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Theoretical studies of prospectivep 2mitters are performed in a three-body copep model. Lifetime
dependencies on the decay energy are calculatetPfer, “2Ni, 54Zn, 58Ge, #2Se, %%Kr, and compared to the
quasiclassical estimates. The observation of products from the in-flight decays is discussed as an important
technique supplementing a standard implantation method for a broad range of lifetimes of prospective two-
proton emitters. The sensitivity of the model to various aspects of nuclear dynamics is demonstrated on the
“SFe example. Possible momentum correlations for emitted protons are discussed with the emptadis on
and“5Fe. We study convergence and stability of theoretical momentum distributions with respect to different
physical and numerical aspects of the model. Opportunities to extract valuable informatignemis&ion
from incomplete kinematics decay data are discussed.
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[. INTRODUCTION The theoretical developmen{d—6] coincided in time

Recently a quantum mechanical method has been deve‘f\-’ith the revival of the experimental interest to studies of the
oped, which allows a study of the two-protéthree-body two-proton radioactivity based on modern advances in radio-

decay phenomenon in a three-body cluster modep].  active nuclear beam techniquesee also reviews of earlier
Within the method the lifetime dependencies on the decagctivities in Refs[2,13)). For example, very promising re-
energy and correlations among the decay fragments can Isellts have recently been obtained for the decay of*tRe
obtained. For light system@ay, up to'®Mg) the Coulomb  ground stat§14,15. Experiments are being planned to study
displacement energies can be reliably calculated. The methatkcays of'®Mg, “®Ni, Zn, and to improve the results for
has been applied to a range of nuclear systelf®, °Ne  45e Decent theoretical estimates are important for planning
(31, G.B,e’ oL, QB?* (4], 17Ne,_19Mg [5], *°Ar, **Ca, *Fe[6]) experiments in the field because a minor uncertainty in the
providing sometimes intriguing results. two-proton separation energy can easily lead to a significant

The idea of two-proton emission studies came out mor o ; . . n
than 40 years ag§7]. Possible modes of the two-proton E(;:nh::tg?:;;?oeatfglge’ which may require a different exper

(three-body decay are discussed in details in REd]. We The most conventional experimental approach to stud
concentrate on “true” two-proton emission, which, in terms - : : . udy
of Ref. [7], means that the decay by emission of one protor*he lifetime IS to_ implant the nucIeu; gnd to wait for its
and subsequently the othésequential decgyis impossible decsay. Ifor lifetimes Of the 2 emission longer than
due to separation energy conditions, and both protons shouftf ~—10 s, the observation of thepZlecay should be sup-

be emitted simultaneously. This is a pure quantum mechanPressed by thegs decay(electron capture For 2 lifetimes
cal phenomenon which has no classical analog. It was cleghorter than hundreds of nanoseconds the implantation is im-
from the very beginning7] that two-proton radioactivity possible as the nuclei decay before they can be implanted. It
should have different lifetime systematics compared to ordiwas suggested in Ref$5,16] to use the “decay-in-flight”
nary binary decays and specific correlations among decalgchnique for the lifetime range from 5-10ps to
products. However, for a long time theoretical studies of thel0—100 ns. For this lifetime range the flight path of a
phenomenon have been carried out mostly in the frameworhucleus before decay is macroscogitom millimeters to

of quasiclassical mode[8—12, having a limited predictive meters for a relativistic primary begnThe reconstruction of
power. Being clearly an approximation to the quantum me{fragment trajectories allows to recover the density of the de-
chanical results, the quasiclassical models still remain methzay vertexes along the trajectory and hence to deduce the
odologically important. It was demonstrated in Rg] un-  lifetime. For lifetimes shorter than a few picoseconds the
der which conditions the results of quasiclassical modelslecay occurs directly in the target and no lifetime derivation
become compatible with the three-body model results, thuss possible. Only when the width achieves some tens of kilo-
providing a shortcut for bulky three-body calculations. Thereelectron-volt, it can be defined using the invarigmissing

are, nevertheless, observables for which quasiclassics canmofiss method. Thus, there is a nine orders of magnitude gap
provide any information. Realistic momentum distributionson the lifetime scale, not accessible by the existing experi-
of decay products cannot be obtained in quasiclassical apnental techniques, while the regions where tipdifetimes
proaches due to the evident reason of absence of the dynamre measurable are represented by quite narrow bands.

ics in these models. This paper has several important tasks.

0556-2813/2003/68)/05400%15)/$20.00 68 054005-1 ©2003 The American Physical Society



L. V. GRIGORENKO AND M. V. ZHUKOV PHYSICAL REVIEW C68, 054005(2003

(i) First of all we wanted more or less to complete a 102 77 NN\ 7107
simple survey of the |2 decay candidates witd<40. We ' Decay in flight N7/ 7z
have performed exploratory studies®3n, **Ge, ®°Se, KT, B NN
and completed them fdfNi along the systematic guidelines 10™F v =702 fn N 107
defined in Ref[6]. s . )

(ii) In this paper for the first time we provide a detailed 6f § - NY . s~
discussion of procedure for derivation of momentum corre- % 10 —§ r.=484 fm// : 1072
lations among the decay products and study carefully stabil- = H A N\

N F
ity of these calculations. The corresponding experimental [ 10"
complete decay information is beginning to emerge in the :
literature, although yet only for the neutron driplift7]. 10.205

(i) We pay special attention t¥Mg and“°Fe nuclei. In 7 N ]
the previous studie§5,6] we concentrated on the lifetime V0 217/ N\ pdecay (EC) is possible 7
issues. Here we are interested in the connection between life- 1072 = IO B 1'5 : 2'0 * 4.56 s
times, structure, and correlations. TH&g and*°Fe are the : E (M;eV) :
most likely new D emitters for which the correlations have a T
Cha_nce to be measured in the observz_ible futu_re. . FIG. 1. The* i lifetime as a function of the @ decay energy.

(iv) We demonstrate that valuable information, allowingthe solid curves correspond to the three-body calculations with
to distinguish different theoretical models, can be obtainegjitterent dominating? componentg2,6]. The dashed curves corre-
from incomplete information about correlatioiprojected  spond to the diproton estimates with different channel radii. The
distributiony. Such projected distributions can be measuredjash-dotted curves correspond to the simultaneous emission esti-
by the in-flight decay technique, which supplements a stanmates for different values. In this and in the following lifetime
dard implantation method for a broad range of lifetimes ofplots the horizontal hatched bands correspond to different types of
prospective two-proton emitters. possible experimen{see Ref[5]) and vertical bands correspond to

(v) In the end of the paper we provide overall discussiongexpected decay energiésee compilation in Table )l
including the review of our previous wofli—6] on 2p emis-
sion. We also summarize our current understanding of promomenta associated with Jacobi vectotsand Y, pi
spectives of experimental studies qf decays. should be taken about 20 fm. Calculated in “Y” Jacobi

