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Abstract 

At Brookhaven National Laboratory (BNL), the first heavy ion beam was accelerated 

in 1986 using the Alternating Gradient Synchrotron (AGS). Furthermore, the AGS 

started the acceleration of 197 Au at 11 A·GeV Ic since 1992. This beam energy in 

heavy ion collisions corresponds to the maximum energy for the projectile nucleus to 

be stopped by the target nucleus. When they achieve full stop in the center mass 

system of collisions, the density of the central region is expected to go up by a factor 

of 2-Ycm. At the AGS energy, in other words, the density will be over five times of the 

normal nuclear density, which may lead to the QCD phase transition. 

In order to measure hadron productions in Au+Au collisions, we have constructed 

a new dedicated spectrometer, Forward Spectrometer, which is designed for the high 

particle density and for the powerful particle identification capability. \Ve have carried 

out systematic measurements of semi-inclusive spectra of various identified hadrons 

from 197 Au+ 197 Au collisions at 11.7 A·GeV Ic as AGS-ES66 experiment at BI L. The 

first data with the Forward Spectrometer were taken in October , 1993, and data with 

large statistic were taken in September - October, 1994. 

To confirm the formation of hot and dense states of matter in the experiments, it 

is crucially important to measure the size of hot and dense region together with the 

measurement of the temperature. Among several methods proposed, measurement of 

composite particle is expected to give the information on the size of hot and dense 

region particularly for the baryonic gas. 

The production of composite particles have been studied in A+A collisions at 

Bevalac and also in p+A collisions at CERN. Most successful description of tho e data 

is given by the Coalescence Iodel. As an example, deuterons are produced when a 

proton and a neutron are formed close enough in the phase space \-vith the Coalesc nce 

Model. Then , the production rate of composite particle with mass number A is 

proportional to the A-th power of tl1f' proton( neutron) d('nsity in t-lw phase Spa.Cf' 

a.ssuming proton and neutron are id nLica.l. This relation is called as a power law. It 

has \)('('11 shown that the power law holds not only in t.lle coalesn-'llcc model, btll also 

in a model wllich assumes thermal equilibrium. 8xp rilllf'lltally the power la.w has 

beell observed in Illany collisions at variolls beam f'l1t'rgit's. 



\Yith the Forward Spectrom tel' of the ACS-ES66, proton and deuteron spect ra 

were measured with event cha.ractcrization in the wide kinematic coverage; 0.2 < 

Pt < 1.1 [GcVlc] at 1.4 < y < 1.6 for proton and 0.2 < Pt < 1.7 [GeV Ic] at 

1.2 < y < I.e.! for dcuteron. From its much wider kinematic coverage and the full 

event characterization capabilities than the previous experiments, we claim that this 

i the first systemat ic measurement of deuteron production at the AGS heavy ion 

program. 

\Ve have hown that the observed deuteron spectra are consistent with the power 

law and also the scaling coefficient, B2 stays constant in the whole rapidity range of 

this measurement. Since this thesis contains data of deuteron only, we cannot claim 

all the composite production follows the power law. But, the deuteron production in 

the kinematic region covered in this experiment has been shown to be consistent with 

the power law . 

Furthermore, we found that the scaling coefficient, B2 depends strongly on the 

centrality of the collisions. This is the first real measurement of the centraEty depen

dence of B2 . To explain this dependence, spatial proximity of nucleon is considered 

as an additional condition to the deuteron production. Using the Sato-Yazaki model 

and also the thermal model developed by wlekjian, we have evaluated the source sizes 

from the B2 . The deduced source sizes are similar in both model calculations and are 

proportional to the cubic root of the number of participants, which implies that the 

deuteron density stays constant from the peripheral to the central collisions of the 

Au+Au collisions at AGS. 
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Chapter 1 

Introd uction 

1.1 Relativistic Heavy Ion Collision 

It has been proposed that nuclear matter formed in relativistic heavy ion collisions is 

dense and energetic so that quarks are no longer confined to each individual nucleon 

but move freely in a re latively large volume. This new phase of matter is called as a 

quark gluon plasma( QGP) [1. 2]. According to Lattice QCD calculations [:3], phase 

trans ition from ordinal hadrons to the QGP is expected at critical temperature of 150 

- 200 lVleV. Enthusiasm to create such extremely high temperature and high density 

states of matter initiates modifications of existing proton synchrotron for heavy ion 

acceleration as well as construction of dedicated heavy ion machines . 

The first relativistic heavy ion beam was obtained in 19/4 at Bevalac in Lawrence 

Berk ley Laboratory(LBL). Existing proton synchrotron was modified for heavy ion 

acceleration up to 2 A ·Ge V I c. The experimental results certified that relativistic 

heavy ion coll isions are indeed not simp le superposi tions of nucleon +nucleon collisions 

but global phenomena. To study those phenomena in colli. ion ' of incr asing size and 

b am energy, the Alternating Cradient Synchrotron (ACS) at Brookhaven _ ational 

Laboratory (B L) in l S \ and the Super Proton Synchrotron (SPS) at CERN in 

Eu rope have been modified to a.ccelerate heavy ion ' . The A CS start d the acc lerat ion 

of 16 0 a.nd 2 Si beallls at 1'-1 - 1:5 .\ ·CeV/c sinc 19 '6 and 19, Au at 11 i\·CeV/c since 

1992. The SPS sta,rt ecl the acce leration or loo (-It 200 A·CeV/c since 19 ' / ancl 208Pb 

at 160 A·CeV/c sin ce 199-L Furthermore , at B0lL the Relati \'istic IIecl\'y 1011 CollideI' 

(RUle) is now ulldpr construction which will [)I'o\'idf' collidillg Au beams at 100 

A·CpV Ic in [D!)9 . 
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T1H' gonl of heavy iOIl programs is to confi rm the creation 0(' high density and 

high energy state' ill tlw collisions alld llOpt.fully to detect the formation of thc QGP. 

For this purpose, first of al1 1 one has to study the rea ct ion llwchanislll of heavy 

ion collisions. This is because one has to know how much initial kinet ic energy is 

tran fered to the thermal energy and what is the size of "Fire ball" cr ated in the 

collisions in order to know t he eDf'rgy density achieved in heavy ion collisions. 

1.2 Scenario of Collisions at AGS 

Elementary process of heavy ion collisions at a few hundred MeV or above is the 

nucl on+nucleon collision. At low energies, the angular distribution of particle pro

duction in nucleon +nucleon collisions is almost isotropic in the center of rna s frame. 

After the first collision, the scattered nucleon easily escapes out of the reaction region. 

However, at high energies, the angular distribution is sharply forward and backward 

peaked, Therefore, the scattered nucleons and t he produced particles are forced to 

dive into the opponent nucleus and experience the fu r ther successive coll isions until 

they stop in the c.m. frame . Obviously, there is maximum energy above which the 

projectile and its leading particle penetrate through the total thickness of opponent 

nucleus . The beam energy of 10 A·GeV is believed to correspond to thi s maximum 

energy. 

At the AGS energy, the Lorentz contracted nuclei stops each other after violent 

nucleon+nucleon collisions. \Nhen they achieve full stop at the c.m., the dens ity i. 

expected to go up by a factor of 2icm . \Nith this scenario, the density will reach five 

times of the norm~al nuclear density at the AGS , 

In the first phase experiments of AGS heavy ion program, inten ive studies we re 

carried out to check ont whether such stopping scenario holds or not . As a direct 

proof of the stopping, proton distribut ions have been stucli d . In Fig. 1.1 [4], rapid

itv distribution of proton in central .'-\u+Au coll isions a re compared with p ripheral 

Si + A1 and cent ral Si + Al co lli sions [:')]. The c1istri bu bon in pe ri pheral Si +A I shows 

('o L'warcl/backwar I peakillg, which is simila,r to that 0(' p+p co lli sions [-1::3], In centra l 

Si+t\l collisions, the di st rihlltioll shows peaks ol "projectile-like" an d '·t a. rget- like" 

pnrticipating prolon s . [n ce ntral All+Au , howf'vcr, it s ho\.\'s a broad pcak at t he 

C.lll .. Indeed , a larg(' fraction of participating nuclcons is showll to be piled IIp in 

lite collisions, witich is cOllsistellt with Lllf' sloppi ll g s (' ua ri o descrilw(\ abovc , The 

1.3. SIZE 
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rapidity / beam rapidity 

Fig. 1.1: Rapidity distributions of protons in Au+Au, Si+AI [.5] and p+p [43] 

collisions. The d;..I /dy is plotted versus the normalized rapidity y /Ybeam' The 

filled symbols are the measured data while the open symbols represents the 

data reflected with respect to the y cm ' 

Au+Au collisions at AGS m ight provide great opportunity to study the high density 

stat s of matter. 

1.3 Size of Reaction Volume 

Important questions for the tudy of heavy ion collisions are the following: How hot 

and dense region is cn:·ab:·d , over what volume and for how long? Particularly, the size 

of the hot and dense region is important subject for the experimentalists. Two meth

ods have been proposed to measure the size of the reaction volume; Hanbury-Brown 

Tw iss m .as urements [6] wi th two pions or two kaons detect ion and the coalescence 

paramete rs 0(' co mposite particle productions (the latter method is eli 'cussed ill Sec

t ion 6. :')) . \Ve con.' ider th size in fo rmatioll frolll the composite particl measurement 

i,' 111 0 ]'(' approp ri a,te at the ACS energy from the ('ollowiug argument, As discusscd, 

t he dOIlli m1 nt, ['cc1Lllrcs of the he(t.v .y ion collisions arC' gi\'(,1l by the 11Ilcleon+l1Ilc!con 

co llisiolls. III Fig. L. :2, ral-, ('s of particle prod uct iOll ill a col li sion is a: sIlleL11 as -~ at the 

ACS cllngy. tll othe t' words, tl}(' ['c is single pion pro<illC('d peL' llllclcon. PllrthcrnlOre 

those scconda l'Y piolls are heli(-'vC'd 10 be ('mil tpd via excited stales 0(' baryolls, SLl 'il 
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Fig. 1.2: Number of produced particles versus the squared total energy at 

the center of mass frame, s in p+p collisions. The solid straight line shows the 

AGS energy~ ,"; = 30 Cey2 corresponding to the beam with incident momentum 

of 1.5 GeV Ie and target. The total number of produced charged particles, Il ch 

is abou t -I at the AGS energy. 

a.s ~ 's . Indeed , the importance of baryonic co lli sions, pmticularly of low lying ['Pso

nallces was understood from the comparison of tllf' pion/proton data with the sE've ral 

model calculations. Any models of naive intra nuclear cascade arC' . hown to ovC'rC'sti

mate the pion yield by a factor of 2 while they underestimate the averagC' transverse 

momentum of protons significantly [9, 10]. On the other hanel, ARC [11, 12] and 

RQMD [13] models which treats pion production through low lying resonances such 

as Ll'S, have been shown to exp la.in the pion, kaon and proton production properly. 

From these successes, it is widely believed by now that baryons particularly low lying 

resonances play the dominant role in the particle production in the heavy ion col

lisions at the AGS energy. From this viewpoint, we consider that baryons such as 

protons and deuterons should be measured for the studies of the reaction size. 

1.4 Power Law 

The most successful model to describe composite particle production in A+A colli

sions at Bevalac is the coalescence model [14,1.5, 16]. 'vVith this model, when a proton 

and a neutron are accidentally emitted close together in the momentum phase space 

in a nucleus+nucleus collision, the proton and the neutron coalesce into a deuteron. 

Therefore, the yield of deuteron should be proportional to the squared densi ty in 

the momentum phase space of proton (neutron). The relation can be written with 

invariant differential yield as; 

E 
d3 Vd 

d-d 3 ex 
Pd 

(1.1 ) 

where Pd = 2 . pp. In general, for the composite particle consisting of A nucleons, 

Eq. 1.1 is extended to; 

(1.2 ) 

where PA = A· fJp. Those relations assume that the shapes of the proton and 11 utroll 

spectra are identical. This relation is called as a power law of the coalescence model. 

It turned out that this power lavv can be explained by a thcrmal model [-1/, c[ ' . -19]. 

Thc model is static, non-rclativisLic and aSSLlllle thel'lllal and 'hemi ca l equilibrium 

10 Iw achipved <-1l1d composite particles arc produced llIlifot'lllly o\,('r til(' \·olul1l('. This 

model i ' f'urtlwr discussed in Sectioll G.S.l. 

T' Ill? power 1 i1 \V h as b ('C' 11 a p p I i (' d to I i g h t 1111 cl ellS i [l :\ + .~\ ('0 II is i 0 rt s wit. hill (' i d ( , III 

energy froIll q t\ · l\feV to :2 :\·(;eV [l7, 1 l FllrtItCl'lllo['(', it It.):) bC('rt shmvll that 
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t he power law call dcscribe tlw spect ra of t he li ght nllclells from dptltet'On to 1·1 N, 

in Fig. 1.:3 [18]. IIoweve[', it is known that the disagreemcnt of the power law is as 

large as some ten PPl'CPllt at low PI region. It may he d1le to the diffprence of the 

distribution bcb\'een proton and neutron. Thus the measurement at wiele PI region 

is important to test the power law. 

Fig. 1.4 shows that the values of B2 are almost constant for A + A colli sions at 

Bevalac [46. 1i] and p+A collisions [20] at CERN. It has been be lieved that the B2 

do s not depend the beam energy and the collision system. This uniformity of the 

B2 is remarked as a universality of the composite particle production. 

1.5 Deuteron Measurements at AGS 

Previously deuteron measurements have been performed in the relativistic h avy col

lisions at AGS. 

One of them was performed by E814 group. They measured cross sections of the 

composite particles of mass A. :::; 4 in collisions of 14.6 A ·GeV Ic 28Si nucle i with targets 

of Pb, Cu, and Al [21]. However , they do not have proton data in the kinematic regions 

for deuteron to be compared with their experimental coverage. They are forced to 

use model prediction (ARC model [11, 12]) instead of real data for proton spectra in 

order to test the power law. which by no means can be considered as an experimental 

proof. Furthermore, their Pi coverage is narrow: Pt as 0 < PI < 0.14 [Ge V I c] for 

deuteron. 

