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Abstract

› X™3 Ž .The A -asymmetries of the He e,e p pn reaction have been calculated using different models of the NN-interactionx, z

which provide analytic representation of the solutions of the Faddeev equations. Strong sensitivity to the mixed symmetry
components was discovered at P ;20y60 MeVrc. In the quasi-elastic region at P ;0 a large asymmetry is found to ber r

model-independent and arises from the FSI of the spectator nucleons. q 1998 Elsevier Science B.V. All rights reserved.
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Recently the possibility of examining the 3He
› X™3Ž . Ž .wave function WF in He e,e p pn reaction was

w xshown 1 . However, the sensitivity of A -asymme-x , z
Ž X.tries to the mixed symmetry component S and

their dependence upon the models of strong interac-
tion was not investigated. Also, it is not evident why

w xsuch a large asymmetry was obtained in 1 at low
Ž . Ž . Ž w x.and zero recoil momenta P see Fig. 3 in 1 ,r

Ž .without final state interactions FSI . Since the pro-
Ž .tons in the main full symmetric configuration S are

‘‘not polarized’’, the PWIA-asymmetry should be
Ž .very close to zero at low P see below .r

In this letter we will show that the large asymme-
try at low P arises due to FSI inside spectatorr

pn-pair. Moreover, this asymmetry at P ;0 isr

model-independent and may be used for the calibra-
tion of the measurements. Also we will investigate

the sensitivity of asymmetries to the mixed symme-
try components and different nuclear models, for
which solutions of Faddeev equations with different
NN-potentials will be used.

The S-state part of the three-body wave function
Ž . w xWF may be represented 2 as:

C
3He syC sj a qC

X
j

XX yC
XX
j

X . 1Ž .Ž . Syw aÕ e

Here C s is the fully symmetric space S-wave com-
ponent, accounting for ;90% of WF 2. C

X, C
XX are

the space SX-components with mixed symmetry,
which indicate the deviation from the full symmetry
state due to spin-momentum correlations and account
for ;2% of the WF 2. The spin-isospin pieces of the
WF are the fully antisymmetric j a and the mixed
symmetry j

X, j
XX configurations. The SX-components

.are intriguing objects: i their probability is strongly
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w x y2.1 .Xcorrelated with binding energy 3 as P ;E ; iiS B
. 3they do not exist for the deuteron; iii for He they

w x 4
Xhave 2 P ;1y2%, while for He we can expectS

Ž .Xtheir strong suppression P -0.1% due to theS

higher binding energies.
In addition to S- and SX-components, the 3He WF

contains P- and D-waves. The P-state probabilities
w x Ž .are extremely small 2 ;0.1% and we will not

discuss them here. Various D-wave components with
w xa total probability estimated 2 at P ;8% arise dueD

to the tensor part of the NN-forces and become
Ž w x.important only at high P see, for instance, 1,4,5 .r

Ž X .For the e,e p channel in quasi-elastic kinemat-
Ž 2 2 .1r2 Žics: n;e q m qq ym m is nucleon mass,3

Ž .qs n ,q is 4-momentum of the photon and e is3
.the binding energy proton-pole diagrams with either

singlet or triplet spectator pn-pairs will dominate at
low P . Their amplitudes are determined by twor

vertices G of the 3He break up with pn-pairs int, s
Ž3 � 4 . Ž3the triplet He™pq pn and singlet He™pqt

� 4 . w xpn spin states 4 :s

XX XXs s' 'G s C yC r 2 ; G sy C qC r 2 .Ž . Ž .t s

2Ž .
Thus, it is only owing to the SX-component that the

Ž .vertices 2 are not the same.
For the main S-configuration the amplitude for

production of a singlet pn-spectator pair corresponds
to absorption of the photon by a proton whose spin is
oriented opposite to the nuclear spin direction, while
for the amplitude with a triplet spectator pn-pair
another proton with its spin along the nuclear one
will absorb the virtual photons. In PWIA the squares

Ž 3 .of these amplitudes for polarized He will have the
same magnitude, but opposite signs. As a result,

› X™3 Ž .PWIA asymmetries of the He e,e p pn reaction
calculated on the basis of only full symmetric con-
figuration will be equal to zero. This reflects the fact
that the protons in the S-configuration of 3He WF
are ‘‘not polarized’’. So, at low P the asymmetriesr

in PWIA may arise only due to SX-component and
we can expect their strong sensitivity to the mixed
symmetry configuration. However, the magnitudes
of A should be very small, since the admixture ofx , z

SX is not more than 2%.
3 � 4Using the explicit form of the He™pq pn s, t

w x 3vertices 4 with polarized He, nuclear electromag-
Ž .netic EM currents of the proton-pole diagrams with

Ž Ž0.. Ž Ž1..singlet J and triplet J spectator pn-pairsm m

Ž .may be represented without re-scattering :

