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Abstrad: Differential cross sections for the (p, t) reaction to 0 + states in the even Ge isotopes have
been measured at an incident energy (Ep =13 MeV) where the triton energy is below the Coulomb
barrier . The data are described by a coupled-channels calculation with wave functions consisting
of neutron configurations only . Sequential transfer processes can explain the anomalies, which
have led previously to the introduction of shape isomerism or proton excitations.
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1. Introducdon
The large amount of data obtained in the past years about the Ge isotopes and
neighbouring nuclei has revealed several interesting phenomena, especially for the
even-even nuclei . The level schemes at low excitation are strongly reminiscent of
that of an anharmonic vibrator . Also the electromagnetic properties of those levels
indicate appreciable collectivity . The behaviour of the first excited 0+ state (02),
however, does not fit in a vibrational picture. The energy of this state shows
considerable deviations from the expectation for a vibrator and has a striking
minimum at neutron number N = 40 (in 72Ge it is even below the 2+1 state) . In the
Se isotopes rotational bands have been found, which are possibly built on the 02
state, indicating a (prolate or triaxial) deformation of these states . All this information points to the direction of an interplay between different modes of collective
excitation . A review of the most salient features can be found in ref. 1).
On the other hand, (p, d) 2) and (d, p) 3) experiments on the Ge isotopes and
neighbouring nuclei have revealed that for neutron numbers N=38-50 mainly
the 2p1î2 and 199/2 orbits are active for the neutrons, although the 2133/2 and 1f5î2
orbits are not completely filled . For the protons the 213 3/2 and lfs/2 orbits are the
main active ones 4) . These facts suggest that the lowest excited states might be
described with relatively simple shell-model wave functions.
Permanent address: Institute of Nuclear Physics, Cracow, Poland .
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Evidence for both collective and single-particle aspects has been deduced from
the peculiar behaviour of the low-lying excited 0+ states in the even Ge isotopes
observed in (p, t) 5-7) and (t, p) "°) reactions and recently also in (d, 61,i) ") and
(6Li, d)12) . It was found that e.g. the 02 state in ne is relatively strongly excited
in the (p, t) reaction, whereas the (t, p) transition to the same state is much weaker
and has an anomalously shaped angular distribution . For the'4 Ge(Oz)state the
situation is reversed. Here the (t, p) transition has a large strength and a normal
angular distribution, whereas the (p, t) reaction is weak and anomalous. Such
features have also been observed for other 0+ states although less pronounced . In
analogy with similar variations in the (p, t) and (t, p) strength observed in the Sm
isotopes 13'14) these phenomena have been related to a coexistence of spherical and
deformed shapes in a single nucleus and a transition from spherical to deformed
shapes with increasing neutron number "8'9"" 5) .
Alternative microscopic explanations have been proposed based on the orthogonality of the 0+ ground and first-excited states in either the neutron 5 ) or the
proton 1'12) configurations . In both cases simple two-component wave functions
have been used with amplitudes extracted from experimental data. These models
can explain the relative strengths observed in the two-neutron (and a-particle)
transfer reactions, but the anomalous shapes of some of the angular distributions
have not been reproduced so far. Also the absolute cross sections are not reproduced
by DWBA calculations with these wave functions. The experimental cross sections
are enhanced with respect to the calculations by a factor of about 10 [ref. 5)].
In the present work the (p, t) reaction on the Ge isotopes has been studied at a
much lower proton energy (Ep =13 MeV) than used previously, which leads to
16)
triton energies well below the Coulomb barrier. It has been shown by Iwasaki
that at sub-Coulomb energies the shape of the angular distribution becomes more
sensitive to the microscopic structure of the transferred neutron pair. The tritons,
due to their long wavelength, probe a larger part of the outer tail of the form
factor, which is most sensitive to the orbital angular momentum of the single-particle
orbits involved . Therefore one can expect to obtain more information about the
microscopic structure of the nuclear states excited in such a reaction .
In our analysis of the L = 0 angular distributions, it was found necessary to
include two-step processes in the calculations . In this approach it was possible to
obtain a good description of both the shape and the absolute magnitude of the
angular distributions using simple shell-model wave functions.
Part of the results has been published in a preliminary report 17) .
2. Experimental procedure
The (p, t) reaction on the 72,74.76Ge isotopes was investigated with a 13 MeV
proton beam from the 7 MV EN-tandem accelerator in Utrecht with currents of
about 500 nA. Targets of isotopically enriched 72.74.76Ge (98%, 99% and 74%,
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respectively) with thicknesses of about 250
were either self-supporting or
evaporated onto 30IIg/CM 2 thick carbon backings. The tritons were momentum
analyzed in an Enge split-pole spectrograph and detected in a gas-ionization
chamber of the type developed in Rochester 18) . The detector consists of two
proportional counters with resistive wires for position read-out. A 10 cm wide
ionization section between the two wires is used to provide an energy loss signal,
while the remaining 15 cm of the 25 cm deep chamber determines the residual
energy of the particles. The 25 cm long detector was positioned with the wires at
an angle of 42° with respect to the focal plane of the spectrograph, such that the
average trajectory of the incoming particles is perpendicular to the position sensitive
wires.. In this position the detector effectively covers a range of 30 cm in the focal
plane. The detector was filled with isobutane at a pressure of 125 Torr, which was
not enough to stop all tritons completely, but sufficient to provide an adequate
separation of tritons from protons, deuterons and a-particles. Although this detector
was originally designed for heavy ions it proved to be useful also for the present
purposes . The 1 .2 mm intrinsic position resolution corresponds to 6 keV for 4 MeV
triton$, which is negligible compared to the 30-50 keV total . energy resolution
determined by the energy loss in the target. The detector could also handle the
high count rates (up to -2 x 104S-1) of elastically scattered protons at forward
angles which is probably a virtue of the small amount of ionization of these particles.
All primary signals from the detector were stored event by event on magnetic
tape by a PDP 11/34 computer. The particle selection and the construction of
momentum spectra for the tritons were performed off-line by means of a PDP
11/70 computer.
Angular distributions were measured in 10° steps from 9,,b = 20° to 140°. The
solid angle of the spectrograph was 2.4 mar while the opening angle in the reaction
plane was 2.8°. For the reaction on 76Ge two settings of the spectrograph magnetic
field had to be used in order to cover an excitation energy range of 1 .5 MeV. The
relative normalization of the different runs was obtained by monitoring the elastically scattered protons with a solid state detector at a fixed angle of Bleb =120°.
Absol~te cross sections with an estimated accuracy of 15% were obtained by
comparing elastic scattering cross sections for 13 MeV protons, measured in an
angular range from 9,b=15° to 30°, with existing data at 14.5 MeV [ref. 1)] and
11 MeV [ref. 2°)] and with optical model calculations .
3. Experimental resales
Triton spectra for the three reactions, obtained at an angle of 9,eb = 90°, are
shown in fig. 1 . Final states up to an excitation energy of 1.5 MeV in 74Ge and
1 MeV in 72Ge were observed while in 70Ge only the ground state could be
measured . Higher excited states were not observable because the corresponding
triton energies are too low in comparison with the Coulomb barrier. Five 0+ -" 0+
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Fig. 1. Spectra of the 7Z'"''6Ge(p, t) 70.72.74Ge reactions, measured at Ep =13 MeV and B,,b=90 ° .

