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Pion-induced #» production in the deuteron
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We calculate the total cross section as well as single and double differential cross sections of the reaction
7~ d— mnn for incident pion kinetic energies between threshold and 1500 MeV. Our model is based in a fully
covariant formalism which includes the dominant single-scattering diagram as well as the nucleon-nucleon
final-state interaction diagrarhS0556-28139)03905-9

PACS numbds): 25.80.Hp, 14.40.Aq, 25.40.Ve

I. INTRODUCTION the z-production reaction may be more sensitive to those
aspects of the system that depend on the off-shellness of this
Pion-induced production off mesons in nuclei may pro- particle, such as the negative-energy components of the deu-
ceed dominantly by the one-nucleon mechanism of the basieron wave functiori11,17, or the off-shell behavior of the
reactions 7 p—#»n and w 'n—yp [1,2]. In the two- elementarymN— 7N amplitude. Moreover, given the order
nucleon system one can have th@roduced in the deuteron of magnitude of the momentum transfers involved in
by means of the reactions~d— »nn and =" d— ypp n-production processes, one has to invest effort in introduc-
[3-5]. A closely related process is that gf production in  ing relativistic effects in the nucleon-nucleon apducleon
nucleon-nucleon collisions such agp—»pp [6], pn  dynamics. They may be needed at the short-range region of
— ypn, or pn— nd [7]. In this paper we are going to study the interactions proved by these reactions. Therefore, the
the pion-inducedy-production process in the deuteron in the motivation to use a relativistic approach for the description
energy region between threshold and 1500 MeV incidendf » production in nuclei is well accounted for. In this work
pion kinetic energy in order to see what are the dominantve present the results of a calculation done within a relativ-
features of the cross section in this energy region and tdstic approach.
compare with some available data at low energy. Experimental data on the reactionsfN— 7N and 7N
The reactionsm~d— 7°nn and 7~ d— #»nn look very  — 7N has already been obtained and analyzed, providing us
similar in many respects. In fact, in the last reaction, onewith the knowledge of their associated transition matrices
has simply replaced the® by a heavier neutral meson. Thus, [1,2]. Since now also preliminary data fop production
from the well-known features of the cross section for thefrom 7d scattering is already availabl8—5], the possibility
pionic charge-exchange reaction in the deuteron one cais there for modeling and testing the off-mass-shell extrapo-
already foresee much of what is to be expected for thédation of the #N— 7N and wN— »N amplitudes, which
behavior of the n-production cross section. The pionic define their behavior in the nuclear medium. Calculations
charge-exchange reaction in the deuteron has been studiedist [13] already that include them in a coupled-channel
before extensivel)j8—-10]. From these studies one knows
first, that the Pauli principle plays a very important role and . ‘e
second, that the reaction is dominated by the single- ay

n® S /
scattering diagram. Therefore, these two ingredients should
be also the starting point for a theoretical description of the )
n-production reaction. The next correction based on the pre-

vious experience with the pionic charge-exchange reaction is !
expected to be the nucleon-nucleon final-state interaction due

to the strong'S, NN interaction in the vicinity of zero rela- (@) (b)

tive energy. Thus, our model of pion-inducedproduction

in the deuteron will consist of the four diagrams shown in \

Fig. 1. The processes(d and Xb) are, respectively, the q"\

single-scattering diagram and the final-state-interaction dia-
gram while the processescl and 1d) are their correspond- 1
ing exchange diagrams.

One interesting aspect of the” d— »nn reaction is that 2
due to the large mass difference between the initial and final (c) )
mesons the exchanged nucleon in the dominant diagtam 1
has the possibility to go much further off-the-mass-shell than FIG. 1. Model of the reactionr~d— nnn: (a) single-scattering
in the pionic charge-exchange reaction where the initial andiagram,(b) final-state interaction diagran) exchange diagrams
final mesons have the same mass. Thus, there is the hope thwta), and(d) exchange diagrams @b).
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study of the reactions of pion single charge-exchange 1 . R

