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Preface 

The bipartite meeting of which these are the proceedings 
was the consequence of discussions at Saclay in October 
1956, at which time Jack Chernick and Herbert Kouts 
visited that laboratory. There was so much discussion 
about problems of graphite reactors (particularly in connec
tion with radiation damage and physics) that it was thought 
advisable to arrange for a formal interchange of information 
on these matters between the two countries. The meeting 
was arranged under the sponsorship of the International 
Affairs Division of the Atomic Energy Commission, with 
Brookhaven National Laboratory as host. 

Although these proceedings are meant to be as complete 
as possible, in certain aspects the desire for speed in pub
lication overrode other considerations. The discussion in 
some places is fully repeated; in others it is either sketchy 
or missing altogether. I wish to apologize for technical 
failures which led to to this situation. Also, written copies 
of a few of the papers have not yet been received, and it 
has been thought preferable not to delay publication until 
the gaps are filled. Finally, some editing of the manuscripts 
has been done, but the proofs have not been returned to the 
individual authors for correction because such a process is 
time-consuming. 

I wish to take this opportunity to thank the participants 
and the individuals at Brookhaven who contributed to mak
ing this joint French-American meeting a great success. 
We all hope that this will be only the beginning of a collabo
ration which will prove to be mutually advantageous. 

HERBERT KOUTS, 
Scientific Secretary 
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The Eadiation Damage Dosage*t 

W, PRIMAK 
Argonne National Laboratory, 

Lemont, Illinois 

Abstract 

The methods of monitoring the radiation damage producing neutrons by means of 
radiation damage measurements of selected substances and the meaning of the dosage 
so obtained are reviewed. 
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Intercomparison of Graphite Irradiations 

H. HERING, P. PERIO, AND M. SEGUIN 
Commissariat a I'Energie Atomique, 

France 

Abstract 

While fast neutrons only are effective in damaging graphite, results of irradiations 
are more or less universally expressed in terms of thermal neutron fluxes. 

This paper attempts to correlate irradiations made in different reactors, i.e., in fluxes 
of different spectral compositions. Those attempts are based on comparison of 1) bulk 
length change and volume expansion, and 2) crystalline properties (e.g., lattice param
eter C, magnetic susceptibility, stored energy, etc.). 

The methods used by various authors for determining the lattice constants of 
irradiated graphite are discussed. 

INTRODUCTION 

In all publications dealing with the modifi
cations in the properties of graphite the doses 
(integrated fluxes) are usually expressed in 
terms of thermal neutrons.* 

Since the damage is caused solely by the 
fast neutrons, the intercomparison of results 
obtained in different piles or in different 
localities in the same pile, is, to say the least, 
difficult. 

We have attempted to draw some conclu
sions from the intercomparison of results, 
obtained at essentially constant temperature, 
pertaining to macroscopic properties and 
crystalline properties. 

MACROSCOPIC PROPERTIES 

The anisotropy of graphite restricts con
sideration to properties 1) on which the 
anisotropy has no influence, and 2) for which 
an independent method is available for 
taking account of this factor. 

'Very occasionally" calculated or experimental 
data concerning the fast flux and its spectral 
distribution are included; but unfortunately our 
fundamental ignorance of the effect of fast neu
trons on graphite is such that, even if these data 
were available for all the existing graphite irradi
ations, we would not be able to make full use of 
them. 

Amongst all the macroscopic properties 
measured during the irradiation of graphite 
the only ones compatible with these condi
tions are 1) the volume expansions, and 2) 
the linear expansions, classed in order of in
creasing thermal expansion coefficients.* 

Table 1 presents what we believe to be an 
almost complete collection of the existing 
published values of the initial expansions, 
linear or volume. They relate, in general, to 
irradiations of several times 10̂ ® to 10^" 
neutrons/cm* (see first footnote to Table 1). 

Figures 1 and 2 show the expansions for 
which the coefficients of expansion were 
known. It is seen that the points fall rea
sonably well on two curves** of which the 

*These last have been transposed by calculation 
where necessary to a fixed temperature interval. 
Numerous measurements on graphites of varying 
origin have led to the ratio 

«^Z / a Is = 0-88. 

*It is surprising that the French specimens'^'''' 
irradiated in a neutron converter show no differ
ence from the English specimens irradiated in 
BEPO. It is even more surprising to find the 
Canadian samples" falling clearly below the 
curve representing the values of Woods et al.;" 
but it is difficult to believe that the cause of 
this departure can be the ignorance in which we 
are left by Sheard and Pattenden" of the 
exact values of the coefficients of expansion of 
their samples. 
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Table 1 

The Wigner Expansion at Low Doses, and the Coefficients of Linear Expansion 

/ / Extrusion 

Graphites Authors 

_[_ Extrusion 

Density, 
g/cm'' 

10' Expansion 
Coefficient rC 

10' Mil 
for 10" 
n/cm"* 

10" Expansion 
Coefficient /°C 

10' Mil 
for 10"° 
n/cm** 

Notes 

English 

Sheffield 
A.G.X.P. 
French 
C.S.F. 
T.S.G.B.F. 
W.S.G.B.F. 
C.S.G.B.F. 
K.C. 
W.S.F. 
A.G.X.P. 

Korite 
9 

9 

9 

Kinchin" 

Dunworth' 

Delcroix ^ ^ 
Woods " ' • " 
Woods 

. Woods 
Woods 
Woods 
Woods 
Sheard and Patten
den" 
Fletcher' 
Fox' 
Siegel et al." 
Hennig and Hove" 

1.60 
1.71—1.76 
1.56—1.57 

1.67 

0.80 ( -190+20°C) 
1.05 ( -190+20°C) 
2.10 ( - 1 9 0 + 25''C) 
1.1 (+25+425°C) 
2.2 (+25+425' 'C) 

0.9 (+25+425°C) 
1.4 (+25+425°C) 

1.7—3. 
3.0—5. 

10 
1.6 
3.7 
1.6 
1.6 

0 ( 

- 1 . 7 

2.25 ( -190+25°C) 

,5 2.5—3.0 ( - 1 9 0 + 20°C) 
,0 2.00—2.05 ( -190+20°C) 

3.30 ( - 1 9 0 + 25''C) 
4.8 ( + 2 5 + 425°C) 
4.2 (+25+425°C) 

?) 5.5 (26 + 425°C) 
4.3 (25 + 425°C) 

1.6 
~1.6 

3.1 
Volume 

Expansion 
=»50 ( ? ) 

11.2—14.3 
8.3—11.2 

16 
7.9 
7.9 
8.5 

2.2 

8.3 
7.0 

(b) 

(c) 

(e) 
(a) 

10.5 
7.5 
2.8 (d) 

(-f) 
(g) 
(h) 
(h') 
(i) 

*Doses in neutrons/cm^ These have been taken as the various authors give them, without any attempt being 
made to interpret them. 

(a) Hanford reactor cooled test hole, temperature = 20° to 40°C; consequently the expansions given in Figures 
1 and 2 are those of Table 1 multiplied by 1.1 to bring them to 20°C; 1 Mwd/t = 6.46 x 10" nvt. The fast 
flux is "several percent of the thermal flux."" 

(b) The Harwell reactor BEPO, temperature = 20°C,fast flux up to 5 Mev. q> (E)dE = 0.06<p,dE/E with <p, = 
thermal flux, £ = energy of neutrons. This energy distribution of the flux is characteristic of the core of 
a natural uranium reactor with graphite moderator. 

(c) The reactor, the temperature, and the energy distribution of the flux are not quoted; they are supposed 
identical with (b). 

(d) NRX reactor at Chalk River. Irradiations made in the central thimble and in a neutron converter. 1 Mwh 
in the central thimble is equivalent to 1.82 Mwh at the flux maximum in the converter, the correspondence 
being established by resistivity variations during short irradiations. 1 Mwh in the position of the flux maxi
mum in the converter corresponds to 1.9 ± 0.2 X 10" thermal neutrons/cm^ at 55°C in an experimental 
hole in BEPO. For this reason the expansions .given by the authors" have been multiplied by 1.45 to con
vert them to 20 °C before plotting them in Figures 1 and 2. 

(e) Reactor E.L.2 at Saclay. Dose in thermal neutrons. Irradiation in a horizontal converter located in the 
reflector at a tangent to the tank. Temperature = 20°C. ipihlfr = 1.4 with tpr — fast flux measured by 
S"°(«,/()P"" assuming an average capture cross section of 30 mb. 

(f) 1 Mwhd/t = 6.5 X 10" n/cm'-sec. The irradiation seems then to have been made at Hanford, in similar po
sitions to those of reference 16. 

(g) Brookhaven reactor. Fast flux ( ^ 1.6 Mev)/thermal flux probably > 10 to 11% (reference 7, Figure 12). 
Expansions measured &t t ^ 50 °C and corrected to 20 °C by extrapolation of reference 7, Figure 19. 

(h) Reactor and flux spectrum not specified. Read on reference 15, Figure 6. 

(h') Read on reference 15, Figure 15. 

(i) It is assumed that the arbitrary units of reference 8, Figure 3 represent the percent expansion by volume. 1 
Mwd/t = 5 X 10" thermal neutrons/cm". 



1 0 ^ - ( « - " o ) v / ° C 

Figure 2 

ratios of the ordinates are 2.35 to 2.40 for 
linear expansion and 2.15 for volume expan
sion. 

The agreement between these two values is 
as good as the precision of the readings taken 
from the curves of the different authors, or 
even as the precision of the measurements at 
low doses, will allow. 

CRYSTALLINE PROPERTIES 

One can try to avoid the large variations 
affecting the macroscopic properties of in
dustrial graphites by considering the crystal
lite properties, or, at any rate, those proper
ties which are independent of the porous 
nature of industrial graphite. 

A certain number of publications report 
variations 1) of the crystal parameter C, 2) 
of the magnetic susceptibility, and 3) of the 
internal energy U.* 

Of these properties the first belongs strictly 
to the crystallite only; the second is but little 
influenced by that part of the carbon which 
is badly organized, and of which the existence 
cannot be excluded with certainty from in
dustrial graphites, even those which are well 
crystallized; the third on the contrary must 
be sensitive to perturbations produced in the 
badly organized carbon. 

Variations of the Crystal Parameter C 

Depending on the authors studied, the dia
grams giving AC/C as a function of radiation 
dose are either straight lines, or, on the 
other hand, consist of an effectively straight 
part followed by a curve concave towards 
the dose above about 5 X10^° n/cm^. 

Here we shall consider only relatively low 
doses, not only because of the ease of dealing 
with a linear relationship, but also because it 
is for these doses only that one can give valid 
parameters. In fact, above SxlO^" n/cm^ 

*Woods et al." and Hennig and Hove* also 
report variations in the magnetoresistivity; but 
the figure given by these last authors, if it is 
really different from Figure 25 of reference 
16, is too small to be useful. Equally the lack of 
precision of the experimental conditions of refer
ences 16 and 8 is such that no comparison is 
possible with Kinchin" on the basis of the 
Hall effect. 
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Authors 

Woods 

Kinchin" 

Bacon^ 

Siegel" 

F o x ' 

Hennig" 

Perio'" 

(j) For na tu r a l gra 

o 

Vjo, A 

6.716 

6.732 

— 
6.70 

6.711 

— 
6.710 

6.727 

phi te Co = 

Table 2 

Variat ion of the Crysta l lographic P a r a m e t e r C 

to 

6.707 A 

I r rad ia t ion 
Tempera tu re 

20°-40° 

20°-40° 

30° 

20° 

30° 
30° 

50° 

1 

20° 

100 AC/Co 

Observed 

1.08 
1.21 

1.3 
1.2 
1.0 

1.15 

1.12 

0.97 

1.5 

for 10=° n/cm-' 

Corrected 
to 20°C 

1.17 
1.32 

1.4 
1.3 
1.1 

1.15 

1.22 
1.06 

1.85 

2.2 ( ? ) 

1.7 
2.35 

Notes 

(a) 

(a) 

(b) 

(b) 

(e) 

(k) 

(1) 

(m) 

(n) 
(n ') 

(o) 

(P) 
(P') 

(q) 

( r ) 

(s) 
(s ' ) 

(k) C.S.F. stock. 
(1) T.S.—G.B.F. stock. 
(m) Reference 10, English text, p. 8. 
(n) Ibid. Figure 7. 
(n') Ibid. Figure 7. See the remarks in the text concerning the parameters at high irradiation doses. 
(o) From this reference we took the relationships (AC/C)»./(AC/C)»= = 1.09 and (AC/C)o„o/(AC/C),„= = 1.23. 
(p) From Figure 9 of the author. 
(p') From Figure 6 of the author, assuming that the abscissa values must be multiplied by 4. 
(q) Uncertain extrapolation to 20° of Figure 20 of the author would give 2.0 to 2.2%/10"° nvt. 
(r) Reference 8, Figure 3. We have arbitrarily assumed that the irradiations were made at 20°C and that the 

arbitrary ordinates represent percentages, 
(s) Referred to thermal flux, 
(s') Referred to the rapid flux measured by S''"(»,^)P''-. 

For other notes, see Table 1. 

the diffraction lines are composed of a 
relatively sharp and narrow peak superim
posed on a strongly unsymmetrical halo of 
which the center of gravity is displaced, rela
tive to the sharp line, toward the large angles. 
The ratio of the intensities of the sharp to 
the diffuse parts of the reflection decreases 
appreciably in going to reflections of higher 
order. This excludes consideration of the 
system as being formed of a superposition of 
two distinct phases. Moreover the values of 
the parameter taken from the maximum and 
from the center of gravity do not of course 
coincide for the same reflection; the same is 

true for the parameters deduced from the 
centers of gravity of two successive orders 
(in practice from 002 to 004). Under these 
conditions it is unreasonable to claim that 
the substance may be characterized by one 
parameter (average, or the most frequent) ; 
the model allowing an interpretation of the 
equivalent diffraction function remains to be 
discovered. 

The data are summarized in Table 2. They 
have been brought to 20 °C on the basis that 
for the same graphite irradiated to a given 
dose in a constant flux but at different 
temperatures the following ratios are valid: 
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AC / AC 
/ = 1.09, 

(720° / (730° 

AC / AC 
/ = 1.23. 

(7 20° / (750° 

Examination of Table 2 shows that the 
values of A C / C corrected to 20 °C fall into 
two groups, the first being distributed around 
approximately 1.25% per 10^" n/cm^, and the 
second consisting of values which are clearly 
larger. But contrary to what was found in 
the macroscopic expansion, the values ob
tained in BEPO^'" fall in the first group, 
in agreement with the fact that the irradia
tions were carried out in a graphite pile. 

It seems normal to find the data obtained 
in the converter of E.L.2 amongst the group 
of higher values. (But they are not so clearly 
separated from the low value group as are 
the corresponding values of the linear and 
volume expansions.) 

But it is more surprising to find there also 
the values obtained in the graphite pile at 
Brookhaven:^ the correction necessary to 
convert the data from 50° to 20 °C does not 
supply an adequate explanation for this. The 
absence of information about irradiation con
ditions in the work of Hennig and Hove** 
and the fact that these authors give their 
results in arbitrary values makes their 
presence amongst the group of high values 
of little significance. 

Magnetic Susceptibilities, x 

Oaly the publications of Woods et al ." 
and ' ^ Hennig and Hove* present meas
urements of the variation of x with dose; 
that of Hove and McClelland^ simply gives 
the same doses in terms of neutrons of energy 
greater than 0.5 Mev. From the authors' 
figures the doses necessary to obtain varia
tions of X of less than 30% can only be very 
inexactly estimated; therefore these have not 
been included in Table 3. 

It can be seen here that the ratios at increas
ing doses between the effects observed by 
these authors are as constant as the precision 
of reading the diagrams will allow. In fact 
Woods' text'^'Pi" leaves the impression 
that the two series of measurements could 
well be identical; no conclusion can then be 

Table 3 

Variations of the Average Magnetic Susceptibility 

Ax Doses in 10" n/cm^ Hennig 
- 1 0 0 

X Woods"(a) Hennig''(i) Woods 

30 2.8 1.8 0.64 
40 8.7 2.8 0.76 
50 5.5 4.0 0.73 
60 8.0 5.8 0.73 
70 11 8.5 0.77 
75 16 12^5 0.78 

Woods'"'(a) Seguin''(t) Seguin 

Woods 

13.6 1.3 3.8 3 

(a) See Table 1. 
(i) See Table 1. 
(t) Irradiation in the central canal of E.L.2. <pr/<ptit 

= 0.05 with <pth = thermal flux and 95, = fast 
flux measured by S'''(n,p)P''\ 

drawn concerning the usefulness of magnetic 
susceptibility results for monitoring graphite 
irradiation. (Moreover, the rapid saturation 
of the effects limits their use to doses below 
2 to 3x10^** n/cm^.) In its favor, however, 
one can say that the doses corresponding to 
the same variation in the Hanford pile and 
in the central channel of the heavy water re
actor E.L.2 at Saclay are certainly of the 
magnitude required by what one knows of the 
fast flux ratio. Unfortunately, interfering 
factors in our irradiations prevent us from 
putting forward at the moment more solid 
bases for our argument. 

It would be interesting to compare the 
variations of x relative to those found for C. 
Unfortunately, the only data useful for com
parison purposes are those of Woods." 

Stored Energy, AU 
Table 4 shows, as a function of dose, values 

taken from the figures of different authors, 
and the ratios of these values.* Although the 
values differ markedly near the origin, they 
show a satisfactory agreement at higher 
doses. 

*The representative curves of Woods," Kinchin," 
and Simmons'''* are concave towards the dose 
axis, whereas that of Siegel" is a straight line 
above 2.5 X 10" n/cm=. 
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Dose, 
10-" n / c m ' 

0 

1 

3 

4 

5 

8 

12 

A t 0.2 X lO'̂ " 

•Ini t ia l slope 

Woods"= 

72* 

65 

120 

170 

215 

250 

340 

430 

n/cm=, AU = S 

c a l / g 

10=° n/cm= 

Table 4 

Stored Energy , AU 

Kinchin" 
Simmons"" 

80* 

80 

140 

180 

210 

c a l / g [G. Mayer, ' 

Siege!" 

110* 

90 

145 

175 

200 

225 

300 

405 

' cf. Table 3 

( ca l /g ) 

Simmons 

Woods 

1.1 

1.25 

1.15 

1.06 

1.0 

Note ( t ) ] . 

Siegel 

Woods 

1.5 

1.4 

1.2 

1.0 

0.95 

0.9 

0.88 

0.92 

Siegel 

Simmons 

1.4 

1.1 

1.0 

1.0 

0.95 

This we think may be put down to the fact 
that, as the irradiation progresses, the part 
played in At/ by those defects which heal at 
relatively low temperatures diminishes. It 
is likewise reduced by irradiation at higher 
temperature. Consequently, in the case of 
irradiations carried out under identical con
ditions but at two different temperatures Ti 
and T2 (with T2>T{), AU must vary roughly 

DOSE (n,„) 

Figure 3 

as shown in Figure 3, giving rise to decreas
ing differences and perhaps eventually be
coming constant. 

If the doses have been given in thermal 
neutrons, and if we assume that the irradia
tion at T2 has been carried out in a flux richer 
in fast neutrons than that at Tu then the 
abscissae of T^ will be elongated with respect 
to those of T2 and the two curves could inter
sect. It would perhaps be stretching the point 
too far to suggest that this is the explanation 
of the particular details of Table 4. 

The irradiation carried out by Mayer'' 
in the central channel of E.L.2 gives, on com
paring the initial slope with those of other 
authors, 

Woods/Mayer =4 .8 
Simmons/Mayer ^ 5 . 3 
Siegel/Mayer =7 .3 

These values are larger than the corre
sponding ratios for the fast fluxes in the 
various irradiation positions. 

CONCLUSIONS 

This attempted comparison leaves an im
pression of great confusion: we have not 
been able to deduce any sure terms of com
parison for graphites irradiated in neutron 
fluxes of varied energy composition. 
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In particular: 

1) Some contradictions exist between 
the crystal expansions and the macroscopic 
expansions, even when account is taken of 
the correction for the different thermal ex
pansion coefficients of the various graphites. 

2) It was impossible to establish either 
that the variations of crystalline properties 
provide a convenient dosimeter for graphite 
irradiation, or that those which have been 
considered here (the crystal parameter C 
and the mean magnetic susceptibility) actual
ly varied in the same way as a function of 
the irradiation parameters. 

3) One cannot exclude the possibility 
that the variation of stored energy may be 
too sensitive to irradiation conditions to be 
usefully employed. 

If it is desired to deduce the parameters 
controlling the macroscopic behavior of 
graphite under irradiation, it seems neces
sary to us: 

a) To complete, if possible, the existing 
data: intensity and spectral composition of 
the flux, irradiation temperatures, character
istics of the irradiated graphites (for in
stance, crystalline dimensions, fraction of 
poorly organized carbon, quantitative meas
urements on the porous structure amongst 
which should be included coefficients of 
thermal expansion). 

b) To carry out comparable irradiations 
of the same graphites in fluxes of varied 
energy composition and at various tempera
tures; moreover, to irradiate under well es
tablished conditions various graphites whose 
characteristics have previously been estab
lished as completely as possible. It remains 
to be seen if this task, certainly no easy one, 
presents sufficient scientific and technological 
interest to justify the effort which it calls 
for. 

Lastly, it is perhaps necessary to establish 
more certainly that the product flux multi
plied by time can actually be considered as a 
unique quantity, and that it is not necessary 
to consider flux and time as independent 
variables. 
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An Analysis of Radiation Damage Gradients in 
Moderator Graphite* 

ROBERT L. CARTER 
Atomics International, 

A Division of North American Aviation, Inc., 
Canoga Park, California 

Abstract 

Consideration is given to the nature of the thermal conductivity of graphite, and to 
the theory of fast neutron induced irradiation damage. From this it is possible to infer 
the temperature dependence of graphite thermal conductivity at all stages of irradiation 
damage. Based upon this inference and published experimental determinations of the 
irradiation effects sustained by graphite as a function of irradiation temperature, the 
steady state temperature distribution at a cooled graphite moderator surface is derived 
for the case of planar heat flow. 

•Only the abstract appears because no complete 
paper was submitted for publication. 
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The Effect of Fissionable Particle Size on 
Fission Damage in Graphite 

R. H . KERNOHAN 
Oak Ridge National Laboratory,* 

Oak Ridge, Tennessee 

Abstract 

In order to determine the relative amount of fission fragment damage in graphite 
as a function of fuel particle size, a number of molded graphite test specimens contain
ing 5% by weight of enriched uranium oxide particles were irradiated for one month 
in the ORNL Graphite Reactor along with control specimens containing no uranium 
oxide. Specimens in the form of rectangular bars three inches long were measured 
both before and after irradiation in order to find possible changes in weight, modulus 
of elasticity, electrical resistivity, and thermal conductivity. Results showed that de
creases in weight and thermal conductivity and increases in electrical resistivity and 
the modulus of elasticity of the same order of magnitude occurred in all specimens but 
were particularly severe for specimens in which the UOg particle size was less than 44 
microns. Annealing studies up to 750 °C indicated that annealing of fission damage did 
not occur. The amount of fission damage was compared with results of theoretical 
calculations and found to be in fair agreement. 

INTRODUCTION 

One of the problems associated with almost 
any type of homogeneous reactor is that of 
radiation damage caused by fission fragments 
as well as by neutrons. Since the range of 
fission fragments is small, the problem of 
fission fragment damage can be minimized 
by forming the fissionable material into dis
crete particles. Thus the matrix material in 
a homogeneous type of reactor will suffer less 
damage because a large fraction of the fission 
fragments can be absorbed within their 
originating particles. Quite clearly, the 
larger the fuel particle, the fewer the num
ber of fission fragments which will escape to 
damage the surrounding matrix. On the 
other hand, if the particles were made very 
large, the result would be a relatively hetero
geneous dispersion which might cause 
irregularities in fission-heat transfer. A 
theoretical study has also been made on the 

Oak Ridge National Laboratory is operated by 
Union Carbide Nuclear Company for the U. S. 
Atomic Energy Commission. 

effects of fuel particle size on the transient 
behavior of a proposed homogeneous graphite 
reactor.' 

The work reported here was done as a pre
liminary experiment in order to investigate 
the effect of fission particle size on fission 
fragment damage in any matrix material. 
Graphite was chosen as the material because 
of convenience of fabrication and because of 
the many previous radiation damage studies 
made upon it. However, graphite does have 
the disadvantage that its properties are not 
always uniform. 

The experimental work was a joint effort 
between Battelle Memorial Institute and Oak 
Ridge National Laboratory. The Battelle 
group was responsible for forming and sizing 
the fissionable particles and fabricating the 
test specimens. Theoretical considerations 
of the radiation damage problem were also 
carried out by R. J. Harrison of Battelle.^ 
The Oak Ridge National Laboratory Solid 
State Division assumed the responsibility for 
testing and irradiating the specimens. 

10 
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EXPERIMENTAL CONSIDERATIONS 

The size, shape, number, and composition 
of test specimens were contingent upon many 
factors. A compromise was made in view of 
the many variables. Thus, the test specimens 
were fabricated in the form of rectangular 
bars approximately 6 x 7.5 mm in cross sec
tion and 7.5 cm long. All test specimens 
were molded, resin-bonded bars made up with 
the same weight of fissionable material in the 
form of UO2 particles. The composition was 
5% of uranium metal by weight (added as 
UO2) and 95% carbon. The specimens were 
baked at 1370 °C and were not graphitized. 
Four batches of bars, each of different 
particle size, were made containing UO2 with 
about 90% U235 enrichment. One batch of 
control test bars containing no uranium was 
also fabricated. Batch designations and de
scriptions are shown in Table 1. 

Batch 
Designa

tion 

R 
S 

T 

U 

V 

Table 1 

Graphite-UOs Test Specimens 

Uranium 
Addition 

None 
UO2 nodules, 

- 3 5 + 40 
mesh 

UO2 nodules, 
- 5 0 + 70 

mesh 
UO2 nodules, 
- 1 4 0 + 325 

mesh 
UO2 nodules, 

- 3 2 5 mesh 

Particle 
Size (M) 

— 
586 

334 

94 

<44 
(estimated) 

Density 
(g/cc) 

1.66 
1.75 

1.75 

1.75 

1.73 

Composition: 5% wt enriched U"'", remainder 
graphite 
3% U by volume, =80 mg/cc fission
able material 

Specimen Size: 6 X 7.5 X 75 mm 

Measurements were made on three speci
mens from each batch before irradiation 
with remote-control apparatus located in hot 
cells. The measurements taken were weight, 
modulus of elasticity, relative thermal con
ductivity, and electrical resistivity. After 
irradiation, these measurements were again 
performed remotely. Weights were taken 
with an analytical balance, and a standard 

potentiometric method was used for electrical 
resistivity. These were the most accurate 
measurements. The modulus of elasticity 
was determined by obtaining the resonant 
frequency of each specimen in longitudinal 
vibration. The values of the modulus 
probably should not be considered absolute. 
The relative thermal conductivity was ob
tained by measuring the difference in tem
perature between the top and bottom of a 
vertically suspended specimen, the bottom 
end of which was maintained at a constant 
temperature of 160 °C. The temperature 
difference thus found is merely a rough indi
cation of the thermal conductivity. 

After the pre-irradiation measurements, 
the 15 specimens (3 from each batch) were 
sealed in steel containers for irradiation in a 
hollow fuel channel in the center of the 
ORNL Graphite Reactor. Along with the 
specimens were thermocouples to monitor the 
temperature, and cobalt foil for neutron flux 
measurements. The containers were evacu
ated and flushed several times with helium 
gas. Finally, each container was sealed 
with a positive pressure of 3 psi helium gas. 

A summary of the average irradiation data 
is shown in Table 2. If it is assumed that 
all the fission energy is eventually converted 
into heat within the specimens, then the 
maximum heat developed in each specimen 
will be 2.4 cal/sec or about 10 watts. 

Table 2 

Irradiatior 

Instantaneous flux 
Irradiation time 
Integrated flux 
Maximum temperature 

attained 
Minimum temperature 

(reactor off) 
Uranium burn-up 
No. of fissions/cc 

I Data 

8.5 X 10" n/cm'-sec 
1 month, <«600 hr 
1.8 X 10" n/cm' 
88°C 

30°C 

0.1% 
1.2 X 10" 

RESULTS OF POST-IRRADIATION 
MEASUREMENTS 

The average values for both the pre-irradi
ation and post-irradiation measurements are 
shown in Table 3. The specimens containing 
the larger UO2 particles appeared to suffer 
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Specimen 
Type 

R 

S 

T 

U 

V 

Fissionable 
Particle 
Size ill) 

None 

586 

334 

94 

<44 

Effect of 

Change 
in Weight 

(mg) 

- 0 . 7 

- 2 2 

- 2 7 

- 5 9 

- 1 3 1 

Table 3 

Irradiation on Graphite-UOs Properties* 

Modulus 
of Elasticity 
(X 10" psi) 

Before After 
Irrad Irrad 

2.9 4.0 

2.9 3.9 

2.85 3.8 

2.9 3.75 

2.8 3.75 

Resistivity 
Corrected to 20 °C 

(micro-ohm cm) 

Before After 
Irrad Irrad 

1428 1823 

1420 1720 

1416 1715 

1431 1834 

1507 2757 

Temperature 
Difference** 

(°C) 

Before After 
Irrad Irrad 

64 71 

70 75.5 

65 73.5 

68 76.5 

71 105 

*Total thermal nvt = 1.8 x lO". 
'*Temperature difference between top and bottom of specimen (held at 160°C), or roughly an indication of 

thermal resistivity. 

no more damage than the R-type specimens 
containing no fissionable material. As 
might be expected, the largest changes were 
seen in the V-type specimens. The spread 
of post-irradiation measurements between 
the three specimens of each type was also 
greatest within the V batch. The result is 
not surprising because the size of the UO2 
particles in the V batch could vary over a 
wider range, i.e., from 0 to 44 [x, whereas the 
particle size ranges on batches S, T, and U 
were much more narrow. 

One of the unexpected results was the 
rather large loss of weight experienced by 
the specimens containing fissionable ma
terial. Thus far, no satisfactory explanation 
can be found for this loss. 

In order to check the rate of damage, a 

short irradiation of 7.5 hr was made on 
three specimens, each from a different batch. 
Neutron flux measurements indicated that 
the total dose was only about 1 % of the first 
experiment. The results of the pre- and 
post-irradiation measurements for the short-
period irradiation are shown in Table 4. 

Comparison of these results with those in 
Table 3 would indicate that fission damage 
occurs at a faster rate than neutron damage. 
However, further irradiations of more speci
mens for various lengths of time would be 
necessary in order to establish firm conclu
sions about damage rates. 

ANNEALING STUDIES 

In order to investigate the annealing 
characteristics of the graphite-U02 speci-

Specimen 
Type 

R-16 

U-9 

V-6 

Effect of a 

Fissionable 
Particle Size 

(M) 

None 

94 

<44 

Table 4 

Short Irradiation on Graphite-U02 Properties* 

Change 
in Weight 

(mg) 

0 

- 1 2 

- 1 2 

Modulus of 
Elasticity 

(X lO'' psi) 

Before After 
Irrad Irrad 

3.0 3.0 

3.0 3.1 

2.9 3.6 

Resistivity 
Corrected to 20 °C 

(micro-ohm cm) 

Before After 
Irrad Irrad 

1434 1441 

1445 1514 

1495 1829 

•Total thermal nvt = 2.1 x 10". 
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Specimen 
Type 

R 

S 

T 

U 

V 

Table 5 

Adjusted Resistivity of Irradiated and Annealed Graphite-U02 

Fissionable 
Particle Size 

None 

586 

334 

94 

<44 

Before 
Irrad 

1000 

1000 

1000 

1000 

1000 

Adjusted Resistivity 

After 
Irrad 

1276 

1212 

1211 

1282 

1829 

After 
425 °C Anneal 

1060 

1078 

1085 

1153 

1610 

mens, a tube furnace was modified for remote 
operation in a hot cell. The procedure was 
to step-anneal each specimen in a nitrogen 
atmosphere for one hour at each temperature 
beginning at 150°C. The specimen was then 
cooled to room temperature, measured, and 
annealed again for one hour at a tempera
ture 25 °C higher than that of the previous 
anneal. The measurement of electrical re
sistivity was the only one made after each 
anneal because it was the most convenient 
and accurate one to perform. 

From measurements taken during the step 
annealing process, it was clear that the R-
type specimens containing no UOv were an
nealing faster. These specimens had suffered 
only neutron damage. The annealing had 
very nearly leveled off by the time the step-
anneal had reached 425°C, but none of the 
resistivity values had reached the initial pre-
irradiation value. All specimens were then 
annealed 18 hr at 425°C, and a few of them 
were annealed 12 hr at 750°C. 

No significant further annealing was ob
served after the longer and higher tempera
ture anneal. After this annealing treatment, 
some of the specimens were again weighed. 
No recovery of the loss of weight observed 
after irradiation was found, nor was there 
any further significant loss of weight. 

In order to obtain a clearer picture of the 
annealing process, all resistivity values can 
be normalized to their pre-irradiation values. 
Thus absolute values of resistivity at 20 °C 
after irradiation and after anneal were mul
tiplied by 1000/pi, where pi is the pre-irradi
ation resistivity value, to obtain the adjusted 

resistivity. The average values for all 
the irradiated specimens are shown in Table 
5. These values are shown graphically in 
Figure 1, where the adjusted resistivities are 
plotted against the reciprocal particle radius 
assuming that the particles could be con
sidered spherical in shape. One of the diffi
culties in the construction of Figure 1 was 
the determination of the particle size for the 
V-type specimens. According to those who 
made the test specimens, the average size of 
the particles should be 20 ^ or less. A value 
of 16 fi fits the other data shown in Figure 1 
very well. Again, it is perhaps because of 
the wide range of particle size in the V speci
mens that there is such a wide spread in the 
measured resistivity values even after an
nealing. 
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DISCUSSION OF RESULTS 

It can be seen from Figure 1 and Table 5 
that the R-type specimens have the lowest 
value of adjusted resistivity after the anneal. 
These specimens suffered only neutron dam
age. Since the other specimens containing 
fissionable material did not recover as much 
upon annealing, it is possible that only neu
tron damage was removed from all the speci
mens by the anneal up to 425°C. Because of 
the amounts of energy involved, it seems 
reasonable to expect that fission fragments 
would produce damage of a more permanent 
nature than neutrons. If one assumes that 
all the neutron damage could be removed 
without affecting the removal of fission 
damage, then the dotted line drawn parallel 
to the solid anneal line in Figure 1 would 
represent only the fission damage. The ordi
nate values between the abscissa and the 
dotted line are relative measures of damage 
as measured by electrical resistivity. For 
the S, T, U, and V type specimens, these 
values are 18, 25, 93, and 550, respectively. 
In effect, the construction of a straight line 
in Figure 1 is equivalent to saying that fission 
damage is inversely proportional to the 
radius of the fission particle. 

In order to calculate the expected effect in 
regard to resistivity changes, Harrison^ 
made a theoretical analysis of the effect of 
fission and neutron damage. The fission 
damage for particles dispersed in a matrix 
was computed in four steps. These were 
determinations of 1) the percentage volume 
of the matrix within the range of fission 
fragments, 2) the average relative exposure 
in the damaged regions of the matrix, 3) 
the change in properties in the damaged re

gion, and 4) the change in bulk property of 
the matrix material. 

The calculation of the first step follows 
from purely geometrical considerations. It 
is assumed that each UO2 particle is a sphere 
and that the volume of matrix material dam
aged is an enveloping spherical shell whose 
thickness is the range of fission fragments 
in the matrix. The fractional volume of 
matrix damaged is then 

R^/ 2R„ 4 i2„2 
y = 6 F ' — H \ ^— 

D\ D 3 I>2 

where V is the fractional volume occupied 
by UO2, D is the diameter of each particle, 
and Rm is the range of fission fragments in 
the matrix. In the second step, relative ex
posure is defined as being proportional to 
the number of displaced matrix atoms in the 
damaged shells. The third step requires the 
use of known data on radiation damage, 
while the last step follows from what is 
known about electrical conduction in hetero
geneous materials. One of the major factors 
in all the calculations is V, the fractional 
volume of matrix damaged. The values of 
V as well as the final results of all four steps 
are shown in Table 6, along with the experi
mental results reported above. Harrison 
used 17 II for the range of fission fragments 
in graphite and 20 ix as the average diameter 
of the particles in the V-type specimens. 

Another approach to the theoretical aspect 
of fission damage in this experiment can also 
be taken if one assumes the particles to be 
spherical. The probability that a fission 
fragment can escape from a spherical particle 
of diameter D can be calculated. The prob-

Table 6 

Fission Fragment Damage in Graphite-U02 

Specimen 
Type 

Average 
Particle 

Diameter 
(p) 

Fission 
Damage 

(experiment) 
% 

Fraction 
of Volume 
Damaged, 

V 

Calculated 
Resistivity 

Change 
% 

S 

T 

U 

V 

i86 

!84 

94 

20 

1.8 

2.5 

9.3 

55.0 

0.0055 

.010 

.046 

.59 

0.55 

1.0 

4.6 

95 
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ability that a line drawn at random to the 
surface of a sphere from any point within 
the sphere will have a length x and x + da; is 

3 / a;2\ 
P{x}dx= (1 )dx. 

2 D V Z ) V 

One may assume a fissioning atom situated 
inside a spherical fuel particle whose frag
ments have a range, Rp, inside the particle. 
Thus the fraction, /, of the fission fragments 
which escape from the sphere is 

Table 7 

Fission Fragment Damage in Graphite-U02 

Average 
Particle 

Specimen Diameter 
Type M 

S 

T 

U 

V 

586 

334 

94 

16 

Fission 
Damage 
(experi
ment) 

% 
1.8 

2.5 

9.3 

55.0 

Fraction of 
Fissions 

Emerging, 
/ 

0.031 

.054 

.190 

.914 

^Rp\ S Rp/ Rp^\ 
f==i \Pix)dx=^ 1 . 
^ -'n ' 2 D \ 3D2/ 

The above equation is valid if Rp is less than 
D. 

In making the calculations for / shown in 
Table 7, the value used for Rp, the average 
range of fission fragments in UO2 particles, 
was 12 â. This is somewhat larger than the 
average found in the literature,* namely 9.4 p., 
because of the method employed in fabricating 
the UO2 particles for the test specimens. Com
parison of the numbers in the last column of 
Table 7 indicates that they are of such magni
tude as to be in proportion with the experi
mentally determined values of fission damage. 
The fraction of emerging fragments, /, is an 
important factor in fission damage, but it 
should be modified by other factors, e.g., the 
fractional path length remaining outside the 
fuel particle and the range-energy-damage 
relationships of the fragments themselves. 

CONCLUSIONS 

The changes in physical properties of ir
radiated graphite specimens containing UO2 
particles of different sizes are not at variance 
with what might be expected, with one ex
ception, namely, a loss of weight. No satis
factory explanation has been found for the 
loss of weight following irradiation. 

Measurements of electrical resistivity fol
lowing annealing treatments indicate that 

neutron damage in graphite anneals more 
readily than fission fragment damage. If the 
assumption that neutron damage effects can 
be separated from fission damage effects by 
annealing is valid, then a direct measure of 
fission damage is obtained. 

The amount of fission damage thus found 
is inversely proportional to the diameter of 
the UO2 particles. This result is in agree
ment with theory for larger sized particles 
whether one considers the damage to be pro
portional to the fractional volume of graphite 
affected or proportional to the fractional 
number of fragments which escape from the 
UO2 particles. 
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Discussion of Session I Papers 

The first paper was presented by W. 
Primak. 

The intensity unit scale which was used 
for evaluating Mo was derived from changes 
in electrical conductivity, which changed 
about S5%. The ratio tests to verify the 
amount of displacements due to the neutron 
bombardments were obtained from experi
mental results and confirm calculations very 
well. The experiment was performed by 
placing the sample in a fuel rod with a hole 
in it and measurements were made on U^̂ ^ 
fission rates. (Reference to Nuclear Sci. and 
Eng., April 1957.) 

The graphite used was a special piece of 
spectroscopic graphite set aside about 10 
years ago. Some of this graphite is still 
available. The extent of graphitization and 
direction of extrusion are factors which af
fect the I. U. (intensity unit) scale. It would 
be advisable to set aside a large quantity of 
test material before starting a series of 
radiation damage experiments. For a fixed 
temperature range it would be expected that 
the same scale would be obtained for different 
properties of the same substance. Neverthe
less further experiments should be performed 
on different properties of various materials. 

The second paper was presented by H. 
Hering. 

The differences in the curves published by 
Carter and Woods on graphite irradiation are 
due only to differences in drawing techniques 
because the same data were used by both 
authors for their curves. 

When comparing data on irradiation of 
graphite it is necessary to monitor experi
ments carefully and to have a standard. This 
was pointed out in the case of BNL data. Ex
trapolation of data on growth of graphite 
samples irradiated at 50 °C to 20 °C may be 
questionable because it would be necessary 
to know the history of the pile shutdowns 

which may affect the stored energy due to 
annealing. 
PRIMAK: Radiation damage rates in CP-3 
changed 19-fold when the fuel flux varied 
about 20%. The thing that is important is 
that there is a steep variation in flux as one 
moves from fuel to the moderator. 
DIENES : The ratio of different parametric 
changes for the same sample should be the 
same for all samples, whereas the curves do 
not indicate this to be so. For instance, the 
ratio of volume change to crystalline change. 
PRIMAK: My experience is that crystalline 
changes cannot be measured accurately 
enough to use as a monitor except for dia
mond. 
DIENES : Experiments with MTR irradiations 
are not consistent with ORNL experiments. 
PRIMAK : Differences may be due to different 
temperatures of irradiation. 
DIENES : For diamond the extrapolation of 
lattice parameter change to volumetric ex
pansion is very good. For some substances 
the broad lines and sharp lines do not seem 
to be symmetric. 
HERING: Most of the samples quoted in the 
curves were extruded graphite. Did you have 
any experience in using natural crystalline 
graphite for a flux monitor? 
PRIMAK : I would not use it as a monitor be
cause I can not make an accurate enough 
measurement with it, although I have used 
it in irradiation experiments. I would use 
vitreous silica or diamond. 

The third paper was presented by R. L. 
Carter. 
HERING: Have you investigated stresses 
which may occur in the graphite under ir
radiation ? 
CARTER : I have only calculated the relaxation 
of stresses and do not have numbers readily 
available. The result would obviously de
pend on geometry. 

16 
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HERING :IS there not creep under irradiation? 
CARTER: I do not know of any noncontro-
versial data on creep. 

The fourth paper was presented by R. H. 
Kernohan. 

BERNOT : Could you not separate the neutron 
damage from fission fragment damage by 
varying the concentration of U? 
KERNOHAN: Yes. 

BERNOT: Did you check weight variation 
with grain density near the surface to see 
if graphite could have been vaporized off by 
fission fragments? 
KERNOHAN: Walberg at Argonne also saw 

weight losses which could be attributed to 
conversions of UO2 to uranium carbide. You 
may be driving off residual tars, hydrogen, 
etc. 
KouTS: Uranium catcher work indicates as 
many as 1000 U atoms are carried from U 
by each escaping fission fragment. Could 
a similar mass transfer in your graphite-
uranium sample explain the loss in weight? 
KERNOHAN: It is not clear why there was 
such a large weight loss in samples after ir
radiation. 
HERING : Are you sure no oxidation occurred ? 
This may explain the weight loss. 
KERNOHAN : Samples were done in a helium 
atmosphere. 





The Slow Neutron Absorption Cross Section of Graphite* 

G. R. HENNIG 
Argonne National Laboratory, 

Lemont, Illinois 

Abstract 

The neutron cross section of C" was determined by measuring the amount of C" 
formed during monitored exposure of enriched C '̂'. It is so small (0.9 mb per mole of 
C '̂') that it contributes only insignificantly to the total absorption cross section of 
graphite. 

The slow neutron cross section of Ĉ ^ has been obtained by determining the increase in 
C" concentration in graphite samples exposed for very long times in neutron reactors. 
The value obtained from three exposures is 3.3 ± 0.15 mb for C'^ However, the ex
posures were not monitored directly but estimated from the power dissipation of the 
reactor. It is believed that because of uncertainties in the exposure, the cross section 
may possibly constitute a lower limit rather than an absolute value. It can, however, be 
considered as an absolute value if combined with the measurements of Muehlhause which 
establish 3.3 mb as the upper limit to the total cross section of graphite. 

It must be emphasized that the work to be 
discussed here is not at all recent, but was 
done quite a number of years ago. However, 
the cross sections which were measured have 
been quoted repeatedly, while part of the 
actual experimental detail has never ap
peared in the open literature. 

The interest in the absorption cross sec
tions of graphite is principally due to the 
extensive use of graphite as a neutron moder
ator. It is of course customary to use 
graphite of very high purity in order to 
reduce loss of neutrons by parasitic absorp
tion. In order to predict by how much the 
neutron loss can be reduced by further puri
fication of the graphite, one needs to know 
the absorption cross sections of the two 
isotopes C12 and C ' \ This was the original 
purpose of our investigation. In fact we 
thought that very probably Ĉ * would have a 
larger capture cross section than C'^, and we 
therefore determined this value first. 

It turned out that the cross section of Ĉ -'' 

*Based on work performed under the auspices of 
the U. S. Atomic Energy Commission. 

is extremely small, so small in fact that we 
had to use carbon samples which were 50-fold 
enriched in Ĉ -* to make the measurements. 
The results have been published; the cross 
section contributed to the absorption cross 
section of carbon by the normal abundance 
of C^^ is only 10 microbarns. 

At this point in our work it became evident 
that we would have to measure the cross 
section of C'^. This is a more difficult under
taking because neutron capture produces C^̂ , 
which is not radioactive, and must, therefore, 
be determined by mass spectroscopy. For
tunately, the equipment of Dr. H. Urey, used 
for geochemical determination of prehistoric 
temperature scales was made available to us, 
and I wish to acknowledge the cooperation of 
Dr. Urey and Dr. Epstein in making the C** 
analyses. We realized that very long ex
posures would be required to change the C* 
abundance sufficiently for mass spectro-
metric determinations, and rather than start 
irradiations of samples provided with ac
curate flux monitors, we decided to use 
graphite samples available at the time, whose 
exposure was approximately known in terms 
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of the Mwd units customary in radiation 
damage work. The Mwd units were deter
mined from the power produced in the ura
nium metal adjacent to the graphite samples, 
and it was believed at the time these measure
ments were made that the thermal neutron 
flux could be estimated rather precisely from 
this power production and geometrical con
siderations. Re-examination of the conver
sion factors in view of more recent measure
ments seems to indicate that, if anything, our 
flux estimates were possibly too high, so that 
the cross section we had determined was pos
sibly somewhat low. On the other hand, it is 
very unlikely that errors were made which 
caused the determined value to be too high. 

Before describing experimental details I 
want to emphasize that we realized that the 
measurements were only preliminary and 
that a much better determination could be 
made by irradiating carbon samples which 
had been depleted in C^̂ , together with suit
able flux monitors. As so often happens, 
these more precise measurements were never 
carried out. 

However, the total cross section of carbon 
was recently determined by Dr. Muehlhause 
who established an effective upper limit to 
the cross section of C*̂  which agrees well 
with our own value. This work will be de
scribed separately. The graphite samples 
were burned to completion in oxygen, and 
care was taken to recover all the combustion 
products as COo to eliminate errors due to 
fractionations. It was further found neces
sary to equilibrate the CO2 vî ith a standard 
oxygen supply to ensure reproducible 
and reliable abundance measurements. The 
samples were analyzed in the mass spectrom
eter as CO2. The changes in the C'' abun
dance were plotted as a function of neutron 
irradiation. Least squares analysis yields 
a cross section value of 3.3 mb, with an error 
of 0.2 mb, except for the uncertainty in the 
flux measurements. 

We conclude that any graphite showing a 
total cross section considerably in excess of 
3.3 mb can be improved for reactor use by 
suitable purification, but that the cross sec
tion of Ĉ 2 of 3.3 mb sets a limit to the benefit 
to be derived from such purification. 



The Slow Neutron Absorption Cross Section of Graphite 

C. 0. MUEHLHAUSE 
Republic Aviation Corporation, 

Farmingdale, New York 

Abstract 

A specially purified specimen of graphite was prepared by the Great Lakes Carbon 
Corporation* for the purpose of learning whether a reactor grade graphite could be 
made having a smaller thermal absorption cross section than 4.5 mb. 

Using the original enriched heavy water reactor at Argonne, measurements were 
made of the thermal neutron cross section of graphite by the technique of pile oscilla
tion. Comparisons were made with both boron and a sample of standard reactor 
grade graphite. The purified specimen was found to have a significantly lower cross 
section than the standard sample. 

Results of the measurement along with a discussion of the errors involved will be 
presented. 

The work reported here was performed at 
Argonne National Laboratory in 1952. The 
author was assisted by Messrs. S. P. Harris, 
D. Rose, H. P. Schroeder, G. E. Thomas, and 
S. Wexler. This group is indebted to Dr. O. 
C. Simpson of the Argonne National Labo
ratory's Department of Chemistry for insti
gation of the work, and to Dr. L. H. Juel of 
the Great Lakes Carbon Corporation for pro
viding the high purity graphite samples. 
Cross section measurements were made by 
the technique of pile oscillation using the 
original enriched heavy water reactor known 
as CP-3'. Since this technique has been re
ported elsewhere^ the emphasis in this paper 
will be placed on the essential physical effects 
of the oscillating sample. 

A motor driven eccentric cam drove a 
sample into the center of the pile in «s0.7 
sec where it remained for ^9.3 sec. At the 
end of this time, the same mechanism re
moved the sample in «=<0.7 sec where it re
mained for «s9.3 sec. This made a total 
period ^^20 sec. So as to produce a minimum 
of background, all moving parts were made 

*Courtesy of Dr. L. H. Juel, Great Lakes Carbon 
Corporation, and Dr. O. C. Simpson, Argonne Na
tional Laboratory. 

of low absorbing materials such as mag
nesium, aluminum, zirconium, graphite, and 
quartz. Calibration was effected with boron, 
the 2200-m/sec cross section of which was 
taken to be 755 b. 

The central axial flux position was chosen 
as the proper oscillation point in order to 
minimize spacial scattering effects. This is 
especially important for carbon because the 
ratio of scattering to absorption is «1500. 
A small scattering-out effect exists, even 
though d<f>/Z = 0. At this point the flux is 
not isotropic. It is made more so by virtue 
of scattering. This contribution to the ap
parent cross section is ^-\-<Ts(a/H)^, where 
a is the radius of the tube and H is the height 
of the pile. Only the ends of the sample are 
effective, however. 

More important than the spacial perturba
tion is the neutron energy perturbation. 
Moderation of the epithermal flux by carbon 
significantly reduces the apparent cross sec
tion. The effect depends on the amount of 
epithermal flux, the average epithermal scat
tering cross section of carbon, the slowing-
down power of carbon, the age to thermal 
energy in the pile moderator, and the pile 
buckling. Moderation increases pile reac-
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Table 1 

Graphite Cross Section Analysis 

Sample 

Property T-10 HP 

Weight, g 

Density, g/cm' 

Uncorrected cross section, mb 

Air displacement, mb 

Pore nitrogen, mb 

Hydrogen impurity, mb 

Scattering-out, mb 

Moderation, mb 

Corrected cross section, mb 

159 

1.65 

3.83 ± 0.2 

+ 0.91 ± 0.02 

-0.24 ± 0.1 

-0 .1 ± 0.1 

-0 .3 ± 0.1 

+ 0.71 ± 0.1 

4.81 ± 0.3 

165 

1.65 

2.57 ± 0.2 

+ 0.88 ± 0.02 

-0.22 ± 0.01 

-0 .1 ± 0.1 

-0 .3 ± 0.1 

+ 0.71 ± 0.1 

3.5'* ± 0.3 

tivity by decreasing the age, and hence the 
escape probability of epithermal neutrons.* 

In addition to the above mentioned effects 
due to scattering, it is, of course, important 
to account for unwanted effects due to ab
sorption. The most important of these is 
the displacement of nitrogen in the atmos
phere by the sample volume. Countering 
this is the absorption of neutrons by sample 
impurities. 

Two sample impurities have been assumed 
for which the author has no direct evidence. 
One of these is pore nitrogen. Nitrogen gas 
in the form of air is considered to occupy 
that volume of the sample indicated by the 
difference between single crystal and poly-
crystalline graphite. The other impurity is 
hydrogen normally present in high purity 
graphite to the extent of =«20 ppm.^ 

Over 2100 g of high purity graphite were 
ashed and dispersed in graphite powder. 
This sample was also measured by the tech

nique of pile oscillation. The ash was shown 
to exhibit no significant absorption. In addi
tion a radioactive analysis for chlorine indi
cated this possible impurity to be present to 
less than 5 ppm. 

Table 1 lists the important physical quanti
ties of a standard piece of Argonne T-10 
graphite and the high purity (HP) sample. 
Given also are the various corrections to the 
apparent cross section as well as the final 
cross section of both samples. The difference 
between the two final cross sections is at least 
1 mb. 
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We must make clear that, for the above 
estimation, we had to take into account the 
harmful effect caused by the local depression 
of the neutron flux in the region of the large 
diameter fuel elements. This effect is noticed 
in a two-group calculation and is due to the 
higher average capture of the lattice in the 
external zone (see below). 

III. THE E.D.F.l STATION DESIGN: 
GAIN DUE TO A STUFFED REGION 

A. 
Rather than introducing absorbers (thor

ium), an improved means of flattening the 
neutron flux consists in overloading the re
actor with uranium (stuffing) so as to reduce 
sufficiently the buckling of the corresponding 
region. Thus the increase in reactor output 
is the sum of the various increases due to 1) 
the above-mentioned flattening, 2) the in
creased uranium load, and 3) the improved 
P/PM ratio, since the additional uranium 
with which the pile is stuflfed is located in 
the central region and works under optimum 
conditions. 

The stuffing of the central region cannot 
be obtained by increasing the uranium sec
tion, since one is limited by the maximum 
power to be produced in one channel; it is 
thus necessary to reduce the lattice pitch so 
as to increase the ratio of the uranium and 
graphite volumes. The reactor now has 
two regions with two different pitches. 

In the case of the E.D.F.l project the pitch 
ratio is 8/7, which means a load increase of 
(8/7)2 —I ^^ 309f in the central region. 

B. Local thermal flux disturbance due to 
stuffing—flux curves 

When passing from the central stuffed 
zone (region 1) to the outer zone (region 2) 
where the average capture is definitely lower, 
the thermal neutron flux undergoes over a 
small distance an important increase. The 
flux ratio in the two regions is nearly equal 
to <̂ 2/</>i -^L2^/W ^^MiVMa^ where L^ and 
M^ are the diffusion and migration areas. 
The phenomenon is similar to that observed 
near the reflector. 

Calculations have to be carried out in two-
group theory, so that it is essential to use an 

~ - ^ l 
THERMAL F L U X " ^ 

. STUFFED REGION 

URANIUM TUBES 
14x34 mm 

PITCH 196 mm 

^ \ 

URANIUM 
TUBES 

14x34 mm 

PITCH 

\ 

^ 

\ \ 

URANIUM R O D s \ ^ 
32 mm \ 

224mm v\ 
250 

r, cm 
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electronic computer, particularly when re
gion 2 is made up of different channels. A 
new method of calculation has been derived 
by Bacher and Parker, and a few typical 
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curves have been chosen from their systema
tic study (Figures 2 to 6). 

The flux presents 2 maxima, the first in 
the center, the second at the inner boundary 
of region 2. The tendency of course is to 
even up these 2 maxima (Figure 3). 

In region 2, the ratio Vv/V^ of the urani
um and moderator volumes is nearly the ra
tio giving the maximum buckling. A varia
tion of this ratio will only slightly change the 
buckling, whereas it will be very sensitive in 
region 1. If the pitches in the two regions 
are given, and the uranium section is taken 
as parameter, the buckling will vary rapidly 
in the central region, with a marked effect on 
the flux distribution (Figures 2 to 4). 
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To indicate the increase in output, the flux 
has been represented as a function of r^ on 
Figure 5. 

Figure 6 examines the case when the cen
tral region is slightly enriched so as to make 
up for an eventual reactivity shortage: the 
flux curve is hardly altered. 

C. A few problems resulting from stuffing 

Flattening through stuffing is definitely 
more efficient than flattening with a poison. 
The flux is slightly less uniform in the cen
tral region, but the high flux region extends 
in the outer region. In the case of Figure 3 
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Figure 6. Flux distribution in a stuffed reactor 
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(E.D.F.l type) 



Thermal Flux Flattening and Increase of Reactor Output 

J. HOROWITZ AND J. BUSSAC 
Commissariat a I'Energie Atomique, 

France 

Abstract 

I t is worthwhile, when building power reactors, to have excess reactivity in order 
to increase rating by fitting closely together the heat sources and the cooling possi
bilities. The power per unit volume of a graphite reactor can then be increased, given 
the power of the most heavily loaded channel. 

The solutions adopted for G.l, G.2, and E.D.F.l are described here, and also the 
improvements based on the actual neutron flux flattening, the introduction of sev
eral zones for the coolant, the variation of uranium rod and coolant channel diameters 
according to their location, and finally the change in lattice pitch. The perturbation 
of neutron flux due to variation of mean absorption in the lattice is also discussed. 

Power density is not uniform in a reactor. 
It usually reaches its peak in the core center 
region, where the fuel elements will thus be 
submitted to the most severe conditions. A 
large over-all power and a good efficiency 
will be reached by obtaining conditions close 
to those in the center in the largest possible 
volume of the reactor. 

We propose to survey this problem con
sidering the case of natural uranium, gra
phite-moderated, gas-cooled reactors. This 
type of reactor requires a particularly com
plex study, since on one hand the available 
reactivity margin is quite limited and on the 
other hand satisfactory thermodynamic per
formances are only obtained by carefully 
adjusting the cooling of each channel to the 
power there produced. 

I. 
First , we assume that the lattice pitch is 

uniform and tha t all channels are identical 
and contain similar fuel elements. The neu
tron flux will vary as /o(2 .4r / i2)^and the ra
tio between the average power P of a given 
channel and the maximum power PM ( that of 
the central channel) is P/PM = 0.43 for a 
bare reactor. In the case of a large reactor 
with a reflector like tha t of G.l (100 tons of 
uranium) this ratio is 0.53. 

This ratio may be increased if excess re
activity is available. More precisely, let 
Ko be the radial material buckling to which 
corresponds an extrapolated critical radius 
smaller than . i J . By lessening reactivity at 
certain given points, we will obtain a reactor 
which is jus t critical with a buckling 
K(r) <Ko. It has been_ shown that to have the 
maximum value of P/PM one must have 

K(r)=0 for 0<r<Ri; 

K(r)=^Ko fo r r>Ru 

Thus the flux will be constant for r<Ri. 

The radius Ri of the flattened region de
pends on the available excess reactivity. 
Table 1 shows—for a bare reactor—the re
lation* between excess reactivity Ak and the 
ratios Ri/R and P/PM. I t is to be noted tha t 
beyond a certain value an important excess 
reactivity is necessary to increase the ratio 
P/PM. 

The flattening process which has jus t been 
described will be used in the G.2 and G.3 
reactors. An excess reactivity of 1.5 to 2% 

*We have used the one-group theory which is correct 
for the flux distribution in the core provided the 
mean absorption does not vary too fast from one 
region to another. 
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Table 1 

Flattening versus Reactivity 

^k 0 1000 1500 2000 2500 

PIPM 0.43 0.53 0.58 0.625 0.65 

Ki/R 0 0.335 0.395 0.44 0.47 

will permit loading part of the central region 
with thorium so as to obtain a radial buckling 
equal to 0. Considering the presence of the 
reflector, one would obtain with 1.1% excess 
reactivity, P/Pu = 0.79. 

The G.l reactor also has a great excess 
reactivity, and it has been planned to load 
it with thorium. But the reactor design al
lowed for a transverse gap so as to feed the 
fresh gas into the reactor center, which is 
certainly an advantage from the thermody
namic standpoint. That gap, on the other 
hand, allows for a larger gas flow into the 
central channels than into the outer ones. 

In the case of a reactor designed in such a 
way, the advantage of a neutron flux flatten
ing was very small, and we have limited our
selves, so far, to adjusting the air flow in 
each channel with a throttle. Thus, now the 
thorium repartition is uniform in the reactor. 

There are other processes—built into the 
reactor—permitting an adjusted distribution 
of the gas into the different channels. Thus 
the Calder Hall reactors are divided into three 
zones, each having a different channel diam
eter. This has made impossible the neu
tron flux flattening by use of the excess re
activity noticed after start-up. 

IL 

Let us go back to the G.2 reactor (Figure 
1). The neutron flux, flattened to the utmost, 
is still far from being uniform. The gas 
flow in the outer channels must be adjusted 
by throttling, which increases the pressure 
drop. For this reason we tried to obtain for 
each channel a still more even power density 
curve than for the neutron flux itself, by in
creasing the maximum section in the outer 
channels. The optimization calculation has 
to take into account the details of the reactor 
thermodynamic parameters (channel diam-
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Figure 1. Flux and power distribution in G.2 

eters, fin shapes, blower characteristics, 
etc.), and we will limit ourselves here to our 
conclusions. 

The study has proved that, considering the 
flattened zone, it was sufficient to have two 
different uranium diameters, a third one 
presenting no valuable advantage (see 
Table 2). 

Radius 

(p Uranium 

% Volume 

Table 2 

Flattened flux 

0 to 
2.08 m 

28 mm 

28% 

2.08 to 
3.23 m 

28 mm 

37% 

3.23 to 
3.91 m 

31 mm 

35% 

The loading with 2 different types of fuel 
elements results in the following improve
ments : 

1) A relative increase of 4% in the total 
thermal power (the pressure drops due to 
throttling are reduced). 

2) An additional increase of 2% in the 
conversion ratio which results in a 6% in
crease in Plutonium production. 

3) A slight increase in efficiency due to 
the fact that the additional heat is used to 
increase the temperature of the gas of the 
outer zone used for superheating. 

On the other hand, the uranium load in
crease is of 8 %, which is to be considered not 
as a burn-up but as an investment. 
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Table 3 

Flattening and Stuffing of French Reactors 

Reactor 

Excess reactivity 

Flattening 

Stuffing 

F l u x , tplcpM 

Power, PIPu 

G.l 

3.5% 

no 

no 

0.53 

0.53 

G.2 (2 regions) 

1.7% 

yes 

no 

0.8 

0.8 

G.2 (8 regions) 

1.7% 

yes 

yes—in outer region (1.14) 

0.79 

0.83 

E.D.F.l 

1% 

yes 

yes—in central region (1.35) 

0.75 

0.79 

one has P/PM = 0.77 and the cost in reac
tivity is only 5 X 10'^, while an equivalent 
flattening with poison would require twice as 
much reactivity. In other words, while in 
the flattening with poison the radial buckling 
of the central region must be equal to zero, it 
is quite positive in the case of stuffing. 

In Figure 3 the radial buckling is 0.15 mr^ 
in the central region compared to 0.33 m"'-* 
in the outer region. 

Another advantage of stuffing is that the 
central region—with a high statistical weight 
—has an excellent conversion ratio. Reactiv
ity improvement during the reactor life 
is marked, and if enriched uranium is neces
sary to improve the reactivity balance at the 
start, the need for such additional fuel is not 
likely to last if use is made in the long run 
of the favorable reactivity evolution and if 
the fuel load is renewed but partially. 

A possible point against stuffing is a cer
tain lack of flexibility. In the case of flatten
ing through poison, one may wait until start
up experiments have supplied sufficient in
formation, and then decide at the last mo
ment which channels are to be loaded with 
thorium, for instance. In the long run if 
reactivity and the flux curves vary, the 
thorium distribution may be altered. In the 
case of stuffing, the uncertainty concerning 
the central buckling is greater, since one is 
rather far from the maximum; moreover the 
study concerning the changes of flux dis
tribution with burn-up has not yet been com
pleted. We notice, however, that if, in the 
central region, the buckling is greater than 
desired, it can be reduced by a few absorbing 

rods; if it is too small it can be increased by 
removal of a few uranium rods. 

In the above design, the two regions were 
built with different pitches. A valuable im
provement may be suggested, which will 
probably be used in our future reactors. Both 
regions would have the same close channel 
spacing, only part of the outer channels being 
filled with uranium, while the lattice would 
be completely filled up in the center (Figure 
7). The empty channels being filled with 
graphite rods, nothing prevents one from 
changing—after tests—the boundary of the 
stuffed region, or even the stuffing intensity. 
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However, it is to be desired that the outer 
partly empty lattice be made up of regularly 
and identically shaped cells so that the sur
rounding uranium channels may work in the 
same conditions. 

IV. Systematic study of a stuffed reactor 

Let us study now how one may find the 
maximum power of a reactor with given di
mensions (radius R) and maximum specific 
power by using simultaneously the limited 
available reactivity for a variable stuffing 
in the different regions and for an eventual 
additional flattening obtained by the intro
duction of an absorbing material in the cen
tral region (radius Ri). After a few simpli
fications, the curves obtained are those on 
Figure 8, which indicate the power increase 
versus Ri/R. 

The BCD curve concerns a uniform lattice, 
eventually stuffed in its whole volume (part 
BC), and whose central region is flattened by 
poison. The BCD' curve corresponds to a 
poison-free reactor with denser stuffing in 
the central than in the outer region (part 
BC). The AB segment corresponds to a sim
ple-region reactor: uniform poisoning at 
point A (G. 1 type) ; uniform stuffing at point 
B. G.2 corresponds to point C: no stuffing 
but flattening in the center. E.D.F.l is rep
resented by point C: nothing but stuffing, 
and that only in the central region. 

It is to be noted that one may profit by 
slightly stuffing the outer region. It is pos
sible to obtain a further increase of power by 
shifting part of the reactivity expenditure 
from the central to the outer region. 

CONCLUSION 

In natural uranium, graphite-moderated, 
gas-cooled power reactors, and even in many 
other types of reactors, flattening is a neces
sity. The use of stuffing seems to be particu
larly interesting and should permit obtaining 
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values somewhere about 0.8 for the P/Pu 
ratio. When the range of both the neutronic 
and thermodynamic performances of the dif
ferent channels has been narrowed, one 
should examine the feasibility of a longitu
dinal flattening, since, for the larger reactors 
considered above, the ratio of the average to 
the maximum flux in a given channel is less 
than 0.7. But the longitudinal flattening en
counters some practical difficulties, such as 
the possibility of moving the fuel elements in 
a channel so as to permit their homogeneous 
irradiation. 

However, valuable results may be expected 
from the flexibility given by fuel elements 
contained in movable graphite sheaths. 



Discussion of Session II Papers 

The first paper was presented by G. R. 
Hennig. 

The second paper was presented by C. O. 
Muehlhause. 

I t was suggested that one way of avoiding 
uncertainties due to lack of knowledge of 
ktr might be to do capture y-ray measure
ments. These might be difficult because of 
scattered pile y-rays. 

It was pointed out that hydrogen in the 
graphite might account for about 0.2 mb. 

French measurements were reported by 
Koechlin as follows: 

I only want to say a few words about the 
present French position with respect to the 
graphite capture cross section. 

Before carrying out diffusion experiments 
on G.l reactor graphite, we had estimated the 
thermal capture cross section (TQI of this 
graphite by means of pile oscillator measure
ments. The French standard (o-gj.) used for 
these measurements was twice compared 
with the British standard from Harwell, this 
last one having been estimated by comparison 
with the old Argonne standard (5.00 m g ) . 
These two comparisons gave asr = 4.60 zb 
0.10 mb and o-gj. = 4.70 ± 0.07 mb, or agj. = 
4.65 ± 0.06 mb average (for v„ = 2200 m / 
sec, and nitrogen capture included). 

The pile oscillator measurements led to 
o-gr — o-Gi = 0.55 ± 0.05 mb, corresponding 
to a difference of 0.66 ±: 0.06 ppm boron, tak
ing 750 b as the capture cross section of 
boron at 2200 m/sec. The error does not 
take into account the uncertainty in this 
boron cross section or the boron content of 
the standard. We therefore obtained 
aei = 4.10 ±: 0.08 mb. 

Later on we performed measurements on 
the t ranspor t mean free path and the dif
fusion length of G.l graphite. We found 
L = 53.0 ± 0.4 cm (density = 1.60 g/cm^), 

Xtr = 2.55 ± 0.09 cm. Recently Beckurts 
(from Germany) found X„ == 2.58 ±: 0.02 
cm, also for d == 1.60 g/cm^; the two values 
agree very well. Then we deduced 

2 1 A 
ae, = —— — — — = 4.30 ± 0.10 mb 

N SL' 

using L = 53.0 ± 0.4, \„ = 2.58 ± 0.02 (N 
= atoms/cm'^). 

Comparing these two values of <TGI, it seems 
that our standard value deduced from Har
well and Argonne standards should be raised 
from 4.65 to 4.85 mb. This fact is moreover 
confirmed by a recent measurement on a 
sample from the National Carbon Company 
with our pile oscillator. 

The American value given was 4.05 mb 
and we found 3.80 by comparison with our 
s tandard; this is another reason for raising 
our standard value up to 4.85 to 4.90 mb. 

Therefore we would like to know 1) 
whether the Argonne standard value (5.0 
mb) is still valid, 2) the way this value 4.05 
was obtained, and 3) in a general manner, 
the American conception about graphite 
thermal capture standardization. 

I t was pointed out that these French 
measurements led to o-c = 3.5 or 3.6 mb when 
(TNg (0.6 to 0.7 mb) is subtracted. A spread 
in <T of «=.0.3 mb results from the variation 
in G.l graphite quality; measurements were 
done only on the best G.l graphite. 

Hennig suggested t ha t a new absolute de
termination of aci2 might be preferable to 
continued restandardization. 

Hanford measurements on IDIH graphite 
were reported as follows by Richey: 

The old measurements at Hanford, recal
culated, gave L = 55.0 cm. This value com
bined with (Jtr from BNL 325 resulted in a = 
4.01 ± 0.08. Using a better atr based on 
French and Russian measurements, o- = 3.65 
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± 0.08 (corrected to density = 1.60). The 
new measurements gave L = 54.0 cm and 
<j = 4.5 mb (which should be corrected for 
ax2 «==0.25 mb). 

The third paper was presented by J. 
Bussac. 

Bernot pointed out that what was really 

wanted was a flat power distribution; for 
"longitudinal flattening" one should worry 
about the longitudinal variation of the clad
ding temperature. Therefore the flattening 
should aim for constant maximum cladding 
temperature. Bussac replied that it was even 
more complicated, since the channel diameter 
might vary along the length of the channel. 



Kinetics of Radiation Damaging*t 

W. PRIMAK 

Argonne National Laboratory, 
Lemont, Illinois 

Abstract 

The formal quantitative treatment (in terms of Vand's hypothesis of processes 
distributed in activation energy, as suggested by Neubert) of the simultaneous damaging 
and annealing which occurs when substances are irradiated in nuclear reactors is re
viewed, and specific application is made to the case of graphite. 

REFERENCES 
1. T. J. Neubert et al., ANL-5472, 1956. 
2. W. Primak, Phys. Rev. 100, 1677 (1955). 
3. W. Primak, Phys. Rev. 103, 1681 (1956). 
4. Errata, attached. 

ERRATA 

Kinetics of Processes Distributed in Activa
tion Energy, W. Primak, Phys. Rev. 100, 
1677 (1955). 

Paragraph 1.10, last line, read £',„,+,) (E/T) 
instead of E („+2) (E/T) . 

Eq. (62) and (63), read r, instead of r. 

Line following Eq. (69), read E instead of 
CTi, and read T-z/r^ instead of 73/72. 

*Based on work performed under the auspices of the 
U. S. Atomic Energy Commission. 

fOnly the abstract appears because no complete 
paper was submitted for publication. 

Equation (89), read e^^^'^i instead of e-^^h. 
Paragraph 4.3, Eq. (104) to end of this 

paragraph incorrect. The nature of the 
effect is correctly noted, but its quantitative 
evaluation is not made correctly. The sub
ject is being reconsidered and a further dis
cussion will be given. 

Fast-Neutron Damaging in Nuclear Re
actors: Its Kinetics and the Carbon Atom 
Displacement Rate, W. Primak, Phys. Rev. 
103, 1681 (1956). 

There are several places in this article 
where the displacement rate is given and the 
units were incorrectly altered by the editor. 
They should all read: 

displacements/atom per damaging 
neutron/cm^, 

i.e., 

displacements / damaging neutron \ " ' 

atom \ cm^ / 
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Radiation Damage to Graphite 
From 30° to 185°C* 

R. E. NIGHTINGALE AND J. F. FLETCHER 
Hanford Atomic Products Operation, 

Richland, Washington 

Abstract 

Property changes in polycrystalline graphite resulting from reactor irradiations at 
temperatures up to 185°C and over a range of exposures up to 1135 MD/CT have been 
determined. Changes in stored energy, thermal conductivity, sample length, and C<, 
interlayer crystallite spacing are markedly decreased as exposure temperature is in
creased. Electrical resistivity changes are also less at higher exposure temperatures, 
but this property change does not depend as strongly on temperature as the others. 

Isothermal annealing studies of Co changes were conducted on a number of irradiated 
samples. The data were analyzed assuming a large number of processes distributed in 
activation energy. The results are summarized in activation energy spectra in which 
the distribution of Co damage is given as a function of the activation energy required 
for annealing. It is found that not only does a higher exposure temperature decrease 
the total amount of property change, but also the distribution of damage accumulated 
is considerably different. 

Results are discussed in terms of the radiation damage model suggested by Hennig 
and Hove.^ This model is compatible with the experimental results presented. ' 

INTRODUCTION 

The effect of reactor irradiations on poly
crystalline graphite at room temperature 
or slightly higher has been thoroughly 
studied.^'2 Changes in properties with neu
tron exposure are now reasonably predict
able. Although the fundamental processes 
are far from being well understood, consider
able progress has been made in this area, and 
a description of radiation damage in graphite 
has been developed.' The effect of irradiat
ing graphite at different temperatures is 
much less well known. With the current 
trend toward higher reactor temperatures it 
is important to know how graphite will be
have under these conditions. Furthermore, 
a knowledge of the effects of irradiating 

\ 
*HW-47776 REV, Sept. 26, 1957 (work performed 
under Contract No. W-31-109-Eng-52 between the 
Atomic Energy Commission and General Electric 
Company). 

graphite at both high and low temperatures 
will aid in developing a more detailed de
scription of radiation damage. This study 
was undertaken to learn more about the be
havior of graphite above 30 °C with the hope 
that the results would contribute to the 
understanding of radiation damage and yield 
data of engineering value. 

EXPERIMENTAL 

The samples studied in these experiments 
were standard grade (CSF) graphite in the 
form of right circular cylinders 0.426 in. in 
diameter and nominal lengths of three in. 
The cylinders were "transverse cut" from 
graphite bar stock in such a manner that the 
preferred orientation of the Co axis coincided 
with the axis of the cylinder; i.e., the plate
lets in the graphite crystallites tended to be 
"stacked" parallel to the ends of the cylinder. 

Prior to irradiation the lengths of the 
samples were measured with a vernier mi-
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Figure 1. Sample and heater details of the experimental facility 

crometer. Thermal and electrical conductiv
ities were determined by the Kohlrausch 
method-** and the lattice Co spacings were 
determined by x-ray diffractometry. 

Two graphite samples were sealed in an 
aluminum can y^ in. in diameter. Several 
such cans were irradiated in assemblies like 
that shown in Figure 1. Each sample can 
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was inserted in a tubular wire-wound heater. 
Four of these heater and sample assemblies 
were mounted in a jointed aluminum 
housing. The completed assembly was then 
irradiated in an "annulus tube" facility 
(Figure 1) consisting basically of two con
centric tubes extending through the reactor. 
The experimental assembly was inserted in a 
dry central tube, and cooling water flowed in 
the annulus between the two tubes. 

Sample temperatures during irradiation 
were controlled by varying the electrical 
power supplied to the heaters through the 
control system shown schematically in Figure 
2. Each of the four heaters installed in a 
given assembly was wound with a different, 
predetermined electrical resistance. The 
four heaters were connected in parallel and 
were supplied with electrical power through 
a Variac autotransformer. A rheostat con
nected in series with the heaters attenuated 
the voltage applied to the heaters. A shunt 
around the rheostat was opened and closed 
by the controller, giving a "high-low" modu
lation of heater power. The "high" and 
"low" heater powers could be adjusted by 
varying settings of the Variac and rheostat. 
Three separate irradiations of the above type 
were performed to produce the data discussed 
herein. 

IRRADIATION HISTORY 

Irradiation histories of the graphite 
samples are summarized in Table l."* The 
sample exposures are given in terms of 
"megawatt days per central ton" (MWD/ 
CT). This unit is defined as the amount 
of neutron radiation received by the sample 
during the time required for a ton of uranium 
in the central region of a reactor to generate 
one megawatt-day of fission energy. The 
exposure figures shown have been normalized 
to give the equivalent exposures which the 
samples would have received, during the 
same periods, in a "standard" test hole posi
tion. One MWD/CT, as given, is equivalent 
to an integrated neutron flux of approxi
mately 6.5 X 10" neutrons /cm^. Absolute 
values of the sample exposures are accurate 
within ± 20%.'^ 

The exposure temperatures shown are 
mean values over the course of the irradia-

Table 1* 

Sample Irradiation History 

Sample No. Exposure, MWD/CT Temperature, "C 
( ± 20%) ( ± 15°C) 

93-95 193 111 
93-16 

93-23 193 139 
93-14 

93-17 193 164 
93-18 

93-99 464 127 
93-139 

93-42 464 158 
93-39 

93-62 464 185 
93-61 

96-22 1135 135 
96-97 

96-84 1135 137 
96-112 

96-29 1135 123 
96-60 

96-14 1135 118 
96-92 

tion. In the case of the "control" samples, 
whose temperatures were used to control 
heater powers, the uncertainty in tempera
ture is less than ± 5°C. Temperatures of 
the other samples, not being directly con
trolled, were sensitive to small differences 
in heat leakage rates and to external in
fluences. The temperatures of these samples 
varied considerably more during irradiation. 
However, the mean temperature values as 
shown for all samples are accurate within 
±: 15°C. 

PROPERTY CHANGES 

A large number of property changes have 
been measured on graphite irradiated at 
room temperature. These include^-^ crystal 
size and unit cell dimensions, stored energy, 
electrical resistivity, thermal conductivity, 
sample length, elastic modulus. Hall co
efficient, susceptibility, magneto-resistance, 
thermoelectric power, paramagnetic reso
nance, neutron transmission, and chemical 
properties. Since any radiation damage 
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model must be compatible with the observed 
property changes, it is important to deter
mine radiation effects on as many properties 
as possible. Certain properties may be more 
useful in this respect due to a better funda
mental understanding of a property change 
or the availability of a sensitive experimental 
tool. In addition, a few property changes are 
of considerable practical interest in the con
struction and operation of reactors contain
ing graphite. We have measured four prop
erties in this study: stored energy (SE), 
length (L), thermal conductivity (K) and 
interlayer spacing (Co). Electrical re
sistivity measurements were also made but 
it was found that this property does not de
pend strongly on irradiation temperature. 
The slight decrease in damage at higher 
temperatures was not much greater than the 
experimental error of measurement and so 
this property has not been included here. 

As a result of reactor irradiation the 
energy content of graphite increases. The 
difference between the energy content of a 
perfectly crystalline sample and a sample 
containing crystalline defects is termed 
stored energy. It may be measured through 
conventional heat of combustion measure
ments from which total stored energy is 
obtained, or as an apparent decrease in the 
specific heat from which the stored energy 
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release rate may be obtained as a function of 
annealing temperature. The total stored 
energy as a function of irradiation tempera
ture for 193 MD/CT and 464 MD/CT samples 
is given in Figure 3. The stored energy de
creases very markedly as exposure tempera
ture is increased from 30° to 185°C. 

The dimensional stability of graphite ex
posed at 30 °C has been determined as a 
function of neutron exposure.^ In general, 
artificial graphite cut transverse to the ex
trusion axis expands in a reactor at room 
temperature while parallel cut graphite con
tracts slightly. The more highly crystalline 
the sample, the more pronounced is the ex
pansion of transverse samples. Figure 4 
shows the effect of exposure temperature on 
length changes for transverse samples ex
posed to 193 MD/CT and 1135 MD/CT. An 
error was made in measuring the original 
lengths of samples in the 464 MD/CT series 
and these results were discarded. Length 
changes are considerably reduced at the 
higher exposure temperatures. 

100 
IRRADIATION TEMPERATURE, °C 

200 

Figure 3. Changes in stored energy with irradiation 
temperature 

Figure 4. Changes in length with irradiation 
temperature 

The thermal conductivity of graphite is de
creased by reactor irradiation. The ratio of 
initial to final conductivity, Ko/K, as de
termined by the Kohlrausch method,^ has 
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Figure 5. Changes in thermal conductivity ratio 
with irradiation temperature 

been plotted in Figure 5 for samples with 
193, 464, and 1135 MD/CT exposure. K„ 
values varied from 2.10 to 2.65 with an 
average of 2.37 caI/cm-sec-°C. 

