A large-area, position-sensitive neutron detector with neutron/yray discrimination capabilities
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To further study neutron-rich halo nuclei, we have constructed a neutron detector array. The array consists of two
separate banks of detectors, each of area 2x2 m? and containing 250 liters of liquid scintillator. Each bank is position
sensitive to better than 10 cm. For neutron time-of-flight measurements, the time resolution of the detector has been
demonstrated to be about 1 ns. By using the scintillator NE-213, we are able to distinguish between neutron and yray
signals above 1 MeV electron equivalent energy. Although the detector array was constructed for a particular
experiment, it has also been used in a number of other experiments.
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1. Motivation

We have constructed at the National Superconducting Cyclotron Laboratory (NSCL) the Neutron Wall Arrpy, a large-area,
position-sensitive neutron detector with neutron/y-ray discrimination capabilities. First, we discuss the original motivation behind the
construction of the Neutron Wall Array and the original design requirements. Next, we present an outline of the physical construction and
demonstrate some of the primary functions of the detector. We then present some of the operational procedures that have been used in
experiments to date

1.1 Radioactive nuclear beam advances

Our original motivation for building the Neutron Wall Array was to improve and extend measurements made at the NSCL of neu
nuclei. These measurements are part of an extensive research program the NSCI. has developed around its production of radicactive nucle:
(RNBs). One of the biggest opportunities RNBs offer is the chance to systematically study isotopes far from the limits of stability. Many
unstable isotopes are very neutron rich, and neutron detection has played an important roll in probing their structure. The nature of RNBs has «

to a change in the size and scope of the neutron detectors that are needed.

The primary difference in working with RNBs is a great reduction in intensity compared to beams of stable nuclei. RNBs are
produced by sifting through the many fragmentation products created when an intense primary beam of heavy ions strikes a target. As the
product of a nuclear reaction, an RNB intensity is much lower than a primary beam intensity. A typical experiment with a stable beam would
have an intensity of about 102 particles per second; in contrast, an experimernt with an RNB might have an intensity of 107 - 10%/s. With
such low intensities, it is desireable to cover as much solid angle as possible to reduce the beam time necessary to acquire sufficient statistics

for an experiment.
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The reduction in beam intensity is even more acute if two or more neutrons must be detected in coincidence. Unlike most charged
particle detectors, neutron detectors do not have an efficiency of 100%. A common value for one-neutron detection efficiency is about 10%.
If two neutrons are to be detected in coincidence, then the combined efficiency falls to 1%. Since the two-neutron detection efficiency goes

as the square of the one-neutron efficiency, it is advantageous o try to increase the one-neutron efficiency.

1.2 The "Li(y,2n)°Li experiment

One of the early clues to the richness of RNBs was the anomalously large cross section for 1Li interacting with various target nuclei
[1}. For years the nuclear density was thought to be nearly constant throughout the table of isotopes, but studying "'Li has demonstrated that
far from stability, the valence nucleons may form a low-density halo around a more normal core. A recent experimental study of 1TLi [24] is
an excellent example of the added complexities of working with neutrons from RNB experiments. First, the experiment required two
neutrons to be detected in coincidence, and second, the available beam intensity was only 500 “Li per second. The Neutron Wall Array was
constructed to replace the neutron detectors used in this experiment with a device that has better resolution and efficiency. What follows is

a brief description of this experiment and the limitations of the neutron detectors used.

In 1991, Sackett et al. [2] performed an experiment to measure the soft-dipole-resonance parameters and ground state n-n
correlations of "'Li{2-4]. To accomplish this, they made a kinematically complete measurement of the coulomb dissociation of *ILi as it passed
through the virtual photon field of a Pb nucleus. In this situation, if the 1Li absorbed a virtual Y-ray from the Pb nucleus, it could dissociate
into a °Li and two neutrons. By measuring the velocities of the %Li fragment and the neutrons, it was possible to determine the Y-ray energy
for each event and then determine the (y,2n) excitation function from the collection of events.

