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Observation of a proton-emitting near-threshold resonance
in 11B via 1°Be+*p

Yassid Ayyad (IGFAE, Universidad de Santiago de Compostela)
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« Beta-decay proton emission in 'Be.
« 19Be+p resonant scattering.
« Outlook and conclusions.
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NEUTRON LIFETIME (Seconds) ® Results using beam method @ Bottle method
200
®
895
Average beam result:
888+2.1 seconds —__
R
890 | 3
8 |
1
885
Average bottle result: ® K
879.3£0.75 seconds—. ; l *
880k v :
L L
New UNCtau result
875 o 0y N
1990 1995 2000 2005 2010 2015 2020

YEAR OF EXPERIMENT

Instituto Galego de Fisica de Altas Enerxias (IGFAE)

life-time problem from nuclear physics stand point

» Best precision achieved in a bottle experiment: 877.7t 0.7
(stat) +0.4/-0.2 (sys).

- 888.0 £ 2.0 s in beam experiments: 4.00 of difference.

- This 1% of difference could be attributed to systematic
uncertainties..

- ..Or unaccounted exotic decay modes not detected in the
INn-beam experiment.
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R. W. Pattie Jr. et al, Science vol. 360 no. 6389 627-632
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Bartosz Fornal and Benjamin Grinstein 1) Neutron—dark particle + photon. In this case
Phys. Rev. Lett. 120, 191801 (2018). 937900 Mev< mX< 939565 Mev and 0782 Me\/<

Ey<1.664 MeV. No evidence was found (Z. Tang et al,
Phys. Rev. Lett. 121, 022505 2018).

2) Neutron—two dark particles. 937.000 MeV<
MY*+*M@<939.565 MeV.

3) Neutron—dark particle + e'e". Excluded
Brin—xe*e)=1% for e'e"pairs with energies Eere->2me+*
100 keV. (X. Sun et al., .Phys. Rev., Cg7(5):052501,
2018).

4) Nuclear dark decays: 937.9 MeV< my< mn-5n..
Fulfilled in neutron halo nuclei
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 |If the neutron separation energy of a nuclel is
Sn<1.572 MeV, the dark neutron decay could
happen.

« Pfutzner and Riisager identified the candidates
as: ®He, 1L, 1Be, 15C, and 7C, with Be as the
best candidate.

-
o
&

BR("'Be »'°Be + X + ¢)

SRR O AR « HBe lifetime is 13.7 s and has several beta-
= e | delayed channels open.

« Beta-delayed proton emission is possible if
Sn<{Mn-Mp-Me)c?=0.782 MeV. Qpp = 280 keV.

« Branching ratio upper limit of 104, depending
on the dark particle mass.

wn0®
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0.1 0.12 0.14 016 018 02 0.22
Eem (MeW)
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Riisager et al. implanted Be in a catcher and let it decay S gggpze:nprhate 15x
» Then analyzed the ratio of *°Be/ B in the catcher with the —
accelerator mass spectrometry technique ‘

« Deduced that the Be -> 1°Be branching ratio was 8.3(9)107°
« This value is orders of magnitude higher than theoretical predictions

Cs-Beam Sputter
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Negative lons

« The neutron decays to a proton in a resonance and it is emitted, orit |, zx..
directly decays into the continuum
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* An unobserved resonance in **B could explain it.
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Previous experiment did not observe the emitted protons.

Measuring the energy distribution of the protons will yield
information in the hypothesized resonance in B.

By knowing the Bp energy window we can extract the B(GT).

Free neutrons have a B(GT)=3, so this value can directly
quantify how “free” are halo neutrons.

Riisager et al. measured the combination of all decay branches
leading to 11Be -> 10Be

This experiment specifically measured the 'Be -> °Be + p
branch

Any discrepancy between both results would be an indication
of unaccounted decay branches, with the dark decay as a very
likely candidate
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11B, a “exotic” structure
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Experimental method: Silicon detectors
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J. Refsgaard, J. Blischer, A. Arokiaraj, H. O. U. Fynbo, R. Raabe, and K. Riisager
Phys. Rev. C 99, 044316 - Published 25 April 2019

( igfae.usc.es )

9 NARK Instituto Galego de Fisica de Altas Enerxias (IGFAE)




& | GFAE ug

aﬁ Instituto Galego de Fisica de Altas Enerxias i

2000 pads : .
E. e

501~

EA XUNTA
84 DE GALICIA

-50p=

Yy

Micromegas

Cathode Field cage Endplate

Cathode voltage feedthrough

Micromegas

| \\

N

lonizing charged particle

E=1kV/em T micromegas mesh

E =100 kV/cm T A ‘ ﬂ‘ ‘ ‘ Amplification gap (100 pm)

| | | | | Pad plane (V=0)

WWWY Readout electronics

Instituto Galego de Fisica de Altas Enerxias (IGFAE) t igfae.usc.es J




EX XUNTA
84 DE GALICIA

Protons?

