LBL-13055
Preprint

ul 34c

UNIVERSITY OF CALIFORNIA

i@ Lawrence Berkeley Laboratory

RECEIVED
LAWRENCE
BERKELEY LABQRATORY

Submitted to Nuclear Physics A prd o 19de

LIBRARY AND
INTRINSIC FRAGMENT SPINS GENERATED IN THE REARIFENENTS SECTION
OF 2°Ne WITH '°7Au AND %3®U at 12.6 MeV/NUCLEON

D.J. Morrissey, G.J. Wozniak, L.G. Sobotka,
A.J. Pacheco, R.J. McDonald, C.C. Hsu,

and L.G. Moretto
( TWO-WEEK LOAN CoPY )

March 1982
This is a Library Circulating Copy
which may be borrowed for two weeks.
< For a personal retention copy, call '

Tech. Info. Division, Ext. 6782
A

J

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098

-

S o147



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.




LBL-13055

INTRINSIC FRAGMENT SPINS GENERATED IN THE REACTIONS OF
20Ne WITH 197au AND 238y at 12.6 MeV/nucleon*

D. J. Morrissey, G. J. Wozniak,
L. G. Sobotka, A. J. Pacheco, R. J. McDonald,
C. C. Hsu and L. G. Moretto

Nuclear Science Division
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

*This work was supported by the Director, Office of Energy Research,
Division of High Energy and Nuclear Physics and Nuclear Sciences of
the Basic Energy Sciences Program of the U. S. Department of Energy
under Contract DE-AC03-76SF00098.



Intrinsic Fragment Spins Generated in the Reactions of
20Ne with 197au and 238y at 12.6 MeV/Nucleon

D. J. Morrissey,* G. J. Wozniak, L. G. Sobotka,
A. J. Pacheco,* R. J. McDonald, C. C. Hsu* and L. G. Moretto

Nuclear Science Division
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720
Abstract
The average magnitude and alignment of the intrinsic spin of the

y 20 197

heavy partner from the reaction of 252 Me Ne with Au and

238U were determined as a function of Q-value. These spin values
were extracted from sequential fission angular distributions obtained
in coincidence with projectile-like products. For all Q-values, a
large out-of-plane anisotropy was observed, while for large negative
Q-values an in-plane anisotropy was observed. A very 1arge entrance-
channel mass-asymmetry was chosen to provide a stringent test of
equilibrium statistical mode predictions for the spin alignment. The
importance of determining the direction of the line—of—centers of the
dinuclear system at scissidn is discussed. Large values of PZZ were
deduced for all Q-values. _PXY was observed to be positive in the
quasielastic region and negative in the deep-inelastic region. The

extracted alignment data are compared to equilibrium statistical model

calculations.

*Permanent address: Dept. of Chemistry and National Superconducting
Cyclotron Lab., Michigan State University, East Lansing, Michigan,
48824.

*Permanent address: Comisién Nacional de Energfa Atdmica, Buenos
Aires, Argentina

*Permanent address: Institute of Atomic Energy, Beijing, China.



iv

nucLemr REACTIONS:  1¥au(Pne, z,), 28u(Pne,z,1),
E = 252 MeV; measured projecti]e-]ike products and coincident fission
fragment angular distributions, deduced IZ’ PZZ and PXY as a function

of Q-value, tested equilibrium statistical model predictions.

This work was supported by the Director, Office of Energy Research,
Division of High Energy and Nuclear Physics and Nuclear Sciences of

the Basic Energy Sciences Program of the U. S. Department of Energy
under Contract DE-AC03-76SF00098.



I. Introduction »
The measurement of particle and y-ray angular distributionsl—4)
associated with deep-inelastic collisions (DIC) allows one to study the
process of angular momentum transfer through the determination of the
magnitude and alignment of the fragment spins. Large intrinsic spins
can be introduced in the reaction products through the dissipation of
entrance-channel orbital angu]af momentum. from mechanical consider-
ations and from the rigid rotation 1imit, the fragments' spins are ex-
pected to be aligned perpendicular to the reaction plane. Misalignment
of the fragments' spins occurs when in-plane components of angular mo-
mentum are present. These components can be generated either directly

by some feature of the reaction mechanism, of by nonequilibrium or

equilibrium statistical fluctuations in the angular-momentum-bearing

modes of the dinuclear system. |
Experimentaj techniques used to obtain the magnitude and alignment

5—7) 8—12)

of the transferred spin include a-particle , y-ray and sequen-

tial fission fragmentl3'16)

angular distribution measurements. - The
out-of-plane angular distributions of y-rays and sequential fission
fragments are primarily sensitive to the average random spin component.
From such studies the Q-value dependence of the average misalignment
has been determinedg’ls). |

The angular distributions of y-rays and a-particles are rather in-
sensitive to differences in the in-plane projection§ of the random spin
component.4’7) In contrast, the angular distributions of sequential

fission fragments are quite sensitive to such differences in that they



can produce a substantial in-plane anisotropy. In-plane measurements

13—16)

of sequential fission angular distributions have given con-

flicting results as to the existence of an in-plane anisétropy. An

13,15)

in-plane anisotropy has been observed at low and moderate

Q-values which diminished at high Q-values. However, no anisotropy

waé found for a similar syste 14)

At present two theoretical explanations for the alignment have
“been put forth, (a) dynamical, based either on the excitation of

vibrational modes3)or on the amount and directiohvof the spin car-

17’18)and (b) equilibrium statistical

ried by transferred nucleons
based on the excitation of macroscopic normal modes of the dinuclear

19,20, 165y, 4 165,

system For the-symmetrit system the out-
of-plane angular distributions of continuum y-rays have been inter-
pretedll) as evidence for the statistical equilibration of the angu-
lar-momentum-bearing modes of the dinuclear system.

