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Double charge exchange pfonson nuclei occupies a particular position among all known
nuclear reactions. It is unique because through the reaction one can obtain nuclei for whic
the Z component of the isospin differs by two units from that of the original nuclel. This is
possible by double isospin flip of the pion.

crle Shalit, Drell, andLipkinin 1962predicted existence of DCX
A. deShalit Seminar aGaclay1962.

cExperimentally this process was discovered in the Laboratory of Nuclear Problems at the
In 1963

Yu. A.Batusoy et al.PreprintR-1474, JINRDubng 1963; Sov Phys. JETP 1857 (1964).

MDuring thés4years after the discovery the pion double charge exchange reaction has generated a significan

theoretical and experimental work _ _
For a comprehensive review, please refer to Refs

A F. Backer and Yu.A. Batusov, Riv. Nuovo Cimento 1, 309 (1971).

A R.l. Dzhbuti and R. Ya. Kezerashvili, J. Part and Nuclei, 16, 519 (1986).
A W.R. Gibbs and B. F. Gibson, Annu. Rev. Nucl. Part. Sci. 37, 411 (1987).
A H. Clement, Prog. Part. Nucl. Phys. 29, 175 (1992).

A M.B. Johnson and C.L. Morris, Ann. Rev. Nucl. Part. Sci. 43, 165 (1993)

Saclay, January 30, 2017 Workshop: Dynamics of highly unstable exotic light nuclei



What makes it attractive to study pion
DCX reaction onuclei

An DCX at least two nucleons must participate in order to conserve the electric charge

A DCX reaction is more sensitive to the twaucleon effects, manifested here in the first order,
than reactions in which there is no need to consider two nucleons and in which the effects
of the two nucleons dynamics are manifested indirectly

A PionDCX can give direct information on the two nucleons aspect of nuctBaramics
A Shortrangetwo nucleonscorrelations.

A Mesonexchange current.

AIn pion DCX we can obtain and study nuclei far from the stability region.

A To obtain information about doublésobar states of nuclei.

A We hope of studying the expected deference between the neutron and proton densities in
nucleil.

A Pion DCX reaction is sensitive to the details of the pimurcleusinteractions.
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Pion DCX and Few-body System

A 3He and “He possess the minimal number of nucleons for the realization of the DCX
process.

A When study the DCX reaction on a few-body system we arrive at more or less
unambiguous conclusions on the reaction mechanism.

A To describe a few-body system in discrete and continuum spectra the well-known
different ab-initio techniqgues as Faddeev equations, Faddeev-Yakubovsky
equations, Hyperspherical Harmonics, Gaussian expansion method can be
successfully used.

A The DCX reaction on a few-body nuclei provides a unique opportunities to study
three- and four-neutron system, explore and understand the structure of the most
neutron-rich light nuclei.

A The microscopic model-independent description of the initial and final states in the
DCX reaction on a few 1 body system using realistic NN potential allow us to connect
the experimentally established characteristics of the pion DCX reaction with the
properties of two-body and three-body interactions and to come more or less
unambiguous conclusions concerning the latter.
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p-DCX on 3He
p— +3He_ 3n +p+
p +'He- n+n+n+p’
|s trineutron®n a bound state of three neutfon

threeneutron resonance?
three neutron in continuum?

Experiment
J. Sperrinde, et al., Phys. Lett. B 32, 185 (1970).
A. Stez et al., NMucl. Phys. A 457, 669 (1986. Beam ofp ~: 140, 200, 295 MeV
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To To To Do Do Do

Pion double-charge-exchange orfHe

The earliest inclusive DCX measurements were made at the JINEbma
Yu A.Batusoy etal.PreprintR-1474, JINRDubng 1963; Phys JETR 964

Davis et al., Bull. Am. Phys. Soc. 9, 627 1964.

