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Abstract

Azimuthal correlations between coincident fission fragments and a-particles

238, ot E/A=20 and 35 MeV and 14§+238y

were measured for the reactions 36Ar+
at E/A=50 Mev. At all energies, coplanar emission is enhanced. The
azimuthal distributions for fission fragments and u-particles are decoupled
using a simple parametrization. Both azimuthal distributions are highly
anisotropic at lower incident energies: these anisotropies decrease with
energy. At the highest incident energies, energetic a-particles emitted at

large traverse momenta appear to be more suited to tag the orientation of

the entrance channel reaction plane.

PACS numbers: 25,70.-z, 24.10.-i



Intermediate energy nucleus-nucleus collisions exhibit a subtle interplay
between mean-field and nucleon-nucleon-collision dynamics. At low incident
energies, the mean field is largely attractive. As a consequence, light
particles are-predominantly emitted to negative deflection angles in the
entrance channel reaction plane [1-6}, With increasing energy, individual
nucleon nucleon collisions are less hindered by the Pauli exclus;on
principle and the azimuthal distributions of the emitted particles should
become more isotropic. A number of measurements [1-6) are in qualitative
agreement with such expectations. To be more quantitative, however, one
must locate the entrance channel reaction plane experimentally and know how
accurately it has been determined. Well calibrated techniques for deter-
nination of the orientation of the reaction plane are also essential for
measurements of triple differential cross sections (7], ¢(E,6,¢), and for

transverse flow analyses [8].

In order to explore the distribution of particles in and out of the reac-
tion'plane and to explore techniques for reaction plane determination, we

have investigated correlations between coincident fission fragments and «-

36, 238

particles enitted.in the reactions “"Ar+" " U at E/A=20 and 35 MeV and

14N+238Ll at E/A=50 MeV. The experiment was performed with beams from the

233UF4 target of 400 ug/caz

areal density was used. Charged particles were detected with 96 plastic

K500 cyclotron of Michigan State University. A

CaI(T1) phoswich detectors of the "Dwarf-Ball-Wall" array developed at
Washington University {9], which has an angular coverage of about 85% of
4. Fission fragments were detected with two X~Y-position sensitive multi-
wire detectors [10) covering angular Eanges of 91=36'-116' for ¢=0210° and

62=39'—89' for ¢=180£30°. Further details of the experimental setup can be



found in refs. [11,12], In order to reduce contributions from peripheral
collisions, all data were filtered by requiring that the linear momentum
transfer to the fissioning nucleus be larger than one fifth of the projec-

tile momentunm.

The left hand.panels of Fig. 1 show the azimuthal digtribution, Yéf(¢m), of
X-particles emitted at 9“¥70' and with energy E“=46-70 MeV in coincidence
with two fission fraguents. (Azimuthal correlations presented in this
report are normalized to an average value of unity.) Consistent with pre-
vious observations [1], these particles are preferentially emitted in the
fission plane. For the decay of residués with large angular momenta, the
fission plane closely correlated with the entrance channel reaction plane
(which is perpendicular to the semiclassical entrance channel orbital an~
gular momentum vector) [1]. In order to extract the agimuthal anisotropies,
R£f= Yif(¢“=0')/Y£f(¢“=90°), we have fitted the azimuthal distribution with
a simple functional form: Yif(¢“) o exp(-Ksin2¢u). Examples of such fits
are shown by the dot-dashed curves in the left hand panels of Fig. 1. The
extracted anisotropies are shown on the right hand side of Fig. 1, as a
function of «-particle kinetic energy, <E,>, for 9“=70' (top panel), and as
a function of emission angle, 9“. for Ea=46-70 MeV (bottom panel). The most
pronounced azimuthal asymmetries are observed for high energy X-particles
emitted at large angles with respect to the beam axis, O“HTO'—QO’. The en~
hanced emission of ®-particles in the fission plane becomes less pronounced

with‘increaaing projectile velocity.

