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Abstract. The Be, Li , He, and H decay ha lf-lives of slightly exci ted nuclei have been 

determined wi thin a tunneling process through a potential barrier calculated from a 

genera'\ized liquid drop model and quasi-molecular shapes. Analytic formulae allowing 

to obtain rapidly these different partial half-lives are proposed. For a given decay they 

depend only on the mass and charge numbers of the emitter , the Q value and the 

excitation energy. 

PACS numbers : 25.85.Ec; 25.85.-w ; 21.10.Tg 

1. Introduction 

The transmutation of nuclea r waste and the production of energy and radio-isotopes 

by accelerator-driven systems is under consideration [1]. Vli thin these proj ects, the 

interaction of the nucleon b eam with the target, often lead or lead-bismu th mixture , 

induces the form ation of an excited system and , besides neutrons and fission fragments 

[2], other reac tion products are formed through different reac tion mechanisms. The 

knowledge of all the nuclear reactions which constitute a non negligible part of the 

reac tion cross section is needed . The energy range is from thermal up to a GeV. 

In this work the study of a specific decay channel is presented: the light nucleus 

emission from a mother nu cleus having an excitation energy lower th an the decay barrier 

height . i'vIore prec isely, the Be, Li , He, and H decay half-lives of excited nuclei in the 

lowes t part of the intermediate-energy domain have been determined wi thin a tunneling 

process through a potential barrier calculated from a general ized liquid drop model ami 

quasi molecular shapes. Fin ally, analytic formulae allowing to determine rap idly these 

different pa.rti a l balf-lives are proposed. For a fixed decay they depend only Oil the 

clJarge alld mass numbers of t he exciteci nllclell s, the Q valu e and the ("xc ita t ion energy. 
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2. Quasi-molecular shapes 

To describe the very light nucleus emission till the rupture of the matter bridge between 

the emitted particle and the daughter nucleus, the quasimolecular shape sequence 

previously used to describe the fusion [3], fission [4, 5], cluster radioactivity [6, 7] and 

the a emission [8] has been kept (see Fig. 1). It allows to reproduce the formation of 

a deep neck while keeping spherical ends and to reach rapidly the configuration of two 

touching spheres. Mathematically, the shapes are two half-lemniscatoids joined on a 

plane perpendicular to the emission axis. At the separation point the distance bet\Veen 

the mass centres are very small and the main part of this exit channel corresponds to 

two separated spherical nuclei . Consequently, the selected one-body shape plays a minor 

role in determining the potential barrier. 

3. Potential barriers 

The potential energy is calculated within the generalized liquid drop model previously 

defined and used to describe the less asymmetric different exit channels [9]. 

The macroscopic energy is given by 

E = Ev + Es + Ec + EN· (1) 

For the one-body shapes at the beginning of the decay process , the volume Ev , surface 

Es and Coulomb Ec energies are defined as: 

Ev = -15.494(1 - 1.812 )A MeV, (2) 

Es = 17.9439(1 - 2.612)A2/3 (S/ 4n R6 ) 111eV, (3) 

Ec = O.6e2(Z2 / Ro) x O.5 /(17(e )/Vo)( R(e) / RO)3 sin ede. (4) 

I = (At - A2)/ A and 5 are the rel a tive neutron excess and the surface of the one-body 


deformed nucleus. 17(e) is the electrostatic potential on the surface, reducing to Vo for 


the sphere. 


\Alhen the light particle and daughter nucleus are separated and spherical: 


EV12 = -15.494 [(1- 1.81f) A l + (1 - 1.81:~)A2] Jl1eV, (5) 

ES12 = 17.9439 [0- 2.61{)Ai/3 + (1 - 2.6InA~/3] M eV, (6) 

EC12 = O.6e2zU Rl + O.6e2Z~ / R2 + e2Zj Z2/ r , (7) 

where Ai(i = 1,2),Zi,Ri and It ale respectively the mass , charge, radius and relative 

neutron excess of the two nuclei. r is the distance between the mass centres. 

