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Neutron moderation in the Oklo natural reactor and the time variation of a
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In previous analyses of the Oklo~Gabon! natural reactor to test for a possible time variation of the fine-
structure constanta, a Maxwell-Boltzmann low energy neutron spectrum was assumed. We present here an
analysis where a more realistic spectrum is employed and show that the most recent isotopic analysis of
samples implies a decrease ina, over the last 23109 years since the reactor was operating, of (apast

2anow)/a>4.531028 (6s confidence!. Issues regarding the interpretation of the shifts of the low energy
neutron absorption resonances are discussed.
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I. INTRODUCTION

It was recognized by Shlyakhter@1# that isotopic ratios of
fission products and secondary neutron absorption reac
that occurred with the Oklo natural reactor phenomen
some 2 billion years ago could be used to test whether
fine-structure constanta varies with time. Specifically, if a
neutron absorber~e.g., 149Sm) has a low-energy neutron a
sorption resonance, and the excited compound state can
cay by gamma emission, the resonance energy will chang
a predictable way ifa varies. The overlap of the resonan
with the reactor neutron spectrum will subsequently cha
thereby altering the ratios of nearby isotopes.

In addition to@1#, two other detailed analyses of the Ok
phenomenon have been completed@2,3#. The purpose of this
Rapid Communication is to assess the validity of the
sumption in these analyses that the neutron spectrum ca
described by a Maxwell-Boltzmann~MB! distribution, and
to determine the effects on the limit of the time variation
a for different neutron spectra. The possibility of a non-M
spectrum was discussed in@2# ~footnote 3!, but was not con-
sidered to be important. However, for the high-accuracy
sults presented in@3#, the effects due to deviations from
MB spectrum become very important.

II. THE OKLO PHENOMENON
AS A HOMOGENEOUS REACTOR

The fact that the Oklo phenomenon occurred was in
cated when uranium taken from this mine was found to
deficient in 235U; subsequent tests confirmed this discove
From core samples and knowledge of reactor dynamics,
age of the Oklo phenomenon was determined to be abo
billion years. The conditions necessary for the multiple re
tor zones to exist can be used to place constraints upon m
parameters such as concentrations of various elements,
perature, moderator type and concentration, etc., while
reactor was operating. For example, it can be shown
only hydrogen or deuterium could have served as modera
at Oklo and hydrogen present in water or as hydration of
uranium oxide appears to be the only plausible choice. A
first approximation to the reactor geometry, it seems reas
able to assume that the Oklo phenomenon was a hom
neous reactor of infinite extent. This simplifies the estimat
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of the multiplication factork and the neutron fluxF(E,T),
which we will see depends on the amount of hydrogen a
neutron absorbing impurities in the ore.

With the present isotopic ratio of235U/ 238U, the maxi-
mum k that can be obtained in a homogeneous mixture
water and natural uranium isk50.838, which occurs where
there are 2.43 molecules of water per atom of uranium@4#
~see Table 18.1, p. 612!. The fractional isotopic abundance o
235U in natural U at present is 0.711%. Extrapolating th
result implies a235U relative isotopic concentration of abou
1.2% to achievek51. Two billion years ago, the relative
concentration of235U was about 3.7%~due to the different
lifetimes of 235U and 238U). This implies that two billion
years ago,k'1.3 for a system with 2.4 H2O molecules/U
atom. If such a large fractional concentration of water w
present, the Oklo reactor would have been highly diverge
Of the possible effects that can reducek, the two most likely
are a low water~or hydrogen! concentration in the U deposit
and the presence of impurities. It is interesting to note t
the reactor would have been somewhat self-stabilizing a
runaway to high temperatures would drive water out of
ore deposit.

