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Abstract. Isomeric states in 21" 2'®Ra have been populated by the decay of the compound nuclei

216,220y

produced in irradiations of 204,208ph, with 12C at Epp = (68-136) MeV. Published values for y-ray energies
and half-lives were confirmed for 212 215MRa Qur data for 2'°™Ra agree with the y-energies and the half-
life measured at the RITU separator, University of Jyviskyld (Finland). Its decay pattern is complex. Two
series of y-rays of £, = 96.7,774.6,578.0,604.5keV and E, = 96.7,602.1, 750.5, 604.5 keV were observed. A
half-life of (2.36+0.04) us was measured. The isomeric state is attributed to an 8" state at E* = 2053.8 keV.
A previously unknown isomeric state was assigned to *''™Ra. It has a half-life of (4.0 £ 0.5) us and it
decays by emission of y-rays with energies of 396.1keV and 802.0keV. It is attributed to a 13/2" state at

E* =1198.1keV.

PACS. 23.60.+e « decay — 27.90.+b 220 < A

1 Introduction

Nuclear structure studies in the vicinity of closed proton
and neutron shells are of great interest. Due to a relatively
low number of valence protons or neutrons they provide a
convenient system for testing the nuclear shell model. In
the region below the N = 126 shell and Z > 82 a vast
quantity of data is available up to radon (Z = 86) from
radioactive-decay studies or in-beam spectroscopy [1]. For
heavier nuclei information is rather scarce. Most data are
from study of a-decay, which in most cases populates
only low-lying levels notably. Only in few cases informa-
tion on levels in daughter nuclei above 500keV has been
obtained (see refs. [2-4] and references therein). In-beam
studies have been performed for 211:212.213Fy [5] 212Ra [6],
213Ra [7], 216Th [8] and 296:208:210R 4 [9], which is still the
most common method to study decay of highly excited
states in nuclei produced in complete fusion reactions. In
the trans-lead region production cross-sections for evap-
oration residues decrease rapidly with increasing proton
and/or decreasing neutron numbers and prompt fission
becomes the by far most prominent reaction channel. In-
beam experiments therefore suffer from high background
due to fission products, which completely cover ~-rays
emitted from highly excited compound nuclei after parti-
cle emission. This problem has been overcome during the
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last decade by introducing the technique of recoil-decay
tagging (RDT) [10]. In RDT ~-rays or conversion elec-
trons detected at the target are correlated with an evap-
oration residue after separation from the primary beam
and fission fragments by a recoil separator and identified
by its radioactive decay or by an A and Z measurement
in the focal plane. However, this method is restricted to
excited states which decay while the recoiling residue is
still in view of the y-ray or electron detectors surround-
ing the target. Isomeric states with lifetimes comparable
to, or longer than the time-of-flight of the recoil through
the separator (typically 1-5 us) may not decay notably be-
fore being implanted in the focal plane detection system.
Measuring delayed coincidences between the arrival of an
evaporation residue in the focal plane and a succeeding -
decay may thus be regarded as an extension of the RDT
for the investigation of isomeric states with lifetimes up to
several microseconds. The upper limit will be determined
by chance coincidences with background radiation or ~-
events from the radioactive decay of the nuclei stopped
in the focal plane. In the trans-lead region at or below
N = 126 this technique has been applied successfully at
the RITU separator at the University of Jyviskyla (Fin-
land) for the investigation of 216 Th [8] and 208m:210mR 4 [9],
but for the latter detailed results had not been published
so far. To demonstrate the feasability of this technique, we
also measured delayed coincidences between evaporation
residues and ~-rays in our experiments aimed to study
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Table 1. List of transitions used for oo — ~y-coincidence efficiency estimations.

