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The materi al  I wi l l  present are the resu l ts of cal culat ions of three 

dimens ional ( 30) Time Dependent Hartree-Fock (TOHF ) and breaks into three 

sections . The fi rst , i n  col l aboration w ith Hubert Fl ocard and Steve 

Koonin , are a seri es of resul ts for 01 6  + 01 6 , primari ly at El ab = 1 05 MeV , 

but wi th other energies from 1 6 MeV to 200 MeV l aboratory energy a lso 

studi ed .  

To briefly remind you o f  the ori gins  o f  TDHF , in  Fi g .  1 ,  the action 
* 

J i s  varied with respect to $i ( r , t ) , whi ch yiel ds the equation for �j ( r , t) , 

wi th h ( t} a s  described . The potenti a l  we have employed d i ffers from that 

used in the cal cul ations Or. Maruhn has discussed in the previ ous tal k 

primari ly by the inc lus ion of the Yukawa term W/r) .  Thi s  term,  whi ch i s  

requi red for the surface properti es , i s  extremely  important and as � wi l l  

i nd icate later l eads to qua l i tatively d i fferent resul ts from that used i n  

Dr . Maruhn ' s  cal cul ation.  Thi s  work a l so d i ffers from that of the 

previous speaker in  that we have always started by " pushing" sel f­

consi stent sol utions of the static Hartree-Fock equations in 30 calcul ated 

wi th the same potential  with wh ich the dynami c  equations were evol ved .  

Thi s  insures that any nuclear exc itation orig i nates i n  the col l i s ion 

process .  We start our sol utions wi th 1 6 fm separation between the ir  

centers of mass and use  a 1 fm mesh . 

We impose spin and i so-spin i ndependence ; hence , each orb i t  i s  

occupi ed by four nucl eon s .  In add i t ion we  requi re refl ection synunetry 
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in the reaction plane and poi nt synmetry wi th respect to the center of 

mass . Thi s  permi ts us to actual ly sol ve the equations only in the vol ume 

outl ined in Fig .  2. However , i t  al so l imits us to synmetric systems . 

Thi s  wi l l  be rel axed i n  the last part of thi s  tal k .  

I wi l l  not di scuss the techniques in any deta i l  a s  they wi l l  shortly 

be ava i l able as a publ i cation . 1 However ,  to succ inctly del ineate our 

procedure from that u sed in the previous tal k ,  we work enti rely in coor­

dinate space , propagate the equations by expanding the exact Hami l tonian 

in an operator power series . Adjusting the time step and the number of 

terms i n  the series enabl es us to conserve energy to better than 1 MeV 

over the ent ire propagation time and the norm to 1 part in 10-5 . For 

the resul ts presented here we have expanded to the fourth power of if and 

used a time step of 4• 1 o-24 sec . Thi s  conservatively ful fi l l s  our 

requi rements . 

Let us d iscuss 01 6  + 01 6  at Elab = 1 05 MeV as a function of impact 

parameter .  In Fig . 3 i s  shown the i so-dens ity contours integrated per­

pendicu lar  10 the reaction pl ane for 1 = 5 . 5 1f  as a function of time ,  

whi ch i s  i n  units o f  1 0-22 sec . Thi s corresponds to a deeply inelastic 

col l i s ion and nearly backward scattering . In Fig .  4 we show the integrated 

i so-densi ty contour as a function of time for an impact parameter corre­

sponding to 1 · = 1 3 1\ .  We choose to cal l th i s  system fused . (We have no 

sharp defini tion for fus ion in thi s  theory. But i f  the system stays 

together for so long that one could expect that a s igni fi cant amount of 

de-exci tation occurs through processes other than those in th i s  model , 

then i t  i s  reasonabl e to expect that i t  has fused . Al ternatively if the 

system rotates through such a grossly l arge angl e that the graph of scat­

tering angl e vs impact parameter wou ld  have no pretense at continu i ty ,  

then i t  i s  a l so reasonab l e  to assume the system has  fused ; other equal ly 

subjective definitions are possibl e . ) Figure 5 shows the same system 



for 1 = 39 . 5 1i , whi ch i s  a Coul omb trajectory wi th negl i g i bl e  nucl ear 