transitions were investigated among which the "normal" transition to the 02 state
in 72Ge and the "anomalous" transition to 74Ge(O2) . Also three 0+ -+2+ transitions
were observed . The 41 state in 74Ge at an excitation energy of Ex =1.464 MeV
was not resolved from the 02 state at 1 .483 MeV, but it is expected to be only
weakly excited. A maximum cross section of 0.15 wb/sr for the 4 ; state was obtained
by scaling the calculated angular distribution (DWBA with a 1g9î2 form factor)
with the ratio of experimental and calculated cross sections at 26 MeV [ref. 6)],
where the 4; and 02 could be separated. This value is small compared to the
observed dtr/df (max) = 2.8 Wb/sr for the 02 state.
The sub-Coulomb angular distributions show a clear diffraction-like pattern (see
fig. 2). The contribution from compound nucleus decay is expected to be small.
The total cross section for all triton exit channels in the reaction 13 MeV p+ 74Ge,
calculated with the statistical model code STATIS 21), is only 2 Wb while the main
part of the total flux (98% of the reaction cross section) is going into the neutron
exit channels.
The general behaviour of the L = 0 transitions (see fig. 2) is similar to what has
been observed at higher proton energies. The ratio of the cross sections for the 02
and ground-state transitions is indeed much larger for 72Ge than for 74Ge (see also
table 1) but it is in both cases reduced with respect to the ratio at higher proton
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Fig. 2. Angular distributions for the n.74.76Ge(p, t)70.72''4Ge reactions . The curves are results from
CCBA calculations with the wave functions of table 3, scaled with the enhancement factors given in
table 1 . The dashed curves for the OZ states were calculated with the modified 74Ge wave functions .

energies due to the influence of the Coulomb barrier. The shape of the angular
distributions is very similar for all g.s. - g.s. transitions, while that of the angular
distribution for '°Ge(02) strongly deviates . But also the transition to ''2Ge(0z) is
different from the g.s.-+g.s. transitions, which can be seen most clearly in fig. 3
explained in the next section.
4. Single-step DWBA analysis
In first instance single-step DWBA calculations were performed for the L = 0
(p, t) angular distributions using the zero-range computer code DWUCK IV 22) .
Parameters used for the optical model potentials are listed in table 2. These are
standard sets, taken from the compilation by Perey and Perey 23) with one exception.
The depth of the real potential for the protons was changed from Vo = -52.8 MeV
to -57 MeV in order to effect an angular shift of about 8°, needed to reproduce
the shape of the ground-state angular distributions. The effect of this modification
on the absolute cross sections was less than 10% . The transferred neutrons were
bound in a Woods-Saxon potential well (ro =1.28 fm, ao = 0.66 fm) with binding
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TABLE 1

