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Abstract 

Tha Ge{t,p)' Ga reaction has bsan performed at a 

bombarding energy of 17 MeV. Thlrtean excited states bslow 3 MeV 

excitation ara reported with J* values obtained by comparison to 

DWBA analysis. A comparison to a dynamical deformation theory is 
78 

made and the rasults suggest Ge is a transitional nucleus 

nearing spherical shape due to the proximity of the N = 50 closed 

shell. 

Nuclear Reactions Ga(t,p), E s 17 MeV; measured cr(E ,0) 

Ge deduced levels, J*, measured Ge atomic mass 

DWBA analysis, magnetio spectrograph. 
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1. Introduction 
78 The nucleus Oe is the heaviest of the germanium isotopes 

that is acoessible to study by light ion induced reactions using 

stable isotope targets. In particular, the (t,p) reaction may be 

used for this purpose with spin and parity assignments deduced 

from the angular distributions of the emitted protons. There is 
7fl 

little information in the literature on Ge either from an 

experimental or theoretical viewpoint. Initial results from 

Hartree-Fook calculations indioate a possible oblate to prolate 

shape transition between N = 36 and N s 16 but no dynamical 

effects were included. 

The present paper is a first report of a systematic survey 
78 of all of the Ge isotopes with the accent being on Ge because 

of the lack of information on this nucleus mentioned above. 

Calculations which include dynamical effects are also included in 

the present results where they are compared to the experimental 

data. 

II. Experimental Procedure 

The experiment was performed with a beam of 17 Mev tritons 

froa the Los Alamoa Scientific Laboratory FN tandem Van de Craaff 

2 2 
5 yg/o» carbon backing. The areal density was 120 pg/om as 

determined by elastic scattering at 30° which was compared to an 

optical model calculation using systematic optical model 

parameters. The isotopio enrichment of the ' Ge was 95.51 . 
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The reaction protons were analyzed by a Q3D type II magnetic 

apeotrometer operated at a solid angle of 14.3 mar and detected 

on the fooal plane by a helical cathode position sensitive pro-
3 il 

portlonal oounter of one meter length. ' Proton spaatra were 

taken in 5 steps from 10 to 60 aoattering angle and over a 

range of exoitation energy of *** 3 MeV. Additional d<sta were 

taken *t only three angles (15°, 25°, 40°) covering the 

exoitation energy range of 3 to 5.5 MeV. The elastioally 

scattered tritons were monitored by a solid state detector of 

known geometry located at 30°. This detector served to establish 

the absolute cross section scale noted above as wall as the 

relative cross sections; the latter to an acouracy of 5$, the 

former with an uncertainty of 25%. 

III. Results 

A spectrum of Ge obtained at a laboratory angle of 10 is 

shown in Fig. 1. The energy resolution as determined by the GeO_ 

target thickness is 15 keV FHHM. Excitation energies for the 
78 observed levels of Ge are given in Table 1. These energies 

were obtained by using known states populated in the 
70 72 74 

Ge(t tp) reactions to generate a polynomial expression 

between radiua of ourvature and channel number ir» the Ge 

spectra. The error in excitation energies from this procedure is 

estimated to be + 3 keV up to an energy of 2.7 MeV and ± 6-10 keV 

above this. Contributions from other Ge isotopes in the target 

were eliminated by a comparison with spectra obtained with a 

natural Ge target at 15 and 30 and at the same magnetic fields. 
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78 Table I aise presents previously knowù results on Ge as 
5 

given in a reoent preliminary report by Hateja et al. and by a 

0-deoay study of Matsushigue as reported by Aleklett et al. 

There la general agreement in exoitatlon energies between the 

various experiments; the present results give 22 more levels 

than previously reported. The fifth column of Table I contains 

the observed maximum oross seotion for eaoh transition. 

