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Abstract:

The high spin states in the 1f-2p shell doubly-odd nuclei have

been investigated by (&,d) reactions on 50Ti, 52Cr, 54F

56Fe (N=30) by using 23.9 MeV alpha particles provided from the OULNS

e (N=28) and

cyclotron. Outgoing particles from the reaction were detected by
a counter telescope consisting of a AE(60 um) and an E(700 um) silicon

surface barrier detectors. Angular distributions of deuterons were

50

measured from 15° to 85° for the Ti target, from 15° to 100° for

the 52Cr target and from 15° to 110° for the iron targets in 5° step.
The (a,d) reactions induced by medium energy (Ea=40¢50 MeV)
alpha particles are known to excite preferentially stretched configu-

ration states with (j_j_ ) . In all the present (o,d) reactions
P 0 Jnax

two levels at Ex~0.5 and ~4.5 MeV were populated intensely. Thus
the present work showed that the striking selectivity of the (a,d)
reaction mentioned above is still maintained even with the relatively

low energy projectiles (Ea225.MeV). Their excitation energies are

0.020 +0.020 and 4.32 +0.03 MeV in >2y, 0.363 +0.010 and 4.72 +0.02

MeV in “*Mn, 0.576 +0.010 and 4.99 +0.02 MeV in >°Co and 0.020 +0.02

MeV in 58Co. The angular distributions have been analyzed by a zero-
range DWBA calculation to assign a transferred orbital angular momen-

tum (L) and to obtain an absolute cross section for a [ﬂ(Qp]p)V(ann)]LJ

transfer. The states with the lower excitation energies have been

identified to have a common configuration of [w ] with the

f n Vv
7/2"P3/2

. + . .
spin 5 resulting from the stretched coupling of the 1f proton

7/2
with the 2p3/2 neutron. The states with the higher excitation

n
7/2

vg ] configuration. The assignments were based on the DWBA fits
9/2°

energies have been newly assigned to be 8 states with a common [wf



of L=4 and L=7 transfers for the two members, respectively, and the
absolute cross sections. The (0,d) reaction Q-values and the cross
sections for these strongly excited states at the lower and higher
excitation energies decrease with increasing the atomic numbers.

The DWBA calculations and the shell model analyses for these states

revealed that the proton transfer into the 1f shell orbit was

7/2
essential for both the lower and higher states to explain these
systematics.

The preferential excitation of the high spin states at 23.9 MeVv
projectiles have been explained in terms of an angular momentum
matching condition (Lm=4~7 R) among the participants of the reaction
and a large geometrical factor for the stretched angular momentum
coupling in the (o,d) reaction.

A two-body residual interaction energy for the state with J=8

and an average interaction energy of the [7f configuration

77299213
are deduced to be -0.76 and -0.73 MeV, respectively. The results
are compared with calculations employing a §-force intéraction
including a spin exchange term (-1.42 and -0.69 MeV) and with matrix
elements of other configurations célculated by Kuo and Brown (~-0.90

and ~-0.70 MeV). The somewhat small value of -0.76 MeV may be due

to unaccurate lg9/2 single neutron energies in the N=29 odd mass

nuclei.
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$ 1. Introduction

Various types of direct nuclear reactions have been used to
study nuclear.structures and ﬂuclear reaction mechanisms. The
reactions are conventionally classified inﬁo several groupes depend-
ing on a numbér of transferred nucleons. They are inelastic
scattering, charge exchange, one-nucleon transfer, two-nucleon trans-
fer and three or more- nucleon transfer reactions. The transfer
reactions are normally subdivided into stripping and pick-up reactions.
It has been known that each of these reactions has its own character-
istics in a way to excite a nuclear state. Therefore, levels excited
strongly by a given reaction must have the property which is charac-
teristic of the reaction.

Levels populated by one-nucleon transfer reactions have, as

a main component, a single particle or a single hole nature ofra
shell model depending on a stripping or a pick-up reaction, respec-
tively. An angular distribution of the one-nucleon transfer reaction
is characterized essentially by the orbital angular momentum carried by
the transferred nucleon. A distorted wave Born approximation (DWBA)
analysisl) has successfully explained the shapes and the magnitudes
of the differential cross section. Then, valuable spectroscopic
properties such as spins, parities and spectroscopic factors have
been extracted for a vast number of nuclear levels in odd mass nuclei.

On the other hand, two-nucleon transfer reactions have recieved
relatively little attention up to about ten years before. The

reasons are considered to be due to some difficulties in analysis



and interpretation of the experimental results and an experimental
difficulty to measure small reaction cross sections. Since
formulations of the theory of direct two-nucleon transfer reactions
have been given by several authorsz’3’4), however, the two-nucleon
transfer reactions have become a powerful tool to investigate a nuclear
structure as similar as the one-nucleon transfer reactions. The
two-nucleon transfer reactions generally have following features.
The reactions can excite nuclear levels which can hardly be studied
by other reactions. The reaction excites selectively character-
istic levels compared with the one-nucleon transfer reaction.
The selective nature is due to strict selection rules of the reaction
and also to correlations introduced by an angular momentum coupling
between the transferred two nucleons.

The most extensively studied and well analyzed reactions are

5,6) )

two neutron transfer (p,t) and (t,p)7 reactions. From these

reactions a pairing correlation was found to be important in even-

even nuclei. Proton-neutron transfer reactions such as (3He,p)8’92

14 2 14
(p,3He)lo ll), (a,d)l +13) 14,15)

and (d,q) reactions have mainly been
used to investigate nuclear structures of doubly-odd nuclei, because
the doubly-odd nuclei can easily be reached by the p-n pair transfer in-
to even mass nuclei of spin zero. Although a strong collectivity as
seen in the (p,t) and (t,p) reactions, has not been observed in the

p-n pair transfer reactions so far, some interesting behaviors have
been found in the (3He,p) and (a,d) reactions. Both the (3He,p)

and (o,d) reactions transfer a p-n pair to a target nucleus and both

reaction mechanisms are considered to be similar with each other,



however, levels excited by the two reactions are not always the same

12’16’17’18). Usually the (3He,p) reactions have been used to

search for l+ and 0+ levels which were formed by an L=0 orbital angu-

lar momentum transferg’lG’lg). States with spins higher than J>4

have only weakly excited in these (3He,p) reactions. While (o,d)

~reactions have excited preferentially high spin states20’21'22’23).

‘The pioneering study on the (a,d) reaction performed by Rivet et'al2l).
have suggested that the most strongly populated states are those in
which the captured proton and neutron enter the same shell states

and couple to the maximum angular momentum. In our previous study

51 24)

on V(a,d)53Cr reaction a g9/2 single particle state has been

excited strongly via a [7f vg9/2] transfer.

7/2
Just as for single nucleon transfer reactions, the angular
distribution for two-nucleon transfer reactions is also characterized
by an orbital angular momentum carried by the nucleon pair. In this

case many different configurations of the two-nucleon pair can
contribute in a given angular momentum transfer. Then the cross
section of the two—nucleon transfer reaction is sensitive to the
configuration mixing of the level involved. But transitions to
high spin‘states are expected to proceed via a transfer of a pure
configuration, because the configurations which can form the high
spin are limitted in a given configuration space.

50 52 52

Ti(a,d) "V, Cr(a,d)54Mn, >4

In the present work Fe(a,d)SGCo

and 56

Fe(u,d)SSCo reactions are used to study structures of doubly-
odd nuclei. Except for 56Fe target nucleus, all other nuclei are
characterised by a neutron number N=28. These targets were chosen

by following reasons. The N=28 targets and N=29 residual nuclei



of the (o,d) reactions are considered to be well described in
terms of shell model wave functions. An excitation
of high spin states with configurations [ﬂf7;; v(23j)] is expected
in the (a,d) reaction at even a rather low alpha particle energy of
24 MeV. Negative parity states have not been found in the 1f-2p doubly-
odd nuclei. Theoretical predictions of the level structure in terms of
the shell model are available for the low-lying states of these nuclei.
The porpose of the present work is summarized in following five
items.
(i) To find high spin states of the doubly-odd nuclei in the
1f-2p shell region by means of the (o,d) reaction
(ii) To find negative parity states with [Wf7/2 v g,d,s]
configurations
(iii) To explain a preferential excitation of high spin states in
the (a,d) reaction in terms of reaction kinematics and an
angular momentum coupling among the target and residual nuclei
and the transferred two nucleons
(iv) To extract an effective two-body interaction energy from a
systematics of excitation energies of the high spin states
(v) Finally to demonstrate an usefulness of the (00,d) reaction

in a research on a nuclear spectroscopy .



An introductory review of previous works on N=29 doubly-odd

nuclei is presented in next chapter. Detailes of experimental pro-
cedures are described in chaptér 3. In chapter 4 experimental results
of the (o,d) reactions are shown. Methods of theoretical analyses

employing fhe DWBA calculations and two-step calculations are described
in chapter 5. To demonstrate a validity of the DWBA calculations

and to show a consistency of the present results with previous works,
levels of 56Co nucleus are discussed individually in chapter 6.

In chapter 7 detailed analysis and discussion on assignments of

the high spin states are presented and reasons of a preferential
excitation of the high spin states by the (a,d) reactions are discussed.
Also an extraction of a two-body inte;action energy is presented in

that chapter. Summary and conclusions are given 1in chapter 8.



$ 2. Review of previous works

Doubly-odd nuclei with N=29 have been investigated more by
two-nucleon transfer reactions than by one-nucleon transfer reactions.
This is because firstly few stable target nuclides are available to
reach the doubly-odd nuclei by one-nucleon transfer reactions.
Secondly because of the large spin of an odd mass target nucleus
in the present mass region ( 7/2  for proton odd and 3/2° for neutron
odd nuclei ), it is very difficult to determine a spin of a residual
state unambiguously by one-nucleon transfer reactions. On the other
hand two-nucleon transfer reactions on even mass nuclei (3"= O+)
can restrict a spin of a final state to a few limitted values. In
some special cases, moreover, a spin-parity can uniquely be determined
by selection rules of the reaction.

In this chapter experimental works on the doubly-odd nuclei

50S 52 54

with N=29 ( c, v, Mn and 56Co ) performed so far are reviewed

briefly.

50Sc

5 .
The OSc nucleus cannot be studied by one-nucleon transfer
reactions because of no stable isotopes used for target. The

level structure of the 508c has been investigated by two-nucleon

16,25,26) 48 18)

transfer 48Ca(3He,p) and Cal(a,d)

25)

reactions. Ohnuma et

al have studied the low-lying states of 50Sc by the (3He,p) reaction

at 12 Mev 3He particle energy and have assigned the levels up to

3.259 MeV excitation on the basis of shell model wave functions given

by Kuo and Brown. Laget et a1262 have also investigated the levels



up to 6.285 MeV excitation by the (3He,p) reaction at 18.5 MeV
incident energy. They have only deduced angular momentum transfers.

16)

Fleming et al. have studiea 50Sc in order to find J"= 17 states
which may give information on a p-n pairing interaction.

They have found seven l+ states up to 5 MeV excitation and have
pointed out that a large 1t strength could not be explained by a
calculation within a 1f-2p shell model configuration space.

Engeland and Osnesz7)

have analyzed their data on the basis of the
shell model calculation including both 1f-2p and 3s-2d-lg shells,

and the strength of the l+ levels was still below the experimental

value.