The unit systeni=c=1 is used in the article. system these v2alues closely correspond to shell-model
probabilities ofl“ configurations for valence protons be-

I EXPLSNFI{IﬁS?S(.SLEP;EZSNQEG?%?SSEPGEPS; VE 2P cause for nuclear systems with heavy core the Jacobi vec-
' ’ ' ' ' tors X andY (in Y Jacobi systemclosely correspond to

Theoretical lifetime calculations for particle emitters con-shell-model single-particle coordinates calculated from
sist roughly of two ingredients: determination of the decaythe abstract center.
energy and determination of the lifetime at given decay en- The two-proton separation energy is adjusted using a
ergy. The decay energy can be known from experiment, bughort-range three-body force which is not large in the barrier
there are many exotic nuclei for which this value is not avail-region and hence does not influence the penetration process.
able. The three-body model we use can provide a good strud-he model formulated in this way allows to work with
ture descriptionand thus give reliable separation energies poorly studied systems as it does not require much input. The
only for the lightest systems. For heavier ones we have t#nodel does not pretend to provide a realistic internal struc-
rely on other theoretical calculations and systematics studie&ure for the studied nuclei, but has enough freedom to simu-
A determination of the lifetime at given decay energy inlate it and thus to study the effects of various dynamics. In
our model has methodologically much in common withfhe the asymptotic region the model employs approximate
matrix phenomenology as it is applied to ordinary two-bodyboundary conditions of the three-body Coulomb prob[@in
decays. In Refg[2,6] we described what we call a “system- and it gives an opportunity to calculate consistently the pen-
atic 1" model of the two-proton decay. In this model we take etration process.
a realisticp-p interaction, but the width of the coreinter- The lifetime dependencies on the decay energy calculated
action is taken from systematics and the depth is fitted so thdf the three-bodyi?, diproton, and simultaneous emission
the lowest state in this potential corresponds to the knowrnodels(see Ref[6] for more detailyare given in Figs. 1-5.
(extrapolateyl separation energy in the copesubsystem. The relation between width in million electron volt and life-
Varying components of the coeinteraction for different  time Ty, in seconds is given by
values it is possible to vary the internal structure of tipe 2
emitter. We characterize the internal structure of the wave I'=4.56X 10(MeVs)/Ty .
function (WF) by the probabilities of thé? configuration

YN
7 xN1_ 7

7

v

For some of these nuclei we can expect a strpffgcon-
figuration mixing. The curves calculated in the assump-
tion about total domination of one of the configurations
(p? of f?) form for each nucleus a corridor in which the
Detailed definitions of ingredients can be found in Sec.real lifetime curve should then reside. The simultaneous

IV; P; are projectors on the states with definite angularemission model is also forming a corridor, but this corri-

Pint ~ ~
W(l) :f dp psf dedQK\Pg’+)TP|X:| P|y:|q,(3+).
0
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FIG. 4. The®%Se lifetime as a function of thep2decay energy

FIG. 2. The%¥zn lifeti functi f ther2d
e”Zn lifetime as a function of thej2decay energy (see the caption of Fig. 1 for detgils

(see the caption of Fig. 1 for details

dor is much broader than that obtained in the three-body IIl. SENSITIVITY TO THE MODEL ASSUMPTIONS ON
calculations. Finally, the diproton model is providing the EXAMPLE OF “Fe
upper limit for the width, as shrinking of the three-body

phase space to the two-body one should lead to an over- The largest uncertainty in the lifetime calculations is con-
estimation of the width. So, we have a sequence of modeIQeCted with uncertainty of thep2decay energy. A variation

of an increasing sophistication, which preseiiés we of the decay energy at the level of 100 keV leads to 1-2

hope a closer and closer approximation to the real situa-Orders of magnitude v_ariation in the lifetime. As we have_
tion seen above, the next important source of the uncertainty is

We expect thafSFe and®Kr are characterized by a sig- the internal structure of the decaying system, which we con-

nificant p/f mixing (probably with thef? configuration pre- sider in our model In an approximate way. Itis '”.‘pO”am to
vailing), in “Ni the 2 is dominating, in®zn, %Ge, and®*Se understand the sensitivity of the calculations to this and some

the p? is dominating. The decay of nuclei with the dominat- other aspect of the model. Below we provide the required

ing f2 configuration is dynamically the most complicated llustration on the example dfFe, where the @radioactiv-

(and thus having the largest theoretical uncertaintps- ity have glreadXS begn obs_erved. This is _useful for several
cess. It suggests first of all subbarrier transitions to théeazons.(u éhe .IFe IS d_an |mp9rtarr]1t candgdatg for ;‘L;rther
lowerd configurationgp? or/ands?), and only after that tun- (and more detailedstudies andii) the combination of fac-
neling through the Coulomb barrier takes place. tors(for example, the presumably non-negligilpié mixing)

In Figs. 1-5 the horizontal hatched areas represent ifeMake this nucleus the least “predictable” of all those we have

time regions, where different experimental techniques are restUdied.' .
g b d In Fig. 6 the results of calculatiorj§] for the three-body

quired to study the |2 decays. The vertical hatched bands

show the possible decay energy according to calculations arfifd S|mult|an(?rohus e_m;ssmnd models arr(]a g|vin4FE|e In a |
systematicgsee compilation in Table )i General overview 'a/9€r scale. The circle and square show the experimenta
of prospective B emitters is provided in Sec. V.
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FIG. 5. The%5Kr lifetime as a function of the @ decay energy

FIG. 3. The%8Ge lifetime as a function of the@2decay energy (see the caption of Fig. 1 for details

(see the caption of Fig. 1 for detgils

054005-3



L. V. GRIGORENKO AND M. V. ZHUKOV PHYSICAL REVIEW C68, 054005(2003

108 7 3 3
K T ; 5
s P p (@) 3 (©) 3107
V4 /' 1 // ] A A
/ g 1 A
107F 4 AR ’ d / /f ]
~ / 7 s, dwmm | AP 03107
() / Q/ 7 4 4 [ i
2 ’ & v“l , ’ ’ ‘7, ==
. Q Ry 7/ 14
Cowrl VTS 1 &
, ]
\Q Q%J v 3 E 10—1
9 7/
Qv
45
10}/ A wFe /1 /1
22 ya ! l :/ 3 ,',. f 100
4';‘;’:\1/0 1.0 1.1 12 13 1.1 12 13
E; (MeV) E; (MeV)

FIG. 6. The lifetime of*Fe as a function of thef2decay energy in the framework fthree-body model. Sensitivity of the results to
different aspects of the model. The numerical labels on the curves show the weightssbatttp? configurations in percent; the weight
of d? is ordinarily negligible in these calculations, so the rest of the structuiedenfiguration. The solid curves are for calculations with
p? dominating. The dashed curves are for casgg/bmixing or f2 domination. The dash-dotted curves are simultaneous emission estimates
as they are given in Ref6].

