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I NTRODUCTION 

If two heavy i ons s cat t er with an energy of the relative 
mo t ion below, but close, the Cou lomb barrier height , the main 
interaction between them is the Coulomb interaction, which gi 
ves rise to a hyperbolic t rajectory of the re l ative motion. 
Due to the fini t e extension of the interacting nuclei and the 
presence o f t he nuclear interaction at short d is tances~ t he 
electric and nuc lea r fields may cause excitations in both pro
j ectile and targe t heavy ions. These excitations are of the 
co ll ective - r otational and vibrational character . For nuclei 
wh i ch possess an equi l ibrium shape which is not spherically 
symmetri c , the l owest excited states form a rotational band, 
generated by r o tating the nucleus to states of higher angular 
momentum. In the simplest picture the intrins i c structure of 
the deformed nucleus is independent of the rotation and t he 
spectrum will be tha t of a rigid rotor with constant moment 
of inertia J (E ro1 -hw l(1 +1). where! is theangularmomen
t um) . Among t he excitations there can be found the low-lying 
vibra t ional stat es classif i ed int o quadrupo l e, octupole, etc . , 
modes, givi ng r i se to a harmonic s pec trum with equidistant l e
vel spac ing determined by the bas i c frequency. Coul omb excita
tions bel ow the Coul omb barrier are specifica l l y suited to 
excite t he r otat ional and l ow-f r equency vibr at i ona l modes. Be
cause of s l ow va ri a t i on of the Coul omb plus nuc l ear field i n 
s pace, it can only e xcite modes of l ow multip l i c ity . 

For bombarding energies below, but close to, t he Coulomb 
barrier, excitation of a r ot ational state enters t hrough the 
wave function 

• -IE " Iii- (t» ~ l: IKM, v e tKv 1/ fl IIKM.v > • ( I ) 
IKM.v 

which depends on t he excitat i on ampl i t ud es aIKM.v i n a coherent 
fashion. The eigen- states I IKM. v > are defined in an adiabatic 
model as fol l ows: 

I
I IKM. v> z D"K(O» )( • (2 )... i Kv 

wher e D~K «(} I ) a r e t he norma lized to uni ty eigen-stat e s o f t he 
r i gid rotor and X Kv describes t he i ntrinsic mo t ion . 
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The wave function (1) is a coherent rotational states (CRS) 
if the amplitudes a fK U,v have equidi s tant phases and their ab
solute values are peaked around a mean value of the angular mo
mentum ( I) of rotation 1 11 . Coherent rotational states were 
studied to see t he correspondence be t ween classical and quan
t um mechanical r otation. 

The pr operties of CRS are similar formally to those of co
herent states in quant um optics l 21 The simples t example is 
the s ystem of photons, all of which have the same momentum and 
polarization . The coherent state in this case is nothing else 
bu t the state to be identified with the coherent plane electro
magnetic wave in classical electromagnetism: 

~ l> 
la> ~ ~ exp(ina)w In>. (3)

n"", O n 

where 

-~ + n
In> ~ (n!) (b ) 10> (4) 

is the normalized eigen-function belonging to the eigen-value n 
of the photon number operator b+ b (b +, b are the creation and 
destruction operators of photons ) . The coherent state (3) is 
the wave packet obtained by superposing the In> with the same 
phase factor (a) and wn is a probability distribution, which 
has a sharp peak at a macroscopic photon number N with a width 
of the or der of Nl / 2 • The coherent state (3) is used i n quan
tum optics t o represent the state of laser l ight . I t can be 
app l ied to other Bose systems as, e.g. , for r i gid rotors 1 11 . As
suming that in the heavy ion collision in which one heavy ion 
is deformed the Coulomb inte r action generates wave packets of 
rotat i onal st a tes (WPRS) of the (orm (1 ) in which the amplitu
des show the coherence properties 13-6.1 • 

Here and i n the following we shall call such WPRS CRS. 
The decay of the CRS has been studied in refs . 1 ~.?1 , where 

it was shown that when the target nucleus has an i deal rotatio
nal band (i.e., E rot -1twI(t + l»,the coherence of the state re
covers periodically and this gives rise to strong pulses in 
the spontaneous gamma and alpha decay probabilities. When the 
rotational band is no t ideal, then the decay probability is 
quasiperiodic in time . 

In the preceding paper/&/we have shown that the inclusion 
of the nuclear part of the interionic interaction potential 
(within the fo l ding procedure) does not destroy the coherence 
properties of the CRS-amplitudes, even if t he absorbtive part 
is few per cent of the real one. 

