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We have performed the first direct mass measurements of neutron-rich calcium isotopes beyond27

neutron number 34 at the RIKEN Radioactive Isotope Beam Factory by using the time-of-flight28

magnetic-rigidity technique. The atomic mass excesses of 55–57Ca were determined for the first29

time to be −18650(160) keV, −13510(250) keV, and −7370(990) keV, respectively. We examined30

the emergence of neutron magicity at N = 34 based on the new atomic masses. The new masses31

provided experimental evidence for the appearance of a sizable energy gap between neutron 2p1/232

and 1f5/2 orbitals in 54Ca, comparable to the gap between neutron 2p3/2 and 2p1/2 orbitals in 52Ca.33

For the 56Ca nucleus, an open-shell property in neutrons is suggested.34

PACS numbers: 21.10.Dr, 27.40.+z, 29.38.Db35

The atomic nucleus has shell structures for both pro-36

tons and neutrons with significant energy gaps occurring37

at particular occupation numbers. These numbers are38

called ‘magic numbers’ in analogy to the shell structure39

of noble gases in atomic physics. The magic numbers,40

N,Z = 2, 8, 20, 28, 50, 82, and 126, suggested by Mayer41

and Jensen [1, 2] are well established in nuclei on or near42

the valley of stability.43

When advanced high-intensity radioactive isotope (RI)44

beam facilities became available, it became possible to ex-45

plore properties of exotic nuclei far from the β-stability46

line towards the boundary of existence, called the proton47

and neutron drip lines. Measurements away from the val-48

ley of stability revealed that the magic numbers are not49

invariant in the entire nuclear chart. The properties of50

closed shells at N = 8, 20, and 28 are less distinct in51

the neutron-rich mass region [3–10]. On the other hand,52

it was reported that a new magic number emerges at53

N = 16 near the neutron drip line of oxygen isotopes [11].54

Also at N = 32, the occurrence of significant subshell en-55

ergy gap was experimentally demonstrated in the nuclear56

region from Ar to Cr nuclei [12–18].57

In response to these experimental data, many theoret-58

ical studies were intensively carried out to understand59

these structural changes in nuclei far from β stability60

and to qualitatively predict the behavior of the nuclear61

structure near the drip line. As an important milestone,62

the emergence of a subshell closure at N = 34 remains63

a controversial topic. The theoretical prediction based64

on the strongly attractive interaction between 1f7/2 pro-65

tons and 1f5/2 neutrons [19] indicates a similar migration66

of neutron 2p3/2, 2p1/2 and 1f5/2 single-particle levels67

at N = 34 as observed at N = 29 [20]. Later, Step-68

penbeck et al. observed a high 2+1 excitation energy69

at 2043(19) keV in 54Ca suggesting that the neutrons70

in 54Ca undergo sizable subshell closure [21]. However,71

discrepancies on the emergence of the N = 34 subshell72

closure in neutron-rich Ca region remain even among73

the theories predicting the 2+1 energy of approximately74

2.0 MeV [22–24].75
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FIG. 1. Schematic layout of the detectors installed in the
BigRIPS separator, the High-Resolution Beam Line, and the
SHARAQ spectrometer.

