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1. INTRODUCTION

Several representation of a 3N bound state WF have
been proposed to incorporate specific features, e.g. sym-
metry properties, inherent to the system. The WF de-
pending on Jacobi coordinates 0,7 or on relative mo-
menta P, q is expressed [1] in terms of functions and
spin-isospin states that belong to irreducible representa-
tions of symmetric group S;. Within approach [2] the
WEF is written as an operator acting on a 3N spin state.
The operator is constructed from the Jacobi vectors and
spin matrices with coefficients that are scalar functions
of the magnitudes |P |,|V| and the angle between them.

Recently, the representation of eight scalar func-
tions [2] in a form of partial wave decompositions in the
momentum space is obtained [3]. The partial-wave basis
is very useful [4,5] for getting numerical solutions of the
Faddeev equations and for computing the amplitudes of di-
verse processes that include 3N systems.

Studies of 3He two-body photodisintegration [6-8] at
energies both below and above the pion production thresh-
old have demonstrated that the corresponding amplitudes
can be calculated in momentum space not employing par-
tial wave decompositions but with the WF in vector vari-
ables. In [6-8] the plane wave approximation is adopted
and two-nucleon interaction currents are included.

In this paper we cast WF [6-8] into a simple func-
tional form that involves scalar functions of | p|, |q| and
plg. Representations for the WF that are analogous to
one proposed in [2] are derived and then employed in
analysis of the SDMDs. Some common peculiarities in
manifestation of the WF components with non-zero an-
gular orbital momenta in the SDMDs and the cross sec-
tion for y3He - pd are considered.

2. WAVE FUNCTION OF 3N BOUND STATE

Three-nucleon bound state |¥ )= [¥,1/2,m') with
total angular momentum [ = 1/2 and its projection on
the z- axis m' can be conveniently represented as a
superposition of spin states

9,0) = T sptm Yo" |SM) [/ 2 ), (1)

The eigenstates of the spin operator of the ith nucleon
squared s2(i) and S;(i) are |1/2m;);, where spin pro-
jection of the nucleon is 7;, = 1,2,3. The eigenvectors
of §2 and S, are |SM )23, where S = s(2)+ s(3).
The *He WFs used in [6-8] and in this paper
Y SMim(p,q; T) =

= (pal(sM12ml(T Y20 = 12,00 19 ). P

correspond to projections of the coefficients Y ,‘ZM’” =
:23,1<SM ,1/2m|¥ ;) on the eigenvectors of relative

momenta, and the isospin states |(T 1/2) 0 My >23,1,
where 7=0,1 stands for the isospin of nucleons 2 and 3,
0 =1/2,3/2 and Mp are the total isospin of the nucle-

us and its projection.
The sum over spin S in Eq. (1) can be transformed

in such a way as to eliminate state |1M >23

- 00 1M;
Vo7 T (W™ 3 Y0 11(23))[00),,[1/2m) . (3)
=1/2(0 (2)- 0 (3)), is used with this end. The Pauli vec-

tor in the spin space on nucleon i is 0 (i). For the co-

variant and contravariant cyclic components of vectors
and tensors we refer at [9].

With the aim to reduce the sum over 7 in Eq. (1)
we note w,i{"[’" = 23<SM‘L|J nrf'>
|qJ ,’n">: 1<1/2 m| Y m'> in the spin space of nucleons 2,3 as

|‘“;§7‘>: 8|V 00)* 3 ar{mlo M| m)|¥ 7). 4)
The shorthand notation (m|o | m')= (1/2mlo [1/2m") is
employed in Eq. (4) and below.