11.509 1/27 g-
T ; o
llBe “.hh 0.873 3;2-9- BO( 33(1)/0 % 3' /I
. Q |
31 404 P - o 1/9- 10 |
Ta 9.142 lid S |
400 558 7978 3/2* S661 320 | |
7 ot v - 2 = |l
6.47  5.94 6.792 1/2 Li+a :102_— = | o
= - | ®
)
O - s || B 0
~ a fo— T Q o) Q
0.282 7.93 5.020 3/2 O [ 5 > =
- i | @ 3
0.054 10.93 4.445 5;2‘ 10 L | ﬂ: Q
- | : m
- | o (/)]
314 6.65 2.125 1/2° B -
S i |
|
. LIS ’JH
E}'-I-T 683 ODDD 3’.""2 L1 | ||| 1 | 11 | L1 1 | I 1 1 1
bs (%) log(f1) Up 200 400 600 800 1000
Energy (keV)

EXCELENCIA
MARIA

Instituto Galego de Fisica de Altas Enerxias (IGFAE) ( igfae.usc.es )



EX XUNTA
84 DE GALICIA

A§IGFAE y/SC

Y. Ayyad et al.
Phys. Rev. Lett. 123, 082501 - Published 22 August 2019;
Erratum Phys. Rev. Lett. 124, 129902 (2020)

) Proton energy distribution
m  Proton energy loss rate (QV chiz chitli cond e Breit-Wigner I, = 10 keV

- Proton reference curve >< 3000 e [enz_cnti_cons % 60:_ ———— Breit-Wigner I, =15 keV
: 6000 "Li reference curve __ B s ; -
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i - e b

I T T T 500[-78 s - £
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‘;“ --------- Proton reference curve P r 0 t O n X2 Energy (keV)
© :6000 — "Li reference curve
E I » First direct observation of f-p in a neutron-rich nuclei.
34000__ « Branching ratio is 1.2x10°, with 30% uncertainty... Theoretical calculations yield 8.0x1078.
E. i . f\/g%r/row resonance (12 keV) in 1B was inferred. E = 11425(20)keV, '=12(5) keV, J™ =
42000__ « Comment on "Direct Observation of Proton Emission in 11Be" No reliable particle

- identification. B(GT)>3 (above free single nucleon decay limits)

- d (https://arxiv.org/abs/1912.06064).

300 320 340 360
Time buckets (40 ns)

280 * Assuming a pure Gamow-Teller (GT) transition, it yields B(GT)= 5.5+8.3-3.

« Decay into the continuum would be characterized by a much shorter branching ratio (10-10).

