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Various theoretical approaches to proton emission from spherical nuclei are investigated, and it is found that
all the methods employed give very similar results. The calculated decay widths are found to be qualitatively
insensitive to the parameters of the proton-nucleus potential, i.e., changing the potential parameters over a
fairly large range typically changes the decay width by no more than a facter3ofProton half-lives of
observed heavy proton emitters are, in general, well reproduced by spherical calculations with the spectro-
scopic factors calculated in the independent quasiparticle approximation. The quantitative agreement with
experimental data obtained in our study requires that the parameters of the proton-nucleus potential be chosen
carefully. It also suggests that deformed proton emitters will provide invaluable spectroscopic information on
the angular momentum decomposition of single-proton orbitals in deformed MB0&56-28137)00410-X]

PACS numbseps): 23.50+2z, 21.10.Jx, 21.10.Tg, 24.10.Eq

[. INTRODUCTION and the dependence of the calculated half-lives on model
parameters is discussed in Sec. IV. Results of calculations
Nuclei beyond the proton drip line are ground-state protorare confronted with experiment in Sec. V. Finally, Sec. VI
emitters. That is, the parent nucleg§,1X, is unstable to the ~contains the main conclusions of the paper.
proton decay:
Il. THEORETICAL APPROACHES

STIX—5X+p. (1) . _
Proton emitters are extremely narrow resonances which

an be interpreted in terms of isolated quasistationary states.

Initially, the parent nucleus is in a quasistationary state, an cause of their extremelv small widths. the perturbative
the proton decay may be considered as a process where tag roach based on stand)::lrd reaction tﬁe{ﬁr 8]p ‘s ex-
proton tunnels through the potential barrier. In most cases PP Y

the combined Coulomb and centrifugal potentials give rise tog gﬁtgg Looggi(\j/gg;;(;ugitee'STzggéorlég%'tis;ﬁtihpégsg(le)r]n'SSlon
barriers which are as large asl5 MeV. Consequently, the P '

sssocted lfetimes, angig fom 15 0 a few seconds, eI e Sk R e s
are sufficiently long to obtain a wealth of spectroscopic in- P 9

formation. Experimentally, a number of proton emitters havetlon amplitude 246,

now been discovered in the mass regiéns110, 150, and I=2a|Tas1z41n z|2, )
160 (see Refs[1-4] and references quoted thergiand re- o
cently the first proton emitter above lead was repoffgdit ~ where the transition amplitude, in the distorted-wave Born
is anticipated that new regions of proton-unstable nuclei willapproximation(DWBA) is given by
be explored in the near future using radioactive nuclear
beams. Tar1ze1az={PapPapl Vapl Pas1)- 3
The main objective of this paper is to perform systematic
calculations of half-lives and spectroscopic properties ofn Ed. (3) #a, is the incoming spherical wave representing
spherical ground-state proton emitters. We also discuss tH&e relative motion of the proton with respect to the daughter
reliability of different theoretical approaches, such as the dishucleus, ¥, is the product ofintrinsic wave functions of
torted wave Born approximation, the two-potential approachthe proton and the daughteb,, , ; is the metastable state of
and the simple description of the barrier penetration problenthe parent nucleus, and,, is the interaction between the
in terms of one-dimensional quasiclassical method. proton and the daughter nucleus.
The paper is organized in the following way. In Sec. Il the For a given interactioV ,,, one could in principle calcu-
theoretical approaches used in this study are briefly prelate the decay width directly by considering the time-
sented. A comparison between models is given in Sec. llfeversed capture process+ p—>’z*HX and study the asso-
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56 SPHERICAL PROTON EMITTERS 1763
ciated resonances. However, since the proton resonances are ——T—T—T—TT
extremely narrow]'~10 %2—1071° MeV, it is difficult to

localize them numerically. Therefore, in our paper, we shall 2
evaluate the transition amplitude explicitly using E8). (It

is worth noting that in Ref[10] an attempt was made to
calculate the decay width directly by solving the Salinger
equation in the complex plane; the imaginary part of a

quasistationary 1d;,, orbital |
Qp=1139 keV

147Tm

log,|P(x)|
&
T

positive-energy Gamow resonance gives the decay width 8 7
[11,12) T i
Once the decay width is calculated, the half-life of the 10 T

proton decay is obtained as |
0 20 40 60 80 100 120 140 160 180
r (fm)

h
t1/2:—|n2. (4)
r FIG. 1. Spherical radial wave function of the quasistationary

] ] ) 1dg, state atQ,=1139 keV in **'Tm (in logarithmic scalpas a
As mentioned above, the proton resonances in question aggnction ofr. The Coulomb barrier radiuss=7 fm, and the outer

EXtreT03|ylo Qa”OW and correspond to half-lives, classical turning point;,=87 fm, are indicated.
t;;~10-10 " s.

For calculatingl’ we shall use three different methods:  wherek=\2uE/%, w is the reduced mass, ard, is the
DWBA as described in Sec. Il A(ii) the modified two- regular Coulomb function. Thie-dependent factor in Eq8)
potential approach of Gurvitgl3], described in Sec. Il B, guarantees proper normalization of the scattering funation
and (iii ) semiclassical approximation described in Sec. Il C.(cf. Refs.[14,15).