E8 6 group measured composite particles) deuteron, triton~ 3He and 4He at mag-

netic rigidi t ies of plZ = 0.8 , 1.2, 1..5, and 1.8 GeV Ic in collisions of 197Au beam of 

12 A·GeV Ic with target of Pt [22]. They have shown that the power law holds to 

the inclusive production cross section of the deuteron, triton, 3He and "He, as shown 

in Fig. 1 .. 5. Since they do not have an event character izat ion detecto r , their data are 

only for inclusive measurenwnts. For comparison. they al.·o measured the composit 

particles in 28Si + Pt col li s ion s or 14 .6 A· Cf' V I cane! p+ Pt co lli sions of 12.9 Ge V I c. 

Furthermore. the SOllrCf' radii which were dedllcecl from the Sato- Yazaki 11l0clf'1 [.'')0] 

we're proportional to til(' cubic of tile llumber of participant Ilucleons . IIO\\'f'ver 1 the 

C'volutioll of collisioll might be qllite dif[(,["(,llt ill celltral and peripheral co lli s ions . 

sllch as 1 ~)j" AU+ 19'iPt. Sppcifyillg impact parameter is preferable in llE'avy iOIl colli

s iolls . Flll'th ['more, sillce they Iised a bCcll1l lillc specLrollwter systClll fix(\d at, .rs.i dq~, 

1.5. DEL TEROV l'vlEASUREHENTS' AT AGS 
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Fig. 1.3: The power law Lest for the range of :2 ::; A ::; L--l at Bevalac. 

Differential cross section for fragments from 1:37 A·J\, [eV :-\r+AII a.t :30 deg. a.nd 

90 dt'g. [19] 
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Fig . 1.4: B2 as a function of beam energy at Bevalac and CERN . 

1.5. DEUTERON HEASUREHE:\;'TS AT AC!) 
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Fig. 1.5: The power law test for d, t, 3He and "He in Au+Pt collisions at 

AGS (E886) [22]. The curves in the figure are the results of a coalescence fit. 
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1.5 

Fig. 1.6: Kinematic coverage of deuteron measurement of E866(present data) 

and E886. 

they measured deuterons at the narrow range of 0.1 < Pt < 0.5. Thus it is awaiting 

to be confirmed by the measurements with impact parameter selection at much wider 

kinematic coverage. 

The kinematic coverage of deuteron measurement of E866 and ESS6 are shown in 

F ig. 1.6. Features of our data are; 

• The Pt range of deuteron, 0.0,5 rv 1.7 [Ge V I c) is much wider than those of the 

other experime nts . 

• Protons and deuterons at the same kinematic region are measured simul tane

ously with a single spectrometer. 

• The centrali ty of collis ions are also measured . 

vVe claim that Ollr data is the hrst systema,tic measurenwnt of deuteron [ rod uction 

in Au+A u coll is ions at AGS energy. 

The experimental conditions a.re summaxized in Table 1.1. 

1.6 Kinematics 

Here , we introduce kineIllat ic vari ab les. Since we are dealing with J'( ' lati vist ic particks 

a nd sysLems, it is Ilseflll to describe Lllf'1ll with Lore ll L;!: illvarianL variahles or vari a bl es 

1.7. THESIS OBJECTIVES 11 

Expprimpnt Beam , Momentum [A·Ge V Ie] PI I'angp [GpV/e] cent ra Ii ty 

P cI 

ES14 28Si, 14.6 - 0-0.1 <1 inclusive 

6 cen t rali t y c uts 

ES86 197 Au , 11. ,5 0.06 - 0.2 0.11 - 0.46 incl us ive 

28Si, 14.6 rv 0.2 rv 0.46 inclusive 

p,12 .9 0.06 - 0.2 0.11 - 0.46 inclusive 

inclusive 

E866 197 Au, 11.7 0.0.5 - 1./ 0 .0.5 - 1.7 central 

peripheral 

Table 1.1: Experimental condition. 

which have sim.pIe Lorentz transformation propert ies. 

vVe take a beam line to be z-axis of a frame. For a particle which has momentum 

p = (Px, Py,P:;) and mass m, we use a longi t udinal momentum PII == p:;, a transverse 

momentumpt == VP?c + p~, and total energy E = J p 2 + m 2
. Transverse mass m·t and 

rapidi ty yare defined as 

VP; + m 2 

y ~ In (E + PI I) . 
2 E - PII 

(1. :3) 

(1.4 ) 

The total energy and longitudinal momentum of a particle can be easi ly related to 

its transverse mass and rapidity as 

E 

PII 

1.7 Thesis Objectives 

n1tcosh(y) 

'mLsinh(y). 

( 1..s ) 

( 1.6) 

The daLa pres 'ntecl in t hi s paper \Vas obL1 il1C'd ill the fel1l of l~)~) · l. EvenL characteri za

tion was performecl by t ilE' Bull's F;ye (O Ul lter and the zero-degree calorilllet e r. from 

Lh t' experimental res ul ts , we gf't t lw information of Lhe siz(, t)[' tIl(' intnClct iOIl VOIUlll(, 

at ft"f'eze-out, u ti li z ill g the coal f'SCf'llCC ll1od('1 an d co III pare iL with other experimelltal 
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reslllts. A particular interest is in the size of the coalescence scaling coefficient, BA 

and its dependence on the centrality. 

In this thesis we describe the experimental setup in chapter 2, the run condition 

In chapter :3 and calibrations of detectors, particle identification and corrections 

in chapter 4. In chapter 5, we present the experimental results. The result. are 

discussed in chapter 6 on basis of coalescence relation, and compared with other 

experimental results. Conclusions are described in chapter 7. 

1.8 Contribution of Author 

The author has contributed to AGS-E866 experiment as following, 

• Has taken part in construction of the Forward Spectrometer since he was master 

degree. 

• Constructed the time of flight wall with Gena-Hayashi. 

• vVorked on development of the on-tube discriminator, which was used to the 

time of flight wall, as master thesis. Then high resolution, a '" 76 psec, was 

kept during experimental run. 

• Calibrated the time of flight wall. 

• Analyzed the deuteron production. 

Chapter 2 

Experilllental Setup 

2.1 Overview 

Fig. 2.1 shows the configuration of the experiment E866. It consists of a large solid 

angle (2.5 msr) magnetic spectrometer (Henry Higgins Spectrometer), a small solid 

angle (.5 msr) magnetic spectrometer (Forward Spectrometer), and event characteriza

tion detectors. In this chapter, the accelerator facility the target arrangement, event 

characterization detectors and the detector components in the Forward Spectrometer 

are described. 

2.2 Accelerator facility 

Fig. 2.2 shows the layout of the heavy IOn accelerator facility at Brookhaven 

ational Laboratory. First, the Au beam is accelerated to 1.00 Me V per nucleon 

with a charge state of 1:3+ at Tandem Van de G raaff accelerator. And the beam is 

transferred to Booster ring through Heavy Ion Transfer Tunnel, and accelerated to 

192 i\ IeV per nucleon with a charge state of 33+. Finally, the beam is accelerated up 

to 11.7 A·GeV/c with a charge state of 79+ at AGS main ring [24L and led to the 

E8G6 eXlwrimPIlt.al area. The beam had the repetition cycle of /"'o,J 4 sec, and the flat 

top of "-' I sec per spill. 
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Fig. 2 .2: A schematic layout of the AGS accelerator complex. 
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2.3 Target Arrangement 

Each targpt is 1l10untpd in an aluminum frame. TilE' whole targpt assembly is in 

vacuum. The target assembly has six target holder.·. One of the six is a lways kept 

open and used as empty target for the background study. The targets are positioned 

by remote control. 

2.4 Global Detectors 

Three global detectors are described in this section. The first is beam counte rs used to 

define beam particles. The second is the Bull's Eye counter used to define interactions. 

The third is the zero-degree calorimeter used to define the centrality of collisions. 

2.4.1 Beam counters 

The beam particles were defined with BTOT which was a Cerenkov counter with a 

quartz radiator by charge measurement of the projectiles. The sizes of the quartz 

radiator were 51 mm high , 76 mm wide and 200 /lm thick . The BTOT was read 

out with two 2-inch photomultiplier tubes, Hamamatsu R2083 , on its both side. The 

resolution (Cfq / q) was estimated to be r-..J 1.9 %. The BTOT was placed 171 cm. 

upstream of the target. BTOT provided a time-zero signal for the Time of Flight 

system . 

To veto the beam halo, Hole was used. It was a scintillation counter with a 

circular hole 10 mm diameter. The size of its scintillator was 51 mm high, 76 mrrl 

wide and 3 mm thick. It was placed 14.5cm upstream. Specifications of the counters 

are summarized in Table 2.1. 

2.4.2 Bull's Eye counter 

Bull" Eye counter was used to d tect an interaction of a beam nucleus with a target 

nucl us . The counter was a C'f' renko\' counter wi th n. quartz radiator of:20 em diameter 

and :300 pm thi ·k. Thf' Bull's Eye counter measured the chargp of t he remIlant of 

the bpam. The measured 'hargf' sma ller than that 0[' the lwarn pa rtic le provided t he 

minimum bias interact ion trigger. The rf'solutiotl, (J(I/Z was r-..J 6.7 (/(1 ill 199~1 runs [:2G] . 

The schemat ic view of tlw Bull's Cyp is show ll in Fig . :2.:~ [:2.5]. The ( 'ercllkov light 
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I Counter BTOT HOLE 

Material Quartz Sci n tillator 

Thickness [lllIll] 0.20 :3.2 

Width [mm] 76.2 76.2 

Height [mm] 50.8 .50.8 

Hole Diameter [mm] - 10. 

Distance from the Target [cm] -17l. -14.5 

Table 2.1: Specification of the beam counters. 

was detected by eight 2-inch photomultiplier tubes 1 Hamamatsu H1l61, located at 

4.5 intervals around the periphery of the enclosure. 

2.4.3 Zero-degree Calorinleter 

A hadron calorimeter was located 11.7 ill downstream of the target to measure the 

total kinetic energy of beam remnants. It was called Zero-degree Calorimeter(ZCAL). 

The ZCAL consisted of 138 scintillator/iron layers [27]. The ZCAL was divided 

into two parts. The Upstream part consisted of 32 layer and the downstream. part 

consisted of 106 layer , and both two parts \vere read out by 4 PMT's, respectively. 

The sizes of the ZeAL were 60 cm high , 60 cm wide and 19:3 cm long corresponding to 

8.9 interaction lengths. The ZCAL was used to define the centrality of the collisions. 

The energy resolution of the ZeAL was (JE/JE = 2.88 ± 0.02 [GeVl/2] in 199:3 run 

[28]. 

2.5 Forward Spectrometer 

The Forward Spectrom t r consist d 0[' a collilllator, two dipole magn ts, two tracking 

chamber c0111pll"x(", and a time-of-Right wall. Each of t llf' tracking chambe r complexes 

cons islf'd of a. t inw proj('ct.ioll cllcUllbf'l' alld b\'o Clccompa.llyirlg drift eha.mbcrs, and 

one 0[' 1,\-\'0 complexes \\'as plClct'd ill front. of tIl<' s('corld rllClgnet. Clnd the ot her onp 

was pl acf'd behind of t.he secotld magnd. 1'11(' spectrometer cou ld be swppt from 6 

degrc('s to :2 . ~ degrces. 
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To reduce til(' particle df'nsity at the df'tectors, the solid angle of the acceptance 

was desiglled to be rather small ( :) ms1') and the distance bet\veen the target and 

the center of Arst chamber complex was exten led to be 2 .. 5 m. The first magnet 

was placed in front of the first drift chamber to reject secondary particles with low 

momenta. Further , a collimator was placed up tream of th first magnet. The window 

of the coli imator determined the acceptance of the spectrometer to be 4 degrees in 

the horizontal direction and ± 2 degrees in the vertical. It corresponds to the solid 

angle of ...-v .5 msr. 

The time projection chambers were used to find and define tracks because of their 

high capability of three dimensional pattern recognition. Then the drift chambers 

used to determine precise hit positions and angles of the found tracks with their high 

spatial resolution. 

The bme-of-flight wall was placed 6 m downstream of the target as the device for 

particle identification. The t ime-of-flight wall had high resolution of 76 psec. 

The performance of the spectrometer is summarized in Table 2.2. 

I P erformance I 

Solid angle [msr] rv5 

Setting angle [degree] 6 - 24 

iomentum resolution (aplp) [%] 1.5 - 5 

(proton, 0 < p S; 5[GeV/c]) 

Time of flight resolution, aToF( 7r) [psec] 76 . 

iI - !\' P ID separat ion (2 .. 5a) [GeV Ic] o < p S; 2.5 

[\' - p P ID separation (2.5a) [GeV Ic] o < p S; 3.,5 

p - d PID separation (2 .5a) [GeV Ic] O<pS; 

Fig. 2 .3 : A beam view of Bu ll's Eye [2.5] . Table 2 .2: Specification of the beam counters. 

2.5.1 Forward SpectrOll1eter Coordinate Systenl 

'vVe dcfined a coo rd inate systelll 0 11 the spectrometer (IS in Fig. 2.1. The origin was 

at t he ta rget pos itio n . Thc z-a.xis ca lled the G-c!cgreC' line was a line perpendicular to 

Lh(' SUrraCf'S of t.he mag nets and the t rc1cking challllw['s . The y-axis was upward . The 

x-<-). x is wa.s t.akf' 1l so I-ha.t t. hC' coord inate system was til(' righL llallded sy. tCIll. 
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y 

Snout 

x---~ 

Fig . 2 .4 : A schematic view of the Fo rward Spect rometer to demon st rate the 

definition of the fS coordinate system. Note that ),tIl and M2 are not s hown. 

