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CONTROL OF NEUTRON ALBEDO IN TOROIDAL FUSION REACTORS 

B. J. Mickltch and D. L. J ass by 

Plasma Physics Laboratory, Princeton University 

Princeton, NJ 08544 

ABSTRACT 

The MCNP and ANISN codes have been used to obtain basic neutron albedo 

data for materials of interest for fusion applications. Simple physical models are 

presented which explain albedo dependence on pre- and post-reflection variables. 

The angular distribution of reflected neutrons is roughly eosfl, which is shown 

to be too broad to allow focusing of reflected neutrons. The energy spectra of 

reflected neutrrns are presented, and it is shown that substantial variations in the 

total neutron current at the outboard wall of a torus can be effected by chang­

ing materials behind the inboard wall. Analyses show that a maximum of four 

isolated incident-current environments may be established simultaneously on the 

outboard side of a torus. With suitable inboard reflectors, global tritium breed­

ing ratios significantly larger than unity can be produced in limited-coverage 

breeding blankets when the effects of outboard penetrations are included. 
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I. INTRODUCTION 

In small-aspect-ratio toroidal reactors it may be impractical to utilize the 

inboard region for beneficial absorption of neutrons, as spatial restrictions will 

make it difficult to maintain, process, or replace blanket assemblies. For any 

specific neutron application in the outboard nuclear assemblies, such as tritium 

or fissile breeding, radiation damage testing, or production of fast neutron beams, 

i» is necessary to know the magnitude and energy spectrum of the neutian 

current incident on the outboard regions. This current has Vwo components: 

(i) the uncollided fusion neutrons, and (ii) the neutrons scattered from reactor 

components, but mainly from the region inboard of the plasma and nearly 

opposite the segment of interest. 

This study investigates the variations that can be effected in the collided 

neutron current incident on outboard blanket modules by altering the neutron 

albedo of portions of the reactor, particularly the region behind the inboard 

first wall (see Fig. 1). In Sec.31 we describe calculations of neutron albedos for 

materials of interest for fusion applications In Sec.HI we present details of the 

variations in intensity and energy spectrum of the scattered neutron current 

incident on outboard wall segments. Sections IV and V examine some physical 

methods of implementing these changes and the consequences for some practical 

applications. 
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II. ALBEDO CHARACTERISTICS OF FUSION REACTOR MATERIALS 

Neutronic optimization of the inboard blanket assemblies and in-torus com­

ponents of a toroidal fusion reactor requires that data be available on the albedo 

characteristics of materials of interest. However, published analyses of albedo 

data have been limited to iron, aluminum, concrete, soil, and water. 1 - " In thiB 

section we describe calculations of neutron albedos for lead, beryllium, stainless 

steel, lithium, and uranium-238. 

Calculations were performed using the Monte Carlo transport code MCNP" 

and the one-dimensional discrete-ordinates code ANISN.7 MCNP calculations 

used the Los Alamos DE52 i icrete reaction cross section library. All ANISN 

calculations were done in Ps-Sg approximation with a 25 neutron - 12 gamma 

group cross section set 8 collapsed from the DLC4I/C library. 

A. Albedo dependence on incident energy 

Figure 2 Bhows the dependence of total albedo on incident neutron energy 

(E.) for the five materials listed above. The calculations v ere performed with 

ANISN for bare 30-cm slabs irradiated by *a isotropic source. For all incident 

energies in lithium, and for incident energies bslow the (n,2n) or fission thresholds 

in the other materials, the magnitude of neutron albedo varies with the total 

cross section of the material. Minima in total albedo are found at energies 
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corresponding to (n,2n) or fission thresholds: approximately 12 MeV for stainless 

steel, 7 MeV for lead, ? MeV for beryllium, and 1 MeV for uranium-238. As 

incident energy increases above the (n,2n) or fission threshold, the total albedo 

rises sharply. Over the energy range 0.1 to 15.0 MeV, the variation in total 

albedo is about a factor of 3 for U-238 and a factor of 2 for Be (due to their low 

threshold energies for neutron multiplication) but only about 20% for stainless 

steel. 

The MCNP code was used to determine r' Jerentia) and total albedos for 

incident monodirectional, monoenergetic neutron beamB. Some resultB from the 

MCNP calculations are shown in Fig, 3. The variations in total albedo seen in 

these calculations (Fig. 3(c)] are similar to the results obtained with ANISN. 