Isotope | Eq/keV E, /keV €a- (Runl) €a-v (Run2) €a-y (Run3) Ref.
21Ppg 6891 569.7 0.038 £ 0.004 | 0.065 £ 0.005 | 0.024 £ 0.002 | [4], this work
6568 897.8 0.023 £ 0.003 | 0.055 + 0.006 | 0.016 = 0.002 | [4], this work
?I3Ra 6624 110.1 0.06 + 0.01 4], this work
21Ra 6505 641.9 0.036 &+ 0.004 4], this work
ZI5Ra, 8172 540 0.027 &+ 0.001 this work
6505 836 0.015 4+ 0.001 this work
oA C 8721 853.5 0.034 £ 0.006 | 0.060 £ 0.004 [4], this work
8188 937.9 0.025 + 0.006 | 0.061 +0.003 | 0.018 +0.003 | [4], this work
ZITTh 8725 546.5 0.075 £ 0.007 3], this work
8455 822.1 0.073 £ 0.007 3], this work
21Tmpy, 9697 466.5 0.088 + 0.021 3], this work
9552, 9553 | 613.0,634.31 0.070 £ 0.006 [3], this work
2TMd 8421 209.8 0.14 £ 0.02 16], this work
2IMd 7530 205.1 0.12+0.03 16], this work

fine structure in the a-decay of 2°97212Ra [4]. Besides the
isomeric states 212™ 215mRy already known from data ta-
bles [1], we succeeded to identify isomeric states in 2!'™Ra
and 2'°™Ra. For the latter, our half-life and 7-energies
agree with those of the RITU experiment [9].

During the review process of this paper results of a
study of isomeric states in 299™M:210mRy were published by
Ressler et al. [11]. The data presented for 2!°™Ra are in
agreement with our results.

2 Experiment

The experiments were performed at GSI, Darmstadt, us-
ing a '2C beam delivered by the high charge state injector
with ECR~ion source of the UNILAC accelerator. Beam
intensities and energies were (0.6-1.2) x 10*2ions/s (~
100-200 pnA) and (68-136) MeV, respectively. The targets
of 2%4Pb (isotopic enrichment 99.73%), 2°8Pb (98.69%)
with thicknesses of ~ 450 ug/cm? were evaporated on
carbon layers of 40 ug/cm? (upstream) and covered with
5 ug/cm? carbon (downstream). They were mounted on
a wheel which rotated synchronously to the beam macro
structure [12] (5.4 ms wide pulses at 50 Hz repetition fre-
quency).

The evaporation residues recoiling from the tar-
gets with energies of ~ 5MeV were separated from
the primary beam by the velocity filter SHIP [13]. In
the focal plane of SHIP they were implanted into a
position-sensitive 16-strip PIPS detector ( “passivated ion-
implanted position-sensitive silicon detector”) with an ac-
tive area of (80 x 35)mm? (“stop detector”) [14], used
to measure the kinetic energies of the residues as well as
subsequent a-decays. Gamma-rays emitted in prompt or
delayed coincidence with a-decays or evaporation residues
were measured using different types of germanium de-
tectors. Altogether three experimental runs were per-
formed. In Run 1 a High-Purity Ge-Detector (75mm
@, 71mm length) was used. The beam energy was var-
ied in the range (68-136) MeV to measure excitation
functions 2°4Pb(*2C, xn)?'®~*Ra to identify the isomeric

states. In this run we also measured a-decay fine struc-
ture of 2997212Ra. These results are reported in ref. [4]
where additional details on the experimental procedure
are given. In Run 2 a clover detector consisting of four
Ge crystals (70 mm @, 140 mm length) which were shaped
and assembled to form a block of (124 x 124 x 140) mm?
was used to measure y-y—coincidences to prove the cor-
relation of the ~-lines and to clarify the decay pat-
terns. In this run the beam energy was 103MeV: a
compromise between the almost equal production cross-
sections for 2''Ra and 2'9Ra expected in the reactions
204ph(12C, 2n)?52Ra (z = 5, 6) according to HIVAP cal-
culations [15]. In Run 3 half-lives of 215m,212m,211m,210mR 5
were estimated by measuring the time intervals between
implantation of the evaporation residue and the ~y-decay
using a time-to-amplitude converter (TAC). The time
range was set to 15 us. The half-life of 213™Ra was ob-
tained from the intensity decrease of the correspond-
ing ~-lines within the 14.6 ms pause between consecu-
tive UNILAC beam bursts. The isotopes were produced
either by 29%%Pb(12C,zn)?*°~*Ra (r = 5,6,7) or by
204ph(12C, 2n)?0=Ra (z = 4,5,6). Gamma-rays were
registered by a HP-Ge Detector (75 mm ¢, 71 mm length).
Since the coincidence time of the data acquisition, trig-
gered by the signal from the implantation of the residue,
was only 5pus and the minimum time distance between
two consecutive events registered by the data acquisition
was = 15 us, the TAC signal as well as the y-energy signal
were delayed by 15 us.

