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The projected ranges, angular distributions and range distributions at each laboratory angle have been
measured for one-, two-, and three-proton transfer reactions induced in ' Bi by various heavy ions from
' N to 'Cu. The products observed were "Po, "'At, and "'Rn. They were identified by their radioactive
decay characteristics. Some complementary experiments have been performed using Tl and Au targets. The
angular and energy distributions have been used to identify the most probable reaction paths leading to the
observed isotopes. At low incident energy, these reaction paths appear to be those which correspond to the
most favorable energetics, for all incident ions. At higher energies, more complex reaction channels have a
significant contribution to the production of the observed isotopes. For all incident ions, the position of the
angular distribution maximum 8,„ is governed by the value of the ratio E/B of the incident energy- to the
interaction barrier. The variation of O,„versus E/B is very similar to that of the rainbow angle
corresponding to elastic scattering. This might indicate that quasi-elastic transfer and rainbow scattering
occur for similar distances of closest approach between colliding nuclei.

NUCLEAR REACTIONS Bi(HI x) Po At, Rn vvith HI =' N, ' 0, F, Ar,
Ca, Fe, and 6 Cu. Measured o(8), recoil ranges. Deduced most probable

reaction path.

I. INTRODUCTION

This work is part of a systematic study of
quasi-elastic transfer reactions induced by heavy
ions in heavy targets. This study is centered on
the evolution of the reaction characteristi'cs when
the incident mass is increased. Absolute cross
sections, projected ranges (on the beam axis),
and angular and energy distributions of the heavy
transfer residues have been determined using re-
coil techniques, associated with off-line activity
measurements. Such techniques are particularly
fruitful for this type of study in which large quan-
tities of data must be gathered. The resot. ution
obtained for the energy distributions is poorer than
that associated with light transfer fragments (see
for example Refs. 1—3 and the review papers"),
so that it is not possible to separate final levels.
But such a separation is not necessary for deriv-
ing the gross features of the reaction mechanisms.
Moreover, the resolution obtained for angular
distributions is generally sufficient, as these dis-
tributions exhibit a single peak for the systems
and energies concerned here. Finally, the main
advantage of these techniques is that the final
product atomic numbers and masses are unam-
biguously identified.

The excitation functions have been measured
for several products of transfer reactions induced
in ' Bi by 10 ions, from "C to ' Kr. These data

have been published in Refs. 6-8. The influence
of energetics on the threshold of these reactjons
was discussed qualitatively in Ref. 9 and a quan-
titative interpretation was proposed in Ref. 10.

The present paper concerns projected ranges,
angular and energy distributions. Projected
range distributions have been measured at several
energies for 'i'Po, '"At, and '"Rn produced
through transfer reactions induced in '"Bi by "F,
"Ar, "Ca, "Fe, and "Cu. Angular distributions,
and range distributions at all laboratory angles
have been measured for the same nuclei produced
by ' I, "0, "F, "Ar, and 'Ca induced reactions
in ' Bi. Similar data concerning 'C induced re-
actions in '"Bi and "'Au have been already pub-
lished. '

As several reaction channels may in principle
lead to the production of a given final nucleus,
the angular and energy distributions have been
used to gain better assignment of the transfer re-
actions involved in this production. In order to
remove some ambiguities which remained after
this kinematic analysis, a few complementary ex-
periments have been performed. These experi-
ments consisted in measuring the angular distribu-
tions or ranges of transfer products from reactions
induced in Au and Tl targets. Moreover, for "Ar
projectiles, the cross sections and angular dis-
tributions of light transfer residues ,'"K, "Ar,
"Cl, and "S) have been measured and the data
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relative to "Cl and "S have been compared to
those obtained for the complementary heavy pro-
ducts '"Po and '"At.

The experimental technique is described in Sec.
II. and the experimental results are given in Sec.
III. The identification of the reactions leading to
the observed nuclei is presented in Sec. IV, and
the main features of the c.m. angular distributions
and of the variation of projected ranges with inci-
dent energy are discussed in Sec. V. The experi-
mental angular distributions presented here have
been used as a basis for a quantitative interpreta-
tion using a formalism derived from the distorted-
wave Born approximation (DWBA}. This inter-
pretation was published in Ref. 11.
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II. EXPERIMENTAL TECHNIQUES

The experimental technique consisted of irradia-
tions followed by off-line activity measurements.

A. Projectiles and targets

"Cu were accelerated by the Orsay Alice facility.
The incident energy was determined from the cy-
clotron frequency and extraction radius, and a
small correction was applied to take into account
the systematic deviation observed" between calcu-
lated and measured energies. It has been shown"
that such a procedure leads to uncertainties of the
order of +2. 5/0 on the energy The lo.w-energy
'~F experiments (E & 110 MeV) were performed
using the Orsay Tandem MP Van de Graaff ac-
celerator. For these experiments, the energy
was measured with an accuracy better than +0. 1/o
using a calibrated magnet.

Targets of Bi, Au, and natural Tl were pre-
pared by evaporation onto aluminum backings.
The target thicknesses ranged from 50 gg/cm'
(for the angular distributions corresponding to
light projectiles) to 1 mg/cm' (for the projected
range measurements relative to heavy projectiles).

B. Experimental devices

The projected ranges were measured simultan-
eously with the absolute cross sections published
in Ref. 8; the target and a stack of Al catcher foils
were placed in a Faraday cup [see Fig. 1(a)].
After irradiation, the catcher foils were separated
and their o.' activity was measured in 2m ionization
chambers. The projected ranges were deduced
from these measurements by the method de-
scribed in Ref. 13. The only improvement rela-
tive to this method concerned the correction for
& self-absorption in the catcher foils. In Ref. 13,
this correction was made under the assumption

FIG. l. Experimental set up. (a) For proj ected
range measurements: (1) Al ring holding the stacks of
foils on the Cu block. (2) Al degraders. (3) Target.
(4) Al catcher foils. (5) Thick Al foil to stop all light
reagtionproducts. (6) Cu block. (7) Collected charges
to beam integrator. (8) Ring shield. (9) Insulator. (b)
Collection chamber: (1) Target. (2) Stacks of annular
Al catcher foils.

that for each catcher foil, all the activity was con-
centrated in the mid-plane of the foil (i.e., at a
depth d=e/2, e being the catcher foil thickness).
In the present work the distribution of the activity
along the d axis was taken into account. This dis-
tribution was obtained from an approximate deter-
mination of the range distribution without self-
absorption correction. However, this improve-
ment led to very small changes in the projected
ranges. The range straggling p was deduced from
the full width at half maximum (FWHM} W of the
projected range distribution by the relation

2.354R,

in which 8, is the average projected range (see
Ref. 14).

For angular distribution measurements, the tar-
get was placed in the center of a collection cham-
ber, and the recoil nuclei were stopped in angular
catcher foils as indicated in Fig. 1(b). The target
was placed either perpendicular to the beam or at
45', according to the expected position of the an-
gular distribution maximum. For light projectiles
(up to "F), the experimental conditions were the
same as in Ref. 6, while for the heaviest ions
(~oAr, 40Ca), the conditions were similar to those
of Ref. 15.

The technique used for measuring the recoil
ranges at each laboratory angle depended on the
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incident ion. For heavy projectiles, i.e., for
large range values (&1 mg/cm' of Al), stacks of
annular catcher foils were placed at each angle e,
and the range R(e) was determined in the same
way as the projected ranges. " For light projec-
tiles, i.e., for low range values, thick annular
catcher foils were used, and the recoil range (the
depth of the n-emitting nucleus) was deduced from
the energy degradation of the emitted n particle.
This technique, also used in Ref. 6, is described
in Ref. 16.

