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Isospin invariance and the spin structure of the amplitude for the process3H13He˜d2H14He
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~Received 2 December 1994; revised manuscript received 23 January 1996!

We analyzed the general form of all polarization effects in the3H13He→d2H14He reaction. For this aim,
we parametrized the spin structure of the full amplitude in terms of the transverse amplitudes which describe
the different transitions between initial and final states, which in turn are differed by projections of nuclei spins
along the normal to the reaction plane. The isospin invariance of the strong interaction generates definite
symmetry properties of the transverse amplitudes relative to the change cosu→2cosu, whereu is the deuteron
production angle in the c.m.s. We found all symmetry relations for the polarization observables in the3H
13He→d2H14He reaction, which are the generalized form of the well-known Barshay-Temmer theorem. We
consider the one-, two-, and triple-spin correlations in3H13He→d2H14He. For analysis of the triple-spin
correlations, we focus on the structure functions formalism and show that a set of 41 structure functions
describes all such correlations. Isospin invariance simplifies the spin structure of the full amplitude at
u590°; therefore, we calculated all polarization observables for this special kinematics.@S0556-
2813~96!02106-1#

PACS number~s!: 24.70.1s, 21.45.1v, 24.50.1g, 25.10.1s
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I. INTRODUCTION

The 3H13He→d2H14He reaction lies in a group of pro-
cesses which are ideal for testing the validity of isospin i
variance ~II ! in various polarization experiments, becaus
both colliding particles (3H, 3He! belong to the same isospin
multiplet with different I z values. If the charge symmetry
breaking~CSB! effects are neglected, the alpha particle a
deuteron are found to be in the pureI50 state. In an isospin
invariant theory, the total isospin of the colliding particle
and the total isospin of the final state are equal. The con
quence of such a case manifests itself in the simple isos
structure of the amplitudes. On the other hand, the spin str
ture of the amplitude of this process is rich enough to exhi
a variety of possible polarization effects, which on first sig
are independent on isospin structure of amplitude.

The spin and isospin structures of collision amplitudes f
the processesn1p→d1h and 3He13H→d2H14He are
similar ~but are not equivalent due to differentp parities of
h and 4He!. But from an experimental point of view, the
reaction 3H13He→d2H14He has evident preferences an
characteristics: all particles~in initial and final states! are
charged and stable;1 the 3He beam has~after acceleration!
definite momentum and polarization; the inverse reactio
namely,d2H14He→3H13He can be realized; the3H beam
in the initial state has definite momentum.

The nuclear reactions in which3H and 3He participate
allow examination of the violation of isospin invariance. O
the other hand, calculation of the Coulomb repulsion of t

*Permanent address: National Scientific Center–Kharkov Instit
of Physics and Technology, Kharkov, Ukraine.
1Of course,3H is an unstable nucleus, but it decays through t

weak interaction.
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two protons in the3He nucleus indicate that this energy can
not completely account for the difference between the bin
ing energies of3He and3H.

Sauer @1# claimed that the Coulomb energy anomaly
(Dn581729 KeV! has to be mainly attributed to CSB in
the two-nucleon interaction. In light of the recent measure
ment of charge form factors of both3He and 3H, the same
anomaly has been estimated asDn57171975 KeV @2,3#.
More recent analysis based on the solution of the Coulom
modified Faddeev equations givesDn57077 KeV @4#.

Measurements@5–7# of the ratio of differential cross sec-
tions ofp6-mesons scattering on3He and 3H targets indi-
cates charge symmetry breaking, which manifests itself
the difference between the neutron radius in3H @r n(

3H!# and
the proton radius in 3He @r p(

3He!# in which r n(
3H)

2r p(
3He)5(23068)1023 fm @8,9#.

The differential cross sections~for all unpolarized par-
ticles!, vector, and tensor analyzing powers have been me
sured for the reactiond2H14He→3H13He in the energy
interval ~32–50! MeV. These measurements demonstrate
significant violation of symmetry properties with respect to
u590° @u is the production angle of final nuclei in the
center-of-mass system~c.m.s.! of the reaction# @10,11#. The
same is true in low energy collisions as well@12–14#. A
detailed examination of various possible mechanisms for t
3H13He
d2H14He reaction provides a theoretical expla
nation of symmetry violations@15–20#.

Such symmetry properties of polarization observation
have general nature as a result of isospin invariance of stro
interaction. They are correct for some class of special pr
cesses. To explain this, the colliding particles in th
n1p→n1p, n1p→d1p0(h), 3H13He
d2H14He re-
actions are in the same isospin multiplet, but the third com
ponents of their isospins are different. Furthermore, tot
isospin of the interacting particles has a single value. In su
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cases, there is a definite correlation between space-time
internal symmetry properties of the reaction amplitudes.
this present study, we employ the isospin invariance of
strong interaction as the internal symmetry. This correlat
appears as a definite symmetry of different polarization
servables. The most simple example of such space-time s
metry is given as

ds

dV
~u!5

ds

dV
~p2u!,

a relation between the differential cross sections of
above-mentioned reactions. This relation is a result of
known Barshay-Temmer theorem@21#. Isospin invariance al-
lows us to generalize this theorem in the case of differ
polarization observables for such processes@22,23#. The va-
lidity of these relations is based only on the general symm
try properties of the fundamental interactions such as isos
invariance andP invariance, and therefore they must b
valid for any mechanism.

The reaction n1p→n1p differs from
n1p→d1p0(h), because in this case we have two po
sible values of the total isospin. But isospin invariance me
while introduces one, but very important, restriction on t
spin structure of the total amplitude, namely, it diminish
the total number of independent amplitudes from 6 to 5@24#.
Of course, this lowering of the number of amplitudes resu
in definite properties of the polarization observables for
n1p→n1p process@25–31#.

In this paper, we analyze the polarization effects in t
3H13He→d2H14He reaction in a complete way. W
present the properties of the polarization phenomena wh
are induced by isospin invariance. For this purpose, it
necessary to parametrize the general spin structure of the
amplitude which is valid for any mechanism of the reactio
We focus in particular on such a parametrization which si
plifies the expressions for the polarization observables in
terms of scalar amplitudes. The most suitable choice is
set of transverse amplitudes. This choice allows us to a
lyze the problem of the full experiment. In a similar way th
same problem was analyzed for the proces
g1N→N1p, N1N→N1N, p1d→d1p, etc. @32#.

Isospin invariance dictates a definite symmetry of the a
plitude of the3H13He→d2H14He reaction with respect to
the cosu→2cosu change. Atu590°, the spin structure of
the amplitudes can be simplified. Thereforeu590° is an
appropriate angle for such reactions.

This problem was analyzed previously@33–35# in detail
for the p1p→d1p1 and n1p→d1p0 reactions. We
present a generalization of this analysis for the reaction3H
13He→d2H14He. The spin structure of the amplitudes fo
n1p→d1p0 and 3H13He→4He1d2H must be different
due to the difference inP parities and the isospin of the
interacting particles.

In Sec. II, we present the general spin structure of the
amplitude for the3H13He→d2H14He reaction in terms of
six independent so-called scalar amplitudes. We employ
set of transverse amplitudes@36–39#. In Sec. III, we consider
the production of polarized deuterons through the collisio
of unpolarized nuclei. We obtain here the exact expressi
for the differential cross section with all unpolarized particl
and
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~in the final and initial state!, for the transverse componen
~to the reaction plane! of the vector deuteron polarization
and for the different components of the tensor deuteron
larization. We establish symmetry properties of all the o
servables which are valid for any mechanism of the react
3H13He→d2H14He obeying isospin invariance. The po
larization phenomena which are induced by the polarizat
of one of the colliding nuclei, namely3HW 13He→d2H
14He and 3H13HeW→d2H14He, are analyzed in Sec. IV
These polarization effects include the dependence of the v
tor and tensor deuteron polarizations on the vector polar
tions of colliding nuclei. We obtain the expressions for a
corresponding polarization observables in terms of the sc
amplitudes and establish their symmetry properties wh
follow from isospin invariance. The collision of two polar
ized nuclei with any direction of the polarization vectors
analyzed in Sec. V. The most general triple-spin correlatio
are analyzed in terms of the so-called structure functio
~SF!. We show in Sec. VI that a set of 41 SF’s gives th
complete information about such correlations. In Sec. V
we consider the special case of transverse kinematics w
u590° and calculate all polarization observables in terms
four independent amplitudes.

II. SPIN STRUCTURE OF THE AMPLITUDE
OF THE 3H13He˜d2H14He PROCESS

Utilizing the P invariance of strong and electromagnet
interactions which are responsible for the3H13He→d2H
14He reaction, the general expression for the spin struct
of amplitude is given in the following form:

F5x̃2s2Fx1 ,

F5 i ~11sW •nŴUW * •nŴ f 11 i ~12sW •nŴ !UW * •nŴ f 2

1~sW •mŴ 1 isW •kŴ !~UW * •mŴ f 31UW * •kŴ f 4!

