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ANOMALOUS DEUTERON TO HYDROGEN RATIO IN NATURALLY
) OCCURRING FISSION REACTIONS
AND THE POSSIBILITY OF DEUTERON DISINTEGRATION

M. SHAHEEN, M. RAGHER*

University of lilinois at Urbanu-Champaige,
103 5. Goadwin Av., Urbang, iL 81801 (USA}

(Received Jene 27, 1991)

A hypothesis is presenied [or explaining the expetimentally determined anomalogs D/H ratiq
oObserved in the samples from Ihe Daturally occurring fission reaction in the Oklo pheromenon. No othe
explanation has been given, to our best kaowledge, for tiie large difference between the measured DfF
ratio ia the Oklo samples and the expecied valies in a fission neutron spectrum, A mutiicomaponen
Syskm consisting of hydrogen, denterium, tritivm and heliwm ouclei is considered. An analytica
solulion is derived and solved using as boundary coaditions the experimentally determined value of the
D/H ratic. The solution of the rate equations for iydrogen and devteron concentrations, assuming a purr
fission process without a deuteron sink term, yields a D/H ratio of 445 ppm o7 a reaction in which 1t
fluence of neutrons is 102! n/em?. This exceeds the experimentaily observed value of 127 vom, ar
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ANOMALOUS DEUTERON TO HYDROGEN RATIO IN NATURALLY
OCCURRING FISSION REACTIONS
AND'THE POSSIBILITY OF DEUTERON DISINTEGRATION

M. SHAHEEN, M. RAGHEB*

University of Hlinois at Urbana-Champaign,
103 8. Goodwin Av.,, Urbana, 11. 61801 {7SA)

(Received June 27, 1991

A hypothesis is presented for explaining the experimentally determined amomafous D/H ratio
observed in the samples from the naturally occurring fission rezetior is the Okla phenomenon, Noother
explznation has been given, to our best knowledge, for lhe large difference berween the measured D/H
ratio in the Oklo samples and the expected values in 2 fission neviron spectrum, A multicomponent
system comsisting of hydrogen, deuterfum, tritium and befium auclei is corsidered. An analytical
solatioa is derived and solved using as boundary conditions ihe eXxperimeéntaily determined value of the
D/Hratio. The solution of the rate equations for kydrogen and denteron concentrations, assuining a pure
fission process without a dewteron sink term, yields a D/H matio of 445 ppm for a reaction in which the
fluence of newtrons is 10% njem®. This exceeds the experimentally observed valae of 127 ppm, and the
naturally occurring value of 150 ppm. Solving the same rate equations accounting for a deulerium sink
term using a hypothesis of deuieson disintegration, sad the experimentally gbzerved value of 127 ppm
yields a d disintegrati of 747167 : 71, Dentron disinwegradon would provide a
neutron source, ln addition to the fission neutrons, driving a subcritical chain reaction over an exteaded
petiod of time. Relationship of the presented hypothesis 1o the Viasov lhenr{zofan annihilation metecrite
impact explosion explaining the experimentally observed anomalous “>1/24y ratio, and 10 ihe
suggestion of deuteron disintegration as a possible explanation of some observations of deuterium
dissociation in palladinm and rivsgivm clectrodes is discussed. The sitiam and helinm-3 vate cquations
are fusther soived under the deuzeron disintegration hypolhesis and the relationship of dhe present work
to the work by JONES et al. is discussed.

Introduction

The Oklo phenomenon is a process in which a naturally occurring fission chain
reaction has taken place.! The phenomenon was cbserved at the Okl mining site in
Gabon, Adrica. Samples from the site were extensively studied. Several anomalies in
the samples were observed: one pertains to the Z5U/381 ratlo, the ratio of the number
of fission fragments (¢ the number of fissioned nuclei, another involves the D/H ratio,
the atomic ratio of deuterons to hydrogen atoms. The currently accepted explanation
for the first of these anomelies is that abous 1740 million years ago, when the 25U
enrichment was about 3%, instead of the present 0.72%, the conditions at this
particular deposit were favorable for a self sustained chain reaction to occur.! The

* Author 1o whom correspondence should be addressed,
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appropriate conditions were presumably that the geological characteristics at the site
allowed the formation of wraninm salts soluble in water. Since fission products were
found in the samples, it was logical to assume that a fission process had taken place
in the ore. Based on this assumption, it is possible to explain the depletion of 23U and
the concentrations of the fission products if the reaction was assumed to have lasted
for a period between 600,000 to 1,200,000 years.2 The fluence of neutrons (n/cm?)
required to account for these observations, by many different investigators,t?# was
estimated to be about 102! njem?. However, no accepted explanation has been offered
for the anomalous D/H ratio.