DOUBLE CHARGE EXCHANGE WITH NEGATIVE PIONS
SEARCH FOR TETRANEUTRON
Gilly, et al., Phys. Lett., 19, 3383.965.
CERNand Laboratoire de Physigue Nucléaire, Faculté des Sciences, Orsay
120- 280 MeV
DOUBLE CHARGE EXCHANGE IN »"—HELIUM SCATTERING
Experiment performed at the Argonne National Laboratory with beapt 6fL0 MeV/c
Carayannopoulg$?hys. Rev. Lett. 20, 12({H68)
Falomkin et al.,NuovoCimentoA 22, 333(197% Lett.NuovoCimentol6, 525 1976 <300 MeV

Kaufman, et alPhys. Rew75 (1968: Beamof p - 140MeV

Jeanneretet al.,Nucl Phys. A 350 (198@Beam ofp* 1.7 GeVi/c
Stetz et al.,Phys. Rev. Let.7, 782 (1981); Nucl. Phys. A 457, 669 188&mof p*: 140, 200, 295 MeV

Ungaret al. , Phys. Lett. 144B, 333 (1988ecam ofp - 165 MeV

Kinney et al., Phys. Rev. Lett. 57, 3152 (L3%€asurementhasbeenundertaken overl broad range gpions
incidentenergies encompassirige D(1232 resonance: 120, 150, 180, 240, 270 MeV.
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_ e Final State:

p ‘ A Tetraneutron ?
—

| = A Four -neutron resonance?

I ‘\ A Neutrons in continuum spectrum?

2
e dwe *}é .|m>‘
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Mechanisms of DCXIeions

When the pion energy is below the pion-production threshold, normally, the reaction is dominated by

the sequential mechanism, In the region of energies around the resonance, analysis of the reaction

IS very complicated. This is due to the strong distortion of the pion waves at resonance on the one

hand and a variety of mechanisms that play a significant role on the other. Explaining the energy

dependence of DCX has led to a diversity of mechanisms proposed, including:

A the successive delta interaction mechanism Johnson, M. B. Johnson, et al., Phys.Rev. Lett. 52,
593 (1984). Oset, et al., Nucl. Phys. A483, 514 (1988).

A the meson exchange current mechanism Germond, Wilkin, Lett. Nuovo Cim. 13, 605 (1975); J.
Phys. G 4, L115 (1978).

A the six-quark bag mechanism, Miller, Phys. Rev. Lett. 53, 2008 (1984).

A Dibaryon mechanisms assuming the production of the hypothetical d @ibaryon, a resonance with

baryon number B = 2 in the pNN subsystem, Clement, et al Phys. Lett. B337, 43 (1994); J.

Grater et al., Phys. Rev. C 58,

DCX in a composite-meson model, Kezerahshvili, Phys Rev. C 75, 015203 (2007); Nucl. Phys

A790, 366 (2007)

A absorption mechanisms and DCX that involves more than two nucleons, Koltun M. K. Singham,
Phys. Rev. C 41, 2266 (1990; Jeanneret, et al., Nucl. Phys A 350, 345 (1980).
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DCX Reaction Mechanisms

Two-Step Mechanism Meson Exchange Current Mechanism

p p p P

3
©

poop p 7

g

The incoming pion
undergoes two sequential
single charge exchange
scatterings on nucleons

within a nucleus

Pion-induced pion
production
is followed by two-
nucleon absorption
of one of the two
final pions
Germond and Wilkin, 1975 Jeanneret et. Al. 1980

Robilotta and Wilkin, 1978
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Two Step Mechanism or the Sequential
Mechanism
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Two-Step Mechanism or the Sequential
Mechanism
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Two-Step Mechanism

When the incident pion energy is below the pion-production threshold, normally, the reaction
IS dominated by the sequential mechanism, in which the incoming pion undergoes two
sequential single charge exchange scatterings on nucleons within a nucleus.

