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"Mr Tompkins took one proton and one neutron in each hand,
and brought them together carefully. At once he felt a strong pull,
and looking at the particles he noticed an extremely strange
phenomenon. The particles were exchanging colour, becoming
alternately red and white. It seemed as if the red paint were
'jumping' from the ball in his right hand to the one in his left
hand and back again. This twinkling of colour was so fast that the
two balls seemed to be connected by a pinkish band along which the
colouring was oscillating to and fro.

'This is what my theoretical friends call the exchange
phenomenon, ' said the old master, chuckling at Mr Tompkins
surprise. "

George Gamow, Mr Tompkins explores the atom.



Exchange currents in the radiative capture of thermal neutrons by

protons and deuterons.
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1. General Introduction.

Neutron capture gamma-ray spectroscopy in Petten by the
FOM/ECN-nuclear structure group has evolved from the extensive
investigation of decay schemes of nuclei in the intermediate and
heavy mass region ( 20 < A < 170 ) [ 1 ] to the study of capture
mechanisms in light nuclei ( A < 10 ). High accuracy has been
obtained in experiments at the unique Petten facilities of
polarized neutron beams and polarized targets. Nuclear physics
research in Petten at the High Flux Reactor (HFR) started about
thirty years ago and the present work is the twentieth thesis,
produced from these experiments. Recently, thermal neutron capture
by 10B and 6Li nuclei has been investigated [2] to analyze the (n,a-y)
capture reaction on an admixture of the weak interaction in the
strong nuclear force.

Interest is now focused to the lightest nuclei (H, 2H or D 1,
3H or T and 3He). Absolute cross - section measurements of the neutron
capture process by 3He form one region of interest. It showed an
improvement in the accuracy of the cross-section value by a factor
of 2 [3], compared with that of two previous experiments [4]. This
outcome has solved the ambiguity between these two results. Still
in progress is the extremely difficult experiment of neutron
capture by 3He followed by the simultaneous emission of two photons
[3].

In the present thesis measurements are presented about the
ratio between the contributions to the radiative neutron capture
process by deuterons from states with total spin J = -r and J = -r.
It is shown that the outcome of chese experiments can only be
understood from the electromagnetic intexaction with nucleons,
mesons and nucleon resonances involving meson exchange. These
mesons are the logical consequence of the fact that the strong
Nucleon-Nucleon (NN) interaction potential is mediated by these
particles.

In the following the deuterium-nucleus or deuteron will
be named by D in a chemical compound and by 2H in a
nuclear reaction.



1.1 Neutron beam facilities.

Neutron capture by a nucleus can proceed with the spins of the
neutron and the nucleus either parallel (n) or anti-parallel (11).
To reveal the contributions from both spin configurations requires
experiments with polarized neutrons. Two horizontal neutron beams,
HB2 and HB7, from the HFR have been equipped with magnetized
permendur ( an alloy of 49% Co, 49% Fe and 2% V ) polarizing mirror
systems. In each system two sets of mirrors were installed in such
a way that the beam is focused to the target position. The magnetic
field is produced by permanent magnets in the HB7-set up and by an
electromagnet in the HB2-set up. The thermalized neutrons from the
reactor are reflected by the mirrors and only those neutrons can
proceed through these systems, which are subsequently reflected at
an angle below the critical angle of the next mirror [5]. The
critical angle for total reflection from magnetized mirrors
increases when the neutron spin direction becomes parallel to the
mirror magnetization, yielding a higher reflected intensity for
neutrons with this spin direction. In general the focusing mirrors
act as a low-energy filter due to the energy dependence of the
critical angle for total reflection. In this way two highly
polarized beams (with polarization f(n) = (95 ± 5)%) with (sub)-
thermal neutron energy (< 20 meV) were obtained with flux densities
of approximately 2 * 107 neutrons cm"2s'1.

Capture of neutrons at this low energy proceeds in the s-wave
(1 = 0) channel; that is they do not possess an orbital angular
momentum 1 with respect to the nucleus. The capture state of a
neutron with spin -r and a nucleus with spin I can be formed with
two spin values : Jc = I + r- and Jc = | I - x | . The compound state
after neutron capture by the nucleus with atomic number A will
usually loose its excess energy by gamma - radiation, thereby leading
to the ground state of the product nucleus with atomic number A+1
and binding energy E6. To derive the respective contributions from
the high and the low spin values in the capture cross section for
this radiative reaction, two independent experimental set-ups were
utilized at the polarized neutron beams of HB2 and HB7.

The HB7 beam was used in a measurement of the circular
polarization of the emitted y-rays after capture of the polarized
neutrons by an unpolarized target. It will be shown in chapter 3
and in the appendix to chapter 4 for the 2H(n,y) reaction, that,
after capture of polarized neutrons in an unpolarized target, the



emitted y-radiation will be circularly polarized. This circular
polarization is strongly influenced by the interference between the
two capture spin channels, thus providing an excellent means to
derive information about these two compound spin states [6]. The
circular polarization was measured from the transmission rate of
the photons through magnetized permendur polarimeters, which were
placed in front of two high purity Ge y-ray detectors. By
reversing the neutron spin direction with respect to the polari-
meter magnetization the circular polarization is reversed and
consequently the photon transmission through this polariraeter. The
neutron polarization could be periodically flipped about 180
degrees with the aid of a spin flipper.

At the HB2 beam a set-up for polarizing the target nuclei
spins using the "brute-force" method was available [7]. This will
be described in chapter 4. The target, with nuclei having definite
magnetic moments, was cooled to sufficiently low temperatures
(20-30 mK) to achieve polarization in a high magnetic field (-8 T) .
Again the neutron polarization direction was regularly reversed,
now by switching the polarity of the power supply for energizing
the electromagnet of the polarizing mirror system. For the two
neutron and target-spin orientations (u and H) the y-ray spectra
were measured by high purity Ge-detectors. The difference in the
intensity of the gamma transition for both relative polarization
directions yields enough information to deduce the ratio of the
cross sections for the transition through the high spin state and
for the total transition. Together with the information from the
circular polarization experiment, the amplitudes contributing to
the transition and their relative sign were derived. This combi-
nation of the circular polarization measurement and the nuclear
orientation method has been successfully applied to several targets
in recent experiments [2,7].

1.2 Polarized neutron capture by protons and deuterons.

Deuterons with spin I = 1 and neutrons can form capture states
3 1with total spin of either Jc = ~ or Jc = ̂ . The M1-transition to the

triton ground state, with total spin J = r-, has an energy of 6.257
MeV. For the moment the possibility of E2-radiation from | to 4 is
not considered. The amplitudes of the two spin channels and their
relative sign was unknown at the start of this project. The total



capture cross section of 0.521 t 0.009 "ib (8j is small compared
with the cross section for the H(n,y) reaction : 334.2 r 0.5 mb
[9]. This reduction reflects the fact that this reaction proceeds
only to the mixed-symmetry S' state of 3H, which has a very small
amplitude in the total wave function, as will be discussed in the
sections 2.4.3 and 4.1.

In the circular polarization experiment a quartz container
with heavy water (D2O) was used as deuteron target. Th? circular
polarization effect of the 6.257 MeV y-line was calibrated against
the well-known circular polarization of the 5.4 MeV sulphur line,
which was dissolved as a sulphate into the heavy water target. This
measurement resulted into a circular polarization value of
P = -0.42 ± 0.03. In addition it showed that the signs of the
quartet and doublet amplitudes are opposite. A presentation of
these measurements is given in chapter 3, which is a slightly
modified version of a previous publication [10].

Complementary to this experiment, an angular distribution
measurement was performed with the polarized target set-up, in
which a ZrD2 target was cooled down to such a low temperature in
an 8 T field that D-polarization was obtained. The sample tempera-
ture of 27 ± 2 mK was deduced from the measured anisotropy in the
main y-transition of 91Zr{n,y). Extracting the 6.257 MeV transition
in the photon spectrum was not easy, since this transition partly
coincides with a background line from 48Ti, presumably from neutron
capture in the magnet coils. No effect is expected for this nucleus
and hence the measured effect could be attributed to deuterium.
The measured anisotropy effect of 2H{n,y) yielded a maximal
admixture a of quartet spin contribution to the cross section of
a s 0.16 {corresponding with the 2a-criterion). In chapter 4 the
experimental technique and this result will be discussed and
compared with calculations on the three-nucleon nucleus.

1.3 Mesonic exchange currents.

Experiments with protons and deuterons can be compared with
calculations, which are supposed to be accurate. In the various
types of photon transitions (electric and magnetic) the theoreti-
cal models manifest themselves differently. The character of the
y-transition is mainly determined by the parities n, or mirror



symmetry, of the initial (i) and the final state (f). Together with
the multipolarity L for a y-transition, the change in parity An
( = 7Tjnf ) determines whether it is of magnetic- M(L) { for An =
(-1)l+1 ) or of electric- E(L) type { for An = (-1)L ).

Especially the radiative neutron-proton capture reaction has
been the subject of extensive theoretical studies [11]. In first
approximation it was assumed that only the nucleonic constituents
of a nucleus contribute to y-transitions. This assumption holds
only for low-energy E1-transitions, as is formulated by Siegert's
theorem [12]. In principle the electric dipole operator at low
energy is described by the static nucleonic charge densities. The
motion of charged (virtual) particles, like the mesons mediating
the nuclear potential, or other non-nucleonic constituents, like
A-excitations and quarks, will cause exchange currents in the
interaction with the electromagnetic field. These exchange currents
have, according to Siegert's theorem, no influence on a lov.' energy
E1- transition.

Quite contrary Siegert's theorem is not valid for the magnetic
dipole transition. Due to its dependence on nuclear currents the
magnetic dipole moment operator is very sensitive to exchange
currents within the nucleus. The radiative thermal-neutron capture
process by the proton indeed shows a -10 % discrepancy between the
very accurately determined experimental cross-section value [9] and
the calculated values given in references [11], in which only the
nucleons are assumed to contribute to this M1- transition.

This discrepancy was resolved by including effects caused by
meson-exchange currents [13]. Meson-exchange currents introduce
transitions between the 1S0 capture state and the

 3D, - state of the
deuteron of comparable amplitude and equal sign as the usual 1S0 to
3S1 amplitude. The latter dominates in theoretical models with only
the nucleonic constituents.

Meson-exchange currents are known to produce a relatively much
larger contribution to the cross section of the three-body system
2H(n,y)JH [14]. Calculations for the different contributions from
the doublet and from the quartet n+2H capture state showed that
meson-exchange currents increase the nucleonic doublet cross
section by about a factor 4 and decrease the nucleonic quartet
cross section by about 7. Furthermore, a great sensitivity to the
three-body correlations in the wave function has been found. The
measured circular polarization value and the quartet spin mixing



ratio a confirm the importance of mesonic diagrams, as advocated in
[14].

The interpre.ation of the meson-exchange effect is, however,
clouded by the difficulty in distinguishing from effects caused by
the D-state (L=2) admixture in the wave function. Pion exchange is
intimately linked with the strong tensor force in the long- and
intermediate range of the nuclear interaction, generating D-state
components in the wave functions. In the deuteron this D-wave
admixture Po induces a distortion of the ground suate, which can be
measured as the deuteron quadrupole moment Q. It implies that any
model for a nuclear interaction must include a tensor force. Like
all wave - function quantities within the range of the nuclear
potential the D-state probability is not directly measurable [15],
but it instead depends strongly on the theoretical description of
this potential. In the discussion of the 2H(n,y) reaction in the
sections 4.4 and 5.1 the various potential models are evaluated,
showing that a relation between the D-wave probabilities in the
triton and the predicted cross sections must exist. Similarly the
effect on the cross section from the three-nucleon force is
examined. This three-nucleon force is a fundamental correction to
the standard nuclear force that depends only on the coordinates of
two nucleons. Three-nucleon forces depend in an irreducible way on
the coordinates of three nucleons. A classical example of the
three-body force in general is the earth's gravitational force on
a satellite influenced by the moon's tidal attraction on the
oceans.

1.4 Quark exchange.

All measured electromagnetic properties in nuclei are well
described in terms of interactions between nucleons and with non-
nucleonic degrees of freedom in the form of meson-exchange
currents. The classification of nucleon states and mesons led to
the assumption that they are built up from smaller constituents,
called quarks, as has been confirmed by experiments at high
energies [18]. These experiments indicated that quarks cannot exist
alone, but instead that they cluster in groups of three to form
baryons and in pairs to form mesons. Quarks come in different
"flavours", motivated by the difference between the proton and the
neutron.



Pauli's principle states that in a system of identical
fermions (particles with half-integral spin values), no two (or
more) particles in the same entity can occupy the same state at the
same time. The requirement that the Pauli principle must be
fulfilled for the nucleon substructure prescribes the full nuclear
wave function to change sign when an interchange of two quarks is
made, even for quarks belonging to different but interacting
nucleons [17]. This anti-symmetrization of the wave function on the
quark level induces sizeable effects in the electromagnetic
observables for the region where nucleons are more likely to
overlap, i.e. at high energy ( - 1 GeV/c2 ) and in dense nuclei. In
section 5.2 the quark exchange effect at low energy is evaluated
following the article by Mulders and Dieperink [17]. It is shown
that this effect for the deuteron is very small.
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2. Description of the H(n,y) and zH(n,y) reactions.

2.1 The Nucleons Only Impulse Approximation.

Traditionally in nuclear physics a nucleus is described in
terms of non-relativistic nucleons, interacting through instan-
taneous pair-wise interactions. Experiments on light nuclei (2H, 3H,
3He and *He) form the most appropriate testing field of these
interactions, since the 2- and the 3-nucleon Schrodinger problem
can be solved exactly. Nevertheless many electromagnetic and weak
properties of light nuclei cannot be calculated by the theory that
relies on just the coupling of photons or leptons with the nucleons
{ "nucleons only impulse approximation", or IA ). Examples of these
discrepancies are listed in table 1. All specified discrepancies
apply to calculations, involving axial vectors, like the magnetic
moment density, and such ambiguities do not appear for electric
transitions. They are constrained by Siegert's theorem [1], which
states that the dominant part of the electric multipole operator
depends on the charge density only, and not on the current density,
like thf; magnetic moment.

athermal

"thermal

p(3He)

| M A I 2 (

( H ( n , y ) )

( 2 H ( n , y ) )

3 H - 3 H e + e"n

0 .

2

-1

f v ) 2

IA

300

15 -

.578

.766

.61

- 305

0.34

mb

mb

nm

nm

[ 2 ]

[ 4 ]

[ 6 ]

[8]

Experiment

334 . 2 ± 0 . 5

0 . 5 2 1 ± 0

2 . 9 7 9

- 2 . 1 2 8

2 . 8 6 ± 0 .

mb

. 0 0 9 m b

nm

nm

06

[ 3 ]

[5 ]

[7 ]

[8]

Table 1. Comparison of TA-predictions with experimental values
for the thermal neutron H(n,y) and 2H(n,y) cross sections, the tri-
nucleon magnetic moments, and the axial vector matrix element of
the /3-decay of the triton.

More examples of the shortcomings of the nucleonic theory to
describe the electromagnetic observables are presented in section
2.3.2. In this section it will be shown that calculations of
reactions like H{n,y), 2H(e,e') and 2H(yyp) must be corrected for
effects from meson-exchange currents. These currents arise from the
meson degrees of freedom in nuclei, which play a role in the
nuclear interaction.
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2.2 Nuclear interaction

In the low-energy region the strong Nucleon-Nucleon (NN) force
can be described by the exchange of n mesons, as was already stated
by Yukawa in 1935. At higher energies or equivalently at shorter
internucleon distances the exchange of other mesons (like p and a)
and the exchange of more than one pion becomes important. Extended
with a phenomenological short-range part the NN-interaction is the
basis for the nuclear interaction.

A particular feature of the nuclear interaction is the binding
energy per nucleon in a nucleus. This quantity rises from 1.1
MeV/nucleon for the deuteron, through 2.8 MeV/N for the triton, to
even 7.3 MeV/N for *He. From here on the binding energy is more or
less constant at 7.5 - 8 MeV per nucleon. The NN interaction
potential thus reaches saturation already at a four-nucleon
nucleus. It may be concluded that the range of the potential is not
of 1/r - character, like the Coulomb potential, as otherwise the
binding energy per particle would be proportional to the atomic
number A. In other words, the range of the nuclear force is roughly
equal to the radius of an a-particle.

