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Inelastic scattering of '*0 and '"O ions from various target nuclei in the mass range A = 48-92 has been
investigated at incident energies between 54 and 69 MeV. Angular distributions for the excitation of the first
excited states in the target nuclei are well reproduced by conventional distorted-wave Born approximation
calculations with B(E2) values from the literature, and equal charge and mass deformation lengths. The
measured angular distributions for the excitation of the first excited state in '30 are, however, shifted to
forward angles by 2°-5° (c.m.) with respect to the theoretical calculations. This shift is more pronounced
for target nuclei near closed neutron shells. Furthermore, '*O and 'O induced one and two neutron transfer
reactions on some of these nuclei have been measured. The systematics observed in our inelastic scattering
and transfer studies suggest that two step processes including neutron transfer channels as intermediate steps

are responsible for these observed shifts.

I. INTRODUCTION
The Coulomb-nuclear interference in the in-
elastic scattering of heavy ions at energies above
the Coulomb barrier is usually thought to be a well

understood process. The oscillations in the angular

distributions for transitions to low lying collective
2* and 3~ states in medium-weight nuclei, which
are out of phase with the corresponding oscil-
lations in the elastic scattering angular distri-
bution 0/0,, are well described by distorted-
wave Born approximation (DWBA) calculations,
if Coulomb excitation is properly taken into ac-
count.}”'® The oscillations in the angular dis-
tributions can be understood in the framework
of different semiclassical models.!! There are
anomalies, however, observed in the angular
distributions and excitation functions for the 0*
- 2* transitions in 2C (Refs. 6 and 7),. 0 (Refs.
5 and 12), *Ne (Refs. 9 and 10), 22Ne (Ref. 4),
and *Mg (Ref. 8). In general, the measured an-
gular distributions show a shift A6 varying be-
tween 2° and 5° (c.m.) towards forward angles
with respect to the DWBA calculations. Several
explanations have been suggested in order to ex-
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(NUCLEAR REACTIONS #7i(1%0,1%0), E =45 MeV; ?Cr(}%0,1%0), E =56 MeV;
Sre1t0,1%0), £=60 MeV; "*Ge(*?0,%0), E=68.6 MeV; *Zr80,%0), E=68.6
MeV; 27Zr(80,1%0), E=68.5 MeV; measured o(6) for g.s. and first 2* states in
8o, 487, S2¢y, HMFe, “Ge, ®Zr and for first 1/2* state in 2zr. #Fe’0,170),
E=59.1 MeV; **Ni70,170), E =62.1 MeV; measured o(6) for g.s. and first 2+
states in #Fe, $Ni and for first 1/2* state in 170. "®Ge(1%0,180), E=30-48 MeV,
01 =175°; measured o(E) for the first 2* states in ’Ge and %0, %Fe('%0,'0),

E =56 MeV; 28n(1%0,170), E =72 MeV; measured o(6) for low lying states.
Mre’0,1%0), E=59.1 MeV; ®Ni(1'0,1%0), E =62.1 MeV; measured o(9) for low

| lying states. Optical model, DWBA, deformation parameters. Enriched targets.J

plain this behavior: .

(i) An unusually large reorientation effect causes
a shift of the whole angular distribution pattern
towards forward angles as shown in a semiclas-
sical calculation by Broglia'® for the case of '20.
Quantitative coupled channels (CC) calculations!?
have shown, however, that the quadrupole mo-
ment of the 2* state in *0O (Ref. 14) is much too
small to produce a sizable shift of the angular
distribution. Recently, experiments have been
performed for the inelastic excitation of the 2*
state in *Ne (Refs. 9 and 10). For the reaction
%Ne +“°Ca the influence of the quadrupole moment
in CC calculations cannot account for the total
shift of about 5° observed® in the angular dis-
tributions. A similar conclusion must be drawn
from the analysis of excitation functions.® For
the system %°Ne +2°®Pb, however, the CC cal-
culations seem to be sensitive if reasonable
values for the quadrupole moment are chosen.'®

(ii) Microscopic calculations with folded po-
tentials have been performed recently’ in order
to explain the anomaly observed for 0 (2*).
These microscopic form factors have a larger
radial width than the usual form factor calculated
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19 INELASTIC SCATTERING OF 80 AND 70 IONS FROM...

within the framework of the collective model.
Modified form factors can reproduce the observed
shift of the angular distribution, as already shown
in Ref. 5. However, excitation functions measured
at backward angles® are not explained (see also
Sec. VE).

