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Backward elastic p-3He scattering and high momentum components of the3He wave function
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Laboratory of Nuclear Problems, Joint Institute for Nuclear Research, Dubna, Moscow region 141980, Russia

~Received 2 April 1998!

It is shown that because of a dominance ofnp-pair transfer mechanisms of backward elasticp-3He scat-
tering for incident proton kinetic energiesTp.1 GeV the cross section of this process is defined mainly by the
values of the Faddeev component of the wave function of the3He nucleus,w23(q23,p1), at high relative
momenta q23.0.6 GeV/c of the NN pair in the 1S0 state and at low spectator momentap1;0
20.2 GeV/c. @S0556-2813~98!50907-7#

PACS number~s!: 25.10.1s, 25.40.Cm, 21.45.1v
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The cross section of backward elasticp-3He scattering at
the kinetic energy of incident protonTp.1 GeV displays
three remarkable peculiarities@1,2#: ~i! In the Born approxi-
mation only one mechanism of the processp-3He→3Hep
dominates, it is the so-called sequential transfer~ST! of the
noninteractingnp pair. The contribution from the mecha
nisms of nonsequentional transfer~NST!, interactingnp-pair
transfer ~IPT! and deuteron exchange is negligible. T
heavy particle stripping mechanism was also investigate
Refs. @3–5# and found to be important at back angles f
Tp<0.6 GeV. However the phenomenological3He wave
functions restricted to the two-body configuration, whi
does not permit ST mechanisms, were used in that anal
~ii ! The most important role in the Faddeev wave funct
w23(q23,p1) of 3He plays the channel with the orbital mo
mentumL50, spinS50, isotopic spinT51 of two nucleons
with numbers 2 and 3 and the orbital momentuml 50 of
nucleon spectators with number 1~it corresponds ton51 in
the notation of Ref.@6#!. If this channel is excluded from th
full wave functionC5w231w311w12, the cross section falls
by several orders of magnitude.~iii ! Rescatterings in the ini
tial and final states decrease the cross section atuc.m.

5180° considerably in comparison with the Born appro
mation and make it agree satisfactorily with the availa
experimental data@7# for Tp.0.9 GeV.

Because of this evident connection between the struc
of the3He nucleus and the dominating mechanism one
hope to obtain information about high momentum comp
nents of the3He wave function from the cross section of th
p-3He→ 3Hep process. However, in Refs.@1,2# it was men-
tioned that theD components of the3He wave function are
of surprisingly minor importance in the process under d
cussion atTp.1 GeV. Moreover, relativistic effects est
mated in Ref.@2# at Tp;1 GeV by means of substituting th
relativistic arguments into the3He wave function instead o
the nonrelativistic ones give rather small contributions to
cross section. For this reason, in Refs.@1,2# it was concluded
that the sensitivity of thep-3He→ 3Hep cross section to the
high momentum components of the3He wave function is
rather weak in spite of high momenta transferred atTp

.1 GeV. Moreover, as was found in@7#, the role of the
triangular diagram of one-pion exchange~OPE! with the
subprocesspd→ 3Hep0 related to the D- and double
PRC 580556-2813/98/58~1!/36~4!/$15.00
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D-excitation is in qualitative agreement with the absolu
value of the experimental cross section atTp.0.5 GeV.

In the present work it is shown that the absolute value
the p-3He→ 3Hep cross section atuc.m.5180° and Tp
.1 GeV is directly related to the high momentum comp
nents of the FaddeevS-wave function of3He, w23(q23,p1),
respecting the relative momentumq23 whereas rather low
values of the ‘‘spectator’’ momentump1 are involved in the
amplitude of this process. It is shown also, that because
rescatterings in the initial and final states the contribution
the OPE mechanism is one order of magnitude lower in co
parison with the experimental data.

In the Born approximation the amplitude of transfer
two nucleons with numbers 2 and 3 in the process
1$123%→11$023% ~et id. p-3He→3Hep) can be written as
@1,2#

TB56~2p!23E d3q23L23~q23,p1!xp8
1

~1!

3$w f
231

~0;23!w i
31~2;31!1w f

021

~3;02!w i
31~2;31!

1w f
301

~2;30!w i
31~2;31!%xp~0!, ~1!

wherew i j (k; i j )5w i j (qi j ,pk) is the Faddeev component o
the wave function of the bound state$ i jk %, xp(xp8) is the
spin-isotopic spin wave function of the incident~final! pro-
ton; L235«1q23

2 /m13p1
2/4m, m is the nucleon mass,« is

the 3He binding energy. The subscriptsi and f in Eq. ~1!
refer to the initial and final nucleus, respectively. The ter

w f
231

w i
31, w f

021
w i

31, w f
301

w i
31 correspond to the IPT, ST, an

NST mechanisms, respectively. In the explicit form the
mechanism has the following structure of arguments:

w f
021

w i
315w f

021

~q0252 1
2 q232

3
4 Q0 ,p35q232

1
2 Q0!