i nteraction .  
At thi s  energy, for 01 6 + 01 6 , we have examined many impact para-

meters ; and in Fig . 6 we have the trajectories of the rel ati ve d i stance 

between the centers of mass of the two nucl e i  as a function of impact 

parameter. One sees that at smal l 1 the system bounces backwards . the 

scatteri ng angl e moves downward from the nearly n .at 1 = 0 . 5  � to nearly 

Il/2 at t = 1 0. 5 1'1  and then at 1 = 1 3 11  fus i on beg ins .  After 1 = 27  fl 

thi s  ends and we have i nel astic scattering unti l the impact parameter 

exceed the range of the nucl eus interaction at 1 = 40 11 .  One notes that 

for smal l impact parameter there i s  a minimum radius  beyond whi ch the 

nuclei do not penetrate . Thi s  l eads , natural ly ,  to the concept of a 

repul s ive potenti al and construction of an effecti ve wel l wi th d iss i pation 

i s  dicussed i n  Ref .  1 .  It i s  instructive to examine some of the trajec­

tories for those impact parameters that fuse . In F i g .  7 one can see 

the finely structured nature of these . At the l i ttl e node poi nts the 

system essenti al ly comes to rest , the external angu l ar momentum has been 

transferred to internal degrees of freedom, and in fact the system 

rotates backward for a moment. We bel i eve thi s  is due to the i nteraction 

of the s i ngl e  particl e degrees of freedom wi th the col l ective angular 

momentum. The s ingl e parti cl e wave functions spi l l  i nto the newly formed 

col l ective wel l and in the process of refl ecti ng f�om the far wal l  of the 

second nucl eus cause these anomal i es .  I t  woul d  cl early b e  d i fficul t for 

a theory empl oying only col l ecti ve vari abl es to develop a l arge negati ve 

moment of inert ia .  I f  one needed to descri be orb i ts such as these , the 

microscopic degrees of freedom must be expl ic itly i ncl uded . 

r �  :�e next figure ( F i g .  8) the s i ngl e parti cle energ i es for the 

1 = 2 . : � col l i sion are sncwn . The defi ni tion s i ng le  particl e energy 

i s  arbi trary. These are the expectation val ues of the s i ngl e particl e 
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Hami l toni an .  One notes that the i ni ti a l  degeneracy o f  the separated 

nucl e i  i s  broken when the wel l s  overl a p .  They do  not return to  thei r 

orig i nal  val ues when the nuclei  separates due to i nternal exc i tation .  

There i s  n o  cl ear i nterpretation o f  the physi cal content of thi s  

theory. Even i f  i nfonnation enabl ing statements rel ating to i ndi vidual 

channel s i s  conta i ned in thi s  theory , no one has as  yet extracted i t .  

It  i s  poss ib le  that TDHF repre�cnts the propagation o f  a quanti ty that 

has a l ready been averaged over channel s .  In any case when comparing to 

experiments , we wi l l  assume that our results i ndi cate a domi nate process . 

With thi s  ad hoe prescr.i ption in mind , we su1T111arize in F ig .  9 our resul ts 

for thi s  energy. At the top the scatteri ng angl e vs impact parameter . 

At the bottom the energy l oss vs impact parameter . The shaded area 

represents fus ion where these quanti ti es are not defi ned . The region of 

deep i nel astic scattering has two sources :  the reg ion o f  smal l in it ia l  

angul ar momentum before the onset of fus ion ,  and another smal l er reg ion 

at l a rger impact parameter just exceed ing that at \'lh ich fus ion ends . The 

l atter was expected , the former was not .  A consequence i s  a prediction 

of the theory that there wi l l  be highly-exci ted , s l owly-movi ng fragments 

at very smal l angl es goi ng forward in the l aboratory ,  whi ch should provide 

an experimental test.  

