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a decay of 2'Th populating excited states in?*Ra
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We have observed the decay of?*“Th populating the low-lying two excited statesiffRa. The branching
ratio to the first and the second excited state$'fiRa, which have expecteif” values of2~ and3~, was
determined to be 2/6-$% and 5.1.2-2%, respectively, and the energy of the second excited st&téRa was
determined to be 834 keV for the first time. The systematical trend of the branching rale=fb25 isotones
with even proton numbers near tA¥Pb core was reasonably explained by the shell model décay, where
the relative reduced width for specific neutron-orbital and angular momentum has an identical value for the
nuclei in the systematics.

PACS numbsd(s): 21.10.Pc, 23.66-¢, 27.80+w, 25.70.J]

Experimental investigations of low-lying excited statesresulting from thew decay of ER’s already embedded in the

for the N=125 isotones with even proton numbers near the®SD. a-decay events longer than /&s life were recorded.

the configuration of the low-lying states. These states ar
populated by ay transition following fusion reactiongl]
and by particle stripping and/or pickup reactidr2d. Elec-
tron capture[3,4] and « decay[4-6] of a precursor also

excited states as well as the ground staté&’i®b, 2°°Po, and

been reported so f@b,7]. In this paper we have observed the

and the branching ratios to these states were determined.

20%h core E9Pb, 2°%Po, 2Rn, and?°Ra) are interesting Energy calibration of the PSD was made using known
because of the simplicity of the states at low excitation. Thdines from 2?YRa(7.137 MeV), #*Ra(8.700 MeV), and
single-particle model predicts that the neutron-hole succesz—leTh(7-9f21" Mer\]/)[i]-ngin stability of mhgldetection syls.tem

: : 1 5 3 : P was carefully checked by impinging th€"Am « particles
sively occupies the B;, 213, and 33 orbitals, dominating on the PSD. Typical energy resolution of the PSD was 75
ﬁev (full width at half maximum.

Figure 1 shows the excitation curve 8f'Th as a function
of c.m. energyE.,, The absolute cross sections were ob-
tained as shown in Ref9]. The solid curve shows the sta-
tistical model prediction by HIVAR10], which agrees with
the present data quite well. This calculation indicates that
217Th is predominantly produced by theésn channel.

Figure Za) shows the typical energy spectrumafdecay
events obtained at a beam energyEf,,=147.5 MeV. «
events in Fig. Pa) are correlated with the implanted ER’s
within 10 s, and the difference between the position ofd¢he
V\ﬁ%cay and that of the implanted ER is less thArX(AY)

populate these states. Thedecay to theJ”"=3" and 3~

211Rn have been investigated. On the other handgfdecay
of 2Y'Th only the decay feeding the ground statéifRa has

21Th o decay populating the low-lying two excited states in
213Ra, which have an expected spin and paritg ofand3 ~,

established the excitation energy of the second excited states

given on the basis of the shell model @fdecay

duce ?'Th by thea5n channel. The?®Si beam of 140-180
MeV was supplied from JAERI-tandem accelerator and used —1073

460 wglent thickness were made by sputtering the enriched
foil. 28Si particles used to irradiate the target amounted to
3.6 10'°-8.8x 10'° for each beam energy. The evaporation

residuegER’s) emitted to the beam direction were separated

RMS [8]). The separated recoils were implanted into a

in 2%Ra for the first time. Discussions of the systematic

trend of the branching ratio for thé= 125 isotones will be 10! prrr e
221
U

217Th

We have performed &8Si+ 1Pt fusion reaction to pro- 1072

to bombard the rotatingd®®t targets. The!®®t targets of 'g
—10™
©

material of a!°%Pt isotope(98%) on a 0.8um aluminum

107

in flight from the beam by the recoil mass separ&f&xERI- 10

Eovood vinenl ool sl vl 0 uie

/
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double-sided position-sensitive strip detectt®SD; 73 110 120 130 140 150 160

X 55 mnt). Two larger area timing detectors, one positioned Ec 0 [MeV]

at the front of the PSD and the other 30 cm upstream the

PSD, were used to obtain the time-of-fligiitOF) signal of FIG. 1. Cross section versi, ,, determined from the correla-

the ER. The two dimensional spectrum of the energy versugon between the ER event and thedecay of 21’Th. The cross
TOF discriminated the ER’s from the background particlessection of thex5n channnel following the?®Si+ %%t fusion reac-

The TOF response distinguished two types of events: thosgon is calculated by HIVAP and is shown by the solid curve. The
associated with an ER flying through the separator and thosgashed curve is the cross section ftU (5n channe).
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TABLE |. Half-life obtained in this work.

