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Abstract

Many choices are available in order to evaluate large radioactive decay net-
works. There are many parameters that influence the calculated -decay delayed
single and multi-neutron emission branching fractions. We describe assumptions
about the decay model, background, and other parameters and their influence
on f-decay delayed multi-neutron emission analysis. An analysis technique, the
ORNL BRIKEN analysis procedure, for determining (-delayed multi-neutron
branching ratios in S-neutron precursors produced by means of heavy-ion frag-
mentation is presented. The technique is based on estimating the initial activi-
ties of zero, one, and two neutrons occurring in coincidence with an ion-implant
and [ trigger. The technique allows one to extract §-delayed multi-neutron
decay branching ratios measured with the >He BRIKEN neutron counter. As
an example, two analyses of the B-neutron emitter *"Cu based on different a
priori assumptions are presented along with comparisons to literature values.

1. Introduction

Measuring single and multi-neutron emission after 5 decay of neutron-rich
nuclei is important in order to understand the evolution of nuclear structure and
its impact on S-decay properties far from stability. Multi-neutron emission after
B decay of neutron-rich nuclei also impacts astrophysical r-process calculations
that estimate the abundance of various nuclei in the galaxy [1, 2]. Present and
future [-decay experiments with neutron-rich exotic nuclei created from the
fragmentation of heavy ions involve complex decay networks. It is important
to have a robust method to reliably extract the decay information associated
with each nucleus. The § delayed neutrons at RIKEN (BRIKEN) collaboration
measured the 8 decays of many neutron-rich nuclei that exhibit zero, single,
and multi-neutron emission probabilities, P,,, (where z =0,1,2,...) [3].

Techniques for evaluating single neutron branching ratios, Pp,, with >He
tubes [4, 5] must be extended to include the possibility of multi-neutron 8 decay.
So far, in heavy nuclei, only one case of a large -delayed 2 neutron emitter,
86Ga (P, = 20(10)%), has been reported [6]. The BRIKEN collaboration aims
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to extend current knowledge of two and more neutron emitters in medium and
heavy mass nuclei [3].

In this paper we present an analysis technique that may be applied to other
situations, though the discussion of the parameters is focused on the BRIKEN
experiment. The analysis technique is based upon measuring zero, one, and two
neutron activities detected in coincidence with an ion-implant and a 3 trigger,
but the technique may be applied to any decay activity in coincidence with an-
other detector. The associated systematic and statistical uncertainties present
several challenges evaluating P,,. This paper discusses these challenges and
presents one analysis procedure, the ORNL BRIKEN analysis procedure, used
to evaluate P,,. Alternative analysis methods along with expanded experimen-
tal detail will be published separately [8]. This manuscript also discusses the
analysis of BRIKEN data using as an example 7"Cu data. The analysis of 7" Cu
is chosen because it is a known [-delayed neutron emitter, with a known half
life of 468(2) ms [13] and a consistently measured single neutron decay fraction,
Py, = 31.0(38)% [14] and Py, = 30.3(22)% [15]. The present paper does not
comment on the evaluation of the associated y-ray detection, which will be pre-
sented in a future publication. In addition to presenting the ORNL BRIKEN
analysis method, we offer comments on the inputs and parameters and their
influence on the errors in evaluating P,,,.

2. Brief BRIKEN Detector Description

The BRIKEN detector as used in the experiments at RIKEN consists of
140 3He neutron detector tubes, a dual purpose ion-implant and 8 detector
(implant-g detector), and two HPGe clovers and one of the experimental setups
is schematically shown in figure 1.

The BRIKEN detector was designed to maximize the neutron efficiency while
keeping the neutron efficiency as uniform as possible over a wide range of initial
neutron energies. The uniform neutron efficiency minimizes the contribution to
the neutron efficiency uncertainty from the initial neutron kinetic energy. This
effect and its impact on the BRIKEN design is discussed in [7]. From the analysis
presented in [7] and neutron source measurements, the average single neutron
efficiency of the BRIKEN detector is 62(2)% for neutrons with kinetic energies
ranging from thermal energies to 5 MeV. Further details of the BRIKEN setup
used in the commissioning experiments can be found in [7, 8].

BRIKEN was placed on the zero degree beam line following BigRIPS at
the RI Beam Factory (RIBF) of the RIKEN Nishina Center. The nuclei were
identified per event by means of the BigRIPS separator [9].

Several different implant-3 detectors were used in the various BRIKEN ex-
perimental runs at RIKEN. Two different silicon based implant-8 detectors
were used in separate runs, the AIDA detector [10] and the WAS3ABI detector
[11]. In conjunction with the WAS3ABI detector, a YSO scintillator [12] based
implant-5 detector was also used. All of the implant-53 detectors are segmented
in order to reduce ion-correlated background S triggers. Two HPGe clovers from
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the CLARION array of Oak Ridge National Laboratory were used to detect
rays in coincidence with g and $-delayed neutron decays.