A si ngle reconst ruc ted track is shown. The origin is at the target position . The 

z-axis is along the beam side of the s pectrometer , whose beam-dow nst ream 

direction is positive. The y-axis is vertica l IIp\vard . The x-axis is determi ned 

so that the FS coordillate s.vste m is right-handed . 
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2.5.2 Magnets 

'vVe had two dipole magnets on the Forward SPf'ct romcter. 0 ne call cl F ~11 was placed 

in front of the first tracking chamber system to remove background particles with low 

momenta. The other called FM2 was placed between the track ing chamber systems as 

a n analyzing magnet. F"M2 had an 94 em effect ive length and bending PO\\' r of about 

0.9 T·m at it s full strength. Field maps of FNIl and F~I2 were measured with Hall 

probes at O.4T and 0.6T settings, respect ively. Their spec ifications are summarized 

in Table 2.3. 

I Magnet F:vIl F 12 

Distance from the target [mm] 17.54. 350.5. 

Field Gap Size (x x y x z) [mm3] 229. x 159. x 508. 597. x 2 ' 3. x 762. 

Yoke Size (x x y x z) [mm3] .546 . x 616 . x 800. 1346. x 1442. x 11.56. 

Effecti ve Field Length [cm] 62:3.2 943.4 

Table 2 .3 : Specification of the beam counters . 

2.5.3 Tracking Detectors 

The spectrometer had two tracking chamber complexes. Both tracking chamber com

plexes cons isted of one time projection chamber and two drift chambers . First the 

time projection chambers found tracks , next the drift chambers improved spatial 

resolution of the tracks . 

2 .5.4 Tinle Projection Chanlbers 

A time projection chamber (TPC) [29] was pIa eel at the center of ea.ch tracking 

chambe r complexes as a ma.in t racking device. 

Each of t Il(' t.ime projf'ction ch3mber cOtlsistrd a nf'ld cagf'. an (,nd-cap wire cham

be r, a gating grid plane and a. gas cage. The time projection chambcr measu red 

the y-pos itioll CIS Lil(' drift til11c and x c1 11c\ z- position hv tIl(' C'lltl-CCIP wire Challlb('l'. 

Fig . 2.5 shows t he schematic ·t t'llctul·e of TPC' I [:30]. 

T Il(' ti nw project ioll c\tam\) r (TPC' I) pl acec\ llpstr('i1111 of F~[2 \\'(lS op<'rat cd wit it 

Ar- isoblL tal1<' (15:25) mixture alld the t.i lllt' projection Cl! ,UltlW [' (TPC'2 ) [:3l ] placed 
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c1o\VllstrC'Cltl1 of F:\I:2 WClS operated with P-20. To operate' time projection chClmbers 

under the high particle dellsity conditioll the readout scheme of the ti m(' projection 

chClmbers was segmented anode wire rel'Ldout [:34, :3.5], while conventional time pro

j ct ion chambers equipped at its end-cap ~IvVPC with cathode pad readout [:3:2 , :3:3]. 

Further, TPC1 and TPC2 were equipped with gating grid systems to suppress 

field distortion due to the po ition ions from the anode wires. The gating grid was 

usually closed, and the bias voltage, ± 50 V for TPCl and ± 80 V for TPCl, are 

supplied to each adjacent gating grid wires. v\Then a trigger signal came, the gating 

grid wa opened so that the drift electrons could pass through the gate to the anode 

wires. The performance of TPCl and TPC2 is summarized in Table 2.4. 

I Chamber TPCl TPC2 

Frame Size (x x y x z) [mm3] 406. x 4.50 . x :352 . 965. x 660 . x 450 . 

Field Cage Size (x x y x z) [mm3] 300. x 248 . x 280 . 800 . x 409 . x 330. 

vVindow Size (x x y) [mm 2] 300. x 220 . x 280. 800 . x :380. 

Effective Field Length [cm] 62:3.2 943.4 

Effective Volume (x x y x z) [mm3] 290 x 200 x 280 770 x :3.50 x :3:30 

N umber of Rows 6 6 

Row-to-Row Pitch [mm] 46 . .54 . 

Drift Field [V jcm] 800 . 640 . 

Maximum Drift Length [cm] 26 . 42 . 

Anode-to-Anode Pitch [mm] :3. 4 . 

Anode-to-Cathode Gap [mm] 3. 4. 

Effecti ve Anode Wire Length [mm] 7. 7. 

Anode vVire Diameter [pm] 1.5 . 1.'5. 

Operation Voltage [-kV] 1.90 2.1.5 - 2.20 

1 . umber of Anode \\ ires [/ row] 96 192 

Total. ' umber of Readou t .576 1152 

Gating Grid \Nire Pitch [mm] l. 1. 

Grid-to-Cathode Distance [mm] 
, 

t:i. 

Gati ng C riel Operat ion Vol tage [V] ±50. ± ' 0. 

Table 2.4: Specificat.ion of the time' projection Ch;:II11lwrs. 

2.5. FORW4RD S'PECTROA'IETER 

y 
-~ / Gating Grid Plane 

/ 
, ::'-.:---_.,--_ .. _-----------------._._ ... ~:_':....,'.. 

~.:.:.:~:~:~=:::~.: - ~------ ........ --............ --....... 1(........ MWPC 

x 
Endeap \Vire Chamber 

z 

Fig. 2.5: A schl'lll<ttic structu re' of TPC's. 
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Cham Df'r Planf' Orcif'r \Vi rc Orientation # \\"i lTS Drift Lengt h 

FTl .r.r'u Il' yy' vv';rx' .r O. leg. 56 2.0 mm 

y 90. deg. 40 2.0 mm 

u -:30. deg. 64 2.0 mm 

u 30. deg. 64 2.0 mm 

FT2 xx' uu' yy'vv':rx' x O. deg. 56 3.0 mm 

y 90. deg. :36 :3.0 mm 

u -30. deg. 64 3.0 mm 

v 30. deg. 64 3.0 mm 

FT3 xx'uu'vv' xx' x O. deg. 78 4.0 mm 

u -30. deg. 80 4.0 mm 

v 30. deg. 80 4.0 mm 

FT4 xx'·uu'vv'.r:""C' x O. deg. 78 5.0 mm 

u -30. deg. 80 .5.0 mm 

v 30. deg. 80 5.0 mm 

Table 2.6: Plane configuration of the drift chambers. 

ing them to TDC , and then were recorded with Phillips CAYlAC TDC model 7186. 

The 6 m coaxial cables , RG.58f, were used as jumper cables from the on-tube dis

criminator to the counting house, and the 30 m coaxial cables, RG58, were used as 

delay cables from the second discriminators to TDC's. The TDC had 16 channels of 

time digitizers with the minimum bin of 25 psec. The analog signals were record d 

with LeCroy FASTBlJS ADC 1882~ in the cOllnting hOllse . ADC values are used in 

off-line analysis for so-called slewing correction 1 as well as for a charge cut. 

2.5.7 H eavy Metal Shie lds 

Tlw collimator was mack of Iwavy metaL mainly Tungsten, was placed in front of the 

FM 1 to screen chamlwr franLs and til(' yoke of FM l. TI1f' IlPC1,vy IYlf'tal sh if'lcl wa.s 

also fix('d on the' beam sicle wall of FMI in orcl('r to st.op t.he [)artic\C's from the bea.m 

PI[WS. 

l( 'orr('cL t.h (' tillw cliallg('~ which aI'(' call~('d frolll n 'htioll of t.he pld~(~ height. alld Lh reshold 1(' v!'1 

o f the discrimillato r 

2.6. DATA ACQU[SIT[O,V SYSTEA/ 

rTOF 

Flight-Path Length [m] 6.0 

Effective Area Cr x y) [mm2] 1260 x 420 

N umber of Slats 100 

Slat Size Cr x y x .:) [mm3] 12.4 x 12.5 x 419. 

Table 2.7: Geometrical specifications of FTOF. 

2.6 D ata Acquisition System 

The data acquisition (DAQ) system consists of 11 CPU's in a single VME create, and 

gathers data from 8 CAMAC crates and 6 FASTBUS crates. Fig. 2.7 [37] shows a 

schematic view of the DAQ. The DAQ system is managed by two Tadpole TP40V 

68040-based CP 's which function together as event builder, data reformatter , net

work interface, and tape logger. Data from CAJ\tIAC modules are read by crate 

controllers based on SBE VPu25 modules with 68020 CP ·s. FASTBUS data are 

collected by a LeCroy 1821 Segment Manager in each FASTBUS crate, and transferred 

via fiber-optic link to a custom-built interface to the V1tIE bus . Data transferred from 

CAMAC and FASTBUS crates are assembled and finally recorded on 8 mm tape u ing 

an Exabyte lVlodel 8510 drive with write speed up to 500 kByte/sec. 
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Fig . 2. 7 : A schematic view the E 66 DAQ system [Til 

Chapter 3 

Experimental Runs 

The E866 Forward Spectrometer was operated with the 1l.7 A·GeV /e 197 Au beam 

from September to October in 1994. 

3.1 Beam conditions 

The beam intensity was adj LIsted at (3 - 10) x 10<1 particles per spill. It depended on 

the spectrometer sett ing angle . The beam size and location at the target position were 

monitored with the beam line chambers (SvVIC). The beam size was also monitored 

with the counting rate of the beam counters. 

3.2 Targets 

vVe used a 19 i Au target . Its thickness was 0.970 g/cm corresponding to the interaction 

rate of a.bout 1..5 %. Data wi thout a target (empty target) were also taken to subtract 

the background cont ri bution. 

3.3 Trigger conditions 

'vVe coli 'dec! delta in pelt'a llel ,,·ith tht·c(' clifff'rf'nt triggers for the Forwa.rd ~p ctrom

('Le I' . T Il(' t riggc r ratio ill data takiIlg \vas mallaged by tllP trigger sLtI)(.'n · i~or with a 

sca le-dowll factor for (';-1ell trigg(,r. 

The first 011(' was the BEAi\ [ triggf't' for a good \)(,;-1111 particle. [t \V,1S dcnlwd vvith 
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Fig. 3.2: The kinem a.tic coverage for proton. The x-axis is ra.pidity a.nd the 

y-axis is PI [GeV Ic] . 

3.5. DATA SET 

Angle [degree] o. FSPEC 

2kG/4kG 2kG/6kG Total 

6 1039K 3,7I\: 1416I\: 

8 355K 207K ,562 I\: 

10 298I\: 200K 498K 

12 192K ,61\: 268I\: 

14 427I\: ,Ol\: 497K 

16 539I\: - 539K 

18 642K - 642K 

20 46,K - 467K 

22 2191\: - 219K 

24 186K - 186K 

Total 4364l\: 903I\: 5295I\: 

Table 3.1: Table of the data set. 
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ADC' pedestal [ADC bin] 

time ofTset [nsec] 

y-position offset [mm] 

TDC clock [nsec/TDC bin] 

propagation velocity of scintillation light [mm/TDC bin] 

slewing correction factor [nsec/ (ADC bin) 1/2] 

and suffices i = t or d denotes a photo-multiplier tube mounded on the top or bottom 

of the slat of FTOF wall, suffices l or r denotes a photo-multiplier tube mounted on 

the left or right side of BTOT counter. The Yo was calibrated with the FS tracks (see 

Section 4.2.2 for each slat. Then the slewing correction factor was calibrated with 7r±, 

roughly identified with squared mass of -0.2 < m2 < 0.15, for each photomultiplier 

tube. After the calibration of the slewing correction, the to's were recalibrated with 

,,±) roughly identified with squared mass of -0.2 < m 2 < 0.1·5. The calibrat ion of 

the to or Yo was performed every 4 - 10 runs. 

4.2 Track Reconstruction 

vVe developed a track reconstruction code for the Forward Spectrometer, called FAR

eAST 1. The track reconstruction algorithm is as follows. The tracks were recon

structed independently in each tracking chamber complex. In each tracking chamb r 

complex, initial tracks were formed with the TPC and the tracks were extended to 

the both upstream and downstream drift chambers. -ext . the tracks were associatpd 

with th hit of drift chambers, then FTR1/FTR2 tracks were reconstructed. FTR1 

and FTR2 tracks were connected at the mid-plane of f~I:2. If position dif[crencps 

between a FTRl and a fTR2 are close within :30' of distribution, their mOllwntum 

wer calculated \\'ith a tra,nsfC'r matrix (sec Section 4.2.4) a,lld t he t rack was tracpd 

back to the target z position through [<')..[ 1 usillg the mOlllclltum. And tl\(' tracks 

Wt'lT rllso ext.ended to tlw ,,'TOF wall and FT'OF hits vverc sparc iwcl withiIl a, :)(j of 

the track positions for the associatioIl wit h til<"' tracks. 

L forward £lrlll I\ p(,ol1~trlil't iOI1 .llgori t.llIll ~Lart illg frOlll til<' 1:P( :'s. 

~1.2. TRAC[\ RECONSTRUCTIO V 

4.2.1 TPC track 

The start point of the track r('construction was at thp TPC's. Since th e drift ('Ipctron s 

di ffused, a few wires on a row could be fired by a single particle. A cluster was form ed 

from the hits on a row which were close in both of x- and y- directions. Then an 

array of the clusters on a straight line was searched for the cluster array was fitted 

to a straight line, as a TPC track . For the reconstruction of TPC tracks , hits on at 

least 3 rows hits were required. 

4.2.2 FTR track 

TPC tracks were extended onto adjacent FT's to find hits on the FT's. If one or both 

of the two wires closest to the track on each plane, was fired, the wire was regarded 

as associated with the track. Then the track was combined with the wires, and was 

refitted as a FTR track. The number of planes without hits on the closest WIre , 

missing planes, was required to be at most 4 for FTR track. 

4.2.3 Track Matching at Analyzing Magnet 

After reconstruction of FTR tracks, they were extended to FM2 and FTR1 and FTR2 

were connected at the F:VI2. The plane m in FiVI2 was defined as shown in Fig. 4.1, 

and the track position matchings in the x- and y-directions (.6.x and ,0,.y) and the 

vector matching in y-direcbon (.6.fJ y ) are defined as follows. 