We found the phenomena of _ deeply i ne lastic scatteri ng wi thout fus i on 

for smal l impact parameters qui te interesting . An impact parameter of 

6 fm seems maximum, at l ea st at El Jb = 1 05 MeV . As you can see from 

Fig .  lQ ,  i t  i s  too l arge for El ab = 32 MeV and. the nuc lei scatter . If 

we doubl e the energy to Elab  = 64 MeV , mai nta in ing the impact paramete� 

b = 6 fm, you can see in Fig . 1 1  that we have fus i on .  If  the der s · : . 

pl ot does not convi nce you , in Fig 1 2  we show the di stance of the cen :e r 



of mass of one nucl eus from the center of mass of the system. Cl early ,  

the nucl ei are settl i ng i n  as thi s  rad ius  s lowly decreases with each 

vibration . 

In Fi g .  1 3 �e have d i spl ayed the dens ity for El ab = 1 92 MeV , 1 = 

42 1t i n  order to attempt to del i neate the fus ion regi on i n  both energy 

and impact parameter space . Due to the h igh energy, the compl i cated 

�ibrations of the fused system are more dramatic than at l ower energy. 

Note how the shape appears to become more compact wi th time . 

The l ast  figure i n  thi s  part , F i g .  1 4 ,  shows a sulllllary of our 

knowl edge of the fus ion region for 01 6  + 01 6  as a function of energy . 

The m represent fus ion , the + scatteri ng ,  the dotted curve our specul ation 

for the shape of the fus ion region whi ch wou ld  be any point interi or to 

the dotted curve.  The l i stener may supply for h imsel f the appropriate 

uncertainties in thi s  curve but cl early the non-fus ion reg ion for 11 smal 1 11 

impact parameters i s  an i ncreas ingly important effect as the energy 

increases . 

Heavy ion experiments have frequently rel i ed upon the "reasonabl e" 

interpretation that fus ion occurs at sma l l  impact parameter,  fol l owed 

by a reg ion of impact paramters that l ead to deeply inel asti c  scattering , 

etc . In thi s  theory we see that for 01 6  + 0
1 6  i t  i s  true for only a smal l 

region i n  energy , and that i t  becomes increas i ngly bad as the energy 

increases . Al so , in thi s  theory most of the deeply inel asti c scatteri ng 

comes from smal l impact parameters and the process of fi tti ng cri tical  

angul ar momentum , etc . , cou l d  be compl etel y incorrect . 

Now that we have di sposed of the 0
1 6  + 0

1 6 system , i n  th i s  next 

part I wi l l  d i scuss our resul t s  for ea 40 + Ca40 at El ab = 278 MeV .  Thi s

work and the next pa rt were done i n  col l aboration wi th H .  Fl ocard , and 
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thi s  system and energy were choosen so that we coul d compare with the 

extensive 20 cal cul ations# of Koonin  et ai. 2 In Ref. 2 the 20 TDHF

equations are sol ved i n  a rotating coordinate system augmented by a 

prescri ption for the moment of i nertia when the fragments are not 

separated . Let us fi rst pay respect to art in Fig . 1 5- 1 7  which shows 

the now fami l i ar dens i ty profi les  for Ca40 + ca40 , El ab = 278 MeV ,

1 = 20 � .  7 0  � ,  and 7 5  n ,  respectively.  You wi l l  note how inel astic 

scattering gives way to fusion and then again to i nelastic scattering . 

The first point to note is the fact that our system fused at thi s  energy , 

whereas in 20 i t  did not . Being somewhat more time consuming ,  we have 

not expl ored many impact parameters . In Fig .  1 8  we show the trajectories 

for those we have cal cul ated . Aga in , smal l impact parameters l ead to 

scatteri ng, 1 = 30 fl fuses ( the nuclei  are together for more than 

30 • 1 0-22 s�c ) , as does 1 = 70 1\ ( fusion exceeds 40 • 1 0-22 sec and

the "scattering angl e" i s  in excess of -3 '11') , 

· A more quantitative compari son with the resul ts of Ref . 2 can be

seen in the next figure ( Fi g .  19 ) . Here we have pl otted the energy l oss 

vs i ncident angul ar momentum from Ref.  2 as the continuous l ine and 

imposed our resul ts as c,. We bas ical ly  find agreement before the onset 

of fus ion ( the shaded region in the figure) but much more energy l oss i n  

30  after fus ion .  In Fi g .  20 we made a s imi lar comparison for the scat­

tering angl e .  Where the 30 does not fuse , the agreement is excel l ent 

for smal l impact parameters , l ess so for l arger. From thi s  we concl ude 

that there are no great instabi l i ties in 30 vs 20 at smal l impact para­

meters and perhaps in regimes which do not fuse 20 may be an adequate 

theory or at lower energy . 