SHe (7, 7°)®H and pion photoproductioAHe(y, = )3H, at Ab:(ZT)zlf d*kuy(p2)tan— v 1(P1)

large momentum transfers. The results of this work show

that the description used is not totally adequate for incident K—d,—k+M

pion energies larger that 200 MeV, where it underestimates Xi 7 5 > tan— N

the data. The importance of trying to establish the off-mass- (K=q,—k)*—M"+ie

shell behavior of theyN— »N and wN— »N amplitudes is K—d_—K+M Kt M

one of the main messages of Ref3], that also stresses that Xi ki AN NG
results for the pion-induceg production®He(7*, )°H for (K—qg,—k)>—M?+ie k>~ M2+ie

energies below the free production threshold, underestimate

the data, although for energies higher than 560 MeV thavith tyy_.nn being the amplitude for nucleon-nucleon scat-
problems only exist for backward directions with large mo-tering. We will evaluate the amplitud&, by applying the
mentum transfer. The production afs by pions is a rela- spectator-on-mass-shell approximatid®]. That is, we in-
tively new field[3,4,13 that promises to be useful to gain tegrate over the fourth component of the momentkum Eq.
insight in the meson-nuclear interaction. It is then clear that3) by closing the contour from below and assuming that

n production is stimulating experimental and theoreticalonly the pole au<O=\/M2+E2_ieE E.—ie contributes to

work. the integral so as to get
From the technical point of view, theN— »N amplitude
is not calculated from a coupled-channel set of covariant 1 M L — -
integral equations. However, the couplings for the meson- Abzwf E—kde2(pz)Ul(k)tNN_)NNvl(pl)
baryon-baryon vertices are taken to be modified effectively
by energy-dependent functions phenomenologically adjusted K—d,—k+M
to the on-mass-shelexperimentgl constraints—phase shifts X P 7 LaNo N
and inelasticitiesthis follows Ref.[14] where the method is (K=q,~k)"=M"+ie
applied to7N— 7N) which automatically guarantees that K—d,—K+M
two-body unitarity is satisfied. A similar representation of X kil . VdNNUl(E), (4)
theNN— NN amplitude is proposed here in order to describe (K=g,~k)?~M?+ie

the nucleon-nucleon final-state interaction. ) )
In Sec. Il we establish the formalism. In Sec. Il we show The amplitudes for the exchange diagrants) Bnd 1d)

the results and we present our conclusions in Sec. Iv.  are obtained from Eqs2) and(4), respectively, by exchang-
ing the coordinates and spins of particles 1 and 2. As a con-

sequence of the spectator-on-mass-shell approximation, the
spectator nucleon in the loop of Fig(hl is put on the mass

The model we are going to use is depicted in Fig. 1. Itshell so that the deuteron-nucleon-nucleon veNgyy and
consists of the single-scattering or impulse diagrdm,bf  the nucleon-nucleon amplitudgy_.yy are needed with only
the final-state interaction diagranibl, and of the corre- one nucleon off the mass shell. Similarly, in Figailthe
sponding exchange diagram&)land Xd). deuteron-nucleon-nucleon vertex has only one nucleon off
the mass shell.

We carried out numerically the three-dimensional integra-
tion that appears in Eqi4). The technical difficulty that

Labeling each partial amplitude that contributes to thearises relates to the process of handling the three-body sin-
processmd— nnn by the same letter that labels the corre- gularities which appear when the exchanged nucleon in the
sponding diagram depicted in Fig. 1, the total amplitude isrescattering process becomes on-mass shell. These singulari-
given by ties, however, were accurately integrated through an appro-

priate design of the integration mesh.

II. FORMALISM

A. The amplitude for the processz~d— »nn

A=A+ A,—A— Ay, (1)
where the minus sign in the last two terms is required by the B. The dNN vertex _
Pauli principle due to the two identical particles in the final The deuteron-nucleon-nucleon vertex with one nucleon
state. The Feynman amplitude of the single-scattering prooff the mass shell has the forfa1,12
cess 1a) is given by

’

M

1
VdNN: F(klz)éd+ _G(klz)&'d' k+
K—d,—p:+M 3 M
(K—q.—po_ M2+i6VdNNvl(p1):

H(k'2)£ 1|k'2 k 5
2) X H( )d+m( Yeq- K|, (5

Aa:UZ( 52)t77N~> 7N

whereK is the total four momentunVyyy is the deuteron-  wheree, is the polarization vector of the deuteron anand
nucleon-nucleon vertex,t,n_,n IS the elementary k'’ are the four momenta of the on-shell and off-shell nucle-
n-production amplitude, and,=iv,u} is a charge conju- ons, respectively. The form factofs G, H, andl, are related
gate spinor for nucleon 1. The amplitudg, of the final- to the four components of the deuteron wave functipw,
state-interaction procesgh} is given by vy, andvg, whereu andw are the usual upper components
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described by theé’S; and 3D, states and), andvg are the
lower components described by tAB; and 1P, states. As /O\ = r— + r—=
established by Gross and collaboratfit4,12), the connec- j=—+ j==

tion between the form factors and the four components of the

deuteron wave function is
D Ot
u(p)— —=w(p = +
\/E j=0 j=1

(6)