.6.:r X2 - Xl, ( 4.1) 

.6.y Y2 - Yl) ( 4. ) 

.6.fJ y 
dY2 elYl 

(4.9) ---
) 

dZ2 dZ l 

where ,Ti and Yi denote the x- a.nd y-position of FTRi track projected onto the plane 

ill, and dyi/d.ri denotes the slope of the t ra ck in the y-z plane. The cut criteria of 

li sta.nce betwe II FTRl and FTR2 track at the matching plane should depend on 

morn ntull1 due' to IllUiLiplp Coul omb scatt _ring. Since the momenta of the tra,cks 

werp not det 'rmined yet (\,t, t.his stage, the cut was set loosp as, 

~.r < :)0' ..:l.r, ( -1. 1 0) 

~y < :sO' ..:ly , ( -L 1 l) 

~0!l < SO' ..:l:!..:L (-L 1 2) 
liz 
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Fig. 4 .1: A demonstration of the definition of track matching parameters . 

Points A B are intersections of FTRl and FTR2 with effective edges of FM2 . , 
Plane m is the perpendicular bisector of AB . PI and P2 are intersections of 

F1 Rl and FTR2 with m. Coordinates of PI and P2 are PI(xl, Vt), P2(X2, 

V2), where .Xi and Yi are defined in Eq. 4 .7 and 4 .8, respectively. 

4.2. TRACl\' RECONSTR{ !CT[ON 

w]wre ~ .r alld ~y arp the di stancp ill x- and y-direct ions , ["('spect ivp[y, a nd ~dyj d::: 

is the angle difference on tllP .1)-::: plane, and (J" denotes th e wid t h in r.m. s o f t heir 

eli . tributions of the c\('uteron with 0.4 CeV jc, whi ch were de t ermi n d from t he data. 

The pairs of FTR1 and FTR2 tracks which passed the loose criteria, were left as 

fS tracks. Th widths of their distribution were mainly d termined by th e mul t iple 

Coulomb scattering. The widths were fitted with a function as follows, 

(4.13 ) 

where i denotes x, y or dyjd:::, aO and a1 are fitting parameters. After momentum 

determination and TOF association , Eq. 4.10- 4.12 were replaced to refined cuts a 

follows, 

(4.14 ) 

The widths of the matching were plotted as a function of (3p in Fig. 4.2. 

4.2.4 Monlentum D etermination 

The momentum calculation of the FS tracks was performed with the field map of F~I2 

which was measured with the Hall probe. The measured field map was consistent with 

the other field map calculated with the TOSCA within 1 written as follows, 

~p = 0.29979 . q J B x ds [GeVjc], (4.15 ) 

where q[e] is the charge of a particle, B[T] is the magnetic field , s[m] is the path of a 

particle. 

Since B :; is less than a few percent of the main component By and the path length 

in x-direction is less than 1.5 o/c , intB:;dy is 3 order smaller than J B ydz. Then the 

B :; dy was negligib le for the momentum calculation. Therefore , the momentum change 

in x-direction \Vas written as following from Eq. -1.1·5. 

~P.r = 0.29979 . q J Byd:: [GeV jc]. (4.16 ) 

At a point. ('/'/ ,Yi ), By \V(\, ' integrated along z-axis from entrance fTcctiv(' edg to exit 

effect ive t'dgc. ane! was stored ill Ll1E' AcId map. \Ve tale t.wo points, Xinnf'[' alld X,)u t<' r 

;-lS shown ill Fig . ·1.:3. TIt(' two points (He delllwcl as, 

(.1. L "I) 

.) ( -\. L S) 
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Fig. 4.2: \Viclths of cut parameters in r.m.s as a functioll of /3p [GeV Ic]. 

Six plot, s ho\\' from t he top left figure; vvid ths of track matching in the x

direction [111m] (Lst rO\\'lpf't), in the y-cl irrction [rnm] ( l ' t row right), the track 

angle nla.tching ill the y-direction [rad] (2nd row left), target position in the 

x-direction [111m] (2ncl row right), ill llH' y-cl irection [nlfn] (:hd row Ipft) , and the 

rTOF hit resiclilal with rcs l)('ct to the' track position in tl](' y-cl in'ct.ion [nlfll] 

Urcl row right), 

4.2. '1 nACh' R £('0 VSTR(fCTION 41 

M2 

~ Effective Edge ~ 

Fig. 4.3: A demonstration of J Byd::: sampling points for the momentum calculation. 

where Xin = (Xin) Yin) :::in) is the FTRl track position at ':in (entrance effective edge) , 

XOlIt = (XOllt' YOlltl ':out)is the FTR2 track position at ':out (exit effective edge), and 

Xclose is the closest approach point between a pair of FTRl and FTR2 tracks. 

The momentum change in the x-direction is calculated with the average of the 

two field integration J Byd.:. as 

~ _ O.29979q(J Byd':(inner) + J Byd':(outer)) 
Px - :2 I 

(4.19) 

where J B yd.: (inner) is calculated along z-axis through the point (Xinllel" Yinne l' ), so as 

I Byd.:(ou.t( r). The momentum of the pa.rticle vvas calculated as 

~PJ' 
p= ( -1.20) '2 1 

ll ,L' - 1[.[. 

where tl~. d('I10LeS d.l'/d:: of FT [(, track (i=L2), 

4.2.5 Target Cut 

ScH'1I FS tl'i:1ck \Vas t raced back to 1 he targd posit ion t hrollgh 1 '~~ 11 with the de

termincd 111011H'111 llllL TIl(' width of the targ('\ il11agf' in each x- or y-dircction a.lso 
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clf'[wncl d on momentum as those of the matching. The widths werf' also fitted with 

Eq. 11.1:3. Tbel'f,forf'. thf' targf't cut was applied using the widths as a function of 

JP as Eq. 4.1--1. Tlw targf't cut was effective to reject the wrong tracks with wrong 

combination between FTRI and FTR2. The width of target image in each direction 

was shown in Fig. 4.2. 

4.2.6 Association with FTOF wall 

Each FS track was extended onto FTOF wall to be associated with FTOF hits. The 

width of the distances between hit position of FTOF and expected hit position by 

FTR2 track in y-direction is shown in Fig. 4.2. The variance of the widths was 

relatively small. The matching cut was applied as same as the matching cut at FIvI2 

and target cut using Eq. 4.13 and 4.14. 

4.3 Particle Identification 

Particle identification was performed with squared mass m 2 which was calculated 

from momentum. time-of-flight and flight-path length as 

m 2 = p2 (T~Fr - 1, (4.21) 

where p is the momentum, TO F is the time-of-flight, and L is the flight-path length. 

Fig. 4.4 shows a scatter plot of measured squared mass versus momentum in a 14 

degree run. 

The resolution of m 2 was determined by the momentum resolution of the tracking 

system and the time resolution of the time-of-flight system . The momentum resolution 

(Jp was calculated as 

(Cang p)2 + ( C,~"/t r 
(Jg 

~Px 

r l+.·~n. r' O.Ol:36; J.r ( OO'3 ~l~) 
t:.PJ· .\:o .\: o 

0.299,9.1 lJyd::, 

(4.22) 

( 4.2:3) 

( 4.24) 

(-'I. 25 ) 

where p, IJ, and:.: are th _ motllentulll [CeV /e], vclocity,a.nd the charge of t he particle, 

rJ"o is tilt' intrinsic <tllgltiar 1'('soluLioll of the tracking syst.Pll1, .r/Xu is tilt' Lhickllf'SS of 

4.3. PARTICLE IDENTIFICATION 

5 

5 

2 

- 1 2 3 4 5 5 

P VS M2 

Fig. 4.4: Measured sq uared mass [Gey2/c4](x-axis) versus momentum 

[GeV /c](y-axis) in a l..t degree run. 
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Squared Moss Resolution 

I 

3.5 

Momen tu m vs Sig,.,o of ",2 

I I 
4 .5 

Fig. 4.5: The resolution of squared mass for sum of 8 degree runs, 10 degree 

runs, 12 degree runs, 14 degree runs and 16 degree runs . The x-axis is the 

momentum [GeY Ic) and the y-axis is the resolution of squared mass [Gey2/c4
]. 

The circles, triangles and stars are deuteron, proton and 7f+, respectively. 

material in radiation lengths, and Gang and Grnult are the contribut ions of the angular 

resolution and Multiple Coulomb scattering, respectively. Then the resolution of 

squared mass (lm2 was written as, 

4 (a p )2 4p4 (aTOF)2 4m - +- --
P p2 L 

4m'p2 . C;"9 + 4m' (I + :,2) . C~,,1t + 4p2(m.2 + p2) . C?o] 

aTOF 
L 

(4.26) 

( 4.27) 

(4 .28) 

whf're 1''11 is the mass of the particlf', CTT01·' is the time-of-night resolution, and L is 

the flight-path length. Fig. !I.!) shows ttl(' width of 'qllarcd mass as a, fllncti on 0[' 

mOlllentllffi for deuteron, proton and Jr+ using the rcal da,t<l. The linc in ttl(' flgure 

shows the r('sult of fittiIlg to Eq. 4.27. 
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The fitting results are consistent with the cl tf'ctor resolutions. 

The basic boundary of the particle identification \\'as dctf'rmined using t he squarf'd 

mass resolution as a function of momentulll, as follows; 

(4.29 ) 

where m 2 is the squared mass calculated from the mf'asured momentum and the 

measured time-of-flight, mreal is the real mass of the particle species. And additional 

particle identification boundary for Jr, Il, p and d were following , 

m 2 
IT 

< 0.125 [Gey2/c4
], (4.30) 

0.18 < 2 mK < 0 .. 5 [Gey2/c4
], (4.31 ) 

0.5 < m 2 
p < 2.0 [Gey2/c4

], ( 4.32) 

2.0 < m 2 
d < 6.0 [Gey2/c4

], ( 4.33) 

0.45 < Prr < 4.0 [GeY Ic], (4.:34 ) 

0.45 < PI\- < 3.0 [GeV/c], (4.3.5 ) 

0.45 < pp < 5.0 [GeV Ic]' (4.36 ) 

0.5 < Pd < 5.0 [GeV /c] . ( 4.31) 

4.4 Corrections 

4.4.1 Tracking Efficiency 

Track reconstruction efficiency, f.track was divided to three parts as, 

Etra ck = EFT' ET PC . EsoJt ( 4.38) 

where 

eFT FT ha.rdwa.re efficiency 

ETPC TPC hardwarf' efficiency 

(~ lI Jt track reconstruction softwa.re f'fficiency. 

r"'T ha.rdware f'rriciC'IlCY was regarded a.s 100 (;{l jwcallSf' t IlP efficiency pf'r plane of 

FT's was higher thetn V.::' %. FT 1 and FT2 \\,('IT required to have hits at least Gout 

o f 10 pletncs . FT:3 a.nd F'T ~l were rf'quil'('d to Ira.\'e hiLs cd least. .\ Ollt of 8 ph-llles. 

Therefore EFT was a.llllosL eq tla.1 to 100 %. TP(' hiHChycu(' (,rrici(,IICY and the t rClck 

l'('COll.'trllctioll software cfflcil'l1cy arc described later. 
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TPC Hardware Efficiency 

TPC hardware dficif'IlCY depends on tlw position of the hit s and the momentum of the 

particlf'. The po. ition dependence in x-direction of the TPC hardware efficiency was 

due to field distortion. The y-position dependence of the efficien cy was regarded as 

due to electron diffusion and absorption during drift. The momentum dependence of 

the efficiency was due to the change of energy deposit of the particle in TPC, dE / dx. 

Thus the momentum dependence of the efficiency was estimated as a function of f3I' 

where f3 = v / c, and I = 1/ Jl - f32. The TPC hardware efficiency per row was 

written as; 

ETPCr ,I, y (f3I) = 1 - Ar,x,y . In ef f(f3I)' (4.39) 

where suffices T , x and y denote the row number of the TPC, hit position in x-direction 

and y-direction at each row, respecti vely, A is the normalization factor indicating the 

degree of inefficiency, and Inef f(f3I) is TPC hardware inefficiency averaged over row 

and hit position. The TPC inefficiency of row i , In ef fi was calculated as follows; 

1 - tTPC" 

o. of tracks with hi ts on all row i 
CTPC, No. of tracks with hits on all rows except row i' 

(4.40 ) 

(4.41) 

Fig. 4.6 and Fig. 4.7 show the averaged inefficiency as a function of f31 of TPCl and 

TPC2, respectively. Then line shows the fitting functions. vVhile the the inefficiency 

averaged by f31 was wri tten using normalizat ion factor of each row, x and y, A,·,x,y, 

and inefficiency averaged by row and hit position as, 

[neff = f Ar,x,y . I nef f(f3I) . Nr,x,y(f3I) 
r,x,y f N (f3" ) 

' ,X ,Y Y 
(4.42) 

where LV denotes the number of tracks with hits on all the rows except row r. From 

Eq . A r .r .y was written as, 

In ef f,. .:r .y· f Nr,x ,yUJ,) 
A'J.y = f [neff(f3"/) . Nr,I,y . (4.4:3) 

Thf' TPC bardvvare efficie' IlC Y was cal 'u lated track by track with E of the hit TP C r,.r,y 

position as, 

(-1.44) 

\V here' 
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Fig. 4.6: The TPCl inefficiency(y-axis) as a function of p,(x-axis) with the 

fitting function s for deuterons, protons and 71"+'s. 
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96/07/09 16.52 

P+PI+O Beta -Comma vS In eff. of TPC2 RpwO+ 1 +2+3+4+5 10-14deg 
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Fig. 4.7: The TPC2 inefficiency(y-axis) as a function of J3--y(x-axis) with the 

fitting functions for deuterons, protons and rr+ 's . 

4. '1. CORR.E('TIONS 1!) 

+ 
+ El"E2"E3"t4' Es"(1-t:6) (,L46) 

(L - Ed " (1 - (2) . t3 . C I . E5 . E6 

+ 
+ E1' E2 . E3 . t4 . (1 - (5) . (1 - (6) ( 4.47) 

tTPC3 (1 - Ed . (1 - (2) . (1 - (3) . E4 . E5 . E6 

+ 
+ t1' t2 " t3 . (1 - (4) . (1 - (5) . (1 - (6) (4.4 ) 

where n of tTPC" denotes the number of missing rows , ti (1 = 1,2, 3,4, ,5,6), denotes 

the efficiency at row i. 

