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Abstract

High-resolution in-beam γ-ray spectroscopy of 53Ca was performed at the Radioactive Isotope Beam Factory (RIBF) at RIKEN.

Excited states in 53Ca were populated via one-neutron and one-proton removal reactions from a 55Sc radioactive beam, and the

emitted γ rays were detected using the HiCARI hybrid germanium detector array. The lifetime of the first excited 5/2− state in
53Ca was measured for the first time through an analysis of Doppler-broadened γ-ray line shapes arising from relativistic recoil

velocities. A lifetime of τ = 11.3
+5.3(stat)+3(sys)

−11.3
ps was deduced, corresponding to a reduced transition probability of B(E2; 5/2−→

1/2−) > 2.6 e2 f m4 at the 1σ level, with a best-fit value of 4.5 e2 f m4. The measured transition strength is compared with state-of-

the-art shell-model and ab initio calculations, providing a stringent benchmark for shell-model Hamiltonians and effective charges

and modern ab initio descriptions of the neutron-rich calcium isotopes approaching the potential N = 40 shell closure.

1. Introduction

Nuclear magic numbers provide the cornerstones of our un-

derstanding of nuclear structure. These numbers define the shell

gaps and emergent phenomena of nuclear deformation, which

appear in open-shell nuclei, giving rise to collective motion.

However, their universality does not extend to exotic nuclei;

some magic numbers vanish, while new ones appear away from

the valley of stability. Nucleon-nucleon correlations are re-

sponsible for the modification of nuclear structure away from

the valley of stability. Indeed, the isospin dependence of the

monopole average of the central, tensor, and 2-body spin-orbit

forces affects the effective single-particle energies and drives

systems from magic, to deformed, and even to superfluid. Un-

derstanding and quantitatively describing properties of nuclei

away from the valley of stability is at the forefront of nuclear

structure science.

The calcium isotopic chain has provided great input into our

understanding of shell evolution, with new sub-shell gaps ap-

pearing at N = 32 [1] and N = 34 [2]. Beyond 54Ca, the next

potential shell closure is at N = 40, marking the filling of the

neutron f5/2 orbital. The newly developed f p shell interaction,

UFP-CA [3], fitted existing experimental data in calcium iso-

topes, including the excitation energies up to 54Ca, and allows

extrapolated predictions out to 60Ca. It predicts that 60Ca is

doubly magic at a similar level to 68Ni [3]. In contrast, the

first spectroscopy measurements of 56,58Ca were recently per-

formed at RIBF [4]. The observed excitation energies, along

with other experimental data on calcium isotopes, were used to

refine the A3DA-m interaction in the f pg9/2d5/2 model space,

which was named A3DA-t and predicted that 60Ca is not dou-

bly magic and that the dripline of calcium isotopes extends to

at least N = 50 [4]. Additionally, low-lying states in 55,57Ca [5]

and 62Ti [6] were observed in the same experiment, also sug-

gesting that the N = 40 island of inversion extends down to

calcium isotopes.

There are still many open questions regarding the magicity
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Figure 1: (a) Incoming beam particle identification in the BigRIPS separator.

The solid ellipse indicates the 55Sc. (b) Reaction residue particle identification

in the ZeroDegree spectrometer for the 55Sc incoming beam. The dashed ellipse

indicates the 53Ca.

of 60Ca [3, 7, 4]. In view of the difficulties of currently per-

forming direct spectroscopy of 60Ca (with planned upgrades of

facilities and detection systems targeting exactly this region), a

critical next step is to benchmark theory against other observ-

ables which are sensitive to physics beyond what is relevant for

excitation energies alone. In particular, B(E2) strengths beyond

N = 28 (Z = 20) have been intermittently studied experimen-

tally, and new data are urgently needed to guide our understand-

ing of the Ca isotopic chain. In this article we report on the first

measurement of the lifetime of the first excited state (5/2−) of
53Ca, and its B(E2; 5/2− → 1/2−) value, employing the Hi-

CARI array at the RIBF facility and we compare this measure-

ment with both shell-model calculations with effective charges,

and ab initio calculations to test their description of this isotopic

chain.

