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Beta-Delayed Two-Proton Emission 

D. M. Moltz and Joseph Cerny, Department of Chemistry and Lawrence 

Berkeley Laboratory, University of California. Berkeley, CA 94720 USA 

Introduction 

Proton rich nuclei have always proven to be an excellent source of 

exotic decay modes. Although standard ~+ and alpha-particle decay have 

long been decay measurement standards, beta-delayed particle emission 

has become a preferred probe as experiments proceed ~urther from 

stability. Beta-delayed proton emission has ceased to be considered a 

particularly exotic decay mode simply because there are now in excess of 

75 jsotopes which exhibit this phenomenon: It still, however, remains an 

extremely sensitive nuclear structure probe. Beta-delayed alpha-particle 

emission is not nearly as prevalent as beta-delayed proton emission in 

spite of the excellent stability of the alpha particle. As experiments extend 

toward the proton drip-line, additional exotic decay modes ( proton 

radioactivity, two-proton radioactivity, and beta-delayed two-proton 

radioactivity) are predicted to dominate. Primarily due to experimental 

accessibilty, much of this work has been concentrated in the light 

proton-rich nuclei (see ref. 1 for a general reyiew). 

These exotic decay modes were in general predicted many years ago. 

Ground state proton emission 2.3 and ground state two-proton emission 4.5 
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have been predicted since 1914 and 1960, respectively. Although direct 

proton emission was frrst observed from a 19/2- isomer in 53co,6·7 only 

recently has it been observed from the ground state. To date only 

four nuclei have been shown to decay via this mode, 151Lu, 147Tm,8,9 

113cs and 109t 10 (but see also ref. 11). Although the appropriate target 

and projectile combinations have only become more generally available in 

recent years for the production of these heavy nuclei at the proton 

drip-line, the observations of their decays are facilitated by the long proton 

half-lives due to the large Coulomb barriers. In light nuclei the Coulomb 

barriers are very small, thus requiring the observation of low energy 

( < 500 keV) protons in a nominal half-life range of, say, <1 ~s to 10 ms 

where proton decay would predominate over beta decay. These two 

experimental regimes are independently difficult to cover, and an approach 

providing an appropriate combination of the two has yet to be developed. 

The only exception to these general criteria occurs when a large centrifugal 

barrier also exists, such as in the decay of 53~om. 

The discovery of direct ground state two-proton decay has been 

hampered by the stringent energetics requirement ( unbound to two 

proton emission but bound to single proton emission) and by the need to 

detect fairly low energy protons. Although Gol'danskii's prediction of this 
I 

decay mode was made many years ago,4.5 he only recently predicted the 

existence of another exotic decay mode for proton-rich nuclei, that of 

beta-delayed two-proton emission.12 The energy requirements for this 

decay mode are illustrated in Fig. 1 relative to that for beta-delayed single 

proton emission. For the particular case shown, beta decay of the 

precursor is shown populating the isobaric analog state in the emitter 

which then may decay by several ( isospin-forbidden) modes. 
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Such a decay could proceed via several mechanisms: sequential 

