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Excited states in the neutron-deficient nucleus ¥ Tc have been studied via the fusion-evaporation reaction
MFe(*®Ar, 2n1p) ¥ Tc at 115 MeV beam energy. The AGATA y-ray spectrometer coupled to the DIAMANT,
NEDA, and Neutron Wall detector arrays for light-particle detection was used to measure the prompt coincidence
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of y rays and light particles. Six transitions from the deexcitation of excited states belonging to a new band

in 8"Tc were identified by comparing y-ray intensities in the spectra gated under different reaction channel
selection conditions. The constructed level structure was compared with the shell model and total Routhian
surface calculations. The results indicate that the new band structure in 8" Tc is built on a spherical configuration,
which is different from that assigned to the previously identified oblate yrast rotational band.

DOLI: 10.1103/PhysRevC.106.034304

I. INTRODUCTION

Nuclei in the vicinity of the N = Z line with A > 80 have
been the subject of intense study in recent years. Of special
interest in this region of the Segre chart, lying between the
strongly deformed nucleus 7°Sr [1,2] and the doubly magic
nucleus '°°Sn, are the predictions of shape transitions and
shape coexistence [3,4], as well as the possible effects of
enhanced neutron-proton pairing correlations [5]. Major dif-
ficulties in the experimental study of this remote area close to
the proton drip line are the low production cross sections and
the limited number of stable beam-target combinations that
can be used for fusion-evaporation reactions, which has made
the experimental progress increasingly challenging. One ex-
ample of recent experimental advancements is the study of
the level structure of the heaviest deformed self-conjugate
nucleus ¥Ru [6,7], for which the yrast ground-state band was
extended, including the observation of the first backbending
[8]. Another example is the yrast band in the N =Z + 1
nucleus 8’ Tc, for which two previously known y-ray transi-
tions [9] were recently extended to a rotational band structure
[10].

We here report on the identification of new excited
states in 8’Tc populated in the fusion-evaporation reaction
34Fe(*Ar, 2n1p) ¥ Tc. The prompt y rays were assigned to
the 2nlp channel by comparing the intensities of y rays in
the spectra gated under different reaction channel selection
conditions. The constructed level structure is discussed within
the framework of shell model and total Routhian surface
calculations.

II. EXPERIMENT

The experiment was performed at the Grand Accélérateur
National d’Tons Lourds (GANIL). The fusion-evaporation re-
action 3*Fe(*°Ar, 2n1p) ¥ Tc was induced by a 115 MeV *°Ar
beam bombarding the 6 mg/cm? thick, isotopically enriched
(99.58%) metallic >*Fe target (0.40% °Fe, 0.015% >'Fe, and
0.005% %Fe). Prompt y rays emitted in the reaction were
detected by the Advanced GAmma Tracking Array (AGATA)
in its GANIL implementation [11] consisting of 11 triple-
cluster segmented high-purity germanium (HPGe) detectors
[12]. Energy and efficiency calibration of the AGATA detec-
tors were performed with a '3?Eu standard radioactive source
giving a 0.095% o /E (1.3 keV) resolution for the 1408.1
keV transition. The detection of emitted light particles for the
channel selection was achieved by the DIAMANT, NEDA,
and Neutron Wall arrays. Evaporated charged particles were
measured by the DIAMANT [13,14] array consisting of 60
CsI(TD) scintillators placed inside the target chamber. The

NEDA [15,16] and Neutron Wall [17] neutron detector arrays,
consisting of 54 and 42 organic liquid scintillator detectors,
respectively, were placed in the forward hemisphere with re-
spect to the beam, covering approximately 1.6 solid angle in
the laboratory system. The event trigger condition required at
least two different AGATA detectors represented by different
crystals to fire in coincidence with at least one neutron detec-
tor (NEDA or Neutron Wall) to record a neutron-like event.