Irradiation damage to graphite causes an 
increase in the C„ spacing, the distance be
tween alternate carbon layer planes within 
the crystal. These changes, calculated from 
the shift of the 002 x-ray reflection peak, are 
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Figure 6. Changes in Co spacing with irradiation 
temperature 

shown in Figure 6. The pre-irradiation Co 
spacing for these samples was 6.70 A. This 
increased to 7.23 A after an exposure of 1135 
MD/CT at 30°C. At 185°C the increase is 
only to 6.78 A. 

LATTICE SPACING ANNEALING 

Radiation damage in graphite may be re
duced by thermal annealing. It has been 
found that for samples exposed at about 
30°C, damage is removed beginning at about 
75 °C and continuing to very high tempera
tures, even approaching graphitization tem
peratures of 2500° to 3000°C. Attempts have 
been made to extract fundamental informa
tion from the annealing kinetics which would 
aid in developing a model for radiation 
damage in graphite. A number of funda
mental quantities govern the rate of anneal
ing of a particular property but in most 
cases the number of experimental quantities 
determined is not sufficient to obtain ac
curate values for any of these. One approach 
which seems to be most useful is that used by 
Vand" in which the concept of a large num
ber of processes distributed in activation 
energies was introduced. Neubert^ later ap
plied this idea to annealing of radiation 
damaged graphite. Primak* has recently 
generalized the Vand treatment and a brief 
review of this work is necessary to discuss 
the graphite annealing experiments. 

By measuring the rate of change, 
dP(t)/dt, of some physical property, P(t), 
during an anneal, a function, Po(E), may be 
calculated which shows the way damage is 
distributed among the activation energies. 
A plot of Po(E) vs E is termed the activation 
energy spectrum. The equation governing 
the isothermal annealing process is 

P{t)=^fJ'po(E)e^(E,t)dE 

where Po(E)'=' fq^lE), 

9jE,t)^ll-(l-~n)Bt exp(-£ ' / i?T)] i / ( i -») 

in which B = A ( / / p o ) ^ " " . 

Qo = initial concentration of possible 
kinetic processes, 

/ = change in the property accompany
ing one kinetic process, 
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n 
A 

E 
R 
T 

= 
= 

= 
== 
= 

kinetic order. 
collisional constant of 
rhenius equation. 
the activation energy. 
gas constant. 
annealing temperature. 

the Ar 

If the activation energy spectrum extends 
over a range many times nRT, 0 (E, t), the 
characteristic annealing function, may be 
approximated by a step function. Also, if 
the annealing behavior is dominated by the 
strong dependence of 6(E, t) on E, the de
pendence on B and / may be treated as a 
second-order effect. For isothermal anneal
ing under these conditions. 

where 

and 

P(t)~f^"^p,(Eo)dE 

Eo==RT\nBt 

t dP(t) 
Po(£'o) = -

RT dt 
The effect of making the mathematical ap

proximation to e„ {E, t) is to decrease the 
"resolution" of the activation energy spec
trum so that any sharp peaks will be 
broadened out to a width the order of nRT. 

This is still quite satisfactory when dealing 
with a distribution over a range many times 
this. In order to use the above equations, B 
must be known or estimated. If B is incor
rectly chosen the parts of the activation 
energy spectrum will not fit together and 
this may serve as a test for an estimated 
value of B. 

Figure 7 gives an activation energy spec
trum obtained for a series of isothermal 
anneals of Co spacing damage on a sample 
exposed to 556 MD/CT at about 30°C.» 
Dotted lines are drawn through the experi
mental points for a single isothermal anneal. 
The envelope of these dotted lines shows the 
way Co damage was distributed among ac
tivation energies before any annealing was 
done. Kinetic processes involving the total 
range of activation energies studied, from 
26 to 80 kcal/g-atom, contributed to the ob
served annealing rate. It is clear that there 
is a sharp peak at about 33 kcal/g-atom, but 
the height is not well defined. This peak is 
also found in spectra from other property 
changes.^ 

A constant value of i? = 7.5 X 10*-̂  sec ' 
was used and seems to give satisfactory fit. 
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Figure 7. Activation energy spectrum, 556 MD/CT at 30°C 
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However, this method of determining B is 
not particularly sensitive and requires pre
cise experimental data to be useful. For this 
reason a somewhat pessimistic approach was 
taken when drawing the envelope of the 
annealing curves and the "fine structure" was 
averaged out. The extent to which this was 
done was also governed by the reproducibility 
of spectra on duplicate samples and an esti
mate of the resolution of this method. It is 
believed that the general features of the 
spectra as shown are real, although the true 
shape of some peaks may be considerably 
sharper than shown because of the limited 
resolution. 

The amount of property annealed iso-
thermally after any time t may be calculated 
from 

^Eo dP(t) RT 
Pit}- f dEo-

•̂ 0 dt t 

X r^Vo(So)d^o Jo 

which may be obtained from the area under 
the activation energy spectrum out to Eo. 
Annealing of damage may be considered to 
occur by the advance of the characteristic 
annealing function as it moves across the 
activation energy spectrum from left to right, 
sweeping out the damage behind it. 

If the rate data and the assumptions made 
in calculating the activation energy spectrum 
are sufficiently accurate, it should be possible 
to obtain other parameters (such as the 
order, n) which more accurately describe the 
annealing process. No attempt has been 
made to calculate these other parameters 
since it was felt that the method of determin
ing B, when combined with uncertainties in 
the experimental data, is not sufficiently 
sensitive to warrant this. 

Aside from the value of activation energy 
spectra and any fundamental parameters in 
giving information concerning the annealing 
mechanism, activation energy spectra give a 
very convenient method of describing the 
damaged state. One method which has been 
commonly used in the past has been to plot 
damage removed vs annealing temperature. 
However, different experiments are com

parable only if the annealing times are the 
same and so are of limited value. Activa
tion energy plots should be directly compar
able, within the limitations of the Vand 
method, since the time factor is included. 
For example, the same amount of damage 
should be removed by annealing at Ti °C for 
ti sec as is annealed at T2 °C for 2̂ sec when 
the temperature and time are chosen so as 
to give the same Eo. This particular result 
of the Vand theory has not been sufficiently 
tested, but in the few cases for which we have 
data the theory predicts this characteristic 
of the annealing behavior very satisfactorily. 
If future studies confirm this point, this will 
offer a convenient method of predicting the 
amount of radiation damage annealed under 
a wide range of temperature-time conditions. 

DISCUSSION 

The description of radiation damage in 
graphite by Hennig and Hove^ is the most 
detailed one yet suggested. Their model was 
developed from property changes occurring 
between —190° and 30°C. They discussed 
several possible processes, some of which are 
represented by the following set: 

graphite -

2C- -

C2 + vacancy -

C -h C„ -

neutron 

flux 
-»c-

-^C2 -f 2e-

-^ graphite 

~*Cn+t 

(1) 

(2) 

(3) 

(4) 

(5) 

The paramagnetic and other properties of 
irradiated graphite suggest that after a 
carbon atom slows down to near the average 
kinetic energy of the lattice it picks up an 
electron from the conduction band to become 
a carbon ion, C", as represented by (1). In 
the temperature range 100° to 200 °C these 
reintegrate with the lattice at a rate de
pendent upon the temperature (2). Carbon 
ions may also combine to form C2 molecules 
(3), the activation energy for which is ap
parently such that it occurs concurrently 
with (2). Reintegration of C2 molecules (4) 
may also occur with a somewhat higher ac
tivation energy. At high neutron exposures 
more complex damage centers are formed, as 
represented by (5), which are progressively 



39 

more difficult to anneal. As the damage 
builds up, the path along which interstitials 
may travel easily becomes blocked by larger, 
less mobile defects, and it becomes increas
ingly more difficult for processes such as 
(2), (3), and (4) to occur. 

Diffusion of vacancies has been considered, 
but it seems likely that such processes require 
much higher activation energies than steps 
(1) through (5) and can be neglected at low 
temperatures. Thus, if processes such as 
(2), (3), and (4) can be made to occur at a 
much higher rate than polymerization re
actions (5), radiation damage will be con
siderably reduced. The damage accumulated 
at 185 °C is only 10 to 20% that accumulated 
at 30°C. If reactions such as (2), (3), and 
(4) have activation energies of some 30 to 
40 kcal/g-atom, they would be considerably 
accelerated at 185°C. Reactions such as (5) 
which form higher complexes must occur 
near room temperature. It is probable that 
they are activated to a large extent by hot 
carbon atoms which still carry some kinetic 
energy in excess of the lattice energy. 

C* + C„ > C„rt (5A) 

It may not be necessary for the hot carbon 

atoms actually to strike C„, but if a large 
amount of energy is transferred to the lattice 
immediately surrounding a C-C„ pair, they 
may have several opportunities to react be
fore temperature equilibrium with the lattice 
is established. Another type of hot carbon 
reaction, in which a C„ complex reintegrates 
with a vacancy to form graphite and the 
lower complex, seems necessary to explain 
the phenomenon of irradiation annealing. 
These types of reactions would be more de
pendent on flux and less on temperature than 
(2), (3), and (4). 

The mobility of defects depends upon their 
environment with the result that the anneal
ing kinetics is complex. The Co activation 
energy spectra (Figures 7 to 10) show that 
many overlapping processes contribute to 
the annealing rate. The peak at about 33 
kcal in Figure 7 is usually attributed to re
integration reactions such as (2) and (4). 
Because the Co lattice constant changes 
almost linearly with exposure out to about 
1000 MD/CT at 30 °C, it has been suggestedi 
that (3) has little effect on Co. Stored energy 
release" also shows a maximum at 30 to 35 
kcal. The processes associated with higher 
activation energies are not well defined but 

25 30 50 60 
E kcal / g-atom 

Figure 8. Activation energy spectrum, 556 and 233 MD/CT at 30°C 
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are due to annealing of more and more com
plex types of defects. 

In Figures 8 to 10 the band envelopes for 
the isothermal anneals of several different 
samples are compared. The effect of ex
posure at 30 °C is shown in Figure 8, The 
build-up of a 33-kcal peak has begun in the 
233 MD/CT, but very little damage has ac
cumulated at high activation energies. It 
seems necessary that lower activation energy 
damage build up first. If reactions such as 
(5) are largely flux dependent and require 
a C-C„ collision or a C-C„ pair close to a hot 
part of the lattice, then the rate of formation 
of higher complexes will be proportional to 
the concentration of lower complexes. Also, 
as low activation energy damage builds up, 
mobility of C" and C2 becomes less and the 
chance for polymerization reactions in
creases. 

The effect of three exposure temperatures 
at the same neutron exposure is shown in 
Figure 9. At the lowest temperature of 
127°C a small maximum is found at 39 kcal. 
Had the sample been exposed at 30 °C, then 
annealed for several months at 127 °C, the 
characteristic annealing function would have 
moved to about 39 kcal. A small amount of 
damage remained below 39 kcal. While 
graphite was irradiated at 127°C, damage 
was also being produced at lower activation 
energies so that a small tail may exist below 
39 kcal, the character of which depends on 
both flux and temperature. At higher ex
posure temperatures of 158° and 185°C, 
damage is again distributed almost uniformly 
although the total amount is less. 

Figure 10 shows that after 1135 MD/CT 
at 118° and 137°C graphite is much more 
seriously damaged. While the total damage 
(given by the area under the curve) of the 
556 MD/CT sample exposed at 30°C is not 
much greater than the 1135 MD/CT sample 

exposed at 118°C, the distribution of damage 
is considerably different. The greatly over
simplified series of reactions (1) to (5) indi
cate that if C" ions could reintegrate im
mediately at high temperatures, no high ac
tivation energy damage would be formed. 
However, some close interstitials will com
bine, a few close C"-C2 pairs will react, and 
so on. Also, there are certainly other im
portant ways of accumulating damage of 
high activation energy such as multiple 
vacancy formation which have not been dis
cussed. The result is that at higher exposure 
temperatures considerably less high activa
tion energy damage and much less low activa
tion energy damage accumulates. 
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Effects in Graphite 

G. MAYER, M. LBCOMTE, AND R. MATTMULLER 
Commissariat a I'Energie Atomique, 

France 

Abstract 

A calibration method for a classical apparatus for differential thermal analysis is 
described in detail. This method achieves a relative precision of 5% in the measurement 
of the internal energy release accompanying the annealing of irradiated graphites. 

Elastic constants of graphites are obtained from the frequencies of the longitudinal 
modes of vibration; procedures for excitation and detection of these vibrations at any 
temperature betvv'een —190° and -|-1500°C are described. 

A procedure for obtaining easily measured deformations of graphites after relatively 
little irradiation vsrith thermal neutrons is discussed. An application of this method to 
the study of the thermal annealing of elongation caused by displaced atoms is indicated. 

I wish to discuss three experimental 
methods utilized for studying irradiation 
effects on solids. 

DIFFERENTIAL THERMAL ANALYSIS 
(D.T.A.) 

Differential thermal analysis is one of 
these methods; we want to show how the 
study of some irradiated soluble materials 
enables us to increase and to measure the 
precision of our apparatus. The principle 
of the method is well known: a box E made 
of a good thermal conductor contains two 
identical vessels Ci and C2. An exterior 
heating element H permits the gradual in
crease in temperature of E. Thermoelectric 
devices measure the difference of temperature 

E 

between the two vessels and the temperature 
of each of them. (See Figure 1.) 

To make a measurement it is convenient to 
regulate the rate of temperature rise to ob
tain temperature as a linear function of time. 
The substance to be studied is placed in Ci. 
In C2 is placed a similar substance without 
specific heat anomaly. The temperature dif
ference AT between the two vessels is then 
recorded as a function of time. 

The curve shown in Figure 2 was obtained 
with irradiated graphite in Ci and unirra
diated graphite in C2. 

iw//̂ /yy/y///y/̂ //̂ ^^^^^^ 
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Figure 1. Apparatus for differential thermal 
analysis 

Figure 2. Differential thermal analysis of an 
irradiated graphite 
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The curve shown in Figure 3 was obtained 
with crystalline quartz in Ci and fused quartz 
in C2. In order to determine the total 
energy AU involved in these phenomena, it is 
necessary to know, at each temperature, the 
thermal coupling between each vessel and 
the container. The simplest way to achieve 
this is to measure the temperature lag of the 
vessels when the temperature of the box rises 
linearly as a function of time. These meas
urements permit the calculation of a thermal 
leakage time which is a decreasing function 
of the temperature. This measurement has 
value and utility only if the leakage time is 
large in comparison with the time needed for 
temperature equalization in each crucible. 
Hence small crucibles and a thin envelope are 
needed. From the D.T.A. curves a numerical 
integration leads then to the total energy 
AU involved. 

T 

r 
1 0 -

550 600 
T,°C 

Figure 3. Differential thermal analysis of a-p 
transformation in quartz 

How may we verify the numerical values 
thus obtained? If a high temperature cal
orimeter is available we may check a D.T.A. 
operation between temperatures Ta and T^ 
by successively measuring the quantities of 
heat f/i and U^ necessary to raise the sub
stances Ci and C2 from temperature Ta to T^. 
The difference f/i —V2 must be equal to AU. 

The very careful measurements of Moser^ 
on quartz (C/i — t/2 = 3.3 cal/g) have 
enabled us to calibrate our system in the 

range 550° to 580 °C. But generally, for 
thermal healing phenomena, the range Tj^— 
Ta is quite large, and the quantity t/j—U^ is 
observed as the small difference between two 
large energies, which makes its precise evalu
ation difficult. 

If in the case of graphite it is decided to 
measure A [7 as the difference between heats 
of combustion Qi and Q2 of the irradiated 
and nonirradiated products, the same diffi
culty is encountered: AU is small compared 
with Q, which has a value of about 7800 cal/g. 
This difficulty disappears if one is interested 
in the stored energy resulting from the ir
radiation of soluble materials such as the 
alkali halides. In fact, their heats of solution 
are small and their measurement is a simple 
calorimetric operation. The difference be
tween the heat of solution of irradiated and 
nonirradiated products allows a verification 
of the results of the D.T.A. 

We have chosen LiF for this study: its 
heat of solution in H2O -f 18% A1(N03)3 is 
— 8̂0.8 cal/g at 20°. In the course of a pile 
irradiation the storing of energy is rapid 
because of the fission produced by the 
thermal neutron in sLi". Figure 4 shows a 
curve obtained in D.T.A. 
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Figure 4. Differential thermal analysis of lithium 
fluoride irradiated at 5 X 10" n/cm^ 
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Figure 5. Elastic constant measuring device 

This salt, employed after different stages 
of irradiation and then of healing, served for 
both the calorimetric and the D.T.A. meas
urements and allowed the apparatus to be 
calibrated in the range 100° to 500°C. The 
accuracy obtained is better than 5%. The 
minimum amount of heat detectable is 0.01 
cal/g, provided this quantity of heat is re
leased in less than 10 min. One can present 
the thermal healing study of LiF as a by
product of the calibration of the D.T.A., or 
vice versa, depending on the nature of the 
meeting at which one is speaking. 

ELASTIC CONSTANTS 

It is also equally interesting to study the 
effect of radiation on the elastic constants. 
In the majority of single crystals the relative 
variations of the elastic constants are an 
order of magnitude greater than the varia
tions of length for a given irradiation. In 
irradiated polycrystalline graphite. Young's 
modulus can be increased by a factor of 2.5 
before the relative elongation has increased 
by 10-3. 

For these studies we have constructed an 
apparatus to measure the elastic constants. 
During the measurements, the sample is in a 
furnace which permits the continuous ob
servation of the elastic constants of an ir
radiated body during the thermal healing. 

Figure 5 is a sketch of the apparatus. In E 
is the ultrasonic emitter. This is a simple 
platinum wire. If it is supplied with several 
watts of high frequency current («20 mega
cycles) a luminous discharge is produced at 
its extremity. If, by means of a variable 
frequency generator a modulating frequency, 
/, is superimposed on the high frequency cur
rent, sound waves of the same frequency are 
produced in the luminous zone surrounding 
the wire. 

When one asks those physicists who are 
specialists in the questions of electric dis
charges in gases why the sound waves are 
produced, their answer is always "why not." 
This phenomenon takes place equally well in 
air as in inert gases like He and A up to 
frequencies greater than 600 kc. The ultra
sonic waves emitted in E traverse the tube 
T. The sample to be measured, S, a cylinder, 
is placed on two fine metal wires. Wlien the 
frequency of the acoustic waves approaches 
one of the proper frequencies of longitudinal 
vibration of the sample, the latter resonates 
and the alternating motion of its extremities 
is considerably amplified. 

These movements are detected as follows: 
a point P of graphite or of germanium is 
lightly pressed on a face of the sample, sup
posedly a conductor of electricity. The elec
trical resistance of such a contact depends on 
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the pressure of the point on the face. A 
circuit is made consisting of a battery, the 
primary of a transformer, and the point of 
contact in series. The secondary current is 
fed into an oscilloscope. When the sample 
resonates, the contact resistance is modu
lated and a signal appears from the trans
former secondary. Periodic elongation of 
the sample of the order of 10"i" cm can thus 
be detected. Once the frequencies of two 
successive harmonics have been measured, 
the elasticity equations enable the Young's 
modulus and the Poisson's ratio to be calcu
lated relative to the direction of the axis of 
the cylindrical sample. Besides this, the 
measurement of the width of the resonance 
band about a proper frequency gives a meas
urement of the internal friction. We have 
employed this method in the range —190° to 
-|- 1200 °C and the apparatus is such that 
this range could be extended. 

RADIATION EFFECTS ON DENSITY 

Finally, I would like to describe a method 
which we have used to obtain rapid qualita
tive data on elongation under radiation. The 
sample to be studied is made up in the form 
of a thin sheet, L, relatively long and as thin 
as possible (Figure 6). A layer C several 
hundredths of a millimeter thick of a com
pound of boron or lithium is deposited on one 

51 1 
L d 

•* 

face; the sample is then put in the pile. The 
Li" or B'" nuclei undergo reaction with the 
thermal neutrons, the ions formed having 
sufficient energy to travel about 20 /x and to 
displace atoms all along their path. A frac
tion of the ions thus formed in the layer 
penetrates the sample and produces altera
tions in the lattice similar to those produced 
by fast neutrons. 

If the effect of these displacements is a 
lengthening for example, the sample will take 
up a curved form, the arc of a circle with the 
irradiated surface turned outwards. If A,, is 
the relative elongation of the most irradiated 
part of the sample, assuming it is completely 
separated from the rest, and if e is the depth 
irradiated and d the thickness of the sample, 
then the radius of curvature R will be given 
by the expression 

I e 
- = 6 A o — . 
R 42 

If one extremity of such a sample is fixed 
(Figure 6) the other end will be displaced by 
an amount x = 1-/2R. This is an example: 

1 = 7 cm;e = 2 X 10̂ '̂  cm; 

d = 4 X 10-2 cm; A„ = 10-«. 

For a silica plate covered with boron car
bide, this deflection of 2 mm is obtained with 
a dose of 2 X 10" thermal neutrons. Reheat
ing leads to restoration of the original plane 
form. 

This system provides then a very conven
ient experimental method for studying the 
thermal healing of elongation due to radia
tion. 

In concluding I would like to emphasize 
that these indirect methods have the distinct 
advantage of enabling the beginning of a 
study of density changes without the neces
sity of waiting for the long period of irradia
tion often necessary to reach high doses of 
fast neutrons. 
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Effect of Pile Radiation on Mechanical and 
Other Properties of Graphite* 
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Abstract 

The effect of fast neutrons has been determined on growth rate, Co-axis, compressive 
strength, and stored energy in graphite exposed in the Brookhaven reactor. The growth 
rate is proportional to the flux and temperature history of the sample. The contraction 
on annealing is proportional to the growth since the last anneal. The rate of increase 
in Co-axis is approximately ten times the rate of gross growth. However, the percentage 
of recovery is the same for Co as for the gross growth after a thermal or pile anneal. 
The changes in dimensions and Co-axis as well as the compressive strength and stored 
energy of graphite will be discussed as a function of reactor operational procedures. 

This study on the radiation effects to 
graphite was begun the latter part of 1951 
as a service to pile operations and a study 
program of graphite. When measurements 
were commenced the pile had already been 
operating for approximately IV2 years so 
that the graphite history is not exactly the 
history of the pile graphite. Most of the 
measurements are made on crushing, growth, 
and stored energy samples that are placed in 
graphite containers. The dimensions of the 
crushing samples are 0.25 in. o.d. and 0.5 in. 
long; the gross growth samples are 1 in. o.d. 
and 4 in. long; and the stored energy 0.5 in. 
o.d. and 1.7 in. long. The sample containers 
are placed in fuel channels that run in the 
north-south direction of the Brookhaven 
pile. These channels naturally contain no 
fuel but are very likely to be adjacent to a 
fuel channel or surrounded by fuel channels. 
Where there are no sample containers there 
are graphite spacers of similar shape so that 
the air that passes through the channel passes 
over a solid piece of graphite which almost 
fills the entire channel. The temperatures in 
the Brookhaven reactor start around 50 °C 
and increase to over 200° C at the plenum 

*Under contract with the U. S. Atomic Energy Com
mission. 

chamber. This is because the reactor air cool
ing comes in the center or gap of the graphite 
and goes to the north or south plenum. It 
should be emphasized in this discussion that 
the exposure given the graphite and the con
ditions of exposure are average conditions 
which may change over a short period of time 
because of pile operating conditions. For 
example, when the reactor comes up in power 
the average flux may be far above the average 
value which is attained after the pile has run 
for a day. With these qualifying statements 
we may now discuss some of the measure
ments that have been made on the reactor 
grade graphite (AGOT and AGHT). The 
gross growth of the graphite as a function of 
time and temperature is of primary im
portance to the operation of the reactor. This 
growth is measured with a Sheffield Com
parator using gauge blocks 4 in. long. The 
graphite sample is 1 in. in diameter and 4 
in. long with the extrusion axis of the graph
ite parallel to the longitudinal axis of the 
specimen. Figure 1 shows a typical percent 
growth of graphite vs Mwd/ct of irradiation. 
It will be noted that the values do not start 
until approximately 400 Mwd/ct. It can be 
seen that the manner in which the pile has 
been shut down has an influence on the 
growth. Up to 600 Mw the slope was flatter 
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than after 600 Mw. This effect is probably 
due to the mode of shutting down the pile. 
The flatter slope indicates that annealing 
might be going on during each shutdown. 
The shutdown procedure was usually accom
plished by nearly scramming the pile so that 
a great deal of residual heat stored in the 
outer regions of the graphite migrated to
wards the center. After 600 Mwd/ct, or that 
period of time in the history of the pile, the 
reactor was shut down over a 3-hr period. 
There probably was a migration of heat in
wards but at a lower value and therefore less 
likely to cause growth recovery. Another 
factor which makes interpretation of irradia
tion on graphite difficult is that exact posi
tion of the graphite in the pile is important 
both from a flux and temperature point of 
view. For example, at the gap the tempera
tures are lowest but the flux is also lower 
than at a position about 13 in. back from the 
gap. Here the temperature is low but the 
flux is high and so the growth is at a maxi
mum. Beyond this point the growth is re
duced as the flux is lower and the tempera
ture is increasing. The recovery of radiation 
growth is ^ 25% during each anneal, as 
shown in Figure 1. Percent recovery is de
fined to be [(La—Li)/(L2—Lo)] X 100 
where LQ = original length, Lj = post-anneal 
length, and L2 = pre-anneal length. 
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Figure 1. Graphite growth vs neutron exposure 

Several years ago we became interested in 
other types of graphite than those used in 
the Brookhaven reactor. We were particular
ly interested in the stored energy of the 
graphite after prolonged exposure. Samples 
of British graphite that had been irradiated 
in BEPO were sent to us to be measured for 
stored energy and there was a difference in 
released energy between UK and AGOT for 
the same exposure nvt and temperature. A 
rerun was made in the Brookhaven reactor 
with the UK and AGOT or BNL graphite. 
These samples were placed to receive identi
cal flux and temperature conditions. Figure 
2 indicates the degree of growth. The growth 
for less than 400 Mwd/ct indicates that the 
AGOT graphite increases in size practically 
linearly while UK seems to saturate. It will 
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Figure 2. Graphite growth vs small 
neutron exposure 

be noted that at low exposures UK graphite 
has a slope slightly less than the BNL graph
ite. The condition is really evident at higher 
megawatt days. Secondly, the UK graphite 
seems to be saturating with less gross growth 
/Mwd than the BNL graphite. We interpret 
this, especially in the light of our later C-axis 
discussion, as being due to different pore or 
void size between the two graphites. Ap
parently the BNL graphite has a pore struc-
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ture in which the gross growth will show 
itself earlier than the UK graphite. In all 
this growth work up to now there seems to 
be some linearity between percent growth 
and Mwd/ct. The form is given as percent 
growth = 0.0004 X Mwd/ct -f C. The 
coefficient in front of the Mwd ranges in 
value depending upon the channel location in 
which the graphite was irradiated and the 
distance from the gap. Its value at the gap 
was around 0.00045, increased to 0.00058 at 
13 in., and then decreased to 0.0001 at 60 in. 
In another channel the value at the gap may 
be 0.0007, increasing to 0.00085 and then de
creasing to 0.0004, so that flux and tempera
ture play an important part in just what 
these coefficients will be. 

These studies have shown the effect of ra
diation on the gross growth but it is impor
tant to know how to reduce or stop this 
growth. The Brookhaven reactor was an
nealed annually for 3 successive years. The 
air was rediverted to run unidirectionally 
from the north to south side of the reactor 
instead of through the gap. The pile was 
run so that the graphite temperature would 
increase to a maximum value over 300 °C at 
the gap. This method is similar to that used 
by the British. At these temperatures a re
lease of stored energy would occur with a cor
responding recovery of the dimensions of the 
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graphite. A typical recovery-growth curve is 
shown in Figure 3. The sharp vertical lines 
indicate the change in percent growth of the 
sample before and after pile anneals. The 
last annual anneal was held in October 1955 
( = 800 Mwd/ct). It was decided then to 
try a less complicated method of annealing 
the pile so that it can be done every 3 to 4 
months. This was accomplished by shutting 
down the cooling and reducing power at the 
end of a normal cycle. The temperature of 
the graphite was allowed to rise to 325° or 
350 °C at the center of the reactor. This 
temperature would be maintained for 3 to 4 
hr rather than 12 hr as in the annual method. 
It can be seen from the graph that there was 
a reduction in the growth of the sample if not 
recovery of previous growth. The points 
taken are post-anneal measurements, with 
the exception of the last values which are 
pre- and post-irradiation measurements. 
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Figure 3. Growth vs neutron exposure at 
different annealing conditions 

Figure 4. Growth recovery vs pre-anneal growth 

A comparison was made between the 
growth rate of the reactor proper and these 
samples and it would seem that at least the 
pile growth rate has been reduced or stopped. 
The decrease in length is a function of the 
percent growth prior to anneal as shown by 
Figure 4. The recovery values range in the 
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order of 20 to 30% at 350°C. It would seem 
that the growth recovery would be largest at 
13 in. since the growth rate is greatest in this 
region of the reactor. 

Figure 5 indicates the effect of pile anneals 
vs thermal anneals. Some samples were ir
radiated, taken out of the containers, and 
placed in furnaces to be annealed at 400° or 
325 °G for the same period of time as for pile 
anneals. The resulting curves indicate that 
the higher the temperature the greater the 
degree of recovery. Therefore, in the Brook
haven reactor it is the temperature at which 
the reactor is annealed that is important and 
not radiation annealing from the neutron 
flux. This view seems correct as the flux is 
rather limited and is concentrated in a very 
small region during these anneals. 
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Figure 5. Growth recovery as a function 
of annealing conditions 

The interplaner distances or Co-axis di
mensions were determined with scrapings of 
graphite from the irradiated growth samples. 
Power slides were fabricated and a Norelco 
x-ray spectrometer was employed to obtain 
the C-axis value. The percent change in C-
axis equals « 0.005 X Mwd/ct -f C. The 
constant C is sometimes zero because of the 

lack of an incubation period which was found 
in the gross growth study. The C-axis is also 
a function of pile temperature and neutron 
flux. It will be noted that there is a differ
ence between the C„ constant 0.005 and 
0.0005 for the gross growth which indicates 
that the C-axis change is ten times greater. 

A comparison of C-axis changes for BNL 
and UK graphites was made. It was found 
that the UK graphite, whose density was 
1.64, had a C-axis change similar to the 
Brookhaven graphite whose density was 1.72. 
Earlier in this paper it was shown that the 
gross growth of the Brookhaven graphite 
was greater than that of the UK graphite. 
If Co growth between the two types is similar 
then the C-axis growth must be absorbed in 
the greater void space of the UK graphite. 

Measurements were made of C-axis values 
as a function of Mwd/ct exposure 15 in. from 
the gap. There was a sharp drop for the 
350 °C 1-hr furnace heat treatment, with re
coveries of about 21%. This is within the 
range of growth recoveries that have been 
noted for pile anneals where the graphite has 
attained temperatures of nearly 350°C. The 
value of C-axis recovery for pile or heat 
treatment anneals is of the same order of 
magnitude as that for decrease in the growth. 
An attempt was made to find a straight line 
relationship for decrease in C-axis vs curve 
of C-axis prior to anneal. Figure 6 indicates 
the results. This series of points has a higher 

6.70 6.80 6.90 
C-AXIS BEFORE ANNEAL-A 

Figure 6. Co recovery vs Co expansion 
prior to annealing 
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degree of scatter than in the decrease in 
length vs percent growth curve previously 
shown. There is probably a linear relation
ship if all the parameters of pile operations 
could be held constant. Probably the greatest 
scatter is in the specimens that were heat 
treated outside the pile. This can be ex
plained as annealing effects on the samples 
when the pile had an extraordinary tempera
ture excursion. 

The stored energy experiments have been 
more limited in scope than the previously 
mentioned studies because of limited interest 
and manpower in this phase. These studies 
were started by Kosiba, Dienes, and Gurin-
sky.i The method of energy determination 
is to heat the sample at a given rate. At 
some "triggering" temperature. To, the 
sample's energy is released and the tempera
ture suddenly climbs to a maximum value 
T]. The energy is determined approximately 
with the relation Cp (Ti—To) • Generally there 
is a decrease in stored energy with distance 
from the pile gap which is also a function of 
channel location from which the samples 
were taken. At distances greater than 3 ft 
from the gap, the graphite has essentially no 
stored energy. The triggering temperature 
for the release of the stored energy was found 
to be between 80° and 135°C. Figure 7 shows 
that the stored energy near the gap is around 
35 cal/g of graphite and sharply decreases 
to zero. An attempt was made to correlate 
stored energy vs percent decrease in C-axis. 
For example, 18 in. from the gap stored 
energy was 21 cal/g and the percent decrease 
in C-axis accompanying the release of energy 
was 48% . In another channel, the stored 
energy was 33 cal/g and the percent decrease 
was 51%. In a third channel the stored 
energy was 44 cal/g and the percent decrease 
in C-axis was 66 %. The other curves in this 
figure show the C-axis vs distance from the 
gap as determined by dust samples and 
samples cored directly from the pile. The 
upper curve shows an attempt to correlate 
percent growth vs C-axis. The slope for 
short-term and long-term exposures is about 
the same although the values are somewhat 
higher for the short-term exposure. This 
was probably due to the methods with which 
the pile was shut down. Most of the values of 
the long-term exposure were taken when the 

% GROWTH 
0 0.4 0.8 .12 .16 .20 .24 .28 .32 .36 

1 1 i 1 i 1 i 1 n 

CORRELATION 
% GROWTH - C AXIS 

Figure 7. Stored energy, Co, and growth vs distance 
from the center or gap of the reactor 

pile was shut down rapidly and some anneal
ing occurred. Those for the short-term curve 
were taken when the pile was reduced in 
power gradually and there was less chance to 
anneal the samples. 

The stored energy of UK graphite from 
Harwell was measured as 68.6 cal/g for 1.8 
X 10^" nvt at 40° to 50° C irradiation temper
ature. BNL graphite received 1.99 X 10^" 
nvt at 50 °C but its stored energy was only 
42 cal/g. The energies differ even though 
the pile conditions are almost similar. This 
is further evidence that the pile shutdown 
procedure might be a contributing factor in 
the amount of stored energy retained in a 
piece of graphite. Consequently samples of 
UK and BNL graphite were placed in the 
same channel adjacent to one another. The 
exposure was approximately 10^" nvt. The 
stored energy of both was measured as 72 
cal/g within 0.1 cal/g. 

The last phase of our program that will be 
mentioned is the compressive strength 
studies on irradiated and unirradiated graph
ite. 

As might be expected, irradiation does in
crease the strength of the graphite. Samples 
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of AGHT y^ in. long and 14 i^- in diameter 
were compressed over a 10 to 15-min period. 
AGHT loaded perpendicular to the extrusion 
direction results in a strength of 4200 psi 
with a strain of 0.028 in./in. AGHT loaded 
parallel to the extrusion direction is about 
4400 psi. AGOT perpendicular to extrusion 
is 4600 psi and 4300 psi parallel. After ir
radiation AGOT became 8000 psi and 6600 
psi respectively with a strain in the order of 
0.014 to 0.019 in./in. for 10i» nvt and 40°C ir
radiation temperature. In some cases post-
irradiation values as high as 11,000 psi have 
been measured for AGHT (Figure 8). 

GRAPHITE 
COMPRESSION 

EXPOSURE- (10)'-

AT 4 0 °C 

N V T 

A G H T ( UNIRRADIATED) 

003 006 009 012 015 018 
STRAIN IN/IN 

i I i I 

021 024 027 030 

Figure 8. Stress vs strain for unirradiated 
and irradiated graphite 

UK graphite has been measured pre- and 
post-irradiation. For a dose of 1.8 X 10^" 
nvt at 40° to 50 °C irradiation temperature 
the value went from 6204 psi and 0.022 in./ 
in. strain to 10,000 psi and 0.008 in./in. Un
der similar irradiation conditions AGHT 
graphite measured 10,000 psi and 0.0035 in./ 
in. 

After furnace annealing at 400° C for 1 
hr, a piece of AGHT dropped from 11,000 
psi and 0.0018 strain to 9200 psi and 0.0020 
strain. The exposure was 4.4 X 10^" nvt. 
Thus, neutron flux does increase the strength 
of graphite and reduces its value of rupture 
strain. Furnace anneals do not seem to re
store the pre-irradiation strength properties 
especially in the case of strain. 

In summary, the effects of neutron radia
tion to pile grade graphite are a function of 
the exposure and irradiation temperature. 
The entire temperature history of the sample 
must be known because of annealing effects. 
The gross growth of graphite depends on the 
Co change and pore size distribution within 
the graphite. The percent recovery of gross 
growth and Co is a linear function of the 
change since the last anneal with the same 
slope for these properties. However, the in
crease in Co is approximately ten times 
greater than gross growth. 
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Control of Radia t ion Damage in a Graphi te 
Reac tor S t ruc tu r e by Anneal ing* 
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Abstract 

In 1947, when the BNL reactor was being designed, information on radiation damage 
in graphite structures was meager but had indicated that dimensional instability was to 
be expected at high flux levels. The structure was designed to permit dimensional 
growth of the graphite matrix. Additional design features provided for periodic 
measurements of the gross structure by remote methods. Data taken over a period of 
years display a rate of growth pattern of a graphite structure under varying conditions 
of temperature and neutron bombardment. 

As additional information was developed, the problem of energy storage in the 
graphite became qualitatively defined and required investigation. In 1953, measure
ments on several graphite samples mined remotely from the structure provided informa
tion concerning the energy stored in the structure, and estimates were made of the 
operating conditions which might trigger the release of this stored energy. 

In the fall of 1953, a procedure was devised for releasing this stored energy under 
controlled operating conditions. This was accomplished in the first annealing operation 
and was accompanied by a fractional reduction of the dimensional growth which had 
occurred up to that time. The annealing operation was repeated during the fall of 
1954 and 1955 with similar results. In order to reduce the reactor downtime required 
for annealing operations, the procedures were revised in 1956. 

Annealing operations are now being conducted at more frequent intervals. As the 
history of these more frequent annealing operations is studied, perhaps a new and more 
interesting effect is being observed. This is that the growth is approaching an equi
librium maximum value, which probably depends on the annealing procedures. 

It may be concluded that sufficient information is now available on the rates of 
graphite growth under varying conditions and on methods of controlling growth, that 
graphite structures might be designed with considerably more assurance than in the past. 

Reference is made to other BNL reports which complete the picture by detailing the 
laboratory work on graphite damage and oxidation which has paralleled and guided 
the work on the gross graphite structure at BNL. 

In 1947, when the BNL graphite research 
reactor was being designed, information 
available on radiation damage in graphite 
structures was meager but had indicated that 
dimensional instability was to be expected 
at high neutron flux levels and, further, that 
greatest dimensional changes were to be ex
pected in directions perpendicular to the axis 
of extrusion of the graphite bars. 

*Work under contract with the U. S. Atomic Energy 
Commission. 

Prior to presenting the data on graphite 
growth annealing procedures and results, a 
brief resume is made of the type of graphite 
used in the reactor, the manner in which it 
was placed in the structure, the design of the 
surrounding shield, the spectrum of the ra
diation to which the structure is subjected, 
and methods and apparatus employed in ob
taining the physical growth measurements. 
Each of the above mentioned items has in
fluenced our results, and, to correlate these 
gross structure data with laboratory infor-
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mation or information gathered on other re
actor structures, the extent of these influ
ences must be considered in detail. 

TYPE OF GRAPHITE 

The graphite used in the moderator and 
reflector was made available from the AEC 
supplies produced before 1945 for reactor 
use. Although this material was classified 
into four grades depending upon diffusion 
length measurements, essentially all the core 
graphite on which the growth information 
has been obtained is known as AGOT ma
terial. This and other grade designations 
such as AGHT and CS refer primarily to 
the quality of the pitch used. All of this 
material was produced by the National Car
bon Company. Approximately 50 %> of the 
total graphite used was of the least pure ma
terial (AGHT), and was placed in the reflec
tor regions. The highest purity material, 
designated as CS, was used in the central 
core region, but consisted of less than 5% of 
the total graphite used. 

Briefly, the manufacturing process con
sisted of mixing petroleum coke and tar to 
a thick consistency and extruding into shapes 
(approximately 41^ X 4l^ X 50 in.). These 
shapes were then baked at a low temperature 
for approximately five weeks to allow the 
binder to outgas slowly and to increase the 
mechanical strength of the pieces. Graphitiz-
ing was then done by heating in an electric 
furnace for approximately one month at 
2300° to 2500°C. 

Some of the more important properties of 
these graphite types are tabulated as follows: 

Diffusion Length, cm 
Type Density, g/cm''' (uncorrected for density) 

CS 1.64 52.07 
AGOT 1.686—1.703 48.5—51.1 
AGHT 1.636 48.03 

DESIGN OF THE STRUCTURE 

The moderator and reflector of the reactor 
is a 25-ft cube of graphite with horizontal 
fuel channels 2.67-in. diameter on 8-in. cen
ters (see Figures 1 and 2). The fuel residing 
in these channels is cooled by air which enters 
at the center of each channel and exhausts at 
the channel's two outer ends. Thus the air 

enters the structure through a central ver
tical "gap" 8 cm wide. 

The graphite structure consists of approx
imately 60,000 bars of graphite which were 
precisely machined to be 4 X 4 in. in cross 
section and of lengths varying from 12 to 
48 in., the axis of extrusion always being 
along the length of the bar. 

The bars are stacked in such a manner as 
to place all axes of extrusion parallel to each 
other and to the fuel channels and perpen
dicular to the gap faces. This method was be
lieved to provide the best assurance that the 
narrow gap dimension would remain con
stant. 

Each layer of the structure is tied to the 
layer above by means of keys and keyways. 
The keys are 1-in.̂  bars, 48 in. long, and the 
keyways are 1/2 in. deep by 1 in. wide and are 
machined across the 4-in. faces of the bars. 
All keys are in the horizontal plane and 
parallel to the gap faces, and thus provide 
lateral and vertical movement of the struc
ture. 

The design of the shield surrounding the 
graphite structure also provides for vertical 
and lateral motion of the structure in the 
directions perpendicular to the axis of ex
trusion. 

The lower layer of the structure is an
chored to a steel base plate by a method 
which allows stress-free thermal movement 
of the two materials. The top shield of the 
reactor is made of 25 separate and detached 
sections which are supported by the graphite 
structure and therefore are free to move 
with the structure. These top shield pieces 
are stepped in such a manner as to negate 
the formation of a radiation leak as the 
structure moves upward. 

The two vertical sides of the shield 
which are parallel to the axis of extrusion 
are spaced 15 in. from the structure by 80 
coiled springs. These springs provide con
siderable restraining force, but, at the same 
time, allow the structure to grow laterally 
(see Figure 3). 

RADIATION SPECTRUM 

Historically, the radiation damage data is 
given in units of megawatt days/central ton 
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Figure 1. Isometric view of graphite structure 
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or in units of thermal neutron bombardment, 
nvt. In this report, exposures are reported 
in thermal nvt. A plot of the relative ther
mal, resonance, and fast neutron fluxes and 
gamma-ray flux as a function of the distance 
from the centerline of the reactor is shown 
in Figure 4. 
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All curves are normalized to the maximum 
of the thermal neutron curve at the center of 
the graphite core. 

This spectrum has remained relatively un
changed from 1950 through 1956, and the 
maximum thermal flux during this period 
was 5 X 10̂ ^ n/cm^-sec. In January 1957, 
the partial reloading of the reactor with en
riched fuel caused a substantial increase in 
thermal neutrons. Although data on one 
annealing operation after January 1957 are 
included, this change in thermal spectrum 
was ignored in the nvt computations since 
the power density remained about the same. 

To convert the nvt numbers given in this 
report to megawatt day per central ton units, 
the following expression may be used: Sam
ple exposure for 1 Mwd/ct = 3.6 X 10" nvt. 

GRAPHITE STRUCTURE 
MEASUREMENTS 

The necessity of observing the dimension
al changes in the graphite structure was rec
ognized prior to the operation of the Brook
haven reactor. The practical difficulties of 
establishing base points which would not be 
affected by the shield and moderator tem
perature gradients were apparent. For this 
reason, a method of measuring changes in 
the contour of the structure was developed 
in preference to measuring structure changes 
with respect to fixed points. 

Figure 4 

TOP 
I 

The thermal neutron flux follows a cosine 
curve as far out as the edge of the fuel load
ed region. The portion of the curve in the 
reflector is taken from an actual distribution 
curve as measured by the activation of a 
copper wire. 

Calorimeter measurements indicate that 
the gamma-ray flux averaged at an energy of 
1 Mev is about 40% of the thermal neutron 
flux. Measurements with cadmium-covered 
Np2'" detectors indicate that the ratio of 
fast neutron flux above 0.6 Mev to slow flux 
is 14. The fast neutron flux above 1.6 Mev 
is obtained from cadmium-covered U *̂* de
tectors. The resonance flux (0.47 to 0.6 
Mev) is obtained from measurements with 
cadmium-covered cobalt detectors. 
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Figure 5. Location of reflector channels used 
for graphite growth measurements 



57 

Nine strategically located fuel channels 
were selected in which original contour ob
servations were made. The location of these 
channels with respect to the loaded area of 
the reactor is shown in Figure 5. 

To obtain the contour measurement, a line-
of-sight is established through the shield 
holes provided opposite each end of each 
channel. On the outside face of the south 
shield, a plate fixture is doweled and bolted 
into position. This fixture is provided as a 
mount for the sighting instrument, a sur
veyor's level. On the outer face of the north 
shield, a self-illuminated cross-hair is also 
fixed into position (see Figures 6 and 6a). 
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Figure 6 

The nvt data plotted for points at which 
readings were taken is the average nvt of the 
column of graphite beneath the point at 
which the readings were made. The length 
of the structure used in computing % dL is 
the loaded height of the moderator, assuming 
no growth in the reflector. The average nvt 
for a column of graphite is 75 % of the maxi
mum nvt at the middle of the column. (Edge 
channel power output is 35% of maximum 
channel output.) 

OPERATING HISTORY PRIOR 
TO ANNEALING 

The reactor started full power operation 
in October 1950, and by May 1953 its central 
graphite had experienced an irradiation of 
1.7 X lO ô nvt (480 Mwd/ct). Measurements 
at this time indicated that the maximum ac
cumulated growth in the vertical direction 
was 9/32 in. (0.1302% dL) and in the hori
zontal direction was 9/16 in. (0.2602% dL). 
The larger horizontal growth figure is con
sidered to be the result of growth and thermal 
movements which were not sufficient to de
velop a restraining force from the side 

After the line-of-sight has been estab
lished by means of the fixed cross-hair and 
surveyor's level, a "rabbit" is pulled through 
the channel. The rabbit is constructed with 
rollers at 120° so that its "bull's-eye" is al
ways centrally located in the channel. One 
roller is spring-loaded to insure continuous 
bearing. An additional feature provides for 
retracting the bull's-eye, so that the line-of-
sight may be rechecked at will. In practice, 
the location of the cross-hair on the survey
or's level with respect to the center of the 
bull's-eye on the rabbit is noted at 2-ft in
tervals through the length of the channel. 
Data for the vertical and horizontal contour 
of the channel are thus provided. A typical 
view of the cross-hair superimposed on the 
bull's-eye, as seen from the telescope, is 
shown in the lowest portion of Figure 6a. 

The graphite temperature must be reduced 
to about 50 °C to minimize the effect of the 
"heat waves" for viewing the rabbit. This 
cooling requires about 8 hr. To obtain a 
complete set of data, about 10 hr are required 
in addition to the cooling period. 
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springs comparable with the weight of the 
top shield. This amount of growth focused 
attention on the desirability of revising 
operating procedures to minimize this effect. 
In addition, the status of information on 
graphite had improved, and it was predicted 
that the energy stored in the graphite might 
have reached a seriously large value. In the 
course of deliberations on these matters, it 
was proposed that the stored energy be re
leased under controlled conditions so that the 
consequences of an accidental release of 
stored energy might be avoided. It was pre
dicted that such a release might be accom
panied by a favorable dimensional change in 
the graphite. 

During May 1953, an extensive program 
was begun for providing more data pertain
ing to a planned energy release. Emphasis 
was placed on the following: 

1) Magnitude and location of 
energy in the graphite structure. 

stored 

2) Detailed information on growth as 
measured in the laboratory and on gross 
graphite structure. 

3) Changes in C-axis and other graphite 
properties as a function of radiation damage. 

4) The effect of annealing (stored energy 
release) on physical dimensions and other 
properties. 

The results of this work were reported in 
the classified document,^ BNL 255, October 
1953, which was declassified in March 1957. 

For this work samples of graphite which 
had been placed in the reactor before the first 
start-up were removed and other samples 
were "mined" from the structure by a re
motely operated trepanning tool. 

The maximum stored energy obtained from 
these samples by the work referred to above 
was 40 to 50 cal/g when annealed at 300°C. 
Distortion or growth of the structure was 
seen to agree with these stored energy meas
urements and the ambient graphite operat
ing temperatures (see Figure 7). 

The annealing of these samples in the labo
ratory was accompanied by reduction in 
physical and C-axis dimensions equivalent to 
a recovery of 20 to 30% of the growth. 
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Figure 7 

These results emphasized the need for a 
pile annealing. The procedures which had 
been in the planning stage for several months 
were detailed in final form.^ 

THE FIRST ANNEALING EXPERIMENTS 

The first annealing experiment was con
ducted during the week of October 19, 1953 
and has been described in somewhat greater 
detail in BNL 275.3 The second and third 
annealing experiments were conducted Oc
tober 8—-13, 1954 and November 22—27, 
1955, respectively. The annealing pro
cedures were then substantially changed and 
are described below under Routine Annealing 
Operation. 

The description of the annealing experi
ment reported in BNL 275 applies to the first 
three operations. The temperatures achieved 
were essentially the same in all three opera
tions and the procedures varied only in minor 
details. Some of the information previously 
reported in BNL 275, declassified March 14, 
1957, is presented here again for the sake of 
continuity. 

The normal operating temperature condi
tions of the reactor are shown in Figure 7. 
It may be noted that the cooling advantage 
gained by the "gap" type structure is 
partially offset by the disadvantage of having 
"cool" graphite in the regions of maximum 
flux. The growth contours show this effect 
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clearly (see Figure 9). The part of the 
structure immediately adjoining the gap is 
relatively cool, about 50 °C under operating 
conditions. The temperature increases along 
the direction of the fuel channels and reaches 
maximum values of 225° to 300 °C at the ex
tremities of the fuel channels, in the central 
region of the loading pattern. In the re
flector regions of the structure, the operating 
temperature is in the 50° to 80 °C range. 
This temperature pattern and the neutron 
flux pattern give rise to a concentration of 
the radiation damage in the region adjacent 
to the gap. To achieve the purposes of the 
experiment, it was necessary to raise the 
temperature of this region so that the enerky 
stored in the moderator graphite would be 
released. 

The very nature of the cooling system per
mits this temperature rise to be accomplished 
easily. The bi-directional flow of air through 
the reactor was converted to a uni-directional 
flow to enter at one end of the graphite, pass 
through the fuel channels, across the gap, 
and out the opposite end of the graphite. 
Under the arrangement employed, the high 
temperature exhaust end of the fuel channels 
was at the south, where the control rods 
enter the moderator structure (see Figure 
8). This was an important aspect in plan-

SLOCKEO CLOSED 

CONTROL RODS 2,4,6,6 

CONTROL RODS I 3,5,7 

Figure 8 

ning the experiment because it would permit 
the poisoning of the south exhaust end by 
control rods, and confine the fission heat 
source primarily to the north half of the pile 
and only a part of the south half adjacent 
to the gap. In this way, it was expected that 
there would be only a small increase in tem
perature along the fuel channels in the south 
half of the pile. Otherwise, it was thought 
impossible to get the graphite near the gap 
up to a temperature of 300 °C without over
heating the extreme south end of the 
structure. 

The annealing experiments and the routine 
annealing operation, to be described later, 
were designed so that the heat source which 
triggers the release of low temperature 
stored energy is fission heat. Fission heat 
is added continuously while the graphite tem
peratures are gradually elevated through the 
triggering region (80° to 150°C). The rate 
at which fission heat is removed from the 
reactor during this time by means of the 
fans and dampers is usually 1 to 2 Mw and 
is high compared with the expected rate of 
stored energy release. (Although the re
lease rate in an individual bar is very fast, 
the progression from bar to bar is slow.) 

SAFETY PRECAUTIONS DURING 
ANNEALING 

Foremost in the planners' minds was the 
potential hazard of the energy stored in the 
graphite. It was hoped that this energy 
could be triggered in such a way as to in
volve a small portion of the structure at any 
one time. 

Maximum cooling capacity in standby con
dition available on a moment's notice was 
also desirable. The following ideas were 
developed: 

1) Operate with two fans partially loaded 
and three in standby condition. 

2) Adjust power level between 1 and 2 
Mw during the heating period. In the event 
of a rapid release of energy causing a rapid 
increase in structure temperature, the input 
heat could be shut off in an instant. Within 
a few seconds, the two running fans could 
then be brought to full load; within minutes, 
the entire cooling system could be operating. 
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To back up the cooling system in the event 
of an electrical power failure, high pressure 
steam from a completely "steam operated" 
plant was piped to the base of the stack. 
This steam could be used to increase the 
stack temperature and facilitate cooling by 
stack draft. 

The Long Island Lighting Company was 
alerted so that advance warning of electrical 
difficulties would, if possible, be promptly 
given. 

Since instrument air supply was essential 
for operation of the cooling system, a gaso
line driven compressor was kept in operating 
standby throughout the experiment as a safe
guard against the failure of the normal 
equipment. 

The operating crews were especially in
structed and rehearsed in the procedures for 
quickly reconverting the ducts to bi-direc
tional flow, thus providing cold air to the 
gap area. 

THE OPERATION 

After the cooling air flow path had been 
rearranged and all other precautions had 
been tested, the cooling system was adjusted 
to approximately 10% of full air flow by 
running two fans with dampers partially 
closed. The pile was brought critical with 
the rod pat tern already noted. Power was 
increased to 2 Mw at the standard rate. 

The ra te of rise on many graphite thermo
couples was continually observed, and by 
adjusting the power level ± 1 Mw the ra te of 
rise in the graphite was controlled. The t ime 
required to reach 320° to 350 °C on central 
graphite thermocouples varied with each ex
periment between 24 and 36 hr. After the 
maximum temperature desired was reached, 
the power was reduced to zero and the air 
flow was stopped by closing the fan valves. 
This condition was held from 4 to 12 hr 
until all temperatures indicated a downward 
trend. 

The cooling air flow was then readjusted to 
cool the structure a t 2° to 5°C/min until the 
entire s tructure was 20° to 50°C. Post-an
nealing samples were taken, s tructure meas
urements made, and the pile prepared for 
normal operation. 

During these annealing operations only 
three cases were noted in which a graphite 
thermocouple seemed to indicate the time of 
energy release. In these cases, the slope 
changed until the temperature led its sur
roundings by approximately 30°C. Within 
1 h r i t was again in agreement with sur
rounding temperatures. 

Ample evidence of satisfactory annealing 
is obtained from the analyses of the s t ructure 
measurements and laboratory measurement 
of stored energy remaining in pile samples 
taken after pile annealing. 

ROUTINE ANNEALING PROCEDURE 

As experience was gained in the first three 
annealing operations, it became apparent 
that, to some extent, the original safety pre
cautions against an accidental or sudden re
lease of the graphite stored energy could no 
longer be justified. Annealing of the gross 
s t ructure was indeed an uneventful opera
tion with little or no indication from thermo
couple data that a rise such as noted in labo
ra tory specimen temperatures could be 
achieved. If the fission heat removed from 
reactor structure while raising graphite 
temperatures to 150 °C is large compared to 
the heat stored in the graphite, the release of 
the stored energy has little effect on structure 
temperature. Removing fission heat a t ap
proximately 1/2-Mw power level was found 
to be sufficient to mask the graphite energy 
release. 

On this basis it was possible to revise the 
annealing procedure, eliminating many of 
the time-consuming operations, to the extent 
tha t the routine annealing procedure now in 
use requires the loss of ^ 12 hr of full power 
operating time compared to approximately 
one week for each of the first three experi
mental annealing operations. 

During a scheduled shutdown, two weeks 
in advance of a routine annealing operation, 
all research samples and experimental de
vices which might be damaged by 350 °C 
temperature are removed from the reactor. 
I t is also a practice to make structure meas
urements during this shutdown. 

The annealing operation is then performed 
at the end of the next normal two-week oper-
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ating period and is repeated at approxi
mately 3-month intervals with some varia
tion due to scheduling problems. 

The procedure commences with the re
actor in equilibrium, full power operation. 
Power is reduced gradually over a period of 
2 hr, and at the same time the cooling load 
is decreased in such a manner as to maintain 
the fuel temperatures constant at the maxi
mum operating temperature, 350°C. 

During the power reduction period, the 
graphite temperatures in the cooler gap 
regions gradually rise as the cooling load is 
decreased. When the cooling load is reduced 
to approximately 10% of full value, and the 
power level is 1 to 2 Mw, the coolest graphite 
temperatures will normally have risen to 
above 150°C. The cooling load is then fur
ther decreased and finally all fans are 
stopped. By continuing to operate at ap
proximately 0.5 Mw and completely covering 
the inlet ducts with light sheets of plastic, the 
central graphite temperatures are driven up 
to 310° to 340°C (see Figure 7). Finally, 
to complete the operation, the reactor is 
"scrammed" and allowed to stand for 2 to 3 
hr with no air flow. Prior to taking meas
urements the structure is cooled at a rate 
of 2°C/min by readjusting the cooling load. 

Leakage of argon-41 from the reactor 
structure, especially during the period of no 
air flow, was the subject of some concern. 
By operating the building air conditioning 
system with 100% makeup air, a procedure 
which results in increasing the static pres
sure within the building, no radioactive gases 
escape from the structure into the building. 

Annealing by this procedure has been con
ducted four times at approximately 3-month 
intervals. 

ANALYSIS OF DATA 

The latest growth measurements, taken 
June 20, 1957, indicate the current graphite 
situation and are plotted in Figures 9 and 10. 
We are not able to explain the reason for the 
single "high" measurement in A-6-15. The 
trend shown in these figures may be related 
to the structure temperature data plotted in 
Figure 7, clearly indicating the role of am
bient temperature in this situation. 

The horizontal growth plotted in Figure 
11 is still in excess of the vertical growth and 
apparently for the same reasons noted prior 
to annealing. 

Although this indicates a tendency for the 
bars to space themselves in the gap area, they 
remain essentially in contact in the plenum 
areas. No difficulty with air leakage is ex
pected from this. 

The point of maximum growth in Channel 
B-0-15, shown to be the point nearest the gap 
on Figure 9, is plotted versus exposure in 
Figure 11. The dotted line is an estimate of 
what the growth might be at the present 
time had no annealing been done. This esti
mate is justified by measurements on samples 
which are removed from the pile for the 
duration of each annealing operation. 

In Figures 12, 13, and 14, % dL versus 
exposure is plotted for columns of the struc
ture which operate at 50°, 150°, and 200°C. 

Also, the '/( recovery of the growth since 
the previous anneal is plotted for each tem
perature at the time of annealing. 

The slope of the growth between anneal
ings is also plotted as % dL/nvt versus nvt. 
The purpose of this is to detect a lessening in 
growth rate or an increasing in recovery rate 
or combination of the two which may con
tribute to an over-all saturation growth 
effect. Although there has been some labo
ratory work which predicts a saturation 
effect, the pile data are inconclusive. In 
Figures 15, 16, and 17 growth rate versus 
exposure is replotted for 50°, 150°, and 
200°C. These are noted as trends because 
the data spread is too poor for a firm as
signment of these curves. The saturation 
effect, if present, is more pronounced at 150° 
and 200°C. 

Although the orificing pattern tends to 
flatten exhaust temperatures, the certainty 
of the data plotted for 150° and 200 °C is 
probably ± 50 °C, while the certainty of the 
50 °C data is probably ± 25°C because of the 
strong influence of outside air temperatures. 

GAP WIDTH VARIATIONS 

The width of the central gap was also 
measured at intervals and its variation noted. 
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The original width of the gap was Si/g in., 
except for the extremities. It was found that 
the gap had become narrower, with the 
change greatest at the center and uniformly 
less out toward the reflector regions at the 
edges. These growth data are given in 
Figure 18. It was not anticipated that this 
would occur; the change can be explained 
qualitatively by thinking of the individual 
graphite blocks as having taken on a wedge 
shape because of the growth pattern. A 
stack of such blocks, under the combined 
forces due to the load imposed by the shield
ing blocks (about 100 Ib/in.^) and thermal 
stresses from the cyclic operation of the pile, 
would tend to move to produce a bulge at the 
center of the stack. With annealing some 
recovery of loss in gap width has been noted 
and also some saturation effect. 
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Discussion of Session III Papers 

The first paper was presented by W. 
Primak. 

Discussion was started with remarks con
cerning the homogeneity and influence of one 
affected area with relation to adjacent ones. 
On the one hand it was felt that the effect 
was localized and represented the thermal 
spike picture where each region was discon
nected. This requires a number of activation 
energies because of the possible complex 
nature of the damage. The Brinkman dis
placement spike model was proposed as a 
volume model of damage where the effect is 
uniform throughout the volume, as some 
evidence indicates the recovery might then be 
lattice temperature sensitive and have dis
crete activation energies of recovery. 

The meaning of radiation annealing was 
discussed with respect to the measured 
parameter. There was some concern as to 
its change of value as an indication of the 
atomic model. These changes must include 
the effects of a dynamic system as indicated 
by measurements. 

The speaker felt the kinetic equation 
should be in terms of the processes and not 
property changes. A conversion or impor
tance factor (based on activation energies) 
would be used to convert from processes to 
property changes. There was some question 
as to the damage processes being the same 
for all properties under consideration. 

Th^ second paper was presented by R. E. 
Nightingale. 

The formation of carbon complexes was 
discussed. A model proposed by Hennig and 

Hove (Geneva Paper 751) was presented as 
a means of complex formation without re
gard to the storage energy or energy of for
mation of such a complex. 

The speaker felt that radiation annealing 
does take place irrespective of the number of 
defects produced. Others felt that recovery 
must have a certain number of defects for 
radiation annealing to occur. 

The chairman requested the speaker to 
discuss the dimensional changes of length of 
graphite at irradiation temperatures near 
500 °C. This phenomenon is an initial ex
pansion to about 0.02% and then contraction 
to —0.05%. This latter stage continues as 
a function of time beyond 3500 Mwd/ct and 
presents a serious design problem. Details 
of this study were given in a paper by W. A. 
Snyder at the most recent meeting of the 
American Nuclear Society. 

It is felt that the crystallites may be 
fracturing, and further packing occurs which 
produces a greater surface area. No nitro
gen area determinations have been made at 
these temperatures. There was a thought 
expressed that recent studies indicate such 
BET determinations might not be a true 
measure of the surface condition as the in
ternal structure may influence the measure
ment. The crystallite size Lc reduces by a 
factor of two and the surface area seems to 
increase by two at 1500 Mwd/ct. 

Stored energy of 50 cal/g is estimated for 
samples irradiated at 500°C. It is not clear 
whether this is due to complex or simple 
forms of carbon atoms and/or vacancies. 
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Determination of k^ From Critical Experiments 
With the PCTR* 

D. J. DONAHUE,** D. D . LANNING,*** R. A. BENNETT, 
AND R. E . H E I N E M A N 

Hanford Atomic Products Operation, 
Richland, Washington 

Abstract 

The PCTR is a 7-ft cube of graphite with a large cavity, 2 X 2 X 3 ft, located at its 
center. It is made critical by enriched uranium which is distributed on the boundary of 
the central cavity. One end of the assembly, 2 X 7 X 7 ft, is mounted on a movable cart 
and can be moved away from the reactor proper to allow access to the central test region. 

The infinite medium, thermal neutron multiplication factor, k,, of a multiplying 
material is obtained by determining the amount of thermal absorber which, when in
serted with the multiplying material into the central region of the PCTR, will change 
neither the reactivity of the assembly nor the energy distribution of neutrons in it. 
The design of the reactor and the method used for determining this absorber mass are 
discussed, and results for two graphite—natural uranium lattices are presented. 

INTRODUCTION 

In the past most of the experimental data 
concerning the nuclear properties of graph
ite-uranium systems have been obtained 
from exponential experiments.^ Such ex
periments, even though they require only a 
fraction of the critical mass of the material 
being studied, are quite large and expensive. 
For example, an exponential pile used to in
vestigate the properties of a typical graphite, 
natural uranium lattice arrangement con
tains as much as 25 tons graphite and 6 tons 
uranium. Such material requirements im
pose severe limitations on the number and 
type of experiments which can be performed 
in an exponential pile. Further, if an arti
ficial neutron source of practical intensity is 
used to supply neutrons to an exponential 
pile, the neutron density in the pile will be 

Under the auspices of the U.S. Atomic Energy 
Commission. 

Now at Pennsylvania State University, University 
Park, Pa. 

' Now at Massachusetts Institute of Technology, 
Cambridge, Mass. 

too low to allow detailed measurements of 
the distribution of neutrons through the lat
tice to be made. Such measurements are 
necessary if parameters of the lattice such 
as its conversion ratio and thermal utiliza
tion are to be obtained. 

In an effort to circumvent these limita
tions, the General Electric Company has con
structed a critical assembly at Hanford in 
order to investigate the possibility of study
ing the nuclear characteristics of various 
reactor lattices with the use of relatively 
small samples of those lattices. 

A description of this critical assembly, 
known as the PCTR,* is given below, and 
a method of measuring k^, the infinite multi
plication factor, of a typical graphite-
uranium lattice in the PCTR is presented. 

This assembly has sometimes been referred to as 
the Lattice Testing Reactor, LTR. However, the 
Hanford Operations Office of the AEC has officially 
designated it as the Physical Constants Test Re
actor, PCTR. Its design is discussed in some detail 
in a summary of the hazards associated with its 
operation." 
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Figure 1 PCTR with movable face open 



The experiments discussed required a sample 
of the multiplying medium under study of 
about 12 ft^, approximately 1200 lb graphite 
and 320 lb uranium. Thus, the material re
quired is less by approximately a factor of 
40 than that used in typical exponential ex
periments. When the reactor is operated 
at a power level of from 1 to 100 watts, a 
sufficient number of neutrons is available 
to allow measurements to be made of the 
neutron flux distribution through the medium 
under study. 

DESCRIPTION OF THE CRITICAL 
ASSEMBLY 

The moderator of the PCTR is a graphite 
parallelepiped, 7.187 X 7.187 X 7.5 ft long, 
with a large cavity, 26.25 X 26.25 X 37.5 in., 
centered on its horizontal axis. One face of 
the reactor, 7.187 ft X 7.187 ft X 26.25 in., is 
mounted on a carriage and can be driven a 
distance of 6 ft away from the rest of the 
reactor. When this face is opened, ample 
access to the cavity at the center of the re
actor is available. Figure 1 shows a photo
graph of the finished reactor with the face 
in the opened position. In this figure the 
central region is filled with graphite, but the 
contents of this region are easily varied so 
that it can be filled with any multiplying 
medium whose properties are to be studied. 

The movable face is driven by a pinion 
turning in a fixed rack. The pinion is in 
turn driven by a motor through a clutch. The 
closed position of the face can be reproduced 
with a precision of better than one third of 
a thousandth of an inch by allowing the 
motor to run and the clutch to slip for a few 
seconds after the two sections of the reactor 
have come together. Figure 2 shows a curve 
of the reactivity of the PCTR vs the position 
of the movable face. The slope of this curve 
near zero separation is 128 cents/in. Re
peated measurements have, shown that the 
reactivity of the system after opening and 
closing the face can be reproduced to about 
0.04 cents. 

Enriched uranium is used to make the 
graphite stack critical. In order to describe 
the critical loading, the fuel can be divided 
into two categories. 
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1) Thirty-two so-called "driver tubes," 
45.5 in. long, are located about the longi
tudinal axis of the assembly on a cylinder 
50 cm in radius. The position of these tubes 
can be seen in Figure 3, a cross section of 
the reactor with the central region filled with 
graphite. 

2) "Leveling slugs" are located across the 
ends of the cylinder formed by the driver 
tubes, with a square lattice spacing of 3.75 
in. These leveling slugs form two planes 
which not only cover the ends of the cylinder 
formed by the driver tubes, but extend out 
almost to the edge of the reactor. The posi
tion of these leveling slugs can be adjusted so 
that the length of the closed cylinder of en
riched uranium which surrounds the test 
region can be varied from 37.5 to 52.5 in. 
This feature was designed into the reactor 
with the hope that the spatial distribution of 
the neutron flux in the longitudinal direction 
through the control region of the reactor 
could be made constant and thus the neutron 
leakage could be made zero in this direction 
from samples in the test region. 
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Figure 3. Cross section of the PCTR with the 
central region filled with graphite 

Fine control of the chain reaction in the 
assembly is maintained by eight control rods 
which run the length of the test cavity 
parallel to its axis. They are spaced sym
metrically about the axis of the reactor on a 
circle with a 70-cm radius, as shown in 
Figure 3. Each of these control rods con
sists of two concentric tubes, 37.5 in. long. 
The outer tube, which is fixed with respect 
to the reactor, is 1.5 in. o.d. and is made of 
alternate 4.166-in. sections of cadmium and 
steel. The inner tube is aluminum and con
tains nine 4.166-in. slugs alternately of cad
mium and enriched uranium-aluminum alloy, 
five of cadmium and four of alloy. Both 
types of slugs are completely absorbing to 
thermal neutrons. This inner tube is con
nected by a shaft to a driving mechanism 
outside the pile. In the closed position the 
cadmium slugs in the inner tube appear 
under the steel sections of the outer tube so 
that the rod appears to the reactor to be made 
of solid cadmium. To "open" the rod, the 
inner tube is moved a distance of 4.166 in. 
until the uranium slugs of the inner tube are 
under the steel sections of the outer tube. 
In this condition the rod emits almost one 
fast neutron, on the average, for each neu
tron absorbed, and therefore appears to the 

reactor to be essentially nonabsorbing. 
Since there are only four uranium slugs and 
five cadmium slugs in the inner tube, and 
since the steel sections of the outer tube are 
not completely transparent to thermal neu
trons, the rod is still a poison to the reactor 
in the open position, but a considerable 
amount of control is obtained by the 4.166-in. 
motion of these rods. Moving one of these 
rods from a fully opened to a closed position 
changes the multiplication factor of the re
actor by about 0.5'/ . The inner tube of each 
control rod is spring loaded in the open 
position and connected to its driving mecha
nism through an electromagnet so that at a 
predetermined signal from the flux monitors 
in the reactor, the electromagnet will be de-
energized and the spring will quickly drive 
the rod to the closed position. The advan
tages of this type of control rod are twofold: 

1) The distribution of neutrons through 
the reactor is not drastically affected by the 
position of the control rods, since they absorb 
about the same number of thermal neutrons 
in the open, closed, or intermediate position. 

2) The rods provide a fast-acting safety 
mechanism. Since they need only to travel 
a distance of about 4 in., they can be driven 
from open to closed positions by springs in 
less than l^ sec. 

The reactor has a second safety system 
which consists of two circular cadmium-
aluminum sandwiches which fall under the 
force of gravity into i/2-in.-thick vertical 
slots located in the reactor just outside the 
ring of driver tubes. These circular safety 
disks are made of layers of Vs-in. aluminum, 
0.022-in. cadmium, and y^-ixs.. aluminum and 
are 21.5 in. in diameter; the sandwich is sur
rounded by a 24-in.-o.d. steel ring. During 
normal operation the disks are held out of 
the reactor by electromagnets. In an emer
gency the electromagnets are de-energized 
and the disks reach the center of the reactor 
in about V2 sec. They are stopped near the 
center of the reactor by cradles connected to 
external air cylinders which absorb the 
shock. The location of the slots into which 
these disks fall can be seen in Figure 3. 
Each of these disks when inserted into the 
reactor will reduce the multiplication factor 
of the reactor by about 1.75%. 
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DETERMINATION OF K 

Principle of the Measurement 

The infinite medium thermal neutron mul
tiplication factor of a multiplying material 
can be inferred from a measurement of the 
quantity of a thermal neutron absorber 
which, when added to the material, would 
reduce its multiplication factor to unity. 

The quantity of absorber necessary to so 
poison the medium may be obtained either 
from an exponential experiment'' ' * or a 
danger-coefficient experiment.''"'' " In the 
former the quantity of absorber may be 
found by imposing the requirement that the 
measured buckling of the poisoned medium 
be reduced to zero. In the danger-coefficient 
experiment use is made of the principle that 
there would be no change in either the neu
tron density or its energy distribution in an 
infinite critical homogeneous medium if any 
volume of the medium were replaced by a 
vacuum. This principle results from the fact 
that the multiplication factors of the infinite 
critical medium and the vacuum are the 
same; namely, unity. The utilization of this 
principle in a finite sized reactor is discussed 
in the next section. 

If the multiplication factor of a medium is 
given by 

k^^-^epf (1) 

and if it is assumed that the addition of an 
absorber to the medium changes only the 
thermal utilization of the medium so that 

k^^y^epf',^1 (2) 

after poison is added, then 

A;^^l = . (3) 
/ ' 

I t will be assumed that, except for the reso
nances in U^^*, the absorption cross sections 
of the materials in the multiplying medium 
vary with neutron energy as l/^TE- Flux 
traverses made through natural uranium 
rods with U^^^ fission detectors and with de
tectors whose absorption cross sections vary 

as l/yfE are very nearly identical, which 
indicates that this assumption is a good one 
for natural uranium. The quantity / is then 
given by 

(So<#'l/j)^)fiiel 
/ = - (4) 

2(2o</>i/»'^)i 
i 

where i:!,, and F; are respectively the macro
scopic absorption cross section for 0.0253-ev 
neutrons and the volume of the ith materials. 
The 1/v neutron flux, < î/,,, is tha t flux meas
ured by a detector whose neutron absorption 
cross section varies as 1 /V^ , and is defined 
by the equation 

<f>,/,=f^'"VEJE <t>(E)dE. 

The fluxes in Equation (4) are volume 
averaged over each material. 

From Equations (3) and (4) it can be seen 
that 

[ ( ̂ 0 ?̂  ^ ) ahsiirber ( -09^ '^ )m 
k^~l = f 

- (^0 9^"^) fuel ('^oi>V)fuel 

/ l - ~ V i m ' \ 1 

i~v:r)\ *'' 
where the subscript m denotes the moderator 
and the quantities <f>f„' and ^„ are the fluxes 
in the moderator when it is poisoned and un-
poisoned, respectively. Thus, except for a 
small correction for changes in the flux in 
the moderator when the absorber is inserted, 
k^—1 of a medium is given by the ratio of the 
thermal neutron absorption rate in the ab
sorber to that in the medium. 

Measurement in the PCTR 

The quantity of poison necessary to reduce 
the multiplication factor of a test medium to 
unity may be found with a finite sized reactor 
by providing a cavity in the reactor into 
which a sample of the poisoned medium may 
be placed and by providing the means for 
adjusting the neutron spectrum incident 
upon the cavity. This is accomplished in the 
PCTR by providing a central void much 
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larger than the test sample. Thus, the test 
sample may be surrounded by a layer of 
medium, the buffer, which is identical to the 
test sample and which brings the spectrum 
into equilibrium. Under the conditions that 
sufficient poison has been added to the 
sample to reduce its multiplication factor to 
unity and that the incident neutrons have the 
same energy distribution as that which would 
exist in an infinitely large sample of the 
poisoned medium, there would be no pertur
bation upon the reactor when the test sample 
is inserted into the cavity. Thus, the 
quantity of poison is found by imposing the 
requirement that the reactivity of the reactor 
not change upon the substitution of poisoned 
sample for vacuum. The sensitivity of a well 
designed reactor is such that the error in
curred because the above requirement is not 
satisfied is negligible compared to other 
errors for all cases except those where fcx—1 
is close to zero. 

Since it is advantageous to restrict the 
amount of multiplying medium to as small a 
volume as possible, it is of interest to 
ascertain the error in fc^ under more general 
conditions; namely, those in which the buffer 
region surrounding the test sample is not 
effectively infinite. The requirement that 
there be no change in the reactivity of the 
reactor when the poisoned test sample is in
serted into the test region leads to an ex
pression, developed in the appendix, for the 
error in k^, Ak^, which results from spectral 
mismatching in the test section. This ex
pression is 

^ikj = 

(<^i /<^2 ' -<l>i /<l '2) (Wi ' /m2-Wi/m2) 

{<i>^/4>2){mi/m2 
(6) 

The quantities ^\/4>2 and m-i/m^ are the fast-
to-slow neutron flux and adjoint flux ratios 
which would be found in the critical, infinite 
poisoned medium, and ^i'/<^2' and m-i /m.-^ 
are the similar flux ratios in the test cavity. 
Thus, the error in k^ is the product of two 
small quantities, the fractional mismatch of 
the neutron fluxes and the adjoint fluxes, the 
transients of both of which are damped in 
the buffer. 

It can be seen from (6) that the spectral 
error in k^ vanishes when either the flux 
spectrum or the adjoint flux spectrum is 
matched. Experimental criteria have been 
developed which determine when the neutron 
flux spectrum is matched. These criteria are 
described below and in the appendix. 

EXPERIMENTAL PROCEDURE 

Determination of Absorber Mass 

Figure 4 shows a cross section of the 
PCTR with a sample of a graphite, natural 
uranium lattice with a 6.5-in. lattice spacing 
in the test region. Only the central lattice 
unit of a test sample, bordered in Figure 4 
by a heavy line and designated region A, is 
moved in and out of the reactor and com
pared to a vacuum. Further, although the 
sample is 37.5 in. long, only the central 18 in. 
are used. Thus, the test section is a volume 
whose cross sectional area is determined by 
the dimensions of the lattice being studied 
and whose length is 18 in. The remainder of 
the lattice units in the test sample (region B 
of Figure 4) and of the 37.5-in. length of the 
central lattice unit act as buffers which serve 
to reduce the flux transient effects between 
the enriched uranium fuel and the test sec-

Figure 4. Gross section of the PCTR when the 
central region contains a graphite, natural uranium 

test sample with 6.5-in. lattice spacing 
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tion. For the present it will be assumed that 
this buffer region is such that the error in 
the measurement of &„ due to flux mis
matches, given by Equation (6), is zero. 
The adjustment of the spectrum will be dis
cussed in detail below. 

Copper is employed as the thermal ab
sorber to poison the test section. Since the 
absorption cross section of copper has some 
resonance structure, corrections for non-^/^' 
captures in the material are necessary. A 
further correction is necessary to account 
for the absorption of neutrons by air, which 
is present in the central cavity when the test 
section is removed. 

Copper is also used as an activation ma
terial with which the neutron flux at various 
positions in the test section is measured. 
Figure 5 shows a radial flux traverse through 
a lattice both as obtained directly from 
copper detectors and corrected for non-l/v 
absorptions in the detectors. The fluxes re
quired in Equation (5) in order to deduce 
&„ —1 can be obtained from curves of this 
type. 

DISTANCE FROM CENTER OF THE CELL IN cm 

Figure 5. Radial flux traverse through a graphite, 
natural uranium cell 

A measurement was made to investigate 
the error which might be introduced into a 
determination of k^ by end effects. When 
the central test section is removed from the 
reactor, the ends of the uranium rods in the 

buffers at each end of the test section are ex
posed to a higher neutron flux than they are 
when the test section is in place. Such a 
change in flux could introduce an error into 
the measured mass of copper necessary to 
poison the cell from which the value of k^ is 
deduced. However, experiments performed 
for the particular case of a 7.5-in. lattice 
spacing with a 1.36-in, canned uranium rod, 
have shown that this end effect introduces an 
error of less than 0.2% in the measured value 
of fcx — 1 . This is much smaller than other 
errors in k^ — 1 , and can therefore be 
neglected. 

In summary, if it is assumed that the 
energy spectrum of neutrons in the poisoned 
test section is the same as it would be if that 
section were part of an infinite array, the 
quantities in Equation (5) can be determined 
from flux traverses and from a null reac
tivity measurement with sufficient precision 
to yield values of h^ for graphite, natural 
uranium lattices with an uncertainty of from 
0.1 to 0.3%. This precision is attainable be
cause the quantity actually measured is 
k^ — 1 . If one considers a lattice with k^ = 
1.06, an error of 4% in the determination of 
k^ —1 results in an uncertainty of only 1/4% 
in ky,. 

Spectral Adjustments 

As pointed out previously, Equation (5) 
yields the true value of k^ —1 for the multi
plying material under consideration only if 
the quantity A{k^) given by Equation (6) 
is zero. Since the PCTR, when its central 
section is filled with a particular lattice 
studied, is a complicated heterogeneous sys
tem, the terms in Equation (6) are quite 
difficult to calculate. For this reason errors 
introduced into the determination of ifc„ of a 
lattice by mismatched fluxes at the boundary 
of the test section have been investigated 
experimentally. 