The calibration funotlon and the use of a natural germanium 

78 
target also permit a determination of the mass of Qe based on 

the measured Q-value for the Ge(t,p) Ge reaction. The deduce 

Q-value was Q = 6310 +. 5 keV which gives an atomic mass value fo 

78 
' Ge of 77-923855 ± 0.000005 amu compared with the previously 

is outside of the previously established mass error. 

IV. Distorted Have Analysis 

78 Angular distributions for all of the observed states of G 

up to about 3 KeV in excitation are shown in Fig. 2 where they 

are compared to distorted wave calculations (DWBA) using the cod 
a 

DHUCK. The optical model parameters ara from systematic elaati. 
2 9 

scattering surveys of tritons and protons and are given in 

Table II. Simple form factors were used for these calculations 

as little dependence of the shapes on the form factor Is expecte 

for two nucléon transfer reactions. Even L-transfers were 

calculated with a ^ « Ç J ^ J 2 configuration form factor and odd 

L-transfers with a ( 1S g / 22p 3 / 2)j configuration. The fits of 

these calculations to the data shown in Pig. 2 are the basis for 
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the J assignments given in Table 1. An additional guide to 
those asaignaents was the shapes of the angular distributions in 
lighter germanium isotopes10 to states of known J*. Tba 
combination of these two oriterion give adequate confidence to 
the values noted in the table. 

The level at 1.547 MeV Is clearly dominated by an L = 0 
transition froa tbe observed sharp diffraction structure of its 
angular distribution. However, its shape does not correspond 
well to either the DW prediotion or 0 angular distribution 
shapes observed with the natural germanium target, although an 
unresolved doublet in Ge must be oonsidered. However, the 
observance of deviations in the shapes of transitions to known 
excited 0 states in the germanium isotopes has already been 

11 12 noted in (p,t) reactions ' and seen in the lighter isotopes by 
the (t,p) reaction. Anomalous shapes of this type have been 

is accounted for by multistep reaction processes and may account 
for the deviations seen here in the 
L = 0 transfer. Similar effects may also play a role in the 
discrepancy between the DW prediction for the lowest 2 + state and 
the observed shape. Discrepancies in dsformed transitional 
nuclei for the lowest 2 + state are known to occur In (ttp) 

14 reactions in the osmium nuclei and it has been shown that 
gemaniua nuclei also appear to be in a region of shape 

15 transitions. 
Comparison with the natural germanium target has shown that 

contaminants are present into the forward points of the 2.759 and 
2.850 MeV angular distributions with amounts between 15 and <10$. 
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This explains the father poor quality of the fits for these 

levels (Fig. 2 ) . The L-transfers proposed are based primarily on 

the data above 30 where the contamination becomes negligible. 

The level at 2.330 MeV cannot be assigned as a unique spin but 

only Halted to L » 4,5. No angular distributions are shown for 

the levels above 3 MeV quoted in Table I as only cursory data 

war* taken. 

The observed cross section and the DWBA predicted cross 

section nay be compared through the relation: d<r/dfï = Ne 

(d<r/dfl)D1.BA. Here N is a normalization constant and e is the 

enhancement factor which gives the collectivity of the transition 

(pairing collectivity) over the assumed form factor. If the 

correct wave functions are used for the correlated initial and 

final states, e= 1. It has been shown that under these 

conditions, N = 22 for the code DWUCK. , 1 7 The resulting 

enhancement factors using this value of N and the optical nodel 

parameters of Table 2 are given as the sixth column of Table 1. 

V. Discussion 

The ground state is the most strongly populated level in 

this reaction with the only other L = 0 transition seen below 3 

MeV representing only 3Ï of the ground state strength. This fact 

together with the near equality of all of the (t,p) transitions 

between germanium ground states suggests a neutron 

pairing-rotational description of this region. Thus no shell 

7fi 

closures are indicated. Another feature of the Ge spectrum Is 

the Increased excitation energy of the 2 +

f 2 * f i| * and 1 * 
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states relative te the known valuta for these states in the 
76 Isotope Ce where they have a minimum energy. Then states say 

bo eonsldered as aeabers of the ground stste rotational and 
76 vibrational (I • 2) bands and Ge represents the nuoleua with 

78 aaxlaua deforaatlon or Y-Instability. Ce thus indicates a 
trend towards a apherloal shape which should ooour at the olosad 
shell of I > 50. 

