Z. Physik 261, 283 — 304 (1973)
© by Springer-Verlag 1973
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Angular distributions of the elastic scattering in the range of 30-160° Oy have
been measured for the systems N+ 1°F, 19F 4160 and F+ 180 at three energies,
the highest being approximately 4 MeV above the Coulomb barrier. The large dif-
ferences observed in the structure of the angular distributions at large angles are
discussed considering elastic transfer, and the angular momentum balance for the
possible direct surface reactions. The analysis yields a consistent description of the
data in terms of elastic transfer.

I. Introduction

Extensive studies of elastic scattering of heavy ions on light nuclei
[1-6] have shown that interesting information can be deduced from the
data whenever strong deviations from an average behaviour, which is
described by strong absorption, can be observed. These deviations are
mainly observed at large angles, or at medium angles at higher incident
energies, i.e. whenever the cross sections for the elastic scattering are
small. The main phenomena responsible for deviations from a strong
absorption scattering are, 1. weak absorption at the surface due to a
lack of reaction channels which can carry away the incident angular
momentum [3] (in these cases an enhancement of compound elastic
contributions is observed and the excitation functions show fluctuations);
and 2. transfer of the mass difference of the two colliding nuclei (elastic
transfer) {4-6] which reproduces the incident channel and gives an
enhancement of the cross section at large scattering angles,

In the present study the mass differences between the colliding nuclei
range from 1 proton to four nucleons (z-particle). The additional proton
in the '°*F 4180 system is a 2s,,, nucleon which has a bound state wave
function extending far out of the nucleus due to the one node. In the
19F .+ 190 system a triton could be transferred, in the **N+!°F system
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an a-particle. There are also strong differences in the number of final
reaction channels with positive Q-values. In all three systems, however,
the number of final reaction channels with Q-values near zero seems to
be sufficiently large to ensure strong absorption of the surface scattering
waves (see Section 1Va).

11. Experimental Technique

The experiments were performed using beams of '*N (23-29 MeV)
and '°F (27-36 MeV) from the Heidelberg EN Tandem van de Graaff,
Targets were LiF, CaF, for '°F, SiO, for '°0 and NiO, for ‘0
(60% 180, 40% %0 content). The experimental requirements are char-
acterized by a separation of nuclei of adjacent mass and charge. Using
the technique of kinematical coincidences a mass separation can be
achieved in the angular range of 50-120° O¢y,. If nuclei differ in charge
it is more convenient to use AE—FE telescopes. Thus in the case of
5N +1°F and '*F+ 190 the angular distributions were measured using
the proportional counter telescope [7] with Ar+ Methan gas pressures
of 30-50 mm Hg. The backward angles are obtained by measuring the
recoil nuclei at small angles. The lower limit in angle is here determined
by the ratio of elastic/recoil events which makes it necessary to reduce
the beam intensity drastically to avoid large dead time at angles smaller
10° Lab. For forward scattering at small angles single counters with
good resolution were used to get optimum separation from target
contaminants. Spectra of recoiling '°0O nuclei from the bombardment
of 10 by !°F are shown in Fig. 1, Fig. 2 shows spectra of °N on '°F.

For the scattering of '°F on 80 a combination of AE— E telescope
and kinematical coincidences was used [8]. The kinematical coincidence
separates '°0 from !®0 which are both contained in the '®O target.
The AE~E relescope separates '°0 and '®0 from '°F. This technique
was necessary due to the fact that the separation of mass 18 from mass 19
necessitates very good angular resolution in certain angular regions
{which would imply small solid angle). Simultanecus with the AE—~E
matrix (recorded in a two dimensional mode) gated by the kinematical
coincidence the full AE—E spectrum was recorded. Projected spectra
for oxygen, fluorine and 80 (coincidence spectrum) are shown in Fig. 3.

Attempts were made to measure recoil 10 nuclei at small angles in
the reaction °F+ 180 using a position sensitive detector in the focal
plane of the Buechner magnetic spectrometer as applied to the 1*C+'°C
and '3C+1C reaction [9]. However, at the low energies of the present
experiment, at a vacuum of 1. 10" ® in the spectrometer, a large amount
of events was observed at small angles, which is due to a change of
charge state within the spectrometer of elastically scattered '°F
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(*°F7* - 19F®+), These particles identify on the focal plane as 807",
making a clean measurement of 30 recoil events impossible. The
angular distributions of !°F+ 20 scattering therefore extend only to

130° CM as largest angle.

