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FIG. 1. (Color online) Energy systematic of the Pb nuclei. The red
lines (triangles) connect states associated with a prolate structure, the
blue lines (squares) states with an oblate structure and the blacklines
(circles) connect states with a spherical structure.

in case of the larger model space. Moreover, they showed
that other observables, such as the B(E2) values for the
strongest transitions, were very similar in both approaches,
even though the wave functions differed distinctly. A different
set of Pseudonium nuclei was constructed for a model space of
two degenerate 1p1/2 and 1d3/2 single-particle states that could
contain both protons and neutrons, up to a maximum of 12
nucleons. Very much the same conclusion was reached after the

FIG. 2. (Color online) Energy systematic of the Hg nuclei. The
red lines (circles) connect states associated with a prolate structure
and the blue lines (squares) states with an oblate structure.

FIG. 3. Energy systematic of the Pt nuclei. The dark lines (circles)
connect the yrast band structure, the full (triangles) and dashed thin
lines (open squares) connect the non-yrast levels.

analysis of the resulting spectra within a restricted model space
of the 1d3/2 orbital only [43]. In the latter study, it was pointed
out that quadrupole moments seemed to be a better observable
to probe differences. Certain particularly chosen transfer
reactions were highly sensitive to the choice of the model
space. This demonstrates that a number of observables such
as excitation energies and B(E2) values are rather insensitive
to configuration mixing arising from the excitation of zero-
coupled pairs across the closed shell. The same underlying
mechanism may be responsible for the similarities between the
results for the Pt isotopes obtained within the [N ] configuration
space of the IBM and those obtained for the [N ] ⊕ [N + 2]
configuration space. In addition to the detailed comparison
in [41], we have constructed pseudospectra in the IBM
within a [N ] ⊕ [N + 2] configuration space and consequently
adjusted the parameters of an IBM Hamiltonian within the [N ]
configuration space [45]. Apart from very particular B(E2)
transition rates, it was impossible to discriminate between the
results of the two approaches.

In a more recent example, a study of the actual wave
function content and the way to test it has been explored
in the study of the nucleus 40Ca [46]. It turns out that
the 0+ ground state consists of only 65% closed sd shell
(or 0p-0h) and exhibits 29% 2p-2h excitations out of the
2s1/2, 1d3/2 normally filled orbitals into the 1f7/2, 2p3/2, 1f5/2,
2p1/2 higher-lying orbitals with even a 5% 4p-4h excitation
contribution. This large model space is needed to describe the
higher lying strongly deformed bands and superdeformation
as experimentally observed in 40Ca. The isotopic shifts in the
even-even A = 40 to A = 48 Ca nuclei could be reproduced
well through explicit inclusion of mp-nh excitations across the
Z = 20, N = 20 “closed” shell in a slightly smaller model
space than the one mentioned before [47]. This indicates
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FIG. 1. Singles γ -ray energy spectra tagged by genetic correlations of the 180Pb decay chains. Panel (a) shows a spectrum generated by
demanding a full-energy recoil-αF -αF chain as a tag, whereas for panel (b) recoil-αF /αE-αE/αF -αF chains were also accepted. See text for
details. In panel (c) a correlation plot showing the daughter α-particle energy vsthe mother α-particle energy is presented. The correlations
were made with a search time of 12 ms for the recoil-mother pair and 60 ms for the mother-daughter pair. The correlated mother-daughter
decays are indicated according to the respective mother nucleus.

unambiguously identify the γ rays in 180Pb. Four γ -ray
transitions with energies of 278, 312, 380, and 1168 keV
are firmly assigned to 180Pb. The recoil-αF /αE-αE/αF -αF

correlated spectrum, which shares the same features as the
recoil-αF -αF spectrum, is used to extract the intensities of the
transitions because at this level of statistics the statistical errors
are significant. The details are presented in Table I.

Assuming that the observed γ rays form a cascade, they
can be ordered on the basis of their relative intensities and
on systematics, because statistics are too low to obtain γ -γ
coincidences or to allow an angular distribution or correlation
analysis. Accordingly, it is proposed that the 1168-keV γ
ray, which has a much higher energy than the other γ rays,
corresponds to the 2+ → 0+ transition in keeping with that
observed in 182−188Pb, while the three further γ rays belong to
a rotational band above the 2+ state. The lack of observed Pb

TABLE I. The γ -ray transitions assigned to 180Pb in the present
work. The energies (Eγ ) in keV, raw intensities (counts), relative
intensities without (Irel) and with the correction for internal con-
version (Irel,icc) assuming pure E2 character, and the tentative level
assignments are given.

Eγ (keV) Counts Irel (%) Irel,icc (%) Iπ
i → Iπ

f

278(1) 19(5) 93(21) 107(25) (4+) → (2+)
312(1) 11(4) 56(17) 62(19) (6+) → (4+)
380(1) 6(3) 33(14) 36(15) (8+) → (6+)
1168(1) 9(3) 100(33) 100(33) (2+) → 0+

K x-rays supports the E2 assignment for the three low-energy
transitions. The proposed level scheme is presented in Fig. 2.
It should be noted that all excited states are “unbound” in the
sense that they lie above the one- and two-proton separation
energies [22].

The proposed level scheme is in good agreement, in a
qualitative sense, with a smooth extrapolation of the trends
seen in the neighboring even-even lead nuclei (see Fig. 3),
where the prolate-deformed states are suggested to move up in
energy relative to the ground state beyond the neutron midshell
at N = 104.

