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sion process. The neglect of residual inte ractions should Ье more jus­

tified in this case than in a , description of h eavy ion collisions due 

to the comparaЬly small excitation energies involved in low-energy fis­

sion . Despite this, there is on l y а small numЬer of TDHF studies of 

fission/ 9 • 14- 171. То our knowledge up to now there i s no TDHF investi­

gation of non-evaporative particle emission in fission although iл this 

approximation all the aspects discussed above should Ье contained in а 

natural way without additional ad hoc assumptions . 

In particular , in а recent TDHF study of fission of а s l ab of 

charged nuclear matter / 1S/ it ' was found that the final disintegration 

of the slab ("snatching") occurs on а time scale which is one order of 

magnitude 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 sad.dle point 

in order to follow its further time evolution. More realistic TDHF in­

vestigations seem to confirm the appearance of "snatching " (compare , 

e . g., Fig. б in / 1 б / о; Fig . 7 in 19 1) although it is not explicitly 

stated therein. то see this phenomenon, one must look for sufficient l y 

frequent ( .6t < 10- 22 s) plots of the density evolution of the system. 

In the present paper we consider the possiЬility of particle 

emission connected with the longitudinal (a long the scission axis) 

component of the snatching process . Classically speaking we expect that 

а nucleon moving with Fe rmi ve loc ity V~ forwards the inner edge of 

the self - consistent potential , becomes reflected,and gets velocity 

v,. + 2· V...* ( V<•t denotes а typical veloci ty of the snatching densi ty 

tails). If v,_t is large enough , the nucleon can escape with an ene rgy 

mc 2. 8) ( 1 ) Е = Т v,. + 2. · Vcat ) - ( Е F + , 

Е,~ and 8 being the Fermi energy and the Ьinding energy of the 

nucleon in the fragment , respective ly. For Е".= 37 MeV and в -.. 8 MeV 

from (1) one gets а threshold of such а type of particle emission of 

Vcat = 0 . 01+4 с ( с. - velocity of light) . At v~.t ,. ·о . об с partic l es up to 

Е= 30 MeV can Ье emitted. For obvious r e asons we li ke to ca ll these 

particles "catapult particles ". Their angula r distribution is expect e d 

to Ье peaked around the direction of the scission axis. Moreover, due 

to refraction at the surface there is some focus ing effect fo r partic­

l es coming from the snatching region and crossing the whole fra gment . 

The appearance of catapult par ticles is, of course , very much de­

pendent Ьoth on sufficiently high "catapult ve locities" Ve•t and а 

sufficiently strong direct coupling of the collective . snatching to the 

intr insic Fermi motion to occur. то avoid ad hoc ass·umptions concern­

ing these points, we investigate t he proЬlem in the TDHF approxima tion. 
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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 / 12 / seems to Ье а 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 

а more realistic geometry will Ье 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 staЫe results/ 18 / we 

mus t use numer ical boxes of length L% 200 fm and а эра tia l grid­

-point_ spacing of .d~ =О. 3 fm . А correspondi.n g ·realistic TDHF evolu­

tion would Ье very time-consuming so tha t an extensive variation of 

initial conditions cannot Ье envisaged. 

In our calculations we use а simplified Skyrme force 

.. .. t~ r .. -v ( r.,, ra.) =- ( t о+ 6 f) о ( r .. - r .. ) (2) 

with t. =-1090 MeV · fm 3 and t:a= 17288 MeV · fm6 • The algorithm for solv­

ing the .one-dimensiona l TDHF equation s i s the same as described in/ 181 

The CoulomЬ force is not taken into account since а consistent treat­

ment for slab geometry would resul t in an infini te poteлtial/ 12 /. Con­

sequences of this omission for the fission proces s of nuclear matter 

slabs are discussed a .nd sep~ra ted from the "catapul t effect". 

In Sect. 2 we investigate the onset of the catapult effect with 

varying strength of а collective vel ocity field chos en as initial con­

ditions . In ~ect. 3 а particular example is s t udied in more detail and 

а connection is made to recent experimental r e s ul t s on high- energy 

neutron emission in l ow-energy f i ssion . In Sect. 4 we speculate on the 

significaйce of the catapult mechanism for fa s t particl~ emission in 

the exit channe l of heavy ion reac t ions. 