The leng-range part of the NN interaction (r > 2 fm; with r
the internucleon distance) is dominated by the exchange of n-mesons
between the nucleons, giving rise to the one pion-exchange
potential (OPEP) in momentum space :

Vn = £ L V * <V* {z\z
2) (2.1)

mn k2 + m /

with fnm the coupling constant of pion and nucleons, mn the pion
mass,k the transferred momentum of the exchanged pion and a{, z

x

the spin- and isospin vector of nucleon i. A transformation of
equation (1) into coordinate space leads to the following expres-
sion :

Vn = -£I£N I ora2 Y0(mnr) + S12 Y2(mnr) (2 .2)
<V l J

with : Y0(x) = f_\ Y2(x) = ( 1 + I • jja ) Y0(x)
x

and the tensor operator S12 = 3<gi>r> (°2>r) . (o^az) .
r2

In coordinate space the potential has a central Yukawa piece Yo and
a tensor potential Y2. This tensor piece is responsible for a D-
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state admixture in the ground state of the deuteron, as will be
shown below.

Several sophisticated meson models for the NN-interaction have
been derived. Based on the long-range OPEP and a medium and short
range fit to NN scattering phase-shift parameters, the Reid Soft
(Yukawa type) Core (RSC) potential is reasonably successful in
explaining the overall static deuteron properties [9]. Frequently
it is used for its good long range part and its relatively simple
form.

One Boson Exchange describes the uncorrelated multi-pion-
exchange interaction at medium range, as the exchange of a hypo-
thetical heavy boson a. The Super Soft Core potential and the
Nijmegen potential [10] are constructed with an OPEP for the long
range, an OBEP for the medium range and a phenomenological part for
the short-range part of the interaction fitting elastic p-p and n-
p scattering experiments. The Paris Potential [11)is deduced from
a dispersion-theoretical approach to NN-scattering with nN and 7777
interactions, one-pion exchange, correlated and uncorrelated 2n-
exchange and w-exchange contributions implicitly included. Again
the inner core (for r < 0.8 fm) is phenomenologically determined.
Often the Paris potential is used in a parametrized form of a
discrete superposition of Yukawa terms in coordinate space [12],
making it useful for the nuclear interaction.

The Bonn potential is a field-theoretical meson-exchange model
for the NN interaction [13]. Nucleons, isobars and mesons are
included in the interaction. All relevant multi-pion and heavier
meson exchange are explicitly determined, whether correlated or
uncorrelated and possibly coupled to excited states of the nucleon.
The phase shifts are well reproduced by the Bonn model, whereas
they are used by other (semi)phenomenological NN-potentials as fit
parameters.

Heavier meson (like CJ and p) exchange becomes relevant in the
intermediate region (1 fm < r < 2 fm) . Correlated as well as
uncorrelated 2,i exchange occurs in this region. By penetrating
deeper into the nucleon the creation of a - ( a 3n resonance of 783
MeV ) and p - (a P-wave 2n resonance of 769 MeV) meson exchange are
included. The a - exchange accounts for the largest contribution to
the repulsive and possibly also to the spin-orbit interaction.

The essential repulsion between the nucleons originates from
the short-range part (r < 1 fm). Effects from this region are to
be expected in experiments with high momentum probes. At present
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no reliable calculations of this core part are available. This
short distance part ought to be described at a fundamental level
by quantum chroroodynamics (QCD). Quarks are the elementary degrees
of freedom possessing spin, fractional electric charge, flavour and
colour quantum numbers [14], Two quark-flavours u, for up, and d,
for down, are the essential building blocks for the proton, neutron
and nuclei. The u and d quarks differ only in their electric charge
(both are very light), leading to the isospin symmetry in the
hadronic world as far as the strong interaction is concerned.
Colour in QCD is comparable to electric charge in QED, it is the
origin of the strong force that keeps mesons and baryons together.
Unlike thn electric charge, which can be either positive or nega-
tive, colour can come in three possible states, say red, green and
blue. Just as atoms are electrically neutral compounds of charged
particles, any cluster of quarks or gluons so far observed is
colour neutral. Gluons foim the gauge bosons in QCD, like photons
in QED, however they carry colour themselves too. Confinement of
quarks is as yet not fully understood. In view of this it is not
surprising that little is known of how quarks and the interactions
between them can explain the short-range behaviour of the NN
interaction.
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2.3 The deuteron.

2.3.1 Introduction

The neutron-proton system can be described by the Schrodinger
equation :

v21> * — ( E - V(r) ) 1> = 0 , (2.3)

h2

with the V(r) interaction potential and m = MnMp/(Mn + Mp) the
reduced mass for Mn and M the mass of the neutron and the proton
respectively (or generally the nucleon mass M) . In first approxima-
tion only the S(L=O)-waves are considered for the deuteron and for
the neutron-proton scattering process. A solution for the singlet
wave function u(r) = r ^(r) can be found in a straightforward way
by introducing the appropriate NN potential.

In the radiative capture of a neutron at thermal energy (25
meV) by a proton at rest, a deuteron is formed and the excess
energy of the neutron-proton pair (the binding energy of the
deuteron is 2.2 MeV) is emitted in the form of electromagnetic
radiation. As the neutron energy is so low, the most probable
transition proceeds through the S-wave capture state to the
deuteron ground state by an M1-transition. For M1-radiation the
following selection rules apply : A J = ±1,0 ; n, rrf = +1 , with J
the total spin and n the parity.

The magnetic dipole operator does not contain any orbital
operators, hence it does not change the angular momentum confi-
guration. The deuteron ground state with J=1, would be orthogonal
to a neutron and proton capture-state with an identical orbital-
and spin-symmetry at about 2.2 MeV. Assuming a static potential
this implies that the spin has to be changed by the M1-transition,
yielding only the 1S0 solution for the capture state. The con-
sequence of energy dependence of the potential is discussed in
reference (15], and experimental evidence for a small triplet
admixture will be commented upon in section 5.2 .

Consequently the major contribution to the neutron-proton
cross section arises from the M1 - transition from the 'S,, wave-
capture state of neutron and proton to the 3S, deuteron ground
state. The corresponding Ml-radiation field is expressed by [16]:

A(r) = J_ | *£' u e-^7 (2.4)
2n
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with u the polarization direction vector and k the wave vector of
the emitted photons. According to the "golden rule" the transition
probability wfi for the emission of M1-radiation is [16] :

2n | M f i |
2 *

he g da ( 2 . 5 )

with p{c) = ff£ the energy distribution for the final state, g the
spin statistical weight factor ( 4- for singlet and 4 for triplet
transitions) and MM the matrix element of the magnetic dipole
moment operator. The cross section is obtained by dividing equation
(2.5) with <pn the incident neutron flux density for isotropic y-ray
emission :

capture
h2

|Mf i l ( 2 . 6 )

The magnetic dipole moment of the deuteron can be obtained from a
summation over the isospin variables .-

2Mc / 2 P 2
M =

The above equation yields the final expression for the magnetic
dipole moment operator of the deuteron :

M = eh
2Mc

(Pp + S + 1 {/ip - ( ap a n ) | (2.8)

In the ̂ So -
 ZS^ transition only the isovector part (the last term

of equation (2.8) ) contributes. The associated matrix element is
averaged over all spin and polarization directions :

M\ eh
2Mc

eh
2Mc

J '
[ *f <

) <Mr) d r

I), (r) d3r (2.9)

For the wave function of the ground-state deuteron the following
expression is used for the dominant S-wave part :

(2.10)
/4n r

where Nf is used for the normalization of the S- and D-state
deuteron wave functions (uf and wf) :

= J[ u2(r) • w2(r) ] dr (2.11)
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The wave function for the unbound initial state is not exactly
knov.'Tj. Its form is duplicated from the S-wave function of the
ground-state deuteron. In the low energy region the following
expression can be adopted :

*i(r) = - t* u,(r) {2.12)
r

with as the singlet neutron-proton scattering length and u,(r) a
singlet-wave function. The y-radiation will be emitted discretely
with the deuteron binding energy e (= tick). The magnetic dipole
neutron-proton capture cross section is formulated by :

Ifl i l Y £ (P-P) 2N 2 a2 An \ J uf(r)u,(r) dr I*. (2.1

J
capture ^

4 he [ M C 2 J <pnh
Along with the normalization of the initial capture state wave
function (equation (2.12)) the neutron flux density (pn is given by
the velocity of the incident neutrons v (at thermal energy : v =
2200 m/s). Finally we obtain for the neutron-proton capture cross
section at neutron energy E :

(M1) [il I [^ Yi l I ' [ _ ^ Y \ t Z ( P p - P n ) 2 J 2 , ( 2 . 1 4 )
he J [Me2 J J 2E

with J defined by : J = M c J ufu, dr
1/2

Notice that ath goes as 1//E , or equivalently as 1/v. The integral
J can be calculated by using the asymptotic forms for the initial
and final state wave functions and by introducing the characteris-
tics of the effective range theory [17]. This was done by H.P.Noyes
[2], who obtained at thermal neutron energy an np cross section of
aeh (np) = 303 mb , whereas the experimental value has been
determined with high precision by Cox et al.[3] to be ath

e'p(np) =
334.2 ± 0.5 mb. A total uncertainty in the computed value of only
1.5 % is claimed in [2]; it includes contributions from the
uncertainty in the singlet scattering length, in the triplet
effective range, the deuteron D-state probability and the short-
range repulsion. Other potentials lead to similar values [18] :

I 305 mb (SSC)
302 mb (Paris)
300 mb (RSC)

and hence the discrepancy of 10% between theory and experiment
remains. This effect can be explained by meson-exchange currents
(MEC), which is discussed in the following section.
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2.3.2 Mesonic exchange currents.

Riska and Brown were the first to give a reasonable explana-
tion for the discrepancy, discussed in the previous section, by
introducing meson-exchange effects due to the processes in fig. 2.1
[20]. Meson-exchange currents (MEC) are associated with the
electromagnetic coupling of a photon to the mediating pion, of the
OPEP interaction, or with irreducible diagrams in which the photon
couples to the nuclcon and a pion is exchanged (the contact or
seagull term).

H1 N1

w (b) (c)

figure 2.1 Dominant MEC operators in the H(n,y) reaction at
thermal neutron energy :
(a) seagull current, (b) pair current, (c) mesonic current.

The matrix elcn.ents for MEC between the 1S0 continuum and the
JD, deuteron state are as large as the matrix elements between 1S0

and 3S, and they add coherently. Relative to the IA matrix element
the mesonic correction becomes:

<'S0 |MHEC |3S1+
3D1>

MEC ( 2 . 1 5 )
< 1 S 0 | M ' * | J S 1 >

with M the magnetic dipole moment operator. An enhancement of 6 =
4.15 % is calculated for the Paris potential. About 40% of this
correction originates from transitions to the deuteron D-state.
This contribution increases the calculated cross section by 8.3 %
and consequently the discrepancy with the experimentally observed
cross section is reduced to only 2 % [21].

A way to determine the exchange magnetic dipole moment, is by
using the continuity equation for a 2-nucleon Hamiltonian H and a
(nucleon) charge density p -.

J = [HN,p] (2.16)
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In the impulse approximation the nuclear four-current density J 1A

is of purely nucleonic nature :

A

V ( x )

with J0'
A(x) = pIA(x) = ) e.6*( x- r() (2.17)

and J1A (x) = ^ e.

Clearly the continuity equation in terms of the convection

current Jc and the spin current Js transforms to:

v- JIA= V- Js + v. Jc = v« Jc ,

and -i [HN/P
IA]= -i [T,pIA] -i [V,,ou] (2.18)

with T and V the kinetic and potantial energy operators. The first

term on the right hand side of equation (2.18) is exactly the

divergence of the convection current:

-i [T,pIA] = v. j c . (2. 19)

In IA the continuity equation is evidently not satisfied :

V- J M * -i [HN,p
1A] . (2.20)

Inclusion of a meson-exchange current according to equation (2.21)
yields current conservation.

v- J12= -i [t'-t2 Vz (r,2),p] ,

with p( r) = l e j (1+r
1
(J))<5( r-r,) + {1+t

2
(3)) c5 ( r- r2) I ,

v. J12= e ( t V 2 ) ( J ) Vr( r12) [s{ r- r,) -fi(r-r 2) ] . (2.21)

Now the exchange magnetic moment p12 can be derived from the

general expression forp: n = 4- J rx J d3ras :

p12 = \ J rx J12 d
3r (2.22)

= 2 I R x JJi2 d3r + J ( r- R) x J i 2d3r j ,

where R = \ ( r, + r2) , and r12 = r , - r2 .
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The origin-dependent Sachs exchange moment, which describes the
diagram of figure 2.1(c), is encountered in the first term of eq.
(2.22). Substitution of expression (2.21) into this term leads to
the following expression, which is modified further by Greens
theorem :

P12(Sachs) = ^ R x ( -| rv- J,2 d
3r )

= t ( r, x r2) (r
1 x i2} VT(r12) . (2.23)

2

For Vz the isospin independent part of the one pion exchange
potential (eq. (2.2)) can be substituted, yielding the final
expression for the Sachs exchange moment:

S,2Y2(x) 1 (i1**2) (2.24)J,2 ^
2Mc 3mn

with x = mffr12. This exchange moment expresses the contribution of
the n-raosonic current interaction with an external magnetic field,
as shown in figure 2.1 (c) All exchange moments for the diagrams
depicted in figure 2.1, have been determined, using standard QED
quantum field theoretical methods [21]. By the identification with
these diagrams the ambiguity in the current, as stated in equation
(2.20), is removed. Following [21] it is now customary to write
the 2 - body magnetic moment, divided into an isovector and an
isoscalar part, as:

< V a 2 ) h , + T 1 2
( - ' h n J ( t ' - t ' ) ( J ) ^ ( 2 . 2 5 )

( 2 . 2 6 )[( 1 2 , 12 I t ]
+ [ ( o. + a j j ra , + T 1 2

( t ) m n ] ^ ' ^

w i t h pN = e , t h e Bohr n u c l e a r m a g n e t i c moment, and
2Mc

T,2° = ( a,oa2 ) • r 1 2 r 1 2 - 1 ( a,oo2 ) , f o r a = + , - , * w i t h r = _f_.
3 Irl

The tensor operator T12° expresses the contributions of
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a,oa2 r r into the S to D-wave transitions. The functions g,, gu,
h, etc. are of a modified Yukawa type. In the representation
according to equation (2.25) the pionic current interaction is
described by the following functions :

9, = - 1 " £l ( 2 - mnr12) Y0(mnr12), g,, = « £l
3 ltln4n

Substitution of these functions into the first term in equation
(2.25) yields the Sachs exchange moment (eq. (2.24)).

When evaluating the effect of MEC on the magnetic moment of
the deuteron the fundamental dilemma arises of how to disentangle
the D-state admixture contribution PB to the IA part from the MEC
contribution, which in turn is also influenced substantially by the
D-wave part of the wave function. If it would be possible to
extract PD a measure of the tensor force strength would be ob-
tained. Friar and Amado made it clear, however, that this property
is not a measurable quantity [22]. In the IA limit the deuteron
expectation value of the magnetic moment is given by [16,23] :

</i IA ( 2 H)> = ( pn + P p ) ( 1 - | P D ) + Jp D . ( 2 . 2 7 )

For the Paris potential, with a D-state admixture of Po = 5.77%,
this leads to <pIA (2H)> = 0.847 pN [12,24], while the Bonn
potential with PD = 4.25% predicts V * (2H) > = 0.855 /iK [13],
whereas the experimental value is <//xp (2H)> = 0.857406(1) ^ [25].
For both potentials the discrepancy is solved by including
corrections from MEC-diagrams, showing the great sensitivity to the
deuteron wave function [26]. Due to the uncertainty in the precise
D-state admixture, which in theoretical calculations varies from
P,, = 3.9 % without MEC to about 10% with MEC, no clear evidence
regarding MEC can be obtained from the static magnetic moment of
the deuteron. Experiments at higher momentum transfer need
corrections from MEC operators associated with heavier mesons and
A-isobars.

The total differential cross section for the deuteron
electrodisintegration 2H(e,e')np at backward angles is depicted in
figure 2.2. The IA curve, from [28], clearly disagrees with the
experimental data from reference [29], as it predicts a minimum at
|q2| = 12 fm'2. Corrections from n-mesonic currents and at higher
momentum transfer from MEC diagrams involving p-mesons and A-
isobars lift the IA-curve to within the experimental range.



dleelnp
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figure 2.2 Deuteron electrodisintegration cross-section near
threshold at backward angle. Long dashed line.- Impulse Approx-
imation (IA) and solid line : IA plus n and p MEC's and first order
A contributions, the consecutive steps in summing the MEC effect
are shown by the small dashed and the dash-dotted line. Note the
approximately 10 % difference between IA and MEC at low q-value.
The figure is taken from ref. [28].