Taking advantage of Eqgs. (3) and (4) we write the
vector of thee-nucleon bound state (1) as

W)= ¥ [00)53]1/2m'),, (5)

and decompose vector

where operator Y = Ya-1...4¥) can be projected, like
y ,;ZM’", on the vectors |P ,i’> or |p, q> as well as on an

isospin basis.
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Expansion of |W m> over the 3N states with defined
values of the total spin I is commonly used. The opera-

tor ¢ |S=M=0),[1/2m), =
= |(§20,1/2)1=1/2,M; ) generates vectors with S = 0,
£=1/2 and S= 1, I =1/2,3/2.

g, =y 00

applied to

Terms oo and Lﬁzz ZMWOOIMJM(I)
produce components of |¥ ) with $= 0 and I =1/2.
The spin states created by Y 11 have M;s = m'. The
projections M5 and m' may differ from each other for
the components originating from ¥, with A = 2,3.4.
Spin states with S= 1 and I =1/2 or 3/2 spring
from ¥, with A =34, Similarly to ¥,-,, operator
Y, .5 isa convolution §y= Y ¥ M50 47(23) of the

. . . M
Pauli matrices and the quantity ¥ oo that transforms
under space rotations like a vector
Expansion of ¥ ;- includes spin matrices for nucle-

on with number 1 and for subsystem 2,3
Yoz Tane¥ Miaro M0 4 (23) ©)
coupled by a rank two tensor ¥ SMKM = 23<SM | Y km >
Since our calculations are performed with 3He WF in

the momentum representation, we consider the function
|¥ i (2,9)) = (P.q|¥ ) that depends on the reducible

tensor ¥ M ,(p.q) = (P4 23<SM|'~IJ xu)- The tensor

is to be constructed from the momenta p, q and scalar

functions ¢, = Dq, nisa
unit vector in the n - dlrectlon, V' labels the functions.
We project Eq. (5) on vectors < p-q | and express the

operators \ﬁv (p,q) in terms of the scalar functions em-

ploying the Cartesian basis. It is assumed that the 3N
bound state has positive parity.

First term in Y is the unit operator L|31(p,q) =Y.
For brevity we denote 0;=0 (i) and 0237 0(23).
Next two contributions include one spin operator

Va(p.a)= ¥Yop, )Ty, ¥3(p.g)= Y3(p,@)I 23
Pseudovectors ¥ (p,q) can be written as

Vilp.@)= ilpxqlyy, (A=23)
Eq' (6) yields Y 4(}7, Q): Z nn'qJ nn'(pa Q) (" (l) 0y (293)'

The function Y¥,»(P-9), where n.1'= X,¥.2, is
equivalent to tensor Y W{M'(PsQ)- It includes a part
that is proportional to the unit matrix, as well as anti-
symmetric and symmetric irreducible tensors

Yo (Poa) = e g+ W e OO (7)
The antisymmetric term on the r.h.s. of Eq. (7) reads

Vo (D@ = T €k ki Prr ¥ s-
Another three functions {/,
the aim to parametrize the symmetric tensor in (7)

are to be introduced with
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Thus, we arrive at representation of a 3N bound state
in the form of the spin operator Y (p,q) applied to the
spin state with S=0 for the pair of nucleons

Y (P.@)) = ¥ (p.q)[(0,1/2) 1/2,m) @®)
Eight independent functions ¢ (p,¢,¢;V) are to be de-
termined in order to build operator y (p,q) . Proper trans-
formation properties of the WF with respect to time reversal [I

are provided when all ¥ (,4,{;V) are real functions.
From the above expressions for ¥, (p,q) we obtain

V(pa)z ¥ 1+ ilpX )0 201+ Y 503)
40103t 010p03ipletqWstig)t (O
t010go30gYet p(-UstPs)).

The components of the WF

Y S (p,q) = (p,q|231(SM,1/2m|Y )
with S=0 depend upon two scalar ﬁmctlons

Y 9" (p.g)= B+ 1% Q1 mlo | my 5, (1)

The part of WF (10) with S=1 involves the other six

functions ‘/f (P q,$;v) with v = 3...8
Y 1 (p,g) = 6 i p% qIMY 3 3 ppe{m]o M |y
X @ a4t (Par g™ - qpp MW s+ (12)
toa PMU 6+ aur @™ 7+ (pap a™ + ay PM W B).
Eight complex components of WF (10) with SM=00, 11,

10, 1-1 and m,m'= £ 1/2 are expressed via Eqs. (11) and

(12) in terms of real scalar functions ¢ (2,¢.¢;V ), where
v = 1...8. Space inversion [ and time reversal [l results [6]

in Y SMm(p g)y= (= 1)StMemem'(y S Momg, gy

i.e., four complex components of WF (10) are independent.

