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l. INTRODUCTION 

With continuing advances in the development of accelerators 

and experimental techniques, the study of nuclear properties 

has steadily expanded from where it began, at the naturally 

occuring stable isotopes, outwards towards nuclei with 

radically different relative numbers of constituent 

neutrons and protons. Although many such exotic nuclei 

are now accessible, it is only among those that are proton 

rich where we reach to the limits of nucleon stability in 

any but the lightest elements. As this limit approaches, 

successively more neutron-deficient isotopes of a giveL 

element show rapidly increasing isobaric mass differences 

and marked decreases in their proton binding energies. This 

leads to the appearance of radioactive decay modes, 

unobservable nearer stability, that involve the emission 

of protons. 

Three types of proton decay have been observed or are 

predicted to arise : beta-delayed proton decay, proton 

radioactivity and two-proton radioactivity. The first of 

these is a two step process in which a nucleus (the 

precursor) beta-decays to states in its daughter (the 

emitter) which are unbound to prompt proton emission; 

consequently, the decay process is characterized by the 

appearance of energetic protons possessing the half-life 

of the initial beta-decay. Th~ latter two decay modes (with 

two-proton radioactivity still unobserved) involve the 

direct emission of energetically unbound protons or proton 

pairs from a nucleus, with a decay time determined by the 

Coulomb and angular momentum barriers; for these processes, 

an experimentally observable lifetime will usually be 

.. 
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associated with low-energy cratons. 

The subject of delayed proton radioactivities was comprehen-· 

sively treated a little more than a decade ago by 

Goldanskii (1); the purpose of the present brief review is 

to provide a summary and guide to the developments in this 

field since that time as well as to note a few of its more 

recent highlights. Additional major reviews of this rapidly 

growing research area have also appeared by Hardy (2,3)and 

by Karnaukhov (4,5). General studies of the properties of 

nuclei far from stability are covered in three conferences 

(6-8) and in a book by Baz et al. (9). 

Very substantial growth has occurred in our knowledge of 

beta-d~layed proton precursors since Goldanskii's review (1). 

The number of known precursors has grown from 10 to 42, and 

the phenomenon itself has been shown to be not just a 

curiosity but a rich and diverse source of nuclear information. 

In what follows we shall divide our discussion into two 

sections, separating the lighter precursors, for which Z > N, 

from the heavier ones with Z < N. This is a natural separation 

since the corresponding profon ~pectra, and their analyses, 

are qualitatively different. Among light nuclei, where states 

in the emitter are well separated, individual transitions 

can be clearly resolved and the intensity of each peak in the 

proton spectrum ·can be directly related to the intensity of 

the preceeding S-transition. Studies of such nuclei focus on 

the spectroscopy of these S-transitions, which include the 

superallowed transition to the isobaric analog state. In 

several cases this has even led to a determination of the 

isospin purity of excited states in the emitter. 
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For the heavier precursors with Z < N, the high level­

densities in the emitter together with the absence of a 

superallowed branch lead to proton energy spectra that 

form a bell-shaped continuum upon which may be seen peaks 

created by Porter-Thomas fluctuations in the S-decay 

transition probabilities. Analysis of these spectra follows 

a statistical approach that yields information on S-decay 

strength functions, and the average properties of excited 

states in the emitters. 

With regard to the other two radioactive decay modes 

leading to proton emission, the first and only unambiguous 

example of proton radioactivity was observed in 1970 (10,11) 
'TT -

in the decay of 247 msec 53 mco, a J = 19/2 many-particle 

isomer. The experimental results will be discussed together 

with recent theoretical predictions of other possible many­

particle isomeric states that may provide additional. 

examples of proton radioactivity a2) or of the still-s0ught 

two-proton radioactivity (13). 

2. BETA-DELAYED PROTON PRECURSORS WITH Z > N 

2.1 Nuclei in the 4n+l Mass Series from 9 C to 61 Ge 

The series of A= 4n+l, T = - 3
/2 beta-delayed proton 

z 
precursors, first discovered in 1963 by Barton et al. (14), 

is particularly favored by strong proton branches that range 

from 12 to 100% per disintegration. The employment of proton 

and 3 He beams in (p,2-3n) and ( 3 He,2n) reactions permitted 

the observaticn of the 9 C through ~ 1 Ti precursors by the 

time of Goldanskii's review (1). Recent research has focussed 

oh a) the reinvestigation of these puclides under high 

resolution, low background conditions using gas sweeping and 

•: 
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helium jet techniques (15) and b) extensi-on of the series 

through 61 Ge (16) by the utilization of heavy-ion beams in 

reactions such as 4 °Ca( 24 Mg,3n) 61 Ge. 

Table 1 (17~28)summarizes some of the properties of the 

known beta-delayed proton precursors with T = - 3 /z, 
z 

including 23 Al, which will not be discussed until section 

2.2. (In the table, a
6

-Bp gives a measure of the energy 

available for proton emission, QB being the total S-deeay 

energy of the precursor and B the proton separation energy 
p 

of the emitter.) As an example of the proton spectrum 

observed in the decay of nuclides in this series~ Figure l 

presents results from a recent, high resolution study of 

188 msec 29 S, produced via th~ 28 Si ( 3 He,2n) reaction at 

32 MeV, and studied using helium-jet techniques and 6E-E 

detector telescope identification of the protons (22} The 

superallowed B-decay transition from the (T = 3 /z, T = - 3 
/ 2 ) 

z 
precursor populates the isobaric analog state (T = 3

/ 2 ) in 

the T = -~ emitter; which promptly decays by isospin-
z 

forbidden proton emission; the corresponding proton groups 

are marked by arrows in the figure. All other proton groups 

arise from isospin-allowed proton emission from T = ~ states 

in the emitter fed by allowed (Gamow-Teller) beta decay. 

