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The measurement of the energy spectrum of “C nuclei emitted in the spontaneous radioactivity of
223Ra and 2**Ra has been carried out, using thin and intense sources (480 MBq for ?**Ra and 3550 MBq
for *Ra). The sources were obtained by implanting mass-separated beams into Al and vitreous C catch-
ers. The measurement was performed with a superconducting solenoidal spectrometer. Our discovery,
previously reported, of fine structure in the energy spectrum of '*C emission from ?**Ra, which is analo-
gous to the one known for a emission, is confirmed. Only 13% of the branching ratio in “C decay leads
to the ground state of the residual nucleus, while 81% to the first excited state. For '*C emission from
224Ra, a lower limit of 2 for the hindrance factor has been measured for the transition to the first excited
state in the residual nucleus. Also, a precise identification in Z with an E X AE telescope has been per-
formed for the radiation from the *’Ra source. Our measurements of fine structure in *C emissions

open this field to nuclear structure studies.

I. INTRODUCTION

Recently (1984), natural “C radioactivity was observed
[1] from Ra isotopes, in parallel with a decay, with
branching ratios of ~1071%, Emissions of Ne, Mg, and
Si have been consecutively observed from uranium and
heavier elements with branching ratios ranging from
1072 t0 1077, A common feature of all these emissions
is that heavier nuclei emit heavier fragments in such a
way that the daughter is always the double magic *°®Pb
or a closely neighboring nucleus. This fact is easily ex-
plained by the favorable energetic balance in the decay of
heavy nuclei toward the 2°*Pb region. Two review papers
of this field are given in Refs. [2] and [3].

Various techniques have been used so far. In particu-
lar, track detectors have been found to be the most ap-
propriate to measure emissions with the lowest branching
ratios. At Orsay, we used the magnetic spectrometer
SOLENO to confirm [4] the first discovery, i.e., the *C
radioactivity of *?>Ra, then to give evidence [5] for the
14C radioactivity of 2°Ra. The logic of searching for new
emitters with even smaller branching ratios (1*C/a) was
the only rule until 1989 when, at Orsay, in an experiment
with the magnetic spectrometer SOLENO, we found evi-
dence for a fine structure in the energy spectrum of *C
ions emitted from ?*’Ra [6].

Concerning the theoretical aspects, fissionlike models
simply relying on the Q value of the decay and on a phe-
nomenological potential barrier have been used since
1980 and improved thereafter [7—9]. They have shown a
high predictive power in the types and the branching ra-
tios of these exotic emissions. As to whether excited
states in the residual nucleus are populated or not in
these emissions, the fissionlike calculations could only
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evaluate the dynamical aspect, predicting an attenuation
of 2 orders of magnitude for an increase of 1 MeV in exci-
tation energy.

According to the fissionlike calculations, the decay of
225Ra into '*C goes mainly to the ground state of *Pb
and only with a fraction of 2% to its first excited state.
The results of the fine-structure experiment of Orsay were
in complete disagreement, showing a predominant transi-
tion to the first excited state (81%) and a weaker transi-
tion (15%) to the ground state. They are rather similar
to the well-known results for fine structure in a decay, in
which transitions to the ground state in residual nuclei
are hindered for odd- 4 parent nuclei. Clearly, these facts
are a strong signature of nuclear structure effects requir-
ing microscopic calculations for their interpretation.

At present, a precise measurement of the energy spec-
trum of *C ions emitted by Ra sources, as well as the
precise identification of 4 or Z for such ions, are only
possible by means of a spectrometer like SOLENO [10]
because of both its high rejection of a radiation and its
large-entrance solid angle ( =200 msr).

The significant experimental development at Orsay,
after our fine-structure experiment [6], was the use of a
new type of radioactive Ra source. These sources are
produced by implantation at ISOLDE (CERN). Com-
pared to our earlier sources which consisted of various
chemical deposits, the new sources have higher intensi-
ties, smaller thicknesses, and better purity. These new
sources produced at ISOLDE were used in the experi-
ment which will be described in this paper, in order to
confirm our preceding result obtained with ??*Ra source
and to extend it to a ?**Ra source. In addition, a precise
measurement with Z identification of the emitted radia-
tion has been carried out using the >Ra source.

1424 ©1991 The American Physical Society



I

II. CHOICE OF 2°Ra AND ??*Ra SOURCES

Taking advantage of the possible production at
ISOLDE of more than one source at one time, we decid-
ed to simultaneously produce two sources of **Ra and
224Ra. Indeed, the remeasurement of 2*Ra with a source
of an alternate production type was interesting in order
to confirm and to improve our earlier result. The choice
of 2?*Ra, on the other hand, was based on the discussion
of the Geiger-Nuttal diagram plotted for '“C emission
from Ra isotopes, in analogy to a emission.

