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Abstract. After an introduction into the essentials of nuclear fusion reactions, being considered for future
energy production in fusion reactors, different aspects of using “polarized” particles as fuel are discussed.
Special emphasis is given to the four-nucleon system and the D+D reactions. The status of the theory and
the experimental data are presented. Predictions for observables in the framework of existing theoretical
approaches are given. The necessity of carrying out direct spin-correlated cross-section measurements is
accentuated. Details of a future experiment are proposed.
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1 Introduction

Increasing energy demand in view of limited supply, as
well as environmental concerns leading to increased em-
phasis on renewable energy sources such as solar or wind
energy also will focus public and scientific interest again on
nuclear power, and especially fusion energy. With the de-
cision to build ITER (low-density magnetic confinement)
and also continuing research on (high-density) inertial-
confinement fusion, prospects of fusion energy may have
entered a new era. The idea of “polarized fusion”, devel-
oped already long ago ([1,2], and for more recent devel-
opments see [3]), which undoubtedly offers a number of
advantages over unpolarized fusion, will gain new impe-
tus. The main features are:

– Neutron management: replacement or reduction of
neutron-producing reactions in favor of charged-
particle reactions.

– Handling of the emission direction of reaction prod-
ucts.

– Increase of the reaction rate.

Part of these improvements may lead to lower ignition
limits and to more economical running conditions of a
fusion reactor due to less radiation damage and activa-
tion to structures and especially the blanket, necessary to
convert the neutron energy to heat, or may lead to con-
cepts of a much simpler and longer-lasting blanket. At the
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same time its realization will meet additional difficulties
for which solutions have to be studied. Some of these are:

– Preparation of the polarized fuel, either in the form of
intense beams of polarized 3H, D, or 3He atoms or as
pellets filled with polarized liquid or solid.

– Injection of the polarized fuel.
– Depolarization during injection or during ignition.

As an example of a recent effort to address some of these
questions we cite ref. [4]. All these questions cannot be
discussed here in detail, as they would require intense and
specialized research. Instead some unsolved problems with
the basic fusion reactions will be addressed. They have to
do with the fact that, in order to be able to judge the ef-
fects of polarization on fusion energy, experimental polar-
ization data of the very low-energy fusion reactions with
sufficiently high precision such as spin-correlated cross-
sections are necessary. However, they have not been mea-
sured. Existing reaction analyses and predictions for po-
larized fusion relied on existing world data sets of other
(simpler) data. On the other hand, sufficiently microscopic
and therefore realistic theoretical predictions (such as for
the three-nucleon system) do not yet exist for the four-
and five-nucleon systems at the required low energies. It
is also not clear whether the recently discussed electron-
screening enhancement ([5] and references therein) of the
very-low-energy cross-sections has any bearing on polar-
ized fusion.

2 Fusion reactions for energy production

Fusion reactions for energy production are limited to light
nuclei, basically the isotopes of hydrogen and helium. At
the relevant low energies the Coulomb barrier determines
the reaction rates. Besides, only reactions with high pos-
itive Q-value can be used. Thus mainly four- and five-
nucleon reactions are being considered. The relevant quan-
tities are the integrated (or total) cross-section σ, the reac-
tion coefficient (or reaction parameter) 〈σv〉 and the (rel-
ative) power density Pf .

2.1 Five-nucleon fusion reactions

The important reactions to be discussed here are:

– d + 3H → n + 4He + 17.58MeV,
– d + 3He → p + 4He + 18.34MeV.

The two mirror reactions have some very pronounced fea-
tures:

– At the low energies discussed here both proceed via
strong S-wave resonances (at deuteron laboratory en-
ergies of 107 keV for 3H(d, n)4He, and 430 keV for
3He(d, p)4He, respectively). These resonant states are
quite pure Jπ = 3/2+ states with possibly very lit-
tle admixture of a Jπ = 1/2+ S-wave and/or higher
wave contributions. This has been a long-time point of
discussion, mainly because of the reactions being very

Fig. 1. Spin-correlation measurement of the 3�He(�d, p)4He re-
action at Ed = 430 keV [6,7]. (From [6] by permission of
Birkhäuser Verlag, Basel.)

good absolute tensor-polarization analyzers, provided
they proceed only through the S-wave Jπ = 3/2+

state. Experimental evidence shows that other con-
tributions are small (of the order of a few %). An
example of the 3He(d, p)4He reaction on resonance is
an early spin-correlation measurement [6,7] support-
ing this assumption, see fig. 1. For a recent discus-
sion see, e.g., refs. [8,9]. The results for the mirror
reaction 3H(d, n)4He are similar. Because, for prac-
tical purposes, the transitions essentially go through
one transition-matrix element, predictions about the
behavior of cross-sections and polarization observables
can be made quite reliably. The magnitude of the cross-
sections is an experimentally determined quantity. For
plots of the excitation functions of the cross-sections
see sect. 3.

– They have very high cross-sections at resonance. This
makes especially the 3H(d, n)4He reaction the first
choice for fusion energy due to its highest reaction
yield and energy density at the lowest temperature
of the plasma. The 3.5MeV α particles produced will
be useful for heating the plasma. The resulting high-
energy (14.1MeV) neutrons, however, which must be
captured in a “blanket” wall, create problems, e.g. with
material modifications. These problems, finally, lead to
economic ones. Therefore, the neutronless mirror reac-
tion 3He(d, p)4He, appears ideal, except for the higher
temperature needed for ignition. A reactor, using this
latter reaction, would in addition not be completely
neutronless due to the 2H(d, n)3He reaction occuring
simultaneously.

– Polarizing the particles in the initial channel in a
stretched configuration (spin 3/2) offers the interesting
possibility of increasing the fusion yield, i.e. lowering
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the breakeven limit of a reactor. The cross-section for
unpolarized particles is an incoherent mixture of tran-
sitions from the Jπ = 3/2+ and from the Jπ = 1/2+

state with their statistical weights. Thus the transition
is excited with a probability g = 2J+1

(2a+1)(2b+1) where J

is the spin of the “compound state”, a and b the spins
of the colliding incident particles. Here the high cross-
section transition through the 3/2+ state has g = 2/3.
When describing all possibilities, more precisely, the
formation of the J = 3/2 state is governed by Clebsch-
Gordan coefficients of the coupling of the spin states
of the two incident particles colliding and forming the
coupled state J :

(I1I2m1m2|JM).

For deuterium (J = 1) on tritium (or 3He, J = 1/2),
thus the CG coefficients (1 1

2mdmt|32M) have to be
evaluated. If we denote the three possible spin sub-
states of the deuteron, as referred to a quantization
axis (e.g., a magnetic field) as +, 0, and − and the
occupation numbers of these substates by their am-
plitudes a, b, and c as |a|2, |b|2, and |c|2, likewise for
tritium (up and down substates + and − with ampli-
tudes d and e) as |d|2 and |e|2, we get the contributions
of all spin channels to the cross-section σ, compared
to the cross-section σmax in the fully aligned case:

σ =
[
|a|2|d|2 + |c|2|e|2 +

2
3
|b|2

+
1
3
(|a|2|e|2 + |c|2|d|2)

]
σmax.

Thus, a transition prepared in the pure J = 3/2, M =
+3/2 configuration (alignment along a field B, both
beams fully polarized: |a|2 = |d|2 = 1, all others = 0,
equally for a full alignment opposite to the direction
of field B: J = 3/2, M = −3/2, |c|2 = |e|2 = 1)
would be ideally enhanced by a factor 1.5. However, if
only one sort of fuel nuclei were fully polarized (e.g.,
|a|2 = 1, all others = 0), no enhancement over the
random (unpolarized) case would occur.
All experimental evidence [6–10], showing small, but
non-zero contributions from the other entrance chan-
nel S-wave J = 1/2 transition as well as from higher
partial waves, makes this yield enhancement factor a
realistic option. Detailed discussions about the spin
structure, its connection to polarization observables
and underlying partial-wave amplitudes can be found
in refs. [11,12].

2.2 Four-nucleon reactions

Here the relevant re-arrangement fusion reactions are:

– d + d → n + 3He + 3.268MeV,
– d + d → p + 3H + 4.033MeV.

Figure 2 shows typical charged-particle spectra at two
angles of both DD reactions at Ed = 28 keV. They were

Fig. 2. Typical low-energy charged-particle spectra of DD
reactions. (From ref. [13] by permission of Springer-Verlag,
Wien.)

obtained with thin solid-state detectors protected from
electrons and elastically scattered deuterons by thin foils
and using a thin CD2 solid target [13].