In the equilibrium statfstical model, the a]igned‘spins arising
from thevrigid rotatiyn of the dinuclear system couple to angular mo-
mentum Components associated with the thermally éxcifed nofmai modes.

For a model of two touching spheres, these normal modes are called
19)'

bending, twisting, wriggling and tilting The statistical widths

(ox, oy and oz) of the angular momentum components in the usual cartes-
ian coordinates are shown in Fig. 1 as .a function of mass asymmetryzo).
The contributions from the individual modes to the overall widths

associated with each cartesian coordinate are given by:
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9 = %ilting = “twisting’ (1a)
2 2 2 2

9% =9 = Oending = ‘wriggling’ (1b)

When the reaction partners have equal masses, the thermal widths

19)

are nearly equal. At large mass asymmetry, oy becomes much

larger than o, Or o, (see Fig. 1) because the statistical excita-
tion of all of the modes except tilting is strongly suppressedzo).

In particular, a large difference in the moments of inertia associated
with the two partners increases the amount of energy necessary to ex-
cite any mode in which fhe small fragment is forced to rotate and/or a
large fraction of the angular momentum goes into orbital motion (bend-
ing, twisting and wriggling).

The tilting mode corresponds to a tilting of the disintegration
axis out of the plane perpendicular to the total angular momentum.
This mode is favored at large asymmetries because the rotational ener-
gies about the symmetry axis and about an axis perpendicular to it
tend to become equal as the mass asymmetry goes to 1. Thus for -any
given temperature the mean tilting of the decay axis ihcreaseS'with
mass asymmetry, the out-of-plane distribution broadens and the in-
plane distribution becomes anisotropic. In addition, this model pre-
dicts that the maximum in the in-plane angular distribution should
occur perpendicular to the line-of-centers of the dinuclear complex.

Consequently, for near symmetric systems, the statistical modelzo)

predicts a very small in-plane sequential fission anisotropy (~1.1/1)
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while, for very asymmetric systems such aé Ne + Au and ““Ne +
238U, this model predicts a strong in-plane anisotropy (2/1). Of
course, the in-plane angular distributions of sequential fission frag-
ments also depends on the va]ué of Kg (the width of the projec-

tion of the total spin on the separation axis) of the fissioning nu-
c]eusz) which tends tp moderate the effect of differences in oy and

oy on the in-plane angular distribution. (The much larger relative
value of K0 as compared with the ¢'s is responsible for the insensi-
tivity of sequential o decay to differences in oy and oy.)

‘In this paper we report measurements of sequential fission angular

197Au and 238U.

distributions from the reaction of 252 MeV 2ONe with
These systems are extremely mass—-asymmetric and should severely test
the predictions of the equilibrium statistical model. At the same
time the results of this study should shed 1ight on the present dis-
crepancy between previous sequential fission studies. In Section II
we present the experimental detai]s of the measurements and a desérip-
tion of the data analysis. Section III contains the angular distribu-
tion results and a discussion of the fitting of the angular distribu-
tions. The statistical model calculations are discussed in Section IV
and are compared to the fitted results in Section V. The paper is
concluded in Section VI. A brief report of this work has appeared

previously21)



II. Experimental

A beam of 252-MeV 20Ne was obtained frdm the 88" cyclotron at
the Lawrence Berkeley Laboratory. This beam irradiated either a
metallic 197Au foil, 915 ug/cmz,-or a 922 ug/cm2 UF4 deposit on a
0.5 mg/cm2 aluminum foil. These thicknesses were determined by weight,
The target was rotated about the center of the scattering chamber both
in5p1ane and out-of-plane to minimize corrections to the energy of the

fission ffagments and projectile-1like products. For the 238

U target
with the Al backing, these corrections were minimized by orienting the
UF4 deposit towards the fission fragment detector array (see below).
Projectile-like fragments (PLF) were detected in a solid state tele-
scope (AE = 11 um, E = 300 wm, d2 = 3.0 msr) that was fixed at 30° to

20Ne + 197Au and 23-8U, the

the beam. (For the reactions of 252- MeV
classical grazihg angles in the laboratory are 26° and 30°, respec-
tively). The resolution of the Z-telescope was sufficient to com
pletely separate atomic numbers between 2 and 15; however, it was in-
sufficient to resolvé the individual atomic numbers of the fission
fragments.,

Fission fragments (FF) were observed on the opposite side of the
beam from the PLF in an array of 10 silicon surface—barrier detectors
(300 um). These deteétors were held in a rigid inverted T-shaped mount
suspended from the top of a hemispherical scattering chamber 1id iden-
tical to the one described in Ref. 7. Both arms of the "T" were arched

so0 that the fission detectors would rémain at the same distance from

the target when the Taboratory angle of the entire assembly was changed.