A Geiger-Nuttal diagram consists of plotting log,,T;
vs Q ~!/2 for each emission, T, ,, and Q being the half-life
and the Q value, respectively. Figure 1 shows the dia-
grams for both a and '*C emissions from Ra isotopes.
The left-hand side of the figure contains a emission data
taken from Ref. [17]. It is seen that transitions to the
ground state and first excited state of even-even nuclei,
i.e., 22Ra, **Ra, and **°Ra, define a straight line, while
data corresponding to odd- 4 nuclei, i.e., >*’Ra, fall above
it. The vertical deviation from the straight line is called
the hindrance factor and is related to nuclear structure
properties.

The right-hand side of Fig. 1 corresponds to the results
of the known even-even “C emitters, i.e., 2?Ra, ***Ra,
and *?°Ra [5,11]. The Q values were calculated under the
assumption that the residual nucleus has been left in its
ground state. The fact that the data lie approximately on
a straight line means that this assumption is almost
satisfied and that the analogy with o emission is meaning-
ful. The results of the only odd- 4 *C emitter, i.e., **’Ra,
fall above the line, similarly to a emission. Now, con-
versely, we rely on the analogy with a emission to assume
that representative points of the transitions to the first ex-
cited state, for even-even “C emitters, fall on the straight
line in the diagram. This allows us to deduce their
branching ratios, which hence have been predicted as
0.01, 2.5, and 1 % of the ground state for 222Ra, 2%*Ra,
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FIG. 1. Geiger-Nuttal diagram for a and '*C emissions of Ra
isotopes. The decimal logarithm of the half-lives expressed in
seconds is plotted vs Q ~!/2, the energy balance Q of the reac-
tion being expressed in MeV.
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and ??°Ra, respectively.

Our interest has been fixed on 2*Ra among the other
even-even Ra isotopes for the following reasons.

(i) For *?Ra, three measurements have been carried
out [5,11,12]. All of them had sufficient energy resolution
to resolve the first excited state of 2°®Pb at 2.6-MeV exci-
tation energy location. No meaningful counts have been
observed at this location. An appropriate search with the
spectrometer SOLENO for fine structure (predicted
above for this isotope to be <107°) would require un-
realistic statistics.

(ii) For ??°Ra, two measurements have been performed
with the same thick source (2 mg/cm?) made at Orsay
[5,20]. The thickness of the source is inherent to both the
relatively high activity (2.6 mCi) of the source and its
long half-life (1600 yr). The poor energy resolution ex-
pected from such a thick source together with the low
branching ratio to excited states in the residual nucleus
make the feasibility of the search for fine structure in
226Ra decay quite questionable.

(iii) For %**Ra, the above-predicted branching ratio
(2.5%) to the first excited state is the highest, compared
to those of ??’Ra and ?*°Ra. In addition, the only previ-
ous measurement [11] for this emitter was performed in
track detectors with poor statistics (22 events) and an en-
ergy resolution of about 2 MeV which is insufficient to
resolve the first excited state of 2!°Pb located at 0.795-
MeV excitation energy. Thus, a search for fine structure
with this isotope is promising.

III. PRODUCTION OF ?2*Ra AND ??*Ra SOURCES

Radium and francium isotopes were produced by
means of the ISOLDE-2 mass separator [13] at the syn-
chrocyclotron of CERN. A 2.8-uA proton beam of 600
MeV and a thick thorium carbide target [14] of 55 g/cm?
were used during a 3-day irradiation. The ?*Ra and
224Ra sources were g)roduced by implantation of the
A=223 (**Ra + ?¥Fr) and 4=224 (***Ra + 2**Fr)
singly charged ions of 60 keV. The 2**Fr and 2**Fr iso-
topes are short-lived 3 emitters which transform into
223Ra and ?**Ra, respectively, contributing to the produc-
tion of the Ra sources. The intensities of the collected
beams are displayed in Fig. 2 which shows a mass spec-
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FIG. 2. The intensity of mass production at the focal
chamber of ISOLDE as scanned by a wire and displayed on an
oscilloscope. The peaks correspond to integer mass number A4
and they are composed of Fr and Ra isobars.
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trum of (Ra + Fr) isotopes scanned by means of a wire at
the focal chamber. The 4 =223 jons were implanted into
an Al catcher mounted in an external beam line. A uni-
form electrostatic scan over an area of 15X 6 mm was
made. The implantation of 4=224 ions was performed
into a vitreous carbon plate (4 mm wide and 8 mm high)
placed in the focal chamber of ISOLDE. Vitreous carbon
was chosen as the implantation material because of both
its low coefficient of sputtering and its mechanical hard-
ness useful for subsequent handling. Because ***Ra is the
nearest neighbor to 2*’Ra, it was not possible to produce
it simultaneously in a second beam line where a scan
would have helped to decrease the consequences of the
sputtering.

