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Abstract

It is a long-held tenet of nuclear physics, from the early work of Rutherford and Soddy up to
present times that the disintegration of each species of radioactive nuclide occurs randomly at a
constant rate unaffected by interactions with the external environment. During the past 15 years
or so, reports have been published of some 10 or more unstable nuclides with non-exponential,
periodic decay rates claimed to be of geophysical, astrophysical, or cosmological origin. Deviations
from standard exponential decay are weak, and the claims are controversial. This paper examines
the effects of a periodic decay rate on the statistical distributions of 1) nuclear activity measure-
ments and 2) nuclear lifetime measurements. It is demonstrated that the modifications to these
distributions are approximately 100 times more sensitive to non-standard radioactive decay than
measurements of the decay curve, power spectrum, or autocorrelation function for corresponding
system parameters.
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1. Introduction
1.1. Violations of the Radioactive Decay Law

Radioactivity refers to the spontaneous transformation of one kind of atomic nucleus (designated a “nuclide” in
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the terminology of nuclear physics) into a different kind of atomic nucleus, ordinarily with the emission of a he-
lium-4 nucleus (alpha particle), fast electron or positron (beta particle), high-energy electromagnetic radiation
(gamma photon) or, more rarely, some other particle or cluster [1]. In a sample initially comprising N, radioac-
tive nuclei, the number surviving after a time interval t is given by the exponential survival law—designated the
Law of Radioactive Change by Rutherford and Soddy [2]

N, = Nye ™ 1)

with decay rate parameter 1.
The salient feature of standard radioactive decay, irrespective of the particular process by which the transmu-
tation of nuclear identity occurs, was described by Rutherford and Soddy in 1903 [2].

“The radioactive constant 1 has been investigated under very widely varied conditions of temperature, and
under the influence of the most powerful chemical and physical agencies, and no alteration of its value has
been observed. The law forms in fact the mathematical expression of a general principle...”

The Law of Radioactive Change and its underlying statistical foundations have been the basis for practical
nuclear metrology for more than a century from the discovery of radioactivity up to present times. For example,
taking account of the enormous developments in nuclear physics in the years following Rutherford and Soddy’s
early discovery, one still finds in influential nuclear science textbooks a confirmation of the same general prin-
ciple that

“No change in the decay rates of particle emission has been observed over extreme variations of conditions
such as temperature, pressure, chemical state, or physical environment.” [3]

Actually, there are a few known physical processes such as electron-capture decay [4] in which the decay rate
of a particular radioactive nuclide depends on the electron density near the nucleus and can therefore be affected
(usually very weakly) by its chemical environment [5] or (possibly very strongly) by laser-induced ionization [6].
These exceptional processes are reasonably well understood and in conformity with known physical laws.
However, during the past 15 years or so, the constancy of the radioactive decay rate has been called into ques-
tion in other ways apart from these known exceptions on both theoretical and experimental grounds.

With regard to theory, it has in fact been known since the early development of quantum electrodynamics that
the exponential decay law is an approximate result that follows from neglect of the energy-dependence of cer-
tain terms in the Green’s functions from which the associated decay amplitudes are calculated [7]. The approxi-
mation leading to a constant decay rate (as well as to an energy level shift [8]) is essentially equivalent to the
“Fermi golden rule” in first-order perturbation theory. Mathematically, poles of the Green’s functions in the
lower half of the second Riemann sheet give rise to exponential decay, whereas the branch line gives rise to
corrections to exponential decay [9]. Deviations from exponential decay derivable from quantum theory were
predicted to occur for time intervals very short or very long compared with the mean lifetime. Experimental
evidence of non-exponential decay in the atomic/molecular domain consistent with quantum theory was first
reported in 1997 for quantum tunneling [10] and has since been reported for spontaneous transitions from ex-
cited states with emission of optical photons such as in [11].

However, more recent model-dependent calculations with a focus on the decay of nuclear states have pre-
dicted non-exponential behavior at intermediate times as well, including the possibility of oscillatory behavior
throughout the entire decay transient [12]-[14]. Moreover, a number of experimental studies, of which [15]-[17]
are representative, independently claimed to have observed non-exponential decay of diverse radioactive nuc-
lides, in particular beta emitters. Some of these publications were based on meta analyses of data collected years
earlier by scientists at other laboratories, whereas other publications reported the outcomes of contemporaneous
experiments. Collectively, the non-standard radioactive decay processes reportedly manifested time-varying de-
cay transients with geophysical or astrophysical periodicities including, for example, diurnal, monthly, seasonal,
and annual variations. Several of the experimental papers attributed the alleged effects to novel interactions of a
cosmological nature. Among the nuclides claimed to violate the standard radioactive decay law are 'Be,
*Mn, ®si, ®Fe, ®"Te, "Eu, *Eu, ®Rn, **Ra, *Pu,and perhaps others.

Claims of radioactivity exhibiting periodic decay rates and extra-nuclear environmental correlations are high-
ly controversial, and refutations have been published in specific cases, e.g. [18]-[20]. At present, the issue re-
mains ambiguous but with far-reaching theoretical consequences. If reported phenomena like these turn out to
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be physically real and not instrumental artifacts, an explanation will almost surely require an extension of the
currently known laws of physics.

1.2. Statistical Basis of a New Search Procedure

Experimentally, claims of non-standard radioactive decay have been drawn primarily from perceived deviations
from the exponential decay law (1), which follows from a Poisson distribution of decay events as expressed by
the probability function

Proy (X4 ) = &7 41 /x! 0)
for x decays within a counting interval (bin width) At, given a mean count
4, = NyAAte™ . (3)

The reported deviations were very weak, typically a few tenths of a per cent.

A much more sensitive method by which to search for a time-dependent nuclear decay rate was recently pro-
posed by Silverman [21]. The method involves examining, not the decay transient itself, but the statistical dis-
tribution of decay events—i.e. the sample activity—recorded in a long time series of discrete counts. As shown
in [21], a periodic time dependence in the intrinsic radioactive decay rate can lead to a pattern of maxima and
minima in the theoretical probability density function (pdf) and therefore in the corresponding histogram of
chronologically recorded experimental activities.

In order to search for non-standard radioactive decay based on the statistical distribution of decay events, it is
first necessary to understand better the statistics of standard radioactive decay (i.e. at constant decay rate). In
Section 2 of this paper the statistics of a time series of radioactive decays are investigated in greater detail first
for standard radioactive decay with constant decay rate 4 (mean lifetime T, =1"") and second for a variable
decay rate A (t)

A(t)=A(1+acos(2at/T,)) Q)

with constant decay parameter A, amplitude o <1, and period T;. The probability density function (pdf) is
examined as a function of the initial mean count per bin g, (in effect, the strength of the source activity), the
duration T of the time series of measurements, and, in the case of non-standard decay, the parameters « , T, of
the periodic component of A(t).

