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3He structure and mechanisms ofp *He backward elastic scattering
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The mechanism op *He backward elastic scattering is studied. It is found that the triangle diagrams with
the subprocessesd—He 7%, pd* —3Hex°, and p(pp)—°Hew", whered* and pp denote the singlet
deuteron and diproton pair in thkS, state, respectively, dominate in the cross section at 0.3-0.8 GeV, and
their contribution is comparable with that for a sequential transferrgh pair at 1-1.5 GeV. The contribution
of thed* + pp, estimated on the basis of the spectator mechanism gb(N&)— *He 7 reaction, increases
the p ®He—3Hep cross section by one order of magnitude as compared to the contribution of the deuteron
alone. Effects of the initial and final states’ interaction are taken into account.
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I. INTRODUCTION ing from rescattering in the initial and final states. In the
present paper, we consider both these effects and show that

Over the past few years*He backward elastic scattering each of them is very important, though there is an effective
has been investigdd—3] on the basis of the distorted-wave cancellation between them in the unpolarized cross section.
Born approximation method using a trinucleon bound-state
wave function[4] obtained from solving the Fa<_:ideev equa- Il. THE ONE PION EXCHANGE MODEL
tions for the RSC nucleon-nucleomN ) potential. Those
studies suggest that this process at beam enerjes  To account for the OPE mechanigfigs. Ib)-1(d)], we
=1-2 GeV can give unique information about the high-Proceed here from the formalism of RE3] which takes into
momentum component of the®He wave function account 'the tyvo—bo<3:i3d+p configuration of *He. Thed.
©%(q,s,p1), and specifically for high relative momenta, +p cogflguratlon of°He gives a reasonable approxmatlon
q,5>0.6 GeVk, of the nucleon paif23} in the 'S, state to the *He charge form factoF(Q) [7] up to rather high
and low momenta of the nucleon “spectatorb; transferred moment@%_l.S GeVk. Furtherrr;ore, Oby ne-
<0.1 GeVk. Hereg?3is the first Faddeev component of the glecting off-shell effects in the subprocgsd— “He ", one
full wave function of ®He, W(1,2,3)= 0%+ ¢*'+ o2 The can express the cross gecﬂonpdh—|e scgttenr;g thr(())ug.h the
calculations presented in Refi—3] demonstrate a domi- experimental cross section of the reactpoh— *He 7~ with-

nance of the mechanism of sequential trans&¥F) of the out elaboration of its concrete mechanism.

proton-neutron paifFig. 1(@)] in this process over a wide

range of initial energie¥,=0.1-2 GeV, except for the re- A. The mechanism of thepd* —°He w° reaction

gion of the ST dip at around 0.3 GeV. Other mechanisms of | the calculation of Ref[3] thed* + p configuration was
two-nucleon transfer, such as the deuteron exchdsie o taken into account explicitly, but via normalization of the
nonsequentiah p transfer[2], and directpN scatterind 6,7],
involve very high internal momenta in thtHe wave func-
tion in g,3 as well as inp; and, in sum, give much smaller
contributions. However, in analogy tod backward elastic
scattering 8], one should expect also a significant contribu-
tion from mechanisms related to excitation of nucleon iso-
bars in the intermediate state followed by emission of virtual R p
pions. Such mechanisms were discussed in R8f8] on the He a)

basis of the triangle diagram of the one pion exchaieb
with the subprocespd— 3Hen° [Fig. 1(b)] and in Ref.
[10,1]] for the two-loop diagram with the subprocessl

p *He P °He
—md. The energy dependence of the cross section for dff s en), /s o (pp) S
3 3 . . \ \ s \
p *He— “Hep and also its absolute value were explained to . . .
He p -
b) c)