2. FISSION OF А SLAВ OF NUCLEAR МАТТЕR 

-2 
We s t udy the r esponse of а slab of thickne s s ~= .2 .1 5 fm to а 

collecti ve initial veloctiy fie l d which is superimposed to the corres­

ponding static HF- s olution. The diameter of this, s lab corresponds to 

а realistic nucleus of mass numЬer А ~ 250 . Its dynamics is determined 

Ьу the time evol ution of 7 sing l e-partic l e o r bitals ф"(~1t). At time 

t =О each func tion - ф" is written in the form 

Ф .. (!,t•о) = Ф., (~J·exp~il<c~н!. · ( 3) 

where ф,. means the static HF-solution centred. at 11 =О . The function 

kC&) representing а coherent (the same for all ~ 

distr ibution in ~ -direction is chosen to Ье 

4 

wave-vector 

/<{~) ,. ko ·t,l,(o(~) . (4) 

It is directed away from the centre ~ =О and its absolute value inc­

reases as а function of the distance ~ from the central plane re­

aching the saturation values +l<o ( ! ~О), - к. (!<О) for 

l i!: l ~ 2./t!.- (5) 

This type of "collective" excitations was also investigated in /
15

/ 
-1 ' We fix ~ =0.33 fm but vary the strength of the velocity field 

V
0 

.. fi f<o/m and analyse the cor.responding TDHF time cvolution wi th 

this type of initial excitation. The excitation energy per nucleon 

brought into the system is given Ьу 
+ оо 

Е. "'/А = f:i_ f V~(i! , t= O) · .f (~ , to O)di! (6) 

-.о 

and the velocity field at any instant is 
N 

vc~,t) = f(~.t) ~~а" . r т ( ф: di)~ ф,.) 
n= -1 . 

( 7) 

with 0
11 

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

motion in transverse directions О11 < ~ The single-particle density 

is given Ьу N 

~(i-,t.) = L ct .. 1 Ф .. /2. ( 8) 

r!= -1 

The ground state energy per nucleon of the static slab is 

Е/А • 2 ~~ [[, "•l JЪ~ j' J> + 'i "•3] 
( 9) 

-,.о 

+-ц [·tT9'd:.+ ;_- T!'·.~.J 
-.о -.о 

Since the Coulomb force is not taken into account, Е/А monotonica l ly 

decreases with increasing ~ asymptotically reaching the nuclear 

matter value of about -16 MeV. In order to fission а slab of JJ- =2.15 fm-
2

, 

say into t:YIO equal Jl. .... 1 . 075 fm - 2 fragments, the exci tation e ne r gy per 

nucleon brought in Ьу the velocity field must exceed at least t he 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 с wpich corresponds to ~А=1.05 MeV. The 

time evolution of the density pr ofiles, which resu l ts from s olving the 
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corresponding one-dimensional TDHF equations, is illustrated in Fig. 1 . 
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~: Time evolution of 
the density profile 

.Pl1!') for V0 =0 . 046 с . Since а 
symmetric proЬlem is consi­
dered, the results are only 
shown for .! ~ О. 

We state that no fission 

occurs. Instead, а large amp­

litude density oscillation 

( "breathing mode") is exci­

ted . Of course, it does not 

represent а stationary state, 

but its main components can seemingl y Ье re1ated to periods around 

Т=120 fm/c corresponding to frequency ~W =10 . 33 MeV. This value is com­

paraЬle with а simple classical estimate/ 12/ of the lowest natural fre­

quency of the slab ., 
' 1iw ~ 1111" v = .. 1-1. '3'3MeV. 

L- i! ·"'· 
( 10) 

Here Vt.~- = О. 276 с is the speed of zero sound de.rived 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 Ьу 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 Ьу 

the low-density lumps emerging periodi.cally in front of the slab at 

each rarefaction phase ( t= 60 fm/c , 130 fm/c etc. 1. Tl1e mean energy of 

the emitted particles is f= 3.26 MeV although velocity components cor­

responding to much higher energies are also present leading to а fast 

broadening of the low-density tails identified as the emitted fractions 

of nucleons. The damping of nuclear monopole vibrations in TDHF (a n 

effectively one-dimensional proЬlem tool due to particle emission was 

investigated in 1191 . . 
Next we consider higher V0 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 с (Е'/д=1. 55 MeVI, and 

0.06 с (Е,А=1.79 MeV) . The time evolution of the density at ~ =О as 

well as the catapult velocity vc.t<t) are plotted . ~he latter is 

defined as follows: At а given time t it is the maximum value of 

actual velocity field V(~,t) in the inner (near 0! =0) density 

of fCil!: ,i: ) <" 0 . 1 fm- 3 . This definition gives а measure of the snat­

ching of the inner low-density tails. Except the V0 =0.046 с case, 
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~: Time evolution of 
the density at ~ =О 

