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Abstract

Electromagnetic Dissociation of Relativistic
2_Si by Nucleon Emission

Upul J. Sonnadara
_:r,iv¢,rsity of Pitlsbulyt_

November 1992

A deta,iled study of the electromagnetic dissociation of 2ssi by nucleon emission at
Eh, b/A -- 14.6 Ge\'/nucleon was carried om with 2ssi beams interacting o13 2°Spb.
12°Sn. (s4Ctl. 2rA1 a,nd 12(, targets. The measurements were made in the fixed target
relativistic heavv ion experiment E814 operating at the Brookhaven Nat, ional Labo-
rat,ory. The E814 apl)aratus consists of de_,ectors in the target area which measure
the energy and charged multil)licity, and a forward spectrometer which measures the
position, momentum and energy of the reaction fragments.

The exclusive electromagnetic dissociation cross sections for decay channels having
multiple nucleons in the fina,1 sta,t,e have been measured with the aid of the E814

apparatus whicll enables the selection of events produced in pure electromagnetic
interactions. The measured cross sections agree well with previous measurements
obtained for the removal of a few nucleons with the E814 apparatus as well as with
measurements on total charge removal cross sections from other experiments. The
dependence of the integrated cross sections on the target charge Zr and the target
mass AT confirms that for higher Z targets the excitation is largely electromagnetic.

Direct measurements of the excitation energy for the electromagnetic dissociation
of 2ssi ---, p+2rA1 and 2sSi --, n+2rSi have been obtained through a calculation of the
invariant mass in kinemat, ically reconstructed events. The excitation energy spectrum
for all targets peak near the isovector giant dipole resonance in 2ssi. These distri-
butions are well reproduced 133"combining the photon spectrum calcula,ted using the
\¥eizs/icker-\Villiams approximation with the experimental data on the photonuclear
reactions 2ssi('),p327 A1 and 2sSi( "?.n )2rsi.

The possibilities of observing double giant dipole resonance excitations in 2ssi have

been investigated with cross section measurements as well as with excita,tion energy
reconstruction. Effects due to the surviving peripheral nuclear interactions and the
contl:ibution from double interactions on experilnental observa,tions are discussed.
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CHAPTER 1

Introduction

The acceleration of atomic nuclei to ultra-relativistic energies in recent years has
made possible studies of electromagnetic dissociation (EMD) using the virtual photon
field of the target nucleus [1-5]. Ali important advantage of this technique over
the experiments using real I)hotons on a target at rest is that the deca)" products
are given large energies through the Lorentz boost, so that they can be identified
and measured. In experiment E814. operating at the AGS at Brookhaven National
Laboratory. we have seen the full spectrum of decays of 2sSi by this method [:31].
This thesis describes the naeasurement of al)solute cross sections, and the complete
kinematic reconstruction of a few of these deca), channels.

A Relativistic Heavy-ion Collisions

The nucleus-nucleus collisions occur mainly through either the strong or the electro-
magnetic interactions. At relativistic energies, these two interactions can be classified
according to the the distance between the colliding nuclei. 1 Figure 1.1 shows an in-
teraction between a projectile nucleus AB and a target nucleus AT. The nucleons
which undergo inelastic scattering are called participants and the nucleons which do
not I)articipate in the collision are called spectators. The impact parameter plays an
important role in deciding the ratio between participants and spectators in any given
collision. We can separate the interactions into two major classes, namely those with
b < Rp+RT and those with b > Rp+RT. In the collisions with b < .ltp+RT,
the overlal)ping nucleons undergo inelastic collisions and the remains of the projectile
move forward essentially undisturbed (nuclear fragmentation). The highest degree
of centrality in this case could be achieved when b = 0 where a maximum number

of nucleons will undergo inelastic collisions (central collisions). The collisions with
b > Rp + Rr occur mainly via electromagnetic interactions (peripheral collisions).

The peripheral collisions between two heavy ions can occur via two scattering
naechanisms, namely Coulomb scattering, which is the interaction of the projectile
with the electromagnetic field of the target nucleus, and hadronic scattering, which
is the interaction of the projectile and the target either through nucleus-nucleus in-

1impact parameter b



Pmjec'tileSpectalors _'NProj ectile

Partlolpan_s-

_ _ _ _ b>Rp+_

la) Target Spe=atom (b) rget

Figure 1.1: Collision between two relativistic heavy ions.

teraction (elastic scattering of the project, ile by the get as a whole) oi" through

nucleon-nucleon interaction (inelastic scattering by the individual nucleons at the

surfe.ce of the colliding nuclei). Both the coulomb and the hadronic scattering can in-

due,__ =xcitations in the colliding nuclei, which will decay 155' emitting either a 3 ray or

a few nucleons. The differential cross sections of the peripheral heavy ion scattering

can be written in the form [6, 7],

__ d_r inel
_ + d--h--dfi

where f¢o,,t(O) and fhad(O) are the coulomb and the hadronic elastic scattering am-

plitudes for the nucleus as a whole and daind/dfl is the inelastic or quasi-elastic

scattering of the individual nucleons a.t the surfa.ce of the colliding nuclei.

The coulomb scattering anaplitude for ultra-relativistic energy collisions with heavy

ions can exceed the pure geometrical cross section 155"several orders of magnitude. In

addition, at very low momentum transfer collisions, the coulomb scattering becomes

the most dominant term, and thus could be used as an experimental tool to select

candidates for electromagnetic interactions. The theoretical models behind coulomb

scattering will be discussed in more detail in the following section.

The hadronic scattering amplitude, in the presence of a strong coulomb interaction

can be described ]55' the behavior of light sca.ttering through a small aperture or the

light scattered 155'a black disk. which has the characteristics of the Fresnel diffraction

pattern [8]. This has been observed in heavy ion collisions at low beam energies

ranging from a few MeV and extending up to relativistic energies.

The inelastic hadronic sca.ttering of nucleons at the surface of the two colliding

nuclei usually induces nuclear fragmentation. This has been observed in nucleon-

nucleus (pA) scattering experiments at various beam energies [9].



B Electromagnetic Dissociation

1 Equivalent Photon Method

The equivalent 1)hotol_ method [11] can be considered as the simplest way t.o describe
the reaction mechanism of electromagnetic interactions in relativistic collisions. In
the literature, this method is well known as the \¥eizsiicker-\¥illiams method (WW).
A complete description of W\¥ can be found in the textbook of Jackson on classical
electrodynamics [10].

nucleon

Projectile 0 0

Figure 1.2: Electromagnetic dissociation.

Consider the example shown in Figure 1.2 of a projectile interacting with a target
electromagnetic field. In the WW approximation, the target electromagnetic field can
be replaced by a flux of virtual photons, and therefore this int,era.ction is equivalent
to the absorption of photons by the projectile. For sin_plicity, the absorption of a
single photon is considered. One should notice that the target and the projectile can
be int.erchanged througi_ a Lorentz transformation. The projectile, which contains

the excess energy of the absorbed photon, will eventually deca.)" by emitting either a
2, ray or a nucleon. The EMD cross section in the WW approximation can be given
by

where ,., is the virtual photon frequency, 7_(_') is the virtual photon flux integrated
over all the impact parameters at a given photon energy and a(_,) is the photonuclear
cross section which can be found in the literature [12, 13, 14]. It can be shown that
in a collision with impact parameter b, the virtual photon spectrum contains photons
with energies up to a maximum value given by E'_ _ _ 7(hc/bmin), implying that for
a given impact parameter, only excita.tions up to a certain value can be rea.ched. The

virtual photon flux. integrated over all the impa.ct parameters is given by [11],

7_(.,')= _ZTa _Ko(_)h'l(_)- 2c--g -



q

4

where ZT is the t,arget charge. ( --- ..'bmi,_/_'. ta = e_/hc ' is the fine slructure constant.
A'0(() and k'l(() are the modified Bessel /'unctions. and e and ") are the projectile
velocity and the Lorentz factor respect, ively. Tile va.lue of h,,,i,, t'o1"the coulomb exci-
tat, ion can be t,aken as the sum of the nuclear radii fiT'+ Rp.

At higher energies where ") >> 1. it is useful to rewrite the virtua,1 1)hot,on spec-
trunl as [11],

where 6 = 0.6,_1 This simple formula can be used for most practical purposes. It can
be seen tha,t the virtual photon spectrum ha,s a simple sca,ling of in(')) and In(I/bmi,, ),
both of which modify the naive expecta,t, ion of Z_- dependance.

Figure 1.3 shows the experiment, ally measured phol,o-absorption cross section of
the _sSi nucleus as a function of the phot, on energy [6]. The spectrum shows the
response of the nucleus to the phot,ons for energies between 10 MeV and .'500Me\;.
The peak at 20 MeV corresponds t,o the excitation of the Giant Dipole Resonance
in 28Si. The Giant Dipole resonance arises from an oscilla,tion of the protons with
respect to the neutrons in the nucleus. The predicted energy for such oscillations
corresponds to EC.'DR= 76/A 1/3 Me\7 for a nucleus wit,h mass A and has been observed
experimentally for various light and heavy nuclei. This resonance can be stimulated by
photons with wavelengths comparable to the dimensions of the nucleus. The second
peak at, 300 Me\,' corresponds t,o the excita,tion of the ,:_Nresonance in the nucleus.
The region in between the resonances is the quasi-deuteron region. In this region, a
dipole consisting of a proton and a neutron, responds to the phot, on wavelength, which
exceeds the dimensions of a single nucleon [6]. For comparison, the virtual photon
spectrum genera,ted for t,hree bea,m momenta is also shown in t,he same figure for
the case in which a 2sSi projectile _nt,eracts with the electromagnetic field of a _°Spb
target. It can be seen fi'om this plot that, the AGS energy of 14.6 GeV/nucleon is well
suited for the study of the GDR in 2ssi. At CERN. the energy of 200 GeV/nucleon
creates a photon spect, rum which popula,tes other resonance states which can compete
with the GDR., while the Bevala,c energy of 2.1 GeV'/nuc!eon produces a spect, rum
which falls quite rapidly over the resonance region.

The early comparisons between the theoretical calculations of the electromagnetic
dissociation cross sections obtained from the \¥W a,pproximation and the experimen-
tally mea,sured cross sections obtained at the Bevala,c indicated severa,1 discrepa, ncies.
This wa,s explained as a difficult3" in subtra,cting the nuclear component from the elec-
tromagnetic cross sections [15]. The mea,surements of the exclusive cross section of
2sSi decaying into specific channels containing up t,o several nucleons were published
for the til'st, time by the E814 collaboration Ill]. The experiment, al technique used
in the E814 collaboration was quite immune to the nuclear background and the val-
ues obtained agreed well with theoretical cross sections. Ta,ble 1.1 shows the results
obtained by Norbury [16] for semi-inclusive cross sections, compared with the E814
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Figure 1.3: Photo-absorption cross section of the "-'ssi nucleus, The virtual photon

spectrum generated by the WW approximation for three different beam energies are

also shown for comparison. Ref [6]

measurements. The uncertainties in the theoretical calculations arise from the mea-

sured uP,, _rt,ainties in the photo-nuclear data used in the calculation. The agreement
betwee:, !,,-, :heoretical calculations and the experimental measurements is not good
for the A1 target. This could be due to the effect of the nuclear component which can
make a substantial contribution t.o the measured cross sections for low Z targets. The
other significant feature in these data is that the neutron cross sections are higher
and the proton cross sections are lower than the theoretical calculations (except for
the A1 target).

Table 1.1: Comparison of the measured (O'EXP) and calculated (crww) semi-inclusive

cross sections at 14.6 GeV/nucleon beam energy.

Projectile Target Final State uExp(m.b) o'_l"w (ml)),,.

Si A1 11) 37 + 5 24 -4- 2
Si A1 In 1.5+ 4 94- 1

Si Sn lp 313 4- 4 317 4- 32
Si Sn In 136 + 6 118 4- 12

Si Pb lp 746 + 27 806 + 81
Si Pl) in 347 4- 18 301 4- 30

The charge del)endence of EMD cross sections in heavy ion reactions has been



im'estigated by Lissauer and Takai [18]. lt has been shown that tile Z_ dependence
observed at the Bevalac with N=1.4 could be explained as a consequence of a,n "al)-
parent'" charge distribution. The apparent charge distributioll in t,his context defines
the special region where the projectile and the target interact only througll EI_I forces.
Figure 1.4 shows the measured Z dependence of EM cross sections fox'beam energies
ranging ft'ore roughly 1 Ge\'/nucleon to about 200 Ge\'/nucleon. The dashed lines
in the figure correspond to their calculations for the expected N dependence for three
different minimuln impact parameter values, lt is clear from this plot that most of
the observed deviations are consistent within the WW al)l)roximation.

L
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Figure 1.4: The charge dependence of the EMD cross section for different beam ener-
gies. The curves represent the theoretical calculations under the WW approximation.
Ref [61

2 Multipole Theory

The WW a,pproximation is a very useful approximation used to understand electro-
magnetic processes. However, it breaks down in the regime of 100 MeV/nucleon
energy due to the assumptions made in the derivation. The availability of new exper-
imental measurements suggests the need for a theoretical model which can be used
for a wide range of energies and all nuclei.

The virtual photon sl)ect.ra consists of photons of different multipolarities. These
multipolarities can be quite important at different 1)cam momenta for the excitation
of the GDR. An accura,te theoretical analysis which involves the decoml)osition of the

virtual photon spectra into its components was carried out by Bertulani and Baur [11].
These studies show that the analytical form of the WW essentially corresponds to



1)holorls of elecl ric dipole (E1 ) mull ipolarity. Ol her iml)ortanl multipolarities illclude
the elect.ric quadruple (E2) and the _lagnetic dipole (Ml). ttowever, it can be shown
thai al higher momenta, only one component, namely El, is dominant.

The most important conl,ributions to the cross section come frorrl E1 and E2. \'Ve

can writ.e the ELkID cross section for tlle one photon exchange as,

d_,

where eEl(W) and _rE2(,,') are die photo-nuclear reaction cross sections for the electric
dipole and electric quadruple resonances respectively. The quadrul._ole resonance
consists of two modes, namely, the isoscalar and the isovector. The isoscalar resonance

has not been observed with most of the light nuclei [6]. The E1 photon spectra is
equal to the analytical form oi' the \VW sl)ectrum ;7(,,') given earlier in equation 1.1.
The analytical form of the E2 spectra is given by [11]

,?m..,(-')= r_._ 2(I- )K]+ ((2- )21,'oI,',- .--)--(I,']- Kg) (].2)

For a crude estimate of the response of the nucleus to t.he different multi-polarities,

we can factor the 7_E;(_') out of the integral and evaluat.e them at a single energy
and use the sum rules [11] t.o evaluate f(am(,,')/,_')&,'. This allows us to rewrite the
equation as a function of the projectile mass and charge,

aEM D -- 60'l_El(_'l ) A'Z
_.U1 A _-0.22 x IO-a?_.E,2(_v2)_voZA2/a (mb)

where --'1 and _-'2 are the energies for the Dipole and the Quadrupole resonances
respect ively.

Figure 1..5 shows the contributions of E1 a.nd E2 to the total EMD cross section

as a function of the beam momentum. \Ve can neglect the contributions from E2
at higher beam energies. But at low energies, iile contribution can be as high as
50(/_. The reason for the failure of the \'V\¥ at low energies where E2 is important
can be shown by very simple arguments [11]. The E1 photons originate from the
contraction of the target electric field. The higher the beam momentum, the higher
the phot.on intensity due to the Lorentz contraction. The E2 photons originate fl'om
the non-uniformity of the field lines caused by the finite dimension of the projectile.
Although this increases with the beam nmmentuln, once the electric field lines are

contracted and are in the plane perpendicular t.o the beam direction, the intensits"
remains almost const.anl.

A more accurate calculation of E1 and E2 has been performed by Norbury [16.17]
by using the experimental photonuclear cross sections for a El(_v) and theoretical

predictions tbr aE2(_'), and numerically evaluating the integral without removing
the energy dependence of the photon spectra. The results, which are summarized
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Figure 1.5: Effect of photon multipolarities at different t)eam energies. Ref [6]

in Table 1.2. indicate that above 10 Ge\'/nucleon, the W\,V approxinaation can be
used successfully. Tile difference between the two ratios given in the table, arises
essentially from the difference in the photonuclear cross section contributions used in
the evaluation of (_wu" and erE1. These results clearly indicate the importance of the
E2 contribution at bean1 energies below 2 GeV/nucleon.

3 Multi-photon Excitations

So far. due to its simplicity, the discussion has been limited to the al)sorption of
a single photon. However. we can discuss the possibility of the absorption of more
than one photon by the projectile (interaction with the same target nucleus) within
the WW picture. This is formulated by Bertulani and Ba,ur [11] and many others
in the harmonic oscillator approximation where multiple photon excitation is treated
as the multiple excitation of a pure harmonic oscillator. In the harmonic oscillator
approximation, the differential cross section for the absorption of one photon of energy
E" is given by [19, 20],

dal = f 2r:b db e-'""(b)o(E" b)dE"

with

,,,..(b)=/ _E..','(E_.t,)_,,(E;)=/ _IE,o(E_.b)
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Table 1.2: Calculated cross sectiolis for a single neutron emission froln I""Au projectiles

on l"q'Au targets for different beam energies. Here crT-represents tile sum of tile cross
sections CrE1 and crE-.,.

Beam Eriergy all-i_" (l)) tTE1 (b)GS2 (b) G|I'It'/O'T CrE1/O'T

100 MeV 0.56 0.53 0.83 41(_, 39(7(
300 Me\' 1.7 1.6 0.8 71(K, 67_
500 Me\' 2.3 2.2 0.7 79()__ 76(7o
2.1 GeV 4.9 4.7 0.6 920{, 89(_

12 Ge\/. (AGS) 11.1 10.8 0.7 97(_ .()4_7(
60 Ge\" (CERN) 19.3 18.7 1.0 98% 95%
200 Ge\" (CERN) 25.5 24.7 1.1 9.9(_, 96(7(.
200 Ge\' (RHIC) 49.5 48.1 1.4 100(7( 97(2_

an d

where a-,.(E..) is the total photo-absorl)tion cross section, o(E_.b) = A'(E,.b)a,,(E.,),
and the probability of the absorption of a single photon of any energy with a given

impact parameter b is PN(b) = (1/N!)m)'(b)e -',,(b). Similarly, the differential cross
section for the absorl)tion of two photons is,

<'<"- -1 <,,,<-.,.<,>J ,,),(E-- E,.b)dE" '2!

The total cross section for the EMD upto two photon excitation is given by,

f
= j ,m-L?-k-:+ dE']

These calculations can be extended to calculate the cross sections due to the absorp-
tion of any number of photons quite easily. Table 1.3 shows the results obtained by
this method for multiple photon absorption up to 4 photon numbers [19, 20]. The
experimental difficulty in observing a double GDR over a single GDR by measuring
the total integrated cross sections is clear at this point since the double GDR cross
sections are less than 1_ of the single GDR cross sections. Conclusive experimental
evidence of the existence of DGDR in electromagnetic dissociation has not been found
.vet. However. recent measurements with heavy projectiles (such as la(_Xe) indicate
the possibility of observing DGDR in electromagnetic dissociation [21].
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Table 1.3: Calculated cross sections for multilfle photon absorptions.

Photon 1{;Oon 2asU :32Son 238U

Number at 100 Ge\:/nucleon at 100 Ge\;/nucleon
i 2.5 b ....... 4.:3 b
2 20.6 mb 46.3 mb

3 :t28 pb 1.1 mb
4 4.8 g l) 26.6 t11)..... i

C Scope of the Thesis

Tile original E814 prol)osal was submitted to the Brookhaven National Laboratory
AGS committee in 1985 [25]. The main objectives of the 1)eripheral collision program
included the measurement of exclusive cross sections of dectromagnetic dissociation
channels up to several nucleons and the reconstruction of the excitation energy ab-
sorbed 1)3'the projectile when interacting with the target electron lagnetic field. These
measurements are necessary to test the theories behind the electronaagnetic interac-
tions. The scope of this thesis can be summarized as one step in achieving these
goals.

During the intervening years, several experiments have reported valuable experi-
mental measurements of the electromagnetic dissociation [1-5]. The first cross section
measurements of the E814 results were published in 1990 [31], and there the depen-
dence on ZT and AT was discussed. These cross sections show good agreement with
the convolution of the W\¥ spectrum with the experimental photonuclear cross sec-
tions. Other experiments also reported a. similar dependence. However, satisfactory
exl)erimental observations of excitation energy measurements, which can provide in-
valuable information about the slmpeof the virtual photon spectrum, were not avail-
able until recently. Even today, only two measurements are available. The first report
made by Olsen et al. [22] for the 160 -+ lp + 1SN system is shown in Figure 1.6 at
2.1 Ge\'/nucleon energy. The peak at 9 MeV is due to the transitions to the ground
state of the residual 1SN. The second peak which is about 5 MeV below the first peak
is due to the transitions t.o the first excited state of 1SN which is in coincidence with

4 _Iek' "/ rays corresponding t.o the de-excitation of the 1"5Nnucleus. The second
measurement [32].reported for 2ssi -+ lp + arAl ,. 14.6 GeV/nucleon was a result
of part of lhe work described in this thesis and will be explained here in detail.

The GDR in various nuclei has been studied through photonuclear react.igns with
a higher precision than that which can be achieved through high energy heavy ion
reactions. However, at. relativistic energies the prol)erties of excited projectiles can
be measured with a resolution that is good enough to probe their structure. In
addition, heavy ion collisions can be useful in measuring the two photon excitation
cross sections which are relatively small conlpared to single photon excitation cross
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Figure 1.6: Measured excitation energy of tile 1';O -- lp q- 15N reaction. Ref [22]

sections. This DGDR excitation mechanism can lead to new physics and even the
production of new exotic nuclei [6].

The signatures of DGDR can be searched either through exclusive cross sec-
tion measurenaents or by full excitation energy reconstruction, the latter being more
promising. Bearing this in mind. the goals of the thesis were extended in both di-
rections. As a result, new exclusive cross sections up to 5 nucleons in the final state
including a ar,d d particles were measured. In addition to the studies carried out with
the lp+ 2rA] channel, the excitation energy reconstruction of ln+2rSi and 2p+2°Mg
channels were carried out successfully. Although the two channels lp+ln+26A1 and
2n+2_Si can be reconstructed using the methods discussed here. limited statistics dis-
couraged us from carrying it out. However. the three reconstructed channels account
for ahnost 70_ of the t,otal EMD cross section and hence permit useful comparisons
with the 2s,5'i(3, abs) data [23].



CHAPTER 2

The Experiment

Experiment E814 is a fixed target Rela,tiv;stic Heavv-ion exl)eriment operating in
the Alternating Gradient Synchrotron (AGS)a,t Brookhaven National Laboratory.
The collaboration of the experiment consists of about 50 physicists from t,en different
inslilulions. Afler tile tesi runs ill May 1987 and June 1988. data were laken in

December 1988..June 1989. June 1990 and March 1991 with 14.6 Ge\'/nucleon 2sSi

beams. The Peril_heral (',ollisions l)rogram operaled from 1988 to 1990 and results
from ihe 1988 data were published [all. Data ft'ore 1989 were used to study detector
performances and other systematic efl'ects. Data analyzed in tllis thesis were ta kell
ill 1990 with al)l)roxiInately" 7 days of beam.

A Overview of the Experiment

1 Physics Programs

The original physics programs in ES14 extend from the investigation of the properties
of exolic nuclear systems produced by large impact parameter collisions to a study of
energy flow and transparency by transition from large impact parameter collisions to
small impact parameter collisions [25]. The progra.m was later extended to study the
properties of beam rapidity protons and neutrons (forward baryons) and to a search
of strange matter which can form under high baryon densities and temperatures [26].
A description of the major programs operated during the last few years to study a
broad range of topics in physics is given below.

1.1 Central Collisions

At AGS energies of 14.6 Ge\'/nucleon. small iml_act pa,rameter collisions can produce
higher hadrollic densities which lead to new physical phenomena, Understanding of
the reaction mechanisms possibly lead to the tbrmation and evolution of nea" phases

such as Quark Gluon Plasma [24]. However, even if a nea, state of matter is not found,
svstenlatic studies of st.Ol)l)ing power and transparency will inlprove our understanding
of nuclear-nuclear collisions. We rneasured the energy flow and the charged particle
multil)licity, and their correlation with the forward baryons, with the da.ta taken

12
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durillg llle 1988 and 1.9.90 runs [28. 29. 30]. Allalx'sis of llw 19,ql data is slill in

progress.

1.2 Peripheral Collisions

The f'ragnmntation of the l)rojectile in large impacl l)armneter collisiol_s ca,li be ini-

l!,,ted by either the nuclear oa' the couloml) field of the t,a rge/ nucleus. These two

processes can be distillguished by t.lleir dependence on lhc l,a rget mass a,lld cha.rge.

The interaction of the projectile with the elect romaglwl;ic field of lhe la,rgel can be

explained by the absorption of virtual 1)holons [10. 11]. At, AGS energies, tlm virtua,l

photon flux is strong enougtl to produce nmlti l)hoton excitations or even bound or

quasi-bound multi-neutron states. \¥ith the E814 a,pparatus, exclusive cross section

measurenmnts as well as excitation energy measurements [31, 32.33] can be done on

channels whicll are very difficult to measure in low energy phol,o-absorption studies.

1.3 Strangelet Search

The lligh baryon rich 1nailer can produce mela-slable or even stable exotic objects

like slrangelets whictl consist of up. down and strange quarks. Conapared to normal

mailer, slrangelets are heavier (naass numl)er > 10 and Z/A ra.nge between 0.1 to 0.3)

and llave lifetimes in the order of 100 nsecs which are detecta.ble in our spectroaneter.

The existence of stra.ngelet, s could be irnl)ortant in verifying the exist.ence of Quark

Gluon Plasma since the Quark Gluon Plasma can be cooled down to form strangelets

[34].With the 1988 and 1989 data, we were able to set, upper limits to light and heavy

strangelet productions [35], and we expect to improve the limits with the analysis of

data from t,lw 1991 run. This prograna was later extended to measure particles that

a.re composed of produced quarks such as/_ and d [36].

2 Detectors

The exl)erimental setup used in June 1990 is shown in Figare 2.1. The coordinate

sysl,em used in the experiment is defined b.v a right handed sysl.ern with z along the

incident beam direction and y vertical (upwa.rd). The detectors in the experilnent

consist of a beam telescope, a set of detectors in the target area to measure the

eliergy" and charged multil)licity and a set, of detectors in the forward sI_ectrometer

to measure the position, energy and nmment, unl of the final state particles. The

lwo dipole magnets M1 and M2 which provide the deflection for the Slmctrometer ,

separate lhe detectors into two groups, namely the upstream detector grou 1) arid the

downstream detector group. A brief description of the detectors in these two groups
are given below.
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Figure 2.1: Diagram of tile E814 apparatus. The beam enters through au aperture
in the back of the target calorilneter. Forward going particles pass through the par-
ticipant cah)rimeter opening and the two magnets M1 and M2. Track positions are
measured in the tracking chambers DC1. DC2 and DC3. Charge is measured in the
forward scintillators and energy is measured in tlm Target calorimeter, the Participant
calorimeter and the U/Cu calorimeters. The top two figures show a blowup of the
target region detectors.
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2.1 Upstream Detector Group

• Beam Tdescop_ (BSCI) - The beam telescope defines a,n a,cceptab]e beam par-
ticle for the experiment. It, consists of two sma,ll scintillation counters ($2 and
$4) and two veto ccunters with holes ($1 a,nd $3). The timing signal TO used
as a start signal for the time of flight measurements was obtained from the $4
signals. The beam logic ,.':,'2.,_q4.,.ql.,_q3defines an approximately 3.0 mm beam
spot on the ta,rget.

• Beam l'erte:x Detector (BVER) - The beam vertex detector consists of two
silicon strip detectors of thickness 300 pm. placed in the incident beam line.
They define the horizontal a,ngle and position of the incident beam. The vertical

strips have a pitch of 50 pna. and the two planes are separa,ted by 3.0 m, giving
an angular resolution of better than 20 pr.