The same beyond-mean-field method as is described in
Ref. [19] has been used to calculate the structure of 180Pb
(see Fig. 2). This method is based on the configuration
mixing of self-consistent mean-field wave functions. After
projection on angular momentum and particle number, states
with different intrinsic axial quadrupole moment are mixed
within the generator coordinate method. The final wave
functions are usually spread over a wide range of intrinsic
deformations. Within this approach it is possible to calculate
the spectrum associated with the axial collective mode and
the electromagnetic transition probabilities allowed between
excited states. The Skyrme interaction SLy6 and a density-
dependent pairing interaction have been used. An extensive
description of the method can be found in Refs. [15,17,19].

As for heavier Pb isotopes, the calculated ground state of
180Pb is dominated by configurations with small deformation
close to sphericity. The collective wave function of the excited
2+ level at 2.2 MeV suggests its interpretation as a vibrational
state. It decays by a strong E2 transition to the ground state.
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has also been performed !16" where the low-lying transitions
up to the yrast J#!9" state were confirmed, but the use of a
low efficiency array of $-ray detectors prevented any coin-
cidence work.
In the 40Ar#168Er reaction, 204Rn is the dominant chan-

nel with the only other significant residues being the neigh-
boring odd isotopes present at a similar level to the 202Rn
experiment. The current analysis is based on recoil-selected
$-$ measurements, which has established the level scheme
shown in Fig. 14, involving a total of 54 transitions, 36 of
which have not been previously reported. The yrast levels up
to spin 13% are consistent with the work of Ref. !25". There
is a notable loss of intensity between the 135- and 243-keV
transitions feeding into and out of a state assigned to be 10"

at 2460 keV excitation. This state is isomeric with a previ-
ously measured lifetime of 33&3' nsec !25"; analysis of the
time spectrum associated with the 243-keV transition yields
a consistent measurement of the lifetime of 34&4' ns &see
Ref. !26" for details'. The addition of a large number of weak
transitions from a variety of nonyrast states to the yrast level
scheme and the introduction of two pairs of transitions with
similar energies &a 589.2 keV transition with an energy simi-
lar to the 4#→2# 588.6-keV transition and two transitions
with energies of 582.6 and 583.0 keV' have lead to extension
and significant revision of the previous level scheme. Ener-
gies and intensities of $ rays can be found in Table III.
Evidence for a second 589-keV transition is clear from a

spectrum gated on a transition with an energy of 135 keV,
shown in Fig. 15&a'. This transition is above the 34 ns isomer
discussed above, so the transitions below show a reduced
intensity compared to those above. For example the 543-keV
transition is weak compared to the 709-keV transition. How-
ever, there is a strong 589-keV transition in this gate which
indicates a transition of similar energy to the 4#→2# tran-
sition above the isomer. Closer inspection of the centroids of
such peaks in gates above and below the isomer, yields
588.6&1' keV for the transition below, and 589.2&3' keV for
the transition above the isomer. Figure 15&b' and &c' show
spectra gated on the 299-keV transition and a sum of 234-

keV and 114-keV transitions respectively. Peaks correspond-
ing to a $-ray energy of around 583 keV are present in both
gates, however, a consistent picture can only be found if
these peaks arise from different transitions and in fact the
extracted transition energies are different from one another
&see Table III'. There is a broad peak in the 299 keV gate
around 185 keV !see Fig. 15&b'". This does not arise from
204Rn, but from Coulomb excitation which presumably ap-
pears in the data due to a weak scattered beam group reach-
ing the focal plane of RITU. The yrast 6#→4# transition in
168Er has an energy of 285 keV which contaminates the 299-
keV gate as it is broadened due to kinematic effects. The
2#→0# transition has an energy of 80 keV which also ap-
pears in the spectrum unresolved from the Rn x-ray group.
An interesting example of a weak nonyrast transition is that
which feeds directly into the 21

# level with a transition en-
ergy of 1085 keV. A gate on that transition !see Fig. 15&d'"
yields a very clean and empty spectrum, other than a peak
corresponding to the 2#→0# transition at 543 keV.
Given the complexity of the deduced level scheme,

simple angular distribution measurements were not per-
formed and a $-$ directional correlation technique was used
to provide the necessary spectrum cleanliness. The germa-
nium detectors were grouped into two sets; central-angle de-
tectors at 79° and 101° and backward-angle detectors at
134° and 158° to the beam axis. Data were sorted into a
central-versus backward-angle two-dimensional matrix and
an experimental DCO ratio for each transition was defined as

RDCO!Iback
$2 &gatecent

$1 '/Icent
$2 &gateback

$1 ',

where Ia
$ i(gateb

$ j) is the intensity of $ i measured in detector
group a in a spectrum gated by $ j measured in detector
group b. The results are listed in Table III. The empirical
results for transitions with known multipolarity are consis-
tent with schematic calculations using the formalism in Ref.
!27", although full calculations involving an efficiency
weighted average over all detector pairs have not been per-

