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Polarization phenomena for low energyd+3He collisions
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Polarization phenomena are studied for the readlieriHe— p+ *He (for E;<1 MeV) using a formalism
of partial amplitudes. The nuclei are considered as elementary particles with definite values of sgin and
parity. A general parametrization of the matrix element in terms of a limited number of partial amplitodes
d+3He interaction ins andp state$ 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 procéséﬁ%p+4He are indicated. The spin structure of
the matrix elements of the processi$ *He—d+3He, d+°He—n+p+3He, d+°3He—p+p+3H, andd
+3He—d+d+p is established in the near-threshold regi®0556-281®8)02106-7

PACS numbgs): 25.55—-e, 21.45+v, 24.70+s, 25.10+s

I. INTRODUCTION +3H collisions is the possibility to study the energy level
structure of such five-nucleon systems ade and °Li,

The experimental and theoretical study of the proakss which are relatively simple nuclear systems with few excited
+3He—p+“He (as well as the charge symmetric process(well-separated states. Microscopic calculations predicting
d+3H—n+"He) at very low energies has always been mo-six positive parity states and two negative parity states at
tivated by questions in fundamental physics and by interestexcitation energy of 20 MeV10] can be fully tested by a
ing possible applications. comparison with experimental data if polarization observ-

The structure of light nuclear systeiis2] is investigated ables are measured.
in systematic experimental studies, which represent a good The comparison of different observables for the processes
test of theoretical calculations of reaction mechanisms ind+3He— p+“He andd+3H—n+*He is important also to
volving deuterons and three-body systerail]. test the charge symmettisotopic invariancgof nuclear in-

Concerning applications we will quote in particular the teractions. For a five-nucleon system the behavior of the po-
interest in astrophysics and in energy production. $Hac-  |arization observables can show possible effects of charge
tors, which determine the threshold behavior of cross secsymmetry violation. In the framework of QCD the charge
tions, are very important parameters in models of big-bangymmetry breakingCSB) is connected mainly with the mass
nuclear synthesis, stellar hydrogen burning, deuterium in lovdifference between the andd quarks[11]. From the exist-
mass protostars, solution of the Sun-neutrino puzzle, etc. ing data there is some evidence of CSB: for example the

Recently a conceptual design ofda-3He fueled field position of the 77=32* resonance ird+°3He (E,=16.87
reverse configuration reactéARTEMIS) [5-7], has been MeV, E,=430 keV) and d+3H (E,=16.84 MeV, Eg4
stimulated by the discovery of a large quantity of minable=107 ke\) are the same but the tensor analyzing powers are
3He on the lunar surface. The main advantage of using redefinitely different[8].
actions based ofRHe instead ofH for energy production is For completeness it is necessary to mention also that the

that it is possible in principle to decrease the production OfprocessﬁJr 3He—p+“He can be considered a stable beam
neutrons or long-lived radioactive nuclei. _ polarization monitor, at low energies. In this respect the ad-
Largely esotermicd+°He and d+°H reactions pass yantages of this reaction are well known: the highvalue
through the excitation of a fusion resonance, characterizqu value=18.353 MeVj allows an easy detection of the final
in the first case, by/"=3" and peaked a;=450 keV (7  proton, the large cross sectidn=695+14 mb results in
and 7 are the total angular momentum and feparity of  rapid measurements and the tensor analyzing power is gen-
the channgl The details of the reaction mechanisms can beéra"y large and varies smoothly with the deuteron energy.
clarified by the measurement of polarization observables. Note that the measurement of the cross section and of a
Experimental results have been obtained recently for the ré&single polarization observableuch asT,) is not sufficient
actions d+°*He—p+“*He and d+3H—n+*He [8,9], for  for a complete reconstruction of the two possible amplitudes
Eq<1 MeV. The measured values of vector and tensor anaef the low energyd+ *He interaction ins state, correspond-
lyzing powers and the isotropic differential cross sectioning to the possible quantum numbefé=3" and3* in the
confirm the hypothesis of th¢"™=32" excitation. entrance channel. Shell model calculati¢©8] predict also
An attractive property of the low-energy+°3He andd  the presence qf"=1" state of°Li and *He above the first
1~ excited state, but the strength of this resonance is
strongly dispersed, due to a large coupling todheN chan-
*Permanent address: National Science Center KFTI, 310108el. Polarization phenomena could bring new information,
Kharkov, Ukraine. on this point, in a model independent way.
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Polarization observables are also important to understandf the colliding particles is state only. The analysis of po-
the mechanisms of electromagnetic processes sucl as larization phenomena is essentially simplified and can be
+3He—"°Li+y and d+3H—°He+y [12]. The energy de- done in a very general form. THe invariance of the strong
pendence of the cross section fbt- *He—°Li+y shows a interaction and the conservation of total angular momentum
large contribution of thé* resonance. The measure of the allow the following transitions:
tensor analyzing powers allowed a multipole analysis of the

data which gave two solutiongvith the samey?) for the *

amplitudes of the electric dipoleE(L) radiation: one corre- Si:§_>j”:§ —/ =0,
sponding to a singl&1 transition from7"= 2" and another

to two possibleE1l transitions(of equal intensity from J” 3 3+

=17 and ™. This ambiguity can be solved by further po- S=5—-J"=5 —/¢=2,

larization measurements.

