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Polarization phenomena for low energyd13He collisions
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Polarization phenomena are studied for the reactiond13He→p14He ~for Ed<1 MeV! using a formalism
of partial amplitudes. The nuclei are considered as elementary particles with definite values of spin andP
parity. A general parametrization of the matrix element in terms of a limited number of partial amplitudes~for
d13He interaction ins andp states! is given and the expressions for all polarization observables are derived
for the s interaction. Relations between different polarization observables are derived and the conditions for

maximizing the differential cross section of the processdW 13HW e→p14He are indicated. The spin structure of
the matrix elements of the processesd13He→d13He, d13He→n1p13He, d13He→p1p13H, and d
13He→d1d1p is established in the near-threshold region.@S0556-2813~98!02106-2#

PACS number~s!: 25.55.2e, 21.45.1v, 24.70.1s, 25.10.1s
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I. INTRODUCTION

The experimental and theoretical study of the procesd
13He→p14He ~as well as the charge symmetric proce
d13H→n14He) at very low energies has always been m
tivated by questions in fundamental physics and by inter
ing possible applications.

The structure of light nuclear systems@1,2# is investigated
in systematic experimental studies, which represent a g
test of theoretical calculations of reaction mechanisms
volving deuterons and three-body systems@3,4#.

Concerning applications we will quote in particular th
interest in astrophysics and in energy production. TheS fac-
tors, which determine the threshold behavior of cross s
tions, are very important parameters in models of big-ba
nuclear synthesis, stellar hydrogen burning, deuterium in
mass protostars, solution of the Sun-neutrino puzzle, etc

Recently a conceptual design of ad23He fueled field
reverse configuration reactor~ARTEMIS! @5–7#, has been
stimulated by the discovery of a large quantity of minab
3He on the lunar surface. The main advantage of using
actions based on3He instead of3H for energy production is
that it is possible in principle to decrease the production
neutrons or long-lived radioactive nuclei.

Largely esotermicd13He and d13H reactions pass
through the excitation of a fusion resonance, characteri
in the first case, byJp5 3

2
1 and peaked atEd.450 keV (J

and p are the total angular momentum and theP parity of
the channel!. The details of the reaction mechanisms can
clarified by the measurement of polarization observab
Experimental results have been obtained recently for the
actions dW 13He→p14He and dW 13H→n14He @8,9#, for
Ed<1 MeV. The measured values of vector and tensor a
lyzing powers and the isotropic differential cross sect
confirm the hypothesis of theJp5 3

2
1 excitation.

An attractive property of the low-energyd13He andd

*Permanent address: National Science Center KFTI, 310
Kharkov, Ukraine.
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13H collisions is the possibility to study the energy lev
structure of such five-nucleon systems as5He and 5Li,
which are relatively simple nuclear systems with few excit
~well-separated! states. Microscopic calculations predictin
six positive parity states and two negative parity states
excitation energy of 20 MeV@10# can be fully tested by a
comparison with experimental data if polarization obse
ables are measured.

The comparison of different observables for the proces
d13He→p14He andd13H→n14He is important also to
test the charge symmetry~isotopic invariance! of nuclear in-
teractions. For a five-nucleon system the behavior of the
larization observables can show possible effects of cha
symmetry violation. In the framework of QCD the charg
symmetry breaking~CSB! is connected mainly with the mas
difference between theu andd quarks@11#. From the exist-
ing data there is some evidence of CSB: for example
position of theJp5 3

2
1 resonance ind13He (Ex516.87

MeV, Ed5430 keV! and d13H (Ex516.84 MeV, Ed
5107 keV! are the same but the tensor analyzing powers
definitely different@8#.

For completeness it is necessary to mention also that
processdW 13He→p14He can be considered a stable bea
polarization monitor, at low energies. In this respect the
vantages of this reaction are well known: the highQ value
(Q value518.353 MeV! allows an easy detection of the fina
proton, the large cross section~s.695614 mb! results in
rapid measurements and the tensor analyzing power is
erally large and varies smoothly with the deuteron energ

Note that the measurement of the cross section and
single polarization observable~such asT20) is not sufficient
for a complete reconstruction of the two possible amplitud
of the low energyd13He interaction ins state, correspond
ing to the possible quantum numbersJp5 1

2
1 and 3

2
1 in the

entrance channel. Shell model calculations@10# predict also
the presence ofJp5 1

2
1 state of5Li and 5He above the first

1
2

2 excited state, but the strength of this resonance
strongly dispersed, due to a large coupling to thea1N chan-
nel. Polarization phenomena could bring new informatio
on this point, in a model independent way.
8
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57 2871POLARIZATION PHENOMENA FOR LOW ENERGYd13He . . .
Polarization observables are also important to unders
the mechanisms of electromagnetic processes suchd
13He→5Li1g and d13H→5He1g @12#. The energy de-
pendence of the cross section ford13He→5Li1g shows a
large contribution of the3

