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ABSTRACT 

LBL-6557 

h (4 8 ) d (3 8 . ) . . T e He, He an He, L1 react1ons have been employed at detect1on 

20 16 
angles near 8° on gas targets of Ne and 0 to produce and measure the masses 

f h 1 
. 16 15 12 

o t e nuc e1 Ne, F, and o. 4 8 
The ( He, He) reactions were performed at ah 

incident energy of 117 MeV and the (
3
He,

8
Li) reaction at 88 and 75 MeV. 

The mass excesses of 
16

Ne, 
15

F, and 
12o were determined to be 23.92±0.08 MeV, 

16.67±0.18 MeV, and 32.10±0.12 MeV, respectively. Estimated ground state decay 

widths were r 
c.m. 

16 15 
0.2±0.1 MeV, 0.8±0.3 MeV, and 0.40±0.25 MeV, for Ne, F, 

12 . 
and 0, respect1vely. A d-coefficient of 8±5 keV is indicated for 

the Isobaric Multiplet Mass Equation description of the mass 16 multiplet. 

16 12 
Consideration of the possible decay mechanisms of Ne and 0 indicate that 

both nuclei probably have an appreciable diproton decay width. 

NUCLEAR REACTIONS 
3 8 . 15 

( He, L1) F. 

20 4 8 16 16 4 8 12 20 
Ne ( He, He) Ne, 0 ( He, He) 0, Ne 

Measured reaction Q-values, ground state 

r deduced mass excesses. Deduced coefficients for 
c.m. 

IMME. Discuss diproton decay widths. 
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I. INTRODUCTION 

Increasing sophistication in detection systems for large solid-angle 

spectrometers,coupled with high energy and high beam intensity cyclotrons,has 

proven advantageous in the study of very low cross section reactions which are 

designed to measure accurately the masses of nuclei far from stability • 

. l 'l' . h <
4 8 ) d ( 3 8 ') . h In part1cu ar, utl 1zat1on of t e He, He an He, Ll react1ons as 

been productive in investigations of the neutron deficient light nuclei with 

T 
z 

l-4 
-2 and -3/2. Results of investigations such as these have been used 

to test various mass relations. One such relation, the Isobaric Multiplet 

Mass Equation (IMME) ,
5 

has been shown to provide a particularly accurate 

description of the mass excesses of an isobaric multiplet. Near the limit of 

stability, as nuclei become unbound, one might expect that mass relations 

. 1,6 
could fail, but the IMME appears to work well even for unbound nuclel. 

In this paper we present the results of an investigation, using 

16 
the reactions mentioned above,designed to measure the masses of Ne, 

15 12 
F, and · 0, all of which are predicted to be unbound to proton emission. 

16 
At the outset of this experiment the masses of the T=2 ground states of Ne 

12 
and 0 could be estimated using the I~~ since three members from.each of 

k 7-10 f 15 . 
the mass 16 and 12 mul tiplets were nown . The mass o F was obta1ned 

f 
. . ll 

rom a Kelson-Garvey pred1ct1on. None of these nuclei had been observed at 

h f h
. . . . 12,13 

t e start o t lS 1nvest1gat1on. 

16 
The masses of these nuclei are of particular interest since Ne and 

12o have long been candidates for nuclides decaying by the prompt emission 

14 
of a pair of protons. · Of course, this "diproton" emission must compete with 

the sequential emission of two protons unless the parent nucleus is bound to 

/ 



0 0 t) 1) 4 8 0 ,,;, 6 ~-~·, ,, ,,, -., ~ 

-3- LBL-6557 

emission of a single proton. 
16 

For the particular case of Ne, the diproton 

14 15 
emission to 0 must compete with sequential proton emission first to F and 

14 
then to o. The relative widths for the two decay processes are parti<;illy 

determined by the penetrabilities of the emitted protons, and diproton 

emission can compete only if the single proton is barely unbound. Therefore, 

16 15 
the masses and widths of both the Ne and F ground states must be determined 

in order to permit an evaluation of the penetrabilities. 
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II. EXPERIMENTAL PROCEDURE 

3 +2 4 +2 . . . . 
Beams of 88 and 75 MeV He and 117 MeV He part1cles at 1ntensities 

of ~ 150 nA were obtained from the Lawrence Berkeley Laboratory 88-inch 

cyclotron. After passing through two dipole magnets for energy analysis, the 

beam entered the scattering chamber, impinged on a gas target and was stopped 

in a water-cooled split Faraday cup. Placement of the Faraday cup inside the 

scattering chamber allows measurements to be made at detection angles as small 

as 2.5°. To complement this capability, a gas target and associated collimation 

system were designed to operate at angles less than 10°. 
. 20 16 

Us1ng Ne and 0 

gases (enriched to> 99.5%), the effective target thicknesses were 1.2±0.4 

2 . 2 
mg/cm and 1.9±0.6 mg/cm , respectively, at a gas pressure of 310 Torr. 

2 
Entrance and exit foils of the gas target were constructed from 1.98±0.14 mg/cm 

thick HAVAR. 

