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sion process. The neglect of residual interactions should be more jus-
tified in this case than in a, description of heavy ion collisions due
"to the comparably small excitation energies involved in low-energy fis-
sion. Despite this, there is only a small number of TDHF studies of
fission/9’14-17/. To our knowledge up to now there is no TDHF investi-
gation of non-evaporative particle emission in fission although in this
approximation all the aspects discussed above should be contained in a
natural way without additional ad hoc assumptions.

In particular, in a recent TDHF study of fission of a slab of
charged nuclear matter flad it\was found that the final disintegration
of the slab ("snatching") occurs on a time scale which is one order of
magnithde shorter than the time required to pass from saddle to scis-
sion. "Snatching" was found to appear independently of the choice of
the initial conditions used to boost the system beyond the saddle point
in order to follow its further time evolution. More realistic TDHF in-
vestigations seem to confirm the appearance of “"snatching" (compare,

4186/ oi Fig. 7 in /9/) although it is not explicitly

€.qg.,; Fig:ii 6:in
stated therein. To see this phenomenon, one must look for sufficiently
frequent ( At < 10—22 s) plats of the density evolution of the system.
In the present paper we consider the possibility of particle
emission connected with the longitudinal (along the scission axis)
component of the snatching process. Classically speaking we expect that
a nucleon moving with Fermi velocity V, forwards the inner edge of
the self-consistent potential,becomes reflected, and gets velocity
Vit 2-Vege (Veqe denotes a typical velocity of the snatching density
tails). If V., is large enough, the nucleon can escape with an energy

5—.--'%'-(\/,4-2-14.,,)2-(6;*3). -

5‘ and B being the Fermi energy and the binding energy of the

nucleon in the fragment, respectively. For £.= 37 MeV and B= 8 Mev
from (1) one gets a threshold of such a type of particle emission of

Veat = 0.0144 c (c -velocity of light). At V,,¢ =0.06 c particles up to
€ = 30 MeV can be emitted. For obvious reasons we like to call these
particles "catapult particles". Their angular distribution is expected
to be peaked around the direction of the scission axis. Moreover, due
to refraction at the surface there is some focusing effect for partic-
les coming from the snatching region and crossing the whole fragment.

' The appearance of catapuit particles is, of course, very much de-
pendent both on sufficiently high "catapult velocities” Vg and a
sufficiently strong direct coupling of the collective snatching to the
intrinsic Fermi motion to occur. To avoid ad hoc assumptions concern-
ing these points, we investigate the problem in the TDHF approximation.




Since the process of interest should proceed essentially in one dimen-
sion (along the scission axis), the use of the effectively one-dimen-
.sional slab geometry ] seems to be a good starting point for quali-
tative or semi-quantitative purposes. One must, of course, expect qu-.
antitative modifications of the results, we are presenting here, if

a more realistic geometry will be studied. In particular, we cannot
account for the transverse component of the snatching, i.e., the final
and fastest stage of the necking-in, and the corresponding particle
emission. On the_other hand, to get numerically stable resulis/18/ we
must use numerical boxes of length [%«20C fm and a spatial grid-
-point. spacing of A#=0.3 fm. A corresponding 'realistic TDHF evolu-
tion would be very time-consuming so that an extensive variation of
initial conditions cannot be envisaged.

In our calculations we use a simplified Skyrme force

- - ts - =
V(l’.‘,r,_) o= (to‘*— )J(n_rl) (2)
with $,2-1090 MeV-fm> and £, = 17288 MeV-fm°. The algorithm for solv-
/187

ing the one-dimensional TDHF equations is the same as described in
The Coulomb force is not taken into account since a consisgtent treat-
ment for slab geometry would result in an infinite potentia1/12/. Con+
sequences of this omission for the fission process of nuclear matter
slabs are discussed and separated from the "catapult effect".

In Sect. 2 we investigate the onset of the catapult effect with
varying strength of a collective velocity field chosen as initial con-
ditions. In Sect. 3 a particular example is studied in more detail and
a connection is made to recent experimental results on high-energy
neutron emission in low-energy fission. In Sect. 4 we speculate on the
significance of the catapult mechanism for fast particle emission in

the exit channel of heavy ion reactions.

