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Pre- and post-scission neutron multiplicities for the reaction ' Tm(' Ar, f) at E~,b =205 MeV
were measured in coincidence with fission fragments of di6'erent masses and total kinetic energies.
The mass and total kinetic energy dependence of the total neutron multiplicity as well as the width
of the out-of-plane fission fragment correlation angle are well described by evaporation calculations.
An average time before scission of several 10 s is deduced from the average pre-scission neutron
multiplicity. The mass dependence of the post-scission neutron multiplicity is consistent with an en-

ergy division at scission proportional to the mass of the fragments. For the first time clear evidence
for an increase in pre-scission neutrons with increasing total kinetic energy values has been ob-
served. Possible interpretations of this unexpected behavior are discussed.

I. INTRODUCTION
Formation of a compound nucleus demands the equili-

bration of all nuclear degrees of freedom, and a subse-
quent division of the nucleus into two heavy fragments
again implies a complicated rearrangement of nuclear
matter. The displacement of nucleons in nuclei is less vi-
gorous for less violent collisions and the amount of reor-
ganization of nuclear degrees of freedom may be ex-
pressed by nuclear interaction times. In fact, it has been
shown' that large-scale collective nuclear motion takes
place on time scales which are longer by one to two or-
ders of magnitude than the time. scales for relaxation of
single-particle degrees of freedom. For instance, for
strongly damped collisions in the reaction i66Er+ Kr
(E/A = 8.18 MeV) relaxation times for the dissipation of
radial kinetic energy (rit ), the relative angular momen-
tum (rt ), and for the development of small-scale deforma-
tions (r ) were estimated to be r~ =0.3 X 10 ' s,
~I=1.5X10 ' s, and ~ =5X10 ' s. Interaction times
of (1—2.5) X10 ' s were determined for deeply inelastic
reactions of the system ' Au+ U (E/A=8. 65 MeV)
(Ref. 7) analyzed within an energy-loss window of
100—350 MeV using the surface friction model. The
mass equilibration process has been studied in fissionlike
reactions and it has been found that the mass drift to-
ward symmetry has the characteristics of a strongly
damped motion and occurs on a time scale of
t = (2—10)X 10 ' s. A theoretical investigation of the ti-
lting mode of the dinuclear system ' Ho+' Ho (Ref. 9)
demonstrated that relaxation times for the projection E
of the total angular momentum I onto the symmetry axis
strongly depend on the magnitude of I and can be longer
than 10 s for I & 1005, indicating long time scales for
fusion-fission reactions.

Measurements of pre- and post-scission neutron multi-
plicities provide a tool to compare fission time scales with

neutron evaporation times. These times, though model
dependent, may be used to clarify the definition of "nor-
mal" and "fast" fission processes, and further on may fur-
nish conditions for the study of nuclear viscosity. " Re-
cent systematic studies of pre- and post-scission neutron
multiplicities from heavy-ion-induced fusion-fission reac-
tions, spanning a fissility range from 0.60 to 0.84, indicate
that fission decay times are of the order of 10 —10 ' s
and seem to be roughly independent of fissibility. For
systems with no barrier for fission, a reduction in time
scale up to a factor of 4 was observed. Further, it has
been shown' that fission decay times are only weakly
dependent on the excitation energy of the composite sys-
tem, because a large part of the initial excitation energy is
quickly carried away by pre-scission particle emission,
such that the system close to scission is left with
moderate excitation energy of roughly 60 MeV only.

In this work we studied the fission reaction
Tm( Ar, f) at E&,b =205 MeV. The compound nucleus
Fr formed in a complete fusion reaction has a fissility

of x =0.75 and a rotating-liquid-drop fission barrier
height' of B&=6.4 MeV for zero spin; this barrier disap-
pears for angular momenta larger than 69k. The fusion
cross section of this reaction has been measured" as
cr&=(660+100) mb, and the average spin value (I ) was
determined to be 48k, resulting in an average fission bar-
rier height of 2 MeV. Calculations and systematics'
showed that the probability for fission is high enough
compared to particle evaporation such that the evapora-
tion residue correction in the spin-dependent fission de-
cay width could be neglected. From the mean fissility
value' of x =0.69, one may conclude that extra-extra
push effects or quasifission reactions have only minor
influence on the reaction mechanism. Some contribu-
tions from noncompound fission, ' however, may be ex-
pected because of the rather low average fission barrier
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height, which is comparable to the nuclear temperature
of the compound nucleus. From the neutron-deficient
compound nucleus Fr very few neutrons should be em-
itted before scission. Thus, fission fragment excitation
energies and post-scission neutron multiplicities might be
higher than in usual heavy-ion-induced fusion-fission re-
actions provided that the fission decay time is not
changed drastically. A large ratio of post-scission to
pre-scission neutrons certainly favors the study of charac-
teristic features of fission fragments, such as excitation
energy, temperature, and level-density parameter which,
for example, can be determined from the post-scission
neutron multiplicity, the slope of neutron energy spectra,
and the width of the out-of-plane fragment correlation
angle, respectively. The deduction of pre-scission neu-
trons for fission channels with different mass splits and
total kinetic energies (TKE) further provides additional
information about the fission process.

In Sec. II the experimental setup and procedure is de-
scribed and in Sec. III we outline the features of the eva-
poration code used in the interpretation of the measured
neutron multiplicities. Also the shape of the neutron-
energy spectra used in the multiple-source fitting pro-
cedure is discussed and the neglect of neutrons being em-
itted during the acceleration phase of the fragments is
justified. In Sec. IV the measurements of the out-of-plane
fragment angular correlation, the mass-TKE correlation,
and the number of neutrons detected in coincidence with
fission fragments of difFerent masses and TKE values are
presented and compared with statistical model predic-
tions. Our results are summarized in Sec. V.