2.3 Other reactions

Other possible fusion reactions, but with orders of mag-
nitude smaller power densities at the relevant tempera-
tures, are p + 6Li, p + 11B, 3He + 3He, and p + 9Be.
Reactions such as n + 6Li → 4He + T + 4.8MeV and
n + 7Li → 4He + T + n − 2.47MeV have to be consid-
ered in order to complete the fuel cycle by breeding 3H
(T, tritium) which does not occur naturally. Similar con-
siderations apply to 3He (which is abundant only on the
Moon), whereas deuterium is abundant in water on Earth
(1 part in 6500).

3 Fusion basics

In this section a few quantities relevant for fusion at
low energies will be introduced. These are the basic
cross-sections, the reaction parameter which determines
the reaction rates in a thermonuclear reactor, and the
power density which depends also on the reaction-particle
densities.

3.1 Nuclear cross-sections

The basic cross-sections of the relevant nuclear low-energy
reactions are shown in fig. 3. The resonant behaviour of
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Fig. 3. Integrated cross-sections of fusion reactions as a func-
tion of the energy of relative motion (From [14] by permission
of Springer-Verlag, Heidelberg.)

the five-nucleon reactions is clearly visible whereas other
reactions such as the D+D reactions appear non-resonant.
It is also evident how the cross-section towards lower ener-
gies is entirely dominated by the Coulomb penetrability.
In order to separate the influence of the Coulomb pen-
etrability from the nuclear-reaction part it is customary
to introduce the astrophysical S-factor S(E) which is de-
fined, using the Sommerfeld parameter with Z1, Z2 the
charge numbers and μ the reduced mass of the entrance
channel particles

ηS =
Z1Z2e

2

h̄v
= Z1Z2

(
e2

h̄c

)
c

v
=

Z1Z2
α

β
=

√
μ

2Ec.m.

Z1Z2e
2

h̄
.

Numerically ηS = 0.1574 · Z1Z2

√
Ared(u)

Ec.m. (MeV) with Ared

the reduced mass number.
For S-waves only and assuming a point-Coulomb in-

teraction of the bare nuclei it is

S(Ec.m.) = σtot(Ec.m.) · Ec.m. · e2πηS .

For purely S-wave, non-resonant, reactions in a limited
range of low energies the S-factor is smooth and very
weakly energy dependent. The S-factors for the DD re-
actions are shown in fig. 4. The astrophysical S-factors
of the 3H(d, n)4He and 3He(d, p)4He reactions in fig. 5
reflect the resonances at deuteron laboratory energies of

Fig. 4. Astrophysical S-factors showing the non-resonant be-
havior of DD reactions. Deviations at higher energies are
mainly caused by P and D waves.

Fig. 5. Astrophysical S-factors, showing the influence of the
dominant S-wave, J = 3/2+ resonances in the 3H(d, n)4He and
3He(d, p)4He mirror reactions.
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Fig. 6. Astrophysical S-factor of the 2H(d, p)3H reaction with
deuterium adsorbed in a solid Ta target, showing the increase
of S towards lower energies. (From [15] with kind permission
of The European Physical Journal (EPJ).)

Fig. 7. Maxwell-Boltzmann velocity distributions as functions
of velocity v (left) and reaction parameter 〈σ ·v〉 as functions of
temperature T (right). (From [14] by permission of Springer-
Verlag, Heidelberg).

about 107 and 430 keV. At the very low end of the energy
scale the effects of screening of the Coulomb potential by
the presence of electrons (either in the plasma of gaseous
reaction partners or in the metallic environment of solid
target materials) will modify (increase) the fusion cross-
sections appreciably, see, e.g., [16]. The present status of
experiments and theory is, e.g., given in ref. [5]. Here, in
fig. 6 an example of the screening effect for the 2H(d, p)3H
reaction is shown.

3.2 Thermonuclear reaction rates

Since in a thermonuclear plasma the number of colli-
sions depends on the relative velocity of the particles,
and, therefore, on the temperature, the reaction rate de-
pends on the reaction parameter 〈σ · v〉. The average is
taken over the Maxwell-Boltzmann velocity distribution
shown in fig. 7, together with the reaction parameter.
The reaction rates have a distinct maximum in a rela-
tively narrow energy band, the Gamow peak. This can

Fig. 8. Assuming that S(E) ≈ const, reactions occur in a
narrow energy band determined by the Maxwell-Boltzmann
distribution together with the penetrability factor (schemati-
cally, left). Gamow peaks of the relative reaction rates of the
real fusion reactions as a function of energy (right).

Fig. 9. Relative reaction rates vs. temperature T9 of deuteron
fusion reactions (T9 ≡ 109 K ≈ 100 keV) (left). Relative power
densities as a function of temperature T (normalized to DT at
15 keV) (right). (From [14] by permission of Springer-Verlag,
Heidelberg.)

be explained schematically by an interplay of a decreasing
high-energy tail of the Maxwell-Boltzmann velocity distri-
bution and the Coulomb penetrability increasing with en-
ergy, see fig. 8. The Gamow peaks of real fusion reactions
shown in fig. 8 suggest the energy ranges in which fusion
reactors have to operate. It is clear that the 3H(d, n)4He
reaction is the first choice and the 3He(d, p)4He reaction
will be useable only in advanced concepts with higher en-
ergies. The finally important quantity is the power density
of the fusion plasma which depends on the particle densi-
ties of the reaction partners. Figure 9 shows an example of
the power densities of different reactions with assumptions
about the particle densities and the temperature.

4 Four-nucleon (4N) system

Since the situation of the five-nucleon systems is relatively
clear-cut, whereas the four-nucleon systems have a num-
ber of problems in their description, especially in view
of “polarized fusion”, their theoretical and experimental
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Fig. 10. Systematic discrepancies between Ay measurements and realistic Faddeev predictions (including the Coulomb inter-
action) at different energies. (From [28] by permission of J. Phys. G, IOP Bristol.)

status will be discussed here in greater detail. In order to
understand especially the theoretical situation recourse is
taken to a description of the three-nucleon case. The gen-
eral features of polarized fusion for both systems will be
treated together in sect. 5.

4.1 The D+D reactions

Different from the five-nucleon case the reaction mecha-
nism is very complicated (16 complex matrix elements in-
cluding S, P , and D waves as well as spin-flip transitions

from the entrance to the exit channel contribute even at
low energies). They are the only reactions with apprecia-
ble vector-analyzing power even near 20 keV laboratory
energy which cannot be produced by S-waves only.

There is inherent and growing interest in the 4N sys-
tem for the following reasons:

– It offers itself as testing ground for microscopic (re-
alistic) calculations. Methods of approach have been
Faddeev-Yakubovsky [17] and (Refined) Resonating
Group Method, RRGM [18] calculations as well as re-
cent attempts in the framework of effective-field theo-
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ries (EFT, chiral perturbation theory χPT to different
orders). However, theoretical progress has been slow
as compared to the three-nucleon case because of the
much more complicated structure of the 4N system
and the enormous difficulties connected with an ex-
act solution of the Coulomb problem, especially at low
energies.

– Comparisons of experimental results with theoretical
predictions show that unsolved discrepancies in the 3N
system reappear, even more strongly, in the 4N case
(e.g., the well-known Ay puzzle). There is a correlation
between 3N and 4N observables (Tjon line, [19]).

– It is the lightest system showing excited states which
should be described by theory.

– It offers the possibility of four-nucleon forces though
they should be smaller than the three-nucleon force
contribution [20,21] (there is no 4N force in NNLO
χPT predictions, which —to this order— are parame-
ter free).

– Polarization effects are much larger than in the 3N
system even at very low energies (keV region) which is
a consequence of the rather strong participation of P
and D waves in the entrance channel.

– Besides, in schemes of proposed fusion-reactor designs
the very low-energy D+D reactions play a role in as-
trophysics in connection with the big-bang nucleosyn-
thesis, see e.g. [22].

