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The ?H(p,n) charge exchange reactiongg=790 MeV is used to study th&(1232-nucleon AN) inter-
action in theA resonance excitation energy region. For A¢ potential, a meson exchange model is adopted
where, p, w, ando meson exchanges are taken into account. The deuteron disintegration below and above
pion threshold is calculated using a coupled-channel approach. Various observables, such as the inclusive cross
section, the quasifreA decay, the coherent pion production, and the two-nucleon breakup, are considered. It
is shown that these observables are influenced by the dynamical treatmentfofitigrees of freedom. Of
special interest is the coherent pion decay of sheesonance, which is studied by means of the exclusive
reaction?H(p,n")2H. Both the peak energy and the magnitude of the coherent pion production cross section
depend very sensitively on the strength of thil potential. The coherent pions have a peak energy of
=300 MeV and a strongly forward peaked angular distributj@2556-281@7)00610-9

PACS numbgs): 25.40.Kv, 25.10+s, 14.20.Gk, 24.10.Eq

[. INTRODUCTION tions the target is exposed to the virtuahndp meson fields
produced by the f,n) projectile-ejectile system. The pi-

In recent years, inclusive and exclusivg ) and CHe,t)  onjike interaction excites the LO response functi@ gt
charge-exchange reactions at intermediate energies haggup”ng of the target while theo-meson-like interaction
been proven to be excellent probes for investigating Ahe excites the TR response functi((>§>< cﬁ coupling. Due to
dynamics in nuclei. The most important observation of thethe kinematics, the virtual meson fields obey .the energy-
inglusive charge exchange reactions.i-s the downward energy - entum rel(;ltiorw<q and thus explore the LO and TR
shift of the A resonance peak position by 70 MeV in response functions in anw(q) region that is inaccessible to
nuclear targetgwith mass numbeA=10) as compared to

; . real pion and real photon scattering.
B 11 N nerreaton of hes) and () sterg re
; ge part ; . y actions, various theoretical models have been applied to treat
attractive A-nucleon @AN) interaction in the spin-

L ; . . the AN dynamics. Among these models are the coupled-
longitudinal (LO) channel[6—10]. A direct signature of this h i )
interaction is provided by the measurement of the coheren‘ihannel approacf24-29 and the three-body Faddeev treat

pion decay spectrum where the pion of theesonance de- ment of themNN system[30,31. In the present paper we

cay is measured in coincidence with the ejectile while themake use of a coupled-channel approach to describa the

target nucleus is left in its ground stdtkl—16. These co- system in a nonrelativistic framework. We set up a system of

herent pions couple strongly to the LO channel. Due to thEg:oupled equations for thi&N wave function in configuration

attractiveAN potential in this channel, their energy spectrumSpace' We then apply the Lanczos method for solving the

is substantially shifted downward relative to theesonance 223322”:' rl—g(i'l\l _Fﬁ;eggglh:ncggsrt;:zt:r?s\’g&?] ?nrtrc;e:((:)go_unt
peak position of the inclusive reaction. 9 ' 9

In this paper we study thé excitation in the deuteron are the pion(m), the rho(p), the omegaw), and the sigma

. : (o).
target using the?H(p,n) charge-exchange reaction ap . .
=790 MeV. The deuteron has the advantage that its wave Th.e aim of the present paper Is to ShOW that Fheu |
D : . reaction at forward-scattering angles is an interesting tool to
function is well known and that the Fermi motion of tA&l

study theAN interaction in the deuteron. The advantage of
system can be treated properly. Therefore, the effects of tht%e (b.n) reaction over other probes is twofold. First, at
AN interaction can be studied in a more direct way than in P, : Prob . ' P
fr?rward—scatterlng angles the quasielastic peak cross section

heavier nuclei. In the past most of the studies on the deutero d theA resonance peak cross section are eneraetically well
have been carried out with electromagnetic and hadroni€ P g y

probes, such as in photon-deuteroydj and pion-deuteron Separated. ThA resonance cross section is very large com-

. X : . pared to the quasielastic cross section providing a well-
(d) scattering, leading tNN, 7rd, andwNN final reaction 4 c00 1A resonance peak in the spectrum. Second,Ahe
channels. In these reactions the intermedislé interaction

plays an important rol§17—23. The photon excites tha resonance cross _section involves both a LO and a TR com-

) ) . ) X ; ponent(with a ratio of LO/TR=1/2) and thus allows one to
dominantly with spin-transvers@R) coupling, i.e., by the : . X .

N ST - ) ) ~ examine the complete spin structure of thBl interaction.
transition operatoBXqT (SandT are the spin and isospin The LO excitation is of special interest for the coherent pion
transition operators, rgsp%ctivﬁglyNhile the pion excites it decay of theAN system. Due to the LO spin structure in
with spin-longitudinal &-GT) coupling. Both couplings are both the excitation and deexcitation process, the cross sec-
orthogonal to each other and therefore give different infortion for coherent pion production becomes relative large. Be-
mation on theAN interaction. In the charge-exchange reac-cause theAN interaction is most attractive in the LO chan-
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nel, the coherent pion spectrum is expected to exhibit clearlyn N N n A N
the effects of thé\N potential. It turns out, indeed, that both
the peak energy and the magnitude of the coherent pion pro
duction cross section depend quite sensitively on the strengt Tes 1 T e .
of this potential. Other observables, such as the inclusive
cross section, the quasifree decay cross section, and the
two-nucleon breakup, are also shown to be influenced by the
dynamical treatment of thA degrees of freedom. (a) (b)

The organization of the present paper is at follows. In Sec.
IIwe give a detailed account of the formulation and methods FIG. 1. Impulse approximation diagrams for tﬁH(p,n) reac-
of calculation used in the analysis of the data. First wetion. Here(a) shows the nucleon excitation affy) the A excitation.
present the coupled-channel approach and show how to c&lw,d) is the four-momentum transfer to the target. Not shown are
culate the correlated N wave function in a very efficient exchange diagrams; see the text for details.
way with the Lanczos method. Then we split the inclusive
cross section into its various partial cross sections, as there Since we want to compare our results with experimental
are the contributions of coherent pion production, quasifreelata where the energy and the scattering angle of the outgo-
A decay, and two-nucleon breakup. In Sec. lll we discuss théng neutron have been measured, we have to calculate the
parameters used in our model. We present the results of thiouble differential cross sectiaifo/dE,d(),, in the labora-
cross section calculations and compare them to experimenttdry frame. From Eq(1) we obtain
data[32,33. Finally, in Sec. IV we give a summary and | b ab
conclusions. ( d’c ) ® py ( d’c )BF_ MM, Pr Eg

dE,dQ,)  pn |dEdQ,) — (2m)? p My

Il. THEORY

_ _ 12
We are interested here in the calculation of the inclusive X2 o(Ep—EntEq—E)[Tal% (@

and exclusive cross sections for th&H(p,n) charge- ] ] ) ] )

exchange reaction in thresonance energy region. We con- In the following, cross-section results will always be given in

sider only forward-scattering angle®(<15°). Since we the laboratory system, while every other unlabeled quantity

shall deal with high projectile energied (=790 MeV), we refers to the Breit frame.