FIG. 14. The decay scheme of 204Rn deduced from recoil-gated $-$ measurements in the 168Er(40Ar,4n) reaction at a beam energy of
177 MeV. Transitions are labeled with the transition energy given to the nearest keV. Excited states are labeled by the spin parity, assigned
using measured DCO ratios as detailed in the text, and, in italics, by the excitation energy in keV.
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erage time interval between events at a particular position in
the silicon detector. Since the low-lying transitions have al-
ready been associated with 202Rn decays, recoil-! correla-
tions were not performed. Recoil-"-" data were used to con-
struct the level scheme on the basis of coincidences between
transitions, intensities in gated spectra and energy-sum argu-
ments. The resulting scheme is shown in Fig. 7. The level
scheme shows two pathways in the low-lying states, similar
to those observed in 200Rn, which can be justified with ref-
erence to gates placed on the 504-, 569-, 625-, and 717-keV
transitions shown in Fig. 8. Energies and intensities of " rays
can be found in Table II. Of particular interest is the weak
side structure which feeds into the first excited state. A spec-
trum gated on the 526-keV transition #see Fig. 9$a%& clearly
shows coincidence with the 504-keV transition, but no other

low-lying " rays, along with a transition at 473 keV. This
justifies the feeding of a weak side structure into the first
excited state.
In a similar fashion to the 200Rn analysis, the data were

used to generate three-point angular distributions of "-ray
intensity which were used to assist spin assignments. The
results are shown in Fig. 10, where distributions which slope
upwards are assigned as stretched quadrupole transitions,
and down sloping distributions, such as that for the 183-keV
transition, are assigned to be dipolar in nature. There were
insufficient statistics in gated spectra to tie down the nature
of the 183-keV transition on the basis of conversion coeffi-
cient arguments; it is assumed here to be an electric dipole
transition on the basis of the similarity in the decay pattern
with 204Rn discussed in the next section. The states in the
weak side structure at energies of 1030 and 1502 keV are
tentatively assigned to be 2! and 4!, respectively. The only
other reasonable possibility would be spins of 4 and 6 ' , but
this would make these states yrast with the expectation that
they would be associated with much stronger feeding. It is
also noted that the angular distribution of the 526-keV tran-
sition is not clearly of either stretched quadrupole or
stretched dipole character, and may be indicative of a (J
"0 transition. Given the possible interpretations of this side
structure, it is of interest to investigate possible E0 compo-
nents in the decay. A gate was placed on the 473-keV tran-
sition in order to assess the relative radiative intensity in the
526-keV transition. Figure 9$b% shows the raw gate on an
energy of 473 keV without removing any background to il-
lustrate the importance of the subtraction technique. The
526-keV transition is clearly visible, along with other lines
arising due to background contributions. In order to remove
them, a fraction of the total projection was subtracted and the
result is shown in Fig. 9$c%. Most of the low-lying transitions
arising from the background have disappeared, but some in-

FIG. 6. Energy spectra of prompt " rays which are in coinci-
dence with recoiling ions which subsequently emit " rays at the
focal plane with energies corresponding to those associated with the
isomeric decay observed in 200Rn $see Fig. 4%. The events shown in
$b% have the additional requirement that the recoil ! decays with
characteristics associated with 200Rn. The insets show expanded
portions of the spectrum in order to give an impression of the width
of candidate peaks, with the same vertical range as the main spec-
trum. Peaks are labeled by the transition energy to the nearest keV.

FIG. 7. The level scheme for 202Rn deduced from measurements
of the 166Er(40Ar,4n) reaction. Transitions are labeled with the tran-
sition energy to the nearest keV. Excited states are labeled by the
assigned spin-parity and excitation energy in keV.

FIG. 8. Gated "-ray energy spectra associated with 202Rn: $a% a
sum of spectra gated on energies of 504 and 569 keV, $b% a spec-
trum gated on an energy of 625 keV, and $c% a spectrum gated on an
energy of 717 keV. Transitions of interest are labeled by the transi-
tion energy to the nearest keV. Background subtraction was per-
formed using the method of Ref. #24&.
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consistent with a magnetic dipole conversion coefficient for
the 215-keV transition. Its measured DCO ratio is 1.1!2"
which is not inconsistent with the schematic calculation for a
#J!0 transition, which yields 1.04 under the assumptions
stated above. This leads to a J$!8" assignment for the de-
exciting state. The parallel pair of transitions with energies of
568 and 709 keV were observed by Ref. %25& but the 140-
keV crossover was not. The 1041- and 512-keV transitions
have DCO ratios consistent with stretched quadrupole and
dipole nature, respectively, so it is likely that the 568-keV
transition deexcites a spin-11 state. This would require that
the 140-keV transition have quadrupole multipolarity; con-
sistent intensities are obtained for an E2 rather than an M2
transition, fixing the spin-parity to be 11#. The 438-keV
transition feeds into this state and has a DCO ratio of
0.97!16" when gated by a dipolar transition. This suggests a
12" assignment for the deexciting state. Measured DCO ra-
tios in the parallel path via 583- and 234-keV transitions to
the yrast 9# state are consistent with this. The authors of
Ref. %25& note that the temporal character of these two tran-
sitions suggests that they are partially fed by a delayed com-
ponent with a half-life around 10 ns. The time spectra asso-
ciated with the 234-, 438-, and 583-keV transitions are all
consistent with some delayed feeding component; analysis of
the time spectra for the 234- and 438-keV transitions gives a
half-life of 14!4" ns %26& consistent with Ref. %25&. The 495-
and 472-keV lines appear to be prompt. It is therefore likely
that the isomeric state feeds into the 12" state, possibly by
an unobserved low-energy transition which would explain
the isomeric nature.
No transitions associated with 204Rn were observed in

focal plane '-ray detectors. This would indicate that there
are no strongly populated isomers with half-lives longer than
(0.5 )s.

