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ABSTRACT

Result.s are presented on cross sections, parallel and perpendicular
momentum transfers, charge loss and velocity systematics for fission
following reactions of Fe and Nb projectiles at 50-100 MeV/A on
targets of Ta,Au,and Th. The results at 100 MeV/A are compared to a
detailed multistage deexcitation model. The initial collision is
modeled with an intranuclear cascade. The resultant excited target
residues then undergo a fast preequilibrium decay stage followed by a
statistical decay involving nucleon evaporation and fission. Results
from this modeling are in reasonable agreement with experimental
data.

L INTRODUCFION

The fission of a heavy nuclear system provides an excellent tool for

studying the latter stages of a complex, high energy nuclear reaction.

Coulomb energy systematics give a clear indication for the binary

fission process while fragment angular correlations and mass and

energy distributions can be used to estimate average quantities such as

linear momentum transfer and the mean mass and excitation energy

for the fissioning system. A comprehensive review of fission utilized

as a filter for studying reaction mechanisms has recently been

, published by Viola [1].

In a recent experimental program at the LBL BeValac our group [2]

. has developed a new logarithmic multidetector system [3] capable of

measuring charges and energies of particles emitted in medium

energy heavy ion reactions. This detector system shown schematically



in Fig. 1 has a very broad acceptance in charge, velocity, and angle

making possible a full inclusive characterization of the reactions and a

variety of correlation measurements. In this report the systematics of o

the fission reactions are briefly presented. A more comprehensive

presentation of this data is presented elsewhere [4 ]. Results are

presented for 50-1q0 MeV/A projectiles of Fe and Nb bombarding

targets of Ta, Au and Th. In an attempt to characterize these results a

simple model based on previous knowledge of medium energy

reactions and on current theories of fission has been developed. This

model described in more detail elsewhere [5] does a reasonable job of

reproducing the experimental results without the necessity of

introducing any new physical constructs that are particular to this new

region of projectile mass and energy.

IL EXPERIMENTAL DATA

For the data presented in this report a determination of the

velocity and charge,Z, of each detected fragment was obtained from

the signals in the low pressure proportional counter and the two

multiwire proportional counters (See Fig. 1). Figure 2 shows a typical

spectrum where the separation between fission fragments, heavy

residues and intermediate mass fragments is clearly evident.

Figure 3 shows a Z1-Z2 contour distribution for binary events. The

data separate into two distinct regions. The region closest to the origin

contains events in which one of the two fragments may be in the

fission-mass range but where the sum Z1 + Z2 is generally less than

half Ztarg. This implies that the Lreakup of the residual system is not

binary and that other fragments have been emitted outside the

acceptance of the detector array. The other region consists entirely of

events in which the sum Z1 + Z2 is close to but less than Ztarg and

each fragment has a charge greater than about 25. In addition to a

symmetric binary charge distribution, fragments in this region have a

relative 'velocity distribution consistent with low energy fission

systematics.

Figure 4 shows measured mean values for the parallel and

perpendicular momentum transfers in these reactions. The parallel



momentum transfer correlates with the fissility of the target as

predicted in the model described below. The perpendicular

momentum transfer is primarily dependent on the projectile mass.

The energy dependences are consistent with a simple picture where

, fission for a given target residue always occurs at about the same

excitation energy.

In Fig. 5 data for the system Fe + Th is compared to existing data
q taken from Ref. 6. The mean values for the linear momentum

transfer per nucleon are significantly lower than in previous studi6s

utilizing projectiles of mass 1-20. This result is qualitatively consistent

with the concept of fission as a collective process which sample, s only

the final fully equilibrated stages of target residue decays. At high

excitation energies the target residue becomes increasingly less

fissionable because the nucleus remaining after the fast preequili-

: brium processes becomes lighter and less fissile. This feature is also

reproduced in our simple model.

In Figure 6 we show a correlation between the parallel momentum

transfer per nucleon and the measured parallel momentum per

nucleon. The results give further validity to the technique of using

folding angle distributions to estimate parallel momentum transfers

as has been used in previous studies [1,6].

IlL THE FISSION MODEL

In heavy ion reactions at energies of 100 MeV/A and _bove,
Intranuclear Cascade models (INC) [7,8] have been successful in

: predicting the properties of the prompt emission associated with the

initial direct cascade. However, little has been done to model in detail

the decay of the highly excited residues which are produced_ These

residues have many properties in common with the compound

_ systems produced in heavy ion reactions at much lower energies

' where more extensive experimental and theoretical studies have been

performed.

• We now present a reaction model which involves an INC

calculation using the Yariv-Franekel code [7,8] followed by an

empirically modelled pre-equilibrium fast cascade leading into a

3



statistical decay modelled by the code PACE [9]. The primary objective

of this effort was to see if such an approach could quantitatively

describe the fission decays which generally occur at the end of the

cascade. If this technique can be further developed and tested then it

may be possible to use fission to study the Z, mass and angular

momentum distributions of target residues created in high energy

heavy ion reactions.

