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Pion absorption cross section for?H and 3He in the A-isobar region:
A phenomenological connection
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The absorption ofr* on 2He in theA region is evaluated with exact inclusion of the final state interaction
among the three emerging protons. The absorption is describedrbi-aA vertex and aiNA-NN transition
t matrix which are calculated from a phenomenological modeNfidrand 7rd reactions. In a calculation where
the initial pion scattering effects are neglected, the predicted peaks of the pion absorption cross sections for
2H and ®He lie too high in energy in relation to the data. The effect of the final-state three-nucleon interaction
turns out to be too small for changing the magnitude and shifting the peak position of the total absorption cross
section for®He. We demonstrate that the adjustment of the peak position for the deuteron cross section by
small modifications of theA parameters automatically leads to the correct peak positior°He.
[S0556-281®7)01405-7

PACS numbses): 24.10-i, 21.30.Fe, 25.16:s, 25.80.Ls

I. INTRODUCTION In this study we are interested in tderesonance energy
range and therefore we introduce explicitly thedegree of
In recent years it became possible to solve the quanturfreedom. We use the phenomenologit&N-NA model of
mechanical three-body problem with realistic two- and threeBetz and Led17] which treats therNA vertex that is re-
nucleon forceg1-5|. Powerful computer facilities allowed sponsible for pion absorption in a self-consistent way. In the
this important step forward. Except for a few observables thyresent exploratory calculation we exclude for simplicity the
theoretical .pred|ct|ons pased on realishidN forces agree contributions corresponding to propagatind!N intermedi-
very well with the experimental data. The exact treatment ofyta states. Ohta, Thies, and L] applied a similar sim-
the strong rescattering among the three particles is thereliification of the model of Betz and Lee to heavier nuclei but
crucial. _ _ did not include final state interactions and had to rely on
The Faddeev equations have been applied not only to thgmple model target wave functions, whereas here we shall
pure AN system but also to inelastic electron scattering on,se 4 realistiHe description. A glance at the pion absorp-
He [6-9]. The Faddeev formalism allowed one to calculatetion cross section fofH and ®He reveals immediately that it
any breakup process, exclusi@ and inclusive[9] ones. In  heaks around ,~130 MeV, whereas the elastic and inelas-
the same manner we apply now the Faddeev equations &b cross sections peak around 170 MeV, closer to the posi-
investigate pion absorption phenomena. The simplest reag of the A resonance in freerN scattering. We shall es-
tion is pion absorption on the deute_ron requiring the study otgpiish that FSI is not related to that shift in the peak
the 7NN system for which a vast literature exigB0-21.  position. However, it is possible to describe the energy shifts
We shall not try to improve our understanding of this system;n, poth nuclei by a common parametrization of the underly-
rather we shall present an exploratory calculation of pior‘ng mechanism.
absorption on’He which is motivated by recent experimen- "I sec. |1 we briefly outline the way we use the Faddeev
tal studies of the reactiom " *He—3p by the LADS Col-  equations to describe the final state interaction for pion ab-
laboration at PS[23-23. In this first study we shall treat the  gorption on3He. Since it is similar in structure to inelastic
dynamics of the incoming pion approximately. In particular gjectron scattering oBHe we can refer to various articlgg]
we shall not allow for initial state interactions where the pionfg; more details and show only those steps which are specific
is rescattered before it is absorbed. We shall assume thg the pion absorption process. This is presented in Sec. Ill.
pion absorption takes place in the first step by & order to show how we treat the particle we introduce
A-resonance mechanism and after that the nucleons interagfe NA propagator in Sec. IV. A formalism very similar in
strongly in a N state. We shall determine the effect of this gy cture to ours has been presented befof@7h though no

final state interaction for the total absorption cross section,,merical application thereof is known to us. Our numerical
To the best of our knowledge this will be the first time that jegits are shown in Sec. V. We summarize and give an