2. Experimental setup

The experiment was carried out at the Radioactive Isotope

Beam Factory (RIBF) operated by the RIKEN Nishina Cen-

ter and the Center for Nuclear Study (CNS), University of

Tokyo. Radioactive beams in the neutron-rich calcium region

were produced via the fragmentation of a 70Zn primary beam

on a 9Be target at an energy of 345 MeV/nucleon. The frag-

ments were selected using the BigRIPS separator [8] and iden-

tified on an event-by-event basis through the TOF-Bρ-∆E mea-

surements using the standard beam-line detectors described in

Ref. [9]. These measurements enabled unambiguous particle

identification in terms of mass-to-charge ratio and atomic num-

ber, as shown in Fig. 1(a). A 1 g/cm2-thick carbon target and

a 1.2 g/cm2-thick polyethylene (CH2) target were placed at the

F8 focal plane to induce the knockout reactions. The 53Ca nu-

clei in excited states were populated through the one-proton

and one-neutron removal reaction (-1p-1n) from 55Sc projec-

tiles. The reaction residues were analyzed using the ZeroDe-

gree spectrometer, applying the same method as in BigRIPS.

Figure 1(b) shows the particle identification in the ZeroDegree

spectrometer gated on the incoming 55Sc beam.

The prompt γ rays emitted following the knockout reactions

were detected using the High-resolution Cluster Array at RIBF

(HiCARI) [10]. HiCARI is a hybrid array composed of mul-

tiple types of segmented high-purity germanium detectors. In

this experiment, six Miniball triple-cluster detectors (six-fold

segmented) [11] were positioned at forward angles, covering

20◦ – 55◦ relative to the beam axis. Four clover detectors (four-

fold segmented) [12] were mounted to cover 60◦ – 85◦, and

two GRETINA-type tracking detector clusters [13] were placed

covering 50◦ – 90◦. The detector configuration is shown in

Fig. 2 of Ref. [14]. Each detector was calibrated individually

using 133Ba, 152Eu, and 60Co γ-ray sources. The Doppler cor-

rection was performed by taking the point of highest energy

deposit as the initial photon interaction. For the Miniball and

clover detectors, the position of highest energy deposit seg-

ment – pre-determined from simulations as the average first in-

teraction point for each segment – was used to calculate the

γ-ray emission angle. For the tracking detectors, pulse-shape

analysis [15] was employed to determine the γ-ray interaction

positions within the crystal volume with a precision of a few

millimeters. Ultimately, the tracking detectors provided sig-

nificantly superior energy resolution and peak-to-Compton ra-

tios in the Doppler-corrected spectra compared with the Mini-

ball and clover detectors, leading to higher sensitivity to the

short lifetimes measured in this experiment. Therefore, only

the tracking detectors were used in the subsequent analysis.

3. Results

For the γ-ray analysis, Doppler corrections were applied us-

ing the mid-target velocities, deduced event-by-event from the

beam velocities measured with BigRIPS and ZeroDegree, ac-

counting for the energy loss in the target material and beam-

line detectors. The γ-ray emission point was assumed to be at

the center of the target. To improve the peak-to-Compton ra-

tio, add-back analysis was performed by summing the detected

energies within each cluster.

The resulting Doppler-corrected γ-ray spectra for 36Ar (pop-

ulated in -1p from 37K) and 53Ca are shown in Fig. 2 and 3,

respectively. The observed spectral lineshapes are governed by

three main factors: the intrinsic detector energy resolution, the

velocity spread of the emitting nucleus, and the uncertainty in

the γ-ray emission angle. The lifetime affects both the veloc-

ity distribution at the time of γ-ray emission and the angular

uncertainty, thereby modifying the lineshape. To extract life-

times from the observed lineshapes, the experimental spectra

were compared with simulated response functions generated

under different lifetime assumptions. These simulations were

performed using a customized Geant4 [16] simulation package

derived from the GRETINA simulation software [17]. To re-

produce the experimental lineshapes, the simulations incorpo-

rated the real target thickness and the measured beam profile,

and energy resolutions obtained from source calibrations were

implemented for each detector. The effective position resolu-

tion of the tracking detectors – critical for controlling the angu-

lar uncertainty – was determined from the benchmark channel

described below. Doppler corrections were applied to the sim-

ulated data in the same manner as for the experimental data to

ensure consistency.
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Figure 2: Doppler-corrected γ-ray energy spectrum of 36Ar, populated via