• Multiplicity Detector (MULT) - The naultiplicity detector consists of two con-
centric silicon discs, each 300 /Lm thick, and divided into 512 elements. The
first disc is placed 3.4 cm downstream of the target and the second disc 8.2 cm
downstream of the target. They cover an angula,r coverage of 2°-40 °. These two
detectors provide the :harge multil)licity fbr an)" event.

• {:pstream and Down.stream ,5'i Detectors- The upstream and downstream Si
detectors consist, of two surface barrier silicon detectors 1.0 cna in diameter and

100 l*m thick. These are placed immediately upstream and downstream of the
target to identify the charge of the incoming and outgoing particles.

• Target Calorimeter (TCAL) - The target calorimeter is composed of 992 Nai
crystals, each of area, 4x4 cm _ and 6 radia,tion lengths thick, mounted in 5
separa,te boxes fa,cing the target. Four of these boxes are placed with their faces
parallel to the beam line (side walls) and the remaining box which contains a
hole for the beam to pass, is positioned upstream of the target with its face
normal t,o the beam line (back wall). This detector detects interaction products
emitted at angles greater than 4,5° up to ahnost 180°.

• Target Scintillators (TPAD) - The target scintillators consist, of 52 scintilla-
tors lining the inside face of the target calorimeter. This detector covers the
same angular coverage as the target calorimeter side walls. This provides a
measurement of charge multiplicity for any interaction. This measurement is
complicated by the back scattered pa,rticles (albedos) fl'om the TCAL.

• Participant Calorim, eter (PCAL) - The participant calorimeter is a lead-scintillator
calorimeter read out through wave-length shifting fibers into 512 photomulti-
plier tubes, lt, is divided into 16 azimuthal. 8 radial and 4 depth segments and
has the same a,ngular coverage as the multiplicity detector. This detector is
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used to measure ET in centra.] collisions. However. ii also serves as a.li excellenl

veto against nuclear interactions in peripheral collision studies.

2.2 Downstream Detector Group

• Mag,et Sci,tillator._(MSCI)- The magnet scintilla.tors consist ot' 16 scintillators
which line the la.terM walls of the spectrometer naa.gllet,s. The two side walls of
each magnet a,re covered ahnost completely by t,hena (8 in each magnet, 4 on
each side of each magnet ). Scintillators in the magnets D8 and D9 are 3.7x120xl
cm 3 and 3.7x230xl cm 3 respectively. These are used in the peril2heral program
to veto events originating from nuclear interactions.

• l?to 14"all- The veto wall consists of a set of scintilla,tion counters, placed
above and below the beam line in a vertical plane a,t z=12 m. Tlaese counters
are mounted sufficiently far ft'ore the horizontal plane to be in the shadow of
the forward collimation system and ar,,:. ",l lo veto background events caused
by interactions downstream of the mag_.:_. .:.

• Tracki'ng Chambers (DR('H) - The tracking chambers consist of a,n interpola,ting
cathode pad drift chanaber DC1 located between the two magnets, with one
single plane of two dilnensional ca,thode pad rea,dout, and two drift chambers
DC2 and DC3. located downstream of the magnet. These two chanabers are
of identical design except for size and number of wires. The 5' consist of a drift,
section as well as a pad section. All three chambers are designed and constructed
t,o detect tracks originating from minimum ionizing particles a,s well as beam-like
fragments.

• Foru,ard Scintillators (FSCI) - The forward scintillation counters measure the
cha,rge, time of flight and vertical coordinate of forwa,rd going particles. They,'
are grouped together and form two hodoscopes which are located downstream
of the magnet at z=12 m and z=31 m respectively. The upstream hodoscope
consists of 10 vertical scintillator plates of dimensions 9.5xlx60 cm a (6 of these
are placed in the region of Z/A=1. a,nd the remaining 4 are placed in the region
of Z/A<0) and the downstream hodoscope consists of :39 vertica,1 scintillator
plates of dimension 10xlx120 cm a.

• Horizontal Co_n,/er.s (HSCI) - The horizontal counters consist of a scintilla-
lion counter array consisting of 5 horizontal counters of dimensions 10xlxl20
cm 3 placed at z=34 na. They are pla,ced directly in the pat,la of the deflected
beam particles. These counters provide additional information on the charge
measurement of the heavy ion fragments.

• l'/(.:u Calorimeters (UCAL) - Stacks of 25 U/Cu ca,lorimeter modules were
installed downstream of the magnet at two locations, z=13 na and z=36 m. to
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measure the energy and the 1)osition of reaction t'ragments a.t the clownslream
end of the spectronaeter. Each module is approxinaate].v 20x100x120 cm 3 and
they cover the same area as the forward scintillator hodescopes.

3 Trigger

3.1 Goals of the Trigger

The trigger system is a chain of electronics, which select the events to be recorded on

magnetic tapes [37]. Due t,o the unknown nature of the characteristics of interesting
events, the trigger was designed to permit as much flexibility as possible through
software controlled logic systems. Every event is analyzed using a limited number of
signals extracted from the detectors to allow the data acquisition system to selec! good
events for recording on magnetic tapes for further analysis, lt has the capability to

enhance the rare event types by downscaling (i.e accepting only a fraction) the higher
cross section events, as well as to record a variety ot"event types.

The main goals of the E814 trigger s,x'stem :['orthe three principal physics programs
are:

• Identify central collisions through the requirement of high ET using weighted
analog sums of the signals from detectors in the target region, especially the
particil)ant calorimeter and the target calorimeter.

• Identify peripheral collisions through a requirement of low ET in the target
region, and appropriate energy and charge in the U/Cu calorimeters and forward
scintillators.

• Identify candidates for strangelets through a measurement of time of flight in
the forward scintillators by selecting low velocity particles in the final state.

To achieve these goals, summed signals fi'om most of the detectors were made
available at the trigger electronics, for decision making. This included signals from
target region detectors as well as downstream detectors. Drift chambers were not

included in the trigger, since track recognition was not required at the trigger level.

3.2 Trigger setup

First. signals from different detectors were grouped _ together and brought to the
counting house where the trigger electronics are set. up Necessary time delays were
added to the signals, depending on the location of the detectors as well as the stage
at which the signals were processed in the trigger. All these signals were calibrated
and gain equalized prior to the run. However, the gains of the photomultiplier tubes

1The formed groups of signals for import,ant detectors are described in section B
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sllow long lel'Ill a,s well as short lerm variations, l]¢'nce, the detectors were calibrated
t,hl'ougllouI the run as often as was necessary t"o1'tlle l)roper operatioll of the trigger.

Tlle trigger makes its decisions al three separate levels as shown in Figure 2.2. AI
tile preliminary stage oi' tile trigger (beam trigger), a (lecisioll is made as _o wlletl!er
a good beam particle has passed lhrougll tile Bealn Scintillalor s\'slem. Tllep.. the
coincidence of t,lle beam trigger and a 1)rompt signal from one of the major detectors
(nlultil)licity detector. U/('u calorimelers, target calorimeter or l)articipant ca.lorime-
ter) was used to form the pre-trigger. The pre-trigger issues the START signals t.o all
the ADC's a.nd TDC's to start their digit izatiola and activa.te the higher level triggers
whicll process in parallel with the digitization. At the next level, the trigger (lst
level) checks for the preserice of a,nother beam pa.rticle close to the one generated
a._ the pre-trigger and reiects the event if such a particle exists (a.fter protection).
If not. tl_e la.st stage (2nd level) will be activated and the decision is made as t.o
which l_hysics events are to be recorded, and the control is passed over t,o l he data
acquisi! ion system.

su_-2-.--M

s__ T
---- OAT_TO_C.TDCPRE --- svsY

! _TRIGGER .....

LE 'EL rzs

NO ....!

END

Figure 2.2: A block diagram of the E814 trigger system.

4 Data Acquisition System

4.1 Front End

Tlle dala acquisition system consists of 6 fastbus crates, each cont.rolled by a SLA ,

Scalll_er-Processor (SSP) as shown in Figure 2.:}. Five of these read out their own
crales, alld pass the dat,a to the Master SSP. which reads out its own crate and
assembles ali tlle data into an event. The Master fastbus ('ra,le has a 4 MB fastbus
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memory module, a ('FI card which connecls to a Microvax a,nd a Struck FBD I,oread

the ('AMA(' l)ra.ncll which conl,ains trigger electronics and a l)orl,ion of data t'1'o111
several detectors.

After receiving.a START signal ft'ore the trigger t,lle l_laster SSP takes t,he following
actions.

® A logic output signa,1 (SSP BUSY)is generated which supl)resses any triggers.
until it is cleared.

• The lower level SSPs are signa,led t,o begin reading out t,he modules in their
cra.t,es. Each crate works in para, llel.

• Devices iri the master crate are then read out.

\_ hen tlw Mast.er SSP is finished with its own crate, it begins polling the lower
level cra t,es fox' their data. and builds the data record for one event. This event record

•[ -t ,is then written int.o the lnemorv ca,rd and SSP Bl. Sh is cleared.

During a sl)ill. '(,lieevent records a,re st.ored in tt,e Fastbus lnemorv, and when the
spill is over. the microvax is given t,he signal t,o read before the next spill occurs. If
the microvax does; not finish reading in time. t,lle next spill or spills are skipped until
it is done. On average 30 events per spill will be recorded and the SSP readout t,ime
is a,pl)roximately 10 msec per event.

• ,,

[ l "H"°'I1 I ""'°''"VAX N Other I • evto_

1 [ " "

"'\I .I....
D_JVWS TPAI)

UC_ l_J_.

Ftmt.b,, Jdemoi 7 1 ]
Module

I I I

Figure 2.3: A block diagram of the E814 data aequisitlon system.



2O

4.2 Microvax

Tile hearl of the data acquisilion system is a Microvax which is linked to the Ma st,er

SSP via the C,FI controller. This machine is collnecl,ed to lwo. liigh speed..t} track
l,at)e drives, on which data is wrillen. II is also ('onllected via DE(!nel (El,llernel
lines) Io anolher ]klicrovax and 4 \'axst, atioris.

Data collection is done by three processes:

• The Link server, which wa,its for a signal ft'ore the Master SSP, reads out the
fastbus memory card. and stores events into a buffer.

• The Buffer logger, which writes events to a l,ape, if the user desires.

• The Buffer processor, which takes events a,nd puts them into the event pool,
which is a large, shared memory area thai user-written wograms may pull
events from. T.vpica,lly, this receives a,boul 10_7tof the events.

In addition, there are processes (Daq servers) which get events from the pool. and
transmit them. via DE('net. to \'axstations which perforna online monitoring of dat,a.
On each workstation, another process (the Daq client) collects events from the Daq
server, and puts them into an event pool local to the workstation, Typically. the
experiment, er runs programs (consumers). which extract events from this pool and
analyze them.

B Detectors used in EMD studies

Although we used all the detectors in the experiment for EMD studies, in this section
an extended description of three of the most vita.1 detectors is given. These del,ec-
t.ors are used to me_sure the charge, energy and momentum of the fragments in the
downstream end of the spectrometer.

1 Forward Scintillators

1.1 Construction

The principal objectives of Forward Scintillation counters are to measure the charge
(Z). the time of flight (T) and the vertical position of the reaction fragments a.t the
downstream end of the spectrometer. They must have the capability to measure Z=I
as well as Z=14 particles requiring a dynanaic range of 1:200. In addition, the online
Z measurement should be good enough to be used in the second level trigger.

The resolution in the rneasurenaent of Z in a scintillator depends primarily on
the statislical fluctuations in the deposited energy arising from the production of
energetic b, rays. and the non-uniformity in thickness over the exposed area of the
scintillator materia,1. The general theory for the loss of energy of charged particles
in matter is known t.o be a Landau distribution [38]. The limited energy deposited
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1)3"the ionization of lleavy ])articles in tllin abso. l_ers due to finite tllickness was first
discussed by \'avilov [39] and was later inlproved b,v Badllwar e_ al [40.41] correcting
for the energy loss due t,o esca l)ing electrons. This effect makes the distribution
more (;aussialJ ill shape l)ecause t,lle statistical flucl,uatiolls have less effect on l,lle

n-lean ellergy del)osilioll. It' we al)l)roximat,e l,he (lislril)uliolJ ot"t,],o del)osil.ed ellergy
analyzed by Badllwar for heavilx" ionizing pa rlicles 1)ya Gaussian distribul,ioll, ii can
be sllowla that,

2 .) ,_q,

where S is the scintillator thickness, k is a property of the scintillator and I is the
mean light yield. 3 is given by

eMAX 7)- + ] + 32 ln( e,/l.4.\")CD

where _ = 0.:/( z/.4 )(r_,c'2/32 )5'Z '2.
In these expressions eD is the mean energy deposited 1)3"a b ray tha,t leaves the

scintillator and ¢M.4..X"is the maxinmln ¢_ray energy'. The quantities z and A are the
atomic number and the a.tomic weight of the absorber respectively, m is the electron
mass, and 3c is the particle velocit,v. For a 1 cm thick scintillator, we find that
(ali) = O.1S/Z {1'-1) which yields a resolution of 2.8% at Z=14. assulning k=l.7.

In addition t,o the effects discussed above, the measured Z resolution of a light
out,put of a scintillator suffers due to the scintillator saturation as well as the gain
drifts in photomultil_lier tubes. These questions are addressed in more detail in
chapter 3.

The NEl04 scintillators with 120 cna attenuation length were selected to construct,
the downstream forward scintillators because of their faster decay time properties.
The upstream scintillators were constructed with Bicron 420 scintillators. Each scin-

tillator slat was connected t,o two I)hotomultiplier tubes ns shown in Figure 2.4. Light
generated in the scintillator material was guicled into the phot,otubes through light
guides connected between the cathode of the 1)hototube a,nd the scintillator material

itself. We used EMI-9954 photonmltiplier tubes with 12 stage bases in most of the
forward scintillators.

From tlle downstreana scintillators, two signals were taken t'rom ea,ch I)hototube,
one from the anode and the other from the last dvnode. The lasl dynode signals
were added together and inverted and this signal was brought into the FE1RA ADC's
(LeCroy 4300B, Fast Encoding Readout ADC) of 10-bit a,ccura,cy, and was used ill
the trigger. The anode signals were split passively between a fastbus ADC (LeC,roy
1,_or dual range ADC) and a dual discrimina,tor (PhilliI_s Model 7106). One output
of the discriminator was fed t,o a TD(' (LeCroy Model 4291B) of 300 ps/chamlel

eresolution and the otller was connected to a FEt/ET (L (roy 4a03, Fast Encoding
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Figure 2.4: A forward scintillator slat.

Readout TD(') with 50 ps/channel resolution which was used in the trigger. The dual
range ADC's lower range has a .50fC/channel sensitivity whereas the upI_er ra,nge has
400 f(',/channel, giving a full digitizing range of _ 1600 pC/channel. These AD("s
are extremely useful in naaintaining the required sensitivity along the full dyna,mic

l'allg_ _.

The anode signals of the upstream scintillators follow the same path a,s those of
the downst, ream scintillators, but the dynode signa,ls are discrinainated immediately
a,fl,er extraction from the photot, ube to prevent the degrading of the timing resolution
due t,o the change in the pulse shape when the signa,ls pass through long delay cables.
The output signals of the discrimina,tors were brought imo the counting house and
discrinainated again and connected to a 50 ps/channel TDC (LeCroy Model 2280A)
system for a tinting measurenaent of higher precision.

1.2 Calibration

The ga.in equalization of each l_hototube was done 1)3"using a l°_Ru, 1 mC radio-active
source. First. the Ru source WaS mounl, ed Oll a holder a,nd placed at right angles to

the scintillator slat. rouglfl.v, in the middle. Another small scintillator COUl._terwith
one pllototul)e attached, was placed behind the counter to l)e ca,librated. This counter
' ", s trigger for the signals from the Ru source to reduce the background duesel\,e, a,s a

I,o cosmic rays (as well as x-rays and _ rays emitted by t,he lRu source). Signals from
dynodes were connected t,o an ADC with the gates generated by the trigger counl,er
and read by a small data acquisition system controlled by a P('. One l)hol,otube al a
lime was ca,librated lo bring minimunl ionizing particles roughly at 300 ADC counts
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(in a dual range A D(' 1Ills is equivalelll 1,o 15 p(')for dowllslrealn scimillators (excel)l

for the bean1 regioli) and ]0(10 AD(' counls for upstreanl scilJtillators (since upslream

only gel nlinimum ioniZillg parlicles).

I)ll(' to (lie large amounl of ligll! g('ll('l'ale(1 iii (lie scinlillal()rs iii (lie deflected

beanl regioli I)v lleavv l'raglnelllS, each I)eam region, used by (]lree different l)hysics

programs (roughly 7 ('ounlers) were ('alibrated a! a lower voll age selling, so 1]lal there
would ]:,e no overflow in the FEHA AD('s. As a result, we were unable (o use tlw full

range of dual range AD("s which can digitize upto _-32K AD(' coun(s (o1' 1600 p(!).

A typical Z=14 particle produced 10-15K AD(' cotml, s with the selected gain settings
in these A D("s.

The gain calibration of tile photolubes was done ollce prior to the data taking run

and the calibrated voltages were loaded into the HV power supply for the phot,otubes

before each physics program operated.

2 U/Cu Calorimeters

2.1 Construction

The main purpose of the l;/Cu calorimeters are to provide informalion abou! the

energy (E) of the beam rapidity nucleons going through the 0.8 ° hole in the participant

calorimeter. They should measure positions (X and Y)oi'the part, icles with reasonable

accuracy and should be able to resolve multineutron o1' multiprot, on events where

several neutrons or protons hit the calorimeter wall simultaneously. A good online
energy resolution is essential _,o trigger on various peripheral channels.

To achieve these goals. U/Cu/Scint calorimeters bull1 for ISR experiment R807

and subsequently used by" HELIOS collaboration (CERN experiment NA34) were

redesigned [42. 44] by replacing the electrom,,:_netic section with one continuous

hadronic section. In addition, the scintillat, or plates were optically decoupled t,o

improve the ability t,o separate two showers in the same neighbortmod. Although

such a change would reduce the measured energy resolution of 0.35/v/E in these

calorimeters, the collaboration decided to sacrifice energy resolution for required spa-
l ial measurement capal)ility.

Figure 2.5 shows a schematic drawing of the redesigned calorimeters. Longitudi-

nally, each module consists of 40 identical sections, each with a 5 mm Cu plate and

IWO 30 YfllTldepleted uraniun-i 1)lates as a,n absorber, alternating with 2.5 nun scin-

tillator sheets. The total del)rh of a stack is 4.'2 a.bsorber lengths. Light crea.ted in

the scintillator is intercepted by wavelength shifter (WLS) bars parallel to the beam

direction. 0.:3 mm thick. 10 cm wide and 120 cm long. Each module has :24 WLS

bars. 1'2 on each side of lhe stack and they are coupled to phot.otul_es lo.'ated in

tlw back of the module. The phototubes used _ Je EMl 9.905B and pllillips XP2081

excepl t'or the three calorimel.ers iri the deflected beam region. In these regions we
used Hamanlatsu plioto l.ul)es.

Depending oll the liglll decoupled sections of the scintillator plates we can separate
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Figure 2.5: A U/Cu calorhneter module. Ref [44]

the 25 modules into three types. The first type consists of 3 modules which are used

to detect protons. Each of these are divided into 24 sections of 10xl0 cm 2 cells.

The second type with no divisions consists of one module (beam calorimeter)placed

direct, ly in the Z/A=0.5 beam line. The rest of the modules consisting of 20x10 cm _

size cells are used to detect neutrons, proton rich or neutron rich nuclei as well and
_-l-leuts.

From each calorimet, er module, anode signals of the photomultiplier tubes (each

module has 24 photo t,ubes) were extracted and split into t.wo. One of these signals

was connected to a summing box which performs the ana, log sum of 24 signals over

each calorimeter module. The other signal was connected t,o a Fastbus ADC (LeCroy

model 1882) of 400 fC/channel. The output signals from the summing boxes were

split into two and one signal was connected to the FERA ADC's (LeCroy model 4290)

which were used in the trigger and the other signal was discriminated and connected

to a TD(-' (Le('roy Model 4291B) system to extract timing fi'om calorimet, er modules.

2.2 Calibration

The gain equalization of each pllototube in individual stacks w_s done using t,he

radioacfivit\' of tl_e uranium plates in the calorimeter itself. Uraniun_ plales create

uniform low level lighl (uranium noise) in the scintillator pla_,es. The gains of the

phototul_es can be adjusted so that tlle respoqse ot' each tube t,o the uranium noise

produces the same average D(' current.

For t,lle measuremellt of the average uranium current, a ('AMA(' module (current

]nollilor) was desigl_ed a,lJd built. The current monit,or contains a current-voltage
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conversion (C\'C)followed i)y a voltage-fre(luellcy (\'F(')('()nversioll. Tile outl)ul of

the \'FC is conllected 1.o a scaler ill each channel. Due to tlw possible signal groulld

l)roblems wliich alter the lneasurenlenl of i.lle gain in eacll pl lol,o tul)e, one sillgle

])lloIotube ill eacll illdix'iduai stack was ('onll)letely covered (I)lackel,,(I l)liolotube) to

use as a rel'erellce alld l lie calil)l'alion 1)ro('edure was carried oul as&'scril)ed below.

• Witlloul l urning lhc high voltages on the 1)llolotul)es. the ])ackground noise

signal was recorded for each l ul)e.

• Phototube voltages were turned on and the new signals ft'ore each phototube

were recorded. Tlm shift in the signals ft'ore the blackened phototube wa.s

computed and each phototube signal was corrected by this amount in each

module. This shift indicates the possible ground shifts clue to the addition of

voltage supplies assulning all pllototul)es produce rouglll,v the same amount of
dark currents.

• For three different voltage set.tillgs, current nlonitor readings were recorded

and the gai11_ in each tube due to the uranium light was ca.lculated. With an

exlrapolation, a new voltage setling was calculated for each tube to bring the

gain to the lefx l,ce' e (, value.

This was done on an average, every 94 hours during the normal data taking runs.

The reference reading was calculated 1)3• the response of these calorimeters to 1'2 Ge\:

pion and muon 1)ean_s.

Although there are a few corrections involved in the procedure, il was found t,hat

the method brings the photot ube ga.ins to the sta,ndard energy scale. The studies of

ga,in drifts in phototubes is discussed in more detail in chapter 3.

3 Tracking Chambers

E814 operating conditions provided an important cha,llenge for tracking detectors.

They were required ',o operale in an environment with high track densities and high

1,earn rates which can extend Ul)tO 1 Mltz. In addition, they require a large dy-

na.lnic range which begins with minimum ionizing 1)articles and extends upto heavy

fraginents with Z=I4. A detailed description of E814 tracking chanlbers is given else-

where [45. 46] and onl.v the relevant informal, ion to understand the 1)erformallce of

the drift chalnber studies described in this thesis is given here.

3.1 Pad Chamber (DCI)

This defector, 1)laced in belween the lwo dipole magllel, s l)!ays an essential role in

this analysis. As shown in Figure 2.6 Ca). il consists of a single calliode plane divided

into a la,rge nulnber of rectangular pads. Anode wires are ])laced above the pads and

field wires with sliglllly llegative l)ol,ential are placed in betweell t,lle anode wires. All
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pads i_eneath olle anode wire are interconnected by a resislive strip. An avalanche
created by a charge particle traversing tlm detector induces a localized charge on
several pads. Measuremenl of the induced charge on the pads. coml)ined with ali
inlerl)olation, provides an unarnl)iguous lneasurenlelll of l,lle track l)osilion.

Del)eliding oil the track dellsilie._, the readout sl)acings vary over tile plane of l lie
chamber. Al)l)roxilnalely. every 1(/1.11pad is readoul by charge sensitive l)reamplifiers
which are nmunl.ed on the chalnber ilself. Eacll preanaplifier outl)ul passes through
a , ,i,. oi"transformers into a shaping amplifier which produces a bilmlar pulse of 200

88"'-'nsec risetime and this is digitized by a 15-bit LeCroy model l_or dual ra.nge ADC
svstenl.

Tile active area of the chamber is 26x16 cm 2. The anode wire spacing is 4 mm and
the separation between readout nodes range from 15 rain (edges) to 6 mm (center)

giving a tot.al of 1016 channels. Detector thickness is about 69_, ra.diation length.
Wit la collimated x-ray beams, a position resolution of _ 70 pna was observed.

3.2 Drift Chambers (DC2 and DC3)

The drift chan_bers DC2 and DC3 consist of 6 drift planes followed by a single laver
of chevron shal)ed pad plane as shown in Figure 2.6 (b). The corresponding wires in
adjacent drift planes are shifted by half of the separation between wires in a single
plane to eliminate the effecls of left-right arnbiguity in track reconstruction. An
alunfirfized milar layer is inserted in each drift, section to absorb the low energy
rays.

Signals from eacll anode wire are connected to low noise preamplifiers. The output
of the preamplifier is connected t.o a unipolar shaping amplifier which has a gain of
2x10a and a risetime of 1'2 nsec. The output of the shaping amplifier enters a dual
discriminat.or in which the lower level sensitive t,o the leading edge of the signal
generated by the drift cloud and the upper level which is blind to mininmna ionizing
tracks, measure the centroid of the charge distribution of heavily ionizing tracks (zero-
crossing discriminator). The upper level shal)es the 12 nsec unipolar pulse into a 60
nsec risetime bipolar pulse before the signal enters the zero-crossing discriminator
with a gain of -,_ 1 at the shaping stage. The output of the dual discriminator is
connected to a 10-bit, pipeline, LeCroy 1879 TDC with 1 nsec resolution. Signals
from the cathode plane follow the same path as DC1 signals.

The active size of these chambers are 10x50 cm 2 and 20x100 cm 2 respectively, and
the.v are identical in design. DC2 has 128 wires in each driftplar_e with a sel)ara.tion
of 6.35 turn. Its pad plane has a total of 464 chevron pads with variable density
ranging fi'om 3 mm to 9 mm. DC3 has 160 wires in each driftplane with a 12.70
mm separation and a total of 760 pads whose sizes range from 5 into to 1.5mm. Tile
tllickness of DC2 and DI'3 is al)out 10_7_,and 20(/_ radiation lengths respectively. Both
chambers were expected lo provide a 200 pna single cell resolution in the X direction
and the chevron pads were expected to provide a resolution of a.lq:)roximately 1-3_-_,
of the spacing between readout nodes in the Y direction.
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Figure 2.6: The E814 tracking chambers. (a) A view of the pad chamber DC1 showing
the locations of the anode wires and field wires. (b) A view of the drift chamber DC2

(and DC3) showing the chevron pad plane and the drift region. Ref [46]
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3.3 Calibration

I h_! drift cells operate by measuring the time between the pas:;age of ali ionizing
13article and t,he sul)sequenl ava.lallclle around the anode wire. Thus. a.t t.he calibration
phase, the relative (chanllel-l,o-channel) lime delays ot' eacll chanllel a.re measured and
recorded. In the offtine analysis, a,djustnlents are made to the calibration constallts
to correct for x'a.riatiorls in time al the reduced gain region.

The pad chambers operate 13\"measuring t,he image charge on a segmented cathode
plane facing a standard drift wire. The centroid of the image charge distribution is
inferred 133"measuring the relative charge accumulated on neighboring pads. Thus.
the important parameters in the pad chamber calibration are the gain and pedestal
of each channel. Since the charge signals are measured by 188,5F dual-range ADC's,
each channel must be calibrated independently for the two ranges.

A free-running pulser was used a.s a trigger for the data acquisition system and
for a calibration pulser. The trigger pulses were delayed considerably before entering
the data acquisition system. An adjustable delay belween the trigger pulser and the
calibration pulser was used to t,ime the chamber's signals with the gates generated by
the DAQ. The pulse height of the calibration pulser is controlled via a DAC resident
in CAMAC. A system of CAMAC-controlled sxvitches are used t.o ship the calibrated
timed pulses to small regions of each cllamber. The system is controlled by the same
micro-\'AX as is used for the data acquisition, but is run independently of the normal
data acquisition since the normal DAQ does not provide the facility to program the
calibration pulser during data taking.

