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Abstract 

The spin asymmetries in the momentum distributions of the neutron and proton in 3He are obtained from a Faddeev 

calculation of the ground state. Both two- and three-body configurations are found to be important. Using a PWIA model and 

measurements of the spin asymmetries in 3&( j?,2p) and 3s( j?‘,pn) quasielastic scattering at 197 MeV the asymmetries 
in the momentum distributions are experimentally determined. Good agreement between theory and experiment is found up 
to initial nucleon momenta of 300 MeV/c. 
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1. Introduction 2. The spin-dependent momentum distribution 

The 3He nucleus has several properties which 
make the study of its spin particularly interesting. 
The three-body system is unique in that, although it 
is relatively tightly bound, essentially exact Faddeev 
solutions in non-relativistic approximations of the 
ground state have been obtained using a variety of 
two-nucleon potentials. In addition, unlike a heavy 
nucleus where the total spin is usually determined by 
only a few valence nucleons, the spin of 3He involves 
all the nucleons in the nucleus. Further, Faddeev cal- 
culations predict that the ground state spin of the 3He 
nucleus is dominated by the neutron. This property 
has motivated great interest in the use of polarized 
“He as an effective polarized neutron and targets suit- 
able for scattering experiments have been constructed 
[ I 1. Recently, several significant measurements on 

the polarized 3He nucleus have been carried out [2- 
61. In addition, the spin-dependent spectral function, 
calculated from a Faddeev solution to the 3He ground 
state, has become available [7]. 

The nuclear structure information is contained in the 
spin-dependent spectral function S,, (E, p. t) defined 
as the probability density of finding a nucleon N of 
isospin t with energy E, momentum p and spin PN 

parallel (antiparallel) to the 3$ spin indicated by 
a.4 = +( -) , where the kinematics are defined in Ref. 
[ 71. The spectral function has the general form [ 71 

&(E,p,t) = ;{fo(E,p,t) +fl(E,p,th.~A 

+f2(E,p,t)[(aN.~)(aA.a> - +N.~~AI>. 

(1) 

It is predicted from non-relativistic Faddeev calcu- 
lations of the three-body bound state [ 7,8] that three 
contributions dominate the 3He ground state wave 
function: a) a dominant spatially symmetric S-state 
where the 3He spin is entirely due to the neutron 
with the two protons in a spin singlet state; b) a D- 
state where the three nucleon spins are dominantly 
oriented opposite to the 3He nuclear spin; c) a mixed- 
symmetry configuration of the nucleons, the S-state. 
All other components are expected to be negligibly 
small. In the non-relativistic approximation using 
Faddeev calculations, the S and S’ state contributions 
to the spectral function are expected to be a maxi- 
mum for small nucleon momentum while the D-state 
contribution is greatest for larger momenta. 

The spin-averaged contribution fe and the two spin- 
dependent contributions ft and f2 are scalar functions 
which depend only on the magnitude of p. The ef- 
fects of the Coulomb interaction have been neglected. 
The spectral function describes the spin structure of 
the 3He nuclear ground state. Thus, it is an essential 
ingredient in the theoretical description of scattering 
from polarized 3He. In quasielastic scattering experi- 
ments (both inclusive and exclusive) it characterizes 
the spins of the nucleons. In addition, it is an es- 
sential ingredient in the description of polarized 3He 

as an effective polarized neutron in spin-dependent 
deep inelastic scattering at high energies. Convolution 

model calculations [ 9,101 require the light cone mo- 
mentum distribution, which is constructed from the 

ground state spin-dependent spectral function. 

The nuclear spin of 3He results from the sum of the 
spins of its individual nucleons and the angular mo- 
mentum between them. Given the worldwide interest 
in polarized 3He as an effective polarized neutron tar- 
get for scattering experiments, it is important to ex- 
perimentally measure the polarizations of the neutron 
and proton as a function of nucleon momentum. 

The purpose of this Letter is twofold: First we 
present a calculation of the spin asymmetry in the 
momentum distribution of the neutron and proton 
in 3He. Second, we extract the spin asymmetries in 
the momentum distribution from measurements of 
quasielastic polarized proton scattering from 3He and 
compare the results with the calculations. 