We are i n  the process of examining the ca40 + ca40 system for higher



energ ies and have nearly completed thi s  for El ab = 560 MeV . Bonche and 

Grammaticos 3 have exami ned the fusi on cross secti on for ca40 + Ca40 for 

1 00 MeV < El ab < 200 MeV . Comb i n i ng these resul ts we do not f i nd any new 

phenomena and qual i tati vely the resul ts for ca40 are compl etely consi stent 

wi th our experience for 0
1 6 . The charge di stri buti on of the final  frag­

ments cal cul ated in Ref . 2 were cons iderably too smal l rel at ive to exper­

iment . �lh i l e  the information to secure th i s  from the resu l ts of our 30 

cal cul at ions has been stored , the cal cul ations have not yet been performed . 

Whether these wi l l  be w ider than those of the 20 cal cul at ions and i n  better 

agreement wi th experiment because of the extra degrees of freedom remai ns 

to be seen . 

In the l ast part of th i s  ta l k  I would l i ke to show fi ve vi ewgraphs 

for asymmetric systems . Here the point  symmetry through the center of 

mass of the total system has been broken . These resul ts were obtained 

shortly before I l eft for Sl oven i a  and have not yet been compl etely 

analyzed . However , they are somewha t i ntrigu i ng , if only  as computer 

art . In F i g .  21 we . have the now fami l i ar dens i ty profi l es for He4 on 

0
1 6  at 1 = 5 1t , �l ab = 50 MeV . As you can see the apparent fus i on i s  

i l l usory and a l ight fragment ,  wi th a t  l east approx imate�y the average 

num�er of nuc l eons as the projecti l e, comes through . Wi th our symnetries 

He4 corresponds to one orb i t ,  and i t  is serend i pi tous to thi n k  thi s  

i s  mean ingful for a se l f-cons i stent mean fi el d .  

The next set , 01 6  on ca40 at  El ab = 31 5 MeV , i s  i ntended to be 

s ign if icant as thi s  corresponds to an experimental l y  observabl e s i tuation .  

Figure 22 shows 1 = 20 1'i ,  the l ight fragment comes through ; F ig . 23  1 = 

40 11', the l i ght fragment comes through and appears to be di ffracted ; 

Fig . 24 1 = 60 1t ,  apparent fu s i on ; and i n  F i g .  25 1 ;  80 1'i ,  a peri pheral 
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col l is i on .  To the extent that we  can tel l  from th i s  very prel imi nary 

work , the l ight fragment ma inta i ns the same average number of nucl eous 

as it started wi th . Whether thi s  i s  a consequence of the rel atively 

high energy, the several symmetries whi ch i nh i b i t  transfer ,  or is a 

property of the TOHF theory remti ins to be seen . In add it ion \'IC l eava 

open the question of nucl ear emi ss i on ,  wh i ch we have not seen . 

In sumnary,  I have attempted to show you some of the consequences 

of TDHF . l�h i l e  it i s  a theory w i th many uncerta i nties in i ts interpre­

tation , i t  c l early i s  capabl e of mtiki ng statements rel at i ve to real i ty .  

The val i d i ty of  those statements must awa i t  experiment.  

Thi s  work was performed under the auspi ces of the U . S .  Energy 
Research and Devel opment Administrat ion under contract No . W-7405- Eng -48 . 
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Fig. 1 :  The basic equations of TDKF theory and the specific Hamiltonian 

used fn thfs work. 

z 

XBL 777- 1528 
Fig. 2: The volume fnsfde the heavy black l ines 1s  the region of 

coordinate space that 111ust be used for symnetrfc col l fsfons . 
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t =  1 .6 t = 3.2 t = 4.0 

t = 4.6 t = 5.4  t = G,O 

t = G.8 t = 7.8  t = 8. 2  

t = 9.6 t = 10.4 t = l  1 .4  

Fig.  3:  Contour l i nes o f  the densi ty i ntegrated over the direction 

normal to the scattering plane. The col l ision corresponds to 

01 6  + 01 6  at El ab 
11 105 MeV , f ncfdent angular momentum 5 . 5 it, 

the times are fn unfts of 1 0-22 sec . 
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t = 0.0 t = 4.0 

t = 8 .0  t -=- 1 1 . 0  
Ffg, 5 :  Simi lar to Fig .  3 for incident angular momentum 39 . 5  11.  The 

time interval between the sections is 2 . 1 0-22 sec . 



