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INTRODUCTION

A symposium on the macroscopic features of heavy-ion

collisions was held at Argonne on April 1 —3, 1976. In attendence

were 150 physicists, of which 23 were from outside the United

States. Because of the large number of contributions (59) the

proceedings are divided into two volumes; Volume I contains

the invited papers, and Volume II the contributions. The

organizing committee was D. G. Kovar, M. H. Macfariane,

and J. P. Schiffer. This committee would like to express its

thanks to B. G. Harvey, J. R. Huizenga, IT. Mosel, J. Unik and

J. Weneser for their advice and help in organizing the program.
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ELASTIC SCATTERING OF VERY HEAVY 10NS*t

J.R. Huizenga, J.R. Birkelund and W, Johnson
Nuclear Structure Research Laboratory

University of Rochester, Rochester, New York 14627

Angular distributions for the elastic scattering of "°Ar on 209Bi

and 238U at 286 and 340 MeV, of 8*Kr on ZO9Bi at 600 and 712 MeV, and

of 136Xe on 209Bi at 1130 MeV are reported. Fits to the experimental

data with Fresnel and optical models are presented. The total reaction

cross secticn deduced by the simple Fresnel model analysis agrees within

a few per cent with an optical model analysis, although these values

are systematically smaller than optical model results. The Fresnel

interaction radius and optical model strong absorption radius are

nearly the same and, for a number of reactions, this distance is equal

to the sum of the half-density matter radii of the two heavy ions plus

a constant of 2.9-0.3 fra. Estimates of the radial dependence of the

nuclear potential are discussed for several reactions along with the

resulting deflection functions and distances of closest apprcach for

ealstic trajectories. An overall classification of heavy-ion nuclear

reactions is mentioned.

1. INTRODUCTION

The interaction of various heavy projectiles and targets appears to

depend upon the product Z Z_. For small values of this product, a large

fraction of the total reaction cross section goes into compound nucleus

formation, whereas for large values of this product, a large fraction of the

total reaction cross section goes into a new strongly damped collision process.

In order to evaluate the relative importance of the various reaction mechanisms

in heavy-ion reactions, it is necessary to have an estimate of the total

reaction cross section. Hence, one of our primary reasons for studying elastic

scattering of ''"Ar, 8l*Kr and 136Xe projectiles on heavy targets has been to

estimate these total reaction cross sections. In addition, of course, elastic

scattering measurements give interesting information about the effective

potential between two heavy nuclei.
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II. EXPERIMENTAL RESULTS

The beams of ''"Ar, 81*Kr and 136Xe were obtained from the SuperHlLAC

accelerator of the Lawrence Berkeley Laboratory. The absolute energies oi

the various beams are believed to be accurate to approximately 1.5%. The

elastic energy spectrum for each of these very heavy ion reactions typically

has a measured energy width (FWHM) in the vicinity of 1 to 1.5%. Therefore,

the observed experimental elastic peak may include minor contributions from

inelastic processes. The problem of differentiating the elastic and inelastic

events is especially of importance at scattering angles in the vicinity of the

grazing angle. The separation of the elastic events has beer, effected by use

of a standard elastic peak shape derived from a spectrum at an angle sufficient-

ly forward to be unaffected by inelastic events, but not so far forward as to

be affected by resolution degradation brought about by high count rates. At

angles in the vicinity of the grazing angle, the standard peak shape is fitted

to the experimental data in order to extract the integrated count of elastic

events. The use of this fitting procedure is illustrated in Fig. 1 for the

reaction of 712-MeV 81*Kr on 2 0 9Bi. In this case the standard peak is the

18.5° ran. The experimental data (points) at angles 38.8, 46.4, and 54° are

compared with the standard peak (solid curve obtained from 18.5° spectrum) in

the three right panels of Fig. 1. The experimental spectra and solid curves

at the above three angles illustrate the peak fitting and unfolding procedure

for a forward angle, an angle near the grazing angle, and a very backward angle.

Data1*2 froa the elastic scattering of 286- and 340-MeV u11Ar on targets of

2 0 9Bi and 2 3 8 0 , 600-, 712- and 714-MeV 8UKr on 2 0 9Bi, and 1130-MeV 136Xe on

2 0 9Bi are listed in Table I. The numbers are presented as ratios of the

elastic to the Rutherford cross section. Each error includes the statistical

error and an estimate of the error introduced by the above unfolding procedure.

The experimental ratios of the elastic to Rutherford scattering cross sections

a ,/a_ .. (6 ) for four reactions are shown in Fig. 2.
el Ruth c m .

III. MODELS USED TO ANALYZE ELASTIC SCATTERING DATA

A. Optical model

The basic assumption of this model is that the scattering is describable

by a simple, complex potential which depends only upon the separation distance

r of the centers of mass of the two heavy ions. The nuclear potential is

assumed to have a Saxon-Woods form, f(r) ={l+exp[(r-R)/a]}~l so that the radial



TABLE I. Elastic scattering of *0Ar, e**Kr and i36Xe on heavy targets

Elab~

e
c.m.

286 MeV

ael / oRuth

h**uA

0

T

lab

•in*

= 340 MeV

°el/0Ruth

Elab

e
cm.

236U +

= 286 MeV

°el Ruth

uAr

Elab

e
cm.

= 340 MeV

°el/0Ruth

29

32

.7

.6

35.5

36

39

41

42

.2

.3

.3

.4

45.5

47

47,

48,

50,

51.

52.

53.

54.

55.

56.

58.

59.

61.

62.

64.

64.

66.

69.

.0

.1

.7

.0

,8

.8

,1

,8

6

1

5

1

3

1

1

8

8

6

0

0

1

0

1

1

1

1,

1.

1.

1.

1.

0.

1.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

.96*0.02

.99*0.02

.03*0.02

.88*0.06

.03*0.07

.01*0.01

.00*0.07

,09*0.08

.00^0.05

,02*0.02

,08*0.09

,17*0.10

,98*0.10

06*0.07

96*0.10

69*0.07

75*0.17

•2*0.06

39*0.07

30*0.02

18*0.06

14*0.01

07*0.03

07*0.01

09*0.03

03*0.01

20
23
26
29
30
32
33
33
35
36
36,
38.
39,
39.
39.
41.
42,
42.
42.
44.
45.
45.
45.
46.
47.
48.
48.
48.
49.
50.
51.
51.
51.
52.
54.

.8

.8

.7

.7

.4

.6

.5

.8

.5

.6

.8

.4

.0

.7

.8

.3
,1
,7
,9
,2
,1
.4
6
0
1
2
3
6
1
0
2
3
5
8
2

1
1
1
0
0
0
0
0
1
1,
0.
1.
1.
1,
1.
1.
0.
1.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

.0210.01

.06+0.01

.02+0.01

.9910.01

.9910.03

.8710.02

.9410.04

.82+0.03

.04±0.01

.10+0.05

.99+0.03

.01+0.01

.0910.11

.19+0.05
,16+0.07
,10+0.01
,99+0.14
,05+0.06
,7640.08
,6710.01
47+0.09
44+0.04
56+0.06
25±0.07
26+0.01
16+0.05
16+0.02
20+0.03
09+0.03
04+0.01
05+0.01
05+0.01
06+0.02

G.008+0.004
0.013+0.004

55.7 0.0026+0.0013

29.1

32.6

34.9

35.6

38.6

40.6

41.6

44.6

46.2

47.8

50.8

51.9

53.8

57.4

63.0

63.2

65.7

65.8

68.4

68.7

71.1

71.5

73.8

74.5

76.5

77.4

79.1

80.2

83.1

1.01+0.05

0.8210.03

0.96+0.04

0.99+0.03

1.05+0.03

1.04+0.03

1.09+0.04

1.07+0.05

1.06+0.03

1.0410.06

0.97+0.08

1.04+0.04

0.97+0.12

1.03+0.07

0.72+0.07

0.61+0.05

0.45+0.09

0.4410.04

0.2510.04

0.27+0.04

0.10+0.04

0.14+0.03

0.05+0.02

0.0710.02

0.04+0.03

0.04+0.01

0.013+0.010

G.015+0.005

0.012+0.004

20

23

26

29

32,

34,

37.

40.

43.

46.

47.

49.

49

54.

56.

57.

59.

.4

.3

.2

.1

.0

.9

.7

.6

,4

,2

,4

,1

S

7

8

4

7

0
0

1

1

1.

1

0.

1.

1,

0.

0.

0.

0.

0.

0.

0.

0.

.98+0

.99+0

.03+0

.02+0

.06+0,

.12+0,

.99+0.

.12+0.

.0510.

.95+0.

,81+0.

.54+0.

,52+0.

,07+0.

,0740.

02+0.

03+0.

.02

.01

.01

.02

.02

.02

.02

,02

,03

,10

,11

,11

,13

05

04

02

02



TABLE I (Cont'd)

E lab

e
cm.

44.8
47.0
48.3

51.5
51.9

53.7

55.0

55.6
58.1

58.5

59.1

60.1

61.5
62.1

62.7
65.0

65.6
66.2

66.4

68.5

69.1
69.7

71.9

72.5
72.6

73.0

= 600 MeV

°el/ORuth

0.98+0.03
1.00+0.03
1.02+0.03

1.07±0.03

l.O8±0.03
1.11+0.03

1.21+0.03

1.25+0.03
1.24+0.03

1.30±0.03

1.27+0.03
i.18+0.03

0.93+0.03

0.87±0.03
O.75±0.O3

0.45+0.03

0.38+0.03

0.28±0.03

0.27+0.03

0.12+0.02
0.07+0.01
0.06+0.01

0.023+0.005

0.008+0.002
0.007+0.002

0.006+0.002

209Bi

Elab

e
cm.

16.5
20.6
21.3

23.4
27.6
34.5

35.1

39.8

41.3

41.8

43.4

45.4

45.9

47.0

47.8
48.0

48.9

49.3
50.4

51.1
51.5
52.8
54.1

54.5
55.0

56.4

61.1

+ 8-Kr

=712 MeV

°el/aRvch

0.90+0.03

0.98±0.03
1.02±0.03

0.98±0.03
0.99+0.02

1.05+0.03

1.02+0.03

0.97+0.03

1.12±O.O3

1.04±0.03

1.10*0.03

1.23+0.03

1.18±0.C3

1.05+0.03
0.80+0.03
0.70+0.08

0.60+0.05

0.52+0.05
0.24+0.05

0.23+0.05
0.18+0.05
0.1240.04
0.0310.01

0.03+0.01
0.02+0.01
O.OltO.01

0.001+0.001

Elab

e
cm.

12.7
15.5
18.3

21.2
21.2

22.6

24.0

26.8
27.5

28.8

29.5
35.1

38.5

40.5

43.3
44.0

46.0

48.7
49.4

50.8

51.4
52.1
54.1

58.2

=714 MeV

°el /oRuth

0.85+0.03
0.95+0.03
l.O3±O.O3

1.02+0.03

0.99+0.03
1.14+0.03

1.04±0.03

0.96+0.03

1.01+0.03

0.94±0.03

0.98+0.03
1.02±0.03

0.9810.03

0.96*0.03

0.96+0.03

O.92±O.O3
0.79+0.06

0.39+0.06

0.20+0.03
0.16+0.02

0.1010.02

0.06+0.01
0.018+0.005

0.004+0.002

Elab

0era

16.2
20.1
22.8

26.1

26.7
29.4
30.0

32.6

33.3
35.9

36.6

39.1
42.3

42.9

43.9
45.5

48.7

50.3
51.9

53.5

55.1
5&.7
58.3

= 1130 MeV

Oel /ORUth

1.08+0.06
0.87+0.04
0.9810.04

1.11+0.04

0.9610.04

0.99+0.03
0.96+0.04

0.9910.03

1.0210.03

l.O3iO.O3

1.0110.03

1.05+0.03
1.04*0.05

1.1110.05
1.1510.04

1.0810.03
1.03*0.04

0.9410.03

0.6510.07
0.3710.05

0.12510.026

0.06010.015
0.016+0.006
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dependence of the total potential is given by,

V(*,r) = Vc(r) +V^(r) +VNfR(r) + i W ^ r ) (1)

where the terms are the Coulomb, centrifugal and nuclear potentials,

respectively, and the optical model radius R = r (A^^+A1/3). The

diffuseness parameters <i and radial parameters r may be the same or

different for the real (V,.) and imaginary (!?„) parts of the nuclear poten-

tial. The Coulomb potential V (r) is that of a spherical charge distribu-

'cion

(3)

The Coulomb radius parameter r_ is fixed at a different value for each

reaction.

The optical snodr-i search routine GENOA,3 capable of handling 750 par-

tial waves, has neen used to find nuclear potentials which lead to a fit to

the data for the elastic scattering angular distributions. The above

parameterization of the optical potential is subject to considerable ambigui-

ties when applied to the scattering of strongly absorbed particles such as

heavy ions."4'5 This leads to a wide choice of potentials, each of which

gives a good fit to the elastic scattering data. Various sets of real poten-

tials whio'ti give equivalent fits to the elastic scattering data tend to give

a common value of the real potential at the strong absorption radius.

The strong absorption radius for the optical sodel^ is defined by

8SA

where R_. represents the distance of closest approach for the classical
aA

Rutherford orbit of angular momentum & for which the transmission coefficient

Tr, =0.5. The inclusion of the nuclear potential changes K_, by only a very

small amount. The total reaction cross section calculated from an optical-

model analysis of the elastic-scattering angular distribution is given by

o (optical) » ̂ 2J(2M-1)T,;. (5)

A particular optical model fit to the elastic scattering of 712-MeV 8J*Kr on
2S9Bi leads to a value of '•1/2*346, and the value of Tt falls fron 0.9 tc

0.1 between «. values of 333 and 362.
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B. Fresnel Model

Insofar Chat a large number of angular-moraem-urn waves contribute to the

heavy-ion total reaction cross section, a nuch simpler classical model gives

a reliable estimate of the total reaction cross section. The elastic-scat-

tering angular distributions are approximately reproduced by an expression

in which all partial waves with *<* are absorbed (T = 1) and all partial
~ max *•max

are elasrically scatt
is given by,7

waves ^>Ji are elasrically scattered (T^ = 0). The ratio o J/Q . (9 )

(6)

where S(y) and C(y) are the Fresnel sine and cosine integrals. The argument

y is

y = (ir)l/2 cscl^/^sin^ce-e!/,,)]. (7)

The Coulomb or Sommerfeld parameter r) i- given by

!Z2e

TT
where 2je and Z^e are the charges on the target and projectile and v is their

relative velocity at large separations. The angle &y/u is the quarter-point

angle obtained from the experimental angular distribution as the angle for

which * e l/a R u t h = 0.25.
In this model the maximum angular momentum £ for a particle taking

tQoX

part in a reaction with the target is given by

The interaction radius corresponds to

(10)

and the reaction cross section is given by

a_(Fresnel) = 7r*2(Ji + 1 ) 2 (11)
K max

IV. INTERACTION RADII AND TOTAL REACTION JROSS SECTIONS

A. Comparison of results from optical and Fresnel models

From Fig. 2 one observes that the Fresnel model gives a poorer fit to the
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elastic scattering angular distributions than the optical model, except in

the vicinity of &i/i<. The oscillations of the Fresnel model at smaller angles

are too large and the values of a -,/oR . at larger angles are also too large.

The parameters deduced from Vse two models are compared in Table II. The

values of *-i/2 and *• agree to about 1%. The total reaction cross sections

for the two models agree to within a few per cent, although the optical model

consistently gives the larger values. Frahn8 has corrected the more important

deficiencies in the simple Fresnel model and shown that the two major types

of correction to 6\/u oppose each other. Hence, the close agreement between

the optical model and the simple Fresnel model is not too surprising.

B. Correlation of interaction radii

The optical model strong-absorption radius R_, (see eq. 4) and the

Fresnel interaction radius (see eq. 10) have been compared for a large number

of heavy-ion reactions' and found to be nearly the sane (see, e.g., Table

II). If this interaction radius is parameterized by rc(Ai' 3+A 1' 3), the

value of ro decreases with the product A_A (or Z_Z as shewn in Fig. 3).

This dependence is due to the diffuseness of the nuclear surface which is a

smaller fraction of the interaction radius as AJAJ increases.

The radial dependence of the nuclear density P is approximated by a

two-parameter Fermi distribution function,

p = po/{l + exp[(r-C)/a]l (12)

where C_ is the nuclear half-density radius, &_ is the surface diffuseness

parameter and Po is the central density. The experimental interaction or

strong absorption radii for a large number of heavy-ion reactions are well

reproduced by the expression,

Int
C T + C + S (13)

where G_ and C are the projectile and target faalf-densitv matter radii of

eq. 12 and S is a constant equal to 2.9+0.3 fin.9 The half-density natter

radius C is calculated from the "equivalent sharp radius" R [where R =

(1.13+O.OOO2A)A1/3] by C = (1-R~2)R.1B The latter expression assumes that

the diffuseness parameter £ in eq. 12 is 0.551 fm. Charge and natter half-

density radii of several target and projectile nuclei discussed in this

paper are summarized is, Table III.

The lines drawn in Fig. 3 are calculated with the formula ro =



TABLE II. Comparison of parameters deduced from the Fresnel and
optical models for several heavy-ion reactions.1'2

Reaction Energy

2"^Bi + """Ar 340

286

238U + "°Ar 340

286

^"^Bi + ̂ ^Kr 714

712

600

209B1+136Xe u 3 0

n

80.63

87.91

89.37

97.44

161.4

161.6

175.9

244.8

of?*
47"

60°

51°

68°

49.5°

50.5°

66°

54°

*l/2

186

150

187

147

353

346

272

484

Optical

RSA(fm)

13.30

13.35

13.60

13.68

14.35

14.25

14.28

15.21

aR(mb)

2480

1926

2410

1800

2710

2606

1922

2780

a
max

185

151

187

144

350

343

270

481

Fresnel

Rlnt<fn>

13.21

13.43

13.59
13.56

14.31

14.16

14.24

15.10

OR(mb)

2382

1887

2336

1648

2650

2533

1880

2700
<x



TABLE III. Charge and matter radii of several nuclei discussed in this paper.
The diffuseness parameter <a is assumed to be 0.551 £m.

Nucleus

209B1

208pb

136Xe

8"Kr

" A T
28Si
160

Charge

C(fm) c )

6.596

6.578

5.613

4.738

3.559

3.055

2.377

Radiusa)

R(fm)d)

6.744

6.726

5.785

4.940

3.821

3.353

2.741

Matter

R(fm)d)

6.954

6.942

3.951

5.022

3.392

3.448

2.856

radiusb)

C(fm)C)

6.810

6.798

5.783

4.823

3.635

3.158

2.505

These values are derived from electron scattering data.11

b)Calculated with the relationships,10 R = (1.130+0.0002A)A!'3 and

C = R[l-ir2a2/3R2+....]

c)
The radial dependence of ths nuclear charge (or matter) density is given

by eq. 12.

d )R is the "equivalent sharp radius".10
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(CL+C +S)/(AJ/3+A1/3) where C_, and C are nuclear matter half-densityT p I p T p

radii and S has values of 3.2, 2.9 and 2.6 fra. Several combinations of

target and projectile are possible and, hence, the calculated values of r0

are spread about the individual lines drawn in Fig. 3. There is a trend for

S to decrease slightly with Z Z . The interaction radius (C +C +2.9 fun)

corresponds to a density of about 7±2% of the central density of each nucleus

in the overlap region (see Fig. 3). The result that nuclear reactions are

initiated when each ion overlaps the other to about 7% of the central density

of each nucleus is approximate insofar as the density distribution of each of

the heavy ions may not follow a Fermi •-. tribution out to the radii considered

here.

We conclude that the simple Fresnel model is extremely useful for esti-

mating the total reaction cross section between two very heavy ions. The

accuracy of a total reaction cross section estimated by this method is better

than ±20% for reactions and energies for which the model is applicable and in

many cases the accuracy is much better than this. The procedure for computing

the cross section is as follows: (1) calculate the interaction radius R.

from eq. 13, (2) calculate A ^ , where ^ ^ W 1 Ri nt
( 1" 2r)*RInt)!/2 a n d

(3) calculate the total reaction cross section from eq. 11.

V. THE COULOMB POTENTIAL

The Coulomb potential plays a very important role in the interaction

between two very heavy ions. In this section we compare Coulomb potentials

for various forms of the nuclear charge distribution of the target and pro-

jectile. These distributions are illustrated in the top of Fig. 4 for:

(a) two-point charges, (b) one-point charge and one "equivalent sharp radius",

(c) one-point charge and one normalized "equivalent sharp radius", (d) two

"equivalent sharp radii" and (e) two two-parameter Fermi charge distributions.

The results of these calculations12 are displayed in the bottom of Fig. 4

for the 209Bi + 8l<Kr and 209Bi + i36Xe reactions. The ordinate on these

graphs is the ratio of the Coulomb energy for a particular approximation of

the nuclear charge distribution to the Coulomb energy calculated for the target

and projectile each having a Fermi charge distribution. The values of the

appropriate charge radii used In these calculations are listed in Table III.

At large separation distances all of the charge distributions give the

same Coulomb potential. However, as the value of r decreases, all of the
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approximations are inaccurate. However, for small values of r, the accuracy

of the Coulomb potential increases as one goes from approximation (a) to (b)

to (c) to (d). In the vicinity of the strong absorption radius the approxi-

mation of two-point charge distributions is valid.

VI. THE NUCLEAR POTENTIAL

Information about the ion-ion nuclear potential is obtained through

studies of the elastic scattering and inelastic reaction cross sections.

Elastic scattering measurements are sensitive to the real potential at the

strong absorption radius R_.. In addition, some information on the slope of

the real potential near R is obtained by studying the energy dependence33

of elastic scattering. While this technique is useful for light-ion reactions,

it is probably not very useful for heavy—ion reactions due to their strong

absorption near the nuclear surface. The falloff of the elastic cross

section from Rutherford scattering has been observed to occur at nearly the

same distance of closest approach for presently obtainable bombarding energies.

Kssentiaily nothing is learned about the nuclear potential from heavy-ion

elastic scattering at radial distances somewhat snaller than R_..

For particular reactions sone qualitative Information on the nuclear

potential at distances r <!?<.. is derivable from inelastic cross section

measurements. For example, from the experimental energy dependence of the

compound nucleus cross section,141 it is possible to deduce the nuclear poten-

tial. Such a point has been calculated for the 2 D e P b + 1 6 O reaction fron

experimental data.15 Qualitative information on the nuclear potential is

obtained indirectly froia the division of the total reaction cross section

into the various inelastic channels.

A. Optical Model Parameters

Initial searches of optical raodel potentials were restricted to those

with four free parameters V, W, r «rT, and a *a.. As mentioned previously,

such a parameterization of the optical potential is subject to considerable

aiabiguities when applied to the scattering of strongly absorbed particles

Such as heavy ions.'S5 This lead., to a wide choice of potentials, each of

which gives a good fit to the clastic scattering data. Sone of these poten-

tials are tabulated elsewhere.1!2 Different sets of potentials which give

equivalent fits to the elastic scattering data tend to give a conmon value
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of the real potential at the strong absorption radius.

Equivalent or better fits to the elastic scattering were obtained with a

six parameter Saxon-Woods potential where r_^r T and a_#a r. Similar Condu-it L n. i.

sions were reached on the real potential at R,.,. In addition, ail of the

potentials found to fit the 8IfKr elastic scattering required the imaginary

potential to have small values of a^ and corresponding rather large values of

r^. These results indicate that the fits are sensitive to the imaginary

potential geometry. The real potential at the strong absorption radius

derived from fits to the elastic scattering data for several reactions is of

the order of 1 MeV. We have attempted also to fit our elastic scattering data

with families of potentials where both jvj is larger and jw] is smaller at

R,,. • Some of these potentials give a reasonable fit to the elastic data

although a number of these potentials tend to give too large a maximum in the

o ./a . ratios just inside the grazing angle. Values of up to 3 MeV for the
ei. Kutn

real potential at R^. cannot be ruled out at this titce.

One of the important experimental problems remaining in very heavy ion

elastic scattering is the establishment of the detailed structure and magnitude

of the a ,/oR . peak inside the grazing angle. Our present results were

obtained by separating the inelastic events with the unfolding technique des-

cribed in Section I and the uncertainties associated with this procedure do

not lead to precision values of the elastic scattering cross section in the

critical angular range inside the grazing angle. Hence, the present values of

the nuclear potential at R_, must be considered tentative. Better resolution
On

is required for both the heavy ion projectiles and the scattered particles in

future experiments.

B. Radial dependence of the nuclear potential from

elastic scattering data and the liquid-drop model

The radial dependence of the nuclear potential between the strong absorp-

tion radius and the full density nuclear matter radius of C_ + C has been
T p

determined by assuming a Saxon-Woods potential shape between these two

points,1'16 The nuclear potential at Kg. is that determined from elastic

scattering, and we have resorted to the liquid-drop model for the additional

information necessary at a smaller distance in order to estimate the radial

dependence of the real potential.

In the liquid-drop model the maximum nuclear force is obtained at the
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touching distance, which for two spherical nuclei is given by,17

dr/cT+cp

where Y = 0.9517 { 1-1.7826[(N-Z)/Aj2 } 18 and Cx and Cp are the target ind pro-

jectile half-density nuclear matter radii (see Table III). This force is

equated to the force for a Saxon-Moods potential at r=C_+C , giving a relation-
I p

ship between the Saxon-Woods parameters Vo and a_

4a

The above relationship, along with the value of the real potential at

enables one to derive the values1 of VQ and a. These Saxon-Woods parameters

for five reactions are listed in Table IV, and the resulting nuclear potentials

are plotted in Figs. 5-9 (labelled ES+LD potential).

C. Proximity potemflal

The proximity potential1 ̂*2t) given by,

Vprox = -3'437K eKpf-(r-CT-Cp)/0.75] r^Cj+C +1.251 (16)

V o x = -°«5K(r-CT-Cp-2.54)
2-0.0852K(r-CT-Cp-2.54)

3

r£CT+C +1.251

where K = [2TT(YJ+Y2)C C ]/(C_+C ) has been calculated for each of the five

reactions listed in Table IV. In addition, eq. 16 is based on the assumption

that ira//3~ = 1 fra. The nuclear potentials for this xncdel are plotted as

solid lines in the upper left corner of Figs. 5-9. In the upper right corner

of these figures are plots of the total real potential resulting from the

nuclear proximity potential.

0. Other model potentials

Model dependent or empirical nuclear potentials have been suggested also

by Bass,21 Krappe and Nix22 and Ego et al.23 The energy-density potential of

Ngo et al. closely resembles the proximity potential.

E. Nuclear potential from compound nucleus cross sections

From the measured energy dependence of the compound nucleus cross section,
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TABLE IV. Values of the Saxon-Woods parameters, VQ and a_,
determined by combining the elastic scattering
data and the liquid-drop model.

Reaction

2 8Si + 16O
208pb + 16o

2 0 9Bi + 'i0Ar
209Bi + 8i»Kr

209 B i + 136 X e

c + c a )

(fm)

5.664

9.303

10.445

11.634

12.595

R b>
RSA

(fn.)

8.89

12.70

13.30

14.20

15.20

27r(Y!+Y2)CTCp

(MeV/fm)

16.709

21.020

27.021

31.880

34.577

(MeV)

-0.91
-1.10

-0.81
-1.10
-1.16

voc)

(MeV)

-53 .2

-69 .2

-64 .5

-78 .9

-84 .3

ac>

(fm)

0.80

0.82

0.64

0.62

0.61

a)

b)

c)

From Table III.

From elastic scattering data.

These parameters are applicable for r i
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it is possible to calculate V' and R _ from the approximate expression,

a =wR* [1-(V /E)J. Hence, the value of the nuclear potential at R ™ is

equal to V (R_ ) - V
C (

R
C N ) - F o r t h e 2 0 B P b + i 6 O reaction compound nucleus

data,15 this technique gives a nuclear potential of -8 MeV at the barrier

distance R =11.34 fm. This value is plotted in Fig. 6 where it can be com-

pared with the other nuclear potentials.

F. Deflection functions

Deflection functions, plots of the scattering angle versus angular momen-

tum, are shown for a proximity potential in Figs. 5-9 for the 2 eSi+ 1 6O,

208pb + 16Oj 209Bi + <.0Arj 209B1 + 8«.Kr a n d 209Bi + 136Xe reactions. The deflection

angle as a function of I is given by

„. ,fdr

where D- is the classical turning point for the motion, namely, the largest

root of the equation

E
 m -Vr<r)-V (r)-V.(r) = 0. (18)
c m . u » it

For the heavier ion reactions the large number of £ waves ensures that

the deflection function is sampled at very small intervals. Only when the

density of angular momentum states per unit impact parameter is large does

the classical description become useful.2J# Classical deflection functions,

like those shown in Figs. 5-9, are not quantitatively valid, especially when

the nuclear force is sufficiently strong to produce sharp changes in the

deflection angle. However, these semiclassical calculations are of instruc-

tive value in classifying different types of orbits, e.g. distant, skimming and

plunging orbits.24 The plots showing the classical turning point or distance

of closest approach D as a function of £ in Figs. 5-9 serve to identify the

regions in £ space for the different type orbits.

Consider, for example, the 208p D +i6 o reaction. On the basis of the

elastic scattering analysis H j ^ = 52* for E, .=107.7 MeV. The first plung-

ing orbit, produced when E coincides with the top of an i. barrier, occurs
c.m.

for S, = 426. The skimming orbits occur for a band of £ waves near the grazing

wave defined by de/dR. = 0 (from t = 43n to slightly larger than £ = 52n) and

account for the "grazing collisions" or quasielastic and ordinary transfer
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processes. The plunging orbits (K.<̂ 42h) produce the solid contact collisions,

which for this reaction lead predominately to compound nucleus reactions.

The t waves larger than those comprising the skimming orbits correspond to

orbits which turn away from the nucleus because of the Coulomb field and make

up the "distant collisions" or elastic scattering. The transition between

plunging and skimming orbits becomes less pronounced as one goes to heavier

and heavier ion reactions. It is interesting to note that the discontinuity

disappears also for lighter heavy-ion reactions at higher bombarding energies

(see Fig. 5).

G. Comments on the nuclear potentials

Selected information from Figs. 5-9 is compiled in Table V. Various

nuclear potentials lead to a different number of 2 waves with pockets and.

different radial positions for the barriers. In general, the position of the

barrier moves closer to C +C_ for the heavier ion reactions. Compound nucleus

cross sections have been measured for the 27A1+16O reaction as a function of

energy,25 and it has been shown that approximately 30 waves lead to fusion

at energies near 100 MeV. If one adopts the simple model2' that pockets are

necessary for compound nucleus formation, then the shallow Saxon-Woods potential

for the 28Si+16O reaction appears to be ruled out.

The compound nucleus cross section for the 2 0 8Pb+ 1 6O reaction at 102 MeV

is 844±90 mbs.15 In addition, the transfer cross section is measured to be

313±28 mbs.15 This division of the total reaction cross section is consistent

with our analysis of the skimming and plunging orbits for 2"ePb in the above

section. The 2()9Bi+'*0Ar reaction still has a sizeable fraction of compound

nucleus reaction at 300 UeV. However, the sh¥x and 136Xe induced reactions

have little, if any, compound nucleus formation. This result is qualitatively

consistent with the potentials of Figs. 8 and 9, and the requirement of a

pocket for compound nucleus formation. Even though such a simple one-

dimensional model may be a necessary condition for compound nucleus formation,

it is certainly not a sufficient condition.

VII. OVERALL CLASSIFICATION OF HEAVY-ION NUCLEAR REACTIONS

An overall classification of heavy-ion nuclear reactions, similar to that

of Swiatecki,20 is proposed in Fig. 10. The scheme is based on the different

types of trajectories discussed earlier. Distant collisions occur when the

extreme tails of the nuclear density of each nucleus overlap, where the centers
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TABLE V. The number of I waves with pockets and the barrier
position as a function of nuclear potential.

Reaction

28 S 1 + 16O

208pj, + 16Q

209Bi+'*0Ar

2°9Bi+8*Kr

209Bi+136Xe

Potential Type

Prox.

ES+LD

SW (shallow)a)

SW (deep}

Prox.

ES+LD

swc)

Prox.

ES+LD

Prox.

ES+LD

Prox.

ES+LD

Z Waves
with a pocket
_>1 MeV deep

27

23

4

31

59

52

123

92

74

61

0d>

0

0

Rg (Radius of
2=0 barrier)

(fin)

8.30

8.30

8.50

8.32

11.23b)

11.10

12.05

12.05

11.40

12.90

11.95

—

(fin)

2.64

2.64

2.84

2.66

1.93

1.80

2.75

1.61

0.96

1.27

0.32

—

a)Ref. 26

Analysis of the energy dependence of the compound nucleus cross section15

gives a value of 11.34 fm for R_.

)Ref. 15

= 0 has a 0.2 MeV pocket.
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of the nuclei are separated by a distance greater than C^ + C^ + 2.9 fsn. At

these large distances only electromagnetic interactions, slightly nodified

by the tail of the nuclear potential, occur. TouchIns collisions take place

at nuclear reparation distances equal to or less than C-j.+ C +2.9 fen. At

this distance the nuclear density of each nucleus corresponds to about 72 at

its central density. The touching collisions lead to nuclear interaction and

are responsible for the total reaction cross section. Tin? flux fron touching

collisions is subdivided into five different types of reaction products. Two

complex nuclei which touch but do not make sol id contact produce a ;RrazinR

collision. Solid contact is defined by a distance equal to or slightly larger

than the sum of the half-density radius of each ion, a distance which is

approximated by C +C +A. A solid contact collision where the nuclei do not

slide on each other or stick produces fragmentation. Nuclei which stick or

slide on each other but do not fuse can be viewed in terns of a binary coaplex

which on breakup leads to the recently discovered strongly damped collisions

(deep-inelastic transfer or quasifission). Fusion implies the loss of identity

of projectile and target. Nuclei which fuse but are not trapped in a potential

energy pocket form a composite nucleus where only partial equilibrium is

attained before decay. The remaining nuclei are trapped giving a compound

nucleus with equilibration of .ill degrees of freedom. The above reaction types

do not have sharp boundaries but overlap to sone degree.
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FIGURE CAPTIONS

Fig. 1. Experimental elastic scattering spectra (points) at four angles for

the reaction of 712-MeV ei4Kr on 2 0 9Bi. The run at 18.5° is used as

the standard spectrum. This spectrum is shown as a solid curve on

the other three spectra. The angles 38.8°, 46.4°, and 54° repre-

sent a forward angle, an angle near the grazing angle, and a very

backward angle, respectively. The counts in the 18.5° spectrum

have been divided by 10.

Fig. 2. Ratios of the experimental elastic scattering cross section to the

Rutherford cross section as a function of center-of-mass angle 9

for four heavy-ion reactions. The quoted energies are laboratory

energies. The dashed and solid lines are Fresnel and optical model

fits, respectively.

Fig. 3. (Top) Plot of the interaction radius parameter ro, where r<Q =

R_ /(Aj +A2 ) , as a function of Z1Z2 for various projectile-

target combinations. The lines are calculated with rg = (C_+C +S)/

(Ai' 3+A 1' 3) where S is given in the figure. (Bottom) Plot of the

ratio of the central nuclear density of each heavy ion as a function

of the interaction distance between the two ions. Nuclear reaction

is initiated at a distance where O/PQ = 0.07^0.02 for each heavy ion.

Fig. U. (Top) Five different approximations of the nuclear charge distributions

used to calculate the Coulomb potential for heavy ion reactions.

(Bottom) Coulomb potentials for approximations a, b, c, and d relative

to e (two Fermi charge distributions) for the 209Bi+8l*Kr and

2 09Bi + 1 3 6 X e reactions.

Fig. 5. Nuclear potentials, total potentials, deflection functions and

penetration depth D for the 2 6 S i + 1 € O reaction. ES+LD= Elastic

scattering + liquid-drop model potential. SW3 Saxon-Hoods potential.

The dashed line is the Rutherford deflection function, and the solid

lines are the result when the nuclear proximity potential is included.

The arrows on the penetration depth plot correspond to Zf/j or H .

The Saxon-Woods potentials are from ref. 26.

Fig. 6. Same as Fig. 5, except for the 2 0 e P b + 1 6 O reaction. The Saxon-Woods

potential is from ref. 15.

Fig. 7. Same as Fig. 5, except for the 2 0 9Bi + l*0Ar reaction.



Fig. 8. Same as Fig. 5, except for the •'3°Bi + "*Kr reaction.

Fig. 9. Same as Fig. 5, except for the 7 G 9Bi+ 3''Xe reaction.

Fig. 10. Schematic classification of heavy-ion reactions.
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POTENTIAL MODEL DESCRIPTION OF HEAVY ION ELASTIC AND INELASTIC SCATTERIKG

G. R. Satchler
Oak Ridge National Laboratory*
Oak Ri.ige, Tennessee 37830

1. INTRODUCTION

Let us start by asking what we mean by the potential between two nuclei

or heavy ions. It is not uniquely defined and failure to remember this has

sometimes led to confusion. The conventional optical model potential U(r) for

two nuclei a+A is one which appears in a one-body SchrOdinger equation,

)J X(r)- f^ V2 + U(r)J X(r) = E X(r), (1)

and whose solution x(r)» with the appropriate boundary conditions, describes

the elastic scattering of a+A. One standard way of justifying Eq. (1) Is to

expand the total wavefunction ¥ of the a+A system in terms of the internal

eigenstates of the separate a and A systems,

where the coefficient y...(r) describe their relative notion. For elastic scat-

tering we are interested in x and by projecting out this term (e.g., Ref. 1)

from the total Schrodinger equation (H-E )¥ - 0 we obtain an equation for x
a a » oo

which is of the form (1) with an effective potential V»

V + I Voo J-, oa E-H+ie
aa¥ a'o

where V is the true interaction between a and A, and the sua over a Is over the

excited states of these two nuclei. (Antisyasetrisation makes the equation a

little more complicated.) The first term is real and is simply the so-called

folded potential. The remainder arises from coupling to all the other states

and is complex, non-local, energy- and angular momentum-dependent. In practice

we approximate this }/ by a local, complex model potential, U(r), for example

Research sponsored by the U.S. Energy Research & Development Administration
under contract with Union Carbide Corporation.
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of Woods-Saxon form.

The point is that, defined in this way, this potential y"(and by impli-

cation the equivalent model U) describes the relative motion in that component

of the total wave function V in which the two nuclei remain in their ground

states (x in Eq. (2)). Strong absorption into other channels manifests it-
0 0 It-

self through x becoming very small when the nuclei overlap and \f being

strongly absorbent there.

This is quite different from most of the potentials calculated for heavy-

ion collisions. These calculations attempt to follow, to a greater or lessei

degree, the readjustments that the two ions must make as they begin to intiar-
2

act. These readjustments include an increase in internal kinetic energy due

to the Pauli principle as the two Fenai fluids overlap, a reduction in the in-

ternal potential energies as the densities overlap (saturating property cf

nuclear forces), both of which lead to a repulsion at small distances, and

changes in shape. In other words, these calculations are not just concerned

with the v component of Eq. (2) but include a wide range of excited states

(of the separated systems) also. The (real) potential obtained is not simply

related to y or the 0 that appears in Eq. (1). In particular, although some

aspects of the coupling to other channels (other terras in the sum (2)) are

taken into account explicitly in these calculations, it is not clear, to me at

least, how the loss of flux to these channels (the absorptive potential) is to

be handled. Consequently one must be careful in relating these calculated po-

tentials to optical potentials empirically determined from elastic scattering.

In addition, these calculations imply modifications of the kinetic energy

of relative motion as well as the potential energy. This was stressed by

Mosel (in a paper unfortunately published in a rather short-lived journal).

Using as an example a collective model Hamiltonian, he pointed out that the

inertial parameters are not independent of the coordinates; i.e. the kinetic

enersy term differs from that in Eq. (1). He showed that in this case the

Schrodinger equation could be rearranged into the form (1), but at the expense

of modifying the calculated potential and adding an L-dependent term. The

modifications vanish when the two nuclei are separated, but can be important

in the overlap region.

We may expect that most of the non-locality of the potential operator

can be converted to an equivalent local but energy-dependent potential. We

can also anticipate angular-momentum (and parity) dependence in the local



potential. The shape of the equivalent potential U(r) need not be Koods-Saxon

in form. Heavy ions with their shorter wavelength will explore more localised

regions of the potential than do light ions (but see Ref. 6 however) and may

be sensitive to these shape differences. (Indeed, there are some indications

that the square of a Woods-Saxon form factor gives a better account of
12 12

C + C scattering than the Woods-Saxon itself.)

If the coupling between the entrance channel and one or a few exit

channels is strong, it may be that the non-locality and angular momentum

structure of the corresponding contributions to *y of Eq. (3) cannot easily be

represented by a simple local potential l'(t). In that case it may be neces-

sary to take these channels into account explicitly (take two or more terms in

the expansion (2) if the strong reactions are inelastic scattering) by solving

the corresponding set of coupled equations instead of the single Eq. (1). Two

words of caution. Having the total non-elastic cross section comparable to or

larger than the elastic does not in itself invalidate the use of the optical

model; the non-elastic cross section may be composed of many contributions

whose overall effect can be represented by a simple local potential. Oi.ly if

some feature of each contribution is correlated in some way (such as may occur

if they are all peripheral, direct reactions) is there likely to be trouble.

Further, although havirg the non-elastic cross section for one particular

channel comparable to the elastic cross section often means trouble, even here

there is no a priori guarantee that a simple one-channel potential will not

suffice. Usually the best arguments for solving coupled equations are that

(i) the parameters can be more easily given a physical interpretation and (ii)

one wants a simultaneous, consistent fit to elastic and non-elastic data.

2. PHENOMENOLOGY AMD THE DATA

I wish I could give you a coherent picture of the optical model analysis

of heavy-ion scattering, for example by quoting a global set of parameters,

but we just are not there yet. As is well known, there are tremendous ambi-

guities associated with the potentials for the scattering of strongly absorbed

systems which, except for the lightest nuclei and the highest energies, are

only sensitive to the extreme tail of the potential. There is perhaps some

hope that the folding model for the real potential, discussed below, will help

here. I have not, as yet, seen any systematic behaviour of the preferred
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parameters for the imaginary potential, except as a function of energy.
8—10

What do the data determine? Typically they tell us the strength of

the real and imaginary potentials at the strong absorption radius, r = Di/2'

(« distance of closest approach for the Rutherford orbit which has the sane L

as the partial wave for which T, - 1/2). Ret! is usually around 1 MeV at this

point. The data also place some constraints on the slope of the potential in

this region; typically a "v 0.6 fm if we represent ReU here by exp(-r/a).

Usually this information can be embodied adequately in a 4-parameter Woods-

Saxon (WS) potential and even this has one redundant parameter which needs to

be fixed somewhat arbitrarily.

When the scattering angular distribution has the characteristic form of

Rutherford, followed by Coulomb-nuclear interference oscillations about

Rutherford, followed by an exponential fall below Rutherford, it is very im-

portant to have complete and accurate data in the region of oscillation about

Rutherford. For example, this region is critical in determining the strength

of the imaginary potential near r •= 0.»_; the larger the amplitude of oscilla-

tlon, the smaller the ImU needed. ' Figure 1 shows this in the context of

using a 4-parameter WS potential with V fixed at 40 MeV and r , a adjusted for

optimum fit. (It is easy to miss this kind of information unless the data are

well defined in this region and unless they and the optical model analysis are

subjected to close scrutiny. In particular, the practice of plotting the

cross sections semi-logarithmically obscures the quite small differences in

this region; for this purpose, a linear plot is to be preferred.) The result

of this kind of analysis for a variety of systems is that ReU and ImU have

comparable magnitudes at the strong absorption radius (see Fig. 2), for bom-

barding energies around 10 MeV/nucleon. There are also indications that the

ItnU/ReU ratio is strongly energy dependent for lower energies. Figure 3 shows

results for 0 + Ni, data for which are available over a wide range of ener-

gies. Although the decrease in ImU as the energy falls appears to be very

dramatic, the variation in the mean free path A near r = D j / 2
 i s n o t s o great

because the local kinetic energy T (all rotational at this point) is also de-

creasing;

A(r)«1.3 T(r)1/2/ImU(r)

in fm if T and U are in MeV. Even at the highest energy, /I^IO fm at

r = D 1 / 2.

Figure 3 also shows that D.*_ does not vary much with energy, about
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0.6 fm over this range, so that the elastic scattering only probes a limited

region in the surface. If we assume there is an underlying energy-independent

real potential, then the fits at different energies allow us to map out ReU as

a function of distance; this is shewn in Fig. 4. The points scatter too much

to determine the slope precisely, but they are consistent with exp(-r/a),

a ^ 0.65 fm. (The lines in Fig. 4 are folded potentials to be discussed

below.)

3. DEEP OR SHALLOW POTENTIALS?

A popular question about optical potentials for heavy-ion scattering is:

"Are they deep or shallow?". Of course, the question is meaningless when the

data are only sensitive to the extreme tail of the potential. For example,
o 16 208

Fig. 5 shows that the data for 0 + Pb at 192 MeV cannot distinguish be-

tween a potential which is 10 MeV deep and one which is 600 MeV deep provided

the extreme tails are similar. The potentials are shown in Fig. 6; in this

case the available data do not probe the potential closer than about 11 fm.

It was suggested that, by analogy with analyses of alpha particle scat-

tering, data taken at sufficiently high energy and/or on lighter systems (and

out to sufficiently large scattering angles — beyond the nuclear rainbow

angle) would probe more deeply and distinguish between deep and shallow po-

tentials.

