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ABSTRACT 

The mechanism of nuclear reactions induced by heavy ions (HI) was 

investigated by measuring the recoil ranges of Tb
149

, At
211 

and other alpha-

emitting isotopes of At and neighboring elements and by determining the cross 

sections for the formation of Tbl49 and At
211

. 

Recoil ranges were consistent with compound-nucleus formation at all 

energies studied for the following reactions.: Pr
141

(c
12

,4n) Tb
14

9, Ce(N
1
\xn) 

Tb149, Lal39(o16 ,6n)Tb149, La139(o18,8n)Tb149, and Ba(Ne22 ,pxn)Tb149 • A 

similar result was obtained for the reaction Pr
141

(o
16

,2p6n)Tb
14

9 at 13~ and 

at 146 Mev and for the reactions Aul97(o16,2pxn and 3pxn)At, Po at energies 

b 1 100 M Th · t t · f t f th (HI ,xn.)Tb
149 

e ow ev. _e excl a lon ~~c ions o e reactions seem to 

be characteristic of an evaporation process but have smaller pe~ cross sections 

22 149 141 16 
/·than do the excitation functions of the reactions Ba(Ne ,pxn)Tb or Pr ( 0 , 

2p6n)Tb149 .. We conclude that most reactions probably involve charged-particle 

emission. The reaction Ba(Ne22 ,pxn)Tb149 seems to occur with much greater 

probability than the reaction Ba(Ne20 ,pxn)Tb149. 

In many cases the compound-nucleus mechanism cannot account for our 

results. Partial momentum transfer is observed in the reactions Aul97(o16 ,2pxn 

and 3pxn)At, Po at energies above 100 Mev. Partial momentum transfer also occurs 

when Bi is bombarded at energies 1.3 times the barrier energy or greater. Reactions 

of Bi with heavy ions (Ne 20 is possible exception) at energies near the coulomb 
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barrier produce At2ll with greater recoil ene~gy than expected from a compound

nucleus mechanism. Apparently, particles are emitted in the backward direction. 

Near the barrier the cross-section for the production of At2ll by cl2, ol6, and 

Ne 20 bombardment comprises about l/4 the value calculated for compound-nucleus 

formation. Theref'ore, the cross .. section for all noncompound-nuo..ili.eus reactions 

must comprise a large fraction of the total interaq~ion cross section. The 

experiments with Pb as a target are also consistent with this conclusion. 



-·4.,. 
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The recoil properties of the products of a nuclear reaction provide 

direct evidence for the reaction mechanism. In the preceding paper we studied 

a number of reactions induced by heavy ions (HI) for the purpose of determining 

the energy dependence of the range and range straggling of heavy nuclei .• 1 In 

this paper we use these results to study the mechanism of heavy-ion-induced 

s-pallation reactions by the recoil technique. 

The interpretation of many nuclear-reaction studies has been based on 

the assumption of compound-nucleus formation. In this model the incident 

2 projectile is absorbed by the target nucleus to form an excited compound state. 

The subsequent decay of the compound nucleus has . been~ described by evapora-

2-4 tion theory. For example, excitation functions and energy spectra of emit-

ted particles have been analyzed with these models to determine the density 

of states in excited nuclei,3' 4 Many of these interpretations would be signi-

ficantly changed by the presence of nuclear reactions that take place by non-

compound-nucleus pro.cesses. However, few experiments have severely tested the 

limits of applicability of the compound-nucleus model• 

* This work was performed under the auspices of the U. S. Atomic Energy Commission. 

/ 
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The measurement of the recoil properties of the products provides a 

test of compound-nucleus formation. The products of low-energy nuclear re

actions fall into three distinct groups: (a) the small .particles, e.g., 

nucleons, alpha particles, etc., (b) the fission products, and (c) the spal-

lation products. 

The energies of recoil and the angular distributions of the small 

particles and fission products are strongly affected by the deexcitation 

process as well as the initial impact of the projectile and target. The inter-

pretation of these ~easurements involves assumptions concerning the nature of 

the decay of excited nuclei. However, the average recoil energy of a spallation 

product is determined mainly by the initial impact and is only slightly affected 

by the decay of the excited nucleus. The distribution of recoil energies and 

the angular distribution of the spallation products are determined both by the 

ilJiitial interactions and by subsequent deexcitation processes. Therefore, 

measurements of these distributions can furnish information about the initial 

interaction and about the process of deexci tation.. Harvey, Wade, and Donovan 

have ma~such studies of several reactions induced by deuterons and alpha 

particles. 5 

1 
In this and the preceding paper we present measurements of the range 

distribution of some spallation products from heavy-ion-induced reactions.. These 

reactions and the types of experiments that were performed are listed in Table I. 