Alpha-calibration was performed using the literature
values of known isotopes which were also produced in the
reactions and implanted into the detector as described
in [4]. Gamma-calibration was performed with standard
energies from '»2Eu and '33Ba sources. The overall ac-
curacy of this procedure was +5keV for a- and £0.5keV
for «y-energies. The standard intensities of the v-lines from
152Fu decay were used to estimate the relative efficiency
of the Ge detectors. Absolute a-y (or ER-v) efficiencies
(p(a-7v)) were obtained from selected a-transitions accom-
panied by ~v-ray emission of various isotopes, produced
either directly in a fusion-evaporation reaction or within
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Table 2. Summary of y-energies and half-lives of 2'9™ 2™ Ra,
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The intensity values for the 602.1keV and 604.5keV lines of

210mpa refer to the sum of both lines. Therefore they are given in brackets.

QIOmRa 211mRa 212mRa
E,/keV Trel T2/ ps E, /keV trel T2/ ps E, /keV irel T2/ ps
96.7£0.5 0.091 &+ 0.007 - 396.1 £0.6 0.483+£0.004 3.8+£0.3 | 440.2£0.6 0.961 £0.013 8.3+0.3
578.0£ 0.4 1 2.244+0.05 | 802.0£0.6 1 4.3£0.6 | 628.6 0.6 0.988 +0.015 8.6 0.6
602.1 £ 0.6 (2.146 £ 0.055) 2.44 £0.03 824.3£0.6 1 8.0£0.7
604.5 0.6 (2.146 £ 0.055) 2.44 +0.03
750.5 £ 0.4 0.529+0.019 2.42+0.08
774.6 £0.4 0.953+£0.029 2.27+0.06
213mRa 214!11}{a 215mRa
E, /keV Ty /2 /ms E,/keV T2/ ps E,/keV T2/ ps
160.4+0.5 21+0.1 | 180.7£0.4 > 15 196.1+04 7.6+0.2
5454+£05 22£0.1 | 256.8+£0.4 > 15 7723+£04 73£03
1061.2+£0.5 21+0.1 | 1381.9+0.5 > 15 851.8+£0.1 7.5£0.3
1048.3+0.4 9.0+0.5

the radioactive decay chains of evaporation residues. They
were used to scale the relative efficiencies. The experimen-
tal efficiencies were calculated using the relation p(a-vy) =
Y(nay)/X(na), where X¥(nq.), X(nq) denote the numbers
of (a-7v)-coincidences and of a-decays. The complete list
of isotopes and ~y-energies used is presented in table 1. To
estimate the efficiency of the clover detector (Run 2) also
results from other experiments [3,16] using the same ge-
ometry were included. Contrary to [3] the efficiency value
here includes the enhancement due to adding coincident
signals from different clover segments.

3 Experimental results

3.1 Isomeric states in 215,214,213,212R4

3.1.1 215R3 (T1/2 =7.6 /,LS)

An isomeric state at 1878 keV having a half-life of (7.2 +
0.2) us [18] had been previously identified in 2!°Ra.
A tentative spin and parity assignment is 25/2% [17-
19]. It is reported to decay either via the transi-
tions 25/2+ (56keV) — 21/2+ (1048.3keV, £3,0.18) —
15/2= (773.2keV,E3,1) — 9/2% (g.s.) or via 25/27
(56keV) — 21/2+ (195.9keV,E2,042) — 17/2+
(852.4keV, E1,0.64) — 15/2~ (773.2keV, E3,1) — 9/2+
(g.s.). The data in brackets denote the energies, multipo-
larities and relative intensities of the 7-transitions. Spin
and parity assignments are tentative.

In our irradiation of 2°8Pb we observed four ~-
transitions with half-lives between 7.4 and 9.0 us and en-
ergies fitting within the error bars to the reported values
for the decay of 2'"™Ra. A y-line of 56 keV, representing
the 25/2% — 21/2% transition, was not observed. Our
data are listed in table 2. Our half-life of (7.6 + 0.2) us
is comparable with the value of Fukuchi et al. [18], but
slightly higher than the result of Stuchberry et al. of
(6.9 £0.3) us [20].

