S

GSI-Preprint-96-01
JANUAR 1996

STUDY OF THE OUT-OF-PLANE EMISSION OF PROTONS
AND LIGHT FRAGMENTS IN SYMMETRIC
HEAVY-ION COLLISIONS

D. BRILL, P. BECKERLE. C. BORMANN, E. SCHWAB, Y. SHIN, R. STOCK,
H. STROBELE, P. BALTES, C. MUNTZ, H. OESCHLER, C. STURM, A. WAGNER,
R. BARTH, M. CIESLAK, M. DEBOWSKI, E. GROSSE, P. KOCZON, M. MANG,

D. MISKOWIEC, R. SCHICKER, P. SENGER, B. KOHLMEYER, F. PUHLHOFER,
J. SPEER, K. VOLKEL, W. WALUS

\\\

—— ()

—— l’%

(accepted for publ. in Z Phys. A)) %_—-——-__: =

T— 3

= 5

Y

%=== a

— g:‘___ O

F———=1 /|

! f == 7

| CERN LIBRARIES, GENEVA ! e g
; ’ ——

i el . . . —
| Quality insufficient for good =

| scanning |
| S 9606

Gesellschaft fur Schwerionenforschung mbH
Postfach 110552 + D-64220 Darmstadt - Germany



Study of the Out-of-Plane Emission of Protons and Light
Fragments in Symmetric Heavy-Ion Collisions

D. Brilll, P. Beckerle!, C. Bormann!, E. Schwab!, Y. Shin!, R. Stock!, H. Strébele!, P. Baltes?,
C. Miintz?*, H. Oeschler?, C. Sturm?, A. Wagner?, R. Barth®, M. Cie$lak®, M. Debowski?, E. Grosse,
P. Koczon®, M. Mang?, D. Miskowiec®™*, R. Schicker®, P. Senger®, B. Kohlmeyer*, F. Piihlhofer?,

J. Speer*, K. Vilkelt, and W. Walus®

Philipps-Universitat, D-35037 Marburg, Germany
Jagiellonian University, PL-30-059 Krakéw, Poland

[ A NI

December 22, 1995

Abstract. Midrapidity protons from ““YBi+2%°Bi colli-
sions were measured with the Kaon Spectrometer at SIS
at incident energies of Ef 43 /A = 400, 700 and 1000 MeV.
Additionally, light fragments were analysed at 400 MeV.
We have investigated the azimuthal emission pattern of
the particles relative to the reaction plane as function of
transverse momentum, bombarding energy and impact
parameter. We observe an enhanced emission of particles
perpendicular to the reaction plane at all bombarding
energies. The ratio of the number of particles emitted
out-of-plane/in-plane increases strongly with the par-
ticles transverse momentum. The anisotropy decreases
with increasing beam energy. Composite particles show
a much stronger effect than protons

PACS: 25.75.4r
1. Introduction

Collective flow effects are - besides particle production
- the most important tool to investigate hot and com-
pressed nuclear matter produced in relativistic nucleus-
nucleus collisions [1, 2, 3]. Pioneering experiments have
established two kinds of collective effects from the over-
lap region between two colliding nuclei: The directed flow
of nucleons in the reaction plane ("side splash”) and the
preferred emission of nucleons perpendicular to the reac-
tion plane ("squeeze-out”)[4-10]. In particular, the latter
is a very promising tool to extract information about the
dynamics of hot and compressed nuclear matter. A col-
lective out-of-plane emission was predicted by early hy-
drodynamical calculations and interpreted as a dynami-
cal squeeze out of matter due to the build-up of pressure
in the interaction zone of the two colliding nuclei [11].
Further theoretical studies in the framework of micro-
scopic models (QMD) found a strong sensitivity to the
nuclear equation of state (EQS) for this effect [12].

According to microscopic models [13] many of the ob-
servables in heavy-ion reactions are sensitive to both:
the EOS and momentum-dependent interactions (MDI).
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However, in contrast to flow effects in the reaction plane,
the particle flow out-of-plane is expected to be less sen-
sitive to momentum-dependent interactions [14].
Previous experimental results are in qualitative agree-
ment with model calculations. However, quantitative
comparisons are difficult since these data are subject to
acceptance cuts as well as basic experimental uncertain-
ties in determining the reaction geometry. Therefore, we
have analysed the strength of the out-of-plane emission
of particles corrected for the uncertainty in determining
the reaction plane as a function of transverse momen-
tum. We expect that quantitative comparisons of model
calculations with our experimental data will lead to an
improved determination of the EOS.