During the ten-day experiment with a beam intensity of
5-10 p nA, about 2 x 10'° reaction events fulfilling the
trigger condition were collected. In the offline analysis,
prompt y rays were sorted into different y-y coincidence
matrices according to the detected light particles. The DIA-
MANT charged particle detectors were placed in the forward
hemisphere resulting in single-proton detection efficiency of
39(1)% [and o detection efficiency of 35(1)%]. Therefore,
both the Op- and 1p- gated events were used in the analysis
to increase the statistics. The requirement of 01p events was
either a complete silence of the whole DIAMANT array or the
presence of a signal assigned to a proton. The probability of
neutron scattering between detectors was relatively high due
to the geometry of the NEDA and Neutron Wall. To suppress
the contamination from the ln-related channels in the 2n-
gated y -ray energy spectra, a purification of the 2n events was
performed to reject the scattering events by using the time-of-
flight of the detected neutrons and the positions of the fired
detectors [18]. A comparison of 2n-gated spectra before and
after the purification is shown in Fig. 1. Under the described
selection condition, approximately 1.9 x 107 reaction events
were sorted into the final 2n0lp y-y coincidence matrix.
Due to trigger requirements, the neutron detection efficiency
cannot be measured reliably. The simulation of the setup [15]
shows that the 1n and 2n detection efficiency is about 15%
and 2% respectively. The experimental cross section of 8’ Tc
was estimated to be approximately 280 ub.

III. RESULTS

Based on the present experiment, we previously extended
the yrast band of ¥Tc in Ref. [10] [see Fig. 2(c) on the
basis of the reported 712 and 887 keV transitions [9]. In this
study, the weaker reported y-ray cascade was subsequently
identified, and assigned to the 2n1p channel by comparing the
y-ray intensities in the spectra gated under different channel
selection conditions. Figures 2(a) and 2(b) show coincidence
spectra from the 2n01p y-y coincidence matrix, in which all
six newly identified transitions, 718.6(1), 731.6(2), 791.7(2),
862.8(1), 905(1), and 1042.4(4) keV, are clearly visible.

The ratio between y-ray intensities measured in spectra
gated under different particle multiplicity conditions depends
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FIG. 1. Comparison of the total 2n-gated spectrum (a) and the
2n-gated spectrum after the purification (b). The enhanced and new
peaks in the spectrum (b) come from 2n related channels. The four
red dotted lines indicate the positions of the 712, 887, 719, and 863
keV peaks from ¥ Tc.

on the detection efficiencies for the particles and the reaction
channel of the specific transition. In addition to impurities
from heavy iron isotopes, the **Fe target foils used in the
experiment were also contaminated by '°0 due to oxidation
from the residual O, in the beam-line vacuum, accelerated by
beam-induced heating of the target. The y rays of the fusion-
evaporation products resulting from *® Ar beam bombardment
of target impurities, such as *Mn [21] [from '°O(*°Ar,
2n1p)*¥Mn] and ¥Tc [22] [from °Fe(*°Ar, 2n1p)¥Tc],
were used as references for the channel assignment of the
observed transitions. In Fig. 3, the intensity ratios between
transitions in the 1p2n-gated and the Op2n-gated spectra are
shown. The intensity ratios for all the six new "Tc candi-
dates are consistent with those of the known 1p evaporation
channels. In addition, we confirmed that these lines are not
present in the 1o2n-gated and the 2p2n-gated spectra. These
results unambiguously identify the six y rays as belonging
to a 1p-evaporation channel. The y-ray intensity ratios in
spectra from different neutron gates are shown in Fig. 4, from
which we can conclude that the six new transitions are from a
2n-related channel.

For the 2nlp channel, only three nuclei, Mn, %°Tc, and
87Tc, were produced in the experiment in any significant
amounts. “*Mn can be excluded based on its relatively large
cross section and the existing y-ray spectroscopy of “*Mn
[21] and its mirror *°Cr [19]. In the newly discovered cas-
cade, there is a transition at 791.7 keV, the energy of which
is close to the two known transitions in %Tc at 791 and
792 keV [22,23]. In the 2n01p matrix, the 791.7 keV line
can coincide with the transitions from both 3°Tc and the
new cascade, but no 3*Tc transition is visible in the spec-
tra when gated on other members of the new cascade (see
Fig. 5). This excludes the new cascade from belonging to
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FIG. 2. For the newly identified y rays, (a) sum of the gated
spectra (red) on 718.6, 731.6, 791.7, 862.8, 905, and 1042.4 keV
lines with the width of 2 keV, and summed normalized background
spectra (black) gated 4.75 keV above these lines with the width of
2.5 keV. The coincidence spectrum in (b) is the difference between
the two spectra in (a). For the previously reported yrast band, (c) sum
of the background-subtracted coincidence spectra for the yrast band
in ¥ Tc [10] gated on the 712.0, 886.5, 1007.4, 845.9, and 956.3 keV
lines.