p °He

some extent in Ref$10,11]. However, a common drawback B
of the modeld9-11] is the neglect of bottlii) the contribu-
tion of the singlet deuterod* [i.e., where thgn pair is in
the spin-singlet {S,) statd in *He and(ii) distortions com- FIG. 1. The sequential transfé8T) (a) and one pion exchange
(OPB (b)—(d) mechanisms op *He backward elastic scattering
with intermediate deuterofb), singletpn pair (d*) (c), and singlet
*Email address: uzikov@nusun.jinr.ru pp pair (diproton (d).
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from the deuteroM 4 [Fig. 1(b)], singlet deuteroM 4 [Fig.
1(c)] and diprotonM ,, [Fig. 1(d)]. For the evaluation of the
individual amplitudes, we use the overlap integrdlde-d
and *He-d* from Ref.[16]. The 3He-d overlap wave func-
tion contains theSwave andD-wave components. As was
(NN) N 3He shown in Ref[3], theD-wave component of théHe-d over-
lap integral is negligible in the OPE amplitude. Keeping the

FIG. 2. The spectator model of the reaction Swave in the®He-d overlap wave function, one can find for
P(NN)s = *He . the OPE amplitude of the reactign®He— 3Hep with the
subprocespd— 3He 70 the following form[3]:

form factor toF(0)=1. In order to calculate the contribu-
tion of the meson production on the virtual singlet deuteron - 1
d* and on the diproton, i.e., on thEp 1S, state in®He, one M Hptin o= — \/§KGd( 105 )
has to use the* +p and (pp)+n configurations ofHe 2
explicitly and also one needs the cross sections of the reac-
tions pd* —3He w° and p(pp)— He 7. XD
Concerning the latter two, there are no direct measure- A
ments of these reactions, though there are experimental data " _ o o
on the inverse reactions of pion capture, ierf 3He Heréx; () is the spin projection of the initiafinal) par-
— ppp from Ref.[14] and =~ 3He—pnn [15], both being ticle j=p,h (p denotes the proton arddenotes®He) and\

kinematically complete experiments that cover the final statgs the spin projection of the deutero-ﬁgﬁ +#p M s the ampli-

NN interaction regions. Unfortunately, these data are rey,de of the reactiopd— 3He 7°. The Clebsch-Gordan coef-
stricted to pion energies close to the thr+eshold aind contaificients are written in Eq(1) in standard notations. The dy-
only total cross sections. Moreover, the” and m~ data  npamical and structure factor§ and Gy will be defined
[14,19 are not sufficient to deduce the matrix element of thepe|ow. For the singlet deuteron there is only Swave com-

reactionpd* — *He . Nevertheless, these ddtB5] show  ponent in the overlap integraHe-d* . Therefore, the OPE
that the formation of thepn andnn pairs in the final state  amplitude for thed* can be written as
interaction region is dominated by the spectator mechanism

1 !
2

1 !
1)\§,u,p

1 TN
Eﬂh)Tfj“'“p'- @

of pion absorption on the isosingIBitN pair in 3He (Fig. 2). il 1 1 il
This mechanism is used here to calculate the cross section of M """ " P=KGgx| 105 up 5 ap | St T 7
the subprocesseg(NN)s— 3Her on the spin-triplet(t) )

and singlet(s) NN pairs. According to Ref[12], this two-

body mechanism explains reasonably well the cross sectiofind similarly for the intermediate diprotop),

of the reactionpd— *He#° in the forward ¢,=0°) and

backward @,.=180°) directions in the energy rang ;o 1 11 g

~0.3-1.0 GeV. Within a similar model, the tensor ana-IE{;zing MSE’“p'““’“"=2 KGd*(loir“p §r“p) 5Mguhng e,

power T, (at 6,=180°) could be reasonably explained in 3)

Ref.[13], but using the pure deuteron and singlet deuteron in

the intermediate state of the diagram in Fig. 2 instead of the Bh Rp whw .

