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Abstract. The structure of '”C has been investigated using the three-neutron transfer reaction (*2C,°C) on
a 1*C target at 231 MeV incident energy, the reaction Q-value is Qo = -46.930 MeV. Eleven new states up
to 16.3 MeV excitation energy were identified. The same reaction has also been used on a '2C target (Qo =
-38.787 MeV), and excited states in '>C up to 19 MeV were observed. In '"C the three transferred neutrons
populate (sd)® configurations on the '*C core. The comparison of levels populated by the (*>C,°C) reaction
in '7C, '®C and '°C reveals a strong similarity of their properties. This concerns especially nine states in
each of the three carbon isotopes, which show practically the same excitation energies except a constant
mean shift of +5.82 MeV for '°C and +6.65 MeV for '>C with respect to '"C. The triples of states from
the three isotopes, which correspond to each other, have also similar widths and cross section ratios. It is
concluded that the same (sd)3 structures are populated in the three carbon isotopes. The observed levels
of '7C are also compared to the levels of '°0Q with known assignments and to shell-model calculations, and

their decay properties are discussed.

PACS. 2 1.10.Hw, 21.10.Pc, 25.70.Hi, 27.20.+n

1 Introduction

The ground state properties of neutron-rich carbon iso-
topes (A>15) have been investigated by many authors
in radioactive-beam experiments using single-neutron re-
moval reactions in order to obtain information about the
halo structure from the momentum distributions (see e.g.
refs. [1-5]). Spin-parities of the ground states have been
obtained using the dependence of the momentum distri-
butions and removal cross sections on the single-particle
bound state properties of the removed neutron. This me-
thod has been further refined by measuring, after neutron
removal, also partial cross sections and branching ratios of
~-transitions in the residual nucleus in coincidence [6,7].
Corresponding theoretical investigations of ground state
properties have been performed by Ridikas et al. [8], Sa-
gawa, Suzuki and Hagino [9,10], and Descouvemont [11]
(see also refs. therein). Most of the interpretations of the
single-neutron removal data, i.e. refs. [6,7], are based on
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neutron wave functions from shell model (SM) calcula-
tions with interactions from Warburton and Brown [12]
or from Millener-Kurath [13].

For !7C the mass excess and a single particle-stable
excited state at 295 £10 keV have been measured in 1977
by Nolen et al. [14] and later also by Fifield et al. [15] us-
ing in both cases the **Ca('80,'"C)**Ti reaction. But in
this reaction only excited states below the neutron thre-
shold of 17C at 0.729 MeV can be observed. These authors
expected from systematic trends for the spin-parity of the
ground state possible values of 1/2%, 3/2% or 5/27F, be-
cause the corresponding lowest-lying states were estimated
to be almost degenerate in !7C [14]. A unique assignment
of the ground state could be achieved later by exclusion of
two of the three values: On the one hand Warburton and
Millener [16] showed in the analysis of the feeding ratios
of y-transitions in "N after 8~ decay of '7C [17], that
a 5/2% assignment "is highly disfavoured independent of
any model”, and this assignment should be excluded. A
decision in favour of one of the remaining options could
not be made from this analysis, although a preference for
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3/2* was found from the value of the half-life (experimen-
tal value: 202+30 ms [18]). On the other hand, g-factor
measurements for the !7C ground state by H. Ogawa et
al. [19] excluded definitely the assignment 1/2%, because
the measured g-factor is almost six times smaller than the
value predicted for 1/2% by reliable theoretical calcula-
tions [10,19], whereas it agrees well for the 3/2% and 5/2%
assignments (both values are almost equal). Since 5/27 is
excluded by the analysis of the 8~ decay data and 3/2%
agrees well in all cases, only the latter value remains for
the spin-parity of the ground state. This assignment is also
found as the optimum value in most of the analyses of the
single-neutron removal measurements [4,6,7].

Recently Stanoiu et al. [20] identified in the in-beam
y-spectroscopy of 17C two 7-lines at 207(15) keV and
329(5) keV. These results have been confirmed by Elekes
et al. [21], who found 210(4) keV and 331(6) keV in the
inelastic scattering p(*”C,'"C’)p. They showed that these
~-lines are uncorrelated and belong to transitions from
two different excited states to the ground state, the ~-
transition from the 0.33 MeV state being much stronger.
This could be well explained using main configurations of
[v(1d5/2)?] 5/2% for the former and [v(1d5/2)* ® 2s1/2]
1/27% for the latter state. The results from the three-nucleon
transfer reaction *8Ca('®0, '"C)*Ti, ;. [14,15] can also
be understood with these assignments consistently. In this
reaction the largest cross section is expected for the 5/2%
state, in good agreement with the observations. The cross
section for the ground state (3/2%1) is much weaker, and
a state at about 0.2 MeV (1/2%) was not observed, the
cross section for the 1/2% state is obviously too small.

Above the neutron threshold (0.729 MeV) three states
of 17C could be observed in the S-decay of '"B using f—
neutron coincidences and the neutron time-of-flight [22].
Their excitation energies are 3.82(5) MeV, 2.64(2) MeV
and (2.25(2)) MeV, the latter value was given only ten-
tatively (another weak structure at 1.18 MeV excitation
energy is most probably part of the background, when a
more realistic shape is used for the background). Accord-
ing to the measured logft-values these states are assumed
to have odd parity, but assignments have not been made
by the authors. SM-calculations for these states are dis-
cussed at the end of sect. 4.2.

It is expected, that most levels in the low excitation
energy range have a three-neutron (sd)? configuration cou-
pled to the core of the C ground state with a closed
neutron (1p) shell. These structures are characterized as
neutron 3-particle - 0-hole (3p-0h) states with even parity.
A direct three-neutron transfer on '*C can easily populate
these configurations.

Neutron (1p-1h) excitations of the 4C core will lead
to neutron (4p-1h) odd-parity states in 7C, but these can
be populated only in a higher-order process starting from
the 14C ground state.

Structures with core excitations may be also discussed
in 16C for comparison. The states of 'C have been stud-
ied by Balamuth et al. [23], Fortune et al. [24,25] and
Sercely et al. [26] using the two-neutron transfer reaction
1 C(t,p)'oC. In this case core excitations of the *C core

lead to (3p-1h) odd parity states. No such states could be
identified in this reaction up to 5 MeV, only at 6.11 MeV
a state with tentative assignments (2%, 37, 4%), including
an odd parity, was found. However, odd parity states were
definitely identified in 'C above 7 MeV in our previous
measurement of the 1*C(12C,°C) reaction [27]. The (3p-
1h) configurations are populated, because the '*C target
nucleus serves as a core with a built-in neutron 1p1/2-hole.
These structures were identified up to 10.4 MeV, and they
are expected to extend also to higher excitation energies.

In '"C the excitation of protons may contribute to
states at excitation energies above 7 MeV, since the lowest
27 state of '*C is located at 7.01 MeV, which has a domi-
nant proton configuration. Apart from such proton excited
configurations there should be a strong similarity between
the level schemes of 17C and '°O concerning the (sd)? neu-
tron structures. For the understanding and description of
these states it is important to treat all three neutrons out-
side the closed shell cores '*C and 60, respectively, as
valence particles. Two of the three neutrons may couple
not only to 0 (giving rise to the single-neutron configu-
rations based on the lowest-lying 07 state of 6C), but
also 2% or 41 are possible, which increases the number
of spin couplings and configurations tremendously. Strong
configuration mixing and large deformations are expected.

The (12C,°C) three-neutron transfer reaction, which
we have used to investigate the level structure of 17C, has
a very large negative Q-value, Qo= —46.93 MeV, and re-
quires therefore relatively high incident energies. In this
case both, the high projectile velocity and the large neg-
ative Q-value will lead to a suppression of higher order
contributions with respect to the lowest order transitions.
In the following we will refer to the direct 3n-transfer as
the first order process. Significant contributions from se-
cond order processes like target particle-hole excitations
in combination with the three-neutron transfer are not
expected.

2 Experimental
2.1 Measurements

The measurements of the *C(12C,°C)'"C reaction have
been performed at the Q3D magnetic spectrograph at ISL,
Hahn-Meitner-Institut Berlin. The '2C beam of 231.3 MeV
incident energy was delivered by the isochron-cyclotron at
ISL. The composition of the *C target has been measured
using the ERDA method (Elastic Recoil Detection Analy-
sis) to determine absolute layer thicknesses. The following
values have been obtained (a systematic error of about
5-10% is estimated):

140C: 384 pg/cm?; 12C: 50 pg/cm?; 13C: <1 pg/cm?;

160: 8 ug/cm?; other constituents (Z=11-30): ~8 ug/cm?.
Contributions in the spectrum from the 'O content were
negligibly small. The heavier constituents gave rise to a
continuous background with a flat shape, as will be shown
later. The significant '2C content of the *C target re-
quired the measurement of a spectrum of the 12C(*2C,°C)
reaction on a separate '?C target (thickness 200 ug/cm?)
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for background subtraction. This reaction has been mea-
sured at two different magnetic field settings (fig. 1, upper
and central panels) for a precise energy calibration of the
focal plane. A systematic error of JE, < +0.04 MeV is
estimated for the excitation energy scales of both, the 15C
and the '7C spectra. The angular acceptance of the spec-
trograph was defined by the entrance slits for the range of
scattering angles from 3.0° to 7.0° horizontally and +1.5°
vertically.

The focal plane detector determines the position by the
delay-line read-out technique. The high linearity between
the momentum of the particle and the position in the fo-
cal plane, which is related to the constant dispersion in
the focal plane [28], is well reproduced by the actual cal-
ibration, as also in previous measurements (see e.g. [27,
29]. An overall energy resolution of 220 keV was obtained
for the '2C target, and 250 keV for the *C target due
to its larger thickness. The reaction products were iden-
tified using the energy-loss (AE) of the particles in the
gas-filled focal plane detector, the energy signal (E) from
the scintillator behind it and the time-of-flight (ToF) of
the particles through the spectrograph. The dependence
of the time-of-flight ToF (6) of the particle on the scatter-
ing angle # was used to obtain the scattering angle 67,4p.
Partial angular distributions have been measured in this
way for '®C within the entrance aperture with an angular
resolution of 0.3°. This technique could not be applied for
17C states, because the background in the '7C spectrum
arising from the '2C content of the *C target was too
large. The measured correlations between the momentum
and 6., have been used to optimize the resolution by
performing kinematical corrections off-line. More details
about the experimental method are given in [29].

2.2 Resonances, stretched configurations

In the analysis of the experimental spectra the states above
the neutron thresholds (S,,= 1.218 MeV for °C and S,,=
0.729 MeV for 17C) are described as single Breit-Wigner
resonances:

FE(Edec) FZ(ER)
[Edec - ER - Aé(EdeC)]Q + [%Fl(Edec)]Q

U(Edec) ~ (1)

The width I'y(Ege.) and the shift function Ay(Eg..) are
calculated according to egs. (2) and (3) using the decay
energy Eq.. = E; — S, as independent variable and assu-
ming a decay to the ground state of the daughter nucleus.
If the decay leads to an excited state at E, s in the final
nucleus, the decay energy Eg4.. is reduced by this amount
(this is discussed in sect. 4.5).

FE(Edec) = FR X PE(Edec)/PZ(ER) (2)

A(Egee) = [Qe(Egec) — Qu(ER)/Pi(ER) x I'r/2  (3)

The functions Py(Eg..) (penetrability) and Q(Eq4..) are
defined by Coulomb functions in the usual way [30]. They
depend on the decay angular momentum £. A channel ra-
dius of 6 fm is used in this analysis. The dependence of

the width I'y(Ege.) on the decay energy and ¢-value is for-
mulated in eq. (2) in a way, which guarantees, that the
fitted experimental width parameter I'g is obtained ex-
actly at Ege. = Eg independent of the fact, whether the
maxzimum of the calculated distribution is observed at Ep
or not. This has been achieved by a suitable choice of the
boundary condition By [30] for the shift function Ag(Egec),
that Ay(FE4e.) vanishes at E4e. = Eg in eq. (3). In this
formulation the extracted experimental values of the reso-
nance energy Er and the width I'r are not dependent on
the assumed decay £-value, which is especially important
for broad resonances not far from the threshold.

In this work the term stretched configuration is used at
different places to characterize a special type of coupling of
several angular momenta, e. g., SM-orbits of two or three
nucleons. This term denotes configurations, where the an-
gular momenta of the active nucleons in given SM-orbits
couple to the mazimum angular momentum allowed by the
Pauli principle. For example, the stretched configuration
of three neutrons in a (1d5/2)® coupling has an angular
momentum of 9/2%. Stretched configurations are usually
populated with the largest cross sections in heavy-ion in-
duced transfer reactions, when the reaction Q-value of the
considered two-body reaction channel is very large, either
positive or negative, and/or the height of the Coulomb
barrier changes strongly. Then the grazing angular mo-
menta of the entrance and exit channels, L, ; and Ly, ¢,
respectively, are very different. Optimum reaction condi-
tions to obtain large cross sections require in this case
large angular momentum transfers £;,. Stretched configu-
rations can “bridge” the gap between Ly, ; and L, ¢ in the
best way. These dynamical angular-momentum matching
conditions and corresponding rules are discussed in detail
by Brink [31]. We will come back to this point in sect. 4.