The model parameters employed are specified in Sec. I D. The initial state wave functiony », ;, describes the pro-
ton quasibound to the core. This wave function can be writ-
A. The DWBA method ten as a product of the daughter-nucleus wave function,

The DWEA calclation of the decay widfEq, (2] re- e e 210 YaVe fnclon, The radal wae functon of
quires knowledge of théquasistationaryinitial state wave
function, ¥, 4, the final state wave function¥; oy, and bnsi(1)
the interaction potential. The interaction,, in principle q’n/j(f):f, 9
consists of a sum of two-body terms describing the pairwise
interactions between the outgoing proton and allAheucle- s found by numerically integrating the Schiinger equation
ons in the daughter nucleus. As is often done in DWBAwith the one-body potential5) using the code ABMQ of
[6-8] we shall approximate the “true” interactiodix, with  de Vries [16]. The quasibound proton wave function
the much simpler one-body potenti] énsi(r) is found by joining smoothly the wave function
from the interior region with the irregular part of the Cou-
V=VntVe, 5 lomb wave function (r), that asymptotically describes the
proton wave function as— . In our study, we assume that
the nuclear interaction between the proton and the a6ye,
consists of a central and a spin-orbit potential of a Woods-
Saxon type. For fixed Woods-Saxon radius and diffuseness,
_ C \/_\/0 and for given energyks, and quantum numbers/j of the
Tar1z+1a2=(WVap¥aplV=VelVazii,) ® quasibound state, the depth of the nuclear potential is itera-
c . . : tively adjusted until the inner and outer wave functions are
wherey/z, is a scattering wave function corresponding to thesmoothly connected. During the variation, the depth of the

point-charge Coulomb potentiali.e., a positive-energy L S . .
eigenstate of the Hamiltonia‘h+vg whereV°C=Ze2/r). ﬁp||3n) orbit potential is also adjusted accordingsee Sec.

The remaining part of the interactio,— V¢, gon5|scts of As an example, the calculated wave functiby,;(r) of
the nuclear optical potentialy and the correctioV>~ to 44 quasistationary ds, state inX"Tm is shown in Fig. 1.

the Coulomb potential due to the finite charge distribution: 5 expected, in the interior regiom € 7 fm) the wave func-

tion has one node. The outer turning point is quite distant, at
TA+1’Z+1?A’Z:<\PAP¢XD|VN+ VW ar1). @) about 87 fm. This results in a reducgo‘; of theqwave function
in the barrier region by about 10 orders of magnitude. In the
outer region, outside the classical outer turning point, the
characteristic oscillatory behavior of the Coulomb function is

which is a sum of a simple nuclear optical potentig] and
the Coulomb potentiaM-. Using the Gell-Mann, Gold-
berger transformatiof6—8], Eq. (3) can be rewritten af9]

The wave function? 5, can be written as a product of the
intrinsic wave function of the protofthe proton is assumed
to be in its ground stajeand that of the daughter nucleus,

® ,, which in our work is treated as an inert core. The radial By combining Eqs(7), (8), and(9), the resonance width
part of 5, is becomes

_ 2u F (1) _ A
P (r)= thzk T 8 F_ﬁzk

2

J:F/(r)(VN"' SV ¢ (n)dr| . (10
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FIG. 2. Different terms contributing to the proton decay rate of Iy r Iy ¥

the 1d,, state in'*Tm shown in Fig. 1:(a) the radial wave func-
tion, (b) the regular Coulomb wave function, arid) the proton
potentialVy . In (d) the integrand of Eq(10) is shown. The barrier FIG. 3. The potentials appearing in the two-potential approach

o n . A 18
'r\jf{l;s is at g=7 fm. The resulting resonance width is 2650 of Sec. I1B: V(r), U(r) [Eq. (12], W(r) [Eq. (13], and

W(r)=W(r)+Vg. rg is the barrier radius, ant, r,, andr, are

. . . the classical turning points.
Figures 2a)—2(c) illustrate the radial dependence of the ap

three terms in the integrand of EG.0): the quasibound wave 4

function, ®,(r), the (regulay Coulomb function,F (r),

and the optical potential/y, . The total integrand is shown in 0 if r<rg,

Fig. 2(d). The main contribution to the resonance width is W(r):{V(r)—V TR (13
seen to come from the surface region, and the integrand has B B

a large peak around the Coulomb barrier radrgs, This is a5 shown in Figs. ®) and 30). It is assumed that initially

because the Coulomb function is vanishingly small at small the particle occupies the bound eigenstate of the Hamiltonian
values, while the wave function of the quasistationary statgy with the potentialu(r),

decreases exponentially in the barrier regich Fig. 1). The
proton decay rate is thus expected to depend rather weakly
on the detailed structure of the wave function in the interior Ho®o=
part of the nucleus, while surface properties may be impor-
tant. The perturbing potentiaW disturbs the wave functiod,,
and transforms it to a quasistationary state, an eigenstate of
B. The two-potential approach the full HamiltonianH = pf/2,u+V with an energyE. It is to
be noted that the energi€&sandE, are not identical; except

2
L

2/_4, (1)0: EO(I)(). (14)

Another perturbative method for calculating the decay, ; ;

width of an isolated quasistationary state is a modified two]cor some simple cases the energy shift

potential approach introduced by Gurvitz and Kalbermann A=E-E, (15)

[17,13. A short description of this method is given in the

following; the details and examples can be found in RE3) is different from zerd 13]. Since the perturbatiow/(r) does

(see also Refl18]). not vanish ar —, in order to solve the eigenproblem per-
The particle with an energiz>0 moves in an effective turbatively, one introduces a “shifted” perturbing potential

potential V(r) with a barrier[see Fig. 83)]. Since one con- \W(r)=W(r)+ Vg shown in Fig. 8d). By construction, this

siders a quasistationary state, the enelgis considerably potential vanishes for— .