Nuclei Half-life in this work Reference
21%Ra 1.62'315ms 1.56=0.10 ms[6]
216Th 22.0" 15 ms 28+2 ms[5]
2Ra 21039 s 2.46 s[7]
2ARa 11.813s 13.0 s[7]

=(0.24,0.34) mm. We denote the-decay event of ER as

a,. Half-lives of 21Th and 2*>?1Ra determined from the

ER-a, correlation are listed in Table | together with the re-

ported data. Table | also includes the half-life dfRa de-
termined from the ERx;-a, correlation, wherev, stands for

the a decay of the daughter. The measured half-lives agree

with those in the references fét>?'Ra. A trivial difference
is found for *Th and ?*‘Ra.

On the events appearing in Fig.a? we impose the con-
dition that the successiver decay have?“Ra character

(daughter of?*Th). The ?**Ra at ground state has a half-life

of 2.74 min[7], which decays bya emission with 80%
branch. It has three-decay branches of 6.731 MeM5%),
6.624 MeV(49%), and 6.522 MeM6%). Thus the chain ER-
aq-a, Of interest has a time intervad T(ER-a4) of less
than 10 s, 0.274 AT (a-ay)<27.4 min and 6.422E ,,
<6.831 MeV. The position gate of AX,AY)
=(0.24,0.34) mm was also settled. The result is shown
Fig. 2b), where the events measured aE.,
=132.5-155.0 MeV are summed. The large peak noted
A is the « decay of?!'Th feeding the ground state f°Ra.
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FIG. 2. (a) Energy spectrum ofx-decay events obtained at
E.n=147.5 MeV. The events are correlated with the implanted
ER’s within 10 s and 4X,AY) =(0.24,0.34 mm. Peaks arising
from known « lines are observedb) Energy spectrum of; ob-
tained in the ERx;— a5 chain, wherea, has the character af
decay of ?®Ra. Data obtained aE,,=132.5-155.0 MeV are
summed to yield high statistics.

in
that theE,; of >'>Ra overlaps with cluster B. Howevex,
byecay of ®Ra does not appear in Fig(8 because the
daughter?’Rn has a long half-life of 14.6 h compared to the

The average energy is 9.247 MeV, which agrees well withpresent time gat& T(«;-a,). Five events were obtained in
9.250 MeV in Ref[7]. In addition to the main peak A, four B. Among the 11 events in C, one event had ME ER-a;,)
clusters indicated by B, C, D, and E are observed. Ten eventsf 500 times larger than the others. This event was consid-

in E were obtained at the energy Bf ,,=150.0, 152.5, and
155.0 MeV. They have half-lives of;,=0.20"3% s and
the average energy is 7.6B2) MeV. We assign thisx de-

cay to be ?**Ac (T,,=0.17 s, E,=7.604 MeV), whose
daugher?Fr decays bya emission with 80% branchE(,

=6.534 MeV, T1,,=3.1 min [7]). Events in D come from
the 2'5Th-?1?Ra chain. Since the daughtéfRa decays with

E,=6.899 MeV andT,,=13.0 s[7], some events should

ered to be a background, thus was not used in the analysis.
The average energy and the half-lives @f(?*'Th) decay
and a,(***Ra) decay determined from the ER-a, chain
are summarized in Table II.

The present half-life of*'Th agrees with 0.252 ms ii5]
for every transition. The half-life of**Ra for the three tran-
sitions also agrees with 2.74 min in Réf]. « decayQ
values,Q,, are calculated and listed in Table I, where the

appear in Fig. &). We consider that the clusters indicated screening effect of an electron shelding was corrected by

by B and C in Fig. ) correspond to ther decay of?''Th
populating the excited states fi°Ra. The low-lying excited

[11]. The first excited state iA**Ra predicted by the present
experiment is 544 keV. This agrees with 546 keV by Raich

state in?*Ra populated by ther decay instantaneously de- et al.[1] (see Fig. 7 in their papgrThey obtained this value

cays byy transition and populates the ground staté'tRa,

by y spectroscopy, where th#" =3~ state was fed byy

followed by a decay with 80% branch. It must be mentioned cascade. The second excited state is 834 keV, obtained in the

TABLE Il. « energy E,), half-life (T,,), Q value of« decay Q,) and the branching ratio for the
decay of?*’Th determined from the ER+-a, events. The half-life fo?**Ra is given in column 6. The last

column is the expected neutron orbital iFRa.