F(k'?)=mV2M4(2E—My)

M /3
+ F\/%Ut(p) ,

FIG. 2. Isobar model of théa) #N— N and (b)) NN—NN

amplitudes.
G(k'2)=m\2M4(2E—My) E+MU(D) o gn = FEA(S) (P \5) + T Y%(5) (P~ )
+M(2;+2M) +_\[Ut ] +13%s)(P+1s)| —q-q’ +ﬂ
H(k’2)=77\/2_'v|d?\/§”t(p)’ ®) +2P.gsp-q, - P-qq;a_JgP.q,]
I(k'?)=—m2Mg4 Mz{(ZE Ma)| g u(P) +fg/z(s)(,p_¢g){_q.q/+@+2P~gsP~q’
_EJZZA w(p) f 30, p>} © +% 2

where s=P?=(q,+p,)? in the notation of Fig. (a). The
transition amplitude for the specific charge states that are
needed in this work are

whereMy is the mass of the deuteroB= \p?+M?, andp
is the magnitude of the nucleon-nucleon relative three-
momentum in the c.m. frame which is a Lorentz invariant

given by trnpp= V23NN (13
M2+M2_k/2 2
pr= e M I PIVE " e (10) b p =~ V2/3an - (14
d

_ If one evaluatesy(P2)tn . ,nU2(P3) in the two-body
The wave functions of the deuterenw, vy, andvs, have ¢ m. frame, the first two terms in E¢L2) generate the scat-
been constructed by Buck and Gr¢44] by considering six  tering amplitude withj = 1/2 for| =0 andl = 1, respectively,
different one-boson-exchange models for kg interaction.  while the last two terms generate the scattering amplitude
Those models were fitted to reproduce the static properties fjth j=3/2 for1=1 andl=2, respectively. Therefore, the
the deuteron. For therNN vertex those models consider a f,nctions fi i(s) are directly related to the corresponding

linear combination of pseudovector and pseudoscalar COLb‘,M,“m_Wave transition amplitude:{;(s) normalized as in the

pling as Argand diagram by
1
FWNN:7\7’5+(1_7\)W?’5QW (11 F1%(s) = 4m 1 A2s),  (15)
V(E+M)(E'+M) Vpp’
where the running valug varies from\=0 (corresponding
to pure pseudovector couplingo A=1 (corresponding to o 1 2
pure pseudoscalar coupling f1%(s)=—4mJ(E+M)(E’+ M)W 71(8),
(16)

C. The #N— yN amplitude

We will use for the wN— N scattering amplitude a 32 127 1 3
variable-mass isobar moddl4,15 which is depicted in Fig. fi(s)=- JETMI(E +M p 1(s), (17)
2(a). The spin3 and spin3 isobars have a mass equal to the ( ) ) PP'PP’
invariant mass of the systends and the meson-nucleon-
isobar couplings are chosen such as to generate scattering in fs/z(s)_ — 127 J(E+M)(E'+ M)
the orbital angular momenth. =j=+3. The explicit form \/_
of the amplitude is (18
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where where p; and p, are the momenta of the initial and final
E_ \/W 19 nucleons and\ is a free parameter.
E/'= m (20) D. The NN—NN amplitude
. Tlhe _finall-state-int?tragtion dia}%r%m(bl contﬁinhs b'[h_e
pZZE[S_(M +m)*J[s—(M-m)?], 21 ggrcnignlar\]rl::]cee\?vrr]]eic?hgntr\)\?o i@ﬁt;c?nsﬂ,\lrﬁsg |\’I<:I6I1$ive eenergy

close to zero due to the presence of a virtual bound state in
the 1S, channel. We will model thédN— NN amplitude in
a way similar to that of therN— N system which is de-
picted in Fig. Zb). We note that the calculation of the pro-
with mandm’ being the masses of the initial and final me- duction amplitudes demand the knowledge of K inter-
sons, respectively. TheN— 7N partial-wave transition am- action when one of the nucleons is off-its-mass shell, which
plitudes 7{(s) that appear in Eq915)—(18) have been ob- therefore prevents its description through a traditional non-
tained recently by Batinicet al. [1,2] by fitting all the relativistic potential. We will consider then spin-0 and spin-1
available data on the reactioatN— 7N and7N— 7N [16]. isobars and the nucleon-nucleon-isobar couplings will be

