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ABSTRACT: The D+D fusion reactions are among the oldest nuclear
reactions studied. Due to their complex nature the reaction mechanism
is still under intensive investigation. Polarization observables play an
important role. Applications such as possible neutron-lean “polarized
fusion” lead to new theoretical and experimental efforts to study
these reactions at very low energies {e.g. 28 keV).

1. INTRODUCTION

The D(d.n}3He- and D(d,p)3H fusion reactions are of special interest for several
reasons. One is the nuciear physics of few-nucleon systems, another are fusion
energy applications.

They belong to the earliest nuclear reactions investigated both theore-
tically [1] and experimentally [2]. Their large cross sections even at very low
energy, their relation to states in 4He - the A=4 system being the lightest nuclear
system known to have excited-state structure -~ and their special symmetry
properties {identical particles in the entrance channel} have made them attractive.
They display some unusual features, such as contributions from P waves even at
c.m. energies as low as 156 keV [seen directly in cross-section anisotropies and in
substantial vector analyzing powers, which are due mainly to S- and P-wave in-
terference) and even from D waves above c.m. energies of 50 keV.

All analyses showed that the reaction mechanism of the two D+D fusion
reactions even at very low energies is very complex and requires participation of
all possible transitions. Therefore the disentanglement of the relative strength of
these is a difficult task and requires many independent {i.e. mostly polarization)
experiments. Experimentally the situation is far away from “compiete” in the
sense that more independent measurements at all energies than the necessary
minimum required by the structure of the transition matrix had been performed,
as is the case for the nucleon-nucieon interaction.
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The four-nucleon system as the smallest few-nucleon system having ex-
cited states is also of considerable theoretical interest. Though the relevant
equations have existed for a long time [3] only recently resuits of microscopic
{i.e. based on realistic nucleon-nucleon potential input} 4-body {Faddeev) calcula-
tions have been presented [4]. Before, different approximative approaches have
been taken, ranging from a simple potential model [5] to DWBA [6] and refi-
ned-resonating-group (RRGM) ,see e.g. [7]. calculatons.

As to the potential fusion-energy application of polarized D+D fusion re-
actions a renewed interest in general low-energy studies of these reactions was
kindled by the proposal of a “neutron lean” fusion reactor based on the
3He(dp)*He reaction. Such a potential reactor will be aneutronic only if the
D(d.n)3He reaction rate could be substantially suppressed. Provided quintet states
(with the spins of both reacting deuterons aligned parallell would not contribute
in the D(d,n) reaction, then the use of deuterons polarized along the direction of
the plasma confining magnetic field would lead to a suppressed neutron producti-
on rate and, in conjunction with 3He nuclei as well, to a possible rate increase
(or lower ignition limit) for the 3Held,p)*He fusion in analogy to the 3H(d,n)*He
case [8,9].

Therefore, the magnitude of the contribution {or suppression) of quintet
states in the two reactions and possible channel spin transitions with AS = 1 {such
as quintet-triplet or AS = 2{quintet-singlet transitions) are of special interest.
Contributions from these quintet states have been exciuded in the past by an ar-
gument based on the Pauli principle. This argument may be considered very
weak because of the extremely large interaction radius of two deuterons. in
fact, a careful analysis of the data of the D(d,p) reaction at 290 keV in terms of
partial waves [10] seemed to show a certain amount of quintet-state suppres-
sion. A later analysis of data by the same group and comparison with all other
available data in the energy range below 485 keV showed in addition that trans-
itions from the quintet-S state of the D(d,n) branch appear to be hindered relative
to the D(d.p) branch [11]. in contrast to this finding a multi-channel R-matrix ana-
lysis of all available data of the four-nucleon system by Hale [7] vielded no quin-
tet suppression. Theoretical approaches, on the other hand, differed widely in
their predicitions. Defining the ratio of the integrated S=2 partial cross section (i.e.
with both deuterons polarized in parallel) to the unpolarized integrated cross sec-
tion as quintet suppression factor QSF, the RRGM calculation predicted QSF ~ 0.9
{almost no suppression) at E,m- 20 keV whereas the DWBA calculation [6]