The 48Ca(oc,d) reaction has been studied using 31 MeV alpha
particles by Moazed et al.l8). The states below 2.5 MeV excitation
have been compared with a DWBA calculation. Though they have not

analyzed the levels above 3 MeV excitation , they have observed
the most prominent peak at 4.42 Mev which has only weakly been

excited by the (3He,p) reactions. This 4.42 MeV level was studied

in this article.

52

An energy level scheme of the low-lying states of 52V has

been determined mainly by means of (d,p§°’29’30’3l) 32)

reactions on 51V. Assignments of an orbital angular momentum

and (n,vy)

transfer (Qn) have been done up to 3.65 MeV excitation energy by

]
Catala et al%"). Almost all levels observed have been populated

through a neutron transfer with 2n=l. Some levels have been fed



by a neutron transfer of 2n=2 or 2n=3 with small cross sections.
]
Two negative parity states have been observed at around 3.5 MeV

excitation by 2n=2 transfers.

50Ti(3He,p)52V reactions have been performed by Hardie et a1.33)

at 17 MeVv 3He energy and by Caldwell et al.34)at 15 MevV. They
have measured angular distributions of the levels up to 8.838 Mev
excitation. Their attentions have been paid to the states popu-
lated through L=0 or L=0,2 transfers to investigate the 1Y states
of 52V and o' isobaric analogue and anti-analogue states of 52Ti
ground state. In the (3He,p) reactions states of spins larger
than 3 units have not been observed except for a 4+ state at 0.442

MeV. This selective excitation of the low-spin states is mainly

come from the low-energy of the incident 3He particles.

50

No (a,d) reactions on Ti have not been done yet.

54Mn

The 54Mn nucleus is the most extensively examined one by various

. . . 30)
reactions among the N=29 doubly-odd nuclei. Bjerregaard et al. )

have determined level energies of 54Mn up to 2.2 MeV by a 56Fe(d,oc)

. . 13) . . .
reaction . Hjorth has measured the (d,a) angular distributions
for the states up to 4.33 MeV excitation and has deduced spectro-
scopic factors of the two-nucleon transfer reaction by DWBA analysis.

35) 54 52

Lynn et al. have studied Mn by Cr(3He,p) at 11 MeV and

53 3 . .
Cr( He,d) at 10 MeV bombarding energies. The (3He,d) reaction
has populated levels up to an excitation energy of 5.56 MeV.

Nine transitions with an £p=3 and a transition leading to 5.131 MeV



level with an 2p=2 have been observed besides dominant 2 =1

transfers. A detailed study of the 52Cr(3He,p)54Mn reaction
has been performed by Betts et al}7) at 16.5 MeV incident energy
with 20 keV energy resolution. They haverfound eleven l+states

up to 5.56 MeV in excitation energy and have concluded that the

total transition strength to the l+ states is found to be about three
times larger than that calculated in a configuration space of 1f-2p
shells. The levels above 2.5 MeV excitation populated by the (3He,
p) reaction have not overlapped with the ones populated by the (4,

a) reaction. This complemental excitation is quite natural because

the (4,a) reaction excites hole states such as a [Tr(f7/2)5\)(p3/2)2

-1
(£4,5) 7]
(£, ) e 0 v or £_,)1
as a 772! T\P3,5) VIP3/5/P1 /2 5/27 1°
5

, while the (3He,p) reaction excites particle states such

An investigation by 2Cr(a,d) 54Mn reaction has been performed

22)

by Lu et al. at an alpha particle energy of 50 MeV. They have

assigned 9.47 MeV state to be 9+ with a probable [1Tg9/2 vgg/z]

configuration. Their 9% assignment was based on a Q value system-
atics of the (o,d) reactions on A=52~66 nuclei. Though a prominent
peak has been observed at 4.70 MeV excitation , they have not com-

ment on this level. The 4.70 MeV state has only weakly been seen

in the (3He,p) reactions. Other spectroscopic information on
the low-lying states in 54Mn has been extracted from 54Fe(n,p)36)
and 54Cr(p,n§7) charge exchange reactions. Dickens36) has investi-
gated properties of levels in 54Mn by using 54Fe(n,py) reaction.

He has proposed a set of unique J" assignments for the lowest five
excited states. Hill and Buccin037) have also studied the lowest

54

five states by Cr(p,ny) reaction.



56Co

The 56Co nucleus cannot be reached by single nucleon transfer
reactions . However, this nucleus have been extensively studied
by two-nucleon transfer reactions and charge exchange reactions,
because the 56Co is a very interesting nucleus from a shell model

point of view. The levels of 56Co is expected to be formed by

a particle-hole coupling to a doubly magic nucleus 56Ni.

Earlier studies on 56Co have been restricted to measurements

of gamma-rays from the 1.718 MeV state following to an electron

38,39,40,41,42
56Ni. ! ! %herefore,

capture in information on states above

the 1.718 MeV level have not been obtained. These

experimental results led a necessity to conSider a configuration

3)

4
mixing of two-particle two-hole components in the 1.718 MeV state.

56Co‘have been studied by means of 54Fe(3He,p)

. 8,9,14,44,45) %{ ) , .
reactions at e particle energies ranging from 12

Low-spin states in

MeV to 18 MeV. Laget et al%4) have measured 28 angular distributions
up to 5.495 excitation and have analyzed them by a DWBA calculation.
The 3.613 and 4.451 MeV states which were strongly excited by the
(3He,p) reaction have been tentatively assigned to be members of

multiplets belonging to a [ﬂf7/2_2 configuration.

o) Trp3/2‘3’93/2]T=2

Caldwell et al. have also measured ("He,p) angular distributions

for the states up to 6.545 MeV excitation and have made new l+

assignments for several states above 3 MeV excitation. The 5.337

and 5.471 MeV states have been populated very strongly by the (3He,p)
9,44)

reactions but they have not been analyzed in their works.

Either of the 5.337 or the 5.471 MeV state 1is probably the same

-10-



2) 54

state that Lu et al.2 have observed at 5.44 MeV excitation by Fe

i(a,d) reaction at 50 MeV alpha particle energy. In the work they
have found a very strong peak.at 8.92 MeV excitation and have assigned
to be 9+,which is the highest spin formed from a [ﬂgg/zvgg/z] con-
figuratioﬁ. This 8.92 MeV state is one of the 9+ members found in
a series of (a,d) reactions on A= 52~ 66 nucleizz).
Other strong transitions leading to the 4.98 and 6.56 MeV levels
have not been referred at all. The former level is concerned in
this article.

Another useful reaction to investigate the 56Co nucleus is a

58Ni(d,u) reaction. Many (d,a) works have been reported up to

now8'13'l4’30'44'462 Schneider et al.l4) have most extensively

investigated this nucleus by using 17 MeV deuterons. They have
determined excitation energies accurately for 80 levels in 56Co and
have proposed unique or possible two or three candidates of J"

value for 46 positive parity states up to 4.4 MeV excitation.

6)

. 4 . : . .
Frascaria et al. have studied . maximum spin states excited by

the (d,0) reaction at 80 MeV incident deuterons. They have iden-
-2 2]
772 P3/2
-2 2 ]
/2 P3/2

configuration, respectively. This 5.08 MeV state should not be

tified 2.28 and 5.08 MeV states to be 7% with a [ £

configuration and to be 3t with a dominant [ d3

identical with the state strongly populated by the («,d) reaction

at 4.98 MeV excitation.

-11-



S 3. Experimental procedures

The alpha particle beam of 24 MeV was provided from the 110
cm cyclotron at Osaka University. The layout of .the beam transport
line is shown in Fig.3-1. The beam extracted from the cyclotron was
focussed by magnetic quadrupole lenzes and then deflected 35° by
a switching magnet (SM). A beam energy analysing magnet (AM) with
90° deflecting angle led the beam to a 100 cm diameter scattering
chamber. Two beam defining slits posisioned at a middle point bet-
ween the SM and the AM (S3) and at just in front of the center of the
scattering chamber (S4) defined beam energy within 50 keV FWHM. The
widths of the S3 and the S4 were 1.6 mm and 2.0 mm, respectively.

Strength of the magnetic field in the AM was monitored by a
proton resonance signal. The beam through a target was stopped in
a Faraday cup in which a magnetic field was applied by a permanent
magnet. The magnet suppressed éscape of secondary emitted electrons
from the Faraday cup. The beam current was integrated by a precision
current integrator to obtain an absolute charge.

Targets used in the present work were 50Ti, 52Cr, 54Fe and 56Fe.
All isotopically enriched samples were obtained from the Stable Iso-
tope Division, Oak Ridge National Laboratory in the form of oxide
powder. The titanium target was prepared by sputtering a mixture of
a Tizo3 powder and a tantalum powder by an electron bombardment. The
tantalum powder served as a reducing agent. The chromium and the
iron targets were prepared from Cr203 and Fe203 powdérs, respectively.
A mixture of the Cr,0, powder and a carbon powder which served as a

273

reducing agent was heated in a graphite crucible in a vacuum. The

-12-



chemical process goes in the following way;

Cr203 + 3 —> 2Cr‘+ 3CO
Grains of the chromium metal thus obtained was evaporated on a
slide glass. The chromium foil on the slide glass was floated on
deionized water and was scooped by a target frame. The iron oxide
powder was reduced by carbon powder in the same way as the chromium.
Then the metallic grade was evaporated on a thin carbon backing
( 30 pg/sz).

Thicknesses of these targets were determined from elastic
scattering yields of 5.6 MeV protons at angles of 15°,20° and 25°,
assuming the Rutherford scattering cross section there. Though the
elastic protons scattered by the metallic target nucleus could not
be resolved from those scattered by carbon‘and oxigen contaminant
nuclei at the forward angles, the yields of the contaminants were
estimated as follows and then they were subtracted. 1In order to
obtain differential cross sections of the elastic scattering from
C(p,p) and O(p,p) separately, we measured proton yields from a
carbon and a myler targets at the same angle and the same energy
as the metallic targets. Proton yields were also measured at 90°,
where the elastic peaks from the metallic chromium, the carbon and
the oxigen were well separated from each other. Then from
these values we could subtract the elastic yields from the
contaminant nuclei. It was found that the contributions to the
yields from the contaminants were only 10 % at most. The target

thicknesses thus determined are listed in Table 3-I. together with

an isotopic purity of each target.

-13-



In the (a,d) reactions on 1f-2p shell nuclei, reaction Q-

12C 16 14

values are about -10 MeV and the Q-values for ’ O and N

nuclei are -13.57, -16.32 and —3.11 MeV, respectively. So only
deuteron peaks from the ground state transitions for 12c and 160
contaminants disturbed the present (a,d) reactions at some angles.
Since the ground state Q-value of the (a,d) reaction on 14N is not
large negative and cross sections are quite large, the deuteron
groupes from the very small amounts of nitrogen contaminant appeared
overlapping with the peaks of the present concern at several angles.
In order to subtract the contributions from the nitrogen contaminant

the T3N(a,a)l®

0O reaction cross sections were measured at every
angles in separate runs. The nitrogen target was prepared from

adenine(CSH by evaporating on a thin alminum foil. Actually,

5Ns)
the contributions of the nitrogen contaminant to the yields from
the metallic nuclei were less than 10 % for all angles.