1~sW •mŴ 2 isW •kŴ !~UW * •mŴ f 51UW * •kŴ f 6!, ~1!

wherekŴ 5kW /ukW u, nW 5kW 3qW /ukW 3qW u, mŴ 5nŴ 3kŴ ; kW and qW are
three-momenta of3H and 4He ~in c.m.s.!, respectively;UW is
the deuteron polarization vector;x1(x2) is the two-
component spinor of3H(3He!; f i5 f i(s,cosu), i5126, are
so-called scalar amplitudes which depend on the total ene
s of the interacting particles and cosu; andu is the deuteron
production angle in the c.m.s. Due to the deuteron posit
P parity,UW is an axial vector.

Any theoretical model which represents the internal stru
ture of the interacting nuclei and the mechanisms of the d
cussed reaction does not have any effect on the general f
of Eq. ~1!. Therefore, the spin structure of the amplitud
depends only on theP parities and the spins of the particle
Only the weak interaction, whose effect is negligible in th
process, necessitates effects a small change in Eq.~1!.

Isospin invariance of the strong interaction results in de
nite symmetry properties for the scalar amplitud
f i(s,cosu) relative to a cosu→2cosu ~or u→p2u) change:
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TABLE I. The products of special combinations ofs matrixes,Aab .

a↓ \b→ 11sW •nW 12sW •nW sW •mŴ 1 isW •kŴ sW •mŴ 2 isW •kŴ

11sW •nW 2(11sW •nW ) 0 0 2(sW •mŴ 2 isW •kŴ )

12sW •nW 0 2(12sW •nW ) 2(sW •mŴ 1 isW •kŴ ) 0

sW •mŴ 1 isW •kŴ 2(sW •mŴ 1 isW •kŴ ) 0 0 2(12sW •nW )

sW •mŴ 2 isW •kŴ 0 2(sW •mŴ 2 isW •kŴ ) 2(11sW •nW ) 0
m

r

-

-
f

s

-
ts

-

f 1~s,2cosu!5 f 1~s,1cosu!,

f 2~s,2cosu!5 f 2~s,1cosu!,

f 3~s,2cosu!5 f 5~s,1cosu!,

f 4~s,2cosu!52 f 6~s,1cosu!, ~2!

f 5~s,2cosu!5 f 3~s,1cosu!,

f 6~s,2cosu!52 f 4~s,1cosu!.

These relations are obtained from Eq.~1! by taking into ac-
count isospin conservation in3H13He→d2H14He reac-
tion. The total isospin of the initial system must be zero an
the amplitudeF does not change sign, one can obtain fro
the generalized Pauli principle that

kŴ→2kŴ , x1↔x2 . ~3!

In the framework of isospin invariance,3He and 3H nuclei
are identical Fermi particles.

Equations~2! lead to numerous relations between pola
ization observables of the3H13He→d2H14He reaction.
From Eqs.~2!, it follows immediately that under special ki-
nematical conditions, namely foru590°, the number of in-
dependent amplitudes separable from Eq.~1! reduces from 6
to 4.

After some trivial transformations, the parametrizatio
given in Eq.~1! corresponds to the so-called spin structu
products of amplitudes for 1/211/2→010 and
010→110 processes. Indeed, Eq.~1! can be written in the
form

F5 inŴ •UW * ~g11sW •nWg2!1UW *mŴ •~g3sW •mŴ 1g4sW •kŴ !

1UW * •kŴ ~g5sW •mŴ 1g6sW •kŴ !, ~4!

where the new amplitudes are connected with amplitudesf i
by

g15 f 11 f 2 , g25 f 12 f 2 , g35 f 31 f 5 ,

g45 i ~ f 32 f 5!, g55 f 41 f 6 , g65 i ~ f 42 f 6!. ~5!

Equations~2! and ~5! give

g1~s,2cosu!51g1~s,1cosu!, ~6!

g2~s,2cosu!51g2~s,1cosu!,

g3~s,2cosu!51g3~s,1cosu!,
d

r-

n
e

g4~s,2cosu!52g4~s,1cosu!,

g5~s,2cosu!52g5~s,2cosu!,

g6~s,2cosu!51g6~s,1cosu!.

At u590°, we obtaing4(s,0)5g5(s,0)50.
Every parenthetical expression in Eq.~4! corresponds to

spin structure amplitudes of the 1/211/2→010 processes
~but with different parities of colliding or produced par-

ticles!, and three productsnŴ •U* , U* •mŴ , and U* •kŴ de-
scribe the spin structure of the amplitude of the
010→110 processes~again with appropriate change of
parity!.

Parametrization of Eq.~1! involves the introduction of
transverse amplitudes to the theory, which provides an ap
propriate method for analyzing polarization effects in the
3H and 3He process and, especially, for the study of a com
plete experiment. One can see that combinations o
(16sW nW )/2 are the projection operators for the3H and 3He

spin states where the direction ofnŴ is chosen as the quanti-
zation spin axis. Then, in this basis, the combination

sW •mŴ 6sW •kŴ , being lowering and raising spin operators, have
nonzero matrix elements only between states of3H and
3He with different signs of spin projections. Such parametri
zation of amplitudes diminishes possible interference effec
of the f i amplitudes in different simple polarization observ-
ables for the3H13He→d2H14He process.

Let us write the connection between the amplitudesf i and
the helicity amplitudes commonly used for analyzing the po
larization effects. Denoting the helicity amplitudes as
Fl1l2 ,ld

, where l1 ,l2 are the helicities of particles with

x1 andx2 spinors, andld is the deuteron helicity, one can
find the following relations:

F11,052sinu~ f 32 f 5!2cosu~ f 42 f 6!,

F12,05 isinu~ f 31 f 5!1 icosu~ f 41 f 6!, ~7!

A2F11,15 f 12 f 22 icosu~ f 31 f 5!1 isinu~ f 41 f 6!,

A2F22,15 i ~ f 11 f 2!1cosu~ f 32 f 5!2sinu~ f 42 f 6!,

A2F21,15 f 12 f 21 icosu~ f 31 f 5!2 isinu~ f 41 f 6!,

A2F12,152 f 11 f 21 icosu~ f 31 f 5!2 isinu~ f 41 f 6!.

If parametrization of Eq.~1! for the amplitudes is valid
for direct and inverse processes of3H13He
d2H14He,
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the relations between the helicity and scalar amplitudes
these two processes must be different. Indeed, for the inve
process, d2H14He→3H13He, with helicity amplitudes
Fld ,l1l2

, one can obtain instead of Eq.~7!

F0,1152 f 41 f 6 , F0,215 i ~ f 41 f 6!, ~8!

A2F1,115 icosu~ f 11 f 2!2sinu~ f 12 f 2!2 f 31 f 5 ,

A2F1,2252 icosu~ f 11 f 2!1sinu~ f 12 f 2!2 f 31 f 5 ,

A2F1,215 isinu~ f 11 f 2!1cosu~ f 12 f 2!1 i ~ f 31 f 5!,
for
rse

A2F1,125 isinu~ f 11 f 2!1cosu~ f 12 f 2!1 i ~ f 32 f 5!.

The relations between the helicity amplitudes~in transversity
formalism! and the amplitudesf i are given in the Appendix.

III. COLLISIONS OF UNPOLARIZED NUCLEI

We calculate now the simplest polarization observable
which are connected with one or two polarized particles in
initial or final states. The products of special combination of
s matrixes, which are necessary for such calculations ar
given in Table I.

Using the results of Table I one obtains
the
1
2 FF

†5~11sW •nŴ !$u f 1u2uUW •nŴ u21u f 5UW * •mŴ 1 f 6UW * •kŴ u2%

5~12sW •nŴ !$u f 2u2uUW •nŴ u21u f 3UW * •mŴ 1 f 4UW * •kŴ u2%

12sW •mŴ Im$2 f 2~ f 5*UW •mŴ 1 f 6*UW •kŴ !UW * •nŴ 1 f 1* ~ f 3UW * •mŴ 1 f 4UW * •kŴ !UW •nŴ %

12sW •kŴ Re$2 f 2~ f 5*UW •mŴ 1 f 6*UW •kŴ !UW * •nŴ 1 f 1* ~ f 3UW * •mŴ 1 f 4UW * •kŴ !UW •n̂W%. ~9!