3.1.2 2™Ra (T} ) = 67 ps)

In the even-even nucleus 2'4Ra an 81 isomeric state at
1865.2keV having a half-life of (67 + 3)us had been
identified previously [21]. It is reported to decay via
the transitions 8t (45.5keV) — 67 (180.4keV) —
4% (256.9keV) — 27 (1382.4keV) — 07 (g.s.). Spin and
parity assignments are tentative.

In our irradiation of 2°®Pb we observed three ~-
transitions with energies fitting to the values reported for
the decay of 214mRa within the error bars. Assuming that
the relative differences in the intensities of the v-lines are
mainly effected by internal conversion, our experimental
values are in best agreement with E2 transitions, thus
supporting the suggested decay scheme. Half-lives could
not be determined. We did not observe a statistically sig-
nificant decrease of the line intensities within the preset
TAC range. Therefore the half-life must be considerably
larger than 15 us. Our data are listed in table 2.

3.1.3 213™Ra (T} )y = 2.1 ms)

The identification of an isomeric state in 2'3Ra has been
reported by Raich et al. [7]. The isomeric level was lo-
cated at E* ~ 1770keV. A tentative spin and parity as-
signment 17/2~ was given. This was preferred over the
13/2% assignment usually responsible for isomeric states
in even-Z odd-N nuclei above Z = 82 at N < 126 on
the basis of the observed a-decay rate. The isomeric state
was reported to decay via the transitions (17/27, (13/21))
(< 10keV) — (13/27,11/27) (160.87keV) — 9/2~
(1062.5keV) — 5/27 (546.35keV) — 1/27 (g.s.).

In our experiments we observed three -lines with en-
ergies fitting the values reported for the decay of 2'*™Ra.
Their half-lives were determined from the decrease of
their intensities within the 14.6 ms pause between two
consecutive UNILAC beam bursts. An average value of
T2 = (2.1240.02) ms was obtained. These data are listed
in table 2.
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Fig. 1. Gamma-spectra taken in coincidence with evaporation

residues in the reaction '>C 4 2°*Pb at a bombarding energy
Eiap = 103MeV (Run 2).

3.1.4 #12™Ra (T /5 = 10.5 us)

The observation of two isomeric states located at E* =
2613.4keV, Ty, = 0.85us and at E* = 1958.4keV,
T /2 = 10.9 us was reported by Kohno et al. [6]. The first
was ascribed to an 11~ level, the latter one to an 8T level.
In our experimental runs using the '2C-beam we only
observed ~-lines from the decay of the 10.9 us isomeric
state. The 0.85 us isomeric state evidently had already de-
cayed in-flight due to the long flight-time through SHIP
of 6.5 us. Our measured ~y-energies are 440.2 + 0.6 keV
(67 — 47), 824.3 £ 0.6keV (4T — 2T) 628.6 + 0.6keV
(2t — 07(g.s.)). They agree with the values given by
Kohno et al. within 1keV. The transition 8 — 6% hav-
ing an energy of 63.3keV was not observed clearly in our
experiment. Indeed we observed in y-y—coincidence with
the three known lines (18 £ 12) 7-events in the energy
interval (60-65)keV, which was twice the average back-
ground rate, but due to the large statistical error we do
not regard it as a proof. For an E2-transition of that en-
ergy high conversion coefficients (ar, &~ 64, ap ~ 18 [22])
are expected. For the other transitions internal conversion
should be of minor importance. For the 440.2keV transi-
tion a value («ar,+apr) = 0.05, for the other two transitions
values < 0.02 are expected. Indeed we observed within our
statistical accuray (£0.015) equal transition rates for the
628.6keV and 823.4keV lines, while for the 440.2keV line
we observed a 3.9% lower intensity.

From these intensity relations we draw the conclusion,
that within the given statistical accuracy we observe equal
transition rates for y-rays of the same multipolarity within
one decay sequence.

