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The parallel and transverse momentum distributions have 

been measured for fragments of Z ~3 produced by the fragmentation 

of 160 at 90 and 120 MeV/nucleon. A strong anisotropy is observed 

with cr ~ 200 MeV/c for all fragments, which can be explained by 
Pl 

considering the dispersion due to orbital deflection of the 

projectile prior to breakup. 
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The questions of reaction mechanism in projectile fragmentation 

has been long standing. 
,12 16 

At relativistic energies w1th C and 0 pro-

jectiles, both the abrasion-ablation calculations and models of projectile 

excitation followed by statistical decay adequately describe the isotope 

distributions.
l

,2 Further, it has been pointed out that there is an 

exact formal degeneracy between such models with regards to the fragment 

d
' , , 3 

momentum 1str1but1ons. Recent data for a heavier projectile and lower 

energy (
40

Ar, 213 MeV/nucleon) however, seem to favor a fast abrasion 

stage from relative isotopic and elemental yields.
4 

We report here in the 

first heavy fragment studies in the 100 MeV/nucleon region, an apparent 

anisotropy between Pl and PU.lncorporating the dispersion due to orbital 

deflection of the 160 projectile by the combined Coulomb-nuclear field 

of the target with the usual dispersion due to the Fermi motion, we find 

good agreement with the Pl distributions. Although the present data also 

support either the abrasion-ablation model or the assumption of projectile 

excitation followed by statistical decay far from the target nucleus, 

better measurements at smaller Pl could discriminate between them and 

potentially prove to be a new tool for probing the interaction potential 

in the nuclear interior. 

16 
The 0 beam was extracted from the Bevalac with an energy of 

typically 150 MeV/A and an intensity ~ 109/pulse. After passing through 

a carbon degrader and subsequent momentum analysis and cleanup, the 

average intensities and midtargetenergies were (for 150 MeV/A extraction) 

7 8 . / f ~ 5 x 10 /pulse at 92.5±2 MeV/A and ~ 10 /pulse at 117.5±2 neV A. Targets 0 

2 . 2 
thicknesses up to 235 mg/cm Al and 500 mg/cm Au were bombarded, and frag-

ments of Z = 3-9, A = 6-17 were detected in a multi-element silicon-
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germanium telescope, the lill stack consisting of two 5 rom Si detectors 

. a.t 120 MeV/A and two 1 rom Si detectors at 90 MeV/A. The residual E 

detector was a 1.3 em Ge crystal. A silicon veto detector behind the 

telescope proved reasonably effective in eliminating events which 

underwent secondary fragmentation in the germanium crystal itself; this 

effect however was never greater than 10%. A circular lead collimator 

sub tended 0.9° full width at 1.6 m, and a helium bag was placed between 

the target and detector. At each angle, the "target out" spectrum was 

measured and corrected for. 

Double differential cross sections d
2
0/dQdE were measued for 

each isotope at each angle (2.5°, 4°, 6°, 8° at 92.5 MeV/A; 2.5°, 4°, 7° 

at 117.5 MeV/A.) The energy spectra were narrow, essentially Gaussian, 

. /. 5 wlth a mean energy downshifted by ~ 10 fl1eV A. from the beam veloclty. 

We fit the energy spectra and angular distributions assuming a Gaussian 

distribution in both PII and PI in the projectile frame of reference: 

-r 
P(p) 

The distributions of 0 as a function of fragment mass F are in 
Pn 

good agreement with the parabolic form 0
2

= 0
2 

F(A-F)/(A-l) expected . PH 0 

f 
. . 3,6 

rom momentum conservation and experimentally observed at hlgher energles. 

A and F are the projectile and fragment atomic numbers respectively. 

At 92.5 MeV/A we find 0 = 80 MeV/c for the Au target, and 86 MeV/c for 
o 

the AI, in good agreement with the value of 86 MeV/c found at 2~1 GeV/A, 

6 
averaged over many targets. 
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The situation with the distributions of 0 is rather different. 
Pl 

An inspection of the angular distributions (see Fig. 1) reveals that they 

are significantly broader than expected from the Fermi motion alone. 

The solid curves are the best fits in 0 from Eg. (1); the dashed curves 
Pl 

pertain to 0 = 86 MeV/c. Figure 2 shows the ensemble of all transverse o -, 

momentum widths, which are nearly all in excess of 200 MeV/c with an 

overall systematic increase with fragment mass. This behaviour is in 

sharp contrast with that at 1.05 and 2.1 GeV/A where 0 
PI! 

o to within 10%. 
Pl 

The origin of these surprisingly large widths may be understood if 

one notes that the projectile is subject to an orbital deflection due to 

its interaction with the target nucleus before fragmentation takes place. 