During drift cell time calibration, the settings of the discriminat.or thresholds for
each channel are also recorded with the measured time for the timed pulses. This was
accomplished by recording the response to different pulser amplitudes. Tests have
shown that the time value a,t _'_redmld and the time value well above the thresh-

old create the same relative t,in_,, calibration for all channels due to the coarse (2
nsec/channel) digitization of the t,ime.

The pad chamber calibrations a.re achieved by recording the response of channels
to different pulse amplitudes. The low range and the high range of the ADC's are
calibrat, ed separately. The pedestal x'a,lues are obtained from a set of "'enll3ty events"
taken without pulsing the chambers. This method is required 133"the fact that there is
a slight DC offset between the DAC (located in the counting house) and the calibration
pulser (located near the chanlbers).

The calibration procedure is fully a,utonlat,ed (with the exception of occasional
gat,e timing and panel switch attenuator) and requires approximately 1 hour. This is
execut, ed before the data taking run.



CHAPTER 3

Detector Studies

Ill experimental physics, the quality of the results depends o11the resolution of the de-
tect.ors used. Due to various factors, the resolution of the detectors, achieved through
bench tests is degraded in the experimental environment. For this reason, understand-
ing the perforn:ance of the detectors, and. the corrections for factors contributing t.o
degrade the resolution, plays a very import, ant role. Studies t,o achieve rbe oi)tin:urn
resolution for Forward Scintillators, U/Cu Calorimeters and Tracking Ch._mbers are
described in detail in this cha.pter_

A Forward Scintillat, rs

The Forward bcintillation coumers are expected to provide a resolution which sepa-
rates all charges from Z=I to Z=14. This requires the offiine analysis to obtain an
optimum ,'esolution from tl:eso counters. The counters located at the deflected beam

region suffer more than the cc,:nters in other regions from rate dependence problems.
Therefore corrections which are applied to obtain &e best possible resolution for these
counters are described, i

1 Noise Corrections

1.1 60Hz corrections

The gain setting in the PM tubes in the deflected bean: region counters provides
a signal of about 5 pC for minimum ionizing particles. In order to obtain a good
resolution for these particles, a pedestal (int.egra.ted noise when there is no signal)
width of less than 1 pC is required. However, during the test runs. signals from these
counters showed a pick up noise from power cables corresponding to a 60Hz ripple
which is approximately 2-3 pC. This ripple scaled with the gain setting in each region
can seriously compromise the signal resolution.

Because of our sensitivity to tile 60Hz ripple, we used a special CAMAC unit to
measure the position of the 60Hz waveforrn for ever)" event. The measured position
t,ogether with the event records were written in the data tapes. The CAMAC unit is

a four channel. 24-bit scale:', whose contents a.re stored in a register upon receiving
a signal (in this the case the pre-trigger), with 4 psec accuracy. The scaler contents

29
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are cleared with a signal, derived fl'Olrl a zerocrossing discriminal.or which views the
60Hz waveform.

Figure 3.1 (a) shows a scatter plot of the signal (pulse lleight.) obta.ined from one
end of the forward scintilla,tors in l.lle 1)ealn region, against the measured position of
the (i0Hz ripple, w]mn no l)eam particle is presenl in the al)l)ara,l.us (MT event). In
this scale, nlinimum ionizing particles produce a signal of around 100 counts.

The shift in the pulse height fox' any" location of the (i0Hz ripple, for each signal.
was evalua.ted by fitting orthogonal (Tscheby'schev) polynomials for waveforms similar
t.o the one shown, generated from eacll signal and corrected on an event 1)3'event
basis. This removed the major noise contribution in the forward scintillator signals.
However. even after correcting for the 60Hz ripple, a small component of the noise
was present in each signal• This noise was correlated to the noise in signals of the
neighboring counters which share common grounds in the electronics in the counting
house. An additional correction was a.pplied 1)3' coml)uting the average noise in a
physical group oi"signal cables. On]v the signals which did not show a "'hit:" was used
t.o calculate the noise average. A pedestal width of rr "--2 ADC counts (0.1 pC) was
achieved after the correction.
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Figure 3.1: Noise in forward scintillators. (a) Effect due to the 60Hz ripple. (b)
Cross-talk between nearest neighbors.

1.2 Cross-talk corrections

When real 1)earn particles traversed the scintillators, an a,dditional broadening was
observed in the beam region counters. This effect caused a negative shift in the
pedestals which was most prominent in the counter adjoining the counter in which
the beam passed. A close inspection showed that this effect arises due to the cross-
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ta,lk in the current monitors. 1 Whenever a beam particle o1"a high Z parlicle passes
through a scintillator, the signal going tlLrough tile current monitor induces a,n inverse
polarity signal in its neighbors, causing this effect,.

Figure 3.1 (b) sllows t,lle sig_la,l al Olle end of llie scinlilla.tion counter through
which the bea,m passes (DB counler) aga,inst il,s closesl lleighl_or. A l vpical l_eam
particle produces a negative shift of al)out 20-40 AD(' counts in the closest neighbor.
This efl'ecl wa,s corrected by searching the counter which has the largest signal, and
estimating the nega,tive shift with a linear extra,polation to the signal height. The
induced noise decrea,sed with the dista,nce from the beam counter and was present in
al)out 8 counters surrounding the DB counter (4 to each side). After correction, a
pedestM widtll of a _ 3-5 ADC counts (0.1,5-0.25 pC) was achieved for beam region
counters.

2 Charge Measurement

When a fast moving charge particle passes through a scintillation counter, it deposits
an energy that is proportional t,o the square of its charge in the scintillation material.
This energy is transfornaed into a pulse of light which travels along the scintillation
counter. This ca,n be detected and amplified by l)hotomultiplier tubes placed at each
end of the counter. \_ need to investigat, e how we can relate these signals and thereby
extra,cl the charge of the particle.

Consider a simple model of a scintillation counter with photo tubes attached at
each end. Let x be the distance along the scintillator from the center to the point
through which the charge particle traversed. The pulse height measured at the two
ends ca,n be written as,

[Q1 = LG1 exp D

Q2=LG, exp [ (_.-:r)]D

assuming a pure exponential light attenuation in the light guide and the scintillator.
Here. L is the light produced in the scintilla,tor by the charged particle. G_ a,nd G2
are the gains of the phototubes, s is the half length of the scintillat, or a,nd D is the
attenuation length of the scintilla,tor. By taking the geometrical mean of pulse heights
we get,

which is independent of the hit location of the particle and depends purely on the
gains, and the anaount of light (which is proportiona,1 to Z"_)that is produced in the
scintilla,tor.

1see chapter 2. secl,ion 2.2
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Figure 3.2 shows the measured charge distributions for low Z particles ill l lie,

forward scintillators ol:,tained by e\'aluating 1,he geometrical mean. 111this sca.le,

the gains were nornaalized 1,o 1)la.ce nainirllul-n ionizing particles al 100 ('Olllll.S. The

disl.rilmlioll sllows a clJa.racterisl.ic Lal_dau shal)e.

320 -_''I'_''I ''' I'''''_ *'i'_'':'_''l '''*-
,,,..
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Figure 3.2: Measured pulse height in upstream forward scintillators for minimum ion-
izing particles.

3 Saturation Effects

For high Z fragments, the scintilla,t ors show a deviation from the expected Z2 behavior.

Although the specific mechanisms are not, known, this effect ha,s been discussed by

many authors [47.4S]. The simplest model divides the loniza,tion energy loss into two

regions, the "'core" and the "'halo". The core is a region of high ionization density

around the charge particle path: causing "sa,tura,tion'" or decrease in scintillation
efficiency due to an enha,ncement in non radiative decay channels. The ha,lo is a

much larger region of low energy density surrounding the core tha.t is energized by

6 rays that axe created in close collisions with the charge particle and suffers no
saturation.

\Ve used the simple paraaaaetrization suggested by Birks [49] for heavily ionizing

particles ai low velocities given by.

JL AIdE/dX)
d.V 1 + B(dE/dX)

where (dL/dX) is I)roportioned to the amount of light produced for a particle of given

ionization dE/dX, and A and B are two paranaeters which depend on the scintillator

mal,erial. [:or 16 counters in lhe 1)earn region (li vertical and 5 llorizonta]) the
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l)aran_elers A and B were evaluated and corrected for this effecl. ])y inverling the
above formula. Table 3.1 shows tlle extracted paramelers A and B. for 3 counters
in lhc l_orizontal scilllillator liodoscol)e and 5 coiinters in l lie vertical scilltillator
llodoSCol)e ill file deflecled l,eanl regioll. .,_.llllougll llle COll.";lalilS A allcl ]3 sllould
I)e l lie sam(, for a givell s('illlillalor 111aterial. a varialion was ol,_ervc-'d am()_lg NEl()4
scint illalors. This could 1,e induced 1)v 1lie gaill varial i()llS iii 1]le l)liotomul_il)liers.

Table 3.1: The extracted parameters A and B using Birk's I)araanetrization for a set of
scintillator lnaterials

('ounter Scintillator A B xlE-3
8 NEl04 19.69 0.79
9 Bicron 400 19.77 1.60
i0 NEl04 19.67 0.59
2-1 NEl04 19.69 0.76
25 NEl04 19.66 0.-19
26 NEl04 19.67 0.56
27 NEl04 19.(i7 0.64
28 NEl04 19.67 0.64

Figure 3.3 (a) shows a measured charge distribution from the downstream silicon
detector, against a measured charge from one of the forward scintillators in the beam
region. The events that lie along the 45 degree line correspond t,o good candidates and
the horizontal band of events corresponds to the downstream interaction products.
Since the Si detector response is proportional to Z2. the deviation fi'om the 45 degree
line indicates the scintillator satura,tion. Figure 3.3 (b) shows the same counter after
correcting for the saturation effect. Resolution of .-_4.0(;_,was observed for Z=14

particles in individual counters. The non uniformity in thickness along the counter
length, and the phototube gain variations during the spill have not been taken into
account in this a,nalvsis.

4 Time of flight

4.1 Slewing Corrections

If we consider the same model described in section '2. and assume a constant velocity
t' of light in the scintillator, the measured timing at the lwo ends (:an be written as

(s+x)
rl= +

P

X)
r2=?+
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Figure 3.3: Effect of scintillator saturation. (a) Pulse height in Si downstream vs.
measured pulse height in a scintillator. (b) Same after correcting for the scintillator
saturation.

where T is t,he lime oi" arrival of the pa,rt,icle at the counter. For simplicity, con-
sta,nl time offsets, such as phototube transit t,imes. cable lengths and delays in the
electronics are omitted from t,his discussion• By taking the average we get.

s
Ta+ T.._=/_ + _

'2 U

which is independent oi" the hit position and, since s/v is a constant, provides a
measurement of the time of arrival of the particle.

This simple ibrlnula does not take into a.ccount the dependence of measured time
on pulse height when leading-edge discriminators are used (slewing). Figure :].4 (a.)
shows the measured pulse height against the measured time for one end of a counter.
Leading-edge discriminators fire whenever the leading edge of t,he signal rises above a
given threshold. \Vhen the signal becomes larger, the time to cross a given threshold
becomes smaller, producing this effect. The corrections for the slewing effects have
been discussed by many authors [:30,.51]. and following their arguments the corrected
time was defined as.

/3

Tc = T1 + (.4 + --_)

where A and B are COllSl,allls. The constanl, A (which accounls for the time offsets

omitl,ed i_ t,l_e l)revious discussion) is added to shift t,he lime distribution to be
('e_l,ered al zero in order 1o sinaplify the cuts used in this aa_al\'sis. Figure .'3.4 (1:,)
shows 1/\//'_2']"againsl lhc measured l,in_e for the same end of the counter. A linear
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relationslail_ was oi)served .juslifx'illg the a,bove equalioll. For each 1)holotul_e. the

paranwters A and B were computed and corrected t'o1"the slewing.

The tinle oi' flighl distribulions, conllmted by taldlag the average of T1 and T2 after

correcting for tile slewi_lg effects for tlle counters in the Imam regioll alld the courllers

ill l,lle Ul_stream l)rol,oli region, yield a resolutioll oi" ::150 l_S a lid "215 l)S respectively.

4.2 T-zero corrections

An additional contribution to the width of the timing signal comes from the time

.jitter associated with the start timing (T-zero) of the experiment obtained through

orie of the $4 signals. This effect can be corrected by t,aking the average of $4 timing

signals. This correction was applied only to the upstream scintillator hodoscope where

the higl_est resolution was required to identify prompt signals from a,lbedo signals

(background noise from pa,rticles scattering backwards) coming from the upstreana

ca,lorimeter modules which are loca,ted roughly about 1.0 m ft'ore the Ul)stream forwa, rd

scintillators. A resolution of _ 200 ps was observed fox' upstream counters afl,er ali
corrections were made.

5 Position Measurement

5.1 Position by pulse height

If we take the ratio of the exl)ressio_ls given in section '2 for the pulse height measured

al tl_e two e_cls ot'a counter, we get,

D
:r - -- [ln(Q2/Q, ) + ln(G,/G2 )].)
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which is a direct measure of l.}_eposilion alol_g the scilltillalor. For every counler.
ln(Gl/G2) was estimated by centering t.he position distributions at a'=0. Tlie a.l-
tenuation lengths D for NEl04 and Bicron 4(t0 scintillators are 120 cm and 200 cna
respectively. By this mel hod. a position resolutioli o1'"2cm was ol)tailied.

5.2 Position by timing

If we consider the expressions given in section 4 for _,iming measurements, we can
write,

= (T, - :1:,2)

which gives an independent measurement of a position a,loI',g the scintilla,tor. The
light velocity ,' inside l.he scintilla.tor was found to be 18.75 crens for NEl04 and
15.0 cna/ns for Bicron 400. This measurement gave a position resolution of 2.5 cna.

Although these l wo mea.surements provide us with posilion measurements of very
similar resolutions, the posilion obtained using time difference was more immune to

gain drifts and worked better even in an environment with _5rays (given that the
b rays go through the counter in the vicinity oi' the particle position which we axe
mea,suring). Position by pulse heighls a,re useful in tlle deflected region counters where
TDC thresholds are rnarginM for minimum ionizing partic]es due t,o low gain setting
in the PM l,ubes.

The position resolution in the direction perpendicular t,o the long dimension of
the scintillators was taken as half width of the scintilla,tion pla,tes used.

B U/Cu Calorilneters

The performance of U/Cu calorimeters with test beam data has been described else-
where [44]. In this section, the offline corrections which are applied to obta.in optimum
resolution with peripheral lp and In events are described. In addition, studies on

gain drifts and response to 2sSi beams are given.

1 PM gain drifts

The photomultiplier gain sta,bility is a major faclor contributing to the energ'," reso-
lution in U/Cu calorimeters. During the norlllal data taking period, l,lle accelerator,
which delivers the beam to the experiment, fa,ils to provide a.n uninterrupted beam
throughout the run. The sudden changes in the working conditions affect the photo
tube gains, degrading the resolution. In addition, ii affects the trigger condil;ion sig-
nificantly since, to make decisions, the trigge.....relies on the energy measurement. This
imposes a severe limitation on the choice of photomultil-)liers ava.ilable in the market.

\Ve have developed a 1)llotomultiplier tesl setup which silnulal,es lhe AGS oper-
ating conditions. Figure :1..5shows a schelnatic of the test setup, q_'l_ebackground
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uraniun_ lloise for llle 1)llotot.ubes was simulated wilh a slow pulse (red LED)of fre-

quency ,-,1 sec and li le light genera.ted 1)x"a t.rue beam l)article was simulated with

a fas'( pulse (green LED) of frequency ,-,1 psec. both of which could be controlled

exl,el']lall\" l hrough a P(' drivell data aCtluisil.ioll system. Phol,oltil)es were nmuliled

inside a light-liglll box. all¢! the anode signals were conliecl,ed 1,o a 2280 AD(' svsleln

via (:'urrelll l nollit.ors, lJsing this test setul), up I.o .'55 individual 1)hero tul)es could

1)e tested simultaneously. These tests consisl of exl)osing the 1)hol.olubes to 4 dif-

ferent conditions given by fast and slow pulses. The stability of the fasl pulse was

monitored by a reference pl-mtonmltil)lier which is exposed solely to the fast pulse.

The temperature inside the box was monitored constantly by a teml)erature sensor

mounted next I,o the slow pulse.

L.i_ll_t-Ti_lh! [ncto|ure
Teml_efl)! Sllnlorl

Cur rent F..Ihsri_e I
MOmfc.'s Inle¢toi:e

IDl_olo- to Pit1 VAX
MIIIttDllefll SIIt-I.AM

SlOw • 2;_!t0 ¢AM&r"/IDC
Lighl Itte.dof : ADC Inlerio=e
Source % ' System

.d Reset,_ , Tlrnlr

Figure 3.5: Pitt photomultiplier test facility with data acquisition setup.

We carried out tests for 100 R5S0-16 Hamama, tsu photomultipliers. Our tests

confirmed t.hal, even for currents as high as 200 pA the short term ga,in variations

are less than 1()_. Figures 3.6 (a) and (b) show a long term variation of two of the

Hamamatstl tubes. Although the short term variations of the two l)hototubes are

similar to each other, the long term variations in one I)hot,otube is twice as large

as in t,lw other. The tubes which show minimum variation were selected by lhis

test facility and used in places where heavv average currems and abrul)t changes in

running condilions are expected (Primarily in the deflected beam region).

2 Noise corrections

Allhough the calorimeters are calibrated every 24 hours, due to signal ground shifts,

the energy measurements varied between calibrations. Any varialion in the High

\'oltage power usage between calibrations can introduce shifts which are nol present al,
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Figure 3.6: Gain drifts ix, two han,amatsu photomultiplier tubes.

the t,ime al which the ca librat, ion takes place. In addil ion. any faults in the ca,Iii)ration
procedure due t,o noise 1)roblems could change the absolute energy calibra,tion.

The blackened photo tube. which does 11ol see any lighl general.ed either by real

particle showers or uranium noise, gives us an excellenl system 1.omonit.or the effects
oi"signal ground shifts over a large period of time. This effect was corrected event 1)3,
event between calibra.tion runs. assuming the blackened phot,ol.ube pedestal shift, a.s
the true pedestal shift in ali photo tubes in the offline analysis.

3 Cluster Finding

('luster finding in the UCALs play a very important role in determining the energy of
the incoming particle. Hadronic showers in our calorimeter modules usually extend
over several t,owers of 10xl 0 cm 2 area and a cluster finding algorithm should recognize
the t,owers which cont,ain the real energy deposit. Energy sharing between showers
due to multiple hits in the same vicinity or energy leakage due 1,o the cracks between
the calorimeter modules, complicate this analysis.

In the proton arid the neutron calorimeters, the cluster search was performed in a
very similar fashion. Initially. the number of clusters was identified by selecting the
number of cells having an energy above a given threshold. Here. a cell refers to a
light decoupled section. For proton and neutron calorimeters_ the threshold energy
was defined as .5.0 Ge\'. The total raw energy was comput,ed t)3"adding &ll signa.ls
loget.her and this was compared with the expected energ,v which was ca.lcula,t,ed using
the hi1 multiplicity, assuming each particle will deposit an energy of 13.8 Ge\' in 1,he
calorimel.er. If the raw energy exceeded the expected energy by more t,han 2a, where
cTwas taken I,o be 0.35/v/-E. more clusters were searched until the expected energy
was wilhill 2a of the raw ellerg3". This 1)rocedure wa.s introduced so t,lla,t clusl,ers
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which deposil a low energy ill the hil cell. due to shower fluctuations or to parl.icles
going through the cracks belween calorimeter modules, would 11ol ])e overlooked.

The clusler energy was coml)ul.ed by lal¢illg the energy SUmlned over a 3x3 <'ell
area. ('ells which slla.re l lie energy l)elween clusl,ers were lllarked and fills energy
was divided alllong lhe cluslers. 1)ul l he maill cell (cell iii file middle) energy was
not allowed to be shared between clusters. Finally. an additional check was made on

each clusler to idenlify the events in which two particles passed l.hrough the same cell
1 S'lt were identified as one. (luster.' in which this occurred were Sl)Iii and marked as

two clusters. Figures 3.7 (a) and (b) show the measured raw energy distributions for

l)rol,ons and neutrons where the cluster anMysis was performed. An energy resolution
of aE/E = O.S/v/E (where E is measured in Ge\") wa,s observed after the cluster
analysis.

loo....,....,....,,,- ....'....- (a)
r_ 140 - " 140

" lp_2o - _2o In _]
loo - 1oo

8o = so

60 7 6o
: 2pzt0 .-- 40
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20 iJlJli' 200 ' .,.,.t -, _ 0 t ........ 1.....
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Figure 3.7: The measured raw energy distributions. (a) Protons. (b) Neutrons.

The energy deposited in the deflected beam region by pure beam particles or heavy
ion fragments extended roughly over ,5 calorimeter modules and hence no cluster

analysis was performed. In this region, the energy was computed 1)3• taking the raw
sum over .5 ca,lorimeter modules SUl'rounding the module with the maximum energy
(hit module).

4 Position Measurement

Tlle information about the hit position of the particles in these calorimeters can be
extracted by using the energy deposited in the cells surrounding the hit cell• Out of
various possible comi)inations, we have selected the form.

PO,,' = A x ln ( E' )- \E,2
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To evaluate tl_e X posit.ion in 1mUll'on ¢'alorinlelers. two l)hol,otul)es viewing the

hil l,ower were selecled a,s El al ld E2. For proton calorimeters, two ('ells to tlle left

and (lie righl of the hi( cell were selected and for the beana region, two towers in lhe
•e' selecled. Tile collsl,arl( A was fOUll(] i,o ].)e 9.5. 1.5 andlleiglll)oring ca lorilneters x_ le

_2._ ['or lll¢' lleUll'On, tile ])rololl al)d tile ])ealll regio)l calol'illlelers resl)eci,i \'e] \'. TI• le

l'ormu]a l,o exlracl tile X l)osilioll giveH in reference [4-1] works equally well for these
calori)nel er modules.

For the '_"position es(.imate, the towers ai)ore and below the hit, tower were selected

for El and E_ in the neutron and the beam region calorimeters. In tile proton region

ca.lorinleters, the top and bottom cells were selected. The extracted values for the

constant A are 1.8, 1.5 and 2.'2 for the neutron, the proton and the beam region

calorimeters resl>ective]y. For the beam calorimeter, which is a iota.fly unsegmented

module, an additiona,l factor of 2.3 was used, bringing the constant to be roughly 5.1.

A position resolution of 2.0 cna and 2.5 cm for X a,lld __"resl)ectively, was obta,ined for

lhe neutron calorimeters. Similar 1)osition resolutions were observed for the proton

region and beam region calorimeters.
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Figure 3.8: Position dependence on measured energy. (a) Position vs. energy. (b)
Corrected energy distribution.

5 Energy Resolution

In order to achieve the maximuna resolution from the ca.lorinaeters, it was necessary to

correct for 1)ositio_l depeudent response. Figure 3.8 (a) shows the measured X position

againsl the nma sured clusler energy for peril)heral l)rotons. The 1,wo l)oiriters indica,te

the location of the cracks between the calorimeter modules. This plot shows thai the

calorimel,er resl)o_se is low for showers which originate at the center and thai ii,

i_creases steadily when ii mo\'es (owards the edge oi' ea,ch ca,lorinieler module.
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By assumillg l lie relalionshil) ])el.ween the l_osilion and the lileasux'ed energy to

be linear for a given ellergv, the following correction w_s applied on the measured

ellerg)'.

Figure 3.S (b) shows the corrected energy distribution after all tlm corrections
r °were made. rh_, correction improves the resolution to aE/E = 0.6/v_. This is still

higher than the value of 0.3,'5/_ seen for the calorimeters when t,hey were segmented

longitudinally into an EM and hadronic sections [44]. No dependence of the response

on the Y position was observed.

6 Shower Fluctuations

Among lhe factors that contribute in degrading a calorimeter resolution, the response

of a calorimeter to a pure electromagnetic and to pure hadronic showers (e/r, ratio)

plays a very illlportant role. [52, 53]. Particles deposit their energy a.s electromagnetic

and as hadronic showers. Electromagnetic showers are well concentrated in the direc-

tion of the path of the particle compared to the hadronic showers which sl)read more

in the lateral direction. In addition, electromagnetic showers produce a better energy

resolution than hadronic showers due lo smaller shower fluctuations. Depending on

the fraction of the electromagnetic to the hadronic energy in the created shower, the

response of the calorimeter can fluctuate (unless e/r,= 1).

Figure 3.9 (a) shows a scatter plot of maximum cell energy against the cluster

energy colnputed for peripheral neutrons. This plot indica.tes that the concentra.ted

showers produce more energy than the showers which are spread out among several

cells. A recipe for correcting this effect can be found in the literature [54] and with a
slight modification to fit our data is,

.li= Al, 1- .fi -

where A = 1.23 and B=0.1.'5 are constants found by minimizing the ,X2 to force the sum

of the .li to be 1.3.8 Ge\' where i refers to the individual phototubes. Here, E is the

total cluster energy, ft. is the individual readings ft'ore each phototube and ii is the

reading after correction. Depending on the energy in each cell, this correction fa.ctor

generates different weighting factors. The constant A waa introduced as an energy
norma.lization 1)a,rameter.

Figure 3.9 (b) shows a hi.stogranl after applx'ing this correction, which brings

l.he reso]ution to 0.5/v/E, which is still larger than the resolution obtained before

t lie calorimeters were modified. The modifications to the original design which were

described previously, could be a ma,jot source for this degradation of' the resolution.
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Figure 3.9: Shower fluctuations. (a) Maximum cell energy vs. the total e:mrgy. (b)
Energy after correcting for the fluctuations.

C Tracking Chambers

The information from tracking chanabers was processed in two steps. The first step.
which is described here. deals with the prelilninary pattern recognition and noise
elimination, and the second step. which is described in chapter 5. deals with more
rigorous analysis that pus!_es tl_e chanal:,ers to t,heir limits.

1 Pad Section

1.1 Noise corrections

In general, the noise in the pa,d sections of the tracking chambers does not require
tedious corrections since the noise rms is only about 10-20 ADC counts in a scale

,.

where mirfimum ionizing particles produce a charge correslmnding to al)out 200 ADC
counts. Although there are serious noise l)roblems in DC2 and D('3. especia.lly in the
regions wllel'e large pads are loca,ted, no at teml)t was made to correct these problems
since they did not inl,erfere with the regions with which this analx Sl. is concerned. A
full description of most of the noise problems in DC1 are well described in reference
[55]. and only the relevant problenls are discussed here.

Occasionally. pads along some anode wires in DC1 reported negative signa,ls which
were large enough to wipe out the minimum ionizing signals. Figure 3.10 (a) shows
all eveni of this type. Here. the squares represent positive signals emd the circles
• , Sol1el)le, _nl negalive signals. The area represents the amoulll of charge in each readout
l_ode. A reason for lifts offset could be a poor connection between the anode wire and
tlle isolaling capacilor which provides an AC' ground.

This l_roblem was corrected by taking the average of tlle negative signa,ls a,lollg l,lle

i_l' ' I_1•
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Figure 3.10: DCI event display showing two common problems induced by the heavy

ions passing through the chamber. (a) Negative signalshiftalong anode wire. (b) Two

rays emerging from a heavy ion cluster•Ref [55]
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anode wires in tlle region of the chaml)er where 11o periplleral protons were seen. For

the correction, size differences in lhe readout nodes in different regions were taken into

account. Since this problem was no_ observed in [)('2 and D(',3. ilo special corrections

were api)lied l,o the pad secl,ions in l llese clialnl_ors.

1.2 Cluster finding

The cluster finding in the pad sections were initiated by searching for single hits

which deposited above 100 ADC counts. A cluster was defined as the selected hit

and ils two closest neighbors along the anode wire. beneath the hit pad. These two

neighbors were not counted as a new cluster. A heavy ion hit produces a large amount

of charge in the pad sections around the hit location. For lhis reason, hits inside a

given window around the nlaximum hit for any single event, were not taken as new

lilts, Differenl size windows were used in the three chanabers for this purpose. After

extracting all lhe clusters, the total cluster charge was computed by taking the suln

of the three signals. The cluster with the rnaxinmnl charge was defined as the heavy
ion hit.