assume that the cross sections can be calculated within the

distorted-wave impulse approximatig®@WIA). Because of B. The uncorrelated source function

the transparency of the deuteron target it is sufficient to cal- | this section we discuss the excitation processes which

culate the distortion effects within the eikonal approxima-contripute to 2H(p,n) in impulse approximation. In our

tion. model, there are two relevant Feynman diagrams for this
case, which are shown in Fig. 1. They represent the nucleon

A. Inclusive cross section excitation[Fig. 1(a)] and theA excitation[Fig. 1(b)] from

the deuteron target. The excitation is due to the virtual meson

fields produced by the pi;n) projectile-ejectile system,

which is regarded as an external probe. In the first-order

DWIA the transition amplitudeM;; corresponding to the

- 2E,E, %% d®p, graphs in Fig. 1 is given as
A(S,ME,MS) Ep E, (277)32En

We start our formulation by writing down the formula for
the inclusive?H(p,n) cross section. Using relativistic kine-
matics, this cross section is given as

Myi= Z J d®r oty * (B »Fo) (Xnl( Wl
j=12

NI _ _ 12
x 2 (2m)8(Ep+Eq—E,—Ep|Tgl%. (1) Xtoj(@,Fo= I ¥a) Xp) & (Bp.Fo).  (3)

Here the function A is defined to be )\(s,Mf,,Mﬁ) Herer; denotes the coordinates of the projectije=0) and
=[s—(Mp+Md)2][s—(Mp—Md)z] and the indicesp(n) the target _nucleonsl €1,2), respectively, which ar)e mea-
andd refer to the proton projectileutron ejectileand the ~ Sured relative to the center of mass of the targgf.) and
deuteron target, respectivelg; is the total energy of the ¢{ ’* are the distorted-wave functions of projectile and
final state on the target side, i.e., of all outgoing particlesejectile in the initial and final channels. The spin-isospin part
except the neutron ejectile. The c.m. momentum of the finabf the projectile(ejectile wave function is denoted dg,,)
state is fixed by momentum and energy conservation whilé(x,|). The initial and final states of the target are) and

an integration over the relative momenta has to be peré,p|, whereab refers to either thélN or the AN system.
formed. In addition, an average over the initial spin orienta-Note thatM¢; describes only the excitation process, but not
tions and a sum over the final spin orientations of both thehe deexcitation, e.g., the free decay of theTherefore My;
projectile and the target spin states are taken. The transitiomas to be distinguished from the transition amplitddefor
amplitudeT;; will be evaluated in the Breit fram@F) of the  the complete reaction.

target system, where the deuteron state is well described by Thetg; in Eq. (3) is the effective interaction between the
the usual nonrelativistic wave function. projectile nucleon 0 and the target nuclgorA sum over the
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two target nucleons has to be performed. Theis repre-
sented by the free nucleon-nucleigp yy Matrix in the case
of the nucleon excitatiofFig. 1(a)], while it is approximated
by the freeNN—NA transition operatotyy ns for the A
excitation[Fig. 1(b)]. The specific form of these interactions
is given in Appendix A. They provide a spin-longitudinal
(pionlike) and a spin-transversé-meson-like excitation
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|on(F)) =Npw(@){xnltor "

+(1-2),

F12) | xp)| a(F))
(9a)

F12) | xp)| a(F))
(9b)

(o,q)expiqg-

NN,NA

|pa(M)=Npw(@)(xnltoy " (@,d)expliq-

+(1-2).

component. The excitation strength parameters are fitted ©ne source functions represent the doorway states excited

reproduce the experimental cross section and the spin ohs

servables for |p,n) reactions on a nucleon target.
Since the effective; is adjusted to experiment, we im-

plicitly account for knockout exchange effects between the;,4 . state interactions are neglected

projectile and the target nucleons. Note, however, that w
neglect the projectild excitation process where the detected
neutron comes from the decay of the For forward neutron

itially by the external p,n) charge-exchange field. We call
them uncorrelated since they do not include the “final-state”
interactions within the exciteddN or AN system. If the

the second target

fucleon is just a spectator that does not take part in the

interaction with the projectilé“spectator approximation).
The full dynamical treatment of thBIN and AN systems

angles, the cross section contribution of projectile excitationgq, jires the calculation of correlated continuum wave func-
gives only a small correction to the dominant target excitayj;ns which we discuss in the next subsection

tion process. In Refs[34,35, the projectile excitation is
found to be suppressed by a factor-efl0 in theA energy
region.

We now take advantage of the fact that at high incident

energies and large momentum transfers both interactigns

C. Inclusion of the AN interaction and calculation
of the correlated wave function

The inclusion of final state interactions in the description

turn out to be rather short ranged, i.e., very weakly depenef the 2H(p,n) reaction leads to a coupled-channel problem.

dent on the four-momentum transfew,d)=(E,—E,,p,
—Pn). Therefore, they can be well approximated by local
operators irr space of essentially-function form, that is,

1 o N
tOj(wyFO_Fj):W f d*q’exdiq’ - (Fo— ) Jtoj(@,q")

~toj(w,d) 8*(Fo—T)). (4)

By inserting Eq.(4) into Eq. (3) we find for the transition
amplitude

M= (bl pl ¥a), 5
where the hadronic transition operajois defined as
p= 2, (Xaltoj (. O Xowl By P M) xp): (O
with
XDW(ﬁpaﬁnvFj):¢:(ﬁnaFj)¢p(ﬁpirj)- (7)

The product wave functioXpyy includes the projectile

In the energy regime considered here, up to four particles
appear in the final state because of the pion production.
Therefore, the full coupled-channel problem is complicated
and can only be solved approximately. In our model we will
treat theA as a quasiparticle with a given intrinsic decay
width and mass. The configuration spd¢es build up from
NN, AN, and 7NN sectors, H=Hyn® Han® H nn- The
corresponding projection operators are denote®,asP,,
andPg, respectively, and we will use for any operadthe
obvious notation) \y=P,QPy, Qqa=PoQP,, etc.

In this formulation the source functions of E49a) and
(9b) appear to be projections of a unique source fundfipn
ie.,
(10)

Palp)=lpn),  Palp)=lpa).

Since we restrict ourselves to the DWIA there is no source
function for thewNN sector, i.e.Pg|p)=0. We now define
the correlated continuum wave functigp) as

1
0= e=qlP=Cle). (11

The HamiltonianH=H%+V contains the free enerdy® of
the system as well as the interaction V. The full propagator

and ejectile distortion effects in the reaction. In the eikonalG is connected to the unperturbed Greensfunc@h(E

approximation, Eq. (7) is reduced to Xpw(q,f})
=Npw(d)exp(q-r;), whereNp\(q§) can be calculated from
the distorting potential. Thus we get from E)

p=Npw(@){xnltor(w,G)exp(iq-F/2)

+tod ,G)exp(—iq-F/2)| xp), 8
wherer=r,—r, is the relative coordinate between the two
target nucleons.

Following Ref.[10], we can now introduce source func-
tions for the excitation of either &N or a AN system,
respectively, by defining

—H% "1 by the equation

G=G°+G%G. (12
The interactionV introduces the correlation effects into the
wave function|). We will demonstrate next how to solve
Eqg. (1) in a very efficient way by using a few simplifying
but physically reasonable approximations.

