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ANU HIAS 
NEC 14UD tandem electrostatic 

accelerator (1975)   

HV: up to 15.85 MV
Intensity: ~1 µA 
Beam pulsing: 

1 ns ON & 
106 ns to 1 s OFF

Research areas 
Ø Nuclear Structure (g-ray, conversion 

electron spectroscopy, hyperfine 
interactions)

Ø Nuclear Reaction Dynamics 
Ø Accelerator Mass Spectrometry



q Super-E: 2.1 tesla solenoid to transport up to 15 MeV b-rays
q Operational since 1991; CE and electron-positron pair measurements
q 2 loops absorber system: complete suppression of  g- and X-rays
q Si(Li) array in sum-coincidences: FWHM < 10 keV energy resolution at 

7.65 MeV
q Well defined electron transport: high accuracy in intensity 

measurements
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electron-positron 
pair spectrometer
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absorber

detector 
array

target

Recent highlights
q Carbon production in the universe

PRL 125 (2020) 182701
PRC 102 (2020) 024320

q Searching for E0 in 24Mg, 40Ca, 
50,52Cr, 54,56Fe, 58,60,62Ni

PLB 779 (2018) 396
PRC 99 (2019) 024306
EPJ Web of Conf. 232 (2020) 04004
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Conversion electrons (CE)
(2nd order)

e- e+

Electron-positron pairs (PF)
(3rd order)

2 moc2

Energetics 
Gamma Eg = Ei - Ef + Tr

CE ECE,i = Ei - Ef - EBE,i + Tr

PF E+ + E- = Ei - Ef – 2moc2 + Tr

Transition probability
lT = lg + lK + lL + lM…… + lPF

Conversion coefficient
aCE,PF = lCE,PF / lg
lCE,PF = lg x aCE,PF

lg

lK,CE

lPF

Electromagnetic Decay Processes
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Experiments over 60 years
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Calculations over 60 years
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BrIcc - Calculations of conversion coefficients
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I.M. Band, et al., ADNDT  81 (2002) 1. (RAINE code)

S. Raman, et al., PRC 66 (2002) 044312 (overview of the theoretical calculations)

Physical model
q Calculations up to the first nonvanishing order of the perturbation theory

Atomic field model
q One-electron approximation

q Free neutral atom

q Screening of the nuclear field by the atomic electrons

q Spherically symmetric atomic potential

q Relativistic electron wave functions

q Experimental electron binding energies

Nuclear model
q Finite nuclear size

q Spherically symmetric nucleus; most abundant isotope
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I.M. Band, et al., ADNDT  81 (2002) 1. (RAINE code)

S. Raman, et al., PRC 66 (2002) 044312 (overview of the theoretical calculations)

Higher order effect – ignored in most models

q Atomic many body correlations: factor ~2 for Ekin(ce) < 1 keV 

q Partially filled valence shell: non-spherical atomic field 

q Binding energy uncertainty: <0.5% for Ekin(ce)  > 10 keV 

q Chemical effects: <<1%

q Intranuclear conversion - Penetration effect

BrIcc - Calculations of conversion coefficients
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How good the ICC`s are now?
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q Measure of goodness: 

D[%] = (aexp-atheor)/atheor

q 188 transitions (Da/a < 10%)

q E2, M3, E3, M4, E4, E5 mult.

q Z=20 to Z=95

q Largest difference at Etr/EBE,K = 1

q Inclusion of hole

Initial / Final WF not orthogonal

q BrIcc: Frozen-Orbital approx.

o Hole remains unfilled

o Initial WF: neutral atom SCF

o Final WF: constructed from 
bound WF of a neutral atom 
(not SCF of an ion)

D
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BTNTR - No-Hole
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Theoretical electron conversion coefficients
http://bricc.anu.edu.au
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q K-Q2 atomic shells

q 1-6000 keV transition energy

q Starting 1 keV above shell BE

q E1-E5 & M1-M5 mult.

q Decreases by energy

q Increases by L

q Decreases by atomic shell

q Increases by Z

ai Conversion coefficients:
TK, et al., NIM A589 (2008) 202

Z=5:110
TK, et al., ADNDT, 98 (2012) 313

Z=111:126 
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Resonances in E1-E5 conversion 
coefficients at low energy
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M.B. Trzhaskovskaya, et al. PRC 81 (2010) 024326

RESONANCE BEHAVIOR OF INTERNAL CONVERSION . . . PHYSICAL REVIEW C 81, 024326 (2010)

III. NEW ICC RESONANCES

For a specific multipolarity and a nuclear charge, ICCs
usually increase with decreasing energy Eγ (see Graph I in
Ref. [11]). In the appreciable energy region, the Eγ depen-
dence of ICC ατL

i (Eγ ) is close to linear one if the logarithmic
scale is used. In spite of the monotonic behavior of the majority
of the ICCs as a function of Eγ , it has been noted [24] that there
is a minimum in αEL

i (Eγ ) for electric transitions with L ! 2
for the L1 and M1 shells of light and medium elements. This
minimum later was called as the “ICC resonance structure”
[22], which occurs at the energy E(res)

γ determined by the
following expression for the L1 shell [24]:

E(res)
γ (keV) ≈ Z2(L − 1)

200
. (12)

We have found [17] that there exist several minima
(resonances) in αEL

i (Eγ ) for the ns shells with n ! 2, the
resonance energy of Eq. (12) being the highest one. In Fig. 1,
ICCs for E1–E5 transitions and the K , L1, M1, and N1 shells
of calcium (Z = 20) are presented. The typical Eγ dependence
of ICC for the K shell is demonstrated in Fig. 1(a). The curves
αEL

K (Eγ ) fall sharply near the threshold for all transitions
except E1. This sharp up-bend of ICC was called “threshold
non-regularity” in Ref. [17]. For light elements, the threshold
nonregularities occur in ICCs only for electric transitions;
however, for more heavy elements, ICC for magnetic tran-
sitions also behave in the same way. According to our calcu-
lations, ICCs for the K shell have no resonances for all Z and
multipolarities.

FIG. 1. ICCs versus the γ -ray energy Eγ for the ns shells
of calcium (Z = 20): (a), K shell; (b), L1 shell; (c), M1 shell;
(d), N1 shell. Transitions marked as E1: solid; E2: dotted; E3: dashed;
E4: chain; E5: small-size dashed lines.

As is seen in Fig. 1, there is only one resonance for the
L1 shell at E2–E5 transitions, but there are two resonances
for the M1 shell and three resonances for the N1 shell. For
various electric multipolarities, the positions of the resonances
E(res)

γ shift to the right as L increases according to Eq. (12)
but the general structure remains the same. For the M1
and N1 shells, new additional resonances arise at lower
energies Eγ " 1 keV. One can see also that Eq. (12) is
justified in the case of the highest resonance (2 keV " Eγ "
8 keV) not only for the L1 shell but also for the higher
ns shells.

It should be emphasized that ICC for E1 transition has
one well-marked resonance for the ns shells higher than L1,
while it was commonly assumed there was no resonance for
E1 transition. The resonance becomes deeper for higher shells.
It is evident from Fig. 1 that the energy of E1 resonances is
approximately the same for all ns shells with different n. One
may anticipate that the L1 shell has no E1 resonance because
the L1 binding energy εL1 = 0.44 keV for Z = 20 exceeds
the resonance energy E(res)

γ " 0.2 keV obtained for the higher
ns shells. However ICC for the L1 shell of light elements
(Z # 11) with small binding energies has the E1 resonance
[see Fig. 5(a) below for Z = 11].

For higher Z, resonances become less dominant. This is
illustrated in Fig. 2 where ICCs for zirconium (Z = 40) for
E1–E5 transitions and the high N1 and O1 shells are shown.
One can see the same resonance structure for the N1 shell
but not so sharply as defined for Z = 20. The O1 shell has
four resonances for E3–E5 transitions, two rather weak reso-
nances for E2 transition, and one well-defined resonance for
E1 transition. It should be noted that the resonances are visible
in ICCs even for heavy elements as is shown in Fig. 3 for the
O1 shell of tungsten (Z = 74) where slight irregularities are
remained for E2–E5 transitions.