one-proton removal from 37K on the carbon target, measured with the track-

ing detectors. The spectrum is fitted using simulated response functions with

the final position resolution (red dashed line) on top of a double-exponential

background (black dash-dotted line). The inset shows the χ2 surface for the

2+
1
→ 0+g.s transition obtained by varying the transition energy and γ-ray inter-

action position resolution in the simulation. The red cross marks the χ2
min

, and

the red contour indicates the 1σ confidence region (χ2
min
+ 1).
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Figure 3: The same as Fig. 2 but for 53Ca populated via one-proton and one-

neutron removal from 55Sc. The inset shows the χ2 surface for the 1740-keV

transition obtained by varying the transition energy and half-life in the simula-

tion.

To benchmark the simulations, the spectra of 36Ar were ana-

lyzed first. The low-lying excited states of 36Ar are well estab-

lished, with both excitation energies and lifetimes accurately

determined in previous studies [18]. In this experiment, these

excited states were populated via one-proton removal from a
37K beam, produced using the same experimental setup but with

BigRIPS and ZeroDegree tuned to the neutron-deficient side.

The Doppler-corrected 36Ar spectrum obtained with the car-

bon target is shown in Fig. 2. Transitions from the 2+
1
, 4+

1
,

3−
1
, and 2+

2
states are clearly observed. According to the lit-

erature [18], the 2+
1

state (1970 keV, T1/2 = 0.328 ps) decays

directly to the ground state. The 4+
1

(4414 keV, T1/2 = 0.076 ps)

and 3−
1

(4178 keV, T1/2 = 2.3 ps) states predominantly feed

the 2+
1

state, with negligible direct decay to the ground state.

The 2+
2

state (4440 keV, T1/2 = 0.076 ps) decays to both the

2+
1

and ground states with a branching ratio of 36:64. Simula-

tions were therefore performed to generate response functions

for cascade decay sequences of 2+
1
→ 0+g.s., 4+

1
→ 2+

1
→ 0+g.s.,

3−
1
→ 2+

1
→ 0+g.s., 2+

2
→ 2+

1
→ 0+g.s., and 2+

2
→ 0+g.s., using the

literature transition energies and excited state lifetimes.

The simulated response functions were combined with a

double-exponential background to fit the experimental spec-

trum. The amplitudes of the response functions and the back-

ground parameters were treated as free parameters in the fit.

The branching ratio between the 2+
2
→ 2+

1
→ 0+g.s. and 2+

2
→

0+g.s. decay paths was fixed to the literature value.

To determine the position resolution of the tracking detec-

tors, the lineshape of the most intense transition, 2+
1
→ 0+g.s.

at 1970 keV, was investigated. In this study, the 2+
1
→ 0+g.s.

transition energy – including those in the cascade decays – and

the position resolution were varied simultaneously in the sim-

ulations, while all other transition energies and all T1/2 values

were fixed to their literature values. The resulting χ2 surface

as a function of the assumed transition energy and position res-

olution is shown in the inset of Fig. 2. The minimum, χ2
min

,

was found at a transition energy of 1970 keV – consistent with

the literature value – and a position resolution of σ = 3.6 mm.

The extracted position resolution should be interpreted as an

effective resolution that also accounts for uncertainties in the

detector positions relative to the target. The fit using the sim-

ulated response functions with this final resolution is shown in

Fig. 2, demonstrating good reproduction of the peak shapes and

peak-to-Compton ratios observed in the experimental spectrum.

An analogous analysis was carried out for the 36Ar spectrum

measured with the CH2 target, resulting in an effective position

resolution of σ = 3.8 mm.

