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Abstract

1 Introduction

The nuclear structure of the odd-mass Au isotopes is

distinguished by three major features: it is the longest

chain of odd-mass isotopes for which excited state in-

formation is now available; there are proton-hole states

that exhibit near constant energies over a change in

neutron number corresponding to some 30 mass units;

and there are multiple coexisting intruder states (invol-

ving proton-particle excitations across the Z = 82 closed

shell). This picture has emerged from studies of high-

spin states using in-beam γ-ray spectroscopy [1–18] and

studies of low-spin and medium-spin states by β de-

cay of Hg isotopes [19–29], atomic-beam magnetic res-

onance technique [30–32], in-source laser spectroscopy

[33], α decay of Tl isotopes [34], and isomeric state de-

cays in the Au isotopes [35,36]. Details of many of the

intruder states have been given in reviews [37–39].

For the extremely neutron-deficient odd-mass Au

isotopes, the excited-state data are progressively more

limited with decreasing mass number. Nevertheless, a

dramatic feature has been characterized: in 177Au there

is a band consistent with very strong deformation, which

is unique in the odd-mass Au isotopes to this nucleus [13].

However, below 183Au there are almost no data for low-

spin states. Herein, we report results on low-spin states

in 181Au via radioactive decay of 181Hg (T1/2 = 3.6 s,

Jπ= 1/2−, Q(β+) =−7862(18) keV). This has necessi-

tated a major advance in technique for odd-mass de-

cay scheme spectroscopy, which has recently been de-

veloped [40]. The primary need for this advance is the
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large α-decay branch of 181Hg: this results in decays

in multiple isobaric chains as depicted in Fig. 1, with

the consequence that previous work [27] has made in-

correct assignments of γ rays to the β-decaying and α-

decaying species. Thus, prior to the present study, a

decay scheme for 181Hg→181Au has not been available

and, indeed, the strongest γ rays in the decay scheme

were not identified due to unresolved multiplets invol-

ving transitions in other isotopes.

2 Experimental details

The experiment was performed at the ISOLDE facility,

which is active at CERN. It is a premier facility delive-

ring radioactive-ion beams of various elements and iso-

topes. A bunched proton beam with energy of 1.4 GeV

and typical intensity of 1.5µA impinged on a molten

lead target, inducing processes such as spallation, fis-

sion, and fragmentation. These processes produced a

variety of isotopes in the target. Due to the high tem-

perature of the target, reaction products were diffused

out of the target and subsequently ionised with a plasma

ion source, and extracted with a 30 kV potential. The

General Purpose Separator, which has one bending mag-

net, was used for mass separation. Production, and ex-

traction of 181Pb, 181Tl, and 181Au was very low and

Hf-Pt elements were not extracted at all, due to their

refractory nature. Therefore, a practically pure 181Hg

beam was delivered.

Samples of 181Hg were created by the deposition of

the radioactive-ion beam onto the metallic tape of the

TATRA spectrometer [41] installed at the LA1 beam

line of the ISOLDE facility. Subsequently, the sample

was transported by rapid motion of the tape into the
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Fig. 1 Decay branches of 181Hg and its daughter isotopes. The data are taken from Evaluated Nuclear Structure Data File.

measurement chamber. Two standard coaxial germa-

nium detectors with relative efficiency of 70 % and a

single Broad Energy Germanium detector [42], type

BE2020, were positioned around the sample located

at the measurement point. Source-to-detector distances

were of 5 cm. All detectors were calibrated for energy

and intensity of γ-ray lines with standard sources and

procedures.

The data were acquired with the fully-digital acqui-

sition system, based on the commercial Pixie-16 14 bit,

250 MHz digitisers. The data were collected from pream-

plifiers of each detector separately, pulse height was

reconstructed on an even-by-event basis, timestamped

and stored as 32 768 channel spectrum. The coincidence

relationships were investigated offline, using the times-

tamp information. Signals from the BE2020 BEGe de-

tector were amplified prior to digitisation (without sha-

ping). The dynamical range of the digitiser covered the

range up to approximately 920 keV, which gives 29 eV

per channel in the singles spectrum. This allowed for

enhanced separation of γ rays that are close in energy

via the shapes of peaks.