We propose here a formalism for the description of polar- . . .
izationpphgnomena for the+3He—p+*He prgcess inp a where$, is the total spin of thel+ *He system and’; is the

model independent way, based on general symmetry prope?—rbital angular momentum of the final proton. The spin

ties of the strong interaction, such as tReinvariance and strgcturg of the corresponding matrix element can be param-
the conservation of the total angular momentum. The rel€trized in the form

evant parameters for this analysis are the quantum numbers M=yIF

(spin andP parity) of the participating nuclei: the nuclei are ~ X2/ thX 1

considered as elementary particles, with definite values of - o Loae s s

spin and parity. Our formalism is well adapted to the analysis Fin=0s0-D+9gq(3k-Do-k—0-D), D

of polarization phenomena in binary reactions at low ener- ) o
gies, where onlys andp interactions are important. wherey; andy, are the two-component spinors of the initial

Note that the most general analysis of polarization phe-*He and finalp, D is the three-vector of the deuteron polar-

; 3 4 3 o > _ _

104”:"3;“1 forbthe rdeaC“C%g;i H%p+d "I"? éor d+d H?n ization (more exactlyD is the axial vector due to the posi-
e) has been done , in a model independent way, .. . - .

when the spin structure of the corresponding matrix eIemer&Xe parity of the deutergnk is the unit vector along the

and the properties of polarization phenomena have been e _ree_—momenta of the protdin the CMS of the considered
tablished using only symmetries of the strong interaction€action andgs andgy are the amplitudes of the andd
Such a formalism has been developed by Csonka, Moravdroduction of the final particles. In the general caseand
sik, and Scadrofil4] and can be considered as a generalizada 8¢ complex functions of the excitation energy.
tion of the well-known Wolfenstein analysis of elastic ~We can notice that, at any energy, the spin structure of the
nucleon-nucleon scatterirfd5]. However we would like to matrix element for the process+ *He— p+“He in collinear
note here that threshold conditions are very specific and cakinematics ¢=0° or ) is the same as in Eq1), but the
not be considered as a limiting case of such general formaphysical interpretation of these amplitudes is different: in
ism: the parametrization of tha41 matrix in terms of six this case two independent transitions characterize the conser-
independent spin structurg¢43], does not permit a direct vation of helicity.
transition to threshold. At threshold, ferwave interaction, It follows from Eg. (1) that, in principle, the full recon-
we have only one three-momentum for the final particlesstruction of the spin structure of the threshold matrix element
therefore it is not possible to define a standard coordinateequires, in the general case, at least three independent ex-
system(on the basis of two independent three-momgnta periments: in addition to the differential unpolarized cross
with p, n, andk direction (from [13]), as is the case, in section, it is necessary to measure two polarization observ-
general, for any binary reaction. The parametrization of theables. The recent developments of polarized beams and tar-
spin structure, as well as the analysis of polarization phegets makes possible experiments where both colliding par-
nomena must be done in the framework of a special formalticles are polarized. Depending on the reaction kinematics
ism, which takes into account only one three-momentum dithe study of the collision between two polarized particles
rection. , , may be preferabléfrom an experimental point of viemto

This paper is organized as follows. In Sec. Il we param+he measurement of the polarization of an outgoing particle

etrize the spin structure of the matrix element of #e it the help of a polarimetefwhich requires a secondary
+“He—p+"He process for the + "He interaction irs staté  gcatering and brings the same physical information.

and analyze the possible polarization observatitesuding The general parametrization of the differential cross sec-
three-spin correlationsSection Il contains the derivation of tion in terms of the polarizations of the colliding particlés
polarization phenomena in thet p approximation. In Sec. tatd is gi b

IV we discuss the spin structure of the threshold amplitudeé? stale 1S given by

for different possible processes induced by low enedgy o do
+3He collisions, namelyd+*He—d+3He (elastic scatter- ——(d,3He)=| ——| [1+.4;(QapKaky) + 4,5 P
ing), d+°He—n+p+3He, d+3He—p+p+°H, and d 9 d/,
+3He—d+d+p. Lol Lo
+A3k Pk S+A4kPXQ], Qa:Qabkb7
Il. POLARIZATION PHENOMENA FOR THE s-STATE 2)