Indeed, sputtering of atoms from the implantation ma-
trix is the main problem that one encounters when pro-
ducing an intense source of a small area. This problem
was particularly serious for the ***Ra source which was
produced at a rate of 8 X10° 4=224 ions per s. We es-
timated a sputtering of a total of 10'® atoms from the car-
bon matrix. Assuming that the ions are implanted within
a depth of 200—400 A, an implantation area larger than 7
mm? was required to avoid reaching the saturation in the
implantation [15]. Therefore, to increase the implanta-
tion area, the beam spot was regularly moved over the
carbon plate during the irradiation, horizontally by mov-
ing the carriage on which the plate was fixed, and verti-
cally by moving the beam itself.

IV. CONTROL MEASUREMENT OF THE SOURCES

The aim of the control measurement was to determine
the intensity of the sources and to check their isotopic
purity and the energy resolution of the emitted a rays.
The measurement was performed, after transporting the
sources rapidly to Orsay, by arranging a source and a Si
detector in direct view of each other inside a vacuum
chamber. The source to detector distance was made
large (=2 m) and a diaphragm of a small diameter
(¢=5.5 mm) was placed in front of the detector, so that
an a-counting rate of only a few hundred per s was ob-
tained.

We first point out that, to use these sources with the
spectrometer SOLENO, a 2000-A layer of Al had to be
deposited on them by evaporation. So, in the present sec-
tion, after general information on 22’Ra and ??*Ra decay
chains, we describe the a spectra of the sources measured
before and after the evaporation of Al.

Figures 3(a) and 4(a) give the decay chains of ?>’Ra and
22%Ra and the most intense a rays of their chain
members. The rays were numbered up to 12 for **’Ra
and up to 7 for 2**Ra. The plot displays the intensity of
these rays versus their energy (normalized to the total Ra
parent intensity). One has to note the presence of a Rn
isotope in each of the two decay chains. Indeed, the Rn,
as a gas, will emanate from the source and will then cause
various troubles.

Not only is Rn an a emitter, but also it generates
daughters which are themselves a emitters and which, in
addition, involve one member of a relatively long half-life
(T, ,,=36.1 min for >!'Pb and 10.64 h for *!?Pb). Conse-

quently, when a source is handled in air, special health
protection against radon is required, and when a source is
measured inside a vacuum chamber, a serious a radiation
background from the daughters deposited on the wall of
the chamber is encountered.

Figures 3(b) and 4(b) show the a radiation energy spec-
tra of 2°Ra and 2?*Ra sources, respectively, these spectra
having been established before the evaporation of Al on
the sources. In Fig. 3(b), peaks labeled 11 and 12, which
correspond to 2!°Rn and its next daughter 2'*Po, present
two anomalies: (i) their intensities compared to those of
peaks 1-6 corresponding to *>Ra are much higher than
expected from Fig. 3(a), and (ii) they have large low-
energy tails with bumps. These anomalies are due to the
Rn escaping from the source and to its nearest daughter
which both decay in the neighborhood of the detector
into its large solid angle. Apart from these apparent
anomalies, all of the expected a rays are normal. In par-
ticular, the a rays corresponding to *?*Ra are well
resolved and show an energy resolution of 23 keV. If we
take into account the resolution of 20 keV achieved by
the same detector with the 5.480-MeV a ray of an 2*'Am
standard source, we can say that the energy degradation
due to the ?*’Ra source is small. This means that the
type of source obtained by implantation at ISOLDE is of
high quality and appropriate to a and '*C emission spec-
troscopic studies. As to the activity of the source, it was
deduced from the area of the ?*Ra peaks and was found
equal to 480 MBq (13 mCi) in 2?Ra at the end of the irra-
diation.

In Fig. 4(b), corresponding to the ??*Ra source, the
peak with a low-energy tail lying between peaks 5 and 6 is
spurious. It is due to 2!!Bi traces left in the vacuum
chamber after the preceding measurement with the 2°Ra
source [it corresponds to peak 10 in Fig. 3(b)]. The figure
displays a good quality spectrum characterized by an a-
ray energy resolution of 28 keV and an activity of the
source of 3550 MBq (96 mCi) in 2?*Ra normalized to the
end of the irradiation.

Finally, looking for common rays in the spectra of the
two sources due to isotopic mixing in the production,
peak 12 of the decay chain of 2>’Ra was revealed in the
spectrum of ***Ra source and peak 7 of the decay chain
of 22*Ra was revealed in the spectrum of 2*Ra. The cross
contaminations, i.e., the activity ratio of 2>’Ra to ?**Ra in
the 2?*Ra source and of ?**Ra to **Ra in the ***Ra
source, were determined to be =< - and =2, respec-
tively, at the end of the irradiation.