The momentum distribution for a nucleon of isospin 
t with spin parallel (anti-parallel) to the nuclear spin 
is defined as 

PT(I) (P? t) = 
J’ 

dE SC,,=+(-) (-&p, t) . (2) 

To make a direct connection with experiment, it is 
useful to define the spin asymmetry in the momentum 
distribution as 
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Fig. I. The spin asymmetry in the momentum distribution of the neutron (solid line) and the proton (dashed line) plotted vs. nucleon 
momentum p. 

N’(p) _ PT(P,G -P1bf) 
PT(P, t) + PI(P? f) . (3) 

N’ (p) is plotted for each nucleon isospin state in Fig. 
1. In this calculation the Paris nucleon-nucleon inter- 
action has been assumed. Note that the spin-averaged 
spin-dependent momentum distribution is the unpo- 
larized momentum distribution which has been deter- 
mined from unpolarized experiments in quasielastic 
kinematics. 

In simplest approximation, an unbound neutron in 
‘He can exist only in a state where the two protons are 
also unbound (the three-body configuration.) How- 

ever, the proton in 3He can be found in a state where 
the other nucleons form a deuteron (the two-body 
configuration) or as individual nucleons (the three- 
body configuration) as observed directly in quasielas- 
tic “He(e,e’p) scattering [ 111. In Fig. 2 both two- 
and three-body contributions and the sum are shown 
for the proton. Physically, the distributions in Figs. 1 
and 2 can be interpreted as the probability that a neu- 
tron or proton in 3He has its spin directed parallel to 
the nuclear spin as a function of the nucleon momen- 
tum. Thus, the neutron in Fig. 1 at low p has its spin 
completely parallel to the nuclear spin but at high p, 

where the D-state is sizable, the neutron spin can be 

found with large probability directed opposite to the 
nuclear spin. In the case of the proton, from Fig. 2 
it can be seen that the individual two- (Ng (p) ) and 
three-body ( IV: (p) ) contributions to the total proton 

spin dependent momentum distribution are sizable and 
of opposite sign. (Note that even in the pure S-state 
N’;(p = 0) = -Ng(p = 0) M 0.25.) The addition 
of the S/-state yields for the complete wave-function 
Nt(p = 0) + N’j(p = 0) = -0.12. As with the neu- 
tron, at high p the presence of the D-state causes the 
proton spin to be predominantly directed opposite to 
the nuclear spin. The spin asymmetries in the momen- 
tum distribution were also calculated for the Bonn and 
Reid soft core nucleon-nucleon potentials with essen- 
tially identical results. 

Quasielastic spin-dependent knockout of the con- 
stituent nucleons of 3He with good resolution in the 
energy and momentum of the initial state nucleon of- 
fers the most direct experimental approach to constrain 
the spectral function. See [ 61 for a definition of kine- 
matic variables: the missing momentum pm in plane 
wave impulse approximation (PWIA) [ 121 can be 
identified with the negative of the the initial momen- 
tum of the struck nucleon. If PWIA is a good approx- 
imation to the scattering process, then information on 
the spectral function can be directly extracted. 

3. Experimental determination of the spin 
asymmetry in the momentum distribution 

The spin asymmetries in the momentum distribu- 
tions can be determined by spin-dependent quasielas- 
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Fig. 2. The two-body contribution (dashed), the three-body contribution (dot-dashed) and the total (solid) proton spin asymmetry in the 

momentum distribution plotted vs. p. 

tic knockout of the neutron and proton from a polar- 
ized “He target at intermediate energies with sufficient 

momentum and energy resolutions. As previously re- 
ported [ 6,15,16], we have carried out measurement 
of spin-dependent quasielastic knockout of the neu- 
tron and protons in 3He using a 197 MeV polarized 
proton beam at the Indiana University Cyclotron Fa- 
cility (IUCF) Cooler Ring. In this Letter we extract 
the spin asymmetry in the momentum distribution of 
the neutron and proton in 3He by applying the PWIA 
model to the kinematic region where beam and target 
analyzing powers are in good agreement. 