2.3 Background

Fig. 1 shows typical spectra of the (12C,?C) reaction on
12C. Besides the states of 1°C there appear in the high
excitation energy region broad distributions, which corre-
spond to three-body backgrounds with the particles ?C +
n + C* in the exit channel, from which only °C is de-
tected. While the upper and lower panels of fig. 1 show
only part of these distributions, they are observed in full
extention in the central panel.

These three-body contributions arise from the sequen-
tial decay of highly excited '°C*, which is formed in the
2n-transfer reaction '2C('2C,'9C*)'C*, into °C, 5. + n.
The decay strength distribution in 1°C for the decay into
gCg_s, + n is described by a Gaussian positioned at excita-
tion energies in 19C above the neutron threshold, S, (1°C)
= 21.286 MeV. The corresponding parameters are fixed by
the condition that the result should fit the shape of the ob-
served background in the spectra. In the actual case the
position of the Gaussian is located just 0.9 MeV above
the neutron threshold of '°C and the width is 0.7 MeV
(FWHM). The very high-lying neutron threshold limits
strongly the decay into the neutron channel, because other
decay channels (p-, 2p-, a-, *He-emission) are open at
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Fig. 1. (Color online) Upper and central panels: Spectra of
the three-neutron transfer reaction '*C('2C,°C)'*C at EL.p =
231 MeV and two different magnetic field settings (upper panel:
B = 0.9493 T, central panel: B = 0.9153 T). Lower panel:
Spectrum of '*C measured at a field setting of 0.9551 T in
a previous experiment for the spectroscopy of '°C [27] in a
smaller angular range from 4° to 7°. The excitation energy
scales are 120 keV/channel for the upper and lower panels, and
180 keV /channel for the central panel. Numbers are excitation
energies in MeV.

much lower excitation energies. Therefore the observed
three-body distributions with °C as detected particle are
relatively weak.

Such distributions exist in principle in combination
with all the states of the recoil nucleus '*C* populated in
the 2n-transfer reaction, but only the combination with

the strongest states of '*C are important in the anal-
ysis. These are the 3~ state at 6.73 MeV with a neu-
tron (1d5/2)(1p1/2)~! configuration, and the 4% state at
10.74 MeV with a stretched neutron (1d5/2)2(1p1/2)~2
configuration with respect to the '*C ground state (see
fig. 1, upper panel, of ref. [27], and ref. [32]). The two re-
sulting three-body distributions can be seen in the central
panel of fig. 1, they rise at about 13 MeV and 17 MeV
excitation energy, respectively. For the spectra measured
at the higher field settings the distribution in combination
with the 10.74 MeV state did not fall into the momentum
acceptance of the focal plane.

In the analysis of all the spectra obtained in the (}2C,
9C) reaction on the different targets 2C, 1*C and 4C the
same neutron-decay strength distribution of '°C* has been
used, as described above. For the '*C and '4C targets the
three-body distributions had to be calculated in combina-
tion with the following states of the recoil nuclei to fit the
spectra of *C and 7C: the state at 0.74 MeV (5/2%) in
15C* and the state at 4.14 MeV (41) in 'C*, respectively.
There exist also higher-lying states with large cross sec-
tions in the spectra of the recoil nuclei, but the correspon-
ding three-body distributions do not fall into the momen-
tum acceptance of the focal plane for the spectra of 6C
and '7C, respectively. The three-body distributions calcu-
lated in this way have been used to describe the corres-
ponding background observed in the spectra of 1C [27])
and 17C (sect. 3.2). More details about the method can
be found in [29] and refs. therein.

3 Results

Since the '*C target contained about 11% '2C, a spec-
trum of the 12C(*2C,?C)!5C reaction was needed for back-
ground subtraction in the '"C spectrum. This spectrum
and also the '>C spectra measured for the energy cali-
bration and another one obtained in a previous measure-
ment [27] are analyzed in detail, especially in the exci-
tation energy region above 6 MeV. The results from this
analysis are presented at first, before the results for 17C
are shown.

3.1 The '2C('*C,°C)'5C reaction

The spectra of the 2C(12C,°C)!°C reaction from the ac-
tual measurement are shown in the upper and central
panels of fig. 1 for two different magnetic field settings.
The results of the analysis are given in table 1. This reac-
tion was measured already previously in the spectroscopic
study of 16C [27] for calibration and background subtrac-
tion purposes, and this spectrum is shown in the lower
panel of fig. 1. The magnetic field setting was very similar
as for the higher field of the present measurement (fig. 1,
upper panel). In ref. [27] only the excitation energies of
15C were given, and only the assignment of the doublet
at 6.84 MeV / 7.37 MeV was discussed. Now the widths
and cross sections are also given in table 1 (columns 4
and 5) for all the eleven states between 6.84 MeV and
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Table 1. States of °C observed in the three-neutron stripping reaction >C(*2C,°C)!3C at 231 MeV for two different angular
ranges: 3°— 7° (columns 1 - 3), and 4°— 7° (columns 4, 5). The following entries are shown: excitation energies E,, widths of
resonances I'r, cross sections do/df2 in the center-of-mass system for the present measurement, widths and cross sections for
the previous measurement [27], assignments deduced from the (*2C,?C) reaction (see also Table 4 and sects. 4.4, 4.5) and, for

comparison, assignments from the literature.

2o2C,°C)C, Er =231 MeV “Be("Li,p) 13C(t,p) 0(d,p)
0r=3°-7° 01,=4°-7° [27) [34] [35] [36] [37,38]
E., J© I'r do/df2 I'r do/df2 [27] and E. J™ assignments
[MeV] [MeV]  [ub/sr] [MeV] [ub/sr] this work [MeV]
0.00 g.s. 1727 1/2%
0.74 0.19(9) 0.05(2) 0.740 5/2F 5/2F
4.22 0.17(5) 0.04(2) 4.220(3) (5/2, 7/2) 5/27 (7/2%)
6.35(2) <0.01  0.23(7) - - 6.358(6) (5/2) (7/2,9/2)"
6.84(2)  0.02(1)  3.8(7) | 0.02(1)  2.40(15) 9/2~ 6.841(4) | (11/2,13/2) (7/2,9/2)
7.37(5)  0.03(2) 0.28(5) | 0.05(3)  0.31(5) 727 7.352(6) | (9/2,11/2)  (9/2,7/2)"
8.45(3)  0.08(4) 0.46(9) | 0.03(2) 0.27(5) | (3/2% - 7/2%) | 8.47(15) | (9/2 - 13/2)
9.75(2)  0.08(5) 0.90(5) | 0.08(5)  0.79(8) (9/2%) 9.79(2) | (9/2-15/2)
10.2(1)  0.15(12)  0.2(1) | 0.15(8)  0.14(4) 10.25(2) | (5/2-9/2)
11.05(3)  0.12(5)  0.66(6) | 0.10(5)  0.55(7) | (5/2% -9/2%) | 11.02(3) | (11/2 - 19/2)
11.8(8)  0.16(8) 0.33(5) | 0.20(7)  0.37(6) 11.83(2) (>13/2)
13.1(1)  0.30(8) 0.94(9) | 0.30(6)  1.00(9) (5/2%)
13.8(2) 0.3(2)  0.38(5) | 0.3(2) 0.31(6)
14.57(5)  0.14(5)  0.80(7) | 0.08(4)  1.04(9) (11/2%)
16.0(2) 0.3(1)  0.40(5) | 0.3(1) 0.38(6)
17.8(2) 0.4(2)  0.51(8)
19.0(2) 0.8(5)  0.56(4)

15.9 MeV. In the present experiment the measured an-
gular range is extended to smaller scattering angles until
3° (fig. 1, upper panel). The cross sections are therefore
slightly different as compared to the ones of the previous
measurement (columns 3 and 5 in table 1).

The measurement of the >C(12C,°C) reaction has also
been performed at exactly the same magnetic field setting
needed for the spectroscopy of '7C states (B= 0.9153 T).
The corresponding spectrum is shown in the central panel
of fig. 1. At this lower field we find two more resonances: at
17.8(2) MeV and 19.0(2) MeV. With these measurements
at the two field settings the 15C spectra cover a range of
excitation energies from the ground state up to 26 MeV
(fig. 1).

At the higher field settings (fig. 1, upper and lower
panels) the spectra are free from contamination lines from
oxygen, which indicates, that the oxygen content in the
12C targets is very small. Consequently, this is also true for
the measurements at the lower field (fig. 1, central panel)
using the same '2C target. Concerning contributions from
the 13C content (1.1 %) of natural carbon we can say, that
the strongest line of °C, the 4T state at 4.14 MeV [27],
is observed in fig. 1, upper and lower panels, only as one
single count on the right side of the peak at 4.22 MeV,
therefore all other states of 'C do not contribute to the
actual *C spectra.

States of '°C were known from other reactions [34-
38] up to 11.825(20) MeV excitation energy. The ener-
gies of the states, which we observed up to this value,
agree with the values from the literature within +30 keV.

As discussed in [27] the strongest line of *C in fig. 1
at 6.84 MeV excitation energy corresponds to the %’
state with stretched [(1d2)%, (1p3)~'lg/2- (2p-1h) neu-
tron configuration. The coupling partner 5~ at 7.37 MeV
with anti-parallel spin coupling of the lp%—hole is popu-
lated a factor of about ten more weakly.

In the analysis of the spectra the Breit-Wigner line
shape was folded with the experimental resolution (220 keV
for the '2C target). The excitation energies displayed in
the three spectra of fig. 1 were obtained in individual fits
of each spectrum. Since they show small differences, only
mean values are given in column 1 of table 1. These can
be compared to values from the literature [34] given in
column 7. A small peak at 12.6 MeV cited in our previous
measurement [27] could not be identified in the present
data, probably because it is very weak and positioned on
the tail of the 13.1 MeV state. However, two other weak
states, known from ref. [34] at 6.35 MeV (5/2* - 9/2%)
and 10.2 MeV (5/2 - 9/2), could be confirmed.

The widths obtained in both measurements (table 1)
agree well within the errors. Values of I'r are known from
the literature [34] for most of the states up to 11.82 MeV,
and our values are in agreement up to 8.47 MeV, whereas
we find larger widths for the states above.

Although the angular acceptance of the present mea-
surement includes a range of smaller scattering angles (the
lower limit is at 3°) as compared to the previous run (4°),
most of the cross sections agree within the error bars. How-

ever, in a few cases differences are observed. For the states
at 0.74 MeV, 4.22 MeV, 6.35 MeV, 6.84 MeV the cross sec-
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Fig. 2. (Color online) Partial angular distributions of states
populated in the 2C(*2C,?C)!*C reaction at 230.7 MeV. The
curves correspond to coupled channel calculations using the
code Fresco [33], which are discussed in sect. 4.4. Excitation
energies (in MeV), spins (multiplied by two) and parities, plot
factors PF used for the plot of the angular distributions on a
common scale and strength factors SF to normalize the calcu-
lations to the data are given for each state.
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tions from the previous run are significantly lower than the
ones obtained in the actual measurement, which indicates
a rise of the angular distribution to forward angles.

Partial angular distributions have been obtained for
the seven excited states of '°C at 6.84 MeV, 7.37 MeV,
8.45 MeV, 9.75 MeV, 11.05 MeV, 13.10 MeV and 14.57
MeV from the time-of-flight to scattering-angle correlation
(see sect. 2.1). They are shown in fig. 2, and the analysis
is discussed in comparison to the results of !7C in sect.
4.4.

3.2 The '*C('2C,°C)!"C reaction

In fig. 3 the upper panel shows a spectrum of the 1 C(!2C,
9C)7C reaction after background subtraction, and in the
central panel the full spectrum is shown together with
a background spectrum resulting from the '>C content
(11%) in the target. The latter spectrum was measured at
unchanged conditions, which were set for the spectroscopy
of 17C on the C target. This concerns the magnetic field
settings, kinematical corrections and angular acceptances.
The spectrum is shown in the lower panel.

In the central panel of fig. 3 the very strong contami-
nation line from the excited state of 1°C at E, = 6.84 MeV
can be seen, according to the energy calibration, at about
200 keV above the expected position of the '"C ground
state. However, a peak of the !7C ground state could not
be identified, first of all, because the tail of the strong
15C state covers this area, and also, because another con-
tinuous background exists in the full measured excitation
energy range of the spectrum (see below). At the high-
energy tail of the strong '®C state an additional line has
to be inserted at a position of 0.31(4) MeV to fit this region
correctly. This is in agreement with recent results obtained
by Stanoiu et al. [20] and Elekes et al. [21] from in-beam
~-spectroscopy, which show a y-transition at 331(6) keV in
17C, whereas two results from transfer reactions to bound
states of 17C show slightly lower values around 295(20)
keV [14,15]. The next higher-lying peak is a small con-
tamination line from the '°C excited state at 7.37 MeV,
which is well separated from the strong state at 6.84 MeV.
Both states are the members of the 7/27, 9/27 doublet of
15C with a neutron (4*® 1/27) (2p-1h) structure, which
has been discussed already in the previous section.

