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We performed two independent counting experiments @tamitting source oféglsm by measuring the
v photon emitted in a fraction of the decays. For counting times ranging fron? i@ 5.12< 10* s, our
measurements show no evidence of deviations from Poissonian behavior and, in particular, no sfgn of 1/
noise. These measurements put strong limits on non-Poissonian components of the fluctuations for the subset
of decays accompanied by, and corresponding limits for the total number @fdecays. In particular, the
magnitude of a hypothetical flicker floor is strongly bounded also fotidecay. This result further constrains
theories predicting anomalous fluctuations in nuclear de¢®1963-651X97)11303-4

PACS numbg(s): 05.40:+j, 02.50—r, 23.90+w

[. INTRODUCTION The aim of this paper is to extend our experimental study
to a different nucleusgs'Sm, that undergoeg8 decay. There
The statistics of the radioactive decay of heavy nucleiare in fact theoretical claini$] that deviations from Poisso-
have been the subject of much experimental and theoreticalian statistics could be caused by self-interference of the
work in the past decade. So wide an interest was stimulategmitted particles and that these deviations should be present
by the conjecture that, owing to the intrinsic fluctuations ofgnly in g decays and not iy or a decays.
the decay rate, the counting statistics could depart from the
simple Poissonian behavipt—7].

The experimental results are often conflicting, even for Il. EXPERIMENTAL SETUP
the same kind of source. On the one hand, there exist inves- '
tigations both ona (52’Am [8—11] and 3;%Po [12]) and B The mean lifetime of35!Sm is (13@:12) years[24].