The radius Ro of t.he excited decaying nuclells is defined by 

11 /3Ro -- (1 .28.""1. -.0 -6{ + 08..""1,1 -10) j ' m,. (8) 
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This later formula, often used only to calculate the proximity energy, allows to better 

reproduce the experimentally observed increase of the ratio TO = RjA 1/ 3 with the mass; 

for example, TO = 1.10fm for 9Be and TO = 1.175fm for 208 Pb. In contrast, in the 

RLOM and RFRfvl approaches [10, 11] the reduced radius TO is chosen as 1.225fm 

and 1.16fm assuming no mass dependence while the surface coefficient as takes on the 

values 17.94.MeV and 21.13111eV. The radii of the two emitting nuclei are determined 

assuming volume conservation and respecting the mass ratio between the two nuclei [8]. 

The surface energy term Es results from the surface tension force effects in a half space. 

It does not include the effects of the attractive nuclear forces between the surfaces in 

regard in the neck or the gap between the nascent or formed fragments. The nuclear 

proximity energy term EN allows to take into account these additional surface effects 

when a neck or a gap appears. This term is crucial to describe correctly the one-body 

to two-body transition. For example, at the contact point between two spherical 3H 
and 206Tl nuclei the proximity energy reaches -101\;1e \I. 

= 2,,/ /h max 

EN(T) ~ [D(T, h) j b] 27rhdh. (9) 
hn1in 

h is the transverse distance varying from the neck radius or zero to the height of the 

neck border. D is the distance between the opposite surfaces in regard and the surface 

width b is fixed at 0.99fm. ~ is the proximity function of Feldmeier [12]. "/ is the 

surface parameter given by the geometric mean between the surface parameters of the 

two nascent nuclei: 

'Y = 0.9517)(1 - 2.61?)(1 - 2.611) JHeV fm- 2
. (10) 

In this GLOJ'o/l the surface diffuseness is not taken into account and the proximity energy 

vanishes when there is no neck as for an alone ellipsoid for example . 

To determine the half-lives the experimental decay Q value which incorporates all 

the microscopic corrections must be reproduced accurately. It has been introduced to 

improve the barrier profile in adding the difference between the experimental Q value 

and the theoretical one given by the GLOM at the macroscopic potential energy of the 

mother nucleus with an attenuation factor linear in r and vanishing at the contact point 

between the two spherical nascent nuclei. 

As an example the potential barrier governing the 3H decay from a 209 Pb nucleus 

(formed in the reaction n + 208 Pb) is displayed in figure 2. The nuclear proximity 

energy smoothes strongly the completely unrealistic pure Coulomb peak, the maximum 

of which corresponding to the contact point between the two spheres. The barrier 

hcight is lowered by 3.711JeV and the peak is shifted of 2.5fm towards a more external 

position corresponding t.o two srparated spheres maintained in unstable equilibrium by 

tile bal(lllcE' bet\\"een tile repulsive Coulomb forces and the attract.i\·c nuclear ptoxil1lit.\ 

forces. The minor role played by thE' olle-body shapes in the decay is d eath' poillted 
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out. 

4. Half-lives of light nucleus emission 

In this work only the light nucleus decay from nuclei with an excitation energy E* below 

the potential barrier height is considered. Then the decay can be viewed as a tunneling 

process and within a very asymmetric fission for which the preformation probability at 

the surface is one. Consequently the decay constant of the light nucleus emission is 

simply given by 

,\ = voP. (11 ) 

The assault frequency Vo has been taken as 

= 1020 1Vo 3- . (12) 

The barrier penetrability P is calculated 'vvithin the action integral 

TOUI 

p = exp[-~ l V2B(r)(E(r) - E*)dr], (13)
IL T tn 

where rin and rout correspond to the points where E(r) = E* (see Fig. 3). 

The inertia B (r) is related to the reduced mass by [7] 

B(r) = /1(1 + 1.3f(r )) (14 ) 

with 

R C0l11- r r < R 
R - R' - coniCO'Lt 1.11I(T) ~ { (15 ) 

0, r ~ RCOTi.l 

The partial half-life is finally obtained by 

ln2 
Tl/2 = T· (16) 

In preceding works [6, 7, 8] it has been shown that these procedures for determining 

the potential barriers and the partial half-lives allow to reproduce accurately the a and 

cluster emission half-lives. This can be observed also in figure 4 particularly devoted to 
heavy nuclides. 

