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We performed a decay spectroscopy experiment investigating neutron-rich nuclei around 3>3®Mg
at the RIBF (Radioactive Isotope Beam Factory, RIKEN, Japan). These nuclei were produced by
relativistic projectile fragmentation of a 345 AMeV **Ca primary beam from the superconducting
ring cyclotron SRC with an average intensity of 70 pnA. The secondary cocktail beam was sep-
arated and identified with the BigRIPS [@] fragment separator and the ZeroDegree spectrometer
(ZDS). The unambiguous particle identification was achieved by the multiple measurement of the
energy loss (AE), time of flight (TOF) and magnetic rigidity (Bp) event-by-event. The identified
fragments were implanted in the CAITEN [@] detector (Cylindrical Active Implantation Target
for Efficient Nuclear-decay study). The main part of this detector is a highly segmented plastic
scintillator with the shape of a hollow cylinder. To reduce background decay events the scintil-
lator was rotated and in additiom moved vertically. Implantations and decays were correlated in
time and space to determine precise half-lives for the implanted nuclei.
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1. Introduction

The half-life is the first observable which is accessible in pioneering experiments investigat-
ing very exotic nuclei. The experiment discussed in this work was performed in fall 2010 at the
Radioactive Isotope Beam Factory (RIBF) [B] at the RIKEN Nishina Center for Accelerator-Based
Science which is located at Wako (Saitama Prefecture), Japan. Decay properties of neutron-rich
nuclei in the area around *-**Mg were investigated. These nuclei were produced by relativistic pro-
jectile fragmentation. They were separated and identified in flight using the BigRIPS spectrometer
and stopped in an implantation detector to perform decay spectroscopy.

2. Experimental setup

2.1 Separation and identification

Neutron-rich nuclei were produced via relativistic projectile fragmentation of **Ca%** projec-
tiles from the Superconducting Ring Cyclotron (SRC) with an energy £ = 345A MeYV, incident on
a rotating beryllium target with a thickness of 15 mm which corresponds to an areal density of
2.8 g/lcm?. The nuclei of interest were separated and identified with the BigRIPS spectrometer [[I].
The separation of background fragments in the cocktail beam was done with the first stage of the
BigRIPS fragment separator. Two dipole magnets and an achromatic aluminum energy degrader
located at the dispersive focus F1 were used to perform a Bp-AE-Bp selection. The dipole mag-
nets separate the beam with respect to the magnetic rigidity Bp and the transmission of the beam
through a degrader results in an energy loss AE which depends on the nuclear charge Z of the trans-
mitted fragment. To study different regions of interest on the nuclear chart, two different settings
of the spectrometer with *Ne and 3®Mg as a central fragment had been used. The degrader had
a median thickness of 15mm and 10 mm for the 3°Ne and 3®Mg setting, respectively. The second
stage of BigRIPS (F3 to F7) was used to identify the transmitted fragmentation products using the
AE-Bp-velocity method. The energy loss AE of the ions was measured in a multi-sampling ion-
ization chamber (MUSIC) located at F7. The magnetic rigidity Bp was determined from position
measurements of parallel plate avalanche counters (PPAC) [B] at the achromatic focus F3, the dis-
persive focus F5 and the achromatic focus F7. The time of flight (TOF) was measured between two
plastic scintillators at F3 and F7 separated by a flight path of 47 m. With this information an unam-
biguous event-by-event identification of the fragments in (A, Z) is possible. A second identification
of the beam fragments was performed in the zero-degree spectrometer (ZDS). The AE-Bp-velocity
method was applied again between the focal planes F8 to F11. The result of the particle identifica-
tion of the ZDS can be seen in figure [. At the end of the beam line (F11) the identified fragments
were stopped in the implantation detector CAITEN described in the next section.

