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Radiochemistry and low-background gamma-ray spectrometry were used in a search for the 
decay of 233U with the emission of 24Ne. The phenomenon was not detected. To a confidence 
level of 68%, the partial half-life for this effect is greater than 1.7 X 10" y. 

In 1984, a British group discovered' a new type of natu- 
ral radioactivity, namely, the emission of carbon-14 by ra- 
dium-223. The phenomenon was immediately taken up by 
several research groups because it occupied an intermediate 
position between alpha-decay and the spontaneous fission of 
nuclei. The emission of heavy clusters can therefore provide 
new information on the structure of the nucleus that cannot 
be obtained in any other way. 

In 1984, the British results on the probability of emis- 
sion of I4C by 223Ra were confirmed by Soviet2 and French3 
workers. In 1985, the emission of carbon-14 by the three 
isotopes of radium with mass numbers 222,223, and 224 was 
reported in Ref. 4. Estimates based on the penetration of the 
Coulomb barrier show that carbon-14 is the most likely to be 
emitted by the radium isotopes. For protactinium-23 1 and 
for the uranium isotopes 232 and 233, the maximum proba- 
bility is predicted for the emission of neon isotopes."he 
necessary experiments have been carried out by several 
groups."9 For uranium-233, it was found that /Z(Ne)/R, 
< 7 ~  10-12 (Ref. 8) andA(Ne)//Z, = (7.5 2.5) X lo-" 
(Ref. 9). These results were obtained with semiconductor 
and track detectors of charged particles, which were not ca- 
pable of determining the mass number of the emitted neon 
nuclei. 

We have therefore repeated the measurements of the 
probability of emission of heavy clusters by uranium-233, 
using a different method which enabled us reliably to identi- 
fy the emerging nuclide. The method involves the radioche- 
mica1 separation of sodium and a determination of the 
amount of sodium-24 by high-precision gamma-ray spec- 
troscopy. Sodium-24 was convenient because it has a rela- 
tively long half-life (15.02 hours) and emits two cascade 
gamma-rays (2753.9 and 1368.5 keV) with quantum yields 
approaching unity. 

Thin specimens of the radioactive material must be 
used to record charged particles. In the radiochemical meth- 
od, we used about 10 g of uranium-233. Coincidence mea- 
surements of the energy spectra of the cascade gamma-rays 
enabled us to achieve a low background and, consequently, a 
sensitivity approaching that attained for charged particles. 

Neon-24 has a relatively short half-life (3.38 min) and 
transforms into sodium-24. Strictly speaking, we measured 
the total probability of emission of neon-24 and sodium-24. 
We therefore used theoretical estimates of the relative prob- 
ability of emission of neon and sodium isotopes by uranium 
isotopes, based on a model similar to that proposed in Ref. 5. 
However, our calculations were somewhat different. They 
are presented in the Appendix, and the results are listed in 
Tables 1 and 11. Table I gives the estimated partial half-lives 
of uranium isotopes for the emission of neon-24 and neon- 
25. 

The data listed in Table I were obtained for a breakup 
radius of 1.205 fm. They are very sensitive to this radius. The 
uncertainty in the absolute estimates is less than two or three 
orders of magnitude, but the uncertainty in the relative val- 
ues appears to be less than 0.5 orders of magnitude. Inspec- 
tion of Table I suggests that the probability of emission of 
neon-24 is greatest for uranium-232. The probability of 
emission of neon-24 by uranium-233 is lower by a factor of 
100-1000, and the probabilities of emission of neon-24 and 
neon-25 are very similar. 

Table I1 lists the estimated values of log T [ c ]  for the 
emission of neon-24, neon-25, sodium-24, and sodium-25 by 
uranium-233 for different values of the breakup radius r,. 

It is clear from Table I1 that the absolute values of the 
partial half-lives are very sensitive to r,, but the probability 
ratios for the emission of different nuclides do not vary 
much. In view of the uncertainty in the relative measure- 
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Nucleus 
T, s 

232" I N U  I 23.U 

6.7.102' 2.8.102' 9.4.10'28 I 2.1.1020 5.3.102" 1.4.1028 

U6U 

1.9.103' 
2.5.103' 



TABLE I1 

ments (0.5 orders), we may conclude that the probabilities 
of emission of neon-24 and neon-25 are very similar, and the 
probability of emission of sodium-24 is lower by 12 orders of 
magnitude and that of sodium-25 by 6 orders of magnitude. 
It follows that, when we determined the amount of sodium- 
24 in equilibrium with uranium-233, we were, in fact, mea- 
suring the probability of emission of neon-24. 

