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Abstract. The 8-decays of the neutron-rich nuclei 1?Be and 2°Ne have been studied. The statistical corre-
lations between the almost identical half-lives of '?Be and its daughter '?B are analysed for a large sample
of 1?Be decay data. Stringent mutual bounds are obtained on the parameter set, leading to a precise deter-
mination of the 2Be half-life of 21.5040.04 ms. From a simultaneous detection of 3-particles and neutrons
from the decay of ?Ne the neutron emission probability, P,., is determined to 17 + 5%. No indication of
two-neutron emission is seen from this nucleus. An upper limit of 2.2% (90% confidence level) is established

fOI‘ Pzn.

PACS. 23.40.-s Beta decay; double beta decay; electron and muon capture — 27.20.4n 6 < A < 19 —
27.30.4+t 20 < A < 38 — 07.05.Kf Data analysis: algorithms and implementation; data management

1 Introduction

Much effort is presently invested in increasing our knowl-
edge on very neutron-rich light nuclei close to the drip-line.
Both in-flight and ISOL facilities contribute in a comple-
mentary manner. Basic decay characteristics are among
the first properties to be measured and these can provide
insight on nuclear structure if measured accurately and
reliably. The present paper reports on two nuclei where
increased accuracy has been obtained and is part of our
systematic investigation of the 8 strength distribution for
nuclei close to the neutron drip-line. New aspects of nu-
clear structure may be revealed here, see e.g. [1-3].
When aiming for higher accuracy, one must optimise
also the statistical treatment of the data [4]. We present
here two different examples of this. In sect. 2, on the half-
life of '2Be, the data have a reasonably high statistics, but
the fact that the daughter has an almost identical half-life
to its parent drastically reduces the precision that can be
extracted from a single experiment. This is an extreme
case of a situation that is encountered in several chain
decays and we expose the correlations between the two
half-lives explicitly. The second case, discussed in sect. 3,

# e-mail: kvr@ifa.au.dk

concerns the $-delayed neutron branches of 2Ne. Here the
statistics is limited and possible background contributions
have to be estimated carefully. In both cases the precision
of decay parameters for the daughter nuclei turn out to
be a limiting factor.

The experimental setup used for both nuclei is de-
scribed in [3] where the method of analysis for 2Ne can
also be found.

2 Half-life of 12Be

During an experiment at ISOLDE/CERN a total amount
of 5x 107 12Be ions were collected from a radioactive beam
generated by a pulsed 1 GeV beam of 3 x 10'3 protons
per pulse on a uranium carbide target. With a plastic
scintillator and a neutron long counter, using “singles”
time multi-scaling, the time structures of G-particles and
[-delayed neutrons were repeatedly registered relative to
proton beam impact and accumulated for many proton
pulses, see [3] for details. Since the experiment was aim-
ing at a precision level of 1 per mille, an absolute cali-
bration of the intrinsic time scale was required. This was
obtained by using a macroscopic time signal, generated
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Fig. 1. Measured time distributions, relative to proton beam
impact, of (-particles and (3-delayed neutrons from the decay
of 1?Be. The ?Be ion beam was shut off at times ¢t > 53 ms
to obtain pure decay components. The dashed curves show the
results of fits to the histograms with bin size 0.1 ms (it is 3.2
ms in the figure). The B spectrum was treated as a chain decay
of ?Be through '?B, while only '*Be gives neutrons.

every 1.2 s by the CERN Proton Synchrotron Booster to
mark the impact of a proton pulse, to reset the intrinsic
clock. In this way a beam of a long-lived radioactivity al-
lowed the apparatus time scale to be verified to a precision
of 5 x 1074,

The data from the '2Be measurement are shown in
fig. 1. Each of the two histograms is a combination of seven
individually accumulated decay spectra. An electrostatic
deflector was used to steer away the ion beam in order
to optimise the collection for the half-life measurement.
This “beam gate” was repeatedly closed at ty = 53 ms
after proton impact, i.e. when the neutron activity was
near maximum, implying a maximum sample size. Time
spectra for both neutrons and (-particles were fitted with
theoretical expressions in the region t > ¢y using the “Pois-
son likelihood x?” statistic, denoted Xi, which combines
the principle of maximum likelihood for estimation and
the likelihood ratio for goodness-of-fit testing [5]. For the
multi-parameter minimisation of Xi and the analysis of
parameter errors and correlations the code MINUIT [6]
was used.