A double-scattering amplitude obtained from two single-scattering p-N charge-
exchange amplitudes with intermediate off-shell propagation:

. 4?1_ . L - Eiﬁ'fﬂefﬁrﬁe'ii'i'ﬁz E +)
F{k,kf] =(2ﬂ,)3 J’ dpfz(psk,) pe_kz_g-”fl( Li

Separables and p-waveamplitudes having offshell form factors

> >y 2T a " ( Thefunctionqv (qi |describe
fl{p: "1)’_" EE Z: fi{p:l G") Y?m( p }Ylm{ o } ] Where f:{p} Q') = hf[ﬂﬂ)ﬂ I( P)F;[f&’ * the Off_she”exténsionof
T
the t matrixandgoto unity

The A}(w) is a function of the 7-N phase shifts on shell(gA k) asthey should

A (w)={exp[2i6,(w)] - 1} B/k , where w=(k*+ p2)'/? is the pion energy in the 7-N
center of mass frame
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Meson Exchange Current Mechanism

The MEC mechanism, in which the incoming pion scatters with a virtual pion of

opposite

charge

n

t he

ncl

oudo

surroundi

absorbed on another nucleon, was first proposed by Germond and Wilkin [Lett. Nuovo
Cimento(1975] and consists of the assumption that the incident pion is scattered on the off-
shell pion exchanged by the nucleons within the nucleus and the DCX takes place at the
" " vertex. The pole diagram in Fig. (a) corresponds to that mechanism. Later, Robilotta
and Wilkin [J. PhysG, 1978)introduced an additional diagram shown in Fig. (b) and

concluded that the MEC effects would be small for an analog DCX because this diagram

partially cancels the contribution of the pole term and, as a result, reduces the effects of
MEC in the reaction.

P & P
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Diagrams corresponding to the MEC mechanism in the
Born approximation: (a) pole diagram and (b) contact

diagram.
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Meson Exchange Current Mechanism
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Meson Exchange Current Mechanism
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Effective Lagrangian Formalism

Forward scattering DCX

g m (S CQKD(S C&]‘) (X- 2) Jiang and Koltun, 1990
- on f (of +m)

Xis the chiral symmetry breaking parameter

In PWA the forward scattering DCX cross section does not depend on the pion energy and depends on
the chiral symmetry breaking parameter

The parameter b takes different values, depending on the mechanism of chiral symmetry
breaking. For example, in the Weinberg model (PRL 18(1967)188)b = 1/2, in the Schwinger
model (PLB24, 473, 1967D = 1/4, and in the exponential model (Changand FGurseyPR 164 1752

1968) b = 1/3.
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1 2 ] .
[ . p M =- m, + (S"'t) Weinberg Lagrangian
I‘ PP f 2 _I: 2

p p

In effectiveLagrangiariormalism only the contribution of the "tree" diagrams are included angimic
or baryonic closed loop diagrams. The tree diagrams correspond to the Born approximapop for
scattering, and their contribution is defined by the first term of the expansion optipamplitude in

terms of fi

p

, (S\Il@;(.s\.;mi 2 2 - IJ
T 2q° - Y =
(@ + ) (297 - n1)) AV(8+B pV(rC)

C .. C .C o A
a 2 Q.
T (s, @(s, @ 3691 (1- 1423 —)QY

2 2\2 2
(q +mp) C m, - mp m, - mp

Lovelace-Veneziano model Oset et.al., 1983



PrP & P
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g 1 _ 2= T2 2 2 2
LyNgan = — Ew}’#}’ﬂ’# ' {Bﬁn}nz am F?T (ql _|_m:r)
2m 4F?
n g n
: One pionexchangNN potential
For forward scattering q; = 2 =q 1 eman2 (1 ]
Vir) = 1 ( S ) !E{Ul 'UEJ-I—ESM
22 20 - q)os - q)m? 2 1 8 3 3 !
re__ 8 2{1 q}{“cg}mﬁlrgz ,, Vi x[w . 'E]IF |
dm? FH (qg —I—??I:“;) Fzmy omgy Myt (mgr) r
3oy -r)oy-T)
12 = 3 — (o -02)

Thus, the sum of contributions of the pole and the contact diagrams in the Born approximation is

proportional to the derivative of the one-pion exchange potential with respect to the pion mass.
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Pion Double Charge Exchange In
Composite -Meson Model

