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ABSTRACT

A study has been made of the mechanisms of dynamic orientation of nuclei in organic

materials at temperatures below 1 K and magnetic fields up to 50 kG.

After a description of the theory of dynamic polarization, the dynamic polarization
experiments in diols, doped with paramagnetic Crv—complexes, are described. These measure-
ments are compared quantitatively with a spin temperature model, in which it is assumed
that the polarization of the nuclei is obtained via the thermal contact with a dynamically
cooled electron spin-spin interaction reservoir. The role of such a reservoir was apparent
from the transient behaviour of various nuclear spin systems, contained in the same sample.
The observed high polarizations (80%-98% for protons, v 40% for deuterons and ~ 50% for

carbon-13 nuclei) make this kind of material attractive for polarized targets.

We observed a pure tensor polarization of deuterons in a solid. This was obtained by
slightly off-resonance irradiation of the proton spin system in partially deuterated diols.

The results could be understood quantitatively in terms of the spin temperature theory.

At the end the dynamic polarization experiments with the free radical BDPA are
described. The polarizations of different nuclei, measured as function of the microwave

frequency, show clearly the contributions of different mechanisms of dynamic polarization.

In all the experiments mentioned above, the concept of a spin-spin interaction reser-
voir appears to be useful, even under conditions where the polarization of the spin system
approaches one.
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INTRODUCTION AND SURVEY

Dynamic polarization by electron-nucleus dipolar coupling has been studied for many
years now. The interest in these experiments comes from two sides: at first from the
mechanisms of dynamic polarization itself!=7), and secondly from the side of nuclear and
high-energy physics. In these fields dynamic polarization is used for the production of
polarized targets, in which the spins of the nuclei under study have a certain degree of
orientation, for example protons having their spins mainly parallel or antiparallel to the
direction of an external magnetic field. Oriented nuclei can be used, amongst other things,
to study the role of the spin in the interaction between the elementary particles, to deter-
mine quantum numbers (spins and parities), or to test invariance properties of interactions.
We shall not attempt to describe the many experiments carried out on these interesting sub-
jects, but refer the reader to some conference proceedingse’g).

This study will mainly be concerned with the mechanisms of dynamic polarization in
organic materials under conditions which are suitable for obtaining high polarizations, i.e.
at low temperatures and in high magnetic fields. These materials are doped with suitable
paramagnetic impurities, of which the spin of the '"free' electron can easily be oriented in
a magnetic field owing to its strong magnetic moment; this in contrast to the nuclei, for
which the magnetic moments are in general three orders of magnitude smaller than for elec-
trons. Then the thermal disturbances prevent any appreciable degree of orientation, even
in a magnetic field of 25 kG and at temperatures of about 0.5 K. However, by microwave ir-
radiation of the electron spin system it is possible to transmit the high degree of ordering
of the electrons to the nuclei, thus increasing the nuclear polarization.

Several schemes, effects, or mechanisms of dynamic polarization have been proposed and

10-18)  Tn the case of a solid it is in gen-

most of them were experimentally verified"»®,
eral not easy to find out which mechanism is responsible for dynamic polarization, because
several mechanisms may act simultaneously. The situation is especially complicated by the
magnetic interactions between similar spins, which may be appreciable in a solid. In the
early theories of dynamic polarization in solids, these spin-spin interactions were normally
neglected or only partially taken into account [see the contributions of Overhauser'?),
Bloembergen and Sorokin'®), Abragam and Proctor!’), and Jeffries?)]. However, later on the
important role of especially the electron spin-spin interactions has been demonstrated se-
veral times in dynamic polarization experiments [see reviews by Borghini“), Atsarkin and
Rodak®), and Wenckebach and Pouliss)]. It appears that the experiments described further on
can only be understood by taking these spin-spin interactions into account.

In Chapter I we will summarize the theory of dynamic polarization in terms of the spin
temperature theory. The latter forms the basic framework for the theory of magnetic reso-
nance in solids. In this theory the spin-spin interactions are taken into account by the
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introduction of a separated reservoir!?:2°), possessing its own degrees of freedom and its
own temperature under suitable conditions. The concept of such a reservoir led to the pre-
diction of several rather unexpected results, which were experimentally verified at first
for nuclear spin systems [see reviews and contributions by Abragam!), Goldman®), Provotorov'®),
Anderson and Hartman®!), Philippot??), Jeener?®), Hebel?") and others] and later for elec-
tron spin systems [Atsarkin and Rodaks)]. The influence of the electron spin-spin interac-
tion reservoir can manifest itself clearly in the transient behaviour of various spin sys-
tems, as will be apparent from the experiments described in Chapter III. There the dynamic
polarization experiments performed in diols, doped with paramagnetic Crv-complexes, are
described. These materials are used as a substance for polarized targets, because of the
high polarizations obtained in them: about 80% to 98% for protonszs-zg), 40% for deuter-

ons27), and 50% for carbon-13 nuclei?”).

Experimental evidence is given, showing that the
high polarizations in these samples result mainly from ''dynamic polarization by cooling of
the electron spin-spin interaction reservoir'. We made a quantitative comparison of the
measurements with a spin temperature model of Borghini®). Several features, such as a
steep temperature dependence of the polarization and an increase of the ratio of lattice to
final spin temperature for spin temperatures below 2 mK, were found to be in agreement with
experimental results obtained in a *He-"He dilution refrigerator, which was located in a

25 kG magnetic field.

In partially deuterated diols a new method of orientation of the deuteron spin system
was found®'»?2), It allows one to vary the deuteron tensor polarization independently of
its vector polarization. This occurs by off-resonance RF irradiation of the polarized pro-
ton spin system, of which the polarization can be enhanced beforehand by dynamic polariza-
tion. The spin temperature theory provides a quantitative explanation in terms of a thermal
contact between the proton spin-spin interaction reservoir and a deuteron quadrupole inter-

action reservoir. These measurements are described in Chapter IV.

In Chapter V the experiments with the free radical 1,2-bis-diphenylene-1-phenylallyl
(BDPA) are described. They were particularly interesting because the contributions of
different mechanisms of dynamic polarization could be distinguished from one another, owing
to the narrow electron spin resonance line of BDPA.

Until now most of the experimental verifications of the spin temperature theory were
made under conditions where the "high temperature approximation' is valid. The extension
of the theory toward low temperatures is questionable, because of the limited degrees of

22) . The limits under

freedom of the spin-spin interaction reservoir at high polarizations
which the concept of an electron spin-spin interaction reservoir is still valid, can only
be determined by experiments. Under our experimental conditions, the use of this concept

still provides an adequate description of the processes.




CHAPTER I

THE THEORY OF NUCLEAR DYNAMIC POLARIZATION

GENERALITIES

The orientation of a system of spins I along an axis Oz can be described by so-called
orientation parameters, which are defined as expectation values of irreducible spin ten-
sors®?). Here we will consider only the vector polarization P, which is defined as:

P = (IZ)/I (I.1)
and the tensor polarization or alignment A, defined as
A = (31; - I(I+1)) /1% . (I.2)

The orientation parameters of higher order in IZ are normally null or very small, and can be
neglected in practice. For spin I = ] the alignment is always zero and the orientation
coincides with the (vector) polarization.

If a spin I is subjected to a magnetic field H in the direction Oz, then the Zeeman
interaction HZI = -p +H establishes a set of 2I+1 sublevels with energy Em = -mhyH;
p=|ylhIs= gupl is the magnetic dipole moment, |y| is the gyromagnetic ratio, h is Planck's
constant, divided by 2w, the symbol m = (IZ), g is the spectroscopic splitting factor, and
Hp is the Bohr magneton. Later we will use the subscripts e for electrons and » for nuclei
in the above-mentioned definition of v; o is negative and Y is positive for the nuclei
considered.

The polarization of an assembly of identical nuclei with I = } is easily calculated
from Eq. (I.1) to be

P=n_-n , (1.3)

where n_ is the fraction of the spins in the m = +j state and n_ the fraction with m = -}.

If the spins are in internal equilibrium, they can be characterized by a temperature
Tg. The distribution of the different spins over the magnetic sublevels is then given by
the Boltzmann law:

=]

n—: = exp (-E /KTg) . (1.4)
From Eqs. (I.3) and (I.4) the polarization for I = } is found to be

P = tanh (WH/KTQ) . (1.5)
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" This formula is a special case of the general Brillouin formula for arbitrary spin value:

2141 2141 (wH)] _ 1 LuHJ
3T coth [_21_ [’E‘F]] 77 coth (ZIR‘T‘ : (1.6)

It should be noted that if the polarization value is the one of thermal equilibrium

P:

with the lattice, the levels of highest energy are always less populated than the lower
ones. Later it will appear possible, by dynamic polarization methods, to create situations
in which the highest levels are more populated then the lower ones. If one assumes

Eq. (I.4) to be still valid, this situation corresponds to negative spin temperatures. The
spin system is then of course not in equilibrium with the lattice, because negative tempera-
tures are only defined for systems with an upper bound in the energy spectrum.

Equation (I.5) shows that large magnetic fields and low temperatures are favourable for
high polarizations. However, for example for protons at a temperature of 0.5 K in a 25 kG
magnetic field, the polarization Pn is only 0.00511. For a free electron the magnetic moment
is about three orders of magnitude larger than for protons and the polarization 8 is -0.9975
under the conditions mentioned.

Therefore to obtain a high nuclear polarization, the 'brute force' method, which con-
sists of just cooling the sample in an external magnetic field and waiting for thermal equili-
brium, is rather impractical, at least in diamagnetic materials, because temperatures in the
mK region need to be maintained for a relatively long time (the nuclear spin lattice relaxa-
tion times in diamagnetic materials are typically in the order of weeks or more at high fields
and low temperatures.

In paramagnetic, ferromagnetic or antiferromagnetic materials one may use the large
internal magnetic fields, sometimes as large as 10°® Gauss, to orient nuclei®*~37), A
review of the possibilities and applications of the different static nuclear orientation
methods are described, for example, by Shirleyaa). Another method of nuclear orientation,
which does not rely on thermodynamical properties, is optical pumping; this has been
successfully applied to *He gas under reduced pressure and to a few solids®®s*%), Solid
*He has been polarized by adiabatic compressional cooling down to the mK region up to a
polarization of about 50% “!).

We will not describe these different methods here, but will proceed to a description
of the dynamical methods, to which we will restrict ourselves in the following. 'Dynamic"
refers to the fact that in these cases a non-equilibrium between the spin system and the
lattice is created in contradistinction to the static methods.

The basis for the dynamic methods can be described as follows: assume that the sample
contains, besides the nuclei of interest, some other type of spin species with a higher
magnetic moment, for example the unpaired electrons of free radicals, ions having an un-
paired electron in one of the outer shells, or some other type of paramagnetic complex. As
mentioned before, these electrons can be polarized to nearly 100% under moderate experimen-
tal conditions. As a consequence of the interaction between the different spin species,
this high degree of ordering of the electron spins can be transmitted to the nuclei under
suitable conditions, thus enhancing their polarization.
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Most of these methods make use of transitions between the different energy levels,
which can be induced by resonant oscillating magnetic fields (RF or microwave fields). An
essentially different method consists of a rotation of the external magnetic field“2,“%);
however, because of its limited use, we will not elaborate further on this subject.

The first dynamic polarization scheme involving microwave pumping of nuclear spins was
invented by Overhauser'!) for the polarization of nuclei in metals, and was experimentally
verified by Carver and Slichter*“). It was later extended to the case of liquids and para-
magnetic ions involving strong hyperfine!'*»“%,"¢) and dipolar coupling!®>!7,%7=%°). In the
following we will consider only the case of a dipolar coupling between the electron and
nuclear spins and discuss the different mechanisms, which may give rise to dynamic polari-

zation under such conditions.

DYNAMIC POLARIZATION IN CASE OF NEGLIGIBLE
ELECTRON SPIN-SPIN INTERACTIONS

The spin Hamiltonian of an assembly of identical nuclei diluted with paramagnetic
centres in the presence of a magnetic field, can be written as

* Hoe * H

- (1.7)

H=H + H

sz + &

1z 11 * By * Hpp s

where the first two terms refer to the electron and nuclear Zeeman energies; the latter
terms correspond to the spin-spin interactions between electrons, nuclei, and electrons-
nuclei, respectively. Hpp refers to the possible presence of an oscillating magnetic field.
The specific form of the different terms can be found in standard works'?) . We did not
write the term corresponding to the interaction with the lattice, which is complicated
since it involves the phonon spectrum of the lattice, but we will treat this interaction in
a phenomenological way by describing the return to thermal equilibrium by a single exponen-
tial function, which is usually observed. This will be discussed in more detail in

Section 4 of this chapter. Also the interaction with the crystalline field will be neglec-
ted, since we will deal only with electron spins for which S = I, so this interaction then
causes only a shift of the energy levels, but does not change the distance between the

levels.

Before discussing the various terms of the Hamiltonian, we first consider briefly the
simple case of a system consisting of one proton and one electron. Only four terms need to
be considered:

HSZ + HIZ + HSI + HRF . (1.8)

The term HSI is assumed to coincide with the dipolar interaction between the magnetic mo-

ments of the electron spin S and the proton spin I:

) S—

S-1 -

z (1.9)

BT [ 3(81) (l-r)i\

the vector r joining the spins is assumed to have the polar angles € and ¢. Heq contains
terms proportional to the various bilinear products of spin operators: SZIZ, SzI+’ S+Iz’
S.1
+

+» and S.1,, where S_ = By * iSy, etc. The diagonal terms shift the energy levels
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slightly, while the off-diagonal terms cause also an admixing of the eigenstates of the
Zeeman energy, denoted by |-+), |--), [++), and |+-). The most 'powerful' off-diagonal
term is SZI+, since it acts between levels separated by the nuclear Zeeman energy only.

Using first-order perturbation theory, the admixed eigenfunctions read!>?):

la) = |-+) + € |--)
[b) = |-=) - g]-+)
lc) = [++) - €"]+-)

[d) = |+=) + g|++)
The dipolar coefficient € is equal to
- : -i¢
€ =F——sin 6 cos 6 e : (I.10)

the value of ¢ is proportional to the ratio of the local internal field to the external
field. For an external field of 25 kG and r = 2 R it is typically 10"%. As a consequence
of this mixing, the microwave field now has a certain probability to induce, besides the
allowed transition, the so-called forbidden transitions, in which an electron and a proton
spin flip simultaneously (see Fig. I.1) !5-17). By evaluating the matrix elements of Hpp
between the admixed eigenstates, it is found that the ratio of the probabilities for a for-
bidden transition to an allowed transition is equal to 4|e|?. For reasons of energy con-
versation these forbidden transitions occur at a microwave frequency v = Ve vy The for-
bidden ESR lines may be well separated from the main line in a high magnetic field. They
can only be observed by sufficiently sensitive ESR spectrometers?), because the intensity

relative to the main line is a factor 4|e|? smaller.

It is just the possibility of these forbidden transitions which may cause dynamic pola-
rization. This can be understood from simple arguments. At low temperatures most of the
electrons are in the lowest energy states. Application of microwave power at the frequen-

cies of the forbidden transitions may then induce flip-flop transitions to the upper states

__ld>=l+->+el++>

’\\\ Ico>=l++4>-€*l4+->
+

T AT

hv, W, w"

A

Ib>=z|-->-€|-+>

la>=z|-+>+€*l-->

Fig. I.1 Energy level diagram of a simple pair of
an electron and a proton.
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(lay > |d) and |b) > |c) in Fig. I.1). After a simultaneous flip-flop, the electron returns
to its equilibrium state in a time of about that of the electron spin lattice relaxation
time, which is of the order of milliseconds. It is then ready to flip the next nucleus in
the same direction, if there are many nuclei surrounding one electron spin. However, once

a nuclear spin has flipped, it stays pointing in the same direction for a time of the order
of the spin lattice relaxation time, which is normally several seconds. Because of a
favourable ratio between the nuclear and electron spin lattice relaxation times, the final
polarization may be greatly enhanced. Of course, for nuclei far away from the electron,

the polarization build-up would be extremely slow, because the transition probability for
the forbidden transitions falls down with |e|?, that is with the sixth power of the distance
to the electron. Fortunately, there is another mechanism, known as spin diffusion®’), which
can '"transport'" the polarization of the nuclei near the electron to the distant nuclei.