NN loop. At higher energiesT,>1 GeV, the spectator wherer* and Tpg * are the amplitudes of the sub-

mechanism fails to reproduce the second peak in the excitgrocessespd* — *Hex° and p(pp)s— *Hew™, respec-

tion function of the reactiopd— 3He#°. In this region the tively. As compared to E¢2), an additional isospin factor of

three-body mechanisifiL2] is expected to be more impor- 2 arises in Eq(3) and there is also an isospin factor@ in

tant, since all three nucleons are active in fiiée at high  EQ. (1). Both these factors are related only to the isospin

transfer of momentum. Nevertheless, the latter mechanisrdtructure of the lower vertice3He— (NN)s+N and 7 N

also underestimates considerably the experimental cross see=N of the triangular diagram for the OPE amplitude of the

tion at #,=180°[12]. process *He— 3Hep and do not depend on the mechanism
Since the mechanism of the reactipd* — 3He#% is not  of the procesp(NN)s,— *He . The dynamical factoK is

established at higher energies, a completely microscopic délefined as

scription of the reactionp *He— 3Hep within the OPE

model cannot be achieved at presengt-1 GeV. In the o ym M(Ep +m) waND T (kD) @
present analysis of the contribution of the singl&N)s B \/ﬂEp, m, (Tp)Fann(kY).

pairs we concentrate mainly on the energy regiop

=0.3-1 GeV, where the spectator diagram in Fig. 2 domijerem, M, andm,, are the masses of the prototHe, and

nates. the pion, respectivelyE, = ym?+ pzp, andp, are the total

energy and momentum of the secondary proton in the labo-

ratory system, anfl_yy andF _yn(k?) are the coupling con-
The reaction amplitude is given by the coherent sum ofstant and thémonopol¢ form factor at therNN vertex. The

the OPE amplitudeMy+Mg+M with contributions  distortion factorD(T) is given in Ref.[3] in eikonal ap-

B. Formalism

pp
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proximation in terms of an analytical parametrization of thetion of the reactionpd—3He #°. After that the center-of-

forward pN and p*He scattering amplitudes. mass systenfc.m.s) cross section op *He backward elastic
The nuclear form factors for the tripleG(;) and singlet scattering can be written as

(Gg+) channels are given by

Guar= VS o [ikKFFT (M+Wi" (3], (9 do :mM(Ep*m")(f”NN)ZSqupd

dQcm 2 Es, m Sph Uzh

m

where
* o~ I ~ XFiNN(k2)|D(Tp)|2{|Gd|2+C| |Ggx|?}
R ()= [ U niaBrrar,

do

3 0
Xdﬂcm(pdﬂ Hew"), 9
WS (B.)= [ u(BrIUE” (r(3+ Lyexs(—Br)dr
0 ©) wheres;; is the square of the invariant mass of the system
i+]j, andq;; is the relative momentum in this system.

HereUZ(r) [UY"(r)] is theSwave component of théHe-d

(®He-d*) overlap integral angj is the spherical Bessel func- C. Approximated evaluation of C,

tion. The kinematical variables, p, and are determined In the evaluation of the facta®, in Eq. (8) for the spec-

by the proton momentump’ [3]: 5:2m/Ep,p’, k  tator model of the procegs(NN), —*He 7 we assume that
=T)(2Ep/+m)/(2Ep,+m), 32=2m/Ep/(mf,—k2)+|5|2, the spatial parts of the vertices—p+n, d*—p+n, and
wherek? is the square of four-momentum of the virtual  (PP)s—P+Pp in Fig. 2 are approximately the same Ynie.
meson. The spectroscopic factors for the deute®jp, and Furthermore, we assume that the subproge§s-(NN),

the singlet deuteron, including diprotdﬁgd* _are taken here dominates in the upper vertex of the diagram in Fig. 2 and

h _oh . ' that the amplitudgN— (NN)¢ 7 is negligible. This is true
to bespd_spd*_l'S’ in accordance with Ref13,16 in the A region, as was shown recenfl§7]. With this ap-