In Figs. 7,8 we show the correlations between impact parameter,

parallel momentum transfer, spin and mass of the target residual

from the INC calculations. It is seen that there is a strong correlation

between parallel momentum and excitation energy.

The model is described in detail elsewhere [5]. Below we give only

the major characteristics of the calculations. Before entering a

statistical decay model, nuclei produced by the intranuclear cascade

calculation having excitation energies between 300 and 1000 MeV first

undergo a fast nucleon cascade. For modeling the deexcitation in the

300 to 1000 MeV region we employ a fast nucleon emission

mechanism. In this decay the choice between proton or neutron

emission is based on the relative number of neutrons and protons in

the excited nucleus. The particle energy spectrum is taken as a

Maxwellian with a slope p_rameter of 15 MeV. The angular

momentum removed by these particles is assumed to be 2/3 of the

maximum allowed value Then products remaining with Ex < 300

MeV were analyzed using the PACE statistical model code. This code

is described elsewhere [9]. We have modified the code to enable us to

follow the deexcitation of any resultant fission products. From 300

MeV to 150 MeV of excitation energy the system is allowed to

statistically evaporate particles, and the angular momentum is

explicitly followed. In this excitation energy range fission is not

allowed to compete as a decay channel. This choice is made as a

simple approximation for the dissipative and flow dynamic effects

that impose minimum times for fission to become a viable decay

channel [10,11]. At excitation energies below 150 MeV, fission is

allowed as a decay channel in PACE with the relative level density

parameters chosen to give al/an = 1.01. The value of af/an and the



cutoff energy for fission were adjusted to give the best representation

of previous proton and light heavy ion data [12,13]. Changes in the

, values of these parameters tend. to proportionally scale ali of the

calculated cross sections. Thus, our model has effectively two

• adjustable parameters that were determined by a fit to the data in Refs.

12 and 13 and then held fixed for all subsequent calculations. These

parameters are also a reasonable approximation of those that

reproduce the integral fission cross sections that were calculated us,ing
o

the full flow dynamics consideration in the decay of Erbium isotopes
[11].

IV. COMPARISONS WITH EXPERIMENT

The model has been used to calculate the fission yield observables

in the 100 MeV/A data. The approach we have used is to apply an

acceptance filter that includes the experimental geometries and
efficiencies to the calculated quantities. The filtered calculations can

then be directly compared with the experimental observables.

Extensive Monte Carlo simulations were performed in order to find

out which quantities have the strongest influence on the acceptance.

Our simulations showed that only the parallel momentum and the

scattering angle of the fissioning nucleus significantly affect the

acceptance. Figure 9 shows the calculated and experimental

differential cross sections as a function of parallel momentum for the

four cases studied. Very good agreement is obtained for three of the

four cases. For the Fe + Ta case, the experimental results are

systematically above the calculated values• The differential shape is in

reasonable agreement with the data but the yield is _. 5 times larger

than the model prediction. This is the least fissile target and the

experimental and theoretical statistics are the most limited. Figure 10

shows the calculated and observed fission laboratory angular

' distributions. As with the differential cross sections the agreement is

excellent for the heavier targets. In the case of Ta, the discrepancy in

" absolute cross sections is again apparent- the shape is reproduced well

but the absolute magnitude is substantially larger than calculated. For

all cases, the theoretical angular distributions were calculated on the



assumption that fission occurs isotopically in the frame of the

fissioning nucleus. The good agreement with experiment implies that

the angular momenta of the fissioning systems are small and/or

randomly oriented. Figure 11 shows the comparison of calculated and

experimental mean values for AZ where the total Z of the two final

fission fragments are compared to the Z of the target. Both the

experimental and theoretical distributions peak near the target Z but

the calculations give a considerably narrower peak. This difference

results in the discrepancy observed in fig 11 which'could be due to one

or any combination of several effects that are difficult to differentiate

at this point. First, the Z distribution coming from the initial INC

calculations and remaining after the fast cascade may be too narrow,

There is some indication of a similar effect in the comparison of

measured isotopic residue distributions with INC calculations from

the reaction Ne + Au at 8 GeV [14]. In this case the INC calculation

gives a distribution which is too broad in neutron number and again a

relatively sharp distribution in atomic number. A second possibility is

that the angular momenta calculated for large AZ residuals are too low

for fission to compete in the deexcitation cascade. This could be due to
the lack of collective effects in the intranuclear cascade calculation.

The discrepancy could also be due to the empirical fast cascade taking

away too much angular momentum.

V. SUMMARY

We have presented data on fission from bombardments of heavy

targets by heavy mass intermediate energy projectiles and an attempt

at a complete model to describe the formation and subsequent decay

(including fission) of target residues At this point we can conclude

that a straightforward model utilizing known physics input at all

stages does a reasonable job in reproducing important characteristics of
fission data. We are able to correlate all of the cross sections from

previous experiments and our data (except for the Fe + Ta reaction

where fission becomes a 1% branch and is very sensitive to the

detailed parameters in the model) without adjusting parameters.
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FIGURE CAPTIONS

Fig. 1 Schematic drawing of experimental apparatus.