(iii) A coupled reaction channels (CRC) cal-
culation'® for the system %0 +°°Ni has shown that
intermediate routes such as (*%0, 170) ® [\70, #0(2*)]
have to be taken into account. No CRC calculations
for other systems have been performed to our
knowledge. The success of this calculation sug-
gest that the ad hoc change of the phase of the
complex form factor,>!” which so far is the only
way to describe angular distributions and exci-
tation functions for the 2* state in *0, just si-
mulates coupled channels effects.

In order to investigate whether there is a syste-
matic behavior in the shift A8 of the angular dis-
tribution for the excitation of the 2* state in *0
we have measured inelastic scattering of 0 ions
from medium-weight nuclei with masses between
A =48 and A =92. For some of the systems the
cross sections of the (**0,'’0) and (**Q, '°0) reac-
tions were also determined. In addition, we have
measured elastic and inelastic scattering of 'O
in order to study the influence of transfer chan-
nels on the excitation of the 3*, 0.871 MeV state
in 170,

II. EXPERIMENTAL DETAILS

The experiments were performed at the Munich
MP tandem accelerator, with *?O and *0 beams
extracted from a Penning source. A detailed
description of the experimental setup used for the
measurement of angular distributions and exci-
tation functions is given in Ref. 5. The target-
projectile combinations investigated in this work
are summarized in Table I. The energy resolution
in the data presented here is about 250 keV, mainly
due to kinematic broadening and energy straggling
in the targets. Thus transitions to the first excited
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TABLE I. Target-projectile combinations investigated
in the present work.

Target E 4

nucleus Projectile (MeV) Measured quantities
48 180 54 Angular distributions
f2cr Ele} 56 Angular distributions
Sipe 180 60 Angular distributions
S4Fe 1o 59,1 Angular distributions
0N 119 62.1 Angular distributions
Ge 180 68.6 Angular distributions
Ge o) 30-48 Excitation function

at 8,,,=175°

Azy 189 68.6 Angular distributions
27y 180 68.5 Angular distributions

states could be separated from the elastic peak
for scattering angles larger than 6,,,~20°. The
%2Cr target showed deterioration effects at beam
currents of >100 nA resulting in a somewhat
poorer energy resolution. Owing to the use of
single detectors in our experiments, ’0 and '°Q
ions from the one and two neutron transfer chan-
nels (**0, *"0) and (**0, '°0) could not be separated
from inelastically scattered 0 ions of the same
energy. As shown in Ref. 5, transfer reactions
influence the magnitude of the cross section at
larger angles to some extent; the oscillatory
structure of the angular distribution is, however,
not affected. Because of the positive @ values,
angular distributions for transfer reactions to low
lying states could also be measured with single
detectors for cases **Fe('®0, 1"0)*°Fe,
*Fe(*’0,'°0)*°Fe, and °°Ni("O, *0)°!Ni. For the
1208n(*80, ’0)*?!8n reaction a AE-E time of flight
technique had to be applied.’®

III. THEORETICAL ANALYSIS

The experimental data were analyzed with the
optical model code ABACUS!® for elastic scattering
and the DWBA code DWIN® for the inelastic chan-
nels. A six parameter Woods-Saxon potential was

TABLE II. Optical potential parameters obtained from a least squares fit to the elastic
scattering angular distributions. The parameters are defined in Sec. III.

’

E 14 ) a w 7y a
Reaction (MeV) (MeV) (fm) (fm) (MeV) (fm) (fm)
487 4180 54 17.5 " 1.33 0.57 ° 5.7 1.37° 0.56
B2¢cr +180 56 15.0 '1.33 0.56 10.9 1.30 0.59
S4Fe + 180 60 31.9 1.28 0.51 12.8 1.28 0.57
2Ge + 180 68.6 97.9 1.19 0.60 41.4 1.13 0.65
Azr +180 68.6 14.6 1.36 0.52 6.9 1.39 0.51
27r +180 68.5 20.9 1.33 0.53 10.8 1.35 0.51
S4pe + 170 59.1 34.1 1.29 0.51 6.1 1.32 0.53
80Ni +170 62.1 13.4 1.35 0.59 8.8 1.37 0.40
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used in the optical model search:

V=V, (r) - Vf(r) - iwg(r),

where
Z
V,(r)= Z ZZL° R,
Z.,Z e? 72
V"(y)z"lich—(s—F>’ r<R,, Rc=7’0cA21/3,
c

T'Ro - 1/3 1/3
flr)= 1+exp—-—T- , Ro=7,(A'P1A15),

7 -R}
g(?’)=[1 +exp ( —

A, Z and A,, Z, are the mass and charge of
projectile and target, respectively.
A form factor F,(r) consisting of a Coulomb

and a nuclear part was used to describe the in-
elastic excitation of the 2* states:

F,n)=Fr)+FY(r).

