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Gareev F.A. et al. 

Interference Effects in Inclusive Charge-Exchange 
E2-92-7 

p + p ➔ n + X and n + p ➔ p + X Reactions at Intermediate Energies 

We have used the formalism of Feynman diagrams to describe charge

exchange reactions p + p ➔ n + X and n + p ➔ p + X on a free proton target 

taking into account spectator and decay modes in the rr + p + g'-model. We 

show that the interference between these modes depends on the set of vertex 

function parameters used. It is also shown that the constructive interference of 
the t,.+ and t..0 -isobars is important. 

The investigation has been performed at the Laboratory of Theoretical 
Physics, JINR. 
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~uct~n ··l 

C~mparison of different charg~exchang'e reactions (such as p+p-+ n+X . 
and n + p _;• p + X) at intermediate energies is relevant for a number of , 1 
reasons. First, such reactions give the possibility to obtain information \. 
with high degree of-reliability cm relativ~. contributions of the various 
isospin components of the nuclear forces. Second, they allow for study 

Introd 

the different interactions in the final states· and also to test.manifestation 
of dibaryon resonances (lJ. \ 

Finally, as it will be shown below, on the bMis of these reactions it is 
possible to determine the limits of applicability of transition potentials 
and of the effective number formalism a.t intermediate energies. 
, , The ma.m _conclusions of this work are ohta:ined studying the energy 

and. angular dependence of the ratio of the cross sections for charge
exchange reactions P. + p -+- n + X and n + p. - p + X .in the D.-isobar 
excitation region. . ' ' , 

2 
. . l , , /. , , , 

Approximations orcurr~ntly'used tran..;. 
sition potentials 

'"' 
. In most current publications (except (2J-(41),·forexample (5J-(15J, on in

clusive charge-exchange reactions with D.- isobar excitation, the meson 
exchange models (OPE-model, 7r+p+g'-model, ... ) is used in combination 
~ith· ii. tra.nsition•.potential approximation. From the diagram technique 
• ~ • J ' ' 

'· .. 
2 

i 

-~ 

point of .view this approximation co:i-resp'onds to the direct and exchange 
. diagrams depicted below, ________ -

pp1: t«~mj: + + 

2 

, and is described b~ the N N -+- ND. transition pot~~tial (5} in mo-
", ' 

mentum representation: 

Vur(w, q) = [VL(w, q}(S. q}(u. q} + VT(w, q}(S X q}(u X q}l(T. r}, (l 
'1 ' 1 \ , , 

where w(q) is the transferred.energy (momentum), q = q/q and VL(w, q) 
(VT(w, q}) is the functional form of the longitudinal (transverse) com-' 

. ponent .. The potential V~ (VT) depends on the concrete model.· With • 
definitions from [5] the operators f and S have matrix elements' 

3 1 J ,, 3 , 
< 

2
ra ITµ. I 2rN >= (21rNµ 1·2ra), (2) 

3 .. 1 . l 3 , . 
< 2ma I sf I 2ffiN >= (21mNµ I 2m.t,.), . ·.·(3) 
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Fig.l Upper diagrams: P. means p-wa.ve resona.n~,1rN scattering. 
· Lower diagrams: S means s-,wa.ve potential 1r'N scattering. · 
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Thus the isospin matrix· elements are equal to· the Clebsch-Gordon co
efficients (½1½1 I ~!) = 1 and (½1 - ½1 I ¾½) = 1/../3 for the"_reactions 
p+p ~ n+X and n+p--+ p+X re.spectively. Consequently the simplest, 
consideration gives · 

___!&_(p + p --+ n + X) · 
R _ d!l,.dE,. . · _ 

3 - ,p - . 
d!lp%E/n + p--+ p + X) 

. {4) 

The ratio ( 4) obtained for ·charge-exchange reactions on a free protons is 
widely used for analysis of analogous inclusive processes on nuclei (2, 5, 
7, l ll In most cases the inclusive cross section of the charge~exchange ori 
nuclei is propo.rtional to the cross-~ection of the corresponding process on 
a free proton multiplied by the effective number of nucleons participatihg 
in the reaction. F~r example _in t.he impuls approximation and neglecting 