These processes occur through flip-flop processes between the nuclear spins, which are

allowed through the dipolar coupling between them (terms IiIi in HII)’ This spin diffusion

is normally very fast, because energy and angular momentum are both conserved. For example,
an inhomogeneity in the polarization of protons diffuses over a distance of 100 R in a few
seconds. In fact, owing to this fast spin diffusion, one is allowed to speak about one
single spin temperature within a spin system. Complications, which arise if the cross-
relaxation between the nuclei is not very fast, will not be considered here, since this is

seldom the case in organic materials.

The above-mentioned mechanism has been called the solid-state effect, which was first
observed by Abragam and Proctor for the two nuclear spin systems in LiF 17), It is called
the resolved solid-state effect, if the forbidden transitions occur at a frequency outside
the main line. The polarization versus microwave frequency then shows two peaks, namely at
Ve T Yy and Vo * Vg In the first case the protons are flipped fromm = -} tom = }

(|b) » |cy in Fig. I.1), that is a positive polarization is obtained; in the second case
the opposite transitions occur (|a) -~ |d) in Fig. I.1) and a negative polarization is
obtained.

If the forbidden lines are well separated from the main line, which implies that the
broadening of the levels as a consequence of the spin-spin interactions is small, then the
various processes can be described in a suitable way by rate equations. We will not write
these rate equations now, but consider first the complications that may arise if the for-
bidden lines are not resolved from the main line.

In the case of completely inhomogeneous broadening -- that is, one can think of the
electron spin resonance line as consisting of many independent spin packets with a slightly
different Larmor frequency51) -- the application of microwéve power saturates the forbidden
transitions of two spin packets simultaneously, if the line is broader than the nuclear
Larmor frequency; the net polarization will then be proportional to the difference of the
intensity of the two packets, which causes opposite contributions to the polarization®?).
Therefore the net polarization will be always reduced. This mechanism was called the dif-
ferential solid effect.

The assumption of independent spin packets is seldom justified in solids with high
spin concentrations, because of the spin-spin interactions between the electron spins. The

spin temperature theory, which takes correctly into account the existence of the spin-spin
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interactions, may then be the proper approach to the problem, at least if the spin-spin
interactions are sufficiently strong to maintain thermal equilibrium within the different
parts of the spin system. For homogeneous spin systems this equilibrium is always obtained,
while for inhomogeneous spin systems, thermal equilibrium may still be obtained if cross-
relaxation [flip—flop transitions between the electron spinssa)] is sufficiently fast com-
pared with spin lattice relaxation. For intermediate cases of inhomogeneous lines with slow
cross-relaxation there exists no adequate theory. A phenomenological model for such circum-
stances has been given in the literature under the name of cross—effectSH'ss). This effect
may then be effective, but it would not be the only effect. Furthermore, an experimental

verification is difficult, because of the adjustable parameters in this theory.

In our experiments we are mainly dealing with inhomogeneous electron spin systems, in
which the distribution of Larmor frequencies is caused by g-factor anisotropy and hyperfine

interactions.

Fortunately, at low temperatures the electron spin lattice relaxation times are rather
long, so that cross-relaxation is sufficiently fast for maintaining thermal equilibrium.
Therefore the analysis of our results will be made in terms of the spin temperature theory,

which is described in the next section.

DYNAMIC POLARIZATION IN CASE OF NON-NEGLIGIBLE
ELECTRON SPIN-SPIN INTERACTIONS

3.1 Introduction

In the classical theory of Bloembergen et al.%®»%%) about saturation and cross-relaxa-
tion in spin systems, the Zeeman levels are considered as being infinitely sharp, thus
neglecting the broadening due to the spin-spin interactions. This is only justified in
cases of liquids and gases, where the rapid motion of the atoms or molecules averages the
spin-spin interactions to zero and the spins may be considered as being independent of each

other.

However, in solids the spin-spin interactions are normally so strong that the whole
ensemble of spins acts as a collective system with many degrees of freedom. For such a
case, Redfield introduced the hypothesis that under strong saturation the whole spin system
stayed in internal equilibrium, thus permitting its description by one single spin tempera-
ture®?). Provotorov solved the problem for an arbitrary degree of saturation'®) and took
the spin-spin interactions correctly into account in the theory of cross-relaxation?®) .
Since dynamic polarization is obtained by strong saturation of spin systems, Solomon
extended the spin temperature theory to this problem, assuming Redfield's equal spin tempe-
rature hypothesis to be applicablese); Borghini gave this theory in case of arbitrary sa-
turation parameters“:7). Several excellent reviews of the spin temperature theory have
appeared since Redfield's original work describing the many beautiful verifications in the
fields of cross-relaxation, adiabatic demagnetization in the rotating frame, dynamic pola-

rization, spin lattice relaxation, and others (see reviews Refs. 3-6 and 23, 24).

In the next section we will summarize the results of the spin temperature theory, as
far as they are important for the description of the mechanisms of dynamic polarization.




3.2 The spin temperature theory

We first consider a single spin system with dipolar interactions in an external
magnetic field. Owing to the spin-spin interactions, the Zeeman levels have then a certain
width of the order of the local internal fields H . The spin temperature theory is based
on the segregation of the relatively weak spin-spin interactions into a separated reser-
voir!®,2%), which possesses its own temperature Tgg- This temperature may be different
from the temperature of the Zeeman reservoir, denoted by TZ. Then the spin system can be
characterized by two temperatures: one for the Boltzmann distribution between the Zeeman
levels, and a second one describing the ordering of the spins in the local fields. A

pictorial illustration is given in Fig. I.2.

If the spin system is in thermal equilibrium with the lattice, the two temperatures
are equal. However, under some experimental conditions they are different. For example,
TSS can be changed by slightly off-resonance irradiation of the spin system; it may become
positive or negative, depending on the sign of A = Ve =V (see Fig. I.2). Under such con-
ditions Provotorov derived the evolution of the inverse spin temperatures of the Zeeman and

spin-spin interaction reservoir, denoted by o h/kTZ and y = h/kTSS, respectively:

]

[E)RF a == WO (O.-Y) (I.ll)
9_ -+ & @) . (1.12)
[atJRF Y vi

Here W, = } yéH% g(2), where g(A) is the shape function of the equilibrium absorption line,
2H, is the amplitude of the oscillating magnetic field and
2 . 2972
V[ = Y3Hf . (1.13)

These equations are valid in a frame rotating with the frequency v of the oscillating field
around the z axis. In this frame the time-dependent Hamiltonian is reduced to a static one,

if the non-secular terms of the spin-spin interactions are neglected; that is,

= 0 -
Hlab = h\)eSz + HSS + Zhye H, Sx cos (2mvt) (I.14)
E .E
| WTss
i -
hv kT,
n—
a) c)

Fig. 1.2a) The distribution of the populations n over the energy levels.
In thermal equilibrium with the lattice this can be described
by one single spin temperature Tg.

b) During RF irradiation at a frequency Vv, the spin system may
be described by two spin temperatures, Tgg and Tz. If v < Vg
the populations become such that Tgg < Ty, but Tgg > 0.

€) As in (b) but for v > v,; then Tgg may become negative.
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is transformed into

iy 58

= 0
ot = hASz +* Hig Zhye H SX . (I.15)

H%S refers to the secular part of the spin-spin interactions. From these equations it is
easily seen that the evolution of o and y in the laboratory frame can be obtained from

Egs. (I.11) and (I.12) by replacing o by %4ab ve/A, while y stays the same.

For the derivation of the above-mentioned formulae, the so-called high temperature

approximation was used; it consists of taking only the linear terms in the density matrix
p = l-exp -ov S - yHS (I.16)
z ez SS :

which then reduces to

p = [1 - v .S, - yHgs]//Tr 1. (1.17)

£ is the normalization constant and 1 is the unit matrix. Such an approximation is only
valid at sufficiently high temperatures.

The extension of the theory toward low temperatures has only been done by taking
second- or third-order terms into account®®=®!), or by neglecting the spin-spin interactions
completely in the case where other sources of broadening of the Zeeman levels are dominant?°) .
However, the form of the relaxation of the spin-spin interaction reservoir toward the
lattice is still unknown.

Equation (I.11) expresses that in the rotating frame o and y will become equal to each
other under strong saturation conditions. This result can also be stated in another way:
since the "electron Larmor frequency in the rotating frame' is A instead of v, [see
Eqs. (I.14) and (I1.15)7], there exists a possibility of thermal contact between the Zeeman
reservoir and the spin-spin interaction reservoir, because their frequency spectra are simi-
lar, if A = |v - vel ® v The "intermediary' between the reservoirs is then the microwave
field. Another "intermediary' consists of the non-secular terms of the spin-spin interac-
tions; however, in a high field these terms are negligible. Of course, in external magnetic
fields of the order of the local internal fields, the non-secular terms cannot be neglected
and one is not allowed to speak about two separated reservoirs, because they come rapidly
into equilibrium with each other.

The second Provotorov equation can be derived from the first one by the principle of
energy conservation. Energy can be conserved if the difference between the photon energy
hv and the Zeeman energy hve is taken up by the spin-spin interaction reservoir. Such a
change in the spin-spin interaction energy may be thought of as a rearrangement between the
relative orientations of the spins via cross-relaxation transitions, thus changing TSS'

If there are nuclei surrounding the electron spins, the situation becomes more diffi-

cult, because the density matrix now involves three spin temperatures in general“:sz):

=1 - o
p =3 exp [ aveSZ + anIz YHSS] : (1.18)

B is the inverse spin temperature of the nuclei.




= J1 =

; : . x : ; 2 5 18]
Summing up the contributions of spin lattice relaxation, the microwave-induced ) and

0)

in which a nuclear spin-flip also occurs, the following rate equations can be

2 o 2
cross-relaxation transitions

of the electron spins, including the forbidden transi-
7,63,64)

tions

derived for spins one-half and using the high temperature approximationu’s):
. - i -1_ B o T ~ i
Pe = =Wy LPe * s yAJ We LPe P + > y(A + vn)}

1
-W |P +P + 7-Y(A - vn)]

e e n
1 p 1.19
- pe - P, (I.19a)
1€
* + 1
Pn - _Wn [Pn - Pe - Q'Y(A N vn)
-W |Pp +P +1y(A—v)
n e 2 n
P
1
- ke [pn - Wn] - (1.19b)
nS 1n
.3 VZ2y = -WeA|[P +5yA|-W (A+Vv)|P -P + = YA+ v)
2 'L 0 2 e n 2 n
-W(a-v) [P +Pn+%y(A-vn):'
VLo 1 1
*v—T—[Pn‘iY“n]‘iviT—Y‘“ ' (1.19¢)
n Sn 1SS

In the high temperature approximation the electron and nuclear polarization, denoted by Pe
and P , are related to o and B by Pe = -3 ave and R, = +1 Bv,, in case of spin one-half.

P, is the electron thermal equilibrium polarization. In these equations, small terms
proportional to the thermal equilibrium values of B and y have been neglected; Wi and Wz
refer to the transition probabilities of the forbidden transitions; T, and T8 character-
ize respectively the relaxation of the spin-spin interaction reservoir to the nuclear Zeeman
reservoirs and vice versa. The spin lattice relaxation times are denoted by Tln, T  and

1e
TISS‘ There exist the following relations between the different parameterss):

Sn _ e Y05 (1.20)
s Czn Ty oV T(T+I)
and
P (¢SO (1.21)
e n +1) n I :

Here CSS and Czn denote respectively the heat capacities of the spin-spin interaction
reservoir and the nuclear Zeeman reservoir. The 'leakage factor' f is defined as:

2
£=) 4legl” (1.22)
K
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where €ik is the dipolar coupling coefficient between an electron spin i and a nucleus k
[see Eq. (I.10)]. We assume, that the electron spins all have the same nuclear spin en-
vironment, thus the summation in Eq. (I.22) is independent of i. If the nuclear spin lat-
tice relaxation proceeds via the forbidden transitions with the electron spins S (see
Section 4.2 of this chapter), then the average value of 4|sik|2 is Tle/(ne Tln)’ so that

f = (nn/ne)(Tle/Tln), at least at low values of Pe’ because at high electron polarizations
T;é should be multiplied by the factor (1 - PPy) §5) (see also Section 4.2).

For a homogeneous spin system, T,g can be estimated from the expression®)
/ g) g(v-vn) dv

1 ne 10
TaVv—*fT" 5
nS ' n 2e glv,)

(1.23)

where T2e is the transverse relaxation time of the electron spins.

The consequences of slightly off-resonance irradiation of an electron spin system are
schematically represented in Fig. I.3: the cooling of the electron spin-spin interaction
reservoir is transmitted to one or more nuclear Zeeman reservoirs by forbidden microwave-
induced and cross-relaxation transitions.

(Ws*)!

(W)

Fig. 1.3 Scheme of thermal contact between the
electron spin-spin interaction reservoir
and the nuclear Zeeman reservoirs via
the forbidden microwave-induced transi-
tions (single arrows) and cross-
relaxation transitions (double arrows).
The various time constants of the pro-
cesses are defined in the text.

In this way the absolute value of the spin temperatures of the nuclear Zeeman reser-
voirs may be appreciably lowered, thus giving rise to dynamic polarization in the presence
of a magnetic field. If the thermal contact with the spin-spin interaction reservoir is
strong enough, the final polarizations of different nuclear spin species will thus
correspond to equal spin temperatures; they all become polarized simultaneously in a micro-
wave frequency range around Vs Such a behaviour differs appreciably from that of dynamic
polarization by means of the resolved solid-state effect; in that case, not the spin tem-
peratures but the polarizations of the different nuclei may become equal to the electron
polarization. Furthermore, the optimum polarization then occurs at a microwave frequency,
which is different for different nuclei.
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3.3 Special cases

3.3.1 Dynamic polarization at "high temperatures"

In this case the steady-state solutions of the electron and nuclear polarizations can
be obtained from Eqs. (I.19) by putting the left-hand sides to zero. The expression for the
nuclear polarization becomes simple, if the terms proportional to f are negligible“):

Av
s*-s'-Q—”sl [s++s‘+su]

- p, - . . (1.28)
[1 st s 4 sg}tl + é—‘“—ﬂ-sl}

P
n
02

The dimensionless saturation parameters are defined as

+ < _
S1=WTlgs 5 =WT,» &= Txn/TnS
02 = avi + Mz’ where a = T1e/T1SS is a factor between 1 and 3 7’57’61). This expression of
9% is valid for an inhomogeneous spin system with fast cross-relaxation, having a distribution
of the Larmor frequencies characterized by the second moment M, 62); for a homogeneous spin
: + B . : . :
system M, is zero. S,, S, and S are bell-shaped functions with their maxima at Vay By * 0L,
and W~ Vs respectively. In the high temperature approximation these maxima are equal for
spin one-half species, since
+

T W

A T

T Wo

n

(see Section 4 of this chapter).

The numerator of Eq. (I.24) shows clearly the contributions from the solid effect,
occurring through the forbidden transitions (term s" - S7) and from dynamic polarization
via cooling of the electron spin-spin interaction reservoir by saturation of the allowed
transitions, namely a term proportional to S,, multiplied by a term [S* + S™ + S,]; this
latter term determines the strength of the thermal contact between nuclei and electron
spin-spin interactions (see Fig. I.3). In case of a resolved solid-state effect only S~ or
s’ is present, if the microwave frequency is Ve =V, OT Vg, *+ v, respectively. Assume the
latter to be the case, then

+

S . +
e1“+—s+*lpe|, ifs >»>1 . (1.25)

P =P
n

Thus under strong saturation, Pn becomes equal to Pe (or —Pe, if S~ is saturated).

On the contrary, if the forbidden and allowed transitions are strongly saturated simul-
taneously in case of an ESR line width larger than the nuclear Larmor frequency, the second
term in the numerator of Eq. (I.24) will dominate, since this term is proportional to the

square of the microwave power. The maximum polarization is then given by
P =—Ll_p (1.26)

which is similar to Solomon's result®®).




- 14 -

P reaches a maximum value of (vn/ZQ) Pe at |A| = @, which may be smaller or larger
than Pe depending on the value of Q. It will in general not be larger than Pe’ because of
the small value of the product of the saturation parameters Sl(S+ +S +8,), if v, > 2Q.
In case of low saturation, one expects to see a differential solid effect, since then the
term (S+ - S7), proportional to the microwave power (and not to its square) will be domi-
nant. Such a behaviour was observed in copper tutton salts®®): at low power a differen-
tial solid effect, and at high power dynamic polarization by cooling of the electron spin-

spin interaction reservoir.