IIi. Experimental Results

The measurements for all three systems were performed using a two
dimensional recording of AE and E measured with the proportional
counter telescope. Inelastic scattering and reaction channels were meas-
ured therefore always simultaneously with the elastic scattering. At the
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lower energies in all systems very few inelastic events and reactions were
observed. At higher energies in all systems inelastic scattering (or in-
elastic transfer) to states of 1°F are observed. The energy resolution of
400-500 keV did not allow to separate the inelastic scattering to the low
lying states in 1°F at ca. 150 keV excitation.
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a) YF+'%0. Fig.4 shows spectra of reaction products at the
highest energy measured in the '°F+'60 system. Proton transfer
160 (*°F,?°Ne)!°N and four particle transfer '*O(*°F,'3N)?°Ne are
observed.

Angular distributions of this reaction at 36 MeV incident energy are
shown in Fig. 5. At the lower energies the cross section was too small to
give sufficient events during the present experiment.

Angular distributions of the inelastic scattering of '°F on %0 are
shown in Fig. 6 at 33 and 36 MeV incident energies. Assuming that the
two unresolved states at 100 and 200 keV excitation in '°F are populated
with comparable strength as the three levels at 1.5 MeV shown in Fig. 6,
one could estimate a 109 contribution to the elastic scattering at large
angles. This will result in a filling of the minima for angles larger 90° CM,
which will appear less pronounced. At smaller angles the inelastic
scattering at these energies gives a negligible contribution.

Angular distributions of the elastic scattering at 27, 30, 33 and 36 MeV
are shown in Fig. 12 in Section I'V. The pronounced structure observed
at angles larger 90° CM stays at the same CM angles—as it is char-
acteristic for an interference structure due to contributions from elastic
transfer of a triton. Contributions from elastic transfer are therefore
often difficult to observe in excitation functions, like for instance in the
160 4-180 scattering [10].

b) Y*F+'30. In the scattering of !°F on '®0 the inelastic scattering
(or inelastic transfer) to the states at 1.5 MeV in '°F is observed at the
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Fig. 6. Angular distributions of inelastic and elastic scattering (in absolute scale) for
the scattering of 1°F on 190

higher energies too (Fig. 3). The excitation of the low lying states at
150 keV is again not separated. Their contribution to the elastic scat-
tering, however, using the excitation strength of 1.5 MeV, is smaller
than 59 at angles smaller than 90° CM and smaller than 109 at the
largest angle measured, 130° CM. The inelastic scattering to the states
at 150 keV thus will slightly fill the minima at larger angles and higher
energy. Fig. 11 in Section IV.b shows the angular distributions at
E; =27, 30 and 33 MeV.

The pronounced structure observed in the region of O¢y ranging
from 90 to 160° retains again its position with energy. In this case the
structure is produced by the interference of the elastic scattering with
the proton transfer as discussed in the next section.

¢) 13N+1°F. In the system '*N+ '°F the inelastic transitions to the
states of '°F at 1.5 MeV are rather weak. A considerable total yield of
reaction products was observed in the 1>C and oxygen spectra (Fig. 7).
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This yield was not observed in the !°F spectrum, and could not be seen
in the N spectrum mainly due to the background which is always
observed in the elastic (inelastic) spectrum. Fig. 8 shows the total (energy
integrated) yield for the oxygen spectrum as function of angle. An ex-
ponentially rising yield is observed, whose interpretation is rather unclear.

The angular distributions (Fig. 13 in Sect. IV.b) of the elastic scat-
tering are structureless and are comparable to those observed in the
scattering of 1°F on '2C [11]. The possible transfer of an a-particle seems
to have no sizeable influence on the shape of the angular distribution.

IV. Analysis of the Data
1. Comparison of the Scattering of >N on *°F, **F on 90 and **F on ‘80

The general behaviour of the three different systems will be influenced
by the number of final channels which can carry away the angular
momentum brought into the compound system by the surface scattering
waves, and by the strength of a possible elastic transfer.

The amount of absorption for the surface scattering waves is mainly
influenced by the direct transfer and inelastic scattering channels [12],
because there are usually still many states in the compound nuclei
available for the surface angular momentum. Fig. 9 therefore gives the
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grazing angular momenta L, for the incident channels in the three
systems and for the possible transfer channels for each system. L, is
calculated using the semiclassical expression

Lo(Lo+1)=k*R:—24kR,
with
Ro=ro (A} + 43 ry,=1.65fm.

