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Emenbanenko I'LA. u np. E4 - 12320
Hccnepopanne md-n’NN peakunn B o6nactu (3.3) peaonanca
Ha OCHOBe TpeX4aCTHYHOrO KBA3HMOTEHUMANBHOrO Noaxoga

MpoBepeno uccaeporpanne npoueccon paccefHHss THOHOB Ha AeHTpoOHe
C pa3BajloM nefiTpoHa M nepe3apsukofi B o6nacTH (3.3) peaonanca na ocuope
TPEX1aCTHYHOTO KBA3HIOTEHUHANLHOTO NOAXOAA, yCIEUHO HCIIO/Ib30BAHHOr 0
paHee aBTOpaMH ANs onucaunus ynpyroro #nd -pacceanus. B npu6GauxeHuy
oaHokparHoro nN-paccesuns, c yuerom HYKJIOH-HYKJIOHHOI'O B3auMone li-
CTBHA B KOHeYHOM COCTOSIHHH, PACCYHTAHLI MHTerpamLHoe i auddepeHuHaNL~
Hoe cedeHue pa3paia neiTpoHa MHOHOM M NepeaapsiKH. MMoxasano, uro ad-
pexT NN-paaumoneiicTeas B KOHeIHOM COCTOSHHH JaeT CyeCTBeHHBIH BKJaj
B CeYeHus, HO BMeCTe C TeM PeaylbTaThl PACHETOB MAllo 3aBUCHT OT
BHe3HepreTH4eCKOro nobefleHus t maTpul NN ~B3anmoneticreua. Pasnocrn
Mexny IONHBIM CevYeHHeM M CyMMON YNpyroro i Heynpyroro cedeunuss nd -
Pacceanus cocraeaser npumepno 30% or moaxoro cevennsa. Teoperuueckue
PacyeTsl KaYeCTBEHHO ONHCHIBAIOT WMEIOMHEECH 3KCNEepHMEeHTallbHble [aHHble,
Npennoxen HoBt cnocob pacuera NorapHgMBEYECKON CHHIYNIADHOCTH B Tpex-
HaCTHUHBIX ypaABHEHHAX A/5 HeNPepLIBHOTO CIIeKTpa. O6cyxnaoTca npuyuHb
PacXoXieHHs TeOpeTHYeCKHX PACHeTOB C SKCHEPHMEHTAMbHbIMH naHHbIMH,

Pa6ora srmonuena B JlaGopaTopuu TeoperHueckoit buauxu OU AU,

Coobuenne O6vennHeHHOr O HHCTHTYTa anepHelX ucciaenopaHuft, [y6ua 1970

Emelyanenko G.A, et al E4°. 12320
Study of #d+z’NN  Reactions in the (3.3) Resonance
Region within the Three-Body Quasipotential Approach

The =d -scattering processes with deuteron desintegration
and charge exchange in the (3.3) resonance region are investi-
gated in the framework of the three-body quasipotential approach /2/,
successfully used before’! for the »d elastic scattering, The differen~
tial.-and integral cross sections for the deuteron break-up and charge
exchange reactions, and the momentum distribution of the scattered
pions are calculated in the single 7N—- scattering approximation
with taking into account the NN-final state interaction, It is shown
that: 1) the NN-final state interaction gives an important contribu-
tion to the cross sections, but the results of calculations show
a small dependence on the off shell behaviour of the NN collision
matrix; 2) the difference between the total cross section and the
sum of the elastic and nonelastic nd - scattering cross sections
amounts about 30% of the total cross section; 3) the present theory
gives only the qualitative description of the available experimental
data for the differential cross sections, The reasons for this dis-
crepancy are discussed, A new procedure for handling with the
logarithmic singularity is suggested,

The investigation has been performed at the Laboratory
of Theoretical Physics, JINR,
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1, INTRODUCTION

In the previous paper/l/ we have considered
the elastic 7 d -scattering channel 'in the (3.3) reso-
nance region on the basis of three-body quasipoten-
tial equations obtained in ref,”’2/. This approach al-
lows us to study the channels with the three-particle
final states., As to the account of the genuine pion
absorption channel, it goes out of the framework of
the Faddeev-type equations. However, by using thée
experimental pion absorption cross section (which
amounts no more than 7% of the total cross section)
and the calculated cross sections of the rd-7"NN
channels we can get an information on the influence
of the absorption channel or others., Besides, the
study of the three-particle channels allows us to
explore the role of the NN -final state interaction,
The characteristics of these channels should clearly
be more sensitive to the off-shell behaviour of the
NN -collision matrix than the elastic rd -scattering
channel.