Track Reconstruction Software Efficiency 

Track reconstruct ion software efficiency due to the multiple Coulomb scattering was 

evaluated using a Monte Carlo single tracks of each particle species. A thousand 

events with single track with a fixed {3p were generated with GEA T [40] simula

tion code with multiple scattering switched on or off, respectively. The energy loss 

was always set on. Furthermore the output of GEANT simulation was converted 

to same data format with real data with evaluated TPC hardware efficiency. Then 

the track reconstruction was performed with the same tracking code with real data. 

The software efficiency due to the multiple scattering for a fixed (3p was evaluated as 

follows; 

No. of reconstructed tracks of events with multi . scattering on 

Esoft = I o. of reconstructed tracks of events with multi. scattering off 
( 4.49) 

In the GEANT . imulatioll, Forward Spectrometer \\'as stat 6 degr and the mag-

netic strength \ve re set to 2 kGauss and 4 kGauss for FMl alld F\,L2 respectively. 

TllP magnetic field was set to bent positive particles a.way from the beam line. Then 

the singlf' tracks of deuteron, proton or positive pion \-"ere generated with a fixed 

<'m issiOll allgle wit h tlwt.a of 6.,5 dcg. and pbi of lSO c1f'g. with each pp from 0.2 to :) 

CeV/c. 'The f'frici('IICY is parailletcrized (lS, 

(soft = ([0 + Cl 1log( 13p). (-L!)O ) 

where (tu (Inel (£1 ,He' fitLillg paramcters . Fig. -1.8 shows t 11f' trltck reconstruct ion 
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Fig. 4.8: T he software efficiency(y-axis) due to the multiple scattering as a 

function of {3 p [GeVjc](x-axis) with the fittin g fun ctions for deuteron, protons 

and 7r+'s. The solid cross, t he dot cross and the dash cross a re deuteron. proton 

and 7r+ \ res pectively. 

~I.~. CORR.ECTIONS :)1 

software efficiency due to the multiple scat terin g as a fun ction of tJ p. ThC' clas h 

lin C' is the fitl ing function. The fitting parameters , au and aL arc 0.967 a lld 0.0:306, 

respectively. The efficiency goes clown a s the LJp decreasing , from 99 % Lo ~:H %. 

In previous analysi s by Sako [41 ], the track multiplicity dependence of t he t rack 

reconstruction software efficiency is obtained. Fig. 4.9 [41 ] shows the t rack recon

struction effic iency as a function of {3 p for multip licities 1 (solid), .5 (dashed) and 9 

(dotted). The efficiency decreases as the multiplicity increases at momentum higher 

than 2 GeV Ic, while it is stable at momentum less than 2 GeV Ic. Then Fig. 4.9 [41] 

shows the average number of tracks as a function of spectrometer angle. The number 

of tracks in the inclusive events is less than 2. Thus , the track multiplici ty depen

dence of the software efficiency is small. However the defini tion of the central events 

is different; the centra] events in Fig. 4.10 is central 10 % while that in this thesis 

is central 6 % (see Section .5.1.:3), the number of tracks in the central events is ex

pected to be less than :3 because our analys is does not include the data at t he most 

forward spectrometer angle of 6 deg. for the central events. Therefore, the correction 

of the track multiplicity dependence of the tra.ck reconstruction software efficiency is 

not applied in this analysis. then the ambiguity of the track reconstruction software 

efficiency, less than 5 % is put into the systemat ic errors. 

4.4.2 Tinie-of-Flight Wall Occupancy 

Since the TDC of FTOF did not have multiple hi t capability, even if a slat had two 

or more hits, only first hit could be recorded. The occupancy causes inefficiency for 

slow particles. The inefficiency was evaluated for each forward spectrom tel' setting 

and trigger type as, 

ETOF, 1 - Pi(t), (4 .. 51) 
J II. (t )dt V 

Pi(i) 
t 

Ai .V 
In(t)dl 

.V 
(4 .. 52) 

wlwre Pt(t) is a. probability that. Lhe slc1t. hac! becn hit. by a nother part ie-Ie by the 

time I, lI(t) is the Illimber 0[' hi t. · OLl (1 s l a.1. c1L time t. Si is til, total llUllllwr of hit s 

on a . . ' Iat I, N is the tota l numher of hi ts 011 FTOI'~ \\'('\11. Fig. ·l.ll sho\Vs 1"TOF 

occ upancy. 
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Fig. 4 .11: fTOF detectio n efficien y as a fu nction of the s lat number (the 

le ft-s id e axis) alld a time-of- Right in nsec (the right-sid e axis). Four plots 

co rrespond to F.C.·; P E(, eve nts at 6 degrees (top left) , at 2·1 degr es (top right) , 

6 (}{) ce ntra l ('vents at (j degrees (bottom left), and at 2·\ d !:'g rcfls (boLlorn rig ht). 

4.4. CORRECTIONS 

4.4.3 Particle Identification Efficiency 

Since the 2.5 0' cut in m 2 from the data was used a ' the particle idcntif1cat ion ell , 

j ts efficiency was evaluated using a Gaussian approximation as 

(4 . .5:3 ) 

where 'ma is the real mass, O'm2 is the resolution of squared mass as a function of 

momentum. The efficiency is basically 98 .8%. 
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whet'e Pt is transvC'rsf' momentum, nft( = J p? + rn6) i· transverse mass, 1110 is th' 

[Tal mass, p is momentulll, E is total energy, .lJ is rapidity, and (p is azim uthal an

gle. The invariant cross section vvas f'valuated at each bin of rapidity and transverse 

rlloDlcntUl11, as 

( 5.4) 

where Sbeam,Nbeam,lVA,and D are as defined in, and Stng is scale-down factor of the 

trigger, t.k is efficiency of track k, !:J.y is bin size in rapid ity, !:J.Pt is b in size in transverse 

momentum, and cPi(Y, Pt) is azimuthal acceptance. I:k..l. denotes total number of 
t.k 

part icle. 

5.1.3 Centrality Cut 

In heavy collision, the evolution of collisions is quite d ifferent for the central and for 

the peripheral coll isions . The specifying of impact parameter is essentially important. 

\ Ve defined the central ity of events using deposited energy distribution on the 

ZeAL, as 
( Ee ~dE 

C l · _)0 dE 
entra zty = 00 dN 

fo ~dE 
(5.5) 

where Ec is the upper limit for the energy deposit in ZCA L. In the relat i vist ic heavy 

ion co llisions, the partici pant spectator model can be app li ed, then t he total kinetic 

energy of beam remnants measu red by ZCAL can be related to the number of beam 

remnants. The centrality with upper limit Ec To take the ratio of t he n umber of 

event 

Th centrality corresponds to the impact parameter of coll is ions . F ig . ·5 .2 [41] 

shows energy distribution of ZCA L fo r I T events, at 6 degree wit h t he magnet 

setting of 2Aj--l:A . The Llpp r lim its were .. et to :32.5.6 GeV and 1679.7 GeV so as to 

adjust the trigger cross sC'ction to be 0.32 barn and 2.62 barn fo t· the centrali ty 6 % 

and .sO (:{, respectively, co rrespond ing to 6 % a nd .50 %. or t he impact pa ra meter less 

than :3.:2 fm and 9.l fm, respective ly. T he peak of ZCAL elwrgies were p lotted a' 

function of the rlln 11llnllwr ill F ig. Fi g shows t he pea k 0[' ZC,'-\ L energy flu ctuatf' c1 

arollnd 206b CrV withill rv :2 %. 

\\(' defined hr )'e two types of t riggr r, centra l and pC'riph('['a l as ce ll t ra li ty 0 rv 6 %1 

<1 lid .')0 "" 100 (/: , ['espect i ve ly. 
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Fig. 5.3: Ratio of proton differential yield between 1 A < y < 1.6 and 

1.6 < y < 1.8 in inclusive collisions, as function of transverse kinetic energy, 

mt-mo· 

5.1.4 Systematic Checks 

The systematics of the analysis was checked using the kinemati c symmetry of the 

collision system with respect to the center of mass rapidi ty Yc.m. (~ 1.6). Fig. 5.3 shows 

ratio of invariant differential yields between kinematically reflected rapidity regions 

as function of transverse kinetic energy for protons. The error bars in the figure are 

the statistical errors of the ratios. The proton differential y ield in 1.4 < y < 1.6 is 

consistent to that in 1.6 < Y < 1.8 within 7 %. It is considered as a systemat ic error 

originating from the geometrical acceptance ca.lculat ion. 

5.1.5 S umillary of Systeillatic Errors 

Tfw app lied corrections alld tlw systematic crrors in the analysis (It'(' sllm mari zed in 

'lable. 'flip overall systematic error of the in varia llt cross sect ions was est imated to 

be S (1<; . 

.5.2. TRANSVeHSE-!\IASS SPECTRA 61 

Correct ion Range Typical Cot'rcction Sys. Error 

Inclusive 

TPC Hardware Eff. o """ 0/( -, () 2 % 1 % 
Track Recon. Soft. Eff. 1-7 % 2 % 5 % 

5.2 

FTO F Detection Eff. 0- 30 % 7 % 2 % 
prD 1 % 1 % 1 % 

Subtotal 1 - 40 % 12 % 6 % 

Acceptance - - 5% 
Centrality Cut - - 2% 

I NT Cross Section - - 3 % 

Total 1 - 40 % 12 % 8% 

Table 5.1: The table of correct ion amplitude and systematic errors . The 

typical corrections are at 14 degrees, with momentum of 2 .. 5 GeV Ie. 

Transverse-Mass Spectra 

Fig . 5.4 shows the invariant differential yie lds of proton and deuteron in inclusive 

coll isions as function of transverse kinetic energy at each rapidity-slice. The invariant 

differential yields of proton and deuteron in peripheral and central collisions are also 

shown in Fig. 5.5 and 5.6, respectively. The spectra in peripheral collisions seem to 

be in a single exponential, and the spectra in central coll isions also seem to be in a 

single exponential except for the low 171t region. 

5.3 Parameterization of the Transverse-Mass Spec

tra 

The differential cross sections are generally represcntcd a.s function of transverse ki

lwt ic C'1l<Tgy (fIl.t - rno) [/l2. ·4:3, ·1·l1 4.5] because it is empi rically known that production 

cross sect ion s of sf'concia.['y particlf's in p + p, p + A, and .-t + .-t co lli sions art' descri beel 

well with <-1 sillgl(' f'xpo llcnti<-11 fUllction of t['allSVerSf' kirwtic cllergy, as 

(:">.6 ) 
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5.4. RAPIDlY)' OISTRIBf'TIO V8 6.) 

where To is callrd the illverse slopr pa.ra.meter and Au is a normalization factor. But 

thr single CXpollPlltiaJ function was not slIitable to descril)f' the t"E'suits. especially for 

low m, region in cent.ral collision. To dcscribr those spf'ct.ra, a double exponential 

function was used, as 

( .5.1) 

The fit.t.ing result.s for proton and deuteron are shown in Fig. .5.1 and .5.8, Fig. .5.9 

and .5.10, and Fig. .5 .11 and .5 .12 in the inclusive, the central and the peripheral 

collisions. respectively. 

5.4 Rapidity Distributions 

The rapid i ty distribution of p roduced part icles was evaluated by an integration of the 

in variant differential cross section over transverse mass . From the single exponential 

(Eq . .5 .6), the cross section do) dy in a rapid ity sl ice can be derived as 

1= d(J2 
----- . 2Ttmtdmt 

mo 27rmtdmtdy 
2iTAoTo(To + mo) . 

S im il a.rly from the double-exponent ial (Eq . .3 .7), d(J / dy can be written as 

T he re fo re t he part icle y ield ca.n be wri tten as 

1 d2 (J 

(Jtl-ig 27r7?lt drn t dy 
1 . d i\f . exp (_ mt - mo) 

2'ifTo(To + mo) ely To 

assuming the s ing le expone nt ia l o r 

1 (fl (J 

rJtri.'J 2 'if In rdnl tely 

1 

2 'if 7\ (1', + 777 u ) 

1 

U' 

(5.8) 

(.5.9) 

(.s.10) 

(.S.11) 

U>·12 ) 
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a suming the double exponential , where dNjdy is the particle yield per trigger in a 

unit rapidity (rapidity df'nsity) defined as 

dN 1 cia 
dy - atrig . dy' 

(.5.14) 

and w is the ratio between the two components. 

Rapidity distributions of protons and deuterons in minimum bias collisions were 

evaluated using the function in Section .5.3. And the rapidi ty distribu tions and the 

inverse slope parameter To or Tl are shown in Fig 5.13 and Fig 5.14, respectively, 

and summarized in Table 5.2. 

The dN j dy of proton is almost constant but that of deuteron has a small bank at 

y = 0.8 ignoring a point in the mid-rapidity. 

The inverse slope parameter, To or Tl of both proton and deuteron increase as 

rapidi ty goes to mid-rapidity. The To's of deuteron is larger than those of proton by 

factor 1.8. 

Rapidity distributions of protons and deuterons in central collision.' were evalu

ated , too. And the rapidity distributions and the inverse slope parameter To or Tl 

are shown in Fig .5.15 and Fig 5.16, respectively, and summarized in Table ·5.:3. 

The dN j dy of proton has a small bank at the mid-rapidi ty. It suggests the stopping 

of Au+Au collisions at AGS. 

The To's of deuteron is clearly larger than those of proton in the central colli sions, 

too. 

Rapidi ty distributions of protons and deuterons in peripheral collisions were eval

uated, too. The rapidity distributions and the inverse slope parameter To or Tl in 

peripheral collisions are shown in Fig 5.17 and Fig ,5.18, respectively, and summa

rized in Table .5.4. 

The inverse slope parameter , To or Tl of both proton and deuteron increase as 

rapidity goes to mid-rapidity. As described above, The To's of deuteron is obviously 

larger than those of proton in both the minimum bias and the central collisions. But 

To's of deuteron is similar to that of proton . 