1 14

The 2C(oc,d)l4N and the N(a,d)l6o reactions were used for

a determination of excitation energies of the residual nuclei in
the f-p shell since the Q-values and level energies of the 14N
and the l6O are well known. The excitation energies of low-lying
levels in all the residual nuclei thus obtained agreed with the
values of previously reported within +30 kev.14,17)
Outgoing particles from the reaction were detected by a

AE-E counter telescope consisting of a totally depleted 60 um
silicon AE and a 700 um silicon surface barrier E detector. A

angular width of the counter system was 1.15 degrees and a solid

angle was 4.0 x lO—4sr. A single counter of the silicon surface

~14-



barrier with 300 um thick was placed backward by 17.5° from the
telescope to obtain elastic angular distributions of alpha particles.
To monitor the beam current and the target thickness, another
silicon surface barrier counter was set on a wall of the scattering
chamber at 30° in a laboratory angle. Any decrease of the target
thickness was not observed throughout the experiment for all  targets
except for the adenine target.

A particle identification was made by a Goulding type particle
identifier circuié7&hich employs a range-energy relation of charged
particles . A fypical spectrum of the identifier output is shown
in Fig.3-2. Energy pulses gated by the identifier output pulses
corresponding to deuterons and tritons were fed into a 4096 channels
pulse height analyzer which was routed to four 1024 channel groupes.
A block diagram of the circuit is shown in Fig.3-3. Overall energy
resolutions of the (a,d) reactions were about 80 keV for 54Mn peaks
and about 90 keV for those of other nuclei.

Angular distributions of the deuterons from the (a,d) reactions
were measured from 15° to 85° for the 50Ti target, from 15° to 100°
for the 52Cr target and from 15° to 110° for the iron targets in 5°

step.

-15-



S 4. Experimental results

In this chapter experimental results obtained in the (a,d)
reactions are presented. The data presented here are restricted
only to those concerned with high spin states except for the 54Fe
(u,d)56Co reaction. The angular distfibutions for the 54Fe(oc,d)
reaction measured in the present work are shown for comparison with
DWBA predictions.
4-1) 54Fe(oc,d)56Co results

Fig.4-1 shows a typical energy spectrum of deuterons from the
54Fe(oc,d)56Co reaction at eLABz 50°. A number indicated above the
peaks in the figure corresponds to a level number in Table 4-I.
Measured 15 angular distributions below an excitation energy of 5.47
MeV are shown in Figs. 4-2-a,-b,-c and -d together with DWBA calcu-
lations grouped according to spin assignments. The absolute scale
error in the differential cross sections was less than 15 & and was
due to an uncertainty of the target thickness. Error bars shown
are mainly due to statistical errors for low-lying levels, and those
for higher excited states are statistical and background subtraction
errors. The experimental results are summarized in Table 4~I as
well as the L-value assignments from the DWBA analysis. They are

14) )

also compared with the previous (d,a) and (3He,p)44 results.

~16-



4-2) High spin states

Fig. 4-3 shows deuteron energy spectra for the 5OTi(oc,d)Szv,

54 56 58

52Cr(oc,d)54Mn, Fe(a,d)SGCo and Fe(o,d)” "Co reactions at Eu=23'9

MeV. Peaks marked by single-~ and double-asterisks are levels

to be treated circumstantially in the present article. Cross-
lZC 14N

hatched peaks in the spectra are impurity lines from the (a,d)

reaction. The levels marked by a single-~asterisk have been found

44,14)

in previous works and their spins and parities have been

confirmed or tentatively assigned to be 5 . Excitation energies

of these levels were 0.020 + 0.020 Mev in 52V, 0.363 + 0.010 MevVv

54Mn, 0.576 + 0.010 MeV in 56Co and 0.020 + 0.020 MeV in 58Co.

in
For higher excitation members marked by a double asterisk, excitation

energies were 4.32 + 0.03 MeV in 52V, 4,72 + 0.02 MeV in54Mn, 4.99 +

56

0.02 MeV in Co and 3.75 % 0.03 Mev in 58Co. These higher excita-

tion members have very weakly or not been populated by other reactions

other than (ao,d). In (o,d) reactions performed by Lu et al.22)

the 4.70 Mev state in 54Mn, the 4.98 Mev state in 56Co and 3.72 MeV
state in 58Co have most strongly been populated. But they have
measured no angular distributions in their (a,d) works, and have
not referred to these levels at all. Therefore, spins and parities
of these strongly seen levels in the (a,d) reactions have not been
assigned so far.

Angular distributions of deuterons leading to the lower excita-
tion members are shown in Fig.4-4 and to the higher excitation

members are shown in Fig.4-5. At the higher excitation region

around EX~ 5 MeV, where a level density is high, many peaks

-17-



weakly excited by the (o,d) reaction formed a continuum background.
The cross section of higher excitation levels were obtained by
desolving and subtracting unresolved peaks graphically. Here a
shape of the peak was assumed to be same as the.one observed for a
low-lying singlet peak. Because the peaks of the present interest
were very strong, errors due to the background subtraction were 10~

15 % in the cross section for the 50

and 15~20 % for the 54Fe(oc,d) and 56

Ti{(a,d) and 52Cr(oc,d) reactions
Fé(a,d) reactions. They exceeded
errors due to counting statistics considerably.

Angular distributions of elastically scattered alpha particles
from 52Cr and 54Fe targets measured simultaneously in the (o,d)
measurement are shown in Fig.4-6. These data were used to check
whether optical potential parameters taken from literature can re-
produce the elastic scattering cross section well or not. In
separate experiment runs we measured deuteron elastic cross sections
from 52Cr at E.= 11.3 MeV. The angular distribution is shown in Fig.

d
4-7.
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$ 5. DWBA analysis
5-1) Configurations of levels excited by the (a,d) reaction

From a simple shell model point of view ground state wave
functions of N=28 nuclei are described as (lf7/2)n proton configu-

rations outside an inert 48Ca core. Actually, experiments of single

8)

proton pick-up (d,3He) reactions on N=28 nuclei4 have revealed

that the ground states of the nuclei are described quite well by the

shell model wave functions except for the 54Fe nucleus. For the 54Fe

ground state wave function, very small admixtures of (lf7/2)4(lf5/2)2
4

and (lf7/2) (2p'3/2)2 terms have been found besides the main (lf7/2)6
configuration for protons. The spectroscopic factors for the 2p3/2
and the lf5/2 states have been found to be about 4% of the total
single particle strength. The @Heﬂﬂ reactions have given some infor-
mations on hole components of 2s-1d shells in the N=28 nuclei.

Experimental results of the reactiongg’so’Sl)

have shown that the Zs-
1d mixture in the target nuclei was very small amount and less than
2%. While a rigidity of the N=28 core has been investigated by

single neutron pick-up and stripping reaction552’53).

From the re-
search for all N=28 nuclei, the 2p and the lf5/2 components were less
than 5% in the ground state wave functions. Therefore, it is quite
good approximation to assume that the ground state of the even mass
nuclei with N=28 are formed by a coupling of (lf7/2)n protons with the
48Ca inert core.

Hénce it is reasonable to expect that in the (a,d) reactions on
the N=28 nuclei a proton will most likely be transferred to the lf7/2

orbit and a neutron to one of the 2p3/2, or lf5 orbit.

2Py /2 /2
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These configurations give 12 positive parity states with spins
ranging from l+ to 6+. Levels formed by a coupling of a 2p3/2
proton to either a p or a f neutron may lie ~around 3 MeV in
excitation energies. Also core excited states formed by [(f7/2)n
(J) @ m(23)v(23) '] configurations may appear as positive parity
states at around 3 MeV in excitation energies. However these states
are hardly excited by the direct (a,d) reactions , because the
reaction does not destroy the 48Ca core. If appreciable configuration
mixing is realized between the single particle states and the core
excited states , the (a,d) reaction can excite more levels other

than those expected from the simple shell model picture. Shell
model calculation based on a effective two-body interaction by

Horie et al§4éuggests that 70 levels in 54Mn and 12 levels in 56Co

are formed in the configuration space of the lf././2 proton and the
2p3/2, 2pl/2 and lf5/2 neutron shell orbits. Negative parity states

in the N=29 nuclei are expected to appear at around 4 MeV' excitation,

though no theoretical calculations have been done to predict exci-
tation energies of the negative parity states. Probably, they

would be excited through a proton transfer to a 1f orbit and a

7/2
neutron to a lg9/2 orbit.

Allowed values of a spin and an isospin carried by the transferred
two nucleons in the (a,d) reaction are

S=1, T=0.

An n-n pair and a p-p pair in the incident alpha particle are coupled
in 13S state (spin singlet, isospin triplet and‘relative orbital
angular momentum £=0 ) and a n-p pair in the alpha particle can couple

to either 138 or 3lS state. But only the S=1 part (spin triplet)
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of the n-p pair in the alpha particle can contribute to the (a,d)
reaction, since the outgoing deuteron has a spin 1 and an isospin

0. The selection rules of the direct (a,d) reaction on the o"
target allow at most two L (transferred angular momentum) values

to contribute to an angular distribution, and specify uniquely a
parity of a final state to (-)L. For a transition which includes
only one orbital angular momentum transfer, a spin parity J" of a
final state is L-1 < J < L+l, ﬁ=(—)L, because the intrinsic spin
transfer is unity in the (a,d) reaction. Therefore, natural parity
states J" With'ﬂ=(—)J will be excited by an L=J transfer bDbut
unnatural parity states with a spin J and a parity 7= (—)J+l by
L= J+1 and L = J~-1 transfers. If we observe the contribution

of two L values (L <and L>) for a single state, we can identify
uniquely the final spin to J=L<+l. In the most cases, however, it
is difficult to uniquely assign the spin for an unknown residual
level by using this characteristic feature of the (a,d) reaction,
since the cross section proceeding through the lower L transfer is
generally dominant. This is understood from a jj-LS transformation
coefficient for relevant orbits. The values of the transformation

coefficient for transfers of [ﬂf7/2,02j]LJ pair in the reaction

are listed in Table 5-I.
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5-2) DWBA theory for (o,d) reaction

Here we consider a reaction of a type a+A—b+B , where a is an
incident projectile and A is a target nucleus, thle b denotes a
outgoing particle and B is a fesidual nucleus. If a transferred
cluster is symbolized by X for stripping reactions, then

b=a-X
B =A+ X
A transition amplitude is written by the distorted wave Born
1)

approximation theory (DWBA) as

(-

DW ) * (+) _
TU=SAr p fAry pxg (rpp) <oRp0p | Vg [0,0,>%, (x 0) (5-1)

(+) (-)

where x and ¥ are center of mass wave functions of the incident
and the outgoing particles distorted by optical potentials,respec-

tively. The wave functions denoted by ¢i represents an internal

motion of each nucleus i. The angular bracket means an integration
over all the internal variables. VbX is an interaction potential
between the particles b and X. In terms of the transition amplitude,

the differential cross section of the reaction is written as
* *

do _ Ma™  Xp | pw

= — | _2
do (2nn2) 2 K, | (5-2)

*
;where m, is a reduced mass of the particle i and ki is a wave number

in channel 1i. For the internal wave function of the residual nu-
cleus, a parentage expansion based on the target nucleus is intro-

duced for the (o,d) reaction.