2
1 resonance. The measure of th

tensor analyzing powers allowed a multipole analysis of
data which gave two solutions~with the samex2) for the
amplitudes of the electric dipole (E1) radiation: one corre-
sponding to a singleE1 transition fromJp5 3

2
1 and another

to two possibleE1 transitions~of equal intensity! from Jp

5 1
2

1 and 3
2

1. This ambiguity can be solved by further po
larization measurements.

We propose here a formalism for the description of pol
ization phenomena for thed13He→p14He process in a
model independent way, based on general symmetry pro
ties of the strong interaction, such as theP invariance and
the conservation of the total angular momentum. The
evant parameters for this analysis are the quantum num
~spin andP parity! of the participating nuclei: the nuclei ar
considered as elementary particles, with definite values
spin and parity. Our formalism is well adapted to the analy
of polarization phenomena in binary reactions at low en
gies, where onlys andp interactions are important.

Note that the most general analysis of polarization p
nomena for the reactiond13He→p14He ~or d13H→n
14He) has been done in@13#, in a model independent way
when the spin structure of the corresponding matrix elem
and the properties of polarization phenomena have been
tablished using only symmetries of the strong interacti
Such a formalism has been developed by Csonka, Mora
sik, and Scadron@14# and can be considered as a generali
tion of the well-known Wolfenstein analysis of elast
nucleon-nucleon scattering@15#. However we would like to
note here that threshold conditions are very specific and
not be considered as a limiting case of such general form
ism: the parametrization of theM matrix in terms of six
independent spin structures@13#, does not permit a direc
transition to threshold. At threshold, fors-wave interaction,
we have only one three-momentum for the final particl
therefore it is not possible to define a standard coordin
system~on the basis of two independent three-momen!,
with pW , nW , and kW direction ~from @13#!, as is the case, in
general, for any binary reaction. The parametrization of
spin structure, as well as the analysis of polarization p
nomena must be done in the framework of a special form
ism, which takes into account only one three-momentum
rection.

This paper is organized as follows. In Sec. II we para
etrize the spin structure of the matrix element of thed
13He→p14He process for thed13He interaction ins state
and analyze the possible polarization observables~including
three-spin correlations!. Section III contains the derivation o
polarization phenomena in thes1p approximation. In Sec
IV we discuss the spin structure of the threshold amplitu
for different possible processes induced by low energyd
13He collisions, namelyd13He→d13He ~elastic scatter-
ing!, d13He→n1p13He, d13He→p1p13H, and d
13He→d1d1p.

II. POLARIZATION PHENOMENA FOR THE s-STATE
INTERACTION

We consider here the reactiond13He→p14He (d13H
→n14He) at small incident energy, where the configurati
nd
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of the colliding particles iss state only. The analysis of po
larization phenomena is essentially simplified and can
done in a very general form. TheP invariance of the strong
interaction and the conservation of total angular moment
allow the following transitions:

Si5
1

2
→Jp5

1

2

1

→l f50,

Si5
3

2
→Jp5

3

2

1

→l f52,

whereSi is the total spin of thed13He system andl f is the
orbital angular momentum of the final proton. The sp
structure of the corresponding matrix element can be par
etrized in the form

M5x2
†Fthx1 ,

Fth5gssW •DW 1gd~3kW•DW sW •kW2sW •DW !, ~1!

wherex1 andx2 are the two-component spinors of the initi
3He and finalp, DW is the three-vector of the deuteron pola
ization ~more exactly,DW is the axial vector due to the pos
tive parity of the deuteron!, kW is the unit vector along the
three-momenta of the proton~in the CMS of the considered
reaction! and gs and gd are the amplitudes of thes and d
production of the final particles. In the general casegs and
gd are complex functions of the excitation energy.

We can notice that, at any energy, the spin structure of
matrix element for the processd13He→p14He in collinear
kinematics (u50° or p) is the same as in Eq.~1!, but the
physical interpretation of these amplitudes is different:
this case two independent transitions characterize the con
vation of helicity.

It follows from Eq. ~1! that, in principle, the full recon-
struction of the spin structure of the threshold matrix elem
requires, in the general case, at least three independen
periments: in addition to the differential unpolarized cro
section, it is necessary to measure two polarization obs
ables. The recent developments of polarized beams and
gets makes possible experiments where both colliding p
ticles are polarized. Depending on the reaction kinema
the study of the collision between two polarized partic
may be preferable~from an experimental point of view! to
the measurement of the polarization of an outgoing part
with the help of a polarimeter~which requires a secondar
scattering!, and brings the same physical information.