(10)

3. SPIN-DEPENDENT MOMENTUM DISTRI-
BUTIONS OF NEUTRONS AND PROTONS

The density matrix [10,11] of a free nucleon that is
in the spin state coinciding with its spin state inside a nucle-
us is <1/2 ”~1|P (u ’m,)|1/2 m>= 0 i w(m, i ,m’),
U=11/2 s the projection of nucleon isospin and
w(m, fl ,m")= R(m,t ,m')/y e R(m'", [l ,m'"). The nuclear
matrix elements R(m,[,m’) = <L|J m | B, (1) B (1) |LIJ m’>

where

involve the spin and isospin projection operators £, (i) =
=1/2(14 2mo (i), and B ()= 1/2(1+ 241 (i), where
i is the nucleon number. Nucleon polarization is an inte-
gral quantity that is given by
P(p)= wim = 1/2,p,m")- w(m=-1/2,4,m").

In this paper we perform calculations with the WFs
for Reid soft core (RSC), Paris, Bonn, Argonne AV18
nucleon-nucleon potentials and AV18 in junction with

the Urbana IX model of 3N forces (UrbIX). The WFs
are constructed form the partial wave components

LPo,(l)(p,q) with ¢ = 1...5 from Ref. [12] in the case of
the RSC potential and ¥4 (p,q) with ¢ =1...34



from [4,13] for modern models of nuclear forces. The

sets of quantum numbers in (jJ)-coupling are marked by
a.

As seen from the table, the neutron polarization
P(y = -1/2)[090% that agrees with [10,11,14]. The pro-
ton polarization is negative and small. The values of
P() = £1/2) appear to be only weakly dependent on
model of nuclear forces.

Polarization of nucleons in 3He nucleus

ear fonees | PO=12) | Pa=+172)

AV18UrbIX 0.87 -0.026
AV18 0.88 —-0.023
Bonn 0.90 —0.020
Paris 0.88 -0.023
RSC 0.87 —-0.025

> ¢ ¢ ?
pe 09

(b) () (d)
(a) S=Mg=1, S=0orl, S=1,
S=0, 0=Mp=0 Mg=0, Mg = -1,
0=0 O=Mp=1 0=Mp=2

Fig. 1. Spin states, spin S of proton pair and values
of U for some components of the 3N WF with 1= m'=
= 1/2. Neutrons (open circles) are in the states with
m,=+1/2 (-1/2) for the configurations shown in the panel
(@) ((b), (c), (d)). Protons are indicated by the filled circles

For the 3N states shown in panel (a) of Fig. 1 we have
P(i = -1/2)= 1. For these components of the WF the
spin of the nucleus is carried by the neutron alone and
the projection of total angular momentum for the 3N
system m=Mp+Mgtm, is m'=m,. Samples of the WF
components with 7, = = 1/2 and total orbital momentum
0 =0,1,2 that reduce the neutron polarization are dis-
played in panels (b), (c) and (c) in the figure.