FIG. 2. ICCs versus the energy Eγ for the N1 (a) and O1 (b) shells
of zirconium (Z = 40). Transitions marked as E1: solid; E2: dotted;
E3: dashed; E4: chain; E5: small-size dashed lines.
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q Observed in all elements
q Only for electric transitions
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FIG. 10. Partial matrix elements entering into ICC in the N1 shell
of calcium (Z = 20) for E5 transition in vicinities of resonances.
ME5

N1
(h9/2)(κf = 5): solid; ME5

N1
(h11/2)(κf = −6): dashed. In panels

(a), (b), and (c), values of matrix elements should be multiplied by
1010, 106, and 102, respectively.

in Fig. 12 where the corresponding ICCs are presented.
Consequently, a vanishing of conversion matrix elements is a
necessary condition for the occurrence of the ICC resonance.
However, relevant matrix elements do not need to be equal to
each other. For example, there are resonances in ICC in the M2
and M3 shells of zinc (Z = 30) at E1 transition while as is seen
from Figs. 11(b) and 11(c), matrix elements for various final
states involved in αE1 are rather different. For the M2 shell,
the resonance point E(res)

γ = 0.18 keV (see Fig. 12) and just at
this energy the larger matrix element ME1

M2
(d3/2) equals to zero.

For the M3 shell, we see from Figs. 11 and 12 that E(res)
γ =

0.18 keV which approximately coincides with the points of
vanishing two matrix elements ME1

M3
(d3/2) and ME1

M3
(d5/2) at

FIG. 11. Partial matrix elements MEL
i ($f jf ) in the vicinities of

resonances for ICCs in the L1 shell of sodium (Z = 11) at the E2
transition (a) as well as in the M2 shell (b) and the M3 shell (c) of
zinc (Z = 30) at the E1 transition.

FIG. 12. Resonances in ICCs. Solid line: the L1 shell of sodium
(Z = 11) for the E2 transition; dashed: the M2 subshell of zinc
(Z = 30) at the E1 transition; chain: the M3 subshell of zinc at the
E1 transition.

Eγ = 0.17 keV while a magnitude of the third component
ME1

M3
(s) does not vanish in the vicinity of the point.

In contrast, the ICC has no resonances when matrix
elements which change sign are much smaller in magnitude
than others of constant signs or all of them do not change
signs. Such cases are presented in Table II for zinc. One may
see that in the case of the M2 shell and E2 transition, ME2

M2
(f5/2)

changes sign but this matrix element is two orders of magnitude
smaller at low energies than ME2

M2
(p3/2) which has a constant

sign. The same situation occurs in the case of the M1 shell and
M1 transition: the alternating-sign MM1

M1
(d3/2) is two orders

of magnitude smaller than MM1
M1

(s1/2) which does not change
sign. For the magnetic transitions and conversion in the np and
nd shells involving final states with the same $f like electric
transitions for the s shells (see Table I), neither matrix element
changes sign as shown in Table II for M1 transition and the
M2 shell. For this reason, ICCs for magnetic transitions have
no resonances.

Strong resonances in ICC for the ns shells of light elements
at E2–E5 transitions are attenuated as Z increases because the
difference between two matrix elements with common $f ! 2
becomes more and more considerable, the largest matrix
element (or sometimes both of them) being sign constant.
In Fig. 13, matrix elements for the O1 shell of tungsten are
given for E1 and E2 transitions. As is seen, matrix elements
for E1 transition ME1

O1
(p1/2) and ME1

O1
(p3/2) are still rather

close to each other, the first changes sign at 0.83 keV and the
second at 1.14 keV. The relevant ICC has the E1 resonance at
the middle point E(res)

γ = 1.06 keV [see Fig. 5(c)]. However,
matrix elements entering into ICC for E2 transition ME2

O1
(d3/2)

and ME2
O1

(d5/2) differ more than an order of magnitude, the
largest ME2

O1
(d3/2) being positive in the whole energy range

under consideration. So ICCs of E2 transitions in the O1
shell for Z = 74 have no resonances at Eγ " 10 keV. A slight
minimum at Eγ ≈ 60 keV, which is visible in Fig. 3, comes
from change sign of the smaller matrix element ME2

O1
(d5/2).

It is interesting to compare the formation region of ICC
at a resonance energy with that outside the resonance energy

024326-7

L1-shell, Z=11, E2

M2-shell, Z=11, E2

M3-shell, Z=30, E1

Partial conversion matrix 
elements vanishing at 
certain energies

Is it real?
Using BrIcc found 13 

ICC in resonant energy 
regions
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TABLE III. Experimental and theoretical values of the L1/L2 subshell conversion coefficient ratios for transitions
with energies near the expected position of resonances.

Nucleus Transition αL1/αL2

Eγ ( keV) τL Experiment Refs. Calculated

105
47Ag 25.48 2a E3 0.002 [30] 0.002402 4

142
62Sm 24.1 3 E2 0.20 35 [31] 0.00546 12

152
63Eu 39.75 10 E3 0.02 2 [32] 0.01101 2

167
70Yb 28.880 8 E2 0.015 [33] 0.01113 1

170
71Lu 44.52 10 E2 0.015 [34] 0.01162 5

191
77Ir 47.05 3 E2 0.063 42 [35] 0.01547 1

195
79Au 56.80 3 E3 0.018 2 [36] 0.02403 1

196
79Au 84.66 2 E3 0.040 [37] 0.02750 1

198
80Hg 47.74 5 E2 0.025 8 [38] 0.01876 1

206
83Bi 59.908 18 E2 0.023 1 [39] 0.02350 1

221
87Fr 38.5 1 E2 0.035 23 [40] 0.02860 1

223
88Ra 61.441 20 E2 0.026 3 [41] 0.03034 1

224
88Ra 84.373 3 E2 0.039 2 [42] 0.03716

aAccording to our notation, 25.48 2 ≡ 25.48 ± 0.02, 0.002402 4 ≡ 0.002402 ± 0.000004, etc.

Figure 16 compares the experimental αE3
L1

/αE3
L2

values for
silver (Z = 47) and gold (Z = 79) with theoretical ratios. We
can see well-marked resonances in the ICC ratios for E3
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FIG. 16. (Color online) L1/L2 conversion coefficient ratios of
E3 transitions (a) in silver (Z = 47) and (b) in gold (Z = 79) nuclei.
Experimental data are taken from Refs. [30,36,37]. Theoretical ratios
are also shown as lines.

transitions as well as a good agreement with experimental
values in the vicinity of the resonances.

VI. CONCLUSIONS

(i) Additional unknown resonance minima have been
found in the Eγ dependence of ICC at E2–E5 transi-
tions for the ns shells with n ! 2 at low γ -ray energies.
It is shown that ICCs may have up to four resonances
for outer shells.

(ii) Resonances in ICCs at the E1 transition have been
discovered for the ns shells from the L1 shell of light
elements to the Q1 shell of heavy elements up to
Z = 100.

(iii) Resonances in ICCs at E1 transition have been also
found for the np shells with n ! 3 and nd shells
with n ! 4 of elements from light up to superheavy
ones. All E1 resonances occur at very low energies,
less than several keV. However, as is mentioned in
Sec. I, these are the low-energy transitions which
receive considerable interest currently.

(iv) In the case of E1 transition, simple expressions for
approximate values of the resonance energy has been
obtained which are of importance for determination of
the resonance regions where the interpolation may give
erroneous values of ICC.

(v) It has been shown clearly that the occurrence of
all resonances in ICC is explained by vanishing
the relevant partial conversion matrix elements under
the change sign. The peculiarities of behavior of the
relevant matrix elements and electron wave functions
at the resonance energy are considered.

(vi) Available experimental ICC ratio αEL
L1

/αEL
L2

for nuclear
transitions with energies near the expected position
of resonances satisfactory agree with our calculations,

024326-10
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E0 - electric monopole transitions 
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Figure 3. Gamma-ray (a), conversion-electron (b), and electron-
positron pair (c) energy spectra collected using the Super-e pair
spectrometer for 52Cr.