Figures 3(c) and 4(c) display the a-ray energy spectra
of ?»Ra and ***Ra sources, respectively, these spectra
having been measured after the evaporation of Al on the
sources. In both figures, the relative height of the various
peaks is in agreement with the expectation from Figs. 3(a)
and 4(a). This means that most of the Rn and its
daughters decay inside the source itself and, consequent-
ly, that the emanation of Rn is much lower than without
the coating of Al. This analysis is reinforced by the fact
that a small peak appears on the right-hand side of the
radon peak [peak 11 in Fig. 3(c) and peak 5 in Fig. 4(c)].
The small peak is due to Rn nuclei decaying after emana-
tion from the source, since its shift in energy of 40 keV
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with respect to the main peak of Rn corresponds to the
energy loss in the Al deposit on the source. The spurious
peak on the left-hand side of peak 6 in Fig. 4(c) is due to
211B; traces from the 2°Ra source measured this time also
before the 22*Ra source. As to the energy resolution mea-
sured for the a rays of Ra, the two sources gave a value
of 40 keV, still quite acceptable for the success of the ex-
periment. Unfortunately, there is a low-energy tail for a
rays from Ra which is more pronounced in the case of
the 22’Ra source. This may indicate that the Al evapora-
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tion on the Al matrix was not as successful as on the car-
bon matrix.

V. SETUP WITH SOLENO

Let us recall here that SOLENO is a superconducting
coil surrounding a vacuum chamber (¢ =360 mm) on the
axis of which the source is placed at one side and the
detector at the other side. When the electric current is
set to focus on the detector “C®*t or *C°* ions emitted
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FIG. 3. The a-particle spectra of the *Ra source produced at ISOLDE. In (a), the decay chain of ?*’Ra, with the plot of the a-
ray intensities versus the a energy, taken from Ref. [17]. In (b), the a-ray spectrum of the 2**Ra source produced at ISOLDE, as
given by a Si surface barrier detector placed in direct view of the source. In (c), as in (b), but after the deposit of an Al layer on the

source by evaporation.
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by the source, the high flux of a radiation emitted by the
same source is focused outside the detector. A diagram
of the setup is shown in Fig. 5.

A. Transmission curve

The focusing of SOLENO is characterized by the
effective solid angle Q at its entrance. For a fixed
source-detector geometry, ) depends on a single parame-
ter y such that

y=Bp/I, (1)

where Bp is the magnetic rigidity of the ions emitted by
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the source and I is the electric current in SOLENO. The
curve obtained by plotting Q vs y is called the transmis-
sion curve of SOLENO. For each source-detector
geometry used in this work, a transmission curve has
been measured, using an a source of calibrated intensity
and known Bp, and varying the current I of SOLENO.
The transmission curve corresponding to a quasipoint
source and to a single Si detector with a ¢ =22 mm dia-
phragm in front is shown in Fig. 6. The same figure indi-
cates the current values used in the various measure-
ments and the locations (indicated with arrows) corre-
sponding to the *C ions which populate the low-lying ex-
cited states in the residual nucleus.
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FIG. 4. Asin Fig. 3, but for the ??*Ra source produced at ISOLDE.
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FIG. 5. The setup with SOLENO. The drawing shows the
mechanical structure of SOLENO: the coil, the iron shield, and
the vacuum chamber. The vacuum pumping and the source
detector configuration with ion trajectories are shown.

B. Detectors

In the search for fine structure in the energy spectrum
of *C ions from ?2*Ra and 2**Ra, a single Si detector was
used in order to reach the best energy resolution. It was
a passivated implanted planar detector (made by Canber-
ra), partially depleted, with a thickness of 100 um and an
area of 450 mm?. Its energy resolution was 18 keV for a
particles and 110 keV for '°C particles of 30 MeV.

A surface barrier Si detector telescope, manufactured
at the Institut de Physique Nucléaire (IPN) of Orsay, was
used for Z identification. The E detector was partially
depleted, 300 um thick, with an area of 450 mm?. The
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FIG. 6. The transmission curve of SOLENO, with a ¢=22
mm diaphragm in front of the detector. The solid angle £} of
SOLENO is given as function of the parameter y =Bp /I, where
Bp is the magnetic rigidity of the ions emitted by the source and
I is the current in SOLENO. The locations of the ground state
and some low-lying excited states in the residual nucleus of the
decay of ***Ra and ??*Ra are labeled with numbers and letters,
respectively.
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AE detector was of epitaxial type, totally depleted, 9 um
thick, with an area of 250 mm?. A detailed description of
the AE detector is given in Fig. 6 of Ref. [16].

C. a background

A serious problem expected to occur in the measure-
ment of such intense sources with SOLENO is an intense
background from a particles. This may cause strong
multiple pileup and even rapidly damage the detector.

