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Experimental evidence of multistep processes in the Ge('so, ' 0) Ge
and Ge(' 0, ' 0) Ge reactions*
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Angular distributions of the "Ge("0,"0)' Ge and "Ge(' 0,"0)"Ge reactions have been measured at

incident energies of 75 and 77.6 MeV, respectively. The time-reversed reaction cross sections leading to the

Ge ground states are nearly identical bell shaped curves. Stripping and pickup angular distributions to the

Ge 2+ states show a strong shape difference suggesting interference between direct and two-step transfer.

Angular distributions for which "0 is in its first 2+ state are similar in shape to those with "0 in its ground

state. Data are also presented for elastic and inelastic scattering in both entrance and exit channels as well as

for single-neutron transfer.

NUCLEAR REACTIONS Ge( 0 0), ( 0, 0) (80 0)E=75MeV;
Ge( 0, 0), ( 0, 0) F.=77.6 MeV; measured o(0).

I. INTRODUCTION

The importance of multistep processes in heavy-
ion induced two-nucleon transfer reactions has
been discussed by several authors. ' ' Specifically,
it has been predicted for incident energies mod-

erately above the Coulomb barrier that two-step
processes involving inelastic scattering and trans-
fer can strongly change the shape of the angular
distributions for 2' states from the "normal" bell
shape of the ground state transition. Several ex-
periments on deformed' and vibrational' ' nuclei
have shown shape changes in 2' angular distribu-
tions which have been attributed to pure two-step
transitions or to interference between the direct
and indirect transitions. A particularly striking
prediction" for transfer to 2' vibrational states
is that the sign of this interference is opposite for
stripping and pickup reactions; hence quite dif-
ferent shapes could be expected for "inverse" re-
actions.

This paper reports data on the "Ge("0,"0)"Ge
and "Ge("0,"0)"Ge transfer reactions which
demonstrate a Chamatic difference in the shape of
the angular distributions of the 2' states in strip-
ping and pickup. A similar experiment by the
Berkeley group' on the Sn isotopes investigated
the magnitude dependence of the 2+ states in strip-
ping and pickup near the grazing peak, but the lack
of data both forward and backward of the grazing
peak precludes any conclusion about the influence
of the interference between direct and indirect
routes on the shapes of the angular distributions.
'The results reported here are thus the first which
conclusively demonstrate a shape change in the
angular distributions for stripping and pickup re-

actions on vibrational nuclei.
This paper also reports data for elastic and in-

elastic scattering in both entrance and exit chan-
nels as well as for single-neutron transfer. These
results should serve to constrain optical model
parameters and the data taken as a whole should

provide an extremely sensitive test of our under-
standing of both the reaction mechanisms and the
structure of the nuclear states. The following

paper will discuss a coupled-channel analysis of
the data presented here.

II. EXPERIMENTAL TECHNIQUE

The experiments were performed with 6' "Q and
"0beams from the Brookhaven tandem Van de
Graaff accelerator. Incident energies of 75 MeV
for "Q and 77.6 MeV for "0were chosen so the
("0,"0) reaction to the "Ge ground state (g.s.) was
the time reverse of the ("0,"0) reaction to the
"Ge g.s. The targets were small spots (2x5 mm)
of isotopically enriched "Ge or "Ge, 50 pg/cm'
thick, supported on 20 pg/cm' carbon backings
and overcoated with -6 pg/cm' of carbon. lt was
observed that these Ge targets could withstand
beam currents of 1 p, A only if they were overcoated
and oriented with the beam incident on the thicker
carbon backing. Reaction products were momen-
tum analyzed in the BNL quadrupole-dipole-dipole-
dipole (QDDD) spectrometer and detected by a 70
cm long proportional counter in the focal plane.
This counter consists of two proportional counters
separated by a thin cathode plane. The front coun-
ter measures energy loss and the rear, thicker
counter measures the residual energy of the ions.
Position is determined at the front wire by the
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FIG. 1. (a) position spectrum of outgoing ' 0 ions taken at 8&~= 27' in the reaction 7 Ge(' 0, 0) Ge. (b) position
spectrum of outgoing 0 ions in the reaction 7 Ge('~0, ' 0) Ge taken at ey~= 25'.

charge division method using an analog divider
circuit. The position resolution of this detector
(about 1.5 mm) makes a negligible contribution to
the observed energy resolution of 80 keV. It was
found that all particles incident on the focal plane
could be distinguished by using only the two di-
mensional map of residual energy vs position. For
the ('60, "0) reaction the yield of "N (7') ions
tended to obscure the "0 (8') ions at some angles
if both ions were stopped in the detector. This
difficulty was avoided by adjusting the gas pressure
to just stop the "0 (8') ions but not the "N (7')
ions. Charge state ratios were measured at sev-
eral angles and found to be consistent with those
previously tabulated. ' Yields were normalized
to a monitor counter and then corrected for charge
state fraction according to the curves in Ref. 9.
This correction amounted to an overall increase in
yield of about 30% and a relative correction between
forward and backward angles of 3%. Most of the
data, were taken with a solid angle of 4 msr and an
angular aperture of 2.3' in the reaction plane. Ab-
solute cross sections were determined by mea-
suring elastic scattering which was assumed to be
Rutherford at forward angles.

