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Proton radioactivity from proton-rich nuclei
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In recent years new half-life measurements have been performed to better understand
the proton and alpha decay processes in the region of proton-rich nuclei. These data are
very promising for the analysis of possible irregularities in the structure of these proton-
rich nuclei [1-11]. They are also of great interest in rapid proton capture nucleosynthesis
processes. Some new results for proton radioactivity in this region of proton-rich nuclei have
indicated that the proton emission mode is rather competitive with the alpha decay one
[2,12,13].

The processes of alpha decay, cluster radioactivity, and cold fission have been already
studied by us in the framework of the effective liquid drop model, and results have indicated
that these three decay modes can be treated in a unified manner by this theoretical approach.
In spite of using only gross nuclear properties, and one or two parameters (depending on
which process is being described), the effective liquid drop model has given predicted half-
life-values in pretty good agreement with the data for half-lives and yields for the three
processes mentioned above [14-19].

In the present work we show that the effective liquid drop model has worked well when
applied to the phenomenon of proton emission of nuclei in the proton-rich region. Half-life
predictions for this process in the region of proton drip line can help in planning for further
experiments to detect new proton-emitter nuclei. In what follows we briefly report the basic
ingredients of the calculation.

In our model the Gamow penetrability factor,

P = exp{—% /f \/2u(V—Q)dC} , (1)

is calculated under the current assumptions for shape parametrization and inertia coefficient
of the fragments during the molecular phase of the decay [14-19]. The inner and outer
turning points, (p and (¢ respectively, are determined by using the experimental ()-value of
the decay. The potential energy, V((), is the sum of the Coulomb plus an effective surface
term for the drop, where nuclear structure effects are included by means of the experimental

@-value, which value is an input data for the potential barrier calculation. The numerical
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code which deals with alpha decay, cluster radioactivity, and cold fission processes is available
from the library of the Queen’s University of Belfast [20].

The effective liquid drop potential barrier in the case of proton decay of heavy nuclei,
exhibits a small inner tail (Fig. 1). However, this tail remains a representative contribution
from the inner part of the potential to the total penetrability factor calculation in the
case of intermediate-mass proton emitters (from 5 up to 20% of the total Gamow’s area).
This contribution depends upon the inertia coefficient chosen to describe the decay process
[14-17], as can be seen in Fig. 2. Here, Werner-Wheeler’s and the effective inertia coefficients
are shown as a function of the relative configuration of the system for the varying mass
asymmetry shape (VMAS) and constant mass asymmetry shape (CMAS) parametrizations.

By using the current model, the half-lives for proton emission from proton-rich nuclei
measured recently have been calculated and compared with experimental data as shown in
Fig. 3. The present results are seen to agree agreement with the data, the largest difference
between calculated and measured half-life-values, in the great majority of cases, being lower
than one order of magnitude. The present half-life results have been obtained by using the
VMAS shape parametrization combined with the effective inertia coefficient of Refs. [14-17].
Here, we have used the model parameter-values 7o = 1.38 fm and Ay = 5 x 10%° s~!, where
ro is the nuclear radius parameter of the parent nucleus, R = rgA/3, and ) is a parameter
associated with the frequency of assaults on the potential barrier. Similar agreement between
the model predictions and the data can be achieved for the other combinations of shape
parametrization and inertia coefficient with a proper choice for model parameters rq and .

We remark that the contribution from the centrifugal barrier to the total potential barrier
is relevant for light fragment emission processes [18,19], being even more significant for
proton radioactivity. In fact, we have only attained good agreement with the data shown
in Fig. 3 after including the experimental orbital angular momentum value, ¢, into the
calculation. Figure 4 shows the importance of the centrifugal barrier in calculating the
half-life-values for proton emission from tantalum, rhenium and gold proton-rich isotopes

in order to demonstrate the decisive role of the centrifugal barrier in the calculation. We
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can clearly see that the orbital angular momentum in the decay is a key quantity to explore
peculiarities in the shell structure of the proton-rich nuclei involved in the process. In
addition, we note that the measured half-lives for proton decay of *Ta, ¥'Re and " Au
isotopes are reproduced by the current model only if angular momentum values different
from those obtained from the experiment are used in the calculation. In fact, we have used
£ = 2, 3 and 4, instead of using the experimental values £ = 2, 0, and 5, respectively, for
156Ty5, 161Re, and " Au.

As mentioned earlier the purpose of this work is to give new theoretical, indicative half-
life-values to further experimental prospecting of new proton emitters in the proton-drip line
region. To this aim we have extended the present calculation to include all available mass-
values of parent and daughter nuclei from the Atomic Mass Table by Audi et al. [21]. Results
are presented in Table 1 together with available experimental data. Table 1 lists 24 cases
of proton emitters in the half-life range of ~ 1us—-100 s. We remark that these theoretical
estimates have been obtained with null orbital angular momentum (¢ = 0). They should
be seen only as gross tentative to determine the experimental half-life-value of decay, since
the proton emissions observed up to now have presented orbital angular momentum values
differing significantly from null values. It should be mentioned that different alternative
theoretical treatments to proton emission from nuclei in the spherical approximation have
been recently investigated by Aberg et al. [22]

In conclusion, we have shown that the effective liquid drop model proved to be successful
to predict the half-life for alpha decay, cluster radioactivity, and spontaneous cold fission
processes of nuclei. The model also gives half-life-values which are in good agreement with
the existing data for proton emission from proton-rich nuclei. Such calculated results can
be treated as useful information to predict proton-decay half-lives of nuclei in this region.
Results presented in Table 1 show that there are a number of proton decay cases which can
be observed with attainable half-life values.
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Figure captions:

Fig. 1: Effective potential barrier for proton radioactivity of 16Ta isotope. The shaded
area shows the inner tail of the potential constructed with the effective inertia coefficient
and the VMAS for the shape parametrization (see Refs. [14-17]).