One origin of a particles is radon emitted from the
source and traveling as a neutral gas inside the vacuum
chamber of SOLENO. The radon and it daughters decay
in the neighborhood of the detector producing an overall
a background which is independent of the current setting
of SOLENO but proportional to the detector area. In or-
der to reduce this type of background, an efficient pump-
ing with two turbomolecular pumps in addition to the
standard cryogenic pump was used. Also, a diaphragm
(¢=16 mm) designed to cover half of the detector area
was prepared.

The other origin of a particles falling on the detector is
the source itself which emits a tremendous flux of ener-
getic (5—8 MeV) singly or doubly charged a radiation. In
the previous uses of SOLENO, the current was set for a
magnetic rigidity Bp of C®" at the maximum of the
transmission curve. This was not possible for the source
of 22*Ra because of the proximity of the Bp of 8.784 MeV
att emitted by 216ps, which is a member of the decay
chain of 22*Ra. Therefore, the “C°" state was used in
our measurement.

D. Charge-state distribution

We needed to know the percentages of '*C°' and

146t charge states in an interval of a few MeV around a
4C jon energy of 30 MeV. Under the assumption that
2C and ¥C atoms of equal velocity have approximately
the same charge-state distributions, we measured such
distributions for a '2C beam of about 25 MeV delivered
by the Tandem at Orsay. To simulate the Al deposit on
223Ra and ??*Ra sources, the >C beam had to traverse an
Al foil of 100 ug/cm?.

Two methods of measurement were performed. In one
simple method, the analyzed '>’C** beam of the Tandem
was allowed to cross an Al foil of 100 ug/cm? At the
exit of the foil, the charge equilibrated '*C®*, 12C3*, and
12C4* beams were consecutively switched towards a
Faraday cup and their intensity measured. In the second
method, the >)C** beam hit a 100-ug/cm? Al target and
the elastically scattered '*C®* and !2C°" ions were fo-
cused with a split-pole spectrometer placed at 9° and
measured with a multiwire proportional counter. The
two methods were in agreement.

The results of the two measurements are plotted in Fig.
7 together with the results for a '>C beam incident on a C
foil taken from the compilation of Shima et al. [18] and
connected by continuous lines. We read the percentages
of 5% and 61 charge states on the dashed curves which
are parallel to the continuous lines and also fit our two re-
sults. The data measured by Kutschera et al. [19] at Ar-
gonne are also shown on the same figure. They are in
agreement with our results.
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FIG. 7. The charge-state distribution plotted against the ki-
netic energy for '>C. The continuous line connects three points
taken from Ref. [18] and given for a 'C beam incident on a C
foil. The symbols O and -+ represent two measurements we
have performed for a '2C beam incident on a 100-ug/cm? Al
foil. The symbol A represents the results of Kutschera et al.
[19] for a '*C beam incident on a 100-ug/cm? Al foil.

VI. FINE STRUCTURE
IN “C RADIOACTIVITY OF 22*Ra

In a preliminary measurement, the current of
SOLENO was set to focus '*C>* ions. The counting rate
of a particles originating from radon was too high and, in
addition, noticeable traces of 2**Ra sputtered from the
source were detected. Having realized that both troubles
originated from the location of Ra atoms on the surface
of the source (due to the removal of the 200-A matrix lay-
er by sputtering during the irradiation), we decided to de-
posit on the source a 2000-A layer of Al, in order to
reduce the emanation of radon and to prevent the
sputtering of Ra. The deposit was achieved successfully.
The emanation of radon was reduced by a factor of 5.
The sputtering of Ra was completely stopped and the en-
ergy resolution in the a spectrum measured in direct view
of the source was only slightly degraded from 28 to 40
keV.

The measurement with SOLENO consisted of a 6.3-d
run, the current of SOLENO being set at the value of 330
A which focuses *C°* ions emitted from ?**Ra. Having
started the measurement with a diaphragm of ¢ =16 mm
placed in front of the detector, this diaphragm was ex-
changed for another one of $=22 mm, 2.2 d later when
the activity of the source had decreased by a factor of 1.5.

Throughout the measurement, the multiple pileup was
closely controlled. Indeed, taking into account the ener-
gy range (5.449-8.784 MeV) of the a rays generated by
?24Ra and the members of its decay chain, the triple pile-
up was expected to extend in energy to an upper edge of
26.353 MeV, which is due to the triple pileup of the
8.784-MeV «a ray. On the other hand, as the energy of
!4C ions feeding the ground state of the residual nucleus
210py js 28.631 MeV, an interval of 2.3 MeV was left be-
tween the ground-state position and the upper limit of
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the triple pileup to observe the four low-lying excited
states in 2!%Pb. In fact, the measured a counting rate did
not exceed 3000 counts/s during the experiment. The
quadruple pileup which could disturb our measurement
was 9 orders of magnitude lower. So, only a few counts,
i.e., not more than 3 or 4, could have occurred during the
whole measurement and, in addition, these should have
fallen over a wide range of energy.