decays §§7Cs [13]) that confirm the Poissonian nature of While most of the nuclei directly3-decay into the ground
these processes. On the other hand, several experiments cstate of 33'Eu, a small fraction(0.91% B-decays into an
ried out both witha (33*Am, 33%Pu, and2¢’Cm[14-17) and  excited state of energfe=(21.532-0.068) keV, which
with B sources £°T1 [18], S0y [19], and 33Sr-30Y [20]) find  then decays to the ground stdteean lifetime: 1.38& 10 8
that the counting variance, for long counting periods, iss). In the 3.45% of cases, this second fast transition produces
higher than the Poissonian value by more than one order af 21.532 keVy photon: our apparatus has been set up to
magnitude. detect this photon. In summary, our measurement has the
This anomalous large variance has been taken as an egharacteristic of selecting a fractiah of the total decays
perimental evidence that the power spectrum of the decay-£=(3.14+0.22)x 10" *]: those decays that go through the
rate fluctuations has a contribution that grows as the inversevo-step process3 emission followed by a 21.532 keV pho-
of the frequency at low frequencies, in addition to the usual ton[24]. We shall discuss later and in the Appendix why and
frequency-independent Poissonian component. Sever& what extent our results on the statistics of fie also
mechanisms have been proposed as possible sources of thery information on the total statistics of thedecays.
1/f noise: quantum self-interference between the wave pack- The source is a crystal of Smfeontaining g3-Sm nuclei
ets of the emitted particld8,4], solid-angle fluctuations and (activity 3.7 GBq shaped as a thin disldiameter 14 mm
random rearrangements within the souf€d, and spatial with an aluminum cap. The aluminum cap, which closes the
1/f noise in the detectdrl7]. As a matter of fact, the inter- source, filters out theg particles. In the two experiments,
pretation of the decay experiments reporting a variance invhich we denoteA andB, we used the same source at dif-
excess of the Poisson value is still an open problémn ferent distancegabout 15 and 7 cm, respectivilfrom the
In previous work[21,22 we considered the decay statis- detector in order to change the count rate: while Poissonian
tics of ay source égg‘“Sn). In that case, we measured that, statistics only depends on the total number of counts
for counting periodsT longer than 1 h, the variance of the [(rate X (time)], deviations from the standard cagand/or
decay rate significantly deviated from the Poissonian predicsystematic errojscould in principle depend also on the rate
tion. However, that behavior could be fully explained by (see Ref[21] for one such an examplend it is better to
taking into account the time dependence of the statif#8s  have the possibility of performing these kinds of checks.
without resorting to any exotic effe€21,22. In each experiment the photons were detected by a disk-
shaped crystal of N&Tl) (diameter 5 crpintegrally mounted
on a photomultiplier tub€PMT): we used a crystal 1 mm
*Electronic address: concas@alfis.unica.it thick in experimentA, and a crystal 2 mm thick in experi-
Electronic address: lissia@cagliari.infn.it mentB.
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In both experiments, the output signal from the PMT, af- 63
ter being amplified and shaped to a Gaussian pulse, passed A(T)EZX—63 E [MI—MIH]Z, 3
through a single-channel analyzer, which selected pulses cor- k=1
responding to an energy window from 2 to 53 keV. The
pulse-shaping time constant was @5 and the time resolu- instead of the usual variance. The first and most important
tion of the single-channel analyzer was Q8. The dead reason is tha(T) is finite even when the power spectrum
time of the entire system was about 5. The energy win- grows as 1ff at low frequencies: when non-Poissonian fluc-
dow was preliminarily set by means of a multichannel anadiuations might be present, the Allan variance is then a com-
lyzer module; we have verified that no appreciable drift ofMon choice. We remind the reader that the power spectrum
the window occurred during the experiments, which lasted®f Poissonian fluctuations is independent of frequency:
76 days @A) and 19 daysB). We verified that the stability S(f)=2mT, since counts are uncorrelated, the Allan and the
of the energy window and of the voltage of the power supplyusual variance have the same expectatiose (M]My)
was sufficient to keep systematic variations of the counting<dy_and Eq. (3)], namely, the average countA(T))
rate below 0.01%, therefore below the statistical fluctuations=(M(T))=mT. However, if the fluctuations have a power
we measured: only for the longest measurememtgéal  spectrumS(f)=C/f (C is a constant independent By, i.e.,
counts of the order of f) was the fluctuations-to-signal we are in the presence offlfoise, the expectation value of
ratio as low as 10* (1/{/10F). A is (A(T))=C(In4)T? (note the different power of com-
Counting was executed by a programmable multichanngbared to Poissonian fluctuationsvhile the usual variance is
scaler(MCS) module interfaced to an IBM PC, which pro- infinite [5]. A second additional advantage of using the Allan
vides for control and data storage. In experim@r{B), a set  variance is that it is less sensible to drifts of the count rate:
of 40 (38) values of the counting periotl was preliminarily ~ the correction is independent of the number of interyés
defined in the control program withT ranging from and not proportional to it; see the Appendix of Rifl].
Tmin=T1=10"2 S t0 Tma—=T4=2°%X100 s (Tmac—Tas Before discussing our results, we wish to comment on our
=27%x100 9. For each value of the MCS module counted choice of observing the channel of the decay characterized
the events occurring in each of 64 consecutive periods oy the emission of a 21.532 keV photon. A more detailed
length T. Count data were saved on hard disk for furtherdiscussion can be found in the Appendix. We made this
off-line analysis. At the end of experimeAt(B), data were choice because we can control better the stability of our mea-
available as 40 (38) sequences of 64 countsMI surements when detecting photons than when detecting elec-

(k: 1,... ,64)' one foeach of the prefixed values af trons, given our present equipment. However, since one of
the motivations of our experiment was to study fluctuations
IIl. RESULTS AND DISCUSSION in a B decay, it is natural to ask to what extent the statistics

of the y emission reflects the statistics of tigedecay. The

We analyzed the data by computing the average count anéime delay of the emission is so sméathean lifetime of the
the Allan variance(see Refs[5,25] and references thergin excited state: 1.3810 8 ) compared to the time intervals
as a function of the time interval. All our results originate  of interest that its effect is negligible. Yet one might worry
from a single uninterrupted rugfor each experimenthave that the fluctuations of the small branching ratioe fraction
been averaged over the same numi@) of consecutive of decays that on average emit tipds only £¢=0.000 314)
intervals, and are statistically independéeach count has might overwhelm any exotic effect of the original decay. The
been used only onge explicit calculation reported in the Appendix shows tkiat