The positioning of the detectors was found to be reproducible to better
than 0.5°. The solid angles subtended byvthe detectors were calibrated

with sources (241Am, 212p1, and 252

Cf) placed in the center of the stat—
tering chamber. All of the FF detector solid angles were determined

to be 9.0.msr to within 5 percent and were independent of the array's
position. The 10 detectors were placed on the two arms of the "T"
mount with 6 (or 5) in-plane and 4 (or 5) out-of-plane with respect

to the plane formed by the beam'direction and the PLF telescope.

A schematic diagram of the electronics used during the measurement
is shown in Fig. 2. Two classes of events opened the master gate and
were subsequently Qritten onto magnetic tape; (a) scaled down.
Z-telescope events which were used for run-to-run nofmaljzation,_* 
'fissién probability calculations, and monitoring of the telescope
resolution, and (b) valid coincidence events in which‘a valid Z, valid
fission eneréy and TAC were required (see Fig. 2). In Fig. 3 a
two-dimensional map of the fission detector's energy versus the
difference in time-of-f1ight befween the Z-telescope and the fission.
detecfor is shown. The varioug.groups of events in Figure 3 were
identified as arising from coincidences between (A) PLF and‘alpha par-
ticles, (B) a pair of compound nucleus fission fragments, (C) PLF-
sequential fission fragment, and (D) random qoincidences with the next
beam burst. The sequential fission events of 1nterest, group'C, were.
selected by a two-dimensional géte for further processing. |

The gated coincidence data were transformed iﬁto the calculated -

rest frame of the recoil nucleus event by event. The above trans-

formation relies on some straight forward trigonometric relations
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among the velocity vectors after the assumption of two-body kinematics
for the DI event. The general relationships among these vectors are
.shown in Fig. 4 for coplanar emission and in Fig. 5 for out-of-plane
emission. Spherical polar coordinates are used with ¢ the in-plane
angle and e the angle from the normal to the plane.

The observed lab energy of the PLF was corrected for pulse-height
defectzz) and energy loss in the target and any backing materia123).
These corrections for the PLF were generally small. However, the rate
of energy loss (dE/dx) by the FF's traveling through the target mater—
ial was substantial and could be nonlinear for slow moving FF's. This
can be seen in the plot of dE/dx for typical FF energies shown in ng.

6. The measured FF energies were first correcfed for pulse-height de-

22)

fect and then the energy-loss function was calculated in 10 steps

(see Fig. 6) back to the middle of the target material (Au or UF4).
In the recoil rest frame the corrected FF energy spectra were approxi-
mately Gaussian shaped and peaked at energies in close agreement with

24) For example, the_éequentiai fission fragment

Viola's predictions.
energy spectrum obtained with the gold target is shown in Fig. 7. If
the corrections due to energy loss are not done in the stepwise fashion
described above, then the energy‘distributions broaden and peak at a

lTower energy.



IT1I. RESULTS

" From the presént study, angular distributions of the sequential
fission-fragments are obtained in the rest frame of the recoiling tar-
get nucleus. In general, these distributions do not directly reflect
the spin components of the exit channel, because they are biased by the
probability that the recoil nucleus will undergo fission. Since this
probability (Pf) can be strong]y dependent on tﬁe excitation energy
and the spin of the product nuc]ei,.it is important to have a rough
estimate‘of Pf(E*,I). An estimate of the fission probability can be
obtained from the calculated ratio of the neutron emission and fission
widths (rn/rf); “The dependence of this ratio on the excitation enekgy
and spin is shown in ngs.-8_énd 9 for gold and uranium nuclei,: re-
spectively. The contours were calculated from a standard formu]azs).
For simplicity the Yrast line was calculated with the rigid body moment
. of inertia. The neutron separation energy, Sn, was taken from the
1iquid drop model, and the.fissjon barrier, Bf, was taken from the

126). "Figures 8 and 9 clearly indicate that

‘rotating liquid drop mode
requiring the target-1ike product to undergo sequential fission intro-
duces a very strong bias towards high spin states for gold nuclei but
essentially no bias for uranium.nuclei. Thus, the inferred average
spin of the Au-1ike fragments which undergo fission may be very
different from the average of the unbiased population.

The experimental sequential fissidn probabilities are shown in

Fig. 10. The Pf for reactions with gold were extracted in a

straightforward manner from the ratio of coincidences to PLF singles
5

—r



taking proper account of the fitted angular distribution of sequential-

238U from

fission fragments; It was not possible to extract Pf for
our data for values of TKEL above 90 MeV because at larger values of
TKEL the singles distribution became contaminated with reactions on
the Tow Z materials in the target. Because Pf saturates at a value
of ~ 1 by ~ 40 MeV TKEL this limitation is unimportant. As a result
of this 1argé fission probability, substantial coincidence data was
obtained over a broad TKEL range for uranium, In contrast, the maxi-
mum value of Pf for gold products is ~ 0.6 which is reached only at
the largest Q-values. As a result, statistically significant angular
distributions were obtained only at large values of TKEL for the gold
system.

The coincidence data from the uranium target was divided into 5
TKEL bins (2 for gold) in‘order to investigate the in and out-of-plane
angular distributions. The measured angular distributions of thé FF's
plotted against the out—of—p1ane,(eH) and in plane (¢H) angle of
the heavy recoil are shown in Figs. 11 through 14. Both ﬁH, the
in—plane angle, and eH, the out-of-plane angle, are in the rest
frame of the recoiling heavy target-like nucleus. The traditional
assignment of ¢H =0 a]ong‘the recoil direction (Q-value dependent)
was made, with negative ¢H ahg]es lying between the recoil direction
and the beam axis.