2.1 Experimental Setup

The experiment was performed with the Kaon Spec-
trometer at the Darmstadt (GSI) heavy ion synchrotron
SIS [15]. This spectrometer is a double-focussing QD
configuration with large solid angle (15-30 msr) and
wide momentum acceptance. Particle identification is ob-
tained by measuring momentum and velocity. The mo-
mentum is determined from the focal-plane position of
the particle trajectories, whereas the velocity is calcu-
lated by using information on time-of-flight. Two scintil-
lator detector arrays added to the spectrometer provide
additional information to characterize the event [15-18].
The Large Angle Hodoscope gives information on the
charged particle multiplicity which is a measure of the
impact parameter. This detector consists of 96 modules
and accepts charged particles in the polar angular range
12° < Bpra < 48°. Particles emitted into this angu-
lar range are predominantly participating protons. The
second external detector, the Small Angle Hodoscope,
is located 7 meters downstream of the target. This ar-
ray is composed of 380 modules and covers polar an-
gles 0.5° < Orqa < 7°. Most of the particles emitted
in this angular range are projectile spectator nucleons.
This detector system provides information on polar an-
gle, azimuth, charge and time-of-flight. Projectile spec-
tators are identified by the AE signal in the scintillator
modules and by time-of-flight. The azimuth of the iden-



tified spectators is used to reconstruct the event plane.

We used 2°°Bi projectiles of Epqa/A = 400, 700 and
1000 MeV with a beam intensity of 10° particles per
spill and Bi-targets with a thickness of 0.92 g/cm? and
0.35 g/cm?. Figure 1 shows the energy-loss in one of
the scintillator paddles of the time-of-flight detector in
the focal-plane versus the mass/Z-ratio of particles de-
tected in the spectrometer. The measurements were done
at different magnetic field settings corresponding to the
different momentum ranges. The polar angle of the spec-
trometer was varied to select particle rapidities in the
range of 0.35 < y/ypro; < 0.65
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Fig. 1. Energy-loss in one scintillator paddle of the time-of-flight
detector versus the mass/Z-ratio of particles in the spectrometer

2.2 Impact Parameter Determination

Following the method devised previously [7] we have
divided the multiplicity distribution measured with the
Large Angle Hodoscope into five groups (MUL1 to MUL5)
to classify the reaction centrality. MULI(MULS) indi-
cates the lowest(highest) multiplicity bin corresponding
to peripheral{central) collisions. The measured hit mul-
tiplicity of charged particles for each multiplicity bin is
given in Tab. 1.

Epep/A MUL1 MUL2 MUL3 MUL4 MULS5
400 MeV <15 15-28 § 29-41 | 42- 55 > 55
700 MeV < 16 16-31 | 32-47 | 48 - 62 > 62
1000 MeV <17 17-33 | 34-49 | 50- 65 > 65

Table 1. Hit multiplicity range of charged particles measured with
the Large Angle Hodoscope in each multiplicity bin used for the
impact parameter selection. Note that no multiple hit correction
has been applied.

Assuming the clean-cut geometrical model [19] the
number of participants is a monotonously decreasing
function of the impact parameter b. The Large Angle
Hodoscope covers a wide range of the participant’s phase
space and therefore the number of participants can be de-
duced from the measured hit multiplicity of this detector.
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For each multiplicity range, MUL1 to MULS5, the num-
ber of participating protons Zyar¢ and the corresponding
impact parameters <b> are extracted from a simulation
which includes the detector geometry of the Large Angle
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Fig. 2. Normalized multiplicity distribution of charged particles
as measured with the Large Angle Hodoscope at Epa5/A = 400
{Minar = 55) and the corresponding values as determined by the
simulation. The ordinate is linear starting at zero. Note that the
shape of the distribution is biased by the spectrometer trigger.

Hodoscope. An event generator based on the clean-cut
model yields a number of charged participants Zps,¢ and
pions, respectively, for a given impact parameter b. The
participating nucleons emitted as Z=1 and Z=2 parti-
cles are assumed to have a Maxwell-Boltzmann momen-
tum distribution in the center of mass system. The par-
ticle ratios He/H are extracted from the spectrometer
data [20]. The momenta are boosted into the laboratory
frame according to the incident energy. The calculated

Erav/A MUL1 MUL2 | MUL3 | MUL4 | MULS5
400 MeV 109fm | 87fm | 6.2fm | 3.4 fm 1.6 fm
700 MeV 10.8 fm | 8.6 fm 6.3fm | 3.6 fm 1.6 fm
1000 MeV 11.0fm | 90fm | 6.7fm | 39fm | 1.7 fm

Table 2. The average impact parameters <b> estimated from the
measured hit multiplicity of charged particles in each multiplicity
bin. Errors on <b> are estimated to be smaller than +0.3 fm (see
text).

