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STRUCTURE OF *"?GE NUCLEI POPULATED IN *83C + *NI
REACTIONS

George DRAFTA', Sorin PASCU?, Dan PANTELICA?, Gheorghe CATA-
DANIL*

In aceastd lucrare au fost investigate experimental cdteva din canalele mai
putin favorizate ale reactiilor nucleare 2C +%Ni si °C + ¥Ni si anume: “Ni("’C,
aZny)mGe, “Ni?C, ay)mGe, SN C, a3ny)70Ge si “Ni*c, onny)72Ge. S-a reugit
confirmarea unor date existente deja in literaturd, precum si masurarea rapoartelor
DCO pentru mai multe tranzitii gama in nucleele "*7*Ge. Au fost efectuate calcule in
cadrul modelului IBA-1 si rezultatele au fost comparate cu datele experimentale
existente.

In this paper we investigated experimentally some of the less favored
channels of the °C +%Ni and °C + *Ni nuclear reactions, namely “Ni(*’C,
a2ny)’Ge, “Ni(’C, ay)’Ge, *Ni(>C, a3ny)’’Ge, and “Ni(>C, any)’Ge. The
results confirm the data already existing in the literature. We also measured DCO
ratios for several gamma transitions in "*”*Ge nuclei. Calculations were performed
within the IBA-1 model framework, and the results were compared with available
experimental data.

70,72
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1. Introduction

Investigation of the A ~ 70 mass region has turned out many interesting
results. The 2p,,, If5,,, 2p;,, and 1g,,, orbitals are determinant for the structure

of this region. Calculations of the equilibrium configurations based on the
configuration-dependent shell-correction approach with deformed Woods-Saxon
potentials [1] predict competing stabilizing gaps at both positive and negative
quadrupole deformations. Rapidly changing nuclear properties (such as shape) are
seen for small variations in neutron or proton number, spin and excitation energy
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[2]. Other unusual features can be found, of which strong collectivity, large
quadrupole deformations (up to P = 0.4), and shape coexistence at low energy and

spin are but a few examples [3,4]. For instance, when varying the neutron number
of the even-even Ge isotopes one notices a non-regular dependence of the

excitation energy of the first excited 0, state [5-10].

Prior to 2010, there were only a few experiments of in-beam vy-ray
spectroscopy on medium- and high-spin states of "°Ge using heavy ions and
fusion-evaporation reactions (however, different methods such as Coulomb
excitation were employed [7-10]). A couple of experiments were undertaken more
than three decades ago [11,12] and a more recent one [13] in 2000, with more
modern methods and detectors that brought new information on high spin states
up to spin (21°), but nothing new on medium spin states. Very recently, the
medium spin states of "°Ge were investigated [14] and the level scheme was partly
modified. The most recent compilation of data pertaining "°Ge is reported in [15].

The most recent in-beam y-ray spectroscopy experimental study aimed at
investigating the high spin structure of “Ge was performed in 1979 [19] using the
7Zn(a, 2ny)"*Ge reaction, and the latest compilation of available data on this
nucleus obtained using a variety of methods is reported in [20].

A variety of theoretical approaches have been employed in an attempt to
reproduce the available data, including the boson expansion techniques [16], the
interacting boson model [17], the Hartree-Fock-Bogoliubov method with the
quantum number projection [18] and the shell model [14].

In this paper we intend to investigate the low and medium spin structure of
"Ge and "*Ge using the **Ni('*"’C,evap)’*"*Ge reaction, by means of in-beam y-
ray spectroscopy techniques and compare the results with theoretical calculations
based on the Interacting Boson Approximation (IBA-1).

2. Experimental method and data analysis

The experiment was performed at the recently modernized 9 MV Van de
Graaff Tandem accelerator of IFIN-HH [21]. In-beam y-ray spectroscopy was
performed on the reaction products obtained through bombarding a thick
(~65um), self supported target of enriched **Ni foil with '*C at 40 MeV and "°C at
45 MeV.