Comparison of measured and calculated cross sections for 0+ states excited in the (p, t)
reaction on Ge isotopes at E,=13 MeV
Final state

°)
df ., ,
(pb/sr)

70Ge (g .s.)
72Ge (g .s.)
72Ge
(02)
74Ge (g .s .)
74Ge
(02)

2.2
94
3.1
425
2.8

eCCBAC)

EMAXrd)

0.9
1.1(l .5)
2.0 (3 .6)
1.8(l .6)
-1 .2(1 .9)

0.6
0.9
2.2
1.5
~. 1

6d1=1

4.7
8.2
4.1
4.8
-30

ESSR4
0.9
1.9
0.7
2.6
~1

°) Differential cross section at the first maximum (81 .b = 3(r) .
Enhancementfactors (ratio of experimental to calculated cross section) for the single-step
DWBA calculations . The wave functions used to calculate the form factors are given in table
3 (modified set).
`) Enhancement factors obtained from the coupled-channels analysis with wave functions
from the simple model. The values between brackets were calculated with the modified set
of wave functions (see table 3) .
d) Enhancement factors for coupled-channels calculations with shell-model wave functions
from the MART calculations [see sect . 5 and ref. 27 )] .
`) Same as d) but for the SSR4 model.

energies determined according to the two-neutron separation energy prescription .
The two-neutron transfer form factors, which consist of a coherent sum of 2pii2
and 1g9/2 contributions, were calculated with the microscopic method of Bayman
and Kallio 24 ), where the two neutrons are assumed to be in a relative S-state. The
spectroscopic amplitudes were determined from simple shell-model wave functions,
to be discussed in sect. 5 .
Results of these calculations are shown in fig. 3 . This figure clearly illustrates
the different behaviour of the angular distributions with pure 2 1/2 (dashed curves)
TABLE 2
Optical model parameters °) used in the DWBA and CCBA analyses of the (p, t) reaction on Ge isotopes
at Ep =13 MeV

V
p+Ge
t+Ge
d+Ge
n+Ge
°)
b)
`)
d)

52 .8
163.5
108

ro

ao

1.25
1.20
1 .05
1.285

0.65
0.72
0.86
0.66

W

32 .3

wo

rw

aw

V....

r_

a ....

rc

Ref.

13.5

1.25
1.40
1.43

0.47
0.84
0.73

7.5
2.5
7.0
25 d)

1.25
1.20
0.75

0.47
0.72
0.50

1.25
1.3
1 .3

31)
32)

12 .5

The definition of the parameters is that of ref. 23). V and W are in MeV, r and a in fm .
In the single-step DWBA analysis this parameter was modified to 57 MeV.
Adjusted to reproduce the binding energy of the neutron.
Thomas spin-orbit factor .

33)
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Fig. 3. Comparison of experimental angular distributions with single-step DWBA calculations . The
dashed curves are calculated with a pure 2p2l/2 form factor and the dotted curves with a pure 199/2
form factor, while for the solid curves a combination of 2pi/ z and lg9/z form factors was used, based
on the wave functions of table 3. Scaling factors (e) for the latter are given in table 1 .
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and pure 1g9î2 form factors (dotted curves) as a function of the energy of the tritons
in the exit channel, which is especially manifested in the ratio of the differential
cross sections at the second and the first maximum. This difference is quite large
for the transition to the 70Ge ground state where the triton energy is about 3 MeV,
far below the Coulomb barrier of 6.5 MeV. For the transition to the ground state
of 74Ge at a triton energy of 5 MeV the difference is already much less significant.
A combination of 2pî/2 and 1g9 î2 form factors, whose orbits are expected to
dominate the two-neutron transfer on the basis of measured occupation probabilities 2'3), gives a good description of the shape of all measured ground-state
angular distributions up to the second maximum. The shape of the angular distribution of the transition to the second 0+ in 72Ge could not be reproduced with this
approach . As can be seen from fig. 3, the measured angular distribution is considerably higher at the second maximum than both the 2pî/2 and the 199/2 curves . A
destructive interference between the two components of the form factor would be
needed to reproduce the experimental shape of the 'ZGe(02 transition which,
however, would simultaneously reduce the calculated absolute cross sections considerably. The shape of the anomalous angular distribution for the'4Ge(Oz)state
cannot be described with the single-step approach .
The agreement between experimental and calculated (DWUCK) absolute cross
sections can be expressed in terms of the enhancement factors e, defined by the
relation
do,
(1)
dû, (0)=eN dWnwuctc (0),
for the present cases (J" = 0+ -> 0+ ; minimum isospin of initial and final states),
where N = 243 is the zero-range normalization factor for the (p, t) reaction . Values
of e for the five L = 0 angular distributions are given in table 1 . They were calculated
with the simple shell-model wave functions to be discussed in sect. 5. Important
for the present discussion is that they are around e = 5 which indicates a considerable
discrepancy between experimental and calculated cross sections . Thisfact, combined
with the poor description of the shape of both 02 angular distributions motivated
us to investigate the influence of two-step processes.
5. Coupled-channels analysis
5.1 . CALCULATIONS WITH SIMPLE SHELL-MODEL WAVE FUNCTIONS

