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Abstract : The (T,O) reaction on * 8Ca, S 0Ti, 5 2Cr and 5*Fe 
target nuclei has been studied at 25 MeV incident energy. 
Angular distributions have been measured from 5° to 40° with a 
split-pole spectrometer in a large range of excitation energy. 
A local zero-range DWBA analysis has been carried out, using 
an isospin dependent potential for the calculation of the 
neutron form factor, in order to get a coherent set of 
spectroscopic factors for both T> and T< levels in different 
nuclei. Assignments of «.-values have been done for a large 
number of levels, most of them previously unknown, and energy 
cenfoids of hole states have been determined. Spectroscopic 
factors in 3 9Ca, * 7Ti, *»»52>s'cr have also been obtained for 
strongly excited states. A sum rule analysis has been carried 
out for the N = 27 nuclei : the 1d3/2 and 2s1/2 T< hole strengths 
are generally fully exhausted by the observed levels, whereas 
only a fraction of the 1d5/2 strength has been evidenced. The 
1f7/2, 1d3/2 and 2s1/2 analog states have been observed in 
all nuclei; in S 3Fe, the 1d3/2 and 2s1/2 analog states appear 
to be split in several components. In addition, a CRC analysis 
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has been carried out for some levels with angular distributions 
not accounted for by a direct pick-up process. These levels are 
tentatively identified with states resulting from the coupling 
of one f7/2 neutron hole with excited states of the target 
nucleus. In particular, the 5/Z" and 9/Z* members of the 

configuration have been identified in each final nucleus; 
Unambiguous-Jff assignments are made; and the two-step (T,OO 
reaction therefore appears as a useful spectroscopic tool, 
especially for investigating high spin states. 

NUCLEAR REACTIONS "«Ca, »»»5»Ti, W A 1 C r , 5"Fe, ( 3He,a), 
E - 25 MeV. " 7Ca. " 7»' , sTi, ""!1 » S2> S 3Cr, 5 3Fe deduced levels, 
%, J, n, S ; Analog states. DWBA and CRC analyses - Enriched 
targets. 
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1. Introduction. 
Hole states in f7/2 shell nuclei have been investigated with 

a number of different pick-up experiments. However, large dis­
crepancies between the spectroscopic factors determined in dif­
ferent works for the same level are often observed, due to the 
various experimental conditions and the particular ingredients 
of the DWBA analysis (optical potentials, different procedure 
for the calculation of form factors, normalization factors, 
etc...). Under these conditions, the study of the variation of 
spectroscopic factors from one nucleus to another, in view of 
a comparison with theoretical calculations, appears rather 
difficult. However spectroscopic factors which would be obtained 
from pick-up reactions realized in the same experimental 
conditions and analyzed with the same methods would surely be 
more consistent : in this case the systematic uncertainties 
which can be attributed to the determination of C 2S values 
are expected to be similar for all nuclei studied. The first 
aim of the present work was to get a coherent set of spectros­
copic factors for neutron hole states in the region of the N=28 
shell closure. In this paper, we report the results of a systema­
tic study of the (T,<X) reaction on **Ca, 5 0Ti, S 2Cr and s*Fe 
target nuclei, studied with good energy resolution in a large 
range of excitation energy. Results obtained in the same work 
about strong hole levels in 3'Ca, * 7Ti, »s>s2,s3 C r final nuclei 
are also reported. 

A large amount of data has been obtained in the present 
work for both T< and T> states in nuclei with different 
neutron excess, and it is therefore possible to study the effect 
of isospin dépendance of the nuclear potential on the determi-
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nation of spectroscopic factors : this dependence, although 
well-established theoretically, is in fact not taken into 
account in most DWBA analyses. 

The present experimental data has been obtained, 
in general, with better energy resolution and statistics than 
in the previous (p,d), (d,t) and (T,OI) studies on the same 
target nuclei ^. Many weak transitions with definite Jl-values 
have been observed for the first time allowing a more accurate 
determination of centroid energies for the various hole states. 
Another important point motivating the present study also 
requires good energy resolution : in the same mass region, 
analog states of particle levels have been recently observed to 
be in fact split in two components '; the investigation of an 
eventual splitting of hole analog states in the nuclei studied 
is therefore of great interest. 

Another important spectroscopic interest of the (T,a) 
reaction, emphasized in a preliminary report ^, has been evidenced 
in the present work and will be presented in section 4. It is 
shown that Jv assignments can be made for several low-lying 
levels with non-pick-up angular distributions. For this purpose 
a coupled reaction channel (CRC) analysis has been carried out, 
assuming two-step excitation of phonon-hole states due to the 
coupling of one f7/2 neutron hole with the first 2 or 3~ 
level of the target nucleus. The usefulness of the two-step (T,a) 
reaction as a spectroscopic tool for investigating high spin 
states is discussed and direct J* assignments deduced from the 
present analysis are compared with those available from y-ray 
experiments. 
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2. Experimental procedure. 

The (r,a) reaction on " 8Ca, 5 0Ti, 5 2Cr, and 5 l ,Fe 
target nuclei has been investigated at 25 MeV incident energy 
with the Orsay MP tandem. The characteristics and isotopic 
enrichments of the targets are summarized in table 1. The o 
particles were detected with silicon position-sensitive detectors 
(PSD), 700um or 1000ym thick, placed in the focal plane of a 
split-pole spectrometer. The two outputs E and P from each 
detector (where E is proportional to the energy lost by the 
detected particle and P is proportional to E times a function 
of the particle position along the length of the PSD) were stored 
on a magnetic tape; identification of a-particules and calcu­
lation of the ratio P/E were done using a Télémécanique T1600 
computer. The observed excitation energies extended up to 
15 MeV in k7Ca, using eight PSD in the focal plane. The maximum 
excitation energies were generally smaller for the other final 
nuclei (8 MeV or 11 MeV), due to the fact that the study of 

the (t,d) reaction on the same target nuclei was carried out 
7-91 simultaneously ' limiting the number of PSD available for the 

detection of a- particles. The overall energy resolution for 
a-particles was 20-25 keV. 

Angular distributions were measured in 5° steps from 
5° to 35° lab angle for each target nucleus, and for some of 
them, additionnai data were also taken at 40° and 50°. Two 
successive exposures at different magnetic fields were necessary 
at each angle in order to cover the spacings between adjacent 
PSD in the focal plane. The whole a-spectra were then obtained 
by juxtaposition of both sets of individual PSD spectra, 
overlapping each other in a range of 100 to 300 keV. The exci-
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tation energies in each final nucleus have been deduced from a 
calibration of the radius p versus the channel number for each 
PSD, obtained in a preliminary experiment. This calibration was 
done by studying the positions of o-particle with accurately 
known magnetic rigidity for various values of the magnetic 
field. Two types of a-particles have been alternatively used : 
the 8.78 MeV a-particles from a ThC source and the a-peaks 
corresponding to the ground and two lowest excited states of 
5 7Ni, produced in the 5 8Ni (T,a) 5 7Ni reaction at 25 MeV. 

1 0 The second method, using the accuxately known reaction Q-value 
and 5 7Ni excitation energies ' is expected to give a better 
precision than the first one, because the energy of the a 
particles is close to those of the a-groups studied in the 
experiment. Excitation energies in "Ca and * ,» l ,*Ti have been 
deduced with an. accuracy estimated at about 8 keV, using this 
method. The energy calibration for the (T,O) reactions on 5 2Cr 
and 5 l |Fe target nuclei has been obtained using the 8.78 MeV 
a-particles : excitation energies in the final nuclei are given 
with a precision of about 10-15 keV for low-lying levels 
(E < 4 MeV) and 15-20 keV for levels at higher energies. 

Absolute cross sections were obtained by comparing 
the 25 MeV 'He scattering data on the various target nuclei with 
optical model predictions. At these forward angles, theoretical 
elastic cross sections are very close to the Rutherford predic­
tions, and are almost independent of relatively wide variations 
of the optical parameters. Independently of statistics, this 
procedure is estimated to give an overall accuracy of about 
15 * for the determination of absolute cross sections. 
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3. Distorted wave analysis. 
Experimental data to be analyzed concern a large 

number of angular distributions obtained in a study of the 
(T,«) reactions on several (f"P) shell nuclei. In order to 
extract from the DWBA analysis coherent spectroscopic infor­
mation for the whole set of nuclei studied,special care has 
to be taken for the choice of optical potentials for entrance 
and exit channels, as well as for the calculation of the bound 
state form factor. In particular, the existence of an isospin 
dependent term in the expression of the nucleon-nucleus 
potential appears to be well established both theoretically 
and experimentally ', but it is generally not taken into 
account in conventional DWBA calculations. As the target nuclei 
studied in this experiment have neutron excess ranging from 
two to eight, it is necessary to investigate the effect of the 
isospin - dependence of potential on bound state form factors 
and theoretical DWBA cross sections. This important point 
will be examined in section 3.2. 

Zrro range DWBA calculations have ieen carried out 
using the code DWUCK '. In a first step, the form factor for 
the transferred neutron was calculated using the standard 
"separation energy procedure" (S.E.) where the depth of the 
Woods-Saxon well is adjusted in order to reproduce the expe­
rimental binding energies. Geometrical parameters of the 
neutron well are given in table 2. The choice of optical 
potentials for the entrance and exit channels is now discussed. 
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3,1 - Optical potentials. 

Various sets of 3He optical parameters obtained 
from the analysis of elastic scattering data ' have been 

successively used to describe the entrance channel in the 
DWBA calculation. We have finally adopted an optical potential 
with real and imaginary depths depending on incident ene* gy 
and Sjp . This potential proposed by Becchetti and Gre^nless*-' 
reproduce a large amount of scattering data on nuclei with 
A > 40 and has been found to be well suited for the analysis 
of the present set of (T,O) experiments. 

A large number of a-particle optical potentials have 
been obtained from analyses of elastic scattering at various 
incident energies, on many f.p shell nuclei ^ . However, 
attempts to find simple E. and (N-Z)/A dependences of the a 

potential, similar to those found for 3He, were unsuccessful ; 
We therefore decided to choose an unique a potential with fixed 
parameters to describe the exit channels for all the nuclei 
understudy. Only "deep" a-potentials have been taken into 
account, in order to fulfil the approximate prescription 
V = V + V . It has been shown ' that this condition is a T n 
required to ensure the reliability of DWBA in the case of 
angular momentum mismatch, when the semi-classical momentum 
|K--K.|R largely differs from the transferred angular momentum 
t ; using this prescription, non locality and finite range 
corrections appear to be unnecessary. Moreover, the use of a 
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radial cutoff is not allowed, because the reaction is no 
more localized to the nuclear surface and partial waves from 
the nuclear interior may significantly contribute to th3 

171 reaction, especially in the a-channel •". Elastic cross sections 
are not very sensitive to these inner partial waves and the 
comparison of experimental and theoretical (T»«) angular distri­
bution for transitions with Jl-mismatch may be taken as a guide 
in the choice of the "best" a optical parameters. 