Figure 2 illustrates the decay scheme of 29 S. Analysis of these 

results, and others like them, on energy levels and 

transition rates leads to useful tests of nuclear-model 

wave functions and to investigations of isospin mixing in 

excited states of the emitter. We shall discuss both topics, 

using 29 S as an example. 

Recent studies of these beta-delayed proton nrecurso1·s (20,22) 

have been used to test the beta-decay transition rates 

predicted by Wildenthal and his collaborators using wave 
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functions determined from large basis shell-model calculations. 

A comparison of experimental and theoretical excitation 

energies, Jn values and log ft values for states in 29 P that 

are fed in the beta-decay of 29 5 is also shown in Figure 2. 

To make the calculations tractable it was necessary to 

truncate the complete sd-shell basis space by requiring 6 or 

more particles in the d 5
/2 subshell, and at least partly for 

this reason the theoretical levels lie too high in energy by 

O.S-1.0 MeV. Apart from that, though, there is generally excellent 

agreement between experiment and theory up to an excitation 

energy of S.9 MeV; rectifying the discrepancies in the log 

ft values for the highly hindered transitions to the states 

at 3.1 and 4.1 MeV would require only minor changes in the 

wave functions~ Furthermore, of the 21 Jn = 3 / 2 +, 5
/ 2 +, 7

/ 2 +, 

T = ~ levels predicted to lie above the proton separation 

energy in 29 p and to be fed with at least a 0.1% branch by 

allowed Gamow-Teller beta-decay, 18 levels with appropriate 

log ft values were observed (and a few proton groups could 

not be assigned) . 

Similar comparisons of transition rates to a large number of 

levels are not so far possible for the heavier precursors 

in the fp shell ( 45Cr- 61 Ge). This is a consequence of the 

drastic reduction in yield found in the (heavy-ion, 3n) 

reactions : while the cross section for the reaction 20 Ne 

eHe,2n) 21 Mg is -TOO ]lb, that for 4 °Ca( 24 Mg,3n) 61 Ge is 

-so nb Q6). At the same time, the superallowed transition to 

the analog state becomes more predominant (up to -SO% of the 

total decay strength) with increasing precursor mass, so it 

is primarily proton groups from the decay of the analog state 

that are observed. However, the knowledge this yields of the 

excitation energy of the isobari"c analog state often permits 

·-
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an excellent prediction of the mass of the precursor using 

the very reliable isobaric multiplet mass equation (29,30). 

This mass can then, in turn, be used to evaluate other 

more general approaches towards mass predictions of proton­

rich nuclei far from stability. 

The superallowed transition from the precursor to the isobaric 

analog state in the emitter has been observed in all the 

nuclei in this series from 17 Ne on. In several cases, where 

8-decay to proton bound states is weak, a very accurate 

measurement of the absolute transition intensity, or log ft 

value, for the superallowed branch has been obtained. A 

comparison of this absolute transition rate with the theore­

tically expected rate (2) for a transition between perfect 

T = 3
/ 2 analog stat~s permits one to extract the isospin 

"purity" of the lowest analog state in the emitter; in this 

way the extent of mixing between this high-lying T = 3
/ 2 

state and the large number of nearby T = ~ states can be 

ascertained. 

The isospin purities of the lowest T = 3
/ 2 states in 17 F, 

33 cl and 41 Sc have been determined to be >95% (19), 81±!1% (l9),and 

91 ±4% ( 23 ), respectively. The substantial isospin mixing of the T = 3/2 

state in 33 Cl with nearby levels of the same JlT but lower 

isospin may also reflect itself in enhanced transition rates 

to these T = ~ levels. Such an effect can be seen in Figure 2 

for the decay of 2 9 s. The isospin purity of the 8.38 MeV 

T = 3/2 state in 2 9 p can be estimated to be 95~501---9 ,_, (22). If 

that were to indicate significant mixin~ it could imply that 

the rather low log ft values observed to states at 8 o 111 8.23 

and 8.53 MeV (all, like the analog state, with known or 

possible JlT = 5 / 2 +) were the result of analog state 

admixtures. At best, the evidence for this effect is so far 
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only circumstantial, and it is complicated by the fact that 

Gamow-Teller S-transi tions too are 'expected to be enhanced 

in the region of the analog state (31.). 

Finally it should be noted that it is through isospin 

impurities in these T = 3
/ 2 .states that they have also been 

produced by proton scattering. Such experiments, guided by 

earlier delayed proton results, have produced precise values 

for their excitation energies and proton partial widths 

(29' ~32' 3:3). 

