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-~ ABSTRACT

| Correlations between two protons have been measured as a function of

“their re]atiVe momentum AP = |P, -fBQI/Z for the inclusive reaction

Ar + KC1 > p + p + X at 1.8 GeV/nucleon. Measurements were made for proton-

rap1d1t1es near the ‘beam rap1d1ty YB and near YB/Z The corre]ation fuhc-

© tion, obta1ned from the ratio of the two-particle y1e1d to the product of

uncorre]ated s1ng]e part1c1e y1e1ds, exh1b1ts a peak at AP ~ 20 MeV/c

wh1ch is larger for data at YB/Z than at_YB. Compar1son of our data to
mode]kcalculatiqns sdggesfs that the size of the‘region'of fina] scatterings
is 1arger‘at Yp than at YB/Z The'siies‘we obtain;fbr thefmid-rapidity

data (w1th or w1thout high mu1t1p11c1ty requlrements) seem inconsistent
with any therma11zed source conta1n1ng a 1arge fraction of the available

nuc]eons.



-We report here the first experimental effort to use the correlation

~ between two protons as a technique to measure the size of the interaction

region in relatiVistic'heayy-ion collisions. In an earlier streamer
chambervekperiment, Fung et a1}1‘used_the quantum interference between

two partic1es_(assumed to be non-interacting) to measure the size and life-
time‘of the'pioneeimttfng'source for‘co1115ions of 1.8 GeV/nuc]eon Ar with
various targets- YS' KOom‘n'2 proposed a mode] in which the mutoa] interac- -
tions between two protons enhance the sens1t1v1ty of the corre]at1on function

R to the spat1a1 (ro) and tempora] (r) extent of the proton emitting source.

- The choice_of-proton pairs is also exper1menta1]y attractive because of

the larger number of protons than.pions produced at Bevalac energies.
Correlations between two protons at'Small relative momenta were
measured “for the inclusive react1on Ar + KCl > p +p+ X at 1.8 GeV/nuc]eon
The two protons. were detected 1n a prev1ous]y described3 magnet1c spec-
trometer to which we have added a 24- e]ement scintillation counter hodoscope
Measurements were made at two d1fferent k1nemat1c reg1ons The settings
S; and Sz (Figure 1) correspond to the rapjd1t1esvof the protons‘beingv
near‘the-beam rapiditinB-and near YB/Z ‘respectively ~ Protons detected
at Sl are thought to come from an obJect we ca]] the proaect11e remnant.
Earlier work3’“ suggests that this remnant has two components. progect11e
participants5 that have underqone nuc]eonenucleon‘co11isions of sma]]

momentum-transfer, and the h1gh energy ta11 of the spectator evaporat1on

‘spectrum. The protons detected at S, are essent1a11y stopped in the Ar KC1

center of mass (TCm ~ 45 Mev at e ‘~ 90°) and are a1most certa1n1y part1c1—i

pants that have rece1ved 1arge momentum transfers from one or many scatterings.
These stopped»protons may haye come from a therma1 source,or f1reba116

if they_are‘accompaniediby a 1arge;homber‘ofdhjoh P, fragments.;~Nagamiyav

et al.” soggeSt that such a'mUItiplicity reduirement selects'events with



Sha]] impact parameters and many nucleon-nucleon scatterings‘for Ar + KC1
and Ar + Pb at 800 MeV/nué]eoh{ We samp]ed‘the muTtip]icity of high P,
fragments with an.arrayA(M) of'16'oounters. Seven detectors were placed
at polar angles of 30° and hine at 50°;_ Each detector'is seneitive to .
protons whose kinetic enehgies ahe.greater than 200 MeV. th Figure 1; the
region labeled M 3Q° (M 50°) showé the significant part of the.aoeeptance :
for é'mu1tip]icity detector at_30° (50°5. Ry studying the. correlation
function in conjunctioh with a high multip]ioity thigqer,-We'attemot to
determ1ne the size of the source at the Ar-KC1 center of mass.

Data were taken for four event tr1gger types: two part1c1e 1nc1us1ve,
‘sing1e-part1c1e 1nc1us1ve; two-particle with high multiplicity, and-sing]e-
.particle with high-multiplicity. For data at Yé, the average observed
multiplicity increases from 1.66 to 1.86 as the trigger changes from one
to two protons. For data at YB/2, the'average.obseryed multiplicity increases
from 1.84 to 2.5,} From ear]ter studies” of similar multiplicity counters
we estimate that the true hu]tip]icity averéges for these‘different trigger
conditions are 11, 12, 12, and 15, respectively. _we'also estimate that the
average multiplicity is 25 when an observed mu1tip1icity of five or more
'is required in the trigger. .

