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Binary fragmentations from the reactions !°F + 209B; (E, = 491 MeV) and *Ni
+ '%*Ho (E, = 778 MeV) leading to highly excited composite nuclei with simi-
lar masses were investigated by measurement of the fission coincident neutrons.
The pre-equilibrium (PE) component was separated with a moving source analysis
from pre- and postscission contributions and studied as a function of the linear
momentum transferred. PE neutrons from the reaction °F + 2°°B; exhibit a signif-
icant out—of—plane anisotropy whose neglection would result in an overestimation
of the PE neutron multiplicity by more than 30%. The PE multiplicities and
temperature parameters for the more symmetric entrance channel 9'Ni 4 95,
indicate a delay in fusion, which is typical for fast fission and in agreement with
the observed asymmetric mass splits.

1. Introduction

The dissipation of energy, mass, and angular momentum in heavy ion induced re-
wctions can be studied with fission coincident light particle emission. For projectile
‘nergies below 10 MeV/u a low mass asymmetry in the entrance channel leads to fusion
imes in the order of evaporation time scales and observable implications.For higher
rojectile energies fusion and equilibration times can become comparable. The influ-
nce of dynamical delays in fusion of mass symmetric entrance configurations may then
re studied with reference either to model calculations neglecting such effects, or to
auch more mass asymmetric systems. The latter way is particularly useful, because
bsolute values of time scales obtained e.g. from moving source analyses are not free
rom systematic errors [1, 2]. .

In the present work we study fission coincident prequilibrium (PE) neutron emission
Jllowing central collisions in the two entrance channels IF + 299Bj and %4Ni 4 '$5Ho of
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highly different mass asymmetry, angular momentum population and linear momentuym,
transfer, but similar composite mass A =~ 228 and excitation energy E* &~ 390 MeV,
The observed entrance channel effects are qualitatively discussed in the framework of

the Boltzmann master equation (BME) model.

2. Experimental setup and procedure

The experiment was performed with %Ni and '°F projectiles of energies 778 MeV
(i e. 12.2 MeV/u) and 491 MeV (26.1 MeV /u) respectively, from the VICKSI facility
at the Hahn-Meitner Institut,Berlin, that operated with burst widths A¢ — 0.9-1.2 ns,
The detector setup for the !9 + 29%Bj experiment is shown in Fig. 1. Fission frag-
ment (FF) like reaction products were registered with low-pressure multiwire chambers
(MWC) and surface barrier detectors (SB). The MWC’s were centered around the an-
gles Oywe = + 68° (for *Ni+ 165H, - 42°), which correspond to the most probable
linear momentum transfer (LMT) of 78% (95%) for symmetric fragmentation [3]. Their
detection efficiencies extended to 20% and beyond 100% LMT, respectively, the out—

of-plane acceptance AV to + 13°.

@ SCB1.2
. 5 N3
vp 'SCB3.4
_ _ One
| =CRAR CHAMBER
mom_.z% e *
YF-Beam
{Ins
N2
_wmu % mocwm o
la
Ep = 491Mev &
e SCATTERING
CHAMBER
NG

Fig. 1. Experimental setup consisting of position sensi-
tive multiwire chambers (MWC;) and solid state detec-
tors (SB;)inside the scattering chamber, liquid scintilla-
tors N; (some with veto paddles VP) and position sensi-
tive scintillator bars AmOw..v for neutron detection. The
Inset gives a side view.