‘We should note that due to the presence of the Kroneckes, yimation the following relation between the amplitudes of
d in Egs. (2) and(3), the singlet amplitudeM 4« and M, the processepd* — 3He° and p(pp)<— SHex* follows
contribute only to the spin-independent part of the OPE amy, ., isospin invariance:

plitude of the reactiomp *He— 3Hep. At the same time, the
spin-dependent part is given by the spin-triplet amplititie

alone. Because of this specific structure, there is no interfer-
ence between the triplet and singlet amplitudes in the spin-

2 . . .pe
averaged sumMg+Mgx+Mpp|°. This feature simplifies after that the factorC, is basically given by the Clebsch-
the theoretical analysis of the unpolarized cross section sigsordan coefficients at the vertices of the spectator diagram
nificantly. Thus, we find that the total spin averaged OPE Fig. 2 and in the OPE diagrams in Figgbi-1(d). We
amplitude of thep *He backward elastic scattering has thefing that there is a constructive interference between the sin-

M5 By i G Kp
T Ao Thn (10)

form glet amplitudesM g andM ,, and that the facto€, in Egs.
_ (8) and (9) equals®. Thus, the contributions of the singlet
|MMIQ ey rhokp|2= K |2 |GdTg’“h 3 Mpyk|2 deuteron and the diproton are significantly larger than those

of the deuteron. Since the singlet and triplet form factors are
1 o , related numerically bz®" ~1.5G¢ in the kinematical region
+ §|Gd*(Tdf' P+ ZT::',;'#"HZ . (0 under discussioficf. Ref.[13]), we get a total enhancement
of about 12 in thep *He— 3Hep cross section due to the

Since there is no interference term between singlet angontribution of the singlelN pairs. Note that we use E(8)
triplet NN pairs, it is convenient to introduce the following With the factorC,=25/3 also at energies above 1 GeV. Due

relation for the squared singlet and triplet amplitudes of thd® the poor knowledge of the mechanism of the reaction
processe®(NN) — 3He pd— *Hew at these energies, however, this has to be con-
' sidered as a purely phenomenological prescription.
1 . " , In order to explore the reliability of the assumptions and
§|T§f e 2T 0 "P[2=Cy| T “eh2, (8)  approximations discussed above, we performed also a direct
calculation of the terniTgx +2T,,|? in the left hand side of
Of course, in general, the fact@y is a complicated function Eq. (8). It was done in collinear kinematics in the region of
depending on the energy and the transferred momentuni,=0.3—0.8 GeV on the basis of the spectator diagram
However, for the spectator modéFig. 2) we can obtain a (Fig. 2) with the intermediate deuteron, taking into account
reasonable estimate of this factor on the basis of isospin rehe S and D-wave components of théHe-d overlap inte-
lations only. We can then use E@®) in order to express the gral. For thepp—d 7+ amplitude we employed the param-
singlet contribution in terms of the experimental cross secetrization given in Ref[18]. As an estimation, for the inter-
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nal wave function ofd*, we used the separable tegm(r) 107 e T T T T T T T T
of the 1S, component of the RSC trinucleon wave function
from Ref.[19] and, for comparison, th&wave component

~~
[
(%]

\

Fe)

of the RSC deuteron wave function. In both cases the ob< '° p°He — *Hep
tained results for the cross section at 0.3—0.8 GeV coincidé3 Ocm=180°

with the present estimation based on E@.and(9) within } 108
~30%. At last, the total cross section of the reaction™®
7" 3He—(pp)p in the final state interaction region mea-
sured in Ref.[14] at kinetic energy of pion 37 MeVyg
=2.4+0.7 mb, is comparable with that for the reaction
7°3He—dp,0=1.3 mb, recalculated here from thed 103
—3Hen° data[20] for the corresponding proton beam en-
ergy T,=262 MeV. The ratio of these cross sections
(" 3He— (pp)p)/ o(7° *He—dp) is in agreement with
the value 2/(2J4+1)=3%, expected within the spectator
mechanism, where the factor 4 in the numerator is the 10
squared isospin factor 2 from E@.0), and the factor 3 in the
denominator is the spin-statistical factor for the final deu-
teron.

