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44 m 46 47 48Differential ranges of Sc, Sc, Sc, and Sc emitted at 17° and 

163° to the beam in the interaction of 238U with 400 GeV protons have 

been measured. The mean kinetic energies of the fragments decrease from 

54.2	 + 1.0 MeV at 17° to 42.0 ~ 0.7 MeV at 163°. From this shift, the mean
 

1/2
velocity of the emitting nucleus <VI I> is obtained as 0.10 (MeV/A) • 

The angular distribution of Sc fragments in a system moving with this 

velocity is found to be asymmetric about 90° with more fragments emitted 

at backward than at forward angles (F/B ~ 0.8). The implications of this 

result for the reaction mechanism are considered. 
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Measured differential ranges at 17° and 163°; deduced two-step model 

parameters. 
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I. Introduction 

The study of highly inelastic interactions of multi-GeV protons with
 

heavy elements has revealed a number of features that were totally un

expected on the basis of results obtained at lower energies. Beg and
 

lPorile thus discovered that the ratio of forward-to-backward emission (FIB) 

238of various deep spallation products of the interaction of U with protons 

peaked rather sharply at 3 GeV while the ranges decreased abruptly be

tween 1 and 5 GeV. Similar results were subsequently reported for a 

number of other deep spallation and fragmentation products of the inter

2-5action of uranium and gold with high-energy protons. More detailed 

differential range measurements have shown that, in addition to a decrease 

in the mean range, a substantial broadening of the distributions occurs. 6 ,7 

The angular distributions of the products in question also undergo a re

markable change. At energies of 3 GeV and below the differential cross 

8-11sections thus peak at forward angles while at 11.5 GeV and above side

6 10-14
ward peaking is observed. ' 

The results obtained at high energies appear to be inconsistent with 

the conventional two-step mechanism in which a prompt intranuclear cascade 

initiated by the incident proton is followed by a slow deexcitation process 

such as evaporation or two-body breakup. According to this model, the 

products of these highly inelastic interactions require the transfer of 

large amounts of excitation energy and momentum to the struck nucleus 

and their angular distributions should thus peak at forward angles. 4,5 

It appears, instead, that near-central interactions at high energies may be 

16understood in terms of the coherent interaction model and a number of 

qualitative and quantitative applications of this model to the results of 

5 17 18 present interest have recently been made. The following picture emergest t 
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from these considerations: Viewed in the projectile frame, the target 

nucleus is longitudinally Lorentz contracted. As a result, the incident pro

ton interacts coherently with an imaginary tube comprised of all the nu

cleons lying in its path. Because of relativistic time dilation, the tube is 

ejected from the nucleus prior to decay to the final multi-particle state. 

Frictional effects and final state interactions may lead to additional mass loss 

from the region adjacent to the ejected tube. The spectator remnant is 

highly unstable and rapidly breaks apart in the transverse direction giving 

rise to fragments and deep spallation products having the properties de

scribed above. 

Recent angular distribution measurements on products from the inter

action of 238u with 400 GeV protons indicate that while sideward peaking 

is even more pronounced than it is at 11.5 GeV, a new feature may be noted 

11 13 at this energy.' Emission at backward angles is thus found to be 

more probable than that at the corresponding forward angles. This novel 

feature appears to be most pronounced for products in the A • 40-50 mass 

region, i.e. Sc fragments, but is also observed for neutron deficient 

106 mnuclides as massive as Ag. By contrast, the angular distributions of 

Sc fragments at 11.5 GeV had been found to be essentially symmetric about 

10 11 90° to the beam in the laboratory system.' While these results indi

cate the occurrence of a new phenomenon at ultra-high energies, they are not 

sufficiently detailed to permit a unique explanation. The effect in 

question could thus result from an unusual kind of two-step process in 

which the struck nucleus recoils backward in the laboratory system and 

then breaks up symmetrically in the moving frame. On the other hand, 
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the results could also be explained as resulting from the asymmetric 

breakup of a nucleus moving along the beam direction. Intermediate cases 

are, of course, also possible. The angular distribution simply 

does not place enough constraints on the kinematics to permit a choice 

between the different possibilities. 

