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Level migration in n-rich gallium
leading to quantum inversion in the ground state at N = 50

71
40Ga 73

42Ga 75
44Ga 77

46Ga 79
48Ga 81

50Ga 83
52Ga

?

85
54Ga

?

87
56Ga

?

f7/2

Z = 28

p3/2

f5/2

p1/2

Z = 40

N = 40

g9/2

N = 50

d5/2

g7/2

71
40Ga 73

42Ga 75
44Ga 77

46Ga 79
48Ga 81

50Ga 83
52Ga

?

85
54Ga

?

87
56Ga

?

f7/2

Z = 28

p3/2

f5/2

p1/2

Z = 40

N = 40

g9/2

N = 50

d5/2

g7/2Following the shell model description:

3/2− 1h in p3/2 ⇒ expected ground state

5/2− 1p-2h in f5/2 ⇒ ground state at N = 50

1/2− 1p-2h in p1/2 ⇒ ground state at N = 42

7/2− 2p-1h in f7/2

COLLAPS work: B. Cheal et al., PRL 104(2010)252502.
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Isomerism at N = 49
Spectroscopy of the lightest N = 49 isomer

COLLAPS work: Identification of 2 states with spin 3
and 6⇒ T1/2 ≥ 200ms.

B. Cheal et al., PRC 82(2010)051302(R).

JYFLTRAP work: No evidence for 2 states⇒
∆E < 50keV.

J. Hakala et al., PRC 101(2008)052502.
STRUCTURE OF 80Ge REVEALED BY THE ! . . . PHYSICAL REVIEW C 87, 054307 (2013)

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1
T1/2 (s)

0
500

1000
1500
2000
2500
3000
3500
4000
4500
5000
5500

En
er

gy
 (k

eV
)

FIG. 3. Measured apparent half-life of the levels of 80Ge (squares)
and transitions not placed in the level scheme (circles). The adopted
value T1/2 = 1.676 s [6] is represented by the dashed line.

T1/2 = 1.676(14) s [6]. We note that T1/2 = 1.697(11) s was
proposed in a previous evaluation of A = 80 [17]. An apparent
half-life for a given excited state in 80Ge can be determined
from the observed time behavior of the different " -transitions
through which it decays. For n " transitions depopulating
a given state, its apparent half-life can be obtained as the
weighted average [16]:
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Such values are displayed in Fig. 3 as a function of the " -ray
energy. The " transitions not placed in the level scheme are
also placed in this diagram at their own energies. Values are
scattered between two extremes: the shortest close to 1.3 s and
the longest close to 2 s. As can be seen in Fig. 3, the adopted
value T1/2 = 1.676 s is approximately situated at middistance
between the extremes of the values we could determine. A
higher number of points in this graph is found on the right-hand
part hinting at a higher number of states populated by the
longer-lived isomer. We propose to attribute to the longer-lived
80Ga !-decaying state the apparent half-life measured for the
(8+) level at 3445.11 keV: T L

1/2 = 1.925 ± 0.134 s. This choice
appears reasonable since this level with its supposedly (8+)
nature [7] should be fed uniquely by the J = 6 isomer. No
indirect feeding of this state has been reported [6] neither did
we observe any. The presumably high spin of the state and
its high excitation energy allows assuming reasonably that
such an upper feeding can be indeed neglected. As can be
seen in Fig. 3, most of the " transitions characterized by the
shortest apparent half-lives are unfortunately not placed in
the level scheme (most of them are very weak). We however
have not much choice but to propose the shortest of those
values as the most probable half-life of the shorter-lived 80Ga

!-decaying state. This corresponds to the " ray at 2554.95 keV
with T S

1/2 = 1.317 ± 0.155 s. In the following section we will
check that those values are indeed consistent with all observed
apparent half-lives. From the proposed (8+) nature of the state
at 3445.11 keV we propose then
80(hs)Ga : T1/2 = 1.9 ± 0.1 s, 80(ls)Ga : T1/2 = 1.3 ± 0.2 s.