346



found a constant QSF = 0.08. Strong objections have been raised against the
DWBA approach together with arguments for sirong quintet state contributions
via the D state of the deuteron [7,12]. The question of quintet states has to be
decided by experiment, preferable by direct measurement of the spin-correlation
cross sections, which, however, has not beenpossible so far. A direct matrix-
element fit by Lemaitre et al. [13] of all available data of both D+D fusion reacti-
ons below 500 keV even yielded some quintet state enhancement calculated
from the values of all 16 matrix elements resulting from this analysis (see below).

Though many data at low energies (< 1 MeV], including polarization data,
exist, the data situation is not very satisfactory. E.g. sets of analyzing power da-
ta of different groups scatter widely outside the errors and even unpolarized
cross sections of different labs. are not in good agreement. D(d,n)He data are
scarce and this is true especially at very low energies < 100 keV. Additional data
at very iow energies are highly desirable for several reasons : the matrix element
analysis can be made much more reliabie by fixing the low energy trend of the
data and the measurements would be made at energies, at which future fusion
reactors would probably work. In addition : since the D+D reactions are the only
ones sensitive to vector polarization at such low energies the accurate measure-
ment of the vector analyzing powers Ay can be useful for low-energy polarime-
ters to be used'in conjunction with polarized sources or jet targets at accelerators
with recirculating beams (LEAR, COSY).

These arguments prompted several laboratories to start cross-section
and analyzing-power measurements [14,15] and even to build dedicated low-energy
poiarized beam facilities such as at the TUNL laboratory. At Cologne a compliete
set of analzying powers for both the D(d,n}3He and D(d,p)3H reactions at Eiap”
28+ 3 keV was obtained and included in the matrix-element analysis. Both will be
discussed below.

2. FORMAL DESCRIPTION OF THE D+D REACTIONS

Following Ad'yasevich [16] we define the 16 transitions, necessary to
describe the D+D fusion reactions at low energies in the following way :
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Table 1

DEFINITION OF THE MATRIX ELEMENTS Tﬂu(El :
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In the early potential model description of the D+D reactions {5,17] it
was assumed that the energy dependence of the transition amplitudes is entirely
governed by Coulomb and centrifugal barriers in the entrance channel. Therefore
like in many early approaches {e. g. [16,18]) we consider the transition amplitudes
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TBa(E) to factorize like

Ta ()= Cy [E) Tq (1)

o

into an energy-dependent penetrability factor and an “internal” energy-indepen-
dent ampitude T‘M with :
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Here F,aand G,a are the regular / irregular solutions of the Schrodinger equation
for the scattering of two charged particles which approach to a distance of R.
The phases

8,a and 4’,“

are well-known:
8, = - arctan (F,u/ G,a)

? = arg I‘(!aﬂ*in)

The condition that the 'i’aa are constant in the energy range of interest can only
be fulfilled in a limited range of low energies, however.

In a two-particle reaction A{a,b)JB where, in the entrance channel, each
particle may be polarized, or, in the exit channel, the polarization of each particle
may be measured , the tensor moments of the exit channel B (in spherical nota-
tion) as functions of the tensor moments of the entrance channel @ may be written
in the most generai way as
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The Thq 31€ {sphericall spin operators, the ¢ spin density operators {matrices). All
information concerning the nuclear dynamics as well as the reaction geometry is
contained in the generalized analyzing powers
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The reaction amplitudes Ti = Taa and equation (5) are often represented in a
partial wave expansion {i.e. in an angular momentum basis]. A general formula for
this expansion has been given by Welton [19] and extended to charged particles
by Heiss [20]. It shows how to perform Legendre expansions of all possible ob-
servables, e.g. those relevant for the D+D fusion reactions. Each Legendre expan-
sion coefficient of each observable can then be related to products of transition
matrix eiements by an expansion using the Weiton formalism.