The purpose of this paper is to replace the absorbtive part 
of the interionic interaction potential by coupling to some 

internal degrees of freedom (e. g. , t o the ~-vibrationa l pho
non) and to study the influence of t hi s coupling on the CRS
amplitudes. The ~ -vibrat i ona l band i s th e closest rot a t ional 
band to t he ground state band and it i s easier to be exci t ed 
i n t he coll ision process as compared to t he other (gamma, octu
pole, .. _) bands . 

We s how t hat the coherence of CRS- amplitudes is not dest r oy
ed if coup l i ng to ~-band , and if s ome conditions ar e satis f ied . 

Thus the conclusion i s that the intermedia te excitations are 
weak and s t i ll preserve the coherence pr operties of CRS-ampli 
t udes when including nuclea r interaction among the heavy ions, 
conclusion tha t leads t o the idea that the CRS may be produced 
in heavy i on col l ision. 

II . COUPLING TO ~-VIBRATIONAL BAND I NTERACTION POTENTIAL 

Here we ass ume as before / &/ t he sudden appr oximation and 
t he folding potentia l /81 acting between the two heavy ions in 
the collision pr ocess: 

VIR) ~ V eo·'~R) + vouel• (Ii\ ~ 

S /2 " I .1.2 .1.8 A I .1. 2 "s 
~ ~ ",(4!r ) "1"2"S Om_m)(OOO)X (5)

• "IAi ·s m 

- "2 - ~ OQ 2 '" (~8 )2 
x Y. (R) D 0 (0) J xldxlP A (XI) J X2 ca2 PA (X2 ) FA A " (x I x2 R)"am m o I o 2 I 2 3 

h .... wh·1C F I~) (I1X 2R) 1n 1S approxImated w1th: 
" 1.1. 2" 8 

W _ ~ 
FA A_A (x l x2 R) - 8(R - XI - X2) I~ b " (!,lR)lA (!,lx 2)lA (t~X I ) · 


1 2" S S 2 1 


Here the notation is the same as in refs. 15.81 except 

... ... of .... +
p{i 2 ) - I. P A (X 2)YLo(X2 ) ~ ~" .p.", (x ) .p ," (X) ",,, a,,' = 

.\ 2 '~ LI T V r"" v v 

2 

- ~ .p 0 (;) ¢ , (;) Iv , B (vv ') + 1 u ,(A + (vv ') + A Ivv ')) I + (6) 
vv ' v+ II + W y2 vv 

1 -+ + 1: .po {i).p ,(ill v ,Blvv') + -= U ,(A Ivv') + A(vv ' )) I. 
W ' 11+ v - W 1/2 IN 
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where ¢Vr (i) are the s . p. w. f . generated by a static deformed 
po t ent ial / B,IOI The quanti ties ' and vvv' are of the formu vv 

u ,= u v , + v u (7 )vv vv VI.' 

'tv' = uvllv" - vvvv" (8) 

in whi ch u , vI." are t he Bogol ubov-Valatin trans f ormation coef f i 
cients / 10": 

+ + 
a u a ... (IV a (9)vr B 8 -0 8 8(1 

and 

B(ss ') l a + a .. ( 10)
sCI 8"u 

B(ss ') - l oa + ~a
8 

'u ( 1 1 ) o 8---" 

A+(ss') _ ~ k o a, + a ( 12)
• ...q 8U"f2 u 

. . . . / 6/ f .Keep ing the same cond 1t lons as 1n ref. or t he CRS-amplltu
des (i .e., the s udden approximat i on and the quad rupole part of 
the coupling interact ion (5» we extract t he part of the poten
tial t hat exci tes the ,8 - band: 

3/2 ... 2 ... 00 2 
vf3 (R) :;: K. (4") Y20 (R) D Ce) t XI dxl PO (x) xoo 

( , 3) 

x rX~dx2 ;; 2 .f3CX2) 1~. h<;) (I~ . R)jo(i~.x I) j ii~.S2) · 
o 

Here we have as s umed that the proj ectile remains unexcited 
during the collision and the excitation o f the target nucleus 
i s per f ormed due to P2,,8 -operator. We have assumed also tha t 
e(R- xl-~ ) = l which is almost a good approximation , because the 
distance of t he c l osest approach (R m1n) i s a lways great er than 
the s um of the two radii of the coll i ding partners. 