II. EXPERIMENTAL PROCEDURE

A self-supporting 395-pg/cm -thick target of metallic
TiTi was bombarded by a 205-MeV beam of Ar from

the vICK.sI accelerator at the Hahn-Meitner-Institut. Ki-
nematic coincidences between reaction products were
detected by two position-sensitive low-pressure multiwire
proportional chambers (MWPC). These detectors mea-
sured the in-plane and out-of-plane position of two heavy
reaction products in addition to their times of Aight, with
respect to the cyclotron radio frequency (rf), and thus
determined the fragment velocity vectors U, and U2 in the
laboratory system. For binary fission reactions conserva-
tion of linear momenta parallel (m

&
u'j+mzu j~= duo) and

perpendicular (rn, u, =m 2u 2 ) to the beam direction yields
the velocity uo=(u, u(+urdu'j )/(u, +uz) of the center. -of-

mass (c.m. ) system and the primary fragment masses m,
and m2 before post-scission particle evaporation assum-

ing that m& and m2 add up to the total mass A of the
composite system. The total kinetic energy of the two
fragments in the exit channel was calculated using their
primary masses (m „m 2 ) and the deduced c.m. velocities.

The MWPC detectors were of different sizes: the
larger one was a fourfold segmented type with a sensitive
area of 244X 122 mm, while the smaller one had just one
segment with an area of 61X61 mm . ' Both detectors
were built of three parallel electrodes separated by 3 mm,
a central cathode plane from which the time signal was

derived, and two outer electrodes with an orthogonal grid
structure with a wire gap of 1 mm for position measure-
ments. The wires are connected to a high bandwidth de-
lay line with 1 ns delay per tap.

The distance between the center of the sensitive
cathode area and the target position was 284 mm for the
larger chamber and 201 mm for the smaller one. The
large MWPC detector was placed with its center at an
in-plane angle of 98.5' with an angular acceptance of 45
in plane and +11' out of plane. The other detector was
positioned with its center at an in-plane angle of —42
and had an angular acceptance of 16 in plane and +8
out of plane. Angle-calibrated slit masks were used for
angle calibration. The mask for the larger detector was
of cylindrical shape with a radius of 243.5 mm, and the
in-plane angle positions were defined by 49 vertical slits
with width of 0.3 mm separated by 4.25 mm from each
other. The out-of-plane angle position was defined by 26
horizontal slits of the same width and separation. The
mask for the smaller detector had 17 vertical and ten hor-
izontal slits with width of 0.5 mm and again a separation
of 4.25 mm in between. Both masks were placed on
moveable arms within the scattering chamber and were
moved to 0' and 180 for slit calibration using a telescope
aligned along the beam line. Before and after the run the
arms were precisely located in front of the MWPC detec-
tors for angle calibration.

Two Ne102A plastic-scintillator detectors placed at 0
in plane and at 8 above and 7' below the reaction plane
were used to monitor the vertical beam position and the
time of Bight of elastically scattered particles measured
with respect to the cyclotron rf. The horizontal position
of the beam was controlled by elastically scattered events
detected in the MWPC detectors. The mass and TKE
resolution for fission fragments in such a measurement
may be strongly inAuenced by multiple scattering in the
target. Therefore the half-width scattering angle 6,&2 for
multiple scattering of an initially parallel beam of parti-
cles with charge Z& and center-of-mass energy E,
penetrating a material layer of charge Z2 and thickness d
has been calculated using the formula given by Meyer' '
as

2Z i Z28 Q

g&(r)+, g&(r)
rp

The scattering region is characterized by a sphere of ra-
dius rp with X atoms per unit volume and rp is set equal
to half the distance of immediately neighboring atoms:
rp =0.5% . The screening of the nuclear charges by
electronic shells is described by the parameter a, which is
given by a, =0.468(Z, ~ +Zz~ )

'~ X10 cm. In Ref.
16 the functions g, (r) and g2(r) are tabulated for
different values of the reduced target thickness
~=m'a, 1Vd.

For fission fragments with half the compound nucleus
mass and charge, the angle 6»2 is plotted in Fig. 1 versus
the detection angle 8. Kinetic energies at different values
of 0 were calculated from kinematics assuming the total
kinetic energy to be given by systematics. ' The ' Tm
layer thickness was assumed to be half the target thick-
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10.0 TABLE I. Geometrical arrangement of the neutron detec-
tors. In-plane angle 0„, out-of-plane angle y„, and distance I
refer to the center of the liquid-scintillator cell with respect to
the target position. The liquid-scintillator cells were of cylindri-
cal shape with diameter d and length b.
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FIG. 1. Calculated multiple-angle scattering in a target foil
of 200 pg/cm thickness for symmetric fission fragments of the
reaction ' Ttn( Ar, f) at E„b=205 MeV. The dependence of
the multiple-scattering half-width angle 5&zz on the detection
angle 0 is shown for two target rotation angles of +=0' and
@=45 .

ness used in the experiment. Results for 5j&2 are shown
for two angles of the target normal direction with respect
to the beam direction: +I=0' and +2=45. The two
horizontal bars in Fig. 1 indicate the angle regions
covered by the multiwire detectors. For these detector
positions obviously a target rotation angle of %=45' is
favorable compared to @=0' and a half-width scattering
angle of 6, &2

=0.35' and 6, &2
= 1 is predicted for sym-

metric mass splits detected at 0=42' and 0=270', respec-
tively.

An assumed systematic uncertainty in the angle cali-
bration of the MWPC detectors of 0.5 yields an uncer-
tainty in mass and total kinetic energy of 0.5 mass units
and 0.5 MeV for symmetric fission fragments. Additional
uncertainties are caused by the finite time resolution of
the fragment detectors and the time spread of the beam
bunches. For elastic scattering events, a full width at
half-maximum (FWHM) value of ht =0.7 ns for the time
of Bight relative to the cyclotron rf was measured in both
MWPC chambers. An estimated upper limit of At, =0.5
ns for the systematic error in time causes respective shifts
of 1 mass unit and 8 MeV. So, the experimental uncer-
tainties in angle and time yield absolute uncertainties in
mass and TKE of symmetric fission fragments of 1.2 mass
units and 8 MeV, respectively.

