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Triple-differential cross sections for neutrons from high-multiplicity La-La collisions at 250 and 400 MeV
per nucleon and Nb-Nb collisions at 400 MeV per nucleon were measured at several polar angles as a function
of the azimuthal angle with respect to the reaction plane of the collision. The reaction plane was determined by
a transverse-velocity method with the capability of identifying charged-particlesAwith, Z=2, andZ>2.

The flow of neutrons was extracted from the slope at mid-rapidity of the curve of the average in-plane
momentum vs the center-of-mass rapidity. Tdguieeze-oubf the participant neutrons was observed in a
direction normal to the reaction plane in the normalized momentum coordinates in the center-of-mass system.
Experimental results of the neutron squeeze-out were compared with BUU calculations. The polar-angle
dependence of the maximum azimuthal anisotropy nat#) was found to be insensitive to the mass of the
colliding nuclei and the beam energy. Comparison of the observed polar-angle dependence of the maximum
azimuthal anisotropy ratio( #) with BUU calculations forfree neutrons revealed that 6) is insensitive also

to the incompressibility modulus in the nuclear equation of sf&6556-281®9)03701-7

PACS numbgs): 25.75.Ld, 21.65tf

I. INTRODUCTION trons correlated to the azimuthal distributions for semicentral
Au-Au collisions at beam energies of 150, 250, 400, and 650
A primary goal of relativistic heavy-ion physics is to ex- MeV per nucleon. Elaasagt al [19,2Q reported the first
tract the equation-of-stat&OS of nuclear matter. The EOS  azimuthal distributions of triple-differential cross sections
is the relationship between den_sity, temperature, and presg, neutrons emitted in Nb-Nb collisions at 48MeV and
sure for nuclear mattefrl—4]. Various experiment§5—15  oyamined the maximum azimuthal anisotropy ratios of these
have been undertaken in an effort to extract the EOS. Il iron cross sections as a probe of the nuclear equation of

cen_tral_collisions, the over_lap regions Qf the target anq th%tate by comparison with Boltzmann-Uehling-Uhlenbeck
_prOJe_ctlle form a compression zone of high density. PartICIe?BUU) calculations forfree neutrons with a momentum-
in this zone experience a deflection or outward flow from the

interaction region. Measuremerj&-11,19 with the plastic dependent interaction. Madey al_. [.21] extended this com-
ball-wall detecto16] revealed three collective flow effects: parison to 4(_)9‘ Mev Al_J'Au CO”'S'(.)nS and found that the
the bounce-offof the spectators, theide-splastof the par- Maximum azimuthal anisotropy ratio does not depend on the
ticipants, and thequeeze-outf the participants in directions Mass of the colliding nuclei. Welket al. [22] defined the
normal to the reaction plane. Measurements of the collectiv@'@ximum azimuthal anisotropy rati(6) as a ratio of the
momentum flow in the collisions, including the flow angle Maximum triple-differential cross section to the minimum
[10,13 and the average transverse momentum in the reactioiiple-differential cross section at each polar angle.
plane[6,7,9,15,17, were studied with a view toward extract-  In this paper, we report measurements of triple-
ing the nuclear EOS. differential cross sections of neutrons emitted in high-
Zhanget al. [18] investigated the collective flow of neu- multiplicity La-La collisions at 250 and 408 MeV (and
Nb-Nb collisions at 408 MeV) as a function of the azi-
muthal angle with respect to the reaction plane for several
*Present address: CyberAccess Inc., Valley View, OH 44125. polar angles. From these data and our prior da@& for
"Present address: Southern University at New Orleans, New OrAu-Au collisions at 408 MeV, we examined the sensitivity
leans, LA 70126. of the maximum azimuthal anisotropy rati¢#) to the mass
*Present address: Picker International Inc., Cleveland, OH 44143f three systempviz., Nb-Nb, La-La, and Au-Aliand to the
Spresent address: Crump Institute for Biological Imaging, UCLA beam energy from 250 to 400 MeV for the La-La system;

School of Medicine, Los Angeles, CA 90095-1770. we extracted the flow9] of neutrons from the slope at
IPresent address: University of Texas at Austin, Austin, TXmidrapidity of the curve of the average in-plane momentum
78712. versus the neutron center-of-mass rapidity; and we observed
TPresent address: Tex& & M University, College Station, TX the out-of-plane squeeze-owff neutrons in three systems