3. Main Analysis Result

In this section, the fundamental equation used in the analysis is presented.
A derivation of this fundamental equation is presented in Appendix A. The
fundamental equation that contains only implant-5 time dependent terms can
be written as

Aon(t) POn
An(t) | = Alt)erepronE | Pin |, (1)
A2n(t) P2n

where Ay, (t) is the implant-S activity with detecting  neutrons at time t (or
summed over a range of times), A(t) is the overall activity at the same time,
er is the implant efficiency, eg is the § efficiency for zero neutron decays, g, is
the probability to detect no background neutrons in a given time window, P,
is the branching probability for emitting x neutrons, and E is a matrix given by

1 a1€10n a2€20n
E = Tin/Ton a1 (€11n + €10nT1n/Ton) as (€21n + €20nT1n/Ton)

Ton/Ton @1 (€11n71n/Ton + €10nT2n/Ton) G2 (€221 + €21071n/Ton + €20nT2n/Ton)

(2)
In the matrix E, a, is the ratio of the z-neutron 3 efficiency (g, ) to O-neutron 5
efficiency (£3), €zyn is the probability to detect y neutrons given that = neutrons
were emitted (z > y), and 7y, is the probability that x background neutrons
are detected within a given time window. By either considering the reasoning
in Appendix A or merely extending the patterns in Equation 2, the matrix E is
easily extended to include three and four neutron terms (As, (t), Aan(t), Pan,
Pyp, T30, Tan, €33n, etc...) if needed.

After solving equation 1 for the P,, and taking the ratio of P,, while re-
quiring the sum to be 1.0, the dependence of the results on the variables A(t),
€1, €8, and ro,, is removed.

Equations 1 and 2 are applicable to any situation where decay data can be
separated into coincidence with a noisy secondary detector. In our case the
secondary detector is the BRIKEN neutron detector. In most cases the a, can
be ignored by setting them equal to 1.0.

4. Discussion of BRIKEN Specific Parameters

Calculating P, involves evaluating the number of correlated implant trig-
gers with g triggers versus implant-£ times (8 time minus implant time), here-
after referred to as implant-5 activities. Using the estimated initial activity (the
activity at the implant time) from the implant-3 activity gated in coincidence
on the neutron multiplicity gives a way to obtain the P,,.

For each ion-implant signal all associated S signals within +10 sec within
+3 pixels of the implant pixel of AIDA are correlated in software. Each pixel
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in AIDA has a 0.58 mm pitch in both the x and y direction. The implant-3
time correlation plot from a 60 hour BRIKEN run for BigRIPS selected 7" Cu
implanted ions is shown in figure 2. In addition to the implant-S time correlation
activity plots, there are implant-5 time correlation activity plots gated on the
number of neutrons detected within the neutron thermalization time window,
T, = 200 ps, after each B signal (neutron-multiplicity implant-3 activities).
The activity gated on zero neutrons detected is shown in figure 3, the activity
gated on one neutron detected is shown in figure 4, and the activity gated
on two neutrons detected is shown in figure 5. Below we describe how the
estimated initial activity of the neutron-multiplicity implant-8 activities are
used to calculate the P,,.

Before discussing the connections between the initial activity of the neutron-
multiplicity implant-8 activities and the P,,, a discussion of several required
parameters is presented. Some of these required parameters can be measured,
while others must be estimated. The evaluation and propagation of uncertainties
from measured and estimated parameters through the analysis is presented. A
discussion of the parameters considered in the BRIKEN P,,, evaluations is given
below.

4.1. Implant-B Background

Random f3 signals in coincidence with each implant contribute to the nearly
constant background in each implant-8 time correlation plot. These random
B signals originate from other nearby implant 8 signals and implant 3 signals
that are not detected by the 8 trigger. The small slope of the background is
associated with short time drops (up to tens of seconds) in the rate of implanted
ions from an otherwise DC beam. When the beam drops before an implant, this
lowers the correlated 3 counts before the implant. Similarly, beam drops after
an implant lower the background counts after the implant. Because there are
relatively few beam drops, this is a small yet observable effect.

An accurate description of the background affects the fitting of the neutron-
multiplicity implant-3 activities. Especially when the background models dif-
fer on the order of the daughter and granddaughter activities. One way to
minimize the impact of the background modeling is to fit over a shorter time,
this minimizes the impact of variations of the background. For the ""Cu zero
neutron-multiplicity implant-$ activity, the background slope is on the order of
1.5 counts per second, while for the ""Cu one neutron-multiplicity implant-/3
activity, the background slope is on the order of 0.2 counts per second. While
this is small, it contributes a bias to the fit of the “"Cu descendent activities.

The background is linearly modeled, Cy + C; * ¢, before the implant and it
is assumed that the background after the ion-implant time is linearly modeled
as, Cy — C1 x t, with Cy and C; calculated from the background before the
implant. There is some uncertainty in this assumption and an approach is
taken to minimize the impact of the background uncertainty on the estimation
of the initial activity.

The ion-implants have very little background signal, due to the large unique
signal of stopping a heavy ion with 100 — 200 MeV /u energy and the isotopic
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identification plus coincident timing from the BigRIPS detectors [9], though the
ion-implants do create background in the other detectors.

4.2. 3He Neutron Detector

The neutron-rich nuclei studied have roughly 100 — 200 MeV /u of kinetic
energy and their implantation creates background signals in all of the detectors,
including the silicon, scintillator, v, and 3He neutron detectors. The *He detec-
tors see two types of background neutron counts. The first type of background
the 3He counters see is an increase in neutron and 7 counts associated with
the implanted energetic ion, referred to as the prompt flash. The second type
of neutron counter background is from the neutron room background in online
conditions, referred to as random neutron background.

The prompt flash neutron background associated with the stopping of ener-
getic ions detected in the >He counters is removed by rejecting neutrons detected
in the 3He counters within one neutron thermalization time, T}, after the im-
plant time.

Random neutron backgrounds contribute to the implant-3 activities time
structure since they occur in coincidence with the § signal, and therefore these
need to be accounted for in the analysis. Random neutron background proba-
bility coincidences that occur within one neutron thermalization time window
after the -trigger time in the 3He detectors are denoted by 7, for the probabil-
ity of zero background neutrons detected in coincidence, 71, for the probability
of one random background neutron detected, and rs,, for the probability of two
random background neutrons detected within Ty, of the 8-signal time (written
generally as 7, where x =0,1,2,...).

