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The {a, 'He) reaction has been investigated at bombarding energies around 56 MeV on targets of
' 'Ca, ' "'Cr, ' ' ' Fe, "~ Ni, ~ Zn, and ' '"Ge. The angular distributions of prorn-

inent two-neutron states were analyzed with the distorted-wave Born approximation. Preferential

population of states with dominant (f,/„g, /, ), , (g, /, )', +, and (g,/„d, /2), + configurations was ob-

served for all nuclei with a closed f~/z neutron shell. The binding energies of the 7, 8+, and 6+

states are linearly dependent on the mass number and the isospin and well described by the weak-

coupling model. The extracted parameters agree with the averaged values of a similar analysis for

f„„g9/2 and d, /, single-particle states in the corresponding odd-even nuclei. The excitation ener-

gies of the high-spin states could be well reproduced by a simplified shell model where only pure
configurations are considered and the residual interaction energy is neglected. The simple structure
of the experimentally observed states is further tested by large-scale shell-model calculations. Two-

body matrix elements are extracted from the data for the (f5/2 g9/2) and (g9/p) + configurations.

I. INTRODUCTION

Spectroscopy of states with stretched two-nucleon
configurations by appropriate transfer reactions reveals
information on nuclear structure otherwise hardly acces-
sible. In particular, the (a, d) reaction has been used as a
valuable spectroscopic tool for the study of proton-
neutron (pn) high-spin states over a wide range of nuclei
(see, e.g., Ref. 1 and references therein). The similar ki-
nematic properties of the (a, He) reaction have been uti-
lized for investigations of neutron-neutron (nn) states
coupled to maximum spin. The selectivity of both re-
actions is due to the large negative Q values that kinemat-
ically favor rather large angular momentum transfers. In
addition, the singlet state of the He ejectile demands spin
S=O for the transferred nn pair. Thus, the reduced
configuration space available leads to an enhanced selec-
tivity of the (a, He) reaction compared to the (a, d) reac-
tion where the pn pair is transferred in a relative triplet
state (S = 1).

Studies of the (a, He) reaction on p and sd-shell n-uclei

have shown that states with a dominant (d&/z)4+ and

(d 3/2 f7/p ),(f7/2 ) + structure are preferentially popu-

lated. ' Little information exists about nn high-spin
states in the fp shell, because the analogous (t,p) reaction
has not been investigated under similar kinematic condi-
tions due to the lack of high energy (F. & 60 MeV) triton
beams. Kinematically more suited light heavy-ion reac-
tions suffer from structureless angular distributions and a
diScult interpretation of the resulting spectra, which is
caused by the simultaneous excitation of bound states in
both ejectile and final nucleus. ' For incident energies of
about 56 MeV and fp shell targets, an angular momen-
tum mismatch of (6—8)fi is estimated for a surface reac-
tion. From a comparison to the (a, d) reaction in the fp
shell ' it can be expected that transitions to nn
configurations (f5/p g9/2)7 — (g9/p)s+ and (g9/p ds/~)6p

will be favored.
A very systematic behavior of the binding energies of

nn high-spin states has been observed in the p and sd
shell. This is well reproduced by shell-model ap-
proaches, which are based on the assumption of pure
two-nucleon states. ' The present experiments extend
the systematics to dominant transitions in the fp shell,
and the applicability of the models mentioned above is in-
vestigated. Additionally, results of full shell-model calcu-
lations are shown, where binding energies and wave func-
tions are obtained independently from the experimental
information on the high-spin states and that permit a
more rigorous test of the concept of pure configurations.

In the present study the (a, He) reaction is investigat-
ed on I8 targets ranging from Ca to Ge. Because of
the small cross sections (typically 1 —100 pb/sr) of the
levels dominantly observed, a detection system is needed
that offers both adequate eSciency for angular distribu-
tion measurements and good energy resolution.

Such a system was developed, and is described in Sec.
II as well as the experimental procedure. The spins of
preferentially populated transitions are deduced from a
DWBA analysis of the experimental angular distribu-
tions. Details of the DWBA calculations are given in
Sec. III. Section IV presents a discussion of the experi-
mental results. In Sec. V, the systematics of the binding
energies of experimentally identified high-spin states are
compared with models that make use of their expected
simple structure. The assumption of pure configurations
is further tested in large scale shell-model calculations. A
summary is given in Sec. VI.

II. EXPERIMENT

A. The He detection system

The detection of the unbound reaction product He is
achieved by measuring the two breakup protons in coin-
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cidence. The distribution of the relative energy e be-
tween the outgoing protons has been the subject of
several investigations"' and shows a characteristic dis-
tribution peaking at a=500 keV and decreases with a
slope of approximately 1/e thereafter. This enhancement
is attributed to the proton-proton (pp) final-state interac-
tion of the unbound 'So state of the He system, which is
usually described in the Watson-Migdal formalism. ' '

A transformation of the He relative energy in its c.m.
system to the laboratory system shows that all breakup
protons are focused into a cone, as indicated by the veloc-
ity diagram in the upper part of Fig. 1. The maximum
opening angle P,„ is given by P,„=2 arctan&e/E,
where E denotes the He laboratory energy. Additional-
ly, the transformation leads to a concentration near the
edge of the cone. In order to achieve an optimum
efficiency it is important that the angular acceptance of
the detection system covers the outskirts of this cone for
typical He laboratory energies. For example, assuming
e=500 keV and a He laboratory energy range of
E =30-50 MeV this results in maximum opening angles
of 11.4' —14.7'. These large acceptance angles are ob-
tained by detecting the two protons in a pair of vertically
arranged detector telescopes. The use of position-
sensitive AE counters simultaneously permits large hor-
izontal opening angles without deteriorating the energy
resolution by kinematic broadening, which is essential for
the purpose of the experiments. With this design an ener-

gy resolution of 200—300 keV full width at half maximum
(FWHM) was achieved together with a reasonable
efficiency (2 —3 %).

The lower part of Fig. 1 shows a schematic diagram of
the detection system. It consists of two identical large
solid-angle counter telescopes collimated by 7.5 mm high
and 12 mm wide slits, separated by an 8-mm high central

Beam

post. At a distance of 8.6 cm to the target, this system
subtends 15.2' vertical and 8 horizontal acceptance an-
gles which results in a solid angle of 23 m sr for each tele-
scope. Both telescopes consist of a 300-pm position-
sensitive Si bE counter and a 5-mm Si(Li) E counter and
enable the detection of protons between 6 and 31 MeV.

For the selection of He events a fast coincidence is re-
quired between the two E counters, as the position-
sensitive AE counters are not suitable for fast timing. '

All energy and position signals were amplified using stan-
dard analog electronic circuitry. For each event, both
b E,E and position ( b.E x ) signals together with the
time-of-flight difference (bTOF) were transmitted to a
VAX 11/750 computer and stored on magnetic tape.
Time-of-Aight differences up to 50 nsec were recorded to
include random events for background analysis. A time
resolution of 2 —3 ns FWHM and a position resolution of
0.5 mm was typically achieved. Fast pileup rejection per-
mitted high single-count rates (25000 s ) in each bE
counter with an associated dead time of 25%%uo. Stability
and dead time of the electronic system were checked con-
tinuously with pulser signals, which were triggered by a
monitor counter and fed into the preamplifiers.

B. Experimental procedure

The experiments were performed using He beams
from the Bonn isochroneous cyclotron. Table I lists the
isotopic purities and thicknesses of the targets together
with the beam energies. All targets were self supporting.
The thicknesses were determined by normalizing the elas-
tic cross sections to optical-model calculations at forward
angles (see Sec. III). The total charge collected for each
run was measured in a Faraday cup in order to determine
absolute cross sections. The slightly different incident a
energies were chosen to maintain optimum machine con-
ditions for the high beam currents needed at larger detec-

TABLE I. Isotopic purities, target thicknesses, and bom-
barding energies.

Targe

hE) F,

Ta Wr

FIG. 1. Upper part: schematic velocity diagram for the
detected protons. Lower part: schematic diagram of the detec-
tion system.

Target

Ca
"Ca
"Ca
48C

50Cr
52C

54C

'4Fe
56F
58F

'Ni
Ni
Ni
Ni
Zn
Zn

"Ge
"Ge

Isotopic purity
(%)

99.8
87.7
97.8
97.0
96.8
99.9
93.6
99.7
99.7
93.2
99.8
99.1

97.7
93.7
99.4
99.0
92.4
98.2

Thickness
(pg/cm )

1110
530
840
880
270
650
390
260
140
810
200
240
450
130
330
270
260
360

E
(MeV)

55.7
55.7
55.3
55.3
55.4
55.8
55.8
55.6
55.6
55.7
55.6
55.6
57.2
55.6
56.1

56.0
55.6
55.6
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tion angles. Beam intensities ranged from 70 nA at for-
ward angles to 1 pA at backward angles, limited by the
lectronic dead time of the detection system. Typical ac-

quisition times for one detector position were 8—16 h.
In the data analysis, protons were identified by two-

dimensional windows on AE-E plots for both telescopes.
After the selection of two-proton events, total energy and
position signals were generated. The He position infor-
mation was used to calculate the kinematic correction of
the energy signals, thereby revoking the kinematic
broadening over the horizontal acceptance angle. Two
electronic gates of equal width set on the ETOF spectrum
to select coincidences resulting from one beam burst and
random coincidences resulting from different beam
bursts. The energy spectrum corresponding to random
coincidences was used for background correction. For
the resulting He energy spectra an energy resolution of
200—300 keV was obtained leading to a+50 keV uncer-

tainty in establishing the excitation energies of the ob-

served peaks.
Typically, the (a, He) reaction was measured at four

angles between 17.5' and 40 in order to kinematically
identify states and extract angular distributions for
significantly populated transitions. Furthermore, the po-
sition information was utilized to gain several data points
for the angular distributions at each detector setting.

In order to determine the experimental He cross sec-
tions the differential spectra d o/dQ, dQ2dE, belonging
to a specific state in the He energy spectra were generat-
ed. The subscripts 1,2 denote the two detected protons.
The continuous background was taken into account by
linear interpolation for the region of interest. The spec-
tra were then transformed into the c.m. system:

d'o 1 d'o
dQ3 —]2dQ, 2de J(e) dQ, dQ21E)

using the appropriate Jacobian for a three-particle reac-
tion in the exit channel' '

m )m2m3p)p2J(&)=
P12Pl2P3 —12P3 12'~—2+~3+(~2'P2)(pi —P } p2)

(2)

Here, index 3 stands for the recoil nucleus, index 12 for
the c.m. system of the two protons and index 3-12 for
the overall c.m. system assuming a cluster structure of
particles 1,2. Masses are denoted by m, momenta by p,
and reduced masses by p. P is the total momentum end e
is the relative pp energy. With the assumption of a He
cluster and a singlet state of the protons, the integration
over 0,2 is straightforward and 03,2 is equal to the
solid angle of the He system. One gets

d
"&-;. J(e) dQidQ2dE,dQ2

He, c.m.

III. DWBA ANALYSIS

The angular distributions obtained for the (a, He) re-
action were analyzed in the framework of the zero-range
DWBA using the computer code D%'UCK4. A direct
stripping process from the incident a particle was as-
sumed where the neutron pair is transferred in a relative
5 state (spin S =0 and isospin T =1).

Optical potential parameters were extracted from an
analysis of the simultaneously measured elastic a scatter-
ing. The computer code MAGALI was used for the pa-

The factor —,
' results from the decay into identical parti-

cles. For more details of this calculation see Ref. 16.
Because of the integration over t.', it is important to

choose consistent integration limits in order to obtain
consistent results. The breakup energy was fixed to
ht.'=0.38-1.07 MeV, which corresponds to the largest
interval simultaneously observed for all analyzed transi-
tions. However, the shape of the angular distributions is
not affected by the integration limits, while the experi-
mental cross sections are obviously sensitive to the choice
of he. The resulting absolute differential cross sections
are estimated to be accurate within+25%%uo.

I

rameter search. For the description of the imaginary
part only volume absorption was considered. The results
of Ref. 20 for elastic a scattering on ' ' ' Ni at
E =60 MeV were used as start values for the search.
Several equivalent (due to the Igo ambiguity '}parameter
sets are offered in Ref. 20. In a more detailed analysis of
the present results for the Ni isotopes, small differences in
the description of the most backward angles were ob-
served and the family giving the best results was chosen
for all further calculations. Table II summarizes the best
fit results for all investigated nuclei. Experimental and
calculated angular distributions are displayed in Fig. 2.
A satisfactory reproduction of the experimental angular
distributions can be stated for all target nuclei investigat-
ed.

An averaged mass-, charge-, and energy-dependent po-
tential parameter set for elastic deuteron scattering (Ref.
22, set I} was selected to describe the outgoing channels.
The spin-orbit term was neglected, since S =0 was as-
sumed for the He ejectile. This potential permits a good
description over a wide mass range and for typical He
energies of the present experiment. For completeness,
the deuteron parameters are given in Table III.

Bound state wave functions were calculated in a
Woods-Saxon potential with a radius r =1.25 fm, a
diffuseness of a =0.65 fm and a spin-orbit coupling of
VL,z =6 MeV. The depths of the potential wells were ad-

justed to reproduce the binding energies of the corre-
sponding single particle states. The relevant single parti-
cle energies were taken from investigations of the (d,p)
reaction for all target nuclei (see Ref. 23 and references
therein). The two-nucleon microscopic form factors were
generated by D%'UCK4 following the method of Bayman
and Kallio. Only pure nn configurations were con-
sidered. The results for a given nn configuration are re-
lated to the experimental cross section by
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TABLE II. Optical potential parameters for the incoming channel (target+a) used in the DWBA
analysis.

