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Abstract

PART I: A MEASUREMENT OF THE 8LI(n,¥)°L1 CROSS SECTION AT
ASTROPHYSICAL ENERGIES BY REVERSE KINEMATICS.

We have made the first attempt to determine the 8Li(n,Y)°Li cross section at
astrophysical energies. This reaction competes with the 8Li(a,n)!!B reaction in
the inhomogeneous big bang model, and its reaction rate may affect the
primordial abundance of A > 12 nuclei. Using a radioactive beam of °Li and the
coulomb dissociation method it is possible to measure the cross section of the
inverse reaction %Li(y,n)8Li. The cross section of interest, 8Li(n,y)°Li, can then be
determined with the detailed balance theorem. With a neutron separation
energy of 4 MeV for 9Li, nuclear dissociation into n+8Li competes strongly with
coulomb dissociation. Therefore, to separate the nuclear from the coulomb
contribution we attempted to measure the cross-section for 6 different targets
with Z ranging from 6 to 92.

PART II: A LARGE-AREA, POSITION-SENSITIVE NEUTRON DETECTOR
WITH NEUTRON/Y-RAY DISCRIMINATION CAPABILITIES.

To further study neutron-rich halo nuclei, we have constructed a neutron
detector array. The array consists of two separate banks of detectors, each 2x2
meters? 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 distinguish between neutron and y-ray signals
above 1 MeV electron equivalent energy. Although the detector array was
constructed for a particular experiment, it has been used in a number of other

experiments and will be a part of future experiments.
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morals catch up perhaps there’ll be no reason for it.
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Partl

A Measurement of the 8Li(n,y)°Li Reaction Cross Section at
Astrophysical Energies by Reverse Kinematics.

1 Introduction

A persistent question that arose from Edwin Hubble’s 1929 discovery of
the expanding universe is whether or not the universe contains enough mass to
halt its expansion. Given current cosmological theories, if the universe is to halt
its expansion (or is closed), one must conclude that most of the matter in.the
universe is non-baryonic. This conclusion has lead many to search for exotic
forms of matter or so called “dark matter.” While most of these attempts have
turned up empty, some recent enhancements to the standard big bang theory
suggest it is possible to close the universe with baryonic matter. An
observational test of these new theories might lie in observable quantities of
primordial A > 12 isotopes. To calculate these quantities, additional reactions
must be included in the nucleosynthesis chain. Many of these reactions have
never been studied. One reaction in particular, 8Li(n,y)°Li, is the subject of our
study.

1.1 Purpose

The nucleosynthesis associated with the standard big bang (SBB) model
begins with a homogeneous neutron-to-proton ratio, and it constrains the
baryon-to-photon ratio, 1. (If one believes that the universe is closed, then the
constraints on m indicate that most of the matter in the universe must be non-

baryonic.!) A study by Witten? of the quark-gluon plasma to hadron phase
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transition in the early universe has brought into question the assumption of a
homogeneous neutron-to-proton ratio. In this study, an inhomogeneous density
distribution leads to the formation of neutron-rich regions. These regions
develop because the neutrons’ long scattering length allows them to diffuse more

easily than the protons from the higher to the lower-density regions.

Nucleosynthesis in these neutron rich regions would be very different
than in the SBB model, and has been modeled by Malaney & Fowler.? These
models can successfully reproduce the observed primordial isotope abundance
up to 7Li—where the SBB ends—with a baryon density sufficient to close the
universe. As an observational test, Applegate, Hogan, and Scherrer have
suggested that nucleosynthesis in these neutron rich regions could lead to

observable amounts of A > 12 isotopes.4

The primary reaction chain leading to A > 12 isotopes, is
H(n,Y)*H(n,Y)*H(d,n)*He(t,¥)"Li(n,Y)®Li,
8Li(o,n)!1B(n,Y)'2B(B)1>C(n,7)1*C(n,1)4C,

with a weaker chain passing through the 7Li(a.,y)!'B channel.5 A reduction of up
to 50 percent in heavy element production could come from two leak reactions,
8Li(n,y)°Li and 8Li(d,n)9Be.5 Figure 1 shows a schematic view of this reaction

sequence.



