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{'
60, 14C) reactions on target nuclei with open proton shells, which are members of proton

pairing rotational bands have been studied. For all target nuclei strong transitions to 
the ground states are observed. The reduced groundstate transition strength's (after 
removal of Q-value dependence) are almost equal for all four target nuclei. Additional 
data on (' 60, 15N), {' 60, 13C) and {'60, 12C) reactions are used to discuss the enhancement 
in the two proton transfer. 

L Introduction 

It is well established by now that the pairing interaction 
between nucleons leads to collective phenomena in 
the pairing degree of freedom [1-2]. The existence of 
pairing rotational bands can be shown via two nucleon 
transfer reactions between members of pairing rota
tional bands [3]. The groundstate transitions have 
been shown to be enhanced for two neutron transfer 
on spherical nuclei in (t, p) reactions on tin isotopes 
[3]. A similar enhancement was found in (1 60, 14C)
two proton transfer reactions [ 4] on nuclei with N = 82 
closed neutron shell and open proton shells corre
sponding to d 512 , g912 , 3s112 , h1112 and 2d312 shell 
model orbits (which are the same as those for neutrons 
in tin isotopes). 
The pairing interaction scatters the nucleons over the 
active shell model orbits; as a result the fermi surface 
is no longer sharp but is a smooth curve which contains 
occupation probabilities for many orbits above the 
Fermi surface. The enhancement of two nucleon trans
fer in these nuclei is a result of the coherent action of 
many two-nucleon configurations of these orbits 
in the transfer process. As a further consequence of the 
pairing rotational model transitions between different 
members of the pairing rotational bands are expected 
to be equa~ i.e. they have the same degree of collecti
vity. 
Another feature of the pairing rotational bands is the 
systematic change of the pair separation energy. It 

* Present address: Argonne National Laboratory. 

can be shown [2] that the total energy can be expanded 
in terms of the average number of nucleons, N 

E(N)=E(N0)+).(N-N0)+ 2~N (N-Nl)+··· (1) 

with 

A= dE(N)I . 
dN ' No 

1 d
2 
E(N)l d). I 

JN = dN2 No= dN No. 

Here 

). -is the chemical potentia~ 
JN- is the moment of pairing. 

(2) 

As shown in Figure 1 for the mass range 140-156, the 
change of the proton-pair separation energy is very 
constant (Fig. 1 shows dE/dN as function of N). This 
fact indicates a linear dependence of the chemical 
potential on the number of pairs and a large and con
stant moment of pairing. The slope of these straight 
lines is smaller than for neutron pairs in tin isotopes 
and indicates large collectivity (a zero slope, ). = const., 
would correspond to an infinite moment of pairing). 
A previous study of 160 induced one and two-proton 
transfer on 140Ce, 142Nd, 144Sm (Ref. 4) was done at 
incident energies close to the Coulomb barrier. Large 
cross section for ground state transitions have been 
observed around the optimum Q-values, which where 
ca. -13.5 MeV for the transfer of two charges. 
Measurements for the ground state transitions for the 
isotopes 148Sm and 152Sm with Q-values of -8.8 MeV 
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Fig. 1. Systematics of proton pair separation energies in the mass 
range A=l35-165 

and -11.3 MeV would have been very difficult The 
main intensity in measurements of the (1 60, 14C) 
reaction on 152Sm performed at Saclay [5] at similar 
energies was observed at high excitation in the fmal 
nucleus (;::::6 MeV). The dynamical situation is illus
trated in Figure 2 where DWBA (no recoil) calculations 
for the Q-value dependence of the 1=0 cross sections 
are shown for the 144Sm(1 60, 14C) 146Gd reaction at 
66.5 MeV and at 104 MeV- the incident energy of the 
present experiment. The corresponding FRDWBA 
calculations for EL = 104 MeV are shown in Figure 2b. 
It is evident that at higher energy the Q-value depen
dence of the differential cross section is wider and Jess 
restrictive. The inclusion of recoil effects makes the 
optimum Q-value Jess negative. 
The comparison of the situation at the two energies 
indicates that higher incident energies are more favour-

MoOsm!"o, Mel ""'Gd 

-OWBA 
--SMC 

• 0-wlue (MeV) 

W. von Oertzen eta!.: Two Proton Transfer Reactions 

able for transitions with less negative Q-values. Also 
the width of the Q-value window in MeV is larger, thus 
opening the possibility of a greater variety of nuclear 
reaction studies for heavy ions with high energy. 

