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Properties of proton drip-line nuclei at the sd-fp-shell interface
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Properties of proton-rich nuclei at thsg-fp-shell boundary with 3% A<48 are investigated within the
framework of the nuclear shell model. Predicted binding energies, one- and two-proton separation energies,
and B-end-point energies are presented. Half-lives associated with one- and two-proton emissions are com-
pared withg decay, and it is determined that the best candidates for the observation of correlated two-proton
emission are’®Ti and “°Fe. The predicted branching ratios f@idecay as a function of excitation energy in the
daughter nucleus are shown. Where availaBlelecay half-lives are compared with experiment and are found
to be in overall good agreement.

PACS numbs(s): 21.10.Dr, 21.10.Tg, 23.56z, 27.40+z

I. INTRODUCTION B-end-point energ¥ g). The first is an obvious effect in that
the lifetime is proportional t(E,gS. The second effect is that
because of the larg®, value, the Fermi transition to the

With the development of radioactive ion beam facilities, . .
nalog state is allowed and Gamow-Teller transitions can

detailed studies of the properties of nuclei along the protoffl , ;
drip line will be possible. This represents a new and excitin ceur toa Iargg number of states in the final nucleus. Indeed,
development in nuclear structure physics from both experis ith an end-point energy of th_g order of 11_18 MeV, several
mental and theoretical points of view. By studying the prop_hundred Gamow-Teller transitions are p053|ble._ Because of
erties of nuclei with a large proton excess, it will be possiblethe phasg-space factor, r_mowever, those states with the largest
to test nuclear-structure models, which have proven to b@ €nd point tend to dominate the decay.

very successful for nuclei along the valley of stability, at the AS iS pointed out in Ref[1], one 8 decay in the mass
extremes. An exciting feature of proton-rich nuclei is that€gion being studied here that deserves special attention is

new decay modes, such as diproton emission, may be oithat for “°Ti. The importance ofTi is that it is the analog of
' ' 20

servable. Given that the two-proton system is unbound, it is A\ Which is the medium for detecting solar neutrinos with
of particular interest to discover whether diproton emissiorin® ICARUS detector. Contrary to the initial ICARUS design

occurs via the sequential emission of protons through a vir@SSUmption$2], Gamow-Teller transitions were found to be
tual intermediate state or by the emission of a correlated'gnificant, increasing the absorption cross section by a fac-
two-proton system. An important region of study for this t40r of 3[1]. Fortunately, because of the lar@; value for
phenomenon is the interface between thel16 (sd) and OTi, all transitions of significance for neutrino absorption on
40 : . .
0f-1p (fp) shells, in particular, those nuclei with active va- Ar are experimentally accessible in ti decay, and a
lence protons in thép shell and neutron holes in ttselshell. calibration of ICARUS for neutrino detection is possible.
Diproton emission is a decay process that is allowed be- !N this paper, a shell-model study of nuclei at the interface
cause of the odd-even staggering in binding energy. Becauég the sd andfp shells is carried out. Absolute bmdmg ener-
of the pairing interaction, the system with an even number ofi€S: and, therefore, one- and two-proton separation energies,
protons ¢,N) is generally more tightly bound than the &€ evaluated by addl_ng a computgd Coulomb energy S.h'ft
(Z—1.N) nucleus, but because of the symmetry energy an(E)etween analog nuclei to the experimentally measured bind-
Coulomb repulsion, it is unbound relative to thE-{2.N) ing energy of the neutron-rich member. The Coulomb energy