Z 3He 4He

1Hq |/ 2H [ °H

Figure 1 - The primary reaction chain for A > 12 nucleosynthesis in a neutron.
rich region. The solid lines indicate the primary production chain, and the
dashed line indicates a destructive chain leading to 4He production.
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Malaney and Fowler comment “that the predictions concerning the level
of A > 12 production remains uncertain due to the presence in the reaction chain
of the radioactive isotope 8Li which has a half-life of 0.9 s.”3 Of particular
difficulty is the radiative, neutron capture reaction, 8Li(n,y)’Li , where both the
target and the projectile are radioactive. The theoretical estimates of the
8Li(n,y)°Li cross section vary by more than an order of magnitude. We present
the first attempt at determining this cross section by making a kinematically

complete measurement of the inverse reaction 9Li(y,n)5Li.
1.2 Procedure

To study the radiative capture process of neutrons, such as 8Li + n — °Li +
¥, one would typically bombard a target of 8Li with neutrons and measure the
energy of the emitted y-ray. Unfortunately, 8Li is unstable and has a half-life of
850 ms, much too short to make a useful target. Although it is possible, with the
advent of radioactive beam facilities, to produce a beam of 8Li, one would then
be required to produce a target of neutrons. Since these two methods are

extremely difficult or impossible, a new approach is needed to study this process.

A similar situation exists for the radiative capture of protons with
radioactive beams; although proton (H) targets are possible, these targets are
very difficult to construct and add complications to the analysis of the reaction.
To study such difficult radiative capture reactions, Baur, Bertulani and Rebelé
suggested the method of coulomb dissociation. In this process, one measures the
photodisintegration cross section of the time reversed reaction 9Li + y — 8Li + n,
by passing the °Li through the virtual photon field of a large-Z nucleus. This
cross section can then be related to the radiative capture cross section by the

detailed balance theorem?



High-Z
target

Figure 2 - Schematic drawing of the coulomb dissociation method.
2(2j, . +1) k?
87 : . _ 9y . B
Ton "L+ 7)= (2], +1’)J(2jn +1) k; Om(Li+y="Li+n), (1)

where k is the wave number for the 8Li+n channel, k, is the photon wave number,
and joLi, jsui, and j» are the appropriate spins. Figure 2 shows a schematic

drawing of the coulomb dissociation process.

The nuclear coulomb field produces a continuum of virtual photon
energies. For each event it is necessary to measure the center of mass decay

energy Ejof the reaction products to determine the excitation energy

E . =E =E,+S, (2

where Sy, the neutron separation energy, is the binding energy of the least bound

neutron in °Li. Once the decay energy is known, the measured differential
coulomb excitation cross section do/dE, can be related to the

photodisintegration cross section o, ,, by
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E, do

=L 3
Oy ng, dE, ®)
where ng; is the virtual photon number for the electric dipole transition, which is

assumed to dominate and is calculable.6# The virtual photon spectrum is

discussed and calculated in section 3.4 on page 42.
1.3 Design

To measure the coulomb dissociation cross section, we used a °Li beam of
28.53 MeV/nucleon, incident on a high-Z target. In previous experiments using
the coulomb dissociation method, the neutron separation energy of the projectile
was sufficiently small that coulomb dissociation was the dominant
reaction, 101112 and nuclear effects were ignored. However, the neutron
separation energy for °Li is 4.063 MeV. This reduces the available number of
virtual photons with sufficient energy to dissociate °Li, thus reducing the
coulomb dissociation cross section. Consequently, we expect the measured °Li

dissociation cross section to contain a non-negligible nuclear component.