X XŽ1.J sG U p F p qm g qp r2m g U TŽ . Ž . Ž . Ž .ˆm t m a a 5 S

T= U p g yk r2m CU n , 3Ž . Ž . Ž . Ž .1 a a

XŽ0.J sG U p F p qm U TŽ . Ž . Ž .ˆm s m S

T= U p g CU n . 4Ž . Ž . Ž .1 5

XŽ .Here p p is the momentum of the observed proton
Ž .before after photoabsorption; T and S are the target

momentum and spin vectors while p and n are the1

momenta of the un-observed proton and neutron:
qqTspqp qn. The center of mass and relative1

momenta of the spectator pn-pair have the form:
Ž . ŽP sp qn, ks p yn r2 in the lab. frame P sr 1 1 r

X. Xyp . Furthermore, F is the g p p-vertex, g arem m ,5
Ž .4=4 Dirac matrices, psg p ; U p is a bi-spinorˆ m m

and C is the matrix of charge conjugation.
The EM tensor of ultra-relativistic polarized elec-

trons has the form:

l s l Ž0.qll ŽS . ;mn mn mn

l ŽS .s2 i´ q k ,mn mngd g 1d

l Ž0.s2 k k qk k qq2 gŽ .mn 1m 2n 2 m 1n mn

Ž .where k is the momentum of initial final elec-1Ž2.
Ž .tron, qsk yk , and ls1 y1 corresponds to the1 2

Ž .initial electron polarization along opposite to its
3-momentum.

Ž . Ž . Ž . Ž .Taking the squares of 3 , 4 , using SU T U TS S
ˆ ˆŽ .Ž . Žs TqM 1yg S and considering low P inT 5 r

quasi-elastic kinematics the relative momenta k will
32 2 .be small too: k ; P yP q , and neglecting ther r4

Ž .3 Ž .3terms of order P rm , krm , we get a factorizedr

equation for the asymmetry of the exclusive
› X™3 Ž .He e,e p pn reaction:

™™e p 2Ask P =A S,q ,n . 5Ž . Ž .Ž .p r

™™e p 2Ž .Here A S,q ,n has the meaning of the ‘‘quasi-free
proton asymmetry’’:

™™e p 2A S,q ,nŽ .
XŽS . ˆl Sp p qm Sg F pqm FŽ . Ž .ˆ ˆ½ 5mn 5 n m

s , 6Ž .
XŽ0.l Sp p qm F pqm FŽ . Ž .ˆ ˆ½ 5mn n m
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Ž .while k P may be called the ‘‘effective protonp r ›3polarization’’ in He:

k P s G2 yG2 r G2 q3G2 . 7Ž . Ž .� 4 � 4p r s t s t

Ž . Ž .Substituting 2 into 7 , we see the quasi-elastic
› X™3 Ž .PWIA asymmetry of the He e,e p pn reaction are

proportional to the admixture of the mixed symmetry
configuration:

k P ;C
XXrC s

<1. 8Ž . Ž .p r PWIA

The exact ‘‘covariant PWIA’’ calculations of the
asymmetry are given in Fig. 1 by the dashed-dotted

Ž .curves 1 and 2 for the Reid Soft Core RSC and the
Ž .Yamaguchi-Tabakin Y-T potential, respectively.

Without SX-components all PWIA calculations are
equal to zero. So, the PWIA asymmetry is very

X Žsensitive to S -components, but its small value 1y
. Ž .3% reflects insignificant ‘‘proton polarization’’ 8 .
Now let us examine what transpires when FSI is

taken into account. At low P and high q the majorr

FSI will be between the spectator nucleons, since
their relative momenta k will be small due to en-
ergy-momentum conservation, while the relative mo-

Ž < < < <.mentum of the struck proton p ; q with respect

to the spectator pn-pair will be large enough, so that
Ž w xtheir interaction may be neglected at least 1 at

.P -0.2 GeVrc . Thus, accounting for the FSI in ther
3 � 4spectator pn-pairs of the He™pq pn verticess, t

in this particular case simply corresponds to replac-
Ž .ing the functions G in Eq. 7 by the re-normalizeds, t

w x Žq.4 ones G , including additionally the loops withs, t
Ž X .half-off-shell amplitudes f k ,k, E of the elastics, t k

pn-scattering in the 1S - and 3S -states:0 1

GŽq. P ,kŽ .s , t

1 f kX ,k , EŽ .s , t kX X3s d k d kyk qŽ .H 2 X 2½ 522p k yk y ie

=G P ,kX , 9Ž . Ž .s , t

Ž < < .First let us consider P ;0 which means k ;0 .r
w xIn this case the Migdal-Watson approximation 6 for

the FSI of spectator nucleons will be available and
the ‘‘re-normalized’’ vertex GŽq. has the factorizeds, t

Žq .Ž . Ž . Ž 2 .form: G P , k s G P , k = D k withs, t s, t s, t
Ž 2 . Ž 2 s, t.y1D k ; k rm q e for the ‘‘scatterings, t 0

Ž sŽ t . Ž .length’’ approximation e is the virtual real0
Ž . .level in the singlet triplet pn-pair . As a result of

