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FIG. 1. Part ial molal volume-composition isotherms for 
copper in liquid lead-copper and for nickel in liquid lead-
nickel solutions. 

ess than those calculated from the rule of mixtures even 
though less dense copper was added to the liquid lead.2 

Part ial molal volumes for lead and copper were esti-
mated by the method of intercepts (1,4). I t was found tha t , 
as in the case of the lead-nickel solutions, the partial molal 
volume of lead in the lead-copper solutions did not differ 
by more than about 0.2% from the molal volume of lead. 
Figure 1 gives partial molal volume-composition isotherms 
for copper in the lead-copper solutions, and similar curves 
for nickel in lead-nickel solutions are included for com-
parat ive purposes. The data indicate tha t the same general 
trend is observed for both systems; the partial molal volume 
of the solute extrapolates to a value of zero at high dilution, 
decreases with increase in temperature at constant con-
centration of solute, and increases with increase in solute 
content. These observations, in addition to the fact tha t the 
metallic radii of the solutes, their electronegativities, as 
well as their temperature coefficients of solubility in liquid 
lead (2) are comparable, suggests t ha t the model used as a 
basis to explain the composition dependence of the partial 
molal volume of nickel (1) should be equally applicable to 
explain that of copper. Briefly, in each of these binary sys-
tems, the radius ratio of solute to solvent (5) is not far 
from Hagg's atomic radius ratio of 0.59 for pairs of atoms 
the smaller of which should fit into interstit ial positions 
in the lattice of the larger. Furthermore, since liquid metal 
solutions may display a distribution in the sizes of intersti-

2 In the absence of experimental da ta on the densities of 
liquid copper undercooled to temperatures as low as 650°C, 
the densities used in the rule of mixtures calculations of 
the molal volumes of copper were obtained by extrapolation 
on a density-temperature plot using Lang's (3) density 
data . 

tial holes (6), one can visualize tha t at high dilution the 
relatively small solute atoms (copper or nickel) enter 
interstitial sites in the quasi-lattice of the molten lead with 
the result tha t the partial molal volume of the solute ap-
proaches a value of zero. As more solute is dissolved, the 
partial molal volume increases with increase in composition 
because some of the solute atoms must enter substitutional 
sites (1). It is to be noted in Fig. 1 tha t the partial molal 
volume of copper increases more rapidly with composition 
than tha t of nickel. This is still consistent with the pro-
posed model for the solution process (since the atomic vol-
ume of copper is about 5% larger than tha t of nickel) and 
fur ther emphasizes the importance of the atomic size effect 
in liquid alloys. 
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Reactivity Effect of (n, 2n) Reactions in D 2 0 * 

Recent measurements (1) of the (n, 2n) cross section of 
deuterium by Hill, Goldberg, LeBlanc, and Taylor at the 
Lawrence Radiation Laboratory give results in good agree-
ment with theory (2) and permit reasonably accurate calcu-
lations to be made of the effect of this reaction on the 
multiplication factor of heavy water moderated reactors. 
Multigroup calculations were made for an infinite sea of 
D2O containing a uniformly distributed source of fission 
neutrons to determine not only the magnitude of the (n, 2n) 
effect, but also the effect of (n, a) and (n, p) reactions with 
oxygen. The effects were found approximately to cancel 
with a net loss of neutrons per fission neutron of 0.06%. 

In the multigroup calculation, a group width (common 
to all groups) of 0.1 lethargy unit was employed where the 

* The information contained in this article was de-
veloped during the course of work under contract AT (07-
2)-l with the U. S. Atomic Energy Commission. 
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l e thargy , u, is given by u = log 10 /E wi th E t he energy in 
Mev. The highest energy group employed had an upper 
bound of 14.9 Mev. The t abu la t ion of the fission spec t rum 
(3) given in reference 4 was employed. Oxygen cross sections 
and anisotropic scat ter ing d a t a were t aken f rom reference 5. 
Legendre polynomial fits t o the available d a t a for deuter ium 
(6-10) were employed to express the anisotropic sca t te r ing 
d a t a in the same form as t h a t for oxygen in reference 5, 
with weight given to what appeared to be the best d a t a 
(6, 7, 10). The calculation gave the results t h a t , per fission 
neu t ron , there are 0.00414 (n, 2n) reactions wi th deuter ium, 
0.00472 (n, a) and (n, p) react ions [mainly (n, a ) ] wi th 
oxygen, and 0.00097 inelastic collisions wi th oxygen. The 
net loss of neut rons per fission neu t ron is thus 0.00058. The 
(n, 2n) effect is somewhat larger t h a n s ta ted by Weinberg 
and Wigner ( 1 1 ) , bu t much smaller t h a n would be calcu-
la ted from the cross sections assumed by Hower ton (12) or 
Emmer ich (13). 
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Formulas for Thermal Reactors with Some 

Resonance Fission 

The contr ibut ion of fissions induced by epi thermal neu-
t rons to the react iv i ty of primari ly thermal reactors is of 

interest in reactors having low modera tor to fuel rat ios. 
In t r ea t ing this effect it has been common to use the follow-
ing definit ions: 

(̂ thermal) kt = €7}tfp2&p2b 
(̂ resonance) kr = €7)̂ (̂1 ~ P2b) 

where and p<& are the resonance escape probabi l i t ies for 
the fertile and fissile mater ials , respectively; t h e 77's are 
for average thermal and resonance fissions, respect ively; 
and the other symbols have thei r usual meanings. 

Commonly the to ta l k is obtained by adding kt and kr , 
but in the following it is shown t h a t this is correct only in a 
very restr icted sense and t h a t a more general formula t ion 
is of the form 

keif = kt 

1 - kr 

in those cases where kr < 1, and where the average l ifet ime 
of neut rons captured at resonance energies is short com-
pared to the thermal neut ron l ifet ime. 

This is most easily shown by adding a t e rm for resonance 
fission to the usual two-group formulat ion: 

(Fast) 

-DjV*4>f + 2 /* / = evJXtfa + €77,2/^28(1 - p%)<f>f ( la) 

(Thermal) 

- D W t + Z t0i = pxp%2f<l>f ( lb) 

In t roducing the buckling, B 2 , in the usual way and solv-
ing the s imultaneous equat ions leads to a cr i t ical i ty con-
di t ion: 

[1 + tB2 - eVrp2S(l - p2b)][ 1 + L2B2] 
- eytfpT&VK = 0 

and to te rms of first order, 

kt + kr - 1 

(1 - kr)L2 + r 

(2) 

(3a) 

In reactors where kr « 1, the correction t e rm to L2 

may be ignored, and in this sense then the kt and kr are 
simply addi t ive. However, a more general in te rpre ta t ion of 
E q . (3) may be obtained by solving (la) for the ra t io of t he 
fluxes 

<t>f/<i>t = 
kt/p-x Pn 

(1 - kr + T 2/ 
(4) 

When leakage may be neglected, this ra t io is larger by the 
fac tor 1/(1 — kr) t h a n in the corresponding case wi thout 
resonance fission and suggests the in te rp re ta t ion of the 
effect as a convergent , i te ra t ive process wi th the mul t i -
pl icat ion at each cycle being kr . Wi th leakage included, it 
is jus t kr — tB2. This conclusion is reinforced by the 
observat ion t h a t , for zero leakage, the critical condit ion 
can be wr i t ten in the form 

kt/(1 - kr) = 1 