IV. THE 80aGa AND 80bGa DECAY SCHEMES

One can try from the individual " -line half-life determina-
tion obtained here to propose two separate decay schemes for
the 80aGa and 80bGa isomers. In the following hypotheses:

(i) the number of !-decaying states is limited to two
(no intermediate activity between the two extremes
determined here);

(ii) the spins of the two !-decaying states 80aGa and 80bGa
are those determined experimentally in Ref. [11], a :
J = 3 and b : J = 6 (a hypothesis consistent with the
!-decay data as will be seen later);

(iii) the model dependent negative parity attribution for both
states as proposed in [11] is correct; then,
(a) the decay of a 3! state would primarily populate

the J $ = 2!, 3!, and 4! states of 80Ge through
allowed transitions and J $ = 2+, 3+, 4+ through
first-forbidden nonunique (ffnu) transitions;

(b) the decay of a 6! state on the other hand would
primarily populate the J $ = 5!, 6!, 7! and J $ =
5+, 6+, 7+ states of 80Ge through allowed and ffnu
transitions respectively.

In the conventionally expected (Raman-Gove) log f t range
there is no overlap possible between the spin range attainable
by the decays of the two isomers except via first-forbidden
unique (ffu) transitions. In that last case one could imagine
4+ states fed simultaneously by a ffnu transition from the
J = 3 isomer and a ffu transition from the J = 6 isomer
and 5+ states the other way. But there is at least an order of
magnitude expected in the branching ratio between ffnu and
ffu transitions and the different sources of uncertainties in
the individual " -line half-life determination should normally
prevent from reaching such a sensitivity. Then, by analyzing
the " -ray time behaviors observed in our experiment as the
result from the contributions of the direct feeding from the
two isomers and the indirect feeding from the depopulation
of higher lying 80Ge states one should be able to assign
each level to one of the two decay schemes. Deviations from
this general rule would originate from unobserved indirect
feedings or strong structure effects.

In the following we will propose a quantity suitable to help
in assessing the belonging of the excited states of 80Ge to one
of the two decay schemes. For that purpose we express the
apparent decay constant %A of a given state in 80Ge as

%A = Br

Br + F
[X%S + Y%L] + F

Br + F
%F , (1)

where

(i) %A = ln 2/T A
1/2 and we use the T A

1/2 values introduced
in the previous section and presented in Fig. 3;

054307-3

80Ga β-decay study at ALTO⇒
T1/2(I = 3) = 1.9(1)s & T1/2(I = 6) = 1.3(2)s.

No pure beam could be studied and the uncertainty
on the analysis remains large.

D. Verney et al., PRC 87(2013)054307.
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FIGURE 1. Partial level scheme containing the newly identified ground state

In this work we present the first identification of the excitation energies and properties
of the ground state and first excited isomeric state in 80Ga.

EXPERIMENT

The !! decay spectroscopy of 80Zn was performed at the ISOLDE facility at CERN as
part of systematic ultra-fast timing studies of neutron rich Zn nuclei. The 80Zn nuclides
were produced by the CERN PS Booster 1.4-GeV proton-beam impinging on a neutron
converter to induce fission in a thick uranium carbide target. The reaction products
diffused from the 2000 "C hot target via a quartz chemically selective transfer line into
a tungsten ionizer where resonant laser ionization was used to produced an intense and
pure Zn ion beam [6, 7]. After extraction and acceleration to 40 keV the ISOLDE high-
resolution separator was used to select an A = 80 beam. The Zn beam was sent to an
aluminium catcher foil.
The detection system consisted of a NE111 plastic scintillator positioned behind the

tape at the collection point and used as fast-timing ! -detector. The thickness was cho-
sen to have an almost uniform response to the different energies. Two LaBr3:Ce crystals
were used as fast-timing gamma detector. In addition, there were two HPGe detectors

98

Downloaded 20 Jun 2013 to 130.88.99.231. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://proceedings.aip.org/about/rights_permissions

80Zn β-decay study at ISOLDE⇒ Excited level
structure in 80Ga determined. E(I = 3) = 22.4keV

R. Licǎ et al., AIP Conf. Proc. 1491(2012)97.
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Half-lives beyond N = 50
Impact on stellar r process

growth and decay curve [see Fig. 1(d)], we obtain a 82Zn
half-life of 228(10) ms with !2=nfree ! 1:07.