Fig. 2 Typical time of flight versus delta E correlation showing
Vr,_separation of different particle t, res.

Fig. 3 Correlation of Z1 vs. Z2 for binary coincidences for which

both fragments were fully identified in the PAGODA. The

lowest cut is 6 events per Z-bin; the contour lines indicate

increases by factors of two.

Fig. 4 Mean values for parallel and perpendicular momentum

transfer to the fissioning systems studied.

Fig. 5 Comparison of mean parallel momentum transfer in Fe + Th

system to previous results with lighter projectiles [Ref. 6].

Fig. 6 Comparison of mean folding angles with mean parallel

momentum transfer for all systems studied.

Fig. 7 Results of the intranuclear cascade for Nb + Au at 100

MeV/A. The four parts show (a) excitation energy, (b)

parallel momentum, (c) angular momentum, and (d) mass

number of the target residues in ten bins of impact

parameter. The error bars indicate the widths of the

distributions in the respective bins.

Fig. 8 Correlation between excitation energy and parallel

momentum transfer for Nb + Au at 100 MeV/A as predicted

by the intranuclear cascade. The error bars indicate the

widths of the distributions in the respective bins.



Fig. 9 Comparison of experimental (full circles) and calculated

(open circles) parallel momentum transfer distributions for

four target projectile combinations to 100 MeV/A: (a) Nb +

Au, (b) Fe + Au, (c) Fe + Th, and (d) Fe + Ta. The

, experimental data have a systematic uncertainty of 10% from

uncertainties in the beam flux and target thickness; the
statistical errors on these data are small.

Fig. 10 Comparison of experimental (open circles) and calculated

(full circles) laboratory scattering angle distributions for the

same target-projectile combinations as in Figure 9. The error

bars indicate a systematic uncertainty in beam flux and target
thickness; the statistical errors on these data are sm_ll.

Fig. 11 Comparison of experimental (full circles) and calculated

(open circles)charge loss as a function of parallel momentum
transfer for Nb + Au at 100 MeV/A. The error bars show the

statistical uncertainty of the mean charge loss in the

respective bins of parallel momentum transfer.



(A) General Detector Layout
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mean values for Ppar
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folding angles for alisystems

_-"-'_ f"' "I .... I '-' ' ' I .... "i '-"-'-_':" * " "> T..6oii../.

ISO _<. a li -> Ta. 1_ iiV/_l
_ -" with Z losso

i..., . lh, -> t_ II0 iIV/u

TI _ _t K 7: -> i.,a, 1_ ileV/u
'---' xoO

m d

4_ - i in, -> iu.oo li, v/,,
140

c,%0

o

ii I, -> Ii,. _ t,v/u
o

100 - o V, -> Th, l_i lliV/u

-5 0 5 lO 15 20 25

pp,,r/A [ MeV/c ]

Fig. 6

200F------'r---------t'-- , .....

=°I I " ,_o_- T i °'"
,._, C 1

' _ _'Ld 1000

15000-------4--- t,, a n p-_, 200 _.

iii
loooo ,

. 5000
(3-.

T I

0 _ ,0 l_ 0 _ 10 |_

' Fig,3 impact parameter [fm] impact psrameter' [fm]

Fig. 7



,._., 4.000 ..... , , .... , ....... , ..... , ....
, >

 ooo ;{{{{{{{{{{{!

P, I, "

• >..

,...2000 {,

T
C

1000

d - {N

0 _0_,, ___ m ,,,,
0 5000 10000 1500

P, [MeV/c]

Fig. 8

o | .... c---- _ _ .... , •--.r--,---

N I - N,

10' .) _ I0:I" " _ " " @@o -

lO_ o wo - _ 10z- o ®o• 0

_ _, _ .o
"" o • _ 101 - • ..- lO/- • - c)

0 @ _ • 0

10 _ o N t_ ....

103_ b) 103 - d)

10_ o o 102_
• @ _ O

0 @ @ @ @

8. 101_ e° o o®10v • o o
0

@ 0

o 100 - o o100 ____..___.._L.-..__-.-- __.....t.- .=-...-, [....o . •

4000 o 2000 _ooo eooo 4000 o 200,0 _ooo oooo

Pn [MeV/c] Pn [MeV/c]

Fig. 9



100 . ......, _ ,- • , 1000 "'. _ , ' _.-.--, . , .

zo ii i b_ I 200

i !

,'_ . |

° ' ,
-_ 2O
_ _ o

10 ' . , . ' , _1 .0 , , ' •
o _o loo 15o o 50 1_ I_o

_)l,,b[deg] 8t_ [deg]

Fig. 10

15- _ -

N 10-
• 0

® @

0
0

0 : 0,,,, .... m j I _l_ I _........

0 1000 2000 3000 4000

P, [MeV/c]

Fig. 11






