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Abstract 

Spectroscopy of neutron rich isotopes of a TW», 6 8 N Ï and s2Fe is 

studied using the quasi-elastic transfer reactions ( M C , l s O ) and ( 1 4 C , 
1 7 0 ) on mass separated targets of laZn and of 6*Ni. The structure of 

these new nuclei is investigated through the Hartree-Fock-Bogoliubov 

(HFB) calculations, using the D1SA interaction. Inertial parame

ters are calculated in the cranking approximation. Collective excited 
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states are obtained consistently by solving the Bohr Hamiltonian. 
Based on these results, quantum numbers are tentatively assigned 
to the observed states and angular distributions, measured and cal
culated from the DWBA , are used to check this alignement. The 
spectroscopy of more neutron rich nuclei, yet unknown, is anticipated. 

A sharper test of wave functions is provided by the monopole op
erator of the Oj —> 0* transition in 6 8/Vi, which have been deduced 
from the halfiife measurement performed in delayed coincidence exper
iments. An impressive agreement is obtained between the measured 
halflife and its value calculated using complete HFB wave functions. 
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The nuclear structure calculations reported in this work are based on 

the mean field theory and use a two body effective interaction. They are 

extended here to neutron rich nuclei in the intermediate mass region ; Thus 

the effective interaction, calibrated on bulk properties of stable nuclei can 

be tested relevantly on those nuclei apart from stability. 

The heavy isotopes of Ni have been chosen for this study since they 

have a proton closed shell, and interesting properties are expected at the 

subshell or shell closures N=40 or 50. The neighbouring ezFe nucleus has 

been studied u o . 

The first few states of the new isotopes of 6 7iVt, mNi and 92Fe have 

been measured by using quasi elastic transfer reactions ( 1 4 C, l s O) and 

( 1 4 C, 1 7 0 ) . Even if the mass excesses of " F e and 6 8iVt [1], the spin and 

parity assignement [2] and decay time measurement of the first level in 
esNi [3] have already appeared, these results are recalled here since they 

are completed by other excited states studies in M iVt and in the other 

isotopes. Altogether, this set of datas provides the matter to compare with 

nuclear structure calculations which are developped in the frame of Hartree-

Fock-Bogoliubov for these nuclei. The energy surfaces are calculated as 

functions of the deformations. The inertial parameters are obtained using 

the cranking approximation and the collective excited states are calculated 

via the resolution of the Bohr Hamiltonian. The level schemes are deduced 

for those isotopes and for a few more neutron rich ones, not yet measured. 

Besides their relevancy in nuclear structure understanding, these nuclei are 

important to study since they appear at first in the rapid neutron capture 
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process in astrophysic ; a knowledge of their properties(mass excess and 0 

decay sheme) is necessary to reproduce natural abundances of heavy nuclei. 

In a first part we shall briefly report on properties of 8 7JVt, nNi and 
6 2 F t as measured from quasi elastic transfer reactions. The HFB method is 

presented with some details and the measured excited states are analysed 

at the light of the proposed level schemes. The second part concerns the 

study of the decay of the first 0+ state of 6 8JVj. The monopole strengh 

parameter, as extracted from the experiment, is compared with the value 

resulting from a calculation which makes use of the full HFB wave functions 

of both levels involved. This type of calculation, performed for the first 

time, is accounted in detail. 

1 SPECTROSCOPY OF NEUTRON RICH 

NUCLEI 67Ni, 68Ni and Q2Fe 

1.1 Experiment 

1.1.1 Exper imenta l set-up 

The 72 MeV, 1 4 C beam was delivered by the MP Tandem in Orsay 

with an intensity of «20 to 50 nA/p. Mass separated targets of 70Zn and 
6 4iVi (see Table 1) were prepared on a "C backing by the mass-separator 

"Paris" of the R. Bernas Laboratory. The isotopic purities were better 

than 1 per 1000, but chemical contaminants (mainly oxygen) were still 
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present, although a special attention was paid to extract and carry the 

targets in an air free atmosphere. The analysing system consists of a doubly 

focusing magnetic spectrometer, Bacchus, equiped with a set of two position 

sensitive counters followed by a AEi - AEi - E ionisation chamber. This 

system allows both an accurate momenta and angle ray tracing calculation 

(Ap/p « 1 0 - 3 and AS = 0.2°) and a redundant ion identification .The 

horizontal angular opening is 5° for a solid angle of 3 msr [4{. 

1.1.2 Spectra 

The spectra of the mNi and i7Ni isotopes were simultaneously recorded 

since the l e O and "O from the ( 1 4 C, 1 6 0 ) and ("C, 1 7 0 ) reactions show a 

similar magnetic rigidity (Fig. 1). An overall energy resolution of 100 keV 

is obtained, which comes mostly from target inhomogeneities. Appropriate 

corrections are made, so as to suppress the kinematical Bp dépendance 

upon S for the studied reaction. 

On the spectrum of S7Ni, six levels are seen, four of which had been 

reported previously by Kouzes et ai from the T0Zn (4He,7 Be)67Ni mea

surement [5]. The 67Ni mass excess presently measured is 64.07 ± 0.10 

MeV (Table 2) which disagrees by 0.250 MeV with the value of Kouzes. 

Furthermore the excited states energies found here are different from the 

previous ones. In our case, calibrations in energy are facilited by the large 

energy byte (AE -• 12 MeV) of the spectrometer and the many reactions 

channels on targets contaminants of a well known kinematic. Thus even if 

4 



less accurate, the present results are reliable. 

For **Ni, the mass excess is remeasured to be -63.53±0.03 MeV in 

agreement with the first result obtained with the ( l a O, ! 0iVe) transfer (6| 

- see Table 2 - The accuracy is better than for "Ni because of a larger 

cross-section and better compatibility of our different measurements. The 

first excited level is clearly seen at 1.77 MeV±0.03 MeV excitation energy 

and the other states (Fig. 1) are indeed due to Ni levels since the back-

scattered 1 6 0 line is clearly identified from its difference in kinematical 

factor. In these pick-up reactions, the energy mismatch acts to hinder the 

excited levels when excitation energy increases. 