3.2 Identification of 211m:210mRg4

In the irradiation of 2°4Pb we observed in Run 1 three
groups of ~-transitions in delayed coincidence with evap-
oration residues within At = 5 us. The lines of each group
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Fig. 2. Two-dimensional plot of y-y—coincidences in the energy
ranges E,1 = (598-608) keV, E 2 = (550-800) keV.

were characterized by common production characteristics,
i.e. fixed intensity ratios at different bombarding energies.
In Run 2 the affiliation of the lines to each group was
further proven by ~-y—coincidence measurements. As an
illustrative example the ~y-spectrum taken in coincidence
with evaporation residues at Fj,, = 103 MeV is shown in
fig. 1. Group 1 consisted of three «-lines of 440.2, 628.6 and
824.3keV, group 2 of two 7-lines of 396.1 and 802.0keV,
and group 3 of five y-lines of 96.7, 578.0, 603, 750.5 and
774.6keV. The v-line at 603 keV was significantly broader
(3.2keV (FWHM)) compared to the neighbouring line at
578.0keV (1.8keV (FWHM)). It was identified in Run 2
an unresolved doublet of 602.1 and 604.5keV as shown in
fig. 2. The ~-lines of group 1 were identical to those at-
tributed to the decay of a 10.5 us isomeric state in 2!2Ra
at E* = 1958.4keV identified by Kohno et al. [6] (see
sect. 3.1.5).

Excitation functions have been used to assign Groups
2 and 3 to isomeric states in 2!°Ra and 2!'Ra. In fig. 3
we have plotted the a-decay rates for 2°97212Ra (upper
panel) and the intensity of a representive ~-ray for each
group as a functions of the incident beam energy. The
profiles of groups 1 and 2 clearly coincide with that of
the a decays of 2'%211Ra, while group 3 coincides with
210,209Ra. Due to similar a-decay energies the isotopes
212,211R 4 and 21921°Ra, cannot be discriminated individ-
ually. In fig. 3 it can also be seen that the maximum
intensity of the 628.6keV line occurs at a lower energy
than that of the 396.1keV line. Having assigned of the
628.6keV transition to the decay of 2'2™Ra, the 396.1keV
line consequently is attributed to the decay of an isomeric
state 2!'™Ra. This interpretation is also supported by the
results of HIVAP [15] calculations which are shown in the
lower panel fig. 3. The maxima for the 628.6keV and for
the 396.1keV lines roughly agree with calculated maxima
for 212Ra and ?!'Ra.

The representative of group 3, the (602.1,604.5keV)
~-line has its maximum intensity at higher beam ener-
gies. A comparison with the HIVAP calculations clearly



F.P. Hef8berger et al.: Decay properties of isomeric states in radium isotopes close to N = 126

102 ] T T T T T T
211 212 a)
Ra +” "Ra
*o—0O
10" 1
2108, 4 2%R,
[ J 0-

&2
c
=)
-e- T T T T T bI
S 2
B 1073 v(628.6) ) ]
7(396.1) ]
10'4 © 7(602.1
] +604.5)
100-: ° ' '—Véz\"\ ]
/ NN V4
] / Ov e ]
-1 ' N RN
103 ' AN
10_2 T ' T ! T T T T \\' T :
70 80 90 100 110 120
E_./MeV

lab

Fig. 3. Excitation functions for 2°°7212Ra in the reaction 2C+
204PY, from (a) a-decays of 2°°21°Ra (open triangles), 2'1'?1?Ra
(full circles) or (b) ~-lines. Alpha-lines of >''Ra (6907 keV),
212Ra (6898keV) or 2°Ra (7003keV), *'°Ra (7003 keV) are
not resolved (data from [4]); each isomeric state is repre-
sented by one ~-line: 2'*™Ra (628.6 keV, open circles), >''™Ra
(396.1keV, full circles), > Ra (602.1, 604.5keV, open trian-
gles). The lines in b) represent the results of a HIVAP calcu-
lation: 2*?Ra (full line), ***Ra (dashed line), 2'°Ra (dashed-
dotted line), **°Ra (dotted line).

shows a better agreement with ?1Ra than with 2““Ra.
This group of transitions is therefore assigned to an iso-
meric state 21°™Ra.

3.3 Decay of 21!™Ra and 21°"Ra

To investigate the decay properties of the isomeric states
in more detail, we performed a second and a third exper-
imental run. The second run was devoted to investigate
the decay pattern by measuring «-y—coincidences, while
in the third the half-lives were measured. As a check for
the reliability of our method we used the results obtained
for 212m,215mRa.