V. INTERPRETATION AND CONCLUSIONS

The low-lying near-yrast states in the light radon isotopes
below the N!126 shell closure are illustrated in Fig. 16!a".
The data shown are those of Refs. %16–18,25,28–31& along
with the results obtained in the current study which complete
the systematics by providing a full picture of states up to spin
10 in the A!200#204 nuclides. The proximity of the N
!126 and Z!82 shell closures might suggest that the de-
scription of nuclei in this region lends itself to a shell model
approach. For example, measurements of the magnetic mo-
ments of the isomeric 81

" states in 206#214Rn %32&, have con-
firmed the assignment of a proton h9/2

4 configuration. Empiri-
cal calculations have been attempted with some success in
208Rn and heavier isotopes %29–31&, albeit using a rather
restricted model space and weak coupling between protons
and neutrons. Such calculations rapidly become intractable
in lighter systems where the increasing number of valence
particles dramatically increase the size of the model space. A
cursory glance at the energy level systematics shown in Fig.
16!a" shows that the spacing of the 2", 4", and 6" states is
roughly equal in the middle of the isotopes shown, which is
indicative of vibrational effects. These are clearly anhar-
monic, as might be expected from coupling of harmonic vi-

FIG. 15. Energy spectra of prompt ' rays emitted at the target
position in the 204Rn experiment: !a" gated by a transition energy of
135 keV, !b" gated by a transition energy of 299 keV, !c" gated by a
transition energy of 114 or 234 keV, and !d" gated by a transition
energy of 1085 keV. The prominent peaks in the spectrum are la-
beled with the transition energy given to the nearest keV.

FIG. 16. Systematics of the low-lying yrast states in !a" neutron-
deficient radon isotopes and !b" polonium isotopes. The states in
different isotopes which are joined by a line in !a" are part of similar
decay sequences. Some low-spin nonyrast states are also shown by
the asterisks. Sequences are labeled by the spin parity of the states
concerned and a common symbol is used for all yrast states of the
same spin parity.
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Expected	  structure	  and	  transi9on	  strengths	  for	  a	  
vibra9onal	  nucleus

J. Phys. G: Nucl. Part. Phys. 37 (2010) 064028 P E Garrett and J L Wood
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Figure 4. Systematics of B(E2) values for the even–even Cd isotopes 110−116Cd. Transitions are
labelled with their B(E2) values in W.u. with 1σ uncertainties on the last digit in the parentheses;
the listing of two numbers reflects asymmetric uncertainties with +1σ and −1σ , respectively.
Values without uncertainties are relative B(E2) values, or upper limits. Dashed arrows indicate
unobserved transitions where upper limits have been established. Of particular note are the greatly
disparate values in 114Cd between results of Coulomb excitation and lifetime measurements for
some levels, the most serious of which occurs for the 1842 keV 2+ level; the values obtained from
Coulomb excitation are listed above the transitions and are up to a factor of ≈35 greater than those
derived from the most stringent lifetime limits.

Figure 4 shows the low-lying excited states in 112Cd grouped on the basis of B(E2)

values [6, 7]. Evidently, the pattern does not match that shown in figure 3. In particular, at
the two-phonon level, the B(E2) value for decay from the 2+ state is a factor of 4 weaker
than expected, and that of the 0+ state is extraordinarily small. At the three-phonon level, the
0+ state has no observed decay to the two-phonon 2+ state [7, 8], and the 2+ member has an
enhanced decay to the 0+ member of the two-phonon triplet only. This disagreement is in
marked contrast to the similarities between figure 1 and figure 2. Indeed, this result came as
a complete surprise [6, 9]. Further, the disagreement is not peculiar to 112Cd: this observed
pattern of B(E2) values persists from 110Cd to 116Cd [6–17], as shown in figure 5.

Historically, a natural response to any observed deviation from the harmonic quadrupole
vibrator has been to invoke ‘anharmonicities’: there is a very large literature covering this, but
it is more useful here to look further at data. For 114Cd there are multi-step Coulomb excitation

3
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Data	  segmenta9on:	  Angular	  cuts

• Increase sensitivity to quadrupole moment via angle.

• Balance between sensitivity and statistical uncertainty.

• Test with 2 and 3 angular ranges...
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109Ag(4.0	  mg/cm2)	  @	  2.845	  MeV/u

Results:	  Gosia2	  calcula9ons	  -‐	  202Rn
• Reproduce target AND projectile excitation simultaneously.

• Extract χ2+ or more accurately, Gosia’s least-squares statistic, S.

• Vary both diagonal and transitional matrix elements to create a 
“chi-squared surface” plot.

• Error bars extracted with χ2+1 method.
- valid if S (or χ2) ~ 1 and parameters have equal weight.
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• Vary both diagonal and transitional matrix elements to create a 
“chi-squared surface” plot.

• Error bars extracted with χ2+1 method.
- valid if S (or χ2) ~ 1 and parameters have equal weight.

2 angular ranges
no low energy

3 angular ranges
no low energy 
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Preliminary	  Results:	  Matrix	  elements	  -‐	  202Rn

• Projection of 2 angular range data on <2+||E2||2+>

• Reasonable limits of -0.5 eb and +0.5 eb.

• Low energy data included for these curves.

• When removed, a shift to lower values observed.

• Inconsistent? Why?



 > [eb]+ || E2 || 2+< 0
0.8 1 1.2 1.4 1.6 1.8

2 χ

-110

1

10

 > = -.5 eb+ || E2 || 2+< 2

 eb+0.5882
-0.2592 > = 1.2516+ || E2 || 2+< 0

 > = 0.0 eb+ || E2 || 2+< 2

 eb+0.5635
-0.2505 > = 1.2067+ || E2 || 2+< 0

 > = 0.5 eb+ || E2 || 2+< 2

 eb+0.5252
-0.2456 > = 1.1649+ || E2 || 2+< 0

Without low energy exp.

 eb+0.4314
-0.1983 > = 1.1523+ || E2 || 2+< 0

Rn202

109Ag(4.0	  mg/cm2)	  @	  2.845	  MeV/u

Preliminary	  Results:	  Matrix	  elements	  -‐	  202Rn

• Projection of 2 angular range data on <2+||E2||2+>

• Reasonable limits of -0.5 eb and +0.5 eb.

