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Isospin effects on rotational flow in intermediate energy heavy ion collisions
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Within the framework of an isospin-dependent quantum molecular-dynamics model, the rotational flow in
reactions of°®Fe+ 58Fe and®&Ni+ %Ni at 40 MeV/nucleon for different impact parameters is investigated by
analyzing the midrapidity azimuthal distribution. The rotational observables are also calculated semiquantita-
tively. For the first time, it is found that the more neutron-rich systéfffié+ 8Fe) exhibits stronger rotational
collective flow. This isospin dependence of rotational collective flow is more appreciable in semiperipheral
collisions and it is shown to mainly result from the isospin dependence of nucleon-nucleon cross section rather
than the symmetry energy. Meanwhile, it is indicated that the rotational flow depends strongly on the impact
parameter.

PACS numbgs): 25.70~z, 25.75.Ld, 02.70.Ns, 24.10.Lx

The azimuthal distribution in heavy ion collisiofidIC’s) IQMD model predicted normalized azimuthal distribution
has proved very useful in the study of nuclear equation ofiN/d¢ for all nucleons from>8Fe+ *8Fe (solid circles and
state(EOS as well as reaction dynamics because of its sen®&Ni+ Ni (open circles at 40 MeV/nucleon and impact pa-
sitivity to collective flow [1]. In particular, the rotational rameterb=6 fm. Figures 1), 1(b), and Xc) correspond to
flow may still exist even though the directed flow has disap-the targetlike rapidity region, midrapidity region, and projec-
peared[2]. With the recent advance in radioactive nucleartilelike rapidity region, namely, the values of reduced center-
beam physics, one can investigate isospin degrees of freef-mass(c.m) rapidity (y/Ypyro) c.m. Of Nucleons considered to
dom in nuclear reactions at wide energy ranges for differenbelong to[ —1.5—0.5], [ —0.5,0.5, and[0.5,1.5, respec-
projectile-target combinatiori8,4]. Therefore, it is very sig- tively. The errors shown are statistical. Also included in Fig.
nificant to explore the isospin effects on the azimuthal dis-1 are the Legendre polynomial fits up to the second order for
tribution through studying HIC'’s induced by the radioactive the resulting azimuthal distribution, i.e.,
nuclei since it may provide researchers a better probe of
isospin-dependent reaction dynamics. =cl1+ + ]

We report here results of the first theoretical study on the dN/dg=cl1+a, cos$)+a; cod2¢)] @
Iflsc?v?/pml‘?o?neprigiﬁgﬁg g‘;;ﬁf&gg‘e Utgsij ?gﬁlinlrgfl\t“rya:ofotlona}he solid (dashedl line is the result of the fit for>®Fe

+58FeC8Ni+%8Ni). In Eq. (2) the coefficienta; represents

MeV/nucleon for different impact parameters within the . . o
framework of an isospin-dependent quantum molecular:[he strength of the directed flow with preferred emission at

. A =+180° (i.e.,a;<0) for low rapidity valuegin the back-
dynamics(IQMD) model which includes the symmetry en- ¢ . L o X -
ergy, Coulomb interaction, isospin-dependent experimenta‘1vard hemisphejeand ¢=0° (i.e., a;>0) for high rapidity

N-N cross sections, and particularly the isospin dependen‘fﬁlues(t'r? tT)e lforward hemls_?_ﬂe}ef tkf]fg !nC|tcriefr|1t ?nergﬁ/ tls
Pauli blocking[4,5]. In the present calculations, the so-calleg 220V€ the balance energy. 1he coetliciaptretiects a fiat-
soft EOS with an incompressibility df =200 MeV is used tening °f.th‘? eII.|p50|d. A negative voalug & (i.e., the azi-
and the symmetry strengt@=32 MeV without particular ][Futthalhdlstrlbutlon pe?ksf,faf;tz igé) ’ smg:]tane;lusby:ﬁ—

consideratior{6]. In the initialization process of the IQMD €cts the squeeze-out efiects and a positive valigs, e

model, the neutron and proton are distinguished from eacﬁ‘z'mUthal d|str|bqt|on peaks @tzo gndi180 , Simulta-
other [4] and meanwhile the nonphysical rotations in theneously the rotational collective motion. One can see from

initialized nuclei have been removed Fig. 1 that for low(targetlike rapidity region the azimuthal
In the IQMD model simulation, the reaction plane is d|str|b§1t|on pnly pe.aks. a_tﬁ:O ' \(vh|le '.t only 'pea.ks at

known a priori and it is defined as the-z plane(the z axis +180° for hlgh(prOJectllellke Fap'd'ty region, which |mply

corresponds to the beam directjofihe azimuthal angle with that these reaction systems display negative deflec(aos

respect to the reaction plane can be written as respond_lng to negative scattering anglsmce the incident
energy is below the balance energh}.