On the "-ray spectrum for the decay of isobarically sepa-
rated 83Zn, we observe a prominent transition at 110 keV
[see Fig. 1(b)] previously unreported for the A ! 82 and
A ! 83 isobars. By gating on this transition, subtracting
background, and fitting the growth and decay curve, we
obtain a half-life of 117(20) ms, with !2=nfree ! 1:04. This
value is significantly shorter than the reported half-lives for
the# decay of the#-n daughters 82Ga, 599(2) ms, and 82Ge,
4.55(5) s [23], and isobars 83Ga, 308(1) ms, and 83Ge, 1.85
(6) s [24]. This supports the placement of this transition in
the # decay of 83Zn.

During the previous study of # decay of 84Ga and 85Ga
at HRIBF [25], the 624 keV "-transition was assigned as
the deexcitation of the first 2" state in 84Ge. Our new data
on 85Ga decay confirm the 624 keV "-line transition
populated in the #-n branch [see Fig. 1(c)]. Also, a pre-
viously unreported transition at 108 keV appears promi-
nently with a half-life consistent with that of the 624 keV
line [see Fig. 1(c)].

Since both transitions at 108 and 624 keV have similar
statistics, we used the growth and decay curves gated on
each transition to obtain the 85Ga half-life [see Fig. 1(f)].
The resulting half-lives are 84(8) ms and 99(6) ms with
!2=nfree ! 1:01 and 0.98, respectively. We adopt the
weighted average of 93(7) ms as the 85Ga half-life.

The new half-life values presented here for the Zn and Ga
isotopic chains prompted us to reconsider the predictive
power of global models in the neutron-rich region of nuclear
chart. The large neutron proton imbalance gives rise to
effects absent in nuclei closer to stability, which might
play a prominent role in the # decay. For nuclei with
N > 50, beta decay models must include both Gamow-
Teller (GT) and first-forbidden (FF) transitions since neu-
trons fill positive parity orbitals (1g9=2, 2d5=2, and 3s1=2) and
protons occupy negative parity (1f5=2, 2p3=2, and 2p1=2).
Moreover, the ordering of both proton and neutron shells is
important, whether the valence neutrons are in the 2d5=2 or
the 3s1=2 orbitals, as these FF transitions contribute a large
share of the decay strength above the N ! 50 shell.

Testing the validity of the half-lives predicted by global
models is important, as network calculations use them when
no experimental information exists [12]. For the Zn and Ga
isotopic chains, previous global model calculations over-
estimate the half-lives above the N ! 50 shell [18,23–27]
by a factor of about two, as shown in Fig. 2. Furthermore,
above N ! 55 in the Zn chain and N ! 57 in the Ga chain,
a rapid drop of the half-life values is predicted due to a
sudden change of the calculations deformation framework.
One notes that the half-life values calculated in the global
model [12] above these thresholds become close to the gross
theory predictions [28].

Our newly measured half-lives were compared to the
predictions using the ground state properties as given by

the recently developed DF3a [29] energy density functional
tailored for neutron-rich nuclei around the N ! 50 and
N ! 82 shell closures. The beta strength functions for
GT and FF decays were derived self-consistently within
the DF3a" CQRPA model, using the method outlined in
Ref. [30]. Our new calculation is an extension of the one that
successfully reproduced the experimental neutron branching
ratios obtained at HRIBF [31]. There, the model included
the new values of masses in the region [32,33], and the
ground state configurations in odd Z Ga isotopes up to
A ! 83 were set to be 1f5=2 proton single-particle states
by using the blocking approximation. This approach is
consistent with the change in systematics of the spin and
parity of the ground state of Cu isotopes [34,35] (understood
as driven by the proton-neutron interaction when filling the
$g9=2 shell [36]). We found that only the calculation that
extended beyond A ! 83, the blocking of the ground state
configuration to a 1f5=2 proton-single-particle state, was
able to reproduce the 85Ga half-life value [see Fig. 2(b)].
No other modifications or local adjustments were made to
the model after the initial calibration in Ref. [31]. The half-
lives calculated in both isotopic chains agree well with our
new measurements, see Figs. 2(a) and 2(b).
One must also note that the new experimental half-lives

are shorter than the values obtained in the FRDM" QRPA
model, and are essentially reproduced in our DF3a"
CQRPA calculations. For Ga isotopes with N ! 54–59,
where only extrapolations are available, our self-consistent
model predicts stabilization of the half-lives beyond
N ! 56. Importantly for r-process calculations (see below),

FIG. 2 (color online). Half-lives of the Zn (top) and Ga
(bottom) isotopic chains. Shown are: experimental values
(4 [18,23–27] and m, this work), FRDM" QRPA [12] (#),
gross theory of beta decay [28] (h), and a new energy density
functional model (see text) (d). Our new calculation predicts a
stabilization of the half-lives, compared to the global models.