Fig. 2: Inertia coefficient for the process Ta — p + 1*5Hf. The figure shows the differ-
ence between various inertia coefficients for the molecular phase of the process. According
to Refs. [14-17}, model combinations are as follows: Werner-Wheeler inertia and VMAS
description (solid line), Werner-Wheeler inertia and CMAS description (dashed line), effec-
tive inertia and VMAS description (dotted line), and effective inertia and CMAS description
(dot-dashed line).

Fig. 3: Half-lives for proton radioactivity of proton-rich parent nuclei. The present
calculated results (open squares) agree quite well with the experimental data (filled circles).
Small deviations are seen only in a few cases where the difference between calculated and
experimental values is larger than one order of magnitude. Data are those listed in Table 1.

Fig. 4: Angular momentum dependence of the half-life for proton radioactivity. Half-
life calculations for *¢Ta (solid line), 'Re (dashed line), and ™' Au (dotted line) isotopes
change up to about ten orders of magnitude when orbital angular momentum varies from
0 to 10h. We display as filled symbols the experimental data for %6Ta decay with £ = 2

(circle), 1*1Re decay with £ = 0 (square), and " Au decay with ¢ = 5 (diamond).
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Table I: Half-life (log,, 7 [s]) for all measurable cases for proton emission from nuclei.
The present half-life-values have been obtained by using the effective inertia coefficient in
the VMAS shape parametrization, p}¥45, with model parameter values 7y = 1.38 fm, \g =
5 x 10%° 57!, and null orbital angular momentum. In the cases where the experimental half-

life is available the reported /-values are those to give the best agreement between calculated

and measured half-life-values.

Parent Half-life-values, log,o(7) [s]
nucleus ¢ calculated experimental
5Cu 0 ~5.22 _
3#Ge 0 —0.40 _
s 2 2.06 1.70 4
1 2 —4.46 —4.00 [9.10,23]
112G 2 -3.58 -3.30 !
#Cs 2 -5.91 —4.77 159
#?Ho 0 0.34 _
U6 5 —0.69 —-0.63 7
goTm 5 0.19 0.43 [8:23.24)
10Lu 5 —1.74 —1.40 [6:23]
By 5 —1.44 0.89 11,23
3Ta 2 ~0.93 —0.84 [229]
5Ta 0 —1.22 —0.52 (26
190Re 2 —-3.48 ~3.06 9
BIRe 3 ~3.64 —3.43 [26]
1851y 5 —417 _3.46 [27]
ey 2 —0.98 —0.82 27
¥ 0 ~1.55 —0.96 27
MAw 4 -3.22 —2.65 (27
5T 0 ~5.00 —
BT 0 1.57 _
P B 0.06 _
185p; 0 —4.89 —4.35 11
B'Bi 0 -1.53 _




-8—

CBPF-NF-011/99

160

| ! | ! | ! l ! | ' |
;EE -
+ o
-1 AN
ok -~
T
. -
H-
4 O
(o0
d O
=
] ] ] 1 | ! ] ! I ] | o
A o O © <I (Q\] o
[A®IN] A ‘18leq [BlIUSIOd

separation, € [fm]

Fig. 1

Guzman et al.



CBPF-NF-011/99

[wy] 9 ‘uoljesedas
8 / 9 G b

N = T |l..—u.’.4.f.n.|..._l..|..|.—|.-|.l—.

-— @ wms  emm e
I Lo
- -
-

2l 6/ ]
JHgq, + d < B]gq

JB ]@ URWZNL

¢ b4
0°0
v'0

=

(q)]

80 —

Q

()

o

¢l @

S

9'1 m

. E

0¢ F

Ve



CBPF-NF-011/99

[wy] 9 ‘uoljeiedass
8 / 9 G b

- - -— - e~
- - -
- -
-

2l 6/ 1
JHeg, + d < Blgq

'|e 18 URWZND

¢ b4
0°0
v'0

=

q)]

80 —=

Q

()

o

¢l @

S

9'1 m

_E

0¢ F

Ve



CBPF~-NF-011/99

-10-

00¢

Joquinu ssew snajonu juaied

081

09

!

vl

0cl

I

‘e ]Jo uewznyg

e

wu

[s] (2) °*Boj ‘sanjen ayij-jey



CBPF-NF-011/99

“11-

8

‘B ]8 ueWzZno
[Y] NHE:EmEoEE_:mcm p 61

9 14 ¢ 0

_ T _ _ ' _ T — 8-

[s] (2) °*Boj ‘sanjea aylj-jey