5. Analytical formulae for the a decay half-lives 

For the a decay of a nOll excited nucleus several express ions have been proposed [13 , 14] 

for L0910 [Tl/ 2 (3) 1 since the Geiger and N u ta ll plots [15]. Previously [8], a fitting 
procecillle on experimental data for 373 a emitters having an a branching ra tio close 

to one has lee! to the following formulas respec tively for the even Z-en'I1 N; cnm-oclcl. 
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odd-even and odd-odd nuclei. A and Z are the mass and charge of the mother nucleus. 

The rms deviation is respectively 0.285, 0.39, 0.36 and 0.35. 

lOglO [T1/2(S)] = -25.31 - 1.1629A1/6.JZ + l.~Z, (17)
Qn 

1/6 r;:; 1.5848Z
loglO [T1/2(S )] = -26.65 - 1.0859A v Z + ~ , ( 18) 

1/6 r;:; 1. 592Z
lOgiO []TI/2(S) = -25 .68 - 1.1423A v Z + ~ , (19 ) 

1/6 r;:; 1.6971Z
lOglO [Tl /2 (]S) = -29.48 - 1.113A v Z + ~ . (20) 

Here, to take into account the exci tation energy of th e mother nucleus the following 

form has been assumed 

loglO [T1/2(S )] = (a l + a2A~.JZ + a3 JQ! E' )(1 + bIE' + b2 E*2). (21) 

The coefficients have been determined from a whole set of theoretical data given by the 

GLDM, the experimental data bein g absent. 

For the even Z- even N nuclei the following formula has been obtained with arms 

deviation of 0.28 between the data set given by the GLDIvI and the values given by the 

formula 

l r;:; 1.5864Z 
lOglO [] = (-25.31 - 1.1629A6 v Z + JQn + E *)TI/2(S) 

x(1 - 4.5182 x 10 - 4 E*2). (22) 

For the even-odd the relation (23 ) leads to a rms deviation of 0.41 

l r;:; 1. 5848Z 
lOglO []T1/2(S) = (-26.65 - 1.0859A6 v Z + JQo. + EJ 
x(1 + 1.1170 x 10- 2 E* - 1.4903 X 10-3 E*2). (23) 

For the odd-even nuclei the rms deviation is 0.27 

l r;:; 1.592 Z 


lOglO [] (-2 5.68 -1.1423A 6vZ+ JQn+EJ
T 1/2(S) = 

x (1 + 8.9617 X 10-3 E* - 1.3446 X 10-3 E*2). (24) 

For t he odd-odd nuclei the following formula leads to a rms deviation of 0.5 

l r;:; 1.6971 Z 
lOgiO [] 1.113,46 V Z + J(.JQ + EJ T1/2(S) = (-29.48 ­

x (1 - 8.8806 X 10-3 E*). (25) 

The introduction of the exc itation ene rgy does not diminish the accuracv of the 

formulae. 

http:1.1629A1/6.JZ
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6. Analytical formulae for the Be, Li, He, and H decay half-lives 

For excitation energies below the potential barrier height the above-mentioned procedure 

has been applied for the Be, Li, He, and H decay half-lives . 

For ~Be the formula is, with a rms deviation of 0.48 , 

1 r;:; 4.47183 Z 
[oglO Tl /2(S) = (-31.69 - 2.238A 6 v Z + Q )[] J +E* 
x (1 + 2.384 x 10- 3 E* - 9.556 X 10-5 E*2). (26) 

For ~Li, with (J = 0.38, 

[OglO [T1/2(S)] = (-27.55 - 1.796Ai JZ + 3.~016 Z ) 
J +E* 

x (1 + 2.665 x 10-3 E* - 1.109 X 10-4 E*2). (27) 