3.3.2 Dynamic polarization at "low temperatures"
under strong saturation conditions

The extension of the spin temperature theory toward low temperatures causes difficul-
ties, because of the higher order terms in o and Yy, which appear in the expressions for the
expectation values of the various parts of the Hamiltonian. This causes among other things,
that the form of the relaxation of the spin-spin interaction energy is unknown. Further-
more, the hypothesis of a spin-spin interaction reservoir separated from the Zeeman reser-
voir is questionable at low temperatures, because of the limited degrees of freedom of the
former at low temperatureszz). However, a relatively simple expression for the final spin
temperatures is still possible, if the width of the Zeeman levels is mainly due to inhomo-
geneous broadening by g-factor anisotropy and/or hyperfine interactions®®). Then the
broadening due to the spin-spin interactions may be neglected. If the cross-relaxation is

" fast compared with the spin lattice relaxation, and assuming the concept of a spin-spin
interaction reservoir to be still valid, then Redfield's equal spin temperature hypothesis
may be applicable under strong saturation conditions. Since hyperfine interactions are
negligible in our samples, we will not write the corresponding terms in the following. The
equal spin temperature of the electron Zeeman reservoir and spin-spin interaction reservoir

in the rotating frame is transmitted to the nuclei by the mechanisms indicated in Fig. I.3.

The Hamiltonian in the rotating frame #* can be obtained from the one in the laboratory
frame H by application of the unitary operator (if we neglect small differences in the direc-

tions of the quantization axis of S; due to g-factor anisotropy)
" i
U = exp |-izmt )]
i

and reads, if we neglect small terms arising from the microwave field and spin-spin inter-

action,

2 =) hev; - V) st (1.27)
i

where hv, = ;giuBH}.

During irradiation the density matrix changes from its thermal equilibrium value

- _exp (-coH)
Po = Tr exp (~00h) (1.28)

to

* _ €ex (-aH*)
0" = T?T?£%§—(:Eﬁ’7' . (1.29)
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where o is the final inverse spin temperature and o, the thermal equilibrium one. The fol-

lowing relation for the steady-state value of o can be obtained (see Appendix):
Tr o' B = Tr poH* (1.30)
which reduces to:
ZAiPi = APy (1.31)
i

with

Pi = tanh (3 aAi) and Py = tanh (} aov) = the electron thermal equilibrium polarization.

In case of completely disoriented solids, the summation in Eq. (I.31) has to be done

over all angles. Choosing a certain value of a, the left-hand term in Eq. (I.31) becomes

2T 2T
(2m) 2 f f AP, sin 6 do o (1.32)
0 0
where
givpt
By *=p. ¥ »
with

(X1

g ™ [g? cos? 6 + g2 sin® 6 cos? ¢ + g3 sin® 0 sin? ¢} :

6 and ¢ are polar coordinates defining the orientation of the paramagnetic centre with
respect to H. The principle values of the g-tensor g, g», and gs can be determined from
electron spin resonance measurements. If the summation is done for a large range of ao's,
the value of o for a certain value of AP; can easily be found by interpolation. Since we
assumed that the nuclei would obtain the same spin temperature o, the polarizations of the

different nuclear species can be determined from the Brillouin formula.

I made this calculation for the Crv—complex, for which the g-factor anisotropy is
given in Chapter III. The maximum ratio of o/0, as well as the corresponding values of the
proton and deuteron polarizations are shown as function of temperature for different
magnetic field values in the Figs. 1.4-1.7. The curves were optimized with respect to
microwave frequency. The value of A at which optimum polarizations were obtained varied
slightly as function of temperature. It changed, for example, from 160 to 200 Miz at 25 kG,

if the lattice temperature decreased from 1 K to 0.4 K.

The finite nuclear spin lattice relaxation time causes a 'leakage' of the polarization
to the lattice. This was taken into account by adding a term (sec also Appendix)

Zf wP (1 -PP)
1
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Fig. 1.4

a) The maximum proton and deuteron
polarization in a 17.5 kG mag-
netic field versus temperature
as calculated from Eq. (I.31).
For the dashed curves the leak-
age term was taken to be zero,
for the full curves the leakage
factor was estimated from the
measured relaxation times.

b) As in I.4a, but now for a
25 kG magnetic field.

C) As in I.4a, but now for a
35 kG magnetic field.
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Fig. I.6 The optimum proton polarization as
function of the magnetic field for
three different temperatures. The
leakage factor for each field value
was estimated from the measured re-
laxation times.
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Fig. I.7 As in Fig. 1.6, but now for the
deuteron polarization.

to the left-hand side of Eq. (I.31). The value of the leakage factor was estimated from

the spin concentrations and the measured spin lattice relaxation times (see Chapter III).

TZ% is by definition that part of the inverse relaxation time which occurs via direct in-
teraction with the lattice. This value of TI; does not need to correspond to the measured
inverse relaxation time, since the relaxation may also occur via the electron spin-spin in-
teraction reservoir (see Section 4 of this chapter). However, it is difficult to separate
this contribution from the observed inverse relaxation time. We therefore used the values of
the measured relaxation times, which thus give a lower limit to the calculated polarizations.
The dashed curves in the figures correspond to f = 0, which provides an upper 1limit of the

polarizations. However, the real polarizations are expected to be closer to the lower limit.
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The enhancement of the inverse spin temperatures tends to a constant value at high
temperatures (see Fig. I.5), in agreement with Eq. (I.26). For temperatures below 0.5 K
the enhancement starts to increase, which causes a rapid increase of the deuteron polari-
zation.

Such an increase of the enhancement may seem rather surprising, since the right-hand
side of Eq. (I.31) approaches a constant value when the polarization approaches one; then
one would expect that o approaches also a constant value, thus o/a, would decrease.
However, one should realize that the left-hand side of Eq. (I.31) shows also a '"'saturation"
behaviour, so a small increase in AP, may cause a large increase of a. Of course, the
integration of Eq. (I.32) should be sufficiently precise for distinguishing such small

10

effects (a relative accuracy of 107'° was needed at the lowest temperatures).

It is sometimes thought that the influence of the leakage factor will be negligible at
low temperatures, because of the factor (1 - PePo). However, as can be seen from Fig. I.5b
for example, the enhancement may be doubled at 0.5 K, if f varies from 0.3 to 0, and at
lower temperatures the difference starts to be even more important. '

This behaviour arises from the fact that we have an inhomogeneous ESR line with fast
cross-relaxation; then electron spins with different Larmor frequencies have different po-
larizations in the rotating frame in spite of an equal spin temperature, namely
Pi = tanh (} uAi). Since Pi may be small, this causes the factor

Zf v,P (1 -PpP)
b

to be not always negligible.

In Chapter III we will describe measurements which indicate both the increase of the
enhancement at low temperatures and the important role of the leakage factor, even at low
temperatures. It should be noted that large deuteron polarizations can be expected only if
the proton polarization has reached almost complete polarization, at least if this mechanism
of dynamic polarization is effective. This result clearly shows the difficulties involved
in obtaining highly polarized deuteron targets.

3.3.3 Dynamic polarization at "low temperatures"
under weak saturation conditions

There exists no exact theory for this case. However, by making a few simplifying
assumptions, I believe a reasonable estimate of the polarization as function of the micro-
wave frequency can be made, even at low temperatures.

The evolution of the electron polarization under microwave irradiation is given by

Eq. (I.19a), which is valid at low values of Pe' However, under the condition

%yA < By, (1.33)

which is true if the system is close to thermal equilibrium with the lattice, the term
(Pe + 3 yA) may be replaced by P, and Eq. (I.19a) reduces to:

.

T
1€

I:) = -Wope

. o ~By . (1.34)
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Here we assumed that terms proportional to f are negligible. Equation (I.34) is just the
classical one in case of negligible spin-spin interactions, which is valid without restric-
tions on the temperature. The condition (I.33) will only be fulfilled under weak saturation
conditions. In that case the spin-spin interaction reservoir will hardly be cooled. There-
fore we used the high temperature approximation for the spin-spin interaction energy, which
is an assumption, because the relaxation of the dipolar energy does not need to be exponen-
tial at low temperatures. Goldman et al.eo) have given expressions for the dipolar energy,
from which it is apparent that higher-order terms may be neglected at low values of 7.

Under. these assumptions the steady-state solution of the proton polarization as func-
tion of microwave frequency is easily obtained from Eqs. (I.19b) and (I.19c):

-8 B, S154/0°

P(H) = {1.35)

1+8 #8 «8

Here we replaced (Pe + 1 yA) by Pe % -1 and neglected terms proportional to f and

y(A £ Vs vy denotes the proton Larmor frequency.

To be more specific, we now consider a homogeneous electron spin system in a 25 kG
magnetic field, possessing a Lorentzian ESR line with a half-width of about 10 MHz. If
this is compared with the Larmor frequencies of protons, deuterons, and carbon-13 nuclei,
which are about 106, 16, and 26 MHz respectively, one expects a resolved solid-state effect
only for protons, eventually accompanied with dynamic polarization by cooling of the elec-
tron spin-spin interaction reservoir. The expected proton polarization versus microwave
frequency is schematically shown in Fig. I.8.

saturation
parameters

cooling of 'Y
SS-reservoir /\
polarization

by solid -state ~ } P

effect

V —
sum of the
two effects f P

V) —

Fig. 1.8 The polarization as function of micro-
wave frequency arising from a cooling
of the electron spin-spin interaction
reservoir and a solid-state effect.
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For deuterons and carbon-13 nuclei, the polarization arising from the thermal contact

with the spin-spin interaction reservoir is expected to be dominant since
+
Sy > § . (1.36)

This inequality follows from a simple estimate of S,, using Eq. (I.23), and from the assump-
tion of weak saturation. Then these nuclei will both obtain the same temperature as that of

the electron spin-spin interaction reservoir, or

PO) = % vy = %—AvDSI/QZ (1.37)
P(C) = %—ch = &v.S$1/0% . (1.38)

v and Ve are the deuteron and carbon-13 Larmor frequencies. In order to obtain the right-
hand side of these equations, we assumed again (Pe + 3y)=x -1 and f = 0. Furthermore, the
-1 -3
ns 34 Tg,

spin temperatures for the nuclei and the electron spin-spin interaction reservoir. From

terms proportional to T can be taken as zero, because of the assumption of equal
Eq. (I.19c) the steady-state solution of y is then found to be 2AS,/9%. The expressions
(I.35), (I.37), and (I.38) will be compared with the measurements of the polarization as
function of microwave frequency in experiments with a free radical which exhibits such a

narrow ESR line.

SPIN LATTICE RELAXATION

In this section we will briefly consider the problem of spin lattice relaxation, which
plays such an important role in dynamic polarization experiments. Especially the rapid
increase of the nuclear spin lattice relaxation time T1n at low temperatures decreases the

leakage and makes it possible to obtain high polarizations.

It is well known that the nuclear spin lattice relaxation proceeds mainly via the
interaction with the electron spin system, because the number of phonons ''on speaking terms"
with the low frequencies of the nuclear Zeeman reservoirs is extremely small at low tempe-
ratures®’) . We therefore consider first the field and temperature dependence of the elec-

tron spin lattice relaxation.

4.1 Electron spin Tattice relaxation

For the electron spin lattice relaxation, several processes are known to occur®®)
However, at low temperatures and in high magnetic fields normally the direct process domi-
nates, which consists simply of an electron spin-flip accompanied by a photon absorption or
emission®?»7°). The field and temperature dependence of this process are given by

hv
T} « H® coth l:ék—%:l k (1.39)

at least, if S is uneven (Kramers doublets).
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4.2 Nuclear spin lattice relaxation

Since the appearance of Bloembergen's original paper®’), the problem of nuclear spin

lattice relaxation has been investigated many times'»2»7!»72), It was shown that the main
cause for this process in solids with paramagnetic impurities was the fluctuating magnetic
field at the nucleus created by the transitions within the electron spin system. The direct

relaxation time of a nucleus at a distance r from a magnetic ion is proportional to

T, /lel? , (1.40)

where e is given by Eq. (I.10). This transition probability varies rapidly with the distance
r. However, when the nuclear spin diffusion is fast, a homogeneous nuclear spin temperature
is obtained. Then, in case of retarded spin diffusion, the single inverse relaxation time of

the nuclear spins will be proportional to72’73):

2
T! - [ﬁgﬁ] (d°R%)-? SE—ZTEQBQ) : (1.41)
1e

R is defined as half the average distance between two electron spins, and d is the diffusion
barrier which arises from the fact that at a distance shorter than d from the paramagnetic
centre, the spin diffusion is slowed down as a consequence of the large internal fields act-
ing there. However, this quenching of the diffusion may be largely reduced in presence of

a spin-spin interaction reservoir, which can take up the difference in Zeeman energy between
neighbouring nuclei. Sometimes a good agreement between theory and experiment is found,

if d is taken as the shortest distance between a paramagnetic centre and the surrounding

.40,73=75
nuclei "’ ).

The factor (1 - POPe)/Tle gives roughly the transition probability for an electron to
perform a spin-flip per unit time. This factor, first observed by Schmgge et al.”"*) be-
comes very small at low temperatures. It causes a steep increase of the nuclear spin lat-

tice relaxation time at decreasing temperatures.

Another mechanism of nuclear relaxation is caused by the presence of the electron
spin-spin interaction reservoir®?,¢%) (see Fig. 1.3). If there exists a strong thermal
contact between the nuclei and this reservoir, then they obtain equal temperatures in a
time of the order of T,5" If this time is much shorter than Tln, the common spin tempera-
ture will relax with a single time constant T{ to the lattice temperature. From simple

thermodynamical arguments, T{ is found to be

(I.42)

at least in the high temperature approximation, where TlSS is assumed to be Tle/a with
1<a<3755%), T{ may become very long for small heat capacities of the spin-spin
interaction reservoir (''dipolar bottleneck'). If T1SS is different from the nuclear spin
temperatures during relaxation, the situation is more complicated and one has to solve
Egs. (I1.19), in which Wi, Wé and W, are set to zero. In general one then expects a non-
exponential relaxation. This problem has been treated elsewhere’®) .
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At high polarization values, the behaviour of Tlss is not known. It is probably not
simply proportional to Tle’ since the dipolar energy becomes a function of the Zeeman
energy. Normally a behaviour different from that expected from the (1 - POPe) term is

29,77,78) | However, as said before, in general it is

observed, when PO is close to one
difficult to calculate the contributions of the various mechanisms, not only because of
uncertainties in important parameters such as Tiss and d, but also because of the possible

influence of clusters, unknown paramagnetic impurities, etc.

DESCRIPTION OF THE DEUTERON SPIN SYSTEM

Let us briefly recall some properties of the deuteron spin system79). In an external
magnetic field the energies of the three magnetic substates can be written as

E, = ~hyym + th {[3 cos? (8) - I]HSmZ - I(I + 1)} 3 (1.43)

where V) is the deuteron Larmor frequency (16.34 MHz in a 25 kG magnetic field), m = (Iz)’
and vQ = 1/8 (e?qQ/h) = +19.5 kHz for propanediol-D6, where eq is the deuteron quadrupole
moment and eQ is the value of the electrical field gradient along the principal axis of the
field gradient tensor, which can be assumed to coincide with a CD-bond; © is the angle
between this axis and the direction of the magnetic field. In an amorphous solid, as is
our case, all orientations of CD-bonds are equally probable. Therefore the magnetic levels
are shifted, depending on the value of 6. This gives rise to two transitions, which vary
in energy according to the factor [3 cos® (6) ~ 1] and in intensity according to the factor
1/cos (8) '). These two transitions partially overlap each other, and the actual deuteron
magnetic resonance (DMR) line is a superposition of them, as shown in Fig. I1.9. The two

Vv
;_Q___ /__ a) Energy level diagram of the deu-
_ teron spin system for three values
D VD 3VG VD*GVG of the factoz (3 cos? 6 - 1),
J_.._ /_ namely 0, -1, and 2, which cor-
responds to the centre, the peaks,
V=6V and the pedestals of the deuteron
D Q line, respectively. 6 is roughly
| I E—— the angle between the direction

of a CD-bond and an external mag-
©=arccos(V1/13) ©=T1/2 ©=0 netic field. ‘

b) Theoretical deuteron line shape,

which is the sum of the two pos-—
sible transitions m = 0 tom = 1
and m = -1 tom = 0 (dashed lines).
Some line broadening due to spin-—
spin interactions has been taken
into account, which makes the line
smoother. Otherwise the peaks

1
VD—GVG VD‘3VQ VD VD’3VQ VD46VQ would tend to infinity.

VD¢ 3VQ

V —

Fig. 1.9
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peaks correspond to 6 = 90°, the pedestals to 6 = 0°, while the right peak and left pedestal
correspond to the m = 1 tom = 0 transition, whose intensity is J+, and the other peak and
pedestal to them = 0 to m = -1 transition with intensity J . The intensities are propor-
tional to the difference in populations n of the corresponding states, which satisfy the
Boltzmann relations under thermal equilibrium conditions. We assume the sum of n to be
normalized to 1. The vector polarization P(D) = (IZ) is then given by n; - n_; = c(J+ +J),
and the tensor polarization or alignment A(D) = (SI; - I(I + 1)) is equal to 1 - 3ng =

= c(J+ - J7). From the definitions it follows that under thermal equilibrium, A(D) and

P(D) are related by A(D) = 3/4 P(D)?, if A(D) is small. The constant ¢ can be determined

by measuring the thermal equilibrium signal at a known temperature. At high polarizations
the intensities J* and J” become different and the asymmetry, defined as R = J+/J_, is
related to P(D) by:

[PD)| = (R* - 1)/(R* + R+ 1) (I.44)

as follows from the definitions.