.
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Theory tries to reproduce theresult
10 ¢
Phys Rev Lett. 124, 042502 (2020)
ey 18731 . . 2 Lt
Wy 555 " ”  Shell model embedded in the continuum (SMEC). = —~
B+p Pign 325 Q. cd
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ot E=7654 R . y y p y - 01 = 5 \
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G 12131 j;?’ oo . q -
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_______________ component. :
|.10_'_p -1270 3 i . i . 4 ) , ) . )
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& > E Y 2
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T = : . : 10 4 ' .
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Theory tries to reproduce the result 200 | ]
Physics Letters B 821 (2021) 136610 . 150 | .
l = 100 ]
T o et 08 ' ‘ « Halo Effective Field theory (EFT) yields results ol |
N B A ' consistent with the experiment. b, =4.9 +5.6-2.9(exp)
Lo ‘ "k'4-0'0-8(theo-) and ['=9.0+4.8-3.3(exp)+5.3-2.2(theo.) .15 0185 0.10 0195 0.2 0.205 021
=07 - eVv. Ee.m [MeV]
g 1070 * No resonance: =(6.6+-2.6) 1010 s SR Y
o 107 e ; . o+, 1) a0 (14, 0) (3/24,1/2)
s * From ab-initio calculations with no-core shell model T ——— P E———
10 . . with continuum (NCSMC) bp: (1.3+-0.5) 10°% s 172} 0.0525 0171 0.562 0.002
X 8 Y S VXS VK1 - - - . 125 0067 0231 - 0188 oot
E [MeV] * Alpha decay spectroscopic factor is consistent with 32, 0.079 6x10¢ 0215 0.009
our estimate inferred from the decay width. T et o ome oo
o — . . — « From shell model calculations (A. Volya EPL 130, 1, i ooe o0 0 0.000
T et S 2020) the decay proceeds via the isobaric analog
10~k I = (654L5) x 107 5 Ref. [21] | state with a lifetime of 2.6 1010 s SFp = 0.23. Small JT B (BXP) [ Epsdu) [ E(su) [ BGT) [ogo(/7) | SF, | SF.
Eg = (0.196:£0.020) MeV Ref. [21] loha width does not explain the experimental 32— o7 | Eoess [see 0000 | sase Toow0 o
o ---=- Theory decay rate Ref, [21] a p h . p p 12 (9820) | 99360 10,953 0101|4301 | 0.075 | 0.170
T-r_- ok === Upper bound from Ref. [23] | branChIng ratIO j;:z::, (lgii-gfjj ;(1}{5);32 iggggj gg?é 2;;; gg;; gﬂg:
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10-7F - - i AT R AN MY KA
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/27, 3/2 | 12554 | 14.7109 | 12.6631 | 0571 | 3.195 | 0.230 | 0.000 1]
107
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Ex(Tg) [MeV]

EPL 130, 1, 2020
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Phys. Rev. Lett. 129, 012501 (2022)
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Excitation function of elastic scattering *°Be+p

Sao Paulo Optical Model

Potential (SPOMC)

l
/

/

-~

1.78 normalization

e
—

0.2 0.3 .
Ecm (MeV)

0

S/Sruth

Self-consistent Skyrme Hartree-
Fock in the continuum method.

25— T .v T —
L “Be(pp) @  Ayyadetal.

(2022)

———- R matrix (2022)

------- A=1.000 ;
I — A=0.998
0 [ DA R N P P R
100 150 200 250 300 350

Eem [keV]
MinhLoc BUI, N. Auerbach, V. Zelevinsky,
https.//arxiv.org/abs/2206.01350v1
and Private comm May 2022,
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1°oBe+p Narrow resonances with R-matrix code Azure2. e
D‘rbita] angular mnmen;um of | = 1 are included in the‘models.
Light Light Heavy Heavy Excitation Separation Channel
Particle Spin Particle Spin Ener Ener Radius Model ! ! -
i g v . States 3/2* 3/2F +1/2+ 3/2F +3/2F
1 P 1/2+ 10Be 0+ 0 11,228 5.4 x2/ndf 217 3.11 1.26
2 a 0+ Li 3/2- 0 8,604 5.4

HI.: -"\ (&)
] From R-matrix we inferala=11+-4 f/\‘m

10 keV

E I 0 / \\{‘-.{f‘n_.

] keV, with a relatively large cross A SV AU
section of 0.5 b. LR AT

*Absence of alpha decay would give a

B total width Of 4.5 keV, in clear conflict E g\ "
;] with the experimental resolution. %
] ] *Possible neighboring 3/2* A

N overlapping... 3 8] RO

! - Still does not solve the conundrum S @

neither the B(GT), which is very ‘1/\\

NN sensitive to the energy and width. §wl /. ™
W o o = % = +Dedicated measurement is needed! oo
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FIG. 3: Excitation energy H})ectrum in ''B
reconstructed from the “B* &5"°Be p (red) and
"B =" miEaEBlEE))» A prominent near-threshold

peak at E_,. = 11.44 & 0.04 MeV is visible in the proton
spectrum.

30—

25 C2S = 027(6)

20—

15 ]l E,=11.44MeV->
10- E,e=11.44-11.228=

5 ; (212+-40)keV

| |
20 25 30 35 40 45 50
Energy Sum (MeV)

Count

FIG. 4: Energy-sum signals of ""Be + p events for the
11.44 MeV state, compared with a Monte Carlo
simulation (in blue) that takes into account the

DWBA-calculated angular distribution of the

""Be(d,n)"'B* reaction. A value of £ = 0 fits well the

experimental data.

Upper limit for alpha branch < 40%

Phys. Rev. Lett. 129, 012502 (2022)
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Theory still not happy...

