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Peripheral N scattering: A tool for identifying the two pion exchange component
of the NN potential
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We study elastidNa scattering and produce a quantitative correlation between the range of the effective
potential and the energy of the system. This allows the identification of the waves and energies for which the
scattering may be said to be peripheral. We then show that the corresponding phase shifts are sensitive to the
tail of the NN potential, which is due to the exchange of two pions. However, the present uncertainties in the
experimental phase shifts prevent the useNef scattering to discriminate the existing models for bl
interaction.[S0556-28188)04504-X]

PACS numbds): 21.30—x, 13.75.Cs, 25.16:s

[. INTRODUCTION In a parallel line of development, several phenomenologi-
cal potentials were constructed, which are also able to ac-
In the present understanding of tNeN interaction, long-  count for experimental information with the aid of adjusted
range effects are ascribed to single pion exchanges, intermparameter§9—12].
diate components are associated with exchanges of two and An interesting feature of all approaches to the intermedi-
three pionsp’s andw, as well as baryon excitations, such asate part of the potential is that their theoretical reliability
the A. At short distances, quark dynamics is supposed talecreases as one moves from the outer to the inner region.
dominate. The intermediate range interactions exhibit a marked spatial
The long-range one-pion exchange potent@PEBR be-  hierarchy. The spatial features at a given interaction are de-
came well established in the 196Q5] as a necessary com- termined by the mass exchanged in thehannel. In the
ponent of all realistic forces. This achievement was followedntermediate part of the potential, the lightest system that can
by an effort to determine the next layer of the interaction,be exchanged involves just two pions and has a mass of
associated with the two-pion exchange poterfi®dEP, and  about 300 MeV. Other important effects, associated with
various strategies were proposed to describe it. Early imesonances such as tpeand thew are short ranged, since
1971, Brown and Durs@2] pointed out that this component these states have masses around 750 MeV. When field theory
of the force is directly related to off-sheltN scattering and is used, predictions for the inner parts of the mesonic sector
hence strongly influenced by chiral symmetry. In a subseof the potential are heavily influenced by form factors, bring-
guent paper, Chemtob, Durso, and Ri$Ba explored this ing a lot of uncertainty to calculations. In the case of disper-
relationship and investigated the phenomenological featuresion relations, on the other hand, predictions for the inner
of the TPEP obtained by means of dispersion relations. Aegion are based on data which need to be extrapolated far
very important step in this research program was the conaway from their experimental region.
struction of the Paris potentipd], where dispersion relations Recently there has been a renewal in the interest on the

were used to relate empirical information about #Hé pro-  intermediate part of thédN interaction, motivated by the
cess to the intermediate part of the force. This potential igealization that chiral symmetry provides a suitable theoreti-
rather successful in describing experimental data. cal framework for the calculation of a strong proc¢s8—

The intermediate part of the potential may also be studied6]. In its minimal version, the chiral intermediate potential
in the framework of field theory. In this case, one writesis based on a system containing just pions and nucleons. The
down a Lagrangian involving the relevant degrees of freetheoretical foundations of this part of the potential are rather
dom and then evaluate a certain number of Feynman diawell established and it is reasonable to expect that it should
grams. This leads to an amplitude which is afterwards transbecome a standard ingredient of any modef potential. A
formed into a potential. An important early work along this shortcoming of the minimal chiral potential is that it fails to
line was that of Partovi and Lomab], who considered a reproduce experimental information in the case of the inter-
Lagrangian containing just pions and nucleons with a pseumediate #N amplitude entering in the TPEP. In order to
doscalar(PS coupling and evaluated the box and crossedovercome this difficulty, one may extend the chiral model, so
box diagrams contributing to the exchange of two uncorreas to encompass other degrees of freedom. This possibility
lated pions. A detailed study of the same diagrams using was recently considered by Onmz, Ray, and van Kolck
pseudovecto(PV) coupling was performed later by Zuilhof [17], who have shown that the inclusion Afs in the model
and Tjon[6]. The inclusion of the exchanges of resonancesmproves its predictive power. Alternatively, one may
and baryon excitations led to the construction of the Bonrchoose to introduce the empirical information that is missing
potential[7,8], which is also quite successful in reproducing in the intermediaterN amplitude in a model-independent
experimental data. way, with the help of the Huder-Jacob-Strauskl8] sub-
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threshold coefficient§19,20. This led to a TPEP which system. However, here we are interested in estimating the

yields a satisfactory description &fN data for waves and effects of the tail of theNN interaction, which manifests

energies associated with peripheral scattefzig22. themselves at large distances and high values of the angular
In spite of the considerable amount of activity related tomomentum. We therefore assume that thsubsystem re-

the intermediate part of thdN potential in the last twenty- mains undisturbed during the interaction.

five years, no consensus was reached about the fine details of The wave function for the four-body nuclear systéhne

this component of the force. The dynamical content of thecan be written, in terms of the spatial, spin, and isospin de-

various models is not uniform and the profile functions theygrees of freedom, as

yield for different components of the potential do not agree.