Another success of MEC diagrams is displayed in figure 2.3,
the magnetic form factors for the three-nucleon system at high
momentum transfer. For the isoscalar part the experimental curve,
taken from [28], is reasonably well described by the IA contri-
bution for |qz| < 20 fm"2. The isovector part, however, is not at
all well characterized by the nucleonic IA, it predicts a minimum
at |q2| = 10 fm'2, which is actually found at |q2| =20 fm"2. As a
last example the deuteron photodisintegration differential cross
section, taken from reference [29], is depicted in i'gure 2.4.
Assuming only IA the cross section at high photon energy is over-
estimated. The outcome of these experiments can only be explained
by including MEC in the theory.
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figure 2.3 The magnetic form factors of the trinucleon system.
The dashed line is the impulse approximation result, calculated
with the Paris potential. The solid line depicts the MEC corrected
calculation. The shaded brnd exhibits a fit to the experimental
values. The isoscalar form factor is shown in part a), the
isovector in part b). The figure is taken from ref. [28].

100 120 10)

"Y.lah (MeVI

figure 2.4 The forward differential cross section for the
2H(y,P)n reaction as a function of lab photon energy. The dotted
line shows the IA theory, the dashed dash-dotted and full line
depict MEC corrected results with various relativistic corrections.
The figure is taken from ref. [29].
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2.4 The triton

2.4.1 Faddeev calculations

Trinucleon calculations have greatly been simplified by the
T-matrix approach introduced by L.D.Faddeev [30]. Solutions to the
Schrodinger equation for a three particle system can be represented
by the sura of three identical equations for pair-wise interaction,
which can be solved.

The Jacobi coordinates are defined as:

x. = r. - rk and y. = f( r, + rk) - r. (2.28)
with i,j,k = 1,2,3 and its cyclic permutations. The nucleon

coordinates are represented by r1# r2 and r3 as shown in fig. 2.5

for x= x, and y= y,.

O 7T7 O

figure 2.5 The Jacobi coordinates in a 3N - nucleus (1, 2, 3),
with x the distance between particles 2 and 3 and y the distance
between nucleon 1 and the centre of mass of 2 and 3.

In this configuration space, the Schrodinger equation:

( H - E ) #(?1,?8,?3)3 0 (2.29)

can be separated into three coupled Faddeev equations:

[ T + V(x,,y,) - E ] *, = - V(x,,y,J [ *, + #k ] (2.30)
where T is the kinetic energy operator and the wave function ip has
been written out as a sum of the three solutions of equation (2.30)
: ^ = ^ + ij>2 + ipj. Wave function #, depends only on the Jacobi
coordinates (x^y,), #2 on (x2,y2) and il>3 on (Xj,y3) . For three
identical particles it is sufficient to solve only one Faddeev
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equation. The other solutions can be obtained by transforming the
coordinates by means of equation (2.28).

If the internucleon potential Vfx^y,) is expanded into a
series of NN partial waves (e.g. 1S0 or

 3S1 ), the wave functions ij>i
must be decomposed as well into three-nucleon partial waves or
"channels". For wave function (d, the deuteron like interacting
nucleon pair 2 and 3, in a given partial wave, must couple with
the spectator nucleon 1 according to some scheme leading to an
infinite series of channels. Two commonly used methods (the
orthogonal collocation method (OCM) and the method of continued
fractions (MCF)) to calculate the Faddeev equations will be
explained in the appendix to this chapter.

2.4.2 Bound state properties.

It is remarkable how well the bound state properties,
obtained with different methods for solving the three-nucleon
system, agree with each other. In table 2 the binding energy and
the point charge radius of 3H is presented, together with the point
charge radius for 3He. From this table it may be concluded that for
the potentials RSC, AV 14, Paris and SSC the increase of the
maximum number of partial waves included to 34 makes the binding
energy converge to about 7.6 MeV. Only the Bonn-potential can
almost reproduce the correct binding energy of 8.48 MeV.

•n

figure 2.6 Example of a 2n - three-nucleon force contributing
to the trlton binding energy.
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Potential

RSC

AV 14

AVI 4 + 2n-3N

Paris

Paris + 2n-3N

SSC

SSC + 2n-3N

Bonn

Bonn + 2n-3N

Experiment

Channels

(table A.

5

5

18

18

34

34

34

34

34

34

34

34

34

34

Method

1)

OCM

MCF

OCM

MCF

OCM

OCM

MCF

OCM
MCF
MCF

MCF

MCF
MCF

MCF

7

7

7

7

7

7

7

8

7

8

7

8

8

9

8

[MeV]

.02

.03

.23

.24

.35

.67

.68

.42

.64

.32

.55

.47

.33

.01

.48

<r2

1

1

1

1

1

2

1

2

1

1

1 .

1 .

>i(3He)
[fin]

.89

.87

.85

.83

93

.00

93

01

91

74

86

74(3)

<r2:

I
1 .

1 .

1 .

1 .

1 .

1 .

1 .

1 .

1 .

1 .

1 .

1 .

>i(3H)
fm]

70

58

67

67

74

79

74

80

73

62

69

61 (6)

Table 2. Binding energy and point nucleon charge radii for H and
3He for various NN potentials.

The discrepancy between the experimental value and the

theoretical values is diminished by the addition of a three-nucleon

(3-N) force interaction [31]. The simplest diagram for such a force

is exhibited in figure 2.6. Due to the Pauli-principle a 2n-

exchange plus A-excitation between two nucleons is forbidden. In

the vicinity of a third nucleon though as in figure 2.6, it can

give rise to a three-nucleon interaction. The three-body correction

of fig. 2.6 is attractive and amounts to about - 1.0 MeV. The

three-nucleon force lowers the charge radii, which still do not

reproduce the experimental values.
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2.4.3 Symmetries of the bound state triton.

The importance of MEC in 2H(n,y) is most easily explained by
considering the symmetries of the triton bound state and the n-2H
continuum state. The largest completely symmetric S-state component
of the 3H wave function is of the same spatial symmetry as the
capture state. Two solutions for the Schrodinger equation at
different energy but with the same symmetry will be orthogonal,
hence blocking an M1-transition in the nucleonic IA approach. The
total symmetry of the three nucleons in the triton ground state is
built up from spatial, spin and isospin permutation symmetries.

The spatial symmetry of three particles leads to three dis-
tinct states, represented by the following Young tableaux

1 . symmetric

2. anti- symmetric a :

3. mixed symmetry

1

a :

ra, :

2

1

2

3

1

3

3

2 1 and

with "s" fully symmetric and "a" fully anti - symmetric in the
position interchange of two nucleons. The mixed symmetry states ms
and ma transform symmetrically { ms ) respectively anti-symmetrical-
ly ( ma ) with the permutation of the positions of the arbitrary
chosen particles 1 and 2, whereas an opposite symmetry is en-
countered for the exchange of 1 and 3, in accordance with these
diagrams.

The spin classification of three s= j fermions, which can be
either "up" ( i, for s2=+4- ) or "down" ( I, for sz=-^ ), is symbol-
ized by :

• ® _ 1 ©

A quartet of symmetric states arises :

i I i ,with total spin S2 = 3/2

X3/2 ' I ' S, - 1/2

I J J Sz = -1/2

J I i Sz = -3/2

and a doublet of mixed symmetry states:
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i i , w i t h t o t a l sp in Sz = 1/2

i

* i « ' ' S, = -1 /2

I

The doublet ( S3N=1/2 ) spin wave functions for a bound state three -
nucleon are :

J f i / 2 . 2 = ~p_ ( ( t i t ) - ( I T T ) ]

The quartet spin functions, only possible in the continuum, are:

X3/2.1 = f ( ' " ) J

X 3 / 2 . 2 = y 3 " ( ( " » ) + ( 1 1 1 ) + ( i l l ) ]

For the isospin symmetry an identical classification scheme
is established, as the nucleons have either r3 = +1/2 ( proton ) or
z3 = -1/2 ( neutron ). In isospin only total T = 1/2 three-nucleon
nuclei need to be considered as the quartet isospin states are not
observed.

2P

\«

Name

S

S"

S'

D

L

0

1

1

2

S

1/2

1/2

3/2

3/2

spatial

s

a

m

s

a

m

m

n.

Euler
angle

s

s

s

a

a

a

a

s

spin-
isospin

a

s

m

s

s

m

m

m

Table 3. Permutation symmetry classification.
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The three symmetries are combined to construct a fully anti-
symmetric space-spin-isospin wave function, to comply with the
Pauli principle. The Euler angle function is introduced to
determine the correspondence of the orbital angular momentum L, as
listed in table 2, corresponding with the resulting permutation
symmetry [32]. The Euler angle function depends on the three Euler
angles, defined by the orientation of the three nucleons, and has
either a symmetric or an anti-symmetric influence on the space-part
of the wave function, depending on L. The combination of all sym-
metries results into the classification scheme, listed in table 4.

Contributions dominating the triton ground state wave function
have been given special names. According to this scheme the triton
wave function is for the largest part ( - 90 % ) determined by the
space symmetric S - state (the 2S1/2 solution with symmetric spatial
symmetry and anti-symmetric spin-isospin symmetry). Significant
admixtures of 1-2 % S'-state (the 2S1/2 solution, caused by the spin-
dependent part of the interaction) and a 8-9 % D-state (the 4D1/2
state, mainly originating from the tensor potential) with mixed
spatial permutation symmetry are important in the 2H(n,y) capture
reaction at thermal neutron energy. The second S-state S" with a
total anti-symmetric spatial function is expected to be not
important and likewise the P-states are all very small.

It is the smallness of this S'-state that diminishes the
cross-section value for neutron-deuteron capture. As will be
outlined in the following chapters, the meson-exchange currents
significantly contribute to this process. The two-body (MEC)
magnetic dipole operator does allow transitions to the large S-wave
part of the triton. Models are tested for their predictions of the
partial amplitudes in the unbound three-nucleon capture state.
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Appendix to chapter 2 :

Methods for solving the Paddeev equations.

A commonly used procedure to solve the Faddeev problem, as
given in equation (2.30), is the j-J coupling scheme [33], by which
the Faddeev amplitude ^ can be written as a sum over N channels:

N

] ta<*i'YO |[ (Vo'Jo' IV4)
J<,] JM '• < W T > <A'

o=1

with lfl, sQ and j a .- orbital, spin an d total angular momentum
of the interacting pair j and k,

Xa, aa and Ja : orbital, spin and total angular momentum of
the spectator nucleon i relative to
the centre of mass of the nucleons j and k,

J and M : total angular momentum and magnetic eigenvalue
of the triton,

ta, Ta and T : total isospin of particles j and k,
particle i and the triton respectively.

The truncation of this sum at a maximum channel number N limits
the contribution of higher partial waves. The first 34 ( j a < 4 )
channels are exhibited in table A.1. For a potential that operates
with positive parity and for j < 1 ( 1S0 and

 3S1-
3D1 ) a runs from 1

to 5. In analogy with the two body bound state problem a reduced
wave function ^(Xj.y,) is defined by:

*a(x,,y,) ^tajJhllll (A.2)

Making the partial wave decomposition of equation (A.1) and
introducing the reduced wave function ^(x^y,), the Faddeev
equations (2.30) become for a given channel o :

m i ax2 x2 4 ay2 4 y2

HI
i

(A-3)

d(cos^) ̂  i ]
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with (x,y) and (x',y') : the coordinates (e.g. (x,,yn) and (x2,y2)),
i : the angle between x and y, Vaa' : the potential matrix elements,
and KQ. g the kernels for the triton Faddeev equations. Equation
(A. 3) is more conveniently handled by a change of variables [34]:

x = rcose and y = -1/3 rsine (A.4)

Channel

a

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17

Pair
2s+1,

1S
3 °Q
T 1

7 1
3°1
P

! P i
P

7 1P 1
P

3 ^
3D2

1

3p2

T 2
P

Spectator

S1/2
S1/2
S. ,
^3/2

Pi/2
Pi/2
P3/2
Pi/2
P3/2
d3/2

d3/2
d5/2

P3/2
P3/2

Channel

a

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Pair
2S+1-,

3 F 2

4 3
P

T 3

3
•t 3

T?
3 3

T?
z 3
j/^i

3 ^

1G,

p

Spectator

f5/2
f5/2

f
d5/2
d s
97/2
97/2
f5/2
f7/2

y 7/2
y 9/2
y 7/2
99/2
f 7
f7/2
h9/2
h,/2

Table A.I. The j-J coupling scheme to the Faddeev amplitudes when
the NN-interaction is limited to j < 4. The column "pair" shows
the quantum numbers for the interacting neutron proton pair, and
"spectator" for the spectator neutron.

With the aid of (A.4) the Faddeev equations become :

m l ar2 r ar r2 ae2

Vaa. (rcose)0a. (r',6) =

r2cos20 r2sin2e J

(A.5)

a'p
Vaa. (rcose) cose

cose1

sine

sine'
Ka-/J<
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A numerical method to tackle equation (A.5) is the orthogonal
collocation method [35], as applied by the Los Alamos group of
Payne et al. [36]. According to this method the amplitude 0a(r,0)
is expanded on a rectangular grid in the r,e coordinates in bicubic
splines of the form :

M N

0a(r,0) = ̂  J aamn sjr) sn(6) (A.6)
m=1 n=1

The expansion coefficient aamn must give the right value for <pa to
satisfy equation (A.5) at the collocation points on the grid,
defined by M values in r and by N values in 9.

An altogether different technique for solving the Fa^ldeev
equations in momentum space has been developed by T.Sasakawa and
S.Ishikawa, and is known as the method of continued fractions [37].
For a bound state equation (2.30) can be rewritten with the

aid of the Green function Go : Go =
 1 (A.7)
E - T - V

The Faddeev equations can now be stated in the form:

<l> = G0V Q0 (A. 8)

with Q the permutation operator : Q^, = ip2 + ip3. For a clearer
representation VQ is written as U. Two arbitrary functions |F0>
and |f> are introduced, with vanishing values at large distances
between the three nucleons, modifying the potential U to U, defined
by :

U, = U - UIV<f|U (A.9)
<f |U|FQ>

Substitution of equation (A.9) into (A.8) results in the relation:

|*> = Go I" U,|*> * UIV<f|U|»> ] (A.10)
I <f|U|Ffl> J

Now the wave functions |î> and |F0> can be defined in a modified
form as well :

I V = Go U | F 0 > ( A . 1 1 )

!</»,> = I I V = I V + Go u i l*i> ( A . 1 2 )
1 - Go U,

The total wave function of equation (A.10) is transformed to:

|*> = <f' " >*> k,> (A.13)

<f| U |V
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For a bound state it is easily seen that :
<fl " = 1 (A.14)
<f| U |F0>

To c a l c u l a t e t h e m a t r i x e l e m e n t <f | U \ip^> i n e q u a t i o n ( A . 1 4 ) a
r e c u r s i v e r e l a t i o n f o r \ipn>, |Fn> a n d Un i s d e r i v e d l e a d i n g t o :

<f | u |(ii> = < f l u lFn> 2 ( A . 1 5 )
<f | U |Fn> - <f | U | ^ , >

With this continued fractions equation a series of equations can
be started from some trial function VN = FN to <f| U |#„..,> and
eventually down to <f| U |̂ ,>.
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3.Evidence for meson-exchange currents in the radiative thermal
neutron capture by deuterium nuclei."

M.W. Konijnenberg, K. Abrahams, J. Kopecky,
P. Stecher-Rasmussen and R. Wervelman

Netherlands Energy Research Foundation ECN,
FOM-ECN nuclear structure group

P.O. Box 1, 1755 ZG Petten, The Netherlands

J.H. Koch
Nikhef-K

P.O. Box 4395, 1009 AJ Amsterdam, The Netherlands

ABGTRACT : The circular polarization of photons from the
radiative capture of polarized neutrons in deuterium is measured.
Comparison to existing model calculations shows the importance of
meson-exchange currents in this reaction.

3.1 Introduction

Nowadays research on nuclear physics at intermediate energy
is mainly focused on the role of non-nucleonic degrees of freedom
in nuclei. Since the nucleons in a nucleus are largely kept apart
by repulsive forces of short range, the dominant non-nucleonic
effects are due to the exchange of long-ranged virtual pions. The
clearest evidence on meson-exchange currents (MEC) has been
obtained from electromagnetic interactions with few-body targets,
since here the target structure in terms of nucleons is well
understood. Riska and Brown [1] have first shown that meson-
exchange currents are crucial in explaining the cross section for
radiative capture of thermal neutrons by protons. The leading term
in the cross section, based on a theory involving nucleons only,
can be expressed in a model independent way [2] and yields a
capture cross section that is 10% too small.