lower than the barrier heightg [Vg=V(rg) andrg is the In the TPA one obtains a simple expression for the decay

barrier radiu$ The effective spherical potentidf(r) in-  width

cludes the centrifugal termand thus the barrier height de-

pends explicitly on the single-particle orbital angular mo- 4ul| (= 2
mentum. The potentia¥(r) can be formally split into two I'= PEn f Gni(NDW(r)x (r)dr| (16)
parts 8
V(r)=U(r)+W(r), (11 wherek=y2uEy/f, ¢,,(r) is the radial wave function of
®,, and x(r) is the regular radial wave function of the
where Hamiltonian T+ W, with the asymptotic behavior

V(r) ifr<rg, 2 x(0)=0

“lvg  ifr>rg, and

u(r)



x,/(r)—sinkr—a/12+65,) forr—oo. a7
Since forr>rg the radial wave functiorp,,(r) is
®nsi(1) = dnsj(re)exd —a(r—rg)], (18)

the integral(16) can be carried out analytically, and the final
result is[17,13

2

F:Hl¢n/j(rs)[ax/(rs)+x,’/(rs)]|2, (19)

wherea= y2u(Vg—Eg)/f. Note that in the TPA, the con-
tribution to the integral Eq(16) comes entirely from the
regionr>rg, but the final result Eq(19) depends only on
the values of the wave functions a. However, as dis-
cussed in Ref(13], the final result fol" does not depend on
the particular choice ofg.

The regular scattering wave functigny is

sinhlar)
X/(f)=X/(fB)M ifr<rg, (209
x/(r)=coss,F (kr)—=sins, G (kr) if r>ryg,
(20b

where F, and G, are the regular and irregular Coulomb
wave functions, respectively, ang,y is the cutoff radius
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TABLE |. Woods-Saxon parametetediusR, and diffuseness
a) used in the calculations. The total radiRg, is given byr A%,
All parameters are in fm.

Parameter WS|i21] WS2[22]
o 1.17 1.275
a 0.75 0.70
Moo 1.01 1.32
ag, 0.75 0.70

is the classical momentunt; (i=0,1,2 are the classical
turning points[Fig. 3@], and E=Q,. The normalization
factor A/ is usually evaluated by considering the classically
allowed region only:

a

Z .

r r
/\/_1=J 11cosz( j k(r’)dr’'—
ro K(I) o
However, as noted in Reff13], the contribution to the norm
from the classically forbidden region should in principle also
be considered. Often, the cosine term in El) is approxi-
mated by its average value of 1/2, giving

— . 1 (ridr
N*l:—f o
2 ) K(r)

(24)

(25

beyond which the contribution from the nuclear potential is

unimportant. In practice this is fulfilled for, >1.5g. In
the intermediate regions<r <ryq the scattering wave func-
tion was obtained by the direct integration of the Sclimger
equation. The relative phag® was calculated by matching
logarithmic derivatives at=r p;g.

A simple approximation to Eq(19) can be obtained by

neglecting the nuclear contribution to the scattering state for

r>rg, i.e., by assuming that far>rg y, is given by Eq.
(20b). In this case, the phase shift is given by

kF(krg)— acoth(arg)F (krg)

tand, = .
kG (krg) — acoth(arg)G (krg)

/

(21)

In the following, this approximation will be referred to as
TPAL. Yet another approximatidiPA2), used, e.g., in Ref.
[19], consists in replacing;(r) with F(r). In this case,
only the bound-state wave functiop,; is calculated nu-
merically.

C. The quasiclassical method

In the following, this approximation shall be referred as to
WKB1. Because of its simplicity the WKB approach has
been widely used to study spherical proton emitterse,
e.g., Ref[20]).

D. Model parameters

In our calculations, the proton optical potential was ap-
proximated by an average Woods-Sax@vs) field, contain-
ing the central term and the spin-orbit potential.

The WS form factor is defined by the radii,=r A3,
and diffusenesa. Two separate sets of WS parameters have
been considered: the Becchetti-Greenlees set proposed in
Ref.[21] (set WS) and the “universal” set of Refd22,23
(set WS2. The set WS1, which was mainly fitted to low-
energy proton scattering data, has significantly smaller radii,
and it has slightly larger surface diffusendsge Table )l
The set WS2 gives a very good reproduction of single-
particle proton properties in deformed nucl[@d4], but its
radius seems to be overestimaféd).

The depth of the central potential,, has not been taken

For low-lying metastable states, the quasiclassical methoftom Refs.[21,22, but rather adjusted to reproduce the ex-
(WKB) is expected to work very well. The quasiclassical perimental energy of a quasistationary state. For the depth of

expressions fof' andA can be derived from the TPAL3].
In particular, the decay width can be written as

2 ra
F=Nmexp|’—2frl|k(r)|dr], (22
where
fik(r)=~2u[E—V(r)] (23

the spin-orbit potential, we adopted a simple ansatz
Vos= — 0.2Vy. To facilitate a comparison between different
theoretical approaches, the same value¥ pfvere used in
the DWBA and WKB calculations. Essentially the same val-
ues ofV, were obtained in the TPA calculatiofsee Sec. IlI
for more discussion regarding this pgint

The Coulomb potential was approximated by that of the
nuclear charge equal e uniformly distributed inside the
radiusRy.
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TABLE II. Half-lives of proton emitterst,,, calculated with different theoretical models and with the
WS1 set of optical model parameté®i]. The odd proton is assumed to fully occupy the specified spherical
orbital (n/j) (spectroscopic factor equal to gné-or the odd-odd decays it is assumed that the neutron
configuration remains the same in the parent and daughter nuclei. The calculation was carried out for average
experimental), values listed in second column. The abbreviations refer to the distorted wave Born approxi-
mation of Sec. Il AIDWBA, Eq. (10)], the two-potential approach of Sec. I[BPA, Eq. (19)], and the
quasiclassical method of Sec. II[@VKB, Egs. (22) and (24)]. In the TPA2 variant, the scattering wave
function y(r) has been replaced by the regular Coulomb wave fundiigfr). In the WKB1 variant, the
approximation(25) for the normalization constant has been used.