-1
)] ’ R6=76(‘A11/3+A21/3)'

The Coulomb part is given by
41rZ L

Fir)= [B (E2;4)]/2 —l—— for » >R,

47rZ €

FS(r) = [B(E2; V]2 x ; _, for 7 <R,
with R, =70,,A21/3 and 7,,=1.25 fm.

The nuclear part of the form factor was cal-
culated within the framework of the collective
model:

df(?f)

)

Two parameters, B(E2;4) and BJR,, enter the
calculation. The B(E2;4) values which determine
the absolute overall cross section were taken
from the literature. The nuclear deformation
length BYR, which influences the amplitude of the
oscillations in the angular distributions was as-
sumed to be equal to the charge deformation length
BSR..

The one neutron transfer DWBA calculations
were performed with the exact finite range pro-
gram PTOLEMY.2! The bound state wave functions
were computed using the conventional separation
energy prescription. The binding potential has the
form

() == Voftr) + ( 45“_2)(‘;‘5)1/0 i) |

The spin-orbit strength parameter A was chosen
to be either 0 or 25. Both calculations resulted
in angular distributions with identical shapes but
slightly changed absolute magnitude. In all cal-

FYr)= (B;VR 14 +iBYR,W

(180’180’)
1.122
0.97%
0.78%
0.74Y
0.99%
0.73%
0.52%
1.0%

2 This work.

(170, 170')
0.92%

( 160 s 160' )
0.72%
0.92Y
"Reference 46,
WReference 47.
*Reference 48,
YReference 5.

(13c’13c’)
1.1V

6y (fm)

1.178
0.62%
0.50¢
1,164
0.64"

(@,a’)
YReference 45,

tReference 44.

TReference 42.
SReference 43.

(3He, 3He")
0.84 49
0.6049
137
0.7%

(t9 t,)
0.62°

"Reference 38.
°Reference 39.
PReference 40.
9Reference 41.

(d,d’)
0.87™
0.75™
0.67™
0.99"
0.51°

®,0")

1.0¢

0.77¢%
0.598
1,20h
1,131
0.96%
0.66!

iReference 34.
kReference 35.
I Reference 36.
MmReference 37.

60
(fm)
0,972
0,78"
0.922
0.99%
0.16¢
0.52¢

1.0

TABLE II. Deformation lengths and B(E2) values used in the DW BA calculations.
1,122

B(E2;1)
(e20?)
0.071
0.067
0.052
0.091
0.155
0.007
0.079
0.0039

¢ Reference 30.
fReference 31.
-eReference 32.
hReference 33.

E*
(MeV)
0.983
1.434
1.408
1.333
0.834
1.205
0.934
1,982

J’r
)
2"‘
o+
2"‘
2"‘
%-1»
2+
24‘

Target
nucleus
48pj
S2Ccr
SdFe
0N
Ge
gy
27y
180
2Reference 26.
bReference 27.
cReference 28.
dReference 29.
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TABLE 1V, Spectroscopic factors used in the DWBA calculations. The bound state param-
eters were 7;=1.20 fm and ¢ =0.65 fm for 10 and %0, and 79=1.25 fm and a =0.65 fm for e,
®INi and 12Sn. The spin-orbit strength parameter used was A =25,