The 6 9iVt isotope was observed for the first time and its mass excess 

measured from the 70Zn{uC, l s O) 6 9 iVi reaction is -60.46±0.15 MeV [7]. 

Only the mass excess could be measured because the cross-section, already 

low for the ground state ( 3 n b/sr), is even lower for populating excited 

states. 

The 6iFe spectrum exhibits seven new levels (Fig. 2). Since the mass 

separated target of 6 4iVt utilised was rather thick (see Table 1) and inho-

mogenous, thus the energy accuracy is lower. The mass excess obtained 

here, -53.83±0.04 MeV (Table 2), is slightly smaller than both previous 

results [6,8], The first excited state was already reported in ref. [8|. Af

ter that our result was obtained, the e2Mn /3 - 7 decay to elFe has been 

studied at G.S.I. [9j. The slMn isotope was produced by deep inelastic 

transfer from neutron rich projectile of r 6 Ge incident on a heavy target of 

tungsten. After the on-line-mass-separator, the 7 lines of a2Mn /?-decay, 
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were identified by their similar half-life rj/j = 0.88 (lS)s. Complementary 

to ours, this experiment allowed to propose the level scheme of i2Fe in the 

low excitation range (Fig. 2). One of our present purpose is a theoretical 

analysis of the set of results concerning the three isotopes of eTNi, ^Ni 

and 8 , F e gathered above. 

1.1.3 Angular distributions 

Heavy ion transfer reactions have been quite disappointing for spin at

tribution as compared with light ions reactions. An experimental device 

was developped for measuring at very forward angles including 0°. One 

reason for this is that the angular range of observation must be shifted to 

very small angles in the case of heavy ion reaction [10|. A double serieâ 

of beam catchers was set in the vacuum chamber of the spectrometer in 

order to trap the beam and measure its intensity without introducing a 

prohibitive increase of the background level in the image space. A good 

rejection of the primary beam, better than 10 1 3 , is achieved. The appro

priate catcher is selected according to the ratio of the magnetic rigidity of 

the ion of interest, versus the one of incident particles. Measurements were 

performed frotn 0° to 15° with a 0.2° angular accuracy. 

The 0 + —i- 0 + nuclear transitions involving even-even nuclei are expected 

to be characterized by strong forward enhancement. This is indeed veri

fied in the case of ground state (g.s.)-*g.s. transitions. Since a similar 

enhancement (by a factor of 6) was observed in the angular distribution of 
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the first excited state of the 7°Zn(ltC,leO)6*Nï reaction, the spin 0 + could 

be assigned to this level. A DWBA calculation was performed in order to 

compare the shape of the angular distribution for a final spin value 0 + and 

for the more probable case of a 2 + . This calculation assumes a direct, one 

step, transfer of two protons - (sequential transfer would not change the 

shape but the normalization factor) - and optical potentials as given on 

Table 3 [11|. It confirms that indeed the spin 0 + can be attributed to the 

first excited level of esNi (Fig. 8). 

The angular distributions for the other levels of 68JVt were also mea

sured with a lower accuracy because of the smaller values of cross-sections 

and of the increased level of background. The reaction occuring on oxy

gen contaminant prevents measurements in some kinematical region. The 

DWBA analysis was performed for these results, using the same mechanism 

assumptions and the same optical potentials as before. 

This simplified description of the reaction was extended to the three 

nucléon pick-up for the nZn(liC, 1 70) 6 ' jV» reaction. In the case of an odd 

value of A for the final nucleus and of a 5/2" spin ejectile, many values 

of the spin transfer have to be included and the distribution shape is not 

caracteristic of the final spin value. 

The quantum numbers of the final states were tentatively assigned from 

the individual level schemes obtained from the HFB calculations. The 

confrontation of the measured angular distributions with the calculated 

DWBA curves, can be used to test these assumptions. This discussion will 

come later. 



r • 'i 

1.2 THE HFB CALCULATIONS 

1.2.1 General features 

The theoretical description of the nuclear structure has been performed in 

the framework of the Hartree- Fock- Bogoliubov theory (HFB).This method 

permits to describe bulk nuclear properties in the mean field approximation 

starting from a nucléon two-body effective force. The force we use is the 

finite range, density dependent, effective interaction DiSA, derived from 

the Gogny's Dl interaction [12). This Dl force was optimised to describe 

self-consistently the mean field and the pairing field on the same footing. 

Many calculations performed with this force succeed to reproduce a variety 

of nuclear properties. The DISA effective interaction has been adjusted 

starting from the Dl one, in order to improve the surface properties [13]. 

Moreover this new DISA parametrization leads to smaller pairing corre

lations than the Dl force in such a way that the experimental odd-even 

mass differences of the tin isotopes are more accurately reproduced. One 

may consider that the quasi-particle vibration coupling has been taken into 

account in a phenomenological way. Therefore, we expect that this interac

tion would lead to reasonable predictions for exotic nuclei which properties 

have been or will be studied experimentally. The main advantage of micro

scopic methods lies in that the description of nuclear structure properties 

is accomplished whitout any a priori hypotheses or adjustable parameters 

even for the pairing correlations. 
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1.2.2 The collective dynamics 

As a matter of fact, the HFB wave function is a Slater determinant which, 

in general, is not appropriate to describe the ground and excited states of 

a nucleus . For a complete description of the nucleus, we must generate 

a dynamical state ip of the system. In the generator coordinate method, 

this state i/> can be expressed as a superposition of HFB wave functions <t> 

describing the nucleus at different deformations labelled by q: 

where x(l) is a weight function containing the collective dynamics. 

With this definition of i>, the collective wave functions x(<0 determined 

through a variational principle, are governed by the Griffin-Hill- Wheeler 

equations [14] : 

with 

cv 
a n d r f i.i';= <*ii<fv> 

H is an Hamiltonian kernel with potential and kinetic terms in the 

space of the collective variables q, and I is an overlap between HFB wave 

functions. 