The neutron spectrum was fitted with an exponential
component plus a constant background, giving a half-life
of 21.18 & 0.17 ms for '2Be. The 3 spectrum was anal-
ysed as a chain decay of '2Be through its daughter '>B
assuming initial amounts of both nuclei, Ny (¢p) = Ny and
Ny(tg) = Na, respectively. The amounts of parent and
daughter nuclei in the sample at time ¢ after each proton
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pulse are governed by the coupled equations

dN;
= AN, 1)
% — “MaN(t) + (1 = PN (8), (2)

where A1 and \s are the relevant decay constants and P,
is the neutron branch from '?Be. Solving the differential
equations for t > tg, yields

Nl(t) _ Nle—h(t—to)’

N1
Nalt) = (Mo + 5201 ) ) e

Nl)\l A\ (t—
— (1 - P,)e Mt
N Je

(3)

(4)

The 3 activity can be expressed as !

Rﬁ(t) = Eg)\lNl(t) + Eﬁ)\gNg(t) + RBaCk . (5)

The maximum detection rates for G-particles and neu-
trons (at time ty) were 0.06/us and 0.0003/us, respec-
tively. The dead time in the electronics and data acqui-
sition is of the order of 1 us and, apparently, it does not
influence the neutron measurement. In order to describe
the effects of dead time on the measured time character-
istics for (-particles, we need to consider changes in the 3
activity caused by (non-statistical) variations of the ?Be
yield during data taking. Such variations will not alter
the time shape of the activity, as described by eq. (5), but
only its amplitude, i.e. Rg(t) = a p(t) where o may vary
from proton pulse to proton pulse but the function p(t)
remains unchanged. This is due to the fact that the time
distribution of '2Be ions extracted from the target and
ion source follows, to a great extent, a universal release
function [3], which makes Ny universally proportional to
N;.2 Thus, the count numbers in the 3 spectrum of fig. 1
can be described by theoretical values of

Ny = / AN Ry (t) (1= 7eRs()) . (6)
bin

where

S .

{)?

Here, Npuise is the total number of proton pulses. The
effective dead-time parameter, 7T.g, is larger than the true
dead time, 7, by an amount depending on the variance
of « relative to its mean square. Major fluctuations in «
happened only when the laser ionisation was optimised,
i.e. in between the accumulation of two decay spectra.

! The efficiency of the 3 counter, €5, can be determined from
the ratio of B-particles to neutrons but is not important in this
context.

2 The influence of the background component has been ne-
glected.



U.C. Bergmann et al.: Analysis of decay data from neutron-rich nuclei

21.6
“(\5\

21.4
21.2 \\Z
a\\a\\&

( .
Zs) 21 wge®

281

~x 88007

8600

8400
82001

80004

&

2 21.6
Yoy, 204 214 )
%) (, 206 212 (@ N
/)78) 21 xlee‘(\a

Fig. 2. For the 3-decay data the surface of “Poisson likelihood x*” (X?\) [5] is shown in the two-dimensional parameter space
of B and '?Be half-lives, left: for the case where x3 was minimised with respect to the dead-time parameter 7og (zoomed on
the region of x2 < 7900), and right: for a fixed value of 7eg. In both cases X3 was minimised with respect to the remaining
parameters of egs. (3)-(6). The half-life parameters appear to be strongly correlated and the physical half-lives should be found
at the bottom of the valley, visible in the central part of both panels. Further explanation is given in the text.