First we make use of the fact that pion production in
intermediate-energy charge-exchange reactions is dominated
by the A resonance excitation. We assume thigb="Von
=0, i.e., there is no direct coupling between tibl and the
7NN sector. This means that in our model pion production
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proceeds exclusively via an intermediaf®& system, while In the remainder of this section, we focus on th&l

the nucleon pole terms are neglected. In theexcitation  subsystem and the method for solvipf, ) =Gy |pa). Af-

energy regime this approximation should be very good.  ter having separated the c.m. motion, the full propagator for
The correlated\N wave function|¢,) follows from Eq.  the relativeAN wave function is given by

(11) by projecting on theAN channel, i.e.|¢,)=P,|#). In

the A energy region|,) can be well approximated by 1

Gap= , 18
|4a)~Gaalpa)- (13 =T ) (18

Here we neglected the contributid®,y|py) from the NN

source function, which is substantially suppressed inAhe

energy region. The propagat@,, of the AN system is with the excitation energy
determined from Eq(12), which yields

F_;m)z
Gaa=Gl,+ G VarGaa+GliVaoGoa+GLAVanGna - - v Pem)”
A A aVaqbq ) ex=w+M—M, RN (19)

Ir_l this equation, the first and second terms on the_right-hz_;mgnd the relative kinetic energy
side (rhs) represent the free propagator and the interaction
term in the AN channel, respectively. The third term
GXAVAQGQA reflects the emission and reabsorption of pions A= p2. (20)
(A—7N—A), which leads to the energy-dependent decay 2MMy
width I",(s,). However, since we treat the as a quasipar-

ticle with an intrinsic width and the physical masg, In the spirit of the model, the propagator contains the energy-
=1232 MeV, this “self-dressing” process is already effec- dependent widtd"(s,) of the A resonance. The invariant
tively included in the free propagat@gA. Therefore, the masss, is fixed by conservation of four-momentum at the
third term of Eq.(14) has to be dropped. In addition, we also Production vertex. For given projectile kinematics we obtain
drop the fourth ternGgAVANGNA, which generateBIN box

contributions to theAN potential. We do not expect those spa=(M +w,ab)2—déb. (21
contributions to influence th& N interaction significantly

since it seems to be much more likely that thés produced  Here w is the energy transfer ardi the momentum transfer
directly in the interaction with the projectile than later on in tg the deuteron target. Note that the invarianmass is cal-

the final-state interaction of two outgoing nucleons. Henceulated by assuming the target nucleon to be at rest in the
we are left with laboratory frame(frozen approximation

In order to solve i, ) =Gaalpa), We transform this equa-
0 0 A AATPA
Gaa~CaatGaaVaaGaa (15 tion into an equivalent integral equati¢hQ]

. M+M,

for the AN propagator. This approximation has the major
advantage that thAN channel effectively decouples from |AA>:|PA>+VAAGRA|AA>! (22)
the NN channel and therefore can be solved separately.
If we project now Eq(11) to the possible final channels so that
NN or #NN and make use of Eq15), we find

=GR,IA ). 23
Pnl#) =Gnnlon) + GunVnaGaalpa), (163 [#a)=CaalAs) 23
Pol#)=GooVorGaalpa), (16b) quation(22) is_now reduced to a set of coupled_-channel
equations for radial wave functions in the following way.
with First we expandp,) and|A ,) in terms of partial waves, i.e.,
Gnn=GRn+ GRnVNNGNN (173

1
0 lpa)=_2  “psLam(NI(SLIMILY,  (24)
Go=G®Gnn- (17b ST,

Transitions from theAN to the NN or 7NN channel are 1

accounted for by the corresponding transition potentias A= 2 “hsum(DISDIMY[1D, (25

and Vg, in Eq. (16). They appear only in first order. The sLImy T

potentialVyy in Eq. (173 describes th&N final-state inter-

action that includes alsdN box contributions. We adopt the whereS,L,J,M; denote the spin, orbital, and total angular
Paris potential36,37] for V. All effects of theNN poten- ~momentum quantum numbers of thé\ system. Due to the
tial can be included in th&lN wave function(yy,| for the  special isospin structure of the excitation process, the isospin
outgoing nucleons. Furthermore, we assume in(Edb) that ~ channel is alway$T M) =|11). After insertion of Eqs(24)

the outgoing pion is not distorted from the remainiNgd ~ and(25) into Eq. (22) and projection orf(S'L")J'M}| we
system so that it can be described by a plane wave. obtain
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A N N A with the spin(isospin 3/2 matrix3 (©) and the spir(isos-
,P,0,0 TP pin) 1/2 matrixa (7), respectively. This yields

fraafoun o (51R0(@2k)

A N A N Vglr(k): 2 1° T2 N +(1<—>2),
m ki—k?—mZ+ie
(a) (b) (29
FIG. 2. (a) Direct term andb) exchange term of thAN poten- . R
tial V. The mesons taken into account are the gish the rho Ve (k) foaafonn — _ (21XK)-(G2XK) F(102)
, the ome , and the sigmdo). dilK)= 77— Y172 N ) —2z).
(») gdo) gmdo) i 7 G R—mitie
(30

1 1
F)‘"(r):FP”(r) For explicit calculation of these potentials we need to

1 know the appropriate coupling constants. Th&N and
' 0 N / pNN couplings are well known experimentally from an
+% f drr Vo (NGaa(r 1) r' Aar(r), analysis ofNN scattering dat@38]. They may be related to
the other couplings by

(26)
fr =2f, , (31a
where we used the inder as a shorthand notation for foNa TN
{SLJIM;}. Equation(26) may easily be written as a matrix 1
equation. The radial source functiong(r) can be calculated f,T/pAA=§f7/pNN- (31b)

in a straightforward manner and are given in Appendix B1.

The matrix element¥,,(r) of the AN potential, which is  Equation(31b) follows from the static quark modé89]. For
discussed in Sec. lll, are given explicitly in Appendix B2. £q (318 we decided to use the widely accepted Chew-Low
Note that the operation dB3, onto\(r') involves a ra-  relation[40] instead because the quark model prediction for
dial integration besides the matrix multiplication. fﬂ'NA is too small as Compared to the experimenta| value
The merit of solving fof A ,) first lies in the fact that the from the A decay.

corresponding radial functions,(r) are localized. This fact Additional contributions to the direct part of theN in-
makes it possible to apply the Lanczos method, which igeraction emerge from the ando exchange. We assume the
described in Refl10]. It turns out that the Lanczos method couplingswAA and cAA to be the same as fasNN and
allows us to solve Eq(26) in a very efficient way. Once NN, respectively. As before, we choose the nonrelativistic
|A4) is known, it is easy to calculaies,) from Eq.(23) as  |imit of the interaction that follows fromC,yy and Lonn

well. [38]. The resulting potential is
Il. THE MESON-EXCHANGE MODEL Vg+w(k)_ n 1
FOR THE AN INTERACTION dir (107 T Jusaann Ko R2—metie
0 )
Similar to theNN interaction, theAN interaction can be

constructed within a meson-exchange model. In the present _ 1 (32

work we usem, p, », and o exchange. While they and o YoaaGonn KRl tie
0 o

mesons contribute only to the direct term shown in Fig,2
the 7 andp mesons may also induce spin-isospin-flip transi-  The fy|| potential for theAN interaction is the sum of the

tions, which lead to the exchange term of Figh)2We will gitferent contributions from Eqg27)—(30) and (32); hence
discuss the latter term first and start from the interaction