2.2 Other Light Mass Precursors 

A few additional, weak beta-delayed proton precursors have 

been observed in the light elements among nuclei with T = -1 
z 

and - 3 / 2 (A = 4n+3), and strong precursors are expected in 

the still undiscovered T = -2 series. Hardy ~.3) reviewed in . z 
detail the data on those odd-odd T = -1 nuclei between 8 B 

z 
and 44 V which are known beta-delayed proton or alpha precursors. 

So far, only 3 2 Cl (34) and 4 0 Sc (35) have been observed to emit 

protons, both very weakly (0.5 x 10- 3 and 5.0 x l0- 3 protons 

per disintegration, respectively). 

After mass measurements via the 24 Mg(p, 6 He) 19 Na and 28 Si(p, 6 He) 23 Al 

reactions (36)established that 23 Al was the lightest nucleon­

stable member of the A= 4n+3, T = - 3
/ 2 series, this nuclide 

z 
was then observed via its weak beta-delayed proton decay 

(see table l). Only a single proton group at low energy was 

detected. This is because the proton binding energy in the 

emitters of the 4n+3 mass series is much larger than in the 

4n+l series already discussed, and few states at quite high 

excitation are strongly fed by beta-decay. Three more members 

... 
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of this 4n+3 mass series ( 27 P, 31 Cl and 35 K) are known to 

be nucleon stable but have not been otherwise characterized 

(30);ultimately, they can perhaps also be detected through 

their weak emission of low energy, beta-delayed protons. 

Unfortunately, though, the high proton separation energy 

precludes any observation of proton emission following the super­

allowed S-decay branch from most members of this sericis ( 2). 

Although nuclei in the series with T = -2, A = 4n, beginning 
z 

with 20 Mg and extending beyond 52 Ni, are expected to be 

nucleon stable Q0,37) and to be strong beta-delayed proton 

precursors -in fact, quite similar to those with Tz = - 3
/ 2 

and A = 4n+l - numerous attempts to observe them have so 

far been unsuccessful. The most recent search, for 2 ~Si, by 

.Robertson et al. QS) via the 2 ~Mg( 3 He,3n) 24 Si reaction at 

-60 MeV, indicates that the cross section for producing 2 ~Si 

at this bombarding energy is probably less than 2% of the 
24 Mg( 3 He,2n) 25 Si cross section. In their experiment they 

employed a recoil :fragment time-of-flight detector to 

determine the mass of the nucleus recoiling after proton 

emission; their results clearly show that, in any future 

searches, such mass identification of the recoiling nucleus 

or of the precursor itself (by an on-line mass analyzer) is 

necessary in order to detect decays from the T = -2 
z 

nuclide of interest in a very high proton background from 

the T = - 3
/ 2 precursors closer to stability. 

z 
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3. BETA-DELAYED PROTON PRECURSORS WITH Z < N 

3.1 General Features 

Even for a precursor as light as 29 S, it is evident from Fig­

ure,2 that many S-trartsitions contribute to the experimerttal 

proton spectrum. Where detailed model calculations are 

possible, a comparison with such experimental data can provid_e 

useful theoretical constraints, but where calculations must 

be severely truncated or are not possible at all, it is more 

natural to view the experimental data in terms of average 

nuclear properties. This means, for example, that one abandons 

the idea that each S-transition matrix element must be measured 

and understood separately; and replaces it with a broader view, 

focussing instead on the average behavtor of the S matrix 

element (squared) per unit energy interval (viz. the strength 

function, see ref. (39)), regardless of the number of final 

states involved. Among light precursors this approach has 

been followed with some success ( 31 ), but its application 

remains a matter of philosophical preference. For the heavier 

precursors, though, one has no other choice since the proton 

spectra are essentially continuous : the density of states 

is so high that individual transitions cannot be resolved from 

one another. Because the experiment is then sensitive only to 

average properties, its analysis must reflect that sensitivity. 

Conceptually, this approach is uncomplicated. For an individual 

proton transition between a state i in the emitter and a state 

f in the daughter, the intensity Ip if is determined by two 

factors : (a) the beta decay (including electron capture) 

branching ratio, 

state i; and (b) 

i r
6 

, from the precursor for populating 

the branching ratio for subsequent proton 

emission from that level to state f. Specifically : 
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r if 
if 

Is 
i 12 I = i i p r + r 

p y 

with 

r i L._r if = 
p . P' 

f 

( l) 

where r if iS the partial width for proton emission between 
p . 

states i and f, r 1 is the total proton decay width of state 
. p 

i, and r 1 is its y-decay width. Where individual transitions 
y 

cannot be resolved, a statistical average of the individual 

I if is observed, viz. 
p 

' / if) I (E ) = L \I E 
p p if p p 

( 2) 

Here() denotes the statistical mean, with the sum being 

e~tended ovei all pairs of states i,f between which protons 

of energy Ep can be emitted. 

To understand the behavior of I (E ) one must establish, in 
p p 'f 

addition to the functional form of I 1 
, the statistical 

p 
distributions governing the fluctuations of its component 

i if 
parts. Both IS and rp are proportional to the square of 

a nuclear matrix element; they are thus expected to scatter 

with a Porter-Thomas distribution (40 ). On the other hand, the 

y-decay width r i involves decay to many states so its 
y 

fluctuations are small and can be neglected. The·effects of 

these distributions on the average in eq. (2) have been considered 

in d~tail elsewhere (28,41); the major conclusion for 

the present discussion is that one is led to expect significant 

fluctuations in the proton spectrum I (E ) , giving rise to 
p p 

what may appear to be peaks above the continuum,simply as a 
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result of the Porter-Thomas distribution of matrix elements 

and quite independently of any specific features of the 

nuclear structure. Therefore, a spectral analysis must 

begin, at least, by actually ignoring any apparent peak 

structure in the spectrum and treating only the average 

behavior. 