Seven neutron detectors consisting of liquid-scintillator
cells (NE213 or BC501) optically coupled to photomulti-
plier tubes (XP 2041) were positioned outside the 3-mm-
thick stainless-steel scattering chamber. Pulse shape and
time-of-Aight techniques were utilized to discriminate be-
tween y rays and neutrons and to measure the neutron-
energy spectra. Sizes and positions of these detectors are
given in Table I.

Using the time-of-Aight method the neutron-energy
resolution was determined by the spread of the distance

traveled by the neutron before being detected and by the
time resolution achieved in the experiment. The uncer-
tainty in the Aight distance was set equal to the length b
of the scintillator cells and the time spread of y rays was
measured to be =1.6 ns for all detectors throughout the
experiment. At neutron energies of 1 MeV our energy
resolution is dominated by the uncertainty in the Aight
distance and amounts to 6—13 %, whereas at neutron en-
ergies of 10 MeV our energy resolution is 9—20% and is
mostly due to the finite time resolution. The neutron
detector efBciency was computed with a Monte Carlo
code' for the specific neutron-energy threshold of 0.6
MeV used in the experiment, and the energy signals of
the detectors were calibrated by standard y sources
( Na, ' Ba, 'Am). The calculated efficiencies have
been checked by comparison with the neutron spectra
measured with a Cf source enclosed in a proportional
gas counter with a solid angle close to 2~ for the detec-
tion of fission fragments. From this comparison a sys-
tematic uncertainty of 8%%uo is inferred for the neutron
detection efriciency for energies larger than 1.5 MeV.

III. DATA ANALYSIS

A. Evaporation code

A jr(E*,I ) = I (E*,I ) =g I'; (E*,I), (2)

where I is the sum of partial widths I,. for all possible
decay channels i. Applying the reciprocity theorem it
has been shown that the probabilities for formation and
decay of a compound nucleus through channel i are relat-
ed by I; ~ e;o.;, where o.; is the cross section for forma-

To compare the measured neutron multiplicities and
energy spectra shapes with statistical-model predictions
and to compute neutron evaporation times, a modified:
version of the evaporation code JULIAN (Ref. 20) was
used. Another version of this code has been described by
Gavron. ' Here we outline our version and the basic as-
sumptions used in our computations.

The statistical model defines the average lifetime ~ of a
compound nucleus at excitation energy E* and spin I by
its total decay width I,
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tion of the compound nucleus through channel i with
channel energy e;. When individual initial and final

states in the compound nucleus are not resolved, then the
formation and decay probabilities within a given energy

interval are weighted with their corresponding phase-
space factors. In that case the partial decay width
l, (E',I ) is usually expressed by level densities p of the
initial and final nuclei and by transmission coe%cients TI

(2s,. + 1) i= II+ II E* a, —
'p(E* —8; E—;,J)T,(e;)dF, .

2irP(E*,I) &=o J=ll il o—
(3)

Here J and E& =E*—B; —e; are the spin and total exci-
tation energy of the final nucleus, when a particle with
spin s, and kinetic energy e; is emitted from an initial nu-

cleus with spin I and total excitation energy E', while 8;
and l denote the binding energy and the orbital angular
momentum of the emitted particle. The spin-dependent
level density p(Eg*,J) of the final nucleus is calculated
by the difference of state densities p(E&,J )
=co(EI*,M =J ) co(EI*—,M =J + 1 ), and the density of all
states at excitation energy E& and with projection M of
the nuclear spin vector along some arbitrary quantization
axis is defined by co(Eg, M ) =co([Eg M /aR ],—0), where
a is the level-density parameter and R is related to the
efFective moment of inertia T of the nucleus by
aR A'=2%;

The decay paths are followed using a Monte Carlo
technique. The calculation starts with the excited com-
pound nucleus and proceeds until the end of the evapora-
tion cascade is reached or until fission occurs. This
method allows the practical calculation of yields, energy
spectra, and angular distributions of emitted particles
and of heavy residual nuclei. As discussed below, the
lifetime of the compound nucleus for particle emission
can also be extracted easily. Evaporation of y rays, n, p,
d, t, He, o, , Li, and Li can be handled by the code in
addition to the fission decay. Transmission coefFicients
for particle emission are computed by a complete
optical-model (OM) routine incorporated in the program.
In the computations described in this paper the evapora-
tion of n, p, d, and a particles were taken into account
with OM parameters given by %'ilmore and Hodgson,
Percy, Lohr and Haeberli, and Huizenga and Igo,
respectively. Fission decay widths were calculated with
the assumption of equal level-density parameters for tran-
sition state and compound nucleus (aI/a„= 1) and by use
of the spin-dependent fission barriers of the finite-range
rotating-liquid-drop model. '

For each decay step the average lifetime r of the nu-
cleus is defined by r=A/I . In order to get an actual de-
cay time td in the Monte Carlo procedure applied here, r
is multiplied by the negative logarithm of a random num-
ber R chosen in the interval between 0 and 1 (Ref. 3)

td= —rlnA .