More detailed information on the spin structure of
3N bound state can be obtained from SDMDs

n(qsmaﬂ :Uz,m'): n(qam,T: Oam’)+ 1/3n(q’m:T:17m'):
n(g,m,f = =1/2,m')= 2/3n(q,m,T = 1,m"),

where n(q,m,T,m')=417 g [|¥ ng(p,q;T) Pd3p are
the SDMDs with defined values of isospin 7. Components
of the 3N WF with 0 =3/2 are not discussed in the
present paper. The SDMDs for proton (neutron) in *He do
not differ visibly from ones for neutron (proton ) in *H.
Calculations with the WFs for RSC, Paris, Bonn,
AV18 and AV18UrbIX demonstrate that the neutron mo-
mentum distribution MD n(q, [l =-1/2) is sensitive to in-
ternucleon potential at ¢ 0 300 MeV/c, where #(q,li) =

=1/27 e 1(g,m, i ,m"). One can expect that in this
region the WFs and MDs are influenced not only by
one-pion tail of the nuclear forces, but are sensitive to
short-range behavior of the nuclear forces and the WF.
The asymmetries of SDMDs for proton and neutron

0 (q.)= (nbg.m= 1/2,01,m')- 03

- n(q,m = - 1/2,[1 ,m ))/”(W ) ‘m':1/27
obtained with WF [13] for AV18UrbIX interaction, are
shown in Figs. 3...5 for 4= (4x> 4, = 0, q) .

The MD can be written as the sum of SDMDs 7(¢)=
=1/23 oy e 1(gm,lt,m').  Calculations of MD are
compared in Fig. 2 with the results of y-scaling analy-
sis [15] for inclusive reaction >He(e,e')X and with
data [16,
3He(e,e‘p)d and 3He(e,e’p)np within approximate

17] obtained from exclusive experiments

treatment of exchange currents and rescattering effects.

4

10 - T T T T

n(q), (MeV/c)®

0 200
q, (MeV/c)

Fig. 2. Momentum distribution "(q,I!) of nucleons
in *He nucleus. Dashed (dot-dashed) curve represents
the proton (neutron) distribution. Solid curve is their
sum 1(q)- The calculations are performed with the WF
Jor AVI8UrbIX model of nuclear forces

Since 0 (q,}l) are invariant under the transformations
q= (Q,wqysqz)H (gquaquyaEZQZ)s Enzi‘l,

(n=x,y,2), as well as under an arbitrary rotation about
the z- axis, the level lines displayed in Figs. 3 and 4 allow
one to restore space distributions for the asymmetries.
Comparing Figs. 3 and 4 we see that the dependence of
the asymmetry @ (g,{ ) for proton on components of vec-

where

tor ¢ is in sharp contrast to one for neutron. At low values

of |g. oriented *He nuclei can serve as an effective polar-

ized neutron target (EPNT). This area of momentum
transfer could be achieved in experiments at an electron
accelerator discussed in Ref. [19]. According to Fig. 3,
polarized *H nuclei may be used for devising an EPNT for

experiments where | ¢, |[1200 MeV/c and 450

g, 10800 MeV/c or 4000|q, |0650 MeV/c and_ |g. |0

200 MeV/c.
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o (proton)

Fig. 3. Asymmetry of SDMDs of proton



Fig. 4. Asymmetry of SDMDs of neutron

o (neutron)
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protons
~ -
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0 100 200 300 400 500 600
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Fig. 5. Asymmetry of SDMDs of neutron and proton
(solid and dashed curves). Results of calculations [18] are
displayed by dotted curve. Data shown by circles are ob-
tained in [18] from PWIA analysis of measured spin

asymmetries in 3He(p2p) and 3He(p,pn)

Figs. 5 shows that the asymmetries as functions of
qyx at 9y =
and dashed curves) and in [18] (dotted curves) are in
quite good agreement. The apparent discrepancy between
theory and experiment at ¢, 1300MeV/c may stem, e.g.,

from the neglect of corrections due to antisymmetriza-
tion of final states and rescattering effects in the PWIA
treatment [ 18] of the measured spin asymmetries.