0 + Si seemed a good system to try out these ideas and there are now
14

data available from 33 to 215 MeV. Cramer, et al. searched for an energy-

independent WS potential to fit all these data simultaneously. Their results

showed that to do this required a shallow potential, called E18, with a real

depth of about 10 MeV. The fits are shown in Fig. 7. In this case, the

strong absorption radius at 215 MeV is about 8.2 fm, but they were able to

show that the scattering at that energy was sensitive to variations in the po-
1/2 1/2

tential into about 5.5« 1.0 (A" + A^ ) fm where the real potential is

about -9.6 MeV.

I found this result challenging so I looked for an equally good fit using

a folded real potential (see below) which is about 530 MeV deep, plus a WS

imaginary potential. This could be done if the diffuseness of the imaginary

potential was allowed to increase linearly with energy (but still with one

less parameter than used by Cramer, et al.). Figure 7 shows that the data are



equally well fitted. However, the two potejitials are not identical in the

surface region; by 5.5 fm, the folded potential is 51 MeV deep. Tieltlaer are

the predicted cross sections identical; in particular, the US potential £.18

predicts slightly larger oscillations about the Rutherford value at small

angles and concomitantly it predicts smaller absorption cross sections (IQZ

less at 38 MeV, 20% less at 215 MeV). Unfortunately, the data at the two

highest energies do not extend into these snail angles.

What we conclude from this is that this particular set of data, extensix'e

though it nay be, cannot distinguish between a shallow WS potential and a very

deep potential with a different shape in the surface.
12 12

Another system for which there is much data is C + C, detailed

angular distributions being available for various energies up to 127 MeV.

Analyses "* showed that while the shallow potentials introduced by the Yale

group gave adequate fits to new 70-127 MeV data for angles less than about

45°, no good fit to the larger angles was found with WS potentials. However,

the use of deep folded potentials resulted in a marked improvement (Fig. 8).

In this case the scattering is sensitive to the potential as close in as

3 = 0.66 (A*/3 + A ^ 3 ) ftn where ReU is well over 100 MeV deep, although the

strong absorption radius is about 7 fa. Again the folded potential lias a

shape which cannot be closely matched by a WS form in this 3-7 fm region. On

the other hand, the folded potential is closer in shape to the square of the

WS form; this fona can also be used to fit the data and such fits also result

in a deep potential. Consequently we must conclude that, within the context
12 12

of these simple potential wells, the C + C data require a »'.eeper potential

than had been thought previously.

4. FOLDED POTENTIAL MODELS

The first term V of the formal expression (3) for the optical potential
oo

consists simply of the basic nucleon-nucleon interactions between the two

nuclei folded into the density distribution p(r) of each nucleus. (Antisyin-

metrisation introduces exchange terras also which we shall ignore for the

present.) We may hope that this term V by itself is a reasonable approxima-
oo

tion for the extreme tail of the real potential because the other terms tend

to have shorter ranges. (A possible exception to this argument is that the

long-ranged Coulomb forces may distort the nuclear density distributions as



8
the ions approach one another.) This is the basis of the folding models for

the real potential. The imaginary potential is usually treated phenomenologi-

cally (but see Ref. 18). The folding models appear in two guises:

4.1 Single-folding

This form has been used by many people; it takes an optical potential

U (r) for the scattering of a nucleon from one nucleus and folds this into the

density distribution of the other nucleus. This I call the single folding
8

model. One may then choose the parameters of IL(r) empirically from fits to

nucleon-nucleus scattering. This procedure overestimates the heavy ion real
fi 17

potential near the strong absorption radius by a factor of two or jiore; '
i.e. it will not fit observed elastic scattering. A potential of this form

19
was used by Brink and Rowley and their results, when examined closely,

p 11 *j

support my conclusion. ' It will be interesting to learn the reason for

this failure of the single-folding model, since the first term V of Eq. (3)

is not a bad approximation to the nucleon-nucleus potential itself. It is

possible that the Woods-Saxon shape taken for the nucleon-nucleus potential,

while quite adequate for nucleon scattering which is not sensitive to the tail

of the potential, is inadequate for use in the folding procedure for heavy

ions where the tail becomes more Important. It might be interesting to repeat

some single folding calculations using a form like the (Woods-Saxon) with the

same surface thickness but a shorter tail.

4.2 Double-folding

This involves folding an effective nucleon-aucleon interaction v into the

density distribution of both target and projectile,

U(r) = f d3rx | d
3r2 p ^ p ^ v ^ ) , (4)

where r-_ = r + r_ - r.. We now need v. The bare nucleon-nucleon interaction

is too strong to be used itself; we must use Brueckner or multiple-scattering

theory to replace it by a G-matrix or effective interaction. In principle v

is then complex, non-local, energy- and density-dependent, but in practice it

is simplified considerably. There are two main approaches to this which for

convenience I call the high-energy and low-energy approaches.

The high-energy approach has been used by Dover and Vary; ' in the

high—energy limit (impulse approximation) v would become the (complex)



40

t-matrix for free space nucleon-nucleon scattering. Then (large) corrections

are made approximately for the effects of the nuclear medium in which the two

interacting nucleons are embedded, namely Pauli principle, off-shell propaga-

tion and the Feral motion of the nucleons. In practice a simple ansatz is

adopted; v is assumed to be local and of Gaussian forts and the strength esti-

mated in the way just indicated. The range of the Gaussian is not well deter-

rained but has been chosen on "reasonable" grounds to be 1 £m~ or 1.4 fen.

(The choice of range will have Important effects on the strength required to

fit the data. The volume integral of v is not a good criterion; it does rjt

stay constant with changes in range as it does for nucleon scattering. The
9

elastic data may also Impose an upper limit on the range which is acceptable.

In addition, the relative strengths of different multipoles in inelastic scat-
22

tering depends upon this range. )

The low-energy approach notes that most heavy-ion scattering data current-

ly available are for quite low energies ( 5 to 10 MeV/nucleon) and assumes

that the effective interaction is similar to the G-matrix for two nucleons

bound near the Fermi surface. This approach has been used with some success

for nucleon elastic and Inelastic scattering. The two most recent attempts to
23

follow this program obtain a local v. One consists of finding a sum of

three Yukawa terms which will reproduce the G-matrix elements in an oscillator

basis of either the Reid potential or those deduced from nucleon-nucleon scat-

tering by Elliott, et al. One Yukawa was chosen to be the OPEP, another to

have a range of 0.4 fm based upon recent OBEP's which simulate am.ltiple-pion

exchange. The shortest range of 0.25 fm was chosen somewhat arbitrarily. The

OPEP is fixed but the strengths of the other two components were varied. This

procedure leads to odd-state interactions whose low momentum (Fourier) compo-

nents (aside from the OPEP contribution) are like those of a zero-range force.

A true zero-range odd-state force would not contribute because the exchange

terms (due to antisymmetrisation) would cancel the direct terms; on this basis

we include only the OPEP part of the odd-state interaction. However, the OPEP

does not contribute because of spin, isospin averaging if both N and Z are

even for either ion. This means the OPEP contribution from the odd-state

force is cancelled by the OPEP part of the even-state force. We are left with

the remainder of the even-state Interaction which, for the fit to the Rei.d G-

matrix, is just
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V = MeV. (5)

24
The other recent vork vas done for an application of the folding model

to alpha particle scattering. Now G«J> • V<!», where $ and * are the uncorrelated

and correlated two-nucleon wavefunctions, respectively. Then a local po-

tential equivalent to G is simply

v(r) * V(r)<Kr)/<Kr). (6)

This was evaluated numerically for the Reid soft core potential and various

densities of nuclear matter. 1 have only made a few tentative calculations

with the v appropriate for 5% of normal nuclear density, treating it in the

same way as above, i.e. only Including the non-OPEP part of the even-state

interaction. It gives folded potentials near the strong absorption radii very

close to (roughly 10% deeper than) those obtained from the interaction (5).

Adding the non-OPEP odd-state interaction froa (6) only adds another 102 to

the depth in this tail region so that our cavalier treatoent of this contri-

bution in deriving (5) does not seem likely to be the source of severe error.

In addition to uncertainties in the interaction, there are also uncer-

tainties in our knowledge of the density distributions p(r) to be used in the

convolution (4). Electron scattering tells us, in some cases, about the

charge distribution; the finite size of the proton has to be unfolded from

this ._n order to yield the distribution of proton centers. (The major effect

of the finite size is to make the charge distribution more diffuse than the
2

center distribution. The proton MSR is between 0.64 and 0.85 fta . In ad-

dition, there should be corrections for the neutron charge and for exchange
25

currents. )
Further, electron scattering does not give accurate information on the

extreme tail of the density distribution (typically we need to know p out to
-4

where it is less than 10 of the central density in order to evaluate (4)

accurately at the strong absorption radius. This means going at least 10

times the surface diffuseness beyond the half-density radius if the MS form is

used). In addition, we have np_ accurate information about neutron distribu-

tions; the current consensus seems to be that the neutron and proton distribu-

tions are similar for N=Z nuclei but that the neutrons in heavier nuclei

probably have RMS radii about 1/10 fm greater than do the protons. The best
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approach perhaps is to use the independent particle model with parameters ad-

justed to give the best agreement with electron scattering (or Hartree-Fock

calculations if they give agreement). If, in addition, information from

neutron and proton pick-up experiments is used, at least the contribution to

the density from the last-filled major shell can be estimated quite accurate-

ly (this gives about 2/3 of the folded potential at the strong absorption
1 f\ 7(1A

radius in the case of 0 + Pb). Use of the shell model implies one should

also apply a center-of-mass correction, but this appears to be snail except

for the very lightest nuclei. Figure 9 indicates the importance of these

matters; the predicted potential at the strong absorption radius is plotted

against the sum of the RMS density radii for a variety of density choices.

(As the scatter in the points indicates, there is not an exact correlation

with the RMS radius, but it is a convenient inuicator of the nuclear sizes.)

Here, except in one case, we assumed equal neutron and proton distributions.

The uncertainty in the results from electron scattering is indicated; it

corresponds to about ± 20% uncertainty in the potential, about half of which

arises from uncertainty in the size of the proton itself!

Finally, we should remind ourselves that the expression (4) for the

folded potential ignores exchange of nucleons between the two nuclei due to
o

ar.tisymiaetrisation, Sinha's calculations indicated a very small exchange ef-
24

feet at the strong absorption radius but recent estimates for alpha scat-

tering give a 30% increase in the potential due to exchange. This needs to be

explored further for heavy ions.
4.3 Fits to data

When testing the folded potential models against experiment, one must de-

cide what to do about the imaginary, absorptive potential. The high-energy

approach automatically generates a complex interaction. The applications
18 20 21

which have been made ' ' have assumed for simplicity that the ranges of

the real and imaginary parts were the same. This seems to have worked satis-

factorily, although in general one would expect different ranges. The low-

energy approach, being based upon bound state properties, does not immediately

give an imaginary part. So far it has been added phenomenologically, either

by multiplying the folded potential by a complex number or by adding an imagi-

nary MS term. There are cases where it is not sufficient to have the same
1 fi 9ft

shape for the real and imaginary parts ( 0 + Si was one of these)
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indicating that a different range (or a different dependency on the density)

is needed for the imaginary part of v.

Applications of both high- and low-energy approaches have been very sue-
7—Q, 1H 9fl—99

cessful *»io»*u " (see also Figs. 5, 7, and 8) in fitting elastic data.

This is not too surprising in those cases where the scattering is sensitive

only to the value of the potential at the strong absorption radius if the

strength of the interaction is treated as a completely free parame-
8 9 20 21

ter, ' ' ' although the model is still valuable in that there is only one

adjustable parameter rather than three, as in the WS potential. Of course,

the model may still have predictive power if the interaction strength required

is found to be mass- and energy-independent. (This appears to be the case for
9 17

the Gaussian interaction which fits low-energy nucleon-nucleon scattering. '

Data for systems ranging from 12C + 12C to lie + 208Pb have been fitted, all

needing approximately the same renormalisation factor for the interaction

strength of N«0.6.)

However, renormalisation does not seem to be required for some inter-
18

actions. Figure 10 shows some results using what 1 called the high-energy

approach in which, for the elastic scattering, all parameter values were es-

sentially pre-determined and only the deformation parameters of the densities

were adjusted for the inelastic (the deformation lengths obtained being in

good agreement with electromagnetic values).

The interaction (5) obtained in the low-energy approach also has had many

successes. Optimum fits to the data have been obtained with no more than

about ± 10% renormalisation of its strength. (The uncertainties discussed

above in the density distributions to be used can result in variations of this

order.) Figures 7 and 8 are examples. Figure 11 shows another, for Ca +
40

Ca, in which the imaginary potential was assumed to be the same (folded)

shape as the real and its strength was the only parameter to be adjusted.

(Although the fit is impressive for a one-parameter model, the deviation from

the data at the forward angles is significant and must be studied further. A
four-parameter WS potential is able to fit this region.) As mentioned pre-

24
viously, the interaction (6) of Day, et al. has similar success.

The first signs of possible failure of this model occur when it is ap-

plied to heavy systems like A0Ar + 238B or 8*Kr + 209Bi. Empirically26 the

data for these systems seem to indicate that the potential at the strong ab-

sorption radius remains around 1 HeV independent of the masses. Further this
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critical radius continues to occur when the nuclei are separated by a constant

distance (about 3 fm between the half-central-density points). The folding

model predicts the interaction potential at this radius to increase as the

systems get larger (just as the proximity potential increases proportional

to the geometric mean of the radii of the two nuclei). Consequently, the in-
84

teraction (5) for example predicts -ReU to be between 4 and S MeV for Kr +
209

Bi instead of the 1.1 MeV deduced from the data. It may be that the very

strong Coulomb forces acting between these systems invalidates the use of a

"frozen" or undistorted density in the folding calculation. It is also true

that the elastic data for these cases are much nore difficult to obtain and

consequently they are less certain.

5. INELASTIC SCA1TERIKG

I will not dwell upon the many successful applications of the standard

collective model prescription in which the optical potential itself is de-

formed and the non-spherical parts used to induce inelastic scattering. I
9o jo

only mention one recent application to the scattering of C from the Nd

isotopes, ranging from "spherical" to strongly deformed. The spherical opti-

cal potential could produce fits to the elastic scattering from the most

strongly deformed isotope but at the expense of somewhat unphysical parameter

values which differed appreciably from those for the spherical isotope. How-

ever, the use of coupled-channel calculations which take the deformation into

account explicitly removed this difficulty and a single optical potential vas

found for all the isotopes.

Of particular interest is the extension of the folding models to in-

elastic events. This may be done within the collective model, but deforming

the nuclear density instead of the potential and then folding in the effective

interaction. This has been used successfully in the high-energy ap-
18 21

proach, ' one example being Fig. 10. It has also been used with the inter-

action (5), as shown for example in Fig. 12. In this case the renormalisation

factor N = 1.1 had been determined by analysis of data at 142.5 MeV; Fig. 3

indicates we can expect a smaller absorptive strength at the lower energy of

61.4 HeV and only this one parameter was varied to produce the elastic fit

shown. This same complex interaction (i.e. (1.1 + 0.6i) times interaction

(5)) was then folded into the deformed density of Ni; the deformation
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parameter was determined from the known B(E2) value for this transition, and

it was assumed that neutrons and protons contributed in the ratio N/Z. The

predicted inelastic scattering is seen to be in good agreement with the

measurements.

When the appropriate electron scattering data are available, the charge

transition density may be known in more detail (usually in some parameterised

form). Unfolding the finite size of the proton gives the proton transition

density; if N = Z we may assume that the neutron transition density is simi-

lar for the strong isoscalar transitions to low-lying excited states. This
12 7

was done for the C excitation shown in Fig. 8, using the interaction (5).
•_ oft

It has also been applied successfully to excitation of the 2 state In Si

by 0 ions.

In some cases there are available microscopic (e.g. 1-partide, 1-hole

RPA) calculations of the transition densities. The proton parts of these nay

be checked against electron scattering and measured B(£L) values. These have

been used for inelastic C scattering from Pb (see Fig. 13), not using

the more recent interaction (5) but using Gausslans normalised to fit the

elastic scattering. Evidence was found that the inelastic scattering favoured

the choice of a range of about 1 fm, partly based upon the relative cross

sections for different multipoles and partly upon their angular distributions.

All the cases just discussed were calculated using the DHBA. When the

coupling is strong, this may not be adequate (and higher-order feedback may

affect the elastic scattering also), and it becomes necessary to solve coupled
7 12 12

equations. This has been explored to some extent for C + C using the

folding model.

6. FINAL REMARKS

I have put particular stress upon the folding model approach. This model

seems reasonable for the distant collisions which are important for deter-

mining the elastic scattering, although even here we must recognise that there

is a strong Coulomb field acting. When the nuclei approach nore closely, the

folded potential loses Its simple physical significance; certainly it should

not be identified closely with the potentials which determine fusion barriers,

etc., although it should agree with them asymptotically. However, it Is a

nice simple model which has had successes and it seems worth pursuing until we
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see where it breaks down and what we can learn from that.

The success of this interaction (5) as compared to the relative failure

of previous attempts in this direction appears to he largely due to the

shorter range of this interaction, resulting from a proper elimination of the

OFEP tail and recognition of the short ranges associated with multiple-pion

exchange.

The failure of the single-folding model is still not understood but may

be connected with deficiencies in the WS shape for nucleon-nucleus optical po-

tentials.

There are many aspects of elastic and inelastic scattering that I have

not touched upon but — another place, another time!
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FIGURE CAPTIONS

Fig. 1. Illustrating the importance of the forward angles for determining the

strength of the imaginary potential.

Fig. 2. Variation of X for fit to data as the imaginary strength W is

varied.11

Fig. 3. Energy variation of imaginary strength from fitting data with a 4-
12

parameter WS potential.

Fig. 4. Values of the real potential at the strong absorption radius, r =

D.... (The lines correspond to folded potentials with various inter-
12

actions. )

Fig. 5. Effect on the scattering of leveling off (or putting to zerc) the
q

real potential at 10 and 11 fin.

a

Fig. 6. The potential used for the curves shown In Fig. 5. The strong ab-

sorption radius here is D,._ = 12.5 fin.
28
Si, using the Interaction (!

14

16 28
Fig. 7. Folded potential fit to 0 + Si, using the Interaction (5) re-

normalised by N = 0.9. The WS potential E18 is due Co Cramer, et al.

12 12
Fig. 8. Preliminary fit to C + C using the interaction (5) renonnalised

by N = 1.1. The data normalisation is also preliminary and may later change

by a few per cent.

Fig. 9. Variation of the folded potential at the strong absorption radius
40 32

(D1/2 = 10.4 fm) for Ca + S with the sum of the BMS radii for the two

density distributions. (The dashed line is drawn to guide the eye.)

Fig. 10. Folt

light nuclei.

Fig. 11. A one-parameter folded potential fit to Ca + Ca data (solid

curve), using the interaction (5) times (1.0 + 0.71). The dashed curve repre-

sents a 4-parameter WS potential fit.

Fig. 12. Fit to 0 + Ni elastic and inelastic scattering using the in-

teraction (5) times (1.1 + 0.61).

Fig. 10. Folded potential fit to N elastic and inelastic scattering from
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*>2 12 '08
Fig. 13. Comparison with data for inelastic C scattering from "" Pb. The

31transition densities were obtained from RPA calculations; the interaction
was a Gaussian with range 1 fm normalised to the elastic scattering. Either

WS or folded imaginary potentials were used.
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SYSTEMATICS OF QUASI-ELASTIC PROCESSES INDUCED BY HEAVY IONS

A. J. Baltz
Brookhaven National Laboratory, Upton, NY 11973

I. INTRODUCTION

In the three years since the last Argonne Symposium on Heavy Ion

Induced Transfer Reactions, a good deal of progress has been made in the

theoretical understanding of quasi-elastic transfer data. The fact that

little time needs to be devoted to quasi-ela&tic processes in the present

Symposium is a measure of that progress. The whole area of computational

techniques, especially the inclusion of recoil in heavy ion DWBA, which

took up so much attention three years ago is now well in hand and needs

little discussion: a number of codes using varying approaches have been well

tested, approximations are well understood, and computations have become

routine.

A great deal of heavy ion induced transfer data has been accumulated
2

and analyzed. In this talk I will attempt to delineate the areas that are

well described theoretically from the specific features that seem not to be

understood. The previous speaker, G. R. Satchler, has discussed optical

potentials along with elastic and inelastic scattering. I will confine my

discussion to one and two particle transfer reactions. I will not discuss

optical potentials except to note that the usual prescription for transfer

calculations is to use optical potentials fitted to elastic scattering. I

will begin with a discussion of general systematics seen in transfer angular

distribution data and theory. Next some successes and failures of the

DWBA and coupled channels theories in describing heavy ion reaction data

will be described. Finally a specific example of quasi elastic processes

induced by a heavier projectile, Th( Ar,K), will be discussed along with

implications for deep inelastic reactions with even heavier projectiles such

as Kr and Xe.

II. ONE AND TOO PARTICLE TRANSFER ANGULAR DISTRIBUTIONS

Let me begin this discussion of systematics by considering Fig. 1 which

displays a number of features typical of heavy ion transfer reactions. One

observes here an evolution from the smooth single-peaked angular distribu-

tion of Ca( C, C) Caat40 HeV to pronounced oscillations in the trans-

fer data at 68 MeV. The peak in the angular distribution moves forward with
* Work supported by Energy Research and Development Administration.
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higher energies as one would expect with a strong Coulomb field where the

Coulomb scattering angle

= 2 arctan
grazing

The onset of oscillations at higher energies, so well predicted by ffi-JBA cal-

culations using optical model parameters fitted to the elastic scattering,

can be well understood qualitatively in terras of a simple parameterization
4

of the DWBA amplitudes such as was first proposed by Strutinsky but exten-

ded to L 4 0 transfers and applied to heavy ion angular distributions by

Kahana, Bond, and Chasman. I will not discuss the details here, but only

point out that the oscillations are evidently due to interference from paths

on opposite sides of the nucleus such as S. and S, of Fig. 2. An ingenious

way of manifesting the two sided interference has been put forward by R.

Fuller who uses a partial wave expansion of the reaction amplitudes in

terms of two traveling wave Legeadre polynomials. This allows the near and

far side cross sections to be separated for inspection. Figure 3 shows the

DWBA calculation for Ca( C, C) Ca at 68 MeV split into positive and

negative scattering angles. As the energy is increased the grazing peak

moves farther forward, that is closer to the grazing peak on the opposite

side of the nucleus, and interference is facilitated. In the L=4 case shown

there is actually an incoherent sum over interference patterns of all the

M transfers, but (with the quantization axis along the incoming beam)

JNj = 4 is dominant in producing the oscillations. This description is quali-

tatively equivalent to that of the simple parameterization mentioned above.

When the energy of a reaction is sufficiently high to produce oscilla-

tions, the characteristic patterns take on an apparent dependence on the

angular momentum transfer L. In the case of we'll Q matched transfer the

dominant M state is the maximum JM| = L and the L dependence is seen arising

from an M dependence. This is clearly seen in Fig. 4 which shows the
A8Ca(i4N,13C)49Sc data7 for the L=4, (|~-|"Wound state and L =2,(}~~ f")

excited state transitions where the first peak of the L=2 transfer is

farther forward than thar of the L =4. Another very pretty example is the

56 MeV Ca(* 0,14C)50Ti Argonne data8 going to the 0+, 2+, 4+, 6+ states

of Ti (Fig. 5). Both sets of data exhibit the characteristic dependence

of the forward most peak position en M transfer with a movement to larger

angles with higher M states. The position of this forward most peak has
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been analyzed and shown to lie at tM(M+2) j2 < (jtf +f)6 < l2M(Mfl)j"
0 f 5

for L,M + 0 where if is the dominant scattering partial wave. Since the

dependence is properly on M rather than L, a characteristic L signature is

absent when several M states are populated equally.

We have up to this point made no explicit distinction between one and

two nucleon transitions. However the form factors for one and two nucleon

transfer are quite distinct. For purposes of illustration let us consider

a no recoil DWBA amplitude. Recoil is of course important and can be well

handled, but that is not the subject of this talk. Moreover the effects

of recoil on one and two nucleon transfer are in normalization rather than

angular shapes at energies discussed here. The no-recoil DKBA amplitude to

be considered may be written

X('} (Pr.)F(r.)X(+) (r.)d3r.
1

Then the one particle form factor may be written

and the two particle simultaneous form factor

- _ / " * - - . - 3 /"* - - 3

Thus the two particle form factor is the product of two form factors, one

similar to the one particle transfer form factor, &nd the other just an over-

lap form factor.

The two particle transfer form factor falls off radially approximately

twice as rapidly as the one particle transfer form factor. The obvious con-

clusion to be drawn is that the two particle reactions probe better the

interior regions of nuclear interaction. A possible result of the decreased

configuration window is a narrowed distribution in orbital angular momenta

and consequently a lowered energy threshold for oscillations. This has been

offered as an explanation for differences in angular distribution between

the 45 MeV reactions 26Mg(16O,15N)27Alfg.s.) and 26Mg(I6O,14C)28Si(g.s.).9

We have performed several theoretical experiments using no recoil form

factors to check out this conjecture. Figure 6 shows the results of 1=0
2 2

(lpi - 2pi) one and ((lpi) - (2pi) ) two particle transfer calculations

with identical kines&tics and distorted waves. There is little difference

in angular distributions. This is reflected in Fig. 7 which displays the
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radial integrals (transition amplitudes) as a function of jKf. The results

are striking; the (l/e)-Jb-windows are barely different in width (2F ~ 6)

and the phases 6(j0 ) very similar. The one particle partial wave distribu-

tion does fall off more slowly outside the *-window producing, however,

little change in angular distribution (Fig. 6).

So if the differences in angular distribution between 45 MeV

Mg( 60,14C) and Mg( 0,15N) are not simply general differences between

one and two particle transfer, what are they? To investigate this point we

have performed several calculational variations which are displayed in Fig.

8. The first computation shows the one particle transfer shape for L=3,

(ld5y2 -» 2p1y2), but with distorted waves identical to those of the L-?,

one and two particle computations for oxygen on magnesium. The angular

distribution still oscillates, but the shape is quite different from that

for L=0. Next, with L still 3 and the Q value unchanged, the correct

charges were used for the one particle outgoing distorted waves. The shape

is a little smoothed but not greatly changed. Finally, we use L=3 along

with the proper charges and Q value for the one particle transfer reaction.

This produces the smooth one particle transfer cross section which contrasts

so markedly with the oscillating two nucleon transfer. As is seen in the

linear plot of the same calculation (Fig. 9) the smoothing comes from the

incoherent sum of out of phase partial-M cross sections.

In short the model calculations indicate that angular shapes depend

predominatly on three factors: kinematics (including charge, mass, and Q)

angular momentum transfer L, and optical model distortion of the scattering

waves. All othar things being equal, there is surprisingly little differ-

ence in angular shape between one and two particle transfer.

III. SUCCESSES AND FAILURES OF DWBA AND COUPLED CHANNELS THEORIES

The theoretical understanding of quasi-elastic processes induced by

heavy ions has had remarkable successes in recent years along with persis-

tent anomalies. Whether the successes or anomalies are emphasized usually

depends on the outlook of the speaker. Anomalies are in a sense more

exciting since a failure in existing theory or modes of interpretation has

the possibility of dramatic new explanations. On the other hand it is

necessary to point out the successes as appropriate directions in which to

develop further understanding.

It has been argued that the DHBA prescription is questionable when the

total direct reaction cross section is comparable to the elastic cross
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section at a given angular momentum or impact parameter. The plausa-

bility of this criticism of the DWBA mechanism is by no means evident.

Especially if one considers one particle transfer where the direct one step

route is relatively large, then the burden of proof is to show a number of

specific alternate routes with specific appropriate parentages and transfer

probabilities as possible contributions to a specific final state. Possible

coherent multi-step mechanisms need to be specified. The fact that a large

amount of flux goes into direct transitions does not necessarily imply that

there will be significant multistep flux ending up in a particular final

state.

To begin by discussing successes, we consider some DHBA calculations

for one nucleon transfer where the transfer is favored both spectroscopically

and kinematically. The Ca(13C, C) Ca (Fig. 1) data and calculations
48 14 13 49

seen previously provide an example along with the Ca( N, C) Sc (Fig.

4) of DWBA reproducing a detailed angular distribution along with spectro-

scopic factors without any arbitrary normalization. Likewise a remarkable

consistency was seen in the spectroscopic factors obtained from ( B, Be),

( C, B) and ( 0, N) reactions, all one proton transfer reactions, on
208 209 12

Pb going to final states in Bi. One is encouraged by such successes

to believe that the reaction mechanism is quite well described for one

particle Lransfer by MBA when the one step process is dominant.

However a number of cases where the CUBA clearly fails to reproduce

the correct phase of oscillations in data have been presented, especially

for one particle transfer L=l transitions. A systematic example is seea

in Fig. 10 where for the 40'42>44Ca(13C,14N)39'41'43K reactions, BWM cal-

culations are clearly out of phase with the data in contrast to the agree-

ment in the one neutron stripping data.

In one particle transfer even when calculated angular shapes are out

of phase, one usually finds reasonable agreement in magnitudes between cal-

culations and experiment (that is reasonable spectroscopic factors are

extracted). The same success is not found in two particle transfer calcu-

lations. A number of aspects contribute to this difficulty. Most obvious

is the problem of two particle coherence. Unlike the situation in one nuc-

leon transfer where the spectroscopic factor for one configuration is

extracted from a comparison of the transfer data aad DWBA, one must first
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do a structure calculation to obtain the set of two particle parentage

coefficient before beginning any two particle transfer calculation. Thus

the actual two particle form factor has the form

aU ( b22 I

U',221

The overall magnitude of calculated cross sections depends crucially not

only on the number of the two particle configurations but also on their

particular nature, with configurations of higher radial nodes contributing
14

more strongly.

The inclusion of coupled inelastic channel contributions to two particle

transfer calculations has been shown to be essential in some cases even to

fit gross features of angular distribution. The Yale-Brookhaven data on

W( C, C) W at 70 MeV (Fig. 11) is a particularly nice example, show-

ing the effect of a Coulomb-nuclear interference in the (mostly indirect)

2 final state cross section and a direct-indirect interference in the 4

angular distribution. These no-recoil calculations are in striking agree-

ment with the data.

Inclusion of recoil in two particle transfer <aay be even raore impor-

tant than for one particle transfer, but it is technically more difficult

because one must deal with nine dimensional integrals rather than the six

dimensional integrals of one particle transfer.

Finally several authors have reported calculations in which the

two step successive transfer dominated the simultaneous transfer by about a

factor of 10. While numerical details might be questionable here because

of semi-classical or no-rccoil aspects of the calculation, the fact that

sequential transfer is important for two particle transfer seams clear.

An elaborate attempt has been made to resolve the raagnitir.de problem in

two particle transfer calculations by Feng, Tarnura, IJdagawa, Lynch, and

Low, taking as a case the 50 MeV University of Minnesota Ca( O, O) Ca
19

data. The Texas group's exact finite range calculations are able to

reproduce the normalization of the data only by using a many-configuration

wave functions with a density dependent residual interaction and also inclu-

ding the contribution of sequential one-nucleon transfer processes. The

results are encouraging but not yet definitive. It remains to be seen

whether calculations in the present framework can reproduce data whose norm-
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alization is more than two orders of magnitude greater than simple DHBA

calculations.

Finally I would like to comment on the desirability of performing

more, careful, coupled channels calculations of appropriate one nucleom

transfer cases. Unlike the two particle transfer case where the basic

transfer reaction mechanism is net /et reliably calculable, one believes

that the simple one particle transfer mechanism is well understood. It will

be interesting to see whether the anomalous angular distributions for one

particle transfer reactions can be completely reproduced by coupled channels

calculations without arbitrary normalization or arbitrary inelastic magni-

tudes or phases.

One calculation in this direction has been reported by Sinclair,

Chait, Kahana, and Nilsson. Figure 12 shows no-recoil coupled channels

calculations for 26Mg(l3C,12C)27Mg and 26Mg(13C,14C)25Mg reactions. In the

pickup reaction, inclusion of inelastic coupling in the final state K = —
25

rotational band of Mg is a significant contribution to the angular shape.
25 27

In contrast to Mg, Mg has little inelastic transition strength, but

projectile and ejectile excitations are important in tlte stripping reaction.

Of particular interest is the improvement of the angular phasing in the
3+- "*7

coupled channels calculation to the -j state of ~ Mg, for which the L * I

DWBA calculation is clearly out of phase. Although these no-recoil calcu-

lations cannot yet be considered definitive, they do show the importance

of coupled inelastic channels in a specific one particle transfer caf,<2.

IV. HEAVIER PROJECTILES

The subject of nuclear reactions induced by massive heavy nuclei has

received much interest recently as is evident in this Symposium. Data on

nucleon transfer reactions has been presented which indicates Che impor-

tance of direct processes over a broad Q spectrum ranging from quasi-elas-

tic reactions to those in which almost all of the projectile kinetic energy

is dissipated, the so-called "deep inelastic" transfer reactions. While a

detailed microscopic theory of "deep inelastic" reactions is perhaps not

possible nor necessarily even desirable, transfer reactions in the quasi-

elastic region should lend themselves to treatment with microscopic theories

such as the DHBA and coupled channels fonaalisms which have proved rela-

tively successful in describing reactions between less massive nuclei. To

take a specific example, DHBA is applied to the interpretation of the Q=0
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bin of the 288 MeV and 379 MeV 232Th(40Ar,K) data of Artukh et al. as

a one proton transfer. While the calculations are merely a sample of DWBA

results to be compared with data which is summed over many final states,

certain qualitative and universal features emerge from the analysis, the

most striking of which we will call "dynamic Coulomb dispersion." It

appears that these qualitative features have some application to the under-

standing and Interpretation of deep inelastic reactions.

Since the projectile velocity i3 relatively low in these experiments,
22

the second order recoil approach could be used to calculate the DWBA cross

sections reliably and r<jiaul.3ly quickly, considering the large scattering

momenta invo1ved. Cross sections were calculated for the

Th( Ar, K) Ac reaction to the g-ound state of both outgoing nuclei.
4L

The single proton bound state was assumed to be 1^3/2 ^or K a m* ^"3/2 ^or

Ac, allowing L transfer values of 0, 1, 2, 3. However, the calculated

angular shapes were insensitive to angular momentum transfer and so only

L * 0 computations are shown. The strongly absorptive optical potentials of

Birkelund et al.23 obtained from the elastic scattering of 238lK40Ar,40Ar>

at 286, 340 MeV were utilized for the distorted waves (V - 73, W » 80.3,

rQ » 1.131, a - 0.624).

Semi-classical considerations become quite useful with such tussive

projectiles as Ar. In the case considered here the wave number k and

Coulomb parameter ij are quite large

k « 20F"1

r\ % 100

The width of angular momenta tX can be roughly related to a width in the

radial contribution to the interaction AR and a local momentum k

Ai % kAR

For a semi-classical single peaked angular distribution the quantum mech-
4

anical uncertainty principle gives for the angular width

Aj AR k *

The radial width AR has to do with surfaces and will be the same order of

magnitude for lighter and heavier projectile induced reactions. Following

this analysis therefore the nntmlar width AS varies inversely with the

scattering momentum and should become quite narrow and and sharply peaked
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with increasing projectile mass. As we will see, this is only true with

some qualification.

Figure 13 shows the results of the DWBA calculation compared with data

at 379 MeV. The angular width is quite well reproduced by the calculations,

but it was necessary to change rQ from 1.131 to 1.2S to have the peak angle

agree with the data. Likewise at the lower energy of 288 MeV the agreement

of the angular shape with data is quite good with an increased rQ of 1.25

(Fig. 14).

Several reasons might be offered for the shift forward of the angular

peak of rhe data from what is predicted from optical parameters. The most

obvious is the fact that the DWBA calculations do not include the effect of

Coulomb excitation or deformation of the target nucleus. Moreover, the

impossibility of separating all quasi-elastic contributions from the elastic

scattering data could affect the r. obtained in the optical model fie.

Small Q and L differences of states included in the energy bin of the data

have little effect on the calculated position or shape of the peak.

In analyzing their Q-0 232Th(40Ar,K) data, Arcukh et al.21 made use

of the simple Strutins'ky parameterization of the angular shape to extract

the number of partial waves contributing to the transfer cross section. In

the 288 MeV case the M extracted by this procedure was 12 in contrast to

a At of about 30 in the DWBA calculation of Fig. 13. To explain why many

more partial waves are contributing to a state of given angular width here
24

we will consider an extended model first put forth by Strutinsky to

explain deep inelastic reactions. The cross section for L*0 is parameter-

ized as

At'

"0 *0

leading (in the absence far side contributions) to
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°<e> ~ JESSe ?

where the angular width | is composed of two parts

(2)*
I = ~AT~ is just the quantum mechanical width of the simple Strutinsky

4 -h d 2 ( 2 d i 5
parameterization. | = (2) £

i v ' 2r d£
comes from the fact that the

£0
phase derivative or classical deflection angle can change appreciably over

the i. width (A£) contributing. Strutinsky called this effect "dynamic dis-

persion" and postulated that it might be caused by the nuclear field in
24

deep inelastic collisions. In the case here studied the effect is mostly

due to the Coulomb field and applies to quasi-elastic transfer.

To continue analysis in this vein, if one assumes a pure<y Coulomb

and the dynamic Coulomb dispersion is then

_ (2)^ y/Si

The approximate validity of this approach is evident in Fig. 15 where the

transition amplitudes for the one proton transfer at 288 MeV are plotted.

Clearly the phase derivatives are dominated by the Coulomb field. Let us

contrast the simple Strutinsky prescription which ignores the second order

term in the expansion of the phase and whoso magnitude is represented by

the Gaussian in Fig. 15 with an approach including dynamic dispersion

approximately by making use of the Coulomb expression for | at the peak £.
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Qaantal only

«q

?r

1

= 12
= 6.75°

= 0

= 6.75°

Quanta1+Dynamic Coulomb
M

lq

*r
I

= 30
= 2.70°

= 6.17°

= 6.74

In contrast to the simple parameterization, the actual DWBA calculation

shows that the Coulomb dispersion dominates the vidth of the one proton

transfer angular distribution.

DEEP INELASTIC REACTIONS

The features seen in these data and calculations have some bearing on

the combined quasi-elastic and deep inelastic reaction data exhibiting
34 25 208

single peaked angular distributions such as the Kr reaction on Pb
116 26 21ft

and the Xe reaction on U. Clearly the peak angle and angular width

of the quasi-elastic contribution to these data should be qualitatively

described by the dynamics of the Co»lomb field described above. Hovever

even the deep inelastic contributions have several things in common with

the quasi-elastic reactions discussed:

(1) The combined repulsive Coulomb field and Pauli repulsion Imposes a

measure of peripherally on the deep irelastic reactions with contributions

coining from a small AR AS in the quasi elastic case, but with the AR cen-

tered at a somewhat smaller radius.

(2) Deflection angles are dominated by the Coulorab field even more with

Xr and ~ Xe projectiles than with the Ar case here analyzed.
84

(3) Energies are low enough (except perhaps in the highest energy Kr

data) to preclude any far side or orbiting contribution to the angular dis-

tributions.

These similarities suggest that in addition to the possible dynamic
24

dispersion effects of the nuclear field, ' the dynamic Coulomb dispersion

should play a crucial role In the angular widths cf deep inelastic data.

It will be especially useful to have more data published with angular

distributions separated by energy loss bins, so that reaction mechanisms

can be analyzed as a function of the degree of inelasticity.

V. ACKNOWLEGMENTS

I would like to thank my colleagues at Brookhaven with whom I have



76

had numerous discussions in the past several years. In particular much

of the material in Sees. I-III derives from a joint review article with

S. Kahana. Special thanks are also due to P. D. Bond for help in prepa-

ration of this talk.



77

REFERENCES

1. J.S. Blair, R.M. DeVries, K.G. Nair, A.J. Baltz and W. Reisdorf,
Phys. Rev. CIO, 1856 (1974).

2. See e.g., Proceedings International Conference on Reactions Between
Complex Nuclei, Nashville (North-Holland Publishing Co.)(1974).

3. P.D. Bond, J.O. Garrett, 0. Hansen, S. Kahana, M.J. LeVine and A.Z.
Schwarzschild, Phys. Lett. 47B, 231 (1973).

4. V.M. Strutinsky, Sov. Phys. JETP _19, 1401 (1964).
5. S. Kahana, P.D. Bond, and C. Chasman, Phys. Lett. SOB, 199 (1974).
6. R. Fuller, private communication; see also R. Fuller and P. Moffa, con-

tribution to this conference.
7. C. Chasman, S. Kahana, and M.J. Schneider, Phys. Rev. Lett. ,31, 1074

(1973); M.J. Schneider, C. Chasman, E.H. Auerbach, A.J. Baltz, and S.
Kahana, Phys. Rev. Lett. 31, 320 (1973).

8. W. Henning, O.G. Kovar, B. Zeldman and J.R. Erskine, Phys. Rev. Lett.
32, 1015 (1974).

9. B. Nilsson, R.A. Broglia, S. Landowne, R. Liotta and A. Hinther, Phys.
Lett. 47B, 189 (1973).

10. Sidney Kahana and A.J. Baltz, "One and Two Nucleon Transfer Reactions
with Heavy Ions" in Advances in Nuclear Physics (to be published).

11. W. Henning, J.P. Schiffer, O.G. Kovar, S. yigdor, B. Zeldman, T. Eisen
and H.J. Kttrner, Phys. Lett. 58B, 129 (1975).

12. J.L.C. Ford, Jr., K.S. Toth, G.R. Saichler, O.C. Hens ley, L.W. Owen,
R.M. DeVries, R.M. Gaedke, P.J. Riley and S.T. Thornton, Phys. Rev.
C10, 1429 (1974).

13. P.D. Bond, C. Chasman, J.D. Garrett, C.K. Gelbke, Ole Hansen, N.J.
LeVine, A.Z. Schwarzschild and C.E. Thorn, Phys. Rev. Lett. 36, 300
(1976). ~

14. A.J. Baltz and S. Kahana, Phys. Rev. Lett. 29, 1267 (1972).
15. K.A. Erb, D.L. Hanson, R.J. Ascuitto, B. Sorensen, J.S. Vaagen and

J.J. Kolata, Phys. Rev. Lett. 33, 1102 (1974).
16. B.F. Bayman, Phys. Rev. Lett. 32, 71 (1974); L.A. Charlton, Nucl.

Phys. A241, 144 (1975); T. Takemasa, IPCR-Cyclotron Report 33 (1974).
17. R.A. Broglia, U. GBtz, M. Ichlmura, T. Kammuri and A. Hinther, Phys.

Lett. 45B, 23 (1973); T. Kamnuri, Phys. Lett. 51B, 442 (1974).
18. Da Hsuan Feng, Taro Tamura, Takeshi Udagawa, Janes Lynch and K.S.

Low, preprint.
19. J.F. Peterson* D.A. Lewis, D. Dehnhard, H.P. Morsch, and B.F. Baymau,

Phys. Rev. Lett. 36, 307 (1976).
20. D. Sinclair, B.T. Chait, S. Kahana and B. Nilsson preprint.
21. A.G. Artukh, G.F. Gridnev, V.L. Mikheev, V.V. Volkov, and J.

Hilczynski, Nucl. Phys. A215. 91 (1973).
22. A.J. Baltz, Phys. Rev. C13, 668 (1976).
23. J.R. Berkelund, J.R. Huizenga, H. Freiesleben, K.L. Wolf, J.P. Vnik

and V.E. Viola, Jr., Phys. Rev. C13, 133 (1976).
24. V.H. Strutinsky, Phys. Lett. 44B, 245 (1973); see also Ref. 10 and

D.K. Scott, D.L. Hendrie, L. Kraus, C.F. Maguire, J. Mahonay,
Y. Terrien, and K. Yagi, Phys. Rev. Lett. 36, 226 (1976).

25. R. Vandenbosch, H.P. Webb and T.D. Thonas, Phys. Rev. Lett. 36, 459
(1976). —

26. W.U. Schroder, J.R. Birkeiund, J.R. Huizenga, K.L. Wolf, J.P. Unik
and V.E. Viola, Jr., Phys. Rev. Lett. 36, 514 (1976).



78

FIGURE CAPTIONS

Fig. 1 The evolution of che angular distributions with energy of
*<>Ca(13C,12C)41Ca (g.s.) along with elastic scattering.

Fig. 2 Classical orbits at sj, s2, S3 contributing to the same scattering
angle.

Fig. 3 DWBA calculated cross section analyzed into near and far side con-
tributions.6 The method breaks down with a singularity at forward-
most angles. All three calculated cross sections are incoherent
sums over JMJ * 0-4.

Fig. 4 Angular distributions for Ca( N, C) to the ground state (•?') and
3.08 MeV (|") states in 49Sc.

Fig. 5 Angular distributions for i8Ca(.l6O,l\) at 56 MeV populating 0+, 2+,
4+, 6+ states in 50Ti.

Fig. 6 Angular distributions for L=0 transitions 26Mg(16O,15N) and
26Mg(16O,14C) at 45 MeV, compared using identical kinematics but
with one nucleon and two nucleon form factors. There is little
change in shape even though the two nucleon form factor falls off
approximately twice as rapidly as the one nucleon form factor.

Fig. 7 Radial integral phases and magnitudes for calculations of Fig. 6.