svstem. Similar to sinale-proton emission. the decav rate foshifts were evaluated using an interaction determined empiri-
Y ) ffar 1o single-prot Ission, ay Eally by fitting to experimentab andc coefficients[3]. The
diproton emission is determined by the'penetrablhty faCtorpredicted binding energies are expected to be accurate at the
P_C to tunnel through the Coulomb barrier. Because of thgqg | of 50150 keV. Thes-decay properties of several nu-
higher charge of the two-proton system, however, the Cougej including lifetimes and branching ratios, are presented.
lomb barrier is higher, and the decay rate for diproton emisyypere possible, comparison with experiment is made. Last,
sion is much slower in comparison to proton emission withthe expected lifetimes fog decay and single-proton and
the same Separation energy. In addition, because of the Iargﬁproton emission are Compared with an eye towards choos-
Coulomb energy difference between Z,N) and ing the best candidate for observing diproton decay.
(Z=1N+1) nuclei, thepg-decay end-point energy is quite  The paper is organized in the following manner. In Sec. Il,
large, and the correspondingrdecay lifetime is very short the method for computing absolute binding energies is out-
(~10-50 m$. As such, we may expect a competition be-lined. In Sec. I, theB-decay properties of®~*1Ti, 42-44/,
tween B-decay and diproton emission. 42-4%Cr, “®Mn, and *>*Fe are presented. Comparisons be-
The B-decay lifetimes of proton-rich nuclei are short be- tween particle emission an@-decay lifetimes are given in

cause of two effects caused by the lar@g value (or  Sec. IV, and concluding remarks are given in Sec. V.
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Il. BINDING ENERGIES An important parameter for the INC interaction is the os-

Within the framework of the nuclear shell model, accuratecIllator frequencyﬁw, as the Coulomb components are
- ) e scaled as a function d& by the factor 3]

absolute binding energies are somewhat difficult to evaluate

directly. This is because the dominant part of the nuclear

Hamiltonian, which is isoscalar, is usually determined em- S(A)=

pirically by fitting to experimental binding energies that have

had the Coulomb energy subtracted off in an average Wa¥ ) )

(cf. [4,5])). As such, the resulting isoscalar nuclear Hamil-FOr the most partiw is chosen to reproduce experimental

tonian may contain residual parts associated with the isoscdMs charge radii, and for many nuclei it can be accurately

ﬁw(A) 1/2

11.096

4

lar part of the Coulomb interaction. parametrized by
On the other hand, it is rather straightforward to compute 1 o
the Coulomb energy shifts within an isobaric multiplet as ho(A)=45A"""—25A MeV. ®)

was demonstrated in Ref,6,7]. The binding energy of the o

members within a multiplet witt nucleons, isospiff, and It i important to note, however, that fok=45, Eq. (5)

z component of the isospili,= (Z—N)/2 can accurately be Underestimated« as compared to values derived from ex-
reproduced with the isobaric mass multiplet equationperlmental charge radii. Indeed, in R¢B], the value of

(IMME) [8-10] 10.222 MeV was used foh=53. In addition, a similar INC
interaction was recently developed ffp-shell nuclei, and
BE(A,T,T,.i)=a(A,T,i)+b(A T,i)T,+c(A,T,i)T2, better agreement between theoretical and experimental Cou-

(1)  lomb energy shifts was obtained with oscillator frequencies
derived from the rms charge radii of Hartree-Fock calcula-

wherei denotes all other quantum numbers, and the coeffitions using the Skyrm&1* interaction[15]. In Ref.[3], no
cientsa, b, andc depend on the isoscalft2], isovector, nuclei in the mass region 44A<48 were included in the
and isotensor components of the nuclear Hamiltonian, refits to the INC interaction, and as suthcoefficients for
spectively. In Ref.[3], empirical isovector and isotensor nuclei with A=45-46 are significantly underpredicted. To
Hamiltonians were obtained for several shell-model spacesiccount for the discrepancy between Es).and experimen-
The deviations between theory and experiment varied frontal values for heavier nuclef,w for 44<A<48 was fixed so
space to space, but on average the rms deviatiors émidc as to reproduce some experimental data. Ae45-47, ex-
coefficients were of the order 30 keV and 15 keV, respecperimental b coefficients obtained between mirror nuclei

tively. were used, while foA=44 and 48, Coulomb shifts between
From Eg.(1), the binding energy difference between iso- analog states in Sc and Ca isotopes were used. The values of
baric analogs withl,= =T is given by fw used for these nuclei are 10.841, 10.844, 10.886, 10.760,
and 10.738in MeV) for A= 44, 45, 46, 47, and 48, respec-
BE(A, T, T,=T,i)—BE(A,T,T,=—T,i)=2b(A,T,i)T. tively.
2 It should be pointed out that E(R) was also used in Ref.