INTERACTION

We consider here the reactioht 3He—p+“He (d+3H  Where do/dQ), is the differential cross section with unpo-
—n+*He) at small incident energy, where the configurationlarized particlesl5 is the axial vector of the target polariza-
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tion, S andQ,,, are the vector and tensor deuteron polariza- S0 theC,spin correlation coefficient, which is connected

tions. The density matrix of the deuteron can be written as With the longitudinal polarization of both colliding particles,
can be derived from this relation and the complete experi-

D.D* = } Sorm §ie S.—Q ment for the s-wave interaction i+ 3He— p+“He can be
azb 3| Yab pifabcTe cabpy realized measuring the following quantiti€a) the differen-
_o B 3 tial cross sectiondo/dQ),; (b) the tensor analyzing power,
Qaa=0. Qap=Qa- 3 characterized by the coefficient;; (c) the spin correlation
coefficientC,,= A,.
Using these quantities, one can find the following rela-

The coefficientA; in Eq. (2) is real and represents the
tensor analyzing power id+3He— p+ “He; the coefficients

.~ tions:
A, and A; determine the spin correlation coefficientsdn
+3He collisions(due to the vector polarization of the collid- 9lal2=(5+2A4,—4 (d_a)
ing particles: 10:/°=(5+24,-44) dQ
CXX: ny:.Az, CZZ: A2+ .Ag, (4) do
_ . " . 9|gd|2=<2—A1+2A2)(d—Q) , ®
if the z axis is along the three-momerkaThe coefficient4, 0

characterizes the simple$todd polarization effect for this q
process, induced by a definite combination of the tensor deu- —9Req.* =(1+44,+ A _‘7)
teron polarization and the vector polarization ®#e. 9594 =( 1+A2) dQ O'

In the general case, for a binary process B—C+D
the deuteron tensor polarizatio®,,, contributes to the In addition to the linear relatiofi7) between the coefficients
cross section through three combination®,,k Ky, A;, one can obtain also the following quadratic relation

Qb0 . andQ, ka0, . Whereq is the unit vector along the Which connects th@-odd polarization observabld, with
three-momentum of the colliding particles. In the particularthe T-even ones:

cases of collinear kinematics and threshold conditions, the 9

only meaningful combination i8,,k.k, (which is equiva- ZA‘Z‘: —1—A1—2A"{—A§. (9)
lent to T,g, if the z axis is alongZ). Equation(2) is the first
example of a particular structure of polarization observablesA
with evident simplification in comparison with the general
case. This result is obtained directly, taking into account th
P invariance of strong interaction, and the presence of

s the discussed reaction is characterized by a I@rgalue,

the produced proton can be easily identified, and its polar-
§zation measured. We derive here the polarization properties
3t the produced protons. Due to tlsewave mechanism, if

single three-momentunk, for threshold conditions. the initial particles are unpolarized, the polarization of the
~ After summing over the final proton polarizations one canproton is zero for any value of the amplitudgsandg,, but
find the following expressions for the coefficients: the polarization of one particle in the entrance channel can
roduce nonzero polarization of the final proton. For ex-
do p p p
Al(d_ﬂ) =—2Reg.g; —|gdl% ample, the dependence of the polarizat®nof the proton
0

on the polarization o of the 3He target can be param-

do ) . ) etrized in the following form:
Azl gq/ =~ l9d°~Regsgqd +2[gdl", (5 ) o
0 P1:p1P+ pzkkp, (10)
d
Ag(d—g) =3 Regyg} — 3|94, where the real coefficients; characterize the spin transfer
0 coefficients, namely:
Aq 27 =—-2Imgg} . K§’=K§,”=p1, KZ =p1+p.. (11)
dQ/,

Averaging over the polarizations of the initial deuteron we
In a particular normalization of the amplitudgs andgy  obtain the following expressions for the coefficieptsand
the differential cross section can be represented in the folp,, in terms of the partial amplitudes, andgy:
lowing way:

d |G| == 3o+ aReqg; g
o P1 =—309 €09s9q Gal“)s
=5 =194°+2/gdl?. (6) daj, 37 °
dQ 0
do
One can see from Eqg$5) and (6) that the polarization ob- pz(m =4 Reg.0; + 2|94/ (12

servables discussed above are not independent, as the follow- 0

ing linear relation holds among the coefficiends:

Comparing Eqs(5) and(12), one can find
A1+A2+A3:_l (7)

3pl:_1+2“41’ p2:_2A1, 3p1+p2:_1.
independently on the values of the amplitudgsandgy . (13
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In the considered energy region, the polarization properties 1
of the proton can be predicted exactly, knowing only the te=— 341, (18
tensor analyzing power. The test of all these relations is in-
teresting to confirm the range of validity of tlsewave na- 5
ture of the low-energyl+*He interacti9n. t,=— §(1+«41),
The dependence of the polarizatiéy of the proton on

the polarization states of the initial deuterdtise *He target )
is unpolarizeglcan be parametrized by the following general
formSIa: ! P Y 99 t8:_§(2—A1+2A2).