4.2 Comparison with the 3N system and unresolved
discrepancies

Some of these topics will be explained by the following
examples. In order to be able to assess the status of the
theory it is necessary to consider the 3N system though
the latter is of no importance to the fusion-energy field.
The status of the low-energy theory may be summarized
as follows. “Classical” numerically-exact Faddeev calcula-
tions use realistic nucleon-nucleon potentials (Nijmegen,
CD Bonn, Argonne 18 etc.) as input for the nd system
and, in addition, three-nucleon forces such as the (modi-
fied) Tucson-Melbourne and the Urbana IX three-nucleon
forces [23]. Recently, the inclusion of the Coulomb force al-
lows the description of the dp system as well, see, e.g., [24,
25]. Another three-nucleon force was constructed from an
intermediate Δ interaction [25]. Most recently the ap-
proach of QCD-based effective-field theory (chiral per-
turbation theory, χPT) to different orders (now up to
NNNLO) [26,27] proved equally successful for most ob-
servables. However, a small number of distinct discrep-
ancies remain unsolved in the 3N system, which are ex-
plained here:

– The 3N Ay puzzle: fig. 10 shows that no realistic cal-
culation reproduces Ay of 2H(p, p)2H. This applies to
a large energy range as well as to the 2H(n, n)2H scat-
tering, as shown in fig. 11, and also to iT11 of deuteron
scattering on 1H. For details, see ref. [28].

– The space star discrepancy in p+d breakup: fig. 12
shows the typical disagreement between predictions
from different realistic calculations and the data of the

Fig. 11. Relative differences between Ay measurements and
realistic Faddeev predictions for nd and pd (including the
Coulomb interaction) elastic scattering as functions of energy.
(From [28] by permission of J. Phys. G, IOP Bristol.)
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Fig. 12. Disagreement between the cross-sections in the sym-
metric space-star configuration of the reaction 2H(p, pp)n at
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of A. Fonseca.) The lower left figure shows in addition the dis-
agreement between the 2H(p, pp)n and the 2H(n, nn)1H data as
well as the disagreement of both with nd and pd calculations.

symmetric space-star configuration of the 2H(p, pp)n
cross-section at energies up to about 20MeV, see,
e.g., [29,30].

– The 4N-Ay puzzle: the description of the 4N system is
closely connected to the 3N case. Of course, the same
NN input has to be used in the Faddeev-Yakubovsky
calculations, see also [31]. Also in the χPT approach
this connection appears naturally. Due to this and the
empirically found correlations between the 3N and 4N
systems it is not surprising to find the Ay puzzle also
in the 4N system, e.g. in the analyzing power of elastic
p3He scattering (see e.g. [30,32,33]). Figure 13 illus-
trates this. It is clear that some piece must be missing
in the calculations. Nevertheless, in general there is
excellent agreement between data and theory.
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For the 4N system, however, it is still enormously dif-
ficult to make realistic predictions for the astrophysi-
cal low-energy range, mainly because of the Coulomb
problem which requires huge computing resources [34,35].
However, attempts to provide predictions around 100 keV
deuteron energies will be forthcoming [36]. For higher en-
ergies, i.e. in the MeV range, the present status of the cal-
culations is shown in fig. 14. Cross-sections and analyzing
powers of the DD reactions at 3.5MeV are compared to
different “ab initio” calculations including the Coulomb
force, also with EFT [25,30,37]. Therefore a number of
“less-microscopic” approaches have been taken to make
such predictions which, for some observables, give partly
good agreement, disagreement for others. This is shown in
fig. 15 for a set of very-low-energy analyzing-power data
taken at Köln [13] which are typical for the DD reactions
with relatively large P -wave contribution even at 28 keV.
Similar data in this range were published, partly in nu-
merical form, by other groups: Petitjean et al. [38], Paetz
gen. Schieck et al. [39], both at 460 keV, Jeltsch et al. at
150, 230, and 340 keV [40], Pfaff at 80, 120, 160, 180, 200,
260, 330, 390, 460, and 1000 keV [41], Tagishi et al. at 30,
50, 70, and 90 keV [42], and Fletcher et al. at 25, 40, 60,
and 80 keV [43]. A survey of the data situation up to 1988
is given in [44].

5 “Polarized” fusion

There are several possible advantages which offer them-
selves when using polarized particles as fuel in fusion
plasmas.

5.1 Yield enhancement of the main reaction

In the 3He(d, p)4He and 3H(d, n)4He mirror reactions the
rates are entirely dominated by the pure S-wave J = 3/2+

Fig. 14. Present lowest-energy (3MeV) Faddeev-Yakubovsky
and EFT calculations, including the Coulomb force, of ob-
servables of the DD reactions. (The figure is reproduced from
ref. [37] by permission of APS. Details of the data and calcu-
lations are given there.)

resonance. Using unpolarized “fuel” this resonance chan-
nel competes with the J = 1/2+ channel (with almost
no yield) according to the relative statistical weights of
4 vs. 2. As shown above, by polarizing both components
in the stretched 3/2+ configuration, the yield ideally will
be enhanced by a factor of 1.5. In order to confirm the
actual (theoretical) enhancement factor (i.e. without de-
polarizing conditions of a fusion reactor) spin-correlation
measurements should be performed. The pertinent for-
malism for the cross-section of reactions with polarized
spin-1/2 on polarized spin-1 particles has been given in
ref. [11] where —in Cartesian notation— the Ai,i′ are an-
alyzing powers and Ci,i′ spin-correlation coefficients with
i = x, y, z, xx, xy, . . . for the spin-1 beam with polariza-
tion pi and i′ = x, y, z for the spin-1/2 target with polar-
ization qi′ . The superscripts (b) and (t) refer to beam and
target observables, respectively. These observables depend
on the reaction dynamics and therefore depend on Θ. The
Φ-dependence of the differential cross-section for this case,
which is a consequence of introducing coordinate systems,
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Fig. 15. Vector and tensor analyzing powers of the DD re-
actions at Elab = 28 keV (From ref. [13] by permission of
Springer-Verlag, Wien). The lines have the following mean-
ing: Solid: Legendre fit, dashed: R-matrix parametrization [45,
46], dotted and dash-dotted: Köln T -matrix analysis with and
without the data shown included [47].

is explicitly discussed in [11] (see also below for the case
of spin-1 on spin-1 correlations):

[σ(Θ,Φ)]Φ=0 =

σ0(Θ)
{

1 +
3
2
A(b)

y (Θ)py + A(t)
y qy

+
1
2
A(b)

zz (Θ)pzz +
2
3
A(b)

xz (Θ)pxz +
1
6
A

(b)
xx−yy(Θ)pxx−yy

+
3
2
[Cx,x(Θ)pxqx + Cy,y(Θ)pyqy + Cz,z(Θ)pzqz

+Cz,x(Θ)pzqx + Cx,z(Θ)pxqz]

+
2
3
[Cxy,x(Θ)pxyqx + Cyz,x(Θ)pyzqx

+Cxz,y(Θ)pxzqy + Cxy,z(Θ)pxyqz + Cyz,z(Θ)pyzqz]

+
1
6
Cxx−yy,y(Θ)pxx−yyqy +

1
2
Czz,y(Θ)pzzqy

}
.

This expression is overdetermined, which leads to the re-
lation

Cxx,y + Cyy,y + Czz,y = 0.

z

z

D(d,n)  He   10 keV3

D(d,p)  H   10 keV3
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Fig. 16. Emission anisotropies of the spin-dependent partial
reaction rates 〈σm,n · v〉 of the 2H(d, p)3H and 2H(d, n)3He re-
actions at a plasma temperature corresponding to kT = 10 keV
and for different deuteron spin orientations, from R-matrix
parametrization, calculated from data of ref. [48]. In ref. [48]
also calculations for other energies and for cross-sections are
given. The averaging was done over the Maxwellian velocity
distribution for temperature T . Results for both reactions are
shown on the same (relative) scales.

In actual measurements the cross-section formula simpli-
fies appreciably by choosing the direction of the polar-
ization vectors along the x, y, or z axis and when, es-
pecially under fusion-reactor conditions, the same polar-
ization symmetry axis for beam and target particles can
be assumed. If, e.g., both are aligned along the z-axis, in
which case there is no Φ-dependence, then

σ(Θ,Φ) = σ0(Θ)
[
1 +

1
3
A(b)

zz (Θ)pzz +
3
2
Cz,z(Θ)pzqz

]
.

If, in addition, pure vector or tensor polarizations can be
produced, as in many sources, a very simple expression
results.

5.2 Making use of the anisotropic angular distributions
of reaction products from polarized-fusion reactions

Particles from fusion reactions are emitted anisotropically
when the incident particles are polarized. This may be
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used to direct neutrons in preferred directions where their
energy can be optimally used or where their damaging
effects may be minimized. Detailed predictions, however,
need realistic low-energy calculations, especially for the
DD reactions. So far, only one calculation in the frame-
work of the R-matrix parametrization has been published,
as shown in fig. 16.