The most straightforward way to describe the ground states of the 'a'6Ge isotopes
from a shell-model point of view is to consider 70Ge as an inert core, where the
protons fill the 2p3/2 orbit and the neutrons the 2p3/2 and lf5/2 orbits . The 2p l/2
and 199 /2 orbits are starting to be filled by the neutrons in going from 70Ge to
76 Ge. These global characteristics are in agreement with occupation probabilities
of the neutron orbits extracted from (p, d) 2) and (d, p) 3) work. The wave functions
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of the 0+ ground states of the even isotopes and of the first 2 and 2+ states in the
odd isotopes can then be written in the following way (n = 2, 4, 6):
170+nGe(O
1)) = an I (2pt/2)0(199/2) 0 -2) + On j(199/2)0)
169+n Ge(Z t ))
= I2pt/2(199/2)0-2)
169+n
Ge(21)) = Yn l(2pt/2) 0( 199/2)9/2 ) + Sn l(1 99/2)9/2 )
Only configurations with the lowest seniority have been retained . If one assumes
that the proton structure is not yet excited at these low excitation energies, the
wave functions of the 02 states are found from the corresponding ground-state
wave functions by orthonormality :
l 7o+n
Ge(Oz))=Onl(2pt/2)0( 1 99/2)0 -anl( 1 99/2)ô)
(3)

The coefficients an, ßn, Yn and Sn were determined by solving the eigen-equation
of the shell-model hamiltonian with a surface-delta two-body interaction (SDI).
The strength parameter for this interaction, A = 0.23 MeV, and the single-particle
energies, E (2pt/2) = -10.60 MeV, E (199/2) = -10.14 MeV, were taken from the
work of De Vries 27). The resulting wave functions are listed in table 3. Spectroscopic
TABLE 3

Wave functions used in coupled-channels calculations for the (p, t) reaction on even Ge isotopes
Nucleus

7°Ge

71 Ge
71 Ge
72 Ge
72 Ge
73Ge
73 Ge
74 Ge
74 Ge b )
74Ge
74 Ge
73 Ge
75 Gé
76Ge

E_
(keV)

J°

0
0
198
0
692
0
67
0
0

0+
32 -

10)

0+
0+

0.71Ip2)-0.71jg2)
0.71Ip2)+0.71lg2)
0.79 j p2g)-0 .62 jg3)
lpg2)
0.82lp 2g2)-0 .58lg4)
0.50 I p2g2)-0 .871g4)
0.58lp2g2)+0.82lg4)
0.87lp2g2)+0.50lg4)
I
pg4)
0.87 lp2g3)-0.491gs)

1483
1483
0
200
0

2+
2+

12
0+
0+
0+
0+
1
2

2+

0+

Wave function')

Ip)

19)

0.88lp2g4)-0.471g6)

') Allconfigurations have thelowest seniority.Thenotation lp'gi) stands
for a configuration with i neutrons in the 2p 1î2 orbit and j neutrons in
the 199/2 orbit.
b) Modified wave functions which give agood description of the angular
distribution for the 74Ge(02) state.
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amplitudes were calculated from these wave functions by applying the formalism
given in ref . 28) .
The contribution of two-step processes to the L = 0 (p, t) angular distributions
has been calculated with the coupled-channels Born approximation (CCBA) code
CHUCK 22). The coupling schemes (see fig. 4) included (i) the direct (p, t) step
with a form factor consisting of a coherent sum of 2pî/2 and 1g9î2 contributions,
(ii) the sequential (p, d)(d, t) process via the lowest Z- state in the intermediate
odd Ge isotope with 2p1 /2 form factors, and (iii) the (p, d)(d, t) route via the lowest
2+
2 state in the intermediate isotope with 199/2 form factors. The lowest -2 and
states are expected to play a dominant role in the sequential transfer, because they
are strongly excited in the (p, d) reaction on the even Ge isotopes 2) . In fact, most
of the l =1 (2pä2 ) and l = 4 strength observed in the (p, d) reaction is contained
in the transitions to these states .

0.20'--ti

74 Ge

75Ge

"'

'-, .

76 Ge

Fig. 4. Example of the coupling schemes used in the CCBA calculations . The dashed and dotted lines
indicate one-neutron pickup transitions with 2p,î2 and 199/2 form factors, respectively, while the
dash-dotted line corresponds to two-neutron pickup with a combined 2p 2l/2 and 1g9/2 form factor .