E* J" E, JT
Bound state  (MeV) (%) c?s (MeV) (%) c?s (Texp/ Ty ypa) max
MFe+n 0.0 4 0462 Mo+y 0.0 £ 1:b 1.61
0412 4+ 031* Y0o+p 0.0 £ o1m 1.86
12080 +p, 0.0 £ 043° 10+n 0.0 13 .
0.008 ¥ 021° 0+n 0.0 Fo1m 1.7
0.058 ¥ 0.39° Y0+n 0.0 Fom “es
0.0 £ 043° Vo+y 0871 +  0.07° ‘e
0.008 4 0.21° Yo+, 0871 £ 0.07 e
0058 +  039° o+n 0871 f . 0.07 - 3.0
0.93¢ % 019° 10+n 0.0 s ee
e+ 0.0 £ 046° %0+n 0.0 1 qd 1.02
0412 &+ 0.31* %0+ 0.0 o 1.08
0.931 %  0.352° 0+n 0.0 F o 1.35
60N +9 0.0 + 0.395° %0+, 0.0 A ‘e
0.067 & 0.533° %04, 0.0 &g 0.62
0.283 ¥ 0.610° %04y 0.0 A e
1133 §  0.06° %0+p 0.0 £ “ee
1186 4 0.063° %0+n 0.0 o 1.15
2.114 £ 078° %0+, 0.0 o 0.72

2 Reference 55.
b Reference 56.
¢ Reference 57.
d Reference 58.
¢ Reference 59.

culations the effective interaction included the
core — Coulomb correction factor as discussed

by DeVries et al.?> The parameters used in the

calculations are summarized in Tables II-IV.

IV. EXPERIMENTAL RESULTS

The experimental results of the present investi-
gation are shown in Figs. 1-9 for elastic and
inelastic scattering, and in Figs. 10 and 11 for the

transfer channels.

The solid curves are the result

of optical model (elastic) and DWBA calculations
(inelastic scattering and transfer reactions) as
described in Sec. III. The following general fea-
tures are observed in the data:

(a) The angular distributions for the excitation
of both the target and the projectile show an os-
cillatory behavior which is more pronounced for
the projectile excitation.

(b) The last minimum in the angular distribution
for the target excitation is slightly shifted towards
larger angles if compared to the Fresnel maxi-
mum in the elastic scattering angular distribution
due to the negative @ value for the inelastic scat-
tering.

(c) Contrary to the target excitation, the last
minimum in the angular distribution for the exci-
tation of the 2* state in '®0 is not shifted towards
backward angles; in general it coincides with the
Fresnel maximum. This behavior will be dis-
cussed in more detail in Sec. VB.

(d) The excitation function for the 2* state in
"2Ge is dominated by the Coulomb form factor

- and does not show the characteristic pattern ob-

served for 2* - 0* transitions in *°Ni and °2Mo
(see Ref. 5). However, the projectile excitation
function is similar to those described in Ref. 5.

(e) The angular distributions for the one neutron
transfer channels (**0, 1"0) and (}"0, '°0) are bell
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FIG. 1. Angular distributions for elastic scattering
and inelastic excitation of the lowest 2 * states in 4Ti
and 80, The solid lines are optical model (elastic) and
DWBA calculations (inelastic) with parameters given in
Tables II and III,

shaped with a somewhat increased cross section
at forward angles.

V. DISCUSSION
A. Elastic scattering and target excitation

The parameters obtained from a least squares
fit to the elastic scattering angular distributions
are summarized in Table II. Potentials with six
parameters were used in the analysis. It was
verified that other potential families describe
the elastic and inelastic scattering data with the
same degree of accuracy; this finding agrees
with the results obtained in Ref. 23. Using the
optical potential parameters obtained from the
analysis of elastic scattering and assuming equal
charge and mass deformation lengths in the DWBA
calculations, we have calculated the distributions
shown as solid lines in Figs. 1-9.  In general the
agreement between the experimental data and the
theoretical prediction is good. In this context two
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52 18
Cr+56MeV_0O
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elastic
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L iiaal

1odaeanl

01

FIG. 2. Angular distributions for elastic scattering
and inelastic excitation of the lowest 2* states in 5Cr
and 80, The solid lines are optical model (elastic)
and DWBA calculations (inelastic) with parameters given
in Tables II and III.

comments have to be made: (1) For the excitation
of the 2* state in ?Ge a B(E2;4) value of 0.155
¢®b? had to be used in the calculations in order
to reproduce the magnitude of the observed cross
section. This value is about 30% smaller than the
one calculated from the half-life of the 2* state,
but is in good agreement with the result of an )
earlier (o, @’) experiment analyzed by Temmer
et al.** The reason for this discrepancy is not
known. CC calculations with the program CHUCK?
including the coupling to the first 2* states at
0.834 MeV and 1.464 MeV in "?Ge reproduce the
result of the DWBA calculation. (2) For the
3*—3* transition in °!Zr the DWBA calculation
underestimates the cross section by a factor of
3. For this single particle transition the assump-
tion that the nuclear deformation length BYR can
be calculated from the corresponding B(E2;4)
value is not justified. Therefore, BYR was treated
as a free parameter in the DWBA calculation.