89Tc, since it would reasonably have been discovered in the
y -y coincidence analysis of the previous study [22]. Based on
the above discussion, we assigned the new cascade to 87T¢.
Figure 5 also reflects the coincidence relationships between
the y rays with energies 719, 863, 792, 732, and 1042 keV,
while the 905 keV transition only coincides with the 719 and
863 keV transitions. A level scheme, established based on the
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FIG. 3. Intensity ratios for different y-ray transitions deduced
from the 1p-gated spectrum and the Op-gated spectrum. All ratios
were measured using other coincident transitions as gates. The tran-
sition energies of **Cr and ¥"Mo are from Ref. [19,20].
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FIG. 4. Intensity ratios for different y-ray transitions deduced
from the On-gated spectrum, the 1n-gated spectrum, and the 2n-gated
spectrum. In the measurement, triple y-y-y coincidences are used
for a better peak-to-background ratio.

coincidence relationships and the relative intensities of the y
rays listed in Table I, is displayed in Fig. 6. Due to the limited
angular coverage of AGATA for DCO measurement, tentative
spin-parity assignments were made based on the results of
shell-model calculations (see below). In the present experi-
ment, no transition connecting the observed cascade and the

200
¥ S7Tc candidates

: 89
100L ¢ ¥Tc N v v

(a) Gated at 791.7 keV

ty

¢

Ewo:— v (b) Gated at 731.6 keV
-

~ L
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> M.

m
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N e
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FIG. 5. The background-subtracted spectra gated at 791.7 keV
(a), 731.6 keV (b), 718.6 and 862.8 keV (c). The width of all gates
was 3 keV. The background spectra were gated in the range from 3 to
18 keV above these lines, excluding all areas covered by clear peaks
in these energy intervals.

TABLE 1. The y-ray transition energies in keV (E,) and the
relative intensities (/;). The upper part of the table is for the new
cascade while the lower part is for the yrast band [10]. x3 indicates
that the intensity ratio between the transitions at 712 and 863 keV is
approximately 3.0(3).

EV Irel E;/ Irel
862.8(1) 100(10) 731.6(2) 32(7)
718.6(1) 87(9) 905(1) 12(4)
791.7(2) 57(8) 1042.4(4) 18(5)
712.0(1) 100(4) x 3 845.9(1) 37(4) x 3
886.5(1) 80(3) x 3 956.3(2) 26(3) x 3
1007.4(1) 65(5) x 3 1108.1(4) 133) x 3

previously identified yrast band in 8’ Tc [10] was identified.
The intensity of the 712 keV transition, corresponding to
the lowest (13/2) — (9/2]) transition in the yrast band, is
approximately three times higher than that of the 863 keV
transition in the newly observed cascade.

IV. DISCUSSION

The low-lying level structure of neutron deficient N = 44
isotones shows rotational-like behavior, as can be inferred
from the known experimental data [10,24-27]. In 85Nb and
8y [24-27], the negative parity bands with different sig-
natures are linked by relatively strong E2/M1 transitions,
while the positive-parity bands are dominated by stretched E2

33/27) 5516.2+x
1108.1
29/27) 4408.1+x
(27/27) 41471
956.3
25/27) = 3451.8+x 1042.4
(23/27) 3104.7
845.9
21/21Lij605.9+x (19/2;)(31.()237?’.1(19/2;) o
1007.4 i /

791.7 905

17/21) = 1598.54x (15/27) = 1581.4 /

886.5 ,718.6

- 11/2] -

132) @ 712,00 Y >178628
862.8

(727) B 0.0

FIG. 6. Level scheme of 8’Tc. The left part (black) is for the
yrast band from Ref. [10]. The right part (red) is deduced in the
present work. The width of the arrows are proportional to the relative
intensities of the y rays listed in Table 1. Based on TRS calculations,
we propose the newly discovered (7/2]) state as the ground state,
and the (9/ 2;’) state reported in Ref. [10] as the excited state. “+X”
in the left part is used to indicate an overall shift due to the unknown
excitation energy of the (9/2) state.