7B This Interpretation of the role of Ge as a tranaltion 
between deforaed and spherical nuclei Is in agreement with 
calculations using the recent dynaaio deformation theory of Kumar 
et al. In this theory, the functions of deformation entering 
the collective Haailtonian are coaputed microscopically. The 
potential energy of deforaatlon Is given by the shell and pairing 
correction aethod of Strutinsky, the uniform part of the 
deforaatlon energy being calculated via the liquid drop model. 
The collective kinetic energy is estimated by a tlme-dependent-

78 cranking theory. This theory has been applied to Ge and the 
energy aurface and energy apectrua predicted. The results for 
the lowest levels are shown in Pig. 3. The agreement between the 
observed and predicted levels is rather good. CNo negative 
parity levels are predicted in this oaloulatlon.) The energy 
surraoe indicates a slight trend toward a prolate deforaation 
(6 *• 0.2) but has the general behavior of a spherloal nucleus. 
The deforaation energy <* 1-2 MeV ) l s n o i sufficient to keep the 
nucleus well deformed. The experimental and theoretical spectra 
have a vibrational character, but large anharmonioitiea are 
indloated by the splitting of the two-phonon triplet. The 

T 
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experisental results show * rls« of tha cantroid or this triplet 

to 2.3 tl««a tha 2,* energy. 

another result of tha prasont experiment la tba lack of 

observation for an» strong 3* atata in tha rang» of excitation 

energy below 3 HaV. Thaaa ootupola states have been observed as 
go 70 72 74 atrong transitions in tha (p,t) reaction leading to * " " Ce 

and always near an excitation energy of 3 NaT. ' Tha reasons 
78 for tha (t.p) reaction not seeing such a state in Ge nay lie in 

tha •icroscopic sakeup of the ootupole state and the nearness of 

the shell closure at N z 50. The ootupole state Is basically a 

particle-hole state easily excited by two particle transfer 

reactions at nid shell. However, Just below a closed shell» the 

(t,p) reaction has few holes accessible to it and a reduction of 

strength will occur. ID particular, at M = 50 the orbitals above 

the closed shell are primarily positive parity (the h., .- is the 

highest orbital of the next shell at A = 78). Below the closed 

this can only couple to 5~. 6""; the latter being unnatural parity 

and thus not excited. Ve would then expect stronger 5~ states In 

tba (t.p) reaction than 3' states. '••'a could be 'n interpreta

tion for the observation of the two rather iaportant L = 5 

transitions near 2.7 HeV energy (Table I). This is supported by 
11 12 -

the general lowering of the known *'** 5 states froii about 

3-5 - 3.8 Ha? to 2.7 MeV between 6 8 ~ 7 0 C e and. 7 8 0 e which seems not 

consistent with a collective octupole-ooupling node reaching the 
78 nearly spherical nucleus as conjectured above for Ge. For (p,t) 



reactions, the gg / 2 and the p and f negative parity orbitala are 
available for strong excitation of the ootupole state. Similarly 
in the lighter germanium isotopes, there are moro holes available 
in the p and f orbitala for stronger excitation by the (t,p) 
reaction of ootupole states. Thus it is not clear from the 
present experiment if the ootupole was weakly excited or if it 
lies above the 3 HeV region examined here. The latter 
possibility seems however in agreement with (1) the above 
diaoussed trend towards a spherical shape where oscillations of 
ootupole type are alao known to go up in energy and (11) the 
appearance of a possible L = 3 candidate (about 45 yb/sr peak 
cross-section) from the limited data for the peak at 3.684 MeV 
(see Table I). Calculations involving octupole modes of 
vibrations, which appear very sensitive to the occurrence of 
low-lying hole-particle excitations and correlations in the 
nuclear states, are highly necessary in this region. 
VI. Summary 