results from Ref.[14] [E;=1100100keV,T,,=3.22cms]  too early to draw definite conclusions from this fact for both
and Ref. [15] [Er=114050)keV,T;,=5.7"2/ms], respec- theoreticalfor example, the unknown exactlyf ratio) and
tively. In this figure the experimental data are corrected forexperimental(for example, the unknowg-decay branching
expected(not yet measure(l!25% p-decay branch ofFe  reasons.
with the corresponding uncertainty included in the upper In panel(c) we show the sensitivity of the lifetime to the
width error bar. In panela) we demonstrate the dependencevariation of the corg potential width parameter within
of the width on thep/f ratio. As it will be discussed below +5%. For systematics used in Ref6] ro=1.2A.+1)Y3
(see Fig. 10this ratio influences the correlations among de-(whereA is mass number of the coresuch variation corre-
cay products. In panelb) we show the sensitivity of the sponds to variation of nucleon numb&t6 around*Fe. The
width to the variation of thes® configuration. While in the sensitivity to a possible deviation of the potential parameters
case of a pure? structure of**Fe there is practically no from given by the systematics is significant, but it is not
sensitivity, the width in the case of a puieconfiguration is  sufficient to change qualitatively our previous conclusion.
influenced strongly by the? admixture.

One can see that within the current uncertainty of experi- IV. THREE-BODY CORRELATIONS
mental data the three-body decay calculations are consistent
with a broad range of possibl&Fe structures, excluding

only the extreme case of th& configuration domination. in d f freed Th i f1h f
The width curves corresponding to the realistic shell-modefP!N dedrees of ireedom. fhree parameters of those are for
center of mass translation. Three parameters correspond to

45 _ 20 _1E0 2
structure of*%Fe (1-2% of s* and 10-15% o [18]) are an arbitrary rotation of the decay planisay, three Euler

currently passing closer to the lower error bar. It is, however, / . . ;
angles, which also contains no useful information for an

unpolarized initial state. For narrow states the decay energy
E; can be considered as fixed. Finally, the full correlation
information for three-body decay can be described by two
parameters. It is convenient to choose the energy distribution
e=E,/E; between subsystems, and the cosigecod4,) of

the anglefj between Jacobi momenta vectégsandk, (see

Fig. 7). In these variables the correlation picture is especially
indicative. In T Jacobi system parametedescribes energy
distribution between two protons; in Y Jacobi system be-
tween core and proton. The Jacobi momenta are defined as

Ak = Ak,
TOAHA,
_ Ag(ky+kp) = (A + Ayks

Three-particle decay is completely described by nine pa-
rameters(components of three vector§ we forget about

"T" system "Y" system

FIG. 7. Jacobi vectors for three particles in coordinate and in ky
momentum spaces in T and Y Jacobi systems. It should be under- ArtAx+Ag
S.tgoq that planels defined by pafis, Y} and{ky kyt do not coin-\ here i s the momentum of particle 1 in the center of
clde Ina general case. mass(c.m,) of particles 1 and 2k, is the momentum of

, 1)
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c.m. of particles 1 and 2 in the center of mass of the whole LS%, L(Q) = [IHV'HQ) ® Xsglom:
system(particles 1, 2, and)3 The convention for labeling

of particles is as follows: in the T Jacobi system particlewhere five-dimensional “angles” in the coordinate and in
number 3 is core; in the Y system core is either particle lthe momentum space ae,={4, x Y} 0,.={0, k k}

or 2. The distribution calculated in definite Jacobi systemThis WF is characterized by the total angular momentum
defines the relative energy spectrum of particles 1 and 3, total spinS, and their projections on the third axid
and correspondingly the single-particle spectrum of 3andMS. Instead of total spin projection quantum number it
(ks=-k, in the c.m. of the three-body systeniThe total can be characterized by spin projections of individual
c.m. energy of the system is easily expressed in terms Qflusters\IfJMMleM3(+ Then a summation with Clebsch-
Jacobi momenta: Gordan coefﬂuents should be added:

E CSXM sSM3 slyv|s’é2|\/|2

_ AA _ (A +Ar)Ag Expansion(5) is truncated by the maximal number of the
OALHA) VUOAHAHA; hyperspherical¥,,., taken into accountXgg is the spin

function of core and two nucleons with total sp#(two
The distribution of the energy between the subsystemscleons are coupled to sp8y),

define the hyperangle in the momentum space

Er=%/2M = E.+ E, = KJ/(2MA,) + KJ/(2MA),

== Xssm.=[lxs, ® xsls ® xs.Js
6, = arctd VE,/E,]. SMs S, @ XS, I8, @ Xs;lsm

and
The Jacobi vectorX andY, conjugated to momenthk, " |
andk,, are Z';‘<|X|Ly Q) = y(6,)[Y, (X ® Yi,im, -
Arg+ A, The hyperangular eigenfunctionﬁz'y are proportional to
X=r=raY= AtA, ¥ the Jacobi polynomial®2?,
. . . . Wv6) = Ni(sin 6)'x Iyp! +1/21y+1/2
The hyperspherical variables in the coordinate space ©Y(6) = Ng¥(sin 6,)*(cos 6)YPG i 7%y, “(cos 2).
p?=x2+y?, 6,=arctgxly], 6)
. . — The radial components of this WF at largevalues be-
are expressed via scaled Jacobi vectwrs/AX andy have as I P ! gevall
=\A)Y.
In Ref. [2] we were looking for the decay solutions of Xk xp) ~ Aflsﬁ(%)ﬁ (xp), (7)

three-body Hamiltonian (WF with pure outgoing

asymptotig. Since the imaginary part of the energy for ra- whereH“y are some combinations of Coulomb functions

dioactivity type of solution is very small compared to real with outgoing asymptoti¢G+iF), obtained by diagonal-

part we solved the inhomogeneous equation with real energgation of Coulomb interaction on the truncated hyper-
R spherical basis at large values pf[2]. For sufficiently
(Hy = EpWY) = —i(T/2) Whoy (2) largep values, coefflclentst\53|SX become independent on

p. The current through the F]ypersphere of the radius

The WF WV, is a discrete spectrum solution of the equa- =a s given by

tion
~ i(a Q)= £|m do \I,(+)‘r 5/2 i 5/2\I’(+) (8)
(Hz = Ep)Wp=0 ©)) 1@ ) =1 Y P P Y .

which allows to define momentum distributions via the

asymptotic amplitudeé\ﬁj?,

with zero boundary condition at some lar@eut still un-
der the barrier hyperradius. The width was found via
“physical” definition

. o] |2Er ——
Pint =
o 51a1,(+)|2 o —\'8(1 8)2 E E (A I’ |’ ET))
F—J/N—j/(f dQPdQKfo dpp|W5”| ) ) de d;, LSSKK' 11l ;

wherej is a current through the hypersphere of large ra- XAE|S|S((ET)I/I|Z‘,V(0%)¢II|%< ¥(6,)
dius andN is a normalization of the WF inside this sphere