III. RESULTS

Figure 1(a) shows a position spectrum of out-
going "0 ions from the ("0,"0}reaction. Of the
"Ge levels observed in the two-neutron stripping
reaction, the ground state is the strongest tran-
sition in the 3.5 MeV excitation energy range
studied here. In contrast, the spectra obtained
in the pickup reaction Isee Fig. 1(b)] are domin-
ated by the population of the "02' state at 1.98
MeV ("0*)leaving "Ge in its ground state. This
peak is about 400 keV wide due to the in-flight y
decay of the "Q*, but it conveniently falls in a gap
in the energy level spectrum of "Ge. The mutual
excitation of "0*and the "Ge 2' state at 0.597
MeV ("Ge") is also Doppler broadened and cannot
be separated from transitions to '4Ge states near
2.5 MeV in excitation (with "0 in its ground state).

The differential cross sections of the '4Ge-
("0,"0}"Ge(g.s.) and the "Ge("0,"0)"Ge (g.s.)
are displayed in Fig. 2. Within the experimental
uncertainties, the stripping and pickup bell-shaped
angular distributions are identical, as expected
for time-reversed reactions. There is an expected
3% difference in magnitude due to the ratio (k, /k, )'
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FIG. 2. Angular distributions of the reactions
Ge( 80 0) 6Ge (g.s.) and 6Ge(& 0 Q) Ge (g.s.) The

horizontal uncertainties indicate the opening angle of the
QDDD. The solid curve is a calculation, arbitrarily
normalized, using the code LQLA.
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between the two reactions, but such a factor is
smaller than the experimental uncertainty.

The angular distributions for reactions to the
2' vibrational states of "Ge and "Ge, shown in
Fig. 3, are very different from those observed for
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Fla. 3. Angular distributions of the ~ Ge(' 0, ' 0) Ge
(2 ) and 7~Ge(~6Q 8Q)7 Ge (2 ) reactions.
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FIG. 4. Angular distributions of the ~ Ge( Q, Q)7 Ge
reactions in which 0 is in its 1.98 MeV, 2 state and
4Ge is in its g.s. or first 2' state.

the ground state transitions. Both 2' cross sec-
tions are flat forward of 30', in contrast to the
g. s. angular distributions which drop sharply. Any
oscillations in the forward angle cross section
would be reduced substantially by the rather large
opening angle (2.3') which was used to take the da-
ta. The ("0,"0) pickup reaction continues to be
flat to about40, somewhat past the grazing angle,
but the ("0,'80) stripping cross section shows a
steep drop forward of the grazing angle followed
by a "plateau" between 40' and 55 . The difference
in shape of the 2' cross sections clearly shows
that these are not both single-step nor both pure
two-step reactions and strongly implies that de-
structive interference with the direct transfer is
occurring in the ("0,"0) stripping reaction.

The cross sections for "0produced in its 1.98
MeV 2' excited state ("0*)in the "Ge("0,"0)"Ge
experiment are large (Fig. 4). The shape of the' Ge g.s. +"0*cross section is almost identical
to the ground state angular distributions shown in
Fig. 2, but its magnitude is about a factor of 3.5
larger than the cross section with "0 in its g.s.
The angular distribution for the exit channel '4Ge
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FIG. 5. Elastic and inelastic scattering angular dis-
tributions of ' 0+7 Ge at 75 MeV. The solid line was
calculated with the code A-THREE.

FIG. 6. Elastic and inelastic scattering angular dis-
tributions of 0+7 Ge at 77.6 MeV. The solid line was
calculated with the code A-THREE.

+"0*is very similar to that for ' Ge*+ "Q and
the ratio of the magnitudes of the cross sections
("Ge*+ "0*)/("Ge*+ "0)=3 is close to the ratio
for the final states with "Ge in its g.s. , viz. ("Ge
+ "0*)/("Ge+ "0)~ The peak in the "Ge*+ "0*
cross section at about Op„, =37' is perhaps overem-
phasized since a contaminant reaction appears to
be passing through this excitation region at this
angle.

Elastic scattering for both the incoming and out-
going channels, shown in Figs. 5 and 6, have been
measured with the QDDD and with silicon surface
barrier counters in a scattering chamber. Also
shown are the angular distributions for the inelas-
tic channels which are expected to contribute most
to multistep processes. An example of single-
neutron transfer, viz. ,

' Ge("0, "0)7'Ge (g.s. ),
also measured in the QDDD, is shown in Fig. 7.
The angular distribution is a smooth bell-shaped
curve peaking at roughly 9, ,„=37 .
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IV. DISCUSSION

Fits to elastic scattering with the code A-THREE&0
are shown as solid lines in Figs. 5 and 6. The de-
rived optical model parameters are give@ in Table
I. With no changes in parameters the solid curve
shown in Fig. 7 for the one-neutron transfer is ob-
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FIG. 7. Angular distribution of the reaction
Ge( 0, 0)7 Ge (g.s.). The solid line is a curve,

arbitrarily normalized, calculated with the code LoLA.
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TABLE I. Optical model parameters from a fit to the
elastic scattering. A standard Woods-Saxon geometry
was assumed.