In Section 3 the effect of a variable nuclear decay rate on a different statistical distribution—the distribution
of mean lifetime measurements—is examined and shown to provide another sensitive statistical method by
which to search for non-standard radioactive decay. This novel method of determining nuclear half-lives was
first discovered empirically [22] and subsequently derived and explained theoretically [23]. For radioactive de-
cay in accord with the Rutherford-Soddy law, the distribution of mean lifetime measurements is a symmetric
Cauchy function centered on the true value of the mean lifetime To, which is related to the half-life z by

r=T,In2=In(2)/4. (5)

For a time-dependent decay rate, however, the distribution is displaced, widened, and no longer of Cauchy form.
In Section 4 the effects of a time-varying decay rate on the power spectrum and autocorrelation function of a
time series of nuclear activities are discussed.
Conclusions are summarized in Section 5.
2. Distribution of Nuclear Decay Events
2.1. Radioactivity at Constant Decay Rate A

The quantitative detection of radioactivity is ordinarily made by counting emitted particles in discrete time win-
dows or bins. (Sometimes the detected signal is an ionization current which, when necessary, can be converted
to a particle count per unit time.) In nuclear terminology “activity” x(t) is proportional to the count rate

x(t) =c(-dN (t)/dt) =cAN(t), (6)

where the constant ¢ denotes the instrumental detection efficiency. The fundamental Sl unit of activity is the

()
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Becquerel (1 Bq =1 decay/s). As used in this paper—the primary objective of which is theoretical, i.e. to eluci-
date the statistics of nuclear decay—the bin width At is taken to be 1 time unit (e.g. second, hour, day, etc.), ¢ is
taken to be 100%, and the activity x; at discrete time t is therefore a pure number (no units or dimensions) equal
to the number of counts in At. The temporal index t is an integer denoting the number of unit intervals At. Simi-
larly, the total duration TAt of counting is simply the integer T.

From a statistical perspective the counting of particles emitted from a radioactive source that decays at a con-
stant rate is tantamount to sampling a population of independent Poisson variates of some mean value , given
by Equation (3). Each measurement of activity constitutes an independent sample. The activity x, attimetis
then a randorrzl variable symbolized by the expression x, = Poi(z ). In a Poisson distribution the variance
o?=((x—p)") equalsthe mean s = (x), where the angular brackets ( ) signify an expectation value. This
paper Is concerned primarily with the statistics resulting from a high initial activity and long counting time such
as employed in many measurements in nuclear metrology [24]. For a Poisson population with mean x>1, the
discrete pdf (2) is very closely approximated by a Gaussian (or normal) pdf

Ps (X|/1,0'2):(27t02 )71/2 eXp(—(X—y)Z/ZO'Z) @)

with o=z . A normal variate is symbolized by x=N (y,az). Thus the count x; from a high-activity ra-
dioactive source may be represented as a Poisson-Gauss (PG) variate x, = N (,ut,,ut) .

Over a time interval T,>>T > At, the T independent samples {x.} (t=0,1,--,T—1) are all, to good ap-
proximation, variates from the same Poisson population. However, when the total duration T of counting ex-
tends over a substantial part of one or more half-lives, the activity measurements are no longer from the same
Poisson population because the mean count per bin 4, is decreasing in time. The time series of samples {xt}
constitute a “mixed distribution” (also referred to in the statistical literature as a “contagious distribution” [25]).
The normalized pdf of the mixed Poisson-Gauss (MPG) distribution describing radioactive decay with constant
decay parameter takes the form [21]

1T—1 1 2
X| o, AT ) == ———¢X (— X—ue ™) /2 e‘”) 8
pMPG( |1u0 ) T;W p ( /uO )/tuo ()
with 2, = NyjA At from Equation (3), or, equivalently,

T
Purc (z|y0,/1,T) = Tig;‘ H® exp(—yoe“ (z —eM )2/2) 9)

At
A:]
2
under a transformation
dx(z)

& (10)

Pz (Z) = Px (X(Z))
to the dimensionless variate z =x/u, whose range, 0<z<~1, is narrower and more convenient compared
with 0<x<~ u, (since g, >1). Note that the practical upper limit to the range is approximate because x
(and therefore z) are random variables. Thus, although <X1> < 4, an individual sample x; at any time t could
exceed g, .

In marked contrast to the pictorial representations of Poisson distributions frequently seen in nuclear science
textbooks as well as in the research literature, the true pdf (8) or (9) of a long time series of radioactive decays
bears no resemblance to a Poisson distribution. Figure 1 shows the variation in form of pdf (9) for radioactive
decay with lifetime T, = 100 and initial mean activity (A) o = 100 or (B) uo = 1000 as the number of samples
comprising the time series increases from T = 1 (plot a) to T = 450 (plot g). Plot a is the distribution that would
result from drawing numerous samples all from a pure Poisson population of initial mean activity u,. However,
in a time series of radioactive decay measurements, ordinarily only the first measurement is drawn from distri-
bution a, and each subsequent measurement is drawn from a residual population of lower mean activity. As the
number of measurements increases and the residual mean activity decreases, the pdf of the distribution skews
markedly to the left—i.e. in the direction of decreasing .

Although there is no closed form for the mixed Poisson-Gauss pdfs (8) or (9), a very accurate expression can
be derived for (yO,T) >1 by approximating the sum in (8) by the integral
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1,7 1 _at\2 _
fure (X|,U0117T)=?J'0 —%eXp(_(X—ﬂoe M) /Zyoe ﬂ)dt (11)
2T L8
(since the sum extends over all integer values of t from 0 to T-1~T in unit intervals At), and then trans-
forming the integration variable by y = e to obtain

1
ATX

which reduces to a x * power-law in the long-time limit. The exact calculations (solid curves) of pdf (9) in Fig-
ure 1(A) and Figure 1(B) are identically color coded according to duration of sampling T. Superposed on the
exact plots of 1A, however, are the values (dotted black curves) obtained from the integral approximation (12).
The visually perfect overlap illustrates how closely the integral expression (12) approximates the exact expres-
sion (9). (For easier color identification, the superposed black plots of pdf (12) were omitted from Figure 1(B),
but the approximate and exact plots overlapped just as closely as in Figure 1(A)). With increasing T, the plots in
Figure 1 (e.g. plots e, f, g) increasingly manifest the long tail of the x * power law (12) before plunging to 0 at x
= 0. It is interesting to note that the integrand in Equation (12) has the form (to within a normalization constant)
of an Inverse Gaussian (also known as a Wald) distribution, which arises in the analysis of Brownian diffusion
processes [26].

In comparing corresponding plots (i.e. of the same color) in Figure 1(A) and Figure 1(B), it is to be noted
that the pure Poisson distribution a (red) of mean activity x, = 1000 is narrower than Poisson distribution a (red)

1 1 (o /5 —(y—x)?
fuec (X| /UO!/LT) :EELOMT y e /zydyTﬂ—) (12)

T T
& A 1, =100
5 0.06 T, =100
g a
a i
S, 0.04 .
= b
= d c
< 0.02f :
£
0
0 0.5 1

0.01

0.005

Probability Density

0 0.5 1

Activity x/L,
Figure 1. Variation of probability density Pyes (2|1, T,,T) (solid

curves) and integral approximation f,,.. (z| uO,TO,T) (dotted curves)
as a function of normalized activity z=x/z, for initial mean activ-

ity (A) uo = 100, (B) uo = 1000, lifetime T, = 100, and time series du-
ration (i.e. number of samples, each from an independent Poisson
distribution) T = (a) 1 (red), (b) 50 (blue), (c) 100 (green), (d) 200
(orange), (e) 300 (violet), (f) 400 (cyan), (g) 450 (black). T, and T are
in units of sampling time At.