CHAPTER II

EXPERIMENTAL TECHNIQUES

GENERAL ASPECTS

Nuclear dynamic polarization through the dipolar coupling with electron spins is
obtained by placing the sample in a cavity and applying microwaves to it with a frequency
near the electron Larmor frequency. Multimode cylindrical cavities were used, since single-
mode cavities are too small in practice, if one uses microwaves in the millimetre range.

The size of these cavities is not so critical, and cavities with a diameter of 3 cm and

15 cm long have been operated successfully.

The polarization can be determined by comparing the nuclear magnetic resonance absorp-
tion signal (NMR signal) at thermal equilibrium with the lattice, with that of the enhanced
one, since the polarization is proportional to the surface of the NMR signal. The NMR
spectrometer is described in the next section. Most of the experiments were done in a
25 kG magnetic field, obtained by a conventional iron magnet; some of them were done in a
superconducting magnet operating at 50 kG. The field homogeneity was about 3 x 107" or
better for small samples (< 3 cm?®).

The experiments were performed at temperatures below 1 K, using “He or °He evaporation
cryostats®®) or a ‘He-*He dilution refrigerator®!). These cryostats were all of a horizon-
tal, continuous-flow-type with vapour-cooled radiation shields. In these cryostats, liquid
“He can be transferred continuously from a larger dewar into a separator. From the separa-
tor, cold “He gas is pumped along the radiation shields, of which the lowest one is cooled
to about 15 K. Via an expansion device (needle valve) the “He liquid is transferred from
the separator into an evaporator, which can act simultaneously as a cavity (‘He evaporation
cryostat) .

The *He cryostats and dilution cryostat are inserted in a horizontal stainless-steel
tube, which is precooled to about 1 K. The precooler is quite similar to the “He cryostat
described above. The *He insert consists basically of a gas heat exchanger, condenser, ex-
pansion device, and cavity plus wave-guide. A sketch of a *He cryostat with precooler is
shown in Fig. II.la.

The *He-"He dilution cryostat is quite similar to the °He cryostat, except that after
the condenser a dilution unit is mounted (see Fig. II.1b). The cavity is located inside
the mixing chamber (see Fig. II.1lc). Microwave power is fed into it via a waveguide, which
enters the dilution unit via the vacuum jacket pumping line. An FEP (fluorinated ethylene
propylene) foil window in the waveguide near the mixing chamber makes the latter leak-tight.
The cooling power available was respectively 1 W at 1 K, and 30-150 mW at 0.5 K in the




. “He transfer line

. Wave-guide

*He gas inlet tube

3He pumping Tine

. Separator pumping line

. Needle valve

. Vacuum pumping line

. Filter of sintered bronze

. Phase separator

. Expansion device (sintered
metal or needle valve)

11. Cavity (0.5 K)

12. “He evaporator (1 K)

CWONOU A WN —

Hi—
¥ g ke 2
/

by d

8% ®—

©

¥474(:> 13 Radiation shield (v

15 K)
14. Radiation shield (v 20 K)
> 8 15. "“He pumping line
4 16. Perforated Cu discs
17. *He gas heat exchanger

18. 3He condenser

a) Sketch of a 3He-cryostat (not on the right scale; the horizontal dimensions are longer in

practice and the walls thinner).

b) Photograph of the ’He-"He dilution refrigerator insert (from Ref. 81).

A. Mixing chamber D. Vacuum jacket flange
B. Two discrete heat exchan%ers E. 5till

using sintered copper®?:%3) F. Vacuum jacket-pumping tube
C. Tubular counter flow heat exchanger G. Condenser

C) The mixing chamber with cavity (from Ref. 78).

wwgl

Fig. II.1

H. Gas heat exchanger
1. Pumping line flange
J. *He-inlet tube

Microwave cavity

NMR coil with teflon insulation
the feed-through is made leak-
tight with a mixture of Araldite
+ chalk powder (1:1 by weight)

M. Perforated FEP foil membrane

Lo VO

Spring for holding the end cap
of the cavity
FEP foil window

. Wave-guide
. Dilute stream outlet tube
. Concentrated stream inlet

tube




- 27 -

evaporation-type cryostats, and varied from 0.2 mW at 0.1 K to 9 mW at 0.45 K in the dilution
cryostat. These high cooling powers were not needed to obtain the maximum polarization in

the samples, but they were of practical interest for a rapid build-up or reversal of the polari-
zation. At temperatures below 0.5 K in a 25 kG field the microwave power for maximum polari-
zation is about 1 mW per gramme of the sample. At higher temperatures the microwave power
needed for optimum polarization increases rapidly (about 14 mW/g at 1 K). The reason for this
is probably the rapid decrease of the spin lattice relaxation times at higher temperatures.
The microwave power/g was calculated from the total microwave power absorbed in the cryostat,
thus assuming that cavity losses are negligible compared with losses in the sample; this will
be the case if the microwave frequency is near paramagnetic resonance (we used filling factors
of the cavities between 50 and 70%). The microwave power for large targets (say 100 cm®) was
normally obtained from carcinotrons, which provide a maximum output of several watts; for
smaller samples a klystron was used, delivering typically 500 mW. The frequency of these
sources could be varied slightly around their mean value of 70 GHz (or 140 GHz for the 50 kG
measurements). The size of the samples in the experiments described later, was typically a
few cm®. The organic samples that we studied are liquid at room temperature. They were
mostly composed of pre-frozen spheres, formed by allowing liquid droplets to freeze on a
liquid-nitrogen meniscus. The diameter of the spheres was between 1 and 2 mm; a bigger dia-

)

of the microwave field. The cavities were normally completely filled with these spheres.

. . 8h s .
meter would cause trouble for reasons of microwave heating and a finite penetration depth

In experiments with the dilution cryostat, the samples were sealed in a 15 pm thick FEP foil,

because the sealing of the mixing chamber at room temperature prevented the use of pre-frozen
spheres.

THE NUCLEAR MAGNETIC RESONANCE EQUIPMENT

The NMR signals of different nuclei were detected by continuous-wave magnetic resonance,

using "Q-meters' ®5-87),

They were made out of a LC tuned series circuit, in which the
capacitance outside the cryostat was connected to the coil in the cavity via a } X cable.
Normally one single coil with a diameter of 1 cm and about 4 to 6 turns was used for the

different nuclei.

The signals are detected in the form of a change AV in the RF power level V over the
LC circuit. Care was taken that the ratio AV/V was always smaller than 10% in order to
make the "dispersion corrections" less than 3% 86,87) . these small corrections were applied
to the experimental results described further on. The RF power was always kept at a suffi-
ciently low level to avoid saturation. These two requirements, linearity and non-saturation
of the spin system can only be met by a low RF-field strength (say 1 mG) which implies that
noise is not always negligible. Therefore the sensitivity of the system was improved by
using a small computer as a digital averager (see Fig. II.2). As said before, the polariza-
tion is proportional to the surface of the NMR signal. Errors in this surface due to un-
certainties in the base-line were negligible, because the latter was subtracted from the
signal in a digital way.

Figure II.3 shows a thermal equilibrium signal of protons in 1,2 propanediol at 0.6 K

and 25 kG after 500x averaging.
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Fig. II.2 Basic elements of our experimental arrangement for dynamic polarization
experiments.
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Fig. I1.3

Thermal equilibrium signal of protons in
1,2-propanediol at a temperature of 0.6 K
in a 25 kG magnetic field. The signal was
photographed from the display screen of a
HP 2100 computer after 500 times averaging.
The frequency sweep on the horizontal axis
is from 106.3 to 106.7 MHz.

THE ELECTRON SPIN RESONANCE EQUIPMENT

Two electron spin resonance spectrometers were available for the measurements of ESR
line-shapes and electron spin lattice relaxation times. The first one is a commercial
Varian E3 spectrometer, operating at 3 kG between room temperature and liquid-nitrogen tem-
perature. The second one is a transmission-type spectrometer, which can be operated at
25 kG and 0.5 K. It consisted simply of a *He evaporation cryostat, equipped with a U-form
waveguide. At one end of the waveguide, made of monel, a detection diode was mounted; at
the other end a klystron, attenuator, phase shifter, and frequency meter. The use of a
cavity or of modulation techniques was not necessary in the latter, because under the con-
ditions mentioned the electron polarization is about |1|, and sufficient sensitivity can be
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obtained for rather concentrated samples (v 10'° spins/cm?®) by just placing them inside the
cold part of the waveguide. The samples, sealed in FEP foil, were normally smaller than
20 mm®, thus avoiding too strong a variation of the microwave field strength during the

sweep of the magnetic field through resonance.

Electron spin lattice relaxation times at 25 kG could be measured by the pulse relaxa-
tion method, in which the recovery of the signal is measured after saturation. The pulses
were obtained with the aid of a Hitachi ferrite modulator, which has a maximum attenuation
of about 20 dB and a switching time of a few microseconds. The computer was used for accu-
mulating the recovery of the ESR signal, which made it possible for us to operate at low
power levels in order to prevent sample heating and errors due to saturation during the re-
covery. Errors due to uncertainties in the base-line were negligible, because it was sub-
tracted from the recovery signal in a digital way. A typical recovery signal is shown in
Fig. II.4, obtained after 100x averaging.

+ NORMAL ISEC Sum

- P CREMNESS+DC OFFSET
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Fig. I11.4

Recovery of the ESR signal in l-butanol
doped with 17 (by weight) of the free
radical porphyrexide at a temperature

of 0.5 K in a 25 kG magnetic field. The
time scan on the horizontal axis is

26.2 msec (Tle = 3.3 msec).

SAMPLE PREPARATION

The experiments were mainly performed with two kinds of samples: diols doped with
paramagnetic Crv-complexes, and toluenes doped with the free radical BDPA. The chemicals
which we used were obtained from Fluka AG, 9470 Buchs, Switzerland. The deuterated products
were obtained from Merck, Sharp and Dohme, Ltd., P.0. Box 899, Quebec, Canada, or Roth,
D-7500 Karlsruhe 21, Germany.

The Crv—complex can be formed by slowly reducing hexavalent chromium compounds
(K2Cr,07, Na,Cr,07.2H,0, (NHy) 2CrO4 ,K,Cr0,4,Cr03) with a diol (ethanediol, 1,2-propanediol,
2,3-butanediol, and others). This complex was discovered by Garif'yanov et al.®®) | who
studied its ESR spectrum (S = }). Since then much research has been carried out with the

89-91
) In the course of the oxidation
111 V III). The Cr‘-

reduction reaction, the Crv is further reduced to Cr (Cr\'I * Or- = .0
complex appeared to be a very suitable one for obtaining high polarizations, as was first

aim to understand the formation of this complex

proved by Glittli et al.2%:°2). However, getting very high polarizations requires a high

Crv concentration and a low CTIII content. This is related to the fact that CrIII
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appreciably shortens the nuclear spin lattice relaxation time. For example, in a propane-
diol sample, in which the ratio of Crv to CrIII was about 1, we measured a relaxation time
of 1 minute at 25 kG and 0.5 K, while it is about 1 hour if the crl concentration is kept

as low as possible.

The final concentrations of CrV and CrIII not only depend on the reaction time and the
temperature, but are also sensitive to the presence of water and 1ight®?>99,23) | The first

parameters we studied were the reaction time and the temperature in several solutions.

Typical reaction times at 70°C of some diols with potassium dichromate, which in each
case yield about the same concentration of Crv-complexes, are: 10 minutes for ethanediol,
120 minutes for 1,2-propanediol, and 160 minutes for 2,3-butanediol. Longer reaction times
or higher temperatures increase the Crv concentration, but also increase the CrIII concen-
trati?r;i An obvious way to increase the CrV concentration with still a low concentration
of Cr

after a reaction time at which the Cr

in the final solution would be to distil part of the diol out of the solution
LE concentration is still low. A necessary condition
for this purpose is, of course, that the solution has a boiling point at which the oxida-

tion-reduction reaction is slow; if the reaction is fast at that temperature, then the Crv

will still be converted into CrIII

during the distillation. The boiling points of the
mentioned diols at 1 mm Hg pressure are: 53.0°C for ethanediol, 45.5°C for 1,2-propanediol,
and 44.0°C for 2,3-butanediol. From the reaction times given above, it is clear that for
ethanediol it will be more difficult to concentrate the solution by distillation without
destroying the crV complexes than it would be for the other diols. Therefore we used
1,2-propanediol. We did not use diols with more C-atoms, because it is known that the pola-
rization in several diols, doped with Crv complexes, decreases with an increasing number of
C-atoms®*). We choose K,Cr,0, as a CrVI compound, because the formation of Crv complexes

is slow in this case; this makes it easier to concentrate the solution by distillation.

During the oxidation of the diols, water is formed. Bontchev et al.®®) found that if
the water is removed out of the solution by performing the reaction under vacuum, a rather

ITI

large improvement of the CrV/Cr ratio could be obtained.

We prepared 1,2-propanediol samples in the following way: a mixture of 650 m% propane-
diol and K,Cr,0; (15:1 by weight) was stirred for 90 minutes at a constant temperature of
65°C of the surrounding water bath. The reaction flask was connected to a distillation
column operating under 1 mm Hg pressure. The speed of distillation could be regulated by
the position of the column, causing more or less reflux of the distilled propanediol. After
90 minutes there was about 200 m% of the solution left with a concentration of
n 2.5 x 10*® spins/cm®. The solution was then quickly concentrated five to six times by
distilling, as quickly as possible, for 10 to 20 minutes, which yielded a concentration for
optimum polarization (see Chapter III.2). This latter time should be as short as possible

in order to prevent Crv to CrIII

conversion in the rather concentrated solution; it was
kept under nitrogen atmosphere during further preparation of the sample in the form of
frozen spheres. Originally we used also the photosensitive properties of the reaction in

;
order to improve the Cr\/CrIII ratio?®). However, by using a commercial distillation column,
in which the solution could be concentrated more quickly and at lower temperatures, samples

with similar properties could be obtained.
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The concentration in the samples was measured by comparing the absorptive part of the
EPR signals of a sample and a solution of propanediol with a known concentration of DPPH.
The concentration of the Crv complexes obtained in this way is plotted against the peak-to-
peak separation of the derivative of the EPR signal in Fig. II.5, from which it can be seen
that the peak-to-peak separation is an accurate method for reading the concentration in this
range. This figure shows a close resemblance to the curve obtained by other authors for
Crv—complexes in ethanediol®?) (dotted line in Fig. II.5).
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Fig. II.5 The peak-to-peak line width of the derivative
of the ESR line versus the CrV concentration
in 1,2-propanediol at room temperature in a
3 kG magnetic field. The dashed curve was
obtained in ethanediol (from Ref. 92).

For an unknown reason the above-mentioned reaction is much more difficult in per-
deuterated diols. We therefore used deuterated diols in which still two OH groups were

present. Then the reaction appeared to occur with the same speed as in normal diols.




