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The optical potential approach for low-energy scattering aiesons on three-body nuclei is compared to an
exact treatment of they 3N system using four-body scattering theory with separable interactioasvawves
only. The higher-order terms including the interaction of the struck nucleon with the surrounding nuclear
medium and virtual target excitations in between successgigeatterings are found to cause important cor-
rections. Effects of final state interaction #photoproduction orfH and ®He are also studied and sizable
contributions beyond the optical model approach are found.
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I. INTRODUCTION 7N threshold, we obtain for the collision timAt=24/T"

. ~1.7x102%s which exceeds the timeAt=A/m, ~5

During the Iast_ 10 years much effort has _been de\{oted % 102* s associated with the pion-exchanighl interr:gtion.
the study of the interaction of ap-meson with very light Therefore, the validity of the simplest optical potential for

ngclel. The attention to this area, called prlma_rlly by thethe nA interaction is expected to be doubtful, and more rig-
pioneering work of Refs[1,2], arises from the distinctive
orous models have to be used.

features of thes-nuclear system at low energies. In more The purpose of the present paper is to explore the inter-

det:.;ul we can .note th? folllowmg featqres. action of » mesons with three-body nuclei, a problem which
(i) The 7N interaction is characterized by tH#,(1539 3 pe solved exactly using methods developed within four-
resonance located near zendl kinetic energy. As a Conse- p,qy scattering theory. At the same time, the generalization
quence, theswave part of theyN interaction is atfractive of the results obtained in this way to heavier nuclei seems to
and rather large near threshold. This considerable attractiofe more justifiable than in the deuteron case, where the two
which is as_sumed to be cohgrently enhanced in nuclei has Ig§|;cleons are strongly kinematically correlated and very
to speculations about the existencerpfiuclear bound states \yeakly bound. Our intention is to analyze the quality of the
which may be formed already iA=3 nuclei. Although a frst-order optical potential for they 3N interaction using as
calculation using an energy-independep potential has 5 reference the exact four-body calculation. Since we have
confirmed this hypothesii2], more sophisticated investiga- 1 way of direct fittingz-nuclear scattering cross sections
tions [3,4] have shown that thgN interaction is unlikely ©0sing a phenomenological potential model, the information
yield a boundz 3N system even with a relatively large real o the Jow-energyp-nuclear interaction stems entirely from
part of the scattering length R, =0.75 fm. The pole of the ' (e assumed properties of thi\ interaction and depends
scattering amplitude “recedes” to the nonphysical sheet gensongly on the model linking these two processes. For this
erating ars-wave virtual state. It is important that apparently reason, a thorough microscopic approach to theuclear
fche pole is !ocated close to the scattering 'ghreshold, result.ingynamiCS becomes particularly important. On the other hand,
in & strong influence on low-energy scattering and productioRaiher complex mathematical infrastructure of the four-body
processes withy mesons. scattering theory prevents to some extent a simple interpre-
(i) Concerning the formal aspects, t8g,(1539 reso-  ation of the results. Therefore, we first will clarify the ques-
nance, dominating the low-energN interaction, must dis-  tjon, whether they-nuclear interaction can be adequately de-
tort the transparent connection between #i\eand 7A scat-  g¢ribed in terms of an optical potential. Furthermore, the
tering amplitudes. This connection is well established in theomparison of the four-body results with those obtained us-
pion-nuclear case within the local-density limit where theing less rigorous but very tractable approaches, such as the

equivalent optical potential is related in a simple fashion toyest-order optical potential, may be very fruitful in under-
the elementaryrN amplitude[5] (except for real absorption standing they 3N interaction mechanism.

of pions on few-nucleon clustersThe physical basis of this There exists already a variety of studies with respect to
fact, giving rise to the so-called impulse approximation Ofyhe yalidity of the optical model approach by comparing the
the optical potential, is a large mternycleon separation d's'corresponding results with the ones provided by the few-
tance compared to the range of thel interaction. On the  qqy scattering equations. In particular, higher-order contri-
contrary, due to the resonance pole in #i¢interaction, the  ptions to the pion- or nucleon-deuteron optical potential

latter must be sizably influenced by the nuclear environment,q e analyzed in Ref§6—8). However, because of the dis-
Indeed, using'=75 MeV for the S;,(1539 width near the  (nciive properties ofyN low-energy interaction mentioned

above we find it necessary to examine the applicability of the
optical model to theyA scattering as a topic of its own right.
*On leave from Tomsk Polytechnic University, 634034 Tomsk, Several aspects concerning the accuracy of the simplest
Russia. optical model for the scattering af mesons ors-shell nuclei
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were already discussed in Rgf]. In particular, it was Il. THE FOUR-BODY APPROACH TO 5 3N SCATTERING
shown that the behavior of t.hel_\l scattering matrix below We begin the formal part with a brief review of the four-
the free threshold has a crucial influence on the results. Heg

) . “Dody scattering formalism applied tg 3N scattering. Our
we address other questions related to the optical potentigl i g0l for solving the four-body equations is the quasi-

approach fory 3N scattering, which as follows.  y5icle method, reduced to a purely separable representation
(i) What is the influence of binding of the participating for the driving two-body potentials and also for the subam-

nucleon on the elementary scattering process? ~ pjitudes in the(3+1) and(2+2) partitions. The main features
(ii) What is the relative importance of target excitations ingf the method were widely presented in the literat(see,

between two successive scatterings on different nucleons?e g., Ref.[12], and references therginin applying this ap-

(iii) What is the importance of the short-range behavior ofproach to they 3N problem, the relevant formalism is con-

the nucleon-nucleon potential? sidered in Ref.[4]. Within the quasiparticle method, the
The second part of the paper is devoted to coherent whole dynamics is described in terms of the amplitudes
photoproduction on three-body nuclei X1 (@=1,2,3 connecting the three quasi-two-body channels
characterized by the following partitions:
y+3HPHe — 7+ 3H/3He. (1) a=1:7+(3N), a=2:N+(yNN), a=3:(7N)+(NN)
(2