Because of their complexity, we have not tried to solve these equations 
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directly. Instead, we have made use of an approximate treatment which 

consists in developping H(q,q') and I(q,q') on the non-locality. This ex

pression ieads to an equation of Bohr type: 

[-?% Zr, *vf , ) -£j ?(,)- W 

Here, x(q) is a collective wave function from which the weight function 

x(q) can be derived (see Appendix). M is the collective mass and V(q) is 

the collective potential which is expressed as: 

Yd) «<:$, IH l* i> - û£Ci) 

The first term in Eq.(5) is the HFB energy E(q), while the second one 

represents the zero-point-energy correction coming from the fluctuation of 

the collective variables in the HFB states [15). This term and the collective 

masses are derived in the framework of the cranking model [16]. 

The adiabatic approximation is involved in the following assumption ; 

the total wave function is a product of an intrinsic state with a collective 

wave function. This approximation has been assumed for the derivation 

of a Bohr-type HamiJtonian from the Hill-Wheeler equations. The Bohr 

Hamiltonian is a pure e lec t ive hamiltonian where the microscopic HFB 

wave functions does not appear explicitly. 

For the description of the low energy rotational and vibrational spectra, 
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the general form of the Bohr Hamiltonian is [17] : 

where V is the triaxial collective potential defined in Eq.(5), and B„ m y J t the 

inertia parameters for the vibrations and rotations, and where k represents 

the three intrinsic axes. The collective variables 0O and fa represent the 

shape variables related to the expectation values of the quadripole opera

tors Q^/v- t 1 Xs« a j l ^ Q j * ' " ' 1 i X i * X- t ) ' ^" " " s c o " e c t ' v e a P a c e i 'he 

total wave function has the explicit form: 

1 Y>'Jl £* ?«K ^A) * 0»»A «0 ^ ^ * W 
wiH, 4 r.- £ f 6« SM - S,» ) T* J* *>] * # « 1/i. (V 
where K is the projection of the total angular momentum I on the intrinsic 

z axis and $ is the symmetrized rotational function depending of the three 

Euler angles fî between the laboratory and the intrinsic axes. The HFB 

wave functions <j> depend upon the nucléon coordinates x,(i=l,A), as well 

as upon the shape variables. Note that (j> does not depend explicitly on 

I or K (adiabatic approximation). The Bohr hamiltonian is determined 

completely by seven functions of/30 and ft , namely the collective potential 

V and the six inertial functions: Boo, B02, B22, J», J», J*. The calculation 

of these seven functions at various deformations is performed throught a 

constrained HFB method. 

An important feature of this approach is that all the ingredients of 
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Eq.(6) can be calculated from the self-consistent HFB approach. 

1.2.3 Const ra ined HFB me thod and inertial functions 

To generate the microscopic HFB wave function, we use the HFB method 

with external fields [18]. The HFB equations are obtained by a minimiza

tion of the total energy: 

and the constraint conditions: 

^<Mi<b -- z 

where H«// is the nuclear effective hamiltonian and A and M are Lagrange 

parameters. The first two conditions ensure that average number of protons 

and neutrons is conserved while the other ones prescribe triaxial deforma

tions characterized by qo and qj. The calculation of the HFB energy E 

with respect to the intensity of the external fields Qo and Q? generate the 

so-called potential energy surface (PES), that is E(qo ,qj). 

The inertia parameters are calculated in the cranking approximation 
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(14,16]. For the masses we have to calculate the moments: 
L 

where A) and iO are the quasi-particle wave functions, and e the 

quasi-particule energy. The cranking HFB moments-of-inertia are given by: 

We have tested the stability of the value of the inertia parameters as 

a function of the size of the oscillator basis. The result is that these pa

rameters smoothly decrease in magnitude with an increasing number N of 

major shells and reach constant values when N is enlarged from N = 7 to 

N = 11. In this range of N values, the inertia parameters decrease by less 

than 15 %, which is rather small. 

On the other hand, the pairing correlations play an important role 

for evaluating the inertia parameters. A small modification of the pair

ing strenth, for instance when shifting from Dl to DISA force, induces a 

large modification of these parameters and consequently of the spectra. 

1.3 RESULTS 

1.3.1 Potent ia l energy surfaces 

We have calculated the potential energy surface for the nFe and **Ni 

nuclei. The unknown isotopes of r oiVj and 78JVt have been calculated also 
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in order to anticipate their properties. These collective potentials shown 

on Fig.3 are defined in terms of the traditional parameters 0 and f which 

are related to /?„ and /Jj via /3„ = ficost and /9j = psin-f. We observe that 
eiFe is a very soft nucleus, i.e. its HFB energy does not change rapidly 

with changing the deformation 0 and -/. In contrast, the potential for nNi 

indicates that this nucleus is spherical and very rigid against 0 deformation. 

This is not a surprising result, since this nucleus has a neutron full shell at 

N=50. The potentials for °*Ni and 70iVt also display a spherical minimum, 

but for ĴV» a second minimum exists near the deformation 0 =.3. This 

minimum could correspond to a Oj deformed isomeric state. This very 

interesting situation will be discussed later in the context of experimental 

results (i.e. spin and parity as well as halflife) obtained for this state . 

Fig. 4 shows the potential energy surface V{0,~f = 0° and 60") for e2Fc 

and Ni isotopes from A=68 untill A=78 as function of the /? deformation. 

Between the quasi magic nucleus mNi and the doubly magic nucleus ™Ni, 

the intermediate nuclei are more or less soft around a spherical shape. In 

addition, on Fig. 5 we have reported the two-neutron separation energy of 

these isotopes presently calculated and for sake of comparison, their value 

according to the predictions of Uno and Yamada [19] and Môller and Nix 

[20]. 
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1.3.2 Theoretical results ; Comparison vritb the datas 

We have performed a numerical resolution of the Bohr Hamiltonian using 

the code of Kumar [17,21]. The excited states obtained from this diagonal-

ization can be compared with the experimental results or allow us to make 

some predictions for yet unknown nuclei. Due to the symmetries placed on 

the Bohr Hamiltonian, only the rotational-vibrational states with positive 

parity could be obtain from its diagonalization. 

The diagonalization of the Bohr Hamiltonian gives also the wave func

tions of the collective levels. These wave functions are interpreted as defor

mation probability amplitudes for the states in the collective space /3 — 7. 

Calculated level schemes of 62Fe and MJVt are reported on Fig. 6 and 

compared with measured results. 

A good agreement is obtained provided that the moments of inertia 

would be multiplied by 1.6 to reproduce the energy of the first 2+ state. 