Emitted reaction products were accepted into a 2 msr solid angle and 

passed through a time-zero detector located at the exit of the scattering 

chamber as shown in Fig. 1. 
15,16 

This detector was a parallel plate gas counter 

consisting of three electrodes and two gas containment windows. The outer two 

electrodes were ground planes and were spaced at a distance of 1.0 em from the 

central electrode which operated at +950 volts and served as the collection 

anode. Operating with propane gqs at a pressure of 10 Torr, the total detector 

thickness was 1.77±0.13 mg/cm
2

. When a charged particle passed through the 

counter,the resulting electron cascade produced a fast negative signal 

(TR = 20 ns) at the anode which was suitable for fast timing. This counter 

operated efficiently at count rates exceeding 500 kHz and was insensitive to 

the large y and neutron flux produced at the Faraday cup. 
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After passing through the time-zero detector, particles emitted from 

the target were collimated and magnetically analyzed in a Quadrupole-Sextupole-

17 
Dipole (QSD) spectrometer. Particle identification was performed on those 

18 
particles reaching the focal plane using the detection system shown in Fig. 1. 

Two position measurements (POSl and POS2) were obtained in 1.0 em thick 

Borkowski-Kopp proportional counters and were combined to provide trajectory 

(ANG) information. Differential energy loss, which for a given value of BP is 

proportional to (MZ/Q)
2

, was measured in a 10 em thick ion chamber (liE2) as 

well as in the first Borkowski-Kopp detector (tiEl), and the residual particle 

energy (E), which is proportional to Q
2

/M, was measured with a plastic 

scintillator coupled to a photomultiplier. Fast signals obtained from the -anodes. 

of t.he photomultiplier and the time-zero detector were combined to yield a 

time-of-flight measurement (TOF) over the 7 meter flight path. For a given value 

of Bp the time-of-flight is proportional t.o M/Q. Finally, the vertical 

position (VERT) of an event was obtained by comparing the drift time of the 

elect.rons produced in the ion chamber to the relatively instantaneous anode 

signal from the photomultiplier. Eight parameters (POSl, POS2, liEl, liE2, E, 

TOF, VERT, and ANG) were available for display on-line and were event recorded 

on magnetic tape for later analysis. 

The focal plane detector, which has a total length of 45 em~ was 

. . h c4 8 ) . f h h" h . coll.lmated to 12 em 1n t e He, He exper1ments because o t e 1g count1ng 

rates which were encountered. Lead and paraffin were used to shield the 

focal plane detectors from the intense background radiation produced at the 

Faraday cup. 
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k . . (4 8 ) . . . tVhen ta 1ng data w1th the He, He react1on 1t 1s advantageous to 

choose a beam energy which is high enough to make the rigidity of the 

emitted 8He particles greater than that of the elastic 
4

He particles. 

This greatly reduces the counting rate since no elastic or inelastically 

LBL-6557 

scattered particles need be incident on the detector. The required energies 

4 8 20 16 
for the ( He, He) reactions on targets of Ne and 0 are 124 and 138 MeV, 

respectively, and approach the upper energy limit of the 88-inch cyclotron. 

16 12 
Therefore, the experiments to measure both the Ne and 0 masses were 

performed at a somewhat lower beam energy of 117.4 MeV. Although inelastically 

scattered alpha particles were then incident on the focal plane detector, the 

8 detection system described above was capable of reliably observing one He 

particle in more than 10
7 

incident charged particles. 

When measuring the mass of a nuclide using this experimental approach, 

errors in the mass assignment must reflect the uncertainties in the values 

of the following parameters: beam energy, detection angle, target and time-

zero detector thicknesses, calibration errors, centroid uncertainties, and 

the mass of the detected particle. The procedures used to determine the 

uncertainties in these parameters will now be presented. (See also Table I) . 

The beam energy was determined from the absolute calibration of the 

12 
energy analyzing magnets, which was checked with the C+P resonance at 

19 
14.231 MeV. The uncertainty in the energy was conservatively taken as 

± 0.05%. The reaction scattering angle was determined optically to an accuracy 

of ±0.05 degree and the 2 msr solid angle corresponded to a horizontal 

acceptance angle of 1.1°. 

I I 
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Particular care was taken to minimize the uncertainty arising from 

the large energy losses in the gas target and time-zero detector since these 

were potentially the largest sources oferror in the mass measurement. 

Thicknesses of the containment windows of the gas target and foils in the 

time-zero detector were determined directly by weighing and indirectly from 

the energy loss of 8.78 MeV alpha particles. An additional measurement of 

the thickness of the time-zero detector was obtained by observing the energy 

h . f f 6 . 1 d . h 20 (4 6 ) 18 . . s 1 to He part1c es,pro uced 1n t e Ne He, He Ne reactlon, wlth and 

without the time zero detector. Similar checks of the target thickness were 

performed by observing energy shifts of the 
6

He particles as a function of 

target gas pressure~ Finally, the effective target thickness was calculated 

from the known geometry and was also checked by comparing the yield of elastic 

. f 12 . . . scatter1ng rom a C target foll of known thlckness to that obta1ned from 

filling the gas target with propane. The final thickness of each component 

was obtained by taking a weighted average of all the measurements and each 

was determined to an accuracy of about ±7%. 