These reactions are of special importancen'.mudear with the initial channele=1. To be Specific, we consider
physics. First, the main driving mechanismpphotopro-  the triton as target. Because we neglect Coulomb forces
duction, the photoexcitation of th&,(1539-resonance, is and thus isospin invariance holds, the channels with
well established. This is in contrast to reactions withand *He are identical. Since only the energies up to the
nucleons as incident particles, where the main mechanisifree-body threshold will be considered, we treat the pion
connected with the short-range part of tN&l interaction ~ energy relativistically but use nonrelativistic kinematics
is presumably much more complex and as of yet not welfor nucleons and they meson. Furthermore, due to strong
understood. Second, the energy gap between the coheredgminance ofs waves inNN and 7N scattering, we as-
and incoherent thresholds, where thgield is free from  sume that in the low-energy region only the lowest partial
the strong incoherent background is abadi =7 Mev, ~Wwave (L=0) in the » 3N system has to be taken into
which is appreciably larger than the one on the deutero@ccount.
(about 3 MeV). This advantage has been partially used in The essence of the calculational scheme is the solution of
a recentsHe(‘y, 77)3He experiment carried out with the the Scattering prOblem for the two- and three-bOdy sub-
TAPS facility operating at MAMI [9]. Third, the Systems specified in partition®). For a=1 and 2 we deal
7-nuclear interaction, which is most important in tse With interacting three-body systems. Using separable repre-
wave, must be particularly significant in reactions involv- sentations for thelN and »N potentials, the corresponding
ing nuclei with nonzero spin. As a counter example, thescattering amplitudes can be expressed in terms of effective
reaction*He(y, 7)*He, where thes wave in the final state duasi-two-body amplituded ,;;(q,q’;£), which describe the
is totally suppressed, does not show any strong influencg&cattering of a particle on a two-body clustguasiparticlg:
of the final state interactiofiFSI). Finally, the dynamics The corresponding states are specified by the indices
of reactions(1) may be treated within a few-body scatter- marking the quasiparticles, e.g,j {d,N'} for «=2, where
ing theory, i.e., formally exactly. Though the near-the(NN) and(sN) systems are denoted dsandN', respec-
thresholdz photoproduction on three-body nuclei was al- tively. The notatiorN' is associated with thg;;(1539 reso-
ready considered in Ref10] within the so-called finite- nance which dominates the low-energi interaction. For
rank approximationFRA), we reexamine it primarily in =3 we have two independent two-particle subsystems. The
order to show the results of the four-body approach for thdelevant amplitudes are also represented in the quasi-two-
7 3N interaction in the final state. body formUg;;(q,q’;€) with i,j e {d,N'} [4].

The outline of the paper is as follows. First, we briefly ~ The reduction of the four-body equations to a numerically
review in Sec. Il the four-body formalism which is relevant manageable form is achieved by expanding the amplitudes
for the present consideration. For the separable representdlw;j iNto separable series of finite rai,

tion of the kernels we use the energy-dependent pole expan- N,

sion method of Ref[11]. In Sec. lll, after a short summar (s¢) 1oy = 1S (- US' )yt -

of the Kerman-McManus-Thaler theory, we discuss tyhe Usda(a ') %;1 vai’ (@ E)Onm(Evam (@'58), (3
“standard” optical model for they 3N elastic scattering with

particular emphasis on the role of the higher-order correc- N,

tions such as nucleon-core interaction and virtual target ex- U(;;)ij(qv q;&=> Uﬁl(s)(qig)(as)lm(g)vﬁ(ms)(Q';5),
citations. Thexn photoproduction on three-body nuclei is pre- I,m=1

sented in Sec. IV where we illustrate the strong effect of the w=23 ()
7 3N interaction in the final state. In this section we also T

compare our predictions with those given in Rgf0]. The To condense the formulas to follow, we use here a unified
main results are reviewed in the conclusion. notation for the vertex functions or form factov$ in all
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FIG. 1. Diagrammatic representation of the coupled integral Eysand(9) for the 7 3N scattering and the effective potentidlg; and
Z,s- The dashed line represents ameson. The lines close together indicate different two- and three-body quasiparticles.

three channels. They are related to the ones introduced ime channelsa and 8. The arguments of the effective
Ref.[4] aSUtl,;n:un,vﬁn:vi;n,vﬁn:wi;n, i e{d,N}. For the sake propagators®, are the internal energies of the corre-
of clarity, we note that the amplitudg, of the (NN)+N  sponding clusters, given in E@2). In the casex=3 it is
scattering is a X2 matrix according to the spin index equal to the sum of the c.m. kinetic energies in #i¢and
=0,1(we need only spin-doublet\Bstate$. Here the values NN subsystems. The reduced masses in the three channels
s=0,1 denote the total spin of theNN) swave cluster with  read

isospint=1-s. At the same time, in the partitions=2,3, we

have two one-dimensional amplitudb)é;). For instance, in L= 3Mym, M, = Mn(ZMy +m,)
the channela=2 the indexs numerates two independent 3My+m,’ 3My+m,
7NN states with)™=0" (s=0) andJ™=1" (s=1), respectively. (6)
Considering the identity of the nucleons, the3N prob- MM+
lem is reduced to a 83 set of integral equations in one 3:M
scalar variable. For the transition amplitudég connecting 3My+m,,
the channel 1 io th? channeis=2 and 3 we arrive at a Equations(5) are illustrated in Fig. 1, where also the
coupled set of equations ) —_ ]
structure of the potentialg,; and Z,; is schematically ex-
X(jf,)m/ (p,p’:E) = Z(jfgn,(p, p':E) plainid. The former are expressed in terms of the form fac-
torsujl, as
2222 <S;?m 2
- “ Qg p
B=2,3 Im 0=0,1 ) aﬁnn'(pp ‘E) = E f <q,E_2M )TJ(S)
1. (o) p (0s")
X(p p E) ®ﬁ Im( 2MB> X,Bl;mn/ «[E- p2 _ q_2 Uﬁ(s/)
an dp 2Ma Zlu’Ja j;n,
X(p", p/;E) W, a=2,3, (5) p/2
X(Q’, E—m>d(|@-|@’)- (7

where Z,; and Z,; are the effective potentials realized p

through particle exchange between the quasiparticles ihlere, the functionsrj(z) are the familiar quasiparticle
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propagators appearing in the separable model NbK]j ergy) andB,=-¢4 in the other two channela=2,3.