[16] to obtain absolute binding energies. For the pufely

Therefore, an accurate way to predict binding energies fognhell nuclei(i.e., those nuclei that to first order close tha
proton-rich nuclei is to compute thé coefficient for  ghel), the b coefficients for Eq.(2) were obtained from a
the multiplet (or analog Coulomb energy difference shell-model calculation using only thef £, orbit and an INC
and add DT to the experimental binding energy jnteraction determined in Reff7]. On the other hand, a sim-
BEexp A, T, T,= —T,i) of the neutron-rich member. Here, pjified, “weak-coupling” approximation was used for the
the experimental binding energies were taken from the 1998ross-shell nuclei, and tHe coefficients did not depend on
atomic mass tables of Audi and Wapsf]. the structure of the state. In contrast, a fully microscopic

For the nuclei under consideration in this work, the Cou-calculation utilizing the same shell-model configuration
lomb energy shifts were evaluated using the shell-mode$pace for all nuclei under consideration was carried out here.
code OXBASH [13] in proton-neutron formalism. The con- For the most part, the two approaches are in overall agree-
figuration space consisted of theldf) and Of;, orbitals, ment, with some differences at the level of 200-300 keV
while the isoscalar Hamiltonian is given in Réfl4]. The  peing observed. In addition, due to a global rms deviation
Coulombic, or isospin nonconservir@NC), interaction is  petween experimental and fittédcoefficients of 21 keV, the
described in Ref[3], and was fit to 220 and 13c coeffi-  yncertainties quoted here are somewhat larger. Last, predic-
cients using the same base isoscalar interaction. The rmgns for some nuclei not included in RéfL6] are reported
deviation between the fitted and experimentatoefficients here.

was 21.2 keV. The uncertainty in the predicted binding en-  Shown in Table | are the results obtained for proton-rich

ergy for theT,=T nucleus is thereforéin keV) nuclei whose binding energies are unknown in the mass re-
gion 37<A<48. The table lists the experimental binding
OBE(A,T,T,=T,i) energy of the neutron-rich analog, the predicted binding en-
ergy, and one- and two-proton separation energies, as well as
= (42T)? = S(BEyp{ A, T, T,= —T,1))?, (3)  the B-decay end-point energy.

One nucleus listed in Table | deserves special consider-
where 6BE,,(A,T,T,= —T,i) is the uncertainty in the ex- ation. This is*'Ni, which, to first order, has eight protons in
perimental binding energy. thefp shell and a single neutron hole in tedshell. One can
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TABLE |. Predicted binding energies, one- and two-proton separation eneigieand S,,, respectively, and g-decay end-point
energies for proton-rich nuclei with 3YA<48. The absolute binding energies were computed with theoretical Coulomb energy shifts added
onto the experimental binding energy for the neutron-rich analog, also listed in the table.