Target

Ca
Ca
Ca

48Ca
sOC

s2C

"Cr
'4Fe
s6Fe

"Fe
"Ni

Ni
'Ni

Zn
Zn

70~e
72Qe

V
(MeV)

230.1

222.8
226.9
223.1

226.0
220.8
220.0
208.3
207.4
209.0
226.0
225. 1

229. 1

213.5
217.1

217.3
228.4
222. 1

(fm)

1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.26

(fm)

0.67
0.68
0.70
0.69
0.70
0.69
0.68
0.70
0.69
0.70
0.69
0.67
0.61
0.66
0.71
0.67
0.72
0.67

W
(MeV)

23 ~ 8

30.0
20.0
26.1

29.7
19.7
20.0
18.2
18.4
22. 1

24. 1

21.6
31.1
32.6
20.3
22.9
20.7
26.6

(fm)

1.50
1.50
1.69
1.50
1.62
1.58
1.58
1.60
1.60
1.60
1.57
1.59
1.41
1.44
1.60
1.60
1.60
1.60

aw

(fm)

0.79
0.62
0.49
0.62
0.49
0.60
0.65
0.51
0.56
0.60
0.50
0.51
0.67
0.63
0.59
0.54
0.65
0.59

(fm)

1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1 ' 3
1.3
1.3
1.3
1.3
1.3

d0 =X(be) d0

expt DW
(4)

TABLE III. Optical-potential parameters for the outgoing
channel (final nucleus+ He) used in the D%BA analysis. The
parameters are calculated for every 6nal state as a function of
charge Z, mass number A, and laboratory energy E2

Parameter

V (MeV)

r, (fm)
a„(fm)
8' (MeV)
r (fm)
a„(fm)
r, (fm)

Function

89+ 1.5(Z/A '
)
—E2

1.25
0.81 —0.023 A '

13
1.25
O.S1+O.O7S W

'"
1.3

where N denotes an overall normalization constant. For
a fixed breakup energy interval Ae this normalization
should be independent of the incident energy and the par-
ticular structure of the target nucleus.

Since only even-even target nuclei were investigated,
all ground state (g.s.) transitions have a L =0 transfer.
The angular distributions (Fig. 3) show a pronounced os-
cillatory behavior and permit a sensitive test of the select-
ed optical potential parameters. A modification of the
potential was found necessary in order to reproduce the
experimental g.s. angular distributions with correct
phase. In all calculations the depth of the real potential
for the outgoing channel was increased by 10 MeV com-
pared to the value given in Ref. 22. The need for this
correction stems from the energy dependence of the opti-
cal potential. Because of its higher charge, the He
possesses a smaller effective scattering energy for identi-
cal kinetic energies than does the deuteron. The nonlo-
cality of the optical potential leads to an increase of the

potential depth for decreasing scattering energies.
The resulting DWBA calculations for the g.s. transi-

tions are summarized in Fig. 3. A good description of
the experimental angular distributions is found over the
entire mass range investigated. In order to retain a con-
sistent description which allows a comparison between
results for different configurations or target nuclei, no
other attempt was made to modify the DWBA calcula-
tions.

IV. RESULTS AND DISCUSSION

In preceding investigations of the (a, He) reaction
on p- and sd-shell nuclei, a pronounced selectivity for
kinematically favored transitions to stretched
configurations was observed. At bombarding energies of
56 MeV, the angular momentum mismatch is estimated
to be about (6—8)A' for a surface reaction and fp shell tar-
get nuclei. Therefore, a preferential population of states
formed by capturing the two neutrons coupled to fully
stretched (f5/2 g9/2 ), , (g9/2 )s+ and (g9/2 d, /2 )6+
configurations is expected.

The results presented in this section are divided into
two parts. In Sec. IV A the (a, He) reaction on Fe, Ni,
Zn, and Ge targets will be discussed. It shows optimum
conditions for the excitation of the nn configurations in-
dicated above. Results for the Cr and Ca targets will be
presented in Sec. IV 8, ordered by decreasing mass num-
ber as the experimental diSculties to identify the 7, 8+,
and 6+ states increase correspondingly: The angular
momentum mismatch is slightly lowered and the opening
of the f7/2 shell increases the number of possible
stretched two-nucleon states considerably. Furthermore,
the relevant single-particle strengths tend to be more and
more fragmented.

A typical energy spectrum of the (a, He) reaction is
shown for each target, followed by angular distributions
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normalized to fit the data. Although calculations were
performed for all reasonable L transfers, in most cases
only results for the most probable I. value are shown for
clarity. Excitation energies and DWBA calculations are
summarized in a table for each final nucleus.

A knowledge of the transferred angular momentum es-
tablishes the J value of the final state, because the selec-

of the differential cross sections for the most prominent
levels. Error bars on the experimental points represent
statistical errors only. DWBA calculations are shown as
solid, dashed, and dashed-dotted lines. The curves are

elastic
a scattering

E = 56MeV

0.1 =-

0.01=
nn ground states on fp-shell nuclei

final nuclei + final nuclei I

42 1 ICa $0Fe

10 ==
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i
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10

1
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f
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52CrCr
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0.1 =

i'I

100.01 .=
0.01 =- 10'

1.0 =-

Cr
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Cr0.1
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10

0 01=-
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0 20 I 0 60
I . I 1
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O, ~ I-degj

20 40 60 BQ
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CN

FIG. 3. Ground-state angular distributions of the (a, He) re-
40, 42, 44, 48C 50, 52, 54C 54, 56, 58F 58, 60, 62, 64N' 64, 66Z

7 7

and ' "Ge. The DWBA calculations (solid lines) are described
in the text.

FIG. 2. Angular distributions of elastic o. scattering on
40&42, 44& 48Ca 50, 52, 54C 54& 56& 58Fe 58& 60& 62, &Ni 64& 66Z and 70, 72G

7 t

The optical-model fits are calculated with the parameters given
in Table II.
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tion rules (bS =O, AT = 1) permit the excitation of natu-
ral parity states only. For a given L value, the shapes of
the calculated angular distributions are fairly insensitive
to the total reaction Q value and the single-particle states
taken into account. Thus, L transfers not shown for a
certain state can be procured from the DWBA calcula-
tions for other levels.

While the assumption of a constant DWBA normaliza-
tion of the (a, He) reaction depends on the validity of the
simple picture of pure configurations employed, a con-
sistent description of the transition strengths to states in
a given final nucleus can be expected. The normalization
depends strongly on the binding energies of the single-
particle states and in some cases allows a distinction be-
tween different nn configurations coupled to the same J".
Only configurations coupled to maximum spin are con-
sidered, since couplings not fully stretched like (g9&z) +,

(f~~2,g9/p)5 — lead to DWBA cross sections that are

roughly an order of magnitude smaller than results for
stretched configurations.

Compared to the high-spin states, very large normali-
zation values occur for most g.s. transitions. This can be
attributed to the neglection of configuration mixing.

Results from other investigations of a-induced two-
nucleon transfer indicate that the differences of the exci-
tation energies of stretched configurations roughly reAect
the energy spacing of the corresponding single-particle
states. ' This behavior provides additional information
for the interpretation of the observed spectra.

& 100

C:

10

Fe(a, He) Fe
E ~= 55.6 HeV

9s

100

second-excited state in Fe with J"=2+ and 4+, respec-
tively, correspond to the weakly populated 0.84-MeV and
2.02-MeV levels. The peak at 4.41 MeV shows large vari-
ations in the angular distribution, eventually due to an
unresolved doublet structure. Therefore, no DWBA cal-
culations were performed for this level. A summary of
the obtained excitation energies and the results of the
DWBA calculations for the Fe(a, He) Fe reaction is

given in Table IV.
The g.s. transition is described reasonably well as dis-

cussed in Sec. III. The 3.10-MeV level is best reproduced
by J =4+ in accordance with results from an investiga-
tion of the Fe(a,spy) Fe reaction. The assumption
of a (p3&2, f~~z) + configuration results in a reasonable

normalization compared to the high-spin states. Regard-

A. Fe, Ni, Zn, and Ge targets

l. 'Fe(a He) 6Fe

As an example, the reaction Fe(a, He) Fe will be
discussed in more detail to give an impression on the
quality of the proposed J"and configuration assignments.

A spectrum of this reaction is shown in Fig. 4. It is
dominated by five strongly populated states, which
demonstrates the selectivity of the (a, He) reaction. An-
gular distributions and DWBA calculations for these lev-
els together with the state at 3.10 MeV and the g.s. tran-
sition are depicted in Fig. 5. The well-known first- and

10

100

10

1QO =

100

Ex=3.10 MeV

L=5

Ex=5@I MeV

L=7

E„=603MeV

~300-
C
Ca

Vl

C

~ 200-

100—

I

54F
( 2H )56'

Ea= &5 6 M&V

lab

O c'
E7l
CA

IN

10

100=----

10=

100 =

L=4

L=8

x=.

E„=9.28 MeV

10=
E„=9.9O MeV

I

20
1

30
1

I, 0 El~b ™~V) 10 20 30 40 50 0 td g3

FIG. 4. Spectrum of the Fe(u, He) Fe reaction at
E =55.6MeV and 0] b=17.5.

FIG. 5. Angular distributions of transitions to states popu-
lated in the Fe(a, He) Fe reaction. The curves are DWBA
calculations. See text.
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TABLE IV. DWBA calculations for prominent transitions of the ' Fe(a, He)' Fe reaction and com-

parison to other work.

Other work'

E„
(MeV)

g.s.

3.10

0+

(a, He)
nn configuration

(S 3/2),'+

(P3 2/&f 5/2 },+

600+250

180+35

(MeV)

3.12 4+

5.08 (I 1/29g9/2 )~—

(P3/29g9/2 ),—

(fs/2&dsn },—

(g9/29d S/2 )~+

130+40
95+30
40+10
50+15

6.03 (fs/2&g9/2 ),—

(fsn ds/2), —

110+40
180+50

7.13 (fs/2&ds/2)s-

(fs/2&gs/2), —

(P3/2&f s/2 }4+

125+25

90+30
450+150

9.28 8+

6+
(g9/2 )8+

(g /z d~/z) +

190+40
100+30

9.90

'Reference 25.

6
8+

(g9/2 d5/2 ) +

(g9/2)', +

180+40

350+80

ing the 5.08-MeV state, an L =5 transition is slightly pre-
ferred in comparison to L =6, but no clear distinction
can be made. From the possible configurations,
(g9/2 d5/2 )6+ and (f5/2, 15/2 )5 are strongly overpredict-

ed in the calculations. The assumption of a (p3/2 g9/2 }

configuration leads to a normalization consistent with the
values given for other states. Therefore, a tentative 5
assignment is given. However, the (p }/2 g9/2 ),
configuration cannot be discriminated clearly from a
(p3/2 g9/2)5 — coupling. The predicted cross section for
the latter case is smaller by a factor 0.7, which is still
within the range of the values given in Table IV. This
normalization ratio is typical for all calculations of these
two configurations in other final nuclei and in the follow-
ing subsections the discussion will be restricted to the
(p, /2 g9/2 )5 configuration only.

The states at 6.03 and 7.13 MeV correspond most like-
ly to the (fs/2 g9/2)2 — and (fs/2, ds/2}, configurations,

respectively. Although the angular pattern can be repro-
duced reasonably well by other L values (e.g. , L =4 for
7.13 MeV) the normalization constants for all other cou-
plings are very small. For all reactions discussed in this
subsection the DWBA calculations predict the largest
cross sections for a (f5/2 g9/2} configuration which

supports the 7 assignment for the state at 6.03 MeV.
The two states observed at higher excitation energies

most likely correspond to the (g9/2)s+ and (g9/2 d5/2)6+

configurations, respectively. The large energy gap be-
tween the relevant f,p and g, d single-particle states
favors this interpretation. The assignments L =8,
E„=9.28 MeV and L =6, E =9.90 MeV follow from
the better reproduction of the angular distributions as
well as the large difference in the normalization constants
considering the reverse case. It should be mentioned that
the unfolding of the small peak at 9.62 MeV from the
9.90-MeV level causes an additional 10% uncertainty in
the experimental He cross section, but hardly affects the
shape of the angular distribution.

2. Fe(a, He) Fe

A spectrum of the reaction and angular distributions of
the transitions to the prominent levels are given in Figs. 6
and 7, respectively. The largest peak exhibits an un-
resolved doublet structure with a dominant level at 4.61
MeV and a smaller one at 4.84 MeV. The DWBA calcu-
lation strongly favors an L =7 transition for the 4.61-
MeV state. The best reproduction of the angular distri-
bution is obtained assuming an L =7+L =5 doublet.
From the normalization constant a (f5/2 g9/2 )2

+(p3/2 g9/2)5 — configuration is likely. The 4.84-MeV

state agrees with the observation of a level at 4.81 MeV
and a proposed L =5,6 assignment in the nn transfer
reaction Fe( t,p ) Fe.

A L =5 assignment with a (fs/2, 15/2) configuration
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FIG. 6. Spectrum of the ' Fe( a, He )"Fe reaction at
E = 55.6 MeV and I9„„=17.5'.

for the 6.3 1-MeV state is suggested from the good repro-
duction of shape and relative strength of the angular dis-
tribution. Again, a clear distinction between the L = 8
and L =6 transition can be accomplished by comparing
the DWBA calculations. An assignment E„=7.38 MeV,
(g9/2)s+ and F„=8.3l MeV, (g9/2 ds/2)6+ is clearly

favored. A summary of the DWBA results is given in
Table V.

10
100

10

100

10

=5
E ~ -6.31 M eV

=8
E „=7.38 MeV

=6

L=6

Ex=831 MeV

Ex =484 MeV

(unresolved doublet)-

3 Fe(a, He) Fe

Figure 8 shows a spectrum of this reaction at
8&,„=17.5'. Angular distributions for all observed states
are given in Fig. 9. The two moderately populated levels
at 3.08 and 3.52 MeV are tentatively assigned L =4,

I I I

0 10 20 30 40 50 ac M [deg 1

FIG. 7. Angular distributions of transitions to states popu-
lated in the ' Fe(a, 'He) "Fe reaction. The curves are DWBA
calculations. See text.

TABLE V. DWBA calculations for prominent transitions of the "Fe(a, He) "Fe reaction and com-
parison to other work.