Fig. 8 Effects of variation of Q and Z of final scattering state for
26Mg(16o,l5N)27Al at 45 MeV, L«3.

Fig. 9 A "smooth" angular distribution calculated for the badly ii-matched
L-3 transition 26Mg(16O)15N)27Al. (g.s.) at 45 MeV. Partial cross
sections for each M-transfer are shown.

Fig. 10 The reactions 40'42>44Ca(13C,l2C)41>43'45Ca(g.s.) (left) and
40,42,44Ca(

13C,1%)39>*1»43K (g.s.)(right) measured at 68 MeV.
Solid curves are DWBA calculations using parameters which fit elas-
tic scattering.

Fig. 11 Data and coupled channels Born approximation calculations for the
70 MeV 186W(12C,14C) reaction to 0+, 2+, 4 + levels of 184W.

Fig. 12 Coupled channels Born approximation calculations for several one
neutron transfers. There is a significant L=2 component for the
transfer to the 3/2+ state of 27Mg and this has been added to the
coupled channels calculation.

232 40 41 231
Fig. 13 DWBA calculation of " Th( Ar, K) Ac (g.s.) L«© one proton

transfer at 379 MeV compared with data of Artukh et al.2! for
232 Th(40 A K ) j Q > _10 M e V.

Fig. 14 288 MeV DWBA calculation compared with data as in Fig. 13.

Fig;. 15 Reaction amplitudes for Fig. 14. The DWBA amplitudes show an Jt
contribution 2-1/2 tines broader than the simple Gaussian paramet-
erization. The phase difference or classical deflection angle
changes significantly over the t width of the DWBA calculation.
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10 RADIAL INTEGRALS

2 6Mg( l 60, l 4O2 8Si (L-0)
E = 45 MeV
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MICROSCOPIC AND MACROSCOPIC .SY.STFMATIC;S

S. E. Visjdor

Argonne National Laboratory. Arconne, Illinois «i*%} 5"

! . Introduction

As this conference proroeds the discussion will center abc»'it

progressively deeper interpenetration of the colliding heavv ions and.

correspondingly, about interactions which cause a progressively greater

disturbance of the entrance channel. In the present talk I intend to concentrate

on experimental results which suggest that even the surface reacticsns between

heavy ion? perturb the entrance channel more than has been generally assumed.

I will not dwell on the genera! features or on the successes of the distorted-

wave Born approximation (DWBA) treatment of hcavv-ion induced transfer

reactions, which have alreadv been reviewed at the present symposium by

Baltz and at several other recent conferences (see. for example, ftcfs. 2 — 5).

My purpose is rather to present experimental evidence for the importance of

rnulti-step processes in direct reactions between light or medium-weight

nuclei, and to indicate how such multi-step excitations may be viewed in

relation to the more strongiy damped interactions which will be described

in subsequent talks.

2. Evidence for Channel-Coupling in Transitions to Individual Levels

There are by now numerous instances reported in the literature

of heavy-ion induced direct transitions for which anomalies in the measured

cross sections have been at least qualitatively explained as reflecting

95
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contributions from specific multi-step processes. ~~ Baltz has already

shown some examples of anomalous angular distributions in one- and two-

nucleon transfer reactions where coupling to inelastic excitation of the target

and /or projectile nuclei is important. Two additional examples are shown in

Fig. 1. The measurements i'or Ge( O, C) are from the Saclay group,

144 I? 14 i?\

and the Nd( C, X) data were taken by Yagi et al. ' at Berkeley. In

both cases abnormal angular distributions were observed for transitions to

2 levels (and in the Berkeley data to a 3 level) whose structure was expected

to inhibit direct two-nucleon transfer. The sensitivity of the results to the

structute of the final state is seen clearly by comparing the measurements

for the transitions to two different 2 states in Nd. The second 2 state is

populated much more strongly than the first, and with a grazing-peak angular

distribution characteristic of one-step transfer.

The anomalous angular distributions in both sets of data in

Fig. 1 have been successfully reproduced by coupled-channel Born approximation

(CCBA) calculations in which Tamura, Low and Udagawa have included coupling
9 12)

to selected inelastic scattering channels. '* The de-emphasis of the grazing-

angle peak and the enhancement of the forward-angle cross sections which

result from this coupling for the excited-state transitions in Fig. 1 are features

which have been observed for a number of heavy-ion induced two-nucleon

transfer reactions (see, e.g., Refs. 6, 7, 14, 25—27). It is worth noting from

Fig. 1 that the inclusion of channel-coupling is also capable of removing the

less pronounced discrepancies between measurement and theory found for the

ground-state transitions, which ars dominated by one-step transfer.
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Evidence for the coupling of ineiastic excitations to single-

nucleon transfer has been presented by Sinclair et al. (see Kef. 1) in reactions

induced by C on Mg, and by Pougheon et al. in th«. anomalously strong

population of the 4. 25-MeV 4 state in Ne via the F( O, N) reaction.

In the latter case direct (one-step) transfer can proceed only through the very

small admixture in the 4 -state wave function of the configuration in which the

added proton resides in a Ig single-particle level.

Measurements and calculations relevant to sequential transfer

processes in heavy-ion induced reactions are less abundant than in the case

of coupling between transfer and inelastic excitation. Several calculations,

with varying degrees of sophistication, have suggested that the inclusion of

two-step sequential transfer contributions to two-nucleon transfer may remove

much of the long-standing large discrepancy in absolute magnitude between

the predicted (one-step) and measured cross sections. These calculations

also indicate that the angular distribution shapes characteristic of the

sequential processes generally differ very little from those calculated for

one-step transfer.

Experimental results which are clearly quite relevant to

sequential transfer have been acquired at Argonne by Kovar et al. I refer

to the angular distributions (see Fig. 2) measured for Ca( O, C)

transitions, which involve transfer of two units of charge but only a single

baryon number and (neglecting the possibility of A T exchange) must therefore

proceed by at least a two-step process. The two-step calculations of Udagawa

et al. which are included in Fig. 2 account reasonably well for fee absolute
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magnitude of the ( O, C) cross sections so long as the one-step calculations

for the intermediate stages are normalized to the appropriate measurements.

Up to now I have considered only isolated outbreaks of the

multi-step disease, which have been diagnosed and treated fairly successfully

by the coupled-channels specialists, and which in and of themselves cannot

be construed as evidence of an epidemic. We should not be surprised by the

important multi-step contributions to transitions where direct transfer is

spectroscopically suppressed, -while inelastic excitations of the participant

nuclei are known to be quite strong. The corresponding transitions induced

by light ions should be expected to show similar coupled-channels effects,

and indeed they do in cases where comparable data are available. Compare

+ 142 12 14
the results for the weak transition to the Z. state of Nd in the ( C, C)

28)
reaction (Fig. 1) and in the (p, t) reaction, or for the anomalously strong

transition to the 4. state of Ne in the ( O, N) reaction vs. the ( h_, d)

29)
reaction. From such comparisons one may conclude that the influence of

multi-step processes is more pronounced, or at least more conspicuous, in

the heavy-ion cases, but that the effects are fundamentally similar to those

found in the light-ion reactions. In the same vein it should be noted that the

large discrepancies in absolute magnitude between predicted and measured

two-nucleon transfer cross sections, which may be partially removed by

including sequential transfer contributions in the theory, are observed in

light-ion as well as heavy-ion induced reactions. Of the examples

considered thus far, only the ( O, C) reaction has no light-ion counterpart,

but this is an exotic, relatively weak process.
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What I find much mora unsettling than the specific examples

consider<!& above is an accumulating body of evidence of the more general

failure of the DWBA to explain experimental results for heavy-ion induced

transfer, even in cases where there are no special structural considerations

which suppress one-step and enhance two-step amplitudes. A glimpse of

these more general problems is afforded by some recently published

31) 13 40 42 44

Brookhaven data for C-induced single-nucleon transfer rn * ' Ca

(see Fig. 3). While full-recoil DWBA calculations reproduce the measurements

for the ( C, C) ground-state transitions quite well, thay are systematically
13 14

out of phase with the oscillations observed in the ( C, N) angular distributions.

This result is essentially independent of the optical model parameters used

in the DWBA calculations. 3 1 ) Neither the (' 3C, 12C) nor the (' 3C, 14N)

transitions are very poorly Q-matched (i. e., the actual Q-values are not far

different from those which would yield the maximum cross section f >r a one-

step transfer); however, since the dominant angular momentum transfer is

13 14
L = 4 for the former transitions and L = 1 for the latter, fee ( C, N) transfer

is more sensitive to the small Q-mismatch (e.g., see Ref. 3).

13 14
For comparison wife the ( C, N) results, I have also included

in Fig. 3 measurements and DWBA calculations for the (t, a) proton-pickup

41 43
reaction leading to the ground states of " K (Ref. 32). Despite a degree of

13 14
kinematic mismatch which is quite similar to that for the ( C, N) transitions,

the (t, a) data are reproduced satisfactorily by conventional DWBA calculations

using optical model parameters obtained from analyses of triton and a elastic

scattering. The angular momentum transfer for the (t, a) ground-state
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transitions is L - 2 rather than L = !. but equally good agreement with the

DWBA calculations was found for the L = 0 and L = 1 excited-state transitions

investigated in Ref. 32. In short, the (t, a) results reveal nothing pathological

in the coupling of these Ca and K states via proton pickup; the pathology

13 14
evident in the ( C, N) results is somehow associated with the use of a

heavy-ion projectile.

The systematics of the discrepancies between measured and

DWBA cross sections for heavy-ion induced transfer reactions, and the

relevance of these problems to other topics being discussed at this symposium,

are illustrated well by a large body of data we have accumulated at Argonne

over the past two years for reactions induced by 56-MeV O on ' ' ' Ca.

I will devote most of the remainder of my talk to discussing these measurements,

on which I have collaborated with the gentlemen listed in Table 1.

3. Decomposition of the O + Ca Total Reaction Cross Section

We have investigated the direct-reaction channels in the O + Ca

collisions with our AE-E time-of-flight telescope, which provided complete

mass and Z separation for all outgoing isotopes from B through Ne, over the

entire range of energies they exhibited. (Representative energy spectra for

various reaction prod-acts are shown in Ref. 34. ) By this technique we have

not only measured angular distributions for many transitions (single- and

multi-nucleon transfer as well as inelastic scattering) to individual levels,

but we have furthermore determined the overall strength of the various direct

channels and the systematic evolution of the angular distribution shapes with

changing Q-value and number of nucleons transferred.
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Before discussing the results for the direct reactions, let me

place them in the proper perspective with regard to the total reaction strength.

In addition to our time-of-flight measurements we have determined the cross

section for complete fusion of O with each Ca isotop. by measuring the

angular distributions of the heavy fragments remaining after decay of the

compound nucleus. The resultant total reaction cross sections (<? ) and
^ reac

their decomposition into direct (rr ) and fusion components are shown in

Fig. 4. a ranges from 1. 05 barns for O + Ca to a maximum of
reac

1. 24 b for O + Ca. In each case the transfer plus inelastic reactions

account for roughly 10% of c . The values of the total reaction cross

36)
section extracted from optical model fits to the elastic scattering data

(the crosses in Fig. 4) agree within the experimental uncertainties {~7— 8%)

with the measured values. We conclude from this agreement that the channels

we have included among the direct reactions account for essentially all the

non-fusion processes which occur at this bombarding energy.

Although rr accounts for only ~ 10% of a , we cannot
dir reac

simply dismiss the direct reactions as a relatively unimportant aspect of

the total flux drain on elastic scattering. The inapproprtateness of such an

interpretation is made clear in Fig. 5, which shows the partial-wave

decomposition of r and of ? for O -» Ca {sec also Ref. 37). The
reac dtr

solid curve representing the contributions from each partial wave to the

total reaction cross section was generated from an optical model fit to the

Of**' Ca elastic scattering data. The distribution of the direct strenpth

as a function of the wntrance-channel £-value was determined with the aid
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of DWBA calculations in which the optical model parameters were purposely

adjusted to fit the reaction measurements for each of a number of representative

transitions. The shape of the dot-dashed curve in Fig. 5 represents an average

of the results from these DWBA "partial-wave analyses" of the direct-reaction

data; the area under the curve is set equal to the measured value of ? .

Also shown in Fig. 5 is the unitarity limit (n .), representing the total flux
uni

avaitable for reactions in each partial wave.

It is seen from Fig. 5 that for those I -values (near %> = 29)

which make the dominant contributions to the direct reaction cross sections,

the direct reactions themselves account for most of the total reaction

strength and, even more significantly, for nearly half of the maximum
I

possible flux removal (n .) from the entrance channel. There is thus a
uni

large probability for the system to undergo at least one direct transition in

the surface region; the probability for multi-step transitions cannot then be

negligible. (Keep in mind that the summed probability for all one-step,

two-rtep, etc., transitions need not correspond exactly to the measured

0 ,. , which is affected by any interference between different reaction routes

to a given final state. ) We may expect significant competition from multi-

step excitations whenever the single-step coupling to the elastic scattering

channel is not highly favored by both spectroscopic and kinematic conditions.

Multi-nucleon transfer reactions, which hold out the promise of yie'cling

spectroscopic information uniquely accessible with haavy ions, are likely

to be particularly vulnerable to such multi-step contributions.

A similar point is made regarding O + Pb rf "ions in Ref. 4.
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Another interesting feature apparent in Fig. 5 is that roughly

half the direct reaction strength arises from Z -values below that indicated

by the arrow, for which the amplitude 'T*. ! of the elastic scattering S-matrix

reaches 1 /2, or CT - (3/4)" . . Figure 6 is intended as a reminde" of
reac uni

38)

the physical significance of the condition \r\. ' - I 12: it occurs when the

height of the barrier in the effective (real nuclear + Coulomb + centrifugal)

nucleus-nucleus potential for the X— partial wave is just equal to the c. m.

energy. For the O + Ca optical model potential plotted in Fig. 6 this

condition occurs for X = 30 at E = 56 MeV. Classically, a particle following

the trajectory characterized by this value of i reaches a distance (at the top

of the barrier) at which its radial velocity vanishes and, simultaneously, it

feels no net radial force. Under these conditions the projectile can orbit

about the center of the potential, as reflected by the singularity at * = 30 in

the classical deflection function sketched in the insert of Fig. 6. The grazing

angle (here ~ 40 ) corresponds to a slightly larger £-value (1 •* 33), for

which the c m . energy falls somewhat below the barrier top.
381

In the traditional (DWBA) view most of the cross section for
the direct reactions arises from partial waves slightly above the orbiting

value {&> I ). For these i-values the nuclear surfaces overlap enough
orb

to allow for only mild perturbations to the entrance-channel state. Contribu-

tions to the direct processes fall off very rapidly for I < I because these

partial waves result in very deep interpenetration of the ions and, almost

exclusively, in fusion (at least for bombarding energies not too high above

the interaction barrier). It is the important contributions from the vicinity
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of I , where the deflection angle varies quite slowly with i, which lead to

the characteristic appearance of a grazing peak in DWBA transfer-reaction

angular distributions.

The distribution of the direct cross section in Fig. 5 exhibits

less strength above I , than one would expect if the calculations employed

potential parameters tied to elastic scattering data. In Fig. 5

the partial waves l< I , contribute as much to cr.. a s ^ t , . The
orb dir orb

partial-wave cross sections for SL **£ are already quite small compared to

the peak value for i. - 29- We should thus expect that the measured transfer

angular distributions for 56-MeV O + Ca will generally show a less

prominent grazing peak and more evidence of orbiting than conventional

DWBA calculations (similar conclusions apply to the other Ca isotopes as
39)well). As shown by Ford and Wheeler, the orbiting condition is reflected

in the angular distribution by forward peaking and an exponential decrease

with increasing c m . angle.

4. Angular Distribution Systematics for Transfer Reactions Induced by

O on Ca Isotopes

4. 1 Single-Nucleon Transfer

I want to stress the systematic evolution of the measured (in

contrast to the DWBA) angular distributions for the O t Ca transfer

reactions as a function of Q-value and number of nucleons transferred. To

be fair, however, let me first point out that over and above any systematic

trend we do indeed observe anomalies which reflect specific structural

idiosyncrasies of the final states. This is clear from the Ca( O. O)
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34)
results shown in Fig. 7. The data for transitions to single-hole states

47
in Ca at E = 0. 0 and 2. 6 MeV are reproduced reasonably well by DWBA

calculations using optical model parameters obtained from fitting the O

elastic scattering, and bound-state parameters and spectroscopic factors

40)
taken from analyses of *he corresponding transitions induced by light ions.

On the other hand we find transitions, with Q-values intermediate between

the above two cases, for which the measurements deviate dramatically from

such DWBA calculations. The difficulty encountered for the transition to the

1 /2 state of O may be associated with a contribution from ground-state

transfer followed by inelastic projectile excitation. The direct transfer

47
route to the 3/2 2. 01 -MeV level of Ca is inhibited because this state is

41)
primarily of one-particle two-hole character; the transition might be

1 A I ft 15% 1 7

dominated by the sequential transfer prc-ess ( O, O) ( O, O).

Aside from such structure-dependent anomalies, our O + Ca

data reveal a progressive and rapid deterioration of the agreement between

measurements and calculations as the degree of kinematic mismatch or the

mass transfer increases. Consider first the angular distributions in Fig. 8

for ( O, N) transitions to low-lying Sc states which can be readily

populated by stripping a proton into the If . or 2p . single-particle levels.

The angular distributions for ( He, d) transitions to these states are adequately
42)

reproduced by conventional DWBA calculations. The I1WBA results in

Fig. 8 (obtained in a manner similar to those in Fig. 7) agree well with the

experimental results for the well-matched transition to the ground state of

49
Sc, but for the other transitions they exhibit deviations from the data which
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groiv progressively worse with increasing degree of mismatch. The

deterioration as a function of Q-value is more rapid for the 3/2 than for

the 7/2 final states, presumably because the former transitions involve

less angular momentum transfer (L = 2 vs. L = 4) and thus have a narrower

Q-matching "window" (see Ref. 3).

It is important to emphasize that the discrepancies seen in

Fig. 8 are not likely to be removed by choice of a different optical model

parameter set. Calculations performed with a number of different potentials

obtained in the O elastic scattering analysis all yield essentially the same

transfer angular distributions. In al! cases the grazing peak in the DWBA

curves gradually shifts toward larger angles and becomes more pronounced

15
as the outgoing N energy decreases, in marked contrast to the trend

apparent in the data. Indeed, it is difficult to imagine how DWBA calculations

using any fixed potential could reproduce the rapid disappearance of the grazing

maximum and enhancement of the forward-angle peaking which characterize

the evolution of the measured angular distribution shapes.

The smooth evolution of the ( O, N) angular distributions

is revealed even more clearly when we average over transitions to many

individual states, as is done in Fig. 9 for the reactions initiated on Ca.

The N energy spectra have been summed in 2-MeV excitation-energy bites,

and the angular dependence for each such bite is shown here. These results

confirm the trend apparent for the individual levels in Fig. 8: with increasing

excitation of the final nuclei, the grazing-angje-dominated distribution

consistent with one-step transfer is transformed into a forward-peaked.
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exponentially falling distribution characteristic of the negative-angle

39)
trajectories associated with orbiting. Since the nuclear surfaces remain

in more intimate contact for longer times in orbiting than in grazing collisions,

and since the sharply forward-peaked component of the angular distributions

does not appear in DWBA calculations, it is natural to interpret this component

as the result of multi-step excitations. The evolution of the angular

distribution shapes seen in Figs. 8 and 9 then reflects the rapid increase in

the importance (and presumably also in the multiplicity) of multi-step vs.

one-step transfer as the kinematic conditions begin to deviate from matching.

Recall that the importance of multi-step transitions and of orbiting collisions

were already surmised earlier from the 2 -space decomposition of the total

direct strength in Fig. 5.

When the O * Ca data arc presented in the form of Kip. 9,

4 3)
they are very reminiscent of results obtained by Artukh et al. for much

heavier systems with much larger values of the relative angular momentum

(but with a ratio of bombarding energy to Coulomb barrier height similar tc

16
that for 56-MeV O J Ca). Some of the relevant results of Ref. 43 for

Ar •» "* Th are shown in Fig. 10. The bottom half of the figure contains

angular distributions cor responding to 20-MeV excitation-energy bites in

the spectra for K and Cl, which result from transfer of one unit of charge,

and for Al, which is considerably further removed from the Ar projectile.

For the K and Cl ions the evolution in shape is clearly \'ery similar to what

we have observed for * Ca( O, N), except that it is spread over a wider

range in energy. The highest excitation energies represented in both Figs.
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9 and 10 correspond to complete damping of all initial kinetic energy above

the Coulomb (Z - 0) barrier. The N spectra from O + Ca, however, do

not exhibit the concentration of strength for complete damping which is

4 3)observed in the Ar + Th data. The connection I have stressed between

the exponentially falling angular distributions observed for high excitation

in Fig. 9 and the negative-angle orbiting trajectories is completely analogous

44)to Wilczynski's interpretation of the deeply inelastic components in the

Ar + Th spectra.

The Al results in the bottom half of Fig. 10 indicate that the

strength concentrated in grazing collisions decreases rapidly with increasing

charge (or mass) transfer. The same point is evident from the individual

element-production angular distributions (summed over all excitation energies)

presented in the top half of Fig. 10: the grazing peak which is dominant for

elements near the projectile shifts toward more forward angles and then

disappears for the more distant reaction products. It is of interest to see

whether a similar trend is found in the O + Ca measurements with increasing

number of nucleons transferred.

4. 2 Multi-Nucleon Transfer

Angular distributions for the two-proton transfer reaction

( O, C) leading to individual levels of Ti and Ti (Ref. 27) are shown in

Fig. 11. The dashed curves for the L = 0 transitions in Fig. 11 are typical

of the OWBA results obtained for all transitions with the use of optical model

parameters which fit O elastic scattering measurements (along with two-

proton form factors generated in either the cluster or the microscopic
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approaches). All the other curves in Fig. 11 represent DWBA calculations

'.ii which the exit-channel potential parameters have been adjusted (in a

systematic fashion - - see Ref. 27) to fit the shape of the ( O, C) angular

distributions. The absolute magnitude of the predicted cross sections is in

all cases considerably smaller than the measured values, by factors as large

as 1000.

48
For the ground-state transition on Ca, where the orbiting

^-values ars nearly equal for the entrance- and exit-channel elastic scattering,

the conventional DWBA calculation reproduces the strength and location of

the observed forward-angle oscillations, but not the rapid fall-off of the cross

section at larger angles. With increasingly negative Q-value, the DWBA

transition amplitude spreads out in X-space and the grazing-angle peak once

again rears its ugly head in the calculations, in sharp contrast with the

measurements. Significant inadequacies in the one-step transfer mechanism

are thus already apparent for fairly well-matched two-nucleon transitions

and, as in single-nucleon transfer, they become more pronounced with

increasing kinematic mismatch. The discrepancies between the conventional

DWBA calculations and the measurements in Fig. 11 are reminiscent of those

9 12)

observed in Fig. 1 and explained by Tamura, Low and Udagawa ' as the

result of coupling to inelastic scattering. It is worth noting, however, that

the experimental ( O, C) angular distributions (especially for the L = 0
42 48

transitions) are very similar for Ca and Ca, while the strength of the

inelastic excitation of low-lying states is quite different for the two target

nuclei.
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The sharp oscillations observed in the measured angular

distributions in Fig. 11 result from interference between positive- and

negative-angle contributions to the cross section (see, for example, Refs.

1, 45). While the oscillations thereby provide additional evidence for the

importance of orbiting trajectories, they partially obscure the comparison

between angular distribution trends in two-nucleon and one-nucleon transfer.

One can already see from the results for the individual transitions in Fig. 11

that in the two-nucleon transfer there is less evidence of a grazing-angle

maximum and a greater tendency toward forward peaking than in the

( O, N) data under comparable kinematic conditions. But the evolution of

the angular dependence for the two-proton transfer becomes much clearer

from the data in Fig. 12 for 2-MeV Q-value bites.

At low excitation, where we sum over relatively few individual

levels, we observe the strong forward-angle oscillations superimposed on the

forward-shifted remnant of a grazing peak. The damping of the oscillations

at higher excitation might result simply from a cancellation among oscillations

of differing phase for the many individual transitions included in the 2-MeV

bin. On the other hand, the fact that the oscillations and the remnant of the

grazing peak appear to fade simultaneously, leaving an exponentially falling

angular distribution, is suggestive of the reduced importance of positive-

angle trajectories at high excitation. This interpretation is consistent with

the view that the transitions to highly excited states can proceed only via

many intermediate steps, requiring the relatively long collision times

characteristic of orbiting. The very sharp rise at angles forward of 10 for
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E s 16 MeV in Fig. 12 probably arises from contaminant contributions in

the spectra, and should not be taken seriously.

The trend toward decreasing strength in grazing collisions

with increasing charge (or mass) transfer seen in the Dubna Ar + Th data

(Fig. 10) appears quite dramatically already in the comparison of one- and

two-nucleon transfer results (Figs. 9 and 12) for O + Ca. The de-emphasis

of contributions from the grazing partial waves is nearly complete for three-

nucleon transfer, as illustrated by Figs. 13 and 14. The measured angular

distributions for Ca( O, N) transitions (Fig. 1 3) exhibit no remaining

trace of a grazing peak, in contrast to the DWBA calculations (assuming

transfer of a tricon-like cluster) and to ( O, N) results for transitions

with similar Q-values and angular momentum transfer. The cross sections

(Fig. 14) for 2-MeV bins in the Ca( O, C) spectra show forward peaking

and an essentially exponential decrease with increasing angle over the entire

range of excitation.

Comparison of the (16O, I3N), (I6O, 15N) and ( l6O, 13C) data

in Figs. 13 and 14 reveals that the angular distribution shape depends more

on the number of nucteons transferred than on the charge transfer. The

evolution with increasing mass transfer is summarized in Fig. 15, which

shows the angular distributions (summed over alt excitation energies) for

' N produced in the interaction of O with Ca. In addition to the

shape changes already outlined, we see here a tendency toward reduced

overall strength as more nucleons are transferred. If we add the cross

sections for different isotopes we obtain (see Fig. 16) results similar to the
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element-production angular distributions shown in Fig. 10 for the Ar + Th

data. The mass-transfer dependence shows up in Fig. 16, just as it does in

Fig. 10, as a change in the overall shape with Z of the outgoing particle. The

oxygen (not including inelastic scattering) and nitrogen distributions, dominated

by the single-nuc'eon transfer channels, exhibit a grazing-angle maximum

plus a significant forward-peaked component. Only the latter component is

evident in the carbon and boron distributions, which comprise multi-nucleon

transfer exclusively.

5. The Connection Between Multi-Step Excitations and Friction

To summarize the conclusions of the preceding section, we

observe an evolution in the shape of the O + Ca transfer-reaction angular

distributions which is quite similar to that found for much heavier systems,

although compressed into a much narrower region in both excitation energy

and mass transfer. The evolution for both the light and heavy systems has

been attributed to a shift in emphasis from near-grazing to orbiting collisions,

accompanied by an increase in depth of interpenetration and characteristic

collision time. In the view I have presented this enhanced contact between

projectile and target nuclei is necessary to allow for the multi-step excitations

which grow to dominate the reaction mechanism with increasing excitation or

mass transfer. The data for heavier systems have generally been interpreted

43 44 46 47)
in more macroscopic terms * * ' : the enhanced nuclear contact

allows for greater diffusion of mass and also for a stronger frictional force,

acting ov«;r a longer period of time, thereby dissipating more relative kinetic

energy into internal excitation.
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This overlap between the microscopic language of multi-step

processes and the macroscopic language of nuclear viscosity is of course not

merely accidental. Fundamentally, the very strongly damped collisions

observed with very heavy ions and the direct reactions I have discussed are

both multiple-coupled-channels effects, differing only in degree. To say

this another way, the sort of transitions we have been examining here are,

microscopically speaking, just the stuff that friction is made of. Dissipation

(of entrance-channel flux as well as energy) in heavy-ion collisions can be

viewed "~ as the cumulative effect of single-particle-type excitations

within the time-de pendent average well which binds the nucleons in the

composite two-nucleus system. If there are many such excitations, involving

many internal degrees of freedom, then a macroscopic friction approach to

energy damping or a statistical treatment of mass transfer may be in order.

Such macroscopic concepts are probably not applicable to the

O + Ca data I have shown for transitions to individual levels, where it seems

doubtful that a sufficient number of degrees of freedom are excited along the

transition path. However, it is possible that the "surface friction" aspect of

multi-step direct reactions may yield insight into some of the grosser features

we have observed. For example, the dashed curve in the insert of Fig. 6

indicates qualitatively the expected effect of radial friction on the classical

deflection function. The trajectories associated with the grazing and higher

•B-values are hardly affected because they lead to minimal penetration and

suffer very little energy damping near the turning point. The energy loss is

greater for lower partial waves, which are characterized by higher radial
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velocities in the region of the potential barrier, where the direct reaction

strength and hence the surface friction are significant. The resultant enersy

now falls flightly belo\v the barrier top for what had been the orbiting '-value;

the orbiting condition row occurs for a somewhat lower partial wave. This

shift in the deflection function may explain why the direct reaction strength in

Fig. 5 is concentrated at slightly lower £ -values than expected from the

elastic scattering potential. Fractional rorces acting in the surface region

have also been invoked in the treatment of other macroscopic features of

direct reactions between light or medium-weight nuclei, e. »• , the angular

depandence of the optimum O-values for the N:( O, C) reaction.

General features of the distribution of the direct-reaction cross

section might also be appropriate subjects for a statistical mode! in which, f«>r

example, the strength might be determined by the number of intermediate sit«>;>s

necessary to form a ladder to any particular final channel and excitation, and

by the density of available Ptates at each stage of the ladder. An interesting

start in the direction of such a model is reported at this symposium by Katori

and co-workers. Their results suggest that x-nucleon transfer reactions

proceed almost exclusively via transitions involving x or more steps, with the

probability of any single step in the chain being ~ 30%. It is not obvious that

the probability of all steps in such a model need be equal. It is possible that

many configurations are more easily accessible froiT1 an excited state of a

system than from its ground state; then the probability for initial excitation

would be smaller than that for further excitation. Such a situation seems to

49)
be indicated in calculations by Schutte and Wilets of two-quasiparticle

excitation effects during the fission of U.
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(lifiVr.'iiocs aitiiuii! the total proton-strippinj; cross sections: hence the trend

observed in Fij:. 3" for the N strength must reflect the dynamics and/or

the statistical aspects uf the transfer process. The exponential increase in

the "N strength as O becomes less negative resembles the isotope-

production trends observed by Artukh et al. and by Kamitsubo and co-

workers. In the present case this increase in cross section probably

arises at least as much front improved Q-maiching conditions for transitions

to low-lying states as from increased level density in the accessible range of

excitation. There is presumably a similar underlying dependence on Q in

6s

the N and N channels. However, these channels, in contrast to N,
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involve t ransfer of one or two neutrons, so that their strength must be

I 3 14
influenced (more for N than for Nj by the filling of the f_ , neutron shell

between Ca and Ca. The net effect in Fig. 17 is that, despite the increase

14 40 48
in Q , the N strength decreases from Ca to Ca; the s t ruc ture effect

i s , a s expected, more pronounced for N (where negligible strength is

48observed for Ca).

Other reflections of the s t ruc ture of the colliding nuclei a r e

suggested by Fig. 18, where the measured d i rec t - reac t ion c ro s s sections

a r e decomposed into contributions from different values of the m a s s t r ans fe r

42
(AN). The enhanced inelastic scat ter ing (AN = 0) c ro s s section for Ca and

44

Ca a r i s e s predominantly from transi t ions to one or two low-lying collective

s ta tes . The general trend toward decreasing t rans fe r - reac t ion strength with

increasing AN, which is consistent with s tat is t ical models , is dramat ical ly

interrupted at AN = 4. The anomalous four-nucleon t ransfer strength is

located a lmost ent irely in the ( O, C) channel, where it is centered about

an excitation E » 10 MeV. Of all the t rans fe r channels populated in the
16 12

O + Ca react ions, the C channel is , for each target nucleus, character ized

by the leas t negative (most positive) ground-state Q-value, and hence by the

highest level density in the access ib le range of excitation. While this fact

alone should cause the C c r o s s section to stand out above any smooth

underlying trend, the extent of the observed anomaly is not necessa r i ly

consistent with a s tat is t ical model such a s Kator i ' s . How, for example,
40 42

could we explain the observations for * Ca, where the AN = 4 strength is
l a r g e r than the combined strengths of the channels (AN = 1, 2, 3) which
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presumably feed it? Why should the total C cross section be larger than the

C cross section for Ca, when the latter channel has only a slightly less

favorable Q-value and requires the transfer of only two nucleons?

There are a number of possible answers to these questions.

One possibility is that the C is produced predominantly by a mechanism

other than a transfer reaction, e. g., by breakup of the incident O or by

O excitation followed by a-particle boil-o!c. Such an interpretation is not

supported by C-a coincidence measurements. An alternative (and

attractive) possibility is that there is actually an enhancement for transfer of

something like an a-particle cluster. This view is supported by our

40 42 16 20

experimental observation that for ' Ca the ( O, Ne) channel is the

strongest of those involving pickup of more than one nucleon. The

' Ca( O, C)and ( O, Ne) transitions to individual low-lying states

are also reasonably strong, and show signs of a selectivity similar to that

observed in ( Li, d) and (d, Li) reactions; however, the measured angular

distributions for the O-induced transitions (see Fig. 19) are not reproduced

any more successfully by cluster-transfer DWBA calculations than are the

other multi-nucleon transfer results discussed earlier

At present we must conclude that the origin of the C strength

(which has also been noted for O-induced reactions on other targets, Refs.

56, 57) remains uncertain. The possibility that it reflects a spectroscopic

enhancement for "a-transfer" should be pursued.

In all cases the overall cross section for pickup reactions is much smaller
than that for stripping, as has also been observed in Refs. 43, 53, 56.



I have attempted so far to distinguish between aspei Is of the

strength distribution which depend explicitly on the nucleon configurations

within the initial and final nuclei and those which may arise rather as a

manifestation of ground-state O-value and level density differences. This

distinction is somewhat artificial. To the extent that the Q-values deviate

from, say, liquid-drop model expectations, even apparently "statistical"

effects may be related to microscopic nuclear structure. Thus the hnv tola!

direct-reaction cross section for O + Ca (see Fig. 18) may be attributed

to the fact that the Q-values for the direct channels are generally quite

negative; but the negative Q-values themselves are due at least in part to the

closed-shell structure and unusually tight binding of both entrance-channel

40
nuclei. (Another contributing factor is that Ca is proton-rich and not very

hospitable to the dynamically favored addition of protons. )

7. Possible Shell Effects in Fusion Cross Sections

In the context of our earlier discussion the relatively low value

of a,, for O + Ca indicates that multi-step processes are likely to be less

important, and the surface friction weaker, than for tine other Ca isotopes.

The implications of a small a,, may extend even further. If the configuration

corresponding to the ground states of the two separated nuclei is abnormally

stable against reactions in the surface region, then it is likely to remain

energetically favored up to abnormally deep interpenetration. This is

essentially the point made by Glas and Mosel in their prediction that the

interaction of closed-shell nuclei should be characterized by an anomalously

small value of the critical distance R , inside of which the energy damping is
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always sufficient to lead to fusion. ' The consequence of this prediction,

that the fusion cross section (r, ) at high energies should be smaller for

tightly bound nuclei than for ones with easily excited valence macleons, appears

to be confirmed by data for O • C and O • C obtained recently at

Argonm* by Sp«.-rr and co-worlters ' (see Fig. 20}. The fusion cross

sections for the same two systems have been compared at low energies by

Eyal et al., who found only small differences consistent with the change in

(A * A ) . It is apparent from Fig. 20 that the small magnitude of the

high-energy cross section for O + C is accompanied by oscillations in

the fusion excitation function: the origin of these oscillations, and their

possible correlation with a reduction in the critical distance, are as yet the

subjects of speculation.

In light of the above discussion, it is tempting to infer a low

o, at high energies from the low a., at E. . = 56 MeV for O + Ca.

Indeed the fusion cross section at 56 MeV seems anomalously small in

42 44 48
comparison with the ' ' Ca results (see Fig. 4). However, measurements

of the O + Ca fusion cross section over a wide range of bombarding

energies (E = 40 to 214 MeV), obtained in a collaboration between Argonne

and Berkeley and shown in Fig. 21, make the significance of the 56-MeV

fusion result questionable on two grounds: first, it is clear that 56 MeV

(1 /E = 0. 025 MeV ) falls within that low-energy region where (Coulomb

+ centrifugal) barrier penetration ensures penetration to the critical distance

(see Fig. 6 and Ref. 59), so that a. should not be significantly influenced

by any shell effect on the value of R ; second, the 56-MeV measurement
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appears somewhat low in relation to the neighboring O • Ca points. Tin-

existence of a shell effect in the fusion cross section for this system thus

remains an open question, hopefully to be answered with additional data,

e. g. , for O • Ca fusion at high energies.

8. Conclusions and Outlook

At this point the extraction of detailed spectrnscopic information

from the investigation of individual heavy-ion induced direct transitions secnis

to have at best an uncertain future The assertion that the reaction mechanism

is generally clouded by contributions from multi-step processes is supported

by the systematic discrepancies we have observed between experimental and

O1VBA results, by the measured angular distribution shapes which suggest an

unexpectedly great emphasis on orbiting as opposed to grazing collisions, and

by the large overall direct-reaction strength in comparison with the unitarity

limit for surface collisions.

If my talk has left the impression that certain tools of the

macroscopic theorists might be usefully applied to the treatment of our direct

reaction results, I hope I have made it equally ciear that microscopic nuclear

structure may play a significant role in determining the gross distribution of

reaction strength. On the one hand, it would be amusing to consider a hybrid

model, combining features of the DWBA with the effects of surface friction on

particle trajectories, to explain the observed evolution of the angular

distribution shapes. On the other hand, one should definitely pursue the

possibility that even the cross section for complete fusion (arising from very

deep collisions) is sensitive to the shell structure of the interacting nuclei.



Finally, l«.-t :r>«? attempt to put our O • Ca results in their

proper place within the complex universe of heavy-ion collisions. I have

been careful throughout to describe our resi 'ts in terms of direct, as opposed

to "quasi-elastic" or "strongly damped" ("completely relaxed", "deep inelastic"),

reactions. IVe have clearly observed features similar to these which have

elsewhere been associated with the transition from the quasi-elastic to the

damped regime. However, there is no clear distinction between two such

components in our 56-McV data. At higher energies, where a large fraction

of the O i Ca total reaction cross section goes into non-fusion processes

(see Fig. 21), one can begin to discern two regions of concentrated strength

in the (angle-integrated) excitation-energy spectra of the transfer channels,

but still with nothing like the domination by strongly damped collisions seen

. 6 5 )with very heavy ions.

Even at the higher energies I remain somewhat uncomfortable

with the usual dichotomy between quasi-elastic and strongly damped processes.

The bunching of strength in the energy spectra simply reflects flat portions

of the "damping function" (average energy loss vs. <£), just as a grazing peak

in an angular distribution reflects a flat segment of the deflection function.

A region of I -space in which the energy loss happens to vary rapidly may-

contribute strongly to the total transfer cross section without being definitely

associated with one or the other "bump" in the energy spectra. It seems

likely that what we observe in high-energy collisions of light or medium-

weight nuclei is a continuum of reaction mechanisms, spanning a wide range

of partial waves, collision times, deflection angles and energy loss. The

exploration of that continuum provides an exciting challenge for heavy-ion physics.
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Figure Captions

Figure 1 Examples of anomalous two-nucieon transfer angular

distributions which have been reproduced by CCBA calculations

including coupling to selected inelastic scattering channels.

The left-hand frame is taken from Ref. 9 and the right-hand

frame from Ref. 1 2.

Figure 2 Measurements and sequential-transfer calculations for

the exotic Ca( O, C) Ti reaction. The figure is from

Ref. 21.

Figure 3 Measured angular distributions and DWBA calculations for

single-nucleon transfer reactions induced on Ca isotopes by

68-MeV 13C (Ref. 31) and by 1 3-MeV tritons (Ref. 32).

Figure 4 Measured total reaction cross sections for O - Ca and their

decomposition into direct (0,. ) and fusion (o. ) components.

The experimental uncertainties are ~ 50—60 mb for C- and

20—35 mb for a,. . The x's represent the reaction cross

sections calculated with optical model parameters which fit

the measured elastic scattering angular distributions.

Figure 5 Distribution of the O + Ca total and direct reaction cross

sections (and their difference--da shed curve) as a function of

the entrance-channel i -value. The technique for generating
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Figure Captions (contd. )

Figure 5 the dot-dashed curve is described in the text and in Ref. 37.

Also shown is the unitarity limit CT .= Trfi {Zi +1). The arrow
uni

indicates the "orbiting'1 ^-value (see text).

Figure 6 Effective (nuclear + Coulomb + centrifugal) real potential for

O + Ca, as a function of distance and £-value. The nuclear

potential used is of Woods-Saxon shape with V - 100 MeV,

r = 1. 2 fm, a = 0. 5 fm; in conjunction with an absorptive

potential W = 24. 0 MeV, TJ = 1.207 fm, a£ = 0.482 fm, it

provides an excellent fit to the 56-MeVelastic scattering data.

The horizontal line corresponding to E = 56 MeV indicates

the orbiting condition for & = 30, which is also shown in the

classical deflection function sketched in the insert. The dashed

curves indicate qualitatively the expected effect of radial surface

friction on the kinetic energy near the barrier top and on the

deflection function. The two energy lines (E, < E ,
lab cr

E > E ) illustrate the reason (according to Ref. 59) for
lab cr

the rapid change at E in the energy dependence of the fusion

cross section (see Fig. 21): at the lower energy, but not at

the higher, penetration of the outer potential barrier ensures
reaching the critical fusion distance R . [taken here to be

. /.. crit

Figure 7

Figure 8

Figure 9

Measured and DWBA angular distributions for several

transitions in Ca( O, O) Ca, illustrating the presence
17 «

of structure-dependent anomalies for the O (0.89 MeV) and
47Ca*(2. 01 MeV) states.

t fi i **
Measured and DWBA angular distributions for ( O, N)

transitions to low-lying 7/2 and 3/2" states in the Sc isotopes
41

(only the 7/2 ground state is represented for Sc).

Angular distributions (in the lab frame) for 2-MeV wide bins

in the Ca( O, N) Sc excitation-energy spectra.
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Figure Ca.pi.ians (coratd. )

Figure 10 Angular distributions presented in Ref. 4 3 for various

elemental products from the interaction of Ar with Th,

summed over all exritation energies (top half) or over 20-MeV

Q-value bites (bottom half). In the top half, corresponding to
40

E ( Ar) = 379 MeV, da/ds is plotted in the lab system; in

the bottom half (E = 288 MeV) d a/dOdH is plotted in the c m .
131}

system. The results lying on different curves have been

multiplied by different factors, as specified in the inserts.

The curves are intended only to guide the eye.

Figure 11 Measured and calculated angular distributions for ( O, C)
44 50

transitions to low-lying states in ' Ti. The figure is taken

from Ref. 27. Only the dashed curves for the three L = 0

transitions represent DWBA calculations employing optical

model parameters which fit the O elastic scattering data.

For all the other DWBA curves the exit-channel potential

parameters have been adjusted to fit the observed ( O, C)

angular distribution shapes.

Figure 12 Same as in Fig. 9, but for Ca( O, C) Ti. The curves

are only to guide the eye.

Figure 1 3 Comparison of measured and OWBA angular distributions for

( i6O. ! 5N) and ( l6O, * 3N) transit? >ns induced on 42Ca. The

( O, N) calculations assume transfer of a triton-like cluster.

The ( O, N) DWBA curves differ in normalization (but not in

shape) from those shown in Fig. 8.

Figure 14 Same as in Fig. 9, but for Ca( O, C) Ti.

Figure 15 Angular distributions (in the lab frame) for all ' * N

produced in the interaction of O + Ca. The curves are

only to guide the eye.
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Figure Captions (contd. )

Figure 16 Element-production angular distributions (lab frame) for

O + Ca. The inelastic scattering cross section is not

included in the oxygen results. The curves are only to guide

the eye.

Figure 17 Total production cross sections for ' ' N in the interaction

of 16O + 4 0 > 4 2 > 4 4 > 48Ca at E. . (I6O) - 56 MeV. The results
lab

are plotted against the appropriate ground-state Q-value. The

curves are only to guide the eye.

Figure 18 Decomposition of the total O + Ca direct-reaction cross

sections as a function of the number of nucleons transferred.

Most of the transfer-reaction strength corresponds to the

addition of nucleons to the target nucleus.

Figure 19 Angular distributions for the L = 0 ground-state transitions
4 0 ' 4 2Ca( l 6O. 1 2C)4 4 ' 4 6Ti and 4 0 C a ( % . 2°Ne)36Ar at E fc

f A
( O) = 56 MeV. The simple oscillatory behavior of the

measurements is emphasized by the dot-dashed curves, which

are generated from spherical Besse! functions J [(£ + 1/2)91

corresponding to a single i-value. The dashed DWBA curve

for the Ca( O, C) transition was calculated with optical

model parameters which fit the O elastic scattering; even

greater discrepancies between the measurements and conventional

calculations are found for the other transitions. The solid

DWBA curve was obtained by arbitrarily changing the exit-

channel real-well diffuseness from 0.5 to 0.8 fm.