Precise knowledge of the nature and concentration
neutron-absorbing impurities at the time the Oklo reac
was running is lacking. However, we can make a reasona
estimate of the possible maximum absorption by impuriti
The foregoing arguments can be made rigorous by estima
k as a function of the hydrogen atomic number density fr
tion, f H5rH /rU and the atomic fraction of absorbing impu
rities f i5r i /rU , relative to the number density of U atom
With 235U isotopic fractionx, for thermal neutrons:

k'np
rUxs f

235

rU@xsa
2351~12x!sa

238#1rHsa
H1(

i
r isa

i

'2.47e2.7031(1/f H).58 580x

690x12.7~12x!10.33f H1(
i

f isa
i
,

~1!

wheren52.47 is the number of neutrons released per235U
fission,p is the resonance escape probability obtained fr
©2004 The American Physical Society01-1
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Eqs.~10.29! and ~13.3! of Ref. @4#, s f
2355580 b is the235U

fission cross section,sa
2355690 b is the total235U total neu-

tron absorption cross section,sa
23852.7 b is the 238U total

neutron absorption cross section,sa
H50.33 b is the hydrogen

absorption cross section. The total impurity absorption
be parametrized by

b5(
i

f isa
i . ~2!

Furthermore, the effects of oxygen have been neglected.
x50.037,k as a function off H , and as a function of impu
rity concentration parametrized byb, is shown in Fig. 1.
With no impurities,k51 is achieved whenf H51.5. For a
higher hydrogen concentration, the reactor would have
away and the resulting high temperatures would have dri
water out of the ore; the system was likely self-stabilizing
k51. As the impurity concentration, parametrized byb in
Fig. 1, increases,f H required fork51 increases also; atb
55, f H52.6 to achievek51. Forb.11 b, it is not possible
to achievek>1. It is also known that the reactor operat
until x'0.02, which implies a more restrictive limit ofb
<3 b, for which f H55.8. We note that criticality calcula
tions at these high235,238U concentrations are subject to
number of corrections~see@4#, pp. 463–468! so the figures
derived here are to be considered as providing guidelines
the operation of the natural reactor which indicates thatf H is
about 3, withb52.

A ubiquitous substance that offers a significant therm
neutron absorption cross section is sodium chloride. T
thermal absorption cross section for sodium issa50.5 b,
but for chlorinesa533 b which limitsf Cl,0.1. The relative
atomic concentrations of other impurities can be simila
estimated.

FIG. 1. Multiplication factork as a function of hydrogen atomi
fraction to uranium atomic fraction (f H) for 235U isotopic fraction
x50.037. The plots are for increasingb5( i f isa

i .
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III. CALCULATION OF ŝ FOR A NON-MB
NEUTRON SPECTRUM

It is well-known that when neutrons are moderated in
presence of a 1/v absorber~such as U!, the low-energy part
of the spectrum becomes suppressed relative to a h
energy 1/E component of the flux. The relevant parame
that describes this suppression is~@4#, pp. 335–340!

D5
2ASa~vT!

Ss
, ~3!

whereSa(vT)5ra•sa(vT) is the net absorption cross se
tion of the homogeneous mixture for a neutron rms veloc
corresponding to the moderator temperature,Ss5rs•ss is
the net scattering cross section of the moderating atoms,
A is the atomic mass of the moderating atoms. In the pres
case~for neutron energies above 1 eV!, H is responsible for
most of the neutron moderation. WhenD'2, the 1/E tail
contains the bulk of the neutrons. This is illustrated in Fig
where the flux as a function ofD/2 as obtained from a Monte
Carlo calculation following the procedure in@5#.

For the parameters derived in the last section (f H53, x
50.037, andb52), D'1. However, for neutron energie
less than 1 eV, molecular effects become important; it is
longer a good approximation to assume that the neu
moderation occurs by scattering from free atoms. The che
cal bonding effect can be estimated by settingA52, so in
the low neutron energy region (0.001,E,0.1 eV),D'2 at
300 K, and scales with temperature as

D52A300

T
. ~4!