Above the 7.37 MeV state of 1°C the background from
the 12 C content in the target decreases almost to zero and
stays low for almost 1 MeV, before the 8.45 MeV state
becomes visible (see lower panel). However, in the central
panel, this minimum is filled by another background con-
tribution, and such a situation is observed also at several
other places in the spectrum. To fit the '7C spectrum in
the full excitation energy range it was necessary to in-
troduce in addition a flat linear background indicated by
(2) in fig. 3. The minima in the counting rate of the 17C
spectrum (central panel) at excitation energies between
(i) 1.0 MeV and 1.8 MeV, (ii) 2.3 MeV and 2.8 MeV and
(iii) 3.6 MeV and 4.0 MeV receive only very small con-
tributions from the '>C background, therefore other con-
taminations in the target are responsible for the counts
observed here. Since the target has some content from
7>11 elements, we assume, that these produce a flat and
smooth background, which is approximated by the shown
line. This flat shape can be expected due to the very dif-
ferent kinematical energy dependence of the reactions on
these heavier elements as compared to "*C. The normal-
ization of this background is obtained from the regions (i)
- (iii) mentioned above. As a consequence also the nor-
malization of the background from the 2C contamina-
tion is determined, especially through the '5C states at
6.84 MeV, 8.45 MeV, 11.05 MeV and 11.8 MeV and at
high excitation energies.

Similar to the 12C(}2C,°C)* C reaction we observe in
the '7C spectrum at large excitation energies a three-
body distribution originating from the sequential decay of
highly excited '°C* ejectiles into C,.s. + n. This three-
body background is calculated from the reaction '4C(*2C,
9C+n)¢C*, where the recoil nucleus '°C is excited to the
47 state at 4.14 MeV. This state receives by far the largest
cross section in the 19C spectrum [27]; states at lower exci-
tation energies are very weakly populated or not observed.
As can be seen in fig. 3 (central panel, line (3)), the three-



H.G. Bohlen, R. Kalpakchieva, et al.: Spectroscopy of *7C and (sd)® structures in heavy carbon isotopes 7

o)}
o
I
3.10
T

Counts

0.31

"‘

A :

T
i sea TV

SN N

100 o~
. U 12~ 90\ 17 L
c(c,%0)"c N
] _ <}
80 - EL—231.3MeV ool
. 9L23.O°—7.O° ©f
- U.
1 Q0:—46.93M6V : s
0 — \ -
2 60 ] 5 i
3 § I
© 40 \ .
i s L
] I § L
20 - A AR [
- W N —
B AN N A/ AM SN NI ‘!'& N N = i
s onmivinyaerommaval U N e WAYN YN AN N\ NNl
20 15 10 ) 0
Ex [MeV]
1 1 n 1 1
60 :r
501 12C(12C,9C)15C ‘D}
] Q0=—38.79MeV r
40 -
277 5 ©
3 30 = P < =
© o NS = ~
204 C+n+¥Ct 2 = g = 2 2l F
10 -
o 1 N
25 20 15 10
E, [MeV]
Fig. 3. (Color online) Upper panel: Spectrum of the

10(12¢,°0)"C reaction after background subtraction of con-
tributions from target contaminations. Central panel: The
spectrum as measured in the focal plane. The background (1)
from the '2C content in the '*C target is indicated by the
shaded area (colour: cyan). The strong peak on the right cor-
responds to the 9/27 state of **C at 6.84 MeV. The linear back-
ground (2) results from target contaminations with Z > 11. The
broad distribution (3) on the left describes the fitted three-
body distribution for °C + n + '5C* (see sect. 2.3). States of
'7C are marked as downward hatched (red) areas. Lower panel:
Spectrum of the 2C(*?C,°C)**C reaction measured at exactly
the same conditions as for '7C.

Table 2. States of 17C observed in the three-neutron stripping
reaction *C(*2C,°C)'"C at 231.3 MeV. The following entries
are given from left to right: No. of the state, excitation energy,
width (for a resonance), cross section in the center-of-mass sys-
tem, statistical significance calculated from the full spectrum.
In the lower part results from the **Ca(**0,'"C) reaction [14,
15], the in-beam ~4-ray spectroscopy in coincidence with the
'7C beam particles [20,21], and from the "B S-decay [22] are
shown (see SM-calculations for these states in sect. 4.2).

MC(™C,°C)"C (this work)
931.3 MeV, 0 = 3° — 7°
E. I'r do/df2 signif.
No. [MeV] [MeV] [nb/sr] [o]
1 0.00 — <10(5) -
2 (see lower part)
3 | 0314 - 50(30) 5.0
4 | 2.06(5) 0.25(10)  45(25) 3.8
5 | 3.10(2) 0.10(5)  300(20)  19.0
6 | 4.25(2) 0.14(8) 140(15)  17.0
7 | 6.20(3) 0.35(15)  110(15)  12.0
8 | 7.47(3) 0.58(10)  293(30)  13.8
9 | 8.85(5) 0.66(20)  220(30) 9.7
10 | 10.56(3) 0.30(10) 130(15)  12.2
11 | 11.71(5) 0.30(15)  72(15) 3.5
12 | 12.61(3) 0.45(20)  110(15) 5.5
13 | 13.70(5) 0.6(2)  160(20) 47
14 | (16.3(1)) 0.5(2)  73(20) 3.2
Other reactions:
(180’170) p+17c -y 17B ,B-decay)
[14,15] [20,21] [22]
E. [keV] | E, [keV] E. [MeV]
1 0.00 - -
2 - 210(5) -
3 | 295(20) 330(5) -
bl (2.25(2))
b2 2.64(2)
b3 3.82(5)

body background starts to rise at about 10 MeV excitation
energy and then remains almost flat up to the end of the
observed excitation energy range.

In the analysis of the full spectrum Breit-Wigner reso-
nances were introduced above E,= 0.73 MeV (the neutron
threshold). Positions, widths and normalizations were fit-
ted together with the normalizations of the three diffe-
rent background distributions. In total twelve states of
17C (state no. 3 - 14 in table 2) were identified. Their
excitation energies, widths, cross sections and statistical
significances are given in table 2 together with the results
from Nolen et al. [14] and Fifield et al. [15], which were
previously obtained in the *8Ca('®0,'7C)*Ti,, reaction,
from Stanoiu et al. [20] and Elekes et al. [21], and from the
7B B-decay [22]. We want to note at this place, that in our
previous reports [39,40] about 7C the values of excitation
energies were still preliminary and therefore slightly differ
in a few cases from the ones given in this final analysis.
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Fig. 4. (Color online) Spectrum of the *C(**N,">N)'3C re-
action measured at 216 MeV incident energy. Single-particle
states of '*C with known spectroscopic factors of S = 0.6 - 0.7
[34,42-45] are marked by the hatched areas. The strong differ-
ence between the cross sections of the 1d5/2 state at 3.85 MeV
and the 2s1/2 state at 3.09 MeV is obvious. Indicated assign-
ments are taken from [34,43].

4 Discussion

In this measurement the states of !7C are populated in
a direct three-neutron transfer reaction on MC. It is well
known, that *C has a rather inert structure in its ground
state. The neutron (1p) shell is closed, only about 8%
particle - hole admixtures are found in the *C(p,d) re-
action [41]. Therefore it is expected, that for the lower
lying states of !7C the three neutrons are built into the
next open orbits, ¥2s1/2 and v1d5/2. The corresponding
1/2* and 5/27 single-neutron states on the '*C core are
identified in *C as the ground state (1/27) and the first
excited state at 0.740 MeV (5/2%), respectively, with spec-
troscopic factors S close to one in both cases [37]. The
1d3/2 single-particle strength in !°C is located at higher
excitation energy: it is a very broad resonance in '5C at
4.78(10) MeV with a width of I'=1.74(40) MeV observed
only in the '*C(d,p) reaction [38], not in °Be("Li,p) [35]
and also not in 13C(t,p) [36] (we also do not observe it in
the 12C(12C,°C) reaction, see fig. 1).

In the following discussion about the structure and ten-
tative assignments of states we will use the well known
dependencies of cross sections in heavy-ion transfer reac-
tions on spin factors, angular momentum transfers and
the strength of the overlap integral between the scatter-
ing waves in the entrance and exit channels in a direct
3n-transfer. Due to the large negative Q-values, which we
are dealing with in the (*2C,°C) reaction (fig. 3), the wave
number of scattering waves in the exit channel is very
much decreased. Correspondingly the grazing angular mo-
menta L, ; are lowered with respect to the value in the
entrance channel, Ly, ;. As a result a strong mismatch of
the incoming and outgoing grazing waves occurs in the
radial integral, its value and therefore the cross section is
strongly reduced, especially for low-spin states. However,
the mismatch is partially compensated for final states with

large spins, since a large angular momentum transfer /4,
is allowed in such cases. This /-transfer helps to bridge the
large difference between Ly, ; and Lg, . A high angular
momentum is typically obtained for stretched configura-
tions (sect. 2.2), where the three neutron orbits are cou-
pled to the maximum spin. The statistical spin factors of
the transition amplitude are then also large and the cross
section is further increased (see, e.g., [46] for more de-
tails). The transfer of neutrons into =0 final states leads
to small cross sections, whereas these are much larger for
the transfer into /=2, j=5/2 orbits.

The spectrum of the 2C(14N, 13N)!3C one-neutron
transfer reaction (fig. 4) illustrates these effects. It shows
the single-particle states of 13C in the (sd)-shell as down-
ward hatched areas. The tremendous difference especially
between the cross sections of the 1/2% and 5/2% single-
particle states can be explained by the matching condi-
tions and spin factors, although the spectroscopic factors
are about the same [34,42] for the 1p1/2, 2s1/2, 1d5/2,
1d3/2 states, respectively. Therefore we can expect for
the three-neutron transfer, that final states with configu-
rations, where 1 - 2 neutrons were placed into the 2s1/2
shell, are very much suppressed, but they are strong with
2 - 3 neutrons in the 1d5/2 shell.

4.1 Comparison between '7C, '°C and '°C

As discussed in the previous section, reactions with large
negative Q-values favour the population of states with
stretched configurations and large spins. For example, in
the 12C(12C, °C)15C reaction [27] (Qo= —38.79 MeV) we
could assign in '>C the doublet at 6.84 MeV, 7.37 MeV as
9/27,7/27, respectively. The 9/2~ state has the stretched
configuration:  [¢1,(1p1/2) ® 2, ([1d5/2]%,4%)]9/27,
whereas for the 7/27 state the 1p1/2 neutron is coupled
anti-parallel to the 47 configuration. The cross section of
the 9/2~ state is a factor of about ten larger than the one
for the 7/2 state (table 1, columns 3 and 5).

A very similar coupling scheme occurs in *6C for the

5~ /4~ doublet at 8.92 MeV/9.42 MeV populated in the
13012, 2C)'8C reaction [27], with three neutrons trans-
ferred to the 1d5/2 shell. The stretched configuration is
obtained with the following coupling;:
[p1n(1p1/2) ® ¢3,([1d5/2]?,9/2F) ] 5~, and for the 4~
state the 1pl/2 neutron is coupled anti-parallel. In this
case the ratio of the cross sections for the 5~ /4~ doublet
is 3.6 [27] (fig. 5, central panel).

The *C('2C,°C) reaction has an even larger negative
Q-value, Qo= -46.930 MeV. According to the matching
rules the strongest low-lying peak observed in the '7C
spectrum should be identified with the stretched [(1d5/2)3]
9/2% configuration, without core excitations. There is only
one candidate: the peak at 3.10 MeV excitation energy.
The 9/2% assignment for this peak is supported by fur-
ther arguments as we will see later. In the following the
discussion is continued with a systematic comparison of
the observed levels in '7C, 1C and '°C populated in the
(12C,°C) three-neutron transfer reaction.
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Fig. 5. (Color online) Spectra of !"C (upper panel), 16C (cen-
tral panel) [27] and '°C (lower panel) obtained in the (*2C,°C)
three-neutron transfer reactions on *C, '*C and '2C, respec-
tively. The spectra of '°C and '5C are shifted in excitation
energy by -5.82 MeV and -6.65 MeV, respectively, relative to
the scale of the '“C spectrum (see sects. 2.2 and 4.5 for line
shapes). The lines connect the strongest corresponding states
(table 3) of the isotopes and indicate the regular behaviour of
the distances and strengths.

Most striking is the comparison of the spectra of !7C
and 'C as shown in fig. 5, upper and central panel, when
the strongest states of '"C and '®C with stretched (sd)?
neutron configurations, respectively, the 9/2F state in 17C
at 3.10 MeV and the 5~ state in '°C at 8.92 MeV, are
aligned to each other. The spectrum of '®C is shifted for

this comparison by 8.92 - 3.10 = 5.82 MeV. In total nine
pairs of states up to the excitation energy of 12 MeV (for
17C) are then simultaneously aligned (table 3). This com-
parison is limited at the high excitation energy side by
the end of the '6C spectrum. In fig. 5 the correspondence
is indicated by the vertical lines for the eight strongest
states. The excitation energies of '°C, after subtraction of
the constant value of 5.82 MeV, are given in table 3, line 4,
as E%7(16C). These values agree well with the excitation
energies of 17C. The maximum difference, JEZ/(16C) is
not larger than -0.17 MeV/+0.23 MeV for all the pairs in
this large excitation energy range.