A computer code FATSON/ TUFX [21] , originally written to perform the
necessary angular momentum aigebra of the Weiton formula, was changed to
obey the Madison convention and was then extended to charged particles and
also identical particles in the entrance channel. It was used to determine numeri-
cally the coefficients of the expansion of the Legendre coefficients of all D+D ob-
servables in terms of products of the transition matrix elements TBa' All similar
expansions with coefficients published in the literature were thus shown to con-
tain at least some errors, including those of Ad'yasevich et al. who performed
the most comprehensive analysis of D+D data so far [16].

Using these coefficients a fitting routine for the Legendre expansion co-
efficients in terms of the 16 complex “internal” transition matrix elements T (cor-
responding to 31 unknowns due to one arbitrary phase) was written [13] and
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applied to existing low-energy data sets of the D+D fusion reactions. It was pos-
sible to achieve a satisfactory fit and results for all transitions. Conclusions about
the strength of the quintet state transitions and any other observable of both re-
actions were possible.

3. EXPERIMENTAL PROGRAM

As explained above, analyzing power measurements for the D+D fusion
reactions have been performed at Ehb: 28 *3 keV, using the Cologne polarized
ion source LASCO high voltage platform as accelerator.

31 General experimental problems at very low energies

in measurements of deuteron analyzing powers at extremely low energies

one has to deal with a number of specific problems :

- For the vector polarization of the beam there exists no polarization
analyzing reaction (due to normally pure S-wave contributions only)
except for the D+D reactions proper. The vector polarization of the
beam therefore has to be measured after acceleration to higher energies
where a known analyzer exists {or has to be inferred from the measured
tensor polarization using known properties of the source of polarized
ions; this will normally introduce appreciable uncertainties into the results
and does not work too well for Lambshift sources). if the accelerator
used can bridge the energy gap from the low to the high energy range,
then successive intercalibration runs at different energies are possible,
which avoids possible depolarization, but increases the errors. In the
other case one has to make sure that depolarization is insignificant.

- For the tensor polarization the “H{d,a)n reaction, which proceeds via S
waves and which is almost entirely governed by the broad J™ = 3/2*
resonance at E d=107 keV, constitutes a good analyzer with known
analyzing power in the entire energy range below 100 keV. A conjectured
small contribution from J™=1/2* would introduce some {< 5%} uncertainty
in the results. However, recent RGM calculations [22] showed no such
state of relevance to low energy polarization measurements. Another
method would be the same as that used for the vector polarization
measurement, namely to measure the polarization after acceleration to
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higher energies by the tandem VdG accelerator and using the 3He(d,p)%He

reaction at @ = 0°.
- Due to charge exchanges in the target the measurement of the true
beam current becomes difficult. Different methods to overcome this
problem have been developed, e. g. calorimetric or pyro-electric methods.
For the vector analyzing power measurement with a symmetric detector
pair the left-right asymmetry can be obtained without a beam charge
normalization. This is not possible for the tensor analyzing powers
where alternating polarized und unpolarized runs have to be taken. In
principle, absolute current normalization is not needed. It is sufficient to
have a method which ensures equal amounts of charge in both runs.
However, depending on the number of detectors used for one polar
angle, for all effects except Azz exact beam charge normalization
would provide additional checks on the quality of the measurement
{"CT factor”, see below).
Targets have to be very thin, though below the Bethe-Bloch maximum
the energy loss decreases. Especially for the extreme forward and
backward angles the definition of the target volume in a gas target
becomes more uncertain and the use of entrance and exit foils prohibitive.
Ideally a jet target such as in [16] could be used. However, due to
differential pumping requirements this would be difficult to realize for
the 4 geometry required for the tensor analyzing power measurements.
Therefore solid targets, provided they can be made sufficiently thin and
mechanically and thermally stable, are a good choice. In the tensor
analyzing power measurements, thickness changes have to be monitored
and, if possible, compensated {"CT factor”).