The bombarding energies and the approximate values of the recoil energies are 

also given in the table. 
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EXPERIMENTAL PROCEDURE AND RESULTS 

Two types of experiments were performed, In the differential method 

we used thin targets and thin Al catcher foils, In the integral method, 

targets of thickness comparable to the range were employed, Targets of 

compounds of Cs, Ba, 

12 posed to beams ( C , 

linear accelerator, 

La, and the elements 

Nl4 016 018 N 20 
' ' ' e ' ; 

Ce, Re, Ir, Au, Pb, and Bi were ex

and Ne 22 ) from the Berkeley heavy-ion 
. . 4 

The .reaction products, Tb1 9, At, Po, and several other 

alpha emitters were observed. These products were chosen because they are 

easily detected by direct measurement of the alpha radioactivity in the various 

foils, The experimental details are given ·in the preceding paper, 1 

R , 
0 

The experiments employing the integral method give the average range; 

The analysis of the integral 

and differential experiments for Gaussian range distributions has already been 

described. 1 

Many of the differential experiments indicated range distributions that 

are quite different from a Gaussian, Therefore we have analyzed these experi-

ments in terms of three quantities: R
0

, the average range, ~' the median range, 

and pM' a measure of the range distribution, The average range was calculated from 

R = 
0 

where ti is the thickness of a given catcher foil, t is the total thickness of 

other catcher foils before this foil, and fi is the fraction of the total acti

vity found in the given foil. The median range, ~~ was obtained from a graph 

on a probabi~i ty sca,le of F t (the fraction of the activity that passed through 

absorbers.· of total thickness t) as a function of t. Here ~ is the t value 

for which we have Ft = 1/2 as obtained from a smooth curve drawn through the 
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experimental data. The tangent to the probability plot at t 

to specify ~(see "Analysis"section in preceding paper1). 
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~was used 

We have classified our experimental results (see Table I) into two 

groups. The experiments in group 1 (given in the preceding paper1) satisfied 

the following requirements: (a) Gaussian distribution of ranges and (b) 

nuclear reactions of the type (RI,xn) and (RI,pxn). We assume( that these 

criteria select those reactions that occur by compound-nucleus formation. In 

calculating the recoil energies for these cases the velocity of the final 

product was taken to be that of the center of mass. This, of course, is 

expected for a compound-nucleus mechanism if the average recoil velocity is 

not changed by the decay of the compound nucleus. From these experiments we 

determined the range and range straggling of the product nuclei as a function 

1 of energy. The internal consistency of the results justified the assumption 

of compound-nucleus formation. The experiments in group 2 do not satisfy one 

or both of the above requirements. In this paper we utilize all these results 

for an understanding of the nuclear-reaction mechanisms. The results of the 

group-2 differential experiments for Ba and Pr targets are presented in 

Table II, for Au targets in Table III, and for Bi targets in Table IV. Results 

of integral experiments for Bi targets are given in Table V and for Pb targets 

in Table VI. 

From the range-energy curves (Fig. 4, reference 1) each value of R is 
0 

associated with an energy designated E . eq The range measurements in Bi and 

1 
Pb were converted to Au by means of Eqs. (23) and (24) in the preceding paper. 

The quantity EeN is the average recoil energy if a compound nucleus is formed 
2 

[Eq. (8) reference l]P i.e., EeN = Eb~~/(~ +AT). 

The approximate value of the straggling parameter if a compound nucleus 

is formed is denoted as PeN· The value of PeN was obtained from Fig. 6 of 
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r~ference l for the measured value of ~0 • In the case of reactions leading 

to the formation of Tb149 a correction was made for the effect of the specific 

nuclear rea.ction by means of Eqs. ( 16), ( 19), and ( 20) of reference l. In the 

case of the other reactions, PeN was directly read off a. curve drawn through 

the uncorrected experimental values of p in Fig. 6 of reference l. If a nuclear 

reaction occurs by compound-nucleus formation Eeq/EeN and, pJpCN:_;must be unity. 

The physical significance of the ratio Eeq/ECN can be illustrated by 

a simple example. Let us consider the reaction (o16,He4). If the alpha 

particle is emitted along the beam direction with the velocity of the incident 

ion, then 3/4 of the incident momentum is transferred to the struck nucleus, 

and Eeq/ECN = 9/16. Similarly, if the alpha particle is emitted in the direc

tion opposite to the beam but with the same velocity, then Eeq/Eel't = 25/16. 

In either ease, we would conclude that a compound-nucleus reaction did not 

occur. On the other hand if the alpha particle is emitted with the velocity 

of the center of mass, Ee~/EeN will equal unity. 

The measured range straggling will also be influenced by the reaction 

mechanism. If the recoiling .atoms have a unique recoil velocity along the 

beam di:r·ection, the straggling parameter will have the value caused by the 

i 
stopping process and by foil inhomogeneities. The evaporation process causes 

ad~i tional range straggling. This e·ffect has been estimated for nucleon eva-

poration in reference l. These combined effects are included in PeN" If the 

distribution of recoil velocities is greater than that for nucleon evaporation 

from a compound nucleus, ~ will be larger than PeN" This effect can arise 

in two ways: a) Evaporation of particles heavier than nucleons, or b) A 

distribution of velocities from the initial impact, i.e. from noncompound-

nucleus reactions. 