)
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defined by 1o = 100, in contrast to what one might expect, since the variance of a Poisson distribution equals the
mean . The explanation is that the distributed variate in the figure is not x but z =X/, . The maximum and
width of pdf (9) are respectively max oc 8%, width oc 11,%?, and therefore the ratio (max/width) oc z4,. The
sharpness of a PG distribution in z, therefore, increases with the initial mean activity . Apart from the two
Poisson plots a, an examination of the other corresponding plots in Figure 1(A) and Figure 1(B) suggests that,
all other parameters remaining fixed, a higher initial activity leads to a more skewed pdf with flatter peaks and
steeper rise and decline. This observation is basically true, but will be formulated more quantitatively, when the
moments of the distribution are calculated.

Figure 2 shows the variation in MPG probability density for a fixed total counting time T as the initial source
activity increases from yo = 10% (red) to o = 10° (orange). The higher the value of 1, the more sharply the pdf
sides drop to the horizontal baseline, as indicated in Figure 1. The gray curve traces the pdf (12) in the power
law limit. The increasingly sharp drop in the sides of the MPG pdf with increasing mean initial activity is attri-
butable entirely to the Gaussian exponent in relations (8) or (9). In the limit of a very high value of x, the func-

. 1 )2 . . . . .
tion exp(—Eyoeﬂ (z—e ﬂ) j acts like a Dirac delta function, dropping rapidly to zero at all values of z ex-

cept in the immediate vicinity of z=e™™ over the range T >t>0 of sampling times t. Thus, the expected

limits in Figure 2 would be €° =1 and e =e*=~0.37 asshown.

The apparent oscillatory structure of the orange plot (4 = 10°) in Figure 2 requires an explanation since there
is no intrinsic periodicity in the case of a constant decay rate 1. (We will come to the statistics of a periodic de-
cay rate in Section 3.) From pdf (9) one infers that the center-to-center displacement of the PG distributions of
two samples taken respectively at times t, and t ,, =t +At is Az~ AAt, whereas the full width (standard
deviation) of either distribution is 6z ~ 2;13)/2 . Therefore the individual distributions in the sum in expression (9)
are resolved when Az >dz or

v, At >1 13

Ho T, (13)

in terms of the lifetime T, =A"'. Figure 3 shows the results of superposing 1 (red), 2 (green), 3 (blue), and 5
(black) time-sequential Poisson-Gauss distributions of initial activity o = 10° of a radioactive source with life-
time Ty = (A) 50, (B) 125, and (C) 200. The increasing lifetimes lead to a progression of MPG distributions with
(A) completely resolved, (B) partially resolved, and (C) unresolved individual PG maxima. Application of crite-
rion (13) to Figure 3(A) yields g At/2T, =10"?(1/100)=3.2>1 (resolved maxima), whereas application to

T T T T

S =
(=4 [
[\ )
T T
1 1

Probability Density

=]
(=]
T
1

0 ] 1 1 I )
0.2 0.4 0.6 0.8 1

Activity x/L,

Figure 2. Variation of probability density pMPG(Z|y0,T0,T) as a
function of normalized activity z=x/u, for lifetime T, = 100, time

series duration T = 100, and initial mean activity s = 10% (red), 10°
(blue), 10* (black), 10° (orange). The apparent oscillatory structure of
the plot in orange arises from the superposition of Poisson-Gaussian
distributions of width narrower than the separation of their maxima.
The plot in gray shows the limiting power law density (12) for high-

activity and long-duration (z,,T/T,)>1.
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Figure 3. Variation of probability density Pyes (2|1, T, T) as a
function of normalized activity z=x/g, for initial mean activity uo
= 10°, lifetime T, = (A) 50, (B) 125, (C) 200, and number of Pois-
son-Gauss (PG) samples (i.e. duration) T = (a) 1, (b) 2, (c) 3, (d) 5.
As T, increases, the width of each sampled PG distribution widens
relative to the sampling interval and the distributions overlap when

1At / 2T, >1 as seen in the progression from (A) to (C).

Figure 3(C) yields 4 At/2T, =10 (1/400)=0.8<1 (unresolved maxima).

We conclude this section by examining the statistical moments of a mixed Poisson-Gauss random variable
with probability density (8), which can be obtained by summation of the moments of the independent PG va-
riates. The k™ moment <xt"> (k=0,1,2,--) of a PG variate observed at time t can be expressed in the form

[27].
k
= ()= o u2) ez (14)

k
Summation of (14) over the range of t and expansion of (1+ ,u{]/zz) in a binomial series leads to the k™ mo-

ment of the MPG random variable
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114 ®) 1 & kiifk j+1 i . 1_e{k%jJﬂ
M, ==>m" = 2 M| =22 1+(-1)}| ————— 15
N J2nT JZ:;J#O (]j ( 2 j { ( ) } —[k—%j)/l (15)
1-e
in which F(x) is the standard gamma function, and the last factor in Equation (15) arises from the sum of a
T-1 _(k_ljjgt A . . .
2/ It is seen from (15) that only even values of the index j contribute to the MPG

geometric series Ze
t=0

moments.
Expansion of Equation (15) leads to the series

M, :,u_gl:(l—ek” j+ k(k—l)[l—e(“)“ ]+ k(k—l)(k—2)(k—3)[1—e(k2)” }} (16)

T 1— e—kxl 2/10 1- e—(k—il)}~ 8#5 1— e—(k—Z)l

in which sequential terms decrease by powers of ;. Consequently, under conditions of high initial activity,
M, >1, the most significant contribution by orders of magnitude is just the first term. The first term, itself, can
be further approximated, depending on the values of 2 and AT compared with 1:

“?5(1— g )’l (AT >1)

Iuk 1 g7 )
M, ~ 22 — | = (A< AT «1) 17)
T{1-e v
ol (A<1 AT »1)
kAT
From the moments M given by (15), one can calculate the variance o (or standard deviation o),
o? =((x=M)') =M, -M;, (18)

the skewness Sk

x—M,)’ _ 3
5k5<( 31)>:M3 3M,M, +2M; 19)
O o

and kurtosis K

4
<(X—'V'1)> M, —4M M, +6M,MZ —3M
o’ B o’ ' (20)

K

which are the statistics most commonly used to characterize a probability distribution in atomic and nuclear
physics. Skewness describes the asymmetry about the mean, and kurtosis is a measure of the concentration of
probability around the shoulders (i.e. at about +1o from the mean) and tails. A distribution with high kurtosis
would be sharply peaked with fat tails, i.e. with higher than normal probability of outliers (such as produced by
a Cauchy distribution). Thus, the shapes of the pdfs plotted in Figure 2 appear to have a higher skewness and
lower kurtosis than a normal or Poisson distribution whose statistics, for comparison, are

Sk =0 SkPoisson = ,u_l/z (21)
KGauss =3 SI(Poisson =3+ #71'