The data analysis of 53Ca followed the same procedure as that

for 36Ar. The Doppler-corrected 53Ca spectrum measured with

the carbon target is shown in Fig. 3. Excited states of 53Ca were

populated via one-proton and one-neutron removal from a 55Sc

beam, the same reaction used in Ref. [2]. The observed spec-

trum is consistent with that measured using the DALI2 NaI(Tl)

array in Ref. [2], but with significantly improved energy reso-

lution, enabling lifetime sensitivity.

Two transitions are observed and were interpreted as de-

cays from the 5/2− and 3/2− states directly to the 1/2− ground

state [2]. These spin-parity assignments were supported by

momentum-distribution analysis from knockout reactions in

Ref. [19]. No additional bound excited states were observed

in the high-statistic spectra reported in Refs. [2, 19]. As

such, feeding from higher-lying state was not considered in

the present lifetime analysis. Because of the limited statis-

tics, the lifetime was extracted only for the stronger transi-

tion around 1.7 MeV. The transition around 2.2 MeV has previ-

ously been measured in β-decay spectroscopy with an energy of

2220(1) keV [20]. Accordingly, this transition was fixed to the

literature energy and assumed to have a negligible lifetime in

simulations. The transition around 1.7 MeV has been measured

only in the in-beam γ-ray spectroscopy, with reported ener-

3



Table 1: Summary of transition energies E, lifetime τ, and reduced transition

probabilities B(E2) extracted for the 5/2− → 1/2− transition in 53Ca. Only

statistical uncertainties are included.

E τ B(E2; 5/2−→1/2−)

(keV) (ps) (e2 f m4)

C target 1741+4
−6

10.1+7.9
−10.1

5.1+∞
−2.2

CH2 target 1741+4
−7

12.3+7.2
−12.3

4.2+∞
−1.5

Weighted 1741+3
−5

11.3+5.3
−11.3

4.5+∞
−1.4

gies of 1753(15) keV in Ref. [2] and 1738(17) keV in Ref. [19].

Therefore, both the energy and lifetime of this transition were

treated as free parameters and investigated simultaneously. The

tracking detector position resolutions determined from the 36Ar

analysis were applied in the corresponding simulations for each

target.

Similar to the 36Ar case, the Doppler-corrected spectrum

was fitted using simulated response functions combined with a

double-exponential background. For each combination of tran-

sition energy and lifetime, the corresponding χ2 value of the fit

was evaluated. The inset of Fig. 3 shows the resulting χ2 sur-

face as a function of the assumed energy and half-life for the

1.7 MeV transition. The χ2
min

is marked with a red cross, and

the red contour indicates the 1σ confidence region (χ2
min
+ 1).

The 1σ region extends down to zero in lifetime, reflecting the

limited sensitivity of the present setup to short lifetimes. The fit

using the simulated response functions with the best-fit energy

and lifetime is shown in Fig. 3. An identical analysis of the
53Ca spectrum measured with the CH2 target yielded consis-

tent results. The extracted transition energies and lifetimes are

summarized in Table 1, where only statistical uncertainties are

included. A weighted average of the results from both targets,

using 1/σ2 as weights, gives final values of 1741+3
−5

keV and

τ = 11.3+5.3
−11.3

ps. The deduced transition energy agrees with the

values reported in Ref. [2, 19] within uncertainties.

Systematic uncertainties were also evaluated. The domi-

nant contribution arises from the uncertainty in the position

resolution. An uncertainty of 0.3 mm was adopted, based on

the variation observed when extracting the position resolution

for individual tracking clusters. When translated into lifetime

uncertainty, a smaller assumed position resolution leads to a

longer extracted lifetime, and vice versa. Since the statistical

lower limit of the lifetime is already at zero, only the upper

systematic limit needs to be considered. The same χ2 stud-

ies were therefore repeated assuming a smaller position res-

olution. Under this assumption, the resulting 1σ region ex-

tends to a lifetime that is longer by 3 ps. A systematic uncer-

tainty of +3 ps was thus adopted, yielding a final lifetime of

τ = 11.3
+5.3(stat)+3(sys)