In addition to the recoil measurements, a limited number of cross-sec

tion measurements are reported below for the production of Tb149 and At211• 

These nuclides were identified by observations of the half life. 
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DISCUSSION 

We have studied some reactions that lead to the production of Tb149 

and several that lead to At and Po products. For the Tb149 studies it is 

possible to specify the number of nucleons emitted in the reaction and the 

maximum number of protons that could have been emitted. In the latter case 

- it is not known whether protons were emitted singly or in aggregates such as 

deuterons, alpha particles, etc. In the reactions of Ba with Ne20 and Ne22 

and of Pr with o16, Tb149 i·s. a::,,CW!IUlattve_pr:qdv..c-t.(·~ .• ·.e~.cJ'W9.¥~:.a;LsQ:;:have b.e.en r<\ 

form12d, indirectly from beta decay of Dy149 in addition to direct formation. 

In these reactions nuc'lear fission is probably not a serious competitor. The 

studies of At and Po are quite different in that identification of the observed 

nuclides was not usually possible with our techniques. Also the competition 

from the fission processes is certainly an important aspect of these studies. 

We will discuss the Tb149 studies first, then the At and Po experiments. 

(HI,xn)Tb149 Reactions 

Most recoil studies of the (HI,xn)Tb149 reactions resulted in Gaussian 

range distributions and, therefore, are in the group-1 classification. Three 

types of evidence point to a compound-nucleus mechanism for these reactions: 

a) The measured ranges from several different reactions give rise to one curve 

when plotted against ECN; . 'b) The values of the range of each reaction extra

polated to the threshold also lie on this curve. c) The measured values of p 

for these reactions are a function of the range and are in qualitative agree

ment with stopping theory. 1 For other reactions the values of p vary widely 

(see below). 

Several studies of the reaction Pr141 (c12
,4n)Tb

14
9 did not result in 

Gaussian range distributions. In one experiment two successive foils far 
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beyond the most active foil contained .the same amount of activity (approximately 

10 percent of the peak value). We assumed that this activity was due to acti-

vation of these catcher foils and, therefore, that all the foils were similarly 

activated. The corrected data from this experiment are listed as the first 

entry in Table II. A similar correction was made for the second entry. The 

"raw" data and the data with the "extra" activity subtracted are given. Within 

this uncertainty the results of both experiments are consistent with compound-

nucleus formation. 

The N14 irradiation of Ce02 targets was reported to result in products 

with short ranges and a non-Gaussian range distribution. 6 We have repeated 

these studies with Ge metal targets as well as the Ce02 previously used. The 

energy of the alpha particles from the Ce02 experiments was found to be greater 

than 6 Mev, compared to 3.95 Mev for Tb149.7 The energy and decay period of 

the alpha activity produced from Ce-metal targets were characteristic of Tb149. 

The range distributions observed from Ce-metal.targets were all Gaussian. These 

results are given in reference 1. The ce02 targets must have contained heavy-

6 
element impurities.; hence, the results reported with these targets are incorrect. 

20 ~ 22 8 Ba(Ne and l'ile ,pxn) Reactions 

The cumulative production of Tb149 recoil atoms has been observed 

in reactions of Ne20 and Ne22 with Ba. Of the several Ba isotopes in the tar

get, Ba138 with a 71.7% .abundance is probably the most important for the 

bombarding energies ln this study. The Ne
22 

experimental results were consistent 

with a Gaussian range distribution and were included in the group-1 experiments 

reported in the preceding paper.
1 20 The results of the Ne bombardments, which 

are quite different from those for Ne22
, are given in Table II and are shown 

in Fig. l. 
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Two very distinct range groups can be seen in Fig. l for the Ne
20 

experiments. Values of R
0 

and pM were calculated fcr the longer-range group 

by assuming it to have a symmetrical range distribution. The values of 

Eeq/ECN and pM/PcN for the long-range group are approximately unity. The 

products in the short-range group were stopped in the first catcher foil, 

which was 0.9 mgjcm
2 

Al thick. Therefore, these ranges are less than this 

amount. From Fig. l we see that the products are about equally divided 

between the two groups. These results are further complicated by the presence 

of half lives smaller and larger than 4.1 hr in both groups.. We did not 

collect sufficient data to identify the shorter-lived components. The longer-

lived component decayed with a half life of approximately 20 hr. The nuclide 

151 Tb does decay with this half life, but its branching ratio for alpha-particle 

emission (3 x l0-4%)7 is too small to account for our results. No measure-

ment was made of the alpha-particle energies, Therefore, heavy element im-

purities may account for the short range products, as in the study of the 

Ce(N14, xn)Tb149 reaction. 