The elements149Sm and155Gd have low energy neutron
resonances and are particularly interesting to test for poss

FIG. 2. Monte Carlo generated neutron velocity spectra for v
ous values of D/25Sa(vT)/Ss from 1 to 0.1, where vT

5A2kT/mn is the rms neutron velocity, assuming all moderati
occurs from scattering on hydrogen, compared to a MB spectru
1-2



rg
nt
ze

x

t
cl
n
s
in

ca
a
e

s
n

tio

l o

nc
a
n

th

d
e

in
nc
he
ity

the
e

for

ion
e

cient
ea-

or
K

is

ef-
y
sed

es:
K.

RAPID COMMUNICATIONS

NEUTRON MODERATION IN THE OKLO . . . PHYSICAL REVIEW D69, 121701~R! ~2004!
time variation ofa. The formalism developed in@1–3# for
the effective cross section of a substance with a low-ene
neutron resonance can be understood as follows. The i
action of a neutron with a nucleus can be parametri
through the optical model, where the Hamiltonian is

H5U~E!1 iW~E!, ~5!

where the absorption rate for neutrons with energyE is
G(E)52W(E)/\. The absorption cross section can be e
pressed as

s~E!5
gp

k2

GnGg

~E2Er !
2/\21G tot

2 /4
, ~6!

where\k is the neutron momentum,g is a parameter tha
depends upon the spins of the neutron and interacting nu
Er is the resonance energy andGn,g are the rates for neutro
and gamma ray absorption respectively. The parameterg,
Er , andGn,g for elements of interest here can be found
@2,3#.

The absorption cross section at a particular energy
also be described as the product of the rate of absorption
the timest5L/v(E) spent in the material, normalized to th
propagation lengthL,

s~E!5G~E!/v~E!. ~7!

Far away from Er , G(E) is nearly constant ands(E)
5s0v0 /v(E), wherev0 is the velocity at which the cros
section was measured. Nuclei whose cross sections ca
described this way are know as ‘‘1/v ’’ absorbers. This is a
more efficient representation for thermal neutron absorp
of many nuclei such as U.

The net absorption cross section is given by the integra
the cross section times the neutron fluxF(E),

^s&5E s~E!F~E!dE. ~8!

In assessing the effects of a varying low-energy resona
because all 1/v cross sections follow the same univers
function which have exactly the same form up to a consta
it is useful to define an effective relative cross section for
nuclei with a varyingG(E) as

ŝ5

E s~E!F~E,T!dE

E v0r~E,T!dE

, ~9!

wheres(E) is the energy-dependent cross section,T is the
moderator temperature,F(E,T) andr(E,T) are the neutron
flux and energy distributions, respectively, andv0 is the ve-
locity at which 1/v absorption cross sections are measure

In this analysis and the others that have been perform
so far, the finite temperature and motion of the absorb
nuclei is ignored. This is a small correction to the resona
width becauseA.100 for the nuclei being considered, so t
absorber velocity is much lower than the neutron veloc
12170
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Assuming D52 at 300 K, as a function ofT, D

52A300/T. A procedure similar to that described in@3# ~nu-
merical integration! was used to calculate the change inŝ as
a function of change in resonance energy, but replacing
MB spectrum with spectra derived from Fig. 2. The sam
resonance parameters as employed in@3# were used, and the
numerical integration was tested with a MB spectrum
which the same results as Fig. 1 of@3# were obtained.

It is possible to determine the value of the cross sect
for 149Sm, ŝ149, from detailed isotopic analyses of cor
samples from Oklo and similarly for155Gd to determine
ŝ155. Such an analysis was performed in@3# and indicates
that

ŝ14959166 kb. ~10!

This result can be used subsequently to determine the an
value ofEr which can be compared to the present-day m
sured value.

Results of the numerical integration for149Sm are shown
in Fig. 2 as a function of moderator temperature withD52
at 300 K. In @3#, the mean temperature of the Oklo react
was estimated to be about 600 K. From the curve for 600
in Fig. 3 ~expanded around the 9166 kb in the lower plot!,
we find that the change in resonance energy is

DEr5F245
17

215G31023 eV, ~11!

which indicates more than a 6s deviation from zero. Note
that the ‘‘two solution’’ problem does not really exist in th
case, but the upper magnitude range is expanded.