3.3.1 Decay of 219mRa

The decay pattern of 2'°™Ra is complicated and could
be clarified only on the basis of y-y—coincidence measure-
ments. As a summary of the analysis of these measure-
ments we state:

a) the lines at 96.7 and 604.5keV are coincident with all
other ~-lines;
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Fig. 4. Suggested decay schemes for 21" Ra and 2!!™Ra. En-
ergies are given in keV. The energies of the 4T levels in >'°Ra
could not be determined unambiguously from our experiment.
Their placement has to be regarded as tentative (see detailed
discussion in the text).

b) the lines at 578.0 and 774.6keV are coincident with
each other and with 96.7 and 604.5 keV, but not with 750.5
and 602.1keV;

¢) the lines at 602.1 and 750.5 keV are coincident with each
other and with 96.7 and 604.5 keV, but not with 578.0 and
774.6keV;

d) the sum energies 602.1keV + 750.5keV = 1352.6 keV
and 578.0keV + 774.6keV = 1352.6 keV are equal within
the error bars (£0.6keV).

We thus conclude that the decay of 21"Ra occurs in
four steps, but runs through different intermediate states.
The four-step decay suggests for the isomeric state an
8% level decaying by four E2 transitions. To obtain a long-
living isomeric state the transition energy 87 — 6 must
be necessarily low. Consequently the line at 96.7keV is
attributed to that transition. Its low intensity compared
to the other lines is ascribed to a strong conversion branch
of the transition. Based on the line intensities a conver-
sion coefficient of oy, = 12.5 & 3.5 is obtained which is
best in agreement with oy, + apr = 11.1 [22] expected for
an E2 transition. (K conversion is energetically not possi-
ble.) The 604.5keV line, also observed in coincidence with
all other lines is attributed to the 2+ — 07 (g.s.) transi-
tion since a) similar 27 excitation energies are observed
for all neighbouring even-even nuclei with Z = (84-88)
and N < 126, and b) otherwise two 2*-levels had to ex-
ist in 2'°Ra at E* < 1MeV, a feature that is not ob-
served in other even-even nuclei. Thus we assign the other
two groups (578.5 + 774.6 and 602.1 4 750.5) to the de-
cay 67 — 47 — 27 running via different 4% states.
Indeed two 4T states in the range E* = 1.0-1.5MeV
have been identified in the neighbouring even-even nu-
clei 206:208.210Ryy  The energies of these levels can given
only tentatively, leading to the tentative decay scheme
shown in fig. 4, which is discussed in more detail in
sect. 4. Transitions between the 41 states have not been
observed. Figure 4 suggests a 4T — 47 transition energy
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of 172.5keV (M1). However, neither a line at 172.5keV
was observed in the singles spectrum, nor coincidences of
172.5keV with 96.7, 578.0, 602.1 or 604.5keV were ob-
served. Respecting M1 conversion coefficients o = 2.74,
ar = 0.54 and ap; = 0.15 we obtain an intensity limit
i(4T — 41)/i(4t — 2%) < 0.1.

The half-lives measured for the individual v-lines are
given in table 2. A mean value from all lines of 2.36 +
0.05 us was obtained.

3.3.2 Decay of 21'™Ra

The ~-lines attributed to the decay of the isomeric state in
2lmpRa are at 396.1 4 0.6 and 802.0 £0.6keV. The line at
396.1keV was found only in coincidence with 802.0keV,
while the line at 802.0keV was found in coincidence with
the 396.1keV line, and an additional group of lines in the
range (80-105)keV that fit to the energies of the K,1,
Koo, Kp1, Kgo-X-ray lines of radium. This finding means
that the 396.1keV transition is converted. The intensity
ratio between the 7-lines is 9(396.1)/:(802.0) = 0.483. In
analogy to the discussion in 3.3.1 we ascribe the missing
intensity to internal conversion and obtain a conversion
coefficient o = 1.07 £ 0.044, where o = ax + ap + ayy.
The line intensity of the X-rays can be used to deter-
mine the K/(L+ M) conversion ratio. We obtain ax/a =
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0.44 + 0.03. According to [22] the most probable mul-
tipolarities are E4 (o = 1.46, ax/a = 0.19) and M2
(a = 1.06, ag/a = 0.75). We assign M2 to the transi-
tion, since a) the conversion coefficients are closer to M2
than to E4 and b) a Weisskopf estimation results in a
half-life of 0.09 us for the M2 transition, but 175s for an
F4 transition, which is seven orders of magnitude higher
than the experimental value.