0 (A+2) =
afIfo 3

Z. A(afIf;nanjnnplpjp J;aiIi)
PJDJ

X ¥ BT, 1y (5-3)

L ®
(3pIgd) Tog Iy 7 TagIeM,
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The parentage factor A(......) can be obtained explicitly, if a
shell model wave function for the residual nucleus is available.
For a state with a pure configuration of the residual nucleus the
parentage coefficient becomes a fractional parentage coefficien£

(cfp). The VY, . ig an antisymmetrized wave function of the

(3,3.)3
transferred two %u%leons. To calculate a form factor which is a
center of mass motion of this wave function, the two nucleon wave
function must be transformed to those of separated in the center
of mass and the relative coordinates. The transformation can be
made by transformation from j-j to L-S coupling schemes and then by
using a Moshinsky bracket% :

| , 1/2 1+ (_)%+S+ﬁ+l
W(jpjn)J ) (l+A. .) Léﬁ%Nﬁ 2
J132

X (1/2 Qp(jp) }/2 zn(jn),J|1/2 1/2(8) Qpln(L),J)

~ 1 _
X <np2pnn£n:L]n%Nﬁ:L> |0y (GVrT) by (2V4R) | Xg . (5-4)

~ o~ ~ o~

Here, NL and nf are gquantum numbers for the center of mass and the.
relative motion of the transferred pair, respectively. The radial

wave function ¢NE of the center of mass motion is chosen to be a

harmonic oscillator wave function. For the size parameter v for a

single particle state in a nucleus A use was made of the valueZ)
~-1/3 -2 . . .

=0.96 a3 ™2, 4, . is a Dirac delta function and <... oo >

J 3
is a Moshinsky bracket. It is noted that adopting the zero-range

DWBA theory the cross section is represented as an incoherent sum

of the transferred angular momenta L and J, which can be written és
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*

*
QE _ 21f+l ma md E@ v2
do = 51 41 (21692 k 0 (5=3)
i o
! (-) %, D77 (+) 2
Xz I x (k ., r)F_(r)Y. (B¢)x' ' (k_,r)dr
JLM ‘/£+—l— d d A L LM o [6

FL(r) is the form factor and Y is the spherical harmonic function.

LM
In the equation (5-4), the most important term is £=0, because the
relative motion between the transferred two nucleons is in S-state
in the alpha particle.

2)

The form factor in the equation 5-5) is written explicitly " as

* ~
FL(r) = é B (afIf:S=l NIno ;L,J;aiIi)

L N-14L/2 _ _
% (a/(a-2)¥ ax b (2(a-2)v/A,1) . (5-6)

The aﬁis a normarization factor when the zero-range approximation

is taken for the interaction. The coefficient B is expressed as,

® =%§£‘Gﬂ;§; A(OLfIf;nnjlnjnnp’@p]p SERLTES

X (1/2 zp(jp) 1/2 zn(jn),J|1/2 1/2(S) szn(L),J)
X <n_% n_ & :T |NDHO0: L> . (5-7)
p'p n'n

Np and Nn are the number of protons and neutrons in the (n ijp)

and (nnznjn) orbits of a residual nuclear state. The factor

v NpNn comes from the antisymmetrization of the wave function.
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The (o,d) specrroscopic factor for a transition of a [m(2_J )v(%njn)]
pair with angular momentum transfers of L and J is defined as

2

~ |

. . _ A N-1+L/2
S(aiIillLJla I.) = ) ) a

£7f

B(aiIi:lNﬁnO ;L,J;afIf)(

o aing|

X
N
(5-8)

In table 5-I the spectroscopic factors for pure configurations

are tabulated together with the j-j to L-S transformation coefficients.
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5-3) Comparison with experiments

The DWBA cross sections were computed with a zero-range code

55)

'DWUCK' The two-particle form factor calculations were carried

out with a code 'TWOFF'56). The experimental (o,d) cross section

is related to the DWBA prediction as,

2
d6/dw) = 4N et 1 Yo PV s (2741) (5-9)
ex 4 LJ r

p. 21,41 107 LI

where a V, 1s an average interaction strength between the deuteron

0
and transferred two nucleons.z) A numerical factor 4 in the equation

comes from a parentage expantion of a light nucleus and means a number

of ways to break up an alpha particle into two deuterons. A factor
104 in the denominator is a square of an interaction strength employed
in the code 'DWUCK'. Ii and If are the ground state spin of the

target and the final state spin of the residual nucleus, respectively.
L and J are orbital and resultant angular momenta carried by the
transferred p-n pair. For reactions on spin zero nuclei (Ii=0) ’

the relation (5-9) becomes simple, because a transferred total angular

momentum should be equal to a final state spin. Then we get
V02 DwW

= =10

dO/dw)exp. 4N ———4-—10 ioLJ (5 )

Two conbinations of alpha and deuteron optical potential sets

were tried as shown in Table 5-II in the present analysis. The set

given by the Al and D1 in the table is the same as used previously60).

They are directly from the work of McFadden and Satchler for an

alpha channel (Al)57)

(Dl)59>. Another optical potential set (A2,D2) was essentially

and of Daehnick and Park for a deuteron channel
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taken from the work of Schneider et al.l4)

58

This set gave the best

Ni(d,a)SGCo reaction at Ed=l4

MeV, but was not the ones to reproduce the elastic scattering angular

4)

predictions in the analysis of the
distributions best. Schneider et al.l suggested for reactions
with a large angular momentum mismatch such as (d,a) and (3He,a)
reactions that the best elastic scattering parameters were not neces-

sarily be best for those transfer reactions but one should use such

potential parameters as to satisfy Vb + VX p Vb+X ; Wwhere b is the
lighter projectile and X the transferred particle. This has been
called 'well matching method '. We modified slightly the real

well depth in their alpha channel parameters from 191.9 MeV to 182
MeV in order to improve DWBA fits for L=0 and 2 transfers.
The optical potential parameters are listed in Table 5-II. Elaétic
scattering angular distributions of alpha particles obtained with the
Al and A2 parameters are shown in Fig.4-6 by solid and dashed lines,
respectively. The Al potential reproduced the experiments fairly well,
while the A2 could not reproduce the deep minima of the experiments.
DWBA calculations with the Al-Dl set combined with a form . factor
solved in a Woods-Saxon potential of r=1.27 fm and a=0.55 fm (FF1l)
gave satisfactory results for L = 4, 6 and 7 transfers as shown in
Fig.4-2-c Dby solid lines. But for small L transfers (L = 0 and 2)

the Al-D1l set gave poor agreement between the predictions and the

experiments. For L=0 transfers the predictions gave a too exaggerated
pattern. And positions of maxima and minima of the diffraction shape
shifted backward by 5°. For L=2 transfers the phase relation

was good but a striking oscillatory pattern seen in the experimental
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IL=2 transfers could not be reproduced. This poor agreements
for the L=0 and 2 may be attributed to the large angular momentum
mismatch of the (a,d) reaction.

(3He,a) reactions, like (o,d) , had also a large momentum

mismatch. Stock et al.6l)

(3He,@) reactions on chromium isotopes that the angular momentum

have pointed out in their analyses of

mismatch make the nuclear interior contribute significantly to
the reaction. To clarify this in the (a,d) case , reflection co-
efficients (Ingl) for the alpha and deuteron partial waves at 23.9
MeV incident alpha particle energy and Q-values of -11 MeV( Ex=0'0
MeV) and -16 MeV (EX=5 MeV) are shown in Fig.5-1. Only the partial
waves in a region ]n£|¥ 0.5 contribute to the elastic scattering
cross section and are determined well by the elastic cross section
fitting procedure. In the present case, for Q=-11 MeV the well
determined partial waves were 2@” 11-13 B and Rd~ 6-8 I and for Q=
-16 MeV 2d~ 4-5 h. Therefore, if the (a,d) reaction cross section
of a given angular momentum transfer is mainly due to partial waves
beyond this limits, the (o,d) angular distribution so obtained

may not explain the experiments. In the lower part of Fig.5-1 over-
lap integrals for L=6 and L=0 transfers of the (a,d) reaction are

shown. A radial overlap integral ( F are represented

SLJ(Qazd))
by a product of a form factor and partial waves of incident and exit

channels. For simplicity, only a case of Qa—2d= L is shown. For

the L=6 transfer, the overlap integrals of large values were located
around ZaN 11 h and 2d~ 5 h, where the partial waves were well deter-

mined. While, for the L=0 transfer almost all the partial waves
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in the range 0§:2a§=8 h contributed. In the latter case, the trans-
ferred p-n pair did not fill the gap between the angular momenta brought
by the entrance and exit channels. In the actual cases, combinations
to satisfy Eu+§d= f_in the overlap integrals can be allowed. Then

so. extreme difference mentioned above did not realize.

DWBA predictions obtained with the A2-D2 set with FF2 form factor
(£=l.35 fm and a=0.75 fm) are shown in Fig.4-2-a,-b,-c by dashed
lines. For L=0 and 2 the A2-D2 gave considerable improvements.
Particulary for an L=0 transfer to the 1.72 MeV state the agreement
was almostly perfect. However, for large L transfers a slight deteri-
oration of the predictions was seen. As a whole, the agreements

between the theory and experiment were better in the A2-D2 set than in

the Al-Dl set. In spite of the superiority of the A2-D2 set, we will
employ the Al-Dl1 set for the following DWBA analysis. This is
because the (9%,d) normarization factor N in the equation (5-9)

has been determined for the Al-D1l potentials previously by Kawa60).

And for another, levels to be treated here are restricted to high
spin states.
The empirical normarization factor of the (o,d) analysis using

the Lin-Yoshida's form factor has been extracted from the previous

51 53 60)

V{(o,d) ""Cr reaction (N=73~130). In the Lin-Yoshida's formalism,

2)

the factor V corresponds to the usual zero-range interaction

a-~
0" n

strength D The ax is an overlap integral of the wave functions for

0°
the relative motion of the two-nucleons in the incident alpha particle

and of the transferred two-nucleons in the residual nucleus. For the

1f-2p shell nuclei the as is about 3 fm3/2. So the sguare of the

=0
C . . . . 3
empirical interaction strength thus obtained is about 106 Mevzfm .

Here, we employ this value for the DWBA analysis.
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5-4) Other excitation processes

In the present analysis, we assume that the (o,d) reaction

proceeds via a direct one-step process. If this assumption would not

right the present spectroscopic results would not be reasonable. So,

we will discuss on a possibility of other reaction mechanisms of the
(a,d) reaction at 23.9 MeV alpha particle energy. Possible reaction
processes considered are two-step processes of sequential nucleon
transfer (a-t-d) and (a—3He—d) channels and a compound nuclear process
besides the direct process. They are shown schematically in Fig.
5-2 Dby a double, dashed and solid lines, respectively.
A compound state of 58Ni formed by a 54Fe + alpha(23.9 MeV)

system lies at 28.7 MeV in excitation energy. This is higher
by 20.5 MeV and 16.5 MeV than threshold energies of a proton and
a neutron emissions, respectively. While a threshold energy of a
deuteron emission is 17.3 MeV and is 5.1 MeV higher than that
of the neutron emission. Therefore, a proton and a neutron emission-
may occur in advance of a deuteron emission. Moreover, it is well
known that loosely bound composite particles like a deuteron are
hardly emitted from a compound nucleus. Actually following experi-
mentally observed facts imply that a contribution to the (a,d) cross
sectionsvfrom a compound nuclear process is negligibly small.

(i) The angular distributions of small L transfers showed charac-

teristic diffraction patterns,which indicate a direct
process. ( see Fig.4-2-a,-b )

51

(ii) In our previous (o,d) reaction on V at an alpha particle

energy .of 22.0 MeV, angular distributions measured from 15°
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to 130° in a laboratory system showed assymmetric patterns
with respect to the 90° center of mass axis. They are
shown in Fig.5-3.

