
.NEACRP-L-343 
SEPTEMBER 1989 

NEACRP RECOMMENDATION FOR NEACRP RECOMMENDATION FOR 
,‘I. ,‘I. 

STANDARD ‘&PLACEMEN+ DhiGE DOSE UNIT STANDARD ‘&PLACEMEN+ DhiGE DOSE UNIT 

. 

‘, i.. Orech$ 
Argonn&Ntition$ Laboratory; U.S.A. 

.- 

OECD N u c I e~‘a r 

.Committee 0.n 

E in Ed r g y Agency 

Reaclo,r Physics~ 



. 

NEACRP~RECOMMENDATION’FOR 
STANDARD DISPLACEMENT DAMA~E”D~SE:UNIT ;‘~ ‘; 

Y. Orechwa (Argonne NationalLaboratoty~USA.), 
M. Sahdores (Cbmmisseriat 2 rE!ergie Atomique,’ France) ’ 

1. lntroduotion~ _~ 

~. There is a recognised needfor an international standardisation of a displacement damage dose unit, 

0, : 

in order t,o,charaoterise material ,irradiations. in rea$ors, and to compare’ irradiation effeots in ‘different 
reactors; and in diierent @ations. (i.e., dierent spectra) of. the same ma&or., Since ,dierent units ,. 

., (DPA according ~to ,diierent ‘models, total, fluence, flux above a threshold energy, em,), have been used by ” 

: different labomteries; a,single.agreed unit seems desirable to establish-a~oommon language,to exchange 
I 

. . 

.data and experience. : 
_’ 

. ., 

,~ It is currently ~held that ~the maki qause~of .mechanical damage. in materials is atomic displacements’ 

from the cr&tal,lahice.~ Hewever,other effects can r&k from,ne.g.i the introduction oflforeign atoms to a~ ;. ~’ 
material by nuclear transmutation reactions, as the high temperature embriilement ~related’to: helium ~’ ‘. ..:, 

~ production, the microstru&e and ~purity of a material ‘or iemperatum condkions’ dudng[ an, ‘kradiation 
, .,c&. 

: ,,. 

The uncertainty of thedorrelation of~changes of~structural material properties (i.e., .swelling)~te atomic 
.a, ,, : ‘. dtsplacements IS then due.to both the .physical atom displacement model adepted and io other factors, : 

like helium production, presence of impurities, temperature condiiions:effects, etc. 
~._.~..~ 

,This last ‘point stresses’ the fact that, seven if the most ~reliable physical model of neutron-induced. 

atomic displacement has to be sought, the inao&acies of damage dose models are also’ significantly 
related to factors and extrapolation rules which are of a more.metallurgical nature. 

2 



2. The NRT~model for the definition of a unit of diepjecement dose’ .‘,.. 

A model has been developed [i], in which the displacement cross-sex&of, nuctide:specieej, for an ..I ‘~ 
‘. 

inctdent neutron of energy E, is definedas : 

: 
::, 

In this expression : . . ! 

I 
I> ,. .~:~ 

OcjjQ ~:. : Cross+ection for neutrons of .energy fundergoing primary reaction rwith nuclide j : 
~” 

pi (E,E’)dE’ : : Probabiliiy,that this’reaction will produce a recoil in the~energyrange,fto f’+d,!Z, ‘. ” 

* Ei& :‘Energy required to displace an atom from the lattice of element j; l ‘. x:‘. ~~ ;‘,, .,;,a- Displacement efficiency accounting.for departure form hat&sphere scattering: 

~$r(~‘,jj’),~ : Functions in the Lindhard formula for the fraction of the.~prtmary’ knock-on energy E’ : 
. 

which istransferred elastically to thecascade. .~’ : 
I 

It should be noted that the ,Lindhard formula :makes alto\nrance, for a pnmaty knockon ,atom ~of o,ne ‘. ‘, ~~ ~~~ .~ 
1 

species j’, transfening energy to a lattice ~of a~ different spectes j, ~tiith the: restriction that the ~atomic 

numbers and atomic weights must not be very differenf. : ,‘~ : :, “: : 
i .~ 

~:~~ 

The NRT~mode~ &c&embraces all thefactcr.s in Equation (I) e&ept 0,&J and J$(E$‘J &;...The& ~:!, 

last are inthe different category of’primaty ,x&ion ,cross-section data.’ From computer studies; K ~has ‘~ ,. 
been found constant (0.8)for a range of. nuclides from~~iron to tungeten, but the value for Ed ts empirical’ ,. 
and includes an.adjustm.ent for recombination of “near-neighbcut’;defects. ; ,: 

0,. In practical terms;’ producers .~and.’ usersof the damage’ rut% .‘are’ concerned on,ly with 

-energy-dependence, so for ~pure elements~, the values of multiplicative constants ” and I& can’be imposed 

arbiimrily. A value Ed = 40 ,eV’has been suggested fcr iron. 
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‘. Given a steady-state neutron,spectNm’O (E) &the number of displacaments per atom in elementj 

in a time f till be: ~.: ‘~ 

: 
: 3. The unit~for’an~alloy 

‘\ 

In the case.of an alloy, a’displacement model which accoonts property for the metallurgical detail in ‘. 

the alloy, is not available at present. 
.~~ ~,, ” 

Among the usersof the ~NFtT,modei, two definitions haves been adopted up to now : ’ 
. 