This spectrum looks like a spherical nuclei spectrum. However, the very 

flat potential energy surface of 62Fe (Fig. 3 and 4) indicates that non zero 

dynamical deformations can exist in this nuleus. In fact, the deformations 

of the first 0+, 2+, 4+ collective wave functions which are found are re

spectively 0/rms - 0.21, 0.25, 0.28, and 7/rms = 18° , 16° , 15°. Then this 
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nucleus seems to be soft with respect to beta and gamma deformations. 

MATl 

The energies of the first 0 + and 2 + excited levels are rather well repro

duced by the theory without any scaling factor for the moments of inertia. 

An interpretation of the first two 0 + levels can be suggested by the dy

namical description. The structure of the potential energy surface of MJVt 

reported on Fig. 3 and 4, allows to describe the ground state as a spherical 

state and the second 0 + , as associated to the deformed minimum. However 

the only potential energy surface cannot give a definitive conclusion, since 

the contribution of the collective inertia parameters and particularly of the 

vibrational masses are important. The calculation shows that the mass-

parameter Bo» is minimum at 0=0 and maximum near /J =.3 deformation. 

This mass-parameter governs the zero-point energy i.e. the energy of the 

first 0 + with respect to the minimum of the potential energy surface. The 

zero-point energy that we have found, permits to localize the Oj level at 

about 500 KeV above the minimum of the deformed well, that is below the 

top of barrier in between the two minima (Fig. 4). This result, which indi

cates that the Of level is partially located in this second well, is confirmed 

by the structure of the 0j" and Oj wave functions. These wave functions, 

as shown in Fig. 7, include the square-root value of the metric given in 

Eq.(8). This insures that these wave functions cancel out on the axis 7 = 

0" and 60° as they should. 
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The first 0 + wave function is peaked near the spherical point while the 

second 0 + wave function displays two peaks: the first one is located near 

/? =0, and the second one is larger in magnitude with a maximum near 

the deformation ff =.3. This wave function is in fact spreading over the 

first (spherical) and the second (deformed) minima of the potential energy 

surface (Fig. 4). Therefore it is plausible to interpret this Oj level as a shape 

isomeric state. Other collective levels are reported on Fig. 6 together with 

measured ones. 

The DWBA analysis was performed for the measured states with the 

same mechanism assumptions and optical potentials (Fig. 8 and Table 3). 

Quantum numbers of the final states were assumed from the level scheme 

resulting of the HFB calculations. 

Both shape agreement and normalizing factors bring informations on 

the likelihood of the quantum numbers. For the first three states, the 

spin attribution is not ambiguous. For the two following states, two spin 

values were guessed in each case ; The best shape agreement is obtained 

with 0 + and 2 + for the levels at 2.70 and 3.28 MeV, respectively. The 

normalization factor JV = {derjdXltip)j{dojdClowBA) reported on Table 4 

does also indicate small spin values, which is to say that angular momentum 

matching enhances small spin states. 

At higher excitation energies, spin attribution is not attempted for the 

two last states identified at 3.45 and 4.12 MeV since the structures in the 

angular distributions vanish. 

Even thought the reaction mechanism description given with DWBA is 
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not appropriate to use the HFB wave functions, we have tried to estimate 

the ratio of the cross-sections leading to the first two 0 + states by using the 

occupation numbers as they can be obtained from the HFB calculations. 

In a very approximate way, the two 0 + wave functions may be written 

as two orthonormized configurationa for the g.s. and the 1" excited as 

follows ; 

|0+ > = a | (p 1 / 3 ) 3 > +b\(ga/2y > 

and 

|0j > = - 6 | ( p 1 / 2 ) J > + a | ( f f 9 / 2 ) 2 > 

with a2 + b2 = 1 and a =; .85 and b = .52. 

Assuming that in the initial 70Zn nucleus, the neutrons are mostly filling 

the pa/2 states with only a negligible g 9 / 2 occupancy then to the fiist order, 

the ratio of observed cross sections would be 

— ^ - « a2 lb2 a 2.67 
(do/dU)0} ' 

which is indeed similar with the measured ratio of 3.08 (see Table 4) 

In order to further test the 0 + calculated wave functions we have also 

measured the Oj —* 0* decay rate in saNi. It will be reported in next 

chapter with the relevant calculation. 

Predictions concerning the 70Ni zni 7aNi level scheme are also given 

on Fig. 9 prior to experience. 
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6 7 JV t 

We have not performed a dynamical calculation for 4TJVt". Instead, we 

have adopted the blocking procedure which is designed to describe the 

first particle-hole excitations in even-odd nuclei [12|. This calculation is 

performed as follows: we create a quasi-particle state on the even-even 

core and then minimize the total energy functional with this new trial 

wave function. This minimization was realized with different blocked quasi-

particle states close to the Fermi surface, assuming the spherical symmetry. 

The blocked state which leads to the lowest energy in the minimization 

procedure is associated with the ground state of the even-odd nucleus and 

the following blocked states describe the first low-lying excited states. The 

spin and parity assignmect of the levels is given by the spin and parity of 

the blocked single-particle states. Such method was already applied for the 
nZn nuclei [22]. The result of these calculations for e7Ni is presented in Fig. 

10. The first two levels in 67Ni are found separated by only 260 KeV. Given 

that the blocking procedure is an approximation, since the quas-i-particle 

vibrational coupling which can induce a level shift, is neglected here, one can 

only conclude that the e7Ni ground state is either 1/2" or 5/2". In order 

to appreciate the level of confidence attached to our calculated scheme, the 

blocking calculation was also performed for scNi. We obtain the first two 

levels very closed in energy as known from experience [23] but reversed. 

Calculated spectrum of &9Ni is also reported prior to experiment. 

Although the assumption of a direct pick-up of a three-nucleon cluster 

is more questionnai le, we have used it to calculate angular distributions of 
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the [UC, l70) transfer reaction. The shape agreement and the value of the 

normalizing factor defined as previously allows to argue on possible spin 

values of the "Ni states (Fig. 11 and Table -i). 

The g.s. is assumed to be a 1/2" on the basis of its 0—f dcay scheme [9] 

consistently with an adequate calculated shape of the angular distribution. 