To improve statistics, all projectile-like products with Z values

between 6 and 14 were included in the Q-value gate. The two body

kinematics were calculated on an event by event basis assuming that
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the mass of the PLF was twice its atomic number. In order to verify
that the calculated kinematics was not biased by evaporation over the
broad range of Z values, angular distributions were obtained for PLFs

238U system (see Fig. 15).

with Z values equal to 9 or 10 for the
These in-plane angular distributions are very similar to the ones in
Fig. 13 indicating that no bias is introduced by the larger Z-value
gate.

The out-of-plane angular distribﬁtions, W(eH,¢H), (measured at
constant ¢H) fall approximately an order of magnitude over the mea-
sured eH, range. For both systems the in-plane angq]ar distributions
show a strong anisotropy (nearly 2 to 1) at large Q-va]ues; As the Q-
value decreases, the anisotropy rapidly diminishes except for the most
quasielastic bin’whiCh shows a small in-plane anisotropy. This'quasi-
elastic bin is dominated by events in which the PLF was an oxygen nu-
cleus, suggesting that the direct transfer of an alpha particle from
20Ne to the target is probably the dominant reaction mechanism. Thus
the anisotropy observed in this low Q-value bin is likely the result

of direct processes which are not present or are much weaker in the

other bins.

IV. Model Calculations
The magnitude and orientation of the intrinsic spin of the fis-
sioning nucleus can be extracted from the angular distributions of the

fission fragments. The angular distribution function expected from a
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Gaussian spin distribution with its only nonzero average component

along the z coordinate, i.e.,

| 12 1§ (1, -1)°
P(I) a« exp - — + —=5 + — (2)
~ Zox 20y 202

has been shown to be a simple function of the parameters of the spin
distributioh3’4). The angular distribution function in the rest

frame of the fissioning nucleus is:

H H 1 Ig coszeH .
N(e,¢)a§exp N (3)
25°
where S2 = K§+(c§ sin2¢H + 03 cossz) sinzeH + oi CoszeH.

Our convention is that eH

= 90° corresponds to the in—plane meaéure—
ments and that ¢H =0° éorresponds to the separation or y axis,

In order to use the aboye prescribtion to extract’oX and oy from
the FF angular distributions, the direction of the separation axis must
be determined. This is not an experimental observable and must be ob-
tained in a model dependent way or left as a free parameter. In the
limit of an elastic collision between rigid spheres, the separation
axis coincides with the laboratory recoil direction as suggested in
Reference 2. In the other 1imit of zero exit channel angular momen-
tum, as in spontaneous fission, the separation axis corresponds to the

center of mass (c.m.) recoil direction. Deeply-inelastic heavy-ion

reactions lie in between these two limits.
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Previous measurements have ignored this problem and simply used

13-16

the laboratory recoil direction for the separation axis This

direction is appropriate under the strongly selective conditions pre-

27) by light-ions [i.e., (d, pf) or

sent in sequential fission induced
(e, «'f)l| However, in inelastic heavy-ion reactions, the two direc-
tions do not coincide because any decrease in the amount of orbital
anguiar momentum between the entrance and exit channels forces the
separétion axis to shift away from the laboratory recoil direction
towards the c.m. recoil direction_(a shift towards more positive

H is mea-

angles in the present study, see Fig. 16). This shift angle x
sured in the recoiling rest frame from the 1ab6rat0ry recoil direction.
The shift angle was included in the fitted function by replacing ¢H by

H in Eq. 3. The value of xH was determined by two different

ot + x
"méahs;‘(a) as a free parameter'in the chi-squared minimization, and
(b) by a calculation of the orbital angular momenta contributing to
each Q-value range. | _b _

The firét.method‘with the ihc]usion of an unconstrained shiftvan;
gle into anyﬂangu]ar distribution fdnction is prob]ématic because this
creates a periodic minimum in the chi-squared. Rotation of /2 com-
.mutes Oy Qith oy and rotation of = returns the original function (due

to the tos2

and sin2 terms). Fi;s to the angular correlation data
where xH was near 0° for the quaéie]astic bins and near 90° for the
vmost inelastic bins are shown by the so]fd curves in Figs. 11 through
15.' The values of Kg for uranium were caiculated with the empirical

function of the excitation enefgy, E*, above the fission barrier, Bf,

used in Ref. 15,
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1/2.

2 *
Ko = 19.4 (Ex-B.) (4)

The KOZ values for gold were obtained by scaling the uranium constant

by the ratio of the moments of inertia at the saddle point, S%ff’ from

.. 28 . 2 2
the ]1qu1d drop mode1“™). Since K0 =‘geff TH", then
Au)
2 é)eff( 2
K.“(Au) = - K~(U) . (5)
0 o £f U 0

The average energy of the fission barrier was obtained from the drop-

et modelzg).

The numerical results of this fitting process are given
in Table I. Unfortunately the numerically best choice for XH does not
have a smooth dependence on Q-value, because of the shallowness of the
angular distributions and the size of the errors in the data points at
intermediate Q-values. This has been demonstrated by fitting the an-
gular distributions with fixed shift angles (see below).