Individual spectra of decay times accumulated from
20000 cascades, starting with the compound nucleus

Fr at an initial excitation energy of E*=77 MeV, are
shown in Fig. 2 for the first three evaporated neutrons.
In each decay step these times are spread around the

specific average decay time r and will be increased by the
decrease of thermal excitation energy due to rotational
energy or charged-particle emission before neutron eva-
poration. - Each value on the time axis in Fig. 2 represents
a certain lifetime of the compound nucleus and will define
a certain distribution of the neutron multiplicity M„.
The dependence of (M„) on the hfetime is shown in Fig.
3 for the level-density parameter a= A/8 MeV ' and
a = A /10 MeV. '. This dependence is used to associate
a fission decay time to the number of pre-scission neu-
trons. No attempts have been made to include deforma-
tion effects or to distinguish between neutrons that are
emitted during the time needed to pass the saddle
configuration and those neutrons that are emitted on the
path of the nucleus to the scission configuration. ' The
fission time scale defined above is meant to provide a sim-
ple tool for measuring the speed of fission -relative to the
speed of neutron evaporation from spherical compound
nuclei. This time scale does not take into consideration
the increase in thermal excitation energy for fissile sys-
tems passing from the equilibrium configuration to the
scission configuration. The respective portions of this en-
ergy available for pre- and post-scission particle evapora-
tion will depend on the fission dynamics, and a recent

E'=77 MeV

0=A/8

~~
~ 0

2

~0
grd n

~ p-20 ]O-19

Lifetime (s)
-18

FICx. 2. Computed spectra of compound nucleus decay times
for the first, the second, and the third neutron emitted from the
initial nucleus 'Fr at an excitation energy of E*=77MeV. A
level-density parameter of a= A/8 MeV ' was assumed in
these evaporation calculations.
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FIG. 3. Relation between average neutron number and life-
time of the compound nucleus 'Fr at E*=77MeV. The rela-
tion is shown for a level-density parameter of a = A/8 MeV
(thin line) and a = A /10 MeV ' (thick line).

compilation of post-scission neutron multiplicities indi-
cates that a considerable part of this energy is stored in
the fragments.

I I 1

4 5 6
e„(NeV)

1

9 10

FIG. 4. Computed energy spectra of pre- and post-scission
neutrons. The results of an evaporation code (dots) are com-
pared with energy spectra shape parametrizations for a
Maxwellian distribution (solid line) and a Watt distribution
(dashed line).

B. Shape of neutron spectra

Usually the energy distribution P(e„)of neutrons being
evaporated with kinetic energy e„ is parametrized as

k 6n
P(e„)~ e„exp (5)

The parameter T represents the nuclear temperature of
the residual nucleus and k =1 for a Maxwellian distribu-
tion. For neutrons emitted during a neutron evaporation
cascade the energy spectrum can also be described by the
equation above using k» and it has been demon-
strated that even the spectrum shape of post-scission neu-
trons, which are ejected from difFerent nuclei with
diA'erent excitation energies, can be reproduced very well
with k =—'.2'

In Fig. 4 the two different shapes given by Eq. (5) when
k = 1 and k =

—,
' are compared with pre- and post-scission

neutron-energy spectra generated by evaporation calcula-
tions using Fermi-gas level densities with a level-density
parameter a = 3 /8 MeV '. The computations are per-
formed for the compound nucleus Fr with total excita-
tion energy E*=77 MeV and a spin distribution based

I

on transmission coef5cients calculated with the Bass po-
tential. The minimum lifetime of the compound nu-
cleus before fission has been adjusted in the evaporation
code to reproduce the measured pre-scission neutron
multiplicity. In Fig. 4 it is demonstrated that the spec-
trurn shape of pre-scission neutrons with multiplicity
M„""'=1.25 (lower part), in fact, is similar to a Maxwelli-
an distribution (k =1) and that the spectrum shape of
post-scission neutrons with multiplicity M„~ =3.5
(upper part) is reproduced very well by a Watt distribu-
tion (k =

—,
' ).

The two neutron-energy spectra parametrizations
shown in Fig. 4 are used in the multiple-source least-
squares fitting procedure to extract multiplicities M„"' "'
and temperature parameters T""'""of pre- and post-
scission neutrons from the measured spectra. Three mov-
ing sources were considered: the compound nucleus
formed in a complete fusion reaction and the two corre-
lated fission fragments after full acceleration. It was as-
sumed that the neutrons are emitted isotropically in
their respective rest frame. Thus, the measured double-
di6'erential neutron multiplicities were formally decom-
posed into three terms,

d M„
de„dQ„

Mt't e E 2+@ ec/Accostltc+&c/Ac
exp

4m( T~") TPre

Mt""Qe+~ ni n

Tpost)3/2

t„2tt/E„E;/At cos%; + et. / A;'
TPost,

Measured average values for the recoil energy e& of the
compound nucleus and for the kinetic energies e; of the
fission fragments have been used. These values agreed
within 3% with kinetic energies calculated from sys-

tematics. ' For the relative angles +c and 4'; between
neutron direction and source direction, the angular ac-
ceptance of the neutron detector and the width of the ex-
perimental acceptance angle of the fission fragments were
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taken into account in the fitting procedure. Double-
differential neutron multiplicities of the seven detectors
measured in coincidence with symmetric fission frag-
ments are plotted in Fig. 5 for the energy interval be-
tween 0 and 10 MeV and a bin size of 0.1 MeV. The
decomposition of these spectra in pre- and post-scission
components achieved by the multiple-source fitting pro-
cedure is displayed by solid and structured lines. The
dot-dashed line, the dashed line, the dotted line, and the
solid line represent the pre-scission component, the two
post-scission components of the correlated fragments,
and the sum of all components, respectively. It should be
stressed that the assumption of isotropic neutron emis-
sion in the rest frame of the emitters results in a very
good reproduction of the measured out-of-plane neutron
yield at 0„=0', cp, =90' for all fission fragment mass and
TKE cuts described in Sec. IV C. We therefore conclude
that within errors, anisotropic neutron emission is negli-
gible in the reaction studied here, in agreement with
former investigations of a similar system ' 'Pr+ Ar (316
MeV) (Ref. 4) and other projectile-target combina-
tions, ' where the in-plane as well as the out-of-plane
neutron yield was measured. In Fig. 6 the differential
multiplicities resulting from an integration of the energy
spectra between 2 and 5 MeV are shown for the measured
in-plane neutron detector angles and compared with the
results of the multiple-source fit. The neutron yields in
the out-of-plane detector positioned at t9„=0 and

TABLE II. Comparison of experimentally deduced T„p and
calculated T„l, temperature parameters of pre- and post-
scission neutron-energy spectra generated in the reaction
'O'Tm(' Ar,f) at E~,b =205 MeV.

pre

post

Texp
(MeV)

1.27+0.35
1.42+0.07

a= 2/8 MeV
Tcalc

(MeV)

1.43
1.46

a = 3/10 MeV
Tcalc

(MeV)

1.57
1.62

y„=90 are plotted as squares at the two in-plane angles
of 0„=—90' and 0„=+90 and the yields in the two
backward detectors at 0„=—165, y„=0' and
0„=—165, y„=17 have been averaged. In this figure
the same line structure as the one used in Fig. 5 is applied
for the representation of the different neutron sources.