The _, rays originating from the heavy ions make cluster finding very difficull.

Figure 3.10 (b) shows an event with two O;rays originating ft'ore the heavv ion loca,tion.

The amount of charge deposited by these cSrays can easily confuse the minimum

ionizing signal. Iri addition, it can degrade the position resolution in these chambers.

No corrections were al)plied in this analysis to correct for the effects arising from t_

rays clue to the poor understallding of their effect on the pad sections.

1.3 Position using the data from the Pads

An excellent description of the position estimation in pad chambers is given in refer-

ence [55]. The suggested method uses the property of charge sharing between pads

which is a characteristic of this type of chamber. Figures 3.11 (a) and (b) show the

charge ratio plots for heavy ions and protons passing through the chamber DC1. Here,

Q/, Q,_ and Q_ define the three signals belonging to a cluster. Of these three signals

the middle signal Q._ has the maximum charge. The width of the band represents

the position resolution in the chamber. An3' effect due to _ rays will cause the ratio
to fall outside this band.

The suggested centroid finding formula for these chambers is,

PO,¢ = Qi-IXi-1 + Qi.¥i + Qi+lXi+l
Oi-1 + Oi + Oi+_

assuming the charge distribution is spread over 3 readout nodes. Here. Xi and Qi

represent the l)osition and the measured charge at readout node i.

Figure 3.1"2 (a) shows the 1)osition measured b.v ihe vertex detector extrapolaled

to the DC1 plane, against the position measured by DC1 for beal-n tracks taken with

no lal'get in the largel liolder (emply target). Figure :].12 (b) shows tlae difference
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between the two measuremenls. Tile widlll of this distribution is aboul 500 tlnl.

Accounting for tile contribulions ft'ore multil)le scattering a.nd the vertex detector

resolutions, we estilnate t.he D(",I resolutioll 1o be about 200 ll,m. This value is twice

the value of the expecl.ed resolul ion with x-ray measurell)en( s. But x-ray measurement

sl.udies show lhal. at higher clla rge levels, tile position resolutioll is degraded due lo

the spreading of the avalanche along the anode wire. In addition, the b rays adversely

affect the positio!a resolution in these chanal)ers.

This formula is modified slightly when it is used with the chevron shaped pads in

DC2 and D('a. Cha, rge sharing between chevrons occurs mostly between two pads,

and therefore only two terms were used for the position estimate. Out of the two

possible pad neighbors, the pad with the higher charge was selected. Prelimina.ry

results showed thai the algorithna tends to pull the position distributions towards the

edge of the hit pad. In order to correct for this effect., a constant was introduced to
shift the centroids and t,he modified formula reads.

po.5'= o (.vm± A)+ 0, (.V, .4)
O., + O,

where Q,,, and X_ refer to the hit pad charge and the position respectively and Q,

a,nd ,¥, refer to the same quantities for ii s selected neighbor. The sign of the constant

A was selected to pull the distributions towards the center of the hit, pad and it.

del)ends on the location of the neighbor in the l)hy'sical chamber with respect to the

hit pad. The optimum value of A was _10% of the length of the hit pad.

Figures a.la ta) and (b) show the measured Y position distributions for beam

tracks in DC2 and DCa plotted against the reconstructed position distributions ex-

tral)olated to t.he planes of ea.ch chamber assuming the tracks pass aa target. Y=0.

When calculating the reconstructed position, the chamber to be tested was taken out

of the fit. These distributions yield us a position resolution of 2.,'3 mm for DC2 and

5.O mm for DCa. These results indicate that chevrons produce a resolution which is

approximately 10tK, of the size of the chevron.

2 Drift Section

2.1 Noise Elimination

Due to the presence of b rays created by the heavy ion tra.cks, a typical peripheral

event produces a large nunfl)er of TD(', hits in drift wires. Compared to central events,

track reconstruction of peripheral events becomes rather difficult due to this reason.

and this forces the of_ine analysis to develop fast pattern select, ion algorithms. These

chambers were developed a,nd constructed especially to deal with heavy ions and

therefore l)eripheral evelllS, with a high Z particle in the fina.l state, can demonstrate

that t,he cllambers perform u1) 1,o the expected standard.

Figure 3.14 (a) shows a histogram of observed TDC counts for wires in a single

plane of DC2 for a collection ot" tracks produced by the presence of a single proton
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DC1 nleasm'ement extrapolated to the DC2 plane, and the DC2 position measuremellt.

(b) Same for DC3.

and a heavy ion. Every wire with a "'hit" makes one entry for each event. Although
we can recognize t.he heavy ion and the proton as two distinct peaks, the background
noise in the chamber makes it cumbersonle to do any reliable pattern recognition
without selecting genuine TDC hits that belong to the two tra.cks. This is specially
applicable to heavy ion tracks since most of the hits tlla.t originate from 6 rays appear
as genuine TDC hits at first glance.

The pad plane in each drifl chamber can pin-point the pad wire at which the
heavy ion track traverses since i_ carries the information about the charge. This is a
useful way to remove the uncorrelated TDC hits in the drift sections. For the heavy
ion track, due to its tight rigidity', the bending angle remains close to 60 mr. This
allows us to select the true TDC hits that originate from the heavy ion track, from
two wires (in each drift plane) which are closest to the pad wire at which the heavy
ion was seen. For other tracks..3-4 wires were allowed, depending on the location of
the track. Figure 3.14 (b) shows the same wire plane after removing the noise. The
proton and heavy ion hits are clearly visible in this plot.

2.2 To Corrections

For drift chambers. To defines the measured time for a track passing any given drift
wire at a zero distance from the wire location. Due to the time delays in the cables
and the electronic modules. To differs for each wire. The online calibrations described

in chal)ter 2. are expected 1o provide the initial To corrections to bring the drift time
in different anode wires lo one common scale b.x' taking into account the differences
in cable lengths, delays in electronic paths etc.
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Figure 3.14: Average TDC hit distributions iii drift planes iii DC2. (a) Raw distribu-
tion. (b) Distribution after cleaning by a comparison with pad hits.

Tlle 7_ constanls were studied 1)v using the periplaeral ])rol,orls a,nd heavy ions.
For most of the wires, the calibration consta.nts provided very good results. For the
wires for which these constants did not work. new const.a.nts were generated.

(,,For D('2 and D .3. the To values for heavv ion tracks a.nd proton tracks differ.
This could be due to the slewing effects 2 in the leading-edge discriminators since
heavy ions produce much larger electron clouds than protons. To correct this effect,
additional corrections of 5 nsec for DC2 and 10 nsec for DC,3 were used for roughly
10 wires in each cllamber where the heavy ion traversed. A variation of 3-'_% was
observed for To constants in the two chambers.

2.3 Non-linearity in Drift Cells

To convert the timing signals to position, the following formula was used,

PO,g= i e(T - rl) + .X

which is a linear relation. Here. T is the measured timing. \'d is the drift velocity.
and ,/and _ are offset constants. A was introduced to correct for the shift between
!>lanes which is 0.0 for odd numbered planes in each chamber, and 0.a17.5 cna for DC2
and o.eia:50 cm for D('a. for everl numbered planes. \:d and 7/ are 0..52 cm/nsec and
245 nsec for DC2 and 0..52 cm/nsec and 280 nsec for DCa respectively. The observed
drift times for drift cells in DC2 and Dca were 60 nsec and 120 nsec respectivel.v.

Although the used formula is a linear rela.tionship between time and position, the
drift time has a non-linear 1,ehavior. Figure 3.15 shows field lines and equipotential

'see socl, iolt 4.1 in this chal,t.er
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lines for a double cell in the drift section. Tile tracks which pass the chaml)er a,l

the bounda.ries take much longer to reach the anode wires. Figures 3.1(i (a) a,nd (b)

denlonstra,te this behavior for bealn tra.cks l)assing through ctlaml)ers D('2 and DC3

l'esl_ecli\'elv. Here. the position was est,ilna,t,ed l)v assunlilig a ulliform tl'ack dellsity

from t,lle center ot' any given drit't ('ell 1,o it.s edge.

For the data analyzed here. no corrections were api)lied t,o correct for this p.on
linearitv.

|n,,

/

Figure 3.15: Equipotential and field lines for drift cells used in DC2 and DC3 chambers.
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2.4 High Level TDC ivafor,nation

E_ 14 tracking cha,llbers have a unique feature lo produce two o1' more TD(' hit, s from

t,he same charge cloud. The tirsl sigllal is general ed by a lc_adillg-oclge discriminal,or

whereas the succeeclilig signals are _ge_nel'al'ed l)\" a zero-c'rossill,,_ cliscrilllillal,or. :_ Tlw

zero-crossing discriminalor l.hresholds were sel so lha.l they (lc) nol reSl)ond 1,o clla rge

clouds originating from lnillimuna ionizing tracks and hel_c'e I rue heavy ion hits can

be selected J)y omilt, ing the noise signals from b rays.

In 1)relinfina,ry pat, tern recognition, second hits or so ca.]led high level TDC in-

formation was not used. A discussion on how these could be used t,o help pa,ttern

recognit, ion is given ]a,ter.

3see chal:)I.er 2. section 3.3



CHAPTER 4

Selection of Electromagnetic Interactions

I11this cha.pter, a full description of tile periplmral trigger setup, the data reduction
methods and the cross section estimations for sinai)le decay channels produced by
electromagnetic interactions is given. This analysis was later combined with a more
rigorous analysis developed lo study complex decay channels.

A Online Selection

As descril)ed in chal)ter 2, the main purpose of the trigger is to make fast, reliable
decisions aboui given events, whether they should be accepted or not, by stud,ving
the limited number ot' signals obtained from various detect, or systems. AIl efficient
trigger allows the data acquisition system to store only the interesting events and it,
does not waste time over uninteresting events.

1 Peripheral Trigger

The selection criteria for the peripheral trigger is based on the selection of events
which produce low activity in the target region detectors. In addition, to reduce
the background and to enhance each event type. the trigger was set up to select
events with a substantial charge in the heavy ion region (Z/A,_I/2) and energy in
the proton and neutron region calorimeters. The selections varied depending on the
type of trigger that was used.

The trigger takes about 20 psec of processing time to analyze a peril)heral event.
Due t,o the beam rates used in our experiment (,_10 s particles/sec) the bean1 particles
are spaced by only a few p sec. Thus, it is not possible for the trigger to analyze and
make decisions about every beam particle fully. Due to this reason, the trigger was
inll_lemented in several parallel processing stages [37] with different processing times
that depend on the number of elements used in the trigger decision. As a result, no
time was wast.ed over events which were identified as uninteresting events, and only
the events which were good candidates for a given physical process were analyzed
fully before the final decision was made. A description of ea.ch tyt_e of trigger is given
below.
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• B_all_ trigg_ i'.,- Beam triggers are (lw nmsl unl)iased Iriggers ill the exl)eril_en(

and are very useful for measuring efliciencies of more COlnplex lriggers. Tiler

are defined by lhe signals extracted from the -1 beam scintillators S1-$4. (;()od

2sSi ])eallls are idellliiied ])v til(' 1)ulse 1)eighI corresl)Oll(lillg lo Z-=14 in S'2 and
.S-I willl llo hils recor(le(l l)v ._] a lid S:I.

• Pl't-tNgger.,- Tlle pre-lrigger is tile firsl signal which indicates lllat a 1)ossi-
ble interaction has occurred. This is formed by (.he coincidence of the ])ealll

trigger and the energy sum in the prol, on or t,he nelltron region calorimeters.

The pre-trigger initiates the process of digitizing information from ali delec-

lors, ilicluding the FERA ADC's which are used in t.he second level trigger.

The pre-t, rigger Call be taken as a "minimuna bias" trigger for most, of our api)li-

cat, ions. These events are also useful in studying efl-iciencies, as they" are richer

in interesting events compared to the beam triggers.

® Fir.sl L_,t,cl t)'igg¢.- The purl)ose ot" the first level trigger is 1,o look t'o1"beam

particles which are closer t,ha.n 1/isec ft'ore the previous 1)earn part, ic]e. If the

1)re-trigger is general,ed by such a particle, it will s-,.end ('LEAH signa,ls. I,o all

the delectors in the experiment t,o abort the digit, iza.tion and t,o be ready for

the next event (after prol,ection).

• ,S'ecoT_dLe_,el trigger- The second level trigger makes t,he final decision I)ased on

the FERA dat, a about a given event,. In the case of perii)heral triggers, the infor-

mation from the target region vet, o detect, ors (mult, iplicitv del,ect, or. downstream

vet, o wall. participant calorimeter, target ce_lorimet, er. and magnet scintillators)

and the downstream detect,ors (downst, ream silicon detect.or, downstream for-

ward scintillat,ors, and the energy sum in ca.lorimet, er modules) was used. The

triggers generat, ed wit,h t,he aid of all the detect, ors list,ed above were marked as

triggers with online vet, os and the triggers generat, ed without, the target region

detectors but using the downstream calorimeters and forward scintillators were

marked as triggers without online vet, os.

• Parall:.l Tt'iggcr._'- The E814 dat.a acquisit, ion can accept only up t,o 30 events

per sl)ill. If individual triggers have rat, es higher than t,his. the events which

are more abundant would be collected more frequently. To prevent, this. the

trigger syst, em was designed t,o allow data t,aking wil,h parallel triggers, with

t,he abilily t,o accept only a fract, ion of the triggers in an)" given channel (we call

this process "'downscaling"). In this manner we are able i,o enhance ra,re event

types.

In addition 1,o the second level trigger, several other t,riggers were activa,ied 1,o

sl,udy gain variatious and other systema,l.ic effects. They are t,he l)eam triggers, the

pre-triggers a,nd the MT l,riggers (random triggers wit, h no beam particle present.

generated througll a rmldom pulser). The frequency of these t,riggers were adjust,ed
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lo give a rate ot' al)out 5(/c of tile \ :illse "e taken with (he secolid level triggers. Tlle

downscaling factors are software loadal:)le and t lw tyl)ical values used in (lw 1990 run
are list,cd in Tal)le 4.1.

Tal)le 4.1: List ()i' l)aralh_.l triggers with th(:ir downs('aling factors.

"lrigger "_l'yl)e Dowlls('alillg factor

11) 1(i
In S

21) 3
2n 1

3I) 1
3n 1

Pre-t riggers 2001

Beam lriggers 4001

MT triggers "2"2

2 Scalers

There are several types of scalers used in the exl)eriment for various measuren_ents.
They are:

• Spill ,S'caler_, - Spill scalers keep track of the total number of beam particles,

the immber of gated beam particles (as defined by the beam telescope), and the

number of events that are used in eacl_ trigger. They are read out and clea,red a,t

the end of each spill. These scalers are essential for cross section measurenlents.

• Lalch, h_9 Scalers- Latching scalers are used to measure the time at which each

event occurred with resl)ecl to the previous beam particle, the beginning of the

spill, the 1)llase of 60Hz power lines, the previous clear etc. In addition, these
are used to measure (he instantaneous rate of the 1)earn. These scalers are useful

to study noise woblems and other electronic problems.

• Down Scah'r.s- The sole purpose of down scalers are to prescale differem triggers

so as to equalize their rates as described earlier. A section of these scalers are

used to count the total number of triggers of a given Ix'pe that is read out at

the end of the spill.

3 Data Sample

r {aFh data selected througll the online trigger requirements were written oll 6250 BPI

rnagneti(' t,al)es. A data taking "'fuji'" consists of data taken until a tape is filled, which
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corresl)onds (,o apl)roxinla(,ely S,000 1o .9.000 conll)lete, il)del)e1_(lellt, even( records.
Each tal)e is labeled accoMing Io tile order in which t l)e data llave I:)(-,enrecorded.

The recoMed peril)heral data sanll)le consists of Iwo major parls, llanmlx', a sillgle
nucleon enlission (lp O1']II, (lesigllaled as llle 11)-111sanll)le) and two or l,llree llucleoll
enlissions (21). 211or lligller. (h,sigllaled as 21)-211sal)ll)le). These wt,re recorded ow'r
(; dif['erent l.arge(s, and included life data taken wilh an enlpty largel frame. In
addition, a majority of the events were recorded with an online trigger requiremen(
to enrich the data san@e. To study trigger elficiencies, a small percentage of t.he
data were taken without the online veto requirement. The recorded data sample is
shown in Table 4.2.

Table 4.2: List of magnetic tapes written for each tru'get and each trigger type.

Tru,get lp-In 2p-2n o1"rare Pre-trigger Beam trigger Pulser
Pb 8 36 6 6 6
Sn 7 36 3 3 3
('u 3 37 3 3 3
A1 5 35 3 3 4
(' .'3 ....

MT 4 33 3 3 3

The original data written in 62,50 tapes were copied onto 8mm tal)es which were
read via exabyte tape drivers. Each 8mm tape is used to record up to 12 indepen-
dent runs from 62.50 tapes organized according to the target, and trigger types. The
peripheral data sample consists of 6 8mm tapes for lp-In triggers and 22 tapes for
2p-2n or rare trigger types. The total sample consists of about 2.400,000 events.
These were fully analyzed in a Silicon Graphics computer (Personal Ms).

B Ofltine Selection

A large portion of the data written in the original 8mm t,apes cannot be considered as
good candidates for peripheral collisions, due to various factors such as interactions
upstrean_ and downstream of the target, problems in the detectors during the data
taking run. etc. The offline analysis described in this section is mainly involved in
reducing the data saml)le, by selecting good candidates for electromagnetic or soft,
nuclear fragmentation. The selected data were extracted and written into a secondary
set of 8 turn t,apes for further studies.

All detectors were calibrated and corrected for short term as well as long term
gain variations prior to the offline selection procedure.
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1 Good Beam Selection

1.1 Beam Scintillators

The trio,,c'r.,_. uses tlw },eanl scinl.illalors to idel,lit'v, good ],cam l)al'ti('les. However,
])eanl l_arlicles whicl_ illlm'acl willl lhe malerials lll)slrealll Of' lll(' target, or lwo

])cain particles arri\'ilJg wilhin a very short l,inle inlerva] (cloul._le beams)('ou](l l)e

recorded as good beam particles by slipping througtl the selections in lhe online trig-

ger. Therefore additional offliue selections were imposed on the measurements ot" the
beam scintillators.

Figures 4.1 (a) and (b) show the histograms of the average pulse heights mea-

sured in counl, ers SI and $3. Each of these counters are read out by 4 1)hototubes

connected through light guides placed symlnetrically around the counters. Due to a

noise problem in one of the signals, only 3 signals were used to perform the average

for $3. The tail at low pulse height is a result of a pulse height measurement being

distorted by a pileup effecl in the 1)hototubes. Figure 4.1 (c) is a two dimensional

lfistogram which shows the lime measured between the event under collsidera.t, ion and

the previous event (time afl.er the previous beam) versus the lneasured pulse height

in $1. The data showing ca,ndidat,es at short times (t<8 its) indicate the effect due

to the 1)ileup. These events are not produced by upstream interactions. The events

with pulse heights greater than 100 in $1 aim 7.5 in $3 were rejected.

Figure 4.1 (d) shows the average pulse height measured in the $2 and $4 counters.

Each of these scintillat, ors are connected to 2 phototubes naounted a.t opposite ends.

In this scale the pulse height corresponding to the 2ssi beam is normalized to 100

counts. The measurement provides a resolution of 10c2_,for Z=14 particles. The gain

variations in the phototubes were corrected on a run by run basis. Event, s with counts

less than 50 or greater than 150 were rejected.

1.2 Upstream Silicon Detector

The upstreanl silicon detector provides an additional pulse height measurement to

select Z=14 beam particles. Since this detector is mounted just upstream of the

target, ii is able to detect the interactions in the beana scintillator syst, em. However,

this detector loo suffers ft'ore serious pileup effects. Figure 4.2 (a) shows the measured

time after previous beam against the lneasured pulse height for beam particles. We

observe iu Figure 2 that the pileup effect occurs when the beam particles arrive within

a few #secs of each other. This is due t,o the contribution of the negative going tail of
the previous pulse on the present pulse, since the preamplifiers used in this detector

have long shaping time. Events closer than 2.5 psec were not used in this anMysis.

Figure 4.2 (b) shows the measured pulse height in this detector after rejecting the

events arriving less than 2.5 #sec from the previous beam particle. A resolution of

5_?(,was obtained with this detector. The Z=14 particles were normalized to 1000

counts in this scale. C,orrections were made for gain variations on a run by run basis.

Events with count, s less than 750 or greater than 1250 were rejected.
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Figure 4.1: Beam scintillator system. (a) Pileup effect in veto counter $1. (b) Same

for $3. (c) Pulse height in $1 vs. tilne after previous beam particle. (d) The average

pulse height measurement by $2 and $4.
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Figure 4.2: Silicozi upstream detector. (a) Pulse height vs. tizne after previous beam

particle. (b) Pulse height measurement with time after previous beam cut.

2 Data Selection

2.1 Charge Selection

After the initial interaction at the target, the heavy" reaction fragments (Z/A _ 0.5)
travel about 30 na before detection. Although the full flight path is filled with helium
gas in order to reduce the internaediate interactions, about 30_7_of the heavy"fragments
interact, producing various nuclear fragments. Due to this reason, it is very important
to measure the charge of the heavv fragments at the target and at the downstream
end of the spectrometer. We use the silicon detector immediately downstream of the

target to measure the charge of the outgoing fragments close to the target and the
two scintillator hodoscopes (vertical and horizontal) to measure the charge at the
downstream end of the spectrometer. By combining all three measurements we can
easily obtain a very clean charge measurenaent for the heavy ion fragment.

Figure 4.3 (a) shows the measured time after previous beam particle against the
measured charge at the downstream silicon detector. The pileup effect (discussed in
the previous section) makes it hard to select individual charge species below 2.5 llsec.
Figure 4.3 (b) shows the histogram of the measured charge distribution after applying
the cut on the time after previous beam. A resolution of 4_ was observed in this

detector for Z=14 particles. This measurement, a.s it is. is not good enough to make
a clean charge identification.

Figure 4.4 (a)shows a scatter plot of the measured charge in the vertical scintillator
hodoscol)e against the measured charge in the horizontal scintillator hodoscope. The
scintillator signals were corrected for the saturation effects discussed in the previous
chapter. The plot indicates that the combined charge measurement from these two
delectors has a better charge Sel,aration than the individual measurel_aents. Figure
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Figure 4.3: Silicon downstream detector. (a) Pulse height vs. time after previous beam
particle. (b) Pulse height lneasurement with time after previous beam cut.

4.4 (b) shows t.he histogram fox"the combined charge naeasurement (double charge
measurement). A resolution of 3¢,_was obtained by this method.

Figure 4.4 (c) shows the charge measured a.t the silicon detector against the double
charge measurement a.t the downstream end of the spectrometer. The horizontal
band of events corresponds to the events that originated as Z---14 but interacted
before reaching the downstream end of the spectronaeter, producing some other charge
species. In order to make a clean charge identification, hexagonal shaped gates (cuts)
were made on each island that corresponded to a different charge species. The events
that belong t.o each island correspond t.o three independent, charge measurements.
Figure 4.4 (d) shows the final triple charge measurement. Using this combination we
were able to obtain a resolution of approximately 2N, for Z=14 particles.

Events that fell into any of the hexagonal gates from Z=8 to Z=14 were selected
as good events and the rest were discarded. Charges Z_<7 were unusa,ble due to the
trigger cut at Z=7.

2.2 Event Classification

The 1)asic criteria for selecting EMD events is based on the assumption that the
electromagnetic processes do not produce any activity a.t the target region. The
projectile will essentially travel along its path without intera.cting, with the exception
that it gains some additional energy by the absorption of a virtual photon. This
excess energy may be enough to allow eiection of one or more nucleons from the
nuclei. Nuclear collisions on the other l_a.nd are hard collisions that produce particles
(eg. pions) al larger angles, and they can be detected by the target region detectors•

Tile i)ackgrou_d Io t l_e eleclron_agnetic process can COllie from very soft nuclear
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detector vs. double charge. (d) Triple charge measurement by combining all three
measurement s.
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ffagmentatiorl which produce the same final stal.e products as the electromagnetic
processes and also have no activity in the target region. These processes ca,nnol be
distinguished from the EMD process oll a,ll event ])v evenl basis. ])til. can be separated
by studying the Z and A dependence of the dissociations. Selection criteria were
developed to minimize the nuclear 1)a,ckground. while keeping a high efficiency for
EMD events.

The basic selection criteria was defined by st,udying the background as well as
the target region a.ct,ivily produced by pure beam part, icles. The pure ])earn particles
were identified by selecting the Z=14 particles tha,t entered the experiment through
the beam scintillator syst,em and the Ul)stream silicon det.ector system. Requirements
were then imposed to select only the events which survive a,s 2ssi, by measuring
the charge and the energy at the downstream end of the spectrometer. A pure
electronaagnetic interaction does not produce more activity than a pure beam particle
that passes through a given target= without any interaction.
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Figure 4.5: EMD event selection. (a) Energy measured in the PCAL fox'non-interacting
beam events (solid line) and normal peripheral events (dashed line). (b) Same for
TCAL.

Figure 4.5 (a) shows the total energy measured in a participant calorimeter for Si
beams passing through a Pl) target. The solid curve is for selected good beam tracks.
The dashed curve is for normal peripheral triggers. Figure 4..5 (b) shows the maximum
energy seen in any of the crystMs in the side walls of the target, calorimeter for the
same type of events. Both of these spectra show a higher energy tail originating ft'ore
non-peripheral intera,ctions.

The response of each detector system was studied for selected good beanl events
and peripheral events by generating plots similar 1.o those shown above. The cuts
were imposed at. each detector to reiect _<1% of the good l)eam events. The selected
cuts are listed in Table 4.3.
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Table 4.3: List of cuts used iii EMD selection. The events which produce energy and
multiplicity below the values listed here for each detector were taken as goo,d peripheral
events.

Detector ,¢Jvsl,eln ('ul Des('ril)tion (',ut
Multil)licity Det'ect0r ('harge Multil)licity 25
Target Paddles C,harge Multil)licity 4
Target (:alorimeter Maximum energy in side walls 20 Me\.,'

Maxinmm energy in back wall 15 Me\;
Participant Calorimeter Maximum energy in EM section 200 Me\"

Maximum energy in HD section 200 MeV
Total Energy 1 GeV

Magnet Scintillators Charge Multiplicity 5
Pi-neut Calorimeters Maximum tower energy 0.5 Ge\:
Neutron region scintillators ('harge Multiplicity 3

Good electromagnetic events are defined a,sevents which do not produce an energy
or a hil multil)licity above t,he cuts listed in Table 4.:3. in any of the detectors. Events
which produce any activity above these cuts in one or more of the detectors are taken
as events originating from nuclear interactions. The additional information about the

electromagnetic or nuclear origin was recorded in the secondary 8 mm tapes with the
original data records to be used in further studies.

Table 4.4 shows the efficiency of the cuts for different, targets when applied together
on selected beam part, icles. The rejection could be due to the accidental 6 rays, or
the noise problems in the detector systems.

Table 4.4: Estimated efficiency in the offiine selection procedure for selecting events
produced by the electromagnetic interactions for various targets.

Target Efficiency %
Pl) 96.2 ± 0.5
Sn 95.7 ± 0.2
C u 95.9 ± 0.5
A1 97.0 ± 0.4
C

MT (-',q .,16._.± 0 6

No target dependence of the overall efficiency was observed and hence the same

cuts were al)plied to all targets for the selection of electromagnetic interactions.
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C Cross SectionsforSimple Channels

The simplest a.nalvsis topic of the 1)eril)heral collisions is the cross sectioli measure-
menls. Amollg cross sections, a single protoll (lp) or a single lleutron (111) emissioll
cross sect iolls are llle siml>lesl and they provide a unique way lo estimale lhe effi-
ciency of the selectioll procedure. In tills section, a detailed description of tile cross
section estimat.es for these two channels are given.