In an alternate proceddre, the shift angle was estimated simply
from the average change in orbital angular momentum for each Q-value.
The initial orbital angular momentum, Li’ was obtained by dividing a
trianguiar g-distribution in proportion to the cross_section. The

amount of exit channel angular momentum, Lf, is then written classi-

cally as:

L = Lj - <I> - <Ip> (6)
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where <IT> and <IP> are the éverage intrinsic spins of the target-
1ike and projectile-1ike fragments. The fragment spins are taken to
be primarily aligned as indicated by preiious results. For a rigid]y
rotating comb]ex the ratio <IT>/<IP> is broportiona] to the ratio of
the moments of inertiaJQT[gb which is 67:1 for the uranium system
(45:1, for the gold system). The values of‘<IT> were obtained from
the out-of-plane distributions and, on the basis of the large ratios

of the moments of inertia, <IP>.was ignored.

20 197

Previous studies of the reaction of Ne with Au indicate

that at the grazing angle the scattering is predominantly occurring on

the same side of the nucleus and that orbiting thfough zero degrees is
negiigib1e30). vThe direction of the 1ine-of-centers for the 20

1974 and ?ONe + 238

Ne +

U systems was determined by tracing‘the projec-
tile-1like producf backward.along a Coulomb trajectory to the'pointboft
cbntact. Contact was assumed to occur at a distance ineh by the
equilibrium configuration of a rotating sphere-spheroid liquid drop
model system.7)l The approXimaté shape of the ion-ion complex given
by thié schematic model for the most ine]astic Q-bin is shown in Fig.
16.

The resulting shift angles are 45°, 60°, 70°, 75° and 80° for the
five uranium Q-value bins. For the three most negafive Q-value bins
these numbers are in reasonable agreement with the vaiues returned
from the fitting process for the optimum XH (Table I). 1In addition,
the flatness of the angular distribution associated with the Q = -
37.5 MeV bin causes the fitted function to be rather insensitive to

XH for this bin. Thus, when the angular distributions were refit
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using the estimated values of XH as constants, the results for the
spin distribution parameters were the same within errors, except for
the -12.5 MeV bin. The exception for the Q-value of -12.5 MeV is due
to an overestimation of the shift angle. Because of the unreliability
of our model in this low Q-value region and the 1ikely strong
contribution from direct reaction processes, this particular
discrepancy is not too discomforting. |

The values of the aligned spin <Iz> and the thermal widths ex-
tracted from the fitting of the sequential fission fragment angular
distributions can be utilized to determine the two alignment param-
31)

eters PZZ and PXY' These two parameters are defined in terms of

the x, y and z components of the angular momentum vector as:

3 <I2 > 2<I2 > - <I2 > - <I2 >
P = -? —%——“ ‘2‘ = Z X2 J (7)
[ <I™> 2<I >
and
<I§ - Ii >
Py = . (8)
XY 2 <12>

‘Taking the previous assumption of a Gaussian spin distribution peaked

at IX =0, I, =0 and IZ the alignment parameters can be

20)

y

rewritten in terms of fitted widths") by recalling the definition:

2 2 2
<IX> =<>" * o, . (9)
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Thus, Eqs. 7 and 8 become:

b 3 (<IZ>2 + 05) 1 (10)
2= 2 2 2 2 2 -2
(ox + oy + <Iz> + cz)
and
02 - 02 :
Pyy = X 5 Y . , (11)
2(cx + g 0+ <IZ> + g7) S

V. Discussion

In Table 1 are shown values of IZ, o, o, and o_ extracted from

y>oox z

the sequential fission fragment angular distributions. To make clearer

the Q-value dependence of IZ, the extracted Va]ues of IZ are plotted

20 238 20 197

versus Q-value in Fig. 17 for both the ““Ne + U and ““Ne + Au

increases steadily with Q-value.

systems. For the former system, Iz

A similar increase of IZ with Q-value has been observed in several

11,14,15)

other reaction systems. _Because of the high fission barri-

ers for nuclei near Au, values of Iz.were obtained only for the most

20 197

negative Q-values of the ““Ne + Au reaction. A striking difference

between the two systems is the much larger values of IZ observed for
the 20Ne + 197Au-re1a1:1’ve to the 20Ne + 238U system. Since the % max
~and the rigid rotation partition for the two systems are very similar,
the difference most likely reflects thevstrong bias towards high spin‘
states for the fissioning gold nuclei and the absence 6f such a bias
for the fissioning uranium nuclei. This bias is introduéed by the

large fission barrier for gold nuclei (seé Figs. 8 and 9 and related

discussion in Section III).
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Although there is a substantial scatter in the values of the ther-

20, , 238

mal widths (éee Table 1) extracted from the ““Ne + U sequential

fission fragment angular distributions, qualitatively s and o, seem
to be independent of Q-value whereas cy increases dramatically with

Q-value. The statistical model predictions for oy and oy afe in
rough agreement with the data fdr all Q-values. However, -this model
substanti&]]y overpredicts oy except at thé most negative Q-values
where rough agréement is observed. Over the more limited Q-value
range of thé 20Ne + 197Au data, the model predictions are in rough
agreement with the extracted values for all three thermal widths.