5.3 Suppression of unwanted DD neutrons

Aneutronic fusion has a number of advantages (not the
least unimportant economic ones) over the use of neutron-
producing reactions. At an advanced stage the 3H(d, n)
reaction could be replaced by the 3He(d, p) reaction. How-
ever, DD neutrons would remain.

It has been suggested by theoretical approaches that
DD neutrons could be reduced substantially by polariz-
ing the deuterons, thus forming a quintet (S = 2) state.
The main argument was that quintet states in the en-
trance channel would require spin-flip transitions which
are Pauli-forbidden in first order.

So far the (indirect) experimental evidence does not
support this conjecture. A direct spin-correlated cross-
section measurement is still lacking, but highly desirable.

5.3.1 Evidence for suppression?

Lacking a direct spin-correlation experiment at very
low energies, two indirect approaches have been taken:
i) parametrization of world data by a multi-channel
R-matrix analysis [18]; ii) Köln parametrization of world
data of the 2H(d, n)3He and 2H(d, p)3H reactions by direct
T -matrix analysis below 1.5MeV [47,49–52].

Both approaches allow predictions of any observable
of the DD reactions, also of the quintet suppression factor
QSF, as defined below.

5.3.2 Definition of QSF

In order to quantify the extent to which DD neutrons
may be suppressed by polarizing the fusion fuel nuclei the
“Quintet Suppression Factor (QSF)” is defined as

QSF =
σ1,1

σ0

with

σ0 =
1
9

⎛
⎜⎝ 2σ1,1︸ ︷︷ ︸

Quintet

+ 4σ1,0︸ ︷︷ ︸
Triplet

+σ0,0 + 2σ1,−1︸ ︷︷ ︸
Singlet

⎞
⎟⎠

the total (integrated) cross-section to which the four inde-
pendent channel-spin cross-sections σ1,1 (spin quintet con-
figuration), σ1,0 (spin triplet), σ0,0, and σ1,−1 (two spin-
singlet terms) contribute with their statistical weights.

In fig. 25 below all results for the QSF from dif-
ferent theoretical predictions, as well as from two data
parametrizations for both DD reactions, will be shown
and discussed.

6 General reaction formalism

A general reaction formalism is given by the Welton for-
mula [53], originally for uncharged particles only, pro-
grammed by [54], see also [55]. The formula shown here
was modified to comply with the Madison convention [56].
An extension to treat charged-particle reactions by includ-
ing explicit Coulomb amplitudes has been performed by
P. Heiss [57], and to identical particles, see [58]. Fortran

computer codes based on these versions were developed:
Fatson [54], Tufx [59], and Tufid [58]. Especially for
application to the DD reactions these codes were modi-
fied into Tufxdd and the fit routine DD [49,51]:

tqγ,QΓ = (2kin)−2(̂ıÎ)1/2

·
∑ ⎧⎨

⎩
i I s1

q Q t

i I s2

⎫⎬
⎭

⎧⎨
⎩

i′ I ′ s′1
q′ Q′ t′

i′ I ′ s′2

⎫⎬
⎭

·

⎧⎨
⎩

l1 s1 J1

l t L

l2 s2 J2

⎫⎬
⎭

⎧⎨
⎩

l′1 s′1 J1

l′ t′ L

l′2 s′2 J2

⎫⎬
⎭

· (l1l200|l0)(l′1l
′
200|l′0)(lt0Λ|LΛ)

· (l′t′0Λ′|LΛ′)(qQγΓ |tΛ)(q′Q′γ′Γ ′|t′Λ′)

· T J
π1
1 T J

π2
2

∗
DL

Λ′Λ(Φ,Θ, 0)

· (ı̂′Î ′)−1/2

· tq′γ′,Q′Γ ′ .

By introducing generalized analyzing powers contain-
ing, e.g., all angular-momentum algebra the formalism can
be simplified. Thus it is obvious that every reaction is com-
pletely described by the tensor moments of the exit chan-
nel β as functions of the tensor moments of the entrance
channel α, usually in a partial-wave expansion:

tβkBqB ,kbqb
=

1
σp(ϑ)

1
k2

α

·
∑

kAqA,kaqa,


bkBqB ,kbqb

kAqA,kaqa
(�, T ) · D


qA+qa,qB+qb
(Ω)︸ ︷︷ ︸

“generalized analyzing power” Ξ

· tαkAqA,kaqa
,

where T stands for bilinear combinations of T -matrix ele-
ments. The D are rotation functions, in the simplest cases
Legendre functions or polynomials containing the geome-
try of the reaction. The connection of the generalized an-
alyzing powers and matrix elements is that the Legendre
expansion coefficients b contain all information about the
reaction via bilinear products of the reaction amplitudes
T and appear multiplied by the calculable coefficients B
taking care of the angular-momentum algebra (spin cou-
pling etc.):

bkBqB ,kbqb

kAqA,kaqa
(�, T ) =∑

i,j

B(kA, qA, ka, qa, kB , qB , kb, qb, i, j, �)

·
{

Re(TiT
∗
j )

i Im(TiT
∗
j )

}
if

{∑
k = even∑
k = odd

}
.
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Table 1. Matrix elements of the two DD reactions allowed by symmetries, sorted after entrance channel orbital angular momenta
and channels spins.

Sα = 0 Sα = 1 Sα = 2
(Singlet) (Triplet) (Quintet)

�α = 0 α0 = 〈1S0|0+|1S0〉 γ1 = 〈5S2|2+|1D2〉
δ1 = 〈5S2|2+|3D2〉

�α = 1 α10 = 〈3P0|0−|3P0〉
β11 = 〈3P1|1−|1P1〉
α11 = 〈3P1|1−|3P1〉
α12 = 〈3P2|2−|3P2〉
α3 = 〈3P2|2−|3F2〉

�α = 2 α2 = 〈1D2|2+|1D2〉 γ2 = 〈5D0|0+|1S0〉
β2 = 〈1D2|2+|3D2〉 γ3 = 〈5D2|2+|1D2〉

δ2 = 〈5D1|1+|3S1〉
δ3 = 〈5D1|1+|3D1〉
δ4 = 〈5D3|3+|3D3〉
δ5 = 〈5D2|2+|3D2〉

As an example we note that the differential cross-section
is given by the outgoing tensor moment tβ00,00 (outgoing
intensity) as a function of tα00,00 (incoming intensity).

For the description we use the following definition of
the DD T -matrix elements:

Tβα = 〈2Sα+1�αJ |Jπ|2Sβ+1�βJ〉
α: entrance channel; β: exit channel.

For historical reasons the T -matrix elements are named as
indicated in table 1.

As an example of a T -matrix element expansion of
DD observables we choose the differential cross-section.
All states with partial waves up to �α = 2 are taken into
account. The Legendre polynomial expansion of the (un-
polarized) differential cross-section reads

dσ

dΩ
(Θ) =

λ2

36

[
a0 + a2P2(cos Θ) + a4P4(cos Θ)

]
.

Similar expansions can be given for all (polarization) ob-
servables. For the differential cross-section we show the
expansion coefficients as functions of the 16 DD T -matrix
elements, as calculated with the Tufid code [54,58]:

a0 = |α0|2 + 5|δ1|2 + 5|γ1|2 + |α10|2 + 3|α11|2 + 3|β11|2

+5|α12|2 + 5|α2|2 + 5|β2|2 + 3|δ2|2 + 3|δ3|2

+7|δ4|2 + |γ2|2 + 5|γ3|2,

a2 =
3
2
|α11|2 − 3|β11|2 +

7
2
|α12|2

+4Re(α10α
∗
12) + 9 Re(α11α

∗
12)

−2
√

6 Re(α10α
∗
3) + 3

√
6 Re(α11α

∗
3) −

√
6 Re(α12α

∗
3)

+
50
7
|α2|2 +

25
7
|β2|2 −

3
10

|δ3|2 −
4
21

|δ4|2 −
75
49

|γ3|2,

a4 =
90
7
|α2|2 −

60
7
|β2|2 +

180
49

|δ2|2 −
33
7
|δ4|2.

7 Data situation

7.1 Earlier T-matrix-element parametrizations

In a number of publications B.P. Ad’yasevich et al. dis-
cussed the above formalism, including the connection be-
tween (polarization) observables and matrix-element com-
binations [60,61]. They also considered the necessity of
performing a “complete experiment”, i.e. an experiment
in which a sufficient number of observables are measured
to determine all matrix elements unambiguously. Due to
the lack of data the practical realization of this concept
was only partly successful. Also the necessary inclusion of
D-waves was not done (see [62] and references therein).