The general parametrization of the differential cross s
tion in terms of the polarizations of the colliding particles~in
s state! is given by

ds

dV
~dW ,3HW e!5S ds

dV D
0

@11A1~Qabkakb!1A2SW •PW

1A3kW•PW kW•SW 1A4kW•PW 3QW #, Qa5Qabkb ,

~2!

where (ds/dV)0 is the differential cross section with unpo
larized particles,PW is the axial vector of the target polariza



za
as

e

-

e

la
th

le
a
th
f

an

fo

llo

d
,

eri-

,

la-

on

lar-
ties

he

can
x-

-

r

e

2872 57M. P. REKALO AND E. TOMASI-GUSTAFSSON
tion, SW andQab are the vector and tensor deuteron polari
tions. The density matrix of the deuteron can be written

DaDb* 5
1

3S dab2
3

2
i eabcSc2QabD ,

Qaa50, Qab5Qba . ~3!

The coefficientA1 in Eq. ~2! is real and represents th
tensor analyzing power indW 13He→p14He; the coefficients
A2 andA3 determine the spin correlation coefficients indW

13HW e collisions~due to the vector polarization of the collid
ing particles!:

Cxx5Cyy5A2 , Czz5A21A3 , ~4!

if the z axis is along the three-momentakW . The coefficientA4
characterizes the simplestT-odd polarization effect for this
process, induced by a definite combination of the tensor d
teron polarization and the vector polarization of3He.

In the general case, for a binary processA1B→C1D
the deuteron tensor polarization,Qab , contributes to the
cross section through three combinationsQabkakb ,
Qabqaqb , andQabkaqb , whereqW is the unit vector along the
three-momentum of the colliding particles. In the particu
cases of collinear kinematics and threshold conditions,
only meaningful combination isQabkakb ~which is equiva-
lent toT20, if the z axis is alongkW ). Equation~2! is the first
example of a particular structure of polarization observab
with evident simplification in comparison with the gener
case. This result is obtained directly, taking into account
P invariance of strong interaction, and the presence o
single three-momentum,kW , for threshold conditions.

After summing over the final proton polarizations one c
find the following expressions for the coefficientsAi :

A1S ds

dV D
0

522 Regsgd* 2ugdu2,

A2S ds

dV D
0

52ugsu22Re gsgd* 12ugdu2, ~5!

A3S ds

dV D
0

53 Regsgd* 23ugdu2,

A4S ds

dV D
0

522 Im gsgd* .

In a particular normalization of the amplitudesgs andgd
the differential cross section can be represented in the
lowing way:

S ds

dV D
0

5ugsu212ugdu2. ~6!

One can see from Eqs.~5! and ~6! that the polarization ob-
servables discussed above are not independent, as the fo
ing linear relation holds among the coefficientsAi :

A11A21A3521 ~7!

independently on the values of the amplitudesgs andgd .
-

u-

r
e

s,
l
e
a

l-

w-

So theCzz-spin correlation coefficient, which is connecte
with the longitudinal polarization of both colliding particles
can be derived from this relation and the complete exp
ment for the s-wave interaction ind13He→p14He can be
realized measuring the following quantities:~a! the differen-
tial cross section (ds/dV)0; ~b! the tensor analyzing power
characterized by the coefficientA1; ~c! the spin correlation
coefficientCxx5A2.

Using these quantities, one can find the following re
tions:

9ugsu25~512A124A2!S ds

dV D
0

,

9ugdu25~22A112A2!S ds

dV D
0

, ~8!

29 Regsgd* 5~114A11A2!S ds

dV D
0

.

In addition to the linear relation~7! between the coefficients
Ai , one can obtain also the following quadratic relati
which connects theT-odd polarization observableA4 with
the T-even ones:

9

4
A4

25212A122A1
22A2

2 . ~9!

As the discussed reaction is characterized by a largeQ value,
the produced proton can be easily identified, and its po
ization measured. We derive here the polarization proper
of the produced protons. Due to thes-wave mechanism, if
the initial particles are unpolarized, the polarization of t
proton is zero for any value of the amplitudesgs andgd , but
the polarization of one particle in the entrance channel
produce nonzero polarization of the final proton. For e
ample, the dependence of the polarizationPW 1 of the proton
on the polarization ofPW of the 3He target can be param
etrized in the following form:

PW 15p1PW 1p2kWkW•PW , ~10!

where the real coefficientspi characterize the spin transfe
coefficients, namely:

Kx
x85Ky

y85p1 , Kz
z85p11p2 . ~11!