emission or direct emission of either a correlated (2He) or uncorrelated 

pair of protons. These decay mechanisms would generate vastly different 

experimental signatures. Monte Carlo simulations depicted in Fig. 2 and 

Fig. 3 show the primary differences between the frrst two mechanisms.13 

( The decay example used is the decay of 22 AI ( see below) via the isobaric 

analog state in 22Mg to the frrst excited.state of ~e.) Figure 2 illustrates 

that coincidence experiments involving sequential decay would detect a 

proton of unique energy and a proton whose laboratory energy would 

depend upon the relative angle of observation. This kinematic effect would 

also cause the observed peak for the second proton to broaden over the 

fmite set of observable angles. The angular correlation for a sequential 

decay process would depend upon the angular momentum of the initial, 

intermediate and fmal states. For many cases, anisotropies of only 10-20% 

are expected. This differs markedly from the observations one would 

expect for 2He emission from the analog state in light nuclei illustrated in 

Fig. 3. In this case a very sharp 2p peak would in principle be observable, 

dependent only upon the widths of the nuclear states ( which should be 

very small for the isobaric analog state shown in Fig. 1) and the detector 

resolutions. However, the individual proton energies would consist of a 

continuum centered at ~1 = ~2 . The lower yield at equal energies is due 

to the final state interaction of the two protons, as observed in reaction 

studies.14•15 This interaction would also serve to peak the angular 

distribution around 30° for this example, with no protons observed beyond 

-70°. Finally, emission of an uncorrelated pair of protons should yield an 

isotropic angular distribution with an energy continuum. More details of 

these Monte Carlo simulations may be found elsewhere.13 
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Discove:ry of Beta-Delayed Two-Proton Emission 

Gol'danskii 12 had predicted that the odd-odd, A= 4n+2, Tz = -2 

nuclides should be good candidates for beta-delayed two-proton emission. 

Earlier beta-delayed proton studies on the A= 4n, Tz= -2 nuclei, 32Ar,16 

20Mg,17 24si 18 and 36ca,19 had required mass separation from the 

copiously and simultaneously produced A= 4n+1, Tz = -3/2 series of strong 

beta-delayed proton emitters. However, the odd-odd T z = -2 nuclei have 

very large Q~ values with equivalently large energies available for proton 

( and two-proton) decay from the isobaric analog state in the daughter 

nucleus. Thus mass separation was not essential. By utilizing the 

helium-jet recoil transport method in conjunction with a slowly rotating 

catcher wheel and a standard L\E-E silicon detector telescope depicted in 

Fig. 4, the beta-delayed proton decay of the lightest bound member of this 

series, 22 AI, was observed.2° Figure 5 shows the results of the 60 and 110 

MeV 3He + Mg bombardments. The identification of the proton groups 

labeled .. 22Al" in Fig. 5(b) are based on predicted energies and the known 

difference of the energies of the fmal states in 21 N a. Also, the 

below-threshold bombardment shown in Fig. 5(a) did not show any sign of 

these groups. The decay scheme (shown in Fig. 13 following) features one 

of the highest observed beta-decay energies for proton-rich nuclei, being 

nearly twice that of the even-Z, T z = -2 nuclei. The success of this 

experiment then led to the discovery of the next member of this series, 

26p,21 using the same experimental conditions with a Si target. 
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22 AI was predicted to be unstable with respect to two-proton 

emission from the isobaric analog state of its beta daughter. In order to 

search for this new decay mode, the experimental setup depicted in Fig. 6 

was constructed. The most important addition to existing equipment was 

the manufacture of two diffused junction silicon detectors on a single wafer 

by dividing the circular surface contact on one side on the centerline. Both 

the Lffi1 ( 20-40 J.UTl) and Lffi2 (100-400 J.UD) detectors were of this type. 

TheE counter was a single detector -1000 J.Lm thick. This "narrow angle" 

setup subtended laboratory angles of -Q-70° with a weighted average of 

45°; this angular range could observe events independent of the decay 

mechanism. Figure 7 shows the 2p summed spectrum 13 collected following 

the bombardment of a natural Mg target by 230 C.of 110 MeV 3He2+ 

beam from the Lawrence Berkeley Laboratory's 88-Inch Cyclotron. Such 

studies of 22 AI represent the discovery of beta-delayed two-proton 

emission.22 The-peaks labeled "g~' and."x" refer to the ground state and 

frrst excited state in the 2p daughter, 2~e. The individual protons 

associated with these two peaks are also shown in Fig. 7 and at ieast in first 

order suggest a sequential decay mechanism. 

To evaluate the mechanism, the "wide angle" setup shown in Fig. 8 

was constructed; here the angular range subtended was 70-170°. Figure 9 

shows the results of the 110 MeV 3He2+ + Mg bombardment for 

1.13 C.13 The same "g" and "x" peaks were observed, only this 

time they were broader and shifted to higher energies. This is much more 

apparent in Fig. 10 where the wide angle and narrow angle data have been 

superimposed. "This energy difference can be attributed solely to the 

kinematic shift between·the 45° and 120° average angles. Calculating this 

6 

• 



energy difference is relatively straightforward utilizing standard kinema~c 

formulae. These equations have been summarized elsewhere.13 

There exist two puzzles about the 22 AI data which remain unresolved. 