Table 1. E0 Transition strengths and related quantities

Quantity Value

⇢2(1531 M1 + E2 + E0) ⇥ 103 470(190)
⇢2(1728 M1 + E2 + E0) ⇥ 103 1800(1200)

X(2647 E0/1212 E2) 0.41(9)

Figs. 3a and b. The 2647-keV E0 transition can also be
clearly observed from the first-excited 0+ state in 52Cr to
the ground state in both conversion electrons and electron-
positron pairs which can be seen in Figs. 3b and c. Note
that there is no strong �-ray line at 2647 keV in the �-ray
spectrum, clearly indicating that the 2647-keV transition
corresponds to a 0+ ! 0+ transition.

Table 1 shows the E0 strengths determined in this
work. These use the determined detector e�ciencies,
adopted values for the transition mixing ratios, branch-
ing ratios, and state lifetimes from Nuclear Data Sheets
[22], conversion coe�cients from the BrIcc database [23],
electronic factors from the recent tabulation [24], and the
measured conversion-electron and electron-positron pair
intensities from the present work. Unfortunately, without
a lifetime for the 2647-keV first-excited 0+ state in 52Cr,
the E0 transition strength cannot be determined [15]. In-
stead, we report the X(B(E0)/B(E2)) value – a measure
of the relative strength between the E0 and E2 transitions
depopulating the 0+ state [25].

4 Discussion

We have observed large E0 strengths in the mixed M1 +
E2 + E0 transitions from the second and third-excited 2+
states in 52Cr to the first-excited 2+ state. An expected E0
strength for a nucleus of A = 52 from a simple shell-model
picture is 36 milliunits [6], while the largest reported E0

strength across the nuclear chart is 500(81) milliunits from
the Hoyle State in 12C [15].

The 1531-keV M1 + E2 + E0 transition is from the
second-excited 2+ state in 52Cr. This state is suggested to
be the first-excited 2+ state in the shape-coexisting band in
52Cr [9–11]. If there is strong mixing and a large change in
nuclear shape, a large E0 strength is expected [1, 6]. The
large observed E0 strength in this transition, see Table 1,
supports the shape-coexistence picture of 52Cr.

Using the two-state mixing model and assuming max-
imal mixing (a = b = 1/

p
2) [6], and a spherical

ground state for 52Cr (�2 = 0) [9, 12, 13, 22, 26], the ex-
pected quadrupole deformation of the excited 2+ state is
�2 = 0.49(5). If the 2+2 state is part of a shape-coexisting
band built on the first-excited 0+ state, then the lifetime
of the 0+ state can be estimated by taking the E0 strength
of the 2+2 ! 2+1 transition. This results in an estimated
lifetime of ⇡ 0.6 ps, similar to the lifetimes of the first-
excited 0+ states of its neighbours in 50Ti, 54Cr, and 54Fe
with lifetimes of 0.50(23) ps, 0.15+0.06

�0.04 ps, and � 1.4 ps,
respectively [22].

The very large E0 strength in the 1728-keV 2+3 ! 2+1
M1 + E2 + E0 transition of 1800(1200) milliunits is un-
precedented [15], however the uncertainty in the value is
equally large. The E0 strength in this transition is con-
sistent with zero within two standard deviations. Along
with the experimental conversion-electron and electron-
positron pair intensities, the determination of the E0
strength of a mixed M1+E2+E0 transition relies on three
factors: the parent level lifetime, the transition mixing ra-
tio (�(E2/M1)), and the transition branching ratio. All of
these factors must be known to high precision in order to
extract a precise ⇢2(E0) value.

The E2/M1 mixing ratio for the 1728-keV 2+3 ! 2+1
M1 + E2 + E0 transition is -0.18(7) [27] and the branch-
ing ratio is 0.909(66) [22]. The E0 intensity is deter-
mined from the di↵erence between the experimental con-
version electron and electron-positron pair intensity and
that which is theoretically predicted for a mixed M1+E2
transition. Uncertainty in the mixing ratio exacerbates the
uncertainty in the E0 intensity. The E0 strength is in-
versely proportional to level lifetime, ⇢2(E0) / 1/⌧(E0).
The level lifetime (T1/2 = 0.035(7) ps [22]) is short and
has large uncertainty; as smaller lifetimes increase the E0
strength non-linearly, this uncertainty amplifies the possi-
ble E0 strength.

In order to determine precise values for the E0 strength
in the 1531-keV and 1728-keV transitions, precise deter-
minations of the state lifetimes as well as the transition
branching ratios and mixing ratios are needed. Without
this information, our ⇢2(E0) values for these transitions
remain tentative. In order to resolve these limitations, an
experimental campaign investigating these properties of
52Cr is planned to take place at the University of Ken-
tucky Accelerator Laboratory (UKAL). The inelastic neu-
tron scattering reaction, (n, n0), has been successfully used
to measure nuclear lifetimes via the Doppler-shift attenua-
tion method (DSAM) and mixing ratios via angular distri-
butions in the Ni isotopes, which were needed for accurate
E0 strength determination [7, 8, 28].
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Selection rule for E0:
ji &"#!+""Dp &",

E0 conversion coefficient NOT DEFINED
a(E0) = lCE,PF(E0) / lg(E0)

E0 transition rate
lCE,PF(E0) = r2(E0) WCE,PF(E0)

r(E0) – monopole strength parameter, contains 
all nuclear structure information

WCE,PF(E0) – theoretical E0 electronic factor

E0 reduced transition rate
B(E0) = r2(E0) e2Ro4

-./"012"34"536789"':)";".)*"<=3>3?"9@ABBA3?
C3"BA?D89"<=3>3?"9@ABBA3?"AB"E883F95G



Conversion coefficients & E0 electronic factors

T. Kibédi, ANU
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(c) Ω(E0)
ai Conversion coefficients:
TK, et al., NIM A589 (2008) 202

Z=5:110
TK, et al., ADNDT, 98 (2012) 313

Z=111:126 

Wi(E0) electronic factors
J.T.H. Dowie, et al., ADNDT, 131 (2020) 101283

Z=4:126

q E0 conversion on nS1/2 and nP1/2 shells only
q Energy dependence

- a(M1,E2): ⬇ up 14+ orders of magnitude
- W(E0): ⬆ 2-3 orders of magnitude
- Opposite for pair conversion 

q Atomic shells (K, L, M):
Always decreasing



“Normal” vs E0 conversion

T. Kibédi, ANU
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Γ!,#$ = Γ% × 𝛼!

Γ!,#$ = 𝜌& × Ω!

Nuclear structure

Atomic structure

Different nuclear 
matrix elements & 
formation regions

I.M. Band, et al., NP A156 (1970) 170

“NORMAL” conversion 
(Z=72); E=511 keV)

Shells: nS1/2 K, L1, M1, N1

Mult.: M1, M3, M5 
K

L

Shells: nP1/2 L2, M2, N2, O2

Mult.: M1, M3, E2, E4 



Penetration effect

qE1 and M1 transitions could be hindered. Atomic WF overlap with could be larger 

q 203Tl: Eg=279.1955(12) keV; M1+E2; d=+1.17(5)
aK(exp)   =0.1642(11) from 7 measurements

q “Static effects” are taken into account approximately, but consistently (SC model, Sliv)

q Hindered transitions: correction for “dynamic effects” (Pauli)
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measured

theoretical
λ, η, ξ: depend on nuclear parameters

(from fit to the experimental data)

a1i, a2i, a3i, a4i, a5i, b1i, b2i: depend on electronic parameters

(from theoretical calculations)

aK(HsIcc)=0.216
aK(BrIcc)=0.209

T. Kibédi, ANU



Selection rules (pL, L>0)
|L-ji| !"#! !"$%#"
p &"'()*#$ for EL
p = (-1)L+1 for ML

Selection rules (E0)
ji &"#!+""Dp &",

EM decay: energy and 
momentum carried away

Ei

Ef

Jip

Jfp

Eg, ML

electron 
conversion (CE)

g-ray

e--e+ pair
(PF)