In the present paper we consider the #nd ~scat-
tering with the deuteron desintegration and charge
exchange processes in the (3.3) resonance region,

2, THE nd-n'NN REACTION AMPLITUDE
The antisymmetrized operator for the processes

studied ?23001?23 has the form-

-1
B3ly Fpg= Gy Fog+Bg Ty GoFoglUy, Bg+ 28T Go Uz g Fog. (1)



where the antisymmetrized operator for elastic
scattering Pog Uy P55 and auxiliary operator U, 4 1?23
satisfy the following system of equations

F23Uyy Fog = F23T; GoUsy 3,172

(2

—1
U2+3,1 ?23 =2G, ?23+2T1G 25Uy, P E s

023

In (1) and (2) Py is the permutation operator of
particles 2 and 3 (nucleons), ?23=%-(1—P23)is the
antisymmetrization operator, Gy is the three-body
free Green-function, T; and Ty, are the NN and #N
collision matrices,

It is easy to see that the amplitude of the pro-
Cesses studied #d»7’NN  has a form (for the sake of
convenjiemce spin-isospin quantum numbers are
omitted)

To1 (55 3:d; Py )=v2 <Ayl ?23U01(P0 )?23l¢d 4,” (3a)

=<‘Pé?) 471 %3 Uy, (R )?231‘75‘1?11% (3b)
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where ¢, and ‘I‘;:; are the wave functions of NN
system for the bdund and scattering states, Py, is
the energy for the three-body system in c.m.f,, ffl is
the incident pion momentum which coincides with the
corresponding Jacobi coordinates in the three-body
C.m,s., d’23 is the two-nucleon relative momentum in
their c.m,s. For fyrther discussions we need the ex-
pression of the matrix element (3b) in the approxi-
mation Uy =U{’=2T,. With the relativistic pion kine—
matics and in the nonrelativistic limit of nucleons in
this approximation we have
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If we neglect the dependence of the T,-matrix on
mome ntum 623 (the approximation of the factorization)

and of the corresponding factors \/wl(aél)/wl(a’l),

\/wl(q31)/w1(q1) then we get
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After‘ the partial expansion in the separfable'mgdel
of the pair interaction for the partial t —matrices



we have’l  from (1)
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where the term corresponding to the first term of
the expression (1) is absent due to the energy con-
servation. The sysfem of equations for the elastic
collision matrix TIJ1 and auxiliary matrix TJ«? is
given in refs,”23’." Here I and dy are total angular
and isospin momenta of the system, a; and ay are
other quantum numbers of the 7 ,NN and »N, N
system‘.I {Ijn rifs. 2,8/ the functions gS{Ji 1 , @Sl’Jl’ﬂi
{ J .,

and gL22 ,2$22 22 | which determine tllille NN all’ld 7N
collision matrices in the separable model, are given
too, The function hg, is defined as follows,
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The expression of q3.,q23 »Qg, Versus ?f qQ; ,

qy ,(? and the functions ¢ij y 3 and G'p are de-
fined in our previous papers /1.2/ in two cases:
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1) when the relativistic limits are used for all three-
particles and 2) when non-relativistic limit for nuc-
leons is considered,

In the present paper the 7d»7’NN processes are
studied in the single =N -scattering approximation,
It means that in the equations (8) and (3a,b) we have
to put U2+3,1 -_-[12(4_1:3,1 =2G5‘1 and U11=U(111) =2T, .
Such a kind of approximation turned out to be rather
good for md elastic scattering/l/, namely, it gives the
main contribution to the elastic collision matrix Ty .
According to formula (3b) the desintegration matrix
To; can be obtained from the matrix T, by replacing
the deuteron wave function ¢, by wave function of
two interacting nucleons in the final states. This al-
lows us to hope that the single =N -scattering appro-
ximation will be rather good for the matrix T01 as
well, By using this approximation in the separable
(isobar) model for the pair interaction from equations
(2) we have T{D-2K 71K, and Ti  =2K, (" .
As a result from (4) we get for the matrix
-1