up to 45° for a consistent measurement of relative

this direction. The bars were read out on both sides

For neutron time-of-flight
(TOF) spectroscopy we used
up to 10 cylindrical cells filled
with liquid scintillator materi-
als NE213 or BI501. The v
background was reduced with
sheets of lead in front of the
cells, and with pulse-shape
techniques; charged particles
were identified with thin scin-
tillator veto paddles (VP) in
front. The cells were positioned
at reaction angles @, ranging
from 0° to 163° within as well
as outside the reaction plane.
In the %9 1 209p; experiment,
this setup was supplemented [4]
by four plastic scintillator bars
(SCB) of size 10 x 10 x 100 cm®
made from BC408. They were
installed perpendicular to the
reaction plane (see Fig.1) and
covered out-of-plane angles ¥

neutron angular distributions in
to deduce the position of neutron

incidence with the time difference technique. The position resolution was Az < 5 cm
(FWHM). For experimental reasons [4], the analyzed detector volume was restricted to
5em <z < 95 e and treated as nine bins of 10 cm length.
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Special efforts were 0.4

made to obtain consis- 0

tent values for the neu- 0.35 nmv

tron detection efficiency

0.3
€, of both, scintillator %
cells and bars. For the £0.25
cells, ¢, was calculated W.
with the code of Cecil g 0.2
et al. [5]. The effi- m 0.15

ciency of the bars was de-
termined experimentally 0.1
with reference to the cell
N3 of size 10.4 cm diam-
eter and 10.4 cm thick- 0 ¢
ness that was placed in a

position homologous to a

section of SCB2, see Fig. Fig. 2. Neutron detection efficiency from comparison of scin-
1. The experimental effi- tillator bar segment with liquid scintillator cell (o), from Monte
Carlo simulation [5] (solid line), and after normalization (dashed).
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ciencies turned out to be
higher than those calculated with [5] for a cubic scintillator bar segment, but were in
agreement with efficiencies obtained with neutrons from spontaneously fissioning 252Cf
[4]. Therefore the calculated efficiency normalized with a factor 1.12 to the experimen-
tal result (cf. Fig. 2) was applied to the scintillator bars, Further experimental details

are given in [6].
3. Data analysis

The analysis of the fragment observables assumes a binary fragmentation following a
massive transfer of a fraction of the projectile mass; the remainder proceeds as spectator
with projectile velocity. The LMT to the recoiling composite system is then
.c: 1

LMT = — 5
ve 14 mwcl %

(1)

where v)| denotes the recoil velocity in beam direction, vg its maximum value occurring
for complete fusion, my, and mr projectile and target mass, respectively. The recoil
velocity v is calculated from the observed fragment velocities v, vy, their angles &,
®, with respect to the projectile direction (i.e. cos® = cosO@ cos¥), and the folding
angle ®;, between 4 and v3.

The fragment masses m;/men, i=1,2 in units of mass meny =mp+ LMT x m, —
Mevap Temaining after particle evaporation will be furtheron referred to as normalized
mass My. The mass correction Mevap Was calculated with a statistical model starting
at the excitation energy E7.\(LMT) o« LMT remaining after equilibration [7]. In the
analysis the events were subdivided into symmetric (0.4 < My < 0.6) and asymmetric
fragmentations and into the intervals ALMT as indicated in Fig. 3. The contour
diagrams in the LMT vs. My plane show characteristic differences:
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The %Ni induced process favours central collisions (cc) with an almost com let
LMT; in rare cases, peripheral collisions with ~ 30% LMT occur. The most Eo%wzm
Eﬁﬁ.om 98% agrees well with existing systematics [3]. Despite the high mxomnmnmom
energies Ex > 300MeV, however, the asymmetric fragmentations prevail. The total
E:m.fn energies (TKE) carried away by these fragments exceed those expected for ful]
dissipation of the pro Jectile energy into dissipation, cf. Fig. 3. The yield under the cc
peak, corrected for the detector efficiency, can be converted into a total cross section
Q%. 8.5 an associated sharp cut off angular momentum /,,, , that turned out to be 1345
H:wm 1s not far above the critical value I .;y = 1204 for a, vanishing potential pocket mm
m:m:um [8]- The depletion of the difference Al is essentially accounted for by PE emission
that is also wmm@o:mmzm for the fraction of linear momentum not transferred . Accordin
to 215 rotating liquid drop model (RLDM), the fission barrier vanishes already for Nm
= 05. Therefore central collisions proceed primarily through exit channels with :“
fission barrier and this is what we observe in F' ig. 3.