hit-multiplicity patterns in the Large Angle Hodoscope
reproduce very well the shape of the measured ones. This
is »hown in Fig. 2 for Ep,/A = 400 MeV. However,
the measured hit multiplicities at E; /A = 700 MeV
and 1000 MeV are 20% and 30%, respectively, higher
than the simulated ones. This can be explained by addi-
tional hits in the detector caused by photons from neu-
tral pions or secondary reaction products. The measured
average hit multiplicities increase with increasing beam
energies as shown in Tab. 1. From the simulated mul-
tiplicity pattern we extracted the corresponding impact
parameter distributions. Table 2 shows the average im-
pact parameter <b> of the distributions for the multi-
plicity ranges MUL1 to MULS5. The extracted widths of



Out-of-plane Emission of Nucleons in HI-Collisions

the distributions are approximately ¢ =1 fm. The sys-
tematic errors due to particle ratio uncertainties are es-
timated to be smaller than +0.3 fm. The values of <b>
are in good agreement with previous results which were
obtained by measuring the charged projectile spectators
of 197Au+197Au collisions at E; /A = 1000 MeV [21].

2.3 Reaction Plane Determination

For the reconstruction of the event plane the transverse
momentum method is used [22]. This inethod yields a
reaction plane for each event defined by the beam axis
and a vector Q, which is the vector sum of the transverse
momenta of all spectator particles observed in the Small
Angle Hodoscope [17, 21]. The event plane is character-
ized by the azimuth @. The experimental uncertainty of

Eias/A | 400 MeV | 700 MeV | 1000 MeV

MUL1 10.2(5.3) | 18.7(8.1) | 23.7 (10.7)

MUL2 | 13.9(3.7) | 21.2(4.4) | 26. 3 (5 s)

MUL3 11.1 (3.4) 16.8 (4.2) | 21 8(4.9)

MUL4 5.9 (3.0) 9 {30 0 L0 {4R)

MUL5 3.7 (2.2) 6.2 2.7 NoK ( ) [
Table 3. Measured average multiplicity per event of charged par-
ticles in the Small Angle Hodoscope used for the reaction plane

reconstruction. The values are given for different beam energies
and multiplicity ranges. The widths 7 of the corresponding multi-
plicity distributions are given in brackets.

the event plane reconstruction is estimated by randomly
subdividing each event into two subevents. each contain-
ing one half of all particles [22]. For each subevent one
evaluates the independent vectors Q, (1=1.2) and ex-
tracts the angle A@ y=@;-P, between the two vectors.
From the probability distribution P(|A@ ) one can es-
timate the uncertainty in determining the reaction plane
for the complete event.

The procedure is done in two steps First. the exper-
imental distribution P(]A®,|) is used to estimate the
accuracy of the angle A¢,5 between two subevents. In
a second step the probability distribution P(]A@4}) is
reproduced by a Monte Carlo simulation in which the
true reaction plane is known and the probability distri-
bution P(]AP|) between the true and the reconstructed
reaction plane is calculated. From this distribution the
difference between the true and the reconstructed reac-
tion plane A=, .-D.,, is estimated. The Monte Carlo
procedure takes the detector geometry of the Small An-
gle Hodoscope into account and simulates a projectile
spectator source. The generated event multiplicities as
well as the momenta of the particles have been adjusted
to reproduce the hit multiplicities (shown in Tab. 3) and
transverse momenta of the spectators measured with the
Small Angle Hodoscope. The spectator momenta have
been generated with a Gaussian momentum distribution.
The deflection into the reaction plane is simulated by an
additional transverse momentum kick for each particle
parallel to the vector Q.

3
’—T\‘ TT]’"TI"II‘!I'IVII‘!Y"I!![I"‘[" -{
g 1 piEs * T .
a ..l‘. ********* ]
= - g% *ankop |
a 08 | !! " * * g ki 2]
[ e P ]
[ ewmuL! e VQ'. ]
06 - Al vee -
- EMUL2 AR Yvge ]
i s v 2%00e,
0.4 | awmus A%a, MAALZ:
- wMUL4 dat ‘A:, i 1
[ A, NEmy
02 I ,uus CalA 4 A,”?
L. ALI sl dy i NI A
—~ O T LR BAER LI B T Y t{lll"ll-
2 1 e ]
% .ll‘ * ow* Py . ]
& 0.8 !f."oo P Ea g
' ,l ve ]
! A "%e0e ]
06 | dlm, 793 s
g A = ML L o ]
i v
0.4 AA.I "V"'a
~ . d
By ]
AA ]
0.2 |- Monte Carlo A4y, Tunnan
- YYY:
L 1‘1 Alilll)‘ll‘ j 11{} IJJIIIIII—‘

0
0 20 40 60 80 100 120 140 160 180
|AD,,| [deq]

Fig. 3. Probability distribution P(A®;;) for the angular differ-
ence AP, between Q; and Q2 as measured at a beam energy of
Ezas/A = 1000 MeV (upper) and simulated (lower). The distri-
butions are shown for different multiplicity ranges.