(“internal normalization). The three-body decay WF has y y
the form oL+ 12 C| 1m0 Cr - oN|fP (CON IPI(Cy),

\PéMSMSH) _ 5/22 X(+)(%p)jK M(Q ) 9)

WhereNum(ck) are the Legendre polynomials normalized
X E CLM LSMctKy T, OB unity.
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Some words of caution are required here. The fact that thdecays. The following common features of the correlations
hyperradius itself is large does not guarantee that all interin the 2o decay can be illustrated by these examples.
particle distances are large and hence that the asymptotic (i) The particles are blown out from kinematics regions
region is achieved for motion of all particles. There are{coq¢)=+1,E/E;~0.5 in the T system. These conditions
places on the hypersphere, where particles are close to eagBrrespond to the situation when the core and one of the
other even for a hyperradius tending to infinity. The succesrotons are flying out with close velocity vectaend hence
of the method we use for “true” two-proton emission is de-yesjdue in the region of strong Coulomb repulsion for a long

fined by the fact that in such decays the particles rapidlyﬁme)_ This effect is more expressed 4fFe, where the Cou-
leave the regions where they are close to each other aftef .1y interaction is much stronger.

they leave the Coulomp barrier region. This happens d.ug to (i) In the T system the particles are predominantly in the
strong _Coulomb repulsion and ab_sence of_the Iong-llvmgT_Iike configurations[cos 6) ~ 0], which are likely to ex-
states in the subsystems energetically available for deca and as a whole, without change of relative distarteis
Technically this happens due to formation of the specifi ' . .
correlations, which we are going to consi@€ecs. IV A and cor_respo_nds to the mpt|on of t_he system entirely alpng
IV B). In such a case the largevalues appear to have direct varlgble n hypers_phencal coordinales . . -
relation with large intercluster distances. The independence (iii) In'y Jacobi system.the same .phyS|cs agi)rand(ii)

of the distribution(9) on the hyperradiup means that there IS re.flec.ted by cpncentraﬂon O_f part|cle§l:'f;1ET~O.5. The

is no redistribution of energy and momentum among par_dlstrll_autlons prOJec'ged on the=E,/Ey axis ha\_/e a narrow
ticles any more. The motion of the system solely along hypractlcally symmetric pe_ak. They are_shown in Fig. 10 for a
peradial direction means that the system is simply ”inﬂating”numb(':'r.Of P emitters. It IS easy to notice that the heawer the
as time goes; this is a signal that the asymptotic regime i ystem is, the narrower IS the _d|str|but|on. The width of this
achieved. The stability of momentum distributions obtaine ::é:ﬁggotu;enigtaﬂ:)?ﬁg;nfgcﬂtrh ig;li ::;L%etrzgocv?;?ﬁgﬁge
by means of Eq(®) is specially discussed in Sec. IV C. distribution, namely, the [2decay energ¥y. For the shown
distributions theE; value varies from 0.7 MeV it°Mg to

2.8 MeV in%2Se. The behavior of these distributions is in an

The full correlation picture is presented in Figs. 8 and 9agreement with general prediction of Goldangky that in
for selected cases of the internal structure’fddg and“°Fe  the case of true two-proton emission the protons should have
close energies.

(iv) Some hint about Coulomb repulsion in thep pair
can also be found in Figs. 8 and 9. In energy distribution
between protons the evidence is quite small due to small
Coulomb interaction compared to Coulomb interaction in the
core subsysteni10—30 times stronggrHowever, in angu-
lar distributions the fingerprints are quite evident: there is a
fall in the probability at coe@,)=-1(in Y systen). This angle
corresponds to the situation when both protons are flying in
the same direction.

(v) There is a strong qualitative difference between corre-
lations in the decays o$-d and p-f shell nuclei. Thep-p

FIG. 9. Correlations for thé°Fe decay in T and Y Jacobi sys- energy distributions calculated for differemt nuclei in dif-
tems. Case of thef-wave domination(~75% of f wave, Er ferent assumptions abostd mixing nevertheless look very
=1140 keVj. similar, see Fig. 11. The same distribution calculateg-ih

A. General features

dj*/ d(E,/E;)d(cos8,)
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FIG. 10. The energy distributions between the core and one of FIG. 12. The energy distributions between two prot¢fisla-

the protons for several nucléY Jacobi system Two-proton decay — cobi
energiesE; are 1.37,1.79,1.4,0.8,1.15,2.8 MeV ffBe, 20, “*Fe

16Ne, Mg, *°Fe, and®Se, correspondingly. It is possible to notice

that the distribution foBe is slightly asymmetric, which is con-

nected with a small mass of core.

nuclei strongly depend on thg/f ratio, see Fig. 12. More

system in different assumptions about internal structure of
.W(p) is the weight of thep? configuration in the nuclear

interior.

ence is also clearly reflected in the distributions oegr

=cog6,) in the Y system. We have found that this kind of

detailed discussion of this issue follows. see
(vi) The dependence of the observed correlations on thgon of thes/d ratio. When we change thed ratio drastically

total decay energ¥y is quite small. In Fig. 13 this is illus- the
trated on the example 6fFe. The correlations are shown for qualitative.

energies from 0.7 to 3.3 Methe width varies from about
1028 to about 108 MeV). As the energy growsgand the
width of the Coulomb barrier decreagdbe corep energy

distribution becomes broader. This is a generally expected
result. The width of the distribution over d@g) in the T
system also grows with energy. The “diproton” peak<1)

in T system drift to lowere values. However, it should be
understood that the energy of the peak in reality grows: it

is about 90 keV forE;=0.7 MeV and about 300 keV for

E,=3.3

MeV.

B. Decay mechanisms

The strong qualitative difference can be found between
correlations in the decays éfMg and **Fe in distributions
over g in the T system(Figs. 8, 9, 11, and 12 This differ-

djld(E,IE,)

FIG. 11. The energy distributions between two protGhsdacobi
system in differents-d shell nuclei.