CHAPTER III

DYNAMIC POLARIZATION IN DIOLS DOPED WITH CrV-COMPLEXES

ELECTRON SPIN RESONANCE MEASUREMENTS

The ESR spectrum of the Crv—complex in ethanediol at 3 kG has been studied for the
first time by Garif'yanov®®). In a dilute solution it consists of a set of nine narrow
lines separated by 0.3 G owing to the interaction with eight equivalent protons. Four
other weak lines separated by 17 G were attributed to the hyperfine interaction with the
3Cr nuclei (10% natural abundance). From the spectrum they deduced the most probable
chemical structure of the complex and the fact of axial symmetry at the position of the
Crv ion. The structure in the main line disappears, when the Crv—complexes are prepared in
partially deuterated ethanediol-D4 (see Fig. II1I1.1).

16

a) ESR spectrum of a solution of ethanediol with a low concentration of Crv-complexes
(S = %). The splitting results from the hyperfine interaction with neighbouring
protons.

b) ESR spectrum of a diluted solution of partially deuterated ethanediol-D4; since
the CrV-complexes are deuterated, the line width is drastically reduced compared
with the spectrum given in Fig. III.la,

Fig. III.1
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Below -70°C the solution becomes solid and the line width then increases from 7 to
14 G for a concentration of 16 x 10'° spins/cm®.

At 25 kG and 0.5 K the g-factor anisotropy is the dominant broadening mechanism. This
spectrum is shown in Fig. III.Z2.

* f
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Fig. III.2

The ESR absorption spectrum of gropanediol with
a CrV concentration of 16 x 10! spins/cm?® in a
25 kG magnetic field at 0.5 K. The arrows in-
dicate the microwave frequency, where optimum
polarization is obtained (f* for positive and
f~ for negative polarization).

From the line shape the g-factor anisotropy can be deduced to be

A -
_§v= Eé___§l = 4x10°%
g g

where g ~ 1.985.

The electron spin lattice relaxation time in a sample with the above-mentioned con-
centration is rather long at 0.5 K and 25 kG, namely 38 + 2 msec.

MAXIMUM POLARIZATION VALUES OF PROTONS,
DEUTERONS, AND CARBON-13 NUCLEI

2.1 Absolute values of the polarization

The optimum polarization values in diols doped with CrV-complexes have been widely
studied under various experimental conditions, because of their interesting properties with
regard to polarized targets. The results are listed in Table III.1. A few other organic
materials have been included as well. Some crystals, in which dynamic polarization experi-
ments have been performed, are lanthanum magnesium nitrate’®), ruby'!°), tutton salts®),
rutile!!!), calcium fluoride''?), and others.

In the following we will direct our attention to samples of propanediol and partially
deuterated ethanediol-D4 or propanediol-D6. The concentration of Crv-complexes was chosen
in the range where optimum polarization can be obtained (see Fig. III.3).
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The optimum proton polarization versus crV con-
centration in 1,2-propanediol at a °He bath
temperature of 0.54 K,

Table I11.1

N —— Paramagnetic centres Maximum polarization | Maximum proton

(chemical (;onceptrati?n at 25 kG po;irégaﬁéon References

Fmmila) I e $ 0.5 K below 1.5 K
Ethanediol Crv—comglexes P(H) | P(H)  P(D) P(C) % 25-27, 61
(C2Hg07) 5 x 10'° - 10%° 50 80-97 40 48 95-97

: \'

1, 2-propanediol | Cr’ -complexes - 28, 29
(C5Ha0,) 5 x 101% - 2 x 02| 50 |[80-98 44 52 4B 32, 98, 99
Hexanediol \Y
Pinacone P 40 |60-80 - - - 78, 92, 94
(CeH1402)
ol RoNEpsde 4 |70-85 25 21 80 100-108
Ammonia Crv—complexes
(NH3) ~ 1019 40 60-70 = = = 108, 109
3 3

2.2 Relative values of the polarization

The polarization values listed in Table III.1 were determined by comparison of the

enhanced NMR signals with the thermal equilibrium ones.

However, this method is not very

accurate in the case of spin species with a low natural abundance, e.g. carbon-13 (1.1%).

We therefore determined the carbon-13 polarization P(!®C) in another way, namely by

measuring the relative values of the polarization of different nucleill?),

This was done

by comparing NMR signals at a constant frequency and correspondingly different magnetic
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field values: when the polarizations had reached their steady-state values, the micro-
wave power was switched off and the dilution cryostat was cooled down to 120 mK in a few
minutes, a time which is short compared to the relaxation times?7). At 120 mK the relaxa-
tion times were longer than 100 h at 25 kG and longer than 3 h at the lowest field value.
The polarizations were thus frozen in during their measurement, which lasted a few minutes.
The relative values of the polarizations could then be calculated from the relative inten-

sities of the NMR signals, the number of spins, their spin value and magnetic moment.
In 1,2-propanediol-D6 the ratios P(H) : P(D) : P(*3C) were found to be equal to32)
1:0.445 + 0.02:0.53 = 0.03 (I11.1)

in the case where the absolute values were equal to

P(H) = 98f§% and P(D) = 44 4% .

From these ratios and from the absolute value of P(H) we find
P(D) = 43.5+2% and P('3C) = 52+3% .

The agreement between this value of P(D) and its absolute value of 44% gives confidence
in the determination of P(!®C) by this method.

2.3 Comparison of the polarizations with
the equal spin temperature hypothesis

Since the electron spin lattice relaxation time of the inhomogeneous electron spin
system is rather long, we might expect that cross-relaxation is fast compared with g S
Experimental evidence for this is described in the next section. In such a case dynamic
polarization by cooling of the electron spin-spin interaction reservoir is expected to be
dominant, because the line width of the ESR line is much broader than the nuclear Larmor
frequencies. Under such conditions the different nuclear spin species will obtain an
equal spin temperature. The polarizations and the spin temperatures are related by
Brillouin functions, which reduce in the present case to

P(H) = tanh {hvy/2kT(H)} , (I11.2)
4 tanh {hvp/2kT(D)}

PM) = 35 tanh? [hvy/ZKTD)] ° s

P('3C) = tanh {hvc/2kT(C)} . (I11.4)

Assuming equal spin temperatures, we can replace the different temperatures in
Eqs. (III.2)-(III.4) by a unique temperature Té, and we see that each of the ratios
P(D) : P(H) and P(*3C) : P(H) determines the unique unknown Tg and thus makes it possible
to calculate the absolute polarizations from their relative values only. With the ratios
(III.1) one obtains

P(H) = 98 and P(D) 44 (I11.5)
P(H) = 98 and P(!°C) = 52 (I11.6)

Figure III.4 illustrates how the equations can be solved graphically. The agreement

between these results and the numbers obtained by the NMR calibration quoted in Section 2.2
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a) The deuteron versus proton polarization. The ratio of the deuteron and proton
polarization was measured to be 0.445 + 0,02, The line with this tangent crosses
the curve, which corresponds to equal spin temperatures for the corresponding nu-
clear Zeeman reservoirs at values which coincide with the measured ones, thus con-
firming that the spin temperatures .are equal within experimental errors.

b) The same as in Fig. III.4a, but now for the carbon-13 versus proton polarization.
The relevant numbers are indicated in the figure.

Fig. I11.4

allows the conclusion that the spin temperatures were equal within experimental errors.
Similar conclusions were drawn for experiments in 1-butano1!®6s197) | The results (I11.5)
and (III.6) show how sometimes the proton polarization can be determined accurately

without measuring thermal equilibrium signals, once the equality of the spin temperatures
has been demonstrated.

2.4 Polarization versus microwave frequency

Steady-state values of P(H) and P(D) in ethanediol-D4 were measured versus microwave
frequency at a fixed temperature of 0.54 K, in a field of 25 kG, using a *He evaporation
cryostat and a microwave power of about 5 mW/g. The inverse spin temperatures 1/T(H)
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and 1/T(D), deduced from the polarization values by using Eqs. (III.2) and (III.3), are
shown in Fig. II1.5. Again, the spin temperatures are seen to be equal within experimental

errors. In particular, the maximum steady-state values of P(H) and P(D) occur at the same
microwave frequency.
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Fig. IIL.5

The inverse spin temperatures of protons and deuterons as a function
of the applied microwave frequency at a °He bath temperature of

0.54 K in a 25 kG magnetic field., They are seen to be equal at dif-
ferent microwave frequencies.

TRANSIENT BEHAVIOUR OF THE VARIOUS SPINS

A series of measurements were made which show the existence of a thermal coupling

between the different nuclear spin species, the strength of which depends on microwave
power and temperature?’).

3.1 Polarization build-up with microwave irradiation

Starting from polarizations equal to zero, the microwave power was switched on and
P(H) and P(D) in ethanediol-D4 were monitored as a function of time. The evolution of
P(D) is seen to be slower than that of P(H) (Fig. III.6a). The proton and deuteron
''polarization times' are thus different. However, the corresponding spin temperatures,
deduced by using Eqs. (III.2) and (III.3), were equal at each instant during polarization
build-up, as can be seen from Fig. III.6b, where we plotted the inverse spin temperatures
versus time. Note that the inverse spin temperatures are not directly proportional to the
polarizations. The same results can be presented in another way: we draw a point on a
"P(H)-P(D)" plot corresponding to instantaneous measured polarizationé (Fig. III.6C).
This point is seen to move in time along a curve which coincides with the curve deduced
from the assumption of equal spin temperatures.




® PROTON

O DEUTERON
20

40

PROTON POLARIZATION (%)
|
s

DEUTERON POLARIZATION (%)

L L | 1 | |
0 5 10 15 20 25 30

60336 TIME (MIN)

Equal Spin Temperatures
a) The evolution of the proton and deuteron polarization with time,
when a microwave power of 3 mW/g is applied.

DEUTERON POLARIZATION (°6)

600 T T T T T T &
20 |- - _

W 500 [~

(2]

W

@

m 400 -

m 10 -

= 300

i

—

Z

a

) ~8ﬁ ® PROTON

M O DEUTERON ] 1 2 1

w 100 # 0 20 40 60 80 100

z

. _ . . _ PROTON POLARIZATION (%)
0 5 0 15 20 25 30
TIME (MIN) C) Deuteron versus proton polarization. The
) plotted points were determined during build-
b) Inverse spin temperatures of protons and deuterons versus time as up of the polarization with a microwave

deduced from the polarization values of Fig. III.6a by using power of 3 mW/g, except the three highest
Eqs. (III.2) and (III.3). Contrary to the polarizations, the points which are steady-state values. The
spin temperatures of the different nuclear species are seen to theoretical curve corresponds to equal spin
be equal at each time. temperatures for the different nuclei.

Fig. III.6
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The polarization times in these samples were rather short. They correspond, in
fact, to what can be expected if the polarization arises from a thermal contact with the
electron spin-spin interaction reservoir?®). Then each absorbed photon from the micro-
wave field causes a cooling of the interaction reservoir by an amount hA = h(\)e - v); thus

the polarization time is directly related to the microwave power.

3.2 Attainment of equilibrium with unequal
initial spin temperatures

After having polarized the nuclei to a high steady-state value, the microwave power
was switched off and one of the polarizations, for example P(H), was reduced to zero by
NMR saturation. The proton spins were thus heated up to a very high temperature, while
the deuteron (and '*C) spins remained polarized, i.e. remained very cold. The values of
P(H) and P(D) were then monitored as a function of time. The proton and deuteron spin
temperatures evolved towards one another with a time constant t(H, D). The middle curve
in Fig. III.7 shows the temperature dependence of t(H, D) in ethanediol-D4. For com-
parison we showed also the spin lattice relaxation times for protons and deuterons (upper
curve); the lower curve will be discussed later. Similar observations have been done in
11u—116);

other materials the thermal coupling is attributed to the contact with a common

reservoir, in this case the electron spin-spin interaction reservoir, as is apparent from

106

Lllllii

) M

10°

Ol 0 B 8

i

Fig. II1.7

The following quantities are plotted as a func-
tion of temperature. Upper curve: Spin lattice
relaxation times of protons T__(O) and deuterons
T D(.). Owing to the thermal coupling between
the different nuclei, which is much stronger than
their coupling with the lattice, the decay of the
polarizations of different nuclei occurred at
about the same rate, but was not purely exponen-—
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the decay of the other one was followed. This
decay was much faster than the spin lattice roe-

T

between different nuclei, which occurs via the
02 L N 0 electron spin-spin interaction reservoir. Lower
1 2 3 4 5 6 7 8 9 10 curve: Relaxation time T(D,D) of the pure temnsor
INVERSE TEMPERATURE (K™) polarization of deuterons (Section III.:.3).

tial. The points were obtained by the extrapolat-
T(H,D). After saturating one of the spin systers,

~ laxation and is attributed to the thermal coupling
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a steep temperature dependence similar to that of the spin lattice relaxation time. The
temperature and field dependence of the latter will be discussed in more detail in the

next section. The fact that t(H, D) < Tl” ~ T . means that cross-relaxation within the

1D
electron spin system is so fast that the various parts rapidly reach thermal equilibrium,

and their common temperature then varies more slowly towards that of the lattice.

We made another observation, which is important for the understanding of the mechanism
of dynamic polarization: the spins were prepared in states defined by P(H) = 0 and
P(D) # 0 as before: microwaves were then suddenly applied again. Figure III.8a shows the

a) The evolution of the deuteron polarization after polarizing all the nuclei,
switching off the microwave power, saturating the proton spin system, and
switching microwave power on again (about 900 uW) at time zero. The sharp
decrease of P(D) is attributed to the improvement of the thermal contact
between the hot proton spins and the cold deuteron spins. After re-
establishment of the thermal equilibrium between the different nuclei, the
deuteron polarization starts to increase again with a polarization build-up
rate which is an order of magnitude smaller than the thermal mixing rate.
The total time span for the 200 points is 500 sec.
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b) The inverse spin temperatures of protons and deuterons after polarizing
all nuclei, saturating the proton spins with no microwave power on, and
switching on the microwave power again (300 uW) at time zero. The thermal
mixing time is about three times longer than the one illustrated in
Fig. III.8a, where a three times higher microwave power is used,

Fig. II1.8
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evolution of P(D) after saturation of the protons and application of a microwave power of
about 900 uW/g at 69.32 GHz. Instead of increasing, P(D) first decreased rapidly and then
started to increase again with the normal polarization rate. We determined the inverse
spin temperatures of protons and deuterons, doing the same experiment with 300 pW micro-
wave power/g. Figure III.8b shows that the deuteron and proton spin temperatures evolve
towards one another with a time constant of about 2 min, which is about ten times shorter
than the polarization time in this case.

This behaviour is attributed to the improvement of the thermal contact between the
cold deuteron spins and the hot proton spins, owing to the application of the microwave
power. The fact that the thermal mixing time is much shorter than the polarization time
explains why, during polarization build-up, the spin temperatures of the different spin
species were equal, as mentioned in Section 2.3.

The microwaves can improve the thermal contact in two ways, namely via the forbidden
transitions and via a change in the factor 1-P.P , which increases the probability of the
cross-relaxation transitions. A consequence of the strong thermal coupling between nuclear
spins is that the destruction of the polarization of one spin species by NMR saturation,
which can occur in a few seconds, is followed by a rapid destruction of the polarization
of the other spin species if microwaves are on. We have indeed observed such an effect.

3.3 Thermalization within the deuteron spin system

Besides the apparent strong thermal coupling between different nuclei, similar
phenomena were observed within the inhomogeneous deuteron spin system27).

We used two ways to disturb thermal equilibrium within the deuteron spin system:

a) burning a hole in the DMR line;
b) producing alignment by proton RF irradiation, as described in the Chapter IV.

Both methods produced inhomogeneities in the populations of the magnetic substates,
which had quite different lifetimes.

a) Hole-burning was done by irradiating the sample for a few seconds with an RF field.
A few examples are given in Fig. III.9, where we show respectively;

i) a polarized DMR signal;
ii) a DMR line, in which a hole was burned using one single RF frequency;
iii) same as (ii), but now with a frequency-modulated RF field;
iv) the recovery of a hole in the centre (the super-imposed pictures were taken
30 seconds one after another).