II. Experimental Procedure and Results 

a) Experiments 
- -

For four different targets - 142Nd, 144Sm, 148Sm and 
152Sm spectra of 14C-nuclei were taken with the 160 
beam at 104 MeV incident energy from the Berkeley 
88" Cyclotron and using the magnetic spectrometer 
with a focal plane detector [6]. The targets consisted 
of metallic Nd or Sm (enriched to more than 98 %) 
deposited on carbon backings. For most runs target 
thickness of ~ 100 J.Lg/cm2 were used which allowed 
an overall energy resolution of 100-140keV for 14C 
ions. The detection system for the heavy reaction 
product is based on the measurement of: position on 
the fotal plane, time of flight (TOF) and energy-Joss 
dE/dX and has been discussed in detail elsewhere 
[6, 7]. 
In the identification spectrum of TOF versus dE/dX 
the energy range of the spectrometer allowed the simul
taneous observation of 14C6 +, 160 7 +, 13C6 + and 
occasionally depending on Q-value, 12C6 + particles. 
Only in a few cases one or two lines of the e60, 15N) 
reaction (via observation of 1 5 N7 +) could be seen. 
The measurement of this reaction needed a different 
magnetic field setting. 
The solid angle of the spectrometer had to be limited 
to 1 msr because of the time spread due to differences 
in path length in the horizontal plane. The time resolu-