3 Experimental results

Fig. 2 gives part of the spectrum detected with the

BE2020 BEGe detector within a time window of 12 s af-

ter transportation of the sample into the measurement

position. Characteristic X-rays of all elements between

tantalum and gold are clearly visible. Long-lived species

were present either due to accumulation of the activity

on the tape from a preceding study of 183Hg decay,

performed within the same experiment, or by contami-

nation of the measurement chamber. If α decay occurs

and the α particle is emitted into the tape, the recoil-

ing nucleus can be ejected from the tape. Therefore,

50 60 70 80 90 100

1
0

3
 ×

 C
o

u
n

ts
 /
 2

9
 e

V

2

4

6

8

10

12

14

16

Au Kα1

Au Kα2 + Pt Kα1

Pt Kα2 + Ir Kα1

Ir
 K

α
2
 +

 O
s
 K

α
1

O
s
 K

α
2
 +

 R
e

 K
α

1

R
e

 K
α

2
 +

 W
 K

α
1

W
 K

α
2
 +

 T
a

 K
α

1

T
a

 K
α

2

A
u

 K
β

2
,4
 

Energy [keV]

A
u

 K
β

1
,3

,5
 +

 P
t 
K

β
2

,4
 

P
t 
K

β
1

,3
,5

 +
 I
r 

K
β

2
,4
 

Ir
 K

β
1

,3
,5

 +
 O

s
 K

β
2

,4
 

O
s
 K

β
1

,3
,5

 +
 R

e
 K

β
2

,4
 

1
8

1
A

u

1
8

1
A

u

1
7

7
O

s
 +

 1
7

7
R

e
1

7
7
P

t
1

8
1
A

u
1

7
7
Ir

1
8

1
A

u
1

7
7
Ir

 1
7

7
R

e

 1
7

7
W

Fig. 2 Part of the γ-ray singles spectrum detected with the
BE2020 BEGe detector, within a time window of 12 s after
transportation of the sample into the measurement position.
Characteristic Kα1, and Kα2 X rays of Au, Pt, Ir, Os, Re,
W, and Ta are marked. Other peaks are due to characteristic
Kβ radiation and low-energy γ rays.

for identification of γ rays related to the mother decay

of 181Hg, a method based on the time structure of the

data was used. The method is described in [13] and was

successfully used in the 183Hg decay study [40]. Com-

pared to that study, more contaminating isotopes with

various half lives are present here. Therefore, the re-

sulting spectra have to be analysed very carefully, since

some peaks may not be suppressed, or suppressed only

partially, or can create “negative” peaks.

Fig. 3a gives the part of the γ-ray singles spectrum

detected with the BE2020 BEGe detector within a time

window of 12 s after transportation of the sample into

the measurement position. The deconvoluted spectrum

is given in Fig. 3b. It clearly demonstrates the separa-

tion power of the technique used in the present work.

Fig. 4 gives a sample singles spectrum from the

coaxial germanium detector, depicting the data qual-

ity at high energy. Also for the coaxial detector, the

same deconvolution method can be used. Part of the

singles spectrum, together with deconvoluted spectrum

is given in Fig. 5.
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Fig. 3 a) Part of the γ-ray singles spectrum detected with the BE2020 BEGe detector, within a time window of 12 s after
transportation of the sample into the measurement position. Transitions attributed to the decay of 181Hg are denoted with
their energies. b) Part of the spectrum of the γ-ray singles attributed to the 181Hg decay, deconvoluted from the total spectrum
using the timestructure of the data, see the text for details.
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Fig. 4 Part of the γ-ray singles spectrum detected with the
coaxial germanium detector, within a time window of 12 s
after transportation of the sample into the measurement po-
sition

A list of γ rays associated with the 181Hg, observed

in the present work, is given in Table. 1. Previous study

of the 181Hg decay [27] reported 20 γ rays. Out of these

20 transitions, only 7 were observed also in the present

experiment: 147.48, 214.06, 239.69 (all from α decay),

165.67, 210.83, 217.64, 280.95, and 330.80 keV. Other

transitions reported in [27] are not confirmed by the

present study. The study [27] reported also 30.8 and

42.5 keV transitions. In the present experiment, γ rays

with such low energies could not be detected due to

a 50 keV threshold. A dedicated experiment is needed

to clarify origin and character of these transitions. Most

notably, the study [27] does not report 111.34 and 113.11 keV

transitions. The 113.11 keV is the strongest γ ray asso-

ciated with the β+/EC decay of the 181Hg, see Table 1.