To analyze properties of the SDMDs we consider

nt (@.7) = .-

=4 | (Y SMR(p.q; TPV SMm(p,q;T)d3p. (19
The SDMD is the diagonal part of tensor (14)

n(q,m,T,m')= nZ"(q:T) |z i m
With the 3N bound-state vector in form (4) we get
@)= 20 b byt
+ (il | m){mlo | m'y + (i'lo G ) mlo G| m)iy).
where structure functions (SFs) }7, = E‘(%T ), (i=0,1,2).
The MD n(q,T)=V2y ,, ,yn(g,m,T,m") is given by
n(q,T)= 1/2(}70+ 3}71+ l?z). The asymmetry of SDMDs is
0 (g i)n(q.lt) |y= 107 V2 (o= Iy + (2g21g*- 1) hy).
Alternatively, one can use the space rotations, the [-
and [- transformation to ascertain in analogy with non-
central NN interaction [20] that

n8m(q,T) = V20 i O i o+ .

+ (mlo )t o 'Yy + (mlo G|}t o T | ) By).
with SFs #; = hi(q,T),(i= 0,1,2). Eq.(16) agrees in
form with the representation for the spectral function
discussed in[11] and is convenient for analyzing ¢ -

dependence of the SDMDs and of the corresponding
asymmetry. In terms of the SFs /; we have for the MD

9. = 0 calculated in the present paper (solid

- -

(15)

(16)

n(q,T)= hy and for the asymmetry
W(q.h=-12)n(qp=-12)=h+q2/q"h,.

29

Recoupling spins in (15) we find the relations be-
tween the different sets of SFs h0=1/2(l70+ 3}71+ }72),

h1: 1/2(;0‘%‘52) and h2 = 1;2.

4. SPIN-DEPENDENT MOMENTUM DISTRI-
BUTIONS OF
PROTON-DEUTERON CLUSTERS

MD of pd-clusters in *He p (4) = 123 pmm' P Mmm' (9)
is the sum of SDMDs P pgum(q) = 3| AX™(q) [, where
AMm (@)= 3 ap | @ 3 (p)"Y 1M (p,q;0)d3p. The deu-
teron WE is ¢ M.(p) = (p,S=1,M,T=Mp=0|¢ ,I=1,M").

The overlap integrals receive contributions only from
partial-wave components of the *He WF with quantum

numbers 25*1L;1;=3818, DSy, 381 D30, *DiDys. - As
is known (see, e.g., [21]), computation of quantities
A%”’ (¢) with functions ¥4 (p,q) is straightforward.

In the present paper we are following [22] and calculate
A%’” (¢) with WF in representation (2) employing the
vector variables. While results of report [22] were ob-
tained with parametrization [12] of '~Pa(1)( p,q) for the
RSC potential, here we use the components [4,13] of
Y, (p.q) for contemporary model of nuclear forces.

Figs. 6 and 7 show normalized SDMDs 7i1gmm'(4) =
=P Mgmm (@) P (@) for 47 (4x,9,70,4;,). As seen

from Fig. 6, the SDMD with M ;=1 (i.e., when spins of
the neutron the nucleus are parallel) has no maximum at
small values of |¢ |, that is at variance with behavior of

the neutron asymmetry in Fig. 4. This observation may
serve as an indication that pd-clusters do not dominate

in structure of *He in this area of ¢.

600

400
L2
>
(]

an 200
S3

0

0 200 400 600
q, MeV/e

Fig. 6. MD "s ymm'(@) with M g,m,m'= 1,-1/2,1/2



q,MeV/c

400
q,MeV/c

600

Fig. 7. MD "s ymm' (@) with M z,m,m'= 0,1/2,1/2

The SDMD in Fig. 7 characterizes probability to find a
proton-deuteron cluster in *He with parallel spins of the
proton, being nucleon with number 1, and the nucleus.

Observed maximum in the SDMD at ¢, 1100 MeV/c
and ¢, >500 MeV/c conforms with one appropriate to the

proton asymmetry in the same ¢ -region (see Fig. 3).

5. DISCUSSION

Spin asymmetries for disintegration of polarized *He
target are intensively studied at Mainz [23,24] and
JLab [25] in experiments with longitudinally polarized
electron beams. Within the PWIA, the polarization observ-
ables for the processes with polarized target and with
polarized beam or outgoing particles are directly related
to asymmetries of SDMDs considered in sect. 2 and 3.