• effects· of Fermi motio~ and Pauli blocking in the target nuclei, the cross 
section oftb~ cbarge-exchange reactions on nuclei is given (2] by: · 

. do-[A(p, n).o.BJ ~ (Z N ) 12 do-[p + p --+ n + ~ ++J 
. ·· dnn ~ . + < R > < > dQn , (5) 

·where< R > is the integrated value taken as< R >= 3, while < /2 > 
is the effective absorption factor which can be calculated in the Glauber · 

. model or some ,analogous model taking into account the distortion and_ 
absorption effects in the entrance and exit channels. Similar approxima
tions. have been used by many a~thors (5, 7, 11, 12]. 

The use of the impuls approximation, and therefore also effective 
number. formalism, is formally argued from the fact, that the binding 
energy of the nucleons in the target nuclei is negligible compared with 
the projectile energy (Tp ~ 1 Ge V) [15]. . · . , 

However experimental data tell us-.that the potential. approximation 
cannot completely describe essential features of the charge-exchange pro
cesses. As one can see from Fig.2, the experim~ntal value of ratio R(P, 0) 
at Tp=l GeV, 0 = 0° is considerably smaller than the theoretical value· 
R-theo~=3. Moreover, the suppression of value R near the upper 'kine
ma.tical limit is practically an order. This observation is. qualitatively 
explained [l] by the constructive interference of the ~ + and ~ 0-is~barn , 
in th·e reaction n + p ~ p + X and the des~ructive interference of the 
A++ and ~ +-isobars in th~ process' p + p --+ n + X. Detailed calculations 

1\;:;:v 4' ., .. ,,, 
~ ,., ' 

,. 

f 
{ ,, 

1 

,4 

,........ 
X 
0.. 

3 ~-~---,---~-~---, 

T=BOO 
0=0° I 

0.. 
C 2 ...._,,, 
b 

'-... ,........ 
X 
C 

I 
0.. 
0.. ...._,,, 
b 

1\t}+ .,.. · 
0 ,__ _ __. __ __._ __ _._ __ .....__ _ ___... 

500 900 1300 

Nucleon ·momentum, MeV / c 

Fig.2a The calculated rafio R(P,0) compared with 
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explaining whole picture of this effect were however not carried out in 
[1], but are described below. 

3 Formalism 

The cross section of the reaction p + p - n + X can (in the notation 
Bjorken and Drell h=c=l) be written as 

2 - - -do-= 2m m dPn.!::._ dPP dP.,, 
,\

1
/
2(s, m2, m2) En (2i)3 Ep (27r)3 2E.,,{27r)3 

. (21r)4c5(Pi + P2 - Pn - Pp - P.,,)S1 <IM 12>, (6) 

'Yhere indices p, n and 1r .refer to the proton, neutron and, pion, respec
( tively, s, is the statistical factor, s the square of the invariant mass of 

the system p+p and P;, the four-momenta. 
In the Feynman diagram technique the invariant amplitudes can be 

represented by the graphs ( see Fig.1). Each graph has a corresponding 
mat~ix element (we follow to the convention <;>f [16]) 

M;(p) = (-)i+1JSF;GA(SA)/1rNA(§+ 0P1r) 
m1r .. 

[Vc(q;)(S o i) + VNc(q;)S12(q;)1, (7) 

where j=l,2,3,4 is the graph label, p means p-wave res~mance 1r N scat
tering, ISF is the isospin factor '(3J, q; the momentum of a virtual pion (p 
meson) in th7 Breit system (qJ = o, t; = -qJ), P.,, the momentum of real 
pion in the rest ~ frame and GA the propagator ofthe ~-isobar. The 
renormalized transition potential is, in the notations of I 3, 5], given by 

V ( ) .. _ fwNN fwNAp" 2( ) .2G .. ( ) 
Lq --- 1rqq wq, 

m.,,· mw, _ · 

Vr(q) = C J,,NN f.,NA F2(q)q2Gp(q): 
P mw m1r P 

V, ( .) 1 [V ( ) V, ( )] , . J.,,"i1NftrNAF2( .) 
_c q =, J L q +_2 .T q +gNA ~ ~ 11" q 1 

f> 

(8) 

(9) 

(10)" 

) 
'A 

! 