The occurence of 5/2", at very low excitation energy is possib'.y hidden since 

this level may be too close to the g.s. or its cross section may be smrjler 

than for a l/2~ state. The first excited state is likely a 9 / 2 + although the 

cross section is larger than expected. The three other states might be 3/2", 

but their angular distribution shapes are not caracteristic. 

2 THE MONOPOLE DECAY IN 68Ni 

A series of light or medium mass nuclei have a 0 + as first excited 

state i.e. 1 6 0 , iaCa, "Ge, wZr, ^Zr and mMo. The structure of these 

Oj states shows enhanced symétries and collective properties. The new 

isotope of 68JVt is similar to 90Zr since 40 nucléons are associated with 28 

or 50 complementary nucléons respectively, which are both magic numbers. 

Beyond N = 40, from classical shell model, the next subshell is the g 9/j for 

which the two quasi particle excitation is lowered because of the stronger 

coupling of a nucléon pair promoted on this subshell. The Nilson diagram 

calculated for aNi, with the HFB method is reported on Fig. 12. For 
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not deformation, the 40 neutrons full6.ll the successive subshells up to the 

2pi/2- When a small deformation enters, due to some collective excitation, 

the last pair of neutrons may shift to the gg/2 subshell (on the l / 2 + or the 

3 /2 + orbital) in order to minimize the overall energy of the nucleus. The 

occupation numbers are also reported which indicate the behaviour of the 

nucleus as a function of deformation. 

The decay times of the Of —» Oj" transition for the few even-even nuclei 

mentioned are ranging from 20 to 400 ns. This time range has guided 

our exp irimental choice. Decay times are related to the monopole strengh 

paramster p, which involves mostly the initial and final wave functions. 

Thus, half lives provide sensitive tests of these wave functions, given our 

knowledge of the electro-magnetic transition operator. 

2.1 Experiment 

The half-life rj/j of the first 0 + excited state of ^Ni has been derived 

from the measurement of time delayed coincidences between the l e O emerg

ing from the 70Zn(uC,iaO)eaNi{0t) reaction and the electron associated 

with the vNi{0t) decay. 

For sake o? completeness we shall recall here the details of the experi

mental set up which was found adequate although simple. 

The monopole decay occurs either by emission of conversion electrons 

of 1.77 MeV energy, with a yield of 1/3 approximately or by pair emission 

(e+,e~) with a yield of 2/3 [24] . In this last case, the electrons show a 
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continuous energy spectrum from 0 to 0.75 MeV. 

It would be possible to measure the monoenergetic electron line with a 

solid state detector in the reaction chamber but the angular and counting 

efficiencies would be too low. Thus we have chosen to rely on time infor

mation, provided by a plastic scintillator, which is able to detect any of the 

emitted electrons. A thin circular scintillator sheet (e = 0.5 mm ^ = 100 

mm) was set near the target, parallel to the reaction plane, covering a solid 

angle of iirjZ. 

An aluminium foil of 0.05 mm thickness was interposed between the 

target and the scintillator in order to absorb scattered ions or evaporation 

particles. This foil introduces an energy threshold of 100 keV under which 

electrons are not detected. The weak light produced by electrons is con

ducted under vacuum by reflexions on the wall of a very thin aluminized 

mylar well, towards a 58 DVP photomultiplier. This special design was 

intended to reduce the background from Compton electrons [25]. 

For this measurement, the i4C beam of 72 MeV was pulsed at a rate 

of 2,5 MHz (400 nt) with a 3 ns pulse width. The average current used 

was 10 nA. The 1 6 0 ions, detected and identified as in chapter 1, were 

measured at S = 6° lab, over a 5° range. Given the low cross-section (20 

nb/sr), the experiment was designed so as to optimize the overall efficiency. 

In particular, a thicker target of Zn (300 ± 30pg/cm1) enriched to 70 % 

with ,0Zn, was prepared, for which the 1.77 MeV O," excited state is no 

longer resolved from the 1 G 0 emerging from back-scattering on the oxygen 

target contaminant. 
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The time distribution of the electrons associated with the decay of 
e*Ni(0Z) was measured with time to amplitude converter (TAC) triggered 

by all particles crossing the first counter in the focal space of the mag

net. The PM amplified signal, suitably delayed, was analysed in the TAC 

window, chosen to be 2 us. Each beam pulse generates a burst of for

tuitous coincidences, since the PM counting rate is instantaneously high. 

Therefore, the time spectrum exhibits a seris of 5 peaks of chance events, 

separated with 400 ns, showing a width of 80 ns. When a A £ — E win

dow is set on the ionization chamber signals, so that 1 6 0 are selected, the 

intensity of the chance coincidence peaks is divided by a factor of 10 and 

their widths is reduced to 30 ns, which is the intrinsic time definition of the 

counter triggering the time analysis. 

On Fig. 13 the bidimensional plot of time versus Bp is displayed. It 

corresponds to the superposition of four measurements covering 24 hours. 

The first strip of chance coincidences, labeled 0, countains both fortuitous 

events and real ones (from atomic process for example). The four following 

strips correspond to fortuitous events only. Since their intensity does not 

decrease with time, there is no saturation effect and the counting efficiency 

stays constant as function of time. 

Between these st .ps, time events are seen. In the energy region of 

the 1.77 MeV level of 9Ni, a number of events are observed which can 

be attributed to its decay. These events are superimposed with a random 

background. The very low ieO counting rate (6/hour) gives a very small 

probability of measuring two l s O in the same 2 fis window. Therefore 
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the real delayed coincidences can be analysed over the whole time window, 

except for the 5 lines of fortuitous events. 

The total number of significant events, in the energy region of the 1.77 

MeV level, is 43. It is compatible with the number of MJV« nuclei produced 

during the exposure (» 170) and it shows that detection efficiency is only 

slightly smaller than the angular efficiency of 1/3. 

Given the low statistic, the decay period has been extracted using a 

maximum likelyhood method [26] whose entries are the measured times 

of the events. This calculation was performed independently for the four 

separated measurements and the final value for the period is T^/% = 211 ±fjj 

na. 