an exact treatment of FSI has been performed. The choice @f,t100k in Sec. VI
3He i 2 ; ; -V
He instead ofH also allows for pion absorption on two
ngcleons not_only+|n |sosp|_m=0 But also int=1 states. Il. FORMALISM
Finally choosingw™ absorption on°He generates a system
of three interacting final protons, which cannot be realized in Let us first describe a situation where the pion is absorbed
a pure N scattering process. on a nucleon converting it into A particle which then to-
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FIG. 1. The amplitudél’) of Eq. (2) describingm* absorption FIG. 3. Lowest order initial state interactions, ISI.
on a nucleon in®He leading to aA particle and followed by a . ]
deexcitation into two nucleons. Here DWIA means distorted waves with respect to the two-

body subsystem and plane wave with respect to the third
gether with a second nucleon undergoes an infinite numbgrarticle. We use the usual permutation operd&pa sum of

of rescatterings described by a two-botynatrix tyyna. @ cCyclic and an anticyclic permutation of three objects, which
That two-bodyt matrix obeys a coupled set of Lippmann- is a very convenient structural element in the Faddeev treat-
Schwinger equations ment of three identical particld®28]. The three-nucleon re-

scattering amplitude
(tNN,NN tNN,NA)_(VNN,NN VNN,NA)

tna,nn Ena,Na Vinann Vg, na

: Uresca“—\/g(l—i-P ) TnlT) @
(VNN,NN VNN,NA)(GNN 0 )
Viann Vaana/l 0 GRa is generated by the operat®f,, which obeys
t t
x( NRNE NNNA), (1) TNN|F>:tNN,NNGRlNNP|F>+tNN,NNG%NNPTNN|r>' (5)
tna, NN ta,Na

HereTyy is a three-body operator arigy nn iS @ two-body

%perator as depicted in Fig. 2. Because of our simplifying
V from the anaIyS|s of Betz anq Lda7]. The iteration of assumption a reoccurrence ofMpartlcle is not allowed,
Eqg. (1) describes the consecutive transitions between th’ﬁwus only the free B propagatorG OCCUrS

NNN .

AN system generated by the pion absorption and the result- Comparing Eq(5) to the corresponding equation for in-

ing NN system. The resulting amplitude has the form elastic electron scatteriri@], we see that the driving term is
- 0
=t GO F 3He), 2 modified due to the absence of the tetgy nnGrnnT)-
1) =tunaGna F(m) [ ) @ That term would double count thEN interaction, since
where GQ,, is the free NN propagator,F() is the IT') contains theNN interaction to inifinite order in the same

m-absorption vertex function arldr,3He) is the initial state.  Particle channel. In electron scatterifig) is driven by the
This term is depicted in Fig. 1. The amplitufieis the start- electromagnetic current operator and no double counting oc-

ing point for the rescattering processes among the thre€Y’s-
nucleons. Taken by itself it provides the properly symme- For the processes discussed up to now the breakup ampli-

trized impulse approximation tude is

1 Uu=u DWIA -+ |y rescatt (6)
UPWA= — (1+P)|T). 3
V3 and this will be investigated numerically.
So far the rescattering parts of the diagrams were three-
nucleon reducible. Nonreducible diagrams shown in Fig. 3
are likely to play an important role and will be investigated
Tt numerically in a forthcoming article. Here we just present
the necessary formal extensions. Theresulting from the
< O—‘ the absorption of the initial pion can be absorbed and reex-

cited on another nucleon line, a process that can be iterated
3He before the three-nucleon final state is reached. This is incor-
porated in the amplitude

TNN

—

4in the 3N problem this quantity would be called, with the
FIG. 2. Ther absorption orfHe as described in Fig. 1 followed index denoting the three-nucleon continuum channel. This is unnec-
by the complete Bl final state interactio - essary here since™ absorption o’He has no other channels.
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defined in terms of the individual momenta of three nucle-
' ons. After the pion absorption on nucleon 1 we describe the

