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Ground state properties and first excited states of 1C and 17C

16C: states of 18C known up to 6.11 MeV excitation energy from the ™4C(t,p) reaction
[Balamuth77, Fortune77, Sercely78]. Well described by shell model (SM) calculations.
States up to 17.4 MeV observed in the 13C(12C,%C) reaction [Boh03].

Ground state properties were investigated by one-neutron removal reactions using
a '6C radioactive beam [many refs., see, e.g., Maddalena01].
Result: 58(6) % (1d5/2)2 and 42(6) % (2s1/2)? in good agreement with SM calculs.

B(E2) value of the first 2* state at 1.77 MeV is extremely small [Imai04, Elekes04].
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Ground state properties and first excited states of 1C and 17C

16C: states of 18C known up to 6.11 MeV excitation energy from the ™4C(t,p) reaction
[Balamuth77, Fortune77, Sercely78]. Well described by shell model (SM) calculations.
States up to 17.4 MeV observed in the 13C(12C,%C) reaction [Boh03].

Ground state properties were investigated by one-neutron removal reactions using
a '6C radioactive beam [many refs., see, e.g., Maddalena01].
Result: 58(6) % (1d5/2)2 and 42(6) % (2s1/2)? in good agreement with SM calculs.

B(E2) value of the first 2* state at 1.77 MeV is extremely small [Imai04, Elekes04].

T7C: Only two states of 7C observed in the 48Ca('80,17C)*9Ti reaction [Nolen77, Fifield82],
the ground state and an excited state at 0.295(10) MeV (probably 5/2%).

Puzzle: the spin-parity of the 7C ground state: ?? 1/2*, 3/2*, 5/2* ??
Solution; ===p 3/2% 1|
a) B-decay of 7C to exc. states of '”"N and y-decay branching ratios:
5/2* excluded [Warburton, Millener89].
b) g-factor measurement [Ogawa02]: 1/2* excluded
c) 7C-beam, 1n-removal cross sections confirm 3/2* [Maddal.01, Sauvan04, Datta03]

Recently y-transitions were reported at 0.21 MeV and 0.33 MeV [Stanoiu04]
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Low-lying states of '6C and 17C:
16C: 14C(gs)®v(sd)?

Schematic (sd)?:

Yepte
T A%
********* 1d3/2
Yy 1d5/2
o 2s1/2
14C—core

X—X— 1pl/2
XX XXX XXX 1p3/2
X—X% x—x— 1s1/2

16c-2poh

Pisa’05, 25.2.05
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Low-lying states of 'C and 7C:

16C: 14C(gs)®v(sd)? and 17C, 16C: 1413C(gs)®v(sd)3, respectively.
Schematic (sd)?: (sd)3: direct population of three-neutron configurations
e (X)) He(*c’o)lc Pc(?c.cyfe e(?ceyie
T A% T vV vV AY
********* 1d3/2 1d3/2
Yy 1d5/2 YoXo¥— 1d5/2 XXX XXX
LAJEAS 251/2 AN AN A 281/2 LA AN A AN AN A
¥ c—core ¥ c—core
XX 1pl/2 x—%x— 1p1/2 x-O—{3C-core SAS
12C—core
XXX XTXXXX]1p3/2 XXX XTX XXX 1p3/2 X—XXX% XXXX
XX x—x— 1s1/2 xX—X x—x— 1s1/2 xX—X% xX—X
16c—-2poh 17c—-3poh 16c—-3p1h - 15%¢c-3p2h
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Reaction conditions and selectivity

The 2C("2C,°C)'°C - reaction at 231 MeV

* Breit-Wigner resonances (S,=1.22 MeV)

» Three-body distributions °C +n + 14C*
N Ve

sequential decay: 1°C*(22.2MeV) (3, 6.73MeV)
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S @ « Cross sections are strongly dependent on
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large negative Q-values — extreme mismatch

of grazing angular momenta: Lg;-Lg ;29!
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Spectroscopy of '6C using the
three-neutron transfer (12C,°C)

15C
(12C-target, two holes in the 1p-shell)

energy resolution: 0.20 - 0.25 MeV

16C:
(13C-target, core with 1p1/2-hole built-in)

:414 new states observed [Boh03]
| _states known from (t,p) [e.g., Fortune78]
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| Starting with:

14C-target, background subtracted

S,=0.73 MeV, Q,=-46.93 MeV
13 new states identified above S

strongest state: stretched config. (1d5/2)3 — 9/2*

14C target (closed neutron 1p-shell)
direct 3n-transfer to the open sd-shell

= population of (sd)3 structures expected (3p-0h)
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20 15 10 5 0
B [MeV]
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Comparison of observed excited states of '/C and °C

State No. 2 3 4 5 6 7 8 9 10 11
E.(""C) [MeV] 0.31 2.06 3.10 425 6.20 6.75 7.47 8.94 10.56 11.71

Pisa’05, 25.2.05
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Comparison of observed excited states of '/C and °C

State No. 2 3 4 5 6 7 8 9 10 11
E.(""C) [MeV] 0.31 2.06 3.10 425 6.20 6.75 7.47 8.94 10.56 11.71

E.('°C)[MeV] 6.112 7.74 8.92 9.98 11.85 12.54 13.12 14.90 16.44 17.4
E,('®C) -5.82 029 192 310 416 6.03 6.72 7.30 9.08 10.62 11.58
AE,('%C*,'7C) -0.02 -0.14 0.0 -0.09 -0.17 -0.03 -0.17 +0.14 +0.06 -0.13

Pisa’05, 25.2.05
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Comparison of observed excited states of '/C and °C

reference from strongest states with streched configurations [(5/2%)3] 9/2*

/
State No. 2 3 4 z 5 6 7 8 9 10 11
E.(""C) [MeV] 0.31 2.06|3.10 425 6.20 6.75 7.47 8.94 10.56 11.71

E.('°C)[MeV] 6.112 7.74| 8.92| 9.98 11.85 12.54 13.12 14.90 16.44 17.4
E,('®C) -5.82 029 192 310 416 6.03 6.72 7.30 9.08 10.62 11.58
AE,('%C*,'7C) -0.02 -0.14 0.0 -0.09 -0.17 -0.03 -0.17 +0.14 +0.06 -0.13
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Comparison of observed excited states of '/C and °C

reference from strongest states with streched configurations [(5/2%)3] 9/2*

/
State No. 2 3 4 z 5 6 7 8 9 10 11
E.(""C) [MeV] 0.31 2.06|3.10 425 6.20 6.75 7.47 8.94 10.56 11.71

E.('°C)[MeV] 6.112 7.74| 8.92| 9.98 11.85 12.54 13.12 14.90 16.44 17.4
E,('®C) -5.82 029 192 310 416 6.03 6.72 7.30 9.08 10.62 11.58
AE,('%C*,'7C) -0.02 -0.14 0.0 -0.09 -0.17 -0.03 -0.17 +0.14 +0.06 -0.13

r(7C) [MeV] - 025 0.10 0.14 0.35 (0.20) 0.50 0.60 0.30 0.30
r('6C) [MeV] <0.032 0.20 <0.10 0.12 0.22 (0.20) 040 0.30 0.15 0.15

do('6C)/do('’C) - 2.9 20 29 33 30 17 06 13 16

Pisa’05, 25.2.05
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Comparison of observed excited states of '/C and °C

reference from strongest states with streched configurations [(5/2%)3] 9/2*

/
State No. 2 3 4 z 5 6 7 8 9 10 11
E.(""C) [MeV] 0.31 2.06|3.10 425 6.20 6.75 7.47 8.94 10.56 11.71

E.('°C)[MeV] 6.112 7.74| 8.92| 9.98 11.85 12.54 13.12 14.90 16.44 17.4
E,('®C) -5.82 029 192 310 416 6.03 6.72 7.30 9.08 10.62 11.58
AE,('%C*,'7C) -0.02 -0.14 0.0 -0.09 -0.17 -0.03 -0.17 +0.14 +0.06 -0.13

r(7C) [MeV] - 025 0.10 0.14 0.35 (0.20) 0.50 0.60 0.30 0.30
r('6C) [MeV] <0.032 0.20 <0.10 0.12 0.22 (0.20) 040 0.30 0.15 0.15

do('6C)/do('’C) - 2.9 20 29 33 30 17 06 13 16

Conclusion: These pairs of corresponding states have a common 3n-structure.
Direct population of (sd)3 structures on *C, 13C through the reaction mechanism.
Change of the core changes the excitation energies only by a global constant.
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16.3
EXPER. OXBASH
13.70
12.61
11.71
10.56
9.39 2ot
8.94 927 92t
8.27 . _———""Tse1 9/2*
7.47 % 7.44 ggi
7.14
6.75 5/2%7/2%) -~} 6.84 115;
3n_| 6.20 (5/2F) === 6:68 ¢ 30| 53
6.10] 3/2°
2n_| 4.97 712% -
+ 4.78 92t 1/2
4.25 5/2,712.9/2)" | 417432 Lo 302
3.10 9/2* 3.00 92t
—2.79 3/21r
2.06 __—=-"""1 259 712
Canlza N 206 52
1n n
ﬂ(o_z@_ 5/27) ~ | 0.0200.31 1/2*
F0-02 (0.2 _
000 a2 2) 000 a2t 52"
17C 17C