The SDMDs prove to be strongly dependent on the
components of the *He WF with non-zero values of orbital
angular momenta L,/. Nevertheless, usage of the data to
disentangle contributions of these components is, in gener-
al, complicated (see, e.g., [5,6]) by the reaction mecha-
nisms that are not included in PWIA, in particular by
rescattering in the final state or interaction currents. It was
found that the relative role of the mechanisms strongly
varies with the kinematics of the processes.

We face a similar situation [8] in the case of the differen-
tial cross section ¢ = 0 (E,.0,) for y3He- pd. Energy
dependence of 0 > computed with the convection (CC) and
spin currents (SC), changes quantitatively (see Fig. 8.) by
components of the WF with L,/> 0. S-waves with L=/=0
are labeled by ¢ = 1,2. States with ¢ = 3,4,5 contain the
D-waves with L=1= 20, 02 and 22. The P-waves with
J=0,1 correspond to @ = 6...10. The set of the partial-
waves with 0 < 18 (34) involves components with J <
2 (4). The appreciable sensitivity of 0 ultimately disap-
pears when meson exchange currents of pion range (TEC)
are added to CC and SC. The spin-orbit (SOC) current

does not modify visibly 0 (£ .8 , = 90°).

T T T T T T T T T T T T T T T T

T T
. 0 [CCiTECT0 [SC:SOC] |
_ .. "—‘353\;&.\ / q
F 0 [CClHo [SC
O elearat ]<_

\ z

90°), i b/sr

cm__
p
(oS ]

ab
, 0

1
¥

10_3 ; . ‘\\\T/‘ L é
100 150 200 250 300
lab

Ev , MeV

0(E

Fig. 8. Dependence of the differential cross section for
yHe - pd on the components of the He WF. Calcula-

tions with the WF for the AVI8UrbIX interaction are pre-

sented. Dashed, dash-dotted, dash-dot-dotted, dotted and
solid curves are obtained with 0 = 2,5,10,18,34, respective-
b. Thedata 1, 0, 0, % are from [26-29]

Influence of the partial-wave components of the WF
and the TEC on the observables for y3He - pd and

e3He - e'pd was discussed in [6-8] and [22]. The rep-
resentations for the 3N bound-state WF derived in the
present paper are of interest for interpretation of qualita-
tive features in behavior of energy and angular distribu-
tions of the observables.

The author (VK) is grateful to A. Nogga, H. Kamada,
W. Glockle, J. Golak and H. Witata for partial-wave
components of the *He WF.
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CIIMHOBAS CTPYKTYPA CBSI3BAHHBIX COCTOSIHUM TPEX HYKJIOHOB
B. Komaap, J. Jourdan
BosHOBBIE (hyHKIMH JUTS pEaTIMCTUYECKUX MOJIEIIEH SITIEPHBIX CHUT MCTIONB3YIOTCS IS MCCITEIOBAHNS 3aBUCSIIMX OT CIH -

Ha MMITYJTHCHBIX PacTIpe/iesIeHHii HyKIOHOB 1 HYKJIOH-TIEHTPOHHBIX KIACTepOB B TONAPH30BaHHbIX sapax SHe u SH.



CIIIHOBA CTPYKTYPA 3B'SI3AHUX CTAHIB TPbOX HYKJIOHIB
B. Komnasap, J. Jourdan
XBmiboBi (DYHKIIT UTA peaslicTHIHUX MOJENeH SAepHUX CHII BUKOPHUCTOBYIOTHCS IJIS JOCIHIIKEHHS 3aJICKHUX

BiJl CTIMHA IMITYJTECHUX PO3MOMIIB HyKIOHIB i HyKIOH-IeHTPOHHIX KIIacTepiB y MONApH30BaHuX sapax ~He Ta SH.
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