This regular behaviour is obviously a clue for a com-
mon structure of the corresponding states. In fact, the 13C
core introduces for all the observed states of '®C, con-
sidered here in this comparison, only a common shift of
5.82 MeV -0.17/40.23 MeV. Then the interpretation, that
this common shift is due to the neutron 1p1/2 hole in the
14C core, is consistent with this observation. This must be
essentially the only difference of the structure. The three-
neutron configurations of the considered levels of '7C and
16C must be practically the same pairwise to obtain such
a high degree of consistency. The 3n-wave functions mod-
ify the core structures of '*C and '*C obviously very lit-
tle, particle-hole excitations of the cores seem to be weak.
This observation confirms the weak-coupling character of
the interaction between the core and the three-neutron
configurations populated by the direct transfer. This cha-
racter may change, when at higher excitation energies a
core excitation of the proton configuration to a 2% state
in the (1p) shell might occur in the corresponding states
of 17C and '9C. As already discussed, we expect smaller
cross sections for such second order processes, although
at high excitation energies they probably become more
important.

The correspondence between the states of 17C and 6C
continues also for the widths of the resonances, at least for
the pairs no. 2 - 6, the widths of both members are very
similar for these five pairs (table 3, lines 6 - 7).

This similarity of the widths is not simply explained by
the neutron thresholds in both isotopes, S, = 0.73 MeV
for 17C and S,, = 4.25 MeV for 6C. In the neutron de-
cay of resonances in 18C there is an about 2.3 MeV larger
decay energy available as compared to 7C. For example,
the maximum decay energies for the members of the pair
no. 3 are: (3.10 - 0.73) MeV = 2.37 MeV for '7C and
(8.92 - 4.25) MeV = 4.67 MeV for 1°C, the difference be-
ing 2.3 MeV. When in both cases the neutron decay would
lead to the ground state of the daughter nucleus, and assu-
ming the same (sd)? neutron configuration in both mem-
bers, a larger width should be expected for the °C reso-
nances due to the larger decay energies as compared to
17C. However, this is not observed. It is necessary to take
the parentage between the neutron configurations of the
(sd)? structure of the decaying state and the (sd)? struc-
ture of the final state in the daughter nucleus into account.
Since more information about the structure of the partici-
pating states is needed, we postpone a detailed discussion
to sect. 4.5. For the remaining higher-lying pairs (no. 7 - 9)
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Table 3. Comparison of excitation energies E,, widths I' and ratios of cross sections of nine excited states of '"C and
16C. The excitation energies E,(*5C) given in line 3 are compared to the ones of !C (line 2) by calculating the differen-
ces B4 = E, - 5.82 MeV and the deviations § E®/ = E, - 5.82 MeV - E,(}7C) from the '7C excitation energies. The widths
for the states of '“C (line 6) and '5C (line 7) are compared and the ratios of cross sections are given in line 8. In the lower
five lines the observed excitation energies of '5C are investigated in a similar way with E%f = E, - 6.65 MeV, and the widths
I'(**C) and ratios of cross sections do(**C)/do(*6C) are given. The excitation energies of the reference states in ’C, **C and

15C are marked as bold numbers.

Corresp. states, No. 1 2 3 4 5 6 7 8 9
E.('"C) [MeV] 0.31 206 3.10 425 620 747 885 10.56 11.71
E.('°C) [MeV] 6.11° 7.74 8.92 998 1185 13.12 1490 1644 174
B/ (1°C)=E.('°C)—5.82 [MeV] 029 192 310 416 6.03 730  9.08 1062 11.58
OB (16C)=EL/ (1°C)—E,("TC) [MeV]  -0.02 -0.14 +0.00 -0.09 -0.17 -0.17 +0.23 +0.06  -0.13
(') [MeV] - 025 010 014 035 058 066 030  0.30
r('®C) [MeV] <0.03 0.20 <0.10 0.12 0.22 0.40 0.30 0.15 0.20
do(**C)/da('7C) - 2.9 2.1 2.7 3.2 1.5 0.6 1.3 1.6
E.(*°C) [MeV] (6.35) 845 9.75 11.05  13.1 1457 160  17.8  19.0
E$/ (1°C)=E,('°C)—6.65 [MeV] (-0.30)  1.80 3.10  4.40 6.45 7.92 9.35 11.15  12.35
SEI(PC)=ELS (Y°C)~E,(""C) [MeV]  (-0.63) -0.30 +0.00 0.15 +0.25 +0.45 +0.50 +0.59 +40.64
r(**C) [MeV] - 0.08 0.0 0.0 030 0.13 030 050 (1.0)
do(**C)/da(**C) - 2.6 1.4 1.6 2.3 1.6 2.3 2.7 -

® The *®C state at 6.11 MeV is observed in '*C(t,p) reactions [24,26].

the widths of the '8C resonances are even always smaller
than for the partner resonances in '”C by about a factor
of two.

A systematic behaviour is also observed in the ratio of
cross sections do(16C)/da(17C) for the pairs no. 2 - 6 (ta-
ble 3, line 8). The first four pairs have an almost constant
ratio of roughly 2.7 and the next pair of 1.5. Then, at
higher excitation energies, the ratio decreases for the next
pair to 0.6, but rises again to 1.6 at the end. The nearly
constant ratio up to the pair no. 6 is shortly discussed in
the following in a qualitative way. Again this observation
may be understood on the basis of the same structure of
the members of a pair with one strong [(sd)3]j™ configu-
ration. The angular momentum dependent factors in the
three-neutron transfer reaction are then the same for the
members (except for the coupling to the core) and they
drop out in the ratio of the cross sections.

The dynamical matching conditions affect the cross
section also in a comparable way. Besides the effect of the
angular momentum matching [31] the dependence on the
linear momentum transfer and total Q-value of the com-
pared reactions has to be considered. The ground state
Q-values are different, -46.93 MeV, -39.48 MeV and -38.79
MeV for '7C, 'C and '°C, respectively. However, when Q-
values for the corresponding states are compared, they are
almost equal. For example, for the three states in 17C, 1C
and 1°C at 2.06 MeV, 7.74 MeV, 8.45 MeV (no. 2, table 3),
the Q-values are -48.99 MeV, -47.22 MeV, -47.25 MeV, re-
spectively. This means, that their total binding energy is
approximately equal. Then also the grazing angular mo-
menta in the exit channels, which are relevant for the
dynamical matching conditions, are approximately equal

for the three members and vary in a systematic way in
dependence on the excitation energy.

The correspondence of states is further extended to
15C as indicated in fig. 5 by the (red) lines. Here the states
between 8.45 MeV and 19.0 MeV excitation energy are
considered. At the beginning of the sequence the partner
to the 6.11 MeV state of 1°C is not clearly identified in
15C. It might be the weak state at 6.35 MeV, which was as-
signed (5/2%7— 9/2%) [34], it is therefore listed in brackets
in table 3, line 9. Beyond the highest-lying member of this
group at 19.0 MeV, no further state is observed in the 1°C
spectrum up to 26 MeV. The excitation energies are com-
pared in detail in the lower part of table 3 to those of 17C
by subtracting the constant value of 6.65 MeV. Here the
differences show a systematic trend from -0.30 MeV at the
lowest-lying identified state at 8.45 MeV to +0.64 MeV at
the highest-lying state of 19.0 MeV (table 3, line 11). The
connecting lines between the spectra of '°C and '6C are
not parallel anymore as this was the case for 1C and '7C.

The strongest peak in the 1° C-spectrum above the well
known state at 6.84 MeV, which has a neutron 2p-1h
structure, is found at 9.75 MeV. It clearly corresponds to
the strongest peak in the °C spectrum (above 5 MeV)
at 8.92 MeV and in the !7C spectrum to the state at
3.10 MeV, which both have a stretched [(1d5/2)3] 9/27F
configuration. In ¢C the additional spin of the v1p1/2
hole of the '3C core couples to the final value J*™= 5~ in
the stretched configuration. For the !°C state at 9.75 MeV
we conclude from the correspondence in excitation energy
and strength to the strongest states of 'C and '7C, that
also this state has a stretched [(1d5/2)3] 9/2% configura-
tion, and it is assigned tentatively as J™= (9/27).
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Table 4. Comparison of the structure of states of 1*C, **C and '"C observed in the three-neutron stripping reaction (}2C,°C)
on 12C, 13C, and *C, respectively, at 231 MeV and comparison of experimental with SM-results for 1’C and °O calculated with
the code Oxbash [47]. The following entries are shown in the table from left to right: tentative spin-parities J* and experimental
excitation energies E, of '°C states observed in this work, spin-parities (most are assigned tentatively) and experimental
excitation energies of 'C states, experimental excitation energies and spin-parities for '"C states (tentative assignments, see
text), SM-calculations for '“C, known levels of '?O, which correspond by their excitation energies and SM-structure to '”C
states, and theoretical excitation energies of 'O from Oxbash-calculation. For the SM-calculations of '"C five columns are
given: J, excitation energies E;, and the distribution of neutrons over the three j-levels 1d5/2, 2s1/2, 1d3/2 for each state (see
also fig. 6). Bold printed excitation energies correspond to strong states. Excitation energies E, are given in units of MeV.

15C 160 17C 17C 190
exp.” exp. [27] exp.” cale.” exp. [48] calc.”/
No. J" E} Jr E. E. T J* B, 1df 2sf 14| J” E. E.
0.00 2T 3+ 000 23 05 02 ] 2T 0096 029
0217 (17) ;¥ 031 1.8 10 02 | 3T 147 157
| E-Ht 635 (37) 6.11°¢ | 0.31%% 3+ st002 23 05 02| 2t 000 000
§+ 206 16 13 0.1 g* 471 529
it 259 19 09 02| £t 278 3.07
2 | (3*-IT) 845 | (1747) 7.4 206 (3T Ity | 3t 279 21 04 05 | 3T 3.07 342
3 (21 9.75 5” 8.92 | 3.10 3% 2t 8.00 24 03 03| 2T 237 259
(47) 9.42
4 | (5*-2t) 1105 | (37,57) 9.98 | 425 (¥t-2F)| 2t 411 17 1.0 03 | 2t 315 317
%* 478 21 07 02 |21 538 532
I+ 497 1.9 03 08 | (£7) 6.54
(27,47) 10.39
§+ 432 15 09 0.6 §+ 411  5.04
sTo478 12 07 11 | (51) 6.41
11.8 11.08
5 (1) 13.1 (37) 11.85 | 6.20 (31) §+ 6.68 2.0 02 08 (§+) 7.10
st 612 14 06 1.0 | 37 554
(2*F, 1) 138 | (27-47) 1254 §+ 630 14 05 1.1
I+ 744 16 06 0.8
4714 11 11 08
6 (3%) 14557 | (67,57) 13.12 | 7.47 (L) U+ 6.84 2.0 01 09 | I 647 711
7 16.0 14.90 | 8.85 §+ 861 1.7 04 009
?+ 927 16 07 0.7
it 939 1.7 04 09
8 17.8 16.44 | 10.56 L+ 1017 2.8 00 0.2
9 19.0 174 | 11.71
12.61
13.70
(16.3)

“ this work ° up to 11.8 MeV also from [34] ©[16,19] ¢[14,15,20,21] and table 2 ©[24,26] / seealso [49] ¢ v(1d3)*@m2"

To summarize this section we conclude from the ex-
tremely regular behaviour of the level distances for 17C
and '9C over the energy range of more than 11 MeV, even
with a comparable population profile, that the correspon-
ding states must have very similar three-neutron configu-
rations coupled to the '*C and '>C cores, respectively.
This conclusion can be extended also to the discussed

states of 1°C: the tentative spin-parity assignments can
be continued for the corresponding observed states from
17C and '8C to '5C, once the assignments have been made
for '7C. We will use this argument later for the interpreta-
tion of the measured partial angular distributions of 3C
states, where explicit configurations have to be used in the
coupled channel calculations.
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4.2 Shell model calculations for '"C and comparison to
190

Shell model (SM) calculations had been performed al-
ready for the three lowest-lying states of '"C by Warbur-
ton and Millener [16], which restricted the spin assignment
for the ground state "model independent” to the values
1/2%, 3/2%. Later Ogawa et al. [19] used SM-calculations
to compare the experimental g-factor of '"C from their
measurement to calculated g-factors of different configu-
rations. In this way they could restrict the assignment for
the ground state to 3/2% by excluding 1/27.

We performed in this study shell model calculations for
17C up to about 10 MeV excitation energy. The observa-
tions discussed in the preceeding section strongly indicate,
that according to the actual reaction conditions essentially
(sd)? structures are populated on a core of **C. This core
has a closed (1p) neutron shell with only small contribu-
tions from ground state correlations.

The latter aspect is very advantageous for theoreti-
cal investigations of the [(sd)>® core] structures popu-
lated by the (2C,°C) reaction in '7C. The same [(sd)’®
core] structures are also populated in 6C and 5C, where
such a clear situation is not expected due to the hole-
configurations in the neutron (1p) shell. In this approach
we have also performed SM-calculations for !?O, and we
will compare the '"C levels to the known levels of '°0,
which should have about the same (sd)?® structures on a
core of 150 with a closed (1p) shell for neutrons and pro-
tons.