Code OXBASH
WBP interaction

17C model space:

even-parity states

neutrons:
3 active neutrons in the (sd)-shell

4 active protons in the (psd)-shell,
proton 2* core excitation was
allowed, but the excitation needs
2"d order process and more than
7 MeV extra excitation energy:
small cross sections expected
(these are not displayed here,

all other states up to 9.5 MeV

are shown).
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Shell model calculations for 17C
'C (sd)® three—neutron occupancies: OXBASH calculations
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'C (sd)® three—neutron occupancies: OXBASH calculations
++ + ++ + + +++ + + + + + + 7t + +
<n> NN NN N ANNN NN N N Ay N N
3 o= NOo > BoM 4~ N B oKD Ire) >
— 1 | L T T T )
: ' L I N T 7
2 ' Q 251/2
1r C 1d5/2
0 = I I
0 7 8 9
configurations 32 12 s 72 92 Tt
(1d5/2) 3 32% 47% 39%
(1d5/2) 2(2s1/2) * 31% | 65% 65% | 16%
(1d5/2) 2(1d3r2) 1 2% 3% | 3%| 8% |68%
(1d5/2) 1(2s1/2) 2 19%
(1d5/2) 1(2s1/2) Y1d32) 1 | 6% | 2% 7% | 10%
(1d5/2) 1(1d3/2) 2 5%
(2s1/2) 1(1d3f2) 2 5%
small components 9% | 5% | 6% | 7% | 3% | 8%
n(1p3r2) 3(1p1/2) 1 10% | 12% | 9% |10% |13% |14%
n(1p3/2) 2(1p1/2) 2 10% | 11% |10% | 8% |11% |10%
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16.3
even - parity states
EXPER. OXBASH OXBASH EXPER.
13.70 Comparison of states of 17C and '°0:
12,61 fingerprint of the structure for given [(sd)3,J7]: [Tilley9d]
occupancies of the 1d5/2, 2s1/2, 1d3/2 shells
11.71 2n ]
10.56
1053 g g6 92,
o 961 7/2
9.39 7/2+ -7 , 9.43 3/2+
8.94 R ot 2% 72
8.27 . ___.-----""T 861 9/2%- 4// 8.39 B/t
7.47 11/2%) 744\ 72t 7 2701 3/2*
714|327 |71 11/2
015 S27125) - —g'gg ilé%zﬂ ey EECIPYY %I 6.47 (7/2-11/2)
3n_] 6.20 (5/2F) ~===-_1>"" 630 2551: g1 15+ '
6.10 N
it | 532 9/2t 554 538 132,
2n-] 4.97 {rApas o oa 82952 - —— 5.15{5/2*
712 o . 152t
4.25 52,712,002 | 478 4.32|92" -~ 312 . 4.7175/2
(52,712,912~ | 411 15+ 312 . - a1 +
-3.99 — 312 3/2
s 3.42 5/2+ .. N
3.10 9/2 3.00 9/2% _ 3071775+ 307 —— 3/2*
-2.79 32— 259 < . 57 278712t
2.06 __— 1259 712 92 ' 92+
+ N """ o Ap
(3/27,7/27) 2.06 1.57 1[2:* - | 147 1)+
] /2t f o 2 2+
193120 f062) | 0.0200.31] 172" 029 3 0.096 32+
0.00 32+1/2") 0.00 3/2"5/2° 0.00 5/2* 0.00 5/2*
17 17 19 19
C C O O



