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The new neutron deficient isotope209Th has been produced in the reaction of32S on 182W at beam energy
of 171 MeV. Evaporation residues were separated in flight from beam by a JAERI recoil mass separator, a
implanted in a position sensitive strip detector. The genetic correlation ofa-decay events, their energies and
half-lives has been used to identify isotopes. Ana-decay energy and a half-life of209Th have been determined
to be 8.080~50! MeV and 3.821.5

16.9 ms, respectively.@S0556-2813~96!01310-6#

PACS number~s!: 23.60.1e, 21.10.Tg, 25.70.Gh, 27.80.1w
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The study of radioactive decay properties of nuclei ne
the neutron and proton drip lines has been of considera
interest. Extensive studies of their decayQ values have been
used to improve the atomic mass formula. This paper p
sents results which concern the decay of a new isoto
209Th.
The production of 209Th was achieved using the

182W(32S,5n) reactions with a bombarding energy of 17
MeV. Beams of32S supplied by the JAERI-tandem accelera
tor were used to bombard the182W target of thickness 270
mg/cm2 evaporated on a carbon backing of 30mg/cm2. The
evaporation residues~ER’s! were separated in flight from the
primary beam by the recoil mass separator~JAERI-RMS!
@1#, which disperses the ER’s according to their mass-
charge ratiom/q at the focal plane.

The ER were implanted in a double-sided position sen
tive strip detector~PSSD, horizontal size of 73 mm and ver
tical size of 55 mm!, which provided two-dimensional posi-
tions and energies associated with the implantation of the
and subsequent decays. The PSSD had 15 strips in the f
face and 128 strips in the back face. Each strip made on
front face was position sensitive in the horizontal (x) direc-
tion and the vertical (y) positions were obtained from the
back side strips, where 128 strips were divided into eig
groups of 120V interstrip to read out a vertical position
within a group. The position resolutionsDx and Dy were
0.25 mm and 0.5 mm, respectively.

The PSSD was surrounded by other four single-sided s
detectors~60 mm3 60 mm, 12 strips!. The solid angle of
the present detector arrangement was almost 70% of the t
solid angle fora particles decaying from implanted ER.

A large size microchannel plate detector~MCP! was po-
sitioned at about 30 cm upstream from the PSSD to obt
fast timing signals of the ER. Events associated with the E
coming through the JAERI-RMS were identified by a time
of-flight signal characterized by a coincidence between t
MCP and the PSSD, and distinguished from decay eve
which were characterized by a signal in the PSSD in t
absence of a MCP signal.

Energies, horizontal and vertical positions of implante
ER and decaya particles, and flight times of the ER betwee
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the MCP and the PSSD were recorded together with th
times at which events occurred. The event rate of the E
implanted in the PSSD was very low~2–3 Hz! in the present
experiment. This means that the probability of the chanc
coincidence between the ER and decaya particles detected
in the same two-dimensional positions within the uncertain
ties ofDx andDy and in relatively short time~for example,
500 ms! in the PSSD is extremely small~approximately 4
31026). Typical beam intensity was 60 pnA and the tota
data acquisition time was about 46 h. The time-ordered da
were sorted to identify correlated decay events within th
position resolution in the PSSD.

The events obtained with time gates of 500 ms for ER

FIG. 1. A two-dimensional matrix showing the correlation be
tween energies of parent and daughtera decays in the reaction of
32S on 182W. Maximum search times were 500 ms and 10 s for th
correlations of the evaporation residue-a1 and a12a2, respec-
tively. See text for the correlated events labeled byA, C, D, and
E. The correlated events labeled byB and F correspond to the
a-particle decays from210,211Ac and 212,213Ac, respectively. The
a-particle decays from206Ra are also included in the group labeled
by F. Escaped events which did not deposit their full energies in th
PSSD and the surrounding strip detectors are excluded.
2043 © 1996 The American Physical Society
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TABLE I. a-particle energies and half-lives of parent activities measured in the present work and c
pared with earlier measurements if possible. Reduced widthWa is obtained by assumings-wavea decay.

Nuclei Ea ~MeV! T1/2 ~ms! Ea ~MeV! T1/2 ~ms! Ref. Wa ~keV!

~Present work! ~Literature!