Therefore, the lower limit obtained by averaging over the
seven spectra, 1 + Var(a)/(a)? = 1.19, gives a reliable
estimate of 7o/ 7.

Note that we introduce a small error by still assuming a
Poisson distribution for the dead-time influenced data. We
believe that this error in our case can be neglected since
the final half-life results are essentially unaffected by the
dead-time correction. A more detailed discussion can be
found in [7] where the alternative procedure of fitting each
spectrum separately is tested. However, there a Gaussian
weighting is used which (as also recognized in the paper)
introduces biases [8]. When aiming for very high accuracy
it would be wise to follow ref. [7] and employ Monte Carlo
simulations of the data and the analysis procedure.

The (B spectrum was fitted with the theoretical val-
ues of eq. (6), the expressions of egs. (3)-(5) substituted,
by varying the seven parameters Ni, Na, t1/51, t1/2.2,
P,, RB‘“CI‘, and T.g, where ty/5; = In2/);. Variations
of the P, value, within the literature confidence interval
0.5040.03% [3], had no influence on the fit. The left panel
of fig. 2 shows the x3 function in the (t1/2,2,t1/2,1) param-
eter space. At each point (t1/52,%1/2,1) the X3 function
was minimised with respect to all remaining parameters.
The contours of constant x3 are highly eccentric ellipses
oriented at approximately 45° angle to the half-life axes.
This means that the '?Be and 2B half-lives are strongly
correlated. In fact, the global correlation coefficients for
N1, N3, t1/2,1, ti/2,2, and Teg are all greater than 0.998.
This indicates both an exceptionally difficult problem, and
one which has been badly parametrised so that individual
errors are not very meaningful because they are so highly
correlated [6,9]. The region of low x3 at high values of
both half-lives in fig. 2 (left panel) is non-physical and
is caused by the introduction of the freely varying dead-

time parameter 7. which here takes on unrealistic values
(higher than 5 us). On the other hand, the valley of low
Xi (oriented in the direction of the t; /55 = —t1/2 line)
is the region of physical half-lives where 7g is of the order
of 1 ps. This is also indicated by the right panel of fig. 2
which shows the x3 function for a fixed value of 7.

The steep rise of Xiv along the t1/59 = #1/2,1 line on
both sides of the valley in fig. 2, reflects the high qual-
ity of the data. It shows that along this direction the
half-lives are simultaneously very well determined. For in-
stance, the central value of the half-lives given in the lit-
erature, (20.20 ms, 21.30 ms) [10], can be excluded with
high confidence. However, if we instead choose the 20 up-
per limit on the literature '2Be half-life, 21.5 ms, we enter
the valley of low confidence. Thus, the present [§-decay
data are not in strict contradiction with the literature,
and neither with the present neutron data, but add a sub-
stantial amount of information if one knows either of the
two half-lives with high certainty.

According to the literature, the B half-life is known
with high accuracy, 20.20 £ 0.02 ms. This value is based
on a non-linear least-squares fit of an exponential plus
constant to a large sample of G-decay data [11]. It is well-
known that least-squares minimisation with “Pearson’s
27 or “Neyman’s x2” statistics (their difference being
the use of either theoretical or experimental errors) intro-
duces a bias on the parameter estimate which, however,
disappears in the asymptotic limit of large samples [8].
To check whether this could have influenced the estimate
of [11], a series of time spectra, with the same number
of counts in the exponential and constant background as
obtained by [11], were simulated using Monte Carlo tech-
niques. From a x? analysis of these spectra it was con-
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Table 1. Half-lives of *B and '*Be from the literature [10]
and from a fit of the measured 3 spectrum (fig. 1) using the
theoretical expression of eq. (6), combined with egs. (3)-(5).
During the minimisation of x2, the 2B half-life was fixed at
the literature value whereas all other parameters were varied
freely.