The magnitude of the background neutron coincidence probability, r.,, can
be estimated by requiring decays that have no possible Ps,, decay (Qgz2, < 0.0)
to have an average calculated P5,, consistent with zero. This requirement leads
to an estimation of the background neutron coincidence probabilities. Using
the analysis presented below, the predicted ""Cu P, versus the ratio of the
probability of detecting one neutron to detecting zero neutrons, 71, /7o, With
an assumed small two neutron detection probability is shown in Figure 6. Be-
cause it is energetically impossible for 7"Cu to emit two neutrons, where the
Py, curve crosses zero gives the estimated 7y, /ro, ratio. This technique gives
consistent results for 1, /7o, for other nuclei that have zero Ps,, that were mea-
sured with BRIKEN. The two neutron background coincidence rate is of order
(r1n/7on)? and therefore in general can be neglected compared to the one neu-
tron coincidence rate, though in the equations below it is tracked for the sake
of completeness.

4.8. Parent-Daughter B Efficiencies

The daughter nuclei may have a different S-trigger efficiency than the parent
decay. If the daughter nuclei decay has a different [S-trigger efficiency than
the parent nuclei decay and it is not accounted for in the Bateman equation,
this will influences the fit of the parent activity. For many decays the parent
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and daughter nuclei have radically different 5-decay energy windows, Q5 and
they may have different low energy ~ rays that have large conversion electron
branches. Both of these factors can lead to different 3-detector efficiencies for
parent and daughter nuclei which depend strongly on the low energy threshold
of the implant-3 detector. The Bateman equations need to be adapted in order
to account for these effects and to minimize the influence of related uncertainties
on Pyy,.

4.4. Neutron Multiplicity Dependent 3 Efficiencies

Analogously to parent and daughter nuclei possibly having different S-detection

efficiencies, the different neutron multiplicity components of a single 5 decay can
have different 5 detection efficiencies. The component of the S-decay with no
neutrons emitted has in general a larger decay energy, (Jg, available for the
B and D, to share, than for the one neutron component of the S-decay. This
impacts the S-detection efficiency of the § detector. Similarly, the component
of the f-decay with one neutron emitted generally has a larger decay energy,
Qpn = @ — Sy, available than two neutron component of the 3-decay decay,
Qp2n = @Qp — San, which again can impact the S-detection efficiency.

Another effect that impacts the [ efficiency is the final depth that the im-
planted nuclei stops within the implant-3 detector. For nuclei stopped very near
the silicon surface approximately 50% of the emitted electrons leave no energy
deposit in the ion-implant pixel of the § detector. The implantation depth also
influences the number of detected minimally ionizing £ particles, which to a
good approximation are § particles with energy above 1 MeV. Minimally ion-
izing (8 particles deposit about 400 keV per mm of silicon. With a S-detection
threshold of 200 keV, it is possible for a high energy 3 to leave less than the
threshold energy in the implant-8 detector if it travels through less than 0.5
mm of silicon. To a first approximation to calculate the effect of the implanta-
tion depth on the 3 efficiency one can assume ~ 55% of minimally ionizing 3s
are detected. The number of minimally ionizing 8 particles can be estimated
by assuming a Gamow-Teller 3 emission spectrum with end-point g, Qgn, or
Qp2n, as appropriate. Simulations and further discussion of this effect can be
found in [8].

In this paper the S efficiency for 8 decays that emit no neutrons (P, decays)
is written as €, while the j efficiencies for 5 decays that emit one (P, decays)
or two neutrons (P, decays) are given by 51 and &2, respectively. For 7"Cu
(Qpn = 5.61 MeV and Qg = 10.17 MeV [13]), an implant-g3 detector threshold
of 200 keV and assuming a Gamow-Teller § distribution leads to a ~ 1% relative
difference in the number of s detected. And, still assuming a Gamow-Teller
distribution, up to a ~ 10% relative difference in the number of high energy
particles detected if the ion-implant position in the silicon detector is taken into
account. To account for possible additional effects, a 15% uncertainty in the
ratio of the one neutron emission f efficiency to the zero neutron S efficiency is
assumed for 7"Cu to be €51 /g5 = 1.00(15).
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4.5. Energy Dependence of Neutron Efficiency

As emphasized in [4], the overall neutron efficiency depends on the energy
of the emitted neutron. The energy of neutrons emitted in P, 1), events in
general will have lower energy compared with P, events, though how much
lower is challenging to estimate. By using ()3 and the neutron separation energy,
Sn, values, estimates of the absolute upper emitted neutron energies can be
made.

5. Extracting Activities with the Bateman Equation

5.1. Impact on Bateman Equations

The impact of differing parent-daughter g efficiencies is not included in the
original Bateman equation solution [16]. In order to properly fit the full Bate-
man equation, the P,, need to be known, and for unmeasured S-delayed neutron
emitting nuclei this is not the case. In addition, the parent and daughter g ef-
ficiencies need to be known. The modification to the Bateman equation for
differing parent-daughter S efficiencies is similar to the correction due to the
P,, daughter-neutron daughter factor, and disentangling these two values is
not well defined from the fit of the adapted Bateman equation to the data.