Comparison of the measured fusion excitation functions for

O + C and O + C. The circles represent data from

Refs. 60,61, and the triangles from Ref. 62. The O + C

measurement near 1/E =0. 04 MeV , represented by a
cm

square, is from a preprint by A. Weidinger, F. Busch,

Figure 20
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Figure 20
(contd. )

Figure 21

Figure Captions (contd. )

G. Gaul and W. Trautmann. The solid curves a r e calculations

based on the cr i t ical -dis tance-of-approach model of Ref. 59,

using pa rame te r s specified in Ref. 61 . The dashed curve for

O f C is intended to guide the eye.

Energy dependence of the fusion and total reaction c ross
16 40

sections for O + Ca. Only evaporation res idues (with

Z > 22) have been included in the experimental determination

of a . ; at the highest bombarding energies (E = 140, 234 MeV)
IUS lab

there may in addition be appreciable c r o s s section for fusion

followed by fission. The total reaction c r o s s sections a r e

determined from the measured elast ic scat ter ing quar ter -points
Cd*e, (e» / 4 » ' * W 6 1 /4> = °- 2 5 : Z1 .'4 * ' ' 2 = " C O t <*l /4 / 2 ) : "
The solid curve for C is only to guide the eye. The solid curve

for <J is calculated using the mode! of Ref. 59 and the pa rame te r s
fus

indicated in the figure. The dashed lines a r e es t imates of the

limiting total fusion and evaporation residue (ER) c r o s s sections

for formation of Ni, based on fission b a r r i e r ( 8 , . ) calculations
fiss

in the rotating liquid drop model (RLDM) of >*ef. 64. Note that the

measured C7_ at E =214 MeV exceeds the RLDM estimate.
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DAMPING IN "LIGHT" HEAVY ION COLLISIONS*

T.M. Cormier
Department of Physics, SUNY-Stony Brook, Stony Brook, New York 11794

It is well established that strongly damped or deep-inelastic channels

account for the major fraction of the total reaction cross section for very

heavy ions. The experimental situation for lighter beams (i.e., °0 - S)

is more complicated. For energies from the Coulomb barrier (V ) to two to

three times V most of the total reaction cross section (oR) appears in the

fusion-evaporation process as determined from measurements of the evaporation

residue cross section (o_n)
9. At higher energies o__ is observed to fall as

JLK ILK

the compound nucleus critical angular momentum1 °(S. ) or critical distance of

approach1°is reached. Recently exploited experimental techniques of time-

of-flight and ultra-thin AE ion counters have made it possible to study in

detail all charged particle reaction channels simultaneously and thus observe

directly those channels which are responsible for the limitation of the

fusion-evaporation process.

In the case of Cl or J S induced reactions on targets ranging from
27A1 to 65Cu and with Elab(

35Cl) up to 170 MeV or ElaJj(
32s;i up to 150 MeV

it turns out that the onset of a process which resembles symmetric fission

appears as a_ starts to fall. Kinematic coincidence experiments have been
11performed which indicate that the process is primarily binary and that thr.

total kinetic energy is equal to the Coulomb repulsion energy in the exit

channel. The mass distribution in these cases is observed to be symmetric

and peak near half the mass of the compound nucleus. The angular distribu-

tion of these fission-like products is consistent with . . Finally,

preliminary calculations of the expected compound nucleus fission cross
35 27 35

section for the Cl + Al case at E ( Cl) = 170 MeV including competi-

tion between evaporative decay and fission through a rotating liquid drop

barrier12are in good agreement with the observed total fission cross section.

In contrast to the symmetric fission-like events observed in these Cl

and S experiments, recently published results involving lighter beams1*13*11*

(i.e., C,N,0) and targets ranging from Al to Ag at energies in the vicinity

_
Supported in part by the National Science Foundation.
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of E, , = 80 to 115 MeV have noted the occurrence of two modes in the nucleon
lab

transfer channels denoted quasi-elastic and deep-inelastic respectively.

(For the lighter targets, negligible symmetric fission cross section is

observed'**.) The deep-inelastic component is observed to increase very

rapidly with energy and accounts for the limitation to compound nucleus for-

mation. It has been suggested that the mechanism producing these reactions
84

is similar to that operating in the case of very heavy beams (i.e., Kr -

1 3 6 X e ) .

It is interesting that both the C,N,0 and S,C1 experiments described

can potentially produce compound nuclei capable of decaying via symmetric

fission, while this decay mode is only observed in the S and Cl cases. A

possible explanation of this effect was recently proposed by Seglie and

Sperber15. These authors point out that for a characteristic rearrangement

time determined by the harmonic oscillator frequency36

hu « 40A~1/3

An equilibrated compound nucleus can form only for relative velocities in

the entrance channel of

(E - V ) 4 MeV

A nucleoa

Table 1 lists the relative velocities for some relevant experiments. The
35 27

two cases where no deep-inelastic transitions are observed ( Cl + Al and

S + Ti) are both accounted for by the estimate of ref.(15). However,

the estimate clearly fails in the case of 1 3 6Xe + 2 0 9Bi (1.83 MeV/nucleon).

It is noted in ref.(15) that in the case of very heavy systems characteristic

times other than that implicit in eqn. 1 may be more relevant.

In t..<j present paper, experimental evidence for the occurrence of the

deep-inelastic mode in "light" heavy ion reactions is reviewed and some

systematics presented.

The deep-inelastic process for very heavy beams is associated with a

significant damping of the kinetic energy of relative motion and relatively

small mass transfer to or from the projectile. Primarily two heavy fragments

are produced with angular distributions indicative of a direct process

occurring in a time small compared to the time required to attain thermal
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equilibrium. As discussed below, these features are also observed for light

beams.

Most of the data to be discussed was taken by the MIT and STONY BROOK

Heavy-Ion Croups using the Brookhaven JJP Van de Graaffs and the Stony Brook

FN Van de Craaff. Table 2 is a list of collaborators.

2. ENERGY DISTRIBUTIONS

Figure 1 is illustrative of the quality of particle identification that

is routinely obtained. This figure shows the mass-energy distribution of

products obtained at 8 = 40° with 100 MeV 0 + Al. The strength is

seen to be centered around the few nucleon transfer products and their

corresponding recoil products. The corresponding energy spectra for the

individual light mass products is shown in figure 2 for 6- . = 25°. The

energy spectra are generally bell-shaped and peak at Q-values ranging from

-2C to -50 MeV. In the mass 16 spectrum two peaks corresponding to the

elastic and quasi-elastic, excitations and deep-inelastic reactions respec-

tively are observed. With a target as light as aluminum, the quasi-elastic

portion of the spectrum falls off very rapidly with angle. Figure 3 shows

spectra for two of the strongest one nucleon transfer channels observed in

0 + Al reactions at 100 MeV. Three angles are shown in each case,to

illustrate the transition from dominance of the quasi-elastic peak at snail

angles to the dominance of the deep-inelastic peak at larger angles.

For heavier targets, a clear grazing angle exists and the quasi-elastic

transitions peak strongly at this angle. In these cases the deep-inelastic

component is prominent forward of the grazing peak. An example of this

situation from the work of Galin et al.1 is given in figure 4. The le"t
12 13 12

column is energy spectra for the Ag( C, C) reaction at £( C) = 86 MeV

and on the right, energy spectra of the Ag( N, 0) reaction at £( N) =

113 MeV are plotted. Spectra are shown in the vicinity of and forward of the

grazing angle.

Reactions involving more than two transferred audeons do not usually

show a strong quasi-elastic component because the DHEA optimum Q-value is

quite negative causing the spectrum to peak in a region of dense nuclear

states. Thus it was originally thought that for reactions such as ( 0, C)
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where one observes a bell-shaped energy spectrum at all angles, the concept

of two underlying components in the energy distribution could not be veri-

fied directly. Recently, however, we have completed a detailed study of the
58Ni(16O,12C)62Zn reaction from E(160) = 60 to 107 MeV. A condensed version

12
of the results is shown in figure 5. Plotted in the left panel are C

energy spectra at 6.. . = 15°, 25°, and 35°. We interpret these spectra as

literally consisting of two distinct bell-shaped components. At the forward

angle the quasi-elastic component dominates and is essentially the only com-

ponent visible. Because the quasi-elastic component falls more steeply than

the deep-inelastic component, there exists a limited angular range over

which the two have comparable strength. The spectrum at 6. , = 25° is near

the center of this region. Finally, the spectrum at 9, . = 35° is in the

region where the deep-inelastic process dominates. The change in shape of

the spectrum at 6. . = 25° is evident. The right panel of this figure is a
12

plot of the observed width of the C energy spectrum vs. lab. angle and

shows the clear peak, as expected, at angles where the two components are of

comparable strength. Further details of this experiment are given in a

contribution to this Conference17.

3. MASS AND CHARGE DISTRIBUTIONS

Figure 6 is a typical mass distribution of deep-inelastic products.
12

The strong enhancement of mass 12 and 16 products corresponds to C and

0 respectively. In addition to the enhanced yields of M = 12 and 16,

there is a clear preference for stripping reactions over pick-up reactions.

Employing simultaneous M and Z measurements we have established that both

of these features of the M-distribution are accounted for by level density

arguments applied to the heavy residual nucleus. Examples of the extent to

which isotope distributions of light fragments are accounted for by the

density of final states in the heavy recoil are shown in figs. 7 and 8 for

16,18Q + 2 7 M a n d 16Q + 58,64Ni r e a c t i o n s a t 1 0 0 Mev. in these plots the

ordinate is the observed yield at e^ , = 25° and the abcissa is the ground

state Q-value minus the pairing energy back-shift appropriate to the heavy

recoil nucleus. The solid lines drawn through the data all correspond to

the same nuclear temperature of T = 2.7 MeV. In many cases these simple
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systematics describe the data remarkably well. Notably, the yields of the

carbon isotopes produced in the four different reactions shown in figure 8

are very well described by the exp{-(Q - fi)/T} dependence. This observa-

tion reinforces the now generally accepted notion that the very strong
16 12
( 0, C) yield, which is always observed, does not necessarily imply that

16 12
the mechanism of the ( 0, C) reaction is particularly simple (i.e.,

a-transfer). As figure 7 shows, there are a number of cases for which

enormous deviations occur. The reason for these deviations is not clear as

yet. They do not appear to be correlated in any way with the number or

type of transferred particles. Further measurements will be necessary to

establish why many channels satisfy the Q - A systeraatics while others do

not.

4. ANGULAR DISTRIBUTIONS

Sample angular distributions for 160 + 7A1 products at £(* 0) = 100 MeV

are shown in fig. 9. Different Q-slices are plotted separately to illustrate

the transition from quasi-elastic to deep-inelastic. For a light target

such as aluminum, the grazing angle is very small and the quasi-elastic

transitions do not show a grazing peak characteristic of heavier targets or

lower energies. A systematic feature common to all of the data is the

flattening of the angular distribution as the inelasticity increases. For

Q-values corresponding to particle energies equal to the exit channel

Coulomb barrier, the angular distributions approach . However, in cases
sinuwhere good data exists for 8 > 90° the cross sections appear to continue to

fall slowly.

Figure 10 illustrate*, typical angular distributions obtained with a

heavier target. This data is taken from the work of Galin et al.*. In
*

this figure, Q is the excitation energy. Angular distributions for the

Ag(14N,15N) and Ag(14N,160) reactions are shown at E(14U) = 78 and 113 MeV.

In each case, data is plotted separately for the deep-inelastic and quasi-

elastic components as well as the complete energy distribution. For this

heavier target a well defined grazing peak is observed for the quasi-elastic

transitions while the deep-inelastic component is strongly forward peaked.

The authors of ref. (l) have also made measurements at large angles which
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show that the deep-inelastic component continues to fal? for 9 > 90°.

Inspection of fig. 10 reveals a sharp increase in cross section for
14both the quasi-elastic and deep-inelastic components between E( N) = 78

and 113 MeV. A relatively larger increase occurs in the deep-inelastic com-

ponent. A similar situation was observedlkin a study of the total deep-

inelastic cross section (defined as all transfer products with Q < -20 MeV)

for the 160 + 27A1 system at E(160) = 90 and 100 MeV. In this study the

deep-inelastic cross section varied from 0.18 cr at 90 MeV to 0.28 c_ at

100 MeV.

5. TIME SCALE OF DEEP-INELASTIC REACTIONS

A crucial input to understanding the mechanism of deep-inelastic

reactions is the time scale over which the process occurs. In principle, tine

information is contained in the angular distributions, but its extraction is

model dependent. Thus while the observed angular distributions are qualita-

tively consistent with an orbiting picture16, they are not necessarily in-

consistent with spallation of the target or projectile. At Stony Brook

we have recently completed a charge particle angular correlation experiment
27 16

which supplies some independent information. We have studied the Al( 0,
12Ca)27Al reaction at E(160) = 65 MeV ate = 30° and 4!c jnd e from -90°

to 120°. A detailed description of the experiment is gi.'en as a contribution
29

to this Conference . A condensed version of the resvlts is given in

figure 11. The first objective of the experiment was to establish whether

an intermediate system exists or whether the reaction proceeds directly, via

break up, from 0 + Alto C + a + Al. The answer to this question is

essential before any serious interpretation can be given to optimum Q-

values obtained experimentally using two-body kinematics. Possible reaction

paths are illustrated schematically below.
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The systems inside the bracket represent possible two-body intermediate

states. The first possibility is the excitation of a group of states in 0

which subsequently decay to a + C. The second possibility is quite exotic

and involves the production of K states via an ( 0, a) reaction with the

subsequent fission-like decay of 3 V ' - 12C + 2 7A1. The third possibility

is that intermediate states in P are produced via an ( 0, C) reaction

followed by P' -*• a + Al. A final possibility is that the reaction

proceeds directly via 0 break up into a + C + Al. In this latter

case it is clearly inappropriate to use two-body kineLatics to describe the

energetics of the reaction.

These different possibilities are examined in the top half of figure 11.

This is a plot of the excitation energy of the intermediate system above

the appropriate particle threshold vs. 6 . A constant excitation energy,
a 31 * 12

independent of 8 , is observed only for a P + C intermediate system.
a 12

This plot was obtained using only those events involving C(gs) production.

An exactly analogous plot is obtained for those events producing C(2 , 4.43)

and exactly the same average excitation energy in P results independent of
12

the state of excitation of the C.

Two other experiments have been performed which imply that in the first

step these reactions involve only two particles in the exit channel.

Albrecht et al. have determined the y-ray multiplicity associated with the

Ni(16O,12C) and Ni(16O,16O') reactions at E(160) = 96 MeV\ They find

M = 6 for C and M = 5 for 0' and point omt that the high multiplicity

in the C channel makes a break up mechanism very unlikely. They note that
12

the higher M in the C case is qualitatively consistent with the fact that

transferring an a particle in a frictional collision should transfer more

angular momentum from relative to intrinsic motion. Bond et al. have

recently performed a kinematic coincidence experiment using the

' Ni( 0, C) Zn reaction. Time-of-flight was ised to distinguish between
58

heavy recoil nuclei from the Ni target and light recoils due to target

contaminants. They find that the ( 0, C) reaction is consistent with

two-body kinematics.

In the lower half of figure 11 the C - a angular correlation is
31 12 12 +

plotted in the rest frame of the P for C(gs) and C(2 ) events.
The gs and 2 yields have essentially the same strength and both peak near



e = 80°. The observed angular correlation is reiminiscent of the type

observed in ternary fission studies in heavy nuclei. The interpretation in

such cases is that ternary particles are emitted primarily froir. the neck

region and their subsequent motion is governed by the Coulomb repulsion

between the light particle and the two fission fragments. In the present

experiment, even the fact that the angular correlation peaks slightly
12 27

closer to the C than the Al is consistent with the expected influence of

the Coulomb forces.

Alternative semi-classical explanations of the peaked angular correlation
12

can be proposed. For instance, the angle between the C and the a (^•80°)
27

could be interpreted as the extent of rotation of the a + Al system

during the tine in which they are bound.

Further systematics must be established before the angular correlation

can be understood. In particular, the influence of 0 energy and C

emission angle need to be investigated. At present we can state that the

reaction proceeds through states in P with well defined energy which have

a decay angular distribution which is not characteristic of an equilibrated

systero.
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TABLE 1

ENERGIES AND RELATIVE VELOCITIES FOR SELECTED EXPERIMENTS

16o -

1 6 0 •

14N -

3 5C1,

3 2S H

84Kr-,

136Xe H

f 27A1

h 58Ni

1- Ag

- 2 ?A1

H A 8Ti

h 2 0 8Fb

- 2°9Bi

Reference

14

13

1

11

11

21

8

Elab(HeV,

100

100

113

170

144

714

1130

(E -V )/A (MeV/mucleon)
cm c

4.98

3.89

3.60

1.03

.96

4.88

1.8J
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TABLE 2

COLLABORATORS

STONY BROOK MIT

J.W. Harris

D.F. Geesaman

R.L. McGrath

L.L. Lee, Jr.

J.?. Wunu'

E.R. Cosniam

A.J. Lazzarimi

M.A. Neuhausen

A. Sperduto

K. Van Bibber
4..;.

F. Videbaek
G. Young

tf
Permanent Address: MPI, Heidelberg.

Permanent Address: MBI, Copenhagen.
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FIGURE CAPTIONS

1. Mass-Energy distribution of reaction products observed at 40° from
16O + 27A1 at E(160) = 100 MeV.

2. Energy spectra plotted vs. Q-value for individual mass products

observed at 25° from 160 + 27A1 at E(160) = 100 MeV. The ordinate is an

absolute cross section scale.

3. Energy spectra at 6 = 10°, 15°, and 25° obtained with M and Z

identification for the 27A1(16O,15N) and 27A1(16O,17O) reactions at

E(160) = 100 MeV.

4. Energy Spectra: on the left Ag( C, C) at E( C) = 86 MeV and on the

right Ag( N, 0) at E( N) = 113 MeV. Various angles near, and forward

of the grazing angle are shown.

5. Energy spectra for the 58Ni(16O,12C)62Zn reaction at E(160) = 107 MeV.

Three angles are shown to illustrate the broadening of the energy

distribution near 25°. The right panel shows the variation of the width

of the energy spectra with angle.

6. Mass spectrum obtained at 0, . = 25° for 160 + 27Al at E(160) = 100 MeV
lab

for Q-values between -20 and -50 MeV.

7. Yield of oxygen and nitrogen isotopes at 8. . = 25° £or O + Al and
180 + 27A1 at E(16*18O) = 100 MeV. The abcissa is the ground state

Q-value minus the pairing energy for the corresponding heavy product.

S. Yield of carbon isotopes at 6 fe = 25° for
 16O + 27A1, 18O + 27A1,

160 + 58Ni, 160 + 6 S i reactions at E(16'18O) = 100 MeV. The abcissa

is the ground state Q-value minus the pairing energy for the correspond-

ing heavy product.

9. Angular distributions for selected M and Z groups for 100 MeV 0 + Al.

Data is plotted separately for Q-slices of 10 MeV width. The solid lines

are drawn to guide the eye.
14

10. Angular distributions at E( N) = 78 and 113 MeV from the work of Galin

et al. For Ag( N, K) and Ag( N, 0) reactions. Angular distributions

for quasi-elastic and deep-inelastic excitation energy (Q ) slices arc

plotted as well as for the complete energy distribution.

11. Results of the Al( 0, Co) Al angular correlation experiments. The

upper panel shows the excitation energy in the indicated intermediate
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system measured above the appropriate particle threshold ( E J vs. the

lab. angle at which the coincident a is detected. The lower panel is
12 31

the C - a angular correlation in the P rest fraae. Events involving
12C(gs) and 12C(2+) are shown.
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SYSTEMATICS IN THE REACTIONS INDUCED BY C AMD N IONS IN Tti£ 100 MEV REGION

Kiromichi Kamitsubo

Institute of Physical and Chemical Research

Wako-sfoi, Saitama 351, Japan

1. Introduction

Heavy-ion reactions at incident energies well above the Coulomb barrier

have revealed a variety of new phenomena in reaction mechanism. In addition

to the usual quasi-elastic collisions (QEC), which are induced mainly in a

peripheral region of two colliding nuclei, deep inelastic collisions (DIG)

have been observed in heavy-ion induced reactions- The latter seems to be

a dominant process in multi-nucleon transfer and is more clearly observed at

higher bombarding energy or with heavier projectiles such as Ar ions.

On the other hand, in few-nucleon transfer reactions with I iftJiter heavy

ions, sometimes the fJEC and die BIC cannot be separated clearly. In case of

the reactions Induced by nitrogen Ions, the energy spectra of emitted particles

show an intermediate structure as shown in the next section. This suggest Chat

systematic studies of the reactions induced by light heavy Ions preside

informat ion on reaction mechanism as well.

When two nuclei collide with overlapping of nuclear surfaces, a

considerable amount of kinetic energy dissipates into the internal excitation

and a large angular momentum is transferred to the excited nuclei at the same

time. In discussing the reaction mechanism, energy, angular momentum and the

numbers of the transferred nucieons should play an important role.

In this paper the systematics in the reactions induced by carbon and

nitrogen ions in the 100 MeV region are discussed mainly on the basis of

This work was done in collaboration with

I. Kohno, S. Nakajima, M. Ishihara, T. Inamura (IPCR) and T. Motobayashi,

T. Fukuda, T. Numao .(Tokyo University) and T. Mikume, K. Katori,

H. Yoshie, T. Ohi (Tsukuba University).
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experimental data obtained at the IPCR cyclotron. We have studied how the

energy spectra of the light reaction fragments and their production cross

sections depend on the bombarding energy, target mass, emitted angle and

so on.

Multiplicity of y rays from the residual nuclei in the intuiti-nucleon

transfer reactions provides an important information on the average valaes

of transferred angular momenta. We have measured y-tays in coincidence with

the emitted particles and estimated the momenta from their results. It is

found that a considerable angular momentum remains on the residual nuclei

and a large part of the dissipated energy is converted into the rotational

motion. Taking the rotational motion into account, we tried to interprete

the systernatics in terms of the statistical codel. The moment of inertia J

was obtained from the energy spectra as a function of the number of transferred

nucleons n. The value of J corresponding to the QEC bump is smaller than

the rigid body value but increase with n. And it should be noted that the

DIC bump corresponds to the excitation with J . .

2. Experimental data and their systematics

2.1. Energy spectra of light reaction products.

Fig. 1 shows the energy specera of light reaction products in the

transfer reactions in 92Mo+ll*N system at 97 MeV measured by Tt. Yoshie et al.

Each spectrum extends to very low kinetic energy (i.e. high excitation) and

has a large bump. The maxima of the bump turn to be close to the exit

Coulomb barrier for lighter isotopes. The change in the patterns of these

spectra clearly demonstrates the importance for both mass and charge

identifications. Indeed, in the reactions induced by light heavy-ions at

relatively high bombarding energy, the transferred nucleon number n plays

an important role. In case of a few nucleon transfer reactions, two bumps

can be seen in the energy spectra of emitted particles. This can be seen

more clearly in Fig. 2 where angular dependence of the spectra of carbon

isotopes from the 9%b+ll*N reactions at 120 MeV are shown. Hereafter we

call the bump at higher energy side as the first bump and the other as the

second bump. The second bump, which corresponds to the deep inelastic

excitation, appears more clearly at larger angles or at higher bombarding

energies. This tendency was also observed in the reactions induced by
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heavier ions.

Fig. 3 shows an example of the variation of the energy spectra with

bombarding energy. At 60 MeV, selected peaks near the ground states are

observed and the bump has a maximum around 10 MeV of excitation. Yield of

the bump is relatively small and, for example, the peak at 3.8 MeV is higher

than the peak of the bump. On the other hand, at 90 MeV, the bump grows up

and becomes wider and has a maximum at about 17 MeV of excitation. In this

case a large part of the reaction cross section goes into the SIC channels.

Fig. 4 shows the energ-, spectra of 13C, and 12B from the reactions HKo+lltN

at 97 MeV. It is worth pointing out that spectrum shapes are similar for

all the Mo-isotopes. This suggests that the reaction has a macroscopic or

statistical nature and is insensitive to the detailed structure of the

target nucleus.

2.2 Angular distributions

Fig. 2 shows that the pattern of the energy spectra depends strongly on

the emission angles. However, if one examines the spectra in detail, one can

find the variation of the pattern with angles comes from the fact that the

yields of two bumps have different angular dependence. The first bump goes

up more repidly at forward angles than the second bump. The shape and the

position of each bump do not change with emission angles. This can be seen

more clearly in Figs. 5 and 6. In Fig. 5 angular distributions for selected

slices in the energy spectra of 12C from 52Cr+14tN reactions at incident

energies of 70 and 90 MeV are plotted. The solid lines show the calculation

based on the formula given by Strutinskii. Except for the absolute values,

the differential cross section for each slice has a similar angular dependence

and the shape of the first bump remains unchanged for all angles. The

optimum kinetic energy E™, defined as the kinetic energy of the emitted

particles at the peak of the bump, is constant over the angular range of the

present measurement as illustrated in Fig. 6 vhere the optimum 0-values Qm,

defined as (fW^-E., E being the incident energy, are plotted as a function

of the laboratory angle.

In the recent experiments with heavier projectiles, the spectral

shapes were classified into three groups: spectra measured at around the

grazing angle 6 , those measured at forward (©<© ) and backward angles (fi>S ).

At grazing angle, there are two peaks corresponding to the grazing collision
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and to the DIC with negative angles of emission. At forward angles, the mean

energy for the grazing collisions decreases gradually and two bumps collapse

each other. At backward angles, only the particles coming via DIC are

observed. In case of the reactions with light heavy ions, the situation is

a lictle different. The grazing angle is smaller than the quanta! dispersion

and contribution from the "unphysical" angles (-G ) cannot be neglected.

Assuming the QEC and a Gaussian distribution of the reaction amplitude in

£-space, the differential cross sections can be written as

da _ I f /g) I cceXD } v°~"f; / , e x _ 1 lOTcrj-i j mt.t:[x«ciii.i:i - . .

As for the reaction 12Cr(xl»N, 12C)5l4Mn at 90 MeV we obtained e =23",
c

after strutinskii's formula.

2.2 Systematics of the Optimum Q-values

From the macroscopic point of view, it can be said that the most probable

kinetic energy Em, is the mean energy of the particles emitted after the

collision and that the optimum Q-value is the mean energy loss of the projec-

tile during the collision. In discussing the heavy-ion reactions, it is

more convenient to use the Q-values corrected for the difference in the

Coulomb barriers in the initial and final channels. Thus the effective

Q-value Q ,, is defined as

Qeff ~ (Ef " V " (Ei " V =<*m+ AVc (2>

where V. and V. are the Coulomb barriers in the initial and final channels

respectively. As shown in Fig. 6, the Qm for the specific reactions does

not depend sensitively on the emission angle. This situation is in contrast

with the case for sub-Coulomb reactions, where the optimum Q-values are
9)

strongly dependent on the emission angles. Recently, Morreto et al. also

found Qm to be independent of 0 in the reactions Ag+Ii(N at 100, 160 and 250

MeV.10)

In Fig. 7, the most probable effective Q-values are plotted as a

function of n. The data for the reactions 232Th+lsN at 145 MeV and 232Th+
22Ne at 174 MeV studied by the Dubuna group were also included in the

figure. In case of few-nucleon transfer reactions, Q™,,-values of the first
etf
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bump are considered. For snail values of n (for instance n^5) a sinple

relation lulds between 0 ',, <ind n as
"ef t

As shown in Tig. 8, the coefficient » is a function of the bonbarding energy

and can be w?ll reproduced by the relation as

* = -0.1 (Ej - V.) -0.9 (4)

These simple relations aisong Q , f, i and E. hold for a various combinations

of the projectiles and target nuclei, and over a v H e range of the bonbarding

energy. The constant £ in Eq(3) is nb.nit -3 Mi-Y for-* *5?Cr+-liM reactions but

the present data are not sufficient to determrce .-: accuratly. Eq. (3) implies

that, as long as n is not too large, a constant amount of the kinetic energy

is dissipated per one nucleon transfer during the stripping process and this

constant rate, *«, is proportional to the energy available at the barrier,

YV
For reaction involving transfer of nucloons more than 5, the Q',, values

deviate from the above relations. However, Fig. 7 suggests that they also

have a linear dependence on n with a coefficient a1 of snaller value than i.

The Q f, values of the second bunps in the energy spectra of C-isotopes

appear to be on this systcraatics. Then all the energy spectra can be divided

into two groups, the first group obey the systenatics of Eq. (3) and the second

group is characteristic of the DIC. At nj5, both groups turn out to be the

same one.

The mean velocity, v,, of the ouim'-n*-; particles at the barrier is also

important to interprete the reaction mechanism. In Fig. 9, the ratio of

v,/v , v. being the incident velocity at the barrier, is plotted against n.

The ratio decreases from 1 for n=l down to 0.4 for n=10. The systematic

behavior of Q ff was discussed by Siemens et al. and also by Uilcsynski. "*'
' 13)

The present data can be rather veil fitted by the method of Siecens et al.

2.4. Isotope production cross sections

It was found by the Dubna group that the isotope production cross sections

have a exponential dependence on the ground state Q-values Q . This can
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be written sinply as

i .
Q + .'.V

C e x p ( - 8 P - C ) F(A. 7.) .

where C and £ arc constant, .'V is the change in the Coulomb energy and F(A,
c 17)

2) is a function oi A and Z oi the light reaction product. Usually F(A,

2)»1 and this gives a simple exponential relation between •(•;) and Q_ .

In the present work, this systenatics was also studied by bombarding .»" and
12C ions on all the stable Isotopes of nolibdenun and several fp shell nuclei

at various energies. Fig. 10 shovs the differential cross sections for the

isotope production of 0, C, B, Be, 1.1 and He in the reactions of ̂ »o+!"*S at

97 MeV. The cross sections are plotted as a function of G . Target mass

numbers are given in the figure close to the corresponding data. The dotted

line, drawn only to guide the eyes, indicates the target aass dependence of

the isotope production cross sections. The Q dependence holds over all the

reactions studied in the present work, independent of the combination of

projectile and target nuclei, of bombarding energy and angle of observation.

In Fq. (5), e has a dimension of energy and, provided the reactions have the

statistical nature, Eq. (5) corresponds to the level density with a constant
18)temperature T (»c). In Fig. 11 the nuclear temperature deduced fros tlie

analysis of the present data Is plotted against target nass. Temperatures
18)obtained from the neutron data are also plotted in the figure, tiuclcar

temperature tn the heavy-ion collisions are about 3 tines higher than those

for neutron resonances. Another interesting feature is that the reactions

with charge transfer {:?.) oi odd number (C and Be In the figure) give higher

temperature than those with /2flcvcn.

Recently, importance of the pairing energy correction was pointed out

by Volkov in his analysis of the reaction 9!*Zr+s?Kc at 172 MeV.*7 fa the
19)present work, we have observed a sinilar effect. In Fig. 10.an anomaly

in the cross sections for IC*C, n * 1 3 B , :DBe and 7Li in the reactions on odd

mass targets can be seen clearly. Introducing the correction tern for the
18)pairing energy as

3/2

{ •
for odd-odd residual nucleus (6)
for even-odd and odd-even nucleus
for even-even nucleus
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and replacing Q by Q^ ̂ /.(P. N) In Eej. (5) we can taks the pairing effect

into account. Pig. 12 illustrates how this correction affects the cross

.sections. In this figure, Instead of 3(0), the quantities G- .n •<")-(<?.,,+ -AT )/r

("•' : G+/)(P. N)/c are plotted as a function of the target mass number. Fig. 13

summarizes the C* values obtained for all the reaction products observed in

the present work. They have similar dependence on the target mass nunber,

that is, monotonically decrease with A and have dips at A*95 and 97. The

former Implies that the cross section can be written as

"?, - C exp \-*& ^ fexp f —^-1 (7)

with k-\5 in the ?!o+1:'K system at 97 HeV.

2.5. Multiplicity of -,-rays

The nultiplicity of v-rays from the residual nuclei provides important

informations on the transferred angular nonentun and the excitation energy.

Recently, (shlhara ct al. measured the multiplicity for the reactions 9"Nb+
!'\v at the bombarding energy of 120 MeV by detecting v-rays in coincidence

4)
vith cnitted particles. The v-ray nultiplicity M. was then determined as

a function of energy E, of each of the identified light products from the

single and coincident counting rates. In Tig. 1« the results of M (E.)

obtained for various light elements from He to 0 are plotted together.

In the figure, instead of E,, the abscissa is chosen to be the orbital angular

momentum !.. of the final system defined as

ef - 8 f J 2^f(E£ - V f) (8)

where u. is the reduced mass. The reaction radius R, and the Coulomb barrier

Vf arc taken as R £ - W ( A |
3 + A ' 3 ) and Vf«Z ;Zt<e

2/l.S(A3 3+A' 3 ) , respectively.

A classical description of heavy ion collisions reads that the

transferred angular momentum and the orbital angular momenta i and e, are

all oriented in parallel and I can be written as

I - Bj - \ (9)

If the ground state spin is ignored, the excited fragment must have a

spin C Ishihara et al. assumed that the fragment spin £ vas proportional
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to >I , i=fM as a first approximation. Then there must exist a simple,

linear relation between M and i. In Fig. 14, two solid lines are shown for

comparison. The upper line corresponds to the choice of i.=i and the lower

line to that of : = £ . Here ; and >. are the grazing and critical angular

momenta, respectively. In the heavy Ion reactions, partial waves having

angular momentum ]ess than :-t_ go into the formation of tiio compound nucleus

or into the fusion reaction. Then the transfer reactions are induced by the

partial waves of a. which lies in a narrow region of ;. <l.<t. . In the

present case .: andi. are taken to be 60 and 44 respectively. It is noted

that most of the experimental points are confined in the region between two

lines. It should also be noted that the data points tend to shift from the

upper to the lower lines as i. becomes smaller. For the case of carbon, for

instance, M., at the top of the first bump is close to the line of £, = 2 and

it moves to the line of i =.;. as the excitation goes up to the second bump.

Fig. 15 shows a plot of M. measured at the centers of the first and second

bumps versus mass of the light product. A dotted line is calculated by the

sticking model and should be compared with the second bump. A solid line is

obtained by assuming the grazing collision with constant velocity. It is

worth to note that the values of M for the second bumps are on the dotted

lines whereas these for the first bumps are close te the solid line. These

results indicate that the first bump comes trora the peripheral collision

whereas the second bump is due to the collision with a smaller impact

parameter.

Data for He and Li deviate from the general trend mentioned above.

In these easel a part of the angular momentum brought out by the particle

emission. A preliminary results of particle-particle coincidence measurement

at IPCR confirmed this possibility.

2.6. Reaction cross sections and the critical angular momentum.

As discussed in the preceeding section, precise value of the critical

angular momentum z is necessary for discussions of the reaction mechanism

in detail. Usually 1. is deduced from the compound formation cross sections

o . as o ,=irX2(i +1)2 and a f can be obtained from the direct observation

of the evaporation residue.20) Recently, Fukuda et al. of IPCR have applied

the beam attenuation method to measure accurately the reaction cross sections

for 93Nb+1!*N and Ho+il4N systems.21* In these reactions the fission probability
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is not so large that the reaction cross sections consist mainly of two parts,

direct reaction and compound formation cross sections. They showed that the

ratio a /o decreases from 0.74 at 84.7 MeV to 0.69 at 103 MeV for

1!*N and from 0.75 at 86.8 MeV to 0.66 at 105 MeV for ;c:Mo+]uK reactions,

respectively.

The values of '» are determined as 37(84.7 MeV), 44(103 MeV) for

11(Kf 89(86.8 MeV) and 44(105 MeV) for
 300Mo+!'*S, respectively.

3. Possible interpretation of the systefflatics based on the statistical concept

3.1. Basic assumption

In the preceding sections, tee shotted the systenatic behaviors of the

various quantities in the reactions induced by the light heavy ions. The

characteristic features are summarized as follows:

1) There are two possible reaction mechanism; one corresponds to the OEC and

the other to the 0IC but as the transferred nuclcsn nunber n grows up it

becomes impossible to discriminate these two processes.

2) A considerable amount of the angular momentum as well as the energy is

transferred with the nucleons.

3) The reactions are Induced mainly in the peripheral region for few-nucleon

transfer but the more nucleons ate transferred, in the more inner region they

are induced.

4) The cross sections show the exponential dependence on Q and hardly
bo

dependent on the detailed structure of the individual nuclei. This suggests

that the reactions have a statistical nature.

5) Angular distributions also suggest the nature of peripheral collision.

The concept of the partial statistical equilibriusi introduced by the
22)

Copenhagen group is promising to explain the reaction correctly. Mien two

nuclei collide each other at the surfaces, creation of particle-hole pairs

are induced by nucleon transfer. A part of the kinetic energy is dissipated

and converted into the internal and rotational excitations of the system.

Before reaching the thermal equilibrium, two nuclei begin to seperate each

other leaving themselves in the highly excited states. However, it is

reasonable to assume that the light reaction products are not excited so

high because many weakly bound nuclei such as 12B and 9Be (neutron threshold
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energies are 1.7 and 3.4 >!eV respectively) have similar energy spectra as tine

stable nuclei. If those nuclei are excited highly, they r.ust decay into

particle emission channels and become different isotopes. Then the shape of

their spectra r.ust be quite different to "ach other depending on the threshold

energy of particle emission.

In the following discussions, we put the assumptions as:

1) Reactions arc induced in the surface region

2) The heavy fragment is highly excited whereas the light fragment is not

excited at all or excited to lower states.

3) A large part of the transferred angular momentum is shared by the heavier

fragment, too. For convenience, we assume that only the heavy fragment has

a high spin of :.

4) The dissipated energy is converted into the internal and rotational

excitation.

3.2. Statistical treatment of the reactions"

When excitation is high enough to srce.ir <«ui the ind1vidii.il property <>i

each level,the emitted particles have continuous energy spectra. In such a

situation the transition rate must be proportional to the product of level

densities in two nuclei in the exit channel. The measured cross sections,

however, are those for the formation cf light fragments in bound states as

dis ussed in the preceding section. So the transition rate is proportional

to the ''-el density p(U) of the heavy reaction products at the excitation

of V Since the assumption (2) in §3.1 reads that practically il.e entire

excitation energy is concentrated in the heavy fragment, V can be written as

U * Ei " F'f + Qgg " AVc " Erot " A<P« N )' U 0 )

where A(P, N) is the correction for the pairing effect. Since y-nultiplicity

measurement proved ' ̂ at high angular momentum P.= ?..-£» remains on the residual

nuclei, the rotational energy E cannot be neglected. For instance mean

excitation energy U estimated by Eq.(lO) at the center of the first bump is

about 8 MeV or a little higher for C and B isotops. These values are

sufficiently low so that the constant temperature approximation can be applied

if the statistical nature is assumed for the reactions. Indeed, the

exponential dependence of c(8) on Q has been well explained by applying
DO
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this formula. However, the nuclear tenperature obtained fron the analysis of

heavy-ion reactions are not the sane as that of the neutron data, the former

is three tines higher than the latter (Fig. 11).

The differential cross section has a tern depending on the emission angles.

However, if it is assumed that only one partial wave of i contributes to the

reaction, the cross sections can be written as

= c n(V). (11)

Here r is an overall normalization constant which does not depend or. the

properies of the final state. The total level density is represented by

Bethe formula as

V = at'- I t.

a and t being the level density parameter and the thernodynaraical temperature,

respectively, and li is a constant. I'nder the condition of the constant

tenperature, the level density can be written as

These two formula are valid for the equilibrium system. However, we

have to deal with the pre-equilibibrium system so that we should employ more

relevant formula for them. Recently, Katori et al. developed the new formula

and succeeded to reproduce the energy spectra nicely.~ Ueverthless, we

make use of Eq. (12) or (12*) because the level density for the particle-hole

system will approach rapidly to the Eq. (12) when the number of pairs Increases.

Then we have Eqs (12) or (12') for the partial equilibrium systems.

The rotational energy is given as

_
rot " 23 ' (13)

J being a function of the transferred mass, n. The optimum kinetic

energy of the light reaction products can be obtained by putting 3o/3£ =0.

After a simple calculation, Q ,, is given as
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E } (

where u, and y, are reduced masses. It. and R. are distances between the

centers of the colliding nuclei in tlie incident and final dianntils,

respectively. In deriving Kq. (14) we put ',"•, • Another important

relation is obtained iron the .mjjul.ir raimentum .-onsidor.ti j.i« .-as

and

2̂ , is the uean angular moraentura corresponding the opt ircun kinetic energy

E. of the outgoing particles. These relations are sinilar to tliose oht.-lined
17)

by the sticking model.

3.3. An exterrae case

Eq.(14) gives the n- and incident energy dependence of 0 ,,. In the

case where the tai.-get nucleus is much larger than the projectile, or M '•••M
a a

in the reaction A(a, b)B, t;e can put ij,'1'M. and R,'-R_. If only the transferred

particles contribute to the moment of inertia, or J'in iiRi, we obtain the

relation

where m 0 is nucleon mass. Then the ""efficient a in Eq.(4> is given as i=

-(E.-V.)/1A, namely the excess energy per nucleon. This should be compared

with the actual value of a=-0.KE.-V )-0-9. In the actual reactions *he

situations are more complicated so that the values of Q ,, deviate from those

given b" Eq.(14).

The mean angular momentum is written as
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Since K. it , this leads to the rel.tt.ion v "=\ ., which inpljes that the transfer

reactions by high energy heavy ions are "• -t probable when the- velocity of
75)

tht' iaconinf, "core" is unchanged during the collision process."

Another extreme case is that where -5 equals to the value for the rigid

TS-ien o"ff 1

compound nucleus.

hotly. Then 0™., becor.es equal to -0:. -V.) and ¥..' becomes V resulting the

3.4. Morient of inertia and the origin of two bunns.

E«|s. (14) and (15) inply that one can obtains the tr.or.ent of inertia

empirically Iron the analysis of the energy spectra of the reaction products.

!:ig. 16 shows the nor.ent of inertia ." thus obtained for the '•MoJ-i~S and

3 'Mo+!"N reactions. In the figure, the ratio of .J to the values of the rigid

bodv .1 . .ire plotted as a function of n. It should ho noted that .1 is about
- rig '

0.-. .1 . for n=2 an*i approaches to .! . as n bee ones large. This deans that
rig rig

when a nucleon it transferred, several pairs of particle-hole are created

and the nossent of inert ia is induced. The isunber of the particle-hole pairs

is proportional to n so that .1 increase linearly with n.

The cquflibriun tine w.is estimated by Blann et al" as

• \ 1.3 • 10~::

and is about 3.5-10 sec for the if shell nuclei. If the reactions are

induced in the peripheral region, the interaction tine of two colliding

nuclei is about 10 " sec and a little less than ?. In this case, before

the whole systen reaches the equilibrium in energy, the projectile goes away

fron the target nucleus, leaving nucleons in it, and the nonent of inertia

must be smaller than J . . However, if the collision occurs with smaller
rig

impact parameter, that is, l.<i , it will possible for the projectile to

take longer time than T to begin to separate each other. Then the system

will reach the equilibriuin state and have a moment of inertia for the rigid

body. When n increases, the nucleus become more sticky for the projectile,

the contact time becomes longer and the relaxation of the energy goes on.

Then J approaches to the rigid body value.

In few-nucleon transfer reactions, there are two type of the excitation,

one is the pre-equilibriun and the other is the equilibrium excitation and

the former has the moment of inertia J smaller than J . and corresponds

to the first bump. The latter has J . .
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Recently Moretto et al. developed the new theory involving diffusion

along the mass asymmetry coordinate of a tnermalized intermediate complex

in order to predict both cross sections and angular distributions as a
27)

function of atomic number. They have formulated the cross sections by

including the relaxation time of the intermediate structure. In their

analysis of Ag+**°Ar data at 288 MeV, they get mean life of 2.5*10" sec for

the intermediate complex. This time is longer than the nuclear period and

the system is completely in thermal equilibrium. This corresponds to the

second bump in our case and it is quite reasonable that this system has a

moment of inertia of about the rigid body value.

4. Conclusion

The systematic study of the multi-nucleon transfer reactions by the

light heavy-ions reveals that the main feature of the reaction is determined

from the competition between the equilibrium time T of Eq.(19) and the

reaction time r . The latter can be regarded as the "life time" of the
17>

double nuclear system (DNS) proposed by Volkov. If T>T , the dissipated

energy is completely distributed in the whole system and the moment of

inertia is nearly equal to the regid body value. Even in this case,

however, the rotation period of DNS is much longer than T and thus the

angular distribution has a forward peak. On the other hand, if T<T , two

colliding nuclei go apart before the system reaches equilibrium. In the

present study, reaction with n»£5 correspond to the second case.

Recently we have measured the particle-particle correlation in the

heavy-ion reactions. The preliminary result suggests that the protons and/

or a particles emitted after the a emission in the reaction 93Nb+1'*N at

97 MeV show the angular correlation pattern characteristic of the compound

process, whereas those emitted after C and B particles have a correlation

pattern, exponentially dependent on angle. The latter fact seems to support

the interpretation mentioned above. Further study is now in progress.



191

References

1) J. Wilczynski, V.V. Volkov, P. Dezowski, Yad. Fiz. 5(1967) 942.

J. Galin, D. Guerreay, M. Lefort, J. Peter, X- Tarrago and R. Basile

Nucl. Phys. A159(1970) 461.

2) A.G. Artukb, G.F. Gridnev, V.L. Mikheev, V.V. Volkov and J. Wilczynski,

Nucl. Phys. A215(1973) 91.