2., FISSION OF A SLAB OF NUCLEAR MATTER
We study the response of a slab of thickness #£=2.15 fm_2 to a
collective initial veloctiy field which is superimposed to the corres-
ponding static HF-solution. The diameter of this slab corresponds to
. a realistic nucleus of mass number A=«250. Its dynamics is determined
by the time evolution of 7 single-particle orbitals *h(z,t). At time

t =0 each function- §, is written in the form

é,(2,t=0) = ;ﬂ (z).expiikti)lg. : (3)

means the static HF-solution centred at z=0. The function

where ¢,
K(z) representing a coherent (the same for all n€n
distribution in 2 -direction is chosen to be

) wave-vector

f!
f

* with @,

k(z) = Kko-tgh(et2). )

Tt is directed away from the centre 2 =0 and its absolute value inc-
reases as a function of the distance 2 from the central plane re-

aching the saturation values +Ko (£270) , “Ke (Z<0) for

1222/ . ' (5)
115/

This type of "collective" excitations was also investigated in

Wwe fix e =0.33 fm-_1 but vafy the strength of the velocity field
»=# Kefm and analyse the corresponding TDHF time evolution with

this type of initial excitation. The excitation energy per nucleon

brought into the system is given by

+00
E"/A = vi(z,t=0)-§(2,t=0)dz , (6)

2.;1—

- o)
and the velocity field at any instant is

N i ;
vcz,t)=§{—;.—t-)—'%anva(¢f% ¢,,) N

being the (constant) occupation numbers. Due to the Fermi

motion in transverse directions 9n < 4 . The single-particle density
is given by
P(zt)-E anlé., . (8)
n=-1 5

The ground state energy per nucleon of the static slab is

E/A =32 [Za.,” dz+-—a.,§]

40
*'32[31:"59 olz-+——- S’ *dz

- oD

(9)

Since the Coulomb force is not taken into account, E/A monotonically
decreases with increasing Jf asymptotically reaching the nuclear
matter value of about -16 MeV. In order to fission a slab of H=2.15 ﬁn
say into two equal A =1.075 fm e fragments, the excitation energy per
nucleon brought in by the velocity field must exceed at least the cor-
responding mass difference of 0.63 MeV per nucleon. -

We first look for the response of the slab to an initial velocity
field of strength V,= 0.046 ¢ which corresponds to §7A=1.05 MeV. The
time evolution of the density profiles, which results from solving the



corresponding one-dimensional TDHF equations, is illustrated in Fig. 1.
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— vo=0046¢ Fig. 1: Time evolution of
'E 0t F{X\ the density profile
= \ ¥ ‘§ep) for Vv, =0.046 c. Since a
ol U i symmetric problem is consi-
\‘. il dered, the results are only
=0 i shown for 22 O.
o’ - = 80fmic it -=-180fme
—20tmic |l" — 20tmée
s |"‘ _ J We state that no fission
\\\ . occurs. Instead, a large amp-
] / \ ~. 5
o L’.}\—\-\._\ N \\Q litude density oscillation
~ oy
& N : . ("breathing mode") is exci-
O iraiDer 200 0RO © mz(fm)ao «0 ted. Of course, it does not

represent a stationary state,
but its main components can seemingly be related to

T=120 fm/c corresponding to frequency fw=10.33 MeV.
parable with a simple classical estin\aﬁe“y of the
quency of the slab

periods around
This value is com-
lowest natural fre-

i
T
w
ﬁ\ TEER 11.33 MeV. (10)
Here V3 4. = 0.276 c is the speed of zero sound derived for the slab geo-
metry in /12/

: ,.and L=14.82 fm is the diameter of the slab. Note that
the details of the density distribution are by no means periodic in
time. Furthermore, it is seen that there is some genuine damping of
the slab oscillation due to particle emission. This is indicated by

the low-density lumps emerging periodically in front of the slab at

each rarefaction phase {(t=60 fm/c, 180 fm/c etc.). The mean energy of

the emitted particles is €=3.26 MeV although velocity components cor-
responding to much higher energies are also present leading to a fast
broadening of the low—aensity tails identified as the emitted fractions
of nucleons. The damping of nuclear monopole vibrations in TDHF
effectively one-dimensional problem too) d
investigated in /19/. .