The frrst involves the individual proton energy spectra shown in Fig. 7 and 

Fig. 9. Hone compares the protons arising from the "x" peak at wide and 

narrow angles, there seems to be a reasonable qualitative agreement 

(general shape and intensities). However, a similar comparison between 

the wide and narrow angle data for the "g" peak shows a striking 

difference in the peaks labeled "g 1" and "g 1' ". These peaks are 

substantially more intense at wide angles than would be expected. The 

second puzzle is the change of 2p/1 p branching ratio for 22 AI decay from 

5.5 when observed at large angles to 1.9 at small ~ngles. 13 

After characterizing 22 AI, the possible decay via beta-delayed 

two-proton emission of the next higher A= 4n+2, Tz = -2 nuclide was also 

investigated. A two-proton sum spectrum arising from a 110 MeV 3He + Si 

bombardment for 0.60 Cis shown in Fig. 11.23 These data were acquired 

with the narrow angle setup described previously. Figure 12 shows data 

collected with the wide angle setup for 1.73 c.13 The simultaneous 

production of 22 AI provided a calibration, and the new peaks could be 

readily attributed to 26P. It is interesting to note that decay by correlated 

2p ( 2He) emission from the 3+ isobaric analog state in 26si to the ground 

state of 24Mg is spin-parity forbidden. The apparent sequential nature of 

the decay can be established through the individual proton spectra at the 

two angles given in Fig. 11 and Fig. 12. 
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With both beta-delayed single proton and two-proton data available, 

the decay schemes for 22AI and 26P shown in Fig. 13(a,b) can be 

constructed. Clearly, the discovery of beta-delayed two-proton emission 

provides a unique spectroscopic tool for studying certain nuclei near the 

proton drip-line,particularly when mass separation is impractical and 

when competing reactions which produce strong beta-delayed proton 

emitters prevent the identification of new single beta-delayed proton 

emitting isotopes. Additionally, a new and interesting decay mechanism 

warranted further study. Both of these applications will be addressed in 

following sections. 

Decay Mechanism 

As noted earlier, beta-delayed two-proton decay can proceed by 

either·the sequential emission or by the correlated or uncorrelated 

simultaneous emission of two protons. Of particular interest would be the 

case of two correlated protons in a relative 1 S
0 

configuration ( 2He ). This 

would comprise a unique decay mode, permitting studies of how such a 

pair of particles would traverse the Coulomb and centrifugal barriers.14•15 

Since, as noted above, the observed 2p decay for 26p cannot occur via this 

mode, 23 additional decay mechanism studies 24 have been performed on 

22Al. The setup used is shown in Fig. 14 and is identical to that used in 

the wide angle measurements 13 ( see Fig. 8) except for the Lill2 detectors; 

these were replaced with position sensitive detectors. The position 

sensitive direction was aligned such that the relative angle between the 

two protons could be determined to a few degrees. The efficiency for such 

a setup peaks at the midpoint angle ( 120° in this case) and declines 
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linearly to zero at the extreme angles. After correcting the data with this 

efficiency curve, the larger angle part of the angular distribution shown in 

Fig. 15 was obtained, which is consistent with an isotropic distribution. 

In a related measurement,24 a highly collimated narrow angle setup 

was used to limit the angular range, thereby obtaining a small angle data 

point. Because of the severe collimation needed to restrict the angular 

acceptance, the event rate was so small that it permitted the measurement 

of only the single data point shown in Fig. 15, around 25°. The error bars 

on this measurement were sufficiently large that an admixture of 2He 

emission could not be excluded. The dashed curve in Fig. 15 represents an 

angular distribution calculated with the inclusion of a 15% 2He emission 

taken from reaction studies.14•15 Clearly, a higher statistics measurement 

would be of interest. Although non-sequential decay processes are a 

possibility in higher mass, proton-rich precursors, the larger Coulomb 

barrier associated with their decay via this mode may well preclude their 

occurrence. 