Gauss

Explicit expressions for relations (18)-(20) are complicated and will not be given here. It is to be noted, how-
ever, that from the form M, o uf of (17), the initial activity s, divides out of the expressions for skewness
and kurtosis, which therefore depend only on A and T. Figure 4 shows plots of the standard deviation, skewness,
and kurtosis as a function of duration T for fixed decay rate A =10". For total sampling time T short with re-
spect to mean lifetime (AT <1), the three functions all increase approximately linearly with T; kurtosis remains
below 3, the Gaussian standard of comparison. For large durations T such that (AT > 1), skewness and kurtosis
again vary roughly linearly with T, although at different rates than previously; the standard deviation has
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Expectation Function (o, Sk, K)

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Sampling Duration T

Figure 4. Plot of (A) standard deviation (black), (B) skewness (red),
and (C) kurtosis (blue) of a mixed Poisson-Gauss distribution as a
function of total measurement time T for decay rate A = 102,

reached a maximum at around AT ~3 and then decreased at an approximately linear rate. The decrease in &
with T in the domain of high T is consistent with the narrowing of the peak of the probability density (9) plotted
in Figure 1(A) and Figure 1(B) (e.g. plots e, f, g) as the pdf approaches the limiting expression (12).

2.2. Radioactivity at Time-Varying Decay Rate A(t)=4 (1 +acos( 2nt /T, ))

A characteristic of non-standard radioactive decay predicted or reported in publications cited in Section 1 is the
harmonic variation of the decay rate. This feature leads to a time-dependent mean activity of the form

-4 I+eacos(2nt/Ty

=g o) 22)
in the simplest case of a single harmonic component. The statistical consequences of relation (22) are examined
in detail in this section for various relative values of the lifetime T,, periodicity T, and count duration T (which
is equal to the number of PG samples in the time series), and for amplitude o <1. The latter condition on am-
plitude—in particular the stronger statement « < 1—must obviously pertain, since otherwise violations of the
Rutherford-Soddy law would have been noticed unambiguously many years ago.

Figure 5 shows the variation in the MPG probability density

1
2ny,

with 4 given by Equation (22), as a function of normalized activity z=x/g, for initial mean activity zo = 10,
lifetime T, = 100, duration T = 100 and period T, = (A) 10, (B) 50, (C) 200. In each panel the color of the indi-
vidual plots denotes the value of the amplitude: « =0 (red), 0.005 (blue), 0.010 (green), 0.015 (black). The red
curves serve as standard radioactive decay baselines against which to compare the visibility of the harmonic
deviations. One sees from the progression of panels that the presence of a harmonic component to the decay rate
leads to oscillations in the probability density (23). The amplitude of the oscillations increases with increasing
o and decreases with increasing T;.

The explanation of the second property is reasonably self-evident from the form of expression (22). In the li-
miting case of T, > T , the maximum value of the argument of the cosine is 2aT/T, <1, and therefore the
mean activity would appear to vary in accord with the Rutherford-Soddy law, g, ~ ,uoe’(““)t/TO , but with a de-
cay rate givenby A'=(1+a)A.

The manifestation of the first property may likewise seem unsurprising, but there is a subtlety to the question
why oscillations occur in the first place. It is important to keep in mind that the function p,,.¢ (%) in Equation

112
pMPG(X|:u0’a’TO’T1'T):?ZO EXp(_(X_M)Z/zM)’ (23)
t=
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Figure 5. Variation of probability density Py (2|4, a.T,,T,.T)
as a function of normalized activity z=x/y, for initial mean activ-
ity uo = 10% lifetime T, = 100, time series duration T = 100, and pe-
riodicity T, = (A) 10, (B) 50, (C) 200 with amplitude a = 0 (red),
0.005 (blue), 0.010 (green), 0.015 (black).

(23)—or the transformed equivalent p,eq (zl)—is a probability density function; i.e. it is the theoretical ex-
pression against which an empirical histogram of discrete nuclear disintegrations would be compared. Statisti-
cally, a histogram is a plot of frequency of occurrence against category in which all the events that make up a
particular category (e.g. number of nuclear decays that fall within a certain range) may have been recorded at
different times throughout the total period T of counting. In other words, reference to timing is ordinarily com-
pletely lost in a histogram. (This point was of major significance in one of the refutations to previous claims of
observed non-standard nuclear decay [18].) Why, then, do oscillations occur in the plots of Figure 4? Note that
the horizontal axis is not a time axis, and the period of the oscillations is not T;.

The occurrence and number of periodic maxima and minima in a plot of pdf (23) as a function of activity can
be accounted for by an explanation similar (but not identical) to the explanation of oscillatory structure in the
orange plot of Figure 2. Because g, > 1, the Gaussian exponential in (23) acts like a Dirac delta function, va-
nishing rapidly for all values of x except in a very narrow time interval about those specific times t when x =, ,

or equivalently when
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t
, :L:e—ﬁ(hacos(zmﬁl))
Ho
Thus a histogram governed by pdf (23) with g, >1 actually does to a significant extent preserve temporal in-
formation regarding disintegration events. This point is demonstrated in Figure 6.

Figure 6(A) shows two plots of the normalized mean activity gz /u, as a function of time—i.e. the decay
curve—for measurement conditions corresponding to Figure 5(A). The red transient in Figure 6(A) is the decay
curve that would be produced by a time-varying radioactive decay rate with harmonic amplitude « =0.05 and
period T, = 10. The horizontal solid black lines mark the numerical values of the activities z corresponding to
the nine peaks in Figure 5(A). It is seen that these lines intersect the red decay curve along segments that, at the
scale of the figure, look nearly flat. Figure 6(B) shows four of the intersections more clearly over the expanded
time range from 50 to 90 time units. The horizontal lines intersect each horizontal sinusoidal segment precisely
at the midpoint, i.e. at the point of inflection where the curvature changes from positive to negative. In other
words, the most significant contributions to the sum in pdf (23) come from narrow regions about stationary
points of the decay transient.

(24)
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Figure 6. (A) Plot of mean activity g, /u, as a function of time t
for uo = 10%, To = 100, T, = 10, T = 100 and amplitude a = 0.05 (red),
0.015 (blue) (displaced downward by 0.2 for visbility). Horizontal
solid black lines mark the values of activity z=x/y, ofthe 9 peaks

in Figure 5(A). (B) Expanded portion of panel A for the time interval
between 50 and 90 units. Each peak activity intersects the s, /4,

curve at the midpoint of a horizontal sinusoid where the cuvature
changes from positive to negative, i.e. at a point of inflection.
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Another important feature to note is illustrated by the blue trace in Figure 6(A) (which has been displaced
downward by 0.2 for visibility). This is the decay curve associated with the pdf of largest harmonic amplitude
a =0.015 shown in Figure 5(A). Although the periodic structure of the pdf in Figure 5(A) is strikingly large,
the oscillations at period T, = 10 in the blue transient of Figure 6(A) are barely visible. This suggests that the
distribution of decay events is a much more sensitive indicator of radioactive decay with time-dependent decay
rate than is the decay transient (21).