Decreasing values of szcorrespond to less enhanced emission in the

entrance channel reaction plane, for fission fragments, &-particles, or



both. In order to_assess the degree to which emission is enhanced in the
entrance channel reaction plane, we have fitted the measured correlations
with the parametrizations used in refs. [1,4]. These parametrizations,
given below, are chosen solely because they provide flexible and satisfac-
tory parametrizations of the experimental data. The probability
distribution, P(¢), for the angie ¢ between the entrance channel scattering

plane and the fission plane was parametrized as {1]
Po(¢) « exp[-Cain®e] . (1)

Semiclassically, C=52stin29f/2Terff, where J, Tf, and Ieff are the an-
gular momentum, temperature, and effective moment of inertia of the
fissioning nucléus. and Bf is the emission angle of the fragment. For heavy
ion induced fission at high angular momenta, the effective moments of iner—
tia are larger than expected from the transition state model [13]). In
addition, preequilibrium emissions cause large uncertainties of the
properties of the fissioning nucleus. Thus we treat C as an adjustable
parameter. The emission of «-particles was described using_an expression
for the emission from an ideal gas of temperature T, rotating with angular
velocity o perpendicular to the reaction plane, and moving with a velocity

Yo parallel to the beam axis [1,4}:

1. (iK)
Pe(E 18,:0,-%) « V(E TV JE, —L— exp(-E_/T). (2)

=F - NE(E VT Bw T 028 sinl(e -
Here, Es'Ea V(;Eo ZVEO(Eor Vc)coae“, K= T 42nmlEs (Eoc Vc)sln Gm31n (¢oc )},

and Eo=%:mv§ H Jl'denotes the first-order Bessel function; Ea’ Bys 9“ and



¢“ are the energy, mass, polar and azimuthal angles of the emitted par-
ticle. For comparison to heasurements, one must sum over all possible
orientations of the reaction plane [1]. Accordingly, the correlations be-

tween coincident fission fragments and X-particles are given by:

an

ft
Ym (E_,6 ¢m) o« [ do Pf(¢) PG(E

oc? ot mremv"m"’q’) . (3)
0

Three calculated correlations befween ®-particles and fission fragments,
Yif(¢m)’ are shown by the solid, dashed, and dotted curves in the left hand
panels of Fig. 1. The parameters used for these calculations are listed in
Table 1. The aimilarity between these curves, which are nearly degenerate
in the figure, illustrates the considerable ambiguities that remain con-
cérning the relative widths of the ®-particle and fission fragment
distributions. These ambiguities arise because wider fission distributions,
Pf(¢), can be compensated by narrower m-particle diétributiona,
Pu(Em’ex’¢a-¢)’ without significant effect on the x-fission correlation, In
order to reduce these ambiguities, one may explore the agimuthal correla-
tion function for two ®-particles detected in coincidence with two fission

fragmentg:
£t ff £t g o
cua(91!¢1!925¢2) “ Y“a(01!¢llezl¢2)/ya (91'¢1)Yx (32l¢2) * (4)
The top panel of FRig. 2 illustrates that such a correlation function

removes much of the parameter ambiguity which existed in the description of

Ygf(¢m). Rather than fit a large number of ®-« correlation functions



measured with modera;e statistical accuracy, we have constructed averaged

x-¢ azimuthal distributions, <Y§§(A¢)>, defined by:

PF £t
(Y&K(A¢)> o E Ym¢(91,¢i,92,¢j)8ij(ﬂ¢) /

L £ ;(d9) , (5)
i#j

izj M

where tij(A¢)=1 for A¢='¢i—¢j:$30° and tij(A¢)=0 otherwise, The summation
in Eq. 5 is performed over all detectors i and J which are lqcated at the
polar angles 01 and 92, respectively. Averaged azimuthal «-« distributions,
shown in the three lower panels of Fig. 2, largely remove the parameter am-
biguities which existed in the description of the x-fission correlations of
Fig. 1. The dotted, dashed and solid curves represent calculations for the
averaged azimuthal distributions using the same parameter values as in Fig.
1 and taking the individual detector locations into account according to
Eq. 5. The solid curves in Figs. 1 and 2 represent calculations with an op-~
timum choice of parameters. These calculations also reproduce the other
overall trends of the data well, including the energy and angular depend-

ences shown by the solid lines in the right hand panels of Fig. 1.