The correlation function R is formally defined from the relation

_;_:_dzo = _l. <n>2 " dO ' (-l )
dPidP,  OT <"(“'1)> dﬁﬁ P>
where 5595%7-15 the tWO-partic1e inclusive differential cvoss-section,
1dP> _ |

d° is the single- part1c1e inclusive d1fferent1a1 cross- sect1on o7 . is

the total inclusive cross—sect1on for observ1ng a proton, <n> is the f1rst
~moment of the proton mu1t1p11c1ty distribution and . <n(n 1)> is the second

moment of . the proton mu1t1p11c1ty distribution.
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The quantity 1 + R is exper1menta11y obtained from the ratio SZp/Sm1x’

where'Szp_1s the relative momentum spectrum (AP = |P1 - Pz|/2) of two-

particle events andemixtis the relative momentum spectrum_generated'by_

mixing together the trajectories from two different single-particle events.

The normalization is achieved by requiring that this ratib is unity for
95 < AP < 215 MeV/c where it is assumed that R = 0. It is also assumed

that the QUantity <n>2/?n(n-1)> does not vary with relative momentum This

‘quant1ty does not vary s1gn1f1cant1y with AP for the part of phase space

re

subtended by our multiplicity array ~ We insure that 52p and Sm1x

assoc1atedIW1th the same detection eff1c1ency by djscard1ng the_m1xed'pair.'
of events when the experimental reso]ution}wou1d prevent'us from identifying
two separate»trajectories, | | ' B

Results for the correlation function‘arevshown in Figure 2. The symbols
(0) represent data at Yp/2 for which a mu1tip1icity of five or more was
requtred‘in‘the trigger for both theftWonroton‘and single-proton data.
The symbols (X)’represent-data'at Yg/2 with no mu1t1p1icity requirement.
Thebsymbo1s (-)represent data near Vg with no mu1tip11city requirement.
The error bars are stat1st1ca1 on1y For data at YB/Z,_Idgl is transfprmed
to the fireball rest Frame (BLab = 0.7). For the data at Vg, |aP| s trans-
formed to the prOJect11e rest frame (BLab 0.94). Theeexperimenta1hresoé
lution (o,~ 8 MeV/c) and the inability to.d1stinguish‘two.overlapping :

trajectories are expected to,signifieantly afFect only the data in the

0-10 MeV/c interval. FWe'estimates-that the systematic‘errqrs introduced
‘into R, because single partic]e.triggers are associated with different -

L types.of:events'than two particle triggers,.are negligible for data at

Yg/2 with M>4 and largest forfdata at Yg- Even at YB’ these errors should

not s1gn1f1cant1y affect the conc]us1ons about sizes.



The curves: shown in F1gure 2 are S. Koon1n S’ calcu]at1ons of R for

2 3 and 4 fm. when rdé 0. In th1s mode] the two protons are em1tted
1ndependent1y from a source which, for the present data, is either the
“fireball" or the projectile remnant. “This em1ss1on 1s_the f1na1 scattertng
of the protons w1th some other hadrons in. the source The. quantity ro (t)
is the product of V_'t1mes the standard dev1at1on of the Gau551an distrib-
uted spatial (temporal) coordinates of the emitted protons. After the second
proton is emftted both protons travel at. essentia]]y‘the same ve]ocity,'v,'
the p p center of mass - ve1oc1ty in the source frame and exper1ence only
mutua] interactions (attract1ve hadron1c and repu]s1ve cou1omb) wh1ch depend
on the relative separat1onsAr and the re]at1ve‘momentum AP. These Tow
energy proton-prOton interactions caUSe‘the peak"in'R at AP - 20 MeV/c.

' The quantity.x,'the value of ry for t 5.0, is the parameter most easily
extracted from the reSults_shown in Figure 2. Since for our data‘V is non?_':'
re]ativistic (V= 0 3 C),‘x.is‘also Ar/J”" where Ar is the'RMS separation
between the two protons in the p-p center of mass at the t1me the second _
proton is em1tted. From the dependence of R on Y (T = 0) reported in
Reference (2), we est1mate that x = 1.5, 1. 75, and 2 2 fm for the data at
Yp/2 (M > 4), Yg/2 (M > 0), and Yz (M > 0), respect1ve1y

| S1nce Gaussian distributions are used, x shou]d be mu]tiplied'by 1.58
to obtain rS; the radius'of the corresponding_sharp sphere. hor the data
at Yg, rs =-3.5 fm.,thch is slightly less than 4.1 fm., the size of an Ar
nucleus. This suggestS’that‘these'protons come fromiabprojecti]e remnant.

The rs'for.this'remnant is jarger.than those for possib1e.sources.at the
Ar- KC1 center of mass. | | | | |

By descr1b1ng our data w1th the s1ng]e parameter x; we -assume that the y
‘vector separat1on between the two em1tted protons is d1str1buted 1sotrop1ca11y

" To Took- for an1sotropy, we' show R (F1gure 3) w1th the components of AP
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parallel and perpendicu]af to’iﬁ ‘The symbols (0) represent data for

AP . V < 10 MeV/c. The symbols (w) represent data for AP x V < .10 MeV/c.

