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ABSTRACT

SUBTHRESHOLD PION PRODUCTION FROM CHARACTERIZED EVENTS
IN NE + AL REACTIONS

By

Stefan Andreas Hannuschke

The production of positively charged pions below the free nucleon-nucleon thresh-
old in intermediate energy heavy ion collisions was investigated. The system stud-
ied was ?®Ne + 27Al at bombarding energies of 90, 110 and 150 AMeV. Pions and
fragments were detected using the MSU 471 Array yielding complete event charac-
terization. Using the Array to determine the centrality of pion producing events,
an apparent enhancement of the production cross section for peripheral events was
found. That trend increases with decreasing bombarding energy. The kinetic energy
distributions measured for protons and pions are in good agreement with BUU model
calculations. The proton spectra are reproduced for all kinetic energies, whereas the
pion spectra are under-predicted at the lower energies. Analyzing the energy spectra
for all detection angles in terms of a classical Maxwell-Boltzmann distribution, the
apparent temperatures for protons and pions were extracted. The values for both,
pions and protons, are in very good agreement with known systematics. The pion
temperatures show no dependence on the event centrality, whereas the ones for pro-
ton emission show a steady decrease with increasing impact parameter. Correlations
of pions with the event as a whole were also investigated. The azimuthal distribution
with respect to the reaction plane shows a weak in-plane emission for pions in the
forward direction. A transverse flow analysis for pions and light charged particles
shows the typical signal for helium and protons. The pions show an enhancement for

forward rapidities at the highest beam energy.
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Chapter 1

Introduction

The study of meson production below the free nucleon-nucleon threshold can provide
valuable information about the formation of hot nuclear matter far away from the
ground state and lead to a better understanding for the nuclear equation of state
(EOS)[Brau 87, Gutb 89, Dani 88]. Because mesons must be created in the reaction
rather than be merely liberated, they are dominantly emitted from the hottest and
most dense regions created in central collisions [Suzu 91a]. Pions, being the lightest
mesons, have been observed from collisions at incident energies as low as 25 AMeV.
The production of pions can be understood in terms of the BUU model except at the
very lowest incident energies where an abnormally high momentum tail of the Fermi

distribution of the constituent nucleons has to be assumed to explain the observed

data [Niit 91}.

A great deal of work has been done in understanding the inclusive production
of pions from a variety of systems. In general, the production cross sections and
energy spectra can be understood in terms of BUU [Li 91b]. One striking feature
that has emerged recently is the small variation in the slope parameter, Ty, of the
pion invariant cross section kinetic energy spectra at 90° in the center of mass frame

for beam energies below 100 AMeV [Suzu 91b] (see Figure 1.1).
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Figure 1.1: Slope factors (To) for 7~ spectra at oM together with the temperatures
(T*) deduced from #° distributions. The inset shows the shape of the momentum
distribution used in the calculation. From [Suzu 91a)].
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Figure 1.2: < ¢ >, vs. rapidity y for 7t produced in Ne-Pb collisions at 800
AMeV. ¢, is the transverse momentum, normalized to the pion mass, in the esti-
mated reaction plane. Experimental results (filled circles) are compared to the results
of intranuclear-cascade (INC) calculations (open circles) for collisions with squared
reduced impact parameter 6°/(R; + R;)? ~ 0.18. From [Goss 89].



Pion production from characterized events has been studied at Saclay at high
energies (400, 600, 800 AMeV) using Diogene [Goss 89]. Figure 1.2 shows the pion
transverse flow in the estimated reaction plane. Except for the point at the lowest
rapidity the flow is positive for all rapidities. This positive flow was attributed to

absorption of the pions in nuclear matter.

At intermediate energies pion production has been studied using the MUR at
GANIL in coincidence with a single pion detector. The system studied was 94 AMeV
O+Al [Aiel 88]. The authors found that coincident particle distributions are very
similar for high energy proton and pion triggered events but different from those
in inclusive reactions. In a similar experiment, pion production in coincidence with
fission fragments was studied using the system O+Th at 95 AMeV [Eraz 88]. Through
an analysis of the impact parameter distributions obtained from the fission fragment
folding angles, the authors concluded that pion production requires a large overlap

of the target and projectile nuclei.

In a recent experiment [Schu 94] polar and azimuthal distributions of subthresh-
old neutral pions were measured in coincidence with projectile-like fragments (see
Figure 1.3). The findings are that the final-state interaction of pions with the nuclear

medium seems to play an important role.

We studied °Ne + 27Al reactions at 90, 110 and 150 AMeV with close to 47
coverage for pion detection and event characterization. The good solid angle cover-
age of the device enables us to perform a detailed analysis of event properties such
as reaction plane, impact parameter and degree of multifragmentation for inclusive
events and events in which a pion was detected. The range of bombarding energies

studied covers the balance energy for this system where the transverse collective flow

disappears.
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Figure 1.3: (a) Inclusive #° polar distribution measured for 3Ar + °7Au and
%¥Ar + 2C at 95 AMeV, transformed into the N-N c¢m frame. (b) same as (a),
but for very peripheral collisions, selected by requiring Zprr in the range 14 — 17.
The solid curves are shadowing calculations normalized to the integral of the data.

From [Schu 94].

The remainder of this study is organized as follows. Chapter 2 contains a descrip-
tion of the technical details of the experiment, including a description of the MSU 4=
Array and its subelements, as well as information about the electronic modules and
logic used to record the data. An outline of the on-line and off-line data analysis and
the detector calibrations is also given. The pion detection and identification method
is explained in detail. In Chapter 3 we investigate the centrality distributions and
compare events where a pion was identified with inclusive events. Different meth-
ods for determining the approximate impact parameter of the collision are presented.
Chapter 4 deals with single particle observables for pions and protons. Comparisons
of angular and kinetic energy distributions are made with BUU model calculations.
Inverse slope parameters for the pion and proton kinetic energy spectra are deter-
mined and compared with known systematics for similar systems. In Chapter 5 the

correlation of the pion with global event properties is investigated and the results



compared with those for protons and helium. In particular we show the azimuthal
distributions with respect to the approximate reaction plane and the transverse flow
in that plane. In Chapter 6 we summarize the results of this study. Appendix A dis-
cusses the experimental determination of the centrality of an event, and the technique

of impact parameter determination based on different global observables.



Chapter 2

Experimental Details

2.1 Introduction

The 47 Array, as instrumented for this experiment, provided close to 47 detection of
light charged particles, intermediate mass fragments, and positively charged pions.
Most previous experiments studying subthreshold pion production did not have cov-
erage as complete as that provided by the 47 Array, either in geometric acceptance

or range of particle types identified.

The following sections in this chapter describe in detail the 47 Array, its various

components and their acceptance, and the methods used to calibrate them.

2.2 The Michigan State University 47 Array

The MSU 47 Array [West 85] consists of a 32-faced, aluminum, truncated icosahedron
housing several different detector subsystems. Of the 32 faces, 20 are of hexagonal
shape and 12 are pentagonal. If one were to paint the hexagons white and the pen-
tagons black the Array would look like a giant scoccer ball. On all of the hexagonal
and on 10 of the pentagonal faces aluminum plates are mounted that serve as back-

plates for the 30 modules of the main Ball. One of the remaining pentagons serves
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as the mount for the beam entrance pipe as well as the target mechanism. The other

one supports the Forward Array and the exit beam pipe. The shape of the Array is

shown in Figure 2.1.