3) I. Kohno, Proc. Int. Symp on Cluster Structure of Nuclei and Transfer

Reactions induced by Heavy-Ions, Tokyo (1975) 473.

4) M. Ishihara, T. Numao, T. Fukuda, K. TanaKa and T. Inamura, Contributed

Paper to this Symposium.

5) K. Katori, M. Yoshie, I. Kohno, T. Mikumo, T. Motoba;*ashi, S. Nakaji.*=a

and H. Kamitsubo, Proc. Int. Conf. on Reactions between Complex Nuclei,

Nashville, (1974), Vol. 1, p 63.

6) B. Gatty, D. Guerrau, H. Lefort, X. Tarrago, J. Galin, B. Gauvin, J. Girard

and H. Nifenecker, Nucl. Phys. A253(1975) 511.

7) S. Kahana, D.D. Bond and C. Chasraan, Phys. Lett. 50B(1974) 199.

8) T. Mikumo, I. Kohno, K. Katori, T. Motobayashi, S. Nakajima, M. Yoshie,

and H. Kamitsubo, Proc. Int. Symp. on Cluster Structure of Nuclei and

Transfer Reactions induced by Heavy Ions. Tokyo, (1975) 617.

9} J.P. Schiffer, H.F. Korner, R.H. Sieiassen, K.W. Janes and A. Shwurschild

Fhys. Letters, 44B(1973) 47.

10) L.G. Morretto, S.K. Kataria, R.C. Jared, R. Schmitt and S.C. Thompson,

Nucl. Phys. A255Q975) 491.

11) A.G. Artukh, V.V. Avdeichikov, G.F. Gridnev, V.L. Mikheev, V.V. Volkov,

and J. Wilczynski, Nucl. Phys. A168(1971) 321.

12) A.G. Artukh, G.F. Gridnev, V.L. Mikikheev and V.V. Volkov, Proc. Int.

Conf. on Reactions between Complex nuclei, Nashville, 1974, Vol. 1,

pp 72, 86, 87.

13) P.J. Siemens, J.P. Bondorf, D.H.E. Gross and F. Dickmann, Phys.Letters

36B(1971) 24.

14) J. Wilcznski, Phys. Letters 47B(1973) 124.

15) J. Wilcznski, K. Siwek-Wilczynska, J.S. Larsen, J.C. Acquadro and

P.R. Christensen, Nucl. Phys. A244O.975) 147.

16) A.G. Artukh, V.V. Avdeichikov, J. Ero, G.F. Gridnev, V.L. Mikheev,

V.V. Volkov and J. Wilczynskii, Nucl. Phys. A160(1971) 511.



192

3.7) V.V. Volkov. Proc. Int. Conf. on Reactions between Complex Nuclei,

Nashville, (1974) Vol. 2, 363.

18) A. Glbert and A.G.W. Cameron, Can. J. Phys. .43,(1965) I*46-

19) M. Yoshie and I. Kohno, Scte. Papers IPCR, 69.(1975) 63.

M. Yoshie, H. Kamitsubc, K. Katori, I. Kohno. T. Mikumo, T. Motobayashi,

and S. Nakijima, Proc. Int. Symp. on Cluster Structure of Nuclei and

Transfer Reactions induced by Heavy Ions., Tokyo (1975) 613.

20) M. Lefort, to be published in Heavy Ion Collisions, ed. by R. Bock.

21) T. Fukuda, M. Ishihara, T. Inamura, 1. Nomura, T. Numao, IPCR Cyclotron

Prog. Rep. (1975), Vol. 9.

22) J.P. Bondorf, F. Dickmann, D.H. Gross and P.J. Siemens, J. de Phys. C6_

(1971) 145.

23) H. Kamitsubo Proc. Int. Symp. on Cluster Structure of Nuclei and Transfer

Reactions induced by Heavy Ions, Tokyo (1975) 623.

24} K. Katori, T. Ishiganii, and M. Toyama, Contribution to this Symp.

25) R. Kaufmann and R. Wolfgang, Phys. Rev. 121(1961) 193.

26) M. Blann and A. Mignerey, Nucl. Phys. A186(1972) 245.

27) L.G. Moretto and J.S. Sventek, Phys. Letters .58B(1975) 26.



193

Figure Captions

Fig. 1 Energy spectra of emitted particles 1 6 > 15o, 3 3' 1 2C, 12»11»10B,

'.0<9»7 BC) 8»7»6Li and He iTom the reactions S^lo+^N at £^=97 MeV,

=25°. CB and g.s. denote the powition of ths Coulomb barrier ground

state and respectively.

Fig. 2 Energy spectra of carbon froiu the reaction 93Nb+lljN obtained at

0, =23°, 30° and 40°.
lab

Fig. 3 Energy specta of 9Be from 52cr+12C at E=60, 70 and 90 MeV.

F'.g. 4 Energy spectra of 13C from the reactions Mo+ll4N

(A=92, 94, 95, 96, 97, 98 and 100) at ̂ =97 MeV, 6L=25°.

Fig. 5 Angular distributions cf i2C having energies corresponding to the

excitation of energy range indicated in the figure. Curves are

results of the Calculation following Strutinskii.

Fig. 6 The most probable Q-values 0 of the reactions 53Cr+ll4l. at E=90 MeV

as function of the angle of emission %. For C and "2C, the

Q -values of higher and lower energy components are shown.

Fig. 7 The most probable effective Q-values Q m
f, of the reactions

 52'53Cr+ll4N

as function of transferred nucleons n.

Fig. 8 The £ _f-values of eq.(2) plotted vs. effective incident energy
i

Fig. 9 The ratio of the raost probable final velocity v, to the incident

velocity v. in the transfer region plotted against the number of

transferred nucleons n.

Fig. 10 da/dfi versus Q in the transfer reaction induced by lkN on Mo-isotopes.
CO

Dashed lines are drawn only to guide the eyes.

Fig. 11 Nuclear temperature of C, B, Be and Li from the ra>+ \ reactions

at 95 MeV.

Fig. 12 Effect of the pairing correction of residual nucleus. After including

the correction term A(p, JJ) , cross sections of all the isotopes of

B and Be show the same dependence on the target mass number.

Fig. 13 Values of G'=ln(d<Vd^)-(Q -A(P, N)/e versus the target mass number

of Mo-isotopes for the emitted particles in the reaction induced by
1I(1I on Mo-isotopes at E=97 MeV.

Fig. 14 Plot of M vs &f of the light product. The two solid lined represent
the relation, fa^-fi^, for £.= & ̂ (upper) and for f.^^.(lower) •
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Fig. 15 Plot of My for the centers of DI and QE bumps vs the light product

mass A... The dotted line is due to the model of sticking

motion and to be compared to the DI results. The solid line is

due to the model of grazing collision and for the QE results.

Fig. 16 Moments of inertia obtained by using the relation (18) as a function

of the number of transferred nucleons.
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DEEP INELASTIC COLLISIONS*
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The investigation reported below was carried out together with
C.H. Dasso and A. Winther.

A unified picture of the reactions taking place between two heavy

ions can be obtained in terms of the semiclassical equations of motion [1].

Utilizing energy and angular momentum conservation this set of first order

differential equations can be integrated along an average trajectory which

takes into account the loss of energy and angular momentum from the relative

motion [2].

Allowing for all the inelastic channels, i.e. including the entire

particle-hole response function of the nuclear system and their multiple

excitation, one includes the basic degrees of freedom responsible for

the conversion of the relative motion energy into intrinsic excitation.

In fact, the transfer processes with small net transfer mass will have a

large overlap with the inelastic channels, as discussed in ref. [1] when

treating the problem of non-orthogonality between the different reaction

channels.

Partially supported by ERDA, contract number E(ll-l)-3001.
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Describing the nuclear structure of the interact inj: inns in t«.-r̂is ol

harmonic oscillators of different inultipolarity the jver^i* <3u.ini.1i solu-

tion is equivalent to a completely classical problem described hy a forced

oscillation, the monopole-multipole inelastic fornfactor playiw. the role

of the driving force. In this framework the effect of nany part icli—ho It-

channels can be described in terms of .1 single oscillator carrying the

corresponding fraction of the energy weighted sura rule and average I-IKTRV

and a width determined by the spreading of those excitations. Mathemati-

cally the averaging over channels gives rise to a tern in the equations 01

motion proportional to the rate of variation of the nuclear shape. Having

use of this approximation it is possible to include all particle-hole

inelastic channels 13], in particular those associated with AS=0 and

2 excitations for positive parity states and AS=1 and 3 for negative

parity states, N being the shell model harmonic oscillator principal

quantum number.

Calculations of the deflection function and angular nonentura and

energy loss carried out for the reactions 0 en %'i, Ar on J\g and Kr on Si

at different energies distinguish between four different reglnes.

The first corresponds to compound nucleus formation at low relative

angular momentum , the two nuclei remaining within the range of interaction

for a time much larger than the collision time, so that statistical equili-

brium can be reached.

The second regime is that of strongly damped (deep inelastic) collisions

where the two nuclei absorb large amounts of energy (50 MeV - 250 KcV) and

moderate amounts of angular momentum (5% - 30fi) into the internal degrees

of freedom, within a collision time.



7IH- 11:ir«l r*v:ir.-.«- corre.*-.;>o»«is to iapacl parameters between Kfay.inj*

foil j.sions am! deep inelastic collisions. The two nuclei fore a composite

systen with an angular r.oaenlua r.uch higher than the c w associated with

the fission barrier and will thus decay through this rjotie.

The fourth refine corresponds to «ji;<i.slelasiic processes. This is the

only rey.irae in which the detailed structure of the low lying ( K w . •. 10 KeV)

levels is i::jj-priii:il, the j;ianl reKunanceu ;>layir.B !•«' noticeable r*'l«. On

ttit: other hand, these ocdes {j: ;* 10 KeV) control the other three rcgir.es.

l'r»>);ressivt»ly ileej>er regions are profctd in the different r eg tees.

Thus; typical radii associated with r̂asit:;; collisions are r "- 1.3 in while

r.silii uj> to r ••-1.1 i'n are probes) in the deep inelastic processes.

The reason why there is absorption in r«*/,l»e three while the two ions

can };«?! .'»iv»rt for ssr..-)ller !n]>.ict j'ar;»etcrs (rcgise two) can be traced

back to the elastic deflection function. For the range of i-vaiuci!

t;!vinr. rise to cun;iosite systens, the elastic deflection function has a

strong tendency to ilevcloj' orbiting (larj;e changes of C for snail changes

of >.) forcing the two ions to interact for a IOKR period of tine l&l.

Ulnle the cĉ ;>t»ini] nucleus formation in regise one is associated with the

existence of a pocket in the ion-ion potential, the cenposite systerj

forr.eu in reRiir.e three is induced by an effective barrier generated by

folariaation effects.

lieforc and after the orbiting type behavior the deflection function

displays lar̂ .e values of d(£ + l/2)/dO (rainbow angle behavior). This is

the reason for large cross sections for deep inelastic collisions around

the grazing anple. Both quasiclastic and deep inelastic reactions lead to

positive angles and are clearly separated by the orbiting type processes.
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PHSHOLiEUOLOGICAL DESCRIPTIOM__OP STROMGLY PAIRED COLLISIONS

Janusz Wilczynski

Institute of Nuclear Physics, 31-342 Cracow, Poland

It is rather commonly accepted that semi-classical methods
can be applied when the reduced wa.-e length, X = *>/p, is much
shorter than a size of a colliding system, say, the sum of the
radii, R1+R2. This is equivalent to the requirement that the
angular momentum in peripheral collisions, lmax» is much greater
than the Planck's constant tf. In fact this requirement is not
sufficient because, as has been pointed out by Strutinsky ,
X must be much shorter than a range of impact parameters, Ab,
which contribute to the two-body reactions. This means that
inelastic processes can be treated classically when the fusion
cross section is significantly smaller than the total reaction
cross section,

<o, « &R
•fu. •*

If the above condition is fulfiled, there are many partial waves

(in the range Al«Ab«p) which contribute to the two-body inelas-

tic reactions.

The most striking manifestation of the classical character

of the two-body inelastic reactions is a correlation between

the scattering angle and the final energy of the reaction prod-

ucts, observed in experiments. Fig. 1 shows the 2-dimensional

plot of the cross section of the 232Th(40Ar,K) reaction 2»3^,

which illustrates the effect of the energy-angle correlation.

For each energy of the fragments there is one well defined value

of the scattering angle 0. The characteristic shape of the

cross section distribution can be explained (qualitatively)

* The present work is done in collaboration with K. Siwek-
YJilczynska.
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assuming that the relative motion of the colliding nuclei is

influenced by a conservative and a nonconservative force, both

increasing with decreasing distance between the nuclei. As it

is seen from i?ig. 2, the second ridge in the cross-section dis-

tribution (corresponding to low energies) can be interpreted as

the result of "orbiting" trajectories deflected to the side of

negative scattering angles .

Several classical models of heavy-ion collisions have been

presented recently *"'••>, all of which utilize a frictional

force in addition to a conservative two-body interaction poten-

tial. Only a qualitative explanation of the dynamical aspects

of the deep-inelastic reactions has been obtained so far. The

models are unable to reproduce quantitatively magnitudes

of the energy losses observed in the experiments. Attempts to

explain this most important dynamical aspect of heavy-ion col-

lisions were undertaken by Gross and coworkers /*'"', but the

calculated energy losses have appeared to be smaller by 50 •'.• 100

KeV than the observed ones.

In my talk I will try to prove that the lack of success of

the models which have been proposed till now is caused mostly

by the fact that deformation degrees of freedom have been as-

sumed to be frozen in these models.

Now I would like to outline a simple classical model of

heavy-ion collisions, worked out in collaboration with K. Siwek-

Wilczynska '. It seems that main features of the deep-inelas-

tic reactions are quantitatively explained by the model.

Let me start from a trivial remark that any phenomenologic-

al model should account for essential physical effects, and at

the same time, it must contain as few free parameters as pos-

sible. In order to solve classical equations of motion for a

system of two colliding nuclei we have to postulate a form and

strength of the nucleus-nucleus potential and the nucleus-nucle-

us dissipative force.

An information on the nucleus-nucleus potential comes from

two sources: from heavy-ion elastic scattering and from measure-

ments of the interaction barrier for different nuclear systems.
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This experimental information about the potential in the peri-

pheral region is sufficient, at least, to make a rough selection

between different possible potentials. We have found that the

potential determined from boundary conditions following the liq-

uid-drop model has peripheral magnitudes which agree with the

experimental observations. This potential is obtained as fol-

lows. Its shape is assumed to be of the Saxon-Woods form,

Three parameters which describe this potential can be determined

if we find three independent constraints for the potential.

For this purpose the liquid-drop model is very useful. It en-

ables us to estimate the minimum potential energy of the system

consisting of two nuclei of mass numbers A-, and A2 (in adiabatic

approximation):

min(VN) = Vw(r=O) = - b s u r f - | A . , 2 / 3 + A £
2 / 3 - U 1 + A 2 ) Z / 3 X (2)

where b_,,_- a 17 MeV is the surface energy parameter. tfext

constraint is associated with the "proximity force" J* *' act-

ing between the two nuclei at the touching distance r = R-j+Î :

where R̂  and R2 are the nuclear half-density radii ', and

ft"« 0.95 MeV/fm2 is the surface tension coefficient. It is as

sumed 13»14^ additicnally that the proximity force (3) is the

maximum force acting bstween the nuclei, i.e.,

Hence the parameters V_, R and Q, are determined as follows:
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Table 1. Comparison of the interaction barriers determined

experimentally, B e x ot with the calculated barrier heights,

B^j . The 3theor~va^uesi a r e c a l c u l a t e d assuming the nuclear

potential (1),(5)-(7) and the point-charge Coulomb interaction

potential. References to the experimental data are given in

ref. 16>

Reaction B e x p GtfeV)
 Btheor ("IeV)

iAXg + 3 2S 28.3 ±0.3 28.3

29.7 tO.3 30.1

43.5 ±0.3 44.3

46.8 ±0.3 47.9

53 +1 55.1

58.3 ±0.3 59.9

59.5 ±0.5 59.1

63 ±2 66.2

83 ±2 85.7

102 ±2 104.6

157 ±2 157.2

171 ±2 173.1

203 ±2 204.7

2 7A1<

3 2S +

12C <-

t 1B +

' 60 +

3 2S *

12C +

20IIe +

4 0Ar +

40Ar +

52Cr +

• 3 2 S

40Ca

152sm

2380

1 5 0 M

58M

238U

238U

2 3 %

208pb

238y

208pb
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Vo = 17 MeV.[A.,2/3 + A 2
2 / 3 - (A1 +A2)2 / 3 ] , (5)

Ro = R., + R2 , (6)

and

a =

Table 1 shows a comparison of the 1=0 barrier heights determined

experimentally with those calculated with the nucleus-nucleus

potential (1),(5)-(7)» and the Coulomb interaction potential

assumed to be as for the point charges. The agreement is very

good for all the combinations of the target and the projectile

v/hich have been investigated so far. This means that the pro-

posed potential is approximately correct, at least in the peri-

pheral region.

It should be noted that effects associated with compression

of nuclear matter (in fast collisions) have not been accounted

for in derivation of the potential (1},(5)-(7). Results of the

calculations which I will show later indicate that the nucleus-

nucleus potential has a repulsive core. We introduce such a

core in the simplest form:

f
jj(rJ = J

f or r ̂  R c o r e

(8)

for r > f l c o r e .

It turns out that the position of the core, Rcoret can be easily

determined by a comparison of the model predictions with exper-

imental fusion cross-sections.

The potential (1),(5)-(7) is derived under the assumtion

that the colliding nuclei are spherical. This assumption is

approximately correct only for the entrance channel. Once the

distance of closest approach, R^.,* has been reached, the nuclei

start to move apart, but then their deformatibility cannot be

neglected. Since the energies of the reaction products are
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Pig. 3 Schematic illustration of the evolution of shapes

in two-body reactions between complex nuclei.
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often lower than expected interaction barriers, one can deduce

that a neck between the fragments is formed in the exit channel.

The evolution of nuclear shapes during a collision is illustrated

schematically in Pig. 3. We propose to describe the deformation

effects using a simple potential V^, different from V^. (In such

a way the dissipation of energy associated with the deformation

effects will be comprised within the potential.) We have chose

a very simple parametrization of the exit channel potential in

which shapes of the deformed fragments are not specified. It is

postulated in this approach that final deformation energy of the

system (i.e., after splitting into two fragments) is proportional

to the surface energy of the initial unperturbed system, and

also to the value of the entrance-channel potential, V«t at the

distance of closest approach:

where oi is a parameter, and iA is given by

The assumption that E d e f is proportional to VJCR^JJ) has no
clear justification. One may, however, expect intuitively that
the final deformations resulting in very distant collisions are
small as compared with those for close collisions (when density
distributions of the colliding nuclei strongly overlap).

Eq. (9) is used as a boundary condition constraining the
exit-channel potential, V^, which is assumed to be of the Saxon-
Woods form (displaced up with respect to the zero level):

Vj
(11)
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The parameters V and (Xr can be unambiguously determined from
the requirement that the potential and its derivative are con-
tinuous in the transition from the entrance to the exit channel:

— V^ (£iuitt) , (12)

Hence,

\ [ ( ) (14)

and

r'ig. 4 3hows an example of the entrance and the exit-channel
potentials calculated for the 40Ar + 2^2Th system. It is seen
from this figure that the difference between the two potentials
increases with decreasing H^n* The deeper the penetration of
nuclear surfaces at r=Hjnj_ni the stronger the potential acts in
the exit channel, and the larger is the final deformation energy.

Describing heavy-ion collisions in terms of the proposed
entrance- and exit-channel potentials, one introduces a part of
nonconservative interaction explicitely, namely that part which
converts kinetic energy into the deformation energy of the reac-
tion products.

Another possible mode of dissipation of energy can be re-
lated to "thermal" excitations of the colliding nuclei. I shall
use the name "therraal excitation friction" for those dissipative
processes which do not cause shape distortions of the colliding
nuclei. In fact, this was the only mode of nuclear friction
taken into account in the models formulated by Gross and Kali-
no;vski *K Tsang '', and Bondorf, Sobel and Sperber '.
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232n

4 Entrance and exit-channel potentials for the Ar +

"Th reaction. The exit-channel potentials (ot = 0.25) are

calculated for two different values of the distance of closest

approach: R_̂ _ = 12 fm, and !!_*_ = 13-5 fm.
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The thermal friction force can be introduced to the model

only on a pure phenomenological basis. We assume the following

form of the friction force (which was also suggested by Tsang

and Swiatecki ' ' ) :

where the volume integral extends over the overlap region, ^ i

and ^2 are the density distributions of the colliding nuclei,

C is the relative velocity at each point, and k. is the fric-

tional coefficient. (One could argue for this particular form

of the friction force using a very far analogy with particle-

particle collisions when two frozen clouds of particles pene-

trate each other with the relative velocity \r.) The proposed

form of the friction force (16) is very convenient because it

contains only one free parameter k. Different components of the

friction force (the radial friction, the sliding friction and

the rolling friction) which have been independently parametrized

in the previous models ' ' appear naturally from the assump-

tion (16).

It should be stated here that the range of the friction

force (16) is rather short because it is determined by the prod-

uct of the density distributions, %1-<$Z' If one utilizes such

a short ranged friction formfactor, the existing experimental

data can be explained only when the deformation degrees of free-

dom are taken into account explicitely. For a "frozen" geometry

of the colliding nuclei (as was assumed in the models published

previously ' ) , it is nessecary to use the friction force of

the range significantly greater than the sum of nuclear radii.

Using expression (16) for the frictional force, the clas-
7 12)

sical equations of motion can be written • 'as follows:

-r2- cir + / * r 3 K dLt
(17)
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d-i diii dig (is)

( 2 0)

where R1 and R2 are the distances from the centre of the overlap
region to the centre of the respective nucleus,

R4 = '-^-"* , ^ = r«-*,-«, ? (21)

GO, and CĴ  are the angular velocities of the nuclei 1 and 2, re-
spectively, and C*̂  is the angular velocity of relative motion.
An effective radius of gyration, g, can be roughly estimated as

where &« <H 0.55 fm is the diffuseness parameter of the nuclear
density distribution. The radial equation of motion, eq. (17),
contains the Coulomb, nuclear, centrifugal, and radial friction
forces. For the first part of trajectory (when the nuclei ap-
proach each othe^.., the entrance-channel potential, eqs. (1),
(5)-(8), has to be used to calculate the nuclear force, dVjj/dr.
However, when the nuclei reach the distance of closest approach,
^min* *lie nuclear potential must be replaced by eq. (11) which
takes into account the neck formation degree of freedom. Equa-
tion (18) is apparent. It gives conservation of the total angu-
lar momentum during the collision. The right-hand sides of eqs.
(19) and (20) represent the torques acting on the nuclei. First
terms (in the square brackets) can be interpreted as friction
acting against mutual sliding. This mode of the "thermal" fric-
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tion appears to be dominating if the friction force is assumed

to be of the form (16). The second term in eqs. (19) and (20)

(proportional to ju'̂  -u?,|) tends to equilibrate the angular ve-

locities of the nuclei. This "rolling" friction term is, howev-

er, rather weak as compared with the "sliding" friction.

In addition to the deformations and the thermal friction

there is one more important effect which influences the dynamics

of the reaction, namely, the transfer of nucleons during the

collision. In this simple phenomenological model we assume that

the transfer processes take place at the distance of closest ao-
17)

proach, R^n* Following the "recoil" model of Siemens et al. ,
the relative velocity is transformed according to the formula:

( 2 3 )

where A1 and A2 are the mass numbers of the nuclei before the
reaction, n is the number of nucleons transferred from the nucle-
us A1 to the nucleus A£« and m is the number of nucleons trans-
ferred in the opposite direction.

numerical integration of the equations of motion (17)-(20)
yields a final scattering angle, final energy, and final spins
of the reaction products for a given value of the total angular
momentum. Parameters of the model (the deformation parameter oi
and the friction coefficient k) can be determined by a compari-
son of the model predictions with experimental data on energy-
angle distributions of the deep-inelastic reactions, fig. 5
shows the same energy-angle distribution of the ^ Ar + 2^2Th
reaction as presented before (Pig. 1). This distribution is
compared with the energy-angle correlation predicted by the
model. Successive points correspond to the total angular mo-
menta in tha range from 1=250fc (close to the quasi-elastic
peak) to l=180"fc. (the last point at the low-energy branch).
V/ith a decreasing angular momentum the trajectories are increas-
ingly deflected toward forward angles, and simultaneously, the
energy losses increase. For 180K ^ 1 ̂  185iC the trajectories are
even deflected to the side of negative angles. Consequently,
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0° 10°

Pig. 5 Comparison of the energy-angle distribution of the
232Th(40Ar,K) reaction 2'3^ with predictions of the model.

The circles indicate the predicted correlation between the

scattering angle and the final energy for different values of

the total angular momentum ranging from 1=180^ to 1=250 "ft,

with A 1=1 step. The calculations have been done for £*- = 0.25

and k = 2-10 ^ lleV-fm-s.



226

300

100-
-035

"2Th(*°Ar. *•
k-2W 2 0 MeV fro s

-60° -40° -20° 0° 20° 40°
'CM

6 Snergy-angle correlation in the 232fli(40Ar,41K)231Ac
reaction for different combinations of the two parameters of
the model: k and oi. The experimental points correspond to
the positions of the maxima in the energy spectra of the
232Th(40Ar,K) reaction 2).
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Fig. 7 Energy-angle correlation in the 232Th(40Ar,41K)231Ac

reaction for different values of the frictional coefficient k,

but for frozen spherical shapes of the nuclei in the exit

channel (oC = 0). The experimental points correspond to the

positions of the maxima in the energy spectra of the
232Th(*°Ar,K) reaction 2).
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these trajectories are responsible for the presence of the low-

energy ridge in the d 5"/dE-d© distribution-

Pig. 6 shows how the model predictions are sensitive to var-

iation of the parameters oi and k. Experimental points indicate

positions of the maxima in the energy spectra of the Tht Ar

reaction. (The points corresponding to the low-energy maxima are

moved to the side of negative angles.) The curve for o£=0.25

and k=2'10 MeV-fni'S represents the same fit to the experi-

mental data as has been shown on Pig. 5. In the upper part of

Pig. 6 the deformation parameter is fixed, x=G.25, and the

curves are calculated for different values of the frictional

coefficient k. In the plot below the situation is opposite: the

frictional coefficient k is fixed while the deformation parame-

ter is varied. It is seen from Pig. 6 that for an unambiguous

determination of both parameters, oC and k, it is necessary to

use a complete energy-angle distribution measured in a wide

range of scattering angles.

I would like to stress that it is impossible to obtain a

reasonable fit to the experimental data with the deformation

degree of freedom frozen, as has been attempted by Gi'oss and

Kalinowski ^', Bondorf and coivorkers °', and Tsang 7K Pig. 7

gives an evidence for this statement. All the curves in Pig. 7

are calculated for 0^=0, i.e., assuming frozen spherical shapes

of the nuclei in the exit channel. The curves do not fit the

experimental points in both, quasi-elastic and deep-inelastic

regions. By increasing the friction constant k, it is impossi-

ble to reproduce a magnitude of the energy losses corresponding

to the deep-inelastic maxima. When the frictional coefficient

is increased above the value k=10" fflef-fm-s (the curve Mo. 4),

the radial motion of the colliding nuclei is stopped outside

the range of the nuclear potential and, consequently, the nuclei

are scattered backward, as in the case No. 5 (k=10 MeV«fin*s).

In this unphysical situation the nuclei are unable to fuse.

Besides the energy-angle distributions, the fusion cross

sections can also be used to test the proposed model. Pi> 8

shows three typical examples of the classical deflection func-
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Fig. 8 Three types of the classical deflection function

calculated for cl = 0.25 and k = 2-10"20 MeV-fm-s.
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tions calculated for three different reactions. The calculations

have been done for the same values of the parameters oi and k as

determined from the analysis of the energy-angle distribution of

the 40Ar + 232Th reaction (0^=0.25, k=2«10"20 MeV-fm-s). For

all light systems the deflection function behaves like for the

lie + * Nd reaction (the upper curve). This means that the

frictional coefficient k is sufficiently strong to cause fusion

of all light systems if the angular momentum of relative motion

is less than the critical value corresponding to the orbiting

condition, d0/dl =00. For heavy systems the friction force

becomes less effective (if the same value of k is assumed). It

is possible that the colliding nuclei are scattered back from

the repulsive core of the potential, and in spite of the dissi-

pative processes get outside of the potential energy hollow.

In such cases a second branch of the deflection function appears,

like for the 84Kr + i65Ho reaction illustrated in the middle of

Fig. 8. Consequently, there is only an interval of angular
momenta, l^°w< 1< l"P which contribute to the fusion cross sec-

tion. d c °
w and lgP are the orbiting 1-values in the lower and

upper branches of the deflection function, respectively.) For

the heaviest systems (e.g., *Kr + -* U) the lower branch of

the deflection function joins the upper branch. This means that

in agreement with experimental observations ^ the nuclei do

not fuse.

i?or all light systems (for which only the upper branch of

the deflection function does exist) the fusion cross sections

are unambiguously determined by two parameters: o£ and k. The

same values of the parameters as determined from the data on the

deep-inelastic reactions (ot=.25» k=2-10 c MeV«fm-s) fit the

experimental critical angular momenta, lg]? = (Gf^/Jr\ ) •

The comparison is shown in table 2. It is remarkable that the

energy dependence of l c r is also very well reproduced by the

model. For heavy systems the fusion cross sections depend addi-

tionally on the position of the repulsive core, Rcore« All the

existing data on fusion cross sections have been analyzed in

ref. '. The values of H---^ required to fit the cross sec-

tions are given there.
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Table 2. Experimental and calculated critical angular momenta

for light and medium colliding systems. The l££-values are

calculated for oi = 0.25 and k = 2*10 *w KeV'fai-s. For all

the reactions listed here l*°,w = 0. For references to the
19)

experimental data see the compilation given by M. Lefort .

Reaction E'CM (theor.)

12C + 27A1 30.5
124.5

20

36.5

20

39

1 4N + 27A1 172.5 48 47

16O + 27A1

20Ne + 27A1

105.5

79
120

37

40.5
42

42

41
50

12C + 48Ti

14N + 52Cr

12C + 58 M

12C +
 63Cu

14N + 5 8 M

12C +
 107Ag

14N +
 1°3Rh

U N +
 107Ag

65
144

206

53
149

54
81

211

77

72
106

69

30

50.5

65.5

28

51-5

30.5
37

76

38.5

40
52

36

34

51

65

29
55

30
40

68

40

38

54

35
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Pig. 9 Comparison of the energy-angle distribution of the
84Kr + 208Pb reaction (Elab = 494 MeV)

 21^ with predictions of

the model. The circles indicate the predicted correlation

between the scattering angle and the final energy for different

values of the total angular momentum ranging from 1=125ii to

1=2201 with A1=5 ft step.
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To conclude this discussion, I would like to make some com-
ments on the so called "quasi-fission" or "strongly damped" pro-
cesses in reactions induced by very heavy projectiles. In col-
lisions of 84Kr ions with heavy tarcets (e.g., 1 6 5 H O ,

 186IV,
2 0 9Bi, 208Pb, 2 3 8U) the reaction products are emitted mostly at
angles close to the grazing angle, but their energies are strong-
ly damped (see refs. 1®»2°»21;j> These processes are sometimes
interpreted as a manifestation of a new reaction mechanism, dif-
ferent from that which is responsible for phenomena observed in
reactions induced by lighter projectiles. It should be stressed
here that our model enables us to explain the data on '*Kr in-
duced reactions in the same way as the Ar + * Th data are
interpreted. Pig. 9 shows the contour map of "3troigly damped"
events in 84Kr + 208Pb reaction at E l a b = 494 MeV recently re-
ported by Vandenbosch, Webb and Thomas K The calculated cor-
relation between the final energy and the scattering angle fits
the experimental energy-angle distribution very well. (The cal-
culations have been done with the same values of the parameters
oL and k as those used for the * Ar + 2-}2Th reaction.) In con-
trast to the *°Ar +

 2 3 2
T n data (see jiig# ^ tije e n e r g y losses

in the ^Kr + ^uoPb reaction are quite large in the range of
1-values corresponding to the "rainbow point" of the deflection
function (where d©/dl = 0). Consequently, the "strongly damped"
events in *Kr induced reactions (which are focused in vicinity
of the grazing angle) should be interpreted as having the same
nature as the "quasi-elastic" events in the reactions induced
by lighter projectiles.
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DIFFUSIVE PHENOMENA REFLECTED IN THE CHARGE AND ANGULAR

DISTRIBUTIONS OF N, Ne, Ar, iCr INDUCED REACTIONS
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ABSTRACT

The presence of diffusion processes in heavy ion reactions is

argued on a theoretical ground by pointing out the limitation of a Lagrangian

approach to the time dependent processes. The Master Equation is used to

describe the diffusion of the probability distribution along the mass

asymmetry coordinate. Calculations of the probability distributions as a

function of time have been performed for many heavy ion reactions. Experi-

mental evidence of diffusion is shown to exist in the charge and angular

distributions associated with a large number of heavy ion reactions. It

is shown that the deep inelastic processes occurring in lighter systems, and

quasi fission observed for heavier systems can be interpreted in terms of

the very same mechanism. A comparison between the theoretical calculations

and the experimental data is shown.

*Sloan Fellow 1974-1976.
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INTRODUCTION

In retrospect, looking at the state of nuclear physics before the

renewed interest in heavy ion reactions, one appreciates the fact that

relaxation processes, while not quite unknown, represented a small though

reasonably well documented chapter. Such a chapter contained, for instance,

doorway states, giant resonances of various multipolarities, pre-equilibrium

emission of particles, etc.

Yet, the complex series of phenomena uncovered by heavy ion reac-

tions, which now appears to be due to relaxation processes associated with

various collective modes, caught us by surprise. In this new light, nuclear

reactions induced by conventional projectiles seem to be even more polarized,

•since their interaction time covers only the extremes of a wide time range

that is now being filled by the heavy ion reactions. On the one hand one

has the direct reactions, involving times comparable to one single particle or

collective period, and exciting but a few nuclear degrees of freedom, with

the consequent small degree of inelasticity. On the other hand, one has the

long-lived compound nucleus whose internal modes are in statistical equil-

ibrium and for which all the information regarding tine dependent processes

is obliterated by thermal death. From these considerations it is now being

realized that the chapter of nuclear physics covering relaxation processes,

and time dependent processes in general, still remains to be written.

The first and best advertized process observed in heavy ion reac-

tions is that associated with a dramatic loss in kinetic energy experienced

in the target projectile collision. Names like deep inelastic, strongly

damped, or relaxed processes have been associated with the usually large

fraction of the cross section where an extreme loss of kinetic energy is
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observed. The mechanisms by which the energy is dissipated and presumably

transferred into the internal degrees of freedom has been discussed at the

microscopic level by various authors and is not completely clear as yet.

Phenomenologically, macroscopic quantities like viscosity or friction

coefficients have been introduced in a classical Lagrangian formalism in

order to describe the kinetic energy dissipation.

In most processes observed in heavy ion reactions, a short-lived

intermediate structure manifests itself which we have chosen to call "inter-

mediate complex" in analogy with chemical reactions. Such an

intermediate complex seems to be fully thermalized in so far as the entrance

channel kinetic energy is concerned, and completely equilibrated with respect

to all but the slowest degrees of freedom, like, the mass asymmetry node. We

have occasionally used for it the shape of two spherical liquid drops in

contact. This definition should be taken only as a tentative and qualitative

description of the intermediate system.

A few essential features point towards the equilibrium aspects of

the intermediate complex, like the completely thernalized spectra of the

relaxed cross section. The charge-to-mass ratio of the fragments also seems to

be be equilibrated at fixed mass asymmetry as suggested by recent experiments.

No information regarding the equilibration (or the lack of it) of

higher multipole degrees of freedom is available as yet.

Strong evidence is available for the lack of equilibration along

the mass asymmetry coordinate which appears to be the slowest node. This

evidence comes from the detailed study of the charge distribution of the

particles emitted in many heavy ion reactions and from their angular distri-

bution. The dependence of the angular distributions upon the atomic

number of the emitted fragments suggests that the system tends to equilibrium
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in the mass asymmetry degree of freedom by means of a diffusion mechanism. '

The analysis of the angular distributions and of the charge distributions in

terms of the Master Equation has led to the determination of the lifetimes as

well as of the diffusion coefficient.<lA'19~24> Similar analysis of the

charge distribution and kinetic energy distributions in the quasi-elastic

(25-?6)
region have been attempted in terms cf the Fokker-Planck equation. " I t

seems now that the present body of evidence points towards a picture where

diffusion is the prevailing process. In other words, it appears that a

strong coupling limit between collective and intrinsic modes is established

in preference to weak coupling which could be more sinply described in terms of

classical motion in collective phase space.

It is the purpose of this paper to analyze a suitably chosen body

of experimental evidence collected by our group at Berkeley in order to show

the extent to which the diffusion mechanism can be established in the relax-

ation along the mass asymmetry mode.

In the first section, the problem of tine dependent processes in

nuclei is qualitatively discussed and the various theoretical approaches to

it are briefly analyzed. In particular the role of the internal degrees of

freedoa is stressed and their connection with the diffusion mechanism is

pointed out. The Master Equation is then discussed and applied to the

problem of relaxation along the mass asymmetry coordinate. Probability

distributions are obtained for some of the systems studied experimentally

and are discussed in terms of the potential energy curves. A general

equation describing the angular distributions as a function of Z is presented.

In the second section a brief discussion on the experimental kinetic

energy distributions is given and the extent to which the kinetic energies

are thermalized is illustrated.
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In the third section a detailed analysis of the Z distribution

is presented for the reactions Ag + N, Ne, Ar, Kr; Au + Ar, Kr; Ta + Kr. The

evidence for lack of equilibration in the mass asynmetry mode is discussed

In terms of the potential energies and of the decay times.

The fourth section deals with the angular distributions for the

above reactions as a function of the Z of the fragment. The most direct

evidence of the diffusion process is found in the transition from side peaking

to forward peaking as one moves away in Z from the projectile in the reac-

tions Au + Kr and Ta + Kr. Examples of theoretical angular distributions and

a comparison with the experimental data are shown.

SECTION I: Theoretical Considerations on the Description of Time Dependent

Processes in Nualei.

The Ingredients for a Collective Description of the Nucleus-Nucleus Interaction

As the experimental time-dependent processes involve collective

degrees of freedom, it seems natural to investigate the various quantities

which may enter in a theoretical description as a function of a suitably

chosen set of collective coordinates. The liquid drop model has made the

mapping of the potential energy quite easy for connected shapes. Furthermore,

the proximity force approach or similar treatments nicely take care of the

interaction between separated or slightly overlapping nuclei.

The potential energy, complemented by shrewd guesses about the

inertia matrix, allows one to treat the problem in tcras of classical dynamics.

The experimentally observed dissipation of large amounts of kinetic energy

associated with the entrance channel suggests the introduction of frictional

or viscous forces in order to complete the dynamical description of the

system. <8~13>
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The Lagrangian Temptation

One can try to describe the time evolution of the system by means

of the Lagrangian equation of motion:

A. JL » Jk. _ J*L
dt 3q. 3q. oq.

1 1 1

where L is the Lagrangian expressed in terms of the generalized coordinates

q. and velocities q.:

and F i s the dissipation function

For a given set of initial conditions, the equations of notion can be solved

and a trajectory in coordinate space can be obtained. Better yet, one has a

more complete appreciation of the dynamic evolution of the system by consid-

ering the trajectory in the collective phase space (p,,q.)-

Unfortunately, in the approach outlined above, one has tacitly

dismissed (or covered up) the fact that the collective phase space is but

a small section of the overall phase space. The only lip service paid to

the existence of such an underworld of degrees of freedom is the dissipation

function,, which relegates the function of these degrees of freedom to a

dumping ground for the energy in the collective (notion without any feedback.

It is easy to show that the role of the intrinsic degrees of freedom is in

fact more active and substantial.
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The Revenge of the Underworld, or the Effect of Internal Degrees of Freedom

If we reconsider the collective phase space as a section of the

total phase space, one immediately appreciates the possible weakness of the

Lagrangian approach. Let us consider an ensemble of .systems, all with the

same initial conditions in the collective coordinates and momenta, but with

unspecified (random) initial conditions for the intrinsic degrees of freedom.

(&«.-» projected in the collective phase space, the trajectories associated

with each of the systems in the ensemble have their origin in common, but

tend to diverge from one another as the time goes on, because the set of the

overall initial condition is different for each system. In other words, the

time evolution of a single system is not completely predictable in so far as

the initial conditions are not completely specified. Thus one is forced to

abandon the deterministic description of a single system and is led to consider

a statistical description of an ensemble of systems in terns of a time depend-

ent probability distribution in the collective phase space.

Despite these considerations it is well known that in most cases the

Lagrangian approach, modified to include the dissipation function is quite

adequate, and Chat fluctuations about the mean value in the observed dynamical

quantities are negligible. Therefore one must establish under which conditions

fluctuations can be neglected.

General Condiderations About Statistical Fluctuations

Let us consider first a macroscopic fluid at equilibrium. For such

a system, the fluctuations about its equilibrium point along any collective

coordinate involve an amount of energy of the order of kT. This compares with

the total energy E of the system which is of the order likT, where N is the

total number of degrees of freedom. This means that the r.m.s. fluctuation

along a collective coordinate is of order /E/aN,
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where a is the stiffness coefficient; for N^IO 2 3 this fluctuation is

small indeed unless a=0. This is why we do not commonly observe sizeable

fluctuations in the shape of ordinary objects at thermal equilibrium. In a

nucleus, N is of the order of a few hundred and further reduced by the

T
Pauly principle to N ff = N — , where Cy is the Fermi energy and T is

the nuclear temperature. For typical temperatures of a few MeV, N ff is

of the order of few tens. Thus very sizeable fluctuations are to be expected

along the nuclear collective modes. Furthermore, since significant variations

of the potential energy along a nuclear collective coordinate are of the

order of a few MeV, it follows that the equilibrium statistical distribution

along nuclear coordinates may be so complicated that it does not lend itself

to a description in terms of a rapidly converging moment expansion.

Now let us come back to the dynamical problem. An initially cold

macroscopic system with an assigned initial kinetic energy frictionally

dissipates such an energy, which is taken up by the internal degrees of freedom.

Since the specific heat C •* «°, the ratio kT/E. . is extremely small and the

feedback from the underworld is negligible. As the system loses energy, it

moves toward an equilibrium position following a well defined trajectory

and, once it reaches it, will stay there. A Lagrangian treatment is perfectly

adequate for such a system. For the nucleus, things are different. As the

initial kinetic energy is transferred to the internal degrees of freedom,

the temperature quickly rises to values comparable with the remaining

kinetic energy. The fluctuations are now so sizeable that they severely

perturb the collective motion of the system in a random fashion. An ensemble

of nuclei will therefore follow trajectories which rapidly diverge,

generating an ever more complex distribution in phase space which, in time,

will merge into the broad equilibrium distribution.
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In conclusion, strong viscous forces associated with small heat

capacities will generate a sizeable dispersion Aout a lagramgian trajectory.

The Master Equation as a Viable Treatment of Diffusion

A treatment which describes the time evolution of a probability distri-

bution along a given coordinate is offered by the Master Equation. If 5>(x,t) is

Che probability distribution in x at time t, its tine evolution is given

by

J / f A(x,xf)[<J>(x\t)P(x) - *(3

where A(x,x') is a microscopic transition probability and p(x), p(x') are

the density of states associated with the collective variable at x,x*. By

expanding <$> and p in terms of (x-x1) and retaining terms up to second

order, one obtains the Fokker-Planck equation:

kx.ty - ^ [CjCxWx.t)] + - ~ [C2(x)<Hx,t)] .

In this expression, C and C2 are the "drift" and the "spread" coefficients

which can be related to the moments of the transition probability

/
(x— x') n

dx1 X(x.x') - j—£— . The equation in very transparent. If 4

is a Gaussian, the first term translates the Gaussian along x and the

second term increases its width.

Application of the Master Equation

We have applied the Master Equation to the problem of diffusion

along the mass asymmetry coordinate. ' Let 4>(Z,t) be the probability distri-

bution associated with a configuration of two touching fragments, one of

which has atomic number Z (we assume equilibration in ths ccutron-to-proton

ratio and we label the asymsetry by Z since this is the quantity we measure
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for each fragment). The Master Equation can then be written as:

) I A22,(*z,p2 *2PZ.)
z

where A , • A , is the microscopic transition probability, p and p ( are

the level densities associated with the asymmetries Z and Z*. The latter

quantities can be written as

-V/T
Pz - P(E - Vz) - p(E)e

where Vz is the potential energy (including the rotational energy) of the

intermediate complex with asymmetry Z;p(x) is the nuclear level density;

and the nuclear temperature T is given by: T*"1 - . n p . The Master

Equation can be rewritten as:

1/'
where we have set A , * tc fzz»/(PzPzt) and fzz, is a form-factor equal

to the area of contact of the two fragments in the intermediate coxplex.

The sum over Z* can be limited to the values Z* « Z ± 1 which implies an

independent particle model and an uncorrelated transfer of nucleons from

one side to the other of the intermediate complex.