The results for PZ and PXY obtained from the fitting of the FF

JA _
angular distributions for the uranium system are shown in Fig. 18. In
~ contrast to the strong Q-value dependence observed in more symmetric
systems (cf. e.g. Refs. 11,14,15), the extracted values of PZZ are

20y, + 238

‘approximately constant .at 0.8 for the U system. The in-
plane alignment parameter shows a stronger dependence on Q-value. It
is‘positive at small Q-values and then goes:to negative values at
larger Q-values.

The predictions of the statistical equilibrium model for
two touching spheres (solid curves in Fig. 18) lie substantially

below both the P,, and P, the data. Although this discrepancy

Y
could be interpreted as indicating that the dinuclear system is
not at equilibrium (with respect to the normal;modes), a more
1ikely explanation is that the present model of two touching

spheres does not allow for either deformation or interfragment
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separation (neck formation). Indeed, there is extensive evidence for
large deformations of the nuclei at their scission configuration

7’32).' A first order estimate of the effect of def-

following a DIC
ormation on the model calculations can be made by allowing the target-
1ike fragment to deform along the line-of-center of the dinuclear

system. Model calculations of PZZ and PXY are shown in Fig. 18

for different ratios of axes (C/A) of the target-like fragment. Both PZZ
and PXY
In this calculation, o, and o, increase slowly whereas oy decreases

are quite sensitive to the deformation of the heavy fragment.

rapidly with increasing C/A. Thus increasing C/A causes PZZ to increase
because the random component of spin decreases while the aligned com-
ponent is constant. PXY apprbaches zero as C/A increases because:

oy becomes similar to oy In this model, a ratio of axes of 1.6 to
2.0 is needed to reproduce the déta in the deep-inelastic Q—Va]ue re-
gion. Such deformations of the heavy fragment are consistent with val-
ues given by the equilibrium cqnfiguration of a rotating sphere-spher-

7y

oid liquid drop model system.

VI. Conclusions
In this paper we have reported the fission fragment angular dis-

tributions and fission probabi]itfes observed in coincidence with

197

"projectile-1ike products from the reactions of 20Ne with Au and

238U at 252 MeV. A strong focusing of the fission fragments into

the reaction plane is observed at all Q-values, as in previous sequen-
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tial fission studiesl3_16).

In addition, sequential fission fragments
from reactions with the 1afgest energy losses éxhibited an in-plane anQ
isotropy. At intérmediate Q-values this anisotropy diminished. If the
data were integrated over all Q-values, the anisotropy would be washed
out because the number of quasielastic events is larger than the number
of inelastic events. The importance of recognizing the direction of the
body symmetry axis as compared to the ]aboratory recoil direction in a
deep inelastic reaction has been pointed out. A comparison of our data
with the statistical equilibrium model indicates that the target-like
fragment may be substantially deformed for very inelastic collisions.

In the context of previous measurements of sequential fission, at

the largest Q-values a qualitative pattern with mass-asymmetry is seen;
3
13)

the most mass-symmetric systems show a sma1114’15) or moderate
in-plane anisotropy, a more asymmetric system shows a moderatel6)
in-plane anisotropy, and the very asymmetric systems presented here
show a larger in-plane anisotropy. This rough qualitative trend is in
agreément with the predictions of statistical equilibrium of the normal

modes of the dinuclear comp]exzo).

In general the technique of mea-
suring the complete angulaf distributions of sequential fission frag-
ments represents an extremely pbwerful tool for the study of angular

momentum transfer in deeply-inelastic collisions.

This Work was supported by the Director, Office of Energy Research,
Division of High Energy and Nuclear Physics and Nuclear Sciences of
the Basic Energy Sciences Program of the U.S. Department of Energy

under Contract DE-AC03-76SF00098.
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Table 1. Results of angular distribution fitting including a
free rotation angle xH, errors are given in parenthesis.
The errors listed in this table represent only
the statistical error.

Iz Uy ox oz XH -
Q-Value K (h units) (degrees)
(A) uranium results with 6 < 73 < 14
-12.5 7.3 17.7(0.5) 3.0(0.6) 6.5(0.4) 2.8(0.4) - 8.(7.)
- 37.5 10.4 27.2(0.2) 7.7(0.2) 8.8(0.2) 1.9(0.5) 16.(9.)
- 62.5 12.0 31.1(0.3) 9.5(0.5) 5.8(0.7) 3.1(0.7) 90.(9.)
- 87.5 13.1 37.9(0.3) 13.0(0.7) 8.6(0.9) 5.3(0.5) 94.(9.)
-125. 14.3 42.4(0.6) 20.1(0.7) 0.7 (4.) 9.2(1.1) 80.(3.)
(B) uranium results with 9 < 73 < 10
- 12.5 7.3  16.7(0.5) 2. (0.8) 7.1(0.4) 0.5(1.) - 9.(6.)
- 37.5 10.4 25.0(0.3) 3.5(0.6) 10. (0.6) .7.2(0.8) -10.(4.)
- 62.5 12.0 32.2(0.5) 17. (1.) 6. (1.) 5. (1.) 90.(5.)
- 87.5 13.1 45. (1.) 23. (2.) 8. (2.) 15. (1.) 81.(6.)
-125. 14.3 37. (0.9) 22. (2.) 7. (2.) 0. (4.) 87.(7.)
(c). Statistical Model*
- 12.5 - 16.6 5.0 5.0 45
- 37.5 . 21.8 6.5 5.0 60
- 62.5 - 24.7 7.4 7.4 70
- 87.5 - 26.8 8.1 8.1 75
-125. + 28.8 8.8 8.8 - 80
(D) gold results with 6 < 73 < 14
- 75 9.8 61.(1.) 25.2(0.8) 7.(2.) 24.(1.) 64.(3.)
-125 11.7  65.(1.) - 30.0(0.8) 0.(5.) 15.(1.) 79.(1.)
(E) Statistical Model*
75 20.6 7.4 7.4 72

4 8.4 8.4 80

-125 23.