• Low energy data included for these curves.

• When removed, a shift to lower values observed.

• Inconsistent? Why?

• Quote 3 different values of <2+||E2||2+>?

• Assume <2+||E2||2+> = 0 and increase error bars?

• 3 ranges or 2? With or without low energy?

• Unresolved issues.  Best strategy to be decided.
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• Projection of 2 angular range data on <2+||E2||2+>

• Reasonable limits of -0.5 eb and +0.5 eb.

• Low energy data included for these curves.

• When removed, a shift to lower values observed.

• Inconsistent? Why?

B(E2;	  2+1	  -‐>	  0+2)	  =	  41+48-‐15	  W.u.
• Quote 3 different values of <2+||E2||2+>?

• Assume <2+||E2||2+> = 0 and increase error bars?

• 3 ranges or 2? With or without low energy?

• Unresolved issues.  Best strategy to be decided.
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• Projection of 2 angular range data on <2+||E2||2+>

• Reasonable limits of -0.5 eb and +0.5 eb.

• Low energy data included for these curves.

• When removed, a shift to lower values observed.

• Inconsistent? Why?

• Quote 3 different values of <2+||E2||2+>?

• Assume <2+||E2||2+> = 0 and increase error bars?

• 3 ranges or 2? With or without low energy?

• Unresolved issues.  Best strategy to be decided.

B(E2;	  2+1	  -‐>	  0+2)	  =	  38+34-‐12	  W.u.
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erage time interval between events at a particular position in
the silicon detector. Since the low-lying transitions have al-
ready been associated with 202Rn decays, recoil-! correla-
tions were not performed. Recoil-"-" data were used to con-
struct the level scheme on the basis of coincidences between
transitions, intensities in gated spectra and energy-sum argu-
ments. The resulting scheme is shown in Fig. 7. The level
scheme shows two pathways in the low-lying states, similar
to those observed in 200Rn, which can be justified with ref-
erence to gates placed on the 504-, 569-, 625-, and 717-keV
transitions shown in Fig. 8. Energies and intensities of " rays
can be found in Table II. Of particular interest is the weak
side structure which feeds into the first excited state. A spec-
trum gated on the 526-keV transition #see Fig. 9$a%& clearly
shows coincidence with the 504-keV transition, but no other

low-lying " rays, along with a transition at 473 keV. This
justifies the feeding of a weak side structure into the first
excited state.
In a similar fashion to the 200Rn analysis, the data were

used to generate three-point angular distributions of "-ray
intensity which were used to assist spin assignments. The
results are shown in Fig. 10, where distributions which slope
upwards are assigned as stretched quadrupole transitions,
and down sloping distributions, such as that for the 183-keV
transition, are assigned to be dipolar in nature. There were
insufficient statistics in gated spectra to tie down the nature
of the 183-keV transition on the basis of conversion coeffi-
cient arguments; it is assumed here to be an electric dipole
transition on the basis of the similarity in the decay pattern
with 204Rn discussed in the next section. The states in the
weak side structure at energies of 1030 and 1502 keV are
tentatively assigned to be 2! and 4!, respectively. The only
other reasonable possibility would be spins of 4 and 6 ' , but
this would make these states yrast with the expectation that
they would be associated with much stronger feeding. It is
also noted that the angular distribution of the 526-keV tran-
sition is not clearly of either stretched quadrupole or
stretched dipole character, and may be indicative of a (J
"0 transition. Given the possible interpretations of this side
structure, it is of interest to investigate possible E0 compo-
nents in the decay. A gate was placed on the 473-keV tran-
sition in order to assess the relative radiative intensity in the
526-keV transition. Figure 9$b% shows the raw gate on an
energy of 473 keV without removing any background to il-
lustrate the importance of the subtraction technique. The
526-keV transition is clearly visible, along with other lines
arising due to background contributions. In order to remove
them, a fraction of the total projection was subtracted and the
result is shown in Fig. 9$c%. Most of the low-lying transitions
arising from the background have disappeared, but some in-

FIG. 6. Energy spectra of prompt " rays which are in coinci-
dence with recoiling ions which subsequently emit " rays at the
focal plane with energies corresponding to those associated with the
isomeric decay observed in 200Rn $see Fig. 4%. The events shown in
$b% have the additional requirement that the recoil ! decays with
characteristics associated with 200Rn. The insets show expanded
portions of the spectrum in order to give an impression of the width
of candidate peaks, with the same vertical range as the main spec-
trum. Peaks are labeled by the transition energy to the nearest keV.

FIG. 7. The level scheme for 202Rn deduced from measurements
of the 166Er(40Ar,4n) reaction. Transitions are labeled with the tran-
sition energy to the nearest keV. Excited states are labeled by the
assigned spin-parity and excitation energy in keV.