In order to determine the masses of the nuclei of interest, the 

rigidities of the emitted 
8

He or 
8
Li particles were compared to the known 

rigidities of particles from two other reactions. For the (
4

He,
8

He) reactions, 

4 l . . l . . . d h (4 6 ) . He e astlc or 1ne ast1c scatter1ng an t e He, He reactlon were used to 

l "b h f l d h" h (3 8 ") . ca 1 rate t e oca plane etector, w 1le for t e He, Ll reactlon, 

3
He elastic and inelastic scattering and the (

3
He,

6
Li) reaction were employed. 

3 4 
For both the He and He induced reactions a straight-line fit for p versus 

channel was obtained for all the calibration points and the resulting average 

root-mean-square deviation was taken as the error in the calibration. 

As a final check on both the consistency of the calibration and the detector 
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. . . 1 . . 20 (l . resolut1on, alpha part1cle 1ne ast1c scatter1ng on Ne ead1ng to states 

20 ( 3 6 . ) 17 . . at 5. 79 and 7 .18 MeV ) and the Ne He, L1 F react1on ( lead1ng to the 

17 
ground and first excited state of F) were detected on the focal plane • 

simultaneously with the reactions of interest. 
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I II . RESULTS 

20 4 8 16 
A. Ne( He, He) Ne 

This experiment was performed at two slightly different bombarding 

energies. An ungated contour plot of time-of-flight versus differential 

energy loss in the ion chamber detector, taken at an incident energy of 

117. 4 MeV and GL 8°, is shown in Fig. 2. 
4 

The p, d, t, and He particle 

LBL-6557 

groups were excluded with a lower level discriminator in order to reduce the 

data accumulation rate. A well-defined group is present at the expected 

. 8 . . ' 
locat1on of the He partlcles. Although no d1scrimination can be made 

8 +2 4 +1 
between He and He particles in this display, there is excellent 

separation from all other particle species. The residual energy measurement 

from the light output in the plastic scintillator was used to identify the 

8 
He particles since, for the same rigidity, they have twice the energy of 

the 
4 +1 

particles. Fig. He In 3 is shown an energy versus position two-

dimensional display 
8 +2 4 +l 

region which has been gated by the He and He 

depicted in Fig. 2. 
16 

Transitions to the ground state of Ne and a first 

excited state at 1.69±0.07 MeV are clearly present, with the ground state 

counts corresponding to a laboratory differential cross section of 5±3 nb/sr. 

(The error in the cross section reflects uncertainties in the target thickness, 

efficiency in the time-zero detector, and statistical uncertainties.) 

Projections of the 
8

He position spectra from both experiments are 

shown in Fig. 4, with Fig. 4b corresponding to the data from Figs. 2 and 3. 

4 
As mentioned earliei, the He inelastic scattering was incident on the focal 

plane detector. In particular, at the beam energy of 117.7 MeV a state 
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at 5.79 MeV and a possible doublet at 7.17 and 7.19 MeV excitation energy in 

20 16 
Ne were particularly intense. As shown in Fig. 4a, the ground state of Ne 

was located at the same focal plane location as the 5.79 MeV state. To ensure 

16 
that the Ne ground state was correctly identified and to obtain better 

statistics, the experiment was repeated at a beam energy of 117.4 MeV. 

16 
As shown in Fig. 4b, this moved the transitions to the Ne ground state to 

a region between the two inelastic groups. The kinematically corrected sum 

spectrum is shown in Fig. 4c. The ground state assignment is further rein

forced by the observation of the first excited state of 
16

Ne at 1.69±0.07 MeV, 

which agrees well with the excitation energy of the first excited state of 

16 9 
its mirror nucleus C (1.75 MeV). 

20 4 8 16 
The ground state Q~value for the Ne( He, He) Ne reaction is 

16 
-60.15±0.08 MeV, whichcorresponds to a Ne mass excess of 23.92±0.08 MeV. 

The error associated with this mass assignment was obtained by adding in 

quadrature the effect that each of the uncertainties discussed in Section II 

16 
has on the resulting Ne mass. These errors are shown explicitly in Table I. 

This mass assignment agrees relatively well with, but is more accurate than, 

the mass excess of 24.4±0.5 MeV which was recently obtained with the 

' 16 + - 16 . 12 . . 
O(TI ,TI ) Ne react1on. The center of mass Wldth of the ground state lS 

200±100 keV as measured in our experiment; this was obtained by comparing 

4 4 4 6 . 
the peak widths produced by the ( He, He) and ( He, He) react1ons to that 

4 8 .. 
from the ( He, He) reactlon. 
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16 4 8 12 
B. 0( He, He) 0 

Immediately upon obtaining the spectrum shown in Fig. 4b in the second 

16 20 16 
of the Ne experiments, the Ne target gas was replaced with 0 and an attempt 

d h f 12 h l f . h (4 8 ) . was rna e to measure t e mass o 0. T e Q-va ue or t e He, He react1on 

on 160 20 is about 6 MeV more negative than on Ne and, as shown in Fig. 5, the 

energy signal from the plastic scintillator did not produce as clean a separa-

16 
tion as in the case of Ne. However, there is evidence for a group of seven 

12 
counts near the location of the IMME prediction for the 0 ground state as 

well as five counts which could represent transitions to a first excited state. 