,. 

b). Use of a mixed-fraction model: 

; ,.~~;Uo$&& o;(E) ‘; Q+.O). . . . . . . . . ..‘.e ..*..., i . . . (2) ~~ ‘~ : 
1 

where fi is the atomic fraction of speciesli in the alloy. ~~~ ” 

_: 
..“The major obje&$to the use of definition (&is that definition~faits to account for, real differences I ;. 

among~the primary reaction cross-sectionsin.the constituent nuclktes of the alloy. However, thisdefinition ~’ 

.is particulady simple; and has a good’physical basis~for the~major constituent of most alloys of’interest. 

The major objections to definkion~ (b) is that this definttion assumes that a primary knock&atom of a 

#~ 
certain species will.expend its energy in collisions with atoms of the same species, Which is certainty 

,, 
~. unrealistic [2]: 

To,illustrate the.implications of these two definitions, Table 1 gives’the one-group o@ for Fe; Cr;Ni~~ 

‘~taken separately land ,obtained from e&ration (1) and for steel, obtained from. equation (2) in different 

spectra and reactors. Table’2 gives the energydependence of a damage dose rate in two different 

positionsof the same reactor. 

97020004 

4 



;, ;, 

The inspection of these tables indicates: The inspection of these tables indicates: 

,a) The oF, and the q,,,diier by less than 7% iti the core blanket regions; 

b) This difference can be larger in regions far from the core (- c 15 %j, due to.spectrafeffects. 

The differences, in, particular in ‘core regions, could be comparable to the uncertainty related to a 
.&de alloy model (the mixed-fraction model).. ,a. 

: Finallyi it is to be noticed that the od value is fairly intensive to basic data effects. 

4. NEACRP recommendation . 

-,@ .’ In view of the arguments given in the previous paragraphs it is recommended that: 

.’ 

,a) The NRT model should be used for separate isotopes; 
.‘, ,. 

b) The odFI. (NRT) ‘should be used as a common standard displacement damage dose untt ‘to 
characterise alloys irradiation. The domain of applicabitkyof thisprescriptton is compatible ~with 
the needs of metallurgists, since they arekeen to use’irradiatton information ‘on a, spe& alloy in 

~ ‘, 

as close as.possible spectra; ,andlor to u&the same unkto compare in a simple ways the .’ 

‘; irradiation of dtterent alloys in fhe ‘same flux spectrum. The domain ‘of applicabkii of the 
prop&d ,prescription ‘is certainly wider than prudently practical. ~Unacceptable terrors could be 
encountered, if the proposed prescription IS used for all alloys. in completely different, irradiation 
conditions. Thiswould certainly represent a misuse of the proposed standard; .~ 

0 ,’ ) I 
‘. 

c The mrxed-fraction model od for altoys:should also be optionally supplemented. The cross-section .~_ 
preparation codes should allow. systematically this possibility. Alloys should be f&ted as 
separate materials. In that sway, if a more satisfactorily definition for alloys Will be worked outand 
validated, it could be easily introduced in the future. This implies ,also, that historical irradiation’ 
characteristics should be systematically archived; 



d) Efforts should be put in the davelopment and validation of a more rigorous definitiorrof an alloy 

,unit. However; the solution’of this problem is beyond~tlie scope of reactor physics and concerns 

,essentialty solid state and metallurgical physics : ,~’ ~, 
~.’ 

j.. 
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One-group IS., (NRT) for sepqrated isotopes and fqr~allo~ , : 
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NEUI'RONICS IN TX TOROIDAL BELT-GEOMETRY OF A SCREW PINCH REACTOR 

x.24. "erschuur, 

Netherlands Energy Research Foundation (ECN), Petten, The Netherlands. 

Abstract 

The neutronics characteristics of the Belt. Screw Pinch Reactor (paper BZ), which differ 

markedly from those for a Tokamak reactor, are studied. Transport calculations have been per- 

formed in the toroidal belt geometry using albedos and accompanying absorption data for the 

b~lanket, which are calculated with one-dimensional Sn. For this purpbse the ANISN code has 

been modified (ANISN-ALB), and the code FURNACE developed. The results for the BSPR show a 

marked poloidal variation of the neutron wall loading, the heating and the tritium production 

The experiences with the codes ANISN-ALB and FURNACE are promising. 