A narrow hole was found to be filled with a time constant of a few minutes, inde-
pendent of temperature, and weakly dependent on its position within the DMR line.

b) The lifetime of the state obtained by RF alignment behaved quite differently, since
it was much longer and highly temperature-dependent. In the absence of microwaves
the application of an RF field slightly off the proton resonance frequency produced
a change in the deuteron alignment (see next chapter); in particular, starting with
unpolarized deuterons, the DMR line became antisymmetric, corresponding to a state
with pure alignment A(D) and zero vector polarization P(D) (see Chapter IV). We
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a) The deuteron magnetic resonance line of
1,2-propanediol. This line shows remark-
ably well the features of the theoretical
line shape (see Chapter I.5). The asym—
metry is due to the polarization, which
is =437 [see Eq. (I.44)7. The distance
between the two peaks is 117 kHz,.

b) The inhomogeneous behaviour of the deuteron
spin system made it possible to burn holes
in the DMR line with a saturating RF field.

C) As in Fig. II.9b, but with a frequency-
modulated RF field.

d) Recovery of a hole in the DMR line, The
superimposed pictures were taken 30 sec
after one another. It can be seen that
the hole is filled from the edges, while
the main part of the line is not affected.

Fig. III.9

describe the transient behaviour of the alignment, after the aligning RF field was
turned off, by the parameter t(D, D) representing the decay of the alignment of the
deuterons contributing to the peaks of the DMR line (''peak deuterons''). The tem-
perature dependence of t(D, D) is depicted by the lowest line in Fig. III.7. We see
that it has the same temperature dependence as the proton-deuteron thermal mixing
time t(H, D) and the spin lattice relaxation time.
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We interpret the relatively fast and temperature-independent recovery of a narrow
hole burned in the DMR line as being due to pure deuteron cross-relaxation, involving for
example two deuteron spin flips at the hole frequency and two other deuterons with
frequencies on either side of the hole; energy and angular momentum can thus be con-
served.

Such a mechanism is not efficient to produce the recovery of the deuteron spin system
after pure RF alignment, since a change in the alignment corresponds to a change in the
quadrupole energy (see Chapter IV). During relaxation this energy has to be taken up by the
lattice or by the electron spin-spin interaction reservoir. This latter seems to occur,
since the recovery time of the alignment t(D,D) is much shorter than T
ture dependence is about the same.

\D? while the tempera-

Applying microwave power to deuterons with pure alignment has two effects: the vector
polarization increases and the alignment evolves rapidly towards its equilibrium value
given by A(D) = (3/4)P(D)? (see Chapter I.5). The thermalization of the deuteron spin
system can thus be observed by computing the quantity

x = A(D) - g P(D)? , (111.7)

as a function of time; x tends towards zero, when a spin temperature is established within
the deuteron spin system. Figure III.10 gives various experimental curves of Xx versus
time, taken with different microwave powers.
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The evolution of the quantity x = A(D) - 3,P(D)2 at dif-
ferent temperatures and microwave power levels. A(D) is

the peak deuteron alignment, which corresponds to the dif-
ference of the peak intensities of the DMR line. The rela-
tive microwave attenuation is indicated for the corresponding
curves: 5 dB corresponds to about 1,5 mW/g, 30 dB to about

5 uW/g. The given temperatures are sample temperatures,
which can be higher than the surrounding liquid temperature
owing to microwave heating.
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3.4 Proton spin lattice relaxation

The proton spin lattice relaxation time TiH in normal 1,2-propanediol was measured
at various magnetic fields and temperatures by following the decay of the enhanced NMR

signal;

this was found to be exponential?®).

The temperature dependence of TlH below 1 K is shown in Fig. III.11 at two different
magnetic fields, while the field dependence of TlH is shown in Fig. III.12 at three

different temperatures.

1
T

where

hv

A T1e = 225 |H® coth [——9) + 6.75 x 10° exp [- ———)

2kT

The curves drawn there obey the equation

hve Y] ~* pr.32 ]!
= A'TleH2 cosh? +10.19 —— ;

2KT

T (II1.8)

!

L3 (I11.9)

In these equations T1H is expressed in hours, the magnetic field H is expressed in kG, and

the temperature T in K; 4 is a constant and Tle is the electron spin lattice relaxation

time.

The first term in Eq. (III.8) shows the field and temperature dependence of Eq. (I.41),

which is valid, if the nuclear relaxation occurs via the forbidden transitions.
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Fig. I11.11

The temperature dependence of the proton spin

lattice relaxation time T in 1,2+propanediol
for magnetic fields of 25 kG (O) and 3.84 kG
(0). Some points (@) were obtained in *He or
“He evaporation cryostats for the same sample,
The curves are calculated from Eqs. (III.8) and
(II1.9). Error bars are only shown where they
exceed the size of the symbols.
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The magnetic field dependence of the proton
spin-lattice relaxation time T,y of 1,2-pro-
panediol at temperatures of 0.3 K (O), 0.12K
(O) and 0.06 K (A). The error batrs also in-
clude possible errors of temperature. The
curves are calculated from Egqs. (III.8) and
(III1.9).
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causes the steep increase of the relaxation time in Fig. III.11. However, for values of T1H
larger than 50 h, such a steep temperature dependence was no longer observed and we had to
add the second purely empirical term in Eq. (III.8).

The first term in Eq. (III.9) has the field and temperature dependence of the direct
process for electron spin lattice relaxation [see Eq. (I.39)]. This term fits well with
the measured points at high fields, but it becomes too small at lower field values, which
is usually observed if one extrapolated T1e from high fields to low fields. We could fit
our low field measurements by adding to Eq. (III.9) an exponential field-independent term
proportional to e_(b/T), with b = 0.5 =+ 0.05 K. If one now extrapolates Tle from 25 kG and
0.5 K to 3 kG and 1 K, one expects T1e = 40 msec, which is the right order of

117), Harris and Yngvesson'!®) found such an exponential term for the spin

magnitude
lattice relaxation in some iridium salts, and they explained it by a relaxation process

between the manifolds of exchange-coupled clusters.

As was described in the previous section, there exists a strong thermal coupling
between different nuclear spin species. Therefore the relaxation via the electron spin-
spin interaction reservoir is likely to play some role; however, we do not know how to
separate the various possible contributions.

In high magnetic fields the nuclear relaxation time was roughly proportional to the
inverse of the CrV concentration, as expected’?), but at lower fields a stronger con-
centration dependence was observed, which may be related to cluster formation!!®»120),

COMPARISON WITH THE SPIN TEMPERATURE THEORY

In Chapter I we calculated the magnetic field and temperature dependence of the
polarization in 1,2-propanediol. However, an accurate experimental verification of the
temperature dependence is difficult, because the sample temperature is unknown during
dynamic polarization owing to microwave heating. Fortunately, one thing can be measured
rather precisely, namely the slope 9P/3T, because at low temperatures the thermal contact
between the sample and the He bath is mainly limited by the Kapitza boundary resistance!2Y.
Then the rate of change of energy Q between the sample and the bath, which have tempera-
tures Ts and TL, respectively, is given by

Qe (T8 - T) (I11.10)

or

. 1
T_ = CQ* (III.11)

at low temperatures. This means that TS is mainly determined by the microwave power,

at least if C is constant. This relation was verified by measuring the difference between
Tg and T; as a function of microwave power?®), By using a microwave frequency far from
paramagnetic resonance, the sample temperature could be determined accurately from the
nuclear spin lattice relaxation time. The microwave power was determined by comparing it
with the power of an electrical heater wrapped around the mixing chamber. We determined

the maximum proton polarization for different microwave power levels??). The sample tem-
perature was calculated from Eq. (III.11), using a value of C equal to 2.9 K/WZ1i in order to
get a good agreement with the polarizations as calculated from Eq. (I.31). The results are
shown in Fig. III.13. The sample temperature around 1 K was determined by using the Kapitza
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a) The temperature dependence of the proton and deuteron polari-
zation. The curves were calculated from Eq. (I.31). The
upper curve corresponds to the calculated negative proton
polarizations, which are seen to be slightly higher than the
positive polarizations. The leakage term was determined
from the measured relaxation times; in the calculation of
the deuteron polarization curve, the reduced heat capacity
of the nuclear Zeeman reservoirs was taken into account,

For comparison the deuteron polarization is also shown, if
the reduced heat capacity for the deuterated sample was not
taken into account (dashed line).
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b) The "enhancement" of the inverse spin temperatures for normal
and partially deuterated propanediol. The difference between
the two samples arises from the smaller heat capacity of the
nuclear Zeeman reservoirs in the deuterated sample. The curves
are calculated ones.

Fig. III1.13
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resistance coefficient given in Ref. 84. At the highest polarizations the microwave power
was about 0.5 mW/g and the temperature of the He mixture in the dilution refrigerator was
0.2 K.

At a constant temperature the negative polarization was observed to be slightly higher
than the positive one, as was expected from the calculations (the upper curve in
Fig. III.13 corresponds to the calculated negative polarizations). This difference is
connected with the asymmetric ESR line?°).

The optimum polarizations were obtained at a microwave frequency, for which |A] =
= 200 MHz, which is in good agreement with the calculated value of |A|. Of course the
constant C could have been chosen different, which would shift the experimental points by
a constant factor. However, this retains the rather steep temperature dependence of the
polarizations, which is seen to be in good quantitative agreement with the spin tempera-
ture model described before. Also the magnitude of the polarization corresponds well with
the calculated one.

For the calculations of the curve for the deuteron polarization we used a slightly
lower value of f corresponding to the reduced heat capacity of the nuclear Zeeman reser-
voirs in the partially deuterated sample as compared to a normal sample (about a factor
three lower). As was calculated in Chapter I.3.3, a small difference in the leakage term
should still give appreciable variations, even at low temperatures. In Fig. III.13 the
calculated enhancement of the inverse spin temperatures is shown for a normal and a deuter-
ated propanediol sample together with the experimental points. The expected increase of
the enhancement and the difference between a normal and a deuterated sample arc evident.
This latter fact has also been observed in 1-butanol!°®).

Some measurements were done at different magnetic fields®9»122)

, namely at 48, 25, and
17 kG, at an estimated sample temperature of 0.7 K. The points are shown in Fig. 111.14

together with the calculated curves. A rather large deviation is found at 48 kG. There
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Fig. III.14
The proton and deuteron polarization at 0.7 K
as a function of magnetic field. The polariza-

tion was measured at three field values (17, 25
and 48 kG). The large deviation at 48 kG is
discussed in the text.




- 48 -

may be several reasons for this: the electron spin system is not completely saturated,
because of the short electron spin lattice relaxation time [about 1 msec, if we extrapo-
late the value at 25 kG by using the expression (I.39)] or the thermal contact of the
nuclei with the electron spin-spin interaction reservoir became too bad . The latter may
be due to a slow cross-relaxation within the electron spin system, since the g-factor
anisotropy will cause an appreciable inhomogeneous broadening at 50 kG. Also the factor
(1- PgP,) then becomes very small. As said before, this factor arises simply from the
fact that at high polarizations there are hardly any electrons with spin up, thus reducing
the cross-relaxation rate, since a combination of spin up and spin down is a necessary
condition for a flip-flop transition. By using a higher microwave power at 48 kG (6 mW/g
instead of 1 mW/g at 25 kG) the proton polarization reached about 90%, but the sample
temperature was then about 0.9 K, and the use of a ’lle evaporation cryostat had little
advantage over a “He cryostat, in which similar polarizations have been observed at

50 kG °%).




CHAPTER IV

A PURE TENSOR POLARIZATION OF THE DEUTERON SPIN SYSTEM

INTRODUCTION

A new scheme of dynamic orientation of the deuteron spin system was found. It allows
one to vary the deuteron tensor polarization or alignment independently of its vector polar-
ization. This can be done by slightly off-resonance RF irradiation of a surrounding,
polarized proton system, which cools the proton spin-spin interaction reservoir. It
appeared that in a high magnetic field the RF field provides a rather strong thermal
contact between this reservoir and the deuteron quadrupole interaction reservoir. The
quadrupole interaction energy is proportional to the alignment, namely

<HQ> = th{s cos? (8) - 1} (312 - I(I + 1) = hvg(3 cos? (6) - LJA(D) , av.1)

thus a change of the quadrupole energy will change A(D). This mechanism is then analogous
to that of dynamic polarization, where the cooling of the electron spin-spin interaction
reservoir is transmitted to the nuclear Zeeman reservoirs. If the experiment is performed
in a dilution refrigerator, then the nuclear spin lattice relaxation times are sufficiently
long to obtain easily the strong saturation conditions under which the Zeeman and spin-
spin interaction reservoir obtain an equal spin temperature in the rotating frame. First

I will make some simple estimates of the possible values of the alignment, assuming the
previous sentence to be true in our case. The results will then be compared with experi-
ments performed with propanediol—D6_32). Some preliminary results obtained with
ethanediol-D4 were published elsewhere?®!).

SIMPLE ESTIMATES FROM THE SPIN TEMPERATURE THEORY

2.1 Steady-state values of the proton polarization and
deuteron alignment

We assume that our system of protons and deuterons in a high magnetic field and at
low temperatures can be described by the following density matrix

_ &P Coyfiyy - Byfisqy ~ Byflg = Ypffap)
Tr [exp (-oyyfiyy - Byfisqy = Byflg = Ypfzpl

(IV.2)

where HZH’ HZD’ HSSH’ and HQ are the Hamiltonians for the proton and deuteron Zeeman ener-
gies, the proton spin-spin, and deuteron quadrupole interaction energy, respectively; Uy
Yp» and BH are the corresponding inverse temperatures, where we assumed that the 'proton
spin-spin interaction reservoir and the deuteron quadrupole interaction reservoir are in
good thermal contact with each other!?3).
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In our experiments we reduced the deuteron polarization to zero in order to simplify
the analysis, hence Yp = 0. We further assume that under strong irradiation O and BH
tend to a common value Bs in the rotating frame, while energy is conserved. Since the
spin lattice relaxation times are normally much longer than the time span for these
experiments, we can neglect them now, and eventually make a correction in the experimental

results.

Energy conservation then ensures that
-1 I‘P(H) - PH),| = - + 8,02 (IV.3)
g Ay | Dy £ 7 B .

where i and f denote initial and final states, respectively, and An is the difference
between the proton Larmor frequency and the RF frequency; Q; is defined by the relation

- % By, Ty = Tt [O[HQ * HSSHH ; (7.4)

ny is the number of protons. The left-hand side of Eq. (IV.3) is exactly equal to the dif-
ference in Zeeman energy between the initial and final state; at the right-hand side we
neglected By compared with Be» as well as higher-order terms. However, a simple estimate
yields that the errors introduced in this way are of the order of the experimental ones,

which are about 10% (mainly owing to finite spin lattice relaxation).

After reaching thermal equilibrium, P(H)f is normally so small that we can write it

as
P(), =+ A B (Iv.5)
f 2"nft- ’
Substitution in Eq. (IV.3) gives
2A_P(H) .
B, = 41 (1IV.6)
Q2+ 42
n n
Equations (IV.5) and (IV.6) combined yield
A%P(H) .
=_n "1 1
P(H) ¢ T (IV.7)
n n

When the vector polarization is 0, the alignment is directly related to the inverse
spin temperature BH of the quadrupole interaction reservoir by

A(D) = Tr pI:SI; = TP & 1)] ) (1V.8)

which reduces to

2 exp (-ByX) - 2 exp (ZQIX)
2 exp (-BgX) + exp (2BpX)

A(D) = (Iv.9)
where X = vQ [3 cos? (8) - 1]; A(D) can vary between 1 and -2 and is different for peaks
and pedestals for a constant value of 8, because of their different values of X, which are

and ZVQ, respectively. We denote them by Apcak and Aped’ respectively.

v
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2.2 Transient behaviour of P(H) and A(D)

2.2.1 Thermal mixing rate

In the case that P(H) « s the Provotorov equations show that oy and BH vary
exponentially to a common value with a rate given by

A2
r;ix =W [1 + _’;] : (1IV.10)
. Qn

W is a constant proportional to the line-shape function h(v) of the proton spin system.

2.2.2 Spin lattice relaxation in the rotating frame

After reaching a common spin temperature, and decay with a common rate T,
& pin temp °y g Gecay RF

given by the weighted average of the proton spin lattice relaxation time TlH and t(D, D)3):

ARTTy + Q%r(D, D)7!