( left-hand scale , full lines) 
for 3 different strengths v. 
of the initial collective ve­
locity field. The "catapult" 
velocity in units of с (right­
hand scale, dashed lines) !or 
each case is also shown (for 
definition, see text) . The 
full circles are calculated 
points corresponding to а 
print frequency of the compu­
ter output of ~t· 20 fm/c. 
The curves are drawn to quide 
the еуе except for the 11'. =О.Обс 
case, where а sufficiently 
small 6 t has allowed to draw 
smooth lines. 

where no snatching occurs, it is unamЫgous as we shall see below since 

usually V Cil!:,t) exhiЫts а sharp peak in :r near i!• O during snatch­

ing. In the case of the l owest v. va lue S' C~ -= O ,f:) illustrat_e~ the os­

cillation of the slab as discussed above. Here, the definition of v •• t <t) 
is quite a rtif icia l since during the approach of the first rare factio~ 

phase а 1: t : 60 f- lc. the veloci ties i n the inner reg ion decrease mono­

tonically. However, already for v. = 0.056 с а bend in S'( ~·o,t ) around 

t =45 fm / c indicating the onset of some snatching correlates with an 

increase in Vc•t <t ) . The catapul t velnc i ty reaches а maximum around 

t = 60 fm/c and falls down Lo zero at t =80 fm/c, wher e the two halves 

of th e slab begin to return. After this instant the definition of VcAt 

makes no sense. The first expansion of the slab is clearly of а much 

larger amplitude than previous l y while afterwards the d ensity oscilla­

tion is mor e anharmonic and proceeds around а mean value of S' (а =О) 

s malle r than the saturation de nsity ~. =0. 14 5 fm-
3

. 

The v. =О.О6с ca lculation obviously r e~ res ents а transitional 

case be tween slab oscillation and fission. Initially the central den­

sity falls down to а "very small value of 0.002. fm-
3 

at t =76 fm/c. The 

a?pe arance of snatching is still mor e pronounced , yielding catapult 

v e locities up to О .О 96с at t =6~ fm/c. But finally scission does not 

occur as is see n from the further evolution of 9 ( l: =OI. For t :> 80 fm/c 

each of the fragments oscillates nearly independently of the other whi­

le th e distance of their mass centres remains almost constant . In 

e ach ~arefaction phase of the fragments their densities have а slightly 

enhance d overlap at z =О leading to the S!"all maxima in §' ( l: =О) in 

Fig . 2 at t > 30 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 

Ье slight l y damped Ьу nucleon emission. The first portion of particles, 
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the right-hand frag-. 

шent appearing ·in the case 
v. =0.06с at several instants 
long after "snatching". 

" 
however, is expected to Ье due to the fast 

necking-in of f ( ~=О) ( t. ~40 fm/c) which 

is characterized Ьу а subs t antial stret­

ching of the slab but small velocities in 

the "neck" region. After finishing the 

expansion of ~he system the "catapult" sets 

in (see · ve .. ~ in Fig . 2), i.e. we expect 

а second portion of particles to emerge 

at а characteristic time At= 6 ~/(V~+2. Vc••) 

after the maximum of Yc,.-.(t) is reached. 

Using Ус••• 0.096с, VF: 0.28с, and the 

distance from i! =О to the point where the 

catapult particles are expected (forward 

low-density end of the fragment) to Ье 

Aii! =; s fm we get .At= 32- fm/c. Thus they 

should appear at t:~100 fm/c. For this 

instant in Fig. 4 the density profile as 

well as the velocity field are shown . ·The 

arrow in the fragment indicates that af­

ter snatching it is in the rarefaction phase connected with an increas-

ing ~ (i! =0). Be~ides the first . portion of emitted particles as expec­

ted there ls а shoulder in the low-density tail of the fragment. It 

clearly correlates with а maximum in V(~) at ~ =15 fm. Hence, we 
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(Е,А=2 . 29 MeV), and О . О78с 

may identify this second portion of partic­

les with catapult particles . 

~: Density profire (thick line) and 
velocity field (thin line) for the 

Vo =0.06c case at t: =101 fm/c. The horizon­
tal thin line markes zero velocity (right­
hand scale). The long-dashed line extrapo­
lates the exponential fall-off of the frag­
ment density, and the short - dashed line ~s 
an extrapolation Ьу hand of the first por­
tion of emitted particles. The hatched re­
gion is identified with catapult particles . 