Epab/A = 400 MeV
< AP, ST T < AP 17 T < cos(248) >
MUL1 98.2° 74.3° 0.13
MUL2 86.4° 51.9° 0.35
MUL3 82.1° 47.4° 0.41
MUL4 93.5° 67.4°7 0.18
| MULs 100.5° 86.5¢ 0.03
Erab/A = 700 MeV
< a9, S T < AP? S | < cos(249) >
MUL1 91.7° 59.5° 0.27
MUL2 76.7° 40.2° 0.49
MUL3 75.0° 39.7° 0.51
MUL4 91.7° 61.0° 0.25
MULS5 101.2° 85.8¢ 0.04
ELu.b/A = 1000 MeV
< AdZ, > | < A2 S < cos(249) >
MUL1 91.2° 54.9° 0.30
MUL2 77.5° 40.0° 0.50
MUL3 73.1° 36.4° 0.55
MUL4 89.0° 55.9° 0.31
MULS 101.1° 80.5° 0.08

Table 4. Uncertainties of the azimuthal difference between the
reaction plane calculated from the subevents and between the es-
timated and the true reaction plane, respectively, as extracted from
the simulation (see text). The statistical errors are negligible.



The upper picture in Fig. 3 shows the measured probabil-
ity distribution P(]Ad;2|) between Q4 and Q3 extracted
from the data at a beam energy of E; /A = 1000 MeV.
The lower picture shows the corresponding distribution
obtained by the Monte Carlo simulation. The results of
the Monte Catlo simulation, given in Tab. 4, show the
dispersions < A®?, >1/2 and < AP? >!/? of the az-
imuthal difference A®12 and AP, respectively. If there
18 no correlation between the two vectors the values for
< AP}, >/? and < AP? >'/? are about 104° degrees.
The values of < A®? >!/? are lower than the values of
< A%, >'/% This improvement in accuracy arises from
a doubling of the multiplicity and the change from a de-
viation between two found vectors to a deviation from
one found vector Q [22].

3. Results

We first demonstrate the azimuthal asymmetry of the
observed emission pattern. Figure 4 shows the azimuthal
distribution of the vector @ around the beam axis for
events for which H-isotopes are observed in the spec-
trometer. The angle  is the relative azunuthal angle
between the estimated reaction plane and the emitted
particle. The distributions show maxima around £90°
with respect to the event plane. This pattern demon-
strates the preferred emission of particles out of the re-
action plane. The distributions are parametrized by the
expression N (@) ~ 1 + Py cos(y) + Pacos(2p).

The parameter P; is related to the in-plane emission of
the particles and is zero for particles emitted around
midrapidity. The spectrometer acceptance for different
particles is not symmetric with respect to midrapidity. In
our case the measured protons and deuterons stem pre-
dominantly from the forward hemisphere whereas most
tritons have backwards rapidities. This results in values
of P, different from zero (!H: P,=0.04. *H- ,=0.03,>H:
P=-0.27).

Negative values of P, indicate an out-of-plane emis-
sion. In Tab. 5 the parameters P» for protons are given
for the multiplicity bins MUL! to MUL1 and different
transverse-momentum ranges

The values P are affected by the uncertamty in de-
termining the reaction plane. The true values P, are
larger than the measured P, Therefore. the Po coeffi-
cients have been corrected for the fluctuations A@ of
the estimated reaction plane with respect to the true re-
action plane by the relation [5]: Py=Pa/ < cos(2Ad) >.
The values < cos(24P) > (see Tab. 1) are obtained
from the Monte Carlo simulation described in chapter
2.3. The simulation was tuned untii the relevant experi-
mental distributions (cf. Fig. 3) were matched which re-
sulted in vanishing systematical errors of the correction
factors (last column of Tab. 4). The corrected values
le are used to quantify the ratio R4 of the number
of particles emitted perpendicular to the number of par-
ticles emitted in the reaction plane: RY™ ={N(90°) +
N(=90°)}/{N(0°) + N(180°)} = {1 - P,}/{1 + P,} A
ratio RY™" larger than unity implies a preferred out-
of-plane emission. Figure 5 shows the ratio RY"" for
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Fig. 4. Typical dN/de-distributions for H-isotopes measured at
E /A = 400 MeV for semi-central collisions (MUL2,MUL3). The
ordinate is linear starting at zero. The particles analysed stem from
a momentum range of 400<p7/A<500 MeV /c. The solid lines are
fits with cos(y) and cos(2¢) terms.
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Fig. 5. The corrected out-of-plane/in-planeratio R3"" for protons
measured at E 4,/A = 400, 700 and 1000 MeV. R§?"" is shown as
a function of the transverse momentum for semi-central collisions
(MUL2,MUL3). The dashed line at R§""=1 indicates an isotropic
emission at midrapidity.

protons as a function of the transverse momentum for
different beam energies. The centrality cut corresponds
to the sum of the multiplicity bins MUL2 and MUL3.
The average impact parameter is estimated to be about
<b>=7.5 fm. A strong dependence of RY"" on the trans-
verse momentum pr is observed. The ratio increases
with increasing pr but decreases with increasing beam
energy. The impact parameter dependence of RY™ is
shown in Fig. 6 for three incident energies. The data
indicate a strong dependence on the collision central-
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ity. The strongest anisotropy 1s observed at the most
peripheral collisions (MUL1). This observation is valid
for Efqs/A = 700 and 1000 MeV. In the case of MULL
at 400 MeV the large reaction plane uncertainties (see
Tab. 4) would cause relatively large errors on R{™".
Therefore, only the corresponding uncorrected param-
eter P, is given (Tab. 5).