77843, [viz., 250 and 40@& MeV La-La, and 408 MeV Nb-Nb].
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Il. EXPERIMENTAL APPARATUS of the flight times to the time-of-flighfTOF) wall detectors

nand to the neutron detectors. Scintilla®t was positioned

1988[18,19, an extension of experiment 848H was per- 13.04 m upst'ream qf the target in the beam. Scintill&»r
formed with the Bevalac at the Lawrence Berkeley Labora¥@S Placed immediately before the target. A total of 16
tory (LBL) with the improved experimental arrangementMean-timed neutron detectdi3—2§ were placed at angles
shown in Fig. 1. This experiment was improved over theffom 3° to 80° with flight paths ranging from 6 to 8.4 m.
original version by adding the capability of identifying Table I shows the width, polar angle, and flight path of each
charged particles wit=1, Z=2, andZ>2. With this im-  heutron detector used in this experiment. The width of the
provement, data were obtained for La-La collisions at 2501eutron detector and the flight path at each angle were se
and 400A MeV and for Nb-Nb collisions at 409 MeV. lected to provide approximately equal counting rates and en-
A beam telescope, consisting of two scintillat@sand  ergy resolutions for the highest energy neutrons at each
S,, was used to select and count valid projectile beam ionsingle. To avoid detecting charged particles in neutron detec-
and to provide a fiducial timing signal for the measurementors, 9.5-mm thick anticoincidence detectors were placed im-

Based on experience gained from experiment 848H i

TABLE I. Neutron detector placement and shadow shield configurations.

Detector Polar Flight Distance from
Width angle path target to Configurations

No. w (in) 0 (deg X (m) front of shield(m) A B C D E
N16 20 80.0 6.00 3.0 st
N14 20 64.0 7.00 35 S
N12 20 48.0 8.00 4.5 s
N10 10 36.0 8.40 4.8 S8
N8 10 28.0 8.40 4.8 S8
N6 10 20.0 8.40 5.0 S8
N4 5 12.0 8.40 5.0 S
N2 1 5.9 8.39 5.0 ssl
N1 1 -3.0 8.40 5.0 ss
N3 5 -9.0 8.40 5.0 S
N5 10 -16.0 8.40 5.0 S8
N7 10 —24.0 8.40 5.0 S8
N9 10 -32.0 8.40 4.8 S8
N11 20 -40.0 8.40 4.8 S
N13 20 —56.0 7.50 3.8 S
N15 20 —-72.0 6.20 3.1 S
[3mm] Type Dimensions (if) Number
Sssl 5.5xX 40X 40 1 0 1 0 0 1
S 8.0x36x43 1 0 0 1 1 0
S8 14X 40X 42 2 0 2 1 1 2
s 20X 40x 42 2 0 1 2 2 1
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mediately in front of the neutron detectors. The TOF of each 5000 . . ' ' .
detected neutron was determined by measuring the time dif La-La at 400A MeV
ference between the detection of a neutron in one of the 4000 Target—In
neutron detectors and the detection of a projectile ioninthe | L% _ _ _ _ _ Target—Out
beam telescope. “m 30007
The azimuthal angle of the reaction plane was determinecS
from the information given by a time-of-flighfTOF) wall, g =000 ¢
which consisted of 184 plastic scintillators, each with a
thickness of 9.5 mm. The overall dimensions of the TOF ? 10001
wall were 5-m wide and 4.5-m high. The plastic wall was f 0
shaped as an arc around the target, and covered angles -
+37° relative to the beam line. The flight paths of the TOF 2 500 La-La at 250A MeV
wall detectors varied from about 4.0 to 5.0 m. o s
To assess the background, steel shadow shields were pe, 3000 |
sitioned approximately half-way between the TOF wall and lo
the neutron detectors in four different configuratiosee  — 2000 |
Table ). The resulting spectra were then subtracted from the :
ones without shadow shields. We used a method introduce3 1000 |
by Zhanget al. [18] to correct for an over-estimation of g
backgrounds by this shadow-shield subtraction technique. o 5000 :
© Nb—Nb at 400A MeV
I1l. DATA ANALYSIS g 4000
In order to suppress the background arising from colli- E 3000 1
sions of beam ions and air molecules between the target an ©
the TOF wall, an appropriate multiplicity-cut had to be é =000 ¢
made. Figure 2 shows the charged-particle multiplicity spec- ©
tra with (solid line) and without(dashed lingthe target for Z 1000 | L
La-La and Nb-Nb collisions at 4@0MeV and La-La colli- 0 :| , , fa - ,
sions at 258 MeV. A proper multiplicity cut was chosen by 0 10 20 30 40 50 60

comparing the charged-particle multiplicity spectra with and
without the target in place. To make meaningful comparisons
of the data for La-La and Nb-Nb collisions at 400eV and FIG. 2. Charged-particle multiplicities with and without the tar-
La-La collisions at 258 MeV,_the multiplicity cuts chos_,en get in place for La-La collisions at 400 and 28MeV, and Nb-Nb
shogld cc_)rrespond to approxm.ately the_ same range in NO,jjisions at 408 MeV.