Equation(12) is valid when any of the four particles in chosen such that they generate scattering in the orbital angu-
the 7N— »N amplitude is off-mass-shell. For example, in lar momentum states=0 andl=1, i.e., in thelS,, 3Py,
all the diagrams of Fig. 1 the two mesons are on-mass she#ind P, channels. In our model the off-mass-shell behavior
while in diagrams (a) and Xc) one of the nucleons is off- will be determined by the Lorentz structure of propagators
mass shell and in diagramgb] and Xd) the two nucleons and couplings. The vertices will be dressed as a result of
are off-mass shell. Therefore, it is interesting to explore thémplementing unitarity, through the solution of the integral
off-shell behavior of therN— »N amplitude given by Eq. scattering equation. The advantage of this formulation lies in
(12) by introducing form factors that are equal to one if the providing directly the Lorentz structure for tiNN scattering
nucleons are on-mass shell and less than one when the nucteansition matrix suitable to be included in the amplitudes of
ons become off-mass shell. Thus, we will generalize(Eg).  the production diagrams, and which is the analogue for the
as scattering case of the deuteron vertex in the form of (Bj.

2 oy The NN— NN amplitude with one of the initial nucleons

o e PIMIAS (23)  off the mass shell will then be taken as

1
p=g[s=M+m)Z[s=(M—m")?], (22

2 2 2
tan - eP2 MR

Ua(P2)v (K tan v 1(P1) = Ua(P2) Y50 1(P1) foo(S: k' v 1(K) y5+ Un(P2)v 1 (1) Foa(Sik 2)v 1 (K)

- - 1 12 PMPV TN
+Uz(P2) ¥ ysva(p1) Fa(sik’'©) _g/.LV+T v1(K) ¥ ys, (24
|
where 3mysp
Hisik'H=—2— “th(p.pois), (30
K'=p1+p2—K, (25 " 2 p5 p O
is the four-momentum of the off-shell nucleon, Wheretfs(p,po;s) is the half-energy-shell’ matrix normal-
ized such that
P=k+k'=p;+p,, (26)
i ‘SY=sing (s)el oS
is the total four-momentum of thid N subsystem, while tis(Po.,Po;S) =sinGig(s)e' s’ (3D
s=P?, (27  andpis the magnitude of the nucleon-nucleon relative three-

momentum in the c.m. frame which is a Lorentz invariant
is the invariant mass squared of thN subsystem. The given by
functionsfl (s;k’?) are directly related to the corresponding

partial-wave elastic amplitudes(p,po;s) by p22[3+ M2-k'?)? M2 (32
4s
0 (a2 aT o ) . . . L
foo(Sik' ) =— \/_—too(p,po,s), (28 while py is the corresponding on-shell momentum which is
SPo obtained by setting’?=M? in Eq. (32), i.e.,
s
fgl(s,k,z):__\?/)—%tgl(pip01s)! (29) pg:Z—Mz (33)



2393

PRC 59 PION-INDUCED n PRODUCTION IN THE DEUTERON

For the half-energy-shell matrices that appear in Egs. 3.0 —
(28)—(30) we used the solutions obtained using the Paris
potential[17] in the Blankenbecler-Sugar equation. The rela-
tivistic Blankenbecler-Sugar equation is related to the non-
relativistic Lippmann-Schwinger equation by means of the 20}
minimal relativity transformatiof18].

c (mb)

E. The cross section

Since in the measurements that are being perforiaet 10 F

only the » meson is detected, one has to calculate the inclu

sive differential cross section. Therefore, it is more conve-
nient to calculate the cross section in the three-body c.m
system and then transform it to the laboratory system. The 0
kinematically complete differential cross section in the three-
body frame is given by

500 750 1000 1500

Tr (MeV)