1 
We have also investigated still larger V0 

values: О.О64с (E,A=2.03 . MeV), о.О68с . ' 
(Е/д=3 .02 MeV). In each of these cases scis-

sion occurs and the fragments fly away with certain velocity v, Lt: ... oo) . 

As for 0.06с the ,necking- in stage is followed Ьу а rapid rise of the 

velocities in the neck region , i.e.,by а 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 
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~: Maximum catapult velocity (solid 
line), asymptotic fragment velo­

city (dashed line), and the total kinetic 
energy of the corresponding realistic frag­
.rrients of mas.s numЬer J26 (dash-dotted line, 
right-hand scale). Full circles represent 
calculated points , the lines are drawn to 
quide the еуе. For Vo ~ О.О5с the determi­
nation of Vcat: is amЬigous ( see text 
to Fig. 2). 

kinetic energy ТКЕ which two fragments of 

mass numЬer 126 would hav e in а realistic 

3-dimensional case are plotted against 

the strength of the initial ve locity field v • . We state that although 

the catapult effect sets in (atound 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 v. values 

this increase is less dramatic. For V0 ')> 0.051c it leads to а substan­

tial fraction of catapult particles like it was demonstra'ted in Fig. 4. 

Altogether, the fast snatching of the inner d ("nsity tails seems 

to "match" the collective motion of the fissioning slab to the density 

oscillations of each fragment seperately. It is accompanied Ьу fast 

par~icle emission , probaЬly, into directions close to the scission 

axis in realistic geometry. The fragment oscillations can only decay 

Ьу particle emission due to the relatively small number of degrees of 

freedom accessiЬle in the TDHF slab gebmetry . 

3. А PARTICULAR EXAMPLE 

We now analyse the case у0 =0.07 8с in more detail . This is be­

cause with respect to both mass numbers and 'ГКЕ it resemЬles sponta­

neous fission of 252cf. For quantitative compa~ison with experim~nta l 
da.ta , however, the excitation energy involved in this case is much too 

large . This is mainly due to the neglect of the CoulomЬ force. So, the 

initial excitation energy has to compensate · the mass difference of the 

initia l slab and the final fragments (0.63 MeV/A) as well as the fi­

nai total kinetic energy (0.71 MeV/A). The remaining fraction 

(1 . 68 MeV/A) goes ma inly into e xcitation of the fragments. Despite 

this we believe that the occurrence of the catapult effect, at least 

in а qualitative sense, is not artificially caused Ьу the high excita­

tions brought into the system. Our arguments are, first, that а pro­

nounced effect appe?rs already for excitations much smaller than that 

to get scission, and second, that in similar fission studies of char~ 
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ged nuclear 5lab5 , where t h e CoulomЬ force wa 5 modelled Ьу а l ong-ran­

ge Yukawa- type potential 1151 (in order to avo i d an infinite potential), 

5natching on the 5ame time 5cale wa5 al5o obtained, independently of 

.the type of i nitial condition 5 (collective velocity field, intrin5iC 

excitation5) and a l ready fo r E' A <Z 0 . 18 MeV leading to Ыnary fi55ion . 

The time evolution of the den5i t y and the velocity fie l d i5 5hown 

in Fig. б . 

z(fm) 

glz) юО! 1 ю 20 :ю 
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0.3 
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~: Time evolution of den5ity (thicк line5) and velocity field 
(thin line5 , right-hand 5cale) for the case ~. = О . О78с . The 
hatched region i5 identified with catapult particle5 5imi­
lar to the са5е 5hown in Fig. 4. The vertical arrow5 mark 
the po5ition5 of counter 5 А and В for e5timating the 5pect­
rum (5ее di5CU55ion to Fig . 8). 

Due to the unreali5tic high initial velocity field the necking-in 

time characterized Ьу а decrea5e of the central den5ity, and decrea5-

ing (comparep to t =О) velocity field, i5 undere5timated Ьу more than 

one order of magnitude. In the pre5ent са5е it amount5 to about 1о- 22 5 
(30 fm/c). Somewhat later, at t =35 fm/c in the neck region а 5mall peak 

in the velocity field emerge5 growing up to а value much larger than 

v. at t:бо fm/c . At thi5 in5tant the maximum of v •• ~ i5 reached, 

which later on quick l y decrea5e5 5imilar to the са5е5 5hown in Fig . 2 . 