Transmission curves of SOLENO were established be-
fore and after the measurement for the two diaphragms
of $=16 and 22 mm used consecutively in front of the
detector. The curve corresponding to the ¢ =22 mm dia-
phragm was found to be 1.41 times the other. This curve
is presented in Fig. 6, where the arrows indicate the loca-
tions of the ground state (label a) and the first and the
second excited states (labels b and ¢) of 2°Pb. The
current setting of SOLENO was chosen to place the ex-
cited states at the maximum of the transmission curve.

The results of the measurement are reported in Fig. 8,
where a very sharp peak is seen. The peak contains 149
events. It shows an energy resolution of 150 keV. It is
located exactly at the position expected for the ground
state of 2!°Pb, as deduced from the energy calibration
with *C emission from a ?**Ra source. We conclude that
this peak corresponds to the transition from ??*Ra by '*C
radioactivity towards the ground state of the residual nu-
cleus 21°Pb. At the left of the figure a few triple pileup
events are seen and the upper edge of the triple pileup is
indicated. In between the '*C ground-state peak and the
a triple pileup region, the locations of the four low-lying
excited states of '°Pb are indicated with arrows. No
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FIG. 8. The energy spectrum of *C ions measured with the
22%Ra source. The arrows indicate the locations of the ground
state and some low-lying excited states in the residual nucleus
210pp, No events are seen at the locations of the excited states.
The energy calibration has been deduced from the peak posi-
tions for the **Ra source, the latter having been calibrated in a
previous experiment with a *C beam from the Tandem of Or-
say. The energy resolution is 150 keV.
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events at all are seen at these locations. This fact means
that, within the sensitivity of our experiment, no transi-
tion from ?**Ra by *C emission towards the low-lying ex-
cited states of 2!°Pb is observed.

We calculated for 22*Ra the branching ratio B of C
emission with respect to a decay according to the follow-
ing formula:

n =BNQe/4r , (2)

where n is the number of “C nuclei detected (149), N is
the total number of 2>*Ra nuclei which decayed during
the measurement (5.01 X 10'*), Q is the effective solid an-
gle of SOLENO (161 msr for a ¢=22 mm diaphragm),
and € is the 51 charge-state percentage of the '*C ions
emitted by ***Ra (at 28 MeV, a value of 32.5% has been
used). Taking into account the numerical values and the
change in transmission for two different diaphragms, a
branching ratio (*C/a) of (6.54+1.0)X107!! has been
deduced. It is slightly higher than the only one previous-
ly reported [11] [(4.3£1.2)X 107 !1]. Nevertheless, both
results are in agreement within their respective uncertain-
ties. On the other hand, as no event was detected for the
first excited state of 2!°Pb, a lower limit of 2 for the hin-
drance factor (confidence level of 90%) has been deduced.
Two final conclusions can be drawn: (i) a sensitivity in
4C emission measurement to a branching ratio of
4Xx 107" with respect to a decay has been reached; this
is a record for the setup with SOLENO, and (ii) the nu-
clear structure origin of the measured hindrance factor
limit appeals for a spectroscopic interpretation.

VII. CONFIRMATION OF THE FINE STRUCTURE
IN C EMISSION FROM ?*Ra

Our main goal with the 2*Ra source was a
confirmation of our previous result [6] which gave evi-
dence for fine structure. Naturally, we also tried to
achieve better statistics and a better energy resolution.
On the other hand, the present measurement with the
223Ra source immediately followed the one with the 2>*Ra
source. The same detection conditions for the two
sources were maintained in order to have an identical en-
ergy calibration.

Five successive runs have been carried out for different
values of the current in SOLENO. The current values
have been chosen such that the transitions towards the
ground state (label 0) and the excited states (labels 1, 2,
and 3) in 2Pb (Fig. 6) had various locations on the
transmission curve.

A total number of 700 events was detected, twice the
statistics of our previous measurement [6]. The energy
spectrum is given in Fig. 9. Two prominent peaks are
clearly present. They correspond to the ground state and
to the first excited state in 2Pb. This result definitely
confirms the fine structure in the energy spectrum of '*C
radioactivity from 23*Ra.

The main part of the peaks has a width of 150 keV,
which is better than our previous value of 240 keV. Un-
fortunately, the shape of the peaks is not Gaussian and
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FIG. 9. The energy spectrum of *C ions measured with the
223Ra source. The arrows indicate the locations of the ground
state and some low-lying excited states in the residual nucleus
20%Pb. The presence of the peak at 0.779 MeV is the unambigu-
ous confirmation of the evidence for a fine structure. The main
parts of the “C rays show a resolution in energy of about 150
keV.

there is a low-energy tail, which is larger than in the case
of ?**Ra source, as expected from the a-ray control spec-
tra (see Sec. IV). As no peak of the characteristic width
(150 keV) is seen over the location of the second and
higher excited states, we can conclude that none of these
has been detected.