Cumming and coworkers8,9,19 have shown that the determination of 

differential ranges at various angles to the beam provides the information 

for a more definitive interpretation of the angular distribution. Mean 

fragment velocities may be derived from these data. The difference in the 

mean velocity of fragments emitted along and opposite to the beam permits a 

determination of the mean velocity of the moving system. The laboratory angu

lar distributions may be transformed to this system and examined for sy~ 

metry. A symmetric angular distribution is taken as evidence that the impact 

(e.g. intranuclear cascade, coherent interaction) and breakup (e.g. two-body 

breakup, evaporation) steps are temporally well separated so that the reaction 

can be satisfactorily described by a two-step model. On the other hand, an 

asymmetric angular distribution indicates that when breakup occurs the nucleus 

still retains a memory of the beam direction. In this case, the reaction does 

8not involve two well separated steps. In the first experiment of this type 

209it was thus shown that the formation of 24Na in the interaction of Bi with 

2.9 GeV protons could not be described by a two-step model as the angular 

distribution in the moving system was forward-peaked. This result was sub

sequently confirmed by on-line counter measurements of the double differ

ential cross sections for the emission of light fragments in the interaction 

238 20 21 131of U with ~ 5 GeV protons.' Similar experiments performed on Ba 

2~ 9 lU U7 Ufrom U plus 2.2 GeV protons, Tb from Au plus 2.2 GeV protons, and 

24 197 14Na from Au plus 11.5 GeV protons indicated, on the other hand, 

that the data were consistent with the two-step model. 
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In previous publications from this laboratory we have reported the 

44 m 46 47 48angular distributions of Sc, Sc, Sc, and Sc emitted in the inter

238 11 13 action of U with 400 GeV protons ' as well as the differential ranges 

7of these fragments at 90° to the beam. We present here the results of
 

differential range measurements on Sc fragments emitted at forward and
 

backward angles. When combined with our previously reported results,
 

these data permit a detailed kinematic analysis to test the applicability
 

of the two-step model.
 

II. Experimental 

The experimental procedure has been described in detail in a previous 

report. 7 Briefly, thin UF4 targets (- 200~g/cm
2) evaporated onto pure 

aluminum were exposed to a 400 GeV proton beam in an evacuated chamber at 

Fermilab. The targets were oriented at 90° to the beam. Fragments 

recoiling out of the target at angles of either 6° - 25° or 155° - 174° 

to the beam were caught in stacks of thin (300-400 ~g/cm2) Mylar foils. 

The angular range was defined by a thick aluminum mask whose opening was 

cut along isotheta lines. 22 ,23 A code described elsewhere23was used to 

determine the mean recoil angle and the solid angle subtended by the 

catchers, as well as to evaluate the correction to the target and catcher 

thickness resulting from the dispersion in fragment path length due to 

the large catcher width. The mean recoil angles were either 17° or 

Following irradiation, scandium was separated from the catcher foils 

and the y-ray activity of the samples assayed with Ge(Ll) spectrometers. 

The differential ranges were obtained from the measured counting rates 
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after extrapolation to end of bombardment and correction for chemical
 

yield, variation in catcher thickness, and path length dispersion.
 

III. Results and Discussion 

A. Differential ranges and energy spectra 

The results of one of two replicate experiments performed at each 

angle are shown as histograms in Fig. 1. The results of our previously 

reported7 measurements on Sc fragments emitted at 90° (80° - 100°) are 

included for completeness. The indicated uncertainties were obtained by 

combining those in the Mylar foil thickness and uniformity (3%), chemical 

yield determination (2%), and correction for path length dispersion (1%) 

with the statistical uncertainty. The overall uncertainties typically 

ranged from ~ 4% near the peak of the differential range to ~ 50% for 

46the last foil showing activity above background, except for Sc whose 

long half-life led to larger statistical errors. A small resolution 

correction was applied to the differential ranges in the manner described 

elsewhere. 7 

The corrected differential ranges were curve-fitted by use of a non

7linear regression analysis code as described in our previous report. 

The purpose of this procedure was to facilitate the combination of 

replicate results as well as the transformation from range to energy spectra. 

The results of this procedure are shown as the curves in Fig. 1. Note that 

these curves generally do not pass through the midpoints of the histograms 

but through the effective midpoints obtained by application of the re

solution correction, the difference being most noticeable in the steepest 

regions of the curves. 
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The differential ranges were converted to energy spectra by use of 

24the range-energy table of Northcl1ffe and Schilling. A small correction, 

amunting to <1% for all but the lowest energy fragments, was applied to� 
. 24� 

account for the difference between the tabulated path lengths and the� 

experimentally determined projected ranges. The magnitude of this correction 

2S was obtained fro. the theory of Lindhard, Scharff, and SchiJtt. A 

further correction was applied to the data in order to account for the energy 

loss of the fragments in the UF4 target. It was assumed that, on the average, 

the fragments traversed half the corrected target thickness and the range

24 energy table was used to compute this additional energy loss. It was 

found that energy loss in the target ranged fro. '" 51 for the lowest energy 

fragments to '" 1%· for those of highest energy. The effective target 

thickness corresponds to '" 40 lJg/cm2 Mylar. The spectra obtained in this 

47fashion for 44Sc• and Sc are displayed in Figs. 2 and 3, respectively. 