1 Event Characterization

After extracting the events that originate from electromagnetic interactions, the next
step is to identify simultaneously all the fragments leading to the final state in ques-
tion. This wa,s done by measuring the charge and the energy of the reaction fragments.
The drift chambers were not used for the identification of 1p and in emission channels.

1.1 Charge Measurement

The charge of the heavy ion provides the information about the rnissing number of
protons. For examl)le, for lp emissions our measurement should be the charge of
.arAl. which is Z=13 or for in emissions it should be the charge oi' arsi which is Z=14.
Hence. a tight requirement on the charge of the heavy ion could remove most of the
background for tile channel in question.

The triple charge selection described in the earlier section gives us a very clean
charge measurement for the heavy fragment. Figure 4.6 (a) shows the measured
charge spectra at the downstream silicon detector for selected Z=14, Z=13 and Z=12
charge fragments with the triple charge selection. The plot demonstrates our ability
to select portions of each charge species even in the overlapping regions. Although
the downstream silicon detector measurement does not provide a clean charge sepa-
ration by itself, this. combined with the vertical and horizontal scintillator hodoscope
measurements gives an extremely good charge measurement.

In addition, the total charge in the upstream forward scintillators (upstream
cha.rge sum) was used to identif,v the protons deflecting into the Z/A=1 region. Fig-
ure 4.6 (b) shows the upstream charge sum for peripheral events. In this plot, peaks
corresponding to one or two Z=I particles are clearly visible. Only a loose cut at
the lower edge was used since the charge spectrum has higher pulse heights due to
the energy loss mechanisnas in the scintillators (Landau shape) a,nd the production
of _ rays in the two drift chambers quite close to the Ul)stream forwa.rd scintillators.
The b rays were mainly produced when the heavv ion tracks passed through the drift
chambers. This effect was more prominent in the counters close to the beam line.

1.2 Energy Measurements

The energy in the proton and neutron calorimeters provide the additional information
that is necessary to remove the ba,ckground in these two channels. Figure 4.7 (a) is a
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Figure 4.6: Charge selo.ction. (a) Measured heavy ion charge for Z=14. Z=13 and Z=12
fragments. (b) The total charge measured in the upstream FSCI.

scatter plot of the raw energy in the proton calorimeters verses the raw energy in the

l leut, ron c alorinaeters for selected Z=13 and Z=14 particles. Three different clusters

are visible in t,his plot. They are the protolls and neutrons created by lp+2rAl,

ln+_rsi and lp+ln+2(_A1 reactions, lt is clear from this plol that with extra cuts on

the energy measurements we can select, clean event samples for lp and In emissions.

Figure 4.7 (b) shows the measured proton cluster energy for selected z=13 can-

didates. A single cluster was selected as having energy between 4 a,nd 22 GeV. A

similar energy distribution was observed with neutrons for selected Z=14 candidates.

Table 4.5 shows the cuts used to identify lp and In emission channels.

Table 4.5: List of cuts used to select lp and In events. These cuts were imposed on
selected EMD event samples. The upstream charge sum was calibrated to place the
minimum ionizing particles at 100 units.

Mea,surenaent lp+ 2rA1 ln+27Si

Heavy ion Cha,rge Z= 13 Z= 14

Proton Energy 4<E<22 E<4

Neutron Energy E<4 4<E<22

Upstreana Charge sum Z,u,,>9.5 -,.

1.3 P/Z from Scintillators

Although we do not need 1o measure P/Z of the heavy fragment to identify the lp or

In chamlels, the horizontal scintilla,tor hodoscope provides confirmal, iorl of th¢' l_urity
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oi' the sanlples. The position of the heavy fragment in the horizontal scintillator

llodoscol)e corresponds 1o the P/Z of the heavv fragment. Figure 4.8 shows the

position distributions obtained for selected lp. lh. lpln and 2p channels. The position

resolution of the horizontal scintillator hodoscol)e is about 2 cna. The distributions

are corrected for the beam angle x'ariations measured by the beam vertex detector.

No cuts were applied based on this measurenaent due to the large va,riations in the

position measurements arising from the gain drifts in the phototubes and the many

overlaps between different channels. However. the P/Z estimations obta,ined through
drift chanaber track reconstruction turn out to be an extremely useful tool in selectiug

more complex channels. Such measurenaents are discussed later in the thesis,

2 Cross Section estimates

2.1 Efficiencies

Before estimating the absolute cross sections there are a number of corrections that

1leed to be extracted from an unbiased data sample. These corrections arise from

inefficiencies introduced by the selection procedures. The correction factors are eval-

uated carefully using pre-trigger and beam trigger data in such a way that the same
efficiency is not counted twice.

The methods used to estimate the efficiencies are described below. A list of

estimated efficiency factors obtained by this method is given in Table 4.6.

• (pslr_.am [nle.l'a(:lious - The upstream interaction efficiency was calculaled 1)v
esl ilnating tl_e 1lumber of beam particles lhat were selected by the l_eam trigg,,r
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Figure 4.8: Measured position of the heavy ion fragments at the downstream horizontal
counter for selected channels.

but were rejected 1)3"t,lae cuts used in the beam scintillators and tlm upstrearn
silicon detector. This represents the efficiency in the trigger of det,ecting good
beam particles. The contribution of the time after previous beam cut at 2..5
psec was not included in this but was calculat, ed as a separate efficiency.

• Dou,nstrea'm 'in,leraclioT+s- The downstream interaction efficiency was calculated
by selecting a sample of known Z. defined by the downstream silicon detector
and the upstream proton calorimeters using low level triggers (beam triggers
or pre-triggers). The probability of detecting the selected isotope inside the
ga t_esused in t,he triple charge measurement directly" provides the downstream
interaction efficiency. As a result, the cra,cks between individual scintilla,tors.

inefficiencies in selected gates et,c are also included in the estimation. This
efficiency in principle has a Z dependence.

• l'eto u,aI1- The veto wall efficiencies were estimated with a sample of Z which

was ah'eady identified as good events with no downstream interactions, using
the pre-trigger tapes. The probability of the survival of these events with a,nd
without the veto wall selection gives us the efficiency of this cut. II was assumed

that this cut does not del)end on the Z of the isotope or on t,he type of target.
although there could be a small dependence due to the production of/5 rays.

• Pcoton and Ne'.,f'co'n Clus.cters- The clustering algorithms fail t,o predict t,he
correct energy for nucleons going through the cra,cks or gaps in calorimet,er
modules. In addit, ion. shower fluctuations could lead to some inefficiellcy clue to
a low energy" deposit, ion. The efficiency arising from clust,ering algorithnas was
estimat,ed 1)y selecting a known saml)le of 11)and in events in the pre-trigger
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sample which l)roduces energy outside the apl_lied ('uls irl tlle analysis t"o1'l llese
calorinmters.

ii ('p.<4#'fam(71al'gr ,S'um- Tile efficielicy due 1,ofile ulJsl, r<'anl cliarge suin was
calcuial,e(l 1)\"seleclilig a goo(] sallli)ie of 11) eveiil s wit liolll usillg iii(:' IliJSl, l'ealll

charge suiil, Inil USilig ali ol.]ier ava.ilai)ledel,colors. "['lie ilieflicielicy of this ('ill

arises due 1.othe gaps I)etween scintillatioli plat.es.

• Do u,li.4'r_a'msili(,o', df:l_c#ol'- The efficiency in t.lie downstream silicon detect.or

was calculated by selecting Z=14 pa,rticles ft'ore t.he upstrea.nl silicon detector
and the downstream forward scimillator measurement, lt was necessar,v to select
ttle Z of the fragment ai the downstream end of the spect.rometer since a clean
sample witti a known Z was needed to estima, te this efficiency. It was assumed
thai all gates defined to select different cliarges have the same efficiency.

• ()._i,( t,_.#o- The otttine veto efficiency was taken as the average of the ef-
ficielicies calculated for each target, wit.ii and wittlout the offline velos, using
selected good 1,earn tracks. AltllouM_ cuts on each detector measurement were
limited to reject only upto ltT_ of 1he good beam particles, wlien a.pplied to-
get,her. they produce a non negligible effect. The individual efficiencies for each
target are listed in Table 4. Although a target dependence in this efficiency was
anticipated, we have not observed one.

• Tim_ ((tier pre i'ious beam - The efficiency due to time after previous beam cut
was evaluated by estimating the number of surviving good beam particles with
and without the 2.5 tlsec cut. The rejection due to this cut showed a large
variation among the runs and hence was calculated separa.tely for each run.
Only the average value is shown in Table 6. lt was found that the pileup effect
for the latter part of the data t,apes was low and therefore a somewhat lower
('2.'2 t_sec) cut, was applied for these data.

• O_-lh_.e v(#o de:le:ctor.s- To evaluate the on-line veto efficiency, the sarne analysis
was applied t.o the events taken with veto and the events taken without the

velo requirements. The ratio of the yields of these two samples, with proper
normalization for the trigger downscaling, provided the required efficiency. To
reduce the fluctuation due to low statistics, for each run, the ratio was weighted
with the average formed separately for each trigger by the trigger scaler counts.
lt was found that this efficiency is strongly target, dependent.

Due to their run dependence.the efficiencies for the time after previous beam and
on-line vel o detectors were estimated on a run 1)3"run basis. Only the average is shown
in Table 4.6. The large inefficiency in the neutron cluster energy selection compared
to the proton cluster energy select, ion is 1)robal2ly dlie to the cracks iii the neutron
calorinaeters located in the zero degree line. The pre-trigger efliciencies for 11)and
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Table 4.6: List of efficiencies for the cuts used to select lp and In events. These
efficiency factors call be considered as indeI)en(lent of each otlw.r.

Se]_,('_iol_ ('ri1('ria Etfi('ie_('_ '2;

l'l,str('an_ i_:ez'a('_io_s .()7._ ± 0.2
Downstrealn inleracliolls 70.6 ± 1.9

\:el o wall selection 87.5 Jr- 1.8

Proton clusters 9.").8± 1.0

Neutron clusters 90.0 ± 2.0

Upstream charge sum 95.1 4- 0.6
Downstream silicon detector 98.0 ± 0.3

Offline veto detectors 96.3 ± 0.5

Time after previous beam 86.2 ± 2.2

On-line veto delectors 7(i.9 :t: 1.4 _]

In are found to be 100(7_. \Ve est imale the total efficiency 1 for lp and In detection
as 34(7¢. This number is obtailled by taking the product of all the relevant efficiency
factors for each trigger type listed in the Table 4.6. assuming that the efficiency factors
are independent from each other.

2.2 Cross Sections

The following formula was used t,o calculate the exclusive cross sections:

(7"-- [ A'A |'1 "t _ (4.1)

where M is the atomic weight of the ta,rget material. D is the downscaling factor, N.4
is the Avagadro number. \V_ is the target thickness in g/cm 2, ,f is the efficiency factor,
B is the tot,al number of beam particles and N is the observed number of events for
an)" given channel. A list of the t,arge_,,sused. and their prol)erties are listed in Table
4.7.

The 1oral number of beam particles extracted from the bealn scalers were corrected
for the loss of events due to after protect, ion. This was done by estimating the number
of beam particles that were rejected, by using the recorded number of pre-triggers
rejected by the first level trigger. This has approximately 10% effect on the cross
section estimates and cannot be neglected.

l Not,e that the total efficiency estimated for lp events is slightly lower than the values given in
Ref [31]. This is due to The fact that the efficiency of tile offtine veto detectors were, not accounted

for in the reference. Therefore, the cross sections and the other parameters extracted from the lp

data given in this thesis are slightly different to the values given in f/el [31].
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Table 4.7: List of targets and their properties.

Targel Ato111i('weighl ('harge Tllickl,ess
_1 Z \_'_ (g/cl_l 2),,

[ Pb 208 8:2 -l.:_5.q
Sn 120 50 3.253
( 'u 64 29 2.239
AL 27 13 1.300
(' 12 6 0.596

The observed nunaber of counts were corrected for the interactions due to air,
helium, or any other material in the path. by norlnalizing the counls observed for
the enll)lV target frame to the l.olal lmml_er of l)eam particles used. The ernl)l.v
contribution for Pb and (' targets are 5_/_and 507_ respectively. In addition, pa rl of
the data obtained ft'ore in triggers were corrected for a trigger problenl which affected
.')0(_ of the tolal In sample. This was caused by a failure of a signal cable used in
the In trigger to detect neutrons in one U/Cu calorimeter module. The estimated
correction factor for this is about 30(,_ on the cross section values obtained by the in
trigger.

Since the downscaling factor depends on the type of trigger used, the cross sections
were calculated separately for each trigger. The evaluated cross sections for lp and
in channels are listed in Table 4.8. The errors include the statistical and the observed

run to run variations. We est,imate an additional systematic uncertainty of the total
cross section values of approximately 5g,. Fox"compari,_cn, earlier measurements of
cross sections with the E814 apparatus [31]are liste_-l. A good overall agreement is
seen althougli the two sets of data _re quite different.

Table 4.8: Measured cross sections for lp and In emission by EMD. For comparison,
earlier cross section measurements through our experiment are also listed.

Target lp cross sections (nab) in cross sections (nab)
This work Ref [31 This work Ref [31]

Pb 676.4+33.5 672.2+24.8 241.04-13.1 268..54-12.0
Sn 274.04-14.6 290.64-13.8 100.04- 4..5 103.2+ 7.1
Cu 111.04- 2.2 40.44- 4.8
A1 31.64- 3.6 34.24- 4.7 13.14- 1.8 11.3+ 2.3
(' 13.34- 0.7 6.34- 0.4



CHAPTER 5

Reconstruction of Events

This chal)ter explains the methods developed 1,oreconstruct tile simple decay channels
that have two oi" three particles in the final state. A complete event reconstruction

was carried out by constructillg the track segments at each detector mid successively
combining l hena wilh geometrical and kixwmatical constraint fits which exploit the
1)h,vsics l_ehind the reaction under investigation. The methods discussed here are
quite general in nature and can easily be extended t.o study other reactions.

A Track Reconstruction

The tracks in the forward spectronmter are reconstructed by perfornaing a crude selec-
tion. followed by a detailed pattern recognition. The information from the detectors

which measure the position of the particles upstream and downstream of the magnet
are combined to obtain track parameters such as the position and the angle along the
path of the particles as well as the magnetic rigidity P/Z.

1 Preliminary Selection

The preliminary extraction of tracking information was carried out by selecting pos-
sible hit candidates that are generated by the passing tracks at the beam vertex
detector, the pad chaml)er DC1, the drift chambers D('2 and Dca. the forward scin-

tillators a,nd the U/Cu calorimeters. The detailed analysis described in chal)ter 3
was performed to eliminate noise and to construct the possible hit candidates at each
detector plane.

Fox"peripheral events, it is necessary to identify tracks that belong to the heavy
ions and the other light fi'agments simultaneously. The identification of the hits which

belong to the heavy ions is straightforward since, from all the possible tilt candidates.
these produce the highest charge or energy. This is not the case for the drift sections

of D('2 and DC3 since the TD(' does not carry information about the charge or the
energ.v of the passing tracks. However, the pad sections located a,t the end of each
chamber measure the charge of the passing tracks and these measurements can be
used to initiate the selection procedure in the drift chanlbers.
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The paltern recognition in tlle drift cllambers was carried out by est, ablisllillg

"roads" ill tim drift alld pad sections to idenlif,v tlm track segments within each

chalnber. Tllese roads are defined lo an accuracy of lhe widll_ of ll_e pads. whicll

varies over l lie l_ad plane. The l,ossil,le varial.ioll ill 1.lie a_lgle of llle tracks for pe-

ril_lleral evellls crossillg eacll cllanll,er al dif['erelll localiolls was al.so il_corl_oraled iii

eslablishingroads. Noalleml)! was madeloremovel]lelefl-l'ight a lllbiguityiil l llea'

localions predicted by the TD(' hits and both possibilities were kept a.1 this stage of

the analysis. The roads w]fich contained hits in 3 or more of the 6 planes were taken

as the possible hits generaled by the real tracks.
The connection between the roads in D('2 and DCa. and the hit clusters in the

forward scintillators generated by the same particle traversing the detectors down-

stream I.o t.he magnet was obtained by perfornling a linear least squares til for these

three measurenaenl (both in the a' and the y directions). The agreenlent between the

calorimeter measul'emel_ts and the predicted nleasuremenls (using t,he results of the

fit and extral)olating them to the plane of lhe calorimeters) was used to select the

best candidates to form the links between t,he t,rack segments thai form the tracks

downsl.ream of the magnet.

The a"position in the pad chanaber D('I belonging to any track can be predicted by

using the information from the beam vertex detector and the downstream crude track

reconstruction combined with a simple magnet model. In this model the two magnets

are replaced by two bending planes as shown in Figure 5.1. Here, a'o represents the

l)osition of the beam track a,l the target plane. This can be extracted from the 1)earn

vertex defect, or measurements. The outgoing track angle at the target pl&he which

is represented by 0o is very close in measurement to the incoming beam angle for

the heavy ions but not for the light particles. The angle and the position of the

downstream track a,t the plane of DC2 are represented 1)3, _J and a; respectively and

the bending angles at eactl magnet are represented by 0a and 02 respectively.

The a" position at DC1 is related to the upstream and downstream information
bv the formula,

22 _ 21

where ,rl and .r_ are given by:

,7"1 -- j. ° .-{- 210 o

= (-"-

The upstream angle 0o can be ca,lculal,ed by"

0° = [ 3(:i" - x°) - {_(2z' + z' - 3_)]2z2+ z,



T]

Target. DC1 DC2

'/ I ,.J

/

z"O Zs Z.

Figure 5.1: Two bend magnet model used iii the preliminary analysis.

where we have ta,ken the vedue of the ra.l,io 01/02 to be 2.0 from the magnetic field
settings and effective lengths. By substituting the known values for the locat,ions of
the measuring pla,nes along the z direction (zl, z2. etc) we can estimate XDCl. In
addition, this method allows us t,o calculate a crude value for the magnetic rigidity
P/Z by using the simple rela,tionship;

(0- 0o)

where k is a constant found to be ._ 1.85. The va,lue of P/Z extracted by this method
was used to solve various software problems at, the early stages of the peripheral
analysis.

Figures 5.2 (a) and (b) show the difference between the predicted and the mea.
sured x positions a,t DC1 for heavy ions and protons respectively. The plot,s indica,te
our ability to select hits in DC1 without using time consuming pattern recognition
algorithms. For the y agreement, a direct extra.pola,tion wa,s used by assuming that
the tracks pass y = 0 at the ta,rget plane. The hits in DC1 were identified by sea,rching
for the best candida,te in the neighborhood of the predicted .Tand y positions.

All the possible hits in DC,1. DC2. DC,3 (both drift and pad sections), the forward
scintilla,tors and the ca,lorimeters, a,long with the hits in the beam vertex detector
were passed on to our pa.ttern recognition program (GRIST) which was developed to
perform full event reconstruction in the periplleral ana,lysis.

2 Pattern Recognition in Drift Chambers

The most tedious pattern recognition in ES] 4 tracking chambers involves recol]st, ruct-

ing the tracks in the drift sections. This is coml)licated by the ambiguit,y in the post-
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Figure 5.2: Accuracy of tile DC1 hit selection. (a) Difference between tile predicted
aud measured heavy ion positions. (b) Same for protons.

lions geliera,ted by the TDC hits which could be on either side of the anode wires, a.s

well as the 6 rays generated by the passing charge particles. For the heavy ion tracks,

the rejection of the TDC hits created by the t_ rays is the major problena.

lt was found thai the sum of the drift times of charge clusters drifting in opposite

directions of neighboring anode wires provides a good selection criteria fox"the selec-

tion of t,rue TD(' hits originating ft'ore the passing tracks. Hits created by the t6 rays

do not produce the correct drift times that are produced by the good TDC hits which

originate from the charge clouds. However, del)ending on the position of the tracks

t.raversing between the neighboring planes which are shifted by half a cell relative to
each other, the sum of the drift times varied by an amount that is proportional to

the angle of the tracks. A correction was made to remove this effect in neighbor sums

bv estimating the angle of the tracks, using the pad locations reported in D('2 and

DC3 by the preliminary selection procedures described earlier. Figures 5.3 (a) and (b)

show the neighbor sums for hea\'v ions and protons passing through D('2 respectively.
A F\VHM of _ :30 and 60 ns were observed for D('2 and D(!3 respectively.

By requiring that the sum of the drift times obtained from the neighboring anode
wires fall within a window that corresponds to :i: 1.0 mm in space, consistent hit, s

within D('2 o1"DC3 were identified in t,h_, track reconstruction stage. Centroids were
formed with the hits that satisfied this criteria and were observed in the odd-even

planes. The loca lion of the set of' drift chaml)er hits which were most consistent

with a straight line segment falling within the road was ol)t,ained using the Prillciple

Coml)o,lent Analysis [.')6]. The left-righi ambiguit, ies are elimiriated by the use of such

centroids. After idenlifving the correct TD(' lilts, the cent roids were discarded and

the original TD(' values were used in the track construction.
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Figure 5.3: Measured sums of drift times ill neighboring anode wires for protons. (a)
DC2. (b) DC3.

The facility to obtain high level TD(' hits 1 or so ca,lled second TD(' hits. is
incorl)orated mainly to hell) separate the hits geuel'a.ted by 6 rays from the true
charge clouds. Figure 5.4 (a) shows the second hit against the first hit measured for
beam tracks passing through one plane of the chamber 3('2. As expected, a majority
of the events show a good correlation between these two measurements. But. an
additional correlated band which is shifted by 40 ns or so from the main band was
observed. Detailed studies showed that in some isolated cases, not one. but several

of these could be observed even for individual wires. One explanation could be that
the arriving charge clouds contained several peaks in the TDC distributions due to
the distortion from cSrays and therefore the zero crossing discriminators were firing
several times for the same charge cloud, with different time intervals. However. this
did not, complicate the analysis described in this thesis since the second hits were not
used in the prima.ry selection. Figure 5.4 (b) shows the same events after selecting the
best events through our selection criteria. The second band is observed less frequently
now. indicating that it, consists mainly of hits distorted by the _6rays. To identify
a set, of good TD(' hits. the initial pattern recognition wa,s started with those hits
which reported second hits.

For the charged particle tracks, the position information from the forward scin-

tillators and the calorimeters was not used in the final track reconstruction stage.
lt was used only to guide the initial pattern recognition since the drift chambers
provided a better resolution. However. to reconstruct neutral pa,rticles (neutrons).
the calorimeter position and energy ilfformation were used since these were the only
available infonna.tion for these particles.

1see chapter 3. section 2.4
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Figure 5,4: Second TDC hit vs. the first TDC hit. (a) Ali hits. (b) Selected hits.

3 Tracking Details

3.1 Detector Alignments

Using the hits identified in the previous step, a fit was performed on the drift time
values measured in DC2 and DC3. the horizontal and vertical positions identified in
DC1. and the vertical positions found in the cathode pad sections of DC2 and DC3.
Because of the inaccuracy in the vertical measurements, the track is constrained to
pass through y=0 at the target. The vertical distribution of the beam particles is
approxinaately gaussian, centered at y=0 with FWHM _ 6 mm. Since the trajectory
passes through the magnet, the value of the magnetic rigidity for the track is intro-
duced as a variable in this fit. along with the horizontal and vertical slopes and the
intercepts of the tracks at the position of the target.

II was found that the physical locations of the detectors measured by survevors
are not accurate enough to obtain an optimum resolution from these chambers. Tlm
following st,eps were carried out to align the detectors. The results obtained for the x
alignments of the tracking detectors are listed in Table 5.1. A similar procedure was
carried out to align the detectors in the y direction.

By using the given survey measurements, the beam tra,cks (with no target in the
target holder) were reconstructed and the magnetic rigidity P/Z was measured.
This value was taken as the trt, e P/Z of the beana tracks, assuming that the
offsets in the survey naeasurements were random and therefore did not cause
any systenaatic change in the reconstructed P/Z value.

• By using the naeasurements reported by the first plane of tlm beam vertex
detector and the drift chanaber DC:a, the beana tra.cks were reconstructed with



Table 5.1: List of offset constants extracted by the alignment studies.

Detect,or z Position x Offset t/esolution

description (cre) (cm) (mm)
D('I pad plane x :7198.57:3 -0.0:38 0.200
DC2 wire plane 1 687.07:3 -0.097 0.:300
D('2 wire plane 2 687.708 -0.070 0.:300
DC2 wire plane :3 688.:34:3 -0.074 0.:300
DC2 wire plane 4 688.978 -0.067 0.300
DC2 wire plane 5 689.61:3 -0.062 0.300
DC2 wire plane 6 690.248 -0.072 0.300
DC3 wire plane 1 1158.164 0.020 0.:300
DC3 wire plane 2 1159.434 0.0:30 0.300
DC3 wire plane 3 1.1.60.704 0.044 0.:300
DC3 wire plane 4 1161.974 0.030 0.:300
DC3 wire plane 5 116:3.244 -0.005 0.300
DC3 wire plane 6 1164..514 0.045 0.300

the measured value of P/Z (extracted in the previous step) kept as a constant.
The value of the shift in each detector plane (which was not. used in the fit) was
estimated and corrected.

• The previous step was repeated by using all the detectors other than Dca, al,d
the offset constants were obtained for DC3. The position of the first plane of the
vertex detector was assumed to be correct. This assumption did not produce
any bias in the track reconstruction since all the detectors were aligned relative
to the initial configuration.

3.2 Resolution in Drift Chambers

The tracking chambers were designed tc detect minimum ionizing particles as well
as heavy fragments. The study of peril)heral interactions requires that the tracking
chambers respond to both types of particles with high precision. Our pat,tern recog-
nition methods indicate thai the horizontal spatial resolution in each drift chamber
plane for both type of tracks is _ 300 /lm. although the heavy ion tends to produce
more _ rays than the protons.

Figures 5.5 (a) and (b) show the residuals obtained for 2rA] tracks and proton
tracks in D('2 respectively. The residuals were obtained by taking the difference
between the fitted track and the measured positions. The plane t.o be tested was not
used in the fit. In DC3 a position resolution similar to that for DC2 was achieved.

Detailed studies indicate tha,t individual wires show 100-250 p_m single cell resolutions.
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The reduced resolulioll for a sillgle plane consisting of combining ilfforrnation from
many wires could arise froln the wire l,o wire offsets in these chambers.

An all,eml)l was made to utilize the a,lignment reel,hod discussed above to deter-
mine indix'idllal wire off,._tss, in (he lleavv ion region. All,hough (lie l)relinlina,rv results
were pronlising, file wire offsel COllSl,allls were i1o1 used in this a.nalvsis sil_ce l.llis
work is not vet COml)leted and the niethods involved are still under investigation.

' I ' ' I ' ' 'I" ' ' I ' ' I ' ' I '

Heavy-ions (a) Protons (b)
400 -
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Figure 5.5: Resolution in the drift chamber DC2 (a) Heavy ions (b) Protons.

Figure 5.6 shows the measured P/Z for the beam tracks. A _.2 cut was ap-
plied to remove the badly reconstructed tracks. A resolution of 1% was observed
for the P/Z reconstruction. The major width in this distribution arises from multiple
scattering in the material along the path of the track. An additional contribution

•"18 ,,.

of 0.25(,_, comes from the momentum spread in extracting the " St beam from the
AGS. The value of the beam momentum extracted in this analysis was found to be
14.35+0.21 Ge\'/nucleon which is slightly lower than the beam momentum value of
14.6 Ge\'/nucleon advertised by the AGS.

B Reconstruction Studies

The improved estimates of the track variables as well as the physical quantities which
we need to measure were extracted by using a reconstruction program which exploits
geometrical and kinematical constraints. These constraints allow us t.o combine the
tracking information in an optimal way to determine the parameters of interest.

1 Method of Reconstruction

Tile reconstruction program used iii this analysis (GRIST)was originally developed
a,l CERN during the late 1960's in an experiment which used optical spark chanal)ers.
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Figure 5.6: Reconstructed nmnmntmn distribution for beam particles.