""'smt160. -1•C>146Gd 
Ss. Ea•const_ 

EL •1041 MeV 
ec ........ oo ... s· 

~Bartz-Ka 
~~~~~ 
~cou 

I 
I 

I 

b 

·F~g.lL Comparison of Q-value dependence for the two proton transfer 1"Sm(160, 16C) for energies close to the barrier and at 104 MeV. 
The ground state Q-value for the different Samarium isotopes are indicated (no recoil DWBA). SMC-semiclassical calculation. II Q-value 
dependence for 1"Sm(160, 16C) with and without recoil 
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Figs.J-6. Spectra of the two proton transfer (160, 14C) on 142Nd, 144Sm., 148Sm and 152Sm at9L =30" 

tion had to be within certain limits because of the small 
difference of 3 % in the identification parameters 
m/q for 14C6 + (2.33) and 12C5 + (2.40). At 1 msr the 
time spread amounted to ca. 1.5 ns out of a total TOF 
of ca 150 ns. The 12C5 + intensity was partially due to 
12C contamination in the beam (depending on cyclo
tron tuning) and due to the ct 60, 12C) reactions leading 
to high excitation of the final nucleus corresponding 
to the smaller magnetic rigidity of 12C5 +. 

For al1 14C spectra simultaneously the 160 7 + intensity 
could be measured. Thus for each angle the 160 7 + 1 
160 8 + ratio was measured to achieve a normalisa
tion of the 14C counts relative to 160 elastic scattering 
at the same angle. The g+ j7+ ratio for 160 was 
found to be the same for all targets, as well for all 
measured angles (25°-45°) and equals 

N(8+)/N(7+)= 13.4 ±0.3. 

The cross sections are therefore given as ratios with 
respect to the elastic scattering at the same angle. 
The ratios were multiplied with elastic scattering cross 
sections obtained from the DWBA calculations, when 
absolute cross sections are given. 

b) Two Proton Transfer 

14C-spectra were taken for all targets at an angle of 300 
and 40°. Only for the 144Sm target an angular distribu
tion in 5° steps was measured. Figures 3-6 show 
spectra for each target at 300 (Lab) which is the angle 
of maximum cross section as illustrated by the angular 
distributions in Figure 7. The ground s~te usually 
-gives the strongest transition for all target nuclei The 
dominance of this o+ -o+ transition in the spectra 

.. ~- - .. '~ 
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Fig. 7. Angular distributions for two proton transfer and (2pln) 
transfer induced by 104 MeV 160 on 1"Sm 

is however by no means as spectacular as in (t, p) 
reactions [3], due to the dynamical properties of the 
heavy ion reaction. As will be shown later this difference 
is totally due to the fact that in the (t, p) reaction 1=0 
transfer is favoured whereas, in the ct 6 0, 14C) larger 
angular momentum transfer dominate. 
Generally there is some background in the spectra 
due to insufficient separation from 12C5 + as discussed 
earlier. However the main intensity (90 %) observed 
at higher excitation seems to be due to an increased 
level density. For the 154Gd nucleus a separation of 
the 2+ state at 123 keV was not more possible. The 
other lowlying states are all well separated. The 
energy calibration of 14C6 + was obtained by sweeping 
the 160 7 + line in constant steps along the focal plane. 

~--~----·---~------ .. 
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The energies given in the spectra usually correspond 
to known energy levels- when the spin is indicated, 
otherwise the energy scale has an uncertainty of 
±50 keV. We now discuss shortly the spectra for 
each final nucleus. 

J44Sm 

The level scheme of 144Sm is fairly well established 
[8, 9]. The 142Nd(l 60, 14C) reaction populates the 3-
state much stronger than the 2+ at 1.65 MeV. The 4+ 
and 6+ states at 2.19 MeV and 232 MeV are very 
weakly excited. We do not see any indication for the 
population of the o+ state at 2.426 MeV. The strong 
transition marked 2.83 MeV can be assigned to a 
2+ state at 2.800 MeV or an unassigned state at 
2.826 MeV [9]. 

146Gd 

States of 146Gd have been recently discussed by 
Kownacki et al. [9]. They propose that there is a (3-) 
state at 1.585 MeV very close to 2+ at 1.579 MeV. The 
peak at 1.58 MeV in our spectrum thus may be due to 
both states (possibly dominated by the 3- like in 
144Sm). The state at 2.69 MeV can be assigned to be 
the 4+ state at 2.658 MeV of Reference 9. There is a 
6+ state at 2.98 MeV and 8+ at 3.09 MV which both 
may contribute to the peak at 3.07 MeV in Figure 4. 
Further states without spin assignments from Reference 
9 are at 3.29 MeV and 3.42 MeV, with the latter prob
ably contributing to the peak at 3.52 MeV; further 
the peak at 3.88 MeV could be identified as the 