In this Letter, we present the first mass measurements76

of the exotic calcium isotopes 55–57Ca, and determine77

the neutron single-particle structure in neutron-rich cal-78

cium isotopes by using “filtering functions” of the atomic79

masses, that will be defined below, for estimating gap en-80

ergies in the single-particle spectra.81

The present experimental study was performed at the82

Radioactive Isotope Beam Factory (RIBF) at RIKEN,83

which is operated by RIKEN Nishina Center and Center84

for Nuclear Study, University of Tokyo. The masses were85

measured directly by the time-of-flight magnetic-rigidity86

(TOF-Bρ) method [25, 26] with a flight path of approx-87

imately 100 m from the BigRIPS separator [27] to the88

SHARAQ spectrometer [28].89

Neutron-rich isotopes were produced by fragmenta-90

tion of a 70Zn primary beam at 345 MeV/u in a 9Be91

target with a thickness of 2.2 g/cm2. The fragments92

were separated by BigRIPS and transported in the High-93

Resolution Beam Line (HRB) to the SHARAQ spectrom-94

eter. A wedge degrader of 0.27 g/cm2 was used at the95

BigRIPS focus F1 to remove the high flux of lower-Z96

fragments.97

The beam line and SHARAQ were operated in the dis-98

persion matching mode which a momentum resolution of99

better than 15000 [29] at the focal plane with an inter-100

mediate dispersion. A schematic layout of the beam line101

with the locations of the detectors used in the experiment102

is shown in Fig. 1. The time of flight (TOF) was mea-103

sured with newly developed CVD diamond detectors [30]104

installed at F3 and S2. The flight path length between105

F3 and S2 was 105 m along the central ray. The typical106

TOF was 540 ns. Because of the relatively low count rate107

of fragments at approximately 2000 particles per second,108

it is assured that all measurements belonged to a single109

particle. A slit at F1 was set to restrict the momentum110

spread of fragments to ±0.5 %. This setting was adopted111

to obtain broadly distributed fragments within the mo-112

mentum acceptance against the energy-loss difference in113

the detectors depending on their atomic numbers. We114115

installed two low-pressure multi-wire drift chambers (LP-116

MWDCs) [31] at both focal planes F3 and S2 to correct117

for the flight path differences within the acceptance on118

an event-by-event basis. The magnetic rigidity was deter-119

mined using a delay-line parallel-plate avalanche counter120

(DL-PPAC) [32] located at S0. To determine the atomic121

number of the fragments, we used two silicon strip de-122

tectors (SSDs) at the focal plane S2. A detector system123

consisting of a plastic stopper, two HPGe clover detec-124

tors [33] and a plastic veto detector was installed down-125

stream of S2 to estimate the flux of isomeric states in the126

fragmented nuclei [34].127

The mass of a fragment m is determined by the si-128

multaneous measurement of charge q, TOF t, magnetic129

rigidity Bρ and flight path length L between the timing130

detectors by using the equation:131

m

q
=

Bρ

γL
t =

Bρ

c

√

(

ct

L

)2

− 1, (1)132

where γ is the Lorentz factor. To determine nuclear133

masses accurately, it is crucial to determine accurately134

the ion-optical parameters for L and Bρ from the track-135

ing data. Since we measured Bρ of the fragments at S0136

that was located in the middle of the flight path, TOF137

and beam trajectory of the fragments were affected by138

energy loss and multiple scattering in the DL-PPAC at139

S0. To take into account such effects, the Bρ differences140

of the fragments relative to the central ray between F3141

and S0 (S0 and S2) were tagged by the horizontal hit142

position at S0 relative to that at F3 (S2). Furthermore,143

the path length from F3 to S0 (S0 to S2) was also calcu-144

lated precisely from the momentum vector of the beam145

at F3 (S2) and the Bρ difference in the corresponding146

part. In accordance with the Taylor expansion of Eq. (1)147

with the hit positions and angles at both F3 and S2 and148

the horizontal hit position at S0 in addition to the TOF149

between F3 and S2, we considered the mass-to-charge ra-150

tio (m/q) as a fourth-order polynomial function of these151

observed parameters. Since this procedure took into ac-152

count the transport matrix elements of the beam line up153

to fourth order, the atomic masses could be determined154

with a sufficient degree of accuracy. The coefficients of155

respective terms of this Taylor-expanded function were156

determined by a multiple polynomial regression of the157

ion-optical data of reference masses which was simultane-158

ously measured in the same setting. The reference nuclei159

were 52–54Ca ,49,51–53K, 46–48Ar, 43–46Cl, 41,42S, 38–42P,160

and 36–40Si [16, 17, 35, 36], where the atomic masses were161

determined with precisions of better than 320 keV. Also162

as reference masses, only nuclei were selected where long-163

lived isomeric excited states (T1/2 > 100 ns) were not164

reported so far and were not identified by the HPGe de-165

tectors used in the present experiment, because the iso-166

meric states cause an ambiguity in the mass calibration167

by their excitation energies.168
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FIG. 2. (a) Measured m/q spectrum of reference masses and
Ca isotopes. The underlined isotopes indicate the masses
newly determined in the present experiment. (b) m/q dif-
ference between the present and the AME2016 database [38]:
The boxes (bars) show statistical errors of the present mea-
surement (the total errors in the AME2016). The red-colored
band displays the systematic error of calibration accuracy in
the present measurement.