(1ii) Levels known as neutron hole states were not excited in the
present (a,d) reactions at all. They have been most strongly
excited by (d,a) reactions at 2.281 MeV in 56Co and at 2.646

l4’7O)and have been assigned to be 7+

-1 -1
772 VEy,0 1

(iv) In a series of (a,d) reactions on N=28 nuclei strong target

MeV in 58Co reactions

with configurations of [7f

dependerices were observed in the cross sections to 5+ and 8
transitions. This will be discussed in $ 7.
All the above mentioned facts come into conflict with what one
would expect for the reaction proceeds via a compound process. Then
a contribution to the (o,d) cross sections from the compound process

was estimated to be less than a few pb/sr at most.

Two-step process

Two-step processes are much important for transitions which
are forbidden by some reasons in a direct one-step process. Also
for two-nucleon transfer reactions the two-step processes have a
possibility to play an important role, because cross sections of
the two-nucleon transfer reactions are generally small compared

with those of one-nucleon transfer reactions.

In the present two-step analysis, we considered successive
2 _ ’
nucleon transfer (a-"He-d) and (a-t-d) processes. We chose as inter-
mediate states the ground state of 55Co and single particle states

of p3/2 and 99/2 shell orbits in 55Fe for each process.
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For the SSCQ intermediate states only the f7/2 ground state was
chosen because in 54Fe(oc,t)SSCo spectra which were measured at the
same time with the present 54Fe(a,d) measurement, only the ground

state was strongly populated. Cross sections of other levels were

as small as those of the (a,d) reaction.

We analyzed the present 54Fe(a,d)SGCo reaction data of two

transitions leading to 5+ at 0.576 and 8 state at 4.99 MeV.
These transitions are allowed by the direct one-step process and

were very strongly populated. Two-step calculations were carried
2)

out using a computer code 'TWOSTP' developed by Toyama and Igarashi

Formalism of the two-step processes are based on a Green-function

iteration method by Toyama63’64). The transition matrix is given

separately for the one- and two-step processes as,

ras Pa l A ~
(V4 V—v.) | ¢
£ f pgyie 1

UL P

M.M’ i
1 1 {

T = < $(')|
M_M’

ff

, where suffixes Mf, M%, Mi and Mi represent the magnetic guantum

numbers of the residual , the emitted particle, the target and the

~(+)

¢Mﬁ’ mean the

projectile, respectively. Wave functions denoted by
distorted waves including intrinsic spin function for incident and

A

exit channels. Vi and Gf are the residual interactions which cause
transitions at incident and exit channels, respectively. An operator
1/(E~H+ie) describes a propagation of an intermediate particle.
The first term in equation (5-11) is a transition matrix of an ordi-
nary one-step DWBA and the second term is a second order Born approxi-
mation transition matrix element. A calculation of the second term
can be carried out by using a Green function63).

Optical potential parameters for entrance and exit channels used
in the two-step calculations were the same ones employed in the direct
(a,d) analysis(Al-Dl). For both triton and 3He channels, we used

. . . . . 51
optical potential parameters with which previously measured Via,t)
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52Cr and 55Mn(oc,t)56Fe angular distributions have been successfully
analyzed. They are listed in Table 5-II.

calculated angular distributions of the one- and two-step processes
and of the cohelent interferences are shown in Fig.5-4. In general,
the cross sections via (a-t-d) processes were about 4~6 times larger
than those of via (u—3He—d) processes. This is due to a large Coulomb
barrier in the intermediate 3He channel. Cross sections of constructive
and destructive interferences between (o-t-d) and (a-3He—d) amplitudes
are also shown. Even with the constructive interference, the two-step
cross sections Qere factors of 8~10 weaker than the experimental cross
sections. While the one-step cross sections labeled by 'D' in the
figure could almostly reproduce the experiménts. The predicted cross
sections were modified by factors of 0.7~1.3 by the cohelent contribution
of the two-step amplitudes(D+T,D-T), but the shapes of the angular
distributions were little affected. It is found that for the (o,d)
reactions at 23.9 MeV alpha particles leading to the highest spin states
the one-step process give a dominant contribution and the sequential

two-step processes play rather a minor role. However, this does not
mean that the two-step processes are important for the transitions

where the one-step cross sections are small and are not important for
the transitions having a large one-step cross section. It must be
noted that wlhen the direct cross section is large in a given transition,
also the two-step cross section becomes large and vice versa. This is
mainly due to a following reason. Thansition amplitudes of the (o,d)
reaction are strongly affected by a magnitude of an angular momentum
transformation coefficient of the transferred two nucleons. When two-
nucleons transferred seguentially into the identical orbits with the
ones occupied by the one-step process, a similar transformation factor

as the one-step process appears in a transition matrix of the two-step

prosess also.
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)56Co reaction

. 5
S 6. Discussion for 4Fe(a,d
Low-lying states of 56Co nucleus are considered to be formed by
a coupling of one neutron and one proton hole with a doubly-closed

4)

6Ni core. Horie and Ogawa5 have calculated the level structure of

56cO in terms of an effective two-body matrix element based on shell
model calculations. Where, they have assumed that low-lying states
of the 56Co are described by a 48Ca inert core plus Z-20 protons in

the 1f shell and a neutron in the 2p3/2, 2pl/2 or lf5/2 shell orbit.

7/2
In this chapter, 56Co levels are considered individually, and

experimental data of the present work are compared with those of

previous works, especially with high resolution 58Ni(d,oc)56Co work

14) 54

at 17 MeV performed by Schneider et al. and Fe(3He,p)56Co work

at 18 MeV projectiles by Laget et al.26)

Also a comparison with

DWBA calculations are made. In Table 4-I angular momentum transfers
obtained by the DWBA analysis are shown in comparison with values

of previous works. Normarization factors defined in equation (5-8)
are also presented in column 5 ,which were deduced from integrated
cross sections over an angular range 14°~ 105° in the center of mass

- system. For several levels the experimental results are compared

. y . 54 . .
with the theoretical results of Horie and Ogawa. ) Their wave functions

for corresponding levels are listed in the last column.
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(1) 0.00 Mev
The ground state was only weakly excited in the present (a,d)
reaction. The angular distribution was well fitted by an L=4 DWBA

prediction. This L=4 assignment was consistent with the 4 assignment

based on y-y correlation measurements38’40’42). Shell model calcu-

4)

lations performed by Horie and Ogawa5 have predicted a spin-parity

of the 56Co ground state to be 4+ and have suggested that a [ﬂf7/2vp3/2]

pair was a main configuration to be transferred in (a,d) reaction.
Although the experimental cross section was small, it was still about

twice larger than the prediction with a pure [ﬂf7/2vp3/2]L=4’J=4

transfer. A DWBA prediction employing Horie’s wave function gave
little change in the magnitude of the cross section because of a

cancellation in transition amplitudes between remainders of [ﬂf7/2

] and [7nf vE 2] components.

VP12 7/2°75/

(2) 0.157 Mev

The 0.157 MeV state was not excited so strongly. The angular
distribution showed somewhat different pattern from the DWBA prediction
with a pure L=2 transfer. A slight admixture of an L=4 component
to the L=2 main component made the fit better. Since the 0.157 MeV
state is believed to be a single level, the recognition of two L
components (L=2 and 4) in the (o,d) reaction permitted an unique spin

. + . + . . . .
assignment of 3 . This 3 assignment was consistent with previous

2) )

y—ray4 and (d,oc)l4 works. A normarization factor obtained by

assuming a pure {[nf transfer was N=74. Horie and

7/2P3/2)1=044,3=3
Ogawa have predicted the first 3+ state to be located at 0.216 MeV

7/2"%3/2
decreases the predicted cross section and yields N=90 which was close

with a dominant configuration of [mf ]. Use of their wave function
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to the (a,d) normarization factor N0= 100.

(3) 0.576 MeV

This level was one of the most strongly seen in the (a,d) reaction.

This was excited strongly in the (d,a) reactionsl4’44)

8,44)

also, but was

excited very weakly in the (3He,p) reactions. The strong trans-

itions in both the (a,d) stripping and (d,a) pick-up reactions restrict

-1
7/2%P3/20 5

distribution was fairly well reproduced by an L=4 transfer. The L=4

a wave function of the level to a {vf The (a,d) angular

+

transfer of a [7f pair allows spins of 3+, 4 and 5+. The

7/2VP3 /2]
3+ and 4+ assignments gave N= 360 and 2140, respectively, while the

5+ assignment gave N= 95. Comparing each N value with the normal

NO= 100, those of for the 3t and 4+ were unreasonably large. Thus

+ . . . .
we adopted 5 assignment to the level, which was consistent with the

tentative assignment in the (d,a) study by Schneider et all ), where

the assignment was based on a cross section ratio of 0(d,u)/0(p,3He).

4) have predicted a 5+ at 0.408 MeV with a dominant

l
7/2

] component decreases the DWBA cross section about 20 %

Horie and Ogawa5

] plus a [nf / ] configuration. A small mixing of

mf _lv
7/2YP3/2

-1
the [ﬂf7/2vf5/2

‘and gives N= 115. For this level detailed discussions will be done
in chapter 7.
(4) ~0.830 Mev

The 0.830 MeV state was excited very weakly in all (a,d), (d,aqa)
(3He,p) and (p,3He) reactions. Therefore, we could not resolved the
peak clearly from the 0.38 MeV peak of 58Co caused from 56Fe contami-
nation in the target. According to the Horie's prediction, who have

suggested a 47 at 0.840 Mev with a wave function of 0. 574|ﬂf7/2vp3/2

_lvf ] component

>, the main [Trf7/2

-1
-0. 567fﬂf7/2vpl/2>+0 734|mf T ovEg 5 /2
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of the (a,d) transition amplitude was completely canceled by the

-1 -1
[Wf7/2vp3/2] and [ﬂf7/2vpl/2
(5) 1.00 MeV

] terms.