~ 
\ 

j . 

.( 
! 

Vm:;(q) = ![vL(~) - VT(q)]. 
. . 3 . 

(11) 

Here G11" and Gp are the standard meson propagators [16] while the.form-
factors are given by_ . . 

A2 2 e-mn 
FB(t) = A2 , (12) 

B -t 

where B=7r, p and t = :...g1- in the Breit frame. 
The graphs in Fig.lb containing "bullets" (s-wave p_otential 1rN scat-

tering) correspond to the matrix elements · · · 

M;(s) = (-l'y+if,rNN ~q; z:=c_:_1)~Y1>.(<J;)(~lm,(l,j) I !mJ(l,j))) 
fi,r ,. •. . 2 

where 

. ( ) 81r " K,rN. 
G.,r qj -om,(2,j),m1(2,j) ~W I 

mw 

m,(l, 1) = m1 , m,(2, 1) = m2 , m1(l 1 1) = mn, m1(2, 1) ~mp,, 

· m,(1, 3} = m1, m,(2, 3) = m2, m1(1, 3} = mp, m1(2, 3) = m,i., 
1 

m,(l, 2) = m2, m,(2, 2) = mh mJ(l, 2) = mn, mJ(2, 2) = mp, 

(13) 

, • . ·, . . . . , ., I 

r,i,(l, 4} = m2 , m.:(2, 3) = m1, m1(l 1 4) = mp, m1(2, 4) = m,,.. (14) 

Here the coefficients K;! are give~ as 

K:: = {-l)'"v./J{~lr,(1)- Tv.l ~TJ(~))[,\18ru,r,8r,(2),rt(2)+ 

· , · 1 1 ·. 
,\2(-l)11V6(ll_TvV j lr,.)(21r,(2)- VI ir1(2))], (15) 

where rv(r,.) lneans the isospin projection, the index v(r) corresponds to 
aviitual (real) pion, i(f)to initial (final) nucleon, nmnbers (1) and (2) in 
th~ P<!-renthesis- to the lower and upper lines in the diagrams respectively. 

. Th~ "parameters .X1 and ,\2 are taken from (3]. The detailed' description of 
the correspondence rules between the elements 'of the diagrams and the 
analytic expressions is given in. [16, 17]. . . 

The diagrams included in our calculations dominate in the energy re- · 
gion 0.8 ~ Tp ~ 1.5 GeV when the neutrons a.re registered in the angular 

;-
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interval corresponding to the first diffraction peak and the momentum 
spectra are investigated around the ~-isobar peak.! 

It is necessary to stress that the technique used is based not on pertur
bation theory in the interaction representation but on the decomposition 
of the total amplitude over the renormalized diagrams. It means that 

·• the effects of renormalization, polarization of the vacuum, contributions 
of the another mesons. and resonances and .of-shell effects ... , a.re included 
in the formfactors Fn. Such a treatment can be argued by reference to 
potential models, at low energy scattering. 
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We investigate the effects of interference ~ ++:- and~+_ isobars (¢. +_ and 
.6.0) in the energy region 0.8 :5 Tp :5 10 GeV. The calculations of the cross 
sections were performed for three very different sets ~{ the vertex func
tion parameters: OSET (A,,.=1.3 GeV, Ai,=l.4 GeV, Cp=3.95, g~ti.=0.6 

· [31); JAIN (A,,.=1.2 GeV, Ap=2.0 GeV, Cp=2'.0, g~ti.=0.3 [5]); DMIT 
(A,.=0.65 GeV, Ap=0.0 GeV, Cp=0.0, g¼ti.=0.9 [18]). The coupling con
stantsa.re standard and equal to f;NN / 41r=0.08l and J;Nti.f 41r=0.36. 