In order to simplify the experimental ad
justment of the flux spectrum at the bound
ary of the test section, the position of the 
leveling slugs at each end of the reactor is 
adjusted until the spatial distribution of the 
longitudinal flux along the axis of the test 
section is made as nearly constant as possible. 
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Figure 6. Longitudinal flux traverse at boundary of 
central test section 

Figure 6 shows the counting rate of a BF.{ 
detector as a function of its position along 
the axis of the test section both when it is 
bare and when it is covered with 0.020 in. 
cadmium. It can be seen that the flux de
tected by the bare counter is level within 
about 0.5'/(, whereas the epi-cadmium ac
tivity varies over the length of the test 
section by about 5 '/<. 

In order to investigate the sensitivity of 
the measurements made in the PCTR to the 
longitudinal distribution of neutrons through 
the test section, fe^ —1 of a lattice was meas
ured as a function of the variation in this 
longitudinal flux. No difference in the 
measured values of fc^ —1 could be de
tected when the total variation of the thermal 
flux over the length of the test section was 
changed from 1/2 to 3%. The experiment 
was so designed that a change in fex —1 of 
17' could have been detected. 

After the leveling slugs have been fixed 
in the position which yields the minimum 
variation in the longitudinal flux through the 
test section, further spectral adjustments are 
made by varying the composition of the buf
fer between the test section and the enriched 
uranium driver region. 

As mentioned above, the function of this 
region is to reduce the flux mismatches in the 
test section to a minimum. The uranium-to-
graphite ratio of this buffer region can be 
varied from zero to some finite number by 
adding natural uranium rods to the buffer at 
the positions indicated in Figure 4. As this 

uranium-to-graphite ratio is varied, the 
energy distribution of neutrons in the test 
section will also vary, and the mass of ab
sorber which, when moved into or out of the 
reactor together with the test section, causes 
no change in reactivity of the reactor can be 
obtained as a function of these variations. 
Figure 7 is a plot of this absorber mass for a 
lattice as a function of the composition of 
the buffer region. The abscissa of the curve 
is the average value along the boundary of 
the test section of the reciprocal of the cad
mium ratio of 0.005-in. gold foils, which is 
related to the ratio <^//<^/ in Equation (6). 
The number of natural uranium rods used in 
the buffer region to obtain these cadmium 
ratios is also shown on the abscissa" of 

s < 

dxy 

90 
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•f-

.20 22 .24 
I 
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.26 .28 30 

16 

RODS IN BUFFER 

Figure 7. Mass of copper absorber times the ratio 
of the flux at the absorber to the flux at the surface 
of the central rod vs the reciprocal of the cadmium 
ratio of 0.005-in. gold at the boundary of the 6.5-in. 
lattice test section. The number of natural uranium 
rods used *to achieve various cadmium ratios is also 

shown on the abscissa 
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Figure 7. These uranium rods were identical 
to those in the test section. The first eight of 
these rods, that is, those in the layer adjacent 
to the test section, were loaded at positions 
such that the lattice dimensions of the test 
section were maintained through that layer. 
Rods beyond the first eight were loaded as 
nearly as possible at lattice positions. 

The general shape of the curve in Figure 7 
is characteristic of such curves obtained 
when graphite, natural uranium lattices are 
studied in the PCTR. To date about 20 dif
ferent lattices with widely varying graphite-
to-uranium ratios and fuel geometries have 
been investigated, and in all cases the curve 
of absorber mass versus buffer region com
position exhibits the minimum seen in Figure 
7. This shape is at least qualitatively under
stood, and its principal features have been 
deduced theoretically.^ The fact that it is 
double valued is consistent with Equation 
(6), which shows that there may be two 
buffer configurations which will yield the cor
rect value of k^ —1 for a lattice, that which 
makes A(<f>]/<^2) == 0 and that which makes 
A(OTi/m2) = 0. 

Two experimental methods for determin
ing the correct value of absorber mass from 
curves of the type shown in Figure 7 have 
been investigated. Both are directed toward 
finding that buffer configuration which will 
make the term A {4,1/(^2) in Equation (6) 
equal to zero. The first of these methods is 
based on the premise that if the ratio of fast-
to-thermal fluxes at the boundary of the test 
region is not correct, that is, if A (<l>i/(j>2) y^ 0, 
it will be changed toward the correct value 
when the poisoned test section is inserted into 
the cavity. Therefore, a criterion for obtain
ing the correct value of &„ —1 can be written 

(C(iR)p/{CdR)E--l (7) 

where the bars indicate that the cadmium 
ratios are the average over the boundary of 
the test region, and the subscripts E and F 
denote whether the test region is empty or 
contains the poisoned test section. 

For those lattices in which at least one 
complete row of lattice units is required 
around the test section in order to achieve 

the correct spectrum in the test section, a 
second and more sensitive criterion can be 
used. This criterion is based on the premise 
that if the spectrum at some position in the 
test section is too fast, that is, if the ratio 
of fast-to-thermal neutrons in the test sec
tion is greater than it would be in an infinite 
array, it will be even faster at a correspond
ing lattice position in the buffer. Converse
ly, if this ratio is too slow in the test section, 
it will be even slower in the buffer. The cri
terion which will yield the correct value for 
k^ —1 of the lattice can therefore be written 

In order to use gold foils or any other good 
resonance absorber in the application of 
these criteria, it is necessary to assume that 
the shape of the resonance neutron energy 
distribution in the poisoned test section is 
the same as it would be if that test section 
were part of an infinite array. The validity 
of this assumption is discussed below. Both 
these criteria are deduced from two-group 
considerations in the appendix. 

EXPERIMENTAL RESULTS 

The results of measurements on two graph
ite, natural uranium, square lattices are pre
sented in order to illustrate the application 
of the methods described above and to in
dicate the precision with which values of fcx 
for such lattices can be obtained from the 
measurements. Both lattices contain a 
natural uranium rod with an outside diameter 
of 1.36 in. The dimensions of the test sec
tion for one are 6.5 X 6.5 in. and for the 
other 9.5 X 9.5 in. This gives a graphite-to-
uranium atomic ratio for the two lattices of 
50 and 113, respectively. 

6.5-Inch Lattice 

A curve of the measured value of the mass 
of absorber necessary to poison the test sec
tion for the 6.5 in. lattice as a function of 
the cadmium ratio of 0.005-in. gold at the 
edge of the test section, measured when the 
test section was in place, is shown in Figure 
7. In Figure 8, values of the 0.005-in. gold 
cadmium ratio at the center of the rod in the 
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Figure 8. The cadmium ratio of 0.005-in. gold meas
ured in the test section vs the same quantity meas
ured at a corresponding position in the buffer for 

the 6.5-in. lattice 

test section are plotted against the values 
of the same quantity measured at an equiva
lent position in the buffer region. A straight 
line which makes an angle of 45° with the 
axes is also shown in this figure. The inter
section of this line with a curve drawn 
through the experimental points yields the 
cadmium ratio at the center of the uranium 
rod in the test section for which the criterion 
of Equation (8) is fulfilled. The radii of 
the circles around the points represent a 67% 
interval of uncertainty, and are given by 
the equation 

r = ( < r / / n ) | 2 1 n ( l - / p ) - i l i / 2 (9) 

where a is the standard deviation on a single 
measurement of a gold cadmium ratio, p 
is the confidence interval desired, in this 
case 0.67, and n is the number of measure
ments of a single cadmium ratio. 

A value of a of 0.0085 CdR was determined 
from repeated measurements of the same 
quantity. If it is assumed that the experi
mental points are collinear, the worst curves 
that can be drawn through the experimental 

points yield a value of 3.25 ± 0.09 CdR at 
the center of the rod in the test section when 
the criterion of Equation (8) is satisfied. It 
has been shown* that the error so determined 
defines a 67% confidence interval. This 
value corresponds to an average cadmium 
ratio of 0.005-in. gold at the edge of the test 
cell for that buffer configuration for which 
the criterion of Equation (8) is satisfied of 
3.65 ± 0.10. This cadmium ratio can then 
be used with the data in Figure 7 to obtain 
a value k^ —1 = 0.0100 ± 0.0005. Since this 
error was deduced by finding the extreme 
values of absorber mass from Figure 7 al
lowed by a spread in the gold cadmium ratio 
defined by a 677 confidence interval for 
that quantity, this error in fc„ —1 is approxi
mately a standard deviation. If a 95% con
fidence interval were used for the gold cad
mium ratio, the error in k^ —1 would approx
imately double. To this error must be added 
those incurred in measuring the quantities 
in Equation (5) from which values of k^ —1 
are deduced. For this lattice, where k^ —1 ss 
0, these are about 10%. If the two errors 
are combined statistically, a result is ob
tained for the infinite multiplication factor 
of this lattice of k^ = 1.010 i 0.001. 

The criterion of Equation (7) can also be 
used to obtain the proper buffer composition 
of this lattice. Measurements of the aver
age 0.005-in. gold cadmium ratio at the edge 
of the test section when it is empty, CdRs, 
are plotted vs the same quantity measured 
when the region contains the poisoned test 
section, CdRj,^, in Figure 9. If the data in 
this figure are analyzed in a manner similar 
to that used for Figure 7, a value for the 
average cadmium ratio of 0.005-in. gold at 
the edge of the test cell for which the cri-
terion of Equation (7) is satisfied is CdR = 
3.60 ± 0.20. This is in good agreement with 
the value obtained by the application of the 
criterion of Equation (8), and both agree 
quite well with a value of 3.65 ±: 0.19 ob
tained independently for this lattice from an 
exponential experiment. Finally, if the cad
mium ratio of 3.60 ± 0.20 is used in Figure 
7, a value of k^ —1 = 0.010 ingos. is ob
tained. This is also in good agreement with 
the result obtained by applying the criterion 
of Equation (8), but, as can be seen, the 
error is somewhat larger. 
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Figure 9. The cadmium ratio of 0.005-in. gold meas
ured at the boundary of the test region when it is 
empty vs the same quantity measured when the 
region contains the poisoned test section, for a 6.5-

in. lattice spacing 
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Figure 10. The mass of copper absorber times the 
ratio of the flux at the absorber to the flux at the 
surface of the central rod vs the reciprocal of the 
cadmium ratio of 0.005-in. gold at the boundary of 
the test section for the 9.5-in. lattice. The number 
of natural uranium rods used in the buffer is shown 

on the abscissa 
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Figure 11. The cadmium ratio of 0.005-in. gold at 
the boundary of the test region when the region is 
empty vs the same quantity when the region con
tains the poisoned test section for a 9.5-in. lattice 
spacing. The number of natural uranium buffer 

rods is indicated on the abscissa 

9.5-Inch Lattice—Natural Uranium Buffer 

In order to obtain some information re
garding the maximum lattice spacings that 
can be investigated in the PCTR, measure
ments have been made with a 9.5-in. lattice 
containing the same fuel element as that used 
with the 6.5-in. lattice. The data necessary 
to obtain a value of k^ —1 for this lattice 
are plotted in Figures 10 and 11, which 
show respectively the mass of absorber 
and (Crffi)/;»•"»•"'-'"• ^", as a function of 
(Cdi?)j,.» ""="'-"'• ^". The numbers of natural 
uranium rods used in the buffer to attain the 
various cadmium ratios are also plotted on 
the abscissas of these curves. 

The data in Figure 11 yield a value for the 
0.005-in. gold cadmium ratio at which the 
criterion of Equation (7) is satisfied of 6.9 
± 0.2. This is in reasonable agreement with 
a 0.005-in. gold cadmium ratio of 6.5 ± 0.3 
obtained for this lattice from exponential 
experiments. 

A cadmium ratio of 6.9 : 
with Figure 10 yields k^ —1 

0.2 when used 
= 0.060 ±: 0.001, 
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where, as before, the error is approximately 
a standard deviation. When this error is 
combined with that resulting from the meas
urement of the quantities in Equation (5), 
which for this lattice is 5%-, the infinite 
multiplication factor with its standard de
viation for the 9.5-in. lattice is fe„o = 1.060 
± 0.003. It can be seen from Figure 11 
that the correct cadmium ratio occurs when 
the buffer region contains four uranium rods. 
Since this corresponds to less than pne com
plete row of buffer lattices around the test 
section, it is questionable whether the cri
terion of Equation (8) can be applied to 
this lattice. "̂  

9.5-Inch Lattice—Enriched Uranium Buffer 

It will be recalled that in order to use gold 
foils in the application of the criteria of 
Equations (7) and (8), it is necessary to 
assume that the shape of the resonance neu
tron energy distribution in the poisoned test 
section is the same as it would be if that test 
section were part of an infinite array. For 
the 9.5-in. lattice, where the correct cadmium 
ratio occurs with only four natural uranium 
rods in the buffer, a considerable fraction 
of the fast neutrons incident upon the test 
section are born in the enriched driver rods. 
In order to investigate the effect of this 
source upon the derived value of kx, a series 
of measurements was made in which the 
energy spectrum of neutrons in the test 
section was varied by using highly enriched 
uranium rods in the buffer region. There
fore, in these measurements most of the fast 
neutrons were born in enriched uranium 
rods, and there was essentially no resonance 
absorption in the buffer region. 

Figure 12 shows a curve of absorber mass 
required to poison the test section vs the 
reciprocal of the 0.005-in. gold cadmium ratio 
measured at the boundary of the test section 
for the two types of buffers. If it is assumed 
that the correct 0.005-in. gold cadmium ratio 
for this lattice is that determined from cri
terion (7) with natural uranium rods in the 
buffer, 6.9 ± 0.2, regardless of buffer com
position, the values 

Natural uranium in buffer k^ 
= 1.060 ±. 0.001, 

Enriched uranium in buffer k^ 
== 1.070 ± 0.002 

are inferred from the curves in the figure. 
Thus the value of k^ obtained from measure
ments in the PCTR/can be changed by as 
much as 1 % by disregarding the composition 
of the buffer. It appears that this difference 
results from the changed energy distribution 
of the epithermal neutron flux in the test 
cell. That is, with the enriched uranium 
buffer, the measurement of this distribution 
at one energy, 4.8 ev, evidently does not 
insure the correct ratio of resonance neutron 
absorption in Û *̂* to thermal neutron absorp
tion in the cell. Further, the shape of the 
curves in Figure 12 indicates that the ad
joint mismatch for this enriched buffer case 
is a rapidly varying function in the vicinity 
of the correct gold cadmium ratio. Thus, a 
small mismatch in the neutron flux, coupled 
with a large adjoint ratio mismatch could 
give the large error of 1% in k^. 
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0 ENRICHED URANIUM IN BUFFER 

-J 

\ 

1 1 ^ . - -

/ 

/ 

/ 

/ 

/ • 

u 1 1 \ i^f—r—I 1 1 
.09 .10 .11 .12 .13 .14 .15 .16 .17 

(CdR)p 

Figure 12. The reciprocal of the cadmium ratio of 
0.005-in. gold vs the mass of copper absorber times 
the ratio of the flux at the absorber to the flux at 
the rod surface obtained when the buffer region 
contains natural uranium and when it contains en

riched uranium 
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Since the adjoint ratio mismatch is such 
a rapidly varying function, it appears that 
some criterion other than those of Equa
tions (7) and (8) should be used when a 
buffer composition drastically different from 
that of the test cell is empl'oyed. For ex
ample, a criterion which established that 
buffer configuration for which the adjoint 
ratio mismatch was zero might give more 
satisfactory results. 

Finally, it should be noted that for both the 
6.5 and 8.5-in. lattices with buffer composi
tions identical to that of the test section, the 
correct value of the gold cadmium ratio oc
curs near the minimum of the curves in Fig
ures 7 and 10. In this region the mass of 
absorber necessary to poison^the test sec
tion is not a sensitive function of the cad
mium ratio in the test section. Thus, even 
if the shape of the neutron energy spectrum 
in the test section is not the same as it would 
be if the test section were part of an infinite 
array, it does not seem reasonable that the 
proper fast-to-slow ratios deduced from the 
criteria of Equations (7) and (8) could be 
in error by more than a factor of (l-p), the 
fraction of neutrons absorbed in the uranium 
resonances. Such an error would produce a 
negligible error in the value of k^o —1 ob
tained from those experiments in which the 
buffer is identical to the test section. The 
fact that the measured absorber mass is an 
insensitive function of the cadmium ratio in 
the test cell near the correct cadmium ratio 
presumably results because both the dif
ference terms in Equation (6) are small and 
slowly varying in this region. 

CONCLUSIONS 

The following conclusions are drawn from 
the experience acquired to date in the op
eration of the PCTR: 

1) The infinite multiplication factors of a 
wide range of natural uranium, graphite lat
tices can be determined with a standard de
viation of a few tenths of a percent. 

2) This standard deviation is the combina
tion of errors from two sources: an uncer
tainty in k^ —1 of about 5% resulting from 
uncertainties in the determination of the rela
tive absorption rates of the various materials 
in the test section, and an uncertainty in &x 

of from 0.1 to 0.27 due to errors in the ad
justment of the neutron energy spectrum in 
the test section. Thus it can be seen that for 
any lattices with k^ greater than about 1.04, 
the errors in the determination of absorption 
rates predominate over those resulting from 
spectral mismatches. 

3) A systematic error in k^ may result 
from the fact that gold foils are used in ap
plying the criteria of Equations (7) and (8) 
when the buffer is not thick enough to insure 
that the shape of the spectrum in the test 
section is the same as it would be if that sec
tion were part of an infinite array. For the 
extreme case in which the test section con
tains natural uranium whereas the buffer 
region contains highly enriched uranium, 
this systematic error could be as large as 
1%. However, when the buffer consists of 
cells identical to the test section, this system
atic error should be negligible. 

4) Since the characteristic distances in 
light and heavy water moderated lattices are 
shorter than those for graphite, it is possi
ble to obtain comparable or better results 
for these types of lattices. Experiments cur
rently under way with D2O moderated lat
tices confirm this conclusion. 

5) Flux traverses similar to that shown 
in Figure 5 can be obtained by using de
tectors of various types and compositions. 
From such traverses, values of p, E, f, and 
conversion ratio can be obtained for the lat
tice under study. 

6) The experiments described above have 
been performed with a lattice sample, in
cluding the test section and buffer, which 
has dimensions about 2 X 2 X 3 ft and con
tains about 30 linear ft of the experimental 
fuel element. Thus the nuclear properties of a 
multiplying material can be obtained in the 
PCTR with a sample from 1/10 to 1/40 the 
size required for exponential experiments. 
In many instances the difference in the cost 
of fuel elements for experiments in the PCTR 
and in an exponential pile is greater than 
the initial cost of the PCTR. 

APPENDIX 
TWO-GROUP THEORY OF THE 

MEASUREMENT 

It is the purpose of this appendix 1) to 
derive the conditions under which the cor-
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rect value of &̂  may be inferred from the 
measurements and 2) to discuss the experi
mental criteria used to determine whether 
the conditions are satisfied. 

The simplest t reatment of the theory of 
these measurements which can still give in
sight into the variation of the inferred value 
of fcx with changes in the buffer configura
tion (see Figure 7) makes use of the two-
group theory. The two-group steady state 
neutron diffusion equations for the multiply
ing medium being considered may be writ ten 

and 

DiV^^CSi + Sii-^^) 

DoV2-Sc 

</>i 

^ 2 ' 

(10a) 

and the equations adjoint to (10a) 

DiV2^(2i + Si-^) Si m i 

W o 

(10b) 

where subscripts 1 refer to the fast group 
and 2 to the thermal group, Si and Si"*' are 
the moderator slowing-down and resonance 
capture cross sections, respectively, and S2 
and tj are the total and fuel absorption cross 
sections, respectively. If the medium is 
poisoned by adding a thermal neutron ab
sorber with a macroscopic cross section %/ 
such that an infinite medium is then just 
critical, the balance Equations (10) become 

•mi 

mz Si+Si ' '^^ 
• = p (12b) 

where k^ is the multiplication factor for the 
unpoisoned medium and p its resonance es
cape probability. In order tha t the Equa
tions (11a) and ( l i b ) be consistent with 
(12) it is required that 

k. 1 = S 2 V S 2 . (13) 

Equation (13) simply states that the excess 
thermal multiplication factor of the unpoi
soned medium is measured by the number of 
neutrons absorbed in the poison per thermal 
neutron absorbed in the medium. 

We now wish to find the quantity of poison 
S / ' tha t must be added to the sample of the 
multiplying medium in order to satisfy the 
condition 

Ap = 0, (14) 

that the change in the reactivity, p, of the 
PCTR is zero when the poisoned medium is 
inserted into the central cavity of the reac
tor. The two-group formulation'' of this 
condition yields 

-(Si + Si'-^^) ' ? £ S 2 ^ 

-{^2 + ^2") 

-(Si+Si'-^^) Si 

r/eX2> ^(S2 + S2P) 

02 

TOi 

TO2 

= 0 , 

(11a) 

= 0. 

( l i b ) 

The first equations of (11a) and ( l i b ) give 
the fast-to-thermal neutron flux ratio 4>^/^2 
or adjoint flux ratio m^/m2 characteristic of 
the poisoned infinite medium. These ratios 
may be written 

<^i I JE2,2 So^ k^t. 

i2 Si + Sa--*̂  
(12a) 

where < ,̂', </)i..', m / , and m^' are the fluxes in
cident upon the sample in the cavity. The 
quantity of poison required is thus found to 
be 

Sz"' Si + S l + Si'̂ '̂-r r,.S2' 

S2 LSi+Si 

S2^ Wj' ^I'TOi' 
•4-

' W 2 -^2^12 

• - 1 (15) 

The error in k-^_ incurred in the measurement 
is 



A(kJ^ 
22 

and is given by the difference between (15) 
and (13). If use is made of Equation (12) 
the error is found to be 

<^l/</>2 

X ^ i - ^ . (16) 
mi/w2 

Therefore it is seen, in agreement with 
Stewart et al.,^ that the measurement of 
Xs" in the PCTR is dependent upon the selec
tion of that cavity environment for which 
either term in (16) is zero. Both terms in 
(16) will be zero as long as the volume of 
the PCTR core can accommodate sufficient 
poisoned cells so that all transients are com
pletely damped out at the central sample po
sition. If the core volume is to be minimized, 
then an experimental criterion must be used 
to insure that at least one of the terms in 
(16) is zero. It is shown that at least two 
criteria are available which insure that the 
flux ratio ^ / /^g ' is correct. 

Criterion I 

The solutions of Equation (10) in the core 
region are given in infinite cylindrical geom
etry by 

<t>^'{r)=AJo{|^r)+BIo{^'r), 

<t>2'(r}=ASi(i,r) + BS2loivr) 

where /t̂  and v̂  are the major and minor 
bucklings of the test lattice, respectively. 
Si and S2 are coupling coefficients, and the 
integration constants A and B are to be 
determined by matching <̂ j' and ^2' at the 
boundary of the core region. If all the core 
cells are poisoned such that /J? == 0, i.e., kj 
= 1, then the fast-to-thermal flux ratio be
comes 

0i'(r) 1 / l+(B/A) /o(vr ) \ 

4.2'{r) sM+iS2B/SiA)Io(vr)/' 

If B/A = 0, then .^/ /^s ' = 1/Si which is 
the flux ratio rf)i/^2 for the infinite, poisoned 
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critical medium. Thus, B/A is a parameter 
which determines the extent of the flux mis
match in the core due to the boundary. The 
flux mismatch of Equation (16) at the sam
ple position (r ^ 0) is given to first order in 
B/A by 

A(<fti/.̂ 2) \4>i(0)/'t>2'(0)\-il/Si) 

<^i/</>2 1/Si 

= (l+'-)^. (17) 
V L 2 / A 

The fractional deviation of <j>i/<f>2' at radius 
r from that at r = 0 is given by 

(<t>l'/'f>2')('>'}~i4>^7i>2')W 

(0r/02')(O) 

/ PT\B 
==(l + ™ j j f / o ( v r ) - l J . (18) 

Equation (18) is also the fractional var
iation in the cadmium-ratio-minus-one, 
CdR — 1 , of a resonance absorber at r from 
that at r = 0 since 4>i/<i>2 is proportional to 
{CdR —1). To first order, Equations (17) 
and (18) yield 

A(9Si/02) AiCdR-l)/{CdR~l) 

<t>i/i>2 /o(vr)-l 

4 A(CdR-l) 

.2r2 CdR--! 

independent of B/A. 

Thus, the first criterion that the error in 
the measured value of fc„ is zero, as stated 
in Equation (8) above, is that the cadmium 
ratio at the test cell be identical to that at 
the corresponding lattice point in the adja
cent cells. 

Criterion II 

The second criterion is based upon the 
fact that if there is a mismatch of the fluxes 
in the test cavity then the CdR should change 
when the poisoned cell is inserted toward 
that value characteristic of the poisoned lat-
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tice. A proof is conveniently given by a 
perturbation approach. If ^Z and ^2' are 
the fluxes at the edge of the small cavity, 
then the net productions of fast neutrons 
dn-i/dt or thermal neutrons dn2/dt in the 
poisoned cell per unit volume when it is in
serted into the cavity are given by 

dw,/di=(A;^/p)S202'"-(Si+Si'-«^)</.i', 

d n 2 / d i = Si9ii'-(S2 + S2'')</>2'-

If the ratio 4>//<]>•/ is larger than that for an 
infinite lattice of poisoned cells; namely, 

<^l7s62'>fc^S2/Si, 

then dui/dt <0 and dn2/dt>0. Thus, there 
is a net production of thermal neutrons and 
absorption of fast neutrons which reduces 
the ratio 4>i'/4i2'. Thus, the second criterion 
that the spectral error in k^, as stated in 
Equation (7) above, is zero is that the cad
mium ratio at the edge of the cavity does not 
change upon insertion of the poisoned test 
lattice. When the criterion is satisfied, the 
perturbation upon the reactor is zero except 
for very small end effects in the case of heter
ogeneous media. 
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The Nuclear Parameters of Some Graphite, 
Natural Uranium Lattices Measured in the PCTR 

D. D. LANNING, D . J. DONAHUE, AND R. A. BENNETT 
Hanf ord Atomic Products Operation, 

Richland, Washington 

Abstract 

Techniques described in an earlier paper have been used to investigate a series of 
graphite—natural uranium lattices with the Physical Constants Testing Reactor 
(PCTR). Infinite medium, thermal neutron multiplication factors k^ and thermal 
utilizations / have been determined. Analysis of these data yields a value of -q for 
natural uranium of 1.313 ± 0.013. The error is a 67% confidence limit obtained from 
measurements on fuel rods of three sizes at several lattice spacings. 

INTRODUCTION 

The Physical Constants Testing Reactor, 
PCTR, and the method by which it can be 
used to obtain the nuclear properties of a 
multiplying material have been described in 
detail in a previous paper.i In order to gain 
further insight into the operation of this re
actor, and to investigate the nuclear proper
ties of a range of graphite moderated, air 
cooled, natural uranium fueled systems, the 
infinite medium, thermal neutron multiplica
tion factor, &«, and the thermal utilization, /, 
of ten such lattices have been determined. 
The results have been further analyzed to 
obtain a value of ??, the fast neutrons pro
duced per thermal capture in natural ura
nium. Some comparisons are made between 
the results of the PCTR measurements and 
those obtained by other methods. 

PROCEDURE 

The determination of k^, in the PCTR in
volves inserting a sample of the material to 
be investigated into the central region of the 
reactor and adjusting the composition of tiie 
region around the sample, referred to as the 
buffer region, until the neutron energy spec
trum in the sample is the same as it would be 
if that sample were part of an infinite array. 
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After the neutron energy spectrum has been 
adjusted, the amount of thermal neutron ab
sorber is found which, when moved into or 
out of the reactor together with the test 
sample, will not change the reactivity of the 
reactor. The relationship between this mass 
of neutron absorber and ^^ of the test sample 
is given in reference 1. Finally, the thermal 
flux is measured at various points in the 
sample in order both to deduce k^ from the 
measured mass of absorber and to obtain 
the thermal utilization of the sample. In 
these experiments, O.OlO-in.-thick copper 
shims were used for the thermal neutron 
absorber, and the fluxes through the test 
sample were measured with copper pins and 
foils. Corrections for resonance absorption 
in the copper were made in both applications. 

Two methods have been employed in these 
experiments to determine that buffer con
figuration which will yield the correct spec
trum in the test sample. The first of these 
methods is discussed in reference 1. It is 
based on the premise that when the buffer 
configuration is correct the average cadmium 
ratio of some resonance absorber at the 
boundary of the test region will be the same 
whether the poisoned test sample is in or 
out of the reactor. That is, the buffer config
uration is correct when 

/ 
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(CdR)p^ 11 and Absorber 
= 1 (1) 

(C^^^/Empty 

where (Cd/2)Fuii and Abs.-be,- is the average cad
mium ratio at the boundary of the central test 
region measured when the poisoned sample 
is in that region, and (Cdi2)E,i,i.t.v is the same 
quantity measured when the region is empty. 
Gold foils were used in the application of the 
criterion of Equation (1) , and, since a gold 
foil does not absorb resonance neutrons in 
the same manner as does the test sample, it 
is necessary to assume that the shape of the 
neutron energy spectrum in the poisoned test 
sample is the same as it would be if the sam
ple were par t of an infinite array. 

The second method for determining the 
correct buffer configuration makes use of the 
large number of cadmium ratios which have 
been obtained for graphite, natural uranium 
lattices from exponential experiments.^ These 
cadmium ratios measured in exponential piles 
can be converted to those which would occur 
at the boundary of a poisoned sample in an 
infinite a r ray by the equation 

( C d K - l ) „ = ( C d i 2 ~ l ) , , p e x p ( - i 5 „ (2) 

Figure 1 shows a plot of (CdR —1), . for 
0.005-in. gold foil's at the boundary of a test 
sample as a function of the carbon-to-uranium 
atomic ratio, and rod size in that sample. 
Thus, for a particular sample, the composition 
of the buffer can be adjusted until the correct 
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Table 1 

Physical Composition of Lat t ices 

Lat t ice spacing, in. 

0.925-in.-diameter rod 
5% 
61/2 

71/2 

1.36-in.-diameter rod 
61/2 

71/2 

8% 
91/2 

1.68-in.-diameter rod 
71/2 

8% 
91/2 

C/U 

Studied 

A l / U 
(atomic ra t io ) (a tomic ra t io ) 

81.35 
104.76 
145.56 

49.93 
69.70 
90.77 

112.62 

41.56 
53.80 
62.70 

0.634 
0.634 
0.634 

0.570 
0.570 
0.570 
0.570 

0.078 
0.078 
0.078 

cadmium ratio, as given in Figure 1, is at
tained. 

RESULTS AND DISCUSSION 

The composition of the ten lattices studied 
is given in Table 1. Table 2 lists the correct 
average 0.005-in. gold cadmium ratio at the 
boundary of these lattices as determined by 
one or both of the methods described above. 
An inspection of this table shows tha t the 
results obtained by the two methods are in 
very good agreement. Since the exponential 
measurements were made in relatively large 
samples, they undoubtedly yield cadmium 

Table 2 

0.005-Inch Gold Foil Cadmium Ratios 
at the Boundary of the Lattices 

Figure 1. {CdV^ _i)n.....-.-i., .4,, ^^ Q ^ ^ 

Lat t ice spacing, in. 

0.925-in.-diameter rod 
5 % 
61/2 

71/2 

1.36-in.-diameter rod 
61/2 

71/2 

8% 
91/2 

1.68-in.-diameter rod 
71/2 

8% 
91/2 

From 
Equat ion (1) 

4.3 
5.6 
7.1 

3.6 

6.9 

4.3 

± 
+ 
4 : 

± 

+ 

+ 

0.3 
0.3 
0.6 

0.2 
-
-
0.2 

-
0.5 

-

From exponential 
exper iments 

4.4 
5.3 
6.7 

3.7 
4.6 
5.5 
6.4 

3.6 
4.4 
4.9 

+ 
+ 

± 

± 
± 
+ 

+ 

+ 

± 
+ 

0.2 
0.3 
0.3 

0.2 
0.2 
0.3 
0.3 

0.2 
0.2 
0.2 
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ratios which, when corrected as described in 
Equation (2), are characteristic of an in
finite array. Therefore, the good agreement 
of the cadmium ratios in Table 2 tends to 
add confidence to the values obtained by ap
plying the criterion of Equation (1), and in
dicates that the assumption concerning the 
shape of the neutron energy spectrum in the 
sample is a valid one. 

Table 3 

Values of Infinite Multiplication Factor 
and Thermal Utilization 

Lat t ice 
spacing, m. 

0.925-in.-
diameter rod 

5% 
61/2 
7y2 

1.36-in.-
diameter rod 

61/2 
71/2 
8% 
91/2 

1.68-in.-
d iameter rod 

71/2 
8% 
91/2 

/ ( ± 0.006) 

0.922 
0.896 
0.865 

0.932 
0.910 
0.890 
0.866 

0.950 
0.935 
0.923 

k^ 
(PCTR) 

1.046 
1.065 
1.066 

1.010 
1.055 
1.060 
1.063 

1.024 
1.058 
1.083 

± 
± 
± 

± 
+ 
+ 

± 

± 
± 
+ 

0.002 
0.003 
0.003 

0.001 
0.002 
0.003 
0.004 

0.003 
0.004 
0.004 

kr 
(Expo

nent ial) 

1.052 
1.067 
1.069 

1.010 
1.057 
1.075 

1.019 
1.070 

Values of k^, and / obtained for the ten 
lattices investigated are shown in Table 3. 
The errors in the measurements of thermal 
utilization are all ± 0.006. All errors are 
standard deviations. Values of ky, deduced 
from buckling measurements made with ex
ponential piles-̂  are also shown in the table. 
It was assumed that fcx and buckling are re
lated by the equation 

A;̂  = 1+B2M2. (3) 

The migration area, M"^, was calculated from 
standard formulas,'' assuming that the age 
of fission neutrons to thermal in graphite 
with a density of 1.6 g/cm"* is 364 cm^. The 
values of k^ deduced from exponential ex
periments seemed systematically slightly 
higher than those obtained from PCTR. How

ever, considering the uncertainties involved 
in obtaining k^ from a value of buckling, 
the over-all agreement of the two sets of 
numbers seems quite satisfactory. 

The experimental results in Table 3 have 
been analyzed to yield a value of -qs, the fast 
neutrons produced in a rod per thermal neu
tron captured in that rod, for the three rod 
types investigated. As pointed out by Mum
mery,*' if values of In k^/f obtained for a 
given rod in various lattices are plotted vs 
U/C^a^ of those lattices, where U/C is the 
ratio of uranium-to-carbon atoms in the cell 
and I and a^ are respectively the average 
logarithmic energy decrement per collision 
and scattering cross section of the graphite 
in the lattice, a straight line will result whose 
intercept is In T̂F of that rod. The lines ob
tained for the three rod sizes considered in 
this work are shown in Figure 2. 

Figure 2. In >fe,//vs U/C|<r, 

The values of r;? obtained from the inter
cepts of these curves and the resulting values 
of r; for natural uranium are tabulated in 
Table 4. The fast effect, n, was measured for 
the 1.36-in. and 1.68-in. rods' with a preci
sion of about 0.2 7(. It was calculated for 
the 0.925-in. rod from formulas and cross 
sections given in the Reactor Handbook.* It 
has been assumed that the error in -q intro
duced by uncertainties in e is negligible. 
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Table 4 

Rod diameter, in. ije 

0.925 1.368 ± 0.027 
1.36 1.350 ± 0.018 
1.68 1.374 ± 0.037 

1.335 
1.304 
1.315 

V 

± 0.027 
± 0.017 
± 0.086 

Jf = 1.313 ± 0.013 

Since there is no apparent trend in the value 
of 7] with slug size, the three values were com
bined to yield an average value with a pre
cision of 1 %. This error was obtained from 
a statistical analysis of the data shown in 
Figure 2 and is a standard deviation. 
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The Nuclear Parameters of Some Large Process Tube 
Lattices Determined From PCTR Measurements 

D. D. LANNING, D . J. DONAHUE, AND R. A. BENNETT 
Hanf ord Atomic Products Operation, 

Richland, Washington 

Measurements of k^ have been made for 
three fuel configurations in a 2y8-in.-o.d. 
process tube as a function of the graphite 
to uranium atomic ratio, C/U. These meas
urements were made in the PCTR by the 
methods previously reported.^-^ 

The three fuel elements and types of cool
ants are: 

(1) 1.68-in.-o.d. solid 
rods with air cooling; 

natural uranium 

(2) 1.68-in.-o.d. and 0.75-in.-i.d. natural 
uranium cored slugs, externally cooled only, 
with air, light water, and organic (MIPB) 
cooling; 

(3) 7-rod cluster of i/4-in. natural ura

nium rods evenly distributed in the 2-in.-i.d. 
tube with air and water cooling. 

All the uranium was canned in aluminum 
jackets, and the outer process tube was alu
minum with a wall thickness of 0.064 in. 
The assembly was placed in a 2i/8-in. hole 
in the graphite. Table 1 gives the atomic 
ratios for the materials used in the various 
lattices relative to the uranium in the lattice. 

METHOD 

The measurements consist of determining 
the amount of copper necessary, as a thermal 
absorber in the cell, to make k^ of the cell 
equal to unity. This, together with radial 
flux traverses through the cell, is used to 

Table 1 

Fuel element 

1.68-in.-o.d. 
solid rods 

1.68-in.-o.d.— 
0.75-in.-i.d. 
cored slugs 

0.5-in.-o.d. rods, 
7-rod cluster 

Lattice 
spacing, m. 

71/2 
8% 
91/2 

eva 
71/3 
8% 

6y2 
71/2 
8% 

C/U 

41.56 
53.80 
62.70 

37.63 
51.98 
68.02 

46.72 
64.55 
84.47 

Water coolant 
H/U 

0.555 
0.555 
0.555 

1.180 
1.180 
1.180 

Al/U 

0.387 
0.387 
0.387 

0.489 
0.489 
0.489 

0.809 
0.809 
0.809 

MIPB coolant 
H/U 

0.399 
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calculate k^ for the lattice from the equation 

M,„ ( l + 5 ) / ^ , „ \ / a , „ A „ \ 
fc^^l = l \ D , ^ F f [ -

(1) 
where M,„ is the measured mass of copper, 

M„ is the mass of uranium, 

J? is the ratio of non- l / i ; absorptions 
in the copper to 1/v absorptions, 

{4>,„/<Ps) is the 1/v flux at the copper 
relative to the flux at the surface of 
the uranium, 

D,.,, is the depression of the flux at the 
position of the copper, 

_<Pe„ copper in 
'" <j>e„ copper out ' 

F is the ratio of the surface to aver
age 1/v fluxes in the uranium, 

/ is the thermal utilization of the cell 
without the copper, and 

(tr,„A„/A,.„(j„) is the ratio of 2200-m/ 
sec neutron cross sections for copper 
and uranium together with their re
spective atomic weights, where the 
uranium cross section has been cor
rected for its non- l /v velocity de
pendence. 

The neutron capture in Û '̂ ** resonances 
greater than 1/v absorption is assumed to be 
accounted for in the resonance escape prob
ability. In order to measure the mass of 
copper which poisons the cell to unity it is 
necessary to have the poisoned test cell in a 
region that has a neutron energy distribu
tion which is the same as it would be in an 
infinite ar ray of such cells. Measuring the 
average cadmium ratio of gold foils at the 
boundary of the cell with the test region 
full plus copper and empty for various neu
tron energy distributions incident on the re
gion gives a "crossover" point at the correct 
value of the cadmium ratio such that 

[Gd ratio]Kiiii+cu -i / o \ 
[Cd r a t i o ] Empty """ ' 

This criterion was used for the measure
ments of the true value of /c^ in the 714-in. 

lattice for the cored and cluster elements. 
For the solid elements the correct value of 
the Cd ratio was found from measurements 
in the exponential piles with solid 1.66-in. 
natural uranium slugs, by comparison at 
equivalent C/U ratios. The method of in
terpret ing the Cd ratios measured in the ex
ponential piles to obtain the correct Cd ratio 
in infinite lattice ar rays which have ky, equal 
to unity will be discussed in a later report. 

The mass of copper needed to make fc,. 
equal to unity is also measured as a function 
of the neutron energy distribution incident 
on the test region. In all cases investigated 
the values measured in the PCTR go through 
a minimum as shown in Figure 1. The value 
of ky, can be calculated for this minimum 
value of Ml,,. Although this is not necessari
ly the correct value, it is of interest in sur
vey studies, since, for all cases of graphite-
uranium lattices studied in the PCTR to 
date, the minimum value of fc^ has been 
within 0.5 ' / of the correct value determined 
from Cd ratio measurements. Figures 2, 
3, and 4 are plots of (fcx)min vs C/U, includ
ing measurements in the 6V2-in- and 8%-in. 
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Figure 4. >fe. vs C/U; 1.68-in. solid rods, 7%-in., 
8%-in., 9%-in. lattice 

lattices for which the Cd ratios were not 
measured. The true values of k^,, obtained 
from cadmium ratios determined from ex
ponential experiments, are also plotted for 
the 1.68-in. solid slugs in Figure 4, and can 
be compared with the minimum values. 

The values of the disadvantage factor, F, 
were measured by R. Nilson^ for the solid 
and cored elements to be 1.38 and 1.27 re
spectively. The value of the flux of the cop
per relative to the flux in the uranium for the 
cluster was measured directly by placing 
y%-\n. foils in the i/^-in. uranium rods and 
similar foils on the copper shims. After the 
exposure these foils were counted on a large, 
3-in.-diameter, crystal scintillation counter. 
All flux traverses were made with i/^-in,-
diameter copper foils O.OlO-in. thick, and 
the copper used to poison the cell was in the 
form of O.OlO-in.-thick strips, 2 in. wide by 
15 in. long. The corrections for non-l/v 
absorptions were made by comparing meas
ured values of Cd ratios of BF3 proportional 
counters and copper foils. These traverses, 
together with the disadvantage factors, were 
then used to calculate the average flux in each 
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region from which the thermal utilization, /, 
was obtained. 

In the case of the wet cluster the measure
ment of the average flux in the water is 
rather difficult by foil traverses. Therefore, 
this flux was found by measuring the effect 
on the reactivity of the PCTR of adding 
boron to the water as compared to the effect 
of copper strips in slots in the graphite. 
Knowing the cross sections and taking the 
ratio of reactivity coefficients gives the value 
of the average flux in the water to the flux 
at the copper. This measurement agreed 
very well with the direct traverse through 
the water made by R. Nilson.* 

Traverses were not taken in the 61/2-in. 
and 8%-in. lattices. The values for / and 
<l>cu/<j>s weve calculated by using diffusion 
theory in the graphite. These calculations 
were fitted to the measured traverses in the 
71/2-in. lattice which gives the boundary 
condition on the derivative of the flux at the 
surface of the process tube. 

With the value of k^ and / for a lattice 
known, it is also of interest to estimate the 
initial conversion ratio, the Pu^^^ formed per 
Û '*"' destroyed. For the infinite pile this is 
given as 

% 28 

Conversion Ratio = \-rj^^£\l—P], (3) 
^ 25 

Assuming p = 

and rearranging gives 

k^ Sa^V^oo-lX 
Conversion Ratio = -q^^£ ( ) . 

/ S/A / / 
(4) 

Values of iĵ r. =^ 2.O8 ± 0.02 and Sa^VSa''̂  
= 0.556 ±: 0.08 were used in the calcula
tions.* The fast fission factor e must be 
measured or calculated. By using the curves 
and cross sections in the Reactor Handbook,^ 
and assuming v̂ * = 2.5, values for £ —1 were 
calculated for the 1.68-in. solid, the 1.68-in. 
cored, and the dry cluster by varying the 
uranium density. For the wet cluster ele
ment the water between the rods was includ

ed in the calculation by changing the inelas
tic cross section to account for the possibility 
of slowing down by the water. A hydrogen 
cross section at 1 Mev was used in this cal
culation. Some comparisons can be made 
between the calculated and measured^ values. 

Fuel eleTYient Calculated Measured 

1.68 Solid 1.044 1.043 
1.68 X 0.75 Cored 1.035 1.035 
Dry cluster 1.025 1.025 
Wet cluster 1.020 1.022 

RESULTS 

As can be seen, the agreement between 
calculated and measured values of E is-very 
good. It has therefore been assumed that E 
can be calculated to 0.5%. Since the error in 
iĵ -i is about 1%, this 0.5% error in E does not 
contribute significantly to the error in initial 
conversion ratios. 

Table 2 is a tabulation of the minimum val
ues of fe„, the values of /, and the values of 
initial, infinite pile conversion ratios ob
tained from Equation (4). These conver
sion ratios are plotted in Figure 5, where the 

30 40 50 60 70 80 90 
C/U 

Figure 5 



93 

Table 2 

Fuel element 

1.68-in.-o.d. 
solid rods 

1.68-in.-o.d.— 
0.75-in.-i.d. 
cored slugs 

0.5-in.-o.d. rods, 
7-rod cluster 

1.68-in.-o.d.— 
0.75-in.-i.d. 
cored slugs, 
MIPB coolant 

Lattice 
spacing, in. 

71/2 

8% 
91/2 

61/2 

71/2 

8% 

61/2 

7y2 

8% 

71/2 

{k,)„, 

Dry 

1.010 
1.044 
1.065 

0.960 
1.021 

0.970 
1.027 

+(i 010 
' -0 000 

Wet 

0.999 
1.026 
1.029 

0.987 
1.007 
1.000 

1.027 

l/t> Utilization 
/ ± 0.7'X 

Dry 

0.939 
0.924 
0.911 

0.947 
0.932 

0.933 
0.917 

Wet 

0.913 
0.899 
0.883 

0.866 
0.850 
0.833 

0.901 

Conversion 
ratio ± 0.034 

Dry 

1.05 
0.97 
0.91 

1.13 
1.00 

1.07 
0.94 

Wet 

1.01 
0.93 
0.89 

0.90 
0.83 
0.81 

0.94 

Table 3 

Fuel element Lattice, in. 
CdR) 0 (H)b-in Au 

F « l ! + CU Dry lattice 

From the Method of Equation (2) 

1.68-in.-o.d. 
solid rods 

8% dry 

91/2 dry 

4.5 ± 0.5 

6.2 ± 1.2 

1 OAK - » 00** J-.U40 _ 0 ()(IK 

1 f i f i ? ^ 0 noi; 

1.68-in.-o.d.-
0.75-in.-i.d. 
cored slugs 

0.5-in.-o.d. rods, 
7-rod cluster 

71/2 dry 

7% water cooling 

71/2 MIPB cooling 

7% dry 
7% water cooling 

4.5 ± 0.6 

4.71 ± 0.56 

4.66 ± 0.72 

4.6 ± 0.4 
7.7 ± 0.8 

1 0 9 9 + 0 OOli 
i.u^<s - 0 oni 

1.029 

1.033 

0.003 

0.006 

1.028 ± 0.002 
1.013 ± 0.006 

From the Exponential Pile CdR 

1.68-in.-o.d 
solid rods 

1.68-in.-o.d.-
0.75-in.-i.d. 
cored slugs 

7% dry 
8% dry 
91/2 dry 

71/2 d ry 

3.83 ± 0.19 
4.59 ± 0.23 
5.15 ± 0.25 

4.05 0.20 

1.012 ± 0.001 
1.045 ± 0.003 
1.069 ± 0.004 

1.025 ± 0.002 
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errors shown are relative errors and are 
about 1/3 of the absolute errors. Table 3 
gives the expected value of k^ in the lattices 
for which the correct Cd ratio was deter
mined. The errors are standard deviations 
for the uncertainty in k^ —1 obtained from 
the uncertainties in the measured quantities 
which enter into Equation (1). 

DISCUSSION 

In order to design a reactor which is "fail 
safe" on loss of water, it is necessary to have 
feeff]<lrJ<fce(f]^^et• By uslng a slmplc one-
group analysis k^ff becomes feoo (1 + 
S/M2)~i where M^ = L^ -f T. LOSS of water 
will in general increase M^, thus if the lattice 
is designed such that fe«]ary<feoo]wet then 
the reactor built to finite size will be "fail 
safe." Figures 2 and 3 show that this con
dition is satisfied for both the cluster and the 
cored elements if the C/U ratio is less than 
about 54. In the case of the cluster elements 
this means that "fail safe" lattices cannot 
be made critical without adding some en
richment. For the cored slugs ka, of the wet 
lattice is large enough, in the "fail safe" re
gion, to be used for a critical reactor. How
ever, operation at high temperature and 
xenon content would probably also require 
some enrichment in this lattice. 

In building a reactor, consideration must 
be given to both k^, and the conversion ratio. 
Figure 6 shows a plot of conversion ratio 
versus fcoo- A lattice that is in the region in 
the upper right corner can be made critical 
with natural uranium and will have a con
version ratio near unity. As can be seen, 
the wet cored element barely touches the 
edge of this region, while the wet cluster 
can never approach such a case. For gas 
cooled reactors, cored elements are of in
terest because they can be internally and 
externally cooled and have a conversion ratio 
near unity with a k^, large enough to operate 
on natural uranium. 
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Temperature Coefficient and Neutron 
Temperature Measurements in G.l* 

P. TANGUY 
Commissariat a I'Energie Atomique, 

France 

Abstract 

Both uranium and graphite of the G.l core were heated to temperatures ranging from 
30° to 180° C by an air flow blown over a set of electrical resistances, the temperature 
being raised by steps. It was thus possible on one hand to make the control rod calibra
tion necessary to measure the poisoning effects during an ulterior power start-up, and 
on the other hand to measure the global temperature coefficient of the reactor and 
its variation with the moderator temperature. 

Independently, the neutron spectrum was analyzed at each temperature level by 
modulation of a beam of neutrons issuing from the center of the lattice. Interpretation 
was limited to adjustment of a Maxwellian distribution, the "neutron temperature" as 
a function of moderator temperature being related to the most probable velocity of 
the distribution. 

*The information presented in this paper is included 
in the long paper which follows, "French Results on 
the Natural Uranium—Graphite Lattices." 
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Bucklings and Critical Size Measurements for 
Various Loadings in G.l* 

C. P. ZALESKI 
Commissariat a I'Energie Atomique, 

France 

Abstract 

A detailed nuclear description of G.l is presented. 

Methods used in gross neutron distribution measurements throughout the reactor are 
briefly reviewed. 

Results are given from gross neutron distribution measurements: buckling with 
uranium loading {cpz=2Q mm) in various pile geometries; bucklings with mixed loadings 
of uranium-thorium; effects of lattice anisotropy and of the central transverse air gap. 

Results from reactivity measurements are given: critical sizes and variation of 
critical sizes of uranium; thorium loadings with respect to the percentage of thorium; 
variation of buckling with respect to uranium rod diameter. 

*The information presented in this paper is included 
in the long paper which follows, "French Results on 
the Natural Uranium—Graphite Lattices." 
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French Results on the Natural Uranium—Graphite Lattices 

J . C. KOECHLIN, P . T A N G U Y , AND C. P . Z A L E S K I 

Commissariat a I'Energie Atomique, 
France 

Abstract 

This report contains three communications presented at the Brookhaven Conference 
which summarize some of the most important results of the experiments carried out in 
1956 on the G.l reactor, the first French graphite pile. These experiments were per
formed and the results interpreted by the scientists and technicians of the Reactor De
velopment Department and the Industrial Direction; they are described in detail in CEA 
Report No. 670 AGP. 

This report is divided into the following sections: 

1. Nuclear description of the G.l reactor, 
2. Diffusion length and channel anisotropy in G.l graphite, 
3. Slowing down of neutrons in graphite from 1.45 ev to thermal energy, 
4a. Measurement of the thermal utilization factor in the G.l reactor, 
4b. Measurement of the p factor in the G.l reactor, 
5. Buckling and critical size measurements at different loads of G.l, 
6. Heating up experiment: measurement of the temperature coefficient, 
7. Neutron temperature measurement in G.l by modulation of the neutron beam, 
Appendix: Experimental equipment for flux measurements. 

1. NUCLEAR DESCRIPTION OF THE 
G.l REACTOR 

The Graphite Stack 

The graphite stack is a cylinder with a 
horizontal axis 8.840 m in length. Its cross 

section is octagonal, as shown in Figure 1. 
The core is a square lattice of cells with 200-
mm spacing (the distance between axes of 
two neighboring channels). At the center 
of each cell is a cylindrical channel 70 mm in 
diameter, designed to receive the uranium 

8840 
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9728 

CM 

CO 

—Hso*— 

Figure 1 
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slugs and to provide for passage of the cool
ing gas. There are 1,337 cells, forming al
together an active cylinder with an average 
diameter of 8.225 m. The radial reflector 
surrounding it has a variable thickness which 
averages about 0.75 m. The pile when fully 
loaded (1,337 channels) carries about 100 
tons uranium, but many experiments have 
been carried out with an incomplete load. 

Figure 2 

The stack is crossed through the middle 
by an 80-mm-wide vertical gap which serves 
to bring cold gas into the center of the pile. 
The air, cooling the uranium, leaves by the 

two half-channels at each side of the gap. 
The gap is crossed by a certain number of 
graphite bricks arranged as shown in Fig
ure 2. The volume of bricks which cross the 
gap in the active cylinder is of the order of 
80 mm X 17,000 mm^. The gap is also crossed 
by 184 beryllium props 26 mm in diameter. 
All these pieces act as a framework to avoid 
any variation in the width of the gap in the 
course of time under the action of various 
stresses. 

Certain experiments at low power have 
been carried out with the pile loaded only at 
one side of the gap; this arrangement has 
been called the "flat pile" (diameter of the 
loaded zone greater than the length) in con
trast to the "long pile" which refers to load
ing at both sides of the gap. The two sides 
are distinguished by the functions of the 
faces: loading (west side) or unloading (east 
side). 

The quality of the graphite is not homo
geneous throughout the pile. The best qual
ity has been placed in the center in a cylinder 
coaxial to the stack and with a diameter of 
about 4 m. The characteristics are as fol
lows: 

RON SOCKET 

HALF-PILE LENGTH 

Figure 3 
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Central External 
zone zone 

Density, g/cm« 1.61 ± 0.015 1.59 ± 0.02 
Relative capture, 

mb/nucleus* 3.85 ± 0.15 3.90 ± 0.2 

*Nitrogen capture deduced. 

The capture cross section given above is the 
average taken from oscillation measurements 
carried out on samples, and should be taken 
only as a relative value. The results of dif
fusion length measurements for the central 
zone will be found later in the report. 

Uranium Cartridges 

There are two uranium cartridges in each 
channel, one on each side of the gap. Thirty-
seven sticks of uranium, each weighing 1.000 
± 0.006 kg, are contained in a magnesium 
sheath. The uranium rod is 3,720 ± 5 mm 
long, has a diameter of 26 ± 0.2 mm, and 
weighs 37.00 i 0.06 kg. The density of the 
metal is 19.0, but given the above dimen
sions and weights the apparent density is a 
little lower. The impurities in the uranium 
increase the capture cross section without 
fission, 0-, by a quantity So-: 

8a /a=(1 .55±0.25)xl0"2 . 

The magnesium canning is 1.6 ± 0.25 mm 
thick and carries eight longitudinal fins de
signed to center the cartridge in the hori
zontal channel and to improve heat transfer. 
Each fin is 16.3 ± 0.6 mm in length. On 
cross section of the cartridge, the area of 
magnesium is 368 mm^; the weight of the 
canning and the fins is 2,380 g, to which 73 
g must be added for the magnesium ends 
which close the cartridge. The capture 
cross section of magnesium, measured by 
oscillation, is 63 i 6 mb/nucleus. 

Figure 3 shows the position of the uranium 
cartridge in the pile channel. The cartridge 
can be pushed to the end (as in the case of a 
run at normal power) or slightly withdrawn 
for more precise positioning: this is the "out" 
position, which was used for all experiments 
conducted at low power. 

Control Rods 

The pile carries 36 control rods, all ver-
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tical, whose positions and system of numbers 
are shown in Figure 4. Thirty-two rods 
serve either for regulation or security, while 
four rods are reserved for the automatic 
piloting. Each control rod falls in a fixed 
tube or "sock" of 53 X 59 mm diameter, 
whose purpose is to avoid the obstruction of 
the passage of the rod in the graphite. The 
tube is composed of brillalumag-3, the density 
of which is 2.7. 

These tubes descend into the pile to 3.250 
m below the horizontal median plane. They 
are themselves inserted into rectangular sec
tion holes (90 X 72 mm) in the graphite. Be
sides the 36 holes corresponding to the con
trol rods, 4 identical supplementary holes 
exist in the graphite block to be used for 
placing pieces of graphite for irradiation. 

2. DIFFUSION LENGTH AND CHANNEL 
ANISOTROPY IN G.l GRAPHITE* 

Experiments on the diffusion of thermal 

'•'Extract from CEA Report No. 670 B, 1957: R. 
Carle, C. Clouet d'Orval, R. Lattes, J. Martelly, T. 
de Mazancourt, C. Robert, M. Sagot, and A. Teste 
du Bailler, Diffusion of Graphite—The Effect of 
Cylindrical Channels (Reactor G.l). 
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neutrons have been carried out in the graph
ite moderator of the G.l reactor with a view 
to determining, on the one hand, the diffu
sion length of this graphite; on the other 
hand, the effect of anisotropy due to the 
uranium rod loading channels. 

By using as a neutron source two critical 
cylinders of different dimensions, it has been 
possible to study separately the axial diffu
sion (direction parallel to the channel) and 
the radial diffusion (perpendicular). 

Axial Diffusion 

EXPERIMENTAL SETUP (see Figure 1) 

The graphite mass studied, situated at the 
west of the central transverse gap, is drilled 
with 70-mm-diameter channels ("holed" 
graphite). For the experiments on solid 
graphite, these channels were filled with 
cylinders cut out of a graphite of the same 
quality. The critical half-pile situated at the 
east of the gap provides a plane neutron 

1 AXIAL 
DIFFUSION 

AXIS PARALLEL 
TO THE 

CHANNELS 

INVESTIGATED 
REGION 

WEST 

2 RADIAL 
DIFFUSION 

AXIS PARALLEL 
TO THE 

CHANNELS 

INVESTIGATED 
REGION 

200 cm 

source, the flux being propagated parallel to 
the channels following the axis of the 
cylinder. 

The measurements are carried out at more 
than a meter from the pile source, where it 
is considered that the neutrons are totally 
thermalized. This hypothesis is affirmed by 
the experiments. 

The neutron detectors are thin foils of 
gold, indium, and indium under cadmium as 
described in the appendix. In the experi
ments on solid graphite they are housed in 
cavities provided in the axis of the graphite 
plugs. In the experiments on "holed" graph
ite, they are arranged on magnesium sup
ports introduced into the channels. They are 
distributed over the radii expressed in cm by 
the following figures: 20, 40, 60, 80, 100, 120, 
152.3, 180, 200, 240, 254.56, and 264.82, and 
at the following elevations z expressed in cm 
starting from the plane of the gap: 110, 130, 
150, 190, 210, 250, 290, and 330. For radii 
greater than 120 cm measurements were not 
made in the last three planes, at levels 250, 
290, and 330 (Figure 2). 

The propagation medium is a cylinder 
limited laterally by a ring of cadmium rods 
distributed in the pile channels in the neigh
bourhood of radius 300 cm (Figure 2). The 
screen formed by this system of cadmium 
rods is not entirely black to thermal neu
trons. The average flux over a circle of 
radius r extrapolates to zero for r = /2>300 
cm. 

METHODS OF ANALYSIS 

The theory of the experiment carried out 
in this way is therefore that of the "ex
ponential experiment." The flux propagated 
inside the cylinder is described by a sum of 
terms having the form 

i4.,Jo(^^^/'K)exp(-y^2;) 

where m̂  indicates a root of the Bessel func
tion Jo. The buckling B^ is given by the 
expression 

Figure 1. Diffusion length in G.l graphite (vertical 
cross sections parallel to the cylinder axis) and the diffusion length L of solid graphite 
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Figure 2. Diffusion length experiment 

by L = 1/yi. If the source flux from the 
pile is itself described by a Bessel function 
Jo, the higher harmonics will be absent from 
the series specified above. It is this condi
tion which we have endeavored to fulfill in 
choosing the radius of the cadmium ring. 

Two methods of analysis have been 
applied: 

1) On the one hand, the classical method 
consists in extracting the amplitude of the 
first harmonic in each plane perpendicular to 
the z-axis: 
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/•A' 

Ci(0)= i 4>(r,z)Jo{mir/RQ)rd r-
rection has been calculated: 

where 4>{r,z) indicates the flux measured. 
We determine yi by identifying the function 
C] (z) with 

Ci(0)exp(^yi2;) . 

2) On the other hand, a method described 
in detail elsewhere'^-^ has led to the identifi
cation of the spatial distribution of the flux 
<j>ir,z) with a function 

,^(r,3)=</>o/o(™V'Ko)exp(-y2), 

the parameters R„ and y being determined 
by the least squares method. This method 
is justified here because the cylinder experi
mented on has a diameter much greater than 
its height or its diffusion length. The y, 
coefficients of the first harmonic terms are 
therefore not very different, and their sum 
decreases with respect to z practically like 
an exponential function. Finally, the geom
etry has been chosen in such a way that the 
first harmonic is almost the only one. 

These two methods have been used for both 
the gold and the indium measurements. They 
have given four series of results in excellent 
agreement, all the values being within the 
limits of error. 

DISCUSSION; CORRECTION TERMS 

1) Effect of the detector supports 

In order to take into account the perturba
tion effect produced by the magnesium sup
ports used for the detectors in the "holed" 
graphite experiment, a weighted mean cor-

AB^: 0.04 m-2. 

2) Homogeneity of the graphite 

It was not necessary to make allowances 
for possible density variations, since the 
homogeneity of the graphite was very good 
in the medium studied. 

3) Angular harmonics 

The cross section of the cadmium cylinder 
was not absolutely circular, but by choosing 
its mean radius sufficiently large the effect 
of angular harmonics on the measurements 
was made negligible. 

4) Spectrum effect 

A special series of experiments was carried 
out with the central channels, situated be
tween the source pile and the mass investi
gated, filled with graphite over a length of 
one meter (see Figure 1 ) . No effect was 
detected, which showed that in this case the 
effect of the fast neutrons propagated di
rectly through the air of the channels may be 
considered negligible. 

5) Temperature of the graphite 

The temperature of the graphite was 17 °C 
during the experiment on solid graphite, and 
19.5°C during that on "holed" graphite. All 
the results were standardized to the temper
ature 17 °C by applying to the second ex
periment the very slight correction 

AB^ = + 0.01 m~2. 

RESULTS 

The results are given in Table 1. 

Table 1 

r , °C R, cm B/, m'- Bi'-, m" B-, m-- Lo, cm AB-, m--

Solid 
g raph i te 

"Holed" 
g raph i te 

1.61 17 3 0 7 ± 3 0.614±0.012 4.21±0.05 3.60 + 0.05 

17 315 + 2 0.583 + 0.008 2.93 ±0.05 2.35 ±0 .05 

52.7 ±0 .4 

1.25 + 0.07 
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Radial Diffusion in the "Holed" Graphite 

EXPERIMENTAL SETUP (see Figure 1) 

The neutron source is a long and narrow 
critical pile of « 2.10-m radius. The meas
urements are done with the same gold de
tectors in the thick radial reflector of "holed" 
graphite surrounding the source pile. Three 
planes with elevations equal to 1.40, 2, and 
2.6 m are studied in the same quadrant at 
distances from the pile axis varying from 
2.80 to 4 m (Figure 3 ) . The origin of these 
levels is situated in the symmetry plane of 
the central air gap. 

Figure 3. Section of the pile. Measurement of L,-

METHOD OF ANALYSIS AND RESULTS 

The thermal flux distribution is resolved 
from the equation 

^^4> — B^ =0. (1) 

The neutron source being a critical pile, 
and the boundary conditions along the z-axis 
at the ends of the pile and the "holed" graph
ite being the same, the flux is described by 
the function 

(t>{z,r) = cos(7rz/h)\_AKoiyr) + B /o (y r ) ] , 
(2) 

which is the first harmonic satisfying Equa
tion (1) . 

B-^ = y^—{^/h)\ (3) 

1) study of the flux as a function of z 

We have verified that there is no syste
matic divergence in the z direction between 
the experimental distribution of the flux 
and the law (2) . The value of h adopted 
corresponds to the real length of the pile to 
which is added the thickness gained by the 
longitudinal reflector: h = 8.88 m. 

2) Study of the flux as a function of the 
radius 

a) Calculation of the term Bhiyr). 

This term is introduced by the finite radial 
dimensions of the medium. I ts importance 
relative to the term AK^iyr) is slight, and 
decreases towards the center of the region 
studied. A first value can be attr ibuted to 
A and y by considering the term Bl^iyr) to 
be negligible; from this, the value of B is 
deduced by writ ing the conditions of con
tinuity of the flux and the current at the 
boundary of the "holed" graphite and the 
solid graphite (r == 4 m) and the condition 
of cancellation of the flux at the outside 
surface of the solid graphite ( r == 4.82 m) 
with the hypotheses 

A = 2900, 
y = 1.666 m"'. 

We find 
B = 6.47 X 10*. 

b) Study of <j>,.{r) —BI„{yr). 

We adopt an arbi t rary trial value yo for y 
and study the function 

0 , ( r ) ^ S / o ( y o ^ ) AK^[(ya^iy)r] 
y _ _== 

^o(yo^) ^o(yo^) 

L K,(y,r) J 

We pose 

KAyor) 
x= r . 

The ordinate at the origin and the slope of 
the straight line 

1/ = A ( l — 8yX) 



104 

3000 

2500 

2 % 

~" 

I 
-4 

^ 
1 

1 
{ ^ ^ 

f 

300 350 400 

X « r rr [Tat) ,cm 

Figure 4. y = /4(1—Syx) 

give the values of A and Sy, the difference 
between trial y,, and true y sought. 

Figure (4) shows the scattering of the 
experimental points (i/„ x,) around the 
straight line determined by the least squares 
method, each point being weighted by the 
square of the inverse of the error. 

We find 

A = 2759, 
y = 1.652 0.016 m-'. 

DISCUSSION; CORRECTION TERMS 

The corrections made are similar to those 
in the previous section. 

1) Effect of the supports for the detectors 
The calculation gives 

2) Homogeneity of the graphite 

Since the mean density of the outer region 
studied is a little lower than that of the 
central region (1.59 instead of 1.61) and the 
mean absorption cross section is a little 
higher (3.90 compared with 3.85 mb), the 
results have been standardized to the central 
region; this leads to a total correction 

AB- = + 0.03 m-2. 

3) Temperature of the graphite 

Since the radial experiment was carried 
out at 13°C, the result standardized to 17°C 
should be corrected by 

AB'^ = 0.02 mr^. 

AB- 0.02 m ^ 

RESULTS 

The results are given in Table 2. 

Table 2 

r, °C H, cm Bi'-, m.-' Br-, m-- B-, m--

1.61 17 ; ± 7 0.126 ±0.002 2.72 ±0.08 2.59 + 0.08 
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Conclusion: Effect of Anisotropy 

By calling the area of thermal neutron 
diffusion parallel to the channels L\{\ and the 
same area perpendicular to the channels L_^, 
the diffusion equation is writ ten as 

92^ /()^i> 1 8,/>\ 
L „ 2 _ + L ^ 2 + - ^ = 0. 

8z2 \9 r2 r 9 r / 

The anisotropy coefficient is defined by 

f = L „ 2 / L ^ 2 . 

The axial and radial diffusion experiments 
on "holed" graphite provide a system of two 
equations whose solutions are 

L II = 64.6 ± 0.65 cm, 

L j ^ = 62.2 ± 1.0 cm, 

or 

Ln- Bi- + L_L-S,- — 1 = 0 

which gives 

e = 1.08 ± 0.03, 

while the experiment on solid graphite gives 

L„ = 52.7 +: 0.4 cm. 

These results are in good agreement with the 
results of Behrens,* as shown by Table 3. 

Table 3 

L | i 

La 

Experimental 

1.504 + 0.040 
1.393 ±0.045 
1.08 +0.03 

Behrens' theory 

1.494 
1.353 
1.104 
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3. SLOWING DOWN OF NEUTRONS IN 
GRAPHITE FROM 1.45 EV TO THERMAL 

ENERGY* 

The age of thermal neutrons in graphite 
is generally obtained by the sum of two 
values: an experimental value for the age 
of neutrons of energy 1.45 ev (indium 
resonance), and a theoretical value for the 
age of neutrons from energy 1.45 ev to the 
thermal state. We proposed to arr ive at 
this second value experimentally by deter
mining the spatial distribution function / ( r ) 
of the thermal neutrons arising from a neu
tron point source of 1.45 ev. This distribu
tion f{r) can be obtained if we know the 
spatial distribution qir) of the 1.45-ev 
neutrons, the thermal neutron diffusion law, 
and the spatial distribution n{r) of the 
thermal neutrons. 

Experimental Study 

The neutron density measurements were 
carried out in a large graphite block (276 X 
276 X 345 cm) . This mass was covered with 
cadmium and contained 144 measurement 
channels of small cross section (0.5 X 2.3 
cm) distributed according to a square lattice 
with 23-cm spacing. A radium-beryllium 
neutron source of 6 curies (about 9 X 10" 
neutrons/sec) was placed at the center of the 
medium. 

The distribution ^ ( r ) was obtained by 
irradiation of 0.03-mm indium foils covered 
with cadmium (0.4 and 0.7 m m ) . The two 
thicknesses of cadmium used gave the same 
resul ts ; filtration of thermal neutrons 
through the screens was therefore negligible. 
Given the very fast decrease in the slowing-
down density and the large dimensions of 
the medium, the distribution obtained can be 
identified with that in a medium of infinite 
size (Figure 1) . 

An earlier diffusion experiment carried 
out on the same block showed that a thermal 
neutron diffusion law of the classic form 

••'Extract from CEA Report No. 674, 1957, by 
C. Robert. 
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could be admitted: 

1 exp(—r/L) 

AITD r 

(L = thermal neutron diffusion length) 

with L = 48.6 ± 0.2 cm and d == 1.53. (This 
graphite, of an earlier make, was very in
ferior in quality to the nuclear graphite used 
nowadays, whose diffusion length is 52.7 ± 
0.4 cm for a density of 1.61.) 

0.01 

23 cm^ 

Figure 1. Slowing-down density of 1.45-ev neutrons 

The distribution n(r) was determined by 
means of 0.1-mm manganese foils irradiated 
bare or under a cadmium screen; the dif
ference in the activities measured gives a 
good definition of the thermal density, since 
the cross section of manganese obeys ac
curately a l/v law below the cadmium cutoff. 

However the thermal distribution obtained 
differed appreciably from that which would 
exist in an infinite medium. In order to find 
the second distribution we have used a 
method of "image sources." This consists in 
introducing into the medium which is con
sidered infinite a system of alternate positive 
and negative sources, arranged in such a 
way that the density cancels out on the planes 
coinciding with the external faces of the 
graphite mass. The real density in the finite 
medium can then be considered as the super
position of the ideal density looked for in 
the infinite medium, and of that due to the 
image sources. When the distance to the 
source increases, the thermal density in the 
graphite mass tends towards the limiting 
form: 

no(r)=^Aq(r) 

A exp (^ r /L ) 
• + I-exp(~-r,/L; 

0.01 

23cm2 

Figure la. Activity of Mn detectors irradiated 
under Cd 

In order to determine the correction of the 
image sources, it is necessary to know A, 
which can be defined as the limiting value of 
the ratio n(r)/q(r) when r tends towards 
infinity inir) = experimental density in the 
finite medium] ; the curve representing 
n(r)/q{r) as a function of 1/r^ (Figure 2) 
gives 

A = 1093 ± 10 cm. 

This method gave excellent results, since the 
different densities measured at the same 
distance from the source became identical 
after correction. Figure 3 shows the thermal 
neutron distribution n{r) in a medium con
sidered infinite. 

Determination of / ( r ) 

A linear dependence of the neutron densi
ties is supposed; for example, if the densities 
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S(r)=q{r)*f(r). (1) 

This distribution S{r) of thermal neutron 
sources gives rise to the distribution n{r) of 
thermal neutrons 

n(r)=S(r)* 
1 exp(—r/L) 

4nD 
(2) 

Figure 2. Asymptotic form of the thermal density ^ 

/, and gt of neutrons of energy 1 entail densi
ties /o and g-2 of neutrons of energy 2, the 
density (/; + fif,) will entail the density 
if 2 + g-i). 

Given the above mentioned definitions for 
/ ( r ) , g ( r ) , and n(r) and the admitted 
thermal neutron diffusion law, the spatial 
distribution S{r) of the thermal neutrons 
formed is written 

S(r) = f q{r') f {r~r') d"-r', 

r and r' of course being vectors. This will 
be more simply written by using the nota
tion "*" for the convolution product: 

In order to resolve the convolution Equa
tions (1) and (2) we shall use the Fourier 
transformation which transforms the con
volution product into a simple product. In 
addition, the interpretation is made simpler 
by converting to plane distributions by a 
simple transformation (integration and deri
vation). Equations (1) and (2) then 
become 

zS{z) = zq(z)-* fi,i(z). (3) 

zn(z) = zS(z)*exp (—\z\/L), 
(4) 

f„i{z) being the distribution function of the 
source planes of thermal neutrons around a 
source plane of 1.45-ev neutrons. 

XOO 

f(r)2irrdr. 

The Fourier transform F(f) of a function 
f(z) being written 

F(f)= f'^'^ f{z)dz exY)(~-27rizx), 

fj — 00 

Equations (3) and (4) become 

F(2S)=F(/p,)-F(2(7), 
1 

F{znh ••F{zS), 
l+in^L^X^ 

from which 

F{f^i)=(l+4^2L^x2)F{zn)/ F{zq). 

(5) 

(6) 

(7) 

23crr 

Since the experimental distributions nir) 
and q(r) obtained allow us to calculate the 
Fourier transforms of the corresponding 
plane distributions zn{z) and zq(z), we 
have been able to calculate F{f) for various 
values of x. 

Results on the Neutron Distribution Between 
1.45 ev and Thermal Equilibrium 

Figure 3. Density of thermal neutrons We have calculated the second and fourth 
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moments of the distribution fy,i{z) by ex
panding F{f) near the origin: 

F ( / ) = F ( 0 ) [ 1 ^ 4 7 r 2 7x2+(47r2ma;2)2] . 

The age T of the neutrons from 1.45 ev to 
thermal energy is therefore proportional 
to the slope at the origin of the curve repre
senting Fif) as a function of x'^ (Figure 4 ) . 
By analyzing this curve by the method of 
least squares, we have obtained 

T = 62.8±5.4 cm-', 

m 32±9.5 cm-

The t ransport equation would give an 
n^{z) solution more rigorous than the 
exp(— \ z \ /L) solution of the diffusion equa
tion which we have used. However the 
calculation shows that the Fourier t ransform 
of n, (z) does not differ by more than 0.2% 
from the transform of exp (—|z[ /L) , at least 
in the field of variation of x used; we have 
therefore not taken this correction into ac
count. One may compare f{z) to a Gauss 
distribution exp(-
distribution exp( -

'Z^/4T) and to a Lorenz 
-\z\/^|l•), see Table 1. Figure 4. Fourier transform 

Table 1 

Gauss 

Lorenz 

Experimental 

Distribution 

exp(—z-74r) 

exp(— z / / T ) 

fiz) 

Transform F 

exp(—4'7r-TA:-') 

1/(1 + 477-Vx )̂ 

F ( / ) 

T 

T 

T 

62.8 ±5.4 cm^ 

m 

r/s/T 

T 

32 ±9.5 cm^ 

The fourth moment of a Gauss distribution 
is included within the limits of error of the 
fourth moment of fiz) ; this latter however 
is known with too little precision (30%) for 
the interpretation of the form of the ex
perimental distribution to be interesting. 

Conclusion 

I t can simply be admitted tha t neutrons in 
graphite of density 1.53 are slowed down 

from 1.45 ev to thermal equilibrium accord
ing to the Fermi law, with an age equal to 
62.8±:5.4 cm-. Since these results are gen
erally relative to graphite of density 1.60, 
this latter value must be multiplied by 
(1.53/1.60)2, which gives 

T = 57.5+5 cm^ (d == 1.60). 

This value is in good agreement with the ex
perimental value T = 56±6.5 cm- found by 
Duggal and Martelly' by poisoning the graph-
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ite with iron in order to reduce the diffusion 
length. These results are moreover compat
ible with the theoretical value of 53 cm- gen
erally accepted.2 
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4a. MEASUREMENT OF THE THERMAL 
UTILIZATION FACTOR IN THE 

G.l REACTOR* 

Introduction 

If the thermal neutron capture in the air 
gap is considered negligible, the thermal 
utilization factor / can be expressed by the 
relation 

capture in the graphite -f-
1 capture in the Mg canning 

/ capture in the uranium 

1 _fXui>ir)dV+f^2c<^ir)dV 

f j'Xuc'l>ir)dV 

with Sir, S2<, and 2„c representing the mac
roscopic capture cross sections of graphite, 
magnesium, and uranium respectively, and 
<l>(r) the thermal flux at point r of the cell. 

Calculations based on elementary diffusion 
theory do not give very satisfactory results in 
uranium. This theory is not in fact easy to 
apply when the flux submitted to its equation 
varies very rapidly in the field of a mean free 
path. A more elaborate expression using 

'•'Extract from CEA Report No. 670J, 1957, by M. P. 
Roullier and A. P. Schmitt. 

calculations in spherical harmonics of high 
order leads to results fairly close to those ob
tained experimentally. This method how
ever involves a relatively large amount of 
calculation. Studies carried on by Amouyal 
and Benoist' provide a means of obtaining 
formulas of a simplicity comparable to that 
of the elementary theory, and of a precision 
comparable to that of the spherical harmonics 
method. 

Experimental Setups 
The measurement of the thermal utiliza

tion factor amounts to the determination of 
the thermal flux distribution in a plane per
pendicular to the axis of the uranium chan
nels in a region where the macroscopic flux 
gradients in the main directions of the re
actor are negligible. To this end, we decided 
to study this distribution in three cells in the 
center of the lattice, following the two main 
directions of the square lattice (Figure 1). 
Manganese activation detectors were used to 
carry out these measurements. These exist 
in two forms: 

1) Thin deposits laid on a cellulose nitrate 
ground by evaporation under vacuum. The 
thickness and homogeneity of these deposits 
were checked before use. 

2) Laminated detectors of thickness 0.1 
mm. Figure 2 shows the experimental system 
used for the irradiation of these detectors. 

The activity acquired at each point in the 
course of irradiation is determined by the 
method known as autoradiography of the 
detectors, described by Ertaud and Zaleski.-

Experimental Results 
Manganese responds appreciably to slow

ing-down neutrons. We therefore irradiated 
some detectors under cadmium, under the 
same conditions as before, in order to obtain 
the response of the detectors used to epicad-
mium neutrons. The maximum cadmium ra
tio measured in the graphite is 1/0.058. The 
mean curve obtained for the detectors ir
radiated under cadmium is shown in Figure 
3. By deducting point by point the epither-
mal distribution curve from the total curve, 
the distribution curve of the thermal flux in 
the cell is obtained. 

Taking into account the experimental er
ror, the distributions obtained in the two 
main directions of the lattice explored are 
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Figure 1. Directions explored in the investigated channels (22-22, 20-20, 20-17) 
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URANIUM ELEMENT 
COVERING THE DETECTOR 

Figure 2. Diagram of the slot in the graphite 
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identical.'^ We decided therefore to use the 
hypothesis of the elementary theory,* which 
consists in replacing, in the case of a square 
lattice, the square cross section attributed 
to a cell by a circular cross section of the 
same surface area. The curve in Figure 4 
gives the thermal flux distribution obtained 
by averaging the five individual curves ob
tained in the course of the experiment. 

Figure 5. Mean curve of the thermal flux 
distribution in the uranium 

Calculation of / 

Taking account of the heterogeneity of the 
lattice and of the above hypotheses, we can 
write 

f a2 s„, ?„ 7ra2 2„̂  ^„ 

where a = radius of the uranium rod. 

c = external radius of the air gap 
= internal radius of the graphite, 

b = external radius of the equivalent 
circular cell, and 

So = surface area of the cross section 
of the magnesium canning. 

The indices 1, 2, and u refer respective
ly to the graphite, the magnesium, and 
the uranium. 

The various <j> are determined experimental
ly starting from the curve r<t'ir) as a func
tion of r. 

The form of the canning fins leads to a 
special calculation for ^2: 

•^2" 
/ . ar<p(r)dr 

/ " • 
rdr 

where a represents the ratio of the surface 
area of the canning to the total surface area 
of the ring of thickness dr between r and r 
+ dr. The results are as follows: 

^„ = 1.19+0.02, 
^1 = 1.984+0.06, 
"̂ 2 =- 1.55+0.045. 