2.2 T h e monopole s trength p a r a m e t e r p 

The absolute transition probability W = 1/r may be written as the 

product of an electronic factor 0 , almost independent of the nuclear states 

involved in the decay and the square of the nuclear "strength parameter" 

p, which is independent of the atomic process : 

W = Qp2 {jo) 

The factor fl can be decomposed as a sum of two terms, Ut is the electron 

transition probability which takes place between the K(L,M) atomic shell, 

towards the continuum state, and Ur is the formation of an electron pair 

(e + ,0 : 
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n = n, + n, 

Using the work of Church and Weneser [27] one finds fie = 1.1260^. 

In the case of the Ni isotopes, 0 , and fijr have been calculated (24] as a 

function of excitation energy of the transition and their values are reported 

in Table 5. 

The strength parameter p is calculated as sJW/Çl = ±0.076 ± 0.010 . 

It is related to the transition probability between the two 0 + states and it 

writes 

'-Ç/*Î[(Î) ,-'(S 4-]*-* 
where <pi and <f>/ are respectively the initial and final nucle.ir wave func

tions, rp is the position coordinate of the plh proton and R Is the nuclear 

radii with respect to the proton distribution. 

In most cases, the value of a is smaller than 0.1 [27] therefore only the 

first term of the development is considered in actual calculations. 

2.3 Calculation of the monopole nuclear strengh 

The nuclear component of the halflife p, the monopole strength parameter 

may be written as : 

p =< 100|f£|200 > / < r 2 > 
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with 

< r * > = < 100|rJ|lOO> 

where r p is the position vector of the pth proton and <fa> the mean 

square radius of the charge distribution. The structure of the 0 + wave 

functions will play a crucial role for the calculation of this parameter, in 

particular for the matrix element : 

£ „ < W irAr'ASLASL' 

The collective wave functions of 0 + levels are invariant under rotations, 

in contrast with the symmetry properties of the HFB wave functions. This 

is why the complete evaluation of this matrix element is quite involved 

since it requires to perform the projection of the HFB wave functions on 

the angular momentum. This has not been accomplished, and, instead, 

the rotational model approximation has been invoked for simplicity. This 

approximation consiste in setting the angular overlap equal to 6 (ft - fi'). 

We expect that this approximation is justified considering that the Oj level 

is a well deformed state [28]. It is clear that it is not possible to make this S 

approximation for the (q,, q^) variables because the two 0 + wave functions 

are peaked at very different deformations (see Fig. 7). 
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After angular integration, we obtain for Eq.(l2) : 

The matrix elements appearing in Eq.(13) have been calculated by us

ing the many body techniques developped to evaluate matrix elements of 

one body operator with non-orthogonal HFB wave functions [29]. The cal

culation of Eq.(13) requires that the domain of integration over the (q 0, 

q 2) variables be carefully defined. It is well known that in the \fii} space 

describing any triaxial shape, all the possible intrinsic shapes can be rep

resented in the first sextant -7 = (0,60°). This feature results from the 

invariance under different ways of labeling or orienting the intrinsic axes 

with respect to the laboratory axes [17]. However, the first sextant does 

not represent the whole domain of integration for Eq.(l3) since non zero 

values of the overlap between the first sextant and the five other ones are 

involved. Therefore, we have to integrate in the whole 0i plane with 7 = 0° 

to 360". Fortunately, it is not necessary to perform HFB calculations in 

all the sextants, because the triaxial symmetry permits to deduce all the 

HFB wave functions, starting from those calculated in the first sextant. A 

similar consideration allows us to deduce the collective wave functions Xmk • 

In any case, the evaluation of the integrand in Eq.(13) requires the cal

culation of a large number of matrix elements, typically several thousands, 

depending on the (qo, qî) mesh size adopted for the numerical integrations. 

Finally, the integrations have been performed using the two dimensional 

27 



Simpson's method developped by K.Kumar on a triangular mesh. 

We obtain for p a value of 0.1075 with < |r*2| >=15.26 fm2 . The cal

culated halflife of the Of level of etNi using Eq.(10) is T =152 ns. Taking 

into account that this calculation is fully microscopic and does not coun-

tain any adjustable parameters (once the nuclear interaction is fixed), the 

agreement with the experimental value of 211 ns is very impressive. 

This result shows that the microscopic methods based on the mean field 

approximation are now able to provide predictions in reasonable agreement 

with experimental quantities, for instance the halflife of an excited level 

which is very sensitive to details of the nuclear dynamics. The present 

result involves a large amount of calculations:(i)- the microscopic HFB 

method for evaluating the potential energy surface and inertia parame

ters; (ii)- the Bohr-Hamitonian resolution for obtaining the collective wave 

functions; (iii)-the very long calculation of the overlap kernels and the off-

diagonal r 2 matrix element, necessary for the determination of the halflife. 

Some approximations have been invoked for simplicity : the cranking model 

for the collective inertia parameters, the adiabatic approximation for the 

collective Hamiltonian, and the rotational model approximation for eval

uating the r 2 matrix element. At the present time, these approximations 

together with the above calculation scheme represent the most complete 

and tractable treatment. An ultimate goal would be to solve the whole 

Griffin-Hill-Wheeler equations. 

The theoretical results presently obtained for exotic nuclei like 62Fe and 
68iV{ permit to have some confidence in our prediction concerning the more 
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neutron rich isotopes which will be be studied in the future. 

CONCLUSION 

In this article we have reported and summarized the experimental re

sults obtained recently on the nuclei 67JV», M iVi and 62Fe and used these 

results as testing grounds for the mean field theory. Excited states and 

associated angular distributions have been measured for the ( 1 4 C, l e O ) and 

( " C , l 7 0 ) transfer reactions on "AT* and mZn targets. 

The monopole transition between the first excited state 0 + in 68JVt" and 

the ground state has been studied and its halflife measured from time de

layed coincidences. 

Our theoretical analysis of the even-even nuclei have been conducted 

as follows. In the first stage, the H.F.B. calculation of potential energy 

surface was performed, which provides the static properties of the nuclei. 

The cranking model has then been used to determine the inertia parameters 

which are needed to calculate the nuclear dynamics. Finally, ths dynamical 

properties of the nuclei - collective wave functions and excitation energies 

of the levels - have been deduced from a numerical diagonalization of the 

full Bohr Hamiltonian, which is appropriate to describe low lying collective 

states. The results agree well with measured scheme of even-even nuclei. 