The decay scheme is shown in fig. 4. We locate the
isomeric state at E* = 1198.1keV. The decay energies
are quite similar to those of the N = 123 isotones 2°Rn
and 2°7Po as indicated in fig. 5. From these systematics
it is thus straightforward to assign the isomeric state to
a 13/27% level decaying via a 9/27 level into the 5/2~
ground state. This interpretation is supported by the as-
signed multipolarity M2 to the 395keV transition, which
is expected for a 13/27 — 9/2~ decay.

It should be remarked that two unassigned ~-lines of
395.6 £0.5keV and 801.2£0.5keV reported by Ressler et
al. [11] agree with our data for 2!'™Ra.

4 Discussion

The existence of isomeric states having half-lives similar
to that of the ground state and decaying by emission of a-
particles or electron capture is a widespread phenomenom
in odd-mass nuclei with even atomic numbers in the re-
gion Z > 82, N < 118. Their a-decay energies are typi-
cally around 100 keV higher than those of a-particles from
the ground state. These isomeric states have been identi-
fied, or assigned to an i3, neutron hole configuration, re-
sulting in spin and parity of 13/2%. The energies of these
states exhibit similar trends for isotopes of lead, polonium
and radon. The excitation energies are typically lower than
300keV for N < 113. Approaching the N = 126 shell
the energies of these levels increase and hence the iso-
meric lifetimes decrease steeply. At N = 123 half-lives
are found to be 5.04ms (2°°Pb), 49 us (2°“Po), and 13 us
(299Rn). In 297Pb (N = 125) the 13/27F state is located at
E* = 1633.368 keV, having a half-life of 0.805s, while in
209P¢ it was located at 1760.96 keV, but was not identified
as an isomeric state.

Since it is known that shell strengths of neutron and
proton shells mutually influence each other [23], the sensi-
tive energy dependence of the 13/27 level can be regarded
as one probe to indicate the disappearance (or not) of the
N = 126 shell with increasing proton numbers above the
Z = 82 proton shell. Information on the location of the
13/27 state in radium isotopes is therefore desirable. Iso-
meric states decaying by a emission have been identified in
207,205,203R 5 [24,25]. They are tentatively assigned to the
13/2% level since they decay into the corresponding levels
in the radon daughter nuclei by unhindered transitions.
The location of the 13/27 level could, in principle, be ob-
tained from the difference of the Q. values, provided the
ground-state a-decay populates the ground state in the
daughter nuclues, which, however, is not evident a priori.
In data compilations [26] a value of (470+£100) keV is given
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Fig. 6. Comparison of (partial) level schemes of even-even
radon and radium nuclei in the range N = 118-126. For bet-
ter presentation, for some nuclei not all levels reported in the
literature are shown. The dotted lines are to guide the eye.

for 2°“mRa. In 2!3Ra a 2.1 ms isomeric state has been iden-
tified, but is attributed to a 17/2~ state. So the result for
2limRa represents the only reliable data on the location
of the 13/2" level in radium isotopes. Compared to the
neighbouring (N = 123)-isotone 2°°Rn only a slight shift
of ~ 25keV in the energy of the 13/2% level is observed,
while the shift for 9/27 is even smaller (=~ 4keV), indi-
cating a similar nuclear structure of both isotopes. This
is supported by the energies of low-lying levels populated
by a-decay of 2'°Th and 2'3Ra, respectively. No v-lines
that could be attributed to the decay of a 13/2% iso-
meric state in 2°Ra were observed in our experiments. As
seen in fig. 5, the mean decrease in half-lives in the series
207Tpo — 209Rn — 2 Ra and 2°°Po — 29"Rn is a factor of
about 3.5 per step. One could expect a half-life of ~ 50 us
for an isomeric state in 2°°Ra, which is certainly too long
to observe a v-ray intensity sufficient for an unambiguous
identification within our 5 us coincidence interval.

In even-even nuclei the occurrence of 8 isomeric states
is widespread, which is caused by a low energy difference
between 8T and 6T states. As seen in fig. 6 both levels are
decreasing in energy and moving together for N > 118
when approaching the neutron shell at N = 126, which
leads to an increase of the half-lives. Figure 6 exhibits
two other trends: States with low spins (27, (lowest) 471)
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increase in energy, which is especially evident in the large
energy increase of the lowest 27 - state from N = 124 to
N = 126.