Assumptions

When samples from the Oklo site were analyzed for water and hydrogen content,
it was necessary to heat the samples to about 1160 °C to extract the water from the
mineral.* This suggests that the water was incorporated into the crystal structure of
the mineral. Some urapium ores, in fact, incorporate water, e.g.,

Carnotite:  Ky(UO«VOy), - 3H,0
Uranophane: Call,8i,0,, - TH,0
Autupite:  Ca(UO4)5(PQ,), - 10-12H,0

When the water and hydrogen were analyzed for the D/H ratio, both showed a ratio
of about 127 ppm.# One particular sample had a I}/H ratio, of 127.3 ppm. The D/H
ratio in nature is 130 ppm. Furthermore, we will show that in the nevtron fluence
estimated to explain the uranjum-235 depletion in the Oklo samples, the ID/H ratio
should increase because of neutron capture in hydrogen rather than decrease as implied
by the above observations. For a fluence of 102! n/cm?, we show that this ratio should
be around 445 ppm.

Figure 1a shows a multicomponent system describing the major isotopic transitions
for elements of interest hers in a neutron flux. We consider hydrogen deuterium,
tritium and 3He concentrations. If we assume that the 3He produced will escape from
the site and will not contribute furiher {0 the isotopic changes, the chain can be
simplified to the one shown inn Fig 1b. In this multicomponeot system, hydrogen can
be produced from two sources: (1) 3He(n, p} reaction, and (2) postulated deuteron
disintegration according 1o: ?D — in+ {H. Deuterons witi oe produced from newtron
capture in hydrogen,™S or capture ol & neutron with production of tritfum. Tritium will
decay by B~ emission to *He with a half-life of 12.26 years. If *He does not escape
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Fig. 1. Muliicomponent system consistizg of hydrogen, dewterium, tritiem, and belium-3, and isotopic
trausiticns of elements in a neutron flux

Table 1
Thermal eross scotions for H, I, T, and
3He neutron reactionsi®

Thermal neutron cross section,

Reaction bir
Ha,nD 0.333
Da,nT 0.51- 1073
T(a, Y H? <6103
3He(n, p3 T 3330
3Hé(n,y) Het 0.05

from the teaction site, it will either underge an (n, p) or an (n, v) reaction, Table |

shows the cross sections for the different reactions in this chain.

Bccausc of the presence of water, it is justified to assumé here that the newtron
spectrum. is basically thermal. We will further assume that the flux has 2 Maxwellian
shape &t room temperature T, = 293 K. The low reaction rate and the heat dissipation
from the ore also justify this assumption, We can then deduce an AVETage Cross-section

aver the Maxwellian spectrum given by d,, = 0.886 0 assuming that all absorbers are 17
absorbers.

We shall calculate the initial water concentrations from the daia of the sample
designated as sample 310, which had a 25 content of 0.592%. The uranicm to ore
retio of this sample was 1494 weight % and Ihe water content was 9.3% + Based on
these data, the initial water concentration w, can be calculated to be 3.11 - 1021 water
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molecule/cm?. Assuming that the water content did not appreciably change during
the reaction, we calculate the initial hydrogen and deutcron concentrations as 6.22 -
102! and 9.33 - 107, respecctively. This assumption is not necessary as we will show
later, since the relevant parameter in the calculations is the ratio Rﬂ =Dy/H, = 150
ppm, the naturally occurring D/H vatio.