1.0 +

0.5 Lfi

Y0 W) =67%
----"Ne W(s)=>54%
----- Mg W(s) = 60%
------- Mg W(s)=10%

04 0.6 0.8 1.0
E,/E,

fun
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correlation is stable in the-d shell nuclei(for 20 and*®Ne

Ref[3], and Ref[5] for *®Mg) with respect to a varia-

variations in the distributions are rather quantitative than

This appear to be not true for thef shell nuclei. The
variation of the distribution ovee in the T system with
variation of thep/f ratio for “*Fe is shown in Fig. 12. In the

41
"Y' Lo\\ e ET =07
"T" / A\
-~ N N\ — E,=1.14
S I O N R S ET: 21
o /A Y A N E, =33
S’ 2 L4 v \\ !
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l ;’ ‘:‘\.\ o
4 BX "
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:;j /, x‘\‘:\\\ /»'\\ 26Fe
;; I Ir nYn‘.;‘\' \ / ~\;\
2 LBl AW N e=24%
8 Eld AW
—’ " AAN
N %
'-.€ 0.5 i ':;., 3
Y
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FIG. 13. The energy and angular distributions f6Fe as a
ction of the decay energir. The letters T and Y near the

bunches of curves indicate in which Jacobi system the distribution
is calculated.
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FIG. 14. WF densit;k‘lf(;)(x, Y)[? plots for subbarrier region illustrating difference in decay mechanisms for two cadeReadtructure.
The WF is normalized for integration oveK dY. Left column shows casé/(p)=2%; right column shows cad#(p)=24%. First and second
rows correspond to T and Y Jacobi systems. Thick and thin white arrows indicate dominating and auxiliary decay paths. Diproton path is
dominating in(a) and(c) and “sequential” in(b) and(d).
case of thef? domination this distribution has a single broad  We can see in Fig. 12 how the energy distribution evolves
peak at lowp-p energy (diproton peak which is strongly for *>Fe with the increase of the? configuration, and, in Fig.
connected with th@-p final state interaction This tells that  6(a), how this evolution is correlated with changes of the
in the subbarrier region the protons first move fréhto s> lifetime. Interesting feature of the correlations is the fact that
configuration and only then tunnel. For that reason they “forfor very different energy correlations in the T systéthe
get” about complicated correlations typical fdrcomponent  p-p distribution overE,, Fig. 12, the corep distribution in
in the nuclear interiofsee Fig. 14)]. the Y system remains the sareee Fig. 10

In Refs.[1,2] we have drawn a conclusion about “wash-  The above speculations about mechanisms of penetration
ing out” of the correlations typical to nuclear interior during are illustrated in Table I. The table shows, which HHs con-
the decay on the basis of studies of nuclei wstth mixing  tribute to the structure(internal region and decay
andf-wave domination. It appears, however, that in the cas¢asymptotic regiopfor the cases of®Mg and“*°Fe. To inter-
of a considerabl@/f mixing the dynamics changes abruptly. pret this Table it is useful to know thaf, p?, d? and f?
In that case the protons are tunneling directly from e  shell-model configurations are closely related with HHs with
configuration with only a minor contribution of tr#, which  {LS/,l,}={000¢ andK equal 0, 2, 4, and 6, respectively. It
is reflected in a double-hump structure of the spectrum. Ashould be noted that only in very special cases thergtis
qualitatively similar double-humped spectrum has alreadyeas) some correspondence between components important
been observed experimentally in thp @ecay of thep-wave in the interior and components playing role at the
nucleus®Be [19] and is probably well understogdee calcu- asymptotic. In the general case the redistribution of weights
lations in Ref[4]). It is interesting to note that this similarity in the process of decay is absolutely essential.
exists also for the decays of tipewave nuclei on the neutron The importance of the “diproton” decay mechanism
dripline [17]. shows itself as strong contribution K0 component to the
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TABLE |. Contributions of different HH components of the WF into internal normalizatignand partial widthd’;, see Eq(4). Only
components contributing significantly are selected. Rointegration is up tq;,;=18 fm. The internal normalizations and relative partial
widthsT/T are in percent. Cases Mg (~60% ofs wave and~10% ofs wave), *°Fe (~2%, ~24%, and~98% of p wave). Dominating
components are given in bold font. Total s(Bris everywhere 1/2 fot®Mg and 3/2 for*Fe.

Component 19Mg, W(9)=10% 19Mg, W(s)=60% 45Fe,W(p)=2% “BFeW(p)=24%  *Fe,W(p)=98%
K LS I |y N; T N; T N; T N; T N; T
0 0O 0 0 O 6.9 66.0 56.8 67.3 0.45 47.9 0.79 11.1 0.9 25
2 0O 0 0 O 4.2 3.1 3.7 0.4 0.77 12.4 23.3 46.7 96.3 62.9
2 1 1 1 1 5<10° 3x10°% 2x10°% 2x10°% 1x10° 2x107% 0.1 0.5 15.9 3.1
4 0O 0 0 0 801 1.1 37.9 1.1 0.63 2.7 0.9 1.4 0.4 1.0
4 0o 0 2 2 5.8 25.9 0.3 27.4  R10° 255 5x 1074 8.1 4x10°8 1.8
6 0O 0 0 O 0.1 0.3 0.1 0.3 73.4 0.9 58.7 1.6 0.3 1.8
6 0 0 2 2 4x10%2 0.4 4x102 7x1072 15.9 4.8 11.5 18.5 0.45 21.2
8 0 0 2 2 0.7 0.5 0.5 0.5 21073 1.2 1x 1073 0.8 5x 1074 0.2
8 0 0 4 4 0.3 2.6 &1073 2.8 3x 1073 3.4 2x 1073 2.7 7X 1075 0.3
10 0 0 4 4 210% 1x102 2x10% 4x103 0.3 0.5 0.2 3.6 %1073 2.2

decay width. One can see that f5iMg (representative of stood. We are going to discuss convergence of momentum
s-d shell nucle) the domination of th&=0 component in the distributions for the example of one selected calculation for
width is independent on the internal structure. Edte (as  “5Fe.

.repr'esentative of-f shell nuclej this component is 'dominat— Figures 15 and 16 demonstrate remarkable stability of our
ing in the decay only in the extreme case of a pidreternal  calculations. Figure 15 shows how the momentum distribu-
structure. tions depend on the integration radipis,y (radius at which

Also a hint about decay mechanisms can be obtained froffhe solution is matched to the asymptticAt ppay

the WF densisty distributigns in the barrier region. In Fig. 14 _500-600 fm the distributions become stable. The modifi-
two cases of“Fe calciJIatloons_areT showi(p)=2% (f-wave  cation of distributions with increase pf,q, up to 1000 fm is
dominatior) and W(p)=24% (significantp/f mixing). In the 5 the level of numerical precision of our calculations. Such

first case one can see in the T system a strong “ridge” aliapility shows clearly that there is no redistribution of en-
small X distancegFig. 14a)]. This corresponds to small dis- ergy among particles and the motion of the system is just

tances between two-protons and hence a strong diproton dgsqation. In hyperspherical coordinates it corresponds to the
cay mechanism. In second cg$eg. 14b)] this *ridge” can motion solely alongp variable. Similarly the convergence

hardly be seen. However, in second case we see tWo Syt respect to the size of the hyperspherical basis seems to
metric ridges in the Y coordinate system at smaéind small o achievedsee Fig. 16 The distributions starting from
Y distanceqFig. 14d)], which correspond to importance of —16 gre indistinguishable within numerical precision.