For even odd nuclei the blocking procedure provides a reasonable descrip

tion of the level sequence of e7Ifi. 

For the magic nucleus of **Ni we have shown that the first 0 + excited 
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state is most likely a shape isomer. Since the theory includes no free pa

rameters, it is remarkable that the measured half-life of this 0 + level is so 

well reproduced by our calculations. 

The good overall agreement between measurements and calculated re

sults indicates that the method and the OlSA effective interaction are 

reliable for mean field theory calculations. On the basis of these excellent 

results, one might expect to get reliable informations on the structure of 
6 9jVi, 7 0iVj and the doubly magic nNi nucleus, for which predictions are 

given, prior to experiments. New experimental ways have to be invented 

to further investigate these species and check those predictions. 

Finally, the success of our calculations is due to a large extend to the 

full self consistent realistic description of the nuclear dynamics. 

We greatfully acknowledge the assistance of J.F. Berger in helping to 

derive some of the formulaes, the help of I.M. Turkiewicz, E. Quiniou and 

G. Parrot at different stages of the experiment and M.S. Weiss for rereading 

the manuscript. 

30 



References 

[1] M. BERNAS, J.C. PENG, H. DOUBRE, M. LANGEVIN, M.J. LEVINE, 

F. POUGHEON and P. ROUSSEL, Phys. Rev.C 24, 756 (1981) 

[2] M.B:;:INAS, PII.DESSAGNE, M.LANGEVIN, J.PAYET, F.POUGHEON 
and P.ROUSSEL Phys. Lett. B J i â 279 (1982). 

[3| M.BERNAS, Ph.DESSAGNE, M.LANGEVIN, G.PARROT, F.POUGHEON 

E.QUINIOU and P.ROUSSEL J de Phys. Lett. 45 851 (1984) 

[4] P.ROUSSEL,M.BERNAS, F.DIAF.F.NAULIN, F.POUGHEON, G.ROTBARD 

and M.ROY-STEPHAN Nucl. Instrum. Methods 151 111 (1978) 

[5] R.T. KOUZES, P. MUELLER and C. YU, Phys. Rev. C IS, 1577 

(1978) 

[6] T.S. BHATLA, H. HAFNER, R. HAUPT, R. MASCHUW and G.J. 

WAGNER, Z. F. Phys. A 28J. 65 (1977) 

[7] ] Ph. DESSAGNE, M. BERNAS, M. LANGEVIN, G.C. MORRISON, 

J. PAYET, F. POUGHEON and P. ROUSSEL, Nucl. Phys. A 42g, 

399 (1984) 

[8] G.T. HICKEY, G.M. CRAWLEY, D.C. WEISSER and N. SHIKA-

ZONO, J. Phys. G2, L 143 (1976) 

[9] E.RUNTE, W.D.SCHMIDT-OTT, P.TIDEMAND-PETERSSON, R.KIRCHNER, 

0 . KLEPPER, W. KURCEWICZ, E.ROECKL, N.KAFFRELL, P.PEUSER, 

31 



K.RYKACZEWSKI, M.BERNAS, Ph.DESSAGNE AND M.LANGEVIN 

Nucl. Phys. A 2âfi 163 (1983) 

[10] P. ROUSSEL, Journal de Physique, C3-4, 41 129 (1980) 

[11] J.B. ERSttlNE, W. HENNING, D.G. KOVAR, L.R. GREENWOOD 

and R.M. DEVRIES, Phys. Rev. Lett. M, 680 (1975) 

[13] J.DECHARGE and D.GOGNY Phys.Rev. C 21 1568 (1980) 

M.GIROD and D.GOGNY, Phys. Lett. B 61, 5 (1976) 

M.GIROD and P.G.REINHARD, Nucl. Phys. A 3§4,, 179 (1982) 

J.DECHARGE and L.SIPS, Nucl. Pbys. A âpl . l (1983). 

[13] J.F.BERGER.M.GIROD andD.GOGNY, Nucl.Phys.A428, 23c (1984) 

L.M. ROBLEDO, J.L. EGIDO, J.F. BERGER and M. GIROD, Phys. 

Lett. B JM, 223 (1987) 

[14] D.L.HILL and J.A.WHEELER, Phys. Rev.89, 1102(1953) 

J.J.GRIFFIN and J.A.WHEELER, Phys. Rev 108, 311 (1957). 

[15] M.GIROD and B.GRAMMATICOS, Nucl.Phys. A 330, 40 (1979). 

[16] D.R.INGLIS, Phys. Rev.103., 1786 (1956). 

[17] K.KUMAR and M.BARANGER, Nucl. Phys. A 92, 608 (1967). 

[18] M. GIROD and B.GRAMMATICOS Phys. Rev C 27 2317 (1983) 

[19] M. UNO and M. YAMADA, I.N.S. Report NUMA 40 (1982) 

32 



[20] P. MOLLER and J.R. NIX, At. Data and Nucl. Data tables 2S, 165 

(1981) 

[21] ii.KUMAR , Prog. Part. Nucl. Phys. â, 233 (1983) 

[22] M.BERNAS, Ph.DESSAGNE, M.LANGEVIN, J.PAYET, F.POUGHEON, 

P.ROUSSEL, W.D.SCHMIDT-OTT, P.TIDEMAND-PETERSSON and 

M.GIROD Nucl. Phys. A 413 363 (1984) 

[23| C M . LEDERER and V.S. SHIRLEY, Table of Isopes 1th ed. (1978) 

[24] A. PASSOJA, Academic dissertation for Doctorat of Philosophy, Jyvâskylâ, 

Finland (1980) 

[25| W.K. WELLS, D. CEBRA, D.P. BALAMUTH, Nucl. Instrum. Meth

ods, 223, 103 (1984) 

[26] B.T. CLEVELAND, Nucl. Instrum. Methods 214, 451 (1983) 

[27] E.L. CHURCH and J. WENESER, Phys. Rev. 103, 1035 (1956) 

[28] A. ZARINGHALAM and J.W. NEGELE, Nucl. Phys. A 2§8, 417 

(1977) 