Averaging over the polarizations of the initial deuteron w
obtain the following expressions for the coefficientsp1 and
p2, in terms of the partial amplitudesgs andgd :

p1S ds

dV D
0

52
1

3
~ ugsu214 Regsgd* 14ugdu2!,

p2S ds

dV D
0

54 Regsgd* 12ugdu2. ~12!

Comparing Eqs.~5! and ~12!, one can find

3p152112A1 , p2522A1 , 3p11p2521.
~13!
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57 2873POLARIZATION PHENOMENA FOR LOW ENERGYd13He . . .
In the considered energy region, the polarization proper
of the proton can be predicted exactly, knowing only t
tensor analyzing power. The test of all these relations is
teresting to confirm the range of validity of thes-wave na-
ture of the low-energyd13He interaction.

The dependence of the polarizationPW 1 of the proton on
the polarization states of the initial deuterons~the 3He target
is unpolarized! can be parametrized by the following gene
formula:

PW 15s1SW 1s2kWkW•SW 1s3kW3QW , ~14!

where the real coefficientssi characterize the polarizatio
transfer coefficients from the initial deuteron to the final p
ton. Averaging over the polarizations of the3He, one can
find the following relations between both setssi andAi of
polarization observables:

s152A2 , s252A3 , s35A4 . ~15!

The above relations are correct fors-wave d13He interac-
tion.

Let us consider now the most general polarization co
lations for this process, i.e., the triple spin correlations. T
dependence of the axial vectorPW 1 on the polarization prop-
erties of the colliding particles can be parametrized as
lows:

PW 15t1PW 3SW 1t2kWkW•PW 3SW 1t3kW3PW kW•SW 1t4kWQW •PW 1t5QW kW•PW

1t6PW QW •kW1t7QW ~P!1t8kW PW •kWQW •kW , ~16!

where we used the notationQa(P)5QabPb . So the deuteron
vector polarization together with the3He polarization in-
duces at least three polarization correlations~of T-odd na-
ture! and the tensor polarization is involved in five indepe
dent correlations.

For the real coefficientst i the following expressions hold

t1S ds

dV D
0

52
1

2
t2S ds

dV D
0

5t3S ds

dV D
0

53 Im gsgd* ,

t4S ds

dV D
0

5t5S ds

dV D
0

522 Re~gs2gd!gd* ,

3t6S ds

dV D
0

52 Regsgd* 1ugdu2, ~17!

t7S ds

dV D
0

52
2

3
ugs2gdu2,

t8S ds

dV D
0

526ugdu2.

These triple polarization observables are related to the c
ficientsAi :

t152
1

2
t25t35

1

2
A4 ,

t45t552
2

3
~312A12A2!,
s

-

l

-

-
e

l-

-

f-

t652
1

3
A1 , ~18!

t752
2

3
~11A1!,

t852
2

3
~22A112A2!.

Note that Eqs.~10!, ~14!, and~16!, which give the polariza-
tion transfer dependence, are correct not only for the part
lar case of threshold conditions, but they apply also to c
linear kinematics~without any constraint on the energy o
colliding particles!. However, in the general case, the corr
sponding formulas are more complicated@13#.

As stated above, all these formulas are correct for ths
state interaction of thed13He system, with both possible
values ofJp, Jp5 1

2
1, andJp5 3

2
1. But in the region of the

fusion resonance, atEd.450 keV, only the amplitudegd is
important. Therefore, neglecting the amplitudegs , it is pos-
sible to predict definite numerical values for all polarizati
observables, in a model independent way: all theT-odd po-
larization observables vanish and theT-even polarization ob-
servables take the following values:

A152
1

2
, A251, A352

3

2
,

t45t5522, t652
1

3
, and t8523. ~19!

Even in the near threshold region of the considered reac
the polarization observables take sizable values which ca
measured.

Using these values for the coefficientsAi , the differential
cross section, for collisions of polarized particles, can
written as

ds

dV
~dW ,3HW e!5S ds

dV D
0
S 12

1

2
Qabkakb1PW •SW 2

3

2
kW•PW kW•SW D .

~20!

Equation~20! shows the large dependence of the differen
cross section in the region of the fusion resonance withJp

5 3
2

1to polarization characteristics of colliding particles.
One can see from Eq.~20! that, if a fully tensor polarized

deuteron beam were available (Qzz522 and SW 50), it
would be possible to increase the cross section by a facto
two, in the region of the fusion resonance, using an unpo
ized 3He target.1 This result is correct for production of th

1After kW integration, in Eq.~20!, the total cross section become

s~dW,3He!5s~dW ,3He!0S 11
1

2
PW •SW D ,

which shows an increase of a factor of 1.5 with respect to
unpolarized case, in agreement with@16#.
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2874 57M. P. REKALO AND E. TOMASI-GUSTAFSSON
final particles along the magnetic field (u50, whereu is the
angle between the three-vectorkW and the direction of the
polarizing magnetic field!.