3w i
31~q3152 1

2 q231
3
4 Q1 ,p252q232

1
2 Q1!,

~2!

whereQ0 (Q1) is the momentum of incident~final! proton in
the center-of-mass system~c.m.s! of the final~initial! nucleus
3He. As was noted in@2#, at the scattering angleuc.m.
5180° two of four momenta in Eq.~2! can simultaneously
become equal to zero at an integration overq23. On the
contrary, in the corresponding formulas for the IPT and N
R36 © 1998 The American Physical Society
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mechanisms only one argument can be equal to zero w
the other three have large values;uQ1u5uQ0u This makes
the ST term dominant in Eq.~1!. Indeed, the ST mechanism
takes place only if the channels with the isotopic spinT51
of the pair of nucleons$ i j % are included in the componen
w i j ( i j ;k) either in the initial or final state. It is the direc
consequence of the fact that the ST diagram either starts
or ends in thepp interaction. The3He wave function from
Ref. @6# contains only one such channel (n51), namely,
with the 1S0 state of theNN pair. In theS-wave approxima-
tion for the 3He wave function the cross section decreases
5–6 orders of magnitude forTp.1 GeV if the channeln
51 is excluded@8#. The channels withn5” 1 corresponding

FIG. 1. The square of functionsw1(q), x1(q) from Ref. @13#,
the S component of the deuteron wave functionu(q) from Ref.

@14#, and functionsw̃1(q) andx̃1(q) defined in the text.~a! curve 1:

w1
2(q); curve 2:u2(q); curve 3:w̃1

2(q). ~b! curve 1:x1
2(q); curve 2

x̃1
2(q).
ile

ith

y

to the isotopic spinT50 of theNN pair ~in particular, theD
components! can enter the ST amplitude only in combinatio
with the channeln51. For this reason the role of those cha
nels is not so significant.

An obvious modification of formalism of the triangula
OPE diagram from Refs.@9,10# is used here for the OPE
amplitude. The cross section of thep-3He→ 3Hep process is
expressed through the cross section of the reactionpd
→ 3Hep0, which is taken here from the experimental da
@11#. The overlap integral of3He and deuteron wave func
tions, ^3Heud,p&, is taken from@12#. Rescatterings in the
initial and final states for the OPE mechanism are taken h
in the line of work@2# on the basis of the Glauber-Sitenk
approximation.

Numerical calculations for thenp-pair transfer mecha-
nism are performed here on the basis of the formalism
scribed in@1,2# using the3He wave function obtained in Ref
@6# from the solution of Faddeev equations in momentu
space for the Reid soft core~RSC! interaction potential be-
tween nucleons in the1S0 and 3S1- 3D1 states. The sepa
rable analytical parametrization for the3He wave function is
used here which has the following form in terms of the n
tation @13#:

fn5nnwn~q23!xn~p1!. ~3!

The square of the functionswn(q),xn(q) and theS compo-
nent of the deuteron wave function,u(q), for the RSC po-

FIG. 2. The differential cross section ofp-3He elastic scattering
at uc.m.5180° as a function of incident proton kinetic energyTp .
Curves 1–4 show the results of calculations in the Born appro
mation for amplitude in Eq.~1!: curve 1: with the3He wave func-

tion from @13#; curve 2: withw̃1(q23) instead ofw1(q23); curve 3:

with x̃1(p1) instead ofx1(p1); curve 4: with the deuteron w.f
u(q23) instead ofw1(q23) and w2(q23). The results obtained with
the allowance for rescatterings in the initial and final states
shown by curves 5 and 6: curve 5: thenp-transfer mechanism with
the 3He wave function from@13#; curve 6: OPE. The experimenta
points are taken from Ref.@7#.
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tential @14# are shown in Fig. 1. The calculated differenti
cross section is shown in Fig. 2 in comparison with the
perimental data@7#.