One observes that for all systems there are reaction channels with posi-
tive Q-values, the !°F+4!%0 system having the smallest number of
available final channels.

A comparison of angular distributions of the three systems at com-
parable CM energies above the Coulomb barrier is shown in Fig.10.
The decrease of the differential cross section from ofoz=1 to the ratio
of 0.1 is nearly the same for all three systems indicating that the amount
of absorption of the surface partial waves is approximately the same.
Actually, a certain absorption at the surface of the nucleus can not be
surpassed by stronger absorption because the amplitudes of the scat-
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tering waves become quickly rather small and insensitive to differences
in the real and imaginary potentials. We may conclude that all three
systems have rather strongly absorbing potentials (which is directly
deduced for *°F +'80 and N+ '°F from Fig. 9). Inelastic transitions
to states in !°F at 150 keV and 1.5 MeV, which can occur in all three
systems (as discussed in the previous section) will also tend to make the
three systems rather similar. The differences observed in the three
systems studied in this work will therefore be due to differences in the
strength of the contribution of elastic transfer as discussed in the follow-
ing Sections IV.b.

2. Elastic Transfer in the Elastic Scattering
of °Fon 80, 1°0 and *>N on *°F

a) A Semiclassical Model for the Elastic Scattering with Elastic Trans-
Ser. The scattering of two nuclei 4 und B with B=A4’+ C consisting of
a core A’ identical to A; (4=4") will be described by two possible
amplitudes

fe1(0) — elastic scattering, A(B, BYA
Ju(m—0) — transfer of particle C, A(B,4)B.

The total amplitude is | £,,(0) +(=)*(=) f.(n—0)|*=] £,|. The sign
(—)* takes into account whether the cores 4 are bosons or fermions
and (— )’ carries a sign due to the bound state wave function of particle C
with angular momentum ¢ [6, 13]. The coherent addition of these two
amplitudes leads to similar interference phenomena observed in the
scattering of really identical nuclei. We describe f,,(#) by a Rutherford
scattering with absorption described by a function £,y (6)

JaO=10(0) €)=z ™12 £3,(0)

a= —2-1%, n=Sommerfeldparameter,

k=wave number of relative motion.

For the transfer amplitude we write in the semiclassical approximation [14]

Ju(m=0)=fu(m—0) Pe(n—0)
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with P, (n—8) being the transfer probability. We thus obtain

ﬁ'”‘lf(e)lz_fa%“(e)az azljtffais(ﬂ_-o)
Q" ~ sin*9)2 cos*0/2
_NA( N 2aZPtr(n_0)fabs(n_0) 2
+(=)(-) Sin? 02 cos2 02 cos(n1ntg?6/2+6).

This expression gives a particular simple picture of the phenomena
which will be observed in systems where elastic transfer occurs. If the
transfer probability would be constant and equal to unity, we shouid
observe Mott-scattering with equal cross sections at angles 0 and (z—6)
and the typical interference term which gives rise to strong oscillations
around 90° CM with a frequency determined approximately by n due
to the term cos(y In tg* 6/2). Given a certain transfer probability P,
and in particular a certain dependence of P, (0) on the distance of closest
approach, i.e. scattering angle, we will observe interference structures
in the angular region, where f,,(n—0) and f,,(6) become comparable.
Tltustrations of these facts are shown in Fig. 14 where the non interfering
cross sections and the total cross section are shown. Again the frequency
of the oscillations observed in the angular distributions is given by the
Sommerfeld parameter 5. The parameter x is 9 for *°F on 80, '°0,
corresponding to a distance between two maxima of 180°/7~20° which
is in very good agreement with the experimental results.

b) Analysis of the Data in the Molecular two State Approximation.
The elastic scattering with elastic transfer can be conveniently described
(for system with small intrinsic spin and angular momentum of the
transferred particle) using the method of molecular wave function in a
two state approximation {6, 13, 14]. In this method the total wave func-
tion of the system ¥ is expanded in terms of molecular scattering states
of the transferred particle C & (R, r) which are a function of the distance
between the two cores R

Y(R,r)=Y x(R)D(R, 7).

