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Abstract 

The yields, -angular distributions and differential 

range spectra 

residues from 

160 , 35 MeV/A 

have been measured for individual target 

the interaction of 8.5 MeV/A 160 , 19 MeV/A 
12 12 . 154 C anq 86 MeV/A C w1th Sm. From the 

measured data, fragment isobaric yields and velocity 

spectra were deduced. The results are compared to the sum 

rule model of wilczyski ~ gl. and the nuclear firestreak 

model. 

1. Introduction 

In recent years, considerable interest has de­

veloped in characterizing nucleus-nucleus collisions in the 

intermediate energy regime (20-100 MeV/A). A number of 

studies have measured the average linear momentum transfer 

to the target nucleus in these collisions. The situation 

has. been characterized in a systematics of average frac­

tional momentum transfer, similar to the one developed by 

Viola et ~1) and Stockstad et ~2), which is shown in 

Figure 1. Also shown in Figure 1 are other data 3- 6 ) which 

extend this correlation to higher energies. As the data of 

Figure 1 show, the average fraction of the beam momentum 

transferred to the target nucleus decreases approximately 

linearly with increasing relative velocity of the colliding 
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Figure 1. Fraction of beam momentum transferred to target 

nucleus in nucleus-nucleus collisions leading to fission or 

residue production as a function of the relative velocity 

of the colliding ions. Filled circles are data from Ref. 

and 2, open circles--Ref. 3, filled triangles--Ref. 4, 

squares--Ref. 5, open triangles--Ref. 6. 

• 

nuclei. As the projectile energy increases, incomplete 

fusion processes become increasingly important and it is 

worth noting that throughout this energy regime, the 

average frational linear momentum transfer significantly 

exceeds that observed in relativistic nuclear collisons 3 ). 

As informative as these measurements are, we felt 

that it would be useful to study the evolution of indi­

vidual reaction channels rather than "average" behavior as 

a function of projectile energy for intermediate energy 

nucleus-nucleus collisions. In addition, we were intrigued 

by reports 7 ) of production of trans-target species with 

large probability (for 6Z = + 1, a = 200 - 250 mb) in the 

reaction of 86 MeV/A 12c with lead and bismuth. According-
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ly, we decided to begin a systemetic study of the yields, 

angular distributions and velocity spectra (using differen­

tial range techniques) of target residues from the inter­

action of intermediate energy heavy ions with the n-rich 

rare earth targets 150Nd , 154sm , and 176yb . Through the use 

of the n-rich rare earth targets we should severely 

repress the "masking effects" of the fission of any target 

residues or transfer products. In this paper we present a 

preliminary report of the data obtained for the interaction 

f . d' h" h 154 o ~nterme ~ate energy eavy ~ons w~t Sm. 

2. Experimental 

We have measured the yields, angular distribution 
and differential range spectra for target residues formed 

in the interaction of 8.5 MeV/A 160, 19 MeV/A 160, 35 MeV/A 

12c and 86 MeV/A 12c with 154 sm . The irradiations with the 

8.5 and 19 MeV/A 160 were carried out at the LBL 88" 

cyclotron, while the irradiations with 35 MeV/A and 86 
·12 . MeV/A C were performed at the MSU superconduct~ng cyclo-

tron and the CERN SC synchrocyclotron, respectively. 

Targets consisting of deposits of 154sm203 (98.7 % 154sm ) 

of various thicknesses ranging from 0.3 to 1.0 mg/cm2 on a 

4.7 mg/cm2 Be backing were irradiated for times of 3 - 7 

hours with heavy ion beams ranging in intensity from 
10 12. 10 -10 ~ons/sec. In the differential range measurements, 

all fragments recoiling from the target in the forward 

hemisphere were stopped in a stack of Al foils of various 

thicknesses (0.25-1.6 mg/cm2 ). In the angular distribution 

measurements, fragments emerging from the target were 

stopped in a cylindrical arrangement of catcher foils. 

Fragments emerging at 0-100 with respect to the incident 

beam were caught in a 35 mg/cm2 C foil while fragments with 

100 <8<600 were caught in 17.6 mg/cm2 mylar catchers. 