All these results are standardized to 1 at the 
center of the uranium. Constants adopted 
are 

2,« = 0.31864 cm-i for a uranium den
sity of 18.7,5 

S2c = 2.40X10^3 cm-i.* 

Sic v̂ âs calculated from the formula Sic = 
A,,./3L2 taking a graphite density of 1.61, 
A.,, = 2.56, and the graphite diffusion length 
deduced from the measurements carried out 
in the course of tests." 

Let Sic = 52.7 cm, 
then L = 3.077 X 10* cm~J. 

The surface area of the cross section of the 
canning is taken as equal to 360 mm^. These 
data taken together, with account taken for 

"The value 63 mb in this reference is in perfect 
agreement with that deduced from oscillation 
measurements carried out at the Fontenay aux 
Roses pile, and mentioned in the note on the nuclear 
description of G.l. 
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the inaccuracy which can be reasonably ex
pected from the experimental equipment, lead 
to the result 

/ =:= 0.8949 ± 0.005. 

This value is in excellent agreement with the 
theoretical value obtained by the Amouyal 
and Benoist method,' 

/ = 0.8943. 

Study of the Flux Distribution in a 
Thorium Cell 

The same experimental technique and the 
same type of detector have been used to 
study the thermal flux distribution in a cell 
containing a 26-mm-diameter thorium rod, 
the neighbouring cells being loaded with 
uranium. The experimental results are shown 
in Figures 6 and 7. The cadmium ratio found 
in the graphite is the same as that of a ura
nium cell in the same place, within the limits 
of experimental error. 

Figure 7. Mean curve of thermal flux 
distribution in the thorium 
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Figure 6. Distribution of the thermal flux 
in a thorium cell of G.l 

A study of the different curves gives rise 
to the following remarks: 

1) Thermal flux distribution in the tho
rium rod. The experimental value of the ra
tio ^a/^« obtained in the thorium rod is 

1.106 ± 0.014, in good agreement with the 
value 1.1005 obtained by using the Amouyal-
Benoist formula and the constants given in 
CEA Note No. 190.^ The average flux in the 
rod is 1.10 ± 0.01 by standardizing to 1 at 
the center of the thorium. 

2) If we admit the hypothesis of zero cur
rent at the limit of the cylindrical cell of 
cross section 400 cm ,̂ a hypothesis which is 
admitted by Bacher^ and which is not con
tradicted by experiment, the experimental 
value of the mean flux in the graphite is 
<^\ = 1.55±:0.01, with the same standardiza
tion as above; that is, a ratio of mean flux 
in the graphite to mean flux in the thorium of 
1.41 ± 0.03, in agreement with the value 
1.396 obtained by applying the Amouyal-
Benoist expression with the same hypothesis 
as before. 

3) 
^uianium. 

Determination of the ratio 5ti>onum/ 
The lattice of the G.l reactor has a 

secondary thorium lattice with 100-cm spac
ing. The radial distribution of the thermal 
flux through this "supercell" centered on a 
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channel loaded with thorium, corrected for 
the macroscopic curvature, gives a constant 
thermal flux value on all the uranium chan
nels explored, and leads to a thermal flux 
ratio 

^„, /^»= 1.23+0.10. 

Admitting the hypothesis of zero gradient in 
b, the following is obtained from the fine dis
tributions of the thermal neutron flux: 

^„,/^„== 1.20+0.05. 
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4b. MEASUREMENT OF THE p FACTOR 
IN THE G.l REACTOR* 

Measurement of Resonance Absorption 
in Uranium^ 

EXPERIMENTAL STUDY 

The ratio of total capture to epicadmium 
capture in U^̂ * was determined by irradiat-

•^Extract from CEA Report No. 670 I, 1957: J. P. 
Anthony, P. Bacher, Mme Lheureux, J. Moreau, 
and A. P. Schmitt, Reactor G.l—Measurement of the 
Resonance Escape Probability. 

ing simultaneously, at symmetrical points in 
the reactor, two natural uranium discs of 
the same diameter as the rod of the lattice. 
This determination was carried out on two 
types of rod, of diameters 26 and 32 mm. 
Figures 1 and 2 show how these two discs 
were housed in the uranium rod: one was 
placed in an aluminium box, the other in a 
1-mm-thick cadmium box. In Figure 2 can 
be seen a resonance detector placed under 
cadmium with the object of determining the 
depression of the epicadmium flux brought 
about by the large cadmium box. The cap
ture ratio was obtained by comparing the 
U "̂" activities formed in the two discs, the 
mean half-life of Û *'-* having been found 
equal to 23.5+1 min. 

Before the activities were counted, fission 
products and natural descendants were elim
inated from the irradiated discs by chemical 
separation, following a method perfected by 
the Plutonium Division.* 

By calling the epicadmium and total cap
tures Cl and C2, the corresponding U*"''* ac
tivities Ai and A2, and the epicadmium fluxes 
on the cadmium and aluminum boxes ^1 and 
<̂ 2. the required ratio X can be written 

The experiment on 26-mm-diameter rods 
gave 

Z26 = 3.48+0.10; 

that on 32-mm-diameter rods 

Z32 = 2.81+0.12. 

CALCULATION OF THE p FACTOR 

p is defined as the probability for a neu
tron in the process of slowing down to es
cape capture in the Û-*"** resonances. We can 
write 

1—aX Xgc exp(B^T') 
1—p = — _ 

A— 1 ^gc + Sgc V^ 

with 

l/v epicadmium capture in Û *̂* 
a = ; 

l/v total capture in Û*"** 

Ssc and Ssc = capture cross sections in U^̂ ^ 
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Figure 1. Diagram of the experimental setup 

Figure 2. Experimental arrangement for irradiation 

and U^̂ ^ (resonances excepted) with the fol
lowing definition:* 

S = 
/o"s(^ )n{v)vdv 

')Q C'"n{v)dv 
Jo 

with 

niv) 

B^ 
r 

T 

rje 

density of neutrons of velocity 
v, and Vo = 2200 m/sec, 
buckling of the lattice, 

average age of the neutrons 
absorbed in the Û*** reso
nances, and 

average number of fast neu
trons emitted per fission for 
one capture in the U (U^** 
resonances excepted). 
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On the other hand, the critical equation gives 

r]t = 

(l+L2fi2)exp(^B2) 

pf 

which we substitute in the first equation. 
The various experiments performed on the 
G.l reactor either provide directly or allow 
us to calculate all the factors put in opera
tion. We finally obtain for 26-mm-diameter 
rods 

p = 0.912+0.006; 

and for 32-mm-diameter rods 

p = 0.884+0.010. 
Much of the error comes from the experimen
tal inaccuracy over the X factor, due essen
tially to the short half-life of U^̂ .̂ 

NOTE : The p factor values vary apprecia
bly according to the definition adopted. Thus 
the resonance capture may be associated with 
the l/v capture by defining p as the probabil
ity of escaping capture in U^̂ * for a neutron 
slowing down in the energy band between the 
fission threshold of Û ** and the cadmium 
cutoff. According to this definition 

1—p = 
S8 , ( l " ' « ) exp(B'^T') 

« - l S 5 c + S 8 o ( l - « ) r] e 

with A == correction accounting for the ra
diative captures in Û *̂* of neutrons whose 
energy is greater than 1 Mev (fission 
threshold). This formula leads to the follow
ing values: for 26-mm-diameter rods 

p = 0.898+0.005; 

and for 32-mm-diameter rods 

p = 0.863+0.009. 

Measurement of Resonance Absorption 
in Thorium 

EXPERIMENTAL STUDY 

The method is identical to that used for 
uranium. Counts on the 23.6-min Th^** ac
tivities yield the value, for 26-mm-diameter 
rods, 

X = 9.8+0.4. 

Here X can be considered as the mean cad

mium ratio of a thorium rod in the lattice of 
the G.l reactor, whose thorium load for this 
experiment represented 4 % of the total load. 

CALCULATION OF THE EFFECTIVE RESONANCE 
INTEGRAL 7 ,̂, 

We make use of the simple formula 

X-1-
i'T ^1 

i>R I e f f 

with 

Sr 

With S 

= mean thermal flux in the rod, 
= macroscopic thermal capture 

cross section, and 
= mean epithermal flux in the rod. 

= 0.1852 cm-i and <J>T/<}>R = 11.15 
(according to the thermal utilization factor 
measurements), we obtain 

htt = 0.24+0.03 cm-i. 

This value may be compared to that given by 
the Macklin and Pomerance formula,* 

^ dE 
Ja{E)—=8.37(1 

E 

0.55 

m/s-l-0.08 

with m/s == mass to surface area ratio of the 
rod in g/cm^. For a density of 11.5 and a rod 
of 26 mm diameter, this formula gives 

/eff = 0.269 cm 1. 
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5. BUCKLING AND CRITICAL SIZE 
MEASUREMENTS AT DIFFERENT 

LOADS OF G.l 

This type of experiment immediately pro
vides information of the greatest practical 
importance with a minimum of uncertainty 
in interpretation. By comparing the critical 
sizes and bucklings obtained under different 
conditions, it is possible to obtain the value 
of certain figures of prime importance in the 
neutron study of piles: anisotropy, effect of 
the gap on reactivity, or the variation of 
buckling as a function of the diameter of 
uranium rod for a given lattice. Finally, from 
these experiments a set of formulas can be 
set up which, although not precise in detail, 
make it possible in the case of similar piles to 
foresee correctly such over-all results as the 
critical mass with greater precision than the 
individual effects (e.g., multiplication fac
tor). 

Critical Sizes 

PILE USING URANIUM ONLY 

Flat pile 
Long pile 

No. of channels Critical 
loaded mass of U 

508 ± 0.4 18.8 ± 0.015 
329 ± 0.3 24.3 ± 0.025 

It may be noted that the allowance for 
critical sizes made in 1955, from a compara
tive calculation based on the critical sizes of 
analogous foreign piles, was as follows: 

Flat pile: 19 + 3 tons. 
Long pile: 26 + 4 tons. 

Some of the measurements are derived 
from supercritical experiments,^ from which 
it is possible also to obtain an approximate 
value of the radial migration area: 

Mr^ = 805 + 50 cm^ 
(calculated value = 790 cm^). 

PILE USING URANIUM AND THORIUM 

Since the reactor G.l possesses, even at full 
power, a considerable excess reactivity, it 
has been necessary to compensate this excess 
by the introduction of absorbants. The prob
lem has been solved by using a fertile ma
terial, thorium, which will absorb neutrons 
and at the same time produce a fissile ele
ment. 
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measurements; 

Critical size determination on piles loaded 
in a regular manner with uranium and 
thorium have been carried out as a function 
of the volumetric concentration in thorium 
T (fraction of the number of channels loaded 
with thorium to the total number of chan
nels loaded).* 

Figure 2. Long pile reactivity measurements; 
8k = /(B"r.i»iial) 

With these measurements as a basis, the 
radial critical bucklings have been deter
mined as a function of T. The results, shown 
in Figure 3, have been confirmed with rea
sonable precision by a relatively simple cal-

*The uranium and thorium rods have exactly the 
same dimensions and the canning is identical. 
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! EXPERIMENTAL VALUES 

o CALCULATED VALUES 
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Figure 3. Radial critical buckling as a function of 
thorium concentration 

culation. The supercell is considered, con
sisting of a thorium channel surrounded by a 
certain number of uranium channels; in or
der to calculate the characteristics E, -q, p, f, 
L^, and L / of this supercell, the elementary 
thorium cell and the multiplying medium are 
replaced by equivalent homogeneous media; 
this calculation shows in addition that in the 
elementary thorium cell, the conditions of 
uniformity of the sources and of reflection at 
the limits are in fact verified, which justifies 
a posteriori the application of classical lattice 
formulas to this cell. 

Finally the supercell itself is considered as 
a homogeneous medium of buckling: 

B2 = 
sriPf— 1 

L^+Lr^' 

The critical radial buckling varies in an 
essentially linear fashion as a function of the 
concentration T, and extrapolation of the ex
perimental results gives a critical radial 
buckling zero for 

The most accurate results have been ob
tained for the load which is the definitive one 
for G . l : T = 4%. The thorium in this case 
is distributed among the channels making up 
a square lattice with sides 1 m in length. The 
critical load is 700 + 5 channels. The load of 
49f has been adopted in order that the reac
tor should be critical at full power with a full 
load and a slight excess of reactivity. 

Buckling Measurements; Anisotropy 
of Lattices 

The neutron diffusion in the lattice of G.l 
is anisotropic as a result of the unidirectional 
distribution of the uranium rods, and more 
especially because of the presence of air 
layers which form cavities around the ura
nium cartridges. This anisotropy is charac
terized by the ratio of the migration areas. 

l+y = M„2/M^ 

with the following definitions • 

D-ifFusion 
area 

Slowing-
down area 

Migration 
area 

Parallel to 
the channels 

w 
Lri 

M: = Lir 
+ f-Hl̂  

2 » 

Perpendicular to 
the channels 

r̂ 
LrC 

M' = Lf 

In addition we define the mean migration 
area as 

M2=-l-(2Mj_24.iif | |2) . 

This mean migration area is associated with 
a critical Laplacian which we shall call "ma
terial buckling of the G. 1 lattice," B„,-. 

If « / and ,8/ are the radial and axial con
tributions to the geometric buckling for the 
loads i ^ 1 or 2, the anisotropy y and the 
buckling B„,^ are provided by the expressions 

ai2M_^^+Pi^Mn^=B^2M2 with i ^ l o r 2 , 

i + y = -
( , 2 - 0 , 2 ^ 

T 8.8 + 0.3 ' 

S ^ 2 = , . 2 [ l „ ( y / 3 ) ] + ^ . 2 [ l + (2>./3)] 

with 2 = 1 or 2 . 
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INVESTIGATED PLANES 

Figure 4 

To arrive at the anisotropy y, therefore, a 
minimum of 2 different loads is necessary. 
The interest of this measurement lies in the 
fact that the anisotropy of a lattice is little 
known and difficult to measure accurately. 
In effect, («,-'—«.,-) and {j3-?—/?i^) must be 
as large as possible. We have produced with 
G.l three pile stacks of simple geometrical 
form, on which we have made careful studies 
of the flux distribution; they are known as 
flat pile, long pile, and bottle pile. 

The bottle pile experiment consists in ir
radiating a largely subcritical lattice situated 
in a half-pile, starting from neutrons emitted 
by the other half-pile, loaded in such a way 
that the whole system is critical. By replac
ing the sinusoidal distribution in the narrow 
cylinder by an exponential curve, the phe
nomenon of anisotropy is increased, and 
hence its determination is improved. In order 
to eliminate the higher harmonics in the dis
tribution, the uranium lattice is protected by 
a cadmium cage known as a Faraday cage 
(Figure 4). 

The results obtained are shown in Table 1. 

The value obtained for the anisotropy may 
be compared with that calculated from the 
Behrens theory,- although this theory is not 
precisely applicable (e.g., presence of the 
fins). The calculation has given excellent 
agreement: y == 0.057. 

CRITICAL DIMENSIONS AND REFLECTOR 
SAVING 

Table 2 gives the values of these quantities 
taken from the flux distributions measured. 
The reflector saving thus found is generally 
in good agreement with that calculated by a 
two-group theory. 

Table 1 

Flat pile 
Long pile 
Bottle pile 

ffTXlO ', m - /3rxlO ', m -

5,870 
8,180 

20,150 

± 110 4,460 ± 70 
± 90 2,290 ± 70 
± 120 -9,150 ± 130 

{a,- + /3r)XlO ', nr-

10,330 ± 130 
10,470 ± 130 
11,000 ± 180 

B,„- = 1.04 ± 0.01 m -̂
y == 0.048 ± 0.017 

Extrapolated radius, cm 
Radial reflector saving, cm 
Extrapolated height, cm 
Axial reflector saving, cm 

Outer side 
Gap side 

Geometric buckling, m"-

Table 2 

Flat pile Long pile 

313.8 ± 2.6 265.8 ± 
59.4 ± 2.5 61.0 ± 

470.8 ± 3.1 657.0 ± 

46.8 ± 1.5 46.4 ± 
51.5 ± 1.6 

1.033 ± 0.013 1047 ± 

2.2 
2.1 
9.7 

4.5 

0.013 

Mixed-fuel pile 
96'/, U + 4-/, Th 

362.9 ± 5.7 
64.4 ± 5.7 

711 ± 15 

43.4 ± 3.4 

0.61 ± 0.015 
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Effect of the Gap 

The comparison between flat and long piles 
makes it possible also to show the effect 
created by the gap, which will be character
ized by the increase in the length of the 
critical pile with gap with respect to the 
critical pile without gap and with the same 
radius. I t will also be agreed to exclude the 
gap from the increase in length. 

This can be deduced either by direct exam
ination of the flux distribution in the long 
pile (distance between the two maxima on 
the pile axis) , or by comparison between the 
geometric bucklings of the flat pile and the 
long pile; the two methods give essentially 
the same result, i.e., 

A L = L —- L„ = 188 ± 10 cm 

with 

L = length (extrapolated) of the pile 
with gap (gap excluded), and 

L„ = length (extrapolated) of the pile 
without gap and the same material 
buckling. 

The flux distribution in the case of the 
mixed uranium and thorium pile, whose 
critical radius is larger (53-ton pile) gives in 
this case 

L = 128 i 10 cm. 

The theory of the gap eifect has been the 
object of careful study both in France^^ and 
abroad.* The closest approximation appears 
to be the formula of Chernick and Kaplan 
(ref. 4, formula 28) : 

— = - c o t g - i ( C i + N ) 
LQ IT I 2 irA \ 38 / J 

in which L„ = 657 cm or 711 cm (experi
mental values of the two 
loads envisaged), 

8 = 8 cm is the width of the gap, 

A = 2.8 cm is the mean free path 
of diffusion of the pile core,* 

Re = 265.8 cm or 362.9 cm is the 
extrapolated radius, 

*That of graphite has been increased by 8% in order 
to account for the presence of the channels. 

I is the ratio 2.4058//2„ 

Ci is a function of 8/i?,,, a table 
of which is given in ref. 4, 

C2 is a parameter very close to 
1/2 when i is much smaller 
than 1, and 

iV = 3 according to the theory 
adopted in ref. 4. 

The pile has been replaced by the equiva
lent bare pile to apply the theory, giving for 
a 24-ton pile 

L = 149 cm 

and for a 53-ton pile 

L = 103 cm. 

It can be seen that the theory gives only 
an order of magnitude, and should if any
thing overestimate the gap effect since it does 
not take into account the structural elements, 
admittedly of little importance, which in
tervene in the loss of neutrons inside the gap. 

On the other hand, the uranium in the 
channels does not reach the surface of the 
gap, but instead there is a considerable dead 
space occupied by the magnesium extremity 
of the car t r idge: the result is a depression of 
the neutron flux a t the center and a tendency 
to separate the two arches of the axial dis
t r ibut ion; this could be the reason for the 
disagreement. 

I t is interesting to note that , on the 53-ton 
pile, the gap is responsible for an increase in 
buckling of 

A 5 2 ==, 0.055 m-2 

and for an increase in critical tonnage of 

A r = 9 tons. 

Variations of Buckling as a Function of the 
Diameter of the Uranium Rods 

In this experiment a certain number of 
standard uranium cartr idges were progres
sively replaced by cartr idges of greater diam
eter, 28 to 32 mm. The replacing is done 
r ing by r ing s tar t ing from the center, and 
the reactivity is measured a t each stage. 
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Figure 5. Replacement experiment, flat pile 

The experimental results are given in Fig
ures 5 and 6; the weight W(Ri) correspond
ing to a central region of radius Ri is defined 
thus: 

W(R,) 
0 JoHjr/RJrdr 

'JoHjr/R,)rdr 

where Ri = byfn, b = cell radius, n = num
ber of channels replaced, and Re = extrapo
lated radius. If Ap is the reactivity measured 
for a central load n, Ap/WiRi) is carried as a 
function of W(Ri). 
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By means of a simple calculation based on 
a two-group theory, this curve can be extra
polated to the point W{R,) = 1, i.e., to the 
replacement of all the cartridges. In this 
calculation it is necessary to make several 
hypotheses concerning the microscopic values 
(p, /, . . . ) in the standard and the modified 
lattices, values which arise particularly in 
the fast and thermal flux coupling coeffi
cients ; it is possilble partly to overcome this 
limitation by considering the coupling term 
S which enters the calculations as an extra 
variable. For each point there is a linear re
lation between AB- and S, 

Ap = a{R,)AB^ + I3{R,) S, 

which can be graphically represented by a 
straight line in the plane (AB^, S) ; all these 
lines should converge within the limits of ex
perimental error. These straight lines are 
shown in Figure 7; the value S =^ S^ corre
sponds to the theoretical calculation. 

Certain corrections are necessary to take 
into account the presence of the reflectors and 
the variation in the diffusion coefficients with 
the thickness of the air layer. 

E 
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Figure 6. Replacement experiment, long pile 
Figure 7. Variation of coupling term, flat pile, 

CD = 2 8 m m 
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The interesting feature of this experiment 
is the fact that, in order to obtain a very 
good buckling variation value, less than a 
tenth of the full critical load is sufficient: in 
this case 40 cartridges of the large diameter 
for a load of about 500 cartridges. The ex
periment is quick, since only kinetic measure
ments are necessary. 

In the case of the G.l pile the results are 
as follows: 

Uranium AB^ m"'' 
<p = from 26 to 28 mm +0.065 ± 0.004 
tp - from 26 to 32 mm +0.080 ± 0.008 

It is possible to ascertain from this experi
ment the diameter of uranium which will 
give the best reactivity for a given lattice at 
normal temperature (Figure 8). 
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Figure 8 

The measurements summarized above, in 
conjunction with the p and / factor measure
ments, lead to a coherent set of formulas 
which make it possible to calculate the buck
ling of a natural gas-cooled uranium-graphite 
lattice." 
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6. HEATING UP EXPERIMENT: 
MEASUREMENT OF THE 

TEMPERATURE COEFFICIENT 

Introduction 

During the rise in power of a reactor, the 
analysis of the uranium and moderator tem
perature effects and the xenon poisoning ef
fects on the reactivity make the preliminary 
standardization of the control rods necessary. 
This standardization, i.e., the study of the 
antireactivity of each group of rods with re
gard to its position, was carried out in the 
course of a preliminary experiment at very 
low power, the pile being heated by a flux of 
air passing over electrical resistances. Sev
eral temperature stabilizations were per
formed, and from the measurement of the re
activity variation between two successive 
temperature plateaux the mean temperature 
coefficient can be calculated. 

Experimental Setup 

The initial conditions were as follows: 35 
tons uranium; 473 channels; graphite tem
perature = 22.7°C; uranium temperature = 
22.7°C; atmospheric pressure = 750 mm Hg. 

For the temperature plateaux six stabiliza
tions were made at 30°, 35°, 82°, 125°, 155°, 
and 166°C (see Figure 1). 

For the temperature measurements 28 
thermocouples were distributed in the graph
ite block on which manual readings were tak-
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en with a precision of 0.5°C; in the uranium 
were 12 thermocouples on two cartridges, 
scanning and recording, and the average 
temperature was known to about 2°C. 

Period measurements were made with two 
period meters having a precision of the order 
of 1%. 

EXPERIMENTAL ERRORS 

Factors which are difficult to define add 
to the errors due to the reading, for example 
the incoherence of temperature reading as 
a function of time due to bad contacts in 
the rotocontacters. In addition only discon
tinuous temperature readings are available, 
which is adequate during a stabilization but 
which invalidates the experimental results 
in the transitional stages; separation of the 
coefficients of graphite and uranium is thus 
impossible. 

Corrections 

Theoretically the temperature distribution 
in the pile should be uniform; in fact the 
heating at constant temperature was not 
carried out for a long enough time to allow a 
good standardization of temperature; the 
mean temperature at each plateau was there
fore calculated by weighting the differences 
by the square of the neutron flux: 

Table 1 

JT{r,z} <t>'^ (r,z) rdrdz 

'<p^(r,z) rdrdz 

On the other hand the differences between 
the mean temperatures of graphite and 
uranium have been accounted for by assum
ing that the temperature coefficient of ura
nium remained constant between —0.5 and 
—3 p.c.m./°C or 

(8A;/8!r)„ = —1.75+1.25 p.c.m./°C. 

Results 

Table 1 gives the value of the over-all 
coefficient (uranium + graphite) between 
the temperature of the pile when cold and the 
temperatures of the different plateaux. 

It was planned that the reactivity of the 
pile at 22.7° should be checked at the end of 
the experiments; however, since for technical 
reasons this verification could not be done. 

Temperature, °C Mean coeflficient, p.c.m./°C 

22.7 to 35 
22.7 to 83.4 
22.7 to 127.6 
22.7 to 158.4 
22.7 to 170 

- 3 . 3 ±0.24 
- 4 . 3 ±0.19 
-4.55±0.16 
-4.85±0.14 
-4 .81 ±0.16 

the value 3.3 p.c.m./°C between 22.7° and 
35 °C is open to doubt. In fact an error of 5 
or 10 p.c.m. on the reactivity of the initial 
pile would send this coefficient to 3.7 or 4.2, 
while bringing a negligible correction to bear 
on the other values. This error could be due 
to the elimination by the blowers of some 
dust and condensation accumulated during 
the initial "cold" experiments. 

Taking into account the results obtained 
during preceding tests (between 14.7° and 
21.8°C) it seems more reasonable to suppose 
a first value of —4.0 ± 0.5 p.c.m./°C (see 
Figure 2). 

50 75 
GRAPHITE TEIVIPERATURE, °C 

50 75 
GRAPHITE TEMPERATURE,°C 

Figure 2 
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Finally it may be noted that the tempera
ture effect measurements at high power,^ al
though referring to entirely different tem
perature distributions, gave results in good 
agreement with the above values. In addition 
an experiment of violent cooling of the ura
nium by stopping the pile while leaving the 
blowers in operation for a short period (3 
min) led to a uranium coefficient value of 
—2.2 ± 0.3 p.c.m./°C between 68° and 220°C 
(mean temperatures). 

References 

1. CEA Report No. 670 M. 

7. NEUTRON TEMPERATURE 
MEASUREMENT IN G.l BY 
MODULATION OF THE 
NEUTRON BEAM 

Principle of the Measurement^ 

A thermal neutron beam coming from the 
moderator is received on a cadmium target 
after modulation by a cadmium disc situated 
in the path of the beam. The photons due to 
radiative capture by the cadmium of the tar
get are detected by a Nal(Tl) crystal, fol
lowed by a photomultiplier. An electronic de
vice permits the number of impulses to be 
counted in phase and out of phase with the 
modulation. From this the phase and the 
modulus of the rate of modulation are de
duced. 

Theory 

In the course of its rotation the disc period
ically obturates a cadmium diaphragm of 
section So, following a sinusoidal law. At the 
instant t, the open section of the diaphragm 
has the value 

iS„/2)il + &-^), 

the obturated section of the diaphragm at the 
same instant being 

(S„/2)(l—e^^O. 

Let Pi{v) and Puiv) be the probabilities 
for absorption of a neutron of velocity v by 

the cadmium of the disk and of the target. 
The probability p depends slightly on the cad
mium thickness. Let n{v)vdv be the flux of 
neutrons whose velocities lie between v and v 
4- dv which pass at the level of the dia
phragm. The number of neutrons of velocity 
V passing through the disc at instant t is 
written 

{ ( S o / 2 ) ( l + e - 0 + [ l - P i ( ^ ) ] ( S o / 2 ) ( l - e - « ) } 

X n{v)vdv. 

These neutrons suffer a delay l/v on the path 
of length I between the cadmium of the disc 
and of the target. 

The number of neutrons absorbed by the 
cadmium of the target at instant t is ex
pressed as 

{So/2)JJ'n{v)vdv[2~-p,iv)+ 

P j ( ^ ) e < » ( i - i / » ) ] p 2 ( t ; ) . 

This expression can be separated into a con
stant part and a variable part, the latter 
being 

(So/2) C°°pi(v)p2(v)e''i"'•^'•"^n(v)vdvei''K 

The associated electronic device measures 
the components in phase and out of phase of 
the modulated part. From this is deduced the 
value X of the phase displacement of the beam 
at the level of the target: 

Jn P1P2 sin(iol/v)n(v)vdv 
x - t g - i - - ? — t 1̂  . (1) 

("^ P1P2 cos(u,l/v)n{v)vdv 

Correction 

The function Pi X P2 can be determined 
from the curve of the cadmium cross section 
given in BNL 325. It is equal to 1 in the 
thermal region, and is then canceled out. The 
region of transition situated around a veloc
ity value Vt is very narrow, and in this field 
the distribution density of neutrons slowing 
down is low. It is admitted that the distribu
tion density has the form 

<j>tiv) for 0<'j;<'?;(; 

^ri'V) for V>Vt. 
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<j>tiv) arises from the experiment; 4>riv) is 
a distribution given by the slowing-down 
theory, however its exact form is not neces
sary since it only comes into the calculation 
of the correction term, 

A correction term is then calculated hav
ing the form 

8X==-
tgx. 

l + tg2x, 

/ . Vf(PiP2i>,~-'Pt) sin{,ol/v)dv 

f°°(pt sin(<ol/v)dv 
Jo 

/ . V, {PiP2i>t~i>r) cos(wl/v)dv 

<pf cos(wl/v)dv So "' 
From this is deduced the corrected phase dis
placement : 

Xc = X+ Sx-

This phase displacement then satisfies the 
relation 

X. = ^ t £ r - l 
JQ (f>f sin{al/v)dv 

r°°0^ COS{al/V)dv 
Jo 

(2) 

Utilization of the Method 

The phase displacement is measured as a 
function of the modulation frequency, and 
the function 4>t which when introduced into 
relation (2) best satisfies the series of values 
(x*" ""«) is sought by the method of least 
squares. It is evident from the definition 
chosen that this function represents the dis
tribution n(v)v correctly only in the region 
0 to Vf 

Experimental Results 

To define the temperature of the neutrons 
we introduced a Maxwell distribution into re
lation (2). The following results were then 
found: 

Temperature of the Temperature of the 
moderator, neutrons, 

304 
357 
418 
435 

T„, °K 

361±6 
424+7 
481+8 
495+8 
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APPENDIX 
EXPERIMENTAL EQUIPMENT FOR 

FLUX MEASUREMENTS 

General 

To carry out the series of flux distributions 
foreseen in the program of measurements 
and tests during the starting up of G.l, these 
being essentially buckling measurements, 
measurements of thermal diffusion lengths, 
an exponential experiment, and measurement 
of the ratio thermal flux/fast flux, we were 
led to design a large number of activation de
tectors of various kinds. 

Each distribution was accomplished by ir
radiating simultaneously the number of de
tectors sufficient to obtain in one operation 
all the basic data from which the constants 
of the lattice under examination may be ex
tracted; this is done by methods described 
elsewhere. 

For the buckling measurements two types 
of detector were used: the detector with 
copper or nickel ribbons, and the gold or in
dium "pin-point" detector for thermal dis
tribution measurements and verification of 
the pile spectrum in the medium explored. 

For the measurements of diffusion lengths 
and for the exponential experiment, the in
dium and gold detectors only were used. Gold 
was used in preference to manganese because 
of its long half-life (2 to 7 days) which made 
it possible to use a large number of detectors 
simultaneously. 

Characteristics of the Detectors Used 

Two essential conditions guided our choice 
concerning the volume and form of the de
tectors : 

1) Since the necessity of removing the 
uranium rods in the course of later experi-
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ments precludes irradiating them too strong
ly, the volume of these "pin-point" detectors 
was reduced to a minimum, 

2) The large number of detectors irra
diated simultaneously and the timing of the 
measurements led to the devising of a simple 
and effective counting instrument for these 
detectors. In view of the conditions, we 
chose 11-mm-diameter circular detectors of 
thickness 3 X 10-̂  and 7 X 10"̂  mm for the 
gold detectors and 1.5 X 10~̂  mm for the in
dium detector. 

For convenience in use, the detectors were 
set in small 99.99 aluminum containers and 
covered with a thin sheet of plastic in order 
to avoid deterioration in the course of manip
ulation. 

We also constructed 300 indium detectors 
and 1500 gold detectors. (The measurements 
of flux distribution at low power were carried 
out at intervals of several days, which al
lowed reuse of the gold detectors.) 

STANDARDIZATION OF THE DETECTORS 

However carefully we cut the detectors 
from sheets whose thickness was in principle 
constant, systematic standardization was 
found necessary. 

Since the aim of these various measure
ments was to determine the relative distribu
tions of neutron flux, the detectors needed 
only to be compared among themselves. As 
each one had a number, the standardization 
led to the assigning of individual coefficients. 

Counting Group 

Since the number of detectors irradiated 
simultaneously went up to 300, we prepared 
20 counting groups. Each group comprised 
1 lead castle, 1 GM bell counter LCT 13 A6, 
1 standard G.M.P. preamplifier, 1 stabilized 
300 to 3000 high tension VCRC, and 1 stand
ard CEA type scale of 1000 and its supply 
unit. In the lead castle the GM counter sup
ported the device for the placing of the de
tectors. 

In order to follow the working of each 
counter over a period of time, we assigned 
to each a radioactive source of constant in
tensity. For this we used powdered natural 
uranium oxide, fixed by plastic material. The 
intensity of the sources prepared corre
sponded to about 4000 impulses/min in the 
geometry used. 

The large number of detectors irradiated 
simultaneously does not allow each one to be 
counted on the same group. To bring the 
counting into line with a single group, the 
different groups were standardized to a rela
tive value. 

Finally, in order to check on the stability of 
the groups over a period of time, counts were 
done three times a day and the counting 
rates obtained, placed on a graph, allowed 
failures to be detected at any moment and 
the necessary corrections to be introduced in 
the analyses. 

The average life of the counters does not 
appear to exceed 10^ impulses under the con
ditions of use indicated. 

Irradiation Setups 

Except for those on diffusion length, the 
measurements were done by placing the de
tectors on the uranium rods. We inserted 
between the two upper fins of the rod in place 
in the pile an angle-bracket which supported 
the detectors to be irradiated. The angle-
brackets were positioned with respect to the 
rings fixed on the uranium rod which allow 
the positioning of the latter in the channel. 

For diffusion length measurements, in the 
case of empty channels, empty uranium 
sheaths were placed in position to support the 
angle-brackets carrying the detectors. In the 
case of the measurement of the diffusion 
length of solid graphite, the channels were 
filled with round bars of graphite of the same 
nature as the pile moderator. In the regions 
foreseen for the measurements, the detector 
was placed in a recessed hole at the end of a 
round bar. 
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Abstract 

The vacuum graphite temperature coefficient of reactivity of the BNL reactor was 
measured as a part of a graphite anneal run. Its value vir.as —0.63 ± 0.06 ih/°C over a 
range of mean graphite temperature of 20° to 160 °C, and increased to +0.33 ± 0.06 
ih/°C at 220°C. The fuel exposure corresponded to 338 megawatt-days per ton, 
average. These values are to be compared to the clean reactor value of —1.58 ih/°C 
a t 20°C. 

INTRODUCTION 

On November 25, 1955, the temperature 
coefficients of the BNL reactor were meas
ured as a part of a graphite anneal run. The 
anneal run proved to be an ideal time for 
these measurements, since the graphite tem
peratures were carried as high as possible 
and changes in temperature were made very 
slowly. Graphite, metal, and air tempera
tures were obtained as functions of time both 
from the normal operating thermocouple sys
tem and from special thermocouples placed 
in the reactor for the anneal run by the Reac
tor Operations Group. 

The cooling phase of the anneal run was 
chosen as the time to take temperature 
coefficient data, and reactivity changes were 
measured by periods throughout the cooling 
phase by G. Fullmar, J. Brown, and C. Miller 
of the Hanford Works. 

The temperature coefficients of the BNL 
reactor were determined in several experi
ments when the reactor was first started up 
in 1950-51. The interest in repeating the 
measurements was in the change in the 

*Previously issued as BNL Log No. C-9552, Declassi
fied Nov. 8, 1957. 

graphite coefficient due to the presence of 
Py239 jji tjje fuel. The total operation at the 
time of the anneal run was 34,620 megawatt-
days. Some of the original fuel from the 
center section of the reactor had been un
loaded prior to the anneal run, so that Pu^^* 
content corresponded to an exposure of 338 
megawatt-days per ton, average. 

In reducing the data it was assumed that 
the metal temperature coefficient had not 
changed from the clean pile value. It is in 
principle possible to obtain both metal and 
graphite coefficients from the present ex
periment. However, the conditions of the 
anneal run were such that the metal and 
graphite temperatures were not very dif
ferent during the long cooling phase, and a 
two-parameter fit of the data gave very poor 
accuracy. 

As discussed in the following sections, the 
temperature data from individual thermo
couples were weighted and averaged to obtain 
mean values of the graphite, metal, and air 
temperatures. The period measurements 
were reduced to reactivity changes by the 
Hughes formula, and appropriate reactivity 
corrections were made for N^* concentration 
(barometric effect) and xenon poisoning. As
suming the value of the metal coefficient, the 
result was the vacuum graphite temperature 
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coefficient as a function of mean graphite 
temperature from 20° to 230 °C. 

GEOMETRICAL CONSIDERATIONS 

The BNL reactor is a 25-ft cube of graph
ite, pierced with a 37 X 37 square array of 
channels running north-south. The channel 
spacing is 8 in., and this length is called a 
"lattice unit," or LU. Natural uranium fuel 
cartridges are 11 ft long, or 16 V2 LU. The 
reactor is split into two halves by an 8-cm 
(0.4-LU) air gap which is perpendicular to 
the channel direction. Figure 1 shows the 
reactor coordinate system, and Figure 2 the 
north-south spacing. The loading at the time 
of the experiment was about 6441/2 chan
nels, arranged as in Figure 3. The total mass 
of natural uranium was 49,530 kg (54.6 
tons), and the calculated Pû -̂ ^ content of the 
reactor was 18.424 kg. 

ORIGIM AT THE REACTOR CENTER 
DIMENSIONS 25 FT X 25FT X 25FT 
FUEL CHANNELS RUN NORTH-SOUTH, 
SPACED 8" ( I L U ) ON CENTERS, IN 
A SQUARE ARRAY 

Figure 1. Reactor coordinate system 

o 
h-
O 

o 
S 

I ? 

o 

I ii ^ 

-18,75 -16.7 5.45 16.7 18.75 LU 

CARTRIDGE LIMIT CARTRIDGE LIMIT 

Figure 2. North-south spacing of the fuel elements 

chambers at the north and south ends of the 
reactor, and be exhausted to a stack. In 
order to bring the graphite temperatures as 
high as possible during the anneal run, the 
cooling air entered the north plenum, was 
drawn through the channels to the south 
plenum, and then was exhausted. The air 
flow was very much reduced from normal op
eration, with the fans being off during much 
of the anneal run. 

TEMPERATURE DATA 

Weighting and Averaging 

The standard reactor perturbation theory' 
gives the statistical weight of a region R^ of 
a reactor as 

W(Ri)-

Volume 

The control rod pattern is shown in Figure 
4. The view is from the top: each rod chan
nel represents 4 rods spaced 2 ft and 6 ft 
above and below the reactor median plane. 
Throughout the cooling phase of the anneal 
run the rods were inserted up to about 30 in. 
from the gap. 

The normal cooling cycle for the reactor is 
to have cooling air enter the central gap, be 
drawn through the fuel channels to plenum 

Thus, treating the BNL reactor loading as 
cylindrical, thermocouple readings T", are ap
propriately averaged by 

_ ^irii>i^Ti 

where n is the radial distance of the thermo
couple from the reactor Z axis and <j>i is the 
thermal flux at that point. Unfortunately 
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SOUTH 
^ — H 1— 

FACE SCANNING SHEET 

Figure 3. Fuel loading for the anneal run. Active channels are within the outlined section 

the flux distribution is not at all well known 
under the anneal run conditions, with all rods 
well into the reactor. It is assumed, first, 
that the flux is independent of azimuthal 
angle about the reactor Z axis; second, that 
the radial flux follows the pattern measured 
for the reactor with rods withdrawn f-^ and, 
third, that the reactor is effectively chopped 
oSatZ = — 4.5 LU by the control rods. The 
first two assumptions must be substantially 

correct. The third is based on the control 
rods being quite black, and depressing the 
thermal flux to such an extent that tempera
ture changes in the vicinity of the rods have 
a neglectable effect on the over-all reactivity. 
One is then led (ignoring the gap) to an axial 
flux plot as shown in Figure 5. The unper
turbed axial flux for the reactor is shown for 
comparison. The radial flux plot is shown 
in Figure 6. 
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(NORTH) 

RODS 
2,4,6,8 

(SOUTH) 

RODSX 
9, n,13,15 

Figure 4. Control rod pattern 

Graphite Temperature 

Graphite temperatures were measured by 
over 100 thermocouples imbedded in the 
graphite throughout the reactor. The thermo
couple signals were fed into 8- and 16-point 
potentiometer recorders. In taking tempera
ture data from the recorders, it was found 
that 30-min intervals gave a sufficiently ac
curate account of the temperature behavior, 
and mean graphite temperature was there-

NORMAL FLUX' 
C0SI082Z-I-44ISIN 1082 Z 0 £ Z ' 1 8 
C0S(fiPi'.44l)+ 441 SIN(tm'.441)' 

ANNEAL RUN FLUX '#'j=SIN 

CONTROL ROD 
PENETRATION 

jr(Zt4l/2) 

23.25 ' 
- 4 I / 2 £ Z i 1875 

2 16 20 LU 

fore calculated at 30-min intervals during the 
cooling phase of the run. Table 1 gives the 
location in reactor XYZ coordinates and sta
tistical weights of the 41 thermocouples used 
in calculating mean temperature. The rest 
were discarded for various reasons: bad con
tacts, accidental grounds, failure of the re
corder to maintain zero, or rupture of the 
thermocouple in the severe temperature cycle 
of the run. Figure 8 shows the mean graphite 
temperature as a function of time. 

Table 1 

Location and Statistical Weight of 
Graphite Thermocouples 

No. yCi, Weight 

Figure 5. Axial flux distributions for normal oper
ation and for the anneal run 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

- 2 
— 2 
- 2 
- 2 
- 2 
- 2 
- 2 
- 2 
- 2 
- 2 
- 2 
- 2 

8 
8 
8 
8 
8 

-12 
-12 
-12 
-12 
-12 
-12 
-12 
-12 
-12 
-12 
-12 
-12 
-12 
-12 
-12 
- 2 
- 2 

9 
9 
9 
9 
1 
1 
1 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

-1.5 
-1.5 
-1.5 
-1.5 
-1.5 
-7 
-7 
-7 
-7 
-7 
-7 
-7 
-7 
-7 
-7 
-7 
-7 
-7 
-7 
-7 
3 
3 
8 
8 
8 
8 
4.5 
4.5 
4.5 

16.13 
13.13 
10.13 
7.13 
4.13 
3.38 
2.63 
1,13 

-1.13 
-1.88 
-2.63 
-3.38 
-0.38 
-1.13 
-1.88 
-2.63 
-3.38 
-3.38 
-2.63 
-1.88 
-1.13 
-0.38 
0.38 
1.13 
1.88 
2.63 
3.38 
4.13 
7.13 
10.13 
13.13 
16.13 
1.88 
0.38 
8.00 
4.88 
3.25 
1.63 
0.06 
1.56 
6.06 

0.390 
1.563 
2.693 
3.191 
2.693 
2.469 
2.144 
1.520 
0.588 
0.390 
0.199 
0.072 
1.123 
0.741 
0.488 
0.252 
0.090 
0.014 
0.042 
0.069 
0.111 
0.167 
0.222 
0.292 
0.361 
0.417 
0.472 
0.514 
0.611 
0.514 
0.306 
0.069 
1.841 
1.184 
1.698 
1.565 
1.288 
0.951 
1.254 
1.992 
3.660 
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LOAD LIMIT 

Figure 6. Radial flux distribution as measured in 
normal operation 

Metal and Air Temperatures 

The fuel temperature was not measured di
rectly by thermocouples in contact with the 
fuel. The uranium slugs are canned in alu
minum cartridges, as shown in Figure 7, and 
thermocouples are attached to the cooling 
fins. In normal operation of the reactor, at 

/ / / / / / 
THERMOCOUPLE 

WELD TO FIN 

'GRAPHITE 

DIAMETER OF CHANNEL= 2.67 

" FUEL ROD = l . 1 " 
IN A lorn LENGTH OF UNIT CELL THERE ARE 
Il4.7gm OF U, 2.l2gm OF AL,AND636.79 gm 
OF GRAPHITE. 

Figure 7. Cross section of fuel channel 
and cartridge 

high power and with large air flow, a sub
stantial temperature difference exists be
tween the fuel and the fin. During the cool
ing period in question, however, the central 
fuel temperature should have been no more 
than 1/2% higher than the fin temperature, 
a neglectable difference. The pertinent num
bers are as follows, all in terms of a 1-cm 
length of a unit cell :* 

heat capacity of fuel = 3.4 cal/°C 
heat capacity of graphite = 190 cal/°C 
heat transfer rate from finned cartridge to 

air == 0.11 cal/sec/°C gradient in air 
surface film 

heat transfer rate from fins to graphite = 
0.01.7 cal/sec/°C 

heat input to fuel at 100 kw == 0.19 cal/sec 
heat input to graphite at 100 kw = 0.02 

cal/sec 
Initial conditions for a cell having the mean 
temperature conditions would be: 

initial fuel temperature = 270 °C 

initial graphite temperature == 230 °C 

As the reactor is reduced from 1.2 Mw to 100 
kw, the fuel temperature should fall to about 
the graphite temperature as heat is given up 
both to the cooling air and to the graphite. 
This equilibrium should be accomplished 
within 30 min. Thereafter a temperature 
difference of 1°C between the central fuel 
and the fin midpoint is sufficient to remove 
the energy generated at 100 kw. The fin 
temperatures were therefore assumed to be 
the same as the fuel temperature. Further, 
since an air film temperature gradient of only 
7°C is sufficient to remove the 100-kw input, 
plus 0,75 cal/sec to bring the reactor to 20°C 
in 15 hr, the fin thermocouple reading less 
7°C was assumed to be the air temperature. 

The locations and statistical weights of the 
15 usable metal thermocouples are given in 
Table 2, Mean metal temperature as a func
tion of time is shown in Figure 8, 

REACTIVITY DATA 

Period Measurements 

As the reactor cooled down, its reactivity 
increased because of the over-all negative 
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Table 2 

Location and Statistical Weight of Metal 
Thermocouples 

No. X L U Y L Weight 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

- 3 
- 3 

0 
0 

_ 4 
9 

- 8 
- 2 
— 7 

3 
2 

- 8 
—8 
- 8 

2 

- 5 
2 
2 

- 2 
- 9 
- 4 
- 4 
- 3 

4 
- 9 
- 6 

5 
2 
3 
8 

5.45 
5.45 
5.45 
5.45 

16.50 
16.50 
16.50 

5.45 
5.45 
5.45 
5.45 
5.45 
5.45 
5.45 
5.45 

3.871 
3.004 
1.808 
1.808 
0.286 
0.286 
0.331 
3.004 
3.829 
3.217 
3.906 
3.197 
3.743 
3.612 
3.004 

temperature coefficient. This reactivity 
change was determined by a series of period 
measurements. Rods 1 to 8, 10, 12, 14, and 
16 were held fixed throughout the cooling 
phase at insertions to within about 30 in. of 
the gap. Rods 9, 15, and 1 were set in a series 
of positions, advancing into the pile as time 
went on to balance the increasing reactivity 
due to temperature. Rods 11 and 13 were 
used to balance the reactor at critical or 
slightly below, at about 100-kw power. To 
measure reactivity changes, rods 9, 15, and 1 
were set in some appropriate configuration, 
call it A, and rods 11 and 13 fully withdrawn. 
The reactor would then go onto a positive 
period which was measured through 4 or 
5 e-folding times with stop watch and gal
vanometer. Rods 11 and 13 would then be 
inserted to stop the period and return the 

320 
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Figure 8. Mean graphite and metal temperatures 
as functions of time during the cooling phase 
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power level to 100 kw. At a later time, after 
further cooling, the same configuration A of 
rods 9,15, and 1 would be set up, and another 
period measured with 11 and 13 withdrawn. 
Conversion of the periods, T, to excess reac
tivity, p, in inhours by the Hughes formula,^ 

54 20.3 204 535 

= _ + \- + + 
T+0.62 T-f-2.19 7-F6.5 

2036 787 

+ , 
r + 3L7 r + 80.3 

then gives the reactivity change in the reac
tor due to temperature, independent of con
trol rod calibrations. In all, 19 configura
tions were used to cover the cooling phase, 
and 50 periods were measured. From this 
data 31 independent reactivity changes were 
obtained: these results are included in Table 
3, along with the appropriate corrections for 
the variable nitrogen and xenon poisonings. 

Barometric Correction 

The so-called barometric correction is 
necessary to account for the temperature 
(and pressure) variable amount of W* in 
the reactor. Consider the reactivity, ps, in
vested in N " in the reactor, pu is proportion
al to the N " content per unit volume: 

p„ = pn (1) 

where 13 is an appropriate constant of pro
portionality. The gas law gives 

p = nkT (2) 

so that 

P^ = pp/kT. (3) 

In an isothermal experiment" in which the 
fans were used to reduce the air pressure in 
the reactor by 58 mm Hg, it was found that 

(apA,/8p)r=rp=-0.35 ih /mmHg. (4) 

The temperature at which this experiment 
was performed was unfortunately not re
ported. From various considerations, 300 °K 
appears to be a good estimate. 

Using (4) in (3) gives 

(p/kT„) = —0,35 ih/mm Hg 

where To = 300°K, Then (3) becomes 

Ps=(P/kTo) T„p/T 

or 

pj, = —105 p/T ih (5) 

with p in mm Hg and T in °K, 

The necessary barometric corrections are 
calculated from (5) and are included in Table 
3, The barometric temperature coefficient 
is 

9pjv/9r=+1052>/r2 ih /°C (6) 

which has the substantial value of + 0-89 
ih/°C at 1 atmosphere and 27°C. 

Xenon Correction 

The xenon poisoning was a function of 
time rather than temperature in the case at 
hand. The operational history of the reactor 
up to the cooling phase of the anneal run was 
13 days at 24 Mw, 34 hr shutdown, and 291/2 
hr at 1,2 Mw. Essentially no xenon was pro
duced at the 100-kw level of the cooling 
phase, and correction had to be made only 
for the xenon decay from the previous higher 
power operations. Values of the equilibrium 
xenon poisoning at 24 Mw and 1.2 Mw were 
taken from calculations of Kaplan and Cher
nick.^ The xenon correction is plotted in 
Figure 9, and is included in Table 3. 

RESULTS 

Collecting the results of the previous sec
tions, one has 31 equations of the form 

ttmATm -f agATg = Ap 

where am, ag are the metal and graphite tem
perature coefficients and AT^, ATg are the 
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Figure 9. Reactivity of the xenon poisoning during the cooling phase 

changes in mean metal and graphite tempera
tures. Ap is the observed reactivity change 
corrected for barometric and xenon effects: 

Ap = Apo Apjr — Api 

The parameters for the 31 observational 
equations are given in Table 3, along with 
the mean graphite temperature characteristic 
of the equation. 

The observational equations may be 
treated in several ways. The obvious course 
is to make a least-squares solution for «„ and 
ag. The result of this, using all 31 equations 

is 

a^^ — 0A22 ± 0,057 ih/°C 

«g = — 0.842 ± 0.093 ih/°C 

Such an approach assumes that both «„ and ag 
are independent of temperature, which is 
certainly not true of ag. One may divide the 
31 observational equations into several 
groups, each more or less characteristic of a 
single graphite temperature, and repeat the 
least-squares solution within each group. 
Taking 3 groups, the results are 

Tg ^220°C: am = 

ag = : 

r , - 1 7 0 ° C : a^ = 
ag = 

Tg^ 90°C: am = 

ag = 

— 

+ 
— 

— 

— 
— 

0.77 ± 0.14 ih / °C 

0.34 ± 0.36 

0.62 ± 0.07 

0.76 ± 0,11 

2,01 ± 0,47 

0,20 ± 0.14 

The poor accuracy of the solutions is a result 
of the graphite and metal temperatures be
having essentially alike: the least-squares 
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Equation 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

T„ "G 

226 
229 
225 
226 
225 
218 
224 
215 
220 
219 
219 
224 
201 
191 
164 
157 
158 
150 
142 
117 
104 
94 
84 
72 
62 
53 
40 
27 
31 
20 
23 

AT„, °G 

29.0 
13.6 
25.8 
14.9 
9.2 
71.5 
32.1 
67.7 
39.2 
27.6 
51.3 
35.8 
63.7 
43.3 
63.5 
32.3 
48.5 
27.1 
19.5 
5.9 
4.0 
5.4 
5.8 
6.6 
5.9 
4.6 
4.9 
6.4 
4.1 
3.5 
2.1 

An, ° 

11.6 
6.4 
7.9 
5.4 
3.1 
29.2 
13.1 
24.1 
13.8 
11.5 
23.9 
14.1 
18.2 
16.6 
46.5 
31.1 
41.7 
25.9 
18.7 
17.8 
13.0 
15.2 
20.2 
18.2 
14.1 
14.1 
18.1 
25.0 
15.8 
12.7 
7.8 

solution is then analogous to the poorly de
fined intersection of two nearly parallel lines. 
These results are also suspect on the basis of 
the variation in «„. A temperature flash ex
periment described by Chernick* was used to 
measure the metal temperature coefficient 
during the start-up of the reactor. This ex
periment was done over a range of metal 
temperatures from 60° to 200 °C, and no 
change in the metal coefficient was observed 
in this range. 

Since the primary interest of the present 
work is in the graphite coefficient, the most 
satisfactory method of treating the data is to 
assume the value of. the metal coefficient from 
previous experiments. The best value of 
am was given by Kaplan and Chernick* in 
their 1955 Geneva paper: 

3 
Equations 

Apperioil, ih 

- 6.93 
- 4.46 
- 6.35 
- 4.79 
- 4.01 
-24.09 
— 9.35 
-23.18 
-12.16 
- 7.97 
— 13.73 
-10.79 
-26.25 
-18.55 
-29.92 
-22.03 
-29.32 
-20.61 
-19.95 
- 8.38 
- 8.63 
— 9.79 
-10.44 
- 9.78 
- 9.38 
- 9.05 
-11.37 
-11.63 
- 7.72 
— 5.67 
- 4.57 

Apj-, ih 

- 9.28 
- 4.30 
- 8.40 
- 4.71 
- 2.89 
-25.82 
-10.41 
-24.60 
-13.26 
- 9.83 
-17.67 
-11.92 
-28.79 
-22.32 
-41.17 
-22.76 
-34.48 
-20.91 
-15.52 
- 5.12 
- 3.53 
- 5.37 
- 5.56 
- 6.65 
- 5.80 
- 4.90 
- 3.88 
- 6.07 
- 4.04 
- 4.14 
- 3.18 

Apit, ih 

0.73 
0.34 
0.64 
0.37 
0.21 
1.44 
0.80 
1.34 
0.92 
0.61 
1.21 
0.87 
0.64 
0.34 
0.83 
0.51 
0.73 
0.40 
0.34 
0.23 
0.23 
0.26 
0.32 
0.34 
0.30 
0.35 
0.48 
0.92 
0.48 
0.57 
0.31 

Ap, ih 

-15.48 
- 8.42 
-14.11 
- 9.13 
- 6.69 
-48.47 
-18.96 
-46.44 
-24.50 
-17.19 
-30.19 
-21.84 
-54.40 
-40.53 
-70.26 
-44.28 
-63.07 
-41.12 
-35.13 
-13.27 
— 11.93 
-14.90 
— 15.68 
-16.09 
-14.88 
-13.60 
-14.77 
-16.78 
-11.28 
- 9.24 
- 7.44 

am =- —0.75 It 0.05 ih/°C. 

This value combines the results of the early 
hot rod^" and temperature flash* experiments 
with some unpublished work." Inserting this 
value of am into the observational equations 
gives the graphite coefficient as a function of 
mean graphite temperature, in Figure 10. It 
is to be noted that the coefficient ag is the 
"uniform" vacuum graphite coefficient. 

The prominent features of Figure 10 are 
the constant value of ag from 20° to 160°C, 
and then the abrupt swing to a positive 
value. Average values for the two regions are 

Tg s= 20° to 160°C: 

ag = — 0.63 ± 0.03 ih/°C 

Tg - 200°C: 
ag= + 0.33 ± 0.04 ih/°C 
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Figure 10. Vacuum graphite temperature coefficient as a function of mean graphite 
temperature, assuming a constant metal coefficient of —0.75 ih/°C 

These values may be compared to the clean 
pile value of 1950-51, measured at about room 
temperature :̂  

Tg ^ 20°C: a / = — 1.58 ih/°C 

The increase in graphite temperature coeffi
cient from — 1.58 to — 0,63 ih/°C is attrib
uted to the accumulation of Pu^ss j ^ ^^g fuel. 

It should be pointed out that all the errors 
quoted above are statistical ones. Of the 
various assumptions made in reducing the 
data, the one most subject to criticism is that 
leading to a simple cosine function for the 
axial flux distribution. It is clear that the 
flux is not zero in the vicinity of the rods, for 
the reactor remained sensitive to rod posi
tion changes well within the region which has 
been assumed inert. On the other hand at

tempts to construct a more realistic flux dis
tribution, based perhaps on the temperature 
distribution, are perilous in view of the com
plexity of the geometry. It has seemed a 
more prudent course to take the simple cosine 
flux as a reasonable approximation. The as
sumption that the cartridge fin and fuel tem
peratures are identical is very good, but that 
of taking the air temperature 7°C less than 
the fin is not so much so. It ignores varia
tions in air flow, and also the fact that about 
20% of the air in the reactor is actually in 
the graphite. It is not clear how to treat this 
graphite-enclosed air, since only that portion 
which has a small diffusion time to the at
mosphere compared to the time scale of the 
experiment is effective in the barometric 
coefficient. Finally the assumption of the 
clean pile metal coefficient overlooks the dif-
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ferences in resonance absorption properties 
of the fission products and of Pu^s*, although 
these should not have very different Doppler 
effects from the clean fuel. 

An educated guess at the net effect of all 
these points leads one to increase the error 
on the graphite coefficient to 10% in the op
erating temperature range: 

ag = — 0,63 ± 0,06 ih/°C; 

20°C<T^<160°C 

and to 18% in the higher range: 

ag = + 0,33 ± 0,06 ih/°C; 

T^ ^ 220°C. 

The author is indebted to Herbert Kouts 
for many enlightening discussions of the 
problem, to Robert Powell for the operations 
records on the experiment, and to Joyce 
Meyer and Helen Connell for much of the 
calculation. 
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Discussion of Session IV Papers 

The first three papers were presented by 
R. A. Bennett. 

H, Kouts asked about the probable errors 
on fcoo in Table 3 (second paper), 

BENNETT: The standard deviations are 
± 0.003 on k^ (PCTR) in Table 3. 

J. Chernick asked which method of deter
mining k^ is better, the one using the PCTR, 
or the exponential studies. 

BENNETT: The PCTR method is better 
since one can assign an error independent of 
calculations; in exponential experiments one 
must measure B^^ and calculate M^, and the 
error in the latter is generally not well 
known. 

G. Price asked about the large difference in 
fe„ (PCTR) and k^ (Exponential) in 1.68-
in. slugs (Table 3). 

BENNETT: These differences are thought 
to be statistical. 

J. Koechlin suggested that the size of the 
air channel surrounding various sizes of 
slugs may vary and thus introduce different 
anisotropy factors in M^ for the various 
slugs. 

E. D. Clayton answered that the air chan
nel size was adjusted with slug size to main
tain a constant air void, and that the effect 
was taken into account in calculating M^ in 
the exponential studies. 

H. Kouts asked the limiting power in the 
PCTR, 

BENNETT : The design was for « 1 kw. 

H. Kouts asked whether one cannot meas
ure resonance escape probability directly in 
the PCTR. 

BENNETT: This measurement could be 
made and measurements have been made. 

G. Price asked whether the Hanford group 
is contemplating improvements in the PCTR. 

BENNETT : A new version is being thought 
of, of substantially larger size, so that many 
more lattice cells may be included in the core. 

K, Downes asked what portion of the crit
ical mass must be placed in the test section 
to measure k^. 

BENNETT : About Va % of the critical mass 
of the lattice under investigation, 

J, Bernot asked about relative costs of 
PCTR experiments vs exponential experi
ments. 

E. D. Clayton answered that for both, in 
order to measure /, p, etc., one has the cost of 
a reactor. Thereafter, the PCTR experi
mental materials, being smaller in mass, cost 
less. 

J. Koechlin asked whether there is satis
faction with the accuracy of k^, measure
ment. 

BENNETT: Yes, although the accuracy is 
being improved. 

J, Sampson remarked that certainly for 
reactivity measurements, the PCTR is su
perior to exponential measurements—since 
it measures reactivity directly. 

E. D. Clayton pointed out that for lattices 
of fc„ ;=« 1, the PCTR measurement is very 
good. 

The next paper was presented by P. 
Tanguy. 

J. Chernick asked whether barometric ef
fect was removed from the temperature 
coefficients discussed. 

TANGUY: NO. 

G. Price asked whether the distance to a 
fuel rod from the neutron source point was 
varied in determining Tn vs T^. 

TANGUY: NO, this source position was 
fixed. 
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The final paper was presented by J. 
Hendrie. 

J. Brown commented that he had made an 
independent reduction of the data discussed 
in the paper, and obtained substantially the 
same result. With a somewhat different set 

of assumptions about the shape of the flux 
in the reactor during the cooling period, the 
result was a graphite temperature coefficient 
of —0.71 inhours/°C in the range from 20° 
to about 200 °C, with an abrupt change to a 
positive value above 200°. 





Effects of Radiation and Catalysis on 
Oxidation of Graphite* 

G. R. HENNIG 
Argonne National Laboratory, 

Lemont, Illinois 

Abstract 

The chemical reactivity of graphite is one of the numerous properties which are 
altered by neutron irradiation. The reactivity to oxygen has been reported to be 
increased by bombardment. This increase is difficult to interpret on the basis of usual 
radiation damage models, and has therefore been investigated in detail. All previous 
measurements had been conducted on artificial graphite, in which neutron-induced 
changes in porosity, surface area, surface properties, and catalytic impurities are likely 
to complicate the interpretation. For the present study, natural graphite flakes of high 
purity, irradiated in vacuo, were used. Preliminary experiments showed that the con
dition of the surface and the presence of certain catalytic impurities affect the burning 
rate enormously. If these confining effects are avoided, it is found that heavy neutron 
irradiation seems to have little effect upon the reactivity of graphite to oxygen. The 
rates were measured between 300° and 600 °C. Activation energies and frequency 
factors will be presented. 

The work to be described here is still in 
progress and therefore definitely incomplete. 
The paper must be considered a progress re
port and by no means the last word on the 
subject. 

The effects of radiation damage on most 
physical properties of graphite are reason
ably well understood and can in many in
stances be correlated quantitatively. Radia
tion damage also alters the chemical proper
ties of graphite. This change is more difficult 
to interpret in terms of displacements and 
vacancies than changes in the physical prop
erties. We are investigating a number of 
chemical reactions of irradiated graphite, 
and will describe here the reactions with oxy
gen. 

It has been demonstrated by Dienes and 
Kosiba and by others that the rate of graph
ite combustion in oxygen is increased in the 
presence of ionizing radiation, and also by ex
posing the graphite to radiation damage 
prior to the oxidation. The effect of ionizing 

*Based on work performed under the auspices of the 
U.S. Atomic Energy Commission. 

radiation is relatively easy to understand. 
It is probably due to the continuous produc
tion of oxygen atoms, excited molecules, etc. 
However, it is much more difficult to inter
pret the increased burning rate of previously 
radiation-damaged graphite. Since the meas
urements had been carried out on polycrys-
talline graphites, the effect might be attrib
uted either to alteration in the porosity or 
surface area or activity of catalytic surface 
impurities of the graphite, or to an actual 
increase in the reactivity of the carbon bonds. 
This latter effect appeared rather unlikely to 
us because there appears to be some indica
tion that the carbon-carbon bonds, although 
decreased in number, are actually strength
ened by radiation damage. The a spacing is 
decreased by radiation damage, and one 
might expect that shortening the carbon-car-
3̂on bond would also strengthen it. Further
more, the Fermi energy is lowered by irradia
tion, and, since at some intermediate stage in 
the oxidation reaction the surface atoms must 
retrieve their electrons from the Fermi sea, 
a lowering of the Fermi energy might be ex
pected to increase the activation energy for 
burning and thus lower the burning rate. 
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which is contrary to the observations on poly-
crystalline graphite. It is, of course, known 
that radiation damage produces many in
terstitial atoms of large energy content, but 
these are not bonded to the lattice and should 
therefore burn with little activation energy. 
They would then affect the reaction rate only 
by increasing the temperature independent 
frequency factor, but have no effect on the 
activation energy, which was in fact found 
by Dienes and Kosiba to have decreased con
siderably. 

We felt that we might understand these ob
servations better by studying the oxidation 
rate of irradiated single-crystal graphite 
rather than of polycrystalline specimens. Pre
liminary studies of the combustion of natural 
graphite flakes showed this to be a very com
plex process even in the absence of radiation 
damage. Rate measurements were always 
implemented by microscopic examination of 
the flakes, and revealed a number of im
portant details. 

It appears very difficult to avoid catalytic 
effects even in the most highly purified flakes 
available. We studied, therefore, the cata
lyzed burning separately in order to be able 
to recognize such effects. Microscopic lumps 
of catalytic impurity placed on the crystals 
generally produce channels on the cleavage 
surfaces of crystals (i.e., those surfaces 
which are normal to the c-axis). Traces of 
colloidal impurities are recognized as pro
ducing barely visible striations on the sur
faces which are invariably oriented parallel 
to the crystal axes. Very often pits are seen 
on the crystal surfaces. These are caused by 
impurities burning perpendicular to the car
bon layer planes; the pits very commonly as
sume hexagonal outlines. The pit formation 
can be arrested by removal of the catalytic 
impurity with chlorine; in crystals so 
treated, the pits continue to grow laterally on 
subsequent burning, but the bottom of the 
pit becomes flat, which indicates that no 
further selective burning along the c-axis 
is occurring. 

In addition to these effects of positive cat
alysts, one also finds definite patterns caused 
by negative catalysts or inhibitors. It is 
known that halogens, chlorine in particular. 

will decrease the burning rate considerably. 
If a crystal which has been inhibited in this 
way is examined, one finds that the crystal 
steps which are normally present have dis
appeared. Instead, there are now present 
more or less gentle slopes connecting the 001 
faces. If burning is continued in the absence 
of inhibitors, these gentle slopes very rapidly 
break up again into discrete crystal steps, 
each one approximately half a micron high. 
It is exceedingly difficult to understand why 
uncatalyzed burning should favor the produc
tion of such steps, and yet such steps are in
variably formed during uncatalyzed oxida
tion either in O2 or CO2. We are in fact 
tempted to postulate that in all the crystals 
we have examined to date there are present 
certain layer planes which burn at a slower 
rate than the remainder, and that these less 
active layer planes or packets of layer planes 
are predominantly spaced about half a mi
cron apart. We have speculated, but do not 
yet know, whether these less active layer 
planes are associated with the rhombohedral 
modification known to be present in most 
natural and artificial graphites. 

As mentioned already, chlorine treatment 
is required to remove the catalytic impurities 
which mask the true burning rate. We there
fore studied the effect of radiation damage on 
crystals which had been pretreated with 
chlorine and in which discrete crystal steps 
were consequently absent. Furthermore, 
these crystals were irradiated at low pres
sures in sealed quartz capsules, because it was 
hoped that this would reduce recontamina-
tion. The quartz capsules had received the 
same chlorine treatment as the crystals as a 
further precaution against recontamination. 
The irradiation was equivalent to 785 Mwd. 
Madagascar flake graphite was used for the 
quantitative studies, while visual observa
tions were simultaneously made also on more 
perfect crystals of several origins. 

The oxidation studies were carried out in 
quartz tubes; the crystals were carried in 
small quartz boats or on flat quartz plates. 
Even quartz was found to exert a small cata
lytic effect on the combustion, which 
amounted to less than 10% of the observed 
rates. 
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The crystals were burned in a helium 
stream containing 10% by volume of oxygen 
or in pure oxygen. The gases were dried and 
passed through liquid nitrogen or liquid oxy
gen traps for further purification. Above 
650 °C the rates were determined by weigh
ing; below this temperature, they were de
termined by collecting and measuring the re
action products after conversion to carbon 
dioxide. 

The reaction rates reported here were al
ways calculated as the fractional weight loss. 
It is realized that weight loss per unit sur
face area rather than per unit weight would 
yield more meaningful results, because pre
sumably only surface atoms can be oxidized 
and because the surface area per unit weight 
of crystals is bound to alter during oxidation. 
However, the areas of these crystals are too 
small for accurate B.E.T. measurements, and, 
furthermore, presumably only a small frac
tion of the surface atoms, namely those ex
posed at edges of layer planes, can burn. 

When the combustion was carried out in 
oxygen diluted with 90% helium, the irra
diated and unirradiated graphite burned at 
the same rate between 400° and 750°C. How
ever, when a different set of samples was 
burned in pure oxygen, the irradiated graph
ite burned at least three times as rapidly as 
the unirradiated graphite. The difference ap
peared to be entirely due to a different fre
quency factor. The activation energy in all 
cases appeared to be the same, about 45 kcal/ 
mole. Crystals which had been preburned 
extensively in pure oxygen, and were then 
remeasured in diluted oxygen-helium mix
tures, continued to burn at rates which dif
fered by a factor of three between irradiated 
and unirradiated crystals. 

I must emphasize that these apparent rates 
and activation energies are not known with 
high precision. The reproducibility of con
secutive measurements was definitely far 
lower than the precision of each measure
ment. Whenever the temperature was in
creased, the rate increased excessively in the 
first few measurements, then decreased 
gradually to a new, apparently steady value. 
I must admit that, for a good reason, I did not 
generally repeat measurements at a given 
temperature sufficiently often to ascertain 

that the rate had stabilized at the new value. 
At all temperatures above 400 °C, the burn
ing rate of irradiated graphite drifted grad
ually to higher values, so that a precise ac
tivation energy could not possibly be ob
tained. This drift was much more pronounced 
in pure than in dilute oxygen. The drift was 
found by microscopic examinations to be due 
to a progressive increase in surface area. 
Unfortunately I do not yet have good slides 
of this phenomenon. During combustion of 
irradiated crystals, numerous pits were 
formed on the exposed surfaces. These pits 
consistently formed during the combustion of 
purified irradiated, and never during the 
combustion of purified unirradiated crystals. 

These pits are very reminiscent of the cat
alytic effects described earlier. It must how
ever be remembered that these crystals had 
been treated with chlorine before irradiation, 
a treatment which normally prevents pitting. 
Such extensive pitting as shown here is, in 
fact, never observed in unirradiated crystals 
of the same type, even when purposely con
taminated with catalytic impurities. For 
these reasons we began to wonder whether 
these pits did not really indicate some effect 
other than catalysis. Are these pits perhaps 
due to dislocations produced by bombard
ment, or due to clusters of coagulated va
cancies? Fortunately one can decide among 
these possibilities by suitable experiments. 
An irradiated sample was burned for a while 
until many pits had developed. It was then 
heated in chlorine to remove any catalysts 
present. Dislocations and vacancies would of 
course not be affected. On subsequent burn
ing in oxygen free of chlorine, the rate was 
much lower and the pits disappeared. How
ever, after some time the rate increased again 
and new pits began to form. These new pits 
were aligned parallel to the crystal steps. 
Quite apparently, the chlorine treatment had 
removed all exposed catalysts, but subsequent 
combustion which occurred only at crystal 
steps exposed new catalysts which produced 
pits close to these steps. The cumulative effect 
of these catalysts is further demonstrated by 
burning an irradiated sample nearly to com
pletion. The combustion rate of the last 
10% of the sample was as much as fifty times 
higher than the initial rate. This observation 
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can also not be attributed to dislocations or 
vacancies. 

It is now obvious that the true, uncatalyzed 
combustion rate of irradiated crystals can
not be precisely determined on any of the 
material we have been working with, be
cause there are present in these crystals cer
tain impurities which are catalytically inac
tive before irradiation but become activated 
by irradiation. We feel, however, that the 
initial combustion rates before extensive 
burn-off and the rates after repurification 
indicate that the combustion rate uncompli
cated by catalysis is nearly the same for ir
radiated as for unirradiated graphite crystals. 
We hope to extend these studies to flakes of 
graphitized coke to decide whether catalysis 

plays a similar important role in the com
bustion of irradiated artificial graphite. 

The sensitivity of graphite to combustion 
inhibitors is definitely decreased by irradia
tion. Chlorine decreases the burning rate of 
unirradiated graphite at least twentyf old, but 
decreases the burning rate of irradiated 
graphite only about eightfold. 

In conclusion we can state definitely that 
the burning rate of even single crystals of 
graphite is often considerably altered by 
irradiation. We feel that these changes may 
be attributed to catalytic effects. There ap
pears to be some evidence that the direct, 
uncatalyzed burning rate is very little af
fected by irradiation. 
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Abstract 

The purpose of this investigation was to determine, the influence of radiation-induced 
lattice defects and the efl'ect of various types of radiation on a gas-solid reaction. The 
results are of practical interest for graphite moderated reactors. The graphite-oxygen 
reaction was studied in a gamma radiation field, in the radiation field of the Brookhaven 
reactor, and in the absence of any radiation. The graphite-air reaction was carried out 
inside the reactor and also in the absence of any radiation. The temperature range was 
250° to 450 °C. Graphite samples were irradiated in the Brookhaven reactor and the 
oxidation studied subsequently by measuring the weight loss as a function of time in a 
stream of oxygen or air. An exposure of 4 x 10°" neutrons/cm'', which produces about 
2% displaced atoms at room temperature, increases the rate of oxidation by about a 
factor of 5 to 6 relative to the unirradiated sample. The oxidation rate of untreated 
samples in the presence of gamma-rays alone (200,000 r /hr) is slightly increased. A 
more significant increase is observed at the higher intensity of 600,000 r/hr. The 
reaction rate of samples previously irradiated (4 X 10"" neutrons/cm") in the reactor 
and oxidized in the presence of gamma-rays (200,000 r /hr) at 300°C is higher by an 
additional factor of about 4, i.e., a factor of about 20 relative to unirradiated specimens. 
It is concluded that displaced atoms exert a large influence on the rate of this hetero
geneous gas-solid reaction. When, in addition, ionizing radiation is present during the 
reaction, the rate is further increased, probably because of the ionization of oxygen 
molecules. 

The oxidation of virgin graphite inside the Brookhaven reactor was performed at 
two different fluxes (2 X 10'" and 6 X 10'° neutrons/cm--sec) at 250°, 300°, 350°, and 
400 °C. It was found that the rate depends on the temperature, flux, and type of oxidant. 
At 250° and 300 °C the rates at the higher flux are 20 to 30 times higher than those 
of virgin graphite oxidized in the absence of radiation. A combination of effects arising 
from the presence of displaced atoms and ionization of the oxygen molecules is probably 
responsible for the increased rate. However, at 350° and 400°C not only are the rates 
lower than those at 300 °C in the higher flux, but they are lower by a factor of about 
6 than for virgin graphite oxidized in the absence of any radiation field. The rates in 
the lower flux increase with increasing temperature, but the rate at 400 °C is lower by 
a factor of 10 than the thermal oxidation rate for virgin graphite. This inhibition of 
the oxidation reaction in the reactor at the two higher temperatures is a well repro
ducible result. The explanation for this inhibition is not known at the present time. 
Whenever air is used as an oxidant the rates are lower than with pure oxygen by a 
factor of 2 to 4. 

INTRODUCTION 

The effects of high energy bombardment of 
solids have been studied intensively in the 
last decade by many investigators.^ Large 

*Under contract with the U.S. Atomic Energy 
Commission. 

changes in the physical properties of ma
terials are observed particularly upon fast 
massive particle irradiation, for example by 
fast neutrons in a nuclear reactor, which re
sult in the displacement of the atoms from 
their normal lattice positions. 

The imperfections in the crystal, which 
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are created by high energy bombardment, 
may be expected to alter the chemical prop
erties of a crystal in a significant way. The 
present investigation in a general sense is 
concerned with the determination of the in
fluence of neutron and gamma radiations on 
a gas-solid reaction. The reaction studied 
here was the oxidation of irradiated and un
irradiated graphite over the 250° to 450 °C 
temperature range. Graphite was chosen 
for this study because of its technical im
portance in reactors. The work of Hurst 
and Wright,^ Sheard, Davidge, Brown, and 
Kenney,^ Karp,* and Burton^ and others at 
Hanford clearly shows the importance of 
such data in reactor technology. It is also 
known that gamma irradiation has no per
manent effect upon the properties of graphite 
and thus permits a study of the effects of dis
placed atoms and of ionizing radiation on this 
gas-solid reaction. 

EXPERIMENTAL 

Specimens 

The graphite used in these studies was 
either virgin (not previously irradiated) or 
previously reactor irradiated material. The 
unirradiated material was type AGOT graph
ite, and the specimens were cut from the same 
large block to eliminate the well-known 
sample to sample variation in graphite as 
much as possible. The previously reactor ir
radiated material was type AGHT which had 
been subjected to an integrated thermal neu
tron flux of 4 X 10^" nvt (temperature of ex
posure 25° to 50°C). All the samples used 
were 1/8 in. in diameter and 2 in. long. Sim
ilar samples of unirradiated AGHT graphite 
were available, and the equivalence of the 
two types* for oxidation studies was estab
lished by oxidation measurements with O2 in 
the absence of radiation (thermal oxidation). 
Over the 250° to 400 °C temperature range 
the oxidation rates agreed within a few per
cent. Some measurements have also been 
made recently on AGOT graphite samples 
which were irradiated for 55 and 110 days in 
the Brookhaven reactor under carefully con-

*Both these types are reactor grade graphite of 
practically Identical properties except for small 
differences in neutron capture cross sections. 

trolled conditions. The temperature during 
irradiation was kept at 25° to 40°C. 

The actual tests performed were 
1) Virgin and irradiated samples were 

oxidized in the absence of a radiation field or 
in the presence of ionizing radiation from 
Co**" gamma-ray sources (the gamma-ray 
fields were either 200,000 or 600,000 r / h r ) . 

2) Virgin samples were oxidized in the 
absence of and in the presence of pile radia
tion with air and pure oxygen as the oxi
dants. In the pile oxidation studies the 
samples were oxidized in the presence of 
either 4 X 10" or 1 X 10" thermal neu-
trons/cm^-sec. 

Procedures and Apparatus 

The graphite samples were oxidized by 
passing oxygen over weighed samples in a 
furnace kept at constant temperature. The 
oxygen was dried and preheated before it was 
passed over the graphite samples. The tem
perature of the samples was controlled by 
imbedding a thermocouple in one of the sam
ples and using a Model JS Stepless Con
troller.* Another thermocouple imbedded in 
another sample was used for continuous re
cording. 

Oxidations were performed at 450°, 400°, 
350°, 300°, and 250 °C with the temperature 
kept constant within i 5°C. The oxidizing 
gas was passed over the graphite at the rate 
of 1.5 1/min, and the exhaust gases were al
lowed to escape into the atmosphere except 
that in the case of previously reactor irradi
ated samples care was exercised to prevent 
contamination of the atmosphere. 

The graphite samples were weighed before 
and after each oxidation run and the total 
weight loss was determined. The time of 
each oxidation run ranged from 3 to 20 days 
with the total time of oxidation extending up 
to 170 days. 

The furnaces used consisted of an alundum 
core wound with nichrome wires which 
served as the heating element. This core and 
wire assembly was insulated with a thick 

*West Instrument Corporation, Chicago, Illinois. 
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1S* "It % ft 

samples were placed in holders (Figure 1) 
except in the case of oxidations performed in 
the 200,000-r/hr gamma-ray source which 
contained only 6 samples because of space 
limitations in the cobalt source. 

A 5-ft-long furnace used for in-pile ex
periments consisted of a nichrome wire 
wound around a li/4-in.-diameter alumi
num tube which extended to the face of the 
pile. The holder containing 12 graphite 
samples was placed in an air-tight aluminum 
case. The holder and case are shown in 
Figure 2. Attached to the case was a 1/4-
in.-diameter aluminum tube which contained 
the thermocouples inserted in the graphite 
samples to measure and control the sample 
temperature, and also served as the inlet tube 
for the oxidizing gas (either air or oxygen). 
To maintain a constant temperature, air was 
passed around the aluminum casing through 
a separate inlet tube and exhausted into the 
plenum chamber. The rate of flow of the 
cooling air depended on the temperature de-

if-

"^%t«4*5^ 
W 

<.^^4^-

Figure 1. Sample holders used for 
oxidation studies 

layer of asbestos through which a copper 
tube was inserted to preheat the oxygen 
which was passed over the samples. The 

Figure 2. Sample holders used for in-pile 
oxidation studies 
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sired as well as on the pile conditions. Oxida
tions in experimental hole E-45 (the higher 
flux hole) have been carried out at 250°C 
and 300 °C with air and at 250°, 300°, 350°, 
and 400 °C with oxygen, while the oxidations 
in experimental hole E-11 (the lower flux 
hole) have been carried out at 250°, 300°, 
350°, and 400 °C with oxygen only. 