5.4 . RA PIDIT'r' DISTRIBUTIO VS 
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Fig. 5.13: The rapidity distribution of proton and deuteron in minimum bias collis ions 
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Fig. 5.15: The rapidity distribution of proton and deuteron in central collisions 
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F ig. 5 .18: The in verse slope parameter a.s fu netion of rapidity for proton and 

deu teron in peri pheral collisions 

3 

5.4. RAPlDITY DlSTRfBUTIONS 

Proton 

Rapidity dNldy -w Tl [MeV Ic2] T2 [MeV/c2
] ,,2/DOF 

0.6 - 0.8 13. ± 1.0 1:33 ± 12. .5.59 1 3 

0.8 - 1.0 21. ± 1.4 223 ± 17. 1.47 1 4 

1.0 - 1.2 20 . ± 1.5 0.09 ± 0.13 224 ± 37. 114 ± 43. 1.66 1 3 

1.2-1.4 19.4 ± 0.20 0.14 ± 0.07 2:30. ± 8.6 128 ± 2:3. 9.58 1 9 

1.4-1.6 18.8 ± 0.16 0.3 ± 0.1 220 . ± 9.2 1:36 ± 20. 5.87 / 14 

1.6 - 1.8 17.8 ± 0.28 0 .. 50 ± 0.08 199. ± 7.5 139. ± 7.9 10.8 1 8 

1.8 - 2.0 1.5 .9 ± 0.77 0 .. 5 ± 0.1 191 ± 18. 129 ± 11. 1.16 1 :3 

Deuteron 

Rapicli ty dNldy To [NIe V 1 c2
] ,,2/DOF 

0.4 - 0.6 1.32 ± 0.09 84 .7 ± 7.8 2.26 1 2 

0.6 - 0.8 1.66 ± 0.1:3 229 ± 21. 0.781 / 3 

0.8 - 1.0 1.63 ± 0.10 356 ± 25. 3.15 1 .5 

1.0 - 1.2 1.34 ± 0.03 404±12. 28.5 / 10 

1.2 - 1.4 1.13 ± 0.02 :379. ± 9.2 26.8 / 10 

1.4 - 1.6 1.5 ± 0.23 540 ± 87 . 5.43 / 4 

Table 5.2: T he rap idity densities d'lld!), the enhancement factor 'iV, the 

inverse slope para.lJleters 1"0 or Tl and T2 and chi2 in minimum bia.s collisions. 

,9 
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Proton 

Rapidity dN/dy -w Tl [MeV /c2
] T2 [N[eVjc2] X

2/ DOF 

0.6 - 0.8 30.4 ± 6.9 III ± :39. l.06 / 3 

0.:'> - 1.0 49.1 ± 7.4 2:37 ± 39. 0.341 / 4 

1.0 - 1.2 56.8 ± 4.1 0.33 ± 0.17 2:38 ± 37. 169 ± 27. 6.26 / 7 

1.2-1.4 .54.4 ± l.0 0.68 ± 0.13 20.5 ± 16. 119.7±8.4 ,5.91 / 9 

1.4-1.6 .53.2 ± O. I 0.11 ± 0.05 199.9 ± 4.6 167.9 ± 6.0 12 . .5 j 14 

1.6 - 1.8 .50.1 ± 1.4 0.71 ± 0.07 192 ± 11. 154.5 ± 6.6 1:3.1 j 8 

l.8 - 2.0 46.4 ± 4.6 0.68 ± 0.18 210 ± 38. 170 ± 20. 0.404 / 2 

Deuteron 

Rapidity d V/dy To [Tvle V / c2
] X2 /DOF 

0.8 - 1.0 ,5.5±1.4 ,570 ± 146 2.29 / .5 

1.0 - l.2 4.39 ± 0.:36 ,544 ± .52 . 24.6 / 10 

1.2-1.4 :3.·54 ± 0.14 438 ± 29. ·13.7 / 10 

1.4 - 1.6 .5.9 ± 2.·5 760 ± 300 1.27 / 4 

Table 5.3: The rapidity densities ciS j dy , the en hancement factor w, the 

inverse s lope parameters To or TI and T2 and chi2 in central collisions. 

5. ·/. RAPfOfT)' OfSTRIB( TfO. 5 

Proton 

Rapidity dN/dy -w Tl [Nle V / c2
] T2 [MeV /c2

] \2/DOF 

0.6 - 0.8 5.40 ± 0.46 96. ± 10. 7.26 j 3 

0.8 - l.0 6.73 ± 0.41 155. ± 12. 7.97 / 5 

l.0 - 1.2 6.24 ± 0.15 181.3 ± 6.0 5.4, / 6 

1.2-1.4 .5.78 ± 0.08 210.1 ± 4.4 12.6 / 10 

l.4 - l.6 .5.47 ± 0.01 200.2 ± 2.5 17.7 / 17 

1.6 - 1.8 .5.58 ± 0.07 19l.0 ± 2.9 22.0 / 11 

l.8 - 2.0 4.68 ± 0.42 0.728 ± 0.072 130. ± 11. 102.4 ± 8.1 6.74 / 3 

Deuteron 

Rapidity dN/dy To [MeV /c2] X
2
/ DOF 

0.4 - 0.6 0.874 ± 0.069 69.0 ± 8.0 0.136 /2 

0.6 - 0.8 0.691 ± 0.061 149. ± 19. 2.09 / 4 

0.8 - l.0 0.441 ± 0.020 184. ± 14. 2.36 / .5 

1.0 - l.2 0.:33.5 ± 0.009 215.7 ± 9.5 18.9 / 10 

1.2-1.4 0.261 ± 0.007 21.5.:3 ± 8.0 19 .5 / 11 

1.4 - l.6 0.:2:38 ± 0.0:32 256 ± .58. 2.4.5 / 4 

Table 5.4: The rapidity densities dl\TjrlU, the enhan cement factor w, the 

inverse s lope para.meters To or TI and T2 and ch j'2 in peri pheral collisions . 



Chapter 6 

Discussion 

At the early stage of the heavy ion collisions, the baryon density and temperature 

goes up by nucleon+nucleon collisions, where the mean free path is expected to be 

less than 1 fm assuming the n-n cross section as 40 mb. The mean free path is much 

less than the radius of the reaction volume at this stage. Then, the baryon dens ity 

and temperature go down due to expansion. After the mean free path becomes nearly 

equal to the radius of the reaction volume, the particles are expected to behave as 

free particles. This phenomenon is called freeze-out, and the density of the reaction 

volume at that time is called freeze-out densi ty. 

For the study of reaction mechanism, and also for the test of the creabon of an 

exotic states of matter. it is important to study how and when the freeze-out occurs in 

the evolution. Study of composite particle production in terms of coalescence model 

will shed light on this subject . 

6.1 Production Mechanism of Composite Particles 

Productions of composite particles such as deuteron and tri ton in heavy ion collisions 

are interesting by itself. As an example, deuteron is made of pl'Oton and neutron 

with the binding energy of 2.2 MeV. Such weaJdy bound objects are produced in 

heavy ion environment where the ternp('rature may be "" 150 ~ [ \ or even higher. 

The composite particles may be struck Ollt from tlw t.a.rget or pl'oj('cti lc-' nucle i iu t he 

hravy iOIl collisions. fIo\V('\"('>r, near the mid-rapidity rrgion, it may !lot killclllatically 

br COlTect. 

In order to illvestigate th(' contribution of the fraglllrilt. c\I'UICI'OIIS, prohability 01" 
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6.2. POitVER LAW IN THE COALESCENCE \[ODEL 

deuterons at the beam(targ t) . I' t I k' I I . I .. .. e raplC Ity 0 )e "IC .;:ec to mIt -rapidIty reglOll IS evaluated 

using the elastic cross section of d + p -7 d + p [i], 

d(}prl dt::; 0.14 [p b/(GcVjc)2], (6.1) 

where t denotes the momentum transfer. This differential cross s etion is mea

sured at t ~ 1.8 [(GeV jC)2]. A deuteron produced as the target fragment must 

get t r'V 4(GeV IC)2 to be observed around mid-rapidity region at 12 A·GeV Ic through 

a collision with a projectile nucleon. The mean free path of the elastic collision in 

the projectile rest frame for 3.5 < t < 4.5(Ge VjC)2 is d > 1 r'V 4 ') x 105 
pd (t_4 5 ciCJ"pd .~ 

[
Po J 1=3.5 dt dt 

fm]' where Po represents the baryon density in the normal nucleus of 0.17 [fm-3]. On 

the other hand, the radius of a heavy ion, for example Au nucleus, is RAu rv 8 [fm]. 

Thus, the possibility that a target fragment is accelerated to the mid-rapidity region 

is less than of the order of 10-4 and this is negligible . Note that the probability to 

find deuteron in nucleus is ignored here. 

Therefore, the composite particles near the mid-rapidity must be produced in the 

high density region. Although the composite particle can be produced directly with 

anti-particle in the high energy collisions, the probability of direct production is quite 

small. 

Direct production of deuterons through N N ~ rv N dd can be estimated with 

anti-deuteron yields. E858 collaboration measured anti-deuteron production in 14.6 

AGeV Ic Si+Au collisions at zero degree [8]. They measured invariant d cross section 

at p = 6.1 GeV jc; 

( 6.2) 

On the other hand, the d yield measured by the E886 collaboration at p = 1.8 Ge V I c 

is as follows [22]; 

(6.:3 ) 

The ratio did is of the order of 10-1
. Thus, the contri bution of direct d production 

is negligi ble. 

6.2 Power Law in the Coalescence M ode l 

The most sllccessful model to c\pscri be COIll posi tc p(utidp prodllct.ioll ill A + t\ colli

sions aL Brvalac and p+A and p+p at CEHN is the c()(11('s(Tllct' l11odp\. OI1P of the 
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first questions Iw]'f' is whether pOWf'r law holds In the heavy 1011 collisions at l'-\GS 

energy or not. 

Thf' invariant ero 's section of a produced composite parti cle with the mass number 

A is related to thp obse rvpd cross section of proton in the coalescence model, as [46] 

E d3
0'A = C (E (PO'P) A (6.4) 

Al 3 A Pd 3 
(PA Pp 

or 

d3 VA 
( d

3

N r EA -,-3- BA Ep dpgP (6 .. 5) 
CPA 

dN 1 dO' 
(6.6) --.- , 

dy O't,-ig ely 

BA C A-I A . O't,-ig . (6.7) 

where PA = A· PPJ C A and B A are coalescence scaling coefficients, dN / dy is the particle 

yield per trigger in a unit rapidity (rapidity density). Those relations assume that 

the shapes of the proton and neutron spectra are identical. This relation is called 

as a power law of the coalescence model. Assuming that the probability depends on 

only the density at the momentum phase space , the coalescence scaling coefficient, 

BAl can be given with the reduced coalescence radius, Po, as [47] 

B = 4 25 A + 1 1 ( i\lp + Nt ) N (.471' Po 3) A-I 

A . 2A V!Z! Zp + Zt 3m (6.8 ) 

where SA is the ground state spin of the composite particle, N, NpJ Nt are the 

composite particle , proj ctile, target neutron numbers, respectively, Z, Zp, Zt are the 

composite particle, projectile, target proton numbers, respectively, m is the nucleon 

rest mass. The value of Po corresponds to the maximum relati ve momentum for 

nucleons to merge together. To hold this power I a'.\' , there are following requirements: 

1. the density of nucleon is low enough for the gas picture to hold, 

2. the yield of the composite particles is much smaller than that of proton(neutron), 

th n the composite particle production does not affect the yie ld of proton(neutron). 

The B .. t shOldd Iw COil ·taltt for a given composite particle sp cies since it depends 

on only mass nUlllbpr of tllP composite particle in Eq . 6.S . III order to test the power 

IClw. OI1P has to show thi-1t tilt' HA clOt's not depend 0 11 PI (or /lId aud .y of the produced 

composite particle. 

T~lf' ff'ature of tllP power 1<),\\· C<Ill be shown wit.h the LiJ('J'I1la.l model a lso. Th is is 

discussf'd in Section G .. 5.1. 

6.3. TEST OF PO~VER LAH/ LV J:V(,L[ 'S'f\"E (,OLLfSfO .\ 'S 

Deu teron, Test of Po wer Lo w (Inclusive) 
.---------------------~ ~----------------------~ 

0 .05 0.1 0 .1 5 0 .2 0.25 0 .2 0. 4 

m t -mO (0 .8 < Y < 1.0) mt-mO ( 1.0 < Y < 1.2) 

- 1 
10 ~~~L-L_L_~~~~~~ 

0 .2 0.4 0.6 

mt - m O (1 .2 < y < 1.4) 

Fig. 6.1: Test of power law for deuteron in inclusive collisions. The x-axis 

is mt - mo [GeY /c2] and the y-axis is invariant differential cross section [barn 

C' y-2 -1] ~e c . 

6.3 Test of Power Law In Inclusive Collisions 

6.3.1 Power Law 

S!) 

The power law is examined to the inclusive spectra of deuteron at each rapidity slice , 

and we obtain the coalescence scaling coefficient C 2 of deuteron (A =2). 

Fig. 6.1 shows dell teron spectra wi th fitting fUllction obtained from proton spectra 

in the inclusive collisions . Although the 'lopp 0(' the clf'uteron seems to be larger the 

expected sp ctru m by the power la\V is cOllsistf'1l t wi t h the sppc t rllm of d u te ron 

wit hill 101< at tllP j>/ reg ion obSPrve(\ ['oJ' a ll rapidity slic('s. The POWCJ' Ir,.w ca n 

I .\ I t ' tl ' 10 lI1 '111 t.llc '1llclusivc collisions. The C ) dnd 8 2 are ('S(, 1'I )f' ( cut.cron spec ra W I - 1111 I t ~ 

Sll 111 I1larized i ll Tab le 6.1. 
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Rapidity C 2 [barn- l GeV2/c2] I \2/ DOF B2 [GeV2/c2] Po [YI V /c] 

O.S - 1.0 (.5.8,5 ± 0.0/) x 10-.1 21..5 / 6 (:3.01 ± 0.04) x 10-3 67.5 ± 0.:3 
L.O - 1.2 (.5 . .51 ± 0.06) x 10-4 203. / 11 (2 .80 ± 0.0:3) x 10-3 66.1 ± 0.:3 
1.2 - 1.0 (6.0:3 ± 0.06) x 10-4 8,5.1 / 12 (3.17 ± 0.0:3) x 10-3 68.2 ± 0.:3 

I 

Table 6.1: The coalescence scaling coefficient C2 and B2 ) and red uced coales

cence radius Po in inclusive collisions. (Jtrig = .5.25 [barn]. The errors indicate 

only fi tting errors. The systematic error of C2 and B2 is 17 %, and that of Po 
is 6 %. 