The Bateman equation solutions for zero, one, and two neutron ion-implant
B activities depend on the P,, values, the parent and daughter [ efficiencies,
and on the neutron efficiency in a more intricate way than the full ion-implant
[B-decay time activity does. Effectively, these parameters are not uniquely iden-
tifiable from the fit. Fortunately, precise knowledge of these parameters is not
required to estimate the P,,. Even with ambiguity in the parameter values, the
estimated initial activities from the neutron-multiplicity ion-implant-3 activities
can be used to calculate the P,,.

In order to minimize the influence of the relative daughter 3 efficiencies and
the unknown P,,, values on the Bateman fits, the estimated initial activity of the
zero, one, and two coincident neutron implant-3 activity curves (Aon, A1n, Aan)
can be extracted instead of the full number of counts obtained from a original
Bateman equation fit. The initial activity precision is affected by the statistics,
but is mainly influenced by the parent half-life uncertainty. It is worth noting
that the full statistics are used to estimate the initial activity. The influence
of unknown daughter § efficiencies and of the initially unknown P,, dominate
the errors. The impact of these uncertainties are minimized by looking at the
estimated initial activity, see figures 3, 4, 5. Finally, it is worth noting that the
initial activity at the implant time can be read directly from the decay curve in
order to make online estimates of the P,,.

5.2. Bateman Fitting Ranges

The time range used for fitting the adapted Bateman equations is an impor-
tant factor. For the BRIKEN implant-3 detectors there was electronic noise in
AIDA for the first 30 ms immediately after the ion-implant time, so this early
time data is not included in the fit. This noise has been corrected after the
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first experimental runs and the initial cutoff time has been reduced to around
10 ms. This electronic noise is much longer than, and therefore dominates, the
ion-implant exclusion time, T}, mentioned previously. In the 7"Cu data we do
not use the first 40 ms of data, which does not impact the calculations due to
the much longer 7"Cu half life of 468(2) ms [13]. For much shorter half lives this
becomes a limiting factor.

Choosing the higher time cutoff depends on several factors. First is the
limitation of the background being modeled as linear, as discussed previously.
The second limitation is the accuracy of the modified Bateman equation and
what is actually being fit as the maximum time is increased. There is effectively
no more direct information about the parent decay after six parent half lives, so
fitting beyond that only gains information on the daughter and grand daughter
decays. But the daughter decays are not the primary information we are after,
we are after the parent decay information. For all of the adapted Bateman
equation fits, the endpoint of each fit is varied from 6 to 10 times the parent
half life.

5.8. Initial Activity Contamination by Daughter Activities

The early ion-implant-$ activities for the A,,(¢f) have small quantifiable
contributions from the daughter decays. By looking at early times, times much
smaller than the daughter half life just after the ion-implant time, the amount
of daughter activity at time ¢ is given approximately by

Ap(t) ~ (Apt) Apo, (3)

where Ap(t) is the daughter activity at time ¢, Ap is the daughter decay rate,
and Apg is the initial activity of the parent. This approximation is valid as long
as Apt < 1 and that there are enough Apy counts at early times. In the ""Cu
example, the number of daughter decays at time ¢t = 10 ms amounts to ~ 0.2%
of the initial activity of 77 Cu.

5.4. Influence of Daughter Parameters on Initial Activities

All of the parameters related to the daughter decays, P, values, daughter
B efficiencies, and daughter half lives, minimally influence the initial activity
deduced from the fit. This is because all of the parameters in the modified
Bateman equation at early times are proportional to terms shown in equation
3. And therefore as time goes to zero, the direct influence of the parameter
uncertainties on the initial activity fit also goes to zero. The daughter parame-
ters still influence the estimation of the parent half life, but as we demonstrate
below this error has reduced influence on the P,,.

This line of argument is only true for experiments with no directly implanted
daughter nuclei in the same pixel within the analysis time window. For exper-
iments with a nonzero initial daughter activity equation 3 does not apply and
hence the propagation of errors in the daughter nuclei parameters do not nec-
essarily reduce to zero as in equation 3.
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5.5. Influence of Half Life on the Initial Activities

The parent half life uncertainty influences the P,.,, uncertainty, but the im-
pact on the calculated P, is mitigated by the linear nature of the solution
of equations 1 and 2. Since the parent half life is the same for all three de-
cay components, the impact on the P,, errors of the half life uncertainty is
minimized.

In figure 7, the assumed 77 Cu half life is varied by +50% and the impact on
the calculated “"Cu Py, is (+2, —16)%. If the 7"Cu half life is assumed unknown
by +10%, the impact on the calculated ""Cu Py, is +£2%. In the case of the
literature value of 7"Cu, 468(2) ms [13, 14, 15], the resulting uncertainty of P,
is £0.2%. This is a negligible number when compared with the other sources of
uncertainty.

One way to evaluate the half life error is to use the one neutron implant-3
activity to estimate the half life, because the uncertainty in the zero neutron
implant-£ activity is usually larger. The one neutron implant-g activity half
life is then used in the zero neutron implant-8 activity to calculate the P,.,.
We demonstrate this for the 7"Cu below. For more neutron rich nuclei, the
challenge of extracting a half life due to daughter contamination will be present
in the one and even the two neutron implant-3 activities and therefore it may
be more challenging to obtain a precise half life. But due to the linear nature
of the ORNL BRIKEN analysis technique, the impact of the half-life error on
the P,,, is reduced.

6. Statistical and Systematic Uncertainties Summary

Knowledge of the parent half life has an impact on the estimated errors of
P,,. In many cases, knowledge of the half life is available from previous experi-
ments, but for many of the exotic neutron-rich nuclei measured with BRIKEN,
the half lives are currently unknown or have extremely large uncertainties.