The cross section for the formation of Tb
14

9 from Ba is about ten 

times greater for Ne
22 

than for Ne
20 

in the energy region that we have explored 

(see later discussion). We are unable to explain this striking difference. 

149 141. 16 
The production of Tb from Pr by 0 bombardment has a special 

interest because of the possibility of alpha-particle emission. The results 

of several studies of this reaction are given in Table II and shown in Fig. 2. 

At the higher bombarding energies, the range distribution is Gaussian and both 

Eeq/ECN and PM/PCN are essentially unity. These results are evidence for 

compound-nucleus formation. 
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• 

16 For 115-Mev 0 ions, the range distribution is very broad and 

not Gaussian, and the value of Eeq/ECN is much less than unity. From 

the range distribution shown in Fig. 2, it ap,pears that only about one-half 

the observed activity can be explained by compound-nucleus formation. The 

products with ranges less than the value of R may be due to heavy-element 
0 

impurities (see above}. 

Cross Sections for Tb149 Production 

As a by~product of the range measurements, we also obtained values 

of the cross section for the formation of Tb149. The 9ranching ratio for alpha 

decay is approximately 10%.9 Complete excitation functions have not been 

obtained for any reaction. The beam intensity was monitored by a Faraday cup, 

which may have systematic errors a.s large as 40%. All of the Tb149 experiments 

were of the differential-range type, and the targets were of necessity very 

thin. For these several .reasons, the absolute values of the cross section may 

be in error by as much as 50%,. Nevertheless, these fragmentary results do 

shed some light on the nature of the reactions. 
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The values of the cross section are shown in Fig. 3 as a function of 

the quantity (EbAr/(~+Ar)+Q)/n. The bombarding energy is denoted by Eb, and 

the mass number by A, the mass difference between reactants and products by 

Q, and the number of nucleons emitted by n, The subscript b is for the 

bombarding particle, and.T is for the target. The values of Q for Fig. 3 are 

calculated for reactions in which the nucleons are emitted singly. The points 

shown by open symbols represent-reactions in which charged particles can be 

emitted; closed symbols are for reactions in which only neutrons are emitted. 

The quantity EbAr/(~+Ar)+Q is-the energy left in the center-of-mass system 

after the completion of the reaction. If all of this energy is given to the 

emitted nucleons, the abscissa of Fig. 3 gives the average kinetic energy of 

these nucleons. Where the target element has several isotopes, the plotted 

points are based on the most abundant isotope (mass 138 in the c~se of Ba and 

mass 140 in the case of Ce). 

Several features in Fig. 3 are noteworthy: 

(a) The (HI,xn)Tb
149 reactions have much lower peak cross sections than the 

. . 141 16 149 138 22 149 
react~ons Pr (0 ,2p6n)Tb or Ba (Ne ,plOn)Tb . In the latter two 

reactions, charged particles can be emitted. 

(b) The average available kinetic energy of the emitted nucleons at the 

peak value of the cross section is about 3 Mev for (HI,xn) reactions and is 
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equal to or greater than 6 Mev for the reactions Pr
141(o16

,2p6n)Tb149 and Ba
138 

(Ne 22 ,pl0n)Tb
149. 

. . 149 20 (c) The values of the cross sectwn for the productwn of Tb from Ne 

22 
bombardment of Ba are much smaller than those from Ne bombardment of the same 

target. 

The recoil properties indicate that many of the reactions studfed occur 

by compound-nucleus formation. The cross-section values in Fig. 3 for those 

reactions that appear to occur by this mechanism are connected by solid lines. 

If we assume that the cross section for compound-nucleus formation is given by 

crude barrier-penetration calculations,
2 

it is possible to draw some conclusions 

about the nature of the decay of the compound nucleus. 

The maximum cross sections for (HI,xn)Tb149 reactions are all less than 

10 
about l/20 of the calculated cross section for compound-nucleus formation. We 

conclude that reactions predominate in which one or more charged particles are 
I 

emitted, ·Further evidence for this conclusion is the magnitude of the peak cross 

sections for the reactions Ba(Ne22 ,pxn)~149 and Pr141(o16 ,2p6n)Tb149 (cumulative 

149 production of Tb ). These reactions appear to be much more probable than those 

involving only neutron emission. Measurements of the cross section for neutron 

11 production also indicate that the emission of charged particles is important, 

A comparison with evaporation theory is in progress. 

197 16 Au (0 ,2pxn or 3pxn)At, Po 

We have studied the formation of alpha-emitting isotopes of At and neigh-

16 
boring elements by 0 irradiation of Au. Decay curves indicate the presence of 

many components, and no attempt was made to identify individual products, We 

assume that most of these products are isotopes of At and Po. The results are 

given in Table V and Fig. 5 of the preceding paper and in Table III here. For 

16 . 
incident 0 energ~es of about 100 Mev or less, the values of Eeq/ECN and PM/PCN 

are approximately unity. As the incident energy is increased, the value of Eeq/ECN 

decreases and of PM/PCN increases significantly. These results are evidence for the 
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occurrence of noncompound-nucleus processes which take place with increasing 

importance as the bombar~ing energy is increased. 