It is a well-known principle of time series analysis that one cannot measure the period T, of a harmonic com-
ponent if the duration T of the series is shorter than the period (T <T,). However, it is possible to detect the
presence of such a component. For example, a partial-period component, if present in the decay rate of a ra-
dioactive nuclide, would be equivalent to a trend and therefore contribute to low-frequency oscillations in the
power spectrum. Such a signal was searched for (but not found) as part of a recent comprehensive experimental
investigation of the S* decay of ?Na [18]. The presence of a partial-period component is also manifested in
the distribution of decay events, as shown in Figure 7 for initial mean activity zo = 10°, lifetime T, = 1000,
measurement time T = 1000 and increasing periods T, = (A) 1500, (B) 2000, (C) 4000. The plots are col-
or-coded for amplitude: a =0 (red), 0.05 (blue), 0.10 (green), 0.2 (black). One sees from the progression of

(&) u,=10°
5L T,=1500 _

Probability Density (x10°)

Probability Density (x10°)

Probability Density (x10°)

0 ) )
0.2 0.4 0.6 0.8 1
Activity x/|,

Figure 7. Variation of probability density pMpG(z|u0,a,T0,T1,T)

as a function of normalized activity z=x/4, for initial mean activ-

ity uo = 10°, lifetime T, = 1000, time series duration T = 1000, and
periodicity T; = (A) 1500, (B) 2000, (C) 4000 with amplitude a = 0
(red), 0.05 (blue), 0.10 (green), 0.2 (black).



M. P. Silverman

panels that relatively high amplitudes « are required to see structure above the red base curve, and that this
structure diminishes as the ratio T, /T increases. As a practical matter, the period T; need not be a significant
experimental limitation, since it is often possible to increase the duration T of the time series.

3. Statistics of Nuclear Lifetime Measurements
3.1. Distribution of Two-Point Lifetimes at Constant Decay Rate A

A standard procedure for measuring the half-life 7 (5)—or, equivalently, the lifetime T, (inverse decay rate)—
of a radionuclide is to record the decay curve as a function of time. For a single unstable state decaying expo-
nentially, a log plot generates a straight line from whose slope the lifetime can be determined. An alternative
procedure for determining nuclear lifetimes is based on the statistical distribution of two-point lifetime estimates
obtained from a time series of measured activities A =A(t;), t =iAt (i=12,-,T) in the following way
[23].

For each pair of activities (A,Aj) corresponding to measurement times t; >t , where (i =1.--T-1

j:i+1,---,T),
e calculate the lifetime from the two-point relation
t
T =—2" t =(t.—t)>0); 25
T . @9

e make a histogram ofthe N, =T (T —1)/2 estimates given by Equation (25);
o locate the center of the resulting distribution.

Under the conditions that (1) the number of decays per sampling interval At is sufficiently high, (2) the num-
ber of sequential activity measurements is sufficiently large, and (3) the lifetime is sufficiently long compared to
time intervals between pairs of samples, the probability density of two-point estimates is virtually indistinguish-
able from a Cauchy distribution centered on the true lifetime T,,.

Given that the activities A; are (to excellent approximation) Poisson-Gauss (PG) variates, and that the inverse
of the logarithm of the ratio of PG variates involves complicated transformations of the Gaussian probability
density, it is perhaps highly surprising that the distribution of the variates Tj; turns out to be described by a sim-
ple, symmetric Cauchy function. Actually, the exact density function is far more complicated than a Cauchy
function, but reduces to the latter under the previously enumerated conditions, as derived in [23]. The derivation
will not be repeated here, but a more exact expression for the theoretical pdf will be given below, followed by a
brief explanation of how it was obtained and how it differs from the pdf published in [23].

Let 8 be a continuous random variable whose realizations are the samples Tj; in the population of N; samples
obtained from the sequential measurement of a time series of T activities. And let J be the “multiplicity” of a
measurement, whose significance will be explained shortly. Then the probability density function of two-point
lifetime estimates takes the form

pof0fr3.f1)) =2 LS S &

(26)
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which will be denoted simply by p, (6) when there is no ambiguity regarding parameters.

The derivation of relation (26) involves three sequential transformations of the pdfs of functions of the va-
riables X =Poi( sy )~ N (s, s1x ) and Y =Poi(z, )~ N (24,14 )-

Step 1: Z,(X,Y)=X/Y.

Step2: Z,=In(Z,).

Step3: Z,=2,".
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in which the transformation at each step is implemented by a relation of the form of Equation (10)

&, a (z,)
&~ P (f(zﬂ))Tﬂﬂ (27)

pz/f (Zﬂ>: pza (Za)

where z_ = f (zﬁ) . Specific expressions for transforming functions of Poisson and Gaussian variates are given
in [27] and [28], and tested experimentally by means of branched nuclear decay processes in [28].

There are three principal differences between Equation (26) and the corresponding pdf published previously
in [23]. First, the variate in (26) is “lifetime”, not “half-life”, whereupon various factors of In2 are absent.
Second and of greater significance, the pdf of the quotient of two random variables (Step 1 above) was derived
more exactly in (26) than in the pdf in [23]. Approximations were made in [23] to show how an empirically dis-
covered procedure for measuring nuclear half-lives resulted in a Cauchy distribution. The intent of the present
paper is entirely different—namely, to examine the statistical basis of a measurement procedure by which to
search for violations of a fundamental physical law, i.e. the law of radioactive decay. The two expressions for
pdf p, (@) lead to nearly identical numerical results in the case of radioactive decay at constant decay rate, but
small discrepancies could occur for radioactive decay at time-varying decay rate.

The third difference is the inclusion of the multiplicity J in (26), which is absent from the analysis in [23].
Multiplicity refers to the number of activity measurements taken within a counting interval At and averaged to

3
give the mean activity X = J’lz xf‘) at time t. If the activity x, is a PG variate of variance 4, then X, isa
j=1
PG variate X, = N (4,1, /J) of variance s, /J . Although the random variable ¢ for the two-point lifetime is
not even approximately a PG variate, multiple sampling and averaging can nevertheless have a dramatic effect
on reducing the width and altering the shape of the density function (26), as illustrated in Figure 8.

0.015

(A) B, =10°
oa=10"
J:

0.0075

Probability

0
0.49 0.493 0.497 0.5 0.503 0.507 0.51
0.06

(B) 1, =10°
a=10"
1=25

Probability
g
IS
w

0
0.49 0.493 0.497 0.5 0.503 0.507 0.51
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Figure 8. Variation of two-point lifetime probability for o = 10°, T,
=500, T, = 100, T = 250, and multiplicity J = (A) 1, (B) 25. Each
panel shows two theoretical plots (solid lines) color-coded for ampli-
tudes a = 0 (red), 0.001 (black) and two histograms (points) generat-
ed from activities simulated by a random number generator of va-

riates N (g, 44/J) for t=1,2,---,T . The total sample size is
N, =T (T ~1)/2 = 31,125 bin width is 0.0125.
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The red plots in Figure 8 show the variation of the theoretical pdf p, (€) (solid lines) for standard radioac-
tive decay (« = 0) with initial mean activity x = 10°, lifetime Ty = 500, number of time bins T = 250, and sam-
pling multiplicity J = (A) 1 and (B) 25. From the relation following Equation (25) the total number of two-point
estimates Tj; is N; = 31,125. The solid red traces in Figure 8(A) and Figure 8(B) strongly resemble Cauchy
functions (and pass chi-square tests of goodness of fit). The trace in Figure 8(B), however, is narrower by a
factor of about 5 (determined from the width at half-maximum). Superposed on the theoretical traces are com-
puter-simulated histograms (red points) obtained by (1) generating 250 PG variates N (,ut,,ut) (t=12,,250)
for Figure 8(A) and (2) averaging 25 variates N (4, s ) at each t over the preceding range for Figure 8(B),
and then applying relation (25). As seen in the figure, the predicted and simulated distributions agree very
closely in both panels, but the scatter of points about the theoretical curve is much less in Figure 8(B). The
black plots will be discussed in the next section.