The experimental setup they used is shown in Fig. 1. A beam of 30 MeV/nucleon !'Li projectiles was incident on a Pb target after
passing through two position-sensitive parallel-plate avalanche counters (PPACs) used to determine the incident path of each "Li. After dissociation
in the Pb target, the *Li fragment energy and position were measured in a Si-Csl telescope about 15 cm downstream from the target. The two neutrons
passed through the telescope and were detected in two arrays consisting of 54 small scintillation detectors. The arrays were placed 5 and 6 m
downstream and subtended a maximum half-angle of 5°. Each neutron’s energy was determined by measuring its time of flight from the target. The

neutron’s direction was determined by knowing which detector it hit,

The neutron detectors used were small cylindrical scintillation counters of the type shown in Fig. 2. The liquid scintillator was
housed in an aluminum can; one end of the can was open and optically coupled to a large plastic light pipe attached to a photomultiplier
tube. The neutrons were incident parallel to the axis of the cylinder. When these detectors are stacked in a tight array, the cylindrical design
creates a minimum 50% dead space between the detectors, decreasing the array’s efficiency. To help boost the efficiency, a second array was
added behind the first. Unfortunately, adding the second array also complicates the analysis by enhancing the effects of cross-talk and out-

scattering,

Cross-talk is the familiar problem of one neutron creating signals in two sepatate detectors. In out-scattering a neutron scatters
from the non-active part of a detector and is then detected in a different detector with incorrect position and time-of-flight (TOF) and,
therefore, energy values. While methods exist for identifying and eliminating cross-talk events from the data, there are no methods available
for identifying out-scattered events. Therefore, the neutrons should pass through as little non-active material as possible. Unfortunately, the

neutron detectors used in the array had a ratio of total mass to active mass of over 4 to 1.

For small decay energies, the reaction products were forward focused, and the setup provided satisfactory solid angle. Given a
one-neutron detection efficiency Eiume of 10% and the factor % for the empty space in the array, a "Li reaction probability in the target

Praciim of 1%, and a beam intensity f of 500 11Li/s, a simple estimate of the counting rate is

ncurmngnemmn re'm':ianI -

(0.1 x £)(0.1x 1)(0.01)(500) = 0.0125 events/sec’
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For larger decay energies, the counting rate drops as the solid angte drops.

The success of Sackett’s experiment and the intense interest in neutron-rich nuclei has led us to attempt to improve the
experiment. To overcome many of the limitations imposed on Sackett's experiment by the neutron detector array, we proposed, designed,
and constructed the Neutron Wall Array, We had four main objectives when designing the Neutron Wall Array:

1. Increase the angular acceptance of the array by increasing its area.

2. Greatly decrease the dead-space between the individual detectors.

3. Reduce the inactive (non-scintillator) mass through which the neutrons must pass to reduce out-scattering.

4. While increasing the area (1 above) decrease the ratic of the number of electronic channels to the scintillator volume.

This last point is simply one of cost-savings; as an example, if we duplicated the existing detectors to cover the same solid angle as we cover
with the new detector, we would need over 500 individual detectors, each with its own channel of associated electronics. The Neufron wall
Array has 100 channels.

To meet our objectives, we are using the well known pgeometry of long rectangular scintillator cells, placed perpendicularly to the
beam axis. Each cell is viewed at both ends by photomultiplier tubes (PMTs). With 25 cells, each 2 m long, we cover an area of 4 m? in each
wall. Using the same flight path as in the previous experiment, the array subtends a hatf-angle of 15°, whereas the previous array only
subtended a half-angle of 5°. A time signal for the TOF measurement is obtained from the mean time of the PMT signals. The position of the
event along the cell is determined from the time difference between the signals. The thickness of the cell in the beam direction is limited by
the energy resolution we wish to achieve.

Complicating the detector’s design is a requirement that the detector be capable of pulse-shape discrimination (PSD) in order to
distinguish between neutron and y-ray events. When the TOF method is used to determine energy, a time-independent y-ray background
introduces a continuous background in the neutron energy spectrum. We wish to study a continuous neutron energy spectrum, so we must
have some method of removing this y-ray background from the neutron spectrum. Also, y-ray identification plays an important role in cross-
talk rejection. The complication in the design arises because the only scintillators capable of PSD are a few liquid hydrocarbon scintillators.
Instead of the self-supporting plastic bars of scintillator that are usually employed, our scintillator is housed in long, cast Pyrex tubes that are
sealed at both ends. Although the Pyrex cell adds non-active material through which neutrons must pass, the ratio of total mass to active

mass is much less than with the previous detector configuration.