Polarized beam and polarization measurement

The polarized deuteron beam was produced by the Cologne Lambshift

source LASCO and accelerated into an ORTEC-600 scattering chamber (for the
vector analyzing-power measurements) or a small 4x cube {for the tensor analy-

zing -power measurements), both downstream of the injector high voltage platform

of the source. The Lambshift source allows the production of a purely vector and

also of a purely tensor polarized deuteron beam. A Wien filter rotatable around

the beam axis allows the orientation of the quantization axis into any desired
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direction. Beam currents of several hundred nA from the source are routinely
obtainable , so that reactions with rather low cross sections and coincidence
experiments can be measured.

The vector polarization of the beam was measured by accelerating the
beam in the usual way by the Cologhe FN tandem accelerator into the vector
polarimeter behind the 30 ORTEC-2800 scattering chamber. The 4Held,d) scat-
tering at E = 14.0 MeV and 6 = 90°, where the analyzing power is known to be
Ay = - 0.387 t 0.006, was used as an analyzer. Since the left-right asymmetry
in two symmetric detectors was measured, no charge normalization was neces-
sary. The beam tensor polarization was similarly measured in a 3He(d,p)%He pola-
rimater at O° using a Csl scintillator and after stopping the deuteron beam in a
biased Faraday cup in the high energy beam line. These measurements were
performed at Ed = 10 MeV, where the tensor analyzing power is Azz = - 1417 ¢
0.014 . The precision to which the polarization direction at all target locations can
be set by the rotatable Wien filter on the source has been carefully checked by
taking precession calibration curves and is estimated to < 1° for both the polar
and azimuthal directions.

In order to ensure that no significant depolarization would occur the possible
sources of such depolarization were studied. These are :

- Depolarization during the stripping process in the tandem terminal. This
effect had been studied by Haeberli et al. [23] and found to be negli-
gible for foil stripping .

- Inhomogeneous distribution of the polarization across the beam diameter
together with varying degrees of interception of outer parts of the
beam at diaphragms and slits. This effect was counteracted by using
large diameter diaphragms and slits in the beam path and checked by
comparing the measured beam polarization frequently for very different
focussing conditions at the polarimeter. No significant differences were
found.

- Depolarization in magnetic fieids along the beam trajectory such as in
quadrupole doublet lenses where a rotation of the quantization axis
relative to the beam axis and a precession of the spins of the particles
depending on different divergences of the particles, would cause the
depolarization. These effects could be estimated with the formalism by
[24] to cause a maximum depolarization of 0.6 %.

Therefore we concluded that in our experiment the depolarization effects could
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be safely neglected. A vector polarization of P, = 0.510 + 0.005 was measured
which was constant over the entire measurement within the error.

The maximum tensor polarization P,z of the beam was -0.82, from which
all three tensor polarization components for arbitrary directions of the quantization
axis could be calculated with the known calibration of the Wien filter. A small
remaining vector polarization of the beam- which is caused by the necessity of
maintaining a small magnetic field {< 1 Gs} at the argon charge exchange region
in the source after the second quench process was estimated to be < 0.022 .
With the methods chosen to measure the tensor analyzing powers this enters the
results only to second order and therefore can be neglected .

33. Beam charge normalization

For the comparison of the beam charges for poiarized and unpolarized
runs several experimental schemes were investigated : e.g. a transmission Fara-
day cup ahead of the target consisting mainly of a fine tungsten mesh intercep-
ting a constant fraction {~ 10 ¥} of the incident beam, here this constancy is
essential and, due to .effects from secondary electrons despite suppression,
could not be maintained in a sufficiently stable way. Instead the beam was stop-
ped in the target backing. The beam current onto the insulated target rod couid
then be measured after connecting a suitable positive bias voltage to it (about
30 V). Leakage currents from the target to ground via the current integrator due
to this voitage were prevented by connecting the target iadder to the bias
voltage through an insulated target rod.