Values for T„deduced from the slope of the mea-
sured neutron energy spectra for fission fragments aver-
aged over mass and total kinetic energy are compared in
Table II with parameters T„&, deduced from computed
spectra using two different level-density parameters of
a = A /8 MeV ' and a = A /10 MeV '. The very simi-
larity of T„~, for pre- and post-scission neutrons indi-
cates that the positive fission Q values of this system on
the average cause thermal excitation energies per nucleon
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FICx. 5. Neutron-energy spectra measured at various angles in coincidence with symmetric fission fragments of the system
Tm+ Ar (205 MeV), detected at mean scattering angles of (OF ) = —42. 5 and (OF ) =89.0'. The results of a multiple-source fit

l 2

are displayed by lines and represent the neutron yield contribution of the composite system before scission {dashed-dotted line) and of
the two correlated fragments (dotted and dashed lines) after full acceleration.
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A rough estimate of the time scale for neutron emis-
sion can further be deduced from the angular correlation
of neutrons with respect to the fragment direction. If the
neutrons are emitted at times longer than the accelera-
tion times of the fission fragments, the neutrons will ap-
pear at angles strongly correlated with the detection an-
gles of the fission fragments. This, in fact, is observed ex-
perimentally in Fig. 6, and supports the assumption that
most of the neutrons are mainly emitted from fully ac-
celerated fragments.
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IV. RESULTS AND DISCUSSION

A. Out-of-plane fragment angular correlation
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FIG. 6. Neutron yields deduced from the energy spectra
shown in Fig. 5 by integration between 2 and 6 MeV. The
detector positioned at 0„=0',y„=90' is displayed by squares at
0„=—90 and 0„=+90,and the yields of the two detectors at
0„=—165' have been averaged.

C. Acceleration neutrons

Usually it is assumed that post-scission neutrons are
emitted by fully accelerated fragments. Measurements of
neutron spectra at various angles with respect to the
direction of Aight of a fragment in the case of spontane-
ous fission ( Cf) (Ref. 34) and in thermal neutron-
induced fission have verified this assumption. For
fission at high excitation energies with shorter lifetimes
for neutron emission, customarily the same assumption is
applied in the analysis of neutron spectra. This supposi-
tion might be questionable. We want to point out, how-
ever, that scission obviously occurs at moderate excita-
tion energies only. ' But, for the relatively neutron-poor
composite system Fr each symmetric fission fragment
at scission is left at a relatively high excitation energy of
roughly 40 MeV. According to evaporation calculations
for spherical nuclei, this excitation energy yields a neu-
tron multiplicity of M„F=0.2 within a time interval of
10 s, which is distinctly larger than the time of
3 X 10 ' s needed to reach 80% of the final fragment ve-
locity. These considerations indicate that even for fission
fragments at relatively high excitation energy, neutron
emission during fragment acceleration time should only
give minor contributions to the pre-scission neutron mul-
tiplicity in agreement with earlier considerations.

of fission fragments (EF*/A =0.38 MeV) to be roughly the
same as those of the compound nucleus (Ec/3=0.37
MeV) when spherical shapes are considered. Within er-
rors the temperature parameter T„ for post-scission
neutrons is reproduced by a = A /8 MeV ', whereas the
accuracy of T,„„for pre-scission neutrons is not su%cient
to favor a certain level-density parameter. The uncer-
tainties for T,„given in Table II refer to an increase of
5% in the y value of the multiple-source fit. They do
not include the systematic uncertainties discussed in Sec.
II.

The out-of-plane correlation angle spectrum for coin-
cident fission fragments is shown in Fig. 7. Fitted with a
Gaussian shape, the o. value of this distribution is
o &=2.9'. The main contribution to this width is expect-
ed to come from recoil e6ects due to evaporated particles
(o,„). In addition to this recoil eff'ect, multiple scattering
(MS) of the fragments in the target foil increases the total
variance o.

&
of the out-of-plane angular correlation to

ev+ +MS, F&+MS, F2
2= 2 2 2 (7)

The multiple-scattering values o'Ms F (i=1,2) for sym-

metric fission fragments going in forward and more back-
ward directions with respect to the beam direction are
~MS, F) (~lab 2 ) 0' and ~MS, F~ (~lab

(see Fig. 1). Analytical formulas for o,„were given in the
literature ' considering only neutron evaporation under
two extreme cases where either all neutrons are emitted
from the fully accelerated fragments or where all neu-
trons are emitted from the compound nucleus. To be
more realistic, the width o.„due to pre- and post-scission
particle emission was calculated by the evaporation code
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FIG. 7. Out-of-plane correlation angle of fission fragments
produced in the reaction ' Tm(' Ar,f) at E„b=205 MeV. The
Gaussian curve represents the result of an evaporation code as-
suming a level-density parameter of a = A /10 MeV ' and pre-
and post-scission neutron multiplicities as given in Table III.
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using correlated symmetric fission fragments. It was as-
sumed that the fragments are emitted in the reaction
plane defined by the M&PC detectors into correlated
scattering angles of 8, =60'/240' after evaporation of
1,25 pre-scission neutrons. The code followed the veloci-
ty vectors of composite system and fully accelerated
fission fragments considering the change of the velocity
vectors due to the recoil momentum of isotropically emit-
ted particles (n,p, d, a) Th. e calculated width of the out-
of-plane correlation angle depends on the average kinetic
energy of the evaporated particles and thus on the level-
density parameter used in the computations. For
a=A/8 MeV ' (a=A/10 MeV ') we get cr,„"'=1.39'
(o.~„"=1.51 ) before and cr,„=2.23' (cr,„=2.5 ) including
post-scission particle emission. The total calculated value
is o.&=2.41' (cree=2 61'.) and the Gaussian curve with
o.&=2.61' is shown in Fig. 7. Referring to the discussion
of T

p
in Sec. II, it seems that the present experimental

accuracy of the neutron energy and the fission fragment
correlation angle was not sufticient to determine a con-
sistent level-density parameter from such a comparison.