A projection of the 
8

He particles onto the position axis is shown in Fig. 6. 

The seven ground state counts correspond to a laboratory differential cross 

section of 2±1 nb/sr and a reaction Q-value of -66.02±0.12 MeV. [See Table I 

for a summary of the error analysis.] This Q-value implies a mass excess of 

32.10±0.12 MeV for 
12o. Since the five counts comprising the first excited 

state are located near the end of the detector, a portion of this state could 

be cut off. The existing counts imply an excitation energy of 1.0±0.1 MeV 

It is interesting to compare the results of the present reaction 

12 12 
with those of reactions leading to states in Be, the mirror nucleus of 0. 

7 . ( 7 . 2 ) 12 . d d . f . . h A Ll Ll, p Be react1on study pro uce ev1dence or trans1t1ons to t e g.s. 

20 
as well as to a first excited state at 0.81 MeV. The reactions 

14 18 12 20 21 10 12 22 12 
C( 0, Be) Ne and Be(t,p) Be have located the Be g.s. and an 

excited state at ~ 2.1 MeV but show no evidence for a state near 1.0 MeV. 

+ The spin and parity assignment for the 2.1 MeV state was established as 2 

by means of the particle gamma-ray angular correlation technique in the 

10 12 
Be(t,p) Be reaction. However, it has been postulated that the first 

excited state of 
12

Be could be a 0+ state near 2.2 MeV with the first 2+ state 
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23 + 
at 4.3 MeV. The 0 state would be formed from two nucleons occupying a 

+ depressed 2s
112 

orbital which is necessary to explain the 1/2 ground state 

11 + 
of Be. Since the experimental value for the excitation energy of the 2 

state is considerably lower than the predicted energy, it is possible that 

+ 
the proposed 0 state might be similarly lowered to near 1 MeV excitation energy. 

12 12 24 h Although no corresponding T=2 state has been found in C or B, t e 

evidence for a possible state near 1 MeV raises intriguing doubts as to the 

location of the first excited state which can only be resolved by further 

experiments. 

c. 20 3 8 . 15 
Ne( He, Ll) F 

. h 16 . . Upon complet1on of t e Ne mass measurement, 1t was st1ll necessary 

d . h d . h f 15 . to eterm1ne t e mass excess an ground state Wldt o F to ascerta1n 

16. 
whether Ne decays by prompt diproton emission or by sequential proton 

decay through 
15

F. A preliminary experiment
13 

at 75 MeV incident energy had 

produced evidence of a narrow peak near the Kelson-Garvey prediction for the 

location of the 
15

F ground state. v7e repeated this experiment at 87.8 MeV 

incident energy and 9° in the laboratory and produced the spectrum shown in 

Fig. 7a. A narrow peak is evident near the Kelson-Garvey prediction for 

15 
the F ground state with a laboratory differential cross section of 80±25 

nb/sr. The peak located near channel 200 corresponds to transitions to the 

first excited state of 
8
Li and the continuum below channel 200 arises from 

three body break-up. 

In this reaction, however, it is also possible that the observed 

narrow peak could arise from transitions to the first excited state of 
15

F 

with the yield of the ground state being much weaker. This concern arises 

. 15 . h n I + 1f one notes that the mirror nucleus, C, has a ground state w1t J = 1 2 



0 h u 8 0 6 8 

-13-

and a first excited state at 0.74 MeV with JTI = 5/2+. 
8 

Therefore, nuclear 

structure considerations could argue for a dominant transition strength to 

+ 
a 5/2 state if this were a simple pick-up reaction. 

As an approach toward determining the expected relative populations 

LBL-6557 

+ + 22 3 8 . 17 . 
of the l/2 and 5/2 states, the Ne( He, Ll) F react1on was also investi-

17 TI + + 
gated, since the ground and first excited state of F have J = 5/2 and l/2 , 

respectively. 
+ In this case, the 5/2 state was populated with ten times the 

+ strength of the l/2 state. Based upon this comparison we have assumed that 

the strong, narrow peak in Fig. 7a arises from transitions to the 5/2+ first 

excited state in 
15

F and that the weak yield at higher energy corresponds to 

transitions to the ground state. In order to further check this assumption, 

and to investigate the contributions of target contaminants, a second spectrum 

was taken at a beam energy of 75.4 MeV and GL = 9° and is shown in Fig. 7b. 

At this lower beam energy, transitions to the ground state are clearly 

observed with a laboratory differential cross section of 8~4 nb/sr. The 

observed Q-value of the ground state transition of -29.73±0.18 MeV [See Table I 

15 
for error analysis] corresponds to a mass excess of 16.67±0.18 MeV for F. 