In the neighbouring even-even nuclei ?'2Ra [6] and
208Rn [27] the isomeric state is ascribed to the 8%
member of the 7Thg oV = 2 or the 7Th3 oV = 2 multiplet,
respectively. Shell model calculations performed for
208Rn [27] result also in a multiplet built up on a neutron
hole configuration (v ;/22) with 2% and 4% states at

E* = 806keV and E* = 1180keV, respectively. While in
the case of 2°®Rn and seemingly for ?'?Ra the decay of
the isomeric state runs nearly exclusively through the 6+
and 47 states of the proton excitation configuration, in
the case of 2'°Ra the 471 states of both, the proton and
the neutron hole excitation configurations are populated
with almost equal intensity. According to the excitation
energies of the 47 state(s) in 2*Rn and ?'2Ra, we assign
one of the low-energy ~-lines (602.1 or 578.0keV) to the
67 — 4T (proton excitation) transition and one of the
high-energy ~-lines (774.6 or 750.5keV) to the 6T — 4T
(neutron hole excitation) transition. An unambiguous
assignment cannot be given on the basis of our data.
Our tentative choice is based on a comparison of the
intensity ratio (774.6keV)/i(750.5keV) = 1.8 £ 0.2
with lifetime ratios obtained from Weisskopf estima-
tions, 7(602.1, E2)/7(774.6, E2) = 3.5, 7(750.5, E£2)/
7(774.6, E2) = 1.2, and 7(750.5, £2)/7(578.0, E2) = 0.27.
The ratio (7(y1)/7(72))/(i(v2)/i(y1)) may then be
regarded as a hindrance of the transition ¥2 compared
to 1. Identifying the 602.1keV line as 6% — 41 (proton
excitation) transition and the 774.6keV line as 67 — 4T
(neutron hole excitation) transition, we obtain a hin-
drance factor of ~ 1.9 for the 774.6 keV transition, while
in the case of identifying the 578.0keV line as 67 — 47T
(proton excitation) transition and the 750.5keV line
as 67 — 4T (neutron hole excitation) transition, we
obtain a hindrance factor of ~ 6.6 for the 750.5keV
transition. Since a direct transition 67 — 41 (neutron
hole excitation) was not observed in 2°®Rn [27] at all,
it rather seems justified to assign the more hindered
transition in 21°Ra to 67 — 47 (neutron hole excitation).

In cases where data are available, as 2°8Rn [27], only a
low intensity of the 4t — 47 transition, compared to the
47 — 27 transition was observed, indicating strong hin-
drance of the M1 transitions between the two different 4™
configurations, which is in-line with our non-observation
of such a transition in 2!°Ra in our experiment.

5 Summary and outlook

The method of measuring delayed coincidences between
~v-rays and evaporation residues, implanted into a Si-
detector in the focal plane of SHIP after in-flight sepa-
ration from the primary beam has been demonstrated to
be a powerful technique to investigate isomeric states in
the microsecond range. Decay properties of already re-
ported isomers could be verified and a new isomeric state,
2lmR 4, was identified. Its decay properties resemble those
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of the N = 123 isotone 2°°Rn rather than those of the
next heavier odd-mass radium isotope 2!*™Ra. This may
indicate that the systematic behavior of the 13/2% states
known from nuclei with lighter atomic numbers is also
preserved for the radium isotopes. In this aspect it seems
interesting also to search for a 13/2% isomeric state in
209Ra, which would be the link between the known cases
20™mRa and 2''™Ra. With respect to the systematics in
the half-lives of the 13/2% states in the N = 121,123 nu-
clei (fig. 5) one would expect a value T4/o ~ 50 us for

209mRa. It should be detectable with the technique used
above if the time for delayed coincidences is increased.
Certainly this will lead to a higher background from ran-
dom coincidences, but ~y-y—coincidences would act as a
purification filter. For higher atomic numbers it would be
interesting to extend the search towards thorium isotopes.
The cross-sections there are rather small, only up to a few
microbarns [28], but at high beam intensities the sensi-
tivity of the method presented is sufficient for successful
measurements.
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