10

B p and 3 a decay of the '"Be neutron halo ground state

J. Okolowicz,! M. Ploszajczak,? and W. Nazarewicz®
! Institute of Nuclear Physics, Polish Academy of Sciences, Radzikowskiego 152, PL-31342 Krakéw, Poland
*Grand Accélérateur National d'Tons Lourds (GANIL),
CEA/DSM - CNRS/IN2P3, BP 55027, F-14076 Caen Cedex, France
RDC;’HLY’!.'”K}HE of Physics and Astronomy and FRIB Laboratory,
Michigan State University, Fast Lansing, Michigan 48824, USA

Beta-delayed proton emission from the neutron halo ground state of ''Be raised much attention
due to the unusually high decay rate. It was argued that this may be due to the existence of a
resonance just above the proton decay threshold. In this Letter, we use the lenses of real-energy
continuum shell model to describe several observables including the Gamow-Teller rates for the
B~ -delayed & and proton decays, and argue that, within our model, the large 8~ p branching ratio
cannot be reconciled with other data.
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Bloic.  What's next?

* Improved measurement of 1°Be+p->7Li+4He to assess
the alpha decay branching ratio.

2]
o
T
[N
A

* Also, 7Li+4He->°Be+p (already planned at TwinSol, E o *
Notre Dame). > |

|
(3]
S

« Search for 8Be+t emission in the Be beta decay data.
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Fig. 14. Comparison of the model-program calculation with experiment for the elastic cross section at
O..m. = 159°. The solid line is the model program calculation using the parameters listed in table 2.
The points are experimental values. The dotted line is a smooth curve drawn through the data points.
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.and of course re-measure of beta-delayed proton emission of *Be
Magnetic field for enhanced particle identification

Negative lon Drift Optical TPC
10 keV recoil
(experiment at TRIUMF, 16C and °C)

Nuclear Recoils from DD neutron exposure:
30 Torr data

160

10.4 keVee 15.4 keVee
o l 59Torrcs2

45 keVee

o\

34 keVee
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Conclusions

Three independent experiments confirm the existence of a 72+ state at
Ex~11.400MeV in 1B: Be(b,p), *°Be(p,p) and (*°Be(d,n)'B->°Be+p)

All show a strong spectroscopic factor of ~ 0.2-0.3
Models with coupling to the continuum can reproduce these properties

Still needed: precise branching ratios to decay, (gs and 1st excited state of
7L0) tritium decay

Check by independent measurement of 1Be(b,p) branching ratio
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Particle identification: p,d,t,alpha and 7Li

- alpha comp_f14_Li thr75_run_158
. Exp "Li recoil 440keV
- deuteron
2.5 10° . . : :
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“Unha maneira de facer Europa"
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Criteria for proton event selection

* Proton beam events are used to assess the selection parameters.
 Chi2, center of gravity (shape of the pulse) and stretch factor.

Chi2 Center of gravity Stretch
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Criteria for proton event selection

* Proton beam events are used to assess the selection parameters.

 Chi2, center of gravity (shape of the pulse) and stretch factor.

* This method is complementary to the one we used before: no selection in chi2.

* The energy distribution obtained in the last analysis is compatible with the published result.
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ro (Fm) 1.4 1.5 1.6
Clarification of large-strength transitions in the § decay of ''Be a. (fm) 4.90 3.25 5.60
J. Rcfsgaard,"* J. B'Lischﬁr,I A. Arokiaraj,] H.O. U. Fynbo,2 R. Raabc,' and K. Riisagf:r2 E| (kCV) 9850(1 ) 9848(' ) 9846(')
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at £, = 9.87MeV in ''B. A significant increase in the observed decay strength towards the higher end of the [()12 3.19(5) 1.38(2) 0.84(2)
Qp window means, however, that the 9.87 MeV state cannot alone be responsible for the transition. Using the
R-matrix framework we find that the inclusion of an extra 3/27F state at E, = 11.49(10) MeV is required to IMGT,I | 0?26(18} 0?22{ 1 3} 0? 1?( 1 2)
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obtain a satisfactory description of the spectrum. Both states show large widths towards o decay, exhausting [ B GT 1 ] 0326( 1 6} 0322{ ] 2} 03 18( 1 ])
significant fractions of the Wigner limit, a typical signature of « clusterization. The observed Gamow-Teller ! .
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An open quantum system is a quantum system
interacting with its Environment which is sometimes
Total System called Bath or Reservoir, In reality every system is open
(Hr,pr,Hr) and an isolated quantum system is an idealization and
consequently our famous Schrodinger equation is also
idealization for only closed quantum systems.
System
(H,p,H) « Quantum optics
* Quantum information processing
* Quantum computing
Environment * Quantum biology
(HE, pe, HE) * Quantum Chemistry