The pion double charge exchange amplitude is evaluated in a
compositemeson model based on the four-quark interaction The
model assumesthat the mesons are two-quark systemsand can
Interact with each other only through quark loops To evaluate the
mesonexchangecurrent contribution, the form factorsof the two-pion
decay modes of the ~ 2, and fO mesonshave been used in the
calculations The contribution of the four-quark box diagramhasbeen
taken into accountaswell asa contact diagram The contributions of
the °~ 2, and fO mesonsincreasethe forward scatteringcrosssection,
whichdependsweaklyon the energy



The vertex box correspondingopscattering can be considered at the quark level and includes the quark
diagrams which successfully descrigscattering

/ The quarkbox diagram
" ' b n p corresponds to the

+ — 1 o D =du Pole diagram and
=ud » pi 4 J
p =uds ‘ """ = 7 <§> """"" represents the Born

n . P n . P approximation in the
KezerashviliNucl Phys. A, 2007 effective Lagrangian
method.

The choice of the other diagram is based on the probability of the two pion decay of mesons:

n p n P
n o p . .
g 8 o e
N N P o 4]
+ r& + p 4 + o 4
ng ----- tq D n """t 4+ \? p n-—""""" ¥ p
) 'y ¢

r (770 MeV)A p f100%) s (600 MeV) A p g>90%) £, (975 MeV) A p 4>90%)

L :q‘iu- m, +fﬂs cosa + f,sina +ig,UO + 92’ Yo dle

P
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180(p+ ,p- )18Ne

Vicente Vagas, 1996

Composite Meson Model
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The dotted line represents the contributions of the
MEC in the Born approximation (sum of the
diagrams in Fig. (a) and (b), the solid curve shows

the contributions of the MEC in the composite

meson model with the pole and contact diagrams
(sum of the diagrams in Fig. (a}, (b) and (d) and

dash-dotted curve is the result of unitarization of the

Born approximation (sum of the diagrams in Fig. (a,

(b) and (c).

1200 1400

Thus in the Born approximation the forward
scattering pion DCX amplitude for the
meson exchange current mechanism does
not depend on the energy.

The unitarization of the amplitude as well as
the contributions of the } , , andf, mesons
iInto MEC mechanism based on the
composite meson model increase the cross
section and lead to its energy dependence.



10

Pion doublecharge-exchange

p +3HeA p*+3n(3n?)

In the first experiment only one spectrum was measured, for 140 MeV inpidast
at an average scattering angle of abodt &Gth detected outgoingionshaving
kinetic energies between 40 and 125 MeV. The measured spectrum differed
significantly from pure foubody phase spacegperrinde et al., Phys. Lett. B 32 (1970).

C| He(nmatinnn

@ This axperiment

* Vily o al (997

[ Stetz et ol (1988)
l

&

ol | 10

00X o threshold
threshold
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The second experiment was perfornaéd AMPF using the

EPICS spectrometer. These results consist of doubly differential
cross sections at 140 MeV for laboratory angles 6f 20, 50°,

and 80, at 200 MeV for 23.3 and at 295 MeV foB0° and

12C°. A. Stetz et al., Nucl. Phys. A457 (1986

| The DCX spectra exhibit a doubleeaked structure at forward
jangles that can be understood as a consequence of a sequential
1single charge exchange mechanisRulyet al., Phys. Rev. C 55(1997).

| Double differential and total cross sections were obtained

for kinetic pion energies from 65 to 120 MeV at TRIUMF
Grater, et al., Phys. Lett. B 471, 113 (1999).
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p*+*HeA p+4p

Double charge exchange and one-pion production
In collisions at 1.7 GeV/c was studied by Jeanneret
et al., Nucl Phys 350, 345(1980.

The Authors presented the results of a study of the
exclusive DCX reaction p* + “He A p + 4p. The
experiment was performed with the helium bubble o
chamber irradiated with a 1.7 GeV/c * beam. The
experimental results at other energies are discussed
In the light of existing models. None of the existing
theoretical models is compatible with data at 1.7 Poon nP
GeV/c. It was propose a new mechanism for DCX,

Involving three nucleons, which reproduces the

Integrated as well as the differential cross section.