The excitation energy of the first excited state, 1.3±0.1 MeV, is 500 keV 

higher than the excitation energy of the first excited state in the mirror 

15 + 
nucleus, C, presumably due to a Thomas-Ehrman shift of the probable l/2 

25 
ground state. The center-of-mass widths of the ground and first excited 

states were 0.8±0.3 MeV and 0.5±0.2 MeV,respectively, and were determined by 

20 3 8 . 15 
comparing peak widths from the Ne ( He, Ll) F reaction to those from the 

22 3 8 . 17 20 3 6 . 17 
Ne( He, .Ll) F and N~( He, Ll) F reactions. 
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IV. DISCUSSION 

The results of the present experiment are summarized in Table II. 

Also included are the results of similar experiments producing T = -2 and 
z 

LBL-6557 

-3/2 nuclei in the same mass region. One trend observed in these results is 

that the Kelson-Garvey approach predicts most of these proton-rich nuclei to 

have higher mass excesses than are observed. Masses of nuclei with A ~ 16 

are consistently overestimated by from 0.4 to 1.0 MeV. This disagreement 

might be expected to occur in these light nuclei and could be caused by 

incomplete cancellation of the Coulomb repulsion contributions to the binding 

energies, as calculated in the Kelson-Garvey approach, due to shell closure 

effects. 
12 15 . 

This lack of cancellation should be most pronounced in 0 and F, 

8 13 . 16 
but should also be present to some extent for C, 0, and Ne. These trends 

appear to be substantiated by the data of Table II. 

With the measurement of the masses of the ground and first excited 

12 15 16 
states of 0, F, and Ne the masses of all but one of the members of the 

A = 12 and 16 isospin quintets and the A = 15 isospin quartet are known. 

Coefficients for quadratic and cubic fits to the mass 12, 15, and 16 multiplets 

are presented in Table III for the ground state and for the A= 15, 16 first 

excited states. The values of x2 
obtained for the quadratic fits to the 

mass 12 and 16 ground states and the mass 16 first excited state imply that 

12 
the IMME is working reasonably well in this mass region even though 0 and 

16 
Ne are unbound. However, for mass 16 a non-zero cubic term is obtained outsid.e of 

the experimental errors for both the ground and first excited state. In this 

respect the mass 16 quintet appears to be similar to the mass 8 quintet which, 

as shown in Table II, also produces a positive d-coefficient.1 •6 No d-coefficient 

is necessary for mass 12 within the experimental errors which have been obtained. 
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Given the relatively few nucleons involved in these multiplets and the likelihood 

of Thomas-Ehrman shifts in the low-lying configurations, such a variation in,the 

1,5,6,26 
d-coefficients appears reasonable. 

In Table IV the locations of the still unobserved first and second T=2 

16 15 12 
states in F and T=3/2 states in 0 and the lowest T=2 state in N have been 

calculated using the coefficients of Table III. 

16 15 
Since the masses and ground state widths of Ne and F have been 

16 
determined, the probabilities for proton and diproton decay from Ne can 

. 27 
be evaluated by calculating the decay width for each channel using the relation 

r. 
1 

2 
2y,P. 

1 1 
(l) 

2 
where yi is the reduced width for the emitted particle in the parent nucleus, 

P. is the penetrability of the emitted particle through the combined Coulomb 
1 

and centrifugal barriers, and r. is the partial decay width for the process. 
1 

. h 16 d 15 16 . S1nce t e ground states of Ne an Fare both broad, Ne 1s 

unbound to the emission of a single proton (see Fig. 8). Therefore the penetra-

bility factor in Eq. 1 has been determined as a weighted average over all 

possible decay energies. The weighting assumes that the parent and daughter 

ground states possess Gaussian distributions and the diproton penetrability 

is calculated for a Z=2, A=2 particle incident on 
14o, at R = 4.77 fm. 

Assuming the Wigner limit for the reduced width in Eq. 1 and using 

the appropriately weighted proton and diproton penetrabilities, we obtain a 

16 
total decay width for Ne of 20 keV (the experimental width is 200±100 keV) 

and a diproton branching ratio of 20%. Consideration of the uncertainties 

in the masses and widths leads to the total decay width varying from 5 to 

100 keV and a diproton branching ratio of 10 to 90%. 
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12 
In order to perform a similar calculation for the decay of 0, it 

. 11 . 
is necessary to estimate the mass and ground state w1dth of N, s1nce only 

its l/2 first excited state is known. 28 ll 
The N ground state mass may be 

estimated using the IMME (see Table II). Since the width of its first 

excited state is known to be 740±100 keV, a very rough approximation for the 

ground state width relative to that for the first excited state may be obtained 

by evaluating the relative penetrabilities of the ~=0 protons from the l/2+ 

ground state and the ~=l protons from the l/2 first excited state. This 

calculation result~ in a ground state width for 
11

N of 1.5±0.7 Me~with the 

error being an estimate as to the reliability of the calculation. Using this 

est.imated mass and width for 
11

N, and again assuming the Wigner limit for 

the reduced widths, a total decay width for 
12o of 0. 2 to 1. 2 MeV (the experi-

mental width is estimated to be 0.40±0.25 MeV) and a diproton branching ratio 

of 30 to 90% are obtained. 