Erab/A = 400 MeV

pr[GeV/c] MUL1 MUL?2 MUL3 MUL4
0.2-0.3 -0.04(1) +0.01(1) +0.03(1) +0.04(1)
0.3-0.4 -0.03(1) -0.05(1) +0.00( 1) 0.01(1)
0.4-0.5 -0.03(1) -0.07(1) -0.06(1) 0.00(1)
0.5-0.6 -0.07(1) -0.12(1) 0071 -0.02(1)
0.6-0.7 -0.11(2) -0.15¢1) O.1L(1} -0.03(1)
0.7-0.8 -0.09(2) -0.21(1) 016(1) 0.04(1)
0.8-0.9 -0.14(4) -0.26(2) 0 18(3) 0.04(1)
0.9-1.0 -0.17(9) -0.35(4) -0.22(5) 0.06(2)
1.0-1.1 -0.04(19) -0.38(8) -0.22(11) -0.08(3)

Erab/A = 700 MeV

prlGeV/c] MUL1 MUL?2 MUL3 MUL4
0.2-0.3 +0.04(15) | +0.21(13) | +0.01(12) | +0.04(10}
0.3-0.4 -0.06(2) -0.06(1) -0 05( 1} +0.01(1)
0.4-0.5 -0.08(1) -0.09(1) S0 0461 0.00(1)
0.5-0.6 -0.12(1) -0.1311) IEIRN 0.00(1)
0.6-0.7 -0.15(1) 01T IRV INE 0.00(1;
0.7-0.8 -0.18(2) -0.2141) BREIEN -.01(1)
0.8-0.9 -0.21(3) -0.29(2) 050 S0.04(1)
0.9-1.0 -0.27(8) -0.30(4) 092y -0.03(2)
1.0-1.1 -0.22(12) -0.24(7) -0.29(4) 1 -0.03(3)

ELas/A = 1000 MeV

pr[GeV/c] MUL1 MUL2 7 MUL3 MUL4
0.2-0.3 -0.07(5) -0.02(4) 7 +0.01(3) +0.04(3)
0.3-0.4 -0.05(1) -0.03(1) +0.01(1) +0.04(1)
0.4-0.5 -0.08(1) -0.05(1) L0011 +0.02(1)
0.5-0.6 -0.10(1) -0.10(1) -0.04( 1) +0.02(1)
0.6-0.7 -0.12(1) -0.140 1} D071 +0.01(1)
0.7-0.8 -0.15(2) -0.17101) 091 0.00(1}
0.8-0.9 -0.18(3) -0.2202) D13t -0.03(1)
0.9-1.0 -0.22(8) -0.2513) 1B(2) 0.00(2)
1.0-1.1 -0.23(11) | -0.27(6) 0.18(4) | -0.02(2)

Table 5. Parameters P, not corrected for the reaction plane un-
certainty for events in which protons were observed in the spec-
trometer in different pr-intervals. The statistical errors are given
in brackets. The values of MULS5 are comparable with zero within
the error bars and therefore not shown

At Erg/A = 400 MeV not only protons but alse com-
posite particles have been measured. Table 6 shows the
parameters Py for H- and He-isotopes for semi-central
collisions (<b>=7.5 fm). The correction factor for this
centrality cut (MUL2, MUL3) is <cos(24¢)>=0.39. A
comparison of the H-isotopes shows a clear increase of
the anisotropy with increasing mass of the fragment. Tri-
tons and 3He show the same anisotropy within the errors.
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Fig. 6. The out-of-plane/in-plane ratio R{}"" for protons mea-
sured at different incident energies E;q5/A. The R is shown
as a function of the transverse momentum for different multiplic-
ity ranges. The values R{?"" are corrected for the uncertainty in
determining the reaction plane.
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ELab/A = 400 MeV