Saclay, January 30, 2017 Workshop: Dynamics of highly unstable exotic light nuclei




Diifeceniial Eguationcin 6-D Space

We introduce the Jacobi coordinates, defined by

C &2mm @ (C C ’
X = ”12_”"3,8 (rz"'rs)’
(;, -
¢ _aom(m, +m)8 "Ams +m, C_ O3
2‘@ +mz+rr5§ %mz+m3 2~ 119
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Equation for three body in Euclidean 3D space and a rectangular
coordinate system

- B2 - B2 +V(R. Q)Y (X)) =EY (X %)

Let us introduce hyperspherical coordinate in EuclidianSix
dimensional spaces

. 70y
=x2+x2; X, =rcosa; X =rsina. W (a,x,X,)

ed? 5 d 2%
- Pz - P =- g + - —K where
= = &dr 2  r dr (VV)H
%0 2
Kiw=-H__4cotza ®* +_ L p +_ 1 p
S mnaz cosa * o osinta 2

Let us introduce hyperspherical functionsF ( as eigenfunctions of
the angular part of the six dimensional Laplace operator

K(WF (W) =K(K +4)F (W), K isapositiveintegernumber
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Let expand the function v (x’,x") by a complete set of hyperspherical functions

v (xR =% e w

r

This expansion is substituted into previous equation and differential
equation is separated into the system of differential equations for

hyperspherical function and the system of second order differential
equationsfor hyperradial functions

d’ 1d : K +2
%+7 Uaﬁf)_FgE ( = )LP(f) AW, (70, ()

We shell seek the solution of this system of differential equations in the form
u(r) =V (r) - NV T(n)Ar)

whereJd(r)andN(r) arediagonaimatrices
constructd from BessehndNeumanrfunction
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Substituting this expressioninto the systemof differential equationswe
obtain the nonlinear first order matrix differential equations for the
phasefunctions and amplitude function

Nonlinear system of differential equations for
phasefunctions

Amplitude function

Saclay, January 30, 2017 Workshop: Dynamics of highly unstable exotic light nuclei



Double Charge Exchange of fhenesons

on3He
06 0.6
ﬁ ::- | T
= H'j'— Er :::-"'-..___
& : IT‘*
S 04t =0y
= ' E
13_3_ } B
W W
S 02f ozt
@ &
w 0,1 = -
oy W,
‘E} I L ‘H i
i gl 50 40 20 0 80

£, MeV

Saclay, January 30, 2017 Workshop: Dynamics of highly unstable exotic light nuclei



1o

i.o}

=
=,

L T T T
a ‘He(m w Mn |
Toe= 176 mev

{ e -—— H-l]'

d*6/dEyda (mb/MeVsr)
o S,

1.0

the potentials [7], [6], [9] and [8], respectively.

i
200 Zdo 240 280 28D

Fig. 1, Differential cross section of the reactions *He (n ™,

«' }4n, The results of a calculation taking into account FSI in

the state with L = 0 [Solid curve in (a)], in the state with [ =2 +.4 i
(dashed —dotted curve) and in the plane wave approximation p t HeA p + 4p
{dashed curve). Curves 1, 2, 3 and 4 show results obtained for

Potentials sp L ‘He(w' 7 )4p

16] A.Volkov, Nucl. Phys. 74 (1965) 33.

[7] D. Gogny, P. Pires and R. De Tourrell, Phys. Lett, :
(1970) 591,

|8] G.A. Becher et al., Phys. Rev, 125 (1962) 1754,

[9] L. Hultnen and M. Sugawara, Handbfich der Physik
S. Fliige, Bd. XXXIX.

i

G (mb)

The incoming pion undergoes two

sequential single charge exchange T (GeV)
Scatterlngs on nucleons within a Fig. 3. Total cross section results of Becker and Schmit [5]
nucleus (dashed—dotted curve), Germond and Wilkin [16] (dashed

curve 3), Gibbs et al. [2] (dotted curve) and our results.
Curves 1 and 2 $hqw the results of a calculation for the poten-
tial [7] and [6], respectively. Experimental data # are taken

To-(Mev) R.I. Dzhibuti and R. Ya. Kezerashvili, J. Nucl. Phys. 39, 264 (1984) from refs. [13,14] & from ref. [12], ¥ from ref. [15].