Whije.the data are not extensive'and’the statistical uncertainties are
large, thé peaks in R are not very different for either direction;

In Koohjn{s model, the sebaration a]ong‘vbis increased by a length
characterized‘by'V%, UnfortunateTy, this 1ifetime"effect c0u1d‘be obscured
if the average separation'a]ong-v‘is Timited to A, the mean free path for
final scatterings.. We. are not_ab1e té.quote'Va1ues for ri1, f;» and T because
we havé not yet made a three—parametef fit to our entire daté set in APll,
A&-,'and IVI space.

© Our data, by themselves, do not ru]é_out the existence of a high density
source that confains é 1arge number of nucleons which are emitted isotropf-
cally from a small spatial regioh. It séems, however,'that such a system
could be formed only by processes that populate phase space in very épecia]
(non-thérma]) ways. For now it seems more reasonable to assume that these
stopped protons have undergone théir final scatterings inva 1ow'dehsity
source thét.pontains on1y a small fraction of the total participants. To
obtain a quantitative esfimate of the number of stopped participants, it
seems necessary to modify Koonin's mode]-becausé he assumes that the center
of the source is the most brobab]e'emiSSjon point.

The multiplicity requirement M > 4 might prevent the observation of a
Targe source at the Ar-KC1 center of mass. The value of x is smaller for
data at Yg/2 with M > 4 than with M > 0. The sensitivity of the multiplicity
counters to protons with rapidities < YB/Z'hay'bfas the data against col-
Tisions with high stopping powers; - |

The éxperiment warrants further cohsideration‘of the many crude
approximations in the model whigh are discussed here and in Reference.(2).'.

The apparent success of the model in describing our:data, however, suggests



that future measurements of R with improved multiplicity counters should -
show how the size of the final scatterihg région and possibly the number of
stopped.pafticipénts scale with energy and pfojeCti]e-target Mass.

We are deeply fndepted to S. Nagamia and H. Steiner for the use of
their'mu1tip1icity counters, to H. Pafeysky and.R.'Sutter for the loan of
their chamber_electronics;'énd to R._queSy for the KC1 target. We wish to
also thank Y.fMiaké for he1p‘in part of thé data équisition and we greatfu11y
acknow1edge J. B. McClelland and E. T. B. wh1pp1e for their he]p with soft—
ware used in this exper1ment _ _

This work was supported‘in parf_by the-U. S.'Department‘of Energy,

Nuclear'ScienCeZDiviéion, under cqntract'No.bw-7405—ENG-48.

3present address: Centre de Recherches Nucleaires, Strasbourg, France.
bPresent address: Los A]amoslsbientific LaBoratory,,Los Alamos, NewAMexico.
1S, Y. FUhg,;N. Gorn, G. P. Kiernan, J;-J. Lu, Y. T. Oh, and R. T. Poe,
Phys. Rev. Lett. 41, (1978) 1597. '

2S. Koonin, Phys. Lett. 70B (1977) 43. N

M. M. Gazzaly et al., Phys. Lett. 798 (1978) 325.

B, M. Anderson Jr , Thes1s (1977) LBL 9493 and L. M. Anderson dr., -

0. Chamberlain, S. Nagam1ya S. Nissen- Meyer, D. Migren, L. Schroeder,

G. Shapiro, and H. Steiner, to be published. o .
SParticipants are those’nuc1eons in the geometrica11y'oyerlapping'parts of
the co]]iding nuclei. Spectators are ﬁon-participént target-or pfbjecti]e
nucleons. o _ N v | ‘

6J. Gosset, H. H. Gutbord, W. G.'Méyer, A. M. Poskanzer, A. Sandoval,

R. Stock, and G. D. Westfall, Phys. Rev. C16 (1877) 629. |

7S. Nagam1ya, M. C. Lema1re, S. Schnetzer, H. Steiner, and I. Tanihata,

Phys. Rev. Lett 45 (1980) 602



8F."Zarbakhsh, Ph.D thesis (in preparation).

1



Figure 1.

J
Figure 2.

Figure 3.

. FIGURES

The acceptance of tne apparatus'in‘P -rapidity space. -The
region’'S; shows: the acceptance of the spectrometer for data

near the beam rap1d1ty YB » -and the reg1on 52 shows the accep-

- tance of the spectrometer for data near YB/Z‘ The region M 30°

- (M 50°) indicates the'significant acceptance of the multiplicity

detectors at 30° (50°).

o
The corre]at1on function R as a funct1on of AP = [Py —'F;|/2.

- See discussion in text.

The corre]at1on funct1on for the components of AP para]]e] and

perpend1cu1ar to V for the M > 4 data at YB/2._
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 THE CORRELATION FUNCTION
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'R FOR *°Ar + KCl — P+P+X
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