Utilizing Eq. ~9!, it is straightforward to calculate any polarization observable associated with the polarization of
nucleus3He ~with spinorx2). For the polarized nucleus being3H ~with spinorx1) it is necessary to use the productF†F:

1
2 F

†F5~11sW •nŴ !$u f 1u2uUW •nŴ u21u f 3UW * •mŴ 1 f 4UW * •kŴ u2%

5~12sW •nŴ !$u f 2u2uUW •nŴ u21u f 5UW * •mŴ 1 f 6UW * •kŴ u2%12sW •mŴ ImA12sW •kŴ ReA, ~10!

where

A5 f 2* ~ f 3UW * •mŴ 1 f 4UW * •kŴ !UW •nŴ 2 f 1* ~ f 5UW * •mŴ 1 f 6UW * •kŴ !UW •nŴ .

Using Eq.~9! or ~10! one finds for the case of the collision of both unpolarized nuclei:

1
4 TrFF

†5 1
4 TrF

†F5unŴ •UW u2~ u f 1u21u f 2u2!1uUW •mŴ u2~ u f 3u21u f 4u2!1uUW •kŴ u2~ u f 4u21u f 6u2!

1~UW •mŴ UW * •kŴ 1UW •kŴUW * •mŴ ! Re~ f 3f 4*1 f 5f 6* !1 i ~UW •mŴ UW * •kŴ 2UW •kŴUW * •mŴ ! Im~ f 3f 4*1 f 5f 6* !.
~11!
t

-

Summing over deuteron polarizations one can obtain fro
Eq. ~11! the following expression for the differential cross
section:

ds

dV
5

1

64p2 s

uqW u

ukW u
1
4 TrF

†F' 1
4 TrF

†F, ~12!

where the line aboveF†F denotes summing over the deu
teron polarizationsUa

!Ub5dab . We neglect here the three-
momenta of the deuteron in comparison with its mas
namelyuqW u/M!1.

Then from Eq.~11!, one finds

ds0

dV
'u f 1u21u f 2u21u f 3u21u f 4u21u f 5u21u f 6u2. ~13!
m

-

s,

This result shows that the differential cross section does no
contain any amplitude interference terms.

The symmetry properties of the amplitudesf i(s,cosu)
@Eq. ~2!# result in the definiteu dependence of the differen-
tial cross section, namely

ds0

dV
~p2u!5

ds0

dV
~u!. ~14!

This property ofds0/dV is valid only for exact isospin in-
variance of a strong interaction~the Barshay-Temmer theo-
rem @21#!.

Nonzero components of the tensorQi j
(0,0) @which is de-

fined as UiU j
!5(1/3)d i j1Qi j

0,01 i e i jkSk and describes in
Cartesian coordinates the quadrupole or tensorial polariza
tion of the deuteron# are given as
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Qkk
~0,0!

ds0

dV
'2u f 1u22u f 2u21u f 4u21u f 6u2,

Qmm
~0,0!

ds0

dV
'2u f 1u22u f 2u21u f 3u21u f 5u2, ~15!

Qmk
~0,0!

ds0

dV
5Qkm

~0,0!
ds0

dV
' Re~ f 3f 4*1 f 5f 6* !,

where the upper index~0,0! indicates that both initial par
ticles are unpolarized.

From Eq. ~11!, one can see that the produced deute
also has the vector polarizationPW (0,0) with the only a normal
nonzero component:

Pn
~0,0!

ds0

dV
'2 Im~ f 3f 4*1 f 5f 6* !. ~16!

The deuteron polarization observables satisfy the follo
ing symmetry conditions:

Qmm
~0,0!~s,2cosu!51Qmm

~0,0!~s,1cosu!, ~17!

Qkk
~0,0!~s,2cosu!51Qmm

~0,0!~s,1cosu!,
ron

w-

Qmk
~0,0!~s,2cosu!52Qkm

~0,0!~s,1cosu!,

Pn
~0,0!~s,2cosu!52Pn

~0,0!~s,1cosu!,

and can be considered as a generalization of the Barsh
Temmer theorem@21# for the polarization properties of the
produced deuteron. All these relations are consequences
isospin invariance. Existing experimental data for the inver
processd2H14He→3H13He also prove the validity of
similar relations for the analyzing powers~due to the tensor
and vector polarizations of a deuteron beam!.

IV. POLARIZATION PHENOMENA FOR THE
3H¢ 13He˜d2H 14 He AND 3H 13He¢˜d2H 14He

COLLISION

Let us consider the case when one of the colliding nucl
(3H or 3He! is polarized. First, we analyze the scattering o
a polarized beam (3H! on an unpolarized target (3He!. In our
notation, the3H beam is described by spinorx1 .

~I! The results of the analysis of all three possible inde
pendent spin orientations of3H nuclei are given below.

~I.1! 3H polarization vector is alongnW :
r

1
4 TrF

†FsW •nŴ 5uUW •nŴ u2~ u f 1u22u f 2u2!1uUW •mŴ u2~ u f 3u22u f 5u2!1uUW •kŴ u2~ u f 4u22u f 6u2!

1~UW •mŴ UW * •kŴ 1UW •kŴUW * •mŴ ! Re~ f 3* f 42 f 5f 6* !1 i ~UW •mŴ UW * •kŴ 2UW •kŴUW * •mŴ ! Im~ f 3* f 42 f 5* f 6!. ~18!

A nonzero analyzing powerA(n,0) characterizes the production of an unpolarized deuteron:

A~n,0!
ds0

dV
'~ u f 1u22u f 2u21u f 3u21u f 4u22u f 5u22u f 6u2!. ~19!

Such a polarization observable depends only on the absolute values of the amplitudesf i .
The tensor polarization of produced deuterons is characterized by the following nonzero components of the tensoQi j

(n,0)

@the upper index (n,0) indicates that we have collisions of a polarized3H beam~in the nW direction! with an unpolarized
3He target#:

ds0

dV
Qmm

~n,0!'2u f 1u21u f 2u21u f 3u22u f 5u2,

ds0

dV
Qkk

~n,0!'2u f 1u21u f 2u21u f 3u22u f 6u2, ~20!

ds0

dV
Qmk

~n,0!'Qkm
~n,0!

ds0

dV
' Re~ f 3f 4*2 f 5f 6* !.

The vector deuteron polarization must be transverse:

Pn
~n,0!

ds

dV
'2 Im~ f 3f 4*2 f 5f 6* !. ~21!

~I.2! 3H polarization vector is alongmW :

1
4 TrF

†FsW •kŴ 5~UW •mŴ UW * •nŴ 1UW * •mŴ UW •nŴ ! Re~ f 2* f 32 f 1f 5* !1~UW •kŴUW * •nŴ 1UW * •kŴUW •nŴ ! Im~ f 2* f 42 f 1f 6* !

1 i ~UW •mŴ UW * •nŴ 2UW * •mŴ UW •nŴ ! Re~ f 2f 3*1 f 1f 5* !1 i ~UW •kŴUW * •nŴ 2UW * •kŴUW •nŴ ! Re~ f 2f 4*1 f 1f 6* !. ~22!



e
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It follows that there are nonzero polarization observables given by

Qmn
~m,0!

ds

dV
5Qnm

~m,0!
ds

dV
'2 Im~ f 1f 5*1 f 2f 3* !,

Qkn
~m,0!

ds

dV
5Qnk

~m,0!
ds

dV
'2 Im~ f 1f 6*1 f 2f 4* !, ~23!

Pk
~m,0!

ds

dV
'2 Re~ f 2f 3*1 f 1f 5* !, Pm

~m,0!
ds

dV
' Re~ f 2f 4*1 f 1f 6* !.

~I.3! 3H polarization vector is alongkW :

1
4 TrF

†FsW •kŴ 5~UW •mŴ UW * •nŴ 1UW * •nŴUW •mŴ ! Re~ f 2* f 32 f 1f 5* !1~UW •kŴUW * •nŴ 1UW * •nŴUW •kŴ ! Re~ f 2* f 42 f 1f 6* !

2 i ~UW •mŴ UW * •nŴ 2UW * •mŴ UW •nŴ ! Im~ f 2* f 31 f 1* f 5!2 i ~UW •kŴUW * •nŴ 2UW * •kŴUW •nŴ ! Im~ f 1f 6*1 f 2* f 4!. ~24!

The nonzero polarization observables can be found as

Qmn
~k,0!

ds

dV
5Qnm

~k,0!
ds

dV
' Re~ f 2f 3*2 f 1f 5* !,

Qkn
~k,0!

ds

dV
5Qnk

~k,0!
ds

dV
' Re~ f 2f 4*2 f 1f 6* !, ~25!

Pk
~k,0!

ds

dV
' Im~ f 2* f 41 f 1f 6* !, Pm

~k,0!
ds

dV
'2 Im~ f 1f 5*2 f 2f 3* !.

~II ! In the case of scattering an unpolarized beam of3H on a polarized3He target, we also consider all three possibl
orientations of the3He polarization vector.

~II.1! Target is polarized alongnW :

1
4 TrFF

†sW •nŴ 5uUW •mŴ u2~ u f 5u22u f 3u2!1uUW •nŴ u2~ u f 1u22u f 2u2!1uUW •kŴ u2~ u f 6u22u f 4u2!

