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A confusion of different languages

Eﬁ?ﬂ:iﬂes%“m\ Energy Levels of Light Nuclei, A =3 - 20
L;h;f;wwc >~ Nuclear Data Evaluation Project

( Cuspina spectrum\ ‘ R-matrix

The 10Li nucleus is neutron unbound B + 15 keV,
the width of this state i230 + 60 keV. \ effective range

The general consensus for f8ei ground state configuration is thabroad s-wave
neutron resonance couples with the 3/2°Li ground state to give
either 1 or 2 resonance with an energy < k€V, based oncattering length

consideration / S matrix ]

This state has been referred to asréual resonanceinthen+°Lis y st e m

D. R. Tilley et al., Nucl. Phys. A745 (2004) 155



What Is a resonance state?

| Enveiope: 110 /o )| zuf If:latural Frequency
.= Input Frequency

- = 5=0—> )
e O ret I C I a n S 5 Disastrous resonance when 5= 0 for o /o, =1
p =U. (')()

B Aresonance state is a solution of 8ehrodinger
equation having only outgoing waves at infinity.

B The phase shift should rise througl? in order to
produce a true physical resonance that shows up as &= |
bump in a plot of the cross section as a function of

smissibility

= Damping coefficient

8

energy.

B The internal wave function is, within the resonance ' S — : —
energy region, independent of energy and no matter oo 0s o s 20 25 3.0
whether the resonance is obtained in different nuclear Frequency Ratio

reactions. L | Avirtual, or antibound,

B Resonancéasa lifetime many times longer than

the time it takes aucleon withthe resonance eneyg or unbound-bound,

to cross the nucleus. or scattering, or threshold, or

Experimentalists
B Ashortlived composite particle thatcan be B Avi bII'OEid S-Wave dState e of th
obtained in different nuclear reactions but carbet virtual state corresponds to a p(_) € of the
observed directly. The existence of such particles is Matrix at imaginary momentukg = -k
usually inferred from a peak in thelativeenergy sufficiently near the threshold, such a pole
distribution of its decay products ifetime U& k @i ).  profoundly affects lowenergy cross sections.



Resonances, peaks In energy spectra, ghosts

Resonance

m Gamovstate (shape resonanc
IS ametastablestate in which an
emitted particle
shape of a potential barrier

[G.GamoyZ.Phys 51(1928)204]
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Resonance has finite lifetime

m Few body systems

is trapped due th

Energy spectrum

em Breit-Wigner isolated
resonance
e[G.BreiT, E.Wigner Phys.Rev

49(1936) 519]

m Fanoresonance. The
interference of resonance and
potential scattering amplitudes
[U.Fanqg Phys. Rev.124,1866
(1961) ].

m Feshbachesonancés a
coupling between open and
closed channel$H.Feshbach
Ann.Phys5, 357 (1958)]

m See alsdsuillaume
Blanchon presentation

Antibound state

m Avirtual state corresponds to
a pole at real negative energy on
the unphysical sheet of the
Riemann surface belonging to
the scattering amplitude.
Lifetime is not defined.

m Broad swave state with
0>4Er and the lifetime defined ax
U= k/

m Large negative scattering
length in effective range
approximation. Lifetime is not
defined.



Comparison of conventional models

Equivalent description of a low-energy
region of a spectrum by different models.

Model Gamov states  S-wave scattering

R-matrix Resonance width  Broad s-wave resonance.
I'<4E Lifetime
Fo(Eyny) e
do/dEy; o B, En;;g +f% To(Bar)?’ Lifetime T ~h/T’
‘ . =~ h/T Anti-bound state:

La(Bay) = v/ Bas/Bel's, T = To(Bs T

o(Eny) f ol Er X >4E
S-matrix Resonance E.<0

energy and width Lifetime defined.

'. I;?‘ o [‘,1”‘: :'2 -+ %l-ili ['-112 f :': . . .
| | Es = E,-1I'/2 Pole is at negative energy,

E.=E,[1—-2\2 —2iav1 - 22|, A= . Lifetime but state is not bound
AE,
T = h/T'
Effective range Scattering length |a| is
ap dng'br_inn?g'on large, negative (attraction
By~ Thnp or antibound state) or

1 1 positive (repulsion or
knf cot (8) = — =+ grokns + O(kny) bound state)




R matrix, S matrix

Energy spectrum | o] Pole of S-matrix
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The poles of the S matrix in the complex energy plane witl
positive real part andmall negative imaginary part are
correlated with resonance states of ené&rggnd widthr".