Fig. 6: The path of the vector between the centers of mass of the two 

nuclef , at  EJab • 105 MeV , for a variety of inctdent angular 

IIIOl!ll!ntum. 
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F ig .  B: •stngle P.irtfcle• spectrum as a functfon of tfr.ie for t : O.S fl ,  

Elab • 105 MeV . 
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Ftg. 9 :  Oeflectfon angle and energy loss 

for 016 + 016 at Elab • 105 MeV 

VS tnfttal angular moment1111. 

Sh.sded region corresponds to fusfon. 
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t = 0.0 f = 4.0 

_ t = 8 .0  t :  1 1 . 0 

Fig . 1 0 :  Density profi l e  for 016 + 01 6  at E lab = 32 MeV , impact parameter 

6 fm. Time is in uni ts of 1 0-22 sec. 
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t = 2,0 t = 4.0 t = 6.0

t =  8.0 t= 1 0 .0 t = 12 .0

t =  14 ,0 t = 1 6 .0 t =  1 8 .0

t = 20.0 t = 22 .0  t = 24 .0  

Ffg. 1 1 : Density profi le  for 01 6  + 01 6  at El ab = 64 MeV, impact

parameter O 6 fm. Time fs f n  uni ts of 1 0-22 sec . 
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Ffg. 12: Distance from the center of 111c1u of the system of the center 

of mass of one fragment for the col l fsfon described fn Ffg,  1 1 . 
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Ffg. 14:  Sumary of the fusion regfon for 01 6  + 016 • l111pt1ct parameter, 

b squared fs plotted against energy/nucleon fn the center of 
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scattered, The dotted 1 lne ts estlllldte of fusion boundary. 
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Fig .  1 3 : Densi ty profi le  for 01 6  + 01 6 at E l ab "' 192  MeV , i n i t i a l  angu l ar 

momentum 42 11 .  



Fig .  1 5 :  Density profi le  for ca40 + Ca40 at El ab 11 278 MeV ; incident

angular momentum 20 11. 



F'i g .  1 6 :  As above , i nc i dent angular momentum 70 h·. 



Fig .  17 :  As above. incident angular moment1111 75 11'. 
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w s»ll: • ¥ J,r 
0 :u 0 # !l ... • . . . . .:: .: :� ., .,., .. 

Ffg. 18: Vector of the distance between the centers of mass of tile two 

frag:nents for Ca 40 + Ca 4o, Elab • 278 HeV for various fmp1ct 

p11raineters: Note that the structure for t • JO 11 Is very 

sfo1f l ar to the corresponding orbits for 01 6  + 01 6  at the onset 

of fus ion.  1 • 70 11 corresponds to a scattering angle less 

than .3, . 
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20

Ca40 + Ca40 energy loss 

25 50 

- 20 calculation 
of Koonin et al. 

• 30 (Present 
calculation) 

75 100 

Ffg. 19: The sol id cruve fs tile energy loss from the 20 calculation of 

Ref. Z. The are the results of our 30 calculation for the 

salle dynil!lllc system. The aiajor difference fs  the region of 

fusion found 1n 30 but not fn 20. 

160 

120 

s 80

r 40 

.f 0 

J -40
-80 

-120

-160 

Scattering � Ca40 + Ca40 :ELAB = 278 MeV 

- 20 calculation 
of Koonin et al. 