The large fragmentation cross section implies that a wide range of impact 

parameters contribute to this process, and as different impact parameter 

will lead to different deflection angles, the orbital deflection gives an 

addi tional dispersion of the transverse momentum-. Clearly the additional 

contribution to the width of ° becomes more important the lower the 
Pl 

energy of the projectile. Upon extending the derivations of Ref. 3 to 

include orbital deflection, we find. 

F(A-F) 
A-I 

2 F (F-l) 2 
0 1 + A(A-l) °2 (2) 

2 
where 01 .!.. <' +2 > _ 2 . 2 'PI 1 - 0

0 
1S the usual term due to the intrinsic nucleon 

2 
motion, and O

2 
1· +2 . 2 <PAl> is the variance of transverse momentUm of the 

projectile at the time of fragmentation. 

The quality of the two-parameter fits according to Eq. (2) is 

evidently good. 

ted values of 02' 

Table I contains the summary of the fitted and calcula- . 

Fitting the experimental 0 (F) according to Eq. 2, 
Pl 
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we fix 01 =80, 86 MeV/c. However when 01 is also allowed to be a free 

parameter, its value is equal within errors to ° ,convincing evidence 
PH 

that the functional form of Eq. (2) contains the essential physics. In 

Fig. 3, panels (a)-(c) show the best two parameter fit (01 not constrained; 

values in Table I); panel (d) shows the family of curves corresponding to 

one value of 01' and values of 02 ranging from 0 to 300 MeV/c. 

Having thus understood the average behavior of the widths, we 

seek a more detailed description of the angular distributions. We consider 

a simple model in which the projectile is first deflected through the 

coulomb-nuclear potential and subsequently fragments. The angular distri-

bution of any fragment is obtained by folding the projectile angular dis-

tribution from the classical deflection function with the fragment momentum 

distribution due to the Fermi motion. The nuclear potential is taken to 

be of the Woods-Saxon form with radius parameter r = 1.2 fm, diffusivity o 

a = 0.6 fm, and the well depth to be determined. The behaviour of 0 (b) 

for small b is certainly not very reliable owing to the uncertainty in the 

Coulomb potential inside the nucleus. Both point charge and parabolic 

Coulomb potentials were used and the main difference appears to be at 

small angles for which no experimental data points are available. The 

only other input to the calculation is the fraction of the total cross 

section which appears as fragmentation, f = ° /0 . This value, 
frag tot 

0.6 ± 0.1 for both targets,7 defines the range in impact parameter (bl,R) 

over which the deflection function operates in a sharp cutoff representa-

tion (insert, Fig. 3). Here R is the sum of target and projectile radii, 

. . 2 
In terms of the deflection functlon the varlance 02 
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2 1 2 (R 2 
is given by 02 = 2 PA J 1 N(b) sin G(b)db 

b
l 

and N(b) 

the weighting factor for impact parameter. Implicit in that calculation 

is the assumption that the dispersion is principally refractive, or dyhamic, 

rather than quantal; in the 100 MeV/A region, this can be shown to be 

reasonably satisfied. 

The comparison of the experimental angular distributions with 

those resulting from the folding procedure (dotted line, Fig. 1) indicate 

that the shape of the angular distribution can be well reproduced by 

choosing a potential well depth of 65 MeV for the Al target and 85 MeV 

for Au, which are within the range of depths determined from optical model 

analyses. Two aspects of these calculations deserve comment. The first 

is that for the larger fragment masses, the angular distributions are 

predicted to peak at a non-zero angle. Second, we observe that while our 

choice of potentials reproduce the average falloff of the data with angle, 

the calculated angular distributions are slightly wider for the lighter 

fragments and narrower to the heavier fragments. 

To examine to what degree this behavior may. be due to an impact 

parameter dependence of the final fragment mass, we have alternatively 

performed these calculations assuming an abrasion-ablation mechanism. 

Thus instead of the entire range of impact parameters (bl,R) contributing 

equally to the calculated dispersio~ for all F weighted only by N(b), we now 

posit that the production of a fragment of mass F is associated with a 

mean impact parameter b. The b are calculated in the "clean-cut" 
F F 

geometry, and for each F the integration over impact parameters is 

1 
weighted further by a realistic smearing function, of Gaussian form 

. with full width 2 fm and mean b
F

. These calculations for the Au target 
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are depicted by the fine line in Fig. 1; the parabolic continuation of 

the Coulomb potential inside the nuclear interior has been employed. 