1 _ -1 -1
Toy =%Koo Py Ky +28, 7 Koy Ky (9)

This expression is shown diagrammatically in Fig, A,

——  — e ww— gl o

diag. 1 diag. 2
Fig. A

The first diagram describes the nd-7n’NN pro-
cesses in the single 7N scattering approximation
where the NN ~final state interaction is neglected
and the second one takes into account this interac-
tion,

7



3. THE NUMERICAL CALCULATION PROCEDURE

In the calculations of the matrix Toy in the energy
region studied only Py3 ~wave for #N —interactions was
used, as to NN -interaction, we limited to the 3g
and xSo—waves. The total angular momentum was
taken to be J< 6. As to the other quantum numbers
of the » ,NN and #N,N systems all the allowed
values were included in the calculations,

The first term of (9) has no singularity due to
the absence of the NN -final state interaction and the
calculation reduces to integration of the two-dimen—
sion integral, This term was calculated with about
5% relative automatic accuracy.

The radial part of the second term of (6) including
the final state NN interaction has the following form

(for the sake of simplicity all quantum numbers are
omitted)

LY oo 24
TN(;)(qésq 1 94F) il\m(igng Mg (9195F0) e el
2 1?0 T, [EFD
& P} 7N 'S\ (10
where
Hip(aja,0.F; )do
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function X, is given in ref,
The function h,(qiq,0) in the integral (10) has

are pion momenta in the initial and final states res-
pectively. For the numerical calculations the stan-
dard contour rotation method 4/ was used with defor-
mation angle &=L .., (see, e.g., ref. 58/ ), It turned
out that the results of the present calculations are
more sensitive to the deformation angle ® than for
elastic 7d gcattering /8/, That is why for that reason
we have handled the logarithmic singularity by using
a new procedure described below, The expression
(10) can be rewritten as

. 1 o c e -
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Let us instead of the wvariables q, and 8=cos® take
new variables x and y defined by x=q2() and
y=q \/1—62. Then we have
2
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0 Vx24 y2 .
In the first term of (12) the propagator O res ulting

in the logarithmic singularity, can be rewritten in the
form

27 (x,
‘TIM the relativistic case
1 = ) yi(x)-y? (13)
- 242, y2 4
P, e(q1 X “+y*2q/x) 21,

the non-relativistic case

logarithmic singularity (the well familiar singularity y2(x)— y2
for Faddeev type equation) related to the fact that 0
4°; varies in the range 0< q91<q,, where q; and q’1 [E—wl (q,l)_wz(x 2+y2)+ws(q3)]{[E—wl(q’1)+m2(x2+y"5]—w§(q:)
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where . o
UE-o (g1 -q %2qx® '
4[E-o (q )2 “"2(") the relativistic case
1771 :

2
¥, (x)=
A » ) (14)
2y |E- 3L _ X2 _ R4ix, ivi
0 -2-5’- 5—7’2 - -?7’—3— the non-relativistic case.

The first term of (12) after using of (13) can be re-
gularized in the standard way -

p }oydy F‘(\/x2+y2,x/\/x2+y2) _
0 —y2
Y-y (15)
YR(Vx2+y2 =X )y F(Vx2+y%, X )
=[dy VEE+y 2 V X2y
0 yoz(x)—yz

The advantage of the above described regulariza-
tion procedure against the standard contour rotation
method is that it does not include any additional pa-
rameter like the deformation angle, In addition now
functions }(12 and H21 are real, At the same time
a new regularization procedure has a shortcoming:
the function f(qy) =%} (a2)Hz{4,.9Pow depends on
two variables (x,y) instead of one g, . Note that the

numerical calculations can be made to be faster if one

at the beginning calculates the function f(gy) in some
main points g and then uses an interpolation pro-
cedure in formulas (13—-15). In our calculations we
have taken 20-43 main points of interpolation and
have used Lagrange interpolation polynomials of se-
cond and third order and splines of third order, It
turned out that the numerical calculation results de-
pend neither on the number of the main points nor
on ‘the interpolation procedure, All calculations were
performed at the CDC-6500 and BESM-6 computers
of JINR (Dubna),

