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The study of neutron-unbound systems using invariant mass spectroscopy is often performed using low-intensity
radioactive ion beams. Low reaction yields can be countered by using thick targets but at the expense of larger
uncertainties in the reconstructed invariant mass. We present a new segmented target designed to address this
trade-off. It is composed of three ~4 mm thick passive beryllium targets interleaved between four 140 pm thick
position sensitive silicon detectors. In the first experiment to use this new system the half-life of two-neutron
unbound %°0O was measured to be T, n= 5.0“:;:; (stat)+1.7 (syst) ps, which agrees with a previous measurement

made by the MoNA Collaboration.

1. Introduction
1.1. Invariant mass spectroscopy to study neutron-unbound systems

Invariant mass spectroscopy is a well-established experimental tech-
nique that can be used to extract nuclear structure information [1,2].
This technique has been applied to study neutron-unbound systems [3].
These experiments provide information about neutron-unbound states
that decay on timescales of ~1072! s by measuring the energies and
momenta of the daughter particles (a charged fragment and one or
more neutrons) [4-6].

One kind of experimental setup used to study neutron-unbound
states is exemplified by the MoNA-LISA-Sweeper setup at NSCL/MSU
[7]. This setup involves a reaction target in which the nuclide of
interest is produced, a set of neutron detectors, a dipole magnet and a
suite of charged particle detectors. The neutron four-vector is obtained
from measuring the time-of-flight (ToF) and the interaction point in
the neutron detector. The dipole magnet sweeps charged fragments
out of the neutron flight path, and measurements made with the
charged particle detectors are used to identify the decay daughter and
reconstruct its four-vector. For the case of two-neutron emission, the
four-vectors of the daughter fragment and neutrons are then used to

calculate the invariant mass M of the short-lived nucleus according to
Eq. (1)

M? = M2 +2m, + 2AE2 — 52) M
where
E% =E E, + E4E,+E,E,

1722 =Pa D1 +Pa Pua+ Pu1 - P2

where M,,E, and p, (my, E,|, E,», p,; and p,,) are the rest mass,
energy and momentum vector of the charged fragment (two neutrons),
respectively. The difference between the invariant masses of the parent
and daughter particles is defined as the decay energy, see Eq. (2), and
corresponds to the excitation energy in the unbound parent system
above the neutron emission threshold.

Eaecay = \/ M + 202 +2(E2 = 52) — M, = 2y @
1.2. Decay energy reconstruction

Reconstructing the decay energy requires knowledge of the frag-
ment and neutron four-vectors at the decay vertex inside the target
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material. The material between the decay vertex and the neutron detec-
tors induces a negligible amount of scattering for the neutrons, so the
time-of-flight and position measurements reliably capture the neutron
information needed for the decay energy calculation. Recovery of the
fragment energy and momentum at the decay vertex is more challeng-
ing because the location of the decay is not measured. Therefore, the
energy lost as the fragment moves through the remainder of the target
material must be estimated and added to the fragment momentum
measured after the target. The energy loss estimate introduces a ~6%
uncertainty in the reconstructed fragment kinetic energy for a 700
mg/cm? beryllium target and a beam energy of 105 MeV/u.

1.3. Balancing reaction yield and resolution

Invariant mass spectroscopy experiments to study neutron-unbound
states are based on radioactive ion beams (RIBs) produced via in-flight
projectile fragmentation. The intensity of the fragment beam can range
from ~10-1000 particles/s [8,9]. The beam is then directed onto the
reaction target. Typical cross-sections for the one- or two-proton knock-
out reactions commonly used in studies of neutron-unbound systems
are ~1 mb and ~0.1 mb, respectively [3]. Thus experiments at the
limit of feasibility would greatly benefit from any method that increases
reaction yield.

One way to increase reaction yield is to use a thick target to increase
the number density of target nuclei. This approach negatively impacts
the resolution of the decay energy measurement. For example, the 6%
uncertainty discussed previously for a 700 mg/cm? is inflated to 42%
for a 2100 mg/cm? beryllium target.