- The YF induced
N G process shows a pat-
tern known from sev-

- eral fusion-fission re-
actions with projec-
tiles in this mass and
energy /nucleon range.

The most proba-
ble LMT is 78% and

the preferred fission
i _fr’«llrrk‘l‘[ m
10 | mode is the symmet-
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ric one. The observed
TKE values in the
upper part of Fig.3
support the interpre-
tation of an equili-
brated system. Inte-
gration of the cc peak
yields a cross section
0. that converts into
lee = 123h. This
F mm.. 3. Top: Contour diagram of total kinetic energies TKE vs. nor- MNM“UN_WM n—”“.“w _mNTm.H.
malized mass My increase of yield is 14% between adjacent lines. _ mmi m. f ¥ n“h
>.~mo shown the TKE’s caleulated after [3] for all mass splits, both A
,S.».r.c_; (solid line) and with (dotted) particle emission v:‘an&:m
scission. Bottom: Contonr plot of LMT vs. Mn corrected for detec-
foz cfficicncy; inerease of vield is 11% from line to line. The boxes
indicate the different fragmentation classes of the analysis.
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even ly = 74h where
the RLDM fission bar-
rier vanishes. In the
"F induced reaction
.. therefore most of the
central collisions lead to g fusion -fission sequence of these highly fissile (r = 0.8) com-
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posite systems. The 22% of linear momentum not transferred convert [9] into a depletion
Al = 40h of angular momentum in PE emission, in perfect agreement with the difference
Naa == Nn.‘.: = AHE

From these considerations we expect the ®*Ni induced reaction to show little PE
neutron emission in fission coincidences, whereas it should be substantially higher for
“F + 29Bi. Direct evidence must be extracted from the neutron spectroscopy itself.
The double differential multiplicities M, (E,, ©q;) of fission-coincident neutrons were
analyzed separately for each of the different LMT and My classes with a moving source
fit. The decomposition considered contributions from a pre-equilibrium (PE) and a
compound nucleus (CN) source, and two sources of fully accelerated fragments (F1,
F2). Each one was supposed to emit isotropically in its own rest frame. The resulting
total double-differential neutron multiplicity in the laboratory frame is thus given by

d* M, L\ M, E, +¢; —2VE, €;c050;
el = ———L =V E, xexp |- < 2
dEdS) ,,, m 2(n T )T g T, @

Here, M, ; denotes the neutron multiplicity and €; the kinetic energy per nucleon
of the i** source. The temperature parameters T; are averaged over the whole emission
cascade of the respective source. The emission angle O; refers to the velocity direction
of each source. Free fit parameters were the multiplicities A/, n,; and temperatures T; for
all four sources, and the kinetic energy epg of the PE source. The velocities of the CN
and the fragment sources were deduced from the data.

Representative sets of decompositions for the most probable LMT bin and symmetric
fragmentations are shown in [6]. The best fit values for the PE neutron multiplicity
My, pp are 1.1 £ 0.9 neutrons per fission for “Ni+!%Ho and 3.0 + 0.5 for !F + 299Bi.
The latter result does not only confirm the anticipated higher PE neutron multiplicity;
it is also more pronounced due to the harder spectral shape (see Table 1) and therefore
much better separable from the three equilibrium sources (which are discussed in detail
in [6]). This is why the out-ofplane study was restricted to the system YF 4 209Bj,

Reaction | Epp.o; mnﬁlwkn :h :m ng Mupe  LMT(%)  EBirinn
PF+2Bi| 491 193 23 25| 19(24) 3.0(2.2)  81(88) 15(12.5)
exp: 3.0+0.5 78 12242

PS+9TAu| 838 183 37 41 |32(41) 4.6(3.1)  79(87)  14.3(11.7)
erp: 4.140.3 74 1204+ 0.8
89Nii +19Ho | 778 5.8 38 52 |64(52) 1.4(2.7)  96(93) 6.5(7.5)
exp: 1.1409 98 78+2