[R G Newton, inScattering Theory of Waves and Particles
(McGraw-Hill, New York, 1966) p. 339

A broad swave state corresponding
to the cusp shape s called a virtual
or threshold state.



Influence of reaction mechanisms

Relativeenergy distribution
for n +Li system.
Neutron scattering:
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Knockout reaction:
The swave distribution can be described
analytically in the limit where the bound
neutron wave functions are dominated by the ©
asymptotic behaviofG. F.Bertschet al, Phys.Rev T ,|
R7(1008R)\ 12AAI1

Free°Li(n,n) scattering
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ﬂ 1 . .
knfcot(0) = — -+ Erﬂf"if - L’J[kif)._

k :\/28L°J whereo is close to the twmeutron
separation energy.



G. Blanchonet al,
NuclearPhysics A 791 (2007) 30312
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Fig. 4. Comparison for the 5 to 5 transition of our calculation (solid curve) with that according to the sudden formula
Eqg. (200 of [3]. Both calculations use the exact phase shifts.

In the case of th&Li virtual state, the scattering length is lagyeughto justify
the use of the sudden approximation



Trivial system: °He

J. H. Williams et al., Phys. Rev. 51 (1937) 888.

SHe was produced in ofreeutron knockout 10 MeV /e < P < 10 MeV fe
. Y

reaction with a 240 MeV/éHe beam on a 10 MeV/c < P < 10 MeV /c
carbon targettHe — 5He +n
o T T ._m L — s-wave 0020 ——
< I é A1 Pkr) = kr ! by s-state at 60 keV] Velocity distribution’
2 ] oo f i experiment (circles) +
€ 4ol p-wave 3 1 Monte-Carlo simulations
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00 | a, = +3.4(4) fm | Crolsjsed channglositive a
h S,, =-0.9(2) MeV Direct channelnegative a \
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S 40t
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20 At the first glance positive sign &€ is
| Phys.Lett B679 . g. P J @
A et (2009)191, Yu. surprising, since we kn_qw th.%l-tle. ha..s no
00 05 10 15 20 26 30 35 20 Aksyutinaetal. bound state, while positive sign indicates that

Ean (MeV) there is a bound state,.



— 50 mm——>
Entrance window
Mylar 50 mm, @ 30 mm

Liquid H

Target tube, Mylar 100 ym | Dural, 0.25 mm

Vacuum chamber window VACUUM
Mylar 125 ym

Experimental setup

SeeHaik Simonpresentation

The use of a hydrogen target is very important for this class of
experiments, since the proton is a clean strudag®probe.
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A. M. Poskanzeet al., PhysRev Lett. 15 (1965) 1030

He+3n SHel(2*)1n

The result of the analysis of the relative-energy spectrum shown in Fig 1. The
values for Er, I'(E;) and ]-fbi are given in the center-of-mass system. The errors
represent only statistical uncertainties.

R E I'E;) PiE;) SiE) yg-m ,vslp S

fm MeV MeV MeV MeV

3.6 0386(2) 01946 0077 -0.830 1.250(40) 1.993(40) 0.627(23)
40 0387(2) 0.190(6) 0102 -0.798 0932(29) 1.504{(29) 0619(22)
55 0388(2) 0.187(5 0226 -0.675 0415(11) 0715(11) 0580(18)

E, (MeV)

Spectroscopic factor is in agreement with the result S

= 0.64(9) obtained from th&i(d, 2He) reaction
[F. Beck, et al., Phys. Lett. B 645 (2007) J,.2&hile

the analysis of the protemnansfer reaction

8Li(d,*He)He ( 3/ 21 )
Sn =0.36(7) A.H. Wuosmaa, et al., Phys. Rev. C 7
(2008) 04130P

resul

t ed
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Quasifree scattering with 240 MeV/éHe

beam on liquid hydrogen target

Yu. Aksyutinaet al, Phys.Lett. B679 (2009)191

S wave was not seen




"He

K. K. Seth et al., Physev.Lett 58 (1987) 1930

Quasifree scattering with 280 MeVAILI In the fit:
beam on liquid hydrogen target E =1.27MeV, Me\V= 0.10
H.T. Johansson et aNucl. Phys A842(2010)15 E = 2.42MeV, MeV= 0. 7

I ! I 4 1 ! I ! 1 ! I ! I ' from

25l . H.G.Bohlenet al. ,Prog.PartNucl.Phys 42(1999)17.
_ + as — _3_ 17(66) fm These parameters do not contradict to the other

experimental results..
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Velocity spectrum.