The radiations produced in these reactions were detected by an array of
particle, y- and X-ray detectors. A ring of five large volume high purity
germanium (HPGe) detectors was placed at 143° backwards, one HPGe gamma
detector and one planar X-ray detector were set at 90° and 270°, respectively, one
HPGe gamma detector was placed at 37° forward, and one neutron detector was
set at 321.5° forward. All angles are measured with respect to the beam direction.
Four fast response LaBr;:Ce detectors with typical energy resolution of 2-3% at
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662 keV and time resolution between 100 and 300 ps (depending on the crystal
size) were also used for timing purposes, as well as one particle detector inside the
reaction chamber.

In this paper we investigate some of the less favored reaction channels,
namely those that yield "°Ge and "“Ge. While the target was enriched in ®*Ni,
traces of isotopes found in natural Ni (i.e. S8606LE2N) could still be found in the
foil. The most abundant isotopes in naturally occurring nickel are *°Ni with
68.27% and ®Ni with 26.10%. ®'Ni and ®*Ni can be found in more modest
proportions of 1.13% and 3.59%, respectively, while ®*Ni is the scarcest of all at
0.91%.

Cross-section calculations were performed using the codes CASCADE
[22] and PACE 1V (part of the LISE++ software package [23]) and it was found
that for a 40 MeV incident energy '>C projectile producing "°Ge the highest value
is for ®'Ni("2C,2pny)"°Ge (o = 194.38 mb), while for “*Ni("*C,2py)"’Ge is 6 =
151.7 mb. For the main component of the target, **Ni('*C,02ny)"°Ge, we still have
6 = 60.78 mb. The highest cross section for Ge comes from the interaction with
%*Ni and is 6 = 21.95 mb. The rest of them are insignificant or zero.

For a “C projectile at 45 MeV incident energy the cross-section for
“Ni(C, (xny)nGe is 6 = 23.7 mb, and for **Ni(*°C, (x3ny)7OGe is 6 = 0.973 mb.
Significant cross section for the producing of °Ge are yielded by the interaction
of ®"*Ni with >C (149 mb and 85.2 mb, respectively), while the production of
"Ge from “*Ni is more modest (6=38.6 mb).

List-mode data acquisition yielded almost 300 GB of data during the seven
days of the experiment. Calibration as well as activation spectra were taken to
ensure proper identification of the transitions of interest and the contaminants.
Data were sorted off-line in 2-D coincidence matrices (y-y, particle-y, etc) and 3-
D coincidence cubes (y-y-y, y-y-particle, etc.), and projection spectra were
obtained and analyzed using GASPWare software package [24].

An efficiency curve of the experimental set-up was obtained using a **Eu
source and subsequently used for efficiency correction of the transition intensities
observed in the spectra.

Due to the fact that these are non-dominant channels, we do not expect to
see all but the strongest transitions in the projection spectra. Also, in fusion-
evaporation reactions with heavy ions the populated states are mostly the yrast
ones, so this is another limitation that must be taken into account. Gates were
placed on the strongest known transitions in "°Ge and "*Ge, allowing us to see
coincident transitions.

For "*Ge was chosen a gate on the lowest yrast transition (the 2 >0/,

834 keV transition, originating on the first 2" excited state, and ending up on the
ground state). We were able to see most of the known yrast cascade op to spin
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10" at 4820 keV, part of the negative parity band cascade up to spin 11" at 5838
keV, and other transitions.

Unfortunately we were not able to use the 4, — 2, 894 keV transition in

the yrast cascade due to contamination with a transition of the same energy from
another nucleus.

In "°Ge the situation is more complicated: both 2; — 0, and the 10; — &

transitions in the yrast cascade have the same energy (1039 keV), therefore a gate
on 1039 keV would yield false intensities for the yrast cascade transitions. So we

selected the second lowest yrast transition, corresponding to the 4, — 2/ , 1113
keV de-excitation of "°Ge.

Here, we were able to see the yrast cascade up to the 107, 5243 keV level
and part of the negative parity band cascade up to the 7", 3955 keV level.