Our interest in the coulomb component lead us to attempt to estimate the
nuclear component of the cross section. The coulomb dissociation cross section
depends, among other things, on Z2 of the target, and for very low-Z targets we
expect the coulomb dissociation to be negligible compared to the nuclear
dissociation. The nuclear dissociation should scale with the square of the target-
plus-°Li radius. Therefore, if we normalize the nuclear dissociation to the
observed cross section for a low-Z target, we can then scale the nuclear cross
section for larger-Z targets where coulomb dissociation is expected to be
significant. To measure the deviation from a pure nuclear dissociation in a
systematic way, we have measured the dissociation cross section for six different

targets with Z ranging from 6 to 92; see Table 1 for a complete list of the targets.
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To determine do/dE, we used a measurement of cross section versus E,

Then we get 0, from equation 3 and the radiative capture cross section from

equation 1. For each event E_ is determined by measuring Es and using equation
2 with S, = 4.063 MeV. If we make a complete kinematic measurement of the
two reaction products, the 5Li fragment and the neutron, in the laboratory frame,
we can deduce E; as follows: By knowing the masses of the éLi and neutron, the
decay energy can be calculated from the relative velocity Vri of the 8Li and

neutron, E, =1 V32

rel 7

where p is the reduced mass.!3 Vi can be expressed as the

difference between the center of mass velocities in the °Li frame of each product,
V, =V, -V, . In the laboratory frame, V,* =V, +V, and V,7 =V, +V, .

Therefore, the relative velocity of the two products is simply the difference
between their laboratory velocities, V,, = V,*° —V:“l:’. . The laboratory velocities
can be measured if we know the energy and direction from the target of each

reaction product.

Since big-bang nucleosynthesis begins when the temperature has dropped
to kT =100 keV !, the 8Li(n,y)°Li reaction is of astrophysical interest for only low
energy neutrons. Consequently, we are primarily interested in photo-
disintegrations with photon energies of approximately 4.0 to 4.5 MeV. With a 9Li
beam energy of 28.53 MeV/nucleon, the beam velocity is much greater than the
velocities of the decay products; as a result, the decay products are forward

focused in the laboratory.

2 Experimental Setup

The measurements were performed at the National Superconducting
Cyclotron Laboratory (NSCL). The laboratory’s A1200 Spectrograph was used to

produce an isotopically pure beam of °Li beam by a fragmentation reaction of 60



MeV/nucleon Ni# on a thick °Be target. The °Li beam was sent into an
experimental hall where, after passing through a target, the charged fragments
were detected in a Si-CslI telescope and the neutrons were detected in the Neutron

Wall Array.

The strong forward focusing of the reaction products mandates that we
place both the fragment and neutron detectors at zero degrees with respect to the
beam. We can let the telescope act as the beam stop because the beam current for
a secondary radioactive beam is typically much less than a primary beam; for our
%Li beam the rate was about 5000 particles per second. Unfortunately, the zero
degree telescope provided more material than the target for 9Li in which it could
interact. To overcome this difficulty, we must make target-in and target-out
measurements and subtract the target-out from the target-in to observe the

reactions from the target.

Figure 3 shows a schematic diagram of the experimental setup. Not
shown in Figure 3 are the A1200 Spectrograph and a small, thin plastic scintillator
detector placed after the telescope and subtending the same solid angle as the
Neutron Wall Array. This plastic scintillator was used to veto protons that made it
to the Neutron Wall Array.

Table 1 - A list of the targets, their
thickness’, and the energy loss for 28.53

MeV/nucleon °Li particles.
Target Thickness AE

(mg/cm?) (MeV)

28y 339.2 27.27
208Ph 495.0 40.77
120G 356.8 34.29
6Cu 282.1 33.12
Z7Al 261.9 34.38
12C 125.2 15.84
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2.1 Fragment Telescope