209Th 8.080~50! 3.821.5
16.9 76260

1100

210Th 7.810~50!a 12.5a 7.899~17! 924
117 @9# 110280

1120

211,212Th 7.820~50! 41214
141 7.792~14!b 37211

128b @9# 56230
130b

7.802~10!c 30210
120c @10# 62230

140c

208Ac 7.620~40! 83219
134 7.572~15! 95216

124 @4#
208mAc 7.720~50! 2128

128 7.758~20! 2525
19 @4#

209Ac 7.580~40! 82213
118 7.581~15! 91214

121 @4#

aSee text.
bFor 211Th.
cFor 212Th.
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a1 correlations and 10 s for subsequenta12a2 correlations
are shown in Fig. 1, wherea1 means ana decay from a
parent nucleus~ER! anda2 the one from a daughter nucleus
Escaped events which did not deposit their full energies
the PSSD and the surrounding strip detectors are exclude
the figure. An energy calibration was performed using t
stronga lines observed in the present experiment.a par-
ticles from the decay of206Fr at 6.790~3! MeV, 207Fr at
6.768~3! MeV, 208Fr at 6.641~3! MeV, 209Fr at 6.647~4!
MeV and also241Am source at 5.485 56~12! MeV @2# were
used. Actually, average values of 6.779 MeV for206,207Fr
and 6.644 MeV for 208,209Fr were used, because the tw
a-particle energies of206Fr and 207Fr and also these of
208Fr and 209Fr could not be resolved by the PSSD. Th
energy resolution of the present detection system was 98 k
~FWHM! for 6.779 MeVa particles. The estimation of the
statistical error for the half-life was made by the metho
reported in Ref.@3#.

Correlateda particles labeled byA in Fig. 1 correspond
to thea decays from208,209Ac. The present data for light Ac
isotopes are shown in Table I together with the data repor
.
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by Leinoet al. @4#. In this group, the 12a1-a2 chains were
identified to thea-decay chain from the parent nucleus
208Ac, because the measured energy and half-life for the pa
ent decay were consistent with thea decay from208Ac @4#
and the measured energy of 6.980~40! MeV and half-life of
2.320.5

10.9 s for the daughter decay were also consistent with th
a decay from 204Fr. Threea decaying states of204Fr are
known, whose energies and half-lives are 7.028~5! MeV and
2.2~2! s @5#, 6.973~5! MeV and 3.3~2! s @5#, and 7.013 and
;1 s @6#.

In addition, three decay chains were observed at a pare
decay energy of 7.720~50! MeV and half-life of 2128

128 ms
correlated with a daughter decay energy of 6.980~50! MeV
and half-life 2.621.0

13.5 s. These decay chains are consisten
with thea decay from the isomeric state of208mAc @4# and
thea decay from204Fr as quoted above.

The 30 decay chains in the group labeled byA had the
average energy of 7.580~40! MeV and the average half-life
of 82213

118 ms for the parent decays, and the average energy
6.910~40! and the average half-life of 2.920.5

10.7 s for the
daughter decays. These decay chains were consistent w
ues
e

TABLE II. Energies, two-dimensional positions, and time intervals of the measured evaporation resid
and subsequent decaya particles for209Th. The events indicated by the time interval of zero represent th
ER implanted in the PSSD.

Event no. Type Strip no. Positions in strip E ~MeV! Time interval
Front Back Front~mm! Back ~mm!

1 ER 9 5 4.24 1.32 9.880 0
a1 9 5 4.20 1.14 8.109 2.4 ms
a2 9 5 4.32 1.76 7.392 87.5 ms
a3 9 5 3.07 - 0.074 3.0 s
a4 9 5 4.23 1.71 6.444 27.2 s

2 ER 8 5 3.92 1.47 10.44 0
a1 8 5 3.92 1.83 8.060 8.6 ms
a2 8 5 3.87 - 1.824 28.6 ms
a3 8 5 3.74 - 0.487 8.7 s
a4 8 5 3.84 1.40 6.397 64.2 s
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the a decay from the parent nucleus209Ac @4# and the ob-
served daughter decays were also consistent with thea de-
cay from 205Fr, where the energy of 6.917~3! MeV @2# and
the half-lives of 3.96~4! s @7# and 3.7~1! s @8# were reported.

Foura1-a2 correlated chains labeled byC in Fig. 1 have
an average energy of 7.820~50! MeV and an average half-life
of 41214

141 ms for the parent decays and the average energy
7.160~50! MeV and the average half-life of 1.920.6

11.9 s for the
daughter decays. The observed energy and half-life for
parent decay are consistent with thea decays from211Th @9#
and 212Th @10#. These twoa particles decaying from211Th
and 212Th could not be resolved in energy and also in ha
life in the present experiment. The observed daughter de
is also consistent with thea particles decaying from207Ra
and 208Ra, whose energies and half-lives are 7.133~5! MeV
and 1.3~2! s for 207Ra @11#, and 7.133~5! MeV and 1.4~2! s
for 208Ra @11#, respectively.

