUIR, and F. W. MANN*

Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico, U.S.A.

Atomic displacement, @is production, transmutation, and nuclear heating can all be calculated
with the NJOY nuclear data processing system using evaluated data in ENDF/B format. Using
NJOY helps assure consistency between damage cross sections and those used for transport, and

NJOY provides convenient intertace formats for

linking data to application codes. Unique

features of the damage calculation include a simple momentum balance treatment for radiative
capture and a new model for (n, particle) reactions based on statistical model calculations
Sample results for iron and nickel are given and compared with %he results of other methods

1. INTRODUCTION

Damage to materials caused by neutron irra-
diation is expected to be an important design
consideration in fusion power reactors. There
are many radiation effects that may cause dJdam-
age, including direct heating, gas production
(for example, helium embrittlement), transmu-
tation, and the production of lattice defects.
A1l of these quantities can be calculated
easily and consistently using modules of the
NJOY nuclear data processing systeml'z toge-
ther +ith evaluated nuclear data from ENDF/R-
V.3

This paper will concentrate on the calcula:
tion of nuclear recoil, which produces the lat-
tice defects. The methods used in the current
HEATR module of NJOY will be described, and a
new treatment of charged-particle emission will
be pruposed. Finally, the results will be com-
pared with other radintion damage calculations.

2. THE NJOY SYSTEM

The NJOY nuclear data processing systeml'z
processes almort all the types of data given {n
ENDF/B3 into the form of continuous-energy or
multigroup cross cections for neutrons and

photons, ard cross-section ccvariances. The

*West inghouse Hanford Engineering Development
Laboratory, Richland, Washinqgton, USA,

results can be supplied in a variety of for-
wmats. Although NJOY is a iarge system (almost
50 000 card images), it is made simpler by the
modular structure sketched Y¥n Fig. 1. The
RECONR module reconstructs continuous-energy
cross sections from ENDF/B resonanc: parameters
and nonlinear iuterpolation sche.es, BROACR is
used to Doppler broaden these results. and
HEATR is used to adrd heat-production (verma)
and damage-energy production cross sections.
These point-energy ENDr-format results (PENDF)
can then be converted to Monte-Carlo format or
averaged over energy groups (GROUPR). Not
shown are modules for thermal scattering
(THERMR), wunresolved enargy-r~ange cross sec-
tions (UNRESR), photon {interaction cross sec-
tions (GAMINR), covariances (ERRORR), and
various ing * and output formats (MODER, DTFR,
CCCCR, MATXSR, POWR, COVR).

With this structure, it {s easy to add new
invormatfon such as heating or damage to the
PENDF file. The new data can then be reformat-
ted or group averaged just like any ~ther cross
section. Then, the heating and damage numbers
can be used for cealculation: in continuous-
energy Monte-Carlo codes such as MCNP4 or in Sn
transport codes such as ONCDANI.5 Combining the
damage calcuiation with the other cross section
processing tasks {s convenient, but more {mpor.
tantly, {t helps to assure consistercy between
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Simnlif<ea structure of the NJOY nuclear data
processing system,

the damage and heating cross s2ctions and those
used for neutron and photon transport

3. DISFLACEMENT DAMAGE

A large cluster cf lattice cefects can be
produced by the primary reco:l nucleus of a nu-
clear reaction as it slows down in the lattice.
It has been shown that there is an empirical
correlation between the number of displaced
atoms per lattice atom (DPA) and various praper-
ties of metals such as elasticity. The nunber
of displaced atoms depends on the total avail:
able ‘“damage' energy Ee and the snergy ¢t
required to displace an atom from fty lattice
pusition. Because the availabie energy s used
up producing pairs,

t
| neutron collisions
OPA T, * TYattice atom (1

A vide range of Ed values of 25 to 75 eV (s

reported in the li(orlturo.6'7 HEATR calcu-

lates Ea and multiplies it by the neutron total
cross section to obtain the damage-energy pro-
duction cross section, Ea depends on the
re:oil energy ER and the pa-tition of recoil
energy between electronic excitations and atom-
ic motion. The partition function used in NJOY
was given hy Robinson8 based on the electrc ¢

screening theory of Lindhard:9
Er
(2)
1+ F (3.4008c27° + 0.40244c°% 4 o)

P(E) =

if ER 2 25 eV, and P(E) = 0 otherwise. In Eq.
(2), ER is the primary recoil energy and
e = ER/EL ) (3
1/2
= 2/3,.,2/3
EL = 30.724 ZRZL(ZR *ZL ) (ARoAL)/AL , (&)
0.0793 27/% 1/2(a 0 )32 5
T i e e 7, e v/ e v )
LBty it al

L R

and Z‘ and A‘ refer to the charge and atomic
number of the lattice nuclei (L' and the recoil
nuclei (R). The function behaves like ER at
low recofl energies and then levels off at
higher energies. Therefore, the damage-energy
production cross section is always less than
the heat production cross section. The damage
results are suitahle for metals only.