This was later used in other experiments to sl.udy various reactions successfully and
was modified by W.E Cleland to fit the l_eripheral events taken through the E814
apparatus. A brief summary of the evolution of this program is given in Table 5.2.

The method of reconstruction used in GRIST can be described as minimizing t,he

\2 function with respect to a set of parameters caj.

1

\2(CIi)-- _i O"-_i[_i - [:i(clj)]2 (j = 1...... ,_)

where _i and _ri represent the observations (eg. Beam vertex measurements, mea-
sured TDC values of the tracks in the drift, sections of DC2 and DC3. t,he position
measurements ot" calorimeters ..etc) and their preci :,ions respectively. The L:i are the
calculated values of the expected observations and :-'_ :_function of the set of param-
eters a.i. The nj are chosen carefully so that they c,:._ "]escribe the given hyl)othesis
coml)letely. In the final kinematic fit they are rela_ :,,_ t.o the center of mass decay
angles and invariant masses of the assumed 2-body _,_st,ems wi_ich describe the pro-
cess. hlitially, trial values for these pa.rameters are assigned to shorten t.he iterative
12 minimization procedure.

If c_j° are a set of trial values fox'tl_,_,_,_,,.o,._,._,*'--s¢_.,,by.making the Taylor..expansion
about c_}',the .t 2 to be minimized by i .!_:r_)i,l;,;g _I:e corrections _c_j can be written
a,s,

2

' l
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TaMe 5.2: History of the event reconstruction code (GRIST) used iii this analysis.

'_'ears l{(,a('l iol_ ]{(,f ]"(,alur(,s l)el.(,cl (_rs
...........

l.(t(iS-l.q(i_ _-p-_ .\"A'"--: p + _,- [57] No 13field ()l)lical
/J + c--, /_+ (" Sl)ark ('llallll_('l's

1.q(i8-1!)70 t,Z _ HI'HZ [:?)8] Homog(")_eo_s ()])_ical
B tield Sl)ark chaml_ers

.., _-'" A' [59] Inhomogeneous Magnel.ostrictive1970-1973 v + A'--+ .._ +

B field Sl)ark chambers
1973-1976 £- + ,_,°(,u--, ptr [60] 3 body (lecaly Magnetostrictive

(in B field) spa.rk chambers
1991- _s,5,i. _+:r ,41 + p [32] Homogeneous Drift chambers

_+2r ,5'i+ 77 B field Scintillators

__2,_:119 + 2p (:alorimel.ers el, c,---

where Ui(o.')') are the expected values of the observa,tion for the set aS'. Thus, the Xa
n_inirnization can be carried out by solving.

ac7= .4-_

in which

i 0[ "i

1 (0t7}017,.)z-.4tk= tri OatOaa.

where .4-1 is the error ma,trix for lhe oj and 6c7is lhe correction done to the initially
selected o ° to obtain the mininauna ,_2

If the expected observations/_'i have a linear dependence on tl_e Q.i. t,hen the correct
result can be obtained imnaediale]y. But, since this is not the case for our dat,a (and
for most cases), an iterative procedure had to be used in which the convergence was
dependent on the rmnaber of paranaeters involved and how well the initia.l paramet, ers
were chosen.

2 Application to Peripheral Events

2.1 Geolnetrical Constraint Fitting

The e\'enl recoustrucl,ion l)rocedure was initiated by fomning the individual track

seglnents a,lld 1)3' successively 1)uilding Ul) t,he vertices. This is essellliallv a purely
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geometric til. ill wliich tile allgles of lhe lracks, llle coordinates of lhe verlices, and

l lie masses al,el l lie momenl.um oi' file l)arl icles are illx'olx'ed as ])araniel ers. Iii t'ormilJg

lra('ks ill .SlJar'¢'.wl' llee(I .5 i>ara_ll(,ler. ,, Io .Sl_(,cify eacl_ lvacl< (ass_llllillt_ l llal l lj¢-,lracks

l>aSs l lirollgll Illagllels. siljce xx'('XX'/,lllcl<JIlI<'VXX'is('Ilee'(I <_lll\ 1 l_aralll('ler.s). 'l'l_¢'x ave.

111/' .c alJ_l ¢1 itll('l'C'C'l_ls al llJ(' l_lalle' - = {I. lilt, allgl¢'s i_ 1.1le .r- _l_(1 llle /lC I_la_es

a_¢l ll_e lllOlll¢'lllUlll of l]le l>arliclos associalocl will_ 11_<',,ive_ track (;eo_nelrical

('o_slrai_)l:s ca_) 1)(.i_l)OS('d accor(lil_g lo a gix(:'_ 1_5"1)(>Il_esis xx'l)¢'_I'ow_i_g (]w verl ices

for separate lrack segme_lls.

(',onsider the example siren in Figure 5.7 l'or the 28Si" ---. lp+2rAl sysl, em. Tl)e

incoming beam track has only two parameters, the position and the angle a,t the

l,argel on the ,rc plalle which are obtained from the ])¢:am vertex detector. The
vertical information which is an ul!known for our da.ta was introduced as an additionM

parameler. For each outgoing track, only 3 1)aramet,ers are needed since ali three

tracks ]lave 1o foHn a reflex al llle l argel. Therefore. we ]_ax'e a 9 pararneler fit. If

tile lhree lracks were unconstrained, tl_e pal lern would be described by "21)ara_nelers

for the incoming track and 5 l)araraelers for each of the outgoing tracks, for a lot, al

of 12 l)aran_el, ers, Thus. this til has :3 geometrical constraints.

Figure 5.7: Selected geometrical parameters for the two body decay.

Iri the case of the ln+2VSi system, only the measured position al the downstream

calorimeters for the outgoing neutron was ava,ilable to be used in the fit and hence.

onl.x" a 1 geometrical constraint til is formed.

2.2 Kinematically Constrained Fitting

Tl_e excilalion energy of the projecl,ile can be ol)l,ail_ed 1)v measuri_g the invarian_

mass of the svslem in Clt_estion. Altl_ougli the analysis can be carried OUI for syslenls



with several nucleons in file final sl,ale. 1,1_el,e<'llllique for a single proml_ emission
chal,llel will l,e descril,ed llere. This can ])e ,.;,_-']Joralizedclllile easily I.o many lJuc'leo]ls
iii l li(' lilJal sl ale.

('o_tsi(l(_r llj(-' ca.s_,,,vlJc'rea Si I)r<,.i('clil(' al)sorl,s a virlual I)llololl J'rolll tile

c{,,ll<,llll, /i('l(I or lira(,lar_[(,1 Illlc]('lls \v]i('ll I)assillg llll'ollglJ lll(' t,_rg('l. TIj(' excil(.d
-'sSi wllich llas ali excessellergy lllal correspollds I() ll_t' ellergy of ll,e \'irt.t|a] l)l_olo]_
(,'). deca\'s inlo -".-\1 a_d a l_rOlO_l.rl,,, :-.xi could 1)ei_l ils grou]_d slat{:, or any of
lhe excil.ed slal.es (_,) which will decay I)v emitt.i]lg one or ]note i rays.

The invariant mass of the final sl,ate sysl.ell] can be written as

11iin,.= 111o+ _.'- e, = 111_+ 1112+ _" = 7_1+ P2[

where 11Io.11,1_and J112are t,he reset masses of t,he 2ssi, 27A1and lp respectively, and
t_ and P.e are the 4 momel_tUm vectors of the 2rAl and the 11) respectively. Thus.
tl_e excitmion energy of the final mlale I1)-t-2rAI system is.

e'=Q+..'-ei

where Q = 11Io- (M_ + 1112)is the Q value of the reaction. For this sysl,em with two
particles in the final state,

+ + + +:wv/ 2+ - co.o)
where 0 is the angle between the two rnonaentuna vectors. By measuring the momen-
tum Pa and P2 and the opening angle 0. one can calculate the invariant mass and
hence the final state energy e'.

The implenaentation of the kinematics in the data analysis is done by performing
a kinematicall,v constrained til, the construction of which follows the same outline

discussed earlier. In t.his fit. it is assumed t,laat the decaying Si nucleus has the same
velocity as the beana track, but that the invariant mass is increased by the final state
energy which is introduced as a variable in the fit. Two center of mass decay angles
(0" and o') are also introduced a,s variable,, along with the horizontal and vertical
slopes and intercepts of the incoming track. In this analysis, 0" is defined as the polar
angle of the 2rA1 momentum vect,or witl_ respect t,o the 1)earn momentum vect, or in
t.he rest frame of the projectile (beca,use of our a.ssuml)tion that the velocity of the
1)rojectile is unchanged in the EMD process, this is also the rest fi'ame of the excited
state), a.nd o" is the a.zinauthal angle of the decay plane about the bealn naomentuln
vector, referred t.o the horizont, al pla,ne. The masses of _he final st,a.t,e particles were
obtained from rel'erence [61].

The kinematic fit imposes two additional constraints beyond those required by the
geometric., fit for the lp+2rA1 sx''s,.t,em since t.he total number of l)aramet.ers _eeded to
described the reaction kinenaatics is only 7. The additiona.1 constraints can be viewed
as iml)osing conservat.ion for the a' and - conal_onent,s of momentuln.
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Tllis fitting teclmique was fou_Jd lo lte very usoI'ul in recollstructing the ln+_TSi
svslelll in wl_ich i]le llleasllrell|('ll( O[' llte lll()lllellllllll Of llle ll("llll'Oll iS lt(tor, l)ul l]je

lte,mille,li is ,_ccllval(']\ ¢l('l¢'Vlllill<'d(-_ '_)till). li' Ill(' ¢'II("I'_.V 111('/,ISII!'Oi11('111 iS ("()llll|('tl

_)s a ))l¢'_-ISlll'('l))Pl)l til c_irri('s \'el'\" ]Jill(' w(,iglll (li)(, It)ils large errol') ill lit(-' til. wt'
t)l)laitl 111('sat11(')1111)II)('I't)l' i_(l,lilioILal ,'oll_l v_il)l._ l'_)vlit(' kiI_('tll+)lic lil ttf lit(' l)l+:_:Si

svsleln, as ill tile II_+_=.-\1svsten).

2.3 Optimal Track Fitting

The ol)timal track fitting is a method which attenapts to find the closest fit. for a given
set of 1)oints obtained under the change in the tta.ck direction due to multiple sca,t-
tering along the path length. Conventiona.1 fitting ot)erations that involve extracting
track pa.rameters usually neglect the effect s clue to multiple scattering or, degrade the
errors in the measuring points t.o accoun_ for lhc scaltering Both of lhese procedures
do uol exl.)]oil 11)¢-i1_foz')_)alion l'ro))_ l]_e del ecl ors effe('livelv.

The lechl_ique used in this analysis is the method descril)ed bv Lutz [(;2], in which
the "oi>served'" value of t l_e scattering angle is zero a_,_,!the error in the observation
is the calcula)ed rms value of lhe scattering angle projected onto a plane. Since each
parameter is accolaapanied by an observation, this a_e'chod introduces no change in
the number of degrees of freedom of the fit.

I:l

to _, _F_tteg _raCk

_- "_ _Real Track

a _ ...... Z_

Figure 5.8: Effect of multiple scattering.

For simplicity, let us consider a region in t,vo dimensions a,s shown in Figure o.¢..
The multiple scattering along the trajectory can be replaced by a set of sca,tiering
pla,nes which does not, necessa,rily coincide with the measuremenl planes. The mea-
sured coordinates (; can be fitted by a kinked trajectory whose position l.;i in the
measuring plane is parametrized by.

o
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xx'llm'e a _11<1b are l lie positioll all<l llle slol)<, of tlw illc01nillg lrack. (_o is l]l_ killk in

lilt' s('allerill_ 1)lalle .J alld (lie ])arallleler (-).l is illlrOdll('C'(1 I0 )'eslricl _('all(q's al_('ad

()l"1]l(' )ll('aSllrill",.,I )lal I('._wl)('r('

1 t'orz __ 00./ = 0 for z < (!

Tl_e \2 lc, lte lniliinlized iii lilts siluatioll ])x" ('ali 17(-' Wl'illell as.

\2 =Z ,-, +Zi ct; j

where ai is lhe rnls measuring error of plane i and ca is the rms of the scattering

angle ':),1in llle scattering plane .1. I1 should lte noted thai knowing lhe value of 3,] (in

(ltis ('ase zero). COml)ensales lhc a(l(litiollal paral}mlers and lhus keel)s l lie nulllber of

degrees of freedom lhc same as thai nlenlimled above.

In this analysis we introduce paralneters I,o accounl for the mull ii)le sca tterillg

in lhc horizontal plane for both the 1)rot,on and the heavy ion tracks in the three

regions where significant amounts of lnateria, l are concentrated: namely the target.
DC1 and ' )D( 2. lt should be mentioned here that lhc energy loss resulting li'ore the

tracks passing through the target is also corrected.

3 Results

3.1 Efficiencies

Approximately 75_, of the lp events tha,t were selected from the cross section analysis

were reconstructed successfully. The major loss arises from demanding tha,t there is

exactly one hit in each counter of the beam vertex detector. Due to dead or noisy

strips in the detector this criterion results in a loss of 1.5(7cof the events. By this.

certain values of the beam angle and position are excluded. By failing to locate a

suf-ficienl number of hits in either DC2 or D('3 within the roads established in the pad

sections ot' these chanabers. 5t7, of the events are lost. ( Due t,o the proximity of DC1

to the heavy ion track, there is a loss of the l)roton hit in 20V. of the cases, but this

does not affect the recollstruction of the event). Finally. due to either the geometric

or kinematic fit failing t.o converge. 5(7v of the events are lost iii tlie reconstruction

stage. The remaining losses are quite small and it is obvious that they are not, related

to any particular event topology. Tile distril_utions of geometrical and kinematic

qua21tities closely resemble those obtained in the simulation (described in the next

section). Therefore it is assumed that any biases due to reconstruction inefficiencies

are negligil)le.
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3.2 Tests by Monte-Carlo Methods

"llJe o_t collie of t lie' I_allerl_ r_'('oglJi_i¢,_ 11_'1l,ods al,d _'xel,1 re'colJ._truct i(,_ i_rocedur¢'s
_l('l,('ll(ls I,(,a\'ilv (,ii 11_,a,'_'llra('v ¢_1"ilL(, ._¢,l'lwar(' ¢'arr\'ill,,_ ,,lll 1]1(' tasks ,li._('llss('(1 ilJ

tile previous sections. The relial)ilitv of the software was tested l)\" simulating the

1)osiliolls ot' tlle Iracks for klloxx'lRkill¢'lllatic COl_(litio_>. in ali tlw delectio_ l)la_ws of

ll_(' ('Xl,('ri_('_lal al)l_aral_ls, al_d l,v re('t_llslrllclill_ 111('111 will_ li_e saline ¢'_,¢1¢'_s(,¢1

for t]_(' r('a] (lala. ]'lte a('ll_al ('Xl_('l'i_l_(,_llal sil_alio_s at(' r_'l_r_'.,('l_l_'(Ia_ ('l_(,lx as
1,ossil_ie I)\" t 1_osi_lalio_ co(lo. ']l_e l_oasured uitcerl.ai_l ies of l li(' (loleclors a_d

the effects thal arise fr(nn l_lUltil)le scatteri_g in air and other _nal("rials (inclu(li_g
the target and l}le material used in constructing various del eclors) in tile pat h of t.he

l racks smear the track locations a.1 each detector plane.

The excitation energy of the projectile for tlm 1p+2rAI and the ln+2rSi decay

channels were incorporated by conx'olllting the excitation ellel'g)" oi,served in l)hoto -

al,sorption sludies laken from tile references [12. 13. 14]. with the ('orresponding

virtual 1)]_olo_l Sl_eclrulll. For otller decay cl_al_n('ls, l l_e e×citalion el_ergv ¢listribtl-

lions of (;aussial_ forms were used since the detailed COml)arison of low e_ergy data
with full event reconstructions were made for only t]lese two channels in tills lhesis.

In addition. 1o study the l_+2rSi chanr_el, the response of the lleUtrOll calorimeter

energy dis/ributiol_ was built into tlm simulatio_l since the energ.v measuremenls of
l lie lletltroll calorilnelers play an esselltial role for this channel.

The simulat ion also enables the st udv oft lie contribut ions from tile various factors

t hal affect the resolution of t he reconst.ructed quantities. These arise from the position

distortions caused by the detector resolution and by multiple scattering which is

not accounted for by the Ol)timum track fitting method. The real uncertainty in

tile reconl.ruction was ol)ta, ined by performing tests with the simulation of various

reconstructed pa ranaeters. The results of these studies for Ip+2rA1 and ln+27Si are

shown in Tables 5.3 and 5.4 respectively.

Table 5.3: Reconstruction resolution for lp events.

.Source of l'l_cert.a.i_ly crM a0. .rr,.,,.

2sSi---+ll)+2rA1 (Me\') (Degrees) (Degrees)
Del eclor resolul ion 0.5 1.0 2.5

.Multiple scattering witli no target 0.2 0.5 0.8

Tot,al for A1 target 0.6 1.3 3.2

Total for ('u target 0.7 1.6 4.0

Total for Sn target 1.0 "2.1 5.0

Tot,al for PI) t,a,rget 1.1 2.6 6.0

Ali estimate of the s\'steniatic errors irl the final sl,ate energy scale that arise from

tile ulicel'taintv ill the beam rnolnenttina., the field st rengt,h a_ld the effective length
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Table 5.4: lh,constrnvti(m r(,._(dution f'_)r Ill ¢'V_'l|tS.

Sollrce of' 1"11cerlail il\" :r_/ cr:_. ct,..

2_Si---,ln-t-2rSi (Me\') (Degrees) (Degrees)
I)c_le('l or resolul ioll 1.3 .... 19..") :_..t)

._l_111il)le .'-;cl-Illel'illO< wil]l I_()1al'._25q I.l 7.6 0.3

"]_;I ai ['t)l' .\] I aro('l, ')_._") ")I_.(; .)..)"

"IoI al l'¢)r ('ll larg(,l ").() '27.!) l.()

Tola] 1'o1'_11 largel 1.9 "27.7 4.1

Tolal t'c)r Pl)large) 1.9 28.0 4.2

of lhc Sl)eCll'Olneler magnels, a_ld lhe deleclor alignnlenls, is also oi)l allied from lhe

silnulalion code. The estimated systematic error was less thai 0.5 _le\:.



CHAPTER 6

Analysis of Complex Channels

'ill(' reslllls <.,t"111(_'atlalx'si_ o[' 11_' l)(,ril)ll¢'ral (lala are descril_ed llere. \'\:e llav¢' e\'al-
llal(,(I cross secliollS for a _luml)¢'r oi' l_eril)l_eral cllaillJels in('ludi_g ll_ose willi _ al_(l

d iii llle final slale. 11| a(1,lilioll, xx'e 1,a\'e nl('asuwd <,:cilalicm ellergy (lislrilmliOllS

tbr 11)+27A1 and ln+27bi through kinemalic reconstruction. The possibilities of multi

1)11ololl oxciialiolls and iii(, _,ffe('l oll (,leclrolna,_,lloli(" excilali()lls l)\ sc,['l lkuclear ill-

lcl'acl iOllS are also ill\'e'sI iga! ed.

A Cross Section Measurements

Iri chal)ter 4. a discussion of lhe melhod used 1o extracl cross se('tions for two of

the simplesl Challnels was given. The cross section analysis for exclusive channels

with several nucleons in lhe final state is difficult if we require idenlification of each

final state particle. AI/hough the heavy ion charge selection through a triple charge
measurelnel: works \'er\" well tbr these channels, lhe efficiency ot' lrack reconsl rucl ion

decreases with increasing multiplicity and the assignment of energy to overlapping

hils in the cMorimeter is very difficult. We therefore searched for a superior method
to identify the channels.

1 P/Z by Drift Chambers

The P/Z of the heavv t'l'agmellt will change b,v roughly 4(_ for tlle renlo\'al of eacli

llucleon. The sludies wit li drift chaml)ers showed thai the heavy fl'agmen! P/Z can

1)e reconstructed with _1_7( resolution. Since we can selecl a heavy ion charge wit li
.)_:_/_ resolul ion. l liis exl ra nleasurelnenl ]jell)s to overcolne Ihe difficuil ies in identif\'ing

differelll isol ol)es.

Figure 6.1 (a) sliows the measured lnagnetic rigidity (P/Z) for the heavv ion

fra gnmnts with selected Z=13. The well resolved 1)eaks in lhe plot con'esl)ond to

different isotopes. They are lp+ 2r&l lp+ln+2:_A1 and lp+2n+2"_A1. Fi_,.ne,,'l• 6.1 (b)

shows l.he measured charge versus P/Z for heavy ion fl'agmenls. Each cluster of hiis

correspoll(ls 1o a different peril)heral cha_lwl. It sl_ould be menlioned ]_ere thai we

require tile aid of ca]orimelers a.nd oilier available del.ectors to separal.e ll_e cl_an_els

wilh a l_eavv ion of same P/Z ])til with different final states (SU(']I aS 3p-t-2n+2:_Na

85
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and 11)+1o+" Na). But t'o1"nlosl Of the channels we only need to apply very loose
cut.s irl the energy measurements of the calorimeters.

700 -_ _ I .... 1 .... I .... I ' * _a 1200 ' ' I ' ' F ' _ I '-

lp _ 11oo .. ',.'%,

600 _ ...:..c,._>.,.i,;i'*-_'_" _:
1000 ....... ,' , ."'_',•>,.',_g_. _:_,'.:.-,,..

.....:,,.?.._gy:;.:_, ".:',_.:.,..500 _ .: ..;_.._::.__,._,_..
900 .:[f_...:'l_'_;, :., .

.'-', lt ',"[ .r I, _ ' "•..... ,_',_:......,, :
, _ ., "F,-," " _ '.'.' " '

400 ,,oo . ...; . ,. .:
300 700 ."" ';" .... . _., .,.v ,'_.. '• .:,.,,.,':. '.,;_..';..

... ,.'._.t<..::_,.... :."::
200 lpln 600 .. ;.::.'.,:.i:'_)_' ,. •

1oo lp2n ¢r_, _ soo : ...,<....... ..
400 "" .

0 , , .L .---...e_-_-A-4",_ , ,V f , l 1 I l I _ I .] I"
27 2s 29 30 2_ 2"_.5 so 32.s

P/Z(GEV) P/Z(GEV)

Figure (1.1: P/Z reconstruction. (a) Selected Z=13 events. (b) Charge vs. P/Z for
different decay channels.

The major inefficiency for heavy ion track reconstruction arises from the bea,rn
vertex detector measurements. One plane of the beam vertex fails to report the lilt
location of the passing beam tracks for roughly 10-15% of the events. Therefore it is
not possible to calcula.te the incoming beam angle for these events. However. it was
found that t,he beana converging point was more or less concentrated in a,n _lmm
diameter area. the center of which varied for different runs due to beam tuning. A
running average of the beam converging point was calculated on an event by event
basis. This location and the location reported by the working pla.ne were used to
reconstruct the tracks for the events in which one pla.ne of the beam vertex failed to
report the beam location. A X: cut was applied to all the reconstructed tracks to
reject the bad reconstructio_ls caused 1>3"problems in the drift chanabers.

2 Event Classification

2.1 Selection Procedure

\Ve consider now the identification of specific channels using the P/Z measurement
described above. Let us consider the selection of the 3p channel. The Z= 11 candida.tes
were first selected by the triple charge measurement. Figure 6.2 (a) shows the neutron
calorimeter energy verses the reconstructed P/Z for Z=ll candida.res. The isotopes

•- ')F_

such as 31)+" Na, :3p+1n+24Na and 3p+2n+:3Na which belong to the :31)group can
easily be identified. Among the ol,her groups we can identify possible candidates
for 2p+ld+_4Na and lp+lc_+'_aNa, which need further classification. Figure 6.2 (b)
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shows l]le ellergv iii 1)rot,oll calorin_eters for selected Z=I l ca,lldidat,es (solid curve). II
is iml)ossi hie 1o decide w]lere lo pul tile C'_lloll _his spect rum to selecl :{prot on e\'elllS.
Note lhat alt llough we require Z-11 for lleavv ions. tile channels wilh o or d in the
t:illa] slate will l_ave olllv 1 or :2 l)rOlOllS deflecting illto tile l)rOlOll calorilnelers. Tlle
dashed lill_"shows lhc :tl_-l-.Xn+_Na (wl_ere X=0-:2 all(l '_'=:25-:23) calldidaies selecled
by cond)ining llle I_/Z all<l l lie lleu_roll <'alorimeler ellergs for Z=ll calldidates (ie.
1)v requiring 1lie correct lleutron ellergy alld tile lleavv loll P/Z for each isotope), q_'his
sllows how cle'all channels can be selecled evell wit.lloul tlle energy measurelllent ill
the prolon calorimelers.

2.2 Selection of a and d Channels

The channels having o or d in the final st, at, e require an additional measurement I,o

indicate tl_eir presence. The P/Z of these particles is very close to the P/Z of the
heavv fragments accompanying t,hena. In drift chmnbers, these pa,rticles traverse in
t,he reduced gain region which is suital)le for heavv ion fragnaents and only a very
small percentage will leave recognizable tracks in the drift sect.ion as well as in the
pad section, ttence, efficient track reconstruclion is not possible for these particles.

A closer inspection shows that the verticM a,nd t.he horizontal hodoscopes at the
downstream end of the spectrometer can help us resolve this problena. The pattern
recognition algorithm was developed Io s..ealch,' for the second highest pulse height in
either the vertical or the horizontal sci1_tillalion count, ers (after selecting the l_eavv
ion t'ragment ). Since tl_e counters are perl)e1_dicula,r t,o each other, we can narrow the
region in which the heavv ion and lhe secondary pa.rticle (c_or d) overlap 1,oan area
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of about 10xl0 chi 2. Figures 6.3 (a) alld (b)show tlio m¢_asurod second maxilnum
pulse ]leighl t"o1"selected ll)-i-lc/+ ....: Ig alld ll_+lo+":3Na ex'ellts Tll¢' second lli0lle_l
pulse height slloxvs lhat l)articlos willl Z=I all(l Z=:2 (in lllis 1)let ll_ev arc_ al 100
and 400) lla\'e lra\ersed 111¢-_scilltillatol'S, wliich indic'ares tlle ])l'_,'SrqlC'e of _'] _-tlld (i.

The cuts were applied on these distri]_utions at 50 a11d 250 (olllv to reject low pulse

lleighls), to select the (l alld c_ cllallllols resl)ecti\'elv.

s Z=l _ Z=212

10
6

5 8 -

1 2

o ....... 11,11 o nn,,,, nnn, n
0 250 500 750 1000 0 250 500 750 1000

Charge Charge
Figure 6.3: Second eharge measure,nellt at the downstream end of the spectrometer.
(a) d ehamlels. (b) c_chamlels.

In order t,o confirm our identification of the complex final sta,tes, we look for
collabora,ting evidence in the downstream ca,lorimeters. Studies showed tha,t for the
selected events with d and a channels, the deflected beam region calorimeters on an
average report an energy measurement higher t,han what we expect from the residua,1
heavv ion. This indicated the presence of a,nother particle in the same vicinity as
the heavy ion fragnaent confirming our selection procedure. No requirements on the
energy measurenaent was imposed due to the poor energy resolution in the deflected
beam region calorimeters. However. one should bear in mind l,hat the heavv ion
usually creates ,6rays which can be misidentified as t,he correct second highest pulse
height in the forward scintillators. Hence the selection on d and o channels can be
sornewhat biased.

3 Results

3.1 Efficiencies

Iri addition to the et:ficiencies listed in Table 4.6, the major inefl:iciencv for this a,Ilalvsis
arises from the heavv ion reconstruction. This can be est,imated t'or siml)le channels
by selecting 11)+2rAl or ln+2rSi with and without using the P/Z measurenlent since
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tllese are w, rv cleal_ <'llanllels \vhic]_ call l)e anai\'zt-'d \vitllout ill(--'P/Z lllea.,aul'enlellt.