E,(MeV) Typ(ms) Q,(MeV) Branching ratiof%) Ty, for 2’®Ra (min)  State
A 9.24715)  0.261°3%% 9.456 92.39%8 2.54° 578 3p}
B 871332  0.29'%2% 8.912 2618 27724 23
C 8.42932)  0.21°332 8.622 5.1722 2553 3p2
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FIG. 3. Low-lying states oN= 125 isotones with even proton numbers nearf¥8b core. The branching ratio to these levels populated
by « decay is also shown. Numerals indicated byithic symbol represent the present results, in which the quantities in the box represent
the first results in this work. Other quantities are taken from REf.No data exists for the decay 6F°Rn populating thel ™= g’ state in

209po,

present experiment for the first time. The branching ratio tazels out, and the ratio of the reduced Widty?gygs depends
these States iS ||Sted in Table Il. If we assume tha.t the 836n|y on one of the final states of the neutroh .OrbitaL Tor-
H Tm_ 3— H . .
keV level in 213R<’% to have)”=3 ", the systematics of low- gensen and Macfarlar{6] calculatedy? ¥% o in their study
lying second excited states fdf=125 isotones with even ¢ 215, decay, where wave functions by Blomqvist and
proton numbers is extended Zo=88 as Sh%‘gg‘q'n Fig- 3. Wanhlborn[16] were used. Their calculateg?/ y; ¢ values
In the study of low-lying excited states fit'Ra by Raich \yere adopted in this study. Relative penetrability factors

etal [1], they ng not find an internay transition originating P/Py, was calculated by using Rasmussen poterjtia]
from the J7=5 " (834 keV) state. They found the 2.1 ms 5,4 \yere multiplied byy®/ v}s. to yield the intensities for

. . . 21 m__ 17— _ . f .
isomeric state1770 keV in **Ra, andJ”= 2 Wwas sug eacha-l wave. The contribution from eadhwave is then

gested for this state. This isomeric state populates;the summed to determine the branching ratio. Figure 4 shows the
state of 1608.9 keV directly and/or via the 1769.7 ké¥ ) calculated results of the branching ratios populatiif
state byy transition. The 1608.9 keV-level decays to the 546=23" (solid) and 3~ (dashedl states as well as the experi-
keV (537) state by a2y transition and skips thé ~ states mental valuestriangle: 3, circle: 37) as a function of the

[1]. This hindrance of populating th¥™ state byy cascade Proton number of the daughter nucleus. The increasing trend
is also found in?"'Rn (Fig. 3 in Ref.[12]) and ?°%Po (Fig. 3 of the branching ratio with a proton number is demonstrated
in Ref.[13]), where the transition arising from tHe™ state by the calculation. Furthermore, the strength populating the
(833 keV in 2'Rn and 854 keV i?°%Po) was not seen. The 3 State is larger than that for the state inZ=86, which
similarity in the hindrance ofy transition originating from IS consistent with the experimental results. As the relative
the state in 830—850 keV through the= 125 isotones with  reduced widthsy?/y  are fixed for specific neutron-orbital
an even proton number supports that the level of 834 keV ind angular momentum for these isotones, the systematic
21%Ra has the same spin parity/; . change with respect to the proton numbers is governed by

For thea decay of?1Rn, transition to thé ~ (854 ke\)  P/Pys.in the calculation.
state is not reported in Refl4]. The corresponding: en-
ergy would be 7.249 MeV, determined from the ground-state
a energy of 8.088 MeV. Missing the observationoflecay
to the 854 keV state is presumably because the branching
ratio to this state is low, and furthermore a strangeak of
2po (E,=7.28 MeV) appears to cover the corresponding
a peak in their experimentFig. 13 in their paper

The following can be found from Fig. 31) the probabil-
ity of yielding two excited states by decay increases with
adding proton numbers, ari@) for the & decay of?*°Ra and
217Th, decay to theé ~ states is favored rather than the
state of the daughter nucleus, which forms contrasts to the
211po o decay.

We have calculated the branching ratio on the basis of the Z
shell model ofe decay assuming thed-function” approxi-
mation[15]. Since the low-lying states iA®®Po, ?''Rn, and
21%Ra are similar to those iR°Pb, pure shell-model states )
can be assumed to calculate the reduced Wi,(ftﬁ!n the a based on the shell model of decay are shown by solic() and
decay of 2IRn, ?%Ra, and?'Th. The reduced width for dashed %’) curves. Experimental results are shown by triangles
each state is calculated relative to the ground-state transitiog3~) and circles £7), where the present results are shown by a
Since only the ratios are interesting, the proton factors cansolid symbol with error bar.
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FIG. 4. Branching ratio td”=3" and 3~ levels as a function
of the proton number of the daughter nucleus. Calculated results
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In summary, by using thé®Si+ %Pt fusion reaction we relative reduced width for specific neutron-orbital and angu-
have observed the decay of?’Th populating the low-lying lar momentum was assumed to have identical value for the
two excited states iR Ra and the branching ratio to the first nuclei in the systematics, indicating that these nuclei at low-
and the second excited states was determined to H¢2%  excitation has the same shell-structure.
and 5.1'32%, respectively. We established 834 keV for the
second excited state iA*®Ra, which has an expected spin-  Special thanks are due to Dr. Ishii of JAERI for the fruit-
parity of 3. The systematical trend of the branching ratio ful discussion. The authors are indebted to the staff of JAERI
for N=125 isotones with even proton numbers was reasontandem facility for providing the’®Si beams and for techni-
ably explained by the shell model of decay, in which the cal assistance.
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