The m/q values calibrated by the above procedure169

showed small shifts depending on the atomic numbers.170

The previous works using the TOF-Bρ method [36, 37]171

reported the need to correct a Z dependence in the mass172

calibration procedure. In the present experiment, this173

is because the m/q spectra obtained by higher-order ion-174

optical corrections involve higher-order moments of a dis-175

tribution, such as skewness, linked in error distributions176

of the tracking detectors. Based on a Z dependence in177

the detectors’ resolutions and higher-order aberrations178

of the beam line, a correlation between the shift and179

the atomic number of fragments was considered to be180

mainly quadratic. Since a reasonable correlation was181

phenomenologically identified in the present data, the182

peak shifts were corrected by using a quadratic function183

of Z. The correction functions for the ion optics and184

the Z dependence were fixed after iterative examinations185

using the reference masses.186

Figure 2(a) shows the measured m/q spectrum of the187

reference masses and Ca isotopes, where the masses of188

underlined nuclei are newly determined in the present ex-189

periment. A root-mean-square resolution of 9.85 × 10−5
190

was achieved for 55Ca. Figure 2(b) shows the m/q differ-191192

ences of the present measurement and the reported values193

in the AME2016 database [38]. The boxes and bars show194

statistical errors estimated in the present measurement195

and the errors of masses reported in the AME2016, re-196

spectively. The m/q values of the reported isotopes were197

systematically reproduced within an error of 6.1 keV/e,198

TABLE I. The atomic mass excesses determined in the present
experiment and the AME2016 database [38].

Nucleus Present AME2016
(keV) (keV)

57Ca −7370(990) —
56Ca −13650(250) —
55Ca −18650(160) —
48Ar −22330(120) −22280(310)
46Cl −13700(110) −13860(210)
44Cl −20540(110) −20380(140)
42P +1100(100) +1010(310)
40P −8150(100) −8110(150)
40Si +5700(130) +5430(350)