p+‘HeA p*+4n

SaclayJanuary 30, 2017
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Comparison of mechanisms

Total crosssection. Solid curvesg two-step mechanism
of DCX; daslilouble dotted curvesxmeson current

| A mechanism.
Le| He(® ,i)l(p * Calculations for GPT (curvesl) and Tmurreil Sprung

T, =295MeV :
B2 I (TS) potentials

"He(fl-, ﬂ*ﬂ{n
Tﬁf ={76 MeV
g=0°

o
T

o
T
o
oo
-~

3| Tmbl He(TH)4p

B

o,
s
T
@)
£ e
T

d’6/dE, d O (Hb/MeV. Sr)
de/dE/dEgd Q  (ub/MeV- Sr)

n

o,

1

200 2R0 240 '[}'—(I\Q/IE;OV) 280 0 L0 &0 120 E(:\?]gv)
Fig. 9. The differential cross section of reaction (4). The dashed curve shows the meson current
mechanism, and the solid curve the two-sten mechanism of the DCE reaction. These results are from
calculations with the potential TS |, Experimental data are taken from ref. *’).

Gilly, et al.,PL 19(1965 and Stetzet al., PRL 47 (1981)
R. I. Jibuti and R. Ya. Kezerashvili, Nucl. Phys. A434, 687 (1985).
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Contribution of different mechanlsms
p+*HeA p*+4n

+

T

=
P 4
=

T,

1
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i

i
11"'-.
Ty
2\
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.h-'__*__':l
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)
=
g
=

A b C

<=

FI1G. 2. Differential cross section for the reaction (1) at T_- = 165 MeV
and & =(F, (a) are results of the calculations with TS potential in the
assumption of validity of the mechanism of the subsequent charge ex-
change (dashed curve), of the meson currents (dotted curve) and simul-
taneously of both mechanisms (solid curve); (b) are results of the calcula-
tions with the potentials B {curve 1) ¥ (curve 2), GPT (curve 3), and TS
{curve 4) wit simultaneous inclusion of both mechanisms. 7

d26/d 52 g+dpg+, nbisr-MeV/c

ey
=1

“G. A. Baeker et al., Phys. Rev. 125, 1754 (1962). 0 : l |
A. Volkov, Nucl. Phys. 74, 33 (1965). Hi
“D. Gogni, P. Pires, and R. de Tourreil, Phys. Lett. 32B, 591 (1970). i el LdE 2

R. de Tourreil and D. W. Sprung, Nucl. Phys. A201, 193 (1973). ~ FPats MeV/c
- R. Ya. Kezerashvili Sov. J. Nucl. Phys. 44 (3), September 1986
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Pion doublecharge-exchange
p +*HeA p*+4n(4n?)

A systematic experimental study inclusiveDCX in He, has beerundertaken ovel broad range of

Incident energies encompassitite D(1232 resonanceThe reactiorHep*, p- )4pand Hep, p* )4n
was observedt incident eneraies 120, 150. 180, 240, &7@ MeV and 5 angles from 25 to 130

1,251 T T T
_ 3
> 100} g‘g 05 -
s ¢
brs o]
% 075} 53 ‘g e : .
N 3 g 5 gﬁr
< 050} oF 5 .
c
2 o
b 0.25} -
od
o Q
L 1 I 9
O'Oo 50 100 150 200
T-n- (MEV]

FIG. 4. Doubly differential cross sections for the reactions
“He(x*,x~)4p (solid circles) and *He(x~,x*)4n (open cir-
cles) at incident energy 240 MeV and laboratory angle 50°.

The earliest inclusive DCX measurements were made at the JIN
in Dubnaby Batusovet al.,Phys. JETF964.
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Reaction mechanisms. Dashed linesmoasandsolid lines are
nucleons(b) Thesequential mode(c) The deltanucleus charge
exchange. Thaviggly line indicates the deltaeutron charge
exchange interaction.

Johnson et atalculate effects of direaheson Dy, interactions
on pionDCX tasobaric analog states i8O. Data at the higher
energies cannot be explained bBysimplecombination of

sequential piomucleon scattering plus direateson D5 terms.
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