The fragment telescope must perform four functions: distinguish the 8Li
fragments from the unreacted °Li beam particles and other fragments, provide
the energy and position information of the fragment and a timing signal for the
Neutron Wall Array. The particle identification is accomplished by using the
technique of a AE-E telescope. The energy loss AE of a particle passing through a
thin absorber is directly proportional to its mass and charge squared and
inversely proportional to its energy. When an E (stopping) detector is used to
measure the residual energy of the particle after it passes through the AE

detector, both the mass and charge can be determined for low-Z isotopes.14

The fragment telescope is composed of three individual detectors: a Si-
strip detector for position, AE and timing information; a Si PIN diode detector for
additional AE information; and a Csl stopping detector for residual energy
information. Figure 4 shows an exploded view of the fragment telescope. Both
of the Si detectors have an active area of 5x5 cm2. The Si-strip detector was 309
pm thick and the Si PIN diode was 322 um thick. The Si-strip detector has 16
vertical strips on one side and 16 horizontal strips on the other side; when a Li
particle passes through the strip detector, most of the charge is collected on a
single vertical strip and a single horizontal strip, thereby identifying the location
of the event. The Csl detector is a 0.5-cm-thick square crystal, 6 cm on a side; it is
viewed by four Si-PIN diode detectors optically coupled to the back side of the
crystal. By summing the AE signals from the Si detectors and comparing the sum
to the energy in the Csl detector, we can identify the different fragment isotopes

entering the telescope.
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Fragment Telescope

"~ /
-4
Csl crystal \\\\1
SltPII\! dlogeldetecttc;rs Si PIN diode
o view Csl crysta 300 pm Si strip detector
16 vertical by
16 horizontal
300 um

Figure 4 - An exploded view of the fragment telescope. The beam is incident
from the right, and passes through a 300 um Si strip detector, followed by a 300
pm Si PIN diode detector and stops in a 0.5 cm thick Csl crystal. The Csl
crystal is viewed by 4 independent Si PIN diode detectors optically coupled to
the backside of the CsI crystal.
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The Si detectors were calibrated with both an o-particle source and a
series of calibration beams. The energy deposited in the Si detectors by the a-
particles is independent of the thickness of the Si detectors because the o-
particles’ range is sufficiently smaller than the thickness. Conversely, each
calibration beam passes through the Si detectors, and the energy deposited
depends on the thickness of the detectors. By comparing the two calibrations, we
were able to determine the thickness of each detector. The calibrated energy
signals were summed to produce the AE value for the particle identification and
then added to the CsI to obtain the fragments’ total energy. The lower pane of
Figure 5 shows the AE spectra for a 24.43 MeV/nucleon 9Li calibration beam.
Very narrow momentum slits (4%) were used in the A1200 Spectrograph to
produce this beam; therefore the observed width represents the intrinsic
resolution of the Si detectors and not the energy spread of the beam. The
measured energy width is about 6% FWHM, or o,, =0.61 MeV. The asymmetric

distribution is a natural result of statistical nature of the energy loss processes.

The light output of the Csl crystal, as a function of energy deposited,
varies throughout the volume of the crystal. This produces very poor energy
resolution when the crystal is viewed as a whole by the PIN diode detectors. To
optimize the resolution, we use the pixel information from the Si strip detectors
to calibrate 256 discrete regions of the CsI detector. Although the resolution still
varies among regions, the mean resolution is about 2.6% FWHM; the best region
has a resolution of 1.5% FWHM and no region used in the analysis has a
resolution worse than 3.0% FWHM. The upper pane of Figure 5 shows the
calibrated energy spectrum from the CsI detector for the 24.43 MeV /nucleon °Li

calibration beam. The measured width of the peak is 2.1% FWHM, or
Ocq =171 MeV. The error in the Si detectors and the Csl detector combine to
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give an error in the total fragment energy of 6 1,,, = 1.8MeV .

Figure 6 and Figure 7 show the AE-E particle identification spectra for the
Pb target runs. Figure 6 shows the telescope events in coincidence with an event
in the Neutron Wall Array; Figure 7 shows the same data when the Neutron Wall
Array event was required to be a neutron. In Figure 7 you can see the 1/E energy
loss curves for 7Li, for 8Li, and very clearly for 4He. The bar running to the left of

the %Li are mainly events that take place in the Csl crystal.
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Figure 5 Energy spectra from the Si-Csl telescope for a 24.43 MeV/nucleon °Li
calibration beam. The beam had an energy spread of % %.
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Figure 6 - The particle-identification spectrum for one Pb-target run. This
spectrum shows all events in the Si-Csl telescope that were in coincidence with
an event in the Neutron Wall Array, without a neutron gate.
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Figure 7 - The particle-identification spectrum for one Pb-target run. This
spectrum is the same as for Figure 6, except the signal in the Neutron Wall
Array is passed through a neutron filter.