In S-neutron decays, up until recently it has been possible to use the one
neutron decay activity to get a good half-life measurement, because it is a clean
spectrum with little to no contamination from the daughter decays. For exotic
neutron-rich nuclei this may no longer be the case because the daughter nuclei
decays may also have a significant §-delayed neutron decay channel, and ex-
tracting the half-life from one, and even two, neutron implant-3 activity curves
may not be a precise measure of the S-decay half life. Another effective way
to measure a more precise half life is to measure an associated v ray and its
half life gating on the v energy in the HPGe detectors. But this is not always
possible, such as in cases where there are no detected «y rays associated with the
particular decay, whether from low statistics or from no ~ rays being emitted.
In each case the single best possible estimate of the half life should be used to
fit all of the x-neutron activity decay curves, though what is considered best
will depend on the specifics of each nuclei and its daughters.

10



383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

7. Example - 7"Cu

The decay of 7"Cu is presented to demonstrate the analysis procedure de-
scribed in this manuscript. For “"Cu the half life is well known, 468(2) ms
[13, 14, 15], but as an exercise, the evaluation is also presented as if the half life
is unknown and the half lives for the zero, one and two neutron decay activities
are treated as independent. This means the half lives are (slightly) different
for each = (z = 0,1, 2) neutron implant-f activity, which in turn leads to large
uncertainties in the calculated P,, values. In the analysis of nuclei measured
with BRIKEN, the same half life is used for zero, one, and two neutron decay
activity curves.

By varying the initial activities, A, with the uncertainties from the adapted
Bateman equation fit and propagating the results through equation 1 the statis-
tical errors in the P,, can be calculated. To calculate the systematic errors, one
can vary the parameters (€11n, Gz, Tzn/Ton, €tc..) in equation 1 and equation 2
by their respective uncertainties independently or correlated, as is appropriate,
while evaluating the P,,, repeatedly.

The decay of “"Cu is well characterized, [Qs = 10.17(15) MeV, Qg, =
5.61(15) MeV, Qp2, = —2.21(15) MeV] [13]. The negative Q g2, for 7" Cu means
that two neutron decay is not possible. In figures 3, 4, and 5 the implant-38
activities with zero, one, and two neutron multiplicity as a function of time,
Agn(t), for 7"Cu are shown. Approximate initial activities, A,,, can be read off
the histograms, though associating a precise uncertainty for the read off initial
activity poses challenges. The initial activities and uncertainties from the fits
with the adapted Bateman equation without using information on the ""Cu half
life and not requiring the zero, one, and two neutron implant-decay curve half
lives to be the same are Ag,, = 914(106), A1, = 209(15), and As, = 2.5(7).

The initial activities and uncertainties from the fits with the adapted Bate-
man equation assuming the known half life, T} /5 = 468 ms, are Ao, = 908(11),
A1p, = 212(3), and Ay, = 2.6(4). Notice the uncertainties are much smaller than
in the unknown and independently varied half-life case. The resulting 7" Cu half
life from the one neutron decay activity fit is 77/, = 471(25) ms and if half life
is used in the analysis of all three decay activity curves it gives identical results
as using the known half life of 468(2) ms.

Since there are two neutron counts with a decay detected, one might naively
think there is possibly a small two neutron decay branch. But if one compares
the initial two neutron activity to the initial one neutron activity, the ratio is a
little over 0.01, which is just the relative probability to detect a single random
background neutron in the 3He detectors in our thermalization time window,
71n/Ton = 0.012. Using the same argument, about 10 of the one neutron activity
counts, A1, = 212(3), are actually zero neutron events in coincidence with a
background neutron. In this case it is a small correction, ~ 5% relative error,
but in other cases with different relative P,,, values this can be a much larger
correction. For example, a large Py, and a small Pj,,, on the order of a percent
or two, will have a large component of random coincidences in the one neutron
decay curve. This observation holds similarly for a large P;,, and a small P,,.
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Using these initial activities and assuming a single neutron efficiency of 62%
[7], a relative daughter 3 efficiency, a; = 1.0, and estimating the noise by
requiring the Pa, is zero which gives r1,, /ro, = 0.012, as shown in figure 6. For
the case where the ""Cu half life is fixed to the known value and varying the A,
by their uncertainties 100,000 times while inputing these values into equation 1,
a fit of the resulting distribution is shown in figure 8 with a Gaussian function
and reporting the P and op, one obtains Py, = 71.2(5)%, Pi,, = 28.8(5)%, and
Py, = 0.000(1)%. For the case with an unconstrained 7"Cu half life and the
same neutron efficiency one obtains Py, = 71.1(33)%, Py, = 28.9(33)%, and
Py, = 0.000(2)%, the results are shown in figure 10.

If in addition to the statistical uncertainties, the single neutron efficiency
is varied as 62(2)% [7], and the relative neutron-multiplicity as S efficiency
as a; = 1.00(15) (motivated previously), the calculated P, distributions are
shown in figures 9 and 11. Fitting each distribution with a Gaussian function,
one obtains Py, = 70.8(30)%, Pi, = 29.2(30)%, and P, = 0.000(1)% using
the known half life and leaving the half life unconstrained one obtains Py, =
70.7(44)%, P1, = 29.3(44)%, and P, = 0.000(2)%.

Since the ""Cu half life is well known, our reported one neutron branching
fraction, P, = 29.2(30)%, is in 1 o agreement with the literature values of
Py, = 31.0(38)% [14] and Pi,, = 30.3(22)% [15]. The two literature values were
obtained using two different techniques, providing confidence in the value.