Vp Wp Yp

' 0+ Ge 77.6 MeV -40 -15 1.250 0.587
' 0+ Ge 75 MeV -40 -15 1.204 0.664

tained with the code LOLA. " The peak position of
the cross section is reproduced very well but the'
forward angle data indicate the absorption should
be somewhat stronger. Since the primary concern
here is with shapes of the angular distributions the
curve has been arbitrarily normalized. The angu-
lar distribution for the two-neutron transfer cal-
culated with the code LOLA using the cluster ap-
proximation is shown in Fig. 2. The excellent
agreement of the shape of the experimental and
theoretical cross sections indicates that the g.s.
to g. s. transfer is predominantly single step. A
calculation of the ("0,"0*)reaction, using struc-
ture factors fear "0given in Ref. 12 and assuming
pure (g,~, )' for the Ge g.s. , gives an expected en-
hancement of the "Q* cross section over the "0
g.s. cross section of -2.9, whereas the observed
cross section is increased by a factor of 3.5. It
has been predicted" that strong population of the"0excited state should be associated with an en-
hancement of the forward angle "0g.s. cross sec-
tion. The data do not indicate a large enhance. -
ment.

Distorted-wave Born-approximation calculations
for the Ge 2' states are nearly identical in shape to the
g. s. This complete lack of agreement between data
and calculations clearly indicates that two-step pro-
cesses must be important for transfer to those 2'
states. A thorough discussion of coupled-channel
calculations for these reactions is presented in the
following paper. However, to indicate that coupling
to the inelastic scattering can produce the ob-
served shape changes in the two-neutron transfer,
a simplified coupled-channels calculation has been
performed using the code p&JMP. " For this
schematic calculation several simplifying assump-
tions have been made: the two neutrons were
transferred as an $ =0 cluster; J=0 transfers be-
tween the two ground states and between the two
2' states were assigned unit spectroscopic ampli-
tudes; the amplitudes of the J=2 transfers be-
tween the ground states and 2' states were varied
arbitrarily to reproduce the observed shapes; all
other direct transfer routes were omitted; defor-
mation parameters for inelastic scattering were
taken from Coulomb excitation results; optical
model parameters were taken from Table I with

V. SUMMARY

In summary, the present data provide dramatic
evidence of the importance of two-step processes
in two-nucleon transfer reactions on vibrational
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FIG. 8. Calculations, with an arbitrary normalization, of
the reactions 7 Ge('80 60)76Ge (2 ) and Ge( O O) Ge
(2') using the code rRrMp. .

W changed to 12 MeV, and therefore are not those
that would be obtained from a coupled channels fit
to elastic and inelastic scattering. It was found
that a value of -0.82 (the sign is taken relative to
the nuclear inelastic excitation) for the spectro-
scopic amplitude of the J=2 transfer in the strip-
ping reaction gave an angular distribution with
roughly the shape of the data (Fig. 8). Also shown
in Fig. 8 is the pickup angular distribution with a
J=2 route spectroscopic amplitude of +0.32. Val-
ues of this amplitude as small as 0 produce very
little change in the shape of the pickup cross sec-
tion. Thus the destructive interference of the di-
rect and indirect routes in stripping can produce
the large reduction in cross section at the grazing
angle shown by the data, while the constructive
interference of the direct and indirect routes in
pickup is not clearly demonstrated in this simple
calculation, nor in the data. It should again be
emphasized that these calculations are not meant
to be definitive. Properly a calculation should
include the coupling to the "0*state and should
treat the wave functions of the transferred nucleons
in a microscopic way. The calculations presented
here rather provide a qualitative understanding of
the observed angular distributions.
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nuclei. The differential cross sections of reac-
tions to the "Ge and "Ge first 2' vibrational states
clearly indicate that two-step processes are im-
portant for describing the shapes observed in the
stripping and pickup reactions to these states. Un-
fortunately no codes which can simultaneously
treat coupled channels, recoil, a microscopic
form factor, and sequential transfer exist, and
thus a definitive test of whether theory can quanti-
tatively reproduce the data cannot presently be
made. In spite of this limitation the authors would
like to emphasize the fact that data exist not only
for the two-neutron transfer reaction but also for

the elastic and inelastic scattering and for single-
neutron transfer. With such data the parameters
describing the generalized optical waves in the
entrance and exit channels can be fixed. There-
fore, a coupled-channel analysis, which is dis-
cussed in the following paper, will be strongly
tested as to whether it can adequately describe the
reaction mechanism as well as the structure of the
different states contributing to the transfer.
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