p=arctariiP,/P,). (1) It is indicated in Fig. 1b) that the azimuthal distribution
peaks at$p=0° and *+180° simultaneously for midrapidity
In the present calculations, the calculated results havaucleons, which are indicative of a rotationlike behavior.
adopted the average values from 200 to 300cfriw’ accu-  The strength of the rotational flows,, equals to 0.20151 and
mulate the numerical statistics since the azimuthal distribu0.18047 for°8Fe+ 8Fe and®®Ni+ *Ni, respectively. In or-
tions have been well stable after 200 tn@nd 200 events are der to observe the impact parameter dependence of rotational
simulated for each impact parameter. Figure 1 displays thBow and explore its isospin dependence at different impact

0556-2813/2000/686)/0676014)/$15.00 61067601-1 ©2000 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW C61 067601

*Fe+ > Fe

0.14 -

@) (Y, )om: [-1.5, -0.5]

012
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parameters, we show values &f for midrapidity nucleons angular velocity, and its rotational energy, with the help of
in Fig. 2 as a function of impact parametbrfor %Fe  classical mechanics. In the present IQMD model calcula-
+58Fe (solid circles and 58Ni+%®Ni (open circles at 40  tions, we simply consider the nucleon system as a rigid body
MeV/nucleon. The errors shown are statistical. A strong isosat every time point and then the angular momentum about
pin dependence is observed in Fig. 2, namely, the moréhe normal of the reaction plang éxis) can be calculated as
neutron-rich systent®F e+ *®Fe displays stronger collective follows:

flow than the systen?®Ni-+%8Ni, especially in the semipe-

ripheral collisions b=6 fm). In addition, one can see that _ N _

the rotational flow increases with increment of impact pa- LV_Z Ly(')_z (ZiPy = XiPz), &)
rameterb from near central to peripheral collisions and then _
decreases, and finally disappears in the most peripheral coitherex;, zi, px, p, are components on the reaction plane
lisions since at such a large impact parameter the interactioof r; andp; in the c.m. system. The moment of inertia about

between the projectile and target is very weak. they axis can be written as
In order to see more clearly the rotational flow and its
isospin dependence, one can calculate some characteristic .
ey ly=> 1) =2 m(r2-y?). (@)

physical quantities of the rotation for midrapidity nucleons,
such as the angular momentum, the moment of inertia, the

Therefore, the angular velocity around thexis can be ex-
T T T T T pressed as
——*Fo+> Fo
— o= - *Ni+*Ni =
E~40 MoVinu. oy=Ly/ly, ®
Y e +[-0.5,0.5] ]

0.20

0.15 and its collective rotational energy as

1 2
010 EfOt:E lyoy. (6)
Nevertheless, the semiquantative description above may pro-
. vide us with some intuitive information about the in-plane
collective rotational behavior although it is classical and very
rough for HIC’s at intermediate energies. Figure 3 illustrates
0.00 T . T . T . T . T the time evolution of the absolute value of angular momen-
2 ¢ ° ® 10 tum per nucleon|L,/A|, moment of inertia per nucleon
b (fm) ; .
l,/A, absolute value of angular velociy,|, and rotational
FIG. 2. The values o, for midrapidity nucleons as a function €Nergy per nucleoi,,/A from °%Fe+°%e (solid circles
of impact parametebb for 5%Fe+S8Fe (solid circles and %8Ni  and *®Ni+*Ni (open circlep at 40 MeV/nucleon anth=4
+58Ni (open circles at 40 MeV/nucleon. The lines are plotted to fm for midrapidity nucleons. The errors shown are statistical.
guide the eye. Meanwhile, also included in Fig.(8 are the time evolution
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25 ' ' ' ' ' + when the reaction system may have not any further interac-
@ . . . . ..

(a) ,,...%%éo tion. The moment of inertia reaches its minimum at about 40
209 tﬁ ? fm/c when the reaction systems reach their maximum over-
_ lap and then increases with the reaction systems expanding.
The angular velocity peaks at about 50 &nwhen the sys-
.BH‘%MM tem has just undergone the strongest exchanges of all kinds
“ bttt s 1 of degrees of freedom and then becomes saturate after about
KN N R 200 fm/c. Similarly,E,.;/A has maximum at about 100 fi/
' e, ' and then becomes saturate after about 20@ fifitom above
g - analysis, one can conclude that there actually exists in-plane
collective rotational motion for midrapidity nucleons at such
incident energy and impact parameter. The similar results are
’ observed for other impact parameters. More importantly

....... here, one can find from Fig. 3 that the more neutron-rich

g system®8Fe+ %8Fe exhibits clearly stronger rotational energy
and angular momentum than systéfli+ °8Ni, which con-
firms again the conclusion obtained in Fig. 2. Meanwhile,
these semiquantative calculations also support the view
about extracting the rotational flow from the azimuthal dis-
tribution analysis.