1250

FIG. 3. Total cross section of the reaction d— »nn as a
function of incident pion kinetic energfsolid ling). Also shown is
the total cross section of the reactian p— »n (dashed lingand
the total cross section of the reactian d— »nn calculated con-
whereq,,, q,, andpy are, respectively, the magnitudes of sidering only theS,; channel in therN— 7N amplitude (dotted
the three momenta of the initial pion, fingl, and relative line).
nucleon-nucleon,/S and /s are the invariant masses of the
three-body system and nucleon-nucleon subsystem, resp

do M2g2py
! > A

= 34
dQ,dq,dQy 48(2W)5¢§qun\fsspms (34

in the #NN vertex of the deuteron wave functidi1].
egfmilarly, we will take A== in Eq. (23) which corresponds

tively, while
©,=m+al, (39
s=(\S—w,)*~d?, (36)
Pn=S/A—MZ, (37)
The inclusive differential cross section is given by
dz—azf dQNL. (38
dQ,dq, dQ,dq,dQy

to no form factors at all when the nucleons become off-mass
shell in thewN— 7N amplitude. At the end we will examine
the sensitivity of the results to the off-shell effects originat-
ing from these two sources. Also, unless otherwise stated,
all the angles, energies, and momenta refer to the laboratory
system.

We show in Fig. 3 the integrated total cross section of the
7~ d— »nn process between threshold and 1500 MeV inci-
dent pion kinetic energysolid line). We also show for com-
parison the totakw” p— »n cross section calculated using
Eqg. (12) and the amplitudes dfl1,2,16 (dashed ling The
first thing that can be noticed is that the two cross sections

Finally, the inclusive differential cross section in the labora-are similar. This is just a reflection of the fact that the single-

tory system is obtained as

d2o d2o qz\/qz,]+ mzn

doda - d0,da, q2\/g%+m

z, (39)
7

whereq is the magnitude of the three momentum of the

scattering diagram(@) is the dominant process af produc-

tion in the deuteron. The largest difference between the
7~ d—ynn and 7w~ p— »n cross sections is at the position
of the first peak where the cross section in the deuteron is
about 20% lower than the cross section in the proton. The
threshold forz production from the proton is 560 MeV and

in the laboratory frame. The single differential cross sectiorfn® threshold fory production from the deuteron is 488

is given by

do _f q d?c 40
a0~ J “Ya0dq’ (40
while the integrated total cross section is
Iy 41
o= qq- (41
lll. RESULTS

MeV. Notice, however, that while at threshold the cross sec-
tion for % production from the proton rises very sharply, the
cross section fom production from the deuteron rises quite
softly which is a consequence of the Fermi motion of the
proton inside the deuteron. We have also drawn with dotted
lines the totalw~ d— »nn cross section calculated including
only the contribution of theS;; channel in themrN— 7N
transition amplituddthe first term in the right-hand side of
Eqg.(12)]. Both curves are very close for energies up to about
650 MeV. This shows that th8;; resonance dominates the
process for energies below 650 MeV. The effect of the
nucleon-nucleon final-state interaction is to lower thed

We will now use the formalism of the previous section to — »nn cross section by about 2% at the position of the first

investigate the main features of the cross section for th@eak and to raise it by a similar amount at higher energies.
7~ d— mnn process. For all the calculations that follow ex- Probably, very close to threshold the contribution of the
cept when otherwise stated we will use=0 in Eq. (11)  double-scattering term which involves thgN— 7N ampli-

which corresponds to having pure pseudovector couplingude is important. However, since there is no direct data for
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800 MeV

0.05 -
1200 MeV

0.04 -

547 MeV

0.03 -

0.02 -

dY / dz (arb. units)

0.01 -

1000 MeV 1400 MeV

do /do (mb/sr)
o

e 00098
-0.5

0.00
-1.0

o
o

0.0 0.5 1.0

Z=cosOcm.

FIG. 5. Differential yield in the c.m. system for the reaction
7~ d—nnn at 547 MeV (670 MeV¢) incident pion kinetic en-
ergy. The data are froif8,4].