[29] K.GOEKE,A.FAESSLER and H.H.WOLTER Nucl. Phys. A 183, 352 

(1972) 

33 



APPENDIX 

Here we recall how to derive the Bohr Hamiltonian starting from the Hill 

and Wheeler equation [14]. In the generator coordinate method, one starts 

with an approximation of the exact wave function of the system ip which is a 

superposition of the wave functions <j> depending of the generator coordinate 

q : 0 = /f(<l)^ dq where the weight function f is the generator function 

determined through a variational principle for the total Hamiltonian H 

which leads to the Hill and Wheeler Eq.(2). This equation reduces to a 

Schrodinger -like one: 

/h(q,q')g(q')dq'=E g(q) 

where g(q)=/M(q,q') f(q')dq' 

and / M(q,q")M(q",q')dq"= I(q,q') 

The Bohr Hamiltonian is obtained by developping h(q,q') on the non-

locality. Then the collective wave functions obtained by resolution of the 

Bohr Hamiltonian are g-like functions while the <j> wave functions are related 

to the f-like ones. Starting from the g functions we can obtain the f functions 

if we assume that the overlap I(q,q') is gaussian. Then we have 

f(q) = (G/2*) 1 /" e - ' / " c */** g(q) 

where I(q,q') = e-°(i-ï)'/Z 

We have performed this transformation for two degrees of freedom 0o , 
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02 to obtain the new collective f-type wave functions Xt>m starting from the 

g-type ones Xn,Kof the Bohr Hamiltonian. Due to the gaussian hypothesis, 

we must verify that 

/x.,^.#)JMirt.AA)x»llj[&,A)*-*' = i 
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F I G U R E C A P T I O N S 

Fig. 1 - Spectra of 1 6 0 and "O showing the excited states of aNi and 
S 7JVi. The dashed area is due to oxygen target contaminant. 

Fig. 2 - Scheme of elFe, from the ( "C , I 6 0 ) reaction - right - from the 
S2Mn(0 - 7)decay_left.. 

Fig. 3 - Triaxial deformation energy surface calculated for S I f e, M iVt, 7 0iVt 

and 7 8iVt represented in the 0 —y space. 

Fig, 4 - Axial deformation energy curve calculated for e2Fe and for the 

série of even Ni isotopes with A = 68 to A = 78. 

Fi". 5 - 2 n separation energy of even Ni isotopes : comparison between 

the present HFB calculations and the results c.î Uno and Yamada [19] and 

Moller and Nix[20j. 

Fig, 6 - Collective levels (natural parities) of 62Fe and 68iV» compared with 

experimental data. 

Fig. 7 - Collective wave functions of the two 0 + first levels of ^Ni rep

resented in p — 7 space. Note that the five dimensionnal metric (Eq. 8) 

which has been included here, makes the wave functions vanishing on the 
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axis 7 = 0" and 60°. 

Fig. 8 - Angular distributions for the set of levels observed in Ni isotopes : 

present measurements and DWBA calculations. 

Fig. 9 - Predicted collective levels of the unknown isotopes of 7 0JVi and 
nNi. 

Fig. 10 - Comparison of calculated levels of the odd 6 B N i and 67Ni isotopes 

with data. Calculated level scheme for 6 9iVt. 

Fig. 11 - Angular distributions of the levels observed in i7Ni : present 

measurements and DWBA calculations. 

Fig. 12 - Neutron HFB single-particle spectra as function of the /? param

eter. Occupation numbers are reported for each decimal value of the /? 

parameter. 

Fig. 13 - Determination of the hal&ife of the C£ decay in esNi. 
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Table 1: Target thickness 

"c Backing 2S jig/cm1 

70Zn Mass separated 80 pg/cm1 

nZn Enriched to 70 % at ZSOitg/cm1 

etNi Mass separated 145 fig/cm2 

Table 2: Mass excess and excitation energies of new nuclei 
Nucleus °7m ^Ni nFe 

Mass excess -63.74 ± 0.02 s 

-64.07 ± 0 . 1 

-63.47 ± 0.03 s 

-63.53 ± 0.03 

-58.935 ± 0.050 8 

-58.946 ± 0.022 » 

-58.83 ±0 .04 

Excitation 

Energies 

Ref.5 

0.72 0.77 ± 0.03 

1.02 1.14 

1.71 \;JJ 

2.39 

3.68 

1.77 ±0.03 

2.20 

2.70 

3.28 

3.45 

4.12 

Ref.8 Ref.9 

0.875 0.87 0.8768 

1.87 1.8199 

2.06 2.016 

2.1758 

3.00 

3.24 

3.63 3.6326 
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Table 3: Optical potentials 

Incident channel UC 

outgoing channel 1 6 0 and 1 7 0 

V w«v a„/ *./ w M e V a»/ r„/ r./ 
Incident channel UC 

outgoing channel 1 6 0 and 1 7 0 

37 

37 

0.404 

0.404 

1.35 

1.35 

78 

78 

0.174 

0.174 

1.29 

1.29 

1.35 

1.35 

Table 4: Observed states in 88iV« and "Ni, with their assumed spin and 

parities. The normalizing factors N is the ratio da/dQ,xp/da/dU,iwbii 

u N i 
e7Ni 

Excitation energy (MeV) Spin N Excitation Energy (MeV) Spin N 

g.s. 0+ 0.4 g.s. (1/3-) 0.37 

1.77 ± 0.3 0+ 0.13 0.77 ± 0.2 
9 / 2 + 

5/2+ 

2.93 

2.35 

2.20 ± 0.4 2 + 0.21 1.14 ± .03 3/2" 0.20 

2.70 ± .04 
0+ 

2+ 

0.1 

0.5 
1.97 ± .04 3/2" 1 

3.28 ± .05 
2 + 

4+ 

0.2 

1.43 
3.68 ± .05 3 /2- 1.1 

3.45 ± .05 

4.12 ± .05 
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Table 5: Atomic parameters for the decay of ''iVi-Oj level 

eeNi-Ot level 
E=1.77 MeV 

fltts"1) = 1.85 108 

n,/n* = 1.126 
n./n» = 0.576 



5 0 -

G.S. 
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E^72MeV/8 = 6 0 
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PffSBX 
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