B. Albedo dependence on incident angle 

The MCNP data described in the previous section were analyzed to deter­

mine the variation of total aibedo with incident angle (0,-), shown in Fig. 3(b), 

for neutrons incident on 30-cm thick slabs. While an increase in total albedo 

was found for increasing angle of incidence, it was not as large as the cos -

dependence found by French and Wells2 for fast neutron albedos from soil and 

concrete. Their result iB due to small-angle scattering of neutrons from hydrogen, 

a nuclide not found in any of the materials studied here. 
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The variation of albedo with tf,- can be understood by considering the com­

peting processes of neutron reflection (escape from the front face), transmis­

sion (escape from the rear face), and absorption.9 For nonabsorbing materials 

a neutron is reflected if, after it suffers an initfal collision, it returns to the 

front face before it reaches the rear face. As 0,- increases, neutrons experience 

initial collisions nearer to the front face, leading to an increased probability for 

reflection. When infinitely thick slabs are considered, the transmission prob­

ability becomes very small so that one expects little variation of albedo with 

9,. MCNP calculations for neutronB incident on 100 cm of lead show that the 

increase in albedo as one changes from tf, = 0 to tf,- = 70 is just 7.0% for E, = 

14.2 MeV and 7.9% for E, = 1.0 MeV. 

For absorbing materials, neutron reflection IB a balance between escape from 

the front and both escape from the rear and absorption. When material thickness 

is increased, the reduced transmission is partially offset by increased absorption 

for all angles of incidence, with the result that total albedo is a weaker but still 

significant function of incident angle. For example, with 14.2 MeV neutrons 

incident on lithium the increase in albedo as fl,- increases from 0 to 70 degrees is 

88% for 30-cm slab thickness, but just 42% for 100-cm slab thickness. 

C. Angular distribution of reflected neutrons 

The angular distributions of reflected neutrons were determined using the 
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MCNP calculations described above. For all materials and all incident energies 

and angles, the reflected distribution was found to vary roughly as cos# r (8, 

measured with respect to the normal). The actual dependence for nonmultiplying 

materials has been discussed by several researchers 3 - 5 , 1 0 and has the form 

A, -M 2 c 0 s t f 8 g 

1 + 4 ^ 

where the two terms represent the forms of the singly- and multiply-Bcattered 

components of the albedo. The A,- are functions of the total and scattering cross 

sections of the material. 

This same expression can be applied to neutron multiplying materials by 

treating the multiplication reaction as a scattering reaction with two exiting 

neutrons. Where one previously used the scattering cross section £»(£', ft E, fl), 

one now writes £,(#' , fi E, 0) + 2,T^„[E',tl E, 0) . (The VMC exiting neutrons 

and the energy-angular dependence have been written explicitly.) For example, 

in the term for the number of neutrons exiting after multiple collisions 

d 

nm{9) = j S{x; E', ft E, tt) exp(-E tz/cose) dx (2) 
o 

we replace the scattering density S = E,4> with (E, + 2%2„)4>. A similar 

replacement applies to the singly-scattered component, yielding 
d 

a*W = / ( S . + 2E 2 n ) exp(-E t(£;) - E,(£)x cos 0;/ cos ;) dx . (3) 



The angular and spatial dependence of the scattering terms in EqB. (2) and (3) 

can be approximated in the same manner as for nonmultiplying materials, with 

the result that the form of Eq. (1) iB also valid for neutron multipliers. 

Our MCNP data show a flattening ot a[8r) with increasing angle of in­

cidence, which indicates that the singly-scattered component is becoming more 

important. Results for 14 MeV neutrons incident on 30-cm lead are shown in 

Fig. 3(a). 

One consequence of the co&$r angular dependence of the differential albedo 

is that shaped surfaces cannot be used to focus neutrons onto a selected segment 

of the Srst wall. Even though the direction of maximum emission is the normal 

to the Burface, the cosflr distribution is not sufficiently forwardly peaked to 

enable one to direct neutrons by suitable arrangement of the plaBma vacuum 

vessel aurfaceB. A test of the ability to focus neutronB was made by comparing 

two cases run with MCNP. One case has 20-cm Itad behind the iuboard, top, 

and bottom first wall of a rectangular vacuum vessel [Fig. 4(a)j. The second 

case, Fig. 4(b), replaces these rectangular surfaces with a semicircle centered 

at the midplane of the outboard wall. The graphs of reflected neutron current 

vs. height above the midplane at the outboard wall {Fig. 4(c)] show that the 

circular reflector gives no enhancement of current at the outboard midplaL<? over 

the rectangular reflector. 
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D. Energy spectra of reflected neutrons 

Significant changes in the energy spectrum of reflected neutrons can be 

achieved by using different materials behind the first wall of a fusion device. The 

reflected neutron energy spectrum will be determined by the neutroaic properties 

of the material, which can be classified as: 

1. multipliers-materials which create a significant increase in the number 

of neutrons in the system; 

2. metallic reflectors-materials that have a secondary peak in the reflected 

neutron current around 1 MeV due to elastic scattering down to these 

energies; 

3. moderators-materials that rapidly degrade the energy of incident neutrons 

without absorption; 

4. absorbers-materials that absorb neutrons at low energies. 