This picture poses the problem of defining criteria for estab-  [N1---Ng)=[r1- - -r,)®[spin ®|isospin = |R)|a),

lishing the merits and shortcomings of the various existing

potentials, so that a choice can be produced. An obvious _ e . :

criterion of choice is the ability a given potential has of re- V\{hgre the coII'ect|ve variablR is given in terms of the in-

producing experimental data. This possibility has been on foflvidual coordinates; :

a long time and does not work as a distinguishing criterion,

because a_\II existing modern _potentials are _able to explain R= _2 r 2.2)

well experimentaN N phase shifts, but do so with the help of 4i=1

several free parameters that are adjusaedhoc Another

problem about relying oéNN observables is that the OPEP and|a) represents théHe ground state. This wave function

contributes to all channels and waves, making it difficult tois known to haveT=0, J7=0", and bothS andD spatial

isolate unambiguously the contribution of intermediate rang&€omponent$29]. In order to simplify the calculation we ne-

dynamics. It would therefore be interesting to find ways ofglect D waves, adopt a Gaussian structure for the spatial

obtaining information about the intermediate part of the po-wave function[29] and write

tential directly from empirical data. 4
In this work we speculate about the possibility of obtain- 2

ing such an information from the study of nucleon-alpha @) =N, p( 2i>121 i

(Nea) scattering. Thex particle is a rather suitable system

for the study of the intermediate part of the nuclear interacwherer;;=( r;—r;), N, is a normalization constant; is a

tion, because it is a boson that has no spin and isospin anshrameter extracted from Ref29], and |x,) is the spin-

hence cannot couple to a single pion. This means that thigospin wave function.

outer part of the nuclear potential surrounding thvolves The dynamics of the four body system is determined by

two uncorrelated pions. The scalar-isoscalar channel of thghe Hamiltonian

two-pion exchang® N potential has strong central and spin-

orbit components, and the same happens with\theeffec- i R

tive interaction. This picture has empirical support, sihce H4:i21 ~5m +i>21 Oij== 5y tHa (2.9

experimental phase shifts show that central and spin-orbit - = “

effects are very importarﬁﬂ_s—zq. Therefore we may expect where®;;= krizj/2 is the harmonic potential arid=4a2/m.

that the peripheral scattering of nucleons by dhehould be In order to isolate the motion of the center of mass, it is

heavily dominated by two-pion exchange process and hencgsef| o use the Jacobi variables, given generically by
reflect the various approaches adopted in diffeNeNtmod-

els. When low-energy protons are used as probes, the Cou- 4

lomb barrier prevents short distance interactions. Thus the pi=> ajjr;, (2.5
effects due to the nuclear force show themselves as devia- =1

tions from Coulomb amplitudes, similarly to what happens in
low-energy nucleus-nucleus collisiofiz7,28. For instance,

|Xa) (2.3

4 2 4 2

where the coefficients;; are summarized in the matrix

in sub-Coulomb PtPb Mott scattering the intermediate- 5 75
rangeNN interaction accounts for deviations observed ex- 12 12 0 0
perimentally[27]. In the case of low-energy neutrons, on the a=| V1/6 J1/6 —+2/3 0 . (2.9
other hand, angular momentum may be used to select the _ [37A
various regions of the potential. V12 112 112 3/4
This work is organized as follows. The effectir po- In terms of these new coordinates, the Hamiltonian for the

tential is defined in Sec. Il and explicitly constructed in Sec.jgq|ated four-body system is
lll. In Sec. IV we display our dynamical equations, which

are based on the variable phase method. Finally, in Sec. V Vﬁ
we discuss our results. Ha=— 5 tHa (2.7
Il. DYNAMICS where —VZ/2M , describes the center-of-mass motion and
In this section we present briefly the main equations used 3 v?2
in this work. In a complete treatment of ti\éa scattering H,=> |- _”‘+2kpi2 2.9
problem, one has to deal with a rather complex five-body i=1 2m
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2 4

is the intrinsic four-body Hamiltonian. The Schiinger 2
R
Mooi=1

equation for thew particle is X xo)l @) =ExX)| xo) @), (2.18

H, a)=E,|a), (2.9
where E,=E—E,. Multiplying this equation by(«| and
whereE,=M_,—4m and|«a) is now given by integrating over thex coordinates, we get