−11.3
ps, and a reduced transition probability of

B(E2; 5/2−→1/2−) > 2.6 e2 f m4 at the 1σ level, with a best-fit

value of 4.5 e2 f m4.
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Figure 4: Systematic trend of excitation energies (a) and reduced transition

probabilities (b) for the lowest E2 excitation in neutron-rich calcium isotopes

as a function of mass number; B(E2; 0+ → 2+) for 50,52,54Ca, B(E2; 3/2− →

7/2−) for 49,51Ca and B(E2; 1/2−→ 5/2−) for 53Ca . The experimental results

are compared with theoretical predictions from ab initio approaches and shell-

model calculations. Experimental data are taken from Refs.[21, 22] and from

the present work.

4. Discussion

In Fig. 4 we present the experimentally deduced reduced

transition probabilities B(E2 ↑) for the lowest E2 excitations

in neutron-rich calcium isotopes beyond the N = 28 shell, pre-

viously measured only for 49Ca and 50Ca and this work deliver-

ing the first measurement for 53Ca. For 49Ca, the value is taken

from Ref. [21] for the 3/2−g.s.→7/2− excitation, while the value

for 50Ca is adopted from Ref. [22] for the 0+g.s. → 2+ excita-

tion. Both literature values were deduced from lifetime mea-

surements (using the Recoil Distance Doppler Shift method).

The experimental results are compared with shell-model cal-

culations employing the UFP-CA [3] and A3DA-t [4] interac-

tions (with standard effective charges), as well as ab initio cal-

culations using two NN+3N forces, 1.8/2.0(EM) [23, 24] and

∆NNLOGO [25], derived from chiral EFT. In addition, UFP-

CA calculations with microscopically-treated effective charges

(UFP-CA-micro) are shown. All calculations provide reason-

able descriptions of the excitation energies (Fig. 4(a)). A more

interesting picture emerges for the transition strengths shown in

Fig. 4(b), which we will discuss separately for each theoretical

approach (shell model vs ab initio).

4.1. Shell-model calculations and effective charges

For shell-model calculations, the B(E2) depends on the

effective-charge parameters ep and en. The effective charges

4



Table 2: Reduced transition probabilities for the lowest E2 excitations in 47–53Ca isotopes. Experimental B(E2) values are compared with shell-model calculations

using KB3G, GXPF1Br, A3DA-t and UFP-CA Hamiltonians with standard en = 0.5 effective charge, and UFP-CA calculations with microscopically-treated

effective charges.

en = 0.5 en = 0.5 en = 0.5 en = 0.5 micro en

E2 transition exp. B(E2) KB3G GXPF1Br A3DA-t UFP-CA UFP-CA largest OBTD
47Ca 7/2− → 3/2− 2.0(1) 0.4 1.6 1.5 2.0 1.0 p3/2 → f7/2
48Ca 0+ → 2+ 95(9) 57.7 51.8 52.8 67.5 27.5 p3/2 → f7/2
49Ca 3/2− → 7/2− 1.1(4) 0.8 7.1 6.1 9.5 3.0 p3/2 → f7/2
50Ca 0+ → 2+ 37.5(1.1) 44.8 39.1 41.2 45.3 10.2 p3/2 → p3/2
51Ca 3/2− → 7/2− – 13.8 13.4 13.7 15.9 5.2 p3/2 → f7/2
52Ca 0+ → 2+ – 38.1 30.8 36.7 36.4 7.4 p1/2 → p3/2
53Ca 1/2− → 5/2− > 7.8 13.4 11.0 9.0 15.3 4.9 p1/2 → f5/2

account for the renormalization of the proton and neutron com-

ponents of the E2 matrix elements within the shell-model basis

of a major shell due to admixtures of the 1p-1h, ∆N = 2 pro-

ton excitations. Effective charges are not expected to be con-

stant as a function of increasing asymmetry (N, Z), but to have

an approximate 1/A dependence, as understood by the macro-

scopic model of Bohr and Mottelson [26] and exemplified in

[27], and by the microscopic calculations of Sagawa et al. [28]

and Longfellow et al. [29].