Any material can be described by one or some combination of these properties. 

The ANISN code was used to calculate the total albedo and reflected energy 

spectra for a number of materials of interest when these materials were irradiated 

with an isotropic source of 14 MeV neutroos. These materials were in the form of 

20-cm thick slabs behind a 1-cm stainless steel 316 (SS-316) first wall and backed 

by 40-cm SS-316, The energy distributions of reflected neutrons for several of the 
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materials investigated appear in Fig. 5, and the numbers of neutrons reflected 

(per unit incident current) in various energy ranges are given in Table 1. 

The largest total albedo is obtained by using a neutron multiplying material 

such as lead, uranium, or beryllium. The energy spectra from these materials 

have markedly different characteristics, however, due to their differing neutronics 

properties. Lead and uranium have large inelastic scattering cross sections at 

high energies, and thus show a strong peak in the reflected neutron energy 

spectrum around 1 MeV. These two materials have the highest albedo in the 

1-5 MeV energy range. On the other hand, beryllium moderates through elastic 

scattering with little absorption, leading to a large population of low-energy 

neutrons. Beryi!°um has the highest albedo for low-energy reflected neutrons (E 

< 20 keV). Uranium-238 has one of the lowest albedos in this energy raage due 

to neutrons being absorbed in the 2 3 S U(n,7) reaction. 

The tovest albedos in the high-energy neutron range (E > 0.5 MeV) are for 

°LiH and H ? 0 , because of the strong moderating effect of hydrogen. In the low-

energy neutron range, 1 0 t ' 4 C and 8LiH have the lowest albedos. These materials 

combine moderators with strong absorbers of low-energy neutrons. 

The energy spectra for moderating and absorbing materials have a secon­

dary peak characteristic of metals due to the SS-316 present in thv; first wall 

and reflector. The very high energy component (E > 10 MeV) of the reflected 
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current for these materials is due primarily to the stainless ster! first ".vail. The 

first wall contributes 80% of the current reflected in the source erergy group for 

1 0 B 4 C , and 90% or more for 8LiH and H a O. For all energies above 10 MeV, the 

first wall reflects 50% of the current for 1 0 B 4 C , and about 35% tor 6LiH and 

HaO. This very high energy reflected current can be reduce d somewhst by using 

an aluminum first wall which reflects only about 50% as many neutrons with E 

> 10 MeV as does SS-316. 

III. VARIATION OF iVEUTRON ENERGY SPECTRUM AT OUTBOARD WALL 

The basic data presented in Section 2 can be used to determine the energy 

spectrum of neutrons incident on the outboard vessel wall by adding the reflected 

neutron current to the uncollided current from the fusion neutron source. The 

relative magnitude of these two components was determined using the model 

shown in Fig, 6, which consists of a rectangular cross section vacuum vessel 

of aspect ratio A„ = Rv/ a„ and elongation b„/ a„ with a ring fusion neutron 

source located at R = Ro, s = 0. The fusion neutron current was calculated at 

the vessel wall for isotropic source emission, and the reflected neutron current 

Ure/i) at the outboard midplane was calculated assuming cosO emission with a 

total albedo of unity for the inboard wall, and no reflection from the top and 

bottom. The inboard albedo is taken to be differential in angle only, so that 

lrcft represents the energy-integrated reflected current. For typical tokamak 
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dimensions of R „ / a 0 = 3.0 and b„/ a„ = 2.0, the ratio J u n col/ •'«/* = 1607. 

Since the reflected current is proportional to the total albedo of the inboard wall, 

the ratio of uncoilided to reflected current for an inboard total albedo of A is 

just 1.607/A. 