Literature Beta-decay data
12B half-life (ms)  20.20 £ 0.02 20.20 FIXED
12Be half-life (ms) 21.30 £ 0.10 21.502 £ 0.028

cluded that, in the worst case, a bias of +0.010 ms has
been introduced, which is negligible.

Since earlier experiments have established the 2B half-
life with higher precision than the '2Be half-life, we adopt
the former in order to give an improved estimate of the
latter. When fixing the '?B half-life, the correlations of
the 12Be half-life with other parameters disappear (the
global correlation drops to 0.89). The result of the fit is
presented and compared with literature values in table 1.
Taking into account the 0.02 ms uncertainty on the 2B
half-life, we arrive at a 1o confidence interval of

t1/2("*Be) = 21.50 &= 0.04 ms. (8)

The X% value per degrees of freedom, n, was checked sep-
arately in the decay region (below 300 ms) and for the
constant background (above 520 ms). The former was
2394/2446 which agrees with a x? probability distribu-
tion of x3. The latter was 3203/2988, in perfect agreement
with the rise in Xi /n expected for a uniform spectrum
with Poisson mean value of 5 counts per channel [4].

At this point, there is no reason to believe that the
literature 2B half-life is wrong, but in case improvements
are made in the future we give a parameterisation of
the 12Be half-life estimated (everywhere with an error of
0.028 ms) from different fixed values of the 2B half-life:

115(12Be) = 3.2852 + 2.6777 1 »("?B)
— 0.087916 1 5('?B)? . )

This quadratic relation, which defines the bottom of the
X?\ valley in fig. 2, is insensitive to changes of the dead-time
parameter T.g which shows that, in the present approach,
the 2Be half-life is a truly uncorrelated parameter.

The half-life deduced from the neutron data is com-
patible with our final value deduced from the 3 data in
eq. (8) within two standard deviations. The latter value is
much more precise and we recommend to use this rather
than an average of the two measurements.

3 Beta-delayed neutron branches from 2°Ne

The (-decay of 2?Ne was studied with a setup and exper-
imental conditions similar to the ones applied in the ex-
periment on 3-delayed neutron emission from 1%4Be [3]
(see also the brief description in sect. 2). The isotopes of
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noble gases, produced by pulsed proton bombardment of
a heated uranium carbide target, were transported via a
cooled transfer line to a plasma discharge ion source. Af-
ter extraction with a voltage of 60 kV the 2?Ne ion beam
was mass separated with the General Purpose Separator
(GPS, M/AM =~ 500 resolving power) during a combined
measurement of P, and P, and with the High-Resolution
Separator (HRS, M/AM =~ 6000) during an additional
measurement of Ps,. The GPS and HRS beam intensities
were 1.0 and 0.4 2°Ne ions/s, respectively.

Figure 3 shows the distributions of detection times,
relative to the impact of the preceding proton pulse, of
[B-particles and neutrons. The number of counts in these
spectra, the background levels subtracted, are referred to
as Nz and N, respectively. We cannot extract a reliable
half-life for 2°Ne from our data since we collect activity
until 100 ms, but our data are compatible with the lit-
erature half-lives quoted in table 2. An earlier ISOLDE
measurement [14] reported a longer-lived neutron activity
on mass 29, but since the separator resolution was less at
that time this activity was most likely due to collection of
145X e5t and decay from '#5Xe and its daughter 4°Cs.