712.0
(9/2]) g 0.0+x
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hw = 0.35MeV ho = 0.45MeV

|

02 03 04
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FIG. 7. Total Routhian surfaces in the (8,, y) plane for the (7, )
= (4, +1/2) and (4, —1/2) configurations in 87Tc. The distance
between contour lines is 0.2 MeV. The positions of spherical and
oblate minima on the surfaces are marked with red and black dots,
respectively.

transitions. The y-ray cascade identified in the present work
is structurally more similar to the positive parity bands from
the systematics of excitation energies.

Total Routhian surface (TRS) calculations, which em-
ploy a deformed Wood-Saxon potential with monopole and
quadrupole pairing residual interactions for different con-
figurations as a function of the cranking frequency [28],
were carried out for 8’Tc to study the deformation and spin
alignment of the yrast states. Among the four calculated
configurations (parity, signature) = (7 = &, « = £1/2), the
Routhians of the positive-parity configurations are lower (at
least 700 keV). The corresponding surfaces in the (8;, y)
plane are displayed in Fig. 7. Deformed minima, all asso-
ciated with a transition from a soft near-triaxial minimum
(0.22, —40°) to a near-oblate more rigid shape (0.20, —48°),
reflect a gg/» neutron alignment around /iw = 0.45 MeV. This
structure is assigned to the previously identified yrast band
[10]. The calculated alignment frequency is similar to the ex-
perimental observation, and the proposed deformation is close
to Maller’s prediction [3] of an oblate ground state in 8’ Tc
with B, & —0.24. The near-oblate deformation is induced by
particle-hole excitations of neutrons and protons from the
fp shell to the 1g9/> substates. The calculation predicts the
negative-signature configuration to lie somewhat higher in en-
ergy and the minimum is softer. The newly observed irregular
level structure assigned to ®’Tc does not exhibit a rotational
behavior. The shape of these states could be spherical cor-
responding to the spherical minima as shown in Fig. 7. The
spherical minimum in the surface is predicted to be the lowest

6.0r r
(33/27)__ux 332,
27/2
29/2))  ix A —
(27/2})
_4.0F -
% (25/27)  +x 25/2; 22
= (23/2}) o
> [ X N 19/2, 192,
50 (2127 .x 19/2) 21/2;
2 (19/2}) el
m
2.0+ - 15/2]
A7/20)ax (15/27) Y
- 11/2] - v 172,
(1321) oy (V2 13/2!
0.0L (9/27) __ax (7/27) L 9/2; 72 ____
Exp shell model

FIG. 8. Comparison of the experimental level scheme (left) and
the shell model prediction (right).

in the full rotational frequency range up to fiw = 0.55 MeV
and hence to form the ground-state band.

A shell model calculation for the positive-parity states
in ¥Tc was performed with the slgmtO interaction [29] in
a configuration space consisting of 2p;,, and 1gg/, orbitals
for protons and neutrons. A comparison between the known
experimental level structure of 8’ Tc and the shell-model pre-
dictions is shown in Fig. 8. For the positive signature band
(black) built on the (9/ 2?’) state [10], the shell model calcula-
tion provides a good description above 2.6 MeV excitation
energy, while the collectivity below the (21/2]) state ap-
pears underestimated which may be due to the limitation of
valence space. The red one built on the 7/2;r state has a
overall match with the newly observed level structure. Al-
though the calculated level energies are higher, the ratios of
transition energies R, = E, (15/27 — 11/2%)/E, (11/2% —
7/2%) from the experiment (0.83) and the calculation (0.85)
are similar, and both values are lower than the rotational
(1.40) and vibrational (1.0) limits, indicating a noncollective
structure.

The calculated energy differences between the predicted
9/27 and 7/2] states (50 keV) are within the model uncertain-
ties. Hence, we can not rule out the possibility that the 7/2
state actually forms the spherical ground state as suggested by
the TRS calculation.