« Relativistic quantum mechanics
* Quantum cryptography
* Quantum Thermodynamics

« Foundations of quantum mechanics

A total system (belonging to a Hilbert space 77, with states described by
density matrices pr, and with dynamics determined by a Hamiltonian Hr) divided
into the system of interest, “system,” and the environment.
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Gas Volume
(Target)

NARK Instituto Galego de Fisica de Altas Enerxias (IGFAE)

(igfae.uscees )



ALY
W’

XUNTA
DE GALICIA

Gas Volume
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« Discovered in 1932 by James Chadwick.

* Neutrons have non-zero magnetic moment.
And possible electric dipole moment (hEDM
3.0x1072%e-cm).

* Neutron structure is modified when embedded
inside a nucleus: Short range correlations, n-n
and n-p cooper pairs, condensates, giant
pairing vibration..

* Neutrons can exist in a quasi-free mode inside
the nucleus: neutron halo.

* Free neutrons decay into protons through beta
decay. Lifetime measured 70 years ago: 14 min
39 s. But the value depends on the method..

Nature 566, 332-333 (2019)
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Complex Systems Cosmos

Physics
of Nuclei®

”~

S
3 =
+ Atomic and (e i
= * Astrophysics
Molecular Physics g = . Cosm%lggy
+ Condensed Matter 25 « Astronomy
Physics £ + Gravitation

* Materials Science

*  Quantum Chemistry
+ Particle Physics
* Cosmology

W. Nazarewicz, J. Phys. G43, 044002 (2016)

Instituto Galego de Fisica de Altas Enerxias (IGFAE) t igfae.usc.es J

(Quantum) Physics research crossroads

Strongly coupled super fluid systems.
Phase-transitional behavior.

Spectral fluctuations and statistics.
Properties of open quantum systems.
Clustering.

Studies of neutron-rich matter as in neutron stars
and supernova.

Nuclear matrix elements for fundamental
symmetry tests in nuclei and for neutrino physics.
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Proton beam calibration

OH- beam from OLIS produced protons of 180 keV for calibration-
E ~ ", ) B l‘ 250? i 5879 + 111.4
=‘ ‘r\ ,‘\ 200;
:;"? = ‘f \ [ \ s8of
£ s 1 = | - 15keV (FWHM
=\ | | 100 resolution
- 1| \| : y
2 \ o
1 o0 » o i =
— Reference proton
' 0 1;)3 .’{l)'.'l 300 400 I
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» Degrees of freedom that atomic nuclei are made of
LQCD pegreesorfreosom deg?kr:d Olo.ntthe energly of the experimental probe
. .06 = and the distance scale.
5 2. :g) ey
i @ 2 * Quantum chromodynamics building blocks: quarks
& consli cuarts and gluons, lurking inside mesons and baryons.
€ @
g 0 Hadron-Nuclear * Low-energy r?uclefar physics elxplerliments, nuclei can
interface be well described in terms of individual protons and
3 ClI neutrons, their densities and currents, collective
§ Nuclear structure coordinates (rotations and vibrations of the nucleus).
S - Nuclear reactions
g DFT PR T— « Major theoretical approaches tolthle nuclear many-
NEEEER#ER T EHE body problem: Lattice QCD, ab-initio models,
configuration interaction technigues, nuclear Density
collective =2 Applications of nuclear Functional Theory, and collective model..
science

collective coordinates
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Criticisms

Comment on ""Direct Observation of Proton Emission in ''Be"

H.O.U. Fynbo,' Z. Janas,” C. Mazzocchi,> M. Pfiitzner,” * J. Refsgaard,>* K. Riisager,' and N. Sokotowska®

!Institut for Fysik og Astronomi, Aarhus Universitet, DK-8000 Aarhus, Denmark
2Faculty of Physics, University of Warsaw, 02-093 Warszawa, Poland
3Department of Astronomy and Physics, Saint Mary’s University, Halifax, Nova Scotia, B3H 3C3 Canada
*TRIUMF, 4004 Wesbrook Mall, Vancouver BC, V6T 2A3 Canada

We argue that conclusions of [PRL 123, 082501 (2019)] are incorrect. The authors present the direct obser-
vation of beta-delayed proton emission in the beta decay of ''Be. From the determined branching ratio for this
process and from the energy spectrum of emitted protons the existence of a so far unobserved narrow resonance
in '"B was deduced. The given beta strength for the transition to this state is however wrong. In addition, we
show that the combination of peak position and branching ratio is in strong disagreement with models con-
sidered by the authors. Furthermore, we identify several deficiencies in the analysis, and we provide possible
sources of background. that could explain the error.