Nucleus Qp (keV) Orhit tn
DWBA TPA TPA2 WKB WKB1
Shs, 491 ds, 20s 20s 21s 19's 24 s
M sg 829 ds, 10 us 10 us 11 us 9us 12 us
YiCss; 823 ds), 68 us 67 us 72 us 64 us 80u s
YCsss 977 1ds), 540 ns 540 ns 570 ns 510 ns 640 ns
M Tm, 1140 thyy 350 ms 340 ms 380 ms 370 ms 530 ms
1210 (0 1P 53 ms 52 ms 58 ms 57 ms 81 ms
Mg 1071 thyy 26s 25s 28s 2.7s 39s
1132 dg), 210 us 210us 220us 210us 260us
Lue 1283 thyyn 31 ms 30 ms 33 ms 33 ms 47 ms
Bl ug 1255 thyy 60 ms 58 ms 64 ms 63 ms 90 ms
SiTag; 1028 g, 97 ms 96 ms 100 ms 96 ms 120 ms
1130 thyp 6.3s 6.2s 6.9s 6.9s 9.8s
S Tag, 947 21 220 ms 220 ms 230 ms 210 ms 170 ms
Y 9Regs 1284 g, 230 us 230us 250us 230us 290us
IRegs 1214 B 190 us 190us 200us 180us 145us
1338 (0 PP 86 ms 85 ms 94 ms 100 ms 150 ms
2 gg 1733 i1 100 us 100us 110us 110us 160us
291 g9 1168 g, 21 ms 21 ms 22 ms 21 ms 27 ms
1340 yqpp 280 ms 270 ms 290 ms 290 ms 410 ms
Xr g0 1086 B 36 ms 36 ms 38 ms 35 ms 28 ms
1261 hyap 20s 20s 22s 2.2s 31s
AU, 1718 thyy 350 us 340us 380us 370us 530us
2 Bigg 1611 X1 3.2 us 3.1us 3.3us 3.1us 2.5us
1611 thgy, 21 ms 20 ms 23 ms 23 ms 32 ms
Ill. COMPARISON BETWEEN MODELS factors extracted from the data. The main aim of this section

The half-lives of some known proton emitters calculated' 0 compare different yarlants of calculatlons. .
with the different theoretical methods described in Sec. Il are . As seenin Table li, d|ffere_nt me'thds apphed in our work
given in Table II. The values a@, were taken from experi- give §|m|Iar rgsults. If one is satisfied with the order-of—
ment; they include the recoil and screening correctids magnitude estimate, the simplest WKB or WKB1 method is
The quantum numbersi¢’j) characterizing the quasistation- @n €xcellent tool. . o
ary state are also taken at the values suggested from original The half-lives obtained with the WKB method are within
experimental papers. All half-lives are calculated assuming0% of those with the DWBA. The WKB1 approximation is
that a valence proton fully occupies the single-particle orbitaplightly less accurate, and gives half-lives up t050%
(nZj) in the parent nucleus, i.e., it was assumed that théonger than the DWBA result.
spectroscopic factof, =1. The detailed comparison be- The TPA yields half-lives which are practically identical
tween the calculated and measured half-lives is presented ta those obtained with the DWBA. Even more remarkably,
Sec. V below, along with a discussion of the spectroscopi¢the TPA2 variant yields half-lives that are within 10% of the
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TABLE Ill. Energy shiftsE - Eq andA [Eq. (26)] calculated for
several quasistationary states shown in Table II.

Nucleus Orbit E-Eo (keV) A (keV) 3t I8

109 1dg), -2.7 —4.4 4l Al ]
Y Tm Ohy1p -0.8 -1.7 | :
15674 1da -058 -22 3 @ . ® | .
1, - — = 10 12 14 05 10 15
18 A.u Oz 0.9 15 5 1, (fm) diffuseness (fm)
Bi 25y +1.5 -2.1 g . . .
Q

185g;j Ohgy, -0.1 -11 -\\ 147Tm
31 -

DWBA and TPA values. This result demonstrates that the Sy, orbital
further simplification of already simple analytic expressions

by Gurvitz[13], based on replacing the scattering wave func- ©] Q,=1MeV
tion x with the regular Coulomb wave functidf, , is jus- 1 P 5 4
tified. The TPA1 varian{Eq. (21)] gives results that are number of nodes

extremely similar to those with TPA2. The fractional change
in calculated half-lives between TPAL and TPAZ is of the FIG. 4. Sensitivity of the calculated proton half-life of the,2

order of 0.1%, so the correction for the finite sizeW{r)  state in4*Tm on model parameters: potential radi@s and dif-
for r<rg can safely be neglected. The reason for this is th@ysenesgb). Portion (c) illustrates the dependence tf, on the
very small value ofé, . Indeed, according to Ed21), itS  number of nodes of the proton wave function. The calculations are
magnitude is, roughly, governed by the ratiofof /G, at  performed within the DWBA formalism and at a fixed value of
r=rg. Thatis, y,(rg)=~F (rg) [cf. Eq. (200 and discus- Q,=1 MeV. The standard values of parameters are marked by ar-
sion in Ref.[19]]. rows.