An important point worth noting because of its experimental consequences is that a Cauchy distribution, in
contrast to Poisson and Gaussian distributions, has no finite moments (apart from the 0™ moment, which equals
1 as required by the completeness relation for probability). The moment-generating function does not exist, and
although the characteristic function (Fourier transform of probability density) does exist, it does not lead to finite
moments [29]. One could, of course, calculate a sample mean and variance for any finite sample of data go-
verned by a Cauchy distribution, but repeated sampling would not result in reduced variance and more sharply
determined mean. It may be surprising to many physicists, but the mean of 100 measurements of a Cauchy-dis-
tributed variate is no more precise than 1 measurement [27]. The reason for this striking violation of the Central
Limit Theorem [30] is due to the so-called fat tails of the Cauchy distribution. Whereas a Gaussiap function falls
off exponentially with distance from the mean, the tails of a Cauchy function f (9) oc (1+ 02) fall off more
slowly as a power law f (6>>1)« 072 . Thus, the higher probability of obtaining an outlier upon repeated sam-
pling effectively negates the benefit accruing from multiple samples. A Cauchy distribution, however, does have
a finite median (and variance of the median). The median, in fact, is the statistic corresponding to the center of
the histogram of two-point lifetime measurements.

In view of the preceding remarks, the question may arise as to why, if relation (26) reduces for all practical
purposes to a Cauchy distribution in the case of standard radioactive decay, does a multiplicity J >1 sharpen
the distribution, as is evident in Figure 8(B). The answer is this: the narrower distribution shown in Figure 8(B)
did not arise because the statistics of the population {Tij} distributed in Figure 8(A) are now better known, but
because multiple sampling increased the precision of knowledge of the activities {A} , thereby creating a new
and different population of two-point lifetime measurements {Tij} .

3.2. Distribution of Lifetime Measurements at Variable Decay Rate
A(t)=A(1+acos(2nt/T,))

The derivation of pdf (26) does not depend on the form of the decay rate, but is valid for any non-pathological
functional form for the mean activity g, , including relation (22). Figure 8 and Figure 9 illustrate compara-
tively the shape of the plots (solid black) of pdf (26) for a suite of increasing values of amplitude « for the
experimental parameters cited previously for the red plots of Figure 8.

Figure 8(A) and Figure 8(B) illustrate the advantage of multiple sampling and averaging for discerning the
difference between standard nuclear decay (solid red) « =0 and non-standard nuclear decay (solid black) with
harmonic amplitude « =0.001 and period T, = 100. Whereas the two plots are virtually indistinguishable in
Figure 8(A) (J =1), they are observably different in Figure 8(B) (J = 25). Superposed over each theoretical
plot are points comprising the corresponding computer-simulated histograms constructed in the manner de-
scribed in the previous section. Agreement between the black histogram and black theoretical curve bear out the
statement above that the validity of pdf (26) is not limited to nuclear decay at constant decay rate. A minor point
to note is that the plots in Figure 8 (and also in Figure 9) are of probability, rather than probability density. The
former differs from the latter only by a constant factor equal to the histogram bin width A = 0.125. In plots of
histograms the ordinate is usually probability, but this distinction is immaterial since only relative shape, and not
scale, is of importance here.

Figure 9 shows the evolution of the distribution of two-point lifetimes (black) with increasing o for fixed
multiplicity J = 25 (other parameters also remaining fixed) in comparison with the distribution for standard ra-
dioactivity with @ =0 (red). To enhance clarity of the figures, the points of computer-simulated histograms
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Figure 9. Variation of two-point lifetime probability (solid black)
with harmonic amplitude a = (A) 0.003, (B) 0.005, (C) 0.010 for the
same parameters as in Figure 8(B). Superposed is the corresponding
pdf (solid red) for standard radioactive decay (a = 0).

were omitted although, as in Figure 8, the histograms were generated and agreed closely with theoretical pre-
dictions. With increasing values of « , the black curves become increasingly bimodal and distinguishable from
a Cauchy distribution. The sensitivity of this statistical method for probing non-standard radioactive decay is
seen to be of order 10 % in the figure, but higher sensitivities are achievable.

Figure 10 shows the content of pdf (26) from a different perspective: the variation in shape as a function of
multiplicity J for fixed amplitude a = (A) 103 (B) 5 x 10 *, (C) 0. In each panel, the plots are color-coded for
increasing values of J from a minimum of 1 to maximum of 225. Comparison of plots of the same color shows
that with increasing J, the differences between distributions for non-standard and standard radioactive decay
becomes readily discernible even at values of the harmonic amplitude « of order 107,

4. Power Spectrum and Autocorrelation Function

Deviations from standard nuclear decay due to a periodic decay rate of amplitude « <« 1 are scarcely discerni-
ble, if at all, in the decay curve, as demonstrated in Figure 6. We examine in this section the sensitivity of two
commonly employed tools for probing the spectral content of a time series of data: power spectral analysis and

autocorrelation.
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Figure 10. Variation of two-point lifetime pdf (26) for parameters yq
=105 T, = 500, T, = 50, T = 250, and amplitude « = (A) 0.001, (B)
0.0005, (C) 0. In each panel the color code of the multiplicity is J = 1
(red), 25 (blue), 100 (green), 225 (black).

A discrete time series {xtt =0T —1} can be represented by a Fourier series

T/2

X, =ao+Z(aj cos(2mjt/T)+b; sin(2njt/T)) (28)

j=1

with T/2 independent power spectral amplitudes (apart from a,) in accordance with the Shannon sampling
theorem [31]

s;=aj+b’  (j=01-T/2). (29)
To any time series of finite length T sampled at intervals At there is a fundamental frequency
Vo=T - (30)
and a cut-off frequency
v, =1/2At . (31)
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If the series contains a periodic component at frequency v, :TJ.’l = jv,, then the period and harmonic number
are related by

j=;=— (v02vj>v0). (32)

The discrete autocorrelation function r, of lag k (in units of At) is defined by

T-k

= 3 (%K) %) | 3 (% %) @)

t=0

with series mean

X=T"Y x. (34)

It is usual procedure to detrend a series, i.e. transform to a series of zero mean and zero trend, before performing
the operation (33). This also leads to a, =0 in (28). The maximum lag number k., is somewhat arbitrary,
but there are statistical reasons for setting k., to be less than about T/5 [32].