Following irradiation, the catcher foils from the 

angular distribution measurements were cut into pieces 

representing various angular intervals. These pieces along 

with the individual foils from the differential range 
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measurements and the target foils were assayed by ~-ray 

spectroscopy beginning a few minutes after end of irra­

diation and continuing for periods of up to 3 months in 

laboratories at MSU and LBL. The identification of the 

activities present in each foil and the calculation of 

cross sections from these measured activities has been 

described previouslyS). The total activity found in the 

target and catcher foils was used in calculating the nucli­

dic production cross sections. 

In the angular distribution experiments, the 

resolution of the experiments was detected primarily by the 

angular width of the catcher foils (the beam spot size was 

< 4 mm 2 ). The alignment and centering of the beam was 

checked prior to the irradiation, during the irradiation 

and after the irradiation using radiography and on-line 

monitoring devices. No correction was made to the measured 

data for the finite angular resolution of the catcher foils 

because it was not felt to be critical for understanding 

the physics revealed by the data. The effect of the finite 

target thickness upon the measured angular distributions 

has been evaluated recently for a similar study9). 

Stopping of the fragments in the target or large angle 

scattering in the target can be excluded altough there is 

probably some smearing of the angular distributions due to 

small angle scattering in the target. 

Because of very strongly forward-peaked character 

of the angular distributions, the projected range distri­

butions measured in the differential range experiments are, 

in fact,the true range distributions. Using the range­

velocity relationships of Northchiffe and Schilling 10 ), 

the differential range distribuitons were converted to 

invariant velocity distributions. (These range-velocity 

relationships have been previously shown 11 ) to be accurate 

to a few per cent for ions of the same Z, A and energy as 

encountered in this study). No attempts have been made at 

this stage of the data analysis to correct for the effects 

of range straggling upon the data. 
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3. Phenomenological Models 

To help understand the significant features of the 

data, we have chosen to compare our data with two phenome­

nological models of intermediate energy nucleus-nucleus 

collisions. The first of these models is the generalized 

sum rule model of Wilczynski ~ ~12). The ajustable 

parameters in the model calculation (T, 6l, etc.) were the 

d b '1 k' ~, 12) h ' , same as use y W~ zyns ~ ~ ~. ,T e exc~tat~on energy 

of each of the possible target residues was assumed to be 

the "optimal" excitation energy as calculated using a 

semi-classical OWBA of Toeppler 13 ) (previously used by 

Hubert et ~14) to calculate the yields of transfer 

products in low energy reactions), The deexcitation of each 

primary fragment was calculated using a version 15 ) of the 

OFF code, 

The data are also compared with the predictions of 

the nuclear firestreak model 15,16). In this model, the 

colliding nuclei are assumed to have diffuse surfaces,which 

were generated by folding a short-range (Yukawa) function 

into the conventional sharp-sphere density distribution. 

It was assumed that during the collision the interaction 

was localized to the overlap region, where collinear tubes 

of nuclear matter from the target and projectile underwent 

completely inelastic collisions. A transparencey function, 

based upon a fixed nucleon-nucleon scattering cross-section 

of 30 mb,was included to prevent collisions from occuring 

between tubes containing an insufficient density of 

nucleons, 

Once two tube have collided, they are assumed to 

fuse and equilibrate their kinetic and thermal energies, If 

the resulting kinetic energy of a fused tube is less than 

its binding energy in the target remnant, then it is 

retained and contributes directly to the remnant's energy, 

mass, and momenta, which are explicitly conserved during 

the interaction. The calculation of how the primary frag­

ment distributions predicted by this model de-excited were 

done using the same OFF code as for the Wilczynski model, 
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Figure 2. Plot of nuclidic yields for the reaction of a) 