3.4. Targets

Two different deuterated compounds were tested for thermal stability
under beam bombardment : poly-ethylene (CD,), and para-polyphenyl DPP
(Cg Ds)n. The (CD,),, targets were produced by evaporating the powder material
onto a thin { 5 to 9 ug/cm? } carbon backing with an electron gun. Targets with
thicknesses of 9 to 12 ug/cm2 were tested and proved mechanically stable, but
showed an unacceptable loss of thickness in the first 30 min. of irradiation with
beam currents of 600 to 800 nA at an energy of 32 keV. The DPP targets by
the GieRen group [25], of between 10 and 30 ug/cm? on thin carbon and alumi-
num backings, which were mechanically very sensitive, showed a weaker loss of
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deuterium content under beam bombardment, depending on the backing thickness,
and were therefore used here.

The thickness of the target backing was optimized to be just thick
enough to stop the deuteron beam in order to allow especially the 3He recoils to
pass through the target backing with sufficient energy { > 400 keV) for being
measurable above the noise in the spectra. This turned out to be very critical
especially for angles near 6 = 802 with four detectors where the target rod had
to be introduced along the spatial diagonal of the tarp:t cube and at forward
angles. The thickness optimization was done using an energy loss calculation pro-
gram based on [26].

A serious problem of the experiment was the change of target thickness
under beam bombardment caused by two competing processes. One is carbon
growth due to dissociation of hydrocarbon molecules in the residual gas, the
other is evaporation of target material by the heat deposited by the beam. The
use of a LN2 cold trap reduced the carbon buildup substantially, but not competely.
Both processes iead to different nonlinear, but monotonic decreases of the count
rate which, however, cannot be separated. The measurement of Azz requires the
knowledge of the ratio of the product of target thickness (factor T} and beam
charge {factor C) between successive tensor polarized (p)] and unpolarized {u)
runs. The knowledge of C alone requires a functioning charge integration method.
Thickness changes in the targets are compensated to first order by taking short
runs in the sequence p-u-u-p and adding the p- and u-results. The CT factor
was monitored during the sz and Axx--Ayy runs by setting the polarization
direction to B = 54.7° (where pzz=0) and used to compute the Azz data. Experi-
mentally the value of CT was found to be close to 1, indicating good charge
integration and target thickness monitoring.

The effects of the target changes due to the two processes on the
average reaction energy in the target are different. Carbon buildup lowers the
reaction energy whereas evaporation of target material leads to an increase.
Since the relative contributions from both are not known we assumed equal
contributions to the observed count rate decreases from both. On this basis the
average reaction energy was calculated by taking the energy average over the
target with the known integrated cross section o(E) as weighting factor. Its error
was determined from the maximum possible variation of the energy due to target
changes.

For a target of thickness 31.3 pg/cm the energy loss for an incident beam

355



of an energy of 345 keV was calculated to be 180t 3.0 keV. An average
reaction energy of 28 * 3 keV was obtained. Due to the strong energy depen-
dence of this cross section the low-energy portion of reactions occuring nearer
to the exit of the target foil do not contribute strongly to the reaction rate and
to the energy average. Therefore this average energy is rather close to the
incident energy, and its estimated error is rather small.

A typical count rate for the charged particles from the D + D reactions
{with a detector solid angle of 248 msr and a beam current of 200 nA } using
such a target was < 65 Hz.

3.5. Scattering chambers and detectors

The detectors used were silicon surface barrier detectors partly cooled to 16° C
with solid angles up to 95 msr. The vector analyzing powers were measured with
left-right symmetrical detector pairs in the reaction plane, the tensor analyzing
powers with sets of for detectors for each polar angle in a 4x geometry. A
liquid nitrogen trap was used to minimize carbon buildup on the target.