As discussed in Sec. II D, in the TPA calculations the
depth of the central potentia¥jy, has been adjusted to repro- nalf-life decreased by 9%; in the other cases, the calculated
duce the experiment&), value. Formally, when making this half-lives changed by 5% or less. These changes in the half-
adjustment, one should correct for the energy shifbe-  |ives due to the energy shift seem larger than expected based
tween the energ¥ of the “true” quasistationary statéap-  on Ref.[13]. Nonetheless, the agreement with the DWBA
pearing in the DWBA modgland the “bound-state” energy half-lives is excellent when using the experimer@ val-
Eo. This correction might be important in some cases, sincgies, which suggests that neglecting the difference bet&een

the value ofV, appears in the WKB exponent. and E, is a reasonable approach in practice for low-lying
The energy shift can be estimated in the TPA 13 states such as those discussed in this work.
Za
- i 2 - _
A= K | bni(re)|T2ax(re)x (re) =k, (26) IV. SENSITIVITY OF RESULTS TO THE OPTICAL

MODEL PARAMETERS

wherey(r) is theirregular scattering wave function. An
even simpler expression can be obtained in a quasiclassic
limit:

In order to investigate the sensitivity of the calculated

ﬁélf—lives to the choice of parameters of proton-nucleus po-
tential, the DWBA calculations have been performed for dif-

, ferent WS potentials.
_V'(s) b0 (Fe)2 27 Figure 4 illustrates the sensitivity of the calculated half-

42 eI lives to the physically relevant optical model parameters,

namely, the radiu®x, [Fig. 4(@] and diffusenesa [Fig.

That is, if V' (rg)=0 [as in Fig. 38)] A is governed by 4(b)]. In addition, to check the sensitivity of the results on
higher-order corrections beyond the quasiclassical limitthe details of radial wave function in the nuclear interior, in
hence expected to be very small. Table Il displays a fewFig. 4(c) the number of radial nodes in the the proton wave
selected examples of the values of the energy d$hiff,,  function has been artificially varied by adjusting the depth of
computed from the DWBA and TPA energy eigenvalues obthe central potentia¥,,. In each case, the angular momentum
tained with the same potential, and the estimgtealculated and the Q, value were held constant/=0 and Q,=1
by means of Eq(26). The estimated shifts range from —1 MeV). The results presented in Fig. 4 confirm the previous
keV to -5 keV, depending o (larger/” values give rise to  conclusion of Ref[3] (cf. Refs. 35 and 36 quoted therkin
smaller energy shifisandE, (A increases wittEy). How-  Namely, variation of the optical model parameters within the
ever, the true shift&-E, are consistently smaller in magni- ranges of their uncertainties affects the predicted half-lives
tude than the estimates given Ay The half-lives calculated by not much more than a factor of about three. For example,
in the TPA using the same potential as the DWB#&nd  if the radiusr is changed from the standard value 1.17 fm to
consequently with slightly different energy eigenvalues the (unrealistically large value of 1.4 fm, the half-life de-
were consistently smaller than the DWBA half-lives. Thecreases by a factor of about 3 to 4. Similarly, if the diffuse-
largest change occurred for tH89 case, where the TPA ness is increased by 50% from its standard valua=00.75

A
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FIG. 5. Proton partial decay half-lives forsg,, 1ds,, and
Oh,y, states in in'*Tm as a function ofQ, calculated in the
DWBA model. Experimental half-lives are indicated.

FIG. 6. Proton partial decay half-life for thepg, state in’B
versusQ,, .

short to allow experimental observation of an individual de-
fm, the half-life decreases by a factor of 3. Also, very minorcay. Hence, from the spectroscopic point of view, the size of
changes in the half-life are found as a function of the numbethe Q, window of interest is rather narrow; for a typical
of nodes of the radial proton wave function. rare-earth nucleus it _is a_bout 0.8-1.7 Me_\/, see I_:ig. 5.
The weak sensitivity ot,, to the details of the optical _ The three curves in Fig. 5 corresponding to different or-
proton potential has been discussed in R26] in the con- bital angular momentum are clearly separated, reflecting the
text of two-proton radioactivity. It has been shown that morelmportance of the centrifugal barrier. This strong dependence

000 r on angular momentum facilitates the identification of the
than 94-99 % of the WKB exponenﬁ,rldr [k(r)], comes proton wave function in the parent nucleus from measured

from the regiorr >rg, which is almost solely determined by half-lives andQ, values. Proton emission has been observed
the combined Coulombcentrifugal interaction. Conse- from two different states in**"Tm [1,29], and the corre-
quently, a rough estimate ¢f,, can be obtained by ignoring sponding experimental values are shown in Fig. 5. The pro-
the nuclear structure details. ton configurations have been assigned in R¢is29 as
The sensitivity to particular parameter sets of the WS poOh;y,, and 2i;,,, and their half-lives agree nicely with the
tential has been studied by performing a second set ofalculated values.
DWBA calculations with the parameter set W&2e Table So far, ground-state proton radioactivity has not been ob-
). The half-lives obtained with the set WS2 are systematiserved in the very light nuclei. One reason is the extremely
cally smaller as compared to those with the set WS1 by &arrow Q, window due to the low Coulomb barrier. For
factor of ~ 2—3. This result can be directly attributed to the instance, as discussed in RE30], for nuclei aroundZ=20
slightly too large potential radius in the “universal” set WS2 the half-life window of 10 to 10* s corresponds to proton
(cf. discussion in Sec. Il D Indeed, according to a simple energies of 100-150 keV. For lighter nuclei this effect is
WKB estimate[27,28, the ratio of half-lives in both WS even more dramatic. Figure 6 shows the calculated proton