I. Introduction 

As part of the reactor study on the Belt Screw Pinch Reactor (BSPR) /I! a neutronics andphoto- 

0 

nits study is performed. The neutronics and photanics of this reactor'are characterized by 

the large volume compression of the plasma, the shift of th; plasma towards the outer blanket, 

and the large height over width ratio of the belt-shaped toroidal vessel (fig. 1). Under these 

circumstances the intensity and angular distribution of the flux of primary 14 HeV neutrons 

impinging an the first wall is strongly dependent on the position on the wall. Hence there is 

a marked poloidal variation of the neutron wall loading, the tritium breeding, and the heating 

around the torus. These effects are studied for the BSPR, assuming a Steiner type blanket 

all around the torus. The calculational method used is described in section 2, and the re- 

sults are given in section 3. Conclusions are drawn in the last section. 

2. Calculational method used 

Neutron and photon transport calculations for fusion reactors are hampered by the large dimen- 

sions of such systems as compared to the mean free path of these particles. The use of spe- 

cial Sn-codes as the toroidal TWOTRAN 121 and three-dimensional Monte Carlo codes as MORSE 

131 is possible, but with a large penalty in computer time, which makes these methods not 

very practical for design purposes. The method presented here will give relief with respect 

0 
CO memory space and computer time needed. 

The method is not hampered by, but on the contrary makes use of the fact that the torus di- 

mensions are large compared to the mean free path of the neutrons in the blanket (first con- 

dition). In addition it is assumed that the torus dimensions are large compared to the thick- 

ness of the blanket (second condition) which mostly is the case in fusion reactors. The first 

condition makes it possible to calculate the neutron and photon transport within the torus 

separately by using differential albedo's for the blanket. These albedo's can be caIculated 

once for each blanket configuration. 

Due to the second condition, the nucleonics behaviour of the blanket is almost independent of 

the cu?~vature of the blanket, and hence will only depend on the energy and angular distri- 

bntion of the incoming neutron flux. Therefore the nucleonics of the blanket can be handled 

with a one-dimensional transport code. 
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.  

These considerations have led to the following calculational procedure: 

a. For every discrete energy and ,angle of incidence, a one-dimensional transport calculation 

for the blanket is performed, producing energy and angle dependent reflected fluxes (the 

albedo-data), and flux- and reaction rate distributions within the blanket (the absorption 

data) per unit of incoming flux. These data then constitute a data library for the blanket 

which is independent of reactor geometry. 

b. The uncollided 14 MeV neutron flux on the first wall is calculated using a ray tracing 

scheme as described in ref. 141. 

C. Then the scattered flux within the torus is calculated by a multiple reflection scheme 

using the albedo data. This calculation gives the energy and angle dependent neutron flux- 

es impinging on the first wall for a series of discrete positions around the torus. 

" d. These incoming flux distributions are then used to weight the absorption data from the 

library, resulting in the flux- and reaction fate distributions in the blanket for all 

discrete points around the torus. 

Finally these reacrion rates are integrated over the blankee zones to attain the rritium 

breeding, thermal power production and other reaction data of the whole blanket. 

The albedo data on the library are,given in Sn-discretization (n=8). The multiple refleCtiOn 

calculation is performed with an angular quadrature which differs slightly from the Sn qua- 

drature, in that for each level the azimuthal angles are equidistant. (For level j the x-axis 

is a 4(n/2-j+l) rotation axis). 

Due to the small plasma volume in the BSPR only a few directions oft the n=8 quadrature will 

see the plasma. Therefore the uncollided flux is calculated in a finer angular mesh, attained 

by subdividing each direction in m2 directions (m= 20). 

The code system consists of the code ANISN-ALB /6/ which is a modified version of the ANISN 

code /5/ that produces rhe albedo library and the absorption library, and the code FUlQ?ACE 161, 

designed to perform the multiple reflection calculations in the toraidal belt geometry. It is 

intended to produce a second version of FURNACE which can handle msre general eoroidal geo- 

metries. A flow diagram of FURNACE is given in fig. 2. 

3. Calculations 

The torus of the BSPR has a major radius of IO m, a width of 5 m and a height of 15 m (fig. 1). 

It is surrounded by a "Steiner" blanket consisting of a first wall of 1 cm SS, a lithium zone 

0 
of 60 cm and a reflector zone of 1; cm iron. The lithium zone contains 90% natural Li, 5% SS 

and 5% void for the cooling. The plasma geometry resulting from plasma equilibrium IS/ is also 

shown in fig. I. The volume compression of the plasma ~"=20.3 and the outward shift of the 

plasma A/b-0.28. Calculations are performed for a fusion power of 5 GW produced homogeneous- 

ly in the plasma. 

