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Abstract- Charge-exchange reactions on stable nuclei haea bised frequently to study the
spin-isospin response on nuclei, which is, for epl@mcrucial for estimating weak-transition
rates in late stellar evolution. Because a largetion of the relevant nuclei in such scenarios
are unstable, there is a strong need to expangetechange studies to unstable nuclei, which
requires that experiments must be carried out werse kinematics. A promising probe for
experiments in théT,=-1 direction is thegp,n) reaction. The “Low Energy Neutron Detector
Array” (LENDA) is currently under development atetiNSCL (National Superconducting
Cyclotron Laboratory). The array will consist of plastic scintillator bars with dimensions of
300x 45x 25 mm. The neutron energy is measured using rie-dif-flight technique. Position
sensitivity along the bar is achieved by combining timing and pulse height signals. In this
work results of measurements using prototype macdaihel results of simulations are presented.
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1. Introduction

Charge-exchange reactions at intermediate ener(®8-200 MeV/u) have been used
extensively for nuclear structure studies on stalielei [1]. In such reactions, a proton in the
target nucleus is exchanged with a neutron in tbggtile or vice versa. The isospin transfer is
AT=1 (isovector). Gamow-Teller (GT) transitionATEL, AS=1AL=0), in particular, have
received strong interest. That is because thalrand final states of G-decaying nucleus can
also be populated through GT transitions in chasgeiange reactions. Since the GT strength is
to a good approximation proportional to the chaegehange cross section in the limit of
vanishing momentum transfer [2], charge-exchangetiens have become the preferred tool to
extract GT strengths in energy regions inaccessiblg-decay experiments due tos-{alue
restrictions.

Weak transitions play an important role in latellasteevolution. Models of supernovae and
neutron-star crusts require realistic weak-tramsitiates [3], which are usually calculated in
shell- or mean-field models. These models haveetdested against experimental data, and
charge-exchange experiments on stable nuclei heee émployed extensively to provide such
data. However, since a large fraction of the nuttiat play a role in the stellar scenarios are
unstable, there is a strong need to expand theriengr@s to nuclei beyond the valley of
stability.

The lack of charge-exchange studies on unstablieinealue to the fact that these experiments
must be carried out in inverse kinematics, whictk@sathem very challenging. Measurements
have to be performed at small center-of-mass scajtangles to fulfill the condition of small
momentum transfer. As a consequence, the probd rexolow kinetic energy (0-3 MeV). As
an example, the kinematics for th@®K,**Can reaction is shown in Figure 1.
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Figure 1. (color online) Kinematical diagram foe(**K,3Ca)n reaction, at a beam energy of 100
MeV/u. The dashed (blue) lines represent centanads scattering angles as a function of neutron
laboratory angle (horizontal axis) and neutron timenergy (vertical axis), while the solid (red)ds
correspond to excitation energies of #@a residual.

It is challenging to detect such low energy regaitticles. However, this is crucial for cleanly
identifying the charge-exchange events and to i®oact relevant kinematic observables such
as the excitation energy and the scattering angteachieve the required resolution, it is
necessary that the recoil can escape from thettaige minimal energy loss and straggling.
One of the most promising probes for studying ceagchange reactions on unstable nuclei in
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the AT,=-1 direction is theg(,n) reaction in inverse kinematics. Since the reisod neutron, it
can escape unperturbed even from thick targets iBhimportant because experiments with
unstable beams are performed at modest beam itisnsihe experimental challenge is to
detect the low-energy neutron with high efficiemayd sufficient energy and position resolution.
To achieve a resolution comparable to stable-bdams experiments (~ 1 MeV in excitation
energy and a few degrees in scattering angle) vatrleutron recoil energies, a specialized
neutron detector has to be used, having the résoluequirements listed below. For this
purpose, the Low Energy Neutron Detector Arrayoisstructed at NSCL.

2. TheLow Energy Neutron Detector Array

To achieve sufficient energy and angular resolstidor (,n) experiments in inverse
kinematics, LENDA is designed to have timing angipon resolution for low energy neutrons
better than 1 ns and 5 c¢m, respectively. The firmlray will consist of
24 300 mm x 45 mm x 25 mm BC-408 plastic scintillators. On both longderof each
scintillator bar, gain-selected Hamamatsu H6410tghaltiplier tube (PMT) assemblies are
attached. The design of the bars is similar todtie used by Aoét al. [4] or Beyeret al. [5].
The PMTs are directly glued to the scintillator lbamg optically clear epoxy. The scintillators
are polished to enhance internal reflection andraiegped with three layers. For the innermost
layer, a filter paper with high diffusive reflectanis used to increase light collection. The
second layer is made of aluminum foil. The outgetdas black insulating tape. The second and
third layers mainly serve to ensure light-tightne&s present, prototype studies are ongoing
using 3 bars. Most tests are conducted usifigCd source, which emits correlated neutrons and
photons from fission. A NE-213 liquid scintillatgerves as a trigger detector. The source is
placed ~5 cm away from this detector and 1 m awasnfthe prototype LENDA modules.
Pulse-shape discrimination is utilized to selecobtphs in the trigger counter, which thus
provides a clean trigger signal. In Figure 2, tsponse of the LENDA array to events from the
fission source is shown.