models depends oR, as: half-life for the Ops, state in’B as a function of),. As the
Qp value is varied between 3 to 50 keV the half-life varies
|n(t\1/\//§1/t\1/\//282) o/ ws2_ /R‘é"51>0. (28 ~ over 30 decades! The window Qf, values corresponding to

possibly observable proton decay is thus 5-10 keV.

For a quantitative comparison between calculated and e>g Although g_rou_nd-state proton radioactivity is_ unlike!y to
perimental half-lives, this difference of a factor 6f2—3 e observed in light nuclei, it is nonetheless interesting to
between the sets WS1 and WS2 is unacceptable. Cons fudy how the effect_ of a proton hal@1] would affect th?
guently, we regard the set WS1 as more appropriate for th ecay haIf-I|fQ. In this vyork, a proton halo has been simu-
pure single-particle decay rate calculations. However, the s "flted by mak|_ng the diffuseness u_nl_JsuaIIy large. F_or ex-
WS2 seems to be more appropriate for calculating detaile mple, if the diffuseness parameter is increased from its stan-

structure effectge.g., for estimating the theoretical spectro- ard_value ofa=0.75 fm_to a=1._5 fm, the proton wave
scopic factors function of the (b5, state is effectively pushed out, and the

The very strong dependence of the proton half-life on th oot-mean-square radius c.hanges from 5 fm tp {dee Fig.
Q, value and angular momentum is well knomg., see (@]. As a result, the half-l]fe for proton emISSIO‘[‘l de(ire_ases.
Refs. [1,3]). For completeness, proton partial decay half_However, as shown in Flg.(ﬁ),. the effect'of halo” is
lives calculated in the DWBA are presented in Fig. 5 for ther_nUCh smaller than what one might e_:xpect, the prot_on hal-
2815, 1dy,, and (hyy, states in'4Tm as a function o, . I|f§e changes pnly by a fa}ctor of 3. This result is consistent
As the Q, value changes from 0.5 MeV to 2.5 MeV, the with the ea_lr_h_er conclus_lons: the values t3f, show rather
half-life changes by more than 22 orders of magnitude, fronﬁ"’eak sensitivity to details of nuclear structure.
10'%s to 10 12 s for the decay from thedy,, state. For small
values ofQ,, proton-emission half-lives are very long and
the total half-life is completely dominated by decay. For Table IV displays the single-proton emission half-lives
large Q, values, proton-emission half-lives are prohibitively (ttlr}z) calculated with the DWBA method with the parameter

V. COMPARISON WITH EXPERIMENT
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- ' ' and oddN nuclei. Note that the maximum and minimum
values forS; in this approach are 1 and 0, corresponding to
a completely empty or a completely filled single-particle or-
bital (n/j) in the daughter nucleus.
§ The spectroscopic factors extracted from the data are
shown in Table IV. Except for the cases BfCs and®Bi,
y essentially all the experimental spectroscopic factors are be-
tween 0.1 and 1; only fol**Tm the extracted value @&, is
greater than 1, but the experimental uncertainty in this case is
[0py, Q,=10keV large. _ , ,
The BCS calculations were carried out with the monopole
pairing Hamiltonian of Ref[35]. Specifically, the proton
pairing strength constant was taken as

rms radius (fm)

logy, ty, (sec)
&

‘ 1
(b) Gp—z[l7.9+0.l7QN—Z)], (32
0 0.5 1.0 1.5
diffuseness (fm)

and the pairing-active space consisted of the loe&lou-

bly degeneratesingle-particle proton levels. Here, we ap-

plied the single-particle model of RgR24], with parameter

set WS2. This model has proved to be very successful in

reproducing properties of single-proton states of rare-earth

nuclei.

_ _ _ The correlation between experimental and theoretical

set WS1, together with experimental half-livesf). The  spectroscopic factors is shown in Fig. 8. For atidN-even

uncertainties in the calculated half-lives are estimated diground_state proton emitters the agreement between experi_

rectly from the experimental uncertainties in Qg values. ment and theory is good. For the two cases indicated by

Note that no attempt has been made to estimate any uncejtars, %9 and 1°Cs, the experimental values fall well below

tainty in the calculated half-lives due to uncertainties in thetheoretica| predictionsl This suggests the Strong fragmenta_

parameters of the optical model potential, and thus the errajon of the single-particle strength and/or increased tunneling

bar On- the calculated half-lives should be considered as a.robabmty as Compared to Spherica| predictions_ Figure 9

lower limit. shows calculated equilibrium quadrupole deformations of
The experimental spectroscopic factors can be determinegefs.[36] (finite-range droplet model, FRDMand[37] (ex-

as ratios of calculated and measured half-lij@s tended Thomas-Fermi with Strutinsky integral model,

FIG. 7. Root-mean-square-radius of th@sf quasistationary
state in’B at Q=10 keV as a function of diffuseness of the WS
potential(a); the corresponding half-liveg).