The energy spectrum of J r e/< for a given material inboard is taken to be 

that shown in Fig. 5 and Table I. The total current incident on the outboard 

rnidplane is obtained by combining the reflected neutron current as given in 

Table I with the uncoilided current = 1.807. One can then define an effective 

uncollio^d neutron current at the outboard wall by adding 1.807 to the 13.5 -

H.9 MeV group current from Table I. Some important results from this are the 

following: 

1. The uncoilided neutron current at the outboard wall can be made as 

large as 82% of the total current by using flLiH, "B^C, or H 2 0 on the 

inboard side. 

2. The proportion of very fast neutrons (E > 0.55 MeV) in the incident 

current can be made at least 98% in the 6LiH and I 0 B 4 C caseF,, and is 

still 92% for K 2 0 . 

3. W ith 2 3 8 U on the inboard side, the current of collided neutrons is about 

one-half of the total. Half of the collided neutrons are very fast (E > 
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0,55 MeV) and half are relatively slow (B < 0.55 MeV). 

4 . The current of collided neutrons is about 43% of the total for Pb or Be 

on the inboard side. In the case of lead,, most of the collided neutrons 

are very fast, while for beryllium most of the collided neutrons are 

relatively slow. 

These results are for the current incident on the surface of the first wall; 

the actual current incident on a test module or blanket face will be modi ped by 

transmission through the first wall. This first wall should be made as neutron-

transparent as possible to avoid excessive energy degradation of the incident 

neutron energy spectrum. 1 1 

IV. VARIATION OF REACTOR MATERIALS 

In order to modify the magnitude or energy spectrum of the reflected 

neutron current incident on the outboard first wall, one must be able to alter the 

neutron albedo of the iiitoard side of the reactor by changing materials behind 

the inboard first wall (see Fig. 1). Some of the physical methods of making these 

changes are the following: 

1. The albedo is increased by flowing liquid lead through ducts behind 

the inboard vessel wall. 

2. The albedo is reduced by flowing liquid lithium through these ducts. 
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Scattered neutron currents for E > 300 keV are also reduced significantly 

by flowing water through the inboard ducts. 

8. Reflecting (e.g., Pb), absorbing (e.g., I 0B«C), or moderating (e.g., C) 

materials can be introduced in the form of pebbles or microspheres, 

gravity-fed from the top of the reactor into vertical ducts behind the 

inboard vessel wall, and retrieved from the bottom. 

4. Slabs of neutron reflectors, absorbers, or moderators can be carried in 

a shaft some tens of centimeters deep installed just behind the inboard 

vesflel wall, 

Substitutions can be mude for materials behind the first wall and for reactor 

components other than magnets without having noticeable effect on the fusion 

neutron source or on the pulse length. These materials must be nonmagnetic, 

and conducting materials must be broken up by insulation if necessary to avoid 

long current paths. 

V. APPLICATIONS OF NEUTRON ALBEDO CONTROL 

Several important applications exist for variable neutron albedo in tokamaks. 

One of these is the creation of special incident neutron energy spectra for nuclear 

testing experiments in extended blanket zones or modules.11 The number of out­

board locations around a torus at which greatly different energy spectra can be 
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produced simultaneo^ jiy depends on the pattern of reflected neutrons at the out­

board wall due to inboard reflectors. This pattern was calculated using the same 

model discussed in Sec. Ill, with the exception that the inboard wall is a reflector 

only over an interval ±v centered about ^ = 0. In thia model, the reflector 

has unit total albedo und emits neutrons in a cos $ distribution. The remainder of 

the inboard wall and the top and bottom vessel surfaces do not reflect neutrons. 

The ratio of uBtcled to uncoJUded current was calculated as a function of 

toroidal angle at the outboard midplane. Figure 7 Bhows the resultB for plasma 

vessel aspect ratios of 3.0 and 5.0, and for inboard reflectors with total angul'ir 

extent of 10, 30, and 45 degrees. The breadth of these patterns is due to the 

weak forward peaking characteristic of the cos $ angular distribution. The major 

diSerences between these two cases can be explained in termB of the difference 

in aspect ratios: 

1. The higher values of Jre//Junco/for A„ = 5.0 are due to a combination 

of (a) the inboard and outboard uncollided currents become more nearly 

equal as A, increases, and (b) for a given major radius the inboard and 

outboard walls are closer together at larger A„ so that the so,id angle 

subtended by a differentia] area at the outboard midplane is large-* with 

respect to points on the inboard wall. 