*Two touching spheres
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Figure Captions

Fig. 1. Thé thermal widths of the normal modes of a dinucliear
complex are shown as a fun;tiOn of mass asymmetry of the complex.
The widths are shown in dimensionless units after division by
‘éﬁT, the moment of inertia of a mass-symmetric spherical
fragment times the temperature. The mass asymmetries of several
reaction systems. from recent determinations of the spin'andIOr its
alignment are also shown5’7’11'16).

Fig. 2. A schematic diagram of the NIM electronics is shown where:
BA/LS - biased amp énd linear stretcher, CFD -~ constant fraction

E discriminator, CG - coincidencé gate, FPO fast pick off, GDG -

gate and de]ay‘genérafor, LA - Tlinear amp, LG - linear gate, MG -
master gate, MPX - multiplexer input, SCA - single channel ana-

N scale down.

lyser, SD - 2
Fig.. 3. An intensity plot of the coincidence data as a function of
"fission fragment" energy versus time-of—f]ight.. See text for
discussion of groupings. | | |
Fig, 4. The general relationships of the'velocity vectors for in-‘
plane emission is shown. The measured quantities are E3L, ¢3L,
E5L, ¢5L; which are the lab energy and angle ofvthe PLF and the
lab energy and angle of the FF, respectively. |
Fig. 5. Similar to Fig. 4, however the fission fraghent is emitted
out-of-plane with respect to the PLF and the beam direction.
Fig. 6. Energy-loss curves are shown for a representativé fission

fragment traveling through fluorine, aluminum or go1d23).
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7. The measured energy spectrum of sequential fission fragments
in the rest frame of the gold nucleus is shown. The arrow’marks
the single fragment energy expected from the Viola systematic524).
The curve drawn through the data is to guide the eye.

8. Calculated contours of the ratio of the neutron emission

width to the fission width, rn/rf,»for 197Au are shown as a func-
tion of excitation energy, E*, and fragment spin, I, (see text for

details).

s

238 238

9. Similar to Fig. 8, except for U. For U fission
decay is dominant everywhere in the E*-I plane except at the
Towest spins and excitation energies.

10. The measured fission probability, Pf, is shown as a

function of total kinetic energy loss, TKEL.

Fig. 11. The out-of-plane angular distributions of sequential FFs ob-

Fig.

tained in coincidence with PLFs of Z = 6-14 are shown for five

20y, + 238

Q-value bins for the U system. The distributions shown
in column (A) were measured approximately along the laboratory re-
coil direction and those in (B) were obtained approximately perpen-

dicular to the recoil direction. The solid curves represent fits

described in the text.

12. The out—of—plane'distributionsvof sequential FFs obtained in
* coincidence with PLFs of Z = 6-14 are shown for two Q-value bins for
the 20Ne + 197Au system.

Fig.

13. In-plane angular distributions of sequential FFs from the

20y, 4 238

U system are shown for the same Z- and Q-value bins as
Fig. 11. The arrows indicate the angles at which the out-of-plane

measurements were made.
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14, In-plane angular distributions of sequential FFs for the

20Ne + 197Au system for the same 'Z- and Q-value bins as Fig. 12.

15. The in-plane angular distributions of sequential FFs in

20 238

coincidence with PLFs of Z = 9 or 10 from the ““Ne + U

system are shown for the same Q-value bins as the ungated

distributions shown in Fig. 12 where 6 < 7 < 14.

20

-16. The approximate shape of the ion-ion complex for the "“Ne +

238U reaction as estimated in a rotating liquid drop sphere-
spheroid model. The center-of-mass scattering angle is indicated
as well as the shift angle relative to the c.m. separation axis.
17. The measured aligned spin (IZ) of the target-like fragment

197

as a function of Q-value for the 252-MeV 20pe + Au and 238U'£

reactions. vSpins were extracted for a broad Z-bin (6—14) for both
systems and an additiona]vnarrow one (Z = 9-10) for the 20Ne-+

U system. The statistfca] errors are of the same size or smaller
than the symbols. |

18. The measured alignmeﬁt parameters for the spin distributions

20, 4 238

obtained for the ] system are shown for Z = 6 to 14
(circles) and Z = 9 & 10 (squares). The solid and dashed curves
represent the statistic equilibrium model calculations for different

ratios of axes (C/A) of the target-like fragment (see text).



27

_I_____

T

.q_‘.,__ T T

|

L | 1oH+0H b

ad +IN —

.L
N+ —

18 tv@

ad +4Z —

OH+OWN ——

—

IN+IY —

by + ) —

1.0

0.4

0.2

mH.

XBL821—4405

Fig.