Additional insight can be gained by examining the distributions Poc and Pf
for « particles and fission fragments which.provide the best description of
the experimental data. The left hand panels of Fig. 3 show azimuthal dis-

- tributions for «-particleas (top) and fission fragments (bottom) calculated
from the optimum parameters for the three reactions. Both fission and o-
particle emission become less concentrated in the reaction plane as the
projectile energy is increased. Emission out of the reaction plane appears

to increase more rapidly for fission than for energetic &-particles. The

origin of the broddening in the fission distributions is not clear. Broader



fission azimuthal distributions could arise from more compact or hotter
fission transition states. Recent measurements of the muitiplicities of
pre- and post-fission neutrons from intermediate energy heavy ion reactions
suggest however that fission occurs at a rather low temperature during the
final stages of these reactions [14]. Misalignments of the residue angular
momentun caused by prefission light particle emission may significantly
broaden the fissioﬁ‘azimuthal distribution., Energetic X«particles, emitted
with large transverse momenta during an earlier stage of the reaction,
remain strongly aligned in the reaction plane and therefore could be a

trigger of choice for tagging the entrance channel reaction plane.

The upper right hand panel in Fig. 3 shows the calculated angular depend-
ence of the ratio, Rm’ of'm-particles emitted in (#=0°) over out ($=90°) of
the entrance channel reaction plane. The largest azimuthal anisotropies are
observed for large emission angles, Gan70'~90°. Enbanced randomizatiop of
the particle momenta with increasing energy is apparent as is qualitatively
expected from microscopic models [15]. The lower right hand panel shows the
calculated ratio, Rau=Y«a(A¢=0.)/Yam(n¢=90.)' for azimuthal correlaticns
between two X-particles of energies above 45 MéV, when one X-particle is
detected at 91=70' and the other x-particle is detected at the polar angle
8. The calculated agimuthal «-¢ correlations deérease strongly with projec-

tile velocity, a trend which has been previously observed [2,4,5,16].

In summary, we have investigated azimuthal correlations between ®-particles
and coincident fission fragments, A simple parametrization has been used to
extract the degree to which fission and X~particle emission are enhanced in

the entrance channel reaction plane. Both emission patterns become broader



as the projectile velocity increases. The most pronounced azimuthal
anisotropies are observed for energetic X-particles emitted at large
angles, 70°-90"; these particles appear to be particularly well suited to

tag the orientation of the entrance channel reaction plane.

The authors wish to acknowledge fruitful discussions with P. Danielewicg
and W. Friedman. This work has been supported by ﬁhe National Science

Foundation under Grant Numbers PHY-86-11210 and PHY-89-13813 and by the
U.S. Department of Energy under Grant Numbers DE-FC02-87ER40316 and DE-
FGO2-88ER40406. WGL and LGS acknowledge the receipt of U.S8. Presidential

Young Investigator Awards. ﬁ.C. was partly supported by the FAPESP, Brazil.



References

1. M.B. Tsang, et al., Phys. Rev. Lett. 52, 1967 (1984).

2. P. Kristiansson, et al., Phys. Lett. 155B, 31 (1985),

3. M.B. Tsang, et al., Phys. Rev. Lett. 57, 559 (1986); ibid. 60, 1479
(1988). )

4. M.B. Tsang, et al., Phys. Lett. 148B, 265 (1984); C.B. Chitwood, et
al., Phys. Rev. C34, 858 (1986).

5. D. Ardouin, et al., Nucl. Phys. A447, 585c (1985).

6._B. Fox, et al., Phys. Rev. C38, 146 (1988).

7. G.M. Welke, et al., Phys. Rev. €38, 2101 {1988).

8. P. Danielewicz, et al., Phys. Lett, 157B, 146 (1985).

9. D.G. Sarantites, et al., Nucl. Instr, and Meth., A264, 319 (1988); and
D.W. Stracener, et al., to be published in Nucl. Instr. and Meth.
{1990).

10. A. Breskin, et al., Nucl. Instr. and Meth. 221, 363 (1984),

11. M.B. Tsang, et al., Phys. Lett. B220, 492 (1989).

12. Y.D. Kim, et. al., Phys. Rev. Lett. 63, 494 (1989).

13. M.B. Tsang, et al., Phys. Lett. 129B (1983) 18; B.B. Back et al., Phys.
Rev. C32, 402 (1985),

14. D. Hilscher, et al., Phys. Rev. Lett. 62, 1099 (1989).

15. M.B. Tsang, et al., Phys. Rev. C40, 1685 (1989).

16. W.K. Wilson, et al., MSU preprint, (1990)

17. G.D. Westfall, et al., Phys. Lett. 116B, 118 (1982) 118.

*



10

Table 1: Parameters used for the calculations

shown

in Figso 1—20

t+ Extracted from ref. [17].