BEiheor BEeyptanalog? S, Sop Eg
AZ T, Jm (MeV) AZ analog (MeV) (MeV) (MeV) (MeV)
75¢ 5/2 712 278.49Q105) RUS 313.017 -2.87A12 -0.309107) .
385¢c 2 2 295.00884) 3&C| 323.208 -1.14¢86) 2.35884) -
38T 3 ot 278.928126) 38g 321.0547) 0.438164) -2.433132 15.298151)
395¢ 3/2 712 312.48363) S9Ar 333.9415) -0.63963) 3.91063) -
397 5/2 3/2* 295.486105) %Cl 331.2812) 0.478134) -0.666107) 16.215122)
3%y 712 712 275.470155 393 325.43(50) -3.458193 -3.0201180 -
4075 2 ot 314.72784) 4Oar 343.810 2.244105 1.60584) 11.44185)
40y 3 2 293.45%130) 40c| 337.11G30) -2.03%164) -1.553151) -
“Ocr 4 0" 275.087284) 405 333.180230 -0.383223 -3.841210 17.586312)
AT 312 3/2" 329.40463) 4K 351.618 2.45663) 2.99363) 12.95163)
4y 5/2 712 312.993159 IAr 349.909 -1.734149 -0.510122 -
“cr 712 312 293.198103 41l 344.96060) -0.257196) -2.288180) 19.013180
42y 2 2 329.09784) 42K 359.152 -0.311105) 2.14284) 17.03184)
42cr 3 o* 314.27%132) 42Ar 359.34@40) 1.282203 -0.452151) 14.03%151)
43y 312 712 346.99463) 43Ca 369.828 0.0983) 3.85763) 11.36863)
43cr 5/2 312" 330.540105) 43K 368.7959) 1.448134 1.136122) 15.653122
“3Mn 712 v 311.512163 “SAr 364.96(70) -2.763210 -1.4812298) -
44y 1 2" 360.95242) 43¢ 376.520) 1.77743 6.26542) 13.74@42)
“cr 2 o" 349.81684) 4Ca 380.96(1) 2.822105 2.91184) 10.35494)
4Mn 3 2- 329.271132 4K 376.08@40) -1.269164) 0.179151) -
4re 4 o 310.911169 “4Ar 373.31820) -0.601(234) -3.364210 17.578211)
“SCr 3/2 712 364.03063) 453¢c 387.8501) 3.07876) 4.85963) 12.27765)
“*Mn 5/2 712 348.736105) “Ca 384.95810) -1.080134 1.742122) -
“*Fe 712 3/12 329.26184) 4K 384.95310) -0.010198 -1.279181) 18.693180)
4Co 9/2 71z 307.1081998 4SAr 378.85@60) -3.803260) -4.404256) -
4Mn 2 4" 364.16084) 4635¢ 396.6101) 0.076105 3.20894) 17.03386)
= 3 0 350.152126) 46Ca 398.7622) 1.416164) 0.33§151) 13.226151)
46Co 4 2 326.746169 46K 391.83516) -2.515224) -2.525211) -
4oNij 5 0" 305.476213 4ear 386.92340) -1.633291) -5.435271) -
4™Mn 312 5/2° 382.40763) 4Ti 407.0721) 0.43266) 5.31866) 11.93964)
4Fe 5/2 712 366.132105) 4's¢ 407.2502) 1.972134 2.102122 15.493122)
4Co 712 71z 348.513147) 4Ca 406.0482) -1.639194) -0.233180 -
NP 9/2 1/2 325.950289 4K 400.1848) -0.796353 -3.311(340 -
43Mn 1 4" 397.15742) 48y 413.9043) 2.02944) 6.79642) 13.52343)
“Bre 2 o 385.19184) 48Tj 418.6991) 2.784105 3.216486) 11.18494)
48Co 3 6" 365.233126) 48s¢ 415.4875) -0.899164) 1.073126) -
48Nj 4 0" 349.01%169 48Ca 415.9914) 0.502223 -1.137210 15.436210)

3 rom Ref.[11]. Only uncertainties greater than 1 keV are tabulated.

bSee text for discussion dfNi ground-state properties.

deduce the ground-state spin tolde=1/2" from the analog has been developed that includes this extended model space,
nucleus*’K. This is counter to the natural expectation of aand the predicted binding energy fdfNi is obtained by

3/2" ground state, as is the case f6K, and seems to also computing the Coulomb energy shift for the 3/3tate, and

be the assumption used in REE6). Of course this indicates assuming that the shift for the 172state is the same. The
that at some level thesl,, orbit is becoming important. In- total uncertainty is then increased by the conservative
deed, a 1w shell-model calculation using thed-fp shells  amount of 100 keV in order to account for a possible varia-
and the interaction of Ref5], which is used extensively in tion in the Coulomb shifts for these two states.