Finally, special systems were designed to col-
lect simultaneously the light and heavy products
of the transfer reactions at incident energies close
to the interaction barrier. (See Fig. 2.) In Fig.
2(a) is shown the device which was used to mea-
sure the angular distribution of products for inci-
dent energies of 203 and 212 MeV. At the highest
of these energies, the angular distributions of
"'Po and '"At were measured from 10 to 60 using
stacks of Al catcher foils. Simultaneously, the
distributions of the light transfer products ' S,
"Cl, 'Ar, and 4'K were measured from 60 to 120'
using 10'. Au catcher foils. The choice of this
material of high atomic number was made in order
to reduce the contribution of spurious reactions
induced by the scattered beam in the catcher foils.
At 203 MeV, the angular interval corresponding to
the heavy product distribution was the same, but
the light. products were collected in the angular
interval 90-150'. In this experiment, the activity
was lower, and the angular distributions could on-
ly be measured (with a sufficient accuracy) for the
residual nuclei '"Po, '"At, and "Ar. The rela-
tive yields of light and heavy products were alsode-
rived from these experiments at 212 and 203 MeV.

Two other experiments were performed to mea-
sure the cross sections for these light and heavy
products. A much smaller collection chamber was
then used [see Fig. 2(b)]. The incident energies of
190 and 194 MeV were such that the heavy transfer
products were emitted at forward angles and the
light ones at backward angles (8„~&90'). The
walls of the collection chamber were covered with
Al catcher foils in the forward hemisphere and
with Au catcher foils in the backward hemisphere.

beam

beam

, , L.

/

LJ

FIG. 2. Systems used for simultaneous collection of
the light and heavy products. (a) For angular distribu-
tion measurements. (b) For cross section measure-
ments. Both systems have cylindrical symmetry around
the beam axis: (1) Al stacks of catcher foils for heavy
products (HP). (2) Au thick catcher foils for light prod-
ucts (LP). (3) Target.

The activity caught by each hemisphere was
counted as a whole, and the collection yield was
assumed to be equal to 100%, The cross sections
were thus measured relative to that of '"At, as in
the experiments at 212 and 203 MeV mentioned
above. For each incident energy, the absolute
cross sections for '"At were measured in separate

fABLE I. Decay characteristics of the light products of Ar induced transfer reactions
(from Ref. 18).

Isotope Half-life Decay mode E& (keV) Branching ratio

38S

"Cl

4'Ar
4'K

2.83 h

56.2 min

1.83 h
22.2 h

1942
250

1267
1517
1293

373

0.84
0.47
0.543
0.385
0.9922
0.87

+ 0.02
+ 0.02
~0.013
+ 0.012
+ 0.0002
+ 0.03
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experiments in which the target was placed in the
Faraday cup, as in Fig. 1(a).
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C. Off-line measurements

The radionuclides were identified by their decay
characteristics. These characteristics are given
in Ref. 8 for heavy products and in Table I for
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FIG. 4. Angular distributions of + Po and + At pro-
duced through 0+ Bi reactions at 85 and 102 MeV.
The lines are drawn to guide the eye through the exper-
imental points.
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the light ones. The activity measurements were
performed using 27t ionization chambers for &

spectrometry and Ge-Li detectors for y spectro-
metry. The decay curves were analyzed by the
least square fit method to determine the initial
activity of each isotope. Details concerning the
n-decay curve analysis can be found in Ref. 13.
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FIG. 3. Angular distributions of +OPo, +~At, and
+ Rn produced through N+ 9Bi reactions at 74 and 99
MeV. The lines are drawn to guide the eye through the
experimental points.
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FIG. 5. Same as Fig. 4 for F+ SBi reactions at 95
and 110 MeV.
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FIG. 8. Angular distributions of 9 Tl, Tl, and
Bi produced through 0+ 9 Au reactions at 112 MeV.

The lines are drawn to guide the eye through the exper-
iniental points.
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First it should be noted that all of them exhibit
a pronounced side peaking, except for the reac-
tions
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FIG. 6. Same as Fig. 4 for Ar+ SBi reactions at
203, 212, and 275 MeV.

and

'6O+»7Au - 204Bi at ]y2 Mev

for which a forward peaking is observed. Such a
forward peaking is typical of a compound nucleus
process. '"

Therefore, from these angular distributions and
the known parent-daughter relationships, "one
can assign the productions of '"Rn and 'O'Bi to the
following reactions:

III. EXPERIMENTAL RESULTS

A. Angular distributions and ranges of heavy products
in the laboratory system

The angular distributions obtained in the labo-ra-
tory system for the nuclides '"Po, "'At, and '"Rn
produced through ' N to Ca induced reactions in
'"Bi are given in Figs. 3-7. Those obtained for
the reactions "0+"'Au-'"Tl, ' 'Tl, '"Bi at the
incident energy E„„=112 MeV are given in Fig.
8. Finally, the angular distribution corresponding
to the reaction Ar+""Tl —2' At at 242 MeV is
given in Fig. 9.

Two remarks concerning these angular distribu-
tions can be made.

14N+209B 4++219Th e deca&' 215Ra e deca& 211R
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FIG. 9. Angular distribution of + At produced through
the reaction Ar+" Tl. At at E&ab =242 MeV. The
line is drawn to guide the eye.
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FIG. 7. Angular distributions of + Po, At, and
Rn produced through Ca+ 9Bi at 217 MeV. The

lines are drawn to guide the eye through the experimen-
tal points.

ANGULAR DISTRIBUTIONS AND RANGES OF HEAVY. . .
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16O+ 197A 5+ +208Fr e deca& 204At E.c.204Po E.c.2048.

(3')

(the symbol E.C. denotes electron capture decay).
The intermediate nuclei were not observed be-

cause of their short half-lives ('"Ra, "4At) or
small o.' branching ratio (' Po).

This assignment is confirmed by the range mea-
surements, and by the excitation energies calcu-
lated for the comp'ound nuclei "Th (E*=35 MeV)
and "'Fr (E*=71MeV) at the energies considered.
Note that the excitation energy of 71 MeV is also
consistent with the hypothesis of (n, 5n) evapora-
tion. This would lead to the direct production of"At, which is not excluded by the angular distri-
bution.

The second remark concerns the angle O,„
which corresponds to the maximum of the angular
distributions. For a given projectile, this angle
seems to depend mainly on the incident energy and
to be independent of the transfer reaction. In
order to compare the data corresponding to dif-
ferent projectiles, the value O,„has been plotted
versus the ratio E/B of the incident energy to the
strong interaction barrier (calculated according
to Ref. 19).

This plot, in which the results from Ref. 6
have been included, is shown in Fig. 10. The
data have been divided into two groups according
to the value of the ratio a/A~ of the transferred
mass to the projectile mass. (The transferred
mass a is known from the analysis described in
Sec. IV.) For the data corresponding to a/A~
=0.2, shown in Fig. 10(a), a strong correlation
is observed between the value of O,„and the ratio
E/B. It will be shown in Sec. IV that this corre-
lation may be related to the rainbow effect; the
dotted line in Fig. 10(a) represents the variation
of the rainbow angle, calculated for elastic scat-
tering (See Sec. IV). This curve is independent
of the system projectile target. From a phenome-
nological point of view, the correlation shown in
Fig. 10(a) can be used to predict the position of the
angular distribution maximum, in the laboratory
system, for the heavy products of transfer reac-
tions. Such predictions can be useful, either for
isotope production purposes or for the identifica-
tion of a reaction mechanism.