Results 

After each oxidation the total weight per
cent loss was computed for each sample. 
These losses were averaged and plotted as a 
function of time. Representative curves are 
shown in Figures 3 to 11. 

The rates of oxidation were determined 
from the slopes of the straight line portions 
of the various curves. This usually meant 
ignoring the initial portions of the curves 
and considering the steady state portions as 
the pertinent oxidation rates. The oxida
tion rates at various temperatures are com-
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Figure 3. Percent weight loss vs time curve 
for graphite at 300°C; slopes given 

as % loss/100 days 
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Figure 4. Percent weight loss vs time curve 
for graphite at 350°C; slopes given 

as % loss/100 days 

piled in Tables 1 and 2. Log rate vs l /T 
plots are shown in Figure 12 with the cor
responding activation energies given in the 
caption. 

DISCUSSION 

From the experimental results the follow
ing conclusions may be drawn. 

Previously Irradiated and Virgin Samples 
1) Prior reactor irradiation increases 

greatly the oxidation rate of graphite in the 
250° to 400 °C range. The ratio of the reac
tion rates of irradiated and unirradiated 
graphite decreases with increasing reaction 
temperature from a ratio of 5 to 6 at 300° to 
350°C to about 2.3 at 450°C. Previous 
work®''̂  has shown that an irradiation of 
4 X 10^" neutrons/cm^ produces of the order 
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Table 1 

Rate of Oxidation for Graphite in Pure 0_. Subjected to Various Irradiations 

(Reaction rates in % weight loss/100 days) 

T, °C 

450 
400 
350 
300 
250 

Activation 
energy, 

kcal/mole 

Unirradiated 
samples 

(oxidized in air) 

55.12 
3.09 
0.15 
0.023 

negligible 

54.0 

Unirradiated 
samples 

86.2 
6.62 
0.38 
0.056 
0.020 

48.8 

Irradiated 
samples 

196.6 
34.76 
2.58 
0.28 
0.108 

36.1 

Irradiated 
samples 

(55 days) 

12.20 
1.82 
0.14 

35.9 

Irradiated 
samples 

(110 days) 

364.0 
56.0 
3.5 
0.90 
0.11 

Unirradiated 
samples -|-

200,000-r/hr 
y flux 

14.74 

0.066 
0.034 

41.9 

Unirradiated 
samples 

600,000-r, 
y flux 

36.92 
2.21 
0.14 

42.9 

+ 
/hr 

Irradiated 
samples + 

200,000-r/hr 
y flux 

76.80 

1.14 

32.5 

of 2.5% displaced atoms in graphite. At the 
temperature at which the oxidation experi
ments were performed, annealing takes place, 
and at most 1% of the displaced atoms are 
present. It must be assumed that the dis
placed atoms are responsible for the in
creased rate of oxidation of the irradiated 
samples. From the results at 400 °C for ex
ample, it is clear that the higher oxidation 
rate persists even when 20 to 25% of the 
specimen has been oxidized. Thus, the dis
placed atoms are not themselves being oxi
dized preferentially, but they facilitate in 
some way the over-all oxidation. This effect 

is not brought about by an increase in surface 
area, since it is known from the recent work 
of Spalaris" that the surface area and the 
porosity (for all sizes of pore radii) of 
graphite decrease significantly upon reactor 
irradiation at room temperature (as much 
as 40% decrease in surface area for 4 X 
1020 n v t ) . 

2) Ionizing radiation (gamma-rays) pres
ent during oxidation also increases the rate 
of oxidation of unirradiated graphite, but by 
a much smaller factor. This effect is en
hanced by the presence of displaced atoms in 

Table 2 

Rates of Oxidation for Graphite Subjected to Various Irradiations* 

(Reaction rates in % weight loss/100 days) 

r, "c 

450 

400 

350 

300 

250 
Activat ion 

energy, 
kcal /mole 

Uni r rad ia ted 
samples 

86.2 

6.62 

0.38 

0.056 

0.020 

48.8 

I r rad ia ted 
samples 

195.6 
34.76 

2.58 

0.28 

0.108 

36.1 

Pile samples , ** Pile samples, ** 
high flux, high flux, 

E-45 E-45 (a i r ) 

1.00 

0.67 

1.22 

0.74 

1.6 

0.33 

0.15 

' Pile samples , *'• 
low flux, 

E-11 

0.61 

0.27 
0.14 

0.076 

9.0 

*02 was used in all cases as the oxidant except when air is indicated. 
**Rates are per 2500 Mwd, which is approximately equal to 100 days. 
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• UNIRRADIATED SAMPLES, OXIDIZED IN 
ABSENCE OF ANY RADIATION 

o IRRADIATED SAMPLES, OXIDIZED IN 
ABSENCE OF ANY RADIATION 

Figure 5. Percent weight loss vs time curve 
for graphite at 400°C; slopes given as 

% loss/100 days 

irradiated graphite, where a further increase 
of the rate by about a factor of 3 is observed 
at 300 °C. Data available at 400 °C show 
that the effect of ionizing radiation is similar 
at this temperature. The gamma-ray effect 
is probably due to the ionization of oxygen 
molecules, since gamma-rays have not been 
observed to have any effect on the properties 
of graphite. 

3) The activation energy for the oxidation 
of unirradiated graphite was found to be 48.8 
kcal/mole as determined from the straight 
line portion of the curve of Figure 12. This 
value is higher than the 37 kcal/mole 
measured by Gulbransen and Andrew* in the 
425° to 575 °C range and 40 kcal/mole men
tioned by Hurst and Wright.^ The value of 
42.6 kcal/mole found by Karp'' using air as 

an oxidant and the value of 39.8 kcal/mole 
found by Sheard^ are also lower. The results 
of this investigation show that neutron ir
radiation lowers the activation energy for 
the reaction, i.e., 36.1 kcal/mole. This may 
be interpreted as an actual lowering of the 
activation energy or as a superposition of 
two reactions, the normal thermal reaction 
plus the defect-induced oxidation. This point 
cannot be decided until the reaction is fol
lowed over a much wider temperature range. 
The curvature in the log rate vs 1/T curves 
at low temperature might indicate the onset 
of another mechanism. It must be admitted, 
however, that errors are very large at the 
low rates of oxidation encountered at 250 °C 
and more refined techniques need to be de
veloped. In any case, the irradiation effect 
persists. 

In-Pile Samples 

The results for in-pile experiments are 
given.in Figures 6 to 11. Experiments have 
been performed in a flux of 4 X 10̂ ^ neu-
trons/cm^-sec (E-45) in oxygen at 250°, 
300°, 350°, and 400 °C, and in air at 250° 
and 300°C. Oxidations were also run in a 
flux of 1 X 10̂ 2 neutron/cm^-sec (E-11) in 
oxygen at 250°, 300°, 350°, and 400°C. 

It is clear from the curves in Figures 6 
and 7 that pile radiation, flux, and the type 
of oxidant have an effect on the rate of oxida
tion. Although the flux in E-45 is only 3 to 
4 times that of the flux in E-11, the rate ob
served is 9 to 10 times as large. Sheard and 
Davidge" also show that the rate increases 
with pile power (flux). Tables 1 and 2 show 
that the rate of oxidation of virgin samples 
in hole E-45 (high flux) is only slightly 
higher than the rate of previously irradiated 
samples in a 200,000-r/hr gamma flux at 
300°C. It is difficult at this point to ascertain 
quantitatively the effects due to ionizing ra
diation and displaced atoms. However, 
Wild" has pointed out that the increased rate 
is due to the formation of ozone. Therefore, 
some similar mechanism is likely to occur in 
the case where previously pile irradiated 
graphite is oxidized in the presence of a 
200,000-r/hr gamma source and in the oxi
dation of virgin graphite in the high flux 
hole (E-45). 
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Figure 6. Percent weight loss vs time curve for graphite at 250°C; slopes given 
as "U loss/2500 Mwd except for the unirradiated sample given as % loss/100 days 

Table 2 shows that the rate of oxidation in 
E-45 with oxygen is 4 to 5 times greater than 
when air is used, and Table 1 shows that the 
rate of oxidation of virgin graphite with oxy
gen is 2.5 times greater than when air is 
used. The difference in rate when using 
oxygen versus air is most probably due to 
the lower partial pressure of oxygen in the 

air stream. There may also be partial cover
age of the graphite by nitrogen. The reason 
for the reduction of the rate for in-pile oxida
tion when air is used may again be due to the 
partial coverage of the graphite by nitrogen. 
It may be fortuitous, but the ratio of the 
rates is proportional to the partial pressure 
of oxygen, which is proportional to the sur-
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Figure 7. Percent weight loss vs time curve for graphite at 300°C; slopes given as 
% loss/2500 Mwd except for the unirradiated sample given as % loss/100 days 

face coverage by each of the reacting gases, 
that is N2 and O2. Further, the reduction of 
the air oxidation rate in the presence of pile 
radiation may also be partially attributed to 
the reaction between N2 and O2 to form nitro
gen oxides and thereby reduce the oxygen 
available for the oxidation reaction. Ex
periments performed on oxygen and air 

streams in the pile should aid in the elucida
tion of this point. 

Figures 8, 9, 10, and 11 show the results 
obtained for in-pile oxidations at two dif
ferent fluxes at 350°C and 400°C. Two sets 
of runs are plotted and they are in good 
agreement. From these figures and Table 2 
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Figure 8. Total weight % loss vs time curve 
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Figure 9. Total weight % loss vs time curve for 
graphite at 400°C; in-pile oxidation low 

flux (E-11) using O2 

it is readily seen that the results for in-pile 
oxidations at 350° and 400 °C are inconsistent 
with all previous data. Not only are the 
rates at 350° and 400°C in the high flux 
(E-45) actually lower than the rate at 300°C, 
but the rate at 400 ° C is lower by more than a 
factor of 6 than the rate at 400 °C for virgin 
samples in the absence of radiation. In the 
case of oxidations carried out in the low flux 
(E-11), the rates increase with increasing 
temperature, but the rate at 400 °C in the 
low flux (E-11) is lower by a factor of 10 
than the rate at 400° C for virgin samples. 
These results are reproducible and certainly 
startling, but, unfortunately, we have no ex
planation for them. 

Figure 12 shows some rate of oxidation 
versus 1/T curves. As pointed out before, 
the apparent activation energy is lower for 
previously pile irradiated samples. Similarly 
the apparent activation energies are reduced 
for in-pile oxidations. In this sense the data 
are consistent. 
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Figure 11. Total weight % loss vs time curve 
for graphite at 400°C; in-pile oxidation high 

flux (E-45) using O2 

Some additional experiments were per
formed very recently in order to check on the 
role of annealing the graphite and of impuri
ties in the graphite. Samples of virgin and 
pile-irradiated (4 X 10 °̂ nvt) graphite were 
annealed at 600° and 2800 °C and their oxida
tion rates measured at 300 °C. No changes 
were observed in the case of the virgin graph
ite. The rate of oxidation of the irradiated 
graphite after the 600 °C anneal was about 
the same as that for the unannealed irra
diated graphite. However, after the 2800 °C 
anneal the rate for the irradiated graphite 
came back to that characteristic of unirra
diated material. Thus, the increased oxida
tion rate of irradiated graphite is due to dis
turbances in the solid which do not anneal at 
the lower temperatures. 

The following impurities were found to 
be present in the graphite used in these 
studies: Ca > Si > Fe > Ti > V > Ni. The 
exact amount of the various elements is not 
known, but the total runs between 0.05 and 
0.1%. When graphite is annealed at 600°C 
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Figure 12. Rate of oxidation vs 1/T for graphite 
oxidized under various conditions 

the total amount of impurities remains the 
same, but after a 2800 °C anneal the over-all 
concentration is reduced to 0.001 to 0.002%, 
most probably because of the boiling off of 
the above impurities at this high tempera
ture. Apparently the concentration of im
purities in our graphite samples does not af
fect significantly the rate of oxidation, be
cause virgin samples annealed at 600° and 
2800 °C have the same rates of oxidatiop. 

Several points are clear from this investi
gation. Temperature, radiation, the type of 
oxidant, and flux have a very significant ef
fect on the rate of oxidation of graphite. Data 
of this sort should prove useful in reactor 
technology as well as in the solid state stud
ies of graphite. 
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Chemical React ions of Graph i te* 

M. DzuRUs, G. R. HENNIG, AND G. MONTET 
Argonne National Laboratory, 

Lemont, Illinois 

Abstract 

A brief survey will be presented of typical chemical reactions of graphite. Reactions 
studied by us recently will be discussed in more detail. These are reactions of graphite 
with hydrogen, reactions of graphite with sodium, and changes in general reactivity of 
graphite caused by irradiation. 

Graphite does not appear to form any stable lamellar compounds with hydrogen at 
least below 1000 °C as indicated by electrical measurements. If graphite is bombarded 
with accelerated protons, these are retained by the lattice, apparently as either hydrogen 
molecules or ions but not as hydrogen atoms. The hydrogen diffuses at elevated 
temperatures with an activation energy of about 12 kcal. 

Very pure sodium does not appear to react with polycrystalline graphite at temper
atures up to 450°C. (At higher temperatures carbide is formed.) Small amounts of 
impurity will, however, cause reaction. In Pyrex apparatus, enough potassium is 
apparently leached out of the glass to cause some reaction. Sodium hydroxide, sodium 
oxide, barium oxide, and other impurities cause rapid visible interactions of sodium with 
graphite. The reactions decrease the electrical resistivity. We believe this change to 
indicate that the oxide occupies what we have called "spacer" positions in the lattice 
and thus facilitates the intercalation of sodium. 

Irradiation of graphite decreases the rate at which it reacts with certain substances 
like bromine or sulfuric acid (ANL-5693, Feb. 8, 1957). The reasons for this will be 
discussed. It will be shown that a similar effect may well increase the reactivity to 
sodium although this speculation has not yet been tested. 

Graphite reacts with many substances such 
as bromine, ferric chloride, and potassium to 
form interstitial compounds of graphite 
called lamellar compounds. In these lamellar 
compounds the general layer structure of 
graphite is preserved, but the planes of car
bon atoms alternate in a definite periodic se
quence with planes of the reactant. Elec
trical measurements have shown that sub
stances which react with graphite in this 
way cause an electron transfer to take place 
between the graphite and the reactant. In 
fact, the formation and stability of the 
lamellar compounds probably depend upon 
this electron transfer. 

*Based on work performed under the auspices of the 
United States Atomic Energy Commission. 

Two classes of lamellar compounds may be 
distinguished. If electrons are transferred 
from the carbon layers to the reactant, ac
ceptor, or P-type, compounds are formed. By 
far the larger number of substances form 
P-type compounds. A few reactants, such as 
potassium and similar metals, form A/̂ -type, 
or donor, compounds by transferring elec
trons from the reactant to the carbon layers. 
Instead of discussing the systematics of these 
reactions of graphite, we will confine our
selves to a description of a few isolated cases 
which we are investigating at the present 
time, some of which may be of importance to 
the design of reactors incorporating graph
ite. 

As already mentioned, the number of 
known N-type compounds is rather small. 
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We thought that hydrogen might possibly 
form such A^-type compounds with graphite, 
and we made a search for such reactions. 
The most sensitive indication for compound 
formation is a change in the Hall coefficient 
and in the magnetoresistance caused by 
changes in the electron population of the 
graphite conduction bands. No such changes 
were observed in artificial graphite heated 
with hydrogen up to temperatures of 1000°C. 
It is known, however, from work of Bang-
ham and Stafford, that electrical discharge in 
hydrogen gas will cause appreciable occlusion 
of hydrogen in graphite. This occlusion has 
been studied by us in some detail. Up to the 
present time no electrical property changes 
have been found due to such occluded hydro
gen ; this, we feel, indicates that no true 
homogeneous lamellar compound with hydro
gen is formed. In cooperation with Dr. 
Smaller of our Laboratory we searched for 
new resonance absorption peaks which could 
be attributed to this occluded hydrogen. 
Again none was found, which indicates that 
the hydrogen is either occluded as molecular 
hydrogen or possibly as hydrogen ions, but 
not as protons. The diffusion of the occluded 
hydrogen out of the graphite occurs at an 
appreciable rate only at temperatures several 
hundred degrees higher than the temperature 
where reaction had occurred. From the 
temperature dependence of the rate an ap
parent activation energy for diffusion of hy
drogen in graphite was calculated; this is 
about 13 kcal per mole of carbon. 

It is agreed by numerous investigators that 
lamellar compounds are formed by the heavy 
alkali metals, potassium, rubidium, and 
cesium, but not by the light ones, lithium and 
sodium. In the course of our investigation of 
A^-type compounds we examined this selectiv
ity in more detail. It would obviously be 
very important for reactor design if sodium 
and graphite did not really interact, because 
then a graphite moderator would not have to 
be protected from a coolant of liquid sodium. 

Before discussing the sodium-graphite re
actions, we should like to review a few of our 
findings on P-type compounds. It has been 
shown that many substances which do not 
react by themselves with graphite will do so 

in a ternary system. For example, pure 
iodine and pure aluminum trichloride are in
ert to graphite separately, but will react 
when all three compounds (graphite, alu
minum chloride, and iodine) are heated to
gether. We mentioned earlier that an elec
tron transfer is necessary for compound 
formation. One of the reasons why the elec
tron transfer stabilizes the compounds is an 
electrostatic interaction in the resulting ionic 
compound. The electrostatic energy of the 
compounds will be most favorable if charges 
of equal sign are separated as much as pos
sible. The stability of the lamellar com
pounds will, therefore, be increased if equal
ly charged ions are not in contact. Electrical 
properties, such as electrical conductivity and 
Hall coefficient, show that in all lamellar 
compounds only a definite fraction, usually 
one-fourth, of the reactant transfers charge 
to or from the graphite lattice. The re
mainder is unionized and serves a very im
portant function as a spacer, keeping the 
charged species separated from each other 
and decreasing the coulomb repulsion of 
equal charges. This unionized spacer can be 
the same chemical species as the ionized one 
as, for instance, in the bromine compound, or 
it may be different. For example, in the 
iodine—aluminum chloride compound, the 
iodine is ionized and for each iodide ion, 
three aluminum chloride molecules are pres
ent as spacers. 

We have found that sodium can also be 
caused to react with graphite by providing 
the right kind of spacer, such as ammonia or 
amines. These will facilitate rapid reac
tions of graphite and sodium. We realized 
that any substance which might conceivably 
act as the so-called spacer would have to be 
excluded from a sodium-graphite system if 
one intended to prevent reactions. 

Preliminary experiments appear to have 
confirmed these speculations. First, we were 
able to confirm that sodium will not react 
with graphite. We utilized again the sensi
tive test of electrical property changes. When • 
the reaction is carried out in Pyrex at about 
400°C, there is observed a small amount of 
reaction, which we attribute to the ability of 
sodium metal to leach potassium out of the 
Pyrex. Potassium, in turn, will react even 
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at low concentrations with graphite. The 
use of Pyrex was therefore avoided. Sodium 
was redistilled repeatedly and finally heated 
with graphite, all in an apparatus made of 
vitreous silica. No visual or electrical evi
dence for any reaction was observed after 
many hours' heating at 450°C. 

If care is not taken to remove oxygen 
from the sodium, a vigorous interaction with 
graphite is observed. In fact sodium oxide, 
sodium hydroxide, sodium peroxide, barium 
oxide, and, of course, ammonia, mentioned 
earlier, all cause an interaction of sodium 
with graphite. In most cases the polycrys
talline graphite samples completely disin
tegrated. In single crystals of graphite the 
evidence for reaction was less definite. When
ever chemical compound formation has taken 
place, microscopic examination of crystals 
nearly always shows two characteristic 
changes. In order to perform these tests 
the compound must be decomposed thermally 
or by chemical treatment. As a consequence 
of this treatment, the surfaces of the crystals 
become striated with numerous twin lines 
which do not show the definite orientation 
followed by twin lines on untreated crystals. 
Siich typical puckering of the crystal sur
faces is seen after treatment with bromine. 
Those crystals which had been treated with 
sodium and sodium oxide showed a very sim
ilar appearance. The second test is less sen
sitive. Thermal decomposition of concen
trated compounds results in a large-scale dis
integration of the crystals. The crystal ac
tually swells in the direction of its c-axis to 
many times its former thickness, at the same 
time breaking up into numerous lenticular 
segments. Such deformation was also ob
served on some of the crystals treated with 
sodium and sodium oxide. We do not as yet 
have any x-ray structural evidence for the 
presence of lamellar compounds in these re
action products. Since ordinary oxygen-con
taining impurities such as sodium peroxide 
and sodium hydroxide react with liquid so
dium at elevated temperatures to combine 
all the oxygen as sodium monoxide, we 
feel that probably the sodium has reacted 
by using the sodium oxide impurity, or 

barium oxide or ammonia, as the "spacer" 
described earlier. 

From these experiments we might conclude 
that sodium and graphite can be allowed to 
be in contact in a reactor as long as oxide is 
carefully excluded from the sodium. How
ever, we must remember that once the reac
tor starts operating, the properties of the 
graphite will be altered by radiation damage. 
It is not inconceivable that radiation will 
also increase the reactivity of graphite to
wards sodium. 

Such an increase could in fact be justified 
as follows. Radiation damage is known to 
deplete the electron conduction band of 
graphite; therefore one might expect that 
such damage favors reactions of graphite 
with electron donors such as the alkali 
metals, and suppresses reactions with elec
tron acceptors such as bromine. In addition 
radiation damage produces carbon ions and 
C2 molecules which are lodged between layer 
planes. These may conceivably function as 
the required spacers in the sodium-graphite 
reaction when enough of them have accumu
lated. We have confirmed experimentally 
the suppression of acceptor reactions. After 
heavy irradiations bromine will not react 
with graphite at all. Even after weak ir
radiations reaction is very slow. Another 
acceptor compound, the graphite bisulfate 
compound, was found to form even with ir
radiated graphite, but the reaction rate ap
peared lower, and furthermore, electrical 
measurements showed that part of the ra
diation damage was actually annealed during 
the formation of the bisulfate compound. 

Unfortunately we do not have many meas
urements as yet on interactions of very pure 
sodium and irradiated graphite. In one pre
liminary experiment, in which the graphite 
had been bombarded for 700 Mwd units, it 
was found to retain its shape after extended 
exposure to hot sodium. Further experiments 
are obviously required to confirm the tenta
tive conclusion that radiation damage has 
little effect on the interaction of sodi-um and 
graphite. 



Interactions of Graphite With Liquid Sodium 
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Abst rac t 

Observations and measurements of the chemical in teract ions of g raph i te and 
sodium are reviewed, covering the t empera tu re r a n g e 100° to 900°C. In te rp re ta t ions 
of the observed effects are given in t e rms of the unique s t ruc ture and proper t ies of 
graphi te . Phenomena discussed include wet t ing and capil lar i ty, g raph i t e expansion, 
corrosion and mater ia l t ransfer , and formation of sodium-graphi te in ters t i t ia l 
compounds. 

INTRODUCTION 

The chemistry of the sodium-graphite sys
tem, especially in its kinetics, is influenced 
by the chemical purity of the sodium em-
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Figure 1. Sodium absorption by g raph i te 
—capil lary effect' 

ployed and by both the chemical and physical 
condition of the graphite. Artificial graph
ite is a polycrystalline compact whose crys
tallites themselves vary widely in activity 
depending upon which crystal face is under 
consideration. The grains are held together 
in the compact by a cementitious material 
consisting of the pyrolysis products of pitch. 
This material includes graphitized carbon; 
non-graphitic carbon; organic degradation 
products containing oxygen, hydrogen, and 
other elements; and inorganic residues. 
Finally, commercial graphites contain a 
very large porosity, of the order of 25% of 
the bulk volume. The pore surfaces represent 
adsorption sites for large quantities of 
gases. These characteristics of graphite, 
and their variation from source to source, 
affect its chemical behavior and lead to large 
irreproducibilities. While the trends and 
qualitative relationships in the cited data 
are probably reliable, the numbers themselves 
should not in most cases be accorded a 
fundamental significance. 

WETTING AND INTERGRANULAR 
PHENOMENA 

Sodium readily wets graphite at tem
peratures somewhat above the melting point 
(98°C). Up to 300°C this wetting is rela-
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Figure 2. Dilation of TSP grade graphite due to absorption of sodium' 

tively slow, impeded by impurity films. The 
contact angle of the liquid has required from 
a few minutes to y.> hr to fall below 90° in 
experiments performed in the 200° to 300 °C 
region. The sodium ultimately soaks into 
the graphite pores, and has been found on 
later visual examination to be rather uni
formly distributed throughout the capillary 
space available.' 

Formal studies of the capillary or 
"sponge" effect have been conducted; for 
example, by standing a graphite rod with its 
foot in a reservoir of sodium inside an evacu
ated chamber. Figure 1 illustrates results 
obtained by Coultas and Cygan,^ who found 
roughly 60 % of the connected voids filled by 
the liquid at 450°C and 100% at 550°C. 
Carbon impregnation of the graphite slowed 
this sponge activity but had little effect on 
the final absorption. In similar experiments, 
Greening and Davis* found 68% of the con

nected voids filled at 650°C, and Collins^ 
found over 90% filled at 735°C. It is not un
likely that failure to fill all voids in all cases 
was due to the trapping of gas in blind 
pockets. Escape of this gas should be fa
cilitated by raising the temperature, but 
quite variable results should reasonably be 
expected under differing experimental con
ditions and with different graphites. 

The uptake of sodium is accompanied by 
an anisotropic dilation or swelling of the 
graphite. The weight of evidence avail
able suggests that this swelling is intercrys-
talline rather than a characteristic of the 
graphite crystallites. In particular, x-ray 
diffraction patterns of graphites soaked in 
sodium have shown no increase in the lattice 
constants. At temperatures at which the 
wetting angle is small, a very thorough 
penetration of boundaries takes place, re
sulting in a wedging action. Further, the 
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attraction between crystallites is weakened 
by the penetration of the liquid, and sodium 
may react chemically to destroy the non-
graphitic constituents of the intergranular 
cement. There is then an extensive relaxa
tion of internal stresses which is observed as 
an increase in volume. 

This dilation has been measured as a 
function of temperature over the range 150° 
to 650 °C by Greening and Davis.** Their 
curves, which are corrected for the normal 
thermal expansion, are shown in Figure 2. 
The influence of potassium contamination 
of the sodium is also illustrated in these 
curves. Potassium markedly increases the 
extent of the chemical interaction at all tem
peratures. In the work cited here this ef
fect might be attributed to an increased 
energy of surface interactions, although the 
further possibility of expansion of the crys
talline phase of graphite is indeed likely. 
The interstitial compounds formed by the 
alkali metals with graphite will be treated 
later. 

GilP has made a series of similar measure
ments of the dilating effect of sodium on 
graphites of a number of types, ranging in 
density from 1.6 to above 2.0. Dilation at 
550 °C showed no important variation over 
the series. 

At temperatures exceeding 600 °C, reac
tion with sodium begins to take the form of a 
visible corrosion of the graphite. A number 
of experiments by Loftness et al.° in which 
graphite specimens encapsulated together 
with sodium were held for 100 to 200 hr at 
800° to 920 °C, are illustrated in Figure 3. 
The mechanism of this corrosion is at present 
uncertain, but may include the following: 

1) colloidal suspension of graphite crys
tallites in the liquid; 

2) formation of sodium-graphite com
pounds and solution of these in the liquid; 

3) formation and solution of sodium acet-
ylide, NaiC^. 

Redeposition of carbon out of either of the 
first two systems should lead to a reasonably 

I-

iv^-'? 

mi 
Mi m • ^ • 

Figure 3. Type AWG graphite specimens exposed to liquid sodium at high temperatures" 

C-27: after 168 hr in vacuum at 900 °C 
C-28: after 168 hr in vacuum at 900°C 
C-29: after 337 hr m liquid Na at 920°C (shielded specimen) 
C-31: after 168 hr in liquid Na at 900°C (shielded specimen) 
C-23: after 168 hr in liquid Na at 900°C (shielded specimen) 
C-16: after 160 hr in liquid Na at 900 °C 
C-8: after 168 hr in liquid Na at 800 °C 
C-7: after 168 hr in liquid Na at 900 "C 
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Figure 4. Carburized type 347 stainless steel; contained Na and graphite; 168 hr at 900°C'' 

well-defined crystalline solid bearing the 
characteristic graphite lattice, and such 
crystalline-appearing deposits were observed 
by Loftness and co-workers in some of their 
experiments. Unfortunately, no x-ray dif
fraction patterns were taken. Traces of 
Na..C2 have been detected in the sodium in 
both this work and another," but it is not 
clear whether this has derived from degrada
tion of the layer lattice of the graphite crys
talline phase or from the non-graphitic con
stituents of the cementing material. The 
latter source appears more logical at present. 

A practical consequence of the corrosion 
of graphite arises in the transfer of carbon 
through the liquid, and in some systems this 
takes the form of carburization of steels. 
Pure sodium normally decarburizes steel, but 
when it is saturated by contact with graphite 
at 600 °C or above, the process is reversed. 
Figure 4 (from ref. 5) shows the extensive 
carburization of type 347 stainless steel oc
curring in a static system at 900 °C. Thermal 
convection loops operated by Coultas and 
Cygan^ evidenced this same carburization 
down to steel temperatures as low as 550 °C 

in a dynamic system under a temperature 
gradient. This approximate lower limit has 
been substantiated by more recent work. 

Between 600° and 700 °C, the corrosive 
attack on graphite has been found apprecia
ble only if a material is present into which 
the sodium can "dump" its contained carbon. 
At higher temperatures this sink assumes 
less importance, until at 800° to 900 °C it 
provides only a perturbation of an already 
appreciable rate. 

SODIUM-GRAPHITE COMPOUNDS 

The matter of crystalline sodium-graphite 
compounds is next given detailed attention. 
A schematic representation of the graphite 
crystal lattice is shown in Figure 5, illustrat
ing the layer structure of this material. 
Chemical reactions which break down the 
hexagonal array must disrupt the very sta
ble carbon-carbon bonds of the layer lattice, 
but only Van der Waals forces must be over
come in order to separate the widely spaced 
planar layers. Potassium and the heavier 
alkali metals are known to react with graph-



Figure 5 The graphite lattice 

ite in this latter fashion to yield interlamel-
lar compounds. There remains some uncer
tainty as to whether the interaction with 
sodium is strictly intercrystalline at all tem
peratures or whether in some instances this 
metal also intrudes into the graphite lattice 
structure. 

The general nature of graphite interstitial 
compounds is shown schematically in Figure 
6. In the reaction, R -f xC = RC^, rela
tively little energy is required to wedge the 
carbon planes apart; rather, the main ob
stacle to reaction lies in the stability of the 
R phase. The source of energy available to 
overcome this resistance is associated with 
the transfer of electrons to or from the 
graphite layer lattice and consequent oxida
tion or reduction of R. Graphite compounds 
are thus classified as "donor" or "acceptor" 
types. A substantial list of known com
pounds has been compiled by Hennig.'^ 

The foreign atoms are found to be well 
ordered in their own respective planes, as 
will be illustrated, taking up definite positions 
with respect to the over-lying and under-lying 
carbon atoms. Hennig has contributed sig-
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Figure 6 Graphite interstitial compounds, RC» 

nificantly to the idea that a definite fraction 
of each intercalated layer is oxidized or re
duced, so that ordered superlattices of ions 
and "spacer" (i.e., dielectric) atoms or 
groups occur. The crystal structures of some 
of the alkali metal graphites, notably those of 
potassium, have been worked out by Riidorff 
and Schultze,** using x-ray diffraction. 
Ideal stoichiometric compositions KCg, KC24, 
KC-ie, KC48, and KCeo have been character
ized, as described in Figures 7, 8, and 9. The 
potassium superlattice in KCg consists of a 
triangular network alternating with the 
carbon layers, while in KC24 and the others, 
one-third of the potassium atoms have been 

Figure 7 Potassium superlattice m KCs 



Figure 8. Potassium superlattice in KCj 

removed from each layer to make it a layer 
of hexagons, in addition to changes in the 
order of alternation of layers. Highly im
perfect arrays are likely to be met in less 
well controlled situations, in which the 
alternations and the planar metal networks 
are by no means so regular. 

Compounds of the types MCg and MC24 
have been studied over the series potassium, 
rubidium, and cesium by Herold."* De
composition vapor pressures have been ob
tained, leading to curves of the sort shown 
in Figure 10. These curves are readily trans
lated into terms of free energies of forma
tion of the compounds. Now, Hennig" has 
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Figure 10. Decomposition pressures of the 
potassium-graphite system"* 

analyzed the process of reaction into a sort 
of Born-Haber cycle. All contributions to 
the free energy of formation can be shown 
to vary only monotonically over the series 
Cs, Rb, K, and Na, except for the ionizing 
potential of the alkali metal. Hence it is of 
interest to plot the free energies of formation 
of the compounds vs this property. This we 
have done in Figure 11. The extrapolated 
free energy for NaCg is roughly -)-9 kcal/g-
atom sodium, while that for the most dilute 
compounds should be near zero. One con
cludes that NaCg is unstable but that compo
sitions between NaC48 and NaCeo might be 
observed. The experimental evidence com
piled to date is summarized below. 

Early work, restricted to temperatures be
low 400 °C, evidenced a reaction between 
sodium and lampblack or anthracite, but 
none with graphite.'"' " The experiments 
were not designed to identify compounds and 
hence to distinguish this reaction from mere 
adsorption. Herold* claimed to have produced 
sodium graphites in an iron bomb at 900 °C, 
but failed to give any supporting details. 
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Figure 12. Sodium-graphite thermal convection loop, showing plug formed 
after 700 hr operation 

Coultas and Cygan^ have reported analysis 
of a plug of material which deposited in the 
cooler arm of a sodium-graphite thermal con
vection loop. The experimental system is 
pictured in Figure 12. The plug proved to 
have average composition NaC2i, and might 
be the phase analogous to KC24. No x-ray 
diffraction pattern was taken. 

Finally, the British at Harwell have re
cently obtained an x-ray pattern which they 
interpreted tentatively as NaCie. This finding 
as a result of reaction in the vicinity of 300 °C 
is contradictory to the mass of earlier work 
and should be repeated. 

Some modern scientific efforts to identify 
sodium-graphite interlamellar compounds 
with certainty should be carried out. Hennig 
and Montet'* have noted that irradiation of 
graphite should change the electron band 
structure and lower the Fermi energy suf

ficiently to stabilize NaCg, and some work 
along these lines is under way at Argonne 
(see also Dzurus et al., preceding paper 
in this symposium). A current research pro
gram in our laboratory is intended to deter
mine sodium vapor sorption isotherms of 
graphite at temperatures up to 800° to 
900 °C. Efforts will be directed to disclose 
vapor-pressure and x-ray evidence of the 
more dilute compounds. We are also in
terested in mixed sodium-potassium systems 
in the following sense: if sodium is not suf
ficiently electropositive to reduce grapliite, 
and if Hennig's concept of "ions" and 
"spacers" in graphite lamellar compounds 
is valid, can we prepare mixed compounds 
in which potassium ions, and sodium atoms as 
"spacers," coexist? Examples of known 
mixed compounds are C^Naj,(NH3)2 and 
Ca,Clj,(AlCl3)2. Demonstration of mixed 
sodium - potassium - graphite compositions 
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would help to explain numerous observations 
of the behavior of graphite toward sodium-
potassium liquid alloys. 
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Abstract 

Results are reported of recent experimental work concerned with the interaction of 
liquid sodium and dissolved impurities with zirconium and its alloys, niobium, molyb
denum, and stainless steel. For zirconium, grain growth and mechanical property 
changes are discussed. Corrosion behavior as a function of temperature and impurity 
level in the sodium is described. 

General information on corrosion in liquid 
sodium is available in rather inclusive re
view articles on the subject. Miller' has dis
cussed general mechanisms of liquid metal 
corrosion, and Fleischmann and Koenig* 
have tabulated available information on a 
wide variety of materials. In a recent paper 
Mcintosh and Bagley^ discuss canning 
materials for liquid sodium service, with 
emphasis on fuel element jackets. 

In a sodium-graphite reactor system, in
compatibility of the sodium coolant with the 
graphite moderator dictates the need for a 
canning material to prevent contact between 
the sodium and graphite. Information such 
as that summarized in the above references 
leads one to consider only a rather small 
group of metals for this purpose, from the 
standpoint of neutron economy, dollar econ
omy, availability, fabricability, and resist
ance to liquid sodium. Among this group are 
zirconium, niobium, molybdenum, austenitic 
stainless steels, and ferritic steels in the 
chromium-molybdenum series. 

None of the above mentioned materials 
shows any direct reaction with pure molten 
sodium at temperatures below 650°C. The 
major concern with respect to corrosion con
siderations then is the reaction of the canning 
material with contaminants dissolved or en
trained in the sodium coolant. Questions to 
be answered are these: What contaminants 
are likely to be present in the coolant? What 

is the reaction of each with the canning 
material ? If there is a reaction, is it delete
rious to the physical or nuclear properties of 
the can? How can the contaminant concen
tration be controlled to tolerable limits? 

Bruggeman* has discussed the purity of 
sodium available in quantity lots for reactors. 
Metallic impurities are present in amounts 
sufficiently small to offer no corrosion prob
lem. The normally gaseous elements, oxygen, 
hydrogen, and nitrogen, along with carbon, 
constitute the group most likely to react. 
The reaction of these elements with canning 
materials in liquid must then be understood 
for adequate use of the various metals. 

Zirconium was chosen for the moderator 
canning material for the Sodium Reactor 
Experiment, largely because of its very low 
thermal neutron absorption. Therefore, more 
research effort has been expended on study
ing the behavior of zirconium in liquid 
sodium than on any other metal. 

Exposures of zirconium to sodium in small-
scale capsule tests have given preliminary 
qualitative data of the kind reported in the 
references noted above. The inability to con
trol impurity concentrations in such tests, 
and the probability that the zirconium reacts 
with essentially all the oxygen present in 
a capsule, necessitated construction of larger-
scale exposure facilities. Those currently in 
operation at Atomics International contain 
from 100 to 200 lb sodium in circulating sys-

168 



Figure 1. Dynamic 

tems driven by electromagnetic pumps. Im
purity level is maintained by either a con
trolled cold trap or a hot-gettering trap. 
A typical loop, stripped of insulation and 
control equipment, is shown in Figure 1, 
and a schematic representation in Figure 2. 
In this apparatus, sodium exposures are 
made on materials of interest with various 
combinations of the controllable variables of 
time, temperature, and impurity concentra
tion. 

Data obtained with a given set of experi
mental circumstances were plotted as the 
logarithm of weight gain per unit area vs 
logarithm of time. Such a plot for zirconium 
is shown in Figure 3. The slope of the least-
squares straight line through the points for 
each test was obtained. These are shown in 
Table 1 for 18 zirconium exposure tests. 
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sodium test facility 

These slopes are seen to be near 0.5 in 
most cases, with an apparent decrease above 
550°C. Vacuum fusion analytical techniques 
have shown that all the weight gam may be 
attributed to oxygen and hydrogen, with the 
latter contributing from 2 to 20% of the 
total. The variability in the slopes in Table 
1 for the lower temperatures may be attrib
uted to differences in the amount of hy
drogen absorbed, a factor which has not yet 
been adequately controlled in the experi
ments. 

Assuming that deviations from a parabolic 
rate law are caused by this and perhaps 
other inadequately controlled variables, the 
best straight line with a slope of 0.5 was 
drawn for each set of data. Rate constants k 
were found for an equation of the type w = 
(A;i)'^^ in which t is time in hours and w 
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Table 1 

Least Squares Slopes of log (weight gain) 
vs log (time) Curves 

Figure 2. Schematic diagram of dynamic 
sodium test facility 

Test No. 

I-V 
I-IV 

III-VI 
I-III 
I-II 

III-II 
I-VIa 
I-I 
I-IXa 
I-IXb 
I-VIb 
I-VII 

Ill-Va 
Ill-VIa 
Ill-VIIa 
Ill-Vb 
Ill-VIb 
Ill-VIIb 

Specimen 
tempera
ture, ° C 

404 
454 
454 
482 
493 
532 
538 
538 
538 
538 
538 
538 
593 
593 
593 
593 
593 
593 

Cold trap 
tempera
ture, ° C 

240 
145 
170 
145 
145 
170 
240 
145 
145 
145 
240 
145 
145 
170 
240 
145 
170 
240 

Slope 

0.50 
0.59 
0.55 
0.39 
0.51 
0.53 
0.48 
0.67 
0.43 
0.67 
0.66 
0.55 
0.35 
0.28 
0.39 
0.37 
0.23 
0.33 
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Figure 3. Zr isothermal weight gain data 
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is weight gain in mg/cm^. A plot of the 
logarithm of k vs 1/T, with T in °K, gives 
an activation energy for the oxidative weight 
gain per mole of 29.2 kcal, with an estimated 
uncertainty of 1 kcal. This plot is shown in 
Figure 4. Dependence of rate on oxygen con
centration in the sodium is seen to be slight, 
becoming important somewhere below a 
plugging temperature of 150 °C. In ade
quately hot-trapped sodium, with oxygen 
level well below 1 ppm, no oxidative weight 
gain occurs. 

Other metals on which recent data have 
been obtained include niobium, molybdenum, 
zircaloy-2, types 347 and 304 stainless steel, 
and 2.25% Cr—1% Mo steel. 

Niobium was exposed to sodium in both 
hot-trapped and cold-trapped facilities. At 
600°C in sodium with plugging temperature 
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Figure 4. Zr weight gain rate data 

at 145 °C, weight loss was observed at an 
approximate rate of 1 mg/cm*/day. The 
reaction product is non-adherent. In hot-
trapped sodium at 550°C, no change of any 
kind was observed after 1070 hr. 

Molybdenum has shown no indication of 
reaction with sodium or impurities up to at 
least 600 °C in a number of experiments, and 
would be expected to be inert at very high 
temperatures. Neutron absorption reso
nances in the intermediate neutron energy 
range would be likely to be a handicap from 
the nuclear point of view, however. 

A few test series similar to those run on 
zirconium have been carried out with zirca
loy-2. Since the zircaloys have been developed 
for hot water corrosion resistance, t-hey 
should not necessarily be expected to have 
superior corrosion properties in a liquid 
metal. Nevertheless, zircaloy-2 exhibits a 
somewhat lower rate of weight gain in so
dium than does unalloyed zirconium. 

Wide experience in several laboratories 
has shown that the austenitic stainless steels 
304 and 347 do not oxidize appreciably in 
sodium containing less than 100 ppm oxygen 
at temperatures below 650°C. They will, 
however, react with carbon to form car-
burized layers, the depths of which are 
dependent on time and temperature of con
tact. Below 550 °C this phenomenon is of 
minor importance. 

Recent work^ on a ferritic steel with 2.25% 
Cr and 1% Mo has shown no corrosion or 
carbon redistribution at 500°C. This work 
was done at two oxygen levels, 30 ppm and 
140 ppm, with no detectable difference in 
the effects of the two conditions. 

Other important phenomena which may 
occur during high temperature sodium ex
posure are those metallurgical changes caused 
by the temperature alone. 

In zirconium, grain growth is observed 
under certain conditions at temperatures 
above 500 °C. Two mechanisms of grain 
coarsening occur, uniform grain growth 
which derives its driving force from inter-
facial energy existing between grains of a 
polycrystalline metal, and germinative grain 
growth arising from regions of stored energy 
in strained crystals. Bokros* has studied this 
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Figure 5. Critical strain for germinative 
grain growth of Zr 

latter phenomenon and determined the criti
cal strain required to nucleate new grains as 
a function of temperature for three straining 
temperatures. Below 500 °C this phenome
non is not important, as the rate is low and 
the recrystallized grain size is small. This 
grain size as a function of plastic strain at 
three temperatures is shown for zirconium 
in Figure 6. 

It is important from a practical point of 
view to know what effect the various reac
tions which occur in liquid sodium have on 
mechanical properties. Carburization of 
steel, for example, causes embrittlement 
which cannot be tolerated in a thin member 
which is subject to fatigue conditions. The 
effect of the previously discussed phenomena 
on mechanical properties of zirconium has 
been investigated by Bokros.'^ He found that 
an oxide layer formed on zirconium signifi
cantly lowers the fatigue life; specimens 
with more than 0.5 mg/cm^ surface oxide 
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fatigued at elevated temperature and failed 
in about one-fourth the time required for 
unoxided specimens. Data are shown in 
Figure 7. Coarse grains resulting from 
germinative grain growth also seriously de
creased the fatigue life. Neither surface 
oxide nor large grains had any effect on 
tensile properties. 

Also important to understanding high 
temperature corrosion phenomena is knowl
edge of diffusion rates in the metal for cor
rosion products formed on the surface. 
Recent work*" on oxygen diffusion in zir
conium has shown that the diffusion constant 
D in cm^/sec may be expressed as a function 
of the absolute temperature by the equation 

D = 9.4 exp(—•51,780/ier) 

which gives a value of D at 600°C of about 
10"̂ ^ cm^/sec. Assuming the approximation 
that penetration is equal to the square root 
of D times the time, a depth of oxygen pene
tration of 0.05 cm occurs in a year at 600°C. 
No differences in diffusion rate were found 
for a number of zirconium alloys. This sug
gests that the rates of corrosion reactions are 
not diffusion controlled. 

Obviously there is much more to be learned 
about the reactions of metals with impurities 
in liquid sodium and the controlling mecha
nisms involved. The field of alloy develop
ment appears fruitful for reactor applica
tions. An optimum material for one system 
may not be best for another. More research 

is needed before an ideal choice of moderator-
can material may be made for any given 
application. 
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Alpha Canning of U r a n i u m Slugs for the 
O R N L Graphi te Reactor 

J. E. CUNNINGHAM AND R. E . ADAMS 
Oak Ridge National Laboratory,* 

Oak Ridge, Tennessee 

Abstract 

The significant factors affecting the performance of the aluminum-clad uranium fuel 
elements used in the ORNL graphite reactor are reviewed. The important requirements 
of a diffusion barrier, a metallurgical bond, and a leak-proof closure were achieved for 
the present reactor loading by using canning techniques in which the heat-treated 
uranium slugs were dipped into a molten aluminum-silicon alloy bath. A diffusion-
resistant layer of U(Al,Si).'! compound forms at the uranium surface. The coated slug, 
the cap, and the can are assembled while submerged in a second aluminum-silicon alloy 
bath, and are brazed together with a thin layer of aluminum-silicon eutectic alloy to 
form a thermal-conducting bond and a tight closure. The techniques used in the canning 
operation are described and discussed. 

The performance of the fuel elements, from the aspect of resistance to failure in 
reactor service, is briefly reviewed. Information is presented on the radiation-induced 
growth which occurs. A significant cause of rupture is traced to longitudinal growth 
of certain lots of slugs which were not correctly beta heat-treated prior to canning; 
slugs correctly heat-treated show very little growth. 

INTRODUCTION 
The ORNL graphite reactor has been in 

operation since 1943 and hence has the 
longest history of any reactor in operation 
today. The reactor is currently employed as 
a source of neutrons for research and pro
duction of radioisotopes. 

This paper is concerned with the natural 
uranium fuel elements developed for power
ing the ORNL graphite reactor. It will deal 
first with the nature of the problems en
countered with the use of unbonded slugs 
canned in aluminum, then describe the fabri
cation techniques developed for producing 
bonded slugs, and conclude with a brief 
report on the performance of the fuel ele
ments in service. 

DESCRIPTION OF THE REACTOR 

The ORNL graphite reactor is an air-
cooled thermal reactor fueled with natural 
uranium metal and is moderated with graph
ite blocks built up to form a cube about 20 ft 

*Operated for the U. S. Atomic Energy Commission 
by the Union Carbide Corporation. 

on a side. Fuel channels, 1% in.^, extend 
through the reactor, and the fuel slugs rest 
in the bottom of the diamond-shaped chan
nels. Fuel slugs are charged manually from 
the front face of the reactor and are dis
charged by pushing the row of slugs through 
the channel. Each channel may contain up 
to 52 slugs, and a complete reactor loading 
consists of about 42,000 slugs. 

The thermal neutron flux is quite low, be
ing a maximum of about 1 X 10'^ n/cm^-sec. 
The reactor is operated to give a total power 
of about 3500 kw, and is cooled by drawing 
atmospheric air through the fuel channels. 
The air velocity is about 120 ft/sec, and its 
temperature reaches about 110°C as it ex
hausts from the hotter channels. The maxi
mum temperature reached by the fuel ele
ment in the hottest channel is about 250°C. 

The fuel elements are cylindrical uranium 
slugs about 4.1 in. long and 1.1 in. in diam
eter. They are canned in aluminum jackets 
to protect the uranium from oxidation and 
to prevent escape of the radioactive fission 
products. 
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Because of the low flux at which the re
actor operates, burn-up is slow, and only 
about 1 % of the U^̂ '" atoms fission each year. 
Operating experience indicates that fuel ele
ment life is limited by the performance of 
the protective jacket rather than by burn-up 
of Û ''"'* atoms. 

BACKGROUND INFORMATION 

The principal requirement of the aluminum 
container is that it function in a completely 
leak-proof manner. At the operating tem
perature of the fuel, uranium reacts rapidly 
with air to form oxides whose volume is 
about three times that of the uranium metal 
which reacts. Any tiny leak which exists 
or develops in the aluminum jacket causes 
oxidation of the uranium, and the resulting 
volume increase causes swelling and eventual 
rupture of the jacket. 

The early fuel elements used in the graph
ite reactor were simply canned by inserting 
the uranium slugs into aluminum cans, in
serting a cap, and forcing the assembly 
through a sizing die to remove the air and to 
provide good thermal contact between the 
core and the can. The closure at the cap 
was welded to insure tightness. 

The behavior of these fuel elements was 
not satisfactory.' While the number of 
failures was quite small, and only about 50 
out of 160,000 slugs actually failed, the sub
sequent rapid oxidation of the uranium 
caused serious trouble. The slugs swelled, 
blocked the flow of air coolant, and became 
stuck in channels. The difficulty encountered 
in removing ruptured slugs, and the attend
ant air pollution, necessitated the use of 
slugs more resistant to failure. 

A study of the problem indicated that the 
failures were due to two principal causes; 
1) diffusion between the uranium and alu
minum which could result in penetration of 
uranium through the can wall, and 2) tiny 
air leaks at the welded closures.^ 

URANIUM-ALUMINUM DIFFUSION 

Tests made by heating canned slugs in a 
furnace at 450°C indicated that uranium can 
diffuse through an aluminum can wall of 30 
mils thickness in about 4 days. Diffusion at 

this temperature sometimes resulted in for
mation of conical-shaped blisters which con
tained gas. The surface appearance of such 
a slug before test and the blister formation 
which developed on heat-treating a slug for 
200 hr at 450°C are illustrated in Figure 1. 

The diffusion reaction between uranium 
and aluminum has also been studied with 
small diffusion couples. Such diffusion re
sults principally in the formation of the 
intermetallic compound UAI3, although 
minor amounts of UAI2 and UAI4 are some
times observed. The rate of diffusion in
creases with temperature and pressure, and 
is retarded by thin oxide films on the surface 
of either component. Under ideal conditions, 
as represented by carefully cleaned surfaces, 
this diffusion can be quite rapid. Figure 2 
is a photomicrograph from the investigation 
of Bierlein and Green,'' and shows the ap
pearance of the interface of a diffusion couple 
after heating at 250 °C for 263 hr. 

IMPORTANCE OF THE CLOSURE 
PROBLEM 

In jacketing uranium with aluminum for 
reactor service, a sound closure is vital for 
the successful performance of the compo
nent. Shrinkage porosity, blow holes, 
cracks, foreign impurities, and other defects 
causing discontinuities in the closure must 
be avoided. 

Fusion welding by the argon-shielded, 
tungsten-arc process is generally employed 
to obtain a sound joint between cap and can. 
It is the only process found suitable for 
welding aluminum without the aid of a weld
ing flux. A steady arc is maintained by 
imposing a high-frequency current on the 
welding circuit of standard ac equipment. 
A closure with a high degree of integrity 
can be obtained by the technique without the 
aid of filler wire. The resulting weldment is 
relatively free of discontinuities caused by 
oxide films, porosity, or lack of fusion. The 
weld structure is sound, uniform in strength, 
and smooth in appearance. 

EXPERIMENTAL TESTING OF 
ALUMINUM-SILICON CANNED SLUGS 

Uranium slugs prepared by processes in 
which the uranium was dipped into a bath 



176 

• ; , . ^ ' . ' J . - • 
—*, -0 .- , W'- .(r'Jf 

Figure 1 Surface appearance of an unbonded slug before and after 200-hr 
furnace test showing blister formation 

Figure 2 Cross section of the diffusion zone of a U-Al couple annealed at 
250°C for 263 hr at a pressure of 5 ton/m (as pohshed, 150x) 



177 

WELDED CLOSURE 

URANIUM CORE 1 102 n DIA 
4 0 - i n LONG 

U(AISi)3 COMPOUND LAYER 

Al SI B O N D L A Y E R 0 0 0 5 -
0 0 2 0 - n THICK 

ALUMINUM CAN, 
0 0 3 3 - i n THICK 

BOTTOM THICKNESS 0 0 5 1 m 

Figure 3. Schematic section of canned fuel slug 

of molten aluminum-silicon eutectic alloy, 
and canned and capped while submerged 
under a second aluminum-silicon bath, were 
considered for use in the ORNL graphite 
reactor. 

The significant features of a slug canned 
by the Al-Si dipping process are illustrated 
in the schematic drawing of Figure 3. Pro
tection from diffusion results from the thin 
layer of the intermetallic compound U(A1, 
Si)^ which forms at the uranium surface 
when in contact with the molten Al-Si eutectic 
alloy. The presence of the Al-Si braze layer, 
approximately 0.005 to 0.020 in. thick, forms 
a thermal-conducting bond between the alu
minum can and the coated slug. The closure 
provides double protection against air leak
age by virtue of the presence of the Al-Si 
braze layer between the cap and the can 
material, and the added insurance of the 
weld bead which is run around the top. 

Furnace tests were made on slugs pre
pared experimentally by Al-Si dipping tech
niques. The results indicated that diffusion 
was effectively prevented, and some slugs 

Figure 4 Can rupture m bonded slug caused by diffusion blister at unwet area 
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were heated for more than 1000 hr at 550 °C 
without developing any signs of interdiffu-
sion. In canning slugs by such techniques, 
measures must be taken to insure that the 
uranium surface is properly wet by the Al-Si 
so that a continuous compound layer is 
formed; otherwise diffusion will ensue and 
blister formation will occur in the tempera
ture range 400° to 550°C.^ Figure 4 illus
trates a ruptured slug caused by a diffusion 
blister. 

These results indicate that the diffusion 
resistant compound is formed only on dip
ping in the molten Al-Si, and not through 
reaction between the uranium and the Al-Si 
layer at the diffusion temperature. Recent 
experiments tend to verify this. Green has 
measured the rate of diffusion that occurs in 
carefully prepared U/Al and U/Al-Si couples 
in the temperature range 200° to 390°C.'' 
His results are plotted in Figure 5, which 
shows the maximum penetration coefficient 
for the diffusion of uranium into aluminum 
and Al-Si eutectic alloy. This plot shows 
that Al-Si offers essentially no advantage as 
a diffusion barrier at temperatures above 
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about 350 °C, but does impede diffusion at 
lower temperatures. 

CANNING OF ORNL FUEL ELEMENTS 

The fuel elements at present used in the 
ORNL graphite reactor were fabricated by 
the flux alpha canning process. The process 
is so named because all the canning opera
tions are carried out below the alpha-to-beta 
transformation temperature in uranium, and 
because the use of a molten salt flux is an 
important part of the process. The pro-
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ALUMINUM CAP 
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URANIUM CORE 

1 1 0 2 ! ° ° ° ° , n D , A 

ALUMINUM CAN 
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0 051 + 0 0 0 5 in 

Figure 5. Maximum anticipated penetration co
efficient, k , for the diffusion of U into Al and Al-
Si alloy from the original U/Al or U/Al-Si interface 

Figure 6. Exploded view of component parts for 
make-up of ORNL graphite reactor fuel slugs 
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Figure 7. Sequence of operations for canning ORNL graphite reactor slugs by the 
flux alpha canning process 
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cedures and specifications for this process 
have been previously reported;*' thus, only 
the significant operations are discussed 
briefly below. 

The component parts used in the manu
facture of the ORNL graphite reactor fuel 
elements are illustrated in Figure 6. The 
aluminum cans are deep-drawn from com
mercially pure aluminum sheet stock, and 
caps are machined from wrought stock free 
of porosity. The uranium slugs are machined 
from alpha-rolled rods and beta-heat-treated 
to provide a randomly orientated grain 
structure to reduce dimensional changes 
which occur during irradiation. Slugs are 
heat-treated by immersion for 90 sec in a 
carbonate salt bath held at 730 °C, and 
quenched into cold flowing water. Although 
not essential, slugs should preferably be beta-
heat-treated prior to final machining to avoid 
the slight pitting which develops on the 
uranium surface during heat treatments. 

A simplified flow diagram of the major 

operations in the canning process is given 
in Figure 7. Prior to the start of the can
ning operations, all component parts are 
thoroughly inspected for defects and checked 
for dimensional accuracy. 

The mating surfaces of the component 
parts must be properly cleaned in order to 
insure that complete wetting and alloying 
will occur during processing. Uranium slugs 
are prepared by degreasing in stabilized 
tetrachlorethylene, etching in hot 50 % nitric 
acid, rinsing in cold flowing water, and dry
ing with a warm air blast. Similarly, the 
aluminum parts are prepared for canning 
by vapor degreasing, acid pickling in nitric-
hydrofluoric acid solution, rinsing in flowing 
water, rinsing in methanol, and drying in a 
warm air blast. The storage time prior to 
canning is limited to about 4 hr for both 
uranium and aluminum parts. 

Steel sleeves are used to hold the aluminum 
cans during the canning operation. The 
sleeves serve to protect the hot cans from 

;^?:^\^^\\V\\\\^\\\VV^'::v\\\-x^:^v'^^v-;\\\vv^'\'s's^^Vv^^s^-'?s-^ 

FLUX LAYER 

~tin—g-mr... i_ 

B 
' 1 • J'"-r'i. " "• 

•tr .*•••.; :CgT 

REFRACTORY 
LINING 

' -'^^'^^^ LOW FREQUENCY INDUCTION 
HEATING COILS 

Figure 8. Schematic drawing of Al-Si coating bath 
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mechanical damage and to protect the out
side surfaces of the cans from attack by the 
Al-Si alloy during immersion in the canning 
bath. Sleeves are machined from pipe or 
tubing and closed by welding a plate on one 
end. They are blued by heating in air to 
produce a thin surface oxide film which is 
not wet by the aluminum silicon alloy, and 
lapped to provide a smooth internal surface. 

In the actual canning operation, three 
molten metal baths are used. The first bath, 
referred to as the Al-Si coating bath, is illus
trated schematically in Figure 8. This bath 
operates at a temperature of 590° to 615°C, 
and consists of three layers; i. e., a lead layer 
on the bottom in which the slugs are pre
heated, an intermediate layer of 11.2 to 
11.5% Al-Si alloy, and a flux layer on top to 
provide a protective cover on the bath. The 
flux also serves the important function of 
cutting the oxide film to insure uniform wet
ting of the slug, and consists of a mixture 
of alkali metal halide salts. Slugs are held 
in basket-type tongs, immersed into the lead 
layer, and held for a period of 35 sec. On 
removal, the slugs are agitated for 5 sec in 
the Al-Si layer to wash oif any adhering lead 
and to form the diffusion-resistant compound 
on the uranium surface. 

The second molten bath contains only Al-Si 
alloy which is maintained at a composition of 
11.2 to 11.5% silicon and held at a temper
ature of 595° ± 5°C. It is simply a rinse 
bath in which the slug is agitated for 3 sec 
to minimize contamination of the Al-Si can
ning bath. 

The third molten bath is the canning bath. 
It contains Al-Si alloy also maintained at 
11.2 to 11.5% silicon, and is held at 593° ± 
3°C. The can and sleeve assembly, held in 
suitable fixtures, is preheated in this bath 
during the slug dipping process. They are 
immersed to within 1/2 in. of the top for 45 
sec, then submerged to fill with Al-Si and 
held for 40 sec. Immediately prior to sub
mersion, the mouth of the can is flared 
slightly to facilitate insertion of the slug. 
Just prior to the arrival of the slug, the 
surface of the bath is skimmed back and the 
slug plunged beneath the surface and held 
for a maximum of 2 sec. The can and sleeve 
assembly, raised to the surface to permit the 
slug to be started into the can, is lowered 

gently below the surface as the slug is in
serted. The cap is also preheated by sub
mersion in the bath for 20 sec, removed for 
abrasion to enhance wetting, submerged 
again for 2 sec, and then inserted into the 
top of the can. Pressure and a twisting 
motion are used to insure good contact with 
the top of the uranium. The complete as
sembly is then removed, shaken to remove 
excess Al-Si from the top, and quenched in 
cold flowing water after all Al-Si has solidi
fied. After the assembly is cool to the touch, 
the slug is removed from the canning sleeve. 

Figure 9 Cross section of Al-Si bonded slug 
showing closure at top 
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The excess length at the top of the slug is 
machined off to leave a cap thickness of 
about 0.060 in. A weld bead is run around 
the exposed braze line at the top of the slug 
with an argon shielded arc and no filler rod. 
After welding, the slug is quenched in cold 
flowing water. The joint obtained at the 
top of a slug canned by this method is illus
trated in Figure 9. 

The bond between the surfaces of the 
uranium slug and the can wall is illustrated 
in Figure 10. The U (Al,Si) 3 compound layer 
is shown bonded to the uranium surface, and 
the Al-Si braze layer has alloyed with the 
interior of the can wall. The contact between 
the U(Al,Si)3 layer and the Al-Si is masked 
by a shadow resulting from a difference in 
elevation between the uranium and the alu-

Uranium 

U(Al,Si)3 

Al-Si Alloy 

Aluminum 

^ 

Figure 10. Photomicrograph showing bond between U core and Al can (as polished, 100 x ) 
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Figure 11. Photomicrograph showing U(Al,Si)i compound layer at U/Al-Si interface 
(as polished, 200x) 

minum surfaces on the metallographic speci
men. The photomicrograph shown in Figure 
11 was obtained by using an incompletely 
polished specimen to minimize differences in 
elevation, and the bond between the 
U(Al,Si)H compound and the Al-Si braze 
layer is more evident. 

After welding, various inspections or non
destructive tests are used to reject faulty 
slugs. These include visual inspection of the 
slug and spot checks to insure that the can 
wall thickness is within specifications. 
Visual inspection is facilitated by etching 
the canned slug in hot 50% nitric acid solu
tion, which darkens any areas of Al-Si pene
tration of the can wall and brightens the 
aluminum surface so that defects in the can 
or in the weld are more easily detected. 

Two other pre-operational tests are used to 
insure that faulty slugs are not charged into 
the reactor. Slugs are heated in an auto
clave in contact with hot steam at 90 to 135 
psi pressure for 40 hr. Slugs which show 
any evidence of pitting or swelling are re
jected. Following this treatment, they are 
heated in air at 400 °C for 10 days, and ex
amined further for evidence of swelling or 
diffusion blisters. 

PERFORMANCE OF SLUGS IN SERVICE 

The slugs prepared by the flux alpha can
ning process were charged into the reactor 
starting in the spring of 1952. Since that 
time, the behavior of the slugs in service has 
been observed, and some information on the 
performance of the slugs is available. 
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At the time the slugs were being charged 
into the reactor, faulty equipment was dis
covered on the canning line, and it was 
learned that some of the slugs had not been 
completely beta-transformed during heat-
treatment. Charging was then suspended, 
and all the remaining uncharged slugs were 
checked for beta-transformation by ultra
sonic methods. On the basis of this test the 
slugs were divided by batch lot numbers into 
three groups as follows: 

1) 100% Beta-transformed: lots in which 
all the remaining slugs were found to be 
completely beta-transformed. 

2) 0% Beta-transformed: lots in which 
none of the remaining slugs were found to be 
beta-transformed. 

3) Partially transformed: lots in which 
some of the remaining slugs were found to 
be beta-transformed and some were not. 

In some lots, not many of the slugs were 
available for testing, and such lots have thus 
been classified on the basis of rather small 
samples. 

When charging was resumed, only slugs 
from lots found to be 100% beta-transformed 
were charged into the central, hotter rows 
in the reactor. However, some not-trans
formed slugs had already been charged into 
such rows, and were allowed to remain. 

The dimensional stability of uranium ex
posed to neutron irradiation is known to be 
affected by fabrication variables and heat-
treatment. To define the extent that the 
performance of the slugs might be affected 
by the faulty heat-treatment, length measure
ments have been made on slugs discharged 
from channels in which ruptures have 
occurred. 
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As expected, the length measurements have 
indicated that slugs which were correctly 
beta-heat-treated show little dimensional 
change, but slugs from lots found to be not 
beta-transformed have grown considerably 
in length.'' The average growth of different 
groups of slugs is plotted as a function of 
time in the reactor in Figure 12. Growth 
data have also indicated that considerable 
differences exist in the growth experienced 
by individual slugs from the same lot. These 
data may be briefly summarized as follows: 

1) The 100% beta-transformed slugs grow 
very slowly, and their average growth rate 
is under 0.010 in./year. Only 7 slugs out of 
over 300 measured during the first 1200 days 
of exposure grew more than 0.025 in. and 
none grew more than 0.050 in. 

2) The 0% transformed slugs grow 
rapidly, and their average growth rate is 
about 0.070 in./year. Individual slugs have 
grown more than 1 in. in length, at rates in 
excess of 0.2 in./year. Of 110 slugs meas
ured after exposures ranging from 700 to 
1500 days, 21 grew more than 0.3 in. 

3) Growth of the partially transformed 
slugs shows considerable scatter; the maxi
mum growth of such slugs is high and ap
proximately equal to that of the untrans-
formed slugs. 

4) The amount of growth necessary to 
cause failure by rupture of the can wall is 
not known. In some cases slugs have grown 
more than 1 in. without rupture, and others 
have ruptured without showing any growth. 
It is considered that growth may induce 
early rupture through acceleration in the 
rate of development of tiny defects which, 
in the absence of growth, would normally 
cause rupture only after a much longer time. 

The number of ruptures that have oc
curred each year in the different groups of 
slugs is listed in Table 1.**- '* The increasing 
rupture rate of the 0% transformed and the 
partially transformed slug is largely attrib
uted to growth of the uranium. 

Despite the fact that the 100% beta-trans
formed slugs grow very little, they occasion
ally do rupture. It has been observed that 
a large fraction of the ruptures have de
veloped in slugs from a few batch lots, while 
no ruptures have developed in slugs from 
many other batches. This correlation sug-

Table 1 

Ruptures Occurring in Slugs from Different Groups 

Year 

1952 
1953 
1954 
1955 
1956 

Totals 

100% Beta-
trans
formed 

2 
9 
2 
7 
8 

28 

0% Beta-
trans
formed 

2 
3 
1 
3 
8 

17 

Partially 
trans
formed 

1 
2 
1 
9 

25 

38 

gests that a tendency to rupture exists in 
slugs from certain batches. This tendency is 
probably associated with inadequate control 
of some phase of the operations during can
ning of particular batches of slugs. The 
exact reasons are not known, but it is sus
pected that the failures result because a 
continuous layer of the U(Al,Si)3 compound 
was not formed during canning. The per
formance of slugs which have operated for 
more than 5 years without rupture is evi
dence that satisfactory slugs can be pro
duced by this process. 

OBSERVATIONS OF DISCHARGED 
SLUGS 

Most of the slugs have been observed after 
discharge from the reactor. Except for the 
slugs which have obviously ruptured, none 
has shown any evidence of abnormalities 
which could be considered to be early stages 
of rupture. Several distinct characteristics 
have been observed on the ruptured slugs, 
and these are discussed briefly below. 

1) Approximately half the ruptured slugs 
which failed during the first 4 years of 
operation had sizable hemispherical blisters 
at random locations over the surface of the 
slug. These blisters apparently grow in size 
until the can breaks open at the top of one 
or more blisters. Most, but not all, of the 
100% beta-transformed slugs which ruptured 
after long periods of exposure show this 
type of failure. 

2) The slug may show no blisters, but the 
surface may show large welts of rather ex
tensive area. Such slugs usually rupture by 
splitting the can in one or more places. 
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3) One end and frequently both ends of 
the can are usually broken with a circum
ferential crack which extends a considerable 
distance around the slug. If only one end is 
so fractured, it may be either the cap end 
or the other end. 

In conclusion, the performance of the flux 
alpha canned slugs may be summarized as 
follows: 

1) For satisfactory operation it is essen
tial that the slugs be completely beta-trans
formed prior to canning. Ultrasonic methods 
can detect slugs with faulty heat treatment, 
and such a test should be used in future can
ning operations to insure that incompletely 
heat-treated slugs are not charged into the 
reactor. 

2) Slugs which have been correctly beta-
heat-treated perform reasonably well in 
service. The few failures which have de
veloped in such slugs probably result from 
diffusion between the uranium and the alu
minum. The occurrence of such failures 
emphasizes the vital importance of care dur
ing the canning operation to insure that 
complete and uniform wetting occurs so that 
a continuous layer of the diffusion resistant 
compound is formed at the uranium surface. 
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Discussion of Session V Papers 

The first paper was presented by G. R. 
Hennig. 

Q.: In burning of polycrystalline graph
ite, is the rate of oxidation dependent on 
the rate of penetration of oxygen into the 
pores ? 

HENNIG: Generally, yes. This penetra
tion has been discussed by Eyring, and one 
expects the rate of penetration of oxygen 
to depend on the square root of the pressure 
of oxygen. 

Q.: Did you measure the ash content fol
lowing the chlorine purification? 

HENNIG: All crystals used were pre-puri-
fied by at least six cycles of heating in HCl 
for a day, then in HF for a day. Then they 
were heated in a nitrogen stream to 3000°, 
which should have removed most metallic 
impurities. An activation analysis was also 
attempted and no iron was found. Usually 
in spectroscopic analysis these crystals do 
show some Si, some Ca, and traces of Fe. 
The amount of ash was only 10 ppm, and 
the effects seen here cannot be attributed to 
iron. Further analyses are being carried 
out now. 

Q.: Was oxidation behavior in air similar 
to that in the 02-He mixture? 

HENNIG: Yes. The compressed air had to 
be filtered very carefully, however, because 
the laboratory compressed air contains a fog 
of oil which carries colloidal iron and pro
duces catalytic effects. 

Q.: Have you tried using oxidation in
hibitors? 

HENNIG: Only CI2 and also P2O5. It is felt 
that the inhibitory action of the latter comes 
from aggregation at crystalline steps. 

The second paper was presented by W. L. 
Kosiba. 

The third paper was presented by G. R. 
Hennig. 

Q.: How do the reaction rates with Na 
and K vary with temperature? 

HENNIG: Our evidence seems to indicate 
that the more concentrated compounds are 
formed at about 200 °C and the more dilute 
compounds at around 400° or 450°C. 

Q.: What amount of Na20 is necessary to 
get Na into graphite? 

HENNIG: We do not know. Our experi
ments have always been conducted with large 
excesses of Na and Na^O present, with the 
aim of getting as much sodium as possible 
into the graphite. 

The fourth paper was presented by S. C. 
Carniglia. 

The fifth paper was presented by R. L. 
Eichelberger. 

Q.: Is there a leak detection system for 
cans? 

EICHELBERGER: The cans are open to the 
reactor core atmosphere by means of a 
snorkel that sticks up above the surface of 
the sodium coolant. There are no means of 
detecting a leak beneath the surface of the 
sodium. 

COMMENT: Perhaps the same system used 
to detect leaks in natural U fuel elements 
and also to prevent oxygen from getting to 
fuel elements might be used to prevent 
sodium from getting to the graphite and also 
to detect a leak. We simply pressurized the 
inside of the cans to a pressure slightly 
greater than that outside so that if there is 
a leak the sodium will not go in. I realize 
this would cause a bubble, which would be 
undesirable. Perhaps in a constant volume 
system, however, a build-up of pressure 
could be seen. 
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COMMENT: If I remember correctly pres
surizing of the cans was considered and was 
rejected for two reasons. In the first place 
internal pressure would push the metal 
sheath away from the graphite and inhibit 
heat transfer. In the second place the height 
of the cans is great enough that sufficient 
pressurization to withstand the sodium 
pressure at the bottom would result in con
siderable excess pressure at the top of the 
cans and would give a stress problem there. 
We also considered monitoring the insides of 
the cans through a snorkel but decided that 
the instrumentation would be too cumber
some and would interfere with reactor oper
ation. 

Q.: Do you have helium in all fuel cans? 

EICHELBERGER: Yes. At a pressure of 1 lb 
(gauge) in each. We follow the pressure in 
the manifold and can detect a loss of about 
2 cc gas per hour. If we detect a loss in the 
manifold we can then locate the cartridge 
and raise the pressure a little bit to make 
sure that helium is going out the hole and 
air is not getting back in. We can put up 
with this situation until the next scheduled 
shutdown of the reactor. 

Q.: What about the compatibility of graphite 
with zirconium? 

EICHELBERGER: Zirconium carbide does 
not form at these temperatures. Certainly 
the Ha and CO given, off by outgassing will 
react. It is a matter of kinetics more than 
anything else—the rate of transfer of hy
drogen from the high temperature part of 
the can, where it will react most rapidly, 
to the low temperature part where it is bad 
for the physical properties. We are con
sidering the problem seriously now and do 
not have a clear-cut answer, although we are 
not too worried. 

Q.: There is no reaction forming zirco
nium carbide up to 600°C? 

EICHELBERGER: We have not noticed any. 
We do have very pure gas-free graphite, and 
it is our hope that this will not outgas too 

seriously. The graphite is kept away from 
air as much as possible during assembly. 

Q.: What will be the temperature differ
ence between the graphite and the sodium? 

EICHELBERGER: We do not know but specu
late that it will be as much as 500 °C, de
pending critically on the amount of coolant 
flow in the small spaces between cans. 

The sixth paper was presented by R. E. 
Adams. 

Q.: What are the consequences of slug 
rupture in your reactor? 

ADAMS: The uranium starts to oxidize. 
All slugs up to and including the ruptured 
slugs are then discharged from the reactor. 
One advantage of the alpha bonding is that 
when a rupture occurs the oxidation is much 
less severe than with uncoated slugs. 

Q.: What is the signal by which you 
recognize such a rupture? 

ADAMS: They use a probe, which is not too 
sensitive any more because the reactor has 
become contaminated. There is now a 
weekly visual inspection of the fuel channels; 
also a plot of the temperature is kept. I 
do not know the details of this method. 

Q.: Why is not the aluminum inner sur
face anodized? 

ADAMS: It was thought that the bond 
would be better without it. 

COMMENT: From results we have here it 
would appear that anodizing alone would be 
a superior method of stopping the uranium-
aluminum alloying. We have some slugs 
that have gone to 1300 megawatt-days per 
ton and are still all right. 

Q.: I take it that when uranium diffuses 
into the outside layer it does not produce 
U(Al,Si)3 in situ. 

ADAMS: NO, it does not. It apparently 
only produces that layer at the temperatures 
of molten AlSis. 



Buckling Measurements With Enriched Uranium 
in Graphite Systems* 

E. D. CLAYTON 
Han ford Atomic Products Operation, 

Richland, Washington 

Abstract 

This paper gives the results of a series of buckling measurements with enriched 
uranium in graphite lattices. The uranium enrichments used were 0.94%, 1.007%, 
1.44%, and highly enriched (uranium greater than 90% by weight U"'"). The 
bucklings were determined as a function of the lattice spacing; the effect of a water 
coolant channel on the buckling was also investigated. The' experiments include the 
results for several hollow fuel elements. Data are also given on natural uranium 
bucklings which can be used for comparison with the enriched uranium cases. 

INTRODUCTION 

A considerable number of exponential ex
periments have been taken with natural 
uranium in graphite lattices.i-^'^ With the 
advent of power reactors and the avail
ability of enriched uranium, there is now in
creased interest in reactors requiring en
richment for criticality. In order to obtain 
a better understanding of lattices which 
require enriched uranium for criticality and 
for obtaining data from which to compare 
theory with experiment, buckling measure
ments have been taken with uranium of the 
following enrichments: 0.94%, 1.007%, 
1.44%, and highly enriched (enrichment 
greater than 90 % ) . Measurements with the 
highly enriched uranium were reported at 
the Third Annual Meeting of the American 
Nuclear Society (1957) ; the results are also 
included in this paper for comparison with 
the slightly enriched cases. 

EXPERIMENTAL PROCEDURES 

Exponential Piles 

The exponential piles used for the en
riched uranium experiments were approxi
mately 48 in. in width.* The high material 

*This report was prepared in the course of work 
under AEC Contract W-31-109-Eng-52. 

bucklings obtained with some of the en
riched fuel elements required the use of small 
piles in order to carry out the experiments 
on a subcritical or exponential basis. A small 
exponential pile, which is typical of those 
used in these measurements, is shown in 
Figure 1. Each pile was supported by a 
graphite base section about 96 cm thick. 
A y^-in. gap was provided between the 
lattice region and the graphite base by 
means of small graphite shims; a cadmium 
sheet could then be inserted in this gap. 
Cadmium (^ 22 mils thick) was placed on 
the top of the piles; in addition, cadmium 
shields were constructed for the four sides 
of the piles. The purpose of the cadmium 
on the tops and the sides of the piles was to 
reduce the number of neutrons which might 
otherwise be scattered back into the piles 
from the walls of the building. 

The density of graphite used in these 
piles ranged from about 1.65 to 1.66 g/cc. 
The quality of graphite was such that the 
diffusion length, when corrected to a graphite 
density of 1.6 g/cc, was 54.2 ± 0.2 cm. 

The neutron flux was supplied by either 
Ra-Be or Po-Be neutron sources positioned in 
the graphite supporting base. 

Methods of Neutron Detection 

Small BF3 counters of several different 
sizes were used for measuring the neutron 
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density in the piles.- One counter was about 
4 in. long with a Y'^-in. diameter, and the 
second and smaller counter was 1% ^^- long 
with a -Xc-in- diameter. These counters were 
filled to a pressure of about 40 cm Hg with 
BFs enriched in boron-10 with enrichment 
greater than 97 ' / . The BF:̂  tubes were 
mounted in graphite bars which could be 
positioned in holes provided in the piles for 
the neutron flux measurements. 

EXPERIMENTAL RESULTS 

0.94% Enriched Uranium"'' 

The buckling was measured for five dif
ferent lattice spacings with 1.34-in.-diameter 
fuel elements which were 6 in. long; the 
aluminum jacketed dimensions were 1.44 in. 
diameter and 6.375 in. length. The fuel 
elements were positioned in aluminum proc
ess tubes which provided an annular region 
between the tubes and the fuel elements 
for a coolant. The buckling was measured 
for the case of air in the coolant annulus 
(dry lattice) and for the case of water in 
the coolant annulus (wet lattice). The 

amount of water contained in the coolant an
nulus was 2.41 cc/cm process tube length. 
The lattice spacings used with the 1.34-in. fuel 
elements were 5%6, 6%6. 7yi6, 8%, and 
10% in. 

The relaxation length was determined 
from a measurement of the neutron density 
along the vertical axis in the piles and the 
buckling calculated from the usual relation, 

g 2 _ 1 
a2 52 b,i 

in which a and b are the effective pile widths 
(physical dimensions plus twice the extra
polation length), and 6n is the measured 
relaxation length. In computing the effective 
size, the extrapolation length (0.7lA,t) was 
taken to be 1.15 in., thus the effective size 
was 2.3 in. larger than the physical width; 
this value was determined from measure
ments which will be referred to in a later 
section of this paper. The results for the 
0.94'/ buckling measurements are shown in 
Figure 2, where they are compared with 
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earlier results for natural uranium fuel 
elements with a 1.36-in. diameter. The 
bucklings are plotted as a function of the 
C/U atom ratio per unit cell based on an 
equivalent uranium density considering the 
effect of the end caps. For the 0.94% canned 
fuel elements, the equivalent uranium 
density was 17.8 g/cc, and for the natural 
uranium, 17.1 g/cc. A complete description 
of the various cell components is given in 
Appendix I. The maximum buckling in the 
dry lattice is about 325 X 10 "̂ cm^̂  which 
occurs at a C/U atom ratio of 75 and repre
sents an increase of nearly 215 X 10"" cm-^ 
over the natural uranium fuel elements at 
the same moderation; this difference becomes 
larger for the smaller lattice spacings. 