QEXP_ ¢th_ypexp 29 ETFS) along the trajectory gf knovlvln proton emitters,
p 2tz Z~0.74N+12[2]. Indeed, both'% and **Cs are predicted
; ; . to be deformed, and the “anomalous” proton half-life i
Theoretically, the spectroscopic factor, defined %33 has been reproduced by deformed calculations of R8&-
40].
Sp=2|i—+1|<li||ag/j||lf>|2, (30 Recently, a similar analysis of spectroscopic factors has

been performed in Ref41] using the quasiclassical approxi-
measures the fragmentation of a single-particle orbitamation to calculaté;, and to extract experimental spectro-
(n/j). The proton emission is analogous to the pick-up re-SCOPIC factors. The authors assumed-the exac.t degeneracy of
action: a proton with angular momentunis removed from  the M1y3, 1ds;, and 25,, shells. In this approximation, the
the parent nucleus with angular momentinieading to the number of pairing-active states is 18. The occupation coeffi-

final state in the daughter system witk ! . cients can be computed from the particle-number equation:
Spectroscopic factors can easily be calculated in the 9
independent-quasiparticle approximatioBCS), in which 180°=18-2p, (33

one assumes that the ground state of an Dddicleus is a herep is the number of proton hole pairs counting down
one-quasiparticle state, while that of an odd-odd system is P P P 9

two-quasiparticle configuration. In the BCS theory, the spec%rortn 2.28?' Thg resulting orbital-independent spectroscopic
troscopic factor is given bj34,33 actor 1s given by
th__ 2 ~

Sp=ui (3D stp“:u2=1—02:g, (34)
whereuj2 is the probability that the spherical orbitaifj) is
empty in the daughter nucleus. This expression assumes thidwat is, it is 0.11 for Tl, 0.22 for Au, 0.33 for Ir, and so on.
the even-everfor oddN) core does not change during the Comparing with the values ﬁg‘ in Table IV, one can see
decay proces§or instance, the odd neutron on the odd-oddthat the “supershell” approximation of Eq34) is rather
proton emitter is considered as a passive spegtatbrder crude, and the single-particle degeneracy should be consid-
this assumption, expressi¢81) is valid for both the eveiN ered when computing theoretical spectroscopic factors.
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TABLE IV. Experimental ¢5) and calculated tf),) half-lives of ground-state proton emitters. The
theoretical half-lives are calculated within the DWBA method using the WS1 parameter set and taking

experimentalQ, values, and the odd proton is assumed to occupy fully the spherical ontitd) (Experi-
mental spectroscopic factorSy™® [Eq. (29)], are compared to those obtained in the BCS thesy[Eq.
(3D)]. The error in calculated half-lives comes from uncertainty in experimépyal

Nucleus Q, (keV)  Orbit P th, i sy
s 829 +4 1ds), (100 =5) us[29] (10 £1) us 0.10+0.01 0.76
YiCss; 8237 1ds), (500 =100) us[43] (68 =17) us 0.14+0.04  0.59
YCsss 977 +4 1ds), (17 £2) us[43] (0.540+0.06 us  0.032+0.005 0.59
MWTm,;  1140=5  Ohyy, (235 +27) ms[44] (350 +50) ms 1.5+0.3 0.64
12105  Ohyypp (72 =23) ms[44] (53 +7) ms 0.74+0.26  0.64
WTmss  1071+3  Ohyyp (2.7 29 s[45] (26*02 s 0.9+0.7 0.64
1132+4  1dg, (360 +40) us[29] (210 +20) us 0.58+0.09  0.79
Dus,e  1283+4  Ohyyp (40 *33) ms[29] (31 *£3) ms 0.8+0.5 0.54
“Hug, 1255+3  Ohyyp (130 *35% ms[29] (60 £5) ms 0.5+0.4 0.54
Tag; 10285 1ds, (144 = 24) ms[46] (97 £17) ms 0.67+0.16  0.67
1130+8  Ohyyp, (8.9 +2.3) s[46] (6.3+15s 0.71+0.25 0.44
S Tag, 947 =7 251 (300 =110) ms[47] (220 =60) ms 0.74=0.34  0.66
YReg; 12846 1ds, (870 =200 us[42] (230 =40) us 0.26+0.07 0.58
YReg,  1214+6 251 (370 = 40) us[47] (190 =30) us 0.51+0.10 0.59
13387  Ohyy,  (325* 44) ms[47] (86 =14) ms 0.27+0.06  0.33
2991 gg 17337  Ohyyp (350 +70) ws[41] (100 £10) us 0.29+0.07 0.23
L9 g9 1168 +8 1ds, (152 =71) ms[41] (21 £5) ms 0.14+0.07 0.48
1340+8  Ohyy, (860 +290) ms[41] (280 +50) ms 0.32+0.11  0.23
Yr g0 1086+ 6 251 (110 = 15) ms[41] (36 £7) ms 0.33+0.08  0.51
12617  Ohyyp (7.5 +1.9 s[41] (2.0+0.4 ms 0.27+0.09  0.23
Y9Aug, 17186  Ohyy,  (2.22+0.29) ms[41]  (0.35=0.04 ms 0.16+0.03  0.14
Bigg 1611+9  2s;, (?) (44 £16) us[5] (3.2*0.6) us 0.072+0.03 0
16119  Ohgp (?) (44 +16) ps[5] (21000+4000 us  470+190 1