The uranium-233 sample with the lowest concentration 
of uranium-232 was selected for the experiments. The mass 
of the specimen was 9.75 g. The sample was dissolved in 
nitric acid, and the ion-exchange method was used to remove 
thorium and its radioactive daughter products. The nitric- 
acid solution of uranium containing 50 mg of the sodium 
carrier was stored for three to four hours in order to attain 
radioactive equilibrium with sodium-24. The separation was 
performed in a hot radiochemical laboratory. This meant 
that there was an enhanced neutron background due to the 
presence of radioactive transuranic elements and the prox- 
imity of a research reactor. A comparable neutron back- 
ground could also have been due to (a ,n)  reactions in the 
solution (the a-activity of the sample was about 0.1 Ci). 
Measurements of the neutron activation of sodium with the 
formation of sodium-24, using a 2.0-g sodium sample placed 
next to a phial containing the radioactive solution, con- 
firmed our suspicions. 

The phial containing the radioactive solution was there- 
fore placed in a borated polyethylene castle with 8-cm walls. 
Control exposures of 2-g samples of sodium in the castle at 
the points at which chemical operations were performed, 
followed by measurements in the low-background gamma- 
ray spectrometer, showed no evidence of sodium-24 activity. 

After the exposure, the nitric-acid solution was passed 
through the ion-exchange column containing Dowex-1 x 10 
resin (230 mm long and 40 mm in diameter). The column 
was flushed with a 7 N solution of nitric acid until the sodi- 
um was washed out. The eluant was transferred to a clean 
enclosure, and the liquid was boiled off. The residue was 
dissolved in hydrochloric acid, the liquid was boiled off, and 
the residue was roasted. The chemical yield of sodium in 
these operations was practically 100%. 

The sodium chloride was then dissolved in water and a 
further 500 mg sodium chloride was added to the solution. 
Intensive radioactive purification of sodium was performed 
by the repeated removal of barium carbonates, lanthanum 
hydroxides, lead sulfides, and bismuth sulfides-the daugh- 
ter products of uranium, thorium, radium and actinium. The 
chemical yield of sodium in this purification process was 75- 

Nucleus 

82%. The radiochemical operation took an average of 8.5 h 
to complete. 

The sodium chloride samples were sealed in polyethyl- 
ene ampoules and transferred to the spectrometric laborato- 
ry. The gamma-ray spectrometer used to examine the energy 
spectra consisted of a germanium detector with an efficiency 
of 20% (measured against a 3 x 3 inch NaI scintillation 
counter), surrounded by an NaI phosphor -8 cm thick. 
The germanium detector was provided with a channel for 
inserting samples into it. The semiconductor detector 
(SCD) had an energy resolution of 2.6 keV at the 1332.5- 
keV line. The resolution of the scintillation counter at 661 
keV was 11%. The detector was provided with a 10-cm 
shield of low-background lead. The major hazard in our 
measurements was the nautron background, which could 
give rise to considerable activation of the NaI phosphor and 
the sodium specimen in the interior of the SCD. The appara- 
tus was therefore surrounded on all sides with borated poly- 
ethylene plates, 10 cm thick. A polymethyl methacrylate 
phosphor plate was placed on top of the system to protect it 
from cosmic-ray mesons. The signal from the latter was used 
to generate a stop pulse which stopped the recording of 
events for 200ps ( -4 neutron half-lives in the system) and 
thus suppressed the fast neutron background accompanying 
the interaction of muons with the material of the system. The 
entire system was placed in a cast-iron castle with 140-mm 
walls (see Fig. 1 ). 

The measurement procedure was as follows. The NaI 
counter recorded the 2754-keV gamma rays in the interval 
between 2600 and 2900 keV ( - 30). These events released a 
linear gate for pulses from the semiconductor detector. The 
SCD pulses transmitted by the linear gate (in the absence of 
the stop pulse from the polymethacrylate plate) then en- 
tered a multichannel pulse-height analyzer. The region of 
interest was the neighborhood of the second gamma-transi- 
tion of sodium-24 with an energy of 1368.5 keV. Measure- 
ments performed on sodium samples irradiated in a research 
reactor showed that the efficiency of this system of detecting 
the sodium-24 gamma-rays was 1.4%. 

Three experiments were performed. Each series of mea- 
surements continued for 15 h. The instrumental background 
was recorded before and after these measurements (with a 
sample containing an equal amount of sodium). In the first 
series of measurements with a 7-keV window, there were no 
events in the SCD. 

In the second series, there was one event ( 13 h from the 
start of the measurements) and, in the third series, there 

r,, fm 

1.205 I 1.25 I i .30 
- 

I I 
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FIG. 1. Apparatus used in the search for sodium-24 gammas. 

were two events (after 9 and 14 h from the beginning of 
measurements). Over 124 h of background measurements, 
one even was recorded within this window and a further 
event at the end of the interval ( 1364.5 keV) . 