The left suite of panels in Figure 11 shows the variation in power spectrum (black) of a time series of non-
standard radioactive decay with parameters x = 10° T, = 500, T, = 50, T = 1000, as a function of increasing
amplitude o= (A) 0.01, (B) 0.10, (C) 0.30. The red plots, displaced downward for visibility, show the « =0
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Figure 11. Double-log plot of power spectral amplitudes S; (A)-(C) (black) as a function of harmonic number j and corres-
ponding autocorrelation coefficients r, (D)-(F) (black) as a function of lag interval k for parameters z = 10, T, = 500, T =
50, T = 1000, and a = (A), (D) 0.01, (B), (E) 0.10, (C), (F) 0.30. Plots in red, displaced downward for visibility in panels
(A)-(E), are a = 0 (standard radioactive decay). Arrows show incipient spectral lines at Inj ~ (A) 3.0 and (C) 3.7, corres-
ponding respectively to fundamental T, and first harmonic T,/2. Best-fit lines to the power spectra have a slope very close

to —2, corresponding to Brownian noise.
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spectrum (standard radioactive decay) for comparison. The theoretical power spectrum of the decay curve gen-
erated from the time-dependent activity (22) contains spectral lines corresponding to periods T, =T,/n for in-
tegers n=1,2,--- Asshown in Figure 11(A), the harmonic contribution to the decay rate is virtually undetecta-
ble in the power spectrum for « less than about 0.01, and the first harmonic (Figure 11(C)) becomes detecta-
bleonlyat a~0.3.

Since the autocorrelation is calculable from the power spectrum by means of the Wiener-Khinchine relations
[33] (the power spectrum and autocorrelation constitute a Fourier transform pair), one might expect autocorrela-
tion to yield results of comparable sensitivity. That this is effectively the case is shown by the right suite of pa-
nels in Figure 11 in which are plotted (black) the autocorrelation functions for the same set of fixed parameters
and amplitudes « = (D) 0.01, (E) 0.10, (F) 0.30. As before, the plots in red refer to standard nuclear decay,
a =0. Theoretically, the autocorrelation as a function of lag time k of the time series of activities {xt} go-
verned by pdf (23) should display a sinusoidal oscillation at fundamental period T,. The barest indication of os-
cillatory structure is seen in Figure 11(E) at an amplitude « =0.10. By about « =0.30 the oscillations are
sufficiently developed that it is no longer necessary to displace the «a =0 curve downward for visibility.

To summarize, analysis indicates that a periodic contribution to the radioactive decay rate would be detectable
in the power spectrum and autocorrelation of the decay curve for harmonic amplitudes « of a few parts in 100.
It is to be noted that in a previous use of power spectral analysis to search for a periodic component to the g*
decay rate of *’Na a sensitivity of one part in 1000 was demonstrated [18]. There is no inconsistency here. *Na
has a half-life of approximately 2.6 y, or lifetime T, ~ 3.8 y. The total counting time T of the reported experi-
ment was 167 h, which constituted only about 0.5% of the lifetime. Thus, the ~10° measurements were to a large
extent samples from the same population of Poisson variates. The decay factor e* differed measurably but
insignificantly from unity, and the experiment did not probe a mixed Poisson-Gauss distribution. The sensitivity
reported in [18] applied to power spectral analysis of a time-varying mean of the form g, (1+ ,Bcos(znt/Tl)),
not that of relation (22).

5. Conclusions

Violations of the standard radioactive decay law, such as cited in Section 1, are weak at best and controversial. It
is this author’s opinion that, at the present stage of investigation, alleged correlations, if indeed they exist, be-
tween the disintegration of radioactive nuclei and external events of a geophysical, astrophysical, or cosmologi-
cal nature are more likely to be attributable to unanticipated instrumental effects resulting from known physical
interactions than to violations of current physical laws or to the manifestation of some new physical interaction.
Nevertheless, physicists have been surprised before by unexpected violations of principles thought to have been
previously well-established. The violation of parity conservation [34] first demonstrated in the beta decay of
89Co [35] is one such memorable example.

Because non-random nuclear decay, or nuclear decay influenced by environmental conditions external to the
nucleus (apart from known processes such as electron capture), has far-reaching fundamental implications, it is
important to search for such phenomena by sensitive methods that have the potential to yield reliable, unambi-
guous results. In this paper two such methods were investigated and found to be capable of yielding a higher
sensitivity than any method yet tried: 1) the statistical distribution of nuclear activities and 2) the statistical dis-
tribution of two-point estimates of nuclear lifetime (or half-life).

Theoretical analyses and numerical simulations of non-standard radioactive decay processes undertaken for
this paper and an earlier brief report [21] indicate that the preceding two statistical methods have the capacity to
reveal a harmonic component to the nuclear decay rate with amplitude « of the order of a few parts in 10*,
which exceeds the corresponding sensitivities of the decay curve, power spectrum, or autocorrelation function
by at least two orders of magnitude. Implementation of these statistical methods requires 1) a radioactive source
of initial high activity and 2) measurement of a sufficiently long time series of decay events so that the activities
comprise a population of mixed Poisson-Gauss variates. Both conditions are readily achievable in nuclear me-
trology labs for some of the nuclides (listed in Section 1) claimed to violate the standard radioactive decay law.

The statistical methods reported here are most sensitive and quantitatively revealing when the harmonic con-
tribution to the decay rate has a period T, shorter than the duration T of the time series of measured activities.
However, this ought not to be a serious constraint in effecting a search for violations of the radioactive decay
law since 1) the periods T, of primary interest are already known (i.e. they are the periods claimed to have been

(=)
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observed in published papers), and 2) the length of the time series is an experimentally adjustable parameter,
which can be made larger by taking more data.

References

(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]

Magill, J. and Galy, J. (2005) Radioactivity, Radionuclides, Radiation. Springer, Heidelberg.

Rutherford, E. and Soddy, F. (1903) Radioactive Change. The London, Edinburgh, and Dublin Philosophical Maga-
zine and Journal of Science, 5, 576-591. [Reproduced in Romer, A., The Discovery of Radioactivity and Transmutation
(Dover, 1964), 152-166]. (Quoted Lines Are from Page 157).

Lapp, R.E. and Andrews, H.L. (1973) Nuclear Radiation Physics. 4th Edition, Prentice-Hall, Englewood Cliffs, 177-
178.

Bambynek, W., Behrens, H., Chen, M.H., Crasemann, B., Fitzpatrick, M.L., Ledingham, K.\W.D., et al. (1977) Re-
views of Modern Physics, 49, 77-221. http://dx.doi.org/10.1103/RevModPhys.49.77

Huh, C.-A. (1999) Earth and Planetary Science Letters, 171, 325-328.
http://dx.doi.org/10.1016/S0012-821X(99)00164-8

Bosch, F., Faestermann, T., Friese, J., Heine, F., Kienle, P., Wefers, E., et al. (1996) Physical Review Letters, 77,
5190-5193. http://dx.doi.org/10.1103/PhysRevLett.77.5190

Heitler, W. (1954) The Quantum Theory of Radiation. 3rd Edition, Oxford University Press, London, 168-169.