Since the Wigner limit has been assumed, the above results should 

16 12 
represent an upper limit for the diproton branching ratios from Ne and 0. 

A more realistic estimate of the diproton reduced width, obtained by projecting 

out (via Moshinsky brackets) 29 a diproton cluster, assuming a simple (ld
512

> ~+ 

f . . f 16 ( ) 2 . . 12 proton con 1gurat1on or Ne and a lp
112 

O+ conf1gurat1on for 0, leads 

16 12 
to branching ratios of 3% and 6% for the diproton decays of Ne and 0, 

respectively. 

In conclusion, the masses of the unbound nuclides 
16

Ne, 
15

F, and 
12o 

have been measured and are found to agree well with predictions of the Isobaric 

Multiplet .Mass Equation. Based on the measured masses, penetrability calculations 

h b h 16 d 12 l h . . f. b h. . f suggest t at ot Ne an 0 shou d ave s1gn1 1cant ranc 1ng rat1os or prompt 

diproton decay. Although considerable experimental effort will be required in order 
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to distinguish between diproton decay and sequential proton emission from 

these nuclei, it would appear from our experimental results and these 

. . . 14 f . . calculat1.ons that the early pred1.ct1.on o the un1.que d1proton decay patterns 

16 12 . 1 b . d of Ne and 0 wll be su stant1.ate . 
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Table I. Ground State Error Analysis. All error 
contributions are given in keV. 

Beam Energy (±0.05%) 

Detection Angle (±0.15°} 

Focal Plane Calibration Error (RMS} 

Spectrometer Drift (±0.006%) 

Uncorrelated Thickness Uncertainty in Gas 

Target and Time-Zero Detector (±5%) 

Centroid Uncertainty 

TOTAL: 

a) Reference 10. 

16 
Ne 

23 

13 

13 

7 

43 

51 

12 

'V 80 

15 
F 

18 

20 

8 

113 

125 

2 

'V 180 

I I 

LBL-6557-

27 

15 

18 

8 

72 

86 

12 

'V 120 



Table II. 

r 
Nuclide 

Experimental 
Mass Excess 

(keV) 

Kelson Garvey 
Prediction 

(keV) 

lp Binding 
Energy 

(keV) 

2p Binding 
Energy 

(keV) 

c.m. 
(g. s.) 
(keV) 

da) 

(keV) 

8 
c 

120 

16Ne 

20Mg 

11 
N 

130 

15F 

17
Ne 

a) 

b) 

c) 

d) 

T = -2 Nuclei 
z 

35100±30b) 35770 uo±11o -2l5o±3o 23o±5obl 6.5±2.2 

32100±120 33050 100±180 -1820±120 400±250 c) 0±11 

23920±80 24668 40±200 -1330±80 200±100 8±5 

17570±30d) 17400 2650±30 2330±30 - -2.3±1.8 

T = -3/2 Nuclei 
z 

(24920±110) e) 25450 (-1930±110) (2070±110) (1500±700) e) -

23105±lofl 23520 1522±10 2123±10 - -0.5±2.3 

16670±180 17610 -1370±180 3250±180 800±300 

16480±30f) 16630 1500±30 950±30 - 4.8±5.6 

The d-coefficients for Tz= -2 
the Tz= -2,0,1, and 2 nuclei. 

nuclei were calculated using the mass excesses of the o+, T=2 states in 
See Refs. 1, 6-10. 

Mass excess and natural width of 
8c are weighted averages of results of Refs. 1 and 6. 

Because of the poor statistics in 
20 

Mass excess of Mg from Ref. 2. 

12 
the 0 ground state the width is only an estimate. 

e) "Experimental"mass excess of llN is an IMME prediction using the l/2+, T= 3/2 states in T
2

= -1/2,1/2, 
and 3/2 nuclei. See Refs. 7-10, and 24. The ground state width was calculated as discussed in 
the text. 

f) Mass excess from Ref. 10. 

I 
N 
f-' 
I 

t-< 
to 
t-< 
I 

0'1 
IJl. 
IJ1 
"-J 

a 
C.J 
< 

"''-"""'' 

C.; 

.].~,._ 

00 

c 
.. ,. 

~-. 

~ 

c 
I\; 
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Table III. Isobaric Multiplet Mass Equation Coefficients (keV). 

Multiplet 
TI 

J ' T a b c d 

Ground State a) 

{ 27610±18 -1769±26 239±15 
A 12 0+ 2 , 

27611±20 -1770±40 239±15 0±11 

+ 
3/2 A 15 l/2 ' 12800±23 -2266±60 209±30 

{ 17983±3 -2584±12 216±8 
A 16 0+ 2 

' 
17984±3 -2587±13 206±10 8±5 

. . d b) 
F~rst Exc~te State 

A 15 5/2+, 3/2 13799±25 -2453±60 220±30 

{ 19772±10 -2591±17 209±10 
A 16 2+ 2 , 

19785±11 -2604±17 187±13 15±6 

a) Ground state mass excesses taken from Ref. 10. 

b) Excitation energies for the first 5/2+, T=3/2 state in mass 15 and the 
first 2+, T = 2 state in mass 16 were taken from Refs. · 8 and 9. 