Calculations of the probability distributions have been performed

for some of the reactions studied experimentally. The key quantity that

oust be known is the potential energy of the intermediate complex as a

function of Z. These potential energies have been calculated by assuming

that the intermediate complex can be approximated by two touching liquid

drop spheres. Examples of such calculations are shown in Figs. 1 through 4,
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together with contour maps of the probability distribution as a function

20
of time. In Fig. 1 the case of Ag+ Ne at 252 MeV bombarding energy and

£ - 0 is considered. Since the injection point is to the left of the

Businaro-Gallone peak, the probability distribution drifts rapidly toward

low Z's. It also spreads quite rapidly due to the flattening of the effective

potential V/T caused by the high temperature and, as the time progresses,

more symmetric configurations are populated.

The case shown in Fig. 2 is the same as in Fig. 1 but for £* 100 .

In this case the injection point is to the right of the Businaro-Gallone

peak, (notice the splitting of the Businaro-Gallone peak in two components)

and the distribution dramatically drifts towards symmetry although the spread

of the distribution populates the low Z's even more rapidly.

These examples, together vith those shown in Figs. 3 and 4, will be

discussed later when the experimental data for the corresponding reactions

will be considered. For the moment it suffices to observe that:

i) The diffusion process depends strongly upon the potential

energy and that rapid variations in potential energies

are seen for various £ waves in the same reaction,

ii) The high temperatures prevailing in these reactions allow

for a substantial spread of the distributions, so that a

Lagrangian approach would miss essential aspects of the time-

dependent process.

Since our ultimate goal is to obtain angular distributions as a

function of Z, we have to combine the time-dependent probability distributions

with the dynamics in the other degrees of freedom. If we assume the inter-

mediate complex lives a time t after formation, we can write an expression
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for the classical deflection function (6), which is now a function of time.

If the probability for the complex to survive a time t for a given impact

parameter is T(t;b), we can write:

^ f (Z,8,t). J > P(b) T(t;b)

where P(b) is the probability that such an impact parameter be associated

with a relaxed process; the sum is extended over those impact parameters yielding

a fragment Z at the angle 0 after time t.

The differential cross section can now be evaluated as:

00

0

Examples of these calculations are shown in Figs. 24, 25 and 26.

SECTION 2: Brief Cements on the Kinetia Energies

The kinetic energy spectra in heavy ion reactions systematically

present two components: A high energy component, genetically traceable

to the energy of the incoming beam and thus commonly called "quasi-elastic";

and a low energy component, indistinguishable in many respects from a

compound nucleus spectrum, called relaxed or deep inelastic or strongly

damped. The first of the labels is perhaps trore daring because it implies

a "complete" thermalization of the spectrum, the second and the third are

equivalent but noncommital as to the completeness of the thertaalization

process.

Some examples of the kinetic energy spectra can be seen in Fig. 5,

where both components can be seen. It should be remarked that, in line

with its more "direct" nature, the quasi-elastic component is visible close

to the grazing angle and for fragments close in Z to the projectile, while
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the relaxed component is observed at all angles for all fragoents. There

will be more opportunity to appreciate the features of the kinetic energy

distributions in some contour maps of the differential cross section

3 o/dE86which will be discussed below for different reasons. However it

is difficult to resist the temptation to show Fig. 6 obtained from the

reaction Au+Ar, which can be compared with that made famous by

(29)
Dr. Uilczynsfci. In this figure a cross section ridge is seen to move

from the grazing angle towards 0° while the energy is decreasing due to

frictional losses. Such a pattern vividly suggests partial orbiting vith

the trajectory moving from positive to negative angles. A comparison with

similar plots for the reaction Au+ Kr (Fig. 23) shows that in the latter

case no orbiting is evident and that the trajectories are confined either

Co the left or to the right hemisphere, without even crossing the 0° plane.

Since we arc particularly interested in the behavior of the relaxed com-

ponent of the cross section, some general features of it should be given.

In Fig. 7 the most probable center of mass kinetic energies and the associ-

ated widths are presented for the reaction Au+ Kr as a function of the atomic

number of the fragment. In the sane figure, the fragment energies expected

from Coulomb repulsion are also shown. No attempt to fit the data is rnaie,

therefore no correction for particle emission has been performed on the

data, nor is the rotational energy accounted for in any way. Our main

interest is in showing two points: a) the independence of the center of

mass energy from angle; b) the essentially Coulocbian origin of the

kinetic energy.



248

SECTION 3: The Charge Distributions

At first sight, the charge distributions should reflect the extent

to which relaxation along the mass asymmetry degree of freedom has progressed.

And, in fact, this is true in the case of rather short lifetimes. In such

case the decay occurs when the mass asymmetry degree of freedom is far from

equilibration as in the reactions of Au and Ta+ Kr (see Figs. i3 and 14,

and compare with Figs. 1 to 4), for which the Z distributions peak at

or about the projectile, and the lack of equilibration is immediately

appreciated.

More complex is the case in which the lifetime of the intermediate

complex is long enough to allow for a substantial relaxation along the mass

asymmetry mode. With the disappearance of the projectile peak in the

probability distribution, one loses the most visible indication of incomplete

relaxation. Again, this can be clearly seen in the theoretical calculations

shown in Figs. 1 through 4. The inspection of the individual Z distributions

in the reactions Ag+ N, ( 2 l ) Ne, <22> Ar, t 2 1 ) Kr < 3 1 ) (Figs. 8-10, 12) and

(23)
Au+ Ar (Fig. 11) shows various features which, at first sight, may be

interpreted as equilibrium features. For instance, from the ridge line

potential energies (Figs. 1-4) one can obtain a guess regarding the shape

of the equilibrium Z distribution. It is possible to show that the Z

distribution Y(Z) should br'.ave as

Y(Z) - K(Z,fc) exp (-V /T)

where V is the ridge-line potential energy, T is the ridge-line temperature,

and K is a quantity which should depend weakly on Z, on angular momentum £

and on the temperature. Consequently, regions of low potential energy

should correspond to large cross sections and vice versa. This can be
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verified in the case of Ag + N ^20* and Ag + Ne *22*(Figs. 8,9) where large

cross sections are seen for low Z's and low cross sections are seen for

intermediate Z's, close to symmetry. Furthermore, the V /T effect can be
z

observed in a number of cases as a general flattening of the Z distribution

at higher bombarding energies. Yet, when these distributions obtained in

different reactions are compared with one another, it becomes evident that

they still bear information regarding the entrance channel asymmetry. For
f2H 112.} f21)

instance, the reactions Ag + N,v ' Ag + Ne, l ' Ag + Ar K ' (Figs. 8,9,10)

should produce similar compound nuclei and should be characterized by

similar ridge lines. However the experimental charge distributions show

an excess cross section in the light Z region for the first reaction (Fig. 8)

and an ever decreasing cross section with increasing Z. The second reaction

also shows large cross sections at low Z's, decreasing with increasing Z up

to Z 12 ̂  14 followed by a slow increase of the cross section for higher

Z's (Fig. 9). The third reaction instead does not show any large cross

section at low Z's. Rather the cross section tnonotonically increases with

Z (Fig. 10). The complete inversion of the charge distribution pattern from

the N projectile to the Ar projectile may be attributed to the change in the

entrance channel mass asymmetry. An inspection of the ridge energies and

to the entrance channel mass asymmetry clearly illustrate the case (Figs. 1-4).

The injection point for Ag+ N is found on a steep slope leading

towards the lightest Z's. Thus one should expect a drift in the diffusion

piocess in this direction, which is experimentally confirmed in the great

abundance of light products.

In the case of Ag+ Ne the injection point is very close to the top

of the Businaro-Gallone mountain, perhaps slightly to the left, depending
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upon the angular momentum (Figs. 1,2). Therefore the diffusion again proceeds

to the left towards lighter products, but also toward the heavier products

in the region of symmetry. This is shown in the diffusion patterns in

Figs. 1b, 2b, and is confirmed by the experimental distributions which

show high cross sections for small Z's and an increasing cross section with

increasing Z toward the symmetric splitting.

In the case of Ag+Ar, the injection point is to the right of the

Businaro-Gallone mountain (Fig. 3). Therefore the system diffuses more

easily towards near symmetric configurations than toward very asyaroetric

configurations (see theoretical calculation in Fig. 3b). The experiment

confirms such a theoretical explanation by showing a cross section tconotonically

increasing with Z.

Very little information is carried by the Au+Ar Z distributions,

which are monotonicall;- increasing vith Z, with the exception of those

measured close to the grazing angle where a sharp peak is observed at Z= 18.

These large cross sections for Z's closest to the projectile are characterized

by incompletely relaxed kinetic energy distributions.

Also for the reaction Ag+Kr ' ' (Fig. 12) the Z distributions are

monotonically increasing with Z as far as symmetry. In this case the

injection asymmetry is only five atomic numbers away from symmetry and

consequently it appears that the system has diffused at least that far.

This, of course, does not imply by itself full equilibration, because neither

the width nor the detailed shape of the distribution may be corresponding

to those expected from complete relaxation.

In fact for all the distributions discussed so far, the best proof

of incomplete equilibration is provided by the angular distributions, as '

will be discussed later. ;
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Still, even after such a confirmation has been obtained, one still

may worry about the extent to which real compound nucleus fission may

contribute to the observed distributions. This is really a very serious

problem because, as we have shown elsewhere, even a 1/sinS angular

distribution does not guarantee a compound nucleus origin. This can be seen

in the theoretical angular distributions shown in Fig. 25 where the limit of

l/sin8 is attained without even invoking the compound nucleus mechanism.

It is conceivable that excitation functions as a function of Z may help to

solve the mystery, but the available data are not sufficient to reach any

conclusions as yet.

In contrast with the previously discussed reactions, the reactions

induced by very heavy ions on heavy targets are characterized by charge

distributions sharply peaked at, or close to, the projectile. This is the

(24)
case for the two reactions which we have studied, namely Au + Kr and

(32)
Ta + Kr. Their charge distributions (Fig. 13, 14) are remarkable in

many ways. A fairly sharp peak at the Z of the projectile is seen in a narrow

angular region corresponding to the peaking in angular distributions. At more

forward and backward angles, the distributions are broader and it is difficult

to decide where the distributions are actually peaking. This is particularly

true of the second reaction. Since the sharply peaked charge distributions

are characterized by kinetic energy distributions which are not fully

relaxed, we have studied them for various windows in the kinetic energies.

The results are seen in Fig. 15. At large kinetic energies, one observes

narrow distributions, sharply peaked about Z= 36. As the kinetic energies

become smaller, the distributions become broader although the most probable

value seem to stay fixed at Z = 36. One is tempted to interpret these
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features in terms of the diffusion model: Large kinetic energies and small

widths in the charge distributions should be characteristic of short lives

and vice versa (see Fig. 4a,4b).

Another remarkable feature observable in the charge distribution

is the following: Sharp distributions are observed at intermediate angles;

broader distributions are observed at forward angles; and even broader

distributions are observed at the more backward angles (Figs. 13,14). In

terms of the diffusion model, one can identify the sharpest charge distri-

bution as the youngest because the system has had no tine to diffuse to any

great extent, while the broadest charge distributions can be identified as

the oldest, because of the large amount of diffusion that appears to have

occurred. The peculiar fact is that, moving fron backward angles to forward

angles, one encounters in the order: old distributions, young distributions

and middle age distributions. The strange inversion of sequence seems to

be due to an impact parameter effect. Let us assume that the lifetime of

the intermediate complex decreases rapidly with the impact parameter, which

is not unreasonable for a variety of reasons. Then one has for the decay

angle the following very crude expression:

180° - 0 = Kjb + lyKTQ - ab)

where the b is the impact parameter, K,b is the angle between the beam direction

and the line connecting the fragment centers, K.b is the angular velocity,

and T Q - ab is the lifetime of a complex with impact parameter b. Therefore,

the angle versus b curve is a parabola. This shows that the systems with

small impact parameter are emitted at rather backward angles and are

characterized by the longest lifetimes. Thus the Z distribution is expected
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to be broad or in other words, "old". The systems with maximum impact

parameter will be emitted at intermediate angles and, because of the shortest

lifetime, will give rise to very young Z distributions. Finally, the

systems with intermediate impact parameters will be emitted at the

most forward angles and, because of their intermediate lifetime, will give

rise to middle-aged angular distributions. This is well reproduced in ths

calculation leading to Fig. 26.

SECTION 4: The Angular Distributions

Reactions Induced by Ar and Lighter Projectiles and the Reaction Ag-4-Kr

The angular distributions, being so sensitive to short interaction

times, gave the first alarm regarding the son compound nucleus nature of

the relaxed cross section. This was especially true for the reactions induced

by Ar and lighter projectiles, ' » >18»19) o r for e h a t natter, for the reaction

of Kr + Ag, v where the charge distributions gave only an ambiguous answer

regarding the degree of equilibration along the mass asymmetry coordinate.

As can be seen in Figs. 16-20, the center of mass angular distributions

appear to be generally forward peaked in these reactions, especially for

fragments close in Z to the projectile.

This, by itself, is very significant in many respects. To begin

with, there is some memory effect which couples entrance and exit channels.

The intermediate complex can distinguish the forward from the backward direction

in a way that a compound nucleus cannot, irrespective of its actual lifetime.

The intermediate complex lifetime, of course, must be relatively short with

respect to the mean rotational period; not too short though, otherwise the

system could not rotate enough to cross the 0* line and would give rise to
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a side peak; not too long, otherwise the angular distribution would become

symmetrized about 90°.

The presence of a smaller backward peaking in some of the reaction

products suggests that in a substantial fraction of the cases the rotation

proceeds through zero towards the most backward negative angles, and perhaps

even through 180°. Therefore, a qualitative guess would set the lifetime of

the intermediate complex at a sizeable fraction of the mean rotational period.

Another implication of the forward peaking associated with relaxed

cross sections is that the relaxation of the kinetic energy occurs on a time

scale short both with respect to the rotational period as well as with

respect to the mass asymmetry relaxation time. However, the most informative

feature in the angular distributions in reactions induced by light projectiles

and including the reaction Ag+Kr, is the dependence of the angular distri-

bution upon the atomic number of the fragment. This effect is particularly

visible in the reactions Ag+N ' and Ag+Ne, ' though it is present in

all the other reactions. In all of these reactions, the forward peaking is

stronger for fragments closer in Z to the projectile and decreases for fragments

substantially removed from the projectile. This phenomenon finds its quali-

tative explanation in the increasing time lag, introduced by the diffusion

process, in the population of configurations farther and farther removed

in mass asymmetry from that associated with the target-projectile combination

(injection asymmetry). In this way, fragments close in 2 to the projectile

are rapidly populated by the diftusion process (see Figs. 1-4) and can

rapidly decay, thus generating a substantially forward-peaked angular

distribution. Fragments farther removed in Z from the projectile are

populated on a longer time scale, so that their decay time is delayed. Such
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a delay allows the system to rotate for a longer tine, which results in an

increased tendency for the angular distribution to become more and more

symmetric at about 90°.

This feature appears to various degrees in the various reactions.

On the one hand one sees a very rapid symmetrization in Ag+Ne and Ag + N

as one moves from the projectile to fragments four or five units higher in Z.

On the other hand, in Ag + Ar and even more in Ag+Kr, one observes

a very small decrease in the forward peaking as one moves from the projectile

down in Z by as much as 10 to 20 units.

It appears that these variations in trends can be traced back to

the effect of the potential energy upon the diffusion process. Let us first

consider reactions like Ag+N and Ag + Ne. Both of these reactions are

characterized by very shaiply peaked angular distributions which rapidly be-

come symmetrized as one moves above the Z of the projectile, for instance, in

Ag + Ne the angular distribution for 2= 15 is already of the form 1/sinS.

The reason for such an asymmetric behavior for fragments above or below in

Z to the projectile can be readily appreciated by studying Figs. 1 and 2

where the potential energy of the intermediate complex is shown as a function

of the Z of one of the fragments. The injection asymmetry for both of these

systems for most of the £ waves is to the left of the Businaro-Gallone

mountain, on a steep slope leading to extreme asymmetries. As a consequence,

diffusion populates the lower Z's very rapidly because of the fast drift

imposed by the steep potential energy, as illustrated by the theoretical

calculations shown in Fig. lb. This results in sharply forward peaked

angular distributions. Conversely, the Z's above the projectile must rely

for their population on the spreading uphill of the probability distribution.
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which is clearly a much slower process. The result is a very rapid

damping of the forward peaking as one moves above the Z of the projectile.

An intermediate situation if found in Ag+Ar. The injection asymm-

etry is now slightly to the right of the Businaro-Gallone peak (Fig. 2a).

As is well illustrated by the theoretical calculation shown in Fig. 2b, the

diffusion feels the rapid descent of the potential energy to the left of

the Businaro-Gallone peak, even though the potential energy tends to drive

the system towards symmetry. As a consequence, the low Z's are still populated

rather early in time, though not as fast as in the previous cases. This gives

rise to moderately forward peaked angular distributions becoming less

sharply peaked as one moves towards smaller atomic numbers- The theoretical

calculations shown in Figs. 24 and 25 reproduce the effects illustrated

above both qualitatively and quantitatively.

An interesting feature is visible in the Au+ftr angular distrib-

utions (Fig. 19). In this reaction the injection asymmetry is found to be

to the right of the Businaro-Gallone mountain, on a steep slope which drives

the diffusion towards more symmetric configuration. Remarkably, the angular

distributions remain forward peaked from Z= 18 to Z-29, as many as eleven

Z units above the projectile. In comparison, in the reactions Ag+N and Ag + Ne,

the forward peaking disappears after only four to five atomic numbers above

the projectile. Therefore the inversion of the drift in diffusion associated

with an inversion in the slope of the potential energy with respect to the

mass asymmetry seems to be well confirmed. The expected opposite effect of

decreasing sharpness in the forward peaking for Z <18 is not verified in the

Au+Ar reaction. In fact quite a sharp forward peaking is observed for these

products. Yet, differently from the fragments with Z >18 whose kinetic
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energy spectrum is fully relaxed, the fragments with Z< 18 have quite

broad kinetic energy spectra with mean energies well above the expected

values.

The Ag+Kr reaction is in all respects similar to the reactions

observed with lighter projectiles (Fig. 20). The injection asymmetry is close

to the symmetry minimum of the potential energy. The potential energy

remains relatively flat over a fairly large range of asymmetries, making

the spreading of the population towards atomic numbers smaller than the

projectile a relatively fast process. Hence the moderately forward peaked

angular distributions whose forward peaking slowly decreases as one moves

towards the lighter fragments.

The Reactions Induced by Kr on Heavy Targets

When the reactions of Xr on heavy targets were first observed, *

the sharpness of the mass distributions associated with the side peaking of

the gross angular distributions appeared to be so extraordinary that they

were thought to be a completely new mechanism, which was named quasi-fission.

Yet, this process resembles the deep inelastic processes described above

in many respects. In fact it became our ambition to prove that there is a

continuous connection between the angular distributions observed in reactions

induced by lighter projectiles (or by heavy projectiles on relatively light

targets, like Ag+Kr), and the angular distributions observed in heavy

projectile -heavy target reactions. We argued that the side peaking in the

gross angular distribution of the products reflected a very short interaction

tine associated with a few Z's about the projectile. However, if one were

to look at the angular distributions of individual Z's, one should observe
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a progressive change towards forward peaking &s one moves away froa th<» Z of

the projectile. In this spirit the study of the reactiers Au, Ta+Kr was

undertaken. The angular distributions for individual atonic numbers, resolved

up to 2 — 50 arc shown in Figs. 21 and 22. The effect we were looking for

indeed appears with astounding clarity. Close to Z = 36 a very sharp side-peak

is observed (for the Z's closest to the projectile the separation of the

quasi-elastic component appeared to be impossible so that some of the points

close to the maximum of the peak are actually skipped). Such a side peak

implies an interaction tide so short that the intermediate complex does not

have time enough to rotate past 0°. However, as one coves away in Z frora

the projectile, the progressively longer time delay imposed by diffusion

allows the intermediate complex to reach closer to 0°, and eventually to

reach past 0°. This results in a rapid filling-in of the angles close to 0°,

which slowly transforms the side-peak first into a shoulder and later into a

forward peak. In Au+Kr the side peak becomes a shoulder symmetrically

about Z=36, at Z^30 and at Z^41. The shoulder disappears around Z=2&

and Z=46 where the angular distributions becon.2 forward peaked. Quite

fittingly, in the reaction of Kr + Ta, the side peak is less pronounced and

disappears earlier. The forward peaking then extends to the extreme Z's,

both high and low which were accessible in the present measurement. The

theoretical calculation shown in Fig. 26 reproduces in detail the experimental

effects.

Thus in a single reaction, one observes the desired connection

between the side-peaked and the forward-peaked angular distributions.

Furthermore, the essential identity of the processes observed in reactions

induced by light projectiles (characterized by forward peaked angular
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distributions) and quasi-fission (characterized by both kinds of angular

distributions) is proved. In general, the lifetimes of the intermediate

complexes formed with heavy targets and projectiles are shorter than those

of the lighter intermediate complexes due to larger Coulomb repulsion and

centrifugal forces. Thus the connecting parameter between the two kinds of

angular distributions is obviously the lifetime of the intermediate co-plex.

Conclusion

It has been the purpose of this paper to present a case for diffusion

processes in heavy ion reactions. The case has been made on a qualitative

theoretical ground by pointing out the deficiencies and limitations of a

Lagrangian approach and by showing that the Master Equation naturally handles

the drift and the spread in the probability distribution along a given

collective coordinate. Evidence of diffusion-like phenomena has been

produced in the form of a large amount of charge distributions and angular

distributions obtained for a variety of heavy ion reactions. The lack of

equilibration along the mass asymmetry degree of freedom of the intermediate

complex has been shown and the Z dependence of the angular distribution has

been interpreted in terms of the diffusion model. In particular, the essential

unity of the deep-inelastic processes with their forward-peaked angular

distribution and of quasi-fission with both forward-peaked and side-peaked

angular distributions has been shown. Theoretical calculations based upon

the diffusion model reproduce the experimental data in detail.
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FIGURE CAPTIONS

Fig. 1. a) Potential energy of the intermediate complex for the reaction

Ag + Ne (two touching spheres) as a function of the Z of one of

the two fragments, b) Probability distributions along the mass

asymmetry coordinate as a function of time. The calculation has

been performed for £• « 0.

Fig. 2. Same as in Fig. 1 for S. = 100.

Fig. 3. Same as in Fig. 1 for the reaction Ag + Ar and S. = 100.
Oil

Fig. 4. Same as in Fig. 1 for the reaction Au+ Kr and £ = 60.

Fig. S. Examples of center-of-mass Hnetic energy distributions showing

the quasi-elastic and the relaxed components in the reaction

Ag + N at various energies.

Fig. 6. Contour plot of the center-of-mass cross section in the E, 6

plane for Z - 19 in the reaction Au+*°Ar at 288 MeV.(23>

Fig. 7. Average center-of-mass kinetic energies and widths of the distri-

butions as a function of the Z of the fragment for the reaction

Au+ Kr at 620 MeV. The kinetic energies expected from the

Coulomb repulsion of two spherical fragments is also shown.

Fig. 8. Laboratory cross sections as a function of Z fcr the relaxed

component in the reaction Ag+ N.

Fig. 9. Same as in Fig. 8 for the reaction Ag+2O2ie.

Fig. 10. Same as in *Hg. « for the reaction Ag+40Ar.

Fig. 11. Same as in Fig. 8 for the reaction Au+*°Ar.

Fig. 12. Same as in Fig. 8 for the reaction Ag+S4Kr. t 3 l )

Fig. 13. Same as in Fig. 8 for the reaction Au+86Kr.



264

Fig. 14. Same as in Fig. 8 for the reaction Ta + 86Kr.

Fig. 15. Center-of-mass charge distributions for various kinetic

energy bins at various lab angles in the reaction Au + Kr

at 620 MeV. The energy bins for each Z start SO MeV below the

Coulomb barrier of two touching spheres and increase in steps

of 25 MeV. The highest numbers correspond to the lowest kinetic

energies.

Fig. 16. Center-of-mass angular distributions for the reaction

20
Fig. 17. Same as in Fig. 16 for the reaction Ag+ Ne.

Fig. 18. Same as in Fig. 16 for the reaction Ag + Ar.

Fig. 19. Same as in Fig. 16 for the reaction Au+*°Ar.

Fig. 20. Same as in Fig. 16 for the reaction Ag+ 8 4Kr/ 3 1*

Fig. 21. Same as in Fig. 16 for the reaction Au+ Kr. '

Fig. 22. Same as in Fig. 16 for the reaction Ta + 86Kr.*32)

Fig. 23. Examples of contour plots of the center-of-mass cross

section in the E, 8 plane for various Z's in the reaction

Fig. 24. Comparison between theoretical and experimental centcr-

40
of-mass angular distributions for the reaction Ag + Ar at 288 MeV.

Fig. 25. Theoretical center-of-mass angular distributions for the

reaction Ag+40Ar at 288 MeV.*W*

Fig. 26. Theoretical center-of-mass angular distributions for the

8fi
reaction Au + Kr at 620 MeV.
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THE INTERACTION OF VERY HEAVY IONS WTITH HEAVY TARGETS*

K. L. Wolf and C. T. Roche
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PROCEEDINGS OF THE MACROSCOPIC FEATURES OF
HEAVY ION COLLISIONS

Argonne National Laboratory

1-3 April 1976

1. INTRODUCTION

In this paper a review is given of experiments performed

with Cu, Kr and Xe ions on targets sufficiently massive to form

composite systems with Z greater than 100. Data are taken from

publications by the Oraay group ~ and by Vandenbosch,
4 5

at at., and extensive amounts of information are from

experiments performed by the RAMM group ' which operates at the

Berkeley Super-HILAC accelerator.

A typical experimental arrangement used by the RAMM group

at Berkeley is shown in Fig. 1. The method of correlated

fragments is used for mass identification in combination with

Z-identification by dE/dX. A four parameter correlated, fragment

measurement is made (two energies and two angles), allowing one

to calculate masses and test for full momentum transfer. This

is an important feature for experiments using targets in the

mass region of gold to uranium,where sequential fission of the

target nuclide can occur with high probability. Mass resolu-

tion ranges from 3-6 amu in the heavy systems studied here and

Z-resolution is in seme cases discrete dp to Z % 36, depending

on the uniformity of the thin silicon detectors used.

The most important feature of reactions occurring in this

region is the onset of "strongly damped collisions", first shown
8 40 232

in experiments by Artukh, rr xZ. for Ar + Th and inter-

preted by Wilczynski. The signature of this mechanism*Work supported by the U. S. Energy Research and

Development Administration.
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is the broad peaks that occur in energy spectra of

emitted products, reduced in energy from the elastic peak with

a large part of the strength being concentrated in products with

masses close to the projectile at sub-Coulomb energies. This is

especially true in the very heavy systems such as Kr + Bi

and Xe + Bi where angular distributions are sharply peaked

at intermediate angles. The fact that the strongly damped or

"quasi-fission" mechanism is dominant for ions heavier than Ar

was first demonstrated by Hanappe. et at. ' for the Kr + Bi

reaction at Kr energies just above the Coulomb barrier. Soon

after, it v/as shown that this new reaction mechanism remains

dominant, or even increases in importance at the higher energies

available at Berkeley, also for the Kr + Bi reaction.

Figure 2 is a plot of some earxy Orsay data showing the total

kinetic energy in the center-of-mass as a function of mass o : the

observed reaction products for Kr + Bi at 500 MeV. Only

Kr-like and Bi-like products at reduced kinetic energies are

observed, with little fusion-fission occurring in the expected

region.

2. FUSION-FISSION

The low fusion-fission cross section is a general property

in these heavy systems, even at much higher bombarding energies.

This is shown in Table 1 for systems as light as Kr + Ho to

extremely heavy systems such as Xe + Bi. In Table 1 the

target-projectile combinations and the laboratory bombarding

energies are given in the first four columns. In all cases the

energies are well above the interaction barrier. The measured

pre-neutron emission average total kinetic energies (TKB) are

given for a + 5 amu mass bin around symmetric mass splits, in

each case the values are consistent with simple calculations

involving Coulomb repulsion from stretched configurations. The

absolute values of TKE in Table 1 have an estimated uncertainty
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of + 10 MeV due to such unknowns as the neutron emission

function. Pulse height, defect in the detectors, although found

to be well-estimated by the method of Kaufman, et at. for

heavy elastic recoils such as 09Bi and Ho in the 100-200

MeV range, must also be considered as unknown for the very

neutron-deficient heavy fragments that are actually measured

here. The measured cross section for symmetric mass splits

was multiplied by an estimated width of the mass distribution

for fission in each case. A 1/sinO angular distribution was

assumed in the integration of the cross section, resulting in

the fission cross sections, a in Table 1. Such a procedure is

necessary in all cases studied here because it is impossible to

separate products from fusion-fission and strongly damped

collisions. This is not necessarily an experimental difficulty

since the two processes have considerable overlap in exit

channel properties as well as in concept- Plots of TKE as a

function of product mass for 600 MeV Kr bombardments of
1 6 5Ho, 197Au and 204Bi are given in Fig. Z (a), (b) and (c),

respectively. For Ho the mass distribution is peaked at

symmetry, but there is more cross section on the wings of the

mass distribution than would be expected for fission. This is

probably the effect of orbiting in the strongly damped process^

adding to fission or fission-like products, which is discussed
197 209

later. For Au and Bi, if there are any events from

fusion-fission, a clean separation from other processes cannot

be made. As has been claimed by Plasil and by Huizenga for

several years, one should not use fission cross sections in

this region or even for somewhat lighter systems to determine

complete fusion cross sections. The upper limits of

CT /o set in Table 1 are slightly above predictions based on

the liquid drop model in most cases and are much lower than

values calculated with some models that use a critical distance

formalism. The significant increase of the cross section 0 p
84 209

with bombarding energy for Kr + Bi should not be taken as
12

evidence for a "fusion barrier". The increase at 600 MeV

may be caused by the movement of the damped collision angular
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distribution to more forward angles as the incident energy is
84 209

increased. It has been shown for 600 MeV Kr + Bi that a

large mass exchange from the target to the projectile can result

from the strongly damped process, which greatly complicates

fusion-fission measurements.

3. STUDYING STRONGLY DAMPED COLLISIONS

WITH CORRELATED FRAGMENTS

A comparison of normalized mass distributions for energies

in the region of the strongly damped peaks, similar to data

previously reported, is shown in Fig. 4. Indicated laboratory

angles extend from a few degrees ahead cf the point of the cross

section peak, to backward angles where the cross section is

very small at 58.5 degrees. To minimize contributions from

transfer reactions, an upper level of 320 MeV was set on the TKE.

Corrections have been made so that mass distributions are not

biased by geometry overlap differences. Here we see the same

behavior that led to the conclusion drawn previously, that

relatively more mass exchange occurs from the target to the

projectile for emission at backward angles. The mass exchange

was the principal evidence that led to the conclusion two years

ago, seemingly contrary to the orbiting observed in the Ar + Th

system, that the lowest, most penetrating i-waves resulted in

emission at backward angles for Kr + Bi.

In a classical rotational model this H-wave correlation

can be understood as arising from the high moment of intertia

of the composite nucleus. For the low i,-waves this can make

the time required for rotation to forward angles longer than

the lifetime of the intermediate complex. Such behavior has

been observed for Kr + Au very recently in charge

distributions by Moretto and interpreted identically. The

transformation of the mass distributions in Fig. 4 to center-

of-mass differential cross sections is shown in Fig. 5 for

10 amu mass slices. The cross sections for A = 130 - 140 are

stronger at backward angles than for masses closer to the
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projectile. Seauential fission of the heavy fragment consider-

ably reduces the cross section for coincident events with

A = 70 - 90, but should have little effect on the higher mass

bins. It can also be concluded from the shapes of the angular

distributions that neither fission (which should obey a l/sin6

distribution) nor orbiting make major contributions here. For

light fragments emitted towarc more forward angles than shown

in Figs. 4 and 5, it is not possible to accurately measure the

energies of heavy partners. But charge distributions taken with

dE/dX techniques show considerable charge exchange at forward

angles, suggesting that these products are from low to

intermediate-valued 2.-waves, as one would expect from the

rotational model already outlined.

Before leaving the correlated fragment measurements one

more point should be made about the strongly damped collision

mechanism. It has been assumed in most studies, despite the

hundreds of units of angular momentum and high excitation

energies, that the strongly damped mechanism is a simple two-

body process,but no direct evidence has been given. In-plane

fragment-fragment correlation data are shown in Fig. 6 which

support the strict two-body assumption for strongly damped

collisions in the Kr + Bi reaction. For each event the

two energies of the fragments and the laboratory emission angle

of the light fragment (48.5 degrees) were used to calculate a

total kinetic energy (TKE) and the masses of the products,

assuming full momentum transfer. The angles of emission of the

heavy fragments were measured in a position sensitive detector.

These angles are shown on the abscissa in Fig. 6 in the center

of mass of the composite system. The ordinate in Fig. 6 is

the number of counts per unit angle in the PSD for each 10 amu

mass bin of the light fragment. A TKE window of 275 + 50 MeV

was set to insure only strongly damped events are counted. The

arrow for each distribution indicates the calculated emission

angle of the heavy fragment assuming twe body kinematics. The

agreement with the centroid of each measured distribution shown
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in Fig. 6 is quite qood. Data taken for other mass bins and

other angles are fit equally well. Thus the assumption of full

momentum transfer from the incident Kr projectile is correct

on the average, and emission of large clusters of nucleons in

the entrance channel, for instance, is unimportant. Furthermore,

the widths of these distributions indicate that such mechanisms

as prescission a-particle emission, or a-particle emission

from the excited fragments are also relatively unimportant.

The solid curves correspond to a calculation assuming isotropic

neutron emission from fully accelerated fragments for

dissipation of the 150-200 MeV of excitation energy in the

fragments after scission. The average number of neutrons

emitted for each mass split was calculated from ground state

Q-values and was found to be v % HP for the mass range shown

in Fig. 6. The number of neutrons îr. _l:tad from each fragment

was assumed proportional to mass. A nuclear temperature of

3.8 MeV gave the best fit, a value which is quite reasonable

for the excitation energy involved. This does not preclude the

possibility that some charged particle emission does occur, to

a minor degree. For instance % 0.5 a-particles per event may

be emitted here and would still result in a reasonable value of

the nuclear temperature. The calculation was corrected for

finite geometry, multiple scattering in the target, detector

position resolution and mass resolution. Out-of-plane

correlations were of lower resolution due to a vertical slit

geometry used in these experiments, but gave consistent results.

Thus the strongly damped reaction mechanism seems to be rather

simple in both the entrance channel and in the de-excitation

process.

4. ANGULAR DISTRIBUTIONS FOR THE 84Kr + 209Bi REACTION
4

Recently, Vandenbosch, et al. have discussed the dependence

of the reaction mechanism for 84Kr + 208Pb and 84Kr + 209Bi

data on incident ion energy, chiefly through the use of angular

distributions. These data are from singles energy spectra,

with no charge or mass identification. It was assumed that
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the masses of products were always that of the projectile.

Consequently, conclusions about such properties as exit channel

kinetic energies in the center of mass (TKE) are not very

meaningful and will not be discussed. That is, if appreciable

mass exchange takes place (as we know occurs at forward and back-

ward angles), the TKE one calculates under the assumption of A =

84 is incorrect. Within a few degrees of the angular distribu-

tion peak, the mass transfer is relatively minor and singles

data are useful for gross comparisons. In Fig. 7 data are

compared for three krypton ion energies, but instead of plotting
4

da/dft as done by Vandenbosh, et al.y da/dB is used which seems
more appropriate for this comparison. Also out of convenience,

some 84Kr + 209Bi data14 taken at l°-2° intervals have been

substituted for Kr + Pb at 714 MeV of reference 4.

Transformations to center-of-mass angles have been made using

average energies. It should be emphasized that these data

represent products from both the quasi-elastic and strongly

damped processes to avoid the uncertainty in dividing energy

spectra into the two processes. Integration of each curve

accounts for the reaction cross section. Since we are

interested only in the shapes of these angular distributions,

each curve has been multiplied by the ratio of the reaction

cross sections at each Kr-ion energy to the reaction cross

section at 510 MeV. The solid curve is identical in each case,

being based on the 600 MeV data. The most striking feature is

the great similarity of the angular distributions when shifted

by the grazing angle, especially when one considers that the

distances of closest approach are changing rapidly with

incident ion energy in this region. At 500 MeV there is very

little penetration of the heavy nuclides, but at 714 MeV over

half of the fc-waves reach matter density saturation in a

calculation involving only Coulomb repulsion and the centrifugal

barrier. The apparent extra focusing at 714 MeV into a small

angular range at 45 degrees shown in Fig. 7 (a) is probably

real, but one must be cautious in this conclusion since the
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two sets of data in Fig. 7 (b) and (c) are relatively crude,

being taken in 4-5 degree intervals.

A slightly better data treatment of Fig. 7 {a) and (b) is

in terms of constant d o/dEd£> contours as a function of Kr-liko

ion energy in the center of mass, and center of mass angle.
84 "509

Figure 8 shows a contour plot for 600 MeV Kr + " Hi. Again,

A = 84 is assumed for all energetic events and we must not

believe these data in detail far away frcm the cross section

peak. For instance the ridge extending to backward angles in

Fig. 8 appears to be continuously dropping in energy,which

coincidence work tells us is not the case and in fact stays

constant. The average nass of the light fragment which becomes

continuously heavier at more backward angles as shown in Fig. 4,

causes the apparent energy to drop when one assumes A = 84.

The ambiguity of separating the strongly damped region from

the transfer reactions (which occur at an angular region of

55-65 degrees and tail out of the elastic peak at ;i 300 MeV)

can be seen in Fig. 8. Of course,one process should smoothly

join into the other if one views few-nucleon transfer reactions

as resulting from poor spatial overlap of the heavy nuclidcs,

i.e. grazing collisions. The transition region of incomplete

damping between the two processes can be seen even raore clearly

in Fig. 9 for 714 MeV Kr + Bi. Transfer reactions in the

Kr-ion energy region of 320-350 MeV at % 45 degrees are seen to

smoothly join the fully damped events at % 200 MeV. Approxi-

mately forty per cent of the reaction cross section occurs in

this transition region, including transfer reactions, for a c m .

ion energy greater than 240 MeV. The transition region shows a

vory strong focusing effect at angles just ahead of the grazing

ingle in each case. The veiy snarply peaked angular distribu-

tion observed in Fig. 7 (a) can be attributed to the region of

incomplete damping being relatively more important at 714 MeV

and also coinciding in emission angle with ".uch of the fully

damped strength which occurs in the same angular range. At

600 MeV there is more emission at backward angles for fully
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trat ion of the low •-waves at a lower bombarding energy in the

rotational nsodel outlined previously. Another feature to be

noticed for the annular distributions shown in Figs. 7-9 is

the- likek of orbiting or "negative angle scattering" as pointed

out much earlier for *'Kr + '' Bi. "' The steep fa). 1-off of

the cross section at forward anwles indicates that very little

yield reaches zero decrees. "i'fcis is an important difference

compared to slightly lighter :;y;>te:*.'.s such «i;> '''Cu * ' Au and

'*Kr • ' J!!o where orbiting it> prominent, as discussed later.

It would be extrtsnely interesting to investigate the systera

Kr • " 3ij at 20 K«v per nucleon to determine if orbiting

ever hecosies iraportant in this very heavy system.

5. T!is: a:-:ACTio::s 136xe * 209Bi A:;D i36Ke * l&sno

The lack of orbiting is even more obvious for a heavier

system such as 'xe + " Bi. Figure 10 shows the laboratory

angular ciistribvition for Xe-llke fragments produced with

1130 MeV 13GXe ions on a209Bi target. As in Fig. 7 for 4Kr +

*• Bi, the entire reaction croas section as determined by

elastic scattering is accounted for by integration of the cross

section in Fig. 10. The sharply peaked angular distribution

indicates that this reaction is very fast. Strongly damped

peaks are quite prominent at angles a few degrees forward and

backward of the maximum in the angular distribution. Charge

distributions show very little centroid drift away from the

Z = T>4 of the projectile, being approximately Gaussian-shaped

even for very damped kinetic energies. Broadening of the

distributions occurs with increased damping of the total kinetic

energy as shown in Fig. 11. Measurements for 1130 MeV Xe

ions on a Ho target give similar results. The sharply peaked

angular distribution (Fig. 12) shows more strength at forward
209

angles than Fig. 10 for Bi. A similar broadening of the

charge distributions P{2) with decreasing total kinetic energy

is also observed. The broadening of P(Z) can be qualita-

tively related to an increased lifetime of the nuclear
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complex, but to make a quantitative formulation of the problem

is difficult in this case. Following the work of Norenberg

in a diffusion model based on Fokker-Planck equations,the
2

variance of the charge distribution a (Z) is related to the
2

interaction time t through a diffusion coefficient D, by a (Z) =

2D,t. The system Xe + Bi has been discussed recently by
1G

Huizenga using such an approach. The relation of the inter-
40

action time to an observed emission angle as done for Ar +

Th J is not possible in these very heavy systems due to the

strong angular focusing effect shown in Figs. 7-10. This pro-

bably reflects the breakdown of simple classical scattering

theory based only on Coulomb trajectories as recent studies by

Beck and others have shown. Only the dissipated energy is

left to serve as a time indicator for a diffusion model here

which, in turn, depends on assumptions regarding the form of

the frictional force and the trajectory. A plot of the standard

deviation of the charge distribution vs the dissipated energy is

shown in Pig. 13 for 136Xe + 165Ho. The width (o) steadily

increases over a broad energy range at a rate that is insensitive

to detection angle. Further discussion of this nature for the

Xe + Bi reaction is given in another paper as we return

now to somewhat lighter systems.

6. "LIGHTER" SYSTEMS, 63Cu + 1 9 7Au, 84Kr + 1 6 5Ho,
..._ 136„ _,_ 107,109,
AND Xe + Ag

The region of transition from very sharply peaked strongly-

focused angular distributions for reactions such as Xe + Bi,

to the mord gradual damping observed for Ar + Th is just

beginning to be defined by several measurements involving

various combinations of targets, projectiles and bombarding

energies. For 365 MeV Cu ions on Au (1.1 times the

interaction barrier) Peter, et at. obtained an angular distri-

bution characteristic of the strongly damped process for about

half of the reaction cross section. A set of mass distributions

as a function of angle obtained by a time-of-flight technique
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showed a relatively high mass exchange occurred at angles far

forward of the grazing angle. From the mass exchange it was

concluded that rather low fl-waves, with a high interpenetration

of the nuclides were responsible for the forward emission. It

was also pointed out that this result was at variance with

results obtained previously for Kr + Bi with regard to

mass exchange and consequently "-wave emission as shown in

Figs. 4 and 5. Of course both results are probably correct.

The Cu + Au system is significantly lighter, having a lower

moment of inertia of the composite stretched system, less

Coulomb repulsion, and probably a more attractive ion-ion

pot€
197.
potential than °"*Kr + Bi. The greater asymmetry of the Cu +

Au combination may also be important in terms of closeness of

centers of mass as discussed by Sierek for fusion cross sec-

tions. All of these factors can make a significant change in

the patterns of observed angular distributions in this mass
19region. Recently Tamain, et at. have performed experiments

with the Cu + Au reaction at 443 MeV, or approximately 1.4

times the interaction barrier, which indicate orbiting sets in

strongly. For comparison, it should be recalled in Fig. 7 (a)

for 84Kr + 209Bi at 714 MeV {1.5-1.6 times the interaction

barrier), the angular distribution showed orbiting is unimpor-

tant. This significant change of the strongly damped mechanism

is demonstrated more clearly in a recently completed set of

measurements on the system Kr + Ho- Only results of exper-

iments performed with a set of three dE/dX telescopes for 2-

identification will be discussed, although measurements were also

taken with the correlated fragment technique. Figure 14 shows

the laboratory angular distribution of the light fragment for

Kr + Ho at 714 MeV. The dashed curve is from a similar

analysis by Birkelund, of the RAMM group for Kr + Bi,-1-4

also at 714 MeV. The much enhanced yield at forward angles

for the lighter system is apparent, suggesting negative angle

scattering (orbiting) may be occurring for Kr + Ho. The

singles energy spectra shown in Fig. 15 are somewhat unusual.
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the smooth, nearly Gaussian-shaped peaks observed £ 11 heavier

sysfons. The structure on the low sides of the damped energy

peaks is attributed t^ fully damped products that deflect through

the beam axis, or to "negative angles", which add to incompletely

damped peaks just ahead of the grazing angle. Thus in the
9

classic pattern (Fig. 16) as recognized by Wilczynski, the

effect of orbiting is seen in the energy spectra. In a

"Wilczynski plot" of d2j/dEd0 for 84Kr + 165Ho for 2 = 3-1, shown

in Fig. 17 one can see the charac eristic ridge of yield dropping

down from nearly elastic energies at "c 40° cm, the grazing angle,

to almost completely damped energies at 20 degrees. Although
40 232

this is a more rapid drop in TKE than, in the Ar + Th
g

system a comparison with Fig. 9 shows the rate of energy damping

with angle is far greater for Kr + Bi. For Z = 34 only a

hint of a backward-going ridge (the orbiting) can be seen, being

relatively weak at this 2 due to a spreading of the charge

distribution for the negative angle component. Logarithmic

contour maps for Z = 36 and 2 = 38 in Fig. 18 and Fig. 19,

respectively show the orbiting ridge more clearly at fully

damped energies, TKE % 230 MeV. For easier compaiison of

different charges, all energies refer to pre-neutron emission

total kinetic energies, not ion center of mass energies as in

Figs. 8 and 9. For Z = 40 (Fig. 20), a charge further removed

from the projectile, the contributions from positive and negative

angles are of comparable strength, probably creating the peak

at 25 degrees where the two ridges overlap in energy. For

division of these data into contributions from positive and

negative angles,a minimum in d a/dodE is used which occurs at

approximately 270 MeV for most Z. Integration over TKE and Z

results in an angular distribution da/dQ in the center of mass

which fits together nicely for positive and negative angles as

shown in Fig. 21, and- quantatively accounts for the reaction

cross section.