The procedure has then been to use a parameterized functional 

form for IS' f and f that has been determined independently, p y 
to calculate the proton spectrum using eqs (1) and (2), and 

finally/ by adjusting a few of the parameters, to bring the 

calculated spectrum into agreement with experiment. This 

method, which wi 11 be illustrated by an example in section 3. 2 .1, 

leads to remarkably good agreement after a minimum of adjustment 

but it does suffer from the difficulty that it only tests a 

combination of several components, which individually may not 

necessarily be well determined. It is now evident that for 

certain cases this difficulty can be effectively reduced by 

the addition of a direct experimental determination of r , 
. p 

made with a nevi technique (42) that involves the measurement 

of coincidences between delayed protons and X-rays. This 

will be described in section 3;2.2. 

3.2 Nuclei in the 4n+l Mass Series from 65 Ge to 81 Zr 

3.2.1 DECAY PROPERTIES. Until recently, S-delayed proton 

precursors studied among the heavier nuclei have not fitted 

so neatly into a regular pattern as have the light precursors. 

With the observation ( 31,43) of fiVE; members nf a new series of 

precursors having A = 4n+l and T = +~, the possibility of 
z 

systematic studies above A = 65 now exists as well. The 

properties so far determined for these precursors are listed 

at the top of table 2 (43-53), and the spectrum observed for 

.. 
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6 9 Se is shown in Figure 3a. All but '6 5 Ge were produced j n 

heavy-ion induced reactions; following bombardment, each 

target was mech~nically transferred to a counting position 

and viewed by a counter telescope (for protons) , as well as 

x~ray and y-ray detectors, all in very close geometry. 

Qualitatively the proton spectrum of Figure 3a may easily be 

understood from eqs (l) and (2). The low energy part of the 

spectrum reflects the increasing magnitude of r relative to 
p 

r While at higher energieS, Where r >> r 1 it iS the 6-decay 
y p y 

properties that predominate. A detailed calculation of the 

proton decay properties has also been made (41-43 ). The beta 

intensity.r
8 

was derived assuming allowed decay and a Gaussian 

strength function; this prescription for the strength function 

is based on sound, though general, theoretical principles (54) 

and its parameters established by fitting experimental B-decay 

lifetimes throughout the entire periodic table $5). The partial 

gamma-decay widths r were calculated assuming El radiation 
y 

with a Lorentzian strength function ~6), while the proton widths 

were derived from the formula 

r 
p 

-1 = T(2np) ( 3) 

Here T is the total optical-model transmission coefficient 

for protons, which was computed using parameters derived from 

low-energy scattering data on nuclei in the same mass region; 

p is the density o£ relevant excited sta~es in the emitter, 

calculated vlith the formulas of Gilbert and Cameron (57)· 

With 69 Se as an example,. one can now see the application of 

such a calculation. Decay properties, such as the proton 

spectrum shape, proton branching ra~io a~d relative population 
. 6 8 . . . 1[ of final states 1n Ge, were calculated w1th var1ous J 
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values assumed for 69 Se. The known spins of neighboring odd­

mass nuclei indicate~- 3 /: -or 5
/- to be the most 2 , .2 2 

probable values, and indeed the calculatioris for these spins 

yielded reasonable agreement with experiment while higher 

spins produced order-of~magnitude discrepancies. The spectrum 

shape produced with the initiil calculations (for Jn = 3
/ 2 -) 

is shown as the dashed line in Figure 3a. The calculation was 

th~n repeated, and the relative magnitude of r /f varied 
p y 

to optimize agreement with the low energy portion of the 

proton spectrum. The optimized result is shown as the solid 

line in the same figure. 

3.2.2 LEVEL LIFETIMES. The experimental data as they have 

already been described yield a plausible method for determining 

the relative magnitudes of r and r , but they are quite 
p y 

insensitive to the absolute values of either. However, the 

magnitude of r can be directly measured in a related 
p 

experiment which compares the nuclear level lifetimes with 

the lifetime of an electron vacancy in the atomic K shell. 

A heavy delayed-proton precursor decays to proton-unbound 

states in the emitter predominantly by electron capture. Pny 

nucleus (with atomic number Z) that decays by electron capture 

produces simultaneously a vacancy in an atomic shell. If the 

excited states populated in the dau~hter (Z-1) nucleus are 

unstable to proton emission, then the energy of the x-ray 

emitted with the filling of the atomic vacancy will depend 

upon whether the proton has already been emitted (in which 

case the X-ray would be characteristic of a Z-2 element) or 

not (a Z-1 element) . If the nuclear and atomic lifetimes are 

comparable, then the K X-rays observed in coincidence with 
a 

protons will lie in two peaks whose relative intensities 

uniquely relate one lifetime with another. The measured result 
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for the 0.06% proton branch from 69 Se is shown as the histogram 

in Figure 4. 