A slightly modified version of this chapter has been
previously published in Physics Letters B205(1988)215.
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3.1.1 Evidence for MEC in II(n,y) and other processes

The effect of exchange currents can be best expressed in a
relative correction to the nucleons-only amplitude of thermal
neutron capture by protons. Specified in this correction the
discrepancy between theory and experiment amounts to 5 ± 1%
(depending on the potential used). One-pion exchange currents give
a total contribution of 3% via transitions to the S-state and to
the D-state of the deuteron which add coherently. Inclusion of
isobar currents provides the missing contribution. This result
based on pion exchange only has remained essentially unchanged in
more extended calculations which included heavier mesons and other
short-range effects. Similar clear evidence for MEC has been found
in other electromagnetic reactions on few body targets at low and
intermediate momentum transfer: electrodisintegration of the
deuteron near threshold, photodisintegration of the deuteron and
the electromagnetic form factors of the A = 3 system. At high
momentum transfer, where short-range effects become very important,
sizeable uncertainties exist due to relativistic effects, model
dependence of exchange currents and wave functions. In this domain
eventually also the quark and gluon degrees of freedom have to be
considered.

3.2 The polarized thermal 2H(n,y) process

In this chapter we report the result of a measurement on a
few-body target where exchange currents can in principle be iden-
tified with only a few ambiguities. We have measured the reaction
2H(n,y)3H with polarized thermal neutrons. As has been emphasized
in the review by Torre and Goulard [3], this reaction is an
excellent candidate for studying meson-exchange currents, since,
in contrast with thermal np-capture, the nucleonic contribution is
strongly suppressed.

By measuring the circular polarization of the emitted y-rays
we obtain information on the partial capture cross section in the
J = 1/2 and 3/2 channel. This provides an important constraint for
testing theoretical models for the nucleon wave functions and
meson-exchange effects. Table 1 contains the results of ref. [3]
for the 2H(n,y)5H cross sections obtained from several modeis for
the NN interaction (according to Austern [4] only pure M1 tran-
sitions need to be taken into account for IA). It clearly demon-
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(IA+HEC)

0.54

0.52

0.41

0.63

0.75

0.87

0.59

") Potentials reviewed in ref. [3]; MT I-III stands for
Malfliet-Tjon, SSC means Super Soft Core, SSCW is the
abbreviation for an SSC with a two pion exchange three-body
potential contribution W, RSC is Reid Soft Core and for row
7 all calculations have been extrapolated to the triton
binding energy of 8.48 MeV.

Table 1. Cross sections (in mb) for the £H(n,Y) reaction.

strates the importance of meson-exchange currents in the cross
section. Furthermore, it is clear that the sensitivity to MEC is
strongest in the J = 1/2 channel, while the J = 3/2 contribution
is mainly determined by the nucleonic contribution. This sen-
sitivity to separate aspects in the a1/2 and o3/2 cross section was
the main motivation for the investigation reported here.

3.2.1 The photon circular polarization experiment

The circular polarization P of the 6.257 MeV y' s was measured
with two transmission analyzers with high purity Ge-detectors [5].
In this experiment polarized thermal neutrons from the HFR
penetrate the D2O target (99.75 At.%). A schematic diagram of the
experimental sev-up is presented in fig. 3.1. A magnetized
permendur (a Co-Fe alloy) analyzer is placed in front of each
detector. The fact that the Compton scattering cross section from
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polarized free electrons in magnetized material depends upon the
helicity of the photon, is used to analyze the circular polariza-
tion. The value S3/So/ the efficiency of the analyzer, is limited
to a few per cent because of the small number of polarized free
electrons. The resulting difference in transmission between the
modes with opposite neutron orientation is converted into the
photon-polarization P . The neutron spin is reversed every 100
seconds. Spectra with different neutron orientation are stored in
a multichannel analyzer.

y -detector

hpGe

polarization
analyzer target polarization

analyzer

figure 3.1 Schematic drawing of the circular polarization set-
up. The two possible neutron orientations are represented by full
and dashed arrows. The photon with its two possible helicities is
shown as a wiggly arrow. B denotes the magnetic induction in the
analyzer.

The resulting spectra are shown in fig. 3.2, in which the
effect in the sulphur 5.44 MeV-line (R= -0.5) stands out clearly.
This sulphur line originates from a (2.4 Vol.%) addition of 99.40
At.% DZSO4 to the target and serves for calibration purposes.
Silicon lines from the quartz target container were not useful as
a polarization standard due to neutron depolarization inside the
target. The relatively large deuterium scattering cross section
will probably cause such a depolarization that it is conceivable
that the front part of the quartz sphere will sense a different
neutron polarization compared to the back part.



39

10 * x 5.0

0.0

1)

I -5.0

-10.0
10 3 1 10.0

5.0
u
J

i o.o

-5.0

10 s I 1.5

1.0

I
0.5

0.0
5000

(c)

r'*

j

1

(b)

. 1 . 1

i

w

5500 6000 6500

fig.3.2 Circular polarization spectra of the reaction H(n,y) :

a) represents the summation in reaction rate of parallel

and antiparallel directions of neutron spin and mag-

netization of the polariraeter for the first detector. The

spectrum b) shows the difference of the two reaction

rates as measured by this detector. The difference

spectrum c) depicts the equivalent of b) for the second

detector.
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The photon polarization P is related to the polarization
parameter R [6] by

Py = Rf^njcose

where f,(n) is the neutron polarization and 6 the angle between the
direction of photon emission and the neutron spin. We obtain

R= -0.42 ± 0.03.

3.2.2 Evidence for MEC

Since the capture is dominated by the electromagnetic M1
transition [4] the asymmetry takes on a very simple form [6],

R = -h. c-f- • c+-f»f- ' > f +

where the coefficients c and d are positive angular momentum
coupling factors. Therefore, R depends only on the magnitude and
relative sign of the ratio of the amplitudes f and f+ for capture
in the J = 1/2 and 3/2 channels, respectively. Figure 3.3 shows a
plot of R versus a, the fraction of the cross section in the J =
3/2 channel,

The relation between R and o defines an elliptic contour. Our
measured value, R = -0.42 ± 0.03, falls in a region where the slope
dR/da is rather small and it therefore allows, due to the finite
error band, a range of o values from a = 0 t o a = 0 . 3 . From the
partial cross section values shown in table 1, we see that the
present result is reproduced by only those theories where meson-
exchange currents are included. Without exchange currents, the
model predictions range from a = 0.4 to 0.6, which is shown to be
highly improbable. Additional experimental information concerns the
relative sign of the amplitudes f. and f+; our R value shows that
these amplitudes have opposite sign, as is already indicated for
the SSC potential in ref. [3]. We have assumed this to be true for
all the potentials. Within a 3a limit the predictions for R of all
theories based on nucleons only can be ruled out, even those of the
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-1.0
1.0

fig.3.3 R (= A,10) as a function of a for the reaction 2H(n,y),
numbered points correspond to the six theoretical values
presented in table 1 ( A with MEC, Q without MEC ); the
values in the upper part of the ellipse are not excluded
in the review of Torre and Goulard [3]. The band
represents the measured value R = -0.42 ± 0.03. Calcula-
tions which do not take MEC into account are clearly
found to disagree with this experimental result. It
should be noted that the spin interference is established
to be destructive.
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theories 1 and 3. From the meson exchange current corrected
results only the models 1, 4 and 7 lie outside the 2o zone.

3.3 Conclusion

While finding clear evidence for meson exchange currents, the
present measurements do not provide a distinction between the
different effective meson models. A direct determination of the
quartet-spin admixing ratio a should be tried, in order to
disentangle the quartet and doublet contributions to the cross
section. With the results of both investigations the number of
realistic models can be restricted further. For this purpose an
experiment with the set-up described in ref. [7] has been performed
(see chapter 4), for which deuterium nuclei have been polarized by
means of the brute-force technique. For the neutron spins parallel
and antiparallel to the deuteron spin the difference in reaction
rate has been measured with two high purity Ge detectors.



43

References :

[1] D.O. Riska and G.E. Brown, Physics Letters 38B (1972) 193,
[2] H.A. Bethe and C. Longmire, Physical Review 22 (1950) 647.
[3] J. Torre and D. Goulard, Physical Review C 2£ (1983) 529.
[4] N. Austern, Physical Review £5. (1951) 147.
[5] K. Abrahams, Neutron Capture Gamma-Ray Spectroscopy ed. by

R.E. Chrien and W.R. Kane (1978) 385.
[6] A.J. Ferguson, Angular Correlation Methods in Gamma-Ray

Spectroscopy, Amsterdam, North Holland Publishing Company
(1965) .

[7] T.A.A. Tielens and J.B.M. de Haas, Nuclear Physics
A 425 (1984) 225.



45

4. Nuclear orientation experiment on zH(n,y).

Measurement of the ratio between the doublet and the
quartet-spin channel contributions to the 2H{n,y) process.

4.1. Introduction

Meson-exchange currents ( MEC ) reveal themselves prominently
in the radiative neutron deuteron capture reaction. At thermal
neutron energy ( 25 meV ) the experimental value for the cross
section of this capture reaction is a = 0.521 ± 0.009 mb [1]. The
dominant contribution arises from the magnetic dipole transition,
and accordingly the amplitude is described by the matrix element
of the M1-operator. As the nuclear current in the Impulse Approxi-
mation (IA) is only due to the nucleons, the IA-transition can only
proceed through the small S'( mixed spatial symmetry ) and the D
components of the 3H wave function [2]. The largest completely
symmetric S-component is orthogonal to the unbound capture state,
and the M1-operator does not contain a radial component. The matrix
element derived from the one-body IA M1-operator for the three-
nucleon system:

3

5(1) eh ^ 1
2 Me (_, 2

with M the nucleon mass, np and /in the nucleon magnetic moments, is
about a factor of 50 smaller than the one-body M1 matrix element
for the H(n,y) reaction. An adjustment by MEC two-body terms is
represented by:

(4.2)
+

with Tij
(0) =(£7,0(7,) ^jjrjj- — (OjOtfj)/ where o=x,± and g,h and j

are modified Yukawa functions defined in reference 13]. This MEC
correction, and especially the A-n current contribution will yield
an increase of the theoretical IA cross section by 50 % to about
0.5 mb, in accordance with the experimental value [4].
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Numerous approaches have been tried to calculate the three -
nucleon bound state. The most successful methods are based on the
Faddeev technique. All these calculations show an underbinding of
about 1 MeV in the 3H binding energy [5] and predict too large
values for the charge radii of 3H and sHe [6J. To investigate the
role of the nuclear wave function, different experiments are
needed, particularly to gain clarity about the contributions from
Meson-Exchange Currents and from three-body forces.

More information on the MEC contribution to this reaction can
be gained from experiments involving the 2H+n capture states. The
deuteron spin (1=1) and the neutron spin can form either a Jc=1/2
or a Jc=3/2 spin capture state, which decays through M1 radiation
to the 3H ground state. It was shown by J.Torre and B.Goulard [7]
that both transition channels are influenced by the MEC corrections
and by the choice of the nuclear potential model. The influence of
MEC and the nuclear potential on the spin 1/2 and 3/2-channels is
quite different. The quartet spin cross section is mainly sensitive
to the details of the wave function and the doublet spin cross
section is more susceptible to the inclusion of meson-exchange
diagrams.

We present in this chapter a measurement of the balance
between the doublet and the quartet contributions in a polarized
thermal neutron capture process with a polarized deuterium target.
A previous experiment (see chapter 3 [8]) has proven the importance
of MEC in 2H(n,y) independent of the potential model. Combining
both experiments allows to investigate the nuclear wave function
in more detail, and possibly the role of three-body forces in the
three-nucleon nucleus, as well as multipole interference due to an
E2 contribution to this transition.

4.2. Experimental method

4.2.1 Apparatus.

All experiments described here use a thermal neutron beam from
the High Flux Reactor in Petten. The neutrons are polarized by
reflection at magnetized permendur mirrors. With a flux density of
2 x 107 neutrons/cm2s and an invertible polarization of 95 % the
neutron beam penetrates into the polarized deuterium target. Since
the polarization of the target is achieved by the "brute-force"
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method (low temperature and high magnetic field), a high density
metal deuteride ZrD, was chosen as target material, with a total
deuteron density of 7.3 x 10 cm . At the ECN chemistry department
50 grams of purified ZrD, 96 powder was manufactured.

< 2.16 cm ̂

\

EL

1 it
in

figure 4.1 Aluminium target holder in front view and in side
view showing the shaded layers of ZrD2 in between the aluminium
discs. A net target thickness of 13.5 mm ZrD2, with an effective
thickness of 9.7*1022 deuterons/cm2 has been achieved.

To assure a useful thermal contact, the ZrD2 sample was com-
pressed into an aluminium target holder in five layers, each with
a mass of approximately 4.8 g and 2.7 mm thickness, separated by
aluminium discs as shown in figure 4.1. This target, containing a
total of 0.50 mole 2H, is placed inside the brute-force polariza-
tion device of figure 4.2.

With a 3He/AHe dilution refrigerator, the target and a stack
of PrNis rods is cooled down to about 100 mK. Subsequently the mag-
netic field of 6 T on this stack, produced by a superconductive
coil, is slowly reduced, causing further cooling of the ZrD2
sample. Placed within a magnetic field of 7.9 T the target nuclei
will be polarized as their kinetic energy kT will be comparable
with the nuclear Zeeman energy pB. This method has been applied
with success on several targets in recent experiments [9J.
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mixing chamber
heat switch

demag. magnet (6.01)

polar, magnet (7.9T)

target unit (27(2) mK)
see fig. 4.1

neutron
team

figure 4.2 Nuclear orientation set-up.
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4.2.2 Channel spin admixture in the 91Zr(n, y) reaction.

A crucial parameter for the final accuracy in the measurement
of the ratio a of the cross sections through the quartet and
doublet spin capture state in 2H(n,y) is the target temperature. As
an external thermometer in this experiment would indicate temper-
atures lower than that of the actual sample, due to the restricted
thermal contact and small heat conductivity, the target temperature
was obtained from the angular distribution in the strongest emitted

Y radiation at 6.294 Mev from the Zr(n, y) reaction. The only
available Zr isotope with a non-zero spin is 91Zr with an 11.2%
abundance and a magnetic moment of -1.3036 IJH . Since the deuterium
and the zirconium atoms are chemically bound, the temperature indi-
cated by the 91Zr(n,y) reaction will very likely coincide with that
of 2H. The relevant spin assignments in the reaction 91Zr(n,y) must
be known in order to interpret the results, particularly that of
the 6.294 MeV transition.

The level scheme of zirconium is shown in figure 4.3 taken
from ref. [10]. In the 91Zr(n,y) reaction the incident neutron and
the target nucleus couple to a capture state which may be a mixture
of spin and parity J" = 2* and 3+. The ratio
a { = CT(JC=3)/ (o(Jc = 2) +a(Jc = 3)) ) between the cross sections for
either spin state is a priori not known. In the tabulation of
Mughabghab [11] a bound state with spin 2 is indicated, making it
likely that thermal neutron capture is dominated by Jc=2. Hence a
is presumably small for the 6.294 MeV y-transition. The 5.263 MeV
y-transition is a pure E1 transition with initial spin Jc=2

+ , since
it populates the 1' level at 3.3 MeV.

In order to check this small Jc=3 contribution to the capture
state we determined the circular polarization of the emitted y rays

in a separate 91Zr(n,y) experiment, with a polarized thermal neutron
beam and a large unpolarized natural Zr target. The same set-up was
used as is described in section 3.2.1 [8]. Calibration of the
polarization P of the 6.294 MeV y line (16%) is performed in this
experiment with the aid of the 5.263 MeV y-transition (3%) to the
r level at 3.37 MeV. With electric dipole radiation this level can
only be fed from the capture state with J" = 2*, and thus the
anisotropy parameters are well known.

The relation between P and the ratio a for 91Zr with target
spin 1=5/2 and pure dipole radiation is shown in figure 4.4. The
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figure 4.3 Level scheme of the main y contributions in the
Zr(n,y) capture reaction.

circular polarization is expressed by the parameter R = A™, derived
from Py = Rf,(n) cose, where f,(n) is the neutron polarization and
6 the angle between the photon-emission direction and the neutron
spin. For final spin J=1 the 5.263 MeV calibration line has o = 0
{only from Jc=2) and A]°= - 0.5 (see figure 4.4). Based on this
calibration value we obtain R = 0.248 ± 0.070 for the circular
polarization of the 6.294 MeV 91Zr(n(K) transition. The a versus R
curve of figure 4.4 then yields the value for a near origin of a =
(5.7 ± 4.0) 10"3, which corresponds with (see appendix equation
A.15) A" = -0.9902 ± 0.0069. The large solution for a is rejected
with the aforementioned argument of spin 2 of the bound state which
contributes largely to the neutron cross section, moreover the
present experiment (see section 4.2.3) favours this choice of a.
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4

-0.5
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fig.4.4 The circular polarization parameter R = A, as a function
of a for pure dipole radiation for the 912r target with spin 5/2.
The final state spin J is indicated. The full and dashed curves
depict constructive respectively destructive interference of the
higher and the lower spin contribution to capture. The shaded band
exhibits the present measurement (R = 0.248 ± 0.070) for the 6.294
MeV y-transition.