The rate equations for the multi-component system shown in Fig. 1, considering a
pure fission process without a hypothesis of deuteron disintegration, can be written as:

H/dE = ~PyH + BpHe (1)
dD/dt = ByH - BpD @
dT/dt = BpD ~ AT + fHe 16)
dHe/dt = A T-BpHe @

where H, D, T, and He are the concentrations in atems/cm? of hydrogen, deuterium,
tritium, and helium-3, respectively.
We also define:
Pe = Syt 571)
Bp = oy, (579
ﬁp = pHe¢ (S_l)
3wl

where @ is the neutron flux in n-om™-s and o, is the avemge thermal
microscopic capture cross section in em?, we made the approximation:

Opte = TaHe

implying that the absorptions in 3He are mainly due to the (n, p) reaction which has
a‘large cross-section value as shown in Table 1
It will be shown tater Lhat the flux at Oklo was ~ 107 n-em2- st and since the

hydrogen concentration is . —1011, it is reasonable to neglect the production of -

hydrogen from radjolysis and from fission product decay (because of thé low flux and
hence relatively low fission products concentration), as well as from the He (n, p)
reaction. The latter approximation is juslified by the fact that the concentration of *He
is 100 low to affect the hydrogen concentration and because *He is likely to escape
from the site of the reaction before any hirther intéractions.*

As a first step, we are interested inthe H and D concentrations, thus we seek
analytical solutions for Eqs (1) and (2), rewritten according 10 the previously discussed
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approximations as:

dH/dt = —fyH &
aDydt = fiH - ppD ©)

The solution for Eq, (5) is:
' H = Hye ~Fu Y

where H, is the initial hydrogen coficeniration at time t = 0.
For future analysis we tewrite this equation in the form:

H= .I.ioe—uﬁ'.iwt = Hge-ownd (8)

where @ = ¢t is the fluence in nfcm?
The soluition for the linear ordinary differential equauon 6 is:

Byt . Pully Bt %
HEln {D°‘+ Enl" I*D}e_mj {?511 = |'5u] =

‘We oblain the ratio R = D/H in the case of no deuteron disintegration by dividing

Eq. (8) by Eq. (9):

¢ ] o
R= {RB + _SIH_} el@mooX, — {.__'L}
T~ Tn O~ 9D

where R, = Dy/H, = 150 ppm.

We motice ihat R is a function of the fluence only, since aft other paramsters are
constants. Using the value of the fluence B = 102! n/em?, we get R = 445 ppm which
is the R ratio that is expectec under the natural reactor assumption.

Figure 2 shows thie vatiation of the ratio R = D/H as a function of the fluence. We
notice that R remains as & constant (Rp) up to a value of the fluence & = 1029, after
which it rises sharply with increasing fluence.

The fact that the D/H fatio observed in the Oklo samples (127 ppm) is reduced
below Ry (150-ppm), when in fact it is expected 10 have risen 1o around 445 ppm as
calculated above, is in direct cottradiction with the expectations based on the nawral
reactor assumption alone. It is an anomaly that we propese to expliain bere,

We first assume thaf the anomaly is due to & nuclear process since we are unaware
of any chemical or other physical processes which could have deplered the dexiterium
andjor entiched tiie hydrogen cotent of the ore mineral. To explain this anomaly, we
investigate the possibility that the deuterons have undergone some process of
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disappearance or disintegration. In this regard, one aspect of the natural self- sustained
fission chain reaction hypotheszs that needs to be modified is that the ore itself forrncd
a cnucaI assembly, arid that the reaction was sustained only by the fission Qeutrons
souree: S. chardless ‘of the mechanism involved, if we adapt the deutcron
disintegration hypothesis, the following reaction would take place:

1D2— Hiy gl

The geutrons produced would act as an additional source 5y that will further drive
the reaction through the combined source:

§=5+85,

If the deposit is to remain critical in the presence of the extra neutrons from
deuteron chsmtcgrauon, the ore must have been subcritical. We will show latcr that
the multiplication factor of the ore assembly could have been around 0998, a
subcritical confi guration,

Rate equations assuming deuteron disintegration

It we write the rate equations for hydrogen and deuterium, neglecting the
production of hydrogen from radiolysis and the He (n, p) reaction, and accoun; for
the possible deuteron dlsmtegrahou thmugh a sink term of the form ApD, whered, is
the deuteron disintegration constant (s, then we obtain:

dHAdL = AgD = By (11)

dD/dt = ByH = (hy + f)D - (12)