Experimental B(E2) values for the neutron-rich calcium iso-

topes are compared to calculations in Table 2. The theory in-

cludes those from two standard Hamiltonians for the p f model

space, KB3G [30] and GXPF1Br [31, 2], together with the more

recent A3DA-t [4] and UFP-CA [3] Hamiltonians. The B(E2)

are obtained with the standard value of en = 0.5 for the neutron

effective charge from [31]. We use harmonic radial wavefunc-

tions with ℏω = 45A−1/3 − 25A−2/3. For all of these Hamilto-

nians the one-body transition densities (OBTD) are dominated

by one term given in the last column of Table 2. The calcu-

lated results for 50,51,52,53Ca are similar for all three Hamiltoni-

ans and are in good agreement with experiment. The agreement

for 50Ca is improved if the slightly smaller effective charge from

[32] of en = 0.45 is used.

For 42,44Ca, the B(E2) obtained in the p f model space are

an order of magnitude smaller than experiment (see Fig. 17 in

[29]). One must include sd to p f excitations for the low-lying

intruder state and their mixing with the p f configurations [33].

The intruder states move up in energy as the neutron number

increases, so that the wavefunctions above 46Ca have more pure

p f configurations. The factor of two larger experimental B(E2)

value for 48Ca compared the p f calculations may be due to sd

to p f admixtures.

For 47,49Ca the calculated B(E2) are relatively small and de-

pend more strongly on the Hamiltonian. In the p f model space

the wavefunctions are dominated by the simple configurations

of
[(0 f7/2)7] (7/2−)→

[(0 f7/2)6, J f ] ⊗ [(1p3/2)] (3/2−)
(1)

for 47Ca and

[(0 f7/2)8] ⊗ [1p3/2] (3/2−)→

[(0 f7/2)7, 7/2−] ⊗ [(1p3/2)2, Jp] (7/2−)
(2)

for 49Ca. The largest calculated B(E2) values come from the

configurations with J f = Jp = 0. However, the B(E2) become

reduced if there is admixture and interference with the compo-

nents with J f = 2 for 47Ca and Jp = 2 for 49Ca. In this regard,

the mixing obtained with the KB3G Hamiltonian for 49Ca is the

only one that gives agreement with experiment.

The p f shell description for 47Ca is analogous to the the sd

description of the 5/2+ to 1/2+ transition discussed in [34] with

dominant configurations

[(0d5/2)5] (5/2+)→

[(0d5/2)4, Jd = 0] ⊗ [(1s1/2)] (1/2+)
(3)

Note that we can only have Jd = 0 for 21O. In [34] it was noted

that the sd calculation with the USDB Hamiltonian [35] and

with the sd model space effective charge of en = 0.45 [36]

gave a B(E2) that was about a factor of two larger than ex-

periment for this 5/2+ to 1/2+ transition in 21O. This moti-

vated discussion about the microscopic origin of the effective

charge. We used the first-order model of [37] where the effec-

tive charge is obtained from an integral involving the valence

transition density times the collective transition density for the

giant quadrupole excitation that peaks near the nuclear surface.

It was noted in this model that the effective charge for the 0d5/2

to 1s1/2 transition was reduced due to the crossing node in the

0d−1s valence transition density shown in Fig. 5. For 50Ca and
52Ca, the integral involving the p to p valence transition has a

minimum at 3 fm as shown in Fig. 5. For the other cases in

Table 2 involving p to f , the valence transition density crosses

zero near 3 fm. This results in a small effective charge (see Ta-

ble 3 in [29]). The B(E2) obtained with the microscopic model

are given in Table 2. The resulting B(E2) for 50,53Ca are about

a factor of four smaller than experiment. This additional infor-

mation indicates that the first-order model is inadequate. This

leaves open the question as to why the experimental B(E2) for
21O is a factor of two smaller than the calculation.