PRL 109, 112501 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
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the DF3a! CQRPA predicts significantly longer lifetimes
than FRDM! QRPA for N > 56.

Because the DF3a! CQRPA lifetimes strongly deviate
from the predictions of the global model, we investigated
their potential impact on calculations of r-process nucleo-
synthesis. We performed dynamic nuclear network calcula-
tions [37] of the r-process with a sample parameterized
trajectory from a compact object merger model [38].
Surprisingly, we found that not only can these half-lives
influence the abundances in the 75<A< 90 region, but
they can impact how the r-process proceeds for heavier
nuclei, as shown in Fig. 3. In the baseline simulation with
the global model half-lives used exclusively, the r-process
abundance peaks around A " 160 and A " 195 are only
partially populated. However, a significantly redistributed
abundance pattern results, including a more vigorous pro-
duction of nuclei above A > 140, when the FRDM!
QRPA half-lives are substituted with the values from cur-
rently available DF3a calculations for spherical nuclei in the
vicinity of 78Ni: 66–77Co, 72–86Ni, 74–89Cu, 82–90Ga, and
83–90Ge. This can be explained from the difference between
our model and the global model half-lives for nuclei of mass
above and below the threshold around N " 56 (A " 85).
The longer DF3a! QRPA half-lives above A " 85 cause
more material to be trapped in the first peak, around A " 80,
compared to the baseline simulation. Since less material
makes it past the first peak, fewer neutrons are depleted in
this region, leaving more neutrons available for capture on
A > 90 nuclei and enhanced production of heavier species.
A more detailed sensitivity study with a larger set of nuclei
and thermodynamical conditions is in preparation [39].

In summary, the high beam intensity and purity achieved
with the recently commissioned IRIS-2 ISOL platform at

HRIBF has allowed us to determine the 85Ga half-life and
observe for the first time the ! decay of the 82;83Zn. The
half-life values presented here, measured with 10–20%
uncertainty, were used to verify a new model using a
recently developed energy density functional and requiring
"1f5=2 single particle ground state configuration. The
differences between the half-lives of isotopes in the 78Ni
vicinity calculated in our locally calibrated model and in
global models have a large effect on the predicted overall
abundance pattern obtained from r-process calculations,
with an increase of greater than 200% for some masses
above A " 140. The limitations of the global model to
calculate properties of nuclei close to shell closures are
apparent in the discrepancies with our experimental values
This suggests that a new generation of models, with a more
microscopic foundation, is required to provide reliable
values for network calculations.
We thank the HRIBF operations staff for providing the
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DOE Cooperative Agreement No. DE-FG52-08NA28552.
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(UTK) and DE-FG-05-88ER40407 (VU). The authors
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and B. Pfeiffer, Astrophys. J. 403, 216 (1993).

[3] T. Rauscher, R. Bieber , H. Oberhummer, K.-L. Kratz, J.
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FIG. 3 (color online). Calculated abundances for r-process
nuclei, for a baseline simulation using FRDM [12] half-lives
(solid blue line) and a simulation substituting half-lives for
neutron rich isotopes (27 # Z # 32) obtained in the DF3a!
CQRPA framework from this work (dashed red line). The black
crosses show the solar residual (r-process) abundances from
Ref. [5]. The thermodynamic conditions are from a low entropy
(s=k " 10), fast outflow (! " 0:2), and # " 0 trajectory from
Ref. [37].
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Recent β-decay studies of n-rich gallium isotopes from HRIBF: stabilisation
of the half-life of gallium at N = 54.

New calculations predict stabilisation up to N = 56.

Possible large impact on r -process calculations.