The above described regularzation procedure of
the logarithmic singularity could be used for the nu—
merical solution of equation (12) as well, But in this
case it is more effective to use the interaction
method ' 7.
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4, RESULTS AND DISCUSSIONS

In this section we show results of the numerical
calculations of the integral and differential cross sec-
tions of md-scattering with the deuteron break-up
and charge exchange reaction in the (3.3) resonance
region we have got in the single 7N -scattering
approximation, All calculations were performed for
the case when the pion relativistic kinemaltics is
completely taken into account ("FRPK"/V ) and nuc-
leons are considered in the non-relativistic limit,

For the #N —-scattering matrix the cxpression given
in ref, /% was used, Results of the calculations, ob-
tained by the standard contour rotation method’4/
are shown in figs., 1-6, Note that all resulls dis-
cussed below excepl those in lig, D are obtained
by using the NN polential delermined in ref, 87

In fig, 1 the cross seclion of the deuleron
desintegration and charge exchange reaclion are
shown in comparison wilh the total #d scallering
cross scction and the integral elastic scatlering cross
section obtained in our previous paper " in the
single scatlering approximalion, As one can see, the
differcnce between the {otal 7@ scallering cross sec-
lion and the sum of the clastic cross section and the
douteron break-up and charge oxchange rceaclion
cross scections is sizable, namely at T,,'M = 160 MeV
il amounts about 65 mbh - 30% of the total cross sec-—
tion. The cause for this difference could be the nam-
ber of approximation usoed in our calculations: neglect
the malliple 7N -scaftering, neglect all bul S —waves
in the NN -interaclions, thoe Py.—wave approxima-
tion in theé #N-interaclion and neglect the inflluence
of the genuine pion absorption channel on the othor
channel, Note that pion absorption cross section by
deuteron itself is relatively small 97 and of the
same order as charge coxchange reaction cross sec-
tion., In ad-lition this difference is connected with the
separable approximation of pair interaction particular-
Iy of NN interaction used-in the 7d scattering study.
This model has some physical foundations only near
the resonance or bound state.

1
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Fig, 1, The 7d gcattering cross section: — . —. -~ to—
tal cross section and ------ elastic integral cross
section taken from ref,/l’ Curves 1 and 2 - deuteron
break-up reactions, Curves 1 - final state NN inter-
action neglected, curves 2 - with NN interaction,
Solid curve - charge-exchange reaction,
12

The comparison of the solid curves 1 and 2 in
fig, 1 demonstrates the importance of the final state
NN -interaction wvhich reduces the deuteron desin-
tegration cross section. Note that the term (6) which
stands for the final state NN -interaction does not
contribute to the charge exchange cross section due
to selection rules., The differential cross section for
deuteron break-up shown in fig, 2 demonstrates the
importance for diagram 2 in fig, A to be taken into
account, The relative value of this effect depends
essentially on the pion scattering angle (in particu-
lar, it is small at backward angles). If we compare
the elastic scattering differential cross section cal-
culated in the single mN-scattering approximation
and shown in ths same fig, 2 with the deuteron des-
integration differential cross section we can see
that at small angles the deuteron break-up cross sec-
tion is rather smaller than the elastic cross section
due to the NN final state interaction, As for the
backward angle the situation is opposite and it
does not depend on the NN final state interaction
in the rd»r7 NN channel, The rd+7’NN processes
are characterized not only by the differential and
integral cross sections but by the scattered pion
momentum distribution (or by the relative momentum
distribution of nucleons in the final states) with the
fixed incident pion energy, These distributions cal-
culated by us are shown in figs, 3 and 4, We see
that the pion momentum distribution is concentrated
in the narrow range around the allowed maximum
value of the scattering pion momentum, and the NN
final state interaction makes the peak more sharp.
The increase in the incident pion energy leads to
the same effect.