Authors of the study [27] state explicitly that “lines be-

longing to the 181Pt→181Ir decay were present with high

intensity in all the spectra”. The strongest γ ray asso-

ciated with this decay has an energy of 112.2 keV [27],

i.e., between the 111.34 and 113.11 keV transitions of

the 181Hg decay. In the previous study, n-type Hyper-

pure Germanium detectors were used. They have infe-

rior energy resolution compared to BEGe at these en-

ergies and moreover, they were operated at low gain

(according to published spectra approximately 0.4 keV

per ADC channel). Note that our procedure uses a gain

on 29 eV per channel: this ensures necessary energy pre-

cision and provides critical energy information to assign

the many low-energy lines to the various decay daugh-

ter species.

The proposed level scheme constructed on the basis

of the Rydberg-Ritz analysis and coincidence relation-

ships is given in Fig. 6 and is discussed further in the

text.

Fig. 7a gives a spectrum of γ-ray singles detected

with the BE2020 BEGe detector, within a time window

of 12 s after transportation of the sample into measure-

ment position. Peaks were fitted with Gaussian shapes
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b) HPGe coaxial detector 181Hg decay

Fig. 5 a) Part of the γ-ray singles spectrum detected with the coaxial germanium detector, within a time window of 12 s
after transportation of the sample into the measurement position. Transitions attributed to the decay of 181Hg are denoted
with their energies. b) Part of the spectrum of the γ-ray singles attributed to the 181Hg decay, deconvoluted from the total
spectrum using the timestructure of the data, see the text for details.

to obtain γ-ray energies and intensities. A reduced χ2 is

1.03 for the energy fit, suggests that fitted line shapes

and background very well reproduce the data. Fig. 7b

gives deconvoluted spectra using the time structure of

the data, see discussion above and [13]. The green spec-

trum gives γ rays associated with the 181Hg decay, while

the orange spectrum gives γ rays associated with daugh-

ter activities. Prominent in the green spectrum are the

111.34 and 113.11 keV transitions. The 115.65 keV tran-

sition also remains in the green spectrum, however this

is a known transition of the 177W isotope [44]. Para-

meters of the deconvolution were tuned to subtract the
181Au transitions (dominant contamination) and there-

fore the 115.65 keV peak remains in the spectrum. The

112.2 keV γ ray is a known transition of the 181Pt de-

cay [28]. It is slightly over-subtracted because of the

procedure parameter settings. The 113.11 keV transi-

tion is the strongest associated with the 181Hg β+/EC

decay, see Table 1. Therefore it has to be located in the

bottom part of the level scheme, most probably feeding

the ground state.

Coincidence relationships of the 111.34 and 113.11 keV

transitions were investigated. These transitions were

found not to coincide with each other. Fig. 8 gives the

projection of the γ-γ matrix with gates on the 1909.5,

767.11, and 590.90 keV transitions. The Figure shows

spectra gated with the coaxial germanium detector, as

observed with the BE2020 BEGe detector. The 113.11

and 111.34 keV γ-ray pair are observed in all three spec-

tra, although the statistics are low, especially in the

767.11 keV gate. Therefore, the 113.11 and 111.34 keV

transitions are interpreted as deexcitations of the 113.11 keV

state in 181Au, feeding the ground state and first excited

state. The excitation energy of 1.77 keV for the first ex-

cited state is established as an energy difference of the

113.11, and 111.34 keV transitions, while it is supported

by the energy difference of the 266.44 and 264.66 keV

transitions within statistical uncertainties.

The 1h11/2 is an unique-parity orbital and there-

fore it is almost unaffected by configuration mixing.