This is a system of two coupled first order linear ordinary differential equations.
An analylical solution is possible by means of the Laplace transformation € Ty
method. Using the notation:

LH(®) =h{s)
and
LDt =dis)
where L is the Lapjacac transformation operator
Using the L. T. property:
LRttt = 5 1. Fig) - F0),

and taking the L. T. of bath sides of Eqs (11) and (12), we can write the rate equations
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for H and D in the s-domain, transfonnmg the differential equation system injo 4
system of algebralc equatl s .

sh(s) = Hy = dpd(s) - Buh(s) (13)
§d(5) — Dy = fiyh(s) - (hp + Bp)d(s) (14)
where D, and vH., are lhe init!igl cpngcm_ratipns of deuterium and hydrogen,

respectively. :
By solving Egs (13) and (14) for d(s), we obtain:

s8)g + Pu(tlo + Do)
dish = 52 F (ﬁ:f F'fﬂ +hp)s + Byl e

Ta get the inverse L. T. of d(s) we use the partial fraction method. To do SO, we
have to wme e denommalm' as a product of its pnmary factors, Let:
s Byt B+ Aas + Bbps (5- 565 -5

where:

51 1/2{ (ﬁH + ﬁD + kp) [B@H +Pp+ 3\13}2 4%?9}]1’2} {163
$= 12{ Bt Bp+ Ao + [(5!-( + Bo + 207 - 4By Pt} {1653
and the choice of whether 5, or & should be added 1o or subtracted from the squate
root term is arbltrary i
Further, we know that;
s+ 8y =By +Pp +2p) an
55y = Py (18)
Letting Ny = Hy + By, we now write d(s) as:

8Dy + N,
dg)= D H 0 ;

W e as)
Scparating into partial fractions, we gel:

5,13 + BNy
{8 - 528 —5))

2Dy + fyNg

sl 259559

0
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From the properiies of the inverse L. T., we can write for ihe inverse
transformation:

b
L—l[_s_ a] =h et

Taking the inverse L. T. of Eq. (20), we have:

Do+ PuNo ., . 5Dy + BNy,
D{) = l(sl—sz) Qest 4 (:Z_S:') 2 goat (1)
whete s, and s, are defined by Eq. (16).
To obtain H(t}, from Eq. (13)%:
(5 + Pr)h(s) -hpd(s) = Hy 2
. Hothod)  H, dis)
B T S Ty iy

Substituting for d(s) from Eq. (20), we got:

510 + BNy
Gy = 32)(5 - 5)(5 + By

53D + BN,
52500~ 56 + ] e

b
" TR ”"{

Using the inverse L. T. tables:

L'l[ S | - &5

(eak = ebl) (24)

Taking the inverse L. T. of Eq. (23) and réarranging, we get:

¥ 5, Do+ PN, st Sol + BNy 2t
H“)'AD{ B 536+ B C T TSt ) }
_ Do+ BaNe)  Ap(5:Dg+ BulNg) |- -

T {H" G- S)E 4By G2 505 + Br) }° 5

It is possible to use Eqgs (17) and (18) to prove that the term multiplying e - P is
equal to zero. Therefore, Eq. (25) simplifies to:

(23

3 5,Dp + PNy .,}t 00+ PN
o D{ G- B T os)E TRy } 2
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We should note f1ere that Egs (21) and (26) tend in the Hmit ¢ Egs (9) and (7),
which were derived in the case of no deuteron disintegration, in the special case of
Ap = C. From Eq. {16) we find that when Ap =0, then 5, = —fy ad 53 = —Pp. It is
straightforward to prove that Bq. (21) reduces to Eq. (9) when Ap = 0. However, this
is not the case for Eq. (26). It might seem at first glance that when Ap = 0 the equation
reduces to H(t) = 0 in contradiction to Eq. (7). However, careful consideration will
reveal that ihe solution tends to the undefined value 0/0. We shall evaluate it using
L'Hospital’s Rule. Taking the limit of H{t) as An—{0 and hence 5,— - By, we get:

g " y A8 Dy + PyNo) ~ Pt
T gk o ©

Ap( - PoDg + $5Ny) ;
Bov B (P B }

The second texm tends t'orzem without problems, The first term tends 1 0/0. Using
Eq: (163}, we express s; in terms of Ap, as:

: ' = ApfyHge ~ Pt
g kit ?311’0{ (Br- B (1720 - B + Po + 7o) ~VAPa + Bo * Aol ~ 4ol + Pk }

Ditferentiating the denominator and the numerator with respect 0 hp and then
sefting hp = 0 we gel:

. — BuHpe P i, _ g
H lim '{ ey 1731 e v e

which is the same result as earlier obtained in Eq. (7).