malized impact parameter while keeping the background

contaminationgfrom collisions of beam ions with the air or . .

material in the beam telescopeelow 5%. For La-La colli- muthal angllech of th.e reaction plane was estimated fro.m
sions at 400 and 25@ MeV, the appropriate charged- the vectf)rQV, the weighted sum of the transverse velocity
particle multiplicity cuts were found to be 34 and 30, respecvectorsV' of all charged fragments detected in each colli-
tively, whereas a multiplicity cut of 25 was determined for sion:

Nb-Nb collisions at 408 MeV. From the relationship be-

tween the total number of interactions expected from the =,
geometric cross section of the system and with the well- Q :El vi
known assumptio19,27] of a monotonic correlation be-

tween the impact parameter and the fragment multiplicity,

the maximum impact parameter normalized to the radii ofwhere the weight; depends on the pulse height of the ith
the projectile and targeby,./(Ry,+R;) was found to be charged particle. The values of the are positive fora
about 0.5 for the above multiplicity cuts. The method of =4, and zero for a<a, where the quantity «

extracting the maximum-normalized impact parameterz(y/yp)c_m_ is the rapidity Y normalized to the projectile

Multiplicity

\7'[

i) W

bmax/ (Rp+Ry) can be found in Ref.20]. rapidity Y, in the center-of-mass system, anglis a thresh-
old rapidity. The rapidityY of a charged particle with an
A. Determination of reaction plane identified Z was calculated with an assumption that its mass

o , _is the mass of proton’He, and ’Li, respectively, forZ
To study flow, it is necessary to determine the reaction_ 1, 2, andz>2. The dispersion angl& ¢, the angle be-

plane(i.e., thexz plang, wherex is in the direction of the  tween theestimatedandtrue reaction planes, is defind@9)
impact parameter of the collision azds in beam direction. as
The reaction plane was determined by a modified version
[28] of the transverse momentum methigd. The charged v
particles emitted from the collisions between beam ions and COSA pr= v 2
the target were detected by the TOF wall detectors. The azi- (V'
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FIG. 3. Pulse-height spectrum from 400/eV La-La collisions
for one of the 184 detectors in the time-of-flight wall. Weight Set

where(Vy) and(V,) are projections of unit vectors onto the  FIG. 4. DispersionA ¢y in the azimuthal reaction plane angle
estimatedand thetrue reaction plane, respectively. All the ¢r with different sets of weights tuned f@=1, Z=2, andZ>2
results presented in this report are corrected for this dispefsotopes for La-La collisions at 460MeV. Each set of weights
sion. consists of three numbers assigned, respectively, to the charged
The smaller the dispersion angle, the closerekmated Particles withZz=1, Z=2, andZ>2. Among ten sets of weights
reaction plane to thirue one. By averaging the projection of used to calculate dispersion angleg, the set(1, 2, 2.9 gives a

. > . ini i i le.
the unit vector ¥/|V|); onto thetrue reaction plane over dispersion angle

the total events, one can obtain S o
MeV. The uncertainties in this figure were not calculated

m 1/2 vt because our main interest was to minimize the values of the
(V) =| ——— (3: E ; dispersion angles. In this work, ten sets of weiglsshown
W(W-1) i [V in Fig. 4) were used to calculate the dispersion angles. The

' weights 1, 2, and 2.5 for=1, Z=2, andZ>2 isotopes,
respectively, yielded a minimum value for the dispersion
sz w; , 3 A¢grin ¢r. With these weights, the dispersion angles from

: Eq. (2) were found to be 31.322.4° and 33.8%2.3° for
La-La collisions at 400 and 258 MeV, respectively, and
39.8°+3.0° for Nb-Nb collisions at 408 MeV. Without the
charged-particle identificatiofi.e., »;=1), Eq. (4) corre-
sponds to that in Refl18,19; the dispersion angles were
about 3° larger in these three sets of data. After the azi-
muthal anglegr of the reaction plane was determined, the
neutron azimuthal angle relative to the reaction plage (
— ¢r) Was obtained for each event.

wherei is the particle index. The weighb; in the above
equation is equal to unity foft= a and is equal to zero for
a<ag.