The SM-calculations have been restricted by the fol-
lowing conditions:

(1) for neutrons only (sd)?. configurations are included,
(2) core excitations from the (1p) to the (sd) shell are for
neutrons very weak and have been neglected (the neutron
(1p) shell is closed),

(3) core excitations for protons are allowed within the (1p)
shell: 721 states coupled from the one- or two-proton ex-
citations to the 1p1/2 shell (the lowest state is located at
7.01 MeV in 4C), and 70" states from two-proton exci-
tations. Proton excitations from the (1p) to the (sd) shell
have not been included.

Odd parity states are not obtained for '7C within these
conditions. Excitations to the (fp) shell are not considered
here, because this would require calculations with a very
large configuration space including the three major shells
(1p), (2s1d), (1f2p). Such extended SM-calculations are
beyond the scope of the present paper.

The SM-calculations have been performed using the
code OXBASH [47] with the ’psdpn’ model space and
single-particle energies and with the ’psdmwkpn’ interac-
tion [12]. In the calculations for '"C we checked in a few
test cases the effect of (2p-2h) excitations from the neutron
1p1/2-shell to the (sd)-shell. We found that such contribu-
tions were very small, and in the further work the neutron
(1p) shell was assumed to be closed.

The results of the SM-calculations for 17C are given
in table 4 together with the experimental results, and the
corresponding level diagram is shown in fig. 6. The com-
plete set of levels calculated according to the conditions

Table 5. States of "C with an ezcited proton configuration
within the (1p) shell obtained in the SM-calculations up to
10.2 MeV excitation energy. The final spin J™ is coupled from
72T ®vj™. These states (except 13/2%) are not listed in table 4
and are also not shown in fig. 6. Proton occupancies are given
in the (1p) shell and neutron occupancies in the (sd)-shell.

T E. | #[(ip)2" V()]
[MeV] | 3/2~ 1/27 | v5/2T w1/2T w3/27
/27 7.44 ] 301 0.95 2.3 0.4 0.3
9.92 | 3.00 1.00 2.4 0.4 0.2
3/2% 816 | 311 0.86 2.2 0.5 0.3
934 | 3.08 0.88 1.9 0.8 0.3
5/2% 850 | 3.08 0.88 1.7 1.0 0.3
885 | 3.22 0.74 L7 0.7 0.6
9.05 | 3.00 0.97 2.2 0.5 0.3
7/2t 610 | 3.05 0.91 2.0 0.6 0.4
9.01 | 3.12 085 2.0 0.6 0.4
9.68 | 291 1.06 2.0 0.8 0.2
9/2% 756 | 3.02 0.95 2.3 0.5 0.2
9.68 | 3.02 0.95 1.9 0.9 0.2
11/2% 950 | 293 1.04 2.1 0.7 0.2
13/2% 1017 | 294 1.03 2.8 0.0 0.2

(1) - (3) is given up to 9.5 MeV excitation energy in ta-
ble 4. In addition the lowest lying 13/2% state at 10.17
MeV has been included, which requires a 2 excitation of
the proton configuration.

In table 4 the list of excitation energies obtained from
the SM-calculations follow the order of experimental ex-
citation energies of 17C (as far as available, including our
results), taking already tentative spin assignments into ac-
count. Experimental excitation energies for levels of °O
with known spins and even parity [48] are given in the
second last column of table 4 and in the last column the
result from the SM-calculations. These are ordered accord-
ing to the same configurations as obtained for !”C. In fig. 6
the states of 1?0 are connected by lines with those of 7C,
when the calculated occupancies in the three neutron sub-
shells agree within £0.2 units (with two exceptions: the
lowest-lying 5/2% and 9/2% states, see below).

The neutron configurations in '7C with (sd)? (3p-Oh)
structure couple to spins in the range from 1/2 to 11/2 and
positive parity. In the weak coupling picture these configu-
rations should be found in 1?0 at low excitation energies,
since 120 has three neutrons outside the closed-shell °O
core. Warburton [49] identified in SM-calculations, within
the excitation energy range up to about 5.3 MeV for the
experimentally known states of 0, those states, which
have an (sd)? (3p-Oh) structure (10 states). These are all
reproduced in our calculations for %0, in agreement also
with the experimental spin assignments given in [48] (see
table 4, the 10 states for 2O below 5.4 MeV).

The occupancies of the SM-orbits 1d5/2, 2s1/2, 1d3/2
are given in table 4 explicitely for each state. Except for
the lowest-lying 5/2% and 9/27%states, where the occu-
pancy of the 1d5/2 shell is larger in 'O by 0.4 units
compared to '7C, and for the 3/2% states at 4.32 MeV
in 17C and 5.04 MeV in 20, all the entries in table 4 up
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(16.3)
EXPER. EXPER. EXPER. OXBASH EXPER.
13.70
190 12.61
17.4 1171 2n |
17.8
_|16.44 ~ |1056
— 10.17 13/2*
9.39 712t
16.0 9/2t
14.90 8.85 9.27 53 32t
9/2
14.57 (a1/2*) 8.61 gos| 25+
7.47 (a1/2%) 7.44| 712t
13.8 3/2t 7/2+) — |13.12 6)6) —— T 7141 3/2++
12.54 (2 -4) o8l LUz )
13.1 (512%) ' an | 620 5ty | 668 g a0] 53¢ 6.47 (712-11/2;
——JAL85 Gl — - 6.12] 3/2F 5.54 3/0*
11.08 538 — {92
" 10.39 2wy 2" R ) e - 542025
11.05 (5/2- 9/2)" 9.98 Eé %ES J o faas (5/2,7/2.912)" " | 432 Y12 411 +
e ~— 1382 I s : 3/2
9.42 (47 411 5/2F "~ 1n+ 15 .
9.75 (9124 9.10 (47) ~---_]3.10 92t 3.00 92t e =122
2n 8.92 57 564 I 3/2*\/ﬂ 2.787/2%
32t72t) 2" 7.74 -4y  fe--- 225 __——=="""1259 7127 L o2+
8.45 (CZAN/F0 N 2.06 (@12"712*) 2.06 5/2 La7 Ut
7.37 712- in-| .
6.84 9/2” _jeil @)y 031 021 52" | 90p00.31)1/2° 0.096 3/t
+ e I N sl RSP + E— = — —
6.35 ®25---", | 0.00 a/2r ) 000 32752 0.00 5/2*
15 16 17 17, 19
C in| 414 4t C C C O

Fig. 6. (Color online) Comparison of experimental level schemes of '”C (this work and [14,15,20-22]), '°O [48], '5C ([27] and
refs. therein), 13C (this work and [34]), and SM-calculations for !”C using the code Oxbash [47] for neutron (sd)? configurations
(see also tables 4, 5, 6). The experimental level scheme of '°C is shifted by 5.82 MeV to align the 5~ state at 8.92 MeV to the
9/2% state of !"C at 3.10 MeV, and the level scheme of '*C is shifted up by 6.65 MeV for the corresponding alignment of the
9.75 MeV state to the same state of '7C. In the level scheme of '°O only states with even parity are shown, and the state at
6.47 MeV. Neutron thresholds are indicated on the left of the experimental level schemes.

to 9 MeV shown for !7C also have about the same val-
ues of occupancies for °0Q, with differences only up to 0.2
neutrons in any of the three shells. Therefore these occu-
pancies are not repeated for 1?0 in table 4. At even higher
excitation energies the agreement of occupancies is not as
perfect, but the parentage of configurations in both nuclei
can still be recognized.

In the three-neutron transfer reaction the cross sec-
tions for populating v(sd)? configurations in combination
with one-proton core excitations to 72 configurations are
expected to be strongly reduced due to the higher-order
process. Therefore the states with such configurations are
listed separately in table 5. One can see, that these states
appear only above 7.3 MeV (one exception: a 7/27 state
at 6.10 MeV). In general, the inclusion of configuration
mixing in the proton (1p) shell to the amount of typically
30-50% was important for all states to improve the agree-
ment between experimental and calculated level energies
(see condition (3)).

We want to discuss now details of the results from the
shell model calculations. The calculated sequence of the
3/2] state as the ground state of !7C and then the 5/2
state reproduces the experimental order of these states
(fig. 6). The reversed order in ?O obtained in [49] is also
in agreement with the experimental data [48].

The 1/2] state in 12O calculated at an excitation energy
of 1.57 MeV (experimental value: 1.47 MeV [48]) is shifted
down by about 1.2 MeV in '"C and appears at 0.31 MeV
in the calculation, but experimentally it has not yet been
clearly identified. The data obtained recently in the in-
beam 7-spectroscopy of 7C [20,21] show besides a strong
line at 0.330(5) MeV, which corresponds to the excitation
energy of the 5/2] state, a weak v-line at 0.210(5) MeV,
which results most probably from the y-decay of the 1/2;]
state to the ground state.

The excitation energy of the 5/2; state found in the

latter measurements is located at slightly higher energy
(0.330(5) MeV) as compared to the value observed by
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Nolen et al. at 0.292(20) MeV [14], and Fifield et al. [15] at
0.295(10) MeV. We observe this state at 0.31(4) MeV and
will continue to use this value for the 5/2 state. From
our measurement a tentative (1/2%) assignment for this
state can be excluded by the argument, that the reaction
mechanism would suppress a state with such a low spin
and strong 2s1/2 component (table 4).

The next higher-lying state obtained in the SM cal-
culations, which is located at an excitation energy of 2.06
MeV, has the strongest occupancy of the 2s1/2 shell (67%)
of all states of the present calculations. An extremely small
cross section can be expected for this configuration, and
we assume, that this state is not observed in the (2C,°C)
reaction on '*C. The state no. 2 in table 4 observed at 2.06
MeV should therefore not be identified with this SM-state.

The calculated states of 17C between 2.5 MeV and
5.0 MeV have relatively strong two-neutron (1d5/2)? terms,
except the 3/27 state at 4.32 MeV and the 1/2% state at
4.78 MeV. At higher excitation energies up to about 10
MeV this strong 1d5/2 occupancy decreases on the av-
erage. In the region above 4.7 MeV the 1d3/2 shell has
an increased occupancy of about one neutron in this shell
for most of the states. The 1d3/2 single-particle strength
is well known from !°C as a broad 3/2% resonance at
4.78 MeV [38]. In '7C the main strength is obviously lo-
cated at slightly higher excitation energies.

The occupancies of the 2s1/2 shell are distributed over
the full range of calculated excitation energies, with fluctu-
ations between 0.1 and 1.1 units. The maximum is reached
for the pair of 5/2% states in '"C and 'O at 2.06 MeV
and 5.29 MeV, respectively, with 1.3 neutrons in the 2s1/2
shell, which is equivalent to a very strong [(2s1/2)7,®
(1d5/2)]5/2+ component in the wave function. The state
in "0 may be identified with one of the close-lying o0b-
served 5/2% states at 4.71 MeV and 5.15 MeV [48]. These
5/2% states have in 17C and ?0O identical occupancies in
all three shells, but the excitation energy calculated for
17C is much lower. It seems to be a general feature, that
the excitation energies of states with strong 2s1/2 confi-
gurations are shifted down in energy going from 'O to
17C. This is true for example for the pair of the first 1/2%
states in 70O and '"C and for most of the pairs of states,
which show this behaviour in the calculated diagrams in
fig. 6.

It is interesting to understand from the SM-calculations
more details about the structure of low-lying states of
17C, i.e., about configuration mizing. In table 6 the de-
tailed structure of the lowest-lying state for each spin-
parity from 1/2% to 11/27% is given. The occupancies of the
neutron 1d5/2, 2s1/2, 1d3/2 shells are shown explicitely
for the main three-neutron coupling terms in combination
with the proton configurations. The latter are denoted by
74, 73, 72 characterizing the number of 1p3/2 protons in
the wave function. For all states in table 6 the 74 confi-
guration is by far the strongest with about 70% contri-
bution, whereas the 2% excitation (73) varies only from
9.4% to 14.2% and the contribution from the two-proton
excitations to the 1p1/2 shell (72) is always smaller than

H.G. Bohlen, R. Kalpakchieva, et al.: Spectroscopy of *7C and (sd)® structures in heavy carbon isotopes

Table 6. Shell model configurations for the lowest lying
states of !7C with spins and even parity J™ obtained in SM-
calculations using the code Oxbash [47]. The three-neutron
configurations are specified in column 5 by the percentage of
the different terms contributing to the configurations of the
state with occupation numbers in the three shells 1d5/2 (co-
lumn 6), 2s1/2 (column 7) and 1d3/2 (column 8). In column
3 the proton part of these terms are denoted by w4, 73, 72
for the configurations m(1p3/2),+, m[(1p3/2)*(1p1/2)'],+ and
n[(1p3/2)*(1p1/2)*]o+, respectively, and their percentage is
given in column 4 as the sum of the corresponding neutron
configurations in column 5.