FIG. 8. Gated "-ray energy spectra associated with 202Rn: $a% a
sum of spectra gated on energies of 504 and 569 keV, $b% a spec-
trum gated on an energy of 625 keV, and $c% a spectrum gated on an
energy of 717 keV. Transitions of interest are labeled by the transi-
tion energy to the nearest keV. Background subtraction was per-
formed using the method of Ref. #24&.
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erage time interval between events at a particular position in
the silicon detector. Since the low-lying transitions have al-
ready been associated with 202Rn decays, recoil-! correla-
tions were not performed. Recoil-"-" data were used to con-
struct the level scheme on the basis of coincidences between
transitions, intensities in gated spectra and energy-sum argu-
ments. The resulting scheme is shown in Fig. 7. The level
scheme shows two pathways in the low-lying states, similar
to those observed in 200Rn, which can be justified with ref-
erence to gates placed on the 504-, 569-, 625-, and 717-keV
transitions shown in Fig. 8. Energies and intensities of " rays
can be found in Table II. Of particular interest is the weak
side structure which feeds into the first excited state. A spec-
trum gated on the 526-keV transition #see Fig. 9$a%& clearly
shows coincidence with the 504-keV transition, but no other

low-lying " rays, along with a transition at 473 keV. This
justifies the feeding of a weak side structure into the first
excited state.
In a similar fashion to the 200Rn analysis, the data were

used to generate three-point angular distributions of "-ray
intensity which were used to assist spin assignments. The
results are shown in Fig. 10, where distributions which slope
upwards are assigned as stretched quadrupole transitions,
and down sloping distributions, such as that for the 183-keV
transition, are assigned to be dipolar in nature. There were
insufficient statistics in gated spectra to tie down the nature
of the 183-keV transition on the basis of conversion coeffi-
cient arguments; it is assumed here to be an electric dipole
transition on the basis of the similarity in the decay pattern
with 204Rn discussed in the next section. The states in the
weak side structure at energies of 1030 and 1502 keV are
tentatively assigned to be 2! and 4!, respectively. The only
other reasonable possibility would be spins of 4 and 6 ' , but
this would make these states yrast with the expectation that
they would be associated with much stronger feeding. It is
also noted that the angular distribution of the 526-keV tran-
sition is not clearly of either stretched quadrupole or
stretched dipole character, and may be indicative of a (J
"0 transition. Given the possible interpretations of this side
structure, it is of interest to investigate possible E0 compo-
nents in the decay. A gate was placed on the 473-keV tran-
sition in order to assess the relative radiative intensity in the
526-keV transition. Figure 9$b% shows the raw gate on an
energy of 473 keV without removing any background to il-
lustrate the importance of the subtraction technique. The
526-keV transition is clearly visible, along with other lines
arising due to background contributions. In order to remove
them, a fraction of the total projection was subtracted and the
result is shown in Fig. 9$c%. Most of the low-lying transitions
arising from the background have disappeared, but some in-

FIG. 6. Energy spectra of prompt " rays which are in coinci-
dence with recoiling ions which subsequently emit " rays at the
focal plane with energies corresponding to those associated with the
isomeric decay observed in 200Rn $see Fig. 4%. The events shown in
$b% have the additional requirement that the recoil ! decays with
characteristics associated with 200Rn. The insets show expanded
portions of the spectrum in order to give an impression of the width
of candidate peaks, with the same vertical range as the main spec-
trum. Peaks are labeled by the transition energy to the nearest keV.

FIG. 7. The level scheme for 202Rn deduced from measurements
of the 166Er(40Ar,4n) reaction. Transitions are labeled with the tran-
sition energy to the nearest keV. Excited states are labeled by the
assigned spin-parity and excitation energy in keV.

FIG. 8. Gated "-ray energy spectra associated with 202Rn: $a% a
sum of spectra gated on energies of 504 and 569 keV, $b% a spec-
trum gated on an energy of 625 keV, and $c% a spectrum gated on an
energy of 717 keV. Transitions of interest are labeled by the transi-
tion energy to the nearest keV. Background subtraction was per-
formed using the method of Ref. #24&.
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erage time interval between events at a particular position in
the silicon detector. Since the low-lying transitions have al-
ready been associated with 202Rn decays, recoil-! correla-
tions were not performed. Recoil-"-" data were used to con-
struct the level scheme on the basis of coincidences between
transitions, intensities in gated spectra and energy-sum argu-
ments. The resulting scheme is shown in Fig. 7. The level
scheme shows two pathways in the low-lying states, similar
to those observed in 200Rn, which can be justified with ref-
erence to gates placed on the 504-, 569-, 625-, and 717-keV
transitions shown in Fig. 8. Energies and intensities of " rays
can be found in Table II. Of particular interest is the weak
side structure which feeds into the first excited state. A spec-
trum gated on the 526-keV transition #see Fig. 9$a%& clearly
shows coincidence with the 504-keV transition, but no other

low-lying " rays, along with a transition at 473 keV. This
justifies the feeding of a weak side structure into the first
excited state.
In a similar fashion to the 200Rn analysis, the data were

used to generate three-point angular distributions of "-ray
intensity which were used to assist spin assignments. The
results are shown in Fig. 10, where distributions which slope
upwards are assigned as stretched quadrupole transitions,
and down sloping distributions, such as that for the 183-keV
transition, are assigned to be dipolar in nature. There were
insufficient statistics in gated spectra to tie down the nature
of the 183-keV transition on the basis of conversion coeffi-
cient arguments; it is assumed here to be an electric dipole
transition on the basis of the similarity in the decay pattern
with 204Rn discussed in the next section. The states in the
weak side structure at energies of 1030 and 1502 keV are
tentatively assigned to be 2! and 4!, respectively. The only
other reasonable possibility would be spins of 4 and 6 ' , but
this would make these states yrast with the expectation that
they would be associated with much stronger feeding. It is
also noted that the angular distribution of the 526-keV tran-
sition is not clearly of either stretched quadrupole or
stretched dipole character, and may be indicative of a (J
"0 transition. Given the possible interpretations of this side
structure, it is of interest to investigate possible E0 compo-
nents in the decay. A gate was placed on the 473-keV tran-
sition in order to assess the relative radiative intensity in the
526-keV transition. Figure 9$b% shows the raw gate on an
energy of 473 keV without removing any background to il-
lustrate the importance of the subtraction technique. The
526-keV transition is clearly visible, along with other lines
arising due to background contributions. In order to remove
them, a fraction of the total projection was subtracted and the
result is shown in Fig. 9$c%. Most of the low-lying transitions
arising from the background have disappeared, but some in-

FIG. 6. Energy spectra of prompt " rays which are in coinci-
dence with recoiling ions which subsequently emit " rays at the
focal plane with energies corresponding to those associated with the
isomeric decay observed in 200Rn $see Fig. 4%. The events shown in
$b% have the additional requirement that the recoil ! decays with
characteristics associated with 200Rn. The insets show expanded
portions of the spectrum in order to give an impression of the width
of candidate peaks, with the same vertical range as the main spec-
trum. Peaks are labeled by the transition energy to the nearest keV.