Three sets of a optical potentials, reported in table 2, 
have been successively used to calculate theoretical angular 
distributions for some typical transitions in the 1,8Ca(T,cO l t 7Ca 
reaction. The DWBA predictions are compared to the experimental 
data in fig. 1. One observes that angular distributions are 
rather well reproduced by the three calculations for different 
it-values in the case of angular momentum matching (AJ.=0) , whereas 
in the case of mismatch, there are significant differences in 
the theoretical shapes calculated with the various a-potentials. 
The set of optical parameters "a." giving the best fit for 
mismatch transitions has therefore been adopted 

3.2 - Bound state form factors. 
The form factors used in the DWBA analyses are generally 

calculated using the standard "separation energy method" : the 
transferred single nucléon wave functions are taken as shell 
model bound states, calculated in a Woods-Saxon well adjusted 
to give the experimental binding energy. However this procedure 
is only approximate when the single particle state is split into 
several components, and it has been found to give rather poor 
results in the case of one-neutron pick-up reactions to analog 
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1 g-) 
states in nuclei with large excess of neutrons ' . The theore­
tical cross sections calculated for analog states according 
to this method are too low compared to the experimental ones, 
resulting in spectroscopic factors much larger than the shell 

1 n't 

model sum rules. Stock and Tamura •* have shown that the dis­
crepancy is reduced by using an isospin dependent potential 
in the calculation of the bound state wave function. If a term 
of the form 4U-Î.Î/A (Lane potential) is added to the usual 
isoscalar potential U , the wave function 1J1 . that describes 
the motion of the neutron relative to the analog state is then 
related to that of the proton coupled to the parent state i/ir 
by the following coupled equations : 

'pc 

(" TE A " Uo * vc " 2 T> U'/A " Ep) V ^ , / 2 Ul V A <1 • 1> 
("S A " U o + 2 CV1> U'/A - En) V-^ 2 1"*' , / 2 U> V A ° '2) 

In these equations, V is the Coulomb potential, 
A the mass of the residual nucleus, T the isospin of the analog 
state. With neutron form factors obtained by solving these 
coupled equations, spectroscopic factors are in better agreement 
with the values expected from sum rule considerations and 

ID 20"l comparison with spectroscopic factors of parent states ~ ' . 
For a coherent analysis of pick-'.ip reactions on several target 
nuclei with different neutron excess, it appears therefore 
necessary to take into account the isospin dépendance of nuclear 
potential for calculating form factors. In particular, the 
effect of the Lane potential on the determination of spectros­
copic factors has also to be investigated for levels with 
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isospin T<=T>-1 , since the wave functions are solutions of the 
121 following equation ' : 

f i à - U ^ i W A - E ^ ^ O (2) 

Neutron form factors have been therefore calculated 

for both T > and T < states following eqs.(1) and (2). The cou­

pled equations (1) have been solved using code DNUM ' and the 
191 

solutions V . normalized according to the prescription ' 

J (*nA + * p c ^ 2T +1 (3) 

221 Solutions of eq. (2) have been calculated numerically -" and used 

as form factors for T < states. The depth U was adjusted for 

each state in order to get the experimental binding energy. A 

surface shape was adopted for the Lane potential 

M r ^ - v l a ^ J Q + exp Cr-r0A^)/a]-
1 J (4) 

where r. and a are respectively equal to 1.2S fm and 0.65 fm. 

The surface term Vj is /elated to the depth of the equivalent 

volume potential Vi by the expression ' V{ £ Vi r A1,3/2a . For 

all the nuclei studied, V\ was taken equal to 90 MeV, corres­

ponding to the usual asymmetry term Vi=25 MeV, extracted from 
121 

elastic scattering and (p,n) experiments '. 

Shapes of theoretical angular distributions are iden­

tical to those obtained using the standard separation energy me­

thod, but their absolute values are found to deviate in a signi­

ficant way for nuclei with a large excess of neutrons. Ratios 

of cross sections calculated with and without the Lane potential 
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for different «.-values are shown in fig.2. The effect of the 
Lane potential is opposite for T and T < states ; the C 2S values 
in l f 7Ca are lowered by a factor 1.5 for T > states and raised by 
20-30i for T < states, which is by no means negligible. The iso-
spin term increases from S 3Fe to "*7Ca and its effect on theore­
tical cross sections of T < states also increases. The T., form 
factors are solutions of the coupled equations (1.1-1.2) , where 
the Coulomb energies and isospin-dependent terms both play an 
important part. With a surface strength Vs'=90 MeV, the effect 
of the isospin coupling is perturbed by Coulomb effects and the 
increase of cross sections for 1d3/2 and 2s1/2 T states remains 
almost the same from 5 3Fe to " 7Ca. In the case of the 1f7/2 states 
the coupling term and the Coulomb perturbation are both domina­
ted by the centrifugal term t(i+1)/r2 and the coupled-channel 
solution i|) . is close to that obtained using the standard sepa­
ration energy method. 

The effect of a variation of 301 of the surface 
strength VJ has been investigated : it induces a variation of 
only 5% for spectroscopic factors of T states in l , 8Ca relative 
to that obtained at vj=90 MeV. On the other hand, isospin-
dependent potential with a volume shape have been found to give 
no significant effect on the determination of spectroscopic 
factors compared to those obtained with the separation energy 
procedure, in agreement with ref.19). In Section 5, spectrosco­
pic factors labelled IDP (isospin-dependent-potential) are de­
duced from a calculation with a surface potential vj=90 MeV, 
and compared for each level with those obtained using the 
separation energy (S.E) method. 
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Spectroscopic factors for a given i also depend on the 
j=*±1/2 value assumed for the levels studied. The differences 
between theoretical cross sections are about 204 for pi/2 and 
p3/2, 401 for d3/2 and dS/2, 60t for f5/2 and f7/2. When spin 
values are unknown, assumptions on j values have to be made, 
generally based on shell model arguments ; they are given expli-

231 citely in tables 6-10. It has been suggested ' that the single 
nucléon form factors could be calculated in a more correct way, 
by reducing the spin-orbit radius, which is generally taken 
equal to r . The effect of such a variation is to increase the 
theoretical cross sections for transitions with j=i-1/2 and de­
crease them when j=l+1/2, thus reducing the difference between 
the spectroscopic factors. This dependence of cross sections 
relative to the spin orbit radius has been investigated in this 
work. The change of cross sections for a value of r « 1-12 fm 
are indicated in table 3. The corrections are generally small 
for the low t-values investigated in the present work and will 
be ignored. 

3.3. Normalization factor 

The C 2S values are deduced from the theoretical cross 
section Opi by means of the usual expression 

C 2 S , IJ±L °e*? ( 5 ) 

°DW 

where j is the total angular momentum of the transferred par­
ticle, a the experimental cross section and N a normalization 
factor, depending on the overlap of the wave functions of 3He 
and a particles. Theoretical estimates of N strongly depend on 
the form assumed for the a potential ; in the present work, the 
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normalization factor has been taken equal to the commonly adop­
ted ' value of 23. With this normalization factor, the C 2S va­
lue determined using IDP for the l , 7Ca ground state exhausts 
about 90S of the full f7/2 strength, which is quite satisfactory 
considering the uncertainty of about 201 generally admitted for 
spectroscopic factors. 

4. Coupled reaction channel analysis 

As will be shown in Section 5, most experimental angu­
lar distributions have been well reproduced with DWBA predictions 
assuming direct pick-up of one neutron in some definite subshell. 
However, for a number of low-lying levels in " , 7Ca,'* 9Ti 1 )

s lCr and 
5 3Fe, the observed angular distributions are quite different from 
those obtained in a direct single-step (T,O) reaction. Theore­
tical cross sections due to two-step processes have therefore 
been calculated and compared to the data. 

Coupled reaction channel (CRC) calculations have been 
performed using code CHUCK '. Optical potentials for the 3He 
and a channels are those used in the DWBA analysis (see table 2). 
Angular distributions presented in fig.3 have been calculated 
assuming a (T,T',a) reaction path, involving inelastic scatter­
ing of the first 2 or 3" state of the target nucleus and sub­
sequent pick-up of one neutron in the 1f7/2 subshell. Predic­
tions for two-step excitation of 13/2" and 15/2" states, pro­
ceeding through inelastic excitation of the 4 state are also 
shown in fig.3. It is worth pointing out that these two-step 
angular distributions are very different from those predicted 
for a direct pick-up and strongly depend on the J* value of the 
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final state. The same characteristic shapes, with J -dependence 
of the angle of first maximum, are also obtained with CRC calcu­
lations involving the alternative (T,a,a') mechanism (neutron 
pick-up in the 1f7/2 subshell and subsequent inelastic excita­
tion of the final state by the a-particle). When direct pick-up 
is- forbidden for spectroscopic reasons, these characteristic J11 -
dependent shapes of two-step angular distributions may be expe­
rimentally observed. This is just the case for the angular dis­
tributions, shown in fig.4, of the well-known 9/2" levels at 
1.16 MeV in 5 1Cr and 1.34 MeV in 5 3Fe : a direct Jt=5 pick-up is 
in fact very unlikely, because the occupancy of the h9/2 orbit 
is expected to be very low in the N=28 target nuclei. That this 
assumption is quite justified may be seen from the excellent 
agreement between theoretical and experimental angular distri­
butions. 

Interference effects between the (T,T',O) and (T,o,a') 
reaction paths have been calculated assuming weak-coupling model 
wave functions [AHf7/2~ l]j for the final levels, X being the 
spin of the vibrational level (2 or 3") in the target nucleus. 
This implies that members of a phonon-hole multiplet have the 
same deformation parameter 6, as the one measured for the corres­
ponding state in the target nucleus. The 6 values used in the 
calculation are given in table 4. A weight factor WTiot+i-) 

• occurs in the expression of the inelastic scattering amplitude •* 
for the (7/2"-»-J1f) transition in the final nucleus, as well as in 
the spectroscopic factor for the (X+J*) pick-up '. The calcula­
tions show that about 80Î of the absolute cross section is due 
to the (T,a,a') path. 
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Based on the good agreement between experimental and 
theoretical angular distributions, J17 assignments could be pro­
posed without ambiguity for seventeen levels listed in table S. 
Their angular distributions are shown in figs.4-6. The Jlr=9/2" 
assignments previously made for the 1.15 MeV level in 5 1Cr and 
1.34 MeV level iT 5 3Fe, based on y-ray work, are confirmed by 
the CRC analysis. In addition, 8/2" is also assigned to the le­
vels at 3.57, 4.71 and 4.92 MeV in "Ca and 1.61 MeV in "Ti. 
For the levels at 3.88 MeV in " 7Ca, 1.75 MeV in * 9Ti, 2.00 MeV 
in 5 ,Cr and 2.40 MeV in 5 3Fe, angular distributions are well 
fitted assuming a two-step excitation of the 5/2" member of the 
[2 +Bf7/2" 1] configuration. A Jw=//2 assignment is made for 
the levels at 3.84, 4.39 and 5.05 MeV in ^ 7Ca. The angular dis­
tributions obtained for the levels at 4.53, 4.58 and 4.61 MeV 
in '•'Ca lead to the respective assignments of 3/2 , 5/2 and 
5/2 : it is to be noted that the two-step character of their 
angular distributions is not obscured by interference with di­
rect 1*2 transfer, which indicates that their spectroscopic fac­
tor relative to the l f 8Ca ground state is very low. 

The CRC differential cross sections shown in figs.4-6 
have been multiplied with the normalization factors listed in 
table 5 in order to fit the data. These factors should be equal 
to unity for pure weak-coupling states, provided that the 8-va­
lues used in the calculations are reliable. In particular, the 
structure of the lowest 9/2" states in '•'Ca, : , 9Ti, 5 1Cr and 5 3Fe 
nuclei, which lie at almost the same excitation energy as the 
first 2 state in the corresponding target nucleus, may be assu­
med to be mainly [2+Bf7/2~ ] : the normalization factor found for 
these states in < f 7Ca, l* 9Ti, 5 1Cr and 5 3Fe arc respectively 0.6, 
0.4, 0.4 and 1.1, in good agreement with this assumption. 
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The best fits for the levels at 4.00 and 4.88 MeV in 
I , 7Ca are obtained for J*=13/2~, assuming a two-step mechanism 
involving inelastic excitation of the 4 state at 4.61 MeV in 
l t 8Ca (see fig.6). However, the normalization factors are too 
high, especially for the 4.00 MeV level for which N is equal to 
7. Therefore the J*«13/2" assignment for this level should be 
considered tentative, inasmuch as the assumption J1I-13/2 
cannot be rejected : the slopes of the angular distributions at 
forward angles are very sensitive to interférence effects and 
a good fit with J1r=13/2 can be obtained when some mixing of 
L-3 and L=5 inelastic scattering is assumed in the calculation. 