Al system consisting of two nucleons and garticle by
— 1
‘ ’ -1 .
] Tin Oé TNAA. *He pzi(kz_ks),
- . L
> 2MNk1_(MN+(U)(k2+k3)
FIG. 4. The leading term of Eq8) representing initial state q= Mt o : (11
interactions acting in the Hilbert space of two nucleons and one N
A particle. whereM is the nucleon mass and= \/u?+ kf, the energy
of the piorf in the overall center-of-mags.m) system. We
1 choose the single-particle operate to depend on the
UISI:_(1+ P)TIS||F>, (7) ’ g P p (77) p
J3 relative momentung, of nucleon 1 and the pion:
where the superscript ISI stands for initial state interaction - MNIZ,T— wE; . o .
andT'S' obeys the integral equation =" Mto Kem M N (12)
TIT)=TuntnnnaGRina P TuaF ()| 7, °He) The second equality holds true in the overall c.m. system.

The functional dependence &f(w) related to thep-wave

0 0 1SI
+ TntunnaGrna P Tuatna anGrnnP T property of theA particle is given in the Appendix. We

(8  define
and Ty, generates all possibRA pairs via (ky|F|kiK,)=F(qo) 8(Ky—K;—K,), (13
Tha=tnanaGRina * tua,naGRina P Tha - (9 wherek; is the momentum of thé particle. Therefore we
have

Iterating Eqs(5), (8), and(9) one can visualize the processes

contained inT's' as is shown in Figs. 4 and 5. Figure 3 is the , - - 3 N T
simplest new diagram contained in Fig. 4 representing théPalFlm, He)=f dp dq (palF|p-a)(p a|m He)
initial state interaction. An example of an additional final )

Z‘fate interactiofithe leading term of E(8)] is shown in Fig. :J' da’F(ao)b‘(ﬁ—a’— §Ew><5a’|m3He>-

(14)
Il. CHOICE OF COORDINATES
) _ ) The transition operatdiyy na acting between particles 1
The amplitudgT") contains three steps: the pion absorp- 44 2 requires another set of Jacobi momenta:
tion by the single-particle operatét( ), the free propagator

of the (zero width A particle and two nucleons, and the c >
: L - - Myki—=(My+w)k;
action of the transition operatdgy ya converting theNA p = , (15)
system into a two-nucleon system. In our three-body context 2My+ o
this requires the use of various sets of Jacobi momenta. The . ..
3He wave function depends on the following momenta: - (2My+w)kg—My(ky+kj) 16
>/ 1 >/ !
P =35keky), They are related tp andq by
3My+ o 1
>/ 2 =/ 1 =4 =/ _): — —N _)”— —_)”
q :§<k1_§(k2+k3)) (10) P 2eMy ) 2P an
> M N + w -y > 18
) LTV (18
17T
A A: =>m >
< - 1 O—' Finally we use Jacobi momenta denotedpbyandq for
A B three nucleons analogous to E¢k5) and(16) describing the

~=— T} -q Taa

TNN T TNA — He
— -
2Following [17] the quantityM y+ o is used interchangeably with
FIG. 5. The general representation of the second term ofdtq. M, in the resonance energy range.
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three-nucleon system to the left of tieN,NA transition TABLE I. Partial wave decomposition &N andNA systems.
matrix, see Fig. 2. Since the transitibmatrix is diagonal in

q andq we finally get NN NA
1 5
> > so DO
(P9 [tyn,naGRnaF| 7, °He) 3p, 3p,
Py °Py, 5Py
=J dp'(p" [tannalP)GRna(P 4G ) °Pa. °F, *P,, 5P,
p, °S,
3 5
S s spyem s, > 3 F3 P3
x| dpda(p g |pg)(palF|=,*He). (19 1, °D4
IV. DRESSING THE A PARTICLE bution corresponding to propagatind\N states and the ini-

So far we have introduced the momentum space represeH‘—"‘l pion scattering effects. Thus, our result for the deuteron
tation of theNN—NA transition operator and the fréA Is different from the full unitary calculation of17]. The
propagator. In the Betz-Lee moddl7] theNA propagator is dashed line in Fig. 6 shows the total cross section together

dressed with the data interpolated by the solid line. The dotted line
shows a calculation without théD, partial wave, which
G2y demonstrates the importance of that wave.

