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Abstract

The positions of neutron resonances have been shown Lo be
highly sensitive to the variation uf fundamental nuclear con~
stgntse. The unalysis of the measured isotopic ashifts in the
natural fossil reactor at Oklo gives the following restrictions
on the possible rates of the interaction constants variation:

-19, .~ -18_ -1 -12
strong~2.10 “yr ', electromagnetic~5.10 “yr ', weak ~10
yr"‘. These limits permit to exclude &1l the versions of nuc~

lesr constants contemporary varietion discussed in the litera-
ture.

1. INTRODUCTION

The problem of the possible variation of fundamental con-—
Btants is being discussed for about %0 years. Milne’ V/ and
Dirac/?‘/ were the f£irst to notice that the constancy of physi-
cal comstants dnring very long periods of time is a hypotesgis
needing experimental evidence. .

Speaking on the variation >f a dimensional constant one al-
ways bears in mind some "truly constant™ unit of the ssme di-
mension. So any change having physical meaning can be reduced
%0 the change of a dimensionless combination of the dimensional
constants. There exist many such combimnstions bubt sll of theam
are determined by several ones called "fundgmental® .

Gravitation, electromaggnetism and week interactions are de-
termined by e single constant each ( we shall denote thea )/ '

oL and p s

e i"cna ~ 5107, ™

:———e—f-;://j], (2)
o= 5= /
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'Here G is the Rewton's conatant of gravitation, & is the Fermi's
wesk interactions constant, m is the nucleon misse. For strong
 interactions 1t is unknown which constants pertaining to them
should we Tegarded ss fundsmental. We shall eatimate their va-
riastion by the relative change in the depth of nuclear potenw-
tial well ( see Sece2 e .

Versious of the contemporary variation of the constants dis-
cussed in the literature give the relative change 10"10—10'12;1-'4

(see refa./'lf'?/) ‘ , '

Only for (X ell the versions suggested ha{‘legeen excluded b,val
the experimental evidence. From the data on Re decgy Dyso: _;ob-
vained (see also A.McWolfe et ale FuyseReveletbes 37, 179 (1976)e)

AT

Yor ) end B the experimentally esteblished linits are sbout
ﬂo'noyr"‘ and none og the proposed versions of their variation
can be excluded. ' _

More accurate restrictions for [ are slso desirsble to have
confidence in the correct dating of geologlcal objecta. "Ehe de-
ce&y constant of -eccive_ nucleus is proportional to ﬂ 80
the relative chenge in ﬁ about '10"1011.""l would give sn error
~ 2010102 during the time intervel &. Por t~10%yr the error
ney achieve ~ 2.108yr.

The sim of the present psper is to draw ettention to the fact
that the positions of peutron resonasnces are very sensitlve to
the change of nuclear constants.

'Laboratory measurements of the resonance positions during 10
yoars give the upper limit of the strong interaction constants
variation of the same order as cosmological arguments.

On the other hand the data on the resonance positions 2.109yr
ago ocan be obtained from the analysis of the isotopic composi-
tion of the elements in the Oklo naturgl fossil reactor (see Ap=—
pendix).It allows to impose the limits. seversl orders of mognie=

(%)

e R

tude more accurate excluding all the discussed versions of nuc-
lear constants contemporary variation by the direct evidence.

2o THE SHIPTS OF REUTRON RESONANCES CAUSED

BY THE VARIATION O ‘HE CONSTANTS v

For the bombarding neutron a heavy nucleus represents (roughly)
a potential well with the depth VpSO Mev/ 10/ o« If the neutron ener-
gy is small enough (E §1kev) the cross section exibite narrow re-
sonances (PFig. 1). Thelr positionas are known to an ascuracy of
Aq,ﬁ”io'jev (see Secs 3)e So there exist two energy scales Vo
and "Agpe
" The main idea of this paper is the following. A change in %
by Avo would cause the shift of all the levels (including the le-
vels of a compound mnuncleus i. e. neutron resonamses) of the same
order of magnitude. Experimental evidence for the resonance posi-
tions being constant to an acouracy of Aex then restricts the pos-
sible relative change of Vo by

.

2%l o Awp
l vo ~ \/o * (5)

The exect neutron - mncleus interaction can be decomposed into

a sum of intecsction with the average nuclear potential (that
gives the single ~ particle motion) and rezidusl intermmcleon ine-
teractions Hr, « The latter cause the fragmentation of broad
single ~ particis resonances into millions of nerrow compound re-
sonsnces. It is impossible to calculate the prbperties of a glven
resonance since the residual interactions are very complax/ 10/ .