7.2 Köln T-matrix-element fit

– Fit parameters are the “internal” transition matrix el-
ements. S, P , and D waves require 16 complex ma-
trix elements, i.e. 31 real parameters. Observables at
different energies are “combined” using the Coulomb
penetrability for the energy dependence.

– The quantities to be fitted are the Legendre expan-
sion coefficients bkBqB ,kbqb

kAqA,kaqa
of all measured data σ0 ·

ΞkBqB ,kbqb

kAqA,kaqa
.

– Fit procedure is a χ2 minimization with the Levenberg-
Marquardt algorithm.

– Results: a) moduli and phases of 16 “internal” matrix
elements; b) DD interaction radii r0.

7.3 Penetrability assumption about matrix elements

The T -matrix fit can be considered to be nearly model in-
dependent. The only assumption (common in low-energy
nuclear astrophysics) entering the calculation is that the
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Table 2. Matrix elements from two Köln T -matrix fits to world low-energy DD reactions dataset.

2H(d, n)3He 2H(d, p)3H

α0 = 〈1S0|0+|1S0〉
3.94 ± 1.56 3.44 ± 0.10 4.26 ± 0.62
−129 ± 4 95 ± 13 −25 ± 13

α10 = 〈3P0|0−|3P0〉
3.94 ± 0.88 3.24 ± 0.72 2.50 ± 0.22
−95 ± 16 62 ± 7 78 ± 9

β11 = 〈3P1|1−|1P1〉
3.76 ± 0.06 4.40 ± 0.06 4.02 ± 0.42
−84 ± 22 118 ± 13 16 ± 14

α11 = 〈3P1|1−|3P1〉
8.70 ± 0.26 7.18 ± 1.32 7.72 ± 0.66
135 ± 19 26 ± 6 −38 ± 5

α12 = 〈3P2|2−|3P2〉
3.28 ± 0.02 0.72 ± 0.12 3.02 ± 0.28
132 ± 23 −108 ± 11 −142 ± 6

α2 = 〈1D2|2+|1D2〉
9.54 ± 3.54 5.98 ± 0.08 8.58 ± 0.62

62 ± 10 −38 ± 15 −169 ± 15

β2 = 〈1D2|2+|3D2〉
5.36 ± 1.54 2.58 ± 0.32 1.70 ± 0.36
−112 ± 13 84 ± 16 143 ± 13

α3 = 〈3P2|2−|3F2〉
0.80 ± 0.38 2.84 ± 0.62 2.90 ± 0.28

27 ± 20 35 ± 4 −36 ± 7

γ1 = 〈5S2|2+|1D2〉
1.02 ± 0.08 1.18 ± 0.28 1.58 ± 0.04

1 ± 24 −135 ± 1 94 ± 15

γ2 = 〈5D0|0+|1S0〉
8.74 ± 2.60 11.60 ± 0.36 7.60 ± 1.06

68 ± 12 −87 ± 11 120 ± 11

γ3 = 〈5D2|2+|1D2〉
7.26 ± 0.92 6.44 ± 0.58 5.38 ± 0.62
159 ± 25 80 ± 14 −73 ± 14

δ1 = 〈5S2|2+|3D2〉
1.52 ± 0.24 1.84 ± 0.00 1.66 ± 0.04

80 ± 18 −24 ± 13 −98 ± 7

δ2 = 〈5D1|1+|3S1〉
7.08 ± 2.88 1.84 ± 0.60 5.00 ± 0.34
−129 ± 0 88 ± 20 9 ± 7

δ3 = 〈5D1|1+|3D1〉
7.02 ± 3.42 12.80 ± 0.04 3.38 ± 0.50
−162 ± 15 141 ± 11 104 ± 10

δ4 = 〈5D3|3+|3D3〉
7.56 ± 2.60 7.50 ± 0.42 5.40 ± 0.36

63 ± 14 −55 ± 13 −106 ± 8

δ5 = 〈5D2|2+|3D2〉
2.64 ± 0.92 1.48 ± 0.38 2.06 ± 0.24

0 ± 0 0 ± 0 0 ± 0

Interaction radius (fm) 7.4 ± 0.3 7.3 ± 0.2 6.6 ± 0.1
χ2

red 3.5 11.3 21.7

energy dependence is entirely governed by the Coulomb
barrier penetrability. The actual T -matrix element is
therefore factored into an energy-independent inner ma-
trix element and the penetrability function C. Therefore,
we assume

Tβα(E) = C
α
(E) T̂βα︸︷︷︸

“internal” M.E.

with C
α(E) =
√

P
α(E) exp[i(δ
α + φ
α)] and P
α(E) =
1

F�α(E)2+G�α(E)2 ; F and G are the Coulomb functions and
δ
α = − arctan(F
α/G
α); φ
α = arg Γ (�α + 1 + iη).

Figure 17 shows the penetrabilities as functions of
energy.

7.4 Matrix-element results

Table 2 shows the results of two Köln T -matrix analyses.
The first two columns are from ref. [50] for both DD re-

Fig. 17. The penetrability functions C�α (with �α = L in the
figure) depend on the energy and the orbital angular momenta
in the entrance channel α, whereas the internal matrix elements
are assumed to be constant over the limited energy range.

actions with the deuteron laboratory energy range up to
500 keV. The third column shows the result of an inde-
pendent fit for 2H(d, p)3H only up to 1.5MeV [52]. Shown
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Table 3. Comparison showing the relative strength of quintet state transitions from different analyses of the 2H(d, p)3H reaction.

RRGM, A = 4 multi-channel T -matrix fit, Köln

Erlangen, R-matrix fit, Lemâıtre et al. Geiger et al.

Gegner [45] Hale, cited by [45] [50] [52]

|γ1|
|α0|

0.24 0.92 0.35 0.37

|δ1|
|α0|

0.12 0.72 0.48 0.38

|δ1|
|γ1|

2.0 1.28 1.27 0.95

Fig. 18. Without taking into account the deuteron D state,
quintet transitions can only occur via spin flip, whereas via the
D state no spin flip is necessary. This explains plausibly why
quintet transitions may not be strongly suppressed.

are the absolute values and phases of the “internal” (en-
ergy independent) matrix elements, normalized such that
the integrated cross-sections are in mbarn, the phases are
relative to δ5.

In order to demonstrate the relative strength of the
quintet state transitions we compare two S-wave matrix
elements γ1 and δ1 with the singlet S-wave element α0

of the 2H(d, n)3He reaction. Table 3 shows them to be of
comparable magnitude.

As shown in fig. 18, an explanation for the unexpected
strength of quintet transitions can be given by taking tran-
sitions via the deuteron D state into account, whereas
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Fig. 19. Integrated cross-sections σtot of the 2H(d, p)3H and
2H(d, n)3He reactions as functions of the deuteron laboratory
energy, as predicted by the Köln T -matrix fit.

without the D state quintet transitions could only occur
via a Pauli-forbidden spin flip, see e.g. [63].

8 Predictions of observables from T-matrix
elements

With the results of the T -matrix fit of all available data
all observables of the two DD reactions can be predicted.
However, one has to keep in mind that despite attempts
to avoid ambiguities these cannot be excluded with cer-
tainty, even after performing many fit runs with ran-
domly varying starting values. Reconstruction of mea-
sured observables is a good test and other predictions must
await experimental verification. On the other hand, new
data, especially those being underrepresented in the data
set (e.g., those consisting of imaginary parts of matrix-
element combinations), will help improve the fits. In the
following a few examples from the Köln T -matrix analysis
will be given.

8.1 Cross-section and analyzing-power observables

Figures 19 and 20 allow to judge the general behaviour
of the integrated and differential cross-sections of the two
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Fig. 20. Differential cross-sections dσ/dΩ of the 2H(d, p)3H
and 2H(d, n)3He reactions as functions of the deuteron labora-
tory energy, as predicted by the Köln T -matrix fit.

mirror DD reactions with energy and angle, but also the
differences between them, which can be attributed to exit-
channel Coulomb effects and/or charge-symmetry break-
ing. It is interesting to distinguish the different contribu-
tions to the differential cross-sections from the three (four)
possible channel-spin configurations S = 0 (two singlet
contributions), S = 1 (triplet), and S = 2 (quintet). This
is one of the many possible predictions and delivers infor-
mation about the directional anisotropies of the reaction
products (protons or neutrons). Figure 21 shows this for
the 2H(d, p)3H reaction at Elab = 50 keV. The quintet
contribution has the highest anisotropy. For the situation
in a fusion-reactor plasma these cross-sections have to be
averaged over all directions and the Maxwellian velocity
distribution (as in [48]) to obtain the directional depen-
dence of the reaction rates. The following fig. 22 shows
predictions for the vector analyzing power Ay for both re-
actions as functions of energy and angle. In the following
only a few examples of the fit results together with data
will be shown. σtot and Legendre anisotropy coefficients of
dσ/dΩ and Ay as functions of the laboratory deuteron en-
ergy for the 2H(d, p)3H reaction, same for tensor analyzing
powers, are compared with experimental data in figs. 23
and 24. The comparisons with the smoothly varying fit re-
sults expose the partly good, but in some cases also quite
bad, quality of the available data (see also ref. [44]).
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Fig. 21. Angular distribution and polar diagram of the spin-
dependent cross-sections of 2H(d, p)3H at Ec.m. = 50 keV as
predicted by the Köln T -matrix fit.