The correct phase factors of the spectroscopic amplitudes can be obtained from
the shell-model calculations, if one takes into account the differences in the conventions used by the CCBA program and the shell-model calculations, which may
occur at the following points . (i) The coupling order of orbital and intrinsic angular
momenta of the single-particle orbits involved in the transfer (1 + s = j or s + 1= j).
(ii) The sign of the radial part of the single-particle wave functions. The harmonic
oscillator wave functions of the shell model usually differ by a factor (-1)", where
n is the number of radial nodes, from the Woods-Saxon wave functions used in
the CHUCK program. (iii) The spherical harmonics used in the angular part of the
single-particle wave functions may differ by a factor (i)' [Biedenharn and Rose 25)
or Condon and Shortley 26) convention]. Furthermore the shell-model calculations
should be performed in an internally consistent way, because also there different
phase conventions are in use, e.g. for the coefficients of fractional parentage.
The program CHUCK completely accounts for the angular momentum coupling.
It requires, apart from the heavy-particle spectroscopic amplitudes, only coupling
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strengths S112Do (the product of light-particle spectroscopic amplitude and zerorange normalization constant) as input to calculate the absolute cross sections .
Parameters for the optical model potentials used for the proton, deuteron and
triton channels are listed in table 2. They were taken from the compilation of Perey
and Perey 23). No modification of these standard sets was needed . The observed
angular shift between the experimental ground-state angular distributions and those
calculated with the single-step DWBA appeared to be removed by the inclusion
of two-step processes. The values of SinDo were taken to be 122.5, 225 and
1560 MeV . fm 3/2 for the (p, d), (d, t) and (p, t) transitions, respectively . These
values include the light-particle isospin coupling coefficients . The heavy-particle
isospin coupling coeffigients are 1 for the cases discussed in this paper.
The results of CCBA calculations for all measured 0+ -). 0+ transitions, for the
wave functions of table 3, are presented in fig. 2 (solid curves). The shapes of the
angular distributions for the ground-state transitions are well-described by these
calculations and the calculated absolute cross sections for all transitions are much
closer to the experimental values than those calculated with the direct (p, t) process
only . The enhancement factors have become much smaller; they range from 1 to
2 (see table 1). The shape of the angular distribution for the'ZGe(02 state shows
an angular shift of about 6° with respect to experime':ni. Also the ratio of the cross
section at the second and the first maximum is calculated too large. With the
single-step DWBA this ratio was calculated too low (see fig. 3) . Apparently the
relative strength of the (p, d)(d, t) route via the z , state, which is mainly responsible
for the observed discrepancies, is overestimated in the present calculation. For
74Ge(O') the strong destructive interference between the sequential 2pji2 and 199/2
paths causes the calculated shape to be very sensitive to details of the wave functions.
The result, shown in fig. 2, is already anomalous in shape but it does not describe
the data .
A good description of the '4Ge(02) angular distribution (dashed curve in fig. 2)
can be obtained, however, by changing the amplitude of one component in the
wave functions for 74Ge as indicated in table 3 . This modification simultaneously
gives a considerable improvement of the shape for the'ZGe(02) transition, whereas
the corresponding enhancement factor becomes somewhat larger .
Fig. 5 illustrates the individual contributions of the one- and two-step processes
to the total cross section for some of the transitions. From this figure it is clear
that the two-step processes have a drastic effect on the net result . Especially the
angular distribution for the' 4Ge(02 state is determined almost completely by the
(destructive) interference between the two (p, d)(d, t) routes . But even for the
ground-state transitions they are comparable in strength with the direct process.
Within the simple model one can also expect sequential transfer via a second 2+
state in the intermediate isotopes . These 22 states have a small overlap with the
ground states of both neighbouring isotopes but a considerable overlap with the 02
states . However, these states are not well known experimentally and they may well
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be strongly fragmented in reality. In 73Ge a 2+ level has been found at 0.66 MeV
[ref. 29)] and in 5Ge a level at 1 .53 MeV [ref. 3°)] has been assigned J" = 22+ or 2+ .
The excitation energies of these levels are quite close to the values expected for
the 22 states from the shell-model calculation. Inclusion of the sequential transfer
via these states does not strongly affect the angular distribution for the '4Ge(02)
state, while it gives a reasonable improvement for the'ZGe(02 state. The enhancement factor for this state is reduced to about 1 and the ratio of the cross sections
for the second and first maxima is reduced to below the value found experimentally.
5 .2 . CALCULATIONS IN AN EXTENDED SHELL-MODEL SPACE