Silverman, M.P. and Pipkin, F.M. (1972) Journal of Physics B: Atomic and Molecular Physics, 5, 2236-2256.
http://dx.doi.org/10.1088/0022-3700/5/12/018

Silverman, M.P. (2000) Probing the Atom: Interactions of Coupled States, Fast Beams, and Loose Electrons. Princeton
University Press, Princeton, 123-126.

Wilkinson, S.R., Bharucha, C.F., Fischer, M.C., Madison, K.W., Morrow, P.R., Niu, Q., Sundaram, B. and Raizen,
M.G. (1997) Nature, 387, 575-577. http://dx.doi.org/10.1038/42418

Rothe, C., Hintschich, S. and Monkman, A. (2006) Physical Review Letters, 96, Article ID: 163601.
http://dx.doi.org/10.1103/PhysRevL ett.96.163601

Peshkin, M., Volva, A. and Zelevinsky, V. (2014) EPL, 107, Article ID: 40001.
http://dx.doi.org/10.1209/0295-5075/107/40001

Aston, P.J. (2012) EPL, 97, Article ID: 52001. http://dx.doi.org/10.1209/0295-5075/97/52001
Zelevinsky, V. and Volya, A. (2011) Bulletin of the American Physical Society, 56, Abs. JD006Z.

Scholl, S.E., Kolombet, V.A., Pozharskii, E.V., Zenchenko, T.A., Zvereva, .M. and Konradov, A.A. (1998) Uskekhi,
41, 1025-1035.

Jenkins, J.H., Fischbach, E., Buncher, J.B., Gruenwald, J.T., Krause, D.E. and Mattes, J.J. (2009) Astroparticle Physics,
32, 42-46. http://dx.doi.org/10.1016/j.astropartphys.2009.05.004

Baurov, Y., Sobolev, Y. and Ryabov, Y. (2014) American Journal of Astronomy and Astrophysics, 2, 8-19.
Silverman, M.P. and Strange, W. (2009) EPL, 87, Article ID: 32001. http://dx.doi.org/10.1209/0295-5075/87/32001

Norman, E.B., Browne, E., Shugart, H.A., Joshi, T.H. and Firestone, R.B. (2009) Astroparticle Physics, 31, 135-137.
http://dx.doi.org/10.1016/j.astropartphys.2008.12.004

Cooper, P.S. (2009) Astroparticle Physics, 31, 267-269. http://dx.doi.org/10.1016/j.astropartphys.2009.02.005
Silverman, M.P. (2015) EPL, 110, Article ID: 52001.

Pommé, S. (2007) Problems with the Uncertainty Budget of Half-Life Measurements. Proceedings of the 230th Amer-
ican Chemical Society National Meeting, Workshop on Applied Modeling and Computation in Nuclear Science,
Washington DC, 28 August-2 September 2005, American Chemical Society, 282-292.

Silverman, M.P. (2014) EPL, 105, Article ID: 22001. http://dx.doi.org/10.1209/0295-5075/105/22001

Martin, R., Burns, K. and Taylor, J. (1997) Nuclear Instruments and Methods in Physics Research Section A, 390, 267-
273. http://dx.doi.org/10.1016/S0168-9002(97)00354-9

Mood, A., Graybill, F. and Boes, D. (1974) Introduction to the Theory of Statistics. 3rd Edition, McGraw-Hill, New
York, 122-123.

Seshadri, V. (1999) The Inverse Gaussian Distribution: Statistical Theory and Applications. Springer, New York, 43.
http://dx.doi.org/10.1007/978-1-4612-1456-4

Silverman, M.P. (2014) A Certain Uncertainty: Nature’s Random Ways. Cambridge University Press, Cambridge, 287-
304. http://dx.doi.org/10.1017/cb09781139507370

(=)



http://dx.doi.org/10.1103/RevModPhys.49.77
http://dx.doi.org/10.1016/S0012-821X(99)00164-8
http://dx.doi.org/10.1103/PhysRevLett.77.5190
http://dx.doi.org/10.1088/0022-3700/5/12/018
http://dx.doi.org/10.1038/42418
http://dx.doi.org/10.1103/PhysRevLett.96.163601
http://dx.doi.org/10.1209/0295-5075/107/40001
http://dx.doi.org/10.1209/0295-5075/97/52001
http://dx.doi.org/10.1016/j.astropartphys.2009.05.004
http://dx.doi.org/10.1209/0295-5075/87/32001
http://dx.doi.org/10.1016/j.astropartphys.2008.12.004
http://dx.doi.org/10.1016/j.astropartphys.2009.02.005
http://dx.doi.org/10.1209/0295-5075/105/22001
http://dx.doi.org/10.1016/S0168-9002(97)00354-9
http://dx.doi.org/10.1007/978-1-4612-1456-4
http://dx.doi.org/10.1017/cbo9781139507370

M. P. Silverman

[28]
[29]
[30]
[31]
[32]

[33]
[34]
[35]

Silverman, M.P., Strange, W. and Lipscombe, T.C. (2004) EPL, 67, 572-578.
http://dx.doi.org/10.1209/epl/i2004-10097-5

Forbes, C., Evans, M., Hastings, N. and Peacock, B. (2011) Statistical Distributions. 4th Edition, Wiley, Hoboken, 66-
68.

Hogg, R.V. and Craig, A.T. (1978) Introduction to Mathematical Statistics. 4th Edition, Macmillan, New York, 192-
199.

Shannon, C.E. (1949) Communication in the Presence of Noise. Proceedings of the IRE, 37, 10-21.
http://dx.doi.org/10.1109/jrproc.1949.232969

Kendall, M., Stuart, A. and Ord, J.K. (1983) The Advanced Theory of Statistics. Vol. 3, 4th Edition, Macmillan, New
York, 443-445.

Bendat, J.S. (1958) Principles and Applications of Random Noise Theory. Wiley, Hoboken, 65-70.
Lee, T.D. and Yang, C.N. (1956) Physical Review, 104, 254-258. http://dx.doi.org/10.1103/PhysRev.104.254

Wu, C.S., Ambler, E., Hayward, R., Hoppes, D. and Hudson, R. (1957) Physical Review, 105, 1413-1415.
http://dx.doi.org/10.1103/PhysRev.105.1413



http://dx.doi.org/10.1209/epl/i2004-10097-5
http://dx.doi.org/10.1109/jrproc.1949.232969
http://dx.doi.org/10.1103/PhysRev.104.254
http://dx.doi.org/10.1103/PhysRev.105.1413

	Effects of a Periodic Decay Rate on the Statistics of Radioactive Decay: New Methods to Search for Violations of the Law of Radioactive Change
	Abstract
	Keywords
	1. Introduction
	1.1. Violations of the Radioactive Decay Law
	1.2. Statistical Basis of a New Search Procedure

	2. Distribution of Nuclear Decay Events
	2.1. Radioactivity at Constant Decay Rate λ
	2.2. Radioactivity at Time-Varying Decay Rate 

	3. Statistics of Nuclear Lifetime Measurements
	3.1. Distribution of Two-Point Lifetimes at Constant Decay Rate λ
	3.2. Distribution of Lifetime Measurements at Variable Decay Rate 

	4. Power Spectrum and Autocorrelation Function
	5. Conclusions
	References