3.86 MeV state of Reference 9. No state has so far 
been reported at 1.95 MeV. Again we see no percep
tible transition to the proposed o+ state at 2.179 MeV. 
The other spectra for 150Gd and 154Gd are even more 
dominated by the o+ -+O+ transition and no clear 
transitions except for the low lying 2 +, 4 + and 3-
states can be distinguished. 

c) 13C and 12C Spectra 

For the 144Sm target the Q-values where sufficiently 
negative for ground state transitions to allow the 
observation of the e6o, 12C) and e6o, 13C) simul
taneously with the ct 60, 14C) reactions. For the other 
targets spectra with sufficient statistics were not 
obtained. Figures 8 and 9 show spectra at 30" and 
Figure 7 also includes the angular distribution for the 
(
160, 13C) ground state transition. The cross section 

for e6o, 13C) is approximately a factor ten smaller 
than for two proton transfer. The cross section of the 
e6o, 12C) reaction is an additional factor ten smaller. 
The e6o, 13C) reaction probably proceeds via a 
consecutive transfer of two protons and a neutron as 
discussed in Section III. 



,. 

.. 
J 

t 

W. von Oertzcn et al.: Two QotoDrrarister ~cticfni 7 0 .:J ii 9 3 361 

• i: 
:J 
0 

(.) 

10 

Ea (MeV) 
In M7Gd 

M~ ( "o, Gc) f47c;d ~ ,. 30o 

~ "104 MeV 

Channel numbers 

Fig. 8. Spectrum of the 144Sm(160, 13C) reaction 

200 

""'sm ( "o, Rcl M8Gd 
BL •W 
EL •104 MeV 

I I 
~0. M8Gd,Ex (MeV) co 

Channel numben; 

Fig. 9. Spectrum of the 144Sm(160, 11C) reaction 

400 

150 300 

~100 
:::> 
0 

(.) 

10 

Ex (MeV) 

in 153 Eu 

100 

I 
0. 
It) 

200 
Channels 

300 
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d) One Proton Transfer 

The proton transfer {160, 15N) reaction on 140Ce, 
142Nd, 144Sm has been studied previously at lower 
energies [4]. Figures 10 and 11 show spectra of the 
('

60, 15N) on 148Sm and ~ 52Sm. The active shells for 
proton transfer on Sm are [4, 10] g712 , 2d512 , 1h1112 , 

3s112 , 2d312 • The single particle strength is smeared 
out over these shells due to the pairing interaction. 
The heavy ion reaction, however, populates those 
states stronger, which have the largest number of 
nodes (3s112 -which usually is the strongest state-at 

200 

100 

Ex (MeV) 
in 149 Eu 

300 
Channels 11 

0.45 MeV in 149Eu and 0.70 MeV in 153Eu). In 
addition the {' 60, 15N) reaction preferentially popu
lates fmal states with j> =l+ 1/2 [11] because the 
proton starts in 160 in a state with j < = l- 1/2, thus 
giving the maximum angular momentum transfer 
for transitions j <-+ j > • The other strong lines therefore 
are due to d512 and h1112 states. 
It is therefore suggested that the strongest lines re
present the 3s112 strength (in both spectra). For the 
149Eu there is indeed a 1/2+ state at 0.423 MeV [9] 
and the ground state is a 2d~2 configuration. The 
spectrum of the 148Sm{'60, 1 N) reaction (Fig. 10) 

___________ ......;.:,...,. ____ .,~~· 
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Table 1. Transition probabilities and cross sections for the CS 60, 15N) reaction at 104 MeV Bc11 =43.5• on ••ssm, 151Sm 

Target 15/16 t1" 3Sli2uee t1" Qo t11b [mb/sr]b 
all counts [mb/sr] or strongest [mb/sr] [MeV] 3Sa;l 

••
8sm 1.918. JO- 3 4.41 1.01. to- 3 2.46 -7.6 1.74 

uzsm 1.46·10- 3 3.35 0.6. to- 3 1.38 -6.2 2.54 

• Obtained using t~.1CS 60) calculated with the same parameters as for (160, ••q in Table 2. [t~.1 CS 60), 43.5° =2300mb.) 
• s.=2.o,s.=t.o 

is very similar to that of the 144Sm(' 60, 15N) 145Eu 
reaction [ 4]. For the states in 1 53Eu which is a deformed 
nucleus the situation is more complicated. In eHe, d). 
reactions on 152Sm [12] the strongest group in the 
spectrum was observed also at 0.7 MeV, and other 
prominent groups at 0.170 MeV and 1.35 MeV just 
as in the present spectra. 
DWBA calculations show that for one proton transfer 
the maximum of the cross section is observed at an 
angle of OcM::::42°. For the targets 148Sm and 152Sm 
the cross sections measured are given in Table 1. 
The transition strength for the strongest (3 s1 12) line 
in the (' 60, 1 5N) reaction could thus be used to discuss 
the enhancement in the two proton transfer (' 60, 14C) 
due to configuration mixing. 

III. DWBA Analysis of the Two Proton Transfer 

a) General Description of the Approach 

In order to test certain predictions with respect to a 
pairing rotational modeL the dependence of the cross 
section on dynamical and structural factors has to be 
calculated. 
For the two particle transfer there are two possibilities 
(e.g. Becchetti et al [13]) for the choice of the effective 