For the 5 3Fe level at 2.34 MeV, with well-established 
spin and parity 11/2", the angular distribution cannot be fitted 
assuming a [2 H f7/2" ] structure (see fig.4). This discrepancy 
between theory and experiment is not well understood and could 
be due to interference effects not taken into account in the 
calculation (for example, two-step excitation through higher 
lying 2 states in s l |Fe). The existence of one 11/2" state in 
"•'Ca at about 3.6 MeV has been predicted by shell-model calcula­
tions % but no angular distribution with 11/2" shape similar 
to the one displayed in fig.3 has been observed in this energy 
region. It is however worth noticing that the 3.84 MeV level, 
proposed to have Jw-7/2 in table 5, has an angular distribution 
similar to the one measured for the 11/2" level in 5 3Fe. An al­
ternately possible J* value of 11/2" for the 3.84 MeV cannot 
therefore be totally excluded. Such an empirical J* assignment 
would however have to be confirmed : (i) by the observation of 
similar angular distributions for other well-known 11/2" levels 
in this mass region, but these levels in "^Ti and 5 1Cr have not 
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been observed due to the presence of contaminants ; (ii) by a 
CRC calculation using realistic wave functions and taking into 
account reaction mechanisms neglected in the present analysis. 

The angular distribution measured for the lowest 3/2" 
state in "Ca, which is not correctly fitted assuming a direct 
Jt"1 pick-up is also compared in fig.4 with pure two-step pre­
dictions. A normalization factor of 0.4 is found, and calcula­
tion of interference effects between one- and two-step process 
using realistic wave functions for the 2 and 3/2" states would 
certainly be of interest. This will not be attempted in the pre­
sent work. 

S. Results 

The spectroscopic information obtained for all the nu­
clei .studied in the present work is presented in tables 6-10. 
In this section we only discuss specific points affecting our 
conclusions as summarized in the tables. Selected results from 
previous (T,CX) and (p,d) experiments are also given, but an 
overall comparison of spectroscopic factors previously obtained 

in the various pick-up reactions at different incident energies 
will not be attempted : it can be however noticed that rather 
large discrepancies in the C 2S values are often observed between 
different works, sometimes due to the choice of the normalization 
factor for the various pick-up reactions: 

Values of J assumed in the DWBA calculation, if un­
known from previous works, have been generally chosen according 
to shell model prescriptions. For 1=3 transitions, J has been 
assumed equal to 7/2 except for levels strongly excited by strip­
ping reactions but only weakly by pick-up;as the 1f5/2 orbit 

18 



should be empty in the N=28 target nuclei. For 1=2 transition , 
J has been, in general, assumed equal to 3/2 ; however high-lying 
levels in " C a have been assumed to have J1T=5/2 , as the 1=2 
summed spectroscopic strength is larger than the 1d3/2 sum rule 
limit. The general discussion about analog states, hole strengths 
and centroid energies determined in the present work will be 
given in section 6. 

S.I. The "8Ca(T.al't7Ca reaction 

An o-particle spectrum recorded at 15° is shown in 
fig.7. It is obtained by juxtaposition of individual PSD spec­
tra at two magnet exposures, as explained in section 2. Excita­
tion energies of the 112 peaks observed up to 13.5 MeV in l , 7Ca 
are given in table 6. The differential cross sections are typi­
cally 10-100 ub/sr, except for five peaks which largely dominate 
the spectrum: they correspond to the 1*3 ground state, the two 
1-2 levels at 2.57 and 13.10 MeV and the two t'Q levels at 2.59 
and 12.74 MeV. The levels at 12.74 and 13.10 MeV 2re respecti­
vely identified with the analog states of the ground and first 
excited states of " K , carrying the largest part of the s1/2 
and d3/2, T hole strength. The main components of the f7/2, 
d3/2 (TJ and s1/2 (T <) hole strengths are respectively the 
levels at 0.0, 2.57 and 2.59 MeV: their spectroscopic factors 
calculated using the IDP procedure (see S3.2), correspond res­
pectively to 87*, 63t and 78% of the shell model sum rules- Re­
sults obtained for the weaker levels are also summarized in 
table 6. 
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- £;3_leyels : Spin and parity 7/2" has been previously 

assigned to the 3.42 MeV level '. Its angular distribution to­

gether with that obtained for the neighbouring level at 3.30 

MeV, is compared in fig.7 with 1=3 and 1=2 predictions : for 

these excitation energies, unambiguous discrimination between 

1=2 and 1*3 assignments is difficult, due to the structureless 

shapes of both theoretical angular distributions. An 1=3 assi­

gnment is also proposed for some other weakly excited levels 

(e.g. the 4.78 MeV 2ovel with J w=5/2- 3 2 ) ) but the agreement 

between theoretical, and experimental angular distributions is 

in general rather bad. 

- l;2_leyels : Most levels above 4.9 MeV excitation 

energies have 1*2 angular distributions. Examples are shown 

in fig.7. The cumulative sum of C 2S values largely exceed the 

sum rule limit of 3.SS for d3/2 hole states. A large number of 

these levels may therefore be identified with components of the 

dii/2 hole state, which appear to be highly fragmented. 

- l;Q_levels : The only 1/2 levels known from previous 

321 
experiments were those at 2.S7 and 12.74 MeV '. In addition 

to these two states, one level at 5.78 MeV and twelve levels 

located between 7.8 and 10.8 MeV exhibit 1*0 angular distri­

butions (see fig.8). These levels have low spectroscopic fac­

tors individually, but together carry about 2St of the 2s1/2 

T < strength. 

" Q£l!ÊE_iSïSl§ : About 25 levels in l | 7Ca clearly exhi­

bit angular distributions with a non-pick-up (n.p.u.) charac­

ter. Spin assignments resulting from the CRC analysis and 
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summarized in table 5 are also -included in table 6. Some angu­

lar distributions which are not fitted using the simple weak 

coupling assumptions of section 4 are shown in fig.10. No £=1 

angular distribution has been observed for the 2.85 level, with 

previously known32-* J w = CI/2,3/2) ~ ; it has been suggested ' 

that this level could be a doublet, with s. small U=0 component: 

this cannot be excluded by the present data, considering the 

existence of a minimum at 10°, characteristic of «.=0 (see fig. 

9). In such a case, the spectroscopic factor for the corres­

ponding 1/2* level would be lower than 0.01. 

5.2. The S 0TiÇT.ttT t 9Ti reaction. 

An o-particle spectrum observed at 5°(làb) is presen­

ted in fig. 11. The identification of * 9Ti levels has been made 

by comparing the a-particle spectra with one produced in the 

(t,a) reaction on a natural titanium target ; peaks correspon­

ding to other Ti isotopes are also indicated in fig.11. Angular 

distributions measured for levels up to 8.5 MeV excitation 

energy are shown in fig.12 with DWBA predictions. The deduced 

C 2S values are given in table 7. The level at 8.73 MeV with 

*=3 angular distribution is identified with the analog of the 

**9Sc grnund state. Levels observed at 10.97 and 11.11 MeV have 

been identified in previous experiments '•' with the analogs 

of the 1/2* and 3/2+ levels at 2.23 and 2.27 MeV in '•9Sc. The 

C 2S values given in table 7 for these two levels are only ten­

tative : they have been obtained by normalizing theoretical 

cross sections to the data at only one angle (5°). 
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Spin and parity 3/2" had been previously assigned to a 
lavel at 1.585 MeV '. Its angular distribution can be however 
reproduced assuming an s.=0 transfer : the existence of a doublet 
of levels with Jlr=3/2" and 1/2 can therefore be suggested, as 
in the case 2 8) of the 2.85 MeV peak in '•'Ca (see §5.1). Another 
explanation would be the excitation of this 3/2" level by a 
reaction mechanism other than single-step. 

The CRC analysis presented in section 4 has shown that 
the levels at 1.61 and 1.76 MeV in l , 9Ti are excited through 
double-step processes. The 5/2" assignment made for the 1.76 
MeV level agrees with that deduced from the study of the l , 7Ti 
( t»P) > t 9Ti reaction '. The 1.61 MeV level is unambiguously 
identified with the 9/2" component of the [2 +Hf7/2~ l] multi­
plet (possible J* values for this level deduced from previous 
works ' were 5/2",7/2" and 9/2"). The 11/2" state, member of 
the same multiplet, has not been evidenced in the present 
work:it could be tentatively identified with the ( 5/2~-19/2~) 
level at 1.54 MeV, previously observed in the 5 0 V ( T ,a) l , 9Ti re­
action •*, but here unobserved due to the presence of a conta­
minant. 

5.3. The 5 2Cr(T,cQ 5 1Cr reaction. 

The o-particle spectrum obtained at 15° (lab) is dis­
played in fig.13. Excitation energies of 5 1Cr levels, transfer­
red angular momentum and C 2S values deduced from the DWBA ana­
lysis, are given in table 8 and compared with previous pick-up 
data ' . The corresponding angular distributions are pre­
sented in fig.9. Many new t-assignments have been done, espe-
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cially for weakly excited states. For the strongest levels, 
the C 2S values are generally in overall agreement with those 
found in previous works. Based on their excitation energies 
and measured l-values, the levels at 6.63, 9.22 and 9.33 MeV 
have been identified with the analogs of 5 1 V states, located 
at 0.0 MeV (J* = 7 / 2 ) , 2.54 MeV (J*=1/2+) and 2.68 MeV (J,T = 3/2 +). 

Some angular distributions with non-pick-up character 
have also been observed. From the CRC analysis presented in 
section 4, j " assignments of 9/2" and 5/2~ have been respecti­
vely made for the levels at 1.15 and 2.00 MeV in agreement 
with results of Y-ray works 3 4- 1. The level at 1.90 MeV has J u= 
3/2" •'.but its angular distribution shown in fig.9 is badly 
reproduced with an jt=1 angular distribution, in contrast with 
the lowest 3/2" state at 0.73 MeV: this could give an indica­
tion of the existence of some [2 8f7/2 - 1] component in the 
wave function of the 1.90 MeV level, leading to two-step mecha­
nisms interfering with the direct p3/2 pickrup in the (T,O) 
reaction. The level observed at 2.39 MeV in the present work 
may tentatively be identified wjth a known high spin level 
(probably J* = 13/2~ • * ) . However, the corresponding a-peak is 
experimentally mixed with a contaminant (an t=2 transition from 
the 5 1 fCr(T,a) 5 3Cr reaction) a.id a J* assignment from the CRC 
analysis could not be made. Also due to the presence of a con­
taminant, the angular distribution of the 1.48 MeV level with 
J =11/2 has not been measured in the pressnt work. Other 
known s lCr levels with high spin values have not been observed 
due to their very low cross section in the (x,a) reaction : an 
upper limit of 0.5 pb/sr is given here for the unobserved 2.26 
MeV level, with J*=(1S/2~) 3^ . 
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5.4. The 5"Fe(T,a) 5 3Fe reaction. 

Levels observed up to 7.5 MeV excitation energy in 5 3Fe 
are listed in table 9, with their excitation energy and the 
results of the DWBA analysis. A typical u-particle spectrum ?s 
shown in fig.IS and examples of angular distributions for the 
various H-transfers observed in this reaction are presented in 
fig.16. 