=l .. n —IH
2l = (IV.11)
RF 2 4 2 '
An o+ Qn
or since T,y >> t(D, D) (see Chapter III.3),
AZ
_ n
g = 105 D) |:1 + —QZ} : (IV.12)

n

EXPERIMENTAL RESULTS

The experimental sequence was as follows: after dynamically polarizing a partially
deuterated propanediol sample at 25 kG, the microwaves were switched off and the deuteron
polarization was reduced to zero by a saturating RF field. Then the still highly polarized
proton system was irradiated by a slightly off-resonance RF field, which caused the
deuteron magnetic resonance signal to grow with an antisymmetrical shape, as shown in
Fig. IV.1. The RF field strength was estimated to be a few mG. We repeated this experi-

ment for several values of the initial proton polarization and for different An's.

a) Deuteron signal after RF irradiation at b) Deuteron signal after RF irradiation at

106.640 MHz of the proton spin system
with initial conditions: P(H) = -897%
and P(D) = 0%Z. The peak aligmnment is
+25%, the pedestal alignment is -58%.

106.410 MHz with initial conditions:
P(H) = -887% and P(D) = 0%Z. The peak
alignment is -30%; the pedestal align-
ment is +487%.
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In Fig. IV.2 we plotted the values of Apeak

temperature together with the experiment values of the alignment in the steady state,

and Aped corresponding to the same spin

which was taken as the time when Aped passed through its maximum; it decayed afterwards
owing to finite spin lattice relaxation. It can be seen that in the steady state the

deuteron quadrupole reservoir can be described by one single spin temperature.

T T T i 3 T T
60 - N
£ wp .
[
&
> 201 =
z
= L
-
< ;
0 Fig. IV.2

-d
g 20+ - The steady-state values of pedestal
90 alignment versus 'peak alignment'.
Q | The curve corresponds to equal quad-

-40 - rupole spin temperatures |deduced from

Eq. (IV.9)].
-60 _
-80 -
1 P 1} 1 1 1

-30 -20 -10 0 10 20 30
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The experimental values of the final proton polarization are plotted in Fig. IV.3
together with a curve deduced from Eq. (IV.7) with a value of Q, equal to 130 kHz. With
this value the best fit to the experimental points was obtained. This value of Qn was
also used for calculating the curves of the following figures, unless stated differently.
The two highest points were corrected for spin lattice relaxation.
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% was deduced from Eq. (IV.7).
[
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@
a
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Figure IV.4 shows the steady-state values of Apeak and A as function of A, which is

the difference between proton Larmor frequency and RF frequenE;? The absolute values of the
alignment can be determined from the DMR line, since Apeak and Aped are proportional to the
difference in intensity between the two peaks and between the outside part of the pedestals,
respectively (see Chapter I.5). The constants of proportionality can be determined from a

calibration signal at a known spin temperature (or polarization; the latter can be deter-

mined quite accurately by the method described in Chapter 11I1.2.3). 'The initial proton po-
larization was -90%. The curve was calculated with the aid of Eqs. (IV.6) and (IV.9). The

points for IAnl > 150 kHz were corrected for spin lattice relaxation, because the alignment

RF FREQUENCY (MHz)

106.325 106525  106.725
L T T T T
60 | FOR PEDESTALS

1

1

40 T Fig. IV.4

20+ 2 The steady-state values of the
alignment as function of the RF
frequency. The initial proton
polarization was -907. The curves
were deduced from Egqs. (IV.6) and

DEUTERON ALIGNMENT (%)
o

-20 |+ 7 (IV.9). The error bars are only
l shown when they exceed a relative
40 F _ error of 107.
FOR PEAKS
-60 +
1 1 1 1 1 1
400 200 0 -200 -400

DISTANCE FROM CENTRE FREQUENCY (kHz)

time strongly increased for larger An, as can be seen from Fig. IV.5. Here we plotted the
inverse of the time constants of the exponential development of Oy and By The spin lattice
relaxation time of the common inverse spin temperature BH as function of An is shown in

Fig. IV.6, together with the thcoretical curve, deduced from Lq. (IV.12).
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The mixing rate was determined by neglecting the initial non-exponential variation of
P(H) and A(D). The curve in Fig. IV.S5 was calculated from Eq. (IV.10), using for h(v) an
experimental line shape. The first non-exponential behaviour is attributed to the follow-
ing facts: 1) from the Provotorov equations an exponential behaviour is only expected if
Eq. (IV.5) is fulfilled; that is if P(H) < 50%, which is not true for the initial period;
ii) when &n is much smaller than the total line width of the devteron line (230 kHz), the
build-up of the alignment for the peaks is slightly shorter than for the pedestals in the
beginning, indicating that the RF field plays an important role in establishing the thermal
contact between the proton spin-spin interaction reservoir and the deuteron quadrupole
interaction reservoir. It can occur, for example, through processes in which a photon-
induced proton spin-flip is accompanied by two deuteron spin-flips in opposite directions.
If the difference in quadrupole energy is about equal to the difference between photon and
Zeeman energy, the total angular momentum and energy can be easily conserved. Note that
such processes change only the deuteron tensor polarization and not the vector polarization,
as was observed.

For deuterons belonging to the pedestals, the mentioned processes will be less
frequent, if the difference between photon and proton Zeeman energy is too small to balance
the difference in quadrupole energy. The pedestals may, however, reach the same quadrupole
spin temperature as that of the peaks by means of various cross-relaxation transitions
within the deuteron spin system; 1in spite of the inhomogeneous character of the deuteron
spin system these are still quite effective, as was evident from the fast recovery of
"burned holes'" (see Chapter I1I11.3.3). We found indeed that when An was equal to or larger
than the deuteron line width, the alignment times for peaks and pedestals were equal.

The steady-state values of By are plotted as a function of the RF frequency in
Fig. IV.7. The lowest absolute value of B” was 7 + 0.7 uK for positive as well as for
negative A, - The errors for large values of An are mainly due to finite relaxation: since
the aligned deuteron spin system does not correspond to a homogeneous Zeeman spin tempera-
ture, the thermal contact with the electron spin-spin interaction reservoir made that the
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alignment decayed with a time constant of a few hours, which is much shorter than the spin

lattice relaxation time (see Fig. III.7).

Figure IV.8 shows the deuteron alignment as function of the initial proton polariza-
tion; during each measurement An was -80 kHz. These measurements were done in ethanediol-
D4 (contrary to the previous measurements), and in order to calculate the curves | from
Egs. (IV.6) and (IV.9)] we used slightly different values of Qn and Vo
+18.5 kHz, respectively. The value of Qn was again chosen to give the best fit to the ex-

these being 140 and

perimental points.
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As has already been mentioned, for small values of An the build-up time of the alignment
for the peaks is slightly shorter than for the pedestals. This allows one to create a non-
equilibrium within the deuteron quadrupole reservoir and to perform thermal mixing experi-
ments analogous to those observed for the nuclear Zeeman reservoirs in the presence of a
microwave field (Chapter III.3.3). The experiment is done as follows: starting from an
initial proton polarization of -91%, an RF field with a frequency of 106.410 MHz is applied
during 10 minutes. This results in Apeak = -20% and Aped = +20%. The RF frequency is then
changed to 106.755 Miz, where [An[ is equal to the total deuteron line width. The evolution
of the alignment is then as shown in Fig. IV.9: instead of decreasing, A adl first increases
owing to the fact that the RF field now provides a strong thermal coupling between the
pedestal deuterons and the 'cold" peak deuterons. It then starts to decrease to its equili-
brium value, which is of the opposite sign because An has changed sign.
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Fig. IV.9

Evolution of pedestal alignment
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0 and peak alignment, starting from

a non-equilibrium state of the
deuteron quadrupole reservoir
(see text).
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The influence of the proton spin-spin interaction reservoir was also evident from the
change in the proton NMR signal during irradiation. It became zero at the irradiation
frequency, but sometimes negative below this frequency and positive above, or the opposite
way around according to the case. Such a behaviour was expected for homogeneous spin
»19)

. i S - " .
systems under strong saturation conditions , because the absorption signal is not pro-

portional to the factor de, but to the sum of two factors, as follows from Eq. (I.11):
h(v) « (PH - BHAn)'

If the spin system is in internal thermal equilibrium the second term can be neglected com-

pared with the first one. However, during irradiation the second term may become very large
and dependent on the sign of An; it may be of an opposite sign compared with the first one,
thus changing the sign of h(v). Figure IV.10 shows the proton NMR signal after irradiation

at the frequency where the signal is zero. It was initially -90% polarized.
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a) NMR signal of -96% polarized protons in
1,2-propanediol. The frequency sweep on the
horizontal axis is 400 kHz.

b) NMR signal of -90% polarized protons after
saturating it at the frequency where it crosses
zero.

Fig. IV.10

Another method of enhancing the alignment consists of simply saturating one of the
peaks of the DMR line. This always changes the population n, of the level with m = 0 2%),
thus changing A(D) = 1 - 3no (see Chapter I.5). Of course, the alignment cannot be changed
independently of the vector polarization by this method, which is most clearly illustrated
in toluol-D8. The DMR line consists then of four peaks, corresponding to different posi-
tions of deuterons in the methyl group and in the plane of the benzene ring (see Fig. IV.1la).
From Fig. IV.11b it can be seen that if the line is saturated at a frequency v = vp * § (in
this case the peak on the right), this increases n, of the corresponding deuterons, thus
enhancing the line at v = vp - § (peak on the left). This is apparent from a comparison
with the intensity of the inner peaks, which are hardly affected by the saturation. The
inner peaks are normally attributed to the methyl group, which is rotating, thus averaging

the quadrupole splitting to a lower value'?®).

However, this explanation is in contradic-
tion to our observation of the DMR signal in m-xylene-D6, in which only the methyl groups

were deuterated. Then still four peaks were observed!2®).

Figure IV.1lc shows the alignment, obtained by RF irradiation, of the remaining pro-
tons (about 10%) in the deuterated toluol sample. Since the alignment is proportional to
the quadrupole splitting for small values of A(D), the alignment for the inner peaks is
about three times lower than the alignment of the outer peaks, which is about 3%. This
rather low value is mainly limited by the short value of the spin lattice relaxation time
t(D, D), being about 10 minutes at 120 mK.
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a) Deuteron magnetic resonance signal in toluol-D8.
The inner peaks are due to the fact, that there
are deuterons in the methyl group, which ex-—
perience an electric field gradient different
from the ring deuterons.

b) Deuteron magnetic resonance signal in toluol-D8
after application of a saturating RF field at
the frequency of the peak on the right-hand
side. This causes an increase of the peak on
the left-hand side (see text).

C) Deuteron magnetic resonance signal in toluol-D8
after slightly off-resonance irradiation of the
remaining protons in this sample with initial
conditions: P(H) = 30% and P(D) = 0%.

Fig. IV.11

DISCUSSION

The fact that the inhomogeneous deuteron quadrupole interaction reservoir can be des-
cribed by one single spin temperature makes it possible to apply the spin temperature
theory, although the Zeeman energy reservoir cannot be described by a spin temperature at
all (the aligned DMR signal has positive and negative parts!). This latter fact clearly
shows that the energies of the two reservoirs are separately constants of motion in a high
magnetic field.

This experiment provides a good quantitative agreement with several aspects of the
spin temperature theory, namely:
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a) cooling of a spin-spin interaction reservoir by slightly off-resonance RF irradiation;

b)  thermal mixing between reservoirs, having similar frequency spectra in the rotating
frame;

c) saturation of a nuclear spin system as function of the RF frequency;

d) spin lattice relaxation in the rotating frame.

Cooling of a quadrupole reservoir has been observed in a paradichlorobenzene, which
was irradiated near the chlorine quadrupole resonance frequencyla). The cooling was
apparent from the observed proton polarization. This experiment can be compared with ours
in the respect that there a spin-spin order produced polarization (or Zeeman order), while
we first polarized and then transformed the Zeeman order into spin-spin order. However,
our experiment provided quantitative results in contrast to the above-mentioned experi-
ments, where only qualitative features were observed. Furthermore, by using the technique
of dynamic polarization we could choose the initial spin temperatures in a wide range,
positive as well as negative.




CHAPTER V

DYNAMIC POLARIZATION EXPERIMENTS WITH THE FREE RADICAL BDPA

INTRODUCTION

We have studied dynamic polarization of protons, deuterons, and carbon-13 nuclei at
25 kG in organic samples, doped with 1,2-bis-diphenylene-1-phenylallyl (BDPA), a free radi-
cals

This radical shows a resonance absorption line width of only 20 MHz at 0.5 K in a
25 kG magnetic field (see Fig. V.1). This width is about the same as the one in a frozen
sample at 3 kG and a temperature of about -100°C, thus in a high magnetic field the g-factor

anisotropy is not the dominant broadening mechanism.

Fig. V.1

ESR signal of toluol doped with BDPA (5 x 10'° spins/cm®)
in a 25 kG magnetic field at 0.5 K.

1 |
70.2 70.3 704

MICROWAVE FREQUENCY (GHz)—

As mentioned in Chapter I.3.3, one expects for protons a resolved solid-state effect

in a 25 kG magnetic field, eventually accompanied with dynamic polarization by cooling of the
electron spin-spin interaction reservoir. Only this latter mechanism is expected for deuterons
and carbon-13 nuclei, because their Larmor frequencies are of the same order as the ESR line
width. A differential solid effect is not expected, since the cross-relaxation within the
narrow ESR line will be fast compared with the electron spin lattice relaxation time, which
was measured to be 1.6 # 0.2 msec in a toluol sample doped with 5 x 10'° spins/cm® at a tem-
perature of 0.5 K in a 25 kG magnetic field. Since the nuclear spin lattice relaxation times
were measured to be at least several minutes under the experimental conditions, the leakage
factor is smaller than 1072 and we therefore neglect it. The qualitative features of experi-

127,128)

ments with this free radical have been given before However, then no detailed com-

parison with the ESR line shape was made.
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RESULTS

We measured the polarization of protons and deuterons as function of the microwave
frequency in partially deuterated m-xylene(2,2-D6), doped with BDPA (6 x 10'® spins/cm®).
The sample temperature during dynamic polarization was estimated to be 0.75 K.

The results for protons are shown in Fig. V.2. The large peaks, occurring at frequen-

cies for which |A| = v, correspond to the resolved solid-state effect, while the inner

ones are attributed toHcooling of the electron spin-spin interaction reservoir. Two small
peaks were observed at microwave frequencies around v = Ve ¥ 2vy- These are due to a
"double'" solid-state effect, in which two proton spins flip simultaneously with an electron
spin in opposite direction. Such an effect has been observed before in a 3 kG magnetic

field'?®). The curve was calculated from the following formula (see Chapter 1.3.3.3):

(S +s) - (S +s) + By S154/92
P(H) = . V.1
1+S +S + 8,

"
The terms s << 1 were added to take the ''double'" solid-state effect into account.

In this calculation the ESR line shape was approximated by a Lorentzian with a half-
width of 10 MHz. The various saturation parameters are not known precisely. Therefore
they were obtained by making a rough estimate and then adjusting them to fit the experimen-

tal points.

s" and S~ with maxima at Ve * Vg and Ve = Yy MHz were taken proportional to g(4).
Absolute values for them were obtained by determining the maximum values of S* from the

measured polarization time T, at the solid-state effect frequencies, using the expression?)

1
T, 2T _ . vV.2)
+ 1H {Si i 1}
iJ T T T T T T
|
20 402 -
sl (I
10 -1-02
Fig. V.2

| P
el | Proton polarization versus microwave fre-
quency in m-xylene-D6, doped with BDPA

(6 x 10'® spins/cm®). The curve was
calculated from Eq. (V.1). The insets
show the double solid-state effect on an
enlarged scale.
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The polarization time was measured to be 20 minutes with a microwave power of 7 mW/g,

while T1H was 30 minutes at 0.75 K, yielding a maximum value of s* = 0.5.

The determination of S; as function of microwave frequency is difficult, since the
average microwave field strength in the cavity will decrease, if the frequency is near para-
magnetic resonance. This effect may be appreciable, because of the high filling factor of
the cavity (= 0.5) and the high concentration of paramagnetic centres. The variation of
the microwave field strength was measured as function of microwave frequency with a bolo-
meter, consisting of a carbon resistor; this had a resolution better than 0.5 dB. This
variation made S; a slightly broader function than g(A). It could be approximated rather

well by a Gaussian function with a half-width of 35 MHz.