4o 3 5
la)=|—| expg —2a>, p
aw i=1

The strong interaction between the incoming particle
hereafter labeled by, and the nucleom within the « par-
ticle is denoted by ,;(r,;). The study of the effects of this
interaction is the main object of this work. W(X)=(a| 2, Voilroi)la) (2.20

The Schrdinger equation for this five nucleon system is i=1

9/4 2

Vi
— —+W(X)

Ixo)-  (2.10 2

%) Xo) =ExIX)|x0) (2.19

where

HsNo- - - Ng) =E[Ng- - - Ng), (2.1 s the effectiveN— « potential.
where
Il. THE EFFECTIVE POTENTIAL

4 4 4

Vi ) o .
H5=2 _ 2 0 +2 V,, The two-body strong potentidd; is written as

V2 v2 § Voi= 2 Voo PeiPai, (3.

a ong 2Ma = VOI (212

where the indice¥ andS represent the total isospin and spin
of the NN system whereaB!; andPj, are the corresponding
projection operators. The explicit forms of the isospin opera-

Approximating the five-body wave function by a product
of the different clusters constituting the system

INg- - -Ng)=|Ny,R)| ), (2.13 tors are
i i i 1 .
we can rewrite the dynamical equations as Oi=—[1—7(°>' 207, (3.2
Vs
(o]
He|No- - -Ng)=| Eg= 50— — 5+ 2, Voi[[No R)|a)
2M a 2m i=1 1 1 0) i)
Poi=7[3+7%7"], 3.3
=E|N,,R)| ).
Introducing two new Jacobi variables and similar expressions hold for the spin degrees of freedom.
The various radial componentg]> have the following
1 structure:
s=g(ro+4R),
TS TS (©) v
X=r,—R, (2.14 Vo=V +V| (roi)Loi'(T+T>
we have +VIS(re) (30 1101 1o — ' V)
A vz & + small components. (3.4

T aMm) ﬁ+.21 Voi |INg . R)| @)
“ - In this expressionl.; is the orbital angular momentum for

=(E—E,)|Ng,R)| a), (2.19  the pairoi, whereas/(®, Vg, andV{®represent the central,
spin-orbit, and tensor components of the potential, respec-
where tively.

In the evaluation of the effective potential, one needs the
(2.16 expectation value dof,; between the wave functions of tiae
particle. Noting that (x| x.)={(xl7™"|x.)=0, we
have

M,m 4
= Ma+m_§m

Writing down explicitly the projectile wave function as
o)

|N0>=|f0>|)(0> (2.17 <Xa|Voi(roi)|Xa>:Vc(roi)+VLS(roi)Loi o (3.5

and going to the c.m. frame of the five-body system, we
obtain where
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1/2 o
Vel(ro) = 1[v°°<rO|>+3v (o) +3VE!(roi) + 9V (1o))] WC(X):4(3—:) ;f duuvc<u>|exp[—¥<x—u>2
0

(3.6
16a )
and —ex —T(Xﬂi) , (3.19
1 01 11 and
VLS(roi):Z[VLS(roi)+3VLS(roi)]- 3.7
16&’)1/2 .
W (X)=4| =— —fduuv u
The strong effective potential is then given by Ls(x) 3 2 Jo Ls(W)
y 3 ) 16«
W(x)= E( ) fdpldpzdpaexp( 2a2 pi2 U= 3oax | — 3 (X~ W

o'
X|Ve(roi) +Vis(roi)Lo - -

p( ZaZ Py’

(3.9

(3.19

For a channel with total angular momentunand orbital
In the evaluation of this expression, it is convenient toangular momentunh, we obtain the following form for the

note that effective potential:
3 1 3
= (3.1
and hence Thus we have
S 1
-2 ajip;. (3.10 Wi - 17210 () =We(X) —g(L+ DWig(x), (317
=
The angular momentum operatar,; is given by L, _ 1
=T4iXPoi,» Wherep,i=—iV,;. The use of the chain rule W(L+1/2>'-(X)_WC(X)+§LW'-S(X)' (3.18

allows us to write

We are interested in the properties of the tail of thi
interaction and hence it is convenient to calculate khe
1 1 phase shifts by means of the so-called variable phase
= 7P 72, Al (PP — 2 alk(xXpy) method, as described by Calogg8s]. This method is fully
1=1 k=1 equivalent to the Schdinger formalism, and has the advan-
3 3 tage of providing a clear picture of the spatial influence of
+2 2 agjai(p X py).- (3.11)  the potential over the phase shift and of its relationship with
k=1j=1 the centrifugal barrier. For the reader's convenience, we
hereafter collect the main formulas needed in this calcula-
When the operatop, acts on the spatial wave function, tion. As we disregard tensor interactions, there are only un-
we have coupled channels. The wawg, (r), representing a system
with total and orbital angular momeniaandL, respectively,
is written in terms of the radial Green’s functions as