Nevertheless, it should be interesting to repeat this ex-
periment in the near future with improved sensitivity.
This should be possible after the installation of ISOLDE
at CERN'’s Proton Synchrotron (PS) booster. We plan to
do it, benefitting from our experience gained in the choice
of source implantation matrices and in the control of Al
depositions.

For the calculation of the branching ratio (*C/a), we
label a given run with an index i specifying the current of
SOLENO and call N; the total number of **Ra nuclei
which have decayed. Furthermore, the excitation ener-
gies in 20°Pb is divided into intervals labeled j. With this
notation, the branching ratio B; is given by

n;=B;N;Q;€; /4 , (3)

where the quantity n;; is the number of 14C nuclei which
were measured in the interval j during the run i, Q;; is
the effective solid angle of SOLENO corresponding to the
interval j in the run /, and ¢; is the 61 charge-state per-
centage of the *C®* ions populating the interval j.

The total '*C emission branching ratio with respect to
a emission was found to be (7.0+0.4)X 1071, whereas
the branching ratio to the ground state of 2Pb was equal
to (0.910.20) X 10~ !9 instead of the value 6 X 107 '° pre-
viously used in predictive models. The partial branching
ratios to the ground state and to the first excited state of
the residual nucleus have been deduced to be 13£3 %
and 81%6 %, respectively. All these numbers concerning
the various calculated branching ratios are in agreement
with those obtained in our first measurement (Table I)
and do not appreciably modify Fig. 1 which is based on
our previous results. In Fig. 10, we report for compar-
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TABLE I. Comparison of the branching-ratio results of this work and of previous works.
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ison our old result together with the present ones. We
note that both results exhibit a moderate sensitivity to
the detection of higher excited states with smaller

S

Parent Daughter B(**C/a) B(**C/a)

nucleus nucleus This work Other works Ref.
224Ra 210pp g.s. (6.5+£1.0)x 107! (4.3+1.2)x 1071 [11]
22%Ra 20pp E,=0.795 MeV <4x107 1

23Ra 209Pp g.s. (0.9+0.2)x 10710 (1.0£0.2) X 10710 [6]
23Ra 209pp E,=0.779 MeV (5.7+0.4) X 10710 (5.240.4) X 10710 [6]

branching ratios, due to low-energy tailing.

VIII. IDENTIFICATION WITH A TELESCOPE

In the previous measurements of '*C emission, either
with track detectors or with Si telescopes, none was fo-
cused on a search for fine structure in the atomic number
Z of the emitted light nuclei.

The measurement de-

half of the total number of events are concentrated over a
small region, while the rest are mainly spread along two
lines, one line being horizontal and the other with a slope
such that E X AE=const. In the same figure, there are
reported the results of a calibration with 2C and %0
beams of different energies delivered by the Orsay Tan-
dem. Contour limits at - and & of the maximum of the
telescope response to each beam have been drawn.

In an overall comparison, it clearly appears the C and
O beam locations fall on two distinct horizontal lines and
that the 22°Ra source results lie very close to the 29-MeV

scribed hereafter is the first to have been optimized in
statistics and in detection quality to be sensitive to a few
percent in fine structure in Z.

The source of >*>Ra was used and the single detector
was replaced by the Si E X AE telescope. The current of
SOLENO was set to the value of 284 A already used to
focus *C%" jons emitted by *?*Ra. The focusing is illus-
trated by the positions of the arrows on the transmission
curve in Fig. 6.

A 6-d measurement was performed. A total of 210
events were recorded and are given in a bidimensional
E X AE plot (Fig. 11). It should be noticed that in this di-
agram the quantity E is the response of the back detector,
i.e., the residual energy, instead of the total energy more
conventionally used in the literature. A small size dot
represents a single event whereas a big size dot represents
a set of 10 grouped events. It is seen that more than one-

C beam position (the shift in the location was caused by
electronic signal attenuation due to longer cables for the
measurement with beams). This fact illustrates the con-
clusion that at least a large part of the *>’Ra source re-
sults corresponds to C and not to O or other ions. Now,
analyzing the spread of the source results, one can ex-
plain the horizontal extension by the natural width in en-
ergy of '*C nuclei emitted by ?’Ra. As to the few events
distributed over the E X AE=const line, they are compa-
tible with C ions having undergone channeling in the AE

detector. Thus, at the present level of statistic
structure in Z was visible.