For rai'e ('llallliels. 2p+2(;Mg was used as t]ie rel'('-'r(-'))c("c])aill)e]. I! v,'as l'oui)d l lial (])e

P/'Z et-IJ('ieliCV i_ ailllO.,-;t the sanle for ali flip ]i(7,a\'\ ioli [i'a_lil('lliS.

..t.ll <_ alld (I (:'}laliliols Sllll'f'r due' ICl llll-' ]ililile(l ac('olilali('l' ill Iii(' <l('l('('l.(;n's. 'l'llis
illettici('licv was (-'.,_lilliate(1 ])\ usilig Xlollle-('arlo lll('l]lOtls lo Sililuit-tlc llie deca\ of

Sl,ecifi<' (']iallll('is alid I)v lliPll (<';lilllalill °_ 111<-'lltlllll)(-'r 0[" I-'\'+'lll<;. l]lal fall oulside file

lOx 10 chi-' area. "Yllis <:,sliliiai it)li ol)\iouslv del)eli(Is C)II iii("' availal)l(, excil aiiOli (-'li(-'r_.v

for tile deca\" Sill('e iii(:' Ol:)(ulilig allgle t)('lv,'e(-ul llie ll<'a\'v ioli ali(l iii(-' cl or d (lel)(UidS

oil ihis (ql(,l'gv. F'igures 6.4 (al and (bl s]low i,]le eslillial,ed effJcieiicv for ]p+ld+7_Mg
and lp+la+_3Na against the excit, ation energy used (oi)en circles)..411 ef[Jciency of

7()_Z was used iii this analysis for t,lie acceptance corrections of all channels liaving a
or el emissions.

' I ' I ' I / ' I ' I ' I

80 - _ 80 = _'_" -

• -." .)"

60 60

d channels a channels

40 i I I I I I 40 , , I I I I I
0 5 I0 15 0 5 i0 15

Energy (MEV) Energy (MEV)

Figure 6.4: Efficiency of limited acceptance arising ft'ore the second charge nleasure-
ment. Plots show the estimated efficiency variations tbr excitation energies up to 20
MeV. Each curve represents a specific decay channel having (a) d and (b) o particle in
the final state.

Tl_e oilier et-[iciency factors arise t'rom (,lie perforlnance of tile calorimeters in

deleclilig; multiiiu('leori evenls (which can be oblaiiied l)v folding the efficiericv to

defect a single nucleon) al ld the t,rigger efficiencies for 2n a,rid 31) triggers ] due to l he

assiglied thresholds. No acceptance correctiolis were lleeded for det, ecting periptieral

protons oi' neulrolis since the low PT generated iii the elect, romaglletic interactioris

does ilo( deflec( nucleons oui of our detector acceptance limits. A lis( of estinlated

eHiciencies is given iii Table 6.1.

lTlie efficiency for t,he 21) trigger tlireshold is 10()(70
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Table, 6.1: Estimated efficiencies for ._(:lection of multi nucleon events.

._¢:'1e'('Ii(,]l Eili('i('llcv (/

2n triggers 52.0 +10.0

3p Iri,,,,e,'_ 72.0 + 5 0

t:)/Z re('ollsl rucl loll 85.2 + "2.5

3.2 Cross Sections

The cross seclion calculations were carried oul for each identified chal_nel using the

equation 4.1 given in chal)ter 4. The results for clla mlels having neutrons a,nd protons

in the final state are given in Table 6.2 and the results for the channels with an o or

, , a d in the final stale are gi\'eil in Table (;.3. These data are corrected for interactions

outsido of the target l)v subtracting tlle apl)rol)rialelv scaled rates of events observed

with tile eml)t 5 target franle. The lisled errors are only statistical.

Table 6.2: Measured exclusive EMD cross sections for channels having neutrons and
protons in the final state. The listed errors are only statistical.

('hannel Pb (mb) Sn (mb) (Iu (1hb) A1 (mb)

lp (;76.42+7.63 274.04±4.35 111.03+3.30 31.55+1.19
In 241.0:3+4.18 100.01+2.00 40.42+1.67 13.11+0.59

lpln 65.05+2.47 27.50+1.43 10.18+1.09 4.04+0.43

21) 74.69+0.80 34.36-t-0.47 13.09+0.24 4.:32+0.12

2pln 22.76+0.44 10.47-+-0.26 4.6,(}-t-0.15 1.9,(}-t-0,08

2p2n ,5.95+-0.2:3 "-2.,(}5+-0.14 1.54+-0.08 0.66+-0.04
2n 1.90+-0.11 0.74+-0.07 0.27+-0.04 0.12+-0.02

2nlp 3.45+0.15 1.6-t+0.09 0.76+-0.05 0.34+-0.03

31) 0.57+0.05 0.1(;+-0.02 0.07+-0.01 0.04+-0.01
"3.) •3pln 0.__+-0.06 0.:_,()+-0 03 0.15+-0.02 0.10+-0.01

31)2n 1.21+-0.07 0.58+-0.04 0.25+-0.02 0.13+-0.01

41) 0.011+-0.0(16 0.002+-0.002 - -

4pln 0.016+0.005 0.006:I:0.005 0.004+-0.003 0.003+-0,002

41)2_ 0.109+0.015 0.053+-0.011 0.025+-0.006 0.015+-0.004

4p3n 0.073+0.015 0.050-4-0.011 0.037+-0.008 0.007+-0.003

In Figure 6.5 (a). the measured EMD cross sections are displayed as functions of

the Q0 of t lie decay chanllel (open circles). The general trelld of the data shows an

exl)ollential decrease with llle increase in tlm value of Q. A difference is oi)served in

llJe cross sections of the .rl) and !lh cllanl_els. This is evident by the 2p and 2n cross

sections gi\'el_ in llle Table 6.2. The decay modes of lhe excited 2ssi nucleus in the
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Table 6.3: Measured exclusiw_ EMD Cl'{,ss sections for channels having d and ,_ ill the
final statc (iii addition t{, the neutrons and In'otons). List.e:d errors are only statistical.

('llannel Pb (ml}) bn (nab) ('u (1hb) A1 {ml_)

lc_ 72.-232 58+30 174-1!:1 "21+1{;

li}lo 2-1.6.t1+1.74 10.16+1.00 5.,q31{1..c)0 "2.(/(14-(/.:1(;
Ii_I(_ 3.11+(I.(;0 I.(;{1±1).:I0 {}.21:k{}.l(; {).l{;__(}.{)T

ll,l_llo T.:_7-t-1.{1{) 1.!-)T-t-0.-l(; 1.(;3-1-(I.51 {}.TI±0.22

2plo "2.30+0.15 1.23+0.0.9 0.47±0.05 0.2(;±0.03

2plnlo 2.61+0.15 1.14+0.09 0.66+0.0(; 0.274-0.03

21)2nl0 1.13+0.10 0.(;3+0.07 0.25+0.0:_ 0.11-t-0.02

ll)ld 20.07+1.57 8.56+0.91 4.14+0.76 1.3._)-+-0.:30
1_11(1 6.60+0 83 9., .• _._-1+0 3(i 1.43+0.37 0 144-0.07

ll)lnld .5.40-t-0.8(; :3.05__+_0.57 "2.73+0.(;5 0..t}5+0.25

21}1{1 "2.,t14±0.34 1.45+{1.1. {) (}..{}5+{}.1:/ {).33-l-{I.{}T

21)inld 3.12±0.35 1.7610.21 O..t):l-I-{}.13 0.28-t-0.0{:;

21)2nld 0.53+0.10 0.21+0.05 0.18+0.04 {}.(}8+0.(}2

GDR region are discussed elsewhere [12.13], where both statistical and 11Ollstatistical

decays are found. Assuming a purely statistical decay, calculations were performed

t,o understaxld the general trend [19]. For lhese calculations, known photo-absorl)t ion

cross sections were folded with virtual photon spectrums to obtain the excitalion

energy, and the simulation code CAS('ADE [21] was used {o follow the subsequent

decay of 28Si. These results are shown in figure 6 (closed circles). The calculaIions

show good agreement with the measured data. However. this comparison shows

thai in general, these calculations overpredict the proton emission cross sections a,nd

underpredict the neutrol_ emission channels. In addition, the c_ emission channels

which are purely statistical [12] decay channels show cross sections well below the
calculated values.

The charge-ctlanging cross sections previously, mea..ured_'s at AGS energies [23] are

shown in figure 6.5 (b) (closed circles). These cross sections defille an tq)l)er limil
_o the cross sections we measure. Our measured cross sections which are shown in

t lie same plot (open circles), agree well for all but ._XZ=4 which is exl}ected since
our exclusive cross sections do not contain all the decay chalmels. Here the a and d

channels are also included in calculating semi-inclusive cross sections. No data were

available in the above reference to compare with the In emission cross section.



...... t ' I ' I ' I ' I '

103 r z I I , =.o _n,u_ :- -_5 o This Work 8
• 5

2 o • Llope at al.@

102s t o o" • 2 , o

v 101 ' t_ 2 I

b s 8 _ t

2 o 101 o ThisWork

I00 • S • Brechtmava et al_

2 2

ln-1 , I , I ; I ,, I , 1n0 , , , I , I , I , I ,A%/

0 i0 20 30 40 50 -5 -4 -3 -2 -I 0 I

-Q (MEV) AZ

Figure 6.5: (a) Exclusive cross section vs. Q value of the reaction. (b) Total charge
changing cross sections.

B Interpretation of the Data

1 Z and A Dependence

TlJe production cross section was investigated as a function of the target, and this was

used to characterize the nature of the reaction mechanism. The principal background

to the E_ID process is due to the soft nuclea.r induced fragmentation. The probabilitv

for these collisions is dependent on the target size while the probability for the EMD

depends on the target charge. The measured single proton emission cross section as

a function of the target charge for five different targets is shown in Figure 6.6. These

cross sections show a strong cha,rge dependence but do not show a simple ZT scaling.

A fit was performed on the data to obtain the dependence of the EMD cross sections

on Zr'. assuming the following dependence of the cross section.

a -- a(AT 1/3 -lt-Ap 1/3) + bZ_. ((;.1)

In the above equation, a. 1) and c are considered as three free parameters, and,

,4r. ,4p and ZT represent the target mass. the projectile mass and the target charge

respectivPlv. The first term scales a,s the sum of the radii of the target and projectile

mass. This is expected to describe the target del)endence of the nuclear compollent.

The secol_d term scales as a power of t,he target charge and is expected to describe the

target dependence of the electromagnetic component. The x'a,lues of the parameters
obtained from lhe fit are: a = 1.39 :i: 0.20. b = 0.23 -t- 0.05 and c = 1.80 -1-0.06.

Figure 6.6 shows the contribution of each term to the cross seclion. A non llegligible

('olllrit)ution from lhe nuclear i)rocess for low Z targets is indicaled by the results.

However. due Io severe biases introduced by tlle trigger and the analysis, tile va.lue
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ol,lai]led for. 1)\ ll_i_ tii ('alll_()t l_' lal<('l_ a_ a lllea._urel_l('lll of lll_' ]lulear c<mll_Oll_'lll

_)t"l l_e ('ro._ _(,cl icily. TI_(' (,I,._erv(,(1 Z j_ _lel)c'lld('l_('(' (_i'l lJ_,(q(,cl rc_ll_a,_,:l_('lic co1_11)()11(,111
a_lo_.._ well xx'illi _ll(' \alu(,_ _Jl,lai_l_._l ill _,_t,('r l;.kll) _l_l(li('._ [1_]. .\l_l_(,tl_l_ to1 low

Z larg('Is 111(, llll('l('ar collll_Ollelll i._ ._tll_slatlliaI. iii(, I_a<'l.:gr_l]_<l lc, E.kll) lhr l_i,_l_

usi_lg ki]lemal ic recoll,_l l'tlCl iOll.
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Figure 6.6: Z and A depe.ndence of EMD cross sections for the '-'sSi-- '-'rA] + lp re.action.
Solid curve represents the 3 parallleter fit discussed in the text. Contributions of the
extracted electromagnetic (dashed) and m_clear (dotted) components are also shown.

So far in this discussion, we have concentrated on the elect, romagnetic interactions

which we claim do not produce any activity in the target region. In order to confirm

our suspicion lhat events showing activities in the target region axe indeed nuclear

e\'enls, we examine whether they show the expected dependence on the t,arget mass

.4z, Two event saml)les were extracted from pre-selected nuclear events for the reac-

tions ll_-t-ln+2'!;:-_l a_d 21_.ln+2"_NIg 1,3"selecting P/Z and tl_e charge Z of the heavy

fragments. Tl_e events which show a correct _m_nl_er of l)rOlOl_S bul _o _eut.rons (in

this case a missing lletltroll) al the (low_s_ream end of the Sl)ecl.romeler were th(-?.lllse-

lec)ed. Figure 6.7 (a) sl_ows the energy" in the part, icipa_lt calorimeter for lp.ln.2(';Al

events. This plot shows thal 1he missi_g neutron al the (lownslrean_ end has deflecled

inlo tl_e part icil)anl calorimeter. The events wilh an energy of '2.5 (;ek' or above in

the 1)arti('il)a_a( calorimeter were selected as a good sample for _mclear interac(ions.

Figure 6.7 (t)) shows ll_e cross se('Iioll del)endence on the mass of (he target for these
selected nuclear events. Tl_e dashed li_)es are the besl til to the data wi(h the de-

k
l)e))den('e of a(A7 -_:+ .4p ) wilh a a))(l ],' considered as free l)ara_nelers, rI'l)e value

of ],' which is exl)ecled to 1)e 0.3:¢ was found t,o l)e 0.3.0-t-0.07 for tl_e lpln cl_a_)nel

a_(l 0.4(;+0.08 for the 21)lh cha_el. Note lhal we ('an_ol consider ll_e given cross

.,.;e('liolls iii Figure 6.7 as a.ll)sOltll,p nuclear cross ._eclio_s sil_('e llle ._,_le('l('d san_ples
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were triggered lo solecl ele<'l volllaK11elic int.c'ractioll,_ al 11_('lri,,,,or level IIowe\er. ii

is ('leaf [rolll l lli._ ])]ol Ilia| llll(']f'ar evellls (lo sJlow a Sl l'()ll_ lal'_el l llass (l_'l,('ll(l('l_c_'.

20 , 1 ' I ' I ' V_Nu- ' 's ...... I '

PCAL _- clearevent __.15 101 .""_'"""

lp(in) ..... "'"'

Neutrons 7 ..... .. _ "iiT

° " f
4 _ S"'''S I'p

5 I .....I"

3 2p(ln)

0 , n : .... , ........ , ,
5 10 15 20 101 2 5 102 2

Energy (GEV) Target Mass

Figure 6.7: Selected nuclear events. (a) Measured energy in PCAL fox' missing neu-

trons. (b) Estimated cross sections. Dashed and dotted lines represent the expected

behavior f_)_' a pure nuclear dependence.

2 Double Photon Excitations

In 1)eriplieral collision studies, one of the major goals is to see if we can identify the

multi photon processes where the projectile absorbs two or more virtual photons from

the same t,arget nuclei [63.64]. The simplest approach to this is to see if we observe

any deviations from the Zl's behavior. If two l)hotons are absorbed by the projectile.

the cross section should display a ZT dependence which is close to Z_-. If the one

photon processes are coml)eting with the two photon processes, the ZT dependence

would not 1)e too slee l) 1)ut it would still be steeper than 1.8.

q'he analysis to tesl the exislence of multi l)hoton excit, ations consists of extracting

the Zt del)endence (exponent) of tlie EMD cross sect, ions t'or all the ax'ailable decay

channels. Tlle exl)ollem was extracted by fitting tlie formula given iii the previous

sect ion t,o cross secliolls for Ph. bn. ('u and Ai targets. ,c'Jince the formula contains

3 free parameters alrr.1 we have only 4 targets (except for simple channels), the fit

does not have sufficient conslraints (only 1 degrees of freedom) to do a 1)recision

measurenlel_l. Table 6.4 shows t,lw ext, ract, ed I)aranlet, ers for 15 decay channels.

Figure (i.S (a) shows tile gral)hical represent,ation of the extracted exponents

aga,insl Qt_ for ali file reaction ('hanrlels. Due to poor statistics, the \2 lninimiza-

lion failed to converge for sonle of tlJe cha,llnels, and lle_ce were not included in lhe

l)lol. No real enhan('e_e_t was observed close to .40 Me\'.
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Tabh _ 6.4: Extracted eXl)(m(:nts by a 3 I)aralneter fit.

('llallll('l(.2(, _, I, ('

(Me\') (Inl,) (Inl.,) exl)onem

lp 11.6 (1.:7)-4-0.:2)xlO +_' (:2.():t:0.3) xi() -l 1.$4-t-0.03
l_ 17.1 (8.(;:[:1.3) x]() -_ ((:;.!)+1.5) xi0 -_ 1.S-l±().05

11_1_ 2-1.7 (:2.!)+(I.7) xi() -_ (l.7-+-(l.s) xi(}--' 1.,',;7+(I.t:2

21) 1.9.8 (l.!)±().-l) xl(I -{ (:{.7-+-U.(;) xl(I -_ 1.72-+-0.(l:_

21)lh 30.9 (1.9+0.3) xlO -1 (O..q-+-O.:/) xlO -2 1.75+0.07

21)2n 38.3 (0.5-t-0.2) x10 -1 (0.7+0.5) xlO -2 1.51=t=0.15

Qll 30.;_ (1.3-+-0.5) xlO -2 (0.1-+-0.1) xlO -3 2.15+0.25

2hl 1) 36,0 (3.3+1.1)x10 -2 (1.7+1.3) xl0 -a 1.71+0.17

:_1) 34.0 (0.(i+0.1) xl0 -2 (0.(;±l.a) xl0 -'_ 3.11:t:0.52

:_Ipln -13.0 (1.4-+-0.3) xl0 -e (0.3=0.5) xi0 -4 2.26±0.:t:t

:ll_2n -19.!,t (1.(i+0.4) xi0 -2 (2.8+2.!)) x]0 -4 1.8S-t-(1.24

41) 44.7 - - -

4pln 53.(i (0.4-+-0.:3) xi() -::_ (0.3+1.4) xl0 -r 2..91+1.08

4p2n 58.8 (2.0+1.0) xi0 -3 (0.2-t-0.5) x]0 -4 1.98+0.78

4p3n 69.1 - - -

A simple tesi enables us to measure the reliability of our fitt, ing procedure in

extra.cting the exponents. This is done 1)v forcing the exl)onent lo be 1.8 and repeating

the exercise with '2 fi'ee parameters a and b. If we have enough sensitivity to extract

the double phot.on excitation enha.ncement, and if our data truly suppo,:t the idea. it

should be reflected in the X2 probability distribution, lt was found that both methods

produce fairly flat distributions. This indicates that within our statistical accuracy',

we cannot prove that the behavior of the data is other than Z_s.

Figure 6.8 (b) shows lhe ratio of the electromagnetic component to the soft nu-

clear coml)Ollellt extracted bv the '2 paramet,er fit 1'or the decay channels. The ra.rio

essentially gives us the contribution of the nuclear component t,o each peril)heral

channel. For higher Q values the nuclear component is large in comparison with the

electromagnetic coml)onent. Unfortunately, l his affects our fitting procedure since

the nuclear component in the region Q > 30 is more t,hall 25_ of the total cross
sect, ion.

3 Background to the Double Photon Excitation Process

A possible background to the double photon process could arise from t lie absorption

of two single photons frorn two ditferenl target nuclei. A straightforward estimate

can be made under the assunlption thai the cross sections for ihe relnoval of a few

llucleons is roughly the same for the firsl and second interaction in the target material.



Exponent= 1.80
3p

3 20 -

2 s

'!ii..... .......................
t , I , i.... 0 _ I , I , ?,

20 40 60 0 20 40 60

-Q (MEV) -Q (MEV)

Figure 6.8: (a) Z dependence of cross sections extracted by the three parameter fit
discussed iii the text. (b)R a+,io of miclem' and EMD components for different decay
channels obtained with a fix, a e.-::T>onent.

For a target of thickness ( ihe flux of secondaries produced i,' a slice dx is given
b\':

d.\= 17o',\'o<1X

where. ,V0 and _r are the original flux and the cross section respectively, for the first

interaction. The constant n is the number densit,v of the target nuclei.

The flux of 1)roduced particles after the second interaction in the target is given
bv"

o ! .

d.\" = 7_aa A0(t - ,r)d,r

and the total yield is given by:

\', (1_()2I

x--;= "-_7-
If we ge_eralize the above equation for nmltiple interactio_ls, we would get"

.,-, [ ] (,,()k/----1

wl_erethe o','s represent tl_ecrosssectionsfor eachi_leraction.
This formula allows us _o e\'aluale the contribution of secondary interactions from

two difl'erelg nuclei, lo the measured cross sections. Table 6.5 shows _he percentage

ot' tile se('oll(larv intera('lion l_ackgroulld of the n_easured cross secti<nls for several
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decay cliannels. Out of all possil)le coml_inatiolls, the lllosl effective decay 1)rallclies
were collsi<lered, li in assll]llerl re Ilia! e\'ell alter 111(' t:il'sl illl('ra('liOl] 1]1_, vc'si,lllal

_lll<'l<'u:will v_,sl,<nl(1lcJ I1,_'sul_s('(lUt'lll ]lllOl'aCl iollS ]11 111o s;-tlll(-' I]lallllel" ;-ts llle ovigil,al
ln'oje('l ile. l'lle lasl lwo ('olulllns slIow t]le exi ra('l('(I ('Xl)Oll(,llls 1,_,l'tn'<'axl(I a[l('r llle
corrections due lo the double interactions. ]t is clear from these results that the

effects of the secondary interactions de enhance lhe exponellt. Therefore. significam
_'olllvil,tlliolls <_1'l llis _.X'l_<'call l_l'tJtlll('(' ('llllall¢'t'lll_'ills xx'llicll <'ali 1,<' Illisi_l<'lllifi_',l _S

lhc dolil._le l_]ioloi_ al)sorl)l iOll si_c_'e l]_ev ar¢' lal'gel d_'l_el_denl.

Table 6.5: Estimated double scattering contribution on the cross sections. Here. ¢',_a
and c,,_,, represents the old m_d new (after correcting the cross sections for the double
scattering) exponents.

li)In 24.7 3.2 1.6 0..q 0.3 1.87 1.b4

21) 1.9.8 3.9 1.8 1.0 0.3 1.72 1.6.9

2pln 30.9 3.4 1.7 0.8 0.3 1.75 1.7:1

2p2n 38.3 3.3 1.6 0.7 0.3 1.51 1.48
2n :30..5 19.3 11.0 6.4 2.1 2.15 1.99

2nlp 36.0 5.7 2.7 1.1 0.5 1.71 -

31) 34.0 111.9 96.0 43.7 9.9 3.11 -

3pln 43.0 31.2 16.0 9.2 2.3 2.26 1.69

C Excitation Energy Reconstructions

To generate excitation energy distributions and deca)" angular distributions in 0" and

_'. events that were used in the evaluation of the cross sections of lp and in were

processed as described in the previous chapter. The experiment E81_" is not designed

to measure the energy of the emitting l)hotor_ when the residual nucleii deca.)" to an

excited state before reaching the ground state. As a result, the true excitation energy
cannot be measured. The effect of such decays on the measurenaent are discussed

here. We concentrate on the lp emission channel primarily, and occasionall,', when
needed, In results are discussed.

1 Single Nucleon Emission

1.1 Excitation Energy Distributions

In Figures 6.9 (a) and (b), the raw excitation energy distributions of selected events

produced for lp and In emission channels on Pl). SI]. Cu a_d A1 targets are shown.

Corrections for interactions outside the target have been done on these data. A
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Figure 6.9: Reconstructed raw excitatiozi energy spectra for 4 different targets. The
arrows indicate the kinematic thresholds for each reaction. (a) lp evellts. (b) In events.
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correctioll of'_ 5_A in Pl_ and _ :10_ in A1 is obtailled l_\"t lleempty target subtraclion.

Our eslilnales o[" the exl_erimelllal reso]111ioll in _11¢-'inx'arialll nlass recolistruclion

, discussed ill ('llapler 5. sectioll 3.2. is ¢-,x'icle'llll)\ tlle ral_id rise of' ll,e (lala ll(-'ar lll(-'
1ilresllol¢l.

.-\ l)eak tl,al is ¢¢111"e',l(¢l at al_oul IN NJe\" with a relalix'elv llarrow wicllh of al_oul

7 Xle\" is seen for ali 11) ¢listributiolls. Tllese values ca_l be collllmre(l wilh t lie values

of l,,"al,; lx_sitioli (20 NIe\') algol xx'idlll (-t..5 .'xlc\')ol,tained for llle (;DII in 2SNi 1,v llJ¢'

('-.,p) reacliolls [1"2. 13]. lt slJould be noted thai tile virtual-1)llolOll sl_ectrum ofllJe

, iect.romagnetic excil.atioll process is nol uniform aald hence tends to enha,nce the low

end of the GDR distribution. The decay t,o exciled states in 2.Al produce a similar
effect on these distril)utiolls.

For the In distributions the peak position and the width correspond to al)out '22

Me\' and 5 Me\' resl)ectively. The a vailal:)le data obtained from the (*,,.n) reactions

[14] sllow a go,:'d agreemenl with our lneasurelnents. For in excitation, the threshold

energy is ah'ea_iv higller lllan the peak e11ergy of the GDFI and hence shows a sharl>

rise. Tliet, a il of t!le l_l distributions arises from events which are poorly reconstructed.

I ' ' I ' ' I ' I ' I '

200 - (a) - 200 - j, (b) -

¢ ¢¢ + ++ "
0 I00 -, oo,-.
r,.)

0 1 , , _ , _ I 0 , I , I ,
-0.75 0.0 0.75 0 120 240 360

Cos(0*) ¢* (aeg)

Figure 6.10: Decay angular distributions fox"reconstructed lp events taken with a Pb
target. The angles are the (a) polar (b) azimuthal center-of-mass angles of the "-"Al
iOll.

1.2 Angular Distributions

The polar (0") and azimuthal (0") center of mass angles oi" the 2":Al ions for the

11) emissions obtained from the kinematic reconstructiola are presented in Figures

6.10(a) and (b). Within statistics. 1)oth these distributions are very' nearly isotropic

(¢lasl_ed lines) and sym_etrical. This symmetry gives us confidence in ll_e ex'e_t

reconstructio_ tecln_iques used in this aria,lysis. A detailed theoretical calculation of
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Ihe expected shal}e of tile decay angular dislril}ulioll is COml)licaled t)v tile de{'ax's

l)roc'ee{ling 1o llle ex('ile(l slales of III{' residual llu{'leus. Howt, v{'r. l]le i}rei'erel_ce for

c-'n]is.'.;iolll}erl}{-'ll(licular Io 'tlw' l,eam axi.'-;, wllicll is sugge_le(l 1}v I?,e'rtlllalli a_l(.l IBal_r

[11] 1'o1'Sl)illl{'s.'-;l}roj{-'{'liles alJ{l l'ragt]l{'llls aro 11,.}1(}l}s{,r\'{,(Iiii {.}ttr{lala.

Due 1.{)llJe 1}oo].• re,soltil ion. ii.}.llle {-qlergy al]d l}OSiliOll lneasur{:']llelllS ill l]]e {'a]orirlle-

't.ers. ",,,VP al'O unal}le 1o exlracl l]le CC'I]I{_I" OI' li]ass alleles tbr tile IIi dislri]}ul]Oll.,;.

1.3 Ratios of Energy Spectra

By assuming thai the process is factorizable, i.e. that the differential cross section is

proportional Io A2. rr(.,, p) where AL is related to the excitation mechanism, insight

into the dependence of the reaction mechanism on the excitation energy, can be

gail]ed by using the rat, los of the energy spectra for differenl targets. For example, if

l he excitation is lmrely mlclear, the obtained ralio should 1)e proporl, iona] to the sum

of the targel and the projectile radii, whereas a purely elec'tromaglaetic excitatiol]

should give a l'alio Ii]at scales with the larget charge as a power of ZT. For liigh Z

ta,rget s. lhe ra l los should be equal to lhe ratios oi' the calculated l}hoton spectra since

soft lmclear 1)a.ckgl'otuld makes a non negligible cont, ribution.