Discovery of New Nuclides 

Beta-delayed two-proton emission provides a unique and powerful 

tool in the identification and study of very proton rich nuclides. By 

combining new experimental results such as decays of the isobaric analog 

state in the beta daughter, with proven theoretical estimates of the 

appropriate mass excesses, quite reliable assignments of observed 

radioactivities can be made. For example, a set of mass relations can be 

generated for proton-rich nuclei from the approach of Kelson and Garvey25 

which symmetrically utilizes masses across the Z=N line. One generalized 
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version for the mass difference between mirror nuclides with T z = -T and 

+T can be written as: 

A+(2T-1) 

M(A,Tz=-T)- M(A,Tz=+T) = :E ( M (A',-1/2)- M (A', l/2)) 

A'= A-(2T-1) 

Relation ( 1) can be used to predict the mass of a proton-rich nuclide with 

Tz = -T from the known masses of the appropriate T = l/2 mirror pairs as 

well as the mass of its T z = + T mirror nucleus with typically <300 ke V 

errors. 

(1) 

Isobaric multiplets also play a significant role in predicting masses of 

highly proton-rich light nuclides. The masses of analog s~tes in an isospin 

multiplet can be given by a relationship quadratic in T z• introduced by 

Wigner in 1957 as follows:26 

M(A,T,Tz) = a(A,T) + b(A,T) Tz + c(A,T) Tz 2 . (2) 

This isobaric multiplet mass equation (IMME) arises via first order 

perturbation theory from the assumptions that the wave functions of the 

members of an isospin multiplet are identical and that only two-body 

forces are responsible for charge dependent effects in nuclei. Possible 

deviations from this quadratic form can be due to higher order Coulomb or 

other charge dependent effects as well as to various isospin mixing 

effects.27 Both of these approaches to mass prediction have been utilized 

in analysis following the discovery of the first known stable Tz = -5/2 

nuclide, 35ca, via its beta-delayed two-proton decay channei.28 

10 



Subsequently, three additional Tz = -512 nuclides ( 23si, 27s and 31Ar) 

have been discovered to exist 29 ( though only the beta-delayed proton 

decay of31Ar has been observed to date).30 (NOTE TO EDITORS: A brief 

half-page note will be added in proof here on the most recent GANIL 

results.) 

In order to produce 35ca, the 135 MeV 3He + Ca reaction was 

employed. The produced nuclides were transported via a helium-jet to 

the narrow angle detection setup shown in Fig. 6 for observation. ( In this 

case, 22AI ~-2p activity was used for calibration.) Figure 16 shows the 

results of a 2.1 C bombardment. The assignment of the two observed 

peaks to the decay of 35ca was predicated on many pieces of information. 

First, the predicted location of the "G" peak (indicated by the arrow in Fig. 

16(a)) agrees extremely well with the observed peak. Second, the energy 

difference between the "G" and "X" peaks agrees with the known ground 

state-first excited state energy difference in the 2p daughter, 33cl. Third, 

although the "G" peak is extremely close to the 22Al "x" peak in energy (see 

Fig. 7), 22 AI could be ruled out as a source of this radioactivity because a) 

an X-ray fluorescence measurement of the calcium target found no 

magnesium impurity ( <0.1% ) and }? ) the 35ca "X" peak had not been 

observed in prior experiments which produced 22Al. Fourth, the only 

other proton bound nuclide predicted to decay via ~-2p emission that could 

~produced in this reaction is 31 Ar. However, noble gases are not 

collected by the helium-jet technique. Finally, the individual proton 

spectra shown in Fig. 16(b) and (c) associated with the "G" and "X" peaks 

shown in Fig. 16(a) exhibit a peak at almost exactly the same energy. All 

of this information has been interpreted as evidence for the observation of 
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the decay .. of 35ca. Since the individual proton data in Fig. 16 (b) and (c) 

suggest a sequential emission, a rudimentary decay scheme shown in 

Fig. 17 can be constructed (this also uses the average detection angle of 

33° derived from the 22 AI data). A total center-of-mass energy of 

4311(40) keV was obtained for the two-proton decay of the (112+) T = 5/2 

isobaric analog state in 35K. 