To interpret these data, X-ray "standard" peak shapes were 

established for each relevant element using coincidences with 

specific known and prolifically produced y-rays, recorded at 

the same time as, but with much better statistics than, the 

p-X-ray coincidences. These are plotted, renormalized, as smooth 
curves in the figure. The X-ray peak intensity ratio could 

thus be determined as a function of the coincident proton 

energy and this result appears'i.n Figure 3b. The observed ratios, 

\·!hen combined with the known (58) K-vacancy lifetime in arsenic, 

indicate nuclear lifetimes between l0- 15 and l0- 16 sec. 

The calculations described in section 3.2.1 were extended 01,12) 

in order to obtain the X-ray ratio as well. The dashed curve in 

Figure 3b corresponds to the original unoptimized parameters, 

while the solid line represents, as in Figure 3a, the final 

optimized result in 

data, and r itself 
p 

which r /f was determined from the singles 
p y 

from the ratio measurement. l-\_ctually, r 
p 

was adjusted in the calculation by varying the level density 

(see eq. 3) ; the value derived for the density parameter, 

though·somewhat different from the global prescription (57) 

originally employed, agreed well ~l) with independent results 

on other odd arsenic isotopes. The optimized calculation also 

reproduced the experimental proton branching ratio and final 

state population with remarkable fidelity. 

3.2.3 DECAY ENERGIES. For high enough proton energies, competing 

y-decay can be neglected. Thus the upper part of the proton 

spectrum depends only upon S-decay properties and the "end-point" 

energy should consequently give an accurate measure of (QS-Bp) 
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The validity of this conclusion can be seen from Figure 3a 

where the end-point energy used in the calculation was taken 

from an average of two other independent measurements 

involving quite different techniques ~3). The agreement with 

the experimental spectrum is excellent, and this indicates 

that in cases where other methods are impracticable the value 

of (Q -B ) can, with care, be determined from the proton B p 
singles spectrum alone. Unfortunately, though, unexpected 

variations in the B-decay strength function could distort 

the spectrum shape ~9), so it is necessary to examine carefully 

the spectrum in an extended region near the end-point. 

3.2.4 CURRENT STATUS. The conformity between experiment and 

theory for 69 Se has been demonstrated. Spectrum calculations 

for other precursors in the T = ~ series appear equally 
z 

successful ~3) although full details are not yet available. 

When they are, one has reason to believe that a systematic 

case will have been made for using the techniques described 

here to determine not only average level widths, but also 

level densities, decay energies and possibly even spins of 

nuclei that might otherwise be nearly inaccessible. 

3.3 Other Heavy Mass Precursors 

The general method of analysis described in the preceeding 

two sections did not originate with the T = ~ series of 
z 

precursor but was developed much earlier ~9,60) to explain 

the decay of 111 Te and other isotopes of Xe and Hg. While 

it seemed successful, the precursors upon which it could be 

tested were scattered over such a wide region of masses that 

a systematic evaluation was effectively precluded. Even apart 

from the T = ~ series, that situation is now changing. All 
z 

.. 

., 
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known precursors with A ;>- 65 are listed with a few of their 

properties in table 2; evidently, quite recent work has 

added many new precursors in the region 48 < Z ~ 62, so· a 

br0ad systematic analysis of many neighboring decays will 

soon be possible. 

Most of the precursors listed in the second part of table 2 

have been studied with the help of an on-line isotope separator, 

either the ISOLDE facility at CERN (46-51) or BEMS-2 at Dubna (!12). 

They have been produced from spallation reactions initiated by 

600 MeV protons or from heavy-ion reactions. All proton spectra 

exhibit the bell-shaped appearance already illustrated for 
69 Se, but, characteristically, when moving to heavier nuclei 

- and higher level densities - the occurence of peaks in the 

spectra becomes reduced. 

It is in the interpretation of the observed peak structure 

that the most interesting recent developments have occurred. 

If, as was noted in section 3.2.1, the observed fluctuations 

in the proton spectrum are due entirely to the Porter-Thomas 

distribution of transition probabilities, then the variance in 

the proton intensity throughout the spectrum can be shown, for 

uncomplicated decay schemes, to depend only upon the experimental 

energy resolution and the density of levels in the emitter. 

Several techniques have been devised for determining the 

variance of an experimental spectrum, with the least ambiguous 

being one based upon autocorrelation functions ~8). The 

experimental variance, so obtained, has been used to determine 

the level densities of 111 Sb and 115 I (from the decays of 111 Te 

and 115 Xe) with the results ~8,61) showing level densities that 

are somewhat higher than expected (57). 
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As these techniques mature one can visualize the systematic 

investigation of level densities, which when combined with 

the X-ray lifetime measurements of r will also yield information 
p • 

on the average transition probability for proton emission over 

a wide range of excitation energy. The proton singles spectrum 

could then be used specifically for investigating the gross 

properties of nuclear S-decay, a subject which not only has 

implications within nuclear physics but also extends beyond it 

into astrophysics (e.g., see ref. 62). 