The 30 modules of the main Ball are each divided into 6 (hex) or 5 (pent) triangular
sub-modules of close packed fast/slow plastic phoswich detectors. Mounted in front
of each of the 30 modules are gas ionization chambers that are capable of functioning
as Bragg curve counters or serve as AE detectors for low energy particles that stop
in the fast plastic scintillator. The 5 most forward of the gas counters are further
segmented into 6 separate detectors. A schematic view of a Ball hexagonal module is
shown in Figure 2.2. In total the main Ball consists of 170 plastic phoswich detectors
and 55 gas ionization chambers covering polar angles from about 18°to 162°. Mounted
on the most forward pentagonal face is the Forward Array consisting of 45 fast/slow

plastic phoswich counters, covering approximately 54% of the solid angle from 7° to

18°. -
2.2.1 Plastic Phoswich Counters

The 170 plastic phoswich counters in the main Ball are composed of a 3 mm thick layer
of Bicron BC-412 fast plastic scintillator (AE component) which is optically coupled
to a 250 mm thick block of Bicron BC-444 slow plastic scintillator (E component).
The terms “fast” and “slow” refer to the rise time of the light pulse in either of
the components for charged particle energy deposition. The specifications for the two
scintillator materials are summarized in Table 2.1. The solid angles of each of the sub-
modules in the hexagonal and pentagonal modules are 66 msr and 50 msr respectively.
The total solid angle subtended by the main Ball detectors is therefore 10420 msr or
83% of 4w. The phoswich detectors in the Forward Array are composed of the same

scintillator material. They also come in two different shapes. There are 30 cylindrical



Figure 2.1: Schematic diagram showing the underlying geometry of the 47 Array.
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Figure 2.2: Schematic diagram showing the components of a 47 module.

- Figure 2.3: The layout of the 45 Forward Array detectors.
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and 15 truncated pyramidal detectors. The fast (AE) component is only 1.6 mm thick
and the slow (E) component 150 mm for the cylinders and 130 mm for the truncated
pyramids. The thinner AE component allows for a lower kinetic energy threshold for
the heavier fragments in the forward direction. The solid angles are 3.02 msr and
2.75 msr for cylindrical and pyramidal, respectively, therefore covering about 54% of
the total solid angle between 7°and 18°. A summary of low energy threshold, angular

coverage, and Z identification capabilities is given in Table 2.2.

Energetic charged particles penetrating a phoswich detector will produce two dif-
ferent flashes of light. The first one originates from the fast AE component, which
is proportional to the rate of energy loss in that medium, and the second one comes
from the slow E component. If the particle stops in the second component that sig-
nal will be proportional to the total energy of the ion after passing through the fast
component. The combined light pulse is transformed into an electronic signal and
amplified via 8-stage Amperex photo-multiplier tubes. The resulting signals are then
approximately separated into the fast and slow components by means of two different
gates to charge-to-digital converters (QDC, Lecroy FERA 4301B). A schematic of the

signal with the corresponding gates is drawn in Figure 2.4.

Figures 2.5 and 2.6 show examples of the 2-dimensional spectra obtained by plot-
ting the fast (AE) signal against the slow (E) signal. The strong band along the AE
axis is from particles that stop in the fast plastic layer and have therefore no slow
signal. The fact that a small amount of E is present is simply due to the integration
of the tail of the fast signal in the E gate to the FERA. Similarly, the line at the
bottom of the spectra is caused by particles such as neutrons or photons that deposit
no or very small amounts of energy in the fast layer. The tilt of this line arises from
integration of a part of the slow signal in the AE gate to the FERA. Naturally all

charged particles approach that line as their AE goes to zero. In the spectrum for

N\
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Table 2.1: Characteristics of the two types of scintillator used in the phoswich detec-
tors.

BICRON Plastic | Rise time (ns) | Fall time (ns)
BC-412 (fast) 1.0 3.3
BC-444 (slow) 19.5 179.7

Table 2.2: Specification of the Ball and Forward Array phoswich detectors.

Characteristic Ball Phoswich | FA Phoswich
Polar Angle region (°) 18 - 162 7-18
Solid Angle coverage (%) 84 54

Z identification 1-8 1-10
Energy Threshold (AMeV)

Pion 8 N/A
Proton 12 7
Helium 17 12
Carbon 32 22

|é—250 nsec ——|

Figure 2.4: Diagram of the phoswich signal and gates.
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the Ball detector (Figure 2.5) lines can be observed for Z = 1 to 3, possibly four, with
isotope resolution for Z = 1. If one displays these spectra in a higher resolution even
3He and *He can be separated. The Forward Array spectrum also shows lines for 7
= 1 to 3, again with isotope resolution for Z = 1. With more statistics higher Z lines
can be observed. The bin width in both histograms is 16 FERA channels, so that the

actual resolution is better than the figures indicate.

2.2.2 Bragg Curve Counters

In addition to the 170 main Ball phoswich counters and the 45 forward array counters
the 47 Array contains 30 gas-filled ionization chambers (Bragg Curve Counters). The
ion chambers are directly mounted on the face of the main Ball phoswich modules.
They are of either hexagonal or pentagonal pyramidal shape depending on which type
of Ball module they are mounted on. A 2.5 um thick aluminum coating is evaporated
on the face of the phoswich fast plastic layer and serves as the anode for the BCC. In
the most forward ring of the main Ball modules (5 hexagons) the anode is separated
into 6 electrically isolated segments corresponding to the 6 phoswich submodules. The
total number of BCC is therefore 55 with only 30 separate gas volumes. The front
pressure windows are made of 900 ug/cm?, aluminized kapton foil. These windows
are epoxied to a stainless steel frame that serves at the same time as the cathodé for

the BCC. The perpendicular distance from the anode to the cathode is 13.36 cm.

In front of the anode at a distance of about 1 cm a Frisch grid is installed in the
BCCs. It is made of 12.5 um gold plated tungsten wires spaced .5 mm apart, and
epoxied with conductive epoxy to a copper strip on the BCC frame. The Frisch grid
is held at ground potential in order to shield the anode from the image charge induced
by the drifting electrons. In order to produce an approximately radial electric field

inside the BCC chamber, a shaping grid is installed inside the housing. It consists
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Main Ball Phoswich Spectrum
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Figure 2.5: Typical raw spectrum from a Ball phoswich for Ne + Al at 150 AMeV.
Lines for particles of Z = 1 - 3 are identified with isotopic resolution for Z = 1.
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Forward Array Phoswich Spectrum
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Figure 2.6: Typical raw spectrum from a Forward Array phoswich for Ne + Al at 150

AMeV. Lines for particles of Z = 1 - 3 are identified with isotopic resolution for Z =
1.
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of 21 parallel copper strips, each encircling the volume of the chamber between the
Frisch grid and the cathode. The strips are connected by 21 1.55 M2 resistors creating

a 21 stage voltage drop between the cathode potential and ground. A schematic view

of a BCC chamber is given in Figure 2.7.

Positive ions entering the chamber through the front window will produce electron-
ion pairs as they lose energy along their trajectory. The functional dependence of the
rate of energy loss on the distance of penetration is the well known Bragg curve. It

typically has a strong peak close to the end of the particle track.

The electron-ion pairs created by the ionizing particle will drift along the electyic
field lines towards opposite sides of the detector. The negative signal from the anode
is fed into a charge-sensitive pre-amplifier and integrated. The resulting signal is
supplied to a shaping amplifier that provides a fast (differentiated) output and a slow
(2 x differentiated and 2 x integrated) output. If the ionizing particle stops in the
gas volume of the BCC detector, the peak height of the fast output is proportional
to its charge whereas the slow one represents the total energy. For particles not
stopping inside the BCC counter the slow output is still proportional the energy loss
in the detector volume. In the latter case that signal together with the corresponding
signal from the fast plastic behind the BCC can be used for AE vs. E particle
identification. Since there are 170 phoswich counters with BCCs in front of them,
there are effectively 170 BCC/fast plastic telescopes as well. Figure 2.8 shows such a
spectrum. The lowest Z line above the noise is for He ions, the one above it for Li.
Again, with more statistics higher Z lines can be observed. The bin width here is 16

FERA channels in x-direction on 32 Silena channels in y-direction.

Originally the BCCs were intended to be operated with 500 Torr of P5 gas (95%

argon, 5% methane), and with -1200 V and +500 V on the anode and cathode re-
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Figure 2.7: Schematic of the MSU 4r Array Bragg curve counter.
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BCC vs. Fast Plastic Spectrum
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Figure 2.8: BCC vs. fast plastic spectrum for Ne 4+ Al at 90 AMeV. The lowest Z
line above the noise is for helium, the one above for lithium.
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Table 2.3: Specifications of the Bragg curve counters.