P=5,5+5,kK- S+55kx Q, 14 o _

1 2 skxQ (149 Note that Eqs(10), (14), and(16), which give the polariza-

where the real coefficients; characterize the polarization tion transfer dependence, are correct not only for the particu-
transfer coefficients from the initial deuteron to the final pro-lar case of threshold conditions, but they apply also to col-
ton. Averaging over the polarizations of ti#ie, one can linear kmematlcs(wnhout any constraint on the energy of
find the following relations between both setsand A; of  colliding particles. However, in the general case, the corre-

polarization observables: sponding formulas are more complicafdd].
As stated above, all these formulas are correct forsthe
s$1=—Ax, $=— A3, S3= A (159  state interaction of thel+3He system, with both possible

. s _ values ofJ", J7=3",andJ"=3". But in the region of the
The above relations are correct fetwave d+°He interac fusion resonance, & =450 keV, only the amplitude is

tion. important. Therefore, neglecting the amplituglg it is pos-

Let us consider now the most general polarization COMCSible to predict definite numerical values for all polarization

lations for this procesg, ie., trle triple spin cqrre_lanns. Theobservables, in a model independent way: all Thedd po-
dependence of the axial vectBy on the polarization prop- |arization observables vanish and fReven polarization ob-
erties of the colliding particles can be parametrized as folggryaples take the following values:

lows:

Py =t;PXS+t,kk- PX S+t3k X Pk-S+1,kQ- P+tsQk- P A1=—1 Ay=1 A3=—§
27 1 27
+t6PQ-k+t,Q(P) +tgkP-KQ-K, (16)
1
where we used the notati@,(P) =Q,,P, . So the deuteron ty=ts=—2, tg=-— 3 and tg=—3. (19

vector polarization together with théHe polarization in-

duces at least three polarization correlati¢os T-odd na- _ _ _ _
ture) and the tensor polarization is involved in five indepen-Even in the near threshold region of the considered reaction

dent correlations. the polarization observables take sizable values which can be
For the real coefficient the following expressions hold: measured.
Using these values for the coefficiends, the differential
do 1 [(do do ; i ; ;
ty| o~ | == Zt,| | =t5| —| =31Im g.g¥ cross section, for collisions of polarized particles, can be
Hda/, 272%da/, ®lda/, sJd written as

do| [do) )R .
L 30 0—t5 a0 . &0s—9a)94 -
(20)
d
3t6(d—g) =2Regyg; +9d* 17
0 Equation(20) shows the large dependence of the differential
cross section in the region of the fusion resonance With

7<d_0) - E|g —g4% =3"to polarization characteristics of colliding particles.
aQ/,  37° One can see from E@20) that, if a fully tensor polarized

deuteron beam were availabl&®{,=—-2 and §=0), it
tg d_a> - _6|gd|2- would be possible to increase the cross section by a factor of
dQ 0 two, in the region of the fusion resonance, using an unpolar-
ized ®He targett This result is correct for production of the
These triple polarization observables are related to the coef-
ficients A; :

1after k integration, in Eq(20), the total cross section becomes

1 1
t]_: - _t2:t3:§A4,

2 o(d,*He) = o(d,?He),

1+1|5§
202

which shows an increase of a factor of 1.5 with respect to the

2
=te=—=(3+2A4,—
ta=ts 3(3 A1~ Az), unpolarized case, in agreement wjtt6].
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final particles along the magnetic field€0, whered is the i.e., the same value as in the case of unpolarized particles.
angle between the three-vectirand the direction of the ~ Polarization phenomena in conditions of magnetic fusion
polarizing magnetic field reactors were first discussed[ib6], and later it was pointed

To understand this result, let us calculate, using @y. ©ut that polarized fuels can decrease the size of a reactor

for the matrix element, the helicity amplitudes for tgg ~ Such as ARTEMI§17], as well as the neutron flux.

contribution, which characterizes thg"=3" excitation.
Only helicity conserving amplitudes are different from zero Ill. POLARIZATION PHENOMENA FOR  s+p
(for s-state interaction CONTRIBUTIONS

We consider here thp-wave contributions to the matrix
element of the procesd+3He—p-+“He. This analysis is
_ _ \/— justified by the existence of dLi excited state withJ™
Fo e =—fs =204, (22) =3~ atE,=19.28 MeV with large width =1 MeV), just
. . _ above the level with7"=3". In the region between these
where we used the following notatiofy » . x =%x.x,05-  two levels the interference af andp contributions have to
The differential unpolarized cross section can be also writtefhe jmportant.
as Let us first enumerate all possible transitions in the pro-
cessd+ 3He— p+“He induced by thel+ 3He interaction in
( d(f) _ 12 f 2_ 5.2 29 a state with orbital angular momentum= 1. For this aim it
do/ 6% [Frnangl = 218al% (22 is suitable to compose the orbital momentum and the deu-
teron spin in the total angular momentynof the deuteron,

in agreement with Eq(6). On the other hand, the cross sec- so thatj =1+ /7i—>0, 1, and 2, with the following transitions
tion for the collision of particles with definite helicities may (in CMS of the considered reactipn
be larger, as in case of longitudinally polarized deuterons