2. Neutron Wall Array characteristica

The Neutron Wail Array consists of two walls, each with 25 detector cells. The area of each wall is 2x2 m? the inactive area is less
than 12 percent of the total area --much less than the 50% in Sackett’s [2) array. The scintillator used is NE America’s NE-213 and the total
scintillator volume is 500 liters. Currently, the Neutron Wall Array resides in the NSCL's N4 vault (see Fig. 3) and has access to beams from the
A1200 Spectrograph. The overall time resolution of the array is about T ns FWHM with a corresponding position resolution along the length of
the cell of 7.7 em FWHM. This position resolution is comparable to the 7.62 cm height of the individual detector cells. We have obtained
excellent PSD for neutrons with energies above 3 MeV.,

Given the general operating parameters of the NSCL's cyclotron, neutrons from nuclear reactions can have energies up to a few
hundred MeV. The neutron’s lack of charge makes it very difficult to detect directly, Therefore, almost all methods of detecting neutrons in
this energy range involve imparting some or all of the neutron’s kinetic energy to a charged nucleus that is then detected. The simplest
means of doing this is to transfer some of the neutron’s energy through elastic scattering, creating a recoil nucleus. Since the energy of a recoil
nucteus will be a randem fraction of the neutron's energy, we cannot determine the neutron’s energy by measuring the energy of the recoil
nucleus, To determine the neutron’s energy, we measure the time the neutron takes to travel from the target to the detector. Then, if the
length of the flight path is known, we can determine the neutron’s velocity and energy, regardless of the energy deposited in the detector.

The more energy the recoil nucleus has, the easier it is to detect. Simple two body kinematics show that the maximum recoil energy
is achieved when the recoil nucleus has the same mass as the neutron. Therefore, it is preferable to use hydrogen as the primary scattering

target for neutron detection, Detectors based on hydrogen scattering are called proton recoil defectors.
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Scintillation detectors are among the most popular devices used as proton recoil detectors. Scintillation detectors convert the
kinetic energy of ionizing radiation into detectable light pulses. In the case of neutron detection, the ionizing radiation is an elastically-
scattered recoil proton from a hydrogen atom in the scintillator material. Most recoil protons will deposit all of their energy in the scintillator
since the range of the recail proton is typically much less than the dimensions of the detector. Although many materials are available as

scintillation detectors, the most commonly used materials are organic solvents and plastics that contain an organic scintillant.

Section 2.1 describes the general physical characteristics of the Neutron Wall Array; Sec. 2.2 briefly describes the measured time
resolution of the array; Sec. 2.3 discusses measurements of the position resolution along the length of a cell; and Sec. 2.4 demonstrates the PSD

properties of a cell.

2.1 Size, configuration and construction

The elements that form the array are 2-m long Pyrex cells filled with the liquid, organic scintillator NE-213. Two PMTs view the
cell from both ends. Figure 4 shows a drawing of one cell. The outside of the Pyrex cell is not treated with any reflective or specular coating.
This allows total internal reflection to be the means by which the light is channeled through the cell to the PMTs. Monte carlo simulations of
the detector show that approximately 20 percent of the light from an event reaches each PMT; the other 60 percent of the light escapes from
the celt because the angle it forms with the surface normal of the glass is less than the critical angle. Figure is a photograph taken through
one end of a cell; the NSCL logo was placed at the other end. Multiple reflections of the logo in the sides of the detector are visible. (The cell
used for the photograph had a square cross section and was not one of the cells used in the Neutron Wall Array, which have a rectangular

cross section.)

The Pyrex cells were custom made for this application and have a wall thickness of 3 mm. To make the cell, we purchased Pyrex
tubing made to our cross-sectional specifications, at least 2.1 m long, and with the ends open. The Michigan State University Scientific Glass
Blowing Shop then closed the ends of the tubes 50 that they could be coupled to the PMTs. The PMT used was a new preduct of Philips
Photonics, model XP4312B/04. This model is a fast, 12-stage PMT witha 7.5-cm photocathode surface. In order to make use of the whole
photocathode surface, the ends of the tubing were closed off with 7.5-cm circular Pyrex disks. Closing an end was a two-step process. First,
a Pyrex cylinder 7.5 cm in diameter was fused onto the end of the rectangular tubing. The cylinder was then trimmed at the nearest point to
the junction where the cross section became circular, about 3 crn. The second step was to fuse a circular plate 7.5 cm in diameter onto the
cylinder. Except for cleaning, the surfaces of the cells required no Further polishing or finishing and were used as they came from the

manufacturer,

Before a cell was sealed, a tube, 6 mm in diameter with a glass-Kovar seal, was fused onto the cell. The tube is connected to an
aluminum can by a corrugated Teflon tube. This can allows for thermal expansion of the scintillator, since the scintillator’s coefficient of
expansion is greater than the glass’. The scintillator will corrode most plastics; therefore, all of the tubing and fittings are made of Teflon or
Kynar, both being chemically resistant to the scintillator. Once the can was in place, some long, narrow (3-mm OD) Teflon tubing was
inserted through the can and corrugated Teflon tube into the cell (see Fig, 6). The scintillator was then pumped through the narrow tubing,
filling the cell.