3.6. Measurement of the analyzing powers

In a coordinate system in agreement with the Madison convention the general
Cartesian form of the cross section with polarized spin-1 particles can be written
as :

(dosdn)__ (8.0)=(dosan) (8){1 - 3pAfe) « Zp A (6]
(7)

+ 5P P, (A (8)-A (8]« 3p A (6]}

The beam-polarization components depend on the polar and azimuthal angies B
and @ of the spin quantization axis in the above coordinate system and on the
maximum values p, and p,, When a detector arrangement of four detectors at
the azimuthal angles ® = 0°(left), ® = 180° (right), ® = 90° (up) and ® = 270°
{down) for each polar angle © is chosen, then the ratios of the count rates with
polarized {Z) and unpolarized (Zo) beams as functions of cross-section ratios for
each detector position L, R, U and D may be written :
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do/ dQ)

(8)

sing cosp A_(6)

=Z _do/df) . .3 .
(R)}' zo}(h) T (da/d0) :ilﬁ) ct {1 (fy2 Py Sin B A,
. -}i-pzz[{ 3COSZB~1) Azz(e)-sinZB[Axx(e) ‘Ayy(e)]]}
Ul-<2 1 - _de/d0 . L1 _
(o)}‘ Zo?g{ cT (do‘—‘/dg)o%g) ct {1 P, L (M4

(9)

+(3cos®B-1) A_ (6] + sinBB[A_[6) -A_ (6]]1]}

Ay(e) was obtained from a measurement of the asymmetry ¢ of the left and
right count rates ZL and 2R with the purely vector-polarized beam and B = =

90° (spin U/D)

UZD

-1 2 : L ™R

A (9) = £ - 1 with = {._...__
Y + 1 3 D ]
€ P ZL ZR

(10)

}%

For the tensor analyzing power measurements with the tensor polarized beam
two different polarization directions were chosen. Azz(e) was measured with

the quantization axis oriented longitudinally (8 =0°) such that

Azz(e) = [é—:l'.(UODOL¢R)—4]/ 2p,,

(n)

requiring a knowledge of the factor CT. The components A_,{(8) and A“(e)-AW(e)
were measured, by setting B = 54.7°, from the up~-down asymmetry
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3 U-b 1

A |96)=- 12
XZ( ) 2',2 U+D+R+L pzz ( )
and from the left-up/right-down asymmetry
A _(e)-A (8)= - 3 ALRI-(UD) _1 (13)
xx Yy 2 U+D+R+L P>

Though in these two cases the CT factor does not enter directly, it was chek-
ked by taking the sum

CT = — (L+R+U+D} (14)

1
4
which ideally should be equal to 1. The resulting CT values were used.

4. EXPERIMENTAL RESULTS

Fig. 1 shows the experimental results [27] of the four analyzing powers
of the D(d.,n)3He and D(d.p)3H reactions together with Legendre fits, the resuits
from the multi-channel R-matrix parametrization by Hale [28] and from the new
matrix-element fit . Fig. 2 gives the Legendre-fit results as error bands from the
covariance matrix of the fit, in order to allow a comparison of the two mirror
reactions. Differences between them are clearly visible.

5. LEGENDRE ANALYSIS

The Legendre expansion of the measured analyzing powers allows some
direct conclusions without referring to the complete matrix-element fit. Following
the nomenclature of Ad’yasevich [16] the coefficients azz(1) and axz(1) have a
common term DO‘(O,I)
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Fig. 1 : Measured analyzing powers of the D + D reactions at EIab =28 ¢t 3 keV
Solid lines : Legendre fit ; dashed lines : R-matrix analysis by Hale [28].
dot-dashed lines : present matrix-element fit
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Fig. 2: Comparison of the Legendre-fit results for both reactions. The shaded
areas are error bands from the covariance matrix of the fit
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azz(ll ~ Dm(OJ)* f, where f, is some bilinear matrix-element combination, and

axz(l) ~ Do‘(o,1)o f,. where f,is some other combination, and

* t 3 * *
D, (1.0) = c, Re(B, v,") + ¢, Rela, 8,7} + cRela 3,7} + c, Relajd )

c;j are known constant factors. Experimentally azz(1) 3 axz(1)w 0. In a similar

way the third expansion coefficients of the tensor analyzing powers are

a_(3) =k, D 01)+ f
a (3 =k, Dyg(01)f,
axx_w(a) = ky Dggy (01) + £ and

* * * *
Dos (01) = c13Re(B"'y1 ) + czaRe(a:"tS1 ) + °33R9(°‘1281 )+ c43Re(01381 )