Unique-parity configurations form isolated groups of

states that are connected with strong transitions and

only rarely deexcite into different configurations. Typi-

cally, the band head is an isomeric state [24]. Such states

were identified in all known odd-Au isotopes, with the

exception of 179,181Au [19,23,24,26]. Fig. 9 gives the

projection of the γ-γ matrix with gates on a) 305.14,

b) 607.76, and c) 760.18 keV transitions. All three co-

incidence gates show a 158.33 keV transition, which is

interpreted as decay of the 11/2− band head of the

1h11/2 configuration, which is isomeric as in the heavy

isotopes. The 305.14 keV γ ray is interpreted as a de-
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Fig. 6 Proposed level scheme of 181Au as a result of the 181Hg decay.

cay of the 7/2− state feeding to 11/2− band head. The

607.76 and 760.18 keV γ rays are interpreted as decays

of the 3/2− and the 5/2− states, that are strongly fed

in β-decay, leading to the 7/2− state. Note that the

spin-parity of the β-decaying parent 181Hg is 1/2− and

therefore this sequence of γ rays must be an “inverted”

spin sequence in order to feed the 11/2− isomer.

Fig. 10 gives the projection of the γ-γ matrix with

gate on 1142.6 keV transition. This spectrum shows 767.11

and 878.41 keV γ rays. The 767.11 keV transition is in

coincidence with the 111.34 keV transition, see Fig. 8

b). The sum of 111.34 and 767.11 keV transitions, 878.45 keV,

is in agreement with the 878.41 keV transition within

statistical uncertainties, which give us exact location
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Table 1 List of γ rays associated with decay of 181Au. Uncertainties in energies are given in parentheses following the
measured energy values. Uncertenties in intensities are estimated to be ± 20 % for γ rays with intensity greater or equal to 100
(set arbitrarily at the 330.80 keV line), ± 30 % for γ-ray intensities greater than or equal to 20, and ± 50 % for weaker γ rays.
Transitions that were assigned to the level scheme in the present work are denoted with an asterisk. Transitions reported also
in the previous study of the 181Hg decay [27] are denoted with a dagger symbol. Transitions that are attributed to the α decay
of 181Hg are denoted with the α symbol.

Eγ [keV] Iγ Eγ [keV] Iγ Eγ [keV] Iγ Eγ [keV] Iγ

111.34(4)* 205 330.80(5)†,* 100 780.01(11) 26 1246.8(1) 72
113.11(4)* 428 360.62(6) 21 782.90(20) 26 1294.2(4) 19
139.68(6) 9 388.85(10) 31 798.95(8)* 30 1331.5(1) 62
142.84(6)* 16 390.47(6)* 33 813.07(15) 11 1335.8(2) 53
147.48(4)α,† 3138 462.38(6) 28 815.13(8) 38 1409.9(1) 50
158.33(5)* 79 482.45(8)* 14 823.09(14) 16 1416.1(3) 12
165.67(4)† 191 519.77(6) 26 863.20(11) 15 1590.9(3) 18
176.14(4)* 354 549.79(6) 39 878.41(13)* 28 1599.3(3) 24
182.80(6) 130 551.67(5)* 79 923.2(2)* 24 1664.9(2) 46
185.77(15) 22 563.95(9) 14 930.1(2) 37 1677.8(1)* 50
191.63(5) 36 572.43(10) 11 934.6(1) 39 1691.3(3) 47
195.06(18) 16 590.90(6)* 96 960.4(1)* 153 1756.1(1)* 16
197.42(9) 34 607.76(7)* 32 973.1(2) 17 1769.1(1) 67
204.49(6) 11 629.48(6) 55 976.6(1) 50 1828.4(1)* 70
210.83(5)†,* 100 632.07(8) 28 1037.4(5)* 38 1845.0(1) 33
214.06(7)α,† 82 641.30(8)* 31 1042.1(1) 33 1853.0(1)* 41
214.41(15)* 18 658.57(9)* 27 1074.6(2) 11 1857.2(1) 26
217.64(5)†,* 30 668.77(6) 54 1111.8(2) 9 1881.6(1) 59
239.69(7)α 16 676.88(8) 21 1114.2(1) 22 1905.8(2) 36
264.66(5)* 67 685.67(10)* 38 1139.0(1) 43 1909.5(1)* 182
266.44(5)* 41 689.69(32) 14 1142.6(1)* 87 1957.3(1) 99
277.69(8) 13 697.88(17) 8 1150.9(2) 43 1965.8(1)* 233
280.95(5)†,* 69 702.07(23) 8 1155.0(2) 16 1979.4(1) 52
285.19(10)* 25 705.04(13) 11 1164.1(1) 20 1992.4(5) 29
305.14(5)* 35 740.88(10) 16 1169.0(1) 51 2008.0(3) 25
315.89(8) 12 743.30(20) 4 1220.6(2) 54 2019.2(1) 140
318.94(6)* 22 760.18(12)* 12 1237.0(1)* 39 2028.8(1) 149
328.93(6) 25 767.11(7)* 44 1241.0(1)* 33 2047.6(2) 14