The isospin dependence of the rotational flow may be a
result of the competition among several mechanisms in the
reaction dynamics, such as the symmetry energy, isospin de-

+ t pendentN-N cross sections, Coulomb energy, the surface
s (d) WW; . properties of the colliding nuclei, and so on. Here, we inves-
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g tigate the influence of the symmetry energy and isospin de-
§ 04 oot i pendentN-N cross section on the rotational flow.
S oeo%%%oo? +t’ o Using different symmetry energy strengthand param-
= 900000 ‘#?uot_ etrizations ofN-N cross sections, we show in Fig. 4 the
<} IQMD model predicted azimuthal distribution fromfFe
+%8Fe (solid circles and >®Ni+°8Ni (open circley at 40
3 pA s " oo A 0 MeV/nucleon andb=4 fm for midrapidity nucleons. The
time (fm/c) errors shown are statistical. Meanwhile, the results of Leg-

endre polynomial fits according to E¢R) for °%Fe+%Fe
FIG. 3. The time evolution of the absolute value of angular solid line) and 58Ni+ °8Ni (dashed ling as well as the re-
momentum per nucleofi., /A| (a), moment of inertia per nucleon sultinga,; anda, are also included in Fig. 4. In Fig(@ we
Iy/A (b), absolute value of angularsg/eloc5i£§oy| (c),_ano! rotational | s c=0 (no symmetry energyand Cugnon'sN-N cross
‘;‘Q,\‘f_rgﬁgp‘?r nucleoftoi/A (d) from *Fe+ *Fe (solid E'm'es and sectiono¢,q Which is isospin independent. It is indicated that
i+°°Ni (open circley at 40 MeV/nucleon and=4 fm for a, of 58Ce 1 8Fe is slightly less than that O8N + 58N

midrapidity nucleons. Also included i) are the time evolution of . . . .
the absolute value of angular momentum per nucleon for the wholt\é\lhICh may result from the difference of Coulomb interaction

system of reactions®Fe+ 58Fe (solid squares and 58N+ Ni anpl surface properties betwgen the two systems. The case of
(open squaresand its amplified window figure. usingC=32 MeV andac,,, is plotted in Fig. 4b). For the
results shown in Fig. @) we useC=32 MeV and experi-
of the absolute value of angular momentum per nucleomentalN-N cross sectionr,, which is isospin dependent.
around they axis for the whole system of reactio§Fe  One can see from Fig. 4 that the valuesagfare very small
+58Fe (solid squaresand °&Ni+ >®Ni (open squarésand its  since the transverse momentum disappears at midrapidity
amplified window figure for clarity, which indicate that the and meanwhile can find that the symmetry energy enhances
conservation of angular momentum is destroyed slightlythe rotational flow &,) while o, reduces it more strongly.
namely, the angular momentum per nucleon foiFe It is also indicated that the influence of,, on the system
+%Fe  (®Ni+5Ni) changes slightly, i.e., from 1.388 5&Ni+5%Ni is stronger than that on the systetfre+ >®Fe,
(1.388 #i/nucleon to 1.3481.343 #/nucleon in the whole which just results in the observed isospin dependence. This
reaction process, and meanwhile the isospin dependence aisdeasy to understand since the neutron-proton cross section
the statistical errors are very small. The values F8Ni is about three times larger than the neutron-neutron or
+%8Ni have been offset with 2 fne/in the horizontal direc- proton-proton cross section fare,p, Which results in more
tion for clarity. In fact, bothL,/A and w, are negative by N-N collisions for *®Ni+>®Ni. From the above analysis, one
Egs. (3) and (5) since the reactions display negative deflec-can conclude that the isospin dependence of rotational flow
tions. From Fig. 8a), one can see clearly that the incrementseems to mainly result from the isospin dependencl-bf
of angular momentum becomes more slowly after about 128ross section and the symmetry potential has little influence
fm/c and tends to its asymptotic value after a longer timeon it.
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FIG. 4. The IQMD model predicted azimuthal distribution f6Fe+ 58Fe (solid circles and %&Ni+ %®Ni (open circlesat 40 MeV/nucleon
andb=4 fm for midrapidity nucleons by using different symmetry energy strefgéimd parametrizations ™-N cross section€C=0 (no
symmetry energywith Cugnon’sN-N cross sectionrc,q (a), C=32 (MeV) with o4 (b), andC=32 (MeV) with experimentaN-N cross
sectiono e, (€). Meanwhile, the results of Legendre polynomial fits according to(Bxjfor >®Fe+*Fe (solid line) and **Ni+>®Ni (dashed
line) as well as the resulting; anda, are also included.

In summary, by using the IQMD model, we studied for indicated that the rotational flow depends strongly on the
the first time the in-plane rotational flow in reactions of impact parameter, namely, it increases with increments of
%8Fe+58Fe and®®Ni+ 8Ni at 40 MeV/nucleon for different impact parameter from near central to peripheral collisions
impact parameters by analyzing the midrapidity azimuthaknd then decreases, and finally disappears in the most periph-
distribution and calculating semiquantitatively the rotationaleral collisions.
observables. A strong isospin dependence of the rotational ] )
flow has been found, namely, the more neutron-rich system 1Ne authors would like to thank W. Q. Shen for interest-
exhibits stronger rotational flow. This isospin dependence i$"9 discussions. This work was supported by the National
more appreciable in semiperipheral collisions and it is showdNatural Science Foundation of China under Grant Nos.
to mainly result from the isospin dependenceNoN cross 19609033, 19875068, and 19847002, and the Foundation of

sections rather than the symmetry energy. Meanwhile, it i$he Chinese Academy of Sciences.
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