The result above implies that, within this approximation,
the total contribution of the triplet and singI&N pairs can L S oy Sy B e MO - R
be taken into account by variation of the effective spectro- T, ( MeV)
scopic factor of the deuteron itHe, Sgdwsgd(lJr 1.5C).

In the numerical calculation we use the parametrizations FIG. 3. c.m.s. cross section of elasfic’He scattering at the
from Ref.[13] for the 3He-d and 3Hed* overlap integrals scattering angl@.,= 180° as a function of the kinetic energy of the
[16] obtained for the UrbandIN potential. We have found Proton beam. Calculations on the basis of the OPE model for the
that the final result is almost the same when the RSC paranfleuteron in the intermediate state and without distortions are shown
etrization from Ref[3] is used. The experimental cross sec-Py thin solid line (for A;=1.3 GeVk) and dashed line A ;
tion of the reactiorpd— 3He #° for the backward scattered :2'25(;2\3/\/2‘?5' s(k?cf)wEn E;OZZ sﬁggtlggttg(;/'?t;odt:tBii?orfi%% ;\nva
gltcé?/s\ (0(i:r[lnt_hjé8r?1 ())nlgpt;l;e]{(l)::r? rgi?(]).r ';?rt:]:eNcl\llj t\?efzfrtz?(rsvrg- thick solid Iines(inclgding _distortionb; The r_esult for the nondis.-
ConSidTrer values in the range f =0.65-1.3 GeV¢. The torted.ST cross section with CD Bonn is given by the dotted line.
T : : Experimental data are from Refgl0] (O), [26] (filled squareg,
onver C_ase,A,T=0.6_5 GeVE, corrgsponds t0+ the value ob- [27] (open squane [28] (e), and[29] (filled triangle.
tained in an analysis of the reactipp—pn=™ at 0.8 GeV
performed in thew+p exchange model21]. The upper
case A =1.3 GeVk, is the value used in the full BorldN  Step mechanisrfi23]. It can be shown that for the two-step
model[22]. mechanism there is also an enhancement ofithe¢ p con-
tribution in theA-isobar region but, in contrast to the spec-
tator mechanism, its energy dependence is strongly affected
I1l. NUMERICAL RESULTS AND DISCUSSION by the off-shell behavior of therN scattering amplitude and
i . not considered here.

The results of our calculation are shown in Fig. 3. One  1ning back to the pure two-nucleon transfer mechanism

can see that the OPE model with the deuteron yields a réq1_3), we should note that the three-nucleon bound-state

sona_\ble description of the energy dependence pf the crogs,ye function[4] based on the Reid RSC potential most
section forT,=0.4-1.5 GeV, although_|t ur]derestlmates thelikely contains too large high-momentum components as
magnitude. The calculated cross section is smaller than th@ompared to moderhN potentials. In order to corroborate
experiment by a factor of around 3-3.5 fOoA.  hai e show here, in the framework of tBavave formal-
=0.65 GeVt, and by about 1.5-2.5 foh ;=13 GeVE,  ism of Ref.[3], that for the trinucleon wave functiof24]
d_ependlng on the beam energy. After_ the contrlbut_lons of th§ased on the CD BoniN interaction[25] the ST cross
singlet deuterord® and of tgepp pair are taken into ac-  gection afl,>0.5 GeV is by a factor of 30 smaller than for
count, the cross section fgr’He— “Hep is overestimated he RSC. Nevertheless, the predicted cross section is still
at T,>03GeV by a factor of 25-4(for A:  comparable with the experimental dataTgt>0.9 GeV(Fig.
=0.65 GeVk) and 5-10(for A;=1.3 GeVk), respec- 41 QOne can see from Fig. 3, that the ST mechanism is very
tively. The distortion factoD(T,) reduces the OPE cross important at beam energies,=0.9-1.5 GeV and it defi-
section of the reactiop *He— 3Hep by one order of mag- nitely dominates at low T1,<0.3 GeV) and high T,
nitude(thick solid ling and brings it in qualitative agreement

with the data. The discrepancy with the data in the region of ———

the first shoulder,T;=0.3-0.6 GeV, can be attributed to ‘inclusion of theD waves will lead to an additional increase of the
others terms in th@d* — 3He=° amplitude, like the two- calculated cross sectidisee Ref[2]).