% (R) are scattering wave functions defined by the solution of the cor-
responding Schroedinger equation. The expansion can be restricted to
two states. They consist of a linear combination of the unperturbed
identical ground states, in which the transferred particle is bound to
either one of the two cores. Thus a particular simple solution for the
total scattering amplitude is obtained {6, 13].
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The Schroedinger equation for the scattering process in this descrip-
tion contains a general optical (complex) potential ¥, (R) and a potential
term given by the energy of the molecular state {®,|/#|®,>=E,(R)

2
(__;;YT VRZ + Vom(R)—}-(_)A+lpEp(R)—ECM) XP(R)=0

If the system has more states directly coupled, the two-state-approxi-
mation (which is the essential approximation) leads to an imaginary
part of E,(R) [15]. The partial waves are separated into those with even
and odd parity (p= +1) corresponding to the property of the two
molecular scattering states, which are either even or odd under the
interchange of the two identical cores (operation P) P®,=p®,(—)**,
p=+1. An additional sign appears which takes into account the boson
or fermion property of the identical cores (—)*, and the intrinsic parity
of the bound state with angular momentum ¢, (=)’ [14]. The even and
odd partial waves are submitted to different total potentials, due to the
sign in the additional potential term, and the structure observed in the
angular distributions depends on two main properties [13]

1. the cores are bosons or fermions,

2. the angular momentum ¢ of the bound state wave function is even
or odd.

In the analysis the complex optical potential was chosen to be of the
standard Woods-Saxon form V=V (R)+iW(R) with

V(R)=V,/(1+exp{(R—Ry)/ay})
and
W(R)=W/(1 +exp ((R—Rya}).

The radii are defined as usual by a radius parameter r, ;:
Ro,i:"o,i(/ﬂ/3 +A45"%).

The energy of the molecular scattering states £,(R), which acts as an
additional exchange potential has a Yukawa form at the large distances
which are important in the scattering of strongly absorbed particles [6].
R>R,,.

aR

Ep e
2 B o
E,(R)~(SN)* -
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with
a=l/2mEgzh 2.

Here S is the spectroscopic amplitude for the exchange particle in the
bound state representing nucleus B in its ground state. (S*-spectroscopic
factor); and N gives the normalization of the bound state wave function
with respect to an equivalent Hankel function at the nuclear surface
(i.e. outside the strong interaction region). The normalization constant N
is obtained by calculating the bound state wave function in an appro-
priate Woods-Saxon potential.

1°F+'80. For the case '°F+!80 the complex potential could be
taken from the 80 +*80 scattering [12]. Adjusting the strength param-
eter SN a very good description of the data was obtained immediately
as shown in Fig. 11. The relevant parameters are compiled in Table 1
with those for the other cases. Although better fits to the individual
angular distributions are possible preference was given to parameter
sets which give comparable good description at all energies. The strength
parameter SN obtained from the experiment is slightly energy dependent,
which could be mainly due to the fact that the description of the bound
state wave function by a single Hankel function is not adequate for a
proton. The constant N thus depends not only on bound state potential
parameters (which were chosen to have standard values as used in
(®He, d). The value of the spectroscopic factor obtained S*=0.36 is in
good agreement with those obtained from other experiments (*He, d)
as $?=0.42 [16] and S2=0.45 [17].

It is important to note that the correct phase of the structure is re-
produced only if the even partial waves are submitted to the attractive
exchange potential, a fact which is determined by the (—)**/ sign (par-
ticle C is a 2.5;,, proton) and thus opposite to the findings in systems
from the 1p shell like 12C+*3C [14].

Further, unresolved transitions to states in !°F at 150 keV add only
incoherently to the differential cross section and have no influence on
the size of the oscillations (they may, however, slightly fill the minima).
The scattering of '°F on 30 thus gives an interesting example of the
possibilities of elastic transfer: spectroscopic information can be de-
duced for a state which is not separated from the adjacent states, because
its reaction amplitude is amplified by its interference with elastic scat-
tering. The important information is contained in the phase and ampli-
tude of the oscillation. The same observation is applicable to the next
cases °F+ 10 and **F+1°N.
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Table 1. Optical model parameters ry, aq, 1y, a;, V, W, S§2=spectroscopic factor