B. Mass TKK correlation

The correlation between the total kinetic-energy distri-
bution and the fragment mass is illustrated in Fig. 8. The
two-dimensional contour lines in this figure represent
lines of constant yield with a difference of 10%%uo relative to
the maximum yield for symmetric fission. Qualitatively,
there is no dramatic dependence of the total kinetic-
energy distribution on the mass asymmetry, which might
be due to the large spread in the TKE distribution. This
weak dependence of the most probable kinetic energy on
the asymmetry of the mass split remains a characteristic

n " Tm+ Ar(E„b =205MeV)

200—

175-

150-

125-

feature also for the fusion-fission-like reactions occurring
for heavier systems. It has further been observed
that the spread in kinetic-energy release in heavy-ion-
induced fission is only weakly dependent on excitation en-

ergy for fissilities x (0.7, whereas the width and the exci-
tation energy dependence increases for x )0.7. These re-
sults were explained in terms of the change in equilibrium
saddle shapes: at low spins and low fissility the saddle
shape and the scission shape are nearly identical and thus
the descent from saddle to scission might be too rapid to
allow a significant deviation of the fragment properties
from their values at the saddle point. In contrast, with
increasing spin and fissility the saddle shape becomes
more cylindrical in shape, and the nucleus may have
more paths of different length to proceed to the scission
configuration. Due to the strong dependence of the
Coulomb energy on the separation distance between the
fragments, a broadening of the total kinetic energy is ex-
pected.

The measured mean total kinetic energy of the frag-
ments emitted in the fusion-fission reaction ' Tm( Ar, f)
at E~»=205 MeV is TKE=151+8 MeV. Taking into
account one pre-scission neutron ( A =204) the TKE
value is in slightly better agreement with the parametriz-
ation given in Refs. 45 and 46, TKE=0.14Zc /

—30=150.0 MeV, than with the value predicted by
a different systematic, ' TKE=0.1189ZC/3 ' +7.3
=160.2 MeV. When TKE is approximately expressed as
a point-charge Coulomb energy between the two frag-
ments such as TKE=Zz ZF e /d, the spread in TKE is

1 2

related to the fluctuation in the distance d between the
fragments at scission and from the measured value of
o.TKE= 13.9 MeV we get o.

d
= 1.7 fm.

The measured mass width of o. ~ =18.7 is consistent
with values deduced from mass distributions of heavy-
ion-induced fusion-fission reactions. ' This spread can-
not be explained by the statistical model, (SM), which
predicts a width of 0.~ =15.3, when the probability for
mass split A is defined by the thermal excitation energy
E,*h „and the nuclear temperature T at scission by
P(A) ~ expIE,*h „(A)/T(A) J. The statistical model cal-
culations for o. z were performed for a nuclear level-
density parameter a=A/10 MeV ' and an excitation
energy defined by Eq. (8) in Sec. IV C.

C. Mass and TKE dependence of the
neutron multiplicity

100-
I
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FIG. 8. Contour plot of the correlation between fragment
mass and total kinetic energy (TKE). The contour lines
represent a change of intensity in steps of 10/o relative to the
maximum yield of symmetric fission fragments. Mass and TKE
bins, where the respective dependences of pre-scission, post-
scission, and total neutron multiplicities were determined (see
Figs. 9 and 11), are indicated by vertical solid lines and horizon-
tal dashed lines.

Neutron multiplicities measured in coincidence with
fission fragments of different mass and TKE values were
analyzed and discussed by several groups. ' ' Hinde
et al. in particular showed that the gradient of the rela-
tion between post-scission neutron multiplicity per frag-
ment and fragment mass dM~7t/dA is smaller for the
heavy-ion-induced reaction Th(' F,f) than observed for
spontaneous fission of Cf. From this result one might
expect a relatively low gradient for an Ar-induced
fusion-fission reaction.

The specific regions of the fragment mass -TKE con-
tour plot used in our analysis are indicated in Fig. 8 by
vertical solid lines (mass) and horizontal dashed lines
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(TKE). The multiple-source fit parameters for neutron
multiplicity and nuclear temperature with minimum g
values ranging from 0.9 to 1.5 are listed in Table III. The
uncertainties shown in the table correspond to an in-
crease of the minimum g value by 5%. For the mass bin
fitting procedure the same fragment temperatures
T '"=Tp"=Tp" were used and for each mass bin the

1 2

neutron multiplicities obtained for forward and backward
emitted fragments were averaged. Roughly symmetric
fragments occur in the TKE bins and therefore the same
post-scission neutron multiplicities per fragment
M„'F =M„~ were assumed.