1~UW •mŴ UW * •kŴ 1UW * •mŴ UW •kŴ ! Re~ f 5* f 62 f 3f 4* !2 i ~UW •mŴ UW * •kŴ 2UW * •mŴ UW •kŴ ! Im~ f 5* f 62 f 3* f 4!. ~26!

Nonzero polarization observables are as follows:

A~0,n!
ds

dV
'u f 1u22u f 2u22u f 3u22u f 4u21u f 5u21u f 6u2,

Qmm
~0,n!

ds

dV
'2u f 1u21u f 2u22u f 3u21u f 5u2,

Qkk
~0,n!

ds

dV
'2u f 1u21u f 2u22u f 4u21u f 6u2, ~27!

Qmk
~0,n!

ds

dV
'Qkm

~0,n!
ds

dV
' Re~2 f 3f 4*1 f 5f 6* !,

Pn
~0,n!

ds

dV
' Im~2 f 3f 4*1 f 5f 6* !.

~II.2! Target is polarized alongmW :
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1
4 TrFF

†sW •mŴ 52~UW •mŴ UW * •nŴ 1UW * •mŴ UW •nŴ ! Im~ f 1* f 31 f 2f 5* !2~UW •kŴUW * •nŴ 1UW * •kŴUW •nŴ ! Im~ f 1* f 41 f 2f 6* !

1 i ~UW •mŴ UW * •nŴ 2UW * •mŴ UW •nŴ ! Re~ f 1f 3*1 f 2f 5* !1 i ~UW •kŴUW * •nŴ 2UW * •kŴUW •nŴ ! Re~ f 1* f 41 f 2f 6* !. ~28!

As a result, we have the following relations for nonzero polarization characteristics of tensor and vector polarizatio
deuterons:

Qmn
~0,m!

ds

dV
5Qnm

~0,m!
ds

dV
'2 Im~ f 1f 3*1 f 2f 5* !,

Qkn
~0,m!

ds

dV
5Qnk

~0,m!
ds

dV
'2 Im~ f 1f 4*1 f 2f 6* !, ~29!

Pm
~0,m!

ds

dV
' Re~ f 1f 4*1 f 2f 6* !, Pm

~0,m!
ds

dV
'2 Re~ f 1f 3*1 f 2f 5* !.

~II.3! Target is polarized alongkW :

1
4 TrFF

†sW •kŴ 5~UW •mŴ UW * •nŴ 1UW * •mŴ UW •nŴ ! Re~ f 1* f 32 f 2f 5* !1~UW •kŴUW * •nŴ 1UW * •kŴUW •nŴ ! Re~ f 1* f 42 f 2f 6* !

1 i ~UW •mŴ UW * •nŴ 2UW * •mŴ UW •nŴ ! Im~ f 1f 3*2 f 2f 5* !1 i ~UW •kŴUW * •nŴ 2UW * •kŴUW •nŴ ! Im~ f 1* f 42 f 2f 6* !. ~30!
a

o

e

t

n

-

The following formulas are valid for the nonzero polariz
tion observables of the deuteron:

Qmn
~0,k!

ds

dV
5Qnm

~0,k!
ds

dV
' Re~ f 1f 3*2 f 2f 5* !,

Qkn
~0,k!

ds

dV
5Qnk

~0,k!
ds

dV
' Re~ f 1f 4*2 f 2f 6* !, ~31!

Pm
~0,k!

ds

dV
' Im~ f 1f 4*2 f 2f 6* !,

Pk
~0,k!

ds

dV
'2 Re~ f 1f 3*2 f 2f 5* !.

Taking into account these formulas for the polarizati
observables and the symmetry properties of scalar am
tudes, Eq.~6!, we can obtain numerous relations betwe
these observables.

~A! Polarization of 3H or 3He alongnW :

Qkk
~n,0!~s,2cosu!51Qkk

~0,n!~s,1cosu!,

Qmm
~n,0!~s,2cosu!51Qmm

~0,n!~s,1cosu!,

Qmk
~n,0!~s,2cosu!52Qmk

~0,n!~s,1cosu!, ~32!

Pn
~n,0!~s,2cosu!52Pn

~0,n!~s,1cosu!,

A~n,0!~s,1cosu!51A~0,n!~s,2cosu!.

~B! Polarization of 3H or 3He alongmW :
-

n
pli-
n

Qmn
~m,0!~s,2cosu!51Qmn

~0,m!~s,1cosu!,

Qkn
~m,0!~s,2cosu!52Qkn

~0,m!~s,1cosu!,

Pk
~m,0!~s,2cosu!51Pk

~0,m!~s,1cosu!, ~33!

Pm
~m,0!~s,2cosu!52Pm

~0,m!~s,1cosu!.

~C! Polarization of 3H or 3He alongnW :

Qmn
~k,0!~s,2cosu!52Qmn

~0,k!~s,1cosu!,

Qkn
~k,0!~s,2cosu!51Qkn

~0,k!~s,1cosu!,

Pk
~k,0!~s,2cosu!52Pk

~0,k!~s,1cosu!, ~34!

Pm
~k,0!~s,2cosu!51Pm

~0,k!~s,1cosu!.

We see that the isospin invariance relates the polarization
observables for3HW 13He→d2H14He and 3H13HeW→d2H
14He for the same spin orientations of initial particles but at
different angles, namelyu andp2u.

Therefore, all relations with~–! sign predict the zero val-
ues for the corresponding polarization observables a
u590°. Such observables must change sign atu590°, so
this angle is especially appropriate for testing the validity of
~II ! and examining the effects of~II ! violation. The latter
effects must correspond to a change of position for the zero
crossing of corresponding observables. Similar changes ca
be measured with high accuracy@26–31#.

IV. COLLISIONS OF THE TWO POLARIZED NUCLEI

We now consider the dependence of the differential cross
section of the3HW 13HeW→d2H14He reaction on the vector
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polarizations of both colliding particles. Using theP invari-
ance we obtain the most general form of such dependen

ds

dV
~PW 1 ,PW 2!5

ds0

dV
@11A~mm!mŴ •PW 1mŴ •PW 2

1A~nn!nŴ •PW 1nŴ •PW 21A~kk!kŴ •PW 1kŴ •PW 2

1mŴ •PW 1kŴ •PW 2A
~m,k!1mŴ •PW 2kŴ •PW 1A

~k,m!#.

~35!

The analyzing powersA( i j ) are proportional with

1
4 Tr FsW •PW 1F

†sW •PW 2 , ~36!

where the line denotes summation over deuteron polar
tions, and yields:

A~n,n!
ds

dV
'u f 1u21u f 2u2,

A~k,k!
ds

dV
'2 Re~ f 1f 2*2 f 3f 5*2 f 4f 6* !,

A~m,m!
ds

dV
'2 Re~ f 1f 2*1 f 3f 5*1 f 4f 6* !, ~37!

A~k,m!
ds

dV
'22 Im~ f 1f 2*1 f 3f 5*1 f 4f 6* !,

A~m,k!
ds

dV
'2 Im~ f 1f 2*2 f 3f 5*2 f 4f 6* !.
e:

za-

It follows from Eq. ~2! and Eq.~37!, that the definite sym-
metry properties must be valid forAi j :

A~n,n!~s,2cosu!51A~n,n!~s,1cosu!,

A~k,k!~s,2cosu!51A~k,k!~s,1cosu!,

A~m,m!~s,2cosu!51A~m,m!~s,1cosu!, ~38!

A~k,m!~s,2cosu!51A~k,m!~s,1cosu!,

A~m,k!~s,2cosu!51A~m,k!~s,1cosu!.

V. TRIPLE POLARIZATION CORRELATIONS

We need the specific structure functions formalism in o
der to study the correlation of the polarizations of all thre
particles in the3H13He→d2H14He reaction. To explain
this, let us consider the following tensor:

Ti j5
1
4 TrFisW •PW 1F j

†sW •PW 2 ~39!

with

Fi5UW * •FW 5Ui*Fi .

Taking into account theP invariance,Ti j can be written
in terms of polarization vectorsPW 1 andPW 2 of the colliding
particles as
Ti j5mŴ •PW 1mŴ •PW 2Si j ~ t12t5!1nŴ •PW 1nŴ •PW 2Si j ~ t62t10!1kŴ •PW 1kŴ •PW 2Si j ~ t112t15!

1mŴ •PW 1kŴ •PW 2Si j ~ t162t20!1kŴ •PW 1mŴ •PW 2Si j ~ t212t25!1mŴ •PW 1nŴ •PW 2Ai j ~ t262t29!