V. CONCLUSIONS

In summary, we have studied the low-lying excited states
of 8" Tc via the 3*Fe(*°Ar, 2n1p) ¥ Tc fusion-evaporation re-
action at the GANIL accelerator complex. The AGATA y-ray
spectrometer was used in conjunction with the DIAMANT,
NEDA, and Neutron Wall detector arrays to measure the
prompt coincidences of y rays, neutrons, and charged par-
ticles. Six new y-ray transitions, with energies at 718.6(1),
731.6(2), 791.7(2), 862.8(1), 905(1), and 1042.4(4) keV,
were identified by means of comparison of y-ray intensi-
ties in the spectra gated under different channel selection
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conditions. The observed cascade contains no transition link-
ing to the known yrast band of 3’ Tc. The constructed states
were tentatively assigned to positive parity, and the results
were compared with shell model and TRS calculations. The
proposed level structure exhibits spherical behavior different
from the yrast band which is assigned to an oblate-deformed
shape.

ACKNOWLEDGMENTS

This work was supported by the Swedish Research
Council under Grants No. 621-2014-5558 and No.
2019-04880; the EU 7th Framework Programme, Integrating
Activities Transnational Access, Project No. 262010
ENSAR; the UK STFC under Grants No. ST/L005727/1
and No. ST/P003885/1; the Polish National Science

Centre, Grants No. 2016/22/M/ST2/00269 and No.
2017/25/B/ST2/01569; COPIN-INFN, COPIN-IN2P3,
and COPIGAL projects; the National Research, Development
and Innovation Fund of Hungary (Project No. K128947);
the European Regional Development Fund (Contract No.
GINOP-2.3.3-15-2016-00034); the Hungarian National
Research, Development and Innovation Office, NKFIH,
Contract No. PD124717; the Ministerio de Ciencia e
Innovacién and Generalitat Valenciana, Spain, under the
Grants No. SEV-2014-0398 and No. FPA2017-84756-C4;
PROMETEQO/2019/005; and by the EU FEDER funds. X.L.
gratefully acknowledges support from the China Scholarship
Council, Grant No. 201700260183, for his stay in Sweden.
We acknowledge the support from the AGATA Collaboration
and thank the GANIL staff for excellent technical support and
operation.

[1] B.J. Varley et al., Phys. Lett. B 194, 463 (1987).

[2] C. J. Lister, P. J. Ennis, A. A. Chishti, B. J. Varley, W.
Gelletly, H. G. Price, and A. N. James, Phys. Rev. C 42, R1191
(1990).

[3] P. Moller, A. J. Sierk, T. Ichikawa, and H. Sagawa, At. Data
Nucl. Data Tables 109-110, 1 (2016).

[4] D. Bucurescu, C. Rossi Alvarez, C. A. Ur, N. Marginean, P.
Spolaore, D. Bazzacco, S. Lunardi, D. R. Napoli, M. Ionescu-
Bujor, A. Iordachescu, C. M. Petrache, G. deAngelis, A. Gadea,
D. Foltescu, E. Brandolini, G. Falconi, E. Farnea, S. M. Lenzi,
N. H. Medina, Z. Podolyak, M. DePoli, M. N. Rao, and R.
Venturelli, Phys. Rev. C 56, 2497 (1997).

[5] S. Frauendorf and A. Macchiavelli, Prog. Part. Nucl. Phys. 78,
24 (2014).

[6] N. Mirginean, C. Rossi Alvarez, D. Bucurescu, C. A. Ur, A.
Gadea, S. Lunardi, D. Bazzacco, G. deAngelis, M. Axiotis, M.
DePoli, E. Farnea, M. Ionescu-Bujor, A. Iordachescu, S. M.
Lenzi, T. Kroll, T. Martinez, R. Menegazzo, D. R. Napoli, G.
Nardelli, P. Pavan, B. Quintana, and P. Spolaore, Phys. Rev. C
63, 031303(R) (2001).

[7] N. Mirginean, D. Bucurescu, C. RossiAlvarez, C. A. Ur, Y. Sun,
D. Bazzacco, S. Lunardi, G. deAngelis, M. Axiotis, E. Farnea,
A. Gadea, M. Ionescu-Bujor, A. lordachescu, W. Krolas, T.
Kroll, S. M. Lenzi, T. Martinez, R. Menegazzo, D. R. Napoli, P.
Pavan, Z. Podolyak, M. DePoli, B. Quintana, and P. Spolaore,
Phys. Rev. C 65, 051303(R) (2002).

[8] B. Cederwall ef al., Phys. Rev. Lett. 124, 062501 (2020).