An active target could directly measure the energy loss event-by-
event. In current active target systems, the fill gas acts as both the target
and detector material [10-13]. To produce the same reaction rate as a
1 cm thick solid beryllium target, an active target filled with an ideal
gas would need to be 10’ m long and operate at 500 kPa (~5 atm). This
estimate assumes identical reaction cross-sections for beryllium and the
ideal gas.

A compact solution is a system composed of multiple solid, thin
targets interleaved with energy loss detectors. This system localizes
the decay position to one of the target sections and this reduces the
uncertainty introduced into the fragment kinetic energy reconstruction.
When silicon detectors are used to measure the energy loss, the incident
beam rate is limited to ~1000 particles per second to avoid pileup and
excessive radiation damage.

In summary, segmenting a single thick solid target offers improved
energy resolution because the decay position can be better localized so
that the energy loss needed to reconstruct the fragment momentum at
the decay vertex is better approximated.

2. Description of the segmented target/detector system
2.1. Silicon detectors and beryllium targets

The segmented target is a compact multi-layer system consisting
of four position-sensitive silicon detectors and three beryllium targets.
A schematic depiction is shown in Fig. 1 and a design drawing is
shown in Fig. 2. Each silicon detector is a 62 mm X 62 mm X140 pm
phosphorus-doped n-type silicon wafer manufactured by Micron (model
MSPSD TL 63) and similar to the detectors described in Ref. [14].
The front face is a boron-implanted p-type layer resistive anode and
is bordered by 0.5 mm resistive ion-implanted strips. The resistances
between adjacent corners is ~5.6 kQ. Aluminum contacts at each corner
provide electrical connections that read out the four signals used to
reconstruct the interaction position. A fifth signal (referred to as the
anode) is taken from the rear face non-resistive layer via an aluminum-
evaporated contact to provide an independent measurement of the total
energy deposited.
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Fig. 1. A schematic drawing of the segmented target. Each detector is 11 cm x 11 cm
% 0.32 cm including the frame housing the silicon wafer. The thicknesses of the silicon
wafers are 140, 135, 138, 142 pm for detectors 0, 1, 2, 3 respectively. The beryllium
targets are 2.8 cm tall with thicknesses of 0.41, 0.37, 0.33 cm for targets 1, 2, 3
respectively. The spacing between each detector/target is 0.84 cm so in total the
apparatus extends 5.04 cm along the beam axis.

Fig. 2. Design drawing of the segmented target mounted in the beamline: (a) beam
viewer plate used to image the beam during tuning (b) base on which all detectors are
mounted (c) silicon detector frame (d) beryllium target (e) base on which all targets
are mounted. The viewer is mounted to the target base. Both the detector and target
mount bases are attached to pneumatic drives so they can be individually inserted into
and retracted from the beamline.

The thicknesses of the three beryllium targets are chosen to opti-
mize the production rate of the nucleus of interest and decay energy
resolution. The four detectors and three targets are interleaved so that
each target sits between two detectors (see Fig. 2). The detectors and
target are mounted on two separate pneumatic drive systems that are
controlled remotely and can independently drive the detectors and
targets in and out of the beam line. The thicknesses of the detectors
and targets are listed in Table 1.

2.2. Signal readout and electronics

The four silicon detectors generate 20 signals consisting of 16
corner signals and 4 anode signals. The size of the anode signals are
proportional to the total amount of energy deposited in the detector.
Each anode signal is DC coupled to a charge-sensitive preamplifier that
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Table 1

Thicknesses for the silicon detectors and beryllium targets. The beryllium targets were
measured directly using a dial indicator and the associated measurement uncertainties
are +4 pm (+0.7 mg/cm? Be). The silicon wafer thicknesses were reported by the
manufacturer with uncertainties of +1 pm (+0.2 mg/cm? Si).