The average of the normalized in-plane vector of all
charged particles projected onto thstimatedeaction plane
(Vy) can be estimated by

v\ oQr
<v;>=( " ) — = v
V1G] 1

\7t

(4)

B. Determination of the flow axis

|\7t| _
: To study the emission patterns and the event shapes of the
where the weighty; depends on the pulse height of the fragments, the sphericity meth¢80] was used. From a set
charged particles. The weighting factars were chosen to of charged particles in the center-of-mass system for each
minimize the dispersion angl®¢r. For different values of event, a sphericity tensor is defined as

v;, the dispersion angles for La-La collisions at 250 and

400A MeV and Nb-Nb collisions at 409 MeV exhibit a 1 Vivy

broad minimum (around @p=0.2) as a function of the Fiizzv 2m, |v¥|2’ ®)
threshold rapidityag; to minimize the dispersion, we chose

010=02

Figure 3 shows a typical pulse-height spectrum for one ofVherem, is the mass of theth fragment, which can be one

the 184 TOF wall detectors for La-La collisions at 400 ©f the protonlike g=1), heliumlike €=2), or “lithium-
MeV. The peak labele@=1 is from hydrogen isotopes; that like” ( Z>2) particles identified by pulse-heights in the TOF

labeledZ= 2 is from helium isotopes. The third and the fol- wall as 'mentioned ?n the previous_section. In the sphe'ri(_:ity
lowing peaks labele@>2 represent charged particles with calculation, we omitted aII_tracks in the bac_kward rapidity
Z>2. Based on these peaks, three different sets of weighf@n9€ @<0), then we projected the tracks in the forward
were tuned to estimate the reaction plane closest to the tru@pidity range ¢>0) to the backward rapidity rangé—
reaction plane. Figure 4 shows the dispersion angles obtainedV. Our sphericity calculations reconstructed polar flow
at different sets of weights for La-La collisions at 400 angles, which allowed neutron squeeze-out to become vis-
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FIG. 5. Distribution of the flow angle §¢) for La-La and

Nb-Nb collisions at 408 MeV with the same impact parametén FIG. 6. Triple-differential cross sections for the emissions of
the units of the nuclear radiugb/2R)=0.51. neutrons in the backward rapidity bir-(L.0< a<<—0.2) at a polar

angle of=72° from La-La collisions at 400 and 2%0MeV, and
ible. By diagonalizing the flow tensor in the center-of-mass/\P-Nb collisions at 408 MeV. The open symbols represent BUU
system, the event shape can be approximated as a pfofate theory WIthKIZJ..5 MeV for free neutrons with a critical dlstarjcg
cigar-shapedellipsoid. The angle between the major axis of d.=2.8 fm. The filled symbols represent_ the data, and the solid line
the flow ellipsoid and the beam axis is defined as a flow/EPresents the data corrected to zero dispersigp=0.
angle g .

Quantitatively, the flow anglgL0] was obtained as a polar sented as a function of the azimuthal angie—(#g) with
angle corresponding to the maximum eigenvalues of the flowespect to the reaction plane. The data were summed in four
tensor. Figure 5 shows the distribution of the flow an@te  rapidity bins A«) for each detector: backward rapidities
for La-La and Nb-Nb collisions at 4@0MeV with the same (—1.0<sa<-0.2), midrapidities £ 0.2=a<0.2),
impact parameter. For Nb-Nb and La-La collisions at theintermediate-forward rapidities (02¢<0.7), and projec-
same energy, the peak of the neutron flow angle distributiofilelike rapidities (0.&=a<1.2). The uncertainties in the
moves to a larger angle as the mass of the system increasegple-differential cross sections include both statistical and
This trend to larger flow angles with increasing target-systematic uncertainties; however, statistical uncertainties
projectile mass was observed previously for charged pardominate systematic uncertaintigo].
ticles [13] by the plastic ball spectrometer, and predicted Figure 6 shows the triple-differential cross sections for
qualitatively from Vlasov-Uehling-Uhlenbeck calculations neutrons emitted in the backward rapidity bin at a polar
[31]. angle of 72° for La-La and Nb-Nb collisions at 40MeV

and La-La collisions at 259 MeV. The cross sections in this
IV. RESULTS rapidity bin have a minimum at£— ¢g)=0° and a maxi-
mum at (p— ¢g)= £180°. Similar characteristics can be
found at other polar angles, ranging from 3° to 80°.