8.2 Quintet suppression factor (QSF)

Figure 25 summarizes all results for the QSF from different
theoretical predictions as well as two data parametriza-
tions for both DD reactions. The energy range covers the
fusion energy range up to 500 keV. It can be seen that the
behavior derived from experimental results shows no or
very little neutron suppression in the quintet state in the
relevant energy region, but also the appreciable differences
between the two approaches. It is interesting that substan-
tial suppression occurs for the other two spin configura-
tions, especially at very low energies (below ≈ 150 keV
laboratory energy) for the triplet state and at the higher
energies (above ≈ 100 keV laboratory energy) for the sin-
glet state, as shown in fig. 26. The results depicted in
figs. 25 and 26 show that the (indirectly obtained, i.e.
predicted) data are at variance with all theoretical predic-
tions and favor no quintet state suppression. A plausible
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Fig. 22. Vector analyzing powers of 2H(d, p)3H and
2H(d, n)3He as predicted by the Köln T -matrix fit.

explanation of this behaviour has been given above and
illustrated by fig. 18.

8.3 Spin correlation

No low-energy data of spin correlations of the two DD
reactions exist. Such data are, however, needed not only
to improve the matrix-element fits but especially for our
knowledge on possible neutron suppression.

The (differential) cross-section (in spherical notation)
of a reaction of a spin-1 particle beam (a) with a spin-1
target (A) (such as for the DD reactions) reads

σpol(Θ,Φ) = σ0(Θ)
∑

kAqA,kaqa

tkAqA
tkaqa

C∗
kAqA,kaqa

,

C is a special case of the “generalized analyzing power”:

CkAqA,kaqa
= (Ξ00,00

kAqA,kaqa
)∗

when no outgoing polarizations, but only intensities are
measured. The ingoing polarization tensor, with polariza-
tions of beam and target being prepared independently,

dΩ
σd

A
y

Fig. 23. Köln fit to σtot (top) and Legendre anisotropy co-
efficients of dσ/dΩ (lower left) and Ay (lower right) of the
2H(d, p)3H reaction as functions of the deuteron laboratory
energy. The data points from different sources are explained
in [51,52]. The L-values designate the order of the relevant
Legendre polynomial or Legendre function of the Legendre ex-
pansions.
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xx−yy
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Fig. 24. Köln fit to different Legendre expansion coefficients of
tensor analyzing powers of the 2H(d, p)3H reaction as functions
of the deuteron laboratory energy. The L-values are again the
orders of the relevant Legendre polynomials or functions.
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Fig. 25. Quintet suppression factor as predicted by various
theoretical and from two experimental approaches using world
data of DD reactions. The relevant references (numbers in
parentheses in the figure) are: (1) [50]; (2) [48,43]; (3) [64,
65]; (4) [66,67]; (5) [35]; (6) [68]; (7) [69] and (8) [37,70]. The
predictions from refs. [35,68,70] are from microscopic Faddeev-
Yakubovsky calculations.

factorizes into a product of both tensors. With all terms
allowed by parity conservation and hermiticity we get [51]

[σpol(Θ,Φ)]Φ=0 = σ0(Θ){1 + 2[iC00,11(Θ)�(it00,11)
+iC11,00(Θ)�(it11,00)]
+[C00,20(Θ)t00,20 + C20,00(Θ)t20,00]
+2[C00,21(Θ)t00,21 + C21,00(Θ)t21,00]
+2[C00,22(Θ)t00,22 + C22,00(Θ)t22,00] + C10,10(Θ)t10,10

+2[C10,11(Θ)t10,11 + C11,10(Θ)t11,10]
+2[iC10,21(Θ)�(it10,21) + iC21,10(Θ)�(it21,10)]
+2[iC10,22(Θ)�(it10,22)
+iC22,10(Θ)�(it22,10)] + 4C11,11t11,11

+2[iC11,20(Θ)�(it11,20) + iC20,11(Θ)�(it20,11)]
+4[iC11,21(Θ)�(it11,21) + iC21,11(Θ)�(it21,11)]
+4[iC11,22(Θ)�(it11,22)
+iC22,11(Θ)�(it22,11)] + C20,20t20,20

+2[C20,21(Θ)t20,21 + C21,20(Θ)t21,20

+C20,22(Θ)t20,22 + C22,20(Θ)t22,20]
+4[C21,21(Θ)t21,21 + C21,22(Θ)t21,22

+C22,21(Θ)t22,21] + 4C22,22(Θ)t22,22}.

This cross-section expressed in Cartesian coordinates is

[σ(Θ,Φ)]Φ=0 = σ0(Θ)
{

1 +
3
2

[
A(b)

y (Θ)py + A(t)
y qy

]

+
1
2

[
A(b)

zz (Θ)pzz + A(t)
zz (Θ)qzz

]

+
1
6

[
A

(b)
xx−yy(Θ)pxx−yy+A

(t)
xx−yy(Θ)qxx−yy

]

+
2
3

[
A(b)

xz (Θ)pxz + A(t)
xz (Θ)qxz

]
+

9
4

[Cy,y(Θ)pyqy

 0

 0.5

 1

 1.5

 2

 2.5

 0  50  100  150  200  250

S
up

pr
es

si
on

 F
ac

to
r

DD Lab. Energy [keV]

Quintet (p)
Quintet (n)
Triplet (p)
Triplet (n)
Singlet (p)
Singlet (n)

Fig. 26. Suppression factors for different spin states of
2H(d, p)3H and 2H(d, n)3He as predicted by using matrix el-
ements from the T -matrix fit of [50–52].

+Cx,x(Θ)pxqx + Cx,z(Θ)pxqz

+Cz,x(Θ)pzqx + Cz,z(Θ)pzqz]

+
3
4

[Cy,zz(Θ)pyqzz + Czz,y(Θ)pzzqy]

+Cy,xz(Θ)pyqxz + Cxz,y(Θ)pxzqy + Cx,yz(Θ)pxqyz

+Cyz,x(Θ)pyzqx + Cz,yz(Θ)pzqyz + Cyz,z(Θ)pyzqz

+
1
4

[Cy,xx−yy(Θ)pyqxx−yy + Cxx−yy,y(Θ)pxx−yyqy

+Czz,zz(Θ)pzzqzz] +
1
3

[Czz,xz(Θ)pzzqxz

+Cxz,zz(Θ)pxzqzz] +
1
12

[Czz,xx−yy(Θ)pzzqxx−yy

+Cxx−yy,zz(Θ)pxx−yyqzz]

+
4
9

[Cxz,xz(Θ)pxzqxz + Cyz,yz(Θ)pyzqyz]

+
8
9

[Cxy,yz(Θ)pxyqyz + Cyz,xy(Θ)pyzqxy]

+
16
9

Cxy,xy(Θ)pxyqxy +
1
9

[Cxz,xx−yy(Θ)pxzqxx−yy

+Cxx−yy,xz(Θ)pxx−yyqxz]

+
1
36

Cxx−yy,xx−yy(Θ)pxx−yyqxx−yy +
1
2

[Cx,xy(Θ)pxqxy

+Cxy,x(Θ)pxyqx + Cz,xy(Θ)pzqxy +Cxy,z(Θ)pxyqz]
}

.

The CkAqA,kaqa
or the Ci,i′ (i, i′ = x, y, z, xx, xy, . . .),

respectively, are the spin-correlation coefficients, the
CkAqA,00, C00,kaqa

and Ai analyzing powers, the tkaqa
or

pii′ beam and the tkAqA
or qii′ target polarization compo-

nents. Again due to overcompleteness of this equation sev-
eral relations between the correlation coefficients result:

Cxx,i + Cyy,i + Czz,i = 0 and Ci,xx + Ci,yy + Ci,zz = 0.