Segment Thickness [pum] Area density [mg/cm?]
Si 0 140 325
Bel 4100 758.5
Sil 135 31.3
Be 2 3736 691.2
Si 2 138 32.0
Be 3 3302 610.9
Si 3 142 33.0

has a typical output signal around 30 mV with a 0.05 ps rise time and a
500 ps fall time when a 5.5 MeV a source is placed 7.1 cm in front
of the detector under vacuum. The rise and fall time variations for
different incident particles was not studied as part of this work. Each
anode signal is then routed to a Tennelec 241S shaping amplifier with a
shaping time of 6 ps. The shaped anode signals are routed to a Mesytec
MADC-32 analog-to-digital converter with a 4 V range.

The corner signals can be used to reconstruct the position at which
the charged particle interacted with the detector [14]. Each corner
signal is DC coupled to one of 16 Mesytec MMPR1 preamplifiers. In
order to extract a signal, each corner contact is floated above ground by
a 10 kQ resistor on the PCB. The corner signals are some fraction of the
anode signal depending on the interaction location of the passing ion.
The preamplifier outputs are connected to a single 16-channel Mesytec
MSCF-16 shaping amplifier. The shaping time is 2 ps for all corner
channels. The shaped signals are routed to a bank of 16 inputs on the
same MADC-32 that receives the anode signals.

2.3. MoNA-LISA-Sweeper

The generic setup described in Section 1.1 is implemented at the
National Superconducting Cyclotron Laboratory (NSCL) [15] using the
MoNA/LISA neutron detectors [16,17] and the Sweeper magnet [18]
arranged as shown in Fig. 3. Upon entering the experimental area, the
beam first passes through a plastic timing scintillator before impinging
on the target where a nuclear reaction (typically one- or multi-nucleon
knockout) populates a neutron unbound state that immediately decays
to a charged fragment and one or more neutrons. Reaction products
and the unreacted beam are then deflected by the Sweeper magnet
into a suite of charged particle detectors that consists of two Cathode
Readout Drift Chambers (CRDCs) to measure their positions, an ion
chamber to measure energy loss for element identification and a large-
area thin timing scintillator to measure energy loss and time-of-flight
relative to the target timing scintillator mentioned previously. The
neutrons are unaffected by the magnetic field and continue on to the
neutron detectors that measure time-of-flight relative to the target
scintillator as well as position. For the experiment described here,
MOoNA-LISA consisted of 272 BC-408 and EJ-200 plastic scintillator bars
with dimensions 10 x 10 x 200 cm? stacked in 17 walls with 16 bars
per wall.

2.4. First experiment

The segmented target was first used in an experiment to measure the
ground state resonance of 2°0 with the MoNA/LISA/Sweeper setup (see
Fig. 3 and Section 2.3) at the NSCL. The Coupled Cyclotron facility [20]
produced a 140 MeV/u “8Ca primary beam that impinged on a 775
mg/cm? beryllium production target to produce a >’F secondary beam
via in-flight projectile fragmentation. The 2’F secondary beam was
filtered out from other projectile fragmentation products according to
its magnetic rigidity using the A1900 Fragment Separator [21]. An
achromatic 450 mg/cm? aluminum wedge degrader was placed at
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the dispersive intermediate image of the A1900 to achieve isotopic
separation of the secondary 2’F beam. The purity of the 2’F beam
was 15%. There were three major contaminants 28Ne, ?’Ne, and “Na
as well as a number of lighter nuclei including four isotopes of oxygen
(210, 220, 230, 2*0). These contaminant beams, as well as unreacted
27F, were used to calibrate the energy loss measurements of the silicon
detectors as described in Section 3.1.

The ?’F secondary beam was directed onto the segmented target
to produce 20 via one-proton knockout; 24O reaction fragments were
measured in coincidence with neutrons to reconstruct the decay energy
spectrum of 20. The average 2’F production rate on target was 17
particles per second producing 2712 measured coincidences between
240 and at least one neutron. The fragment energies were calculated
using the time-of-flight measured between the target scintillator and the
thin scintillator. Usually fragment kinetic energies are calculated based
on the position measurements in the dispersive plane of the Sweeper
magnet, but this option was not available due to a malfunction in one
of the position-sensitive detectors.