The PSD properties of NE-213 can be degraded by the presence of dissolved oxygen in the scintillator. To remove any oxygen that
might have been introduced when the cell was filled, we passed dry nitrogen gas throughout the volume of the scintillator for about 1 hour.
The nitrogen gas was delivered into the cell through the same Teflon tubing that was used to il the cell. When this process was complete,

the Teflon tube was removed and the aluminum can was sealed with a stainless steel pipe plug.

Before a cell was filled, the PMTs were attached to its ends with the optically clear epoxy BC-600. A special jig was designed to
hold the PMT and cell in place for the 24 hours the epoxy requires to cure. Surrounding each PMT is a u-metal shield; this prevents any
extranecus magnetic fields from interfering with the operation of the PMT. We designed a simple passive voltage divider for our PMTs.
Both the anode and last dynode signals are used by the acquisition electronics. Figure 7 shows the voltage divider circuit. The total resistance
of the resistor chain was selected to use the maximum current available from the power supply. Having a large current flow through the

resistor chain helps maintain the linearity of the signal amplification.
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After the cells were completed, they were mounted on two aluminum frames. In case of a catastrophic accident, the bottom of
each frame has a catch-basin capable of containing the scintillator volume from all 25 cells in the frame. The sides and top of the frame are
covered with aluminum plates and made light-tight with opaque caulking. The front and back of the frame are covered with a removable
aluminum sheet attached at the edges to another aluminum frame. The aluminum sheet is 0.8 mm thick, providing very little material for

unwanted neutron scattering. A cutaway drawing of the complete assembly is shown in Fig, 8.

The cells were attached with brackets to two, hollow, 5-cm square aluminum posts in the center of the frame. The cells were
strapped to the bracket with 0.5-mum-thick staintess-steel bands (see Fig. 9). To allow for small variations in the surface of the cell, the cells are

spaced 3 mm apart. Once a cell was in place, the aluminum can was opened and attached to a nitrogen gas manifold to provide a greater gas
volume for expansion.

The inside of each of the aluminum frames is painted flat black, and when the front and back cover sheets are in place, the
aluminum box becomes light-tight. By making the frame light-tight, we have avoided the difficulty of making the 50 cells light-tight
individually. To prevent optical cross talk between the cells—that is, light from one cell entering a neighboring cell—-a long strip of black
paper was placed on the top of each cell.

Other miscellaneous hardware associated with the two frames include a gas monitoring system, an air blower, and a fiber-optic
timing system. The gas monitor detects high levels of xylene, which is the solvent for the scintillator. This gas is explosive and the liquid has a
flash point of 36° C. The gas monitor is connected to the laboratory’s electronic control system. If the gas monitor detects a dangerous level of
xylene, it alerts the control system, which shuts down the high-voltage system powering the PMTs. Each of the voltage dividers produces 5
W of heat. To help keep the inside of the frame cool, each frame has an air blower. To keep the frames light-tight, the blowers are connected

to the frames through light-tight baffles. The fiber-optic system is used for various timing purposes and is discussed in Sec. 3.2.2.

Each of the two walls is supported on a steel frame that centers the wall about the beam height in the N4 vault, where the Neutron
Wall Array is used. The steel frames are on wheels and can be moved independently about the vault. The frames are also designed to nest
into each other so that the arrays can be placed front-to-back, if the user so desires, with a minimum distance between the cells of about 30

cm.

22 Time-of-flight energy resolution

Determining the neutron’s energy by measuring the time the neutron takes to travel a known distance is called the time-of-flight
{TOF) method. Three factors that contribute to the time resolution are: the rise time of the light pulse in the scintillator, the intrinsic time
resolution of the electronics, and the intensity of the scintillation light. These three factors are characteristics of the scintillator and electronic
equipment available. Other factors affecting the time resolution are the collection efficiency of the available light and the thickness of the

scintillator. These last two factors are geometric properties of the detector’s design.