2.2 Neutron Wall Array Y

We detect the neutrons with the NSCL’s Neutron Wall Array, a large, 2x2
m?, position sensitive neutron detector. The Neutron Wall Array is discussed in
detail in Part II. Although the detector consists of two 2x2 m? planes, only one
half of one plane was available at the time of the experiment. Each of the planes
consists of 25 2-m-long glass cells filled with a liquid scintillator. Each cell is
viewed by two photomultiplier tubes (PMT) optically coupled to the ends of the

cell.

The primary mechanism for detecting neutrons with energies of between 5
and 30 MeV is by observing the scintillation caused by a recoiling proton that has
elastically scattered a neutron. The proton scintillation process cannot provide
unique information about the incident energy of the neutron; therefore, it is
necessary to use the time-of-flight (TOF) method to determine the energy of the
incident neutron. When using the TOF method, the energy resolution is
dependent on two factors: the intrinsic time resolution of the detector and the
length of the flight path. The flight path was 5.07 meters from the target to the
center of the array; this value was chosen as a balance between the acceptable

solid angle subtended by the detector and the required energy resolution.

The Neutron Wall Array has a scintillator volume of about 500 liters, spread
through two thin detecting planes with a very large surface area. This
configuration makes it very sensitive to cosmic-ray and y-ray backgrounds, since
cosmic-ray efficiency is primarily dependent on the detector’s surface area. To
eliminate this background, the Neutron Wall Array was built using the liquid
scintillator NE-213, which has the well known property of pulse-shape-
discrimination (PSD), allowing us to distinguish between neutron events and -

ray/cosmic-ray background events.
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Although there are a number of different methods of performing this
pulse-shape-discrimination, most are not suitable to a detector as large as the
Neutron Wall Array. To overcome the difficulties of these existing methods, we
developed a new method which is discussed in Part 3. Our method produces a
signal called QFAST, which is proportional to the charge in the early portion of a
pulse from a PMT. If QTOTAL is the total integrated charge from a PMT, then
for an equal amount QTOTAL from a y-ray and a neutron, the value of QFAST is

different for y-rays and neutrons.

The scintillation light inside a cell is attenuated as it makes its way to each
PMT, so that the luminosity measured at the PMT is L, =L, e *, where Lo is
the initial luminosity, x is the distance to the PMT, and A is the attenuation
length. If the other PMT is a distance ! (the length of the cell) away from the first

PMT, then its measured luminosity is Ly, =L,e /. If we take the square

root of the product of these two measured luminosities,

-ya
Lossures = N LemrLomra = Lo I,

then Lmeasured is independent of the position of the event within the cell. We use
the Lmeasured Value to set a lower limit threshold in software. The limit we have

used is 2 MeV ‘-ray equivalent energy, or a 5.0-5.5 MeV neutron energy.

Figure 8, Figure 9, and Figure 10 show samples of the PSD spectra. Figure
8 shows the PSD for the square root of the product of the total charge signals and
the QFAST signals. No software threshold has been applied to these data; as can
be seen, we have very good pulse shape discrimination for low energy neutrons.
Unfortunately, as the neutron energies increase, the PMT closer to the event
saturates, and the square root of the product method fails. For these events, we

use a spectrum such as that in Figure 9 to determine if the event was a neutron.



19

In Figure 9, we compare only one PMT signal to its corresponding QFAST signal.
If the pulse is large enough to saturate both PMT signals, then we use an
attenuated PMT signal; this is shown in Figure 10.