The values for total (filled circles), pre-scission (filled
triangles), and post-scission (filled squares) neutron multi-
plicities extracted from the multiple-source fits are plot-
ted in Figs. 9 and 11 as a function of mass and TKE, re-
spectively, and are compared with results of evaporation
calculations (small crosses). The computed post-scission
neutron multiplicity per fragment has been determined
from the thermal excitation energy E,*h „at scission.
This excitation energy was calculated from the relation

E;„~,=Ec +QFF TICE —E,«(i„iz) EPI—
where Epp is the energy taken away by pre-scission parti-
cle emission (here particle evaporation) and E„,(i„iz) is
the rotational energy corresponding to the fragment spins
i, and iz. The thermal excitation energy at scission was
split between spherical fragments in proportion to their
mass. Experimental TKE values comprise the pre-
scission kinetic energy, the rotational energy correspond-
ing to the orbital angular momentum, and the Coulomb
energy. Because the latter component is by far the larg-
est one, the TKE values used in the calculation for
different mass fragmentations were computed as point-
charge Coulomb energies adjusted to the measured value
for a symmetric mass split

4ZiZq (4Ac)'
TKE=TKE,'ym 2 1/3 1/3Zc A) +A2

It was further assumed that the neutron-to-proton ratio
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FIG. 9. Pre-scission (filled triangles), single-fragment post-
scission (filled squares) and total neutron multiplicities (filled
circles) measured for the fragment-mass bins shown in Fig. 8.
Results of statistical model computations indicated by small
crosses for the three specific neutron multiplicities demonstrate
good agreement between experimental and calculated multipli-
cities. The histogram displays the experimental fragment-mass
distribution.

of each fragment is equal to this ratio of the composite
system after pre-scission particle evaporation. To corn-
pute E„,(i, ,i2) the total spin I of the system at scission
was decomposed into a component parallel to the scission
axis (So ) and a component perpendicular to the scission
axis (I) with I =I +So. An average value for So was
calculated from the statistical scission model and the
components of the fragment spins i, and i2 parallel and
perpendicular to the scission axis were calculated from So
and l assuming a sticking condition between two spheres.
The values for E„,(i„i2) are of the order of a few MeV
and thus, in fact, have only a minor influence on the
post-scission neutron multiplicities.

Within errors the average number of pre-scission neu-
trons, displayed in Fig. 9 by filled triangles, is found to be

TABLE III. Multiplicities M and temperature parameters T of pre- and post-scission neutrons ex-
tracted from the multiple-source fit. The post-scission neutron multiplicity Ml'"' listed as a function of
TKE is the sum of both fragment multiplicities: Ml'"'=M„'z' +M„"F' .

71.7
87.4

102.5
117.6
133.4

(TvE)
(MeV)

135.4
153.6
173.0

M""
n

1.3+0.6
1.2+0.5
1.2+0.2
1.2+0.5
1.3+0.6

0.5+0.3
1.5+0.2
2.1+0.2

TPre

(MeV)

1.2+0.2
1.2+0.2
1.3+0.3
1.3+0.4
1.3+0.5

1.5+0.7
1.3+0.2
1.1+0.1

M post
n, F

2.0+0.5
2.7+0.4
3.2+0.1

3.4+0.4
3.2+0.4

M post
n

7.6+0.2
5.8+0.2
4.4+0.3

Tpost

(MeV)

1.3+0.1

1.4+0.1

1.5+0.1

1.4+0.1

1.4+0.1

1.5+0.1

1.4+0.1

1.4+0.1
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independent of the mass ratio. Interpretation of this
pre-scission neutron multiplicity in terms of decay times
of the compound nucleus yields times of (70+36)X 10 ' s
[(32+ i7) X 10 ' s] for a level-density parameter of
a = A /8 MeV ' (a = A /10 MeV ') (see Fig. 3). An es-
timate for the lower limit of fission decay times may be
deduced from the rigid-rotor rotational times when some
assumptions-are made about the shape of the rotating
system. The observation of an angle-independent average
mass of the fission fragments" indicates that at least one
rotation of the composite system was completed before
scission. With (I ) =48A' (Ref. 11) and a radius parame-
ter of ro = 1.2249 fm the times needed for one rotation are
8.8X 10 ' s and 19.4X 10 ' s for rigid-rotor shapes of a
sphere and two touching spheres, respectively. The times
extracted from the number of pre-scission neutrons
exceed the minimum decay time deduced from the rigid-
rotor model. However, according to the existing sys-
tematics of fission decay times these times are roughly a
factor of 2 shorter than expected for a fusion-fission reac-
tion. So, even if components from noncompound fission
reactions have not been observed in measurements of the
fission fragment angular distribution and the angle depen-
dence of the average fragment mass for the reaction
'69Tm(36Ar, f) at E„b=205 MeV, " our results suggest
that fission decay times deduced from pre-scission neu-
tron multiplicities might be a very sensitive tool to study
the onset of fast fission reactions.

The measured post-scission neutron multiplicity M„F"
for a fragment of mass A (solid squares in Fig. 9) displays
a smooth dependence on fragment mass in agreement
with measurements for compound nuclei of similar
masses such as Bi+@(155 MeV) (Ref. 40) and

Bi+a(45 MeV) (Ref. 47). However, our average gra-
dient dM„"~ /dA with magnitude of =0.023 neutrons per
mass unit is smaller than observed for the system

Bi+o. with a slope of =0.039 neutrons per mass unit, .
A similar reduction of this gradient for heavy-ion-
induced fusion-fission reactions was reported by Hinde
et ah. Their post-scission neutron multiplicities mea-
sured for the system ' F+ Th exhibit an average gra-
dient of =0.025 neutrons per mass unit, which is smaller
by a factor of =3 than the gradient observed for Cf
and predicted by the random neck rupture (RNR) mod-
el. Taking into account the evaporation of pre-scission
particles, the fragment mass dependence of the post-
scission neutrons can be reproduced by the statistical-
model calculations described above. The comparison be-
tween fragment excitation energies E„* predicted by the
statistical model (small crosses) and the RNR model
(dots) is shown in the lower part of Fig. 10. Application
of the evaporation code using these excitation energies
then yields the post-scission neutron multiplicities M„"z'
displayed in the upper part of Fig. 10. In the RNR mod-
el calculations one pre-scission neutron has been taken
into account subtracting 12 MeV from the initial com-
pound nucleus excitation energy. We further notice that
the larger excitation energies of heavier fragments pre-
dicted by the RNR model, in fact, causes a larger neutron
yield which is not degraded by charged-particle evapora-
tion, even if, for instance, the ratio for proton to neutron
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FIG. 10. Comparison of fragment-mass dependences for ex-
citation energy and neutron multiplicity between the statistical
model (small crosses) and the random neck rupture model
(dots).

evaporation increases by a factor of 20 going from
2X10 at 2~=75 to 4X10 at ELF=129 according to
evaporation calculations using spherical fragments. The
fragment deformation effect of the RNR model, manifest-
ed in the larger slopes dEF*/OAF and dMPF" /d AF is not
observed in the measured post-scission neutron multipli-
cities. Comparison of measured (filled circles) and calcu-
lated (small crosses) total neutron multiplicities for indi-
vidual mass bins (Fig. 9) indicates that the total thermal
energy available for particle evaporation is described
reasonably well by our statistical-model calculation.