'Cross sections and kerma factors have been'caken from the EPR-library 171. A macroscopic cross 

,section library was produced, which then was condensed to 7 neutron groups and 3 gamma groups 

by a ANISN condensation run for the blanket. Then a IO group albedo library and absorption 

library was produced with the ANISN-ALB code. 

Finally the FURNACE code was run for the BSPR-reactor. For the IO energy groups the ANISN-ALB 

run took 250 cp seconds and the FURNAE run cook 135 cp seconds on a CYBER-175. Computer time 

will increase quadratically with the number of energy groups for ANISN-ALB, and linearly for 
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3. 
FURXGE. Calculations in more energy groups will be performed in the near future /b/. 

Prior to the full calculation for the BSPR, the influence of the aspect ratio A and rhe height 

over width ratio e of the belt shaped torus, on the wall load distribution was studied, 

xaki?g into account the influence of A and e on the plasma geometry 181. The calculations 

revealed that within the range of 2955 and 21ei3, the ratio of the maximum to average wall 

loading lies within 10% of the average value. 

Poloidal distributions of the neutron wall loading P, and the thermal power produced per m2 

wall surface P are given in figure 3. Poloidal distributions of the tritium production per 

m2 wall surface (T,T6,T,) are given in figure 4. It can be seen that the variation of the 

neutron wall loading is pronounced. The variation of T7 is even more pronounced, owing to the 

slant incidence of the 14 EleV neutrons on the upper and lower parts of the inner and outer 

walls. Due to this the loss of neutrons below the threshold of the 7Li reaction by inelastic 

scattering in the first wall is increased. Neutron flux profiles, which are not given here, 

show that especially at higher energies there is a nett flov of neutrons out of the high flux 

regions (the mid regions of the inner and outer blanket) into the torus, and a newt flow of 

neutrons from the torus into the low flux regiotis (the upper and lower parts of the inner and 

outer blanket). Tbis explains the less pronounced poloidal variation of the tritium produc- 
- 

0 tion by the 6Li reaction Tb, and of the thermal power production P. The fast neutron flux, 

the epithermal flux and the thermal flux in the first wall, which are a measure for the neu- 

tron radiation damage and the activation of the first wall, are also given in fig. 3. 

The radial distributions of the heating rates p and the tritium production rates t in rhe 

blanket are given in figures 5 and 6 for a few positions around the torus (positions are in- 

dicated in fig. I). The influence of the slant incidence of the 14 MeV neutrons on the dis- 

tribution of t7 and p in the low flux regions can be seen very clearly. The increased slope 

of t6 in the low flux regions is also due to the slant incidence , in that it reduces the 

effective slowing down length of the neutrons. The integral data for the inner, upper+lower 

and outer blanket, as given in the table, reflect the above mentioned effects. 

The neutron energy multiplication Qn and the breeding ratio T for the whole blanket are 

rather low due to the absence of 'a lithium layer behind the iron reflector. 

4. Conclusions 

These first calculations show that the method proposed here can give good insight in the neu- 

0 
tronics and photonics in a toroidal fusion reactor at low computing costs. It is believed 

that even if more energy groups are used to attain greater accuracy, computing time will 

still be lower than for example if a two-dimensional transport code is used. This will be 

even more the case, if the albedo- and absorption libraries are used for a series of FURNACE 

calculations. 

The large ratios of maximum to average wall loading and of maximum to average power produc- 

tion in the blanket, will have consequences with respect to the technical design of the BSPR 

Ill. If the inner blanket is replaced by a neutron reflector, as suggested in Ill, more at- 

tention will have to be paid to the optimalisation of the tritium breeding ratio. 

The high energy multiplication of the blanket desired for the BSPR might become a problem. 

Further study on these subjects and more experiences with the method will be given in lb/, 
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Table I. Neutronics results for the BSPR. 

inner upper + outer total 

_ blanket lower blanket blanket blanket 

rieutron wall load Fw (MW/m2) 1.29 1.18 2.10 1.60 

thermal Pth (GN) power 1.03 0.97 2.41 4.41 

energy mult. (neutr.) Qn 1.13 1.30 0.97 1.07 

tritium breeding TR7* 0.471 0.577 0.459 

ratios IX6 0.799 0.883 0.594 

T7* 0.104 0.104 0.275 0.482 

T6 0.176 0.159 0.356 0.691 

T 0.. 280 0.263 0.631 1.17 

* T is tritium breeding per fusion. 

TR is tritium breeding per incoming fusion neutron. 
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Fig. 1 Belt-shaped torus of the BSPR with Dlasma and blanket 
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Fig. 2 Flow Diagram of FURNACE 
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Fig. 5 Radial distribution of power density D 
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Fig. 6 Radial distribution of tritiw production t per m3 
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