Characteristic

BCC vs. FP | BCCE vs. Z

Polar Angle region (°) 18 - 162 18 -162
Solid Angle coverage (%) 84 84

Z identification 2-18 3-18
Energy Threshold (AMeV)

Lithium 4.0 2.0
Boron 5.0 3.0
Carbon 5.5 4.0

spectively. For the present experiment however, the BCCs were filled with 125 Torr
of CoFg and operated at -500 V and +150 V. The lower gas pressure puts less strain
on the front windows and the heavier gas compensates for the loss in stopping power.
Since for such a light system **Ne + 27Al heavy fragments are not expected, only the
BCC/fast plastic identification method was used. A summary of the characteristics

of the BCCs is given in Table 2.3.

2.2.3 Phoswich Calibration

Because of the large number of detectors in the 47 Array, a method had to be devel-
oped to keep the time needed for detector calibration within reasonable limits. The
basic idea is [Cebr 90, Cebr 92] to create two-dimensional calibrated templates for
each of the detector systems to which all the individual AE vs. E spectra are then
mapped. The template consists of a set of gate lines for the observed Z lines to which
the spectra can be matched as well as calibration curves for the Z lines that are used

to map matched channel numbers to incident particle energies.

To obtain the gate lines a typical spectrum is transformed so that the punch-in line
and neutral line coincide with the y and x axis. Then lines are drawn on either side

of the Z lines in that spectrum. These lines are the gate lines. The transformation
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equations are

CH; = (AE4—Yo)— (Ea— Xo)M,
CH, = (Ea—Xo)— (AEw — Yo)/M,, (2.1)

where AEy, and Ey, are the fast and slow raw channel numbers, M, and M, are
the slopes of the punch-in and neutral line and X, and Yg are the coordinates of the

intersection of the two lines. C H; and C H, are the transformed fast and slow channel

numbers.

Using these gate lines one can assign each point in the mapped spectrum an A
and 7Z value. The atomic mass number used is the most common isotope for the
cases where isotope resolution is not given from the gate lines. All phoswich raw
spectra can now be gain matched and transformed to fit the template. The matching
parameters and the gains are stored in a file and are used in further steps of the data

analysis. Figures 2.9 and 2.10 display the gate lines for the Ball and Forward Array

phoswiches used in this experiment.

The second ingredient for the energy calibration are response functions that map
the transformed fast and slow channel numbers to energies deposited in the cor-
responding plastic scintillator. These response functions were determined from a

previous calibration experiment [Cebr 90}, and are of the form:
CHS — aE:A/AOAZo.S

CH;

bE}® —c. (2.2)

The inverse of these equations converts the transformed fast and slow channel numbers
into the energy deposited in the corresponding plastic. The arbitrary constants a,b,
and c are determined by fitting the lines following this functional form to the same
representative spectrum used to create the gate lines. The final response functions

used for the Ball are shown in Figure 2.11.
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Figure 2.9: The particle gate lines for 7, p,d,t and Z = 2 - 3 for the Ball phoswich
detectors.
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Figure 2.10: The particle gate lines for p,d,t and Z = 2 - 10 for a Forward Array
phoswich detector.
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Figure 2.11: The response functions for p,d,t and Z = 2 - 5 for a Ball phoswich.
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As a last step one has to obtain the value of the incident energy of a given particle
by simply looking up the well known energy loss curves for that particle type. In
our case the energy loss program DONNA was used to calculate AE and E vs. E;,.
providing it with the densities, composition and thickness of the detector media.

To summarize, calibrated templates are generated for the Ball and Forward Array
detectors to which all raw phoswich spectra are matched. From this template look-
up tables are made which map raw channel number into particle type and incident
energy. The angles of the detected particles are assigned as the geometric mean angle
of the corresponding detector. Using these tables, the raw data tapes are sorted onto

“physics” tapes which contain information regarding the event multiplicity and the

atomic mass number, charge, ©, @, and kinetic energy of each of the particles in the

event.

2.2.4 BCC Calibration

Since the nature of the BCC vs. fast plastic spectra is also AE vs. E, the calibration
of those is accomplished in a very similar way to the phoswich detectors. The main
differences are that the gate lines as well as the response functions are generated from
a known functional form and since both AE and E originate from separate signals
no transformation of the spectra is necessary. The response for the fast plastic is
identical to the slow plastic in the phoswich calibration, since here it is the stopping

detector. The form is

CH; = aEV*/(A42°%), (2.3)

During a field test using a BCC with P5 gas and corresponding specifications listed

in Table 2.4 [Cebr 91] the response function for the BCC was originally determined
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Table 2.4: Specifications of the Bragg curve counters.

Characteristic BCC vs. FP | BCC E vs. Z
Polar Angle region (°) 18 - 162 18 -162
Solid Angle coverage (%) 84 84
7 identification 2-18 3-18
Energy Threshold (AMeV)
Lithium 4.0 2.0
Boron 5.0 3.0
Carbon 5.5 4.0
to be linear
CHpcc = BEgcc (2.4)

(see Figure 2.12). In that test run, it was determined that the BCC energy response
was independent of particle type. However, in the present experiment, it is necessary

to introduce a charge dependence into the energy calibration as an exponent in the

energy term.

CHacc = BES) (2.5)

In the same fashion as for the phoswiches a common template is made to which
all the BCC vs. fast plastic spectra are gain matched. The energy loss calculations
are performed using the ELOSS program. The template used in this experiment is

shown in Figure 2.13.

2.3 Charged Pion identification

The positively charged pions were detected using AE vs. E particle identification
(PID) in the fast/slow plastic phoswich counters of the main Ball, similar to the

method used by the Plastic Ball group [Bade 82, Gutb 89]. In order to distinguish
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Figure 2.13: Template for a BCC vs. Fast Plastic spectrum.
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Figure 2.14: Diagram of the phoswich signal and gates for an incident pion.

real pions from background we used the dominant decay of positively charged pions,

=t +v, A = 26 nsec, pmax = 30MeV/c

pt = et + T+, A =22 psec, pmax = 53MeV/c. (2:6)

The energy loss of the positron from the u* — e* decay was recorded using an
additional bank of QDCs (also Lecroy FERA 4301B) with a gate of 2 usec width
that was delayed by 700 nsec with respect to the AE gate (See Figure 2.14). Any
hit in that delayed gate will be called an E, gate, irrespective of the particle it was
associated with (if any). In order for a hit in t-he AE vs. E 7 particle identification
gate to be identified as a real pion we require a coincidence with an E, gate. In a
test run where the E, signal was recorded for only 16 detectors, the time signal from

the decay was also recorded. In that case an exponential fit to the time spectrum

resulted in A = 2.2 & 0.4usec.

The resulting pion identification is demonstrated in Figures 2.15 and 2.16. The
upper panes in both figures show gain matched and added AE vs. E spectra for all

detectors in the indicated polar angle range. In the lower pane the projection of a
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vertical slice of the 2-dimensional data is shown for E channels between 100 and 200.
In the inclusive distributions (Figure 2.15) an expected line in the pion identification
gate is completely hidden by the background. The cut at the indicated E channels
(lower right) reveals no structure in the resulting AEy4, distribution in the area where
a pion peak should arise. However, if one requires a coincident signal in the delayed
E, gate (Figure 2.16) the same data reveals a clear line below the protons with a very
small contribution from background signals. The same cut as for the inclusive data

now shows a strong peak at the expected position.

Due to the unusually long gate (2usec) for the type of QDC used (Lecroy FERA
4301B, rated up to 512 nsec gates), one can expect several problems in the pion

identification method.

The first is false signals in the delayed gate that arise from random noise accumu-
lation, accidental pile up from uncorrelated events and possibly large initial AE/E
signals that might leak into the delayed gate. The random noise contribution is small
for low pion energies and might increase somewhat for the higher energies, as can be
seen from the lower panel in Figure 2.16. The polar angle dependence of E, gated
PID distributions indicates the importance of accidental pile up, since at forward an-
gles many more protons and neutrals have an associated E, signal than at backward
angles. This indicates that false E, signals are mainly related to high count rates in
the phoswich detectors. In fact, at the very forward angles in the Ball (rings 1 and 2
at 23° and 32°) the pions cannot be separated from the background. The total polar
angle coverage for pion identification is therefore from 46° to 157° in the laboratory

frame.