corep correlation. This is a kind of “sequential” decay ge|atively rapid convergence of the calculations with respect
mechanism, with exception that resonances in the suby i s an expected feature of the true two-proton decays.
systems have much shorter lifetimes than the three-body syg, qefinition of such decays there are no long-living reso-

tem e}nd hen_ce decay under th_e b_arrier. They nevertheless gl ces in the subsysterfenergetically available for decpy
contribute width as virtual excitatiorjsvhat we can actually  Then due to Coulomb repulsion in each pair the particles

see in Fig. 1dd)]. In the first case these ridges are also N0 ,niqjy |eave the regions, where their motion is strongly cor-
ticeable[Fig. 14c)], but they rapidly dissolve and thus do rgjateq. So, the resulting three-body amplitudes should be
not contribute the width significantly. , smooth and thus easily expandable in the hyperspherical
_ What we see in Fig. 14 is a nice illustration, how compe-gnace This is exactly the kind of picture one finds in Figs. 8
tition between different kinds of dynamics leads to transi-;nq 9 the momentum distributions are smooth, without any
tions between different decay mechanisms. It is also cleafyq)1y sharp features, and the particles are blown out from the
that in our model no assumption is done about importance gfaions, where they are close to each other. It should also be
thls or that decay mec_ha_msm, both mechanlgms are presefibted that while the huge radji, ,.~700 and huge basis
simultaneously and ‘it is three-body Hamiltonian, thatgj;esk . ~20 are required to achieve the full convergence
chooses” the right dynamics in each case. of the distributions, all the gross features are already present
in much more compact calculations withy,,~300 and
Kmax~8 and improvements achieved in a very bulky calcu-
lations are quantitative, not qualitative.

As mentioned above, we use the approximate asymptotic The good convergence of the results demonstrated in Figs.
of the Coulomb problem for three particl€®]. Thus, when 15 and 16 cannot be a rigorous proof of the convergence in
we work with momentum distributions of the decay prod-the case of long-range Coulomb interaction. There is no re-
ucts, the reliability of these approximations should be underliable mathematical proof that a large number of additional

C. Convergence of momentum distributions
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FIG. 15. The energy and angular distributions f6Fe as a (x/p)2

function of integration radiugmay.

FIG. 17. Coulomb potential surfaces Mg and*°Fe at large
values ofp in the T Jacobi system. Contours are given with 1 keV
step.

components would not lead to a significant modification of
4t oy N K = the obtained distributions. In justification of our results we

w N kD appeal to physical common sense. As we have seen in Fig.
= 3l o Km‘”‘z 16 15 the motion of particles is practically entirely inflation. In
= N K Za0 this case the momentum distribution calculated pgk
Ky sl o ) \ max closely corresponds to_spatial distributionpatp,ay. _In Fig.
~ N, 3 17 the Coulomb potential surfaces at consgaate given for
= . / o variables(x/p)? and 6, which correspond te and 6, of mo-
~S H "/ L

mentum representation. Comparison with Figs. 8 and 9
shows that particles are concentrated in the regions of
{e,cos @} plane (or what is approximately the same of
{(x/p)?, cos 8,} plane, where the Coulomb potentight given

p) has a very flat minimum. The Coulomb potential itself is
still not negligible at maximap,,,, values achieved in our
calculations. Say, for*®Fe at py,=1000 fm it is around
100 keV in the minimum. This is about 10% of the decay
energy of“Fe (1.14 Me\). However, the variation of the
Coulomb potential in the region df(x/p)?, cog6,)} plane,
where 98% of the WF residue does not exceed 5-10 keV.
So, the part of the remaining Coulomb energy, which can
lead to redistribution of energy among the particles is really
very small. For that reason the expectation is that the major-
. . ity of the remaining Coulomb energy will be pumped into
-1.0 -0.5 0.0 0.5 1.0 inflation motion of the system.

cos(6,) The simple way to estimate the possible influence of the
“residual” Coulomb interaction on the obtained momentum
distributions is to make a classical extrapolation of these
distributions. Such extrapolation is shown in Fig. 18 4tFe

o0

1.5

1ot

dj/d(cosé,)

FIG. 16. The energy and angular distributions f6Fe as a
function of K5 in T and Y Jacobi systems.
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1.0 . . : T uncertainty associated with other thingsy, nuclear struc-
Iy ture; see Fig. 12, for exampléAny experimental data, avail-
0.8 v 000n 1 able at the moment or expected in the observable future, are
also incomparably less precise than required to put restric-
064, 5300(;’:&“ i tions on this kind of theoretical uncertainty. It should be
< : y 7000 fm noted that the complicated issues of radial convergence of
8 o4l 60000 fn the distributions have nothing in common with convergence
S 044! - :
el el of width. For example, for the discussed casé¥® calcu-
. lation integration of equations up t@,.~150—250 fm is
’ sufficient to stabilize the width2].
0.0 f ; } - . o
0.0 0.2 0.4 0.6 0.8 1.0 D. Projected distributions

E,/ T In experiments an incomplete kinematics information is

FIG. 18. Classical extrapolation of the momentum distributionOften obtained. For example in schematic experimental set-

for °Fe. The contour map in the background shows the momentuntP> dlscuss_ed n Refgsth th_e tracking procedure may be
distribution atp=1000 fm (see Fig. 9. Evolution of momentum able to pr?"'de only trajectories of the decay. fragments, not
correlations along classical trajectories is shown by sequences 6f€ €nergies. Thus only the momentum projections on one
angles. The angles come with step of 2000 fm and show the dired?/an€ can be measured, i.e., the distributions are integrated
tion of evolution. First angle of every sequence corresponds to poirf?Ver one dimension. It is an interesting question to which
on hyperspherg=1000 fm with definite momenta. Each Sequence'extent t.he valuable part of information remains after such
shows in which part of momentum space the classical trajectoryntegration.
ends.T,, is the kinetic energy in each point of the trajectories. In  In Figs. 19 and 20 the projected momentum distributions
the inset one selected trajectory is shown on a large scale. for Mg and “°Fe are shown, calculated in three different

_ _ models. The three-body calculations are presented in Section
case. For the point on the hypersphere of the maximal hyp, o (see Figs. 8 and)9

perradiusp=pmax achieved in the quantum mechanical calcu-  comparison with phase volume is a standard way to de-
lations a set of momenta can be defined via derivatives of thfne the existence of specific correlations in the system. The

Qecay WF. Thig provides 'in_it_ial cqndition; for_classical tra- s \ave phase volume for three particles is given by

jectory calculation. If the initial point residue in the classi-

cally allowed region, then there are no problems with com- djlide ~ \e(1 -¢).

plex momenta and hence classical trajectories are well

motivated. As we can see from Figs. 9 and 17 this condition N the standard diproton model the zero energy of relative

is satisfied with a good precision: the WF at achieved largénotion between two protons is impliggee diproton model

hyperradius is already practically entirely in the classicallycurves in Figs. 1-5. In this form the diproton model provides

allowed region. FofSFe the reasonable distance for classicalthe upper limit for the @ emission width[6], but it cannot

trajectory calculations, after which the momentum distribu-give momentum distributions. To model momentum distribu-

tions stabilize, ig3—6) X 10* fm in hyperradius. tion the experimentalists ordinarily use the diproton model in
Classical extrapolatiorfFig. 18 shows that qualitative the form

speculations based on Fig. 17 seem to be reasonable. Practi- .