System EiaB To a, r; a |24 W SN N S2 Ecm
MeV fm fm fm fm MeV MeV MeV

33 133 045 1,25 0.57 17 7.0 2.08 484 0176 16.0

1o 1180 30 1.33 045 125 0.57 17 6.5 2.85 484 035 146

27 1.33 045 125 0.57 17 6.0 3.0 484 038 13.1
36 134 047 125 057 17 9 111 205 0.29 16.453
195 1160 33 134 047 125 057 17 9 115 205 0.31 15.08
+ 30 1.34 047 125 057 17 9 111.8 205 0.29 13.71
27 134 047 1.25 057 17 9 112.6 205 0.3 12.34

29 133 0.5 125 057 17 10 1535 71 0.049 16.2
BN+ 9F 26 1.33 0.5 1.25 0.57 17 10 15.0 71 0.049 14.53
23 1.33 0.5 125 057 17 10 15.0 71 0.049 12.85

20 Z. Physik, Bd.261
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Fig. 12. Angular distributions of the elastic scattering of 1°F on 10, The solid lines
are calculations using the molecular two-state-approximation for the elastic transfer
of the triton (parameters in Table 1)

19F4 160, In the scattering of '°F+ 160 the transfer of a triton can
occur. Fig. 12 shows the experimental angular distributions and calcula-
tions which include the elastic transfer of the triton (parameters are
given in Table 1). The normalization constant N for the triton was ob-
tained using the same parameters for the bound state potential which
were used in the analysis of triton the transfer reaction 1°0O ("Li, a)'°F [18]
(ro=1.7 fm, a=0.7 fm). The spectroscopic factor for the triton $*=0.29
obtained from the present calculation agrees well with the value obtained
from the 7Li induced reaction, $?>=0.2 (Ref. [18]). Again, as discussed
for the case !°F+180 the extraction of the spectroscopic information
for the *°F ground state does not depend on the fact that the ground
state is separated from its adjacent states and does not depend on an
absolute value of the cross section, but on the position and strength of
oscillatory structure in the angular distribution.
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Fig. 13. Angular distributions of the elastic scattering of >N+ 1°F. The solid lines are
calculations using the molecular-two-state approximation for the elastic transfer of the
a-particle (parameters in Table 1)

'YF+'5N. The angular distributions of the scattering °F+1°N do
not show any structure (Fig. 13). The rather small binding energy of
the a-particle in *°F of only ~4.0 MeV would suggest that transfer of
an a-particle could be rather probable. The absence of structure in the
angular distributions thus sets an upper limit to the spectroscopic factor
for the a-particle in '°F. Again the parameters given in Ref. [18] in the
analysis of the *>N("Li, £)'°F reaction were used for the calculation of
the bound state wave function of the a-particle in *°F. The upper limit
for the spectroscopic factor obtained from the calculations shown in
Fig. 13 is approx. $?=0.06 (the remaining parameters are given in

20*
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Table 1). The value obtained in Ref. [18] from the analysis of the "Li
induced reaction is $?=0.088 in rather good agreement with the result
of the present analysis.

V. Conclusions

The elastic scattering of *°F is well described by rather strongly
absorbing potentials (see also for example '°F+*2C in Ref, [11]).
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Differences in the angular distributions observed in the scattering with
180, 180 and '°N can quantitatively be described taking elastic transfer
into account. Attempts to describe, in particular the *F+160 system
with an optical model with weak surface absorption gave no consistent
description at the four energies measured. The energy variation of the
angular distributions is, however, rather well described if the elastic
transfer is taken properly into account. The effects of the elastic transfer
are mainly observable at angles larger 90° CM (slightly depending on
the bound state of the transferred particle) and usually are not easily
detected if excitation functions at angles smaller 90° CM are considered.
The exchange of three (one) nucleons in the scattering of '°F on
180 (*°F +'80) and two neutrons of 1¥0 on 1°0 [10, 19] are responsible
for the deviations from the strong absorption scattering observed in
these systems. The coherent addition of an elastic transfer cross section
which is app. 1/10 of the elastic cross section gives rise to the oscillatory
structure observed at large angles (Fig. 14 gives illustrations), From the
analysis of the three systems in the present work, *°F 4180, 1°F+ 160
and N+ 1°F the parentage for the decomposition of *°F into pro-
ton+*80 or triton+1%0 or a-particle+ 5N has been deduced. The
values of the spectroscopic factors, which were found to describe the
correct strength of the elastic transfer are in very good agreement with
values deduced from other transfer reactions.
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