On the other hand, the method used will misidentify some real pions as noise since

the finite width and position of the E, gate only captures those decays that fall within
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the gate. Also, depending on the stopping position of the muon, some positrons might
escape the detector without leaving enough energy. This will be especially important
for pions with low incident energy, since these will not penetrate the phoswich deep
enough to enable the resulting positron to deposit enough energy in the detector to

be detected. The low energy threshold for the muon to be detected was determined
to be about 5 MeV.

An additional problem arising from the long gate is related to the charge inte-
grating ADC used to record the E, signal. The FERA measures charge by charging
a capacitor with the input pulse and discharge it through an RC circuit. Since the
discharge process starts immediately after the gate opens (or the signal arrives) a
variation of measured charge with arrival time will occur. That variation is compen-
sated for gate widths up to 500 nsec and can be adjusted for gate widths up to 1 psec.
Since that gate width is too short to capture a significant amount of the decaying
muons it was decided to compromise the constancy of the E, signal and use a 2usec
gate. For gate widths above 2usec all signals arriving more than 2usec before the end

of the gate are completely decayed and therefore not recorded.

In order to overcome the above mentioned problems we apply lower E, cuts for
several detectors and exclude the first two rings of Ball detectors (23° and 32° ) for
pion identification. The resulting pion identification is demonstrated in Figures 2.17
and 2.18. In Figure 2.17 we show the number of hits in a given PID gate as a function
of the ring number, in the Ball, that was hit. The PID gates are for neutrals (n), pions
(), between pions and protons (7 - p) and protons (p) which includes both regions
adjacent to the pion PID gate (see Figure 2.9). The solid histograms represent the
inclusive data, i.e., all hits in the corresponding PID gate are accepted. Note that
there is no obvious difference between the pion and the data in the two neighboring

PID gates. The triangles show the data if a coincidence with an E,, signal is required.
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Now the slope for the data in the pion PID gate is very different from the ones in the
other PID gates. Both the inclusive and the gated data are area normalized to one by
fitting an exponentially decaying function to the data and integrating the area below
that function. In Figure 2.18 the inverse slope and the total area for both inclusive
(squares) and gated (triangles) data are displayed in the upper two panels. As could
already be seen in Figure 2.17 the inverse slope for the pion data with an E, gate is
much larger than the one for the inclusive data, whereas the other PID gates show
‘no significant change in the slope whether the E, gate is applied or not. From that
we conclude that for hits in the pion PID gate a coincident E, signal is mainly due
to the decay products, whereas for neutrals and protons the number of coincident
E, signals is a constant fraction of the total number of counts in that gate. This is
further demonstrated in the bottom panel of Figure 2.18 where the ratio of the total
yield with a corresponding E, signal and the inclusive yield is shown. That ratio is

at least a factor of two larger for pions than for the other particle types.

In summary, the detection efficiency for positively charged pions depends not only
on polar angle but also on the energy of the incident pion. The most forward angles do
not provide a clean separation for pions from background. The yield for low energy
pions will be underestimated due to the method of identification. Absolute cross
section cannot be obtained at the current level of analysis. The total polar angle

coverage is from 46° to 157° in the laboratory frame.

2.4 Pion Energy Calibration

In order to obtain an energy calibration, one could simply use equation 2.2 with the
appropriate mass scaling for the pion mass (A = 0.15). This would imply a factor

of about 1.7 more light produced for a pion, than for a proton depositing the same
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energy in the detector. This is clearly too high, since even an electron produces
only about 1.6 times as much light as a proton for a deposited energy of 160 MeV
in a plastic scintillator [Birk 64]. Obviously the well known energy calibration of
the 4 Array phoswich detectors for particles with mass number A > 1 cannot be
extrapolated to pion masses. Figure 2.19 shows the energy calibration for protons
and pions obtained by the Plastic Ball group [Bade 82]. The two curves show a very
similar response, with slightly more light produced from pions than from protons
for the same deposited energy. Since the stopping plastic scintillator in the Plastic
Ball is very similar to the one used in the MSU 4r Array, the pion kinetic energies
are calibrated relative to the well known proton calibration. The resulting energy
vs. light curve is shown in Figure 2.20 as the solid curve. The dot-dashed curve is
the proton response and the dashed line is obtained by using the mass scaling from

equation 2.2.

2.5 The Experiment

The experiment was performed in February 1993 at the National Superconducting
Cyclotron Laboratory (NSCL) at Michigan State University (MSU). The K1200 su-
perconducting cyclotron was used to accelerate 2°Ne beams at Ebeam = 90, 110 and
150 AMeV that bombarded a 5 mg/cm? ¥ Al target. The average beam intensities

were between 10 and 40 pA , resulting in about 2000 triggers per second, depending

on the hardware trigger condition.

The analog data from all the phoswich detectors are electronically split three ways
to extract the AE and E information and to provide additional trigger information.
The AE and E signals are delayed and fed into 16 channel Lecroy 4301B FERAs.

The trigger signal again split two ways, with one of the signals being supplied to an
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additional bank of FERAs that record the E,, signal. The other signal is fed into 16
channel Phillips 7106 discriminators where sum and individual outputs are provided.
The individual channel outputs are again delayed and fed into 16 channel Lecroy 4303
Time-to-FERA converters (TFCs) that provide an analog time proportional signal to
another bank of FERAs. The sum outputs are fed into two EG&G octal constant
fraction discriminators CCF 8000. One of these provides scaler information for the
detector subsystems (BALL and FA), whereas the other is used to determine the user
selectable trigger condition (MASTER). The trigger condition consists of the detector
subsystem (or a combination thereof) and a hit multiplicity. The triggers used in this
experiment were FA2 (two hits in the forward array), B2 (two hits in the main Ball)
and B3 (three hits in the main Ball). The MASTER signal in coincidence with a signal
from the data aquisition module, indicating its “readyness” to accept data make up
the MASTER.LIVE signal. Another sum output from the Phillips discriminators in
coincidence with MASTER.LIVE is used to provide individual gates to the AE and
E FERAs for the main Ball and Forward Array subsystems. The Silenas (BCCs) and

the bank of FERAs for the Eu signal are both gated with appropriate signals derived
from MASTER.LIVE.

The digitized data from the FERA QDCs and Silena ADCs are read out by ECL
line using a VME based data-bus to buffer-memory interface module and stored in
local VME memory. From there it is accessed by an INMOS T-800 transputer linked
to a SUN Sparc workstation. The VME transputer packs the data and supplies
it to a host process running on the Sparc workstation. The host process on the
SUN feeds the data to a general purpose router (also on the SUN) which in turn
distributes the data to a number of consumers. The most important consumer is the
taping process, which writes the data to 8mm Exabyte magnetic tapes. The other

important consumer is a program that supplies the data to consumers running on
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different hosts over the Ethernet. Two such consumers are the online data display
and analysis program XSARA and a scaler program, both running on VMS DEC
Alpha computers. For a more detailed description of the data aquisition system see

References [Vand 94, Vand 91].

Over the time of 10 days beam time we collected a total of several billion raw
events. The analysis was done using only the B2 trigger data due to some detector
problems in the initial phase of the experiment (B3 trigger). In order to reduce
analysis time two types of physics tapes were prepared. The first includes about
600000 events of inclusive data for each beam energy and is used to get all distributions
not involving pions. The second type consists of all events from all raw tapes that
had an Ey signal anywhere in the event (not necessarily in coincidence with a, pion).

The total numbers of pions for the B2 trigger are summarized in Table 2.5.
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Table 2.5: Total number of identified pions for B2 trigger.