1.007% Enriched Uranium^** 

Two fuel element types were available; 
these were a 0.925-in.-diameter solid fuel 
element and a hollow fuel element which was 
1.66 in. o.d. and 0.94 in. i.d. By combining 
the above two types (placing one fuel ele
ment inside the other) a 1.66-in.-diameter 
solid fuel element could be effectively simu
lated. The 0.925-in. elements were 4 in. long 
and were canned in thin-walled aluminum 
tubes (35 mils thick) which were then posi
tioned in larger aluminum process tubes for 
insertion in the graphite matrix. In order 
to simulate the effect of individually canned 
slugs with end caps, 0.4-in.-thick aluminum 
spacers were positioned at 8-in. intervals 
between the 0.925-in. fuel elements. In the 
6%Q-m. dry lattice, the buckling was de
termined with and without these spacers; 
the buckling with the spacers was 356 X 
lO-** cm-2, and without the spacers it was 
367 X 10"" cm™̂ . The difference in these 
bucklings is within the experimental un
certainty of the individual measurements. 
The end caps reduce the amount of uranium 
per unit cell which results in an increased 
C/U atom ratio. The equivalent uranium 
density for the fuel elements with the "end 
caps" was 18.1 g/cc as compared to 18.9 
g/cc for the case of no spacers. 

In the case of the 0.925-in. fuel elements, 
the buckling was measured with four dif
ferent coolant annulus sizes. Since the 
amount of aluminum contained in the proc
ess tubes was different for each annulus. 

the measurements show the effect of both 
the additional water and the aluminum on 
the buckling. The results for the 0.925-in. 
fuel elements are shown graphically in 
Figures 3 through 6, which also include 
some data on natural uranium for compara
tive purposes. From these curves, the maxi
mum dry buckling is seen to occur at a 
C/U atom ratio of 110 for both the natural 
and enriched metal; the buckling increase 
at this ratio, due to the enrichment, is about 
240 X 10" cm--. These data also indicate that 
the C/U ratio at which the wet and dry 
bucklings are of equal value (cross-over 
point) occurs at a higher moderation for the 
enriched uranium. The enrichment has the 
effect of shifting the cross-over point to 
the right (to higher C/U ratios), whereas 
increasing the water annulus size produces 
the opposite effect. 

The fact that there is a C/U ratio at 
all for which the wet and dry bucklings 
have the same value for a given enrichment 
and coolant annulus size is due to the varia
tion in /, p, and Af̂  with lattice spacing. 
With the addition of the coolant water, 
/ is decreased, whereas p is increased (pro
vided the coolant is a moderator) and the 
age is reduced. For smaller lattice spacings, 
the decrease in / is overcompensated by the 
increase in p and the reduction in M-; this 
results in a larger wet buckling. If possible, 
a graphite moderated, light water cooled 
reactor should be designed to operate below 
the cross-over point, for a reactor thus de
signed would then lose reactivity with the 
loss of the water coolant. Such a reactor 
would then be fail safe, at least with respect 
to the loss of the coolant.''-

The water-to-uranium volume ratio for 
the largest coolant annulus was 1.9. For this 
coolant annulus size, the buckling is seen to 
be rapidly increasing with decreasing lattice 
spacings. At a C/U ratio of 0, the buckling 
would essentially correspond to that of a 
water moderated lattice with a 1.9 H2O/U 
volume ratio (buckling of the order of 3400 
X 10" cm-2 after correcting for aluminum)." 

The results for the 1.66-in. solid and 
hollow fuel elements are shown in Figures 
7 and 8. The 1.66-in. fuel elements were 
placed in thin-walled (28 mils) aluminum 
tubes and then positioned in the graphite 
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lattice; no aluminum spacers were used be
tween the fuel elements to simulate canned 
slugs with end caps. Since no coolant annulus 
was provided for in the case of the 1.66-in. 
solid elements, only dry measurements were 
taken. The maximum buckling for the large 
solid slug is seen to be at the C/U ratio 
of about 60 for both the enriched and 
natural uranium. At this C/U ratio, the 
increase in buckling with enrichment is 275 
X 10-« cm-2. 

In the case of the large hollow slugs, the 
buckling was measured with the fuel element 
core dry and again with this core partially 
filled with water; the results are summarized 
in Figure 8. The natural uranium cases 
shown for comparative purposes are not quite 
applicable (different hole size) but do pro
vide some indication of the effect of enrich
ment on the buckling. In the wet measure
ments, the amount of water contained in 
the 0.94-in. fuel element core was 2.38 cc/cm 
length, i.e., the fraction of the core occupied 
by the water was 0.54; this water was con
tained in 0.80-in. diameter aluminum tubes 

inserted in the core of the hollow fuel ele
ments. The measured wet-dry buckling dif
ferences for C/U atom ratios greater than 
about 80 are less than the experimental 
errors associated with the individual meas
urements. 

1.44% Enriched Uranium'' 

Seven different lattice spacings were meas
ured with 1.44% enriched hollow fuel 
elements. The bare dimensions of these fuel 
elements, which were canned in aluminum, 
were 1.37 in. o.d., 0.48 in. i.d., and 8 in. 
length; the aluminum jacketed dimensions 
were 1.47 in. o.d., 0.37 in. i.d., and 8.63 
in. length. The amount of water contained 
in the coolant annuli was 3.88 cc/cm process 
tube. This water was distributed between 
the external cooling annulus and the internal 
cooling channel of the slug with Sl'/c of the 
water in the external channel. The results 
of the measurements are shown in Figure 9. 
In the dry lattice (coolant annuli with air) 
the maximum buckling occurs at a C/U atom 
ratio of about 70, with a value of 620 X 10~"' 
cm~2. 

80 100 120 140 
C/U (Atoms P e r Unit Cell) 

240 

Figure 9 
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This represents an increase (due to en
richment) of about 500 X 10"® cm-^ over 
the natural uranium case. The wet and dry 
bucklings are of equal value for a C/U atom 
ratio of about 95 (8.3-in. lattice spacing). 
As shown in the figure, the wet buckling be
comes much larger than the dry buckling for 
small lattice spacings. In the smaller lattice 
spacings, the increase in resonance escape 
probability (p) and the decrease in migra
tion area (M^) overcompensate for the de
crease in thermal utilization with the addi
tion of water to the cell. 

It is interesting to compare the maximum 
buckling in the graphite moderated lattice 
(no water in the coolant annuli) with that 
for these same fuel elements in a water 
moderated lattice. The maximum buckling 
for these fuel elements in a water lattice is 
about 6000 X 10"* cm-^ (a factor of 10 larger 
than in the graphite case) which occurs*" at 
an H2O/U volume ratio of 1.9. In the water 

moderated lattice the migration area is about 
34 cm ,̂ whereas in the graphite lattice the 
migration area is about 500 cm^ at the 
"optimum" moderation. This is the principal 
reason for the large differences in the critical 
buckling between the graphite and water 
moderated lattices. 

Highly Enriched Uraniumiii 

In order to facilitate a better understand
ing of reactors fueled with essentially pure 
U^^', the buckling was measured in graphite 
lattices with U^^'-Al fuel elements. Be
cause of the small amount of U *̂* present 
(uranium enrichment > 90% by weight 
U^̂ )̂ the fast effect (e) and the resonance 
escape probability (p) may be taken as 
unity in such lattices. Lattices of this type 
consequently provide a simpler case for test
ing lattice theory than those fueled with nat
ural uranium. 

2000 
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F igure 10. Buclcling vs lat t ice spacing for U°'°-AI alloy fuel elements. Concentrat ion of U™ = 1.66 g / cm 
length in slug A, 0.97 g / c m length in s lug B; canned fuel element d iameter = 1.43 in.; process tube d iameter 
= 1.73 in.; volume of Al process tube -z 2.31 cc/cm length ; no wa t e r in cooling annulus . 
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Two types of Û "̂ "'-A1 alloy fuel elements 
were used in these experiments. These ele
ments, which are described below, differ in 
the concentration of U^̂ " contained in the 
alloy. The dimensions of the elements, 
which were canned in aluminum, are given 
in Table 1. 

Table 1 

Uncanned diameter, in. 
Uncanned length, in. 
Weight of U"'", g 
Canned length, in. 
Canned diameter, in. 
U'^/unit of canned length, g/cm 1.66 0.97 

The bucklings, which were determined for 
six different lattice spacings, are shown 
graphically in Figures 10 and 11. Measure
ments were taken with the coolant annulus 

Slug Type 

A 
1.343 
8.29 

38.33 
9.06 
1.427 

B 
1.343 
6.00 

16.45 
6.67 
1.425 

wet and dry; in the wet lattice, the amount of 
water contained in the coolant annulus was 
2.57 cc/cm process tube length. For some 
of the lattices it was possible to obtain the 
buckling either by estimating the critical 
size from multiplication curves as the lattices 
were being loaded with fuel, or by measur
ing the neutron flux distribution in the piles. 
The bucklings, as estimated from critical 
approaches in the 4%6-in. wet and dry 
lattices and in the 5%6-in. wet lattice, were 
in agreement with the values obtained from 
the exponential methods. It is evident from 
the figures that, as the lattice spacing is 
reduced, those lattices which contain water 
in the coolant annuli (wet lattices) exhibit 
a higher buckling than the dry lattices. The 
lattice spacing for which the wet and dry 
bucklings have the same value is about 7.6 
in. for the B slugs and 8.2 in. for the A slugs. 

For the slightly enriched uranium, the 
higher wet bucklings (at the small lattice 

2000 
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Figure 11. Buckling vs lattice spacing for U'^-Al alloy fuel elements. Concentration of TJ-"" = 1.66 g/cm 
length in slug A, 0.97 g/cm length in slug B; canned fuel element diameter = 1.43 in.; process tube diameter 
= 1.73 in.; volume of Al process tube = 2.31 cc/cm length; volume of water in cooling annulus = 2.57 cc/cm 
length. 
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spacings) were attributed to changes in p, 
f, and M^. In the case of the highly enriched 
uranium, the higher wet bucklings may be 
explained as follows: In the smaller lattice 
spacings, the wet critical (material) buck
ling is larger because of the increased total 
non-leakage probability. The addition of 
water to the cell reduces /„ and hence the 
multiplication constant k^=-qf. L? is in
creased since Li^^^L,^ (1—/„) ; the age (T) is 
always reduced. In the smaller lattice spac
ings, the reduced fast leakage overcompen-
sates for the changes in k^ and thermal 
leakage, even though both the latter changes 
would in themselves result in a smaller wet 
critical buckling. 

HORIZONTAL BUCKLING—ERRORS 

The error in the measured buckling de
pends in a sensitive manner on the effective 
width of the pile, and is given approximately 
by 

27r2 / 2 A a \ 
A S 2 = ( )• 

a2 V a / 

For a pile which is 128.3 cm in width (4-ft 
pile with 1.25-in. extrapolation) the hori
zontal buckling is ^ 1200 X lO"" cm-^. For 
an uncertainty of 1 in. in a, the error in the 
buckling will be about 48 X 10 * cm-^. For a 
pile 8 ft in width, this same error in extra
polation length will result in a buckling 
error of only 6 X 10" cm-^. 

In an effort to determine the effective size 
of the small piles, a number of horizontal 
traverses were taken of the neutron fluxes. 
The average value of the extrapolation 
length from these traverses was 1.06 ± 0.25 
in. (in the 4-ft piles an uncertainty of 0.25 
in. results in a buckling error of about 
d= 24 X 10"8cm-2). 

A different method of determining the 
effective size for use in the small pile cal
culations is described below. The method 
consists of measuring the buckling of several 
lattices which have been previously measured 
in the large exponential piles. The effective 
pile size is then given by that value of a 
which satisfies the equation 

27r2 1 

a 2 6j^2 

where &n is measured relaxation length in 
the 4-ft piles and B^ is the known buckling. 
Vertical traverses were taken with a BF^ 
counter in the dry 10%-, 8%-, and 6%6-iri. 
lattices with 1.36-in. natural uranium fuel 
elements. The extrapolation length was then 
calculated with use of the known buckling 
values for these lattices. The results are 
given in Table 2. 

Table 2 

Known buckling 
from la rge 

Lat t ice pile measu re - Ext rapola t ion 
spacing, in. men t s , cm"- length, in. 

OTie 2 X 10-6 119 
8% 118.1 X 10-6 1.09 

10% 71.0 X 10-6 1.16 

The average value is 1.15 ± 0.06 in., which 
is in agreement with that obtained from 
the horizontal traverses (1.1 ± 0.25 in.). 
For the bucklings listed in this report, the 
value of 1.15 in. was used for the extrapola
tion length. The error in the buckling which 
arises from uncertainties in the measured 
relaxation length is estimated to be about 
i 10 X lO"" cm-2. The absolute error in 
the buckling is estimated to be about ± 20 
X 10® cm-2, which includes the uncertainty 
in the extrapolation length. The relative 
values of the measured bucklings should be 
consistent to within about ± 10 X 10"*' cm-^, 
since the same extrapolation length was used 
in calculating all the bucklings, and since no 
variation of extrapolation length with lattice 
spacing was evident from previous neutron 
flux measurements in large 8-ft exponential 
piles.'̂  

REMARKS CONCERNING THE 
APPLICATION OF THEORY 

TO EXPERIMENT 

For a predominantly thermal reactor, the 
usual critical equation is 

= 1 
1 + 52^2 
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where e-*"'" is the non-leakage probability 
for neutrons in the slowing-down region, and 
1/(1 + B^L^) is the non-leakage probability 
for thermal neutrons. The above expression 
may be rewritten in the form 

In 7;£+ln p = l n ( v / 
For a given fuel element and enrichment, 
the product 7)e is expected to remain essen
tially constant with lattice spacing. Neglect
ing the variation in the resonance neutron 
fine structure, p may be written aŝ -̂î  

p=exp 
-N,.V. u' u ( r a„dE\ 

In this case the preceding formula becomes 

N„V„ / ^a,.dE\ /1+52L2 JyuVu / ^<TudE\ / : 
lnt?£ = l n | -

/ 

If the theory is applicable, then by plotting 
the quantity on the right vs the second quan
tity on the left it is possible to determine 
both TjE and the effective resonance integral.'^ 
Figure 12 shows the results of this type of 
plot for three different fuel elements with 
three different enrichments. The simplest 
cases (dry lattices) have been used for test
ing the theory. In carrying out the preceding 
analysis, the measured bucklings were used, 
and /, L^, and r were calculated from theory. 

Thermal utilization was calculated by 
means of the Ps approximation to the trans
port theory. 

The lattice diffusion length was deter
mined from the relation 
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in which i designates the various cell com-
ponents."'!^ 

The neutron age was calculated from the 
expressioni6 

r = [ 3 6 4 ( l - P J + 2 3 1 ( P J ] ( F i „ , „ / F , ) 2 

x(L6//,,)2. 

The results of this analysis are listed in 
Table 3. 
The given values of rj were deduced from 
TjE by means of the calculated fast effect (;•) ; 

Fuel element 
diameter, in. 

1.34 

1.66 

1.37 o.d.. 

Enrichment, 
weight % U=^ 

0.94 

1.007 

1.44 

7J£ 

1.505 ± 

1.560 ± 

1.669 ± 

Table 

0.01 

0.01 

0.01 

3 

Calculated 
E 

1.035 

1.043 

1.032 

V 

1.458 ± 

1.496 ± 

1.617 ± 

0.01 

0.01 

0.01 

(;<r„^£/E)e», 
barns 

7.81 ± 0.3 

7.42 ± 0.2 

7.68 ± 0.2 
0.48 i.d. 
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these values of -q are in agreement with the 
calculated values from the known cross sec
tions, and, perhaps more significant, the 
ratios of r; deduced from the analysis are 
consistent with those from theory. 

The errors given are those which result 
from uncertainties in the measured buck
lings. Since the thermal utilizations were 
calculated purely from theory without ex
perimental data for verification, firm con
clusions regarding the deduced quantities 
cannot be given; however, as seen in Figure 
12, the fit to the assumed functional form 
appears to be satisfactory. 

For the highly enriched uranium, the 
resonance escape probability (Pas) and the 
fast effect (E) may be taken as unity. The 
quantity -q (number of neutrons produced 
per neutron absorbed in the U^̂ -'̂ -Al alloy 
slug) can be written in terms of the meas
ured buckling B^ as 

(H-B2L2)eB2T 

, -f • 

It is expected that r^ will remain essentially 
constant with lattice spacing; therefore, if 
the calculated value of -q varies when deter
mined with the preceding expression, it must 
be assumed either that L^, f, or T (most 
likely T) is not being calculated properly, or 
that the critical equation as written above is 
not appropriate for describing these lattices. 
The quantities L^, f, and T were calculated 
and r) determined from the above equation 
with use of the measured bucklings. For the 
lattices with the aluminum alloy slugs, the 
age was calculated from the formula 

where the summation extends over the var
ious cell components.^^ In applying this for
mula, the quantities \n{Et\ss/Eth)i were ad
justed to provide agreement between meas
ured and calculated ages in graphite and 
water. 

The thermal utilization was calculated by 
the usual types of formulas for hetero
geneous lattices, except that a measured 

thermal disadvantage factor F was used for 
the A slugs; the disadvantage factor for the 
B slugs was then estimated by applying 
to the calculated value corrections based on 
differences between the measured and cal
culated value for the A slug. 

The values of r) deduced from the critical 
equation are given in Table 4. 

Lat t ice spacing. 
m. 

4%6 
5-%6 
6%6 
7-yi6 
8% 
10% 

Table 4 
Calculated r} 

A slug— 
dry lat t ice 

2.13 
2.08 
2.03 
1.99 
1.99 
1.95 

B s l u g -
d ry lat t ice 

2.01 
1.95 
1.92 
1.90 
1.90 
1.89 

It is evident that the data cannot be fitted 
with a constant value of •q, which implies 
either that L^, r, or / is in error or that the 
simple model assumed is inappropriate. For 
the wet lattice, a similar calculation shows 
the variation in q to be even more pro
nounced. The values are not listed, since we 
are restricting our comments to the less 
complex dry lattices. 

In the examples given for the slightly en
riched uranium, the data appeared to fit the 
functional form assumed for the critical 
equation; however, possible errors in / and 
in the functional form for p could be com
pensating. The thermal utilizations are ex
pected to be more reliable for the highly 
enriched uranium, since experimental data 
were available on the fuel element disadvan
tage factor (F) . 

In the 5%6-in. dry A slug lattice, the 
material buckling is B^^lSQl X lO""" cm-^; 
an error of about 2% in T corresponds to 
an error of about 1% in k^. In order to 
deduce -q for the U^̂ ^ fueled lattices, it is 
necessary to know the age (T) to a greater 
precision than that required for the slightly 
enriched uranium lattices. If the theory is 
appropriate, then the observed variation in q 
for the Û *̂̂  fueled lattices is most probably 
due to an incorrect functional dependence of 
the calculated age on lattice spacing. The 
neutron age could be in error as well for the 
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slightly enriched uranium lattices, but for 
these cases the results are somewhat less 
sensitive to errors in the age. 

From cadmium ratio measurements with 
a small U^̂ ^ fission chamber, it is estimated 
that in the smallest lattices an appreciable 
fraction of the fissions (=«10 to 15%) is 
caused by neutrons with energies above the 
cadmium cutoff (0.5 ev). The critical equa
tion, as used in the analysis here, is then 
not expected to fit all the data. A more gen
eral critical equation which accounts for 
the resonance fission in Û ®" jgis-so 

^thexp(- j52r th) 
/cFexp(-B2f^)+ _ 1 

1+B^L^ 

where kp is the fast multiplication constant 
and fcti, is the usual thermal multiplication 
constant. 

In a trial application of this formula to 
the highly enriched lattices, kp was calcu
lated to include the effect of all fissions above 
0.5 ev; kp was taken to be (1 — P25) vr 
and kth as TJ f P25 where P25 is the resonance 
escape probability for capture in U^̂ ,̂ in
cluding fission, above 0.5 ev and vr is the 
neutron production/absorption averaged 
over the resonance region, rp was defined 
from the equation 

.2Mev 

f T{E)an.s(E) 
dE 

E 

X
2Mev dE 

" f i s s (^) 
0.5 E 

which gives the age averaged according to 
the fissions in the resonance region. When 
the value of -q was calculated considering 
resonance fission, an improvement was noted 
insomuch as the variation in -q with lattice 
spacing was reduced. 

However, the uncertainty in fp, P25, and 
Vr, and in the age (T) preclude conclusions 
concerning the applicability of this critical 
equation to the highly enriched lattices. 

It has not been the intent of this section 
to effect a correlation of experiment with 
theory, but rather to give several examples 
illustrating the difficulties which arise when 

an attempt is made to correlate theory and 
experiment with data on measured bucklings. 

SUMMARY AND CONCLUSIONS 

The effect of enrichment on the material 
buckling is shown for several different fuel 
element types with enrichments of 0.94%, 
1.007%, 1.44%, and high enrichment ( > 
90%) ; in general, the material bucklings for 
the enriched uranium show a variation with 
lattice spacing which is similar to that of 
natural uranium. The increase in buckling 
for the enriched uranium is consistent with 
the known enrichment differences. Values 
of q deduced from the mea,sured bucklings 
for the slightly enriched uranium cases are 
in agreement (within the experimental 
error of the method used) with the theoreti
cal values calculated from the known cross 
sections. 

In order to effect a correlation between 
theory and experiment for the highly en
riched cases, more refined calculations of 
the neutron age are required, with possible 
modifications to the critical equation to ac
count for the effects of resonance fission in 
close-packed lattices (under-moderated lat
tices) . 

The cross-over point (C/U ratio for which 
the addition of water to the coolant annulus 
does not affect the buckling) occurs at a 
higher C/U ratio for the enriched lattices, 
i.e., enriching a given fuel element shifts 
the cross-over point toward larger lattice 
spacings (to high C/U ratios) ; whereas in
creasing the external water annulus thick
ness for a given slug size shifts the cross
over point toward smaller lattice spacings. 

For enriched uranium in a graphite mod
erated lattice, it is evident that, with proper 
choice of the light water coolant annulus 
thickness and lattice spacing, the lattice will 
be fail safe with respect to the coolant loss, 
and this fail safe condition can be met with 
larger lattice spacings than for the case of 
natural uranium. 

This author wishes to express his appre
ciation to R. C. Lloyd and R. D. Cahoon for 
their work relative to the P3 calculations of 
the thermal utilizations and the subsequent 
data reduction for the slightly enriched 
uranium cases. 



APPENDIX I 

DESCRIPTION OF MATERIAL IN EXPONENTIAL EXPERIMENTS 
AND MEASURED BUCKLING VALUES 

Lattice Cell Components—0.94% Enriched Uranium 

Slug length, cm 
Slug radius, cm 
Canned length, cm 
Canned radius, cm 
Slug density, g/cc (solid) 

(equivalent) 

1.34- in. Fuel Element 

15.24 
1.70 

16.19 
1.83 

18.9 
17.8 

Aluminum 

Outside radius of Al process tube, cm 
Volume of process tube, cc/cm 
Volume of can, cc/cm 
Total volume of Al including Al in end caps, cc/cm 

Water 

Volume of water contained in coolant channel, cc/cm 
Radius of hole in graphite for process tube, cm 

2.20 
2.31 
1.26 
4.12 

2.41 
2.215 

Atom Ratios per Unit Cell and Bucklings (1.34-in.-diameter fuel element) 

H2O/U Al/U 
Lattice 

Spacing, in. 

5 % 6 

83/8 

103/8 

0.198 

0.198 

0.198 

0.198 

0.61 

C/U 

32.3 
32.3 
47.2 
47.2 
64.7 
64.7 

89.1 
89.1 

138.5 
138.5 

Buckling, 
10-« cm-2 

112 
210 

286 
308 

321 
326 
320 
301 
258 
203 
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Lattice Cell Components—1.007%o Enriched Uranium 

0.925-in. Fuel Element 

Slug length, cm 10.16 
Slug radius, cm 1.17 
Canned radius, cm 1.27 
Slug density, g/cc (solid) 18.9 

(equivalent) 18.1 

Aluminum 

Outside radius of Al process tube, cm 
Volume of process tube, cc/cm 
Volume of can, cc/cm 
Total volume of Al including Al spacer 

at 8-in. intervals between slugs, cc/cm 

Water 

Volume of water contained in coolant 
channel, cc/cm 1.03 1.93 4.61 7.84 

Radius of hole in graphite for process 
tube, cm 1.567 1.922 1.922 2.215 

Case I 

1.55 

1.36 
0.68 

2.25 

Case II 

1.59 
0.87 
0.68 

1.76 

Case . 

1.91 

1.75 
0.68 

2.64 

Case IV 

2.20 
2.81 
0.68 

3.20 



Atom Ratios per Unit Cell and Bucklings (0.925-in.-diameter fuel element) 

Lattice Spacing, in. 

6% 6 
Case I 

Case II 

Case III 

Case IV 

7 Case I 

Case II 

Case III 

Case IV 

71/2 Case I 

Case II 

Case III 

Case IV 

8% Case II 

Case IV 

H2O/U 

— 
0.174 

— 
0.326 

— 
0.786 

— 
1.326 

— 
0.174 

— 
0.326 

— 
0.786 

— 
1.326 

— 
0.174 

— 
0.326 

— 
0.786 

— 
1.326 

— 
0.326 

— 

1.326 

Al/U 

0.59 
0.69 
0.69 

0.54 
0.54 

0.80 
0.80 

0.97 
0.97 

0.69 
0.69 

0.54 
0.54 

0.80 
0.80 

0.97 
0.97 

0.69 
0.69 

0.54 
0.54 

0.80 
0.80 

0.97 
0.97 

0.54 
0.54 

0.97 
0.97 

C/U 

95.6 
100.4 
100.4 

98.7 
98.7 

98.7 
98.7 

97.1 
97.1 

128.7 
128.7 

127.1 
127.1 

127.1 
127.1 

125.5 
125.5 

148.2 
148.2 

146.6 
146.6 

146.6 
146.6 

145.0 
145.0 

185.1 
185.1 

183.5 
183.5 

Buckling, 
10-6 cm-2 

367 
356 
349 

360 
356 

335 
270 

307 
160 

350 
326 

352 
309 

334 
236 

320 
102 

313 
297 

331 
278 

310 
192 

292 
67 

261 
211 

245 
40 
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Lattice Cell Components—1.007% Enriched Uranium 

1.66-in.-o.d., 0.94-in.-i.d. 
1.66-in. Fuel Element Fuel Element 

Slug length, cm 
Slug radius, cm 
Slug density, g/cc 

Aluminum 

(solid) 
(equivalent) 

Outside radius of Al process tube, cm 
Volume of process tube, cc/cm 
Outside radius of Al tube in hollow 

slug for coolant channel, cm 
Total volume of Al, cc/cm 
Radius of hole in graphite for process 

tube, cm 

Water 

Volume of water in internal 
coolant annulus in hollow slug, cc/cm 

10.16 
2.11 

18.9 
18.7 

2.20 
0.97 

0.97 

2.215 

2.11 o.r., 1. 
18.9 

19 i.r. 

2.20 
0.97 

1.02 
1.86 

2.215 

2.38 

Atom Ratios per Unit Cell and Bucklings (1.66-in.-diameter fuel element) 

Lattice 
Spacing, in. H2O/U Al/U 

5% 6 
6%o 
7 
71/2 
83/8 

103/8 
123/8 

6% 6 

71/2 

83/8 

103/8 

123/8 

0.088 

(1.66-in.-o.d., 0.94-in.-i.d. fuel element) 

— 0.25 

0.18 

0.18 

0.18 
0.18 

0.18 

C/U 

19.8 
29.0 
37.5 
43.4 
54.9 
85.2 

121.9 

1 element) 

42.3 
42.3 
63.2 
63.2 
80.0 
80.0 

124.3 
124.3 
177.8 
177.8 

10-6 cm-2 

157 
154 
325 
367 
405 
370 
268 

253 
306 
375 
409 
380 
— 
335 
326 
222 
226 



Lattice Cell Components—1.44% Enriched Uranium 

Slug length, cm 
Slug radii, cm 
Effective canned length, cm 
Canned radii, cm 
Slug density, g/cc (solid) 

(equivalent) 

Aluminum 

Outside radius of Al process tube, cm 
Volume of process tube, cc/cm 
Volume of can, cc/cm 
Total volume of Al including Al in end caps, cc/cm 

Water 

1.37-in.-o.d., 0.48-in.-i.d. 
Fuel Element 

20.32 
1.74 o.r., 0.61 i.r. 

21.92 
1.87 o.r., 0.48 i.r. 

18.9 
17.5 

2.20 
0.97 
1.95 
3.66 

Volume of water contained in coolant channels, cc/cm 
Radius of hole in graphite for process tube, cm 

3.88 
2.215 

Atom Ratios per Unit Cell and Bucklings (1.37-in.-o.d., 0.48-in.-i.d. fuel element) 

Al /U C/U 
Lattice 

Spacing, in. 

5^16 

6% 6 

7%o 

7 " l 6 

8% 

9% 

10% 

H2O/U 

— 
0.35 
— 

0.35 
— 

0.35 
— 

0.35 
— 

0.35 
— 

0.35 
— 

0.35 

0.60 35.5 
35.5 
52.0 
52.0 
71.4 
71.4 
82.2 
82.2 
98.2 
98.2 

123.9 
123.9 
152.5 
152.5 

Buckling, 
10-6 cm-2 

459 
739 
566 
711 
614 
663 
609 
630 
588 
585 
537 
499 
478 
420 

Bucklings for Highly Enriched Uranium 

Buckling, l O " cm-^ 

Lattice Spacing, in. 

4 % 6 

5yi6 
6%6 
7%6 
83/8 

103/8 

A 

Dry Lattice 

1422 
1361 
1258 
1114 

972 
719 

Slug 

Wet Lattice 

1855 
1612 
1368 
1163 

965 
678 

B 

Dry Lattice 

1222 
1134 
1010 
877 
736 
519 

Slug 

Wet Lattice 

1572 
1323 
1078 
897 
709 
470 
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Lattice Cell Components—Highly Enriched Uranium (enrichment >90%) 

_ A Slug 

Uncanned diameter, cm 
Uncanned length, cm 
Weight W\ g 
Canned length, cm 
Canned diameter, cm 
U^-^Vunit of canned length, g/cm 

Aluminum 

Outside radius of Al process tube, cm 
Volume of process tube, cc/cm 

Water 

Volume of water contained in coolant channel, cc/cm 
Radius of hole in graphite for process tube, cm 

B Slug 

3.41 
21.06 
38.33 
23.01 

3.62 
1.66 

2.20 
2.31 

2.57 
2.215 

3.41 
15.24 
16.45 
16.94 
3.62 
0.97 

APPENDIX 11 

RESULTS OF CALCULATIONS 

1.34-in. Fuel Element, 0.94% Enriched Uranium 

Lattice Spacing, in. Al/U, atoms T, cm^ L2, cm2 

5 % 6 
6%6 
7 % 6 
83/8 

103/8 

0.61 380 
361 
348 
339 
333 

89.1 
128.8 
175.8 
240.3 
367.1 

0.9483 
0.9342 
0.9174 
0.8943 
0.8490 

Fuel element disadvantage factor (F) = 1.35 at p == 18.9 g/cc. 
Equivalent uranium density = 17.8 g/cc. 
No water in coolant channel. 

1.66-in. Fuel Element, 1.007% Enriched Uranium 

Lattice Spacing, in. Al/U, atoms T, cm^ L2 cm2 

5 % 6 
6% 6 
7 
71/2 
88/8 

103/8 
123/8 

0.088 377 
358 
345 
342 
336 
330 
323 

61.4 
91.8 

121.3 
141.4 
180.1 
284.0 
405.2 

0.9753 
0.9642 
0.9535 
0.9462 
0.9321 
0.8943 
0.8502 

Fuel element disadvantage factor (F) = 1.52 at p = 18.9 g/cc. 
Equivalent uranium density = 18.7 g/cc. 
No coolant channel. 



1.37-in.-o.d., 0.48-in.-i.d. Fuel Element, 1.44%, Enriched Uranium 

Lattice Spacing, in. Al /U, atoms T, cm̂ ^ L2, cm2 

5 % 6 

6% 6 

7^16 

7 " / l 6 
8 % 
93/8 

103/8 

0.60 386 

367 

353 

349 

344 

340 

338 

78.0 

114.0 

157.1 

181.1 

216.7 

273.3 

335.0 

0.9588 

0.9458 

0.9303 

0.9217 

0.9089 

0.8885 

0.8663 

Fuel element disadvantage factor ( F ) = 1.42 a t , 

Equivalent uranium density = 17.5 g/cc. 

No water in coolant annuli. 

18.9 g/cc. 

Slugs 

Lattice 
Spacing, 

in. 

43/16 

5%6 

6^16 

7%6 

8 % 
103/8 

4%6 

5%6 

6%6 

7%6 

8% 
103/8 

Measured 
Buckling, 
lO-** cin-2 

1422 

1361 

1258 

1114 

972 

719 

1222 

1134 

1010 

877 

736 

519 

T , 

445 

406 

387 

376 

368 

360 

445 

406 

387 

376 

368 

360 

Dry Lattice 

60.2 

92.1 

133.9 

183.0 

251.4 

380.1 

83.4 

127.2 

182.0 

245.0 

330.6 

488.4 

/ 

A 

0.9616 

0.9503 

0.9355 

0.9181 

0.8938 

0.8481 

B 

0.9449 

0.9296 

0.9102 

0.8881 

0.8579 

0.8026 

fCiX) 

Slug 

* 

1.914 

1.891 

1.862 

1.827 

1.779 

1.688 

Slug 

1.824 

1.794 

1.757 

1.714 

1.656 

1.549 

Measured 
Buckling, 
10-« cm-2 

1855 

1612 

1368 

1163 

965 

678 

1572 

1323 

1078 

897 

709 

470 

cm2 

354 

351 

350 

349 

348 

348 

354 

351 

350 

349 

348 

348 

Wet Lattice 

cm2 / 

65.6 

102.5 

149.2 

203.9 

279.4 

421.1 

87.5 

135.1 

193.7 

261.3 

352.1 

518.9 

0.9427 

0.9300 

0.9136 

0.8945 

0.8682 

0.8188 

0.9174 

0.9011 

0.8811 

0.8580 

0.8269 

0.7669 

1.876 

1.851 

1.818 

1.780 

1.728 

1.629 

** 

1.771 

1.739 

1.701 

1.656 

1.596 

1.486 

* Based on calculated q of 1.99 for A slug. 
**Based on calculated q of 1.93 for B slug. 
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The Calculation of the Thermal Neutron Flux Distribution 
in a Unit Lattice Cell—Comparison of Experiment and Theory* 

C. R. RICHEY 
Hanford Atomic Products Operation, 

Richland, Washington 

Abstract 

The Ps approximation to the Boltzmann transport equation for cylindrical geometry 
has been used to compute the thermal neutron distribution in a unit lattice cell. The 
Pi solution has been programmed for the IBM-702 electronic data-processing machine. 
A discussion of this solution and program is given. Thermal neutron distributions 
obtained from the method are given and compared viith experimental flux traverses in 
a graphite lattice cell vî ith both air and light water coolants. 

INTRODUCTION 

It has long been recognized by people work
ing in reactor physics that diffusion theory 
is inadequate in describing the thermal neu
tron flux distribution within a lattice cell of 
a reactor. Diffusion theory was formulated 
with the following assumptions: 1) the 
medium through which the neutrons are dif
fusing has a low neutron capture cross sec
tion, and 2) the region in which the flux 
distribution is being described is two or three 
mean free paths from strong sources and 
sinks or from a boundary. Certainly, in the 
lattice cell of a reactor, both the above con
ditions are violated. Fuel elements and some
times moderators will have high absorption 
cross sections; also, most lattice cells are only 
two or three mean free paths in over-all 
size. 

The transport theory treatment of the 
problem takes into account the instantaneous 
velocity vectors of all the neutrons contained 
in a given volume element. In this way, the 
neutron distribution is characterized more 
completely than in the case of diffusion 
theory. An approximate solution to the 
Boltzmann transport equation, in cylindrical 
geometry, has been accomplished by the ex-

*This report was prepared in the course of work 
under AEC Contract W-31-109-Eng-52. 

pansion in spherical harmonics.^ The magni
tude of the numerical work involved necessi
tated the use of a high speed digital computer 
for the solution. 

The approximate solution to the transport 
equation by the P3 method has been pro
grammed for the IBM-702 electronic data-
processing machine. A discussion of the P3 
method and program is given. Results ob
tained from the method are given and com
pared with experimental flux traverses in a 
unit lattice cell with both air and light water 
as coolant. 

CALCULATION OF THERMAL 
UTILIZATION 

Theory 

The one-velocity Boltzmann transport 
equation is 

div{a^(f,fi)}+5;totaH^(^.") 

= (Na{a,a')<p{T,ii') + S{r,Q), 

Stotai being the macroscopic total cross section, 
A'̂  the number of atoms per unit volume, S 
the source strength, a (n, n') the cross sec
tion for scattering from n' to n, and i/̂  {r^) 
the neutron flux in the direction Q at the 
point F. 

211 
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The one-velocity Boltzmann equation is 
solved in spherical harmonic tensor notation 
and is then specialized to cylindrical coordi
nates. The results and notation of Fleck^ are 

^(o)(r)=2 [A , /o (K ,S i r ) + 

Ki and K-j are the roots of the biquadrates 
equation, 

9K 4 — (35ff2«3-|-28aQ«3-f-27aQa:i)K2-)-

B,Koix^Xtr)] + q/la, and «;=1 Piil^") 

^3 = S G i ( K j [ A , / i ( K , S , r ) ^ P , i f , ( K , 2 , r ) ] , 
I = 1 

^11 = 2 - i .G2(Ke)[A,/o(K,S,r) + 

BiKo(K,%fr)] + MIo(pXfr)+NKo{pXtr), 

^i i+2^33 = x | G 2 ( K j [ A J 2 ( ' < t S , r ) + 

B,K2(Katr)] + Ml2(pXtr)+NK2(l32,r). 

^ 1 1 3 = 2 ^ 1 G3(K, ) [A, / i (K,S t r )~-Bi i i : i (K,s , r ) ] -

(5a2/B/3)[Mh(/3Xir)-NKi(pXtr)], 

1̂13 + 4^333 = 2 |G3(Kj[A, /3(K,Str) -~ 

B , E : 3 ( K , 2 , r ) ] - ( 5 « 2 / ^ ) [ M / 3 ( / ? S e r ) ^ 

Ari<:3(^2,r)]. (1) 

The superscripts 1, 2, 3 specify the co
ordinates z, $, r, respectively. 

The various quantities appearing in the 
tensor components are designated as follows: 

G I ( K ) = , 

1 3 a 
G2(K) = + • 

1"0 

GsM-

2 2 K2 

5a2-|-4ao 5 «Qaja!2 13K Qagai 

6K 2 K3 14 14K 

i« = elastic scattering cross section of the 
medium. 

i., = total cross section of the medium. 

^O(M") = 1 ' 

^ I (A^" )~~F" ' 

P2(/^") = | ( 3 / . " ' - l ) . 

^3(^") = 0, 

and 

/, 2 

/ '=2 /3A, 

i ( A 2 ^ i ; 
/'" = - ( 3 ~ A 2 ) + -

4 8 A 

A + 1 

A ~ l 

1 2 2 2 2 

^ 3 15A2 105A4 315A6 693A8 

2 2 

1287A10 2145A12 

where A is the mass number of the medium. 
The quantities Pt ( / ' ) arise from the spheri
cal harmonic expansion of the center-of-mass 
scattering law. 

The solution of the Boltzmann equation for 
a void region (infinite mean free path) 
utilized in the program is as follows (Fleck's 
notation) : 

^ o ( r ) = A i - | A 2 r 2 , 

iA3=Bi/r, 

^ i i = A 3 + i A 2 r 2 , 

^n^2^33=A2r2, 
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•p- -BjT, 

3j^ll3 + 4^333=53/y3 + ( 2 P j - - S 2 ) / r . (2) 
h 

It is now realized that the above solutions for 
the even moment harmonics are not exact.^ 
Even though the solutions are not exact, the 
errors resulting from a narrow air channel 
are small. Also, neutron economy is con
served by the use of the above solution, i.e., 
the total number of neutrons born in a lattice 
cell equals the total number of neutrons 
captured in the lattice cell. The proper ap
proach to the problem of an air gap is given 
by Davison,"* and the method has been utilized 
by Tait* and Mrs. Mandl."' This approach 
is now being readied for incorporation into 
our program at Hanford. 

Solution 

To solve for the [6(w—1) + 3] coefficients 
in Equations (1) and (2), n denoting the 
number of regions, a system of [6(n—1) -\-
3] linear equations is obtained from the fol
lowing boundary conditions: 

1) All tensor components are everywhere 
finite. 

2) All tensor components are continuous 
across a boundary between two regions. 

3) The tensor components which have a 
net contribution in the radial direction are 
required to vanish at the outermost boundary 
of the unit lattice cell. 

Condition 3) is the P3 equivalent to the usual 
diffusion theory condition wherein the net 
current through the unit cell boundary is re
quired to be zero. 

The digital computer has been programmed 
to compute all the terms necessary for the 
solution of the [6 {n—1) -j- 3] system of 
linear equations. The [6 {n—1) + 3] system 
is solved for the coefficients Ay and Py for 
the various regions, j denoting the /th region. 
These values of A„ and Py are then substi
tuted in the flux equations, ^° ( r ) , and the 
neutron density is computed for several pre-
chosen radii. 

The average thermal neutron flux is com
puted for each region and substituted into 
the following equation for the calculation of 
the thermal utilization for each region: 

All ' ' * 
Regions 

where S/, Vj, and ^̂  denote, respectively, the 
macroscopic absorption cross section, volume, 
and average neutron density of the yth region. 

Results 

Dr. Roy Nilson has experimentally meas
ured the thermal neutron distribution in 
several lattice cells.*' The P3 program on the 
702 computer was used to compute the ther
mal neutron distribution in a 7.5-in. lattice 
spacing with a 1.679-in. natural uranium fuel 
element. The 18.9-g/cm^-density uranium 
fuel was canned in a 1.75-in.-o.d., 35-mil-thick 
jacket of 2S aluminum. The canned fuel as
sembly was centered inside a 2.121-in.-o.d., 
63-mil-thick 2S aluminum process tube. The 
resultant coolant annulus was 122 mils thick. 
Calculations were carried out with both air 
and light water as the coolant. The modera
tor was 1.63-g/cm''-density graphite. 

The thermal neutron cross sections along 
with the effective mass numbers for each cell 
material are given in Table 1. Absorption 
cross sections for the various materials are 
averaged over a room temperature Max-
wellian (most probable velocity at 2200 
m/sec) with a 1/F tail tied on at 0.17 ev. 
The total cross section and effective mass for 
water are the values which best fit the dif
fusion length measurements." 

Table 1 

A 
(mass 

Region ^,,1,,, cm"' 2totai, cm"' number) 

Uranium 2.994 X IQ-' 6.922 X 10"' 238.07 
Jacket 1.197 X 10~= 9.638 X lO"" 26.97 
Coolant : A i r 0.000 0.000 0.000 

H.0 1.82 X 10"- 3.476 1.954 
Process Tube 1.197 X 10"" 9.638 X lO"" 26.97 
Graphite 2.969 X 10"* 3.928 X 10"' 12.01 

Computed thermal neutron distributions 
for the air cooled and water cooled lattice 
cells are given in Figures 1 and 2, respec
tively. Also given are the measured activi-
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ties of copper pins at various positions in the 
lattice cell." These activities were corrected 
for the non-l/t; capture cross section of 
copper. 

The results show a good agreement be
tween the experimentally measured distribu
tions and those computed by the spherical 
harmonics method. The disadvantage fac
tor, ratio of the neutron density at the sur
face of the fuel element to the average value 
of the neutron density in the fuel element, 
is 1.40 for the air cooled lattice cell and 1.37 
for the water cooled cell. It remains to be 
seen whether this difference is due to the in
accurate expressions for an air gap utilized in 
our program. 

Experimentally determined and theoreti
cally calculated values for thermal utiliza

tion and disadvantage factor are given in 
Table 2. Agreement between the experi
mental and theoretical values for these two 
parameters is excellent. 

Table 2 

Parameter 

Thermal 
utilization 

Disadvantage 
factor 

'•'Measured by 

Coolant 

Air 
Water 

Air 
Water 

R. Nilson. 

Measured 
value'* 

0.939 ± 0.009 
0.900 ± 0.009 

1.38 ± 0.015 
1.38 ± 0.015 

Calculated 
value 

0.936 
0.896 

1.40 
1.37 
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Slowing Down of Neutrons from 1.45 ev to Thermal Energy; 
Diffusion Length and Channel Anisotropy in G.l Graphite; 

Measurements on p and / Factors in G.l* 

J . C. KOECHLIN 
Commissariat a I'Energie Atomique, 

France 

Abstract 

Neutron age from 1.45 ev to thermal energy is more often calculated than measured. 
In this paper it is deduced from slowing-down and thermal neutron density measure
ments through a treatment using slowing-down kernels and Fourier transforms. The 
density measurements were carried out with indium and manganese foils in a large 
graphite block; the finite medium correction is achieved by means of the image source 
method, and the results come out in good agreement with other theoretical and 
experimental values. 

Thermal neutron diffusion experiments have been carried out in the graphite 
used as a moderator in the G.l reactor. Critical piles of different shapes were used 
as neutron sources, and uranium channels were occasionally filled with graphite. 
Accordingly these experiments yield V, L y '\ !._/, and an anisotropy coefficient in 
very good agreement with Behrens' theory. 

The average cadmium ratio in natural uranium rods has been measured with use 
of equal-diameter natural uranium disks. These values, correlated with independent 
measurements of the lattice buckling, enabled us to calculate values of the resonance 
escape probability for the G.l reactor. Measurements were performed on 26-mm 
and 32-mm rods. Similar experiments have been performed with thorium rods. 

The thermal utilization factor of the lattice of the G.l reactor has been measured 
by applying the autoradiographic technique to thin detectors irradiated in the cell. 
The experimental apparatus is described, and the results compared with those obtained 
by calculation based on various formulas. The results are also given of the study 
of the thermal flux distribution in a cell containing a thorium rod of the same 
diameter as the uranium rods in the lattice. The precision of the measurements is 
discussed. 

'•'The information presented in this paper is included 
in the long paper in Session IV, "French Results 
on the Natural Uranium—Graphite Lattices." 
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Physics Experiments Performed For and On Sodium 
Graphite Reactors 

W. W. BROWN, R. W . CAMPBELL, C. A. GUDERJAHN, AND R. A. LAUBENSTEIN 
Atomics International, A Division of North American Aviation, Inc., 

Canoga Park, California 

Abstract 

The physics experiments performed on sodium graphite lattices include both 
exponential experiments and measurements made on the Sodium Reactor Experiment. 
A series of exponential experiments was performed on lattices with 4, 6, and 7-rod fuel 
clusters in a graphite moderator which could be arranged to provide one of three 
different lattice spacings. Lattice buckling and intracell flux distribution measure
ments were made. Experimental measurements in the Sodium Reactor Experiment 
have not been completed to date. The measurements which have been made include 
determinations of the critical mass both with and without sodium in the reactor 
core and determination of neutron flux distributions, safety rod effectiveness, tempera
ture coefficient, and the reactivity value of additional fuel elements beyond the 
critical loading. 

INTRODUCTION 

When the program for the development 
of a sodium graphite power reactor was 
initiated, it was realized that there were 
important uncertainties in the nuclear char
acteristics of the proposed reactor concept. 
An experimental program was planned with 
the object of obtaining the information 
needed accurately to design an optimum 
full-scale reactor. The experimental pro
gram consisted, first, of laboratory experi
ments on subcritical assemblies for the 
purpose of obtaining information which 
would improve the theoretical predictions of 
the reactor behavior, and, second, of meas
urements of the nuclear characteristics of 
the Sodium Reactor Experiment during the 
start-up and early phases of operation. The 
Sodium Reactor Experiment is a reactor 
constructed for the purpose of advancing the 
technology of the sodium graphite system, 
and has a thermal power rating of 20 Mw. 
Many of the design features are similar 
to the preliminary concept of the full-scale 
power reactor. Physics measurements on 
the Sodium Reactor Experiment are still 
in progress, therefore a complete description 
of the characteristics of this reactor cannot 
be given at this time. 

SUBCRITICAL EXPERIMENTS 

A series of exponential experiments was 
performed in order to investigate nuclear 
characteristics peculiar to the type of lattice 
proposed for use in a sodium graphite power 
reactor. A major source of uncertainty was 
the use of fuel elements consisting of a 
7-rod cluster. The resonance escape proba
bility and the intracell thermal neutron flux 
distribution could not be accurately pre
dicted in a lattice with this type of fuel 
element. As part of the exponential ex
periment program, the intracell flux dis
tribution and lattice buckling were measured 
for a series of different lattices for the 
purpose of comparison with theoretical 
calculations. From the results of these 
measurements, an experimental resonance 
escape probability was calculated for each 
lattice investigated. These experimental 
resonance escape probabilities were then 
compared to calculated values with different 
nuclear parameters and constants. The in
tracell flux distributions were also compared 
with theoretical calculations using different 
theoretical models. 

The exponential experiment apparatus 
used for this work has been described pre-
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Figure 1. Sodium graphite exponential experiment 

viously, but a brief summary will be given 
here. A water boiler reactor was used as a 
source of neutrons for the experiments. 
Figure 1 shows how the exponential assembly 
was constructed on top of the vertical ther
mal column of the reactor. The assembly 
consisted of large vertical graphite 
stringers with suitable vertical holes for 
insertion of the fuel elements. Different 
arrangements of the graphite blocks could 
be assembled to form lattice spacings of 
either 7, 914, or 12 in. The fuel elements 
consisted of aluminum cylinders with seven 
holes provided for insertion of 3/4-in.-
diameter uranium slugs so that a 7-rod 
cluster fuel element could be simulated. 
Aluminum was used in the construction of 
the exponential experiment fuel element as 

a substitute for sodium, since the low energy 
neutron macroscopic scattering and absorp
tion cross sections of aluminum are nearly 
identical to those of sodium. Uranium in
tended for use in the SRE and containing 
2.78% Û -̂ " was used for most of the ex
periments. However, natural uranium fuel 
elements were also utilized in some of the 
experiments. The effect of removing the 
central uranium rod from the 7-rod cluster 
and replacing it with aluminum or graphite 
to form a 6-rod cluster was also studied. 
Measurements were also made with a 4-rod 
fuel cluster made up of l-in.-diameter rods 
of uranium enriched to 0.9%. 

Figure 2 shows the results of the buckling 
measurements on nine different lattices. 
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Figure 2. Lattice bucklings measured in the 
sodium graphite exponential experiment 

Curves are shown for fuel elements of 
natural uranium and 2.78% enriched ura
nium in a 7-rod cluster as well as a curve 
for 2.78% enriched uranium in a 6-rod 
cluster. Details of the results and type of 
assembly used are given in Table 1. 

Detailed flux distribution measurements 
within a lattice cell were obtained as typified 

0 1 2 3 4 5 6 7 8 9 

DISTANCE FROM CELL CENTER ALONG DIAGONAL, inches 

Figure 3 

by the flux distribution curves in Figure 3. 
Small foils containing dysprosium oxide 
were used to perform these measurements 
by neutron activation techniques. From 
the intracell flux distribution data, the rela-

Table 1 

Material Buckling of Graphite Lattices 

No. of 
fuel rods 

7 
7 
7 
6* 
6* 
6* 
7 
7 
7 
4 
4 
4 

Fuel elements 

Rod 
size, in. 

0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
1.00 
1.00 
1.00 

Fuel en
r ichment , 

wt -/, 

2.78 
2.78 
2.78 
2.78 
2.78 
2.78 

Na tu ra l 
N a t u r a l 
N a t u r a l 

0.91 
0.91 
0.91 

No. of 
cells 

36 
25 
16 
36 
25 
16 
36 
36 
16 
36 
36 
16 

Assembly dimensions 

Width, in. 

42 
47.5 
48 
42 
47.5 
48 
42 
57 
48 
42 
57 
48 

Spacing, in. 

7 
9.5 

12 
7 
9.5 

12 
7 
9.5 

12 
7 
9.5 

12 

Buckling, m " 

7.81 
9.67 
8.65 
7.69 
9.76 
8.37 

- 1 . 5 1 
- 0 . 3 5 

0.526 
- 0 . 7 7 

1.67 
2.24 

± 0.21 
± 0.17 
± 0.09 
± 0.25 
± 0.16 
± 0.11 
± 0.15 
± 0.15 
± 0.15 
± 0.64 
± 0.28 
± 0.14 

*%-in. graphite rod filling central channel of element. 
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No. of 

fuel rods 

7 

6 

7 

4 

Fuel elements 

Rod 
size, in. 

0.75 

0.75 

0.75 

1.00 

Results of 

Fuel en

r ichment , 
w t </r 

2.78 

2.78 

N a t u r a l 

0.91 

Intracel l 

Lat t ice 
spacing, 

in. 

7 
9.5 

12 
7 

9.5 
12 

7 

9.5 

12 

7 
9.5 

12 

Table 2 

Flux Distr ibution Measurements 

Central 
rod 

1.20 
1.22 
1.24 

2.23 
2.35 
2.56 

1.07 

1.06 

1.09 

Average 

Outside 

rod 

1.98 
2.15 

2.27 
2.13 
2.24 
2.41 

1.36 

1.36 

1.39 

1.26 
1.20 
1.29 

relat ive 

Center 

t h e n 

rod 
Outer rod 

0.61 
0.57 

0.55 

nal flux 

Al 

3.20 

3.57 
3.93 
3.27 
3.69 
4.04 

1.66 

1.72 

1.77 

1.68 

1.67 

1.81 

Graphi te 

7.06 

9.63 
11.96 
7.02 
9.41 

12.02 
2.84 

3.35 

3.80 

3.01 
3.38 
3.99 

%-in. graphite rod filling central channel of element. 

' Includes flux in central rod if of graphite. 

tive average thermal neutron distribution 
in each of the components of the lattice cell 
was calculated. These data, shown in Table 
2, were utilized for calculating the thermal 
neutron utilization and thermal neutron dif
fusion length of the lattices. 

Another experiment (G. W. Rodeback, 
Temperature Coefficients of Uranium and 
Thorium Resonance Integrals, NAA-SR-
1641, Sept. 1, 1956) performed to obtain 
nuclear information on the sodium graphite 
reactor was a measurement of the tempera
ture coefficient of resonance absorption in 
uranium and thorium rods. The resonance 
neutron absorption in cylinders of uranium 
and thorium was determined by activation 
techniques as a function of the temperature 
of the uranium or thorium metal. The in
formation obtained has been used to predict 
the metal or prompt temperature coefficient 
of reactivity, and from this to predict the 
behavior of the reactor under transient con
ditions. Thus, this measurement is of par
ticular importance to the safety of the reactor 
when loaded with either uranium or thorium 
base fuel. 

SRE EXPERIMENTS 

Critical Mass Measurements 

The core of the Sodium Reactor Experi
ment consists of hexagonal graphite moder
ator pieces arranged in a close-packed array. 
Each moderator element is contained in a 
zirconium can. The fuel elements fit into 
holes in the center of the moderator ele
ments to form a triangular lattice cell with 
an 11-in. spacing. Sodium coolant flows 
upward around the fuel elements and also 
through a narrow spacing between the 
moderator elements. The volume fractions 
of materials in the SRE core during the 
critical experiments were as follows: 

SRE Dry Core SRE Wet Core 
(without Na coolant) (with Na coolant) 

eS-F 356°F 

Uran ium 
Graphi te 
Stainless 

steel 
Zirconium 
NaK 
Void 
Sodium 

0.0294 
0.8702 

0.00383 
0.0173 
0.00152 
0.0785 

. 

0.02967 
0.8696 

0.00337 
0.0173 
0.00131 
0.0161 
0.0627 
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The critical mass of the SRE was deter
mined both with and without sodium in the 
reactor core. In the dry reactor, that is, 
without sodium in the core, the reactor was 
loaded only to the point where the addition 
of two fuel elements would make the 
assembly critical. This loading was suf
ficiently high so that the critical mass could 
be determined accurately by extrapolation. 
With sodium in the core, the reactor was 
loaded to the critical condition, and some 
excess reactivity has been added to date. 

Critical experiments were performed by 
standard techniques. An antimony beryllium 
source was inserted near the center of the 
reactor core. Neutron counters located in 
the reflector were used to determine the 
neutron density as a function of the number 
of fuel elements loaded. Curves of inverse 
counting rate or inverse neutron multiplica
tion were plotted as a function of the number 
of fuel elements in the reactor. Because of 
the limited size of the reactor and reflector, 
it was necessary to locate the neutron 
counters so close to the reactor core that 
shadowing effects caused by insertion of fuel 
elements close to one counter could strongly 
influence the behavior of the inverse multi
plication curve for that counter. Three 
neutron counters were symmetrically located 
in the reflector, and the average multiplica
tion obtained from these three counters was 

7 ^ • - DRY REACTOR AT ROOM TEMP 

H 2 0 - \ ^ ~ '^^'^ REACTOR 4 0 0 ° F 
g - \ DRY CRITICAL MASS = 2 2 . 2 FUEL ELEMENTS 
o 18 - \ WET CRITICAL MASS = 32 6 FUEL ELEMENTS 

3 - \ 

UJ 

I '0-
0 0 8 -
LiJ 

J 0 6 -
< 
1 04-

I / -^-^ . \ I 1~-i~. 1 
0 710 12 14 is is 20 22 24 26 28 3 0 32 3 4 

' NUMBER OF FUEL ELEMENTS LOADED 

Figure 4. Critical loading of dry and wet SRE 

used to determine the loading curve. It was 
found that, by averaging multiplication ob
tained in this fashion, a relatively smooth 
loading curve could be obtained and the 
critical mass could be predicted with im
proved accuracy. 

Results of the dry and wet subcritical 
experiments are shown in Figure 4. These 
results indicate that the dry critical mass is 
22.2 fuel elements or 42.4 kg U2«-% and the 
wet critical mass is about 32.6 fuel elements 
or 62.2 kg Û -̂ ". The loading configuration 
of the reactor core when the wet critical 
condition was first achieved is shown in 
Figure 5. The theoretical interpretation of 
the critical mass data is complicated by the 
complex arrangement of the reactor core. 

The critical experiment with sodium in 
the core was performed with the reactor 
heated to a temperature of 350°F. Com
mercial neutron counters tested for use in 
this experiment were found to perform un
satisfactorily at this temperature, therefore 
special fission counters were constructed for 
the critical experiments. A stainless steel 
tube 4 in. long and Va in. in diameter was 
used for the body of the counters. Enriched 
uranium used as a sensitive material was 
plated on a piece of shim stock that was 
rolled into cylindrical form and slid inside 
the counter body. A 30-mil center wire was 
supported by a ceramic seal at one end. 
After assembly, the counter was baked out 
at about 750°F during evacuation and then 
filled with argon at about one atmosphere 
pressure before it was sealed off. The proc
ess of baking the counter during evacuation 
was found to be an important step in the 
fabrication process. Counters which were 
not baked out were found to be unsatisfac
tory after being subjected to high tempera
tures. This failure may have been caused 
by oxygen which was driven off from the 
counter walls and contaminated the filling 
gas. The fabricated counters were operated 
successfully at 400 °F, but no higher tempera
ture tests were performed. 

Other Physics Measurements on the SRE 

In addition to the critical mass measure
ments, the physics experiments performed 
to date on the Sodium Reactor Experiment 
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include determination of the reactivity value 
of additional fuel elements and of the safety 
rods, a rough measurement of the tempera
ture coefficient of reactivity, and flux distri
bution measurements in the subcritical re
actor. 

The reactivity of the 34th fuel element 
was determined by a stepwise calibration 
of one of the reactor control rods by period 
measurements. The worth of this fuel ele
ment was found to be 0.38%. The reactivity 
value of the safety rods was determined by 
the rod-drop technique. One safety rod 
was found to be worth 1.5%, while all four 
rods acting together were found to be worth 
4.4%. 

Electric heaters are provided on the core 
tank and piping for preheating before the 
addition of sodium to the system. By using 
these heaters together with immersion 
heaters inserted into the sodium pool through 
plugs in the top shield, it was possible to 
heat the reactor with electrical heat and 
thereby determine the isothermal tempera-
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Figure 7. Radial thermal flux plot of dry SRE 

ture coefficient of reactivity. At 500 °F 
this was found to be «10--^%/°F. This co
efficient increases for lower temperatures 
and decreases as the temperature is in
creased. 

Flux distribution measurements were 
made in the dry subcritical reactor by plac
ing gold foils either in special experimental 
thimbles or in small envelopes made of steel 
shim stock which could be attached to fuel 
elements. The steel envelopes were welded 
closed so that they were leak-tight to sodium, 
since the gold would disintegrate in the 
presence of hot sodium. The experimental 
thimbles could be inserted through the top 
shield of the reactor into either the channels 
used for fuel elements or other channels 
provided between moderator cans for other 
elements. Figures 6 and 7 show experimental 
flux distribution data obtained in the axial 
and radial directions respectively through 
the reactor core and reflector. Theoretical 
curves for a critical reactor are shown for 
comparison. 



Two-Group Neu t ron Physics Calculations 
for the Sodium Reactor Exper imen t s 

F. L. FILLMORE 
Atomics International, 

A Division of North American Aviation, Inc., 
Canoga Park, California 

Abstract 

An analysis of exponential experiments for graphite-uranium lattices is presented. 
The resonance escape probability is treated empirically, and a value is obtained for 
the efl'ective resonance integral to be used in making two-group criticality calculations 
for SRE. The results of the criticality calculations are given for three reactor cases. 
The theoretical reactivity worth of additional fuel and the reactivity worth of control 
rods are presented. The steady-state temperature coeff'icient is discussed. 

This paper presents the results of some 
theoretical calculations made for the SRE 
program at Atomics International. The 
material is divided into two sections; namely, 
exponential experiments and SRE criticality 
calculations. A description of the experi
ments is given in the preceding paper in this 
symposium, therefore only the theoretical 
studies will be treated in this paper. 

The method of analysis employed is the 
standard two-group diffusion theory. The 
formulas used to calculate the lattice param
eters are listed for reference in Table 1. 
For their development, reference is made to 
the book by Glasstone and Edlund, Elements 
of Nuclear Reactor Theory. Special aspects 
of the application of the theory, such as the 
treatment of the 7-rod fuel cluster, will first 
be discussed. The analysis of the exponen
tial experiments will then be presented, fol
lowed by the calculation of the SRE critical 
mass on a basis consistent with the analysis 
of the exponential experiments. Finally the 
results of some control rod calculations and 
the uniform temperature coefficient calcu
lations will be presented. 

A discussion of the methods used to cal
culate the lattice parameters will now be 
given. The calculation of r] is straightfor
ward, the cross sections being averaged over 

a Maxwellian neutron spectrum. This quan
tity does not depend on fuel cluster geometry, 
as do most of the remaining quantities. 
Hence, special attention is given to the 
treatment of the fuel cluster geometry. 
Figure 1 shows a diagram of the fuel cluster 
and lattice cell. The object is to calculate 
each of the lattice parameters in a manner 

Figure 1. Fuel cluster and lattice ceil for 
the exponential experiments 
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Table 1 

Two-Group Lattice Formulas 

,25 

.,25^{a,2SN^,/N^,) 

N, = number of atoms of the ith species per 
unit volume. 

1+-
(v<jf — af — a^)P 

P = the first collision probability of fission 
neutrons in the fuel clusters. 

p ~ e -1 /G 

where G =: -(^-1). 

Vi = volume-fraction of the ith material in 
a lattice cell. 

Sres = - ^ M C J < r̂esC -̂E'/-E')eff • 

5a(fueI)^fueI0fuel 
/ = 

Sa(fuel)^fuel0fuel + Sa(mod)^mod^mod 

Ip — average thermal neutron flux. 

< 7 . D 1.4 
!-/+(T/-riJ--^P+— In 

''tot Ŝs hkT 

P 0 ^ 2 

F ^ d - F n 

£--1 = 
2r,-

X -
h{'^m'ri)Ki(K^r,)+K(^{K^ri)li(K^r,) 

Ii(Kmre}Ki(K„ri)~Ki{K^r^)IiiK^ri[ 

r, — radius of the process tube hole in the 
moderator. 

r, = outer radius of a moderator cell. 

Km z=z inverse difl'usion length for resonance 
neutrons in the moderator. 

Tf = age of fission neutrons to the indium 
resonance in graphite of density 1.60 
g/cm^ 

r.ii = age of inelastically scattered fission neu
trons to the indium resonance. 

V,, — volume-fraction of the lattice cell which 
is void. 

T = moderator temperature in °K. 

k — Boltzmann's constant. 

All cross sections are averaged over an appropriate 
neutron energy spectrum. 

consistent with the two-group diffusion 
theory model. 

Consider the fast effect, e. The essential 
quantity to calculate here is the first collision 
probability, P. This is defined as the proba
bility that a fission neutron will make a 
collision within the uranium fuel before 
escaping into the coolant and moderator. 
For this calculation the fuel is imagined 
to be a hollow cylinder whose geometrical 
cross section is equal to that of all the fuel 
rods in the cluster and which is centered 

on the circle of centers of the outer six rods 
in the fuel clusters. When the fission spec
trum cross section and the dimensions are 
known, P may be calculated by the usual 
methods. Although this gives only a rough 
approximation for P, it should be noted that 
a highly accurate value is not required be
cause P enters only into terms which are 
small compared to other more accurately 
known terms. 

Consider next the resonance escape proba
bility, p. The most troublesome quantity to 
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evaluate here is the effective resonance in
tegral which we take to be given by 

/ ^ dE\ r 1 Si 
I I < ' r e s — ) = - ^ Hfi— b a r n s . 

A and /.i are experimentally determined 
parameters which depend on the kind of fuel 
being used but not on geometry. It is 
assumed that the product A^ is 26, which 
fixes the slope of the line asymptotic to a plot 
of the effective resonance integral vs S/M. 
The coefficient A is then treated as a param
eter to be determined by a fit to the ex
ponential experiments. F is the disadvantage 
factor for resonance neutrons, given for a 
rod of radius R by the expression 

KR IOUR) 
F= 

2 II(KR) 

where K is the inverse diffusion length for 
resonance neutrons in the fuel and is taken 
to be 0.42 cm * for uranium. R is found by 
imagining the uranium rods in the cluster 
to be replaced by a solid uranium rod whose 
cross sectional area is equal to that of all 
the fuel rods in the cluster. The surface-
to-mass term, S/M, is evaluated for a unit 
length of the cluster by imagining the sur
face S to be that described by a rubber band 
stretched tightly around the fuel rods. The 
fuel rods are closely packed so that a straight 
line drawn through the cluster must inter
sect uranium at some point, and the mean 
free path for resonance neutrons in alumi
num or sodium is quite long compared to 
the space between fuel rods in the cluster, 
so that a resonance neutron which crosses 
this surface nearly always strikes uranium. 
Hence this "rubber band surface" is the 
correct one to consider for the cluster. 

The quantity (E—1) is the so-called excess 
absorption for resonance neutrons and is 
calculated by the formula given in Table 1. 
It depends only on the dimensions of the 
moderator and the inverse diffusion length, 
K„„ for resonance neutrons in the moderator. 
We treat K„, as a parameter which is to be 
determined by a fit to the exponential experi
ment. 

Consider next the thermal utilization, /. 

The cross sections appearing in this formula 
are Maxwell averages. The fluxes, ^, in 
the case of the exponential experiments are 
measured experimentally, thus the calcu
lation of / is straightforward for these 
experiments. The experimental data on the 
flux measurements is given in the preceding 
paper. However, for the SRE lattice no 
experimental measurements are available 
and a calculation is necessary. The method 
used is one-velocity diffusion theory applied 
to the five-region cylinderized model of the 
lattice cell shown in Figure 2. The results 
of these calculations are then empirically 
adjusted so as to render them consistent with 
the measured flux obtained in the exponential 
lattices. The adjusted flux is then used to 
calculate /. 

Figure 2. Five-region model of lattice cell 

In a completely analogous manner the 
absorption and transport cross sections are 
averaged over a lattice cell. The thermal 
diffusion length, L ,̂ is then calculated from 
these cell-averaged cross sections. 

The calculation of the age, T, is based on 
the experimentally determined value of 311 
cm^ for the age to the indium resonance at 
1.44 ev of fission neutrons in graphite of 
density 1.60 g/cm*. The second and third 
terms in the square bracket in the formula 
given in Table 1 are corrections to the above 
quantity for inelastic scattering in the fuel 
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and for aging from the indium resonance to 
thermal energy which is taken to be 5 kT, 
following the work of E. R. Cohen. The age 
in graphite, TI,,, of inelastically scattered 
neutrons to the indium resonance was cal
culated by the author. Corrections for 
graphite density, moderator, and void volume 
fractions are applied to the square bracket. 

We turn now to the analysis of the ex
ponential experiments. The formula used 
to relate the lattice constants to the experi
mentally measured buckling, B^, is 

An examination of the uncertainty connected 
with the calculation of each of the lattice 
parameters and the effect of this uncertainty 
upon the buckling indicated that the quantity 

contributing the greatest uncertainty to the 
analysis was the resonance escape proba
bility. This is due to the semi-empirical 
nature of the theory used to calculate p and 
to the uncertainty of the value to assign to 
the data involved; namely, the effective 
resonance integral and K,„. It was therefore 
decided to treat these two quantities as 
parameters in this analysis and attempt to 
find values for them which would enable one 
to calculate reliable bucklings for all the ex
ponential assemblies. The values so deter
mined are then used to calculate the critical 
mass of the SRE. Therefore, p was calcu
lated for each lattice by means of the above 
equation with the experimentally determined 
value for B^ and calculated values for the 
remaining lattice constants. The nuclear 
data used in these calculations are given in 
Table 2. 

Table 2 

Nuclear Data 

Material 
<T„(2200), 

barns barns C0S9 Atomic weight 

Graphi te 

U"™ 

U«o 

Sodium 

Zirconium 

Stainless steel 

Potass ium 

5.14 X 10"' 

2.75 

687 

0.50 

0.192 

2.94 

1.97 

4.8 

8.3 

10 

3.5 

8 

9.76 

1.5 

0.0555 

0.0028 

0.0028 

0.0290 

0.0073 

0.0117 

12.00 

238.1 

235.1 

23.0 

91.22 

55.85 

39.10 

For Û "" 

-d,( 20°C) = 504.0 ba rns / ( 20°C) = 0.981 

-5,(1%0°C) = 396.8 barns / (180°C) = 0.980 

a,(425°C) = 316.0 ba rns / (425°C) = 1.002 

a - 0.184 

V - 2.47 

Enr ichment = N».,/No» = 0.02893 for SRE fuel. 

Poisons 

a„(Xe"=) = 2.14 X 10" barns a t 425°C 

X(Xe) = 2.09 X 10-"' sec-^ 

Total xenon fission yield = 0.059 

Samar ium fission yield = 0.014 

Uran ium Cross Sections Averaged Over the 
Fission Spectrum (Barns) 

<r,=' = 7.10 

a,'' = 0.28 

ffi/" = 1.85 

o-o'̂ " = 0.09 

2̂8 = 2.5 

<r,== = 7.1 

<r,̂ ^ = 1.2 

a.„=^ = 1.5 

a."-' = 0.2 

V2-. - 3.0 

Average Sca t te r ing Cross Sections for 
F a s t Neut rons 

ofj (u ran ium) 

o-s (g raph i t e ) 
(r»( sodium) 

CTs(stainless steel) 
cr,( zirconium) 

<T.(NaK) 

= 7.4 b a r n s 
= 4.40 b a r n s 
=: 3.7 ba rns 
= 7.7 b a r n s 
= 8.6 ba rns 
= 0.050 cm-* 
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18.0 

Figure 3. Curves for A vs «:,„ for exponential experiments 

Since the major dependence of the effective 
resonance integral is upon the coefficient A, 
a curve of A vs Km for each lattice may now 
be constructed. Figure 3 shows the curves 
for each of the ten lattices studied. 

In order to illustrate the uncertainty which 
one should attach to this value for the effec
tive resonance integral and to construct a 
plot from which A and K„, may be determined, 
a study was undertaken to assign reasonable 
uncertainties to each of the quantities used 
for the determination of p in the buckling 
equation. The calculation of p was repeated 
with values which give a reasonable upper 
bound and a reasonable lower bound. A 
plot of A vs Km vî as then made. The result 
is shown in Figure 4, and it is apparent that 
the value of A which this indicates is fairly 
insensitive to the value chosen for K^. The 
value of 5.6 for the lethargy width of the 

resonance neutron group leads to the value 
0.12 cm~i for K„,. This is the value chosen 
for use in the SRE critical mass calculations. 
The value of A corresponding to this was 

l i O 

12.0 
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Figure 4. Fit of data for A and K,„ used in 
calculating resonance escape probability 
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chosen to be 6.1 barns, which is considerably 
less than the value cited in the literature ob
tained by activation measurements. How
ever, if we choose to adopt an empirical 
approach to the calculation of the SRE 
critical masses, we should use the value 
obtained by this analysis. 

The critical mass calculations for the SRE 
are next described. The geometry of the 
SRE is slightly different from that of the 
exponential assemblies, but the same lattice 
theory can be used as with the exponential 
experiments. The lattice cell is shown in 
Figure 5. The moderator is in the form of 
hexagonal blocks of graphite enclosed in 
thin-walled zirconium cans. Sodium is 
circulated between these cans as well as 
around the fuel in the process tube at the 
axis of each moderator block. The fuel 
cluster consists of seven rods of uranium, 
2.78% enriched. Each fuel rod is enclosed 
in a thin-walled stainless steel tubing, and a 
NaK bond provides good heat transfer be
tween the uranium and the stainless steel 
tubing. A total of 43 process tubes can be 
loaded with fuel. With this core loading the 
reflector thickness will be at least 2 ft in all 
directions. Control and safety rod thimbles 
are located in the corners of several lattice 
cells. There are four control rods, four 
safety rods, and seven additional thimbles 
for experiments. 

The two-group reactor formulas used and 
all nuclear data are consistent with those 
used in the analysis of the exponential ex-

fSTAINLESS STEEL 
ICONTROL ROD THIMBLE 

SODIUM 
ZIRCONIUM 
GRAPHITE 
STAINLESS STEEL CLADDING 
FUEL 

Figure 5. SRE lattice cell 

periments. The calculation of the two-group 
lattice parameters follows the same pro
cedure as that used in the exponential experi
ments except that the thermal flux is esti
mated in the manner previously described. 
The calculation of the thermal utilization 
and thermal diffusion length is further com
plicated because of the presence of fairly 
large amounts of stainless steel on the fuel 
cluster and in the thimbles for control rods. 
However, these corrections have been taken 
into account in the final calculations. 

The resonance escape probability is calcu
lated by using the empirically determined 
values for A and K„, given previously. In the 
case of the so-called dry reactor (i.e., no 
sodium present and the reactor at room 
temperature), a correction for the effect of 
the streaming of neutrons through the empty 
channels was applied. When sodium is in
troduced into the system, this streaming 
effect is quite small. 

Two-group data for the radial and axial 
reflectors are also computed by means of 
the standard formulas. The main difficulty 
here occurs in the case of the axial reflectors 
which were quite heterogeneous in their 
structure. It was decided to divide these re
flectors into several thin layers and calculate 
an average cross section for each layer. A 
composite reflector is then constructed by 
weighting the average cross sections in each 
layer according to the square of the flux. 

Table 3 summarizes the two-group core 
and reflector data. Three reactor cases 
are considered. The dry case has the reactor 
without sodium and the entire reactor at 
20°C. The wet case has sodium in the re
actor and the entire reactor at 180 °C. The 
hot-poisoned case has the reactor operating 
at full power with equilibrium xenon and 
samarium poison, the temperatures in each 
portion of the system being estimated by 
heat transfer analysis. 

Critical mass calculations for a reflected 
reactor are carried out for these three cases. 
The results are also given in Table 3, to
gether with the experimentally determined 
critical mass for the dry and wet cases. The 
critical mass for the hot-poisoned case has 
not yet been measured. Figure 6 shows a 
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Table 3 

SRE Lat t ice Constants 

Dry We t Hot-poisoned 

P 

f 
k 

V, cm" 

Di, cm 

T, cm' 

Di, cm 

1.827 

1.043 

0.8235 

0.8523 

1.337 

173 

1.021 

425 

1.14 

1.823 

1.043 

0.8227 

0.8144 

1.274 

167 

0.960 

371 

1.07 

1.753 

1.043 

0.8189 

0.8403 

1.257 

195 

0.973 

370 

1.08 

Axial Reflector 

V, cm" 

Da, cm 

T, cm' 

Di, cm 

606 

1.08 

479 

1.20 

553 

0.979 

384 

1.11 

670 

0.991 

378 

1.12 

Radial Reflector 

V, cm" 

O., cm 

T, cm' 

Di, cm 

2160 

0.985 

367 

1.06 

1470 

0.930 

338 

1.01 

1840 

0.940 

336 

1.02 

Critical Loading, Fuel Clusters 

Theoretical 25.6 38.0 

Exper imenta l 22.2 33.2 

46.3 

1.6 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 
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F igure 6. Neut ron flux for SRE we t case 

plot of the thermal and fast flux and adjoint 
functions for the wet case. 

The reactivity worth of additional fuel 
clusters can be calculated by assuming an 
arbitrary change in »? and recomputing the 
critical mass of the reactor. The reactivity 
ascribed to the change in critical mass is 
then p ^ A 77/7/. Figure 7 shows the results 
of this calculation. From this we see that 
the worth of the 34th fuel cluster, which is 
one in excess of the wet critical loading, is 
0.37%. The experimental value was found 
to be 0.38%. The full loading of 43 fuel 
clusters is seen to be 3.1% excess reactivity 
above the wet critical loading. 

to 
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3 

Ui 
3 

UJ 
CD 

Z 
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EXCESS REACTIVITY (percent) 

Figu re 7. React ivi ty vs fuel loading for S R E wet 

The reactivity controlled by the safety 
rods is calculated by means of perturbation 
theory. It can be shown that a sufficiently 
accurate formula for calculating the reac
tivity is given by 

J 9i2*So(ro(l)02(perturbed)^^ 
rod 

EvS; j 01*9^2 (perturbed) 

core 

dV 

The numerator of this expression can be 
replaced by one which represents the net 
current directed into the control rod. A 
simplified calculation for a bare reactor with 
a black control rod along its axis was made 
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in order to determine this quantity. Cor
rections for actual rod location and semi-
blackness are applied to these results. The 
denominator of the reactivity formula can 
be evaluated by means of the data already 
available from the criticality calculations. 
Table 4 shows the results of these calcula
tions for the wet reactor as well as experi
mentally determined values. The control 
rods are about 8 in. longer than the safety 
rods and therefore control about 10% more 
reactivity. 

Table 4 

Control and Safety Rod Reactivities 

Reactivity, '/< 

Element 

1 Safety rod 

4 Safety rods 

1 Control rod 

4 Control rods 
(no shadowing) 

Theoretical 

1.5 

— 
1.6 

6.6 

Experimental 

1.5 

4.4 

1.7 

__ 

The temperature coefficient for the re
actor was obtained by evaluating each of the 
lattice parameters at several temperatures 
over a range of temperatures from 180° to 
600°C. In this calculation the entire reactor 
was assumed to be at uniform temperature. 
The change in reactivity due to a uniform 
change in temperature can then be evalu
ated by means of the two-group perturbation 
theory formula 

.r 
V01* -SDiV^i—V02*^8^2^02^ 

A curve of the temperature coefficient of 
reactivity is shown in Figure 8 along with 
an experimentally measured curve over part 
of this temperature range. It will be seen 
that the agreement with experiment is only 
fair, but, since the calculations were done 
nearly two years ago with a somewhat primi
tive reactor concept, good accuracy is not to 
be expected. The important thing is that 

200 400 
TEMPERATURE (°C) 

C 9ii*£vS/9i2 dV 

Figure 8. SRE temperature coefficient 
of reactivity 

the positive coefficient predicted by theory 
is actually observed, at least over the region 
of lower temperature. The reason for this 
positive coefficient is that the thermal flux 
distribution throughout a lattice cell changes 
drastically as the temperature rises, the flux 
in the fuel increasing relative to that in the 
moderator. This means that the thermal 
utilization increases considerably with in
crease in temperature. Although the reso
nance escape probability decreases due to 
Doppler broadening, the decrease is insuf
ficient to override this effect. Hence, a posi
tive temperature coefficient results. 
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INTRODUCTION 

Many of the measurements performed on 
the G.l Reactor consisted of measuring the 
reactivity change due to a given modifica
tion of the reactor, e.g., the removal of a fuel 
element, substitution of such an element for 
another one of different characteristics, ad
dition of an absorber, introduction of one 
or many control rods, etc. This paper deals 
with the measurements and their methods of 
interpretation. A more complete t reatment 
may be found in CEA Report No. 670F by 
J. Bernot, J. C. Koechlin, Mme. L. Fortes 
and A. Teste du Bailler. 