9

« No reliable particle identification.
« B(GT)>3 (above free single nucleon decay limit).
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Beta-minus Decay

Carbon-14 Nitrogen-14
Antineutrino Electron
& protons 7 protons
8 neutrons 7 neutrons
Beta-plus Decay
Carbon-10 Eoron-10
B+ Neutrino Positron
- + © + ¢
& protons 5 protons
4 neutrons 5 neutrons

Isobaric Multiplet Mass Eqgation

B*/EC

QEC

Neutron emission

Proton emission

B*/EC decay

B*/EC decay

Astrophysics

\x
Zp?:\\

A

N7iXd (+2p)

S, (Xb)

N7iXc (+p)
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Experimental method: Experiment at ISAC (TRIUMF)

- Implant-decay on the pAT-TPC: High detection efficiency W e
(80%) and resolution (o(E)~5%, (5(8)=1 deg) poserts R

- Full reconstruction and identification of p+ and a.

Gate valve

Beam -,
line -
g I

- He(+10% CO2) as thin tracking medium: low straggling and f3-
blind.

. The pAT-TPC was filled with 60 torr of He(+10% CO2) "| :
- Beam energy of 390 keV/u deposited 11Be at the center 20 BAERC tobeam
- 1Be jons drifted to the cathode "'Be activtly

- Protons of ~180 keV stopped in 10 cm tracks =F

2001

- Normalization 11Be -> 7Li + a, 3.47(1)% 180F

-
(=2}
=

T

- Experiment run in pulsed mode 1 sec implantation, 0.5 sec
relaxation, 6.88 sec decay

B
(=]
TTTT1

Trigger rate (Hz)
o n
(=} o
TTT

[o:]
[=]
T

- It was optimized for a peak activity of 200 a pps, to minimize
dead time

=]
(=]

- We run for 4.33 days or 13 8-hour shift

n P
(= =] [=]
T

40 60 80 100
Time (s)

(=]
N
o
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P
W

® ratio] 10-0]

Riisager et al, arXiv:2001.02566v1

S, the cument resulis for the branching
ratio are iInconclusive and not consistent with the pravious

Eur. Phys. J. A (2020) 56:100
https://doi.org/10.1140/epja/s10050-020-001 10-2
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Regular Article - Experimental Physics

Search for beta-delayed proton emission from !'Be

K. Riisager'#, M. J. G. Borge~, J. A. Briz’, M. Carmona-Gallardo®, O. Forstner’, L. M. Fraile*, H. O. U. Fynbo',
A. Garzon Camacho’, J. G. Johansen', B. Jonson®, M. V. Lund', J. Lachner’, M. Madurga®, S. Merchel’,

E. Nacher’, T. Nilsson®, P. Steier’, O. Tengblad”, V. Vedia®

! Department of Physics and Astronomy, Aarhus University, 8000 Aarhus C. Denmark

2 ISOLDE, EP Department, CERN, 1211 Geneve 23, Switzerland

* Instituto de Estructura de la Materia, CSIC, 28006 Madrid, Spain

f Grupo de Fisica Nuclear and IPARCOS, Universidad Complutense de Madrid, CEI Moncloa, 28040 Madrid, Spain

2 Faculty of Physics, University of Vienna, Wihringer Strasse 17, 1090 Wien, Austria

S Institutionen for Fysik, Chalmers Tekniska Hogskola, 41296 Goteborg, Sweden

7 Helmholtz-Zentrum Dresden-Rossendorf, 01328 Dresden, Germany
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Na [ *'Na | ?Na | **Na Na [2°Na |?°Na Na Na Na Na [ **Na Na
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« The halo is a long tail in the density distribution of a nucleus.

« Animportant concept of a halo is the decoupling of the halo wave function from the core of
the nucleus.

« Very weak binding of the last one or two valence nucleons (usually neutrons).
« Single-particle behavior.
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