Expression for the deuterivm to hydrogen D/H ratio

Dividing Eq. (21) by Eq (26) to obtain D({/H(t), which we denote as R, we
abtain:

Rit) = AT (5D + Puglest - (5,09 + PyNoles!
Aol (5D + BuNp) et 5200+ BNg)
{81+ Br) 52+ By

&N
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Dividing both the numerator and the dencminator by N, and noting that Ny = Hy +
Dy, we have:

Dy/No = Dy/(Hy + Dy} = Ry/(1 + Ry),
where Ry = Dy/Hy = 150 ppm.
Then I+ Ry=1+415-104=1 4
Consequently, DyNj = Ry, and Eq. (27) reduces to:

R it 1o + Bt - (s,Rg + Biges:

Ao | (8iRo + B (SR +Be) .
S 2 S el | SO
(RS Py A

1t is observed here that the initial water content terms, i.e., Hy and Dy, do not appear
in the equation but rather the ratio Ry = Dy/Hy. This means that the results based on
the Oklo Sample #310, in which the water content was 9.3%, do not reaily depend
on the sample and that we could have obtained the same resulls for any other sample
that had undergone the Oklo phehomenon. It is Interesting to state here that the D/H
ratios observed in the Oklo phenomenon (which we denote as Ry) for Sample KN47
and Szmple #556 wete 1312 and 126.1, respectively, even though those safples had
waler contents of 13.2% and 8.5%, respectively,! :

For an Oklo reaction that has lasted for time ty the final D/ ratio, Ry, is then
given by:

28)

R = L[ GiRo+ Bu)eris - (5,Ry + Brpjerss
" GRotB) . CRotBw
Gitby - G+ P
where both s, and s, are functions of Ap.
It turns out that Eq. {29) i nonlineat, and 2 solution can be sought in the form:

(29

)"Dm‘l = F(Rkv o, 1, 115‘)

wuoich implies that to :c')btairl Ap for a given R, @, and t,, we need to use an Herative
approach. To obtain the complete functional dependence in Eq. (29), let us jdentify
the indepéndent and depéndent parameters. There are three independent parameters: the
fluence, &, the time duration t;, and the deuteron disintegration constant, Ay. The flux,
¢ = Dfty, and By, Py {the product of the cross section and the flux), and 81, 55 are
functions of Py, By, and-kp, ic., ¢ dod Ap:

Independent pardmeters:

D, ty hp
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Fig. 2. D/H ratio for different fluences in case of no deuteron disappeasance

Dependent parameters:

¢ =D/ty, Br(8), Po(d) 31(4 Ap) 528, Ap)-

The fluence ® and time duration ty of the reaction that existed at QOklo are
estimated based on the fission product concentrations, ie., mle of prodixtion and
subsequent decay. The fluence that is believed to have existed in Oilo, which explains
the fission products isotopic changes,!34 is 102 with slight varistion from one
location 1o another within the deposit. The duration of the reaction is estimated to hava
been between 600,000-1,200,000 years.2

Results

We calculated the value of the deuteron disintegration constant Ap under the
conditions of the Oklo phenomenon for three values of ¢ around 10%- (.5 - 102,
10-10%, and 15-10%, and for different time durations im the renge:
3-105-1.2- 10° years. Although the variation of the estimated Hme duration is
large, the value of hp, calculated for the same fluence and for the same Lim ting
time periods is not very large. Similacly, for the same time duration the vafiztion
of Ay for flaence values 05102 and 1.5- 102 is also not large. We adopt as
& reference case that of @ =10% and t,= 105 years.
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Fig. 3. Flux in the Oklo reaction for different fluences and 1ime durations

First we shiow in Fig. 3 the variation of the flux with different time durations over
the three fluence cases. For the reference case, the flux would be 3.17 - 107 1 - cm—2 -
- 51 which meets the condition that:

<< lmPUIOTmPu

stated in Reference 1. In Fig. 4 we show the D/H ratio,R, for the range of Ap values
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Fig. 4. Deuterox to hydrogen (D/H) ratio versus the deuteron disintegration constant for different fluences
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between 10-2° and 10-5 - s for the three fluence cases for ty= 10° years. The value
of R at Ap=10-® ~ zero is equai to that from Fig. 2. For. ﬂ.:le same fluence. R dmlp;s
to zeto at values greater than 10-° and the variation is chhg1blz at Ap lcss‘t;han 10-15,

One can compute Ap,, L.e., the value of Ap that will lcald toalDHratioR=R =
= 127.3 (from the Sample Oklo #310) for a reaction in which the fluence wmdcb a?d
have lasted for time t,. For the reference case, this tums out 19 be 7.4?: - 1ot s

Figure 5 shows the variation of R with A for & = 102 for chfferent4 tu:n;: durations,
At ty=6-10% y, Ap=1.24- 1013 and for 1= 106, hp =747 - IO—.L 51, Figure &
shows the variation of Ap, with the time period of the Oklo reaction for the three
fluence cases.
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1020 4@ Qe qpth 0 10 gt ygf
Deuteron disintegration constant, 1/s

Fig. 5. Deuteron to hydrogen (D/H) ratic versus the deuteron disinicgration constani for different raaction
durations (tg)

If we assume that deuteron disintegration is not a single particle reaction but rather
a multiple particle interaction, i.e., that the deuteron disintegration is not similar to the
natural decay process, bul rather the deuteron disintegrates whenever it exists under
certain conditions created by the system that consists of the deuteron itse)f and the
surrounding atoms, whether these atoms are other deuterons or heavier aloms, then the
deuteron disintegration reaction may proceed in one of two ways, As a fies neutron
reaction:
1D? + sNA-» Hl 5 nl+,NA (30)
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Fig. 6. Deuteron disintegration constant at Oklo versus reaction duraticn (1) for different fluences

here the nucleus ,NA acts as a catalyst for the deuteron disintegration process, and
does not undergo any isotopic changes. However, another more Likely way for the
reaction to proceed which leads to isotopic changes in the medium in which the
deuteron disintegration reaction occurs is the one in which the deuteron gives up its
neutron to the nucleus ;NA according to56:

1D? + NA— HL 4 JNAH (3D

An example of this kind of reaction would be:
1D? + | D?= T2 4+ Hi

TP=_jel + He?

Provided that the reaction time is long enough to allow for complete decay of the
tritium to helium-3, we can write the net reaction as:

102+ D2 604+ Hi4 He? 32)

Compare this to the same reaction proceeding by neutron capture:

D%+ ol T3

(TP =_e0 1+ e,
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Again, if the reaction proceeds for a Jong enough time, then the net reaction is:
IDZ + Onl-.leu + 2H83 (33)

Both reactions involve the depletion of deuterons with the production of tritium and
3He. However, the first reaction involves the depletion of twice as many deuterons
and also Jeads to the production of protons. I an experimcr_ll is performed in which
the Oklo conditions are reproduced, the hyothesis can be tested based on the outoome
of rections 32 or 33.

According to this assumption, we can state that the rate of deuteron disintegrations is
proportional to the product of deuteron concentration D and the concentration of
the host atom N, ie.

ApD e DN 34)

We further assume that the concentration of the host atom, which would be uranium
in the Oklo reaction, is constant, This assumption is valid to a great extent since the
uranium depletion in the estimated fluence will be ~ 10 of the initial uranium
concentration. Denoting the proportionality constant in Eq. (34) by up, we obtain:

A = ipN
pp = hp/N cut’fs 35)

We note that pp has the same units a5 <ov >, the reaction parameler used in
plasma physics and fusion studies.