Onea1-a2 chain labeled byD was observed at the paren
energy of 7.810~50! MeV and the time interval 12.5 ms be
tween the ER event and the subsequent decay event.
observed energy of the correlated daughter decay and
observed time interval between thea1 and the a2 are
7.260~50! MeV and 714 ms, respectively. The observe
daughter decay is consistent with the knowna-particle en-
ergy of 7.262~15! MeV and the known half-life of 0.420.16

10.7 s
for 206Ra @9#. Although the observed energy of the pare
decay is about 90 keV smaller than the known energy
7.899~17! MeV for thea decay from210Th @9#, the observed
time interval is consistent with the half-life of 924

117 ms for
thea decay from210Th @9#. The energy difference of 90 keV
is larger than the experimental error. Since the measu
daughter decay is in good agreement with thea decay from
206Ra, this energy difference 90 keV probably comes fro
the escape of the firsta particle from the PSSD and this
decay chain is probably originating from the decay
210Th, although firm conclusions cannot be reached witho
more statistics.

Two observeda1-a2 correlated chains, one of which is
labeled byE, are listed in Table II together with the observe
positions in the PSSD, energies, and also the time inter
between the subsequent decay events. The third and
fourth columns represent the strip number of the front si
strips and the group number of the back side strips of t
PSSD. The fifth and the sixth columns represent the horiz
tal and vertical positions of these events within the specifi
front strip and back group numbers. The observed energ
and the time interval are shown in the seventh and the eig
columns. As shown in Table II, five particle correlations in
cluding the ER were observed in each decay chain.

The first event shows that the observeda-particle energy
of 7.390~50! MeV for a daughter decay (a2) is consistent
with the reporteda energies of 7.360~20! MeV @12# and
7.355~10! MeV @13# for 205Ra and the observed time interva
87.5 ms between thea1 and thea2 is also consistent with
the reported half-lives of 220~60! ms @12# and 120249

1107 ms
@13# for 205Ra. The eventa3 occurred 3.0 s after the daugh
ter decay deposits only 74 keV in the PSSD and the obser
horizontal position is shifted about 1.1 mm from the positio
where the parent ER was implanted. This correlated ev
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a3 probably originates from the ground daughter decay. Th
reason is that this small energy deposit, which is very clos
to an electric noise level of the detector, gives rise to a larg
position uncertainty and also no event except the eventa3

was detected in the strip number 9 during the time perio
between the daughter decaya2 and the eventa4. In this
case, the vertical position could not be measured becaus
signal from the back side strips of the PSSD was small
than the one from the front side strips and also an electr
noise level of the back side strips was even higher than t
one of the front side strips. The observed time interval 3.0
is consistent with the reported half-lives of 3.8~4! s @14# and
1.720.7

11.5 s @13# for the a decay from the isomeric state of
201mRn. The half-life of 7.0~4! s @14# has also been reported
for thea decay from the ground state of201Rn. The observed
energy of 6.440~50! MeV for the eventa4 is consistent with
the reported energy of 6.385~24! MeV @2# and 6.362~12!
MeV @13# for the decay from the isomeric state of197mPo.
The observed time interval 27.2 s between thea3 and the
a4 is also consistent with the reported half-lives of 26~2! s
@15# and 27~3! s @13# for 197mPo. Therefore, it is concluded
that this correlated chain originates from thea-particle decay
from a new isotope209Th.

The other correlated decay chain listed in Table II show
that the eventsa2 anda3 escaped from the PSSD and only
parts of their energies were detected. Measured horizon
positions for these events coincides with the position of th
ER within the experimental error 0.25 mm. The time interva
28.6 ms betweena1 and a2, and the time interval 8.7 s
betweena2 anda3 are consistent with the known half-lives
for the a-decay states from205Ra and 201Rn as quoted
above, respectively. It is emphasized that the probability
the chance coincidence to finda2 anda3 at the implanted
positionx of the ER during the time interval about 8.7 s is
approximately 331024. The observed energy 6.400~50!
MeV and the observed time interval 64.2 s betweena3 and
a4 are also consistent with thea decay from 197mPo as
quoted above.

We conclude that the observed two decay chains listed
Table II correspond to thea decays from new isotope
209Th. The obtained average energy and half-life for209Th
are shown in Table I together with the other Th isotope
observed in the present experiment. The reduced widthWa
obtained from the present data for209Th is shown in Table I
together with the ones for the neighboring nuclei which wer
obtained from the data of@9,10#. The values ofWa were
obtained by assumings-wavea decay and using the formal-
ism developed by Rasmussen@16#. The obtained reduced
width for 209Th is consistent with neighboring even-even
nuclei within experimental error.

The production cross section for209Th was determined to
be;1 nb. This is an approximate value since the estimatio
of the transmission of the ER in the JAERI-RMS suffer
from lack of knowledge concerning the angular distributio
of the ER.

The support from the GSI target laboratory, especially D
H. Folger, in providing us with the182W target used in this
experiment is greatly acknowledged.
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