LBL-6557 

2 
X 

0.0 

2.8 

6.3 
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Nuclide 

12 
N 

150 

150 

16F 

16F 

i-! ·~! 8 '0 ,f '"-I 

0 3 \.,$ "<) I 

-23-

Table IV. Predicted States. 

T 

0+ 2 

1/2+ 3/2 

5/2+ 3/2 

0+ 2 

2+ 2 

LBL-6557 

a) 
Excitation Energy (keV) 

12290±20 

11130±35 

12230±40 

10080±20 

11870±30 

a)Based on IMME coefficients listed in Table III. Calculations for A=l2 and 
16 include the d-coefficient. 
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FIGURE CAPTIONS 

Fig. 1. The Quadrupole-Sextupole-Dipole spectrometer and side view of 

the focal plane detection system. 

Fig. 2. Ungated (relative) time-of-flight vs. differential energy loss 

20 4 8 16 
contour plot for the Ne( He, He) Ne reaction. The proton, deuteron, 

triton, and alpha particle groups were gated out during the experiment, 

but the alpha particle group has been simulated for display purposes . 

. d" N . h 0 . . Numerals ln lcate 10 counts, Wlt 10 belng the furthest excurslon of 

scattered single counts.' The particle group at 180 nsec and above the 

LBL-6557 

4 +2 4 +2 
He group is due to pile-up and the group at 0 nsec and below the He 

group is due to less than 100% efficiency in the time-zero detector. 

Fig. 3. 20 4 8 16 
Energy vs. position two-dimensional display for the Ne( He, He) Ne 

reaction, gated by time-of-flight and differential energy loss as depicted 

in Fig. 2. 8 +2 b h 4 +1 . 1 The He particles are separa le from t e He partlc es 

only in this display. The dashed line indicates the location of the 

8 
He gate. 

Fig. 4. a) 
8 20 4 8 16 . 
He-gated position spectrum from the Ne( He, He) Ne reactlon 

at 117.7 MeV incident energy. The dashed arrows indicate the locations 

of strong inelastic states (see text) and the cross-hatched regions 

indicate the detector limits. 

b) As in a) but at 117.4 MeV. These are the data of Figs. 2 and 3. 

Note the shift in abscissa due to different spectrometer field settings 

at the two energies. 

c) A kinematically-corrected sum of a) and b). Predictions of the 

ground state mass from both the IMME and Kelson-Garvey (K-G) approach 

are indicated by arrows. 



Fig. 5. 
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I_']
'J ii • 

16 4 8 12 
Position vs. energy two-dimensional display for the 0( He, He) 0 

LBLc-6557 

reaction gated by time-of-flight and differential energy loss regions set 

8 +2 4 +1 
to include the He and He particles. The dashed line indicates the 

location of the 
8

He gate. 

Fig. 6. 
8 16 4 8 12 
He-gated position spectrum obtained from the 0( He, He) 0 

reaction, which results from a projection of the data of Fig. 5. Cross-

hatched regions indicate the limits of the detector. The IMME prediction 

for the ground state mass is indicated by an arrow. 

Fig. 7. a) 
8 20 3 8 0 15 
Li-gated position spectrum obtained for the Ne( He, Ll) F 

reaction at 87.8 MeV. 8 * The continuum below the Li peak is due to three-

body breakup. 

b) As in a) but at 75.4 MeV incident energy. At the lower energy 

the weak g~s. transition is clearly visible. 

Fig. 8. 
0 16 12 

Energies of the two possible prompt diproton emltters Ne and 0. 

The binding energies and ground state widths are taken from Table II. 

Cross-hatched regions represent the full width at half maximum of the 

ground states. 



~-

GRID ION 
SCINTILLATOR I CHAMBER 

B-K 
liz 

j {'NODE 

---· .I I I I l-~ ) _ _.___....,....,......, 
\,_,/ 

I ' 
POSITION 2 I 

TIME OF DE 2 
FLIGHT 

ENERGY SECTION A·A 

I 
POSITION 1, 

DE 1 

MYLAR 
GAS 

WINDOW 

:tig. 1 

SPECTROMETER 

QUADRUPOLE MAGNET 

ROTATING METAL BAND 

24" SCATTERING CHAMBER 

.. 

MAGNET 

INTERNAL 
---+,c- FARADAY 

CUP 

TARGET 

B~~AM AXr 

XBL 774-8421 A 

I 
N 
0'\ 
I 

l-; 
tt! 
t-l 
I 

0'\ 
U1 
i..ll 
-...! 



180 

-(.) 
Q) 
(/) I 
c 

...._... 

