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(Anti)proton and pion source sizes and phase space densities in heavy ion collisions
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NA44 has measured midrapidity deuteron spectra ffofncollisions atys,,~18 GeV at the CERN SPS.
Combining these spectra with publishp;da andd data allows us to calculate, within a coalescence frame-
work, p andasource sizes and phase space densities. These results are comparesbtoce sizes measured
by Hanbury Brown—Twis$HBT) interferometry and phase densities produced by combining pion spectra and
HBT results. We also compare A results and to lower energ)AGS) data. Theﬁsource is larger than the
proton source at/s,,=17.3 GeV. The phase space densitiessdf and p are not constant but grow with
system size. Bothr* and proton radii decrease with; and increase with/s,,. Pions and protons do not
freeze out independently. The nature of their interaction changgs,asand then/p ratio increases.
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|l INTRODUCTION +25%. These errors are slightly correlated forand p.
L i . ) ) Figure 1 shows NA44 deuteron spectra and previously pub-
Relativistic heavy ion collisions provide a mechanism tojigheq proton spectra at=1.9-2.3 as a function af/A
heat and compress nuclear matter to temperatures and ener; ¥]. The centrality is~10% for SS, SPb, and PbPb. The
densities comparable to those of the early universe when Ehecirg get flatter for the larger systems consistent with a
was still a plasma of quarks and gluons. Such a state may R§gher temperature and/or stronger sidewards flow. As ex-
fleetingly restored in these coII|S|_o_ns where temperatures Oﬁected from coalescence, the slopes are similar for protons
T=168+3 MeV and energy densities=3 GeV/fn? are 0b-  anq deuterons. This was also found for lower energy data
served[1,2]. These values are close to those of the phasF13]_ The deuteron inverse slopém m;) and yields are
transition found in lattice calculatiorf$]. If such a hot and  |isted in Table I. A comprehensive analysis of all NA44's

_dense state were for_med, one wo_uld expect a Iar_ge increaﬁoton and light clusters spectra will be given in a later pa-
in entropy and possibly a saturation of the density of Parper.

ticles in phase space. The coalescence of nucleons into deu-
terons is sensitive to both their spatial and momentum cor-
relations. In this paper we repagst p, and«* source sizes
measured by coalescence and interferometry, and combine The coalescence model of deuteron production states that
these with single particle spectra to derive phase space detie production of deuterons with a certain velocity is
sities. The phase space densities depend on temperature,
chemical potentials, and velocity fields in the system. This 10 [ -

description of the final hadronic state serves as a boundar " e ; | Deuterons x 100 |
condition for models of possible quark gluon plasma produc- o e r
tion. We vary the total size of the system by studying PbPb, I o . :# *

IIl. COALESCENCE MODEL

SPb, SS, ang-Pb collisions. We also compare our results to |44 o, * L X
lower energy AGS data where thg/p ratio is much lower. A o
This comparison shows that the freeze-out of pions and pro- .~ + o - B &

tons is coupled. S .
&}

3

e1r A _‘T

Il. EXPERIMENT NA44 o [ ‘
=

p3

L - |

NA44 is a focusing spectrometer that uses conventional=!® | Ao t

dipole magnets and superconducting quadrupoles to analyz—1o r o +
the momentum of the produced particles and create a mag r r 1
nified image of the target in the spectromefér10Q. The ' [®@ PbPb

systematic errors on the deuteron yields range from 14% foi 0 SPb I |

SPb to 9% for PbPb. The and p spectra are corrected for N A SS A
feeddown fromA and3 decays using &EANT simulation 10 - @ |- ’ (b)
with the (A/p) and &/p) ratios taken from the relativistic 10 11 '112' E— ‘110' ' '1:1' : '1:2' =
qguantum molecular dynamic&kQmp) model [9-11]. The m, /A (GeV/cd)

systematic error was estimated by varying these ratios by

FIG. 1. Invariant cross sections va;/A at y=1.9-2.3, for
protons(a) and deuterongb) from central SS, SPh, and PbPb col-
*Present address: CERN, Geneva, Switzerland. lisions[9,12)].
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TABLE |. Deuteron inverse slopes and yields. Systematic and 7 =
statistical errors have been added in quadrature. The errors are —— Ry K
dominated by statistics and the extrapolation out of the acceptance. 6 I s R(8=0)
The PbPb fit is fronj14]. ok R;(8=2.4fm)