Levels at 4.26, 7.04 and 7.27 MeV had been identified 
with respectively the 1f7/2, 2s1/2 and 1d3/2 hole analog states 
in the previous pick-up experiments. In addition, based on 
their excitation energy, the t=1 levels observed in the present 
experiment at 5.54 and 6.58 MeV can be proposed as analog sta­
tes of the 3/2" levels at 1.29 and 2.39 MeV in 5 3Mn. However 
the most striking feature of the present Jata about 5 ?Mn ana­
log states is the observation of one 1=0 level 80 keV below 
the 1/2* state at 7.04 MeV and three 1*1 levels in a 160 keV 
range around the 3/2 state at 7.27 MeV. Splitting of isobaric 
analog r.tates have already been observed in the same mass re­
gion '; the present data strongly suggest that the si/2 and d3/2 
analog states are also split in several components. This will 
be discussed in section 6. 

The J1T = 9/2" assignment ' previously made for the 1.33 
MeV level has been confirmed by the CRC analysis presented in 
section 4. In addition, J*=5/2" is assigned to the previously 
unknown level at 2.40 MeV, which therefore appears as the 5/2" 
member of the [2 Bf7/2 _ 1] configuration. Some non-pick-up angu­
lar distributions have also been observed for other 5 3Fe le­
vels, but they are not reproduced by the present CRC analysis. 

24 



This is in particular the case for the 11/2" level at 2.34 MeV 
(see fig.4) ; it is however of interest to mention that its an­
gular distribution measured in the (p,d) reaction has been well 
fitted assuming a two-step reaction mechanism '. 

5.5. Other results. 

Some additional data about other f7/2 shell nuclei have 
been obtained in the present work, due to the presence of other 
isotopes in the targets (see table 1). They only concern states 
with important hole strength. The C 2S values calculated with 
both SE and IDP procedures are given in table 10 and compared 
with previous pick-up results. 

6. Discussion 

General trends of the large amount of data obtained in 
•he present work are given in this section. Results of the di­
rect pick-up (T,C0 reaction will be first examined, with spe­
cial attention to spectroscopic factors of analog states, 
energy centroids for various (H,j) states and summed spectros­
copic strengths : particularly their dependence relative to the 
number of protons in the 1f7/2 orbit will be studied. The spec­
troscopic information about weak coupling states in the N=27 
nuclei, extracted from the CRC analysis will be discussed in 
the last subsection, as well as the necessary conditions for 
using the two-step (T,O) reaction as a standard spectroscopic 
tool. 
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6.1. Analog states. 

Excitation energies of the 1£7/2, 2s1/2 and 1d3/2 iso-
baric analog states (IAS) measured in the present experiment 
and the deduced Coulomb displacement energies relative to the 
parent states are given in table 11 for all the nuclei studied. 
The experimental Coulomb energies are compared with the semi-
empirical values calculated using the relation ' AE =bi (Z/A 1 , 3)+b 2 

- ' 1 where Z=Z <+y is the average charge of the isobar pair, bj= 
1430- keV and b2=-992 keV. It can be seen in table 11 that this 
semi-empirical formula gives values of AE about 100 keV lower 
than the experimental ones in the case of IAS in the N=27 nu­
clei. 

The spectroscopic strengths of the IAS presented in 
table 12 have been multiplied by a factor (2T +1), where T is 
the isospin of the target nucleus, in order to allow direct 
comparison with the C 2S values for parent states and shell 
model predictions. In agreement with most previous studies of 
pick-up experiments ', data presented in table 12 gives evi­
dence that the separation energy method for the calculation of 
the IAS form factor leads to much too large spectroscopic fac­
tors compared with both shell model and C 2S values. Spectros­
copic strengths obtained by deducing the IAS form factors from 
the coupled equations (1.1) and (1.2) are smaller, as it was 
expected according to fig.2, and therefore in better agreement 
with the corresponding proton strengths. However the f7/2 spec­
troscopic factors, although reduced by the IDP procedure still 
exceed the shell model sum rule by a factor of 1.8, 1.3 and 1.1 
for l , 9Ti, s lCr and 5 3Fe respectively. 
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This remaining problem about spectroscopic factors of 
the f7/2 IAS suggests that the true isospin potential could 
differ from the simple surface potential (with vj=90 MeV, r= 
1.25 fm, a=0.65 fm) adopted in the present analysis and gene­
rally giving good agreement with the previous available data 
in this mass region '. It can be remarked that a surface 
strength of about 200 MeV with the same geometrical parameters 
would give C 2S strengths in agreement with shell model expec­
tation, but in counterpart T < spectroscopic factors would be 
raised and the summed spectroscopic strengths given in subsec­
tion 6.2 would in some cases exceed the shell model sum rules. 
In conclusion, it appears that the choice of a surface form 
for the Lane potential allows a better determination of IAS 
spectroscopic factors ; however additional experimental and 
theoretical investigations would be necessary to get more in­
formation about the isospin part of the nuclear potential. 

Another fact observed in the present work has to be 
specially emphasized : the existence of two neighbouring £=0 
levels and four 1=2 levels in S 3Fe near the expected positions 
of the 2s1/2 and id3/2 IAS, respectively. The splitting of IAS 
in 5 3Fe can be explained in the following way. These states lie 
at relatively low energy compared to IAS in other nuclei stu­
died and therefore the T < strength is not fully exhausted (see 
figs. 17-19). In this case, a mixing of the T̂ , state with nei­
ghbouring T < levels can occur through the Coulomb potential, 
giving rise to a splitting of the IAS in several components. 
The number of components depends only on the density of T < le­
vels with same spin and parity ; at low energy, the presence 
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or absence of neighbouring T < states is purely accidental. The 
present data supports this assertion : the 1d3/2 and 2s1/2 IAS 
in 5 3Fe are split, whereas the If7/2 IAS appears as a single 
level, in the limit of the experimental resolution ; as for 
other nuclei with higher isospin, splitting of the IAS is not 
observed. It can be noticed that other examples of IAS split­
ting in two components in the same mass region ' only concern 
nuclei with small neutron excess, and therefore small energy 
difference between T < and T energy centroids. 

6.2. Distribution of neutron-hole strengths. 

The distribution of spectroscopic strengths in the N=27 
nuclei, for transitions with 1«3, 0 and 2 transferred angular 
momentum, is displayed in figs.17-19. One of the striking fea­
tures is the concentration of the major part of each C*»j)» T< 
strength in one well-isolated level, the other one being the 
smooth dependence of neutron hole strengths relative to the 
number of protons in the 1f7/2 orbital. In particular, the C 2S 
value for the If7/2 ground state decreases from " C a to 5 3Fe, 
whereas one observes increasing fragmentation of the total 
1f7/2 strength between several components. One can also point 
out the smoothly decreasing excitation energies of IAS, due to 
the ^-dependence of the isobaric splitting between T < and T 
hole states. 

The sums of experimental C 2S values, calculated with 
the IDP procedure for all the T < levels observed in the N=27 
nuclei, are reported in table 13 for each (t,j) value and com­
pared to shell-model sum-rule limits. They evidently depend on 
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the energy range studied, and also on the minimum cross sec­
tion below which weak transitions are undetected ; in this res­
pect, transitions could have been missed in 5 3Fe, where the 
data only concerns levels below 8 MeV, and in l | 9Ti due to sta­
tistics, which is slightly lower than in other nuclei. Weak 
transitions at high excitation energy in 5 1Cr could also be 
unobserved due to the background produced by contaminants (car­
bon, oxygen and other chromium isotopes). The experimental cen-
troid energies î C 2S B,/l C 2Sj of T_ hole levels, deduced 
from the present data are given in table 15. The uncertainty 
on these energies is difficult to estimate, because their de­
termination can be affected by the non-detection of weak tran­
sitions, if they are located at high energy : the centroid 
energies in '•'Ca are therefore probably more reliable than in 
other nuclei, for the experimental reasons quoted above. 

" TJ}S_i;2_transitions : The summed spectroscopic 
strengths for all 1*3 transitions (except those for known 5/2" 
levels}are very closu from the shell-model sum rule limit for 
1f7/2 levels, and the If7/2 hole strength is therefore proba­
bly fully exhausted in the studied energy range for all nuclei. 
The sum of C 2S values in 5 1Cr slightly exceed the 1f7/2 sum 
rule, suggesting that some of the a=3 levels with assumed j" 
value of 7/2", could have.in fact J*«5/2~. Transitions to well 
known 5/2" levels have been moreover observed, indicating the 
presence of lf5/2 neutrons in the target nucleus. The occupa­
tion number v? = (sC2S)/(2j+1) for the 1f5/2 orbital in 5 2Cr, 
deduced from the present experiment, is about 10Î. The 1t occu­
pation of the 1f5/2 subshell found for S!'Fe is probably under-
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estimated : there is very little information about 1f5/2 levels 

in 5 3Fe due to the absence of stripping data, and some f7/2 as­

sumptions used in this analysis could be erroneous. 

" ïbê_*:Q_£ï2SSiïî2Si : The 2s1/2 summed strengths are 

in good agreement with the shell model limits (100* for < t 7Ca 

and 5 lCr, about 801 for * 9Ti and S 3 F e ) . As it was emphasized in 

subsection 4.1, a number of very weak *»0 transitions observed 

above 8 MeV in l,7Ca ca**-y a large part (about 2SÎ) of the total 

2s1/2 strength. Experimental reasons, as those mentionned above, 

probably explain the very small number of 4*0 levels obseived 

in the three other nuclei. 

~ I!î2_î-?_tEi35i£i2SS : T n e spin values are unknown 

for most of the observed t-2 levels, and therefore the 1d3/2 

and 1dS/2 states cannot be distinguished in the present sum 

rule analysis. The largest t«2 summed strength has been found 

in k7Ca : it corresponds to the sum of the total theoretical 

1d3/2 strength and of about 454 of the 1d5/2 strength. A part 

of the 1d5/2 strength remains therefore unobserved and could 

lie above 13 MeV excitation energy. Anyway, the 1d5/2 hole 

strength in '•'Ca appears extremely fragmented, and its centroid 

energy probably lies above 7 MeV excitation energy. According 

to the sum rule analysis, the 1d5/2 hole strength in 1 , 9Ti, 5 1Cr 

and S 3Fe is practically not observed in the present experiment. 

" îlîË_£:l_îr§D§ï£i2S§ : A f e w t = 1 transitions have 

been observed : the summed spectroscopic strengths correspond 

to an occupation of the 2p3/2 orbital of about H in **BCa. and 

5t in the three other N*27 nuclei. 
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6.3. Phonon-hole states in the N=27 nuclei. 

In each of the four nuclei under study, the CRC analy­
sis has allowed the identification of the 5/2~ and 9/2" states, 
resulting from the coupling of one f7/2 neutron hole with the 
first 2 state of the target nucleus, generally described as a 
one-quadrupole-phonon vibrational state. Other members of the 
[2*Hf7/2 _ 1] configuration are 3/2",7/2" and 11/2" states. These 
states could be the first 11/2" levels, known from the littéra­
ture''' ' or proposed in section 5, and the second 3/2" and 7/2~ 
known levels % located at excitation energies close to that 
of the corresponding 2 state. They are presented in fig.14, 
with the 9/2~ and 5/2" states evidenced in the present work. 
The pure weak coupling model predicts degenerate energies for 
the 3/2~-11/2" multiplet ; the energy splitting of the different 
components, which are experimentally observed occur due to con­
figuration mixing. According to the rough estimate of section 4, 
the intensities of the [2 Bf7/2~ l] configuration in the 5/2" 
and 9/2" wave functions vary between 0.4 and 1, except for the 
5/2" level in l , 7Ca with smaller intensity (0.07). In * 7Ca, two 
other 9/2" levels have in fact been observed at higher energy 
(4.71 and 4.92 MeV), with significant [2 +Bf7/2 _ 1] component. 