M. Madurga et al., PRL 109(2012)112501.
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P375 - Aim of this proposal

Nuclear structure across N = 50

We propose to study the spin, electromagnetic moments and nuclear charge radii of the gallium isotopes
with N ≥ 50 to assert the configuration of their ground state.
⇒ Determine the purity of the ground state of the gallium isotopes beyond N = 50.

Isomerism in odd-odd gallium isotopes

We will study the decay of isomerically pure samples of 80g,mGa to 80Ge to determine their respective
half-lives and feeding patterns.
⇒ These data will complete the existing spectroscopic information on this nucleus and assert the shape
coexistence between spherical and triaxial shapes in the vicinity of 78Ni.

Half-lives of n-rich gallium isotopes

We propose to measure the half-life of the n-rich gallium isotopes with N ≥ 50 to confirm the recently
measured values and extend the measurement to the more n-rich isotope.
⇒ These new data will then challenge the most recent calculations and impacts on r -process calculations.
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CRIS
Collinear Resonance Ionisation Spectroscopy

Layout of the CRIS beam line

Bunches are delivered from the ISOLDE HRS ISCOOL at 40 keV;

Ions are neutralised in a potassium charge exchange cell operated at 10−6 mbar;

Non-neutralised ions are deflected away while the atoms drift through the interaction region,

maintained at < 10−9 mbar;

Lasers are sent through the interaction region;

Re-ionised isotopes are deflected towards an MCP or a decay spectroscopy station.
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CRIS
Collinear Resonance Ionisation Spectroscopy

Layout of the CRIS beam line

Bunches are delivered from the ISOLDE HRS ISCOOL at 40 keV;

Ions are neutralised in a potassium charge exchange cell operated at 10−6 mbar;

Non-neutralised ions are deflected away while the atoms drift through the interaction region,

maintained at < 10−9 mbar;

Lasers are sent through the interaction region;

Re-ionised isotopes are deflected towards an MCP or a decay spectroscopy station.
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IS471
Review of the 2012 CRIS campaign

Successful IS471 beam times (Aug’12 & Oct’12) have allowed to study 17

hyperfine structures in francium, including 9 new isotopes and 4 isomers.

High efficiency

Neutralization efficiency of 50%;

Total efficiency for resonant ions of 1% has
been reached in Fr;
202Fr has been effortlessly measured with 100
ions per second.

High purity

Total collisional background efficiency of 1:300
000 at a pressure of 8 · 10−9mbar;

Background-free measurement in the most
exotic cases (e.g. 100 per s 202Fr vs. ∼ 104 per s 202Tl);

⇒ 99.98% purity on isomer selection.
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DALAS & LANDS
Decay-Assisted LAser Spectroscopy
& Laser-Assisted Nuclear Decay Spectroscopy

Isomeric sample production

Scans on the MCP reveals the components;

Each component is sent to the DSS to observe the respective [α] decay;

The peaks in the hyperfine structure can then be associated with their
respective states.

Spectroscopy can then be performed on purified beams of isomer
(corresponding to a mass resolving power M/∆M ∼ 5 · 106 for the case of 204Fr).
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New laser setup
CRIS at high resolution
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CRIS performances

IS471 resolution was limited by the laser linewidth (1.2 GHz).

Recent off-line tests with K have demonstrated the possible operation with high-resolution
continuous-wave laser (25 MHz) in saturation.

A CW MATISSE laser (dye/Ti:Sa) has been delivered. A pulsed Dye laser from the Photon Science
Institute of the University of Manchester will soon complete the setup.
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New decay spectroscopy station
Close geometry setup

Exisiting DSS for α-particle identification.

New DSS with few C foils, 2 silicon detectors, close geometry for germanium detectors.