# ot events

# of approximate .
Ebeam(AMeV) || with one or identified number of pions per
more £, pions total events event
150 443637 47675 100 M 4.8 x 1074
110 445309 19742 170 M 1.2 x 1074
90 243182 7291 135 M 5.4 x 1075




Chapter 3

Centrality of Pion Producing
Events

3.1 Introduction

In some of the previous experiments that measured pions below the free nucleon-
nucleon threshold, indications were seen that a large overlap of the projectile and
target nuclei is necessary to produce a pion [Eraz 88, Mill 87]. Also, in the picture of
individual nucleon-nucleon collisions producing the pion at the bombarding energies
in question, a strong correlation between the number of collisions, and therefore the

centrality of the reaction, and the number of pions produced can be expected.

3.2 Centrality Selection

The impact parameter or centrality of a nuclear reaction is conventionally determined
by dividing the possible values of some event observable into a given number of bins
and assume that the values of the observable increase (or decrease) monotonically
with decreasing impact parameter. Examples of such observables are total transverse
kinetic energy KE; or momentum Py, charged particle multiplicity Ne, or midrapidity

charge Zm,. For a detailed analysis of advantages and disadvantages as well as possible

40



41

auto correlations see Reference [Llop 95]. In this experiment we choose KE; as the
main centrality observable. Since the total number of nucleons in the system is only
47, all of the multiplicity related observables are very limited in resolution and do not
provide a continuous distribution to determine event centrality. For a more detailed

description of the centrality selection see Appendix A.
3.3 Less Central

In Figures 3.1 and 3.2 we show the centrality for inclusive and pion gated events
as measured by four different event observables. In the case of the total transverse
kinetic energy KE; (upper two panels) the available phase space is divided into 10
bins ranging from central (high values of KE:) to peripheral (low values). Since
the displayed data is for the B2 hardware trigger the most peripheral collisions still
require two particles in the main Ball, i.e. polar angles above 23° . The absolute
normalization of centrality versus impact parameter remains therefore in question,
but the trend from central to peripheral events is still valid. The multiplicity related
observables N, (number of charged particles, excluding pions), Ni, (number of light
charged particles) and Zgy, (midrapidity charge) are, in this reaction, too small to
allow for good impact parameter selection. For these we divide the available phase
space into only 4 bins. All distributions are area normalized to one. All statistical
errors are smaller than the line width or symbol size. The fact that the inclusive
centrality distributions for Ny, Nicp and Zp, are not flat at a value of one (like the

KE, distribution) is due to the limited resolution in these observables.

For the data at 150 AMeV (Figure 3.1) the pion gated distributions (diamonds)
produce higher values of the respective observable, indicating more central events.

This result is in good agreement with the findings of other authors [Eraz 88, Mill 87],
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where different methods were used to determine centrality in pion producing events.
At the lower bombarding energy of 90 AMeV (Figure 3.2) the total number of pion
producing events is significantly lower than for the 150 AMeV case (= 50000 at 150
AMeV vs. = 7000 at 90 AMeV). While a preference for central events is still present
in these data, it is much less pronounced than for the 150 AMeV data, possibly
indicating a transition to some more collective process and a less dominant production

from individual nucleon-nucleon collisions.

In Figure 3.3 we show a comparison with BUU model calculations [Baue 89,
Li 91a). The BUU calculations were done for the impact parameters determined
in Appendix A, which are 2.0, 3.43, 4.43, 5.24 and 5.93 fm. Both the data and
the calculations are normalized to unity at the most central bin. At all three beam
energies the BUU predictions show a much steeper decrease of the total pion yield
with impact parameter than do the data. The BUU calculations were done using a
parameterization for a medium equation of state for nuclear matter. Employing a
stiff or soft parameterization does not change the results, i.e. the number of pions
produced for a given impact parameter. One rather obvious explanation of the dis-
crepancy would be that in peripheral collisions other more collective processes are
responsible for the production of pions. On the other hand, it is possible that the
total transverse kinetic energy (KE,) does not provide a good centrality selection for
events that produce a pion since the energy necessary to produce the pion is missing

from the system, possibly reducing the values of KE,.

In order to further investigate that possibility we can make use of different cen-
trality observables and look for a change in the centrality as determined by KE, for
events classified as peripheral or central by these other observables. In Figure 3.4 the
KE, distributions for all events and events with an identified pion are displayed for

the global observables N, Niep and Zp,.
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The circles are for ungated events and are naturally identical for the three observ-
ables, the squares are for events with a value of less than 5 for the above observables,
representing a peripheral cut, and the triangles for events with a value larger or equal
to 5, representing a central cut. The value of 5 represents the point where about 50%
of the events are classified as central. The panels in the left column (open symbols)
are for events without a pion gate and the right column (filled symbols) for events
that had an identified pion. In all cases the central cut shows significantly higher
values of KE;, as expected, whereas the peripheral one represents most of the low
values. In order to be a little more specific, we can determine the mean values for
KE, for all these event classes. In Figure 3.5 the average KE, is shown for the three
different global observables. The symbols have the same meaning as in Figure 3.4.
For all three observables the pion requirement increases the average KE, for the in-
clusive and the peripheral gate. For the central gate, on the other hand, gating on
events with a pion decreases the average by about the same amount, indicating that
indeed producing a pion in a central event lowers the average value of KE,. Since the
overall size of that change for all event classes is much smaller than the change by
going from peripheral to central, we conclude that the requirement of a pion in an
event does not significantly change the apparent centrality of the event. Therefore
the enhancement of the total pion yield for peripheral events as compared to BUU

(see Figure 3.3) could be a real effect.

In order to demonstrate the effect of the pion gate on the centrality of the event in a
more direct comparison with impact parameter, we show the probability distributions
as a function of reduced impact parameter in Figure 3.6. The open circles are obtained
from events with no gating condition and the filled circles are for events where a pion
was detected. For all three beam energies the curves for pion events rise faster than

the inclusive ones, indicating more central events. After going through a plateau
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at about 0.65/by,, the gated distributions rise again at the most peripheral impact
parameters. It should be noted that this effect does not depend on the detection

angle of the pions, so that contamination from neutral particles in the pion gated

events is unlikely.
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Chapter 4

Single Particle Distributions

4.1 Polar Angle Distributions

Polar angle distributions in the laboratory frame in general show a strong forward
focussing for all particle types (in fixed target experiments). The heavier the parti-
cles the more forward boosted it appears in the laboratory frame. The laboratory
polar angle distributions for pions, protons, Helium and Lithium ions are shown in
Figure 4.1 for impact parameter inclusive events at the beam energy of 150 AMeV.
As expected the pions are much less forward focussed than the other particle types.
The enhancement at backward angles can be attributed to a combination of enhanced
emission from a target like source and shadowing from the target holder and the target
itself. The first effect can be clearly seen in Figure 4.2 where the same distributions
are shown as in Figure 4.1 but this time only for particles from central (squares) and
peripheral (triangles) events. For protons and Helium ions a clear enhancement at
around 130° in the laboratory frame can be observed. For Lithium ions the effect
seems to be present, but the statistical errors are too large to make a strong state-
ment. The fact that the pions do not show any difference between the central and the
peripheral gates, indicates that no pion emission from a target like source is present

and the suppression at angles around 90° is entirely due to shadowing by the target
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frame and the target itself.

In Figures 4.3 and 4.4 we show the polar angle distributions in the laboratory
frame for both protons and pions as solid histograms. The symbols indicate BUU
calculations at impact parameters of b = 2.0, 3.43, 4.43, 5.24 and 5.93 fm. The di-
amonds are raw calculations, whereas the crossed points are obtained after all test
particles from the calculation are subjected to a possible rejection by a software replica
of the detector acceptance of the 47 Array. For the first frame in the figures (BINO),
which shows the impact parameter inclusive distributions, no BUU calculations were
done. For all but the very peripheral collisions (BINS5) the filtered BUU calculations
reproduce the data very well for protons as well as for pions. While the raw BUU
calculations do not change appreciably with impact parameter, the filtered ones and
the data show an enhancement at the backward angles for the more peripheral re-
actions. This seems to indicate a change in the detection efficiency by going from
central to peripheral events. That can be expected since particles from a target like
source will have lower kinetic energy in the lab frame and are therefore more affected

by absorption in the target frame and the target itself.