At present, recoi! energy distributions are
not included in the ENDF files, so they have
tc he estimated using mocels. For elastic and
two-body discrete-level scattering (ENDF/B de-
signations MT1=2 and MT1=5] through 90), this can

be done accurately using
) Af
Ep(E p) = =~ (1 - 2M + M), (6)
R A1)?

where

i )



and p is the center-of-mass scattering cosine.
The corresponding damage-energy production
cross section is then obtained from

1
D(E) = o(E) J f{E,WIP(ER[E.wD)dn , (8)
-1

where f 1{s the angular distribution of the
scattered neutrons from the ENDF/B File 4.
This integration is performed with a 20-point
Gauss-Legendre Discrete-level

reactions with ENDF "LR flags"--for uxample,

quadrature.

(n,n')o reactions--are treated in the suame way.
The effect of the additional emitted particle
on the recoil spectrum is ignored.

Continuum reactions, such as the ENDF MT91
for (n,n'), give a recoil spectrum

Eg(EE' ) = 3 (E - 2 JEF 7 E) (9)

where E' 1is the secondary neutron energy, and
p is the laboratory cosine. The damage becomes

D(E) = n(E) deE‘ Ji dy f(E,u) g(E-E') =
0 -

P(EQLEE' D), (10)

where ¢ {s the secondary-energy distribution
from ENDF/B File 5. In HEA.. . the angular dfs-
tribution is taken to be fsotropic, &and a four-
point Gaussian quadrature is used for the angu-
lar integration. Fer analy.ic representations
of g (see Ref. 3 for details), an adeptive in-
tegravion to 5X accuracy is used for E'; for
tabulateo File 5 data, a trapexoida! integra-
tion {s performed using the enerqy ,rid of the
evaluation. The same procedure it used for
(n,20), (n,m), etc., with no eccount being
taken of any extr. charged particles emitted.

The trestments used above {mplicitly ne-
glected the effects of photon momentum;, how-
ever, this {s not a good assumption for radia-
tive capture (ENDI/B MT=102) J‘or incident neu-

tren energies below 25-100 keV. In this case,

' 2
€
I 3 E
Eo(E) = =1 -2 1 -——1-——7
R( ) * * 2(A+1)mc cose

2

+ ———1—-——2 . (11)

2(A+1)mc

where ¢ is the angle between the incident neu-
tron direction and the emitted photon direc-
tion. If subsequent photons are imitted ‘n a
cascade, each one will add an additioral term
of Eyz and an additional angle. A complete
averaging of q. (11) with respect to P(ER)
would be difficult (A Monte-Carlo approach is
used in Ref. 7) and would vequire angular cor-
relations not present in ENDF/B. However, an
estimate for the damage obtained by treating
the neutron "kick" and all the photon kicks in-
dependentiy should (ive a conservative upper
1imit because

2
1 £°
3
S D(t)d(cose) 5 D(gry) * 2 o(-JLQ) . (12)
-1 oy 2M,C

Finally, the (n,particle) reactfons such as
(1,p) (MT=103) and (n,o) (M7=107) are computed
using

Tp = ey (% - 2/aFFT, cose < ab) L (13)

where 8 is the mass ratio of the emitted par-
ticle to the neutron, E* is aiven by

% a A+1-a , (14)

+

and the particle ereryy E. is approximated as
being equal to the sme!ler af the available
energy

6,0 ot (1%)

av

or the Coulomb barrier energy



6
1.029 x 107 )zZ
E =L’73-——17g— (in ev) , (16)
cb R A

where z is the charge number of the emitted par-
ticle and Z is the charge number of the target
atom. This "delta-function approximation" has
the advantage of avoiding the integration over
final energy while still representing the most
important feature of the charge-particle spec-
trum. The angular distribution for the emitted
particle is assumed to be isotropic in the lab.

4. A NEW TREATMENT OF PARTICLE EMISSION

One possible objection to-the NJOY treatmeit
of radiation damage is the "delta function ap-
proximation" for particles emitted from (n,p)
and (n,o) reactions. Some earlier codes used
simple evaporation spectra.6'7 The DISCS

code’ follows the method of Kikuchi and

11

Kawaii, who employ an 9nergy-shifted eva-

poration mode)

Q(E<E') = CLE' = K(DIE,,)
expl-(E' = K(DE)/B(EZ,A)] ,  (17)

where C is a normalization constant, K(Z) is a
function fitted to data, and v is annther
fitted function which takes the place of a
nuclear temperature. Specifically,

o(E,2,A) JWH“’
WLy = m ' (18)

Al

where p 1s the reduced mass of the system, Q is
the Q values for the reaction, and a {s the nu-
clear level density.