Other work'

E„
(MeV)

g.s. 0+

(a, 'He)
nn configuration

(Jp 1/2 )0+ 1600+700

E,
(MeV)

4.65 (fs/z, go/z), —

+
(P l /2 g 9/2 ),—

(fsn g9n)7—

(P l /2 ~g 9/2 )~—

160+35'

225+60

600+ 190

4.8 1 (5,6+ )

6.3 1 (fs/z, ds/2 ),— 120+25

7.38 (g9/2 ),+
(g9/2, d 5/2 6+

150+35
95+30

8.3 1 6+

8+
(g9/2 ~ 5/2 ) +

(g9/2 )', +

150+35
260+90

'Reference 30.
Unresolved doublet at 4.61 and 4.84 MeV.

'DWBA calculation for a (fs/2 g9/2), +(pf/p g9/2), doublet.
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FIG. 9. Angular distributions of transitions to states popu-
lated in the "Fe(a, He) Fe reaction. The curves are DWBA
calculations. See text.

FIG. 8. Spectrum of the "Fe(a, He) Fe reaction at
E =55.7 MeU and 0~„=17.5'.

which is supported by the relative strength and, for the
3.08-MeV state, by the reproduction of the angular distri-
bution. Regarding the shape of the angular distributions
two L =7 assignments are favored. The far most prom-
inent state at 4.35 MeV is attributed to a (f5/2, g9/, )

transition which results in a reasonable normalization
constant. The origin of the second L =7 transition at
5.62 MeV is unclear. It might arise from a splitting of
the f5/z single-particle strength observed in Fe, where
two dominant —,

' states with an energy difference of 1.1
MeV and a cross-section ratio of =4:1 have been found.
This coincides roughly with the proportion of the experi-
mental cross sections.

The experimental angular distribution of the rather
prominent 5.31-MeV level shows a large deviation at the
most backward detector position in comparison to all
performed DWBA computations. Since the number of
neutrons is the same for the target nucleus Ni and the
spectrum of the Ni(a, He) Ni reaction (discussed in
Sec. IV A 5) exhibits a very similar structure, a
(f,/z, d, /z) configuration would be favored by the com-

parison, resulting in a normalization constant at forward
angles well within the frame of typical values for the

Fe(a, He) Fe reaction. The peak at 6.62 MeV is tenta-
tively assigned to be an unresolved (g9/p ) p

+(g9/2, ds/2) doublet. From the quality of the data, a

pure L =6 state with configuration (g9/2 d5/2) + cannot

be excluded. The summed DWBA angular distribution
permits a somewhat better reproduction of the experi-
mental data and the corresponding normalization con-
stant agrees very closely with the value for the 7 transi-
tion. In addition, the excitation energies of the g9/2 and

d»z single-particle states are almost identical. Table VI
presents an overview of the DWBA results.

4 Ni( a He) Ni

A spectrum of this reaction at O~,b=17.5' and the ex-
tracted angular distributions are displayed in Figs. 10 and
11, respectively. Two comparable experiments have been
performed on the target nucleus Ni, namely a study of
the (a, He) reaction at 65 MeV incident energy and an
investigation of the (a,ppy) reaction. The results of
Ref. 5 show systematically larger excitation energies for
the preferentially populated transitions, the differences
varying from =200 keV between 5—7 MeV to =400 keV
at 9—10 MeV. On the other hand, the excitation energies
obtained in the present experiment, which are summa-
rized in Table VII, agree within the quoted errors with
those states observed in the (a,pp y ) reaction.

The DWBA calculations are in agreement with the g.s.
and the well-established J =4+ character of the 2.51-
MeV state. The dominant peak at 5.31 MeV contains a
contribution of a weakly excited level at 5.00 MeV. The
doublet structure can be seen more clearly at backward
angles (not shown) due to the different steepness of the
corresponding angular distributions. An L =7 assump-
tion well describes the experimental curve. The addition
of the L =5 calculation hardly affects the shape but
lowers the normalization to a value that corresponds
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E„
(MeU)

g.s.

3.08

0+

nn configuration

(P3/2),'+

(P3/2&f 5/2 )4+

2602100

60+20

3.52 (p3/2&f 5/2 )C+

(P 1 /2 &g9/2 )g—

60+30
40+20

4.35 (f5/2 &g9/2 )2— 70+10

5.31 (fs/2 ds/2)5—

(f5/2&g9/2), —

60+20
30+15

5.62 (fs/2 g9/2), —

(fs/2 ds/2)—

20+5

6.62

+
6+

6+

8+

(g9/2 )8+

+
(g9/2 d5/2 ) +

(g9/29d5/2 6+

(g9/2 )8+
2

70+20'

120+30
200+120

'DWBA calculation for a (g9/2) ++(g9/2 d5/2) + doublet.

TABLE VI. DWBA calculations for prominent transitions of
the ' Fe(a, He) Fe reaction.

able for the 9.31-MeV level, but too small for the 8.76-
MeV state. The normalization obtained for a (g9/2)2+

configuration plus the resemblance to the
Fe(a, He) Fe spectrum, due to the identical neutron

number, leads to a preference of L =8 for the latter state.

5. Ni(a, He) Ni

v) 10
Xl

C
CJ

L9o

Nj (a 2 He) 60NI

Ea = 55.6 hleV

Figure 12 displays a spectrum of this reaction at
8] b

= 17.5 ~ The analyzed angular distributions are
displayed in Fig. 13, and the corresponding DWBA cal-
culations are given in Table VIII. Various weak transi-
tions are visible below 5 MeV excitation energy. The
statistics restricted an extraction of angular distributions
to the levels at 4.11 and 4.98 MeV. Both states are de-
scribed well by an L =4 transition. The complexity of
the low-energy spectrum and the large normalization
constants for possible n n configurations [e.g.,
(p3/2 f5/2)4+ compared to the high-spin states discussed

below imply a considerable degree of configuration mix-
ing for these states.

The dominant peak at 4.63 MeV is expected to have a
(fs/2, g9/2)7 — configuration that is clearly supported by

better to the other results. The investigation of the
(a,ppy) reaction reveals corresponding states J"=7
E, =5.35 MeV and J =5, E =5.01 MeV with pro-
posed nn configurations (f5/2 g9/2)7 — and (p, /2 g9/2),
respectively, which strengthens the confidence of the as-
signments given in the present study.

Assuming a (f5/2, d 5/2 ) configuration, a good
correspondence is found for the 6.56-MeV state both in
magnitude and shape. The states at 8.76 and 9.31 MeV
are described best by an L =6 transfer. The normaliza-
tion constant for a (g9/2 ds/2)6+ configuration is reason-
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FIG. 10. Spectrum of the "Ni(a, He) Ni reaction at
E =55.6 MeV and 0~»=17.5'.

FIG. 11. Angular distributions of transitions to states popu-
lated in the 'Ni(a, He) Ni reaction. The curves are DWBA
calculations. See text.
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TABLE VII. DWBA calculations for prominent transitions of the ' Ni{a, He) Ni reaction and
comparison to other work.

Other work'

(MeV)

g.s.

2.51

(a, He)
nn configuration

(P3/2),'+

(P 3/2 rtf 5/2 )&+

590+250

130+25

{MeV)

2.51

5.27 (P l/»g9/2 ),—
+

(f5/2 &g9/2 )7—

(fsn~g9/2)2—

(P 1 /2 &g9/2 )5—

130+25'

190+40
440+80

5.01

5.35

6.56 (f5/2)d /25)5— 110+20

8.76 8+

6+
(g9/2 ),+

{g9/2 d5/2 ) +

125+40
60+15

9.31 6+

8+
{g 9/2 d 5/2 )6+

(g9/2 )8+

90+20
190+50

'Reference 28.
Unresolved doublet at 5.00 and 5.31 MeV.

'DWBA calculation for a (f,/2, g, /2), +(p]/2 g9/2), doublet.

the DWBA calculation. A tentative (f&/2, d~/2 ) assign-

ment is given for the 5.66-MeV state, mainly based on the
relative magnitude of the D%BA calculation that pre-
dicts the second largest cross section for a (fs/2, d, /2), .

coupling. The experimental angular distribution of the
6.06-MeV peak supports L & 4, but no de6nite conclusion
can be drawn because the enlarged line width indicates a
doublet.

Taking into account the energies of the single-particle
states in 'Ni, L =8 and L =6 are expected for the states
at 7.19 and 7.62 MeV. The width of the 7.19-MeV state
is again broadened due to a contribution from a weaker

state. The angular distributions do not allow to distin-
guish between L = 8 and L =6, but the normalization rel-
ative to the 7 state and the spacing of the lowest g9/p
and ds/2 state in 'Ni favor E„=7.19 MeV, (g9/2)s+ and

E„=7.62 MeV, (g9/2 ds/2)q+.

6. 62Ni(a, 2He)6~Ni

A spectrum of this reaction, given in Fig. 14, displays
the extreme selectivity of the (a, He) reaction. Only

TABLE VIII. DWBA calculations for prominent transitions
of the 6pNj(a, He) 'Ni reaction.

C
C
d

~~ 120

C
O~ 80-

NIIu, He) Ni

E, g =55.6 MeV

Gi b 17 5

4,0-

EO h4 ~

't(iy)Ag II)
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l

40 E)gb IMeV]

FIG. 12. Spectrum of the Ni(a, He) Ni reaction at
E =55.6 Me V and Olab

= 17.5

{MeV)

g.S.

4.11

4.63

4.98

5.66

6.06'

0+

7 19'

7.62

8+

6+

6

'Unresolved doublet.

nn configuration

(P3/2 )p+

()3»3/2,fsn ),+
(f5/2. g9/2), —

(J33/2 fsn), +

(f5/2~d 2)5 —5/

(fs/2 dsn )5—

(fsn g9n), —

{g9/2),+
2

(g9/2 d5/2 )6+

(g9/2 d5/2), +

(g9/2), +
2

340+100
90+15
50+10
85+10
75+15
70+15
60+15

130+25
65+15
55+25

100+40
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three states are excited with large cross sections that are
expected from Q-value systematics and simple shell-

model considerations to correspond to the 7, 8+, and
6+ transitions (see Sec. V). The angular distributions are
presented in Fig. 15 and a summary of DWBA results is

given in Table IX.
The most prominent transition at 4.60 MeV is assigned

(f~/2, g9/2), justified by the reproduction of the shape

and the relative strength in the DWBA calculation. The
unfolding of the 5.81-MeV, 6.03-MeV doublet introduces
some additional uncertainty in distinguishing the L =6
and L =8 transition, but from the relative magnitude of
cross sections and the description of the angular pattern
an assignment E„=5.81 MeV, (g9/z) + and E„=6.03

Ni(a He)6 Ni

c E~= 57. 2 MeV
~ 200- 8, =175'

lab

C
0

100-

20 30

C)

r'

I

4 Elab ~MeV)

L

C)—10C
O
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1

0.1—

10

100

10=—

Ni(a, He) Ni

Ea= 55.6 MeV

L=O gs

4 E„=4.11 MeV

=7 E~4.63 MeV

FIG. 14. Spectrum of the Ni(~, He) Nj reaction
E =57.2 MeV and Ol,b=17.5'.

MeV, (g9/2 d5/2)~ is preferred.

Based on the DWBA calculations, a significant excita-
tion of the (f5/z, d ~/2 ) configuration is expected addi-

tionally. It might be identified with the level at 5.43 MeV
which is compatible with the shape of the angular distri-
bution but leads to a normalization about five times too
small, or it might be hidden under the 5.81- and 6.03-
MeV states.

7. ~~Ni(a He) Ni

Figures 16 and 17 display a spectrum of the reaction
and the angular distributions of strong transitions, re-
spectively. Two very tentative L =5 assignments can be
suggested for the states at 3.39 and 4.76 MeV. The ex-

10

100 =4 E„=4.98 MeV

]0

Ni (a, He) Ni

Ea = 572 MeV

10

10—
100=

5 E& -5.66 MeV

=7 E„=6.06 MeV

(urIresolved doublet )
L=5

L=S E x-7.19 MeV

gT% pp

E„=4.60 Mev

x = 5.43 MeV

10
x =5.81MeV

8 Ex-7.62 MeV
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.x = 6.03MeV
L=8
L=6

10 20 30 40 50 et M ld~g &

FIG. 13. Angular distributions of transitions to states popu-
lated in the Ni(a, He) Ni reaction. The curves are DWBA
calculations. See text.

FICx. 15. Angular distributions of transitions to states popu-

lated in the 'Ni(a, He) Ni reaction. The curves are DWBA
calculations. See text.
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TABLE IX. DWBA calculations for prominent transitions of
the Ni(n, He) Ni reaction.

TABLE X. D%BA calculations for prominent transitions of
the Ni(a, He) Ni reaction.

E,
(Mev)

g.s.

4.60

5.43

S.81

6.03

0+

nn configuration

(P 1/2 )p+
2

(fs/2~89/2)7—

(fs/2, ds/z), —

(g9/2 )g+

(g9/2, d 5/2 )6+

(g9/2 d5/2), +

(g9/2)g+

160+50
50+10
10+5
60+S

30+5
50+10
70+S

E„
(MeV)

g.s.

3.39

4.05

4.76

0

5

nn configuration

(fsn)', +

(P 1/2~g9/2)5—

(fs/2~89/2)s—

(fs/2tds/2)s-

(g9/2 )g+
2

8500+700

90+20

110+40
180+70

perimental data points show a relatively large spreading,
which prevents a definite conclusion. Nevertheless a
(p, /2g9/z)s calculation yields a normalization well

within the range of the other values collected in Table X.
At the largest angle measured, the 4.76-MeV level could
not be separated clearly from the dominant 5.17-MeU
peak. However, the DWBA predicts a reasonable cross
section for a (f, /2, d, /z) configuration normalized at

the forward angles.
An L =7 transfer is proposed for the 4.06-MeV state

due to the very good agreement of the experimental and
calculated angular shape. The strongest peak in the spec-
trum at 5.17 MeV is interpreted as an L =8 + L =6
doublet. Calculations for a single L =8 or L =6 transi-
tion reproduce the experimental angular distribution
reasonable well, but the resulting normalization constants
are very large. Almost identical excitation energies are
further predicted by the weak-coupling model for the
(g9/2) + and (g9/2 d5/2) + configurations in Ni (see Sec.
VA).