4.2.3 Thermometry

With the deduced value of AJ1 for the 6.294 MeV transition the
target polarization f,(I) of the ZrD2 sample can be obtained through
equation A. 7a ( see appendix ). For this purpose the eccentricities
e(0°) and e(90°), as defined in equation A.6, have been derived
from the measurements. The target polarization can be determined
from the Boltzmann distribution, leading to the following expres-
sion for pB << kT :
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f,(D = i * + 1 LL (4.3)
3 I k T

where B is the external magnetic field ( here B = 7.9 T ). Over a
net experimentation period of 28 days the mean target temperature
could be kept at TZr = 27 ± 2 mK. At this temperature the polari-
zation of the deuterons amounts f,(I) = 0.0446 ± 0.0040.

During the transmission of the neutrons through the target the
neutron polarization and flux may be changed due to scattering or
absorption in the target. The macroscopic scattering cross section
of ZrD2 is Z% = 0.733 cm"

1 [12], with the polarization part

ap t =
 1 { a+ - a_ ) = 1.66 b, where ax indicates the

total deuteron (scattering) cross section for parallel (+) and
antiparallel (-) orientation of neutron and target spins (I). The
neutron polarization may effectively be quite different along the
path of the neutrons through the sample. By calibrating the
temperature on 91Zr(n,i')/ which senses the same effective neutron
polarization, no correction in the determined ratio a is needed
for this effect. The target thickness correction [13] on the AJ1

coefficient, that rectifies for the relative change of neutron flux
in the target due to a , can be neglected too, as the upper limit
of 2 % for this effect falls well within the error limits.

Apparently this ZrD2 target possesses reasonable thermal
properties at low temperatures as the mixing chamber alone is
capable of reaching 20 mK with a refrigeration capacity of 5.3 yW.
We have reached a comparable averaged temperature in the target,
despite the extra effort of the nuclear demagnetization with the
PrNis cooling stage. Quite a large heat input in this voluminous
target unit is expected to be mainly produced through nuclear
heating from capture reactions, reactor core gamma's in the neutron
beam and inelastically scattered neutrons [14]. Due to the rela-
tively large quantity of aluminium in the target holder, the
contribution to the heat input from radiative capture processes in
aluminium is roughly equal to the contribution from zirconium,
summing to Q = G.12 ^W. A large heat input of Qn = 0.19 pW is
caused by the absorption of the 0-decay of 28Al, which is formed in
the reaction 27Al(n,y), with an end-point energy of 2.9 MeV. To
minimize the heating, especially in the aluminium surrounding the
ZrD2 target tablet, the neutron beam was collimated exactly onto
this target. A bismuth single-crystal was placed in the neutron
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beam path to remove the reactor core gamma rays, which otherwise
caused an additional heating of 0.12 pW. After taking these
measures the nuclear heating of the target is estimated to be about
0.31 JJW. The heating caused by inelastically scattered neutrons is
expected to be very small.

4.2.4 Data handling and analysis

The energy spectrum of the emitted photons was measured with
the aid of two high purity Ge detectors placed in directions
perpendicular to the neutron beam direction, at 9 = 0°(vertical)
and at 0 = 90°(horizontal). The operation and resolutions of these
detectors were sufficiently insensitive to the magnetic field
produced by the polarizing magnet. At the double escape line of the
7.724 MeV y transition of aluminium, the PWHM for the vertical
detector is 10 keV and for the horizontal detector 16 keV.

The neutron polarization was reversed every 90 minutes by
changing the polarity of the power supply, which generates the
magnetic field at the cobalt neutron-polarizing mirrors. For both
neutron spin orientations the y-ray energy spectra were accumulated
in the memory of a ND66 analyzer, which was read out every six
hours by a VAX 11/750 computer.

A part of the sum of the spectra obtained with both neutron
orientations is shown, as detected by the vertical detector (6=0°),
in the bottom part (a) of figure 4.5. Depicted in the middle part
(b) of this figure is the difference of both spectra for 6=0°.
The top part (c) shows again the difference of the spectra obtained
with opposite neutron spin directions (parallel and antiparallel
with the target spin orientation) but for the horizontal detector
(0=90°).

The main y transition of 91Zr(n,y) lies at 6.294 MeV, not far
from the 6.257(3) MeV [15] transition from deuterium. For the
latter transition the energy of the emitted y-ray is shifted to
6.250 MeV [16], due to the recoil of the tritium nucleus. The full
energy and the single escape peak for this energy coincides with
the single, respective double escape lines from the 6.760 MeV
transition of ;8Ti(n,y), which probably originates from neutron
capture in the superconducting magnet. As the spin of 48Ti is zero,
no effect at all will be produced by this line in the difference
spectrum, quite contrary to what is seen in figure 4.5.
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figure 4.5 Nuclear orientation spectra of the reaction H (n,y) with
the ZrD, sample. The full absorption, single and double escape
peaks of the D-line (6250 keV) and 91Zr (6294 keV) are indicated.

a. The sum of the spectra obtained after 28 days, with neutron
and target spin parallel and anti-parallel, for the high-purity Ge
detector in vertical position (9=0°).

b. The difference of the spectra taken with neutron and target
spin in parallel orientation (it) and with neutron and target spin
aligned anti-parallel wise (ti) for 0=0°.

c. The difference spectrum, as defined in 5b, detected with
a high-purity Ge detector in the horizontal position (0=90°).
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The weak effect at the full peak (6.250 MeV), and at the
single and double-escape lines, proofs the deuterons to be
polarized in this target. The full-energy line of 91Zr{n,y) at 6.294
MeV is somewhat overshadowed by the double-escape gamma line from
the 7.3 MeV transition of 63Cu(n,y).

The accumulated intensities in the 6.294 MeV y-lines of
zirconium were determined by fitting a skewed Gaussian curve to
the peaks in the sum spectra corrected for a linear background.
The intensities of the effect in the difference spectrum is deter-
mined by fitting an equivalent curve with the same shape parame-
ters to the corresponding part of the difference spectrum. The
background in the difference spectrum is deduced from a least
squares fit of a straight line to adjacent regions without any
peaks in the matching section of the sum spectrum.

From the intensities of the 91Zr(n,y) lines in the sum spectrum
the intensities in the adjacent 2H(n,y) lines were determined. As
the energy difference between these lines is small, the energy
dependence of the detector efficiency is neglected. The ratio
•:• tween the 91Zr(n,y) 6.294 MeV peak and the 2H(n,y) line is directly
determined from the ratio of the respective partial cross sections
and the abundances. The difference spectrum at 6.250 MeV is fitted
with a Gaussian according to the same procedure followed for the
91Zr(n,y) effects. This technique is exhibited in the figures 4.6,
4.7 and 4.8 for the double, single escape and full energy lines of
2H and 91Zr. The spectrum of the vertical detector has been smoothed
by averaging each entry over three intermittent data points, to
correct for the different line shapes observed in the two neutron
spin orientations, which is possibly due to the magnetic field
influence on the preamplifier. The Gaussian curves are fitted with
X2 = 12.5 to the data points from the ver ical detector, and with
X2 = 2.6 to the accumulated spectrum of the horizontal detector.
Although it was rather difficult to unravel the spectra it was
possible to derive a value for Aj1 from this experiment. We measured
the eccentricities, which are defined in equation (A.6), in the
6.250 MeV lines for both detectors to be e(0°) = 0.088 ± 0.062 and
e<90°) = 0.02 ± 0.10 . Substitution of these values in equation
(A.7.a) yields Aj1 = -0.93 ± 0.14 .
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figure 4.6 Part of the detected energy spectra from zH(n,y) for
the vertical ( 0 = 0 ° ) and the horizontal ( 6 = 90° ) detector.

a. The sum spectra with Gaussian curves fitted to the data
f 2 91p

points for the double escape lines from 2H and 91Zr.
b. The difference spectra showing the Gaussian curves fitted

to the effect, with equal shape parameters and positions as used
for the corresponding curves in part a.
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figure 4.7 As figure 4.6, but now for the energy region showing
the single escape lines from 2H and 91Zr. The single-escape deuteron
line at 5739 keV is overshadowed by a double-escape line of a 6759
keV transition from the capture reaction *8Ti(n,y).
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4.3. Experimental results

4.3.1 Determination of the capture spin interference.

From the accumulated spectra shown in figure 4.5, the ratio
a between the quartet and the total contribution to the reaction
cross section is directly derived from AJ1 with equation A.15, and
AJ' is gained from equation A.7.a . In this we have assessed a to
be a = 0.04 ± 0.09. Together with the earlier measurement of the
circular polarization parameter given in chapter 3 [8] and
exhibited in figure 4.9 (a), a simultaneous fit in a x2 procedure
will yield more accurate information on the A-coefficients. The

(4.4)

normalized xv
2< defined as [17]

v<°> - v >2X/() _ \
v k ( AAk" )

Z

is plotted as a function of o in figure 4.9(b). The number of
degrees of freedom is v, and A|i

t(a) stands for the theoretical
values for either the coefficients AJ1 or AJ°, while Ak* are their
respective experimental values with error AAt*.

Negative values for a are not defined and hence the lower
limit of a can be assumed to be 0, which gives rise to an extra
degree of freedom. To accept a solution for a in the 3a criterion,
Xv

2musc undershoot the 99.9 % confidence limit, which is depicted
in figure 4.9(b) by the unequally dashed line. According to these
limits a is restricted to the two regions ;

a = 0.012 ± 0.076 and a = 0.243 ± 0.056

If the less strict 2a criterion is applied ( xv
2 exceeds 95 %

probability) the boundaries of a become :

+ 0.029
a = 0.012

0.010
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.10figure 4.9 a. The R = h]" coefficient as a function of the
quartet channel spin admixture a for the 6.257 MeV y transition in
the H(n,y) reaction, assuming pure dipole radiation. The experi-
mental value for A™ = -0.42 ± 0.03 is determined in chapter 3 |8).
With the present result for a = 0.04 ± 0.09 the destructive spin
interference, depicted by the dashed curve, as was established in
chapter 3, is confirmed.

b. The normalized xv
2 values calculated from the measured AJ°

and a, indicated in part a. The dashed curve exhibits the outcome
of the circular polarization experiment alone, with two possible
solutions for a. The full curve depicts the sum of the x2 for both
experiments. The horizontal lines indicate the 2a and the 3a
confidence limits.
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4.3.2 Determination of the multipole interference.

In the above calculations the y-radiation was assumed to be
of pure dipole nature [18]. Interference by E2 radiation, only
possible from the quartet spin part of the capture state, can be
calculated following the L-dependency of the A-coefficients as
given in reference (19]. The coefficient AJ° is depicted in figure
4.10 as a function of 6, the quadrupole interference term defined
as :

6 = < JfM E2 HJ-3/2 > { 4 5 ) >

< jflI »; ; jj=3/2 >

for the measured upper and lower limits of a. The measured circular
polarization parameter R of the previous chapter :

R = - 0.42 ± 0.03

yields an E2 admixture of <52/ {1 + 62) < 0.023 ± 0.014 . In figure
4.11 again the elliptical function between R and a is displayed for
a J=1 target, now influenced by a small E2 admixture in three steps
from 62/ (1 + <52) = 0.0 to 0.05 . An independent determination of
the E2 admixture can be performed with the anisotropy parameter Aj1.
The experimental boundaries of the Â 1 coefficient, however, are too
large to allow a meaningful indication on the associated multipole
interference term.

The pure dipole character of the radiation, inferred already
in 1951 on semi-empirical grounds by N.Austern [18], has thus been
confirmed.
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i; 0.0

1.0

figure 4.10 The R = A] 0 coefficient as a function of the relative
contribution from electric quadrupole radiation .-

with <5H =
<Jf |E2|J(. = 3/2>

. - -H <Jf|M1 |Je=3/2>

Three separate curves are defined by the interference terms, as the
relation between AJ° , a and p can be parametrized by:

A ] 0 = A ( 1 - a ) + B a ( 1 - o ) + Cap ± D/or ( 1 - o T / 1 - /J

The exhibited curve has been derived with the fixed values for
A = - 1 , B = 5 , C = 1 , D = - HI , E = [H and F = [X

3 6 2 \9 J3 J3
The upper and lower limit of a = 0.14 and 0 yields two curves, of
w • ~:h the asymptotic for a - 0 is shown by the long dashed line
along A10 = -4--The full horizontal shaded band indicates the result
for Aj° from chapter 3 [8].
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1.0 0.5

figure 4.11 The A\° coefficient as a function of the quartet
channel spin admixture a for the 6.257 MeV y transition in the
2H(n,y)-reaction, distorted with a small E2 admixture. The broken
lines are related to destructive interference with an increasing
E2 contribution of 0 %, 1 % and 5 %.

4.4. Discussion.

The present results are sufficiently accurate to place new
constraints on three-nucleon calculations. In figure 4.12 the
measured boundaries of a ( a = 0.012 ± 0.015 ) are shown in a plot
of a2 against a4, together with the boundaries given by the total
capture cross section of reference [1] { atherma( (n,y) = 0.521 ± 0.009
mb ) . The three-nucleon model theories of reference [7] are inc-
luded, with a 20% uncertainty for MEC corrected models and with 5%
uncertainty for IA cross sections. From this figure it is apparent
that only MEC models can reproduce the correct total cross-section
value.
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0.8

Doublet spin cross section <r 2 [mb]
figure 4.12 The cross sections <r2 and <74 for the

 2H(n,y) reaction.
Here o2 is the cross section for the transition that proceeds
through the Jc=1/2 capture channel, and a, is the cross section for
the Jc=3/2 capture channel. The diagonal band depicts the total
cross section a from ref.[1]. Sprouting from the origin, the shaded
wedge indicates the one standard deviation boundaries for a. Pre-
dictions of seven three-nucleon models taken from ref.[7] are
indicated by numbers/ with symbol • for IA theories, and with
symbol A for MEC corrected theories. The names of the models
corresponding with the numbers are given below and exact values of
a. and a, can be found in ref.(7] and in table 1 of chapter 3.

1. Phillips 5. SSC
2. Hadjimichael 6. RSC
3. MT I-III 7. "Extrapolated"
4. SSCW
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Clearly the conclusion of chapter 3 is substantiated, in the
sense that the presented models based solely on nucleonic degrees
of freedom are highly improbable. The decrease of the quartet cross
section brought forth by the incorporation of MEC diagrams is
confirmed. The present experiment excludes the meson exchange
calculation by Hadjimichael (model no.2) with the 3a criterion.
The total capture cross section and the quartet capture ratio has
been anticipated the best by Phillips (no.1), unfortunately no
further three-nucleon characteristics have been calculated in
reference [20]. Based on the absence of E2- and M1-radiation from
the continuum with the deuteron in a D-wave to the 4D1/2 state of
the triton, the contributions due to the deuteron and triton D
states are not included for this model. The three-nucleon inter-
action theory SSCW (no.4) and the "extrapolated" value (no.7) lie
just outside the la limits.

As several new approaches [21] to the three-nucleon problem
have almost solved the discrepancy between the experimental and
the theoretical triton binding energy, it will be interesting to
compare them with the present result. Now only one explicit three-
nucleon force corrected theory (SSCW) was included in this
comparison. Besides the increase of the triton binding energy to
the correct value, the three-nucleon force lowers hhe total cross
section, as well as the quartet contribution, the first with 0.1
mb, and the second with 15% compared to the 2N-interaction result.
Moreover, the decrease of the quartet contribution brings some
improvement in the comparison of theory and experiment. In table
1 a comparative survey is displayed of the predicted properties by
several nuclear potential models, all corrected for meson exchange
currents.

Good agreement ,besides SSCW, is exhibited by the Malfliet and
Tjon model MT I-III (no.3), with a three body force implicitly
included ( it predicts the correct 3H binding energy ) . Tensor
forces, however, have been omitted in this model, and hence, it
does not contain any D-state component, which is considered to be
a serious defect. Likewise caution must be taken in the evaluation
of the S-wave model by Phillips.

Apart from such model calculations it is also of interest to
compare the present channel spin admixture a, with the value
a = 0.027 ± 0.025 for E1 capture, and with an E2 admixture of 3.3
± 2.7 %, found by Mitev et al. [22] for 2H(n,y) capture of 2.2 MeV
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neutrons. We do not know a reason for these values of a and 6 to be
so close to our results.

Trinucleon
properties

-Bj [MeV]

c2/c0

rch(3H)[fm]

rch(3He)

*,„ [nb]

MT i - n i

8

1

1

0

0

6

. 5 4 •>

-

. 6 2 "

. 7 7 a>

. 4 0 8

. 2 7

. 8 9

Calculations

SSCW

8 . 4 7

0.044
1 .73
1 .76
0.635
0.18

5.52

SSC

7.55
0.039

1.80

1 .84

0.748

0.21

78.6

with

RSC

7

0

1

1

0

0

1

.35

. 0 3 7

. 6 7

.86

. 8 6 9

. 2 5

11 .4

s i x potentials

Paris

7

0
1

1

.