As discussed ifil7], the Betz-Lee model in our simplified
- 1 approximation does not quantitatively reproduce the data.
E—(M8—My) —[K(My+MQ)/2MM8]—3 s (k,E) The peak position is about 30 MeV too high and the cross
(20 section is too low on the rising part below the resonance. The
, last feature is certainly partly related to neglecting nonreso-
wher(EE is the c.m. system energy of the two-nucleon sysyn¢ N partial waves. On the other hand, the shift of the
tem, k is theNA relative momentum. The physical mass of resonance has been obtained correctly in models containing
the A particle is explicit pion propagaton in intermediate staf&g,18. In the
0 present paper we stick to the pufe model excluding ex-
Ma=My+ oM, (2D plicit NN« propagation for the reaction on the deuteron or
0 NNN7 in the case offHe. We have therefore adjusted the
where M, is the bare mass. The energy dependent SeIfE)are arameters! andF? of the Betz-Lee model in order
interaction?, is P A A
to reproduce the observed energy dependence of the total
F2(k')k'2dK’ cross section on the deuteron. Only small changes are needed

to reproduce size and position at the resonance, see Fig. 7:
E+ie—HOy (kk)—HS (K P P g

SkE)- [

_ M} =1280-1260 MeV 25
=6M—iT/2 (22) 4 9
with =
-g 14 - o old data
0 (k) 2 k2 23 ~ 12 ] ¢ new PSI data
H ﬂ'( , "= + ’ 23 js! ] _ i
NN 2My  2(My+ 2+ kD) 69 ] data fit
10 A
k/2 ]
0 1 — 2 12
Hyo(K") 2MN+ pnotk'e (24 8
Herel is the energy dependent width of theparticle. The 6 -
vertex functionF contains the bare coupling constﬁﬁt and ]
the range parametér, , which are defined in the Appendix. 4 i N
The steps required for the partial wave representation are o 1 ’ AT T
also described there. For the calculation below we shall al- 1 ’ P
low small variations of the bar parametersv andF$ . 0 i BL To.d.e.l ‘(‘n‘o‘ Dzl) _
0 50 100 150 200 250 300
V. RESULTS T (MeV)
s
In order to test the input for the pion absorption reaction
on *He we recalculated the total piomd absorption cross FIG. 6. Total cross section for+d— pp as a function of the

section on the deuteron as a function of energy in the Betzmnoratory pion kinetic energy. The dafeolid line) are taken from

Lee model. Table | shows the partial waves used, and thgso—42. The dashed and dotted lines are calculated from the Betz-

parameters for the potential are taken frpbi]. Lee potential with all partial wave set of Table | and without the
In the present study we exclude for simplicity the contri- 1D, wave, respectively.
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FIG. 7. Total cross section for+d—pp as a function of the FIG. 9. Total cross section for*3He—ppp as a function of

incident pion energy in laboratory system. The description of thethe laboratory pion kinetic energy. The data are from [23/44
lines is the same as in Fig. 6 with the exception of the dotted lineand[45-51].
which is now the theoretical prediction based on the new parameter

set. Vna.na - We have verified that the inclusion of such a po-
and tential allows to shift the peak position downwards. For the
time being, however, we restrict ourselves to treatvif
F2=0.98—> 1.00. (26) 3nd Fg Oas the only effective parameters and retain
NA,NA = Y-