1nŴ •PW 1mŴ •PW 2Ai j ~ t302t33!1kŴ •PW 1nŴ •PW 2Ai j ~ t332t37!1nŴ •PW 1kŴ •PW 2Ai j ~ t382t41!, ~40!
where we make use of the following notations:

Si j ~ t12t5!5m̂im̂j t11n̂i n̂ j t21k̂ i k̂ j t31$m̂,k̂% i j t4

1 i @m̂,k̂ # i j t5 ,

Ai j ~ t262t29!5$m̂,n̂% i j t261$k̂,n̂% i j t271 i @m̂,n̂# i j t28

1 i @ k̂,û̂n# i j t29, ~41!

$m̂,k̂% i j5m̂i k̂ j1m̂j k̂ i ,

@m̂,k̂ # i j5m̂i k̂ j2m̂j k̂ i ,

and t i(s,cosu) are the real structure functions.
The symmetrical part ofTi j defines the tensorial deuteron
polarization~in its dependence onPW 1 andPW 2), and the anti-
symmetrical part ofTi j , the vector polarization of the pro-
duced deuteron.

ThereforeP-even correlations of initial vector polariza-
tions such as

mŴ •PW 1mW
W
•PW 2 ,

kŴ •PW 1kŴ •PW 2 ,

nŴ •PW 1nŴ •PW 2 ,

mŴ •PW 1kŴ •PW 2 ,
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and

kŴ •PW 1mŴ •PW 2

result in the following three nonzero components of th
quadrupole deuteron polarization tensorQi j ,:Qmm,Qkk ,
andQmk5Qkm , and the normal component of vector deu
teron polarization,Pn .

As an example, one can obtain

Qmm
~m,m!'t12t2 ,

Qkk
~m,m!'t32t2 ,

Qmk
~m,m!'t4 ,

Pn
~m,m!'t5 .

P-odd correlations of initialPW 1 andPW 2 polarization vectors,
namely,

mŴ •PW 1nŴ •PW 2 ,

nŴ •PW 1mŴ •PW 2 ,

kŴ •PW 1nŴ •PW 2 ,

and

nŴ •PW 1kŴ •PW 2

produce two other~nondiagonal! components of theQi j ten-
sor, i.e.,Qmn andQkn , and two components of the vector
polarization of the produced deuteron in the plane of rea
tion: Pm andPk .

On the other hand,

Qmn
~m,n!

ds

dV
't26, Qkn

~m,n!
ds

dV
't27,

Pm
~m,n!

ds

dV
'2t28, Pk

~m,n!
ds

dV
't29.

Using Eqs.~39! and ~40! one finds the following expres-
sions for all 41 structure functions in terms of the amplitude
f i :

t152t1152 Ref 3f 5* , ~42!

t25t1252 Ref 1f 2* ,

t352t1352 Ref 4f 6* ,

t452t145 Re~ f 3f 6*1 f 4f 5* !,

t552t155 Im~ f 3f 6*2 f 4f 5* !,

t652u f 3u22u f 5u2,

t75u f 1u21u f 2u2,
e

-

c-

s

t85u f 4u21u f 6u2,

t952 Re~ f 3f 4*1 f 5f 6* !, t105 Im~ f 3f 4*1 f 4f 6* !,

t165t21522 Imf 3f 5* , t1752t22522 Imf 1f 2* ,

t185t23522 Imf 4f 6* , t195t24522 Im~ f 3f 6*1 f 4f 5* !,

t205t2552 Re~ f 3f 6*2 f 4f 5* !,

t2652 Im~ f 1f 5*2 f 2f 3* !, t2752 Im~ f 1f 6*2 f 2f 4* !,

t285 Re~ f 1f 5*2 f 2f 3* !, t295 Re~ f 1f 6*2 f 2f 4* !,

t3052 Im~ f 1f 3*2 f 2f 5* !, t3152 Im~ f 1f 4*2 f 2f 6* !,

t325 Re~ f 1f 3*2 f 2f 5* !, t335 Re~ f 1f 4*2 f 2f 6* !,

t3452 Re~ f 1f 5*1 f 2f 3* !, t3552 Re~ f 1f 6*1 f 2f 4* !,

t3652 Im~ f 1f 5*2 f 2f 3* !, t3752 Im~ f 1f 6*2 f 2f 4* !,

t385 Re~ f 1f 3*1 f 2f 5* !, t395 Re~ f 1f 4*1 f 2f 6* !,

t405 Im~ f 1f 3*1 f 2f 5* !, t415 Im~ f 1f 4*1 f 2f 6* !.

All these functions have definite symmetry propertie
relative to change of cosu→2cosu, namely,

t i~s,2cosu!5t i~s,1cosu!

for i51,2,3,6,7,8,11,12,13,17, and 22,

t i~s,2cosu!52t i~s,1cosu!

for i54,5,9,10,14,15,16,18,19,20,21,23,24,25

t26~s,2cosu!5t30~s,1cosu!,

t27~s,2cosu!52t31~s,1cosu!,

t28~s,2cosu!5t32~s,1cosu!,

t29~s,2cosu!52t33~s,1cosu!, ~43!

t34~s,2cosu!52t38~s,1cosu!,

t35~s,2cosu!5t39~s,1cosu!,

t36~s,2cosu!52t40~s,1cosu!,

t37~s,2cosu!5t41~s,1cosu!.

Of course all these relations could be easily transforme
into definite relations between polarization observables
the 3HW 13HeW→dW 2H14He reaction.

VI. POLARIZATION EFFECTS IN CASE OF u590°
DEUTERON PRODUCTION

As it was mentioned in the Introduction, the spin structur
of the total amplitude of the process3He13H→d2H14He is
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simplified for special kinematical conditions, namely f
deuteron production atu590° in the c.m.s. of the considere
reaction. This simplification is a result of the isospin inva
ance of the strong interaction for the specific initial sta
with both particles belonging to the same isospin multip
We can consider this simplification as a generalization
collinear two-particle collisions. In the last case the sp
structure of the amplitude is simplified due to the conser
tion of the total spin projection. Therefore this symme
property is transformed for the3He13H→d2H14He reac-
tion for u590° to a similar simplification of the spin struc
ture of the total amplitude. As a result, we obtain definite a
specific predictions for polarization experiments.

The polarization effects on the deuteron in t
p1p→d1p1 reaction atu590° has been studied in Re
@34#.

In this paper, we employ the parametrization of the a
plitude for the 3H13He→d2H14He reaction, namely, the
or
d
ri-
tes
let.
of
in
va-
try

-
nd

he
f.

m-

transverse spin structure. Naturally, the analysis of the co
plete experiment for such a kinematical condition is simp
fied.

Let us analyze this question in more detail. The amplitud
F contains in this case, namely atu590°, a contribution
from only four independent amplitudes:

F5~11sW •nŴ !UW * •nŴ f 11~12sW •nŴ !UW * •nŴ f 21 isW •mŴ UW * •mŴ f 3

1sW •kŴUW * •kŴ f 4 , ~44!

where the amplitudef 124(s,cos90°)5 f 124(s,0)5 f 124(s)
depends now only on the energy of colliding particles. O
course, all four amplitudes are complex functions of the va
ables.

As in the general case, for the analysis of polarizatio
effects in 3H13He→d2H14He, atu590°, it is necessary
to calculate the following two products:
FF†52~11sW •nŴ !uUW * •nŴ u2u f 1u212~12sW •nŴ !uUW * •nŴ u2u f 2u21UW !
•mŴ u2u f 3u21uUW !

•kŴ u2u f 4u2

12sW •mŴ Im$~ f 11 f 2! f 3
!UW •mŴ UW !

•nŴ 2~ f 12 f 2! f 4
!UW •kŴUW !

•nŴ %

12sW •kŴ Re$~ f 11 f 2! f 4
!UW •kŴUW !

•nŴ 2~ f 12 f 2! f 3
!UW •mŴ UW !

•nŴ %12sW •nŴ Ref 3f 4
!UW !

•mŴ UW !
•kŴ , ~45!

and

F†F52~ u f 1u21u f 2u2!uUW •nŴ u212~ u f 1u22u f 2u2!uUW •nŴ u2sW •nŴ 1u f 3u2uUW •mŴ u21u f 4u2uUW •kŴ u212sW •mŴ Im$~ f 11 f 2! f 3
!UW •mŴ UW !

•nŴ

1~ f 12 f 2! f 4
!UW •kŴUW !

•nŴ %12sW •kŴ Re$~ f 11 f 2! f 4
!UW •kŴUW !

•nŴ 2~ f 12 f 2! f 3
!UW •mŴ UW !

•nŴ %22sW •nŴ Ref 3f 4
!
•UW !

•mŴ UW •kŴ .