of these transitions in the level scheme supported by

coincidences.

4 Discussion

The α decay of the 181,183,185Au isotopes was studied

at the UNISOR facility [45]. While the 183,185Au iso-

topes have a similar decay pattern with dominant 5/2−

ground-state-to-ground-state unhindered α decay, the

unhindered α decay of 181Au dominantly feeds the 3/2−

excited state [46]. This suggests a 3/2− assignment for

the ground state of 181Au.

The observed pair of 111.34 and 113.11 keV transi-

tions have analogues in the heavier isotopes 183,185Au,

see Fig. 11. The level with spin-parity assigned as 3/2−

or 5/2− is strongly fed with β+/EC decay from the

1/2− isomers in the Hg isobars [13,24]. This system-

atic pattern corroborates not only the placement of the

113.10 keV state into the level scheme with the 113.11

and 111.34 keV transition pair, but also the ground-

state assignment: In 183,185Au the stronger deexcitation

of the (3/2−, 5/2−) state feeds the 3/2− excited state,

while the weaker one the 5/2− ground state. In 181Au,

the deexcitation pattern is swapped, see Fig. 11.

Fig. 12 gives the systematics of 7/2−, 3/2−, and

5/2− states of the 1h11/2 proton-hole configuration in

the 181,183,185,187Au isotopes, relative to the 11/2− band

head. The 9/2− intruder state is also given. Excited

states associated with the 1h11/2 proton-hole configura-

tion were widely investigated in the 187Au isotope [23].

Identification of 17 excited states with spins between

3/2 and 19/2 was reported. This includes also intruder

configurations, due to coupling of the 1h11/2 proton

with the excited 0+ state in 188Hg. Extensive calcula-

tions have been performed for 187Au with the particle-

plus-triaxial-rotor model (PTRM) [47] using a Woods-

Saxon potential for the deformed mean field. These cal-

culations suggested β2 = 0.15 and γ= 32◦deformation

parameters for the 188Hg core. The nearly stable trend

of excited states associated with the 1h11/2 proton-hole

configuration, see Fig. 12, suggests that very little is

changing in lighter even-even Hg isotopes.
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However, the PRTM model suggests that excitation

energies of low-spin states, particularly 7/2−, 3/2−, and

5/2− are very sensitive to changes of the triaxial defor-

mation parameter [48]. Therefore, the slightly increas-

ing excitation energies of these states with decreasing

neutron number could indicate a slow transition from

“oblatish” to “prolatish” shape in light Hg isotopes.
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A number of strong γ rays (and many weaker γ rays)

are unassigned in the decay scheme, Fig. 6. Some of

these are close in energy to expected transitions be-

tween low-lying positive-parity states. Assignment of

these γ rays will require higher statistics data sets. We

particularly note that the lowest-energy positive-parity

state will decay by an E1 transition and characterisa-

tion of this transition will require conversion electron

spectroscopy reaching to very low energy.

5 Summary

In summary, we establish for the first time a decay

scheme for 181Hg→ 181Au. The main decay strength is

very similar to that observed in the decays of 183,185Hg,

where the β-decaying state is the same. A number of

negative parity states are characterised and are shown

to be consistent with a smooth systematic trend ob-

served in heavier Au isotopes. At present, we are un-

able to establish any positive-parity states, although we

observe unassigned γ rays with energies expected for
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transitions between these states, based on systematic

trends.
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