,Although several difficult questions are left unaddressed in this simple 

approach, it is clear that such an impact parameter dependence would 

manifest itself most strikingly near 0°. On the other hand both the 

abrasion-ablation model and that of I>rojectile excitation followed by 

decay far from the nuclear field of the target seem not to differ sub-

stantiallyin the tails of the angular distribution. 

In summary, the large 0 observed in the fragmentation of 160 
PI 

in the vicinity of 100 MeV/A are well described by incorporating the 

dispersion due to orbital deflection of the projectile prior to fragmen-

tat ion along with Fermi motion. The orbital dispersion is larger at 

92.5 MeV/A than at 117.5 MeV/A as expected, and both experiment and theory 

diminish by the same ratio. The calculations (non-relativistic) for the 

case of 160 + Au at 400 MeV/A predict O
2 

= 89 MeV/c, suggesting that by 

1.05 GeV/A the orbital dispersion term will have vanished entirely, and 

isotropy recovered. With regards to data from the reaction 160 + 208pb 

at 20 MeV/A, it seems that this arialysis qualitatively accounts for 

similar discrepancies between 0 and 0 , although the orbital dispersion 
Pu Pl . 9 

at that energy should be predominantly quanta 1 rather than dynamic. 

While present data cannot distinguish between excitation followed by 

decay far from the target, and abrasion-ablation mechanisms, measurements 

into 0° will be of greatest utility for reaction d~namics. Such measurements 

may prove to be a useful tool in probing the nucleus-nucleus potential for 

deep incursions of the target and projectile. 
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Table I. Summary of the fitted parameters °
1

, 02 of Eq. (2) to the experi-

mental ° These are compared with our calculated values of 02 for f = 0.6 
Pl 

and R = r
o

(Ai/3 + A~/3), r = 1. 2 fm; a = .0.6 fm and V tabulated. 
0 

16 
TARGET E

lab 
( . 0) 

°1 ° °2 tho 
V 

2 eXE 
(MeV/A) (MeV/c) (MeV) 

Al 92.5 80 248.6±2.3 

86 241. 4±2. 4 

84.4±2.2
a 

243.4±3.5 197.2 60
b 

Au 92.5 80 227.3±3.8 

86 219.9±3.9 

83.7±3.5
a 

222.8±5.8 193.6 85
b 

Al 117.5 80 227.2±2.6 

86 219 .3±2. 7 

92 .l±2. 3
a 

210.6±4.4 174.9 60 

Au 117.5 .80 214.2±4.0 

86 206.4±4.1 

84.0±3.8
a 

209.l±6.5 169.6 85 

a) two parameter fit; 01 unconstrained. 

b) V determined to reproduce the angular distributions at 92.5 MeV/A. 
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FIGURE CAPTIONS 

Fig. 1. 
16 16 

Typical angular distributions for O+Al, O+Au at 92.5 MeV/A. 

The solid curves are the best fit from Eq. (1); the dashed curves for 

° = 86 MeV/c. The dotted curves result from folding the deflection 
PI 

function with the momentum distribution due to the intrinsic nucleon' 

motion; the fine lines similarly, but under the abrasion-ablation 

assumption. 

Fig. 2. 
16 

Observed ° for each isotope for (a) O+Al, 117.5 MeV/A, 
PI 

(b) 

16 
O+Au, 117.5 MeV/A, 

16 
(c) O+Al, 92.5 MeV/A; 

16 
(d) O+Au, 92.5 MeV/A. 

For panels (a)-(c), the fitted curves are the best two-parameter fit 

(01 and 02 both unconstrained; values fround in Table I); curves in 

panel (d) are for 01 = 83.7 MeV/c; values of 02 from 0 to 300 MeV/c to 

show the presumed evolution of ° as one goes from the extreme rela­
PI 

tivistic case to lower energies where the orbital dispersion of the 

projectile becomes significant. 

Fig. 3. 
, 16 16 

Calcualted deflection functions, e (b) for O+Al, O+Au at 92.5 

MeV/A. Insert shows the relevant range in impact parameter for frag-

mentation, as determined from a sharp cutoff model, subject to the 

condition that Of /0 = 0.6. 
rag tot 
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