pT/A 1H ZH 3H 3“@ ‘He px - T3
0.1-0.2 - +0.04(2) | +0.01(3) - -0.03(4) {1000 E 3
0.2:0.3 | +0.02(1) | -0.01(1) | -0.06(1) | -0.07(2) | -0.13(1) | ;g0 F 3
0.3-0.4 | -0.02(1) | -0.08(1) | -0.15(1) | -0.13(1) | -0.16(1) 3 3
0.4-05 | -0.06(1) | -0.15(1) | -0.22¢4) | -0.24(1) | -0.25(2) | SOOF E
0.5-0.6 | -0.09(1) | -0.21(1) -0.29(3) | -0.34(6) | 250 = 3
0.6-0.7 | -0.12(1) | -0.27(3) -0.33(7) | -0.58(19) ok E 3
0.7-0.8 | -0.18(1) - : . 3 E
0.8-0.9 | -0.20(1) - -250 £ 3 E
0.9-1.0 | -0.25(2) - 500 f=-7 3 3
1.0-1.1 | -0.26(4) - 750 E 3 3
TablefG. Pdax;fametcrs P, not corrected for the reaction plane uncer-  ~1000 E' ‘ . é:‘ ) . _5
tainty for different intervals A [GeV/c]. The va e give b ’ e t
for s:mkcentrid collisions (MPJI{Q, [MULQ)}Y The staltl;se:i:l (ilmrr: -1000 -500 0 500 1000-1000 -S00 0 500 1000
are given in brackets. p, [MeV/c] p, [MeV/c]
Py F T 3 T T T T T3
. . 1000 ¢ 3 E
4.1 Discussion 750 E
The energy dependence of the preferred emission out 500? E3 E
of plane is consistent with previous experiments. The 250 £ E3 E
Plastic-Ball collaboration found a maximum signal Ry OF 3 3
for protons at a beam energy of Efg/A = 400 MeV 250 & = E
and a decrease at higher incident energies [7] Similar  -500 F 4 E
findings were reported by the LAND-collaboration for 750 F = 3
neutrons [9]. 1000 £ E3 E
The impact parameter dependence shown in Fig. 6 15 3 . ‘ L3t TN S S WO s
seemingly in disagreement to the Plastic-Ball data which -1000 -500 0 500 1000-1000 -500 0 500 1000
show a maximum for semi-central collisions [7]. Our data p, [MeVic) p, [MeV/c]

indicate the strongest effect at the multiplicity bin MULL
that corresponds to peripheral collisions. However, the
Plastic-Ball data have not been corrected for uncertain-
ties in determining the reaction plane. This reduces the
values Ry for peripheral collisions since the uncertain-
ties are larger than for semi-central collisions

Moreover, the Plastic-Ball data are shown in the princi-
pal axis system of the tri-axial momentum ellipsoid. Due
to sidewards flow into the reaction plane the orientation
of this ellipsoid differs by the flow angle @, from the
orientation of the beam axis. In peripheral collisions the
flow is small but increases for decreasing impact param-
eter [23]. Large flow angles will lead to a lowering of
Ry and RY'". respectively. 1if evaluated relative 1o the
beam axis. To get a quantitative understanding of such
effects we have performed Monte Carlo simulations in a
very simplified schematic model. The results of these
are sketched in Fig. 7 in which an enussion pattern 1s
simulated that leads to similar ratios as measured at
Eras/A = 700 MeV. The emission pattern is approxi-
mated by an ellipsoid in momentum space, whose shape
and orientation is defined by the flow angle @y, and
two aspect ratios ra; and ra; {24]. The ellipses shown
in Fig. 7 are contours of a Gaussian momentum distri-
bution in the center-of-mass system. The axis ry of the
ellipsoid coincides with the y-axis of the cm-coordinate
system, whereas the axes r; and r3 are rotated by Gy,
versus the x- and z-axis, respectively. The reaction plane
is denoted pp;. It is obvious that the in-plane momen-
tum component p; is strongly affected by Oy, , whereas
the out-of-plane component p, does not change. Figure
8 shows the corresponding out-of-plane/in-plane ratios

Fig. 7. Contours representing an anisotropic two-dimensional
Gaussian momentum distribution obtained from a Monte Carlo
simulation. Plotted are the in-plane aspect ratio r3; =1.6 (upper)
and out-of-plane ry; =1.3(lower), respectively. On the right, the
flow axis (dashed line) is rotated by the flow angle &y, The
p:-axis indicates the beam axis.
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Fig. 8. Simulated out-of-plane/in-plane ratios RANJC with respect
to the beam axis as function of pr for different G oy -
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as a function of transverse momentum for different an-
gles B0 of the momentum ellipsoid with respect to the
beam axis. @0, =0° means that the principal axis of the
ellipsoid coincides with the beam direction. The figure
demonstrates that the ratio R¥ is reduced in strength
if Bfow 1s increased. The decreasing ratios of the mea-
sured data from MUL1 to MUL3 at Ep /A = 700 MeV
(see Fig. 6) can be reproduced by changing the flow an-
gle Og1ow from 0 to 20 degrees. Therefore, the higher ra-
tios Ry for peripheral (MUL1) compared to semi-central
(MUL2, MUL3) collisions might be an artifact caused
by higher @0, in semi-central collisions. Even though
the sidewards flow is larger in more central collisions
{MULA4), the influence of Oy, on Ry 1s reduced due to
a more isotropic configuration of the reaction geometry:
Small flow angles are associated with elongated shapes
r3; > 1, and larger flow angles with shapes closer to
spherical symmetry (r3; 1) [24]. In the limit of r3; —1
no influence of B4y, should be observed