1 3 IV. THE VARIABLE PHASE APPROACH
T
X —=Py— a

4 Px kgl |kpk)

3
Lolz(X—jzl aEpJ

3 3

3 3
P exp( —2a2, p|=—i(—4a)p exp( —2a2, pt
=1 =1

(3.12 usL(r)=cyu(k, 0 (kn) —sy(krng(kr),  (4.1)
Defining L,= XX py, we write wherek=\2uE,, j,(kr) andn, (kr) are the usual spherical
Bessel and Neumann functions multiplied ky whereas
1 a'® c; (k,r) ands; (k,r) are defined in terms of,, (r) as fol-
W(X) =We(X)+ 7 Wis(X)Ly—— (313 jows:
The Gaussian structure of the wave function allows several cyL(k,r)=1— _J' dr'Vs (r)j (ke u (') (4.2
integrations to be performed analytically and we obtain
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_ ’ 2
FIG. 1. EffectiveNa central (continuous ling and spin-orbit oy(k,r)=— Ejodr’VJL(r JPLLkr’, o5u(k,r")].
(dashed lingpotentials for the Parigt], Bonn(OBEPR [7], super- 4.8
soft coreC [9], dTRS[10], Argonne[12], and chiral[20] interac- ’
tions. For future use, we define the ratig, (k,r) as
S (kr)——lfrdr’v (r"yn (kr'uy (r'). (4.3 (kr)—M (4.9
JL K, kJo JL L JL . . PaLK, 8y (ky0) " .
The phase shifts; (k) is related to the above defined It represents the proportion of the phase shift that is gener-
functions by ated by the part of the potential between the origin and the
pointr.
tans,, (k) — lim 200 4.4
Aok = I e e 49 V. RESULTS AND DISCUSSION

The purpose of this work is to discuss the possibility of

This motivates the definition of a variable phadg (k,r)  using Na scattering to study the tail of the two-pion ex-
through change nucleon-nucleon potential. As stressed previously,

the « particle is a spin-isospin scalar and hence it is very
syL(k.r) 4.5 suited to the study of the intermediate-range part of the
¢k, | ' nuclear interaction. We therefore consider several realistic

NN potentials[4,7,9,10,12,2D and fold them into thea
This function vanishes at the origii80] and becomes the wave function, in order to obtain effective interactions,
phase shift whem approaches infinity. It is determined dy- which are then used in the Schiinger equation. The effec-
namically by means of a first-order differential equation, ob-tive Na potential is dominated by scalar and isoscalar ex-
tained by differentiating Eq(4.5), using Egs.(4.2), (4.3, changes, giving rise to central and spin-orbit contributions,
and manipulating the result to obtain displayed in Fig. 1. In all cases, as expected, the spin-orbit
component falls faster than the central one at large distances.
Both components are negative there and hence, according to
Egs. (3.17) and (3.18), they interfere destructively wheh
=L—3 and constructively whed=L+ 3. This means that

5JL(k,r)=arcta+

d 1 ,
E‘S\JL(kyr):_EWJL(r)PL[kriéJL(kvr)]a (4.6

whereP, is the uncoupled structure function, given by phase shifts for peripheral waveslofire positive and larger
for the latter class of waves.
PLIKr, 85.(k,r)]=cog 8 (k,1)1j (k) We are interested in effects of the tail of the potential and

A hence it is important to establish, for each wave, a correlation
—sin §;.(k,r)In (kr). 4.7 between the energy and the region of the potential that de-
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TABLE I. Radii R5 andR;g, in fm, as function of the enerdy, in MeV, for which the normalized phase
shift, calculated for the Argonne potential, is always less than 5 and 10 %, respectively. It is worth noting the
nonmonotonic behavior of thEs,, wave, which is due to a change in sign in the Argonne phase shift just
before 50 MeV.