The points represent the transformed corrected differential ranges obtained 

in replicate experiments. The error bars incorporate an estimated 5% 

uncertainty in the range-energy relation. The curves were obtained from 

the corresponding fitted range curves generated with the average values of 

the fitting parameters obtained in the replicate ruDS. It is seen that the 

curves generally represent an excellent fit to the data points. The spectra 

46 48 47 44.obtained for Sc and Sc are very similar to the corresponding Sc or Sc 

spectra. 

7The mean fragment energies are listed in Table I. Our previous 90· 

results are included for completeness. The tabulated errors are the larger 

of the standard deviations and the estimated uncertainties· in the individual 

determinations. The uncertainty in the range-energy relation is not included 



- 8 

in this estimate since it does not affect the variation of the energies 

with angle. Since there appears to be little, if any, systematic difference 

between the various Sc fragments, the uncertainties can be further reduced 

by evaluation of a weighted average. This quantity is included in the table. 

Since, for the purposes of a vector-model analysis, the fragment velocities 

are more useful than the energies, velocity spectra were directly obtained 

from the differential ranges. The mean fragment velocities as well as the 

widths (full-widths at half-maximum ) of the velocity distributions are 

sUJIIIII&rized in Table I. It is evident, without any detailed analysis, that the 

spectra display a normal kinematic shift, i.e. fragments emitted at forward 

angles have higher mean energies than those emitted at backward angles. 

This result appears to rule out the possibility that the backward eDhance-

Ent in the angular distribution could be due to the breakup of a nucleus 

moving in a direction opposite to that of the beam. 

B. Two-step vector model analysis 

In order to obtain further insight into the nature of the mechanism 

responsible for the formation of Sc fragments, the results may be analyzed 

in terms of the two-step vector model commonly used to interpret high-energy ..
reactions. The velocity vL of a particular recoil in the laboratory .. .. .. 
system is expressed as the vector sum of two velocities, vL • v + v. ..
The velocity v is that acquired by the struck nucleus as a result of the ..
initial proton-nucleus interaction while V is the velocity acquired by ..
the fragment as a result of breakup. The vector v has components along 

and perpendicular to the beam direction designated VI I and VI' respectively. 

The model requires that the two steps of the reaction be sufficiently well 

separated in time so that the memory of the beam direction (except for 
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angular momentum effects) is lost at the time of breakup. As a result, 

the angular distribution of 
+
V in the moving system must, on the average, 

be symmetric about 90° to the beam direction. It is convenient to define 

the velocity ratios T) II = v II/V and 111 • vl' V. 
The mean value of the parallel component of the impact velocity 

<VI r> may be obtained from the spectra obtained at forward and backward 

angles by the relation 

where <v > is the mean laboratory velocity observed at forward angle
F�

SF and <VB> is the corresponding velocity at baCkward angle SB.� 

Strictly speaking, <v II> should be obtained by averaging over all vel

ocities at all angles but the above approximation is·perfectly adequate 

for our purpose. Similarly, <V> DlSy be obtained from the spectra by the 

relation 

(2) 

Iqs. (1) and (2) are coupled in the sense that the forward and backward 

angles used to derive <v II > necessarily yield the same value of <V>. An 

independent result, designated <V>90'DlSY be derived from the 90° spectra. 