8.5 MeV/A and 19 MeV/A 16 0 with 154sm , and b) 35 MeV/A and 

86 MeV/A 12c with 154sm . 

4. Results 

The individual target frgment yields for the re-
. f h . . h 154 h" 2 h' I actl0n 0 eavy lons Wlt Sm are sown ln Flgure w 1 e 

the isobaric yields derived from integrating the individual 

nuclidic yields while correcting for ~-decay and unobserved 
. 17) h . . 3 b h f' speCles are sown ln Flgure . In ot 19ures, one can 

see the qualitative changes in reaction mechanism as the 

projectile energy increases. At the lowest energy (8.5 

MeV/A), the fragment yield distribution is sharply peaked 

at a mass number near that of the completely fused system, 

with most of the reactions proceeding via a complete fusion 

mechanism. As the projectile energy increases, so does the 
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Figure 3 Fragment isobaric yield distributions for the 

reaction of various heavy ions with 154~m. The lines are to 

guide the eye through the data points. 

energy deposited in the target nucleus, leading to the pro­

duction (after deexcitation) of fragments of lower and 

lower mass numbers. Correspondingly, the fragment isobaric 

yield distribution becomes broader - but the decrease in 

the mass transfer from projectile to target nucleus causes 

the isobaric yield distribuiton to be asymmetric with a 

steeper upper edge and a long "spallation-like" tail 

towards lower masses. It is interesting to note that even 

at a projectile energy of 86 MeV/A, significant formation 

of trans-target species is observed although with somewhat 

less probability than in the reaction of 86 MeV/A 12C with 
206 pb , 209Bi7). 

It is interesting to compare these data with the 

predictions of the two phenomenological models discussed 

previously (Figure 4). The sum rule model generally de­

scribes the shape of the isobaric distribution at a pro­

jectile energy of 8.5 MeV/A (apart from a small peak at A 
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Figure 4. Comparison of measured isobaric yield 

distributions with those predicted by the sum rule model 

(dashed curve) and firestreak model (long line-dash curve). 
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~155 which in the model is due to a-transfer reactions) but 

overestimates the magnitude of the cross sections. As the 

projectile energy increases, this model fails to account 

for the observed broadening of the isobaric distribution. 

The nuclear firestreak model has been used 

successfully to account for fragment yields in reactions 

induced by relativistic heavy ions. However, there is 

significant disagreement between the predictions of this 

model and the isobaric yield data. At the highest pro­

jectile energy, the yields of fragments of high A are 

overestimated. The peak in the predicted distribution at A ~ 

114 (which is not obseved) is due to the deexcited quasi­

compound nucleus.Thus it should seem that the model over­

estimates the occurrence of both very low and very high 

mass transfer events. As the projectile energy is lowered, 

the predicted distributions mimic some general features of 

the data but only in a crude, qualitative manner. These 

failures of the firestreak model were not seen in compari­

sons of preducted and measured isobaric yield distributions 

in the reaction of intermediate energy heavy ions with Au 3 ) 

d 15) . h ' 'f' t f ' f h an U . But 1n t ose cases, a s1gn1 1can ract10n 0 t e 

events resulted in fission and thus a less stringent test 

of the model was possible. 

Another view of the changes in reaction mechanism 

with projectile energy can be obtained by examining a 

representative set of invariant velocity spectra. At the 

lowest projectile energy, (8.5 MeV/A 160 ), the velocity 

spectra show Gaussian peaks centered near the velocity of 

the completely fused system (Figure 5a). If we take the 

number of those events with V > VCN and double this number, 

assuming a Gaussian peak, we get a measure of the cross 

section for complete fusion (neglecting range straggling 

effects). For the interaction of 8.5 MeV/A 160 with 154sm , 

93 % of the cross section is estimated to be associated 

with complete fusion reactions. Also, as seen in figure 4, 

the measured average fragment velocity for a typical 

fragment, 163Tm , agrees well with that value predicted by 
the Wilczynski et al. sum rule model. 
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Figure Sa. Representive velocity 

spectra for fragments from the 

reaction of intermediate energy 
. . h 154 h heavy lons Wlt Sm. T e arrows 

indicate the mean residue velocity 

such that CF corresponds to 

complete fusion, E the mean 

measured velocity, S the average 

velocity as predicted by the sum 

rule model, and F the average 

velocity predicted by the fire­

streak model. 