If the reaction was a D-U disiqtegration reaction, ie., deuterons disintegrating
while present in the uranium lattice, then from the sample Oklo #310 data, and
assuming that the mineral was in the form of UG, the U concentration wonld be
333 - 102U atoms/cm® and:

Mpy = Ap/U = 2.24 - 10-3 cm/s

However, the result is not valid for 8 D-D disintegration reaction as the term
describing the deuteron disintegration in this case should be 32 We have accounted
for this situation in the numerical calculation scheme and the D-D disintegration
constant that will account for the D/H ratio R, is found to be ~ 10T cm¥s. If the
reaction is a D-I) disintegration reaction that can be described by the term ApD, then
the reaction constant would be 7.47 - 10-%. [deuteron disintegrations/deuteron -s).
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Tritium and helium-3 concentrations

As shown in Fig. 1, the Oklo reaction will lead to the production of T and He?.
To obtain their concentrations, the rate equations (3) and (4) should be solved with
Dyt) given by Eq. (21). The rate cquations are:

dT/dt = BpD(1) - AT + B He (36)
dHe/dt = A;T - p He (37

We shall solve first for the case where 3He does not escape from the site of the
reaction and shall account for the *He (n, p) reaction. We shall obtain: the case where
*He leaks out of the site as a special case when p,=0. We shall show that the
concentration of 3He remains unchanged in both cases. Equations (36) and (37) are
two coupled livear ordinary differential equations which will be solved by the L. T.
method in exactly the same manner used to solve for the H and the D concentrations.

Hence the details of solutiion will not be shown. For the case where the initial |

concentrations of T and *He are zero and *He does not leak out, we get:

- G+ PSR+ Br) .o, G2+ BisRo+Py)
T® NOﬁD{ 8)(5, — (5, ~ 83} v 557~ 51 {82~ 83) o @8
(33 + Bo)(s3Ro + Py B
i L P o Gl g B ]
v 53(83— 8, }(83 ~ 83) ¢ 5053}
ard
_ (5:Rg + P i GRo+ )
R e = e )
o GRovBu) _1_}
53(53 = 81)(53 ~ 89 Pos;

where Aq is the iritium disintegration constant and sy = (B + 2p)-

1t is possible to obtain the solution in the case where the initial concentrations of
T and 3He ar= not zero. However, there is no reason to assume that T or 3He existed
in the ore initially, and hence we will not show the solution in that case, We nole
from Eqgs (38) and (39) that the concentrations of T and He are proportional to the
initial water content in the rock. For the typical case of @ = 10%, ty= 106 50 that
hp=7.47 - 10-" the change in T and He concentrations with time is shown in Fig. 7.
The final concentrations in this case are T(ty) = 3.8 - 107 and He(ty) =3.78 - 101}, The
rate of 3He production would be He(t )ty = 0.012 He atom/cm? - s.
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Fig. 7. Variztion of tritium aud helium-3 concentrations with time

If 3He escapes from the site of the reaction, then it will not further interact to
produce H and T in the (n, p) reaction and the rate equations become:

dT/dt = BpD = M T . a0y
dHe/dt = 3T (41

The selution will be given by Bqgs (38) and (39) with Bp = 0. For the reference case,
the final tritium concentration is 6.34 - 10¢ at/cm® and the total helium-3 production i
378+ 10" atjem?. If all the helium-3 produced cscapes, the rate of 3He release to the
atmosphere would be 0.012 at/em?® - s.

To explain why the 2He concentration does not change when setting B. =1, we note
that 3, appears in Bq. (33) for He within the term s, = (B, + hq). For tre Oklo cases,
Bp~10-Band Ap = 1.79 - 109, so that Ay » > B and 53 = —Ay. Hence B, will not affect
the 3He conceritration,
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Discussion

The deuteron has the following unique characteristicsss compared with other
nuclei:
(1) & is the only two-particle nuclear bound system.

(2) It has the lowest Binding Energy (B. E.) among other auclei. Table 2 compares
the B. E. of deuterons with those of other nuclei.

Table 2

Binding energy (BE) of typical nuclides®
- BE/A, BE,
hinglidz MeV/itucleon MeV
’p 112 223
*r 253 T 548
e 2.57 772
‘He 1.08 28.30
514 533 32.00
s 5.60 39.20
%Be 6.47 58.19

Average per nucleon: ~B.50 -

(3) Deuterons do not possess any stable excited state,

{4) In the deuteron nucleus, the neutron and the proton spend about one half of the
time outside ihe mnge of the nuclear forces. Using the equation R = 1.25 AL? fim,
(1 fm = 10-* cm), the radivs of the deuteron will be 1.6 fm. The separation between
the neutron and the proton in the deuteron nuckeus is 4 fm.