FIG. 7. The level scheme for 202Rn deduced from measurements
of the 166Er(40Ar,4n) reaction. Transitions are labeled with the tran-
sition energy to the nearest keV. Excited states are labeled by the
assigned spin-parity and excitation energy in keV.

FIG. 8. Gated "-ray energy spectra associated with 202Rn: $a% a
sum of spectra gated on energies of 504 and 569 keV, $b% a spec-
trum gated on an energy of 625 keV, and $c% a spectrum gated on an
energy of 717 keV. Transitions of interest are labeled by the transi-
tion energy to the nearest keV. Background subtraction was per-
formed using the method of Ref. #24&.
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erage time interval between events at a particular position in
the silicon detector. Since the low-lying transitions have al-
ready been associated with 202Rn decays, recoil-! correla-
tions were not performed. Recoil-"-" data were used to con-
struct the level scheme on the basis of coincidences between
transitions, intensities in gated spectra and energy-sum argu-
ments. The resulting scheme is shown in Fig. 7. The level
scheme shows two pathways in the low-lying states, similar
to those observed in 200Rn, which can be justified with ref-
erence to gates placed on the 504-, 569-, 625-, and 717-keV
transitions shown in Fig. 8. Energies and intensities of " rays
can be found in Table II. Of particular interest is the weak
side structure which feeds into the first excited state. A spec-
trum gated on the 526-keV transition #see Fig. 9$a%& clearly
shows coincidence with the 504-keV transition, but no other

low-lying " rays, along with a transition at 473 keV. This
justifies the feeding of a weak side structure into the first
excited state.
In a similar fashion to the 200Rn analysis, the data were

used to generate three-point angular distributions of "-ray
intensity which were used to assist spin assignments. The
results are shown in Fig. 10, where distributions which slope
upwards are assigned as stretched quadrupole transitions,
and down sloping distributions, such as that for the 183-keV
transition, are assigned to be dipolar in nature. There were
insufficient statistics in gated spectra to tie down the nature
of the 183-keV transition on the basis of conversion coeffi-
cient arguments; it is assumed here to be an electric dipole
transition on the basis of the similarity in the decay pattern
with 204Rn discussed in the next section. The states in the
weak side structure at energies of 1030 and 1502 keV are
tentatively assigned to be 2! and 4!, respectively. The only
other reasonable possibility would be spins of 4 and 6 ' , but
this would make these states yrast with the expectation that
they would be associated with much stronger feeding. It is
also noted that the angular distribution of the 526-keV tran-
sition is not clearly of either stretched quadrupole or
stretched dipole character, and may be indicative of a (J
"0 transition. Given the possible interpretations of this side
structure, it is of interest to investigate possible E0 compo-
nents in the decay. A gate was placed on the 473-keV tran-
sition in order to assess the relative radiative intensity in the
526-keV transition. Figure 9$b% shows the raw gate on an
energy of 473 keV without removing any background to il-
lustrate the importance of the subtraction technique. The
526-keV transition is clearly visible, along with other lines
arising due to background contributions. In order to remove
them, a fraction of the total projection was subtracted and the
result is shown in Fig. 9$c%. Most of the low-lying transitions
arising from the background have disappeared, but some in-

FIG. 6. Energy spectra of prompt " rays which are in coinci-
dence with recoiling ions which subsequently emit " rays at the
focal plane with energies corresponding to those associated with the
isomeric decay observed in 200Rn $see Fig. 4%. The events shown in
$b% have the additional requirement that the recoil ! decays with
characteristics associated with 200Rn. The insets show expanded
portions of the spectrum in order to give an impression of the width
of candidate peaks, with the same vertical range as the main spec-
trum. Peaks are labeled by the transition energy to the nearest keV.

FIG. 7. The level scheme for 202Rn deduced from measurements
of the 166Er(40Ar,4n) reaction. Transitions are labeled with the tran-
sition energy to the nearest keV. Excited states are labeled by the
assigned spin-parity and excitation energy in keV.

FIG. 8. Gated "-ray energy spectra associated with 202Rn: $a% a
sum of spectra gated on energies of 504 and 569 keV, $b% a spec-
trum gated on an energy of 625 keV, and $c% a spectrum gated on an
energy of 717 keV. Transitions of interest are labeled by the transi-
tion energy to the nearest keV. Background subtraction was per-
formed using the method of Ref. #24&.
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has also been performed !16" where the low-lying transitions
up to the yrast J#!9" state were confirmed, but the use of a
low efficiency array of $-ray detectors prevented any coin-
cidence work.
In the 40Ar#168Er reaction, 204Rn is the dominant chan-