The present analysis of the ' Ge(t,p) Ge reaction adds 
significantly to knowledge of the structure of Ge, a nucleus 
about which little was previously known. A comparison of these 
data with DWBA predictions and systematic results obtained in 
lighter germanium nuclei has made possible a number of new J 
assignments as well as a qualitative description of the nuclear 
coupling scheme. Complementing this approach with a theoretical 
description in terms of dynamical deformation variables has 
permitted the postulation of the structure of Ge as that of a 
transitional nucleus, close to being spherical due to the 
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proximity of the H * 50 closed shell. This interpretation is 

reinforced by the absence of an octupole state excited by the 

(t,p) reaction Hhioh aay be explained by the unavailability of 

odd parity orbitals near tbe closed shell. 

10 
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Figure Caption? 

Fig. 1 Spectrum of 76Ge(t,p)7 Oe at 10°. 
76 78 Fig. 2. Angular distributions for the ' Ge(t,p)' Ga raaotion. 

The aolid linea ara DWBA pradiotiono. Vartloal bara are 
atatiatioal arrora. For the levels at 2.759 and 2.850 
MeV, there ara additional systematical errors due to 
other Ge aontaalnation {see text). 

78 Fig. 3. Expérimental and oaloulated spectra for Ga on the left 
side. Only positive-parity states have been 
calculated. On the right side, oontour plot of the 

78 potential energy of Ge. Deformation 0 varies radially 
from 0.0 to 0.8 and asymmetry parameter T from 0 to 60 
from the left corner of the triangle. The equipotential 
curvea are plotted for each integer value (in MeV units) 
of the potential energy. The potential energy is 
normalized to 0.0 for its minimum (pointed out by a black 
circle). 
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TABLE I Level» obeerved In the reaction Ge(t,p) Ge at 17 MeV 

1 Level Ex 
(HeV) L j " (llb/sr) *• E - '"' 

(MeV) 
j " 

Résulta 
E 

(MaV> 

1" 1 0 0 0 + 905. 28 0 0 + 1 

J 2 
3 

0.621 
1.187 

2 
2 

2+ 
2 + 

54. 
8.7 

0.37 0.619 

0.06 1.182 

2 + 

2 + 

0.619 
1.1S61 

f\ 4 1.547 0 0 + 30. 0.09 1.539 0 + ! 

f; S 
E 

1.570 
1.843 

4 
2 

4 + 

2 + 

16.1 
0.02 
0.11 1.838 2* 1.842 

ÎV 7 2.292 4 4* 14.3 0.12 2.288 4 + ' 

g 8 2.330 (4) (5) (4+>(5") 25. (0.24) (2.9) 2.326 4 + 

« 9 2.439 2 2 + 56.9 0.37 

} 10 
n 

2.652 
2.759 (3) (4) 

5" 
(3") <4+) 

29.7 
9.7 

2.9 
(0.26) (0.07) 

1 12 2.850 5 5~ 9.2 0.90 

l 13 2.955 l 14 3.204 -~ l 15 3.615 

1 16 3.638 

S 17 3.684 

"s 
18 
19 

3.945 
3.996 

! s 
20 
21 
22 
23 
24 
2S 

4.050 
4.109 
4.249 
4.305 
4.335 
4.378 

i 

26 
27 
28 
29 

4.74S 
4.816 
5.191 
5.324 ! 

a) froa référence 5 
b) froa reference 6 



Bound-State 

V 
r 

166.6 W . l 

R r 1.16 1.85 

\ 0.752 0.65 

W I 32.9 0. 

W SF 0 . 13 .7 a ) 

R I 1.1(98 1.25 

A I 0.817 0.1i7 

V 
a.o. 

0 8 .5 

a) 
Derivative form for imaginary potential 
Adjusted to give correct binding energy 

b) 

1.25 

0.65 
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