4 ' I ' [ ' I ' I ' ' I" ' I ' I ' I '

Pb/Sn {,,} 40 2 Pb/A1 . [ {b)-

2 20 - -

NUC
I .... °°.. °°o°°°°°.°°°°,°°°°°°....°...°° .... °,.

0

0 i t .i I . I • I . i I I I , I , I i.

0 10 20 30 40 50 0 10 20 30 40 50

Energy (MEV) Energy (MEV)

Figure 6.11: Ratio of excitation energy spectra fox" (a) Pb/Sn and (b) Pb/A1. Two
dotted lines indicate the expected ratios for pure nuclear and pure electromagnetic
dependence. Dashed lines represent the theoretical ratio obtained by the WW method.

The exl}erimental ratios for Ph/Sn and Ph/Al coml)ared with the ratios expected

from the lwo t,erms EMD and nuclear(dotted lines) are shown in Figures 6.11 (a) and

(b). The lwo terms are extracted from the fit, pel'fornaed on the inl,egrated lp cross

sections which was discussed earlier. In addition, the l'alios of the ca.lculal,ed pholon

sl)ectra (dashed lines) for t,he same ta,l'gets are shown in the figure. Ii is assumed in
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file calculatioll oi"ll_e l)hololl sl)ectra Illal llJe lni]li]nu]n ilnl)acl l)aranleler h,,i,, is Iii('
sum of 1lie I al'gel a]ld l ll_, l)ro.iewlile ra(Iii'

/,,,,,,,= 1_,(. + .i;/':).

Tlie ra_ios near the GDtt for lhc l'b/bn are fairly consislent with t.lie calculaled
ra_io. Tl_i._is not tr,le for il_e _ '1 1,/.\1 lav,Zels,.. Tile exl_el'illleillal ralios ol,lailied for
lll(" 1)l)/,\l largels are lllU('ll low(,r l]lall llle cal('l,laled \alll_'._. .\1 lll(' lli,,4h('llcI of
lhc energy Sl)eClrUm (E > 25 NIe\'). lhc lluclear l,ackgrou]_d is cl('arly (lie (lonlinal]_
process. The data also indica.te some 1)ackground at low excitation ellergies. Although
the ratios oi' the calculated \'VW spectrum are consistently higher than (he data. a.t
leasl in the vicinity of the GDR, the ratio of the photon sl)ectra agrees quil.e well
with the data.

A similar behaviour was observed wit]l l])e In data. An enhancement indicating
the 1)resell('e of DGDR in the exl)erilllelital data for Ph/AI close lo an excitatioli
energy of 4(I ._le\' was not observed in lJolli tile 11)and lhc 111distributions.

1.4 Nuclear Background Subtraction

A technique similar to thai used for the inlegrated cross sections was used to evaluate
i he contribm ion of t he nuclear bacl,:groul_d as a function of the excit.ation energy. This
is required since the decay channels originating from nuclear induced interactions
and electromagnetic ;nt,eractions cannot be distinguished on an event by event basis.
To initiate t,his te -,',_u_'. an approximat.e experimental distribut, ion fox"the nuclear
componenl was obtained by assuming that the data from the Pb target has a negligible
nuclear background (it v,'as shown earlier that the Pb target nuclear comaminat.ioll
is only 2c7(,).This method is apl)lied on the lp data.

The data in Figure 6.9 (a) were first rebinned into energy bins of width 2-4 MeV
(see Table 6.6) t.o obtain sufficient statistical accuracy. The Pb da.ta were then scaled
by the factor (Zt/Zpb)a's a,nd subtracted from the data taken with the Ca.then target
(tlle excitatiori energy distribution for the (' target is nel shown in Figure 6..(_t).This
produced the expected distributioll of the mlclea.r induced conal)onent for the (' target.
This is is shown in Figure 6,1"2. It. was found thai a sum ot'a Gaussia,n and a Mova.l
function 2. each with three free pa.rameters, fits this extracted distribution quite well.
The function used is

.rN_c, -- -\'1(-.--t,-->/2_p.x2e -(.\+e-x )/2

iii which 11= (E - -\3)/X4 and ,k = (E - -gs )/-\_;.

Tlle procedure is to 1)erform a fit of llie following fuiiction i,o tl_e entire da.ta set:

_/3da_./dE = (,4lr/:_+ .ap )./'N_c' + Zi'sC_.(E_:)

"-'Tileseleciion of l,liese l,wo functions does liot have any scierll,ificbasis.
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ill whicll tile (i llu('lear l)ara11_elers (.\,) a_(.l I-I x'allles of( '_. (_,ll<-'for ('_ch value of tl_e
)

_'x<'i(_li(>ll ("z_(')',,\ l']'j I _)r(' \_ri_'(l lo ))li)li))liZ(' 111(' \" (,I' til(' fit--,. , , .
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Figure 6.12: Estimated cross section distribution of the surviving nuclear induced
component of the cross section ibr the C target, obtained by subtracting the raw Pb
data. scaled by a factor (Zc,/Zpi,) 1_ ft'ore the C data.

To t,esl the method of sel)arating the two components, a fit vcas l)erformed on the

data from t,he four targets Pl). Sn. ('u. and Al. These results were used to predict
l,he nuclear coml)onenl of the (' dal, a. To obtain sufficient accuracy in this test. it

was necessary to represent ('t, as a pa rametrized function. The same form used to

represent .]'A'_'c'.was used t,o represents ('t. in this tesi. The fit, obta,ined for the above

mentioned four targets, is given by the dashed curve in Figure 6.12. No data from

the C target was used here. II is clear t,ha,t the function .f:x'uc' found in this fit, is

consistent with the nuclear component of the (' data. This demo,nstrat,es the validity

of the nlethod. To achieve an oplimal accuracy for this subtraction, the C dat, a were

included in the final fit,. The solid line in Figure 6.1"2 represents the resulting nuclear

coml)onerit extracted fron-i this fit. The \'2 for this fit is 31.6 t"o1'50 degrees of fi'eedom.

The fit ted nuclear compollellt from each of the dala points of Figure 6.9 (a) were then

sul.-)tracted to obl,ain the experiment,al EMD cross sections for each t,a,rget.

Figure (i.13 gives the backgrourld-sul)t, racl, ed ENiD final energy spectra for the

Ph. Sn. ('u and Al targets. The effects of the nuclear excit, a,t,ion were as expected

negligible for tile llea\'ier target s. The main effect for the A] target was the reduclioll

of the cross seclion at t lie peal< 1-)val)proxinlately :20(Z. and the reduction of the high

energy tail whic]l was quite significant. The EMD componel_t resulting ft'ore the fit

is given in Table 6.G. \'a]ues of t,lle lluclear coml)onelfl are also obla,ilied from this fit.

but sin('e (lie trigger,_ and the eve]lt selection ploc"edul('- have alread\" 1)een al)plied to

remove events of l liis nature, l hese ca,l_not l)e considered as n_ea_=ingt'ul llleasuren_elllS

['01' ll/ICl("a,l' ('Olll])Oll("lll.
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Figure6.13:Nuclearcomponent subtractedexcitationenergyspectrafor reconstructed
lp eventstaken with 4 targets.The solidcurvesare obtainedh'om (_.,p)experimental
data multipliedby the WW spectrum and simulatedthrough our apparatus. The
arrows indicatethe kinematicthresholdof the reactioll.
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Table 6.6: Valuo._ of the cr<Jss section imramoters ('j: f<mnd ill the final fit to til<, data

tak{:n with Pl_. Su. Cu. A1 mid C targ{_ts.

'l=-'_.{._l(:i\") ( 2.(t11,/._1{'\) K_.(.\l(,\) ( 2.(t.,I,/._1('\')
11-13 1.5-1 ± (I.20 25-27 :{.3(; ± 0.28

18-15 t "}'} . - -....{,.__ ± (} 51 97 '}{) 1 (ii) + 0 18

15-17 2:_.-12 ± {1._;1 "2(.)-:P2 1.1{; ck (1.l'l

IT-19 26.28 ± {1.(;-t 32-3(; {).5(; ± 0.08

19-21 23.{).9 -1- 0.58 3(i-40 0.31 + O.O(i

"'1 "23 1.} '} " . . ._ - _._6 ± {}40 40-44 0 18 ± 0 {}5

"2:3-'25 5.77 + 0.2.9 44-48 0.0.{} + 0.03

2 Comparison with Low Energy Data

2.1 Partial Cross Sections

(.'olnl)arisoll of I he resull s of I his exl)erilnenl wil lJ dala from the 1)hoto-nuclear process

is required to undersl, and the properties of the virtual l)hoton field. For this compar-

is{m, available data on llle ¢8,Si(_,p)2rA1 reactions [12. 13] can be used. To predict

the resulls expected in our exl)erilnenl, the \V\\ spectrun) was con]blued xx'ith l he

1)hoto-nuclear cross section measurements using a simulation l)rogram. For lp distri-

butions, this program uses experinaental (_,1)) cross sections for 28Si measured up to

an energy" of E-. = 26.0 Me\'. lt takes into account the decay to excited states of 2:Al

of energy u 1) to 4..5 Me\' [12]. The prediction is done as follows.

For each state in 2rAI, the ('_,p) differential cross sections are first naultiplied with

the virtual photon sl)ectrum. This provides the effective final state yields as funct, ions

of the 1)boron energy. These y'ields a,re then integrated over the phot.on energy and

the resulting values are used to obtain effective branching ratios for each state. The

excited state 1)ased on these ratios is selected, and a value for the photon energy

is generated according to the strength dislrit)ution of the state being considered.

The decay is assumed to 1}e isotropic. As mentioned before, in the case of decay

1o au excit,ed sl.ate of 27A1. lhe energy of tlle ])rot Oil is reduced, which results in

the enhalicing of t,he lower end of the observed excitation energy distril)ution. The

simulalioll includes the effects of del eclor resolution and multil)le scattering.

Although the invariant rnass (which is t,lle excitation energy of the 'p+2rAl sy'slem)

is measured, the real excil,a.i, ion energy is the sum ot' the measured energy and the

energy of any undetected decay photons from tile 2rA1 nucleus. II is possib]e I,o

study l lie rdationship between the lwo 1)3"using the simulation code. The expect,ed

excit,atioll energy distribution t'or the calculation described a l)ox'e is shown in Figure

6.14. The sum of the energy of tlm decay photon and the excilalion mlergy is also

shown for comparison. Tile svstenaatic uncerl, ainty made in interpreting t,lle lneasured

energy as l lie excil,atioll elJel'gy call l)e estimated l}v the (lifferelJce l)etweel-i li le two
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cur\'(,s. ()lll\ excited slales of 27.,\1of-1.5 Nle\" or low('r _re illclu(l('(l i1_ llLis silnulalion

(_ill,'<' I1_<'\"al'(' lll(' _lll\ _\_il_l)l<' .<e_l(,s xvl_icll xv_,('_,_11<1til,<l ill 11,(' lil(,l'allll'_'). l_ll( ,

<litl,,r,'_,'_, I,(q xx',,(,_,11_('l_,'as_r<,,1 _'×,'il _ i_.,__,_('v.u;.v_,1 _l_(' _'_,' (,×<'i_,_li¢,_ ('_'r_.\" will

I,(, ali'('('_,d 1,\ _1_' ('xi.<<'_('(, uf l_igl_('l' (,×cil,,<l_,'._. I,_ l_,r_'x¢'il,_ti_,_,,_,,r_v \,,l_,s
l)clow 20 _le\" iii 2_Si. due lo lho Q \alt_e of tl_e reacliol_, it is _lllikel\ llial slal('s of

eliergv al)o\'e-1.5 _le\" will l,e e×ci_ed.

I ' I

750

N_,¢(%p)
....,.2!

_00 iii::

300

0 •

10 1_ 20 2_ _0

Energy(MEV)

Figure 6.14: Monte Carlo simulation of the measured excitation energy distribution
(solid curve) and the true excitation energy distribution (dashed curve), obtained by
adding the energy of the decay photon to the measured energy. The calculation is for
Pb target.

For COml)arison_ t,he excitation energy curves obtained from the Monte C,arlo simu-

lation are displayed with tlm da,ta in Figure 6.13. There a,re no a,djusta,l)le paran_eters

iu this comparison. A comparison beyond 26.0 l_le\' cannot be made since the simu-

lation, which uses l he c_(,, p) cross section data are available only in the interval 15.4

- 26.0 Me\', The value oblained by inlegl'atirlg tile silnulated cross seclions over the

excitalio_ el_ergy in the inlerval 1(5.0-26.0 l_le\" agrees well wilh the data, They are
sl_own in Table 6.7.

However. a small discrepancy in shape is oi)served at tlle low end of lhe excit, alion

energy si)ect rtllllS. By simula.ting tile events using, differenl detectol' alignlnenls, and

resolutions, an a,tt,elnpl was made 1o undersl,and wl_elher this discrel_ancy was due Io

i_lstrunlenlal effects. Nolicea.l_le differences in the decay angular dislribulions were

l)roduced. 1)ul the excil,ation energy sl)eclruln wa,s illsensitive to these cha_ges. Tile

oi)served discrepancy could be an i_dicat, ion of lhe inability to expla.in t,he excital,ion

of l]_e reso_al_ce wilh a simple \\'W al)l)roxin_al, ion or, l l_e effecl of (xc_t d slates of
_r.-\l above 4.5 Me\'. as menlio_ed alcove.

A similar compariso_ was made between the reco_slrucle(! in resulls and l]_e

2ssi(5._)zrsi dala ol)lai_ed from ll_e ret'erel_ce [14]. Figure 6.13 shows l l_e coml)arison
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Ta]d(, 6.7: hlt.egrat.(:d cr()ss sections iii til(, interval 16.0 to 26.0 M_,V. Til(, errors for the
._imulati(m ar(' de(luc_,d front th_, availa}d,, '-'_>'i(-./,)"7. l/ ldt_t_-a]_._q_ti_m cr_s,_ ._,,'ti_ms
which at,, used as th(' in]mt. EtrC,rs (m th_, data ar_. statistical.

"]ar,_,et ])ala (11_1,) ._ill_,llalioll (li/l,)

.-\] 20.:I + 1.(; 15 ± -1

('t_ !)l.i -+- ';.T 7:2 ± 2()

_ll _3().() ± 1.!) 2()3 ± 7)5

Pl; ::'_SI .'2 ± _.3 515 ± l-I l

fox"the Pl) target. :No atteml)l was ma(le to sul_tra('t t,le nuclear ('Onll)onent from the

]11 data sillc'e it has very little affect on tile Pb I argel (only 2'/_ nuclear ('onlamillal ion).

Tl,e agl'_'ellW]ll ])(qwe(ql our resulls all,:l l li(, low eljergy (lala is salis[aclory, slit,willg
a sill_ilar excess al ll_e Ul)l_er e_(1 of tile curve as il s('('_l for tile lp dala. Tlw tail oul

lo l_iglwr e_wrgies (> 40 Ale\')is a resull oi l)oor re('OllSlrllctioll for 111 evelllS.

I ' I

_4 Pb target

_6 Simul_tion

8

Threshold

0 20 40 60 80

Energy (MEV)

Figure 6.15: Excitation energy for In decay (closed circles}. The solid curve repre-
sents the ('_. n) multiplied by the VCW spectrum and convoluted with our exI)erimental
resolution. Arrows indicate the kinematic thresholds.

2.2 Verifications of the Total Cross Section Scale

The fragmenl, ation of 2sSi at 14.6 Ge\'/nucleon was previously n_easured l)\" using

plastic nuclear track (lelecl,ors [23]. These nwasuremelll,s l'el)orl a lotal ('llarge chang-

i_g cross section value of 1190-t-170 n_b Sil_ce I lwr llleasured 5Zkl. _nissing llle
1_ cross sectio_. II' we correct for Ibis eft'ect, the I,olal ENID cross seclion will be
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1430-+-180 nib. The inlegraled EMD t'ronl \\,'eizsi}cker \Villianls is 1500 mb wllich is

in very good agreelllent witll the nwasured data.

From the ]warn trigger lal)es, we tlwasure 1410+100 as tile lolal E._ID cross sec-

tiou. Tllis llUllll,el" is i'lll Ul)lWr linlil on ali lll_, cross se('liolis we call o]_tain. "llw

el'i'Of is (ittile large due lu tl,e 1,oor slalisli¢'s iri the 1)ealll trigger tapes, li' we ad<l

together llle cross sections gi\eti ill Tables 6.2 and 6.3. weol,laill al_oul 127)0 ml). in

agreenlelll wil]l llle exlmcl{'d value'. Tlje cross section lt_easur<,d l'or 11_. Iii arid 2p
channels result in al_out 1000 n_b which is about 7(i_Z of the lolal cross seclions..qince

we can reconstruct lp, in and 21) cha.nnels, we can use tl,e sum of these t.o colnpare

wit, h the t.ot,al cross sections measured. Reconst, ruction oi' the 2p channel is not part
of this thesis, but a precision nleasurenmnt of this process has been carried out witlfin

the colla,bora.don. \¥e use these results only for the present cross section discussion.

, ,,i,,_ i,,', i_, ilt,,i ,, , 200 ' '''1' ' ' '1''' ' I ''' ' I'' '"'1''''

H} PbTarget PbTsrget

60 _ loo i_i

+ v,+"m >" iii

" } " _+'_ _ i/i -- .b_,,mh'_ 40 _ 2MeVr_ol,

"" _ I' . lp+ln+2p

O"

¢ ¢ oooo °
o _^' _" ' ''_ ++°+_'-++" , , _- - , I

Energy(MEV) Energy(MEV)

Figure 6.16: (a) Excitation energy distributions of lp. In and 2p decay. (b) Sum oi' the
three distributions compared with (3.abs) spectra.

Figure 6.16 (a)shows the measured lp. In and 91) excit, ation energ.v distribut.ions

for the Pb target. Although the distributions rise at different locations due t+odifferent

thresholds, t,hey agree remarka,bly well a,t the trailing edge of t,he GDR. Figure 6.16 (b)

shows the measured I,ot,al absorption cross section compared with our reconstruct.ed

sum of lp. In and :21) distributior_s. The tot.al absorption cross sect.ion curve is

convoluted wit, h our resolution. Although we measure only 70¢_, of the tot, al cross

sect, ion by t,hese three cha,nnels, the agreelnent is quit.e good.



CHAPTER 7

Conclusions

This work presents the results of a.n ¢'xperilnelltal invest igalion of the electromagnetic

dissociation of 14.(i (_e\'/llucleorl '2sSi ions. Exclusive cross section lneasurenlerlts for

a large llullll)er of decay channels and excitation energy recollstruction for two simple

decay cllanlJels llax'ilig a single pX'OIOll alld a single neulron ill tl,e filial slale are

sl udied. The reconslruction nlethods alld l echniques, d-ex'eloped here can be ext.elided

1o more complex chanliels quite easily.

In lhe l_asl. _l_e electromagnetic conll)Ollenl was obtained b\" sul_tractirlg the

hadronic contril)ution froln the integrat.ed tot.ai cross sections, using estinlaled values

based on the concept of limiting fragmenl at ion. Recent e'_xl_ellmeIltS." including ex-

i)eriment E814. have used l lie ilfformat ion t'l'Olll tile production of secondary particles

to reject _he hadrol_ic background electronically, lt has been shown here thai such

t.echniqaes are very useful in suppressing the nuclear background and enabling the

st udv of complex electromagnetic dissociation decay channels.

The measured cross sections presented here are in good agreement with those

measured previously [31]with the E814 apl:_aralus. Beca.use the two exl)erimental

setups differ considerably, particularly in the detectors used to veto nuclear events.

t.he agreement of the two results indicates lha,t the event selection procedure and

efficiency est, imates are reliable. Tile observed dependence of the measured cross

sections on tlm target charge ZT and target mass .4T indicate tile elect.romagnetic

nat ure of I he excita/ion mechanisnl. The measured cross section ratio rr(-) ,p)/a(") .n)

is 2.7+0.7 for E-, up 1o 30 Me\" [14]. \,Ve observe a ratio of '2.81-+-0.21 for the Pb

target and 2.41+0.18 for tile AI target il_dicaling a excita.tion of GDR in 2sSi. Tile

measured semi-inclusive cross sections agree well with the previously measured charge

changing cross seclions [23]. These measurenmnts were obtained by detecting only

the lleavy fragmenl and ]lence set an upper limil t.o our data. Ali cross sections show

an al_proxilnate Z} "s behavior wllich is well reproduced 1)3"the \'V\,\: apl)rOXilnalion.

Tlle contribulion due I o the hadronic processes tends to increase for decay channels

with higher Q values.

The excitation energy distribulions of tlle decay channels 2sSi ---+ lp+2rA1 and

2sSi ---+11,+"rsi were reconstructed wi_ h geometrically and kinematicallv constrained

fil.s. \Vitll the E814 apparatus, the former was reconstructed wilh 3 geometrical coli-

s_rainls and '2 kinenlatical constraints wtlereas the latter was recollstructed with 1

10S
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g_-'ol_lelri<'a] collstrailll all<l 1 l<illelllalical collslrailil (ll<'glectil_g tl_('ellergy l_l_'asure-

II1('111 ). ]'_(:'slllts .'-;}l()\v 1]lal 1}l(' r(-,collsl rllcl iOll l('(']llli(llles I)ro\'i(l<' a reso]lll i()ll oi" 0.(i-1.1

._l('\" (<l("l)('ll<lill,_OW_III(' lal'g("l) for I l) ('\('lJl. _1,cl _ 2.() .\l('\" It,r 111('x(:'lll._ (al _-- 2(I

N]¢'\' o1' ('x('ital toll ('ll('rgy) ill 1II(" i)l\arialll l_lass r('col_._l l'u('_ i<,JJ. ( '('lll<'r <,t' 11lass all-

gles for 11) <lecav were recollstrucled lo an accuracv oi"a I'(,w cIc'gwes. Tlle resolu(ioll

in both energy and angle is domina(ed l-,v mullil)le scalterilig ill lhc larger. Poor

l'('._t_]lll toll ilt 1]1(' ('ll('rgy lll('_s_ll'('lll('lll il_ 1]1(, (a]ol'illlcl('l's l)_'(,\(,_ls I]_(, 1'('('(_11.,.;I1'111'Iit)li

of a_gular distril,ulio_s for In decay will_ good l)rc'cisit,_.

The soft nuclear-induced baclcgroul_d lo the E_l_2) in tl_e fi_lal slate e_erg,v dis-

tributions for 11) decav was evaluat.ed by represent, ing this coral)orient with a simple

functiol_al form. whose l_arameters were determined by a fit t,o the data for a.ll far-

gels. The effect of the nuclear contribution was negligible for high Z targets, but
was substantial for low Z ta rgels. However. the parameters oblained for lhe nuclear

COl_ll)Olle_l Calll_Ol ].)e l aken as _neani_gful n-leasurelnelll s oi l}_(-' _mclear COml)Omq_l of

the cross section sit,ce l lw trigger and the selection procedure il_Iroduce severe biases

lo tl_is l)rocess. "I-lie result.ing EMD s])e('trUlll was co_q)ared with ll_e l'esulls ot'a

simulalion based on a folding oi" lhc \\'\'V virtual l:)l_olon Sl)t._Ct,l'tllll produced ])5" the

targets with the inverse phot, onuclear process _sSi(5 ,p)2"Al. In general, the agreement

is satisfactory. })tlt SOl-lie discrepancy is observed at low final sl.al.e energies. A similar

effect has ])cell Seell iii the data o11 the E._ID ot" _':;O at lower I)eam e_ergies [2'2]. The

salne technique can be used to subtract the nuclear-induced background in t,he In
excitation energy distributions.

A possibility for two phot,on excit, ations in EMD was investigated with a simple

l)arametrization given by equation 6.1. The theoret, ical calculations suggest thai
the ratio of single i)hoton excitation to double phot,on excitation in _Si at 14.6

Ge\'/nucleon is extremely small. In addition, successive one photon excitat, ions for

two different target nuclei can induce the same signatures as "real' double photon

excit, ations for a single nuclei, lt has been shown that for some decay channels (for

examt)le the 31) emission channel) this 1hakes a substantial contribution t,o the in-

t,egrated cross section. The extract, ed paralneters indicate that our dat, a provide no

evidence for the DGDR excitations in _sSi. The ratios of excitation energy distri-

1,utions for _°_P1)/'_'A1 and a)spb/12°Sn show a sinfilar behavior. The ratios agree

quit, e well with the expect.ed l)ehavior of the \VW approximation. However. Q values

above 3(I Me\' ratios show large deviations from tl_e expected WW calculat ions whicla

indicates thai nuclear processes are substantial in this region. This in itself makes
'1

observations of DGDR ver,v difficult through a total cross section measurement since

the hadronic contribution becomes large in the region where we expect to observe
signatures of DGDtt.

There are obvious sl_orlcomings i_ our experimel_t. We have a subslantial inetfi-

ciencv in (let eclin_ l)ar,_(le, emitted at angles between 45'; and 180" which are covered

I_v the targel calori_eter. The estimated leakage of tlfis detect, or is roughly 50(X. Ef-

ficie_cv in I'/('u calo_met__,,"- "" e', are no_ very. good. especially, in the region where the
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ll¢-'Ulrol_s arc' ¢]elecle<l (al_<Jul .t)(.ll/i'). Tliis is <'_lls_¢l 1._\"ll_x'illg IWO c_l<)rimeler lllo¢lul_-'s

ali_l)_'¢l _I 11_¢'ct,1)l(,r _t" llj(, 13(,1]1r_11tlislril_lli_J;i. "l'llis ill_,k_'s i_ (,xll'(,lll(,lx (lilIi¢'_lll
lc, c,l_lail_ _1_'_I_s_llll_l_'.__t' _,x_,l_l._I't_l"ll,_' I_'_c_llslt'_'l it_l_, il_ ;_ll _'x,'l_l._ix_'I'_._li) _l_'_'_\

l oo do _<>I_lloxx"i_s 1o l'e<'o_lstrucl l/elll roll ¢'t_a_c'ls xx'iI1_good l)l'OCiSiOll. SI uclies ]lax'e

sl_oxx'_ l l_al l,v re,COl_Slruclillo residual ]_ea\'\" io_s io a Y_ll_cl_l_i_l_er deo_ree l l_n xvhal

('/-tllllt)l (.l("l('t'l 11_' _l_'-<'.x_'il_,¢l", l'ays ('lllill('¢l ]_V l]_t' ¢'x¢'il¢'d 11_1¢'1¢'1.1sx\'l_icl_c_ l_ax_' _

lre!a_e_d_us etf'eel o_ ol_ser\'i_g D(;1)I_ excil.alio_s. I_ addilion, n_ulliple sca tl.ering

iu lhe l argel l_aediuln conl ril)ules sul:_sla_tiallv I,o the filial reconstruction resolution.

This can be ea.silx" avoided l_x"using lhin la.rgets which would in addilion reduce t.l_e

cont, ril_utiol_ due to t l_e double inl.eractio_ background.

I_ Sl)ile of lhese shori comings, the 1)rese_l work has shown ll_al ai relal.ix'isiic

¢-'l_ergies,ii is l_Ossil._le lo _¢,asure tlie l_r<'l_evtie'_ of _'×<"iied l_eax'v io_ l)l"ojecl iles x\'il h

a resolution ll-lal is good ellotlgll 1o prol_e their slruclure. Olher nucleii algol (lecav

('lia_lels ca_l 1,¢,sludied usi_g llie lecl_ni(ll_es gix'el, lleve. For exa_l._le, tile collective

sial.es iii lhe conti_un_ of u_slal)le _uclei. arid l.lie exi.41,e_('e of colleclive st re_gth

at laigl_ excit, aliol_ euergies xvhicla are above the (;DR ca_ be explored usip, g t,hese

l echniques. In addition, bc using lhe precision kiliemalic reco_slruclion of exclusive

chan_els, it is l_ossil,le to sl udy the correlation of final s_al.es coni.aining ident.ica,1

particles.
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