~46!
-

e
m-

is

is

ies

g

Formulas ~45! and ~46! allow us to calculate all pol-
arization effects in the 3He13H→d2H14He reaction,
namely, 3He13H→dW 2H14He, 3HeW13H→d2H14He, 3He
13HW→d2H14He ~only one particle is polarized in the ini
tial or final state!, 3HeW13HW→d2H14He, 3HeW13H→d2H
14He, 3He13HW→dW 2H14He ~any pair of the particles in the
initial or final state is polarized! and 3HeW13HW→dW 2H14He
~all three nuclei with nonzero spin are polarized!.

Indeed, the differential cross section of collision of th
both unpolarized nuclei3He and3H with production of the
polarized deuterons is defined as

ds

dV
' 1

4 TrFF
†5 1

4 TrF
†F

5~ u f 1u21u f 2u2!uUW •nŴ u21uUW •mŴ u2u f 3u2

1uUW •kŴ u2u f 4u2. ~47!

Equation ~47! covers the description of the following
cases.
e

~a! The differential cross section of the production of th
unpolarized deuterons contains only the squares of the a
plitude moduli:

ds0

dV
'u f 1u21u f 2u21u f 3u21u f 4u2. ~48!

~b! The tensor polarization of the produced deuterons
characterized by the following nonzero components:

Qmm
~0,0!

ds0

dV
'2u f 1u22u f 2u21u f 3u2,

Qkk
~0,0!

ds0

dV
'2u f 1u22u f 2u21u f 4u2. ~49!

~c! The vector polarization of the produced deuterons
equal to zero exactly~for any mechanism of the considered
reaction!.

The next step is the calculation of scattering asymmetr
~or the analyzing power! in 3H13He→d2H14He which are
induced by the vector polarization of one of the collidin
nuclei.

~I! The scattering of a polarized3H beam by the3He
unpolarized target3HW 13He→d2H14He.

~I-1! The 3H beam is polarized in themŴ direction:
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1
4 TrF

†FsW •mŴ 5 1
2 ~UW •mŴ UW * •nŴ 1UW •nŴUW * •mŴ ! Im~ f 11 f 2! f 3

!1 1
2 ~UW •kŴUW * •nŴ 1UW •nŴUW * •kŴ ! Re~ f 12 f 2! f 4

!

1
i

2
~2UW •mŴ UW * •nŴ 1UW •nŴUW * •mŴ ! Re~ f 11 f 2! f 3

!2
i

2
~UW •kŴUW * •nŴ 2UW •kŴUW * •nŴ ! Re~ f 12 f 2! f 4

! . ~50!
d

as

ar-
~a! The asymmetry of the production of unpolarized de
terons must be equal to zero.

~b! The nonzero components of the vector polarization
the produced deuterons can appear in the scattering p
only:

Pk
~m,0!

ds

dV
' Re~ f 11 f 2! f 3

! ,

Pm
~m,0!

ds

dV
'2 Re~ f 12 f 2! f 4

! . ~51!

~c! The tensor polarization of the produced deuteron
characterized by the following nonzero components:

Qmn
~m,0!

ds

dV
5Qnm

~m,0!
ds

dV
' 1

2 Im~ f 11 f 2! f 3
! ,

Qkn
~m,0!

ds

dV
5Qnk

~m,0!
ds

dV
' 1

2 Im~ f 12 f 2! f 4
! . ~52!

~I-2! The beam of3H is polarized in thenŴ direction:

1
4 TrF

†FsW •nŴ 5~ u f 1u22u f 2u2!uUW •nŴ u2

2 1
2 ~UW •mŴ UW * •kŴ 1UW !

•mŴ UW •kŴ ! Ref 3f 4
!

1
i

2
~UW •mŴ UW * •kŴ 2UW !

•mŴ UW •kŴ Imf 3f 4
! . ~53!
u-

of
lane

s is

~a! The asymmetry of the production of the unpolarize
deuterons is nonzero:

A~n,0!
ds

dV
'u f 1u22u f 2u2. ~54!

~b! The vector polarization of the produced deuterons h
only the normal component which is defined as

Pn
~n,0!

ds

dV
'2 1

2 Imf 3f 4
! . ~55!

~c! The nonzero components of the tensor deuteron pol
ization are given by

Qnn
~n,0!'u f 1u22u f 2u2,

Qmk
~n,0!

ds

dV
5Qkm

~n,0!
ds

dV
'2 1

2 Ref 3f 4
! . ~56!

~I-3! The 3H beam is polarized in thekŴ direction:
1
4 TrF

†FsW •kŴ 5 1
2 ~UW •kŴUW * •nŴ 1UW !

•kŴUW •nŴ ! Re~ f 11 f 2! f 4
!1

i

2
~UW •mŴ UW * •nŴ 1UW !

•mŴ UW •nŴ ! Re~ f 12 f 2! f 3
!

1
i

2
~UW •kŴUW * •nŴ 2UW !

•kŴUW •nŴ ! Im~ f 11 f 2! f 4
!1

i

2
~UW •mŴ UW * •nŴ 2UW !

•mŴ UW •nŴ ! Im~ f 12 f 2! f 3
! . ~57!
f

~a! The analyzing power for producing the unpolarized de
terons must be zero~for this spin orientation!:

A~k,0!50. ~58!

~b! The vector polarization of the produced deuterons
characterized by two nonzero components in the react
plane which are determined as
u-

is
ion

Pm
~k,0!

ds

dV
' Im~ f 11 f 2! f 4

! ,

Pk
~k,0!

ds

dV
'2 Im~ f 12 f 2! f 3

! . ~59!

~c! The nonzero components of the tensor polarization o
the produced deuterons are given by
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Qkn
~k,0!

ds

dV
5Qnk

~k,0!
ds

dV
' 1

2 Re~ f 11 f 2! f 4
! ,

Qmn
~k,0!

ds

dV
5Qnm

~k,0!
ds

dV
' 1

2 Re~ f 12 f 2! f 3
! . ~60!
~II ! The analyzing powers~or asymmetries! for the scat-
tering of the unpolarized beam3H by the polarized target
3He can be calculated in a similar way. All three possib
spin orientations of the polarized target and their cons
quences are given below.

~II-1! The target is polarized along themŴ direction:
1
4 TrFF

†sW •mŴ 5~UW •mŴ UW * •nŴ 1UW !
•mŴ UW •nŴ ! Im~ f 11 f 2! f 3

!2~UW •kŴUW * •nŴ 1UW !
•kŴUW •nŴ ! Im~ f 12 f 2! f 4

!

2 i ~UW •mŴ UW * •nŴ 2UW !
•mŴ UW •nŴ ! Re~ f 11 f 2! f 3

!1 i ~UW •kŴUW * •nŴ 2UW !
•kŴUW •nŴ ! Re~ f 12 f 2! f 4

! . ~61!
ed
he

s

ce,
This expression contains the following information abou
the polarization properties of the deuterons produced in t
reaction3H13HeW→d2H14He.

~a! The analyzing power corresponding to production o
the unpolarized deuterons is equal to zero exactly~for this
spin orientation!

A~0,m!50. ~62!

This result is the consequence of theP invariance of the
strong~and electromagnetic also! interaction.

~b! The vector polarization of the produced deuterons
characterized by two nonzero components in the dec
plane, namely:

Pk
~0,m!

ds

dV
' Re~ f 11 f 2! f 3

! ,

Pm
~0,m!

ds

dV
' Re~ f 12 f 2! f 4

! . ~63!

~c! The tensor polarization of the produced deuterons
characterized by the following nonzero components:
t
he

f

is
ay

is

Qm,n
~0,m!

ds

dV
5Qnm

~m,0!
ds

dV
' 1

2 Im~ f 11 f 2! f 3
! ,

Qk,n
~0,m!

ds

dV
5Qnk

~0,m!
ds

dV
' 1

2 Im~ f 12 f 2! f 4
! . ~64!

These nonzero components ofQi j
(0,m) are the consequence of

P invariance.

~II-2! The target is polarized along thenŴ direction: It can
be shown that all polarization characteristics of the produc
deuterons coincide with corresponding characteristics for t
scattering of the polarized3H beam~with the polarization in

the nŴ direction!. Only the deuteron vector polarization ha
different signs for the3H13HeW→d2H14He and 3HW 13He
→d2H14He scattering.

~II-3! The target is polarized along thekŴ direction: As
usual it is necessary to calculate the corresponding tra
namely,
1
2TrFF

†sW •kŴ 5UW •kŴUW !
•nŴ )1UW !

•kŴUW •nŴ ) Re~ f 11 f 2! f 4
!1~UW •mŴ UW * •1UW !

•mŴ UW •nŴ ! Re~ f 12 f 2! f 3
!

1 i ~UW •kŴUW * •nŴ 2UW !
•kŴUW •nŴ ! Im~ f 11 f 2! f 4

!2 i ~UW •mŴ UW * •nŴ 2UW !
•mŴ UW •nŴ ! Im~ f 12 f 2! f 3

! . ~65!
by
This result allows us to obtain the following set of the stan
dard predictions.