The weak-coupling model also predicts the existence of 
positive parity states with J*«(1/2-13/2)+, obtained by coupling 
one 1f7/2 hole to the 3" vibrational state of the target nucleus. 
SucfcfStates have been evidenced in *»7Ca, between 3.8 and 5.1 
MeV excitation energy, with proposed J* values 3/2*, 5/2* and 
7/2 (see table 5). However a fragmentation of the pure 
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[3'8f7/2 _ 1] states occurs : two 5/2 + and three 7/2 states have 
been observed, and the ratios of experimental and theoretical 
cross sections are equal to 0.3 or lower, indicating that their 
phonon-hole component is rather small. Cn the other hand, this 
ratio for the 4.00 MeV level is close to unity, if J*«13/2 is 
assumed, suggesting that this level could be the 13/2 member 
of the [3~Hf7/2 _ 1] configuration. 

In contrast with ^'Ca, there has been no leyel with an­
gular distribution characteristic of a [3"Hf7/2"1] structure 
observed in the three other N=27 nuclei. A simple explanation 
can be proposed for this fact, in view of the energy difference 
of the 2 and 3" states in the corresponding target nuclei : it 
is equal to about 3 MeV in 5 0 T i , 5 2 C r and sl*Fe, whereas it is 
only 0.7 MeV in '•"Ca. As the 1f7/2-1d3/2 and 1f7/2-2s1/2 ener­
gy differences between hole states are about 2.S MeV (see table 
14), the positions of the pure weak-coupling [2 Hd3/2~ ] and 
[2 +Bs1/2" 1] configurations are very close to that of the 
[3"Hf7/2"1] one, in the *»9Ti, 5 1Cr and 5 3Fe nuclei. Therefore, 
a strong mixing of these configurations probably occurs, and 
interference effects between the different two-step processes, 
proceeding through inelastic excitation of the 2 or 3" states, 
can destroy the characteristic J*-dependence displayed in fig.3 
for pure [3"df7/2"1] states. In 't7Ca, this type of configuration 
mixing can be expected to be much weaker,at least for low-lying 
states, as there is a 1.9 MeV energy gap between the unpertur­
bed positions of the configurations involved^and the characte­
ristic shapes predicted by CRC calculations, assuming weak cou­
pling wave functions, are in fact experimentally observed. 
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In conclusion, the present data shows the power and li­
mits of the proposed method for assigning j'-values, using the 
assumption of phonon-hole coupling for analyzing the two-step-
(T,O) reaction. This method appears very useful, particularly 
for low-lying high spin states which cannot be excited by di­
rect pick-up for spectroscopic reasons. However, in all the 
cases where several reaction mechanisms are able to interfere, 
shapes of angular distributions are no more characteristic of 
a definite j'value and a sophisticated CRC analysis using de­
tailed wave functions would then be needed to reproduce the 
experimental data and test the validity of the structure cal­
culation. 

7. Conclusion. 

A large amount of new spectroscopic data have been ob­
tained in the present study of the (T ,a) reaction. Detailed 
information about neutron-hole strengths in the N«2 7 nuclei has 
been deduced from the observation of many weak transitions with 
definite angular momentum transfer, up to now unknown. The 
1f7/2, 2s1/2 and 1d3/2 hole analog states have been studied in 
all these nuclei, and a splitting of the 2s1/2 and 1d3/2 IAS 
has been evidenced in 5 3Fe. Finally, in each nucleus, some le­
vels have been excited by the (x,a) reaction through two-step 
mechanisms, as demonstrated by the present coupled-reaction 
channel analysis. The assumption of phonon-hole coupling used 
in this analysis has been fully justified by the good agreement 
between the theoretical and the experimental angular distribu-
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tions and has allowed many direct J assignments, most of them 
for previously unkroown levels. The two-step (x,a) reaction ap­
pears therefore very useful for investigating phonon-hole 
states, giving additional motivation for spectroscopic studies 
using the (T,O) reaction. An extension of the present study to 
other (f-p) shell nuclei would surely be of interest. An analy­
sis of the 5 8Ni(T,a) 5 7Ni reaction, performed in the same experi­
mental conditions, is now in progress •'. 
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Figure captions 

Fig.1. DWBA predictions, using three different sets of opti­

cal potentials for the o-particle channel, compared 

with experimental angular distributions in the 

l , 8Ca(T ,a)lf7Ca reaction, in the case of angular momentum 

matching (All £ 0) or mismatch (Ad^O). 

Fig-2. Ratio of theoretical (T,<X) cross sections °j;rjp/asE ^ o r 

T and T < hole states in the N=2 7 nuclei. The neutron 

form factor used in the determination of a g E has been 

calculated with the usual separation energy procedure ; 

as for "TITO, an isospin-dependent potential with Vj= 

90 MeV has been used in the form factor calculation. 

Fig.3. Shapes of CRC angular distributions for various Jïï 

states. The reaction paths assumed in the calculation 

are drawn in the figure. 

Fig.4. Comparison of experimental angular distributions and 

CRC calculations assuming a pure [2 8f7/2 _ 1] structure 

for final states (solid line). The dashed line? are 

predictions assuming excitation through the (T,T',O) 

path only. Normalization factors are indicated in 

table 5. 

Fig.S. Comparison of experimental angular distributions and 

CRC calculations assuming a pure [3~Bf7/2 _ 1] structure 

fon final states (solid line). The dashed lines are 

predictions assuming excitation through the (T,-r',a) 

path only. Normalization factors are indicated in 

table S. 



Fig.6. Comparison of experimental angular distributions with 
CRC predictions for the 13/2* member of the [4*Bf7/2 - 1] 
configuration (solid line). Shapes of angular distri­
butions calculated in the case of only one (T,T*,<X) 
reaction path are also indicated (dashed lines). The 
dotted lines are predictions for a [3~Hf7/2~ ] state 
with J*=13/2". Normalization factors are indicated in 
table 5. 

Fig. 7. The a-spectrum from the **8Ca(x .cO^'Ca reaction at 15° 
(lab), observed in the focal plane of the split-pole 
spectrometer. The numbers on the top of the peaks refer 
to " C a levels, reported in table 6. 

Fig.8. Examples of angular distributions with i=2 angular mo­
mentum transfer. For the levels at 3.30 and 3.42, both 
!>=2 and 1=3 DWBA predictions are shown for comparison. 

Fig.9. Examples of £=0 angular distributions and comparison 
with DWBA predictions. 

Fig.10. Examples of angular distributions with non-pick-up cha­
racter. 

Fig.11. The a-spectrum from the *»8 ^Ti(x ,a)'*7'',9Ti reaction 
at 5°(lab), observed in the focal plane of the split-
pole spectrometer. Peaks labelled with bare numbers 
correspond to 1 , 9Ti levels reported in table 7. Peaks 
labelled with primed numbers correspond to " T i levels 
(see table 10). 



Fig.12. Experimental angular distributions and DWBA predictions 
in the 5 0Ti(T ,a)'»9Ti reaction. 

Fig.13. The o-spectrum from the (T,CI) reaction on a natural 
chromium target, observed at 15°(lab) in the focal 
plane of a split-pole spectrometer. Numbers on the top 
of the peaks correspond to 5 1Cr levels, reported in 
table 8. Peaks identified with levels from other chro­
mium isotopes are labelled explicitely. The large peaks 
below peaks n°21,44,49 are contaminants. 

Fig.14. Experimental angular distributions and DWBA predictions 
in the S 2Cr(T,o) 5 1Cr reaction. 

Fig. 15. The a-spectrum from the sl,Fe(T,cO 5 3Fe reaction, obser­
ved at 15° (lab) in the focal plane of a split-pole 
spectrometer. Numbers on the top of the peaks corres­
pond to 5 3Fe levels, reported in table 9. 

Fig.16. Experimental angular distributions and DWBA predictions 
in the 5<*Fe(T ,a) 5 3Fe reaction. 

Fig.17. Experimental distribution of the f7/2 strength.Csntroid 
energies of T t states are indicated with arrows. 

Fig.18. Experimental distribution of the 2s1/2 strength. 

Fig.19. Experimental distribution of the 1d3/2 and 1d5/2 
strengths. 



Fig.20. Energies of the levels proposed as members of the 
[2*Hf7/2 _ I] configuration in the N=27 nuclei, compared 
to the energy of the corresponding 2 state. The J 
values given within parentheses are only tentative.Spin 
assignments are from the littérature for 3/2",7/2" and 
11/2" levels, and from the present work for 5/2" and 
9/2" levels. 



Table I. Characteristics of the targets. 

Target * 8 C a a ) •>8 T i_50ji b ) 5 2 C r c ) 5<« F e

b > 

Isotopic 
enrichment (Z) 

97.2* 30.7Z-57.8Z 83.82 96.8% 

Thickness ^g / cm z ) 0.35 0.25 0.10 0.10 

obtained by evaporation onto a 10 Mg/cra2 carbon foil. 

c) 
'self-supporting metal foil, 
natural chroaium, evaporated onto a thin formvar backing. 



Table 2. Optical model parameters used in the distorted wave calculations. 

Particle V0(MeV) r 0(fm) ao(fm) W(MeV) ^(fm) a i(fm) vl(MeV) r c(fm) 

n Vo I.2S 0.65 - - - 0. or 90. -

3He b> VBG 1.20 0.72 WBG 1.40 0.88 - 1.3 

/ set o. c ' 206.3 1.37 0.56 25 .1 1.37 0.56 - 1.4 

o 5 set o_ d ' 
1 

198.6 1.458 0.502 19.9 1.458 0.502 - 1.3 

f * <o 
1 set a . 

211.0 1.14 0.79 28.8 1.14 0.75 - 1.3 

The potentials for 3He and a were of the form : 

V(r) - V c -V Q f ( r , r o A
U 3 , a o ) - iWf (r .r j A * , » ^ 

where f (r , r A U 3 , a ) - l/[l+exp{(r-r ( )A
,' 3)/a } ] , and V c i s the Coulomb 

potential. The form factors arc computed with a binding potential : 

0(r) - - U o [ f ( r , r o A « 3 , a o ) -J^f ± ± « * . * 0

A 1 * ' * O > ] + W » ^ 

where the isospin dependent potential i s of the form 

° l - - v i a o Z r " £ ( r « r o A l ' 3 ' a o ) a n d v l ' -90MeV , X - 2 5 . 

W . 15) ; the depths are V f i G- 151.9-0.17 E+50Ç ; W« 41.7-0.33 E+44Ç where 

E is the incident energy in MeV and Ç is equal to (N-Z)/A. 

Ref.16). 

Kef. 18). 



Table 3. Mean values of the ratio of theoretical (T,a) cross sections calculated 
with two different spin-orbit radii : r - 1.12 fm and r - 1.25 fm. r so so 

I 

o ( r g £ ) - l . l 2 ) / o ( r s o - 1 . 2 5 ) 

I 

* - * *** 

2 

3 

1.07 

1.11 

1.16 

0.97 

0.94 

0.89 

^ 



Table 4. Excited states of target nuclei involved in the CRC analysis of the 
two-step (T,O) reaction. 