[9] D. Rudolph et al., J. Phys. G: Nucl. Part. Phys. 17, L113 (1991).

[10] X. Liu et al., Phys. Rev. C 104, L021302 (2021).
[11] E. Clément et al., Nucl. Instrum. Methods Phys. Res., Sect. A
855, 1 (2017).

[12] S. Akkoyun et al., Nucl. Instrum. Methods Phys. Res., Sect. A
668, 26 (2012).

[13] J. Scheurer et al., Nucl. Instrum. Methods Phys. Res., Sect. A
385, 501 (1997).

[14] J. Gél et al., Nucl. Instrum. Methods Phys. Res., Sect. A 516,
502 (2004).

[15] T. Hiiyiik et al., Eur. Phys. J. A 52,55 (2016).

[16] J. J. Valiente-Dobén et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 927, 81 (2019).

[17] O. Skeppstedt et al., Nucl. Instrum. Methods Phys. Res., Sect.
A 421, 531 (1999).

[18] X. Liu, Experimental studies of the neutron deficient atomic
nuclei #Ru and *’Tc, and the diagonalization of general pairing
hamiltonian, Doctoral Thesis in Physics, KTH Royal Institute
of Technology, 2021 (unpublished).

[19] J. A. Cameron, M. A. Bentley, A. M. Bruce, R. A. Cunningham,
W. Gelletly, H. G. Price, J. Simpson, D. D. Warner, and A. N.
James, Phys. Rev. C 44, 1882 (1991).

[20] Ch. Winter et al., Nucl. Phys. A 535, 137 (1991).

[21] J. A. Cameron et al., Phys. Lett. B 235, 239 (1990).

[22] D. Rudolph et al., Nucl. Phys. A 587, 181 (1995).

[23] D. Rudolph et al., Z. Phys. A: Hadrons Nucl. 342, 121 (1992).

[24] K. Jonsson et al., Nucl. Phys. A 645, 47 (1999).

[25] C.J. Gross et al., Nucl. Phys. A 535, 203 (1991).

[26] T. D. Johnson, A. Aprahamian, C. J. Lister, D. Blumenthal, B.
Crowell, P. Chowdury, P. Fallon, and A. Machiavelli, Phys. Rev.
C 55,1108 (1997).

[27] F. Cristancho et al., Nucl. Phys. A 540, 307 (1992).

[28] W. Satula and R. Wyss, Phys. Scr. T56, 159 (1995).

[29] F. J. D. Serduke, R. D. Lawson, and D. H. Gloeckner, Nucl.
Phys. A 256, 45 (1976).

034304-6


https://doi.org/10.1016/0370-2693(87)90217-6
https://doi.org/10.1103/PhysRevC.42.R1191
https://doi.org/10.1016/j.adt.2015.10.002
https://doi.org/10.1103/PhysRevC.56.2497
https://doi.org/10.1016/j.ppnp.2014.07.001
https://doi.org/10.1103/PhysRevC.63.031303
https://doi.org/10.1103/PhysRevC.65.051303
https://doi.org/10.1103/PhysRevLett.124.062501
https://doi.org/10.1088/0954-3899/17/7/003
https://doi.org/10.1103/PhysRevC.104.L021302
https://doi.org/10.1016/j.nima.2017.02.063
https://doi.org/10.1016/j.nima.2011.11.081
https://doi.org/10.1016/S0168-9002(96)01038-8
https://doi.org/10.1016/j.nima.2003.08.158
https://doi.org/10.1140/epja/i2016-16055-8
https://doi.org/10.1016/j.nima.2019.02.021
https://doi.org/10.1016/S0168-9002(98)01208-X
https://doi.org/10.1103/PhysRevC.44.1882
https://doi.org/10.1016/0375-9474(91)90520-G
https://doi.org/10.1016/0370-2693(90)91957-D
https://doi.org/10.1016/0375-9474(94)00825-8
https://doi.org/10.1007/BF01294497
https://doi.org/10.1016/S0375-9474(98)00603-4
https://doi.org/10.1016/0375-9474(91)90523-9
https://doi.org/10.1103/PhysRevC.55.1108
https://doi.org/10.1016/0375-9474(92)90206-Y
https://doi.org/10.1088/0031-8949/1995/T56/025
https://doi.org/10.1016/0375-9474(76)90094-4