3. Methods
3.1. Energy loss calibration

From the data recorded during the experiment described in Sec-
tion 2.4, a total of eight different beam fragments were identified with
energy losses in the same range (5 MeV-30 MeV) as the energy losses
of the ?’F(~1p) reaction products. They are listed in Table 2 along
with their kinetic energies determined by the settings of the A1900
fragment separator [21] used to filter and deliver the beam. The kinetic
energies of the incoming beam fragments together with the silicon
and beryllium thicknesses were used to calculate an expected energy
loss for each silicon detector using the ATIMA energy loss calculator
embedded in LISE** [22] (see Table 2). The results of these calculations
were then plotted against the means extracted from Gaussian fits to
the uncalibrated ADC spectra from each silicon detector (see Fig. 4).
Parameters p, and p; for the calibration dE_ = py + p; X dE,,, were
extracted from fits to the plots shown in Fig. 4. The root mean square
errors for the fits are 0.13, 0.11, 0.12, and 0.16 MeV for detectors 0,
1, 2, and 3, respectively. Ultimately, a precise energy loss calibration
is not necessary for these detectors since their primary function is to
separate incoming beam fragments from fragments produced in some
type of knockout reaction. This will be discussed in the next section.

The position sensitivity of the detectors was not utilized for the
current analysis, however, a preliminary estimation of the position res-
olution yielded a value ~1.8 +0.1 mm (FWHM). This is higher than the
results found in [14] for in-beam tests of similar detectors. Dependence
of the anode signal on position was observed, but this did not obfuscate
the target identification procedure described in Section 3.2. This is
because the size of the beam spot was smaller than the size of the
detectors, ~4 cm? compared to 36 cm?.

3.2. Identifying the reaction target

The first experiment to use the segmented target was described
in Section 2.4. Events in which the incoming fragment was 2’F are
identified via energy loss measured in the first silicon detector and
time-of-flight (ToF) from the A1900 to the target scintillator. Events
in which a reaction in one of the beryllium targets produced an oxygen
isotope are identified from the energy loss measured in the ion chamber
after the Sweeper magnet and the ToF from the target scintillator to
the thin scintillator. This set of analysis gates selects a subset of events
in which a one-proton knockout reaction occurred. To determine if a
particular beryllium target induced the proton knockout, the energy
loss measured in the upstream silicon detector must be compared to the
energy loss measured in the downstream silicon detector. Consider two
cases where (1) a nuclear interaction somewhere in the beryllium target
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Fig. 3. Detector configuration used at the NSCL for the first experiment with the segmented target [19].
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Fig. 4. Black points plot calculated energy loss (y-axis) as a function of fitted centroid of the uncalibrated dE spectrum (x-axis) for eight different beam fragments. The four
upper panels show the results for the four silicon detectors. The red lines show the extracted linear fits. The x error bars for the fit errors and the y error bars for the
measurement/calculation uncertainties are smaller than the points. The parameters from the fit are listed in Table 3. The deviation of the data points from the fit for each detector
is plotted in the lower set of four panels. The RMS errors are 0.13, 0.11, 0.12, and 0.16 MeV for detectors 0, 1, 2, and 3, respectively.

Table 2

Energy loss of eight different fragments in each silicon detector calculated using
the ATIMA energy loss calculator included within the LISE** software package [22].
Calculation of these values accounts for the energy loss in the beryllium segments

Table 3
The second and third columns list parameter values extracted from the fits dE_ =

po+pdE,,,, see Fig. 4. The fit errors are <2.0% in the range from 10 MeV to 35 MeV.

Silicon detector Slope (py) Offset (p,)
since the targets were always in the beam line. Variations in the material thicknesses [MeV/ADC ch] [MeV]
correspond to variations in the calculated d E less than +0.008 MeV, so $0.05%, which
is smaller than the resolution of the detectors. 0 0.0104(1) —0.86(2)

1 0.0104(1) —0.99(2)