8. Zn(a He) Zn

5.17

+
6+

6+

8+

(g9/2 )g+
2

+
(g9/2, d 5/2 )6+

(g9/2~d5/2 )6+

(g9/2 )g+
2

130+50'

230+90
390+150

'DWBA calculation for a (g9/2) ++(g9/2 d5/2) + doublet.

I

10

Cl

1
U

Nl(a, He) Nl

Ea= 55.5 Mev

L=O gs

inent peaks and the rather weak transition to a state at
4.68 MeV are given in Fig. 19. Results of the DWBA
calculations are presented in Table XI.

The dominant state at 4.22 MeV includes a small con-
tribution from a state at about 4.40 MeV, visible at some
of the backward angles. The main transition is expected

I

~c120- 6&Nj~a 2He)66N

E a =556 HeV

Olab ="75

C.

O 80-
C)

C3

40-

A spectrum of this reaction, displayed in Fig. 18, ex-
hibits a very similar picture as observed in the
6 Ni(a, 2He) Ni reaction where the target differs only by
two protons. Angular distributions for the three prom-
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100
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lpp
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L=7 Ex =405MeV
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FIG. 16. Spectrum of the Ni(a, He) Ni reaction at
E =55.6MeV and Olab

FIG. 17. Angular distributions of transitions to states popu-
lated in the Ni(o. , He) Ni reaction. The curves are DWBA
calculations. See text.
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FIQ. 18. Spectrum of the Zn(a, He ) Zn reaction at
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10

L=7+5

I

L =5 (unresolved doublet)

to be (fs/&, g9/&) while a tentative (p'j/i g9/i)s-
con6guration was assumed for the second state in the

0%BA calculation. The angular distribution and abso-

lute cross sections are described satisfactorily by an L =7
transfer, while the addition of an L =5 state does not

affect the results very much. The dominant (fs/i, g9/i)
structure is further confirmed through the identification

of a 7 transition at 4.25 Mev in the Ni(a, nny) Ni re-

action, which is interpreted by the authors of Ref. 29 as

a two-quasiparticle state with a likely (fs/z, g9/i )

configuration. In addition, a state at 4.26 MeV with a
tentative L =7 assignment has been observed in a study
of the reaction Zn(t, p) Zn. No assignment can be
given for the 4.68-MeV level due to the scattering of the
experimental cross section. It is noted, however, that the
assumption of a (f, /z, ds/z) configuration leads to a

L=5

x-"4.68 MeV

L=B E„=5.20 MeV

10 =-
l =6

Ex=5 74 MeV

L=8
L=6

0 10 20 30 40 50 Qc~ [degj

FIG. 19. Angular distributions of transitions to states popu-
lated in the Zn(a, 'He) Zn reaction. The curves are DWBA
calculations. See text.

TABLE XI. DWBA calculations for prominent transitions of the Zn(a, 'He) Zn reaction and
comparison to other work.

()ther work'

g.s.

nn configuration

(fsn)', + 11 000+4000

(MeV)

(fs/2~g9/2 )7—

+
(P i/»89/2 )5—

(fs/2 g9/2), —

(P1/2 89/2 )5—

60+10'

80+20
220+60

4.25'

4.26' (7 )

4.68

5.20

5.74 6+

8+

(fs/s. ,ds/i ),—

(fs/2~g9/2 )7—

(S9/2), +
2

(g9/2 s d 5/2 )6+

(S /2), +
2

55+20
30+15

130+40
65+25

50+15
95+35

5.21'

"Reference 29.
Reference 30.

'DWBA calculation for a (f, /z, g, /, ) + (p, /„g9/z ) doublet.
5
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reasonable overall normalization.
At the backward detector positions the partition into

three angular areas was abandoned for the 5.20- and

5.74-MeV levels due to the very low statistics compared
to the continuous background. Therefore no definite con-

clusions can be drawn from the comparison of the

DWBA with our experimental results. In their investiga-

tion of the Ni(a, nny) Zn reaction Neal et al. ob-

served a J =8 transition at 5.21 MeV with a possible

(g9/z) + character. This result suggests an L =8 assign-
9/2 8+

ment for the 5.20-MeV state. For the 5.74-MeV level, a

(g9/z, ds/2) + configuration is in agreement with the ob-

tained angular distribution and transition strength.

200
"zn( '

He) 68zn

Eo. =560 MeV

8[ b =175Ec0
C3

O
C3

C)

C3 cD
LA

100- O

20 40 E1&b(MeYI30

Zn(a He)6Zn
FIG. 20. Spectrum of the Zn(a, He) Zn reaction at

E =56.0MeV and 01 b=17.5'.A spectrum of this reaction is shown in Fig. 20. Very
similar to the Ni(a, He) Ni spectrum, two prominent
peaks can be seen; their angular distributions are given in

Fig. 21. Additionally some transitions of moderate
strength at higher-excitation energies could be kinemati-
cally identified, but no angular distributions were extract-
ed due to poor statistics. Table XII presents a summary
of the DWBA calculations.

The angular distribution of the strong transition at
3.94 MeV contains a contribution from a weaker level at
3.74 MeV which could not be separated at more forward
angles. A DWBA calculation assuming L =7,
(fs/, ,g9/2)7 — + L ' (p]/2 g9/2), resultsinasatisfac-

tory description of the experimental angular distribution.
The 7 assignment is supported by a study of the

Zn(d, p) Zn reaction. '

The peak at 4.37 MeV is tentatively assigned to be an
L =8+L =6 doublet. While a pure L =6 transition can-

not be excluded from the shape and relative strength of
the DWBA results, the simultaneous excitation of a
(g9/2) + state is very likely: A J =8+ state at 4.40MeV
has been observed in a study of the Cu(a, py) Zn reac-
tion where the authors give a speculative (g9/2)', +

configuration assignment. Similar to the Ni(a, He) Ni
reaction, the weak-coupling model predicts nearly identi-
cal excitation energies for the 8+ and 6+ states.

)0 Ge(a He) Ge

Figure 22 depicts a spectrum of this reaction at
0,»=17.5'. No angular distributions are shown due to
the following reasons: The spectrum is dominated by a
peak, which contains two not fully resolved transitions at
3.74 and 3,99 MeV. Therefore an experimental angular

Other work'b
(a, 'He)

nn configuration(Mev) (MeV)

0+ (fs/z),'+ 3900+3000g.s.

3.90' (P 1 /2&g9/2 )5—

+
(fs/2itg9/2), —

(fs/2 g9/2)s

(P1/2~g9/2 )5—

3 94' (7 )

40+8

50+10
120+30

g+ (g9/2 )~+
+

(g9/2~ d 5/2 )6+

(g „)',
(g9/2 d5/2)6+

4.37 4.40b

+
6+

g+

6+

50+15'

110+25
75+20

'Reference 31.
Reference 32.

'Unresolved doublet at 3.74 and 3.94 MeV.
DWBA calculation for a (f, /2, g9/2), +(p, /2, g9/2), doublet.

'DWBA calculation for a (g9/2), ++(g9/2 d5/2) + doublet.

TABLE XII. DWBA calculations for prominent transitions of the Zn(a, 'He) 'Zn reaction and
comparison to other work.
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10 =

0.1 =

100 =

Zn(a, He) Zn
Ea= 56.0 Mev

L=O g s.

can be observed by y spectroscopy as part of or near the
yrast cascade. ' From a study of the

Zn(a, nny) Ge reaction some conclusions can be
drawn. Morand et al. identified the states J =7
F =3.78 MeV and J =8+, E„=3.76 MeV with pro-
posed configurations (f,/2, g9/2) — and (g9/p) + respec-

tively. Since the excitation energy agrees within the
quoted error, it is a reasonable assumption to interpret
the 3.74-MeV peak as the sum of the L =7 and L =8
transition. The 3.99-MeV level might then be associated
with the (g 9/p d5/p )6 configuration.

10
7 Ex = 3 74 MeV

=7+5

L=5 Ex -3.94 MeV

100 =
(unresolved doublet)

10 =

=6%

/

L=6

Ex =4.37 MA

I I I I I

0 10 20 30 40 50 81 ~ tdegl

FIG. 21. Angular distributions of transitions to states popu-
lated in the Zn( a, He ) Zn reaction. The curves are DWBA
calculations. See text.

distribution could only be given for the total peak, and
the DWBA information is thus very limited. The yield of
the weakly excited states at higher excitation energies is
too small relative to the continuous background in order
to gain experimental angular distributions at backward
angles.

Nevertheless, as a consequence of the filling of the fp
shell the excitation energies of the expected nn high-spin
states decrease in the Zn and Ge region and these states

II G.e(a, He) Ge

A spectrum of this reaction is presented in Fig. 23, an-
gular distributions are given in Fig. 24 and DWBA re-
sults are collected in Table XIII. The contribution of the
3.87-MeV level to the larger peak at 3.59 MeV could not
be unfolded for all angles, so the experimental angular
distribution is given for the sum of both.

DWBA calculations for L =6, 7, 8 are compared to the
experimental angular distribution of the 4.13-MeV leve1.
No clear distinction can be given from the angular pat-
tern, but L =7 or L = 8 are favored. Therefore,
L =6+L = 8 or L =6+L =7, respectively, can be ex-
pected for the 3.S9-MeV, 3.87-MeV doublet. Regarding
the resulting normalization constants a speculative as-
signment (g9/p d5/2) + (judged from the relative DWBA
strength) for the 3.59-MeV state, (g9/z) + for the 3.87-

MeV state, and (f5/2 g9/p)7 — for the 4. 13-MeV state is

suggested. However, no clear decision can be made.
The appearance of a strong transition at 6.20 MeV is

explained most likely with the transfer of at least one
neutron into the g7/p shell. With this assumption possi-
ble configurations are (g9/p g7/p), (d5/2 g7/p)6+ and

(g7/2)6+ The binding energy of the g7/p single-particle

state is not known experimentally in Ge. However, the
experimental data available on other nuclei allowed a
weak-coupling model calculation (as described in Sec.
V A) for g7/z single-particle states. A value Ee = —3.34
MeV was extrapolated for Ge and used in the DWBA
calculation. The shape of the angular distribution of the

tO
lA
P)
C)

a
C3

l

C3

Ge(u, He ) Ge
70

6O- E~=55.6 Mev

0( b 17 5
C

O P)

4J
C
Ca

g 40-
0

C3

I

72 2 74
Ge(a, He) Ge
E a=55.6 Mev

8 lab =17 5

C)

CO
LA

O
CD
CV

20-
20-

30
R&l

40 E, LMeV l

30 40 Elab [Mev]

FIG. 22. Spectrum of the Ge(a, He) Ge reaction at
E =55.6 MeV and t9i,b= 17.5'.

FIG. 23. Spectrum of the "Ge(a, He)' Ge reaction at
Ea =55.6 MeV and 6 lab
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6.20-MeV state strongly favors L =6 in comparison to
L =8. Due to the very small D%BA cross section for a
(g7/2) configuration, (ds/2, g2/2) seems most prob-

able, but the normalization constants depend sensitively
on the g7/2 single-particle energy used.

12. Discussion

Ge(u, He) Ge
E~ = 55.6 MeV

L 10

Cl
1

L=O Q.s.

The selectivity of the (a, He) reaction on fp-shell tar-
gets has been well established in the data just presented.
Although definite assignments from the comparison of
experimental angular distributions with D%BA calcula-
tions cannot be attained in all cases, a very consistent
description arises from the assumption of a preferential
population of (fs/2 g9/2)7 — (g9/2) + and (g9/2 ds/2)6+
configurations in all final nuclei. In the Zn and Ge re-
gion, where the increase of the continuous background
relative to the discrete He lines hinders the establish-
ment of spin assignments, results from y-decay studies

permit an additional comparison. ' ' Agreement is

found for all assignments with proposed dominant nn

character.
The background continuum observed in all spectra is

we11 understood to originate from sequential statistical
two-proton emission. The mass dependence and angular

shape can be reproduced with fusion-evaporation calcula-

tions.
The cross sections of the (a, He) reaction are con-

sistently about 50 times smaller than those of the (a, d)

TABLE XIII. D%BA calculations for prominent transitions
of the "Ge(a, He)' Ge reaction.

(MeV)

g.S. 0+

nn configuration

(g9/2 )0+ 5700+3500

3.67' (g9/2»~S/2 )6+
+

(g9/2)', +

(g9/2, 8S/2 )6+
+

(f5/2 tg9/2 )2—

95+25b

60%15'

4.13

6+

(fs/2 g9/2)—
(g /2)',

(g9/2&~S/2 )6+

50+12
180+45
65+30

6.20 6+

6+

8+

(dS/2~g7/2 )6+

("").'.'
(g9/2 g7/2 )8+

40+8
2000+400

25+10

'Unresolved doublet at 3.59 and 3.87 MeV.
D%BA calculation for a (g9/2, ds/2) ++(g9/2)', + doublet.

'DWBA calculation for a (g9/2 ds/, ),+ +(f,/„g9/2 ), doublet.

reaction studied under identical experimental condi-
tions. A similar ratio has been observed between nn and
pn transfer in light heavy-ion reactions.

Based on all reliably established high-spin assignments,
an overall normalization constant %=85+45 is obtained
for the (a, He) reaction in the fp shell. A direct compar-
ison of this value to the results of Refs. 3 and 5 is not pos-
sible, since a di6'erent integration interval of the relative

pp energy was used.

100 =-

8. Cr and Ca targets

1. Cr(a., He) Cr

10
Figures 25 and 26 present a spectrum of this reaction

and angular distributions of the prominent transitions,

10

—L= 8+6

--L e7+6

Ex =3 59 MeV
+

E„=3.87MeV

(unresolved doublet) =

E „=4.13MeV

C
Cr 12o-0
C

O

80-

CD
Lr2

O
cD C)

C4
& o

"Cr(a. He) Cr
Eg =55.7 MeY

8(Qb=17.5'

---L -8
E „=6.20 MeV

0 10 20 30 40 50 BC M tdeg3 Is jka.keM
I

FIG. 24. Angular distributions of transitions to states popu-
lated in the ' Ge(a, 'He)' Ge reaction. The curves are DWBA
calculations. See text.