2.2 Implantation and beta detector CAITEN

CAITEN [D] (Cylindrical Active Implantation Target for Exotic Nuclei) is a highly segmented
implantation and f3 detector. It can handle high implantation rates up to several kHz of heavy ion
cocktail beams and is able to measure half-lives in the range of milliseconds up to several hundreds
of milliseconds. It consists of two subsystems: A segmented movable hollow-cylindrical-shape
plastic scintillator and 24 stationary position-sensitive photomultiplier tubes (PSPMTs) arranged
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Figure 1: Particle identification in the ZDS between F8 and F11. The mass resolution of the ZDS is
AA = 0.23 (FWHM) and the nuclear charge resolution is AZ = 0.30 (FWHM). Left: 30Ne setting. N = 20
isotones are marked in black. Right: 3®Mg setting. N = 24 isotones are marked in black.

on a ring inside the scintillator at the height of the beam line. Implantations and decays are detected
with position and time information. A schematic view of the CAITEN components is shown in the
left part of figure @. The implantation region of the detector is surrounded by 3 HPGe clover
detectors not used in the analysis described in this paper.

2.2.1 Scintillator

The scintillator has a diameter of 500 mm, a height of 1000 mm and a thickness of 20 mm.
It is highly segmented and is made of 4 - 10* plastic pixels of the size 6 x 6 x 20mm?. They are
separated from each other by a thin mesh made from aluminum sheets. To reduce background
events the scintillator is rotating and moving in vertical direction with a constant velocity. This
motion results in a helix-shaped motion which has the advantage, that the collected radioactivity in
the scintillator from daughters, granddaughters and further decay generations of implanted nuclei
is transported away from the light-collecting PSPMTs. Rotation frequencies of 20 and 40 rpm
which correspond to velocities of 500 and 1000 mm/s on the surface of the scintillator were used
for the 3®Mg and 3°Ne runs, respectively. In addition to this fast rotation long-lived decay products
(Ty2 > 200 ms) can be removed from the active area of the PSPMTs with a vertical motion of
2 mm/s. Because of the fast motion of the scintillator, a direct optical connection of the scintillator
and the stationary PSPMTs is not possible: There is an air gap of Az ~ 3 mm between the scintillator
and the light guides of the PSPMTs. The rotation has to be taken into account for the analysis. A
correlation time of 150 ms was sufficient for all the short lived nuclei discussed in this paper. This
corresponds to a maximum horizontal shift between the implantation and decay position of 75 and
150 mm for the **Mg and 3°Ne setting, respectively. As this shift is smaller than 3 times the width
of a PSPMT, it is not necessary to read out all the PSPMTs. Thus to save read out channels, only
the PSPMTs numbered O, 1, 2, 3 and 4 were read out, as shown in the left part of figure D. For the
data analysis the vertical motion can be neglected as the vertical shift between the implantation and
decay position is smaller than 0.3 mm and consequently much smaller than the position resolution
of CAITEN (8 mm (FWHM)).
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Figure 2: Left: Schematic drawing of the components of CAITEN (view from the top). The segmented
scintillator is plotted in gray, the PSPMTs which are read out in red, the PSPMTs which are not read out
in green, the light guides of the PSPMTs in orange and the HP-germanium clover detectors in blue. Right:
Readout of a 64-fold segmented PSPMT: 8 horizontal pixels of the PSPMT are connected via a resistor
chain (each resistor has R = 150 Q) to reduce the number of readout channels from 64 to 16. The splitting of
the charge in the left and right channels of the resistor chain is used for the reconstruction of the horizontal
position of a decay or implantation event.

2.2.2 Position-sensitive photomultiplier tubes (PSPMTs)

The light detection of the scintillator pixels is done with Hamamatsu H8500 PSPMTs. To
collect the emitted scintillation light efficiently, the PSPMTs are coupled to segmented light-guides.
The PSPMTs are 64-fold segmented with a pixel size of 5.8 x 5.8mm?. To reduce the number of
readout channels 8 of the anode pixels of a PSPMT were connected via a horizontal resistor chain
and read out on both sides (see right part of figure [). In total there are 16 readout channels for
one PSPMT. The PSPMT Nr. 0 at the beam spot position is used for detecting implantations and
decays. There is a large difference in energy deposited by an implantation (several GeVs) and a
decay (up to several MeVs) event. Therefore the signal of PSPMT Nr. O is split in a high gain
readout branch for decays and a low gain readout branch for implantations. The PSPMTs Nr. 1-4
are only connected to a high gain readout branch as they detect decays only.