All deformation parameters used in the calcu-
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FIG. 3. Angular distributions for elastic scattering
and inelastic excitation of the lowest 2* states in %Fe
and 80. The solid lines are optical model (elastic)
and DWBA calculations (inelastic) with parameters given
in Tables II and IIL

lations are summarized in Table III together with
the corresponding values from other studies. In

~ general the nuclear deformation lengths 6, obtained

from the analysis of reactions with different pro-

jectiles agree within 20% (see Table III).

B. The excitation of 180 (2*)

A comparison of the experimental angular dis-
tributions with the DBWA calculation for the ex-
citation of the first excited 2* state in ®0 reveals
two characteristic features (1) Usually the DWBA
cross section at the last maximum preceding the
exponential falloff in the angular distribution is
too small by a factor of 2 (see Figs. 1-6). This
effect is especially pronounced for the **Fe
(Fig. 3), °'Zr (Fig. 5), and °?Zr (Fig. 6) targets.
It should be noted that within this angular region
nuclear excitation and transfer processes are
expected to have the largest influence on the cross
section. (2) The shift of the last minimum in the

T T T T T T
"2Ge +686MeV '8 O
I ']
10 E
. F ]
5 01k .
5 [ elastic 3
3 ]
0.01} 3
E r
F i
10 3
C o, )
E 1 & Ge(2+) -
3 *
E I ]
-
2,10? 3
1) E E
© ]
1“ ‘ _E
®o* ]
]
ol
20° 40° 60° 80°
ec.m.

FIG. 4. Angular distributions for elastic scattering
and inelastic excitation of the lowest 2* states in "?Ge
and 30. The solid lines are optical model (elastic)
and DWBA calculations (inelastic) with parameters given
in Tables II and II.

angular distribution with respect to the DWBA
calculation is larger for the **Fe, °'Zr, and °2Zr
targets than for the *Ti and "?Ge targets. A sim-
ilar behavior was observed in Ref. 5: The shift
is larger for °2Mo if compared to 3®%Nij and '2°Sn.
It was verified that the position of the last min-
imum in the DWBA calculation does not depend
on the optical model parameters chosen for the
calculation as long as the elastic scattering an-
gular distribution is reproduced. Figure 12 sum-
marizes all the shifts of the angular distributions
between the DWBA prediction and the data, A9
=0pwpa — Oexpy Which could be reliably extracted
for different target nuclei. Figure 12(a) shows
the shift for the last minimum of the angular dis-
tribution while Fig. 12(b) corresponds to the pre-
ceding maximum. The error bars given in Fig. 12
are the sum of the systematic angle uncertainty
of the experimental setup and the error determined
from the angular distributions using a least
squares fitting routine. A systematic variation of
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FIG. 5. Angular distributions for elastic scattering and
inelastic excitation of the * state at E*=1.205 MeV in
1Zr and the 2* state at 1.982 MeV in 180. The solid lines
are optical model (elastic) and DWBA calculations (in-
elastic) with parameters given in Tables II and III.

the shift as a function of the target nucleus is
evident from Fig. 12. The largest shift is observed
for nuclei near closed neutron shells, e.g., *°Cr,
Sipe, °'Zr, °2Zr, °2Mo, while it is smaller for the
other cases investigated: *0Ti, % 6%°6264Nj,

2Ge, '¥%Sn. A similar dependence for the nuclei
near closed proton shells is not observed. This
strong variation of the shift in the inelastic scat-
tering angular distribution cannot be understood if
reorientation effects in the ®Q 2* state are respon-
sible for the discrepancy. Since neutron binding
energies are minimal for orbitals just outside
closed shells, the radial form factors, which
strongly influence the transfer cross sections,
extend to larger radii in these cases. Therefore,
the large shift for nuclei near closed neutron
shells suggests that one and two neutron transfer
reactions influence the excitation of the 2* state

in '8Q.

T

| 7r + 685Mev ®0

10¢

F elastic

L
\

10? E
T o1k E
0 E 3
3 gz &
E g ]
G I )
3 10 3
1=} 3

e "o (2%) *g

01 1 1 1 1 1 1 1

FIG. 6. Angular distributions for elastic scattering
and inelastic excitation of the lowest 2* states in %2Zr
and 180. The solid lines are optical model (elastic) and
DWBA calculations (inelastic) with parameters given in
Tables II and IIIL.