interaction. The first takes the interaction between 
the center of mass of the pair and the residual core 
(it is called ~rr). The second choice consists in taking 
the sum of individual interactions of each nucleon 
with the residual core (it is called V1111m). In the ~rr 
method generally only the 1 s component of the rela
tive motion in the nucleon pair can be considered. 
More elaborate treatments have to use the V.um 
method. The present calculations are based on the Verr 
method and were made using the codes, LOLA [14] or 
BRUNHILD [15] which are able to take into account 
recoil effects correctly. The form factor was obtained 
by using an relative 1 s state for the two protons and 
the quantum numbers of the center of mass motion 
N, L, were obtained using the relation 

2 

2N +L= ~)2ni+lJ (3) 
i 

Here ni, li are the individual shell model quantum 
numbers. This approximation seems to be appropriate 
for nuclei which exhibit superfluid properties due to the 
pairing force. This gives quantum numbers 5s(O+), 
3d(2+), 2g(4+) for 2N+L=8. The differential cross 
section of the reaction A+ a-+ b + B is given by ex
pression 

(4a) 

with 

The form factor F,,,(r 1 , rJ is expressed as a coherent 
sum over intrinsic configurations of the nucleon pair 
with quantum numbers N,.L.,, NsLs 

F,,,(r1 , r;)= L, A(N.,L.,NsLs)F,...NsL.Ls(r1, ri) (5a) 
NaNB 
LaLs 

F,... LaNsLs(r /' ri)= J dr (/JNsLs(r .Ax),1 V (/JNaLo(rbx) · (5b) 

We use the post representation and the effective inter
action 

LiV=LiVN+:dV' 

.:1VN = V~(r~ox)+ V~(r,...)- Uopt(r1) 

.:1 vc = V,~(r~ox) + V,~(r,...)- V,~(r 1). 

(6a) 

(6b) 

(6c) 

The general approach has been to neglect the differences 
like 

Ll = vb.A(rb.A)-(Uopl(r/)+ v~(r/))= Vco- VF (7) 

for the nuclear and Coulomb parts. However, recent 
studies of de Vries et al. [16] have shown that neglection 
of Coulomb terms can lead to serious discrepancies 
(including post-prior differences in the absolute cross 
section). At energies sufficiently above the Coulomb 
barrier (factors 1.5-2) the effect of these Coulomb terms 
on the absolute· cross section becomes small. In our 
case E/E,~ 1.8 and it is assumed that they can be 
neglected (see, however, Sect Ill, c). The structure 
factor A(N.,NsL.,Ns) is a product of vector coupling 
coefficients and structure factors G(nl, N, L) defmed 
in Reference 17. 
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Table 2. Cross section (obtained using calculated (loll and transfer probabilities fore 60, 14C) reactions (ground state transitions) at E L = 104 Mev 
6L = 30", and 6L .,40• 

Target Q0 [MeV] d0 [fm] 8L=30" 8L =40" 

a•c;a6o.J0-5 t1 (llb/sr) CF(LOLA) P,, .J0-5 t1 (ltb/sr) 

ulsm - 8.85 2.047 1.48" 66 1.62 2.84" 40± 6 
148Sm -11.3 2.086 3.5 191 1.16 4.06 88± 8 
144Sm -13.8 2.12 4.6 250 1.15 5.3 180± 12 
a•1Nd -11.78 2.05 5.0 275 1.0 5.0 140±20 

• Includes transition to 2• and 4•; d0 is the parameter for the classical minimum distanceD at 8L = 30"; D=d0 (AJ 13 +A~13) calculated with
out nuclear potentials 

The structure factors are defmed [17] as the coeffi
cients of fractional parentage for the nucleons with 
quantum numbers (n/N L) (n=O, 1=0 in our case.) 
If we assume that the reaction takes place well outside 
the nucleus, we can fit the boundstate wavefunction 
by Hankel-functions and we use the approximation 
[18, 13] 

F,,,(r1 ,r;) 

=> L A(NQN8 LQL8)KNsLsh\lJ(ixR) 
NoNsL..Ls 

~fth~' (i X R). (8) 

Here R is the distance between cores b and A. The re
coil effect in this case can be calculated using the local 
momentum approximation in the code BRUNHILD 
[ 15]. K NL is a constant which contains the normalisation 
of the broundstate wavefunction in the final nucleus 
and effects of recoil and the normalisation integral. 
Alternatively the Hankel-function can be replaced by 
an equivalent fmite range boundstate wavefunction 
with quantum numbers corresponding to the (1 s) 
configuration of the two protons. In this case KNL is 
not needed. These expressions are rather accurate for 
o+ -+O+ transitions. For large angular momentum 
transfer, however, different values ~ N8 , Ls need 
individual boundstate integrals. 
In order to obtain the Q-value dependence, calcula
tions with Ss, 3d and 2g boundstates were performed 
using the EFR-DWBA code LOLA [14). The cross 
sections and ratios uct 4C)/u(i 60) for 1=0 transitions 
are then corrected by a correction factor CF, given 
in Table 2 together with the experimental cross sec
tions and ground state Q-values. The optical model 
parameters used in these calculations were the same 