Measurement of the mass of the isobaric analog state in 35K could 

then be used with the mass of the lowest T = 5!2 state in 35s 31 and that 

for the ground state of the T z = 5!2 nucleus 35p 32 as input data to the 

isobaric multiplet mass equation to predict the ground state mass of 35ca. 

In~ cases, deriving._ the unknown Tz =·--T mass requires a knowledge of 

~e h coefficient in the equation 

(3) 

This has been done in two different ways. The more reliable case is the 

one in which three or more members of the multiplet are known; this 

permits the direct calculation of all three coefficients in the quadratic 

1Ml\1E. Masses calculated via this approach can normally be considered 

very reliable, with quite low predicted errors. For the A = 35, T = 5!2 

sextet, it was possible to use the IMME to predict a value of 4453 (60) keV 

for the ground state of 35ca.28 

A second approach can be illustrated by recent calculations of Antony 

et a/.33 They calculate the h coefficient of equation (3) from the following 

formula: 

b=~H -Ec(l) =-720.4A2/3 + 1808.6 (keV) (4) 
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where .1nH is the neutron-hydrogen atom mass difference and the vector 

part of the nuclear Coulomb energy, Ec (1), is derived from a fit to the 

experimental Coulomb displacement energies for A = 9-60. This relation 

for 11 assumes that its value is a constant for all multiplets of a given mass; 

it then provides a simple way of predicting masses of very proton-~ch 

nuclei up to A= 60. Utilizing this approach to calculate the 11 coefficient for 

A= 35, we obtain a value of 4558 (360) keV, in agreement with the IMME 

value. Finally, the corresponding prediction for the 35ca mass excess from 

the Kelson-Garvey 25 relation gives a mass excess of 4777 keV, which 

differs significantly from the above results, even though the input masses 

are all known to a few ke V or less. This deviation indicates that 35ca is 

probably -300 keV better bound than predicted by the Kelson-Garvey 

relation which agrees with what appears to be a common result that this 

relation tends to underpredict the binding of quite proton-rich nuclei. 

Although some of the spectroscopic information obtained from 

beta-delayed two-proton emission may also be obtained from beta-delayed 

single proton emission, the number of nuclides which undergo ~p emission 

and are simultaneously produced in large quantities often preclude the use 

of standard techniques such as the helium-jet. Mass separation is, of 

course, one solution to this problem. However, the lower efficiencies of 

general purpose mass separators relative to other techniques make the 

study of nuclides with low production cross sections difficult. Thus ~2p 

emission should certainly be an effective tool for the discovery of nuclei 

near the proton drip line. 
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Future Experiments 

The characterization of proton-rich light nuclei even further from beta 

stability will require many riew and novel techniques not only to study 

beta-delayed two-proton emitters, but also for the observation of ground 

state proton and two-proton radioactivity. The general problems which 

need to be overcome involve the very small production cross sections. the 

quite short half-lives and the need, particularly in many higher mass f32p 

precursors, to detect low proton energies. Solving the first problem will 

require longer bombarding times and higher beam currents. Addressing 

the second problem will require new observational techniques. One such 

approach is· the use of recoil spectrometers such as LISE at GANIL. 34 In 

this type of spectrometer, recoils from higher energy projectile 

fragmentation reactions are separated from the primary beam and 

identified. The decays of very short lived nuclei can subsequently be 

observed following this on-line identification. A different possibility for 

observing such decays is the use of a very fast rotating catcher wheel, 

which can measure activities in the 50 JJ.S to 50 ms range.35 Recoils from 

compound nucleus reactions are caught in thin aluminum catcher foils 

inclined at 70° to the incident beam and are r~pidly rotated between two 

large solid angle proton detector telescopes. Recent tests 35 have 

successfully observed many beta-delayed proton emitters including 33 Ar 

and the beta-delayed two-proton emitter 26p ( t1a = 20 ms). This type of 

apparatus should also be suitable for the observation of two-proton 

radioactivity, which will be discussed later. 
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The last major obstacle is the development of detectors capable of 