Beginning at t =35 fm/c large velocity component5 appear in front of 

the fr~gment indicating а fir5t portion of particle5 to Ье emitted due 

to the artificial l y accelerated necking-in proce55. Thi5 portion i5 

clearly 5een at t: 60 fm/c а5 а pronounced· maximum in the low-den5ity 

tail correlated with large velocity component5. In accordance with the 

above di5CU5 5ion on the con5equence5 of the omi55ion of the CoulomЬ 

force we con5ider the5e particle5 to Ье 5puriou5 (at lea5t highly over­

e5timated). Fortunately, at t= 60 fm/ c, where the mo5t inten5ive 5nat-

~~ 

10 /' 

J 

.. 

# ,_,-"':. 

ching i 5 ob5e r ved , we can get an e5timate of tho5e necking- in partic­

les. At t.2 80 fm/c that corre5pond5 to the time after t ~ 60 fm/c а nuc-

leon of velocity v,. +1..,a•{Vc.~(t)J needs to cro55 the di5tanc e from 

~ =О to ~ =15 fm а 5houlder in the low- den5i ty tai l of the fragment 

appear5 , which can Ье clearly di5 t ingu i5hed from the 5purious portion , 

and which is correlated with а 5harp peak in the velocity field i n 

front of the fragment. We identify this f r action of particles with 

catapult particle5. 

At а much later in5tant ( t =210 fm/c) both fraction5 more or 

le55 cover each other due to their broad velocity di5tribution5. Hor e ­

over, а further peak appear5 at " =27 fm , which i5 related to а sub5e­

quent decay Ьу particle emi55ion of the den5ity 05cillations of the 

fragment . Since in thi5 o5cillation5 too high energie5 are invo l ved , 

they yield 5uЬ5tantial amounts pf par tic l e5, ·which we al5o consider 

to Ье 5pur iou5 . 

Before e5timating the 5pectrum of the catapult particle5 we il ­

lu5trate the tra n5ition from the artific'ially fa5t necking- in to 5nat­

ching (catapult) . Fig . 7 5how5 the den5ity di5tribution5 for t =О , 35 , 

60 fm/c in а 5maller 5cale. It i5 char acteri5tic for the necking-in 

5tage that the 5y5tem become5 highly 5tretched and а "neck " (low cent ­

ral den5ity) i5 formed. The "catapult" fa5tly, on а time эса l е of 

10- 22 5, return5 the density profile to ne~r-equilibrium 5hape5 of · the 

fragment5 while the po5ition5 of their ma55 centre5 remain nearly un­

changed. Thi5 behaviour i5 very 5imilar to that illustrated in Fig. 4 

of / 15 / Thi5 is one more indication for the catapult effect to Ье not 
. ' 
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artificially caused Ьу the 

neglect of the CoulomЬ force. 

Fig. 7. Time evolut i on of the 
den5 i ty for the V0 = 
= 0 . 078 с са5е. 

We have kept the evalua­

tion of the energy 5pectrum of 

the catapult particle5 in··clo5e 

analogy to 1201 : All the sing­

l e -particle wave function5 have been recorded а5 function5 of time at 

а fixe d "counter" po5ition .!. 0 outside the fragment5 and then Fourier 

a naly5ed with re5pect to their energy component5 
t' 

~ i:.c~ .. fJ =
1

;
11

) Ф .. (~., tJ · exp [~н] dt 
о . 
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Here Т denotes а time at which the consider ed signal has sufficient­

ly faded so that the time integration can Ье considered to go up to 
in finity. The current density 

'Jct. o,E) = Y2.E/m ' ~а" j ф" Clo,0}
1 

( 12) 

n:-1 

is proportional to the energy spectrum 

NCE) = o(.·J(i.o,E), ( 13) 

which we have normalized to Ье comparaЬle with the neutron energy spec­

trum (per single fission act) of spontaneous fission of 252ct : 

00 .;-о(=~ r ~(r,t)cl~ J.rclo,E..)oiE.. (14) 

z. о 
The first integral in ( 14 ) counts the number of emitted particles per 

unit area . The factor 2 is due to the symmetry of the proЬlem with res­

pect to the central p lane , and N=154 is the neutron number of 252ct. 

То get а qualitative estimate of th e catapult neutron spectrum, 

we use а counter А at ~ =14 fm, and а counte r В at~=37 fm (compare 

Fig. 6). Counter А g ives us an es ti~ate 

spectrum at 'Z"= 60 fm/c. It is shown in 

NIEnl 
(Ме1Г1 1 

.,., 

ю-s о 10 20 эо t.o 50 

EniMeVI 

of the necking-in particle 

Fig . 8 . At t" = 80 fm/c counter 

А has registered both neck·' 

ing- in and catapult partic­

l es . 