in the initial and fmal channel and are given in Section 
lllb) (pot 1). 
The parameters are defmed in the usual way for a 
Woods-Saxon potential and R=(r0 ,r;)(A~ 13 +A~13). 
The correction factor CF was calculated with the 
proper binding energies. There is a shift of the optimum 
Q-value as compared to no recoil calculations by 
4 MeV as shown in Figure 2 The corrected transfer 

probabilities are given in terms of experimental 
·ratios 14C/ 60 in Table 2; they are the same for the 

three spherical target nuclei 142Nd, 144Sm and 148Sm. 
The decrease by a factor 2 for 152Sm can possibly be 
due to additional dynamical effects because 152Sm 
is a strongly deformed nucleus. 
The results summarised in Table 2 confirm one predic
tion of the pairing rotational model that transitions 
between o+ states of the same band or a neighbouring 
band should be the same. 
Figure 12 shows a spectrum for 144Sm which has been 
reduced for dynamical dependence on Q-value and 
angular momentum transfer. The larger angular 
momentum transfers are favoured. After reduction 
of the dynamical dependence of the cross section it is 
seen in Figure 12 that the ground state transition 
indeed dominates the spectrum similar to (c, p) reac
tions (in (t,p) reactions 1=0,2 are usually favoured
enhancing the strength of the o+ -o+ transition). 

• IS 0 

~ 144Sm r•so .•"c,•'sGd c 
~ 

~ EL =IOU.4eV 
" .. el,.,oo i 10 .. 
" -.6: 

i 
Q. .. 

-4 

s 
• ... 

ExiMeVJ S ' 3 0 
146Gd 

F"11- 12. Kinematically reduced fFRDWBA) spectrum of the 
144Sm(160, 14C) reaction illustrating the enhancement in the ground 
state transition 
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Fig. 13. Calculated cross sections for elastic scattering of 104 MeV 
160 on 144Sm 

b) Angular Distributions 

Similar to other studies of e6o, 14C) reactions it was 
found that the angular distributions peak at smaller 
angles as compared to semiclassical and DWBA 
predictions. Although no experimental data exist for 
elastic scattering of 104 MeV 160 on 144Sm one can 
use with a high degree of confidence the potential 
parameters found for the scattering on 208 Pb at the 
same energy (Ref. 13). 
Figure 13 gives the calculated cross sections for the 
elastic scattering for two potential parameter sets. 
Pot 1- from (Ref. 13). 

pot 1: V = -40 MeV 
W=-20MeV 

and 

pot 2 from Reference 18, 

r0 =1.31 fm 
ri=1.31 fm 

pot 2: V = -16 MeV r0 = 1.34 fm 
W= -8.2 MeV ri=1.34fm 

a0 =0.45fm 
ai=0.45fm 

a 0 =0.508 fm 
ai=0.51 fm. 

Both potentials give almost the same elastic scattering 
cross section in the angular range shown in Figure 13. 
The calculated angular distribution for the e6o, 14C) 
reaction with pot. 1 (for both initial and fmal channel) 
miss the experimental grazing angle by ca 10°. Corre
sponding calculations with potential set 2 give only a 
slightly better result. The discrepancy observed be
tween the calculated and experimental shapes of e6o, 
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14C) angular distributions is most likely due to the ne
glect of Coulomb terms [19]. DeVries et al. [16] have 
calculated the effect of the inclusion of the Coulomb 
terms .dVe (Eq. (6) and (7) in Sect. Ilia) in terms of an 
additional matrix element In Reference 19 it is argued 
that this treatment of ..1V' may not be appropriate for 
the part which depends on the relative motion co
ordinates, because it amounts to ca. 1.5-2.0 MeV in 
the interaction region. A ••non-pertubative., way 
would be to choose an optical model potential (Cou
lomb and Nuclear term) in the final channel, which 
cancels the Core-Core interaction potential (e.g. Ll ::::::0 
in Equation (7)). For this purpose a study of the 
important interaction distance was made in calculating 
the differential cross section as function of lower 
cut-ofT radius. 
The result of these calculations is shown in Figures 14 
and 15. Based on these calculations [19] an additional 
potential was introduced in the final channel so as to 
make ..1::::::0 for the part which depends on the radial 
distance of the nuclei for a range of 10-12 fm (this is 
also the range were the Coulomb barrier in the exit 
channel is located). The angular distribution calculated 
with this additional potential (V = -1.6 MeV, r0 = 
1.6 fm, a=0.25 fm) and pot 2 is marked V.- VF=O 
in Figure 14. A very satisfactory fit is obtained with 
this approach. 
The sensitivity of the DWBA calculations on the can
cellation V.- VF;;:O depends on the optical model 
parameters used. The weaker the real (and the imagin
ary) part of the optical model potential the stronger 