(an
ue to particle emission was

Next we consider higher V, values in order to come closer to
fission of the slab. Fig. 2 contains results for the case shown in
Fig. 1 as well as for V, values of 0.056 c (E7A=1.55 MeV), and
0.06 c (E7A=1.79 MeV). The time evolution of the density at & =0 as
well as the catapult velocity Veee(t)
defined as follows: At a given time ¢
actual velocity field WVvc¢z.t)
of Sz, &)<

are plotted. The latter is

it is the maximum value of the .
in the inner (near 2=0) density region
0.1 fm . This definition gives a measure of the snat-
ching of the. inner low-density tails. Except the V, =0.046 c case,
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Fig. 2: Time evolution of
the density at g =0
{left-hand scale, full lines)
for 3 different strengths V
of the initial collective ve-
locity field. The "catapult”
velocity in units of c (right-
hand scale, dashed lines) for
each case is also shown (for
definition, see text). The
full circles are calculated
{o1 points corresponding to a
print frequency of the compu-
{005 ter output of At= 20 fm/c.
The curves are drawn to quide
0 the eye except for the v, =0.06c
case, where a sufficiently
t{fm/c) small A¢ has allowed to draw
smooth lines.
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where no snatching occurs, it is unambigous as we shall see below since
usually VC2,%) exhibits a sharp peak in 2 near 2=0 during snatch-
ing. In the case of the lowest V, value §(%=0:t) illustrateg the os-
cillation of the slab as discussed above. Here, the definition oOf Vue(t)
is guite artificial since during the approach of the first rarefaction
phase at #= 60fm/c the velocities in the inner region decrease mono-
tonically. However, already for Vs = 0.056 c a bend in §(#30,£) around

t =45 fm/c indicating the onset of some snatching correlates with an
increase in Veae (¢) . The catapult velocity reaches a maximum around
t = 60 fm/c and falls down to zero at t =80 fm/c, where the two halves
of the slab begin to return. After this instant the definition of Veat
makes no sense. The first expansion of the slab is clearly of a much
larger amplitude than previoﬁsly while afterwards the density oscilla-
tion is more anharmonic and proceeds around a mean value of @( 2 =0}
smaller than the saturation density €, =0.145 fm—3.

The V, =0.06c calculation obviously represents a transitional

case between slab oscillation and fission. Initially the central den-

: 2 at &t=76 fm/c. The
appearance of snatching is still more pronounced, yielding catapult
velocities up to 0.096c at t=68 fm/c. But finally scission does not
occur as is seen from the further evolution of @ (2 =0). For t » 80 fm/c

sity falls down to a §/ery small value of 0.002 fm

each of the fragments oscillates nearly independently of the other whi-
le the distance of their mass centres remains almost constant. In

each rarefaction phase of the fragments their densities have a slightly
enhanced overlap at 2=0 leading to the spall maxima in @ (2=0) in

Fig. 2 at ¢> 80 fm/c. The density oscillation of the right hand frag-

ment is illustrated in Fig. 3. In analogy with Fig. 1 it is expected to
be slightly damped by nucleon emission. The first portion of particles,

b



however, is expected to be due to the fast

. necking-in of @ (g =0) (& £40 fm/c) which
qg : :::m: is characterized by a substantial stret-

= / /\ —=20tmic ching of the slab but small velocities in
the "neck" region. After finishing the -

expansion of the system the "catapult" sets

/ /
wl \/ in (see WVgae in Fig. 2), i.e. we expect
!

a second portion of particles to emerge
at a characteristic timeat=A4%/(Ve+2 Veat)
after the maximum of V,qq(t) is reached.
// Using V.ep= 0.096c, Vg = 0.28c, and the
L \ i distance from z;o to the point where the
z{fm) 5 catapult particles are expected (forward