30 l+o F lQb L MeVl

FIG. 25. Spectrum of the Cr( a, He ) Cr reaction at
E =55.8 MeV and Ol.b

—17.5.
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L
l/l

o
L9

Cr(a, He} Cr
E~=55.7 M eV

L=O g s.

)0

7 Ex -4.4S MeV

&0

respectively. Table XIV summarizes the DWBA results.
The evaluation of an experimental angular distribution
for the dominant transition at 4.45 MeV is impeded by
substantial contributions from the contaminant reactions
' C(a, He)' C(g.s.) and ' O(a, He)' O(g.s.). The contri-
bution of these reactions at the two forward detector po-
sitions was estimated from a measurement of the angular
distributions of the ' C(a, He)' C reaction and a com-
parison with the results of Ref. 4. However, a large un-
certainty remains and the strong oscillations of the g.s.
angular distributions render the partition into several an-
gular bins.

A tentative L =7 assignment is proposed for the 4.45-
MeV state, mainly based on the large experimental cross
section which is expected for a (f5/pg9/p)7
configuration from the DWBA computations. The exper-
imental angular distributions shown for the 5.06- and
6.20-MeV peaks again include contributions from smaller
states nearby and the DWBA does not permit definite re-
sults. Negotiating the data points of the most backward
detector position and taking into account the similarity
to the Fe(a, He) Fe spectrum (see Sec. IV A2), L =5
might be expected for both levels. The ratio of the

DWBA calculations would then favor a (f5/z, d5/2)
configuration for the 6.20-MeV state and a (pi/2 g9/2)
configuration for the 5.06-MeV state, but both assign-
ments result in large normalization constants compared
to the (f~/z, g~/2), value. A tentative L =6+L =8 as-

signment can be assumed for the 7.33-MeV state, sup-
ported by the resulting normalization relative to the 7
state and the corresponding single-particle excitation en-
ergies.

2. Cr(a, He)~~Cr

Because of counter problems during data acquisition of
the two forward angles, a spectrum of this reaction is
shown for 8',b=30'(Fig. 27). At this angle, the high-spin
states no longer dominate the spectrum due to the faster
decrease of the angular distributions compared to transi-
tions with lower spin. The energy resolution at the two
most forward detector positions was considerably re-
duced and the states at 8.99 and 9.42 MeV had to be
treated as an unresolved doublet in the data analysis.
The 6.92-MeV level corresponds to a lower-spin transi-
tion and could not be analyzed in the forward angle data.
Angular distributions are shown in Fig. 28 and DWBA
results are presented in Table XV.

The experimental angular distributions of the states at
3.98 and 4.90 MeV are best described by L =4. The data
points for the most prominent level at 5 ~ 84 MeV show
some scattering, so that a clear distinction of the
transferred angular momentum is not possible. This state
most likely corresponds to a (f5/2 g9/2) configuration
based on the large cross section systematically observed
in this study for L =7 transitions.

For the second largest peak at 7.20 MeV, L =5 with a
(f5/z, d&/2) . configuration is proposed which permits a
good reproduction of the angular behavior and leads to a
normalization well within the range of the other
stretched configurations. A calculation for L =8+L =6
gives a good description of the summed 8.99, 9.42-MeV

5 E „=5.06 MeV TABLE XIV. DW'BA calculations for prominent transitions
of the Cr{~, He) Cr reaction.

10 E „=6.20 MeV
E„

{MeV) nn configuration

&0

E x =5-99 MeY

(uniesolved doublet)

—~ ~ &F

L=8
Eg =733MeV

10 20 30 40 50 Ocg [deg)

FIG. 26. Angular distributions of transitions to states popu-
lated in the ' Cr(a, 'He)' Cr reaction. The curves are DWBA
calculations. See text.

g.s.

4.45

5.06
6 15'

7.33

0+

+
6+

8+

6+

{$3/2 )p+

(f5/2'g 9/2)7—

(P 1/2~g9/2 )5—

(f5/2 d5/2)5—

{g9/2 )8+
+

{g9/2~d5/2)6+

(g, )',

{g9/2~d5/2 6+

200+70
35+10
85+30

100+40

40+15

100+25
50+20

'Unresolved doublet at 5.99 and 6.20 MeV.
DWBA calculation for a (g9/2) ++(g9/2 d5/2) +. doublet.
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C
Ca

c 90
O

cD
LA

O
Crta, He) Cr
E a =55.7 MeV

cn C) lab
Ch ~pe CO ~

(MeV) nn configuration

TABLE XV. D%'BA calculations for prominent transitions
of the Cr(a, He) Cr reaction.

30-

20 30 40 E.lab fMeVj

g.s.

3.98

4.90

5.84

7.20

9.28'

0+ (P3/2 )p+

(p3 2/~f 5/2 )g+

(p3/2&f 5/2 ),+

(f5/2t g9/2 )2—

(f5/2~ds/2 ),—

(g9/2 )8+

+
(g9/2 & ds/2 6+

230+60
60+15

170+50
45+10
50+15

50*15b

FIG. 27. Spectrum of the ' Cr(a, He)' Cr reaction at
E =55.8 MeV and Oi b=30.

La
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10.
C
O

U

Ls0

"0(a, 'H )'4Cr

EcL=55.& IN@V

0.1 =

10.

Ex I3.98 %he

10. Eq*4.Ã MeV

experimental angular distribution, and the resulting nor-
malization constant agrees with the results for the 5 and
7 states. Tentative assignments 8.99 MeV, (g9/2 )s+ and

9.42 MeV, (g9/2 d5/2)6+ can be suggested, which would

reflect the spacing of the g9/p and d»z single-particle en-
ergies in ' Cr (Ref. 37).

'Unresolved doublet at 8.99 and 9.42 MeV.
D%'BA calculation for a (g9/2 ) ++(g9/2, d, /, ),+ doublet.

3. 50Cr(a, 2He) 2Cr

A spectrum of this reaction is displayed in Fig. 29. For
the erst target of the present study with a partially open

f7/2 shell one recognizes a growth in the number of
moderately populated final states. This indicates that the

f7/2 shell must be taken into account in the interpreta-
tion of the Cr(a, He) Cr reaction. A comparison of
experimental angular distributions and DWBA calcula-
tions is given in Fig. 30.

Two states are observed in the low excitation energy
region. Although excitation energies and angular distri-
butions are compatible with the well established ' as-
signments 2.77 MeV, 4+ and 3.11 MeV, 6+, it is doubtful
that the states observed in the (a, He) reaction corre-
spond to these levels. They are generally interpreted in a
pure proton (f7/2) configuration space (see, e.g. , Ref.
39). Absolute strength and angular shape indicate
L =4—6 for the states between 4 and 6 MeV. From the
relative magnitude L =4 is preferred for the 4.77-MeV
level and L =5,6 for the others.

The most prominent peak at 7.75 MeV is tentatively
assigned (fs/z, g9/2), mainly based on the absolute

transition strength. The rather small normalization con-
stant might be due to a considerable fragmentation of the

f5/2 strength in 'Cr (Ref. 37). The angular distributions

l0.

E& & 5.84MeV

L*7+5

Ex &.&oMev

~r

E, =8.99MeV
+

Ex = 9.42MeV

(~resolved doublet)-

C
U

o 60-
V)

C
O0

/. o- =

I-1
$tg

~o-

~ll

C)
cQ
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&Xk

I

OC„( 2H ) 52Cr

Ea=55.4 MeV

0 lob 2 2.5

I I I I

10 20 30 40 50 +„ldegl
30

FIG. 28. Angular distributions of transitions to states popu-
lated in the ' Cr(a, 'He)' Cr reaction. The curves are DWBA
calculations. See text.

FIG. 29. Spectrum of the ' Cr(a, He) Cr reaction at
Ea =55.4 MeV and 01»=22.5'.
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of the states at 6.80 and 7.39 MeV are described similarly
well by L =5 and L =7 transitions. The slightly better
reproduction of the 6.80-MeV data by an L =7 calcula-
tion and the spacing of single-particle levels in 'Cr sup-
port the tentative configuration assignments

(f7/2 g9/2), 6.80 MeV nd (p'[/p g9/2), 7.39 MeV, e-

spectively. The 9.20-MeV level is nicely described by a
L = 5 calculation assuming a (f»2, d&/2 ) nn

configuration. The angular behavior of the 9.63-MeV
peak could not be reproduced by any DWBA calculation.

Three states are unambiguously identified with E„&10
MeV. Due to the large excitation energies of roughly 4
MeV for the single-particle states in 'Cr, nn

configurations based on the coupling of g9/2 and ds&2 are

proposed for these levels. No clear distinction between
L =8 and L =6 can be made from the reproduction of
the angular pattern for the states at 10.75, 11.26, and
12.26 MeV. A summary of the DWBA results is found in
Table XVI.

4. Ca(a, He) Ca

The study of this reaction is of special interest, since a
spectrum of rather pure two-particle states can be expect-
ed due to the doubly magic target nucleus. So far the
only information about Ca levels excited through
transfer reactions results from investigations of the (t,p)
reaction. ' ' A spectrum of the Ca(a, He) Ca reac-
tion is displayed in Fig. 31. The peaks observable at labo-

I

~ 10
C:a

1
LO

soCr(a, He) Cr
Eg=55.4 MeV

L=0 gs

100

C:
10

LO

MCr(a He} Cr
Eg=55.4 MeV

=7 E„=6.80 MeV

E„=7.39 MeV

10

100:—-. L=5

10=

L=4 Ex =2.77 MeV

10 =

100—

=7 E„=7,75 MeV

L= 6 E„=3.11MeV
i' 10 =5 E „=9.20 MeV

10

1-
100

10

10

=4 E„=4.77 MeV

'L=6

L=4 E„=5.32MeV

=4 E„=5.99 MeV

=L=6

100 =—

10 =-

L=8 Ex =10.75 MeV

/

L=6

L=8 E„=11.26 MeV

L=6

L=8 E„=12.26 MeV
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I I I
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I I I I I

10 20 30 40 50 ac „tdeg]

FIG. 30. Angular distributions of transitions to states populated in the ' Cr(a, 'He)' Cr reaction. The curves are D%'BA calcula-
tions. See text.
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FIG. 31. Spectrum of the 4'Ca(a, 'He)' Ca reaction at
E =55.3 MeV and 8),b=17.5'.

TABLE XVI. D%BA calculations for prominent transitions
of the ' Cr(o:, 'He)"Cr reaction.

(MeV)

g.s.

2.77

3.11

5.32

5.99

6.80

7.75

9.20

10.75

11.26

12.26

0+

6+

6+

8

6+

8+

nn configuration

(fsn),'+

(f7rz),'+

(fzrz)', +

(Psrzif sn )z+

(fsrzifsrz)~+

(f7/zifsn), +

(Psrziif srz)„+
(f7/2 ~f5/2 )6+

(fzrz~dsrz), —

(P3/2 &ifs/2 )4+

(fzrz, ggn), —

(f5/zi ds/2 )s—

(f7/z &g9/2 )s-
(fs/2 g9/2), —

(fsrzrdsrz)s-

(fsrz dsrz)s—

I'g9/z )', +

~g9/2 & d5/2 )6+

g9/2sd5/2 )6+

~g9/2 )8+

~g9/2 z d5/2 )6w

~g9/2 )8+
2

740+540

200+150
55+15
55+33
25+13
40+ 15

90+60
50+20
50+30

100+50
170+40
190+50
120+30
130+30
55+20
85+25
90+ 15

180+40
90+15

100+30
190+50
110+30
210+70

ratory energies above 40 MeV arise from a 3% Ca im-

purity in the target. Angular distributions of Ca states
are given in Fig. 32 and DWBA results in Table XVII.
The contamination lines from the (a, He) reaction on ' C
and ' 0 partially inhibit the evaluation of cross sections
in some angular distributions.

In contrast to all other g.s. transitions observed in the
present study and in contradiction to the DWBA predic-
tion, no oscillations are seen in the experimental g.s. an-

gular distribution of the Ca(a, He) Ca reaction. The
most probable explanation is the large cross section in the
region E„=8-9 MeV for the contaminant reaction

Ca(a, He) Ca (see Sec. IVB7), which overlaps with
the Ca g.s. laboratory energy over the whole angular
range measured.

The angular distribution of the first excited state favors
a J =2+ assignment in agreement with other experi-
ments. The states at 3.00 and 3.96 MeV are likely to cor-
respond to the 3.00- and 3.99-MeV states observed in the
(t,p) reaction. However, from the DWBA calculation
L =4 is favored in both cases at variance with the pro-
posed 3.00-MeV, L =2 and 3.99-MeV, L =3 assign-
ments. If one assumes a (p3/z fs/z)~+ configuration in

both cases, taking into account the splitting of the fs/z
single-particle state in Ca into two states with a
strength ratio of =1:4 and an energy spacing of =0.5

MeV, a reasonable normalization constant compared to
the high-spin states is achieved.

The 4.97-MeV peak consists of a doublet. The best
description of the angular distribution is attained by a
summed L =4+L =5 calculation. The configurations
involved remain unclear, but (p, /z g9/z)s —is probable re-

garding the experimental cross sections.
Four strongly populated states are found above 8 MeV

excitation energy. The experimental angular distribu-
tions indicate L «6 in all cases. The extended measure-
ment at five detector positions allows a rather clear dis-
tinction of transferred angular momentum except for the
10.33-MeV level. A (fs/z g9/z)7 — configuration is pre-

ferred for the states at 8.38 and 8.98 MeV. The appear-
ance of two L =7 transitions might be explained again by
the splitting of the fs/z strength. The state at 9.80 MeV
reveals a clear L =6 structure. Therefore L =8 rather
than L =6 is more likely for the 10.33-MeV state, al-
though due to the missing experimental data for
8,. =35'—50' no definite conclusions can be drawn from
the DWBA calculations. Adding the strength for the
split (f5/z g9/z ) configuration, all resulting normaliza-

tion constants are in fair agreement with each other.