A change of the nuclear well depth AVO (for =const) would
lead to the uniform shift AED of all the resonsnce~ eguel to
that of a single - particle resonance,

" A change in residual interactions A/{,.(for Vo =conat) would
lsad to the mnbtusl shifca Af of the resonances which are random
in magnitude and direction. )

We know nothing on the relation between AE,&ndAE,.. 8o for
a given resonance it may appear that AE° z-Afr._ But the proba-
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fnilir; of such a compensatlon should be small and for several re-
sonances — negligible, 3

n the other hand it may appesr that for some resonanceAL‘,.»dé;
resulting in its high sensitivity to the variaiion of the cons-
tantsa.

¥e shall assume the single - particle eatimateAEo bearing in
mind that A expobtained from the analysis of only one resonance
can be relied upon only to the order of magnitude. In order to dew
crease th: uncertainty one should analyse the shifts for a number
of resonances.

Following Gemov/_ 11( we shall suppose that the strong - in-
terastlon conmtants variation is represented well emough by the
relative change of the nuclear potential well depth AVo/ Va. :

The restriction on their possible variation is then given by (5).
The relative contribution of weak interactions to the energy of
the nucleus can be estimated (to the order of magnitude) as ¢ 12(

]3 (/U/M)z:s 2.10~7 where/u is the pion mess. From (5) we have

JAN ‘ nk Acx
SH <510 A ©
(]
The variation of the electromagnetic comstant O/ would lead to
a small change in the nuclear radius R due to the veriation of
the Ooulomb repulsion energy Ej.We shall estimate this effect
using the expression

sR _ R_ (__cjf )

R- KA Lok
Here X is the nuclear eompreséibility coefficlient (K=135 MeV).
Yor nnclei with A=150 Eg <500 MeV, end the relative change in
R 'is sbout 2.5% of thé change in (X« Thus the restriction on the
OA variation is ebout 20 times less accurate than that given by
(5)e

Summing, we can conclude that an experimental evidence for the

resonance positions being comstant to an accuracy of A”pduring
the period of time T would impose the following restrictions on
the poasible rates of variation of the constants:

-7
for the strong interactions~

4 dY ~& DupleV)
v, dtl v = ®

for the electromagnetic

f AL n-F DexpleV)
I 2L ,65 /‘0 ‘—%{ﬁ"”' €D

for the wealk

] ) Dap (€V) (10)
| T <o

5« EVIDENCE CONCERNING THE SHIFTS OF RESONANCES

For many low - lying neutron resonances their positions had
been messured to an accuracy of Aa'?f 10~2e¥ as long a8 15 years
ago + For example the ensrgy of bﬁe first resonance in "”fa‘/
had been measured in 1960 its value being (0.0268 & 0.0002) ev.
The value obtained in 1969 is just the same’ ™/, issuming Tet0yr
we come to the direct laboratory esteblis hed evidence concerning
the variation of the strong - iateraction constants:

| 4 Ve I £ /0 -2 1p--1

= o | £ &L 14 1
V. dt | £ 4 A o

Similar restriction has been obtained by Davies/ 15/

cosmological arguments. .

The resonance positions as long as 2.109 Yyears ago cen be deter-
mined using the Oklo natural reactor data (see Appendix).

The positions of the low - lying resonances determine the cep-
ture cross secti n for the thermal neutrons. Por a single reso-
nance at E, heving neutron and capture widths f,; and F the
capture c¢ross section of neutrons with the energy B (wevelength
1) 1s glven by the Breit -~ Wigner formulas

using Dyson's

o gl g Ay
G, = 1A ?(E_E;)2+(_l%tl#')2' | (12)



Hers g 18 the suacisticgl factor. We see that the large thermal
orogg section velues are the most sensitive bto the resonance
shifts. These values are caused by the resonances lying near the
thermel energy region. The variation of the thermal capture
cross section. of 1495:11 caused by the resonarce shift N\ is
shown on Flg.2e

The :rosg section value 2.409 years &go can be determined
from the measuicd isobopic shifts at Oklo. Nemdet et al, /1e/

negsured the isotopic compositicn of U, Bd. and Sm

jn 50 semples from the reactor core. Thoy managed to determine
the fluence of thermal neutron3 and the comversion coefficient
C (see Appendix) from the data on U end Nd for 36 samples. In '
the rest ones the following diffusion of the natural elements
wes 00 largee

The cross sectlon for 149&:1 can be determinad from the
squations (4.2) and (Aes4) (see Appendix)z

s (-0
M /;43 ________.l_ L .(13)
OM9 Mg /’/9} 235(/ QT

Hore G 149, Gjsgeve the thermal cepture oross sections of 149gn
and 23 . N147 etce= "5 eto. concentratlion, etcoLin-
sion yield of 750 eto. (they are teken from 743