=d) and #N(j=N") scattering which depend on the two-  The extrapolation of the verticag,, onto the whole en-
body c.m. kinetic energies. The corresponding reduceeérgy axes is carried out according to the expressions
massesu;' read

12
g ’. / q
3 2Mym, 5, My(My+m,) vin(@, &)= X V(fdJ(q,q 6) T&S)(Bl——1>

1_ 2_ 2
=—My, . = , 0 Hd
My 2VIN Mg = 2MN+m N 2MN+m,7 s'=0,1 )
(S) q/ dq/
n(d’ Bl) (12
3_ Mym, 3 _ My
pi= R = TN ®)
My+m, 2
12
The spin-isospin coefficients are denoted®y . Clearly, 29, 6= > f V(0,956 (S>< - q—a)
due to the pseudoscalar-isoscalar nature of fhmeson j=d,N* 21
the spins of the NN cluster fixes uniquely the order of the 24
spin-isospin coupling of the whole 3N configuration. a(S)(q B )q a a=2,3. (13)
The momentag and q’ in Eq. (7) are functions of the 2m”

variablesp,p’, andE as given in Ref[4]. The overall c.m.
energy E is counted from the four-body threshold, i.e.,
E=W-3My—m, with W being the 7°H invariant mass.
Below the first inelastic threshold the obvious relatign 2
<-gq holds, whereey denotes the deuteron binding en-  [@%(&)]n= > |:Ud (g, By) (S)<Bl—%> el

The effective EDPE propagato6, in Eqs.(3) and(4) are
defined by

- U
ergy. For more details concerning the structure of the po- s=0,1 M am
tentialsZ «p @NdZ,z we refer to Ref[4]. © o l(s g?dq

Elastic 7°H scattenng is described by the amplitutlg, X(q, &) 1g’| € 2—#1 n(0,E) 5= 22 (14)
d

which is determined by the amplituds; («=2,3) as

[

2
X(lslslnn'(p piB=2> X X (lsc(rf:)nl(p’ p"; E) ®(a(:rl)m (O, 0" YOIm= 2 { a(S)(q:B) <S)<Ba_ ; )

a=2,3 Im 0=0,1 j=dN+ Jo 2p!
P Vo) (o ooy PodP o
X(E—ZM )xa’fmn,( P pE) S ~079(q, )7 5_7 pe®
i
(9 g’dq
As was already mentioned, the key point of the reduction x(q, 5)ﬁ- a=2,3. (15

procedure, leading to numerically manageable equatfns

is the separable expansion of subamplitu@®sand(4). In |n the calculation, we use a>66 separable representation
the present paper we use for this purpose the method of th®) and (4) in each partition(2) which yields accurate
energy-dependent pole expansi@&DPE), presented in de- solutions up to the first inelastic threshold.

tail in Ref.[11]. The starting point is the eigenvalue equation  Due to the strong coupling between thi and 7N chan-

for the vertex functions’(q,£), nels in theS;4(1539 region, the transitiongN«— 77N must in
general be taken into account. Clearly, the most straightfor-
B.)= - V(. o' By 7 B ward way to introduce the pion degrees of freec_iom would be
vd” @By = )\ﬁSEOl J 14 0:B1) 7 ! to generalize they 3N four-body equations to include the

) ) coupled channelér 3N)« (% 3N). But in practice, the four-
q’ ) 1(s') q'“dg’ body treatment of ther 3N states turns out to be very com-

24

vgn (@', By) 252 (10 plicated. The reason for this is the appearance of moving
singularities arising near the physical region for thisIN

amplitudes above the three-body threshold. As a result, the

vl‘“,(f)(q, B,)= —= a(s > f V(j)”(q, q';B,) Tj@(ga separable representation of the four-body kernels converges
Ap very poorly [13]. Therefore, we neglect the channeI3N

j= =d,N"
2 P keeping only the intermediateN “bubbles” in theS;;(1539
_d a(9) (! 9'°dq - propagator. The validity of this neglect seems to be doubtful,
e N ( Ba) 1 [¢4 2 3 . . . . . .
24 27 since thewN interaction in the second resonance region is

(11) visibly stronger than thegN one. The crucial point, however,
is that the two-step proceseN— 7N— 7N, favoring large
The explicit expressions for the effective potentialsmomenta of the intermediate pidn,~400 MeV/c, needs
V,ii(0,q9';€) are given in Ref.[4]. Equations(10) are two nucleons to be within the rangR=#/k,~0.5 fm.
solved for an arbitrarily fixed energg=B,. In the actual Adopting a simple geometric interpretation, the correspond-
calculation we have takeB; =—e3y (the triton binding en- ing mechanism is associated with a small probability
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4 1 As for the 7N interaction, we use here the simplest sepa-
P= 37 R® psy(0) = 0 (16)  rable parametrization with the energy-dependent potential
where ps(r) is the *H nucleon density, and thus is not g2 (Ko (k)
expected to be effective for low-energyH scattering. v, (K K W) = WM.
For the target wave function we take only thevave part 0
(1) (7)2
5o L © with g2 (k) = VA (22)
Vyw(G K = —=(1-P,—P K K= = 2
m M, (G, K) \’,3( 12 13)52%1 #'¥(A1, kaa) N 2w, K2+ B2