The results of the triple-differential cross sections Figure 7 shows the neutron triple-differential cross sec-
d3o/dad cosAd(¢p— ¢g), for neutrons emitted at a polar tions for the midrapidity bin at one of the polar angle&.,
angle ¢ with a normalized center-of-mass rapidity 0=48°) for La-La and Nb-Nb collisions at 460MeV and
=(Y/Yp)cm. (in units of the projectile rapidity’,;) are pre- La-La collisions at 258 MeV. In this bin, the neutrons are

A. Neutron triple-differential cross sections
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FIG. 7. Triple-differential cross sections for the emission of FIG. 8. Triple-differential cross sections for the emission of
neutrons in the midrapidity bin{0.2< «<0.2) at a polar angle of neutrons in the projectile rapidity bin (Gs7«<1.2) at a polar angle
48° from La-La collisions at 400 and 220MeV, and Nb-Nb col-  of 16° from La-La collisions at 400 and 230 MeV, and Nb-Nb
lisions at 40@& MeV. The open symbols represent BUU theory with collisions at 408 MeV. The open symbols represent BUU theory
K =215 MeV forfree neutrons with a critical distanag.=2.8 fm. with K=215 MeV for free neutrons with a critical distancd,

The filled symbols represent the data and the solid line represents 2.8 fm. The filled symbols represent the data and the solid line
the data corrected to zero dispersivgpg=0. represents the data corrected to zero disperaigp=0.

aligned perpendicular to the reaction plane d’t_(‘ﬁ.R): angle 20° for La-La and Nb-Nb collisions at 480MeV and
igo. (so called §queeze.-c)L{t11,1'2,14, howeV(_ar, this ef- La-La collisions at 258 MeV. The distributions at small
fect is barely noticeable in our figures. Rotating the evenh«

he fi . h bili h olar angles in this rapidity bin reflect the distributions in the
g?fteoc:[fl g\é]v axis enhances our ability to see the squeeze-olfiqranidity bin. The larger the polar angles, the more notice-

le th k — =0° he distributi
Figure 8 shows the neutron triple-differential cross sec able the peaks af~ ¢) =0° and the distributions become

tions for the projectile rapidity bin at a polar angle 18% an :r;gzgniwlar to the distributions from the projectile rapidity

example for La-La and Nb-Nb collisions at 4@0MeV and

La-La collisions at 258 MeV. At each polar angle, the azi-

muthal distribution for this rapidity bin peaks at( ¢g)

=0° and has a minimum aif{— ¢g)= = 180°. The peak at Figure 10 shows the mean transverse momentum pro-

0° is the result of the side-splash and bounce-off effectsjected into the reaction plané,) for neutrons as a function

where bounce-off cannot be separated clearly from the sidef normalized center-of-mass rapidity=(Y/Yp)cm, for

splash. The resulting cross sections in these projectile rapidl-a-La collisions at an energy of 400 and 2aMeV. The

ties also have contributions from both participants and spedechnique of extracting theP,) for neutrons can be found in

tators such as those at target or backward rapiditiedRef.[18].

however, the side-splash dominates at the larger polar angles The data display the typical S-shaped behavior as de-

where the collisions are more central because of the multiscribed by Danielewicz and Odynig@]. Neutrons in the

plicity cut chosen for this analysis. low-energy regiongbelow ~ 55 MeV) were not included in
Finally, Fig. 9 shows the neutron triple-differential cross order to eliminate background contamination; thus, the curve

sections for the intermediate-forward rapidity bin at the polaris not completely symmetric and the slope of the average

B. Average in-plane momentum
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20 One of the results of this experiment is the observation of
neutrons emitted preferentially in a direction perpendicular
to the reaction plane. In their paper reporting this component

10 of collective flow for charge particles, Gutbrat al. [11]

Nb—Nb at 400A MeV called this collective phenomenat-of-plane squeeze-out.
0 ' ' ' To see neutron squeeze-out, we performed two coordinate
180 -90 0 90 180

rotations: First, we rotated thecoordinate around the beam

Azimuthal Angle ¢—¢ (deg) or z axis to align it with the summed transverse-velocity
R B .
vector Q given by Eq.(3); second, we rotated the axis
FIG. 9. Triple-differential cross sections for the emission of around they axis by the flow angléd . After this second
neutrons in the intermediate-forward rapidity bin (8.2<0.7) ata  rotation, thez' axis of the newx'y’z’ coordinates, where
polar angle of 20° from La-La collisions at 400 and 25MeV, y’ =y, is on the major axis of flow ellipsoid. Then, for neu-
and Nb-Nb collisions at 400 MeV. The open symbols represent trons with transverse moments, in the region—0.1<p.