J7 Eeale protons neutrons, occupancy
[MeV] (%] | [%] 1d5/2 2s1/2 1d3/2
17 0312 [ 74 721 65.0 2 1
5.4 1 2
1.7 1 1 1
™ 123 [ 9.9 2 I
2.4 3
72 10.3 [ 10.3 2 1
370000 [ 74 704 | s52.2 3
30.7 2 1
2.0 2 1
5.5 1 1 1
™ 96| 56 3
4.0 2 1
™2 104 [ 58 3
4.6 2 1
5T 0020 [ md4 742 | 47.2 3
18.8 1 2
5.0 1 2
3.2 2 1
™ 94| 53 3
1.9 2 1
2.2 2 1
2 101 [ 80 3
2.1 1 2
IF 2588 |74 769 | 65.2 2 1
7.4 1 1 1
3.1 2 1
1.2 1 2
™3 101 [ 28 3
15 1 2
™ 82 [ 82 2 1
57 2905 [ w4 726 | 389.0 3
15.7 2 1
10.0 1 1 1
7.9 2 1
™ 13.0 [ 6.1 3
2.3 2 1
2.1 1 1 1
2.5 2 1
2 114 [ 6.2 3
2.2 2 1
1.5 1 1 1
1.5 2 1
T 6840 | 74 676 | 67.6 2 1
™3 142 [ 9.1 2 I
2.7 2 1
2.4 1 1 1
w2 94 [ 94 2 1
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11.5%. But with increasing excitation energies also the
percentage of core excitations increases.

A single dominant configuration of neutrons is obtained
in the cases of the lowest-lying states of spins 1/2%, 7/2%
and 11/2% (table 6). These three states have a relatively
simple structure, where the main term has a strength
of 65%: no proton core excitation (74), two neutrons in
the 1d5/2 shell coupled to 0T, 4T and 47, respectively,
and the third neutron in the 2s1/2 shell for the two for-
mer states and in the 1d3/2 shell in the latter case to
couple to the final spins 1/2%, 7/2% and 11/27, respec-
tively. The configurations are: [(1d5/2)3, ®(251/2)]; 2+,
[(1d5/2)34 ©(251/2)]7 2+, [(1d5/2)3, @(1d3/2)]11 2+

As pointed out already, the spin 11/2 can be reached
with three neutrons in the (sd)-shell only by this coupling,
other configurations without proton core excitations do
not exist in that case. For the second 11/27% state it turns
out, that the core excited [72% ® 19/2%]; 5+ configura-
tion has a strength of almost 90%. Such a strong core exci-
tation shifts the excitation energy higher up to 9.50 MeV
(table 5).

For the lowest 5/2% and 9/2% states a clear domi-
nance of the (1d5/2)® configuration is found (table 6),
in the former case with a [(1d5/2)2,® (1d5/2)]5/2+ confi-
guration (47%) and in the latter case with the stretched
(1d5/2)3 5+ configuration (39%). The next largest terms

include the 2s1/2 shell: the [(2s1/2)7,®(1d5/2)]5/2+ con-
figuration with 18.8% for the 5/2% state, and for the 9/2%
state with two terms, 15.7% for [(1d5/2)},® (251/2)] o+
and 10% for [(1d5/2®1d3/2)4+® (251/2)]g/2+. At higher
excitation energies terms with the 1d3/2 shell become
stronger.

Most interesting is the detailed structure of the 7C
ground state as a result of the SM-calculation. As one can
see from table 6, the 3/2] state receives only very small
contributions from the 1d3/2 shell, about 7.5%. The main
components are coupled from the 1d5/2 and 2s1/2 shells

with about equal strengths: 32% for the (1d5/2)§/2Jr com-

ponent, and 31% for the equivalent couplings [(1d5/2)3,
® (251/2) Jz/2+ and [(1d5/2®2s1/2)2+ ® (1d5/2) ]3/2+.
This result has been obtained already in [6]. In these
terms two of the three neutrons have to be coupled to
2+, which implies a strong quadrupole deformation (in
the (1d5/2)§/2+ term also the coupling of two neutrons

to 47 is possible). In 6C the corresponding 2%+ states
with these configurations are identified at 1.77 MeV and
3.98 MeV, and the 471 state at 4.14 MeV [25]. The next
terms with proton core excitations (table 6) add about
10% more strength to both neutron configurations. These
SM-results for the '7C ground state are in very good agree-
ment with the experimental results obtained from one-
neutron-removal reactions measured in coincidence with
y-transitions in 'C by Maddalena et al. [6] and Datta
Pramanik et al. [7].

Finally we want to discuss shortly »(4p-1h) structures
of odd parity in !7C and corresponding v(2p-1h) struc-

tures in 1°C. The former could be populated in the 1 C(12C,

9C)'7C reaction only by a second-order process via the

v(1p-1h) core excitations of '*C, whereas the latter are
directly accessible in the 3n-transfer on '2C. However, the
lowest-lying odd-parity states in '°C with this structure,
which are located at 3.103 MeV (1/27), 4.22 MeV (5/27)
and 4.66 MeV (3/27), are extremely weakly populated
(fig. 1, lower and upper panels). Then the structures in
7C must be populated even with smaller strength due to
the required higher-order process of the core excitation.
We performed SM-calculations for states of '7C with
odd parity and obtained excitation energies and spins for
the three lowest-lying states of 2.47 MeV, 1/27; 3.77 MeV,
5/27; and 4.52 MeV, 3/27. These states have indeed a
v(4p-1h) structure with a hole in the 1p1/2 neutron shell,
and they correspond most probably to the three states
observed in the 3-decay of !B [22] (see sect. 1 and table 2,
lower part). Therefore we suggest the following tentative
assignments for the observed states [22]:
(2.25MeV), (1/27); 2.64 MeV, (5/27); 3.82 MeV, (3/27).

4.3 Discussion of assignments for !7C (and '°C)

In this section we want to summarize the tentative assign-
ments for the resonances observed in the '"C spectrum
using arguments from:

(i) the sensitivity of cross sections on dynamical matching
conditions for specific configurations in combination with
results from SM-calculations;

(ii) the systematic agreement of excitation energies be-
tween the observed states of 17C, 16C and >C (except a
constant shift) and of further properties of these states;
(iii) the information from the comparison of O and 17C
taking experimental data and SM-calculations into ac-
count.

Since we observe a strong correlation between the states
of 17C and '6C in several respects, we will include also
the corresponding '¢C states in the discussion for the
assignments. In principle, for every state of '7C with a
(sd)? (3p-Oh) configuration there exists in °C a doublet
of states with a (3p-1h) configuration, where the neutron
1p1/2-hole in the '*C core couples with parallel and anti-
parallel orientation to the spin of the (sd)® configuration.
The parallel spin coupling to J,,,4, is much more favoured
by the dynamical matching conditions compared to the
anti-parallel coupling. Therefore only the state and as-
signment with parallel coupling is discussed (see details
also in [27]).

0.00 MeV, 3/2%, (not observed in this reaction)

The structure of the ground state of '7C has been dis-
cussed already in the previous subsection and in connec-
tion with table 6. Only a small cross section is expected
due to the anti-parallel coupling between the °C(27%) core
and the 2s1/2 or 1d5/2 neutron. A peak could not be iden-
tified in the spectrum.

0.21 MeV, (1/2%), (not observed in this reaction)

In the in-beam ~y-spectroscopy of '7C two 7-lines were
found [20,21]: a weak line at 0.210(5) MeV and a strong
line at 0.330(5) MeV. The latter is identified as the strong
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state at 0.292(10) MeV in refs. [14,15] and at 0.31(4) MeV
in our data. In the region of particle-stable states three
states are expected from SM-calculations, their spins and
parities are 1/2%, 3/2%, 5/2%. Since the latter two assign-
ments are given to the 7C ground state and the 0.31 MeV
state, respectively, only this state at 0.21 MeV remains for
the tentative 1/2% assignment. In the ('>C,?C) reaction a
very small cross section is expected for a 1/27 state and, in
fact, it is not observed. A corresponding weak peak would
be hidden in any case in the tail of the stronger peak of
the 5/2% state at 0.31 MeV.

0.81 MeV, 5/2

This state is the third particle-stable state of 17C (be-
sides the ground state and the 0.21 MeV state), all other
states at higher excitation energies are lying above the
neutron threshold (S,= 0.73 MeV) and are therefore un-
bound. The strength of the peak in our spectrum indi-
cates a strong population of 1d5/2 orbits by the trans-
ferred neutrons. However, the 0.31 MeV state is not the
strongest state in the spectrum (this would have been a
signature for a stretched (1d5/2)g/2Jr configuration in this

reaction). Therefore we expect a coupling to a lower spin,
5/2%. Other reactions [14,15], where 17C is detected as
outgoing particle and therefore only bound states can be
observed, also find a strong state at about the same exci-
tation energy (table 2). The shell model predicts (besides
the 3/2% ground state and a 1/2% state at 0.31 MeV) the
lowest-lying 5/2% state at 0.02 MeV, which has a domi-
nant (1d5/2)g/2+ configuration. The corresponding 5/2%
state in 1?0 is the ground state. These arguments support
the 5/2% assignment of this state.

The corresponding partner state in 6C (table 3) is
most probably the state at 6.11 MeV observed by Fortune
et al. [24] and Sercely et al. [26] with tentative assignments
of (2%, 37, 4T). From our results we would restrict this to
(37), with an aligned coupling of the corresponding 5/27F
state of '7C and the 1/2~ spin of the '3C, ;. core.

2.06 MeV, (3/2%,7/2%)

Using the results of the SM-calculations as a guide
line at low excitation energies there are only two possi-
ble assignments for this state. These are the 7/2% and
3/2% SM-states at 2.59 MeV and 2.79 MeV, respectively.
A further 5/27 SM-state at 2.06 MeV is expected to be
"invisible” in our reaction due to its very large (2s1/2)?
component in the wave function. The corresponding state
in 190 with the same calculated (sd)? structure is located
at much higher excitation energy (experiment: 4.71 MeV,
calculation: 5.29 MeV), whereas the 7/2% and 3/27 states
arelocated in 1?0 at 2.78 MeV and 3.07 MeV, respectively.
A tentative assignment of (3/2%, 7/2%) is therefore given
to this state.

In 'C the corresponding partner state is found ex-
perimentally at 7.74 MeV (tables 3, 4, and ref. [27]). The
coupling of the (3/2%, 7/2%) configurations discussed for
17C to the 1/2~ ground state of '2C allows a range of pos-
sible spin assignments from 1~ to 4~. In ref. [27] coupled-
channel calculations have been performed for partial an-

gular distributions assuming assignments of 17, 2~ and
37, and a preference for 3~ was deduced. We include also
4~ for a tentative assignment of this state, based on the
parallel coupling of the 7/2% configuration to the 1/2~
13C, ,. core.

g.s.

3.10 MeV, 9/2+

The 9/2 assignment of this state is based on several
arguments. First of all the peak has the largest cross sec-
tion in the spectrum, which indicates clearly a stretched
three-neutron (1d5/2)? configuration. We recall that for
the same reason the 8.92 MeV state in 1C had been as-
signed as 5~ [27]. Second, the SM-calculations predict the
lowest 9/2% state in 17C at 3.00 MeV, almost at the ex-
perimental value. Third, in '?O the theoretical and ex-
perimental values of the lowest 9/27 state are found at
2.59 MeV and 2.37 MeV, respectively, which is also in
very good agreement.

4.25 MeV, (5/27, 7/27, 9/27)

This narrow and well separated state is difficult to as-
sign only from arguments deduced from the SM-calcula-
tions. Three SM-states with the spins and even parity
5/2F (4.11 MeV), 7/2% (4.97 MeV), 9/2% (4.78 MeV) can
be taken into account, with a preference for the higher spin
states with strong (1d) shell occupancies. In O states
with corresponding structure are observed at 3.15 MeV
for the 5/2% and at 5.38 MeV for the 9/2% states. The
latter state is assigned (9/2 - 13/2) in the literature [48].

The corresponding state in °C at 9.98 MeV receives
in this case the tentative assignments (37, 57), and the
10.39 MeV state, which is the anti-parallel coupling part-
ner in 19C, the values (27, 47).

6.20 MeV, (5/2%)

There is a gap of almost 2 MeV between this state and
the closest lower-lying state, which seems to be related
to a change in the structure. In fact, the SM-calculations
show now a much stronger occupancy of the 1d3/2 shell
with about one neutron on the average (table 4). This is
true for a number of states in this region up to the spin
11/2. According to the smaller observed cross section we
suggest an assignment of (5/27). From the two 5/27 states
in the region around 6.20 MeV the state at 6.68 MeV
is the best candidate, because it has occupancies of two
neutrons are in the 1d5/2 shell and almost one neutron in
the 1d3/2 shell, whereas the SM 5/2% state at 6.68 MeV
has much less strength in the 1d5/2 shell. The state in 1?0
with approximately the same SM-configuration is found at
7.10 MeV (fig. 6).

The cross sections of the corresponding doublet in '6C
at 11.85 MeV and 12.54 MeV differ by a factor of three
[27], which emphasizes again the importance of the correct
choice for the configurations of these states. The 11.85 MeV
state is therefore tentatively assigned as (37) with the
parallel spin coupling (5/2*®1/27), and the 12.54 MeV
state as (27), because it may be the coupling member of
the latter configuration with anti-parallel spin orientation.
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747 MeV, (11/2%)

This strong resonance has the second largest cross sec-
tion (table 2) observed in the 17C spectrum (fig. 5), it
must have a stretched configuration with high spin. It is
also situated within the region of states, where the SM-
calculations predict a strong contribution of the 1d3/2
shell. The (1d5/2)3,® (1d3/2)" configuration allows for
a maximum spin of 11/2%. In the SM-calculations the
lowest-lying 11/2% state is predicted at 6.84 MeV (ta-
ble 4), not far from the experimental excitation energy.
All these arguments favour a tentative assignment of this
state as (11/2%). In 'O the first 11/2% state is found in
the present SM-calculations at 7.11 MeV, and the (7/2 -
11/2) assignment of a state at 6.47 MeV observed in the
13C("Li,p)'?0 reaction [50] is in agreement with this. In
16C the coupling of the 1/27 core to the stretched 11/2%
configuration results in tentative assignments (6, 5) for
the corresponding state at 13.12 MeV.