Also shown in fig. 3 is the distribution of time separa-
tions between (-particles and subsequent neutrons. Due
to the thermalisation in the long counter, the detection of
neutrons is exponentially delayed with a mean residence
time of 89 4+ 1 us [3]. The number of correlated Gn pairs
in the exponential, Ng,, is proportional to P,. Similarly,
one can construct the spectrum of n-n time separations
and determine Py, from a fit with an exponential (plus
a constant) yielding the number of correlated n-n pairs,
Ny

The four observables Ng, N,,, Ng, and Ny, which in-
clude contributions from both 2Ne and the Na daughters,
are connected to the various neutron branches as follows:

Ng = 2Npeg, (10)
2
N, = Noen <Pn + ZPmP,(f)> : (11)
=0
2 .
Ngn = Noeggen (Pn + Z PmRS”) s (12)
=0
_ 2 (0)
Nnn —NOEn(P2n+POnP2n )a (13)

where Ny is the number of parent decays. The neu-
tron branches of the ((in) daughters have been given
indices (7). Relevant literature information on 2°Ne and
the involved Na isotopes is collected in table 2. The only
short-lived grand-daughter is **Mg (1,2 = 1.30 £ 0.12 s
[10]) whose contribution of S-particles in the time region
0-200 ms was estimated and subtracted when calculat-
ing Ng and its uncertainty. Solving egs. (10)-(13) with
respect to P, and Py, of ??Ne, using Py, =1 — P, + Py,
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Fig. 3. Left: detection times, relative to proton beam impact, of B-particles and delayed neutrons from 2°Ne. The dashed
lines show the fitted background levels. Right: time separations between (-particles and all subsequent neutrons arriving within
500 us correlation time. Only particles registered within the first 200 ms after proton impact were selected. From an exponential
fit, with a constant background added, the number of correlated Bn pairs was determined.

Table 2. Half-lives and neutron branches relevant for the S-decay of 2Ne, taken from literature or determined in this work
from two independent data sets. For Ps,, upper limits are given at 90% confidence level.

Literature GPS data HRS data
t1/2(ms) P, (%) P, (%) P2y (%) Py (%)
®Ne 15.6+0.5° 27+ 9° 17£5 < 2.9 (90% C.L.) < 2.2 (90% C.L.)
Na 44.9+1.2° 25.9 +2.3°
2Na  30.5+£0.4¢ 0.58 +0.12¢

® From [12]; ® from [13]; ¢ from [10].

and P, = P, — 2P,,, yields

1
Pp=— |- PO
1- P9 4 pM {
2N,

EnNg

Nnn

- enlNp

<1 - (P}LO) - 2P7§1)) ﬂ ,

(Pn + Pou PO 1 PMP,SI)) -

enlNn
E%NgNn '

P2n:

(16)

Terms proportional to P,S2) or PQ(BL), the Qg(2n) value for
29Na being only 1.0 MeV, have been neglected.

The resultant neutron branches for 2°Ne are given in
table 2. With the value of ¢, = 0.19 &+ 0.01 [3] as the
efficiency of the neutron counter, the P, value was deter-
mined from eq. (14), taking into account the uncertainties
on all parameters. The error on P,, which improves the
literature value, is dominated by the uncertainties on Ng,,

Pflo) and &,. Even for data with infinitely good statistics,

the error would be 3.5% rather than 5%. A mean resi-
dence time of 96 £ 8 us resulted from the exponential fit
of fn coincidences (fig. 3 right), in agreement with previ-
ous measurements [3].

In order to determine N,,,, time correlations between
neutrons were analysed in two time regions consisting of:
i) the beam related activity prior to 200 ms after pro-
ton impact, and ii) the background activity between 300
and 1200 ms. For the data taken at the HRS, which has
the best statistics but contains no time information on
[B-particles, the first time region contains 20 n-n events
(1000 us correlation time used), subject to an expected
background of 1742 events. Nearly all background events
belong to the exponential component. Using a conserva-
tive estimate of 15 background events, an upper limit of
Nypn = 13.5 (90% confidence level) follows [15], which in
turn implies P, < 2.2% (90% confidence level) accord-
ing to eq. (15). Similarly, using eq. (16), an upper limit of
2.9% for P, was determined from the GPS data. Thus,
there is no indication of -delayed two-neutron emission
from 2°Ne, even though the Q-value for this process is
7.5 MeV.
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