LagrangiansCya and £, s given in Ref.[38]. In the non- Vaa(K)=VZ P(K) + VI (k) + V! 7(k). (33
relativistic reduction we obtain
Note that thew(p) contribution covers the LAR) spin-

szA (§1-k)(§zT- k) isospin part of the potential, while the+ ¢ contribution is
mNA = =t

VoK)= == Ty T, ———————+(1-2), spin-isospin independent. Furthermore, we point out that we
m;, k2—K2—mi+ie use monopole form factors of the type
27) o
2 S wk). (ST k F(k9)= A2_K2 Kz) 349
fona — —, (S1XK)-(S"xk —Kot
Vi k= e 7 CS X0 g )
mj, ko—k*—m+ie at all vertices. In the formulas given here, the form factors

(28) are always suppressed in order to simplify the notation.
Since theAN potential is required i space, a Fourier
The corresponding direct interaction terms follow from thesetransformation o#/, 4 (k) has to be performed. This involves

potentials by replacing the transition matrice$S! (T,T")  an integration over all possible three momentum trandfers
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TABLE I. Parameters used in the meson exchange model foA thénteraction.

Meson f2 AT f2 \/4m f2, A4 A, (GeV) m, (MeV)
™ 0.08 0.32 0.0032 1.1 138
p 5.4 21.6 0.216 1.4 770
o 8.1 8.1 1.7 783

o 5.7 5.7 1.4 570

42 W4 andg?, \ /4 are given, respectively.

On the other hand, the energy trandfgris a free parameter potentialVy, ; see Figs. & and 3b). Since in both cases
that has to be fixed within the kinematic allowed region.the deuteron is simply broken up into two protons, we will
Because the\ resonance is assumed to keep its invariantefer to this reaction channel as to the breakup chafi3ig).
mass during the propagation, we chodge-0 in the direct At higher energy transfers, theNN final channel is the
interaction terms and,=w in the exchange terms. This most important one. We remind the reader that we assume
choice makes the potential energy dependent, as it should béae pion production to proceed always throuyhresonance
The AN— NN transition potentiaV, is constructed in excitation. If the two nucleons in the final state form a bound
complete analogy from EqS27) and (28) by replacing deuteron state, we speak of coherent pion produdi@®;
S'(TT) with ¢(7). Of course, only ther and thep meson  see Fig. &). In this case, the outgoing pion is naturally a
contribute toVy, . For the energy transfer in this case, we w*. On the other hand, if the two outgoing nucleons are
adopt the choicé,= w/2 of Ref.[17]. As far as the spin- unbound, we speak of quasifrédedecay or quasifree pion
longitudinal part ofVy, is concerned, we use an additional production(QF); see Fig. &). There are two possible final
zero-range interaction isospin configurations for this process, namety,np and
m’pp. We remark that the expressions “quasifree” and
“coherent” used here for the different pion production
modes are chosen in conformity with R¢L0]. They just
shall distinguish between the tweNN final channels by
with the Landau-Migdal parameten,=1/3[10]. This ad- indicating whether the deuteron is broken (guasifre¢ or
ditional contribution cancels the nonphysical zero-range parot (coherenk
of the m-exchange potential. In principle, one should intro- According to these different reaction mechanisms, the in-
duce a corresponding Landau-Migdal term fég, with a  clusive cross section of Eq2) may now be split into its
strength parametey,, as well. However, due to the pres- various components. We express the squared transition ma-
ence of not only exchange but also direct contributions to thérix as the sum,
potential, the zero-range parts cancel anyway @ turns
out to have no influence on the results. Therefore, we de- = 1
cided to do without and chosg, ,=0. Y Nw+Eg— Ef)|Tfi|2=g(SBu+ Scpt Sgr)-
In Table | an overview of all the meson parameters used (36)
for the AN potentials is given. We made sure that with these
parameters, our model consistently reproduces experimental

results for pion absorption on the deuteram; +d—2p p P P P
[41]. 0 N -
IV. DECOMPOSITION OF THE INCLUSIVE T - -
d
N
d

fﬂ'NAfﬂ'NN = - S N, =1
Via(K=gna === T1- (S k)(@2" k), (39)

w

CROSS SECTION p d p
We will now decompose the inclusivdH(p,n) cross sec- (a)

tion into partial cross sections corresponding to different

physical processes. These processes are schematically repre-

sented by the diagrams of Figs(aB-3(d). We distinguish T d AN

(b)

N

between quasielastic scatteriffgig. 3(a)], p-wave rescatter- > AN

ing [Fig. 3(b)], coherent pion productidrrig. 3(c)], and qua-

sifree A decay[Fig. 3(d)]. For each process, only the lowest- ]

order diagram is shown, but not the higher-order diagrams,

which are nevertheless accounted for in the calculation. Also  p d p

not shown are the exchange diagrams discussed in Sec. Il B. d
Quasielastic scattering amutwave rescattering both re- © ()

sult in a two-proton () final state on the target side. Their £, 3. Reaction mechanisms of the different contributions to

transition amplitudes interfere coherently with each otherihe inclusive cross section in our analysis. Only the lowest-order

While the quasielastic scattering directly leads to thesgs-  diagrams are shown. They repres@tquasielastic scatteringb)

tem, thep-wave rescattering contribution involves an inter- p-wave rescatterindc) coherent pion production, arid) quasifree
mediateAN state and arises due to tAdN— NN transition A decay.
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Here the strength functiors implicitly include the integra- dressing, i.e., to the intrinsid decay width. As a conse-
tion over free relative momenta as well as the summatiomguence, the QF strength function is given as
over all spin configurations and the factparises from the

average over the initial spin configurations. 1 Ta(sy)
Using Eq. (163, the strength function for the deuteron SQ;::E <z,bA P 1//A>. (42
breakup channel BU is found to be S i
d3p The differential QF cross section could also be calculated
SBU:SiE’Sff (2m)3 Sw+Eq—Ezp)[(¢nnlpn) from the matrix element(yw|f.|¥a)|? Equation (42)
would then be recovered after integration over the pion mo-
+{(nnl Vial a2 (37 mentum, as in Eq39), and over the relativllN momentum
as well.