For odd-odd nuclei the agreement between experimerntherefore, one is led to the conclusion, that the quenching
and theory is fair. There are three clear deviations from theseen experimentally does not have a simple single-particle
oretical predictions:*“Cs (which is expected to be de- origin.
formed, and the allegedrds,vf,, states in®°Re [42] and Another possibility was suggested in Rg42]. Namely,
1%9r [41]. As seen in Table IV, it is the 2, orbital, rather  the authors speculated th$fRe is slightly deformed. In our
than the Hj, orbital that has been observed in neighboringstudy, the interaction between nuclear core and odd proton is
odd-even nuclei. However, as discussed in Réfl], the  described by the spherical WS model. Consequently, all
neutron-proton 1fp) residual interaction in therds,vfs,  higher-order couplingge.g., between one-quasiparticle and
configuration is strong enough to push the resulting twothree-quasiparticle states in odg-oddA nucle) are effec-
quasiparticle state down in energy. As known from thetively taken into accountprovided that they do not break
heavier nucle{see, e.g., Ref24]), the 2, and 1ds, orbit-  intrinsic spherical symmetry. For odd-odd nuclei, however,
als are almost degenerate; they form a pseudo-E@jf]g,2 the residuahp interaction can lead to deformed shapes al-
doublet. However, as immediately seen in Table IV, by asteady in the lowest order. For instance, in the above case of
suming the 3,,, orbital in 1*Re and*®dr, one obtains even ®Re and!®r, the quadrupole component of ting inter-
shorter theoretical half-lives; the extracted experimentahction is expected to mix the near-lyingds,vf,, and
spectroscopic factors are smaller by an order of magnituders,,,vf;, configurations, hence reduce the single-particle
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1 . . , . figurations of interest argi) the spherical Bg, one-
odd-even I quasiparticle configuration, and) the deformedstate asso-
08 - | ciated with the three-quasiparticle configuratios;,20h3,.
An additional complication comes from the fact that the
daughter nucleust®Pb has, most likely, a low-lying de-
0.6 + i formed state that is slightly admixed to the spherical ground
state. Therefore, in addition to the effects of configuration
04 . mixing of the valence proton orbital, one here also expects a
+ strong rearrangement of the core configuration giving rise to
02k 4 an additional quenching of single-particle strength. Clearly, a
* spherical one-body approach is not very appropriate for tack-
& . . * . ling such a complex situation.
“mg" 0.0 T T T T
odd-odd I
0.8 y
L VI. SUMMARY
0.6 - . Three theories for describing the ground-state proton ra-
dioactivity in spherical nuclei have been investigated: the
04 - i distorted wave Born approximation, the two-potential ap-
proach, and the quasiclassical method. In spite of the differ-
+ ent degrees of sophistication in these models, they were
021 + * ] nonetheless found to give rather similar results.
The two-potential approximation, in the version by Gur-
0.0 ' : ' : vitz [13] gives a remarkably close agreement with the
0 02 04 06 08 1 DWBA results when thévery smal) energy shift is ignored.
Sth We have also checked that a simplified version of the TPA,
P in which one replaces in Eq19) the regular scattering wave

x,(r) by the regular Coulomb wave functiof, (r) (the

FIG. 8. Correlation between the experimental proton spectroTPA2 varianj, gives results which usually do not deviate
scopic factorsS7® deduced from measured ground-state proton defrom DWBA by more than 10%. This observation may have
cay half-liveS[Eq. (29)] and theoretical ValueS‘F? obtained in the important Consequences if the two_potentia| method is gen_
BCS theory[Eq. (31)]. Top: oddZ, evenN proton emitters; bottom  grgjized to the deformed case. The results of the semiclassi-
pdq-odd proton emitters. The nuclei expected to be deformed arg5| method are of the same quality as those with the TPA2.
indicated by stars. We note, however, that the proper treatment of the normal-

ization (24) is necessary for a quantitative description of the
strength(see Ref[38] for the 1% cass. data.

The coupling between one-quasiparticle and three- The sensitivity of the calculated half-lives on variations in
quasiparticle states has been invoked in R&f.to explain  model parameters has been studied. In general, proton emis-
the ground-state proton decay 8iBi. Here, the two con- sion half-lives depend mainly on the proton separation en-
ergy and orbital angular momentum, but rather weakly on
the details of intrinsic structure of proton emitters, e.g., on
the parameters of the proton potential at least at a qualitative
level (factors of 2—3. However, for a detailed description of
experimental data, better than just an order-of-magnitude
qualitative estimate, the average proton potential has to be
selected carefully. In this context, the Woods-Saxon poten-
tial of Becchetti and Greenle¢81] seems to be a preferred
choice.

Proton radioactivity occurs in nuclei far from the beta
stability valley where the detailed spectroscopic studies are
difficult. Since proton emission half-lives are insensitive to
nuclear structure details, studies of proton emitters provide
us with invaluable and fairly precise information on shell

quadrupole deformation

02 1= 7=~0.74N+12 1 structure of exotic nuclei where the nuclear binding ends.
B S T ! ! ! ! ! Our calculations demonstrate that a simple one-body ap-
110 120 130 140 150 160 170 180 190 proach to the tunneling problem, supplemented by a BCS

mass number A treatment of correlations, givescuantitativedescription of

experimental proton half-livegor single-particle spectro-
FIG. 9. Theoretical equilibrium quadrupole deformations of SCOpic factorsin most cases. .
Refs.[36] (FRDM) and[37] (ETFS) along theZ~0.74N+12 line. The strong dependence on the orbital angular momentum
The known proton emitters are indicated by stars. also suggests that thé mixing due to residual interaction or,
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