III . STRUCTURE OF COHERENT ROTATIONAL STATES 

According to t he semic l assical description / 3 ,4 1 of t he for
mat ion of CRS, t he amp l itudes of CRS ( see eq. I) in t he case of 
gr ound andfl- bands ( K - O. v- fl or g ) a r e given as f ollows : 

4 

a YUK, v 8KO,< IMO. v 1al~21000. g>, ( 14) 

where .... 

a - expl-~ 1, dl( VCOUI.(,) + Vnucl.(, )),

l ( 15) 

1 
"2 exp 1-1) f d, V J3 (t) I ' ( 16 ) -


The expression for <!MO,g\ ~11000, g > is given in ref. 
/5/ 

: 

"1M., =<IMO, g l al;2IOOO,g> = < IMO. g l ~I I ODO,g > = 
( 17) 

, + 1 
~ 8 , .!.. f dxP (x)e -IA( X) 

... t. 2 I 
-I 

where 

ZI e2Qo 2 
A(x) ~----;i'-(3x 2 -1) + ( v 0 - iw 0 )(A. + Bg (3x - 1») . ( 18) 811" va 2 .. 

a b 
2 

ZI Z 2ee 

2E 
( 19) 

A 
g 

= 
2 
k 

1:1 = 1 

- - 2a~e 
K AI A2 --Io("~ ),

B 8 B llv s (20) 

2 

B . = :;:
s = 1 

_ 

K 2..j5" AI. 
s 

-(2) 2a~. 
liI20,.(g)~12C a ~,), (2 1 ) 

A j .= ..j'4,; rX2dxpOl(X)lo(~ x), (22)o 0 • 

-0) ~ 2 (j) . 2 , 

lileo,.(g) = b S dXPe (x) '2( ~ . x) = 2:;: vv <v + 1' 2Yeo I v+ > , (23) 


1
0

(,) = K ~+)(x)e-' . (24) 

J (x) = (-..!. K (+) (x) + K (+) (x) ~.!..K(")(x»e-X
2 2 0 I 2 2 (25) 

" (+) ~ 
1/ (x) ..j 2x" 11 +\\ ( x); K I (x) = ..j ~ K f +\\(.) (26) 

Here Qo is the quadrupole moment of the target; b, the di st an
ce of the closest approa ch; Zt' the atomic numbers ; V, t he 
speed of the projectile; p). (x) , the multipole s of the nuclea r 
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. f ld ' . 1 8 1 dens1 ty; K e , "" 8' VO' wo ' the 0 10g potentl.al parameters . 
It and Kf are the modified s pherica l Bessel and Hankel f unct
ions, respectively, <'-"' l i 2 Y20 I v;,'> i s the s.p. matrix elemen t 
of I 2 Y • 0 • • 

To calculate the <~la21g> matr ix element we use the RPA 
t echni que for t he structure of the ~-vibrational state: 

Ill> = Q~ I g> (27) 

wi th 

Q: = 21 Y. (",Il ,,+ (w') _ ¢ Il,A(w'» (28)
f'J vv' VlI w 

( see eq. 12) and : 

• -IT 
<lll a , 1 g> = <gIQ/3e I g> , ( 29) 

whe re 
1 .... 

T = 11 rdt V/3 (t) • (30)-
Using the equation: 

<gllQW T J Ig> =8 /3(3. 2 - 1) ( 31 ) 

with 

2 _ _ .. (2) 2a~. ) 
B/3 Y. K 2y'00 A IIJII20 .• (Il) ~12(a~. ' (32)

8 "" 1 8 

in wh i ch 
-0) Il Il 

lil 20,. (Il) Y. uw,(opw' +¢w, ) <v+112 Y 20 Iv '+> (33)


w' 

we find within RPA that 

<gIQ/3.-IT I g> ;; _ IB/3(3X2_1)e-B~(8.2_1) ( 34) 

and fi nally 

a]l,W , /3 = < !MO, /3 181"2 I OOO,Il > 

(35)• +1 

= -15 I B f 2
MO'2 /3 dxP (x)(3.2 _ 1). -IA(x)-B,,(S.2_1)2 

-I I " 
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I V. ALPHA DECAY OF COHERENT ROTATIONAL STATES 

The t ime de r ivative of t he a -decay probabi lity as a f unction 
o f time has the following expression now (see also refs. / 6,lI ) : 

dw Ir 1 L Ir', L Ii I; 
Y. Y. Y. xdt"=2' Co 0 0 Co o 0 


' I' ; 'rl; 
 L 
,} V, VI vtv; 

xl', v "I val ' ,al,v , I coB[(6 I 'r,-6· r )t +6¢I'r' -6¢lr J x 
f r 1 1 11 1,vr 

x 18(61r + Q" )16~+ Q. ('lvI' Irvr ) L r6~r+Q.(' (V ; ,',v;) L + 

+8(6 1'1,+Qa) r6'h >QlIlvl ,I rvr ) L r6'h +Q(I; v;,I'rv;)L 1, 
I't' a ,'( a 

where 

a, -Ia l Ie 
1¢lv 

o v ,v 

6 j( .. hwv I I (II + 1) - h w v I rOr + I) , 
I r 

6¢ j( - ¢, v - ¢I v ' 
I I r r 

Q a .. E ,.A.l. - E ,.8. t. - E ,.8.a. t 

'h L IILlr 'h 'h 
r, (1Ivl,lrvr)L -(-) C FL bL(v I ~r )r, (g.B.;g.B,), 

PL(' R-'F L = ,~ =e:q>I-2.027 L(L + 1) Z-1I2A-1/6 I 

Po (f, Ro) 


r f (1-8,; g ••• ) - 8.681 9 ln2 e:q> (In 10 (M - ~) ,

F 

in which for 28B U : M = 53.2139, N = 145.95. 
The relative wave amplitudes /11.121 are defined as fol l ows: 