6.3.2 Rapidity Dependence 

\Vith the coalescence model, the coalescence scaling coefficient B A should not depend 

on rapidity of produced composite particles. The B2 which were obtained in the 

previous section, are plotted as a function of rapidity in Fig. 6.2. 

Fig. 6.2 shows that the values of B2 are constant within errors. It is shown that 

the B2 does not depend on the rapidity of the deuterons at the range of O.S < y < lA. 

The independence of B2 from pt(mt) and y of the produced deuteron suggests that 

the power law also holds in the Au+Au colli sions at AGS energy. 

6.3.3 Comparison with Collisions at Other Energies 

The obtained B2 are compared with the other experiments at the other collisions/beam 

energies in Fig. 6.3. All the measurements were carried out with minimum bias trig

gers in this figure. Many experiments at Bevalac claim that B2 is fairly independent 

of the beam energy and of the system s ize of the collisions. The same value of B2 's 

are observed in p+A collisions at CERN also. The universality of coalescence scaling 

coefficient , B2 has been considered to support that the coalescence scal ing coeffic ients 

are governed only by Po. 
However, OLlr B2 of inclusive measurement is obviously smaller than those of the 

other experiments by a factor of 5. Such small B2 was never reported from Bevalac 

experiments . There is clear departure from the general trend which has been believed 

from A+A experiments at B valac and p+ \ experiments at e'ER . This dralnatic 

change was also reported from t he previoLLs measlIrements at AGS. Systematic study 

of deuteron production were awaiting for in ordf'r to confirm ;wd to clarify the il11 -

6.3. TEST OF PO\;VER LAHl IN I,YCLUSI\/E COLLISJO.YS 
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P ' 6 2 B2 as a function of the rapidity in inclusive collisions . The filled 19. .: 

circles are reflected da.ta. The error bars indicate the systematic errors. 
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Fig. 6.3: B2 as a function of beam energy in the inclusive col lis ions . 
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portance of th is ('fft'd. 

6.4 Centrality Dependence 

To investigate the sysLem size dependence of 8 2 , we p dorm the comparison of B2 in 

the central colli sions and the peripheral co lli sions . The test of the power law is also 

done for deuteron mt spectra in the central and the peripheral collisions. 

6.4.1 Power law in Peripheral Collisions 

The power law was examined to the spectra of deuteron in the peri ph ral collisions 

corresponding to the impact parameter of 9.1 < b < 12.9 fm at each rapidity slice. 

The results are shown for the rapidity slice of 0.8 < y < 1.0, 1.0 < .1) < 1.2 and 

1.2 < y < 1.4 in Fig. 6.4. The figure shows that the power law can describe very well 

the deuteron m ·t spectrum in each rapidity slice. 

The coalescence scaling coefficients, C2 and B2 are summarized in Table 6.:2. 

O.S - 1.0 (2 .98 ± O.OS) x 10-3 2.38 / 6 (7.8 ± 0.2) x 10-3 92 .0 ± O.S 

1.0 - 1.2 (:3 .17 ± 0.08 ) x 10-3 IS .1 / 11 (8.:3 ± 0.2) x 10-3 94 .0 ± O.S 

1.2 - 1.4 (2 .59 ± 0.07) x 10-3 2:3.4 / 12 (6.8 ± 0.2) x 10-3 87.9 ± 0.8 

Table 6.2: The coalescence scaling coefficient C2 and B2 , and red uced coales

cence radius Po in peripheral collisions. (jt"ig = 2.62 [barn]. The errors indicate 

only fi tting errors. The systematic error of C2 and B2 is 1, o/c, a.nd tha.t of 1)0 

is 6 O/C. 

6.4.2 Rapidity Dependence in Peripheral Collisions 

The 8 2 which obtained by t'xarnination of t.he pO\\'e'r law, are plott d as a. function of 

rapidity ill Fig. 6 .. 5. 

Although tl1f' sysLe'IllaLic ('rrors of tlte B2 ill the p('ripltercli coll ision. is large'\', a 

clear dcpt'ndpflc(' of 1J'2 Oil the rClpidity is not fOllnd ill fig. 6.:'). 
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Deuteron, Test of Power Law (Peripheral) 
,----------------------- ~--------------------~ 
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Fig. 6.4: Test of power law for de ute ron in pe rip he ra l collis io ns . The x-axis 

is mt - 7no [GeY /c2] and t he y-axis is in va ri a nt d iffe re nt ia l c ross sect io n [ba rn 

C' y-2 -I] le c . 
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Fig. 6. 5 : B2 as a fun ct ion of ra pidi ty in pe ri phera l collis ions. T he filled 

c ircles a re re"ft ected data. The e rror bars ind icate the systematic errors. 



92 

-1 
10 

-1 
10 

CHAPTER 6. DI.)'('US'SIO V 

Deute ron, Test o f Po wer Low (Centro l) 
~--------------------~ r---------------------~ 

0.05 0.1 0.15 0 .2 0.25 

mt-mO (0.8 < y < 1.0) 

0.2 0.4 0.6 

mt-mO (1.2 < y < 1.4) 

- 1 
10 

0.2 0 . .3 0.4 

mt-mO ( 1.0 < Y < 12) 

0.5 

Fig. 6.6: Test of power law for deuteron in central collisions. The x-axis 

is mt - ma [GeY /c2] and the y-axis is invariant differential cross section [barn 

Gey- 2c4 ]. 

6.4.3 Power law in Central Collisions 

The power law was also examined to the spectra of deuteron in the central collisions 

corresponding to the impact parameter of 0 < b < :3.2fm at each rapidity sli ce. 

The fitting results are shown in Fig. 6.6. The figure shows that the power law 

also can descri be the deuteron mt spectra in the central collisions within 10 '" 20 % 
in each rapidity slice. 

The coal -cence 'caling cOf'ffic if'nts. (.'2 and B2 a re s umm a ri zed in Table 6.3. 

6.4.4 Rapidity Dependence in Central Collisions 

TIl(' 8 2 are plotted as a fUIlction of rapidity ill Fig. 6.7. TI1f' ngllt'(' shows that th e 

values of [3.2 are constant wi t. hin (,ITors. It is cOllfirtl1('d t hat t he /32 do('s [lot dCj)elHI 

on the rrtpidity of the dC'u t(,l'ons ill til(' ct'lltral collisiolls. 

6.4. CENTRALITY DEPE. DEVCE 

Rapidity C2 [barn- 1GeV2 /c2 ] \ 2 / DOF 8 2 [Cc y2 /c2] Po [\ leV /c] 

0.8 - 1.0 (:3.8 ± 0.1) x 10-3 6.2'+ / 6 (1. 19 ± 0.0,1) x 10-:3 49.2 ± 0.5 

l.0 - 1.2 (3.9 ± 0.1) x 10-3 ')0 - / ~ ~ . :) I (1.24 ± 0.0~1 ) x 10-3 '-19 .9 ± 0.5 

1.2 - 1.0 (4.2 ± 0.1) x 10-3 16.4 / 10 (1.:32 ± 0.04) x 10-3 .50.9 ± 0 .. 5 

Table 6.3: The coalescence scaling coefficient C'2 and B2 , and red uced coa

lescence radius P'o in central collisions. a trig = 0.31.5 [barn]. The errors indicate 

only fitting errors. The systematic error of C2 and B2 is 17 %, and that of P'o 

is 6 %. 

The independence of B2 from pt(mt) and y of the produced deuteron has been 

shown for peripheral to central collisions. 

6.4.5 Centrality Dependence of B2 

The value of 8 2 in the central collisions is smaller than that in the peripheral colli sions 

by a factor of 5. For comparison, those B2 's are plotted with the other measurements 

in Fig. 6.8. Note that all the other measurements carried out with minimum bias 

triggers in this figure. 

At Bevalac energies, B2 's do not depend on the system size of collisions. In 

addition, the B2 in p+A collisions at CERN is also similar to that in A+A collisions 

at Bevalac. However, our B2 of inclusive measurement is obviously smaller than that 

of the other experiments by a factor of 5. Furthermore, it is clearly demonstrated that 

the B2 depends on the centrality select ion of Au+Au at AGS , namely the number of 

participant nucleons. Our B2 in the central Au+Au collisions is smaller than those 

of other experiments by a factor of 10. 

This small B2 in the inclusive co llis ions and the system size dep ndence of 8 2 

clearly break away from what is xpected in the convent ional coalesce nce model. 

This result a lso suggests that the coalescence of nucleons into compos itf' particles is 

extremely in Auenced by the colli sion dynamics. 

To exp lain our resulls , we invest igate t he effect of d uteron breakup by nucleo ns 

on B2 . The inelastic cross sect ion of p+ d collisions is 70 rv 90 mb at the pmto n 

labo ratory mornf'lltum of L - 10 GeV /c [56]. The co rrE'sponding mean ('1'('(' pat.h of 

de uterons is 0.7 rv O.S fm at the normal nucleus dens ity. On t he ot her hanel, the radius 

of the participan t VO llllllf' in the central Au+AII collisions is ;-tbout 7.'2 fm, assllming 
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Fig . 6 .7 : B2 as a funct ion of rapidity in the ce nt ral col lisions. The fi ll ed 
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circle. are reflected data. The error bars indicate the systematic erro rs. 
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(II(' sphere shapc. TI1(' me,u] free' prtth is 11111('11 sf1)aller (han thE' participant vo lume 

sizC'. Tlwrdore, the survival probahiliLy of a df'tIlcron produced in the pa.rt icipant 

volume i .. :3 x 10-:) for tbe central C'vcnts, assllming the deuteron path length to be 

the participant radius. The 8 2 's for Bevalac and CER data in inclusive events are 

about 0.02 independent of the beam energy, while the B2 in central Au+Au collis ions 

is about 0.001. 

Suppose the initial deuteron and proton y ields are described with the un ive rsal B2 

of 0.02, and produced deuterons suffer from breakup by participant nucleons, the B2 

in the central Au+Au events is 0.02 x :3 x 10-5 = 6 X 10-7 . This val ue is t h ree order 

smaller than the experimental observation. It is hard to explai n the supp ress ion of 

B2 in central Au+Au events only by the deuteron breakup by nucleons . 

6.5 Source Size Evaluation 

To explain our small B2 , we may require a consideration of the spat ia l correlations 

of the nucleons. As explained in Sect ion 6.2, the coalescence model consider on ly 

the relative momentum of the nucleons in momentum phase space, but not for the 

nucleons' spatial proximity to each other. In coll isions at Bevalac energies, t he number 

of produced part icles is smalL and source sizes are expected to be on t he order of 

the size of the inc ident nucleus, 160 , 20 e, or 40 Ar, i. e ., 3 rv 4 fm . Therefore, t he 

source sizes are expected to be independent of the target sizes . And t he source size is 

comparable to that of deu teron. Thus, a consideration of spat ial space has not been 

nece sary. However, fo r t he higher ene rgy colli sions at AGS, it is expected that t he 

system expands ti ll the dens ities are low enough to allow t he deuteron to surv ive. 

Thus the values of BA might contain the informat ion o f the so urce size . 

To extract the source size from the scali ng coeffic ient B 2 , we apply a t he rmal m o cl el 

d velop d by Mekj ian [47,48, -1:9] and a model dev loped by Sato and Yazaki [.50] . 

6.5.1 Therlllal Model 

The thermal model deve loped by i\ I('kjian [ 11,48,49] aSS lI llH:'S t hat t he t hcnn al a nd 

clwtn ica.l C<j llilib rill lll a rp ('s ta,blis lwc1 in a l't'act ion vo lll tllC' . V(= ilrr n +j:3) a,nd t hc 

11lOl1lCntuIll distribut ion of' the pa,l' t ic les ill V arc give n by the l\ [axwc ll - BoICz man ll 

dist riblltioll. 
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First, the assumption of chemical equilibrium is t'xpressed a .. , 

(6 .9 ) 

where Z and N indicate the number of proton and neutron forming the composite 

particle, ancl ~li indicates the chemical potential of particle specie i, \vhich leads 

immediately to the law of mass action: 

No[Z,N] 
No[l, OJz No[O, l]N 

AT 

( A~ ) A-l A~Zinl(Z, 'V) 

V 2A ' 

hi (2rrmpkT) 1/2, 

(6.10) 

(6.11 ) 

where No[Z, N] is the equili brium number of composite particle with Z protons, N 

neutrons, with A = Z + 'V, the AT is the t hermal wavelength of the proton mp is 

the mass of proton, k is Boltzmann constant, and Zinl [Z, N] is the initial partition 

function of the composite particles . For the total number of protons and neutrons,Z 

and N in the system, including t hose contained in composite nuclei, the equations of, 

m ust be sat isfied . 

Z 

V 

L No[Z,NlZ, 

L No[Z,N]N, 

(6 .12) 

(6.13) 

Secondly, the ass um ption of thermal equili b ri um gives the momentum space cl n

sity of the composite pa rt icles from Maxwell-Boltzmann distribution, as 

(6.14) 

where t he PA is t he momentum of t he compos ite part icles with A nucleons which is 

re lated to th total kinet ic energy E [\· = p~/2mA' Th momentum space density, 

Eq. 6.1 4 is isotropic and it app lies to the dist r ib ution in a rest frame. 