4.2 Kinetic Energy Distributions

The kinetic energy distributions for different particle types are important to under-
stand the reaction mechanism in nuclear collisions. By assuming thermal equilibrium
in the hot overlap region of projectile and target, the slopes of the kinetic energy dis-
tribution give direct access to the temperature, and therefore the excitation energy of
the reaction zone. Especially particles that have to be produced in the reaction are
supposed to carry information about the properties of the medium in which they are

produced. Previous experiments show that temperatures extracted from pion energy
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spectra are lower than those from pfoton distributions for bombarding energies above
95 AMeV [Naga 81]. One experiment (*°0 + 2’Alat 94 AMeV) [Barb 90a] found that
the temperature extracted for protons (17 MeV) can be used to fit the positive pion
spectra as well. At a lower bombarding energy of 41 AMeV Suzuki et a). reported
a temperature of 16 MeV for negative pions [Suzu 91a] whereas the proton tempera-
ture for a similar reaction was determined to be around 9 MeV [Glas 83]. Table 4.1
gives an overview for most of the published data for pion temperatures in heavy ion

collisions both above and below the free nucleon-nucleon threshold.

As far as the source of pions is concerned it is generally assumed that they are
dominantly produced from the intermediate (cm) source in a spectator—participé.ﬁt
model. One experiment [Bada 93a] determined a source velocity between the center
of mass and the projectile-like source for neutral pion emission. In Figures 4.5 and 4.6
we show the pion kinetic energy spectra in the laboratory frame for angles between
45° and 153° at the two higher beam energies. The different panels in the figures show
the results for inclusive and centrality gated reactions (BIN1 being central, BIN5
peripheral). All spectra show the typical exponential decrease for higher energies as
well as a bump at low energies. The data for 45° show an enhancement for higher
energies, which is probably due to contamination from high energy neutrons that
leak into the pion PID gate. All distributions are solid angle normalized, but do not

include any correction for pion detection efficiency.

The solid lines in Figures 4.5 and 4.6 are obtained by fitting the two-dimensional
dN/dEdS} spectra with a boosted Maxwell-Boltzmann distribution. As in other ex-
periments a single source of pions is assumed, but the velocity of that source (Br)
is left as one of the fit parameters. The other fit parameters are the pion tempera-

ture (in the emitting frame) 7, and an overall normalization factor A. Explicitly, the
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Table 4.1: Compilation of pion temperatures from different experiments.

reference system Ebeam (AMeV) | pion charge | 7 (MeV)
Barb 90a] | !60+%7Al 94 +1 17.1
Joha 82] 2C+12C 85 +1 14
12C4+197Ay 85 +1 15
Bern 84]¢ 12C+12C 85 +1 17
Bada 93a) | PO+7 Al 94 0 92.1
Lebr 90]° 160+X 93 0 10
Grim 85]° | 2C+12C 13 0 135
12C4+12C 60 0 15
12C412C 74 0 17.5
120 +12C 84 0 19.5
Naga 82] | T°N+4NaF 400 1 39
1“N+NaF 183 -1 25
[Mill 87] | ®Lat™La 138 1 12
1397241392 183 -1 21
1397341395 246 -1 25
[Haya 88] | *La+'*La 800 -1 56
[Suzu 91a] | MN+12C 135 -1 16+ 1
HUN412C 80 -1 15+ 1
MN+12C 67 -1 13+ 2
MN+12C 41 -1 16+ 2
[Naga 81] Ar+Pb 800 -1 72
Ar+KCl 800 -1 66
C+C 800 -1 60
Ne+NaF 800 -1 62

%same for v~
STy < 30MeV
°7 from Bose-Einstein statistics, d%c/dp3 = 1/(ezp(E/7) ~ 1)
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~ equation used is

¢N _ P &N

dEdQ ~ “Pimaw (4.1)

d‘ZN ()

T’
IEAT = ¥ ep(= ) (4.2)

E'" = ~.(E - B.Pcos¥) (4.3)

where the primes denote cm quantities and v, = 1/,/1 — 82, The resulting values

of 7, Br and A for 150 AMeV and 110 AMeV are shown in Figures 4.7 and 4.8 for

all centrality bins. The bin labeled 0 represents the results for the impact parameter

inclusive fits.

One interesting result is that none of the parameters depend on the centrality of
the event. This finding is expected for emission from a completely thermalized source.
The normalization factor A for the impact parameter inclusive bin (BINO) is naturally
about 5 times larger than for the 5 different centrality bins. Again the constancy of

A with centrality is rather surprising, but follows the findings from Chapter 3.

The slope parameters 7, are in very good agreement with the values from Table 4.1.
In Figure 4.9 we present the data from Table 4.1 (open symbols) and include the points
for our measurements (filled stars). The data from this experiment link the positive
and negative pion data at low energies to the data for negative pions at the higher
energies. The trend for neutral pions seems somewhat different than the one observed

for charged pions.

Figure 4.10 shows the beam energy dependence of the source velocity and the slope
parameter (open symbols) for impact parameter inclusive events. The reversed trend
in the source velocity B, as compared to the values of the cm velocities, could be
due to the lack of identified pions in the forward direction. Although the polar angle

distributions for pions are not as forward focussed as the ones for other particles, the
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effect is still present and a larger number of pions will not be detected at the higher
beam energies. In order to further investigate the possibility of a misidentification
of the pion source that may be related to detector acceptance or pion identification
problems, we performed another set of fits to the data; again using equation 4.3 but
this time keeping the source velocity fixed at the value for the intermediate (i.e., cm)
source. These values are indicated in the figure as filled symbols. Even though the

source velocities in both cases are quite different, the values of Tr are essentially the

same.

In order to check the assumption of pions being emitted from an equilibrated
source in the cm system, we apply the same method to the proton kinetic energy
spectra. Figure 4.11 shows the data together with the obtained fits. The overall
agreement with the data is good for the inclusive as well as the more central bins. In
peripheral collisions the data can probably not be described with a single emitting
source since strong contributions from a target like source, especially at the backward
angles, can be expected. A contribution from a projectile like source does not seem

to be present in the data, since the smallest angle included in the fits is 36° .

In Figure 4.12 the resulting parameters of the fits are displayed. In contrast to
the pion result the slope parameter 7, decreases with centrality. In this figure, the
impact parameter inclusive bin (BIN = 0) shows the weighted average. The apparent
source velocity B, also decreases from values slightly above to somewhat below the
cm velocity, again indicating target like source contributions for peripheral events.
The value obtained for the impact parameter inclusive fit is within a few percent of

the cm velocity.

In Figure 4.13 we compare the results obtained for 7, and 8, at all three beam

energies. The general trend is that 7, as well as 3, decrease with decreasing centrality
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(increasing impact parameter) and decreasing beam energy. The solid lines in the
upper panel are the 7, values extracted from BUU calculations at the three different

beam energies. In the bottom panel the solid lines are at the values of Bem.

As a last step in the analysis of the spectral shapes for kinetic energy distributions
we compare in Figures 4.14 and 4.15 the experimental results for 150 AMeV with the
filtered BUU results. In both figures the 2-dimensional spectra are normalized to
unity for angles between 45° and 153°. The energies considered for the normalization
are 10 - 150 MeV and 20 - 150 MeV for pions and protons respectively. The proton
spectra are well reproduced at all angles for the more central bins. In peripheral
collisions the shapes for backward angles are still in good agreement, whereas for the
forward angles the data drops much faster than the calculations. For the pions the
agreement is relatively good for the higher pion energies, whereas for the lower ones

the calculations under-predict the data by a factor of two.
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Chapter 5

Azimuthal Distributions and
Transverse Flow

5.1 Introduction

In the study of the properties of hot, exited nuclear matter it is important to separate
collective effects from statistical ones. Collective effects such as rotation or collective
expansion can distort certain experimental quantities such as kinetic energy spectra

and severly affect the results obtained from model comparisons to the data [Hsi 94].

One of the goals for this experiment was to investigate the azimuthal correlations
and the possibility of transverse flow for pions produced below the free nucleon-
nucleon threshold. The azimuthal correlation, or the relative azimuthal angle of
emitted nuclear particles with respect to the reaction plane of the event, can give
a picture of the event shape in momentum space. Preferential emission in (or out
of) the reaction plane can be easily identified. After having found an approximate
reaction plane, the transverse motion in that plane can be determined for different

particle types and give a representation of the event shape.