However, this value includes a contribution fro. v.L' 
The resu1ts of this analysis are sUJDIDarized in Table II. As ex

pected, the values of <v II > are positive and their DlSgnitude corresponds 

to a '" 0.003. The values of <VI I> DlSy be coDlbined with those of <V> to 

obtain the corresponding mean velocity ratios, designated <nll>a,and the 

latter are tabulated. Essentially comparable nil DlSy be obtained from 

the angular distributions by means of a vector-model analysis in which 
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the laboratory curves are transformed to a system symmetrizing the 

distributionS. We neglect, without significant error , the very slight 

difference between these two types of nII resulting from the dif

ferences in averaging entailed in their evaluation.S The results, taken 

from our angular distribution study,11 are designated <nl '>6 and s~ 

marized in Table II. If the reaction leading to the formation of SC 

nuclides involved a two-step process, the two sets of <nl I> should be 

equal to each other. It may be noted, however, that not only do 

<nil >8. and <nil >6 differ in magnitll4e, b.ut even more fundamentally·, they 

differ in sign. The forward and backward spectra thus show that the 

struck nucleus moves along the beam direction while the angular distri

butions indicate that it moves in the opposite direction. The discrep

ancy is a clear indication that the reaction is inconsistent with the 

occurrence of two distinct and temporally well separated steps. 

In reaching.this conclusion we have so far not considered the 

effect of possible correlations between VII and V. Cumming and collab

orators8,9,19 have explored the effect of these correlations and found 

that they can indeed change the conclusions based on experiments of the 

present type. For instance, a positive correlation between VI I and V 

will result in <n1 I>e being smaller in magnitude than <n, ,>8. while a 

Degative correlation has the opposite effect. Correlations do not, how

ever, lead to <nIl> of opposite sign and so cannot account for the ob

served results. 

We have so far not considered the effect of a transverse component 

of the impact velocity on the results of the above analysis. The 

effect of VI is most clearly seen in the 90° spectra. When v is rela
1 
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tively large, the 90 0 spectra are broader than those determined at for

ward and backward angles. In addition, <V>90 will be larger than <v>. 

The data in Table I indicate that the widths of the 90 0 spectra are com

parable to those of the other spectra, while Table II shows that, within 

the limits of error, the values of <v> and <V>90 are equal. We conclude 

from these observations that <Vi'> must be small, probably no larger than 

8
<VII >. C11IIIIIIing ,9 has shown that such small <J..> have a negligible 

effect on the transformation of the angular distribution from the lab

oratory to the moving system or vice-versa. 

The above conclusions regarding the applicability of the two-step 

model thus hold up even when various refinements in the analysis are 

considered. While such a mechanism can thus be ruled out, the spectra 

/"".� are nonetheless suggestive of a modified two-step process in which a 

JDemory of the beam direction is still retained at the time ·the second 

step occurs. However, the moving system can in this case no longer be 

uniquely defined. One particularly appropriate system is the one' 

D1Dving in the laboratory with velocity VII as derived from the spectra, 

and thus leading to the same mean breakup velocity at all angles. 

The laboratory angular distributions may be transformed to this system 

26by JDeans of� standard relationships. As an example of this procedure, 

Fig. 4 shows the angular distribution of 47Sc in the laboratory 

llsystem and in the system moving with v J - 0.086 (KeV/A)1I2. It is 
J 

seen that the backward enhancement in the moving system is even more 

pronounced than it is in the laboratory. The FIB ratios in the lab

.oratory and moving systems thus are 0.92 and 0.81, respectively. EVident

ly,fragment emission at forward angles is hindered. 
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C. Angular distribution of energy-selected fragments 

The conclusions derived from the vector-model analysis were ob

tained by averaging the spectra over all velocities. Additional info~ 

ation may be obtained from an examination of the angular distribution· 

of fragments having different energies. This type of analysis is co~ 

monly used in low-energy nuclear reactions, where it has generally 

been found that the angular distribution of energetic particles is 

strongly forward-peaked while that of low-energy particles is fairly 

symmetric. This is usually taken as evidence that the most energetic 

particles result from a direct process while the low-energy particles are 

evaporated from an equilibrated nucleus. For the purposes of the 

present analysis we have divided the fragments into 20 MeV wide bins 

covering the 10-lSO MeV energy interval. The relative number of frag

ments in each group was determined for the 17°, 90·, and 163· spectra 

after the latter had been adjusted in relative intensity on the basis 

11of the previously determined angular distributions. .In short, a three 

point laboratory angular distribution was generated for the different 

energy Sc fragments. Since the spectra and angular distributions of the 

various isotopes are virtually identical, the data were averaged over 

mass number in order to reduce the statistical uncertainties. 