The cross section for each Z fits together equally well

in similar plots. As seen earlier, charges far away from the
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corresponding to a broadening of the charge distribution as the

contact tine increases. Figure 22 shows normalized charge

distributions at positive angles of 34 degrees and 22 degrees,

corresponding to a small scattering angle just ahead of the

grazing angle and the largest scattering angle for positive

measured angles, respectively. Two "negative" angles correspond-

ing to even larger scattering angles are also shown. The drift

of the centroid of the charge distribution is very small, which

can be explained as a Q-value effect. Charge- transfer away from

the target and the projectile results in very little gain in

ground state energy. The width of the charge distribution

steadily increases with increasing scattering angle, suggesting

a diffusion-like phenomenon. The variance of the charge

distribution (related to the square of the width), as a function

of angle is shown in Fig. 23. Only "positive" angles were used

since, as we have seen for heavier systems the region assigned

to negative angles may contain contributions from other sources,

e.g. the very low f-waves in Kr + Bi. Interaction time

increases from right to left in Fig. 23. The quality of the

least squares fit with the X-intercept at the grazing angle must

be considered as some justification of the assumptions made in

an analysis by Norenberg of the Ar + Th reaction. It is

shown that a linear dependence of the variance o (Z) Jor

(FWHM) ) on interaction time and consequently on scattering

angle is expected. In this diffusion model the variance is

related to the charge diffusion coefficient D7 and interaction
2time t by a (Z) = 2D t. Using a simple classical scattering

picture it is assumed that an impact parameter b can be uniquely

related to a scattering angle 6(b). Distortion effects present

for very heavy systems such as Kr + Bi are hopefully of

minor importance for the lighter Kr + Ho system. Also in

relating the interaction time to scattering angle witli a linear

relationship it is assumed that only a small range of impact

parameters contribute. Although a significant fraction of the

reaction cross section is used in the present analysis, we are
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dealing with the highest -'-waves. Thus the calculated range of

impact parameters is reasonably narrow, with a % 275-325 jh- The

quality of the fit shown in Fig. 23 also indicates that there is

very little dependence of the charge diffusion coefficient on the

amount of excitation energy in the nuclides since th*; *-'KE varies

over a range of 200 MeV in the angular range considered. The
2 Q4 1455

rate of change of o (Z) with angle for Kr + Ho shown in

Pig. 23 is about 50 per cent greater than that obtained for

Ar + Th at 297 MeV. To compare the charge diffusion

coefficients for the two target-projectile combinations, one

must consider the conversion of emission angle €• to interaction

time t, do = (2/ur )dt. The grazing angular momentum for the

Kr-induced reaction is approximately twice that for Ar •
232

Th, but the respective moments of inertia tend to cancel the

angular momentum difference. One must still conclude that the

charge diffusion coefficient, D, is higher for Kr + Ho, by
22

approximately a factor of 2 than the value of < 10 (charge
units) /sec obtained for Ar + Th. Thus the charge

diffusion coefficient E»z may be independent of projectile energy

as shown in referencelS, but apparently is sensitive to the

target-projectile combination in this model. Distortion effects

in the simple scattering picture assumed here would also be

expected to cause a higher apparent value of D3. Recently

completed experiments for the system Kr + Sm at a number of

bombarding energies should resolve this problem.

A more complete discussion of energy diffusion and orbiting

for the Kr + Ho reaction will be given elsewhere, but an

interesting comparison regarding negative angle scattering

should be mentioned here. It has been noticed that orbiting is

very weak for 1 .24 MeV 136Xe ions on 1 0 7' 1 0 9Ag, a system well-

matched to the "Vr + Ho system discussed previously with

respect to Z^Z_ and energy, and even resonably close in grazing
angular momentum (£ % 360 At for Xe + Ag and ^ 335 Jh for
84 16«? graz
Kr + "Ho). Figure 24 shows the differential cross section

in bins of four Z-units as a function of total fci stic energy

for 1124 MeV Xe bombardment of a natural silver target. The
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angle of 14 degrees is near the grazing angle for Z = 55. Only

a very small strongly damped peak can be seen at an energy of

240 MoV, corresponding to a cross section that is approximately 5

times lower than for the system Kr + Ho at the same negative

deflection angles in the center of mass. A qualitative compari-

son can he made between Fig. 24 and the 19.7 degree spectrum of

Fig. 15 for the relative magnitudes of the fully damped to

incompletely damped components in each system. Entrance channel

conditions are matched reasonably well except for the greater

mass symmetry of the target-projectile combination in the Xe +

' Ag reaction. This could lead to a reduced interaction

compared to Kr + Ho by affecting the closeness of the

centers of mass, similar to arguments made for fusion cross

sections. However, one cannot rule out other effects in

the intermediate complex such as differences in the driving

force for energy diffusion. More complete information on

comparisons of this type must be obtained before definite

conclusions can be made regarding the role of mass asymmetry

on the strongly damped collision mechanism.
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TABLE 1. Complete fusion cross section Units, refers to the reaction cross sections most

of which were measured by olastic scattering. Calculated values .ire in p.irenthi-ses.

Target

l t i 5Ho

mAu

209Bl

23 8 u

!07,!09Ag

1 6 5HO

2 0 9Bi

Projectile

84Kr

84Kr

84Kr

8-Kr

136Xe

I36xe

1 3 6Xe

Energy
(MoV)

602

714

530

598

530

598

714

530

598

1124

1130

1130

E/M

Nucicon

7.2

8.5

6.3

7.2

6.3

7.2

8.5

6.3

7.2

8.3

8.3

8.3

TKE
(MoV)

225

231

249

264

270

238

276

375

(2020)

2640

(1150)

(1930)

(1050)

1880

2533

(850)

(1500)

(2760)

2P00

2800

*320

*440

< 14

i is

•177

*240

121

•121

*110

•: 320

* 50

t 50

.9

+ 20

.0

+ 20

t 30

.1

.5

< 0.158

I .185

I 0.013

i 0.119

1 0.014

< 0.105

i 0.095

i 0.025

t 0.020

1 .046

i .045

'• .114

May include products from the strongly damped collision process.
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FIGURE CAPTIONS

Fig. 1. Experimental apparatus for measuring masses and energies

of emitted products in binary processes with the method of

correlated fragments, and for performing Z-identification with

dE/dX techniques. Data are collected in r.n event-by-event mode

on magnetic tape and analyzed off-line.

Fig. 2. The total kinetic energy as a function of product mass

for 500 MeV Kr ions on 2 0 9Bi, measured with a correlated

fragment technique. The intersection point of lines defined by

the dashed arrows indicate the most probable region for fusion-

fission to occur. From reference 1.

Fig. 3. The total kinetic energy as a function of product mass
Si A

for 600 MeV Kr ions on targei

(a), (b) and (c), respectively.

for 600 MeV 84Kr ions on targets of 1 6 5Ho, I97Au and 209Bi in

Fig. 4. Normalized mass distributions for the light mass product

taken with the method of correlated fragments for the reaction

Kr + Bi at 598 MeV. Laboratory angles at which the light

fragment was detected are listed for each distribution.

Fig. 5. The transformation of the mass distributions shown in

Fig. 4 to center of mass differential cross section as a function

of center of mass angle in 10 amu mass bins. Each curve is

labeled by the average mass.

209Fig• 6. Fragment-Fragment angular correlations for the Bi +

Kr reaction at a bombarding energy of 598 MeV. The light mass

fragment for each distribution with average mass A was measured

at a laboratory angle of 48.5 degrees. The measured emission

angle of the heavy coincident product, converted to the center

of mass is given on the abscissa. The arrows indicate the

expected average emission angle from simple two-body kinematics.

The curves are from a calculation described in the text. The
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flat-topped nature of the curves is caused by finite geometry

corrections and the skewing is caused principally by mars

resolution, % C amu here.

Fig. 7. Angular distributions, da/d9 vs & for Kr + Bi
cm cm 04 208

at 714 and 600 MeV (a) and (b) respectively, and for Kr + Pb

at 510 MeV from reference 4. Singles energy spectra with no

mass identification were used and include both quasi-elastic and

strongly damped processes. The solid curve is based on the 600

MeV data in aach case. The area under each curve was adjusted

to correspond to the reaction cross section at 510 MeV for

comparison.

Fig. 8. Constant contours of d o/dEdO as a function of Kr-like

ion energy and center of mass emission angle, generated in an

event-by-event analysis of singles energy spectra assuming the

mass of the detected product was 84. Tor 600 MeV Kr ions on
2 09

a Bi target. The ridge at % 300 MeV labeled > 100 corres-

ponds to elastic sjattering.

Fig. 9. Same as Fig. 8 except for 714 MeV 4Kr + 2 0 9Bi.

Fig. 10. The differential cross section as a function of angle

in the laboratory coordinate system for 1130 MeV Xe ions on
209

Bi. Both quasi-elastic and strongly damped processes are
included.

Fig. 11. Normalized charge distributions for the " Xe and Bi

reaction at 1130 MeV for 60 MeV bins of center of mass total

kinetic energy TKE. Data were taken near the grazing angle at a

laboratory angle of 29.8 degrees. The narrowest curve for

TKE = 690 MeV corresponds to elastic and nearly elastic events.

The wider curves are from more completely damped events at

average total kinetic energies of 450 and 570 MeV.
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Fig. 12. Laboratory angular distribution of light mass products

(Z < 61) for the 136Xe + 165Ho i

xenon ions, similar to Fig. 10.

(Z < 61) for the 136Xe + 165Ho reaction taken with 1130 MeV

Fig. 13. The standard deviation of the charge distribution a as

a function of a dissipated energy ECM-TKE for 1130 MeV Xe +

Ho. ECM is the center of mass total kinetic energy for

elastic scattering and TKE is the center of mass total kinetic

energy of the observed charge distribution. Measurements made at

laboratory angles of 19.8 and 21.8 degrees are combined here.

Fig. 14. The laboratory angular distribution for 714 MeV Kr

ions on a Ho target (solid curve). The dashed curve is

from a similar analysis of the system 714 MeV Kr + Bi.

Fig. 15. Singles energy spectra for 714 MeV Kr + Ho at

various angles ahead (14.7 - 24.7 degrees) and behind (34.7, 41.7

degrees) the grazing angle. The 41.7 degree spectrum also shows

the strongly damped peak for the light mass product A < 125 as

the dashed curve.

Fig. 16. A pictorial description of Wilczynski's model for

transfer reactions at high angular momenta from reference 9.

The upper half of the figure shows the continuous energy

damping and decreasing cross section that occur." from the

grazing angle, 0 „ and to "negative" angles as the angulargraz
momentum L also decreases. See reference 9.

Fig. 17. Constant cross section contours of d a/dEd6d2 in

(mb'MeV «rad -charge unit A) as a function of center of mass

total kinetic energy and center of mass emission angle for a

two charge unit bin, centered at Z = 34. For the reaction

Kr + Ho at a laboratory Kr ion energy of 714 MeV.

Fig. 18. Same as Fig. 17 except a logarithmic contour map for

Z = 36.
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Fig. 19. Same as Fig. 18 except Z - 38.

Fig. 20. Same as Fig. 17 except Z = 40.

Fig. 21. The differential cross section do/dO in barns per

radian vs center of mass angle for the integration of data like

that shown in Figs. 17-20 over all Z of the light fragment, and

over TKE after division into positive and "negative" angles as

described in text. For 714 MeV 84Kr + 165Ho.

Fig. 22. Normalized charge distributions, probability of a

given Z vs Z at four center of mass angles. For 714 MeV Kr +

Ho.

2
Fig. 23. The variance of the charge distribution a as a

function of emission angle in the center of mass. The solid

line is a linear least squares fit to the data. For comparison

to other work the variance is related to the full width by

(FWHM)2 = 8 tn 2 o2.

Fig. 24. Results obtained in a bombardment of a natural silver

target with 1124 MeV Xe ions. The center of mass cross

section da/dS3 in fmb-sr" -MeV~ Z~ ) as a function of center of

mass total kinetic energy displayed in four charge unit bins,

centered at the given Z-value. Points have been multiplied by

the indicated factor and scales changes midway in (c) and (d)

to show the presence of a very small damped collision peak at

240 MeV.
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MICROSCOPIC DESCRIPTIONS OF HEAVY ION POTENTIALS AND

NONADIABATIC COUPLINGS LEADING TO FUSION

U. Mosel

Institut fiir Theoretische Physik, Universitat Giessen

63 Giessen, West Germany

1. INTRODUCTION

Over the last few years the theory of macroscopic heavy ion

processes has made quite significant progress. This advance-

ment, however, has come somewhat at the expense of a unified

treatment of different reaction types creating a whole new class

of different macroscopic models - usually with several free

parameters - to describe experimental data. The connection

between the different types of models is then often obscure.

This is not a difficulty necessarily connected with macroscopic

approaches which can definitely be quite useful and may even

help to understand complicated processes involving many parti-

cles better than a purely microscopical description. It must,

however, be the aim of every theory to relate parameters in

macroscopic models to microscopic structure properties of nuclei

and ultimately to derive them from microscopic considerations.

In this article I will concentrate on the questions of heavy-

ion potentials and nuclear viscosity bearing the considerations

given above in mind. In section II a critical discussion of the

foundations for folding potentials is presented. Section III

341
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treats some results of selfconsistent calculations of heavy ion

potentials, in section IV the antisymmetrization effects on HI

potentials are discussed and section V contains some consequences

for their energy-dependence. Section VI describes briefly some

attempts to take nonadiabatic couplings into account and in the

last section I will discuss some consequences for fusion pro-

cesses between heavy ions.

II. THEORETICAL BASIS FOR FOLDING POTENTIALS

In order to arrive at a quantitative theory of heavy ion poten-

tials we start with a Hamiltonian of the form

H - TR + Hintr

Here T o is the kinetic energy operator for the relative motion

and H. describes the intrinsic structure of the two nuclei.

A suitable basis for given R can be obtained by means of a con-

strained Hartree-Fock treatment:

(Hintr + C ( R ) ) * n
( R' x ) = *n { R )

where C(R) is a constraint on the distance R so that the many-

particle states <s depend on the relative coordinate R and all

intrinsic coordinates x. The energy e (R) in (2) represents the

total static energy of the nucleus at separation R. For the total

wavefunction the following ansatz is now made:
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*j = I Xjn(R) 4n(R,x) (3)

After inserting this expression into the Schrodinger-equation for

a stationary state and using the standard expression for TR:

where B(R) is a R-dependent collective mass parameter one obtains

the exact equations

[ T R + em(R)jxjm(R) = E j (5)

I { <*»' TR'V

At this point it should be stressed that a collective coordinate

like R leads in the Born-Oppenheimer approach to a R-dependent

mass parameter (see section VI). It has been shown that eq. 5

can, however, be transformed into a "normal" scattering equation

with an energy-dependent Hi-potential.

If the sum on the r.h.s. of this equation that couples the differ-

ent channels can be neglected (adiabatic approximation) one sees

that then the potential energy surface (PES) E (R) play the role of

the potentials for the collective motion. Thus one has for the HI

potential:

V(R) =Eo(R) - E ± n t (6)
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where E. contains the ground state intrinsic energy of the two

colliding ions. It is evident that e (R) contains the effects of

antisymmetrization between all nucleons. One thus has:

V(R) = I <iit|i> + \ I <ij|V|ij>AS - E ± n t (7)

It should be noted that in practical calculations the coordinate

R is not derived from the single particle coordinates but instead

introduced as a redundant variable. This brings up the problem

of spurious energies (see further discussion in section III).

For the case of small overlap near the interaction barrier one can

still localize the single particle states in the two nuclei and

obtain:

v(R) = y <a ; tj a> +j I <i>s.'> |v|iu'> +

+ I <r\t\r> + \ I <rr'iVjrr'> + (8)
r rr1

where the states jr> belong to the right and the states \ SL> to

the lefthand nucleus. Due to antisymmetrization and the interaction

V these states differ from the asymptotic ones in the two separated

fragments. If now the following two approximations are made:

1) The antisymmetrization between "left" and "light" states can

be neglected.
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2) The changes in the sp states due to the interaction are neg-

lected.

then one obtains the expression:

V(R) = I <rt |V|ric> (9)

n

which equals for a local interaction:

V(R) = ip V(r,x)p did: (1O5
t r K r JL

i.e. the folding potential. We thus obtain the important result

that the folding potential needs for its justification the as-

sumptions (1) and (2) above.

The same result can also be obtained in the resonating group

method (RGM). Hera one starts with an ansatz for the total wave-

function

y 2 ) } (11)

where iji (R) describes the wavef unction of relative motion and

$. . the internal wavafunctions of the two interacting ions.

These are left unchanged during a collision. Using a variational

principle for the determination of *p G M one obtains the following

2)
equation :

J
 3R' =^ + V(R)] *(R) + JK(R,£«) *(8«) d3R' = E 4,(fr) (12)
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with the folding potential V(R) and - not less important - a

nonlocal potential represented by the kernel K. The local poten-

tial V is due to those terms in the wavefunction (11) without

antisymmetrization between the nuclei. Thus again the folding

potential is obtained through neglect of all effects of the

Pauli-principle acting between nuclcons in the two different ions.

The kinetic energy contains in this method simply the reduced

mass in contrast to the adiabatic approach discussed earlier.

This again follows from the particular ansatz for the wave-

function which keeps the original clusters frozen (eq. 11). It

should also be noted that the RGM in the ansatz of eq. (11) is

restricted to one channel only.

The local optical potentials equivalent to that in eq. (12) are

all very deep. This is a natural consequence of the special an-

satz made for yn/.M and not of any special physics reason: For

t o f u* f i 1 1 t h e Pauli-principle it must have many modes that

can be generated only through a correspondingly deep potential

An illustrative example is the case of 0+ 0^ S in the harmonic

oscillator model. Apart from zero point energies one needs 24 nu

to construct the two cluster functions for the two 0 nuclei. The

32

S compound nucleus on the other hand (i.e. its wavefunction

*..„) contains at least 44 k so that the wavefunction of relative

motion *(R) must contain at least 20 fun. This implies that the po-

tential must have a depth of at least %3OO HeV to bind such a state

and that all lower states in it are spurious because they lead to
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a vanishing total wavefunction *„„,, due to the antisymmetriza-

tion operator in eq. (11). Only the wavefunction and not the po-

tential contains the effects of the Pauli-principle.

It is also evident that the potentials obtained in this method

do not agree with the classical notion that the potential re-

presents the total energy in the case of infinitesimally slow

motion. This is a consequence of the fact that the separation of

the RGM wavefunction looses its physical meaning at. small R be-

cause of the indistinguishability of the nucleons in the two dif-

ferent clusters. Even though the total RGM wavefunction is cor-

rect the wavefunction of relative motion ^(R) and thus the cor-

responding potential have no physical significance by themselves

but only as parts of the total wavefunctions and the complete

SchrSdinger-equation (12), respectively.

This situation, however, can be different at higher bombarding

energies. Then the nucleons of the two different nuclei become

localized in momentum space and thus distinguishable. In this

case the RGK-ansatz can be physically motivated so that in this

situation the potentials may become quite deep. We will return to

this point later.

Summarizing this section one can conclude that the folding po-

tential can be justified only if all antisymmetrization-effects

between the two nuclei are negligeable and the changes of the

nuclear structure due to the interaction, can be neglected (frozen

configurations assumption).
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The adequacy of folded potentials thus hinges on the validity of

these two approximations v̂hich will be discussed in the follow-

ing section. The saturation properties of the nucleon-nucleon

force used in the folding procedure are only of secondary im-

portance for the applicability of the folding model and do by

themselves no£ explain possible discrepancies from the data as

4 51
has recently been argued '

III. SELFCONSISTENT HEAVY ION POTENTIALS

The considerations of section II have shown that at low relative

momenta of the two ions the Hl-potentiai is given by the PES.

This argument makes it evident that HI potentials have to be

relatively shallow as a consequence of the Pauli-principle con-

tained in them. This point can again be illustrated for the

0+ 0 case in a harmonic oscillator model. When the two nuclei

start to overlap one sees that the nucleons of one of the O-

nuclei are being pushed upwards into the sd-sheli due to the

Pauli-principle . This process costs energy and reduces the

attraction. Since the PES at R=0 describes the compound nucleus

one can obtain a rough estimate for the HI potential (including

Coulomb) simply from nuclear mass tables by comparing the nrasses

of the two ions with that of the compound nucleus.

It should be mentioned that the macroscopic approach to relate

the Hi-potential to the nuclear surface energy ("proximity-po-

tential" ref. (7J) is also a method that contains through the
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empirical surface energy constants all effects of antisymmetriza-

tion and is thus an adiabatic potential.

In order to see how well adiabatic potentials can be calculated

on a microscopic basis we have performed fully selfconsist^nt cal-

culations of HI potentials using the Skyrme force for the inter-

action. This force is known to give very good ground state bind-

ing energies for nuclei throughout the periodic table and yields

also excellent density distributions judging from fits to electron

scattering data. This point is especially important because nu-

clear interaction potentials at the barrier are strongly influ-

9)enced by the tails of the density distributions .

In order to follow the system from the compound nucleus to the

configuration of two separated ions an expansion of the single-

particle wavefunctions in terms of eigenfunctions of the two-

center harmonic oscillator has been used . This ensures good

convergence at all R and facilitates the interpretation of the

nuclear structure because the wavefunctions are purer. The center

of mass distance R has been fixed by means of a quadratic con-

straint

It was shown in a previous publication ' that in this type of

calculation serious problems can arise in connection with the

treatment of the spurious center of mass motion when the compound-

system splits into two independent nuclei represented by self-

consistent shell models. We have circumvented this problem here

by assuming that in the regions in R-space that affect the elas-
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tic scattering the spurious contributions are constant. They

can then be neglected if the potential is normalized to zero at

R=». Our argument seems to be justified since the results of our

calculations show at the same time that the structure of the

ions - though getting somewhat distorted - survives up to a

remarkable degree of overlap ' . This implies that also the

spurious center of mass motion does not change significantly.

Figure 1 shows the results of these calculations for the poten-

12 12
tial for C+ C. The curve labeled "exp. fit" give the best

14)fits to the data . Similar calculations were also performed

for the systems o+ O and Ca+ Ca. In all three cases the

experimentally determined potentials are described remarkably

well.

In order to obtain a quantitative comparison we have used our

selfconsistent potentials to compute excitation functions.

These a^e - for a 90-degree scattering angle-compared with the

best fits - as given in the literature - in figure 2. For these

calculations the experimentally determined imaginary potentials

were left unchanged. The comparison shows again that the self-

consistently calculated potentials work remarkably well. In

particular the phase of the pronounced structures in the excit-

16 16
ation function for 0+ O is consistent with that of the data.

Figure 1 also shows the Krappe-Nix potential that is obtained

from folding a Yukawa-interaction with two sharp, homogeneous

densities. The strength of this interaction is determined from
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surface-energy considerations . The potential is thus similar

to the proximity potential and falls into the category of

the adiabatic potentials inspite of its construction through a

folding procedure.

One sees that this potential has a significantly too small slope

even though its absolute value has the right order of magnitude.

In an optical model calculation this potential yields unaccept-

able excitation functions even though this potential model is

relatively successful in predicting fusion barrier heights for

heavy elements which - experimentally - usually contain large

uncertainties . Our calculations here show - on the other

hand - that the potential fails as far as other details of the

barrier like, e.g., its slope and width are concerned. This is

in line with an observation by Satchler that the Eass-po-

18 i
tential based on similar grounds as the proxiirity and the

Krappe-Nix potential yields too large a range.

IV. ANTISYMMETRIZATION EFFECTS ON HI-POTENTIALS

The effects of the antisyimcetrization on the PES are two-fold:

first they enter into the interaction matrix-element

<rs.jVjr£> s and second they change the total wavefunction of

the system (Pauli-distortion) thus changing the internal en-

ergies of the two ions (the first four terms in eq. 8 ) . In this

context one has to remember that even the lowest adiabatic con-



figuration (=_ in eq. 5) at or just inside the barrier cor-

responds to rather complicated excitations and a corresponding

change in energy relative to the structure of the two isolated

ions.

In the folding model only one part of this total energy change,

namely that of the potential energies, is taken into account.

The other contribution to the heavy ion PES, that comes from

the change of the internal kinetic energies (first and third

19)term in eq. (8)), however, is completely neglected

A simple qualitative argument shows that this change will yield

a repulsive contribution to the total Hi-potential: in the over-

lap region the local density and thus the kinetic energy in-

creases as e.g. given by the connection of density and Ferai-

momentum in the Thomas-Fermi model. This increase is a con-

sequence of the Pauli-principle which becomes effective as

soon as the two ions start to overlap, i.e. in the same region

where also a folded nuclear potential would begin to act. It

also remains to be investigated how strongly the antisyiunietri-

zation effects in the matrix element effect the tctai potential

in the important regions around the strong absorption radius.

We have recently studied these different points for the ex-

ample of O+ 0 using the Skyrme-Force for the interaction

The investigation was started with a HF-calculation for a single

O nucleus to obtain realistic single particle wavefunctions

and densities. With these wavefunctions then a normal folding
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procedure was performed neglecting all antisymmetrizatiom effects

between nucleons in the two different nuclei. The result of this

calculation is marked as curve F in fig. 3. It is significantly

too attractive compared with the potential l-.'S that gives the

best fit to the experimental data '

Keeping the configurations otherwise frozen but antisymmetrizing

the wavefunctions in the two different nuclei against each other

yields curve FAS which agrees rather well with the empirically

determined potential. This curve row describes the antisyinmet-

rized matrix element • ..r V ..r , i.e. the result of the folding

calculation with proper ant'.symmetrization. It is seen that the

Pauli-effects yield repulsive contributions to the HI potential.

Using in addition the Born-Oppenheiiner adiabatic approximation,

i.e. calculating V(R) from the total energy of the system at

distance R, yields the curve marked PES. It can be seen from

the figure that also includes the experimentally determined H2-

potential" that the PES is considerably too shallow even in

the outer tails. However, giving now up the frozen configura-

tion assumption by allowing for a readjustment of the individual

states so that the total system gains energy at every given R

one obtains the curve SCPES. This represents the result of a

selfconsistent constrained HF calculation as described in sec-

tion III. The potential SCPES is more attractive than the PES

alone, agrees well with the experimentally fitted potential and

describes excitation functions quite satisfactorily.
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It is thus seen that a satisfactory description of the 0+ O

elastic scattering data is obtained if three different, count-

eracting effects are taken into account: 1) antisymmetrization

of the matrix element 2) changes of the internal energies due

to antisymmetrization as contained in the PES and 3} changes

of the internal structures due to the nuclear interaction. The

near agreement of curves FAS and SCPES which have been calcu-

lated under quite different assumptions also makes it extreme-

ly difficult to conclude backwards from any agreement with ex-

perimental data to the validity of the underlying theoretical

considerations.

A realistic HI potential may thus consist of several individual

contributions which differ in sign. If this finding were con-

firmed for other interactions it would cast considerable doubt

on the basic correctness and applicability of folding potentials.

V. ENERGY-DEPENDENCE OF HI-POTENTIALS

The energy-dependence of Hi-potentials is experimentally not

well investigated so far. Although experimental data in-

dicate that Hi-potentials become deeper with increasing bom-

barding energy the preference of these potentials relative to

those with constant depth is not well established. In this

section we will, therefore discuss a few theoretical ideas on

this point.



355

The most naive prediction could be based on the single folding

model. Since the nucleon-nucleon potentials all become shallow-

22)
er with increasing energy the single folding potentials

would yield a qualitatively similar dependence.

However, earlier in section II we have shown that the folding

potential neglects all effects of the antisymmetrization bet-

ween the nuclei and that these effects constitute a major and

repulsive contribution to the HI potential. With increasing

bombarding energy, however, the nucleons in the two different

nuclei become more and more separated in momentum space and

thus increasingly distingjishable. One thus expects that the

repulsive contributions due to the Pauli-principle decrease

and that the total potential becomes more attractive.

If for simplicity one describes the two nuclei - assumed to be

equal ' in the Fermi-gas model the extreme case of no momentum

overlap is reached for a bombarding momentum per particle (in

the Lab-system)

K = 2kp (14)

i.e. a cm-energy of about 80-100 'leV/IJ. In this situation the

nucleons in the two nuclei are distinguishable, the Pauli-

effects disappear and the potential should become similar in

depth to the folding potential. It is interesting to note that

in this same situation the imaginary part of the optical po-

tential should become large because all regions in momentum

space for individual nucleon-nuclecn scattering events are now
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Pauli-allowed23).

These arguments show that the energy-dependence of Hi-potentials

is determined by two competing effects. First, the energy de-

pendence of the nucleon-nucleon force leads through the folding

procedure to a potential that becomes shallower with energy and

second, the effects ot the Pauli-principle diminishing with

energy lead to deeper potentials.

Calculations ~ show that the latter effect dominates at low-

er energies. As said earlier this agrees with experimental find-

ings. Brink and Stancu give a value of E *18 MeV/N for the

switch-over point"". It will be most interesting to investi-

gate this point experimentally in medium-energy (up to 1OO

MeV/N) heavy ion experiments.

VI. EFFECTS OF NOMADIABATIC COUPLINGS

It was pointed out in section 1 that the interpretation of the

PES as a potential for the collective motion depends on the neg^

ligeability of the coupling terms. In this section we will, there*

fore, investigate their importance and effects on i.he collective

motion. It is our aim to provide a basic understanding for the

mechanism of nuclear absorption and the various reaction types

ranging from elastic scattering over deeply inelastic collisions

to fusion for the example reaction 0+ O.



357

For this purpose it is assumed that the collective wavefunction

x(P can he represented as a narrow wavepacket centered around

R.c) which from now on is treated as a classical, time-depend-

ent parameter. We, therefore, treat this problem in a time-

dependent description starting from the time-dependent SchrSd-

inger equation:

H(R(t),x) ; (x,t) = iti -|£ (15)

where H(R,x) is given by H. +C(A)+V' ^ .
iratx 2TGS

Compared to time-dependent Hartree-Fock calculations which

have recently become feasible this approach has the disad-

vantage that one has to specify the relevant collective coor-

dinates beforehand. It gees, however, beyond the T0HF theory in

that it allows one to couple different configurations whereas

in HF theory the configuration is always described by a single

Slater-determinant. This constitutes a drawback of the TDHF

method if one if interested e.g. in viscous energy losses in

a heavy ion collision or in the equilibrization in a fusion

reaction.

Expanding .(x,t) in terms of the adiabatic states : (R,x) of

eq. (2): t

-I , , (R(t())dt'
.(x,t) = T Cn(t);n(R(t),.\)-e " ° n (16)
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and inserting this expansion into (15) yields:

C = - > Uh<n|V = m> + R<n|-5-im>+ih4><n;J jm> } C (17)n res sa x inm

with <x|n> = $ (R,x). The trajectory assumed to be in the z-y

plane is described by R(t) = (R(t), *(t)).

Equation (17) is exact. In the limit of small collective velo-

cities R and $ and under the adiabatic assumption it can be

solved (neglecting V for the moment) by perturbation theory

yielding28):

E = 'H> = 7 B R2 + | ej 2 +c (R) (16)
2 2 O

where B and -3 are the well-known cranking model expressions for

the inertial parameters:

n n o (19)

2 t- < n & I®* '

n no

For higher velocities, however, the coupling terms on the r.h.s.

of eq. (17) will also contribute to real excitations. Thus the

problem of separating collective kinetic energy and intrinsic

excitation energy arises if one is interested in the latter
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quantity e.g. for a determination of the classical friction con-

stant.

If this requirement is dropped then a trajectory could simply be

obtained using energy and angular momentum conservation:

•• it < V - ° (20)

It has been proposed that the total excitation energy e.g. in the

fission process could be obtained by integrating eqs. (17) from

the saddle over the scission point up to large R. There the

kinetic energy is known to be

= l , v 2 (21)

and by subtracting this amount from the total energy <H> the

29 J
intrinsic excitation could be obtained

This proposal to obtain E , however, was shown recently by

Glas ' to lead necessarily to wrong results. This conclusion is

based on the fact that for separated noninteracting nuclei

(centered at + R/2) the total wave function is given by:

., = e
l K R j* (-1 , x) ?f (+| ,x) f(t) (22)

where $ and $ are many-particle wavefunctions centered around

-R/2 and +R/2, respectively. The factor f(t) gives the usual

time-dependent part of the vavefunction corrected for the rela-

tive motion and R is defined as the cm-distance:
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I <Z r r - f r) (23)
A i i

The masses of the two fragments are assumed to be equal and

given by A/2. By comparing the exact solution (22) with the

ansatz (16) one sees that in the latter method one tries to ex-

pand a planewave in terms of ph-excitations in a molecular

(usually oscillator-like) basis. That this method has to fail

for even moderate values of k is evident and was shown quanti-

tatively by Glas30).

The reproduction of the exact wavefunction (22) thus represents

a stringent test on the solution of eq. (15). It can reasonably

be achieved only by a different ansatz (16) for the v/avefunction.

Possible useful modifications have been discussed in atomic

physics31'.

In order to bypass this problem we have made the assumption

that the major part of the total excitation energy generated by

the j/3R and J coupling terms is just kinetic energy which is

then represented by the entirely classical expression

This approximation - which for a fission calculation has also

33)been used by Koonin and Nix - seems to be justified by the

fact that strong excitations can occur only due to two reasons:

1) due to the residual interaction at level-crossings in the
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noninteraccing basis of the ; or 2) at points of rapid varia-

tions of the /;R coupling terms- In the light system of

0+ O all these latter coupling terms, however, depend smooth-

ly on S. Therefore, strong excitations are ir.ainly due to V

and the </ <R coupling terms can be associated with the kinetic

energy

For the actual solution of the coupled equations (17) we have

made som-; further simplifying assumptions: 1) we represent the

residual :iteraction by a pairing force and 2) we do not allow

for a redistribution of relative angular momentum into intrin-

sic degrees of freedom although tangential friction is cer-

tainly not negligeable. The excited states are all built up

from particle hole excitations in a two center shell model.

Typical results of these calculations are given in fig. 4 and

5 which show calculated trajectories for the different angu-

lar momenta at two different bon&arding energies. It is seen

that the calculations yield elastic trajectories as well as

those leading to negative scattering angles, orbiting and

fusion. In chese calculations the trajectory is calculated

from energy and angular momentum conservation:

Ekin+Uad+E* <25>

whei'S the adiabatic inter-action potential is obtained from a

Strutinsky-type calculation and £ represents the intrinsic
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excitation energy:

(26)

The energy loss in a head-on collision is shown togeti er with

the corresponding trajectory in fig. 6. It is seen that about
—2225 MeV of excitation energy are built up in about 10 sec at

the shell-breakup point of the two heavy ions. After this

strong initial rise the excitation energy continues to grow -

though at a much smaller rate - damping at the same time the re-

lative motion. From this slow rise a classical viscosity n can
34)

be derived using the results of Schirmer et al. from the

equation:

E? = aTTTiRo-R
2 (27)

341Here a and RQ are shape factors '. Our calculated results

yield

n % 1O~23 MeVs fm"3 (28)

in good agreement with a former liquid drop model estimate .

However, the results in fig. 6 also show that the dissipation

coefficient n depends strongly on R. In quite similar calcu-

lations it has been noted by Schiitte and Wilets that even

the ansatz of a classical friction force proportional to the

velocity R that leads to eg. 27 is doubtful and not reproduced
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in microscopic calculations.

In particular the steep initial rise of the excitation energy

is a typical shell-property that cannot be reproduced by any

macroscopic model. It occurs at the point where the individual

shells of the two ions merge into those of the compound-nucleus.

There many low lying states become available for nonadiabatic

couplings and thus lead to strong energy losses.

This argument leads to the expectation that nuclei with loosely

bound nucleons which can more easily be excited than e.g. neigh-

bouring double magic nuclei will show a larger damping of the

incoming kinetic energy and can thus more easily be trapped in

the potential well. Reactions where one (or both) partners are

loosely bound should thus exhibit larger fusion cross sections

than those involving tightly bound nuclei.

VII. CRITICAL DISTANCE OF APPROACH FOR FUSION REACTIONS

The results of our calculations as reported in section VI

lend some support to the picture of a critical distance that

has to be reached for fusion to take place ~ .In this model

one assumes a priori that energy and angular momentum losses

large enough to lead to trapping in the ion-ion potential and

thus co fusion take place only inside a critical distance R~.

The model does not imply that outside Rc no energy-losses occur

but instead that these are too weak for trapping and small com-
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pared to the bombarding energy.

It was shown in ref. 39 that under these assumptions the cross

section for fusion can be written as
(29)

c f u s = ~ R

where RQ and Vg are the location and the height of the inter-

action barrier; R-, and Vc the corresponding guantxties at the

critical distance and few a measure for the width of the inter-

action barrier (assumed to be parabolic). This complicated look-

ing expression reduces analytically in the case of low energies

to:

2
f US B B

and for high energies to:

afus = ^ C 2 < 1"V E ) (3Ob)

Thus low energy data are sensitive only to barrier properties

whereas high energy data are sensitive to the potential V-, at

the much smaller critical distance R,..

3S)
In the original work of Lefort et al. the critical distance

as obtained from high energy fusion data was found to be:

Rc = (1.0+0.07)(A1
1/3+A2

1/3> fm (31)
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In the first interpretation of fusion data by means ct expres-

39)sion (29) it was pointed out that no data existed that

spanned both the high and the low energy limits ((30a) and

(30b)). The validity of expression (29) and thus of the whole

mechanism could thus not unequivocally be established at that

time.

The last two years, however, have brought a significant exper-

imental effort to measure a. so that now data are available

14 12
that span the whole energy range. Examples are the cases JJ+ C

and 0+ Al shown in figures 7 and 8. Both systems clearly ex-

hibit a bend in the plot of cc versus 1/E
X US *-IM

The data shown in fig. 7 and 8 seem to confirm the concept of a

critical distance- The possibility that the drop of o- is

caused by angular momentum effects in the compound nucleus is

ruled out by new data on fusion between lighter ions as discus-

sed at the end of this section. It should be stressed here, how-

ever, that the whole picture depends on the effectivity of the

trapping i^chanism, i.e. it cannot be expected to work in the

cases of very high bombarding energies and/or very heavy target

and projectiles since in this case the Coulomb-repulsion makes

the potentials too shallow. For heavy elements also the one-

dimensional description is inadequate and the process has to te

4O)
treated on a multidimensional PES

In the lighter systems the fusion cross sections nearly com-

pletely exhaust the total reaction cross section in their low
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energy range (3Oa). The question then arises which processes

suddenly open up at the bend in figures 7 and 8 where f drops

significantly below a . This drop is due to the fact that above

the bend determined by the condition:

R8
2(E-VB) = RC

2(E-VC) (32)

(see egs. 14,15 of ref. 39) an increasingly larger fraction of

high partial waves passes the interaction barrier but does not

reach R.,. These events correspond to collision with a significant

density overlap (up to the saturation density). We thus con-

jecture that they contribute mainly to deep inelastic colli-

sions.

16 27
For the system + Al, e.g., this picture implies that the

difference between the total reaction cross section c,n!,n and
IT Gel C

the fusion cross section o- in Fig. 7 should account for the

major part of the fusion cross section. It also predicts that

the cross section for deep inelastic collisions <J__ should show

a threshold behavior with aDT% 0 below E c m^ 35 MeV and then rise

linearly with energy.

It is interesting to compare very recent cross sections for deep

16 27

inelastic collisions for the system O+ Al with such a pre-

41 )

diction: Cormier et al. have found that at two energies

(E =56.5, 62.8 MeVj the guasielastic cross section is approxi-

mately constant (aQE^MO mb), whereas the deep inelastic contri-

bution rises from 260 to 481 mb. These latter values exhaust

about 54% and 84% of the total reaction cross section, res-
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pectively. It is thus seen ':hat indeed G-- increases rapidly

with energy as predicted by the argument given above. It will

be interesting to see data at lower energy to verify the thres-

hold behavior, too.

I now finally turn to a discussion of some very exciting results

on fusion between lighter ions obtained very recently at Argonne

by P. Sperr et al. ' . As an example the fusion cross section

for C+ O is shown in fig. 9. It exhibits an oscillatory

structure superimposed on the average trend of o^ in the bend

and the high energy region. It was pointed out by Sperr et al.

that these oscillations seem to be correlated with similar

42)structures in the other reaction channels . It is well known

that in these the resonances are connected with a weak surface

absorption leading to interference effects between partial waves

that are reflected at the inner centrifugal barrier and those re-

flected at the outer interaction barrier ' . The weakness of

the absorption in the potential tails is connected to the strong

binding of the reaction partners.

The arguments given at the end of section VI then lead to the ex-

pectation that these systems also show a smaller fusion cross

section than e.g. neighbouring nuclei with weakly bound nucleons.

This expectation is indeed borne out by the new results of the

43 44)
Argonr.e and the Saclay groups ' . Figure 10 shows a comparison

431
of the results of Sperr et al. '. It is seen that the two most

tightly bound systems *"C+ C and C+ O exhibit oscillatory

structures and reach a maximum fusion cross section of about
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900 mb. On the other hand the fusion cross sections for

12C+18O and 12C+19F are smooth and reach up to % 1100 mb. Thus

the absence of structure - indicating large absorption - and

high fusion cross sections are clearly correlated. These features

can be explained by the presence of loosely bound nucleons in the

18 19

sd-shell in 0 and F that cause a larger damping of the rela-

tive motion. In a macroscopic language the results of Sperr et
39)al. show shell-effects of the nuclear viscosity

These results indicate at the same time that the bend in o~

is not caused by angular-momentum restrictions in the compound

12 16 12 18
nucleus. The comparison of the systems C+ O and C+ 0,

e.g., clearly points to entrance channel effects.
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Figure Captions
12 12

1) Heavy Ion Potential for C+ C. The solid line shows the
empirically determined potential (ref. 14), the dot-dashed
curve is obtainc' from the Krappe-Nix prescription and the
dashed curve gives the result of a constrained two-center
Hartree-Fock calculation using the Skyrme force.

2) Excitation function for clastic scattering of C+ c at 90°.
Shown are both the first obtained from the best empirical po-
'lential'*'' ?nd the one calculated with the CHF potential of
fig. 1.

1 Ct 1 Pa

3) Effects of antisynunotrization on the potential for 0+ 0
elastic scattering. The curve marked F is obtained from
folding the Skyrme interaction with the unperturbed optimal
wavefunctions of isolated 0 nuclei without antisymmotri-
zation between nucleons in different nuclei. The curve FAS
contains these antisymmetrization-contributions. The po-
tential i»JCS gives the total energy of the system and the
curve SCPES shows the result of a constrained two-center
i3artr<:e-Fock calculation. Also shown is the empirically de-
termined potential KS (ref. 14).

4) Trajectories at 3l> r-3eV cm bombarding energy for the O+ 0
case as obtained in the macroscopic friction calculations.
The numbers at the curves give the angular momenta. The outer
circle describes the position of the interaction barrier, the
inner circle that of the shell-break up point.

5) Same as fig. 4 for 30 MeV bombarding energy,.

6) Distance between the two ions and intrinsic excitation energy
as function of time, 8 is defined as the distance between the
centers in a two-center shell model with K=0 corresponding to
a spherical configuration. The numbers at the curves are a
measure for the size of the configuration space.

14 12
7) Fusion cross-section for 11* C. Experiments are taken from

ref. 46 (triangles) and rcf. 45 (circles). The curve shows a
fit using eq. (29) with the parameters: V_=7.2 :-JeV,rR=1.7 fm,
VC»O.O MeV, rc=1.06 fm, ft. = 2 MeV.

8) Fusion cross section for O+ Al. Data are taken from ref.
47 {triangles) and ref. 46 (circles). Also shown is the
reaction cross section which agrees with ««„_ at low energies.
The data for • arc taken from rcf. 41. Also shown is a
prediction bas«8a8n eq. 29 with V =J6.2 .MeV, r_=1.47 fro,
Vf,=-1O.7 MeV, r_=0.94 fm, fiu = 2 MeV.

12 16
9) Fusion cross section for C+ O. Data are taken from ref. 43

(triangles), rcf. 49 (squares) and rcf. 50 (diamond). Shown is
also the prediction of eq. 29 as given by Sperr et al. (ref.
43).

1O) Comparisoa-of.fusion cross sections for C+ C, C+ 6 O ,
•*C+IS>F, '*C+ °O as obtained by Sperr et al. (ref. 43).
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ANGULAR MOMENTUM DISTRIBUTION OF FUSION CROSS SECTIONS

B. Herskind*
The Niels Bohr Institute, Denmark and

Chalk River Nuclear Laboratories, Canada.

One of the central problems in nuclear structure research

today is the properties of nuclei at very high angular momenta.