When the ratio a/A~ is larger than 0.2, the above
mentioned correlation if no longer observed, as
can be seen in Fig. 10(b). Moreover, the devia-
tion from the position predicted by the systematics
increases with the ratio a /A~; this ratio is indi-
cated for most of the points in Fig. 10(b). This
property was used in Ref. 10 to distinguish be-
tween two-charge and four-charge transfers in-
duced by "C in '"Bi, both of these transfers lead-
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a /Ap &0.2

50— M o. 21

50— 0.25

0.2 j

20—
o.6t

lo— o.67

I I

09 10 1 1

I I I I

1. 2 1.5 1.4 1,5 1.6
E/B

FIG. 10. Variation of the position of the angular dis-
tribution maximum 8 ~ (laboratory system) versus
the ratio E/B. The shape of the symbols, which repre-
sent the experimental data, depend on the projectQe:
diamonds for C, squares for ~4N, 60, SF, and circles
for Ar and Ca. Open symbols represent single-pro-
ton transfer, black symbols two-charge transfer, and
the symbols X and + inside circles, squares, or dia-
monds represent, respectively, three- and four-charge
transfers. The dotted line represents the variation of
the rainbow angle, calculated for elastic scattering.
(a) For a/A& & 0.2 a strong correlation between Hm»
snd E/B is observed, and the angle 8 is close to the
rainbow angle. (b) Fora/A& & 0.2, the deviation from
the rainbow angle increases with increasing a/A&. (The
values of this ratio, when known, are indicated close
to each point. )

ing finally to "'At. This distinction was made by
a comparison with the angular distributions rela-
tive to the same reactions for a gold target, which
produced Tl and Bi isotopes, respectively. For
both targets, the values of O,„associated with
two-charge transfers (a /A~=0. 25-0. 3) were
about 35', while those associated with four-charge
transfers (a/A~= 0.67) were found near 17.5'.

Note that the angular distribution measured for
the reaction 'Ar+'"Tl -"'At, which corresponds
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TABLE II. Experimental values for the range Rp and range straggling p measured at given
angles in the laboratory system for Po recoil nuclei in Al. The uncertainties in P values
are of about +15%. The recoil energy Ep and energy straggling p& are derived from Rp and p

as indicated in text.

Incident
ion

Energy Angle
~ lab

(Me U) (deg)

Range
Rp

(mg/cm~)

8 straggling
P

Recoil
energy

Ep (MeV)
E straggling

Pz

'4N 5
15
25
35
4.5

0.79+ 0.04
0.83 + 0.04
0.77 + 0.04
0.67 + 0.03
0.57 + 0.03

0.17
0.16
0.13
0.12
0.18

13.3 + 1.2
14.2 + 1.2
12.8 + 1.1
10.8 & 1

9 +0.8

&0.05
&0.05
&0.05
&0.05
&0.05

17.5
35
45

0.43 + 0.04
0.41 + 0.04
0.35 ~ 0.04

0.24
0.30
0.33

6.7 + 0.6
6.5 R 0.6
5.5 + 0.5

&0.05
0.17
0.22

i6p 5
15
25
35

l.05 + 0.05
1.03 + 0.05
0.96 + 0.05
0.83 + 0.05

0.09
0.11
0.09
0.19

19 +2
18.5 +2
17 ~1.7
14 + 1.6

&0.05
0.06

&0.05-
0.19

102 17.5
25
35
45
55

0.46 + 0.05
0.64 & 0.06
0.67 + 0.06
0.55 + 0.06
0.44 + 0.04

0.29
0.29
0.22
0.4

7.2 R 0.7
10.3 + 0.9
11 61
8.7 + 0.9
7 +0.6

0.14
0.14

&0.05
0'.3

to a four-charge transfer, exhibits a maximum at
45', in good agreement with the systematics of
Fig. 10(a). This indicates that the relevant pa-
rameter for this classification is the ratio a/A~
(or the corresponding charge ratio z/Z~), and not
the absolute number of transferred nucleons
(charges); here a/A~ = 0. 15—0.20.

The data concerning the range values at each
angle 6)„„are summarized in Tables II and III. In
these tables, the values measured for the mean
range Ro and the range straggling parameter p
tdefined in Ref. 14 by Eq. (1)] are given for each
projectile, energy, and laboratory angle. The
mean recoil energy Eo, also given in Tables II
and III, is deduced from R, using a range energy
relationship, the low-energy part of which is
represented in Fig. 11 by the solid line. This
curve has been obtained from the experimental
data"'~" available at low energies, and the cal-
culated values of Northcliffe and Schilling" at high
energy.

In the last column of Tables II and III, the energy
straggling parameter p~ is given. This parameter
is deduced from p, as in Refs. 6 and 16, by sub-
tracting from the range straggling the contribu-
tions of the straggling due to the slowing down

process itself to the neutron evaporation and to the
target thickness.

These data (angular distribution, recoil energy,

and energy straggling) will be used to get the an-
gular and energy distributions in the c.m. system,
and to discuss the reaction paths leading to the
observed nuclei (see Sec. IV).

B. Projected ranges

The ranges projected on the beam axis and range
straggling values measured for the reactions in-
duced by "F, "Ar, "Ca, "Fe, and "Cu are given
in Tables IV-IX. Some of the data relative to "Ar
projectiles had been already published, "but since
that time small corrections were applied to the in-
cident energies and to the projected range values,
as indicated in Sec. II.

It can be seen from these tables that no signifi-
cant difference is observed between the ranges
and range stragglings corresponding to different
reactions for a given projectile and energy. The
variation of the projected range R, of '"At versus
incident energy is shown in Fig. 12 for "Ca pro-
jectiles, as the most significant example.

The projected range increases slightly at low
energy, then decreases sharply at high energy.
The excitation function from Ref. 8 is shown on
the same graph. It can be seen that the projected
ranges begin to decrease when the cross sections
reach the value corresponding to the plateau.
This happens for an incident energy (E,) 15 MeV
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TABLE III. Same as Table II, Put for At recoil nuclei.

Incident
ion

Energy
E

&&b

(Me V)

Angle
0 lab

(deg)

Range
Rp

(mg/cm~)
A straggling

P

Recoil
energy E straggling

Qp (Me V) p~

5
15
25

0.78 +0.04
0.78 +0.04
0.71 + 0.04

0.12
0.14
0.10

13 + 1.3
13 ~ 1.3
12 + 12

&0.05
&0.05
&0.05

99 17.5
25
35
45

0.34 + 0.02
0.29+ 0.02
0.32 + 0.02
0.29 + 0.02

0.31
0.32
0.41
0.45

5.2~ 0.5
4.3+ 0.4
5.0 + 0.5
4.3 + 0.4

0.24
0.24
0.37
0.40

16O 83 5
15
25
35

1.06 &0.06
1.05 + 0.06
0.93 + 0.05
0.83 + 0.04

0.07
0.10
0.11
0.17

19.5 + 2
19.4 + 2
16 + 17
14 + 14

0.06
0.09
0.07
0.15

102 7.5
17;5
25
35
45
55

0.35 + 0.02
0.41 + 0.03
0.64 + 0.04
0.57 ~ 0.04
0.49 ~ 0.03
0.42 + 0.03

0.33
0.60
0.42
0.30
0.28
0.30

5.3* 0.5
7.2+ 0.7

10 + 1
9.4* 0.9
7.7 + 0.8
6.7+ 0.7

0.22
0.57
0.37
0.22
0.16
0.21

2.5
7.5

12.5
17.5
27.5
37.5
42.5

1.43 + 0.1
1.25 + 0.09
1.26 + 0.09
1.20 + 0.09
1.17 + 0.09
0.84 ~ 0.08
0.93 + 0.08

0.34
0.15
0.22

0.29
0.17

30 ~3
25 + 3
25 + 3
23.5~ 2.5
22.5~ 3
15 + 2
17 + 2

0.09
&0.05
&0.05

&0.05
&0.05

110 22.5
27.5
32.5
37.5
42.5
47.5
52.5

0.78 + 0.12
0.89 + 0.13
0.76 + 0.12
0.76 + 0.12
0.71 + 0.10
0.58 + 0.08
0.56 + 0.08