Since for such kind of analysis it is important to have good event characterization

one needs to record the properties of as many particles in the events as possible. The
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4w Array with its large solid angle coveragé is well suited for this type of experiment

at intermediate energies and results for several such experiments have been published

[Wils 92, West 93].

In this experiment the small system size and the relatively high beam energies put
some restrictions on the completeness of the event characterization. The total system
mass in the *Ne + 27Al reaction is only 47 amu, with the total charge being 23. This
results in rather low multiplicities in the events. For example, the average number of
charged particles in inclusive events is only about 4 at all three bombarding energies.
The average number of intermediate mass fragments (Z > 2) varies from 0.11 at 150
AMeV to .26 at 90 AMeV. Since both azimuthal correlations and transverse flow are

much stronger for heavier particle types, these low numbers affect the analysis.

5.2 Azimuthal Correlations

For the determination of the reaction plane in nuclear collisions several methods have
been devised. In general these methods rely on either some collective motion of
nuclear matter [Cugn 83, Dani 83, Dani 85, Wils 92] or the detection of projectile

like fragments (see e.g. [Schu 94)).

For the analysis in this experiment, we use a slightly modified version of the
azimuthal correlation method [Wils 92] to determine the reaction plane. The angle of
the approximate reaction plane with respect to the x-axis in the laboratory frame ®gp
is found by minimizing the sum of the squared distances of the transverse momenta
of all particles in an event to a common axis with slope A. In order to avoid auto-
correlations, reaction planes have to be determined for every particle in the event
by excluding that particle of interest (POI). Because of the exclusion of the POI we

require a minimum charged particle multiplicity of N, > 3. This is at the same time



Figure 5.1: Reaction plane determination using azimuthal correlations. The particle
of interest is POI, the reaction plane is RP and p; are the remaining particles in the
event.

the only restriction on the impact parameter of the reaction. The above procedure
will only give the value of the slope of the common axis but not the orientation along
that axis. Whereas the original method used the transverse momentum method to
determine the forward (positive) side of the reaction plane, the modified method

calculates a weighted projection of the transverse momenta onto the found axis, i.e.
Py= Zw,-ﬁ} CA,
i

where A is a unit vector along the direction of A and w; is +1(-1) for particles with
positive(negative) cm rapidities. The orientation of A is given by the requirement that
-90° < ®rp < +90°. The forward side of the reaction plane can now be determined by
the sign of P4 and does not rely on the transverse momentum method. A schematic
diagram showing the involved quantities is given in Figure 5.1. This modified method
has also been used in another recent experiment and yields distributions very similar

to the original method [Pak 95).
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In Figures 5.2 and 5.3 we present the azimuthal distributions with respect to the
reaction plane for helium ions for the energies of 150 AMeV and 90 AMeV. In each
figure the two panels on the left are for impact parameter inclusive events, whereas
the two on the right are obtained for events within a 10% central cut on KE;. The
upper two are for backward, the lower two for forward center of mass rapidities of the
particle of interest. One effect that can be seen is that the centrality cut enhances
the correlation more for the higher beam energy. Whereas for the lower beam energy
the central distributions show a peak in the negative side of the reaction plane for
backward rapidities and a peak in the positive side for forward rapidities — as expected
for an ellipsoidal shape in momentum space, the data at 150 AMeV show a persistent
peak in the forward side even for the backward rapidities. The application of a recoil-
correction [Wils 92] has no effect on these distributions, since all the particles have
relatively small masses. The distributions for 110 AMeV are somewhere between the

ones for 90 and 150 AMeV.

The distributions for protons and pions in central events at 150 AMeV are dis-
played in Figure 5.4. Similar to the helium data the protons show an in-plane en-
hancement in the forward side of the plane for both rapidity gates. As far as the
pions are concerned the statistical errors tend to be rather large for these cuts, but at
forward rapidities a possible enhancement in the forward (positive) side of the plane
along with a suppression in the backward (negative) side can be seen. For all of the
more inclusive cuts, either in rapidity or centrality, the distributions are flat within
the error bars. Also, at the two lower beam energies the distributions for protons

show no correlation and for pions the errors are even larger than for 150 AMeV and

no correlation can be seen.
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5.3 Transverse Flow

One important collective mode is transverse directed flow. This mode is a collective
motion of the nuclear matter in the reaction plane and is observed in reactions at

both high [Dani 88, Gust 84, Gutb 89] and [Ogil 89, Sull 90, West 93] low bombarding

energies.

In general the interpretation is [Moli 85] that at low relative energies the attrac-
tive part of the nuclear potential is probed resulting in negative scattering angles,
whereas for high (relativistic) energies the repulsive hard core interaction dominates
the collision yielding positive flow angles. Since in an experiment only the absolute
value of the flow angle can be determined, that value should go through a minimum
at a bombarding energy, termed the balance energy Ei,, where the scattering angle
crosses zero. Several experiments have been performed to study that disappearance
of transverse flow [Ogil 89, Krof 89, Sull 90, Zhan 90]. One publication [West 93] re-
ports the balance energies as a function of the combined system mass. One of the
systems measured was Ne + Al, where the balance energy was found to be around
110 AMeV. Since transverse flow for pions has been observed at beam energies of
800 AMeV [Goss 89] and was found to be positive (same direction as fragments) for
all rapidities, we hoped to be able to determine the flow for subthreshold pions at

energies on either side of the balance energy of 110 AMeV.

Figures 5.5 to 5.7 display the average normalized transverse momentum in the
reaction plane < P,/P, > as a function of center of mass rapidity Y., for helium,
protons and pions for the three beam energies. All distributions are for a 10% central
cut in KE;. In all three figures the values of the projectile and target rapidities
are indicated by arrows. The cm rapidity is marked by a vertical line at Y., = 0.

Whereas for helium the typical “S”-shaped curves are observed below and above the
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Figure 5.5: Average transverse momentum in the reaction plane as a function of
rapidity for helium at the three different beam energies. The arrows indicate the
target and projectile rapidities. The balance energy is 110 AMeV.
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Figure 5.7: Same as Figure 5.5 for pions.



83

balance energy, the data for protons are flat for all beam energies. In fact the data
at 90 AMeV show a slightly negative slope. This does not present a problem, since
the slopes for all higher charges are positive. The distributions for pions at the two
lower beam energies are strongly affected by the centrality cut. The statistical errors
are too large to allow the extraction of a slope at midrapidity. For the 150 AMeV
the statistics is much better and a sharp rise at positive rapidities is seen, indicating
a preferred emission in the projectile direction. The fact that above a rapidity of
Yom = 0.4 the < P,/P, > is zero is only due to the missing acceptance for pion

detection at polar angles below 45° .

To summarize the values of the slopes at midrapidity for the three particle types,
we show in Figure 5.8 d < P,/P, > / dY¥emly, -9 2s a function of beam energy. Again,
due to the large statistical errors at the lower two beam energies, no values for pions

are reported for these.
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Chapter 6

Conclusion

The production of positively charged pions below the free nucleon-nucleon threshold
in intermediate energy heavy ion collisions was investigated. The system studied was
®Ne + ?"Al at bombarding energies of 90, 110 and 150 AMeV. Pions and nuclear

fragments were detected using the MSU 47 Array yielding complete event character-

ization.

Pion detection and identification

The pions were detected using fast/slow phoswich AE /E detectors for polar angles
from 18° to 162° and all azimuthal angles. The separation of the pion signal from the
background is accomplished by using the delayed p+ — e+ decay in the pion decay
chain. That decay can be easily detected in the phoswich detectors. Unfortunately
the background contamination at angles below 45°is too large to extract reliable pion
signals. The absolute cross section for pion production is not readily available due to

the method of identification.