which is perceived as the systematic errors [25] in this199

measurement. The systematic error of the Z-dependence200

correction was estimated to be 3.3 keV/e for Ca isotopes201

from the errors of the deduced correction function. The202

total errors of measured masses were attributed to those203

two systematic errors in addition to the statistical error.204

The neutron-rich calcium isotopes yielded 3379 events205

for 55Ca, 619 events for 56Ca, and 29 events for 57Ca, re-206

spectively. The atomic mass excesses of 55–57Ca were207

determined to be −18650(160) keV, −13650(250) keV208

and −7370(990) keV, respectively, as summarized in Ta-209

ble. I. The table also shows the reference mass ex-210

cesses with accuracies improved by the present measure-211

ment. The resulting values were −22330(120) keV in212

48Ar, −13700(110) keV in 46Cl, −20540(110) keV in213

44Cl, +1100(100) keV in 42P, −8150(100) keV in 40P,214

and +5700(130) keV in 40Si.215216

The two-neutron separation energies (S2n) of calcium217

isotopes are shown in Fig. 3(a). The newly determined218219

S2n values are shown as red squares with error bars. The220

solid (open) circles with errors display literature (eval-221

uation) values from the AME2016. The lines show the222

following theoretical predictions. MBPT [39] (solid pale-223

rose) and IM-SRG [40] (solid green) represent advanced224

microscopic calculations including three-nucleon forces.225

KB3G [41] (dashed aqua) and modified SDPF-MU [42]226

(dashed red) show the results of shell model calculations227

by using the corresponding two-body interactions with228

phenomenological corrections. FRDM12 [43] (dotted229

burgundy), HFB24 [44] (dotted yellow) and KUTY05 [45]230

(dotted gray) are often-cited, global nuclear mass predic-231

tions.232

Figure 3(b) shows the differences between theoretical233

and experimental S2n values. The AME2016 evaluations234

for 55–57Ca are consistent with the present results within235

1σ errors. The theoretical predictions shown are dis-236

tributed over several MeV. The calculations with the237

MBPT and KB3G interactions reproduce the present238

results well. The calculations by modified SDPF-MU239

and IM-SRG predict that 55–57Ca are loosely-bound240

though they provide good agreements for 48–54Ca. The241
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FRDM12, HFB24, and KUTY05 show a similar trend.242