The first matrix element in the sum of the rhs describes the 1o summarize we have decomposed the inclusive
quasielastic scattering, and the second matrix element deyp n) cross section into three parts: the quasifteee-
scribes thep-wave rescatteringd denotes the relative mo- ¢4y the coherent pion production, and the two-nucleon
mentum of the two outgoing protons. Their final-state i”ter'breakup of the deuterofwhich is equal to the quasielastic
actionVyy is included in{¢n|, while the correlated source pjysp-wave rescattering Of course there are other possible

function |,) accounts for theAN interactionV,, . ~ contributions to the inclusive cross section, but in the energy
In or(_JIer to calcu_late the matrix element for coherent PioNregion under consideration, they should be less important
production, we define the operator than the ones mentioned and are therefore neglected in the
present paper.
. —iq ,F/2f7TNA g
f,=e 9 T1,S1 K+ (12), (38)

w

V. RESULTS AND DISCUSSION

where &, is the relative pion-nucleon momentum in the
rest frame. The operator describes the decay ofAtlato a ] ) ] ] ) )
real pion and a nucleon and contains also the plane wave of With the formalism described in the previous sections, we
the outgoing pion. ApplyingAi,, to theAN wave function and  have calculated energy spectra at various scattering afigles

2 ; —
projecting onto the final deuteron state yields for the “H(p,n) reaction atT,=790 MeV. The deuteron
wave function and the two-nucleon wave function were gen-

d3q,, . erated from the Paris potentid#d6,37. A constant distorsion

Scp= 2, J mé(aﬂr Ea—E,—Eo) vl |¢a)|*  factor of N3,,=0.9 was applied42,34. For theAN poten-
i K tial we used coupling constants and cutoff parameters as
f (39 I d I d ff
given in Table I. The fred mass igV , =1232 MeV and the
for the CP strength function. Equatid89) may also be re- free decay widti’s(s,) was parametrized in the usual form
; 3

written as

A. Input parameters

The strength parameters in the effective parametrizations
of tyn,nn andtyn na (cf. Sec. 11 B and Appendix Ahave
¢A> ) (40) been fitted to reproduce experimental results for the nucleon
target. In order to demonstrate the quality of this fit, we
present in Fig. 4 results for theH(p,n)A** cross section at

where we used the fact thBy~ E holds in the Breit frame. _ . .
Hence the coherent pion production amplitude is directIyTP_790 MeV. The theoretical calculations are compared

connected to the imaginary part of theN interaction. We with the experimental datg82] at various scattering angles

L . . 6, of the outgoing neutron. Both the shape and magnitude
remark that this is true only .'f IMA). comes excluslvely are reproduced very well. We remark that also the LO/TR
from the 7 exchange interaction, as it is the case in the

energy region. ratio of 1/2 used in the parametrization Qfy ya has been

From Eq.(39) we may easily calculate the angular distri- observed experimentalfyi4,45.
bution of the coherent pions, namely, the triple differential
cross sectiom®ocp/dE,dQ,dQ ., by omitting the integra-

1| Vv
;m( AA)

&f§<m

B. Inclusive spectra of the?H(p,n) reaction

tion over the pion momentum. The result is In Fig. 5 we show the calculated inclusive cross section
for the ,=0° spectrum of théH(p,n) reaction in compari-
dPocp | MM, pr’ Eq 02 son with the experimental daf&2]. The different contribu-
dEdQ,dQ,. ]  (27)° E'p35 Mgy 2E,, tions to the inclusive cross section are also shown separately.

The possible reaction channels are the quasifrdecay, the
coherent pion production, and the deuteron breakup due to
quasielastic scattering armdwave rescattering.

At energiesw,,=50, the spectrum exhibits a prominent
with the same notation for the phase space factor as in Eqgpeak that arises dominantly from quasielastic scattering. The
2). small width of the peak reflects the Fermi motion of the

In analogy to Eq(40), the pion production from quasifree nucleons in the deuteron target. The peak is described well
A decay is ascribed to the imaginary part of theself- by our calculations.

2 4y

dqﬂ' z
X 3E, [(Wal f ol a)
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FIG. 4. Differential cross section for the reactibH(p,n)A* "
at T,=790 MeV and at scattering anglég=0°, 7.5°, and 15°,
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FIG. 6. Full calculation with inclusion of baryonic exchange
currents(solid line) in comparison with the “spectator approxima-
tion” result whereV,, =Vy,=0 (dashed ling Experimental data
are from Ref[32].

tribution due to coherent pion production is by a factor of
~5 smaller than the QF contribution.

At high-energy transfers,,=450 MeV, our calculation
underestimates the experimental cross section. The missing
cross section can be ascribed to the excitation of higher
nucleon resonances, e.d\;" (1440). Those configurations
are not included in our model space and therefore the under-
estimate of the cross section is not surprising.

The theoretical calculations also underestimate the data in
the so-called dip region between the quasielastic peak and

respectively. The theoretical calculation uses the parametrization he A peak, i.e., in the energy region 50 Me\o,
tunna @S given in Appendix A. Experimental data are from Ref. <250 MeV. The experimental cross section here is believed

[32].

to result mainly from two-body exchange currents in the tar-
get. Only the baryonic exchange currents connected with the

In the energy region of tha resonance peak position at A are accounted for in our calculations. They are included in

o= 340 MeV, the theoretical result is also in good agree-N€ AN interactionV,, and in the transition potentiady, ,
ment with the data. The cross section in this region is mainlyVhich gives rise to thep-wave rescattering contribution. In
due to the quasifree decay of the The cross-section con- Fig. 6 our full model calculation is compared with a calcu-

0.40 ‘
\ inclusive
Lo QF
= 030 rh e cP s
: | - BU o
f
: \ RVARPES
E “ +§+ /
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o \\ o/,
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FIG. 5. Zero-degree neutron spectrum for the reactidp,n)
at T,=790 MeV. The theoretical calculatiofsolid ling) includes
contributions from quasifred decay(QF, dashed ling coherent
pion production(CP, dotted ling and two-nucleon breakup of the
deuteron(BU, dash-dotted line Experimental data are from Ref.

[32].

lation obtained within the “spectator approximation.” The
latter corresponds to the ca¥g,=Vya=0. It can be seen
that the inclusion of the exchange currents significantly im-
proves the theoretical description of the experimental data.
Nevertheless, we still underestimate the cross section in the
dip region by a factor of about 1.5. This is most probably due
to the neglect of purely mesonic exchange currents, e.g., the
s-wave rescattering of pions. At the low-energy side ofshe
peak, additional contributions from projectile excitation
could be important as well. They are expected to be very
small at theA peak position, but getting larger as the energy
transfer decreas¢85]. On the other hand, there may also be
a need for relativistic corrections in the dynamical treatment
of the AN system.