From this set of equations and the data on can calculate three values for Dos
(0.1) :

0.202, 0.238 and 0199 for the D(d,p)3H reaction, and

0.312, 0.316 and 0.300 for the D{d,n)3He reaction,

in good agreement and different from zero outside the errors. Possible conclusions
to be drawn from both sets are : Quintet D-state (as all D-state) contributions
are weak at this energy, whereas quintet S-state contributions must be substan-
tial, since all matrix element products in 003 (0.1} contain these matrix elements.
Significant differences between both reactions are also visible.

Another qualitative conclusion which used to be drawn is no more possi-
ble. It concerns the large vector analyzing powers. Without quintet transitions this
would indicate that triplet-singlet transitions {matrix element B“) which appear in
the expansion of ay(I) and which are forbidden to first order, do take place. Now
also quintet S-waves in interference with P waves may be responsible for the
large Ay.
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6. MATRIX-ELEMENT ANALYSIS

The set of all data below 500 keV used in the former analyses [13] has
been augmented by our new data and some other new data that became availab-
le recently [14,15] and again subjected to the matrix element fit procedure. An
additional improvement consisted in choosing Coulomb vfunction routines better
suited for the very-low energy regime.

In this new matrix-element fit the interaction radius of the two deuterons
~ instead of fixing it to a conventional value as usual and as in the former ana-
lysis [13] - has been treated as a fit parameter The values obtained were R
=2.36 t+ 0.43 fm for the D(d,n)3He and R = 3.81 + 0.20 fm for the D(d,p)3H reac-
tion for minimum 12. It is interesting that both values come out differently indicating
that probably the Coulomb repulsion between the deuteron and the proton in the
case of the D{d,p)3H reaction allows the neutron to react at smaller distances
than the proton in the D(d,n)]3He case. The matrix-element results are again
values of modulus and phase for all transitions for both reactions. Table 2 shows
the new results for the moduli of the 16 "internal” matrix elements of both reactions.

Table 2
RESULTS OF THE MATRIX-ELEMENT ANALYSIS {MODULI OF T aﬁ)

(Errors in parentheses)

Dld,p)3H D(d,n)3He
Interaction radius R{fm) : 3.81 (0.20) 236 ( 0.43)
Matrix element a, 359 {0.07) 618 ( 0.46)
@, 1.03 (0.42) 1182 ( 5.97)
By 541 (012) 868 ( 2.93)
@, 915 (0.44) 17.94 { 1.35)
., 1.47 (0.34) 7.26 { 550)
@, 17.66 (1.09) 79.46 ( 43.07)
B, 582 (0.30) 15.00 (12.62)
a, 391 (0.23) 11.40 ( 250)
v, 124 {0.07) 174 { 016)
1, 2116 {281} 1988 {44.24)
T3 1628 (2.23) 73.49 (39.86)
3, 1456 {0.01) 166 [ 0.60)
3, 894 (252) 2408 ( 8.20)
35 2117 (2.82) 83.90 (64.48)
3, 19.40 (3.64) 13.08 (1319 )
3 1435 {192) 26.08 {24 .44)
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Figs. 3-7 on the following pages show the total cross sections and the
Legendre expansion coefficients of the differential cross sections and of the four
analyzing powers together with the fit results of the matrix-element analysis as a
function of lab. energy. The figures give an impression of the quality of the fit,
but also of the data situation, which prompted us to omit certain data sets from
the analysis (They are indicated by an asterisk).
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Fig. 3: Excitation functions of the expansion coefficients of the vector analyzing
powers. The solid line is the result of the present matrix-element fit
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Fig. 6: Same as fig. 3, but for the tensor analyzing powers sz
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7. CONCLUSIONS
7.1. General conclusions