To understand this result, let us calculate, using Eq.~1!
for the matrix element, the helicity amplitudes for thegd
contribution, which characterizes theJp5 3

2
1 excitation.

Only helicity conserving amplitudes are different from ze
~for s-state interaction!:

f 01,152 f 02,252gd ,

f 12,152 f 21,15A2gd , ~21!

where we used the following notation:f ldlHe,lp
[ f l1l2 ,l3

.
The differential unpolarized cross section can be also wri
as

S ds

dV D
0

5
1

6(l i

u f l1l2 ,l3
u252ugdu2, ~22!

in agreement with Eq.~6!. On the other hand, the cross se
tion for the collision of particles with definite helicities ma
be larger, as in case of longitudinally polarized deutero
~with ld5l150) scattered by unpolarized3He target,
where

ds

dV
~dW ,3He!5

1

2
~ u f 01,1u21u f 02,2u2!54ugdu2

52S ds

dV D
0

, u50. ~23!

In our notations deuterons withld50 correspond toQzz

522 andSW 50. We would obtain the same result for th
scattering of longitudinally polarized deuterons by longitu
nally polarized3He target. In case of nonzero deuteron ve
tor polarization, the cross section is not increasing: for
ample, ifQzz51 andkW•SW 561, only one helicity amplitude
is present,f 12,1 or f 21,2 , with the following result:

ds

dV
~dW ,3HW e!5u f 12,1u252ugdu25S ds

dV D
0

, u50,
n

s

-
-
-

i.e., the same value as in the case of unpolarized particl
Polarization phenomena in conditions of magnetic fus

reactors were first discussed in@16#, and later it was pointed
out that polarized fuels can decrease the size of a rea
such as ARTEMIS@17#, as well as the neutron flux.

III. POLARIZATION PHENOMENA FOR s1p
CONTRIBUTIONS

We consider here thep-wave contributions to the matrix
element of the processd13He→p14He. This analysis is
justified by the existence of a5Li excited state withJp

5 3
2

2 at Ex519.28 MeV with large width (G.1 MeV!, just
above the level withJp5 3

2
1. In the region between thes

two levels the interference ofs and p contributions have to
be important.

Let us first enumerate all possible transitions in the p
cessd13He→p14He induced by thed13He interaction in
a state with orbital angular momentuml i51. For this aim it
is suitable to compose the orbital momentum and the d
teron spin in the total angular momentumj of the deuteron,

so thatj 51W 1lW i→0, 1, and 2, with the following transitions
~in CMS of the considered reaction!:

j 50→Jp5
1

2
2→l f51,

j 51→Jp5
1

2
2→l f51,

j 51→Jp5
3

2
2→l f51, ~24!

j 52→Jp5
3

2
2

2→l f51,

j 52→Jp5
5

2
2→l f53,

wherel f is the orbital momentum of the produced proton
The spin structure of these transitions can be written a
x2
†sW •kWx1qW •DW j 50, p01,

x2
†x1kW•qW 3DW

x2
†sW •qW 3DW sW •kWx1

J j 51, p11 and p13, ~25!

x2
†S sW •qW kW•DW 1cosusW •DW 2

2

3
sW •kWqW •DW Dx1 , j 52, p23,
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57 2875POLARIZATION PHENOMENA FOR LOW ENERGYd13He . . .
whereqW is the unit vector along the three-momenta of t
deuteron and for thep-wave partial amplitudes we used th
notationpj ,2J . The simple structures in Eq.~25!, correspond-
ing to j 51, are a mixture of the transitions forJp5 1

2
2 and

3
2

2. To obtain the spin structure for the partial amplitud
p11 andp13 it is necessary to use the following forms:

fW 1/25@ iqW 3DW 1sW ~qW 3DW !#x1 ,

fW 3/25@2iqW 3DW 2sW 3~qW 3DW !#x1 , ~26!

wherefW 1/2 and fW 3/2 are the wave functions of thed13He
system with j 51 andJp5 1

2
2 and Jp5 3

2
2, respectively.

Finally we can write

x2
†~ ikW•qW 3DW 1cosusW •DW 2sW •qW kW•DW !x1 , p11,

x2
†~2ikW•qW 3DW 3cosusW •DW 1sW •qW kW•DW !x1 , p13, ~27!

whereu is the proton production angle in CMS, cosu5kW•qW.
The spin structure of the matrix element ins1p approxi-

mation is quite complex. We derive here a general para
etrization of the matrix element for the processd13He→p
14He, which is valid for any energy of the interacting pa
ticles. Such parametrization is given in terms of six indep
dent spin structures, which can be chosen as follows:

M5x2
†Fx1 ,

F5mW •DW ~g1sW •mW 1g2sW •kW !1nW •DW ~ ig31g4sW •nW !