0.30
0.14
0.15
0.18
0.11
0.16
0.21

14 + 3
16 + 3
13 + 26
13 + 26
12.5 + 2.5
10 ~2

9 + 1.8

0.17
&0.05
&0.05
&0.05
&0.05
&0.05
&0.05

4PAr 203 7.5
15
25
35
45

3.4 + 0.3
3.1 + 0.3
2.9 2 0.3
2.7 ~0.3
2.1 + 0.2

0.14
0.10
0.08
0.11
0.15

110 + 14
95 +12
86 +11
75 +10
53 ~7

&0.05
&0.05
&0.05
&0.05
&0.05

212 5
15
25
35
45

3.1 + 0.3
2.9 *0.3
2.8 2 0.3
2.6 + 0.3
2.5 *0.3

0.10
0.16
0.14
0.16
0.27

95 *12
86 +10
80 ~9
70 + 14
65 ~13

&0.05
&0.05
&0.05
&0.05
0.1

275 45
55
65

1.53 + 0.08
1.55 + 0.10
1.59 + 0.12

0.25
0.21
0.24

32 + 4
33 + 4
34 + 4

0.23
0.18
0.22

4pCa 217 2.5
7.5

12.5
17.5
22.5

3.4 + 0,3
3.1 ~0.3
2.95 +0.3
2.9 + 0.3
2.95 + 0.3

0.11
0.15
0.13
0.15
0.17

110 ~10
95 +10
88 ~9
86 +10
88 +10

&0.05
&0.05
&0.05
&0.05
&0.05
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TABLE III. (Continued ).

Incident
ion

Energy
E&&b

(Me V)

Angle
~ lab

(deg)

Range
Ro

(mg/cm2)
R straggling

P

Recoil
energy

E, (MeV)
E straggling

Ps

27.5
35
45

2.7 + 0.3
2.6 + 0.7
2.5 + 0.8

0.13
0.30
0.36

75 + 8

70 +20
65 ~25

&0.05
0.17
0.26

lower than the strong interaction barrier B, cal-
culated according to Ref. 9, for the 'Ca+'"Bi
reaction. One should note, however, that this en-
ergy E, is approximately equal to the barrier B„
which corresponds to the systematics of Vaz and
Alexander'4 (i.e., a Coulomb barrier calculated
with a radius parameter r, equal to 1.43 fm for
the system considered). This seems to indicate
that the use of this systematics leads to a better
estimation of the strong interaction barrier than
the calculation of Ref. 19 based on the energy
density formalism. The decreasing behavior of
projected ranges when plotted against incident en-
ergy has been observed several tj,mes6, 7, x3, 20, 22, 2s, 26

and is considered as typical of transfer reactions.
It differs strongly from the variation expected
under the assumption of a compound nucleus pro-
cess (curve labeled C. N. in Fig. 12), but the in-
creasing part of the curve R=f (E„„)at low ener-
gy had never been observed before. This observa-
tion was possible here because of the high cross
sections observed near the barrier for this reac-

'I 5

tion. Such high cross sections can be explained

by a favorable energy balance for the reaction
'Ca+' Bi —"'At (see Refs. 8 and 9).

The variation of the projected ranges versus
E„„are shown in Fig. 13 for the ions "F, 'Ar,
' Fe, and 'Cu. These curves are similar to that
observed for the Ca induced reaction which is
presented again in Fig. 13 for comparison, but
the low-energy increase is less clear. Only a
constant value of R„ is observed at low energy for
projectiles other than 'Ca. This behavior of the
projected ranges versus incident energy will be
discussed in Sec. V.

C. Light and heavy transfer products from Ar induced reactions

Angular ckstxi butions. The laboratory distribu-
tions of "S, Cl, 'Ar, and K produced in the
reaction "Ar+'~Bi at 212 MeV are given in Fig.
14, together with that of "Ar obtained at 203 MeV.
The heavy product distributions at the same ener-
gies have been given in Sec. IIIA. For E„„=212
MeV, one can observe in Fig. 14 that the position
of the angular distribution maximum is approxi-
mately the same for the four reactions considered
(8,„=88+5 ). This property was already out-
lined for the heavy products. The complementary
aspect of the distributions relative to "S and "Cl

E

CJl

E

0.5-
2|0Po

19F

~ b (MeV) (mg/cm2 Al)

"'At
Ri,

(mg/cm Al) P

TABLE IV. Experimental projected ranges R
~~

and

range straggling p for Po, and At produced through
F+ Bi reactions. The uncertainties in P values are

of about +15%.

I

20
I

30
I

40

Ea (MeV)

FIG. 11. Range energy relationship for At nuclei in
Al. The experimental values are represented by the
following symbols: triangles (Ref. 20), squares (Ref.
21), open circles (Ref. 22), and black circles (Ref. 16).
The dotted line represents the calculated values from
Ref. 23, and the solid line the relationship adopted here.

109 + 0.3
104.5+0.3

99 + 0.3.
94 + 0.3
91.5 +0.3
89 +0 3
87 +0.3
84 + 0.3
79 ~0 3

0.47 + 0.02
0.70+ 0.03
0.70 + 0.02
0.91 + 0.04
0.92 ~ 0.04
0.97 + 0.04
1.02 + 0.04
0.94 + 0.04

0.58
0.44
0.42
0.36
0.32
0.28
0.26
0.25

0.48 + 0.02
0.73+0.03
0.74 +0.03
0.93 +0.04
0.94 +0.04
0.95 +0.04
0.98 ~0.04
0.94 +0.04
1.02 ~0.04

0.60
0.42
0.39
0.28
0.25
0.36
0.21
0.27
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TABLE V. Experimental projected ranges R~~ and range straggling p for Po, At, and
Rn produced through 4 Ar+ Bi reactions. The uncertainties in p values are of about +15%.

4'Ar

Ebb (MeV)

294 + 6
286+ 7
280+ 8
272+ 9
265 +10
260+ 7'
249 +12
241+ 9
236 +13
233+ 5
226 ~11
223+15
221+ 7
217 +16
215+ 4
209 +17
207+ 5
206 + 9
203 + 6
202 + 4
201+ 4
193~ 5
192 + 7
191+19
191+ 7'
190 R 6
186+ 8
182+ 9
181+ 7

210 Po
R()

(mg/cm2 Al)

0.71 ~ 0.04

0.84 + 0.04

1.48 + 0.07

2.0 +0.1

2.84 + 0.}5

0.49

0.26

0.23

0.08

2iiAt

Rii
I,'mg/cm~ Al)'

0.6S +0.04
0.71 + 0.04
0.79 + 0.04
0.83 +0.04
0.91 + 0.04
0.89 + 0.10
1.09 +0.06
1.07+0.10
1.30 + 0.07
1.32+0.10
1.63 + 0.15
1.79 + 0.09
1.50 +0.15
1.9 +0.10
1.95+0.10
2.3 + 0.10
2.26 + 0.11
2.15 +0.20
2.6 R 0.10
2.14+0.11
2.53 +0.12
2.87 +0.15
2.6Q + 0.13
2.82 +0.15
3.10 + 0.16
2.78+0.14
2.93 +0.16
2.84+ 0.14
2.94 +0.15

Q.49
0.49
0.45
0.43

p 44
0.37
0.44
0.34
0..32
0.26
0.23
0.26
Q.21
0.31
0.22

0.27

0.23
0.17
0.13
0.15
0.11

0.19

0.13

21iRn

(mg/cm~ Al)

0.69+0.04

0.80 + 0.04

0.76 + 0.10

1.09+0.10
1.27 + 0.07

1.3 + 0.2
2.0 + 0.1

2.27 + Q.ll

0.55

0.53

Q.45

0.53
p 44

0.24
0.31

0.21

Data from Ref. 13 after correction {see text).

with those of '"At and '"Po will be discussed in
Sec. IV.