The resulting angular distributions are displayed in Fig. 5, 

where in each case the differential cross sections are normalized to 

unity at 90·. In our previous angular distribution study of Sc fragments11 

we found that the differential cross sections were well described by the 

function 1 + A:i. cos eL + A2 cos2eL, where eL is the laboratory angle 
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and Al and A are constants whose values determine the shape of the
2 

curve. We have assumed that the angular distributions of energy

selected fragments could also be described by this function and the 

results of this parametrization are given by the curves in Fig. 5. The 

values of Al and A are uniquely determined by the data and their de
2 

pendence on fragment energy is displayed in Fig. 6. Also included in 

Fig. 6 are the values of FIB obtained by integrating the parametrized 

angular distributions over the forward and backward hemispheres. 

The results display some interesting and perhaps unexpected 

trends. It is thus seen that backward enhancement is most pronolmced 

for the lowest-energy fragments, for which A '" - 0.3 and FIB'" 0.7. The
l� 

parameter A increases linearly with fragment energy and changes sign�
l 

in the vicinity of 70 MeV. This trend is so pronounced that the angular 

distribution of the lowest ellergy fragntents appears to peak at back

ward angles while that of the highest energy fragments is consistent 

with forward peaking. The parameter A which is a measure of the
2

, 

anisotropy, is negative at all energies indicating the importance of 

sideward relative to forward-backward emission. It appears that A 
2 

becomes increasingly negative with increasing fragment energy up to 

perhaps 100 MeV, at which point it levels off or maybe even de

creases. Note, however, that the variation with fragment energy of 

A2 is much less pronounced than that of AI' so that the changes in the 

forward-backward asymmetry dominate the behavior of the angular distri

butions. 

AlthOUgh previous experiments of the present type have not been 

analyzed in this manner the results reported in the literature permit 
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at least a semiquantitative analysis to be performed. We have thus ex

131 .
&mined the results reported for the formation of Ba from the interaction 

238 9 .of U with 2.2 GeV protons , a reaction that was found to be consistent 

with the two-step model. It appears that in this case. the angular distri

bution of all l3~a fragments is forward-peaked, with the forward-backward 

asymmetry increasing with fragment energy. The same ·result is obtained 

24from the data reported for the formation of Na in the interaction of 

209 8 . .Bi with 2.9 GeV protons , although there is an indication that the lowest 

energy fragments have an angular distribution peaking at sideward angles. 

The present results for the low-energy Sc fragments are thus unique in 

displaying strongly enhanced emission at backward ~gles. On the other 

hand, the higher energy Sc fragments have an angular distribution that is 

JIIOre akin to those of other deep spallation and fragmentation products that 

have been studied in this fashion. None of the experiments appear to yield 

the trend expected for a two-step process ~nvolv1ng no correlations between 

<vII > arid <V>, i.e. an inverse dependence of the forward peaking on fr:ag

ment energy. 

IV. Conclusions 

The energy spectra of Sc fragments emitted at forward and backward angles 

238to the beam in the interaction of U with 400 GeV protons, together with 

the fragment angular distributions, permit a test of the two-step model of 

high-energy reactions. The spectra are shifted to higher energies at for

ward angles, indicating that the struck nucleus moves in the fonrard 

~rection with a mean velocity<vll>. 0.100 ± 0.013 (MeV/A)l/2, corres

ponding to a ~ 0.003. When the angular distribution is transformed to a 

system moving with this velocity the resulting curve is not symmetric 

about 90·, indicating that the impact and breakup steps 
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are not t"emporally wellsepat"4ted. It is found, instead, that frag

ments are preferentially emitted at backward angles in this moving 

system. This conclusion is not affected by possible correlations be

tween the impact and breakup velocities or by the inclusion in the 

analysis of the small transverse component of the impact velocity that 

may be inferred from the data. A detailed inspection of the laboratory 

angular distributions of energy selected fragments indicates that the 

lowest energy fragments show strong preferential emission at backward 

angles. Intermediate energy fragments have nearly s~tric anaular 

distributions exhibiting strong sideward peaking, while the highest 

energy fragments are preferentially emitted at forward angles. 

Although several previous experiments of the present type have� 

" 8 20 21� 
also yielded results inconsistent with the two-step sdel,' , the 

angular distributions were invariably found to be forward peaked in the 

moving system. The present study provides the first example of a frag

ment angular distribution displaying a preferential enhancement at back

ward angles in the moving system. This result may be a consequence of 

the extensive mass dissipation that appears to precede the formation 

7of Sc fragments at 400 GeV. According to the coherent interaction 

model, the initial proton-nucleus interaction ejects an imaginary" 

longitudinal tube of excited ,hadronic matter from the nucleus along the 

beam direction. Additional mass loss from the surface of the resulting 

"tunneltt due to frictional effects, final state interactions, etc. would 

then result in a cone-shaped region of reduced nuclear density opening at 

forward angles. If the nucleUs were to break up prior to readjustment, frag
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Mnt emission at forward angles would be hindered. While this expla

nation may have some merit_ more detailed experiments are clearly needed 

before any definitive conclusions can be drawn. It would thus be of 

interest to determine whether the emission of these fragments is indeed 

accompanied by extensive nucleon or light particle emission at forward 

angles. 
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Table I. Mean energies and velocities of Sc fragments from the interaction 

of 238U with 400 GeV protons. 