4. PROTON RADIOACTIVITY 

Proton radioactivity is the single-step emission of protons 

from a nuclear state (ground or isomeric) in which the proton 

has negative binding energy. It is directly analogous to 

alpha-particle radioactivity. Goldanskii's review(l) describes 

the early searches for nuclei decaying via this mode. Utilizing 

predicted ground state masses, Goldanskii (also see ref. 2) 

outlines the general region of nuclides in which penetration 

of a proton through the Coulomb (and centrifugal) barrier 

should lead to lifetimes longer than l0-12 sec, a possible lower 

limit for the process to be called radioactivity. His review also 

touches upon questions of relative lifetimes among the competing 

decay modes in nuclei so far from stability. 

No nuclide whose ground state is proton radioactive has yet 

been positively identified, though Karnaukhov and his collabo­

rators (1, G3 ), in a search among very neutron-deficient rare­

earth nuclei, advance the possibility that a light praseodymium 

(or lanthanum) isotope decays by proton emission from its 

ground state. In a series of difficult experiments, these 

authors obtained evidence that an emitter of 0.83 MeV protons 

~-
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with a ~1 sec half-li£e was produced in bombardments of 96 Ru 

with 32 S; though these results are best attributed to the 

decay of 121 Pr, further confirmatory experiments are required . 

As noted in section 1, however, this radioactive decay mode 

has been definitely observed in the decay of 247 msec 53 mco 

(10, 11) a so-called "spin gap" isomer (64 ), which arises from 

a (f 7 / 2 )- 3 configuration coupled to Jn = 19
/ 2 -. A proton 

energy spectrum (11) observed from the decay of this isomer 

following its production by the 54 Fe(p,2n) reaction is 

shown in Figure 5a; protons from recoils stopped in the target 

were identified by a 6E-E counter telescope. Only a single 

peak at a center-of-mass energy of 1.59 MeV was observed, in 

substantial contrast to the results from a beta-delayed 

proton precursor such as 29 S shown in Figure l. This single 

proton group, which was shown not to be in coincidence with 

positrons (10), can be attributed to a direct decay from 
53 mco to the ground state of 52 Fe as shown in Figure !1b. The 

dominant decay mode of 53 mco appears to be superallowed 

positron emission to its mirror 53 mFe; the observed proton 

decay branch is estimated (11) to account for 1.5% of the 

decays, resulting in a partial half-life for proton radio­

activity of ~17 sec. 

This is a surorisinglv long half-life for direct emission of u 

1.59 MeV proton : transmission through the Coulomb and ~ = 9 

centrifugal barriers leads to an expected half-life of 

~60 nsec, so the ~17 sec partial half-life implies n 

reduced width ~ 4 meV. Theoretical rates (ref. 12 

and G. Bertsch and G. Hamilton, private communication) have 

been calculated for this very hindered proton emission, 

assuming stateS with quite simple nuclear wave functions, to 
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test one's knowledge of the high-momentum transfer and noncentral 
parts of the interaction. Bertsch and Hamilton predict the 

correct order of magnitude for this rate, finding their 

calculations to be insens~tive to the single-particle 

potentials used to generate the wave functions, but highly 

sensitive to the residual nuclear interaction. A Yukawa or 

a central plus tensor G-matrix, based on a realistic two-

body potential, gave best agreement. 

Although proton radioactivity from nuclear ground states 

should be a widespread phenomenon among very neutron-deficient 

nuclides, its experimental detection will be difficult. 

Proton-emitting isomeric states in nuclei that lie closer to 

stability should be much easier to produce and hence they may 

provide the primary source of information on this decay mode 

for some time to come. The general existence of proton radio­

active isomers arising from one or two-particle configurations 

0) or from many-particle configurations (65) has already been 

discussed. In addition Peker et al. Q2) explicitly predict 

a number of three~ and four-particle isomeric states with 

spin~ 19
/ 2 in nuclei with A< 100 which might be proton 

radioactive. Searches for such proton-unbound isomers will a1so be 

arduous; the redu~tion in proton decay rate due to the high 

angular momentum barrier and the small reduced width must 

inhibit ihe total half-life enough to make proton emission 

experimentally observable, yet not so much that a competing 

decay mode overwhelmingly dominates the isomer's decay. 
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5. TWO-PROTON RADIOACTIVITY 

The concept of two-proton radioactivity as a new mode of nuclear 

transformation was originally proposed by Goldanskii (66) 

in 1960. No experimental observations of this radioactive 

decay mode have as yet been reported. Since, in addition, 

very little theoretical work has appeared subsequent to 

Goldanskii's comprehensive review (67) of the approaches for 

detection and study of two-proton radioactivity, only a very 

brief discussion of this subject follows. 

As a consequence of the increased binding energy gained by 

a nucleus which pairs two protons, it is probable that some 

very proton-rich nuclides will have a positive binding energy 

with respect to emitting a single proton but will be energet­

ically unstable to the simultaneous escape of a proton pair. 

Some will have half-lives on a radioactivity time scale; 

othPrs wilJ simply fail to "exist" by being unstable~ to 

nrompt two-proton emission: 120, 16Ne and 19Mg 

are frequently mentioned as possible examples (67,68) of the latter. 