To estimate the contribution of other two-neutron configurations to the (p, t)
cross section, more extensive shell-model calculations are required . Moreover, such
calculations provide an estimate of the reliability of the simple model. Therefore,
calculations similar to those of De Vries 27) have been performed. The configuration
spaces used in this work are close to the limitations of the present techniques . Two
types of calculation were performed. In the first type [named MART, following
ref. 2')] the 2 p3/2 orbit is assumed to be closed and the neutrons are allowed to
occupy the Ifs/2, 2p,î2 and 199/2 orbits . No restriction on the configuration spaces
were necessary for this model. In the second model (called SSR4) in addition the
2p3î2 orbit is open for both neutrons and protons. In this model the configuration
space had to be truncated in the number of particle distributions 27). If necessary
a second truncation, limiting the sum of the seniorities of the single-shell states to
v < 7 (De Vries used v < 4) was used to keep the dimension of the configuration
spaces below 1000 . The overall agreement of both calculations with experiment is
not very good, but the gross properties of the level schemes are reproduced. In
particular, the trend of the energies of the first excited 0+ states is reproduced
qualitatively. In ne the 02 state is indeed the lowest excited state, but it is still
calculated about 0.5 MeV too high.
From a comparison of the wave functions of the levels of interest for the different
models one learns that the configurations of which the simple model was composed
[eqs. (2) and (3)] are also dominant in the wave functions of the NSAX= model.
Configurations with one or two neutrons excited from the Ifs/2 orbit contribute 15
to 30% . In the SSR4 model the configurations of the simple model also account
for 70 to 85% of the wave functions, but the remaining strength is distributed over
many configurations among which configurations with protons promoted from the
2P3/2 to the 1f5 /2 orbit. For the'4Ge(02 state only 50% of the SSR4 wave function
is represented by configurations of the simple model.
With both sets of wave functions coupled-channels calculations were performed,
including, apart from the routes mentioned in subsect. 5 .1, also the direct transfer
of a 1f5/2 neutron pair and the sequential transfer via the first-excited 52 state in
the odd isotope. The results did not differ drastically from the calculations with
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the simple model, as was already expected from the comparison of the wave
functions. The contributions from pickup of the two neutrons from the 1f 5î2 orbit
are not very important, due to the small intrinsic strength of these transfer routes.
Pickup from the 2P3n orbit which can occur within the SSR4 model turned out to
be negligible . Enhancement factors for the calculations with the MART and SSR4
models are given in table 1. They agree within a factor of 2 mutually and with the
results of the simple model.
6. Description of other reaction data
6.1 . ONE-NEUTRON TRANSFER REACTIONS

The most direct information about the wave functions of nuclear states is obtained
from single-nucleon pickup or stripping reactions. Therefore, in table 4 a comparison of measured and calculated spectroscopic factors is given for transitions
which can be described with the (modified set of) simple shell-model wave functions.
The overall agreement is quite reasonable if one takes into account the experimental
uncertainties which are reflected in the variations in the results found by different
authors. The worst agreement of course occurs for the data involving states of 70Ge
or 7 'Ge, since these nuclei obviously have a too simple structure in our model. The
TABLE 4
Comparison of spectroscopic factors (S) for single-neutron transfer reactions with simple-model
calculations

Transition
70Ge(d,
P)71Ge(i,)
70Ge(d,
P)'1Ge(?i)
72Ge(P, d)"Ge(i,)
72 Ge ( d)7'Ge(i
P,
1)
72Ge(d,
P)73Ge(z,)
7zGe(d, 7
P) 3Ge(i 1)
73Ge(P, d)nGe(02+)
74Ge ( d)73Ge(J,
P.
)
74Ge(P, d)73Ge(i1)
74Ge(d,
P)75 Ge(j,)
74Ge(d,
P)75Ge(I1)
76Ge(P,
d)75Ge(i,)
76(33,
e(P, d)'SGed 1)
3.

S"o
0.29 q, 0.27 ~, 0.62 °)
0.87 ~, 0.73
1.04')
1 .93 `)
0.16 '), 0.36 ~, 0.26 `), 0.39 h)
0.52 `), 0.44 r), 0.61 6), 0.50'), 0.73 h)
<0 .003 °)
0.56 `)
3.35 °)
0.42 6), 0.31 ~, 0.36 h)
0.46 ~, 0.43 0.48 h)
0.6l')
4.2 `)

SC
.11')

1.0
1.0
1.0
1 .0
0.50
0.90
0 .03
0.50
2.6
0.25
0.23
1 .6
4.4

') The calculated values were obtained from the modified set of wave functions, listed in table
6) Ref. 3). c) Ref. 34 ).

°) Ref. 35 ). `) Ref. z) . r) Ref. 36 ). °) Ref. 37). h) Ref. 36).
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'3Ge(p, d)'2Ge reaction to the 02 state is worth special attention. The negligible
spectroscopic factor found experimentally for this transition is well reproduced by
the calculation .
6.2 . HIGHER-ENERGY (p, t) AND (t, p) REACTIONS

The availability of angular distributions of the (p, t) and (t, p) reactions on the
even Ge isotopes at several incident energies allows a more profound study of the
0 + -> 0 + transitions in these two-nucleon transfer reactions. The same type of CCBA
calculation as was carried out for the 13 MeV data was also performed for the (p, t)
reactions at Ep = 20 [ref. 5 )], 26 [ref. 6)] and 35 .4 MeV [ref.')] and for the (t, p)
t9
reaction at 17 MeV [ref. )] . Optical model parameters were again taken from
systematic analyses, references for which are listed in table 5 . A comparison of the
TABLE 5