Keeping in mind the sensibility of the different
characteristics of the 7d-»7’NN processes to the
final state interaction effect, it seems interesting to
clear up the deperdence of this effect on the choice
of the NN _interaction potential, We have used:
the Lamanuche type potential '8/ and the unitary
pole approximation to the Rend potential'1 ", which

13
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Fig, 2, The 7d gcattering diff~rential cross sections
at Tr%= 160 MeV: ~ - - elastic scattering cross scc-
tion taken from ref. = . —- deuteron break-up
reaction with the f[inal state interaction, —. — . —
without NN interaction, '
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EFig, 3. The scattered pion momentum distribution:
—— deuteron break-up with the final state NN
interaction, -. - .~ without NN interaction, - - -
charge-exchange reaction.

describes NN -scattering phase shifts up to 200 MeV,
and the energy-dependence potential/1l’/ fitted to

NN -scattering phase shifts up to 400 MeV, The
comparison of curves in the fig, 5, where the energy
dependence of deuteron break-up cross section for the
different NN-potential s shown, demonstrates

cross sections NN potential dependence, which is
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Fig, 4. The scattered pion momentum distribution for the deuteron break-up

reaction at different energies.
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Fig, 5. The integral cross sections of deuteron break-
up reaction with the NN final state interaction for
differe?ItO/NN potential: 8/ e WV gpd

more apparent than in the 7d elastic scattering
case. But at the same time it isn’t enough to make
the choice between different NN potentials, Likely,
this is connected with the fact that the different po-
tentials used in our calculations have the same form
and differ from each other only by parametrization.
The importance of the NN final state interaction
effect in the deuteron break-up reaction is seen from
the results of ref,”!?/ obtained under the following'
assumptions: 1) neglect of the Fermi motion, i.e.,

the use of the transition matrix (6), 2) the asymptotic

17



expression for the wave function ‘I’(—lvs is used, the
parameters of which were determinecf in the scattering
length approximation by orthogonalizing this function
with the deuteron wave function, 3) the pion relativis-
tic kinematics and partial wave structure of the three-
body amplitude are treated approximately. In addition
only one characteristic of the nd->#NN reactions,
the differential cross section, has been calculated,

The behaviour of the scattered pion angular dis-
tribution in the deuteron break-up reactions at small
angles is very important for clarifying the role of
NN -final state interaction, Indeed, when the Fermi
motion is neglected, taking into account the NN -final
state interaction reduces considerably the small-
angles cross section due to the orthogonality of the
wave function in the initial and final states of NN
system, as we can see from formula (6). But if we
take into account the Fermi molion, as it is done
in the present study, then the cross section at small
angies turned out to be rather large. Therefore the
knowledge of the experimental differential cross sec-
tion for deuteron break-up reaction at small angles,
allows us to check the validity of the approximation
of the factorization (6).

At present there exist some experimental data
on the angular distribution of the scattered pions
in the deuteron desintegration and charge-~-exchange
reactions’ 1%/, In fic, 6 the results of our calculations
are compared with the experimental data at T}_‘r‘ =
=182 MeV. The theoretical curves give only a qualita-
tive description of the experimental angular distribu-
tion, namely, for the break-up we have got deep
minima and for charge exchange reaction two maxi-
ma, but their locations are shifted against the expe-
rimental one, Such a difference between theory and
experiment is probably caused by the approximations
mentioned above where the results for integral cross
sections were discussed. It is clear that the diffe-
rential cross sections are more sensitive to these
approximation than the integral cross sections.
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Fig, 6. The comparison of the calculation results

with experimental data at TSM = 160 MeV: deu-~
teron break-up reaction, - - - charge-exchange reac-
tion.
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Fig, 7. The energy dependence of integral cross section of deuteron-break-up

contour

y = — = new procedure sugdgested in the present paper,

reaction calculated by using different regularization procedures:

integration methnd

As was mentioned the numerical results dis—
cussed above depend on the calculation method,
namely, on the contour deformation angle ¢®. For the
illustration of the dependence of results on the in-
tegration procedure, in fig, 7 there are shown the
integral cross sections for the deuteron break-up
reaction calculated by the contour rotation method
and by the new procedure described above. As one
can see, there is some regular shift in the cross
section value but the general feature is unchanged,
Therefore all our conclusions about the reactions
studied remain wvalid, ’

The general conclusion we come to is as follows:
Further investigations of =d scattering in (3.3) re-
sonance region are necessary to establish the rea-
son of the discrepancy between theory and experi-
ment for the differential cross sections of the deute-
ron break-up and charge-exchange reactions, More-
over, the same imput gives better results for the
elastic 7d scattering, The further study is necessary
too for better understanding of the pion deuteron
interaction dynamics,
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