The light pulse arrives at the PMT as a series of photons spread out over some time interval. The electronics used to time the
neutren requires a logic pulse that is generated when a sufficient number of photons has arrived at the PMT to surpass some threshold. (The
threshold could be one photon, but the quantum efficiency of the photocathode surface is not unity, so the time pulse might not correspend
to the first photon that arrives at the photo-cathode surface.) Therefore, the time of the logic pulse relative to the actual scintillation event
can vary depending on the statistics associated with the number of photons required to trigger the logic pulse. A more luminous pulse will

create a higher density of photons-per-unit-time, thus improving the time resolution,

In organic liquid and plastic scintillators light is emitted isotropically. Since the number of photons geing straight to a PMT drops

off as 1/1‘ 2 most of the light collected by the PMT will have scattered from one or more sides of the cell before reaching it. This variation

puts an uncertainty into the photon’s flight path and flight time and can, therefore, add to the uncertainty in the true start time of the

scintitlation pulse.
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The final contribution to a detector’s time resolution comes from the finite time it takes a neutron to pass through the detector.
Figure 10 shows a schematic diagram of our rectangular scintillator detector some distance from a neutron source. The scintillator is viewed

at both ends by PMTs. As a neutron penetrates the scintillator, it has a uniform scattering probability as a function of depth. Since the PMTs
are unable to locate the position of the scintillation in the z direction, there is an uncertainty AS in the distance s from the source to the
scattering event. It is useful to express this uncertainty in terms of a time uncertainty, At = fAg / S, related by the neutron’s velocity,
v=3s / t. Then, for a given thickness of detector, the time resolution depends on the flight time of the neutron through the scintillator,

and therefore on the neutron’s energy.

Increasing the cell's thickness worsens the detector’'s time resolution, but it increases its efficiency. The thickness chosen is

therefore a compromise between the desired efficiency and the desired energy resolution. It is often best to choose a thickness that creates a

At comparable to the other time resolution characteristics.

If the neutron’s energy is determined by its TOF over a flight path s,

1 (s)
E=—-m~| , 1
2\t
and there are uncertainties O g in the flight path and O, in the time, then the uncertainty in the neutron’s energy is
2 2
oz—ozaE +028E @
E — - - .
‘| ds \ ot
Or, expressed as the relative energy resolution,
2 2 2
O-E —_ O-s Gt
=k Rrvatival B ®)
E st

It is often difficult to determine the overall time-uncertainty (, from each of the contributions discussed. Luckily, there is a

process by which the overall & can be determined. When a TOF spectrum is observed for neutrons from a nuclear reaction, there is also

present a distinct, narrow peak associated with the prompt y-rays from the reaction. Since the y-rays all move at the speed of light, their
transit time through a thin scintillator detector is considerably less than the neutron’s transit time. The width of the yray peak thus
represents the time uncertainty for the whole system with only a small contribution from detector thickness. (The y-ray’s emission time does
not contribute to the uncertainty since the y-rays are emitted on the time-scale of electromagnetic nuclear transitions, very much less than

typical laboratory resolution of ~ 1 ns.) Using the width of this y-ray peak and the detector thickness, we can determine the relative energy

resolution O ¢ / E.

Figure 11 [5] shows a typical time-of-flight spectrum from the Neutron Wall Array. The pray peak is clearly visible at the right edge
of the spectrum. The FWHM of this j-ray peak is about 1 ns,

2.3 Position sensitivity

The x-position of an event in the cell is determined from the time difference between the two PMT signals. The position resolution
is therefore related to the time resolution of the system by a time-to-distance calibration. To obtain this calibration, it is necessary to position a
collimated source at different locations and measure the time differences. This value cannot be calculated from the speed of light in the
scintillator because the time signal from the PMT is not based on direct light from the source. Rather, the time signal is mostly the result of
light that scatters from the sides of the cell before reaching the PMT.
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Figure 12 shows three different collimated source measurements as a function of time difference {with an arbitrary offset). Each
peak is 30,48 cm from its neighbor, giving a distance-to-time calibration of 7.65 cm/ns. The time resolution shown in the previous section is

about 1 ns; therefore, the position resolution approaches 7.65 cm for high-energy events.

2.4 Pulse-shape discrimination

Proton recoil scintillation detectors are sensitive to more than just neutrons. Typically, a large background of y-rays and cosmic-rays

is present during an experiment. A few possible methods exist for managing these background radiations.

The most useful method of reducing background events comes from analyzing the electric pulse from the PMT. For some
scintillators, the shape of the pulse varies according to the specific ionization of the ionizing particle. The light produced by an ionizing
particle has two components, a prompt flucrescence and a delayed fluorescence. The prompt fluorescence has a decay constant of a few
nanoseconds, whereas the delayed fluorescence has a decay constant on the order of a few hundred manoseconds. The proportion of light
produced by each of these two components varies according to the specific ionization of the ionizing particle. A lightly-ionizing particle, such
as a cosmic-ray muon or an electron from the compton scattering of a y-ray, will produce a small fraction of its light in delayed fluorescence.
A more highly-ionizing particle, such as a recoil proton from neutron scattering, will produce a larger fraction of its light in delayed

fluorescence. Hence, the time shape of the pulse for neutrons is different from what it is for background y-rays and muons.