The numerical results demonstrate the following imp
tant features of the process in question. First, the ST me
nism involves the high momentum components of the fu
tions wn(q23) for the S-wave states. The3He wave function
in the channel n51 is probed at high momentaq23

.0.6 GeV when the cross section is measured atTp

.1 GeV. To show it, in Fig. 1~a! we present a part of the

function w1(q23), denoted asw̃1 , which coincides with
w1(q23) for q23.0.6 GeV/c and differs considerably from i
for smaller momentaq23,0.5 GeV/c. In Fig. 1~b! we also

show a part of the functionx1(p1), denoted asx̃1 , which is
very close to the total functionx1(p1) at small spectator
momenta p1;020.2 GeV/c and is negligible for p1

.0.2 GeV/c. The cross section calculated with these tw
parts instead of the full functionsw1 andx1 is shown in Fig.
2 by curves 2 and 3, respectively. One can see that th
curves are very close to the total result obtained with the
functionsw1(q23) and x1(p1). In contrast, it can be show
that the cross section calculated with the complemen
parts w12w̃1 and x12x̃1 is 5–6 orders of magnitude
smaller.

Second, the above result also displays that the ST me
nism involves rather low ‘‘spectator’’ momentap1;0
20.2 GeV/c in the function xn(p1), which makes this
mechanism dominant. The qualitative explanation for th
results follows. One can find from Eq.~2!, that for Q1
52Q0 ~et id. uc.m.5180°) the equationsq315q02 and p2
52p3 are satisfied. Consequently, the main contribution
the integral overdq23 in Eq. ~1! gives the regionup2u5up3u
;0, in which uq31u5uq02u;Q1 . On the contrary, the region
of uq31u5uq02u;0 corresponds toup2u5up3u;2Q1 and plays
an insignificant role since forTp.1 GeV the momentumQ1
is large,Q1.0.6 GeV.1

Third, we have found numerically, that the contribution
the OPE mechanism without taking into account rescat
ings is in agreement with the experimental data atTp
50.5– 1.3 GeV, but is by a factor;20– 30 smaller in com-

1The replacement of the nonrelativistic momentaQ1
nr5Q0

nr by the
relativistic onesQ1

rel5Q0
rel ~whereQrel,Qnr) practically does not

change the ST cross section at energiesTp50.4– 1.2 GeV as was
found in @2#. However, for energiesTp.1 GeV such a replacemen
becomes important and increases the cross section. Therefore
complete future analysis of this process one should take into
count relativistic effects in a consistent way.
.
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parison with the ST contribution in the Born approximatio
for Tp.0.8 GeV. After the allowance for rescatterings in t
initial and final states the contribution of the OPE mech
nism decreases by one order of magnitude and becomes
siderably lower than the experimental data~Fig. 2!. Prob-
ably, the cross section of thep-3He→ 3Hep process forTp
,1 GeV is defined mainly by the multisteppN-scattering
mechanisms discussed in Refs.@15,16# and heavy-particle
stripping mechanism@3–5# also. We stress that the high mo
mentum components of the functionswn in Eq. ~3! play the
most important role in the competition between the OPE a
ST mechanisms. One can see from Fig. 1~a!, that the high
momentum component in the functionw1(q) is richer in
comparison with the deuteron wave functionu(q), espe-
cially for q.0.5 GeV/c. Actually, when substituting theS
component of the deuteron wave functionu(q) into Eq. ~3!
instead of the functionwn(q23) for n51 and 2 one finds the
np-transfer cross section decreasing by a factor of;40
~curve 4 in Fig. 2! and becoming comparable in absolu
value with the OPE contribution in the Born approximatio
Note in this connection that in thepd→dp process the con-
tribution of the neutron exchange mechanism in the B
approximaion is not dominating@17# for Tp.1 GeV and
comparable with the OPE mechanism@10,18#.

As an additional test of thenp-transfer mechanism the
spin-spin correlation parameterS is calculated here for the
process with a polarized incident proton and a nucleus. T
parameter is defined as

S5
ds~↑↑ !/dV2ds~↑↓ !/dV

ds~↑↑ !/dV1ds~↑↓ !/dV
, ~4!

whereds(↑↑)/dV and ds(↑↓)/dV are the cross section
for parallel and antiparallel spins of colliding particles, r
spectively. The numerical calculations with allowance f
two channelsn51 andn52 in the 3He wave function show
that at uc.m.5180° and Tp;122.5 GeV the valueS is
;0.120.15 independently of the initial energy.

In conclusion, the remarkable sensitivity of the cross s
tion of backward elasticp-3He scattering to the high mo
mentum components of the3He wave function in theS-wave
channel is found for energies above 1 GeV. The domina
of nucleon degrees of freedom is demonstrated. Since
mechanism of thenp-pair transfer describes the available e
perimental data in the interval of incident energies 0.9–
GeV satisfactorily, there is a reason to measure the c
section at higher energies in order to enlighten the validity
phenomenologicalNN potentials in describing the structur
of lightest nuclei at high relative momenta of nucleons.

This work was supported in part by the Russian Foun
tion for Basic Research~Grant No. 96-02-17215!.
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