ﬂ§m Shell model calculations and comparison to '°0 ot
333 3| m—

16.3
even - parity states
EXPER. EXPER. OXBASH OXBASH EXPER.
16C - 13.70 Comparison of states of '7C and '°O:
[(sd)3,J"]®(1p1/2)" 12.61 fingerprint of the structure for given [(sd)3,J™]:
occupancies of the 1d5/2, 2s1/2, 1d3/2 shells
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6.10 G + | 5.54 5 3g |
11.08 o 5.32 9/2 :
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9.98 (35 --- | 425 (5/2,712912)" | 417 432F a1 T lann
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2.42 (4 3.4 52t Ino
9.10 (4) ~---_]310 9/2* + 3.15
~ - 3.00 9/2 - o2 |52
8.92 5 —579 3= 259 3.07]7/2 3.07 5 7571
3, -4y | 206 259 712t ot {231
* (3/2+,7/Z+) 2.06 5/2 1.57 112;"7 | 147
In— + - +
6.11 G) 03192 |5/2) | §g20.0.31) 12"~ 0.29 312 0.096
o= (0.21) )22 .020.0-31]
o] 0.00 32" %) 0.00 32" 52" 0.00 512" 0.00
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14.57 (11/27%
13.8 (52N (2%
o— 11.73 4% 13.1 (5121
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lp—lh 6.35 (5/27) 10.39 (2|2
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4.66 3/2~ 51— _) @*) Reduced
422 512- an | 597 | 8.94 decay energies :
3.10 1/2~ 74 (1,43 8.27
Cp—1h}= (3p—1h) razauzhl  Egee=Ey ;i — S, — Exg
6.11 (37) 6.75 (52 )|(7/2%)
. 1| 1p—oh o 620 52 due to n-decay
o.o;)4 0 1.22 0.74  5/2 @f 3p-0h from (3p - Xh)
in] 414 4 on_|
C 0.00 1/2° 4.25 308 oF {225 (52 +)} to (2p —xh)
15 ) + 9/2
C 8080 | structures
3.10 9/2
1.77  2*
known (2p — xh) structures, (x=0, 1, 2) 2.06 (3/2") — rex (Edec)
from (t,p) in 16C, 15C, 14C U P
0.00 of o.731n* 0.31 5/2*
0.00 3/2%
160 17
C
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Spectroscopic information: reduced widths v,

n-deCay S rexp - 2 Yzz’exp PE(EdeC)

, S\
17 Ex Ex (MeV) Edec I_exp V22,exp (MeV)
C 17C || = 16C, J7 |[(MeV)||(MeV)|| t=0 | £=2

(3/2%) 2.06 (| — 0.00,0* || 1.33 || 0.25 0.085 | 0.37
9/2* 310 || —»1.77,2* || 0.60 || 0.08 0.041 | 0.55
(5/2+,9/2*)|| 4.25 || —» 1.77,2* || 1.75 || 0.14 0.042 | 0.13
(5/2%) 6.20 || — 3.03,0* || 2.44 || 0.35 0.088 | 0.21
— 3.98, 2* || 1.49 0.110 | 0.43
(9/2+,7/12*)|| 6.75 || — 3.98,2* || 2.04 || (0.2) 0.055 | 0.15
(11/2%) 7.47 || > 4.14,4* || 2.60 || 0.50 0.120 | 0.27

16C 16C || — 15C, Jm

(1--3) 7.74 ||— 3.10, 1/2-{| 0.39 || 0.15 0.094 | 2.69
S 8.92 |(— 4.22,5/2-|| 0.45 || 0.04 0.023 | 0.52
(3, 95) 9.98 ||— 4.22,5/2-|| 1.51 || 0.12 0.038 | 0.14
(3) 11.85||— 5.87, 1/2-|| 1.73 || 0.22 0.066 | 0.21
(3) 12.54 ||— 5.87,1/2-|| 2.42 || (0.2) 0.051 | 0.12
(6-,5) ||13.12||— 6.84,9/27|| 2.03 || 0.40 0.110 | 0.30
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Summary and Conclusions

The structure and assignments of 1’C and %C were discussed using the

» dependence of cross sections on dynamical matching conditions

* striking similarity observed in the level schemes of 16C and 17C,
indicating a common structure of (sd)3 -type for corresp. pairs of states

* changing the core, excitation energies change only by a global constant

* shell model calculations for 17C, comparison to tentative assignments

e comparison to 1°0 experimental levels and SM calculations

« exper. widths of resonances, decay properties, reduced widths

The neutron (sd)? excitation energies observed in ’C and 1°C seem
to be almost completely independent (within £0.16 MeV) from the
corresponding cores #C,13C, respectively, except a global constant.
This is found for 10 pairs of states for 1’C,6C over a range of
10MeV excitation energy.
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