/ v=006¢

e
S

low-density end of the fragment) to be

Fig. 3: Density profiles of AZ=15 fm we get At= 32- fm/c. Thus they

the right-hand frag- 55
ment appearing in the case .
Vo =0.06c at several instants instant in Fig. 4 the density profile as

long after "snatching".
g ; ng well as the velocity field are shown. The
arrow in the fragment indicates that af-

should appear at ¢«100 fm/c. For this

ter snatching it is in the rarefaction phase connected with an increas-
ing @ (2 =0). Besides the first portion of emitted particles as expec-
ted there is a shoulder in the low-density tail of the fragment. It
clearly correlates with a maximum in v(®) at 2 =15 fm. Hence, we

may identify this second portion of partic-

00
i les with catapult particles.
4=0.06c 05
qgna t=101fmi o
= u% Fig. 4: Density profile (thick line) and
@ Ll T iz velocity field (thin line) for the
Vo =0.06c case at £ =101 fm/c. The horizon-
a tal thin line markes zero velocity (right-
o i hand scale). The long-dashed line extrapo-

lates the exponential fall-off of the frag-
ol ment density, and the short-dashed line ds
i an extrapolation by hand of the first por-
tion of emitted particles. The hatched re-
gion is identified with catapult particles.

We have also investigéted still largerV,
4 - values: 0.064c (EVA=2.03 MeV), 0.068c
(E/A=2.29 MeV), and 0.078c (E/A=3.02 MeV). In each of these cases scis-
sion occurs and the fragments fly away with certain velocity Vg(t-Pee).
As for 0.06c the necking-in stage is followed by a rapid rise of the

5 @0
2{fm)

velocities in the neck region,: i.e.,by a pronounced snatching. In Fig.
5 for all investigated examples the maximum of the catapult velocity,
the asymptotic velocity of the fragments, and the corresponding total

8

Fig. 5: Maximum catapult velocity (solid
line), asymptotic fragment velo-
city (dashed line), and the total kinetic
= energy of the corresponding realistic frag-
ments of mass number 126 (dash-dotted line,
right-hand scale). Full circles represent
0 calculated points, the lines are drawn to
guide the eye. For v, £ 0.05c the determi-
nation of Ve is ambigous (see text
0 to Fig. 2). ¢
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mass number 126 would have in a realistic
3-dimensional case are plotted against

v/c

the strength of the initial velocity field V. . We state that although
the catapult effect sets in (afound v,=0.051c, this case was not inclu-
ded in Fig. 2) much below the critical V, value at which scission
“occurs, it rapidly increases in its vicinity. For larger Vs, values
this increase is less dramatic. For V»0.051c it leads to a substan-
tial fraction of catapult particles like it was demonstrated in Fig. 4.
Altogether, the fast snatching of the inner density tails seems
to "match" the collective motion of the fissioning slab to the density
oscillations of each fragment seperately. It is accompanied by fast
particle emission, probably, into directions close to ‘the scission
axis in realistic geometry. The fragment oscillations can only decay
by particle emission due to the relatively small number of degrees of

freedom accessible in the TDHF slab geOmetry.

3. A PARTICULAR EXAMPLE

We now analyse the case V,=0.078c in more detail. This is be-
cause with respect fo both mass numbers and TKE it resembles sponta-
neous fission of 252Cf. For quantitative comparison with experimental
déta, however, the excitation energy involved in this case is much too
large. This is mainly due to the neglect of the Coulomb force. So, the
initial excitation energy has to compensate’ the mass difference of the
initial slab and the final fragments (0.63 MeV/A) as well as the £
nal total kinetic energy (0.71 MeV/A). The remaining fraction
(1.68 MeV/A) goes mainly into excitation of the fragments. Despite
this we believe that the occurrence of the catapult effect, at least
in a gualitative sense, is not artificially caused by the high excita-
tions brought into the system. Qur arguments are, first, that a pro-
nounced effect appears already for excitations much smaller than that
to get scission, and second, that in similar fission studies of char-

9



ged nuclear slabs, where the Coulomb force was modelled by a long-ran-
ge Yukawa-type potential /15/ (in order to avoid an infinite potential),
snatching on the same time scale was also obtained, independently of
the type of initial conditions (collective velocity field, intrinsic
excitations) and already for E7A=4L18 MeV leading to bindry fission.