Recent mass measurements of 16Ne (69) indicate that its 

nonexistence may indeed be best attributed to the prompt 
-21 16 14 

(T ~ 10 sec) decay Ne + 0 + 2p + 1.4 MeV. This conclu-

sion depends in part upon a prediction for the still-
15 

unknown F mass , so the 2p decay mode cannot be 

definitely established until the mass and width of the 15F 

ground state are experimentally determined. If the 15
F 

16 
ground state were extremely broad, the decay of Ne would 

then resemble that of 6Be (see. ref. l) in that its decay could 

also be considered to be the consecutive sequential emission 

of two protons, 16Ne + p + 15
F + p + p + 14o. 
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Considering nuclei which "exist" and decay by this unique 

radioactivity, involving the simultaneous emission of two 

protons through the Coulomb and angular momentum barriers 

surrounding the nucleus, many interesting theoretical questions 

arise regarding the transit.ion rate for this decay mode as well as 

the energy and angular correlation of the emitted pair of 

protons. Particular intere~t lies in analyzing how these 

quantities are affected by the "final state interaction" 

betweeri the two protons and by the presence of a centrifugal 

barrier. Goldanskii's review (67) discusses the probable 

character of these phenomena associated with two-proton 

radioactivity for variotis general situations and also lists 

some specific possible examples of light two-proton emitters. 

For a more recent estimate of those light nuclides which are 

good candidates for decay via this mode, the predictions via 

the Kelson-Garvey approach (37) by Jelley and collaborators 

(70) of masses of nuclei with A < 40 and with T
2 

= -2, -5/2 

and -3 can be used: though quite difficult to produce due to 

their extremely neutron-deficient character, searches for 

22
si and 

31
Ar would appear to be particularly promising, since 

they are well bound relative to single proton emission and 

are both expected to hav~ a low (~ 200 keV) two-proton decay 

energy. 
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Finally, as noted earlier for the case of proton radioactivity, 

the two-proton decay of many""""'particle isomeric states, arising 

.. in nuclei substantially closer to stability than those capable 

of two-proton emission from the ground state, may provide the 

most experimentally accessible sources of this new decay mode. 

Goldanskii and Peker (13) suggest a number of possible three-

d f t · l · · l · d · from 4 7Fe t an our-par 1c e 1somers 1n nuc 1 es rang1ng o 

108Te which might be particularly promising choices for these 

initial searches . 

.. 
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Table l 

Precursor 

N odd 

~ c3 
1 3 0 

8 5 

HNe7 

f~Mg9 
25so 
1 4 ll 1 

f ~ s 1 3 

3 3 A 
1 e r 1 5 

neal 7. 
4 1 To 
2 2 l1 9 

~~Cr21 

nFe23 
53 N ° 
2 8 l 2 5 

57 
3oZn27 

~~Ge29 

N even 

2 3 Al 
1 3 1 0 
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Observed S+-delayed Proton Precursors with T = - 3 / 2 .. z 

Production 

Reaction 
a) 

10 B(p,2n) 

(msec) 

127 ± l 

14 N(p,2n} 8.9 ± 0.2 
16 0( 3 He,2n) 109 ± 1 

20 Ne( 3 He,2n) 123 ± 3 
24 MgeHe,2n) 221 ± 3 
28 Si( 3 He,2n) 188 ± 4 

32 S( 3 He,2n) 174 ± 2 
36 Ar( 3 He,2n) 175 ± 3 
4 °Ca( 3 He,2n) 80 ± 2 

32 S( 16 0,3n) 50± 6 
4 °Ca(

12
C,3n) 

4 °Ca(l 6 0,3n) 

2 4 ( Mg p,2n) 

75 ± 10 

45 ± 15 

'V 40 

470 ± 30 

Q -B os P 
(MeV) 

16.68 

15.82 

13.93 

10.67 

10_. 47 

11.04 

9.34 

9.78 

11.77 

10.80 

11.00 

11.63 

13.99 

'V 12.2 

4.66 

b) 

Proton 
Refe­Branching 

Ratio rences 
c) 

~Vl.O 

0.12 

0.99 

·o. 33 

0. 3 2 

0. 47 

0. 34 

0.76 

1.0 

0.25 

0. 60 

0. 45 

0. 6 5 

'V 0. 50 

17 

18 

19 

20 

21 

22 

19 

23 

23 

24 

25 

26 

26 

16 

27 

a) The most recently used production mode is given. 
A detailed list of other options appears in ref.(3) 

b) With one exception the values quoted are either direct experimental 
measurements or the results of applying the isobaric multiplet mass 
equation where three members of an isospin quartet are known. 
The value for 61 Ge was derived from Coulomb energy systematics. 

c) Where more than one reference exists, the one listed has been 
chosen to best illustrate the proton energy spectra. 
See refs.(3) and 08) for a complete list. 
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Table 2 
+ Observed 6 -delayed Proton Precursors with Z < N 

Production t~ Q -B Proton 6 p B h. Refe- .c• 
Precursor ranc 1ng 

Reaction (sec) (MeV) R t' rences 
a) a 10 b) 

·r = +~ series 
z 

65G 3 2 e 3 3 
6 ttzn( 3He 1 2n) 31 ± 1 2.30 1. 3xl0-tt 43 

~2se35 tt°Ca( 32 S 12pn) 27.4± 0.2 3.39 6 xlo-tt 43 

§~Kr37 6 0 Ni e 6 013n) 29 ± 1 3.60 7 xl0- 3 43 
7 7 3eSr39 tt°Ca(tt°Ca 12pn) 9.0± 1.0 3.85 <2.5xl0- 3 43 
8 1 tt o Zr tt 1 52Cr(32SI3n) 5.9± 0.6 rvs.o d) 