90 1-d 
l.L.. 
0 
~ 

0 

J, II • 

t 

aHe+2+ 4He+1 
GATE 

o-------

~ ~ ;: -::;:-:-:=:::: o ____ 
~ = 

~E2 

Fig. 2 

20 Ne( 4 He, 8 He) 16 Ne 
117.4 MeV 

BL =go 

Contour lines= ION 

XBL 776-1458 

0 

c 
,..,...., 
''""l'' 

c 

00 

c 
I (-" 

['..) 

1"'! 

""""" ,.,... 
lt ~~~,. 

~·~ 

t-< 
iJJ 
t"i 
I 

(}\ 

ll1 
ll1 
--.1 

' 



-28-

20Ne (4He, sHe) 16Ne 

II 7.4 MeV 
8 = so 

L - -- ------ -----------
1 

1 4 1 

1 1 1 1 8 He 
1 1 1 1 

1 1 1 

1 

1 1 1 
- -- -- -- - - - - -- - - - - - - -- -

1 

1 1 4He+l 
1 1 

4 3 1 2 2 1 1 

1 5 5 7 2 7 7 2 2 1 / 2 4 3 

3 13 10 14 11 13 12 13 16 22 15 8 2 17 

7 28 26 32 33 24 20 33 24 27 24 18 30 27 4 

11 24 24 20 22 21 11 32 16 23 25 24 26 24 3 

4 3 4 3 1 4 4 8 6 2 2 3 1 2 

2 1 1 2 1 1 

1 

Position 
Fig. 3 XBL 776-1452 

LBI-6"'57 



5 

4 

3 

2 

0 0 u 4 8 0 ~ 7 0 6 
-29-

20Ne( 4 He, 8 He)16 Ne 

(a) 117.7 MeV 

-62 -61 

7.18 
I 
I 

t 

-60 

4 (b)II7.4MeV 7.18 5.79 
2 3 
c 
:::J 2 
0 

0 

1.69 +0.07 MeV 

K-Gl 

I 
I 
I 

t 

IMME 

t 
-62 -61 -60 

Q value (MeV) 

XBL 776-1454 
Fig. <1 

LBL-fiS57 



~ 

0"1 
"-
(]) 

c 
w 

-30-

1 

2 

1 1 1 

1 

117.4 MeV 
e· =so 

1 1 

1 

1 

L 

1 

1 

LBL-6557 

-------·--- ---------

3 2 1 1 1 

2 1 3 1 2 1 1 2 1 3 1 

15 4 4 5 7 5 6 10 6 13 7 6 3 

47 44 45 47 41 34 39 31 45 44 27 31 24 9 4He+' 
44 101 103 99 115 97 105 121 98 107 103 81 72 27 

54 53 50 72 53 55 74 70 76 91 76 93 75 18 2 

3 3 2 7 9 16 2 7 12 17 19 25 25 8 1 

Position 

Fig. 5 XBL776-1453 



0 0 u,~Ja OJ707 
-31- IBL-6557 

C.D 
lO 
v 
I 0 C.D • r--> l() 

f'-(.() 
-' 

Q) 
0 

I Ql ~ ro 
II X ,......... 

¢. Q)..J 
> ('--! 
Q) 

~ w 
0 ........., 

~ • ... (.() 
Q) 

~ (.() 
::J \D 

tJ1 1--f 
0 ·rl 0 

"" > C\J 

> I ,......... 
Q) 0 Q) 

~ I 
CX) 

• 0 
,... 

0 Q) 
f'-! I +I <.D v 

0 • ........., • 
0 

C.D 

c;;:t f"() C\J - 0 
s.J,uno~ 



30 

20 

(./) 

~ 10 
:J 
0 
u 

0 

10 

5 

00 

20 Ne ( 3 He,8 Li) 15F 

88 MeV 

8 = 9° 
L 

(a ) 

( b) 75 MeV 

8
Li * 

-32-

1sT 

100 200 

K-G 

r Predicted 
G.S. 

G. s. 

r K-G predicted 

G.S. 

300 
Channel 

400 

Fig. 7 
XBL 776-1455 

LBL-6557 

.• 

~ 



~· 

• 

,.' 

0-. o· 
~"J 0 ··I 8 0.' , !"'-"" 0 8 

-33-

Possible prompt diproton 
emitters 

fc.m.200 keV t q \ S"\S S"V\\ \ 
\ S Sjj \333 S 

+ 1.33 MeV t 1.37 MeV 

140 + 2 p 

liN+ p 

120 

LBL-6557 . · 

fc.m.=400 keV i~ t~~~ fc.m~1500 keV 

il.82 MeV .

1 
~1.93 MeV 

IOC + 2p 

XBL 776~1457 

Fig. 8 



• 

u J d ·l a u v 1 J '1 

This report was done with support from the Department of Energy. 
Any conclusions or opinions expressed in this report represent solely 
those of the author(s) and not necessarily those of The Regents of the 
University of California, the Lawrence Berkeley Laboratory or the 
Department of Energy . 



TECHNICAL INFORMA'nON DEPARTMENT 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 