A spectrum gated on the 27 — 07, 834 keV transition from C on *Ni

reaction and one gated on the 47 — 2", 1113 keV transition from '*C on *Ni are
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Fig. 1 Gated spectra on the 2] — 0 834 keV transition from °C on *Ni reaction and 4, — 2
1113 keV transition from '*C on *Ni. See text for details.
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3. IBA -1 Calculations and Comparison with Experimental Values

The calculations were performed in the IBA-1 framework (no distinction
made between protons and neutrons) using the Extended Consistent Q-formalism
(ECQF) [25]. The Hamiltonian employed was [26]:

WY

m(o)
)(4)}«))

1, =i, +xl0-0f "+ a| (@3] [
va (@)’ x(a

where Q is the quadrupole operator given by :

0=[a)+ @5+ 2laa)f’

and €.k, y,a, and aq, are the model parameters. Second quantization notation is

(1)

Y

used: §° and d are the creation operators for spin zero and spin two bosons,

respectively, while s and d are the annihilation operators for the same bosons.
The electromagnetic transition operators are:

T (E 2) = ezQ
F(m1)=alox L]+ g0
where e, represents the boson effective charge and o and f are other parameters

[26]. The Hamiltonian was numerically diagonalized with the code PHINT [27].
The electromagnetic decay rates were calculated with the code FBEM [27].

The three dynamical symmetries of the IBA are given by the competition
between the five parameters (&,x, ¥, OCT and HEX) of the Hamiltonian of Eq.

(1). The &/x ratio reflects the competition between the spherical-driving term
(efzd) and the deformation inducing term (Q Q) x specifies the degree of y-

softness, from axially symmetric [SU(3)] to y-soft [O(6)] nuclei. The other two
parameters do not mix the basis states and provides only a specific diagonal
contribution.

The quantities that represent key observables for the structure of collective

even-even nuclei were taken into account in the present fits: R,,, = E (41+ )/ E (2:),
Ry, = E(O;')/ E(21+) and R, = E(2; )/ E(2]+) energy ratios, the absolute values of
the electromagnetic  transition probabilities (in W.u.), and the
R, = B(EZ;Z; - 01*)/ B(EZ;Z; - 2?) branching ratio. All the parameters from

the Hamiltonian were determined in order to reproduce these collective
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observables. The effective charge, e,, was determined by normalizing the

predictions to the experimental B(E 2,27 >0/ ) value from "Ge.
The numerical values used for the model parameters are given in Table 1.

Table 1

Numerical values of model parameters used in "°Ge and "“Ge calculations
Parameter Ge "Ge
£ [MeV] 1.69 147
K [ MeV] 20.025 20.022
X -0.49 -0.29
a, [MeV] 0.33 0.24
a, [MeV] -0.56 -0.53
e, [eb] 0.06 0.06
al iyl 0.006 0.003
ﬂ [y] 0.05 0.05

In Fig. 2 we present a comparison of theoretical values based on our
calculations and known experimental data in "°Ge: excitation energies and
reduced electric quadrupole transition probabilities for low-lying, positive parity

levels.

In Fig. 3 we present a similar comparison of theoretical values based on

our calculations and known experimental data in "*Ge.

The properties of the ground state band (energies and B(E2)s) and those of
the quasi-y band are well described for both nuclei. The energy of the first

excited 0" state could not be reproduced by the calculations, confirming the
intruder character of these states in °Ge and °Ge. However, the distribution in

energy for the low-energy 0° states agrees rather well with the experimental

observations.
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Fig.2. Side-by-side level scheme of ’Ge comparing theoretical to experimental excitation energies and E2 reduced transition
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4. DCO Ratios Measurements

In fusion-evaporation reactions the compound nucleus is formed in a
highly oriented state with its angular momentum in a plane perpendicular to the
direction of beam. The evaporation of the particles somewhat disturbs the
orientation of states, however, the resulting nucleus maintains a high degree of
orientation for a time of the order of 10” seconds [28].

When such a nucleus emits y-radiation the relative intensities at different
angles depend on the multipolarity of the transition: / — [ —2 pure quadrupole
transitions tend to be emitted more along the beam axis (at 0° and 180°), while
I — I -1 pure dipole tend to be emitted more perpendicular to it (at 90° and
270°). The distributions are symmetric with respect to the plane perpendicular to
the beam axis.

The distribution of y-ray intensities at any given angle is given by [29]:

1(0)= > 4,P(cos0) )

(=even

where P,(cos@) are Legendre polynomials and 4, are the coefficients of the

expansion (tabulated in [30]).