= 2

System Fit range Inverse dN/dy 2 4 4

of my—m slope =

(MeV/c?) (MeV/c?) (1072 2 . K
SS 0-520 3281149 39+13
SPb 0-520 30891 15323 LE &
PbPb 160-520 313 390+ 20 0 E

0 2 4 6 8 10 12 14 16

B;1/3 (GeV¥Ye)

proportional to the number of protons and neutrons that have

similar velocities[15,16]. This model successfully describes  FIG. 2. Comparison of proton source radii versus the coales-
measured deuteron distributions in intermediate energyence parameteB, . Here R,;, shown by(®), is derived nu-
heavy ion collisions and high energyA collisions [17]. merically using the Hulthen wave function in E®). The solid line

Near midrapidity, direct production afd pairs is small due is a fit to the numerical results. The dotted and dashed curves show

0 the highdd mass threshold of 3.75 Ged?, and preexist- R from Eg.(2) with and without a correction for the deuteron size.
ing deuterons are unlikely to survive the many collisions

required to shift them to midrapidity. Since coalescence deai
pends on the distribution of nucleons, one can determine 8
nucleon source size from the ratio

SinceRy is sensitive to both the transverse and longitu-
nal size of the source, when comparing to Hanbury
rown—Twiss (HBT) results it is best to compare to
(R?-R))¥[Eq. (6.3 of [23]], whereR, andR; parametrize
the extent of the source perpendicular and parallel to the

3 3
M End™Nn beam[24]. NA44 has published HBT results in the Pratt-

dp® dp? Bertsch frame in which the sum of the longitudinal momen-

Ba(p)= BN, (D tum of each pion pair is zero. In this scheme the radius in the
BChal sidewards directioR,=R, and the longitudinal radiug,
dp? ~R| [25]. In this paper we will therefore compaf, to

o (R2-R))Y3. These parameters can be thought of as “length
where the deuteron momenturis twice the proton momen- ¢ homogeneity” of the sourck26,27). One can think of the

tum p [18]. Since we do not measure neutrons, we assUmg, i as lengths scales of the velocity and/or temperature gra-
that the spectra have the same shape and tak€/[heatio 0 gients. They represent snapshots of the hadronic system at
be 1.06-.04 from RQMD[11]. At VSnn=4.9 GeV the mea-  freeze-out which may occur at different times for and
sured n/p ratio is 1.19-0.08 independent ofnr [19].  nrotons. However, since the cross sectionsdar, prr, and

RQMD is in reasonable agreement with this result. pp collisions are comparable, the freeze-out times should be
To facilitate comparison with NA44's pion interferometry qge.

results, we assume a Gaussian distribution of the proton
source. If one also assumes a Gaussian wave function, one

can solve for the source size analyticdlBO]: IV. PHASE SPACE DENSITY

A patrticle’s phase space density is defined as

52 3/2 3,”.3/2( A C) 3
2 . -
A @ »
f(p.x)=(2mhe)*—— @
wherem, is the proton mass anél=2.8 fm accounts for the dp’dx

size of the deuteron. In reality the deuteron wave function is

not Gaussian but is more accurately represented by thgOr @ system in chemical equilibrium at a temperafliand
Hulthen form chemical potential,

aB(a+pB)e “—e A _ 1
N e e HE)= e ®

with «=0.23 fm™* and =1.61 fm * [21]. The convolu- whereE is the energy and-1 selects bosons or fermions.
tion of such a wave function with a Gaussian source canndtor a dilute system, i.ef<1, Eq.(5) gives
be done analytically but is straightforward numerically to

solve for the source raditRy, [22]. Note ourRy, is theR, of fy~e (Bamup= /T, (6)
[22]. Figure 2 shows a comparison Bf; andRg versus the
coalescence parametBp. SinceEy4=E,+E, Eq.(6) implies that