1kW•DW ~g5sW •mW 1g6sW •kW !, ~28!

where the unit vectorsmW andnW are defined by the formula

nW 5kW3qW /ukW3qW u, mW 5nW 3kW .

The scalar amplitudesgi are complex functions of two kine
matic variables:Ed and cosu. This parametrization is espe
cially adapted to the analysis of the polarization phenom
in the considered process and to define a complete ex
ment.

Using expressions~1! and ~25! for the s- and p-wave
contributions, the general amplitudesgi , i 5126, can be
written as

g15g45gs2gd1cosu~p112p131p23!,

g25sin uS p012
2

3
p23D ,

g35sin u~p1112p13!, ~29!

g55sin u~p112p131p23!,

g65gs12gd1cosuS p011
4

3
p23D .

The s2p interference results in a rich set of one spin pol
ization observables: instead of a single tensor analyz
power, which is different from zero in the case ofs interac-
tion, we have two vector and three tensor analyzing pow
~for the collision of a polarized beam on a polarized targe!:
s

-

-

a
ri-

-
g

rs

ds

dV
~d,3HW e!5~11A~ t !PW •kW3qW !S ds

dV D
0

,

ds

dV
~dW ,3HW e!5@11A~b!SW •kW3qW 1Akk~Qabkakb!

1Aqq~Qabqaqb!1Akq~Qabkaqb!#S ds

dV D
0

,

~30!

whereA(b) andA(t) are the vector analyzing powers due
polarized beam and target, respectively,Akk , Aqq, andAkq
are the possible tensor analyzing powers.

With the help of Eqs.~1! and ~25! for the spin structures
of s- and p-wave transitions, one can obtain the followin
expressions for these polarization observables~taking into
accounts2 andsp-interference contributions only!:

A~ t !S ds

dV D
0

52 Im @2gs~p0123p13!* 1gd~p0123p11!* #,

A~b!S ds

dV D
0

5Im @gs~p011p112p13!*

1gd~2p012p111p13!* #, ~31!

AkqS ds

dV D
0

52
2

3
Re @gs~p012p111p13!*

1gd~2p011p112p13!* #,

Aqq50, Akk5A1 .

The differential cross section with unpolarized particles co
tains a linear cosu-contribution:

S ds

dV D
0

5a1b cosu, a5ugsu212ugdu2,

b5
2

3
Re gs~p0112p1122p13!*

1
4

3
Re gd~p012p111p13!* . ~32!

The excitation of the resonance withJp5 3
2

2 is character-
ized by twop-wave amplitudesp13 andp23. Each one pro-
duces different polarization effects. For example, for the t
sor analyzing powers one can find

p13 amplitude:

Akk5
3

523 cos2u
, Aqq5

4

523 cos2u
,

Akq52
6 cosu

523 cos2u
, ~33!

p23 amplitude:
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Akk5
9

13121 cos2u
, Aqq52

4

13121 cos2u
,

Akq5
18 cosu

13121 cos2u
. ~34!

There are several possible two-spin correlations, in ths
1p approximation. For example, the dependence of the
ferential cross section on the polarizations of both collid
particles can be written in the following form:

ds

dV
~dW ,3HW e!5S ds

dV D
0

@11v1PW •SW 1v2PW •kWSW •kW1v3PW •qW SW •qW

1v4PW •kWSW •qW 1v5PW •qW SW •kW1nW •PW ~q1Qabkakb

1q2Qabqaqb1q3Qabkaqb!

1kW•PW ~q4Qabkanb1q5Qabqanb!

1qW •PW ~q6Qabkanb1q7Qabqanb!#,

nW 5kW3qW , ~35!

where the real coefficientsv i , i 5125, describe correla-
tions of vector polarizations of both colliding particles a
the real coefficientsqi , i 5127, describe all possible
P-even correlations due to the tensor deuteron polariza
and to the vector polarization of3He. Using these formulas i
is possible to calculate any polarization observable for
considered reaction~in the framework of a definite model fo
the reaction mechanism!.

IV. THE d13He INTERACTION AT LOW ENERGIES

Let us discuss now, for completeness, other possible
cesses of thed13He interactions in the region o
5Li-excitation withJp5 3

2
1:

d13He→d13He ~elastic scattering!,

d13He→p1p13H ~Qm521.461 MeV!, ~36!

d13He→n1p13He ~Qm522.224 MeV!,

d13He→d1d1p ~Qm525.494 MeV!.

A. Elastic d13He scattering

The following transitions corresponding toJp5 3
2

1 are
allowed:

l i50, Si5
3

2
→l f50, Sf5

3

2
,

l i52, Si5
1

2
→l f52, Sf5

1

2
,

l i52, Si5
3

2
→l f52, Sf5

3

2
, ~37!

l i52, Si5
3

2
→l f50, Sf5

3

2
,

f-

n

e

o-

l i52, Si5
1

2
→l f52, Sf5

3

2
.