Thus, one can distinguish between multipoles by examining the relative y-
ray coincidence intensities at angles approximating 0° and 90°, for example. This
method is called DCO (Directional Correlations de-exciting Oriented states)
analysis [31]. In our case, the angles used were 143° and 90°. The DCO intensity
ratio is defined as:

1,,(143°,90° ) gated by 71(143°,90°)
pCo = . . . ety
1,,(90°,143" )gated by #1(90°,143°)

3)

where 1 is the gating transition, /,, is the area of the y-ray transition of interest
in the projected spectrum, and ¢ is the efficiency correction factor.
In this configuration, gating on a stretched quadrupole transition should

yield ratios of = 1 for quadrupole transitions and = 0.5 for pure stretched dipole
radiation [24].

DCO ratios were measured for 6 transitions in "°Ge and 14 transitions in
"Ge. For those multipolarities that are already known, the measurements match
the expected results. We have been able to confirm clearly, through a
measured R, = 0.58(14), the previously assumed fact that the 1012 keV,

7, — 6, , transition is a pure dipole one (E1).
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In Table 2 we present the DCO ratios of transitions visible in °Ge
produced through the '*C + ®*Ni nuclear reaction, gated by the 45 -2/, 1113.6

keV transition.
In Table 3 we present the DCO ratios of transitions visible in *Ge

produced through the ">C + °*Ni nuclear reaction, gated by the 2 — 0/, 834 keV

transition.
Table 2
DCO ratios of transitions measured in "°Ge
_ z z y-mult. y-mult.

Ei[keV] J; EfkeV] J5 EylkeV] | Rpco (ref. [15]) | (this exp.)
3666.83 6 3416.36 5 250.57 | 0.47(13) | MI1(+E2) Ml
3955.15 7 3666.83 6 288.49 | 0.80(38) | M1(+E2) | MI1(+E2)

3058.707 4" 2156.72 2" 901.25 | 1.13(37) - E2
4203.7 8" 3297.06 6" 906.48 | 1.34(22) | E2(+M3) | E2(+M3)
1039.485 2" 0.0 0" 1039.79 | 1.05(08) E2 E2
3297.06 6" 2153.16 4" 1144.52 | 0.78(15) | E2(+M3) | E2(+M3)

Table 3
DCO ratios of transitions measured in "*Ge
) z 7 y-mult. y-mult.

E;[keV] J, E¢[keV] Jr Ey[keV] Rbco (ref.[20]) | (this exp.)
2064.93 3" 1463.99 2" 601.37 | 1.52(45) | MI+E2 MI1+E2
3128.86 5 2514.79 3 614.54 | 1.32(24) E2 E2
1463.99 2" 834.011 2" 630.41 | 1.02(14) | MI+E2 E2
3784.18 7 3128.86 5 655.72 | 1.33(25) E2 E2
1728.30 4" 834.011 2" 894.54 | 1.14(10) | E2(+M3) E2
4741.34 9 3784.18 7 957.27 | 1.10(18) E2 E2
3760.50 8" 2772.03 6" 988.92 | 0.69(09) E2 E2
3784.18 7 2772.03 6" 1012.41 | 0.58(14) - E1l
3080.34 4" 2064.93 3" 1015.89 | 1.44(43) - MI1+E2
2772.03 6" 1728.30 4" 1044.18 | 1.06(10) E2 E2
2514.79 4 1463.99 2" 1050.68 | 0.79(19) | E1+M2 E1+M2
4820.0 10 3760.50 8" 1059.74 | 0.94(05) E2 E2
5837.8 11 4741.34 9 1096.62 | 1.09(24) E2 E2
3898.48 7 2772.03 6 1127.22 | 0.72(22) - El

5. Conclusions

We have performed a succesful experiment in IFIN-HH in which we
investigated experimentally some of the less favored channels of the '*C +°*Ni
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and "C + *Ni nuclear reactions, namely *Ni('>C, a2ny)"°Ge, *'Ni(*’C, ay)°Ge,
“Ni("*C, a3ny)°Ge, and *Ni(**C, any)™*Ge. Calculations were performed within
the IBA-1 model framework, and the results turned out in good agreement with
known experimental data. DCO ratios were measured for 6 transitions in "°Ge and
14 transitions in *Ge. For those multipolarities that are already known, the
measurements match the expected results. We have been able to confirm clearly,
through a measured R, = 0.58(14), the previously assumed fact that the 1012

keV, 7, — 6, , transition is a pure dipole one (E1).
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