3. Data analysis

The data acquisition systems of BigRIPS used for the particle identification (PID) and the
CAITEN detector were used independently in different trigger and deadtime regimes. Implanta-
tions in the CAITEN detector and the PID are correlated with time stamps of 10 ns granularity. The
two time stamps are compared and if there is a match of a particle identification and an implantation
event, these events get correlated. In this way each implantation event can be associated with an
identified particle. Due to the air gap of 3 mm between the scintillator and segmented light guides
of the PSPMTs not only one pixel of a PSPMT detects the total amount of the emitted light but it is
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Figure 3: Left: Uncalibrated horizontal position of PSPMT Nr. 0 versus the rotation time of the *’Sr calibra-
tion source. Right: Calibrated horizontal position of all PSPMTs versus the rotation time. The point at time
t = 0 and position x = 0 corresponds to the center of PSPMT Nr. 0. The non-linearity caused by the resistor
chain readout of the PSPMTs is corrected by the position calibration. The positions of the five PSPMTs and
the gaps in between them are visible.

distributed among a few photomultiplier pixels. In addition, the scintillator pixels and segmented
light guides are not aligned because of moving scintillator. Therefore a special method was used to
calibrate the position measurement.

3.1 Position calibration

For each horizontal resistor chain of a PSPMT connecting a row of 8 pixels the value Qgep =
/Olett - Oright is evaluated. Quey and Qrign; are the electric charges which were detected by the two
sides of a resistor chain. The resistor chain with the highest value for Qq4ep, was defined as the
vertical implantation or decay position. A horizontal position calibration was carried out using a
20Sr source that was fixed to the outer surface of the CAITEN scintillator rotating at a frequency
of 40 rpm around the PSPMTs. From the timing information of the rotation the exact position x;
of the source was known at all times. The measured (uncalibrated) horizontal position Xmeasured 1S
calculated using

 Oright — Qleft
Oright + Oleft

Oright and Qjef; are the calibrated charges detected in the left and right channel, respectively. s is

3.1

Xmeasured =

a scaling factor to match the size of the PSPMT. With this information and the known position x;
a higher level calibration removing the non-linerities shown in figure B (left) was performed. The
calibrated horizontal position is shown in figure B (right). An average horizontal position resolution
of Ax = 8 mm (FWHM) was determined from this measurement.

3.2 Correlation of implantations and decays

The most important part of the analysis is the correlation of implantations and decays in time
and space. The high implantation rate of =~ 200 Hz together with the limited position resolution of
the CAITEN detector leads to a significant amount of wrongly correlated events. To evaluate “real”
correlations and random background correlations a background subtraction was performed. A cor-
relation plot and the principle of the background subtraction are illustrated in figure B used for the
following discussion: The time difference of each implantation with each decay is plotted versus
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Figure 4: Position-time correlation of implantations and decays of 3'Ne. Left: Correlation plot of all raw
events. The time difference of an implantation and a decay is plotted along the x-axis while the position
difference due to the rotation of the scintillator is plotted along the y-axis. The graphical cut on the right-
hand side corresponds to correctly correlated events, the one on the left-hand side to (random) background
events, only. The area of the two cuts is equal. Right: Background subtracted correlation spectrum: The
events with a negative correlation time (inside the background cut of the spectrum in the left) are shifted
in time by 150 ms and subtracted from the events with the expected correlation time. Bins with zero or a
negative number of entries are plotted in white.

the position difference due to the rotation of the scintillator for all registered events. A graphical
cut on the right-hand side of the spectrum in the top corresponds to correlated events with a positive
correlation time between implantations and decays. This cut takes into account the rotation speed
of 1000 mm/s used here. To cover all possible real correlations and avoid systematic uncertainties
a spacial correlation window of Ax = £36 mm was used. To remove random correlations there
is a second graphical cut on the left-hand side of the spectrum in the top: As there is a negative
correlation time between implantations and decays all events in this cut are random correlations.
A subtraction of the events in the graphical cut with negative correlation time from the one with
a positive correlation time is performed to quantify the amount of “real” correlations. Due to the
data acquisition dead time of #4¢,9 < 0.5 ms implantation-decay correlations with a time difference
|taitr| < tdead are missed. This is taken into account by using time differences |¢gifr| > 1 ms only for
analysis of half-lives.