8. Summary

We have presented the fundamentals of the BRIKEN analysis and shown
two evaluations of 7" Cu B-neutron precursor decay properties and the associated
statistical and systematic uncertainties as examples. We present a general result
that simplifies calculation and propagation of uncertainties. We also present
a discussion of extracting zero, one, and two neutron activities appropriate
for the BRIKEN setup. This discussion is applicable to other experiments if
daughter implants are spatially and temporally distinguishable from the nuclei
of interest implants. If this is not an appropriate description of a particular
other experiment, the conversion of activities to P,, in equations 1 and 2 is
still valid. For 7"Cu the BRIKEN result for the one neutron branching fraction,
Py, = 29.2(30)% agrees with previous measurements of P, in the literature.
This agreement increases our confidence in the evaluation procedure presented
in this paper.

9. Acknowledgements

This research was sponsored by the Office of Nuclear Physics, U. S. Depart-
ment of Energy under contracts DE-AC05-000R22725 (ORNL). This work was
also supported in part by the National Science Foundation grant PHY 1714153
(CMU). This work was supported by the Spanish Ministerio de Economia y
Competitividad under Grant, No. FPA2014-52823-C2-1-P, and the program

12



w0 Severo Ochoa (SEV-2014-0398) This work was also supported and inspired
a0 by the IAEA Coordinated Research Project for a “Reference Database for (-
an Delayed Neutron Emission”.

w2 [1] Mumpower M R, McLaughlin G C and Surman R 2012 Physical Review C

a3 86 035803 ISSN 05562813 (Preprint 1204.0437)

e [2] Surman R, Mumpower M and Aprahamian A 2015 The Sensitivity of r
475 -Process Nucleosynthesis to Individual 3 -Delayed Neutron Emission Prob-
476 abilities JPS Conference Proceedings vol 6 (Tokyo, Japan) p 010010 ISBN
ar7 4-89027-110-4

ws  [3] Tain J, Agramunt J, Ahn D, Algora A, Allmond J, Baba H, Bae S, Brewer
479 N, Caballero-Folch R, Calvino F, Coleman-Smith P, Cortes G, Davinson
480 T, Dillmann I, Domingo-Pardo C, Estrade A, Fukuda N, Go S, Griffin C,
481 Grzywacz R, Ha J, Hall O, Harkness-Brennan L, Isobe T, Kahl D, Karny
482 M, Kiss G, Kogimtzis M, Korgul A, Kubono S, Labiche M, Lazarus I, Lee
483 J, Liu J, Lorusso G, Matsui K, Miernik K, Montes F, Moon B, Morales A,
184 Nepal N, Nishimura S, Page R, Podolyak Z, Pucknell V, Rasco B, Regan P,
a8 Riego A, Rubio B, Rykaczewski K, Saito Y, Sakurai H, Shimizu Y, Simpson
486 J, Soderstrom P, Stracener D, Sumikama T, Surman R, Suzuki H, Takechi
ag7 M, Takeda H, Tarifenio-Saldivia A, Thomas S, Tolosa-Delgado A, Phong V
288 and Woods P 2018 Acta Physica Polonica B 49 417

s [4] Agramunt J, Tain J, Gémez-Hornillos M, Garcia A, Albiol F, Algora
490 A, Caballero-Folch R, Calviio F, Cano-Ott D, Cortés G, Domingo-
201 Pardo C, Eronen T, Gelletly W, Gorelov D, Gorlychev V, Hakala
492 H, Jokinen A, Jordan M, Kankainen A, Kolhinen V, Kucuk L,
493 Martinez T, Mason P, Moore I, Penttildi H, Podolyk Z, Pretel C,
204 Reponen M, Riego A, Rissanen J, Rubio B, Saastamoinen A, Tar-
495 ifeno-Saldivia A and Valencia E 2016 Nuclear Instruments and Methods
296 in  Physics Research Section A: Accelerators, Spectrometers, Detec-
a07 tors and Associated Equipment 807 69 — 78 ISSN 0168-9002 URL
108 http://www.sciencedirect.com/science/article/pii/S0168900215013169
wo  [6] Gémez-Hornillos M B, Rissanen J, Tain J L, Algora A, Cano-Ott
500 D, Agramunt J, Gorlychev V, Caballero R, Martnez T, Achouri L,
501 Aysto J, Cortés G, Elomaa V V, Eronen T, Garcia A, Hakala J,
502 Jokinen A, Karvonen P, Kolhinen V S, Moore I, Parlog M, Pent-
503 tila H, Podolyak Z, Pretel C, Reponen M, Sonnenschein V and Va-
504 lencia E 2011 Journal of Physics: Conference Series 312 052008 URL
505 http://stacks.iop.org/1742-6596/312/i=5/a=052008

ss  [6] Miernik K, Rykaczewski K P, Gross C J, Grzywacz R, Madurga M, Miller
507 D, Batchelder J C, Borzov I N, Brewer N T, Jost C, Korgul A, Mazzocchi
508 C,Ii AJ M, Liu Y, Paulauskas S V, Stracener D W, Winger J A, Woliniska-
509 Cichocka M and Zganjar E F 2013 Physical Review Letters 111 132502

13



510

511

512

513

514

515

516

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

[7]

Tarifeno-Saldivia A, Tain J, Domingo-Pardo C, Calvino F, Cortes G, Phong
V, Riego A, Agramunt J, Algora A, Brewer N, Caballero-Folch R, Coleman-
Smith P, Davinson T, Dillmann I, Estrade A, Griffin C, Grzywacz R,
Harkness-Brennan L, Kiss G, Kogimtzis M, Labiche M, Lazarus I, Lorusso
G, Matsui K, Miernik K, Montes F, Morales A, Nishimura S, Page R,
Podolyak Z, Pucknell V, Rasco B, Regan P, Rubio B, Rykaczewski K,
Saito Y, Sakurai H, Simpson J, Sokol E, Surman R, Svirkhin A, Thomas S,
Tolosa A and Woods P 2017 Journal of Instrumentation 12 P04006 URL
http://stacks.iop.org/1748-0221/12/i=04/a=P04006