These considerations show that for an interpretation of
the impact parameter dependence of the ratio RY"™"
around the beam axis the event shape has to be known.
For a rotation of the momentum ellipsoid into the prin-
cipal axis system the flow angle @, must be recon-
structed on an event-by-event basis This reconstruction
can only be done by a sphericity analysis of 47 data.
Since we observe only one particle per event in the spec-
trometer, our data can only be given with respect to
the beam axis. It is worth noting that the determina-
tion of the true flow angle is a difficult experimental
task even for 47 detectors since it is strongly affected
by ever present acceptance limitations and the neces-
sarily incomplete separation of spectator nucleons from
participants.

In addition the above simulation shows that the -
crease of RY¥C with increasing pr can be generated by a
phase space distribution based on (iaussian momentum
sources assuming different widths for the p,- and py-
momentum distributions. This means that higher values
of Ry at higher transverse momenta can be the trivial
consequence of the corresponding phase space distribu-
tion. More sophisticated arguments predict that the az-
imuthal anisotropy vanishes quadratically with momen-
tum as pr tends to zero [25]. Nevertheless. compression
effects of nuclear matter might influence the shape of the
pr-dependence. Indeed, recent studies in the framework
of IQMD for neutrons have shown a sensitivity of Ry
as a function of py to the EOS not only for data in the
principal axis system but also for data taken around the
beam axis. OQur measured pr-dependence is in qualita-
tive agreement with microscopic model predictions [26].

A comparison of the azimuthal asymmetry observed
in H-isotopes indicates an approximate linear increase of
P, as a function of the fragment mass A (see Tab. 6).
This is consistent with previous experiments which found
that protons show a less pronounced effect than higher
charged particles {7, 10]. This fact is related to a higher
collectivity seen by composite particles, since single nu-
cleons are more affected by thermal motion. 2H and 3He
show the same anisotropy within the error bars. This
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Fig. 9. The upper picture shows the measured out-of-
plane/in-plane ratios Ry for different particles measured at
Eras/A = 400 MeV. Ry is shown as a function of the trans-
verse momentum divided by A for semi-central collisions (MUL2,
MUL3). On the right ordinate the values corrected for s the re-
action plane R4?™" uncertainties are given. The lower picture
shows calculated Monte Carlo ratios. The parametrization assumes
a source temperature of T=45 MeV expanding with 8,,=0.16,
3out =0.28 (lower). The ratios are parametrized by quadratic func-
tions

is clear evidence that Coulomb interactions do not af-
fect the amsotropic emission out of the reaction plane,
in accordance to what has been reported for protons and
neutrons {9, 10].

4.2 Interpretation by a blast wave scenario

In the following we will discuss whether the experimen-
tal in-plane/out-of-plane ratios are in agreement with a
blast wave scenario of nucleons at midrapidity in thermal
equilibrium{27]. In this scenario a thermally equilibrated
source of protons and composite particles with a temper-
ature T is superimposed by a blast wave, characterized
by a mean radial flow velocity 3. The resulting momen-
tum distribution is given by the expression [28]
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where p is the momentum of the particle in the center
of mass, y=(1-8%)}/2, and a=+8p/T. In contrast to ref-
erence [28] we do not consider a spherically symmetric
fireball expansion, but an asymmetric expansion with
different radial flow velocities in-plane j3;, and out-of-
plane B,,:. The aspect ratios rs;, r3; mentioned in chap-
ter 4.1 can be interpreted as an anisotropic expansion
with a higher mean radial flow velocity out-of-plane (y-
axis) than in-plane (x-axis) and a higher longitudinal
radial flow velocity along the z-axis than in-plane, re-
spectively. The variation of the particle momenta re-
sulting in r2; > 1 leads to a higher particle density
dN/dy out-of-plane than in-plane. For the interpreta-
tion by a blast wave scenario we use the data measured
at 400 MeV/A where we have the data of composite
particles with their higher collectivity. At higher bom-
barding energies composite particles can not be mea-
sured at midrapidity because of the limited momentum
acceptance of the spectrometer In order to explore the
parameters T, Bin, Bour describing the data. we compare
the results of Monte Carlo calculations with the mea-
sured ratios in-plane/out-of-plane Ra The parameters
T, Bin, Bour fulfil the constraint that a fit with a Boltz:
mann formula without radial flow to the particle distri-
bution would yield temperatures around Tpgoi, =65 MeV
in accordance to previous experiments(30]. In the blast
wave scenario we generated different event samples with
source temperatures T of 40, 45 and 50 MeV common for
all particle species. The values for 3;, and Joy¢ are cho-
sen such that for the deuterons the simulated ratios agree
best to the data. Following [25. 29] the calculations are
done with a flow angle of &, =20° The longitudinal
radial flow velocity along the p,-axis (r3) 1s assumed to
be £);=0.42 which is the velocity of the projectile in the
center of mass system at the beam energy of 400 MeV /A,
This value leads to aspect ratios of approximately r3; =
1.6. In Fig. 9 the measured (upper) and simulated (lower)
ratios are shown. To compare the measurement with the
simulation the ratios are parametrized by quadratic func-
tions Ry (pr) ~ 1+a-p% [25]. The resulting fit parameter
a as well as the \® per degree of freedom are listed n
Table 7. The best agreement is obtained by assuming a
temperature around T=45 MeV and radial flow veloc-
ities in- plane of 3in=0.16 and out-of-plane jou,_() 28.
As shown in chapter 4.1, the extracted values 3,,. 3oy
depend on Oy, and r3;. Deviations from .3 =0.42 by
+20% (ra; =1.62£10%) result tn variations of +15% in
6out-