XH} % }rx }]mz)MJ(l/z)MT 17) which gives the familiar isobar ansatz for the meson-
2 2 2 ’ nucleon amplitude with the bare resonance milgs In

) ) . the present paper, the excitation of ti$g(1535 reso-
where the isospin=1-sandM, andMy denote total Spin  4nce is assumed to be the only mechanism for the meson-
and isospin projections, respectively. The spatial functiong,;cjeon interaction. Rather than to investigate the depen-
¢9(ay, ko) are taken symmetric with respect to the nucle-gence of the results on theN scattering lengtta,, we

ons 2 and 3. They are extracted from the bound state polgreferred to choose the parameters in E2R) such that
of the AN scattering amplitude, calculated within the the ;N scattering length

three-body model. The corresponding expression in terms

of the (3N)—N+(NN) verticesvy; reads a,n = (0.50 +i0.32fm (23)
© _ © (9 392 vé?i)(q, —&3y) is reproduced. This value lies approximately “halfway” in
(0, k) == Ngg"' 79| — &3~ My 32 K the listing of variousyN scattering lengths which can be
sH+m+M— found in the literature(see, e.g., Ref[15]). It must be
N N

noted that the low-energy-nuclear interaction depends
(18)  strongly on the continuation of theN amplitude to nega-
tive kinetic energies and hence must be sensitive to the
amplitudes in the channels coupled to thid one. There-
fore, we use here the unitary model of Rg16] where
three coupled channelgN, 7N, and =#N are considered.

, (19 In order to reproduce valu@3) we have slightly changed
E=—eay the set of parameters presented in Rgf6] in such a
manner that therN— 77N and wN— 7N scattering data are
reasonably well described in the region below and just
above theynN threshold. The results shown in Fig. 2 are
obtained with the parameter values

The normalization factor is obtained from the residue of
the scattering matrix

_2__
N™= de

where )\i is the first eigenvalue of the kern# 447y [SeE
Eqg. (10)]. Finally, for the °H scattering amplitude we get

lu")ysH

o 2 XFik, k, B, (20

55'=0,1 o\ =8.898K12m, B =404 MeV,
with the %»°H reduced masg,3y and the on-shell momen-

F”SH(k”) ==

tum K, =[2u,34(E+e3) V2 () — A= pm=
As was a?ready noted, we consider tk&l and 7N inter- Oy’ = 7.090K4m, By =695 MeV, (24)
actions only ins states. For th&N 1S, and®S; configurations
we adopt a rank-1 separable parametrization Mo = 1599 MeV.
vk, k) = =g (kg (K), The additional factors in E¢(24) appear due to different
6 (s) normalizations of the meson-nucleon potentialg, and
with g (k) = N 2—'(5)2 fors=0, 1, v,n used in this work and in Ref16]. The parameters of
i-1 K°+ G the two-pion channelr7mN were taken unchanged from

(21  Ref.[16].

where the parametei@® and B are listed in Ref[14].
The indexs=0,1 refers to the singlet and triplet states,
respectively. The separable potent{@ll) is obtained by We begin the analysis of the optical potential approach by
fitting the off-shell behavior of the PariSIN potential at reviewing the corresponding formalism. According to the
zero energy and is therefore appropriate for processed/atson multiple scattering theofit9], the »-nuclear inter-
without target breakup. The corresponding three-body calaction may be treated as a seriessM collisions. In the
culation gives for the triton binding energy a reasonablepresent discussion we use the version put forward by
value g3,=8.64 MeV anddescribes rather well théH Kerman-McManus-ThaletKMT) [20]. The corresponding
charge form factor up t@Q?=8 fm=2. expansion of the scattering operator reads

Il. THE OPTICAL MODEL FOR  #°H SCATTERING
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[ i#]

Here Green’s functiorG describes the propagation of a With the driving termU™™=Ar.

free » and A interacting nucleons In the present paper we explore two approximations to the
potentialU which have been used in previous work in low-
A energy z-nuclear physics.
G= ECH -V (26) (i) Coherent approximation: here one keeps only the lead-
0 A

ing term in EQ.(29). The resulting optical potential is given
where the nuclear potential, describes the interactions PY the ground state expectation value of the matrtimes
of the nucleons, and the free Hamiltonielgincludes only ~ the number of nucleons in the nucleus

the kinetic energy operator of meson and nucleons. Fur- oy el (D) it g
thermore, we have included into Green’s function the pro-  Yc(B. B';E) =(0;p|U™(E)|0;p") = A(0;p|7(0;p").
jection operatorA onto the completely antisymmetric (30

nuclear states. The scattering matrixin Eq. (25) de- o ) M
scribes the off-shell scattering of anmeson on a single AAS may be seen, the restriction to the first-order tey

bound nucleon and obeys the equation in expansion(29) neglects the virtual target excitations in
between successive scatterings on different nucleons. Of
T=v,n+UNG T. (27)  course, as follows from E¢27), excitations are allowed

when 7 interacts successively with the same nucleon. One
Within the KMT theory the nucleons are treated to beof the points in favor of the coherent approximation is the
identical from the beginning. Therefore we have droppedassumed dominance of the nearest singuldkibund state

the nucleon index in Eq. (27). pole). Probably no less important is the orthogonality of
The operatot) of the equivalent optical potential is usu- the nuclear ground state wave function to the excited
ally introduced by rewriting Eq(25) in the form states, which results in a reduction of the matrix element
(0|U®|n) at least at small momentum transfers. However,