References for the optical model parameters') used in the CCBA calculations for the
(p, t) and (t, p) reactions on the even Ge isotopes
Reaction
(p, t)
(p, t)
(p, t)
(t, p)

Ew~
(MeV)

Ref. b)

p+Ge

d+Ge

t+Ge

20
26

5)

3)

32)

33)

6)

3)

4)

33)

7)

3)

41)

33)

17

9)

39)

40)

33)

35 .4

') All parameter sets were taken from systematic surveys most of which can also
be found in ref. 23).
b) References for the experimental data .

calculated and measured angular distributions for the transitions to 72 Ge(g .s.),
' 2 Ge(OZ) and '° Ge(OZ) are given in fig. 6, while a complete list of calculated
enhancement factors is given in table 6.
From fig. 6 one sees that the shape of the 72Ge(g.s.) transition (which is also
typical for the other ground-state transitions) is well reproduced for all reactions.
Some small deviations do occur. Especially for the 26 MeV (p, t) reaction there is
a marked difference in the angular region from 15° to 30° which is very sensitive
to both the optical potentials and the structure of the form factors. The enhancement
factors which for almost all g.s. -> g.s. transitions are between 1 and 2 are also about
30% higher at 26 MeV. We did not try to improve on these discrepancies by
modifying the optical potentials .
The description of the (p, t) transition to the' Z Ge(OZ) state is slightly worse at
Ep = 20 and 26 MeV. At 26 MeV the deviation occurs again in the region from
15° to 30°. Both the shape and the enhancement factors for these transitions can
be improved by including the sequential transfer route via a second 2+ state in
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TABLE 6
Enhancement factors (e =o,lo,,,j obtained from CCBA and single-step DWBA calculations for
(p, t) and (t, p) reactions on the even Ge isotopes

'°Ge (g.s.)
'ZGe (g.s.)
'ZGe (0?)
'4Ge (g .s.)
7sß (Oz)
72
6Ge (g .s .)

(P . t)
13 MeV

(P, t) s)
20 MeV

(P . t) 6)
26 MeV

(P . t) 7)
35 .4 MeV

0.9 (4 .7)
1.5(8)
3.6 (4 .2)
1.6 (4 .8)
1.9(30)

1.7 (4 .1)
1.9(11)
4.1(7)
1.8 (4 .1)
0.6(11)

2.4(7)
1.9(6)
4.5(5)
2 .7 (4.4)
0.43 (4 .8)

1.8 (2 .7)
1.4 (2 .7)
13(2 .2)
2.1C.3)
0.32 (2 .8)

(t, P) 9)
17 MeV

1 .3 (2.9)
0.06 (0 .16)
13(3 .8)
1 .0 (1 .6)
1.9 (3 .0)

The values between parentheses are enhancement factors for calculations with direct two-nucleon
transfer only.

73Ge, as was also the case for the 13 MeV angular distribution . The idea that the
origin of the discrepancies found for the 72 Ge(02) state mainly lies in the neglect
of other sequential transfer routes is further supported by the fact that the transition
to this state is much better described at 35 .4 MeV, where the two-step processes
are considerably less important, as is evident from a comparison of enhancement
factors for the complete CCBA calculations and those for the direct step only
(included also in table 6).
The shape of the (p, t) angular distributions for the' ° Ge(OZ) state is surprisingly
well described at all incident energies, if one takes into account the strongly
anomalous character of these transitions. Remarkable in this case is that the CCBA
enhancement factors become smaller with increasing proton energy . A possible
explanation for this phenomenon is that two-step processes via higher excited states
in 'SGe contribute (destructively) to this weak transition, which are suppressed at
13 MeV because of the low energy of the deuterons involved in these routes (the
Q-value for the 76Ge(p, d)'SGe reaction is -7.2 MeV) . On the other hand the
constant and rather small values of the enhancement factors for the direct process
only for all transitions at 35 .4 MeV, where two-step processes are less important,
give confidence in the wave functions for the 0+ states .
The (t, p) transitions to the two 02 states require some special attention. In (t, p)
the transition to '°Ge(O + ) is relatively strong and the angular distribution has a
normal shape. Both the shape and the absolute cross section (e =1) are reasonably
well described in the calculation. For the very weak transition to ' Z Ge(OZ) the
anomalous character of the angular distribution is reproduced (at least the phase
of the oscillation is correct) but the absolute cross section is calculated much too
large. The latter deficiency might be attributed to an oversimplification of the 70Ge
and 71 Ge wave functions in our model.
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6.3 . OTHER REACTION DATA CONCERNING THE 0 + STATES

Recently the first-excited 0+ states in the Ge isotopes have also been studied by
means of the (d, 6Li) tt) and (6Li, d) 12) reactions. The ratios of the strength of the
transitions to the 02 state and the ground state observed in these reactions are
listed in table 7 . For the calculation of these ratios it was assumed that the Se and
Zn ground states can be described by coupling two protons (or proton holes) to
the ground states of the corresponding Ge isotone. In that case the a-transfer
transition amplitude may be factorized into a two-proton and a two-neutron amplitude 42) . Since the proton structures of the 02 and Oi states of the Ge isotopes are
TABLE 7

Relative strengths of transitions to the first-excited 0+ state and
the ground state of Ge isotopes, observed in a-transfer reactions
R =S(02)/S(g.s .)
Reaction
68Zn(6Li, d)72 Ge
76Se(d, 6Li)72 Ge
70ZnCLi, d)74 Ge
78 Se(d, 6Li)74 Ge

Ref.