They predict smaller values around N = 28 and 32 and243

larger values at N = 34 and 35.244

We now discuss the magic nature at N = 34 in Ca iso-245

topes based on the measured atomic masses. In a simple246

picture, the magic number is illustrated by an occupa-247

tion number of a nucleon, at which energetically lower248

single-particle orbitals are completely filled and an ad-249

ditional nucleon settles in an upper orbital with a large250

energy gap. This picture of magic number is known to be251

too simple in the theoretical point of view since real nu-252

cleons contained in a nucleus strongly interact with each253

other. Empirical indexes for evaluating the energy gap of254

the single-particle spectrum in nuclei [46, 47] have been255

suggested based on experimental systematics and theo-256

retical understanding. We describe the magic nature of257

Ca isotopes by using the empirical mass filters.258

W. Satu la et al. [46] suggested to express the energy259

gaps of single-particle spectra empirically by the follow-260

ing filtering function (δe) using the atomic masses of261

neighboring nuclei:262

δe = 2 [∆3(N) − ∆3(N − 1)] = S2n(N) − S2n(N + 1),
(2)263

in cases of even N . ∆3(N) is the three-point mass differ-264

ence in a nucleus with a fixed number of protons and N265

neutrons and explicitly represented by266

∆3(N) =
(−1)N

2
[M(N + 1) − 2M(N) + M(N − 1)] ,

(3)267

where M(N) shows the atomic mass of the nucleus with268

N neutrons. This quantity is known as the odd-even269

mass parameter of second difference [20]. It is remarkable270

that the ∆3 at odd N can be associated with the pairing271

gap [48].272

We note here the difference between δe and the empir-273

ical two-neutron shell gap ∆2n ≡ S2n(N) − S2n(N + 2)274

[47] that is frequently used to demonstrate a shell-gap275

evolution in nuclei. The ∆2n shell gap closely links to276

the δe through the relation:277

∆2n = 2 [δe− ∆3(N + 1) + ∆3(N − 1)] , (4)278

where N is an even number. Hence, the ∆2n shell gap is279

affected by the difference of pairing gaps in the highest-280

occupied and lowest-open orbitals in addition to δe. Since281

the pairing gaps in the ν(2p3/2) and ν(2p1/2) orbitals are282

known to be different in the Ca isotopes [49], the δe is283

considered to be better suited for the discussion on the284

single-particle gap in 54Ca than the ∆2n shell gap.285

The systematic trend of the δe shell gap for neutron-286

rich Ca isotopes is shown in Fig. 4(a) and compared to287

the same theoretical predictions as shown in Fig. 3. The288289

δe value of 54Ca is comparable to that of 52Ca and slightly290

smaller than that of 48Ca. This denotes that 54Ca has291

a magic nature of neutrons as is the case of 52Ca. The292

δe value of 56Ca is smaller than those of 48,52,54Ca, hav-293

ing the neutron magicity, and thus it is suggested that294

in 56Ca occupied and unoccupied neutron orbitals are295

packed near the Fermi surface. The theories cannot com-296

pletely reproduce the evolution of δe of Ca isotopes as a297

function of the neutron numbers. The KB3G calcula-298

tions show a reduction from N = 32 to 34. The MBPT299

calculations reproduce well the energy gaps in 52,54Ca,300

however the δe of 48Ca is smaller than those of 52,54Ca.301

The IM-SRG prediction reproduce the data with rela-302

tively good accuracy in this region, but its variation is303

slightly larger than the experiment.304

Figure 4(b) shows the δe shell gaps for N = 34 (square)305

and 36 (diamond) as a function of the atomic number in306

comparison with N = 32 (circle). The present values are307

shown as red symbols. The other values were obtained308

from the AME2016 database and the newly-reported309

masses in 52–55Ti isotopes [50]. Along the N = 32 and310

34 chains, the δe values in Ca increase approximately 1.5311

times compared to the constant values around Z = 25312

(Mn). However, the small δe in 55Sc and the large δe313

in 53Sc suggest that in Sc isotopes the N = 32 energy314

gap emerges but there is no gap at N = 34. Therefore,315

it is suggested that the energy difference between the316

ν(2p1/2) and ν(1f5/2) orbitals becomes large from Sc to317

Ca. Meanwhile, the δe values at N = 36 are small across318
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shown as red symbols. The other values were obtained from
the AME2016 and Ref. [50].

Z = 20 – 28, and comparable with the δe of the N = 30319

isotope, 50Ca (see Fig. 4(a)). Therefore, it is suggested320

that 56Ca has an open-shell character for neutrons similar321

to other N = 36 isotones. This is reasonably interpreted322

by a picture that the valence neutrons partly fill the 1f5/2323

orbital beyond the N = 34 gap.324

In conclusion, the atomic masses of the neutron-rich325

calcium isotopes 55–57Ca were measured by using the326

TOF-Bρ method and determined for the first time. By327

observation of the mass evolution in Ca isotopes beyond328

N = 34, the magic nature at N = 34 in the neutron-rich329

Ca region became evident. The energy gap of the single-330

neutron spectrum in 54Ca was evaluated to be compara-331

ble with that in 52Ca based on the experimental δe shell332

gaps. Also, it was experimentally shown that the energy333

gaps of single-neutron spectra in the N = 34 isotones be-334

come significant from Sc to Ca. The δe shell gap in 56Ca335

suggests an open-shell character for neutrons. The δe336

values in 54,56Ca indicate that the closure of the ν(2p1/2)337

orbital causes the magicity at N = 34.338
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I. Tanihata, Nucl. Instrum. Methods Phys. Res., Sect. A405

470, 562 (2001).406

[33] K. Hosomi et al., Prog. Theor. Exp. Phys. 2015, 081D01407

(2015).408

[34] S. Michimasa et al., PoS(INPC2016) 106, 1 (2017).409

[35] M. Wang, G. Audi, A. H. Wapstra, F. G. Kondev,410

M. MacCormick, X. Xu, and B. Pfeiffer, Chinese Phys.411

C 36, 1603 (2012).412

[36] Z. Meisel et al., Phys. Rev. Lett. 114, 022501 (2015).413

[37] M. Matos̆ et al., Nucl. Instrum. Methods Res. Sect. A414

696, 171 (2012).415

[38] Meng Wang, G. Audi, F. G. Kondev, W. J. Huang,416

S. Naimi, and Xing Xu, Chinese Phys. C 41, 030003417

(2017).418

[39] J. D. Holt, T. Otsuka, A. Schwenk, and T. Suzuki, J.419

Phys. G: Nucl. Part. Phys. 39, 085111 (2012).420

[40] S. R. Stroberg, A. Calci, H. Hergert, J. D. Holt,421

S. K. Bogner, R. Roth, and A. Schwenk, Phys. Rev. Lett.422

118, 032502 (2017).423

[41] A. Poves, J. Sánchez-solano, E. Caurier, and F. Nowacki,424

Nucl. Phys. A 694, 157 (2001).425

[42] Y. Utsuno, T. Otsuka, B. A. Brown, M. Honma,426

T. Mizusaki, and N. Shimizu, Phys. Rev. C 86, 051301427

(2012).428
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