A-1 in spite of these reasonable arguments the studyd$P1

T=U+2 = UGR,T, (28) P 0 ey

and nd [22] scattering has shown that keeping only the

target ground state weakens sizably the overall interaction
where Py is the projector onto the nuclear ground state.in the system and is therefore a rather poor approximation.
The many-body aspects of the problem are then incorpo- (ii) Impulse approximation: it is considered as a further

rated in the operatod which obeys the equation simplification of the approximatioiii) and consists of the
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substitution of the operator in Eqg. (30) by the free-space W 6
7N scattering matrix,y satisfying the equation 7°H scattering L=0
1.0 - — E4 AL 1
. E — - — Coherent F-T-«Z 4 Coherent .
tnN - U?yN + UnNGOtnNi with GO - ETH . (31) 5 Four—body " Four—body !
0 Sosl . E 2t 1
The resulting optical potential for thg®H scattering is then - e ——
U,(p,p';E) :A(Oﬂt N[H T s 4 s %0z —0“2‘%0“0"/0.‘2 0.4
7 B, [MeV] Re kF
:Af Wy (0 Kt (Won(D) Way FIG. 3. Elastic cross section fojH scattering(left pane) and

3 3 Argand plot(right pane) of the scattering amplitude. The dashed
><<Cj+ 2(5_ ) *) d°q dk (32) curves(filled triangles on the right panekepresent the impulse
3 ’ (277)3 (277)3’ approximation to the first-order optical potentj&g. (32)]. In the
dash-dotted curvegpen trianglesthe medium corrections to the
where the argumenj of the ground state wave function single scattering are taken into accofig. (30)]. The solid curves
W3, is the relative momentum of the participating nucleongfilled circles represent the result of the full four-body calculation.
with respect to the other two nucleons. Thus within thisThe long-dashed curve in the left panel is obtained with the
approximation, the struck nucleon is bound only beforeyamaguchiNN potential embedded into the nuclear sector. In the
and after the interaction with the incident meson but isright panel the circles and triangles indicate the following c.m.
free during the scattering. The role of the surroundingkinetic energies: E,s=0.1,0.2,0.5,1.0,1.5,2.0,3.0,4.0, and
nucleons is to provide only the momentum distribution for6.0 MeV.
the active scatterer. The impulse approximation is more or
less successful for low-energy pion-nucleus scattering fapresented in Eqg5) and(9) where now we must switch off
away from the resonance regip8], that is, for light pro- the » exchange between the nucleons. In the computation,
jectiles which interact weakly with the target constituents.we simply set the potential,\+\+ in Egs.(11) and(13) as

But its yalidity may be. marginal in they—_nuclear case. well as the ternZ34(Z3,) in the potentiaE23(E32) (see Fig. 1
The main reason for this fact is that the impulse approxiequal to zero. The matriX,;, obtained in this way, yields the

mation breaks down if the projectile is ir_l resonance withs.wave potentiallc (30) for the 7°H scattering in the form
the nucleon[19]. As was already noted in the Introduc-

tion, since theyN scattering is associated with a nonvan- Uclp, p';E) = X(s8) (p,p':E). (34)
ishing time delay due to th&;,(1535 resonance, the in- ¢ SEM it

teraction of the struck nucleon with the remaining ones ) o
must be generally important. In Fig. 3 we compare the results of approximati¢B6)

In order to study the quality of approximatio(is and(ii) and(32) wi_th those givgn by the four-pody theory where the
for the z-nuclear interaction we have calculated thegH 73N multiple scattering serie25) is summed exactly.
elastic scattering using the optical potentibls (30) and U, There are two main conclusions to be drawn from this

(32. In each case only the-wave part of the scattering conjparisons. _ . _ _
amplitude was taken into account. The results are obtained (i) The 7°H interaction generated by the optical potential

by solving Eq.(28) in momentum space U, (32 is relatively weak. It is interesting to compare our
result with that obtained within the scattering length approxi-
T(p, p;E) =U(p, p;E) mationt,y——(27/ u,n)a,n. The latter predicts a binding of
" . . the 7 3N system already for relatively modest valuesagf
+§ ikl U(p, p";E)T(p", p;E) 2’ (see, e.g., Ref$2,24)). The trivial source of this discrepancy
3 7 J, p?-p'2+ie ' lies in the strong energy dependence of thié amplitude

(33) which is ignored by the scattering length approximation. The
change of the freg/N energyw, 57 in the medium is primarily
The numerical difficulties caused by the singularity in thedue to the Fermi motion and due to the binding of the nucle-
integrand atp’=p were eliminated with the help of the ons. A rough estimation at zerg’H kinetic energy gives
Noyes-Kowalski trick[23].

It is worthwhile to note that since the in-medium scat-
tering matrix 7 is an (A+1)-body operator, its full treatment
is in general possible only with certain approximations.
However, in the case d&=3, Eq.(27) can be solved exactly wheree,~6.5 MeV is the binding energy of a participat-
using the four-body formalism. Indeed, this equation repreing nucleon to the two-nucleon core, while?) stands for
sents the reduced problem where #hmeson is scattered off the mean squared nucleon momentum inside the nucleus,
only one of the nucleons which in turn interacts with theand the reduced masdl; is given by Eq.(6). Taking
other two nucleons. Therefore, using the separable represem@: 120 MeV/c we obtainAw=~-15 MeV. In thecalcu-
tation for the two- and three-body scattering matrices as ddation, the energy at which thgN amplitude has to be
scribed in Sec. Il, Eq27) can be transformed into the form calculated was chosen according to the so-called “specta-

free _ _ <q2>

Ao =W~ W=~ ~ep~- M (39
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u’ u’
Y
HILL L %L"r/, L %—% L FIG. 4. The photon-induced effective poten-
_ P P tials appearing in leading order of the electro-
— + i . . . . - .
— Yu - :/,/\ 3 X21: j/,i X31: magnetic interaction iny photoproduction on
— . P — Uljfé — three-body nucle{37).
¢ Up ¢ U

tor on-shell” prescription. The corresponding energy shiftwhich follows, is that in the low-energy region only the long-
|Awl is larger than that given by estimati¢85) where the  range part of théIN interaction comes into play, which may
internal energy of the two-nucleon core is neglected. Takbe described quite satisfactorily by the Yamaguchi potential.
ing into account the differencAw results in decreasing In other words, our results are not sensitive to ¢ inter-

the #N scattering amplitude and especially its imaginaryaction modelgwhich must, of course, be on-shell equivalent
part, which has a sharp energy dependence aroungithe at low energy as long as the momenta in question are essen-
threshold(see Fig. 2. The crucial importance of this fact tially smaller than those associated with the short-range part
was also discussed in Ref8,15]. One sees in Fig. 3 that of the NN force.