Energy loss [MeV] 2 0.0120(1) -1.30(2)
Fragment KE [MeV/u] Si 0 Sil Si2 Si3 3 0.0117(1) —1.52(2)
210 136.8 9.748 10.000 10.946 12.122
20 125.3 10.345 10.719 11.863 13.316
20 115.2 10.978 11.485 12.889 14.707
20 106.3 11.650 12.298 14.004 16.358 were estimated to deposit less than 300 keV in any subsequent silicon
ZF 105.3 14.838 15.919 18.568 22.649 detector. This is below the sensitivity of these detectors.
“*Ne 120.2 16.667 17.732 20.393 24.315 . . . .. e .
»Ne 1128 17.470 18747 21939 26785 Fig. 5 illustrates how the reactl‘o‘n target is identified using the
0N 124.9 19.626 21.006 24.427 29.619 energy loss measurements from the silicon detectors. All events plotted

knocks a proton out of 2’F and (2) no proton is knocked out: in both
cases the energy loss registered by the upstream detector is the same
while the downstream detector will record a smaller energy loss in case
(1) than it will in case (2) because Z changes from nine to eight and
energy loss is proportional to Z2. Protons from the knockout reactions

in Fig. 5 are selected so that the incoming fragment was 2’F and the
outgoing fragment (after the segmented target) was an oxygen isotope.
The top row plots the d E spectra for each silicon detector. The bottom
row plots the energy loss measured in one detector versus the energy
loss measured in the previous detector; spectra in the top row are 1D
projections onto the x and y axes of the bottom row plots. The 1D
spectra titled “Si 0 dE” is the x-axis of the left-most plot in the bottom
row. Si 1 dE is the y-axis on the left-most and the x-axis on the middle
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Fig. 5. Example target identification plots for * F(—1p) — 4O meaning that all events plotted here enter the segmented target as *’F and leave as an oxygen isotope. The top row
of plots show the measured energy loss in each silicon detector. The left panel in the bottom row shows the measured energy loss in the second silicon detector vs. the measured
energy loss in the first silicon. The middle panel plots the third silicon energy loss vs. the second and the right panel shows the fourth silicon energy loss vs. the third.

plot. Si 2 dE is the y-axis on the middle plot and the x-axis on the
right-most plot. Si 3 dE is the y-axis on the right-most plot.

In the leftmost panels of the top and bottom rows in Fig. 5, the
first silicon detector (Si 0) registered roughly the same energy loss
for all events. The spread is introduced by the energy spread of the
beam and the resolution of the detector itself. The dE measurement
from Si 1 separates events into two distinguishable groups. Events
in the upper group on the 2D spectrum (red-highlighted peak in the
1D spectrum) lose more energy in Si 1 because no proton knockout
occurred between the two detectors. There are three clusters in the
middle panel corresponding to unreacted 2’F (top), oxygen reaction
products from Be 1 (bottom left) and oxygen reaction products from
Be 2 (bottom right); the two lower clusters both contribute to the
blue-highlighted peak on the left of the “Si 2 dE” 1D spectrum. The
two groups in the right-bottom panel correspond to oxygen reaction
products from Be 1 or Be 2 (left) and oxygen reaction products from
Be 3 (right).

4. Results and discussion
4.1. Monte Carlo simulation of 2°0 — 2O + 2n

To illustrate the effect that the target thickness has on the decay
energy resolution, the reaction *’F(-1p) — 200 — 240 + 2n was
simulated to model the reaction mechanism and the decay process as
well as the detector responses. The simulation output has the same
format as the calibrated data, so it is processed through the same decay
energy calculation that is used for the experimental data. The resulting
spectrum has the detector acceptances, efficiencies and resolutions
folded in so it is directly comparable to the experimental data. The
simulation also outputs the neutron kinematic quantities before they
are processed to simulate the detector response so that the target
thickness effects can be separated from the response of the neutron
detectors.