Neutron multiplicities obtained from the multiple-
source fit for different TKE bins are displayed in Fig. 11.
As expected from energy conservation we observe within
experimental uncertainties good agreement between mea-
sured and computed total neutron multiplicities, and the
average gradient dTKE/de'" has a value of 11.8 MeV
which is similar to the value of =11.4 MeV for the sys-
tem Bi+a. However, the observed dependence of
the pre-scission neutron multiplicity on TKE is unexpect-
ed. Using the relation between the number of evaporated
neutrons and the lifetime of the compound nucleus
shown in Fig. 3 we get TKE-dependent fission decay
times of 20X10 ' s (9X10 ' s), 95X10 ' s
(44X10 ' s), 200X10 ' s (90X10 ' s) for TKE values
of 135.4, 153.6, and 173.0 MeV, respectively, using a
level-density parameter of a = A /8 MeV ' (a = A/10
MeV '). If we remember that the low (high) TKE values
originate from elongated (compact) scission shapes, then
one might conclude that fission decay times increase with
decreasing elongation of the composite system at scission.
Assuming that in noncompound fission reactions less
compact shapes are reached than in fusion-fission reac-
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FICx. 11. Pre-scission (filled triangles), post-scission (filled
squares), and total neutron multiplicities (filled circles) mea-
sured for the fragment total kinetic-energy (TKE) bins shown in
Fig. 8. The histogram displays the experimental TKE distribu-
tion, and similar to Fig. 9 the small crosses represent the
statistical-model results for the three specific neutron multiplici-
ties.

V. SUMMARY

Pre- and post-scission neutron multiplicities were mea-
sured for different fission fragment masses and TKE bins
of the fusion-fission reaction ' Tm( Ar, f) at E~,b=205
MeV. The observed spread in fragment mass and TKE
distributions is consistent with values found in systems
with similar fissility and excitation energy. The primary

tions, the TKE dependence of MI'" might be a signature
of such noncompound fission contributions, even if there
is no evidence in fragment mass and angular distribu-
tions. A similar M„"—TKE relation was observed for
systems where fast-fission components are expected:

Ho, U+ Ar (249 MeV) (Ref. 51), and for
Th+ Ne (214 MeV) (Ref. 2) (though the effect here

was not emphasized due to poor energy resolution of the
fission fragment detectors).

Another possible interpretation for the TKE depen-
dence of pre-scission neutron emission could be that
different paths of the fissioning nucleus from saddle to
scission might consume different amounts of energy in
collective motion. When plenty of energy is available for
this motion, the nucleus can "overstretch" and form ex-
traordinary long pre-scission shapes and low TKE values.
Pre-scission neutrons remove energy, and hence events
with extremely low kinetic energy and high post-scission
multiplicity are strongly suppressed. In addition, the
temperature parameters T~" of the pre-scission neutron
component (see Table III) indicate, though with large er-
rors, that low TKE values are correlated with high exci-
tation energies.

mass width o „=18.7 is broader by 20% than the
statistical-model prediction and, according to systemat-
ics, ' is consistent with the assumption of a fusion-
fission reaction. The width of the out-of-plane fragment
correlation angle is mainly due to partic1e evaporation
and depends on the Incan kinetic energy of the emitted
particles. This width could be reproduced by evapora-
tion calculations. The neutron deficient compound nu-
cleus Fr on the average evaporates only 1.2+0.5 neu-
trons before scission leaving each symmetric fission frag-
ment at relatively high excitation energy of =40 MeV. A
large ratio of post-scission to pre-scission neutrons favors
the determination of temperature parameter T '" and
multiplicity M„"' in a multiple-source fitting procedure.
Nevertheless the experimental accuracy was not sufhcient
to determine the level-density parameter unambiguously
from the shape of the neutron spectra and the width of
the out-of-plane fission fragment correlation angle.

The fragment mass dependence of the post-scission
neutron multiplicity could be well described by the sta-
tistical model assuming that the energy at scission is split
between the fragments in proportion to their mass. From
the measured average pre-scission neutron multiplicity a
fission decay time in the range of 10 —10 ' s could be
deduced, depending on the level-density parameter used.
Long reaction times are finger prints of large-scale collec-
tive nuclear motions, and a reliable determination of the
level-density parameter would enable the classification of
this collective motion into "fast" and "slow" processes.

No fragment mass split dependence of the pre-scission
neutron multiplicity was observed. However, for the first
time clear experimental evidence is seen of an increased
pre-scission neutron multiplicity with increasing TKE of
the fission fragment. This unexpected behavior might ei-
ther reflect a characteristic feature of heavy-ion-induced
fusion-fission reactions, where composite systems with
high excitation energies are produced, or might be evi-
dence for noncompound fission reactions, indicating fas-
ter reaction times for trajectories where more elongated
shapes of the composite system are formed.

At this stage of our understanding an unequivocal in-
terpretation of the relation between the pre-scission neu-
tron multiplicity and the total kinetic energy of the frag-
ments cannot be presented, but these kinds of measure-
ments seem to be an invaluable tool for the study of
fission dynamics. Further experiments are in progress to
clarify this novel feature of fission.
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