104

102
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tator mechanism of the reactiond* — *He#° is by one
order of magnitude larger than the one of the deuteron.

(iii) The enhancement of the OPE cross section after in-
clusion of the contribution of the singlet deuteron is, how-
ever, almost completely counterbalanced by the reduction
caused by distortions in the initial and final states.

Therefore, the first shoulder in the®He— 3Hep cross
section at 0.4—0.6 GeV is caused mainly by the OPE mecha-
nism with the singleNN(1S,) pairs. A measurement of spin
observables, planned at the RCNP in Osf&@], can give
additional information here because, in contrast to the
term, thed* and pp terms contribute only to the spin-
independent part of the OPE amplitude of the reaction
p 3He— 3Hep and, consequently, could have a strong influ-
ence on the spin-spin correlation paramelgr, . The origin
of the second shoulder at 0.9-1.3 GeV is less clear. A sig-
nificant part of this cross section is produced by the ST
mechanism[1-3]. Using the CD Bonn wave function for
3He instead of the one based on the RSC potential decreases
the contribution of the ST mechanism. Nevertheless, this
. does not change the main conclusion of R8f, namely, that

T, (GeV) the significance of the contribution from this mechanism for
energiesT,>1 GeV allows one to probe specifically the

FIG. 4. c.m.s. cross section of elasfic*He scattering at the high-momentum components of théHe wave function.
scattering anglé.,= 180° as a function of the kinetic energy of the However, the connection between the observables and the
proton beam. The theoretical curves show results of calculations fofigh-momentum structure of théHe wave function be-
the ST mechanism in the Born approximation and with differentcomes much less transparent because of the large contribu-
°He wave functions: Reid RS@lashed ling CD Bonn (dotted.  tion of the OPE mechanism and the uncertainties connected
The ST cross section for the CD Bonn wave function with distor-yq its d* contribution in this region. Future progress in the
ti_ons tgken into account is shown by_thick _solid line. Note that theanalysis of the role of intermediate pions in the reaction
distortion factor fqr '_[he ST mechamsm differs from the one forpsHe—> 3Hep requires the clarification of the mechanism
OPE. Same description of data as in Fig. 3. f 3 0 : . .

or the subprocespd— °“Hes~, in particular at energies
_ _ _ T,>1 GeV. In addition, it is desirable to take into account
>1.5 GeV) energies. A dominant role of the singletthat this subprocess is off-shell piPHe— 3Hep and also to

NN(*S,) pairs in *He, as reflected in the ST and OPE consider theNN continuum in the virtual subprocesses
mechanisms of the *He backward elastic scattering, prob- p(NN), ,—3He 7.

ably, can be connected to thpp correlations in the

3He(e,e’pp)n reaction recently observed in R¢81].
Summarizing our results, we can conclude the following.
(i) The OPE mechanism in the plane wave approximation We would like to thank D. Gotta and C. Wilkin for fruitful

with the subprocespd— 3He #° describes well the energy comments and suggestions. One of(¥&.N.U.) gratefully

dependence of the *He— 3Hep cross section, but underes- acknowledges the warm hospitality at the IKP-Theory of the

timates its absolute value by a factor of 2—3.5, depending oforschungszentrum lich. This work was supported in part

the cutoff mass used in the form factor at thdlN vertex. by the Heisenberg-Landau Program of the BMBF
(ii) The contribution of the singlet deuteron for the spec-(Germany—JINR (Russia agreement.
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