the next section, predicts that the 1/2nd 3/2 states are Shown in Table Il are the two-proton separation energies
almost degenerate. In addition, the states are more than 500btained in comparison with those of Ré¢iL6] for those
single hole in character. Currently, no Coulomb interactionnuclei that are both proton stable and unbound to diproton
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TABLE Il. Comparison between the two-proton separation en-the distribution of theg-decay strength in the daughter

ergiesS,, of this work and Ref[12]. nucleus are shown.
The partial half-life for the8 decay from the parent
Az Syp (MeV) Sp (MeV) : . ot
This work Ref [12] ground state to théth state in daughter nucleus is given by
38T -2.432132) - _ K
39T -0.666(107) -0.65720) typ= = (6)
“2cr -0.452151) -0.49866) GVl Zo-il oo
“re -1.279181) -1.15494)
48j -1.137210 -1.357130 where K=273(In2)%7/(mic*) and K/G2=6170+4 s [18].
The square of the transition matrix elemént,_;|? is writ-
ten as
emission. The two methods are in excellent agreement for
3%Ti and #2Cr, while for “°Fe and*Ni, the two results differ
|//ZO—>I|2:[B(F)O—>I+B(GT)O—H]I (7)

by approximately 200 keV, but are in overall agreement be-
cause of the larger uncertainties quoted here. Although these
differences are not that large, they can have important corwhere, in the long-wavelength limit, the Fermi and Gamow-
sequences regarding the expected diproton decay half-lif&eller reduced transition probabilities are given by
because of the extreme sensitivity to the two-proton separa-

tion energy, as will be seen in Sec. IV. Indeed, for this energy 1

region, a 100 keV change in the separation energy can lead B(F)oﬁimeJthQ|\]o>|2

to a three-order-of-magnitude change in the half-life. Note 0

the addition of %8Ti to Table II, which was not included in =[To(Ti+1) = T,oT5i100.1 ®)

Ref.[16]. In addition to the five candidates listed in Table II,

also note two other nuclei in Table | that are predicted to be

proton unstable by approximately 200—300 keV, but are un@"

bound to diproton emission by more than 2 MeV. These

cases are’°Cr and *Cr. Because of the large two-proton ga\? . )
separation energies, the dominant decay mode for these nu-  B(GTo-i=55 77| - [Qill(otoed I % (9

. ) e e 2Jot1\gy
clei may be diproton emission with a very short lifetiitsee
Sec. V. . . .

Finally, as an additional check, the Coulomb energy shiftdVith the quantityg,/gy=1.2606+0.0075[19] being the ra-
for the purelyfp-shell nuclei were also computed using the tio of the axial and vector weak-coupling constants. Note
INC interaction of Ref[15] in conjunction with the FPD6 that the Fermi transition o_nly occurs between the lso_barlc
interaction of Ref[17] in the fp shell, and were found to analog state$lAS’s). Last, in keeping with the observation

agree with the values used in Table | to within 50 keV. that experimentaB(GT) values are generally quenched rela-
tive to theoretical estimates, the free-nucleon Gamow-Teller

operators were renormalized by the factor 0.728].

For the statistical rate functioh,_,;, the formalism of

In this section, the3-decay properties of several nuclei Ref. [21] was used, which is expected to be accurate to
listed in Table | are presented. In particular, the half-lives andvithin 0.5%, namely,

Ill. B-DECAY PROPERTIES

foui=(1+ 8pt 5% + 65 leodeV\(Wo—W)ZFO(Z,W)LO(Z,W)C(Z,W)R(W), (10)

wherep andW are the electron momentum and energy, re- The total3-decay half-life is then given by the sum of the
spectively, in units ofm.c?, W, being the end point, and individual decay rates, i.e.,
Fo(Z,W), Lo(Z,W), C(Z,W), andR(W) are parametrized

correction factors given in Reff21]. The radiative correction 1 1
factor g is computed by22] ZZ P (12

_idepV\(Wo_W)zg(W,Wo)
R™2m JdWpWW,—W)? '

whereg(W,W,) is given by Eq.(lll-21) in Ref. [22]. The
higher-order radiative corrections are parametrized according BR _t_lLZ (13)

2 2.3 1
to 55 =4.0x104Z| and 55 " =3.6x 10 522 [21].