The observables (analyzing powers or spin-correlation
coefficients) depend on the polar angle Θ. This depen-
dence is introduced by the nuclear dynamics, see the above
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Fig. 27. Spin-correlation coefficient C11,11 of the reactions
2�H(�d, p)3H and 2�H(�d, n)3He for low energies, as predicted by
the Köln T -matrix analysis.

formula by Welton [53]. The necessary introduction of co-
ordinate systems, e.g. the often used helicity frames [11]
together with following the Madison Convention [56] leads
to a Φ-dependence of the cross-section (not of the ob-
servables!). The y-axis is usually defined along the vector
�kin × �kout, i.e. depends on the direction of each detector,
with the z-axis, e.g., along �kin and forming a right-handed
coordinate system with x. The projection of the spin (sym-
metry) axis onto the x-y plane forms the angle Φ with the
y-axis. It is obvious that for entrance channel-spin correla-
tions in principle two such systems can be defined leading
to two different Φ-dependences [11]. In the above formu-
lae Φ has been set to 0, corresponding to both (target and
beam) polarization vectors along the same y-axis.

Since analyzing powers for beam or target polariza-
tions are also part of the correlation cross-section they
must be separately measured or entered from known data.
For the measurements simplifications will be possible by
utilizing the possibilities of the beam and target sources of
producing pure vector or tensor polarizations and of ori-
enting the polarization direction (direction of the polar-
ization vector) by electrostatic beam deflection or with the

θc.m.

θc.m.

θc.m.

θc.m.

Elab (keV)

Elab (keV)

E
lab  (keV)

E
lab  (keV)

C11
11

C11
20

Fig. 28. Polarization transfer coefficients C11
11 and C11

20 of the
reaction 2H(�d, �p )3H, predicted by the Köln T -matrix analysis.

help of magnetic fields (Wien filters and spin precession
in dipole magnets) along the x, y, and z axes. Assuming
that the polarization symmetry axes both coincide, e.g.,
in the z-axis direction one obtains

σ(Θ,Φ) = σ0(Θ)
{

1 +
3
2

[
A(b)

zz (Θ)pzz + A(t)
zz (Θ)qzz

]

+
9
4
Cz,z(Θ)pzqz +

1
4
Czz,zz(Θ)pzzqzz

}
.

The Köln T -matrix analysis can be used to make pre-
dictions of these correlation coefficients. As an example
in fig. 27 we plot the vector-vector polarization correla-
tion coefficient C11,11 as a function of energy from 10 to
250 keV (lab.) and c.m. angle. The figure shows the rel-
atively weak energy dependence of the correlation coeffi-
cient and the onset of the influence of D-wave contribu-
tions at the higher energies, slightly different for both re-
actions. A complete set of c.m. angular distributions of all
observables relevant for spin-correlation measurements for
all laboratory energies between 10 and 250 keV in 10 keV
steps is shown in appendix A (figs. 35–45).

8.4 Polarization transfer

Here very few data exist. Figure 28 gives a prediction for
two of many polarization transfer coefficients in the low-
energy range as functions of angle and energy. It is clearly
desirable to amend the existing data set by new data. Two
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Fig. 29. Scheme of a polarization transfer measurement. For
the 2H(d, p)3H reaction the incident deuteron (particle 1) can
be vector and/or tensor polarized and the vector polarization
of the outgoing proton (ejectile 3) will be measured. Note that
in principle, i.e. without restrictions due to symmetries such
as parity conservation, the polarization in the entrance channel
can be prepared or, in the outgoing channel, can be measured
in three spatial directions leading to a corresponding number of
polarization transfer coefficients. Symmetries reduce the num-
ber of independent coefficients.

new measurements of the polarization transfer coefficient
Ky′

y have recently been published. They were motivated
by the calculated predictions, together with the need to
obtain a more balanced set of input data to the matrix-
element analysis [71,72]. However, these data have not yet
been included in a new T -matrix fit and can therefore only
be compared to the existing prediction.

The principle of polarization transfer experiments will
be explained briefly. Figure 29 shows the scheme of a
polarization transfer measurement whereas the following
equations give the relations between the polarization com-
ponents of the ejectiles of the first reaction, to be measured
by a second scattering, and the incident polarization. The
K’s are the relevant tranfer coefficients in Cartesian nota-
tion. For a vector-to-vector polarization transfer, e.g. for
D(�d, �p )3H we have

px′ =
pxKx′

x + pzK
x′

z

1 + pyAy
,

py′ =
Ay + pyKy′

y

1 + pyAy
,

pz′ =
pxKz′

x + pzK
z′

z

1 + pyAy
.

By taking countrate ratios between differently prepared
projectile polarizations (e.g., up/down) and for different
polarimeter detectors (up/down/left/right) the polariza-
tion transfer coefficients, e.g. Ky′

y and Kx′

z are obtained.
For illustration we show in fig. 30 a typical experimen-

tal setup of a polarization transfer polarimeter as used
recently [72].

In fig. 31 the two new data points are compared to the
only existing microscopic calculation and to predictions of
the T -matrix analysis.

8.5 Other recent experimental data

Besides the new polarization transfer data of 2H(d, p)3H
discussed above only one set of new data has been pub-
lished recently. These new data consist of precise differen-
tial cross-sections of the 2H(d, p)3H and the 2H(d, n)3He
reactions measured recently at TUNL in an energy range
where very few data exist [73], i.e. for eight deuteron lab-
oratory energies between 112.2 and 646.1 keV. These data
are urgently needed, not only for nuclear astrophysics (i.e.
big-bang nucleosynthesis). In fig. 32 we show an example
at 655 keV.

9 Outlook and proposal for “polarized fusion”

It is not clear when realistic microscopic calculations
(Faddeev-Yakubovsky and/or χPT + Coulomb) will be-
come available for the fusion energy range. In view of
this situation, but also independently, a direct measure-
ment of the quintet suppression factor seems mandatory.
Although announced, such polarization correlation cross-
sections have not been measured yet, and their measure-
ment meets formidable difficulties. The main problem is
caused by the low cross-sections. The use of a polarized
solid deuterium target is also very difficult and has the
danger of contaminations from reaction products from
other target constituents.

The cleanest solution seems to be the use of two po-
larized beams of maximum intensity colliding in the de-
tection region. Completely new designs and development
work could be avoided by using and modifying exist-
ing equipment such as from the sources developed at
HERMES/DESY, ANKE/COSY Jülich or at the Köln
tandem accelerator. Such a procedure was suggested
recently [74,75]. One beam could be the polarized atomic
beam from an atomic-beam source such as developed for
SAPIS, [76], as shown in fig. 33, or from the KVI (Gronin-
gen) source. The second beam could be obtained by ion-
izing the atomic beam after crossing the interaction re-
gion in an electron collision ionizer of the Glavish type
and recirculating the ions to cross the interaction region
perpendicularly to the original atomic beam. This will re-
quire a careful design of the beam optics to avoid any
beam losses. On the other hand, the colliding target beam
could be another atomic beam from a similar atomic-beam
source or even from a charged-particle source such as the
old Köln Lambshift source LASCO [77], see fig. 34. The
Lambshift source could be run either with negative polar-
ized ions using the established scheme of charge exchange
of the metastables on argon or the never-used but also
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Fig. 30. Low-energy experimental setup of the Köln polarization transfer measurement. Two Si polarimeters, left and right,
were mounted inside an ORTEC 600 scattering chamber together with beam polarization monitors. Primary targets consisted
of TiDx foils, whereas Si foils served as second (polarimeter) scatterers. For details see ref. [72].

Fig. 31. Left: our result (θc.m. = 47◦), compared to Katabuchi’s result (θc.m. = 0◦) and calculations by Uzu —with and without
Coulomb modification [68]. Right: experimental results compared to T -matrix fit predictions using Geiger’s matrix elements.

well-established scheme of ionization of the metastables
on iodine vapor leading to positive ions with a figure of
merit twice that for the negative ions [78,79]. The two-
sources scheme offers better flexibility for spin handling
and probably higher collision rates. However, in any case
the count rates will be very low (≈ 1 per 100 s) which re-
quires long-term stable and more or less automated mea-
surements. The background from cosmic rays, terrestrial
radioactivity, and from electronic disturbances will be a
matter of concern.