cally no energy redistribution is happening in the T system. dj/de ~ Po(eEr, 1, ren(PP))

There is a modification of the distribution on €69 vari- X Po((1 - €)Eqr, 2Z,, ren(core{pp})),

able. One can estimate that this distribution should become

10-20% narrower. Correspondingly the distribution oger which gives energy distribution, but not the width. Here

in the Y Jacobi system should also become somewhat naparametere describe the energy distribution in the T Ja-

rower. Classical extrapolation indicates possible significantobi system, and?/(E, Z;Z,,r¢,) is a standard two-body

modifications only for the parts of momentum space where @enetrability depending on the relative energy of the par-

very small part of the WF residue. ticles, charges, and channel radius. The channel radius
So, no qualitative change of our results is expected irparameters are.,(pp)=2.5 fm, r.(core{pp})=5.55 fm for

general and no modification of energy distribution in the T**®™g andr,(core<{pp})=6.91 fm for **Fe (see Ref[6]).

system is expected at all. We do not consider the diproton model as a realistic al-
The academic question about convergence of momentutiernative to the three-body calculations. However, it re-

distributions remains open and deserve further studies. Pregnains popular in the literature in different modifications

cision calculations of all distributions require to go very far[15,20 and methodologically such comparison is desir-

in radius; for “typical” 2 emitter, like *>Fe, they seem to able.

stabilize completely at hyperradii of tens of thousands of fm. From Figs. 19 and 20 one can see that different models

However, from a pragmatic point of view the problem is are distinguishable even after integration over one variable.

solved to the practically required precision. Expected theoSome distributions can be quite close, but there are always

retical uncertainty due to approximate character of thesome distributions, which are qualitatively different. This

boundary conditions is incomparably smaller than theoreticalact emphasizes the necessity to perform model comparison
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FIG. 19. The Monte Carlo simulatiaqi20 000 eventsy axis show humber of eventsf projected on the plane distributions f5Mg (for
original three-body distribution see Fig.B;=580 keVj. V, andV, are Jakobi velocitiegin the T systemprojected on the plane in the units
of speed of light. The anglé{, here is also angle between projected vectorégps(Vy, Vy)/V,Vy. Ey andE; are the energies associated with
the projected velocities.

with experiment for several distributions simultaneously, aghree-dimensional distributions of Figs. 8 and 9. This feature
some of them can coincide by chance. is defined by complicated dynamics of the three-body motion

What distinguishes the three-body model significantlyin the three-body Coulomb potential and is not present in the
both from diproton model and phase volume is the distribusimple approximations.

tion over cos6,). The shape of this distribution clearly re- Itis important that the projected spectra provide a reliable
flects much sharper focusing over anglein the complete way to determine the decay energy: in all models the distri-
Phase volume Diproton Three-body

400 400 400 "

-1.0 05 00 05 1.0 -1.0 05 0.0 0.5 1.0 -1.0 0.5 0.0 0.5 1.0
LLLy cos(6}) el il cos(6}) 1000 v cos(8)

. 1500{  [|/||]]
500 AT T 1000 500
I, r

0 0 e 1 r . T - 0 - _ - ¥ +

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.00 0.01 0.02 0.03 004 0.05 0.06 0.07 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
1200 V. 2400 74 12004 v

x 2000 x x
800 THTH T 1600 800
i Il 1200
400 800 400
400 -

0 ; - 0 T 0

0.00 0.01 0.02 0.03 0.04 0.00 0.01 0.02 0.03 0.04 0.00 0.01 0.02 0.03 0.04
1200 Vy 1200 Vy 1200 Vy
800 800 800
400 400 400

0- 0 T 0-

00 02 0.4[ 0;6 0.8 1.0 12 00 02 04 , 0.§ 0.8 1.0 12 00 02 0.4[ 9.6 0.8 1.0 12

E,+E, (MeV) E+E, (MeV) E,+E, (MeV)

FIG. 20. The Monte Carlo simulation of projected on the plane distribution§®ke (for original three-body distribution see Fig. 9,
E;=1140 ke\j. See the caption of Fig. 19 for details.
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TABLE II. Nuclei with A<71, predicted to be true two-proton emittgisut not yet observed Er=-S,;, is the energy above the
two-proton breakup thresholdorresponding width or lifetime range is shown in the ninth colurgis the proton separation energy. Spin
parities for the nucleus, ground state in copestibsystem and the core are given in second, fifth, and eights columns. Quantum niifnbers
in the brackets are assumed.

74 Jr Er(keV) iz-1) J Sy(keV) 54z-2) Jr TyporT Reference
Mg ) 1200 1*Na 1 2300 1iNe 112 0.2-6 eV 8]
900 600 0.007-0.1 ps [21]
500 0.5-7ns [22]
580-860 200-400 0.2-700 ps [5]
3oAr (0% 1430 2cl (312 350 28 0* 0.7-33 ps [23]
3105 465 2-26 eV [24]
3ica (0% 755 3K 900 32ar o 0.2-7 ms [23]
2190 230 0.1-0.003 ps [24]
T (0% 960 3isc (7I1) 1030 3oca o* [23]
2432 438 [25]
2590 375 [24]
5iCr 2249 sVa (4] 264 T 312 [10]
s2cr (0% 498 3va (712) 1216 39Ti 0* [10]
260 1060 [23]
-960-1900 [11]
452 1282 [25]
655 1150 [24]
28N (0% 1357 57Co (712) 469 soFe (0% 0.3-9 ms [10]
-440-1970 >7ns [11]
1354 479 0.5-15 ms [26]
1290 505 3-75ms [27]
3Zn (0% 1510 SeCu (312) 400 3aNi 0* 0.5-25 ms [23]
1794 -153 2-9Qus [26]
1873 -230 0.5-2%s [27]
1330 120 40 ms-3.5s (28]
3Ge (0% 2780 3Ga @2z -240 37n ot 0.1-6.5ns [23]
2636 -296 0.4-26 ns [27]
2380 -160 8-400 ns [28]
3Ge (712) 1100 Jca 29 300 3Zn (712) >2500 s [23]
1343 58 >3s [27]
1160 190 >300 s (28]
$Se (0% 2888 SiAs (3/2) -142 8%Ge (0% 0.4-16 ns [27]
2760 -100 1.4-55 ns (28]
S3se 3/12) 1530 $As (19 69 SGe (3/12) 0.3-15s [27]
1510 110 0.6-27s (28]
SoKr (0% 2832 Br (5/2) -1 8se (0% 6—400 ns [27]
Sikr 3/2) 1538 SBr (0" 155 3se (312) >15s [27]
1760 -50 46 ms—4 s [28]
13sr (5/27) 2060 Rb (4 -20 SoKr (5/2)) [28]

butions over “projected” ener@)’(+E>’, (associated with pro- strongly on the decay energy predictiqisee compilation in
jected velocitieshave sharp end points at maximal available Table 1), which are mostly out of our control and which are
in the decay energ¥;. implied below to be reliable without further discussions.