Bombardments of Bi and Pb 

In the experiments given here we have observed the gross alpha-particle 

activity produced in heavy-ion bombardments of Bi and Pb. From consideration of 

the decay periods and alpha-particle branqhing ratios one would expect most of 

the observed nuclides to be spallation products of Po, At, Em, and possibly Fr. 

These species could be formed directly or from radioactive decay of short-lived 

parents. Indeed, we did observe very complex decay curves in many experiments. 

Fission is more probable from a compound nucleus \N"i th its high excitation energy 

than from the less excited products of interactions involving incomplete momentum 

transfer. Thus, these experiments are expected tote rensitive to mnccn:IIXJ.IDi-n.cl.eus ~s:es. 

The results of differential experiments with Bi targets are given in 

Table IV. Table V summarized the integral experiments. Integral experiments 

with Pb targets are presented in Table V,I. The measured range values often 

varied considerably with time. The extreme values are given :i)1 Tables V and VL· 

In all of these experiments, the gross alpha radioactivity decayed with 

half lives greater than about 10 min. The decay curves indicated the presence 

of many nuclides when the incident-beam energy was greafer than approximately 

l. 3 times that of the coulomb barrier (r taken to be l. 5 fermis). For bombard
a 

ing energies less than this amount, the decay curves could usually be resolved 

to show the presence of a prominent 7.3-hr half-period. We assigned this 

211 7 
activity to 7.3-hr At , which has an alpha-branching ratio of 41%. Donovan 

has ver:i,fied this assignment by measuring the energy of these alpha particles 

for a 65-Mev c12 
irradiation of Bi

209. 12 

We have studied the reactions of c12 
with Bi

209 at a number of bombard-

ing energies. Histograms of the differential experiments are shown in Fig. ~. 

From this figure we see that all of the range distributions are very broad and 

unsymmetrical. For t~~s reason the integral method was used only to measure 
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R . In Fig. 4 we note that at the highest incident energy the measured average 
0 

range is less than the range expected if a compound nucleus is formed. For 

incident c12 energies of 59 to 69 Mev, the observed value of the average range 

is larger than that expected from compound-nucleus formation (see Table IV and 

Fig. 4). We have confirmed this result by integral range measurements (see 

Table V). 

Very similar recoil behavior was observed for. Bi209 reactions with N14, 

o16 , o18 , and Ne 22 . The results are summarized in Fig. 5;, For all projectiles 

studied, the value of Eeq/ECN is less than unity for incident energies more 

than about 1.3 times the barrier energy. For all projectiles, with the possible 

exception of Ne 20 , the value of Eeq/ECN is greater than or about equal to unity 

for incident energies near that of the barrier. In Fig. 6, range histograms 

for the reactions of o16 and N
14 

with Bi are compared to those experiments with 

similar values of ECN that were used to establish the range-energy relationship. 

Clearly, the average range and the width of the distribution are much greater 

for the Bi reactions. 

Further information concerning these nuclear reactions with Bi is 

provided by the excitation functions. The cross sections for the formation of 

At
211 

as a function of the bombarding energy divided by the barrier energy are 

given in Fig. 7o If no clear resolution of the decay curve was possible, an 

upper limit to the 7.3-hr activity was obtained, as indicated by the points 

with an arrow pointing downward. Although the measurements are fragmentary,. 

except for c12
, several statements can be made~ (a) At energies near the 

coulomb barrier the cross section =\or At211 production by c12 , o16
, and Ne

20 

is about one-foprth that calculated for compound-nucleus formation, 10 (b) For 
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1 id t · 1 t li htl t th th b · c12 
0

16 , nc en energ~es equa o or s g y grea er an e arr1er, , 

20 211 . 14 18 22 
and Ne form At in much higher yield than N , 0 , and Ne . 

The· recoil measurements indicate that compound-nucleus formation is 

certainly no·t t:he major mechanism. of these roa.qtions 

> 1 ~ven though E · /E . "" 1 in. some a.ases). eq CN 
This is not surpr~sing 

because the fission reaction is expected to result in high probability from 

compound nuclei .that are formed. The products that we have observed are those 

that survive fission competition. Therefore they are more likely to result 

' . 
'(rom non·compou.nd nucleus process·es. 

Several nucleons must be transferred from the projectile to the 

target to form the nuclides that we have observed. The high cross section 

for the formation of At211 only one of the possible products from multiple-

nucleon transfer processes indicates that noncompound-nucleus reactions 

comprise a large fraction of all the reactions. 

12 16 20 . The projectiles, C , 0 , and Ne , wh~ch may have structures consist-

ing of bound alpha particles, are particularly effective in forming At211 

This suggests the possibility of alpha-particle transfer to the target nucleus. 