1 Target 
Nucleus J* Ex(MeV) e 

" 8 C , 2 + 

3" 

4 + 

3.83 

4.50 

4.61 

0.16 *> 

0.18 a ) 

0.05 a ) 

s 0 T i 2* 1.55 0 . 1 8 b > 

5 2 C r 2 + 1.43 0.19 C ) 

5H F e 2 + 1.41 0 . . 7 d > 

•) Ref.28). M Réf.29). c) Réf.30). d) Réf. 31). 

^ 



Table 5 : Results of the CRC analysis. 

final Ex j*») Assumed ,b) Previous results 
nucleus (MeV) configuration E X J* 

"Ca 3.57 9/2" 2* ft f7/2"1 0.6 (2.6) 3.57 C ) 

3.84 7/2 + 3" ft f7/2"1 0.3 (2.0) 
3.88 5/2~ 2* ft f7/2 - 1 0.07(0.4) 3.88 c ) 

4.00 (13/2") 
(13/2*) 

4* ft f7/2 _ 1 

3" ft f7/2 - 1 

7 (34) 
0.7 (3.8) 

4.39 7/2 + 3" ft f7/2 _ 1 0.2 (1.6) 
4.53 3/2* 3" ft f7/2"1 0.08(0.2) 
4.58 5/2 + 3" ft f7/2 - 1 0.06(0.3) 
4.61 5/2 + 3 - ft f7/2"1 0.2 (1.0) 
4.71 9/2" 2* ft f 7/2"1 0.1 (0.06) 
4.88 13/2" 4 + ft f7/2"1 3 (12) 
4.92 9/2" 2* ft f7/2 - 1 0.05(0.3) 
5.05 7/2* 3" ft f7/2"1 0.06(0.5) 

»»Ti 1.6! 9/2" 2* ft f7/2~l 0.4 (2.3) 1.62 (5/2- 9/2)" d ) 

1.76 5/2" 2* • f7/2"1 0.6 (2.6) 1.76 S/2" d ) 

"Cr ' 1.15 9/2" 2* ft f7/2"1 0.4 (2.2) 1.16 9/2" e> 
2.00 5/2" 2 + ft 17/2"1 0.6 (3.0) 2.00 (5/2)' e ) 

"F. 1.33 9/2" 2 + ft f7/2"» 1.1 (5.7) 1.33 9/2" £ ) 

2.34 (11/2") 2 + ft f7/2 - 1 0.2 (0.9) 2.34 11/2" f ) 

2.40 5/2" 2 + ft f 7/2"! 0.4 (1.3) J 
a) Proposed based on the CRC analysis 
b) Ratio of experimental to theoretical cross sections. The numbers 

vhithin parentheses are calculated assuming that only the (T, T',ce) 
reaction path occurs 

c) ref 3 2> d) ref 3 3> e) ref 3 4> f) ref35> 



Table 6 : Results of the l,*Ca(T,oO',7Ca reaction. 

This work 
e) Previous results 

»•"> X 

(MeV) 

I 
IT C) C2S 

(SE) (IDP; (MeV) < ± k e V > 

i. 
(P.d) 

C2S 
(d,t ) (T.CO 

1 0.0 3 7/2" 5.42 6.94 0.0 3 6.7 6.22 7.76 

2 2.014 (0 3/2" 0.03 9.04 2.014 (2) 1 (0.02) 0.10 0.09 

3 2.569 2 3/2* 1.74 2.23 2.578 (4) 2 3.6 1.18 3.4 

4 2.591 0 l / 2 + 1.08 1.38 2.599 (4) 0 1.8 1.28 1.77 

5 2.846 n.p.t 2.849 (5) 1 

6 3.267 (3) 7/2") 0.01 0.02 

7 3.296 (3) 7/2") 0.03 0.04 3.315 (15) 3 0.03 

8 3.423 (3) 7/2") 0.10 0.13 3.425 (5) 3 0.07 0.21 0.11 

9 3.566 n.p-u CRC : 9/2" 3.575 (15) 

10 3.844 n-p.u 'OiC:7/2+. 
É>r,H/2-^ 

11 3.877 n.p.u ŒC: 5/2" 3.872 (15) 

12* 3.933 (3) (7/2") 0.06 0.08 3.944 (15) 3 0.08 

13 3.997 n.p.u 010:03/2* 4.019 (5) 1 0.02 

14 4.050 (0 (1/2") 0.01 0.01 4.058 (3) 1 

15 4.102 (2) (3 /2 + ) 0.03 0.05 4.103 (5) (2) 0.08 

16 4.205 4 (9/2)* 0.01 0.01 4.202 (15) 3 0.02 

«7* 4.386 n.p.u OtC:7/2+ 

"I. 4.412 n.p.u 4.402 (5) 1 0.04 

18 4.455 n.p.u 

19 4.531 n,p.u CRC : 3/2* 

20 4.584 n-p.u <RC : 5 / 2 + 

21 4.611 n.p.u CRC : 5/2* 4.600 (20) 

22 4.714 n.p.u CRC : 9/2" 

23 4.785 (3) (5/2") 0.01 0.01 4.785 (5) 3 0.05 

24 4.810 n.p.u 4.809 (3) 1 
25 4.880 n.p.u ŒC:13/2~ 

26 4.918 tLp.U QIC : 9/2" 

27 4.960 2 ( 5 / 2 ) + 0.02 0.03 

28 4.980 2 ( 5 / 2 ) + 0.14 0.20 4.989 (15) 2 0.22 0.16 

29 5.053 n.pu CRC : | * 

30* 5.189 n.p.u 5.289 (5) 1 

31 5.245 2 ( 5 / 2 ) + 0.01 0.01 5.254 (5) 

32 5.293 2 (5/2)* 0.08 0.12 5.305 (5) 2 0.17 6.08 
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Table 6 (continued) 

This work e) 
Previous results 

n . a ) 
X 

(MeV) 
* J* c> 

(SE) (IDP) 
Ex 

(MeV) (± keV) 
I 

(p.d) 
C2S 

(d , t ) (T.ct) 

67 7.842 n.p.u 
68 7.893 0 

+ 
2 

l / 2 + 0.03 0.04 0 
+ 
2 (5/2)* 0.01 0.02 

69 7.954 2 (5/2)* 0.03 0.04 
70 7.995 rup.u 
71 8.021 0 1/2* 0.02 0.03 
72 8.121 0 1/2* 0.02 0.03 
73 8.264 (3) 
74 8.301 2 (5/2)* 0.03 0.04 
75 8.352 2 (5/2)* 0.02 0.04 
76 8.380 0 1/2* 0.04 0.05 
77 8.447 
78* 8.595 0 

+ 
2 

1/2* 0.01 0.01 0 
+ 
2 (5/2)* 0.01 0.02 

79* 8.669 0 
+ 
2 

1/2* 0.01 0.01 0 
+ 
2 (5/2)* 0.03 0.04 

80* 8.748 0 
+ 
2 

1/2* 

(5/2)* 

0.01 0.01 

0.02 0.03 

81 8.902 
82 8.995 
83 9.124 0 1/2* 0.02 0.03 
84 9.230 2 ( 5 / 2 ) + 0.03 0.04 
85 9.271 (3) (7/2)" 0.02 0.03 
86 9.341 0 1/2* 0.02 0.02 
87 9.451 0 1/2* 0.02 0.03 
88 9.545 2 (5/2)* 0.05 0.07 
89 9.612 
90 9.678 2 (5/2)* 0.04 0.05 
91 9.720 0 

+ 
2 

1/2* 0.01 0.01 0 
+ 
2 (5/2)* 0.01 0.01 

92* 9.776 0 
+ 
2 

1/2* 0.01 0.01 0 
+ 
2 (5/2)* 0.01 0.02 



Table 6 (continued) 

This work Previous results 
,'a> I » 

X 
[MeV) 

I jirc) C 2S 
(SE) (IDP) 

Ex 
(MeV) (± keV) 

I 
<P.d) 

c*s 
(d,t) (T.ct) 

93 9.830 
94 9.924 
95 9.978 2 (5/2)* 0.06 0.08 
96 10.056 2 (5/2)* 0.04 0.06 
97 10.182 2 (5/2)* 0.06 0.08 
98 10.238 
99 10.302 2 (5/2)* 0.09 0.13 
100 10.358 2 (5/2)* 0.09 0.12 
101 10.431 2 (5/2)* 0.08 0.11 
102 10.485 2 (5/2)* 0.07 0.11 
103 10.5811 2 (5/2)* 0.07 0.11 
104 10.640 2 (5/2)* 0.06 0.09 
105 10.680 2 (5/2)* 0.06 0.09 
106* 10.765 0 1/2* 0.07 0.10 
107 11.003 2 (5/2)* 0.11 0.16 
108 11.187 
109 11.580 
110 11.826 
111 12.745 0 1/2*1-9/2 0.26 0.18 12.737 (5) 0 0.10 
112 13.103 2 3/2*T-9/2 0.74 0.46 13.084 (5) 2 0.18 

a) Peaks labelled with an asterix are doublets. 
b) Estimated uncertainties are. about 8keV for levels below 6 MeV excitation energy 

and 10-15 keV for higher lying levels. 
c> Value of J assumed in the DWBA calculation. Spin values determined with the CRC 

analysis (see table 5) are also reported. 
d) c f . discussion in section 4. 
e) réf. ° . 



Table 7 : RESULTS OP TI1K 5 ,Ti(T,à)"Ti REACTIOX 

This work 

n* E a > x t J * < 0 C S •°THx , a ) " T i c ) ' 'T iCp .d)" T i d > 

(MeV) (SE) (IDP) Ex 
CMeV) 

1 C S S Ex 
(MeV) 

i. C*S 

1 0 . 0 3 7/2 5 .06 6.07 0 . 0 3 6 .04 0 . 0 3 3 . 6 0 
2 1.383 (1) 3 / 2 " 0 .13 0 .14 1 .37 1 0 .15 1.38 1 0 . 1 9 
3 . 1.587 (0) on*) 0 . 1 ] 0 .13 1 .57 (1 ) 0.41 1.58 (1) 0 .07 

4 1.610 n .p .u CRC:9/2" 

5 1.756 n . p . u CRC:5/2" 1 .75 1 0.C9 1.77 (3 ) 0 .05 

6 2 .260 3 ( 7 / 2 ) " 0.61 0 .73 2 .26 3 0.57 2.27 3 0 . 5 8 

7 2 .469 3 ( 7 / 2 ) " 0 .32 0 .38 2.47 3 0 .42 

8 2 .500 0 1/2* 1.01 1.23 2 . 5 0 

2 .52 

0 

3 

0 .85 

0 . 1 8 

2 . 5 0 0 ( 1 . 5 0 ) 

9 2 .659 2 3/2+ I .S2 1.96 2 .66 2 2 .31 2 .66 2 2 . 4 0 

10 3 .170 3 .17 3 .17 1 0 . 0 8 

11 3 .429 1 ( 3 / 2 ) - 0 .04 0 .06 3 .42 (1 ) 0 .14 3 .42 1 0 . 0 4 

12 3.607 2 ( 3 / 2 ) + 0 .10 0 .13 3 .51 (2) 0 .25 

13 3.697 

14 3.744 3 ( 7 / 2 ) " 0 .03 0 .04 

IS 3.781 3 ( 7 / 2 ) " 0 .04 0 .05 3 . 7 6 (3 ) 0 .14 3 .84 (3 ) 0 . 1 0 

16 4 .082 3 ( 7 / 2 ) " 0 .13 0 . 1 6 4 .08 ( 1 , 3 ) 

17 4 .196 3 ( 7 / 2 ) " 0 .04 0 .05 

18 4 .243 3 ( 7 / 2 ) " 0 . 2 9 0 .35 4 . 2 4 (2 ) 