inclusion of the intermediate nuclear interacti@he dash-

dotted curvé accounts for an appreciable portion of the

noted disagreement, and it leads to a much better descrip-

tion near zero energy. We consider this fact as evidence IV. 7 PHOTOPRODUCTION ON A =3 NUCLEI NEAR

that calculations, which investigate the dependence of the THRESHOLD

7A dynamics on the elementary amplitudg but disre- Turning now to 7 photoproduction, we treat the electro-
gard the interaction of the participating nucleon with themagnetic interaction as usual up to the first order in the fine
surrounding nucleons, are of little significance. structure constant. As a consequence, the photon appears
(i) Comparison of the results obtained within the coher-gn|y in the initial state as an incident particle. This scheme is
ent approximation30) with the four-body treatment shows jjjystrated in Fig. 4 where the electromagnetic vertex func-

the role of higher-order terms in expansi@®9). As was  tions u® («=2,3) are of first order in theyN coupling. The
already noted, their contribution is associated with virtual

target excitations in between scatterings. As one sees, tthorrespondlng expression of the amphtddgg reads

effect is significant and increases as the energy approaches *
the inelastic thresholthnalogous conclusions with respect to Y pkB= Y X X XS (p, p';E)
the 7d interaction are given in Ref22]). With increasing @=23 Im 0=01 0
energy the cross section becomes similar to the one of the p'? ,
impulse approximation but as one sees in Fig. 3 the Argand ><®(a(;7|)m<E‘ m) fffm
plots remain very different. @
In our opinion, the conclusions above have an important , p'2dp’
bearing on models of the-nuclear interaction. In particular, X(p’, ky:E) o2 (36)

they point to the fact that such models should not be devel-

oped as a mere repetition of the first-ordenuclear scatter- Where the hadronic amplitudes,; are defined in Sec. Il

ing formalism. [see Eq.(5)]. Here the spin coupling in the initia}3N
Returning to Fig. 3 we would like to note a strong en- State is also uniquely determined by the spiaf the NN

hancement of the cross section close to zero energy asR&ir since the spin of the target is fixed & 1/2. The

consequence of thg®H virtual state. The scattering length effective potentials, involving the photon-induced excita-

a,24=(1.8242.79 fm locates the position of the pole at tion of the resonanc#l’, are defined by

Ei’]g’,'jz—1/(af73HM,,3H):(1.53443.59) MeV. The pole lies on

-9 (t,) +1
the first nonphysical she¢tm\E<0) attached to the physi- U(lsjrzn,(p, k,;E) = M[ vX(a, — 3
cal one through the two-body cut beginningzaH threshold ' 2 -1
[25]. The somewhat unusual behavior of the Argand plots 3¢ R
near the inelastic threshold supposedly can be ascribed to a ngs)<— g3y — —l>ug,(5§'tv)(qa)d(ky P,
cusplike structure of the amplitude with a rapidly varying My
real part. a=2,3, (37)

In order to investigate the role of the short-range nucleon-

nucleon dynamics we have performed in addition a fourWith & relative momentum at thé8N) —N+(NN) vertex
body calculation with a Yamaguchi parametrization of theq‘1=|5+%ky. The form factorsuﬁ(sitv)(qa) are associated
potential vyy [26] where the complicated structure of the with the absorption of a photon having isosginby a
short-rangeNN interaction is ignored. The respective result nucleon or by a nucleon paisee Fig. 4. For the y(NN)
is represented by the long-dashed curve in Fig. 3. As onand yN relative momentay, («¢=2,3) we use semirelativ-

notes, the difference is insignificant. An obvious conclusionjstic expressions

044002-8
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, It should be noted that going from®H elastic scattering
o+ M P. (38) to » photoproduction we are faced with qualitatively new
Y N physics where large momentum transfers dominate. In par-
The spin-isospin coefficients, presented in 87) in ma-  ticular, due to this reason, the contribution of pion exchange
trix form by Q, are obtained from standard spin algebra Petween the nucleons to thgproduction mechanism must
“ be included in general. This fact is confirmed by several
theoretical development27,28. However, for reasons of
principal numerical difficulties, already noted in Sec. I, we

q)2:l2»y+Lp), q’azlzy_l_ w
(,(),y"" 2MN

0 o 0+ 2 do not include pion rescattering into our calculation and
V3 make only several remarks in the conclusion.
Q<20) — 5 . Q(Zl) — , As for the electromagnetic vertex function§, it is easy
0 2\/j 2 to show that up to the first order in thgN interaction they
* 3 0 are given by[cf. Eq. (13)]
a(ss t.) _ - /sty ' _ q,2 a(s')
Uy 7 (de) = | Vel d) 7| Ba= = |Un'n
2 0 2/-LN*
6 0 FAl= 0 124
' ! ST el G
9(30): 5 . 9(31): ’ X(q ,Ba)z—ﬂ_z, a=2,3, (40)
0 —4/= 2 —
3 0 + 3 where the effective potentiaksff’;{\)r are determined analo-
gous to the hadronic potentialg,. v [4] but with an in-
(39 cident 5 replaced by a photon
with the upper(lower) sign referring to*He(®H).
|
I S AW R 1) -
+1 gfﬁ( q +EQ2 )9%1)< 0>+ +7M q ,wN*)
/st N — _ Wy N A ar
Vz-dm*(QZv q ) =T = 2 2 d(q g )a (41)
Y \”2 -1 +i("+1.|2> +i("’+%")
FHT M \P T3] Tiv | T o
[
(9 (! ~(ty) . 4 n
TS, (0 o) = - 9 (4")Gy" (3, @n) e (ﬁ) ey > Myem,
BN 3 1-\2 1 ~(1) _] VAmimo \m;
e+ —|(P+ 5k, | +—q'? Oy (K, o) =
WM\ 377 My 0
(42) gN*(k, ll)N*)|(,),\‘*:r\/|N+m7T else,
(43
~(ty) * .
where@, 2 (k,n, wy) denotes theylN— N’ vertex functions "g'f\(,)*)(k, o) =0.1"g§\,13(k, on),