WyE + T) — Tcosha] (1)

Recent studies done by the EOS-collaboration for
Au+Au collisions at Ep,,/A=400 MeV yield similar
results[31]. In these studies temperatures of approxi-
mately T=55 MeV and a collective radial flow velocity
of Bragiai= 0.22 were found. The value of T is some-
what higher than our results which can be explained
by the fact that the EOS-group has analysed central
events. This event class shows an isotropic emission pat-
tern which therefore can be described by one common

D. Brill

radial flow velocity Bradial-

Qur calculation suggests that the data can be explained
by a scenario assuming a source of protons and com-
posite particles in thermal equilibrium. However, a de-
tailed comparison of the data with the prediction of this
schematic model reveals significant differences. The ratio
R{™™ as determined from the experimental data seems
to rise only for pr values above 200 MeV/c, whereas
the model clearly predicts a rise already at pr=0. Ap-
parently the data do not exhibit radial flow in the low
momentum particles. The low pr-isotropy may be an in-
dication of different dynamics in this part of phase space.

| T=40 MeV T=45 MeV T=50 MeV
data Bin=0.19 3in=0.16 Bin=0.11
Bout=0.30 Bout=0.28 Bout=0.26
id | %2 a X2 a 2 a x? a
TH | 3.4 | 0.68(1) | 3.3 | 0.66(1) | 2.8 | 0.62(1) | 0.8 | 0.53(1)
2H | 2.6 | 1.62(2) | 0.8 | 1.63(1) | 1.6 | 1.61(2) | 3.2 | 1.60(2)
CO'H | 2.5 2.50(8) | 1.0 | 2.39(2) | 1.2 | 2.55(2) | 3.4 | 2.66(2)
P He | 1.4 275( Y- - - - - -
[ ‘He | 16 47(9) | 3.9 | 3.11{3) | 2.5 | 3.47(3) | 1.2 | 3.94(3)

Table 7. Parameters a of the function shown in Fig. 9. A fit as-
suming a purely thermal source without radial flow results in a
source temperatures of T=65 MeV in each case.

5. Summary

In summary, we have studied the beam energy and
impact parameter dependence of so-called squeeze-out
effects for the system 2°9Bi4299Bi at projectile energies
of Eas/A = 400, 700, and 1000 MeV. For the first time
particle ratios out-of-plane/in-plane corrected for uncer-
tainties in determining the reaction plane are presented.
We observe an enhanced emission of particles perpendic-
ular to the reaction plane. Composite particles exhibit a
more pronounced out-of-plane emission: The magnitude
of the out-of-plane parameter P, is proportional to the
mass of the particles. Coulomb interactions do not affect
the anisotropic emission perpendicular to the reaction
plane. The anisotropy is seemingly most pronounced for
peripheral collisions and decreases with increasing beam
energy. For an interpretation of the magnitude of the
out-of-plane/in-plane ratio collective sidewards flow ef-
fects have to be taken into account. The experimental
data available so far do not allow an unambiguous sepa-
ration of directed flow and squeeze effects. The increas-
ing pr-dependence of the ratio Ry seems to be the result
of decompression expansion effects; it reflects the result-
ing characteristic phase space distribution of the ejected
matter. Finer details of the influence of decompression
effects on the pr-dependence of Ry can be extracted
only from microscopic model calculations. Their com-
parison with experimental data is expected to lead to an
improved determination of the EOS. For a comparison
of the squeeze-out signal shown around the beam axis
the models must reproduce the shape of the momentum
ellipsoid as well as the sidewards flow correctly.
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