measuring very low energy protons which would be needed to study 

ground state proton and two-proton radioactivity as well as some f32p 

emitters in the f712 shell (e.g., 5°co). One promising avenue is gas-filled 

avalanche counters operated at very low pressures. In this way the gas 

signal need only be used for identification , and not for additive energy 

( Lill ) purposes. This type of gas-filled detector can easily be used with 

large area silicon counters serving as E detectors. 

Finally, the discovery of new beta-delayed two-proton emitters and 

the possible existence of direct ground state two-proton emission 4•5•36 as a 

decay mode requires reliable theoretical mass predictions. Use of both the 

Kelson-Garvey mass relations25 and where appropriate the IMME 26 in 

predicting ground state masses have generally yielded good results. In 

Figures 18( abc )37 we give a graphical representation of the combined 

experimental and theoretical one- and two- proton separation energies for 

Tz = -2, -5/2, and -3 nuclei, respectively. Figure 19 gives a qualitative 

picture of known proton-rich beta-delayed one- and two-proton emitters 

in addition to the predictions given quantitatively in Fig. 18. From these 

predictions, we see that there exist many potential f32p emitters, but fewer 

candidates for direct ground state two-proton emission. Although 19Mg 

(S2p= -1170 keV) and 31 Ar (S2p= -190 keV) are potential candidates for 

this decay mode, the most likely candidate appears to be 39Ti ( s2p= -790 

keV). 19Mg would probably have an extremely short half-life unsuitable 

for current techniques and 31 Ar is probably sufficiently bound that beta 

decay would predominate ( it could still be a f32p emitter ). 31 Ar has in 
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fact been observed as a beta-delayed proton emitter in experiments at 

GANIL using the LISE spectrometer.30 

Figure 19 also vividly shows that very little is known about the 

decays of nuclei with Z > 20 and T z < -1 ( except for the A = 4n+ 1, T z = -3/2 

series of beta-delayed proton emitters (see also ref.l)). In many cases the 

detection of these nuclides and their exotic decay modes will require the 

development of new experimental techniques. It is clear that the study of 

these and other very proton rich nuclei at or near the drip line will be the 

subject of much future investigation. 
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Figure Captions 

Figure 1. Generalized decay scheme for a proton-rich nucleus with large 

QEC" Decay of the isobaric analog state (IAS) in the emitter 

nucleus is depicted as open to the p and 2p decay channels. 

Figure 2. Monte Carlo simulation of sequential emission of two protons with 

4.48 MeV (a predicted 22Al decay) as would be observed 

with a detector system capable of detecting the two protons with 

relative angular range of 0-70°. 

(a) Two-proton summed energy spectrum. 

(b) Individual proton energy spectrum. Peak heights are 

arbitrari·ly normalized to lower energy group for display 

purposes. 

Figure 3. Monte Carlo simulation of 2He emission of two protons with 

E~~ = 4.48 MeV as would be observed with the same detector 

system described in Fig. 2. 

(a) Two-proton summed energy spectrum. 

(b) Individual proton energy spectrum. 

Figure 4. Schematic diagram of the helium-jet apparatus. A standard 

telescope arrangement for detecting beta-delayed protons is shown. 
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Figure 5. Beta-delayed proton spectra from 3He bombardment at (a) 60 MeV 

and (b) 110 MeV. The arrows in (b) correspond to the predicted 

energies for protons decaying from the isobaric analog state in 
22 . 21 Mg to known states in Na. 

Figure b. Schematic diagram of the narrow angle detector system; The split 

detectors are described in the text. 