First we verified that the count rate during each experi-an upper bound on the flicker floor in the statistics of the
ment had no drifts that could bias the Allan variance; iny’s implies an equal bound on the flicker floor in the statis-
particular, the slow exponential decay of the source couldics of the parent decayii) an upper bound on the ratio of
not affect the Allan variance at the low count rates we oper-/f noise to Poissonian noise in the statistics of $&im-
ated[21]. Therefore, it is consistent that we consider a conplies a corresponding bound for the statistics of the parent

stant average rate. We measured this average rate decay weaker by a factor &/ (i) upper bounds on less
64 singular, e.g., frequency independent, deviations from Pois-
m= Z E i M7 (1) sonian behavior in the statistics of thés imply correspond-
T T64E, K ing bounds on the parent decay: these bounds on the statis-

tics of the B decay are also weaker by a facto£4/3000.
finding m=(5.36870.000 25)x 10° count/s in experiment We report in Figs. 1 and 2 the ratioR(T)
A and m=(2.4262+0.000 22)< 10* count/s in experiment =A(T)/M?(T) (reduced Allan variandeversus the inverse
B. Being the rate constant, the average count for an intervalf the number of counts M(T) for experimentsA andB,

of lengthT, respectively. Both experiments show tiR{T) depends lin-
. e early on IM(T)=1/(mT) with unit slope in the range of
S T T considered.
M(T)= 6421 M. 2 The data perfectly fit the Poisson prediction

_ R(T)=M/M?2=1/Mo1/T; this prediction is also reported in
has an expectation value proportionalfto(M(T))=mT. Figs. 1 and 2 as a solid line. A fit to the data yields
There are two reasons for using the Allan variance, whichM (T)R(T)=0.99+0.02.
we estimate with an average over 63 consecutive measure- On the contrary, a power spectru(f)=C/f would
ments, yield R(T)=[ C(In4)T?)/((mT)>=C(In4)/n?. Therefore, if we
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1/T (s7Y ing up at largel and becoming constant. Therefore, we con-
o 2 clude that, if a flicker floor is presenE<3x10 °; as
o1 discussed in the Appendix, this limit is valid also for tBe
decay.

If we express the power spectrum as the sum of the Pois-
sonian component plus a hypotheticalf 1éomponent,
S(f)=2mT+ C/f, in the range of frequencies accessible by
our experiments f>1/T,,.,), the limit on the flicker floor
implies an upper limit on the ratio of the strength of the
1/f contribution (C/f) relative to the Poissonian one
(2mT), ie., a limit on the ratio C/f)/(2mTya
<C/(2m): (C/H)/(MTpa)<1X10 ° (C/m<2.5x10 ).
These limits on the strength of thef Idoise are valid for the
channel of the decay witly emission; for the totgB decays
the limit is weaker (see the  Appendx
(Cp/f)(MpT e <3X 1072

The model of quantum f/noise proposed by Handel pre-
dictsF =8a{(In2)(Av/c)?/(3w) for B decays, see Eq3.6) of
Ref. [5], and references therein; heae~1/137 is the fine
structure constant, ©€/<1 is a coherence factor, and
/M Avl/c is the velocity change of the particles in the emission
process relative to the speed of lightif K is the kinetic
energy of the electron, Nv/c)?=1-[1+Kg/(mc?)] 2
Since we did not measure the electron energy, our data are
averaged over the entire electron-energy spectrum. There-
fore, we can only give an estimate of the limit on the coher-
ence factor by using the average electron energy:

. . L (Kp)=13.96 keV. The fact that we do not see any flicker
suppose that both a Poissonian and & dantribution areé  f,6; implies, in the context of Handel's model, that the co-

present, wherm i_sllarge enough the Poissonian contributionparance factot must be smaller than about 18 Our limit
becomes negligible andR(T) goes to a constant ghoyiq he compared to the recent positive determinations of
[F=C(In4)/n?]: this constantF is usually called fllcl<9er ¢ in the range 5.210 3<¢<8.3x10 3, which Gopala
floor. We measured values @(T) as Iov! as &184 et al. [20] have made, albeit in differeng decays: 395r,
(oo 1.28¢ 10 5 wihout seeing deviatans from Poisso- 57 &d EE'L. We do not have any explanation why

max -~ should be more than two orders of magnitude larger in those

nian behavior and, in particular, no signal of the curve turn—decays compared to our upper limit.

10~¢  107%
10— T

10—6 -

10—8 -

FIG. 1. Relative Allan varianc®(T) versus the inverse mean
number of decays M (lower scal¢ and the inverse time interval
1/T (upper scalg for the experiment A (average rate
m=M/T=5.3687< 10°). Diamonds are the experimental values.
The solid line is the Poissonian predicti&» 1/M.

1/T (s79
0 1°_|4 | 10‘|2 | “’lo | 10;2 | 10? IV. CONCLUSIONS
We have measured the counting rate of secondargys
R(T) i from a8 source ofg>'Sm for counting periods ranging from
1073 to 5.12x 10* s, and studied the fluctuations of the rate
1072 . by means of the Allan variance.
(i) We have found no evidence of deviations from Pois-
B @ 7] sonian behavior up to a ratio of fluctuations to signal as low
ot L i as 5x<10°°.

. (i) The ratio between a hypotheticaf Womponent of the
L _ power spectrum and the usual Poissonian contribution must
be less than X 10 ° at the longest time intervallowest
1078 | . frequency that we have measured {,~=5.12< 10* ).
(i) We found no evidence of flicker floor. The upper
bound on a hypothetical flicker floor isX310~?; this limit is
valid also for the statistics of the totgl decays.
(iv) If in our upper bound the flicker floor is interpreted in
L1 the context of Handel's theory of fLhoise predicting coher-
107% 100 ent interference of the emitted charged particle, the coher-
1/M ence factor{ for this decay must be less than about
1x 10" °: this number is more than two orders of magnitude
FIG. 2. Same as Fig. 1 for the experimeBt(average rate smaller than the one that has been recently proposed in the
m=2.4262x< 10%). literature, albeit for different decay20].

1078 .

| { 1
1078 1076 1074
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where for simplicity we use the symb® to indicate the
number ofy counts twice averaged both over theand 8

In this appendix, we discuss the relation between fluctuadistributions and, at the same time, the symiidb indicate
tions of the number of total decay® our case, the total the average8 counts(over theg distribution.
number of 8 decayg and fluctuations of the number of de-  Since our experiments do not show any deviation from
cays in a subchannéin our case, the fraction g8 decays Poissonian behavior, we can readily put limits on non-

APPENDIX

that produce a photon with energy 21.532 kgV Poissonian components of thecounts. The implications for
The main results of this appendix are summarized by Eqghe total 8 decay can be assessed by assuming thatythe
(A8) and(A9). distribution at fixed number oB decaysN is standardbi-

We consider only the effect of the fluctuations of the nomial and frequency independgmind by considering the
branching ratio and not the effect of time delay between theffect of fluctuations ofN:
first and second decay, which in general has the effect of a
low-pass filter{9], since this second decdthe y emission
is practically instantaneous for the case under stimgan ((Mi=(M)n) (M= (M)n Donn, = G (M),
lifetime 13.8 ns compared to a time resolution of the order of
ws and to the shortest time interval considered: 1. ms =5 £1-6N;, (A3)
In the following we shall use the symbM when refer- N a
ring to the number of detectegs and the symboN when
referring to the correspondin@otal) number of 8 decays. o S ) o
We shall also use the subscript( ) referring to the partial where the indices and | indicate different counting inter-
daughter statisticétotal parent statistigsLet us define two vals.