~: Neutron spectra for 
V0 =0 . 078 с t aken at 

several instants with ~oun­
ters А and В and normalized 
to Ье comparaЬle with the 
spectrum of p rompt neut r ons 
from s pontaneous fission of 
252cf. For detai ls, see text . 

However, there is а substant i a l contamination from the fragment , which 

is more pronounced i n the latter case since the moving fragment is clo­

s er to the counter . This contamination is expected to cover preferen­

tially the lower energy region . То exc lude it, we c0mpare with а third · 

spectrum taken at ~=210 fm/c from counter В. As expected , it exhibits 

а smaller low-ene r gy tail. Un fortunately , this spectrum in turn is con­

taminated_by the high - velocity components of а third fraction of par­

tic l es ( near ~ =27 fm at t=2 10 fm/c in Fig . 6), which are also to Ье 

excluded as discussep above , but which are hard to estimate . 

А further amЬiguity is connected with the use of finite ~ va lues 

at which the signals still have not sufficiently fad ed (except, may Ье , 

12 

1 

J . ,.,. 

for counter А at t" = 60 fm/c). This is the reason for the unphysical 

oscillating behaviour of the two other spectra. 

Despite these trouЬles 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 ~ower one yields cataput 

neutrons in the energy range around 20-30 MeV on а level of .10- 3 меv- 1 

per f ·ission act. 

In recent measurements . of the high-energy e nd of the prompt ne ­

utron spectrum from spontaneous fission of 252cf / 21 • 22/ and from 14.5 

MeV-neu.tron-induced fission of 238u 121 1 fast neutrons in the 20-30 

MeV region have been observed on а level of up to 2 orders of magnitu­

de above the values calculate~ from assuming evaporation from the ful­

l y accelerated fragments. The effect ts most pronounced for the former 

case, where in· that energy region JVCEn) amounts up to nearly 10-5 

меv- 1 . Up to now douЬle-differential cross s e ctions have not yet been 

measured at these high e .nergies since this would require more complex 

coincidence meas~rements connected with still lower intensity. So, the 

existing experimental data provide а possiЬle evidence for the exis­

tence of catapult particles. Other mechanisms which are probaЬly con­

nected with more isotropic or even sidewards peaked angular distribu­

tions cannot, however, Ье excluded at present. 

Due to the 'simple TDHF slab geometry, where most of the degrees 

of freedom are frozen , the presen t considerations cannot pretend to Ье 

quantitatively relevant. The overestimation of the experimentally ob­

served effect Ьу 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 M~V 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 ~redictions in the high-energy 

tail of the spectrum. PossiЬly, the catapul t par.ticles induce exciton­

-model type chains to more compiex states . The TDHF predictions ·would 

then .somewhat Ье damped and Ьroadened in the angular distributions . 

4 . CATAPULT EFFECT IN SLAB COLLISIONS 

While in the slab fission studies the main drawЬack is an energy 

balance differing from that in low-energy fission, it is known/ 12 • 18/ 

that with this respect slab collisio ns соте closer to the reality of 

heavy ion collision~. 
We have performed а series of slab collision calculations and 

always found а more or less pronounced catapult effect. As а typical 
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exa mp l e we disc uss her e the s ymme tric.,41= uf2=1o0 75 f m-

2
, (E/ A)Lab= 

=1 2 MeV s lab co llision illus trate d i ri Fi g o 9 о The f inal s tage of this 

collis i o n very much resemЬ les that of t h e ~ =О о 06 с case studie d in 

Sect o 2 (compa re F igs o 2- 5 ): I n t he give n e x ample we have а trans i tio­

na l behavio ur between fus i on and deep ine la s tic co ll i sio ns since the 

f inal f r agmen t s osc illate sep e rate l y but ye t no sciss ion o c cur s o Su­

re l y , the Cou lomЬ fo r ce would s p lit the s ys t em in the g i ven situationo 

At t =140 fm / c we fi rs t obs e r ve а b r oad low- dens i t y pea k aro und 

i!. =2 7 fm , wh ich is clear l y r e l a t ed t o "promptly emi tte d parti c l es " 