To understand the extraction of the spin asymme- 
tries in the momentum distributions it is necessary 
to briefly consider the IUCF measurement. The spin- 
dependent differential cross section with both beam 
and target spins oriented normal to the scattering plane 
can be written as [ 131 

c~ = go ( 1 * P&oono f P,Aooon + W,Aoonn) 9 (4) 

where PI, and PI are the polarizations of the beam and 
target, the + and - distinguish between beam left and 
right regions of the scattering plane, ~a is the unpolar- 
ized cross-section, Aaa,,,, is the spin-correlation param- 
eter, and Acon and Aaaan are the beam and target an- 
alyzing powers, respectively. In PWIA the target spin 
observables AZ& (i=O or n) for 3He( p,pN) scattering 
(N is a proton p or neutron n) can be related to the 

N(p,p) elastic scattering observables, A&,, extracted 
from phase shift analyses [ 141, by 

(5) 

where N’( p,) is the spin asymmetry in the momentum 
distribution defined in (3) above. 

A PWIA Monte Carlo model of quasielastic nucleon 
knockout by 197 MeV polarized protons has been con- 

structed. In this model the nucleons are assumed to be 
on-shell structureless particles. The nucleon-nucleon 
spin-dependent scattering asymmetries are taken from 
the SAID parametrization [ 141. The spin-dependent 
spectral function is that of Schultze and Sauer [ 71. 
The experimental acceptances and resolutions are in- 
cluded in the model. As described in an earlier pub- 
lication [ 61, the region of applicability of the PWIA 
for 3He(p,pn) has been determined by demanding that 
A3,” 

OOOil = Aicno. This has been observed to limit the 
kinematics to where the momentum transfer to the 
neutron is greater than 500 MeV/c. PWIA has been 
assumed to be valid for all kinematics for 3He(p,2p). 
Using Eq. (5) above we have applied the PWIA model 
and extracted the spin asymmetries in the momentum 
distribution NN (p) for the neutron and proton respec- 
tively. The results are shown in Fig. 3 and compared 
with the PWIA model. The limits of the PWIA model 
for different nucleon-nucleon phase shifts and experi- 
mental resolutions are given by the solid curves. Good 
agreement is observed between the data and the model 
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Fig. 3. The experimentally determined spin asymmetry in the 

momentum distribution of the neutron (upper panel) and the 

proton (lower panel) in the ‘He nucleus. The solid curves indicate 

the limits of the PWIA model. 

prediction out to 300 MeV/c. The dominance of the S- 
state is demonstrated by the 100% probability to find 
a neutron with spin parallel to the nuclear spin at low 

p,,!. The presence of the small S/-state is demonstrated 
by the negative probability of Np (p,,) at low pnt. It is 
noted that NJ’&?) crosses zero at pnt M 150 MeV/c. 
The zero crossing is sensitive to the weighting of the 
2-body and 3-body contributions to the proton asym- 
metry. The lack of agreement at high pm is consistent 
with previous unpolarized measurements [ 171 and is 
likely due to breakdown of PWIA. 

4. Summary 

The spin dependent momentum distribution for the 
neutron and proton (in both 2-body and 3-body states) 
have been calculated from Faddeev solutions. We have 
demonstrated that sizable asymmetries arise for pro- 
tons, even in the case of a pure S-state. Using measure- 
ments of spin-dependent quasielastic knockout and as- 
suming the validity of PWIA, the spin asymmetries in 

the momentum distribution have been determined ex- 
perimentally for the first time. Good agreement is ob- 
served between theory and experiment out to a miss- 
ing momentum of 300 MeV/c. Our results indicate 
that there is a good theoretical understanding of the 
spin of 3He at the nucleon level. This provides confi- 
dence that polarized 3He can be used as an effective 
polarized neutron target for scattering experiments in 
nuclear and particle physics. 

Study of the spin-dependent spectral function of 
3He should be pursued with weakly interacting elec- 
tromagnetic probes out to high missing momentum 
and as a function of momentum transfer [ 18-201. In 
particular, the use of the internal target technique of- 
fers the possibility to completely reconstruct the few- 
body final state. Future experiments should provide 
clean separation of the 2-body and 3-body contribu- 
tions to the proton asymmetry and determine the con- 
tribution of the D-state at high nucleon momentum. 
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