depending on the/N c.m. momentunk,y and the invari- _ ) )

ant 7N energyw,s. The denominators in expressiofsl) ~ Wherek; is the on-shell pion momentum in theN c.m.
and (42) are obtained by taking into account the on-shellframe corresponding to the total energy:. The isospin
conditions in the initialy®H state, i.e.E=-ss;+w,—m,  Separation of the5,,(1535 photoexcitation amplitude is

+k2/2M3y; as well as the dependence of the mometyta Chosen such that the relation

andqz onk, andp given by Eq.(38). One readily sees that

the singularities on the rea’ axis are never reached in olyp— 7p) _ 67 (44)
T/aJij' O'(’)/n — 7]n)

" |)” the actual calculation, we treat the verticesis reproduced in accordance with the experimental results
Gy? (k,wy) independent of the momentukrand parametrize for quasifreen photoproduction on light nuclei29,30.
their behavior in the following form The coefficients in Eq(43),
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20 —— : ———————
(1/2)
. B, VD [S,(1535)] |
< * Real
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S 10F ~
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5 L 7 s Krusche et al. (1995)
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1450 1500 1550

W [MeV]

o L : e
700 720 740 760 780 800 1350 1400

E, [MeV]
FIG. 5. Left panel: theyp— »p total cross section compared with the data of R&1]. Right panel: tthE(()lfz) multipole of yp— mp
generated by the photoexcitation of t8g(1535 resonance. Solid curve—real part, dashed curve—imaginary part. Open and filled circles
represent the results of the MAID parametrizat[G2].

ay=5.007x 10%, a;=-1.750x 1072, Y=Ypw+[ Y= Ypul-o (48)

whereYpyy is the plane-wave approximation to the produc-
tion amplitude. Assuming that the hadronic interaction in
the higher partial waves is insignificant, the difference in
the parenthesis is reduced gavaves only. The amplitude
Y. -0 is given by Eqg.(36). The diagrammatic representa-
r%ion of the amplitudeYp,y is presented in Fig. 6. The cor-

) 12 responding analytic expression is easily obtained and need
of Ithe %’prisﬂ(w?’a%”p ampl!tudepEg+ (\;V'tfh the ré- 15t be presented here. We note only that each term in the
sults of the MAID parametrizatiofi32]. For definiteness, sum is represented by a six-dimensional integral, which

we present here the elementary photoproduction ampll\'/vere calculated numerically without any approximation.

tude for yp— p, The reaction matrix element for the transition between the
nuclear states with spin 1/2 is related to amplitd8) by
the Wigner-Eckart formula

with EX2 =[5k, wy) + T (K., wy) 1 1 1/1 1
oot = Ay v e ) SMAITISM; :—~<§Mi |)\|§Mf> >

2
X7y (oy = My-m)g?(k,).  (46) 59201

a,=0.926X 10!, a;=2.052x 1073,

a,=-6.408x 103, (45)

were obtained by fitting thep— »p data[31] as shown in
Fig. 5. In the same figure we also compare our calculatio

t = pEGi 2 (G €)),
Yss),

49
The c.m. differential cross section then reads “9

]  20.EuE For the unpolarized c.m. cross section, we obtain
o @HENEN
— 7 TN TN (1/2)|2

el =1 Tt g2 47
(P ) K, @ran [pEg+ | (47) k, 20,EaEa, 1
(A=A = = — e o

dQ k, (47W)* 6

S/ nd - 2
S YK, K, )‘ ,

with o, and ENi(f) denoting the energies of the meson s9=0,1

and the initial(final) nucleon, respectively. (50
Before completing the formal part, we recall once more ) ] o

that all the expressions above relate only tosfeave. With ~ With E» ~being the total target energy in the initidinal)

increasing energy, higher partial waves, where however netate.

significant interaction is expected, are needed to fill the Our predictions for total as well as differential cross sec-

available phase space. To take into account their contributiotions are shown in Fig. 7. First we note an approximate

we use here the standard prescription equality

Y n

- 1\1:}&;\ P . FIG. 6. Schematic representa-
] YPW: == +2= )/‘\f“.\:E + 2= ,/\ OO tion of the plane-wave term in the
— — N e ~— DR~ 7 photoproduction amplitudét8)
related to our model of the target
;//’ wave function(17) and (18). The
i el factor 2 stems from the identity of
. DN . R
+ 2= / CE o+ 2= = the nucleons.
NG ~NG T
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FIG. 7. Upper panels: total and differential cross sectiorzfphotoproduction oiHe and®H calculated within the four-body scattering
model for the finaly 3N system compared to the results of the plane-wave calculétierdashed curves on both panels the lower panel
the FSI effects provided by the distorted waN) approach with the optical potentiéd2) (dash-dotted curyeare compared with those
given by the four-body calculation and the plane-wave approximaiui).

o(yn— 7n)  o(y*He— n°He) a consequence, the differential cross section is ml_Jch more
o 70) - o(PH o ) 0.6. (31 isotropic as compared with the plane-wave calculation.