In order to evaluate the relative merits of
the various models of particle emission, the
Hauser-fFeshbach computer code HAUSER'SIP was
used to calculate the outgoing proton and alpla
spectra from n~27A1. n*SGFo. n‘saNi. n§6‘N1,
N¢92nn. and n*looﬂo. Very good agreement has
been obtained with such calculations and the
sparne avaliible experimental data. VUuing the

results for aluminum and iron, a new fitting
function was found:

g(E=E'} = C[E' - (D))

VE+Y G -E exp [-g(M)E'] (19)
where
f(2) =0.11 protons
0.254 Z  alphas (20)
and
g(A) = -0.072 J A . (21)
58

figure 2 shows a comparison for n+  "Ni for
14-MeV incident neutrons. For a1l the cases
studied, the new formula gives good agreement
with the calculated values. The new formula
also works better than the formula and param-
eters of Kikuchi and Kawaii, especially for the
cases where E+Q is smal] compared to the Coulomb

barrier energy.

04‘ —

0.0

8.0 200

MLy e

E.ci(MaV)

FIGURE 2
Comparison of different models of the o
spectrum for the ®8Ni{n a) reaction.

5. COMPARISONS OF RLSULTS

A tynical total damage-energy production
cross section (ev-barns) is shown in Fig. 3.
The 1/v behavior at low energies is the photon
recoil effect discussed above., The sharp onset
of the elastic contribution {s Aue to the 25-ev
threshold for Eq. (2). Fig. 4 shows more detai)
tor the Ligh energy range important for fusion.
On both graphs, the smooth curves are from NJOY
and the (n,particle) absorption reactions were
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FIGURE 3
Comparison of total damage energy production
for iron from "old" NJOY (solid) and NISCS
{symbol). Both are muitigroup sets piotted
»t the center of each group.

computed with the old treatment. The points
plotted with symbols are multigroup values from
the DISCS code10 and were kindly supplied by L.
R. G: enwood of the Argonne National Laboratory.

The effocts of the new treatment of particle
emission can be seen in Tables I and II. AN
three methods are in reasonable agreement for
(n,p) reactions, but as expected, the new mode?
gives lower results for (n,a) reactions due to
the improved treatment of Coulomb barrier pene-
tiation. The small effect implies that the
initia) "kick" given by the neutron capture is
more important than the kick from the emitted
particle, which sometimes adds to the recoil
energy and sometimes subtracts. The large
difference for "other" in Table Il comes from
the (n,n'p) reaction.

TABLE 1
Damage Energy Production (keV-barns)
for 14-15 MeV Neutrons on Iron
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Components of damage energy production for {ron
av high energies, Curves are results from "old"
NJUY, and symbols are velues from DISCS'®

(scuares are total, triangles are inelastic, and

civiles are everything but elastic and in lastic).

Reaction DISCS 01d N.JOY New NJOY
(n,p)+(n,d) 23.3 23.3 23.3
(n,a) 12.3 11.6 11.2
elastic 62.3 63.5 63.5
i.elastic 110.0 114.6 114.6
cther 2.1 85.8 85.8
total 290.0 2%8.8 298.4

TABLE 11

Damage Energy Production (keV-barns)
for 1/'-15 Mev Neutrons on Nickel

Reaction DISCS  01d NJOY New NJOY
(n,p)*(n,d) 41.6 51.9 52.0
(n,a) 47.9 45,2 43.9
elastic 62.3 63.4 63.4
inelastic 64.7 58.3 58.3
other €3.5 48.5 48.4
tota! 300.0 267.3 266.0



6. CONCLUSIONS

The NJOY system provides a convenient way to
compute damage cross section< or DPA that are
consistent with the heating, transmutation, gas
production, and transport cross sections used
for a particular analysis. The results com-
pare well with those of other codes, and pro-
vide significantly improved results for high-
energy capture reactions.

Remaining shortcomings
of recoil

include the neglect
effects from charged particles in
three- and four-body reactions, and the ne-
glect of preequilibrium effects on the aigular
distributions of emitted particles. These
effects are being attacked with a completely
new approach for adding evaluated recoil spec-
tra to the ENDF/B files.l3

" The NJOY system is available through the
National Energy Software Center at the Argonne
National the Radiation Shielding
Information Center at the Oak Ridge National
and the European NEA Data Bank at

France.

Laboratory,

Laboratory,

Saclay, Several prepocessed libraries

in MATXS format are available on the Magnetic
Fusion Energy Coumputer Center networ., and the
damage cross sections can be easily formatted
for transport codes using TRANSX-CTR‘14
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