s, no fine
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FIG. 10. Comparison of our previous result which gave evi-
dence for the fine structure and of the present result which
confirmed the discovery. The statistics in the present result are
twice as high and the energy resolution is better. Low-energy

tailing in both results is seen.
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FIG. 11. The E X AE bidimensional spectrum obtained with
the 2Ra source. The dots represent the detected events. The
contour plots represent the response of the telescope to '°C and
180 beams of various energies delivered by the Orsay Tandem.
As expected, the event location is very close to the 29-MeV C
beam. The small shift in energy has an electronic attenuation
origin due to longer cables used in the measurement with beam.
The E X AE=const slope, either in the measurement with the
source or in the one with the beams, is due to channeling in the
AE detector.
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IX. DISCUSSION AND CONCLUSIONS

The present work combined two unique facilities,
ISOLDE as a source production system and SOLENO as
a large solid angle (200 msr) spectrometer. The quality
criteria of the sources are the energy resolution for a rays
and the isotopic purity. The a energy resolution mea-
sured in this work was excellent and very close to the lim-
iting value (=20 keV) obtained with standard «a sources.
As to the cross contamination by neighboring Ra iso-
topes, it did not exceed a few parts per thousand.

On the other hand, one had to suspect that the sputter-
ing during the implantation sets a saturation limit on the
activity, in the production of sources with small areas (a
few units to a few tens of mm?). In fact, the saturation
should be reached beyond several days of irradiation,
which is too long a period for a normal irradiation re-
quest at ISOLDE.

Indeed, in the first measurement of the a spectrum of
the ??*Ra source, we realized that the intensity of this
source was exceptional and hence appropriate to over-
come the weak *C emission from 2**Ra (1 order of mag-
nitude lower than that from ?23Ra). So, despite difficult
handling due to the presence of a long half-life daughter
(32Pb, T, ,,=10.64 h) and a high-energy ¥ emitter (***T1,
E,=2.6 MeV) in the decay chain of the emanating ra-
don, a very precise result has been obtained, clearly im-
proving the previously measured value for the branching
ratio of *C emission from ?>*Ra and giving evidence for
the existence of a hindrance factor in *C emission to the
first excited state in the residual nucleus.

The measurement of the *Ra source served three pur-
poses. The first was to confirm the fine structure in the
energy spectrum of *C emission from ?*’Ra that we have
discovered using a chemically deposited 2*’Th source.
The fine-structure result was unambiguously reproduced
with the new type of 22’Ra source. The second purpose
was to carry out a precise identification in Z. This also
was successfully achieved and showed that all the events
fall at the C location as determined with a C beam. The
final purpose was the use of the ground-state location in
the energy spectrum in order to calibrate the energy scale
in the ?**Ra measurement. Indeed, with this calibration,
the observed peak in the **Ra measurement came at the
ground-state location expected for '*C ions emitted from
224Ra nuclei.

During this work, we have experimented with the pro-
duction, the handling, and the measurement with
SOLENO of Ra sources produced at ISOLDE. In partic-
ular, we have gained experience with two different im-
plantation matrices, i.e., Al and vitreous carbon, and the
Al evaporation on the sources. After our present success,
we plan to perform a further experiment with, again, a
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223Ra source under optimized conditions to attain an ulti-
mate energy resolution. Such resolution together with
good statistics are required to resolve the second and
higher excited states in the residual nucleus. In addition,
a precise measurement would tell us if there are events
occurring in the energy spectrum at the location of '3C
emitted from 2’Ra. Such an occurrence was suggested
by the mass identification results of Kutschera et al. [19]
which yielded one event out of 24 at the *C location.

Already in 1986, the plot of the branching ratio of *C
emissions versus the mass number of the parent nucleus
showed an odd-even effect analogous to that for a emis-
sion [20]. At present, we explain this odd-even effect as a
manifestation of a large hindrance for transitions from
odd- A4 parent nuclei to the ground state of their daughter
nuclei. In particular, we expect 2*'Pa and 2**U, which are
odd- A Ne emitters, to have in their decays transitions to-
ward the excited states of their daughters.

In fact, only the outlines of this type of radioactivity
have been explained so far [8,9]. It has been explained as
a superasymmetric fission toward the 2%Pb region
governed by the Q value of the decay and by an appropri-
ate potential barrier. This fission reproduces approxi-
mately the absolute branching ratios but fails in the ex-
planation of the observed hindrance factors which are
connected to the overlapping of microscopic wave func-
tions of the parent nucleus and the emitted fragments. A
microscopic calculation similar to the one initiated by
Blendowske et al. [21,22] should be developed. It has to
explain not only the transition observed from ?*’Ra to the
first excited state of 2°°Pb, but also the hindrance which
we have observed in this work from ?**Ra to the first ex-
cited state in 2!Pb. It is probably such a hindrance with
a nuclear structure origin which has also lowered the '*C
emission from 2?'Fr and ??'Ra in such a way that they
have not been observed yet [20].
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