A very strong peak populated with admixed L=2 and 4 was
observed at 1.00 MeV excitation energy in the present (a,d) reaction.
This state, however, has been recognized to be composed with closely
spaced doublet levels at 0.970 and 1.009 MeV excitation by high

14)

resolution (3He,p) and (d,a) reactions The 0.970 MeV state and

the 1.009 MeV state have already been assigned to be 2+ and 5+, re-
spectively, by (d,a) and B-y studies%4’38) The L=2 and L=4 shapes
correspond to the 2+ and the 5+, respectively.
(6) 1.10 MeVv

This level was concealed by a tail of the large 1.00 MeV peak,
so an angular distribution could not be measured. The (d,a) reaction
by Schneider et al%4éas excited moderately with admixed L=2 and 4.
They have assigned 37 to this level from the L-mixing and the o(d,a)
/0(p,3He) ratio. The 1.10 MeV state may be identical with the 1.139
MeV state predicted by Horie and Ogawa5%)
(7) 1.450 MeV

At this excitation energy no significant peaks have been seen
in the present (o,d) spectra. This level is known as an anti-
analogue state to the 56Fe ground state and is strongly forbidden in

(a,d) reaction by the selection rule I.= fi+ T. In (d,a) reaction

f
the 1.450 MeV state has not been excited at all. However, in (p:3He)
and (3He,p) it has been excited moderately by an L=0. These facts

+
support the 0 assignment strongly.
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(8) 1.72 MevVv

This level was one of the most strongly excited in the present
(a,d) reaction. The angular distribution of this level could be
fitted by an L=0 DWBA curve. The L=0 transition in (a,d) and (d,a)
reactions necessarily leads to an l+assignment. This assignment was
consistent with the original 1t assignment. Horie and Ogawa have
predicted that the lowest l+ state was expected to have 3.50 MeV

excitation with a [Trf7/2 5/2] configuration within the one-particle

one-hole configuration space. The DWBA prediction assuming a
pure [m 7/2 5/2 ] configuration, however, yielded only one tenth of
the experimental strength. Goode and Zam1ck43) have concluded from

an analysis of the ft value of 56Ni B+—decay that the configuration
-1
- 1 - +
of the 1.72 MeV state was not an one-particle one-hole [ﬂf7/ f5/2 1
but a dominant two-particle two-hole component such as a [7f 7/2 O )

ﬂp3/2vp3/2]l+ The two-particle two-hole nature of this level was

also supported by the result of the two-nucleon transfer
cross sections. The two-particle two-hole states above mentioned

can hardly be excited by two-particle pick-up reactions, but be
14)

excited preferentially by stripping reactions. In fact, (d,c) and

1 ' .
(p,3He) 0) have populated this level weakly, while the present (a,d)

and (CHe,p)L4r44)

have excited strongly. A normarization factor
. . -2, + .
for the DWBA calculation assuming the [ﬂf7/2(0 )ﬂp3/2vp3/2] configu

ration was N= 190 and it was still about twice as large as the

. _ . . o -2
ordinary value NO— 100. Some configuration mixings of [ﬂf7/2ﬂf5/2
-1 . .
Vf5/2] [ﬂf7/2vf5/2] and [ﬂf7/2ﬂp3/2vpl/2] componente besides the main

ﬂf7/2ﬂp3/2vp3/2] component were required to explain the experiment.
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(9) 1.92 MeVv
This level has been strongly seen in all two-nucleon transfer
reactions. The deuteron anguiar distribution for this level had a

+

‘ +
characteristic L=2 shape which led a J" to be one of 1 , 2+ and 3 ,

Horie and Cgawa have predicted a J"= 3+ state at 1.905 MeV to have
a dominant [ﬂf7;§Vpl/2] configuration. A transfer of a pure [ﬂf7/2
vpl/z] pair leading to a 3+ gave N = 410. The Horie's wave function
led N = 220 which had been reduced by constructive interference
among three components. The l+ and 2+ assumption could not explain
such a large experimental cross section. Although the N value was
considerably larger than the NO’ the 37 assignment would be likely.
Two-particle two-hole components may be required to explain the
experimental cross section as been suggested by Schneider et al.l4)
(10) 2.06 MeVv

The 2.06 MeV state was rather weakly excited in the present (o,
d) reaction. The angular distribution was tentatively identified
to have an L=2 shape, although the first minimum expected to appear
at 25° which qharacterized an L=2 shape was not clearly observed.
No final conclusions could not be deduced from the present result on
the 2.06 MeV state.
(11) 2.29 Mev

The experimental angular distribution of the 2.29 MeV state was

well reproduced by an L=2 DWBA prediction. Schneider et al.l4)

have
assigned 2,281 MeV state to be 7+ which has been most strongly
excited with an L=6 in the {(d,a)reaction. They have concluded that

the 2.281 MeV state has been the highest spin state belonging to a
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-1 -1 2

_ , _ + . -

two-particle two-hole [ﬂf7/2vf7/2(Vp3/2) 0 ]J multiplet Such a

state is hardly excited by (o,d) and (3He,p) reactions. Schneider
14)

et al. have also pointed out a possible existence of another level
at Ex = 2.301 MeV excited by an L=2 transfer in (3He,p) reaction.
Our 2.29 MeV state was thought to be identical with latter state.
(12) 2.37 MeV
This level was excited in the present (a,d) reacpion with moderate
intensity. The angular distribution was well fitted with an L=6
+

DWBA calculation which led three possible 5+, 6 or 7+ assignments.

+
The 7 assignment was unlikely because such a spin state be expected

Sl -1 2 -2 o
7/2%%7,2 P32 1 oF [(TE, 5) 5 omhIVEI T 5 gt

could not be excited by (a,d) in first order. A 6+ state has been

to have either a [Tf

predicted to be located at Ex= 2.324 MeV with a [7nf TUVE
54) 7/2° 75/

ration. This prediction was very close to the experimental observed

2] configu-

excitation energy. A DWBA prediction assuming this configuration

gave N = 120 , it was also close to the ordinary N0=lOO. Recently,
7)

Sarantites et al.6

.5 * . .
via 4Fe(oc,pn)56Co (y) reaction in the energy range between 20.4 and

have investigated the high spin states in 56Co

29.5 MeV of a projectile. They have found a sequential decay from
10" to 57 and have identified the 2.372 MeV state to be 61 from y-vy
coincidence measurements in conjunction with excitation functions and
yYy-rays angular distribution measurments. Our 6+ identification
confirmed their 6+ assignment.

Ex ~ 3 MeV

In the excitation region around 3MeV, many closely spaced levels

4)

have been observed by the high resolution (d,a) reactionl . In
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our (a,d) reaction many peaks were also observed but due to the poor
energy resolution ( FWHM = 90 keV), angular distributions to the levels
could not be taken except for two distinct levels. They were located
at 3.08 and 3.18 MeV in excitation energies. The angular distribution
of the 3.08 MeV state showed a characteristic diffraction pattern
of an L=0 transfer , it suggest an l+ assignment.. Caldwell et al.9)
have been assigned this level to be 1t from an L=0+2 (3He,p) angular
distribution, although they have not carried out DWBA calculations.
Although the experimental angular distribution of the 3.18 lMeV
state could not be reproduced by DWBA calculations, this state was
excited probably by a small angular momentum transfer because of its
structured shape. A comparizon with results of other reactions was

difficult due to a high level density.

Ex Z 5 MeV

At a higher excitation region around 5 MeV, some prominent peaks
were observed . They were located at excitation energies of 4.99,
5.08, 5.31 and 5.47 MeV. Since in this excitation region a level
density was very high, an identification among levels appeared in
2)

different reactions was difficult. 1In the (a,d) reaction by Lu et al?

at an alpha particle energy of 50 MeV, several strong peaks have been

observed at 4.98, 5.44, 6.56 and 8.92 MeV excitations. They have
. + . -2 +

assigned the 8.92 MeV only to be 9 with a [Wf7/2(0 )ﬂgg/zvgg/z]

configuration . For other levels they have not discussed at all.

Their 4.98 MeV state 1is identical with our 4.99 MeV state. As a
peak width of their 5.44 MeV state seems to be somewhat broad compared
with that of the 4.98 MeV, it may be composed with unresolved doublet

levels which includes our 5.31 and 5.47 MeV states.
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In the (3He,p) reaction by Laget et al.44) very strong two peaks
have been seen at 5.337 and 5.471 MeV excitations but at 4.991 MeV
only a weak peak has been observed. Cross section ratios of the
5.337 and 5.471 MeV states to the 4.991 MeV staﬁe were 5 and 12 in
the (3He,p) and were 1 and 2 in the present (a,d) reaction. An
enhancement of transition strengthes to the 5.33 and 5.47 MeV states
(or a hindrance of the 4.991 MeV transition) in the (3He,p) reaction
comparing with that in (a,d) reaction suggests that these two levels
(5.337 and 5.471 MeV) should have relatively low-spins, while the 4.99
MeV state a high spin. These facts were supported by shapes of the
experimental angular distributions of the (d,d) reaction. The angulér
distributions of the 5.31 and 5.47 MeV states showed oscillatory
patterns , while that of the 4.99 MeV state decreased monotonically
with angle which is a nature of a large angular momentum transfer.

We could not obtain any good fit to both 5.31 and 5.47 MeV angular
distributions by DWBA caiéulations, nrobablv because of the large
angular momentum mismatch discussed in chapter 5. To the contrary,
the angular distribution of the 4.99 MeV state was well fitted with
an L=7 transfer. Detailed discussions on the 4.99 MeV state will

be stated in chapter 7.
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$ 7.Highest spin states with configurations of [ﬂf7?2v(£j)]

7-1) General considerations

One of the important properties of the (a,d) reaction is
that high spin states are excited preferentially. Experimental
evidence of this property was first observed by Harvey et al.zo)
in their (a,d) reactions on s-d shell nuclei at 50 MeV alpha
particle energy. We will here discuss some theoretical
considerations on the preferential excitation of the high spin
states in the (a,d) reaction. The selective transition to the
high spin states is understood from some considerations on
kinematics of the reaction and geometrical conditions of angular
momentum couplings of the transferred two nucleons.

At first we will consider an orbital angular momentum matching
in the reaction, which is favorable to increase cross sections.
A Q-value of the (a,d) reaction on even-even nuclei in the 1lf-2p
shell is typically —~10 MeV. This large negative Q-value together
with a mass ratio of the projectile alpha particle and the ejectile
deuteron make a large angular momentum difference between the
entrance and the exit channels. So the transition to bring a
large angular momentum to the target nucleus occurs favorably.
If we assume the reaction takes place at a nuclear surface in a

semiclassical sense, the matching condition of the transferred

orbital angular momentum L can be written as,

L=R.;k,~Rcky ,
where the Ri and the Rf denote the nuclear radii of the target

and the residual nuclei, and ki and kf are wave numbers of the

entrance and exit channels , respectively. For the (o ,d) reaction
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at 24 MeV alpha particle energy on the 1f-2p shell nuclei, relations
of excitation energies versus the matched angular momentum transfers
are shown in Fig.7-1. The angular momentum transferred to the
target nucleus by the captured n-p pair is calculated to be about
4¢56 for the ground state transition and becomes up to about 6~ 7h

for the transitions to the states around 5 MeV in excitation when the
deuteron is emitted at zero degree. Consequently, the transitions
where each nucleon of the transferred n-p pair enters into an f or a

p orbit for low-lying states and into an f or a g orbit for highly

excited states are considered to be likely. However, at the relatively

low energy of the alpha beam as in the present study,a centrifugal
force suppresses the incident partial waves with largé angular
momentum to enter into the nuclear surface. Thus such striking
selectivity about the angular momentum transfers as been seen in
the high energy alpha beam may not be expected in the present case.
Another kinematical cause to enhance the transitions

to the higher excited states with high spin comes from a binding
energy dependence of a form factor of the reaction. The form factor,
the wave function of a transferred pair in the residual nucleus,
extends to the nuclear surface with decreasing the binding energy.
Therefore, an overlapping of both incident and outgoing distorted
waves and the form factor becomes large at the nuclear surface.
Fig.7-2 shows Q-value dependences of the form factors for IL=4 and
L= 6 transfers of a [nf7/2vf5/2] pair, where solid lines and
dashed lines show the form factors of EX=4.3 MeV and EX=0.5 MeV,
respectively. Q-value dependences of the DWBA cross sections for

different L transfers are shown in- Fig.7-3. The cross sections of
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various L transfers are conventionally normarized to 1 at zero
excitation energy. As can be seen in the figure, the cross sections
of the transition with a large orbital angular momentum decréase less
slowly with increase of a negative Q-value than that with small angular
momentum transfers.