Can be fitted with a tape for β-decay studies.
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Beam time request
and requirements from ISOLDE

Run 1 Run 2
80Ga 82−84Ga 85−87Ga

on-line setup 3 shifts 3 shifts
Laser spectroscopy 1 shift 6 shifts 9 shifts
LANDS 4 shifts 3 shifts 3 shifts
TOTAL 18 shifts 15 shifts

Isotope T1/2 [s] Yields [/µC]

80Ga 1.7 5.2× 105

81Ga 1.22 3.2× 105

82Ga 0.6 5.0× 104

83Ga 0.31 7.5× 103

84Ga 0.085 1.3× 102

85Ga 0.093 2.0× 101

86Ga ∼ 0.1 2.5× 100

87Ga ∼ 0.06

Operation

UCx target + n-converter

RILIS on Ga

HRS + ISCOOL (50-100 Hz)

ISOLDE’s HPGe detector

ISOLDE’s DigiDAQ

Yields of isobaric Rb & Sr ranges from 105 to 107 /µC with protons on target. Those can be suppressed by
making use of the neutron-converter to suppress the proton-induced fragmentation cross-section (yielding Rb
& Sr) and benefit from neutron-induced fission (producing Ga). Chemical selectivity of a quartz transfer line
can alternatively be used to suppress Rb & Sr.

Thanks to its high selectivity, the CRIS experiment does not have high purity requirements. It is however
limited in total beam intensity by the acceptance of ISCOOL.
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High-resolution test
ABU K RIS

Spring 2013 - High-resolution CW laser test in Atomic Beam Unit with K

Comparison between fluorescence and RIS.

Saturation was reached for CW - RIS.

25 MHz resolution can be achieved with RIS.

7.2 results 66

with pulsed excitations should be read in the context of chapter
6.

7.2.1 Continuous excitation

Both fluorescence detection and RIS was performed on the K
beams, allowing a side-by-side comparison. Figure 33 shows two
scans, the left one using ion detection after RIS and the right
one using photon fluorescence detection. In both cases the ex-
citation is continuous. The ionization step was pulsed. The ion
scan was recorded using 0.5mW of 769nm and 1.6mJ of 355nm,
while the photon scan was taken using 1mW in the resonant step.
These spectra clearly show the well-resolved hyperfine spectrum
associated with the Doppler-collimated atomic beam that has
passed through the slits. The four narrow peaks sit on top of a
broad structure. This broad structure is due to a considerable
residual vapor that fills the chamber and the interaction region.
This rarified gas has a large velocity spread, leading to Doppler-
broadened resonances in the hyperfine spectra. The photon spec-
tra have an additional background since the PMT also detects
scattered laser photons.
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Figure 33: Ion (left) and phton (right) spectrum of 39K taken in similar
conditions. The solid line is the best fitting curve obtained
by the procedure outlined in the main body of this text.

The solid line is the best fit obtained through a least-squares
minimization. The fitting model is the sum of several compon-
ents needed to take the observations of the previous paragraph
into account. So, the fitting function contains four narrow Voigt
profiles with the same width, but with free positions and intens-
ities. Additionally, four wider Voigt profiles are added at the
same positions as the narrow peaks, once again with free intens-
ities but the same width. These are used to fit the large, broad
distribution underneath the four narrow peaks.

A lot more statistics are collected per second for the photon
signal. One reason for this is the suboptimal ion optics present
in the ABU in its current form. The main reason however is that
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the excitation step happens continuously, while the ionization
step happens via a 20Hz repetition rate pulse that is only a few
nanoseconds long. This duty cycle loss results in lower statistics.
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Figure 34: Saturation curve: Intensity (normalized to reference scans
taken in between every measurement) of the leftmost peak
of the hypefine spectrum of 39K as function of power dens-
ity used for the first step of the ionization process.

Figure 34 shows the saturation curve for the excitation step.
This figure demonstrates that the transition reaches saturation
at approximately 30-40mW for the narrow structures. Figure 35
shows the widths of the narrow peaks at the laser powers of fig-
ure 34. Figure 36 shows the difference in frequency of the two
transitions from the F = 1 hyperfine ground states to the two
excited states as function of the power in this excitation step.
Figure 35 illustrates how the width of the resonances increases
with the power density, as expected (compare for example to
25 at 0 ns delay). Figure 36 shows that an increase in power
density results in a shift in the peak-to-peak distance of the res-
onances. Figure 37 shows a few examples of ion scans at several
laser power densities, illustrating both the increasing widths and
splittings. The splittings increase by a factor of three when go-
ing from a few mW to 100mW, an effect far larger than what the
model developed in this thesis can account for. Further research
is needed to understand this effect.

R. de Groote, M.Sc. Thesis, KU Leuven (2013).


	Scientific context
	Experimental technique
	Beam time & facilities request