0 30 60 0 30 60
6 (degrees )

FIG. 4. Differential cross section in the laboratory system forsection is largéthe quasielastic peakloes not coincide with
the reactionr™d— »nn at four incident pion kinetic energi¢solid  the upper end of the spectrum so that the cross section is very
lines). The dashed lines are the differential cross sections from &mall when the FSl is large. Another reason for the weakness
free proton. of the FSI in ther~d— »nn process is the fact that if the
two neutrons are in théS, channel then one is going from
the 7N— 7N process the calculation of that contribution an initial 7rd state to a finabyd’ state whera’ is a nucleon-
would be less reliable than the ones presented here. nucleon isobar with spin 0. Therefore, by parity conserva-
We show in Fig. 4 the predictions of our model for the tion, the transition from an initial state where the deuteron
differential cross sectiodo/d() at four different energies. has helicity zero is forbidden. Thus, out of the three possible
For comparison, we show with dashed lines the correspondnitial helicities only two of them are allowed which means
ing cross sections for production from the proton. The that for the'S, channel one has roughly only 2/3 of the FSI
most outstanding feature that can be observed in this figurgontributing to the process.
is that for energies larger that800 MeV there is a sup-  We now come to the question of how sensitive is the
pression of the differential cross section at small anglesgz~d— ynn reaction to off-shell effects. First, we have stud-
This behavior is caused by the Pauli principle that is actinged the sensitivity of ther~d— znn process to the negative-
in the #~—d— »nn reaction since there one has two iden- energy components of the deuteron wave fundtioyiandv,
tical particles in the final state. This so-called Pauli sup-components in Eq96)—(9)] by considering the six models
pression is a very important effect in the"d—a°n  of Buck and Grosg11] which have different admixtures

reaction where the reduction at small angles amounts agrobabilities of negative-energy components. In the previous
proximately to a factor of 20 and it shows up for all ener-

gies[8-10Q. In the case of ther”d— »nn process, there
is a mismatch between the initial and final momenta of 6 o
the mesons due to the mass difference between them. Thi /
has the consequences that here the Pauli suppression L [ _
. . 700 MeV o
much weaker and moreover it appears only for energies — 10,
above 800 MeV.
Comparison with some preliminary data for the yield £
[3,4] at 547 MeV @ a5 =670 MeV/c) is shown in Fig. 5.
In this case we have normalized the theoretical curve to the —
largest data point since the data is given in arbitrary units. As_o|S
one can see the agreement with the data is quite good. oG
We show in Fig. 6 the double differential cross section
d2a/dQdq at 700 MeV for five different angles of the out-
going . We also show with dashed lines the results without
the effect of the final-state-interactidfSl) diagram. As it
can be seen from this figure, the influence of the nucleon-
nucleon FSl is at most a few percent. The FSI inlie 1S,
channel is strong only when the relative energy of the two FIG. 6. Double differential cross section in the laboratory sys-
neutrons is close to zero which corresponds to the upper eném for the reactionr~d— »nn at five different angles of the out-
of the » momentum. However, the region where the crossgyoing # for an incident pion kinetic energy of 700 MeV.

sr fm -

1.5

20

25
q(fm™)

3.0
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results we have always used=0 in Eg. (11) which corre-
sponds to having pure pseudovector coupling in the model
that generates the deuteron wave function. For that case, the
probability of the negative-energy components is very small.
If X is increased the probability of the negative-energy com-
ponents also increases being maximum wketl. We show

in Fig. 7 the differential cross section at 600 and 1300 MeV
with our standard model that usks-0 (solid line) and with

the model that usea=1 (dashed ling The effect on the
differential cross section at 1300 MeV is an increase of less
than 10% and a somewhat smaller increase at 600 MeV.
Second, we studied the effect of introducing form factors in
the wN— »N amplitude when the nucleons go off-mass shell
[see Eq(23)]. We show in Fig. 7 with dotted lines the results 051
that are obtained when we use-0 and putA=1000 MeVk

in Eqg. (23). In this case the effect on the differential cross

section is the opposite and we obtain reductions of compa-

rable magnitudes. 0

2.0

600 MeV

1300 MeV

-

5T

do /de (mb/ s1)
o

0 30 60 0 30 60 90
IV. CONCLUSIONS 6 (degrees)

We have studied the main features of the cross section of FIG. 7. Differential cross section in the laboratory system for
the #~d—ynn process. By comparing with the the reactionm™d— »nn at two incident pion kinetic energies. The
n-production cross section on a free proton we have isolategolid lines are the results obtained witk-0 andA = in Egs.(11)
the effects of Fermi motion, the Pauli principle, the nucleon-and (23), respectively. The dashed lines are the results obtained
nucleon FSI, and the dependence on off-shell effects. As fowith A=1 and A=<« and the dotted lines are the results obtained
comparison with experimental data, we succeed in descrip¥ith A=0 andA=1000 MeVk.
ing the one which exists at the moment. More data would be
welcome.
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