The time evolution of the density and the velocity field is shown
in Fig. 6.

z{fm)
o2t ™ 42
mﬁ§ {03
! t=60fmic 402
55 it AQL—hk
o f 0
t=210fmic 5
w0t 02
g‘——\b/c
= W o®m ™ 0 0 00
z(fm)
Fig. 6: Time evolution of density (thick lines) and velocity field

{thin lines, right-hand scale) for the case Vo= 0.078c. The
hatched region is identified with catapult particles simi-
lar to the case shown in Fig. 4. The vertical arrows mark
the positions of counters A and B for estlmatlng the spect-
rum (see discussion to Fig. 8).

Due to the unrealistic high initial velocity field the necking-in -
time characterized by a decrease of the central density, and decreas-
ing (compared tot =0) velocity field, is underestimated by more than
one order of magnitude. In the present case it amounts to about 10_225
(30 fm/c). Somewhat later, att =35 fm/c in the neck region a small peak
in the velocity field emerges growing up to a value much larger than

Vo at t=60 fm/c. At this instant the maximum of Viee¢ is reached,
which later on quickly decreases similar to the.cases shown in Fig.2.
Beginning at ¢ =35 fm/c large velocity components appear in front of
the fragment indicating a first portion of parficles to be emitted due
to the artificially accelerated necking-in process. This portion is
clearly seen at t= 60 fm/c as a pronounced maximum in the low-density
tail correlated with large velocity components. In accordance with the
above discussion on the consequences of the omission of the_Coulomb
force we consider these particles to be spurious (at least highly over-
estimated). Fortunately, a£ t= 60 fm/c, where the most intensive snat-

10

ching is observed, we can get an estimate of those necking-in partic-

‘les. At ¢=80 fm/c that corresponds to the time after £«60 fm/c a nuc-

‘leon of velocity v, +zmaxivg..(t)} needs to cross the distance from
2=0 to 2 =15 fm a shoulder in the low-density tail of the fragment
appears, which can be clearly distinguished from the spurious portion,
and which is correlated with a sharp peak in the velocity field in
front of the fragment. We identify this fraction of particles with
catapult particles.

At a much later instant ( ¢=210 fm/c) both fractions more or
less cover each other due to their broad velocity distributions. More-
over, a further peak appears at =27 fm, which is related to a subse-
quent decay by particle emission of the density oscillations of the
fragment. Since in this oscillations too high energies are involved,
they yield substantial amounts pf particles, ‘which we also consider
to be spurious:

Before estimating the spectrum of the catapult particles we il-
lustrate the transition from the artificially fast necking-in to snat-
ching (catapult). Fig. 7 shows the density distributions for t =0, 35,
60 fm/c in a smaller sca;g. It is characteristic for the necking-in
stage that the system becomes highly stretched and a "neck" (low cent-
ral density) is formed. The "catapult" fastly, on a time scale of
10_225, returns the density profile to near-equilibrium shapes of the
fragments while the positions of their mass centres remain nearly un-
changed. This behaviour is very similar to that illustrated in Fig. 4
of /15/. This is one more indication for the catapult effect\to,be not

: : i artificially caused by the
uﬁhZJSfm'z A /A =10 neglect of the Coulomb force.

Fig. 7. Time evolution of the
density for the Vo=
= 0.078 c case.