3.3 Analysis of half-life measurements

Figure B shows time projections of the two groups of correlations discussed before cutting
on implantations of 3°Ne. The black histogram shows the difference of the correlated events after
random background subtraction which was used for the half-life analysis. After an implantation
there is not only the decay of the implanted very neutron-rich nuclei but there is a decay chain
of many generations of nuclei: The mother nucleus Z decays to a daughter nuclide 4Z+1, the
daughter decays to a granddaughter Z+2. This chain continues for many generations until it
ends in the valley of stability. In addition to the “normal” 8 decay it is also possible to have f3-
delayed neutron emission after the decay of a very neutron-rich nucleus. The probability to have
an emission of one or two neutrons after the 8 decay is denoted with P(n) and P(2n), respectively.
Consequently, the mother nucleus 4Z can decay with a probability P(n) to the 8-n daughter 4~ !Z+1
and with a probability P(2n) to the 3-2n daughter ~2Z+1. Only the decays of the mother, daughter
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Figure 5: Time correlation of implantations and decays of *Ne. Red: Correlated events. Blue: (Random)
background events. Black: Subtraction of the (random) background events from the correlated events.

and granddaughter generations and the emission of up to two neutrons in a decay chain are taken
into account. This is reasonable because the half-lives of the further decay generations are in
the order of seconds whereas the half-lives of the investigated mother nuclei are in the order of
milliseconds and the probability to have more than two neutrons emitted in one decay chain is
very small for all decay chains investigated in this experiment. To extract the decay constants of
the nuclei the following mathematical considerations are made: The mother nucleus decays with a
decay constant A which corresponds to a half-life of 7, , =1n2/4. The probability that the mother
nucleus 4Z (denoted with subscript 1) exists at the time ¢ is P; (1,7) = exp (—A,¢). Consequently
the probability density that a decay of the mother with the decay constant A; takes place in the
interval between t and t + dt is given by fj (A1,7) = A1 P (A1,¢) = A1 -exp (—A;t). The probability
that the daughter nucleus 4Z+1 (Py), a B-n daughter nucleus 4~'Z+1 (Py;) or a $-2n daughter
nucleus 472Z+1 (Py) exists at the time ¢ can be calculated by solving the following differential
equation with the initial conditions Py, (t = 0) = 0:

aPZx (pl,)mlhlbmt)
dt

The subscript 2 stands for the daughter generation and the subscript x for the number of neutrons

= p1xMP1 (A1) = AaxPox (P1 oy A1, Ao, t) (3.2)

emitted after the mother decay. p; . denotes the probability to have an emission of x neutrons after
the B decay of the mother. So the probability that a daughter nucleus exists at the time ¢ is:

A
Py (P1s Aty Ay t) = ﬁ lexp (— A1) — exp (—Aaxt)] (3.3)

The probability density that a decay of a daughter nucleus with the decay constant A,, takes place
in the interval between t and t + dt is given by

Mo
Fre (Pres My Aas ) = AaePar (1, Aty A ) = ﬁ lexp(—Aar) —exp(—Aait)].  (34)

The equations for the granddaughter generation can be derived, similarly. The probability density
that a decay of a mother, daughter or granddaughter nuclide takes place in the interval between t
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and t + dt is given by
2
Jowt (1) = i) + Y, [fr(t) + f3x(1)] - (3.5)
x=0

For the analysis of the half-life equation B3 is fitted to the decay curve with only two fit parameters:
The decay constant of the mother nuclide A; and an amplitude C. This amplitude C is only a scaling
factor as the probability density fior (¢) is normalized (to the implantation of only one nuclide in the
detector). All the other parameters related to less exotic nuclei and typically known with reasonable
precision are used as input for the fit.