(11)  while the branching ratio of the decay to ftik state is given
by

=12
tip
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TABLE lIl. B-decay half-lives for selected nuclei compared In addition to the transitions listed in Table Ill, both

with experiment where possible. 40Cr and #ICr are nearly stable to proton breakup, but were

not included because rather severe truncations on the shell-

A theor expt
z tz” (M9 tz’ (9 model space would be required in order to render the calcu-
38T 22 - lations tractable. As such, the Gamow-Teller matrix elements
39T 29 268 (Ref.[23]) may be unreliablg. Making comparisons with similar cases in
40T 56 56" 18 (Ref. [23)) Table 1ll, the partial half-lives foB Q¢cay can be expectgd
a1, 97 802) (Ref. [24)) to be of the order 2—-10 ms. In addition, these two nuclei are
unbound to two-proton emission by more than 2 MeV, and,
42y 27 : : : . : :

. as will be seen in the next section, their partial half-lives for
v 84 diproton emission will be shorter by several orders of mag-
v 114 nitude. Hence, the dominant decay mode for these two nuclei

42cr 17 will most likely be diproton emission with an extremely

43Cr 14 short lifetime.

440y 51 In Fig. 1, the branching ratio for each decay is plotted as

450y 69 a function of excitation energy in the daughter nucleus. Gen-

a1 37 erally, the decays are fragmented over a large number of

e ; states. que_ver,_ be_cause of the p_hase—space facioEq. '

46 (10), the distribution is generally weighted toward states with
Fe 18 the largestB end point(lowest excitation energy The ex-

i 9 (Ref.[16]) ception to this trend is of course the Fermi transition, which

occurs to the analog state at higher excitation energy. Even
Here, the8-decay properties of several nuclei that aretnough thes-end-point energy for this state is much smaller
expected to be bound to single-proton emission to within 30¢han for the low-lying Gamow-Teller transitions, the Fermi
keV are computed in the mass region<3%<46. Two transition is a competitive decay mode because of the much
classes of nuclei are considered. The first consists of croddrger transition amplitud®(F), as can be seen from Eq.
sd-fpshell nuclei with valence protons in tHp shell, and ~ (8). Last, note that in essentially all cases, thdecay occurs
neutron holes in thesd shell, in particular, 3-4f, 43/,  to final states in the daughter nucleus that are proton un-

42Cr, 43Cr, and “SFe. The second class is nuclei whose va-bound. o _ S
lence nucleons are in thép shell only, and are*344y, This section is concluded by noting that isospin-mixing
4445t 48Mn. and “6Fe. For all nuclei, the wave functions effects have been ignored. At first this may seem to be a bad
were computed in isospin formalism using the shell-modefPProximation since the analog state has a high excitation
programoxeasH [13]. For the cross-shell nuclei, thedl-fp ~ €nergy in the daughter, and can in principle mix with many
shell valence space combined with the interaction of f&gf. Packground states with isospih—1. As is pointed out in
was used. The model space for each nucleus was limited t@ef-[1], however, the total Fermi strength is still observable,
the minimal% o excitation to construct the states of the de-and the effect of isospin mixing would be to spread the
sired parity and isospin as is described in R&J. Within ~ Fermi strength out over a narrow energy window of approxi-
this context, all possible shell-model configurations were in-Mately 100-200 keV because of the rather weak mixing ma-
cluded in the calculations with the exception e, where  Irix elements. Indeed, it is shown in RéfL] the effects of
no more than three particles were allowed outside the,0 1SOSPin mixing on the totaB-decay half-life cancel to first
orbit. This restriction was imposed so that the largest dimenorder_, leading to uncertainties if the order of 0.2% in the total
sion for anyJ, T space was of the order 16 000. For the purehalf-life.
fp-shell nuclei, the calculations were carried using the FPD6
interaction of Ref[17] with no restrictions. IV. PARTICLE DECAY LIFETIMES