(РЕР) /
18 / Fur thermor e, а shar p peak in th e ve loc ity fi e ld ne ar i. =О 

ind i cates а fast sna t ching of the i nne r ends o f t he fr agments o At а 

time neede d Ьу а nuc l eon of v e l oc i t y v,. + 2. Vca~ to appear i n f r o n t o f 

the fragme n t , i oe o, at t = 180 fm/ c а l arge peak in t he ve loc i ty fie l d 

corr e l ati n g with а shoulde r i n the outer low-de n s i ty tail of the f r ag­

me nt i ndicate s _th e emission o f catapult part i c l e so At t h i s i ns tant the 

fra gme nt i s in its f i rst .rar efac t ion ph ase (seen both fr om the density 

pro fi l e and ve loci t y field) . so t ha t the c entr a l density f ( ~ =О) is l a r­

ger than p r e vious l y o In anology with the sys t ematics s h own i n F i g o 5 

on e can expe ct an e ve n la r ger cata pu l t effect if the f r agmen ts would 

ful l y s e p a r ate o I n the g i ven case the return of den s ity to the cen t r a l 

reg ion p r e ve nts а furth e r i ncre ase of the catapu lt ve l ocity o The ef ­

f e ct van i shes fo r lowe r incide nt e nerg i e s when the c o ll ision yie l ds 

fusion , ioe o,~ ( l =О) does not fa ll b e low а c r itical val ue wh e r e а fast 

snatching can appear (compare Fi go 2) 0 

~ r---~----~--~--- , 1 

1 03 ~­
N "N 

~ 1()-J ', __ ,/_ .. --------·1ol > 

ю·' 

ю·' 

ю·' !;-, -----;ю.-----"""',.;-----;."'----!" 
z(fml 

fiЗ~ : De ns i ty pr of iles (solid line s ) 
and ve l ocity fie lds (dashe d l ine s) 

fo r a JII 1=,A-2= 1. 075 fm- 2 , (E/A) Lab= 12 MeV 

s l ab co ll ision at t =140 fm/c ( thin l i­
n e s ) , and t = 180 fm / c ( th i c k li nes ) о 

Based on t hi s r e su l t it seems to us 

that catapult-l i ke par t i c l e s or pa r tic l es 

or i qinating from а mu l tist e p - dire c t chain 

of mo r e comp l e x e xc i ton state s , in r ri n ­

c i p l e , could a l so appe ar i n r e a l heavy 

io n r eact i ons o f the f usio n- fissio n type 

or eve n in deep ine l astic co llisions ( th e l atte r being l e ss probaЬl e 

since at too hi gh r ebound ve l oc i ti e s the f r agmen ts s e pa r ate befor e 

be ing тax imally s t retched 1 23 • 241)0 Th i s mechan i sm wou l d y i e ld non ­

evaporative par t i c l es in the e xi t ch a nne l of а heavy ion r eaction, i oe o, 

long a f t e r thermal equ ilibri um of the composite s ystem is estaЬl is hed o 

Fina lly , we empha s i ze that in many r ea listic TDH F ca l cu l at i ons 

н 

,,. 

of heavy ion collisions а ·more or less pr9nounced longitudinal snat­

chi_ng behav iour can Ье deduced from the correspohding plots of the den­

sity profiles although, unfortunately, due to the discrete ( in time) 

plots of~ those resul ts, usually only instants. slightly b e fore and after 

scission are showno All results which we shall me nti on belQw are also 

contained in / 25 / and in the follo wing we quate the corresponding Figo 

numЬer in that r e f e r e nce in brackets о The time scale s ts we quote for 

the snatching are usually upper limits due to the discrete plotso 

А ver y nice example is the 16о+ 16 о, ELab=128 MeV, L=25~ reac­

tion (Fi g o 5о4) 126 10 He r e t,;!50 fm/ c ( 30 fm/c -.:::1o- 22s)o Ve locity · 

f i elds in the reac tion ·plane are also shown indicatiпg fast snatc hing 

(a lthough, probaЬly, the . maximum of Ve.~ lie s b e twee n the plots of 

/ 26 / )о For t he same s y stem but head-on collisions (Fig o 4о8) 1271 
t -22 . /2 8 / 
$~1 0 So At а lowe r energy, EL ь=105 MeV, L=5~ (Figo 5о5) 

-2 3 · а 
ta~4 o 10 s f o r that systemo Also f or heavy a symmetric syste ms like 
84 кr+209в i, ELab=600 MeV, L=140t (Figo 5 о10) 1291 а p ronounced s nat­

ch ing s eems t o o ccuic, i.s.;:: 3 •10 - 22 s о For а ver y h e avy system like 
238u+2 38u , EL ь=1785 Me V, L=300~ it procee ds on а somewhat larger time 