TELESCOPE

Start TAC
E B TACT

Stop

CG-1 (M6 )

@

FISSION ) Fo
FRAGMENTS fast . .

Fast OR

GDG

F-1 (]

> VALID F-1

N

MASTER
GATE

VALID F-10

XBL 818-2428



29

8Sve -8I8 18X

£ ‘b4
(su) swl
00

002 _ 0gl

Lo

10G

OO0l

(A3IN) Abusu3

OGl

002



30

2l1-218-18X

v b4

wbag

ANV71d-NI




31

121-218 -18X

G "bLyg




32

60—

50—

(MeV - cm4/mg)

30 —

dE /dx

20 —

10 —

0 1 | 1 | - L l 1 l | l L4
0 0.2 04 0.6 0.8 1.0 -

E/A (MeV/nucleon)

' Fig} 6  XBL 818 - 2427



120
100
80

60

Counts

40

20

33

l o

XBL 8I8-246I



34

-€9€2-91878X .

8 wowm |
(SHuny)1

00l 08 0o ob oz 5
L L D e = == O
- oul| ISDIA~ — i
- =T Tigesoin -
B _ . —ov
Lugrsoud /| l,
] - 100 ., i
| S _ 1
—  8linybld | — 0zl
- Vg

09I



35

€9e2-2418718X

OO0l

08

- 6 'bLd

(Shun y) I

09 - Ob 0¢ 0

ﬁ |

T 1

| : ,...aj

(NOW) 3

ozl

09l



36

vYH9€2 ~ 218 78X oL "bt4

(ASIN) T3ML
09l ozl 08 | Ot 0
T T T [ T T T ] ]
= * ' =
| W +3Ngz ¢ ¢ ¢ ;
- Ngge* ONg @ ' :
: B “
== ¢ 3
i '3 ‘|
i* . '3 i
SR A | -
— *e st =
! )

100



W(®,D) (arbitrary units)

1T IR lII]IH]

0l

w
~

TTTTIT

I

° .H“OO
= (Q) = -125 MeV @ |

/

.__;\. \\Sizleo
N

L lllllll! T TTTH I IIIIIII|
®

OUT-OF-PLANE
PARALLEL

| -375\
N\, )
\-NM)
I

| ! L | L L 1 |

Lo vl vl vl 1 g

wl ol 111111111 Lo

OUT-OF-PLANE
“‘~\\\\PERPENMCULAR

S
[SY)
|| I IIIIIHI I IILHLL] | IIHIH] | ll]lllll ] Llllllll | Ll]l”l[ T TTTTT
@, .
o , .
o i _ X ‘
—— .
X X
Lo O
g

I R R | et ANt R AR Rt I SRR A e

0 60 30

L

S

XBL8I3-2179



—

)

coebermp t U]

W(®,®) (arbitrary units)

Q
N

l [ ] [ I [ ,OZ

I

O,Ne

BRERLL
[\)_—

0\

P HHH]

7

Qut-of-plane
\\ parallel

N -75MeV

I

+ |97Au i )

O

Ll

'\.‘<Q>=—l25
- MeV

(x10)

Ll

QQ_ IO—I
* )

L1l

| 1
90 ©

Lo Lo 2
0 30 0V

,®H

... Fig.

[T T [ T T ] T T ]

T 1Tl
O
S
L1l

QOut-of-plane 7
._\.\. \perpendlculog

Y25 MeV
(x10)

IR T TTTI]
I

/.

/O

Lol

| Q\’\,\ - 7_5 MeV
b (x])

R N

T T TTTTI
Lo

- H
12 @

[ 1 ]
90 0 A0 O

 XBLBI7-2366

8¢



(S 4]
r

[p ]

| -W(@,@_)'(arbifrary units)

IN-PLANE o
\}\H AR @=-125Mel

Fig. 13 xsLaiz-2180




40

G9¢c —218 18X

0G|

Ocl

100

Ll

Ol

(SHun AJoijigin)  (P'@) M



V(e o) (arbitrury units)

41

:I I I I‘I ] T [t T 7 T 1 I — l:
- IN-PLANE ®"=90°

H\'}\+\+ J.\ 4}_ {__;___ﬁ//{'

z3 9,10 |
- B ¥/ F
+/H‘ H«H e “75
_ j ﬁ ){-{—/&{ el -
P 2 YL TS t . —
-$ — —_— —
) o F‘ﬁ\ e
: __'5_0_.0-;&-0-!9- —at R - —¢ (578 _
R o S S W

- (:H)

TN NS N N N T TN N TN SN NN M N NN B

-30 0 30 60 90 120 190
| CIDH

Fig. 15

XBL 814-2237



42

- Same side
scattering
(CM system)

‘3 Ocym = 36.3°

Fig. 16 XBL 815-2301A



80

60

20

Fig. 17

43
| ] 1 [
Tgf Z3 | ' '
0238y g-14 -
— 0238y 9-10
e ¥au6-14
¢
a 'Y _
0
o
B . _
i v _
o
O
@
| | | | R
0 50 | 100 150
-Q(Mev)

XBL 822 - 4472



0.10

PXY

-0.10

-0.20

44

252 MeV 20 Ne + 238y

1 | T I T I
| b)
a
(W]
o
o
@ —— . 20
i 16
//’—————_ O
| I ] l ] i
0 50 100 150
— Q (MeV)
XBL821-4417




This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.




TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