BUU theory with K=215 MeV for free neutrons with a critical - 1 wherep.=(P./P! ) neutron squeeze-out be-
bt z z' ' proyc.m.s

distanced.= 2.8 fm. The filled symbols represent the data and the i ; °
- _ i came visible as a peak at azimuthal angiés- = 90° for the
solid line represents the data corrected to zero dispersipg=0. P

distribution in thex'y’ plane. Figure 11 shows the neutron
azimuthal distributions in the’y’ coordinates or neutron
in-plane transverse momentum at negative rapidities isqueeze-out of three systems: La-La and Nb-Nb collisions at
steeper than that at positive rapidities because the cut on th0A MeV and La-La collisions at 259 MeV. The spectator
low-energy neutrons rejects neutrons with low transversaeutrons are excluded from Fig. 11 by removing neutrons of
momenta at negative rapidities. From Fig. 10, the averagbigh and low momenta at small angles. By excluding spec-
in-plane momentum increases with increasing bombardingator neutrong8] emitted from the projectile and the target,
energies. neutrons evaporatef33,34] from an excited projectile at
In the positive rapidity region, théP,) vs a curves are small polar anglesd<8°) were excluded also. Squeeze out
straight lines up tax=0.5. We extracted the slope at midra- Of neutrons was observed previousti4] for Au-Au colli-
pidity (up to a=0.5) with a linear fit to{P,) in the region  Sions at 408 MeV.
unaffected by the cut on the neutron energy; Deisal. [9]
defined this slope as tHéow F. Because the flow is deter- V. THEORETICAL COMPARISONS

mined at midrapidity, it has contributions only from the par-  \yglke et al. [22] examined the sensitivity ofla/d¢ to
ticipants. The flows found in this analysis are 4Bl and  the nuclear matter equation of state. Because there was a net
104+13 MeVl from La-La collisions at 400 and 258  flow in the projectile and target rapidity bins, Welle¢ al.

MeV, respectively. From these data, we see that the neutroflescribed the shapes of the azimuthal distribution by the ra-
flow increases with increasing beam energy. Previouslytio of the maximum cross sectiorl§/d¢) . to the mini-
Dosset al. [9] observed that the flow of charged particles mum cross sectiondg/d ) i, -

increases with beam energy, reaches a broad maximum at For each polar angle, the cross sections measured in the
about 65& MeV, and falls off slightly at higher energies. experiment are fitted with the functiorr;(¢— ¢g,6)
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FIG. 11. Azimuthal distribution$’) of the neutrons around the
flow axis or neutron squeeze-out in the momentum regie.1
<p;=(P;/Ppo)cm=0.1] for La-La collisions at 400 and 250

d®n/dé'dp.' (107® arbitrary units)

La—-La at 400A

MeV

La—-La at 250A MeV

N 5 t t }
4_ 4
3_ 4
2_ 4
Nb—-Nb at 400A MeV
1_ 4
0 1 1 1
-180  -90 0 90 180
Azimuthal Angle &' (deg)

MeV, and Nb-Nb collisions at 400 MeV.

=a(#)=b’(f)cos@— ¢r), where the+(—) sign stands for
positive (negative rapidity bin, andb’ (8) =b(6)e™ (A¢r/2
is the correction for a finite rms dispersidnpg. For posi-
tive rapidity particles, the cross sections peak @t-(¢Rr)

Maximum Azimuthal Anisotropy, r(6)

FIG

ropy ratior(6) as a function of the polar angle for La-La and
Nb-Nb collisions at 408 MeV and La-La collisions at 250 MeV

in the projectile rapidity bin (0.% «<1.2). The data for Au-Au
collisions at 408 MeV is reproduced from Elaasat al.[20]
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FIG. 13. Polar-angle dependence of the double-differential cross
sections for neutrons emitted with rapidities €.#<1.2 from
La-La collisions at 400 and 258 MeV, and Nb-Nb collisions at
400A MeV. The filled squares represent the data and the open sym-
bols represent BUU theory witk =215 MeV: open squares repre-
sentall neutrons and open circles represent neutrons that are not in
clusters orfree neutrons.

50

Polar Angle 8

=0° and deplete at— ¢g) = +180°, as seen in Fig. 8. The
maximum azimuthal anisotropy for positive rapidity neu-
trons becomes (8)=[a(0)+b(H)]/[a()—b(6#)]. Figure

12 is the polar-angle-dependent maximum azimuthal anisot-
ropy ratior () for the four sets of data as indicated; the data
for Au-Au collisions at 408\ MeV are from Elaasaet al.

[20]. From Fig. 12, the maximum azimuthal anisotropy ap-
pears to be independent of both the mass of the colliding
nuclei and the beam energy.