8.85 MeV

For the assignment of this state only arguments de-
duced from cross sections and from the comparison of ex-
perimental excitation energies to the results of the SM-
calculations can be used. We assume that at these higher
excitation energies only states with higher spins can be ob-
served in this reaction. The SM-calculations predict two
9/2% states nearby at 8.61 MeV and 9.27 MeV, there-
fore this spin-parity is suggested as the most probable as-
signment. The corresponding state of '6C is observed at
14.90 MeV (table 3).

10.56 MeV

No explicit assignment is given for this state in ta-
ble 4. The best candidate from the SM-calculations is a
13/2% high-spin state at a calculated excitation energy of
10.17 MeV (table 5), which is coupled from a stretched
neutron (sd)?, 9/2%, configuration and a proton 2% core-
excitation. In a weak-coupling model an excitation energy
of E,= 3.10 + 7.01 MeV = 10.11 MeV would be expected
using the lowest-lying states, ¥9/2% of 17C, and 72% of
140, coupled to 13/2F. The relatively strong population
of this state would be in agreement with the assignment
of the high-spin value.

11.71 MeV and higher

Asgsignments for this state and higher-lying states are
not given in table 4, because the identification of their
structure is difficult due to the larger variety of possible
contributing configurations at these high excitation ener-
gies. Nevertheless, we still find for this state the corres-
ponding partner states in '°C at 17.4 MeV and in '°C at
19.0 MeV, which follow the same regular behaviour of ex-
citation energies as discussed in connection with table 3.
A common structure of (sd)? configurations is assumed for
all these states.

For the '7C states at 12.61 MeV, 13.70 MeV and 16.3
MeV no corresponding partner states of 'C could be ob-
served due to the limited excitation energy range, which
was measured only up to 18 MeV. For '>C the experimen-

tal spectrum extends up to 26 MeV, but no further state
is found above 19 MeV.

4.4 '>C assignments and angular distributions

For 1°C the assignment of states observed in the 12C(!2C,
9C) reaction was discussed so far only with a few remarks.
However, from the consistent interpretation of the struc-
ture of states for 17C and '®C and from the observation,
that approximately the same regular behaviour occurs for
the 15C states listed in table 3, it is concluded, that these
states also have a particle-hole structure with three neu-
trons in the (sd)-shell, very similar to the corresponding
states in 17C and '9C. In this case the core has two holes
in the neutron (1p) shell corresponding to the 0% ground
state of '2C. The assignments proposed for '"C should
therefore also apply to the 1°C states with the correspon-
ding structure (table 3), they are given in table 4.

Further support for the assignments of 1°C states can
be deduced from the analysis of angular distributions ob-
tained in the previous measurement of the 12C(*2C,°C)!5C
reaction (lower panel of fig. 1). The partial angular distri-
butions obtained for seven excited states of !°C are shown
in fig. 2 together with coupled channel calculations per-
formed with the code Fresco [33] according to the cou-
pling scheme of fig. 7. Here we used, except for the first
two states at 6.84 MeV and 7.37 MeV, which have a (2p-
1h) structure and odd parity [27], the (sd)® configurations
with the main components and assignments as discussed
for the corresponding states of !7C. In this way the con-
sistency of the tentative JTassignments given in table 4 is
checked.

The three-neutron transfer is treated in these calcu-
lations as a two-step process with a one-neutron transfer
to 13C states in the first step and a two-neutron transfer
to final states of '°C in the second step and vice versa,
with the two-neutron transfer to states of 14C in the first
step and the one-neutron transfer in the second step. In
this way always two transition amplitudes are obtained for
each final configuration. The transition amplitudes of both
transfer branches are added coherently for the calculation
of the cross section.

The optical potential, which is defined as

U=W fT(R)+iWO fz(R)a (4)
is calculated using Woods-Saxon form factors

friB) = [1 + exp{(R - Ryi)/ari}]™".  (5)

The potential parameters are taken from ref. [51] (para-
meter set WS2, 2C-beam).

Only main configurations were included for the in-
termediate states: the single-particle states of *C (ex-
citation energies in brackets): 1p1/2 (0.00 MeV), 2s1/2
(3.09 MeV), 1d5/2 (3.85 MeV), 1d3/2 (8.20 MeV), and
the 4C states: 05 (6.59 MeV), 25 (8.32 MeV), 41 (10.74
MeV), 37 (6.73 MeV). These are given in the lower part
of table 7 as parts of the full configurations.
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Fig. 7. Two-step coupling scheme for the target transitions
in the '2C(*?C,°C)*C reaction used in the coupled-channel
calculations. The transitions through the corresponding inter-
mediate states of '*C and '*C are shown.

Expected values of strength factors SF, which repre-
sent the product of the spectroscopic factors in the pro-
jectile and target systems, are of the order of one and can
be estimated as follows (values were partly taken from Co-
hen and Kurath [52] and partly from previous work [27]).
Projectile transitions:

028{1209.3. = 1lcg.s. & ¢1n(1p3/2)}
C2S{1lcg.s. = 1ocg.s. & ¢1n(1p3/2)}
C2S{1%C,,. =9Cy5 ® ¢1n(1p3/2)}
Target transitions via the *C, 5/2, single-particle state:
CQS{13C5/2+= 1209,3_ & ¢1n(1d5/2)} = 07

C*S{"C+= "Cs/2+ ® ¢an j[(sd)j, j=0,2,4] } ~ 0.2-1.0
For the other single-particle states of '>C the spectroscopic
factors are of similar strength as for the 5/2] state [34].
Target transitions via *C states:

The same factors are used for the transition amplitudes
of the 2n-stripping via '*C states in the first step and the
1n-stripping in the second step, and the coherent sum of
both transition amplitudes is calculated.

Values for a single transfer branch result in the range
SFs.¢p ~ 0.6—2.8.

When the two transition amplitudes have about equal
strength to a final state of '>C via '3C and via ' C, a factor
up to four can be gained for the final cross section in case
of a constructive interference. In this case the strength
factor SF, which is needed for the fit of the experimental

5.7
0.7
1.0

Q

1105 mable 7. Excited states of *C, for which partial angular distri-

butions (fig. 2) have been analyzed in terms of coupled channel
calculations. The following entries are given from left to right:
excitation energies, spin-parities, couplings and strength fac-
tors SF (see text), excitation energies of corresponding states
of 1”C and tentative assignments to these states from this work.

150 17C
E. JT coupling SF E. JT
[MeV] P1nQPon [MeV]
6.84 27 1p1/2®@4f 01 -
1d5/2 ® 37 (9.0) -
7.37 - 1pl/2@4f 08 -
8.45 (%+) 1d3/2 ® 0F 3.5 2.06 (§+)
(7)) 2s1/2 ® 47 0.5 (1)
9.75  (37) 1d5/2 ® 4F 1.7 310 (37)
11.05  (3%)  2s1/2 ® 47 0.9 425 (31
(37) 1d5/2@0f  (9.0) (31
1310 (27) 1d3/2®4f  (44) 6.20 (27
1457 (21) 1d3/2®4f 035 747 (2

cross section, is reduced by this factor (up to four) with
respect to the estimate for a single transfer branch.

This is the case for example for the cross section of
the 9/27 state of 15C at 6.84 MeV (upper part of table 7),
which is described by the coupling 1p1/2 ® 47 for the first
and second transfer step in the first transition branch in
this order (upper part of fig. 7), and vice versa for the
second transition branch (lower part of fig. 7). In fact,
the cross section is reduced by a factor between three and
four, when the first or the second branch is switched off in
the calculation. The interference effect therefore explains
the relatively small strength factor of SF= 0.1.

We tested also a further possible contribution for the
transitions to this state, in the first branch by a 1d5/2 @ 3,
coupling and in reverse order for the second branch. How-
ever, the resulting cross sections are a factor of ninety
smaller compared to the ones for the 1pl/2 ® 4]L cou-
pling and can be neglected in the calculation.

The 7/2~ coupling partner of the (9/27, 7/27) dou-
blet at 7.37 MeV with anti-parallel coupling of the 1/2~
neutron hole to the 47 two-neutron configuration has an
about a factor of ten lower experimental cross section,
which is also observed in the calculation (with an addi-
tional reduction factor of eight). This shows that the cross
sections are rather sensitive to configurations and interfer-
ence effects.

In the lower part of table 7 results are given for the
five states of '5C at 8.45 MeV, 9.75 MeV, 11.05 MeV,
13.1 MeV, 14.57 MeV, which are considered to have ap-
proximately the same three-neutron configurations as the
corresponding states of '7C at 2.06 MeV, 3.10 MeV, 4.25
MeV, 6.20 MeV, 7.47 MeV (table 3).

For the 8.45 MeV state two options for the assignment
were deduced from the correspondence to 2O states and
from the SM calculations (table 4), namely 3/2% with a
dominant configuration [(1d3/2) ® (1d5/2)3; ]3/2+, and
7/2% with a configuration [(2s1/2) ® (1d5/2)3; ]7/2+. In
the coupled channel calculations only these main compo-
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nents were taken into account using the couplings 2s1/2
® 4] and 1d3/2 ® 07, respectively.

The corresponding calculated angular distributions of
the 8.45 MeV state are shown in fig. 2 as dashed and solid
lines, respectively. The data indicate a minimum in the
angular distribution at about 11°, which is reproduced
by the angular distribution for the 3/2% configuration.
The normalization factor SF = 3.5 is also still acceptable.
But the error bars of the data points are rather large and
do not exclude completely a (7/2%) assignment, although
this angular distribution has only a smoothly decaying
shape. Therefore we keep both options, (3/2%) and (7/27)
for the assignment. Garrett et al. [35] suggested in the
9Be("Li,p) reaction at 20 MeV incident energy for this
state (at E;=8.495 MeV in ref. [35]) a range of spin values
from (9/2) to (13/2) from cross section systematics. From
our analysis we would not assign a higher spin value than
7/2%.

A similar situation is met for the interpretation of
the angular distribution of the 1°C state at 11.05 MeV,
where the assignments 9/2% and 5/2% were suggested in
the discussion above. The spin-parity 9/2% is obtained
from the stretched [(2s1/2) ® (1d5/2)3:]s/2+ configura-
tion, whereas a [(1d5/2) ® 0359+ coupling is assumed for
the 5/27 assignment. We deduce from the strength factors
a preference for 9/27, because the corresponding factor of
SF=0.9 agrees well with the predictions, while the factor
for the 5/2% configuration is rather large (SF=9). An even
much larger value (SF=44) is obtained for the strength
factor of the next state at 13.10 MeV, which is assigned
tentatively as 5/2% with a [(1d3/2) ® (1d5/2)3,]5/2+ con-
figuration (compare table 4). The large discrepancy may
be related to the anti-parallel coupling of the discussed
configuration. We have seen already for the 7/2 state at
7.37 MeV a strong reduction of the calculated cross section
due to this effect.

The angular distributions of the states with stretched
configurations [(1d5/2) ® (1d5/2)34]g/2+ at 9.75 MeV and
[(1d3/2) ® (1d5/2)74]11/2+ at 14.57 MeV are well repro-
duced by the calculations (fig. 2). Also the strength factors
SF=1.7 and SF=0.35, respectively, are in good agreement
with the expectations. The state at 9.75 MeV was assigned
by Garrett et al. [35] as (9/2 - 13/2). From our analysis
we obtain (9/27) as the most probable assignment.

4.5 Decay properties and widths

The structures, which are populated in '7C by the ('2C,°C)
reaction, have been characterized as neutron (3p-0h) con-
figurations. In *6C the (12C,°C) reaction populates the
corresponding (3p-1h) configurations and in °C (3p-2h)
configurations, respectively.

The (3p-Oh) resonances of '"C decay by one-neutron
emission to (2p-Oh) states of 1C. These are well known
from (t,p) reactions [24-26]. The same applies to the neu-
tron decay of the (3p-1h) resonances in 6C to (2p-1h)
states of 15C, which are also known from (t,p) reactions
[36]. And it is clear, that the neutron-decay of (3p-2h)

states of '°C leads to states of *C with (2p-2h) charac-
ter, which are discussed in refs. [25,32]. The regularities
observed for the widths, as demonstrated in table 3, are
related to the parentage of the structures between the pa-
rent and daughter states of the decay.