Cross sections. The absolute cross sections ob-
tained for the light and heavy reaction products
at four energies (obtained with the device of Fig.
2) are given in Table X. The corresponding ex-
citation functions are shown in Fig. 15. It is clear
from Table X and Fig. 15 that the complementary
products 9Cl and Po on one hand and S and
'"At on the other hand are produced with the same
cross sections in the energy range which has been
explored (with a possible exception for "S and "'At
at low energy for which the difference in the cross
sections exceeds slightly the calculated uncertain-
ties).

IV. REACTIONS LEADING TO THE OBSERVED NUCLEI

As was already stated in previous papers on the
same subject, ' the identification of a final residue
is not sufficient to specify unambiguously the nu-

clear reaction involved in its production. This is
due to two factors: (i) the possible production of
the observed nucleus from a radioactive parent,
and (ii) the existence of many reaction channels
leading to a given final product. For example,
for '"At production, one may consider the direct
transfer of two protons from projectile to target
followed by gamma deexcitation, a process de-
noted (+2p, y), the transfer of two protons and one
neutron followed by one-neutron evaporation, a
process denoted (+2p+n, n), or more complex
reaction paths.

In this section, an attempt will be made to speci-
fy more completely the reaction paths leading to
the observed nuclei. Firstly, the question of the
parent-daughter relationship will be studied.
Secondly, the possible reaction paths will be tested
by a kinematic analysis based on the angular and
energetic distributions of heavy products. Finally,
for Ar induced reactions, this study will be com-
pleted by using the results of the light product
measurements.
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TABLE VI. Same as Table V for Ca+ Bi reactions.

4'Ca

&'a)~ (MeV)

2iopo

Rl)
(mg/cm2 Al)

2iiAt

(mg/cm2 Al)

Bn
+ll

(mg/cm2 Al)

275+ 5
249+ 5
226+ 4
225+ 4
218 ~13
214+ 4
213+ 4
211+ 4
205+ 7
204 + 5
204 + 5
202 + 5
202 + 6
199+ ll
198+ 6
197+ 6
196+ 3
196 + 3
195+ 8
195+ 6
193+ 7
192+ 7
187+ 7
186+ 2
180+ 9

1.30 + 0.06
1.90+ 0.09
2.35 + 0.12
2.50 + 0.12
2.85 + 0.14

2.93 R 0.15

3.05+ 0.15

3.20 + 0.16
2.93+0.15
3.00 + 0.15

2.70 + 0.14
3.10+ 0.16

0.31
0.22
0.20
0.19
0.18

0.15

0.13

0.15
0.09
0.13

0.20
0.19

1.17 + 0.06
1.66 +0.08
2.17+ 0.10
2.37 + 0.12
2.79 + 0.14
2.94 + 0.15
3.04 + 0.15
2.98 +0.15
2.94 + 0.15
3.12 + 0.16
2.91 + 0.14
3.04+ 0.15
2.94 + 0.15
3.15 + 0.16
3.06 + 0.16
3.00+0.15
3.24 ~ 0.16
3.17~ 0.16
2.73 + 0.14
2.80 +0.14
2.70+0.14
2.84+ 0.14
2.69 6 0.13
2.85 + 0.14
2.79 ~ 0.14

0.35
0.31
0.27
0.24
0.16
0.11
0.11
0.13

0.16
0.16
0.15
0.15
0.09
0.10

0.17
0.16
0.21
0.37
0.21

1.14 + 0.06
1.70 + 0.08
2.12 + 0.10
2.52 + 0.12
2.47 + 0.13
2.87 + 0.15
2.95 +0.15
2.97 + 0.15
2.98 + 0.15

0.38
0.31
0.19
0.17

0.10
0.15
0.11

A. Decay of radioactive parents

The observed nuclei '"Po and '"At can either be
produced directly or can result from the decay of
radioactive parents, '"Bi and "'At for "'Po, "'Fr
for '"At. IThe production of "'At from the decay

of "'Rn (T,i, ——14.6 h} is known from the decay-
curve analysis and already subtracted. ] For the
incident ions and energies corresponding to the
angular distributions measured here, the contribu-
tions of such precursors have been calculated, us-
ing the cross sections measured in Ref. 8. The

TABLE VII. Same as Table V for pe+ ~Bi reactions.

56Fe

Ehb (MeV).

iopo

~li
(mg/cm2 Al)

2iiAt

(mg/cm Al)

21ign

(mg/cm2 Al)

396+ 8
371 +12
328+ 7
317+ 9
308 +10
304+ 6
298+ 6
291+ 7
286~ 8
284 +10
282 + 9
280+ 8
276+ 8
273 +10
266 +10
266& 4
263 +11

2.73 + 0.14
2.93 + 0.15
3.3 + 0.2
3.5 + 0.2

3.9 + 0.2

.4.2 + 0.2

4.5 6 0.2

0.30
0.20
0.26
0.18

0.19

0.15

0.05

1.73 ~0.05
1.22 + 0.07
2.80 +0,14
3.08 +0.15
3.4 ~0.2
3.5 + 0.2
3.8 +0.2
3.9 +0.2
4.2 + 0.2
4.1 +0,2

4.2 + 0.2
4.1 +0.2
4.2 + 0.2
4.2 +0.2
4.1 +0.2
4.0 + 0.2
4.3 +0.2

0.29

0.25
0.20
0.18
0.16
0.17
0.16
0.17
0.10

0.12
0.14

0.18

1.34 + 0.07
2.79 x 0.14
2.96 ~ 0.15
3.4 + 0.2
3.5 x 0.2

4.0 + 0.2

0.26
0.22
0.19
0.17

0.14
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TABLE VIII. Same as Table V for Cu+ Bi reactions.

"Cu
E~» (MeV)

2i0 Po
RII

(mg/cm~ Al) (mg/cm~ Al)

2iign

RII
(mg/cm~ Al)

410+ 9
377+ 8
355 +11
345~ 7
338+ 7
336~ 8
328+ 9
324 + 9
321 + 16
321 +10
317+10
309 +12
309+ 2

305 +11
301 +13
295+ 3

2.4 + 0.1
2.9+ 0.1
3.7 ~ 0.2

3.6 ~0 ~ 2

0.25
0.20
0.23

0.28

1.60 + 0.08
3.77+0.07
3.8 R 0.2
4.0 +0.2
4.2 +0.2
4.5 + 0.2
4.5 ~0.2
4.8 + 0.2
4.6 +0.2
4.6 ~0.2
4.8 +0.2
4.6 +0.2
4.9 + 0.2
4.8 +0.2
4.3 +0.2
5.0 ~0.2

0.30
0.19

0.17
0.14
0.12
0.11
0.12
0.11
0.10
0.09
0.10
0.15
0.23
0.21
0.12

1.64 + 0.08
.3.6 R 0.2

4.3 +0.2

4.3 +0.2

4.9 + 0.2

0.29
0.24

0.10

0.13

0.09

ratios o('"At)/o(210), o('"Bi)/cr(210), and o('"pr)/
o(211), in which o(210) and o(211) denote the cumu-
lative yields for '"Po and '"At, respectively, are
given in Table XI. The value a('"Fr), which is the
cross section for the four-charge transfer reaction
"Ar+'"Bi-'"Fr, has been taken equal to that for
the similar reaction Ar + '"Tl —"'At. measured
in Ref. 8.

It can be seen from Table XI that the contribu-
tions of '"Bi and '"At, when measured, are a.l-
ways less than 25/o of the observed '"Po produc-
tion. Therefore, the corresponding reactions
have not been considered in the kinematic analysis.
Similarly, the four-charge transfers have been
neglected in the analysis concerning "'At produc-
tion through 'Ar+Bi reactions, but they have been
considered for the lighter projectiles 14Nl 1600 19F

As far as the light products from Ar induced
reactions are concerned, the accumulation of cross
sections due to P decays can be summarized by
the following equations in which o(X) with Y= 43,
41, 39, 38 denotes the measured cross sections
for "K, 'Ar, "Cl, and "8, respectively:

E
O

E

I I 1 I I I 1 I I I

0 (~"At)

i I)I

q III i II

t

—0. 1

Ar+ Tl
E»b (MeV)

2iiAt

RII
(mg/cm2 Al)

280 +8
259~7
215 +4
194+ 5

0.96 +0.07
1.07 + 0.07
2.05 ~ 0.12
2.5 +0.1

TABLE IX. Experimental projected ranges for At
produced through Ar + Tl reactions.