Others, listed by element 

~ ~ Cd 51 · Sn (p 1 3pXn) 12 ± 3 4.27 c) e) 

1 g i Te 57 9 6 Ru ( 1 6 0 I 3 n ) 4. 4± 0. 4 7.14 'V3 -2 xlO c) 44 

1 1 1 Te 52 59 1 o 2 Pd ( 1 2 C I 3 n) 19.3± 0.4 5.07 'Vl xl0- 3 c) 45 

1 1 3 xe 5 It 59 Ce (p 1 SpXn) 2. 8± 0.2 7. 09 c) "'4 xl0- 2c) 46 

115Xe-1 5 It b Ce (p 1 SpXn) 18 ± 3 6.20 3.4xlo-3 47 

117Xe 5 It 6 3 Ce (p, SpXn) 65 ± 6 4.10 2.9xlo- 5 48 

11~tcs 5 5 5 9 La (p 1 3pXn) 0. 7± 0.2 8.20 c) e) 

1 1 6 cs 5 5 6 1 La (pi 3pXn) 3.6± 0.2 6.43 2.7xl0- 3 49 

11ecs 5 5 6 3 La (pi 3pXn) 16.4± 1.2 4. 70 4. 2x 10-~t so 

1 2 o cs . 5 5 6 5 La(p 1 3pXn) 58.3± 1.8 2.65 c) 7 xl0- 8 51 

1 1 7 Ba 5 6 6 1 
9 2Mo ( 3 2S 1 2p5n) 1. 9± 0.2 8.08 c) 52 

119Ba 5 6 6 3 
92Moe 2s,2p3n) 5.3 ± 0. 3 6.35 9 xl0- 3c) 49 

1 2 1 B 56 aG 5 
92Mo( 32 S 12pn) 29.7± 1.5 4.70 2 xlo-~t 49 

1 2 9 Nd- 9 6 0 b 
1 o2Pae2sl2p3n) 5.9± 0.6 5.95 c) 52 

1 3 1 Nd 7 6 0 . 1 1 o 2 Pd ( 3 2 S I 2 pn) 24 ± 3 4.36 c) 52 ; 

1 ~ ~ Sm-, 1 1 0 6Cd ( 3 2 s, 2p3n) 32 ± 0. 4 6.90 c) 52 

1 3 5 s 6 2 m 7 3 I06Cd(32SI2pn) 10 ± 2 5. 30 c) 52 
1 7 9 

eo Hg 9 <J Pb(p,3pXn) 1.09± 0.04 9.32 c) "'2. 8x 10 
-3 48 

1 8 1 
8 o Hg 1 o 1 Pb(p 13pXn) 3.6± 0.3 'V 6. 2 1.8xl0-~t 48 

1 8 3 
8 o Hg 1 o 3 Pb (p 1 3pXn) 8.8± 0.5 'V 5. 0 3 .lxl0- 6 48 
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a) The most recently used (or most favorable) production 

mode is given. A detailed list of other options appears 

in ref. ( 3). 

b) Where more than one reference exists, the one listed has 

been chosen to best illustrate the proton energy spectra. 

See refs. (3) and (28) for a complete list. 

c) In the absence of any experimental measurement, we have 

shown a predicted value [ref. (5~) for Q 8 ~BP, and ref. (5) 

for proton branching ratios]. 

d) J. C. H~rdy, unpublished. 

e) ISOLDE collaboration, unpublished. 
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Figure Captions: 

Figure 1: The proton spectrum observed following the decay 

of 29s. Peaks 16 and 26 are proton groups 

Figure 2: 

arising from the decay of the isobaric analog 

state in 29P. The dashed vertical arrows 

indicate the energy region over which protons could 

be reliably observed. (Groups A and B arise from 

contaminants.) 

29 The observed decay scheme of S. Shell model 

calculations by X. Chu and H. Wildenthal (private 

communication) are shown for comparison. The log 

ft values for states below 3.5 MeV were taken 

f S- d f 29Al t · 1 1 · 29s· rom ecay o o m1rror eves 1n 1. 

Figure 3: a) Spectrum of protons observed following the 
69 decay of Se; in the close geometry used, target 

thickness effects led to an experimental energy 

resolution (FWHM) of "' 90 keV. 
' b) The ratio of Ge X-rays relative to those from 

As (both measured in coincidence with protons), 

plotted as a function of coincident proton energy. 

The smooth curves in a) and b) are the results of 

calculations described in the text. 

Figure 4: The histogram gives the spectrum of X-rays observed 

in coincidence with all delayed protons from 
69

se. The 

smooth curves are X-rays, measured simultaneously 

(with the same detector) in coincidence with specific 

known y-rays; they are normalized only in height 

to fit the histogram. 



Figure 5: 
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a) An identified proton energy spectrum from 
53m 54 

the decay of Co produced by the Fe(p~2n) 

reaction induced by 35 MeV protons. The 

horizontal arrow indicates the location of any 
52 * pos~ible transitions to the Fe (0.84 MeV) 

state. 
53m b) The decay scheme of Co . 
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