Let us st.a.rt wit.h · a discussion of the result·s for the ratio R( Q, 0) . 
From the comparison in Figs.2a with data at T=0~8 GeY,and 0 = 0° · 
and the theory curves, one can see that all three para~eter sets. give 
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similar angular, (see also (21) and ,what is especially important, energy 
dependence (see Fig.4) in spite of the fact that t~e p + p -+ n + X 
and n + p -+ p + X cross sections themselves are quite different in the 
region Tp >1.5 GeV for t~ese sets of parameters (see Fig.5). The angular 
dependence of the integral ratio < R > changes only little from one set 
to another (see Fig.6, the differences are $ 10%). , 

The interference between the D. + - and D. 0-isobars become.a weaker 
with increasing energy and < R >-:-+ 3 (Fig. 7). The value of < R > lies 
in the interval 2 $< R >$ 3 for the whole region of investigated energies 
which helps to understand the success of estimations of type (4) for the 
charge-exchange cross sections integrated over a wide momentum spectra 

• while the momeritu1:n spectra themselves can be different due to the in
terference effects. The mechanism ohhis phenomenon is s~en from Fig.9. 

•, It is evident that the interlerence D. ++_· and ,6. +.:.isobars give negligible 
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(see Fig.8) contribution to the process p + p -t n + X because the decay 
amplitudes have sn'ialler isospin weights (/SF1,2 = ISFsn(sE) = -v'2-
for spectator diagrams l and 2, '!SF3,4 :iISFnn(DE) = v'2/3- for decay 
diagrams 3 .and 4 in Fig.I), while in the c~e of n + p -t p+ X the 
situation is opposite. Here there are two possibilities: the fj. 0 ·.:...+ n + 1r0 

and the fj. 0 
-t p + 1r-. Therefore, the isospin coefficients are equal for 

this case: 
1)ISF1 -= ISF2 = -ISF3 = -ISF4 = 2/3, 

for fj. 0 -t n + ?ro, 

2)ISF1 =ISA= ISF3 = ISF4 = v'2/3, 

(16) 

(17) 

for fj. 0 
-t p+?r-. Heri~e the spectator and decay isospin weight.s are equal 

and the interference between spectator and decay modes is constructive 
(see Fig.9). The decay peak ~ shifted to the hard part of spectrum 
(Figs.9a-9b) by a value w ~ mw ~ 140 MeV, thus having a kinematical 
origin. It is interesting to ·remark that this shift does not depend on the 
la.bora.t~ry angle 0Lab of the registered neutrons (protons) at 0Lab < 15°, 
although the high momentum part of cross section is relatively enhanced 
at larger angles (Fig.JO). The decrease of R(T, 0) with increasing 0 is due 
to this effect at the small value of the transfered energy w :50.4 GeV. The 
indicated effect does not influence the soft part of spectrum where the 
momentum loss due to the deflection of the nucleon is smaller than due 
to the nonelastic processes. 

From expressions (16-17) the.important conclusion can be done. We 
have now introduce the notation Ms(P) for the matrix elements corre
sponding to the sum of the resonance spectator diagrams l and 2 in Fig. l 
and MD(P) to the sum of the resonance decay diagrams 3 and 4. It is 
evident that · 

· . , I Ms(p)+ Mv(p) 12 =1 Ms(p)j2 + I Mv(p) 12 +2Re(Ms(p)Ml,(p)). 

The absolute value of .each ten~s is t~o times larger for the exclusive 
charge-exchange reaction with creating the 1r

0 ~han for the kinematically 
equivalent reaction with creating the 1r- while the nondiagonal term have 
the opposite signs for n + p .- p + p + 1r- and n + p .- n + p + 1r

0
• This 

means that for analogous inclusive reaction n + p .- p + X the corre
sponding nondiagonal terms will subtracted from each other. Physically 
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this means that due to completeness, the intermediate b. 0-isobars, de
caying to tlie channels (p + 1r-) and (n + 1r0 ) interfere destructively. In 
the exdusive t.reatment such a. interference is vanished, The corrections 
from the contributions of s-wave potential 1r N scattering change negligi
bly the value of the described effect, keeping untouched the qualitative 
conclusion about the possibility to study the coherent states p+1r- = fj.O 

and n + 1r
0 =' fj. 0 with the isospin 3 /2. · 

The contributions of the decay modes and the a-wave 1rN potential 
scattering amplitudes improve the description of the exp~rimentaJ data 
.only slightly (Fig.2b). The folding of the calculated results with the 
resolution function of the experiment [lJ renormalize negligibly the the-
oretical curve. · 