The high spin state is enhanced in the (a,d) reaction by a sta-
tistical factor 2J+1 for the magnetic substate of the residual state
and by a geometrical factor for the transferred two nucleons. This
latter effect comes from an angular momentum coupling scheme of the
transferred two nucleons. The form factor of the (a,d) reaction is
already described in equations (5-6) and (5-7). In these equations
the 9j symbol is the coefficient of the angular momentum transformation

from the j-j to L-S coupling of the proton and neutron transferred

to (Rpjp) and (ann) orbits, respectively. The resultant spins of
the final state are allowed to be one of values limitted by |jp—jn|i
J;jp+jn. When the J is a stretched coupling which means that the

J takes the largest possible value in the angular momentum coupling,
namely j _=s_+% , j =s +% and J=j_+j_, the transformation coefficient
P P P n n n p "n

becomes unity. While in the case of other coupling schemes a square
of the 9j coefficient amounts to only 10~50% of the stretched one.
This type of enhancement is inherent in the two-nucleon transfer
reactions. |

Putting all the effects above discussed together, we can expect

that the highest spin states are strongly excited by the (a,d)

reaction.
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7-2) Excitation enerxrgies of high spin states

Energy spectra of deuterons from the (a,d) reactions on three

52Cr 54

N=28 targets (SOTi, and Fe) and on a neighboring N=30 target

(56Fe) are shown in Fig.4-3. 1In each spectrum two peaks marked
with asterisks were strongly seen in the present work and were
assigned to be 5% and 8 states for the lower and the higher
excitation energies, respectively. The peaks with hatched lines
were caused form 12‘C(oc,d)ll]'N reaction. The levels assigned to be
5+ were all located up to 0.6 MeV excitation energy. Precisely

the excitation energies were 0.020+0.020 MeV in 52V, 0.363+0.010 MeVv

54Mn, 0.575+0.010 MeV in 56Co and 0.020%£0.020 MeV in 58Co nucleus.

in
The prominent levels in the higher excitation energies which were

assigned to be 8 in the present work were located at 4.32 10.03 MeV

in 92y, 4.72 +0.02 MeV in °*Mn, 4.99 *0.02 Mev in °®co and 3.75 ¥0.03
MeV in 58Co nucleus. Details = of these spin-parity assignments will
be discussed in the following sections. Here, we point out a distinct

stractural difference among the deuteron energy spectra from those
targets. In the 50Ti(oc,d)szv spectrum the peaks of 5+ and 8 were
remarkably prominent compared with many peaks between them, while

54Fe(a,d)56Co spectrum the strengthes of the two peaks were

in the
comparable to those of other several peaks located at around 2~6 MeV
in excitation. Therefore, it is very interesting to compare the
experimental energy spectra with those expected from the DWBA calcu-
lations based on a simple shell model. In the calculations the
levels were assumed to lie at excitation energies determined from
proton and neutron single particle energies of the neighboring odd
mass nuclei. Thus the levels with the same configuration have the

same excitation energy. The cross sections were estimated by the

DWBA calculations assuming pure configurations which can be excited by
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a direct (a,d) reaction. Fig.7-4 shows the expected fa,d) energy
spectra thus obtained on the three N=28 targets. Comparing with
the experimental ones in the Fig.4-3 we can see that gross
structures of the energy spectra were well reproduced by these
calculations. Below 5 MeV in excitation only two strongly excited

levels were seen in the calculated 52V spectrum, their configurations

3 56
were [ﬂf7/2vp3/2] + and [ﬁf7/2vg9/2]8—. In the Co spectrum,

besides the two levels of 5+ and 8 spins, other strong levels with
-2 . .
ﬂf7/2ﬂp vp ] and [ﬂf7/2ﬂp vf5/2] configurations appeared at around
5 MeV excitation energy. Since both 2p3/2 and Zpl/2 proton shell

orbits are entirely empty and the lf7/2 proton orbit is occupied by

six protons in the 54Fe target nucleus, transition strengthes to the

states with [ﬂf7;%v2j] configurations decrease to be comparable to

those of the [ﬂf7/§ﬂpvp or f5/2] configurations. Therefore in the

6
Co spectrum the [7f + and [ﬂf7/2Vgg/2 g~ states are not so

7/2“93/2]5
prominent compared with the two peaks in the 52V spectrum.

Fig.7-5 shows experimental reaction Q-values corresponding to
the lower and higher excitation members of the residual nuclei as
a function of the atomic number of the residual nuclei. We represent
former with an open circle and latter with a closed circle. As

48Ca(OL,d)SOSc reaction was not performed in the present work, the

data points of the 50Sc nucleus was taken from the results of the
48Ca (a,d)SOSc reaction at 31 MeV alpha particle energy by Moazed

et al}g)The angular distribution to the state, however, has not been
presented and no spin assignments have been carried out. In the

48 508c reaction at 18 MeV 3He energy by Fleming et afﬁ)This

Ca(3He,p)
state has only weakly been excited compared with low spin states.

This is probably due to the high spin of the 4.42 MeV state. So the

4.42 MeV state.is considered to be one of possible candidates for
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the [ﬂf7;;vgg/2l87 members. A monotonous increase of -Q-value of

the (a,d) reaction with an atomic number of the residual nucleus

was observed in the N=28 targets as can be seen in Fig.7-5. Quite
similar atomic number dependences of the reaction Q-values for

assumed 5+ and 8 states inferred a resemblance of configurations

in the two members. Lu et al%z) have first observed a linear relation
between the mass number of the product nucleus and the (o,d) Q-value
for formation ofi[d5/22]5+, [f7/22]7+ and [g9/22]9+ states. Del
Vecchio et al.23Lave extended this relation for the [f7/22]7+ states

to wider range of masses. For the [j2] configurations investi-

Jmax

gated by them, the -Q-value decreased with mass number and it had an

opposite gradient to our result. The decrease of -Q-value with

mass number in the [J2]

8)

Jmax configurations has been explained by

Sherr et al§ in terms of the Barsal-French-Zamick weak coupling

model. In our case we assumed the [Trf7 v2j] configuration for the

/2

final states. Here n denotes the number of protons in the lf7/2
orbit of the residual nucleus. The last nth proton which enters

into the 1f orbit by the (a,d) reaction cannot couple to ot with

7/2
one of other protons in the lf7/2 orbit but to 2+, 4+ or 6+. Then

a resultant two particle interaction energy becomes repulsive and

is proportional to (n-1), so an effective binding energy of the
lf7/2 proton decreases with increasing n. This is a qualitative
explanation of the results. A more strict treatment will be given

in section 7-4).
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7-3) Angular distribution and cross section

In this'section we discuss on the angular distributions
and the total cross sections of the strongly excited two levels
in each (o, d) reaction. Hereafter, we define a cross section
integrated over an angular range from 14° to 82° by multipling

2ﬂ~sin(GCP) as a "total cross section". The DWBA cross

1
section appearing below was already multiplied by the (a, d)
normarization factor which has been determined to be 100 from
our previous work on 51V(oc, d)53Cr reaction24). So the predicted
cross section can be directly compared with the experimental one.
(1) 5 states

The angular distibutions of the lower excitation members
assigned to be 57 are shown in Fig.4-4 together with the
zero-range DWBA predictions. As can be seen in the figure the shapes
of the angular distibutions were all similar to each other.
They were characterized by a forward peaking at 15°, a rather
flat shape in the anglar range from 25° to 50° and a rapid
decrease at angles beyond 60°. The L=4 DWBA predictions
assuming a [ﬂf7/2vp3/2] p-n pair transfer could reproduce the
experimental angular distributions well. The L=4 assignment led
to a spin-parity of a final state to be 3+, 4+ or 5+. These
levels have previously been established or tentatively assigned
to be 5+ by various reactions. Here, we will show that these
levels have dominant [Trf7/2n vp3/2] configurations and will

demonstrate the validity of the DWBA calculation for the high

spin states.
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Near the ground state of the 52V nucleus, two closely

spaced levels have previously been observed by means of (n, 7v)

32)

reactions They are 3+ at 0.0 MeV, 2+ at 0.018 MeV and

5+ at 0.023 MeV in excitation energies. The 5+ assignment of
the 0.023 MeV state has been done by a conversion coefficient

measurment. The low-lying levels of the 52V nucleus have

also been studied by 51V(d, p)52V reaction530’3l). The ground
and the 0.02 MeV states have been excited with strong ln?l
transitions by the (d, p) reactions. From the (d, p) results,
main configurations of all these states are consideréd to be

52

3 v
[1Tf7/2 vp3/2]. The ground state of the V has been excited

. .34 . .
50T1(3He, p)52V reaction ) with an orbital angular momentum

by
transfer L=2 and the 0.018 MeV state with an L=2 with a small

L=4 admixture at 15 MeV 3He enérgy. In the present (o, d4)

study. The 0.017 and the 0.023 MeV states could not be resolved
from the ground state because of the poor energy resolution
(FWHM=90 keV). Though the créss section of the 0.023 MeV state
included a contribution from the ground and the 0.018 MeV states,
their contibution was estimated to be small from following two
reasons. One is that the excitation energy of the strong peak

was 0.023+0.020 MeV and the other is that the shape of the angular
distribution was practically explained by an L=4 transfer. If

the yield of the peak belongs to the ground 37 and the 0.018 Mev

2+ states, the angular distribution should have a dominant L=2
shape. Actually the DWBA calculations for the 3+ and the 2+
states assuming a capture of a [wf7/2vp3/2] p~-n pair showed a

pure L=2 shape and yielded only about 30% of the experimental

cross section.
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54Mn

The 0.363 MV state of the 54Mn nucleus was the strongest

one populated by the present (a, d) reaction. This level has

3 35)

been investigated by 53Cr( He, d4) reaction and has been

excited with an 2p=3 transfer. Hjothl3) has suggested a spin

of 5+ to this state from his >6

Fe(d, o) reaction in which the
state has been excited strongly with ah L=4 transfer. On the
contrary a weak transition to the 0.363 MeV state through (3He,
p) reactions was observed by Lynn et al.35) and Betts et al%7)
with 11 MeV and 15 and 16.5 MeV bombarding energies, respectively.
This favors the high spin assignment to this state.

In connection with the (3He, d) results35), we can expect
that a possible wave function of the 0.363 MeV state which was
excited commonly énd strongly by both (a, d) stripping and (4,
o) pick-up reactions should be a [wf7/g vp3/2]J. The L=4 assignment

+ and 5+

of the (a, d) angular distribution supported 3+, 4
assignments to the 0.363 MeV state. The total cross section
predicted by the DWBA calculation assuming a pure [wf7/2vp3/2]5+
transfer of a p-n pair amounted to 550 ub, which was very close to
the experimental one of 540 pyb. The 4+ assumption té the level
yielded only 21 ub in the DWBA calculation which is only 1/25

of the experimental total cross section. Then it was quite
unreasonable to adopt the 4+ assignment to the 0.363 MeV state.
Though both L=2 and L=4 transfers are permitted in the (a, d)

reaction to the 3+ state with the [wf7;; vp3/2] configuration,

the DWBA angular distribution was dominated by the L=2 pattern
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and the contribution from the L=4 component was negligibly

small. So the 3+ assignment was also abandoned.