(5) The change distribution of the deuteron nucleus is very unsymmetrical.

(6) The separation between the center of mass and the center of change in the
deuteron nucleus i3 the most extreme among other nuclei.

These characteristics suggest that even though the deuteron is stable with respect
to natural radioactive decay, it is a very loose particle that may brezk up if it existed
in conditions that will further enhance the instabilities in its nuclear structure to the
point of disintegration.

Having observed an anomaly in the Z8U/25U ratio that would have implied that
fast fissions of 28U had occurred, VLASQV? suggests that the fast fissions in 23U
and the value of 0.5 for the regeneration ratio of 25U can be explained by assuming
that an annihilation explosion of an antimatter meteorite caused the formation of free
fast neutrons. He further estimates the yield of such an explosion {o be from 3-5
neutrons per antinucleon annihilation depending on the conditions, According to our
hypothesis, the postulate of an antimatter explosion at the Oklo site is not necessary to
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explain the anoi:n_a_lc‘)us' 238/2350 ratio. According to the proposed model, 2350 can

undergo the following reactions:

fDq- %U = Fi+Fp + [H + ven!

?].)‘-23% — H+23U

or

where Fy: and F, are fission products dnd U eventually produces 2Py, The same
two reactions are possiblé with 235U Deuteron disintegration would produce a source
of neutrans S, the number of such neutrons wilt be given by A, D(t). For the typical
case, if we take the avcmge value of the deuteron concentration to be ~ @, + Dgi2,
then the number of neutrons will be equal to 6.44 - 104 fast neutrons/{cm? *8). If we
denoie the multiplication factor of the assembly by k, then the flux is given by:

$=S+kS+KB+ S+ kB4 =S4k + K2+ B+ kb 4 )
For k less than unity, or for.a subcritical system:
&= SH1-K).

Since §=3.17- 107, and S=644 - 104, thus k= 0.998, implying a suberitical,
soutce-driven system.

JONES et al.8 suggest that cold nuclear fusion takes place in the earih interior. Based
cn a ‘He flow cut of the earth mantle of 2 - 101 3He atom/s, and that the mantle water
reservoir is 1.4 - 10% g, they estimate a value for the D-D fusion constant of 10-24
fusion/deuteron - s. The value which we calculated for a D-D disintegration reaction in
ahigh Z mediomi i3 7.47 - 1014 denteron disintegration/deuteron - s, which is about ten
crders of magnitude higher than that calculated by JONES. It is inleresting 10 note that
this ratio is close to the ratio of the OPFPENHEIMER-PHILLIPS to the GAMOW
penefrabilities of the potential barcier of a high Z nucleus to a Jow Z nucleus by low
energy deuterons, which is sbout 1086

We can estimate, according to our hypothesis, the 3He flow oat of the carth’s
mantle. We have calculated that under the localized conditions of the Oklo deposit,
the rate of *He escape out of the deposit is 0,012 2He at/em? - 3. If we assume that the
same  condilions that existed at Oilo prevail in the mantle of the earth, and if we
assume that the manfle water densily s 1 giem? so that the mantle volume is 1.4 -
1074 em?® then we can calculate the total 3He flow out of the earth mantle due 1o a
reaction similar to the Oklo reaction to be 1.7 - 1022 *He ays. This can be compared
to JONE's value of 2 - 10" keeping in mind that the conditions of the Oklo reaction
may have been more favorable (o the deuteron disintegration reaction than currently
exist in the earth’s mantle as discussed by JONES.#

Deuteron disintegration may be considered as a possible explanation of some
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cbservation of deuterium reactions in palladium and titanium electrodes.? The
phenomenon is observed in lattices of these elements loaded with deuterium, the host
lattice will be element N in Eqgs (30) or (31). Neutron production from deuteron
disintegration would lead to isotopic changes. The protons released ate not likely to be
absotbed and may be detected. Tritium production is possible from a D-D deuteron
disintegration reaction in which a neutron from the disintegration of one deuteron is
absorbed in another deuteron. Further investigation of the Oklo date may help generate
butter uaderstanding of these observations.
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