• 30 calculation 

0 25 50 75 100 
Initial angular momentum t/h : equivalent to impact parameter 

Ffg ,  20: The sol fd curve ts the scattering angle from the 2D calculation 

of Ref. Z .  The • are the results of our 30 calculation. As 

In Ffg .  19, the major discrepancy Is In  the regfon of fusfon 

found In 3D but not fn 20. 
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Fig. 21 : He4 + 016 at 1 a 5 1\ , El ab " 50 HeV . 
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F ig .  22 : 01 6 + Ca40 at t = 20 1i. El ab " 3 1 5 MeV . 
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Ffg. 23 : 0
1 6  + Ca40 at t .. 40 1r, Elab " 31 5 MeV . 



Ffg.  24 : 0
1 6  + ca40 at t = 60 11', El ab = 31 5 MeV .
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DISCUSSION 

J .J. Griffin : You said that your average potential_ protrudes
outside the density by about 1 Fermi. Does that mean that yo� 
are performing your Hartree-Fock calculati�ns with genuine .fi­
nite range forces? 

H.S . Weiss : Yes , but of a special spatial form , a Yukalf&., ad­
justed so as to have no exchange term. 

K. Goeke i I would like to mention that also in static HP and
even in static HFB calculati�ns in very large configuration 
spaces Yukawa-like interactions are being used. Many of those
calculations are performed by D. Gogny in Paris. The use nf 
finite range interactions for TDBF is particularly important 
since just the finite range terms cause the difference in mass
between a more realistic ATDHF and the simple Inglis-model. 

D.R. Thompson: Neither you nor dr • .Maruhn in the previous talk
mentioned reaction effects .  I wonder why you don' t  see ,  for 
example , 28si and an Ol  - particle come out when you let your 
160 nuclei collide . Is this because you have not includ�d 
enough freedom in your description of 160? 

M .S .  Weiss : The final separated fragments i�dividual;y are 
not eigenstates of the number operator. Each �epreselits a di­
stributfon over final masses and would include 28si , ss:,, in 
accordance with the width of the mass distribution. 

J. Nemeth: What happens to the incoming kinetic energy of the
projectiles when they come apart after a shor� time fusion? 

H.S . Weiss : If they nearly !use then they separate with a ve­
ry large loss of the initial kinetic ·energy into intemal mo­
tion · or the fragments . 

G. Gregoire:  In the 40ca + 40ca case, could you tell me what
are the ce�tral densities when the two nuclei merge together?



H.B .  Weiss : We did not see aTJ.y appreciable increase in densi­
ty over that of the initial separated Hartree-Fock solutions 
central density. The nuclei expand during the collision rather 
than increase in density. We have not yet examined higher ene�­
gies. 

f" 

H. Stocker : Can you calculate also higher energy head-on col-
lisions (E_tAB/nucleon Z, 50 MeV) and what are the densities an:i. 
excitation energies in these cases compared to the shock-wave 
calculations , where we see a doubling of the density at 

E.LAB/n � ?O MeV with exi tation energies of about 18 MeV? 

M.S . Weiss : Such an energy �cm/n1.icleon �25 MeV) is at the up­
per limit of TDHF. I would be very suspicious of results at 
thatenergy. At lower �nergies (Ecm/nucleon :: 4 MeV )  we do not 
see any appreciable density increase.  

K. Dietrich: One of the most important questions concerning 
the applicability of TDHF is the importance of the term g2 of
Marubn' s  presentation, i . e .  the two-body collision term. In 
principle , one cruld -.fbr testing the validity of neglecting 
this term - study within TDHF , the simple �ystem of a (low 
energy) neutron impinging on a nucleus . Then the TDHF equati­
on would predict the emission of a nucleon after a certain 
time which could be compared with the experimentally known 
lifetime of the system. My question is :  would such a calcu­
lation be feasible? 

H.S . �eiss : Yes , but perhaps not meaningful . 

K. Goeke : Prof. Greiner rose the question if it is worthwhi­
le to spend time in TDHF. To my feeling one can only answer 
this question if we really know what TDHF gives us besides 
nice pictures of moving density distributions . This means : 
today there is missing a theory which precisely tells which
observables can be rel'iably calculated by TDBF , or , can we 
construct in an easy way effective operators for TDHF. Hope­
tullJ there are some. 

M.S .  Weiss a The propertie� of TDHJ will onl7 be ascertained b7
doing TDD. 