We have kept the evalua-

. tion of the energy spectrum of
zlfm the catapult particles in close

. analogy to 20/, a11 the sing-
le-particle wave functions have been recorded as functions of time at
a fixed "counter"” position B, outside the fragments and then Fourier
analysed with respect to their energy components

¢ (2., E)=-2_

, ' .
=% S . (2.,t) exp [‘ at] dt (11)

o -
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Here T denotes a time at which the considered signal has sufflclent—
ly faded so that the time integration can be considered to go up to
infinity. The current density

N
~ 1’ b E 2 :
J(?_e,ﬁ)’: 2€/m dp ¢q(20,£)’ i (12)
n=14
is proportional to the energy spectrum
NCE)= o -T(2,,8), (13)

which we have normalized to be comparable with the neutron energy spec-
trum (per single fission act) of spontaneous fission of 252Cf:

d:%[?(t,t?d%f}\?Zo,a)de- (14)
2 [

The first integral ;n {14) counts the number of emitted particles per
unit area. The factor 2 is due to the symmetry of the problem with res-
pect to the central plane,.and N=154 is the neutron number of 252¢f.
To get a qualitative estimate of the catapult neutron spectrum,
we use a counter A at 2 =14 fm, and a counter B at 2=37 fm (compare
Fig. 6). Counter A gives us an estimate of the necking-in particle
il

spectrum at L' = 60 fm/c. It is shown in Fig. 8. At €= 80 fm/c counter
! A has registered both neck-

NIEQ) - 2 ing-in and catapult partic-
e 5
Mev™) |
[ les.
w2t
: B0fmic. i .
A Fig. 8: Neutron spectra for

Vo =0.078 c taken at
several instants with coun-
: ters A and B and normalized
Bl to be comparable with the
spectrum of prompt neutrons
from spontaneous fission of

m—S L 1 1
30
€, (Mev)

\However, there is a substantial contamination from the fragment, which
is more pronounced in the latter case since the moving fragment is clo-
ser to the counter. This contamination is expected to cover preferen-
tially the lower energy region. To exclude it, we compare with a third
spectrum taken at € =210 fm/c from counter B. As expected, it exhibits
a smaller low-energy tail. Unfortunately, this spectrum in turn. is con-
taminated by the high-velocity components of a third fraction of par-
ticles (near# =27 fm at t=210 fm/c in Fig. 6), which are also to be
excluded as discussed above, but which are hard to estimate.

A further ambiguity is connected with the use of finite ¥ values
at which the signals still have not sufficiently faded (except, may be,

12

252cf. For details, see text.

for counter A at £ = 60 fm/c). This is the reason for the unphysicaf
oscillating behaviour of the two other spectra.

Despite these troubles Fig. 8 gives an order-of-magnitude esti-
mate for the catapult neutron spectrum in the considered. case: The
difference of the two curves above and the lower one yields cataput
neutrons in the energy range around 20-30 MeV on a level of'1'0‘3 MeV"1
per fission act.

In recent measurements. of the high-energy end of the prompt ne-
utron spectrum from spontaneous fission of 252 Cf /21,22/ and from 14, 5
MeV-neutron-induced fission of 238 /21/ fast neutrons in the 20-30
MeV region have been observed on a level of up to 2 orders of magnitu-
de above the values calculated from assuming evaporation from the ful-
ly accelerated fragments. The effect is most pronounced for the former
case, where in that enerqgy region NC€,.) amounts up to nearly 10'5
Mev'1. Up to now double-differential cross sections have not yet been
measured at these high energies since this would require more complex
coincidence measurements connected with still‘lower intensity. So, the
existing experimental data provide a possible evidence for the exis-
tence of catapult particles. Other mechanisms which are probably con-
nected with more isotropic or even sidewards peaked angular distribu-
tions cannot, however, be excluded at present.

Due to the simple TDHF slab geometry, where most of the degrees
of freedom are frozen, the present considerations cannot pretend to be
quantitatiyely relevant. The overestimation of the experimentally ob-~
served effect by two orders of magnitude is surely due to the much too
high excitations involved in the fission of the slab. Furthermore,
although in low-energy fission the fragments are sufficiently cold,
for particles of 30 MeV final energy the mean free path in the frag-
ments is about twice as small as their diameter. So, two-body residu-~
al interactions would also reduce our predictions in the high-energy
tail of the spectrum. Possibly, the catapult particles induce exciton-
-model type chains to more complex states. The TDHF predictions would
then somewhat be damped and broadened in the angular distributions. '