KL
M

Eg
Gamma-rays 
(1st order)

K

L
M

BEK

Conversion electrons (CE)
(2nd order)

e- e+

Electron-positron pairs (PF)
(3rd order)

2 moc2

Energetics 
Gamma Eg = Ei - Ef + Tr

CE ECE,i = Ei - Ef - EBE,i + Tr

PF E+ + E- = Ei - Ef – 2moc2 + Tr

Transition probability
lT = lg + lK + lL + lM…… + lPF

Conversion coefficient
aCE,PF = lCE,PF / lg
lCE,PF = lg x aCE,PF

lg

lK,CE

lPF

T. Kibédi, ANU

Electron-positron pair conversion



Electron-positron pair conversion

T. Kibédi, ANU
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IPF 8.1E-4 9.3E-4 1.2E+10
IPF/K 103 113 141

T. K. ERIKSEN et al. PHYSICAL REVIEW C 102, 024320 (2020)

FIG. 3. Energy vs. magnetic field from a 170Lu source
conversion-electron measurement, demonstrating the increasing
width of the momentum window as a function of magnetic field
strength and measured energy. The solid lines indicate the bounds
of the momentum window, calculated as described in Ref. [26]. The
color scale indicates the number of counts.

could then be projected with gates on the physical momentum
window of the spectrometer and prompt time differences, with
background subtraction performed by gating on the random
time differences.

B. Spectrometer efficiency

The overall pair detection efficiency depends on the spec-
trometer transmission and intrinsic detector efficiency. The
transmission is determined by the spectrometer acceptance
angles with respect to the symmetry axis, θ ∈ [15.9◦, 46.9◦],
the geometry of the baffle system, and the magnetic field
strength. In addition to the directional limits of the acceptance
angles, these properties define the physical limits in terms
of momentum (the momentum window) for transportation of
an electron or positron from the target through the baffle to
the detector surface. Particles emitted within the acceptance
angles and momentum window are able to reach the detector,
while particles outside either will not be transmitted. The
width and centroid of the momentum window increases with
magnetic field strength, which means that the transmission
efficiency of the spectrometer increases with particle energy,
and that there is an optimum magnetic field for transportation
of a certain particle energy. A magnetic field vs. energy matrix
from a singles conversion electron measurement is displayed
in Fig. 3, depicting the increasing momentum window as a
function of magnetic field and measured energy. The solid
lines indicate the limits of the momentum window. An exam-
ple demonstrating the momentum window for pair measure-
ments is provided in the energy vs. energy matrix shown in
Fig. 4. The transmission of an electron-positron pair involves
the directional kinematics of two correlated particles, for
which the emission is dictated by the energy-angle correlation
between the electron and positron.

FIG. 4. Energy vs. energy from a 12C pair conversion measure-
ment, showing the 4.44 MeV and 6.05 MeV transitions in 12C and
16O, respectively. Note that the pair distribution for the 4.44 MeV
transition is broadened due to the Doppler effect caused by decay
from moving target recoils. The solid lines indicate the bounds of the
momentum window, calculated as described in Ref. [26]. The color
scale indicates the number of counts.

More specifically, the electron and positron share the avail-
able transition energy, less the energy consumed in the cre-
ation of two electron masses, 2m0c2, according to the double-
differential pair-emission probability. The double differential
is defined as a function of positron energy, E+, and separation
angle of the pair, θs, and depends on the transition energy
and multipolarity. Figure 5 illustrates the kinematics of a pair
emission in the spectrometer frame of reference.

In the present work, the double differential pair emission
probability was calculated within the Born approximation
with Coulomb correction, which will be explained in the
following. Comparison of the distributions calculated with
the Born approximation integrated over θs, and single differ-
ential values for finite size calculations from Refs. [28,29],
showed that the agreement was better than 1% for Z = 6 when

FIG. 5. Pair emission in the spectrometer frame of reference. The
intersection of the beam axis and spectrometer symmetry axis defines
the origin of the coordinate system.

024320-4



BrIcc data tables
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(c) Ω(E0)

ai Conversion coefficients (CE)
TK, et al., NIM A589 (2008) 202

Z=5:110
TK, et al., ADNDT 98 (2012) 313

Z=111:126 

ap Conversion coefficients (pairs)
P. Schlüter, G. Soff, ADNDT 24 (1979) 509 

Z=0:50
C.R. Hofmann, G. Soff, ADNDT 63 (1996) 189 

Z=51:100

Wi(E0) electronic factors (CE) *
J.T.H. Dowie, et al., ADNDT 131 (2020) 101283

Z=5:126

Wp(E0) electronic factors (pairs) *
J.T.H. Dowie, et al., ADNDT, 131 (2020) 101283

Z=4:100

* Will be available through BrIcc (early 2022)



Combining g-, CE & pair spectroscopy
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Mixed transitions

Example: 2+ to 1+ transition, DJ=-1; Dp = +
q M1                 (DJ=-1,0,+1)
q E2             (DJ=-2,-1,0,+1,+2)
q mixed M1+E2 (DJ=-1,0,+1)

Conversion coefficient for CE and IPF

Dp=+1 Dp=-1
pL M1 M3 E1 E3
p’L’ E2 E4 M2 M4

g-ray transition probability:
lg(p’L’/pL) = lg(p`L`) + lg(p,L) 

Mixing ratio (MR)

Mixing of 3 multipolarities:
184W 536.674(15) keV

E1+M2+E3 
d(M2/E1)=+0.070(6) 
d(E3/M2)=-0.025(4)

l=-2.1(2) 

𝛿2 𝜋!𝐿!/𝜋𝐿 =
𝜆"(𝜋!𝐿!)
𝜆"(𝜋𝐿)

𝛼(𝜋!𝐿!/𝜋𝐿) =
𝛼 𝜋𝐿 + 𝛿#𝛼 𝜋′𝐿′

1 + 𝛿#

EM decay: energy and ang.  
momentum carried away
Selection rules (pL)

|L-ji| !"#! !"$%#"
p &"'()*#$ for EL
p = (-1)L+1 for ML

T. Kibédi, ANU



Obtaining conversion coefficients
https://bricc.anu.edu.au

T. Kibédi, ANU

All input parameters verified
Minimum input: Chemical symbol/Z & Eg

q Chemical symbol or Z
q Transition energy [keV]
q Energy  uncertainty 
q Multipolarity
q Mixing ratio
q Mixing ratio uncertainty
q Calculate Subshell ICC`s
q Data set BrIccFO, BrIccNH, RpIcc or HsIcc



Obtaining conversion coefficients factors

T. Kibédi, ANU

Conversion coefficient for CE and IPF

𝛼(𝜋!𝐿!/𝜋𝐿) =
𝛼 𝜋𝐿 + 𝛿#𝛼 𝜋′𝐿′

1 + 𝛿#

Oscillations in the ICC calculations



Contribution to uncertainties
q Transition energy (dependence on transition energy
q Multipole mixing ratios
q Model constrains, tabulation/interpolation

o 1.4% of the ICC; 5% of the W(E0)

ENSDF: Use the Gaussian method for uncertainty propagation
q Based on partial derivatives; only valid for small relative uncertainties!
New Monte Carlo based uncertainty propagation

T. Kibédi, ANU

𝛼(𝜋!𝐿!/𝜋𝐿) =
𝛼 𝜋𝐿 + 𝛿#𝛼 𝜋′𝐿′

1 + 𝛿#

166Er 1447.820 M1+E2 d=+0.5(3)

Gaussian method:
aK=0.00200(16)

MC aK=0.00196(11)

UncTools(16-Sep-2021)166Er_1448M1E2E0.unc

Equation: G12_CK_M1E2 = (G_12_CK_M1+G12_MR2*G_12_CK_E2)/(1.0+G12_MR2)

PD
F

G12_CK_M1E2

 0

 0.0005

 0.001

 0.0015

 0.002

 0.0025

 0.003

 0.0035

 0.004

 0.0045

 0.0017  0.0018  0.0019  0.002  0.0021  0.0022  0.0023

Solution (GUM, 68%): G12_CK_M1E2 = 1.96E-03(10)