The right panel in Fig. 6 compares four decay energy spectra recon-
structed from simulations of a single thick (11.1 mm) beryllium target
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Fig. 6. Results from a simulation run with a single 11.1 mm target (gray and blue dashed curves) and with a segmented target (red and solid blue curves). The 11.1 mm target is
the sum of the thicknesses of the three beryllium targets used in the segmented target described here. For the segmented target simulation, the detector and target thicknesses in
the simulation are the same as those listed in Table 1. The left panel plots the difference in speed |,| —|0,| between one neutron and the charged fragment. The right panel plots
the three body decay energy calculated from the simulation outputs for the fragment and both neutrons. For the red and gray curves, the neutron four-vectors were calculated
from the simulated kinematic quantities and not from the results of the detector response modeling. The solid-blue and dashed-blue curves show the relative speed and decay
energy distributions when the neutron detector response is included. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

without (gray line) and including (blue dashed line) the response of
the neutron detectors. Note that the 11.1 mm represents the sum of
the thicknesses of the three targets used in the experiment here. For
these simulations, 488.7 MeV was added to the 2*O kinetic energy
measured after the target in order to approximate the kinetic energy
at the decay vertex, assumed to be at the center of the target. This
will be referred to as a thick target reconstruction. The red curve
shows the result for a simulation with a segmented target consisting of
three separate pieces of beryllium 4.1 mm, 3.7 mm and 3.3 mm thick,
see Table 1. The blue curve plots the result from a segmented target
simulation that incorporated the response of the neutron detectors. In
these simulations, the energy losses measured by the silicon detectors
were analyzed to determine in which beryllium section the reaction
occurred, as described in Section 3.2. Based on this determination, one
of the three values listed in Table 4 was added to the fragment kinetic
energy measured after the segmented target stack. This will be referred
to as a segmented target reconstruction.

The input decay energy for every event in all simulations was 50
keV. For both the red and the gray lines, the reconstructed decay
energies are broadened relative to the input distribution because of
the uncertainty in the reaction/decay location within the target. The
response of the neutron detectors was simulated using GEANT4 [23]
and a custom neutron interaction package [24] to model neutron
interactions in the MoNA/LISA scintillator bars. The resolution was
simulated by adding Gaussian distributed noise (¢ = 0.2 ns) to the time-
of-flight values and to the x position (¢ = 3 cm). The discretization in y
and z due to the physical locations of the bars is also reproduced in the
GEANT simulation. Including the detector response/resolution further
degrades the resolution of the decay energy spectrum. Note that a peak
is no longer discernible in the thick target case (dashed line).

The left panel in Fig. 6 compares the neutron-fragment relative
speed distributions for the thick (gray curve) and segmented (red
curve) target simulations. The solid dark blue and dashed light blue
curves correspond to segmented and thick simulations, respectively,
that include the response of the neutron detectors as discussed in the
previous paragraph. The relative speed is calculated as |7, |- |0 | where
Vs = 0y + Uconst> Uconst & V/Econst Tepresents the adjustment (due to the
thick or segmented target reconstruction) to the measured velocity v,.
For the low decay energy case simulated here, the lab frame neutron
and fragment velocities are similar to the beam velocity at the decay
vertex. After the decay the fragment travels through the remainder of
the target material and loses energy. The thick and segmented target
reconstructions serve to account for this energy loss and recover the
kinetic energy at the vertex. Since the average reaction/decay position
is the center of the target, the event-by-event energy loss is estimated
as the energy lost by a fragment produced at the center of the target.

Table 4
Energy loss estimate used to reconstruct the energy of the 2*O fragments produced
when ?’F interacts with one of the °Be targets.

Target Energy loss estimate [MeV]
Be 1 785.0
Be 2 488.7
Be 3 177.6

The deviation from zero of the relative speed distribution’s centroid
quantifies how well this estimate reproduces the event-by-event actual
energy loss. The width of the relative speed distribution is related to the
thickness of the target and the decay energy of the unbound resonance.
At a fixed decay energy, a thicker target results in a larger spread
of reaction/decay points around the target center and translates to a
larger spread of actual energy losses around the estimated value. This
introduces a spread in the relative speed proportional to the target
thickness as illustrated by the difference between the gray and red
curves (and the solid and dashed blue curves) in the left panel of Fig. 6.