4. CATAPULT EFFECT IN SLAB COLLISIONS

While in the slab fission studies the main drawback is an eneggy
: 1
balance differing from that in low-energy fission, it is known/12' 7
that with this respect slab collisions come closer to the reality of

heavy ion collisions.
We have performed a series of slab collision calculations and

always found a more or less pronounced catapult effect. As a typical

13



example we discuss here the symmetric_‘1=.§2=1.o75 fm—z, (E/A)Lab=
=12 MeV slab collision illustrated in Fig. 9. The final stage of this
collision very much resembles that of the y, =0.06 ¢ case studied in
Sect. 2 (compare Fiés. 2-5): In the given example we have a transitio-
nal behaviour between fusion and deep inelastic collisions since the
final fragments oscillate seperately but yet no scission occurs. Su-
rely, the Coulomb force would split the system in the given situation.

At t°=140 fm/c we first observe a broad low-density peak around
2z =27 fm, which is clearly rélated to "promptly emitted particles"
(PEP) /18/. Furthermore, a sharp peak in'the velocity field near g =0
indicates a fast snatching of the inner ends of the fragments. At a
time needed by a nucleon of velocity Vg+2V,,4 to appear in front of
the fragment, i.e.,at & =180 fm/c a large peak in the velocity field
correlating with a shoulder in the outer low-density tail of the frag-
ment indicates the emission of catapult particles. At this instant the
fragment is in its first rarefaction phase (seen both from the density
profile and velocity field),so that the céntral density £(2=0) is lar-
ger than previously. In anology with the systematics shown in Fig. 5
one can expect an even larger catapult effect if the fragments would
fully separate. In the given case the return of dénsity to the central
region prevents a further increase of the catapult velocity. The ef-
fect vanishes for lower incident energies when the collision yields
fusion,i.e.,$ (2 =0) does not fall below a critical value where a fast
snatching can appear (compare Fig. 2).

00

Fig. 9: Density profiles (solid lines)
and velocity fields (dashed lines)
for aJ¢1=d$2=1.075 fm—2, (E/A)Lab=12 MeV

slab collision at £ =140 fm/c (thin 1li-
nes}, and & =180 fm/c (thick lines).

Based on this result it seems to us
that catapult-like particles or particles
originating from a multistep-direct chain

of more complex exciton states, in prin-

0 © F)

ﬂ;) w© ciple, could also appear in rgal heavy

; ion reactions of the fusion-fission type
or even in deep inelastic collisions (the latter being less probable
since at too high rebound velocities the fragments separate before
being maximally stretched /23’24/). This mechanism would yield non-
evaporative particles in the exit channel of a heavy ion reaction, i.e.,
long after thermal equilibrium of the composite system is established.

Finally, we emphasize that in many realistic TDHF calculations

14

of heavy ion collisions a more or less pronounced longitudinal snat-
ching behaviour can be deduced from the corresponding plots of the den-
sity profiles although, unfortunately, due to the discrete (in time)
plots of-those results, usually only instants slightly before and after
scission are shown. All results which we shall mention below are also

contained in /25/

and in the following we quote the corresponding Fig.

number in that reference in brackets. The time scales t, we quote for
the snatching are usually upper limits due to the discrete plots.

A very nice example is the O+160, E =128 MeV, L=25h reac-

/26/ el o2

tion (Fig. 5.4) °. Heret x50 fm/c (30 fm/c =10

fields in the reaction plane are also shown indicating fast snatching

s). Velocity

(although, probably, the maximum of V., lies between the plots of
/26/). For the same system but head-on collisions (Fig. 4.8)
Lap=105 Mev, L=Sh (Fig. 5.5)/28/

s for that system. Also for heavy asymmetric systems like
Bi, ELab=5og MeV, L=1ggg (Fig. 5.10) 224l
s. For a very heavy system like

u, Enabf;ZBS MeV, L=3ooﬁ/§3/proceeds on a_§9mewhat larger time
scale: ¢y £ 4.10 s (Fig. 5.15) '/ . There are, however, also a few

calculations for heavy systems, which yield a highly stretched neck

t;=10—225. At a lower energy, E
tswa- 10723
84Kr+209 a pronounced snat-

ching seems to occur,tgx 3:10
238U+238

too but snatching occurs preferentially in the transverse directions
and, hence, cannot yield catapult particles. We mention here the
136Xe+-20981, EL;b=T13O MeV reaction which is illustrated for two va-
lues of the initial angular momentum in /31/ (Fig. 6.4). For both