N
o
S
S

o counts

—

3000 4

counts/(10 keV)

Pulse Height (arb. units)
=y

10 ¢

0 100 200 0 100 200 0 2 4

time-of-flight (ns) time-of-flight (ns) E MeV)

neutron (

Figure 2. Spectra taken wittf%Cf source placed 1m away from the detector. a) PM$e-height
versus time of flight b) projection of a) on therizontal axis representing the time-of-flight c)
reconstructed neutron energy spectrum from th&oetime-of-flight signal.

The events at t=0 in Figure 2a) correspondy-to coincidences in the trigger detector and
LENDA. These events that represent the time-ohfligf photons from thé>Cf source to
LENDA, serve as an absolute time reference. Suehts\are clearly separated in time-of-flight

3



LENDA: A Low Energy Neutron Detector Array C. Caesaet al.

from the ny coincidences. Events of the latter type displapelation between time-of-flight
and PMT pulse-height. The width of tley peak in the time-of-flight spectrum (set at t=0 in
Figures 2a) and 2b)) provides a measure for the-tififlight resolution. It is about 1 ns
(FWHM), but that value is largely due to the resgof the trigger counter. Tests usingNa
source (only correlategty pairs) and a different trigger detector, have ghalat the timing
resolution of LENDA is better than 600 ps. Frone time-of-flight spectrum, the neutron
kinetic energy can be reconstructed, as shownguargi2c). The lower-limit in the spectrum is
130 keV. This value does not define the threshbltie LENDA array, but was set by the range
of the Time-to-Digital Converter. The true threshi just below 100 keV.

3. Light transport simulations and Position calibration

The response of the scintillator depends strongty tle transmission properties of the
propagating medium and the properties of the réflgdoundaries and wrapping materials. To
study such effects, the code GUIDE7Y [5] was usé&e. Jeometry and physical properties, such
as reflectances and indices of refraction of tretesy are input. The output of the simulation
allows for tracking of each photon through the sitator, and for determination of the intensity
of the scintillation light arriving at each PMT. @lintensity decreases along the flight path due
to attenuation in the scintillator material and doelight loss at the scintillator boundaries.
GUIDE7 has been modified to reproduce more acdyrtte combined effects of the wrapping
material and total internal reflection. In additido compare the output with real data, further
processing was applied to take into account thporese of the PMT and the CFD (Constant
Fraction Discriminator). Figure 3a) shows the resédr the distribution of the photon transit
times to the PMT at three different hit points @dhe LENDA bar. A clear correlation between
position of hit point and time distribution exist§he index of refraction of the BC-408
scintillator being 1.58, a photon would need ~1s@amtravel the 30 cm length of the bar in a
straight path. However most of the photons undertgrge number of reflections and thus have
a considerably longer transit time. This effectcigarly observed in the simulated time
distributions of Figure 3a).

By combining the signals from both phtototubesdiital to each bar the hit position of each
event can be determined. The time information drel ihtegrated charge from each PMT
provide a measure of that position. Using®a source in the test setup, a series of
measurements to determine the hit position seitgithas been performed. The source was
placed 10 cm away from the detector and a collimats used to irradiate a 1.6 cm wide area
of the detector (hit area), at several positiorlengthe scintillator bar. For each event in a
measurement, the time difference ,

At=t, -t,

between both PMTs and the corresponding centeravity of the QDC (charge (Q) to Digital
Converter) signals;cand g (cogQ),

COgQ= ql _qZ ,
G, +d,

were re-constructed. For each hit area, a gauisias used to determine these quantities. As
expected from the simulation, a clear correlat®iound experimentaly between position and
time difference. The good correspondence betweenulaied and experimental data is

presented in Figure 3b). Using this linear coriefaf position resolution of(6.2t0.1) cm in
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FWHM (Full Width at Half Maximum) is achieved. A gition resolution of (840.4) cm is
achieved by using the cogQ method (not shown). Weweby combining thedt and cogQ
information, a hit position resolution of (2@.3) cm is achieved. That result is consistent with
the aforementioned requirements for the array.
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Figure 3. a) Simulation plot of the time distrilmrtiof photons arriving at one of the PMTs, for ére
different hit positions. b) (color online) timeffgirence vs. hit position. (range: 1-29 cm). Thiack)
circles are the measurement the (red) quadrathargmulation

4. Conclusion

A Low Energy Neutron Detector Array is currentlyingpe developed by the NSCL charge-
exchange group. It will be used to perforfp,n) charge-exchange reactions in inverse
kinematics with unstable beams. The response gbrthédtype to neutrons was studied using a
#7Cf source. Gamma rays from 2ANa source have been used to determine its position
resolution. Measurements were complemented by atioak of the detector’s optical response.
The results verify that the required time and pasitresolution for the charge-exchange
experiments can be achieved. An efficiency measainérfor low energy neutrons will be
performed in the near future
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