4.2. Improved decay energy resolution

Data from a recent measurement carried out by the MoNA Collab-
oration at the NSCL formed the basis to evaluate the performance of
the segmented target [19]. Two-neutron unbound 260 was populated
via one proton knockout from 2’F. This nucleus has been previously
measured at various facilities [25,26] and two resonances have been
identified [27]. Fig. 7 shows the relative speed and three-body decay-
energy spectra reconstructed from data (points) and simulation (lines).
In the simulation, the decay of the 260 ground state was modeled
as a simultaneous emission of two uncorrelated neutrons for which
the decay energy distribution was a delta function at 50 keV. Other
decay channels, like the decay of the 1.28 MeV excited state in 200,
are considered background. These processes are modeled as a two-
neutron sequential decay from 260 in which the allowed decay energies
are uniformly distributed between 50 and 450 keV for one neutron
emission and uniformly between 600 and 800 keV for the other neutron
emission.

In the top row of Fig. 7, the segmented target reconstruction pro-
cedure was used to select one of the three energy loss estimates listed
in Table 4. The plots in the bottom row of Fig. 7 were produced from
the thick target reconstruction where the energy loss estimate for the
second beryllium target (see Table 4) was used for all events. Just as
in the simulated case (Fig. 6) there is a substantial improvement in the
decay energy resolution of the segmented target spectrum compared to
the single thick target reconstruction.
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Fig. 7. Measured relative speed and three body decay energy spectra for 2’F(—1p) — 20 — 2*O + 2n are drawn as black triangles and black circles, respectively. The solid curves
are spectra reconstructed from simulation. Two different decay channels were simulated (see inset of top right panel): (1) direct population of the 2°0 ground state followed by
two-neutron emission (red solid line) and (2) population of the 2°O first excited state followed by a sequential neutron emission through the 2’0 ground state (green dashed
line). In the top row, the segmented target reconstruction procedure is followed. In the bottom row, the energy loss estimate for the middle beryllium segment is applied to all

events.

As mentioned above, the spread of the relative speed distribution
is related to the target thickness and to the decay energy that is
partitioned among the fragment and neutrons. When more energy is
available in the decay the difference between the momenta of the
daughter products will be larger. This is why the upper and lower tails
(e.g. the upper left panel in Fig. 7) of the relative speed distribution
correspond to higher decay energies (see also Eq. (2)). For low decay
energies, like the 2°0 ground state, a large mismatch between the ac-
tual fragment energy loss and the estimated value results in artificially
high decay energies; note the much larger tail on the low energy peak
in the bottom right panel compared to the upper right in Fig. 7.

4.3. Data-statistics

In cases where one needs to discriminate between two decay chan-
nels like the ones shown in Fig. 7, the improved resolution offered
by the segmented target allows for a cleaner gate on the three body
decay energy which provides better statistics for studies of a single
unbound resonance. For the case of the 200 ground state, there are
two sources of background in the 2*O + 2n data set: (1) cross-talk
events in which the two hits in MoNA/LISA are the result of a single
neutron interacting in two separate locations and (2) events in which
the decay of some other state was observed. Background of the first
type is suppressed by requiring a spatial (25 cm) and velocity (7 cm/ns)
separation between two interactions, following the description given
in [25,28,29]. Background of the second type is suppressed by selecting
events in which the three body decay energy is less than 300 keV, see
Fig. 7. An additional 31 events fall below the 300 keV decay energy
cut when the segmented target reconstruction method is used instead
of the thick target reconstruction (see Fig. 9).

Another objective of the aforementioned experiment was to study
the half-life of the 260 ground state. The signature of a measurable
(Ty/, ~ 1 ps) half-life is a shift in the relative speed distribution. This
technique was applied to data from the MoNA Collaboration’s first
measurement of 290 and the results were reported in Ref. [30]. The
principle is illustrated in Fig. 8 and described in detail in Ref. [31].
If the decay of 2°0 does not occur instantaneously, then the nucleus
will slow down as it travels through the target material. As a result, the

n

| i
| -
27F n
N
| — /;240
| ~
27F 260 n

Fig. 8. An illustration of the decay in target technique. The longer 2°O exists
(T, ~ 107'? 5, bottom panel), the more energy it loses as it travels through the target
material. This means the neutrons are emitted with a lower velocity than if 20 decays
instantaneously (T, ~ 107" s, top panel).

neutrons are emitted with a slower speed than if the decay happens in-
stantaneously. This shifts the centroid of the relative speed distribution
below zero.