Solution (UncTools, 68%): G12_CK_M1E2 = 0.00196(11)

Direct calculation: G12_CK_M1E2 = 0.001945

Mode / Median / Mean :   0.001978 /   0.001967 /   0.001961

Skewness:    -0.1785

Kurtosis:      2.135



Obtaining conversion coefficients
BrIcc – desktop application

from IAEA: https://www-nds.iaea.org/public/ensdf_pgm/

T. Kibédi, ANU

Designed to work with ENSDF files
q Step#1: evaluate ICC`s for all transitions

BrIcc 166Ho_beta.ens
Output files: calculation report, new GAMMA records

q Step#2: insert new records into ENSDF file
BrIcc 166Ho_beta.ens merge

https://www-nds.iaea.org/public/ensdf_pgm/


Obtaining conversion coefficients
BrIccS – slave application to be called from other codes

from ANU: https://bricc.anu.edu.au/download.php

T. Kibédi, ANU

User input on the command line

XML output

https://bricc.anu.edu.au/download.php


Obtaining conversion coefficients
BrIccG – plot conversion coefficients and ratios

from ANU: https://bricc.anu.edu.au/grapher.php

T. Kibédi, ANU

Particular shell: K, L1, L2, or L

Ratios of shell: K/L1 or K/L



Obtaining conversion coefficients
BrIccG – plot conversion coefficients and ratios

from ANU: https://bricc.anu.edu.au/grapher.php

T. Kibédi, ANU
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Using ICC values – intensity balance of decay 
schemes

T. Kibédi, ANU

111
 48Cd
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 48.54 m 
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111
 49In ≈

~0.010% ~9.1
100% 5.0

9/2+ 0
2.8049 d

QEC=866

3456

Transition probability
lT = lg + lK + lL + lM…… + lPF

Total transition intensity
Itot= Ig * (1+atot)

Intensity balance
Itot(245) = Itot(151)+ Itot(171)

Ig(171) from atot(171)]
Ig(171)=(100 – Ib(396) / [1 + atot(171)]



Using ICC values –decay schemes normalization

T. Kibédi, ANU
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Experimental determination of ICC`s
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Definition: ai,exp = Ii,CE / Ig

q Absolute detector efficiency for CE and g-rays: hard to do
q Most ICCs from PNG (i: K, L,…)

ai,exp = N * [Ai,CE / eCE(ECE)] / [Ag / eg(Eg)] 
Using a known conversion coefficient or assumed multipolarity

N = ai,cal * Ig,cal / Ii,cal

q aK from singles g and K X-rays
aK wK = [NK / Ng] * [eg/eK] 

q atot from intensity balance (singles/coincidence measurements)
Ig(1) * [1+atot(1)] = Ig(2) * [1+atot(2)] 

For low energy / highly converted transitions
q etc …
Always report details of the calibration
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Fig. 1. The β-decay scheme of 227Ac to 227Th as presented in Ref. [7].

Thus, it is obvious that the adopted interpretation [7] of the 
lowest 227Th levels is not yet strictly established by experiment. 
It needs additional experimental data, in particular, reliable and 
accurate multipolarity determination of the 9.3 keV transition on 
which the whole spin sequence and band structure above the 
ground state depends. Therefore, we performed a new study of 
the low-energy electron spectrum generated in the β− decay of 
227Ac (in which the ground state and the lowest three excited 
levels of 227Th are populated [7], see Fig. 1) using the internal 
conversion electron spectroscopy (ICES). Results obtained on the 
15.1 keV (M1 + E2) transition in 227Th were already published in 
Ref. [12]. In this work, results on the multipolarity determination 
of the 9.3 keV transition depopulating the 9.30(3) keV 5/2+ (as-
sumed) level of 227Th [7] are given.

2. Experiment and analysis of the spectra

The 227Ac source for the investigation was produced by a sorp-
tion of slightly soluble forms of actinium (AcF3) on a carbon poly-
crystalline foil and its activity was 690 kBq just after the prepara-
tion (for details see Ref. [12]).

The electron spectra were measured in sweeps at the 14, 21, 
and 35 eV instrumental energy resolution with the 2, 3, 5, 6, 8, 
and 10 eV scanning step by a combined electrostatic electron spec-
trometer [13,14]. Examples of the measured spectra are shown in 
Figs. 2, 3.

To decompose the measured conversion electron spectra into 
the individual components, the approach and the computer code 
SOFIE (see, e.g., Ref. [15]) was applied. In this approach, the spec-
tral line profile is expressed by a convolution of the Lorentzian 
(describing the energy distribution of the investigated electrons 
leaving atoms) with an artificially created function based on the 
Gaussian. The aim of the latter function is to describe both the 
response of the spectrometer to the monoenergetic electrons and 
the observed deformation of the measured electron lines on their 
low-energy slopes caused by inelastically scattered electrons in the 
source material. The Monte Carlo procedure is, therefore, involved 
in the code.

3. Transition multipolarity determination

It should be noted that if one accepts arguments of the most 
recent nuclear data compilation [7] that the 9.3 keV transition 
in 227Th depopulates the first excited state 5/2+ to the ground 
state 1/2+ , then any mixture containing the M1 multipolarity is 
excluded but the M3 multipolarity is possible in principle (e.g., 
E2 + M3 multipolarity mixture).

For the multipolarity determination, thirteen independent ex-
perimental values (i.e., obtained from different measurements) of 
the M- and N-subshell conversion line ratios were used: M1/M2 =
0.031(11), 0.027(9); M1/M3 = 0.025(9), 0.023(7); M2/M3 =

Fig. 2. An example of the L1,2 and M1−3 subshell conversion electron lines of the 
24.3 keV and the 9.2 keV transitions, respectively, in 227Th (shown without correc-
tion for the spectrometer transmission dependence on the electron retarding voltage 
[13,14] and the 227Th half-life). The spectrum was measured at the absolute instru-
mental energy resolution of 14 eV and the energy step of 2 eV in two sweeps with 
the exposition time of 100 s per spectrum point in each sweep. The structure of 
the measured conversion electron spectra is complicated by a presence of the MNX 
group of Auger electrons of Th (indicated by the oblique lines in the picture).

Fig. 3. An example of the N1−3 and L3 subshell conversion electron lines of the 9.2 
keV and 24.3 keV transitions, respectively, in 227Th. The spectrometer was set to 
the 21 eV absolute instrumental energy resolution. The spectrum was scanned with 
the 2 eV step in four sweeps at the exposition time per spectrum point of 75 s in 
each sweep. The measured conversion electron lines are superimposed on the LMM 
Auger-electron spectrum of Th.

0.852(10); M4/M3 = 0.019(6), 0.021(4); M5/M3 = 0.019(4), N1/

N3 = 0.02(3), 0.012(13); N2/N3 = 0.84(7), 0.84(2); and N5/N3 =
0.044(17).

The theoretical internal conversion coefficients for the M1, M3, 
and E2 multipolarities and for transition energy of 9245 eV [16]
were calculated employing the computer code NICC [17] using the 
potential [18] for a neutral thorium atom and the thorium elec-
tron binding energies [19]. They are presented in Table 1 (marked 
as NICC). In order to minimize a possible influence of the theoret-
ical ICC evaluation approach on the multipolarity determination, 
we applied also another (widely used) method BrICC [20] using 
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Fig. 1. The β-decay scheme of 227Ac to 227Th as presented in Ref. [7].
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lowest 227Th levels is not yet strictly established by experiment. 
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accurate multipolarity determination of the 9.3 keV transition on 
which the whole spin sequence and band structure above the 
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crystalline foil and its activity was 690 kBq just after the prepara-
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and 10 eV scanning step by a combined electrostatic electron spec-
trometer [13,14]. Examples of the measured spectra are shown in 
Figs. 2, 3.
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leaving atoms) with an artificially created function based on the 
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the observed deformation of the measured electron lines on their 
low-energy slopes caused by inelastically scattered electrons in the 
source material. The Monte Carlo procedure is, therefore, involved 
in the code.
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It should be noted that if one accepts arguments of the most 
recent nuclear data compilation [7] that the 9.3 keV transition 
in 227Th depopulates the first excited state 5/2+ to the ground 
state 1/2+ , then any mixture containing the M1 multipolarity is 
excluded but the M3 multipolarity is possible in principle (e.g., 
E2 + M3 multipolarity mixture).
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the measured conversion electron spectra is complicated by a presence of the MNX 
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Fig. 3. An example of the N1−3 and L3 subshell conversion electron lines of the 9.2 
keV and 24.3 keV transitions, respectively, in 227Th. The spectrometer was set to 
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N3 = 0.02(3), 0.012(13); N2/N3 = 0.84(7), 0.84(2); and N5/N3 =
0.044(17).