The upper pane of Figure 11 shows the TOF spectrum for one cell in the
neutron wall, including all ¥ray and cosmic-ray events. The TOF is measured
between the Si-Strip detector and the mean-time of two PMTs on a cell in the
Neutron Wall Array. It is not possible to know an exact zero for the clock from the
electronics; therefore, we use the observed prompt yray peak in the TOF
spectrum to determine the time-equals-zero channel. The prompt yray peak is
produced when the Neutron Wall Array detects the <yrays from nuclear
interactions in the target and telescope. Since their time is independent of their
energy, and we know the flight path, we are able to determine when the clock
started. The inset to the upper pane of Figure 11 shows the y-ray peak in more
detail. The width of this peak is a measure of the intrinsic time resolution of the
neutron detector and allows us to know the neutron energy resolution. For a 24-
MeV neutron, over a 5-meter flight path, the FWHM energy resolution will be
3%. The lower pane of Figure 11 shows the neutron only TOF spectrum for the

cells used during the experiment.
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Figure 8 - A low energy pulse-shape-discrimination spectrum for a cell in the
Neutron Wall Array. The square root of the product of the integrated charge
from the two PMT signals is plotted on the abscissa and the square root of the
product of the PSD signals on the ordinate.
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Figure 9 - A low energy pulse-shape-discrimination spectrum for a cell in the
Neutron Wall Array. The integrated charge of the PMT signal is plotted on the
abscissa and PSD signal is plotted on the ordinate.
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Figure 10 - A high energy pulse-shape-discrimination spectrum for a cell in the
Neutron Wall Array. The attenuated integrated charge of PMT signals is
plotted on the abscissa and the PSD signal is plotted on the ordinate.
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Figure 11 - Time-Of-Flight (TOF) spectra for the Neutron Wall Array. The

upper pane shows the TOF without a neutron PSD filter applied to the data,
the lower pane shows the TOF with a neutron PSD filter.
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2.3 Data Acquisition
There are three primary sub-systems in the data acquisition system. The
first sub-system acquires data from the Neutron Wall Array, and is described in
more detail in Part II. The next sub-system acquires data from the Si-Csl
telescope, and the final sub-system contains the master-trigger logic for

controlling the data acquisition computer.

The Neutron Wall Array acquisition system provides direct and attenuated
pulse-height information and a QFAST signal for each of the PMTs in the array.
In order make the time-of-flight (TOF) measurement, the acquisition system also
provides a time value for each PMT, measured against some common stop
signal. For this experiment, the common stop signal comes from the Si-Csl

telescope.

The stop signal from the Si-Csl telescope comes from a logical OR of the
timing signals from the 16 vertical strips of the Si-strip detector. Each of the
vertical strips is connected to a pre-amplifier that provides a slow signal
proportional to the energy deposited in the strip, and a fast timing signal. Only
the energy signal is used for the horizontal strips. A 16-channel programmable
constant-fraction-discriminator is used to produce a logic signal from each of the
16 fast signals. Since the TOF stop signal passed to the Neutron Wall Array is
created by a logical OR of 16 different channels of electronics, the TOF must be
corrected for the time variations between the channels. When a signal is
produced in a strip by a charged particle passing through the strip, the
neighboring strips also create small signals. The signals in the neighboring strips
are about two orders of magnitude less than in the strip that was hit. These
smaller signals will not pass the threshold of the constant fraction discriminator

and will not contribute to the logical OR signal. Therefore, we calibrate the
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Neutron Wall Array TOF with each of the 16 vertical strips, and for each event we
use the calibration from the strip with the maximum pulse height to calculate the
TOF.

A logical AND is formed from the logical OR signal of the Si-strips and
the computer-not-busy signal; this AND signal is then used to create the gdte
signal for ORTEC ADB811, peak-sensing, analog-to-digital-converters (ADC) that
measure the pulse-height signals from the all the strips, vertical and horizontal.
This same gate signal is also used for AD811s that read out the Si PIN diode

detector and the four Csl light detectors.

For this experiment, a valid event is one where signals from the Neutron
Wall Array and the Si-Csl telescope fall within some specified coincidence period.
Registering this coincidence and instructing the computer to read out the data
from the appropriate modules is the primary purpose of the master-trigger sub-

system, shown schematically in

Figure 12. The coincidence period is defined as the 250 nanoseconds following
an event in the Si-Csl telescope; a time sufficiently large to allow the lowest

energy (slowest) neutrons that we can detect to make it to the Neutron Wall Array.