Since the new parameters reflect pion propagation in the It is gratifying th.at'the effective parameters pf Fig. 7 also
absorption reaction in an effective way, it is clear that thelmProve the description of the total cross section‘dfe as
elastic 7N and the elasticrd cross sections will not be S shownin Fig . 9. We therefore see that the gross feature on
correctly described. The same is true for M phase shifts. € falls into place once the reaction on the deuteron is
As an illustration we show the effect of the new parametri-Properly described. In Fig. 9 the effects of final state inter-
zation on the!D, partial wave in Fig. 8. The Betz-Lee ap- actions in the 8l continuum state are fully included. On the

proach which we use also neglects the diagonal potentiaflcale of the figure the effect of FSI is too small to be drawn
(2%). For the total cross section FSI is thus negligible. For
observables and kinematics which are not dominated by the

S 20 two-nucleon DWIA mechanisnthe quasideuteron process
() - - -
T BL model
—_ 1 new set by
N 15 A K 7N
= data AN
U\Ol ] / g \ —-
j 7 N\
10 - \ ! p 1
] e N\ C =0)
< ‘.‘
] /'"‘/ k — - — -
5 5 ! k3 k2
——

0 T T rrr ot e T
0 100 200 300 400 500 600 700
E, (MeV)

FIG. 8. The'D, NN phase shift as a function of the laboratory -
kinetic nucleon energy. The datsolid line) are represented by the k
: : 1
partial wave from thesaiD analysis (see [43] and references
therein. The dashed and dotted lines correspond to the Betz-Lee
potential and its new parametrization, respectively. FIG. 10. Jacobi momenta and related orbital angular momenta.



2568 H. KAMADA et al. 55

significant modifications due to FSI are however to be exP-waveNA state which is highly suppressed dynamically as
pected. demonstrated in the calculatig26]. It is necessary to in-
clude nonA mechanisms to give a realistic description of the
VI. SUMMARY AND OUTLOOK absorption on @a=1 pair. Empirically, it has been fairly
) ) ) established22] that nonA contributions are suppressed by a
We formulated a model of pion absorption éhle_: INa  factor of 10 in the resonance region. Such contributions will
Faddeev scheme, which includes the final state interactiof¢act our results by interference with the dominanexci-

among the three outgoing nucleons and which also allows fofation amplitudes, but we do not expect that the shift of the

initial state interaction where more than oAeresonance is peaking position from this source will be as large as 30

excited (see Figs. 3—b The numerical evaluation in this ey However, this should be further examinedsi a future

paper is restricted to the leading quasideuteron absorptiogycylation which also includes nah-absorption mecha-

term with inclusion of the final state interactions, E), nisms.

between the three protons. The phenomenological Betz-Lee The Betz-Lee model sets the transition potentiah na

model for theNN-NN andNN-NA systems is used. In the 14 7610, In a forthcoming study we shall abolish that assump-

present exploratory.calgulatmn where thg initial pion scatteryion and include the transition potenthdl, ys . as it occurs

ing and the contributions corresponding to propagatingy jnstance in the phenomenological V28 potenfd]. At

7NN states are neglectedg, the resulting total pion absorptiofhe same time we shall investigate the importance of initial

cross sect|on.s.foFH and “He do not agree with the data. giate interactions introduced in E67). The diagonalNA

The most striking f_eatur'e is that th_e theoretl_cal peak POSingtential is expected to be important in this context.

tions occur at too high pion energy in comparison to experi-  \ore efforts are also needed to clarify the experimental

ment. The full inclusion of the final state interaction amongg;t,ation for ther " 3He absorption. While the new PSI data

the three nucleons in our model has no visible effg:-ct for théave much smaller errors than the old data, the overall agree-

total cross section, its contribution is only about 2%. ment between different measurements of the total cross sec-
We introduced a very simple method to shift the peakion is marginal. In particular, a better determination of the

positionofor the deuteron reaction by lowering the bare ojtion and the width of the peak would be important for
massM, by 20 MeV and increasing the coupling strength testing theoretical models.