Due to the changes indicated, the results differ numerically somewhat from the
former analysis [13], but qualitatively the conclusions drawn earlier do not change.
They are :

- Quintet S-wave transitions are not suppressed, but contribute substanti-
ally to the reactions. From table 2 we learn that the two quintet S wave transi-
tions are of the same order of magnitude as the singlet S wave transition for
both reactions. They obviously proceed easily via the 2" intermediate state.
Table 3 gives a comparison of the relevant new matrix-element ratios with an
RRGM prediction and R-matrix analysis results, both cited from [32]. and with our
earlier results [13].

Table 3
COMPARISON OF S-WAVE MATRIX ELEMENT RATIOS AT Ecm= 40 keV

RRGM R-matrix Matrix-element fit

[13] this work
ly,l e | 0.24 0.92 043 0.28
| 8,1 /1| 012 0.72 0.34 027
L8171, 20 128 127 095

- Table 2 shows that the contributions from the incoming quintet D waves,
especially the <5D°| o' | 1S()) transition, are not negligible. However, one has to
keep in mind that in the observables its effects appear suppressed by a rather
small penetrability factor.

- Finally, the matrix element B" discussed above qualitatively now turns out
to be quite large. The assumption of many authors [12,30] that triplet-singlet
transitions do not occur is therefore not justified and has to be explained by
higher-order processes (e.g. a final state interaction [31] ).
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7.2. Polarized fusion
The sum rule for polarized correlation cross sections is given by:

6o = 179 (20, +40, S +20, +0o ) (156)

The indices (m,n} of the cross sections S n denote the projections of
the deuteron spins on the z axis which is in the direction of the initial momentum
k.In our calculations which make use of the channel-spin representation it is not

possible to distinguish o 11 from o - In both cases the channel spin is S_= O.

The calculation of the quin(z;eot polarization-correlation cross section using
the earlier matrix-element resuits of [13] for the D{d,n}3He reaction showed not a
suppression, but an enhancement over its purely statistical value. In figure 8
these results for the D(d,n)®He reaction are compared to results from the R-matrix
analysis by Hale in [9] and especially for o, , to results from the DWBA calculation
[6]. The D(d.p)3H reaction behaves quite similarly. The RRGM results of Hofmann
and Fick for o /o, [12] coincide in fact with those of [8]. With the exception
of the DWBA resuits the energy dependence of the polarized cross sections is
similar to our results. This confirms the usefulness of penetrability functions which
are used here exclusively to describe the energy dependence of the transitions
ampiitudes. However, for o, ,a clear enhancement is found over the unpolarized
one, even up to the resonar{ce energy of 430 keV of the 3I-Te(a’,p)lj'He reaction in
contradiction to the DWBA calculations of [6].

Therefore the idea of a neutron-lean fusion reactor by using polarized
fuel appears not to work. This behaviour can be explained only either by a second-
order spin flip transition or an admixture of higher internal waves to the ground
state of the nuclei involved which render possible a first order transition. in [7]
where the authors came to the same conclusion concerning neutron suppression
it was shown that the Sa= 2 matrix elements are possibie without any spin flip
due to D-state admixtures in the deuteron.
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73.

With the results from table 2 all observables of the D+D reactions in the low-ener-
gy region < 500 keV may be calculated. Of particular interest are those which
are not yet determined by experiment like polarization-transfer and polarization-
correlation observables. Because of the multitude of such observables and the
uncertainty whether they are accessible to experiment it is helpful to calculate
them in order to support planning of future measurements. The figs. 9 and 10
show some results for spin-correlation and polarization-transfer observables in

FURTHER PREDICTIONS

the form of contour piots obtained with the fit resuits from [13].
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