Thus we get at the "experimental™ value of 149gg .capture
crosa section G’ (which had been "measured™ about 201 yesrs
agot

G,y (55:8)-10°furn

Taking into ascount two standand errors we come to the follow-

ing restriction on the possible shift of the firat resonsnce
in 149gy (see Pige.2)s

' A(XPI s 90"/0-36V . 15)

Such a amall shift would mot change the cspture cross sections
of N4 and U isotopes. So the direct use of the neutron flu-

ences from/ B/ 1s -.comect: -

Tsble 1 is a 1list of the upper limits obtained from (15) and

(8 =10) assuming T= 2.‘!09 years. For comperison the earlier li-
mits by Dysonla/ and Davies 15 are also listed below.

Table 1

Relative change Dyson, Present
years"1 Davies work

\,1,- A on 2410712 2,10-19
Vo

.‘.Z.é 10~10 10™12

It is interesting to observe that the rate of the variation

2. 10° times exceeding these limits would canse a draatic
cheange of many capture cross section values during ~ 109 yoars.
On the one hand it would make the relisble 1ntarprebat;ion ot
the isotopic shifts at Oklo almost 1mpoasiblo.
On the other hand 2550 would appear to be a strongly capturing
mucleus during some period of time. It would turn the spontene-
ous chain reaction in the uranium deposits into a usual cecur-
rence. The isotopic composition of natural ursnium would then
vary considersbly from place to place.

Thus the fact that tke 235y sbundance 4s remarksably uniforms
everywhere (except Oklo ) 1s ons more argumert in the favor of
the constancy of the fundsmental miclear constants.



10 -

4o WHAT IS INTERESTING TO MEASURE AT OKILO 7?7

The results of Sec. 3 permlt to exclude sll the versions of
the nuclsar constsnts contemporary variation liscussed in the 1i-
terature. Bul ibe constents msy appear to vary in scme unpredic-
Led wa.yla/a So 1t is an important task to obtain as precise and
relisble restrictions as 1t 1s possible.

We huve sBeew in Sec. 3 that the lerge capture cross section
values fre the most sensitive to the shifts of neutron resonan-
ce8e Unfortunately the equilibrium concentration of the strong
capburers at Oklo is exceedingly low.(see Appendix).The following
diffusion and the change of isotopes between different elements
cause the change in isotopic composition of the same order.

For this resson it is desirable to perform the accurate mea-
surements of the isotopic composition of all rere earth fission
products ( in a given sample )+ The data obtained would allow
to determine ACXP for several resonances . thus raising the re-
1lisbility of the restrictions. The existing data are soarce and
ingufficiently accurate giving A“l,far exseeding (15)¢

It should be emphasized that apart from the assumptions made
in Bec. 2 the very fact of the neutron resonance shift really
occuring would asppear o be an important discovery. It would
show that some fundamental constents do reslly very with time
thus compelling a reconsideration of the basioc physicel theories.

The anthor is grateful Yo Yu. Ve Petrov for rumerous help-_-
ful discussions, to Ae Ae Anselm, Vo E. Bunakov, Ae Ne Erika-
lov, Ve Ko Efimovy Le As Bliv, Ve A, Ruben, and Yu, M. Shebel-
sky— for stimulating discussions and velushle comments,

-1 -

AFPENDIX., THE ORKLO NATURAL POSSIL KEAOTOR

We shall briefly discuss here some facts concerning the "Okle
Phenomenon”. The mejority of the review end eriginal pepers ie
contained in refs./qs’/‘?/.

The naturel urenium consists of two isotopes: 238 U (14 /2%
4451+.10%r) and 235y (14/5=0.71+ 10%r). Only the latter under-
goea fission being irrediated by thermsl peutrons. The conteme
Lorary enrichment of natursl urenium by 2"’5H is too low <for the
sponbaueous chain reaction occuring in uranium deposits.

But in the remote pust the natural gbundance of 255{1 was greab
er ( Fige. 3, curve I)es Two billion years ago 1t exceeded 3% being
the seme as in modern power producing reactors.