The theoretical internal conversion coefficients for the M1, M3, 
and E2 multipolarities and for transition energy of 9245 eV [16]
were calculated employing the computer code NICC [17] using the 
potential [18] for a neutral thorium atom and the thorium elec-
tron binding energies [19]. They are presented in Table 1 (marked 
as NICC). In order to minimize a possible influence of the theoret-
ical ICC evaluation approach on the multipolarity determination, 
we applied also another (widely used) method BrICC [20] using 
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ICC of a Hydrogen-like 192mOs 

T. Kibédi, ANU

A. Akber et al., Phys.Rev. C 91, 031301 (2015)
q 197Au @ 478-492 MeV on 221 mg/cm2 9Be; relativistic projectile 

fragmentation UNILAC & SIS-18 GSI
q Hydrogen like (one K electron only, Z=76) 192mOs in storage ring
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FIG. 1. Partial decay scheme of 192Os, including the 8.5 s
isomer, figure adapted from Ref. [19]. The square brackets denote
implied transitions, and for clarity some γ -ray energies have been
omitted.

[10,11] and stochastic [12] cooling are operated to reduce
the velocity spread of the injected ion beam to a sufficient
level such that peaks in Schottky spectra can be resolved. In
the ESR, stochastic cooling uses a fixed ion energy of 400A
MeV, and the revolution frequency of the ions at this energy is
∼2 MHz. By performing a fast Fourier transform (FFT) on the
measured data, a frequency spectrum for an orbiting ion can
be recovered; this is known as a Schottky frequency spectrum.
The intensity of the peaks in the Schottky spectrum reflects
directly the number of stored ions at that frequency [13]. In
this experiment the 30th harmonic revolution frequency was
analyzed [14,15], and hence all figures showing a Schottky
frequency spectrum are relative to that harmonic (∼60 MHz).

An 8.5 s, 10− isomer with an excitation energy of
2015 keV has previously been identified in 192Os [16,17]
(Fig. 1). Our new measurement probes the decay of this isomer
when in a hydrogen-like charge state. This was performed by
examining over 400 injections where a hydrogen-like isomer
was observed, and these data were then sorted into 3.5 s time
slices ready for analysis. For clarity, only when a single ion
was observed after an arbitrary cooling time were the data
accepted and analyzed. The in-ring lifetime for each single ion
was measured from T0 = 31.5 s after the injection (Fig. 2), the
point at which cooling of the ion beam had clearly finished.
Although generally there are lower statistics, performing a
measurement in this way can greatly improve the precision of
the experiment (discussed below) and in Ref. [18], and in this
regard it is actually preferential to have a low production and
injection probability.

With this method it is possible to deduce the survival of
ions observed in each time slice over the course of the entire
experiment and additionally when each ion decayed. This
is different from the usual decay curves produced by γ -ray
spectroscopy, where the number of decays observed are plotted
versus time. Instead in this case, the number of observed ions
in each time slice can be plotted directly.

The data have been analyzed with the following obser-
vations: Each individual injection is statistically independent
from the previous and subsequent spills. Therefore, each
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FIG. 2. (Color online) A typical example of a Schottky frequency
spectrum with 3.5 s time slices. Large amounts of background noise
are observed before adequate time is allowed for cooling. The isomer
192Os is resolved from the 192gOs state. The sudden absence of the
previously observed isomer corresponds to the nuclear decay of the
excited state. At 31.5 s after injection, in all analyzed injections the
background noise was sufficiently low to use this as a start time for
lifetime measurements.

injection can be classed as a separate experiment. Taken across
the whole ensemble of nuclei that are analyzed, it is possible to
know exactly how many of these ions are observed at a specific
time by tracking each individually across all time bins. This is
an absolute number, with no statistical uncertainty.

Some possible systematic uncertainties have been iden-
tified. The decision to select only a set of injections that
appear to show a single ion could potentially introduce some
selection bias, in that it is possible to miss some valid ions.
However, it does not seem likely that we could preferentially
miss an ion in such a way that it would bias the subsequent
lifetime measurement. In addition, we have assumed that the
ion disappearing is due to the isomer decay; however, there
are other potential processes that could change the orbital
frequency of the ion. The atomic survival time of an ion in the
ring has been measured [7] and is large (∼45 min) compared to
the known isomer lifetime, therefore this is a negligible effect
over the measured time period. Thus, it is possible to assume
that the number of ions observed in each time bin has no or at
least small uncertainty associated with it.

The data have been fitted using a χ2 fitting procedure that
contains no experimental uncertainties. This is used to derive
the lifetime and the number of ions originally measured (N0)
together with their uncertainties. Best fit values for each data
point and the associated propagated uncertainties are presented
in Fig. 3 compared to the histogram of the number of ions
observed in each time bin. The extracted in-ring lifetime of
21.6+2.2

−1.8 s is then Lorentz corrected using γ ≈ 1.43 to give an
at-rest lifetime of 15.1+1.5

−1.3 s.
The lifetime of the highly ionized 192Os is longer than that

of the neutral charge state, as the hydrogen-like charge-state
hinders the decay due to internal conversion. Examining the
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FIG. 3. (Color online) Histogram showing the experimentally
measured number of ions observed in each time bin. The points
are the number of ions expected within each bin derived from a χ2 fit
to the data, with an uncertainty evaluated from the error in the fit.

known decay transitions from the isomer (see Fig. 1 and
Table I), the 47-keV E3 transition is forbidden because the
transition energy is below that of the K-shell electron binding
energy. More detailed calculations for the internal conversion
coefficients for the known transitions in the neutral and
hydrogen-like atoms have been performed and are presented in
Table I. The internal conversion coefficients for neutral atoms
were evaluated using the BRICC software [20]. The BRICC
software does not allow evaluations of internal conversion
coefficients for ionized atoms, so we have performed direct
calculations of conversion coefficients for hydrogen-like ions
using the relativistic Dirac-Fock code, RAINE [21]. The high
degree of ionization, with only one electron in the K shell,
when compared to 76 electrons occupying the K to P1 shells,
will affect electron wave functions significantly. Perhaps the
most extreme example is the K-shell binding energy; in the
neutral atom this is 73.87 keV, whereas for a hydrogen-like ion
it is 85.7 keV. This change in binding energy has a significant
effect on the K-shell conversion when comparing the neutral
to hydrogen-like atom.

Experimentally, the neutral isomer decays with a lifetime
of 8.5(14) s [16] with three decay paths as shown in Fig. 1.
The measured γ -ray intensities [19] of these transitions were
used in conjunction with the neutral lifetime and conversion
coefficients to gauge the hindrance due to the hydrogen-like
charge state. The evaluated hydrogen-like lifetime is τH−like =
13.0(24) s, in good agreement with our measured value of
τrest = 15.1+1.5

−1.3 s.

TABLE I. Known transitions of 192mOs [19] with internal conver-
sion coefficients for the neutral and hydrogen-like isotopes calculated
using BRICC [20] and RAINE [21].