To calculate the dissociation cross section, we must know the number of

Li particles incident on the target. We determine the number of incident
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particles by counting the number of °Li’s that enter the telescope, since the vast
majority of the °Li particles do not interact in the target and pass into the
telescope. Counting all of these events would create an unacceptable dead-time
in the electronics, and many coincidence events would be missed while the
computer is busy counting the beam particles. Therefore, we only record
1/200th of events in the Si-Csl telescope that are not in coincidence with an event
in the Neutron Wall Array. To provide information during analysis on the
performance of the Neutron Wall Array, we also record 1/1000 of the Neutron Wall

Array events that are not in coincidence with an event in the Si-Csl telescope.

3 Data Analysis

The primary difficulty in the data analysis is the identification of the 8Li
particles in the telescope. The procedure we used is discussed in section 3.1.
Once the 8Li-neutron coincidences are identified in the data, the 8Li+n system’s
decay energy is calculated from the measured kinematics (see section 3.2). Then
decay energy spectra for each target are folded with a decay energy dependent
detection efficiency to obtain a measured dissociation yield. Using this measured
dissociation yield and the detailed balance theorem, we determine the 8Li(n,y)’Li

radiative capture cross section.
3.1 8Li Particle Identification

To calculate the dissociation cross section for 9Li, we must determine if the
particle entering the telescope was 8Li. Although the coincidence requiremeht
with a neutron in the Neutron Wall Array eliminates all but a few of the 9Li from
the telescope spectrum, it is necessary to distinguish the 8Li from 7Li, 4He, and

reaction products produced in the telescope itself.
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Figure 12 - Schematic drawing of the primary trigger logic. The boxes with the
dark outlines indicate the electronics set-up for each of the two primary
detectors. The modules labeled with fractions are down-scale units; they
produce a logic output for every 1/n or 1-(1/n) logic input signal.
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The strong forward focusing of the reaction products, when the decay
energy is low, requires us to place the telescope detector at 0° with respect to the
beam. Unfortunately, the unreacted °Li’s entering the telescope have much more
mass to interact with than they had in the target. If an interaction in the
telescope produces a neutron that is detected, it is difficult to determine if the
event took place in the target or the telescope. To remove this telescope
background, we measure the cross section with the target and without the
target, the so called target-in and target-out measurements, and subtract the
target-out cross section from the target-in cross section. To avoid creating
systematic errors between the target-in and target-out measurements, the beam
energy for the target-out measurement was reduced by an amount equivalent to

the energy loss in the targets.

Although it is possible to identify the 8Li isotopes from the AE-E spectrum
shown in Figure 7, it is nevertheless difficult. To make the task easier, we take
advantage of the fact that light ions, such as He and Li, obey the empirical
power-law formula R =aE“, where R is the range of a particle with an energy E
and a and o are constants.!5 Using this power-law relationship, we derive a
particle-identification (PID) function that is directly proportional to the mass and

charge squared (AZ2). The PID function can be expressed as

PID = E® — (E - AE)® 4)

where E is the total energy of the fragment entering the Si-Csl telescope, AE is the
energy loss in the Si detectors, and a is selected to provide, for a given fragment
species, a constant value of PID over the energy range of interest. For our range

of energy, values of a from 1.75 to 1.80 are acceptable. We useda =1.78.
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The width of the PID peak for a given isotope can be found by using the

two individual detector resolutions. For any function of two parameters,

x = f(u,v) , where the variance of each parameter is known, the variance of x is

2 _ 2&2 2&2
o,= u(al) +o’v(a’) (5)

if u and v are uncorrelated.’¢ If the variances of the Si and Csl detectors

given by

correlated, the error in one must influence the error in the other. Since the
electronics are sufficiently separated, there are no electronic effects to cause a
correlation. Although there is energy straggling in the Si detector, which could
affect the energy deposited in t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>