For ~Li, with (J = 0.36, 

1 r;:; 2.8051Z 
[][OglO T1/2(S) = (- 27.45 - 1.647A6 v Z + JQ + E ) 

x (l + 3.107 x 10-3 E* - 1.213 X 10-4 E*2). (28) 

For gHe, with (J = 0.35, 

[OglO [Tl/2 (s)] = (-24.85 - 1.424A i viz + 1.8773Z )
JQ+E* 

x (1 + 2.873 x 10-3 E* - 1.288 X 10-4 E*2). (29) 

For ~He, with (J = 0.24 , 

[OglO [T1/2(S)] = (-23.60 - 1.003Ai JZ + 1.3665Z) 
JQ+E* 

x (l + 3.896 x 10-3 E* - 1.662 X 10-4 E *2 ). (30) 
3 .For I H , with (J = 0.14, 


[OglO [T1/2(S)] = (-22.65 - 0.7187AiJZ + 0.6775Z) 

. JQ + E* 

x (1 + 3.079 x 10-3 E* - 1.795 X 10-4 E*2). (31 ) 

For iH, with (J = 0.16, 

1 r;:; 0.5626Z 
[] = 0.6039A6 v Z + JQ + E*)[OglO Tl/2(S) (-22.02 ­

x (1 + 3.06 x 10-3 E* - 1.871 X 10-4 E *2) (32) 

For iH , with (J = 0.08, 

. ] 1. r;:; 0 .. 3961Z
[oglo [TI /2 (S) = (-21.32 - OA2UAG v Z + J )

. Q+ E ' 

x (1 + 1.208 x 1O - ~ E* - 9.972 X 10-5 E *2). (33) 
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In the case of the proton the relative neutron excess h has been fixed to 1/3 in the 

GLDrvI. The partial half-lives are almost insensitive to the selected value. 

It is interesting to observe that the rms deviation remains low even for the highest 

asymmetries . As an example, the dependence of the partial half-lives on the emitted 

light nucleus and the excitation energy is shown in Fig. 5 for a 209 Pb nucleus formed 

and excited by the absorption of one neutron. The Q value is positive only for the 0: 

emission. For the 209 Pb nucleus, the potential barrier heights are respectively 39.9J\1eV 

for the 9Be emission, 36.8 for 7Li, 37.6 for 6Li, 29.2 for 6He, 32.0 for 3He, 20.2 for 3H, 
19.7 for 2H and 18.6 kIeV for IH emission. 

7. 	 Summary and conclusion 

The Be, Li, He, and H decay half-lives of nuclei have been determined to contribute 

to improve our knowledge of the decay of moderately excited nuclei. Such processses 

might particularly appear in accelerator driven systems. The decay has been studied 

for excitation energy lower than the potential barrier height and as a tunneling process 

through a potential barrier calculated from quasi molecular shapes and a generalized 

liquid drop model taking into account both the proximity energy and the asymmetry. 

No new parameter has been introduced in this model previously defined and used to 

describe the fusion, fission and cluster and (Y emissions. 

Analytic formulae allowing to determine rapidly these different partial half-lives are 

proposed. For a given decay they depend only on the mass and charge numbers of the 

emitter, the Q value and the excitation energy. 
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Figure captions 
Fig. l. Shape evolution from a sphere towards two spheres VIa compact 

quasimolecular configurations. After the separation the fragments are supposed to be 

spherical. 

Fig. 2. Potential barrier against :3 H emiss ion from a 209 Pb excited nucleus. The solid 

and dashed lines correspond respectively to the deformation energy with and wi thou t 

introducing a nuclear proximity energy term. r is the centre-of-mass distance. 

Fig. 3. Potential barrier governing the :3 H e emission from 108Te . E* is the excitation 

energy and Tin and Tout the turning points. r is the centre-of-mass distance. 

Fig. 4. lOglO[T1/2(S)] for the a emission from Th , U, Pu, Cm, Cf and Fm isotopes. 

The open and full circles correspond respectively to the experimental and theoretica.l 

data versus the neu tron number N. 

Fig. 5. loglO[T1/2(S)] as functions ofthe excitation energy E* ([vIe\!) and the emitted 
light particle for an excited 209 Pb nucleus. 
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