Reaction } E/A (MeV)! vU/c+2 T (MeV)*! Rw/c ! € ! curve
Bars?By; 20 1 0.087 4.0 0.04 ! 5.0 ! dotted
Bpra2Byr om0 w005 ¢ 3.1 ! solid
Bpe23By; v 1wt 10061 2.5 ! dashed
B,e®38y; 35 1 013! 6.0 ! 0.05 ! 2.9 ! dotted
BBy w1006 ¢ 2.0 ! solid
Bpea2Byy v e v o071 L ! dashed
M2y 1 50 10167 7.5 1 0.05! 1.3 ! dotted
142385 1 w0 w0 40,0650 1.1 ! solid
Me238y 0w v v v v 1 0.08! 0.9 ! dashed

* In accordance with ref., [4], this parameter was taken as 0.6 times the

slope parameter extracted by a non-rotating moving source analysis of the

kinetic energy spectrum of the emitted particle.
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Figure Captions:

Fig, 1: Left hand panels: Azimuthal correlations, Yif, between fission
fragments and X-particles of energy E“=46~70 MeV, emitted at Gm=70'. Right
hand panels: In- over out-of-plane ratio, Rif, for coincident fission frag-
ments and X-particles. The top panel shows the dependence of Rifon the
kinetic energy of x-particleﬁ emitted at 6“=70°; the bottom panel shows the
dependence of Bif'on the emission angle for X-particles with Em=46-70 MeV.

Open circles, solid points, and open squares show data for the reactions

36, 238

Ar+”" U at E/A=20 and 35 MeV and 14N+23SU at E/A=50 MeV, respectively.

The solid, dashed, dotted, and dot-dashed iines depict calculations

described in the text.

Fig. 2: Top panel: ®-« correlation function, Cii (eq. 4), measured in

" coincidence with two fission fragments for the 36Ar+238U reaction at E/A=35

1=42 and 92=63

and the azimuthal angles ¢1=104° and ¢2=¢1+A¢. Lower panels: Average

MeV; the x-particles were detected at the polar angles 6

azimuthal distributions of «-particles, (Y££> (eq. 5), for the reactions
indicated. The solid, dashed and dotted lines depict calculations

described in the text.

Fig. 3: Left hand panels: Azimuthal distributions, definéd with respect to
the reaction plane and calculated with the optimua set of parameters for «-
particles with E =46-70 MeV and 8,=70" (top) and fission fragments
(bottom). Right hand panels: In- over out-of-plane ratio as a function of

emission angle for single «x-particle distributions with respect to the



12

reaction plane {top) and for azimuthal two-d-correlation functions as a

function of the relative angle of emission (bottom).



MSU-90-029

<E,> (MeV)
2.0 . 020 10 60 80 100,
8,=70° E,=46-70 MeV

1.5 | 8,=70° | &
1.0 | .

Q
0.5 }

“N+U, E/A = 50 MeV

0.0 :

1.0 |

05 ¢t

1.5 FR *

0.0.

2.0 k. é/'

1.5 ¢
1.0

0.5 | >
0.0 | ¥Ar+U, E/A = 20 MeV E“‘46770 MeV , 0
0 90 180 45 90
¢, (Deg) 6



2.0

- 0.0

2.5 |
2.0 f
1.5}
1.0 }
0.5 }
0.0 |
2.5 F
2.0 |

ff
aa>

<Y

1.5
1.0

0.5 ¢

0.0

MSU-90-028

180

360

61

= 42°, 9, = 63°

0.5

N+U E/A 50 MeV

E, E, > 45 MeV

PP PR it 1 aslosaal

Ar+U E/A=20 MeV

90
A¢ (Deg)

180



€ A

Ocl

(820)0

06 09 0¢€

N L D
AN Gy<Zy‘ly

0L="9 }

-
oc
e

¢ F mu:r:;/
g ST

OT = ¥ "\
. - Y faoW og=v/a
- M % J- N+Nyy — -
- FASH se=V/q —

0c F .

— 1 i \—r 'l 1 x_

“AW 0L-9v="7 }

F AP 02=V/F ...

Hf+h<Wm
. . |

e ASK 04-9%="7

{20

190

18°0

Gc

0€0-06-NSW

L 0°0
1270
170
19°0
18°0
107

¥o

Jo°1

(#)'d

(¢)"d