In the calculation of the moderated neutron spectrum,
fects of chemical bonds~which suppress the low energ
spectrum! have been approximately included as discus

FIG. 3. Calculation ofŝ149[^s149& as a function of change in
resonance energyEr and as a function of temperature, forD
'2A300/T. Blue dots, 300 K; blue dot-dash: 400 K; blue dash
500 K; solid blue: 600 K; red dashes: 700 K; red dot-dash: 800
1-3
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previously. As the atoms become more tightly bound,A
→` so (D→`), and in this limit the neutron flux spectrum
becomes pure 1/E; the result of a calculation for this case
shown in Fig. 4. In this case, for which two solutions exi

DEr5~213565!31023 eV or ~25865!31023 eV.
~12!

This result is roughly consistent with theD52 result; reality
likely is somewhere between theD52 and` results. How-
ever, the result forD52 clearly indicates a non-zero chang
in Er at a level of more than 6s.

Results for a calculation of155Gd are shown in Fig. 5
The interpretation of the155Gd data is complicated by th
presence of impurities, and an extensive analysis is give
@3#. The Oklo data implyŝ155'28610 kb, which indicates

DEr5~290620!31023 eV ~13!

FIG. 4. ŝ149 assuming a 1/E flux spectrum.

FIG. 5. ŝ155 for a MB spectrum (T5573 K) and a 1/E spec-
trum.
12170
in

for the left-hand solution shown in Fig. 5. This is consiste
with the 149Sm result because impurities shiftEr slightly,
and the simple 1/E spectrum overestimatesEr .

IV. INTERPRETATION OF THE RESULTS

A shift in resonance energy can be related to a shift ina
by

Da

a
5

DEr

E0
. ~14!

A reasonable estimate ofE0521 MeV was presented in@2#,
and is roughly the same for149Sm and 155Gd. Taking the
result Eq.~11! determines

anow2apast

a
52F45

115

27 G31029, ~15!

which is non-zero by more than 6s. The central value plus
twice the upper uncertainty can be used to set a 95% co
dence limit on the magnitude of the integrated rate of cha
over the last two billion years

Uȧ
a
U,3.8310217/yr ~95%conf!. ~16!

By assuming higher temperatures, this limit decrea
slightly. However, a significant modification of this resu
requires temperatures beyond physically reasonable value
assumed in@3#.

It is expected that the neutron absorption resonance
rameters~e.g., the neutron and gamma widths!, other than
Er , do not change significantly witha. In estimatingE0 it
was assumed thatEr represents a fixed energy above t
ground states of nuclei withA andA11, andE0 is approxi-
mately the difference in the Coulomb energies of the grou
states. This result is in agreement with a more sophistica
analysis@6#.

V. CONCLUSION

If a 1/v absorber is present in the moderator of a neut
chain reactor, the neutron energy spectrum can deviate
nificantly from the a Maxwell-Boltzmann distribution. Th
Oklo phenomenon was rich in uranium which is a strong 1v
absorber. By considering realistic deviations from
Maxwell-Boltzmann low-energy neutron spectrum, we ha
shown that a recent analysis of the Oklo natural reactor p
nomenon implies a non-zero (.6s) variation ofa over the
last 2 billion years. The result is of opposite sign and
order of magnitude smaller than a recent astrophysical de
mination of the change ina @7#, which is non-zero, but ove
a different time scale. It has been suggested that the t
variation ofa is not monotonic@8#. Our results are probably
accurate to within 20%; a full MCNP model of the reacto
assuming reasonable estimates of the temperature and i
rities are possible to obtain, would be useful in light of t
importance and interest in the possibility of a varyinga.
1-4
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Finally, these results might be interpreted more efficiently
terms of mq /LQCD for which the sensitivity is about two
orders of magnitude higher than the sensitivity toa variation
@9#.
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