The calculation results for variougpZmitters(see Refs.
[3—6] and Figs. 2—pare collected in Fig. 21. They are shown
opposite to the lifetime bands accessite not accessible

Here we would like to summarize the status of prospecfor different experimental techniques. This figure aims to
tive candidates for 2 emission studies, basing on our calcu- give an overall impression about status of the field on a large
lations here, as well as on the previous pap#rs3,5,4§. We  scale: from million electron volt of width to seconds of the
should remind once more that the conclusions here deperdetime.

V. OVERVIEW AND DISCUSSION
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studied. Complete decay information have not been mea-

7 R 7 7
////{//// //%%////%% sured for®Be (only restricted kinematics regiofis9]). Com-
F o ‘Be 3 10 plete decay information have been measuredfar [29],
103k g" o 'Ne but not presented in the form making possible the detailed
| = 10" theoretical analysigsee Ref.[17] as example of what we
10% §’ . think is a right presentationin **Ne the 2 emission have
F A i 5 never been directly observed. From methodological point of
at P 10 view the detailed studiegull correlations picturg of these
10 L Mo/ / /,’/,’,./ P 1 systems are very desirable. Special issue is possibility of
o g/ / Al W ~*%Fe |10 specific dynamics it?0 and®Ne predicted in Ref[3].
N 107 - pAdR AT Mg. The predicted lifetime range partly corresponds to
> R 2777 777410 = decay in flight and partly to decay in target. Predictions of
ﬁ 10" gn /%7//////////%///////%2/77///:% . Ref. [{3] on ?his issug cor):nect thisyvariatign wigfd mixing
: o 10-9 & ratio and with possible specific mechanigwe call it three-
10 § f,‘///////%/////// //////’% body mechanisni3]) of Thomas-Ehrman shift. The studies
A , i /. A ', 10-7 of this nucleus should be of great importance for understand-
1075 8 A, L7 KL ing of these issues.
| S AP 30Ar. Energy from Ref[23] puts the3Ar lifetime in the
10°7 é 3°A§4 decay-in-flight range. Systematicf24] provides much
E = Ca shorter lifetimegdecay in the target range
1 0_19 W/ Y, 34Ca. Prediction of systematid®4] corresponds to decay
' 6-decay (EC) of this nucleus in the production target with no possibility of
21f is possible lifetime derivation. Energy predicted by R¢23] can possi-
10 7 %/ / bly be excluded for this nucleus due to its nonobservation in
00 05 1. the fragmentation experiment. This conclusion is based,

however, on the unpublished res[80] (see also Ref6] for
more details The question is clearly important for under-
FIG. 21. The lifetimes of various2emitters and possible ex- standing of possibilities fo#PAr studies.
perimental techniques. For nuclei froWMg to %Kr “lifetime cor- 45Fe_ The recent experimenta| achievements are very en-
rchi}or_s” ar% shown for each nl_JcIeus by two curves of the same Sty'%ouraging[14,1a. Agreement with three-body model predic-
E:ir(’;lllegnghj\?vee():(?)se?;n aerst;mv:;iisn%g’ecrf’%d ;T]Z}féz";e (03?23 tions is very reasonable. However, to discriminate further
L ) within the model uncertainty much more precise information

circles stand for calculated values. For heavier nuclei they are quiteb lifeti dd . ired. C lation i
uncertain and are given more to guide the eye. Open and gra? out lifetime and decay energy Is required. Correlation in-

circles overlap in the case EBe. Experimental datl4,15 on“5Fe  formation would also be very helpful. _
are given as dots with error bars. “8Ni. This nucleus has been observed recently in the frag-

mentation experimer81] in a very small amount. The fact
In Table Il the calculation results fgrospectivenot yet  of observation allowed to deduce the lower limit for the life-
observeyl 2p emitters are also given opposite to various de-time; no identification of decay mode was possible. The
cay energy predictions. The condition defining that the decayucleus is expected to have comparable properties ‘.
mode is really true two-proton emission is However, according to calculations, this nucleus residue in
the range, where weak decays contribute the lifetime on the
level comparable with 2 emission. This means that minor
variation of expected characteristics can easily bring the

Er>0,5,>0 (10)

(see Refs[2,7]). What we find in Table Il is that for some
candidates proton separation enef@yis negative(hence nucleus to the range, wher@ 2mission is suppressed.
sequential decay is possibleHowever, it was shown in 54Zn. Available decay energy predictiorfig3,26—28 dif-
Ref.[6] that in reality the sequential decay is beginning tofer significantly, but for all of them the expected lifetime is
play a significant role only when entirely within the implantation range. This is a very “reli-
able” candidate for implantation experiment studies.

8Ge, 62Sg %Kr. These nuclei seem to be accessible only
for the decay-in-flight experiments.

59Ge, %3Sg 67Kr. Special calculations have not been done
for these nuclei. However, the lifetime systematics for them

Below we provide a brief summary for the studie@ 2 should be similar to their even neighbors. Based on the sepa-
emitters. ration energy calculation®7,28 (see Table Il we can ex-

®Bg 120, %Ne The existence of the true two-proton emis- pect that here the®2branch is likely to be suppressed by
sion phenomenon in these nuclei cause no doubts. Howeveseak transitions. The same should also be trug¥er if we
we think that these systems are far from been sufficientlystick to the same calculations of separation energy: it is clear

-$,>(0.15-0.20 X Ey (11)

and strict condition Eq(10) of Ref.[7] can be relaxed.
The weaker condition Eq(11) is well satisfied for all
selected nuclei.
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that with about 2 MeV of decay energy this nucleus shouldations of the possible correlations in the decay and consider
have too long B decay lifetime compared to expected weaktheir connections with other properties of the systems. We

lifetime.

VI. CONCLUSION

In this paper we have performed systematic studies of thg‘tII

prospective two-proton emitteréd®Fe, 4Ni, >4zn, 585Ge,
62635e, and®6Kr. Together with the lighter @ emitters
(*?0, %Ne, %Mg, 3°Ar, and %‘Ca), studied in the previous
publications[1-6], this gives a practically complete picture
of experimental opportunities to study this interesting deca
mode along the proton dripline with<<40.

The largest uncertainty of the predictepl @ecay lifetimes

study convergence and stability of the momentum distribu-

tions. We also demonstrate that valuable information can be

obtained from incomplete information about correlations
(projected distributions The different theoretical models are

| distinguishable in such case.

The studies underline the importance of further investiga-

tion of *Fe, including, if possible, studies of correlations

among the decay products. TA#Mg and >Zn seem to be

the most “reliable” and promising candidates for pioneering

xperiments. Possible candidates are & (for implanta-
ion experimentsand 3Ar, %8Ge, 6%Se, %%Kr (for decay-in-

flight studies.
is connected with uncertainty of the separation energies of
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