In order to extract a half-life (T,,) for 260, the simulation was
modified to account for the delayed neutron emission. After the proton
knockout occurs at some random position inside the target, the simula-
tion propagates the 200 for an amount of time randomly drawn from
an exponential distribution before the decay to *O +n+ n is simulated.
Relative speed distributions simulated with 7,, = 0,4 and 8 ps are
shown as the curves in the upper left panel of Fig. 9. For consistency
with the previous analysis [30], an unbinned maximum likelihood
technique [32] was used to extract the statistical uncertainties.

The systematic uncertainty was estimated by examining the decay
of the first unbound excited state of 220* — 220 + n [33]. Since
the half-life for this decay is ~10~'8 s, the relative speed distribution
should not be shifted away from zero, see Fig. 10. This decay was
measured at the same time as 2°0 with an identical setup: segmented
target, magnet setting, MoNA configuration, Sweeper detector settings
and calibrations. The same half-life analysis described in the previous
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simulations with T}/, = 0 ps, 4 ps, and 7 ps. The right panel shows the negative loglikelihood as a function of half-life. The red vertical line indicates the 1.7 ps upper limit

corresponding to a 95% confidence level.

paragraph was used to extract an upper limit for the 220* decay in order
to quantify how accurately the experimental setup and the analysis
can measure a known 7} ;, = 0. The upper limit on the 20* half-life
was found to be 1.7 ps with a 95% confidence level. Including the 1o
statistical uncertainties, the half-life of the 20 ground state was found
to be Ty, = 51’% (stat)+1.7 (syst) ps.

The result extracted from this new measurement agrees with the
results of Ref. [30]. Even with the detector malfunction mentioned in
Section 2.4, increased statistics afforded by an effectively thicker target
compensated for a reduction in charged-particle detection efficiency.
Good decay energy resolution due to target segmentation allowed 260
ground state decays to be separated from background events achieving
a sensitivity to the half-life. The bottom row in Fig. 9 shows that
reconstructing the fragment momentum without accounting for the
target segmentation destroys the half-life sensitivity because of the
reduced resolution discussed above.

The resolution of the neutron detectors will also broaden the rel-
ative speed distribution and decrease the sensitivity of the half-life

measurement. In order to examine this effect, two pseudo data sets
were generated from the Ty, = 5 ps segmented target simulation by
randomly selecting 100 events from before and after folding in the
neutron detector response. The relative speed distributions for these
pseudo data sets were analyzed in the same way as the data and the
negative loglikelihood curves shown in Fig. 11 were extracted. The 1o
confidence interval for the pseudo data set with the detector response
included is 4 ps wide while the corresponding interval without the de-
tector response is 2.4 ps. Therefore the sensitivity of this method could
be improved by no more than a factor of 1.7 through improvements in
the neutron detector response.

5. Conclusion

In summary, a new device was developed for use in invariant mass
spectroscopy of neutron unbound states at the NSCL. It consists of three
beryllium targets interleaved with four silicon detectors. The energy
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Fig. 11. The impact of the neutron detector response on the extracted half-life is
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loss measured in each silicon allows the reaction that produces the
unbound state to be localized to a particular beryllium segment. This
improves the accuracy of the energy loss estimate used to reconstruct
the fragment momentum. The result is an effectively thicker reaction
target for improved reaction yield without sacrificing decay energy
resolution.

The segmented target was commissioned during an experiment
to measure the half-life of 200. Two versions of the analysis were
conducted: (1) a single target equal in thickness to the sum of the three
beryllium segments was assumed when reconstructing the fragment
momentum and (2) the d E measurements were used to identify the
target segment containing the reaction and the estimate for that partic-
ular segment was applied. Method (2) results in a better reconstruction
of the fragment momentum. Consequently, the relative speed and
decay energy resolutions were much improved in method (2) compared
to method (1) allowing the half-life of the 2°0O ground state to be
extracted.
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