5. 4~Ca(a, zHej~6Ca

The infiuence of the open f7/z shell is clearly visible in
a spectrum of this reaction (Fig. 33). The number of final
states with comparable transition strengths increases
strongly. While levels with excitation energies up to 13
MeV could be kinematically identified, the region
E„=9—12 MeV was strongly contaminated by the
' O(a, He)' 0 reaction and no data analysis was per-
formed for this region. Figure 34 shows the angular dis-
tributions and Table XVIII summarizes the DWBA re-
sults.

All low-lying states up to 3-MeV excitation energy cor-
respond to transitions identified in (t,p) (Ref. 40) and

(p, t) (Ref. 44) reactions leading to Ca. The simultane-
ous observation of the 2.97-MeV state in the nn pickup
reaction (p, t) suggests a pure (f7/z ) + character, since a

coupling of this configuration to a dominant (f7/z ) + g.s.
configuration in Ca is equivalent to the (f7/z ) ~

configuration proposed in the (p, t) reaction.
No detailed discussion is given for a11 remaining states.

Although in some individual cases a definite L value is
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TABLE XVII. D%"BA calculations for prominent transitions of the 'Ca(a, 'He)' Ca reaction and
comparison to other work.

Other work'
E

(MeV)

g.s.

0.98

3.00
+
3.96
4.97

8.38

+
8.98

9.80

10.33

+

2+

4+

6+

8+

8+

6+

(a, He)
nn configuration

(P3 /2 )p+

(P3r2),'+

(psn fsn), +

(psn~fsn), +

(ps/2 &fs/2 )g+

+
(P 1/2&g9/2 )&-

(f5/2 ~g9/2 )s—

(fs/2 ~ g9/2 ),—

(g 9/2 &
d 5/2 )6+

(g9/2 )8+

(g9/2 )8+

(g9/2~dc/2) +

380+230
140+40

90+35

90+35'

60+25

45+10
60+35
60+20
40+15

(MeV)

1.02

3.00

3.96

4.83

2+

(2+)

(3 )

(4 )

'Reference 42.
Sum of both levels.

'DWBA calculation for a (ps/z, fs/&) ++(p~/&, g&/2), doublet.

ill

JD~ l0. =

Co

l.

Ca(a, He) Ca
E a=55-2 MeV ~ 100.

C

10.

48 He) Ca
2 MeV

Ex -4.97 MeV

L=5
(unresolved doublet )

10. :=

l0. —
E x =8.38MeV

Ex-0.98MeV
L=B

L=4

fT+
E„=3.00 MeV 10 L=5

E x=898 MeV

L=6

Ex =9 80 MeV

E„=3.96 MeV
10 = L=B

L=6

=10.33 MeV

I I I l I I

10 20 30 40 50 60 ac „tdegl

L=B

I I I I I I

10 20 30 40 50 60
FIG. 32. Angular distributions of transitions to states populated in the Ca{a, He)' Ca reaction. The curves are DWBA calcula-

tions. See text.
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O
C
C
x &20-

C
O

C3

60-

CQ

Og CN

I

Ca {a, He) Ca
Ea-55.2 MeV

Slob =22.5

%=60—150 observed in this study and the concept of
stripping into rather pure single-particle levels is no
longer useful for the interpretation of the observed spec-
tra. From the steepness of the decrease of the angular
distributions we conclude that all states above 3 MeV are
likely to have angular momenta I. ~ 5. The large excita-
tion energies (E, )4. 5 MeV) of the experimentally ob-

served g9/2 and d5&2 levels indicate that the states above
E„=12 MeV in Fig. 33 are based on (g9/2)z+ and

(g9 /I d 5 /2 )6+ configur ation s.

30 IO E)ab t eV)
~2'( a, ~+e)~~pa

FIG. 33. Spectrum of the Ca(a, 'He) Ca reaction at
E =55.3 MeV and 8~,b=22. 5'.

favored from the angular distribution, the information
from the angular shape alone is in general inadequate to
clearly assign spins. A strong fragmentation of the
single-particle states f~/2, g9/2, d5/2, which couple to the
high-spin states, is found in Ca, and it cannot be ex-
cluded that a considerable part of the strength lies above
the particle emission threshold. Consequently all normal-
ization constants are small compared to the typical values

Figure 35 shows an energy spectrum of the
Ca(a, He) Ca reaction at H„b=17.5'. The target in-

cludes a 11% Ca component leading to a strong con-
tamination line ( Ca, 3.29 MeV, 6+) indicated in the
figure. The number of final states is large above 5 MeV
excitation energy and the angular distributions depicted
in Fig. 36 are limited to those levels clearly separable at
all detection angles.

The g.s. angular distribution is described well by the
D%'BA. The level is 3.29 MeV is assigned I. =6,
(f7/2) + from the good correspondence of experimental

and calculated angular shape, the normalization constant

—10.
O

Ca (a, 2He) ~6&a

Ea=55.2 MeV

9 5
U

~ 10.—

10. ==

ca(u, He) ca
E~=55. 2 VeV

L=I
E„=838 MeV

E„=1.35 MeV
=7

E „=8.77 MeV

10.

10. =-

10:—

10.

Ex "-2.58 MeV

E„=2.97 MeV

10.

L=8

e=6

K x =9.07 MeV

E „=9.68 MeV

Ex =4.73 MeV

10. E „=12.66 MeV

E „=7.06MeV

~l

E „=7.66 MeV

10. :-'

Le8
L-7

T f/ i-L =6

E „=13.13 MeV

10 20 30 40 50 GC M [deg3 10 20 30 40 50 ec „[deg)

FIG. 34. Angular distributions of transitions to states populated in the Ca(a, He) Ca reaction. The curves are DWBA calcula-
tions. See text.
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TABLE XVIII. DWBA calculations for prominent transitions of the Ca(a, 'He) Ca reaction and
comparison to other work.

Other work'
E

(MeV)

g.S.

1.35

2.58

2.97

4.73

7.06

7.66

8.38

8.77

9.07

9.68

12.66

13.13

'Reference 40.
Reference 41.

0+

6+

8+

6+

8+

6+

(a, 'He)
nn configuration

(f7n )o+

(f7/2)', +

(f7n ),'+

(f7/2),'+

(f7/2if 5/2)(, +

(f7n ds/2)5—

(f7n ds/2)5—

(f7n~fsn), +

(fsn ds/2 )5

(f7/2~89/2), —

(f5/2 ~g9/2 )7—

(Pi/2 g9/2), —

( -.'")',—

(g9/2, d 5/2 )~+

(g9/2 )8+

(g9/2 d5/2 )6+

(g9/2 )8+

(f5/2~g9/2 ),—

(g 9/2 9d5/2 )~+

(g9/2)', +

(f5/2~g9/2), —

1200+900
440+140
45+15
35+15
23+6
25+10
24+8
30+7
37+12
38+4
12+2
40+8
31+10
13+4
19+7
25+6
23+7
26+8

53210
34+8

E
(MeV)

1 35'
2 57a, b

2 98'

2+

4+

6

and the supporting observation of a pure L =3 transfer
in the Ca(d, p) Ca reaction. The angular distribu-
tions of the 4.55- and 5.21-MeV states favor L =6,7 and
L =4, 5, respectively, with the 5.21-MeV peak showing a
doublet structure.

Since the arguments given in the previous section are
valid for the Ca(a, He) Ca reaction likewise, and a
similar fragmentation of the single-particle strength is ex-
perimentally observed, a detailed discussion of the an-
gular distributions of all states above E„=5.5 MeV is re-

linquished. The DWBA results given in Table XIX are
only meant as an indication of typical values. It is an in-

teresting aside that several states with moderate strength
suggest I. ~ 3 (e.g. , 5.86, 6.21, 9.46 MeV) regarding their
angular distributions. Even an L =0 transition at 5.86
MeV might have been detected, but this assumption is
mainly based on the observation of a 0+ state at a compa-
rable excitation energy in the Ca(t, p) Ca reaction.

7. Cg(t2, +e) Ca

Ol
C
C
Q

90-
tA

C

O

O

EO
P)
O

CO

CO

o
C)

42 2 44
Ca fa, He) Co
Ea 55.7 MeV

O [ob =17.5C)
cD ~

=:-I.H=

=lljl )-,-j
-===.-

I

30 40

l v

0
I PV

(

tj.i.nL. A.jt

E~ab [MeV]

FIG. 35. Spectrum of the Ca(a, 'He) Ca reaction at
E =55.7 MeV and Ol, b

= 17.5'.

This reaction has been studied in earlier measurements
at 55 MeV (Ref. 4) and 65 MeV (Ref. 5) incident energy.
A spectrum of the present investigation is displayed in
Fig. 37 at O~,b=17.5'. For all three experiments, the ob-
tained excitation energies agree within the quoted errors.
Due to the better energy resolution and the much better
statistics compared to Refs. 4 and 5, a number of previ-
ously unresolved levels are revealed, especially between 9
and 10 MeV excitation energy.

The states up to 3.19 MeV are very satisfactorily de-
scribed as members of the (f7/2) + + + + multiplet.

7 7

No discussion in terms of specific nn configurations is
performed for the higher-lying states, although their
structure should be especially easy to interpret due to the
shell closure (N„=20). A recent high-precision measure-
ment of the Ca(d, p) 'Ca reaction with an energy reso-
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lution of =6 keV and states resolved up to the neutron
emission threshold demonstrates that only a small frac-
tion of the g9/2(20%) and d&/2(10%) strength is found in

the particle bound region. Additionally, a strong frag-
mentation of the f5/2 state is observed with the most

prominent level carrying no more than =15% of the to-
tal spectroscopic strength. On the other hand, tentative
spin assignments seem to be justified judging the repro-
duction of the experimental angular distributions shown
in Fig. 38 for all levels up to E, =7.28 MeV.

The decomposition of final states in the broad peak
around E„=9-10MeV is displayed in Fig. 39. Because
of a level spacing close to the energy resolution of the
detector, large uncertainties of 50—100%%uo result from the
fit procedure using Gaussians. The shape and magnitude
of the angular distributions indicate L ~ 5 for the major
part of the strength. As an example some DWBA calcu-
lations are shown for the 9.33-MeV state. Keeping in
mind the small spectroscopic factors of the f5/2 g9/2,

d»2 states obtained in Refs. 47 and 48, the normalization
constants given in Table XX are reasonable compared to
the clearly assigned 3.19 MeV state. However, the large
number of possible n and nn states inhibits tentative as-
signments based on the single-particle structure.

8. Discussion

The observed spectra become more complex with de-
creasing neutron number, and the difhculties to identify
high-spin states populated via transfer into the g»2 shell
increase strongly. This can be traced back to several
reasons: The number of possible states with L ~ 5 grows,
when transfer into the f7/2 shell is allowed. Because of
the limitation of the maximum available beam energy (56
MeV) the optimum I. window is shifted to =(5—6)fi for
the Ca isotopes. The main problem arises from the
strong fragmentation of the relevant single-particle states,
which is reflected in a reduced population of the high-

l

~ 10
LD
U

Ca (a, He) Ca
E ~= 55.7 MeV

9 5

~ 10=
J3

C;
1—

U

10=—

Ca(0. He) Ca
E a=55 7 MeV

=2 Ex -6.21MeV

10 =3 E „=8.05 MeV

Ex =2 03 MeV

10

10

E„=3.29 MeV

Ex =4 55 MeV

5 E„=8.29 MeV

L=6

L=7

z 8 E„=8.86 MeV

V4~
Ay

y L=5

L=6

10
gl

~C

L=3 E„=9.46 MeV

Ex=5.21 Mev

10=—
L=4+5

L=
(unresolved doublet ) 10 = E„=9.75 MeV

E„=5.86 MeV

/
I
I

(

l I I

10 20 30 40 50 Gc„[degas

L=8

i i I

10 20 30 40 50 Bc M t.deg j

Fy~. 36. Angular distributions of transitions to states populated in the Ca(a, He) Ca reaction. The curves are DWBA calcula-
tions. See text.



U. FISTER et al. 42

TABLE XIX. DWBA calculations for prominent transitions of the Ca(a, He) Ca reaction and
comparison to other work.

Other work'b
E„

(MeV)

g.s.
2.03

3.29

4.55

5.21'

5.86

6.21

8.05

8.86

9.46

9.75

0+

0+

3

3

(a, He)
nn configuration

(f7n)', +

(f7/»,'+

(f7n)', +

(f7n&fsn), +

(f7/2&g9/2)7—

(f7/2&PI/2), +

+
(f7 /2&ds/2)s-

(P1/2 )p+

(P3/2 )2+

(P1/29d 5/2 )3—

(P1/29g9/2 )5—

(fs/2&ds/2)5—

(g9/2 d5/2)6+

(fsn&g9n)7—

(P1/29d 5/2 )3—

(fsn gs/2)7—

(g9/2)8+

1000+280
33+10
80+20
15+5
11+2

21+6

1700+500
40+15
10+4
10+4
23+7
13+4
32%11

70+15
22+5
40+8

E„
(Mev)

3 30'

5.86'

(6+ )

(0+ )

'Reference 40.
Reference 45.

'Unresolved doublet.
"DWBA calculation for a (f7/2, p, /, ) ++(f7/2 ds/2), doublet.

C
Ca 300-

C

C3
o 200
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ED
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ED

35
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I
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Ea = 55,7 VeV
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I

Pl IA

45 Elab t HPV j

FIG. 37. Spectrum of the Ca(a, 'He) Ca reaction at
E =55.3 Mev and Ol b

spin states, respectively, small normalization constants.
It should be noted that the selectivity of the (a, He) to

populate fully stretched nn configurations is not affected
by the experimental problems discussed above. It is well
known that the g.s. configurations of ' ' Ca carry the
main part of the f7/2 spectroscopic strength. According-
ly the (f7/2)6+ configuration is strongly populated in

Ca and the resulting normalization constants com-
pare well with those of the high-spin states discussed in
Sec. IV A.