Table L. Values ny from [10]7, [11]}, and comparison of experimental data M, pp, most
probable LMT, and Ej;,, . with BME calculations for two sets of ny. Energies in MeV.
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4. PE neutron distributions

sociated to the most probable LMT wi i
. ; with symmetric fragmentations. T
including those for 325 4. 1974, from [7], are listed in Table 1. The nmﬁ.w ik
eters are converted into average kinetic energies Eringn =3
inn

perature vaE.u

= m.ﬂ?mum.

j u Fig. 4 mr.oSm that our results for
N.a hm _.Szno N. B2y n,PE Per fission agree well with recent
gl Ao m.%mnms.mn_nm [12] and confirm their almost
0_: e - linear increase with the relative velocity
wuwm.. _%MM_. ms at the contact configuration (where the
ook Qusth + | oulomb barrier is of height V). It has
£ : been shown [3], that the LMT is a func-
<& y So:. of v,., too, and independent from the
ol ] projectile-target combination, Therefore
+ + v, seems to n.osnn& the extent PE emission
sl . decrements linear momentum and angular

+ = momentum,
% The reaction plane defined by the
& HHITM[[[L emitted fission fragments is perpendicu-

e, . -<L\m~> :wmi 25 wﬁn waugm spin of the CN. In this plane,
N , o
. - . angular distributions are well de-
M.m.mm. Ooﬂ;zf:o.u?m_ of PE neutron multj- scribed with eq.2; the velocit o &w.
M«M(Mnrmmvnommnrma with data of this work (open | /f2epp /m, 42.«5g in all cases mvﬁ\uocﬂhwom
5 5. 3 ‘nucs u 0
. of the projectile velocity i

o . y [6, 13]. It is, how-
%Qw mMMn QMVOmm_Em. M% mmmnw_vm g.m out-of-plane results, where the E,w Q_E_awmnmmmm
Pty Mﬂ rapi y for Enwmm.m:.ﬁ angle (with respect to the beam direction) than
this et e reaction plane. Hu._m. 5 shows that, for large out-of-plane angles ¥
mmn,n oot is amrn.. For the description of this PE-anisotropy we have adopted [13] L

orized ansatz with an additional fit parameter a,,, viz

s , Viz.

Mpg(0,A) = Mpg(0) exp (—a,cos?A) 3)

Mwwhﬁmm mMFMMmH HJM. MMHWMaB In Eq. (2) and reduces to it for @y = 0. The best fitting
Bmm.m:nm”dmdnun\mm»_. - MH class U@?dmb 1.1 and 1.4, Already a,, = 1.1 would lead a
of 37%! Even EWMM&.@@EM%NMMMMMM“M%Hﬂum . M:. o<wwmm o s e
re observed in induced reactions [13] though

M”w Mm“mm MMMMmevm.oEn.m ~m<m~“ It is obvious that a neglect of this mmmo_n m_mswnmmma\
PE emiseion & for, E_M:wiob of time scales from neutron multiplicities. This anisotropic
necessary to reach MMJ.@ y connected to the w:m:_mq fnomentum depletion by Al ~ 40f
il Qm mit lorsy = 82A for m:m:.:: The composite nucleus must reduce its
it gt B Mvzs.m aMw mml.% stages of am. evolution towards this relative stability
ssioning st mm,a,:o“ :W _n.mnn_.ozm «vm%m:&n:_mn to the spin of the subsequently

The equilibration i S enit i ﬂ:m oy

(9] with, MW. - ?w 1on in central .no:rﬂo:m by PE nucleon emission has been described
e E model. Anp Important parameter therein is the initial number of
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degrees of freedom, ng. As a first guess, ng may be identified with the number A, of
projectile nucleons. Empirical values have been derived from a fit of inclusive proton
energy spectra for a range of projectiles and targets to BME calculations [11]. The
trend of the resulting values for ny has been reproduced in microscopic calculations
analyzing the geometric overlap of the colliding heavy ions [10]. These two methods
yield values ng for our reactions that differ from 4,, see Table 1. We have performed
BME calculations with them as well as with ng = A,