150 170 190 210 2'30 250 270 290
ab (Mev}

FIG. 12. Variation of the projected range RII versus
incident energy for the reaction 9Bi+ OCa 2iiAt. The
experimental projected ranges are represented by the
dots associated with error bars. The projected ranges
calculated under the assumption of a compound nucleus
process are represented by a curve labeled R {CV). The
excitation function for At production is represented
by the curve labeled o(+ At). The arrows labeled B and
B„ indicate the interaction barriers calculated accord-
ing to Ref. 19 and Ref. 24, respectively.
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I I I I I I

4OA 209
E

V

- 0.5

t
2

Ol

CP

soE

K

eo ~00

-3

0,5

2I2 MeV

Ap
4l

CL

-5

200 250 200
f'

250

3IS

0.1 K

I i

60 80 100 120 140
e[ob (deg)

FIG. 14. Experimental angular distributions of light
products from the reaction Ar + SBi. The lines are
drawn to guide the eye.

250 300 350

t:u+ Bi

300 350 400

of nucleons. Moreover, for o(43) the contribution
of "K, produced by the transfer of one proton and
two neutrons towards the projectile has been as-
sumed to be smaller than that of 'Ar produced by
a three-neutron transfer. This hypothesis is based
on the energetic balance Q, —b, B, which is more

E lab (MeV) Efob (MeV)

FIG. 13. Variation of the projected rangeR~I of the
heavy product's for reactions induced by F, Ar, Ca,
~ Fe, and 3Cu in Bi. The arrows indicate the calcu-
lated strong interaction barriers as in Fig. 12. The
solid lines are the ranges calculated for a two-proton
transfer (see text). The dotted lines represent the
ranges calculated under the assumption of a compound
nucleus process.

o(43) = o("K) + o("Ar) + o("Cl) +

o (41)= o("Ar) + o("Cl) + o("S)+

o(39)= o ("Cl) + o ("S)+ o("P) + ~ ~

o(38)= o ("S)+ o("P)+

In these equations, the term o("X) denotes the
cross section for direct production of the isotope
"X. For each line, the term which has been
underlined is assumed to represent the main con-
tribution to the obServed cross section. This as-
sumption is made because the corresponding reac-
tion involves the transfer of the smallest number

Energy Heavy product

Ebb (Me V) Isotope 0 (mb)
Light product

Isotope 0 (mb)

212 ~5

203 ~5

194 +5

190+5

38S'"At
2 10A
209A

210po

17 +3
12 +3

8 +2
34 +9 39(l

"Ar
43K

38S211At 15 ~ 2
210At 9

Po 28 +7 39Cl

"Ar
38S211At

210At
209A

210po

7.5+1
2 +0.5
0.9 60.2

23 ~4 Cl
41Ar

1.2+ 0.15
At &0 3

210PO 5,7 + 1.2 "Cl
4'Ar

17 + 4

36 ~7
106 + 15
11 + 2
13 + 4

27 +9
75 +13
ll + 2

22 + 5
57 + 8
1.9+ 0.4

5 + ]
15 ~2

' Estimated value.

TABLE X. Experimental cross sections for heavy and

light products of Ar induced transfer reactions in 2~ Bi.
The complementary products (such as ' At and S) are
found on the same horizontal line.
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l00— l

l
Ar

TABLE XI. Contribution of the decay of radioactive
parents to the production of the observed nuclei Po

nd 211At

2 I 0 po

0(210At) 0.( 10Bi) ~( 15Fr)
Ion Energy (Me V) 0 (210) a (210) 0.(211)

IO

SSS
21IAt

2IO

14N

16p

19F

"Ar

74
99
83

102
95

110
203
212
275

&0.01
&0.01
0.01
0.25

&0.01
0.1
0.20
0.23
0.25

&0.02
0.15

&0.02
&0.03

I I I I

I 90 200 2 IO 220
E[ab (MeV)

FIG. 15. Excitation functions for light and heavy prod-
ucts from the reaction 40Ar+209Bi. Open squares: 41Ar;
open stars: SCl; black stars: Po; open circles: +S;
black circles: +1At; black triangles: At. The lines
are drawn to guide the eye.

favorable to this last reaction (for this concept and
for the notations, see Ref. S). With these assump-
tions, the observation of 'Ar, 'K, "Cl, and "S
correspond, respectively, to reactions in which
one neutron, or three neutrons, or one proton, or
two protons are transferred from projectile to tar-
get. It can be seen in Fig. 15 that the cross sec-
tions do decrease when the number of transferred
particles is increased.

8. Kinematic analysis

The kinematic analysis has been performed on
the basis of the ranges measured at each angle,

as explained in Ref. 6, for all the reactions listed
in Table XII, except for the reaction "F+Bi—"Po. For this reaction such ranges have not
been measured accurately enough. Therefore,
the analysis was made using the projected ranges,
with the assumption that all the nuclei are emitted
at the angle O,„(known from the angular distribu-
tion). Let us recall that the principle of this
analysis is to compare the kinetic energy measured
for a given product to the maximal value which can
be calculated under the assumption of a given
mechanism. Such mechanisms are defined by
specifying the nature and number of the particles
transferred in the first reaction step and the asso-
ciated excitation energy E*. This energy must be
such that the correct number of nucleons be evap-
orated in a second step to produce the observed
nucleus. For example, the production of '"At by
the process denoted (+2P, y) corresponds to an ex-

TABLE XII. Most probable reaction path leading to the observed heavy products Po, 1 At, and Hn.

Ion Energy (Me V) 210po
Most probable reaction path

211A

14N

16p

19F

40Ar

"Ca

74
99

83
102

95
110
203
275
217

1.01
1.34

1.0
1.21

0.99
1.15
1.0
1.36
0.96

(+p, v)
(+p, y), (+p+n, n)

(+p, V), (+p+n, n)
(+p, y), (+p+n, n)

(+p V) (+p+n n)
(+p, 7), (+p+n, n)
(+p 7)
(+p, 7), (+p+n, n)

(+2p, V)
(+2p, y), (+2p+n, n)

(+2p+2n) 2n)
(+2p, V)
(+2p, V), (+2p+n, n)
(+ Be, 2n) ', (+ C, 0'2n)
(+2p, 7)
(+2p, y), (+2p+n, n)
(+2p, 'Y)

two-charge transfer
two-charge transfer

(+14N 4n)
(+"N, o.4n) ', (+3p, n) '

three-charge transfer

' Compound nucleus process.
For the shoulder at 40 (see Fig. 3).
For the shoulder at 15-20 (see Fig. 4).
From the measurements of light products (Sec. III C).
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citation energy E,* less than the neutron binding
energy (8 MeV), while the process denoted (+2P
+n, n) involves an excitation energy Ef of '"At
such that 8 Me V& E,*& 15 Me V. This excitation ener-
gy E,* ensures the evaporation of one neutron.
The maximum kinetic energy of the residue is
associated to the lowest limit for E* and corre-
sponds to a cold light reaction product. The pro-
cesses for which this maximum energy is lower
than the measured value can be excluded without
ambiguity.

The most probable reaction paths resulting from
the analysis are given in Table XII. Several com-
ments. can be made relative to these results.

Firstly, except for '"Rn production through ' N
induced reactions, which is due to a compound
nucleus process at both energies, all the angular
distributions correspond to transfer reactions.