Figure 7. Proton-proton coincidence spectra obtained with the narrow angle 

detector system following the decay of 22Al. See text and ref. 13. 

(a) Two-proton summed energy spectrum. Groups x and g correspond 

to transitions involving the 20Ne first excited state and 

ground state, respectively. 

(b) Individual proton energy spectrum for protons forming group x 

in part (a). Primed peaks probably correspond to the first 

emitted proton. 

(c) Individual proton energy spectrum for protons forming group g 

in part (a). In this case, gl and g2• correspond to the first 

emitted protons. 

Figure 8. Schematic diagram of the wide angle detector system. In this 

setup, two separate thre~-element detector telescopes are used. 
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Figure 9. Proton-proton coincidence spectra obtained with the wide angle 

detector system following the decay of 22Al. See Fig. 8. 

(a) Two-proton summed energy spectrum. Groups x and g correspond 

to transitions involving the 20Ne first excited state and 

ground state, respectively. 

(b) Individual proton energy spectrum for protons forming group x 

in part (a). 

(c) Individual proton energy spectrum for protons forming group g 

in part (a). Here the gl and g2' peaks correspond to the first 

emitted protons. 

Figure 10. Kinematic shift of 22Al two-proton peaks shown by superimposing 

Fig. 7a and 9a. Peak heights have been normalized to the "narrow 

angle" measurement. 

figure 11. Proton-proton coincidence spectra obtained with the narrow angle 

detector system following the decays of 22Al and 26 P produced 

in the 110 MeV 3He + Si reaction. 

(a) Two-proton summed energy spectrum containing both 22Al and 
26P groups. 
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(b) Individual proton energy spectrum for protons from the 26 p g 

group in part (a). This group corresponds to a transition to 

the 24Mg ground state. The gl 1 peak corresponds to the first 

emitted proton. 

Figure 12. Proton-proton coincidence spectra obtained with the large angle 

detector system following decays of 22Al and 26p. 

(a) Two-proton summed energy spectrum containing both 22Al and 

26P groups. 

(b) Individual proton energy spectrum for protons from the 26 P g 

group in part (a). This group corresponds to a transition to 

the 24Mg ground state. The gl 1 peak corresponds to the first 

emitted proton. 

Figure 13. Proposed partial decay schemes for (a) 22Al and (b) 26 P. 

Figure 14. Schematic diagram of the large angle detector system used to 

measure the relative angles of the two protons in the beta-delayed 

two-proton decay of 22Al. The sensitive direction of the 

position sensitive detectors (PSD) lies in the dimension shown. 
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Figure 15. Normalized angu·lar correlation for the two protons from the 

beta-delayed two-proton emission of 22Al to the 20Ne first 

excited state. The dotted line corresponds to a 15% admixture of 

2He emission to an otherwise isotropic distribution. See text. 

Figure 16. (a) Beta-delayed two-proton sum spectrum of 35ca. Groups labeled 

by G and X are related to the two-proton transitions to the ground 

and first excited states in the daughter nucleus 33c1. Part of 

the continuum in the spectra below 3 MeV is due to positron 

scattering between the detector wafers. Individual proton energy 

spectra are shown in (b) and (c) corresponding to the 35ca (G) 

and (X) 2p peaks, respectively. 

Figure 17. Proposed partial decay scheme for the beta-delayed two-proton 

emission of 35ca. 

Figure 18. One- and two-proton separation energies for a) Tz=-2; 

b) Tz=-5/2; and c) Tz=-3 nuclides. The symbols in the binding 

energy plots are as follows: the full black circles mean that the 

binding energy value is taken from the 1985 Mass Tables, 37 the 

open circles mean that the value has been calculated with the 

Kelson-Garvey relation, and the open squares mean that the value is 

based on the empirical IMME as applied in reference 33. If the two 

predicted values are within 100 keV. only an open circle is shown. 

Figure 19. Chart of the nuclides showing potential beta-delayed (and direct) 

proton and two-proton emitters in the Z=10 to Z=32 range. 
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