For the reaction of 19 MeV/A 160 with 154sm , the 
151 velocity spectrum of Tb represents that of a typical 

product (Figure 5 b). The mean fragment velocity agrees 

well with the sum rule and firestreak model predictions and 

is considerably less than that of a completely fused 
, 151 

system. The velocity spectrum of Tb can be thought of as 

a composite of spectra representing different reaction 

mechanisms, such as the spectra shown for 151 Gd (very 

incomplete fusion) and 156Tb (near complete fusion). Using 

the same methods as before, we can estimate that ~ 35 % of 

the reactions proceed by a complete fusion mechanism. 

For the reaction of 35 MeV/A 12c with 154sm , three 

typical fragment velocity spectra are shown (Figure 5b). 

The nuclides involved represent different portions of the 

yield distribution for this reaction. All spectra show 

considerable amounts of imcomplete fusion with mean frag­

ment velocities being ~ 1/2 that of the completely fused 

system. The fraction of events leading to complete fusion 

is < 5 %. The Wilczynski et ~ sum rule and the firestreak 

model overestimate (usually by a large amount) the mean 

fragment velocities. 

~" 
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The continually worsening accord between the 

predictions of the models and the data as the projectile 

energy increases is due in part to an overestimation of the 

magnitude of the complete fusion cross section by the 

models. Trajectories (or impact parameters) leading to 

complete fusion at 8.5 MeV/A projectile energy simply do 

not lead to complete fusion at 35 MeV/A, as the model 

generally assumes, nor is the projectile stopped in the 

target in some events as the firestreak model predicts. 

At 86 MeV/A, the velocity spectra of all typical 

products are dominated by incomplete fusion. The trans­

target species 147Eu shows the smallest velocities while 

the number of events with higher velocities (more 

"complete" fusion, harder collisions) increases with 

decreasing fragment mass. Thus the production of trans-
. . h . f 12, h target spec~es ~n t e react~on 0 86 MeV/A C w~t heavy 

targets involves events with very small momentum (and 

energy) transfer allowing their survival even when produced 

in reactions involving moderately fissionable targets such 

as Pb and Bi. 
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Figure 6. Typical laboratory system fragment angular 

distributions. 

Representative fragment angular distributions for 

h . f 19 / d 35 / . h 154 M h t e react10ns 0 MeV A an ~ MeV A W1t S are sown 

in Figure 6. The angular distributions for the reactiohs 

invollving 35 MeV/A 12c are generally broader than those 

measured at 19 MeV/A due in part to the increased particle 

emission because of the larger energy deposit in the higher 

energy reaction. This can be shown by remembering that the 

mean square dispersion in the heavy fragment recoil angle, 
-:Ta d . 1 " . . b 18) L' ue to part1c e em1SS10n 1S glven y 

( 1 ) 

if one assumes that particle emission 15 isotropic in the 

moving frame. V is the velocity of the recoil in the moving 

frame (due to kicks given it by particle emission) while v 
is the velocity of the moving frame (i.e., the velocity 

given the heavy product in the primary nuclear reaction to 

particle emission). 

v can be taken as the mean projected fragment velocity 
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as measured in the differential range experiments while V 

is given by18) 

8 
L 

( 2 ) 

where 8
L 

is the mean recoil angle. Use of equations (1) and 

(2) allows one to preduct values of ~ of 0.022 rad
2

) for 

149Gd and 0.0866 rad 2 ) for 135ce produced in the 19 MeV/A 

and 35 MeV/A reactions, respectively. These numbers are to 

be compared to the measured dispersions of 0.0267 rad
2 

for 

149Gd and 0.118 rad 2 ) for 135ce . Thus it would seem that a 

major portion of the dispersion in the angular distribu­

tions is due to particle emission. 

5. Summary and Conclusions 

The preliminary data from this survey of incomplete 

fusion at intermediate energies shows the importance of 

incomplete fusion reactions in this energy regime. Pro­

duction and survival of trans-target species occurs with 

significant probability at all projetile energies surveyed. 

The Wilczinski et ~ sum rule model becomes less effective 

at describing the incomplete fusion reactions as the pro­

jectile energy increases and the nuclear firestreak model 

also seems to fail to properly describe the observed 

distributions in this energy regime. 
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