C. The %*Fe (180, 170) %5Fe and '2Sn (180, 170)2!sn
transfer reactions

Calculations in the CRC formalism by Low!®
including the one neutron transfer reaction
(**0, '"0) as an intermediate channel were suc-
cessful in explaining the observed® shift for 80
+%Ni. We have therefore investigated the reac-
tions **Fe(**0, "0)**Fe and '2°Sn(**0, 10)'?'Sn to
low lying states in **Fe and '?'Sn, respectively.
These reactions are the two cases which show
one of the largest difference in the shifts A9 for
the inelastic scattering angular distributions (see
Fig. 12). The results are shown in Fig. 10. The
solid curves are DWBA calculations described in
Sec. III, with spectroscopic factors summarized
in Table IV. Owing to the energy resolution of
about 300 keV for the time of flight telescope, the
individual transitions to the 3*, 1, and }* states
in '21Sn could not be resolved. The angular dis-
tribution for the states near the 0.9 MeV ex-



19 INELASTIC SCATTERING OF 20 AND 170 IONS FROM... 2231

T T T T T T 1
54 17
Fe +59.1MeV
10k 4
01k . .
£ elastic 3
24 r 3
4 L 4
N

o o <4
001} ~
10 E E
- ]
- 1k Fe (2*) 3
2l E 3
> F ]
E + x
G fr A
A é
3 3

01

FIG. 7. Angular distributions for elastic scattering
and inelastic excitation of the lowest 2* state in % Fe
and the 3* state at E*=0.871 MeV in 170, The solid
lines are optical model (elastic) and DWBA calculations
(inelastic) with parameters given in Tables II and IIL.
For the excitation of the +* state in O a B(E2) value
of B(E2;4) =0.00021 ¢%? and a nuclear deformation
length § y=0.72 fm was used.

citation includes the transitions to the I+ state

in '?!Sn at 0.93 MeV, with "0 in its ground state,
and the transitions to the low lying §*, &~ and

+* states in '2!gn, with 70 in its first excited 3*
state. In the DWBA calculations the cross sections
for these transitions were added weighted by their
corresponding spectroscopic factors (see Table
).

A comparison between the experimental data
and the DWBA calculations reveals several fea-
tures: (1) For both cases the maximum of the
angular distribution for the DWBA prediction is
shifted towards larger angles by about 5°. This
effect is known from other one particle transfer
reactions?® and has also been observed in the
S4Fe('®0, 1"0)°°Fe reaction investigated at 50 MeV
incident energy.®® (2) The absolute experimental
cross section, however, differs between the reac-
tions %*Fe('*0, '0,)**Fe and '2°Sn('*0, 1"0)'?'Sn.
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FIG. 8. Angular distributions for elastic scattering
and inelastic excitation of the lowest 2* state in $Ni
and the 1+ state at E*=0.871 MeV in 70O. The solid
lines are optical model (elastic) and DWBA calculations
(inelastic) with parameters given in Tables II and III,
For the excitation of the 3* state in !0 a B(E2) value of
B(E2;t) =0.00021 %2 and a nuclear deformation
length & y=0.66 fm was used.

If we consider the fact that 3 unresolved states
contribute to the data shown in Fig. 10 for '2!gn,
the difference in the ground state cross sections
between both reactions is approximately an order
of magnitude and appears to be even larger at the
most forward angles. A similar difference is
apparent from the data for the excited states in
5%Fe and '2'Sn. In addition, it is to be expected
that more states in **Fe are populated with ap-
preciable cross sections than in !2!Sn, due to the
positive ground state @ value for the

S4Fe(**0, "0O)°°Fe reaction. '

It is well known that coupled channels effects
have the strongest influence on the angular dis-
tribution at forward angles.®® This behavior,
together with the fact that the cross section for
one neutron transfer is much larger for 3*Fe than
for the '2°Sn, suggests that the large shift A6
observed in the inelastic scattering angular dis-
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tions as discussed in the text.

tribution of *Q on **Fe is connected with coupled
reaction channels effects. :

So far only the one neutron transfer reaction
(**0, "0) has been considered as an intermediate
step in CRC calculations.!® In addition, our data
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DWBA calculations with parameters from Table IV.
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indicate that the two neutron transfer route