› X™3 Ž . Ž . ŽFig. 1. The A -asymmetry of the He e,e p pn reaction for the Raid Soft Core potential curves 1 and the Yamaguchi-Tabakin one curvesx
. < < Ž .2 in the collinear kinematics at E s0.88 GeVrc and q s0.4 GeVrc as a function of P . Solid dashed curves reflect total calculationse r

X Ž .with SqS S configurations.
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the strong differences of the singlet and the triplet
pn-interaction at low energies, the main contributions

Ž .in the numerator and denominator of Eq. 7 will be
from C s, which will be cancelled in the ratio. So,
due to the FSI between spectator nucleons the effec-
tive ‘‘proton polarization’’ will be very close to 1
Ž s t .e re <1 at P ;0 and it will not depend upon0 0 r

the 3He structure:

k P ™0 ;1y4e sre t . 10Ž . Ž .p r 0 0PWIAqFSI

Ž . Ž . Ž .According to Eqs. 5 , 6 , 10 , quasi-elastic asym-
Žmetries at P s0 will be rather large very close tor

.the asymmetries on the free polarized proton , and
practically model-independent. Thus, the polarized
3 Ž .He-target is a simple polarized proton target 10 if

› X™3 Ž . w xP ™0, the same as for the He e,e p d reaction 5 ,r

except that the sign of A in the three-body chan-x , z

nel will be opposite. So, the asymmetry near zero
recoil momentum may be used for the calibration of
measurements. With increasing P the relative mo-r

< < Ž .mentum k will quickly increase and exact Eq. 9
Ž .should be used in 7 .

Ž .The asymmetry calculated according to Eqs. 3 ,
Ž . X4 on the basis of SqS components with exact

Ž .accounting of FSI inside spectator system via Eq. 9
Ž .is shown in Fig. 1 for the RSC Y-T potential by the

Ž .solid curve 1 2 , while the same calculation, but on

the basis of only the S-component, are given by the
Ž .dashed curve 1 2 . The same NN-potentials were

used to calculate the half-off-shell pn-amplitudes in
Ž .9 , as were used in the Faddeev equations for the
bound-state vertices. We see that at P s0 there isr

no sensitivity of A to the mixed symmetry compo-x

nents nor to the choice of NN-potentials. At P s20r

y60 MeVrc the differences of 1S y3S FSI and0 1

the contribution of SX-components become compara-
ble and their interference decreases the asymmetry
considerably. It is interesting that at P -60 MeVrcr

asymmetries calculated without SX for different po-
Ž .tentials RSC and Y-T practically coincide. This

means that the Migdal-Watson factorization is valid
for GŽq. up to P ;60 MeVrc. Then the nuclears, t r

Ž .structure will be cancelled in the ratio for k Pp r

when neglecting the SX-components, and the asym-
metry is determined only by the low-energy be-
haviour of the singletrtriplet pn-interaction, which
is the same for any realistic potentials. The presence
of mixed symmetry components prevents the nuclear
structure cancellation and changes results for various
potentials in different amounts. The A -asymmetryz

has the same shape and sensitivity to SX but a factor
of two smaller magnitude and we will not show it
here.

In Fig. 2 the same calculations of the asymmetry

< <Fig. 2. The same like in Fig. 1, but as a function of q at P s0.04 GeVrc.r
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at P s40 MeVrc are plotted against the 3-momen-r
< <tum transfer q . There is a strong sensitivity of Ax

X < <to the S -component, which increases with q , while
the asymmetry does not depend upon the model of
the full symmetric configuration, when neglecting
the SX-component.

The comparison of the exact calculations with the
corresponding results obtained on the basis of the

Ž .factorized form 5 shows that they deffer by about
of 1% at P -100 MeVrc and can not be distin-r

guished in Fig. 1,2. So, simple analytical, factorized
Ž .representation 5 of the asymmetry in terms of the

Ž .‘‘quasi-free proton asymmetry’’ 6 and ‘‘effective
Ž .proton polarization’’ 7 , together with vertex re-nor-

Ž .malization 9 , is a good approximation in the quasi-
< <elastic region at high q and small P .r

To summarize, the A -asymmetries in collinearx , z
Ž X .kinematics of the three-body e,e p break up of the

polarized 3He-target by polarized electrons appear to
be very sensitive to the mixed symmetry component
at P ;20y60 MeVrc. In addition, the dependencer

of the asymmetry on the SX-component admixture
strongly increases with increasing momentum trans-
fer, while the calculations without SX are model
independent at P -60 MeVrc. A large asymmetryr› X™3 Ž .of the He e,e p pn reaction at P ;0 arises onlyr

Ž .due to the FSI of spectator nucleons: i its value is
determined by only the difference of the low energy

Ž .singletrtriplet pn-interaction, and ii it does not
depend on the nuclear structure. The asymmetry is
model-independent near zero recoil momentum and
its value may be used for the calibration of measure-
ments. Finally, a factorized form of the asymmetry

› X™3 Ž .for He e,e p pn reaction in the quasi-elastic region
was obtained.
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