(with Aq=\,;=0) scattered by unpolarizedHe target, ) 1_
where 1=0=7"=5 —/=1,

for +=—fo-,-=204,

do . 1
—(d,3He)= = (|f 2+ |fo- _|?)=4|gq4/? 1_
dQ( ) 2(| 0+,+| | 0—, | ) |gd| J:]-_)TZE _)/le,

_ (da) _
=2 3q g 9=0. (23

3
j=1-J7=5 —/=1, (24
In our notations deuterons withy=0 correspond tdQ,,

=—2 andS=0. We would obtain the same result for the 3

scattering of longitudinally polarized deuterons by longitudi- j=2—=J"== 2—=/¢=1,
nally polarized®He target. In case of nonzero deuteron vec- 2

tor polarization, the cross section is not increasing: for ex-

ample, ifQ,,=1 andk-S= +1, only one helicity amplitude _ -

is presentf_ _ . or f_, _, with the following result: JZZ_HTT:E —/=3,

6=0, where/; is the orbital momentum of the produced proton.

do - .. ) , [do

o (A He) =[f _ . [*=2|gq|*=

dQ : ; i ;
The spin structure of these transitions can be written as

o,

x30-kx19-D  j=0, poy,

} j=1, p1; and py3, (25

e o s s 24 oL
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whereﬁ is the unit vector along the three-momenta of the do do

deuteron and for th@-wave partial amplitudes we used the d_Q(d' aaQ/
notationp; ,;. The simple structures in E(5), correspond- 0

ing to j=1, are a mixture of the transitions fgf"=3 "~ and o . . o

3. To obtain the spin structure for the partial amplitudes d—Q(d,3He)=[1+A(b)S-k><q+Akk(Qabkakb)

p1; andp,3 it is necessary to use the following forms:

*He)=(1+AVP -kxq)

R e e e d
d1=[IgXD+a(qXD)]x1, +Aqq(Qabqaqb)+Akq(Qabkaqb)](%)

- .= - - - — 0
$32=[2iXD -0 X(qXD)]x1, (26) (30)
where <Z)1,2 and <Z)3,2 are the wave functions of thé-+3He
system withj=1 and 7"=%1" and J"=3", respectively.
Finally we can write

where A® and A® are the vector analyzing powers due to
polarized beam and target, respectivelyy, Aqq, and. Ay,
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 following
ok A il SR expressions for these polarization observalite&ing into

Xa(2ik-axDxcosfo-D+o-ak-D)xs, Prs, (27 accounts? andsp-interference contributions only

Xz(iIZ~ﬁ><I5+cos o 5—5~5|I2~ 5))(1, P11,

where is the proton production angle in CMS, césk-q. do

The spin structure of the matrix elementsrr p approxi- A(t)(m) =21Im[—0gs(Po1—3P13)* +9a(Po1—3P10)* ],
mation is quite complex. We derive here a general param- 0
etrization of the matrix element for the process *He—p
+“4He, which is valid for any energy of the interacting par-
ticles. Such parametrization is given in terms of six indepen-
dent spin structures, which can be chosen as follows:

) do .
A aal = Im [9s(Po1t P11~ P13)
0

N +9d(2Po1~ P11t P13)* 1, (3D
M=x2Fx1,
oL L e L. .. do 2 .
F=m-D(g,0-m+g,0-K)+n-D(igs+g,o-n) Akal g =~ 3 Re[9s(Por= P11t P1a)
0
+K-D(gsc M+ geoK), (28) +9d(2Po1t+ P11~ P13)* 1,
where the unit vectors andn are defined by the formulas Agq=0, Ag=A;.

n=kxa/[kxq|, m=nxk. The differential cross section with unpolarized particles con-

The scalar amplitudeg; are complex functions of two kine- tains a linear cog-contribution:

matic variablesE, and cosd. This parametrization is espe- do
cially adapted to the analysis of the polarization phenomena (—
in the considered process and to define a complete experi- dQ
ment.