2. The decrease to 1/e of the peak value occurs Tor toroidal angles of 
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-.bout 30 degrees when A, = 3, and changes little over the range of 

reflector sires considered. This is because the entire reflector is visible 

from almost all toroidal positions up to 45 degrees from the reflector 

center. For A„ = 5, large portion' sf the ','flector are hidden at large 

values of <j>, so that the d.-creaae of lTtft is faster. Tht 1/e point shifts 

rapidly to larger angles as the reflector size increases. 

The reflected current is rc-ducsd by a factor of 5 to 10 at abo t ±45 >iegrcs» 

in toroidal angle from the reflector center. Thus isolated incident neutron energy 

spectra can be created 90 degrees apart in toroidal angle. This indicates that 

only four test modules could be used simultaneously if they required greatly 

different incident neut'on energy spectra. For a torus of R„ > 4 m, a 2-ci 

diameter test module could be used with a ± 5% variation in reflected neutron 

currant across the front *ace. 

Another important application of albedo modificatkd is the maximization 

of local tritium breeding in outboard blanket regions. Reference 12 discusses 1-D 

calculations with ANISN that show an overall (or global) tritium breeding ratio 

(TBR) of 1.7 is possible with no inboard breeding, i J the absence of penetrations, 

by using a combination oi" . ad -»nd Zircaloy structure in the inboard region. 

Three-dimensional Mon< e Carlo analyses give similar results when the outboard 

blanket is extended to cover the outer 3/4 (in radius) of the top and bottom of 
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the rectangular vacuum vessel. 

Several cases were run with MCNP to determine the effect of penetrations 

on systems with inboard reflectors. A 1-cm thick plasma vessel of A» = 3.2 

and elongation 2.0 was used with a breeding blanket covering the outboard, top 

and bottom, and a lead/BtainlesB steel reflector inboard. The breeding blanket 

consists of 80% Li and 20% Be (by volume), with J structure or coolant. A 

global TBR of 1.83 :s obtained with no penetrations. When eight 1-m diameter 

penetrations are included, spaced equally around the outboard midplane, the 

TBR falls to 1.58, a decrease of just 3%. If the penetration diameter is increased 

to 1.5 m, the TBR drops to 1.4ft, for a total decrease of 9%. The fraction of the 

first wall occupied by holeB for these two eases is 1.7%and 3.8%, respectively. 

Theso cases show that TBR is sufficiently high in the presence of penetrations to 

guarantee a global TBR greater than 1.05 when structure and coolant are added 

to the blanket. 
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Table 1 

ALBEDO PER INCIDENT 14-MEV NEUTRON 

(ISOTROPIC SOURCE) 

Energy Range 1-cra 
SS-316 
Wall 

Reflectss:q Mater ia l * 
of Reflected 
Neutrons (MeV) 

1-cra 
SS-316 
Wall U-238 Pb Be SS-316 H20 1 0 B 4 C 6L1H 

13.5 - 14.9 .027 044 .051 .033 .039 .030 .033 .029 

10.0 - 13.5 .015 .021 .022 .050 .032 .034 .054 .033 

0.55 - 13.0 .127 .802 .765 .459 .493 .231 .285 .247 

0.032 - 0.55 .020 .830 .424 .281 .269 .054 .045 .053 

0.032 .001 .025 .052 .408 .037 .079 .001 .014 

Railos at 
Outboard Wall 

Collided Fast 0 

Neutrons/Fi4 8.7% 49.8% 47.5% 31.0% 31.9% 16.2% 20.7% 17.1% 

All Collided 
Neutrons/Fi4 10.0* 101.6% 76.2% 73.0% 50.5% 24.3% 23.5% 21.2% 

Slowerc 

Neutrons/Fi4 1.3% 51.8% 28.7% 42.0% 18.6% 8.1% 2.8% 4.1% 

Slower Neutrons 
Fast Neutrons 1.2% 34.6% 19.5% 32.1% 14.1% 7.0% 2.3% 3.5% 

aMaterfa1 20-cm 
*>E s 0.55 MeV 
C E < 0.55 MeV 

thick behind 1-cm SS-316, and backed by 40-cm SS-316 
F14 = 1.607 + Albedo of 13.5-14.9 MeV group 
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Figure 5. Energy spectra of neutrons reflected from 20-cm thick material 
behind 1 cm of stainless steel-316 and backed by 40 cm of SS-316. 
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Figure 6. Toroidal model used in the calculation of J ,/J *, 
uncol refl. 
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Figure 7. Ratio of reflected to uncollided current at outboard midplane 
for different angular extent of the inboard reflector, (a) Plasma vessel 
aspect ratio A v - 3.0. (b) Vessel aspect ratio A v = 5.0. 
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