Over the years, many procedures have been developed to exploit this PSD property. Most methods are able to discriminate
between y-ray and neutron signals for neutron energies above 3 MeV. A method developed at the NSCL [6] uses two ADCs: one integrates
the total charge of the pulse, and the other integrates the charge for some fixed time-fraction of the pulse. The fixed time-fraction is usually
either the head of the pulse or the tail of the pulse. By comparing the charge in this fraction of the pulse to the total charge in the pulse, we

can determine which species of particle created the pulse.

Most PSD methods are not suitable to a detector as large as the Neutron Wall Array. To overcome their difficulties, we developed a
new method which will be published separately. Our method produces a signal called QFAST, which is proportional to the charge in the
head of a pulse from a PMT. If QTOTAL is the total integrated charge from a PMT, then for a given value of QTOTAL, the value of QFAST
is different for y-rays and for neutrons.

Both QFAST and QTOTAL, are dependent on the distance of the event from the PMT because the light is attenuated by the
scintillator. To compensate for this, we create position-independent QFAST and QTOTAL signals by taking for each the squareroot of the
product of the QFAST and QTOTAL signals from the two PMTs. If the light has a 1/e attenuation length of A (~ 1.5 m in NE213), then the

luminosity at one of the PMTs is L PMT = LO e"‘p‘ , where Ly is the initial luminosity and x is the distance to the PMT. If the other PMT is

a distance ! (the length of the cell) away from the first PMT, then its luminosity is L PMT2 = LD e " o o Taking the square root of the

product of these two measured luminosities we obtain,

Lmeasured = V L.PMTLPMTZ = L()e_lp' ' (4)

where Lucaswed I8 independent of the position of the event within the cell. Not only do we use Lucasueea for the PSD, we also use Lpessurea 0 set a
lower-limit threshold in software. Since this threshold is insensitive to the position of the event, the efficiency is uniform along the cell. For
the rest of this section, QFAST and QTOTAL refer to the position-independent values.

In Fig. 13 we show QFAST plotted against QTOTAL. Since QTOTAL is proportional to the light output, it can be related to either
the compton scattered electron energy or the recoil proton energy. It is easier to represent QTOTAL in terms of the electron equivalent
energy than in terms of the recoil proton energy since, unlike the proton, the electron’s light output is linearly dependent on its energy and

the proton's light output is not linear.
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Figure 14 shows QFAST for various values of QTOTAL, which is again represented in terms of electron equivalent energy. It is clear
from the figure that we have achieved excellent neutron/y-ray discrimination to below 1 MeV electron equivalent energy, or a recoil proton
energy of about 3 MeV. To quantitatively discuss the PSD property of a scintillator, we calculate the so-called Figure-Of-Merit (FOM). The
FOM for one of the spectra in Fig. 14 is defined as the separation between the two centroids of the peaks divided by the sum of the FWHMs
of the two peaks. We consider a FOM above 1.0 to be acceptable. By fitting a double gaussian to the data in Fig. 14 we determine the FOM

shown in Fig. 15 as a function of electron equivalent energy.

3. Operation

The following sections deal with various aspects of operating the Neutron Wall Array. Of primary interest is the electronics system
used to obtain the necessary information from the cells in the array. Also of interest are the two primary calibrations that must be performed
when the Neutron Wall Array is used.

3.1 CElectronics

For every event in the Neutron Wall Array we must know the time of the event with respect to some reference signal (e.g., the time
of a fragment event or of the cyclotron RF), the position of the event along the cell, and the energy of the recoil proton. We must also record
QFAST and QTOTAL to do PSD.

By measuring the time between some reference signal and each of the PMTs on a cell, we can find both the time of the event and
the position of the event along the cell. If tL is the time between the reference signal and the left PMT, and f is the time between the

reference signal and the right PMT, then to first order, the time-of-flight of the event is

t, +t
TOF =+t _R® _ (5)
2
and the position from the center of the cell is
position=k(t, —#, ) (6)

where k is the scale factor between time and distance (see Sec. 2.3). Higher- order terms would correct for nonlinear effects at the very ends
of the cell.

We determine the energy of the recoil proton from QTOTAL (see Sec. 3.2.1). If there is a large dynamic range in the recoil proton
energies, we must also produce attenuated versions of QFAST and QTOTAL.