(180, 1%0) ® [0, *0(2*)] has to be taken into ac-
count. The total two neutron transfer cross section
usually has the same order of magnitude as the one
neutron transfer cross section. Furthermore,
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FIG. 12, (a) Angular shift A of the last minimum
in the experimental angular distribution for the excita-
tion of *0(2*) if compared to the DWBA prediction for
reactions with target nuclei of mass A. (b) Same as
(a) but for the preceding maximum in the angular distri-
bution. The solid lines serve to guide the eye.
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FIG. 13. Cross section ratio between the two neutron
transfer reaction (180,1%0) and the inelastic transition
to the 2* state in 80 as obtained from excitation func-
tions for the systems 30+ %Fe, ®Ni, 2Ge, Mo mea-
sured at 6,,4,=175°. The abscissa is the normalized
radius parameter as discussed in the text. The solid
lines serve to guide the eye.

the (0, *0) reaction, leaving O in its first
excited state, is known to have a large cross sec-
tion.'® In order to investigate a possible corre-
lation between the magnitude of the two neutron
transfer cross section and the observed shift A8
in the angular distribution for inelastic scattering
of *0 (2*), we have determined the cross section
ratio between the (**Q, '°Q) transfer reaction and
the excitation of the 2* state in *0 by measuring
excitation functions at 6,,,=175° for the targets
*Fe, °°Ni, "Ge, and °Mo. A particle-gamma
coincidence technique was employed. Experi-
mental details are given in Ref. 5. If we assume
that the states produced in the (**0, *0) reaction
dominantly decay via the lowest 2* - 0* transi-
tion, this y-gamma intensity should be propor-
tional to the total cross section. No significant
amount of feeding of the 2* state in '*0 from higher
lying states was observed.

Figure 13 shows the ratio of the y intensities
between the respective 2* —0* transitions in the
final nuclei produced in the (**0, °0) reaction and
the one for the 2* - 0%, 1.982 MeV transition in
80. The values are plotted as a function of a
normalized radius parameter 7, calculated from
the relation

Z.,Z e? 0
i1 G [ ).

From Fig. 13 we observe that the cross section
ratio is higher for the targets °*Fe and °2Mo than

for ®°Ni and "?Ge, indicating that the two neutron
transfer cross section is larger for nuclei which
show the largest shift Af in the inelastic scattering
angular distributions.

Altogether, these results suggest that the shift
Af between the experimental angular distributions
and their DWBA predictions might be caused by
one and two neutron transfer reactions contri-
buting as intermediate steps to the excitation of
80 (2*). The influence of the static quadrupole
moment, which can explain the angular distribu-
tions from Ref. 10, is too small for the case of
180 as shown in Ref. 12.

D. The excitation of 170 .(1/2*) and single neutron
transfer reactions (170, 1°0) on 34Fe and 6°Ni

The 3* —3* transition in "0 represents a good
case for the investigation of coupled channels
effects in inelastic excitation for the following
reasons: (1) The B(E2) value is much smaller
than in the neighboring nucleus Q. Therefore,
the maximum cross section in the inelastic ex-
citation is smaller for the scattering of 7Q if
compared to *0Q. Thus, intermediate routes such
as the ("0, '°0) ® (*°0, "O*) reaction might be of
influence to the angular distribution. (2) Micro-
scopic form factor calculations can be performed
for the 3* — 3" single particle transition. v

The inelastic excitation of 'O has been investi-
gated with the (p,p’) reaction,®? and in connection
with coherent transfer phenomena.’® 5% Owing
to the low excitation energy (0.871 MeV) of the
3* state in "0, the inelastic transition could only
be separated from the elastic peak for angles
larger than 20°. The angular distributions ob-
tained for the elastic and inelastic scattering of
70 +5*Fe and "0 +*°Ni are shown in Figs. 7 and 8.
The bombarding energy was chosen to correspond
to the same c.m. energy used in the Q0 +°*Fe (this
work) and ®Q +Ni (Ref. 5) studies. The solid
lines in Figs. 7 and 8 represent the DWBA cal-
culations performed with a macroscopic form
factor. Since for a single particle state the nu-
clear deformation length 6, cannot be calculated
from the B(E2) value, it was treated as a free
parameter. The DWBA calculations for the ex-
citation of the 3* state in 17O are in reasonable
agreement with the data, in contrast to the ex-
citation of *Q (2*) discussed previously.