The formation of such nuclei is now possible by fusion reaction

via heavy ion collisions. Some of the interesting questions

concern the formation mechanism, the stability against fission,

the shape dynamics of the nuclei during the dissipation of ener-

gy and angular momentum and the structure of the cold nuclei

along the YRAST line . This report concerns mostly the forraa-

tion of fusion cross sections and the distribution of angular

momentum. There are essentially only two ways in which infor-

mation can be obtained about the angular momentum distribution

of the nuclear states in the fusion product (evaporation residue)

These methods are discussed in chapters 1 and 2.

1. CROSS SECTION MEASUREMENTS

The measurement of cross sections of reaction products and

the theoretical description of these processes is most often

used to obtain information about the angular momentum distribu-

tions. This is discussed by J. Miller at this meeting, and I

shall therefore only make few remarks on this method.

From the fusion cross section

ex

cf = J o. = -*
2 I {2£+l)T,

1 £=-0 *•

one can get an idea of the angular momentum distribution only

"The work described in this report is performed in collaboration
with: G.B.Hagemann, M.Halbert, R.Bauer, M.Nein;an, H.Oeschler,
H.Ryde, The Niels Bohr Institute; and B.Andrews, I.Beene, C.Brou-
de, J.Ferguson, C.Kausser, M.Lone, and D.Kard, Chalk River.
This work is supported by the Danish Natural Science Research
Council.
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through a theoretical description of T,. However, since T^l a

lower limit for the maximum angular momentum (C ) can be
max

given directly from measured cross sections, and as we have

heard earlier, nuclear states of at least ^80 h have been

formed.

Another method would be to make use of the fact that the
total reaction cross section o. , determined from elastic scat-tot
tering is equal to the sum of all the direct reaction channels

like transfer (grazing collision) and the fusion cross section.

This is illustrated in fig.l where the I distribution for an

optical model calculation which fitted elastic scattering is

compared to a calculation of the fusion cross section using the

IWB and the Bass potential . Also shown is the a* distribution

from a DWUCK calculation made to fit the observed transfer cross

section . It may be interesting in this connection to make a

direct classical transformation of the observed da/de to the

do/d£ space assuming that the transfer in average takes place

along Coulomb trajectories. This may be the case at relatively

low bombarding energies as in the present case, although there

of course will be an appreciable smearing around this orbit due

to the energy distribution around the Q optimal of the populated

states.

This is illustrated as experimental points on figure 1, and

it can be seen that an even broader distribution is found than

predicted by the quantum mechanical calculation for a single

state.

A similar approach may also be tried for inelastic scatter-

ing but in this case it would require more extensive calcula-

tions with a coupled channel code. A similar wide distribution

is found for 1 2C on Nd4).

It seems tempting to conclude from this that angular momen-

tum distribution is more shallow than predicted by t**e simple
2)IWB approach although the cross section is well reproduced up

to the energy where the limiting angular momentum sets in on the

ingoing reaction channel.
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2. KIG.'JER ORDER MULTIPLICITY MEASUREMENTS

The second approach is based on the so called -^-multiplicity

measurements to higher order. This technique has been developed

recently and discussed in ref.5 and 6. I shall here only brief-

ly discuss the background and illustrate some examples from this

work as well as from the extended ye'; unpublished work performed

at higher bombarding energies at the Chalk River upgraded Empe-

ror Tandem.

The idea is to study the number of decaying Y~*"ays in cas-

cades as the energy and angular momentum are dissipated from

the initial states, assuming that only little or no angular mo-

mentum is removed by the particles. The y-transitions from high

spin states are expected to decay predominantly by E2 transition

although it is found that a fraction of the transitions carries

less than 2 units of to.

It was attempted in the first experiments of this type to

compare the results from ^multiplicity measurements with cross

section measurements in an energy region where the reaction me-

chanism is well reproduced by theory and thereby establish a ge-

neral decay pattern.

These measurements can then be extended to regions of more

unknov/n character like the regions where limiting angular momen-

tum influences the fusion cross section.

The technique is also applicable to other types of reactions

where large quantities of angular momentum are transferred. The

first measurements on "deep inelastic processes" have recently

been reported by Hung et al. for 0 on Ni, and an extensive

study of this type by the Japanese group is reported at this
8)

meeting .

In general, several (N) Nal detectors with a detection effi-

ciency (fi) are placed in equal distance around a target well

shielded from each other. \ high resolution system of 1 or 2

Ge-detectors is then used to detect -y-rays in first and higher

fold coincidence with the Nal detectors.

The probability of detecting a p-fold coincidence can then

be written
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f x+1 P )F
With F x

By inversion after expansion one can get a set of equations:

a12

-

P N 2 H h a13

a33

P.., +
N3

PN3 + '•

. . . . a i..

a3N

J<2 = fi
2<(M-l) ( M-2)>

M3 = a3<M-l)(M-2)(M-3)> =

where the a. coefficients can be calculated for the specific

geometry used including multiple angular correlation effects .

This has been done for the present data. Corrections for the

background from neutrons can in principle be applied to these

coefficients also, if the angular correlation of the neutrons

and the N'al response function to neutrons are measured.

The extracted product terms jL front the experimentally de-
termined P., can be expressed converted to the more convenient-

Np * c»
ly used moments by the expression :

where the distribution around the mean value <M> is given as

the variance o = u7

the skewnoss Yl = p,/o

and the kurtosis y2 = u./o -3

An example of the experimental raw data obtained for 163 MeV

S on a Te target at the Chalk River EM tandem is shown in

fig.2. In this case 1 Ge(Li) detector was used in coincidence

with 6 Nal (6"x5"). It can be seen that the peaks from the 4n

channel originating from the highest spin states populated are

enhanced at higher folds conipared to the peaks from the other
88

(xn) channels. An Y source was used to stabilize the Nal de-

tectors for which the energies up to 8 MeV were recorded. It
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88is seen how the Y line disappears except in 1st fold, giving

an internal calibration of the Nal detection efficiency for a

known multiplicity of 2.

Before one can use the ̂ multiplicity measurements as a

measure of the ̂ -distributions it is important to get a calibra-

tion of the conversion factor from <M> to <£>. Measurements of

M performed with 68-116 MeV 0 on Nd target are shown in

fig.3, plotted versus the calculated average angular momentum

input <i> by the Bass + IWB model of ref.2. These calculations

agree within a few percent with the experimental cross section

up to E ^ i<100 MeV. The points on the fully drawn linft repre-

sent the <M> average over all xn channels weighted by their

intensity, the quantity which can be compared to the calculated

<H>. Since the Nal detectors are large (5"x6") the values are

almost independent of E in the region 0.3-2 MeV. It is seen

that the values are M units higher than expected from purely

stretched E2 transitions, and we shall therefore in the follow-

ing use the conversion £ = (M-4)2.

It may not be completely valid for other cases or at very

high angular momentum, but similar experiments in other regions

of the periodic table at reasonably low bombarding energies in-

dicate that a variation from this conversion may be small {̂ 1-2

units in M ) .

It is of interest to compare different reactions leading to

the same compound system for example if one chooses the bom-

barding energies so that the compound system is formed at the

same excitation energy with different angular momentum input.

I shall in the following discusse two different systems where

such comparison has been made, namely

16O + i 5 0Nd) .,,
a) . - 166Er

1 8 O +
 148Nd/

at 2 excitation energies (Eov._ = 57.2 and 79.5 MeV) and
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) 162
b) (, -* 162Er

32S + /

a t E«=.v̂
 % 57.7, 67.9 and 82.5 MeV,

cXC

The data at 57.2 MeV are performed at NBI and the others
at Chalk River. In both cases careful cross section measure-
ments have also been performed for comparison but only a small
part of these data has been analyzed yet.

Fig.4 shows the cross section measurements for system a) at
31lower bombarding energies . It is seen that the fusion cross

section c f for O + Nd reaction is found to be ^10% higher
than the corresponding O + Nd reaction indicating that al-
so more angular momentum has been induced in the first case.
Also, correspondingly more cross section is found for the indi-
vidual xn channels.

The measured moments for case a) at E = 79.5 MeV are
shown in fig.5 as function of the spin 1^ of the individual
ground state members of the final nuclei to which the cascades
have passed. It can be .seen that in most cases the moments are
independent of the I i # It should be noted that the skewness
found is very close to 0 foi the major 6n channel whereas there
are indications of a negative and positive skewness for the 5n
and 7n channels respectively. Since the skewness is close to G
a gaussian distribution may be the simplest assumption on which
the spin distribution corresponding to the entry states for the
individual xn channels from the values of the moments extrapo-
lated to the ground stace I can be constructed. In the cases
of the odd nuclei compensation must be made fcr the fact that
the 13/2 states are isomeric (see ref.5).

The spin distributions of the entry states are shown for
case a) and b) on figs.6 and 7, respectively. The energy distri-
bution of the entry states is automatically averaged in the ex-
periment, and the projection back to the initial energy of tne
compound system is of illustrative purpose only, assuming that
the angular momentum removed by the neutrons {̂ 2 units) is com-
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pensated by the Nal c.etector response to neutrons which in a

separate experiment is determined to be ^5-10% of the effici-

ency for detecting y-rays. In principle this analysis can be

performed more precisely but the comparisons between the two

reaction channels should be very insensitive to this procedure.

It is seen from fig.6 that a larger excess of angular momen-

tum for the O + Nd reaction is found for the energy close

to the Coulomb barrier. Although r only changes few percent,

this can partly be explained by the relatively larger change

in V(r) compared to the initial energy (E-M) in the simple ex-
3)

pression

o, = irr2(l-pr^-) ; <£> 2*» /E*a,
1 fcCM r

It is interesting to note the very large overlap found be-

tween the individual channels, which is in disagreement with

the previous assumption of the convenient bin division between
9)

the xn channels assumed by the Berkeley group . In fact it is

seen how the excess of angular momentum is relatively the same

in all the channels at both energies. To make this important

point completely clear and not dependent on the construction

procedure used for fig.6, the raw data are presented in fig.8

for the low energy data. A typical part of the spectra for the

two reactions is shown together with a spectrum made by sub-
16 lfi

tracting the O from the O data, channel by channel after

normalization has been made to the known cross sections and

*". By this "subtraction technique" only the excess of angu-

lar momentum should remain in the subtracted spectra. It is

seen here that the spectrum shape essentially is unchanged with

peaks representing both the 4n and 5n channels present. It has

been tested also that this result does not depend on the norma-

lization. The mean M and the variance c calculated front sub-

tracted singles and fold spectra also agree well with the dif-

ference seen in fig.6, supporting further the excess of angu-

lar momentum in both channels.

The data shown in fig.5 and used to construct the high

energy part of fig.6 show that even close to the energy where
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limiting angular momentum sets in the angular momentum distri-

bution of the fusion cross section is more symmetric like a

gauss distribution than the triangular shapes often discussed

in connection with the various fusion models, and specifically

assumed in the sharp cutoff model. This statement is not only

based on the measured skewness & 0 which could be ambiguous

since it relies mostly on the 3rd and higher fold coincidence

rates, but rather on a study of subtracted spectra of the type

shown in fig.8. The variance o determined from these spectra

shows much larger values than would be expected from the dif-

ference between two triangular shaped distributions. A de-

tailed study of this is not completed.

A more symmetric distribution is also found in the calcula-

tion of Dasso, Broglia and Winther discussed at this meeting

These calculations show that the excitation of giant resonan-

ces will cause a smearing similar to the experimental observa-

tions .

The spin distributions for case b) are shown in fig.7. A

similar shape is found for the two lowest excitation energies

although the cross sections are very different due to the very

large difference in the Coulomb barrier and A values for the

two reactions. At the lowest energy an excess of angular mo-

mentum for the 0 induced reaction is found from the measured

multiplicities, but at the intermediate energy an almost com-

plete overlap of the individual spectra and thereby also the

constructed spin distributions is found. Only a small diffe-

rence in the 6n channel is present. At this energy the reduced

fusion radius r /%. must be almost identical, and the absolute

difference in cross section mainly due to the difference in X .

At the highest excitation energy there are several intere-

sting differences which are still unexplained and under investi-

gation. Most clearly a 4n channel is open in the S induced

reaction (see also fig.2) whereas no 4n peaks are present in

the 0 induced reaction. Also the intensity ratio between the

5n and 6n channels is different as seen in fig.7. The multi-

plicity increases with decreasing number of neutrons for the
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32

S case but identical values of M are found for the 5n and 6n

channels in the bO case. The intensity ratio between the

channels indicates that more angular momentum is brought into
32the compound system by S, but on the other hand the average

multiplicity <M> weighted by the intensities is quite identi-

cal. The excitation energy is slightly different when correc-

ted for target thickness as shown in the figure but this can

probably not account for the large differences observed.

Another difference becomes apparent when the multiplicity

is looked at as function of I•. Especially in the 6n channel
32

the multiplicity increases with I. for the S case in contrast
16to the constant or maybe decrease found tor the 0 case. This

is shown in fig.9.

A further study of the data with respect to -y-ray energy

which was measured simultaneously in the 5"x6" Nal detectors

for the two systems may show the cause of this difference. At

present it seems that the decay patterns from the two reac-

tions are quite different and that a differsnce in the shape

of the angular momentum distribution may not be the only reason.

The differences may also be caused by nuclear structure effects

in the highest angular momentum region like nuclear shape

chang*s (phase transitions) which would cause drastic changes

in the decay pattern, and are not taken into account in the

present analysis of the bulk properties of the decay modes.

In summary it may be concluded that v-multiplicity measure-

ments to higher order appear to be a new tool in the study of

angular momentum properties which can give independent infor-

mation on the reaction mechanism of heavy ion collisions. The

present analyses have shown thai: the spin distributions of fu-

sion reactions are more symmetrically shaped than triangular

shaped. This result is particularly interesting if it turns

out to be a general feature in heavy ion collisions since it

then means that a tail on the cD distribution exceeds the high
11)spin limit given by the cross section measurements . More

extensive use of the "subtraction technique" in connection with

higher order multiplicity experiments may elucidate this point
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further.

Experimental setup of this type is now being built and

installed on heavy ion accelerators several places. An extend-

ed version containing up tc 20 detectors (see fig.10) has just

been tested in beam at GSX, Darmstadt last week.

The measurements of vmultiplicity discussed above together

with more careful measurements of the particle and gamma energy

distributions should in the near future give better insight to

the decay pattern from high spin states and thereby give new in-

formation about an almost unexplored dimension in nuclear phy-

sics.
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FIGURE CAPTIONS

1. Comparison of calculated ^-distributions for 72 MeV O
on **8Nd, representing the different reaction types (fusion-
IWB, transfer - j 8jj,! 2 DWBA and total reaction by optical
model absorption. The experimental points are do/da from
fig.l in ref.3 converted to aj, through Coulomb trajectories.
(From ref.3).

2. Singles and higher fold coincidence data for 163 MeV 32S
on l30Te.

3. Measured multiplicities <M> as function of average angular
momentum <i> calculated by IWB + Bass potential2'. The
<M> values are weighted with respect to the intensity in
the individual xn channels.

4. Absolute cross sections measured from in-beam y-yields as
function of bombarding energy. (From ref.6).

5. Measured multiplicity, variance and skewness for case a)
at E = 79.5 MeV. The lines extrapolated to I.= 0 for M
and a are used for constructing the curves in fxg.6 upper
part.

6. Constructed multiplicity distributions for case a) given on
the upper scale compared to the states at the assumed YRAST
line (21 = 140 MeV~^) Note that the multiplicity scale is

h 2 'shifted 4 units to the left with re-
spect to the spin axis. The arrows on the distributions
corresponding to odd final nuclei indicate a possible tail
due to the measured skewness.

7. Constructed multiplicity distributions for case b) placed
at the actual excitation energy when target thickness is
taken into account. Each set of curves for a particular
reaction is normalized arbitrary and the calculated cross
sections given in mb.

8. 2-fold spectra for case a) together with a corresponding
"subtracted" spectrum (see text), (from ref.6).

9. Measured multiplicities for case b) as function of the
ground state spin member Ij.. The fully drawn lines have no
significant meaning. The crosses are calculated for 113=0
without use of the singles rate and therefore less sensi-
tive to possible impurities under the peaks i:i the single
spectrum, but of course sensitive to a possible skewness.

10. A picture of the most recently built multiplicity setup
which has just been installed at the UNILAC at GSI, Darm-
stadt. 2x7 counters are placed above and below the target,
leaving a free space in the plane for high resolution coun-
ter systems.
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HYDRODYKAMICAL ASPECTS OF HEAVY-IPS COLLISIONS

A. J . S i e r k and .1. R, Nix
W. K. K e l l o g g R a d i a t i o n Laboratory

C a l i f o r n i a I n s t i t u t e o f Techno logy , Pasadena, C a l i f o r n i a J l l ;
and

Theoretical Division, Los Alamos Scientific Laboratory
University of California, Los Alamos. New Mexico fl.'.7-V'

ABSTRACT

In the framework of a hydrodynamics1 model, we investigate three impor-

tant aspects of heavy-ion collisions: the potential energy of a nucleus as a

function of deformation, the dynamical coupling between collective shape

modes, and the effect of the transfer of collective energy into single-

particle excitations.

The dependence of potential energy on shape has the effect of preventing

fusion of heavy ions unless the nuclear system can be brought inside its fis-

sion saddle point. For increasing mass -lumber A and angular ir.onientum the

fission saddle-point shape becomes tr.orc compact than a touching-ion configura-

tion, leading to a rapid drop of predicted fusion cross sections in line vicin-

ity of A 20C.

For nuclei with A 5 SCO, the coupling between collective slaapi- modus in-

creases the kinetic energy needed by colliding ions to coali-sci- to a compact

shape. This increases the energy required for fusion.

In addition to exciting collective shape oscillations during heavy-ion

collisions, some of the initial kinetic energy is converted into internal

single-particle excitation energy. We discuss two possible ni'cfaaniisms for

this conversion: ordinary 'two-body) viscosity, which arises fron collisions

between individual nucloons, and one-body dissipation. uhich arises from

nucleon collisions with the coving potential wall. Dynamical calculations

using cither of these dissipation s&chanisms reproduce experimental fission-

fragment kinetic energies for nuclei throughout the periodic table. Many of

the experimentally observed features of strongly damped heavy-ion collisions

are reproduced by dynamical calculations using relatively small values of the

ordinary two-body viscosity coefficient, although some discrepancies remain.

The analogous calculations using one-body dissipation art? not. y<?t

This work was supported in part by the National Science Foundation fPH
fO272'«] and by the V.S. Energy Research and JJevelopmeml Administration.
Alfred P. Sloan Research Follow.
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1. INTRODUCTION

In studying large-scale nuclear collective motion such as occurs in fis-

sion and heavy-ion collisions, one is in general both unable and unwilling to

follow in detail the time evolution of the many-body wave function. However,

one usually measures only a few gross features of the reaction products, such

as their masses and charges, kinetic energies, and angles. These quantities

should depend primarily on a few important collective variables that describe

the shape of the nucleus. Thus one is led to try to model such processes by

solving dynamical equations for a small number of collective degrees of free-

dom, and to lump one's ignorance of the finer details of what is happening

into such concepts as the dissipation of collective energy into excitation

energy.

The simplest type of model which retains many of the features of interest

is a hydrodynamical model, which assumes thai the ignored information can be

described by such classical concepts as viscosity, nuclear equation of state,

etc. In this paper we discuss a hydrodynatnicaI model of nuclear collective

motion that approximates nuclear matter as an incompressible, nearly irrota-
1-3

tional. fluid. ' We discuss the three aspects of the equations of motion -

priential energy, kinetic energy, and dissipation — in Sees. ?. 3, and '»,

respectively. In Sec. 5 some calculated results for fission and heavy-ion

collisions are presented and compared to experimental data. Throughout the

paper our primary emphasis is on those qualitative aspects of the results

that do not depend on our specific model.

2. POTENTIAL ENERGY

In calculating the potential <?n»rgy of nuclei as a function of shape, we

include three macroscopic contributions: nuclear macroscopic energy. Coulomb

energy, and rigid-hody rotational energy. We neglect single-particle modifi-

cations to the potential energy for several reasons. First, for the moderate

collective energies that we are considering {= 0.1 to 5 MeV per nucleon). the

resulting excitation energy of the nucleus should decrease the effect of the

single-particle structure. Second, the qualitative effect of these modifica-

tions is to introduce a "ripple" with an amplitude of a few MeV into thr

potential-energy surface. When super imposed onto tin- lar)?,e-sca!«- potent iul-

energy variations caused by the Coulomb and nuclear energies, these correc-

tions have little influence on the large-scale dynamics except for important
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effects near the ground state and fission saddle point. Finally, there is

the important pragmatic consideration that the calculation of single-particle

effects by use of the Strutinsky method '* is too time consuming to be in-

cluded in a dynamical calculation of fission or fusion.

For calculating the nuclear macroscopic energy of the nucleus, we replace

the usual liquid-drop-model surface energy by a modification that includes

effects of the finite range of the nuclear force. ' This formulation results

in a contribution to the energy whose leading shape-dependent term is propor-

tional to the surface area of the nucleus. The additional correction terms

vanish as the range of the force approaches zero, which means that in this

limit the usual liquid-drop-model surface energy is recovered. The inclusion

of these finite-range corrections leads to a more accurate reproduction of the

energy of highly deformed shapes such as are encountered in the fusion of two

nuclei or during the later stages of fission. The use of the finite-range

energy in dynamical calculations leads to sow? significant differences com-

pared to the liquid-drop model.

We calculate the Coulomb energy for a uniform-charge-density, sharp-

surfaced drop. Because the second-order surface-diffuseness correction to
9

the Coulomb energy is Independent of shape and the third-order correction is

proportional to the surface area, this method takes into account implicitly

the effect of the surface diffuseness on the Coulomb energy to third order in

diffuseness.

For systems with angular momentum, we model its effects approximately by

adding to the Coulomb and macroscopic nuclear potential energies a centrifugal

pseudopotential calculated for a nucleus that is rotating as a rigid body.

This approximation includes the important repulsive effect of angular moment urn

but neglects totally the effects of coriolis accelerations. The approximation

is good for nearly head-on collisions but is questionable for larg--- impact

parameters.

If one defines a one-dimensional family of shapes, it is possible by use

of these three contributions to the energy to calculate the familiar inter-

action barriers as functions of angular momentum for various systems. How-

ever, for discussing the processes of fission and fusion it is important to

consider a multidimensional potential-energy surface. In order to more easily

present this information, we project the results of such multidimensional cal-

culations onto a two-dimensional space of central moments. * * * For a
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mass-symmetric shape we denote by /zn\ the average of zn owr the right half

of the nucleus, where z is the distance from the plane bisecting the shape.

The center-of-mass separation coordinate r is then defined by r 2(z-

p j
and the fragment-elongation coordinate •< is defined by -t = S[ ( (z - (z)) "\ ]-s.

For equal spheroidal fragments, r is the distance between their centers of

mass, and a Is proportional to the semisynmetry axis of each spheroid.

In Fig. 1 we present a contour plot in r-r space of the macroscopic

potential energy for a U nucleus with zero angular momentum. Some of the

mere important items on this figure are the two-fragment valley, the shallov

region near the spherical ground state where the neglected single-particle

effects would be most important, the fission saddle point at the outlet of

this "ground-state lake," the slight ridge separating the upper fusion valley

from the fission valley, and the location of the tangent-sphere configuration.

For zero angular momentum, the fission saddle point occurs where the

slope of the nuclear energy as a function of increasing deformation is equal

to the negative of the slope of the decreasing Coulomb energy. As one con-

siders heavier systems, where the Coulomb energy increasingly dominates, the

saddle-point configurations therefore grow more compact. This is illustrated

in Fig. 2, where we plot in r-rt space the locations of the macroscopic-energy

saddle points for various systems. Note how the saddle-point shape is nearly

spherical for heavy nuclei, while it is quite elongated for light nuclei.

Of particular importance is the location of the fission saddle point

relative to the contact point of two ions forming the total system. Note

that when two light ions are brought into contact they art- already Inside

the fission saddle point, and will thus form a compound system. This is true

for all systems with less than about 200 nucleor.s at moderately small bombard-

ing energies. In order to achieve fusion, one has only to bring the ions over

the fusion-valley interaction barrier, which means that a reasonable one-

dimensional model of the potential energy as a function of ion separation will

result in a correct prediction of fusion cross sections for relatively low

energies. In this case, consideration of the dynamical evolution of the

system after contact is unnecessary.

The effect of angular momentum is qualitatively similar to the effect of

the Coulomb energy. Because the centrifugal potential is repulsive, this

means that increasing the angular momentum of a given nucleus will cause its

fission saddle poi.nt to become more compact. There exists a limiting angular
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momentum at which the saddle point disappears (the ground-state shape is the

same as the saddle-point shape for this value of angular momentum). For

angular momenta above this critical value, a compound nucleus cannot be

formed, so higher-energy fusion cross sections for intermediate-weight nuclei

are limited by this angular-momentum cutoff.

For systems with more than about 200 nucleons, the situation changes

significantly, with the result that one-dimensional barrier calculations arc

irrelevant to fusion. Extrapolation to heavy systems of results from light

ones will be incorrect, because different mechanisms dominate in the different

mass regions. The question of whether or not a particular partial wave will

fuse must be answered by considering the dynamics of the motion after the

ions come into contact.

3. KINETIC ENERGY

It is well known that the dynamical evolution of a system Is not deter-

mined only by the potential-energy surface. The equations of motion for a

non-dissipative system may be written in a form exhibiting the fact that the

dynamical trajectories are the geodesies of the non-Euclidean space of col-

lective coordinates for which the inertia tensor is the metric.

In our hydrodynamics1 model, we calculate the inertia tensor by speci-

fying the internal matter flow for a given shape variation. We describe the

nuclear shape by the coordinates q = q,, ..., q corresponding to the three-

quadratic- surface shape parameterization. '*" The kinetic energy is then

equal to

T(q,q) = g S M ^ q ) q£ q. = ̂  p f v d x .

Here M . is an element of the inertia tensor, q. is the time derivative of

the coordinate q., p is the mass density of the matter, v is the internal

velocity of the fluid, and the integral is over the entire volume of the

drop. We assume that v is irrotational and approximate the irrotational flow

by means of the Werner-Wheeler method. * 5 Although it is known that the

inertia for small-scale motion near the ground state of a cool nucleus is

several times as large as the irrotational value, the inertia for highly

excited nuclei and for large deformation should be closer to the irrotationat

value. ' In addition, for classical systems the irrotational inertia is a

strict lower limit to the correct value. The results calculated in a
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hydrodynamical model obviously depend on the choice of internal flow, but

many of the qualitative features should nevertheless be valid for real

systems.

Because the inertia tensor is non-diagonal and varies with position,

energy is coupled between collective modes. For example, when two ions

collide, they have all their energy initially concentrated in the relative

motion of their centers of mass. As the ions coalesce, the energy is coupled

into various shape oscillations, which reduces the amount of energy in the

relative center-of-mass motion. When added to the repulsive effects of the

Coulomb and centrifugal energies, this loss of energy in the fusion mode can

prevent fusion from occurring, even when there is no dissipation present.

This effect is due entirely to the nature of the inertia tensor.

In Fig. 3 we plot in r-c space some calculated dynamical trajectories

for nonviscous Pd + Pd collisions. The bombarding energy corresponds

to 20 MeV of kinetic energy in the center-of-mass system relative to the top

of the 1=0 interaction barrier. We see that the trajectories for low angu-

lar momentum pass inside the corresponding saddle points, but that above

f = U5 the trajectories pass outside the saddle points, with the system

quickly reseparating without forming a compound nucleus. There are two

itnpotLant effects operating: (1) the movement inward of the saddle point as

the angular momentum increases, and (2) the movement outward of the dynamical

trajectories. This latter effect arises primarily because the rotational

energy decreases the kinetic energy available in the rotating frame of the

nucleus.

We assume that partial waves either lead to compound-nucleus formation or

not depending upon whether their trajectories pass inside or outside the fis-

sion saddle point. The resulting cross section for compound-nucleus formation

is shown as a function of energy in Fig. h. We also show for comparison the

results of a one-dimensional model, where the critical angular momentum for a

given energy is that which just allows the system to get over the one-

dimensional interaction barrier or for which the effective potential after

contact corresponding to that angular momentum is just attractive. We see

that the neglect of deformation effects gives rise to a predicted fusion cross

section about h times as large as that calculated in a model with more than

one dimension. Finally, the total reaction cross section is roughly 10 Limes

the compound-nucleus cross section.
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In Fig. :J we plot the calculated compound-nucleus cross sections as a

function of energy in excess of the { = 0 interaction barrier for the systems
200 220 2i*8 10'.'

Po, U, and Fin, which are formed in the symmetric collisions of Mo.
110 12U

Pd, and Sn, respectively. We observe that during the relatively small

change from A = 200 to 2k6, the compound-nucleus cross section drops rapidly,

and the threshold energy moves significantly above the barrier energy.

He emphasize that the effects considered in this section inhibit fusion

for heavy systems only, but that they apply to systems with zero dissipation.

In the next section we examine the modifications caused by the dissipation of

energy of collective motion into internal excitation energy.

h. DISSIPATION

In principle, if we could solve the exact dynamical equations corre-

sponding to all the nucleons in the nucleus, there would be no dissipation,

since energy is conserved in isolated systems. In the language of Sec. 5, we

would bay that all modes are coupled, and we could then investigate the energy

in each mode as a function of time. Because in our hydrodynamical model we

consider explicitly only a few collective variables, we treat all coupling of

energy to short-wavelength collective modes and to single-particle excitations

as irreversible loss of energy from the few degrees of freedom being followed

in detail.

The actual method of calculation is to compute and include the Rayleigh

dissipation function in the modified Lagrange equations of the system. The

Rayleigh dissipation function is defined by

1 dEcollective 1 r r A
2 dt 2 E lij •*£ qj '

where dE ,, . /dt is the time rate of change of total energy in the collcc-
collectrve

tive variables considered and ij. . is an element of the viscosity tensor. Tho

generalized force in the ith direction due to viscosity is then -£ ij.. q..

Qualitatively, the effect of dissipation is to slow down the dynamical

motion, change the trajectories from non-dissipetive paths in such a manner

as to reduce the amount of dissipation, and to heat up the nucleus. This should

reduce the single-particle effects on the potential energy and inertia, im-

proving the validity of the macroscopic approach, wherein we have neglected

all single-particle structure. The effect on the trajectories may also be

thought of as the influence of the non-diagonal viscosity tensor, which is
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analogous to the effect of the inertia tensor discussed in Sec. 3.

We now address the question of the nature of the dissipation mechanism.

In a classical fluid, the dissipation is due to ordinary shear viscosity,

which acts against gradients in the velocity. On a molecular level, this

type of dissipation arises from binary collisions between individual mole-

cules, which results in a diffusion of momentum between regions of differing

velocity. We refer to this mechanism as two-body viscosity since it arises

from two-body collisions between the molecules making up the fluid.

Since nucleons are thought to have long mean-free paths in nuclei, this

mechanism of two-body viscosity night not be dominant. An alternative excit-

ation mechanism which can occur in a collisionless classical gas is the trans-

fer of energy to the gas by molecular collisions with a moving wall surround-

ing the gas. This process we refer to as one-body dissipation, since the

energy loss is due to single particles colliding with the moving wall.

Deciding whether either of these mechanisms is appropriate for nuclei

might be possible after comparing calculated results to experimental results.

We discuss in the next section some of the results of our dynamical calcula-

tions for nuclei with dissipation present.

5. CALCULATED RESULTS FOR DISSIPATIVE SYSTEMS

Using the method outlined in the preceeding three sections, we calculate

first the most probable dynamical paths from the macroscopic fission saddle

point to infinite fragment separation for different values of the two-body

viscosity coefficient \i. In Fig. 6 the fragment kinetic energies calculated

in this model are plotted for several values of \i as functions of Z /A ' for
19

nuclei along Green's approximation to the line of beta stability. The

experimental data for symmetric fission of excited nuclei are also plotted in

this figure. With a single value of viscosity (p. = 0.015 ± .005 TP =
2h 3

9 ± 3 X 10" HeV s/fm ), we obtain a good fit to the data, although there

appears to be a systematic variation toward higher viscosity for heavier

systems. This may be due to the neglect of angular momentum in the calculated

results, which would have a greater effect for the lighter systems. The value

of 1.5 X 10 poise for the two-body viscosity coefficient provides less in-

sight into the effect of viscosity on nuclear dynamics than does the observa-

tion that this value of viscosity is about 30$ of the amount required to crit-

ically damp the quadrupole oscillations of an idealized heavy actinide nucleus.
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Thus, experimental fission-fragment kinetic-energy data are reproduced by a

moderately low value of two-body viscosity.

We switch our discussion now to the second type of dissipation mechanism.

For a system initially at rest in thermal equlibrium, the one-body dissipation

rate is proportional to the integral over the nuclear surface of the square of
1 7 lfl

the normal velocity of the surface. ' Because of the simplicity of the

viscosity tensor, it is relatively easy to incorporate this model into dynami-

cal calculations. However, this approximation becomes unsatisfactory for the

large deformations encountered during the later stages of fission, and is

incorrect from the beginning of a heavy-ion collision. Among other inaccura-

cies, this model gives dissipation for simple center-of-mass translation. It

is possible to modify this model to eliminate some of its faults, but we

have not yet calculated the results of such a modification. Instead, we pre-

sent here the results corresponding to the original one-body dissipation for-

ty 1Q

mula. ' This one-body dissipation formula contains no adjustable para-

meters, and for a Fermi-gas model of the nucleus the resulting rate of dissi-

pation corresponds to a very overdamped system. As shown in Fig. 7, this model

of a highly dissipative system also reproduces the experimental fission-
18

fragment kinetic-energy data.

The two types of dissipation exhibit very different effects in arriving

at approximately the same result for the fragment kinetic energies. Two-body

viscosity inhibits neck formation more than elongation, which makes the scis-

sion configuration more elongated than is the case for no dissipation.' This

configuration has less Coulomb interaction energy and also somewhat less pre-

scission translational kinetic energy than does the nonviscous ones. For the

value \i = 0.015 TP, the final kinetic energy at infinity is approximately equal

to the experimental results. One-body dissipation, on the other hand, inhibits

elongation more than neck formation, which leads to a very compact scission

shape. The dissipation is so high that there is almost no translational kine-

tic energy at scission. However, because the shape is so compact, the Coulomb

interaction energy is much higher than in the nonviscous case. Without the use

of any adjustable parameters, the calculated total energies at infinite frag-

ment separation are almost equal to the experimental ones. The qualitatively

different scission shapes corresponding to the two types of dissipation illus-

trate the strong effect on the dynamics of the form of the viscosity tensor.

Aa an example of a more complicated heavy-ion-collision process, we now



416

present a calculation of strongly damped collisions of Kr with Hi. In

Fig. 8 we show the shapes of the system as a function of time for -OP MeV

(lab.) Kr bombarding Bi with an angular momentum of 2C0 t>. which is near

the grazing angular momentum. The two-body viscosity coefficient has tin-

value [i = 0.015 TP, and the system is started at rest in the rotating i-flt-it-no-

frame with a 2.0 fm neck radius at time T 0. The use of this startinn condi-

tion corresponds to the colliding nuclei being brought quickly to rest whi It-

maintaining spherical shapes during the early stages of neck formation, r.li.rc

the flow is not expected to be irrotationa! and incompressible.

The results of two similar calculations for i 0 and 1 - TOD ti are shown

in Table I, where we also present for comparison some experimental data from
21

the same reaction. Although deficient in some respects, the calculated re-

sults nevertheless show many of the observed features. To begin with, the

final fragment energy is reproduced quite well with the moderately low viscos-

ity of u - 0.015 TP. However, we must emphasize that we assumed that the

radial motion was stepped before T - 0, and have not described a mechanism for

this process. The lower-angular-momentum case leads to a lower energy, a

larger mass transfer, and a larger scattering angle, which are all qualita-

tively in agreement with the experimental results for a larger scattering

angle. However, the calculated mass transfer is too large, ranging from ?!i

to 1>2 amu, an amount to be compared to experimental results of 7 and '-'.' amu

at center-of-mass scattering angles of ; 2 and 8'~ , respectively.

Table I. Some experimental and calculated results for strongly damped colli-
sions of 600 HeV (lab.) 8uKr on ^ B i . *

Experimental Calculaied (u = 0.01:' TP)

Lab. angle = 3U° I - 200 ti
Lab. angle - ..9 t 0

C. M. scattering '.,2° ! 5°
angle sr° 180°

Kinetic energy (MeV) 290 2.80
?75 •

Mass transfer (amu) 7
23



417

Thfc experimental kinetic-energy and mass-transfer entries are for the peak
of the experimental distributions at the corresponding scattering angles.
The angular momentum value of 200 h was chosen for the first calculatioi. since
it is near the gtazing angular momentum. The near equality of the scattering
angles is fortuitous, since the experimental results could have been pre-
sented for other angles. The value of. I - 0 was chosen for the second cal-
culation to define the maximum range of mass transfer in the calculated col-
lisions, not to try to duplicate the larger-angle experimental results.

Our results are very preliminary, but nevertheless allow us to make some

comments. First, the experimental results for strongly damped collisions do

not require that nuclei be very viscous (highly overdamped collective motion).

Second, to reproduce experimental mass transfers for strongly damped colli-

sions requires a form of dissipation that hinders mass transfer more than

elongation.

6. SUMMARY AND CONCLUSION

We have discussed the three important contributions to the- equations of

motion for collective shape variations of nuclei: potential energy, kinetic

energy, and dissipation (coupling to noncollective motion). An important

effect of the potential-energy surface is to define the degree of compactness

to which a nuclear system must be driven in order to form a compound nucleus.

The coupling of various collective modes through the shape dependence and non-

diagonal ity of the inertia tensor makes it necessary to supplement the infor-

mation of the potential-energy surface by solving the dynamical equations of

the nuclear system. The details of these dynamical couplings are important

in the determination of the collision energy needed to cause complete fusion

of heavy ions.

Dissipative effects cause further modifications of the dynamical trajec-

tories; these modifications are quite different for different mechanisms of

dissipation. We reproduce many of the experimentally observed features of

fission and strongly damped heavy-ion collisions by calculations in a hydro-

dynamical treatment that models in a simplified way these three contributions

to the dynamical equations of nuclear systems. However, some discrepancies

remain.

By making further detailed comparisons with experimental results, wo hope

to establish limits to our hydrodynamical model and to possibly determine tin-

best classical model and the necessary parameters for nuclear dissipation., Wo

may also use the results of microscopic theories to modify the classical model.
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This includes, for example, the use of Che cranking model to calculate the

inertia tensor, or, as we have already discussed, the incorporation of finite-

range corrections to the liquid-drop-modeI surface energy. It may be possible

to describe the overall collective behavior of a large class of reactions with

a simplified model that allows us to do calculations with a reasonable amount

of time and effort.

ACKNOWLEDGMENTS

We are grateful to Peter MoHer for allowing us to use the contour plot

of the U potential energy. Our understanding of one-body dissipation has

benefitted from discussion with W. J. Swiatecki and S. E. Koonin.



419
REFERENCES

1. J. R. Nix, Nucl. Phys. A130, 2hl (1969); Lawrence Berkeley Laboratory
Report No. UCRL-17958, 1968 (unpublished).

2. A. J. Sierk and J. R. Nix, in Proceedings of the Third International Atomic
Energy Agency Symposium on the Physics and Chemistry of Fission, Rochester,
New York7 1973 (International Atomic Energy Agency, Vienna, 197U), Vol. II,
p. 273.

3. K. T. R. Davies, A. J. Sierk, and J. R. Nix, Phys. Rev. C (to be published).

h. M. Brack, J. Damgaard, A. S. Jensen, H. C. Pauli. V. M. Strutinsky, and
C. Y. Wong, Rev. Mod. Phys. Uhj 520 (1972).

5. J. R. Nix, Ann. Rev. Nucl. Sci. 22, 65 (1372).

6. H. J. Krappe and J. R. Nix, in Proceedings of the Third International
Atomic Energy Agency Symposium on the Physics and Chemistry of Fission,
Rochester, New York, 1973 (see Ref. 2), Vol. I, p. 159.

7. J. R. Nix and A. J. Sierk, Phys. Scr. _K>A, 9k (197k).

8. A. J. Sierk and J. R. Nix, Kellogg Radiation Laboratory report (to appear).

9. W. D. Myers and W. J. Swiatecki, Nucl. Phys. J31, 1 (1966).

10. K. T. R. Davies and J. R. Nix, Los Alamos Scientific Laboratory report
(to appear).

11. P. Moller and J. R. Nix, Los Alamos Scientific Laboratory Report
No. LA-UR-76-U16, 1976 (unpublished).

12. S. Cohen, F. Plasil, and W. J. Swiatecki, Ann. Phys. (N.Y.) &?, 557

13. H. Lamb, Hydrodynamics (Dover, New York, 19k;,), 6th ed., Sec. 15,
pp. U7-U8.

Ik. G. Wegmann, Phys. Lett. 50B, 327 (197k).

15. G. Wegmann, in Proceedings of the International Workshop III on Gross
Properties of Nuclei and Nuclear Excitations, Hirschegg, Kleinwalsertal,
Austria, 1975, edited by W. D. Myers [Technische Hochschule Darmstadt
Report No. AED-Conf-75-009-000, 1975 (unpublished)], p. 23.

16. D. H. E. Gross, Nucl. Phys. A2kO, U72 (1975).

17. W. J. Swiatecki, Lawrence Berkeley Laboratory Report No. LBL-U296, 1975
(unpublished).

18. J. Bfocki et al., Lawrence Berkeley Laboratory report (to appear).

19. A. E. S. Green, Nuclear Physics (McGraw-Hill, New York, 1955),
pp. 185, 250.

20. S. E. Koonin, 1976 (personal communication).

21. K. L. Wolf, J. P. Unik, J. R. Huizenga, J. Birkelund, H. Freiesleben.
and V. E. Viola, Phys. Rev. Lett. 33, 11.05 (197^4).



420

FIGURE CAPTIONS

Fig. 1. Potential-energy contours for U, in units of MeV. The separation
coordinate r is the distance between the centers of mass of the two
halves of the system, and the fragment-elongation coordinate rr is the
sum of the root-mean-square extensions along the symmetry axis of the
mass of each half about its center of mass. These coordinates are
measured in units of the radius RQ of the spherical 3 2 0U nucleus.

Fig. 2. Positions in r-j space of fission seddle points for various nuclear
systems with zero angular momentum. The isotopes chosen are those
which could be formed in a symmetric binary collision of ncuirc-i-rich
beta-stable nuclei. The saddle points for systems with less than
about 200 nucleons are more elongated than the contact point, while
those for heavier systems are more compact.

Fig. 3. Calculated dynamical trajectories for the reaction Pd > Pd -
220(J. The bombarding energy in the center-of-mass system is SO NeV
above the maximum in the one-dimensional zero-angular-momentum inter-
action barrier. The nuclear viscosity coefficient is zero, and single-
particle effects are neglected. Only those trajectories with angular
momentum I less than the critical value icrit = k5 pass inside the
fission saddle point for that angular momentum (indicated by the
points) and lead tc compound-nucleus formation.

Fig. h. Comparison of various cross sections for the reaction Pd » Pd -
220u. The results are plotted as functions of the center-of-mass
bombarding energy relative to the maximum in the one-dimensional zero-
angular-momentum interaction barrier. In the energy region below the
arrow in the solid curve the compound-nucleus cross section is deter-
mined by the requirement that the dynamical trajectory pass inside the
fission saddle point, whereas at higher energies it is determined by
the angular momentum at which the saddle point disappears. The dashed
curve gives the compound-nucleus cross section calculated in terms of
a one-dimensional interaction barrier, and the dot-dashed curve gives
the total reaction cross section.

Fig. Sr Dependence of the compound-nucleus cross section upon the nuclear
system. In the energy region below the first arrow in the top curve
the cress section is determined by the one-dimensional interaction
barrier. In the energy region between the two arrows in the top curve
(and below the arrow in the two bottom curves) the cross section is
determined by the requirement that the dynamical trajectory pass inside
the fission saddle point. At higher energies the cross section is
determined by the angular momentum at which the saddle point disap-
pears.

Fig. 6. Comparison of experimental most probable fission-fragment kinetic
energies with results calculated for different values of the two-body
viscosity coefficient ji (solid curves). The calculations include
the effect of the finite range of the nuclear force on the nuclear
macroscopic energy. The experimental data are for the fission of
nuclei at high excitation energies, where the most probable mass divi-
sion is into two equal fragments. The open symbols represent values
for equal mass divisions only and the solid symbols represent values
averaged over all mass divisions. The das*-=d curves give the calcu-
lated translational kinetic, energies acquired prior to scission.
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Fig. 7, Comparison of experimental most probable fission-fragment kinetic
energies with results calculated for one-body dissipation. The
strength of the dissipation is determined from a Fermi-gas model of
the nucleus. This dissipation corresponds to a very overdamped system.
The results for infinite two-body viscosity are shown as a dashed line
to illustrate the different effects of large dissipation in the two
models. The experimental points are the same as in Fin. -'•

Fig. 8. Calculated shapes as a function of time for <XK) MeV (lab.) Kr
bombarding ^^Bi with an angular momentum of SOO h. The vaiut of the
two-body viscosity coefficient is (i - 0.015 TP. At T 0 the system
was started from rest in the frame of reference rotating with the
system with a neck radius of 2.0 ftn. The Kr ion was initially inci-
dent from the left side of the figure, along a path asymptotic.-;!!;,
parallel Co the top of the figure. As indicated in Table I, tbt final
center-of-nass kinetic energy is 288 MeV, the final center-of-mass
scattering angle is 53°, and the final masses of the fragments are
108 and 185 amu.
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