Angle Nuclide <T >
R 

(MeV) 

<v
L

>. 
<MeV/A) 1/2 

v
L 

widtha 

(HeV/A)1/2. 

17° 44
Sc

m 

46
Sc 

47Sc 

48Sc 

53.0±3.9 

56.3±2.l 

53.3±1.2 

58.6±4.5 

1.680±O .048 

1.668±0 .036 

L608±0.032 

1.676±O.062 

1.054±O .021 

1.000±O.020 

0.927±0.039 

0.874±O.054 

Average 54.2±1.0 1.647±0.020 1.OO5±O.030 

r-

90° 44Scm 

46Sc 

47
Sc 

48
Sc 

49.2±1.2 

51.3±1.9 

50.6±1.0 

50.4±1.0 

1.608tO.032 

1.609±0.032 

1.559±O.OJO 

1.548tO .030 

1.038±O.020 

1.OO2±O.118 

0.979±O.027 

0.966±0.022 

Average SO.3±0.6 1.579±0.016 0.999±0.019 

163° 44Scm 

46·Sc 

47Sc 

48
Sc 

39.8±1.4 

42.4±1.0 

42.5±1.0 

45.4±3.3 

1.460±0 .028 

1.456±0.028 

1.444±0.028 

1.476±0 .052 

1.085±O.036 

1.025±0.020 

1.000tO.020 

1.030±O.020 

Average 42.0tO.7 1. 455±O.015 l.024tO.013 

a. .Full width at half-maximum 
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Table II. Two-step vector model analysis of spectra 

Nuclide <V><VII> <V>90 <11tt>a <1111>8 

(MeV/A) 1/2 (MeV/A) 1/2 (MeV/A) 1/2� 

44Scm 0.115±0.029 1.570±0.056 1.6l2±0.043 o.073±0 .019 -0.057±0.008a� 

46Sc o.111±0 .024 l.562±0.043 1.6l~:t0.040 0.07l±0.Ol6 -0 .030±0 .007� 

47Sc o.086±0 .022 1.526±0 .039 1.56l±0.037 0.056±0.Ol4 -0.040±0.008� 

48Sc 0.104±O.O42 1.577±0 .074 1.5Si±0.052 0.066±0.027 -0.036±0.008� 

Average 0.lGO±0.013 1.552±0.024 1.S~2±O.02l 0.O644±O.OO84 

a. From Ref. 11 
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Figures 

Pig. 1. Differential ranges of Bc fragments emitted at 17° (top), 90· (middle), 

238 or 163° (botto~ to the beam in the interaction of U with 400 GeV protons. 

The results are shown as solid histograms; the dashed lines represent the 

experimental uncertainities. The curves are the results of a fit de

scribed in the text. The arrows surmounting the curves correspond to the 

1D88Il ranges, uncorrected for energy loss in the target. 

44 mPig. 2. Energy spectra of Be fragments emitted at the indicated·angles in 

238the interaction of U with 400 GeV protons. The curves through .the� 

replicate data points were Obtained from the fits to the differential ranges� 

as described in the text. The spectra are arbitrarily displaced from each� 

other.� 

47
I'1g. 3. Energy spectra of Be fragments. See Fig. 2 for details. 

47Pig. 4. Angular distribution of Be in the laboratory system (t~p panel) 

[ref. 11] and in the system chosen to symmetrize the velocity spectra (bottom). 

The points represent the experimental data and the solid curve is the result 

of a parametrization described in ref. 11. 

Pig. S. Anlular distributions in the laboratory system of Sc fragments 

binned in the indicated 20 HeV wide energy intervals. 'llhe curves are the 

result of a parametrization described in the test. The data points have been 

averaged over fragment mass nU1llber and normalized to unity at 90°. 

P1g. 6. Dependence of the angular distribution parametere Al and A and of2, 

the ratio of forward-to-backward emissions FIB, on fragment energy. 
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