NS RN 28 MeV/ullBe incident on 8Be target
R e ————— ———— L.Chrn, Phys.Lett. 505B, 21 (2001).
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10|_i

K. H. Wilcox et al., PhysLett. B 59 (1975) 142

pand s states

a,= -22.4(4.8)fm

ds/dE (mb/MeV)
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MeV/u Kirsebom et al., to be
published.



12Li

Yu.Aksyutinaet al., PhysLett. B 666 (2008) 430.
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12] j were formed by the twroton removal

reaction from a 53-4MeV/u “B beamC.Hall et al.,
Phys.RevC 81, 021302 (2010)

12 I n  5rmesgn pbsaiption reactions on a
14C. A pealobservedn the missing mass spectrum
of thel4C (', pp)X reaction was associated with the
formation of at?Li state with resonance parameters
E= 4.0(2) MeV and 04 = 1
Yu. B. Gurov et al., Bull.Rus.Acad.Sc. 74(2010)433



13Be

D. V. Aleksandrowet al.,Sov. J.Nucl. Phys. 37 (1983) 474.

RIKEN
Quasifree scattering with*Be beam and liquid
hydrogen target.

GSI. LAND collaboration.
Quasifree scatteringof a 300 MeV/u

do/dE,, (mb/MeV)

14 1 i
2559 bearon aliquid hydrogen target Y.Kondoet al.,Phys.Lett B 690 (2010) 245
+ a—=-3.2 fm N
20 1 100 - _—~ |"Be » ®Bet+n+ty
_E7 20
—~ 4 = ¢ 69 MeV/nucleon
2 | AsE
b S A8 9
E f;i Taagpncoftes,,
— . % D WAV~ i B
g 00 ¢ o 1 2 3
10 pe N F. (MeV)
ET B
# _
el
5 o
0
. . 0
0 poooi 1 1

00 05 10 15 20
Erel (MeV)
swave ag=-3.2fm

p-shell Er=0.55(2)MeV, 0=0.65(9)MeV
d-shell Er=2.57(7) MeV, (=2.7(4)MeV



12Be + n with a positive s-wave scattering length

Uncertainties in experimental data
Crossed channel do not allow the determination of

- scattering length sign
Direct channel g length sig
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Scatterindength can be positive.
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Dominant or essential
contribution from the svave
scattering, or unbounrblound
state or antbound state, or



Antibound state in unstable light nuclel

Effective range

Relative-energy spectrum R-matrix

S-matrix Nucleus

a, [fm] | ro [fm] | E, . [MeV] | FWHM E . [MeV] | T'[MeV] | A E, [MeV]

[MeV]
-3.17 | 3.0 1.03 8.4 4.97 24.6 1.2 [-1.28 9He
-22.4 | 3.0 0.05 0.5 0.69 6.01 2.2 |-0.04 10|_i
-13.7 [ 3.0 0.09 1.1 1.11 8.05 1.8 | -0.08 12|_i
-3.2 3.0 0.97 8.2 4.74 23.5 1.2 1-121 1BBe
do 1 ’ | I
dEfnmpm[k1+P?J [CDS{SHE 122X - B

1 1
Pmcot(d) =——+ E”HPE?n +0(pi).  GF Bertsch, et al.,
k= J/Ijie Phys. Rev. C 57 (1998) 1366

Might have
positive sign




atest surprise
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From hyperphysics



Special properties of anti-bound state.

Summary

e Contributionfrom the swavescatteringis dominant or essential
for unstable nuclei witim+corestructure.

E Relativeenergy spectra are strongly influenced by reaction
mechanisms

B Uncertainties ofexperimentatiatado not allow a determination
of thescatterindength sign.

B Anti-bound states, as defined imtrix theory, have no
definitelifetimes.

B R-matrix reaction theorydescribesthese states as a very broac
resonances with thkfetime which is close to scattering time.

B Cana nucleasystem in amantiboundstate be accepted as
composite particle?
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13Be

D. V. Aleksandrowet al.,Sov J.Nucl. Phys. 37 (1983) 474.

- P L
| 1“Be +12CA Be +n+m+12C

a—-20 fm. wE, = 0.3 MeV -

8

ds/dE (mb/MeV)
3

e -
-

Vi -V, EreI (MeV)
A 80 MeV/u 80 beam fragmented orfBe target.  1“Be, has been studied by inelastic scattering
Neutrons at Bwere detected in coincidence with onal2C target at 68/1eV/u .
charged fragmentsRkelativevelocity specitra. T.Sugimotq et al.,Phys.Lett B 654, 160 (2007)

M. Thoennesseat al., Phys.RevC63(2000) 014308