PRINCIPLE OF THE MEASUREMENTS 

The reactivity change due to a given modi
fication of the reactor (called the effect of 
tha t modification on the reactivity) is very 
nearly the difference between the values of 
kett of the initial pile and of the modified 
pile. 

There are two types of methods for 
measuring multiplication factors. One is 
the kinetic method, in which p = k^u —1 is 
deduced from the period of the diverging or 
converging pile by means of the so-called 
"inhour formula." The other consists of 
the "s tat ic" methods including 1) the sub-
critical counting method in which the count
ing rates may be expressed in terms of k^tt 
by measuring negative periods, or by the 
curves for subcritical approach and kinetic 
approach; 2) the method of the critical size 
variation where the changes of the geomet
rical buckling are expressed as variations in 
hit through the kinetic s traight line for 
critical approach; and 3) the method of 
compensation, in which the unknown effect is 
determined by adjusting another known and 

standardized variation in order to keep the 
reactor behavior, or Ktt, constant. 

KINETIC METHOD 

When the effective multiplication factor 
k^tt is very quickly changed from one value 
to another, the neutron density or the neu
tron flux everywhere has a time behavior 

n = ni e*/" + n2 

after the decay of a transient, r is the 
period of the pile and is related to k^tt 
through the inhour formula. 

When p = Ktt—1 is positive, r is positive, 
and both theory and experiment show that 
the constant n., is fairly soon negligible com
pared with the exponential term 

n^nie''^\ 

After a while, however, as the power in
creases, secondary connected effects become 
important (the temperature of the core, for 
instance, is the most important at the begin
ning) and make Ktf and T change. There
fore the measurement of T has to be done 
after the decay of the transient and before 
secondary effects become appreciable. 

When p is negative, T is negative. The 
power of the reactor decreases towards a 
constant value which is a function of both 
k^tt and the intensity of the constant neutron 
sources: at that time the reactor is sub-
critical and stable. 

Both theory and experiment show that 
under given conditions the constant «2 can 
be neglected with respect to the exponential 
term 

n=n,e''^\ 

^ 232 
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However, the neutron flux decay is really 
exponential only during a short period, after 
the decay of the transient and before the 
constant n^ becomes important. 

We have observed experimentally that for 
\T\ large enough, the time interval during 
which nit) is really exponential is great 
enough to be useful; when |TJ decreases, the 
curve n{t) becomes more complicated. For 
intermediate values of \T\, we can find two 
different and consecutive exponentials (con
firmed by theory), but for smaller values of 
\T\ any exponential decomposition becomes 
impractical. 

We used different kinds of apparatus to 
measure T, or more precisely / = r In 2 = 
0.693 r: 

1) "Period-meters": These give directly 
successive elapsed times during which the 
reactor power is multiplied or divided by 
two. They use an ionization chamber and 
a time scaler and compare the chamber out
put voltage to preset voltages. 

2) "Permutators": These use the facts 
that the number of counts registered during 
a time interval T by a neutron counter is 
proportional to the integral of the reactor 
power during the interval, and the integral 
of an exponential is another exponential of 
the same period, 

X t f T 
njg*'̂ ' dt' ==n^-'{e T/^ ̂ 1 ) e"^. 

Thus, the successive counts obtained during 
equal and consecutive time intervals T vary 
exponentially, with a period which can be 
obtained by plotting the experimental points 
on a semi-log chart, or analytically. 

3) Recorders: These record an ion cham
ber voltage output which is proportional to 
the reactor power. One of these recorders 
has a varying velocity, but timing pips every 
second on the curve permit easy evaluation 
of the time necessary for the power to be 
multiplied or divided by 2. These data may 
also be analyzed by replotting them on semi
log paper. The other recorder has a con
stant velocity but displays no pips; its 
records can be analyzed in the same manner 
as for the flrst one, or by use of the fact that 
it has successive scale changes by a factor 
of 10, and so the distance along the time 

axis between two successive points of the 
same ordinate must be 

rln 10=r'log2lO = T'/Iogio2 

(insofar as the power varies according to an 
exponential and response of the apparatus is 
linear). 

The intercomparison of these types of ap
paratus over a wide range of measurements 
shows that the "period-meters" are con
sistent and accurate and rather reliable, 
and thus very useful. The reactivity ranges 
that can be measured reliably are from -f- 20 
to about + 300 X 10"® with a relative error 
of the order of 0.5% or an absolute error 
of the order of 0.5 X 10"'"̂  (whichever is 
greater) for the diverging reactor, and from 
— 25 to about — 150 X 10"" with a relative 
error of the order of 2 to 3% for the con
verging reactor. 

STATIC METHODS 

Subcritical Method 
After a converging flux change, the reactor 

power reaches a constant value which is in
versely proportional to the reactivity: 

no Wo 
n = « 2 = = • 

1-fceff P 

Thus the counting rate of a neutron counter 
fixed in the pile is inversely proportional to 
the reactivity, 

A 

provided, however, that the factor A, which 
is proportional to the ratio njn (the neutron 
density at the counter location divided by the 
average density over the pile), remains con
stant when keft is varied. Then, for each 
(ZCe«)i and for each counter j we have 

Cjipi =C; i Pi=Aj=Constant. 

Thus, counting rates give a means of meas
uring "relative" values of reactivities; they 
can be a means of measuring "absolute" 
values of reactivity if at least one of them 
is known. 
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STANDARDIZATION OP SUBCRITICAL COUNT
INGS BY MEANS OF MEASUREMENTS OF 
NEGATIVE PERIODS 

Before the power reaches its steady level, 
counts are taken, the period of the con
verging subcritical pile is measured, and the 
correspondence between p, and 1/(7/ is in 
this way established for the counter i. The 
constant A, = C,' p, is thus determined. 

In fact. A, is not directly determined by 
the factor C/ p„ but C/ p,' where p,' = pt 
~f Ap, is the reactivity that would have been 
measured at the time when the count rates 
C were measured. Ap, represents a correc
tion to be made on p, mainly because of 
temperature and pressure variations which 
have developed between the times when p, 
(state i) was measured and C' (state i') is 
measured. These corrections are made on 
the following basis: 

— (1.2 ± 0.1) X 10 •' per mm Hg, 
— (4 ± 0.4) X 10-'' per °C. 

The complete set of experimental results 
for a series of subcritical measurements can 
be summarized as shown in Table 1. The 
curves —R,'ii) and K;{i) must be super-
posable by translation parallel to the ordi
nate axis. The curve —R,'{i} being fixed, 
the various curves K/ (i) can be moved along 

the ordinate axis so as to superpose them 
best, both separately and simultaneously, to 
the curve —R,'(i), the experimental errors 
(and if necessary, the lack of accuracy of 
the relationship (7*p, = Constant) being taken 
into account. In this way subcritical count
ing rates can be calibrated absolutely. The 
absolute values can be improved to some 
extent through the knowledge of relative 
values, and vice versa. 

This graphical and not very accurate 
method may be improved by the equivalent 
mathematical procedure which follows. 
From 

C , ' p / = A , = Constant, 

we have 

Kj'- -hi22'=Q, = Constant 

with 

8Q/==8iir3' + 8i2/, 

Qj being the mean value of the Q,' (i varies 
from 1 to q) with its quadratic error 8Q,; 
we write 

(8/2/); = 8Q, — 8Zj». 

Pile 
state 

1 
1' 

"Absolute" 
reactivity 
measured 

Pi±Spi 

Absolute 
reactivity 
corrected 

pi '±6pi ' 

Table 1 

Counter 1 

Ci'iSC* 

Counting rates 

Counter 2 

C2'±8C2^ 

Counter p 

C/±3C„' 

Pq±Spq 
P,'±&P„ Ci"±Ba' 

C''*'±:SCi'"' 
C + S C . " 

C"*'±SCJ*^ 
C„''±SC,.'' 

C/'^'+SCp"*' 

Ci"±SCi" C"±SC.» C]/' i t S Cp 

By pu t t ing Ri'±SR,' 
K,'±SK/ 

log \p,'±8p,'\, 
log \C/±SC,' 
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It is possible now to obtain the mean value 
of (R,'), and R' (if it is known)^together 
with its error. That mean value R' ± tR/ 
is the logarithm of the reactivity in the 
state i'. 

STANDARDIZATION OF THE SUBCRITICAL 
COUNTINGS BY MEANS OF THE CRITICAL 
APPROACH CURVES 

k,.ti is given in the age theory approxima
tion by 

kgff=k 
1 + L2S2 

where B- is the geometrical buckling of the 
equivalent bare pile. For small variations 
of B- around J5,̂  (for which fc^ff = 1) we 
can write 

k,tf \1+L2B2 / 

B- is related to the total number N of fuel 
rods in the reactor, thus to the equivalent 
radius R of the multiplying core (R = 
20V N/- cm for G.l) through the formula 

\H,J \R+ARJ 

with j = 2.4048 . . . = first zero of the Bes-
sel function /„. H^.^ is the extrapolated 
height of the equivalent bare reactor and 
R + -̂K its extrapolated radius. 

The theory shows that, for a large reactor 
such as G.l, //ex» ^R and 1 -|- L^S- can be 
considered as constant over a rather wide 
range of variation for Â  round N,. It is 
thus possible to calculate 5^ for a given core 
load, with H,.^ and AR known, and we have 

rR Sfeeff / -^^ \ 
p= I = - + T){B2~B,2). 

Experimentally, we obtain good straight 
lines by plotting p or 1/C versus B^, and the 
intersections of these straight lines with the 
line p = 0 give the critical buckling B,^. By 
comparing the slopes of the straight lines 
"1/C vs B-" for the subcritical reactor and 

"p vs B'-" for the supercritical reactor, it is 
easy to express counting rates C in terms of 
reactivity. This comparison is valid when 
the only modification in the reactor is the 
number of fuel rods, but one questions the 
validity of such an expression for the count 
rates C in terms of reactivity when the 
modification is different. We shall now con
sider this question. 

THE METHOD OF CRITICAL 
SIZE VARIATION 

In this method, we determine the critical 
bucklings B/- and B/'^ of the reference (un
modified) pile and the modified pile. Know
ing the slope of the straight line for critical 
approach of the reference pile, 

« = - ("T , 

U+L2B,2 / 

and assuming that this slope remains con
stant for buckling variations up to B/'^ — B^, 
we can postulate that the reactivity of the 
modification is exactly balanced by the excess 
reactivity, 

\ 1 + L2B,2 / 

that the reference pile would have if loaded 
tvith N/ rods instead of Nc. We thus con
clude that the effect of the modification is 

\1+L2S,2 J\ J 

This method is of interest only when the 
modification is too large for its effect to be 
found directly from the difference between 
the effective multiplication factors measured 
on the reference pile and the modified pile. 
A large modification means that the reac
tivity range involved is greater than the 
range where the linear dependence of k^it 
on i?2 }̂ as been experimentally verified, and 
then we have to suppose that this linearity 
holds here also. 

The buckling of the modified pile is cer
tainly defined in a way different than that of 
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the reference pile, otherwise the two straight 
lines of critical approach 

p = - ( +T](B'^-^B,2), 

\ 14 L2B,2 / 

' ^ J + r ) ( i J ' 2 _ B / 2 ) , 
\ 1 + L2B,'2 J 

would have approximately the same value 
(1 + L'-^B'^ varies only slightly, even for 
large variations of B^). 

The experimental results a r e : 1) there 
exists a straight line for both critical ap
proaches, but 2) the slopes are different: 

, , ^ « ( B Z - E , , 2 ) , 

p '==a'(B'2~~B/2) with | « ' | > | « | . 

The first conclusion is that, even if the 
pseudo-buckling B''^ for the modified pile 
has no true physical meaning, it can still be 
used for determining reactivities. By ex
trapolat ing now the relation 

p '==« ' (B '2-^ .e /2) , 

the quantity 

Ak' = aiB,^--B,'^)< « ( B , 2 - - B / 2 ) _ ^ f c 

takes on a physical meaning which it was 
difficult to give previously: Afc' represents 
the reactivity of the modified pile loaded 
with N,. rods, instead of N/. 

Thus the symmetry of the method is es
tablished (and we obtain a very well known 
resul t : the bigger a reactor, of a certain 
type, the smaller is the effect of a given 
modification or perturbation on i t ) . 

BACK TO THE SUBCRITICAL METHOD 

We are now in a position to analyze more 
precisely the subcritical method. In this 
method, we assume that the linear relation
ship between p and 1/C for a subcritical pile, 
established both theoretically and experi
mentally for a given pile where only the 
fuel load is varied, is still valid when other 
changes are made. (These must be ra ther 

small since we must measure them by equiva
lent fuel changes.) 

We have seen that the slopes of the 
critical approach curves for the reference 
and the modified piles are different. There
fore we can ask whether the assumption 
Cp = Constant is valid and whether we can 
express 1/C in terms of p for the modified 
pile by means of comparative measurements 
of C and p performed on a reference pile 
(unmodified or differently modified). 

The answer comes from the fact that, as 
the slopes of the critical approach curves are 
different for positive reactivity, 

p aiB-^-B^n, 

p ' = „ ' ( B ' 2 ^ . B / 2 ) , 

the slopes of the subcritical approach curves 
are different too, but with the same ratios 
of slopes (within experimental errors) : 

1 

C 
1 1 

A A 

1 
_ = J 3 ' ( B ' 2 _ B ; 2 ) 

C 
1 1 

- ^ - - a ' ( B ' 2 - B ; 2 ) = _ _ p ' , 

A A 

and we can write for both piles 

— Cp = A = Constant. 
Thus, the subcritical method is completely 
justified. 

The properties of both the subcritical 
method and the method of the critical size 
variation may be compared. If D,, D., and A 
are respectively the kinetic and subcritical 
approach curves for the reference pile, and 
the same elements primed correspond to the 
modified pile, we can see that, as «//? = a /p', 
the translation of 1/C into p is the same for 
both piles, tha t is to say by comparing either 
DiDa and A or D/D/ and A'. 

For a given loading expressed by B'^, the 
effect on the reactivity of a modification is 
given by the difference between the ordinates 
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of the points of abscissa B- on DxD-, and 
D^'D/ respectively. 

COMPENSATION METHOD 

In this method the reactivity is kept con
stant when the pile is modified by adjusting 
another known and standardized effect. The 
method of critical size variation is a particu
lar case where the known effect used is the 
number of fuel rods. This compensation 
method is correct only if there is no inter
action or shadow effect between the two 
modifications, otherwise it can give an 
equivalence only under circumstances that 
must be further specified. 

Corrections 

The efl'ects are obtained by the difference 
between the measured reactivities for the 
reference and the modified piles. The values 
of reactivity to use in these differences are 
those directly obtained from experiment, but 

corrected for the temperature and pressure 
effects due to variations from one measure
ment to another. 

Because of the uncertainties in these cor
rections, it is always better to perform both 
measurements as nearly simultaneously as 
possible. In particular, when many effects 
on the same initial load were to be measured, 
we often repeated the measurement of re
activity of the reference pile, so that we 
could compare every new measurement on 
the modified pile to reference measurements 
performed before and after. 

CONCLUSION 

We have outlined and discussed in a 
general way various methods we used to 
measure reactivities on G.l. The good con
sistency of the many experimental results 
we obtained, when the necessary precautions 
were taken, is the best support for these 
methods. 



Discussion of Session VI Papers 

The following comments on the paper by 
C. R. Richey were received from J. Bussac. 

We have performed some time ago in 
France some calculations using the spherical 
harmonics method P,, and P.-„ and I wish to 
mention that the convergence of these 
P, PH P.-, approximations is somewhat poor. 
In fact the P.-, calculation is much too dif
ficult to work with to be used extensively, 
and very often one has to be satisfied with 
a P.i calculation. 

Two years ago Amouyal and Benoist in 
France developed a very simple theory (CEA 
Report No. 571), and the formula of the 
thermal utilization factor / is as easy to 
compute as that obtained by diffusion theory. 
The idea is to use the diffusion theory only 
in the moderator where the anisotropy of 
the neutron angular distribution is low, and 
to refine the theory in the uranium rod and 
the air gap between the uranium and the 
moderator. 

This theory was compared with P, P:i P.-, 
approximations and with more refined cal
culations performed by Dr. Carlson for us 
with his S„ method. Table 1 refers to a 
graphite cell in which a is the radius of the 
uranium rod, b is the radius of the cell, and 
c — a is the thickness of the air gap. It is 
to be noted that the results given by the new 

formula are much closer to the Sg results 
than those obtained by a P^ calculation. 

Table 1 

(a =z 1.3 cm) (1 — /) computed by 

Ss 

0.1317 

0.1280 

0.1201 

0.1123 

Amouyal 
and 

Benoist 

0.1313 

0.1282 

0.1206 
0.1127 

0.1143 

0.1129 

0.1072 
0.1002 

c, cm 

1.3 

1.6 
2.5 

3.5 

1.3 

1.6 
2.5 

3.5 

P, 

0.1151 

0.1131 
0.1099 

0.1047 

0.1022 

0.1006 

0.0978 
0.0929 

Some results of P., calculations are given 
in Table 2, where the parameters are those 
of a heavy water cell. 

Table 2 

{b =: 
7.93 cm) 

a =z c, 
cm 

1.3 
1.5 
1.7 

P, 

0.0501 
0.0398 
0.0336 

(1 — /) computed by 

P, 

0.0563 
0.0457 
0.0384 

P., 

0.0578 
0.0469 
0.0391 

Amouyal 
and 

Benoist 

0.0589 

0.0478 

0.0398 
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A Graphite Moderated Critical Assembly—CA-4* 

E. L. ZIMMERMAN 
Nuclear Development Corporation of America, 

White Plains, New York 

Abstract 

A graphite moderated enriched uranium critical assembly was constructed to provide 
an experimental check for certain reactor calculation methods and to evaluate a 
number of experimental procedures used in the Oak Ridge National Laboratory 
critical facility. In order to minimize uncertainties in subsequent measurements and 
calculations, the assembly was kept as simple as possible. The assembly approximated 
a uniformly loaded, unpoisoned, bare cube, containing relatively well-known reactor 
materials. This simple critical assembly proved to be an excellent tool for basic 
reactor physics studies. 

The size of the assembly was 51.0 X 51.0 X 44.11 in., and the critical loading 
was 52.48 kg U '̂". With the critical assembly as a model and assuming an extrapolation 
distance of 2 cm, a bare reactor, 32 group calculations gave a value 0.9912 for the 
effective multiplications. 

Several measurements were made by one or more experimental techniques and 
compared to calculated results where possible. The observed quantities included: 

1) Control and safety rod evaluations by rod drop and pile period methods. 
2) The effect of neutron streaming in a void. 
3) Importance functions for fuel and moderator. 
4) Reactivity coefficients for various materials. 
5) Fission power distribution by the catcher technique. 
6) Flux distribution. 
7) Cadmium fractions. 
8) The effect of transverse gaps on reactivity. 

In general, the agreement with calculated results was satisfactory. In the case 
of the reactivity effect of small gaps, the disagreements with earlier theoretical 
treatment of the problem prompted an effort to improve the existing calculation 
method for evaluating this effect. 

Danger coefficients for sodium, iron, nickel, and molybdenum were calculated 
from the multigroup neutron spectrum and the known cross section data. These 
values are in substantial agreement with the corresponding observed values. 

The effect of a sodium filled channel in the reactor was investigated. A 3 X 2-in. 
hole extending from the center of the assembly to the outside along a major axis 
was filled stepwise with sodium. Plugging the hole near the outside edge of the 
assembly with sodium caused a slight increase in multiplication, while completely 
filling the hole gave a small net loss. 

This work was done at the Oak Ridge National 
Laboratory critical facility in the late summer 
of 1951. The material was presented in a secret 
report, Y-881, which was declassified September 
17, 1957. The principal contributors to the effort 
were A. D. Callihan, K. W. Downes, E. V. Haake, 
D. Scott, D. V. P. Williams, and E. L. Zimmerman. 
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I. INTRODUCTION 

A graphite moderated enriched uranium 
critical assembly designated as CA-4 was 
constructed for the purpose of checking cal
culation methods, for gaining experience 
with the ORNL critical experiments facility, 
and for evaluating experimental procedures. 
In order to minimize the uncertainties in 
subsequent calculations, the assembly was 
kept as simple as possible and was built to 
approximate a bare cube. 

These experiments began July 20, 1951, 
and extended through November 5, 1951, 
at which time the assembly was displaced 
by one of higher priority. Consequently, 
some of the measurements could not be 
checked. The applicability of the graphite 
critical assembly to the study of several 
problems important to reactor science be
came apparent during the course of the ex
periments; however, the time limitation 
forced their exclusion from the program. The 
problems include a study of the effects of 
voids of different sizes, shapes, and distribu
tions; a study of channeling of neutrons; a 
further investigation of the poisoning effects 
of some of the currently proposed reactor 
materials; and a study of combinations of 
reflector materials, to mention a few. 

The simple graphite moderated critical as
sembly proved to be an excellent tool for 
basic reactor studies. A clean assembly of 
this type, i.e., a simple geometry, bare, single 
material moderator, unpoisoned, intermedi
ate energy reactor offers a vast opportunity 
for fundamental investigations. In such 
assemblies, where the nuclear properties of 
the moderator are well known, effects of 
small changes in the assembly may be iso
lated with relative ease. By way of contrast 
it may be noted that any assembly built for 
the purpose of mocking up a reactor of a 
particular design must contain several dif
ferent materials, a reflector, extreme in-
homogeneities, and possibly voids. Changes 
in such an assembly may introduce many 
unknown effects which in general cannot 
be observed independently. The observed 
effects would be characteristic only of that 
particular reactor. 

This report is intended to give a descrip
tion of the critical assembly, a discussion of 

experimental procedures with results of 
some of the measurements, and a comparison 
between experimental results and those ob
tained by a theoretical treatment. Some 
aspects of CA-4 including a few of the ex
perimental results have been previously 
reported.^ 

II. DESCRIPTION OF FACILITY 
AND ASSEMBLY 

A. Permanent Equipment 

The ORNL critical experiment facility has 
been discussed in detail elsewhere^ and only 
a brief description of the essential compo
nents will be included here. Such features 
as interlock system, safety system, shielding, 
etc., are intentionally omitted, since they 
have little direct bearing on the experimental 
results. 

1. STRUCTURE, CONTROL, AND SAFETY 

The assembly apparatus consists basically 
of a matrix of square aluminum tubes into 
which the reactor materials may be placed. 
The square "honeycomb" is divided into two 
halves, identical except that one half is sta
tionary while the other may be moved a total 
distance of 5 ft from the stationary half. 
Part of the reactor materials are loaded into 
either half, and the assembly is made critical 
by control rod adjustments after the two 
sections have been moved together. 

Figure 1 is a view of the fixed-half inter
face. The two empty cells in the core are at 
the positions of control rods C and D. All 
safety rods are in their operating positions. 
At the extreme left may be seen part of the 
movable half of the assembly. Each cell is 
a 3 X 3-in.-o.d. square tube 3 ft long, made 
of 2S aluminum of 0.047-in. wall thickness. 
These are stacked in a 24 X 24 cell array 
forming a 6-ft cube when the two halves are 
together. The movable half is driven by a 
power screw and a 1 hp, dc, shunt-wound, 
gear motor. Positions of the movable half 
relative to the fixed half are indicated to 0.01 
in. over the entire 5 ft of travel by a selsyn 
Veeder-Root mechanism coupled to the power 
screw. Separations of less than 1 in. are 
indicated to ±0.001 in. by Starrett microm
eter dial indicators coupled through Autosyn 
400-cycle selsyns. 
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Figure 1. CA-4 fixed section interface 



21 
22 
23 
24 

(A) THE CENTER OF CELL M-12 IS THE CENTRAL 
LONGITUDINAL AXIS OF THE ASSEMBLY. 

(B) GRID SPACING IS 3". 

(C) NUMBERS ARE SAFETY RODS, LETTERS ARE CONTROL RODS 

(D) PRIMES INDICATE MOVABLE HALF (19" SHISHES), NO-

PRIMES INDICATE FIXED HALF (25" SHISHES). 

Figure 2. Interface of CA-4 showing control and safety rod positions 
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In practice, the absolute separation of 
the assembly halves cannot be determined to 
within ±0.01 in. because of the limitations 
in aligning the movable section of the as
sembly as well as the individual core ele
ments. 

Reactor control rods are conventional core 
elements which may be inserted or with
drawn by means of a motor-driven lead 
screw. Control rod positions are indicated 
to 0.01 in. by selsyn coupled Veeder-Root 
indicators. There are four control rods in 
the assembly, two in each half. Safety rods 
are of the reactor core removal type; spring 
loaded, magnet held, and inserted by com
pressed air. There are a total of eight safety 
rods, four in each section of the assembly 
(Figure 2), all of which are withdrawn 
automatically in case the reactor radiation 
level exceeds a preset value. Otherwise they 
may be fired manually, either simultaneously 
or separately. Poison rods are not used for 
either control or safety. The polonium-
beryllium neutron source is mounted in a 
stainless steel capsule on the end of a i/4-in. 
aluminum rod. The source is inserted to 
approximately the center of the reactor core 
during start-up and is withdrawn after the 
reactor is critical. In the "out" position, 
the source resides in a block of cadmium 
covered paraffin directly above the interface 
of the two assembly halves (Figure 1). 
Since the entrance hole in the source shield 
is always open, some neutrons from the 
source will always "see" the reactor. The 
effect of completely removing the source to 
another room while the reactor is in opera
tion is a noticeable change in reactivity only 
at very low power levels, i.e., at about 0.01 
w, but is negligible at the power level of 
approximately 3 w which is used for most 
experiments. In measurements where the 
source contribution may be significant at 
critical, the source is removed to another 
room as soon as the reactor is critical. 

2. INSTRUMENTATION 

The radiation level of the reactor is moni
tored by means of eight independent instru
ments; a scintillation counter, a fission 
chamber, and six BF^ filled neutron detectors, 
two of which are proportional counters and 
four ionization chambers. Leakage radia

tion is measured by placing detectors around 
the critical assembly at distances from 4 to 
10 ft from the reactor core. Of primary 
interest to the present set of experiments 
are the logarithmic meter (log A'̂ ) and the 
period meter, deriving their signal from a 
BF:J ionization chamber. The logarithmic 
meter records power levels over a range of 
approximately 61/2 decades, while the period 
meter indicates the pile period directly 
from infinity to -f-3 sec, and infinity to 
—30 sec. Stable pile periods may be ob
served directly from the slope of the curves 
drawn by the log Â  recorder (Appendix E) . 

B. Graphite Moderated Reactor 

1. DESCRIPTIVE 

The critical assembly to be discussed in 
the following paragraphs used O.Ol-in.-thick 
uranium metal discs, enriched to 93.3% Û ''*̂ , 
and spaced at 4-in. intervals between graph
ite blocks. The construction details will be 
given in a later paragraph. 

The initial purpose in building the as
sembly was to arrive at a bare cubical re
actor. Because of limitation in the avail
ability of uranium, it was necessary to add 
3 in. of graphite on four sides to make the 
assembly critical. The final assembly had a 
core 45 X 45 X 44.1 in. and an over-all size, 
including the 3-in. reflector, of 51 X 51 X 
44.1 in. The total uranium loading was 
44.449 kg, 41.484 kg of which was U^^'. 

As will be shown, adding fuel to the 3-in. 
reflector would have had a negligible effect 
on power and flux distributions, and the as
sembly could thus be treated, as least macro-
scopically, as a bare reactor. The final as
sembly was critical with a control rod with
drawn 10.04 in. Extrapolating the actual 
fuel loading to compensate for the 10.04 X 3 
X 3-in. void at the center of the assembly 
resulted in a bare reactor 51 X 51 X 44.1 in. 
having a critical mass of 52.48 kg U '̂'". 

2. CONSTRUCTION DETAILS 

The fuel elements were circular discs of 
approximately 0.01-in. thickness having di
ameters of 2.860 and 1.430 in. and masses 
18.0 ± 0.1 and 4.5 ± 0.1 g respectively. 
Since it was impossible to roll the metal foil 
sufficiently uniform to meet these mass 
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Figure 3. Foils and graphite blocks, showing foil slots 

Figure 4. Detail of CA-4 core element (shish) 
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tolerances, many of the discs had small holes 
punched in them. The average mass of a 
2.860-in. disc (or of four 1.430-in. discs) was 
17.959 g (Figures 3a, b) . Each fuel disc 
had a center hole of 0.196 in. diameter. The 
moderator was AGOT graphite of measured 
density 1.717 g/cc. The graphite blocks 
were of two cross sections, 2% X 2% or 
IKc X 1/46 in-» and three thicknesses, 
14, 1 and 4 in. Each had a 0.196-in. axial 
hole. 

The reactor core elements (termed "shish-
kabobs" or "shishes") were made of alter
nate 4-in. graphite blocks (or combinations 
of smaller ones totaling 4 in.) and fuel discs 
held together by %6-in.-diameter aluminum 
skewers (Figure 4). One end of each skewer 
was threaded into a l-in.-diameter, i/g-in.-
thick aluminum disc recessed into the graph
ite. A stainless steel clamp at the other end 
of the shish was used to hold the graphite 
and uranium firmly in place. Core elements 
were built in two lengths, 25.06 and 19.05 in., 
including fuel discs, the shorter ones being 
placed in the movable section of the assembly 
and the long ones in the fixed section as 
shown in the sketch at the top of this page. 

These particular lengths were chosen for 
convenience in loading. A complete stringer 
through the reactor consisted of a pair of 
2% X 2%-in- shishes or four pairs of 
1%6 X 1^6-in- shishes and contained 
eleven large or forty-four small fuel discs, 
making the total uranium mass 197.5 g, the 
same for all stringers. The loading was con
sidered to be uniform throughout the core, 
except for the extra three skewers required 
where four small shishes were used. 

Table 1 is a summary of volume fractions 

of materials used in a typical cell in the core 
and represents the average over the entire 
assembly, assuming the loading to extend 
through the 3-in. reflector. The small stain
less steel fraction is due to stainless steel 
skewers used for control and safety rods and 
to impurities in the aluminum and graphite, 
which for calculation purposes were treated 
as effective equivalent amounts of stainless 
steel. 

The aluminum in the unfilled channels sur
rounding the reactor was not included in the 
volume fractions. However, an upper limit 
of its contribution to the effective multiplica
tion at critical was estimated to be 0.00015. 
Neutron scattering from other materials, 
such as steel structure around the aluminum, 
was assumed to be negligible. 

The effective multiplication of the bare 
graphite reactor was calculated by C. B. 
Mills-̂  using the method outlined by M. J. 
Nielsen.* The method consists of solving 
the diffusion equations for each of 32 leth
argy groups, assuming average cross sections 
for each of the groups. [Lethargy, u, is de
fined as w. H= log<.(10V£'„), where E„ is the 
neutron energy in ev.] Self-shielding cor
rections were made to compensate for the 
lumping of fuel in the 0.01-in. discs. An 
extrapolation distance of 2.0 cm was as
sumed. By using the resulting value for 
buckling, B^ = 0.001863 cm^^ the mass 
fractions listed in Table 1, and a normalized 
fission neutron spectrum, the effective multi
plication was found to be 0.9912. The calcu
lated fission spectrum was 27.66% thermal 
with the mean fission energy of 0.15 ev. The 
results of these calculations are shown in 
Figures 5, 6, and 7. 
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Function 

Table 1 

Volume Fractions of Materials Used in CA-4 

Total Density, Volume, Volume Atomic 
Description Mass, kg mass, kg g/cc cc fraction, % density, cm" 

Fuel 

Moderator 

S t ruc ture 

Impuri t ies 

Voids 

U meta l in core 
U"'" meta l in core 
U needed to fill core 

+ 3-in. reflector 
U"'*' needed to fill core 

+ 3-in. reflector 

Graphi te 
Graphi te impuri t ies , 

Si 0.005 
V 0.003 
Ca 0.006 
B 0.00006 
Ti 0.001 
Total 0.01416 

2S Al tubes , 
99.2% Al 

24S Al skewers. 
93.6% Al 

Total Al 
316 Stainless steel 

skewers 

Trea ted as an 
equivalent amount 
of s tainless steel in 

Al tubes 
Al skewers 
Graphi te 

Total equivalent 
s tainless steel 

Voids 

Totals 

44.449 
41.484 

57.092 

53.284 

% 

295.48 

14.551 

0.854 

2.380 
0.996 
0.433 

44.449 
41.484 

57.092 

53.284 

2889.7 

310.031 

4.663 

3249 

18.7 2,377 — 

18.7 3,035 0.162 7.776 X 10"* 

— — — 7.257 X 10" 

1.717 1,683,400 89.48 7.702 X 10" 

2.71 114,400 6.08 3.68 X 10-'' 

7.93 588 0.03126 

79,260 4.26 

1,880,700 100 

3. STABILITY AND REPRODUCIBILITY 

A series of runs was made to determine 
whether there was any time drift in control 
rod settings during a run. To avoid a con
tribution from the neutron source, it was re
moved to another room as soon as a chain 
reaction was self sustaining. Stability 
checks were made at several power levels 
ranging approximately from 0.03 to 3.0 w. 
In each case no drift was observed after 
sufficient time had elapsed to allow delayed 
neutrons to reach equilibrium. Observa
tions were continued for 20 min or more, and 
no adjustments in control rod positions were 
served during any run, positions of control 
found necessary. While no drift was ob-

rods varied somewhat from one run to the 
next. Table 2 indicates the magnitude of 
this variation in control rod settings for five 
runs, parts of which were made on two dif
ferent days. 

Table 2 

Run 

1 
2 
3 
4 
5 

Power level, 
w 

0.03 
3.0 
0.03 
3.0 
0.03 

Rod position, 
m. 

10.105 
9.569 
9.743 
9.832 
9.816 

Mean 9.813 

Deviation 
from mean, in. 

+ 0.292 
- .244 
~ .070 
+ .019 
+ .003 
+ 0.126 
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Figure 6. Leakage spectrum vs lethargy for the carbon critical experiment 
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Figure 7 Fission spectrum vs lethargy for the carbon critical experiment 

Conditions were similar for all the tabu
lated runs, but there were some inconsist
encies in the control rod settings. In any 
single run the positions of the rods, at criti
cal, could be adjusted to within 0.05 in., yet 
the observed over-all variations were as 
much as 0.536 in., as shown in the table. At 
the time the experiments were being done, 
no adequate explanation for the variations 
was apparent. 

At these low power levels, the effects of 
nuclear heating and fission product poison
ing were negligible. It was believed that 
the effect might have been due to variations 
in the separations of the two assembly halves 
from one run to another. The relative posi
tion of the halves is determined by a limit 
switch which stops the table-drive motor 
when they are essentially in contact. How
ever, it was found that the table positions 
were consistent to within dzO.OOl in. ac
counting for only about ±0.03 in. in control 
rod settings. The possibility of mechanical 
derangement of shishes in the assembly by 
the sudden release of safety rods was con
sidered. This possibility was never com

pletely discarded, but such shifts or derange
ments should have been slight. Each safety 
rod was exactly coaxial in the assembly with 
another safety or control rod, each of which 
was held fixed by its respective driving 
mechanism (Figure 2). 

Since the air in the room which housed 
the critical assembly was temperature and 
humidity controlled, a sufficiently constant 
temperature to preclude any reactivity de
pendence was assumed. On a later critical 
assembly"^ using the same facility, much 
larger inconsistencies in control rod posi
tions were observed. By changing the room 
temperature several °F, a large temperature 
dependence was observed. Temperature 
changes may indeed have been the cause of 
the apparent inconsistencies in control rod 
positions in the graphite reactor experi
ments. Unfortunately, no controlled experi
ment was run to verify this. It should be 
noted however, that the rod positions in 
Table 2 were observed on different days. In 
any subsequent measurements which de
pended on control rod positions, parallel 
bracketing, or "zero" runs, were made on 
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the same day so that the temperature drift 
was probably small. In general the errors 
in reactivity measurements caused by ir-
reproducibility are probably no greater than 
Sk/k = ±0.00002 corresponding to a control 
rod position uncertainty of ±0.10 in. This 
will be discussed further in Section III B. 

III. EXPERIMENTAL TECHNIQUES 

A. Foil Measurements 

1. GENERAL DESCRIPTION 

Foils of gold and indium were irradiated 
in the critical assembly for the purpose of 
studying neutron flux distribution. Various 
sizes of foils were used depending on the 
particular experiment. 

Gold foils were in general circular discs 
having center holes so that they could be 
loaded into a shish in much the same way as 
the fuel discs. These discs varied in thick
ness from 0.001 to 0.005 in. and in outside 
diameter from l l ^ to 214, in. (Figure 3h). 
The indium (as a 90% Al—10% In alloy by 
weight) used in most cases was in the form 
of i/4-in. circular discs, 0.015 in. thick 
(Figure 3j) . Alloying aluminum with the 
indium made it possible to use foils of 
0.0004-in. effective indium thickness. Pure 
indium of this thickness could be easily 
damaged. (The indium-aluminum foils 
were prepared by the ORNL Metallurgical 
Division using the method devised by R. F. 
Lutz and described in General Electric Com
pany Memo IC-51-3-29, March 1951.) 

The %-in. indium-aluminum discs were 
placed in various parts of the reactor in 
small recesses milled out of graphite blocks 
(Figure 3k, 1, m, n) . 

Cadmium foils 0.020 in. thick were used 
to cover the indium where it was desirable 
to cut off low energy neutrons. For the 
small indium foils, the cadmium was cut 
into approximately % X %-in. pieces and 
folded over the 14-in. indium-aluminum 
discs (Figure 3i). The edges of the cad
mium were squeezed together so that no 
part of the indium was left exposed. The 
larger foils, including gold, were placed be
tween cadmium covers having flared edges 
and center holes (Figure 3f). The sandwich 

was then loaded into the shish in the same 
way as a fuel disc. Bare foils and cadmium 
covered foils were never exposed simultane
ously, unless widely separated in the assem
bly. In cases where it was necessary to use 
cadmium to cover a fuel disc, thin aluminum 
shields were placed between the cadmium 
and uranium to avoid contaminating the fuel 
(Figure 3c, d). 

The fission rates of particular fuel discs 
were measured by catcher foils (Figure 3e), 
i.e., an aluminum foil placed in direct con
tact with a fuel disc. A fraction of the fis
sion fragments produced in the fuel disc are 
collected on the surface of the aluminum 
catcher. The gamma and beta activity of 
the catcher is later measured and gives a 
direct indication of the fission rate of the 
corresponding fuel disc. 

The decay of fission fragments as observed 
on the catcher foil is the superposition of 
numerous more simple decay curves, each 
corresponding to one particular radioisotope 
and possible daughter products. In the event 
that the proportions of these radioisotopes 
were dependent on the energy of neutrons 
producing the fission, one might expect an 
energy dependence to affect the catcher decay 
curve. An experiment was run to determine 
whether the neutron energy spectrum did 
have any effect on the catcher decay curve. 
Two special cells were constructed and 
placed at similar locations in the critical 
assembly. A "slow neutron" cell was con
structed by replacing the 4 in. of graphite 
on either side of a fuel disc with 4 in. 
of Plexiglas. For the "fast neutron" cell, 
1 in. of graphite on either side of a fuel 
disc was replaced with 1 in. of stainless 
steel. Two additional fuel discs were added 
to the cell, one on either end of the 2 in. 
of stainless steel. The original fuel disc be
tween the stainless steel blocks was covered 
with cadmium, so that it would see much 
faster neutrons on the average than a fuel 
disc in a conventional graphite cell (Figure 
8). Cadmium fractions in indium, i.e., 

• ' ' i iKbare) ^InlCA covered) 

•^lii(t)are) 

were found to be 0.0894 for the fast cell and 
0.339 for the slow cell. (Nu, are activations 
of indium foils exposed to neutrons in the 
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Figure 8 Detail of fast and slow cells 

reactor.) This is a wider range in neutron 
energy distribution than one would ordi
narily encounter in a critical assembly using 
a moderator, so that variations in the decay 
curve for fission products or the catcher foils 
should be more obvious here than in any 
ordinary situation. Catcher foils were ex
posed in the two cells, and the decay curves 
were normalized to unity at 60 min after 
shutdown of the reactor. No differences in 
the forms of the two decay curves were ob
served. It was concluded that, to within the 
precision of the counter used, the catcher 
activity was directly proportional to the 
surface fission rate of the fuel disc and was 
independent of the energy of the neutrons 
producing the fissions. 

For ordinary aluminum foils of thickness 
greater than 0.001 in. the activity is inde
pendent of the aluminum thickness because 
of the short range of fission fragments. This 
was verified by exposing two 0.001-in. alumi
num foils on one side of a fuel disc. No 
activity was observed on the outside foil. 

The catcher method was used for measur
ing surface fission rates as a function of 

various neutron absorbers and of self shield
ing in the fuel, as well as to monitor each 
foil exposure run. Catchers were used in 
preference to either a direct fuel disc ac
tivity measurement or a gold foil activation. 
In either of the latter methods variation in 
foil thickness as well as initial activity cor
rections became troublesome. 

2. STANDARD RUN 

In foil irradiations used to determine neu
tron flux distributions, the foils were sepa
rated some distance from each other to re
duce interaction, which made several runs 
necessary to obtain the desired resolution. 
(A minimum foil separation of 2 in. was 
chosen arbitrarily. No foil interaction meas
urements were made since the primary 
interest was in relative activations.) Each 
exposure followed the procedure given below: 

The reactor was brought up to its operat
ing power level on a constant period of 100 
sec by appropriate control rod manipulation. 
Twenty min after reaching a predetermined 
power level, the reactor was quickly shut 
down by firing the safety rods, separating 
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the assembly halves, and withdrawing all 
control rods, thus reducing the power level 
on approximately a 1-sec period. The effec
tive operating time, or exposure time, was 
constant for each run, and the power levels 
were normalized to a catcher foil placed in 
the same position in each run. A derivation 
of the effective exposure time is given in 
Appendix A. 

3. COUNTING TECHNIQUES AND 
CORRECTIONS 

The counting equipment consisted of four 
Geiger counters and one proportional 
counter. Each of the four Geiger counters 
was an Amperex Type 120C, 5.6 mg/cm-
mica end-window tube (Amperex Electronic 
Corp., 79 Washington St., Brooklyn, N. Y.) 
feeding an Atomic Instrument Co. Model 
1010 Binary Scaler (Atomic Instrument Co., 
Cambridge, Mass.) having a l-/xsec resolv
ing time. The four Geiger counters were 
arranged to operate with a single automatic 
timer. The proportional counter used was a 
Nucleometer Mark 9—Model 3 with a Radia
tion Counter Laboratories Mark 13, Model 
2 i scaler (Radiation Counter Laboratories, 
Chicago, 111.). This counter gave excellent 
service in terms of stability and reproduci
bility. Activities of all catcher foils and 
some gold foils were counted in this instru
ment. A discussion of counting corrections 
is given in Appendix B. 

B. Control Rod Calibration 

Relative control rod positions in a critical 
assembly serve as a measure of changes in 
reactivity introduced by changes in the ma
terial inside the reactor core or in the re
flector. Control rods were calibrated by a 
"period" method and by a "rod drop" 
method. 

1. PERIOD METHOD 

Where the change in reactivity is small, 
the stable period is related to the change in 
reactivity by the equation 

Sk n loBj n B; 

or in units of cents 

8fc / n \ 
p=100 1/ X A-

=10ofl ^ V l / 2 ft j 
v-i i+A,r/\ i=i / 

where hk/k^u is the change in effective multi
plication or excess reactivity. 

/?,i = fraction of fission neutrons in de
cay group i. 

At = decay constant for neutron pro
ducing precursors of group i, 

n = number of groups of delayed 
neutrons, and 

T = stable pile period in seconds. 

Curves of p vs T were plotted for periods 
ranging from ±40 sec to —1000 sec, with 
the delay fraction assumed to be 0.00730. 

For a period calibration, the control rod of 
interest is displaced a known distance from 
its critical position, which makes the reactor 
either supercritical or subcritical. After a 
sufficient time has elapsed for the fast 
transients to die out, the power level is 
allowed to change by a factor of about 10. 
The stable pile period is then observed di
rectly from the slope of the trace on the log 
N recorder. The reactor is brought back to 
its initial power level and again made critical 
by adjustments of the other control rods. 
The process is repeated for a new position 
and displacement of the rod being calibrated. 
Each period measurement yields a value of 
change in reactivity for the corresponding 
change in the control rod position. The 
complete control rod calibration curve is 
finally obtained by successively adding these 
incremental values. All rod calibration 
periods were of the order of 500 sec or 
greater. With these periods good agreement 
in reactivity changes was observed with 
either positive or negative periods. After 
calibrating one control rod by this method, 
any of the others may be calibrated by direct 
comparison. The control rod calibration 
curves obtained in this manner are shown in 
Figure 9. 

2. ROD DROP METHOD 

In this procedure the rapid fall of power 
level in the reactor caused by removing a 
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Figure 9. Control rod calibration (I) 

safety rod is observed on a Brush Recorder 
(Brush Magnetic Recorder Model BL-202 
and Brush D. C. Amplifier B-913) connected 
to the output of one of the BFi ionization 
chamber channels. The recorder has a re
sponse time of the order of 0.01 sec and 
chart speeds of 5, 25, and 125 mm/sec. 

The value of the safety rod is found from 
the power level vs time plot by using the 
relation p = 100(iV„ — N^)/Ni, where N„ 
is the power level at critical and N^ is the 
extrapolated value of the slow transient at 
the instant the rod is released, p is the re
activity change in cents, where 100 ( is the 
total fraction of fissions resulting from de
layed neutrons (Appendix D). (100 ^ may 
also be defined as the difference in effective 
multiplication between delayed critical and 
prompt critical.) 

In the reactor under consideration each 
control rod was colinear with a safety rod 
and, except for difference in length, the two 
had the same value. Consequently it was 

possible to obtain the integrated effect of 
removal of an entire control rod by compari
son to the corresponding safety rod. 

After the total reactivity value of the 
control rod is known, the form of the cali
bration curve can be found by making small 
changes in the control rod position necessary 
to produce equal changes in reactivity. The 
equal changes in reactivity are obtained by 
moving one of the control rods over the same 
interval for each new position of the control 
rod being calibrated. The other control rods 
are used to adjust the assembly to critical 
before each comparison. 

A comparison between power level and 
safety rod position as a function of time was 
made in several rod drop measurements. 
Power level was recorded on one channel of 
the Brush recorder. An index attached to 
the safety rod was arranged to make electri
cal contact with fixed terminals spaced at 
2-in. intervals along the length of travel. 
Coincidences between the index and succes-
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sive terminals were indicated as a series of 
pips on the trace of the second channel of 
the Brush recorder. The data from such a 
recorder trace are plotted in Figure 10. The 
rod is withdrawn from zero to 18 in. in 
roughly 0.2 sec and is slowed down by the 
air shock absorber. In some cases the rod 
was completely stopped or even bounced 
several inches back into the reactor before 
eventually coming to rest 23 in. from its "in" 
position. The power level curve is seen to 
follow the same form and shows an irregu
larity between 0.3 and 0.5 sec, finally de
creasing uniformly after about 0.6 sec. The 
value of A'̂ i is found by extrapolating to zero 
time from the slowly falling section of the 
curve beyond 0.6 sec. This curve is never 
strictly a straight line, and there is con
siderable uncertainty as to where the extra
polated line should be drawn. The zero point 
is also questionable, since the derivation for 
the rod drop measurement assumes an in
stantaneous change in reactivity, while in 
the actual case the time required for the 
change is roughly the same as the time re
quired for the first sharp drop in power 
level. (The same assumption in the period 
method causes no difficulty, since observa
tions are made several minutes after the 
initial change.) In the actual experiments, 
zero time was taken to be the point on the 
trace where the first sharp drop was noticed. 
It may be noted that for the particular case 
shown in Figure 10, Â„ = 36, Ni = 21.7, 
P = 100 (36 — 21.7) /21.7 = 65.9 ^. In this 
case an error of 1% in A''i introduces an 
error in p of 1.8%. 

Figure 10. Rod drop experiment 

The following procedure was used in 
normalizing control rods from safety rod 
drop data (Table 3) : 

a) The value of a particular safety rod 
was calculated from observed data by using 
p = 100 (iVo — Ni}/Ni (column 2) . A cor
rection was added for the final position of 
each safety rod after firing (columns 4 
and 5). 

1 

Rod 
number 

Short 1 
2 
3 
4 

Long 6 
7 
8 

2 

Observed 
value p, <t 

61.9 
69.2 
68.5 
65.5 

66.1 
78.5 
69.8 

3 
Final rod 

position w.r 
reactor 

edge, in. 

4.63 
4.25 
4.75 
4.63 

- 2 . 0 0 
0 

- 0 . 3 7 5 

Table 3 

Normal izat ion of Safety 

4 

Edge 
correction, 

t 
- 4 . 5 
- 4 . 0 
- 4 . 5 
- 4 . 5 

-1-3.5 
0 

H-0.5 

Rod Drop Da ta 

5 6 
Value 

corrected 
to edge, Impor tance , 

?! cos-(x'7r/2d) 

57.4 
65.2 
64.0 
61.0 

69.6 
78.5 
70.3 

0.780 
.884 
.884 
.884 

.751 

.884 

.884 

7 

Normalized 
to center 
position, i 

73.6 
73.8 
72.5 
69.2 

92.6 
88.9 
79.7 

Aver 

8 
Normalized 

to equal 
length 

±10.5 , i 

84.1 
84.3 
83.0 
79.7 

82.4 
78.4 
69.2 

age 81.0 

9 

Normalized 
Average , t 

70.5 

91.5 
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b) The effectiveness of a rod as a function 
of position with respect to the longitudinal 
center axis of the reactor was assumed to 
vary as a cosine squared. Values in column 
5 were normalized to the center position 
(column 7). 

c) By using these values from column 7, 
approximate control rod calibration curves 
were plotted. 

d) From the slope of the calibration 
curves near the center of the reactor (near 
zero position) the difference in value of the 
safety rods due to their difference in length 
was estimated. 

e) The estimated value of ± 3 in. of rod 
near the center, 10.5 ^, was added to the 
short rod values and subtracted from the 
long rod values of column 7 giving those of 
column 8. 

f) Values of safety rods in column 8 were 
averaged. 

g) The average values for the short and 
long rods were obtained by subtracting or 
adding the correction in e) to the average of 
column 8. 

h) The procedure was repeated succes
sively from e) through g) three more times 
to improve the estimates made in d) and e). 
No change in calibration was made the last 
time, which implied that the method of suc
cessive approximations did give converging 
values. 

3. COMPARISON OF CALIBRATION METHODS 
The total reactivity values of the control 

rods obtained from the safety rod drop 
method are shown in Table 4 to be slightly 
greater than those obtained from period 
measurements. The questionable assump

tions made in arriving at the rod drop values 
make their apparent agreement somewhat 
fortuitous. 

Of the two methods of calibrating control 
rods, the period method appears to be much 
better in terms of both effort required and 
ultimate accuracy. It is theoretically more 
accurate since it takes into account all the 
known delayed neutron groups rather than 
the over-simplified single-group assumption. 
The precision in reading periods is consider
ably better than in reading the rod drop 
extrapolated values. The data in the period 
method give the calibration curve directly 
regardless of end effects, position of the rod 
with respect to the center of the reactor, etc. 
No assumptions or corrections in the data 
are necessary except the original transient 
equation. The time required to make the 
measurements for either method is approxi
mately the same, however the over-all effort 
in arriving at a final calibration curve is 
much less when using the period method. 

The rod drop technique is useful for ap
proximating relatively large changes in re
activity such as the total value of a control 
or safety rod, but for small effects where 
more precision is required it is not satis
factory. 

The accuracy of any control rod calibra
tion is inherently limited by conditions 
which may vary in other parts of the reactor. 
It is physically impossible to introduce any 
change in reactivity into a reactor without 
altering every other part of the reactor at 
the same time. Thus, the calibration of a 
control rod is itself a variable dependent on 
every other part of the reactor. At best, one 
can hope that the changes in calibrations due 

Control rod 

A 
B 
C 
D 

Compai'ison 

Normalized 
average from 
rod drop, t 

70.5 
70.5 
91.5 
91.5 

Table 4 

Between Safety Rod Drop and Stable Period 

Corrected to 
actual End 

cos- {xiilla) position, < correction, 0 

1.000 70.5 5.5 
.751 53.0 4.1 
.780 71.3 4.3 
.884 80.8 4.9 

Calculations 

Total 
Rod drop 
method 

76.0 
57.1 
75.6 
85.7 

values, <(. 
Stable period 

method 

72.2 
55.5 
73.5 
83.0 
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to remote effects will be small. Some effort 
was made with CA-4 to determine the extent 
of this variation. A safety rod was fired and 
the rod drop values were observed for a 
variety of different conditions in the reactor. 
These different conditions were due to voids 
distributed throughout the reactor, the intro
duction of poisons, and the addition of some 
reflector. No appreciable differences in rod 
drop values were observed outside the normal 
statistical variations. 

IV. POWER DISTRIBUTIONS 

A power distribution (or fission rate dis
tribution) was observed along the principal 
axes of the critical assembly. Figure 11 
shows a sketch of the reactor and an indi
cation of the axes along which power trav
erses were observed. The points on the 
traverses were obtained from catcher foil ac
tivities normalized to unity at the geometric 
center of the reactor, while the solid curves 
corresponding to y and t/, are cosines which 
approach zero at the calculated extrapolated 

edge. The extrapolation distance was deter
mined by using the transport mean free path 
(2.71 cm) for thermal neutrons in graphite. 
The y axis is along the center of the assembly 
while y-i is along the first shish inside the 
3-in. reflector. The observed points are for 
the most part higher than the cosine distri
bution, which indicates an experimental ex
trapolated edge of approximately 3.5 cm 
outside the reactor edge as compared to the 
assumed value of 2.0 cm. The third traverse 
was taken along the skew diagonal s. The 
solid curve is thus the product of three 
cosines corresponding to the position of the 
fuel discs. For this traverse, the V'/^Q-in. 
square shishes were used so that the catchers 
could be placed in a straight line. The ac
tivities of the two sizes of catchers were 
normalized at the center of the assembly. In 
general, the observed points follow the cal
culated curves, but are consistently higher. 
The power traverse along the lateral or x 
axis is shown in Figure 12. The first obser
vation, indicated by open circles on the curve, 
was made with the full-sized fuel discs and 

e 10 12 14 16 
DISTANCE FROM CENTER PLANE, inchis 

Figure 11. Power distribution (longitudinal) 
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Figure 12. Power distribution (lateral direction along central fuel plane) 

catchers. The scatter of points made the 
experiment very inconclusive, but there was 
at least a suggestion of some variation from 
the cosine value just inside the 3-in. reflector. 
Two more traverses were made along this 
axis with V/ia-m. shishes and catcher foils. 
The data were again poor. There is, how
ever, some indication of an increase in power 
over the cosine form just inside the reflector. 
Except for the low point at 15 in., the power 
distribution follows the cosine form out to 
about 18 in. 

V. NEUTRON FLUX DISTRIBUTION 
STUDIES 

A. Microscopic Flux Distribution with 
Indium Foils 

The effect of inhomogeneity of fuel and 
moderator in the critical assembly was 
studied by means of indium traverses over 
a unit cell 3 X 3 X 4 in. near the center of 
the assembly. 

Bare and cadmium covered indium-alumi
num discs were placed at various points 
within the unit cell (Figure 13). Three 
longitudinal traverses are plotted: along the 
center axis of the cell, i.e., just above the 
skewer; along the top of the cell; and along 
an edge of the cell. Two traverses were 
made in the fuel plane: one from the center 
of the fuel disc to the edge of the cell and 
one from the center of the edge to the corner 
of the cell. Each of the traverses is plotted 
by symmetry over IV2 cells. The upper 
curves are total activations of the bare in
dium foils. The middle curves are activa
tions of the cadmium covered indium, and 
the lower curves are their differences. The 
activation of the cadmium covered indium 
is largely due to neutrons in the resonance 
region 1.44 ev, while the difference is due 
to those having energies below the cadmium 
cutoff energy. 

A true cadmium cutoff energy is defined as 
the energy, Ed, such that the activation of 
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Figure 13. Indium traverse over a reactor unit core cell 

a cadmium covered foil is the same as that 
which would result if the foil were covered 
by a hypothetical foil completely black to 
neutrons below Eca and completely trans
parent to neutrons above Ea. The exact 
value of Eca is a function of the thickness of 
the cadmium cover, the absorption cross 
section in the foil, and the energy distribu
tion of neutrons. For a bare foil of thick
ness a and macroscopic capture cross section 
X(E), the rate of activation, i?bare, by an 
isotropic flux ^(E) is given in Appendix C, 
and ref. 11 by 

K.re=CJ ^ i>(E)f^ M l - e x p ( 

xdu 
dE 

• E 

where u ^ In {EJE) ; du = —dE/E; and 
E is the neutron energy. Surrounding the 
foil with cadmium of thickness g and cross 

section %cd(E) reduces the foil activation 
rate to 

Rc,-Cf°° i>{E)C ^ f l - e x p f ^ ) 1 

/ Xui{E)<,\ dE 
X exp j ] d/i — . 

\ I. J E 

The cadmium cutoff Ea is then found by the 
relation 

x=><-»j;v[-»-(-—)] 
tcA(E)9\ dE 

X exp( jcJ/i — 

=j;,/^^)X'==o4'~'"K-
l(E)a\} dE 

In practice tea is small for neutron 
energies above a few ev and very large for 
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energies below, say, 0.1 ev. Energies out
side this range may be neglected without 
serious error. The value of Eca may be found 
by evaluating the integrals numerically in 
the range 0.1 ev < £ ' < « 5 ev. With a cad
mium thickness of 0.020 in. and the calcu
lated neutron spectrum (Figure 5), the 
cadmium cutoff energy was found to be 0.50 
ev for 0.010-in. W^^ foils, and 0.53 ev for 
0.005-in. gold foils, in agreement with pre
viously reported" values. (These values 
may vary because of differences in neutron 
spectra in different reactors.) The corre
sponding value for 0.004-in. indium was 
found to be approximately 1.1 ev. Cadmium 
has an appreciable absorption cross section 
in the indium resonance region, therefore 
a precise evaluation of the cadmium cutoff 
energy is difficult. An experimental method 
for observing this value for a particular neu
tron spectrum and indium foil thickness has 
been reported. 

It may be seen from the curves in Figure 
13 that a depression in the thermal flux 
exists in the immediate vicinity of the fuel 
disc. This depression is greatest along the 
center axis of the cell, amounting to 45% 
of the maximum value halfway between fuel 
discs. The depression along the top edge of 
the cell near the fuel disc is almost as great, 
40%, while the corresponding depression at 
the corner of the cell is only 12%. The in
dium-aluminum foil in the fuel plane at the 
corner of the cell was removed from the 
edge of the fuel disc by only about 0.4 in., 
i.e., from the edge of the fuel disc to the 
center of the %-in. indium-aluminum disc, 
which indicates a very sharp change in the 
neutron spectrum in the immediate vicinity 
of the fuel. The value of the cadmium frac
tion, C.F. = iN—Nca)/N, ranges from 0.14 
on the fuel plane to 0.20 at 2 in. from the 
fuel plane, compared to a calculated value 
of 0.145 using the spectrum in Figure 5 and 
the activation integrals of Appendix C. 

B. Macroscopic Flux Distributio0 with 
Indium Foils 

Indium traverses were also taken along 
the longitudinal axis and along a lateral axis 
of the assembly, corresponding to the axes 
y and x, respectively, in Figure 11. 
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Figure 14. Longitudinal flux distribution 

The longitudinal traverse followed a co
sine distribution closely except for the de
pressions in the flux at the fuel planes. The 
behavior of the traverse near the edge is 
shown in Figure 14. The epicadmium ac
tivation is seen to follow a regular cosine, 
while there is a depression in the thermal 
activation due to absorptions in the fuel 
plane. Extrapolating the epicadmium trav
erse to zero indicates a value for the extra
polation distance of 2.5 cm as compared to 
2.0 cm used in the multigroup calculation. 
It should be noted that the abscissa is the 
thickness of graphite ignoring the fuel thick
ness. Including the thickness of fuel discs 
would add 0.01 in. in 4 in., or expand the 
abscissa by 0.25%. 

Indium traverses were taken along the 
lateral axis (x in Figure 11) both in the 
central fuel plane and 2 in. from the central 
fuel plane. Each of these agreed to within 
the limits of experimental error with k co
sine distribution out to about 3 in. from the 
core-reflector interface. The variation from 
a cosine distribution in the region of the 
3-in. reflector is indicated in Figure 15. The 
thermal build-up in the reflector is shown 
by the lower curve which corresponds to the 
traverse in the fuel plane. No appreciable 
thermal peak is indicated in the traverse 
taken 2 in. from the fuel plane. 
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Within the precision of these observations 
the reflector savings is seen to be equal to 
the reflector thickness, so that continuing the 
loading into the reflector would not have 
significantly changed the effective multipli
cation of the assembly. As mentioned 
earlier, this assumption was made in the 
calculations. 

The variation in neutron spectrum 
throughout the assembly is indicated by the 
ranges in cadmium fractions for indium 
given in Table 5. A few gold and cadmium 
covered gold foils were exposed in various 
regions of the assembly, and the correspond
ing cadmium fractions are also given in 
Table 5. 

C. Self Shielding in Fuel 

In order to measure the self shielding in 
the fuel the 0.01-in. fuel disc at the center 
of the assembly was replaced by five 0.002-in. 
discs of the same diameter. A total of ten 
aluminum catcher foils were placed in the 
laminated fuel disc, one on each side of each 
thin fuel disc. From the catcher activities, 
outside surface fission rates were compared 
to fission rates at four points inside the fuel 
disc. A curve through these points shows 
the self shielding effect in the conventional 
fuel disc. The self shielding factor as used 
h e r e is defined a s S .F . = (i^) ave / (F) outBiae, 
where (F)<,utsiae is the observed surface fis-

24 
O OBSERVED 
® REFLECTED 

2 4 6 S 10 
FUEL THICKNESS IN MILS 

Figure 16. Measurement of self shielding 
factor in fuel 

sion rate and (F)ave is the average value of 
the fission rates throughout the fuel disc. 

Only the outside surface catcher foils and 
two of the inside catcher foils were counted 
for sufficiently long times to yield depend
able values. These points are plotted in 
Figure 16 with an indication of the spread 
of observed counting rates for the other 
foils. The curve is very approximate. From 
the curve as plotted, the value of S.F. was 

Table 5 

Cadmium Fractions for Indium and Gold Foils 

Position in 
assembly 

Center 
Center 
Edge of core 
Edge of core 
Reflector at edge of 

assembly 

Geometrical center 
Center of side 
Center of end 
Center of top edge 
Corner 

Distance 
from fuel, in. 

2 
0 
2 
0 

— 

2 
2 
2 
2 
2 

Foil 

Cadmium fraction, 
(N—Ncd) /N 

Observed Calculated 

In 

Au 

0.200 
0.145 
0.218 
0.206 

0.261 

0.218 
0.270 
0.218 
0.355 
0.285 

0.145 

0.200 
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found to be 0.94 ± 0.04. A self shielding 
correction was made for each group in the 
multigroup calculation. The effective multi
plication differed from the uncorrected value 
by a factor of 0.95. 

Self shielding in the fuel was also ob
served by placing a stack of five 0.002-in. 
fuel discs against an outside edge of the re
actor. Fissions in this case were produced 
by neutrons entering the stack of fuel discs 
from one side only. Catchers were again 
arranged to measure the fission rates inside 
the laminated fuel disc. Adding another 
0.01-in. fuel disc to the outside of the lami
nated fuel disc made no noticeable change in 
the catcher activation rates. The result of 
this experiment is shown in Figure 17. 

The self shielding factor observed by this 
method was 0.75. This value is not repre
sentative of the over-all reactor, since it was 
observed at a point outside the reflector 
where the neutrons were more nearly ther
mal. The calculated value of the self shield
ing factor for 0.01-in. W^'" and 0.025-ev 
neutrons is approximately 0.70. 

D. Cadmium Ratios for Fuel 

The fission rates of fuel discs were com
pared for bare fuel, cadmium covered fuel, 
and cadmium plus indium covered fuel. In 
each case, the covers were placed on both 
sides of the fuel disc. Pure indium covers of 
0.005-in. thickness were placed between the 
0.020-in. cadmium covers and the uranium. 
Cadmium ratio measurements were made in 
each case in the central fuel plane, one set 
of measurements being made by using the 
fuel disc at the center of the reactor and the 
other set by using the fuel disc just inside 
the 3-in. reflector and on the horizontal axis. 
These results are shown in Table 6. N's, are 
catcher counting rates corresponding to bare 
fuel, cadmium covered fuel, and cadmium -f-
indium covered fuel. The calculated values 
are tabulated for comparison. The observed 
ratios are somewhat lower for the fuel just 
inside the reflector, which indicates that the 
flux is more thermal in this region than near 
the center of the assembly. 

E. Danger Coefficients 

Various materials were introduced into 
the assembly in order to measure their effects 
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F igure 17. Measurement of self shielding 
in fuel (catcher foils and fuel discs 

placed aga ins t outside face of reac tor 
to minimize back sca t t e r ing) 

on reactivity; the results are given in Table 
7. Except for sodium, HfO, and B4C, each 
sample was in the form of a block 2.785 in.^ 
and 14, to 1 in. thick. Sodium, HfO, and 
B4C were loaded into stainless steel cans. 
These cans have outside dimensions 2% X 
2% X 1 in. and a wall thickness of 8 mils, 
and are provided with a center hole so that 
they may be loaded into a standard shish 
assembly (Figure 18). The samples were 
placed in the geometric center of the as
sembly. The reactivity changes were meas
ured by means of control rod settings. The 
effect of each sample was compared to a void 
at the center of the assembly having the 
same size as the sample. Negative values in 
Table 7 indicate a poisoning effect, while a 

Table 6 

Cadmium and Cadmium-Indium Ratios for 
Uran ium by Using Catcher Foil Detectors 

Cadmium ra t io . Cadmium-indium 
N/Ncd ra t io , N/Nca+in 

Posit ion Observed Calculated Observed Calculated 

Center 2.11 2.72 3.40 2.98 
Edge 2.60 2.72 3.67 2.98 
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positive value indicates that the neutron 
scattering in the sample is more important 
to the reactor than the absorption. In the 
experiments it was necessary to separate the 
assembly halves to load the test samples. 
The uncertainty in the position of the mov
able section from one run to the next could 
have caused an error in the order of Sk/k^n 
= 0.000025. 

The tabulated changes in reactivity (Table 
7) have not been corrected for self shielding 
in the samples. Self shielding would, in 

general, tend to reduce the effectiveness of 
the sample as a poison, as is indicated by the 
data from two sample thicknesses of iron. 
Dividing the results of the two iron meas
urements by their respective self shielding 
factors gives values for the corrected 
8A;/A;/mole of 0.000115 and 0.000111 for the 
1-in. and i4-in. samples respectively. 

The losses in reactivity due to the intro
duction of the various poisons were calcu
lated by the approximate relationship 8k/k 
= —8SA/A, where SA is the neutron ab-

Material 

Na 
HfO 
Cd covered 
B,C 

Fe 
Fe 
Nb 
Ni 
Mo 
Ti 
Mg 
Teflon 
Graphite 

Thick
ness, 

m 

1 
1 

can 1 
1 

1 
V4, 
V4, 
% 
% 
0 3 
1 
1 
1 

*Assumes the effects 

Mass, g 

122 095 
4110 

— 
156 96 

1043 5 
260 7 
276 9 
243 7 
598 3 
309 65 
230 7 
305 0 
227 4 

re delayed n 

Mol 
w t , 

g /mole 

23.00 
194 6 

— 
55 29 

55 85 
55 85 
92 91 
58 69 
95 95 
47 90 
24 32 
50 01 

Number 
of 

moles 

5 32 
2 1 1 

— 
2 835 

18 69 
4 67 
2 98 
4145 
619 
6 46 
9 74 
6 1 0 

Table 7 

Danger Coefficients 

Change m reactivity 
compared to 

Cents 

- 0 903 
- 8 8 2 
- 5 3 8 

< - 9 7 1 < 

- 1 9 7 
— 6 16 
- 6 65 
- 9 0 
- 1 8 0 
- 9 8 

0 400 
2185 

12 01 18 92 2 590 

eutron fraction to be 0 0073 

a void of 
Sk/k.tt* 

- 0 0000659 
- 00644 
- 00393 
- 00709 

- 00144 
- 000450 
- 000485 
- 000657 
- 00131 
- 000715 

000029 
000159 
000189 

equal volume 
Calculated 

- 0 0000877 
- 00437 

— 
— 

- 00117 
- 000376 
- 000129 
- 000588 
- 00180 
- 001036 
- 000015 

— 

Self 
shielding 

factor 

0 963 
0828 

— 
— 
672 
865 
933 
816 
676 
709 
980 

— 

Danger 
coefficient, 

S/fe//fe/mole X 10' 

- X.26 ± 0 1 
- 305 ± 3 

— 
< - 250 (not 

critical) 
- 7 71 ± 0 4 
- 9 63 ± 0 02 
- 1 6 28 ± 0 02 
- 1 5 87 ± 0 2 
- 2 1 1 8 ± 0 2 
- 1 1 0 6 ±0 .2 

0.30 ± 0 1 
2 61 ± 0 2 
1 1 5 ± 0 04 

»i>i'i0'"t'PrMV 
i ^ v • . t ; \ ' ^ ' \ " « 

|OWBWM*'<*^»*«*'W'* 

Figure 18. Stamless steel cell for danger coefficient measurements 
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sorption rate in the sample and A is rate of 
loss of neutrons in the entire reactor either 
by absorption or leakage. In this approxi
mation scattering is neglected and it is fur
ther assumed that the fractional increase in 
absorptions due to the sample is small. 
Using an importance function proportional 
to <̂^ introduces the factor 8, to account for 
the fact that all of the sample was lumped 
at the center of the reactor. Self shielding 
factors in the samples were found by means 
of the activation integrals (see Appendix C) 
by using the neutron spectrum from the 
multigroup calculation. 

Considering the approximations involved 
in finding 8A, the agreement is good for 
most of the samples. The value for Nb was 
much lower than the observed value, which 
implies either impurities in the sample or 
poor cross section data. For the Nb calcu
lation, a 1/v absorption cross section having 
a thermal value of cr„ = 1.2 barns was as
sumed. The disagreement in the case of 
Mg is not serious, since the value of the 
change in reactivity is near the lower limit 
of observation. 

VI. STUDY OF VOIDS 

A. Control Rod Sensitivity 

While calibrating control rods, it was 
noticed that the sensitivity to changes in the 
control rod settings, i.e., A(SA;/A;)/Aa:, where 
AX is a small change in control rod position, 
was approximately constant over the entire 
length of travel of the rod (Figure 19). It 
was first expected that removing fuel and 
moderator from the center of the reactor 
would be more effective than removing the 
same amounts from a region near the edge 
of the reactor. 

Further consideration indicated that the 
peak may have been due to the moderator 
alone. All the fuel was removed from the 
control rod, and the experiment was repeated 
with similar results. A third experiment 
was performed in which the fuel alone was 
used as the control rod. The moderator was 
removed and the fuel discs were held in 
their normal positions by aluminum tubing 
spacers. This gave a curve which had a 
maximum at the center, approximately equal 
to the difference in the previous two curves. 
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Figure 20. Incremental sensitivity of control rods 

and which decreased near the edge of the 
reactor (Figures 19 and 20). 

It is indicated that the maximum in the 
control rod sensitivity near the edge of the 
reactor corresponds physically to "plugging 
up" "the hole and thus preventing the loss of 
neutrons by direct streaming down the tube 
left open by removal of the control rod. A 
simple consideration gives some qualitative 
confirmation to this theory. 

Corresponding to a particular control rod 
setting, there will be a void in the reactor 
extending from the center of the assembly 
out part way to the edge. Neutrons entering 
the void will in general produce a net cur
rent toward the regions of lower flux and also 
lower importance, thus causing a loss in re
activity. Consider two small equal changes 
in the control rod position, one being made 
with the control rod near the center of the 
assembly and the other with the control rod 
near the edge. Both the flux distribution 
and the importance functions are flat near 
the center, so that the greater change in re
activity will be caused by the change in con
trol rod setting near the edge. When the rod 

is completely removed from the edge of the 
reactor, some neutrons streaming down the 
channel will strike the end of the rod and 
be scattered back into the reactor. This 
contribution drops off very rapidly as the 
rod is further withdrawn beyond the edge 
of the reactor. This, combined with the 
above effect, gives the peak in the sensitivity 
curve. 

The approach outlined above has given 
some qualitative agreement with the ob
served curves. The solid curve labeled F{x) 
in Figure 20 was calculated by using only the 
exchange of neutrons between the ends of 
the void. The constants are chosen to give a 
"best fit" to the experimental points. Im
provements in the calculation are being made 
which include the exchange of neutrons be
tween the sides as well as the ends of the 
void, and also the contribution of the part of 
the rod extending beyond the edge of the 
reactor. 

A poison rod was constructed by fasten
ing a l^/2-in.-wide strip of 0.020-in. cad
mium between two pieces of cellulose tape. 
This was inserted above a shish near the 
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center of the reactor and arranged so that 
it could be withdrawn by one of the control 
rod drive mechanisms. The size of the 
poison rod (or strip) was chosen so that it 
would have a total reactivity value similar 
to that of one of the control rods. With
drawing the poison rod did not disturb any 
other shish, and produced no appreciable 
void. Incremental sensitivities as well as 
total values are plotted in Figure 21. The 
incremental curve roughly followed a cosine 
squared curve. Closer investigation indi
cated that the points followed a cyclic func
tion superimposed on the cosine squared 
curve. This was due to the effect of the end 
of the poison rod passing in and out of coin
cidence with the fuel planes. In the im
mediate vicinity of a fuel plane there is a 
thermal sink due to absorption in the fuel. 
Adding a thermal poison in this region is 
not as effective as adding the same poison in 
a region of higher thermal flux, that is, 
between fuel planes. Positions of fuel planes 
are indicated in Figure 21, and the minima 
in the cyclic function are seen to correspond 
to them. 

B. Neutron Flux Distribution Over a Void 
An experiment was performed to observe 

the change in flux due to a void in the criti
cal assembly. One shish in the geometric 
center of the fixed half of the assembly was 
removed a distance of 12 in., thus leaving a 
void 3 X 3 X 12 in. in the reactor when the 
two halves were together. The void extended 
3 in. beyond the central fuel plane in one 
direction and 9 in. in the other. Indium 
discs 14 in. in diameter, both bare and 
cadmium covered, were irradiated at various 
points along the center axis of the void and 
also in the core material near the void. Ob
served points are plotted in Figure 22 and 
compared to the cosine curves resulting from 
a similar observation with no void present. 
The void is seen to cause a shift in the maxi
mum of the flux distribution towards the 
region of normally lower flux, as well as an 
over-all flattening of the distribution curve. 
An indium traverse was taken perpendicular 
to the axis of the void, but the data were 
insufficient to show any definite change from 
the normal flux distribution. (The void ex
periment was never repeated in CA-4.) 
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Figure 22. Flux distribution along 
the axis of a void 

some reason part of the sodium were forced 
out of a cooling tube. 

Sodium was introduced into the reactor 
in the form of pure sodium sealed in thin-
walled stainless steel cans similar to those 
used for danger coefficient measurements. 
A channel 1 X 3 in. in the fixed half of the 
critical assembly extending from the outside 
past the center was made by pushing each 
of nine shishes in a column back 1 in. These 
holes were filled with empty stainless steel 
cans similar to the ones filled with sodium. 
The assembly was made critical and the 
control rod positions were taken as a zero 
point. The three cans nearest the reactor 
edge were then replaced by sodium filled 
cans. The assembly was again made critical 
and the new control rod positions were ob
served with all the cans filled with sodium. 
The total reactivity change was small, and 
the experiment was repeated with a 2 X 3-in. 
channel. The results of the two runs are 
shown in Table 8. 

An increase in reactivity is observed on 
the first step due to the "plugging up" of the 
channel, which reduces the loss of neutrons 
by streaming. When the channel is com
pletely filled the poisoning effect becomes 
predominant and the net effect is a small 
loss in reactivity. 

C. Effect of Sodium Entering a Channel in 
the Reactor 

An experiment was carried out to deter
mine qualitatively the effect of filling a 
channel in the critical assembly with sodium. 
This differed from the ordinary danger co
efficient experiment (Section V E) in that 
the hole extended from the center of the 
reactor to the outside edge. The experi
ment is significant in that such a situation 
might arise in a sodium cooled reactor if for 

D. Table Separation 

The loss in reactivity due to separating the 
assembly sections was observed. For each 
separation, the assembly was made critical 
by inserting more control rods. The results 
are plotted in Figure 23. 

The gap widths were initially measured by 
the selsyn coupled to the drive screw of the 
movable part of the assembly. This left 
considerable uncertainty in the small gap 
widths due to unknown mechanical backlash 

Run 

A 
B 

Effect 

Channel size, in. 

3 X 1 X 27 
3 X 2 X 27 

of 

-

Table 8 

Sodium Entering a Channel 

Reactivity change, ^ 

Void 0 to 18 in. 
Sodium 18 to 27 in. 

1.202 
3.005 

No void 
Sodium 0 to 27 in. 

-1.247 
-0.438 

Graphite 
0 to 27 in. 

22.6 
45.7 
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Figure 23. Loss in reactivity vs table separation 

in the drive screw. It was later realized that 
the malalignment of the movable half, while 
only in the order of a few thousandths of an 
inch across the 6-ft face of the assembly, was 
enough to cause an appreciable error in the 
values of small gap widths. 

A theoretical study of the effect of table 
separation was made** by using an extension 
of the method presented by M. G. Goldberger 
et al."' The treatment differed from the 
original in that the radial gradient of the 
flux was not neglected, and in fact was found 
to be the predominant term for small gaps. 
While the theoretical curve in Figure 23 is 
consistently above the experimental curve, 
it is for the most part within the uncertainty 
range of the measured values of separation. 
The agreement between the experimental 
curve and the upper theoretical curve is 
actually somewhat better than indicated, 
since the gap was displaced 3 in. from the 
center of the assembly. This correction 
would lower the theoretical curve by a factor 
0.935. 

VII. CONCLUSIONS 

The graphite moderated critical experi
ments contributed information which may. 

in a general way, be considered in three main 
headings: that which confirmed existing 
methods of calculation; that which led to 
the improvement of existing theory; and that 
which aided in the establishment of standard 
procedures for the critical experiments 
group. 

For the most part, the experiments and 
measurements served as confirmations for 
the methods of calculation in common usage. 
The close agreement found in the calculation 
of the effective multiplication adds consider
able confidence to the multigroup method. 
The forms of the power and flux distribu
tions essentially agree with the existing 
theory. 

On the other hand, some of the observa
tions were sufficiently reliable to challenge 
previously accepted ideas and thus to en
courage refinements in methods of calcula
tion. Examples of these are to be found in 
the study of the effects of gaps on pile re
activity, and an improvement in estimating 
the effects of small amounts of poisons in 
the pile. The experiments in another case 
showed the form of the control rod calibra
tion curve to be dependent on neutron 
streaming. 

During the course of these experiments 
and the preparation of the results, several 
standard procedures were developed or 
adopted for use in the critical experiments 
group, either directly or indirectly as the 
result of the graphite moderated critical 
experiments. In general these are more 
direct and less time consuming than those 
previously used. The use of aluminum fis
sion-fragment catcher foils for measuring 
fission rates and for normalizing foil ex
posures between different runs was chosen 
in preference to either observing the activity 
of the uranium directly or observing the 
activation ,of gold foils. In either of the 
latter cases variations in thickness and 
initial activity of the foils became trouble
some. It was found that good agreement in 
counting rates between different counters 
could be obtained by using a single long-lived 
standard activity in preference to the some
what involved set-factor method of compari
son. The comparison between two methods 
of calibration of control rods has led to the 
conclusion that direct measurements of pile 
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period from the slope of the log A'̂  recordings 
yield calibrations with better precision and 
with less effort than the rod drop method. 
The rod drop method is, on the other hand, 
useful for estimating the total reactivity of 
safety rods. 
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APPENDIX A 
STANDARD RUN AND EFFECTIVE 

EXPOSURE TIME 

Assume that in a reactor in which a foil 
exposure is being made the initial power 
level Po is very small and the power level 
increases on a constant period n until a 
level Pf is reached after a time Ti. Assume 
tha t P; is large enough compared to Po tha t 

e x p ( — r i / T i ) < < l . (1) 

(In practice this condition is easily satis
fied.) The level is then held constant at Pf 
for a time T2, after which it is reduced on 
a period r^. The power level at any time 
during each of the three intervals is given 
by the relations 

Pit) ^ P ; exp [ ( e + r . ) / r , ] , 

—(n + r . x t<-^r2; 

P{t) = P,; 

P ( 0 = P /exp(—t/T3) , t > 0 (2) 

where the zero of the time scale is at the 
end of the second interval. 