For theoretical comparison, we used the Boltzmann-
Uehling-UhlenbeckBUU) approach 35] with a parametri-
zation of a momentum-dependent nuclear mean field sug-
gested in Ref[22]. In the calculations, the incompressibility
modulusk was set to be 215 MeV, and the contributions to
the cross sections from composite fragments were subtracted
by rejecting neutrons when the distance between the neutron

. 12. The polar-angle-dependent maximum azimuthal anisot2nd another nucleon from the same BUU enserfiéig¢ was

less than a critical valué, [36]. Within a given BUU run, a
nucleon was considerddee only if no other nucleons were
found within the critical distancel,. We are justified in
restricting our coalescence criterion to coordinate space as
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FIG. 14. The polar-angle-dependent maximum azimuthal anisot- FIG. 15. The polar-angle-dependent maximum azimuthal anisot-
ropy ratior(¢) as a function of the polar angle for La-La and ~ ropy ratior(#6) as a function of the polar angie for La-La colli-
Nb-Nb collisions at 408 MeV and La-La collisions at 259 MeV ~ sions at 400 and 258 MeV, and Nb-Nb collisions at 400 MeV.

from BUU calculations withk =380, 215, 150 MeV. The value The filled squares represent the data and the open symbols represent
d.=2.8 fm was used for these systems. The results for Au-AuBUU theory withK=380 MeV,K=215 MeV, andK =150 MeV
collisions at 408 MeV with d.=3.2 fm is reproduced from as indicated in the figure.

Elaasaret al.[19]

nucleons that are far apart in momentum space will havéhe BUU prediction is lower than .the data at small polar
drifted away from each other. Our analysis is performed afangles b_ecause_ the BUU calculations do not trealt neutron
the time that the momentum space distributions begin t&Vaporation which occurs at polar angles belev®®, as
freeze-out[37]. Also we have verified quantitatively the OPServed previously by Madest al. [34]. ,
soundness of this argument by performing a full six- BY restricting the'BUU.caIcuIa.nons tee neutrons with
dimensional coalescence. It is well known from transportK =215 MeV, the triple-differential cross sections are com-
theory calculations that the transverse momentum generatidd@red with data. Figures 6—9 show triple-differential cross
in heavy-ion reactions begins quite early in the history of thesections for four rapidity regions-1.0<sa<-0.2, —0.2
reaction and then saturatgg8]. For free neutrons, the criti- =a<0.2, 0.a<1.2, 0.2 «<0.7. In these figures, the
cal distanced, was chosen to be 2.8 fm for both Nb-Nb and open symbols represent the BUU calculations. The solid line
La-La at 40\ MeV and 3.0 fm for La-La at 258 MeV by  in each figure represents the data corrected to zero dispersion
fitting the polar-angle dependence of the double-differential $g=0. In these calculations, the negatiwe- ¢g) region
cross sections. The double-differential cross sections in this symmetric with respect to the positive side. In Fig. 6, the
rapidity 0.7<a<1.2 bin for La-La and Nb-Nb collisions at BUU results are higher than the data beyond—(¢g)
beam energy 400 MeV and La-La collisions at 259 MeV ~ =90°. In Fig. 7, the BUU results tend to peak a < ¢g)

are shown in Fig. 13. The filled symbols represent the data=90°; in other words, the BUU results show the character-
and the open symbols represent the BUU calculations. Thistics of the out-of-plane squeeze-out effect fiee neutrons
BUU calculations(with d.=0 fm) of the double differential in the midrapidity bin, but it is very hard to see the squeeze-
cross sections are significantly higher than the data becauseit phenomena in the rapidity coordinatese Sec. IV ¢ In

the data do not include the composite fragments; in otheFigs. 8 and 9, the BUU results generally agree with the data
words, the data contaifiee neutrons only. Fod.=2.8 fm, in these positive rapidity bins.
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FIG. 16. Average in-plane momentum projected into the reac- FIG. 17. Neutron squeeze-out in the mid-moment[im0.1
tion plane for neutrons from La-La collisions at 400 and 250 <p£=(P£/P,;roj)c.m§0-1] region for La-La collisions at 400 and
MeV, and Nb-Nb collisions at 400 MeV as a function of the 2504 MeV, and Nb-Nb collisions at 409 MeV. The solid lines
normalized rapidity of the neutrons in the center-of-mass systemyepresent the data. The dotted, dashed, and dot-dashed lines repre-
The filled squares represent the data and the open symbols represgght BUU theory withk =380, 215, and 150 MeV, respectively,
BUU theory with K=215 MeV for free neutrons with a critical  for free neutrons with a critical distanak,=2.8 fm. All three lines

distanced.= 2.8 fm. are almost on top of each other in La-La collisions at230eV.