64

039

70

88

. .

102.4

Bonn

8

0

1

1

•

3

. 3 3

043

62

74

. .

02

Experiment

8 . 4 8

0 . 0 4 4 ( 5 }

1.61 (6)

1 . 7 4 ( 3 )

0 . 5 2 ( 1 )

0 . 0 1 ( 2 )

[25;

[26]

[26]

[11

Table 1 . Trinucleon properties acquired with six typical NN
potentials. B3 is the triton binding energy, C2/Co the asymptotic
D-state admixture, rch the charge radius, ath the thermal

 2H(n,y)
cross section and a it's relative quartet contribution. All
calculations are performed with the full 34-channel Faddeev
algorithm, except for a), which included only the 1S0 and the

 3S,
channels [27], and for ath and a, obtained in a 12-channel
calculation [7J. All cross sections were corrected for meson
exchange diagrams. For the MT I-III model C2/C0 is not defined. The
dots at the cross section values for the Paris and Bonn potential
indicate that these calculations still have to be done.
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4.5. Conclusion.

Despite the long range character of the probe of this ex-
periment, the latio between the doublet and quartet contributions
to the 2H(n,y) cross section has proven to be very sensitive to the
choice of the core region of the nuclear potential, as well as to
mesonic exchange currents and to three-body forces. The ratio of
quartet to total cross section, a = 0.012 ± 0.015, is smaller than
any calculation of this parameter has indicated. The decreasing
effect on a by the addition of a genuine three-body force apparent-
ly seems much larger than calculated and therefore needs to be
further investigated. It is disappointing that three-nucleon
calculations with the Bonn-potential up till now do not include
predictions for the neutron-deuteron radiative capture cross
section and the quartet contribution. Especially since the static
properties of the three-body system are very well forecasted by
this potential, it is hoped that the present results will encourage
such calculations.



68

Appendix to chapter 4 :

Angular distribution of emitted y radiation

All experiments described in this chapter, are based on the
angular distribution of the gamma radiation emitted directly after
neutron capture. More information on the general characteristics
of the emitted y radiation after capture of (un)polarized neutrons
by (un) oriented target nuclei can be found in [19] and more
explicitly in [23].

The angular distributior function W(6) for the emitted gamma
rays as a function of 9, the angle between the common polarization
axis for nuclei and neutrons and the axis of the gamma-ray
detector, is given by a summation over Legendre polynomials Pt :

^ A^k2 fk (n) fk (I) [S3]k Pk(cos0) (A.1)

k,k,,k2
 1 2

with [S3]k the Stokes parameter, which is [Sj]k=S0/ for even values
of k and [S3]k=S3 for k odd. Sfl is the detection efficiency and S3
is related to the sensitivity of a detector for circular polariza-
tion. A 1 z are ths coefficients for the angular distribution func-
tion, depending on the polarization index k, of the neutron, on the
initial target orientation index k2, and on radiation multipole
index k. Restrictions on these summation indices come from the
triangle conditions 0 < k, <1; 0 < k2 < 21; |k,-k2| < k < k,+k2 and
k+k,+k2 must be even, with I the spin of the target nucleus. The

polarization and orientation parameters are represented by f (n)
1

and f (I) for the neutrons and the target nuclei respectively.
2

For incoming polarized neutrons (k,=1) and an unpolarized
target (k2=0) equation A.I reduces to:

W(0,Py) = A50So + Aj° fn Sj P^cosS) (A.2)

In this configuration the emitted y radiation becomes circularly
polarized with polarization parameter A}°. The measured intensity
I (6) at the detector is obtained by multiplying equation A. 2 by the
neutron flux <t>n and the number of nuclei in the target N. Modifying
the second part of equation A.2 by introducing ec = S3/S0, the
efficiency of the detector for circular polarization and by Q,,
the solid-angle correction, we obtain :

Ir(6)= 0nN Ao
00 So ( 1 + e ^ Q , fncos9 ) (A.3)
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Periodically the neutron spin direction is reversed. Conse-
quently measurements for the angles e and e-180 are obtained. The
coefficient A,10 can be derived by detecting the relative difference
in count rate in the two orientations 0=0° and 0=180° with a
detector sensitive to circular polarization:

V 1 8 0°> - M°'> = ec A-Qifn (A.4)
Iy(180°) + Iy(0°)

The unknown factor e^f,, must be determined by calibration against
well known gamma transition, bearing in mind that ec is energy
dependent [24].

In the experiment with polarized neutrons on oriented spin-1
nuclei ( k2=1,2 ) the intensity distribution detected with a
detector, which is not sensitive to circular polarization, is:

1Y(3) = </>nN Ao
00 So { 1 * Aj1 f, ( 1 1 ) ^ ( 1 ) •

+ [ A]1 f ^ n j f ^ l ) • A°2 f , ( I ) ] Q2 P ? ( c o s 0 ) } ( A . 5 )

The alignment term f2(I) can be neglected in our case. For reasons
explained further on, the gamma rays are detected in two direc-
tions, 6 = 0 ° and e = 90°. For both detectors the relative count
rate difference is measured with parallel and anti-parallel
orientations of the neutron and the target spin along the identical
axis :

- V M ) ' V U ) (A.6)

Now the reason of the position of the two detectors becomes
$ and Aj1apparent; the coefficients A!1 and A!1 can be easily deduced from

[13]:

A" _ e(0°) + 2e(90°)

3 f,(n) f,(I)

and A2' = 2[e(0°) - e(90°) ] (A.7.b)
3 f,{n) f (I)

k k
In the general expression for A 1 * a decomposition is made

into consecutive components [19,23]:
^jk) Z,(LJL'J';Jfk) x

JJ'LL'
R(J,L) R"(J'L') , (A.8)

where B features the angular momentum addition for the compound
..tate, with spins J and J' . The angular momentum coupling for the
y transition is expressed in the coefficient Z,. The last components



70

R and R* describe the neutron capture and the transition probabili-
ties. These components are defined by:

B(IJJtk1k.,k) rk2 2 k,

^2

I i J
I i J'
k2 k, k

(2I-k 2)! k,k2

(A.9)

( - 1 ) k - L t L ' 1 L L ' J J 1 C ( L 1 L ' - 1 | k O ) W ( L J L ' J ' ; J f k ) , ( A . 1 0 )

R ( J , L ) = < J f | L | | J >< J | | i | I > ( A . 1 1 )

with k 2k + 1 the Clebsch-Gordan coeffi-

cients

• ( ; ; : !

the Wigner 9-J symbol, and W(LJL'J';Jfk)

the Racah coefficient. For primary y-transitions the multipolarity
can usually be assumed to be of pure dipole character, hence L =
L'= 1. The coefficient AJ0 indicates the partial cross section of
the unpolarized neutron capture by an unpolarized target :

K" = 2* * j } R(Jc=I + },L)R*(Jc=I+i,L) +
C

:T- i TA U' tJ =T- i . 1,1 (Al 1 2)I
21"+ 1

The ratio a of the cross section for the transition through the
high spin state (J = J'= Jc= I+i) to the total cross section is:

(A.13)

with the summation over all capture states with Jc = I + J . The spin
dependence of the cross section is described by the parameter AJ1 :

|R(J'c=I-J,L)|
2 (A.14

The ratio a can be obtained from the equations (A. 12) to (A. 14).-

21 + 1

I + 1
(A.15)

j 1 iFor reasons of convenience Aj1is written again as
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5. Evaluation of exchange current contributions to the thermal
neutron capture process.

The discussion of the exchange currents in this chapter is
divided in two sections. The first (5.1) deals with th° implica-
tions of the result of the 2H(n,y) experiments as described in the
previous chapters. The second section considers the effect of
quark-exchange currents in H{n,y) besides the 10 % MEC effect on
the cross section. Both forms of exchange currents arise from the
non-nucleonic degrees of freedom in nuclei. Up till now only the
existence of MEC has been proven unambiguously.

5.1 Mesonic exchange currents in the 2H(n,y) reaction.

Consequences of the almost complete exclusion of the quartet
capture state in the 2H(n,y) reaction are difficult to scrutinize
in a model-independent way. Like many interesting features in
physics, this phenomenon can intuitively be explained by the Pauli
principle. For the quartet state it implies that the total symmetry
of the spin must be corrected for with a mixed spatial symmetry
wave function to combine both to a total antisymmetric state. In
a mixed spatial symmetric state at least one of the nucleons (here
a neutron) is further apart from the other pair (the deuteron) than
in a symmetric state, thereby making a transition less probable.
In the doublet capture channel, however, the spin wave function is
either anti -symmetry._ or of mixed symmetry, which can be coupled
with a fully symmetric space function or with space functions of
mixed symmetry respectively. This symmetric (e.g. isosceles) space
function of the n + 2H continuum state allows for an M1-transition
to the S' state of the triton.

The credibility of this argument is augmented still further
by the difference in contributions from MEC diagrams to the
doublet, compared with the quartet 2H(n,y) capture cross section.
In the denser doublet state MEC give rise to a higher correction
than in the less dense quartet state. The quartet state will be
more loosely bound than the doublet state, comparable to the
difference in binding between the deuteron with J = 1 and the
denser *He particle with J = 0.

Meson-exchange currents are typically pictured as a renor-
tnalization of the electromagnetic coupling to a free nucleon with



74

a pion cloud in the presence of another nucleon [1], as depicted
in figure 5.1. The diagrams (a) and (b) in this figure show the
pion, associated in the Goldstone mode with a boson carrying the
hidden (quark) axial current outside the nucleon through spon-
taneous chiral symmetry breaking [2]. In the nuclear medium the
Pauli principle blocks the possibility of diagram (a) and (b),
because it forbids the occurrence of only one intermediate state.
Mesonic exchange diagrams, like those shown in fig. 5.1 (c) and
(d), form the appropriate corrections permitted by the Pauli
principle. It is more likely to sense an effect of MEC in denser
states than in more loosely bound states, caused by the larger
overlap of the meson fields.

N

N

N

N

Ww\G-~-—

N
(c)

N

N N

KAA/V

(b)

N N

N

N

figure 5.1 Renormalization of the electromagnetic coupling with
a free nucleon, with (a) the vertex correction and (b) the coupling
to the pion cloud. Parts (c) and (d) show the MEC diagrams caused
by the Pauli-blocking corrections to (a) and (b) in the nuclear
medium.

The model-dependence of a theoretical prediction is usually
well reflected in its response to various values of the D-state
admixture. Two models, from the three-nucleon theories, which we
have compared with the experimental value for the quartet-spin
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admixture in 2H(n,y), do not possess any D-state. Curiously enough
one of these S-wave models (by Phillips) fits the experiment very
well. The smallness of both the quartet mixed symmetry capture
state and the final triton S1 state would imply a low transition
rate in IA, but certainly not for MEC. Considering the relative
large MEC contributions related to a D-state in either the neutron
and deuteron continuum or the triton wave function [3], it is
remarkable that no distinct difference can be observed in the
predicted cross sections by the theories without a D-wave compared
to the theories with a D-state admixture in the triton wave
function.

5.1.1 Radiative proton capture by muonic deuterium.

An almost identical process to the one of the present
experiment is 2H(p,y)3He. This experiment is almost impossible to
perform at low energy due to the large Coulomb barrier. In muonic
molecules, however, a p/j2H system, in which a negative muon binds
together a proton and e deuteron, the radiative capture process pjj2H
- 3He/j + y can occur among various other fusion processes [4]. The
probability Y of a photon to be produced in such a fusion reaction
has been measured to be Y = 0.140 ± 0.024 [4]. This experimental
value leads to an upper limit of the quartet channel spin admixture
a, which can be compared directly with the outcome of a for the
2H(n,y) reaction, of :

a < 0.13
1 - a

It was this experiment with muonic deuterium that backed A.C.
Phillips in the assumption of a negligible quartet contribution to
the 2H(n,y) reaction [5].
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5.2 Quark exchange contribution to the H(n,y) capture reaction.

5.2.1 Introduction

In the low momentum transfer region the deuteron and inter-
actions involving the deuteron, like H(n,y), are well described by
the nucleonic theory (IA) with the inclusion of relevant mesonic
exchange corrections. The nucleons themselves consist of point-like
particles, namely quarks and gluons, defined by the QCD theory;
see section 2.2 . The strong interaction between the quarks results
in a comparatively weaker nuclear force between the nucleons.
Ideally this nuclear force and other nuclear characteristics would
be described by a theory, originating from the fundamental QCD. The
complexity of the nuclear structure, however, cannot be anticipated
from QCD alone. Several models have been proposed to incorporate
QCD in the conventional theory of nucleon-nvcleon interactions. The
common base of these models I? formed by the resonating group
method (RGM) [6]. In the fraraeworK of this method the deuteron is
treated as a composite of six quarks clustered into two groups of
three, with an interaction produced by quark and meson exchange
between these clusters.

For the high momentum transfer domain the deuteron can be
considered within an overlap region as a six-quark state in a
spherica' cavity, like the MIT-bag [7J. In the compound quark model
the short range repulsion, so particular for the nuclear potential,
can be explained from the Pauli principle and the QCL' one - gluon -
exchange interaction. The resultant repulsive force tends to split
the six-quark bag into two three-quark clusters or nucleons [8].

The requirement that the Pauli principle must be fulfilled by
the constituent quarks introduces the possibility of quark
exchange. All quarks, even those relating to different nucleons,
must fit in a total anti- symmetric wave function [9,10]. Only then
the effect of quark exchange on nuclear observables can be
calculated. This has been done in reference (11) for the electro-
magnetic formfactors of the nuclei with A < 4. As quark exchange
will only occur within the region where nucleon wave functions
overlap, the associated effects will increase with greater nucleon
density. Despite its dilute structure the deuteron is an interest-
ing nucleus to study quark exchange, for it is described so well
by the conventional theory.

In a nuclear medium, quark exchange and meson exchange should
be incorporated into a comprehensive model that consists of a two-
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nucleon term, a six-quark term and an interference term. The
Schrodinger problem must be satisfied for the total interaction on
the QCD level for quark exchange and on the nucleon levt.. . A way
to solve the implicit renormalization is proposed by Yamauchi et
al.[12] through a hybrid meson and quark model of nuclear forces.

Our interest in the quark-exchange picture was initiated in
a search of an explanation for the result of an experiment by Vesna
et al.[13] on the circular y-polarization P of 'H(n,y). The
measured value of P = ( -0.29 ± 0.09 ) % can only be due to an
triplet admixture in the n + 1H continuum state, which cannot par-
ticipate in the M1-transition, as is shown in chapter 2. Our
attention was augmented even more by the article by Hadjimichael
et al.[14], who claimed a significant E2-admixture in the reverse
process 2H(y,n)1H at low photon energy (below 10 MeV). This claim
was based on the high-precision measurements by Stephenson et al.
[15] of the relative angular distribution for the 2H(y,n)1H
reaction. The E2 component in this reaction can only arise from
either non-nucleonic (quark) degrees of freedom or from long-range
effects in the nuclear potential. Only recently the work by
Hadjimichael [14] was proven to be inaccurate. Some of the used
angular distribution parameters, describing the E2-distribution
were a factor 250 too large [16].

The quark exchange contribution to the deuteron electric and
magnetic formfactors is discussed in section 5.2.2, following the
approach by Mulders en Dieperink [11]. The formfactors given in
5.2.2 are used to calculate the quark-exchange effect in 1H(n,y) and
more specifically an expectation value is computed for the circular
polarization in the polarized neutron capture reaction.

A resume of the quark exchange effect, projected on the
1H(n,y) reaction is presented in section 5.2.4 . The feasibility
of repeating at the HFR an experiment reported earlier [13] is
discussed on the basis of some preliminary experiments with a TiH2
target. The sensitivity of the circular polarization for an E2-
admixture in this reaction is also evaluated in this section.
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5.2.2 Quark exchange in the deuteron.