а -22 /30 / -
s cale : t, ~ 4о 10 s (Fig o 5о15) . о The r e are , however, also а few 

calcuiations for h e a vy s ys t e ms , whi c h y i e ld а highly stretche d neck 

too b u t s n a t ch ing occurs p r e f e r e ntially in th e transve rs e dir ections 

a nd, hence , c a nn o t y i e ld catapult par t icles o We me ntion he r e the 
1 36 хе+ 209в i, EL~b= t 1 30 меv r e action wh i c h is illustrated for two va­

lues of t he i niti a l a ngular mome n t.um in 13 11 (Fig o 6о4) о For both 

L=O and L= 100t t he sha pe s o f th e fragme nts be fore and a f t e r s cission 

a r e o nl y s li gh t l y changed wh il e in t he f o rme r case an eme r g ing ~-frag­

me n t i n t h e neck r eg ion is r e abso rbe d Ьу the t a rg e t, and in the latter 

cas e i t a p pears · as а fr~e particl e . This transverse "douЬl e-snatching" 

occur s , however, al s o o n а time s c al e o f r o ugh ly 1o5•1o- 22 so ~-par­
t i c l es f r om the neck r eg ion, which be c ome f o cus e d in the transv erse 

d irectio ns d ue t o t h e Coulomb for ce , have b ee n .found in expe ri;ent 13210 
Pr e f e r e n tially tra ns ve rs e ma tte r flow d uring s c ission see ms also to Ье 

co nnec t ed with co l d fra gme nta tio n in l ow- e n e r gy fission 1 331 

5 о CONCLUS I ON 

We ha ve shown that in one-dimensio nal TDHF calcu~ations of Ьoth 

fission and collisio ns o f slabs of nuc l e ar mat t er а fast snatching on 
-22 

а time scale o f r o ug hl y 10 s appe ars to Ье th e final stag e of tpe 

d isintegra t ion of the syste m, and the beg inning of the return of the 

hig hl y s tr e t c he d fra gments to near- equilibrium shapes of the density. 

It is connec t e d with the e mission o f fast particles which we have 

call e d "c atap ult pa r t icle s"o 
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In the case of fission, induced Ьу an initial col l ective veloci ­

ty field, spurious nec~ing.-in ·particles which escape due to the neg­

lect of the CoulornЬ force and а corresponding far too short saddle-to­

- scission time hav; been sepGrated from the real effect . We have found 

catapult neutrons on а level, which is about two orders of magnitude 

higher than in recent experiments on low-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 y ields in the fission 

calculations are highly 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 а stabilizatio~ of the shapes of 

fissioning nuclei and, hence, lower the catapult ve locity. 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 are probab­

ly due to preferentially tra~sverse matter flow during scission /ЗЗ/ . 
Hence, the scissioning configuration is characterized Ьу small defor­

mations and comparaЬly small distances of the fragment mass centres 

leading to а larger CoulornЬ , repulsion and, consequently, large ТКЕ. 

For the catapult effect to occur one needs highly stretched fragments 

before scission occurs. Then the longitudinal matter flow (snatching) 

should Ье preferred, the fragments scission at larger distances and 

get small ТКЕ. It is not . excluded th'at wi th our ini tial condi tions 

(hi<Jh v
0 

) we have somewhat favoured such •.а situation. 

Highly stretched fragments are presumaЬly а case as rare as cold 

fragmentiltion. Catapult particles from most рrоЬаЫе , intermediate 

situations are not excluded, but would have smaller energies limited 

essentially Ьу the deformation energy near the scission point (rough­

ly 10-20 MeV). Shell effects in the yields of catapult particles can 

Ье expected on this grounds. After the emission of а high-energy cata­

pult particle the fragment also remains cold and further evaporat ion 

of prompt neutrons is prevented . 

Our results on slab col lisions seem to Ье less arnЬigous with res­

pect to the corresponding energies involved in heavy ion collisions. 

Мoreover, 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 possiЬly also in deep inelastic reac-

16 

tions at not too high rebound ve locities. Experimentally they, howe­

ver, would represent only а quite small fraction of the non-evapora­

tive neutrons. They can on.ly Ье identified in coiцcidence wi th at 

least one heavy fragment. Furthermore, one should have in mind that 

the directions of that fragme.nt and the catapult neutrons would not 

fully coincide due to the fact that after the emission of а catapult 

neutron the fragments continue to interact via the CoulornЬ force. The 

corresponding angle difference would give а measure of the degree of 

stretching of the system during scission. 
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