Energy Iγ σλ αneut
T αH−like

T

(kev)

47.4 0.0031(6) E3 7760 0
302.6 100(6) E3 0.433 0.084
307.0 13.3(3) M2 0.975 0.374

With this technique it is possible to observe a single
charged ion undergoing nuclear decay. The storage ring
enables observations of highly ionized, long-lived isomeric
states and the identification of their decay paths, from which
it is possible to measure the effect of atomic structure on
the decay of the nucleus. We have presented the case of
hydrogen-like 192Os and the decay of a 2015 keV, 10−

state. With the exceptions of measurements of conversion in
highly charged Fe and Te, where bound internal conversion
was observed [22–24], the present measurement is the first
storage-ring measurement of the decay of a hydrogen-like
isomer. Previously, there have been only measurements of
isomers in fully ionized states [25,26]. In the present case
of 192Os, the neutral lifetime measurement has been observed
to be 8.5(14) s [16], whereas our measurement of 15.1+1.5

−1.3 s
for hydrogen-like ions is in stark contrast. The difference is
explained due to hindering of internal conversion. We have
evaluated both neutral and ionized conversion coefficients and
hence calculated the theoretical lifetime of a hydrogen-like
ion. Our experimental measurement is in agreement with that
predicted from the evaluation of conversion coefficients.
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The measured γ -ray intensities [19] of these transitions were
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coefficients to gauge the hindrance due to the hydrogen-like
charge state. The evaluated hydrogen-like lifetime is τH−like =
13.0(24) s, in good agreement with our measured value of
τrest = 15.1+1.5
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isomer. Previously, there have been only measurements of
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for hydrogen-like ions is in stark contrast. The difference is
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Tables (to be published).
[4] H. Geissel et al., Nucl. Instrum. Methods B 70, 286 (1992).
[5] B. Franzke, Nucl. Instrum. Methods B 24–25, 18 (1987).

[6] M. W. Reed et al., Phys. Rev. Lett 105, 172501 (2010).
[7] M. W. Reed et al., Phys. Rev. C 86, 054321 (2012).
[8] U. Schaaf, Ph.D. thesis, University of Frankfurt, 1991.
[9] B. Schlitt et al., Hyperfine Interact. 99, 117 (1996).

[10] H. Poth, Phys. Rep. 196, 135 (1990)
[11] T. Winkler et al., Nucl. Phys. A 626, 458 (1997).

031301-3

RAPID COMMUNICATIONS

A. AKBER et al. PHYSICAL REVIEW C 91, 031301(R) (2015)

FIG. 1. Partial decay scheme of 192Os, including the 8.5 s
isomer, figure adapted from Ref. [19]. The square brackets denote
implied transitions, and for clarity some γ -ray energies have been
omitted.

[10,11] and stochastic [12] cooling are operated to reduce
the velocity spread of the injected ion beam to a sufficient
level such that peaks in Schottky spectra can be resolved. In
the ESR, stochastic cooling uses a fixed ion energy of 400A
MeV, and the revolution frequency of the ions at this energy is
∼2 MHz. By performing a fast Fourier transform (FFT) on the
measured data, a frequency spectrum for an orbiting ion can
be recovered; this is known as a Schottky frequency spectrum.
The intensity of the peaks in the Schottky spectrum reflects
directly the number of stored ions at that frequency [13]. In
this experiment the 30th harmonic revolution frequency was
analyzed [14,15], and hence all figures showing a Schottky
frequency spectrum are relative to that harmonic (∼60 MHz).

An 8.5 s, 10− isomer with an excitation energy of
2015 keV has previously been identified in 192Os [16,17]
(Fig. 1). Our new measurement probes the decay of this isomer
when in a hydrogen-like charge state. This was performed by
examining over 400 injections where a hydrogen-like isomer
was observed, and these data were then sorted into 3.5 s time
slices ready for analysis. For clarity, only when a single ion
was observed after an arbitrary cooling time were the data
accepted and analyzed. The in-ring lifetime for each single ion
was measured from T0 = 31.5 s after the injection (Fig. 2), the
point at which cooling of the ion beam had clearly finished.
Although generally there are lower statistics, performing a
measurement in this way can greatly improve the precision of
the experiment (discussed below) and in Ref. [18], and in this
regard it is actually preferential to have a low production and
injection probability.

With this method it is possible to deduce the survival of
ions observed in each time slice over the course of the entire
experiment and additionally when each ion decayed. This
is different from the usual decay curves produced by γ -ray
spectroscopy, where the number of decays observed are plotted
versus time. Instead in this case, the number of observed ions
in each time slice can be plotted directly.

The data have been analyzed with the following obser-
vations: Each individual injection is statistically independent
from the previous and subsequent spills. Therefore, each
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FIG. 2. (Color online) A typical example of a Schottky frequency
spectrum with 3.5 s time slices. Large amounts of background noise
are observed before adequate time is allowed for cooling. The isomer
192Os is resolved from the 192gOs state. The sudden absence of the
previously observed isomer corresponds to the nuclear decay of the
excited state. At 31.5 s after injection, in all analyzed injections the
background noise was sufficiently low to use this as a start time for
lifetime measurements.

injection can be classed as a separate experiment. Taken across
the whole ensemble of nuclei that are analyzed, it is possible to
know exactly how many of these ions are observed at a specific
time by tracking each individually across all time bins. This is
an absolute number, with no statistical uncertainty.

Some possible systematic uncertainties have been iden-
tified. The decision to select only a set of injections that
appear to show a single ion could potentially introduce some
selection bias, in that it is possible to miss some valid ions.
However, it does not seem likely that we could preferentially
miss an ion in such a way that it would bias the subsequent
lifetime measurement. In addition, we have assumed that the
ion disappearing is due to the isomer decay; however, there
are other potential processes that could change the orbital
frequency of the ion. The atomic survival time of an ion in the
ring has been measured [7] and is large (∼45 min) compared to
the known isomer lifetime, therefore this is a negligible effect
over the measured time period. Thus, it is possible to assume
that the number of ions observed in each time bin has no or at
least small uncertainty associated with it.

The data have been fitted using a χ2 fitting procedure that
contains no experimental uncertainties. This is used to derive
the lifetime and the number of ions originally measured (N0)
together with their uncertainties. Best fit values for each data
point and the associated propagated uncertainties are presented
in Fig. 3 compared to the histogram of the number of ions
observed in each time bin. The extracted in-ring lifetime of
21.6+2.2

−1.8 s is then Lorentz corrected using γ ≈ 1.43 to give an
at-rest lifetime of 15.1+1.5

−1.3 s.
The lifetime of the highly ionized 192Os is longer than that

of the neutral charge state, as the hydrogen-like charge-state
hinders the decay due to internal conversion. Examining the
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their momentum by moving in helical tracks. Electrons which do not match the momentum window are stopped by207

colliding with physical barriers in the form of ba✏es. The ba✏e system and shielding of photons between the target208

and detector can result in experimental spectra with relatively low background. However, the high selectively of the209

device leads in a low detection e�ciency in a narrow energy window which limits the application of such devices to210

use with stable beams and the decay of states populated with relatively large cross sections.211

Large momentum-acceptance solenoids, like the SACRED (Solenoid and Array for ConveRsion Electron Detec-212

tion) and SAGE (Silicon And GErmanium) spectrometers, collect the electrons in the backward direction [403, 404].213

Similar to the Siegbahn-Kleinheinz spectrometer, the electrons are confined to helical tracks by a parallel magnetic214

field, generated by normal or superconducting coils, but without ba✏es or photon shield, thus allowing for a large215

momentum acceptance. The background is reduced by the large target-to-detector distance, by the backward geome-216

try, and by a high-voltage barrier of up to 50 kV. For SAGE, an absolute e�ciency of as much as 9 % at 300 keV has217

been achieved. SACRED and SAGE are optimised for the study of heavy elements, therefore they are most e�cient218

for low-energy conversion electrons. The construction challenges of this device are the large coils close to the target,219

and large stray fields especially a↵ecting the photomultiplier tubes in the BGO suppressors.220