Secondly, for 102 MeV "0ions, the shoulder
observed at 0= 15' in the "'At angular distribution
can be explained by a four-charge (or six-charge)
transfer. It is interesting to note that such a
transfer of two & particles (or a 'Be nucleus) was
observed with a much higher probability in "C in-
duced reactions, ' while it is not observed for ' N
and "F ions. This can be interpreted as an effect
of the projectile structure.

Thirdly, for '"At production with light ions at
the barrier energy, the only reaction path which
is not excluded is the (+2p, y) process, i.e., the
least energy consuming. This is due to the drama-
tic influence of the energetics on the transfer
probability, which has been outlined several
times. '"'" When the incident energy is in-
creased, the process (+2p+n, n), which requires
more energy, becomes possible. A similar be-
havior seems to be observed, but less clearly,
for one-charge transfer reactions. These con-
clusions confirm the indications obtained in the
early work of Croft et al."on the same subject.

Finally, for ' Ar and ' Ca ions, the kinematic
analysis is not precise enough to determine the
number of neutrons transferred together with one
proton (for "OPo) or two protons (for '"At). How-
ever, for incident 'Ar ions, the production of
these isotopes can be assigned to the processes
(+p, r) and (+2p, y), respectively. Such an.assign-
ment is made on the basis of the light fragment
study (similarity of the shape and amplitude of the
excitation functions and complementarity of the an-
gular distributions for' the complementary residues

Cl and 2ropo on one hand and S and 2zxAt on the
other hand). From the above mentioned energetics
arguments, one may think that these processes
(+p, y) and (+2p, y) are also predominant for '"Po
and "'At production, at least at low energy, for
the heaviest projectiles "Ca, "Fe, and "Cu.

V. INTERPRETATION

A. Angular and energetic distributions of heavy residues
in the c.m. system

From the laboratory angular distributions and
the ranges measured at all angles O„b for the heavy
reaction products, it is possible to get the angular
and energetic distributions of these products in the
c.m. system. This laboratory to c.m. transfor-
mation is made using the method described in Ref.
28. Examples of the c.m. distributions are given
in Figs. 16-18 for the reactions

N+ Bi —"At at 74 and 99 MeV,

and

'Ar+' 'Bi -'"At at 212 and 275 MeV.

In Figs. 16-18 are shown the c.m. angular
distributions, energy distributions, and the con-
tour plots which represent the variation of the
double differential cross section versus angle and
energy. Except for those relative to Ar induced
reactions at 275 MeV, all the curves exhibit the
shape typical of quasi-elastic transfer, with a
single peak in the angular and energy distributions,
and a limited extension in the (e,E) plane. The
position of the peak in the angular distribution is
always close to the grazing angle, calculated for
the heavy product using the relation

with x0=1.5 fm for ' N ions, and 1.45 fm for Ar
ions, "and indicated by an arrow in Figs. 16-18.
In Eq. (4), A, and Z, denote the target mass and

charge, and E~ is the laboratory projectile energy.
The distributions relative to "Ar induced reac-

tions at 275 MeV differ from the previous ones
(see the two-dimensional diagram in Fig. 18). In
addition to the quasi-elastic peak (8= 110', E -35
MeV), they exhibit a tail towards lower energies
and larger angles. Such a tail is typical of par-
tially damped events in deeply inelastic reac-
tions. '" Therefore, for such high-energy incident
Ar ions, the total production of '"At cannot be as-
signed any more to quasi-elastic processes. One
should particularly note in Fig. 18 that the most
probable energy (maximum in the do/dE distribu-
tion) is now different from the quasi-elastic ener-
gy (maximum in the d'a/d8dE distribution).

The kinematic analysis used in Sec. IV to identi-
fy the reactions leading to the observed isotopes
can obviously be made in the c.m. system. The
limits of c.m. energy calculated for three types
of transfer are indicated in Figs. 16-18. The
comparison of these limits. with the experimental
energy distributions leads us to the same conclu-
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For 212 MeV Ar projectiles, the experimental
precision 'ecision is not sufficient to distinguish among the
three reaction paths considered, all of them being
inside the FWHM of the distribution. Finally, for
275 MeV Ar ions, these reaction paths can explain
the "quasi-elastic" peak, but not the tail corre-
sponding to partially damped events. To explain
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21iFIG. 16. Angular and energy distributions of At
produced through N+ Bi reactions (a) at E»b =74
MeV and (b) at Z&,b =99 MeV. The scaling relative to
heavy product angles 0 has been made from the right to
the left in order to make easier the comparison with

data concerning light fragments. The upper scale tr&

=180' —8 is relative to the associated light product.
The contour plots represent lines of equal double dif-
ferential cross section d o/8 edE (expressed in arbitrary
units by the number written close to each line). The
vertical bars labeled (1), (2), (3) represent the calcu-
lated energies for the processes (+2p, y), ( p, ),(+2p +n,n),
and (+2p +2n, 2n), respectively.
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B. Correlation between heavy and light fragment
distributions for 40Ar induced reactions

For 'Ar induced reactions, at an incident ener-
gy of 212 MeV, the laboratory angular distributions
of '"Po and '"At exhibit a maximum for 6),„=35

TABLE XIII. Parameters 0m~ and F%HM defining the
position and width of the angular distributions in the c.m.
system.

Reaction

14N +209pi 210po

f4N p209p- 2ffAt

160 + 208pi 211At

19F + 209ai 211At

Ar+ 9gi

Ca+ 208@i 2iiAt

Ebb (MeV) 8max (deg) FTHM (deg)

74
99
74
99
83

102
95

110
203
212
275
217

56
120
48

118
46

105
44
96
50
76

120
46

40
22
36
32
40
22
36
20
32
17
14
32

the low kinetic energies associated with these
events, one should invoke reactions in which sub-
stantial amounts of excitation energy would be
given to both projectile and target, i.e., a large
number of particles would be evaporated. How-
ever, the low cross section measured for the four-
charge transfer reaction "Ar+'"Tl —'"At at the
same energy seems to indicate that most of the
"'At production must be assigned to two-charge
transfer (quasi-elastic+deeply inelastic transfer) ~

Each angular distribution can be defined by the
position of its maximum O,„and its full width at
half maximum. These parameters, which have
been derived from Gaussian fits to the distribu-
tions, are given in Table XIII for all the systems
studied. The value of e,„depends mainly on the
ratio E/B, and this point will be discussed in
Sec. VC. The values of 6I,„and FWHM have been
used in Ref. 11 for a quantitative analysis of the
data. This analysis was made using a formalism
derived from a general treatment of multinucleon
transfer, "in an approach similar to that of Frahn
and Venter" for neutron transfer reactions, i.e.,
in the limits of the distorted wave Born approxima-
tion. It led to the determination of the optimal
distance of closest approach for the transfer reac-
tions considered. The whole set of data was con-
sistent with an interaction distance d =2.7-3 fm
between the half-density radii of the colliding nu-
clei. This d value is in good agreement with the
distances deduced from elastic scattering analysis
by Schroder and Huizenga. "

+5' ~ (See Fig. 6.) If one makes the assumption
that these nuclei are produced through the proces-
ses (+P, y) and (+2P, y), respectively, the corre-
sponding light fragments are "Cl and "S.
order to satisfy the momentum and energy con-
servation laws, these fragments should be emitted
at the "complementary" angles 8',„("Cl)=96+ 10'
and 8',„("S)=95+ 10' in the laboratory system.
These calculated angles are in fair agreement with
the experimental maxima observed at 88 +5 for
both distributions (see Fig. 14)~ Moreover, the
kinetic energy calculated for '"At under the same
assumption is equal to 68+7 MeV, i.e., very close
to the measured value E„=73+14 MeV (see Table
II) ~ These numbers, together with the similari-
ties observed between the excitation functions rela-
tive to complementary products (see Fig. 15), are
a good confirmation of the inferred mechanisms.