4. Measured half-lives

The measured half-lives of the implanted nuclei will be presented dependent on the uncertain-
ties of input parameters in addition to the statistical uncertainty of the measurement. To quantify
the dependence of the half-life of the implanted nucleus on a parameter x, the parameter Ax is intro-
duced which corresponds to the difference of the “real” value x;e; and the known literature value
xji divided by the uncertainty of the literature value o (xj;):

— Xlit

Xreal
Ax=——

4.1
o) 1)

The fit range is chosen to be ~ 5 times the half-life of the implanted nucleus. Consequently
1—(1/2)3 =~ 97% of the mother decays appear in this range, which is almost the complete sam-
ple. A larger range would lead to an increase of the systematic uncertainties. Figure B shows the
measured decay curves in comparison with the different contributions (as discussed above) fitted
to each distribution. Table I gives the results of the fits. The example of **Ne is used here to
explain how to read the table. The measured half-life ¢, /2(30Ne) in the experiment is 7.40 ms with
a statistical uncertainty of 0.04ms. The literature value for the half-life of the daughter *°Na is
48 +2ms [B]. If the “real” value of the half-life of **Na is 50 ms (or 46 ms) which corresponds
to 11/2(**Na) 4 (—)o(r12(**Na)) then the measured half-life 7, ,(**Ne) increases (decreases) by
0.07 ms. The same method can be applied for the branching ratio Py, (**Ne) and the half-life of the
B-n daughter #; /,(*’Na). The result for the half-life of **Ne is

t1/2(**Ne) = [7.40£0.04(stat.) +0.07 (sys. At; ,(*’Na))

4.2
+£0.02 (sys. APy, (**Ne)) +0.01 (sys. At; »(*’Na))] ms. “2

Comparing the results of the half-lives measured in this work with literature values there is good
agreement within the mutual 1o uncertainties for all nuclei but Mg and 3Mg. The literature
half-life #, /2(35 Mg)jit = 70(40) ms [B, B] has a very large uncertainty which includes the result of
this work #; /(¥ Mg) his work = (11.2540.49(stat.) +0.19(sys.)) ms within 1.56. 1, /(**Mg)y; =
3.9(1.3) ms [B, @] is consistent with the result of this work #; »(**Mg) is work = (7.63 -0.06(stat.)
fg:‘;g (sys.)) ms within 1.8c. The total uncertainties of the half-lives measured in this work for 2°F,
30Ne and 333°Mg are smaller than the corresponding uncertainties of the literature half-lives. For
31:35Na und 373 Al the systematic uncertainties dominate the total uncertainties as the uncertainties

of the input parameters are large.
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Figure 6: Experimental decay curves and fitted results for 2°F, **Ne, 31:3Na, 3%3Mg and 3738 Al. Aside
from the total fit curves the contributions from the mother, daughter and granddaughter decay modes are
shown. The literature half-lives of the mother nuclei are the start values for the fits. All the other half-life,

P(n) and P(2n) values shown in the figure are input parameters for the fit.
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measured | statistical || x>/ndf || Aty | AP(n) | Ax literature
)2 [ms] | error [ms] [ms] | [ms] [ms] )2 [ms]
(6]
YF 2.67 0.10 0.85 0.00 | 0.16 | Ay 0.02 || 2.5(3)
ONe || 7.40 0.04 1.16 0.07 | 0.00 | AP, 0.02, || 7.3(3)
Atp1 0.01

3INa || 17.53 0.18 1.08 0.15 | 0.16 | Ay; 0.05 || 17.0(4)

BNa || 2.44 0.31 0.86 0.10 | -0.16 | Aty; 0.29 || 1.5(5)

PMg || 11.25 0.49 0.89 0.02 | 0.17 | A 021 || 70(40)

Mg || 7.63 0.06 1.03 | 702 -0.21 3.9(13)

STAl || 11.85 0.06 102 | 99127 10.7(13)

BAl || 8.67 * 0.15 0.89 | 530 | 0.00 7.6(6)

Table 1: Measured half-lives and uncertainties. All half-lives and uncertainties are given in milliseconds,
the x?/ndf is a measure for the quality of the fit. 129 and f2; correspond to the half-life of the daughter and -n
daughter. P(n) and P(2n) are the probabilities to have an emission of one or two neutron after the mother
decay. An explanation of how to read the table can be found in the text. (*) Half-life of daughter 38Si not

known experimentally, from systematics [Q]: 7 /2(3SSi) =90 ms.

Another method to determine half-lives without input parameters from the decay chain is the
measurement of decays with coincident y-rays which originate from the  decay daughter. But this

data is still under analysis and will be published soon [[].
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