The deuteron ground state wave function at the nucleonic level
is completely antisymmetric. To allow for quark exchange between
the two nucleons the following additional symmetry relation is
ordained. The wave function must satisfy the elementary anti-
commutation relations for quarks within these two nucleons as well.
Ensuing the resonant group method (RGM) the wave function can be
written as [17] :

0,b{1,2,3;4,5,6) = N'̂ A [ X(a, b)^( 1, 2, 3)0b{4, 5, 6) ] (5.1)

with a and b the nucleon coordinates, where nucleon a consists of
three quarks with coordinates 1,2 and 3 and nucleon b of the three
quarks at (4,5,6) . In first approximation the nuclear dbuteron wave
function x(a<b) can be derived from the conventional nuclear
potentials. For the nucleons the intrinsic wave function 0a and <pb
are composed of a Gaussian cp, depending on the nucleon size /3, and
a spin, isospin and colour coefficient C with the appropriate
nucleon quantum numbers. These wave functions are anti-symmetrized
on the quark level by A, which ensures the Pauli principle by
permutation of the quarks via:

A ~ ( 1 " E pii ) (5-2)
iea
jeb

The wave function tj> is normalized by :

N <i!>|\f>> = N = <x(N|x>

with N the normalization kernel over the quark coordinates :

N ( a ' , b ' ; a , b ) = <<p,.<Pb. \*\<Pt<Pb> (5.3)
By substituting equation (5.2) for A in (5.3), it becomes clear
that this normalization kernel depends strongly on the overlap in-
tegral of the nucleon wave functions :

H(a',b';a,b) = <0,.0b. |*.0b> - K b u A

= *..•«»• + N.x(a\b';a,b)
The deuteron wave function ^ is a solution of the Schrodlnger
equation (5.5) for a quark-dynamical Hamiltonian H. This
Schrodinger equation is formulated as a variational problem :

<5<iM E - H \ip> = 0 (5.5)
The Hamiltonian H, however, is not known at the quark level, yet
at the nucleon level the Hamiltonian H obeys the variational
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problem:

<5<xl H - EM |x> = 0 (5.6)

with H(a',b';a,b) = <4>,.<pb. |H|^b> , where the quark c~-?'-<ii nates
have been integrated out. Equation (5.6) can be transformed further
to a nearly conventional nuclear Schrodinger problem :

6 < N? X\ N"f HN? - E I N? x > = 0 (5.7)
The assumption, that for x a conventional wavefunction xc fulfils,
is to be modified through equation (5.7). A correct connection
between x and Xc ̂

s made by :

x =
 w ? x i = Xc (5.8)

As mentioned before, in first approximation x will be assumed to be
equal to xc< therefore all calculated matrix elements have to be
renormalized for the correct wave function comparison conform
equation (5.8) .

1

a* a
3

4

b»
6

figuu 5.2 Direct and exchange contributions in the normali-
zation of the nucleon wavefunction on the quark level.

The expectation value of quark exchange diagrams is expressed
in the normalization kernel W of equation (5.4). The squared value
can be factorized into a direct and an exchange term [10], as is
diagrammed in figure 5.2 :

N2 = 1 - fEE (5.9)

with fE the overlap integral of the spin- and isospin nucleon wave
functions corrected for the total number of combinations possible
according to the quark exchange diagrams of figure 5.2, and E the
overlap integral of the momentum space wave functions. The factor
fE is gained from the number of quark pairs possible in the
exchange between the nucleons divided by the total number of
combinations of two quarks from two nucleons. For a deuteron this
becomes : fE = -1/9. The overlap integral E is defined by:
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E = dpdkdk1 N#x(k,k') **<p,k')0(p,k') (5.10)

with the normalization kernel Ntx of the RGM wave function for
Gaussian nucleon wavefunctions :

N.x(k,k') = (3np2)7 expj - ^^

Using the deuteron wave function derived from the Bonn potential
[18], for x an<i a Gaussian wavefunction for <j>a and #b with the
nucleon size parameter /} = 0.8 fm the overlap integral becomes
3 = 0.154 (11).

5.2.3 Electromagnetic form factors.

The one-body electromagnetic current operator for quark-photon
irteraction j, results in two-body operators through the equivalent
anti-symmetrization procedure as followed for the wave function
normalization. The expectation value of the nuclear current is
built up from quark exchange currents :

"-= £ <XlDNIX
>+ 2 <X\3HH\X> (5.12)

N=a,b NN'
with jH(a';a) = <<pt. | sj,|0,.>

i

and j H H . ( a ' , b ' ; a , b ) = <<pt.<pb\
 S 3 , 2 Pr,\<Pa<Pb>

i j-i
Three kinds of quark exchange current diagrams are distinguished
in figure 5.3. The overlap integrals for the diagrams A, C and D
have been derived in [11]. With these integrals the deuteron
electromagnetic form factors can be obtained from :

(5.13)
1 - fEE

with fA, fc and f0 combinatorial factors like fE, but now for the
specific diagrams A, C and D, and with Q the electric or magnetic
operator of the form factor. Diagram B has been omitted, as it
involves more than two nucleons. In table 1, taken from references
[10,11], the form factors are calculated for the charge and (spin)
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1 .
a*
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4 .
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-a a- -a' a

b b- -b 1 fa-

figure 5.3 The different types of quark exchange contribution
to the deuteror in the calculation of the nuclear form factor.

magnetic moment operators. The charge operator q, is calculated
from the unit operator e. ( and the isospin operator xzX ) through
q, = 1/6 e, (+ 1/2 T2. ). The spin magnetic moment operator q-,az. is
obtained in a similar manner: q{ozi = 1/6 a2]. (+ 1/2 azftzi ).

The overlap integral for the deuteron is small, due to its
dilute structure, receiving its main contribution from the s-wave
part of the wave function (11]. We have calculated the effect of
quark exchange on the electromagnetic formfactors at low q-value

Q

2 6j

2 oz.

2 q,

fA

6

2

1

1/3

fc

-4/9

4 /9

-2/27

2/27

fD

-2/9

-2/3

-1/27

-1/9

fE

-1/9

-1/9

-1/9

-1/9

table 1. The factors fA, fc, fD and fE
for the deuteron (see text), the sum-
mation runs over all six quark coordi-
nates i.
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using the code given in [11]. The reduced form factors are defined
by .-

c(q) = J dr [ u
2(r) • w2(r) J jo(}qr) (5.14)

FM(q) = drj L u^r) - pf {r) J jo(Jqr) •

^/2w(r) [ u(r) + w(r) ] j2(jqr) I (5.15)

f f 1 1
= J drw(r) L u(r) - j/2w(r) J j2

F0(q) = J drw(r) [ u(r) - ^/2w(r) J jz(}qr) (5.16)
with u(r) and w(r) the radial s- and d-wave functions for the
deuteron, and j0 and j2 the electromagnetic currents associated
with these states. We are interested in the low q-value behaviour,
for in the q - 0 limit the form factors correspond to the matrix
elements describing thermal n+H capture. The magnetic and the
electric form factors have been plotted as a function of the
transferred momentum q for q2 < 5 fm"2 in figure 5.4. The magnetic
form factor has been calculated by using the spin part of the
current only (see equation (2.17) in section 2.3.2), for this is
the exchange-current sensitive part.

Although the quark-e; ihange effect doesn't drop off very
steeply with q-0, in the lii it q = 0 the electric monopole and the
magnetic dipole form factors are completely described by the
conventional theory. For the H(n,y) process the photon energy is
E = 2.223 MeV, which corresponds with q2 = 1.127 10'* fm2. The quark
exchange effect on the magnetic form factor at this q-value is :

F0E
<5(QE) = _1 = 2.7 %.

pi*

An enhancement of the M1 -operator by this effect 6(QE) is to be
expected, however the value might be somewhat overestimated by the
fact that we have used the conventional deuteron wave function
instead of the renormalized form as described in equation (5.8).

With the use of renormalized wave functions most of the
deduced quark exchange effect will be absorbed into the renormali-
zation [19]. The "real" quark-exchange current effect between two
nucleons, which will not be absorbed in the renormalized wave
functions or potential, is deduced from:

AJ = J - X <XCI3NIXC> (5.17)
N
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figure 5.4 Electric and (spin-) magnetic form factors of the
deuteron as a function of the transferred momentum q2, for q2 < 5
-"2 The dashed line shows the effect caused by the quark exchangefm"

currents of fig. 5.2 and the full line depicts the total effective
form factor.
No wave function renormalization has been found yet that leaves AJ
invariant with the substitution of x by xc- An attempt has been made
in reference (12) with the microscopic meson-quark cluster model
to describe deuteron electrodisintegration at threshold. This model
incorporates the long range pion-exchange with quark exchange, like
in the diagrams depicted in figure 5.5. The coupling of the mesons
is now on the quark level. The introduction of a meson-exchange
potential in the long and me'.ium range with a cut-off function
introduces non-local effects, nonetheless they make it possible to
use one renormalizable potential. For q=0 the calculated electro-
magnetic form factors agree well with those from the conventional
theory [10] .



84

w (b)

figure 5.5 The two-body pion pair currents in the quark cluster
model [12], with (a) direct intercluster term, (b) direct intra-
cluster term, (c) quark interchange term

5.2.4 Circular polarization H(n,y)

Due to the orthogonality of the bound deuteron state ( with
I = 1 ) to the IS1 capture state of neutron and proton, the H(n,y)
M1-capture process proceeds entirely through the ̂ Sa capture channel
[20J. The simplest explanation is given by the radial independence
of the long wave length limit of the M1 operator, implying any 3S,
wave functions at different energies to be orthogonal. A slight
admixture of 3S, contributing to the n + H continuum state will
cause circular polarization of the y-quanta in the polarized
neutron capture by hydrogen, as formulated in the appendix to
chapter 4. This experiment has been performed already by Vesna et
al. [13], and is described below.

Vesna et al. polarized the incoming thermal neutrons with a
flux of 108 neutrons/s with the aid of a magnetized guide tube,
achieving a polarization better than 96 %. Two 100 mm x 150 mm 0
Nal-crystals were used in polarimeters to detect the polarized
photons, in a similar procedure as is described in chapter 3. The
target consisted of solid para-hydrogen, in order to diminish the
effect of incoherent neutron scattering. The large incoherent
scattering cross section of 80 b for hydrogen [21] is caused by the
ortho form of hydrogen and leads to severe depolarization of the
neutron beam. The ortho-para conversion is accelerated by thermal
neutrons as their energy of 25 meV equals the excitation to the
first rotational level of ortho hydrogen [22]. With the para-
hydrogen target the depolarization of the beam does not exceed 2%.
In this experiment the circular polarization of the emitted y-rays
was found to be :
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Vy = ( -0.290 ± 0.087 ) %

This remarkable result arises from a contribution of triplet
neutron and hydrogen continuum states to the capture reaction. The
triplet channel spin admixture or, defined as the ratio of the cross
sections through the triplet state and the total reaction, can be
expressed as an elliptic function of P [23]. This relation between
P and a is governed by :

Py = \ a ± /2/a(1-a) = ± JTa (5.18)
for small values of a. The experimental result corresponds with a
= ( 8.4 ± 2.6 ) 10'6. The square root of o matches with the ratio of
the triplet and singlet matrix elements, which can be used for
eq.{5.17) :

P = /2 <3V3Pil I M1{q~0) ||2H (3S1)> ( 5 1 9 )

<1S0| | M1 (q-0) | |
2H

2
" PD)

ka, - 4 k<ro« * ro») 1 (5.20)

kas 4
Mrot + r

0J

The second part of equation (5.20) is the effective range approx-
imation of the wave function integral using the scattering
amplitudes as and at [22]. For the Bonn potential the D-state
admixture of Po = 4.25 % [18] yields a circular polarization of P
= - 0.75 %. This is equal to the result from the quark exchange
model given in [10]. The result of reference [13], however, cannot
be attributed to any D-wave probability, as equation (5.20) reaches
a minimum for Po = 0 at Py = - 0.7 %. The effect of quark exchange
currents is unlikely to be found unambiguously in the circular
polarization measurements of the capture reaction H(n,y).

At the high flux reactor (HFR) in Petten the polarized thermal
neutron beam possesses excellent characteristics to repeat the
experiment of Vesna et al.[13]. Exactly the same set-up as
described in chapter 3, and quite similar to the one described in
[13], can be used to measure the circular polarization of the
H(n,y) reaction. The polarized photon energy spectra are measured
by two high purity Ge detectors instead of Nal crystals. The
improvement in energy resolution (FWHM : 1.9 keV for the 1.3 MeV
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60Co-line) by this choice improves the reliability of an observed
effect.

In a preliminary experiment we have tried the suitability of
the high proton density materials ZrH2 and TiH2 as hydrogen targets.
As neutron depolarization is the main concern in the choice of a
hydrogen target, we have compared the measured polarization spectra
with the results for targets of natural zirconium (see section
4.2.2) and of titanium [24], to deduce the effective neutron
polarization f"n in each sample.

After 420 hours of data-acquisition with a ZrH2-target still
no polarization effect was visible in the 6.294 MeV line of
91Zr(n,v), resulting to an upper limit for the neutron polarization
of f"n s 0.25, while in a natural zirconium target the neutron
depolarization amounted to 30 %. The effective neutron polarization
in a TiH2 target is comparable f̂  = 0.22 ± 0.03, the larger cross
section of TiH2, however, enabled the detection of a polarization
effect already after 192 hours.

For a future H(n,y) experiment the TiH2 target is very
suitable, despite the large depolarization of the neutron beam. In
the hydrogen line at 2.233 MeV no effect has been observed during
these preliminary experiments, the deduced upper limit for the
circular polarization was found to be P < 20 %. To obtain a
comparable accuracy as obtained by Vesna et al. the duration of
this experiment must be extended by a factor of roughly 32,
resulting into about 250 days. The experiment of Vesna et al.
lasted approximately 120 days, the difference between these
intervals can be mainly explained from the difference in efficiency
of the detectors.

Some uncertainty still exists on the role of the multipole
interference from E2 radiation in the H(n,y) process [10,12],
proceeding from the !D1 wave in the n+H capture state to the D-state
in the deuteron wave function. We have investigated its influence
on the circular polarization of the emitted y-radiation, following
reference (23) (see section 4.3.2). The influence of an increasing
admixture of E2 radiation is pictured in figure 5.6, showing the
dipole relation between P and the triplet admixture a distorted
with an E2 admixture of respectively 0.1 % and 1 %. The result of
ref.(13] for P , indicated in the figure, is not precise enough to
distinguish between these admixtures.
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The R = A, (circular polarization) coefficient as
a function of the triplet channel spin admixture a for the 2.23 MeV
y-transition in the reaction H(n,y), distorted with a small E2
admixture. The broken lines are related to destructive interference
with an increasing E2 admixture of 0 %, 0.1 % and 1 %. The dashed
band shows the result of the experiment by Vesna et al.(13] : R =
(-0.29 ± 0.09) %.
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Summary.

The atomic nucleus is built up from protons and neutrons (the
nucleons) kept together by the strong force. The strong force
between the nucleons is mediated by pions and other mesons. The
internucleon potential has a long-range attractive part originating
from pion-exchange and a short and medium-range region with a
strong repulsion between the nucleons, originating from exchange
of heavier mesons, like p and a. The tensor interaction, mainly
produced by n-exchange, is responsible for the mixing of the
orbital momentum L = 2 (or D-wave) into the deuteron wave function,
which otherwise would be in a pure S- (L = 0) state.

Calculations for heavy nuclei can only be performed by
approximating the nuclear wave function, since otherwise the
multitude of nuclear parameters would constrain a computer to a
sheer endless task. On the other hand the Schrbdinger equation for
light nuclei, consisting of two or three nucleons, can be solved
exactly by using wave functions constructed from nucleon, meson and
isobar degrees of freedom.

Since even the nucleon is a complex object, the detailed
description of a nucleus has to be simplified. As a first option
for simplification, the nucleus is pictured as an assembly of free
point-like nucleons, which assumption is called the impulse
approximation (IA). In this approach the electromagnetic process
is described by the sum of the individual nucleonic contributions
to the nuclear current. In light nuclei, however, it becomes
apparent that IA fails to explain the electromagnetic observables.
At low energy especially the magnetic dipole transitions are at
variance with the IA predictions.

Most discrepancies are solved if in the simple picture of IA
the free nucleons are modified by meson exchange and isobar states.
In the radiative magnetic dipole neutron-proton capture reaction
at thermal neutron energy, for instance, the meson-exchange
currents correction replenishes the IA cross section to the
experimental value, quite independently of the nuclear potential
for the unbound neutron and proton capture state.

For the tritium nucleus the difficulty arises in describing
the simultaneous distortion of the nucleus by a set of two-nucleon
interactions. This complication is circumvented by the use of the
Faddeev technique for solving the triton wave function. The total
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triton Schrodmger equation is separated into three two-nucleon
Schrddinger problems: the Faddeev equations. These equations can
be solved numerically like in the deuteron case.

In calculations of the triton bound state properties, the
three-nucleon force manifests itself in being responsible for an
extra binding energy of about one MeV. This agrees with the fact
that for most potentials the binding energy from the Faddeev
equations is about or*e MeV short in predicting the experimental
value of 8.48 MeV. New calculations without the three-nucleon
force, however, have produced the correct value by taking contri-
butions from higher angular momentum states into account. These
considerations on the nuclear models are presented in chapter 2.