FQ from 0.98 to 1.00. We demonstrated that this modifica-
tion at the same time also reproduces e cross section
within the uncertainties of the data. This points to a common
dominant mechanism for pion absorption in both nuclei. We thank C. H. Q. Ingram, R. P. Redwine, A. Lehmann,

In our model withA-resonance excitation and propaga- A. O. Mateos, and N. K. Gregory for valuable discussions.
tion, the =% absorption in®He occurs both ort=0 and The computational work was performed on the NEC SX3 at
t=1 nucleon pairs since théHe wave function is fully an- the Swiss Center for Scientific Computing in Manno and on
tisymmetrized. Our approach is thus not a deuteron likehe CRAY J90 at the Eidgessische Technische Hochschule
model for the absorption oiHe. However, we cannot ex- Zurich. This work was supported in part by the U.S. Depart-
pect the ratio oft=0 to t=1 contributions to be realistic, ment of Energy, Nuclear Physics Division, under Contract
since the absorption ofr* by at=1 S, pair leads to a No. W-31-109-ENG-38.

APPENDIX: PARTIAL WAVE REPRESENTATIONS

ACKNOWLEDGMENTS

Here we present the partial wave representation used. It is related to the choice of Jacobi coordinates of Fig. 10, see also
Sec. lll. For three particle@hree nucleons or two nucleons and gparticle the partial wave basis in momentum space is

|p,q,JMTM)=[p,q,(;53)s(IS)j (AS) I (j1) IM(7,73)t(t7)) TMT), (A1)

where the orbital angular momeritand\ are related top and ¢ , ands;,r; (i=1,2,3) are spins and isospins, respectively.
The initial state nucleus, thiHe ground state, habk= 3 andT= 3. The finalppp state had = 2. The wNA vertex function
is written as

F(ao):F(QO)mE |gM%m>mzm <%m|1m1%mN>YI,m1(ao)<§M1|MW%MN><%mN%MN|, (A2)
s 1.My

wherem andmy are thez component of the spin of th& and the nucleony and uy are the corresponding isospin quantum
numbers. The pion enters through its orbital angular momemt@emponenim,; and its isospin quantum numbgr,, .
The functionF(qy) is taken from the Betz-Lee modEl7] [Eg. (3.5]:

2

A2
2. (A3)

AS+ag

Fg %
2(My+p) H

F(do)=

WhereF2=0.98 andA , =358 MeVk. Using this operatoF of Eq. (14) can be written as
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(P.0,a' I M{T'MIFRIMTM=, 8185581 e (Xy+X2)T, (A4)
where
3 . 2\l AN e - NEYER VDY
Xy=Kp\[ (- HHIIMRRTTY Y q%—m) —— VR B 2
4 VES VI 3 AT, b’ z b" N\ L
" 1 x
L N NMV[L N, b N dx oo\ (3o )3 ox ¥
X o k — )X A N b
(o 0 0)(0 0 0)S£(p,q, n2 (2% L o o olir 3 x[Im o -m)
3 3 1
(AS5)
3 R e T 2\l N e e NEYERVERY
Xo=— g\ 1=(—)" MBI Y qM(—k,,) Rk B> 2,
4w nixg=n o\ 3 RalR,! d ol U Ry
" 1 b’} (3 1
L N b\[L N, b N 1 b S 2 o1l(3 0 Y3 v v
X +(P,d.K ) 1112 2 :
o 0 olo o o o 0 ox b S|, o |l )Mo -m

T & t|/T 1 T

g 7 1) \My ok, —Mg
S A8
€= MN+(U ! ( )
and the notatiox=(2x+ 1) is used. The functio®;(p,q.k,) is defined as

v i— 2k

. : F(lR,—eq) "ol P9 3%
L(p’q!kw):f dXPL(X) — > 2 ’ (Ag)

-1 |kﬂ'_ EC” |d’_ ZK |)\

3

wherex is the cosine betweeﬁl and IZW, and¥ , is the 3He wave function in the basi#1).
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