Fsio Fai G7/2 Go/z Ho/o Hii
E Rs Rio Rs Rio Rs Rio Rs Rio Rs Rio Rs Rio
5 2.12 3.26 2.96 3.10 3.24 3.48 3.10 3.34 3.62 3.96 3.50 3.86

10 196 322 224 306 318 338 304 324 348 378 336 3.68
15 184 222 200 304 314 332 298 318 338 366 326 354
20 174 202 18 302 310 326 294 312 330 356 318 344
30 156 178 168 198 306 320 288 302 320 340 3.06 3.28
40 140 158 152 174 214 314 282 29 312 330 296 3.16
50 126 140 223 295 194 234 280 292 306 322 290 3.08
60 108 120 197 291 180 206 200 288 3.02 316 284 3.00
70 078 08 112 126 168 188 184 286 300 312 280 294
80 08 106 098 108 156 174 172 198 226 3.08 276 290

termines the phase shifts. With that goal in mind, we have>Ry and, similarly, 90% forr >R;,. Results for the Ar-
employed the variable phase method to evaluate the ratigonne potentia[12] are presented in Table I, where it is
paL(k,r), defined in Eq(4.9), for various energies, in order possible to notice some interesting features. The first of them
to determine the radiRs and R,q for which p;, (k,r) is al- s that, for a given value off, the phases are slightly more
ways less than 5 and 10 %, respectively. This means thaensitive to the short-range part of the potential for the chan-
95% of the phase shift is generated in the region whiere nel with J=L— 3. This feature of the problem can be fully

12.00

T T T 12.00 T T T 1.50 T T T T
| (a) 4 L (b) R () (d)

10.00 (— S 10.00 — - 6.00 [— o

. St
L=2; J=3/2 i L=2; J=5/2 S0 L=3; J=5/2 L=8d=72 |,
800 |— — a00 — _| F b

1.00 — 4

§(deg)

0.50 —

0.00 10.00 20.00
E(MeV)

120 |- L=4: J=7/2 o —
o

0.80 — —

—~ 0.80

6(deg)
5(deg)
osldeg

0.40 —

1o P I B . | . | 040 s | . |
0.00 20.00 40.00 0.00 40.00 80.00 0.00 40.00 80.00

E(MeV) E(MeV) ) E(MeV)

0.00
0.00

FIG. 3. Na phase shifts for the Par{®), Bonn (B), supersoft cor& (S), dTRS(T), Argonne(A), and chiral(C) NN interactions. The
experimental results are taken from Rdf3] (O) , [24] (©), [25] (+), and[26] (X).
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appreciated in Fig. 2, which shows the ratjm,'ssS/2 andpFw2 phase shifts is needed before they could be used to discrimi-

at 15 MeV, which are representative of the other peripheraf@®@NN potentials. _
waves. The behavior of these curves are determined by the AS @ final comment, we would like to stress that our cal-

centrifugal barrier, responsible for the plateau close to thé“‘l""t.io':j is a ;]/eryhsimpl_e cl)ngdandoa mc;rehdetai_led srt1udydis
origin, combined with an effective potential which is repul- '€duired on the theoretical side. One of the points that de-
sive at short distances and then attractive. serves further attention concerns the construction ofdhe

The a particle has a rms of about 1.6 fm and, in a con- V&€ function, that should includ® components and, if

servative approach, we may define the tail of the effectivefooss'ble’ be calculated using realisteN potentials. Al-

otential as bedinning at 2.0 fm. Table | then informs us tha hough it is reasonable to assume that intermediate states
P ginning at 2.9 m. nvolving the 3Li 5, 2 Hes, or a excitations contribute little

such a tail of theNa potential determines more than 95% of v, peripheral scattering, it is also important to clarify this

the phase sh|ft§G7/2, Oy, UP 1O 50 MeV, and‘SHg/z’ SHy1 aspect of the problem. Finally, it would also be important to

up to more than 80 MeV. establish the quantitative role of the two-pion exchange
In Fig. 3 we display the phase shifts for waves with 2 three-body force, since its range is comparable to that of the

<L <5. Inspecting the diagrams corresponding to the wave3PEP. We are now investigating some of these questions and

F, G, andH, one learns that the various potentials provide aprefer to take the results of the present work as indicating

coherent pattern, since all curves have the same gener@|iab|y only thatN« scattering allows the discrimination of

trends. The phases are sensitive to the tail of the effectivéhe medium-range content &N potentials. In order to be

potential and hence one could, in principle, discriminate theable to select one or a class of potentials as being better than

medium range features of tié¢N interactions. In Fig. 3 we others one needs both more precise calculations and experi-

also include the available experimental values, taken fronfn€ntal phase shifts.

Refs.[23—_26. The picture provided by_ these data, clalmeq ACKNOWLEDGMENT
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