Calculations of the continuum state are not yet quite as
accurate. The wave functions for the unbound capture state need to
be approximated from a model for the nuclear potential, introducing
some arbitrariness. This is reflected in the different predictions
for the cross section of the radiative thermal neutron capture
process by deuterium nuclei. In this M1-reaction meson-exchange
currents give a sizeable contribution to the cross section. Only
transitions from the initial S-wave capture state of neutron and
deuteron to the slightly contributing triton S1-state of mixed
spatial symmetry are allowed in the nucleonic theory. The magnetic
dipole operator for meson-exchange currents, however does permit
transitions from the capture state to the dominant symmetric S-
state of the triton, yielding an amplitude of comparable strength
with the IA contribution.

The neutron and deuteron, having spins of -̂  and 1 respective-
ly, can form continuum states with spins of either 4- (doublet) or
•*• (quartet) . The quartet and the doublet states, and their
interference, influence the circular polarization of the emitted
Y-radiation if the neutron is polarized. The contributions from
both spin states to the total cross section have been measured by
performing experiments with polarized neutron beams. With a heavy
water target at room temperature, the deuteron spin will be
randomly oriented. In chapter 3 the exact polarization value is
determined, which indicated that the ratio o of the quartet to the
total cross section is either approximately zero or about 0.25 .

Applying a high magnetic field to a deuteron target, while
cooling it to very low eraperatures allows to achieve polarization
of the deuterons. With a ZrD2-target, weighing 25 g, a temperature
of 27 mK was reached while applying a magnetic field of 8 T. The
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difference in reaction rate for deuteron and target spins parallel
and for both spins anti-parallel indicated that the cross section
of neutron capture by deuterium nuclei is largely determined by the
doublet capture state, excluding the a value of a = 0.25 . A
precise description of the experimental equipment and procedure is
given in chapter 4.

The outcome of these experiments coincides quite nicely with
earlier calculations of this capture reaction. From these calcula-
tions it follows that the doublet state is more sensitive to meson-
exchange currents than the quartet state. The fact that the quartet
state hardly contributes at all has not been foreseen by any of
these theories. The predicted cross-section values seem quite
insensitive to the D-state admixture allowed in the potential as
well as to the three-nucleon force. Oddly enough though, one of the
theories, that is based on completely S-state wave functions, has
predicted the most reasonable value for a.

The nucleons themselves are constituted of three quarks, which
are considered to be elementary particles. The strong repulsive
core of the interaction will keep the nucleons far apart. If
nonetheless conditions can be create? so that the nucleons inside
a nucleus do overlap, this clearly disagrees with the point-nucleon
model of IA. In this nucleon overlap region the nuclear wave
function must be made anti- symmetric for the interchange of any two
quarks, either within one nucleon and even between two different
nucleons. This anti-symmetrization will cause a current in the
interaction with the electromagnetic field.

Quark-exchange current calculations indeed exhibit a measur-
able effect on the electromagnetic form factors at high momentum
transfer. In the low energy region, for instance in thermal
neutron-proton capture, the predicted effect is difficult to
interpret, because of the fact that quark phenomena are already
built into modern nuclear potentials. If it, however, would give
rise to an effect at low energy, the circa 10 % uncertainty in the
meson-exchange current contribution is most likely to overrule the
possibility to perceive quark exchange in the total cross section.
In section 5.2 the likelihood is examined to measure quark-exchange
currents at low energy. Quark exchange allows a for IA forbidden
M1-transition from the 3S1 capture state to the

 3S, deuteron ground
state. This transition will influence the photon circular polariza-
tion measurement of the radiative polarized neutron capture by un-
polarized hydrogen. The discrepancy between the expectation value
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and an experimental value for the photon circular polarization
validates a planned polarized neutron capture experiment with
polarized as well as unpolarized protons in TiH2 targets.

Meson-exchange currents undoubtedly feature in the neutron
capture process with increasing relative contributions to the cross
sections for protons and deuterons, respectively. The main
difference between the interpretation of both experiments lies in
the larger influence of the wave function for the continuum state.
Similar confusion arises in an endeavour to incorporate the nucleon
substructure with quark-exchange currents. Apparently, despite the
increase of our knowledge of the nuclear structure and electro-
magnetic interaction in nuclei, this cloudy picture is caused by
the fundamental inability to separate wave functions directly. Only
experiments on model - independent parameters, like in this thesis
the channel-spin admixture, can refine our perception of the
nucleus.
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Samenvatting.

De atoomkern is opgebouwd uit protonen en neutronen (nucle-
onen), die bij elkaar worden gehouden door de zogenaamde sterke
wisselwerking. Deze wisselwerking tussen de nucleonen wordt tot
stand gebracht door uitwisseling van mesonen; vooral door de
lichtste, de pionen. De pion-uitwisselingspotentiaal, die deze
kracht beschrijft heeft een aantrekkend gedeelte met een lange
dracht in de kern. Op korte afstand tussen de nucleonen werkt
daarentegen een sterk afstotende kracht door de uitwisseling van
zwaardere mesonen zoals p en a.

Volgens de quantumfysica kan elke toestand van een kern be-
schreven worden met een golffunctie opgebouwd uit de golffuncties
voor de nucleonen in die kern. Berekeningen aan kernen met veel
kerndeeltjes zijn alleen mogelijk door benaderde golffuncties,
omdat anders door het grote aantal kernparameters voor de huidige
computers veel te ingewikkelde berekeningen nodig zijn. De
Schrödinger vergelijking voor lichte kernen opgebouwd uit twee of
drie nucleonen kan daarentegen wel opgelost worden door de som van
de nucleongolffuncties te gebruiken.

In de "impuls approximatie" of stootbenadering wordt de kern
voorgesteld als een verzameling van vrije "punt"-deeltjes. Het
elektromagnetisch proces wordt beschreven door de som van autonome
bijdragen van de kerndeeltje-s aan de stroom in de kern. Voor lichte
kernen kunnen enkele elektromagnetische experimenten niet goed
verklaard worden met de stootbenadering. Zo kloppen de voorspel-
lingen voor magnetische dipool-overgangen bij lage energie op grond
van de stootbenadering niet. Dergelijke afwijkingen worden opgelost
als in de eenvoudige voorstelling van de stootbenadering de vrije
punt-nucleonen beïnvloed kunnen worden door uitwisseling van
mesonen en door spin- en impulsmoment excitaties van het nucleon.

De vangst van neutronen met thermische energie door protonen
vindt plaats onder uitzending van magnetische dipool-fotonen. In
deze reactie vult de berekende bijdrage van de stroom door
uitwisseling van mesonen de werkzame doorsnede volgens de stoot-
benadering aan tot de experimentele waarde. Deze correctie blijkt
in goede benadering onafhankelijk van de daarbij gebruikte
nucleaire potentiaal voor de ongebonden vangsttoestand van neutron
en proton. Een soortgelijke afwijking bestaat bij de werkzame
doorsnede voor neutronvangst van het deuteron {waterstofkern met
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één neutron); hierbij ontstaat het triton dat een waterstofkern is
met twee neutronen.

In de beschrijving van het triton ontstaat de moeilijkheid om
de vervorming van deze kern op basis van de nucleon-nuclcon
interacties tussen de drie nucleonen te berekenen. Dit bezwaar
wordt omzeild door gebruik te maken van de Faddeev methode voor de
bepaling van de triton golffunctie. De totale Schrödinger ver-
gelijking voor de triton golffunctie wordt onderverdeeld in drie
vergelijkingen voor paren van nucleonen. Deze Faddeev vergelijk-
ingen kunnen met computerprogramma's opgelost worden, overeen-
komstig de berekeningen aan het deuteron.

Uit berekeningen aan de eigenschappen van de grondtoestand
van het triton olijkt dat de drie-nucleon kernkracht tot ongeveer
één MeV extra bindingsenergie veroorzaakt. Daarmee kan het tekort
verklaard worden dat ontstaat in de uitkomst van Faddeev bereke-
ningen vergeleken met de experimenteel gevonden waarde van 8.48
MeV. Nieuwe berekeningen met de Bonn potentiaal voorspellen echter
wel de juiste bindingsenergie zonder gebruikmaking van een drie-
nucleon kracht, maar met hogere baanimpulsmoment-bijdragen erbij
betrokken. Deze overwegingen betreffende de kernmodellen worden
ingeleid en toegelicht in hoofdstuk 2.

Berekeningen aan de ongebonden toestand van het triton zijn
nog niet voldoende nauwkeurig. De golffuncties voor dit zogeheten
continuüm moeten worden benaderd. Hiervoor zijn diverse modellen
opgesteld. De ver uiteenlopende voorspellingen voor de werkzame
doorsnede van het neutronvangstproces in deuteronen weerspiegelen
deze onzekerheid. Meson uitwisselingsstromen beïnvloeden de
werkzame doorsnede van deze magnetische dipoolo.'ergang aanzienlijk.
Volgens de nucleonische theorie zijn alleen overgangen mogelijk van
de ongebonden S-golf neutron en deuteron vangsttoestand naar de
kleine S' component in de triton grondtoestand met gemengde
ruimtelijke symmetrie. Mesonische uitwisselingsstromen kunnen
daarentegen voor de magnetische dipool-operator wel overgangen
toestaan tussen de vangsttoestand en de dominante symmetrische S-
golf van het triton. De aldus veroorzaakte amplitude is van
vergelijkbare grootte als de bijdrage berekend via de stoot-
benadering.

Het neutron en het deuteron, met spins van respectievelijk 4-
en 1, kunnen bij s-golf vangst een continuüm-toestand vormen met
een spin waarde van 1 (een doublet) of van 4 (een kwartet) . De
interferentie tussen de kwartet- en de doublet-amplitudes beïn-
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vloedt de circulaire polarisatie van de uitgezonden y-straling. De
bijdragen van elke afzonderlijke spintoestand in de totale werkzame
doorsnede zijn gemeten in experimenten met gepolariseerde
neutronen. In een experiment met zwaar water als deuterium target,
zal de spin van het deuteron willekeurig gericht zijn. Uit de
bepaling van de precieze waarde voor deze circulaire polarisatie
(zie hiervoor hoofdstuk 3) volgen twee mogelijkheden voor de
verhouding a van de bijdrage van het kwartet tot de totale werkzame
doorsnede .- ongeveer nul, of circa 0.25 .

Door een magneetveld aan te leggen op een deuterium target en
het tevens af te koelen tot voldoende lage temperatuur is het
mogelijk de deuteronen te polariseren. Een target van 25 gram ZrD2
in een magneetveld van 8 T is hiervoor gebruikt bij een temperatuur
van 27 mK. Door het verschil in gamma-overgangswaarschijnlijkheid
te meten voor de deuteron- en de neutron spin in een onderling
parallelle oriëntatie, vergeleken met de anti-parallelle stand,
kwam naar voren dat de werkzame doorsnede van het neutronvangst-
proces van deuterium kernen grotendeels bepaald wordt door de
doublet vangsttoestand. Hiermee wordt de mogelijkheid van 0.25 voor
o uitgesloten. De opstelling en de meetprocedure voor dit experi-
ment worden in hoofdstuk 4 besproken.

Het resultaat van beide experimenten sluit goed aan bij
theoretische berekeningen voor dit vangstproces, die stellen dat
de doublet spintoestand zeer gevoelig is voor mesonische uitwis-
selingsstromen. De bijna volledig te verwaarlozen bijdrage van de
kwartet spintoestand is desalniettemin door geen enkel model voor-
speld. De berekende werkzame doorsneden schijnen redelijk onaf-
hankelijk te zijn zowel van de gebruikte D-toestandsbijmenging (die
specifiek is voor elke potentiaal), als ook van het al dan niet in
rekening brengen van de drie-nucleon kracht. Vreemd genoeg wordt
daarentegen de meest redelijke voorspelling gedaan door één van de
oudere theorieën, waarbxj de kern volledig uit S-golffuncties is
opgebouwd.

Zelf zijn de nucleonen weer opgebouwd uit drie quarks en de
mesonen uit twee quarks, die als echte elementaire deeltjes van de
materie beschouwd worden. Het sterk afstotende binnenste gedeelte
van de potentiaal houdt de kerndeeltjes relatief ver uit elkaar.
Als desondanks een toestand bewerkstelligd kan worden waarbij de
nucleonen in een kern elkaar wel overlappen, is dat in tegenspraak
met het punt-nucleon model. In het gebied, waarin de nucleonen
overlappen, moet de golffunctie van de kern anti-symmetrisch
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gemaakt worden voor de verwisseling van twee quarks, zowel binnen
één kerndeeltje als ook tussen twee afzonderlijke nucleonen. Door
deze anti -symmetrisatie ontstaat een extra stroom bij de interactie
met het elektromagnetisch veld.

Bij hoge impulsoverdracht geven quark-uitwisselingsstromen
inderdaad een meetbaar effect in de elektromagnetische vorm-
factoren. Voor het lage energiegebied, zoals bij het neutron-proton
vangstproces, is het verwachtte effect moeilijk te beoordelen door
het gevaar van dubbel tellen : de quark-onderverdeling is reeds
verdisconteerd in de moderne kernpotentialen. Bij lage energie zal
echter de circa 10 % onzekerheid in de meson-uitwisselingsbijdrage
hoogstwaarschijnlijk de invloed van quark-uitwisseling in de
werkzame doorsnede moeilijk waarneembaar maken.

De mogelijkheid om toch quark-uitwisselingsstromen bij lage
energie waar te nemen wordt getoetst in hoofdstuk 5. Binnen het
quark-uitwisselingsmodel is het toegestaan dat een magnetische
dipoolovergang ontstaat tussen de ÏS1 vangsttoestand van neutron
en proton en de deuteron grondtoestand met eveneens 3S1# wat in de
stootbenadering verboden zou zijn. Deze overgang geeft een bijdrage
aan de circulaire polarisatie van de fotonen uit het vangstproces
van gepolariseerde neutronen en ongepolariseerd waterstof. De
discrepantie tussen de (S-golf) verwachtingswaarde en een ex-
perimentele waarde voor de circulaire polarisatie van de y-straling
maakt het gewenst nieuwe metingen van gepolariseerde neutronvangst
aan ongepolariseerde protonen (circulaire y-polarisatie) zowel als
gepolariseerde protonen in TiH2-targets te overwegen.

Buiten kijf staat dat meson-uitwisselingsstromen een stijgende
relatieve bijdrage veroorzaken in de neutron-vangstprocessen van
respectievelijk waterstof en deuterium. Het voornaamste verschil
in de interpretatie van beide experimenten ligt in de golffunctie
voor het continuüm. Er ontstaat een soortgelijke verwarring bij een
poging om de effecten van de nucleonstructuur te verdisconteren via
quark-uitwisselingostromen. Ondanks de voortgang in onze kennis van
de opbouw van het nucleon en van de elektromagnetische wissel-
werking binnen de kern, ontstaat er blijkbaar alleen maf.r een
waziger beeld van het geheel, ten gevolge van de fundamentele
onmogelijkheid om golffuncties direct te onderscheiden. Model-
onafhankelijke grootheden, zoals de kanaalspin-bijmenging uit dit
proefschrift, kunnen meer duidelijkheid scheppen.
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List of symbols and abbreviations.

A - atomic mass number
k kA.1 2 - angular distribution coefficient

a - channel-spin admixture ratio

as - singlet neutron-proton scattering amplitude

at - triplet neutron-proton scattering amplitude

<5H - relative quadrupole interference term

ECN - stichting Energieonderzoek Centrum Nederland

EB - nuclear binding-energy

e(0) - relative eccentricity of emitted y-radiation at an

angle e with the neutron propagation direction.

FOM - stichting voor Fundamenteel Onderzoek der Materie

FWHM - full width half maximum

f, (I) - target polarization

f,(n) - neutron polarization

0n - neutron flux density

y - circularly polarized photon-radiation

HB - horizontal neutron beam tube

HFR - High Flux Reactor

hp Ge- high purity germanium-detector

I - spin of target nucleus

IA - impulse approximation

Jc - total spin of caoture state

Jf - total spin of final state

k - photon wave vector

1 - orbital angular momentum of neutron relative to the

target nucleus

L - orbital angular momentum of the emitted y-rays

MEC - meson-exchange currents

pN - nuclear magnetic moment

pn - magnetic moment of the neutron in units of /iN

/j - magnetic moment of the proton in units of pN

NN - nucleon-nucleon
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n - polarized neutron beam

OPEP - one-pion exchange potential

PD - D-state probability in deuteron ground state

P - circular polarization of y-radiation

q - transferred momentum

QCD - quantum chrotno-dynamics

QED - quantum electro-dynamics

R or AJ° - experimentally determined value for P

S' - L = 0 state in 3H ground state with mixed spatial

symmetry

ath - thermal neutron capture cross section

a, - nucleon spin-vector

2a - two standard-deviations confidence limit (95 %}

3<7 - three standard-deviations confidence limit (99.9 %)

xs - nucleon isospin-vector

u(r) - radial S-wave function for deuteron ground state

w(r) - radial D-wave function for deuteron ground state

Xv - normalized probability distribution function
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