The results of a theoretical analysis of the experimental data (21} for, 
the reac.tion p + d -t n +·x a.;e shown in Fig.3. The value of ratio 
R( Q, 0 Lab) is calculated assuming that 

O"p+d-n+X ~<fl> (o-;+p-+n+X + O"n+p-p+X ), (18). 
. ' 

where < [J > is the screening factor ( < fi ·>=0. 7 at 0 = 4°; < 
fi >=0. 75 at 0 = 7.5° and 11.3° and < fi >=0.8 at 0 = 13.2°). We 
obtain qualitative agreement between theory and data. Some quantita
tive deviations are expected: eq.(18) does not take into account the fact 
that the hard part of the spectrum of the reaction p + d -+ n + X is. en
hanced by neutrons from .the quasielastic knock-out while the soft part 
is enhanced by, interaction in the final states [20]. Both of these effects 
are suppressed only in the vicinity of the fj.:-isobar peak.· The used v~ues 
of< /J > are in. good agreement with calculation~ in' the Glauber ap
proximation and clearly demonstrate the· tendency of the screen effects 
to decrease with increasing neutron registration angle. . . . · 

The anomalous behaviour of the ratio R( Q, 0)e:i:~ ·~ R( Q, 0)theor at 0 .:._ 
4° (Fig.3) near the'upperkinematical limit has a simple explanation. The 
energy resolution of the experiment [21J at high momentum part of the 
spect.rum was worse than the one of experiment [l J ( the different methods 
of the neutron energy measurements were used). Taking properly this 
circumstance into account .by the.folding of the theoretical results with 
the corresponding resolution function, we improve the description_ and 
remove ihe above-mentioned anomaly. · · 
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Fig.10 The ratio R(Q.e)=u(pp-nX)/a(np-pX) 
ai T= 1 GeY. The calculated cross sections 
were folded with the resolution function 
-taken in accordance with the experiment /21 /. 

i5 . Co'nclusions 

· Our conclusions are the following: 
·. We have shown that the intereference of the virtual 6 ++ - and 6 + -

isobars, for the reaction p + p --+- n + X is negligibly small, while the 
6 +-,and 6°.:isobar!3 interfere strongly and ·constructively for the reaction 
n + p --+- p + X thus renormalizing the ratio R in an essential way. 

A sa.tisfactory description of the experimental data [1, 21] is achieved. 
The contribution of s-wave potential scattering 1rN amplitudes slightly 
improves the description of existing data. . 

We have found that the ratio R does not discriminate between three 
.· ~athe~ different. ,vertex parameter· sets, · i.e. discrete ambiguities revive. 

We me~t here a variant of Bohr's complementarity principle: We can 
distinguish the physically suitable set of vertex parameters in the 1r+p+g' 
modelfor1 the reaction p + p--+- n + X by varying the projectile energy, 
while we cannot reveal the interference between 6 ++ - and 6 +-isobars 
d~e its smallness. On the other hand, the measurements of the ratio 
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R exhibit the interference of the virtual A-isobars_ at the fixed energy T · 
wqile the three vertex parameter sets investigated give approximately th!;! 
same value R( Q, 0)theor. This complementarity of" energy" and "isospin" 
may be considered as a nonusual example of the dialectic of the discrete 
and continuous. 
- We have demonstrated that the superposition principle is appli~able 

· with high accuracy m the 6-isoba.~ excitation region and therefore the 
theory of the processes formulated in terms of effective amplitudes has 

, to be linear. 1 , 

We have proved, that the states {p + 1r-) and (n + 1r0
) exhibited as 

.6. 0-isobar, can interfere in the inclusive reactions. due to the condition of 
the completeness of final states. 

Thus we can cmiclude that the presence of pronounced interference 
effects of the 6 + _ and 6 (isobar~ in the charge-exchange reactio~s gives 
indications on existing additional restrictions on applic~tions 6f the im
puls approximation, the formalism ·of effective numbers, the Glauber ap
proximation, the cascade calculations and also the models of consecutive 
de~ay for multiple creation of particles [22]. . 
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