In mini-orange spectrometers, the detector is shielded from direct view of the target by a photon shield of high-Z221

material [405]. Electrons are bent towards the detector by a perpendicular field generated by permanent, wedge-222

shaped magnets. The mini-orange is compact and can fit into a target chamber in the centre of a germanium-detector223

setup [406, 407, 408]. A disadvantage is the small energy acceptance window, and the large amount of material in the224

chamber, reducing the e�ciency of the germanium detector array, and increasing the amount of scattered electrons225

and �-rays in particle- and �-ray detectors.226

The University of Lodz electron spectrometer operated at the accelerator laboratory in Warsaw combines a sim-227

plified mini-orange-type lens with a permanent-magnet solenoid for guiding electrons away from the reaction target228

[409, 410]. The double-lens design allows a wide acceptance of electron energies while still achieving a reduction of229

the background originating from the target.230

The SPICE detector [411] has a particularly high e�ciency for higher-energy electrons compared to the smaller231

mini-orange permanent magnetic arrays. It operates with the TIGRESS �-ray spectrometer at TRIUMF-ISAC.232

Here a 6.1 mm thick lithium-drifted silicon [Si(Li)] detector with an outer radius of 50 mm and 120-fold segmen-233

tation is located upstream from the reaction target, with a collimated central hole to allow transmission of the234

beam. It is shielded from direct sight of the target by a photon shield. A magnetic lens formed of rare-earth235

permanent magnets collects and directs internal conversion electrons around the photon shield to the Si(Li) detec-236

tor. A new detector, SLICES (Spes Low-energy Internal Conversion Electrons Spectrometer), which uses a very237

similar Si(Li) detector to SPICE but with a di↵erent magnetic lens arrangement is under construction at Legnaro238

(https://nuspin2019.sciencesconf.org/data/pages/nuspin marchini.pdf).239

The electron spectrometer, SPEDE [412, 395], has been developed for use in conjunction with the Miniball spec-240

trometer at the HIE-ISOLDE facility, CERN. SPEDE allows for direct measurement of internal conversion electrons241

emitted in-flight, without employing magnetic fields to transport or momentum filter the electrons. The setup enables242

simultaneous observation of � rays and conversion electrons in Coulomb-excitation experiments using radioactive ion243

beams. This very simple design relies on the low beam intensities inherent to radioactive ion beam studies to minimize244

backgrounds.245

In closing we wish to also describe alternative approaches to the determination of the E0 strength which have only246

been utilized in a few cases.247

An examination of the di↵erence in the angular correlations between � � � and e-� can provide a measurement248

of the E0 component because while both these correlations are sensitive to �2(E2/M1) mixing ratio, only the e-�249

correlation will be influenced also by the q
2(E0/E2) value [413].250
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it is the first relation for the approximation of K-shell fluorescence
yields as a function of Z, and on the same previous experimental
values of K-shell fluorescence yield (oK), we can approximate the
trends of this latter as a function of target atomic number Z using the
following expression:

oK ¼omax
Zn

knþ Zn
ð1Þ

The data used in this work are presented in Fig. 2(dots) as a
function of the atomic number Z. The same figure shows the fitting

results according to the Eq. (1) (full line). The total deviation of the
experimental data (o (data)) of the fluorescence yields from their
corresponding fitted values (o (fit)) is expressed in terms of the
root-mean-square error (erms) calculated using the expression

erms ¼
X 1

N
oðdataÞ%oðfitÞ

oðfitÞ

! "2
" #1=2

ð2Þ

where N is the number of data. The fitting generates a set of
coefficients omax, n and k, which are listed in Table 2.

Second, similar relation have been used by Has (1932), Arends
(1935) and Gray, 1956). A modification was proposed by Burhop
(1955) to allow for screening and relativistic effects (see Bambynek
et al., 1972): (oK/(1%oK))1/4¼a+bZ+gZ3. The term involving the
constant a is essentially a correction for screening, while the term
involving gZ3 carries the relativistic correction (Fink et al., 1966).
Taking into account this formula, we derived empirical K-shell
fluorescence yields by fitting the same experimental data used
in the case of formula (1). Then we calculated the quantity (oK/
(1%oK))1/4 and plotted them vs. the atomic number Z. The
analytical function used for the fitting is the following polynomial:

oK

1%oK

! "1=4

¼
X3

n ¼ 0

anZn ð3Þ

The fitting results are shown in Fig. 3 and the corresponding
coefficient an are also listed in Table 2.

Third, another formula has been usually proposed by Bailey and
Swedlund (1967) to fit the quantity (oK/(1%oK))1/3 vs. the atomic
number Z (corrected the 1/4 by 1/3). Following these observations,
we present the quantity (oK/(1%oK))1/3 vs. Z for the same
experimental data used in the formulas (1) and (3). The trends
of K-shell fluorescence yield with the atomic number Z the
following third order polynomial:

oK

1%oK

! "1=3

¼
X3

n ¼ 0

bnZn ð4Þ

The fitting results are shown in Fig. 4 with full lines and the
coefficients bn are also listed in Table 2.

In another study, Grotheer et al. (1969) calculated fit values
using the exponent 1/3.5. So we fitted the same experimental value
by a relation with the exponent 1/3.5:

oK

1%oK

! "1=3:5

¼
X3

n ¼ 0

cnZn ð5Þ

The fitting results are presented in Fig. 5 by full lines defined by
Eq. (5). The dots are the experimental data. The fitting coefficients
cn are also reported in Table 2.

The values of erms with the fitting parameters for the calculation
of empirical K-shell fluorescence yields according to the different
methods followed here are listed in Table 2, and our empirical
K-shell fluorescence yields for elements with atomic numbers
6rZr99 are tabulated in Table 3.

Finally, our results, using different procedures followed here,
are presented in Fig. 6 together with the theoretical calculations
from Refs. Kostroun et al. (1971) and Walters and Bhalla (1971),
and the fitted values reported by Bambynek et al. (1972) and Krause
(1979). Also in Table 4 we present the deviation (%) between K-shell
fluorescence yields of this work and those of the theoretical and
empirical works (Bambynek et al., 1972; Krause, 1979; Kostroun
et al., 1971; Walters and Bhalla, 1971) for selected elements.

We noted that the number of experimental data should be
sufficient to produce a satisfactory fitting [to formulas (1), (3)–(5)],
and a figure is presented in order to point out the different spread of
the data in each case. It must be emphasized that the fitting of

Table 1 (continued )

Z oK (Experimental) References

93Np 0.93870.010 Hoffman and Dropesky (1958)
0.97270.003 Ahmad (1979)

94Pu 0.97270.003 Ahmad (1979)
96Cm 0.97170.006 Ahmad (1979)
97Bk 0.97170.006 Ahmad (1979)
98Cf 0.97370.004 Ahmad (1979)

0.97670.005 Freedman et al. (1977)

99Es 0.97270.004 Ahmad (1979)
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Fig. 1. Distribution of experimental K-shell fluorescence yields as a function of
atomic number.
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Fig. 2. Distribution of experimental K-shell fluorescence yields as a function of
atomic number. The curve is the fitting according to Eq. (1).
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From medical point of view…

Frontiers in Pharmacology 2018, 9, 996.

New bread of delivery agents: subcellular 
targeted cancer treatment is a reality

Enhancement at 
6 & 9 eV

2019 
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q Step 1: Evaluate distribution of atomic 
vacancies from nuclear decay latest 

nuclear data and models (ENSDF, BrIcc, 
BetaShape)

q Step 2: Propagate vacancies using a full 
Monte Carlo approach

§ Transition energies: from atomic 
model calculations (Raine DF)

§ Transition rates: from Evaluated 
Atomic Data Library

q Step 3: Full energy spectrum from 
sorting data of 1 Million (or more) decay 

events
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BrIccEmis data base: quick retrieval
of the full atomic spectra 

In seconds instead of hours  
T. Kibédi, ANU
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Semi-empirical 
corrections of 

calculated 
Auger energies

For a single ionized system:

E(X,YZ) = BE(X) – BE(Y) – BE(Z) + Φ

Breit and QED corrections not in RAINE
q semi-empirical corrections using 

literature values of BE 
q Grasp2K BE calculations (preferably) 

Neutral binding energies
hole-hole 
coupling
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Auger energies
No correction
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