The BUU calculations of the polar-angle dependence ofpectively. Both the experimental results and the BUU cal-
the maximum azimuthal anisotropy rati¢é) for free neu-  culations were for zero dispersidngg=0. As one can see
trons emitted from Nb-Nb, La-La, and Au-Au collisions at from this figure, the polar-angle dependence of the maximum
400A MeV and La-La collisions at 259 MeV are shown in  azimuthal anisotropy ratio( ) is insensitive to the incom-
Fig. 14 for (bma/2R)=0.5. The BUU results for Au-Au col- pressibility modulu in the nuclear equation of state. This
lisions at 40 MeV are from Elaasaet al. [20]. In this insensitivity was noted also in R4f37].
figure, the BUU calculations withk =380, 215, 150 MeV Figure 16 is the comparison between data and the BUU
were carried out forfree neutrons(with d,=2.8 fm for  calculations withk =215 MeV for in-plane transverse mo-
Nb-Nb and La-La collisions and.=3.2 fm for Au-Au col-  mentum (P,) for free neutrons emitted from La-La and
lisions). Consistent with the experimental ddtee Fig. 12, Nb-Nb collisions at 408 MeV and La-La collisions at 259
the BUU calculations in Fig. 14 show little sensitivity to the MeV. Similar to the other figures, the filled symbols and
mass and the beam energy. The BUU calculations of thepen symbols represent the data and the BUU calculations,
polar-angle-dependent maximum azimuthal anisotropy ratieespectively. The BUU calculations generally agree with the
r(6) for free neutrons emitted from La-La and Nb-Nb colli- data within their uncertainties, especially in the midrapidity
sions at 408 MeV and La-La collisions at 259 MeV are  region which gives the information about flow in the unit of
compared with the data in Fig. 15. The multiplicity cuts in- MeV/c (see Sec. IV B
dicated in this figure correspond to the ratio of the maximum Another observable obtained from BUU calculations is
impact parameter to the nuclear radil,§{/2R)=0.5. The the out-of-plane squeeze-out foée neutrons. The compari-
filled and open symbols in this figure represent the data andons are depicted in Fig. 17 for La-La and Nb-Nb collisions
the BUU calculationgwith K=150, 215, 380 MeV, re- at 400A MeV and La-La collisions at 259 MeV. The solid
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lines represent the data. The dotted, dashed, and dot-dashis maximum azimuthal anisotropy ratio is insensitive to the
lines represent the BUU calculations wkh= 380, 215, and beam energy from 250 to 400 MeV for the La-La system.
150 MeV, respectively. All three lines are almost on top of The uncertainties in the measurement of the maximum azi-
each other in La-La collisions at 2B0MeV. The squeeze- muthal anisotropy ratio are about 15% which do not allow us
out of neutrons in the normalized momentum coordinates ito investigate its dependence on the mass of the projectile-
the center-of-mass system is compared with the BUU modetarget system. BUU calculations confirm the lack of sensitiv-
Both the experimental results and the BUU calculations ardty of the maximum azimuthal anisotropy ratio to the mass of
for zero dispersiom\ pg=0°. After correcting to zero dis- the colliding system and to the beam energy. BUU calcula-
persion in the experimental results, the neutron squeeze-otibns suggest also that the maximum azimuthal anisotropy
becomes larger. It can be seen from Fig. 17 that the squeezgatio is insensitive to the incompressibility modulisn the

out of free neutrons from BUU calculations is insensitive to nuclear equation of state.

the incompressibility moduluk. From the comparison be- The flow of neutrons was extracted from the slope at
tween the BUU calculations and the neutron squeeze-out imidrapidity of the curve of the average in-plane momentum
Fig. 17, the squeeze-out effect from the experimental data imerses the neutron center-of-mass rapidity. The flow of neu-
this work is significantly stronger than that from the BUU trons emitted in La-La collisions at 250 and 4A0MeV
calculations withK =380, 215, 150 MeV. It remains to be increases with beam energy. BUU calculations with an in-
seen whether the apparent disagreement between the BUtdmpressibility modulusk =215 MeV for free neutrons
squeeze-out results and the data persist as greater statistagree generally with the data.

and accuracy are reached for the calculations. We estimate We observed the preferential emission of neutrons in a
the present uncertainties to be of the order of 25%. Statistidirection perpendicular to the reaction plane in three systems
cally meaningful calculations of squeeze-out in BUU remain[viz. 400 and 25\ MeV La-La, and 408 MeV Nb-Nb].
challenging as the effect truly needs to be established at @his component of collective flow, observed first for charged

level past fluctuations. particles is known as out-of-plane squeeze out. BUU calcu-
lations of out-of-plane squeeze out of free neutrons are in-
VI. CONCLUSIONS sensitive to the incompressibility modulls for values of

) ) ) ) 150, 215, and 380 MeV. After correcting the experimental
We measured triple-differential cross sections of neutrongegyits to zero dispersion, the observed squeeze out of neu-

collisions at 250 and 408 MeV (and Nb-Nb collisions at

400A MeV) as a function of the azimuthal angle with respect

to the reaction plane. We compared the measured cross sec-
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