Using expressiongl) and (25 for the s- and p-wave
contributions, the general amplitudgs, i=1—-6, can be
written as

=a+b cosf, a=|gl®+2|g4l?
0

2
b= 3 Re gs(Po1t 2p11—2p13)*

4
01=04=0s— gq+COS 8(P11— P13+ P23), + 3 Regu(Por—Put P1a)*- (32

2
g,=sin 9( Po1— §p23), The excitation of the resonance witf =3~ is character-
ized by twop-wave amplitude$,; andp,3. Each one pro-
(29) duces different polarization effects. For example, for the ten-

93=sin 6(P11+ 2P1a), sor analyzing powers one can find

g5=sin (P11~ P13+ P23), P13 amplitude:
+2g4+c0os 6| por+ 2 ) A 3 4
96=0sT 20q 1 COSO| Port 5 P23)- = =
aline et < 5—3coge 9 5-3cods
The s— p interference results in a rich set of one spin polar- 6 co
ization observables: instead of a single tensor analyzing Ag=————, (33
power, which is different from zero in the caseinterac- 5—3 cogd

tion, we have two vector and three tensor analyzing powers
(for the collision of a polarized beam on a polarized taxget  p»3 amplitude:
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9 4 /2 S—t /-2 s—o
Aw=——""—"">, Agg=———, 7i=2, =5—-0i=2, 3=5.
“13+21c00’ T 13+21code 2 2
18 cosd The analysis of the existing data about the proakssSHe
Ayq= . (39 —p+*He in this region shows that the contribution of tran-
13+21 cos sitions with/;# 0 is negligible. In this case we have a single

, , . , s-wave elastic amplitude with the following expression for
There are several possible two-spin correlations, insthe the matrix element:

+ p approximation. For example, the dependence of the dif-
ferential cross section on the polarizations of both colliding A" =g{"yJ(2iD% + exD%)-(2iD1— X Dy)x1,
particles can be written in the following form: (39

da’agF| _[do
aa 4 He= 4

[1+0v,P-S+v,P-kS-k+vsP-qS-q where D,(D,) is the three-vector of polarization of initial
0 (final) deuteron andy,(x») is the two-component spinor of
. the initial (final) nucleus®He andg!") is the partial ampli-
+vaP-KS-q+vsP-qS-k+n-P(q:1Qarkaky  yyge for /;— ./ transitions. Equatiori38) can be rewritten

+02Qapalb + d3QabKadp) in the form
+K- P(04QapKaNp + AsQaplaln) M =g{ ¥} (D, D +io-D1xD%)x:. (39

+q- P(9sQapKanp+ 47QapdaNs) 1, The presence of a single amplitude in E8@) allows one to
derive precise values for all the polarization observables in-

n=kxq, (350  duced by this matrix element. For example, the dependence

of the differential cross section of the eladtie- *He scatter-

where the real coefficients;, i=1-5, describe correla- ing on the polarization states of the colliding particles has a
tions of vector polarizations of both colliding particles and simple form:

the real coefficientsq;, i=1—7, describe all possible
P-even correlations due to the tensor deuteron polarization
and to the vector polarization dHe. Using these formulas it
is possible to calculate any polarization observable for the

considered reactiofin the framework of a definite model for comparing this expression with the general formula, @Y.
the reaction mechanism one finds

do d 3Fe) =
E(’ €)=

2" as)
1+2P-S|| =~ . (40)
2 0

3 1
IV. THE d+°He INTERACTION AT LOW ENERGIES AZZE and A;= A;=A,=0. (41)
Let us discuss now, for completeness, other possible pro-

cesses of thgd+3He3+ir.1teractions in_the region of |y the region of the’Li resonance with7"=32", the follow-
Li-excitation with J7=73": ing transitions are allowettaking into account onlp-wave

d+°%He—d+°%He (elastic scattering contributions:
d+3He—p+p+3H (Qu=—1461 MeV), (36 i=l=i=1 /==l
d+3He—n+p+3He (Q,=-2.224 MeV), ji=2—ji=2, /i=/4=1, (42)
d+3He—~d+d+p (Qn,=—5.494 MeV. ji=leji=2, /i=/=1.

The T invariance of the strong interaction allows one to

prove that the amplitudes of the last two nondiagonal transi-
The following transitions corresponding t6"=3"* are tions,j;=1<j;=2, are equal, so we have here at least three

allowed: different p-wave resonant amplitudes.

As an example let us consider only the first diagonal tran-

A. Elastic d+3He scattering

/=0, S :E_,/f: 0, szg, sition with j =1, for which the following matrix element can

2 2 be written:

1 1 VB X6 B X Rt i (B x
/i=2, Si:§—>//f:2, szz, M( ):gg )X;[D]_XQ'D;XK‘FlO"(Dqu)

5 . X (D3 X)]x1- (43
/=2 S=37/172 =3 @7 Atter averaging over the polarizations of the initial particles

and summing over the polarizations of the final particles, one

S s=3 ., _0 Sf=§ can find for thed-dependence of the elastit+ *He differ-
L A T 2’ ential cross section at th&"=3" resonance:
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do 2 The spin structure of the amplitudes for these transitions can
(=)]2 !
a0 :§|93 |%(1+cos0), (44)  be written as
0 -
I®oc-D,
and for the tensor analyzing powers: L
I®co-kk-D,
A0, A d A 3 cosé ..
=0, =————— an =
K 99 14 cofe K (14 cog6) (0XD),®0,, (49)
(45)