Pion event centrality

The fragment information from the 47 Array was used to determine the centrality

of pion producing events. A surprising enhancement of the production cross section
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for peripheral events was found when compared to BUU model calculations. The
nuclear equation of state used for the calculations has no impact on the number of
pions produced for any given impact parameter. The peripheral enhancement seems
to be independent of the observable chosen to determine the centrality. The similarity
of inclusive and pion gated impact parameter distributions is found to increase with

decreasing beam energy, suggesting more cooperative phenomena for the production

of pions at subthreshold energies.

Polar angle distributions and kinetic energy spectra

The polar angle distribution in the laboratory frame shows the expected forward
focussing, increasing with particles mass. For pions, strong effects of target shadowing
are found. Both proton and pion distribution are very well reproduced with BUU
model calculations after taking into account the detector acceptance. An analysis of
the kinetic energy spectra in terms of a classical Maxwell-Boltzmann source, yields
pion and proton temperatures well within the systematics for similar systems and are
reproduced by BUU model calculations. The pions temperatures show no dependence
on the impact parameter of the collision, as can be expected for emission from a
completely thermalized source. For protons a significant decrease in the extracted
temperatures with increasing impact parameter is observed. The spectral shapes are
well reproduced by BUU calculations for central events. For low energy pions the

data are under-predicted by about a factor of 2.

Azimuthal distributions and transverse flow

Azimuthal distributions with respect to the estimated reaction plane were found to
be more strongly correlated with that plane for heavier particles. The correlation for

pions from central events shows a weak in-plane emission in the forward direction
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for the highest beam energy. At the two lower beam energies, as well as for more

inclusive cuts, no correlations are found.

The average transverse momentum in the reaction plane as a function of rapidity
shows the typical “S”-shaped curves for helium fragments, both below and above the
balance energy. For protons the data show only flat distributions at a value close
to zero, which is expected for light particles at energies rather close to the balance
energy. For pions, on the other hand, a steep rise at forward rapidities is found at
the highest bombarding energy, indicating a preferred emission towards the nuclear

matter flow. At the two lower energies the statistics do not allow any conclusions.



Appendix A

Impact Parameter Selection

A.1 Method

In experimental studies of nuclear reactions it is highly desirable to determine the
(approximate) impact parameter on an event by event basis. This becomes especially
important when comparisons with theoretical model calculations are necessary, since
these usually require the impact parameter as one of the inputs. Whereas the ex-
clusive measurement of events of a certain class, such as peripheral or central, can
usually be achieved with few specialized detectors, the classification of all possible
events according to their centrality requires recording as much information about the
particles in an event as possible. For that purpose 47 detectors, such as the MSU
4m Array are well suited. While the impact parameter of a nuclear collision is not
directly accessible from an experiment, several “centrality” variables have been shown
to be correlated with impact parameter [Cava 90, Phai 92]. The observables used in
this experiment are the number of charged particles N, the number of light charged

particles Ny, midrapidity charge Zy,. and the total transverse directed kinetic energy

KE..

The number of light charged particles is defined to include only particles of Z < 2.

Both N, and Nig, do not include the pion that might be produced. The midrapidity
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charge is the sum of the charges of particles with a center of mass rapidity y’ between

one half the target and projectile cm rapidity, i.e.

5Yta <y < Sy (A1)

Again pions are not counted in Z,. Since kinetic energy is not a directed quantity,

the transverse kinetic energy is derived from transverse momentum, i.e.

2 .
KE =Y 2%- (A.2)

In order to obtain the approximate impact parameter from these variables, the
geometrical prescription of Reference [Cava 90] is used. It is assumed that a given

observable ¢ is monotonically related to the impact parameter b in a way that

With bye, being the maximum impact parameter of the reaction and f(q) the proba-
bility density function of q. That is f (g)dq is the probability of detecting a collision
with a value of ¢ between ¢ and ¢ + dg. The function f(g) is therefore normalized to
unity. The plus (minus) sign indicates an increase (decrease) of ¢ with increasing b.

Integration of equation A.3 from a given b to by, yields

bmaz 27{'bdb q(bmaz)

= Ndq'. A4
L=t [ e (A4)

If we define

Q(bmaz)
F(q) =+ "dq', A5
(@==%[ ™ fa)dg (A.5)
then

b/bmaz = /1 — F(q). (A.6)

Using equation A.6 one can easily obtain an estimate for the impact parameter

In any given event. In practice, we divide the possible values of the observable q into



90

Table A.1: Impact parameter values for bins in KE;

i [FKE) b [ & <b> 5, [j]
; (l)g ggg 0.00 032 0451
Z g? g:gg 045 055 0.63 |2
2 gg 8(75? 0.63 071 0.77 |3
; 8:3 31§Z 0.77 084 0894
?0 gf 332 0.89 095 1.00 |5

a number of bins with an equal number of events in each bin. For these bins we find

the appropriate F(g) by integrating the distribution function f(q)-

Figure A.1 shows the distributions of the four “centrality” observables used in
this experiment. On the left the probability densities f(q) are shown. The hatched
areas under the curves indicate the bins for each variable. In the case of KE, there
are ten bins. For the other three variables only four bins are used, since the limited
range of values does not allow for a finer distinction. Even for four bins the resulting
integrated numbers of events in each bin, displayed on the right, is not constant, as it
is the case for KE,. Here all bins have approximately the same number of events and
the normalized distribution is flat at a value of .1. In the later stages of the analysis
these bins can be grouped to yield any possible cut on centrality. For the comparison
with model calculations in Chapter 3 the bins in centrality are grouped in pairs of
two so that an estimate of impact parameter can be made for the center of the bin
as well as for the upper and lower limit. The resulting values for b = b/bmaz obtained

for the different observables are listed in Tables A.1 to A.4.

As the final step in the determination of an approximate impact parameter one
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Figure A.1: Probability distributions for centrality observables.



Table A.2: Impact parameter values for bins in Ng,

92

i |[FNa) b || &6 <b> &,
1] 1.00 0.00
2| 068 056|200 096 0.69
3| 052 0.69
4| 016 ooz 060 092 1.00

Table A.3: Impact parameter values for bins in Niep

i |FNip) b || & <b> B,
1] 1.00 0.00
o| o2 sz 000 053 067
3| 056 0.67
4| 018 o9p | 067 091 100

Table A.4: Impact parameter values for bins in Zy,

x

i | F(Zaw) b [ & <b> b,
1] 1.00 0.00
o 071 o054 0.00 0.54 0.76
3| 043 0.76
. . 1.00
41 026 0.86 0.76 0.8 0
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needs to obtain an estimate for b,,,,. Since the experimental hardware trigger con-
dition naturally presents a centrality bias, one can estimate bmaz by comparing the
total cross sections of the trigger used in the data (EX) and a minimum bias trigger

(MB). Assuming a geometrical cross section for the minimum bias trigger , i.e.
OMB = Otot = 7z'('Rpr + Rta)2 (A7)

with Ry, and R;, being the projectile and target radii, we can write

bma:c = ” GE_X(Rpr + th;,)- (AS)
OMB

The transverse kinetic energy distributions used for the above procedure are shown
in Figure A.2 for 150 AMeV. The histogram labeled FA2M1 is the data taken with a
hardware trigger requiring a minimum of two detector hits in the forward array and
one identified charged particle in the whole array. It is assumed to be the minimum
bias trigger for the experiment. The curve labeled B2M2 fepresents the trigger that
was used for the data analysis. I required at least two phoswich detector hits in the
main ball and also two identified particles in the whole array. The two histograms are
normalized by minimizing the sum of the squared differences for values of the reduced
KE, larger than 0.025. That value is where the B2M?2 data has its maximum. The
assumption here is that for values of KE! above the maximum the trigger bias

becomes negligible. The ratio of the two cross sections is

R=[2B2M2 _ g (A.9)

OFA2M1
Using Rpr + Ria = 1.124(AL° + A}l®) = 6.42 fm for the sum of projectile and target
radii, we obtain by, ~ 5.8 fm from equation A.8, which turns out to be independent

of the beam energy. Combining the values of b from Table A.1 with the estimate for

bmaz We obtain average impact parameters of < b > = 2.0, 3.4, 44, 5.2 and 5.9 fm

for the five centrality bins in KE,.
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Figure A.2: Estimate of maximum impact parameter.
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