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The 0Op-1s0d shell region
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The neutron sd shell region (N = 9 - 20)
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The oxygen-fluorine drip line anomaly
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S, (MeV)

Evidence for an enhanced N = 16 gap
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Evidence for an enhanced N = 16 gap
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Neutron resonances in the oxygen isotopes
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Unbound states in 240
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Unbound states in 240
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Even — Even 2* systematics forZ =6 - 14
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Shell model interactions ¢ ;c.naricie levers
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240 calculated 2* (1*) energies
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Ground state measurements: 2°0 & 260
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Neutron separation energies
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What is driving the shel
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What is driving the shell evolution?
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Three-body effects at the drip line
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Comparisons of different 3N forces
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Future work
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Direct reactions to track single-particle
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Previous direct reaction work (d,p)
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Single-particle evolution across isotones
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Single-particle evolution across isotones
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Location of the 1s,,,-0d5,, heutron orbitals
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Experimental details Argonneé

NATIONAL LABORATORY

Reaction 190(d,p)200 17/N(d,p)'8N
RIB Beam: 190 17N
Energy (MeV/u) 6.9 13.5
Rate (pps) >105 >104
Production Target 1400 mbar D, gas 15 mg/cm?2 Be
CD, Target (ug/cm?2) 260 140

ATLAS In-Flight facility

§
HELIOS

B. Harss et al., Rev. Sci. Instrum. 71, 380 (2000)
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v

HELIcal Orbit Spectrometer (HELIOS)
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b

190(d,p)290 data

8 states identified up to 7 MeV

Absolute ¢ from deuteron
scattering (20%)

Angular distributions

Distorted wave Born
approximation

Identified | = 0 3* level at 5.23
MeV

Cross section (mb/sr)
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C. M. Perey and F. G. Perey, PR 132, 755 (1963); J. P. Schiffer et al., PR 164, 1274 (1967)
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190(d,p)290 results

: o " Distorted wave analysis to extract
N spectroscopic factors

- Normalized to °0(d,p)'’0 data
0 g - 30% uncertainty in total

- 15% relative to one-another

= Checks w/ sum rules & 180(d,p)'%0
data

= Superb reproduction of strength
by sd shell interactions

= Some strength to 2p-2h (1p-1h)
dominated states
- 0@ 4.46 MeV
- 4.99 or 5.64 MeV states

"= SOLID—-1=0 HATCHED —» =2

{f.l.

o

s
JEEEE

=)
+

3]
+

| 27 + 1
G. = f .2

0 2 4 4.5 5 55 6 L= C S

7]
Excitation Energy (MeV) -J; + l

C. R. Hoffman et al., PRC 85, 054318 (2012)
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Diagonal T = 1 TBME of the empirical NN
Interaction

= Consider 20 as two-neutron holes inside 220 (N = 14 0d;;) neutron shell

- 220 is a good closed core
- Most (>97%) measured strength belongs to 0d;,

(2J + 1)C*S - E*
—2B2'0] — B[20] — B[220] = —3.0¢ 15220 |V |(ds2 ') = Eo + 2= .
Ey = 2B[*'0] — B[*’O] — B[**0] = —3.04(6) MeV,  ((ds2)"J|V|(d5/2)"J) = Eo + S (27 + DC?S

1 T T T T T
: : : : : j=i,, J=EVEN, T=I
J=4 | | | * . .
1] s o e il =
. A v n s I 5_/_{___
= s 1 s ; s /
% s 1 g ' I 4 |
E ! | . 5 A /
S e e e e e e A R A A SRS SRS A AR A -l —
L 5 i i i i — « s lp
= g 1 | 1 | Sl ald,,
m ‘ ; ‘ I L.Jh g o Idﬁ.’E
|_ 2 e .
+ * lgg,,
-3 ]
17 *
usda usdb usd o(d,p) ST B I S
180 120 60"
J. P. Schiffer and W. W. True, Rev. Mod. Phys. 48, 191 (1976) 8,

T.K. Lietal., PRC 13, 55 (1976)
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Diagonal T = 1 TBME of the empirical NN
Interaction