([eXD]XK)a® (%K),

On the other hand, in the case @f=3" all these polariza- (6-K)® (5D xK)
tion observables are zero.
Let us now consider the processesdof ®He interaction  \here we use the following notations:
with production of three particles at threshold. _
A®B=(x3Ax1) (X3Bo2x2). (49)
B. d+3He—p+p+3H

3
The Pauli principle allows the production of the final D. d+"He—d+d+p

+p system in ans state with zero value of total angular  The identity of the two produced deuterons results in two
momentum, so the entrance channel is ita=3" state. values of the total spin for thd-+d system:syq=0 and 2.
Then the conservation of the parity and of the angular The following transitions are allowed:
momentum allows only two transitions: 1 1
1 , 1+ SZE, /i:O—MTT:EJr—)de:Oy
3251 /IZO_>\TT:§ )

3 , 3.
3 1 quz, /iZO—NTT:E —Sqd=2,
1 3.
=, /:2 =— S, :2,
The threshold matrix element, corresponding to these transi- S 2 =2 2 P
tions, can be parametrized in the form 1 5
/.: :—+ =
M= xb(1:6-B+1,6-G6-Blxaxdoskd), (49 57y (T2 TTy swema (0
; 3 1
Whegexl and_XZ are the two component spinors of _tﬁHe S==, /izzﬁjn:j_}de:O'
and °H nuclei, x5 and y, are the two component spinors of 2 2
the produced protons] is the unit vector along the three- 3 3
momenta of the deuterofin the CMS of the considered S==, /izzﬂjﬁzfﬂsdd:z,
reactiorn), f; andf, are the corresponding amplitudes. 2 2
3 5,
C. d+%He—n+p+3He S=5, /i=2=J"=5 —Sw=2,
The situation here is more complicated, as nonidentical
particles produced in the final state can be at threshold in S=§ /.:4_>‘7n':§+_)s -2
singlet and triplets states. The singlet production of time 2’ ! 2 dd

+p system is described by E@46). For the tripletn+p _ ) o
production the following transitions are allowed: The3correspond|pg spin structure for these transitigvigh
J=<3) can be written as

1 . 1, 1 o
S=5, /i=0=7J"=5 —S=5, x20-Dx,D7-D3,
3 3, 3 X3(o-DiD-D3 +0-D3D-Df)x1,
S=5, /i=0=7J"=5 —S=5, I
(xso-Dx1)k-D¥k-D3, (51
1 3 3 > > 2R Ra D RrR R
S=3, /izz_,fr:{_)&:? 47) (x3o-Kx1)(k-D¥D-D% +k-D3D-D¥),
3 . . (x30-Kx1)k-DD} - D3,
==, /=2 == == R - -
S 2 =T 2 =S 2 where D, and D, are the three-vector polarizations of the
produced deuterons. Using all these parametrizations it is
Si:§ /-=2—>j”=§+—>5f=§ possible to calculate the polarization observables of interest,
2' ! 2 2° in terms of the corresponding partial threshold amplitudes.
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V. CONCLUSIONS +3He collisions are taken into account. The resulting spin

. . . i Jr 3 4 H H

Let us summarize here the main results of our analysis oftructure of the matrix element for+*He— p+"He is quite
polarization phenomena i+ 3He collisions at very low en- complex and all the general scalar amplitudes are different
ergy of colliding particles. from zero. The most general parametrization of the matrix

We have suggested a new formalism well adapted to thglement can be done in terms of six transversal amplitudes.
description of the spin structure of the matrix elements andV€ give the expressions of these amplitudes in terms of par-
the polarization observables for light nuclei collisions attial amplitudes corresponding ®andp interactions in the
threshold energies. We applied this formalism to the analysid * “He system. . _
of some processes induced By 3Fe We establish the spin structure of the matrix element for

3 . . -
In the framework ofs-wave d-+2He interaction, atE, other processes of thiet+ °He interactiongat low energiep

<1 MeV, we have derived the spin structure of the matrix d+3He—d+3He,

element for the process+3He—p+*He in terms of two

complex partial amplitudes characterizing proton production d+3He—p+p+3H,

in s andd states. Thal-wave amplitude, which results from

the tensor component of tHéN interaction, corresponds to d+3He—n+p+3He,

the excitation of the7"=3" state of °Li. This amplitude .

determines, in particular, the large absolute vaivigh nega- d+°He—d+d+p.

tive sign of the tensor analyzing power id+°He—p  The given parametrization is interesting for the calculation of
+%He [8]. different polarization observables.