In the following we shall demonstrate that almost all of
the cross section in the dip region is spin transversal, while
the spin-longitudinal cross section is relatively small. This
statement can be tested by measuring spin observables that
allow for a separation of the inclusive cross section into its
LO and TR componentg33]. This separation is shown in
Fig. 7 together with the theoretical results. The measured LO
cross section is reproduced very well by our calculation. On
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FIG. 7. Separation of the inclusive cross section into spin-tively. Experimental data are from R¢B2].
longitudinal (LO, ~&-q) and spin-transverse componer(ER,
~ X Q). Experimental data are from R¢B3].
C. Influence of the AN interaction on the exclusive spectra

We now discuss the influence of tleN interaction on
the other hand, the measured TR cross section is both shiftabe three partial contribution®F, CP, and BYto the cross
and enhanced with respect to the calculation. This appareisection. As we will demonstrate, the coherent pion produc-
shift clearly indicates that our calculations produce nottion is most sensitive t&,, . This sensitivity is a combined
enough TR cross section in the dip region. A similar effect iseffect of the attractive pion exchange, the spin-longitudinal
observed in inelastic electron scattering off nug#8,47]. In ~ mNA coupling, and the structure of the deuteron wave func-
the (e,e’) reactionS, the virtual photon also probes the TRtlon In the fOIIOWing diSCUSS.ion we will focus on the exclu-
response of the target. In scattering off nuclei, the experisive H(p,n7")?H spectra first. _
mental €,e’) cross section in the dip region is considerably , In F|9. ) 9 theoretical results for the exclusive
larger than expected. The additional cross section cannot bg!(P,n7)“H cross section are shown. The calculation
explained by one-body currents and has to be ascribed ithout inclusion of theAN interaction (i.e., V4, =0) is
two-body current§48]. Such rescattering effects have also

proven to be quite important for coherent pion photoproduc- 0.06
tion on the deuterori2l]. In hadronic interactions, thg
meson should take over the role of the photon. In a recent 0.05 |

paper of Led49], the author found indeed a large contribu-
tion to the 2H(p,n) inclusive cross section from the ex-
change of @ meson that couples to a “pion in flight” in the
deuteron. We could not reproduce this result. Since there are
many other possible meson exchange currents that have not
been considered for théH(p,n) reaction so far, the dip-
region puzzle remains a problem to be solved.

The theoretical description of the experimenta(p,n)
spectra at higher scattering angles is of the same quality as
for zero-degree scattering. This can be seen from Fig. 8, 0.00
where we compare the theoreticAH(p,n) cross section
with data atd,=7.5° andd,,= 15°, respectively. At the low-
energy side of thel, the theoretical curves show again @ =[G, 9. Effects on coherent pion productidhi(p,nm*)2H re-
characteristic underestimate of the data. Apart from this efsyting from the directdir) and the exchangéex) contribution of
fect both the shape and the magnitude of the spectra affie + meson tov,, (solid line9. The line labeled dit ex shows the
described well. Our calculations correctly reproduce thesum of direct and exchange contributions of theNote the appar-
change of the quasielastic and thepeak position with the ent shift compared to the dashed line, which represents the spectator
scattering angle. approximationV,, = 0.

0.04 -

d’6/dE,dQ, [mb/MeV si]
o
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compared with a calculation where only themeson contri-
bution to V,, was taken into account. The effects of the
direct and the exchange part of themediated interaction FIG. 11. Effect ofV,, on the exclusive cross section for coher-
are also examined separately. Obviously both parts are @dnt pion productionCP), quasifreeA decay(QF), and deuteron
equal importance, which may be surprising at first. It is truepreakup(BU). Calculations with(solid lineg and without(dashed
that because of the smallness of ta&A coupling constant, lines) V,, . Note the different scalings of the vertical axis.
the direct part should be suppressed by a factes 20 com-
pared to the exchange part, but in the1 channel of the
AN system that is relevant here the spin—_isospin matrix ele'exchange, i.e., the attractive LO part of th&l potential.
ments turn out to .be. larger t.)y approxmately the SaMEr e amount of the peak shift is directly related to the inter-
amount. Therefore, it is essential to include both the direct
and the exchange contribution in theN interaction. In the action strength oWy, . . .
case of ther exchange, the interference effect of both con- This result attrac;s further interest beca_use there is no
tributions leads to a very strong attraction betweenttend ~ comparable peak shift due ¥, , for the quasifreed decay
the second target nucleon. The result is a shift of the cros<r0SS section and also not for the deuteron breakup. Figure
section peak position downward in enerdyy ~60 MeV; 11 shows the results Wlth. and without 'mclusmn\bjA for
cf. Fig. 9. Most of the attraction is caused by the tensor parthe coherent pion production, the quasiféeelecay, and the
of the 7, whereas the central part is less important for thedeuteron breakup. In both the QF and the BU channel, the
peak position but influences the overall magnitude of thecross section is slightly enlarged and broadened due to the
result. AN interaction, but there is no significant shift of the peak
By including not only thes but also thep, w, and o  position.
mesons iV, , we obtain the results presented in Fig. 10. It  In order to understand this different behavior, we perform
can be seen that both the peak position and the magnitude af multipole decomposition of the partial cross sections and
the exclusive?H(p,n7")?H cross section depend quite sen- split them into two contributions corresponding to unnatural
sitively on the specific form of thAN potential. In compari-  parity (UP) states °=0",1",2",...) of theAN system and
son to the result with onlyr exchange, the inclusion af  to natural parity(NP) states §°=1",2",...), respectively.
andp in the AN interaction leads to a less attractive potentialFor the three reaction channels under consideration, this de-
and hence to a smaller shift of the peak position. The reasocomposition is shown in Fig. 12. For each case, the full
for this behavior is the partial cancelation of theand p  calculation is compared with the spectator approximation.
tensor forces, which have opposite sign. For the direct part oDne recognizes that the cross-section contributions of the UP
the interaction, thew and theo meson cause an additional states are always lowered in excitation energy by Al
short-range repulsion and a medium-range attraction, respeirtteraction, while the NP states are not. This is explained by
tively, which leads to an additional enhancement of the crosthe fact that there is a strong coupling of the pion to the UP
section. The final result for théH(p,n=")?H spectrunti.e.,  (pionlike) states but just a weak coupling to the NP states.
the result with inclusion ofr+p+w+ o in V,,) is quite  Therefore, only the UP states are substantially influenced by
different from the spectator approximatigne., the result the attraction of the LO part of ., . For the coherent pion
with V4, =0). Most remarkable is the shift of the peak po- production, the spectrum is clearly dominated by the UP
sition downward in energy by about 30 MeV. As discussedstates. This is an effect of the LO spin structure of the deex-
above, the main reason for this shift is the attractive piorcitation process and of the deuteron wave functiehich

5 [MeV]
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FIG. 12. Decomposition of the exclusive cross sections into ) -
contributions from unnatural parity statésP) and natural parity FIG. 13. Multipole decomposition of the zero-degree spectrum

states(NP). Calculations with(solid lines and without (dashed  for the exclusive’H(p,n*)?H reaction. Calculations witksolid
lines) V4 . Note the different scalings of the vertical axis. lines) and without(dashed linesV, , for three characteristic partial
waves of theAN system are shown. Note the different scalings of

selects spirS=1 and orbital momenturh=0,2) in the final  the vertical axis.
state.

For the quasifree\ decay, the final deuteron state is re- gtect and even gets repulsive. Compared$s, the higher
placed by a final unbounNN state. Since the two outgoing aia| waves are by far less important, which results in the
nucleons are free, we have no particular spin selection rule '§urviving of the downward energy shift in the full spectrum.

the deexcitation process for this case and thus all partia We conclude that neither the QF nor the BU process

waves can contribute. As can be seen from Fig. 12, the I\”ghows the same sensitivity to the LO channel as the CP

states become more important for the QF decay and the over-

; +\2 ;
all energy shit mor or e disappears. Fortpdeatup, b °c2: TSR, oY e S UetBO AR ) K S0ee
the AN—NN transition potentiaVy, provides not only a y 9 ay.