54)

. + . .
Horie et al. have predicted a 5 state with a dominant

configuration of a [wfg/zvp3/2] at 0.37 MeV excitation energy in

54Mn which was very close to the observed one.
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56Co

The 0.576 MeV state of the 56Co nucleus was one of the

strongest seen in the present (o,d) reaction and also in the

4)

(d,a) reaction by Schneider et al.l However it has weakly been
‘excited by 54Fe(3He,p)8’9) and 56Fe(3He,t)69) reactions.
Unfortunately the 56Co nucleus cannot be reached by one nucleon
stripping or pick-up reactions because of an absence of proper
targets. Therefore, all informations about the 56Co structure
primarily came from thé works on two-nucleon transfer or charge
exchange reactions besides B-decay works.

If the (3He,t) reaction goes primarily with charge exchange
process, states composed with a [Wf;izvf;izpé/z] or a [ﬂf;;zﬂp3/2
vp3/2] configuration should be excited strongly. The former states
cannot directly be excited by (a,d) and (3He,p) reactions, while

the latter cannot be excited by a (d,a) reaction. Both (a,d) and

(3He}p) reactions may have larger cross sections to excite levels

ERY ] -t ]
7/2VP3/2g7 7/2VP1/245

compared with a (3He,t) reaction. However, in the two reactions

1 . .
of [7f [rE and [ﬂf7/2vf5/2]J configurations

the (a,d) reaction populates preferentially high spin states and
the (3He,p) reaction low spin states due to a well known angular
momentum matching condition of the reactions. On the other hand,
. . . -1 . -1 -1
states with configurations of a [m‘f_/,/2 vp3/2] and a [Trf7/2 vf7/2
p3/22] can be populated strongly by (d,a)‘reactions. If a con-
siderable amount of configuration mixing exists in a 58Ni target
. -1 -1 . .
nucleus, states with [ﬂf7/2 vpl/z] and [Wf7/2Vf5/2] configurations

will be excited hbderately.
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.. . . o . 56
Naturally, unnegligible configuration mixings in the Co nucleus and
in the target nuclei are realized and it obscures the selection of
transitions above mentioned in each reaction.

The angular distribution to the 0.576 MeV state was well fitted

by L=4 and J=5 DWBA assumption. The cross section of the state

was the largest among levels excited with an L=4 and amounted to 210
44)

ub. In the (d,a) reactions by Schneider et al%4) and Laget et al.

the 0.576 MeV state was measured to have a second strongest cross

7;; vf7;§ p3/22] configuration.

44)

section next to the 7+ state with a [7f
The (d,a) cross section has been 440 ub On the contrary a (3He,

p) cross section to this level at 3He energy of 18 MeV has been only

26 ub%4) From these considerations we may conclude the 0.576 MeV
to have a [ﬂf%}z vp3/21 configuration coupled the proton and neutron
angular momenta to the highest manner. With the assumption of the

-1 . . .
[ﬂf7/2 vp3/2] configuration, the (o,d) cross sections of the L=4

transfers predicted by the DWBA amounted to 5 pb, 13 pb and 230 ub

+

for 3+, 4 and 5+, respectively. A remarkable agreement of the DWBA

cross section with the experiment was obtained for the 5+ assignment.

For the 56Co nucleus, Horie and Ogawa54) have predicted a 5+
state to be located at 0.511 MeV which have a [ﬂf7;§ vp3/2] as a main

configuration and a small admixture of a [ﬂf7/2 vfs/z] component.
The DWBA calculation employing this wave function reduced the total

cross section by 25 % due to a cancellation in transition amplitudes

/2 Vp3/2] and [Trf7/2 vfs/z] components.

of the [7rf7
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As a whole of the above considerations, we conclude that the
spin-parity of the levels at around 0.5 MeV preferentially excited
by the present (a,d) reactions through the L=4 transfer is 5+ and
have a dominant [ﬂf7/2Vp3/2] configuration. In Table 7-1 the ex-
perimental and theoretical total cross sections of these 5+ states
are summarized. Fig.7-6 shows the experimental total cross sections
with a closed circle and the predicted ones by the zero-range DWBA
assuming a [ﬁf7/2vp3/2] L=4,J=5 transfer with an open circle.
Values indicated with a triangle are the theoretical cross sections
which include a contribution from the unresolved multiplets. Cross
section errors in the figure arose primarily from an ambiguity of
the target thicknesses besides a usual statistical errors.

A surprisingly good agreement between the experiments and the
DWBA predictions were obtained both in the systematical decreasing
trend with increasing the mass number of the target nucleus and

in the absolute cross sections.
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(ii) 8 states

“In the preceding subsection we showed that the angular distri-
butions of the highest spin state with the [ﬂf7/ng3/2]J=5+ configu-
ration could be fairly well reproduced by the zero-range DWBA calcu-
lations. The absolute cross sections were also explained by the
assumption of the [ﬂf7/2vp3/2]L=4,J=5 transfer.

In this subsection the angular distributions and the cross
sections for the levels excited at around 4~5 MeV excitation by the
(a,d) reactions are discussed. For the levels spins and parities
have not been assigned so far. Fig.7-7 shows the cross sections of
the (a,d) reactions as a function of a mass number of the residual

nucleus Ar First of all, we point out that a mass depensence of

es’
the cross section was closely similar to that of the low-lying 5+
states shown in Fig.7-6 except for the 56Fe(oc,d)58Co reaction. The
cross sections rapidly decrease with increasing the mass number.

The mass dependence of the 5+ cross sections was essentially caused
from the number of the lf7/

From the systematics of the cross sections and of the reaction Q-values

5 proton holes in the target nucleus.

(see Fig.7-5), the formation of the levels at Ex=4~5 MeV should be
closely connected with the transfer of a{proton into the lf7/2 shell
orbit. In the cross section systematics an appreciable discrepancy
between the 5+ and the higher excitation members was found in the
56Fe(oc,d)58Co reaction. For the 56Fe nucleus which is not N=28 but
N=30, the 2p3/2 neutron shell orbit is already occupied by two neutrons
and hence the transition strength of a neutron transfer to the 2p3/2
shell orbit is one half of the strength for the N=28 target. On the
other hand, since the higher neutron shell orbits (2pl/2,lf5/2 and

lg9/2) are entirely empty for both the N=28 and the N=30 targets,
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transitions to the (gj) orbits other than the 2p3/2 should give
same yiélds for both the 54Fe and the 56Fe targets.

The angular distributions of the higher excitation members are
shown in Fig.4-5 for the present four reactions. The experimental
angular distributions showed structiirless patterns. Hence,
it ig not so easy to assign a transferred orbital angular
momentum L to the states definitly. In the figure the zero-range

DWBA calculations assuming an L=7 transfer of a [7 ] pair

S PALYPL

and an L=6 transfer of a [gf vf 2v] pair are presented by solid

5/2°7°5/
and dashed lines, respectively. For all reactions

better fits were obtained with the results of the L=7 transfer than
with the L=6 transfer. The DWBA predictions of other possible

52Cr(a, d)54Mn reaction

orbital angular momentum transfers for the
are shown in Fig-7-8 for comparison. The cross sections of the
odd L transfers were calculated assuming a [ﬂf7/2vg9/2] transfer
of the n-p pair and those of the even L's were obtained assuming a
{ﬁf5/2vf5/2] transfer. The patterns of the experimental angular
distributions slightly varied over the target nuclei from 50Ti to
56Fe. However, characteristic shapes of the angualr distributions
were not changed for all reactions. They were characterized by a
flat top in an angular range from 15° to 45° followed by a gentle
decrease of the cross section with angles. The L=7 DWBA predictions
well reproduced the target dependence of the angular distribution
shape. The L=6 DWBA angular distributions fell off steeply from 30°
for all targets. This tendency was not altered by the DWBA calcu-
lations with the A2-D2 set. The DWBA curves of the L=4 and L=5

shown in Fig.7-8 had some structured patterns and did not reproduce

the expérimental shapes. For comparison, experimentally observed

-57-



L=6 angular distributions of the 56Co and 54Mn are presented in
Fig.7-9 toegther with the DWBA predictions of an L=6 transfer.
These states have been assigned to be 6+ at 2.372 MeV of 56Co and

67) and‘the (d,a)l3)

at 2.274 MeV of 54Mn by the (a,pn Y) reactions,
respectively. Good agreements between the experiments and the DWBA
predictions for the large L transfers is due to a good matching
condition of orbital angular momenta among the incident and the exit
channels and the transferred particles as already discussed in chap-

ter 5.

The 4.32 MeV state of 52V, the 4.715 MeV state of 54Mn and the

56

4.99 MeV state of Co which were all assigned to be 8~ in the present

work are discussed individually below.
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52V 4,32 MeV

The level scheme of 52V has been determined mainly by means of

31,29)

51V(d,p) and 51V(n,y) reactions. Except for several levels,

the (d,p) reaction to the levels below 3.6 MeV excitation have

proceeded through 2n=l transfers. Then the levels identified have

3
2 VP1/2]

configurations. Negative parity states observed in the (4,p)

. . 3
been considered to have domilnant [m‘:‘7/2 vp3/2] and [wf7/

reaction have been populated through 2n=2 transfers. No £n=4
transfers have been observed yet. This is not so strange, since
such a large Qn transfer can hardly occur in the (4,p) reaction at
a low incident deuteron energy of 10 MeV. The 4 .32 MeV state

excited most strongly in the present (a,d) reaction has not clearly

seen in any other reactions. In 50Ti(BHe,p) reactions at 15.11 MeV
by Caldwell et al.34? and at 17 MeV by Hardie et al.33) , the 4.32
MeV state has only weakly been excited or has not been seen. In

general a (3He,p) reaction is known to excite low spin states favor-
ably. Actually, the (3He,p) reaction has been used as a tool to
search ot and 1" states in doubly-odd nuclei. On the contrary the
(0,,d) reaction is favored to excite high spin states. Therefore,
we can expect from the characteristic difference in the transition
strengthes between the (a,d) and the (3He,p) reactions that the
4.32 MeV state have a spin larger than 4 h.

According to an unperturbed shell model calculation, states
with  configurations of a [ﬂf7/; vgg/z] and a [ﬂf7/g vf5/2] are
expected to 1lie at around 4 MeV and 5 MeV in excitation energies,

respectively. In due cons ideration of a residual interaction,
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it is better to include states with a configuration [ﬂf7/§ ﬂf5/2vf5/2]
which are expected to 1lie at higher than 6 MeV excitation.

The DWBA total cross sections with transfers of a [ﬂf7/2vg9/2]
p-n pair coupled to 87, 77 and 6 were 580 ub, 1.2 ub and 200 ub,
respectively. In the calculations the transitions to the 8~ and the
7”7 states proceeded through an L=7 and the 6~ state through mainly
an L=5 transfer . The total cross sections of both L=6 transitions

i +
assuming a [ﬂf7/2vf5/2]6+ and a [ﬂf5/2vf5/2]5 amounted to 59 pb and
350 ub, respectively in the DWBA estimation. These values should
be compared with the experimental total cross section of 790 +120 ub.
With respect to the angular distribution and the total cross section,
an agreement with the experiment was superior in the L=7 , J=8

transfer of the [ﬂf7/2vgg/2] p-n pair compared with other

transitions.
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54Mn 4.715 MeV

The 4.715 MeV state of the 54Mn nucleus has first been observed

)54Mn reaction by Lu et a122). In their deuteron

in the 52Cr(oc,d
energy spectrum at 20°, the 4.70 MeV state has been excited most
strongly. However, they have