Consider 200 as two-neutron holes inside 220 (N = 14 0d;/,) neutron shell

- 220 is a good closed core
- Most (>97%) measured strength belongs to 0d;,

Ep = 2B[*'0] — B[2°0] — B[220] = —3.04(6) MeV,  ((ds;2)*J|V|(dsp2)*J) = Eo +

TBME (MeV)

(d5;5)(s4/2) Diagonal matrix elements |

(20 + 1)C2S - E*
Y(2J 4+ s

T T
j=j, , J=EVEN, T=I
; ; i ! ; x
2 [ R <5
H H + 0O
e 7‘ R
J=3
1 B T T a e ot ST | i o
' A v

. . kl— A / i

0 | m x * 1Py,

< (o old,,

W | o old,,
. -2 it ]

-1 ; 3 + * lgg,,
%) S SRS SR S S i

i i i 1 i
usda wusdb usd '0o(d,p) x
~al_l | 1
_ 180° 120° 60"
J. P. Schiffer and W. W. True, Rev. Mod. Phys. 48, 191 (1976) 8,

T.K. Lietal., PRC 13, 55 (1976)
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Counts

sults

(2-) & (3°)

Preliminary 7N(d,p) '8N re

)New 1- 27

T | TA2keV [
R .

10 B } Tl
- Tt ;
~250 keV resolution 1P ;
115 keV | t B
chisqg =i3.631 ‘ E
exp(a) = 0.722464 1

LS o exp(b) = 0.713584

E xcitation Energy (MeV)

= Strength observed for states at 115

= Consistant with | = 2 states (0d;,)

1
0.742 (37)
0.587 keV and 742 keV
| (27)
= Tentative 2, 3- states likely
0.115 2°) o _
0 |- = Preliminary relative C2S are
EX (MeV) Previous Work approximately equal
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Preliminary '7"N(d,p) 18N results

(P — -
(0d5.5) " (154)2)

3
(Od5f2)3J=5f2
(0ds/2)" 2312

Energy (MeV)
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Preliminary '7"N(d,p) 18N results

= Rough locations of single-particle

Ul 0L = Ll centroids

50F

sof " Noticeable strength in the (d,p)
S reactions at ~5 — 6 MeV in 18N and
§ - 190

4 = 0d,, location and evolution near

stability extending out to the
] ground state in 25260

3000* *19O(N:11)

2500

10|

= Spin-orbit splitting between the
0d;/, — 0d;/, neutron orbitals
- Test of >2N forces?

"= |s detailed information like this
useful??

2000}

Counts

1500

1000}

500}

0 1 2 3 4 5 6 7 8
E xcitation Energy (MeV)
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Future works

; Calem R. Hoffman — Argonne National Laboratory

Tuned to HELIOS

Possible “today”

si| *si| *si| *si| ¥si| *si| *si| “si 2gj
21| Bar] ar] Ean] ®a] Tar] Bar] Bar| Car| “al
31Mg 3\2Mg SSMg MMg SSMg SSMg STMg SBMg QDMg
'Na | ¥Na| *Na | **Na| **Na | **Na
Ne | ®Ne| *'Ne | **Ne | **Ne
ZBF SDF
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Summary and conclusions

" Understanding shell evolution in nuclei is a leading area of research
" The oxygen isotopes provide a rich environment to approach single-particle evolution

= Large influx of data & theoretical investments has lead to leaps and bounds of
understanding
- Increasing the 0d3/, single-particle energy is not the answer
- 3-body forces are crucial to binding in Z = 8 nuclei
* Do they consistently explain Z = 9 as well??
- Calculations including the continuum show promise for unbound excited states
* Combine w/ 3-body?

= Characterize the 0d;,, orbital from stability to the drip line

" Used direct reactions with HELIOS to characterize the neutron sd orbitals
- 17N(d,p)'8N - track evolution as a function of proton occupancy
- 190(d,p)290 - track evolution as a function of neutron occupancy
= 17N(d,p)'8N preliminary results
- Consistant with single-particle level assignments, candidate for | = 0 level
- See high-lying strength (neutron unbound)
= 190(d,p)200 results
- 0ds/, and 1s;,, neutron strengths well described by sd shell model calculations

- Extracted diagonal two-body matrix elements are in agreement with 170(d,p) 180 results as
well as global survey
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