The chain resstlion could start spontansously if the conditiona
were favoursble /18,19/ « A8 the result the 3 enrichment in the
depoesit would bec me lower than everywhere. But the search for
an snomaly of 2350 enrichment in uranium deposits brought no b o T
sult for a long time. . ‘

It wes only in 1972 that the abnormsl isotopic composition
of uranium had been found in the deposit at Oklo (Gabon)/2%7,

The average enrichment was sbout Oe6% in 500 tons of uranium ore
and in several samples — lower than O«3%. ;

The systematic study of this phenomenon hed been cerried out
within a specially established "Project Franceville™ headed by ;¢
R Naudet ( Prench Atomic Energy Comission ). o gk

It appeared that sbout 2.10°years sgo seversl. natursl reao- .
tors had been scting at Oklo deposit ( Fige & )o The total enerw
gy released equals to sbout 1011kW.h, the neutron fluence at cerw
taln points exceeded 1.5.1021n/m2 . ‘

The fact of spontaneous chain reactlon having occured at Uklo
is now considered to be proved,

Let us reveal briefly the simpleet methods used to eastimate
the paremeters essentiel for the present work.

Duration of the resctions is dstermined supposing that their
rate was constant. 2350 is formed from 2380 according to the
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Jriowing reactions:

4 239 5, 439 255
038 ), 9

| O s
Uy, (1,4) Uy 377 9y 2t (s Wy

If the duration vas less than 10* years then about 50% of £1g.
slons must be dus bo 2591’4.1. This fraction can be estimated from
the measured isotopic composition of fission products. The data
on the rare earth elements suggest that they are i
slmost completely the products of 2350 thernal fission. 239Pu

contribution is sbout 24 leading to the estimate of the du-
ration - of the order of 5.10° years.

The sge of the Oklo phenomenon T has been determined by se-
veral independent methods: glving consistent results. The simp-
lest of them is based on t:helmeasuremenb of 2351! enrichment
and the ratio "mmber of fissions/total pumber of U atoms" £/Up
Before the reastion had begun the 2350 sbundance at Oklo had
been normal and varied with time respecting the curve I on Fige 3.

The duraticr was small in comparison with the 23517 balf life pe-
riod. 80 the AB 1ine representing the reactions is vertical,
After the reaction had finished 2550 earichment had dropped
and thereafter changed asccording to the curve II. The value of
the (£/Up) ratio gives the AB lengthe For exemple in the sample
2'P'-1181 £/Up is sbout Je4% and 2350 enrichment =~ 0,3% /21/0
Fige 3 shows that 3% of uranium could not burm up later than
2,107 years sgo. More accurate considerations (taking i.to sc-
eount the 235y formation according to the reactions (A.1) ) glve
To (1.7 ¢ 2.0%0107 years.

‘ The fluence of thermel peutrons Z can be determined from
the chapge in the isotopic ocomposition of the elements in the To~
actor core. The strongly cepturing nuclei reach the equilibrium
comcentration quickiy. Ope can eatimate 7~ considering the Sm igo~
topio composition. *7sm . is acounulate: in the course of re—

sotion partially converting into 1488:1. The 1lgtter bas very
small fission yield ang cgpture cross section, Considering the
ratio (l1‘7+!14'6))/l149 (114? is the MW7gy concentration etc.)

- 13 -
we are led to the equations

/V/q,z*/V/g{ L fur, Mgy .

A//qg - //‘/.9 A/j,jj' " -
Here )’/9}etc. is the fission yield of '/Sm etce, Nyzs /Nyxg

(4e2)

is the ratio of the avemge 2'35U concentration during the pfﬁ%nd
of the reaction to ite final concentration. G ., is thgo s%
cap bure cross section.( <’ 149;160.105 barn)e For ’L‘),,’lo n/cm

Mgsm equilibrium concentration should be very smalle.
Indeed the aversge value of the ratio (H147+N,|48)/N149 exceeds
100 while for tLe fission products end natural Sm
it is sbout 2,3 122/

Extremely small concentration of ibe strongly cepturing maclei
at Oklo is the most comvincing proof of the thermal nsutron chain
reaction really having ocourred st Oklo.

The fluence 7  can alsoc be determined flz‘-_om the analysis of the
Nd isotopic composition. For exsmple the 3Ncl ccncentration can
be described ty the system:

AV :{//w | @235’%3;‘ "G Affs)/r, (4e3)

dWVy35= ~Cyys (1- C)A{?ﬁ‘ 4z (Aot

Here G;zssia the 2550 fisslon cross section, C ia the "conversion
coefficient® m. the fraction of 2597 forned by the reactions (Ae1)

Adopting several simplifying assumptions { giving an uncertainty
sbout 207 ) ons csn determine T and O <from the measured isetopio
sition of U and Nde _ :

“.PT:eifiuemen deternined in such a way are ebout 10°'n/cm?,

They vary smoothly across the reactor core showing that the mutual
displasement of the different parts'pf. the resstion xone during
2v109 yoars was smalls
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