054901-2



(ANTI)PROTON AND PION SOURCE SIZES AND. . . PHYSICAL REVIEW €3 054901

n x 10 ]
fo(Po) = Fo(PX) fo(PX) = Fo(P0% GRN: LSS | : LEbPb |
v 025 ¢ -
. . o Z [ @ Data :
A more general form of this relation was derived in E8). ‘Z 02k =
A N = r O RQMD+C C
of [28] assuming only that the system is hot and large com- @ . .
pared to the deuteron. Averagitig overx gives % a5 e
2wt A
d3Nd (IQJ- . EM -
1 “dpP® p & oos - -
foy== —, 8 = L .
<p>3 d3an ® R 0_(8)1 ! .1.:.(b).|...|...|.
? dp? - 58 3 0 Systematic Error |-
&St due to A/P 3
. . - E £ —0—
where the factor of 3 accounts for the spin of the partlcles..E 45 b £ — 0
For pions NA44 has measured the source size in three dig E £ ’
mensions with HBT as well as single particle spectra. Somes& 4 3 E
of the pions come from the decay of long-lived resonances§ 35 e
such asp, 7', andw. These pions reduce the strength of the 2 3 e E
correlation functiom\ which typically is<1. The fraction of @ 2s B E
pions which do not come from resonances/is, [29]. This ) E(d)
has been shown experimentally fefe™ collisions and for R H e S S
RQMD simulations of PbPb collision$30,31]. Dividing m, (GeV/c?)
JNA®N_/dp® by the Lorentz invariant volumé27,32,33 T
gives FIG. 3. Proton phase space densitj¢s) (a),(b) and radiiRy
(c),(d) versusmy for 's,,=17.3 GeV for data @) and RQMD
() 7-r3/2(ﬁc)3\/X dN, 1 © (0). The shaded bands indicate the estimated systematic error in
w) = 3 . the correction for weak decays.
3 dp Rs\/RgRlzong_ Rﬁl Y

Again the factor of 3 accounts for the pion’s spin degen-A similar situation occurs in pion interferometry where cor-
eracy. HereR, is the extent of the source along the beam€lations between position and momentum cause the ob-
direction, R, is the extent in the outward direction—i.e., to- SETVer to only “see” the side of the source closest to[lGr

wards the observer—an. measures the source in the Since these correlations get stronger as the particles get
S

sidewards direction, perpendicular to both the beam axis anfSter the size of the source drops witty [29,36.

the line of sight to the observer. TH, term is the “out-

longitudinal” cross term[25]. For PbPb collisions setting VI. RESULTS
R,=0 in the HBT fit increases¢f ) by 9% 10% [6]. For
p-Pb, SS, and SPb we assuiRg=0 but add a systematic
error of 13% to(f,). For p-Pb deuteron spectra are not  Figure 4 shows the system dependence of the phase space
available andf,) was calculated using E¢P), replacing the  densities and source radii far", p, andp. Thep andp radii

last term with 1Ri3nv. HereR;,, was determined fronpp  for PbPb are consistent with coalescence datarat0 and

HBT data[7]. For PbPb,Ry, and R;,, agree within their pp interferometry result§37,3§. The =" andp phase space
errors of~5% [34]. densities generally increase with system size. We find that

A. Dependence on collision system

V. MODEL CALCULATIONS (for<{fp<(fr)<({fr)<Ll.

We can test the usefulness of these coalescence methoder SPb and PbPKf .+) was calculated iff39] using an
using RQMD, coupled with a coalescence afterbufi®&].  equation similar to Eq(9). However, a parametrization of
Figure 3 shows a comparison ¢f,) andRy, for both data the pion spectrum was used rather than the spectrum itself.
and RQMD for SS and PbPb. For the data bty andR,;  The authors of39] concluded that the pion phase density
are larger in PbPb but for RQMD onRy, increases from SS was universal at freeze-out but this is not the case, since
and PbPb whilgf) stays constant. This invariance (f,) (f ,+) is considerably smaller fgp-Pb and SS than for SPb
may be an artifact of the coalescence mechanism used, whi@nd PbPb.
ignores the requirement of a third particle. Sikég) is con- For pions Rg' R))® increases steadily with the number
stant in the model, the increase in proton multiplicity from of participants and for PbPb there is a rapid increase in the
SS to PbPb is accommodated by a large increasBpin  radii parameters with multiplicity8]. At low p;, Ry does
However, Ry, is less than the average transverse radius ofiot change much from SS to PbRfor with centrality for
freeze-out, 5.4 fm for SS and 10.3 fm for PbPb, indicatingPbPB despite the increase in the proton multiplicity $3;
that coalescence is not sensitive to the full size of the sourceee Fig. 1a). However, them; dependence dR, is weaker
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FIG. 4. Phase space densitig$ and source radii forr™ andp 0.0 02 04 06 08 10 21°2 14 1.6
at (pr)~240 MeVk and for p at (p;)~490 MeVk. For p-Pb, m, (GeV/c)
Vsnn=30 GeV and the proton points are derived frpmHBT data
[7]. FIG. 5. Phase space densitigg and radii(b) for #* andp

versusm; for \/s,,=17.3 and 4.9 GeV. The shaded bands indicate

for PbPb than for SS; see Fig. 3. The extra protons mainlye estimated systematic error in the correction for weak decays.
increase the proton phase space deridity. he E866 points used data froi3,44,43.