The fact that Eeq/ECN is less than unity for the higher initial energies 

indicates that particles must. be emitted pTeferentially in the forward hemi-

sphere. In order to explain values of Eeq/ECN that are greater than unity, 

particles must be erni;tted in the backward hemisphere in the center-of-mass 

system. For this type of reaction, the fecoil nucleus can obtain more momentum 

than the incident beam particle. This can result either from an angular 

distribution that is symmetric about 90° in the center-of-mass system (reference 

1, Eqs. (10) and (11)) or from a preferred emission of particles in the back-

ward direction. Using the exact form of Eq. (10), we have calculated the 
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84.6-Mev 

maximum possible value of E /ECN for the reaction o~o16 with Bi
20

9 to be 
I eq 

l. 38. (This value is obtained if the products are At
211 

and c14
.) This is 

approximately 30 percent less than the experimental value of 1.93 (see Table 

IV). If the particles are <.eiJlitted. backwards, the maximum possible value of 
I 

We conclude that the particles are emitted pr~~~rentially 

in this direction. It is interesting that these reactions occur only for 

incident energies nearly equal to the energy of the Coulomb barrier. The 

projectiles with these low kinetic energies must have small impact parameters 

if they are to react. Therefore, the promptly ":e)lli._tlired particles should be 

directed preferentially backwards. 

A few studies were made of heavy-ion reactions with Pb (see Table V)o 

The results are similar to those for Bi in that Eeq/ECN is less than unity 

for high incident energies. Also E /ECN increases as the incident energy eq 

decreases. A further study of these reactions should prove very interesting. 

R 
0 

The exact 

v 
v 

APPENDIX 

form of Eq. (10) in UCRL-8997 (reference l) is 

·[ (l + ~~~t~ - ~~ - ;)~~3 (l - ~) [ V N+l V N+ll] 
....., __ ,...,..._.....,.-_-:;-'-, -N-+~3..~-,..:..._-...:.....t--- + N + l (l + v) - (l - -y) J · 

This equation was used on page 17 of this report. 
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Table I 

Summary of Nuclear Reactions Studied 

Nuclear 

t . a reac J.On 

Prl4l(cl2,4n) 

14 
Ce(N ,xn) 

Lal39(016,6n) 

Lal39(ol8,8n) 

Ba(Ne
20

,pxn) 

B~:()."Je 22 ,pxn) 

Prl41(016,2p6n) 

12 
197 f( C ,xn) 

Au 12 
( C . ;:p~n) 

{ 

(N
1\xn) 

Pt 14 
(N ,pxn) 

Ir { 

18 
( 0 ,xn) 

. 18 
( 0 ,pxn) 

Product 

Tbl49 

Tbl49 

Tbl49 

Tbl49 

Tbl49 

Tbl49 

Tbl49 

At 

Po 

At 

Po 

At 

Po 

{

(Ne
22 ,xn) At 

22 ( 
(Ne ,pxn) Po 

Re 

Au {(o16t~n) Fr 
6 to 

(o
1 

,3pxn) Po 

Bi
20

9(c
12 

to Ne 22,?) alpha 
emitters 

Pb(c
12 

and o
16,?) alpha 

emitters 

Type of 

experiment 

Beam 

energies 
(Mev) 

differential 55 to 82 

differential 6,6 to 112: 

differential 87 to 104 

differential 122 

differential 161 to 197 

differential 166 to 223 

differential 115 to 146 

diff. and int. 65 to 120 

diff. - int. 90 to 143 

differential 72 to 183 

differential 125 

diff. and int. 80 to 159 

diff. and int. 

inte'gral 

59(C
12

) to 

182(Ne20 ) 

76(c12) to 

135(016) 

UCRL-9118 

Approximate 
recoil 

energies 
(Mev) 

4 to 8 

6 to 10 

9 to 10 

13 

<1~ to 26 

21 to 29 

7 to 14 

4 to 7 

6 to 9 

6 tb 15 

6 to 9 

3 to 11 

4 to 6 

Ref. 

1, t~is 
wo:rx·· 
1,.-this 
work· 

1 

1 

this 
work 

1 

this 
work 

1 

1 

1 

1 

1, this 
work 

this 
work 

this 
work 

aThe natation indicates the maximum number of protons that can l.Je emitted. 
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Table II 

Recoil Properties of Tb
14

9 in Al 

Possible Beam Total Target Average 
degrader_ thickness range,R nuclear energy, 

~ 2 2 0 reaction (mgjcm Al) (flg/cm Al) 2 (mgjcm Al) (Mev) · 

Prl4l(cl2, 4n) 76.4 34.5 47 0.490 

Prl4l(cl2 , 4n)a 81.7 31.4 72 b 0.60 

0.50 

B (N 2b )c ,d a e ,pxn 161.4 13.4 65 1.2 

20 )c d Ba(Ne ,pxn ' 18o.o 8.3 64 1.4 

B (N 20 )c,d a e ,pxn 197.2 3.3 70 1.50 

Prl41(016,2p6n) 115.2 21.6 12 0.54o 

Pr
141

(o
16

,2p6n) 137.6 12.8. 47 0.946 

Prl41(016,2p6n) 145.6 9.4 49 0.987 

Median Straggling E 
range 4 RM parameter eq 

(Mev) 2 PM 
(mgjcm Al) 

o.48o 0.32 5.9 

0.53b o.6ob b 
7.7 

0.46 0.36 6.1 

0.2 19. 