~a! The analyzing power, corresponding to the productio
of unpolarized deuterons, must be equal to zero

A~0,m!50, ~66!

for any values of the independent amplitudesf 12 f 4 ~due to
theP invariance!.
-

n

~b! The vector deuteron polarization is characterized
two nonzero components~in the decay plane: due also toP
invariance!

Pm
~0,k!

ds

dV
' 1

2 Im~ f 11 f 2! f 4
! ,

Pk
~0,k!

ds

dV
' 1

2 Im~ f 12 f 2! f 3
! . ~67!
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~c! The components of the tensor polarization of the pr
duced deuterons is characterized by the following expre
sions:

Qkn
~0,k!

ds

dV
5Qnk

~0,k!
ds

dV
' 1

2 Re~ f 11 f 2! f 4
! ,

Qmn
~0,k!

ds

dV
5Qnm

~0,k!
ds

dV
' 1

2 Re~ f 12 f 2! f 3
! . ~68!

After this the analysis of the polarization phenomena
the 3HW 13He→d2H14He and 3H13HeW→d2H14He colli-
sions with production at 90° of unpolarized and polarize
deuterons becomes complete.

In the next step, we will consider polarization phenomen
for the case of collisions of both polarized nuclei
3HW 13HeW→d2H14He ~for u590°).
If the polarization of the final deuteron is not detected, th

dependence of the differential cross section on the polariz
tion vectorsPW 1(

3H! andPW 2(
3He! can be written in the fol-

lowing form:

ds

dV
~PW 1 ,PW 2!5

ds0

dV
@11A~m,m!mŴ •PW 1mŴ •PW 2

1A~n,n!nŴ •PW 1nŴ •PW 21A~k,k!kŴ •PW 1kŴ •PW 2

1A~m,k!mŴ •PW 1kŴ •PW 21A~k,m!kŴ •PW 1mŴ •PW 2#,

~69!

where A(m,m)
••• A(k,m) are the corresponding analyzing

powers for the 3HW 13HeW→d 2H14He reaction. As can
be seen, it is the most general expression for th
(ds/dV)(PW 1 ,PW 2) which is valid for any two-particle colli-
sions ~with vector polarization of both colliding particles!.
The structure of Eq.~69! is valid not only for the collision of
two particles with spin 1/2, but for any values of nonzer
spin ~in the special case of vector polarization if the spin
greater than 1/2!. Equation~69! generalizes the spin depen
dence of the total cross section for anyaW 1bW collisions (a
andb are some hadrons or nuclei!. Instead of the traditional
two-spin correlations@40# for the total cross section, we have
five independent spin correlations for the differential cros
section which is fixed by theP invariance only.

Equation~69! is valid for anyd production angle, except
u50 or u5p. In this case the spin structure of the differ
ential cross sections is defined by two-spin correlations on
~as in the case of the total cross section! as

ds

dV
~PW 1 ,PW 2!u50,p5

ds0

dV
~11A1PW 1•PW 21A2PW 1•kŴPW 2•kŴ !.

~70!

Asymmetries in Eq.~69!, u590°, are given with the fol-
lowing expressions in terms of the amplitudesf 12 f 4:

A~m,m!
ds0

dV
' 1

2 ~ u f 3u22u f 4u2!12 Ref 1f 2* , ~71!
-
s-

n

d

a
,

e
a-

e

o
s

s

ly

A~n,n!
ds0

dV
'u f 1u21u f 2u2)2

1
2 ~ u f 3u21u f 4u2!,

A~k,k!
ds0

dV
'2 1

2 ~ u f 3u22u f 4u2!12 Ref 1f 2* ,

A~m,k!
ds0

dV
52A~k,m!

ds0

dV
'2 Imf 1f 2* .

The vector and tensor polarizations of the deuteron a
characterized in terms of the set of 41 SF’st i(s,0). Using the
amplitude parametrization, Eq.~44!, we can obtain the fol-
lowing expression for these SF’s in terms of the transver
amplitudesf i , i5124:

t15
1
2 u f 3u2, ~72!

t252 Ref 1f 2* ,

t352 1
2 u f 4u2,

t45t550,

t652 1
2 u f 3u2,

t752 Ref 1f 2
! ,

t85
1
2 u f 4u2,

t95t1050,

t1152 1
2 u f 3u2,

t125u f 1u21u f 2u2,

t1352 1
2 u f 4u2,

t145t155t165t1850,

t1752 Imf 1f 2* ,

t1952 Imf 3f 4* ,

t2052 1
2 Ref 3f 4* ,

t215t2350,

t22522 Imf 1f 2
! ,

t2452 1
2 Imf 3f 4

! ,

t2552 1
2 Ref 3f 4

! ,

t265 Im~ f 12 f 2! f 3
! , t275 Im~ f 11 f 2! f 4

! ,

t2852 Re~ f 12 f 2! f 3
! , t2952 Re~ f 11 f 2! f 4

! ,

t305 Im~ f 12 f 2! f 3
! , t3152 Im~ f 11 f 2! f 4

! ,
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t3252 Re~ f 12 f 2! f 3
! , t335 Im~ f 11 f 2! f 4

! ,

t345 Re~ f 11 f 2! f 3
! , t355 Re~ f 12 f 2! f 4

! ,

t365 Im~ f 11 f 2! f 3
! , t375 Im~ f 12 f 2! f 4

! ,

t3852 Re~ f 11 f 2! f 3
! , t395 Re~ f 12 f 2! f 4

! ,

t4052 Im~ f 11 f 2! f 3
! , t415 Im~ f 12 f 2! f 4

! .

We can see from these expressions that there are m
different observables for the polarized particles in the initi
and final states in the3H13He→d2H14He reaction. Mea-
surements allow us to determine not onlyu f i(s,0)u2,
i5124, but the relative phases of the four independent a
plitudes through their interference contribution, (Ref i f j

! and
Imf i f j

!). Therefore there are many ways for obtaining fu
experimental knowledge of the spin structure of the amp
tude for the3H13He→d2H14He reaction. The first step of
such experiments must be the determination of the modul
the four independent amplitudes as a function of the sin
variable s. The simplest polarization effects that arise
3H13He→d2H14He as defined byu f i u2 only are as fol-
lows:

ds0

dV
, A~n,0!5A~0,n!, A~n,n!

ds0

dV
,

A~m,m!
ds0

dV
2A~k,k!

ds0

dV
, Qm,m

~0,0! , Qk,k
~0,0! . ~73!

The explicit forms of the quantities in Eq.~73! are given by
the following expressions:

ds0

dV
'u f 1u21u f 2u21u f 3u21u f 4u2,

A~n,0!
ds0

dV
'u f 1u22u f 2u2,

A~n,n!
ds0

dV
'u f 1u21u f 2u22

1
2 ~ u f 3u21u f 4u2!, ~74!

A~m,m!
ds0

dV
2A~k,k!

ds0

dV
'u f 3u22u f 4u2.

Therefore we can reconstruct allu f i(s,0)u2 without measur-
ing the polarization of the produced deuterons. This reco
struction is unique.

The next step is the determination of the Re(f i f j
!) and

Im( f i f j
!) combination of independent amplitudes.

VII. CONCLUSION

We analyzed all possible polarization effects in the3H
13He→d2H14He reaction. We use a standard phenomen
logical description of the spin structure of the amplitud
which is based on general symmetry properties of the fun
mental interaction only. Taking into account theP invari-
any
al

m-

ll
li-

of
le
n

n-

o-
e,
a-

ance of the strong interaction, the amplitude of the3H
13He→d2H14He reaction was parametrized in terms of s
independent complex amplitudes. The nuclei3H and 3He are
described by two-component spinors and the deuteron by
axial vector. The structure of the interacting nuclei and t
mechanism of the reaction3H13He→d2H14He define a
definite form of these six scalar amplitudes. A general ana
sis of the polarization effects in this reaction can be pe
formed in terms of these amplitudes.

Despite the evident equivalence of different possible p
rametrizations@14,41,42# of the spin structure of the total
amplitude for 3H13He→d2H14He, the parametrization
which is known as transverse amplitudes@36–39# is more
appropriate for this particular reaction. The main advanta
of such a parametrization is simplification of the expressio
for the polarization observables.

The most trivial set of polarization observables of3H
13He→d2H14He reaction, which are dependent on th
squares of moduli of transverse amplitudes only and do n
contain any interference contributions, is found. An impo
tant point to be noted is that the differential cross secti
~with all unpolarized particles in the initial and final states!

has this property. The analyzing powers in3HW 13He→d2H
14He and 3H13HeW→d2H14He due to the polarization of
the one colliding nuclei~with vector polarization orthogonal
to the reaction plane! are also defined by the moduli of the
scalar amplitudes. The normal to the reaction plane, which
produced by the three-momenta of the initial and final pa
ticles, can be chosen as the axis of quantization for the sp
of the interacting particles. This choice of quantization ax
allows, in some sense, to compensate the nonequivalenc
the initial and final particles. The same procedure is appli
in the method of helicity amplitudes.