The analysis of the existing data about the processd13He
→p14He in this region shows that the contribution of tra
sitions withl iÞ0 is negligible. In this case we have a sing
s-wave elastic amplitude with the following expression f
the matrix element:

M~1 !5g3
~1 !x2

†~2iDW 2* 1sW 3DW 2* !•~2iDW 12sW 3DW 1!x1 ,
~38!

where DW 1(DW 2) is the three-vector of polarization of initia
~final! deuteron andx1(x2) is the two-component spinor o
the initial ~final! nucleus3He andg3

(1) is the partial ampli-
tude for l i→l f transitions. Equation~38! can be rewritten
in the form

M~1 !5g3
~1 !x2

†~DW 1•DW 2* 1 isW •DW 13DW 2* !x1 . ~39!

The presence of a single amplitude in Eq.~38! allows one to
derive precise values for all the polarization observables
duced by this matrix element. For example, the depende
of the differential cross section of the elasticdW 13HW e scatter-
ing on the polarization states of the colliding particles ha
simple form:

ds

dV
~dW ,3HW e!5S 11

1

2
PW •SW D S ds

dV D
0

. ~40!

Comparing this expression with the general formula, Eq.~2!,
one finds

A25
1

2
and A15A35A450. ~41!

In the region of the5Li resonance withJp5 3
2

2, the follow-
ing transitions are allowed~taking into account onlyp-wave
contributions!:

j i51→ j f51, l i5l f51,

j i52→ j f52, l i5l f51, ~42!

j i51↔ j f52, l i5l f51.

The T invariance of the strong interaction allows one
prove that the amplitudes of the last two nondiagonal tran
tions, j i51↔ j f52, are equal, so we have here at least th
different p-wave resonant amplitudes.

As an example let us consider only the first diagonal tr
sition with j 51, for which the following matrix element can
be written:

M~2 !5g3
~2 !x2

†@DW 13qW •DW 2* 3kW1 isW •~DW 13qW !

3~DW 2* 3qW !#x1 . ~43!

After averaging over the polarizations of the initial particl
and summing over the polarizations of the final particles, o
can find for theu-dependence of the elasticd13He differ-
ential cross section at theJp5 3

2
2 resonance:
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S ds

dV D
0

5
2

3
ug3

~2 !u2~11cos2u!, ~44!

and for the tensor analyzing powers:

Akk50, Aqq5
1

11cos2u
and Akq52

3 cosu

2~11cos2u!
.

~45!

On the other hand, in the case ofJp5 3
2

1 all these polariza-
tion observables are zero.

Let us now consider the processes ofd13He interaction
with production of three particles at threshold.

B. d13He˜p1p13H

The Pauli principle allows the production of the finalp
1p system in ans state with zero value of total angula
momentum, so the entrance channel is in aJp5 1

2
1 state.

Then the conservation of theP parity and of the angula
momentum allows only two transitions:

Si5
1

2
, l i50→Jp5

1

2

1

,

Si5
3

2
, l i52→Jp5

1

2
.

The threshold matrix element, corresponding to these tra
tions, can be parametrized in the form

M5x2
†~ f 1sW •DW 1 f 2sW •qW qW •DW !x1~x3

†s2x̃4
†!, ~46!

wherex1 andx2 are the two component spinors of the3He
and 3H nuclei,x3 andx4 are the two component spinors o
the produced protons,qW is the unit vector along the three
momenta of the deuteron~in the CMS of the considered
reaction!, f 1 and f 2 are the corresponding amplitudes.

C. d13He˜n1p13He

The situation here is more complicated, as nonident
particles produced in the final state can be at threshold
singlet and triplets states. The singlet production of then
1p system is described by Eq.~46!. For the tripletn1p
production the following transitions are allowed:

Si5
1

2
, l i50→Jp5

1

2
1→Sf5

1

2
,

Si5
3

2
, l i50→Jp5

3

2
1→Sf5

3

2
,

Si5
1

2
, l i52→Jp5

3

2
1→Sf5

3

2
, ~47!

Si5
3

2
, l i52→Jp5

1

2
1→Sf5

1

2
,

Si5
3

2
, l i52→Jp5

3

2
1→Sf5

3

2
.

si-

al
in

The spin structure of the amplitudes for these transitions
be written as

I ^ sW •DW ,

I ^ sW •kWkW•DW ,

~sW 3DW !a^ sa , ~48!

~@sW 3DW #3kW !a^ ~sW 3kW !a ,

~sW •kW ! ^ ~sW •DW 3kW !

where we use the following notations:

A^ B5~x2
†Ax1!~x3

†Bs2x̃4
†!. ~49!