A broad energy interval (between 1268 and 1468 keV) 
was examined for the gamma-rays recorded by the SCD in 
order to take correlated coincidences between background 
events correctly into account. Analysis of the background 
and the measured gamma-ray energy spectra averaged over 
all the series (see Fig. 2) showed that the events were distrib- 
uted quite uniformly. This was used in the mathematical 
analysis of the measurements. The method of maximum li- 
kelihood (MML) was used to look for the desired effect. 

The normal distribution of the background-corrected 
energy spectrum and the corresponding time distribution of 
the pulse spectrum were taken into account (the experimen- 
tal data were extracted at hourly intervals). 

The required effect has an asymmetric distribution in 
our case. Within the 68% confidence interval, the effect ( e )  
corrected for the correlated background lies in the range 

OGeG0.97 eventdl5 h . 
Allowing for the detection efficiency ( 1.4% ), the 

chemical yield ( - 80% ), and the duration of radiochemical 

operations (8.5 h),  we found N(255 sodium-24 nuclei in 
radioactive equilibrium with 10 g uranium-233. Hence, 

T,,, (neon-24)) 1 . 7 ~  10'' y 

or 

;1(24Ne)/A, (9.5 x lo-'? 

Thus, at the 68% confidence level, our experimental 
data show that the emission of neon-24 by uranium-233 oc- 
curs with a probability that is lower than the values quoted 
earlier. Our result is not inconsistent with the above theoreti- 
cal estimates or the data of Ref. 9. The point is that the latter 
experiment recorded the combined effect of the emission of 
neon-24 and neon-25 for which the emission probabilities 
are shown by theoretical estimates to be very similar. On the 
other hand, we measured only the probability of emission of 
neon-24. Our method may turn out to be very promising for 
studies of highly-asymmetric fission by fast charged parti- 
cles. The nature of this phenomenon is very close to natural 
radioactivity with the emission of heavy clusters. 

APPENDIX 

The lifetime of a spherical nucleus for decay into spheri- 
cal fragments is 

3 - I I 
2 - I I 

7 -  n n 1 I I 
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3 FIG. 2. Background (b)  and background plus effect 
2 + ( e  + b )  energy spectra averaged over all measurements 
1 (124 h and 45 h, respectively). Broken lines define the 

I I region of the expected effect ( 1365- 1372 keV). 
I I 
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log T=log !: 2n (ICI,/C) '"1 + 2 (S, + Sc ) /ti In 10, 

where Sc is the action corresponding to Coulomb forces and 
S, the action for Coulomb and nuclear forces, 

RLC 

S, = ( 2 p ~  ( R ~ ) ) ' "  ~ R L  

HLIJ 

Q is the decay energy equal to the mass difference between 
the decaying nucleus and the decay products in the ground 
states, R, is the separation between the centers of gravity of 
the fragments, R P, is the breakup radius of the fissile nucleus 
R P, = ro(A i /3  +A :I3), Z1, Z2, A1, A2 are the atomic 
numbers and mass numbers of the fragments, p is the re- 
duced mass of the fragments, and R > = Z,Z2e2/Q is the 
barrier escape radius. Prior to breakup, the shape of the sur- 
face of the system is described by the surface of two intersect- 
ing spheres of constant density and mass: 

where d, is the height of the spherical segment of radius R,. 
The intersection radius is given by pf = di (2Ri - di ) ,  and 
there is no ordered flow of mass through this cross section. 
The coordinate R, is given by 

Prior to breakup, the system experiences Coulomb and 
nuclear forces, so that the action is given by 

where R is the initial separation between the centers of 
gravity of the future fragments in the parent nucleus, which 
have the shape of a sphere without a segment and a spherical 
segment, with masses A, and A,, respectively (together they 
formasphereofmassA = A l  +A2), A2 = f i / ( ~ , ~ ) " ~ ,  and 
M,, = M(R O, ). In the Werner-Wheeler approximation,I0 
the effective mass for potential flow of a perfect liquid of this 
configuration is 

~ [ R , ' / d ~ - - R ~ / 2 - 7  (2Ri -d i )  /4-3Ri in ( d i / 2 R i )  ] }, 
wherep, is the density. For the decay of uranium-233 with 
the emission of neon-24, M,, = 2.5p and M(R P, ) = p. The 
potential energy is approximately given by 

It is found that, in fission, the path in S, is shorter by a factor 
of 1.4 than in the description of the process in terms of de- 
tailed a-decay, as was done in Ref. 5 (the parent nucleus 
then emits a spherical cluster, i.e., R2 = const during the 
decay). From Ref. 5, ro = 1.225 fm and, to obtain the experi- 
mental lifetime for the decay of radium-223 with the emis- 
sion of carbon-14, the energy of subbarriel inotion is in- 
creased by AE = 0.128A2 MeV, i.e., tne conservation of 
energy is violated. In our case, for radium-223 we have 
T,/TIdc = 7.3X lo-" at ro = 1.205 fm and 7.3X 10-lo at 
ro = 1.25 fm, i.e., the experimental value published in Ref. 1. 
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