LO but also a TR component. The energy shift of the UPTh|s facfc makes the coherent pion propluctlon most suitable
h% examine the effects of th&N interaction.

states is compensated by a relative large enhancement of t
NP states, which results from TR excitation. Moreover, the

p-wave rescattering interferes with the quasielastic scattering 0.14
that has no intermediat&N configuration; hence the effects ,,=300 MeV
of V,, are partially smeared out. o 012 9,-0°
To complete the discussion about the influence ofAhe >z 010 \
interaction, we show in Fig. 13 the contributions of three £ \
characteristic AN partial waves to the exclusive E 008
2H(p,n7")2H cross section. All selected partial waves have g \
unnatural parity and therefore couple strongly to the pion. §= 0.06 | \
The spectrum is absolutely dominated by tR8, partial N 0.04 | \
wave of theAN system. Because theand the nucleon have T N
relative angular momentum zero in this case, there is no " g2 | \\
centrifugal barrier in the potential and the attraction becomes & T
Igrgest. That accounts for the strong energy shift in this par- 0.00 0 30 80 90 120 150 180
tial wave. The partial waves with higher angular momentum 0. [deg]

L=1 are subjected to a less attractive potential due to the

centrifugal barrier and therefore do not exhibit such a low- FIG. 14. Triple differential cross section for tféi(p,n=")2H
ering in the excitation energy. As can be seen from Fig. 13;eaction atw,,=300 MeV andd,=0°. The cross section is shown
the °P5 partial wave is only enhanced but not shifted due toas a function ofg,,, which is the angle between the outgoing
V4. For the ®°Dy partial wave, the potential has a minor and the momentum transfgron the deuteron target.
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0.10 ‘ ‘ ‘ ‘ ‘ production as a kind of elastic-scattering process, in which
—— alM, an initially off-mass-shell pion with the momentugnis con-
s 0.08 | - M,=M, | verted into an on-mass-shell pion by the multiple scattering
> \ in the deuteron. This conversion process is possible because
= \\ Lo the deuteron as a whole can provide the extra recoil momen-
g 006 ] tum needed to put the pion on its mass shell.
o \\ For the TR channel, the deexcitation and excitation opera-
'é’c 0.04 | \\ ] tors yield a spin structure
W — .
2 R a2
5 0021 AR TR 1 (S:P7)(S'X0) = 3 X d— 3 (6XPp) X . (49)
& /' \\\\ e
000 s 0 90 120 130 180 As before, the first term on the rhs of E@4) is connected
0_[deg] with non-spin-flip events, while the second term induces spin

flips of the deuteron. The angular distribution of the non-
FIG. 15. Triple differential cross section for tRéi(p,nw*)2H  spin-flip part is proportional thd7. X G|%= (p,.q sind,)?. This
reaction in the spin-longitudindLO) and the spin-transversélR) factor vanishes fop,=0° and peaks fof,=90°. The ad-
channelM;(My) refers to the spin projection of the deuteron in the ditional angular dependent factors as discussed before lead to
initial (final) state, hence the dashed curves lab&eet M showa  a more-forward-peaked distribution. As can be seen from
calculation where spin flips of the deuteron have been excluded. Fig, 15, the TR non-spin-flip component has its maximum at
) ) ) ) aboutf_~40° and is zero ab,,=0°. The full TR angular
D. Exclusive differential cross section distribution, however, has a different shape due to the spin-
for coherent pion production flip contributions to the cross section. This demonstrates the
In this section we present our results for the angular disimportance of the second term on the rhs of &), which
tribution of the coherently produced pions. In Fig. 14 thedoes not vanish but rather reaches its maximuri,at0°.
triple differential cross sectiod®o/dE,dQ,d(), of the ex-  The overall result is quite a flat angular distribution at small
clusive 2H(p,nﬂ-*)ZH reaction is plotted as a function 6f, pion angles and a falloff at higher angles, which not as steep
which is the angle between the outgoing and the three- as the LO component. This behavior of the TR component is
momentum transfefi. The energy transfer was chosen to bevery similar to the observed angular distribution in pion pho-
wi3=300 MeV and the neutron scattering angledjs=0°. toproduction(y,w) reactions on the deuteron; see, e.g., Ref.
One recognizes that the angular distribution is strongly for{50].
ward peaked. This means that most of the coherent pions are
emitted into the direction of the three-momentum transfer. V1. SUMMARY AND CONCLUSIONS
The contributions of the spin-longitudinal and the spin-
transverse channel to the differential cross section are shown In summary, we have shown tha,() charge-exchange
separately in Fig. 15. One can understand some of the mafi¢actions on a deuteron target provide an excellent tool to
features of these angular distributions by analyzing the spifhvestigate theAN interaction. They probe both the LO and

structure of the transition operators. the TR response function in a kinematic region that is inac-
For the LO channel, the product of the deexcitation and-essible to real pion or photon reactions. We have presented
excitation operators turns out to be a coupled-channel approach that allows the theoretical treat-

ment of the interactindoN system. By assuming that the
P resonance is excited dominantly in a direct interaction with
(S:P2)(S"-0)=3 P7G— 3 G- (P7X4). 43 the projectile, we modified the coupled equations and
showed how to solve for the correlatddN wave function in
The first term on the rhs of Eq43) gives rise to a factor a very efficient way with the Lanczos method. For thil
gp,Ccos,, in the transition amplitude and thus to a factor potential, a meson-exchange model was adopted that in-
cog6, in the cross section. This factor has a maximum atcludes, p, w, ando exchange currents.
0,=0° and thus partially explains the strongly forward- Results of numerical analysis have been shown for inclu-
peaked LO contribution in Fig. 15. There are, however, adsive and exclusive cross sections in thenergy region. In
ditional angular-dependent factors such as the kinematithe coherent pion productiofH(p,n=*)?H, a strong shift
phase-space factor and the overlap integral with the outgoingf the A peak position is observed. We have shown that this
pion wave in Eq.(39). Those factors become larger 8s  lowering in excitation energy is due to the strongly attractive
gets smaller and therefore pronounce the forward peaking aforrelations in the LO spin-isospin channel. This attraction
the angular distribution even more. All reaction events wheremerges mainly from the energy-dependergxchange po-
the spin of the deuteron is flipped are produced by the secongntial. Furthermore, we calculated the angular distribution
term on the rhs of Eq@43). At small scattering angles this of the coherent pion component and found it to be strongly
cross-section contribution is proportional to%inand thus  forward (in the direction of the momentum transfgreaked.
vanishes a®,,=0°. The theoretical calculation for the inclusivH(p,n)
We would like to mention that the angular distribution of cross section is in fairly good agreement with experimental
the LO component is very similar to that of the pion elasticdata. The model describes both thgpeak and the quasielas-
scattering[14,21]. In fact, one may view the coherent pion tic peak very well. In the dip region, theory and measure-
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ment agree only in the LO channel, while experimental datavherec, =488 MeV fr and A ,=650 MeV. The fact that
are underestimated in the TR channel. The enhancement data are explained witlh=y’ means that the ratio LO/TR is
the TR channel is most probably due to rescattering effectd/2. In spite of their simplicity, the assumeg| can repro-
(i.e., purely mesonic exchange currentff such effects duce not only the cross sections but also the spin observables
could explain the shortcomings of the present model, theyrom the reactions with the proton target. For more details
would also demonstrate the validity limits of the impulse see Ref[10].
approximation. Therefore, rescattering effects are of special
interest and need further investigation. In addition, our APPENDIX B: EVALUATION OF MATRIX ELEMENTS
model may be improved by including higher nucleds*()
resonances in the model space. Both rescattering effects and All matrix elements that appear in this work are evaluated
N* resonances will be subject of future studies. by using partial-wave expansions and standard tensor opera-
tor techniques; see, e.g., REB5]. In this appendix we dis-
cuss in some detail the calculation of the radial source func-
tion and of the matrix elements for theN interaction. The