Shown in Table Il are the computeg-decay half-lives
for each nucleus, and, where possible, a comparison witgr
experimental data is mad@3,24]. In addition, for complete-
ness in this mass region, tiizdecay half-life ofNi given
in Ref.[16] is also presented. Because of the strong depe
dence in the partial half-lives on the end-point energy, th
exc_itqtion energies in t.he daughter nuclei were fixed by ex- ['=262y2P (S), (14)
amining the spectra in the analog, neutron-rich nucleus
whenever possible. For the most part, this amounted to fixingvhere ¢ is the shell-model spectroscopic facte? is the
the starting point of a particulal”, T band in the daughter Wigner reduced width, anB (S) is the penetrability factor
nucleus. The uncertainty in the theoretical predictions is exdependent on both the orbital angular momenturand the
pected to be at the level ¢10-20%. With approximately separation energ®. For single-proton emission the reduced
10% being due to the uncertainty in tffeend point for each width and penetrability factors were evaluated using the
transition, and anothe5—10% due to uncertainties in the WKB approximation as described in RdR7], i.e., using
theoreticalB(GT) values. For the most part, the predicted Eqgs.(12)—(22). For all the proton-rich nuclei under consid-
B-decay half-lives for Ti isotopes are in overall agreementeration here, the emitted proton Has 3. For diproton emis-
with experiment. sion, the penetrabilities and reduced widths were evaluated,

In this section, the partial half-lives for particle emission
e examined, and compared with tBedecay half-lives of
the previous section. Here, the particle-decay lifetimes are
estimated using standard approximatid@5—27 namely,
ghat the decay ratd;, is given by
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FIG. 1. Plot of the branching ratios as a function of excitation energy in the daughter nucleus fBroieay of 38-41Ti, 4244/,
42-4%Cr, 48Mn, and ***%e. The branching ratios are summed in bins of 250 keV.

as in Ref.[16], using r-matrix theory as described in Ref. 6?>=G?*[Al(A— k)]>‘|<llff|¢c|\lfi>|2' (17
[25] [in particular Eq.(4.4b)]. The Coulomb wave functions

used to compute the penetrabilities were evaluated usingherek, \, andG?2 are parameters dependent on the model
Steed's method with an algorithm due to Barr@8]. Be-  space and the emitted cluster, apdis a two-proton cluster
cause of the absence of a centrifugal barrier in the0  waye function in which the relative motion of the particles is
channel, the dominant decay mode is expected to occur whejbverned by the 8 state, and is obtained by diagonalizing
the two protons are emitted in a correlateetO state[29].  an SU3)-conserving interaction within the shell-model con-

The Wigner reduced width is given by figuration spacd31]. For the most part, the spectroscopic
) > 2 > factors are generally of the order 0.5-0.75, as is observed in

. : On the other hand, the penetrability facRyr is extremely
wherey is the reduced mass, and the channel raByiias - o pgitive 1o the separation energy. Indeed, for separation en-

taken to be 4.0 fm. It is to be noted that by decreasing th%rgies of the order of 500 keV, an uncertainty-01.00 keV
channel radius to 3.5 fm, the decay rate increases by appProXsads to a range of nearly six orders of magnitude in the

mately a factor of 2. half-life. Given that the theoretical uncertainties for each of

¢ The spkec';r(t)ﬁcoprl]c"factog falg b(ihevalu_atejd wr;hm t_hel the diproton emitters are all 100 keV or more, an accurate
ramework of the shell model. or theé emiSsion of a SING€ygimate of the spectroscopic factor is not needed in order to
proton from a single-particle orbit with quantum numbers

i th ; i factor I80 get a reasonable estimate of the diproton lifetime for the
nlj, the spectroscopic factor [S0] purpose of designing experiments. Hence, the lifetimes re-

1 ported here are evaluated assumfiffg=1, with the under-

_ W Dllat 1w (3. 16 standing that they may be too short by a factor of Zthds
\/2J+1< (Dllanl[¥:(37) (16 also includes uncertainties associated with the channel ra-
dius).

For diproton emissiors?> can be estimated using cluster-  To illustrate the sensitivity in the half-life on the separa-
overlap approximatiofi3l], namely, tion energy, shown in Fig. 2 are the half-lives associated with
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L L B A A e in Table I, as well as the minimum and maximum values due
to the theoretical uncertainty. In addition, tjgedecay half-
Proton Emission L=3 E lives for each case are also shown. Finally, for the purpose of
Di-Proton Emission L=0 ] comparison, the range of half-lives for these nuclei obtained
] in Ref.[16] are also listed.