V. SYSTEMATICS

The large amount of data obtained in the present inves-
tigation made it possible to study the systematics of
(f5/2 g9/2)7 (g9/2)s+ and (g9/2, d5/2)6+ st~t~s. T'ble
XXI lists the excitation energies of the high-spin states
extracted from the experimental results. These data have
been partly presented already in Ref. 49. For a few final
nuclei, the excitation energies differ up to 150 keV, be-
cause data were reanalyzed for consistency and the mea-
surements were extended in the meantime. Also included
are the few data about stretched nn states from experi-
mental work on final nuclei which are not accessible by
the (a, He) reaction.

The binding energies of these states are compared to
two simple shell-model approaches, the weak-coupling
model of Bansal and French ' ' and a crude shell mod-
el. ' Finally, the experimentally observed 7 and 8+
states are compared to a large configuration space shell-
model calculation, which was performed not using the re-
sults of the present experiment as input parameters.
Thus, the resulting excitation energies and wave func-
tions of the 7 and 8+ states provide a sensitive test of
the assumption of pure configurations.

A. Weak-coupling model

In a study of the (a, He) reaction on sd shell targets a
linear dependence of the binding energies 82„of the
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TABLE XX. DWBA calculations for prominent transitions of the Ca(a, He) Ca reaction and
comparison to other work.

E„
(MeU)

(a, He)
nn configuration

Qther work' '
E„

(MeU) J"
g.s.

1.53

2.75

3.19

4.83

5.38

7.28

'Reference 23.
Reference 4.

'Reference 5.

0+
2+

4+

6+

4+

6+

6+

(f7/2),'+

(f7n)', +

(f7n)', +

(f7n)', +

(f7n psn), +

(f7n~fsn), +

(f7n.fsn ),+

260+20
260+20
180+15
120+5
30+4
9+1
6%1

1.52'

2 75a, b, c

3 19' '

740 751'

2+

4+

6+

I

~10
C

1
L)

0.1

10—

10=

Ca(a He) ~2ca
Eg-55.7 MeV

2 Ex =1 53 MeV

4 E„=2.75 MeV

(f7/2) + aIld (d3/2 f7/ )Iconfigurations on the mass

number of the final nuclei was observed. This behavior
could be successfully described by the weak-coupling
model (WCM). A sitnilar linear dependence on the mass
number 3 and the isospin T can be expected for
(fs/z, g9/2)7, (g9/2)8+ and (g9/z, ds/2)&+ states in the fp
shell and has been established at an earlier stage of the
present experiment using a part of the data presented
here.

The WCM has been applied in the following way: The
total energy of a nucleus A with p particles and h holes
relative to a closed shell nucleus A0 is given by

E( A) =E( Ao)+E(p) —E(h)+ (ph i V~„mph ) .

E(p) and E(h) are the energies of p particles and h holes
relative to E(AO). The values of E(p) and E(h) can be
calculated from the experimental binding energies of the

10

1 F

10 =--

10

10=:

=6 E„=3.&9Mev

=4 Ex=4 83MeV

6 Ex -5.38 MeV

E„=7.28 MeV

l
l/l

10=

O

10:=.=.

+v

10=

10=

Ca (u He) Co

Ea =55.7 MeV

Ex=8.81 MeV

Ex =9 08 MeV

L =7

L =5&~/ E„=933MeV
e& ee

t~o
Ex=9.60 MeV

E„=9.87 MeV

Ex =10.16 MeV
I I I

10 20 30 40 SO ec „ tdeg 1
10 20 30 40 50 Gc. t fdeg]

FIG. 38. Angular distributions of transitions to states popu-
lated in the Ca(a, He) Ca reaction. The curves are D%'BA
calculations. See text.

FIG. 39. Experimental angular distributions of transitions to
states populated in the Ca(a, He) Ca reaction in the excita-
tion energy region 8.8—10.2 MeV.



2402 U. FISTER et al. 42

TABLE XXI. Experimentally assigned excitation energies of
the 7, 8+, and 6+ nn high-spin states used for the shell-model

calculations.

Nucleus

Ga
52G

54C

56Cr

56Fe
58pe

60Fe

Ni
Ni

64Znb

Zn
68Zn

686eC

706ed
72Qe

(f5/2~g9/2), —

E„(MeV)

8.68'
7.75
5.84
4.45
6.03
4.61
4.35
5.31
4.63
4.60
4.05
4.64
4.22
3.94
4.05
3.96
3.74

(g9/2) +
2

E„(MeV)

10.33

8.99
7.33
9.28
7.38
6.62
8.76
7.19
5.81
5.17

5.20
4.37
4.84
4.21
3.74

(g9/2 d5/2 )6+

E„(MeV)

9.80

9.42
7.33
9.90
8.31
6.62
9.31
7.62
6.03
5.17

5.74
4.37

3.99

'Cross section weighted average of the 8.38 and 8.98 MeV
states.
Reference 36.

'Reference 35.
Reference 34.

nuclei Ap Ap+p, and Ap —h, if one assumes a weak
coupling between the particles and the holes. Bansal and
French give the following ansatz for the particle-hole in-
teraction.

(ph ~ V~„~ph ) = aph +bt~tz—,

where a denotes the isoscalar two-body matrix element
(TBME) (j~j„'~V~„j~~j„') averaged over all allowed
values of J and T and b is the isovector strength describ-
ing the energy splitting for states with different isospin T.

After transformation to binding energies one obtains
for a two-neutron state with spin J and A = A p+ 2

B~ (AnJ ) T):B2n ( ( A 0 +2 )J ) To )

—2a(Ao+2 —A)+b(Tq —1) .

A similar formula results for the corresponding one-
neutron states

CyO(CVV(SS (8's& I &&I&

B I I I I I I I I

2n

f Mev] ( V f5&2, V99/2) 7-

20—
18-
16—

14—
T12—

Fe

Zn

Ge

Figures 40-42 display the binding energies of the nn
states versus the mass number of the final nucleus for the
configurations (f»~,g9/2), (g9/2) + and (g9/2, d~/~)6+,
respectively. The very systematic behavior is evident for
all three configurations, and it is well reproduced by the
WCM calculations. A similar quality of description is
observed for the corresponding single-particle states
shown in Fig. 43. The excitation energies are all known
from studies of the (d,p) reaction (Ref. 23) and references
therein).

The parameters a and b obtained for a nn configuration
[e.g., (f5/p g9/2)~; a = —0. 13 MeV, b =2.01 MeV] are

(within a few percent) consistent with the average of the
parameters describing the corresponding single-particle
configurations (f&/2, g9/2', a = —0. 14 MeV, b = 1.87
MeV). It is concluded that the linear A dependence of
the nn binding energies is a consequence of the linear
dependence of the corresponding single-particle binding
energies. A similar agreement of the parameters a and b

has been found for the binding energies of (f7/2)6+ and

f7/2 states in sd shell nuclei.
The simple structure of the n and nn states is further

B2n I I I I I I I I I I I I

f HleV) {vg9&2)8.

Ge

T+3
I I I I I I I I I I I I

52 54 56 58 60 62 64 66 68 70 72 74 A

FIG. 40. Binding energies B2„of the 7 two-neutron states
as a function of the mass number of the final nucleus A. The
solid lines represent weak-coupling calculations explained in the
text.

B„(AJ, T)= B„((AO+1)J,TO)

b—a(A +1—A) ——(T ——')
p A (8) 12-

10-
The parameters a and b are obtained for each
configuration by a least-squares fit to the experimental
data. In the calculations, the value B((Ao+p)J ) is addi-
tionally treated as a free parameter, since the correspond-
ing states (Ao+p)J are not known due to the lack of
defined shell closure in the upper fp-shell mass region.
However, with the large amount of data available this
does not affect the accuracy of the values determined for
a and b.

I I I I I I I I I I I I

52 54 56 58 60 62 64 66 68 70 72 74 A

FIG. 41. Binding energies B2„of the 8+ two-neutron states
as a function of the Inass number of the final nucleus A. The
solid lines represent weak-coupling calculations explained in the
text.
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B. Crude shell model

The crude shell model (CSM), proposed by Chan
et aI. ,

' permits a very easy method to calculate the exci-
tation energies of stretched two-nucleon states. It has
been demonstrated that the CSM works well for the
( 8 3/p f7/2 ) and (f7 /2 )6+ configurations selectively ex-

cited in the (a, He) reaction on sd-shell nuclei. ' For the
data already presented in Ref. 49, Chan showed that the
same applies for the nn configurations preferently popu-
lated by the (a, He) reaction in the fp-shell mass re-
gion.

The binding energy of a two-nucleon state (j„jz)J in a
final nucleus A +2 can be written as

B(A +2,(j„jz)J)=B(A +1,j, )+B(A +1,jz)

I

5
PV

LD

uJ

+&Jii, lv„„ljii~& . (9)

E„(A +2, (j,jz )z )= E„(A + 1,j, )+E„(A + 1,jz )

+&1 i2~1'„.A~i2&+E,.;, (10)

where E „, stands for the pairing energy of the valence
nucleons in the final A +2 nucleus and can be calculated
from the g.s. binding energies of the nuclei A, A +1, and
A +2. For the case of two neutrons E „., is given by

E „,(nn)= B(A,g. s. )+B(A +2,g. s. )

2B(A + l, g—.s. ) .

The residual interaction of aligned two-particle
configurations is always small ( ((1 MeV) for identical
nucleons. The CSM simply assumes

Here, B ( A + 1,j, 2 ) denote the binding energies of the
corresponding single-particle states and the two-body
matrix element & j,jz ~ V„, ~j,jz & takes into account the
residual interaction of the two valence nucleons coupled
to total spin J.

Converting binding energies to excitation energies one
gets

Si2 99l2 par r
[MeV[

FIG. 44. Experimental excitation energies of the 7 two-

neutron states as a function of the calculated energies from the
crude shell-model. See text.

As pointed out in Refs. 53 and 55, the link between
WCM and CSM, which explains the mutual success of
both models, is easily understood by inserting Eq. (8) in
(9). With the neglection of the TBME, the CSM states
that the WCM parameters for the two-particle
configurations should be the average of the involved
single-particle configurations. This coincides with the re-
sults obtained in the preceding section.

While the CSM accounts for most experimental results
within +0.5 MeV, marked deviations are observed for

& Jii2I V...IAi2 & =o

and Eq. (10) reduces to

(12)

E„(A +2, (j,jz)J)=E„(A +1,j, )+E„(A +1,jz)

+E „„(nn) . (13)

The basic assumption of this approach is the excitation
of pure configurations. This picture amounts to the sup-
position of a weak coupling between the particles and the
holes in the WCM. Figures 44 —46 depict a comparison
of the experimentally observed excitation energies for the
(fs/2 g9/2)p (g9/2)8+, and (g9/2 dsn)6+ co"fig"
to the results of Eq. (13). The diagonal lines correspond
to the prediction of the CSM, and the deviation of data
points from the lines is a direct measure of the effective
residual interaction energy. With a few exceptions that
will be discussed in more detail, the agreement between
experimental and predicted values is good. Again, this
finding underlines that rather pure nn configurations are
preferentially excited in the (a, He) reaction.

+
h4 CS

CV

uJ

2E [9 )+ E pair [MeV )

FIG. 45. Experimental excitation energies of the 8+ two-

neutron states as a function of the calculated energies from the
crude shel1-model. See text.
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13
of the f, /2 shell, E~ =( —0.36+0.28) MeV is deduced for
the experimental results from soCa to Ni for the
(f5/2 g9/2 )7— configuration. Restricting to strong single

particle transitions, the result is Ej= (
—0.45+0. 12 }

MeV for the final nuclei s6, 58Fe and ' Ni. No results
are given for the (g9/p d5/2)6+ configuration, since the

d»2 strength is considerably fragmented in all cases.

PV

LA 7
PV

PV

Ch
Ql

5

E (ggjp) + E (2dgj2) +E&„

FIG. 46. Experimental excitation energies of the 6+ two-
neutron states as a function of the calculated energies from the
crude shell-model. See text.

the (g9/2 )s+ states in Ca, Cr, Fe and the

(g9/2, d5/2)6+ states in Cr and Fe. It should be noted

that the lowest g9/2 single-particle state in Ca carries
only a fraction of the spectroscopic strength (S =0.30)
and little information exists about higher-lying states.
The excitation energies predicted by the CSM for the 8+
and 6+ states in Cr and Fe favor different assignments
as obtained by the DWBA analysis. However, the good
reproduction of these states by the WCM strongly sup-
ports the DWBA results. The deviations in the CSM
might result from the coupling of the single-particle
states to the core configurations which affects the excita-
tion energies. On the other hand, the WCM description
is independent of the target g.s. wave function.

Adapting the assumption of pure configurations, one
can extract from Figs. 44 —46 information about the ex-
perimental TBME of the 7, 8+, and 6+ states and com-
pare these values to the information available' ' about
residual interaction matrix elements. However, the relia-
bility of this comparison is limited to cases where the
single-particle states considered carry the main part of
the strength and the configuration mixing is restricted to
one major shell. These conditions are best fulfilled for
the (g9/2)s+ configuration in Ni and a resulting

T = 1 monopole interaction energy EJ =(0.27+0. 10)
MeV is deduced, in agreement with the experimental
value EJ =0.23 MeV evaluated from pickup experiments
in the 3 =90 region and the result EJ=0.28 MeV from
an empirical effective interaction. Taking into account
all results of final nuclei above Ni, a value
EJ=(0.13+0.15) MeV is obtained. This can be con-
sidered as a lower limit only, since the neglection of miss-
ing single-particle strength at higher excitation energy
leads to a too attractive interaction energy.