nel with the only other significant residues being the neigh-
boring odd isotopes present at a similar level to the 202Rn
experiment. The current analysis is based on recoil-selected
$-$ measurements, which has established the level scheme
shown in Fig. 14, involving a total of 54 transitions, 36 of
which have not been previously reported. The yrast levels up
to spin 13% are consistent with the work of Ref. !25". There
is a notable loss of intensity between the 135- and 243-keV
transitions feeding into and out of a state assigned to be 10"

at 2460 keV excitation. This state is isomeric with a previ-
ously measured lifetime of 33&3' nsec !25"; analysis of the
time spectrum associated with the 243-keV transition yields
a consistent measurement of the lifetime of 34&4' ns &see
Ref. !26" for details'. The addition of a large number of weak
transitions from a variety of nonyrast states to the yrast level
scheme and the introduction of two pairs of transitions with
similar energies &a 589.2 keV transition with an energy simi-
lar to the 4#→2# 588.6-keV transition and two transitions
with energies of 582.6 and 583.0 keV' have lead to extension
and significant revision of the previous level scheme. Ener-
gies and intensities of $ rays can be found in Table III.
Evidence for a second 589-keV transition is clear from a

spectrum gated on a transition with an energy of 135 keV,
shown in Fig. 15&a'. This transition is above the 34 ns isomer
discussed above, so the transitions below show a reduced
intensity compared to those above. For example the 543-keV
transition is weak compared to the 709-keV transition. How-
ever, there is a strong 589-keV transition in this gate which
indicates a transition of similar energy to the 4#→2# tran-
sition above the isomer. Closer inspection of the centroids of
such peaks in gates above and below the isomer, yields
588.6&1' keV for the transition below, and 589.2&3' keV for
the transition above the isomer. Figure 15&b' and &c' show
spectra gated on the 299-keV transition and a sum of 234-

keV and 114-keV transitions respectively. Peaks correspond-
ing to a $-ray energy of around 583 keV are present in both
gates, however, a consistent picture can only be found if
these peaks arise from different transitions and in fact the
extracted transition energies are different from one another
&see Table III'. There is a broad peak in the 299 keV gate
around 185 keV !see Fig. 15&b'". This does not arise from
204Rn, but from Coulomb excitation which presumably ap-
pears in the data due to a weak scattered beam group reach-
ing the focal plane of RITU. The yrast 6#→4# transition in
168Er has an energy of 285 keV which contaminates the 299-
keV gate as it is broadened due to kinematic effects. The
2#→0# transition has an energy of 80 keV which also ap-
pears in the spectrum unresolved from the Rn x-ray group.
An interesting example of a weak nonyrast transition is that
which feeds directly into the 21

# level with a transition en-
ergy of 1085 keV. A gate on that transition !see Fig. 15&d'"
yields a very clean and empty spectrum, other than a peak
corresponding to the 2#→0# transition at 543 keV.
Given the complexity of the deduced level scheme,

simple angular distribution measurements were not per-
formed and a $-$ directional correlation technique was used
to provide the necessary spectrum cleanliness. The germa-
nium detectors were grouped into two sets; central-angle de-
tectors at 79° and 101° and backward-angle detectors at
134° and 158° to the beam axis. Data were sorted into a
central-versus backward-angle two-dimensional matrix and
an experimental DCO ratio for each transition was defined as

RDCO!Iback
$2 &gatecent

$1 '/Icent
$2 &gateback

$1 ',

where Ia
$ i(gateb

$ j) is the intensity of $ i measured in detector
group a in a spectrum gated by $ j measured in detector
group b. The results are listed in Table III. The empirical
results for transitions with known multipolarity are consis-
tent with schematic calculations using the formalism in Ref.
!27", although full calculations involving an efficiency
weighted average over all detector pairs have not been per-

FIG. 14. The decay scheme of 204Rn deduced from recoil-gated $-$ measurements in the 168Er(40Ar,4n) reaction at a beam energy of
177 MeV. Transitions are labeled with the transition energy given to the nearest keV. Excited states are labeled by the spin parity, assigned
using measured DCO ratios as detailed in the text, and, in italics, by the excitation energy in keV.
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VERY	  Preliminary	  Gosia2	  calcula9ons	  -‐	  204Rn
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 > = 0.0 eb+ || E2 || 2+< 2

 eb+0.4776
-0.2552 > = 1.1127+ || E2 || 2+< 0
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Rn204

B(E2;	  2+1	  -‐>	  0+2)	  =	  34+36-‐14	  W.u.
very	  very	  preliminary



Summary

• Extracted preliminary B(E2; 2+1 -> 0+1) values in 202,204Rn.

• Not enough sensitivity to quadrupole moment.

To do:

• Subtract Hg contamination from 2010 runs.

• Try to add in 2+2 and 4+1 states for 202Rn, normalising to <2+1||E2||0+1>

Thank you!



Subtrac9on	  of	  Hg	  contamina9on...	  Worthwhile?

• 202Hg lifetime known to good precision...  τ = 39.33 ± 0.32 ps.

• Calculate integrated flux of Hg from known cross-section.
- Uncertainty dominated by statistical error from γ-ray intensity.

• Calculate γ-ray intensity of 109Ag transitions from Hg excitation.

• Subtract from total to get 202Rn contribution -> Big error bar.



Subtrac9on	  of	  Hg	  contamina9on...	  Worthwhile?

• 202Hg lifetime known to good precision...  τ = 39.33 ± 0.32 ps.

• Calculate integrated flux of Hg from known cross-section.
- Uncertainty dominated by statistical error from γ-ray intensity.

• Calculate γ-ray intensity of 109Ag transitions from Hg excitation.

• Subtract from total to get 202Rn contribution -> Big error bar.

Yes, of course it will be done, eventually...



2+2	  -‐>	  0+1?	  -‐	  202Rn
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