The rate of activation of a foil is KP, 
where if is a constant depending on the foil 
composition and geometry and on the neu
tron spectrum (assumed to be independent 
of power level). The rate of decay of ac

tivity at any time is — \ N where A is the 
decay constant of the activity produced in 
the foil and N is the number of active nuclei 
present a t any time. It may be shown tha t 
at some time after shutdown the activity 
of the foil is the sum of the three activities 
produced in the corresponding time inter
vals, each having decayed independently of 
the activation in the other intervals. 

Consider the first interval. The activity 
builds up according to the differential 
equation 

dN^ 

dt 
-=JS:F(t)-AiVj 

= K P , exp 
T2 + t 

-AiVj. (3) 

Assuming the initial condition Â , (—T, —T^) 
= 0, the solution is 

Niit)-
KP, , /t+T, 

exp 
A + l / r i I \ •^1 / 

•e exp — e x p [ - A ( r i + r 2 + i ) ] (4) 

At the end of the first interval, t = —T2, 

N.i^T^h 
KP, 

A + l / r i 
1—exp 

KPf 

A+l / r i 
(5) 

by assumption (1) , and at some later time, 
t, 

KP, 
iVi(t)=-

A+1/7 
- exp [ -A(T2+ i ) ] . (6) 

In the second interval, the activity builds 
up according to 

dN2/dt = KPf —XN2. (7) 

Assuming the initial condition N2i—T2) = 
0, the solution is 
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N.it) = (KPf/\) {I ^exp[—A(r ,> + t)]}, 

—T2 < i < 0. (8) 

At i = 0, 

iV,(0) = ( Z P ; / A ) [ 1 — e x p ( — A ^ ) ] , (9) 

and at a later time, 

N.At) = ( i fP/ /A)[ l—exp(—ATs)] 

Xexp(—Af), * > 0. (10) 

Similarly, in the third interval 

dN-Jdt = iii:p^[exp(~i/T:i)]—AA^, 

and 

KP, r /~t 
Ns{t)=—: exp("-At)—exp 

1/r 

KPf r 
< l~exp 

I / T 3 — A V L \ T 3 Hi-}] exp(~At). 

(11) 
Adding the contributions of all three 

intervals, 

N(t)=N,{t)+N2{t)+N,(t) 

KPfi A 
= —;^exp(-Ar2)+[l"exp(-Ar2)! + 

A IA+I/TJ 

-_A_|i^exp[-(l-A).]}jexp(-Ae) 

KPfU 1 1 

== 1 exp(-Ar2) + 
A IL 1+ATI J 

plJ AV]||exp(-AO. (12) 
1-exp -

l - A r s 

Consider the hypothetical case where the 
reactor may be turned off or on instantane
ously. The equation for the activity at some 
time t after shutdown may be writ ten in the 
same form as (10), 

N(t) = (ZP//A)[1—exp(—ATe„)] 

Xexp(—AO (13) 

where To has been replaced by the effective 
time Teff- The coefficient may be recognized 
immediately as the saturated activity of the 
foil, the term in the brackets is the fractional 
approach to saturated activity, and the ex
ponential is the decay factor. 

Comparing (12) and (13), one gets 

exp( -Ar2) e x p ( - A r , „ ) = -
1+Ari 

_i^{l_exp[-(i-.),]}. (14, 

In the case where A < < 1 , one may use the 
approximate relation 

l ^ A T o 
l -AT, eff~ -AT3[ l -exp( - t /73) ] 

l + Arj 

= ( l^Ar2) ( l -ATi ) -AT3 

= l -A(T2 + r i+ r3 ) 

and finally 

n « ^ T2 + r, + rs. (15) 

Some typical numerical values are 

AA„ = 2.98 X 10-" sec-i (2.69 d ) , 

Ai„ = 2.14 X 10"* sec-i (54 m ) , 

Ti == 100 sec, 

Ta = 1 sec, 

To = 1200 sec = 20 min, 

600 sec > i > 7200 sec. 

For the data given above, 73 contributes 
only s«0.1% to Tett, and the relation 

2̂ + (16) 

is adequate. Cases in which A ^ ^ I / T ^ or much 
greater (i.e., very short half-lives) have 
little practical importance where the decay 
time is large. This is indicated by the decay 
factor in (12) and (13) . 
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From (16) one observes that the effective 
exposure time is measured directly if the 
timing is started when the reactor power 
level reaches 

P = (l/e)P;=:0.368 Pf. (17) 

For a particular type of foil, A and K are 
constants (or the sets of A's and K'& are 
constants in the case of fission products) 
depending on the material and geometry of 
the foils. If the effective exposure time is 
held constant and the activity is corrected 
for decay, (13) indicates that the resulting 
activity will be directly proportional to the 
stable power level Pf during the exposure. 
This fact has been used to normalize foil 
activities to constant power level (see 
Appendix B). 

APPENDIX B 
COUNTING CORRECTIONS 

Counting rates for each of the indium-
aluminum foils used in the foil activation 
experiments were observed for 2 min from 
each side of the foil in each of four Geiger 
counters controlled by a single preset timer. 
The total counting time for each of the foils 
was 16 min. Throughout the experiments 
counting geometry was maintained constant 
for any particular type of foil. Observed 
counting rates were corrected for counter 
dead time, background, and decay. The 
corrected counting rates were normalized to 
a standard and to the power level of the 
reactor during the exposure. 

Foils were counted on both sides in order 
to obtain an average activation in cases 
where they had been exposed in a region 
of rapidly varying neutron spectrum, e.g., 
near a fuel disc. Power levels for exposures 
in the reactor were adjusted to keep the 
total number of observed counts for any one 
foil about 15,000. Dead time correction 
factors were measured periodically by ob
serving the decay curves of gold samples ex
posed in the X-pile, and were plotted for 
each counter as a function of the observed 
counting rates. For the Geiger counters, 
the dead time ranged between 300 and 500 
/iSec/count, while the value for the propor
tional counter was about 5 /tsec/count. 
Background counts were observed for 15 

min, and a long life standard giving about 
2500 counts/min was counted for 5 min on 
each of the counters before and after each 
set of indium foils was counted. 

A system of set-factors was used as an 
alternate to the standard correction. The 
set-factor between two counters is the 
average of the ratios of counting rates of 
the foils as observed in the two counters. 
The supposed advantage of this method is 
that it is independent of the difference in 
spectral sensitivity of the counters between 
the standard activity and the particular foil 
being observed. In these experiments the 
set-factors were identical to the ratios of 
the standard counting rates between any 
two counters. 

Decay corrections were made for each foil 
for a time from shutdown of the reactor to 
the middle of each 2-min counting interval. 
Each foil irradiation was made with the 
same effective exposure time described in 
Appendix A. Differences in power level 
were normalized by means of an aluminum 
catcher foil exposed in the same position in 
the reactor in each run. 

Gold and catcher foil activities were ob
served in a flow type proportional counter. 
A minimum of 2.5 X 10*̂  total counts was 
observed for each catcher foil used for 
normalization. Corrections similar to those 
for the Geiger counters were made, except 
that the catcher foils were normalized to a 
decay time 60 min after shutdown of the re
actor, by using an empirically determined 
fission product decay curve. This particular 
time was chosen in preference to a shorter 
one, since it allowed ample time to remove 
the foils from the reactor and also reduces 
the errors due to very short-lived activities. 

APPENDIX C 
FOIL ACTIVATION AND SELF 

SHIELDING CORRECTIONS 

The following relations have been used to 
calculate cadmium cutoff energy, cadmium 
fraction, and cadmium ratios. The deriva
tion is not original'^ but is given here for 
reference. 

Assume a flat foil (i.e., one whose area is 
large enough compared to its thickness 
squared that the edge effects are negligible) 
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of thickness a and area A having a macro
scopic activation cross section XaM- The 
argument u is the lethargy, defined as « = 
In (E„/E) where E„ is some high energy 
(10^ ev) and E is the energy of a part icular 
neutron. The foil is covered on both sides 
by one or more absorbers having thicknesses 
b and c and absorption cross sections Xbiu) 
and 2c ( M ) . Scattering is neglected. 

Assuming an isotopic flux <f>{u) per unit 
lethargy interval, the number of neutrons 
in a lethargy interval du which arr ive from 
a direction between 0 and 6 + dd, as meas
ured from the normal to the foil, and strike 
a unit area of the outside cover per unit t ime 
is given by 

sinOdd /j,<f)(u)dud/j. 
<i>(u) cosS du = (1) 

2 2 

where /i ^ cos 6. The fraction of these 
neutrons which reach a depth x in the center 
foil is 

expf-Sh(M)6/M]exp[-2e(M)c//t] 

Xexp[-S„(M)a;//.]. (2) 

The chance tha t a neutron which had reached 
depth x will produce an active nucleus in the 
next interval dx is given by 

ta{u)dx/ix. (3) 

The total activation rate P of a unit area 
of the foil, counting the neutrons from both 
sides, is twice the product of (1 ) , (2 ) , and 
(3) summed over u, p., and x: 

P = 2 / I / 

Xhb+%^c+taX\'] dx ^ ^1 
: expf — 

1—exp( 

S„-

ta.{u)a 
exp 

tf,(u)b+X^(u)c 
dixdu. 

(4) 

For a bare foil, & = c : ^ 0, and the activa
tion per unit area becomes 

•Pbare=J*?i(M) J " /x-{l-exp[ - Sa(M)a//,]}d^dM. 

(5) 

The above forms involve integrals which 
may be reduced to the form of logarithmic 
integrals whose values are tabulated. For 
convenience the integrals 

J /i[l~exp(—w//x)]d/i, I ^exp(—m//x)d/t, 

I [1—exp(—m//x)]d;u, f exp{—m/a)dii 

have been plotted as functions of m. In 
certain regions where m is small, approxima
tions may be used, for instance, 

I /t[l—exp(—w//i)j(i/i=m, w « l . (6) 

In actual use, the integrals in u are 
evaluated numerically over the lethargy 
range 0 < « < t̂hermal. The contributions of 
the thermal neutrons are included by the 
relations 

^thermal = ?ithermal r V [ l - e x p ( - S a " ' " ' " ' ' ' a / f i ) ] 

X exp[ — (26 thermal 5_j_5^thermalc)/^](^^ 

and 

•'thermal (bare) 

= 0thermal f V [ l - e x p ( - 2 a ' ' ' " " ' ^ ' a / / x ) P / x . ( 7 ) 

APPENDIX D 
ROD DROP CALCULATIONS 

The transient equation for a bare thermal 
reactor, assuming a single average group of 
delayed neutrons, is given by^ 

Ht) P / Xp't\ />• / {(i-p')t\ 
exp exp 

\ 8 - p ' / B-p' \ I / i>o P-p' \p-p'/ P-p 

(1) 

where <f>o and <f,{t) are the initial flux and the 
flux at t ime t, /? and A are the abundance and 
weighted average decay constants for the 
effective group of delayed neutrons, p' is the 



272 

reactivity, and I is the lifetime of thermal 
neutrons in the reactor. Since I is in the 
order of 0.001 sec, the second term will be
come negligible after a short time. Re
membering that in a measurement the neu
tron detector indicates a value N propor
tional to cf>, extrapolating the slowly varying 
part of the equation to zero time gives 

•̂ 0̂ ^0 P-P' ^-p'lP 1-p' 

^1 

where p is the change in reactivity in 100 i. 
The value in ^ is 

An alternate derivation, which depends 
on a change in reactivity due to fuel re
moval, is also given here. At critical, the 
total effective multiplication of neutrons in 
a reactor may be divided into 

hr, + kr^ + K^ + &,s = 1 (4) 

where subscripts p and d indicate prompt 
and delayed neutrons, s indicates those origi
nating in the safety rod, and r indicates 
those originating in the remainder of the 
reactor. If one assumes that the reactor 
power level suddenly drops from No to a new 
pseudo-level 'N^, one has 

NAK) + A^o(M = i V i . (5) 

Adding and subtracting Nxkrn gives 

Â i {hi + kr,) + f^Xi — l^Xi = A î. 

Substituting from (4) and dividing both 
sides by iVj gives 

or 

(Kgp + Ksd) fc^(j. 
A/i 

But k,(i is 100 ^ by definition, and the total 
reactivity change is 

P = _^ ixlOO ^ (6) 

APPENDIX E 
IONIZATION CHAMBER LINEARITY 

BY E. V. HAAKE 

Investigation was made of the linearity of 
response of the various ion chamber chan
nels as a function of reactor power level. 
Two BF3 proportional counters and a fission 
chamber were taken as a basis of compari
son. To guard against overloading of the 
counters and associated high coincidence 
losses and jamming, the three counter tubes 
were covered partially with sheets of 20-mil 
cadmium and moved back to a distance of 
10 to 15 ft from the reactor assembly. With 
these precautions the highest counting rates 
attained with the three counters were 11 
thousand, 27 thousand, and 3300 counts/min, 
respectively. 

The reactor was run up in power and 
leveled off at seven different power levels 
differing in value by an over-all factor of 
about 200 to 1. At each level the reactor 
was allowed several minutes to come to 
equilibrium, and then counts were taken with 
the BF3 and fission counters, and on each ion 
chamber channel an average reading over 
the counting period was determined. 

The power level of the reactor was then 
increased by a factor of 2, 21/2, or 5 and 
the same procedure was repeated. The 
series of measurements was made with con
tinually increasing levels of power, so as to 
avoid the effect of a large amount of residual 
gamma activity from one level on the 
chamber readings at a subsequent lower 
level. Since the chambers are much more 
gamma sensitive than the counters, this 
would have upset the ratio between the 
respective readings of the two. 

In analyzing the data, ratios were obtained 
for each reading of each counter and ion 
chamber channel to the lowest or initial 
reading on that same channel. Then, with 
counter No. 1 as a reference, the ratios for 
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each channel were plotted on the same semi
log sheet (Figure 24), 

In the first run the curves for all counters 
and all but one chamber were approximately 
parallel straight lines having essentially the 
same slope throughout. The curve for the 
remaining chamber (B) showed a change of 
slope starting between 10"* and 2 X 10-" amp 
chamber current and getting progressively 
worse until the departures from linearity at 
10"* amp chamber currents were 1.1, 7.6, and 
8.0 times 10"" amp, respectively. The curves 
on the last two chambers showed slight de
creases in slope near the upper ind.j, but 
the changes were small enough to be ac
counted for by experimental error. 

A possible explanation for the poor be
havior of the B chamber is a slight difference 
in construction of the central electrode and 
guard rings which would tend to produce a 

somewhat less uniform electric field in the 
active volume of the chamber. 

In an attempt to improve the linearity of 
response for chamber B, its operating volt
age was increased from 300 to 600 volts, and 
the experiment was repeated. The results 
showed a linear response with essentially 
the same slope for all counters and chambers, 
including chamber B which was now linear 
up to the highest level attained, at which 
its chamber current was 10"* amp. 

A further point of interest was the fact 
that chamber B was used in conjunction 
with an amplifier having a supposedly loga
rithmic response. The output of the ampli
fier was indicated on a recorder having a 
logarithmic scale. The values used for 
comparison with counters and other cham
bers were taken from this recorder. The 
fact that after the change in operating volt-

1000 

.005 .01 .02 

APPROXIMATE READING ON CHANNEL B 

Figure 24. Comparative response of ionization chamber and counter channels 
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age the values from B recorder compared 
linearly with those from the other instru
ments is an indication that the response 
characteristics of the B amplifier is approxi
mately a truly logarithmic one. 

The curves plotted in the second part of 
the experiment for four of the total of 
seven instruments used are included for 
reference. 

One effect of the departure from linearity 
observed on chamber B is an introduction of 
some error into determinations of period 
made from the recorder traces from channel 
B before the nonlinearity was corrected. 
These period values were used in the evalu
ation of control rods. In all cases the portion 
of the trace used for this purpose was below 
5 X 10""* amp chamber current, and in most 
cases below 3 X 10"* amp. At 5 X 10"" amp 
the departure from linearity was of the order 
of 12%. For an observed 400-sec period, 
which is typical of those values obtained, the 
error introduced in the period value is about 
5% for a 12% departure from linearity. 
The error introduced if the trace were only 
used up to 3 X 10"* amp would be corre
spondingly less. 
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studies of Enriched Uranium Graphite Reactor Systems* 

ALBERT J. KIBSCHBAUM 
University of California Radiation Laboratory, 

Livermore, California 

Abstract 

This paper presents the results to date of studies of essentially homogeneous 
enriched uranium (93.5% U"'') graphite systems. Critical configurations for bare 
and graphite or beryllium reflected cores will be given for carbon to uranium atomic 
ratios of 600:1, 1200:1, and 2400:1. The results of experiments to determine the 
systematic errors will be given. This allows reduction of the critical size data to 
iclealized geometries for comparison with neutronic calculations. 

By use of a pulsed neutron source, data on the prompt neutron population 
relaxation time as a function of buckling have been obtained. The experimental 
technique and resultant data will be discussed. 

A comparison of the critical buckling and time behavior data with a simple 
modified Fermi age theory will be made. This will include discussion of the 
prompt neutron lifetime effectiveness of the control and safety rod system, the 
bulk neutronic properties of the graphite, and self shielding effects of the uranium. 

INTRODUCTION 

This paper presents the results to date 
of a basic neutronic studies program at 
UCRL on enriched uranium, graphite mod
erated reactor systems. The purpose of 
this program is twofold: first, to supply valid 
critical data to be used in normalizing sev
eral multigroup codes that are being de
veloped on the computing machines at 
Livermore; second, to develop additional 
experimental techniques that will supply data 
for further checks on the accuracy of the 
calculational techniques. Pulsed source 
measurements appear to provide much addi
tional data useful in code checking and in 
evaluating and understanding the neutronics 
of a reactor core. 

This paper will present the critical mass 
and time behavior raw data. The results of 
checks for systematic errors, the reduction of 
some of the data to correspond to an idealized 
system, and comparison of the data with a 
naive but simple theory will be given. Most 
of the data are for bare systems; however, 
the raw data for several carbon and beryllium 
reflected systems are given also. 

*UCRL-4983-T. 

DESCRIPTION OF EXPERIMENTS FOR 
CRITICAL MASS STUDIES 

Figure 1 includes a sketch of the low 
mass table and pictures of graphite blocks, 
foils, and a typical octagonal assembly. The 
low mass stacking table upon which the 
reactors were assembled consists of an 
8 X 8 X 1-ft aluminum honeycomb slab 
rigidly supported by an aluminum stand. The 
honeycomb is made of 2-mil 2S aluminum foil 
in a %-in. hexagonal cell lattice with a 
density of 3 Ib/ft^. The table top is 4 ft 
from the floor. Over this table is suspended 
a 2S aluminum canister with 4 channels in 
X cross section (each i/| X 6-in. exterior 
dimension). Each channel guides a 14-in.-
thick, 4-ft-long boral element. Three of the 
elements (5 in. wide) are safety rods, and 
the fourth (1 in. wide) is the control rod. 
A tube through the canister axis permits the 
insertion of various sources into the core. 
The safety rods are lifted by a conventional 
electromagnet arrangement; the control rod 
is screw driven. 

Core material for the assemblies consists 
of thin graphite plates and nominally 1 and 
2-mil-thick enriched uranium foils. By using 
these plates and foils, a large number of 
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geometries and carbon-uranium ratios can 
be built up. 

The graphite plates were ATJ carbon 
machined in V2 X 6 X 6-in. squares with a 
10-mil recess milled on one side to accommo
date the foils. Triangular blocks were formed 
by cutting square blocks diagonally. Blocks 
containing milled slots to provide 40 % voids 
were also made. The blocks allow density 
changes in the core to be made by the proper 
ratio of full density and 60% density blocks. 
An analysis of the graphite is given below. 

ATJ Graphite (Density 1.73 g/cc) 

Element Parts per Million 

B 
Ca 
Al 
Mg 
Fe 
Ag 
Cu 
Ti 

14.4 
200 
200 

30 
600 

6 
500 
60 

A selection of 1 and 2-mil enriched uranium 
foils (93.5% U235) in 5l^-in. squares and 
triangles were used for fuel. These foils 
are coated with a fluorocarbon plastic to 
prevent oxidation and contain fission prod
ucts. Chemical analysis and danger co
efficient measurements in the glory hole of 
the Water Boiler reactor indicate that this 
material has no appreciable absorption or 
moderating eifect. The average plastic per 
square foil is 0.920 g. 

Instrumentation is standard throughout, 
with BF.s ionization chambers connected 
either to Beckman micro-micro-ammeters or 
to log Â  amplifier period meters. Self shield
ing due to the finite thickness of the foils 
was determined by irradiating sample foils 
of various thicknesses at various positions in 
the assembly and extrapolating specific 
activity back to zero foil thickness. Cor
rections for fission fragment loss from the 
foils was made (see Appendix). 

Cores with three carbon to uranium atomic 
ratios have been investigated so far. The 
actual ratios uncorrected for self shielding 
are 600:1, 1200:1, and 2340:1. Self shielding 

REFLECTOR 
B 

Figure 2 
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effects change these to 675:1, 1379:1, and 
2586:1, respectively. Throughout the report 
the numbers 600, 1200, and 2340 will be used 
where only identification of the loading con
cerned is required. 

Five measurements of critical height for 
pseudo-octagonal cylinders were made. The 
remainder are all rectangular parallelepipeds. 

CRITICAL MASS DATA 
Figure 2 shows appropriately labeled 

dimensions for the octagonal and rectangular 
core geometries. Corresponding core and 
reflector dimensions are given in Table 1. 

Table 1 lists all the critical mass data to 
date. Following Table 1 are notes giving 
further data on the lattices used and the re
marks pertinent to some of the experiments. 

Table 1 

A
ss

em
b

ly
 

N
o

. 

G
eo

m
et

ry
 

1 A 

2 A 

3 A 

4 A 

5 A 

6 B 

7 B 

8 B 

9 B 

10 B 

11 B 

12 B 

13 B 

14 B 

15 B 

16 B 

17 B 

18 B 

19 B 

20 B 

21 B 

22 B 

23 B 

24 B 

25 B 

' 

* 

-

* 

c 
* 

* 

* 

^ 

* 

« 

* 

* 

« 

* 

* 

c 
c 

* 

* 

* 

Be 

Be 

Be 

Dimensions, m. 

a 

60% 

54 y2 

48 >4 

42 Vz 

36 Va 

481/2 

481/2 

481/2 

481/2 

481/i 

481/2 

481/2 

481/2 

481/2 

48% 

481/2 

48 Va 

361/2 

481/2 

48% 

48 H 

48% 

48% 

48% 

36% 

a' 

' 

-

-

-

48% 

" 

. 

-

« 

* 

' 

-

' 

-

-

-

0 

6.0 

-

» 

-̂  

' 

0 

0 

6.0 

b 

24% 

18% 

24% 

18% 

121/2 

48% 

48% 

48% 

48% 

48% 

48% 

48% 

48% 

481/2 

48% 

48% 

36% 

36% 

48% 

48% 

48% 

48% 

36% 

36% 

36% 

b' 

,. 

* 

-

* 

24% 

-

' 

-

-

-

' 

' 

6.0 

6.0 

' 

' 

« 

3.0 

6.0 

6.0 

c c' 

25.5 

25.5 

17.0 

17.0 

17.0 17.0 

' 

, 

-

« 

6.0 

-

24.0 

24.0 

24.0 

24.0 

-

, 

-

« 
A 

6.0 

, 

" 
' 

d 

301/4 

2414 

241/4 

I81/4 

181/4 

241/4 

241/4 

241/4 

241/4 

2414 

241/4 

241/4 

241/4 

241/4 

241/4 

241/4 

121/4 

121/4 

241/4 

241/4 

241/4 

241/4 

I81/4 

181/4 

I81/4 

e 

3014 

241/4 

241/4 

181/4 

181/4 

2414 

241/4 

241/4 

241/4 

2414 

361/4 

421/4 

421/4 

421/4 

4214 

421/4 

301/4 

241/4 

2414 

361/4 

421/4 

421/4 

301/4 

301/4 

2414 

3 ; 

a 

a 

a 

a 

a 

b 

c 

d 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

e 

e 

e 

e 

e 

e 

e 

E 

33.8 

38.8 

42.3 

(61) 

44.3 

40.0 

42.4 

42.3 

42.5 

42.9 

41.8 

41.4 

42.3 

42.3 

43.3 

44.8 

42.8 

43.5 

47.6 

46.8 

46.4 

46.9 

48.1 

40.9 

36.8 

Critical mass, kg 

0 

0 

2730 
2420 

2340 

(3430) 

1240 

2520 

2670 

2670 

2660 

2690 

2640 

2610 

2650 

2660 

2730 

2830 

2030 

1550 

3000 

2960 

2930 

2950 

2280 

1940 

1320 

b 

89.3 

79.1 

76.5 

(112) 

40.5 

82.3 

43.5 

43.6 

43.4 

44.1 

43.1 

42.5 

43.4 

43.6 

44.5 

46.1 

33.0 

25.3 

25.1 

24.7 

24.5 

24.7 

19.1 

16.2 

11.0 

< 

5 

6.04 

6.94 

7.48 

(10.9) 

7.91 

7.15 

3.85 

3.86 

3.84 

3.90 

3.81 

3.76 

3.84 

3.85 

3.90 

4.08 

3.88 

3.95 

4.33 

4.26 

4.21 

4.26 

4.37 

3.72 

3.34 

h4 

*-

" 

-

1210 

-

•k 

* 

" 
, 

-

' 

« 

, 

667 

1190 

1-

•H 

-t 

•^ 

422 

717 

1130 

C / U " 

s 

< 

599 

599 

599 

599 

599 

600 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

2340 

2340 

2340 

2340 

2340 

2340 

2340 

> 
u 

fa 

675 

675 

675 

675 

t 
675 

1379 

1379 

1379 

1379 

1379 

1379 

1379 

1379 

1379 

1379 

t 

t 

2586 

2586 

2586 

2586 

t 
t 

t 

£ 

I 

11 

III 

IV 

V 

VI 

VII 

VIII 

IX 

X 

XI 

XII 

V 

VI 

VII 

XI 

XI 

XII 

" Not applicable. 
t Undetermined. 

( ) Gross extrapolation. 
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Notes Pertaining to Table 1 

LATTICE: 

(a) All core columns are constructed with one 2-mil Oy fuel foil recessed on top of each %-in.-thick ATJ 
graphite plate. The graphite plates are stacked with one 0.4 porosity plate (av. density — 1.03 g/cm') 
beneath 11 nonporous plates (av. density = 1.70 glo.ra') beginning with a porous plate at the bottom. 

Control system void/in. core height = 12% in.^/in. 
Control system Al/in. core height = 179 g/in. 
Av. core porosity (excluding control void) = 0.050 
Over-all graphite density (excluding cross void) = 1.645 g/cm' 
Over-all U--" density = 0.05345 g/cm' 
Over-all (CF.),. density = 0.0031 g/cm= 

(b) Same as "a" except for: 
Over-all U-"= density = 0.05334 g/cm' 

(c) Same as "a" except for: 
One 2-mil Oy fuel foil recessed on top of every other %-in.-thick graphite plate beginning with the 
bottom plate. 

Control system Al/in. core height = 91.0 g/in. 
Over-all U™ density = 0.02667 g/cm' 
Over-all (CFi)^ density = 0.0015 g/cm" 

(d) Same as "c" except that porous plates are randomized in position and orientation. 

(e) Same as "a" except for: 
One 1-mil Oy fuel foil recessed on top of every other %-in.-thick graphite plate beginning with the 
bottom plate. 

Control system Al/in. core height = 91.0 g/in. 
Over-all U"̂ '* density = 0.01369 g/cm' 
Over-all (CF.)„ density = 0.0011 g/cm= 

REMARKS: 

I. No end reflectors. 

XL Test for neutron s t r eaming through, and densi ty inhomogeneity from, porous pla te grooves. 
Effect negligible. 

III. Test for thermal neutron reflection from vault. Entire core surrounded with %-in.-thick boral 
sheet. 

IV. Control system void axis aligned with core axis and a % X 12-in. cross-sectional test void 
installed as indicated by dimension c. 

V. Control system void axis displaced 12 in. from core axis. No test void. 

VI. Control system void axis displaced 18 in. from core axis. No test void. 

VII. Control system void axis displaced 18 in. from core axis and a % X 12-in. cross-sectional test 
void installed as indicated by dimension c. 

VIII. Test for core poisoning by control system Al. Remark VII with test void filled with Al (11.3 kg). 
Effect negligible. 

IX. Investigate potentiality of Cd control in low epithermal systems. Remark VII with a 0.030-in.-
thick, 1-in. x 4-ft Cd strip inserted in test void. 

X. Remark IX with a 0.030-in.-thick, 3-in. x 4-ft Cd strip inserted in test void. 

XL Reflected on 2 sides. No end reflectors. 

XII. Reflected on 4 sides. No end reflectors. 
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Table 2 

Core size, in. 

601/2 

541/2 

481/2 

421/2 

361/2 

481/2 

481/2 

48^/2 

361/2 

481/2 

481/2 

36 Va 

Pseudo octagon 

Pseudo octagon 

Pseudo octagon 

Pseudo octagon 

Pseudo octagon 

X 481/2 

X 481/2 

X 361/2 

X 361/2 

X 481/2 

X 36% 

X 361/2 

Reflector 
thickness, in. 

- 6 

6 

6 

6 

6 

0 

0 

0 

0 

C, 8 sides 

0 

0 

C, 2 sides 

C, 4 sides 

0 

Be, 2 sides 

Be, 4 sides 

( C / U ) „ 

600 

600 

600 

600 

600 

1200 

1200 

1200 

2340 

2340 

2340 

( C / U ) , „ 

675 

675 

675 

675 

1379 

2586 

H,, in. 

33.8 

38.8 

42.3 

- 6 1 

44.3 

40.0 

42.4 

42.8 

43.5 

47.6 

40.9 

36.8 

U-=, kg 

89.3 

79.1 

76.5 

~ 1 1 2 

40.5 

82.3 

43.5 

33.0 

25.3 

25.1 

16.2 

11.0 

X off center 

X off center 

X off center 

X off center 

Table 2 is a summary of the critical mass 
data with core conditions only approximately 
specified. 

COREECTION OF DATA FOR 
SYSTEMATIC ERRORS 

The physical model we set out to investi
gate is a bare homogeneous graphite-oralloy 
system. Departures from this model are 
necessary in order actually to carry out the 
associated experimental program. The major 
departures are: the fuel is lumped into foils 
instead of being homogeneously distributed; 
gaps have to be provided for the safety and 
control rods required for safe operation; the 
actual system must be located in a vault 
or test cell and rest on a support table. To 
estimate the influence these experimental 
modifications have on system reactivity, a 
series of auxiliary experiments have been 
carried out. They can be summarized as 
follows: 

C/U Foil Disadvantage C/U 
absolute thickness factor effective 

600 
1200 
2340 

2.08 
2.08 
1.06 

0.889 
.870 
,905 

675 
1379 
2586 

The subject of the conversion of data on 
systems with lumped fuel foils to equivalent 

homogeneously loaded systems is covered in 
the Appendix on fuel foil self shielding. The 
corrections deduced in the Appendix are in
corporated in the final data of this report. 

The graphite moderator is in the form 
of 6 X 6 X Vs-in- blocks. For convenience 
in stacking, two types of blocks are used; 
one at full graphite density, p = 1.70 g/cm^; 
the other with slots milled out, p = 1.03 
g/cm^. In the lower density blocks, the 
milled slots allow the use of a lifting mech
anism. Thus a stack is composed of a bottom 
low density block and 11 high density blocks 
above. The entire stack of 12 blocks is 
lifted at once with the lifting tool. The most 
straightforward method of building up the 
reactor is with entire horizontal planes of low 
density blocks appearing every 6 in. in height. 
To test whether these planes caused neutron 
streaming, one assembly was reloaded with 
the low density blocks randomized so that 
no horizontal low density plane existed. The 
critical height decreased by less than 0.1 in., 
which must be considered within experi
mental precision. Compare assemblies 7 and 
8 in Table 1. 

Neutron reflection from the test cell walls 
and floor was investigated by surrounding 
a critical system by low energy neutron 
absorbing boral sheet. The capture of these 
returning neutrons before they entered the 
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reactor increased the critical height approxi
mately 0.1 in. Compare assemblies 7 and 
9 in Table 1. 

Aluminum guides in control and safety rod 
voids have a negligible effect on system re
activity. This was established by inserting 
extra aluminum in the safety rod voids and 
observing no change in the system critical 
height. Compare assemblies 13 and 14 in 
Table 1. 

Critical Height Precision: The gross 
height increment is 1/2 ™- since this is the 
block thickness and changes are made by 
entire layers. However, extrapolations to 
critical with the data from four separate de
tection channels are consistent within 0.1 in. 
Critical heights are quoted for all safety and 
control rods out of the core. 

REDUCTION OF DATA TO AN 
IDEALIZED SYSTEM AND 

CORRESPONDING CRITICAL 
BUCKLINGS 

Uncorrected Bucklings 

PgrapMte = 1.645 excluding cross void, 
8 == 1.92 cm == extrapolation 

distance. 

A formula for the relation between the 
buckling of a regular octagon and a circle of 
equal area has been derived: 

B\ 1.009 B^ 

From this and the usual formula for buckling 
of a cylinder, one obtains for the 600/1 
octagons 

Octagon, in. He, in. 

48.5 
54.5 
60.5 

42.3 
38.8 
33.8 

20.96 X lO--* 
20.99 X 10-* 
21.26 X 10-* 

For the bare rectangular parallelepipeds, all 
481/2 in. square, one obtains 

( C / U ) e H H, B \ , i a l S ' o b s 

675 
1379 
2586 

40.0 
42.4 
47.6 

8.88 
7.98 
6.34 

X 
X 
X 

10-* 
10-* 
10-* 

21.11 
20.17 
18.57 

X 
X 
X 

10 
10 
10 

Corrected Bucklings 

In the above bucklings the effect of the 
control system cross void is ignored. The 
effect of this void was determined in three 
ways. 

1) The changes in critical height as the 
center of the cross was moved 12 and 18 in. 
off center were measured. See assemblies 
7, 11,12 and 19, 20, 21 in Table 1. Extrapolat
ing to the center of the cross just on the edge 
of the core gives a percentage change in 
height of: 

3.1% for 1200/1 AH, = 

3.3% for 2340/1 AH, = 

= 1.3 in 

= 1.6 in 

Assuming an average decrease of 3.2% 
in critical height as the effect of removing 
the cross void, new bucklings can be cal
culated. They are given in Table 3. 

An experiment was done on the 1200/1 
system in which the full cross void was 
placed 18 in. from the center and an addi
tional half cross void was placed at the center 
(assemblies No. 12 and 13). The increase 
in Ha associated with the half cross void 
was 0.9 in. If one assumes that the full 
cross effect is just double the half cross 
effect, one arrives at a AH,. = 1.8 in. for the 
full cross in the center. This AH, = 1.8 in. 
is to be compared with the AH,. ^ 1 . 3 in. 
above arrived at by extrapolation. The agree
ment is poor. 

Table 8 

(C/U)e» 

Observed 

H, B- X 10* 

Correction 
by extrapolation 
of cross motion 

He B- X 10* He 

Correction 
b y <p' 

perturbation 

B' X 10* 

Correction by 
two-group 

perturbation 

He B' X 10* 

675 40.0 21.11 38.7 21.69 39.0 21.53 38.8 (21.64) 

1379 42.4 20.17 41.0 20.69 41.2 20.62 41.0 20.68 

2586 47.6 18.57 46.1 18.98 46.1 18.97 45.9 (19.04) 
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2) Consider the cross void as a unit per
turbation, 8, on the critical buckling, which 
we weigh at various positions by the flux 
squared. 

the neutrons are captured at thermal ener
gies is 

B„ <1>H 

where B^^ is the buckling without the cross 
void perturbation. Substituting the observed 
bucklings for the three cross void positions 
in this equation, and solving for the best 
values of 8 and B^^, one obtains 

1200/1 8 = 0.48 X 10-* B„^ = 20.62 X 10-* 

2340/1 8 = 0.41 X 10-* Bo'' = 18.97 X 10-* 

Both values of B^ represent a 2 % increase in 
the critical buckling for removal of the cross 
void. These values are included in Table 3. 

3) Two-group Perturbation Treatment: 
A slightly more sophisticated treatment in
volves the use of two-group perturbation 
theory. The steps followed are: 

a) Adjust two-group constants to give 
k = 1 for observed B^. 

b) Calculate Sk/k for perturbation 
caused by cross void in center. The effect 
of the void is considered as a reduction in 
density of the central 12 x 12-in. section of 
core graphite. 

c) Relate 8k/k to the change in buckling 
by using age theory. 

The results of this calculation are also 
given in Table 3. 

Comparison With Modified Fermi Age 
Theory 

The probability of a neutron escaping cap
ture by Û -''"' in slowing down is relatively 
small for the fuel rich system C/U = 675, 
but gets progressively better as the fuel be
comes more dilute. The Fermi age equation 
for a graphite moderated system in which 

k^ 
A;«exp(-rB2) 

1+L2^2 
(1) 

where T is computed down to thermal energy 
T(ff„, i7th). 

Another formulation utilizing the Fermi 
slowing down model is to assume that no 
neutrons reach thermal energy but all neu
trons are captured at some single higher 
energy £7,. Then 

k^k^exY>[-r(EQ,EJB^. (2) 

This average capture energy £", can be 
chosen to correspond with the average cap
ture cross section in our self shielding oralloy 
foils. Table 4 shows that for the fuel rich 
system C/U = 675, the modified Fermi age 
equation (2) works very well but gets pro
gressively worse as the fuel becomes more 
dilute. This is reasonable because our 
assumption of no thermal neutrons becomes 
increasingly bad. On the other hand, worse 
results are obtained if we use the thermal 
energy model (1). 

Another simple model can be constructed 
by combining the two simple models above. 
The probability of a neutron reaching 
thermal energy can be considered as the 
probability of being captured in Û **" during 
slowing down. We can then assume that all 
neutrons captured during slowing down are 
captured at our previous energy £',. We then 
have two types of neutron captures and com
bine the k's weighting by the respective 
number of neutrons. 

p = probability of reaching thermal energy 
in infinite medium; 

Table 4 

(C/U).» 

675 

1379 

2586 

B-' X 10* at 

P = 1.645 

21.64 

20.68 

19.04 

El, ev 

0.15 

.11 

.09 

T(E„, £.) 

313.6 

318.1 

321.1 

k. 

1.98 

1.99 

1.97 

k — k^ exp [—T(£O, Ei)B-] 

1.006 

1.033 

1.071 

k = 
k. exp [-r(E„, Eu,)B'] 

I + V B-

0.931 

.948 

.962 
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k-

C/U 

675 
1379 
2586 

={l~V)k^{Ei)exi,[~-r{Ei)B^^ 

exp[--r(StJS2J 
vkJ^E,^) . 

1+L2B2 

p, using 
j'o-,,,.-, dE/E = 1345 b k 

0.0723 1.000 
0.2764 1.009 
0.5037 1.016 

DESCRIPTION OF PULSED SOURCE 
MEASUREMENTS 

The pulsed source consists of a deuterium 

ion source of the Phillips-Ion-Gauge type, ex
traction and focus electrodes, and a target 
electrode whose potential is variable up to 
100 kv. The target is a tritium-loaded 
tungsten disk, the D-T reaction producing 
14-Mev neutrons. Both pulse width and 
repetition rate are variable up to a duty 
cycle of 1 %. The maximum integrated yield 
is 10" neutrons/sec. 

The detector used is an enriched Li"I 
crystal (IV2 in. diameter, i/g in. thick) 
and 6655 photomultiplier; this system was 
chosen for its high efficiency and small size. 

A block diagram of the time analyzer is 
shown in Figure 3. Data collection begins 
when the sawtooth ramp is triggered by the 
timing pulse from the pulsed source. The 

PULSED 
SOURCE 

TIMING PULSE VARIABLE 
DELAY 

DETECTOR 

RAMP 
GENERATOR MIXER 

AMPLIFIER 
RUN 

TIMING 
PULSE 

GENE RATOR 
OSCILLOSCOPE 

20 -CHANNEL 
PULSE HEIGHT 

A N A L Y Z E R 

D IFFERENTIAL 
PULSE HEIGHT 

A N A L Y Z E R 

CALIBRATE 

CALIBRATE PULSE 

T R I G G E R . 

NEUTRON PULSE I [ 

f 
DELAYED TIMING PULSE 

RAMP 

DETECTOR PULSES 

MIXER OUTPUT | 

l_n_n__rL__rL 
' _ n n 

Figure 3. Block diagram of time analyzer 
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timing pulse may be delayed to permit count
ing during any portion of the source cycle. 
Counting time, or ramp length, is variable 
from 30 /isec to 1 sec. Detector pulses, after 
passing a single-channel differential pulse 
height analyzer which essentially passes 
only neutron pulses, are fed into the mixer 
circuit with the ramp. The mixer output 
is a pulse whose height is proportional to 
ramp height at the time of arrival of a 
neutron pulse. The time spectrum of neutron 
pulses is thereby changed to a height spec
trum ; data are presented on a 20-channel 
pulse height analyzer. 

Calibration is made directly in time, by 
simulating detector pulses with a sliding 
calibrator pulse whose delay following ramp 
initiation is accurately known. A Tektronix 
type 534 oscilloscope served this purpose; a 
variable delay pulse output is available, the 
calibration of which may be checked with 
a crystal-governed timing pulse generator. 
Pulse height analyzer gain and discriminator 
controls are used to adjust channel widths to 
the desired values, as indicated by the cali
brator pulse. 

Channel widths may be set up to within 
±1/2% by this method. It was found that 
during an average counting run (15 min) the 
average channel drift was about 1%. 

The dead time of the system is about 20 
ixsec following each pulse. The dead time 
corrections, at the count rates used, were 
small compared to statistical inaccuracies, 
drifts, etc., and were therefore not applied. 

For background measurements a pair of 
gated scalers were used which counted neu
tron pulses at a variable position late in the 
cycle. The time widths of these channels 
were several times that of the prompt decay 
analyzer channel widths, so that satisfactory 
counting statistics were obtained. The wider 
channels are permissible since the count rate 
late in the cycle is essentially constant. 

During data collection the source target 
was positioned at half reactor height; the 
detector at one-third reactor height, on an 
adjacent face. These positions were chosen 
in order to minimize contributions to the 
observed decay from higher-order modes in 
the neutron distributions. (Actually no evi-

O 

< 
X 

ANALYZER DATA 

MEASURED BACKGROUND 
AT 20 msec 

3 4 

M I L L I S E C O N D S 

Figure 4. Octagon, 39 in. high, 48% in. diameter 
(no boral shielding, C/U = 600): time analyzer 

data (channel width = 500 /isec, pulse repetition 
period=33 msec) 

dence of non-fundamental modes was found; 
i.e., the measured decay constant of a system 
was independent of detector position over the 
central portion of the reactor.) 

Figure 4 shows a typical set of counting 
data from a C/U-600 system. It is seen 
that after background subtraction the 
prompt decay exhibits curvature indicating 
an apparent insufficient background correc
tion. This is believed due to the fact that 
the pulsed source target is outside the system. 
It is possible for neutrons leaving the target 
to be reflected into the system at a later time 
by the concrete walls of the room. The room 
thereby constitutes an extended though weak 
source of neutrons; a decay constant meas
urement with the assembly removed indi
cated exponential decay with a period of 
about 2 msec for the room reflected neutrons. 
(The system center is 6 ft above the concrete 
floor, 10 ft from concrete room walls on 
three sides, and 20 ft on the fourth side.) 
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ANALYZER DATA 

MEASURED BACKGROUND . 
SUBTRACTED 

MEASURED BACKGROUND 
AT 4 0 msec 

5 6 7 8 9 

MILLISECONDS 

10 II 12 13 14 

Figure 5. Parallelepiped, 48 V2 X 48 ¥2 X 40 in. 
(with boral shielding, C/U = 1200): time analyzer 
data (channel width = 500 /jsec, pulse repetition 

period = 50 msec) 

In subsequent tests on C/U-1200 systems it 
was possible to enclose the system completely 
in a boral shield, boral being a sandwich of 
aluminum and normal boron. The room re
flected neutrons were thereby minimized and 
curvature of the prompt decay data was 
diminished (see Figure 5). 

DISCUSSION OF PULSED 
SOURCE DATA 

Figures 6, 7, and 8 give plots of the prompt 
decay constants versus the buckling for the 
three systems 600/1, 1200/1, 2340/1. Table 5 
gives the same data in tabular form. 

If a least-squares fit of the data is made 
to an equation of the form a = a. -f- b B^, 
the resulting equations for the three cases are 

600/1 « = — 8571 + 4.163 X 10« B^ 
1200/1 a = — 5567 + 2.789 X 10« B\ 
2340/1 a = — 3183 + 1.739 X 10" B'-. 

Table 5 

Measured Decay Constants 

Pseudocylinders, C/U"'" 600 

Core height, in. 

80 
33 
36 
37.5 

39 
40 
40.5 

41 
41.5 

42 

B' X 10*, cm-' 

28.52 

25.96 

23.99 

23.17 

22.44 

22.00 

21.80 

21.58 

21.36 

21.20 

Decay constants, 
sec-̂  

3130 

2180 

1370 

1020 

745 
578 
406 
320 
285 
202 

Unreflected Parallelepiped, C/U = 1200 

Decay constants, 
Core height, in. B- x 10*, cm-' sec'*^ 

32 
36 
39 
40 
40.5 

41 
41.5 

42 

Core height, 

47.65 ••= 

47.5 

47 
46.5 

46 
45 
44 
43 

'•'Delayed crit 

in. 

ical. 

25.86 

23.11 

21.56 

21.12 

20.90 

20.71 

20.51 

a's for 2340 

B- X 10*, cm-= 

18.56* 

18.60 

18.73 

18.67 

19.01 

19.30 

19.62 

19.95 

1470 

811 
448 
316 
274 
207 
154 

a, sec"^ 

52 
77 
102 
121 
176 
231 
288 

The corresponding prompt critical bucklings 
are: 

Prompt critical Delayed critical 

600/1 20.59 X 10-* 21.11 X 10-* 
1200/1 19.96 X 10-* 20.17 X 10-* 
2340/1 18.30 X 10* 18.57 X 10-* 

Note that the delayed to prompt critical SB^ 
are not very consistent. This is believed due 
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19 20 21 22 23 24 25 26 27 
2 4 - 2 

B x lO , cm 

Figure 6. Prompt neutron decay constants 
for C/U = 600; pseudo cylinder 

to errors in the data. An effort is being 
made to improve the techniques to reduce 
this inconsistency in the results of this 
sensitive test of the data. 

Results of decay constant measurements 
on carbon systems (p = 1.64 g/cm») are 
shown in Figure 9. Test systems were 
parallelepipeds in all cases. 

A least-square fit to the data yields 

a = 181.5 + 1.94 X 10'' B'' sec-i. 

In terms of moderator diffusion constants, 
the expression for a takes the form 

a = Ŝ v + Dv B^ 

where 2„v is the macroscopic absorption rate 
per unit volume, D the diffusion constant, 
and B'^ the geometrical buckling. An extra
polation distance of 1.92 cm was used in cal
culations of B-. 

s 
o 

•BORAL SHIELD 
AROUND REACTOR 

BORAL SHIELD 
REMOVED 

DELAYED CRITICAL 

24 

B X 10,cm • 

Figure 7. Effect of control rod insertion and boral 
shield; unreflected parallelepiped, C/U = 1200 

300 -

2 5 0 

2 0 0 

a. 
s 
o 

100 

PROMPT 2 .^ .2 
CRITICAL. 8 = 18.47x10 cm 

H=48.68 IN. -
/ 

B = l8.73xl0'cm 
o«= 4 5 sec"' 
i = I68>isec 
H = 47 .65 IN. 

21 

Figure 8. Variation of prompt neutron decay 
constant near critical; unreflected 

parallelepiped, C/U=2586 
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Figure 9. Variation of decay constant with buckling for ATJ graphite systems (p = 1.64 g/cm'). 
Indicated diflFusion constants: D = 1.94 x 10V2.5 X 10==0.775; L=32.7 cm 

The value of %v = 181.5 sec-' is extremely 
high for graphite and is attributed to a 
boron impurity. Assuming the absorption 
cross section for carbon to be 3.2 mb at 
2200 m/sec, it is found that the atomic 
boron/carbon ratio must be 13 X 10-" to 
account for the measured absorption rate. 
Spectroscopic determinations of the im
purities present yielded boron/carbon atomic 
ratios from three random samples and the 
value resulting from the pulse experiment 
is in good agreement with these values. 

The indicated diffusion constant, Bv = 
1.94 X 10" cm^ sec-\ is in reasonable agree
ment with the value of Antanov et al.^ 
(1.98 X 10" cm^ sec-i). The diffusion length 

is given by B^ = l/L^ where B^ is that 
for a = 0. The result is L == 32.7 cm, con
siderably less than the accepted value of 
50.2 cm; this is presumably due to the high 
boron content of the ATJ graphite. 

Comparison of the pulsed measurements 
data with a simple theoretical model can be 
made. We derive an expression for a in the 
following manner: 

1) Assume the neutron spectrum does not 
change during the decay after transients 
die out. 

2) Consider the neutrons between energies 
E and £• + dE, written as N{E)dE. 

3) Let s be the average time required for 
a neutron to slow down from fission energy 
and be captured, i.e., the average time be
tween fissions. 

4) Now we write the relation between the 
prompt neutrons in dE at time t and at 
time ^ + s. 

N(E,t^s)^N(E,t){exp[-r{E,E,)B^)kJl~p) 

xexp[-7(£'/,£')S2] 

=N(E,t)kJl-l3) exp [~r{Ef,E,)] 

where Ef = energy of fission neutrons and 
Ec == average energy at which a neutron is 
absorbed. 

We know experimentally that 

Ar(i+s)=N(t)exp(-«s) 

.-. exp(—as)=A;^(l—/?)exp(—TJ52) 

or 
Ink^il^li) TB^ 
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We compare this with the least-square fits 
to the decay constant data. Using the first 
term allows us to evaluate s, and the second 
term gives T. 

fc^=1.98, ^=0 .0075 

C/U s, fisec T, cm^ 
600/1 80 330 

1200/1 122 340 
2340/1 214 370 

The simple model begins to break down for 
the highest C/U ratio system since it is 
approaching a thermal reactor, s has a dif
fusion time added to the slowing down time, 
and T becomes the migration area. 

Since 

k=k^exp(—B^T), 

B^T^lnk^^-lnk 

- l n ( l - / 3 ) - l n A ; 

which can be reduced to 

/ ? -p 

This relation can be used to measure the 
reactivity effects of control and safety rods in 
large steps, i.e., up to 10% in k. 

APPENDIX 

SELF SHIELDING 

BY W. S. GILBERT 

The reactor systems whose critical param
eters we wish to determine are homo
geneous mixtures of fuel and moderator, in 
our case oralloy and graphite. The physical 
approximation we have made to this model 
consists of alternate layers of fuel foils and 
moderator plates. This fuel lumping results 
in two interrelated effects; a fine s tructure 
modification to the spatial flux distribution 
with a periodicity determined by the fuel 
foil spacing in the lattice, and a self shielding 
effect within the fuel foil itself. The fine 
s tructure imposed on the flux distribution is 
measurably small and its effect on system 

reactivity is to first order negligible. The 
fuel atom shelf shielding within the fuel foil 
is, on the other hand, a relatively large effect 
and must be corrected for. 

On the basis of first collision theory, one 
can arrive a t a simple determination of the 
self shielding factor for monoenergetic 
neutrons incident upon regular geometrical 
shapes with an isotropic angular distribu-
tion.2 For a purely absorbing infinite slab of 
thickness u in mean free paths, the disad
vantage factor is'̂  

1 r 
D . F . = — 

2M 
l + ( M - l ) e - « - M 2 r̂ - -1 

The disadvantage factor times the actual 
atomic absorption cross section is equal to 
the average effective absorption cross section 
for the fuel. Or, the equivalent amount of 
fuel in our desired homogeneous system is 
equal to the disadvantage factor times the 
actual amount of fuel in our lumped fuel 
system. 

w / ^/nominal 
.-. (C/U)eff = 

D.F. fuel foil 

To determine experimentally the D.F. for 
our fuel foils, we irradiate small oralloy foils 
of different thicknesses in a uniform neutron 
flux region in the critical assembly of interest. 
The capture of neutrons in the fuel results 
in fissions whose fission fragments are mainly 
retained in the foils. Some of these fission 
fragments are gamma emitters, and we use 
the gamma emission intensity as a measure 
of foil activation or absorption. The gammas 
are counted in a Na l scintillation spectrom
eter and the betas are shielded out. The 
foil specific activity per unit thickness is 
plotted vs the foil thickness, and this curve 
is.extrapolated and normalized to 1 at zero 
thickness. This is the foil disadvantage 
factor vs foil thickness curve. By choosing 
a thickness corresponding to our fuel foils, 
we can determine the appropriate disadvan
tage factor to use. Before displaying these 
experimentally determined curves for sys
tems of different fuel concentrations, a major 
correction to the raw counting data will be 
discussed. 

Our monitor foils are clean oralloy disks 
with no surface covering. Fission fragments 
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have varying ranges in uranium, and a 
fraction of them escape through the foil 
surface. The ratio of the fragments escaping 
to the total produced in the foil depends upon 
the foil thickness. Data by Segre and 
Wiegand* have been approximately confirmed 
through the use of aluminum catcher foils. 
We correct our observed activation by a 
factor derived from their data. 

T + 0.10 
(Act)co.i = (Act)„b, 

T 
where T is the foil thickness in mils. 

The relative specific foil activations can 
be determined to a precision of d=li/2%, 
although some of the data for earlier systems 
are considerably worse. The details of the 
counting system and data reduction will 
appear elsewhere. 

For a source of thermal neutrons, we 
used a reactor consisting of a small graphite-
oralloy core heavily reflected by D2O. The 
self shielding or monitor foils were placed 
in the D2O 16 in. from the core edge. Though 
highly moderated and yielding a cadmium 
ratio of approximately 100, these neutrons 
were not all truly thermal. The average 
excess energy is small and unknown, pending 
further experiments. We refer to these data 
as our "thermal" disadvantage factor curve 
(Figure 10). The flux depression in the 
D2O is somewhat different from that in the 
graphite, and so the D.F. curve for thermal 
neutrons in graphite might differ from that 
shown in Figure 10. Fortunately, the self 
shielding effect is large compared with the 
flux depression effect, and so one can side-step 
a most knotty problem, i.e., does the experi
mentally determined D.F. curve correct only 
for self shielding or does it include both the 
self shielding and the flux depression effect. 
It is my opinion that our D.F. curves include 
both self shielding and flux depression cor
rections although in some cases only a partial 
correction is made for the flux depression. 
Since our systems are comparatively fuel 
rich, our thermal utilization is very nearly 
unity despite small flux depressions. This 
is one of the reasons why the above question 
can be answered either way without making 
a significant difference in the deduced equiva
lent fuel loading. 

FOIL THICKNESS, MILS 

Figure 10. Disadvantage factors vs uranium 
foil thickness 

Our fuel foils are 5l^ X 51/4 in- as com
pared with our graphite moderator blocks 
which are 6 X 6 in. Thus our fuel forms 
a three dimensional lattice in the graphite 
moderator rather than the simpler one dimen
sional systems of fuel sheets separated by 
graphite indicated earlier. In the plane of 
the fuel foils, the flux depression is greater 
than transverse to the plane. Relative flux 
values are shown in the fuel foil plane in 
Figure 11. The activations have been divided 
by the expected cos {•7TX/2X„) distribution. 
The maxima correspond to the point midway 
between the foils, and the minima correspond 
to the midpoints of the foils. Near the edge 
of the reactor the flux rises abruptly because 
of the inadequacy of diffusion theory near 
a boundary. Near the center of the reactor 
the flux rise is associated with the lowered 
fuel concentration due to the structural modi
fications occasioned by the control and safety 
rod systems. It is seen that the amplitude of 
the flux oscillation is small in the plane of 
the fuel foils. We believe that in the trans
verse direction the amplitude is smaller, and 
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23 24 25 

Figure 11. Flux traverse in the plane of uranium foils 

that when this oscillation is translated into 
a change in equivalent fuel loading, the 
change is second order and negligible. 

Figure 10 displays the disadvantage factor 
curves for the D2O system and graphite-
oralloy systems with (C/U)nominal of 600:1, 
1200:1, 2340:1. The following table lists the 
(C/U) nominal, fuel foll thlckness, D.F., and 
(C/U)e«. This (C/U)e« is the C/U that 
would be required to make a homogeneously 
loaded system (oralloy-graphite of-p ^1.63) 
of the same size critical. 
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( C / U ) nominal 

(C/U)p-assembl.v 

600 

1200 

2340 

Fuel foil thickness, 
mils 

2.08 

2.08 

2.08 

1.06 

D . F . 

0.768 

.889 

.870 

.905 

( C / U ) e « 

1.302 ( 0 / U ) p-assemMy 

675 

1379 

2586 



Graphite Moderated, Graphite Reflected 
Critical Assemblies* 

CLEO C. BYERS 
Los Alamos Scientific Laboratory, 

Los Alamos, New Mexico 

Abstract 

Giaphite modeiated, graphite reflected critical assemblies have been set up m the 
LASL Honeycomb remotely controlled machine Information has been obtained on 
the critical masses of systems having C/Oy ratios of 6650 and 4366. A third system 
at a smaller ratio is planned The reactivity contribution of channels through the 
core and reflector was determined 

The Honeycomb assembly machine con
sists essentially of two stacks of aluminum 
tubes 3 m -̂  by 36 m. long with 0.047-in. 
walls. The two stacks may be brought to
gether by remote control to form a 6-ft cubic 
matrix of tubes as shown m Figure 1. Criti
cal assemblies are built up by inserting fuel 
and reflector material into the aluminum 
tubes Fuel subassemblies consist of graph-

Work done under the auspices of the Atomic 
Energy Commission 

ite plates 16 in. long by 2.9 m. wide and of 
various thicknesses. Oralloy** (93.2) foils 
0.001 m. thick are interleaved with the vari
ous graphite plates to give the core portion 
of the assembly the desired C/Oy atomic 
ratio. Aluminum (1100 F) is distributed 
throughout the core and reflector at an 
average density of 0.165 g/cm*. Four 
"safety" rods withdraw fuel subassemblies 

'Oralloy (symbol Oy) designates uranium enriched 
m U Oy (93 2) indicates uranium that is 
93 2 wt Vr U 

' ^ , V TViT' . . .*,s'-C ' 

.T* 

Figure 1 Honeycomb assembly machine 
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Figure 2. Honeycomb assembly, C/U=6650, radial traverse 
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Figure 3. Honeycomb assembly, C/U=6650, axial traverse 
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Figure 4. Honeycomb core matrix, assembly No. 1 

from the core portion of the assembly, and 
vernier control is obtained with two posi-
tionable fuel subassemblies. 

The first system built up on the assembly 
machine utilized the maximum volume pos
sible and consisted of a 4-ft cubic core sur
rounded by a 1-ft-thick graphite reflector. 
In this configuration, the critical mass is 
7.985 kg oralloy distributed in the form of 
0.001 X 2.8 X 7.5-in. foils throughout the 
moderating graphite to give a C/Oy atomic 
ratio of 6650. The effective density of the 
graphite in the reflector is 1.55 g/cm* while 
that of the core is 1.50 g/cm*. The building 
up of the fuel subassemblies from a number 
of graphite plates results in a lower average 
density than for the single pieces used in the 
reflector. 

The effects of changes made in a given sys
tem were measured in terms of the change in 
positive period and this converted to cents 
change in the reactivity where 100 cents (or 
1 dollar) is the interval between delayed and 
prompt critical. 

Information on the distribution of the 
fission rate throughout the assembly was de
termined by placing small oralloy foils at 
various positions, irradiating the foils by 
operating the assembly at delayed critical, 

and comparing the resulting gamma activity 
produced in the foils. Figures 2 and 3 show 
the results of such a distribution in the as
sembly having a C/Oy ratio of 6650. The 
oralloy foils used were 0.002 in. thick by 
0.500 in. diameter and were counted on a 
scintillation counter using a Nal crystal 
with an RCA type 6655 photomultiplier. 

Evaluation of large cavities whose reac
tivity contribution is much larger than can 
be accommodated by the control rods may be 
made by adding oralloy foils in core sub
assemblies where their individual effect has 

4 
UJ 

^ 
0 
W1 

</) LJ.2 

lu 

> h-

"^1 
I I I 

n 

-

-

_ 

T-

++ 

1 

T- 1 

j ^ + 

+ 

1 1 

1 

+ 

1 .. 

1 r 

+ 

1 1 

•~ 1' -

+ 

1 

1 1 

+ 

1 1 

1 

+ 

1 

1 1 

+ 

,1.., 1 

1 

-

_ 

0 2 4 6 8 ID 12 14 16 18 20 22 24 26 28 
DISTANCE FROM CENTER OF CHANNEL (inches) 

Figure 5. Honeycomb assembly, C/U=4366, 
radial traverse 
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been previously determined. In this manner 
voids introduced into the system in the posi
tions indicated in Figure 4 were shown to 
have effects on the reactivity as shown in 
Table 1. In each case the fuel subassembly 
contains 21.2 g oralloy. 

Table 1 

Reactivity 
Position contribution, f 

a 
a + b 
a + b 
a + b 
a + b 
a + b 
m + n 
m + n 
a + b 
a + b 
a + b 
a + b 

+ c 
+ c 
+ e 
+ m 
+ 0 
+ 0 
+ c 
+ c 
+ ̂  
+ S 

+ A 
+ / 
+ n 
+ P 
+ P 
+ d 
+ d 
+ /• 

+ / 

(core 

+ 
+ 
+ 
+ 

^ 
^ 
k 
e 

only) 

+ 
+ 
+ 

h 
I 
1 

— 57 
— 119 
— 185 
— 240 
— 248 
— 233 
— 245 
— 177 
— 292 
— 346 
— 307 
— 364 

The effect of self shielding in the oralloy 
foils may be determined by replacing a num
ber of the 0.001-in. foils by an equivalent 
weight of 0.002-in. foils and measuring the 
effect of such an interchange on the reactiv
ity of the system. This was done for a 
number of foils, and the effect from a 100% 
interchange was estimated to be approxi
mately —890 cents. Figure 5 is a radial 

WEST FACE OF ASSEMBLY 

d 

c 

b 

a 

Figure 7. Honeycomb 

traverse made with oralloy detectors in the 
system having a channel through the system 
in positions a and m. 

The second system built up on the as
sembly machine had the core density reduced 
by the removal of one graphite plate 0.54 in. 
thick from each of the fuel subassemblies. 
To obtain criticality again, oralloy foils were 
added in the core to give a uniform loading 
with alternate tubes fuel subassemblies and 
the dimensions of the core reduced. In a 
core volume of 57 ft* the critical mass of 
oralloy is 9.727 kg with a C/Oy ratio of 4366. 
The effective graphite density in the core is 
1.342 g/cm*. Figure 6 is a view of one face 
of this assembly. 

Measurements were made on this system to 
determine the effect of changing from one 
0.54-in. gap in each of four tubes to one 2.16-
in. gap in a single tube. The result of making 
such a change over the entire core reduces 
the reactivity by 80 cents. 

Cavities introduced into this system by 
the removal of fuel subassemblies and/or 
graphite as shown in Figure 7 affect the 
reactivity as shown in Table 2. 

Measurements were also made on this as
sembly to determine the effect of self shield
ing in the oralloy foils by replacing a given 
weight of O.OOl-in.-thick foils by 0.002-in.-

EAST FACE OF ASSEMBLY 

matrix, assembly No. 2 
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Table 2 

Position Reactivity contribution, ^ 

a (graphite) 47 
b (fuel) 59 
c ->!- d 9 4 

thick foils. The effect of a 100% interchange 
was estimated to be approximately —620 
cents. 

A third assembly with full density core 
surrounded by a 1-ft-thick graphite reflector 
resulted in a critical configuration having a 
core volume of 45.5 ft* with 7.634 kg oralloy. 
The C/Oy ratio for the core in this system 
was 4937. 

A fourth assembly also having a 1-ft-thick 
graphite reflector and a core volume of 30 
ft* was critical with 7.92, kg oralloy at a 
C/Oy ratio of 3140. 



Crit ical Assemblies of Graphi te and Enr iched 
U r a n i u m Wi th Beryl l ium Reflectors* 

G. E. HANSEN, J. C. HOOGTERF, 
J. D. ORNDOFF, AND H . C. PAXTON 
Los Alamos Scientific Laboratory, 

Los Alamos, New Mexico 

Abstract 

Collected in this report are data on properties of three sets of cylindrical beryllium 
reflected, graphite moderated critical assemblies. The first set was primarily to 
establish characteristics as functions of C/Oy atomic ratio of core with nearly constant 
reflector thickness. Fission distributions were determined. 

The second set consisted of three assemblies with fixed core to determine the effect 
of redistributing reflector from the ends to the cylindrical wall. This series was done 
to provide the Los Alamos Scientific Laboratory's Theoretical Division checks for a 
two-dimensional diffusion code. Flux distributions in the uniformly reflected assembly 
were mapped extensively with bare and cadmium shielded foils of oralloy, gold, and 
indium. 

The third set was to establish the minimum volume core at C/Oy —350 that could 
be made critical with available beryllium. 

Experimental critical data converted to equivalent spherical systems are compared 
with results of S< calculations. 

HONEYCOMB ASSEMBLY MACHINE 

The Honeycomb assembly machine (Figure 
1) consists of two stacks of aluminum tubes 
3 in.2 by 36 in. long with 0.047-in. wall. The 
two stacks are brought together by remote 
control to form a 6-ft cubic matrix of tubes. 
Critical assemblies are built up by slipping 
fuel and reflector material into the aluminum 
tubes. Fuel subassemblies consist of graph
ite plates 16 in. long by 2.9 in. wide with 
0.002 or 0.005-in. thick foils of Oy (93.2)** 
interleaved to give the average desired C/Oy 
ratio. The average density of aluminum 
(1100 F) throughout core and reflector is 
0.165 g/cm^. 

ASSEMBLIES TO ESTABLISH 
DEPENDENCE UPON C/Oy 

Summarized in Table 1 are data on a set 

*Work done under the auspices of the Atomic 
Energy Commission. 

'•"Oralloy (symbol "Oy") designates uranium en
riched in U^". Oy (93.2) indicates uranium that 
is 93.2 wt % W'\ 

of cylindrical beryllium reflected, graphite 
moderated critical assemblies supported by 
the aluminum matrix of the Honeycomb 
machine. Radial dimensions are obtained by 
converting pseudocylinders to cylinders of 
equal cross-sectional area. Critical condi
tions are specified by the dimensions and 
component densities (region averages) of the 
following six regions characteristic of each 
assembly (see Figure 2) : 

1. The fuel region, designated F, which 
is always loaded uniformly with carbon and 
oralloy foils. 

2. and 3. Small carbon regions, desig
nated AFE and AFW, butted against the east 
and west cylindrical faces of F and having 
the same cross-sectional area as F. 

4. The cylinder wall reflector region, 
designated T and always loaded with beryl
lium. The length of T is always F -f AFE 
-f AFW. 

5. and 6. East and west cylinder face re
flector regions, designated ET and WT and 
having cross-sectional areas equal to F -f T. 
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Figure 1 Honeycomb assembly machine 

\ t . 

/ / / i / / / 7 : 
EAST REFLECTOR 

.(ET) , 

I 

FUEL (F) 

(AFW) 

"Ar-

TYyY77~7 
WEST REFLECTOR 

32" 

W 

• CORE OF FUEL MATERIAL 

|V| SAFETY AND/OR CONTROL 
^^ ROD OF FUEL MATERIAL 
0 - BERYLLIUM 

Figure 2 Regions specifying assemblies 

Figure 3 Typical cross-sectional diagrams 
of assemblies 

Typical cross-sectional stacking diagrams 
are shown in Figure 3. ' 

An axial beryllium island was stacked in 
assembly 3 by replacing central fuel until 
the assembly was just critical without 
changing reflector or fuel outside the island. 
The critical mass was reduced from 30.8 to 
19 kg oralloy with an island radius of 25.3 
cm. 

Approximately 12% of the 0.002-in. foils 
in assembly 7 were replaced with equal 
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Assembly 
No. 

1 

2 

3 

4 

5 

6 

7 

Unless 

C/Oy 

116 

116 

368 

368 

371 

952 

952 

otherwise sp 

Critical 
mass , 
kg Oy 

B7.B 

57.5 

30.8 

36.0 

40.4 

17.4 

17.4 

Bcified, mean 

Effective 
graphi te 
density, 
g/cm^ 

1.42, 

1.42, 

1.42, 

1.29. 

1 29. 

1.47-

1.47-

densities 

Critical 

Fuel region 

Radius, 
cm 

31.3 

31.3 

40.5. 

46.1. 

48.8, 

48.8> 

48.8, 

Conditions 

Length, 
cm 

77.7 

77.7 

78.7, 

78.7. 

78.7, 

76.2 

76.2 

Table 1 

for Variable C/Oy Series-

Wall reflector 

Effective 
Be 

density, 
g / c m ' 

1.65. 

1.65. 

1.66. 

1.66, 

1.66, 

1.66. 

1.66, 

Thlek-
ness, 
cm 

12.4 

13.7 

12.9. 

14.0 

12.8 

12.0 

12.0 

Eas t end 
reflector 

Graphi te 
thick
ness 

in AF£, 
cm 

2.5, 

2.5. 

2.5, 

2.5. 

2.5. 

2.5. 

2.5, 

3f graphi te and beiyll ium in the east and west face reflectors 

Be 
thick
ness, 
cm 

10.1 

10.1 

11 4-

7.6 

-1-3.2. 

8.6, 

9.7. 

9.7. 

a re the same 

West end 
reflector 

Graphi te 
thick
ness 

in i F W , 
cm 

1 0. 

1.0, 

0 

0 

0 

2.6. 

2.5, 

as hsted in 

Be 
thick
ness, 
cm 

20.2 

10.1 

8.1 

7.6, 

-(-3.2.'-

8.5, 

23.0, - • 

9.7. 

fuel and wall 
leflector regions. 

Graphi te a t 1.42 g/cm^ 

Graphi te a t 1.47 g / cm ' 

Note Assemblies 6 and 7 contained D.002-in. Oy foils only, others contained 17.5 kg Oy as 0.002-in. foils and the l emamder as 0.005-in. foils 

O ASSEMBLY 1 

+ ASSEMBLY 5 

X ASSEMBLY 7 

J L 
10 I 2 

FRACTIONAL F U E L RADIUS 

Figure 4. Radial fission distributions a t 
C/Oy 116, 371, and 952 

weight of 0.005-in. foils to establish the effect 
of foil self shielding. A AK of —$1.2 was 
estimated for 100% exchange of 0.002-in. 
foils with 0.005-in. foils. 

Fission distributions are determined by 
counting the fission product gamma activity 
of small (0.005-in.-thick by Va-in.-diameter) 
Oy foils distributed throughout the mock-
ups. The foils are activated by half-hour 
runs at delayed critical. Radial fission vari
ation in assemblies at C/Oy of 116, 371, and 
952 is shown in Figure 4. 

ASSEMBLIES FOR CHECKS OF 
COMPUTATIONS 

A refined beryllium reflected, graphite 
moderated critical assembly was made in 
Honeycomb to provide the Theoretical Divi
sion at the Los Alamos Scientific Laboratory 
with a check point for its two-dimensional 
diffusion code. The assembly was mapped 
with oralloy, gold, and indium detectors with 
and without cadmium. In a second experi
ment, end reflectors were removed from this 
core and peripheral reflector added to reach 
critical. This information is useful for con
version of cylindrical data to spherical data 
for one-dimensional calculations. Critical 
conditions are summarized in Table 2. 

The results of axial and radial fission 
traverses with and without cadmium are 
plotted in Figures 5 and 6. Radial variation 
of gold and indium response and their cad
mium ratios are shown in Figures 7 and 8. 
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Table 2 

Critical Conditions for Two-Dimensional Check Series 

Assem
bly 
No. 

8 

9 

10 

C/Oy 

384 

384 

384 

Critical 
mass , 
k g O y 

32.3 

32.3 

32.3 

PC 
g/cm' ' 

1.50 

1.50 

1.50 

Fuel region 

Radius, 
cm 

40.56 

40.56 

40.56 

Length , 
cm 

81.28 

81.28 

81.28 

Wal l 
reflector 

g / c m ' 

1.66 

1.66 

1.66 

Thick
ness, cm 

13.08 

16.74 

29.90* 

End r e 
E a s t 

Be thick
ness, cm 

10.16 

10.16 

0 

flectors 
Wes t 

Be thick
ness, cm 

10.16 

0 

0 

'Extrapolated value. Actual critical configuration with 27.58 cm Be -f- 5.75 cm graphite (p = 1.56). 
Note: All 0.005-in. foils. 

CO 5 0 
2 
O 
<rt 
!2 4 0 
U-

5 30 
-J 

. 2 0 

H 

< 
10 

•o ' " 

-

V 
V 
3 — 0 — 

I I I ' 1 1 1 

0-0.002" Oy FOIL 
P - 0 0 0 2 Oy FOIL IN 0 017" Cd 
A-Cd RATIO 

" " - - - - ^ ^ ^^^ A _ ^ .« .,.,^ 

•Xl~.o_^-Y____rv_—a———0 '-'"'" 

I . I 1 1 1 1 

1 r 

1 1 

-

-

-

-

0 2 4 6 8 10 12 14 16 18 

AXIAL DISTANCE FROM END OF CORE (IN.) 

o - 0 0 0 0 3 " Au 
A - 0 0003"Au IN OOI7"Cd 
n - C d RATIO 

0 2 4 6 8 10 12 14 16 

RADIAL POSITION ( IN) 

Figure 5. Axial oralloy fission traverses and 
cadmium ratios for assembly 8 

Figure 7. Gold detector radial traverse in 
assembly 8. Longitudinal position 8 in. from 

end of core 

O - 0 002 Oy FOIL 
a - 0 002" Oy FOIL IN 0 017" Cd 
A - C d RATIO 

6 8 10 12 
RADIAL POSITION (IN) RADIAL POSSTION INCHES 

Figure 6. Radial oralloy traverses and cadmium 
ratios for assembly 8. Longitudinal position 8 in. 

from end of core 

Figure 8. Indium detector radial traverse in 
assembly 8. Longitudinal position 8 in. 

from end of core 
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Table 3 

Critical Data for Small-Core Assemblies (Core Length 76.2 cm) 

Assem
bly 
No. 

11 

12 

13 

Critical 
mass, 
kgOy 

12.81 

16.69 

8.87*'• 

C/Oy 

354 

351 

356 

g/cm* 

1.42 

1.41 

1.38 

pi>. . 

g/cm' 

1.66 

1.66 

1.66 

Be 
island 
radius, 

em 

— 
— 

19.38 

Core 
outside 
radius, 

cm 

25.25 

28.83 

28.83 

Wall 

24.71 

23.65 

19.99 

Reflector thickness, cm 

East end 

2.54 C -1- 10.16 Be 

2.54 C* 

2.54 C» 

West end 

2.54 C -1- 20.32 

2.54 C + 20.32 

2.54 C + 20.32 

Be 

Be 

Be 

'Peripheral beryllium extends 4 in. beyond core. 

**A safety rod fuel tube in east beryllium island was considered beryllium. 

Note: These assemblies contained 0.002-in. oralloy foil only. 

ASSEMBLIES WITH SMALL 
CORE VOLUMES 

An experiment was performed to deter
mine the minimum volume core that could be 
stacked with available beryllium in a limited 
C/Oy range. Data on the three configura
tions studied are summarized in Table 3. 

8 

S 

A 

2 

10^ 

8 

6 

4 

2 

lO' 

8 

6 

4 

2 

10° 

M(.-5CM 

Mc-I 

B e l ^ 

\ 

\ M c-

\ 

X 
CM Be 

1 1 

V \ 

\ 

» 

^ = 8 4 CALCULATIONS 

0 HONEYCOMB j Q B S E R V E D 
A ORNL (Y-88IIJ 

RE 

M 

N 

\ 

N 

\ 

\ 

\ 
s; 

\ 

\ 
s 

s 

s 

•« 

\ 
\ 

\ N ' i-
^^KTH 

^ ^ ^ Mc-IICM B 

.•̂  \ 
"̂ ~. 

\ ̂  

....̂  

^ 

e 

4 6 8 10' 4 6 e 10" 

C/Oy ATOMIC RATIO 

Table 4 

Adjusted Exper imenta l and Computed 
Critical Masses 

(11-cm-thick Be reflector, 
pi- = 1.84 g/cm'', pup = 1.80 g/cm'') 

Assembly 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

C/Oy 

116 
116 
368 
368 
371 
952 
952 
384 
384 
384 

Sphere critical 
kg Oy 

Honeycomb 
converted 

74.0 
72.„ 
34.1 
34.,, 
33.= 
18.1 
18.5 
39.2 
35.8 
30.3* 

mass , 

S4 

66 
66 
35 
35 
35 
17 
17 
34 
34 
34 

F igure 9. Critical p a r a m e t e r s of spherical oralloy-
graph i te cores with beryll ium reflectors 

*The formulas used for the cylinder-to-sphere con
versions should not be applicable to the asymmet 
rically reflected assembly 10. The value 30.5 kg 
obtained from these formulas should be compared 
wi th the corresponding values for assemblies 8 and 
9 to indicate calculational difficulties r a t h e r than 
a react ivi ty index of assembly 10. 

COMPARISON OF EXPERIMENTAL 
AND COMPUTED DATA 

In order to compare directly with S4 calcu
lations, the experimental data of Table 1 
were converted to spherical systems with a 
fixed beryllium reflector thickness. Conver
sion was made to the following standard 
values: 
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1) for graphite, pc ^ 1.336 g/cm^, 
2) for beryllium, p^e = 1.80 g/cm^, 
3) beryllium reflector thickness = 11.0 

cm. 

The conversion of the experimental systems 
to "standard spheres" did not vitally affect 
the precision of critical configuration specifi
cations, and preserved the specific dependence 
on the C/Oy atomic ratio. 

Cylindrical systems were converted to 
spheres by assuming constant buckling. A 

check on the validity of this assumption was 
made by S4 calculations on infinite cylinders. 
Conversion of these results to spheres by the 
same procedure as that applied to experi
mental data resulted in critical radii exceed
ing by 1.5% the radii computed directly by 
the -S4 method. 

A summary of the converted cylinder data 
is given in Table 4, together with correspond
ing Si computed values. These data are also 
compared in Figure 9. The basic nuclear 
cross sections used in the Si calculations are 
given in Table 5. 

Table 5 

Parameters for 54 Calculations 
(Cross sections in barns) 

Group 
No. 

Energy 
interval 

Fission 
spectrum 

Neutrons 
per 

fission Of 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

0.025 ev 
0.21-3.1 ev 
3.1-22.7 ev 
22.7-168 ev 
0.168-123 kev 
1.23-9.1 kev 
9.1-67 kev 
67-500 kev 
0.50-1.35 Mev 
1.35-3.25 Mev 

0 
0 
0 
0 
0 
0 
0.008 
0.116 
0.301 
0.575 

2.45 
2.45 
2.45 
2.45 
2.45 
2.45 
2.45 
2.45 
2.51 
2.70 

95 
22 
17.5 
17.2 
6.4 
2.3 
0.7 
0.3 
0.18 
0.08 

513 
83 
46 
37 
13.6 
5.8 
3.0 
1.57 
1.24 
1.30 

620 
115 

74 
64.5 
33.2 
18.2 
13.8 
9.0 
5.1 
4.6 

3 
2 

102 
43 
2 
1 
0.4 
0.2 
0.11 
0.03 

0 
0 
0 
0 
0 
0 
0 
0 
0.02 
0.53 

10 
10 

110 
50 
11 
11 
11 
8.7 
4.9 
4.4 

0.010 
0.002 
0.001 
0 
0 
0 
0 
0 
0 
0.11 

— 
5.9 
5.9 
5.9 
5.9 
5.9 
5.6 
4.3 
2.7 
1.8 

Notes: Values of average logarithmic energy decrement per collision are JB 
for the tenth group, where |BC = 0.146 and |c = 0.133 

5.65 
5.5 
5.5 
5.5 
5.5 
5.5 
5.2 
4.0 
2.5 
1.5 

sion are 

0.005 
0.001 
0 
0 
0 
0 
0 
0 
0 
0 

— 
4.7 
4.7 
4.7 
4.7 
4.7 
4.6 
8.9 
2.4 
1.8 

B̂e — 0.209 and ic = 

4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
4.4 
3.7 
2.2 
1.5 

0.158 except 

Except for the following cases, inelastic sca t te r ing cross sections a r e zero: 

1.0, <r,„.,ŝ ' 

1.5, <T„,ŝ ' 

= 0.3, a,J" - 0.45, 

0.4. 0.6. 

The Be(«, 2«) cross section in the tenth group is 0.11 and the associated transfer cross section is <TW»S'''' = 0.22. 
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