It is evident that the method of scalar amplitudes, whic
employs the two-component spinors and Pauli matrixessW ,
simplifies essentially the analysis of the polarization effec

The reaction 3He13H→d2H14He proceeds via the
strong interaction and then the properties of the internal sy
metry, which is represented by the isospin invariance, a
correlated to the polarization characteristics of the proce
Indeed, the isospin invariance produces a definite behavio
the scalar amplitudes relative to a cosu→2cosu change,
which develops in the relations between polarization obse
ables. Similar relations are valid because nuclei3H and
3He in the initial state belong to the same isospin multipl
but differing by only isospin projections. Specifically, th
isospin invariance simplifies the spin structure of the tot
amplitude of 3H13He→d2H14He atu590°, leaving~un-
der such kinematical conditions! only four ~from six! inde-
pendent amplitudes.

All the above-mentioned consequences of isospin inva
ance are not exactly correct. Electromagnetic effects and
mass difference ofu andd quarks invoke violations of the
above-mentioned symmetry. Therefore, this violation c
produce real physical effects in the different polarization o
servables.

In this connection, it is necessary to stress that the m
recent view of the theory of the strong interaction, which
based on QCD, changed essentially transposes the prob
of isospin invariance violation@43#. Indeed, the previous so



e

c

u

h

h

f
t

pin

e it
ef-
n
er-
d
d-
-
ar

53 2659ISOSPIN INVARIANCE AND THE SPIN STRUCTURE OF THE . . .
called electromagnetic conception@29,44–48# of this viola-
tion now seems less interesting. Moreover, such a mode
incomplete because, for example, the electromagnetic con
butions to the splitting of the masses of hadrons belonging
the same isospin multiplet incorrectly predicted the sign
these mass differences. The main effects here are due to
mass difference ofu andd quarks.

Of course, the effects of theu andd quark mass differ-
ence are manifested in different physical quantities. The si
plest are the mass splittings of baryons and mesons belo
ing to single isospin multiplets. But these simpl
characteristics demand for interpretation nonsimple theore
cal models~especially in the case of baryons!. The same is
correct for the analysis of the effects of isospin invarian
violation in different hadronic~and nuclei! processes. Such
analysis touches the most delicate problems of QCD.

The problem of isospin invariance violation is trans
formed now in the interesting problem of fundamental pa
ticle physics, which unifies almost all low energy QCD phe
nomenology. Therefore the search for isospin invarian
violations in different polarizations effects for different pro
cesses, such as3H13He→d2H14He, forms an additional
source of information.

In order to activate interest in this problem, it is necessa
to have the most adequate formalism for describing the p
larization effects. In our opinion, the technique of transver
amplitudes is the most suitable formalism. From a kinema
cal point of view, the most preferable must beu590°, i.e.,
‘‘transverse’’ kinematics.

Therefore, at first step, we parametrized the spin struct
of the amplitude of the process3H13He→d2H14He in
terms of six independent scalar amplitudes and establis
the symmetry properties of these amplitudes relative to t
change cosu→2cosu which follows, from the isospin invari-
ance.

Using these amplitudes, we systematically calculated
polarization effects in3H13He→d2H14He: one-, two-, and
three-spin correlations. We characterized the polarizati
properties of nuclei3H and 3He in terms of the vector po-
larization, the deuteron polarization properties in terms of t
vector and tensor polarizations. For all these polarization o
servables, we obtained the general expressions in terms
the scalar amplitudes and found all the relations betwe
these observables which follow from the isospin invarianc

In such analysis, we do not use any concrete model
calculation of the reaction amplitudes. We assumed that
fact of the violation of these general relations between t
l is
tri-
to
of
the

m-
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polarization observables must be the unique signal of isos
invariance violation.

In any case, such a signal must be interesting becaus
demonstrates the connection between the polarization
fects, from one side, and the isospin invariance violatio
effects, from another side. Of course, the quantitative int
pretation of these effects will involve a very complicate
dynamical analysis using all about the achievements of mo
ern QCD, not only of the problem of isospin invariance vio
lation, but the problems of the nuclear structure and nucle
dynamics.

APPENDIX

Following @36–38,49#, the amplitudes for the process
3He13H→d2H14He are denoted byD(c,a;b) where
a53H, b53He, c5d. The spin projection indices of3He
and 3H nuclei will be denoted by1 or 2, and that of the
deuteron by5, 0, and2. Then in a transversity formalism
the following relations between amplitudesD(c,a;b), and
amplitudesf i are valid:

D~1,1;1 !5A2~ i f 31 f 4!,

D~1,2;2 !5A2~ i f 51 f 6!,

D~1,1;2 !50,

D~2,2;1 !50,

D~0,1;1 !50,

D~0,2;2 !50,

D~0,1;2 !522 f 1 ,

D~0,2;1 !52 f 2 ,

D~2,1;1 !5A2~2 i f 31 f 4!,

D~2,2;2 !5A2~2 i f 51 f 6!,

D~2,1;2 !50,

D~1,2;1 !50.
,
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2660 53C. YALÇIN, M. P. REKALO, AND H. KORU
@11# G. Rai, C.O. Byth, J.B.A. England, A. Farooq, O. Karbon,
Rawas, S. Roman, and R. Wastou, Phys. Rev. C38, 2036
~1988!.

@12# E.E. Gross, E. Newman, M.B. Greenfield, R.W. Rutkows
W.J. Roberts, and A. Zucker, Phys. Rev. C5, 602 ~1972!.

@13# W. Dahme, H.E. Conzett, J. Arvieux, J. Birchall, and R.M
Larimer, in Proceedings of the 4th International Symposiu
on Polarization Phenomena in Nuclear Reactions, Basel, ed-
ited by W. Gruebler and V. Konig~Birkhauser, Basel, 1976!,
p. 497.

@14# R.F. Hagland, Jr., G.G. Ohlsen, R.A. Hardekopf, N. Jarm
and Ronald E. Brown, Phys. Rev. C16, 2151~1977!.

@15# R.H. Drachman, Phys. Rev. Lett.17, 17 ~1966!.
@16# U. Nocken, U. Quast, A. Richter, and G. Schrieder, Nu

Phys.A213, 97 ~1973!.
@17# A. Richter and C.M. Vincent, Phys. Rev. Lett.25, 1460

~1970!.
@18# Michael F. Werby and D. Robson, Nucl. Phys.A234, 346

~1974!.
@19# S. Edwards, D. Robson, Tharman L. Talley, William

Thompson, and Michael F. Werby, Phys. Rev. C8, 456
~1973!.

@20# H.E. Conzett, inProceedings of the 4th International Symp
sium on Polarization Phenomena in Nuclear Reactions@13#, p.
105.

@21# S. Barshay and G.M. Temmer, Phys. Rev. Lett.12, 728
~1964!.

@22# S.M. Bilen’kii, L.I. Lapidus, R.M. Ryndin, and L.Sh. Shekhte
Yad. Fiz.4, 1063~1966! @Sov. J. Nucl. Phys.4, 763 ~1967!#.

@23# M. Simonius, Phys. Lett.37B, 446 ~1971!.
@24# J. Bystricky, F. Lehar, and P. Winternitz, J. Phys.~Paris! 39, 1

~1978!.
@25# L. Wolfenstein, Annu. Rev. Nucl. Sci.6, 43 ~1956!.
@26# P.P.J. Delheij, D.C. Healey, and G.D. Wait, Nucl. Instrum

Methods A 264, 186 ~1988!; J. Phys. Soc. Jpn.55, 1090
~1986!.

@27# R. Abegget al., Phys. Rev. Lett.56, 2571~1986!.
@28# R. Abegget al., Phys. Rev. D39, 2464~1989!.
@29# E.M. Henley and G.A. Miller, inMesons in Nuclei, edited by
.

i,

.

il,

l.

.

-

,

.

M. Rho and D.H. Wilkinson~North-Holland, Amsterdam,
1979!, Vol. I, p. 405.

@30# S.E. Vigdor, inCurrent Problems in Nuclear Physics, edited
by T. Paradellis and S. Kassionides~Hellenic Physics Society,
Athens, Greece, 1986!, p. 193.

@31# L.D. Knutsenet al., Proceedings of the Few Body XII, Van-
couver, 1989; Nucl. Phys.A508, 185c~1990!.

@32# I.S. Barker, A. Donnachie, and J.K. Storrow, Nucl. Phys.B95,
347 ~1975!.

@33# L.Sh. Shekhter, Sov. J. Nucl. Phys.3, 543 ~1966!.
@34# F. Foroughi, J. Phys. G8, 1345~1982!.
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