Tolosa-Delgado A, Agramunt J, Tain J L, Algora A, Domingo-Pardo C,
Morales A I, Rubio B, Tarifeno-Saldivia A, Calvino F, Cortes G, Brewer
N T, Rasco B C, Rykaczewski K P, Stracener D W, Allmond J M, Grzywacz
R, Yokoyama R, Singh M, King T, Madurga M, Nishimura S, Phong V,
Go S, Liu J, Matsui K, Sakurai H, Kiss G G, Isobe T, Baba H, Kubono S,
Fukuda N, Ahn D, Shimizu Y, Sumikama T, Suzuki H, Takeda H, Soder-
strom P A, Takechi M, Bruno C G, Davinson T, Griffin C J, Hall O, Kahl
D, Woods P J, Coleman-Smith P J, Labiche M, Lazarus I, Morrall P, Puck-
nell V F E, Simpson J, Thomas S L, Prydderch M, Harkness-Brennan L J,
Page R D, Dillmann I, Caballero-Folch R, Saito Y, Estrade A, Nepal N,
Montes F, Lorusso G, Liang J, Bae S, Ha J, Moon B and the BRIKEN col-
laboration (BRIKEN) 2018 (Preprint 1808.00732)

Kubo T 2003 Nuclear Instruments and Methods m
Physics  Research  Section ~B: Beam  Interactions with  Ma-
terials  and  Atoms 204  97-113  ISSN  0168583X  URL
http://linkinghub.elsevier.com/retrieve/pii/S0168583X02018967

Griffin C J, Davinson T, Estrade A, Braga D, Burrows I, Coleman-Smith P,
Grahn T, Grant A, Harkness-Brennan L J, Kogimtzis M, Lazarus I, Letts
S, Liu Z, Lorusso G, Matsui K, Nishimura S, Page R D, Prydderch M,
Pucknell V, Rinta-Antila S, Roberts O, Seddon D A, Simpson J, Strachan
J, Thomas S L. and Woods P J 2014 Proceedings of Science NIC XIII 097
ISSN 18248039

Nishimura S, Lorusso G, Xu Z, Wu J, Gernh R, Jung H S, Kwon Y K, Li
Z, Steiger K and Sakurai H 2013 RIKEN Accelerator Progress Report 46
182

Balcerzyk M, Moszynski M, Kapusta M, Wolski D and andC L Melcher
J P 2000 IEEFE Transactions on Nuclear Science 47 1319

Wang M, Audi G, Kondev F G, Huang W J, Naimi S and Xu X 2016 Chi-
nese Physics C 41 030003 ISSN 03759474 (Preprint arXiv:1011.1669v3)

Hosmer P, Schatz H, Aprahamian A, Arndt O, Clement R R C, Estrade
A, Farouqi K, Kratz K L, Liddick S N, Lisetskiy A F, Mantica P F,
Moller P, Mueller W F, Montes F, Morton A C, Ouellette M, Pellegrini

14



551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

E, Pereira J, Pfeiffer B, Reeder P, Santi P, Steiner M, Stolz A, Tomlin
B E, Walters W B and Wohr A 2010 Phys. Rev. C' 82(2) 025806 URL
https://link.aps.org/doi/10.1103/PhysRevC.82.025806

[15] Ilyushkin S V, Winger J A, Gross C J, Rykaczewski K P, Batchelder J C,
Cartegni L, Darby I G, Goodin C, Grzywacz R, Hamilton J H, Korgul A,
Krélas W, Liddick S N, Mazzocchi C, Padgett S, Piechaczek A, Rajabali
M M, Shapira D and Zganjar E F 2009 Phys. Rev. C' 80(5) 054304 URL
https://link.aps.org/doi/10.1103/PhysRevC.80.054304

[16] Bateman H 1910 Proceedings of the Cambridge Philosophical Society 15
423427

Appendix A. Derivation of Equations 1 and 2

In this appendix we describe the derivation of equation 1 and 2. For the
derivation we only consider up to a two neutron emitting nucleus. The extension
of the analysis to three and four neutron decays is straight forward. The basis
of the derivation is to consider all of the possible ways to detect y neutrons
(0 < y < z) given that x neutrons (0 < < 2) are emitted. For clarity, in the
first part of the derivation we ignore the dependence of the relative g efficiency
on the number of neutrons emitted, that modification is shown following the
basic derivation.