C. Influence of the ratio E/8 on the angular distributions
and correlation with the rainbow angle'

As was already outlined in Sec. III, for the data
in the laboratory system, the angular distributions
seem to be strongly influenced by the ratio E/B of
the incident energy over the interaction barrier.
This is particularly clear in Fig. 19, where the
angle &,„relative to two-charge transfers has
been plotted versus E/B, for all the systems
studied. A strong correlation is observed between
8 „and E/B for all projectiles. This property is
similar to that mentioned by da Silveira" concern-
ing the rainbow angle 8„ in elastic scattering.
Therefore, it is interesting to compare the varia-
tion of 8,„and 8„versus E/B. Such a comparison
is shown in Fig. 19~ The solid line represents the
variation 8„=f (E/B) calculated in Ref. 32 using a
Woods-Saxon nuclear potential. In order to verify
that the shape of this potential does not influence
the value of 6|„, provided that the height of the in-
teraction barrier is respected, we have calculated
some values of 6)„using a nuclear potential derived
from the energy density formalism. '~ These val-
ues are represented by triangles in Fig. 19, and
one can see that they agree perfectly with the solid
curve.

A striking similarity is observed between the
curves 8,„=f(E/B) and 8„=f(E/B), the former
being slightly shifted towards low values of E/B
relative to the latter. If one remembers that the
calculated curve was in good agreement with the
observed maxima for angular distributions relative
to neutron transfer, ' the shift observed here
(which corresponds to a preferential emission of
the light product at smaller angles) can be at-
tributed to an effect of the charge transfer, which
decreases the projectile charge by two units, i.e.,
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mation is shown in Fig. 10, and gives an explana-
tion for the correlation observed in Sec. III be-
tween 8 „and E/B, for a/A~ &0.2. This correla-
tion is the result of the nearly equal values of 8,„
and 6I„, associated to the quasi-elastic nature of
the collision, which makes it possible to use the
relation 8,„=8,„/2, when the ratio a/A~ is suf-
ficiently low. %hen this ratio increases, even if
O,„does not deviate strongly from 6I„, the c.m.
to laboratory transformation does not correspond
any more to Eq. (5), and this explains the devia-
tions observed between 8,„and 8„ for a/A~ ~ 0.2

l see Fig. 10(b)].

D. Variation of projected ranges with incident energy
70— I IO
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FIG. 19. Variation of 0 ~ and of the rainbow angle
H„versus the ratio E/B. The angle 8„ is calculated
with (i) a Woods-Saxon potential (Bef. 32): solid line;
{ii) a potential derived from the energy density formal-
ism (Ref. 19): triangles. The points associated with
error bars represent the experimental values of 8~~
relative to two-proton transfer for all projectiles but

Ca. The stars represent the same data for Ca pro-
jectiles. The dotted line has been drawn through the
experimental points and arbitrarily extrapolated at low
energy.

reduces its deviation by the Coulomb field. (Note
that this shift would be somewhat reduced by using
strong interaction barriers from Ref. 24. ) The vi-
cinity of the two curves may thus be interpreted as
an indication that the transfer reactions take place
for distances of closest approach close to those
corresponding to the rainbow effect. This is con-
firmed by the quantitative analysis made in Ref.
11, and this result is in good agreement with the
conclusions of Ref. 33. Moreover, the data shown
in Fig. 19 may be used to predict the position of
the angular distribution maximum, in the c.m.
system for one- and two-proton transfer reactions.

Let us note, finally, that the laboratory rainbow
angle 8„relative to the heavy partner of the colli-
sion can easily be calculated from the c.m. value
6„using the well known relation

8„=8„/2 (5)

This relation is valid for elastic scattering and for the
nucleus initially at rest in the laboratory frame.
The curve 8„=f(E/B) obtained from this transfor-

The general behavior observed in Figs. 12 and
13 for the variation of projected ranges with inci-
dent energy, can be explained in the following way:

At low incident energies, the distance of closest
approach of the nuclei is limited by Coulomb re-
pulsion, and only the head-on collisions can lead
to transfer reactions. This implies that the pro-
jectile residue be emitted backwards, and the tar-
get residue at small angle (in the laboratory sys-
tem), with a velocity well above that which corre-
sponds to total momentum transfer. %hen the in-
cident energy is increased, but remains lower than
the strong interaction barrier, the nuclei come
into closer contact and the transfer probability is
increased. However, the emission angle of the
heavy fragment remains small, and its velocity
increases (effect of the momentum conservation),
so that the projected range increases. Finally,
when the incident energy exceeds the strong inter-
action barrier, the head-on collisions lead to fu-
sion, or deeply inelastic reactions, and the trans-
fer reactions are governed by the well known rule
of the constant distance of approach. This im-
plies a decrease of the laboratory kinetic energy
of the heavy residue, associated wi$h an increase
of its emission angle. Both phenomena lead to the
decreasing behavior observed for the projected
range at high energy.

The evolution of the projected ranges with in-
creasing incident energies is consistent with the
above m"=ntioned variation of 8 „versus E/B.
This can be verified in the following way'. For a
given projectile and energy, the angle 6I „is de-
termined using the dotted line in Fig. 19. This
line has been drawn through the experimental
points with an arbitrary extrapolation at low ener-
gy. (The exact position of the curve for these low
energies has little influence on the projected ranges
calculated as explained below. ) The c.m. energy
of products E is calculated assuming a (+p, y) or
a (+2P, y) process. From 8,„and E, the labora-
tory angle 8 „and energy F. can be calculated, and
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the laboratory energy is converted into recoil
range R(8,„) according to the relation represented
by the curve in Fig. 11. Then the mean projected
range R~ is calculated by the relation

R„=R(8,„)cos8,„.
The results of such calculations are represented

by solid lines in Fig. 2. These curves are sensi-
tive to the value adopted for the barrier B (indi-
cated by arrows in Fig. 13). For example, for the
Ca+ Bi system, a change of less than 5% in B
would remove the difference between the curve and
the experimental points. Taking this remark into
account, the agreement with the experiment is sur-
prisi'ngly good. As far as "Fe and "t.u projectiles
are concerned, this agreement is a good indication
that the variation of 8 „with E/B (for which no di-
rect measurement has been made) can be taken
from Fig. 19, i.e., is the same as for lighter pro-

jectiless.

VI. CONCLUSION

Recoil techniques have been used to measure the
angular distributions and ranges of Po auAt

and '"Rn produced through heavy ion reactions with
'"Bi. These reactions involved the transfer of
one, two, and three protons, respectively. The
projectiles ranged from '~N to "Cu. The results
obtained indicate a great unity in the characteris-
tics of quasi-elastic transfer reactions for all the
pr ojectiles.

At low incident energy, the reaction path which
leads to the formation of the observed nucleus is

always that which corresponds to the minimal en-
ergy cost. This confirms the strong influence of
the reaction energetics on the transfer probability,
which was previously observed in the study of the
excitation function thresholds. '" At higher ener-
gies, more complex reaction channels take place
with significant probabilities.

The position of the angular distribution maxima,
in the laboratory and c.m. frames, are strongly
correlated with the ratio E/B of the incident energy
to the interaction barrier. The corresponding
curves are independent of the projectile and of the
nature of the transferred particles if the ratio of
the transferred mass a to the projectile mass A~
is low enough (a/A~ (0.2). This property can be
used to predict the position of the angular distribu-
tion maximum for other transfer reactions.
Moreover, the correlation appears to be very sim-
ilar to that of the rainbow angle with the ratio E/B.
This indicates a strong influence of the rainbow ef-
fect on the angular distribution for quasi-elastic
transfer, and can be taken as an indication that
the distances of closest approach corresponding to
maximal transfer probabilities are not far from
those corresponding to the rainbow effect. This
conclusion is in agreement with the quantitative
analysis of these data, "and with the study made
by Vaz et gl.s on 0+ Pb reactions.
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