19 4.331 3 ( 7 / 2 ) - 0 .03 0 .03 

20 4 .455 0 1/2* 0 . 0 6 0 .07 

21 4.561 0 1/2+ 0.11 0 .13 

22 4 .770 2 3 / 2 * 0 .13 0 .17 

23 4.906 

24 6.012 2 3/2+ 0 . 2 8 0 . 3 6 

25 7.329 2 3 / 2 * 0 .18 0 .23 

26 7.626 2 3 / 2 * 0 .15 • 0 .19 

27 8 .733 3 7 / 2 - . T - 7 / 2 0 .63 0.52 8 .74 3 0 .68 8 .75 

8 . 8 9 

3 
2 

0 . 2 3 

0 . 4 8 

28 10.972 (0 ) l / 2 + , T - 7 / 2 ) ( 0 . 3 2 ) (0 .29) 10.97 0 0 . 4 0 10.9 0 ( 0 . 7 7 ) 

29 11.110 (2) 3 /2+ .T-7 /2 ) (1 -02) (O.67J 11.10 2 1.06 11.10 2 1.7 

1 11.70 (1 ) 1.0 

a) Estisated uncertainties are about 10 keV for levels below 6 HeV excitation energy, 
and 15 keV for higher-lying levels. 

b) Value of J assumed in the DWBA calculation. Spin values determined 
in the CRC analysis for levels excited through double- step processes arc 
also indicated (see table 5). 

c) Kef.36> 
d) Ref.37> 



Table 8 ! RESULTS OF THE S 2Cr(T,a) s lCr REACTION 

Th 

E / > 

Ls wor 

I C2S 

O Previous r e s u l t s 

«• « 

Th 

E / > 

Ls wor 

I C2S ! 5 2 C r ( p , d ) 5 1 C r d ) 5 2 C r ( T , a ) 5 1 C r e > 

(MeV) (SE) (IDP) Ex I C 2S 
CMeV) 

Ex S, C 2S 
(McV) 

1 0 . 0 3 7 /2" 5 .15 5 .88 0 .0 3 4 . 7 0 .0 3 5 .6 

2+3 0.731 1 3 / 2 " 0.07 0.08 H 0.76 (1) <0.07 

4 1.165 n .p .u CRC.-9/2" | 1.173 

5 1.347 3 ( 5 / 2 ) " 0.08 0 .10 1 1.364 3 1.35 (3) 0 .05 

6 1.546 3 7 /2" 0 .03 0 .03 1.566 3 

7 1.896 n . p . u 1.907 (1) «0 .18 1.91 1 0 .2 

8 2 .000 n . p . u CRC: 5 /2" 

9 2.311 3 ( 7 / 2 ) " 1.46 1.69 2 .319 3 2 .0 2 .32 3 1.6 

. 0 * 2.391 

11 2 .699 3 ( 7 / 2 ) " 0 .03 0 .03 

12 2 .769 0 1/2* 1.24 1.43 2 .789 0 1.3 2.77 0 1.6 

13 2.826 1 ( 3 / 2 ) " 0 .02 0.02 

14 2.914 3 ( 5 / 2 ) " 0.05 0.07 

15 2.955 3 ( 5 / 2 ) " 0 .10 0.12 

16 3.012 2 ( 3 / 2 ) * 1.64 1.98 3.034 2 1.5 3.02 2 1.8 

17 3 .116 1 ( 3 / 2 ) " 0.01 0.02 

18 3.349 3 ( 5 / 2 ) " 0.07 0 .09 

19 3.759 1 ( 3 / 2 ) " 0 .02 0 .03 

20 3.990 * ( 3 / 2 ) * 0 .10 0.12 

21 4 .079 2 (3 /2 )+ 0 .23 0 .28 

22 4 .198 2 ( 3 / 2 ) * 0 .10 0.12 

23 4.258 2 ( 3 / 2 ) * 0 .03 0.04 

24 4.359 2 ( 3 / 2 ) * 0.07 0 .09 

25 4 .569 (2) ( 3 / 2 ) * 0 .10 0.12 

26 4 .583 3 ( 7 / 2 ) " 0 .06 0.07 

27 4 .668 • 3 ( 7 / 2 ) " 0 .12 0.14 

28 4 .793 (1) (3 /2") 0 .13 0.15 

29 4 .978 (2) (3 /2* ) 0.08 0 .10 

30 5 .030 (2) (3 /2* ) 0 .03 0 .03 

or(3) or (7 /2") 0 .02 0.02 

31 5.121 3 ( 5 / 2 ) " 0.28 0 .33 

32 5.222 1 ( 3 / 2 ) " 0.04 0.05 

33 5.265 2 ( 3 / 2 ) * 0.17 0 . 2 ! 

34 5 .306 <3) (7 /2") 0.09 0.11 

or(2) ' or (3 /2* ) 0 .13 0 .16 



Tabic 8 : RESULTS OF THE "Cr(f,a) "ce REACTION 

This work 

n* * °x b ) * jit 0 C2S "Cr(p,d) s l Ct <» ! I Cr(T,a) 5 l Cr e) 

(MeV) (SE) (IDP) Ex 1 C*S 
IHCV) 

Ex I 
(HcV) 

c*s 

35 5.346 (2) (3/2*) 0.01 0.01 
>r(3) or(7/2") 0.05 0.06 

36 5.409 2 (3/2)* 0.04 0.05 
37* 5.455 3 (7/2)" 0.40 0.47 
38 5.537 2 (3/2)* 0.10 0.12 
39 5.761 2 (3/2)* 0.15 0.19 
40 5.832 3 ( 7 / 2 ) - 0.14 0.17 
41 5.943 TO 

or(l) 
(1/2*) 

or(3/2") 
0.09 0.11 
0.03 0.03 

42 6.378 2 (3/2)* 0.09 0.11 
43 6.63 3 7/2-.T-5/2 1.11 1.01 6.63 3 1.8 
44 7.31 0 1/2* 0.04 COS 
45 7.68 0 1/2* 0.05 0.06 
46 7.78 2 (3/2)* 0.14 0.18 
47 8.42 (0) (1/2*) 0.03 0.03 
48 8.48 0 1/2* 0.04 0.05 
49 9.22 0 l/2*,T-5/2 0.48 0.30 9.19 
50 9.33 2 3/2*,T-5/2 1.17 0.77 

a) Peaks labelled with on asterix are doublets 
T>) Uncertainty in excitation energies is about 10 keV for Ex < 6.5 MeV and 20 keV above. 

c) Total angular momentum assumed in the DUBA calculation. Spin values determined in the 
CRC analysis for levels excited through double-step processes are also indicated 
(see table 5). 

d) R e f / 0 ) 



Table 9 : Results of the s*Fe(T,a) 5 3Fe reaction. 

n " 
X 

(MeV) 

I 

This work Previous results 

n " 
X 

(MeV) 

I jTTc) 

(SE) (1UP) (MeV) (± keV) 
i. 

(P .d ) 
S 

( T , « ) 

0 9.0 3 7 /2" 3 .58 3.71 0 .0 3 4 . 6 4 . 6 8 

1 0.740 (1) 3 / 2 " 0 .08 0 .08 0.741 (1) 1 0 .05 0 . 1 0 

2 1,327. n.p.u CRC:9/2" 1.328 (1) 
3 1.426 (3) 5 / 2 " 0 .06 0 .06 1.423 (2) 3 0 .05 , -
4 2.050 1 (3 /2 )" 0 .05 0 .05 2 .043 (1) 1 0 .05 0 .09 

5 2.297 0 l / 2 + 0 .03 0 . 0 3 

6 2.343 n.p.u 1 I / 2 - * 2 .340 (1) 
7 2.398 n.p.u CXC:5/2" 

8 2.680 2 ( 3 / 2 ) * 0 . 0 2 0 .02 

9 2.837 3 ' ( 7 / 2 ) " 0 .36 0 .37 3 .845 (2) 3 0 .47 0 . 4 9 

10* 2.926 

11 2.968 0 l / 2 + 0.85 0 .94 2.967 (2) 0 1.2 1.01 

12 3 .330 3 ( 7 / 2 ) " 0 .64 0 .66 3.321 (15) (3) - 0.71 

13 3.396 2 ( 3 / 2 ) * 1.07 1.23 3 .393 (15) 2 1.8 0.81 

14 3.567 3 ( 7 / 2 ) " 0 .34 0 .35 0 .35 (15) 3 0 . 3 0.41 
15 3 .703 1 ( 3 / 2 ) " 0 .04 0 .05 3 .744 (15) 1 0 . 0 3 

16 3.785 3 ( 7 / 2 ) " 0 .04 0 .04 

17 3 .813 1 ( 3 / 2 ) " 0 .02 0 .03 3 .833 (15) 1 0 . 0 3 

18 3 .854 . 1 ( 3 / 2 ) " 0 .02 0 .03 

19 3 .897 a-p.u 

20* 4 .170 2 ( 3 / 2 ) + 0 . 0 3 0 .03 

21 

22 

4 .264 

4 .575 

3 

2 

7 /2" , 
T-3/2 
( 3 / 2 ) + 

2 .38 

0 .03 

2 /22 

0 . 0 3 

4 .256 (15) 1.6 2 . 6 9 

23 4.637 (3) (7 /2") 0 .03 0 .03 ' 
24 4.698 n.p.u 

25 4.839 (3) (7 /2") 0 .03 0 .03 

26 4.901 n.p.u 

27 5.200 2 ( 3 / 2 ) + 0.07 0 .08 

28 5.438 2 ( 3 / 2 ) + 0 .19 0 .22 5 .473 (40) 2 0 . 2 

29 

30 

5.536 

5.577 

(0 
2 

( 3 / 2 " ) , 
r -3 /2 
C3/2)* 

3.04 

0.05 

0 . 0 3 

0 .06 

5 .559 (40) (3+1) OJfO.06 

31 5.672 i.p.u 

32* 5.002 (2) ( 3 / 2 + ) D.02 0 .02 

33* ( j .110 (2) C3/2*) 3.06 0 .05 
34* [6.294 

1 



Table 9 continued 

n'a> E b > 
X 

(MeV) 

S, 

This work 
al 

Previous results ' 

n'a> E b > 
X 

(MeV) 

S, 

(SE) (IDP) 

Ex 

(MeV) 
(± keV) 

a C 2 

(P.d) 
S 

(T,a) 

35 6.418 * 

36 6.449 2 (3/2)* 0.07 0.08 i 

37 6.528 3 7/2" 0.04 0.05 

38 

39 

6.583 

6.696 

1 

2 

(3/2"), 
ï-3/2 

(3/2)* 

0.08 

0.04 

0.06 

0.05 

6.583 (30) (D 0.07 ! 

1 

40 6.820 

41 6.845 

42 6.958 0 1/2*. 
T-3/2 

0.11 0.07 

43 7.042 0 . 1/2*. 
T-3/2 

0.62 0.41 7.037 (20) 0 1.0 1 0.47 

44 7.135 

45 7.213 2 (3/2)*, 
T-3/2 0.13 0.09 

46 7.273 2 (3/2)*, 
T-3/2 

0.86 0.57 7.267 (20) 2 1.3 0.71 

47 7.307 2 (3/2)*, 
T-3/2 

0.18 0.12 

•18 7.372 2 (3/2)*, 
T-3/2 

0.13 0.09 

1 

t 

a) Peaks labelled with an asterix are doublets. 

b) Uncertainty in excitation energies i s about 12 keV for E £4.5 MeV, 15 keV for 

4.5 MeV f E { 6 . 5 MeV and 20 keV above. 

c) Total angular momentum assumed in the DKBA calculation. Spin values determined 

in the CRC analysis for levels excited through double-step processes are also 

indicated (see table 5 ) . 

d) See text. 

e) R e f . 3 ) . 