H,rmnwomnmomk»lmmmm.Uowm.mnmmﬂmm. wﬁu-mo.
ment for M, pg and LMT, but not '\ Yo 43
for Etinn. A better reproduction of
the average kinetic energy is of course
obtained with the values ng from the

v
-

(n/MeV sr)
o

empirical systematics, because it was g .

made to fit spectral shapes, i.e. dis- wio p

tributions of Ey;, .. The wmnmmsm.:n, - heul anisetropy
however, goes together with an in- T st ith anisoiropy

creasing discrepancy in M, pgp and 1

LMT, that is of opposite sign for the pam— .a_o. =
more mass asymmetric entrance chan- Neutron energy (MeV)
nels on one hand and %Ni + !%%Ho on
the other, the latter being more pro-

o
Ty

80 100

o
n
o

)

nounced. It indicates that for %Ni the M
BME model may be stretched beyond mg
its limit of applicability. £
o without anisotropy

One reason is that heavy projectiles
require long fusion times 7;,,; for Ni,
Trus amounts to 50% of the equilibra-
tion time 7.4, whereas it is only 20%
for the reference projectile, '°F. Any
additional delay during fusion slows
the increase dM,, pg/dt and the de-
crease dEy;p, n/dt down and causes for Fig. 5. Double differential neutron multiplicities
the %Ni reaction accordingly a lower for 'F + ?™Bi (most probable LMT, symmetric
M, pg and a higher E;, , and thus a fragmentation). Top (Bottom): Maximum {Mini-

better agreement of the BME calcula- mum) out-of-plane position covered with the po-
tion with the experiment. sition scnsitive SCB’s. Fits are without and with

o . anisotropy (eq.3).The solid line denotes the sum
The additional delay is supposed to ¢} four sources CN, F1, F2, PE,

be of dynamic origin. A delay of full
equilibration in the even more mass symmetric entrance channel Ni + 19%\o has been

reported [14], that, due to the lower projectile energy of 3.6 MeV /u, led to fusion times
comparable to those for neutron evaporation and thus took influence on the evaporation
process. In our case the fusion time scale merges with that for PE emission, because
the kinetic energy in the entrance channel #Ni + %9, ig dissipated, before a spherical
CN configuration is reached. The system therefore enters the exit channel, before mass

with anisotropy

dM /dE d

60 80 100
Neutron energy (MeV)
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equilibration is completed. Beyond the effect on the PE emission, the reaction 84Nj
+ '%Ho also favors a fast fission process with asymmetric fragmentation (cf. Fig. 3)
and comparatively small pre- and large postfission neutron multiplicities as contrasted
against the reference system !9F 4 209B;, (7).

5. Summary

Neutron spectroscopy has been performed in coincidence with binary fragmentations
for composite systems of similar masses and energies, but different mass asymmetries
and angular momenta in the entrance channel. For ""F4209Bj central collisions with
symmetric fragmentations prevail. The angular momentum population exceeds the
fusion stability limit considerably. It is depleted by PE emission that is therefore con-
centrated in a plane perpendicular to the total angular momentum, i. e. in plane with
the fission fragments. The out-of-plane asymmetry is described with the parameter q,,
ranging from 1.1 to 1.4.

Central collisions of 84Nj + 1%Ho yield mass splits that are more asymmetric than
the reference reaction. The discrepancy of the PE parameter set "oy, Ma pres En kin
to calculations involving the BME model qualitatively indicates a delayed fusion. For
more quantitative explanations, calculations are needed that combine the dynamics of
nucleus-nucleus collisions with time-dependent statistical cascade calculations [2, 15].
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