T he moment um space cl ns ity of the composite pa.rticles can be written as a 

power of Llw proton moment ulll space dens ity. Defining the momentum per nucleon 

I I a rlcl t he ki net ic encrgy per nucleon E,k1'in = E.~·\ in lA, Eq. 6.1 - ~ can be Pn = PA i- l , 

wri tte ll as, 

(f3 Vo[Z, S ] J [Z V] ( 1z3) A-1 ( Nu[OllJ ) N ( (3 \:~[1 . 0]) ·- \ 
---- = ...l Zinl J . . [1 0] f' 

([3Pn \ n() . c ' PI! 
(6 . 1:) ) 
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Tn thp convf'ntional coal('s(f'nc(' model, the nll III bn of composite particles pel' event 

pn 11llit. plemcnt of phas(' spacf', (P.V[Z. Nl/(Ppn is written as, 

d:3 /\T[Z. LV] = . .f32SA + 1 1 (Nt + 'V7J ) N (~7r .j 1).4-1 (CPJV [1,0] )A 
CL3]Jn .) Z'LV' Z + Z 'J /70 [3 ~A .. t p.J ( Pn 

(6.16) 

where the / = (1 + p~/n1;. Comparing Eq. 6.15 and Eq. 6.16, the interaction volume 

V in the thermal model can be correlated with the sphere in momentum space of 

the coalescence model. Thus the root mean square radius , RT = (3V/47T)1/3 o[ the 

interaction volume is given as 

R} = (Z!N!)A~' (~~::) . (6.17) 

For the deuteron, the RT is inversely proportional to the Po. Therefore, by using the 

formula, source radius can be evaluated with this model from the composite particle 

production. 

6.5.2 Sato-Yazaki Model 

To ext ract the source size from the coalescence scaling coefficient B2 , we apply a model 

developed by Sato and Yazaki [50]. This model uses a density matrix formalism to 

describe a highly excited part formed in collisions. The model assumes that after 

first collisions, a highly excited part (HX) is formed temporarily, which then decays 

by emitting various particles. The momentum distributions of these particles are 

assumed to be approximately given by the density matrix at this stage. In this 

picture, neither thermal nor chemical equilibriun1 needs to be assumed . The model 

also assumes that the internal wave function of the composite particle produced in 

collisions and the spatial distribution function of the nucleons in HX are described 

with Gaussian function. Then, the momentum distribution of emitted composite 

particle is described with the Fourier transforms of the internal wa.ve [unction of the 

composite particle and the spat ial distribution functio!l of the nucleons. Fillally the 

model ca.n be cast ill the same form as the conventiona.l coalescence model and the 

reduced coalpscE'n ce radill s. /;u, can be related to the size parameter of the excited 

rpo'ion as [22], 
"'-Ali 

/)u = ----;:==== J R;-y + R'~I ' 
(G.18) 

wllf'l'f' "' .. 1 is a phcts(' sparf' facto I' which is dct('l'llliI1(,cl by tile lll'l.SS 1l11l11bpl' , .4., and 

spin of' the cornposit,e prll' t id( s, ' ~·A. 17 .. 1 is the root l1lC'a,n sqlla.t'f' radius of' tht' wave 
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fun ction of the composite pa.rticle, Rsy is the rms radius of th(' source. Thc t 11f' "'-2 

is 1.90 and the 112 is 2.7:39 [fm] for deuteron. This model, how v _r, I1Pccls caution 

for tbe application. First, this model is non-relativistic. In our case, this might 

require additional caution. Second, this model assume. a Gaussian distribution for 

the nucleon distribution. Therefore, the actual value of the source size might not be 

correct. However, as a first order evaluation, this model is very useful. 

6.5.3 Source Size 

The source sizes, RT and Rsy , are obtained from the thermal model and the Sato

Yazaki model using Eq. 6.17 and Eq. 6.18, respectively, and listed in Table 6.4. The 

I Po [lYle V / c] I RT [fm] I Rsy [fm] I 

Inclusive (3.0 ± 0.5) x 10-3 67 ± 4 7.1±0.4 4.9 ± 0.3 

Periphera.l (7.6 ± 1.3) x 10-3 91 ± 5 5.2 ± 0.3 3.1 ± 0.2 

Central (1.3 ± 0.2) x 10-3 50 ± 3 9.5 ± 0.6 7.0 ± 0.4 

Table 6.4: The source sizes, RT and Rsy, deduced from the thermal model 

and the Sato- Yazaki model using Eq. 6.17 and Eq. 6.18, respectively. The errors 

indicate the systematic errors. 

source sizes strongly depend on the centrality of the collisions, namely the values 

of both RT and Rsy increase as collision system becomes large. To investigate the 

source size dependence, we have calculated the average number of participant nucleons 

from trigger cro s sections. vVe have obtained the number of nucleons in spher ical 

ov rlap of the target and projectile nucleus with the impact parameter calculated 

from the measured trigger cross sections. The source sizes are plotted as a function 

of the average number of participant nucleons in Fig. 6.9. The dot line represent the 

radius of normal nucleus. The figure shows that both RT and Rsy relate the cubic 

of the number of participants, which suggests the nucleon density is constant when 

thp dellt('J'on. are produced. 

Assuming that th(' source i ' isotropic and the nucleon dcnsit.y is constant in the 

SO lll'C(" the llucleon density 0111 be c\'aluatcd with Eh and l?~') and Llw !lumber of 

participa.nts. [n Fig. (i.9, thl'(,~ points of RT and Rs)" c\['(' fitted with !J = RnA 1;'1, 



LOO 

E 
lL 

(J) 

U 
L 
:::> 
o 

(j) 

10 

7 

5 

3 

2 

x Thermal model 

o Soto- YoZokl model 

- 1.2-Al/3 

CHAPTER 6. OfS('C SSTO.V 

1L-__ ~ __ -L-L-L~~~ ____ L--L~~-LLLLL ____ ~~ __ ~-L~~ 

1 5 10 50 100 500 1000 
Number of Portlclpont 

Fig. 6.9: The number of participant vs source radius ded uced by the thermal 

model and the Sato-Yazaki model. The error bars are systematic errors. 

respectively, and the nucleon density of the source, p is calculated as, 

(6.19) 

Th number densities of nucleon of the source from R t and Rsy are 0.29 and 0.10 

[fm-.'3], resp ctively. These values are consistent with the nucleon density of normal 

nuclei: 0.16-0.17 [fm- 3
], within a factor of2. However , the source may not be isotropic, 

thf' nuclf'on density may not be constant in the sou rce and the number of participallt 

nucleons may not 1)(' the number of nllclrons in spherical overlap of the target and 

projf'ctilc nllclC'IIS. "f'C I caution for these number'. 
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6.6 Comparison with RQMD 

6.6.1 RQMD 

RQMD(Rf'lativistic Quantum Molecular Dynamics) is a microscopic cascadf' model to 

investigate space-time evolution of relativistic heavy ion collisions at Dubna , AGS and 

CER energies. The model explicitly follows the trajectories of all hadrons including 

produced hadrons. Their propagations are done in the framework of relativistic con

straint Hamiltonian dynamics [5.5]. The model combines the classical propagation of 

the hadrons with quantum effects as stochast ic scattering, Pauli blocking in collisions. 

The formation probability of composite particles d, t and He is calculated by pro

jecting a final nucleon phase space distribution on cluster wave-functions [.52 , .5:3, 511]. 

The source function for the nucleons is defined by the freeze-out positions xt and 

momenta pt of nucleons after their last scattering or decay. The ba ic assumption 

is that the single particle phase space density given by the transport model is good 

approximation to the density operator in the Wigner-repre entation. 

6.6.2 Transverse Mass Spectra 

If that the power law holds, the inverse slope parameters of deuterons are exactly 

equal to those of protons. In the peripheral collisions, the inverse slope parameters 

of deuterons are same with those of protons within 20 %. However, in the central 

collisions , the inverse slope parameters of deuterons seem to be larger than those of 

protons. 

\Ne compare our inverse slope parameters with those predicted by RQ"N[D in which 

deuterons are produced with the coalescence scenario. \Vith this model, I\[attiello et 

rd. has predicted Tnt spectra of protons and deuterons in central Au+Au co llisions 

(6 < :3 fm) at AGS energy, 11.5 A·GeV with the mea.Il field which causes the collectiv 

now [.5l]. They claim that the influence of the flow incl'f'ases the deuteron yield on 

thr whole nil' and makes the inve rse s lope parameter, T, larger. Further, the inversf' 

s lope of deuterons with tIl(' flow is larg r than that of protons clue to til, flow. Tllf' 

'ml s pect ra Wf're fiLted to the Boltzma.Tln fllnct.ion, as 

1 d,V ( Illl) ---- = . \ . III tf'Xp - -r-, , 
'27f lU I dl1ltdy 1 

(G.'20) 

whcre' .-\ and T ar flLting para.llwtcrs. 
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Fig. 6.10 !:>hows the ml spectra of protons and deuterons with flow at lo1 < y < 2.1, 

and our spectra of protons and deuterons at the rapidity range of 1.2 < !J < 1.4. 

In order to compare our data with tlwir results, our mt spectra for protons and 

deuterons in the central collisions at a rapidity slice of 1.2 < y < 1.4 are refitted with 

Eq. 6.20. The inverse slope parameter T's, 214 ± 8 MeV /c2 and 340 ± 28 MeV /c2 are 

obtained for protons and deuterons. We also examine the power law to the deuteron 

spectrum of R.QMD. In 0.:3 < mt - mo [GeV /c2] < 0.6, the power law can describe 

the deuteron spectrum within 20-30 %, but in lower mt - mo less than 0.3 [GeV /c2 ], 

the power law can not describe the deuteron spectrum. The B2 in 0.3 < mt - mo 

[GeV /c2
] < 0.6 is (1.4±1.2) x 10-3 which is consistent with our B2 = (1.3±0.2) X 10-3 . 

Quantitatively, the strength of the effect does not agree, but, the tendency seems to 

be right direction. It is very interesting to compare RQMD calculations with high 

statistics deuteron data in future. 

Rapidity mt -mo T [l\tle V / c2
] B2 [GeV2 /c4

] 

[GeV/c2
] p d 

£866 1.2-1.4 0.:3 - 0.6 214 ± 8 340 ± 28 (1.3 ± 0.2) x 10-3 

RQMD 1.1 - 2.1 0.:3 - 1.4 ~ 200 ~ 250 (1.4 ± 1.2) x 10-3 

Table 6.5: The inverse slo pe parameters and the B2 of £866 and RQMD 

in the central collisions. The errors of T of E866 and B2 of RQMD are fitting 

errors and the error of B2 of E866 is systematic error. 

6.6. C01\[PAR.JSO \VITH RQ.\tfO 

Central 
102 

0 Proton y= 1.2 - 1.4 

0 Deuteron y= 1.2 - 1.4 

,...--, 

"" () 
C\1 

10 1 I 

:> 
Q) 

lJ 
'---J 

>-. 
'U 
..J 

6 
'U " 10° " ~ "-
b " 

C\1 

'U 
"-

,...., 
Deuteron I 

.----... 
CD . ~ 

'- cJ) 
...:> 

b 
..J 

¢ 6 10- 1 

t::: 
C\2 .:-. 
'--" 

"-. 

10-2 LL~LL~-L~-L~-L~-L~-L~~~~~ 
00 0.2 0.4 0.6 0 .8 1.0 

IDt-IDO [GeV /C 2] 

Fig. 6.10: The 7n1 spectra of protons and deu terons predicted by RQ fD and 

E866 data. The solid histograms s how the proton and the deuteron spectra 

by RQ~[D and the squa.res a.nd circles axe protons and deuterons of E, 66, 

respect ivel.v. The da.sh lines a.nd dot lines s how fitting result of the Boltzmann 

function. 

10:3 



Chapter 7 

Conclusion 

vVe performed the AGS-E866 experiment aiming at systematic studies of semi-inclusive 

spectra of various identified hadrons from 197Au + 197 Au collisions at 11-12 A GeV /c. 

To measure hadrons at low Pt in mid-rapidity, we constructed a new forward-angle 

spectrometer which was designed for operation under a high particle-density condi

tion. Features of the experiment were systematic measurements of a wide ki nematic 

coverage and centrality of collisions with high capability of particle identification. 

The first data with the Forward Spectrometer were taken in October, 1993, and 

data with large statistic were taken from September to October, 1994. With the 

Forward Spectrometer, production of hadrons, especially deuterons was studied for 

Au + Au collisions at 12 A GeV /c, over the angular range from 6 degrees to 28 

degrees in the laboratory frame . Single particle spectra were measured and analyzed 

in the momentum range above 0.4.5 Ge V I c, and up to .5 .0 Ge V / c for protons and 

deuterons. For example, this angular range with the momentum range corresponds 

to PI ranges from 0.:3 GeV/c to 1.7 GeV/c in a rapidity range from 1.2 to 1.4 for 

deuteron. Most importantly, proton and deuteron spectra such in the wide kinematic 

coverage with event characterization by the centrality of collisions were measured for 

the first time such a heavy collision system of Au+Au at the AGS energy. 

\Ve have shown that the observed deuteron spectra are consistent with the power 

li'tw predict d alld also the scaling coefficient, B2 stays constant in the whole rapid

ity rangf' of this expe'riment. Since this thesis contains dClta of deuteron only. We' 

CClJ1tlot claim i'tll tIl(' composit.e' production follows the power law . But , t.he cieuteron 

production in the killf'lllatic regioll covered in this ex[wl'inwnt has be'C'n showIl to bc 

cOlIsistf'l1t with the powel' I a\\'. 
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Furthermore, we found that the scaling coefficient, B2 depends strongly on the 

centrality of the collisions. This is the first real measurement of the centrality depen

dence of B2 . To explain this dependence , spatial proximity of nuel on is considered 

as an additional condition to the deuteron production. sing the Sato-Yazaki model 

and also the thermal model developed by Mekjian, we have evaluated the source sizes 

from the B2 . The deduced source sizes are similar in both model calculation and are 

proportional to the cubic root of the number of participants , which may suggest that 

the deuteron density stays constant from the peripheral to the central collisions of 

the Au+Au collisions at AGS. 

Simple thermal model was shown to fail the explanation of the proton/pion pro

duction in heavy ion collisions at this energy, while RQMD seems to explain the 

deuterons production as well as proton/pion. Therefore, an intra-nuclear cascade 

model with composite particle production using the coalescence scenario, with higher 

statistical accuracy, and with other composite particles might be the most promising 

direction for further analysis of this problem. 
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