=P oty 7 Comparing our results foPHe(y, 7)°He reaction with
those of Ref.[10] obtained within the FRA, we observe
rather well agreement in magnitude of the total cross sections
close to the threshol@ve take for comparison the results of
Refs.[10] corresponding to the model llla for theN inter-
action). However we think, this fact has no physical signifi-
. o cance, since there are principal differences in the models.
symmetrics state it is easy to see that themeson can First, we would like to note a disagreement concerning the
any be produced on the neutron fhie and on the proton a4 re of the final state interaction. Namely, as explained in
in °H. The remaining two nucleons, coupled to a total SpinRef [10] the strong effect of FSI, found by the authors, is
s=0, do not participate due to the Pauli principle. Theqgye to thes-wave 5 3N resonance, located near zero kinetic
7-rescattering effects, being spin independent do not disenergy[34]. In our case it is a consequence of the virtual
tort this relation. A small deviation from relatio@4) is  state, as was already discussed in R4f. We do not find
simply due to the presence of the state with mixed permuany evidence for the resonance behavior of #ie ampli-
tation symmetry. tude(see, e.g., the Argand plots in Fig). Furthermore, our

As expected, the final state interaction leads to a rathegalculation does not exhibit a strong slope in the cross sec-
pronounced enhancement of the plane-wave result, espden caused by a cusp at the inelastic threshold, which was
cially very close to the production threshold. The cross secfound to be very pronounced in Rgf.0].
tion reaches very fast its characteristic value and has a form In the lower panel of Fig. 7, we also depict the total cross
of a flat plateau. The angular distribution pimesons in both  section for the reaction ofH where the final state is dis-
reactions is shown in the upper right panel of Fig. 7. Withintorted by the first-order optical potentigthe approximation
our model only the angular-independenivave part of the denoted asgdistorted wavg DW]. The corresponding photo-
7 3N wave function undergoes distortion due to the FSI. Asproduction amplitude is given bicf. Eq. (33)]

As was already explained in Reflsl0,33 this result is a
consequence of the spin-flip nature of thehotoproduc-
tion amplitudet, (46). Approximating the spatial part of
the target wave functiofil7) by only the principal, totally
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Jra amplitude giving rise to large corrections caused by the bind-
2 ing of the nucleons. One may expect that this effect is even
stronger in heavier nuclei.

o ) . (i) The influence of virtual target excitations between
XJ Tk, p’Ezz[YPV‘Z'(pf kV’E)]LZOpde, successive scatterings is also rather important. Although the
0 K,—p-+ie three- and four-body thresholds are relatively far from the 3

(52) binding energy, neglect of the excited states makes the result
very different from the exact one. In other words, the contri-
butions of virtual three- and four-body states are also quite
important below the corresponding unitary cuts.
| (iii) Since in the energy region considered here the inci-
dent energy of they-meson remains small, i.e., its wave-
. . . length is large compared to the characteristic internuclear
3HA CorQ'E"a”SQQ ﬁf :chﬁ DVZ IC?.]|CU|aItI0nbeI' tge regcgor; distance, the results for thg®H scattering are not visibly
&(y,7)*He with the full model has also been done in Re ' sensitive to the details of the short-raridll dynamics. This

[10]. In particular, the authors have noted a very large differ-concjysion is confirmed straightforwardly comparing the re-
ence between the cross sections obtained within FRA angits of the PEST potentigll4] with those given by the

DW approaches. At the energy, =605 MeV the DW results  simplest Yamaguchi form of thBIN interaction.
reported in Ref[10] underpredict those of the FRAmodel by  (jv) Close to the threshold, the final state interaction en-
about a factor of 20. The reason of this disagreement is fances they yields appreciably, which was already noted in
very strong suppression of the DW cross section in the neag variety of studies of; production on lightest nuclei with
threshold region. In contrast to this conclusion, our calculadifferent entry channel§35-37. The angular distribution
tion predicts a typicat-wave energy dependence of the crossshows pronounced isotropy, associated with theave
section for the coherent reaction of the form dominance of ESI.

In conclusion, we would like to note once more the pos-
sible importance of pion exchange in tlggphotoproduction
on nuclei. One can expect this since the suppression due to
with E‘yh denoting the threshold energy. This form is the strong momentum transfer which is presumably impor-
slightly distorted by thep-nuclear optical potential which tant for low-energyz3N scattering appears not to be effec-
tends to increase the cross section value close to thiéve here. Furthermore, as was already noted, due to the spin-
threshold. As a consequence the difference between thiép nature of the % photoproduction mechanism, only
DW result and the full four-body calculation turns out to =1/3 of the nucleons are involved in the process. This may
be not so impressive as in RgfL0]. further enhance the importance of theexchange contribu-
tion where the nonvanishing non-spin-flip part gives rise to a
coherent enhancement of the reaction strength. A good case
in point is the pion production via (1232 excitation (the

In the present paper we have investigated elastic scattespin-independent part dominajesith subsequent rescatter-
ing and photoproduction ofy mesons on three-body nuclei ing into # through the excitation 08,,(1535 (the spin-flip
near threshold. The possibility of having the exact solution apart is negligiblg on the next nucleon. On the other hand, we
hand permits us to investigate unambiguously the correctionsuppose that due to the short-range nature of the pion-
to the lowest-order optical potential which are usually ne-rescattering mechanism its contribution does not influence
glected within the “standard” optical model approach. Ac-the strong energy dependence of the cross section discussed
cording to the results presented above, we would like to dravabove but its magnitude can be visibly affected.
the following conclusions.

(i) The contributions beyond the impulse approximation ACKNOWLEDGMENT
turn out to be very important. It is reasonable to assume that The work was supported by the Deutsche Forschungsge-
the origin of this fact lies in the resonance nature of #fit  meinschaft(SFB 443.

.o .- 2
Y(ky, KyiE) = You(k, ki) +

where theT matrix for the »°*H scatteringT(k,,p;E) was
calculated with the potential32). As one readily notes,
the DW approach visibly underestimates the strong FS
effect of the four-body theory.

o~ E,~EY, (53)
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