The corresponding neutron decays are shown in fig. 8.
Here the level scheme of '9C is shifted up to align the
ground state of '®C with the one-neutron threshold of 17C
at 0.73 MeV. In this way it is easy to see, how the exci-
tation energies E, ; and spin-parities J’}I of the 19C states
fit to possible decay branches, which are relevant for the
regularities. In the decay from a given parent state (E, ;,
J7) the neutron is emitted with the quantum numbers of
its shell-model orbit j™. Since this condition restricts the
vector difference |J7 - J7| = [j7[ to 1/2%, 3/2F, 5/2% de-
pending on its shell-model state 2s1/2, 1d3/2, or 1d5/2,
respectively, only distinct daughter states (E, ¢, JF) will
fit. The transitions are specified in table 8, where tfwe ini-
tial and final excitation energies and spin-parities, respec-
tively, and the decay energies at resonance (the resonance
energies), Egr and E},, are given. The former is defined by
the decay to the ground state of the daughter nucleus and
the latter by

ER(JTJf) = Evi(J7) = Sn = Bz s (JF).  (6)
The decay is restricted in addition by the conditions, that
the spin-coupling factor (£ s | j)(J; j | J¢), which contains
the decay angular momenta ¢ and j, is non-zero and, that
the parity is conserved. The decay energy as a free vari-
able, Ege.= E, - S, used formerly in the eqgs. (1)-(3) for
the Breit-Wigner resonances has to be replaced by
Eiee(J7 Jf) = Ex — Sn = By ¢ (JF) (7)
in this more general formulation. The daughter nucleus
in the excited state E; (J%) is considered as the core for
the neutron decay, the decay energy is correspondingly
reduced.

The resonance energies Eg or E}; for the neutron decay
to the ground state or to an excited state of the daughter
nucleus, respectively, can be compared in columns 4 and 8
of table 8. The differences are rather large in many cases.
The effect on the line shape is shown in fig. 5, where the
Breit-Wigner resonances are calculated using E},, whereas
Epg is used in figs. 1 and 3.

For low decay energies E% , especially for the '°C re-
sonances no. 2 and 3, the tails of the resonances at the
high excitation energy side are more extended due to the
different energy dependences of the penetrabilities. How-
ever, the resonance positions agree within 10 keV with
those obtained in the first analysis (figs. 1 and 3), and the
widths are the same.

In some cases decay branches to two different final
states are given in table 8 (see also fig. 8). These are the
states at 6.20 MeV for 17C, 9.98 MeV and 12.54 MeV for
16C, and 13.1 MeV and 14.57 MeV for 15C.

We discuss now a few details in the decay scheme of
fig. 8. The 9/2% state of 17C at 3.10 MeV is expected to
decay to the 2 state of 'C by the emission of a neutron
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Fig. 8. (Color online) Decay schemes for the one-neutron decay of (sd)® structures in '>C, '®C and '"C proposed from the
systematics of excited states and from the interpretation of their widths given in table 8. Only the relevant levels are displayed.
The corresponding decay branches from states of '"C, '®C and '>C with (3p-xh) (x= 0, 1, 2, respectively) neutron configurations
to states of (2p-xh) configurations are indicated by the lines connecting the parent states with the daughter states. The ground
states of the '*C, '°C and '°C are shifted to the level of the one-neutron thresholds of '°C, '*C and '"C, respectively. Note the

strong similarity between the decay pattern of the decays from

with the orbital angular momentum /=2, because it has
a dominant (1d5/2)% configuration. The decay to the 0
ground state would increase the decay energy. But then a
decay orbital angular momentum of /=4 is required and
the high centrifugal barrier reduces this decay branch very
much. A neutron decay with /=0 to the 4] state of '6C is
forbidden by energy conservation.

The (11/27%) state in 17C at 7.47 MeV is situated about
1.3 MeV above the three-neutron threshold and has an
experimental width of It,,= 0.5(1) MeV. The decay to
the state at 6.11 MeV in 'C, which was assigned ten-
tatively as 37, will not fit, because the latter state has
a (3p-1h) configuration, as discussed in connection with
the 0.31 MeV state in '7C, but a (2p-Oh) configuration

17C to °C and from '°C to C.

is needed as final configuration. According to the SM-
calculations we assume a [(1d5/2)],® (1d3/2)]11 2+ con-
figuration for the 11/2% state, and therefore a neutron
decay to the 'C 4] state by the emission of a 1d3/2 or
1d5/2 neutron is most probable. As shown in fig. 8, this
decay leads to a particle-stable state of '°C, which pre-
vents further particle decays, although the decay started
above the 3n-threshold. The same conditions are met not
only for the next lower state of !7C, but for all lower-lying
states: already the one-neutron emission leads to states of
16C, which are particle-stable. The one-neutron decay de-
termines the widths, if the decay branches of simultaneous
emission of two or three neutrons can be neglected.
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Table 8. Decay properties of resonances in 1“C (upper part), 1*C (central part) and !°C (lower part). For each decay branch the
excitation energy E, ;, resonance energy Er and spin-parity J7 of the initial state and the excitation energy E, ; and spin-parity
J7 of the final state is specified. Then the resonance energies E with respect to ezcited states at E, ; in the daughter nucleus
are given according to eq. (6) and the decay scheme of fig. 8. From the measured widths It;, (column 9) the reduced widths
vf,ew are calculated according to eq. (8) assuming decay £-values from £=0 to £=3, these results and the relative error in percent
are given in the next following five columns. The states are numbered in column 2 in the same way as in table 3, states of the
three isotopes with corresponding structure in '7C, '*C and '*C have the same number.

E. i Er J7 | D J7 Ex Ieap V7 eap [MeV] err.
Decay | No. | [MeV] [MeV] [MeV] [MeV] [MeV] (=0 (=1 (=2 (=3 [%]
2 2.06 1.33 [ERD) 000 0T 133 0.25(12) 0.085 0.12 0.37 3.06 50
e 3 3.10  2.37 §+ 1.77 2% 0.60 0.08(4) 0.041 0.08 0.55 12.1 50
—16C | 4 4.25 352 (3*.8%) 17 2t 175 0.14(7) 0.042 0.06 0.13 0.77 50
5 6.20 5.47 (21 3.03 0t 244  0.35(15) 0.088 0.11 0.21 0.80 40
3.98 27 149  0.35(15) 0.113 0.16 0.43 3.06 40
6 7.47 6.74 (571 414 4% 260 0.58(10) 0.122 0.15 0.31 100 20
2 7.74 349 (17-37) 310 1~ 039 0.15(4) 0.094 024 269 97.0 20
16¢ 3 8.92  4.67 5 422 27 045  0.04(2) 0.023 0.06 0.52 160 50
=1%C | 4 9.98 573 (37,57) 422 37 151 0.12(3) 0.038 0.05 0.14 1.02 25
(37) 466 3= 107 0.12(3) 0.046 0.07 0.26 2.88 25
5 | 11.85  7.60 (37) 5.87 §— 1.73  0.22(4) 0.066 0.09 0.21 1.27 20
— | 1254 8.29 (37) 587 17 242 (0.2(1)) 0.051 0.06 0.12 0.47 50
6.84 - 145 (0.2(1)) 0.065 0.09 0.26 1.92 50
6 | 1312 887 (6°,57) 684 3~ 203 0.40(10) 0.110 0.14 0.30 148 25
2 8.45 7.23 EXD) 6.59 0T 0.64 0.040(15)" | 0.019 0.04 0.24 4.80 50
15ic 3 9.75  8.53 (31 832 2t 021 0.020(15)“ | 0.013 0.05 1.03 69.0 70
—-MC | 4 | 1105 983 (2F,2%) 832 2% 151  0.10(5) 0.032 005 0.12 086 50
5 131 11.88 (gf) 9.75  0F 213  0.30(8) 0.081 0.11 0.22 1.00 30
1043 2t 145  0.30(8) 0.098 0.14 0.39 291 30
- 13.8 1258 (2T,1F) 1043 2T 215 (0.3(2)) 0.081 0.10 0.21 0.97 67
14.57  13.35 (%i) 1173 4% 162  0.13(5) 0.040 0.06 0.14 0.92 40
1074 4% 261 0.13(5) 0.032 0.04 007 0.26 40
“ [34,35]

We have calculated from the widths I,,, which were
obtained from the analysis of the spectra, the experimen-
tal values of reduced widths 77, according to eq. (8) for
the one-neutron decay from states of '7C to '6C, from '6C
to C and also from *C to C (see upper, central and
lower part of table 8, respectively).

I
2 _ exrp
7l,exp - 9 PZ(EJEC(J’F; J}T)) (8)

2

The dependence of the decay energy E}_ . on both ex-
cited states according to eq. (7) is indicated explicitly in
eq. (8). One can see, that the ¢-dependence of the reduced
width fyfﬂp results only from the /-dependence of the pe-
netrability Py(Ege.). The penetrabilities are calculated at
a channel radius of 6 fm (as before) using the decay ener-
gies at resonance E} given in table 8, column 8.

The reduced width 7, represents the physical quan-
tity of interest for structure information. The values ob-
tained for /=2 decays from !7C states range from 0.13 to
0.55 in good agreement with expectations, whereas those
for = 0 are very small. Assuming ¢= 1 for the neutron de-
cays results also in rather small values, but anyway, (1p)
shell configurations are most probably not populated in
17C in the present reaction, as discussed above. The val-
ues of the reduced widths for decays of '”C with £= 3 are

fluctuating strongly (table 8) due to the stronger sensi-
tivity of the penetrability at these low decay energies to
the higher centrifugal barrier. For this reason the values
of 7?237”1] are not very reliable, although in some cases
decays with = 3 might not be completely excluded. But
further arguments from the general systematics and the
SM-calculations support definitely a preference for decay
angular momenta of = 2. The values for decays with /=4
(not shown in table 8) are always by far too large, they
are an order of magnitude larger than the ones for /= 3.

The calculations for the decay of '*C states have been
performed in the same way as for !7C. Here we consider
the neutron decay of (3p-1h) structures to states of 1°C
with a (2p-1h) structure (fig. 8). The reduced widths show
a similar good agreement for /= 2 decays, except for the
7.74 MeV state, where the reduced width is too large by at
least a factor of five. This is obviously related to the steep
energy dependence of the penetrability near the threshold.
The decay energy at resonance, E}, has a value of only
0.39 MeV for this state. The larger width I,, may be ex-
plained assuming contributions also from an /= 0 (2s1/2)
decay component in the wave function in addition to /= 2.

The next state at 8.92 MeV has a similar small value
of the decay energy E;= 0.45 MeV, but also I, is small
(table 8). Here we assumed a stretched (1d5/2)g/2+ neu-
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tron configuration according to the structure of the cor-
responding state in !7C and therefore expect an almost
pure £= 2 decay. The experimental value of the reduced
width 7_, ., = 0.52 MeV is in very good agreement with
the expectations in this case.

All the (3p-2h) resonances of 1°C analyzed in this mea-
surement have very similar values for the reduced widths
as compared to the corresponding (3p-Oh) resonances in
17C. This result shows that the decays from the (1d) neu-
tron orbits are the dominant components in most cases,

and it confirms the similar structure of these states for
15C and '7C.

5 Conclusions

Excited states of '7C above the neutron threshold have
been observed up to 16.3(1) MeV excitation energy us-
ing the (12C,°C) three-neutron transfer reaction on '*C.
These are compared to states of '°C and '°C obtained
in the same reaction on '*C and '>C targets. The inci-
dent energy in all cases is 19.2 MeV /u. The large negative
ground state Q-values of about -40 MeV and the dynami-
cal reaction conditions impose strong and selective match-
ing conditions for the population of final states. In this
reaction preferentially neutron (sd)? structures are popu-
lated.

A comparison of the level schemes of '"C and '6C
shows the surprising result, that the excitation energies
of almost all states observed in '"C agree with excita-
tion energies in 19C [27] within variations of the differen-
ces of only -0.17/40.23 MeV, when a constant offset of
5.82 MeV is taken into account. The situation is simi-
lar for ' C states populated in the three-neutron transfer,
where the variations are somewhat larger, and the mean
offset is 6.85 MeV.

Most of these states are particle-unstable and there-
fore are described as Breit-Wigner resonances. Also the
widths of the corresponding states and the relative cross
sections show a similar regular behaviour as the excita-
tion energies. These results can be well understood in the
weak coupling model: the transferred neutrons are placed
into (sd)? configurations and the target nuclei become the
cores of the structures, in accordance with the popula-
tion mechanism of a direct three-neutron transfer. These
structures are confirmed by SM-calculations and also by
comparison to states of 10 with corresponding structure.

Decay schemes of the neutron decays from states with
(3p-xh) configurations in '7C (x=0), '¢C (x=1), and '*C
(x=2) to states of 16C, 1°C, *C with known (2p-xh) con-
figurations [24-27,32] have been proposed (fig. 8). The de-
cay energies from the parent to the corresponding daugh-
ter states are in this case much smaller than for the decay
to the ground state of the daughter nucleus. Using these
decay energies in the calculation of the penetrabilities for
the neutron decays, experimental values of reduced widths
have been obtained from the measured width parameters.
The calculations have been performed for a variety of de-
cay /{-values to show its sensitivity on the decay angular

momentum ¢. For '"C in almost all cases the best agree-
ment with expected values for the reduced widths, which
are in the range between 0.1 MeV and 0.6 MeV, is ob-
tained for £ = 2 decays, which confirms the dominant po-
pulation of 1d-configurations in 7C. Small admixtures of
¢ = 0 contributions have to be assumed in some cases.
Very similar results are obtained also for the correspon-
ding states of 1C and **C.
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