R«

R~m')

u)
ir )

0.09
0.32

0.09
0.36
0.54
0.005

12)
11 )

0 .71

<0 .03

') The calculations were performed with the modified set of
wave functions from table 3. Wave functions of the Se and Zn
isotopes are discussed in the text .

identical in our approach, the strength ratios R are determined by the two-neutron
transfer strength according to
R - r St/2(2pi/2)+PSr/2(1g9/2)IO2 .
St 2 (2pi/2)+PS 2 (199/2)Ig-s . J2
The St/2 are two-neutron spectroscopic amplitudes and p represents the ratio of
the intrinsic DWBA transition amplitudes for transfer to the 199/2 and 2p t/2 orbits ;
one finds p = 0.53 for the (p, t) reaction . The ratios calculated in this way are in
very good agreement with the experimental values (see table 7) for both the pickup
and the stripping reactions to the'2Ge(02) and'4Ge(Oi) states . Because in a-particle
transfer contributions from sequential processes are less likely, this agreement
supports our idea that the discrepancies encountered in the analysis of some of the
(p, t) and (t, p) transitions at higher incident energies are mainly due to the neglect
of some sequential transfer routes .
Data 1.4.43-45) which involve the transfer of an unpaired proton are not as easily
explained. Of these especially the 7'Ga(3He, d)72Ge reaction 4s) is important. The
large ratio ß(O2)/~(&s .) = 0.6 observed experimentally in this reaction, which was
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one of the main motives for the introduction of orthogonal proton wave functions'),
cannot be reproduced in our approach, if one considers the "Ga ground state
merely as a proton hole coupled to the 72Ge ground state.
7. Condusions
The (p, t) reaction leading to 0+ states in 70,72.74Ge at a low incident energy of
13 MeV has proven to be useful to disentangle the effects of the reaction mechanism
and of the structure of the 0+ states. The sub-Coulomb tritôn energy enhances the
sensitivity of the shape of the angular distributions to the structure of the twonucleon transfer form factors. At the same time two-step processes appeared to
be relatively strong at this energy . On the other hand the number of possible
sequential transfer routes is limited by the relatively small range of excitation
energies in the intermediate isotope through which these processes can proceed.
Both the shape and the absolute magnitude of the measured 0+-> 0+ angular
distributions could be satisfactorily explained within a coupled-channels approach
using simple shell-model wave functions consisting of neutron configurations only .
These wave functions comprise the dominant components of the wave functions
obtained in more elaborate shell-model calculations and they are in fair agreement
with spectroscopic factors for single-neutron transfer. The sequential transfer routes
proved to be crucial to explain, especially, the deviations from a "normal" L = 0
shape which were observed in the angular distributions for the transitions to the
first-excited 0+ states .
The (p, t) angular distributions at higher incident energies and those for the
corresponding (t, p) transitions were also well described in the CCBA approach .
Some deviations are probably due to sequential transfer routes via higher excited
states in the intermediate isotope which were not taken into account explicitly . For
a-transfer reactions to the same states, where multi-step processes are less likely,
the ratios of 0 z and 0 i cross sections were reproduced very well.
The results presented in this paper favour a straightforward explanation of the
anomalies encountered in connection with the low-lying 0+ states in the Ge isotopes,
which does not support the qualitative interpretation of these anomalies in terms
of a coexistence of different nuclear shapes ',8 9,15 ), which has been largely based
on the (p, t) and (t, p) data. In another approach 1,12 ), where the wave functions of
the 02 and 0 states are considered to be orthogonal in the proton configurations
only, the relative cross sections of the neutron transfer reactions can be explained
(in that model some of the experimental data are used to fix the parameters of the
wave functions). In addition that model can explain some salient results of proton
transfer reactions. On the other hand the anomalous shape of some of the (p, t)
and (t, p) angular distributions have not been described within this approach . These
shapes appeared to depend crucially on the relative amplitudes of the neutron
configurations in the wave functions. Also the 0+ wave functions obtained from
"
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the SSR4 shell-model calculation (see sect . 5), which does allow for proton excitations from the Ifs/2 orbit, do not contain such proton configurations with an
appreciable amplitude.
In conclusion we think that a complete description of the structure of the low-lying
0+ states should at least include neutron configurations in a combination which is
considerably different for the ground state and the excited state.
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