0.2 22. 

0.20 26.0 

0.55 6.7 

0.950 0.20 13.4 

0.986 0.21 14.2 

E 
eq 

ECN 

1.01 

1.23b 

1.0 

1.0 

1.0 

1.10 

0.60 

1.01 

1.01 

PM -
PCN 

1.1 

2.lb 

1.3 

1.0 to 
1.4 

1.0 to 
1.4 

1.3 

1.0 

1.0 

aSome activity from nuclides of half-period other than 4.1 hr was also observed. 

bSome spurious alpha activity appeared to be present, possibly due to activation of the foils. The first 
entry is for the uncorrected data; the second entry was obtained with the "extra" activity subtracted. 

cComponents of half-period about 19 hr and less than about 3 hr were also present. 

dThese values correspond to the long-range group only (see Fig. 1), for which a symmetrical range 
distribution vas assumed. 
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Table III 

Recoil Properties of At and Po in Al from o16 Bombardment of Aua 

Beam energy E E PM 
(Mev) eq eq 

(Mev) . ECN PeN 

80.4 5.8 1.00 1.0 

90.8 5.9 0.91 l.l 

100.5 7.0 0.98 1.0 

104.8 7.0 0.93 l.l 

120.8 7.8 0.92 1.3 

140.6 8.8 0.89 1.4 

158.6 9.2 0.84 1.4 

158.8 9.0 0.82 1.5 

aSee Table V and Fig. 5 of preceding paper (reference 1). 



Table IV 

Recoil Properties of At and PQ in Al from Heavy-Ion Reactions with Bi 

Beam Target Average Median Straggling E E PM Pro- Total ran~e, range, 
parameter, eq_ eq_ 

en:ergy, thickness RM 
ECN 

-jectile degrad~r M (Mev) PeN -E' (~gjcm2Bi) (mgjcm2Al) (mgjcm2Al) PM co b (mgjcm Al) r-1 (Mev) r-1 
0\ 
I 

c12 H .58.8 44.0 22 0.237 0.221 0.43 3.4 1.11 1.5 
~ 
:::> cl2 0.43 4.3 1.28 65.0 40.9 22 0.300 0.277 ·1.5 

cl2 69.2 38.7 22 0.274 0.263 0.42 4.0 1.11 1.5 

c12 104.2 16.2 20 0.219 0.198 0.75 3.1 0.57 2.7 

N14 75.9 35.2 85 o.4o9 0.381 0.45 6.0 1.33 1.7 

Nl4 83.0 32.4 110 0.342 0.333 0.41 5.0 1,01 1.5 
!•· 

N 
016 ~ 84.6 31.7 22 0.679 0.689 0.38 10.9 1.93 1.7 

0 
18 

83.3 39.2 22 0.392 0.318 0.55 5.8 0.94 2.1 

018 92.3 36.6 22 0.470 0.454 0.57 7.0 1,03 2.3 

Ne20 98.2 27.8 22 
0.304a 0.291 0.43 4.4 0.56 1.5 
0.320 0.304 0.43 4.6 0.58 1.5 

Ne20 119.4 23.5 85 
0.298a 0.275 0.57 4.3 0.45 2.0 
0.280 0.,261 0.56 4.0 0.42 2.0 

Ne22 120.8 28.0 20 0.658 0.634 0.40 10.4 0.99 1.7 

~e recoil properties changed with time. The first row gives the result of the observations made less 
than 12 hours after the end of bombardment. The second row gives the observations made 2 to 4 days later, 



Table V 

Integral-Range Data from Heavy-Ion Reactions with Bi 

Projec- Beam Total Target Min. av. Max. av. Min. Max. Min. Max. 
tile energy, , degrader thickness range, R0 range, R0 E E E E eq eq _s _s co ~ 2 (mgjcm2Bi) (mgfcm2Bi) (mgfcm2Bi) ECN ECN r-l (mgjcm A1) (Mev) (Mev) r-l 

0\ (Mev) 
I 

H 

~ 12 63.2 41.9 1.l43 0.54 0.54 4.2 4.2 1.28 1.28 ;::::, c 
12 64.8 41,0 1.248 0.50 0.59 3.9 4.5 1,16 1.]4 c 
12 