Figure 16 shows a simple schematic of the electronics used to obtain this information from a PMT. All of the information is obtained
from the two electrical signals produced by the PMT’s voltage divider. One signal is a positive-voltage pulse from the last dynode in the
multiplier chain and the other signal is a negative-voltage pulse from the anode that collects the charge from the muitiplier chain. The
dynode pulse is used for the timing signal, and the anode pulse is used for the integrated charge signals. Most timing electronics use negative
pulses, 50 we invert the dynode pulse with a small inductor. This inverted signal is fed into a constant fraction discriminator (CFD). The
CFD produces a fast logic pulse if the voltage of the input signal surpasses a programmable threshold. The logic output of the CFD i then
used to start a fast clock, a time-to-digital converter (TDC). The clock is stopped by the common reference signal. A logical OR of all of the
CFD outputs is used to create a gate signal, which controls the charge-to-digital converters (QDCs), and a trigger signal for the primary trigger
logic which controls the data acquisition computer.

Our traditional method of doing PSD [6] is shown in the upper part of Fig. 17. The anode signal is split and fed into two QDCs.
One of the two signals is delayed 30 ns before being fed into the QDC. A gate signal is then timed so that it begins with the start of the
delayed signal; the QDC integrates the pulse as long as there is a gate sighal. While this method works very well, it is not suited for
applications where two (or more) neutrons must be detected in coincidence. The problem is, if two neutrons arrive at different times, two

different gates are required. Unfortunately, most QDC modules have multiple channels controlled by one common gate. A few solutions
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exist. One solution is to use one QDC module per PMT and only use two channels per module. The high cost of QDC modules makes this
solution impractical if a large number of PMTs is involved. Another solution is to use a linear gate module as the input to the QDC, in effect
giving each QDC channel its own gate. We prefer not to use this method because of insufficient stability of available linear gates. (This was
the method used by Sackett et al. [2].)

While investigating other PSD methods, a suggestion arose for a very simple circuit that would create QFAST, The method of
creating this pulse will be described in a separate publication. This pulse can be created any time during the gate period. With this method,
we again split the anode pulse into two separate pulses. One of the two pulses is integrated to produce QTOTAL. As long as the gate starts
before the pulse and lasts for approximately 300 ns after the beginning of the pulse, the position of the anode pulse with respect to the gate &
arbitrary. The other pulse is used to create QFAST. It too can fall at an arbitrary time within a wide gate. Hence, QFAST and QTOTAL are
createdequally well for each neutron in a two-neutron event.

The same signal that produces the gate for the QDCs is also used as the Neutron Wall trigger for the primary trigger logic. The
primary trigger logic's job is to coordinate the Neufron Wall electronics with the rest of the electronics required by the experiment. Typically,
the logic is designed to lock for a coincidence between the Neutron Wall trigger and a signal in another detector, If such a coincidence
found, then the data acquisition computer is instructed to read the values of the QDCs and the TDCs. If the Newutron Wail triggers and there
is no coincidence with the other detectors in the experiment, then the Neutron Wiall electronics processes a fast clear. This resets all of the
QDCs and TDCs. This is particularly useful because of the high background counting rate of the wall. With thresholds set to T MeV electron
equivalent energy, the background counting rate is about 16,000 events per second. By using the fast clear, these events are not processed by
the data acquisition computer. This reduces the dead time of the system. Once the computer is activated, a veto signal is issued to all CFDs
to prevent events from entering the electronics before the previous event is completely read out. A schematic drawing of the primary trigger
logic that was used in the Nentron Wall’s first experiment is shown in Fig. 18. To record some small fraction of the Neutron Wall events and

fragment events that were not in coincidence, down-scaler units were used.

3.2 Calibrations

Two particular calibrations must be performed each time the neutron wall is used: a calibration of pulse height to energy, and a
calibration of time per ADC channel. These calibrations are demonstrated below.

321 Pulse-height calibration

Although TOF is used to determine the neutron'’s energy, it is often useful to know the energy E,, of the recoil proton. The obvious
method is to relate E, to QTOTAL, and we explained in Sec. 2.4 (Eq. 4) how a position- independent value can be made by taking the square
root of the product of the two PMT pulse heights.