Y. K ML 
L' -"'LL' VI Vt 

bL(v, tV, ) .. , 

N L} I K 
L' Ot; I: 

in which / lSI 

L +
M -< ,Il!l(v ), ell L JIg> , 

VI v r l II, 
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where 

A+• for vI = g, v t '" g, 
E =185MeV 

[Q/l' A~ ] for vI ::::I (3, vr c g, .4 _ IOql 
I[U(vj ),Ij>~ LJ ~ i + 

A. Qf3 for vi =g. v ,_fj, .2~ 	 _, 101 A:::< ·r--,[Q A+ Q+] for = (3, vr"" fj,v tf3' • f3 
and 

2 10 20 I 
Fig. I. The absolute values of the CRS ampl itudes aI, 
and aJj3 for E = 185 MeV, taking into ac count t he CouA+ 1 :l: :l: A LO ( 'I ') + + + + 

W6.1' rr'aa vv CrJ(c) alIT &v ' r " a(c)O' awe,' 	 lomb and the real nuc l ear potentia l.4 w' 

au 


• 
" 

Thus 

ML 
gg 

l: ALO (w Iww )e e , 
vw +-+- v w E = 185MeV

2 AIf~ 
M.

L 
~ :£ A:~+_ (w'l ww )lw,e w' •f3 w'w 	 1 

LO 
+ :£ A (w l ww')e f " +-+- II ww 

vww 	 2 10 20 I 
L A LO 	 Fig. 2 . The phase differ ences A¢rv=I"'rv - "'}-2 v:£ (w'lww)g ,e •Mf3g = 

w'w 
+-+- vv w 	 for E - 185 MeV , taking i nto account the Cou lomb 

and th e rea l nuclear po t ential. 
LO 

+ :l: A (w 1ww ')e g ..+-+- v (uwvww 

'0.......... 

L
M :£ A LO (w 'I ww ') g ,C , , 
f3r , +-+- vv ww 

w ' """ 

where 
___0, ,, 

._ 	 '0,, 
....." 

E =195MeV.1. 
~ v - U v vy • 	 J 

f , =V v , .pf3, - u u ,,,,fl, , 	 .2~ 
vv YYVV vvvv 

..... 0 __ _ 

g ,=vv,,,,f3,_u H ..pf3,,
vv II II W II-V vv 2 10 	 20 I 

and KLL . are the Froman matrices. Fig. 3. The same as in fig. J but for E J95 MeV. 
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• E =195MeV I',2 
I 	 , 

1 

2 10 	 20 I 
Fig. 4. The same as in fig . 2 but for E 195 MeV. 

dw 
at 

T~ ~eV-l)Hroo 
1 

3 

2 

1 

-?~ .....1~ 
-2 


Fig. 5. The time derivative of a - decay probabi li ty 

for the cases when t he stucture of CRS amplitudes 

is obtained with : a ) Coulomb only; b) Coulomb plus 

nuclea r potentials involving the ,B - v ib rational band 

also . 


V. NUME RICAL EXAMPLE 

We present here t he same numerical example as in refs. / r,·71 

and wi t h i n the same conditions (see t ab l e 1 of ref . / ~ / ) which 
are wel l enough for the non-relativi st i c ap pr oximation a nd 
classica l trajectories to be acceptable. The energy of the pr o
j ecti l e E = 185 MeV (or 195 MeV ) is 88% (or 92%) of the heigh t 
of t he Coulomb barr i er. 

In f igs . 1-4 we have calculated the CRS-ampli t udes det erm i n
ed by t he Coulomb pl us nue l aer fol ding interi o~~% potentia l 
and with t he coupl ing t o ,a-vibra t ional band o f U-nuc leu s. 

10 
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We see t hat t he coheren t prope rt ies of the CRS- amp litudes a r e 
preserved fo r bo th RIO; and "If3' 

Fig. 5 s hows t he t~me der1vative of the a - decay probab i l i t y 
from CRS~ whi ch contain t he CRS-amplitudes calcul ated in 
f i gs. 1,2. The periodicity of t he pulses is the same as for the 
Coulomb case. 
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