The quantities to be measured (among others) would
have to be angular distributions of the differential spin-
correlation cross-sections with different combinations of
the three possible polarization directions of both beams.
Simplifications of the experiment are possible not only by
choosing x, y, and z polarization directions but also by the
possibility of choosing pure vector or tensor polarization
for the beams.

From the differential cross-sections —by integration
over the full angular range— the integrated polarization

Fig. 32. Differential cross-section of the 2H(d, p)3H reaction
at 655 keV (From [73] by permission of APS.)
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correlation cross-sections are obtained from which the
QSF is derived. For the measurements, arrays of solid-
state detectors around the collision region covering as
much of the available phase space as possible appear
suitable. The polarizations of both beams must be mea-
sured. For the atomic beam the Köln/Jülich Lambshift
polarimeter [80] is an ideal device whereas for the charged-
particle beams the classical low-energy nuclear reactions
may be used: 2H(d, p)3H, 2H(d, n)3He, 3H(d, n)4He, and
3He(d, p)4He. The classical analyzer reactions used at
higher energies, such as 4He(d, d)4He and 12C(d, d)12C,
have too small polarimeter figures of merit.

I want to thank R. Engels, A. Vassiliev, and S. Sherman for
valuable discussions. The support by Deutsche Forschungs-
gemeinschaft DFG (Project No. DD000074) is gratefully ac-
knowledged.

Appendix A. Predictions of observables

We show in figs. 35–45 a complete set of c.m. angular dis-
tributions of all observables relevant for spin-correlation
measurements for all laboratory energies between 10 and
250 keV in 10 keV steps.
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Fig. 35. Predictions with the Köln matrix elements of differential (unpolarized) cross-sections and beam (b) analyzing powers
for laboratory energies from 10 to 250 keV in 10 keV steps.



342 The European Physical Journal A

-0.5

-0.4

-0.3

-0.2

-0.1

 0

 0.1

 0.2

 0.3

 0.4

 0  20  40  60  80  100  120  140  160  180
-0.5

-0.4

-0.3

-0.2

-0.1

 0

 0.1

 0.2

 0.3

 0.4

 0  20  40  60  80  100  120  140  160  180

-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

 0

 0  20  40  60  80  100  120  140  160  180
-0.4

-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

 0

 0  20  40  60  80  100  120  140  160  180

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0  20  40  60  80  100  120  140  160  180
 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0  20  40  60  80  100  120  140  160  180

D(d,p)  H
33

D(d,n)  He

10

250

10

250

250

10

250

10

250

10

T
iT

1
1

2
2

T 2
1
(b

)
(b

)
(t

)

10

250

Θ
c.m.

(deg)Θ
c.m.

(deg)
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Fig. 40. The same as fig. 38.
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Appendix B. Azimuthal dependence of
polarized spin-1 on spin-1 cross-section

As mentioned in the text the observables (such as spin-
correlation coefficients) depend only on the polar an-
gle Θ, whereas the (polarized) cross-section generally ac-
quires an azimuthal dependence via the introduction of
coordinate systems. These are in principle arbitrary but
we shall follow Ohlsen [11] and the Madison Conven-
tion [56]. In ref. [11] the case of the azimuthal dependence
of spin-correlation cross-sections is explained for spin-1/2
on spin-1 systems (see also ref. [81]), but not for the spin-1
on spin-1 case.

In addition it is advisable to choose such a system that
the description of a real experiment is as simple and intu-
itive as possible. In this repect the Cartesian description
is more intuitive than the spherical one. The description
of polarization components from polarized sources and po-
larized targets is best imagined in a space-fixed coordinate
system in which the directions of the polarization vectors
are described by two sets of polar and azimuthal angles
(βb, Φb) for the incident beam polarization and (βt, Φt)
for the target. The orientation of the tensor polarization
is fixed to that of the polarization vector. As coordinate
system here a set of axes x, y, and z is chosen, where z is
identical with the incoming beam direction (along �kin), y
may be vertically upward, and x, y, and z form a right-
handed screw.

On the other hand, we need a scattering-frame system
where a Y -axis is defined by the direction of �kin×�kout, the
Z-axis coincides with z, and with the X-axis again forming
a right-handed system together with Z = z. It is clear that
this system is different for each detector, the position of
which must be characterized by a polar angle Θ and some
azimuthal angle. We demand that for the parts of the
cross-section with only one particle type (beam or target)
being polarized (leading to analyzing powers) we have the
usual description of the azimuthal dependence on Φ (with
a maximum azimuthal complexity of cos 2Φ). Figure 46
shows the relations between the polarization symmetry
axes and the projectile helicity frame. The polarization
components in the scattering frame are

pX = p̂Z sin βb cos(Φb − Φ),

pY = p̂Z sin βb sin(Φb − Φ),

pZ = p̂Z cos βb,

pXY =
3
4
p̂ZZ sin2 βb sin 2(Φb − Φ),

pY Z =
3
2
p̂ZZ sin βb cos βb sin 2(Φb − Φ),

pXZ =
3
2
p̂ZZ sin βb cos βb cos(Φb − Φ),

pXX − pY Y =
3
2
p̂ZZ sin2 βb cos 2(Φb − Φ),

pZZ =
1
2
p̂ZZ(3 cos2 βb − 1),

Φt

Φ
b

S
S

Θ

t

b

Φ

==

k in
k

out

x

y
z   

X

|| in        outk   x k

 ||  k inZ

Y

Fig. 46. Coordinate systems for spin-1 on spin-1 polarization
correlation experiments. The polarization symmetry axes Sb

for beam (b) and St for target (t) polarizations are defined in
the space-fixed coordinate system x, y, and z. The detector(s)
are positioned at polar angles Θ with respect to the z = Z axis
and at angles Φ as measured clockwise from the x-axis along z.
Relative to the spin directions the azimuthal angles are Φb −Φ
and Φt − Φ.

and similarly for the target polarization

qX = q̂Z sin βt cos(Φt − Φ),

qY = q̂Z sin βt sin(Φt − Φ),

qZ = q̂Z cos βt,

qXY =
3
4
q̂ZZ sin2 βt sin 2(Φt − Φ),

qY Z =
3
2
q̂ZZ sin βt cos βt sin 2(Φt − Φ),

qXZ =
3
2
q̂ZZ sin βt cos βb cos(Φt − Φ),

qXX − pY Y =
3
2
p̂ZZ sin2 βt cos 2(Φt − Φ),

qZZ =
1
2
q̂ZZ(3 cos2 βt − 1).

The quantities p̂i, p̂jk, q̂i, q̂jk are the (coordinate-system–
independent) vector and tensor polarizations of beam and
target as given by the occupation numbers of the hyperfine
Zeeman states in a rotationally symmetric frame along the
z-axis.

In the spin-correlation cross-section terms beam and
target polarizations p and q appear as products. There-
fore typical azimuthal dependences arise from combina-
tions such as (and similarly for sin terms)

∝ cos(Φb − Φ) · cos(Φt − Φ),
∝ cos 2(Φb − Φ) · cos(Φt − Φ),
∝ cos 2(Φb − Φ) · cos 2(Φt − Φ).

By using trigonometric relations it can be seen
that these terms lead to azimuthal dependences
∝ [cos MΦ]M=0,1,... and therefore to a maximum
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“complexity” of cos 4Φ and also sin 4Φ, e.g., for the corre-
lation coefficient Cxy,xy. For this coefficient the product
sin 2(φb − Φ) · sin 2(Φt − Φ) may be transformed into

1
2
(cos 4Φ + 1) sin 2Φb sin 2Φt

−1
2
(cos 4Φ − 1) cos 2Φb cos 2Φt

−1
2

sin 4Φ(cos 2Φb sin 2Φt + cos 2Φt sin 2Φb).

This complexity has to be met by a sufficiently fine-
grained detector arrangement. It is clear that substantial
simplifications arise with the choice of special polarization
directions. If, e.g., in an experiment both polarization vec-
tors point in the X-direction, then with Φb = Φt = 0 only
a simple Φ-dependence ∝ (1− cos 4Φ) of the cross-section
results for this correlation coefficient. Of course the proper
Φ-dependence has to be established for all coefficients.
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Phys. Rep. 274, 107 (1996).
24. M. Viviani, A. Kievsky, L.E. Marcucci, S. Rosati, Nucl.

Phys. A 751, 226c (2005).
25. A. Deltuva, A.C. Fonseca, P.U. Sauer, Phys. Rev. C 72,

054005 (2005).
26. E. Epelbaum, A. Nogga, W. Glöckle, H. Kamada, Ulf-G.
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