_ rapidity y=3Ypeam- Figure 5 shows the phase space densi-
B. Antiproton source ties and source radii for PbPb and AuAu collisions as a func-

Because of their large annihilation cross section, ondion of mr. Ata givenmy, (f ) increases with/s,, while
might expect that antiprotoriarticularly those at lowp;)  (fp) decreases. Fittingf ,+) to Eq.(5) givesu, =0, within
would be emitted only from the surface of the system ancerrors, for both energies, while,/T decreases with/s,,,
would have a larger rms freeze-out radius than protons. OusinceE=my coshfy), Eq.(5) also implies thaf is exponen-
data are consistent with this idea. An alternative view astial in my for f<1. However, if the system is boosted due to
sumes that proton and antiprotons are produced in the santi@nsverse flowf(m;) will become flattef43]. This effect is
volume but that antiprotons are suppressed in the interior gbroportional to mass. The data support this scenario since the
the sourcg40]. Applying this idea to our data would imply (f) distributions are much flatter than tké,+) ones. The
that antiprotons are emitted only from within 0.2 fm of  m_ distribution of (f,) becomes flatter as/s,, increases
the surfac¢40]. Recent AuPt and AuPb results from E864 athecause of an increase in flow and/or freeze-out temperature.
VSan=4.9 GeV and lowpy imply that Rf,=(4.0£0.2) fm,  However, in general the velocity profile cannot be deter-
RP=(2.2+0.9+0.6) fm, and<f;): (4.01.9)x 10 ° [41]. mined without knowing the density profile and so a determi-
At \/s,,=4.9 GeV antiprotons are mainly produced in pri- nation of a mean velocity fronff,,) is beyond the scope of
mary nucleon-nucleon collisions and so they may have &his work[28].
smaller source size than protons. SirRg is a Gaussian
radius, it is necessary to multiply it by5 in order to com- VII. DISCUSSION
pare it to a hard sphere with the same rms rafd®3. If this
is done, the antiproton source is roughly equal to the size Ogo
the colliding Au nuclei at/s,,,=4.9 GeV.

Several hydrodynamical models have interpreted the HBT
urce radii as “lengths of homogeneity” which should de-
crease with increasing; and this is consistent with our data
[26,27. Both pion and proton radii increase witkis,,.
However (f ,+) increases with/s,, while (f,) drops. Since

In order to study the energy dependence of freeze-out W§/p<1 at both SPS and AGS energigs46,47, we know
compare our PbPb data g6,,=17.3 GeV to AGS AuAu  that most protons observed near midrapidity are remnants of
data at\/s,,= 4.9 GeV. Since our data are not at midrapidity the target or projectile that were slowed down by multiple
but aty=2, we have compared results at the same scaledollisions. At higher energy the protons occupy a somewhat

C. Beam energy dependence
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larger volume and they are spread over a larger momentu@eV. At vs,,=4.9 GeV the antiproton source is smaller

(i.e.,y,my) range. Thereforgf,) drops with ys,.
For pions the situation is different. Afs,,=4.9 GeV,

than the proton source while gs,,=17.3 GeV it appears to
be larger. We have compared the proton data tomouradii

they are outnumbered by protons and so their freeze-out iand phase space densities derived from HBT and single par-

driven by that of the nucleons. Afs,,=17.3 GeV, they are

ticle results as a function of system size afs},,. This com-

the most numerous particle and control freeze-out. Sincearison reveals a linkage between proton and pion freeze-out

O nn<0pn, (f+) increases withys,,. Note that the ratio
(f+)/(f,) increases by a factor of about 16 froRs,,
=4.9 GeV to 17.3 GeV while ther/p ratio only increases
by a factor of 7.

VIIl. CONCLUSIONS

Using the (antjdeuteron as a measure of the nucleon-

that changes as the/p ratio increases. At/s,,=4.9 GeV
the hadronic system is held together by protons while at
Js,n=17.3 GeV it is held together by pions. These data are
available af48].
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