The results for the one neutron transfer reac-
tions *Fe(*’0, °*0)**Fe and *°Ni(*"0, *0)*'Ni are
shown in Fig. 11. The solid lines are DWBA cal-
culations as described in Sec. III with spectro-
scopic factors given in Table IV. The agreement
between the calculated and measured differential
cross section is good, both in absolute magnitude
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and in the position of the maximum.

We conclude that no obvious connection between
transfer channels and inelastic scattering can be
established from the present data for the systems
*Fe +'70 and *°Ni +'70; .it would be necessary
to obtain more accurate information on the in-
elastic scattering, especially at the most forward
angles.

E. The excitation function for 72Ge + 180

In a recent publication® it has been suggested
that the problems in the angular distributions
for the excitation of ¥0 (2*) can be resolved by
use of a microscopic form factor with a larger
width than the usual collective form factor. This
procedure, however, fails to describe the exci-
tation functions measured at backward angles, as
already shown in Ref. 5. Figure 9 presents the
excitation functions for the inelastic transitions
to the 2* states in "?Ge and '®0 together with the

DWBA predictions. The differential cross sections

are normalized to the calculated Coulomb exci-
tation cross section. It has been verified that the
energy dependence of the particle-gamma angular
correlation does not influence the data shown in
Fig. 9. .
Owing to the large B(E2;+) value for the 0* —2*
transition, the excitation of "Ge (2*) is dominated
by the Coulomb form factor and does not show a
noticeable Coulomb-nuclear interference min-
imum. The DWBA calculation describes this be-
havior. For the 2* state in *0 the DWBA cal-
culation (solid line in Fig. 9) underestimates the
cross section at incident energies around 40 MeV
by about a factor of 4. A form factor with an
increased width, which describes the angular dis-
tribution for the Q0 (2*) excitation measured at
68.6 MeV (dashed line in Fig. 9), overpredicts the
cross section within the energy range between
37 and 45 MeV. The best result is obtained with
an ad hoc form factor with parameters which fit
the data shown in Ref. 5 for the 0O + °°Ni reaction
(dot--dashed line in Fig. 9); the same form factor
already successfully described the excitation
function for the system '®0 +°2Mo (see Ref. 5).

VI. SUMMARY AND CONCLUSIONS

We have investigated inelastic scattering and '
neutron transfer reactions on several target nuclei
in the mass range A =48-92. Except for the single
particle transition in °'Zr and the 0* - 2* transi-
tions in *2Cr and %?Fe which have the smallest

B(E2) values, the angular distributions for the

excitation of the first excited states in the target
nuclei are well described by DWBA calculations
with B(E2) values as taken from the literature

and equal charge and mass deformation lengths.
This finding is different from the results of Hillis
et al.,” who had to use coupled channels calcula-
tions for the reaction '2C + Nd in order to describe
the angular distributions for the first excited 2*
states in the even Nd isotopes. The measured
distributions for the excitation of the first ex-
cited state'in '®0 are, however, shifted towards
forward angles by 2°-5° with respect to the DWBA
calculations. This angle shift A9 depends.on the
target nucleus and is largest for nuclei near closed
neutron shells. Reorientation effects in the 2* state
in '®0 are too small to explain the measured shift
A as shown in Ref. 12. In ‘addition, they ‘cannot
explain the variation of A9 for different target
nuclei.

The prescription’® to use a microscopic form
factor with a larger radial width.in order to de-
scribe the angular distributions for the excitation
of the 2* state in '®0 fails to reproduce the measured
excitation functions at backward angles. We sug-
gest that one and two neutron transfer reactions
are responsible for the deviations observed in the
inelastic scattering. This suggestion is supported
by the fact that the cross sections for one and two
neutron transfer are largest for target nuclei with
a closed neutron shell and by the systematic de-
viations observed for inelastic scattering. These
target nuclei also exhibit the largest anomalies
in inelastic scattering.

Inelastic scattering with target and projectile
excitation and one neutron transfer was also in-
vestigated with 1’0 ions on 5Fe and ®Ni targets.
The transfer cross sections to low lying states
are well described by DWBA calculations. The
present date for the inelastic scattering in the
forward angular range are not accurate enough
to establish definite conclusions on the influence
of transfer reactions.

CRC calculations including the one neutron
transfer have been performed for the system
180 4+ ®°Ni (Ref. 16). Similar calculations including
the one and two neutron transfer channels as
intermediate steps should be performed in order
to describe the systematic behavior observed in
this investigation.
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