Absolute values of the ratio S;/Q? were obtained by fitting these values to the
measured deuteron polarization, since in that case there are no other unknown quantities
for microwave frequencies around " (see below). This yielded

512 (3x107) e [’Az ] (V.3)
a2 XP {1800 :

where A is expressed in MHz.

Since the value of 2% is of the order of 100 MHz?, the value of S, is rather low
comparfd with Si. This should not be surprising, since at low temperatures TlH o TleF(Pe);
thus S° = SlF(Pe), where F(Pe) =1/(1 - POPe) may vary between 1 and 20. Such a low value
of S; justifies the use of Eqs. (I1.35), (I.37) and (I.38), which were derived under the
assumption of weak saturation.

The value of S, was taken to be 0.25 in order to fit the experimental points of P(H)
at the inner peaks. This rather low value expresses that the thermal contact of the proton
spin system with the lattice is four times stronger than the contact with the electron
spin-spin interaction reservoir. This is not surprising, since the proton Larmor frequency
Vh is large compared with the ESR line width. Therefore it will be difficult to find two
electron spins with a frequency difference of the order of Vi which are at the same time
sufficiently close in space to perform a flip-flop transition.

The saturation parameters s of the double solid-state effect were taken proportional
to g(4) with maxima at Ve * ZvH equal to 0.007, which is two orders of magnitude lower than

+

S,

The deuteron polarization as function of microwave frequency is shown in Fig. V.3.
Besides the two expected peaks at frequencies around Vas four additional peaks were observed
at frequencies for which |A| = vyt Ve They are attributed to a double solid-state effect,

in which one electron, one proton, and one deuteron spin flip simultaneously.

The curve drawn there was calculated from Eq. (I.37), in which four terms corresponding
to this double solid-state effect were added:

= i 2 = - -
P(D) = + - AvDsl/Q + SD1 SDl + SD2 SD2 : (V.4)




6 Fig. V.3
[\ Deuteron polarization versus microwave
& frequency in m-xylene-D6, doped with
O BDPA (6 x 10 '8 spins/cma). The curve

was calculated from Eq. (V.4).
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The saturation parameters Sp, and Sﬁz were taken proportional to g(A) with a maximum value
of 0.03 at Ve “ Vgt Vp and Ve * Vgt Vo respectively. Of course the double solid-state
effect depends also on the proton polarization, but since this is small compared with the

electron polarization, SD1 and SDz were simply taken proportional to PC % =L,

The ratio of Ssx/si is about 4. This order of magnitude was expected from the factor
I(I+1) in the expressions for the transition probabilities [see Eq. (I.21)]. This factor
is about three times larger for deuterons than for protons.

By using Eq. (V.4) it was assumed that for deuterons the thermal contact with the
electron spin-spin interactions occurs mainly via cross-relaxation transitions, which arc
proportional to LT g(v) g(v_v”) dv for a homogeneous ESR 1line [sec Eq. (I.ZS)]. By using
the value of S, for protons (v 0.25), onc can estimate the corresponding factor for deuterons

to be 20, which is indeed much larger than the saturation parameters for the forbidden
transitions, so that condition (I.36) will be fulfilled.

It is interesting to compare the spin temperatures of protons and deuterons. As shown
in Chapter III.2, these become equal in the case of a strong thermal contact with the
electron spin-spin interaction reservoir. Figure V.4 shows the inverse spin temperatures
of protons and deuterons as function of microwave frequency as calculated from Eqs. (V.1)

and (V.4) and using the relations

T(H) ™!

ZkP(H)/h\)” (V.5)

T(D)™*

3kP(D)/2hv), . (V.6)
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It can be seen that the deuteron spin temperature is about five times lower than the proton
spin temperature at frequencies around Ves this is attributed to the poor thermal contact
of the protons with the electron spin-spin interaction reservoir.

In order to check this explanation more carefully, we studied a sample of toluol-D8
with a higher concentration of BDPA (5 x 10'° spins/am®). Because of this higher
concentration, the wings of the ESR line will extend further from the centre. Then the
thermal contact with the protons is increased, first because of the wider frequency spectrum
of the electron spin-spin interaction reservoir, and secondly because of a stronger overlap
between the forbidden and allowed transitions. In Figure V.5 we plotted the inverse spin
temperatures of the different nuclei. The same features as in m-xylene were observed, but
this time the spin temperature of the protons approached the one of deuterons and carbon-13
nuclei. The carbon-13 polarization was determined in a way described in Chapter III.2.

The curves in Fig. V.5 are drawn to guide the eye, since we did not attempt to calculate
them because of the stronger overlap between the forbidden and allowed transitions; this
makes the curves sensitive to the tails of the ESR line, which are not known so precisely.

The role of the electron spin-spin interaction reservoir was also apparent from thermal
mixing experiments, analogous to those described in Chapter III.3. After, for example,
positive polarization, the microwave power was switched off and one of the spin species, say
the deuterons, had its polarization reduced to zero by RF irradiation. Then the application
of microwave power at a frequency corresponding to negative polarization produced at first
a positive increase of the deuteron polarization owing to the thermal contact with the still
positively polarized protons; then both polarizations changed sign. When the microwave
power was applied at the solid-state effect frequencies, the thermal mixing was slightly
obscured by the ''direct processes'.
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doped with BDPA (5 x 10%°
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drawn to guide the eye (see
text).
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To conclude, we may say that these samples clearly exhibit the contributions of dif-
ferent mechanisms of dynamic polarization in a high magnetic field, namely the solid-state
effect, the double solid-state effect, and the polarization arising from the thermal contact
with a dynamically cooled electron spin-spin interaction reservoir. The comparison with
the theoretical curves should be considered as qualitative, because of the various assump-
tions made, in both the theory and experimental quantities. However, the qualitative
behaviour as well as the orders of magnitude show a reasonable agreement with what was
expected, thus leaving little doubt about the contributions of the various mechanisms. A
similar separation of the solid-state effect and thermal mixing with a spin-spin interaction
reservoir has been done for nuclear spin systemsle), however without relating the various
curves to the resonance absorption line shape.




FINAL CONCLUSIONS

In previous chapters we compared the spin temperature theory with the dynamic nuclear
orientation experiments, performed in organic materials at low temperatures and in high
magnetic fields.

In all these experiments the important role of the spin-spin interaction energy re-
servoir was apparent from the transient behaviour of the different nuclear spin species.
Therefore the concept of such a reservoir seems to be valid, even under conditions where
the polarization approaches 1.

The order of magnitude of the calculated maximum polarization values of protons,
deuterons, and carbon-13 nuclei in 1,2-propanediol doped with Crv-complexes, as calculated
from Borghini's spin temperature model, is in good agreement with the observed ones. An
exact comparison is difficult, because of the uncertainty in the leakage factors and in
the sample temperature during dynamic polarization. However, the relative values of the
polarizations of different nuclei agree within a few per cent with the ratios expected from
the “equal spin temperature hypothesis'. Also several other features such as the steep
temperature dependence and the increase of the enhancement factor at low temperatures are
quite well reproduced by the measurements. This is the first time that a reasonable agree-
ment with this model, which is valid at low temperatures, has been obtained. It was also

the first time that such high polarizations have been observed, as far as we know.

The observed high polarizations in 1,2-propanediol make it an attractive material for
polarized targets, in spite of the slightly higher ratio of bound to free protons as
compared, for example, to l-butanol doped with porphyrexide, which has been widely used as
a target materiall®?,'°!). These bound protons in carbon and oxygen nuclei cause an un-
wanted background in the scattering experiments.

The observed long spin lattice relaxation times make 1,2-propanediol also a suitable
candidate for so-called spin-frozen targets’®’!3°). This type of target is first dynami-
cally polarized and then moved into the magnet of the spectrometer, where the scattering
experiment is done. A long relaxation time then prevents a quick decay of the polarization
during the scattering experiment.

We observed a pure tensor polarization of deuterons in a solid, obtained by slightly
off-resonance irradiation of the proton spin system in partially deuterated diols. This
was attributed to a thermal contact between the proton spin-spin interaction reservoir, and
the reservoir made up of the deuteron quadrupole interactions. It appeared that most times
the inhomogeneous deuteron quadrupole interaction reservoir could be described by one single
spin temperature; this made it possible to apply the spin temperature theory, which pro-
vided an elegant description of the rather complicated processes.
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For the deuterons, in which the C-D bond is roughly parallel to the external magnetic
field, a maximum alignment of about 60% was observed. However, the averaged alignment in
our glassy samples was much lower, about 10%. This value is too low for use in a scattering
experiment, but it is not excluded that a crystalline material is found in which the same
method can be applied. Then the angular averaging does not occur, thus yielding probably a
higher alignment. '

Different mechanisms of dynamic polarization could be distinguished from one another
in samples doped with the free radical BDPA. The various shapes of the proton, deuteron,
and carbon-13 polarization versus microwave frequency show the contribution of different
polarization schemes in high fields for the case of nuclear spin systems in dipolar inter-
action with an electron spin system. By making a few simplifying assumptions the steady-
state solutions of the proton, deuteron and carbon-13 polarization as function of microwave
frequency were obtained from the basic set of Eqs. (I.19) (see Chapter I). The solutions
were in reasonable agreement with the measurements, which showed clearly the different
features of each term in these equations. These features can be sumarized as follows:
saturation of the forbidden transitions causes dynamic polarization by the solid-state
effect or double solid-state effect and the thermal contact with the electron spin-spin
interaction reservoir causes polarization, if this reservoir is cooled by off-resonance
saturation of the allowed transitions.
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APPENDIX

For the convenience of the reader we shall give here the derivation of Eq. (I.31),
which was at first derived by Borghini%).

If we assume, that the amplitude of the microwave field is small and that the ESR line
width arises mainly from g-factor anisotropy (thus hyperfine- and spin-spin interactions

are negligible), then the Hamiltonian for the electron spin system can be written as
/

A= Zh\)iSi . (A.1)
i

The total variation of (H) arises from spin lattice relaxation and saturation owing to
an RF field:

(&) @[ @), * @] -

There is no variation of (#) arising from the spin-spin interactions, since energy is always
conserved in pure spin-spin processes.

The exchange of energy between the RF field and the spin system occurs via the absorp-
tion or emission of photons with energy hv. Therefore

[%]RF (#) = hv [;E}RF (s,) - (A.3)

Furthermore, cross-relaxation transitions do not change (SZ), since they involve an even
number of electron spins, thus (B/Bt)SS (SZ) = 0. Then, since (SZ> is constant in steady-
state:

[gg]RF (s,) = -[g%JL (s,) - (A.4)

A combination of this result with Egqs. (A.2) and (A.3) gives in steady-state [when

(@/dt), . (H) = 0]:

[%]L (2-hvs )=0 , (A.5)

or in our case [see Eq. (A.1)]:

[%]LQ: h(v; - V) s;> =0 . (A.6)
3
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This result means that the value of <Zi hA15;> in steady-state equalizes its thermal

equilibrium value, or

ZAiPi =ZAiPO = 4P,

1 1

If there are nuclei surrounding the electron spins, Eq. (A.5) reads:

&), <i Mis§>+<JZ hvnI;> -0,

or
Zi:l:AiPi +fv P (1 - POPi)] = AP,

Here we neglected the thermal equilibrium polarization of Pn.

(A.7)

(A.8)

(A.9)




SAMENVATTING

Dit proefschrift beschrijft de dynamische polarisatie experimenten, die gedurende de

laatste 2 a 3 jaar uitgevoerd zijn in de Polarized Target groep bij CERN.

Behalve op het bereiken van hoge polarisaties, was de aandacht vooral gericht op het
verkrijgen van inzicht in de mechanismen van dynamische polarisatie.

In Hoofdstuk I worden verschillende mechanismen beschreven in termen van de spin-tem-
peratuur theorie; de wisselwerkingen tussen gelijke spins, die in vaste stoffen aanleiding
kunnen geven tot een collectief gedrag worden in deze quantum-statistische theorie in
rekening gebracht door de introductie van een spin-spin interactie reservoir met een eigen
temperatuur, die verschillend kan zijn van de temperatuur van het Zeeman energie reservoir.
Het blijkt, dat het spin-spin interactie reservoir een fundamentele rol speelt in de ver-
klaring van vele experimenten op het gebied van dynamische polarisatie, spin-rooster re-
laxatie, adiabatische demagnetisatie, cross-relaxatie e.a.

In Hoofdstuk II worden de meetmethoden en de apparatuur besproken. De experimenten
werden uitgevoerd bij magneetveldwaarden tot 50 kG en temperaturen beneden 1 K (*He ver-
dampingscryostaten en een ‘He-“He mengcryostaat).

Hoofdstuk III beschrijft de dynamische polarisatie experimenten in diolen, waarin kleine
hoeveelheden paramagnetische Crv—complexen voorkomen. Deze organische verbindingen zijn
interessant voor het gebruik in verstrooiingsexperimenten vanwege de hoge kern-spin polarisaties,

die we erin bereikt hebben: ~ 80-90% voor protonen, ~ 40% voor deuterium - en 50% voor koolstof-13
kernen.

In een magneetveld van 25 kG werd een sterke thermische koppeling tussen de kern-spin
systemen waargenomen, die vanwege de sterke temperatuur-afhankelijkheid van de overgangsver-

schijnselen aan de invloed van het electron spin-spin interactie reservoir moet worden toe-
geschreven.

Dynamische polarisatie werd verkregen door verzadiging van het electron-spin systeem
met behulp van microgolven, die een frequentie juist naast de electron-spin resonantie-
frequentie hadden. Het verschil tussen de photon - en electron Zeeman energie wordt dan op-
genomen door het electron spin-spin interactie reservoir, wat hierdoor een temperatuur ver-
schillend van de rooster temperatuur krijgt. Dit temperatuurverschil kan naar de kern-
spin systemen overgebracht worden door, bijvoorbeeld, cross-relaxatie overgangen tussen
twee electron-spins, waarbij tevens een kern-spin omklapt.

De gemeten proton-, deuterium-en koolstof-13 polarisatie werden vergeleken met een
spin temperatuur model van Borghini, dat geldig is bij lage temperaturen. Verschillende

kenmerken, zoals gelijke spin-temperaturen voor alle kernen, een sterke temperatuur-afhan-

kelijkheid van de polarisaties en een toename van de verhouding van rooster-temperatuur en
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de "steady-state'" spin-temperatuur by spin-temperaturen beneden 2 mK, stemmen quantitatief
goed overeen met de metingen. Dit is de eerste keer, dat deze theorie experimenteel geveri-
fieerd werd bij zulke lage temperaturen en dat de berekende hoge polarisaties inderdaad

bereikt werden.

In gedeeltelijk gedeutereerde diolen werd een nieuwe methode van orientatie van het
deuterium-spin systeem gevonden, waarmee de tensor-polarisatie (= alignering) onafhankelijk
van de vector-polarisatie gevarieerd kan worden (zie Hoofdstuk IV). Dit gebeurt bij niet-
resonante verzadiging van het gepolariseerde proton-spin systeem, wat een koeling van het
proton spin-spin interactie reservoir ten gevolge heeft. De waarnemingen werden geinter-
preteerd als een thermisch contact tussen dit reservoir en het deuteron ''quadrupole inter-
actie reservoir'. De resultaten stemmen verrassend goed overeen met quantitatieve bereken-
ingen op grond van de spin-temperatuur theorie. Dit mechanisme vertoont een grote analogie
met het hierboven omschreven mechanisme van dynamische polarisatie: daar werd de dynamische
koeling van het electron spin-spin interactie reservoir overgebracht op de kernen, hier
wordt de koeling van het proton spin-spin interactie reservoir overgebracht op het deuteron

quadrupole interactie reservoir.

In Hoofdstuk V worden de experimenten met het vrije radicaal 1,2-bis-diphenylene-1-
phenylallyl beschreven. Deze zijn vooral interessant, omdat verschillende dynamische po-
larisatie mechanismen experimenteel van elkaar gescheiden kunnen worden ten gevolge van de
nauwe electron spin resonantie lijn van dit vrije radicaal. De proton-, deuterium-en kool-
stof-13 polarisatie, gemeten als functie van de microgolf-frequentie, vertonen duidelijk de
bijdragen van het '"solid-state effect', het "double'" solid-state effect en van dynamische

polarisatie door koeling van het electron spin-spin interactie reservoir.
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