D. d13He˜d1d1p

The identity of the two produced deuterons results in t
values of the total spin for thed1d system:sdd50 and 2.
The following transitions are allowed:

Si5
1

2
, l i50→Jp5

1

2
1→sdd50,

Si5
3

2
, l i50→Jp5

3

2
1→sdd52,

Si5
1

2
, l i52→Jp5

3

2
1→sdd52,

Si5
1

2
, l i52→Jp5

5

2
1→sdd52, ~50!

Si5
3

2
, l i52→Jp5

1

2
1→sdd50,

Si5
3

2
, l i52→Jp5

3

2
1→sdd52,

Si5
3

2
, l i52→Jp5

5

2
1→sdd52,

Si5
3

2
, l i54→Jp5

5

2
1→sdd52.

The corresponding spin structure for these transitions~with
J< 3

2 ) can be written as

x2
†sW •DW x1DW 1* •DW 2* ,

x2
†~sW •DW 1* DW •DW 2* 1sW •DW 2* DW •DW 1* !x1 ,

~x2
†sW •DW x1!kW•DW 1* kW•DW 2* , ~51!

~x2
†sW •kWx1!~kW•DW 1* DW •DW 2* 1kW•DW 2* DW •DW 1* !,

~x2
†sW •kWx1!kW•DW DW 1* •DW 2* ,

where DW 1 and DW 2 are the three-vector polarizations of th
produced deuterons. Using all these parametrizations
possible to calculate the polarization observables of inter
in terms of the corresponding partial threshold amplitude
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V. CONCLUSIONS

Let us summarize here the main results of our analysi
polarization phenomena ind13He collisions at very low en-
ergy of colliding particles.

We have suggested a new formalism well adapted to
description of the spin structure of the matrix elements a
the polarization observables for light nuclei collisions
threshold energies. We applied this formalism to the anal
of some processes induced bydW 13HW e.

In the framework ofs-wave d13He interaction, atEd
<1 MeV, we have derived the spin structure of the mat
element for the processd13He→p14He in terms of two
complex partial amplitudes characterizing proton product
in s andd states. Thed-wave amplitude, which results from
the tensor component of theNN interaction, corresponds t
the excitation of theJp5 3

2
1 state of 5Li. This amplitude

determines, in particular, the large absolute value~with nega-
tive sign! of the tensor analyzing power indW 13He→p
14He @8#.

We derive the general dependence of the differential cr
section fordW 13Ĥe→p14He on the polarizations of the co
liding particles. Fors-waved13He interaction all four pos-
sible asymmetries are different from zero.T-even asymme-
tries satisfy a linear relation and the square of theT-odd spin
correlation coefficient can be represented as a definite
dratic combination ofT-even asymmetries.

To determine the moduli of boths amplitudes for the
processd13He→p14He and its relative phase~low energy
‘‘complete experiment’’! it is necessary to measure in add
tion to the unpolarized differential cross section, the ten
analyzing power and the spin correlation coefficientCxx ~in-
duced by collisions of deuterons and3He with transversal
vector polarizations!.

We found expressions for all the triple-spin polarizati
observables, i.e., for the most general polarization corr
tions which are possible for the processdW 13HW e→pW 14He.

For the excitation of the fusion resonance withJp5 3
2

1,
we can derive numerical predictions for all polarization o
servables, without using any particular dynamical model
specific polarization conditions~longitudinally tensor polar-
ized deuterons scattered on unpolarized target! one can ob-
tain a twofold increase of the cross section with respec
the unpolarized one for the processdW 13He→p14He.

Possible p-wave contributions for the low-energyd
.

.
A

T

of

e
d
t
is

n

ss

a-

r

a-

-
n

o

13He collisions are taken into account. The resulting s
structure of the matrix element fordW 13He→p14He is quite
complex and all the general scalar amplitudes are differ
from zero. The most general parametrization of the ma
element can be done in terms of six transversal amplitud
We give the expressions of these amplitudes in terms of
tial amplitudes corresponding tos and p interactions in the
d13He system.

We establish the spin structure of the matrix element
other processes of thed13He interactions~at low energies!:

d13He→d13He,

d13He→p1p13H,

d13He→n1p13He,

d13He→d1d1p.

The given parametrization is interesting for the calculation
different polarization observables.

We can conclude~without any model for the threshold
amplitudes! that the polarization phenomena for differe
processes of low energyd13He interactions are very inter
esting and the corresponding polarization observables
large in absolute value. This kind of analysis allows one
optimize the experimental strategy for a complete exp
ment in the threshold region.

The derived formulas can be applied also to the polari
tion properties of neutrons produced in thed13H→n
14He reaction, which is the basic process for fusion reac
plasma.
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