We are very grateful to D. L. Prout for making the experi- matrix elements of Sec. IV are not given explicitly but can
mental data available to us. We also thank Brfigen for  be calculated rather easily within the presented scheme.
many helpful discussions. This work was supported in part
by the Studienstiftung des deutschen Volkes. 1. Explicit formulas for the source functions
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For theAN system, the radial source function is obtained
from Eq.(24) by inversion

In Eq. (3) we introduced effective projectile-target- psLamy (N =T((SL)IMylps) =r((SL)IMy[p|¥q),
nucleon interactiongy; of which we need explicit represen- (B1)
tations. TheNN—NN transition matrixtyy yy iS given in
Ref.[51]. Neglecting the small spin-orbit and no-spin trans-
fer component§52,34), we can approximate the spin-isospin 1
part of tyy yn iN the NN c.m. frame by |\Ifd):I 202 F¢|d(r)|(1ld)1Md>. (B2

a=0

APPENDIX A: THE EFFECTIVE
PROJECTILE-TARGET-NUCLEON INTERACTION

where the deuteron wave function is given as

t s,t)= FoD(F -9+ B(FXq)-(Fi X7 7 , ) N . ] .
nan(S D =[a(Gi-9)(d;-Q)+ Ao Q) (6, X a)]7 (21 The hadronic transition operatprwas defined in Eq(8). If

we apply the specific form ofyyna as given in Eq.(A4)
where the unit vectoq is connected to the initial and final and use the tensor operator notatipnmay be rewritten as
nucleon moment& andk’ by = k— «'. The coefficientsy
and g are functions of the Mandelstam variabkandt and ~_ ~ (1) -
. . o =7 r(s Yim(r)+(1<2), B3
describe the strength of LO and TR spin excitations, respec- p |%V PimlF)(S1), Nim(F) +(12) B3)
tively. They are determined from experimenpad— np scat-

tering datd[ 3], which can be fitted with where
AZi+t) [AZ—m? . 1 4 4
a=Co| 37 || A7 |- (A2) Pimu(1) =4 y(s,1) (=)™ 12
al a2 vy mp mp
[ ) X (3l1a113)i'(3 an (@) (B4)
B=Cs Ag—t ]’ N
andZ denotes the isospin factor
where c,=208 MeV fn?, cz=178 MeV f?, A, 5
=148 MeV, A ,,=460 MeV, andA ;=342 MeV. T=(ANI(nl7=-THoMd) = 818 — B5
The NN—NA transition operatotyy, ys CONSists in prin- (ANKn[7o- TH|p)|d) = O1r b1, - B5)
ciple of 16 linearly independent termis3,54]. In the present
study, however, we assume the simple form Insertion of Eqs(B2) and(B3) into Eqg. (B1) yields
t D=y -9 (S q)+ v (3:x9)(SIxq)17-T7, -
anna(S0 =[G (S - @)+ (G X8 (S X7 T, e (=3 5 S 6 (1)
(A4) J I,mv lg d
which is completely analogous to E€AL). As before, the X((SLIM,[(SHIY,m(F)] (11 g) 1M )
coefficientsy and vy’ are adjusted to fit experimental data, 5
here of thepN—nA reactions[32], yielding +(1e2). (B6)
A2 mP The calculation of the angular momentum matrix element is
y=19' =c7( - ’T)’ (A5)  straightforward, but requires some lengthy spin algebra. The
A5t final result is
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((SLIM,[(SHPYm(F)|(11g) 1M g
3 annn
=\ prp JLHg(— )Y (8g + \/5552)

X D (—1)MamMD(23,+1)
Ji M,

1 J 13 I 1y L)
m Md _Mi Mi 14 _M_] O O O

L J 1)(s 1 1
11 113 3 L

X

X (B7)

For the radial source function of tiéN system, an equa-

tion analogous to EqB6) holds with sf replaced by, an
isospin factorZ=v2, and transition strength&(s,t) and
B(s,t), respectively, instead oj(s,t).

2. Matrix elements of the AN potential

In configuration space, thAN potentialsVny_an (di-

rech andV,n_.na (EXchanggas well as the transition poten-

tial VAn_nn €Xhibit the spin-isospin structure

Vabary (Kou )= FN(r) +[63 - 65 FC(r)

+S5 Y (HFOIFY B (B9

Here 2@ and 722" are the appropriate spin and isospin op-

erators witha,a’ e {N,A} and

St (h) =365 - P)(a3” ) -a1¥ -8 (B9)

is the usual spin tensor operator. In terms of the spin opera-

tors used in Sec. lll, we have"\\=g, ¢\*=S', and**
=3,; thus the reduced matrix elements are given by

(311" $)= 16, (B10)
(3|laM]3)=2, (B11)
(3|6%4]] 3)=2V15. (B12)

Equivalent equations hold for the isospin operatfﬂ%'.
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The functionsF of Eq. (B8) are the Fourier transforma-
tions of the nonspin, spin-central, and spin-tensor parts of the
interaction, i.e.,

1 ,
fN(r):ﬁfdkkzjo(kr)VQ'b’a,b,(ko,k), (B139
1 f LO
fC(r)zﬁ dkICjo(KN[Vap arp (Ko, K)
+2Von (ko KT, (B13b)
T/ -1 i LO
Fl(N) =5 | dkRo(kD[Vopap (ko K)
~Vip arp (Ko K. (B139
For the potentials given in Sec. lll, these expressions may

easily be found analytically. Furthermore, we need the spin
matrix elements that are calculated with standard techniques

([(S255))S'L'TIM,|55% - 55°'|[(5,8) SLIIM,)

Sal Sb/

S ,
=<—1>Sa+sw+5cssgawfsb N S}<sav||a%||sa>

X(sp/ ||| sp), (B14)

([(SarSp)S'L" TIM,| S22 (7)|[ (5455 SLIIM,)
~~ ~~ (L L 2\[S S 2
— _1(S+J) "LL’ )
V30(~1)sS (o o oL L J
Sy Sy S
Sa So S ¢ (Sullo®®|[sa){Spr||a®||Sp)-
1 1 2

(B15)

From Egs.(B10)—(B15) one can build up the complete ex-
pressions for the matrix elemernts,,, (r) as defined in Eq.
(206), i.e.,

Vnn’(r):<[(Sa’sb’)8,L,]\]MJK(Ta’Tb’)ll

X |Vab—>a’b’(k0vr)|(7'a7'b)11>|[(sasb)8|-]‘] MJ>'
(B16)
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