Table 10 : Results..o£ the (T,o) reaction on *°Ca, ''"Ti and '"."."cr target nuclei. 

This work Previous results c 

Final o 
nucleus 

• E a ) 

X 
(MeV) 

a j * >>) 0 2 S 

(SE) (IDP) 

(T,a) 

t C 2S 1. 

Cp.d) 

C 2S 

"Ca 0 . 0 2 3 /2* 4 .96 4 .96 2 3 .4 2 4 .2 

2.47 0 l / 2 + 1.74 1.74 0 1.2 0 1.9 

2 .78 [3) 7 /2" 0 .20 0 .20 3 1.0 (3) 0.21 

5 .13 2 ( 5 / 2 ) + 1.52 1.52 2 1.3 2 1.0 

5 .49 2 ( 5 / 2 ) + 0 .67 0 .67 (2) 2 0 . 4 5 

6.15 2 ( 5 / 2 ) * 2 .10 2 .10 (2) 1.5 2 1.1 

" T i 1 0 .0 3 5 /2" 9 .19 0 .22 3 0 .12 

2 0.I5S 3 7 /2" 3 .22 3 .73 3 3 .18 3 3 . 6 

3 1.566 (1) 3 / 2 " 0 .33 0 .37 1 0.26 1 0 .15 

4 1.813 

5 2.157 

2 3 / 2 * 

( 3 / 2 ) " 

1.51 1.83 

0 .06 0 .07 

2 1.20 2 

1 

1.9 

0 .03 

6 2.358 0 1/2* 0 .78 0 .90 0 1.01 0 0 .59 

7 2.616 3 ( 7 / 2 ) " 0 .12 0 .14 3 0 .17 3 0 .29 

8 2.813 3 ( 5 / 2 ) " 0 . 5 0 0 .58 3 0 .25 3 0 .25 

9 3.220 3 ( 7 / 2 ) " 0 .48 0 .55 3 0 .54 3 0 .46 

1 0 7.34 3 7 /2" 
T-5/2 

0.55 0 .48 3 0 .76 3 0 .46 

1 1 8.14 3 / 2 + , 
T«5/2 

I . Î 3 0 .79 2 1.19 2 1.4 

2 8 .78 1/2*. 
T-5/2 

0 .36 0.25 0 0 .57 0 0 .80 

"Cr 0 .0 3 5 /2" 0 .12 0 .13 (3) 0 .19 

0.268 3 7 /2" 3 .60 3 .93 3 3 . 8 3 3 .4 

2.593 0 l / 2 + 1.17 1.29 0 1.3 

3.506 3 7 / 2 * 0.77 0 .86 3 0.57 

4 .76 3 7 /2" . 
T-3/2 

1.53 1.38 3 1.7 

, 2 C r 

5 .58 

3.418 

2 

3 

3 / 2 * . 1.44 0.95 

1.39 1.62 

2 

3 

2.1 

• 1 . 3 1* 2 .3 
3.474 3 1.08 1.26 3 0 .96 1 3.774 3 i* 0.31 0 . 3 6 3 0 .26 3 0 .36 
4 .01; 

4.605 

5 .62 

3 

3 

(0 

1.03 1.21 

0 .19 0 .22 

0 . 4 9 0 .56 

3 

1. 

1.0 

0 .25 

3 1.14 

5.71 3 0 .70 0 .83 3 0 .72 
6 .18 3 0 . 4 8 0 .57 ( 3 , 1 ) ( 0 . 2 5 , 

0 .22) 
13.55 0 (374") , 0.57 0.37 

r-3 J 
0 0 . 3 9 



Table 10 continued 

1 This woïk Previous results 

Final n° 
a) 

E I 
yd b) 

C 2 S (T.ot) (P.d) 
nucleus 

(McV) (SE) ( I D D I C 2S % C 2 S 

5 3 C r 1.025 3 ( 7 / 2 ) " 0 .90 1.08 3 0 .49 3 0.51 

1.298 3 ( 7 / 2 ) " 0 .46 0 .58 3 0 .45 3 0 .70 

1.540 3 ( 7 / 2 ) " 3 .36 4 .04 3 3 . 0 3 3 . 2 

3 .342 3 ( 7 / 2 ) " 1.15 1.40 3 0 .93 3 1.2 

3 .440 3 ( 7 / 2 ) " 0 .35 0 .43 3 0 .37 3 0 .30 

. 
4 . 2 3 0 2 ( 3 / 2 ) + 0 .56 0 .74 2 0 .22 

a) Uncertainty on excitation energy is about 20 keV. 

b) Spin and parity assignements in S 2Cr are from ref. . For other nuclei, 
3 correspond to the total angular momentum assumed in the DWBA calculation. 

c) previous data given in the tables are from ref^ ' ( 3 ,Ca), 
ref.23) (*'Ti), ref.32)(*9Cr), ref.26)(52Cr) and ref.31(

s 5cr). 

d) The Jl-value is from previous work; the C 2S values are deduced from the cross 
section at 5* (lab). 



Table 11. Coulomb displacement energies AE for the IAS studied in the present work 

ntj Isobar 
pair 

T EX(IAS) 
(keV) 

Emparent) 
(keV) 

AE„ (keV) ntj Isobar 
pair 

T EX(IAS) 
(keV) 

Emparent) 
(keV) this work calc. 

If 7/2 « T i - ^ S c 
4 7 T i _ H7Sc 

51cr- 5 1 V 
i i 9 C r _ < t 9 v 

5 3 F e - 53M,, 

7/2 
5/2 
5/2 
3/2 
3/2 

8733± 15 
7340 ± 20 
6630 ±20 
4760 ±20 
4262± 15 

0.0 
0.0 
0.0 
0.0 
0.0 

75I0± 17 
7523121 
8164+21 
8111123 
8791± 23 

7402 
7524 
8090 
8190 
8706 

ld3/2 "ca-"K 
4 9 T i _ 4 9 S c 

" T i - " 7 S c 

5 1 C r _ 5 1 v 

4 9 C r _ < i 9 v 

5 3 F e - 53^! 

9/2 
7/2 
5/2 
5/2 
3/2 
3/2 

13103± 15 
11110+15 
8140 ±20 
9330 ± 20 
5580 4 20 
7284 ± 2 0 c ) 

359±6 
2372.3±0.7 
767.1±0.4 
2675±8 

748.I±0.5 
300815 

68881 19 
75151 17 
7556121 
8189121 
8183123 
8803123 

6730 
7402 
7524 
8090 
8190 
8706 

2 i l / 2 " C . - ^ K 
H9 T i _<»9 S c 

s l C r - 5 l V 
S3p e _ 53^, 

9/2 
7/2 
5/2 
5/2 
3/2 

12745 4 15 
10972± 15 
8780 ±20 
9220 ± 20 
7029 ± 2 0 c ' 

0.0 
2229.0+0.7 

139215 
2545±8 
2707±4 

68891 19 
75201 17 
7571121 
8206+21 
8849 ± 23 

6730 
7402 
7524 
8090 
8706 

Calculated using the binding energies of ref.6). 

Estimated with the semi-empirical formula given in the text. 

Centroid energy. 



Table 12. Comparison of spectroscopic factors of IAS with those measured for the 
parent states in proton pick-up experiments. 

Isobar 

pair 
nij Ex(MeV) 

IAS 
V * o C ) 

(KeV) 

Emparent) 
(MeV) 

(2 V I ) c 2 s n

 b ) c*s p

 c> c*s p

 d> Isobar 

pair 
nij Ex(MeV) 

IAS 
V * o C ) 

(KeV) 

Emparent) 
(MeV) (SE) (IDP) 

c*s p

 c> c*s p

 d> 

4 7 C a - * 7 K 2s 1/2 12.74 0.0 0.0 2.34 1.62 1.39 2 

!d3/2 13.10 0.36 0.37 6.66 4.14 2.95 4 

« T i - ^ S c If 7/2 8.73 0.0 0.0 4.41 3.64 1.92 2 

2s 1/2 10.97 2.24 2.23 (2.24) (1.54) 2.14 2 

ld3/2 11.11 2.38 2.37 (7.14) (4.69) 3.39 4 

5 1 C r _ S l v If 7/2 6.63 0.0 0.0 5.55 5.05 3.70 4 
2s 1/2 9.22 2.59 2.54 2.40 1.50 1.85 2 

ld3/2 9.33 2.70 2.68 5.85 3.85 3.46 4 

5 3 F e - S 3 t e l If 7/2 4.26 0.0 0.0 7.14 6.66 5.93 6 
(2p3/2) 5.54 1.27 1.29 0.12 0.09 0.10 0 
(2p3/2) 6.58 2.32 2.39 0.24 0.18 0.16 0 
2 f l /2 7 . 0 5 e ) 2.76 2.70 2.19 1.44 1.97 2 
ld3/2 7 . 2 8 c ) 3.02 3.01 3.90 2.61 3.49 4 

« T i - " S c If 7/2 7.34 0.0 0.0 2.75 2.40 1.93 2 

ld3/2 8.14 0.80 0.80 (5.65) (3.95) 3.63 4 

2sl/2 8.78 1.44 1.40 (1.80) (1.25) 2.12 V 
t 9 C r _ i , 9 v If 7/2 4.76 0.0 0.0 4.59 4.14 2.96 4 

ld3/2 5.58 0.82 0.75 4.32 2.85 0.21 2 

E 0 is the energy of the ground state analog 

Spectroscopic factors for the neutron-hole analog states computed using the separa­
tion energy (SE) method or the coupled-channel procedure, resulting from the use of 
an Isospin-dependent potential (IDP) in the calculation of form factors. T 0 is the 
isospin of the target nucleus. 

Spectroscopic factors for the proton-hole states measured in the (d,i) reaction ' 
for 47K, " ' " S e , 5 1 V and S 3Mn, and in the (T,O) reaction*6^ for **9V. 

'shell model predictions. 
e) 
Centroid energies. The spectroscopic factors for the IAS are taken equal to the sum 
of C 2S values for individual components. 



Table 13. Comparison of summed experimental strengths EC2Sjfor the T< levels^with 
the shell nodel (SM) sum rule. 

\ single " 7Ca "«Ti SlCr 53 F e 

particle 
orbital exp. SM exp. SM exp. SM exp. SM 

If5/2 a ) 0.01 0 0 0.7 0 0.06 0 

2p3/2 0.04 0 0.2 0 0.2 0 0.2 0 

If 7/2 7.4 8 7.7 7.7 8.5 7.2 5.2 6 

2s 1/2 1.8 1.8 1.4 1.7 1.6 1.6 1.0 1.3 
ld3/2 

ld5/2 
J , 3.5 

5.3 

) 3.4 
\ 3.0 
) 5-' ! -

3.2 

4.8 
| , 

2.7 

4 

Only previously known I£5/2 states have been considered. For all the other 
A»3 transition, a If7/2 transfer has been assumed. 

J 



Table I4. Experimental centroid energies (in MeV) of T < levels. 

ntj "ca U9 T i 51 C r 53 F e 

If 7/2 0.2 0.7 1.01 0.90 
2sl/2 3.9 2.7 3.4 2.9 
ld3/2 a ) 3.3 3.9 3.6 4.1 

a'ln **9Ti and S 3 F e , centroid energy of all the observed t-2 levels. In l f 7Ca and s l C r 
the ld3/2 T,. sum rule is exhausted at 6.5 MeV and 5.4 MeV respectively and only the 
levels below these energies have been considered in the estimation of the centroid 
energy. 
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