From Table 1V, it is seen that the two definitive cases for
] diproton emission aré®Ti and “*Fe. For both of these nu-
] clei, the partial half-lives for particle emission are several
orders of magnitude shortgeven at the extreme upper
range$ than for 8 decay. Of the two,**Fe is perhaps the
- more amenable to experiment since the half-life is expected

0G40ty

g R . to be of the order of Jus. On the other hand, bottTi and
2 T os 10 15 a0 25 a0 i are marginal cases in that the half-life for diproton
-S (MeV) emission predicted by the separation energy is expected to be

very close to that fo decay. As such, when considering the
FIG. 2. Logarithmic plot of the half-livegin seconds associ- large range in the half-life associated with the uncertainty in

ated with the single-proton and diproton decay*tr as a function ~Spp, these lifetimes could be much longer than the

of the separation energi& andsS,, , respectively(note that in the ~ 3-decay lifetime, and, hence, would not be observable. This

figure —S is plotted. The solid squares represent the half-lives conclusion is essentially borne out experimentally foFi,

obtained with the separation energies listed in Table I, while thewhere no evidence of diproton emission was fo(i2g)].

open circles show the range due to the theoretical uncertainty in the Finally, it is noted that an additional feature BEe is that

separation energies. since it has a nonzero ground-state spin, it may be possible to
examine the angular correlations of the emitted protons to

41Cr for both single-protorgsolid line) and diproton(dashed determine whether the decay occurred via correlated emis-

line) emission as a function of the separation ener§jeand ~ sion or by the emission of two sequential protons. In the

S,p (note that—Siis plotted. The solid squares represent the latter case, the two protons should be uncorrelated and ex-

half-lives obtained with the separation energies given irhibit the characteristics of particles emitted from lar3

Table |, while the open circles delineate the limits due to thesingle-particle state.

theoretical uncertainties. As can be seen in the figure, be-

cause of the uncertainty in the proton separation energy,

there is a range in the expected half-life of approximately 16 V. CONCLUSIONS

orders of magnitude. It is also seen that, in orderdatecay . . . .

to be competitive with proton emission in this mass region, N this paper, proton-rich nuclei at the interface of the

the parent nucleus must be unbound by less than 200 ke\},SOd and (f1p shells are studied in detail. Absolute binding

which corresponds to a partial half-life of approximately 2—g€nergies were evaluated by computing the Coulomb energy
ms. From Table I, it is apparent that boffiFe and“Mn shifts between mirror nuclei, and adding this shift to the
qualify within this range, whilé®Cr, 4'Cr, and“?V are at the experimentally determined binding energy of the neutron-

limits. As in the case for proton decay, diproton emission ig//C1! iS0tope. The principal improvement obtained here over

also quite sensitive to the separation energy, especially in th%reéncius works, ne;mﬁly, RIeE;G], r|15 n tr&e ﬁOhereUt The"_h
region of 0.3—1.0 MeV. Notice from Table Ill that the model treatment of all nuclei in the study. In particular, the

B-decay half-lives for all nuclei that are unbound to diprotoncouIomb energy shifts were computed using the same shell-

emission are of the order 10—-30 ms. Hence, as can be seenrn"PdeI space and interaction for both the “purelig:shell

Fig. 2, the parent nucleus must have a two-proton separatio?'Pd the cross-shell nuclei. With the compu_ted binding ener-
energy less than- 1.0 MeV in order for diproton emission to giés, one- and two-proton separation energies were compu_ted
be experimentally observable with an eye towards identifying candidates for the experi-

Listed in Table 1V are the half-lives associated with dipro- mental_ observation of d_iproton em_iss_ion. Half-lives associ-
ton emission for3®-3i. 42Cr. “Fe. and “Ni. The three ated with 8 decay and diproton emission are presented, and

values tabulated correspond to the separation energies givétdS concludgd 'that the pest C‘Z‘Qd'dates for the observation of
diproton emission aré®Ti and “°Fe.

TABLE |V. Half-lives for diproton emitters compared with
B-decay half-lives and the results of REL6).
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