L=0 and L=100h the shapes of the fragments before and after scission
are only slightly changed while in the former case an emerging o ~frag-
ment in the neck region is reabsorbed by the target, and in the latter
case it appears as a free particle. This transverse "double-snatching”
occurs, however, also on a time scaie of roughly 1.5-10~225. ol ~par-
ticles from the neck region, which become focused in the transverse
directions due to the Coulomb force, have been found in experiﬁent /32/.
Preferentially transverse matter flow during scission seems also to be

/33/

connected with cold fragmentation in low-energy fission

5. CONCLUSION

We have shown that in one-dimensional TDHF calculations of both
fission and collisions of slabs of nuclear matter a fast snatching on
a time scale of roughly 10—225 appears to be the final stage of the
disintegration of the system, and the beginning of the return of the
highly stretched fragments to near-equilibrium shapes of the density.
It is connected with the emission of fast particles which we have

called "catapult pnarticles”.
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~ In the case of fissiog, induced by an initial collective veloci-
ty field, spurious necking-in -particles which escape due to the neg-
lect of the Coulomb fofce and a corresponding far too short saddle—t&—
-scission time havg been seperated from the real effect. We have found
~catapult neutrons on a level, which is about two orders of magnitude
higher than in recent experimenés on iow?energy fission. Since in tho-
se experiments only inclusive neutron spectra have been measured, it
is not yet clear whether they provide evidence for the catapult effect.
In any case, we claim that our fast particle yields in the fission
calculations are hiéhly overestimated. This is mainly due to the large
excitations involved in these calculations, and to the neglect of the
residual interactions which would damp the more or less free matter
flow through the fragments. In principle, the'latter, as well as pair-
ing correlations could also lead to a stabilizatiod of the shapes of
fissioning nuclei and, hence, lower the catapult velocity. This would
soften the spectrum of catapult particles.‘
It is interesting to contrast the possibility of catapult partic-
le emission with that of cold fragmentation in low-energy fission: In
the latter case, small excitations of the final fragments ére probab-

/33/

Hence, the scissioning configuration is characterized by small defor-

ly due to preferentially traqsverse matter flow during scission

mations and comparably small distances of the fragment mass centres
1eaaing to a larger Coulomb repulsion and, consequently, large TKE.
For the catapult effect to occur one needs highly stretched fragments
before scission occurs. Then the longitudinal matter flow (snatching)
should be preferred, the fragments scission at larger distances and
get small TKE. It is not. excluded that with our initial conditions
(high v, ) we have somewhat favoured such‘a situation.

Highly stretched fragments are presumébly a case as rare as cold
fragmentation. Catapult particles from most probable, intermediate
situations are not excluded, but would have smaller energies limited
essentially by the deformation energy near the scission point (rough-
ly 10-20 MeV). Shell effects in the yields of catapult particles can
be expected on this grounds. After the emission of a high-energy cata-
pult particle the fragment also remains cold and further evaporation
of prompt neutrons is prevented.

Our results on slab collisions seem to be less ambigous with res-
pect to the corresponding energies involved in heavy ion collisions.
Moreover, it is encouraging that snatching seems to occur also in rea-
listic TDHF evolutions. So, we claim that catapult particles in prin-
ciple could appear also in the final channel of heavy ion reactions
of the fusion-fission type and possibly also in deep inelastic reac-

‘16

tions at not too high rebound velocities. Experimentally they, howe-
ver, would represent only a quite small fraction of the non-evapora-
tive neutrons. They can only be identified in coincidence with at
least one heavy fragment. Furthermore, one should have in mind that
the directions of that fragment and the catapult neutrons would not
fully coincide due to the fact that after the emission of a catapult
neutron the fragments continue to interact via the Coulomb force. The
corresponding angle difference would give a measure of the degree of
stretching of the system during scission.
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