The possible ways to detect no neutrons for various decay events are listed
here. There are only three possible ways. The first possibility is a decay with
zero neutrons emitted and no background neutrons detected. The second possi-
bility is a decay with one neutron emitted but that neutron is not detected and
no background neutrons are detected. The third possibility is a decay with two
neutrons emitted but neither neutron is detected and no background neutrons
are detected. Using the notation used in equations 1 and 2, the ways to detect
zero neutrons can be written as

Aon(t) = A(t)erepron (Pon + €100 Pin + €20nPon) - (A1)

Next is the list of possible ways to detect one neutron from various decay
events. There are five possible ways. The first possibility is a decay with zero
neutrons emitted and one background neutron detected. The second possibil-
ity is a decay with one neutron emitted and that neutron is detected and no
background neutrons are detected. The third possibility is a decay with one
neutron emitted but that neutron is not detected and one background neutron
is detected. The fourth possibility is a decay with two neutrons emitted and
only one of those neutrons are detected and no background neutrons are de-
tected. The fifth possibility is a decay with two neutrons emitted and neither
of those neutrons are detected but one background neutron is detected. Using
the notation used in equations 1 and 2, the ways to detect one neutron can be
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Figure 1: (Color online) Schematic top view of the BRIKEN detector. The AIDA silicon
detectors (purple) are referred to as implant-3 detectors, because the nuclei of interest are
first implanted into these detectors and then the 8 particles emitted in subsequent 3 decays
are also observed in the same detectors. For the analysis described in the text, only coincident
information from the 3He tubes and one of the implant-/3 detectors is required.
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Figure 2: (Color online) Fit of adapted Bateman equation to 77Cu data with an implant-3
trigger correlation and no information on the number of neutrons from the 3He tubes. The
residual of the i? bin is defined as R; = (data; — fit) /\/Ti, where n; is the number of counts
in the i*" bin. Shown in the plot are the total fit (orange - solid), 77Cu (red - long dashed),
777n (dark red - short dashed), 76Zn (blue - dotted), background (light gray - solid), and the
data (black - solid). All decay curves are offset by the background. The granddaughter decays
are not shown to preserve clarity.
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Figure 3: (Color online) Fit of adapted Bateman equation to 77Cu data with an implant-3
trigger correlation and zero neutrons detected in the 3He tubes. Colors and comments are as
in figure 2.
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Figure 4: (Color online) Fit of the adapted Bateman equation to 77 Cu data with an implant-3
trigger correlation and one neutron detected in the 3He tubes. Colors and comments are as
in figure 2, though the total and the 77Cu decay are almost indistinguishable.
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Figure 5: (Color online) Fit of the adapted Bateman equation to 7" Cu data with an implant-3
trigger correlation and two neutrons detected in the 3He tubes. Colors and comments are as
in figure 2, though the total and the 77Cu decay are almost indistinguishable.
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Figure 6: The variation of the calculated 77Cu Py, with statistical uncertainties versus the ra-
tio of one neutron background coincidence probability to zero neutron background coincidence
probability. The vertical dashed line at 0.012 is the zero crossing point.
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Figure 7: The variation of the calculated Pi, versus input 77 Cu half life. This demonstrates
the technique’s level of stability to uncertainties in the half life. The experimental 77 Cu half
life is bounded by the two gray lines [13]. The solid blue line is drawn to guide the eye.
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Figure 8: (Color online) Statistical variation of 77Cu initial activities and the impact on the
Py assuming the known 77Cu half life, T2 = 468(2)ms. Py, is shown as a solid gray line,
P1,, is shown as a dashed red line, and Ps, is shown as a dotted blue line.
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Figure 9: (Color online) Statistical and systematic errors after variation of 77Cu initial activ-
ities and the other parameters described in the text and their impact on the Py, assuming

the known 77Cu half life, Ty /2 = 468(2)ms. Colors and line styles are as in Figure 8.
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Figure 10: (Color online) Statistical variation of 7" Cu initial activities and the impact on the

Pyrn, with non-fixed 77Cu half life. Colors and line styles are as in Figure 8.
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written as

Ay (t) = A(t)ereg (Ponrin + €11nTonPin + €10nT1n Pin + €21n70n Pon + €20nT1n Pon) ,
(A.2)
The last enumeration of possibilities considered is the list of possible ways to
detect two neutrons from various decay events. There are six possible ways. The
first possibility is a decay with zero neutrons emitted and two background neu-
tron detected. The second possibility is a decay with one neutron emitted and
that neutron is detected in coincidence with one background neutron detected.
The third possibility is a decay with one neutron emitted but that neutron is not
detected but two background neutrons are detected. The fourth possibility is a
decay with two neutrons emitted and both emitted neutrons are detected along
with no background neutrons detected. The fifth possibility is a decay with two
neutrons emitted and only one of the emitted neutrons is detected along with
one background neutron detected. Lastly, the sixth possibility is a decay with
two neutrons emitted and neither of the emitted neutrons is detected but two
background neutrons are detected. Using the notation for equations 1 and 2,
the ways to detect two neutrons can be written as

Aon(t) = A(t)eres (Ponran + €11n71nPin + €10nT2nPin + €22n70nPon + €21n2“1nP)2n + €20nT2nPon) -
A3
Equations A.1, A.2, and A.3 are not quite equations 1 and 2, one additional set
of parameters remains to be inserted.
Due to the possible large difference between Qg, Qgan, and Qga2n (decay
energy for zero, one, and two neutron decays) the associated § efficiencies (g4,
€p1,682) may not be the same. Adding these parameters to the equations, the
zero neutron equation becomes

Apn (t) = A(t)erron (€gPon + €g1€10nPin + €82€20nPan) (A.4)

with similar changes to the one and two neutron equations.

After factoring out g, 7on, and group the A,y (t) and the Py, into vectors,
the remaining components are the matrix E, we arrive at the equations 1 and
2, the basis of the ORNL BRIKEN analysis technique.

The extension of this analysis to three and larger neutron emission is straight
forward, with the additional modification that the random probability of three
and four background neutrons should be included and that the § efficiencies
and neutron efficiencies for three and four neutron decays should be included.
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Figure 11: (Color online) Systematic and statistical variation of 77 Cu initial activities and the
other parameters described in the text and their impact on the P, with a non-fixed 77Cu

half life. Colors and line styles are as in Figure 8.
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