4.2. Ab initio calculations

Ab initio theory has seen rapid recent progress for descrip-

tions of ground-state energies and radii as well as the excitation

spectrum. First microscopic calculations [38, 39, 40] have also

highlighted the calcium isotopes as a key isotopic chain to test
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Figure 5: Radial parts of the valence single-particle E2 transition densities for

the neutrons in the sd shell for 22O (top), and for neutrons in the p f shell for
48Ca (bottom).

the role of 3N forces in the quest for a microscopic descrip-

tion of the atomic nucleus using realistic interactions originat-

ing from chiral EFTs. Ab initio calculations of masses, charge

radii, and low-lying spectroscopy have also been performed for

neutron-rich calcium isotopes [41, 42, 43, 4, 5, 6]. The criti-

cal next step is the description of electromagnetic observables,

addressing the full spectroscopy of low-lying states.

The valence-space in-medium similarity renormalization

group (VS-IMSRG) [44, 45, 46, 47, 48] were performed to pro-

duce ab initio f p-shell valence-space Hamiltonians and con-

sistently evolved E2 operators [49], based on NN+3N forces,

1.8/2.0(EM) [23, 24] and ∆NNLOGO [25], derived from chi-

ral EFT. For E2 observables, the major source of theory un-

certainties in this case is the missing higher-order collective

excitations [50, 51]. Already in its leading-order or single-

particle form, the E2 operator probes the collective quadrupole

deformation of the nuclear states as well as the long-range be-

haviour of the wave functions. This leads to a significantly

slower many-body convergence compared to, e.g., energies or

radii, when calculations are performed within a spherical basis.

Therefore, many-body truncations are the dominant limitation

in ab initio VS-IMSRG calculations of E2 observables. An-

other source of uncertainty can in principle be correlated with

the calculated charge radii of these nuclei. The E2 operator

is proportional to r2 (r being the point proton radius), and any
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Figure 6: Charge radii in neutron-rich calcium isotopes as a function of mass

number. The experimental results [42, 52] are compared with ab initio VS-

IMSRG predictions utilizing the 1.8/2.0(EM) and ∆NNLOGO interactions.

underprediction in the charge radii could be expected to drive

the suppression of B(E2) values. Figure 6 shows the experi-

mental charge radii in neutron-rich Ca isotopes and how they

compare with the VS-IMSRG calculations. In particular, we

note that those using the ∆NNLOGO interaction are reproduc-

ing relatively well the charge radii, and therefore we expect this

should not be the major contributor to the underestimation of

the B(E2) values.

For the odd-mass cases the agreement of the VS-IMSRG cal-

culations with experiment is generally good, as was similarly

seen in 21O [34] and 49Ca [21]. In contrast to shell-model cal-

culations where the B(E2) strength depends on the effective

charges, the latter are not relevant to the VS-IMSRG calcula-

tions, since the effective operators are calculated consistently,

and therefore effective charges are not needed. It is interest-

ing to see that VS-IMSRG (which generally underestimates

more collective transitions in even-even isotopes) are closer to

the UFP-CA calculations with microscopically-treated effective

charges.

The investigation of associated shell model effective charges

– and how they arise from many-body mechanisms – is being

approached with self-consistent Greens function (SCGF) the-

ory [53]. In this framework, the knowledge of electromagnetic

transition strength for neutron-rich calcium isotopes is pivotal

to test and improve the SCGF calculations.

5. Conclusion

In summary, the first high-resolution in-beam γ-ray spec-

troscopy of 53Ca was performed at the RIBF using the HiCARI

array. The lifetime of the first excited 5/2− state was deter-

mined for the first time through a Doppler line-shape analy-

sis. The resulting B(E2) value is well reproduced by shell-

model calculations using the standard neutron effective charge

en = 0.5; however, calculations employing microscopically-

treated effective charges and modern ab initio approaches sub-

stantially underestimate the observed strength. The present re-

sult adds to the electromagnetic transition data in the neutron-

6



rich Ca isotopes, which provide a stringent benchmark for the-

oretical descriptions of electromagnetic transitions in neutron-

rich nuclei. Further experimental investigations, such as sys-

tematic measurements of transition probabilities in neutron-rich

calcium isotopes via Coulomb excitation will provide a more

comprehensive picture of shell evolution in this region.
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