kinds of averagesfi) (- - - )y average over the-count dis- We first gonsider the average at fixé and Nj,; of
tribution keeping the number of counts N fixed; (i)  (Mi—Mi.1) which by adding and subtractingM)y,
(---) average over th@g-count distribution. = ¢N; can be written as

((Mi=Mi4 1) NN,

ivi+1

=({(M;i=(M)n) = (M1 =(M)n, )+ E(Njs1— N1

ivi+1

={{Mi= (M) 2+ (M s =(M)n )P+ E2(Ni = Nisg)? (A4)

i+1

= 2((Mi=(M)n) (M 1= (M) NN (A5)
+2E(N; = Ni 4 ) [{(Mi = (M) ) (M s = (M), OO, Y
=E(1=&(N;j+Ni 1)+ E(N;—Ni 1), (A6)

where we have applied E¢A3) to the first and second line expectation value of the Allan variance of the total

of Eq. (A5), while the third line is identically zero. B-decay counts. If we defind, (Az) as the Allan variance
If we now divide the above result by 2 and average it overand R,=A, /M2 (Rg=Ag4/N ) as the relative Allan vari-

the B distribution, we find(considering that for a stationary ance of they (B) counts Eq(A7) becomes

procesN;)=N independently of)

A=(1- M+ EA,, (A8)
1 — 1
SUM= M) )= 61— ONFE (N =Ny 1)), (1-¢)

ivi+1
R,=—+Rg, A9
(A7) M b (A9)

The left-hand side of EA7) is the expectation value of the which constitute the main result of this appendix.
Allan variance of they counts, which we measure with the  In the following we analyze the consequences of &§)
statistics defined in Ed3), while the right-hand side is the for our experimental study.
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1. Flicker floor

If the B decay has a t/component that produces a flicker
floor F 4 in the relative Allan variance, i.eRz=1/N+Fg,
the fact that no deviation &, from 1M has been observed
for R, as low as X10°° implies not only that
F,<3x10 9, but also thatF ;<3< 10 °, where we have
used Eg. (A9) dropping é~3x10 % compared to 1:
(1-¢&€)~1 and 1M+ 1/N~1/M.

2. 1F noise

If we are interested in the ratio of thefltontribution
(Cpz/f) relative to the Poissonian one r(gT), we should
recall that the rate of th@ decay ismg=m, /¢ and that the
constantC is related to the flicker floor b =F X m?/In4.
Then this ratio for the8 decay can be related to the same
ratio for they decay by using the fact that the limit
and the one onF, are equal: Cg/f)/(2mgT )
=(Fgmg/f)I[(Tmalnd)=(1/&) (F,m, /f)/(Tynain4). We lose
a factor 1£~3000 going from the upper bound on the ratio
of the 1f contribution relative to the Poissonian one for the
v statistics (X 10°) to the upper bound on the same ratio
for the B statistics (3<107?).
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3. Frequency-independent non-Poissonian component

If instead we suppose that th& decay has a frequency-

independent deviation from Poissonian statistics, i.e.,
Rg=«IN=«¢/M, the fact that no deviation ofR,
=(1-¢é+«€)/M from 1M has been observed

(MR,=0.99+0.02) implies also that (% ) §=0.01=0.02
and, consequently, that= — 30+ 60.

In conclusion, we have show in this appendix that a mea-
surement of a process3(decay by selecting a subprocess
(detecting they emitted in a fraction of the decays/hose
branching ratio¢ is itself a statistical variable corresponds,
as might have been expected, to the use of a detector with
efficiency not greater thag§. Therefore, we lose a factor
1/¢ in most limits on dimensionless quantities when passing
from statistics of the subprocess to total statistics of the en-
tire process. However, there exist quantities, such as the
flicker floor, that can be determined from the partial statistics
without losing any sensibility. The reason for this different
behavior is related to how strongly the noise under study
depends on the number of eveMNscompared to the usual
VN dependence.
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