We derive the general dependence of the differential cross we can concludgwithout any model for the threshold
section for&+3ﬂ%p+4He on the polarizations of the col- amplitude$ that the polarization phenomena for different
liding particles. Fors-waved+ 3He interaction all four pos- processes of low energy+ He interactions are very inter-
sible asymmetries are different from zefleven asymme- esting and the corresponding polarization observables are
tries satisfy a linear relation and the square of Thedd spin  large in absolute value. This kind of analysis allows one to
correlation coefficient can be represented as a definite quaptimize the experimental strategy for a complete experi-
dratic combination off-even asymmetries. ment in the threshold region.

To determine the moduli of bots amplitudes for the The derived formulas can be applied also to the polariza-
procesd + 3He— p+“He and its relative phaséow energy ~ tion properties of neutrons produced in thket*H—n
“complete experiment) it is necessary to measure in addi- +“*He reaction, which is the basic process for fusion reactor
tion to the unpolarized differential cross section, the tensoplasma.
analyzing power and the spin correlation coeffici€ny (in-
duced by collisions of deuterons arftHe with transversal ACKNOWLEDGMENTS

ve<\:/t\;)er ?(;)Jigzz;[:o??ssions for all the trinle-spin polarization The interest of the authors in this field has been stimulated
P ple-spin p by many discussions, following the Helion97 Workshop,

observables, i.e., for the most general polarization correla]-<obe Japan, organized by Professor M. Tanaka. In particu-
. . . 3o 30 >4 ! ’ . . : L.
tions which are possible for the process *He—p+“He. lar we acknowledge G. Frossati, W. Heil, and Z. E. Meziani.

For the excitation of the fusion resonance Wiffi=3",  \we thank M. Garon, J. Ball, L. Bimbot, and P. A. Cham-
we can derive numerical predictions for all polarization ob-gard for pointing out different aspects concerning polarized
servables, without using any particular dynamical model. Ileams and targets. We wish to thank Professor H. Morinaga
specific polarization conditiondongitudinally tensor polar-  ang S, Gustafsson for very interesting discussions on the
ized deuterons scattered on unpolarized targeé can ob-  proplem of energy production induced by fusion and accel-
tain a twofold increase of the cross section with respect tQrator techniques. One of the auth¢d. P. R) acknowl-
the unpolarized one for the process *He— p+“He. edges a MENESR grant and he is very indebted to the hos-

Possible p-wave contributions for the low-energyl pitality of Saclay, where this work was done.

[1] F. Ajzenberg-Selove, Nucl. Phy8320, 1 (1979. R. Donoghue, Phys. Rev. Z1, 475(1980.

[2] D. R. Tilley, C. M. Cheves, G. M. Hale, C. M. Laymon, and H. [9] W. Grlebler, P. S. Schmelzbach, and V.i{g, Phys. Rev. C
R. Welleret al. (unpublishedl 22, 2243(1980.

[3] G. Bluge and K. Langanke, Phys. Rev.42, 1191(1990. [10] P. Heiss and H. H. Hackenbroich, Nucl. Phys162, 530

[4] G. Bluge and K. Langanke, Few-Body Sy4tl, 137 (1991). (1971).

[5] A. E. Dabiri, Nucl. Instrum. Methods Phys. Res. 41, 71 [11] G. A. Miller, B. M. K. Nefkens, and I. Slaus, Phys. Ref®4,
(1988. 1(1990.

[6] G. H. Miley, Nucl. Instrum. Methods Phys. Res.2Y1, 197 [12] M. J. Balbes, J. C. Riley, G. Feldman, H. R. Weller, and D. R.
(1988. Tilley, Phys. Rev. C49, 912 (1994).

[7] H. Momota, M. Okamato, Y. Nomura, M. Ohnishi, H. L. [13] P. W. Keaton, Jr., J. L. Gammel, and G. G. Ohlsen, Ann. Phys.
Beric, and T. Tajima, Nucl. Instrum. Methods Phys. Res. A (N.Y.) 85, 152(1974.
271, 7 (1988. [14] P. L. Csonka, M. J. Moravcsik, and M. D. Scadron, Phys. Rev.
[8] L. J. Dries, H. W. Clark, R. Detomo, Jr., J. L. Regner, and T. 143 775(1966.



57 POLARIZATION PHENOMENA FOR LOW ENERGYd+°%He ... 2879

[15] L. Wolfenstein, Annu. Rev. Nucl. Scé, 43 (1956. Methods Phys. Res. A02 421(1998; in Proceedings of 7th
[16] R. M. Kalsrud, H. P. Furth, E. J. Valeo, and M. Goldhaber, RCNP International Workshop on Polarizéle Beams and
Phys. Rev. Lett49, 1248(1982. Gas Target and their Applications, Kobe, Japan, 1997.

[17] Y. Tomita, T. Takahashi, and H. Momota, Nucl. Instrum.