Excluding all heavier final nuclei because of the filling

C. Shell-model calculations

VMSDI Ir(5( i rj )(5( ' +0 ) ~ T++ (T' Tj } (14)

Here, r;, r and ~, , r denote the position vectors and the

The success of the simplified shell-model approaches
discussed in the preceding sections indicates a very sim-
ple structure of the stretched nn states excited in the
(a, He} reaction. The two-nucleon configurations seem
to be rather pure, i.e., coupling to core excitations is
negligible. This assumption will be tested more rigorous-
ly by comparing our data with large model space shell-
model calculations which were performed not using our
experimental results as input.

Due to the large configuration spaces involved, calcula-
tions in the fp shell are restricted to nuclei near closed
shells or states whose wave functions can be approximat-
ed well by reduced shell-model spaces. Therefore, two
different paths [called (a) nd (b) hereafter] were followed.

(a) Two selected regions ( Ni and
Cr+ Fe) were studied in a configuration space,

which should permit a satisfactory description of the
properties of the g.s. and low-lying levels. Then the wave
functions of the 7 and 8+ states should give detailed in-
formation on the degree of configuration mixing. Neu-
tron shell-model orbits included were (p5/2), (p, /2),
(f5/2), and (g9/2), where the upper index gives the
maximum number of active nucleons in the respective or-
bit. The Cr and Fe isotopes were calculated relative to

Ca as inert core and the additional 4 (Cr) to 6 (Fe) pro-
tons were restricted to the f7/2 orbit, while Ni was as-
sumed as inert core for the Ni isotopes. Despite the
reduction of the g9/2 occupation number and the neglec-
tion of higher-lying proton shells, calculations could not
be performed completely for Cr and Fe, because the
diagonalization matrices for several J values exceeded
our computer capacities (the largest manageable matrices
were =2500 X 2500).

(b) For a survey the calculations were performed for
several groups of nuclei with respect to different inert
cores ( Ca for Ca isotopes, Ca for Cr and Fe isotopes,

Ni for Ni and Zn isotopes). Above the assumed cores,
all proton and neutron fp shell states plus the neutron

g9/2 state were included. The seniority of the resulting
states was restricted to S =2 for even-even and S = 1 for
odd-even nuclei. Arguments that this rather severe trun-
cation of the model space still a11ows information on the
structure of the high-spin states will be given in the dis-
cussion.

For the determination of the TBME the schematic
modified surface delta interaction (MSDI) was chosen
which is given by
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isospins of the interacting particles i,j and Ro stands for
the radius of the nucleus. The interaction strength A de-

pends on the relative spin coupling that is directly corre-
lated to the isospin T of the two-nucleon system for a del-
ta force. For a given T the values of different two-body
matrix elements are completely fixed by the angular
momentum algebra. The empirical isospin term 8 acts
on the diagonal matrix elements only; i.e., it leads to a
shift of the binding energies.

The computer code RITSSCHIL was used for the calcu-
lations, which were performed in a proton-neutron for-
malism. The MSDI parameters together with the single-
particle energies were evaluated from fits to low-lying
states of the considered nuclei. The inclusion of the cor-
responding odd-even nuclei was found to be important in
order to reasonably establish the single-particle energies.
Data from the experimentally observed high-spin states

,were not included in the fits. Tables XXIII and XXIV
summarize the fit results for the model spaces (a) and (b),
respectively.

For configuration space (a), complete spectra of the
even-even nuclei up to J =8 and odd-even nuclei up to
J =

—,
' were calculated with the parameters listed in Table

XXIII. The results for Fe and Ni are displayed in
Figs. 47 and 48 as examples. All experimental and calcu-
lated levels are shown up to E, =4 MeV. At higher exci-
tation energies, the level density is very large. So the re-
sults shown are restricted to a comparison of the experi-
mentally deduced 7 and 8+ states to the lowest 7 and
8+ levels in the calculations. In addition, spectroscopic
factors for one-neutron transfer to the odd-even nuclei
were calculated in order to test the resulting wave func-
tions. Finally, two-neutron transfer amplitudes were de-

TABLE XXIII. Single particle energies and MSDI parame-
ter obtained for the fits for configuration space A.

Nuclei
Inert core
fit levels

52 —55C
54 —58~Fe

8C

43

57 —66» T'Ni
' Ni
67

Single-particle binding
—0.80
—3.88
—3.52
—4.12

—16.98

+g 9/2

+I 1/2

vf sn
&F3/2

&f7yi

energies (MeV)
—6.43
—9.20
—9.54

—10.20

A]
A0
8

Qrms

MSDI parameter (MeV)
0.60
0.18
0.51
0.22

0.54

0.46
0.16

'Q„,. denotes the root mean square standard deviation.

duced for the transitions to the high-spin states.
The calculated spectra for Ni are very similar to

the results of Koops and Glaudemans, who performed a
calculation of these nuclei using MSDI for the two-body
interactions, but without the g9/2 shell. The influence of
the g9/2 orbit on the low-energy regions seems to be
small, and the differences probably mainly arise from the
inclusion of a few additional states into the At. The
agreement of our calculations with experimental results is
satisfying for all spectra and the spectroscopic factors of
low-lying one-neutron transitions in the odd-even nu-

TABLE XXIV. Single-particle energies and MSDI parameter obtained from the fits for
configuration space B.

Nuclei
Inert core
fit levels

4] —47C

"ca
20

48 —50C

ca
6

52 —55cr
54 —60F

"'ca
36

57 —66~ v'
N1

' Ni
48

63 —69Z a

23

&g 9/2

VP]/2
& 5/2

~13/2

7/Z

~P 1/2

5/2

~F3/2

7/2

—3.38
—5.43
—5.50
—6.44
—8.56

Single-particle binding energies (MeV)
—3.63 —1.59
—6.50 —4.31
—4.94 —4.20
—8.44 —4.78

—10.18 —14.43
—15.41
—16.15
—16.79

—6.76
—9.24
—9.53

—10.35

—7.50
—9.70
—9.94
—9.96

—9.70
—9.94
—9.96

A]
A0
8

b
rms

0.39

0.12
0.19

0.48
0.09

MSDI parameter (MeV)
0.32 0.35

0.18
0.49
0.28

0.40

0.41
0.25

0.41
0.27
0.52
0.30

'Neutron and proton single particle energies were kept equal in the Zn fit in order to reduce the number
of free parameters.

Q, , denotes the root mean square standard deviation.
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FIG. 47. Experimental level scheme of ' Fe compared to re-

sults of shell-model calculations. The differences between mod-

el spaces A and B are explained in the text.

clei. ' The spectra of Cr'and Fe are reproduced
somewhat poorer and one-neutron transfer spectroscopic
factors tend to underestimate the degree of spreading, but
basic features such as g.s. binding energies and spectro-
scopic factors of dominant single-particle states are de-
scribed fairly well. ' The deviations can be explained by
the truncation induced by the selected model space and
the limitations of the MSDI approach when the f7/z shell

dominates the spectroscopic properties.

FIG. 48. Experimental level scheme of Ni compared to re-

sults of shell-model calculations. The differences between mod-

el spaces A and B are explained in the text.

Based on this check of the shell-model wave functions,
spectroscopic factors for a transfer of (f5/z g9/z)7 — and

(g9/z)s+ nn configurations were calculated. These sPec-

troscopic factors describe the overlap of the 7 and the
8+ states in the final nucleus A +2 with a
/I s g Ni (f5/z g9/z ), and A, , iai (g9/z ) + couPling, resPec-

tively. Excitation energies and transfer strengths of the
7 and 8+ levels with the largest amplitudes are listed in
Table XXV together with the summed transfer strengths

TABLE XXV. Excitation energies and spectroscopic factors 5 of 7 and 8+ states with dominant

(f,/z, g9/z), and (g9/z), + configurations calculated in model sPace A. XS gives the total (f&/z, g9/z ),
respectively, (g9/2 ) + transfer strength of all calculated 7 and 8+ states.

8

Nucleus

'4Cr
' Fe
"Fe

Ni
'Ni
Ni
Ni

Expt.

(MeV)

5.84
6.03
4.61
5.31
4.63
4.60
4.05

(MeV)

6.04
6.00
4.73
5.26
4.45
3.82
3.86

MSDI

0.74
0.87
0.79
0.76
0.60
0.48
0.34

1.00
1.00
0.94
0.89
0.73
0.56
0.38

'4Cr

Fe
Ni
Ni

"Ni

8.99
9.28
8.76
7.19
5.81
5.17

9.48
9.57
8.57
7.26
6.01
5.31

0.86
0.92
0.88
0.86
0.85
0.85

1.00
1.00
1.00
1.00
1.00
1.00
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of the (f5/z, g9/z)7 — and (g9/z)s configurations. No

values could be extracted for the 8+ states in Fe, be-
cause the diagonalization of the 8+ space exceeded our
computer capacities. The excitation energies of the nn
high-spin states are reproduced well with exception of the
7 level in Ni. Only a small configuration mixing is ob-
served in all cases which supports the picture of rather
pure nn configurations. The decrease of transfer strength
for the 7 levels in the heavier Ni isotopes is no contra-
diction to this statement, since the total (f5/z g9/z)
strength decreases proportionally due to the filling of the

f5/z shell with increasing neutron numbers.
The results for configuration space (b) are in reasonable

agreement with the level schemes obtained with model
space (a). Typical examples of this comparison are
displayed in Figs. 47 and 48. Although the restriction to
seniority S =2 in model space (b) is certainly not ap-
propriate for a detailed description of the low-lying part
of the spectra, the energies of dominant single- and two-
particle states should be reproduced fairly well. The
determination of the single-particle energies and MSDI
parameters of course depends on the low-lying states, but
the inclusion of the odd-even nuclei and the large number
of fit levels seem to average out the deviations and
reasonable parameters compared to model space (a) are
extracted.

The excitation energies of calculated 7, 8+ levels with
dominant As, (f5/z, g9/z)7 — +s s (g9/z)s+ config-

urations are depicted in Fig. 49 together with the experi-
mental results. All experimentally observed 7 and 8+
states are reproduced satisfactorily within +500 keV.

It is interesting to note that an almost constant M$DI
isospin interaction strength 8 =0.5 MeV results from the
fits with both configuration spaces (excluding the lighter
Ca isotopes). This value agrees well with the results from
the weak coupling model b[(f5/z, g9/z) ]=2.01 MeV
and b[(g9/z) +]=1.83 MeV taking into account the
diFerent definition of the isospin term for the M$DI
[B(ri rz)] and the WCM [b(ti tz)].

Vj. SUMMARY

The (a, He) reaction has been studied at about 56
MeV incident energy over a wide range of fp-shell nuclei.
The use of large-ares position-sensitive counters and a
detector geometry that takes advantage of the pp final-
state interaction enabled the measurement of angular dis-
tributions for the prominent transitions observed. The
angular distributions were analyzed in the framework of
zero-range DWBA using optical potentials extracted
from the simultaneously recorded elastic a-scattering and
an energy-, mass-, and charge-dependent parameter set
for deuteron scattering. "- In the outgoing channel, the
depth of the real part was increased by 10 MeV to ac-
count for the double charge of the He compared to a
deuteron. The necessity of this correction stems from the

nonlocality of the optical potential.
For target nuclei with a closed f7/z neutron shell, a

pronounced selectivity of the (a, He) reaction to popu-
late nn high-spin states with angular momentum L ~5
was observed. In particular, transitions with
(f5/z, g9/z )7, (g9/z )s+ and (g9/z, d ~/z )6+ character could

be identified in all cases from the shape and strength of
the angular distributions and the ordering of the corre-
sponding single particle levels. With the f7/z shell open,
the increased number of final states and the fragmenta-
tion of the f5/z g9/z and d, /z single-particle states in-
hibited unambiguous J assignments for most levels. On
the other hand, a selective excitation of the (f7/z) +

configuration was seen for these nuclei.
The binding-energy systematics of the experimentally

identified 7, 8+, and 6+ states were investigated. A
linear dependence on the mass number A and the isospin
T was observed for these states. This behavior is well de-
scribed by the weak-coupling model. Furthermore, the
parameters a and b entering the calculations agree to
within a few percent with the average values of the
respective single-particle states, which show a similar sys-
tematic behavior. It is concluded that the linear A and T
dependence of the binding energy of the nn states is a
consequence of the linear behavior of the binding energy
of the single-particle states.

In addition, the experimentally deduced excitation en-
ergies of the fully stretched nn configurations were corn-
pared with a crude shell model, which states that these
energies can be described by the sum of the excitation en-
ergies of the corresponding single-particle states plus the
pairing energy of the two neutrons. Reasonably good
agreement was observed for most states.

The success of both models indicates a very simple
structure of the experimentally excited nn high-spin
states, where the two transferred neutrons are coupled to
maximum spin above an unperturbed core. The coupling
to core excitations seems negligible.

Additional tests were done by large configuration-space
shell-model calculations for Cr, Fe, and Ni isotopes. The
two-body interaction was parametrized with the MSDI
approach. Data from odd-even nuclei were included in
the fits of the single-particle energies and MSDI strength
parameters. The level schemes at low-excitation energies
were reproduced satisfactorily, and the resulting wave
functions permitted a calculation of spectroscopic fac-
tors, which were in reasonable agreement with data ob-
tained from one-neutron transfer reactions. ' Although
not included in the fits, the excitation energies of experi-
mentally observed 7 and 8+ states were described well
and extracted spectroscopic amplitudes for two-neutron
transfer into (f,/z, g9/z)7 — and (g9/z), configurations

corroborate the pure structure of these states. Based on
this finding, calculations in a model space restricted to
one- and two-particle configurations were performed for
the major part of the experimentally covered mass re-
gion. Again, the excitation energies of the lowest 7
and 8+ levels correspond well to the experimental results.

Empirical TBME were extracted for the (f$/z g9/z )

and (g9/z ) + configurations. The value obtained for
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(g9/2) + agrees with results from pickup experiments'

and systematics.
In conclusion, the (a, He) reaction is a very powerful

tool for the study of stretched two-neutron states. Due to
their simple structure, an experimental knowledge of
these states yields a sensitive test for nuclear structure
studies. Experiments might be extended to even heavier
target nuclei. A selectivity similar to that found in this
study was reported for the Zr(a, He) Zr reaction and
recently for the Pb(a, He) ' Pb reaction.
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