67.3 39.7 0.990 0.53 0.55 4.1 4.3 1.17 1.23 c 
c12 71.2 37.6 1.049 0.50 0.51 4.0 4.0 1.08 1.08 
c12 80.4 32.2 2.945 0.42 0.47 3.3 3.7 0.79 0.89 
12 81.4 31.9, 0.971 0.39 0.52 3.1 4.1 0.73 0.97 c 

c12 94.0 23.5 1,143 0.32 0.53 2.6 4.1 0.53 0,84 
t 12 

94.7 3.4o4 0.42 2.6 3.4 0.69 
.("") c 22.9 0.31 0.53 N 

I 12 101.4 18.2 3.136 2.4 0.46 c r 0.30 0.39 3.1 0.59 
c12 105.5 15.3 1.049 0.35 0.49 2.8 3.8 0.51 0.70 
c12 107.4 13.8 1.058 0.36 0.48 2.9 3.7 0.52 0.67 
c12 116.5 6.6 3.136 0.35 0.49 2.8 3.8 0.47 0,64 
c12 117.7. 5.6 0.908 0.33 0,40 2.7 3.2 0.45 0.53 
N14 84.6 31.7 1.482 0.65 0.69 4.9 5.2 0.97 1.03 
N14 111.9 19.1 2.26 0,42 0.52 3.4 4.1 0.51 0,62 
N14 . 135.2 6.2 2.461 0.32 0.45 2.6 3.6 0.33 . 0.45 016 110,0 23.5 2.26 0.52 0.56 4.0 4.3 0.54 0.59 016 145.7 9.4 2.461 0.33 0.41 2.7 3.3 0.28 0.34 
Ne20 159.4 13.9 0.88 0.49 0,50 3.8 3.9 0.30 0.30 
Ne20 181.8 7.8 0,88 0.42 0.48 3.3 3.8 0.23 0.26 



" 
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FIGURE CAPTIONS 

Fig. 1 .• Differentia~ range studies of the reaction Ba(Ne
20

,pxn)Tb
14

9. Total 

absorber thickness is denoted by t. The average range of the long-range 

group. is designated by the arrows. labeled R
0

. Average ranges expected for 

compound.,.nucleus formation are sho:wri by the arrows labeled ECN' 

Fig. 2. 
141 16 149 Differential range studies of the reaction Pr (0 ,2p6n)Tb . Total 

absorber thickness is denoted by t. Average ranges are designated by the 

arrows labeled R • 
0 

Average ranges expected for compound-nucleus formation 

are shown by the arrows labeled ECN: 

Fig. 3. The cross section for Tb149 production as a function of the maximum 

kinetic energy available in the center-of-mass system,EbAr/(~+Ar)+Q, 

divided by the number•of nucleons emitted, n. Closed symbols are for 

(HI,xn) reactions: Ei Pr141 (c12 ,4n)Tb149; t ce140(N14,5n)Tb149; 
;. La139( 016 , 6n)Tbl49; y La139( 018,Sn)Tb149 

Open symbols are for reactions in which charged 

particles can be emitted: 0 Ba138(Ne 20 ,p8n)Tb149; 0 Ba138(Ne 22 ,pl0n)Tb149; 

~Pr141(o16 ,2p6n)Tb149. Values for reactions that occur by compound

nucleus formation, according to the recoil measurements, are connected by 

solid lines. The other cases are connected by dotted lines, 



UCRL-9118 

4 d f th t . Bl·209 (c12 ,?)At, Po. Fig, _. Differential·range stu ies o e reac lon Total 

absorber thickness is denoted by t. Average ranges are designated by the 

arrows labeled R . 
0 

Average ranges expected for compound-nucleus formation 

are shown by the arrows labeled ECN' 

Fig. 5:. Values of Eeq/ECN for the reaction Bi(HI,? )At, Po ~the incident 

energy divided by the barrier energy. Here E is the recoil energy eq 
corresponding to a measured range and ECN is the recoil energy if a 

compound .. nucleus is formed, Closed symbols are from differential experi

ments and open symbols are from integral experiments. The symbols for 
. . . . ' • 12 • 14 A 16 W 18 • 20 • 22 varlous proJectlles are . C , N , a 0 , v 0 , . Ne , and Ne • 

Fig. Q. Differential range studies of At and Po produced in various reactions. 

Average ranges are designated by the arrows labeled R • For the Bi experi-
o 

ments, the arrows labeled ECN show the average range expe~ted for compound-

nucleus formation. The experiments with Ir and Au target~ were used to 

determine the energy dependence of range and range straggling. Hence, the 

arrows for R
0 

and ECN coincide for these cases. 

Fig. 'f. Crosi::;.-section for the reactions Bi209(HI~?)At211 ~the incident energy 

divided by the barrier energy. Symbols for various heavy ions are II c12 , 

• N
1

\ A o16
, Y o18

, • Ne 20 , and e Ne 22 • Symbols with arrows attached 

designate upper limits. 
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