is the effect of the cancellation V.- VF=O [19]. In 
these cases the difference Ll V can be a large fraction 
of the scattering potentials. 

c) Absolute Cross Sections 

Several recent studies have shown that the calculations 
of two proton transfer underestimate the absolute 
cross section by factors lG-30 if the consecutive trans
fer is not taken into account (20). For the two-proton 
tran'sfer microscopic wavefunctions must be used to 
obtain meaningful results. 
For a comparison with the low energy data [4] it is 
instructive to plot the experimental ratios 14C/160. 
The ratios are plotted as function of the scaled mini
mum distance d0 [ 4] assuming Coulomb trajectories. 
This is shown in Figure 16. At higher energies much 
smaller values are observed as compared to the trans
fer probabilities obtained at energies close to the 
Coulomb barrier. Although these ratios cannot be 
interpreted any more as semiclassical transfer prob
abilities, these ratios bear information on the reaction 
process: the trajectories leading to a certain scattering 
angle are likely to be very different for an elastic 
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144sml 16o,14c)146Gd 
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Fig. 14. Comparison of calculated and experimental angular 
distributions for 1"Sm(160, 14C) 146Gd. The DWBA curves are 
explained in text 

scattering event as compared to a transfer process 
and the scale of the radial distances (d0 =Rm;n(O)/ 
(A~i2 +A ~/ 3) obtained from elastic scattering cannot 
be used to determine the interaction region. Figure 16 

X 142Nd 
o 144 Sm 
o 148 sm 

0 o 152sm 
~ 
..... 
0 
!: 10-3 
0 
i= 
Cl a: 
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Fig. 16. Experimental ratios for two proton transfer to elastic 
scattering cross sections at two different energies 
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Fig.l5. Dependence of the DWBA (LOLA) 1'"Sm(160, 14C) dif
ferential cross section on the lower cut-ofT radius in the radial inte
gration 

also illustrates an experimental problem; the relative 
number of transfer events, which have t9 be measured 
against an elastic scattering •• background" is smaller 
at higher incident energies. 
There is, however, another possible cause for the small 
cross sections and thus small 14C/160 ratios. The two 
proton transfer occurs at comparably small interactions 
distances and at high energy there are many open 
channels which occur at larger interaction distances. 
These channels remove flux from the incoming scatter
ing waves and leave smaller chances for subsequent 
processes, which may involve more complicated 
interactions. The two nucleon transfer could through 
this circumstance be strongly influenced by the single 
nucleon transfer channels, which· represent a large 
amount of absorption for the relevant partial waves. 
The calculated absolute cross section for two proton 
transfer using (3su)2 and (p12)2 configurations in 
146Gd and 160, respectively, and setting the factor 
A(N.,L.,N8 L 8 ) in Equation (Sa) to 1, is: o+ -O+ 
ground state transition 144Sm('60, 14C)146Gd0 ., 

o-(42°)= l6f.lb with pot. 1. 

o-(35°)=62f.lb, pot. 2 and <Vc- VF=O). 

The situation is much simpler for ct 60, 15N) reactions 
and absolute spectroscopic factors are commonly 
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deduced. The spectroscopic factors for the two transi
tions to 3S18'2 states obtained from the present analysis 
are C2 se 4 Sm)~ 1.4, (see also Table 1) and 

C2se 52Sm)~0.54 

(assuming 5(160)=2.0). 
In view of the uncertainties in the optical model 
parameters the prediction of the single proton transfer 
cross section can be considered to be satisfactory. For 
the two proton transfer the structural factors are 
overestimated using unity for A(N,L,.NsLs) by factors 
5-10. The result for the calculated absolute cross 
section of the two proton transfer is thus estimated 
to be a factor of approximately 25 to small. 

The experiments were performed during the stay of W. von Oertzen 
and H.Homeyer at the Lawrence Berkeley Laboratory; they are 
indebted to the whole staff at the 88" for a pleasant collaboration. 
They thank in particular F. Becchetti and J. Mahoney for their 
help during parts of the experiment. The analysis was performed 
using computer codes at the Max-Planck-Institut Heidelberg and 
Los Alamos Scientific Laboratory. The authors are indebted to 
these institutions for the possibilities to use their installation. 
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