To calibrate the pulse-height spectrum we use various y-ray sources. In the same manner that neutrons are detected through (n,p)
scattering, y-rays are detected through compton scattering. We use three different y-ray sources for the pulse height calibration: *Co, 28Th,
and RC (E, = 444 MeV)} in a PuBe source. Figure 19 shows a sample pulse-height spectrum for each of the three sources. The energies
shown are not the y-ray energies, but the compton-edge energies of the recoil electron. The compton-edge energy is associated with the
channel of the half-height value of the compton edge. Once the y-ray calibration is known, we use an empirical expression relating equal

amounts of light output from recoil protons of energy E, (in MeV) and from recoil electrons of energy E. (in MeV) [7]. The expression is

E, =aE, —az[l.O—exp(—a3E:4 )] )

where a; = 0.83, a, = 2.82, a3 = 0.25, and a4, = 0.93.
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3.2.2 Time calibrations

It is necessary to calibrate the TDCs used to measure the neutron’s TOF. To facilitate the calibration, a fiber-optic system has been
installed in each wall. This system uses an ultraviolet laser to illuminate a bundle of fiber-optic cables simultaneously. The bundle is then
separated into individual cables that are fastened to the center of each cell. The fiber-optic cables have been cut to exactly the same length.
One extra cable is sent to a small plastic scintillator attached to a fast PMT; this detector provides a constant time reference that is used as the
TDC stop signal. In essence, it replaces the fragment detector used for the TOF measurements. By changing the delay between the reference
detector and the input to the TDC stop, we obtained different peaks in the TDC spectrum. A composite of such spectra is shown in Fig. 20,
where five different laser peaks are present. Knowing the incremental steps added to the delay, we calculate our time-to-channel

calibration.

4. The Neutron Wall Array in recent experiments

The Neutron Wall Array was completed in April of 1995. To test the simulation models developed by Wang et al. [8], neutrons were
detected from the "Li(p,n)’Be reaction, a reaction that produces only one neutron whose angular distribution and energy distribution are well
known. The simulations model the effects of cross talk and out-scattering, and they can be easily compared to the results from the Li(p,n)"Be
experiment. A paper [8] describing the model and the results from this experiment is to be submitted to this journal in the near future. In
the time since the Neutron Wall Array was completed, it has been used as intended, ie., for the study of light, neutron-rich nuclei. In
addition, it has been used in a heavy-ion neutron-neutron correlation experiment and in an experiment on nuclear astrophysics. Several

more experiments are currently planned.
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Figure 1 - Experimental setup to measure the complete kinematics of "Li—®Li+2n events [2].
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Figure 2 - A cutaway diagram of a neutron detector used by Sackett et al. [2] Neutrons are incident from the left. The scintillator is 12.7 ¢m in
diameter and 6.7 cm deep for a volume of 0.97 1.

Figure 3 - The NSCL experimental areas.
Figure 4 - Drawing of an individual detector cell from the Neutror: Wall Array.

Figure 5 - Photograph looking lengthwise through a cell. The NSCL logo was placed at the opposite end of the cell. All but the center image
result from total internal reflections from the sides of the cell.

Figure 6 - Schematic drawing of the bubbling setup for a completed cell. For about 1 hour, dry nitrogen gas is blown through the narrow
Teflon tubing that is fed through the reserveir into the cell.

Figure 7 - Schematic drawing of the passive voltage divider used on the Philips XP4312/04 PMT.
Figure Error! Main Document Only. - Mechanical cutaway drawing of one wall of the Neutron Wall Array.
Figure 9 - Top and side view of the cell-mounting bracket.

Figure 10 - Schematic drawing of a neutron being detected in a long scintillator cell. Two photon paths are shown, one going to each PMT

and both originating at the point of neutron interaction. To show these details, the cell thickness As has been magnified by a factor
of 5.

Figure 11- Neutron and y-ray TOF spectrum from Ar on Ho at 25 MeV/nucleon. The prompt y-ray peak from the reaction is an indication of
the overall time resolution of the Neutron Wall Array [5].

Figure 12 - Time difference measurement of a collimated ®Co source at three different positions. The positions are separated by 30.48 cm.

Figure 13 - A PSD spectrum from a cell in the Neutron Wall Array. The neutrons and y-rays are from a Pu-Be source placed 1 m
perpendicularly from the center of the cell. :

Figure 14- Individual QFAST spectra for various QTOTAL values. The QTOTAL values are expressed in terms of electron
equivalent energy.

Figure 15 - Figure-of-merit from Fig. 14 as a function of the light intensity in units of electron equivalent energy.

Figure 16 - Basic outline of the processing of the signals from the Neutron Wall Array. Q1 through Q4 represent the charge signals: anode,
attenuated anode, PSD, and attenuated PSD.

Figure 17 - Signals and gate used in pulse-shape discrimination [6).
Figure 18 - Primary trigger logic.

Figure 19 -Pulse-height spectra for three different y-ray sources. The compton edge is used to obtain a calibration of pulse height to electron
equivalent energy for 1.1, 2.4 and 4.2 MeV. :

Figure 20 - A laser time calibration for a cell in the Neutron Wall Array. The laser pulses are separated by 20 ns.
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